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m Abstract Pulsed electron paramagnetic resonance (EPR) methods such as
ESEEM, PELDOR, relaxation time measurements, transient EPR, high-field/high-
frequency EPR, and pulsed ENDOR, have been used successfully to investigate the
local structure and dynamics of paramagnetic centers in biological samples. These
methods allow different contributions to the EPR spectra to be distinguished and can
help unravel complicated EPR spectra consisting of overlapping resonance lines, as
are often found in disordered protein samples. The basic principles, specific potentials,
technical requirements, and limitations of these advanced EPR techniques will be re-
viewed together with recent applications to metal centers, organic radicals, and spin
labels in proteins.

INTRODUCTION

Electron paramagnetic resonance (EPR) spectroscopy is a well-known method for
the examination of the local structure of paramagnetic molecules. In proteins such
paramagnetic molecules can be naturally stable cofactors (e.g. heme molecules,
iron-sulfur clusters, or metal ions); transiently generated radicals within a reaction
cycle (chromophores, cofactors, or amino acid radicals); or artificial nitroxide spin
labels attached to the protein. In contrast to nuclear magnetic resonance (NMR),
EPR is not restricted by the size of the protein because only the paramagnetic
centers and their interaction with the protein are spectroscopically visible. In cases
in which only one paramagnetic center is located within the protein a simple
one-dimensional (1D) continuous wave (cw) EPR experiment can give detailed
information about the properties of the paramagnetic species, such as its oxidation
state, ligand symmetry, and concentration. In more realistic cases, as in enzymes,
the situation is far more complex: Often more than one paramagnetic species is
involved (some of them may be transiently formed within the catalytic cycle of
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the enzyme), which are also subjected to internal dynamics. In these cases the
simple cw-EPR spectra will suffer from the same difficulties as NMR for large
molecules: Spectral lines overlap and broaden. Therefore, it becomes very difficult
to analyze the spectra quantitatively and to obtain a unique solution; the problem
is ill defined. As in NMR, pulse methods help unravel the different contributions

to 1D-EPR spectra. Overlapping spectral components of different paramagnetic
centers may be separated by pulsed EPR methods, for example by their relaxation
times or by their spin-magnetic moment.

Whereas the methodological principles for the manipulation of the spin system
(electron spin Sin EPR, nuclear spin | in NMR) are very similar in NMR and EPR
spectroscopy, the technical requirements and therefore the practical realization is
quite different in both fields. Owing to the much larger magnetic moment of the
electron spin S (nearly a factor of 1000 larger compared with a proton nuclear spin)
the technical requirements (resonance frequency, relaxation times, pulse lengths)
for EPR are much more demanding as compared with NMR spectroscopy. Never-
theless, most of the technical restrictions have been overcome by the development
of specific pulse methods and techniques. These methods can, similar to hetero-
nuclear NMR spectroscopy, not only affect the unpaired electron of a single para-
magnetic species, but at the same time affect magnetically coupled nuclear spins
as in pulsed electron nuclear double resonance (ENDOR) or the electron spin of
another paramagnetic center in pulsed electron double resonance (PELDOR) expe-
riments. Whereas in the experiments mentioned above the nuclear spin or the addi-
tional electron spin are excited by a second radiofrequency (RF) or microwave
(MW) pulse, in many cases both types of couplings can also be examined with a sin-
gle MW pulse in resonance with the unpaired electron spin. These methods are cal-
led electron spin echo envelope modulation (ESEEM) for the investigation of nu-
clear couplings and “2 1” for the examination of coupling to other paramagnetic
centers. A further dimension can be added if they are performed at different exter-
nal magnetic fields. Experiments at high magnetic fietel T), especially, have
proven to significantly enhance the amount of information that can be gathered
from EPR and ENDOR spectra of aromatic organic radicals in proteins. All these
advanced EPR techniques have dramatically increased the potential of EPR spec-
troscopy, especially in the field of biochemical applications. Nevertheless, it sho-
uld be mentioned that for all biological systems discussed in this review, cw-EPR
and cw-ENDOR methods have preceded the pulsed EPR investigations and have
built a most valuable starting base for the advanced investigations reviewed herein.

PULSED METHODS AND RECENT APPLICATIONS
TO BIOLOGICAL SYSTEMS

Technical Aspects

Unfortunately, one of the main advantages of pulsed NMR spectroscopy—the en-
hanced sensitivity of pulsed Fourier transform (FT) spectroscopy—does not apply
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to EPR spectroscopy on biological samples. In contrast to NMR spectroscopy, the
rotational correlation time of biological macromolecules at room temperature is
in most cases much too slow to effectively average the large anisotropic interac-
tions of the unpaired electron spin. This leads to broad unresolved lineshapes—in
many cases much broader than the available pulse excitation width, so that only a
part of a spectrum can be recorded at a given magnetic field value. Therefore, the
multiplex advantage of the pulsed experiments—recording of several lines at the
same time—does not apply to EPR on macromolecules. Additionally, because of
these broad linewidths and the very short relaxation times of paramagnetic centers,
e.g. for transition metal ions, the pulse lengths have to be very short. To allow the
short MW pulses to pass through the cavity circuit the bandwidth of the resonant
MW cavity usually has to be lowered, as compared with cw-applications. This
reduction of the Q value of the pulsed resonant circuits leads to a lower sensitivity.

Consequently, the only reason to perform pulsed experiments on proteins is the
possibility of enhancing the spectral information on spin systems, as mentioned
above. In many cases the lineshape of the paramagnetic center is inhomogeneously
broadened in protein samples, owing to orientationally disordered samples or other
inhomogeneities in the protein. Thus, most of the interesting interactions of the
paramagnetic center with its surrounding, as for example the hyperfine coupling
(hfc) to magnetic nuclei in the close surrounding, are hidden under these broaden-
ing mechanisms and cannot be observed directly in cw-EPR experiments. Pulsed
experiments can refocus such static inhomogeneous broadening contributions and
dramatically increase the spectral resolution with respect to other interactions,
such as hfcs to nuclei or dipolar couplings to other paramagnetic species. Despite
the fact that the MW pulses in pulsed EPR are by far less ideal than in NMR spec-
troscopy, the possibility of manipulating the spin system is still of great advantage
in unraveling the information content of spectra in complex spin systems, by sup-
pressing specific interactions and by diluting the spectra in a more-dimensional
spectral space.

As already mentioned, the requirements on the equipment for pulsed EPR mea-
surements are demanding. Pulse lengths have to be well below 100 ns, typically
5-10 ns for ar /2-pulse at X-band MW frequencies Wit 1 kW MW ampli-
fier. Care has to be taken that the bandwidth of all components in the excitation
and detection channel support these short pulses without distortion. The impor-
tant limitation for the observation of species with short transverse relaxation times
is the dead time of the receiver after intense MW pulses. Typically, this time is
about 50 ns and limits the detection to systems with longer transverse relaxation
times T,. It also makes it difficult to observe the free induction decay signal of
most samples. For many paramagnetic ions the longitudinal relaxation {ilee T
also short even at low temperature. Only very recently have fast signal digitizers
(>10° points/s, 8 bit resolution) and averagersl0,000 acquisition/s, 1024 data
points) been available for effective data collection with an optimum duty cycle (1).
Fortunately, pulsed experiments put less stringent requirements on MW source
noise, cavity stability, microphonics, and other sources of noise and baseline
drift. This allows the less sensitive and therefore more time consuming pulsed
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experiments to be performed even on biological systems with low spin concentra-
tions.

Spin Hamilton Operator

The magnetic properties of the unpaired electron spin of a paramagnetic center
can be described by a spin Hamilton operator of the form (2):
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Thefirstterm represents the interaction of the unpaired eIectroSgwnh the ex-

ternal magnetic fiel@, via the anisotropic g-tensor of the paramagnetic molecule.
The next two terms represent the magnetic interactions of close-by nuclealrﬁplns
with the external magnetic field and with the electron spin via the hfc telsor
The fourth term is the quadrupolar interacti@rfor nuclear spins with b 1/2.

The remaining terms are the interaction of the paramagnetic center with other
unpaired electron spii%, including dipolar and exchange contributions and the
so-called zero field splitting for electron spins=S1/2. This Hamilton operator

can be simplified for specific types of centers under many conditions, where one
or two terms in the Hamilton operator dominate the spectra. Although ENDOR or
ESEEM experiments are only sensitive to the interaction to other close-by nuclei
within a distance range of up to 0.8 nm, PELDOR and pulsed EPR relaxation
experiments are sensitive to dipolar interaction to other paramagnetic centers with
distances up to approximately 5 nm. High magnetic field experiments can resolve
the anisotropy of the electronic g-tensor, whereas this anisotropy is suppressed for
most aromatic organic radicals at lower magnetic fields. Therefore, these different
experiments can help distinguish between these contributions to the spin Hamil-
ton operator and allow, even for complex systems, a detailed understanding of the
paramagnetic center.

For a theoretical description of pulsed experiments, the time evolution of the
guantum mechanical system under nonstationary perturbations (by MW and/or RF
excitation) has to be considered. These can be described with the density matrix
of the spin system including the excitation fields and spin interactions. The time
evolution of the spin system is given by the stochastic Liouville equation, which
has to be solved. Nevertheless, the basics of most of the pulsed experiments can
be understood on the basis of simple energy level diagrams, in which only the
eigenfunctions and eigenvalues of the spin Hamilton operator without excitation
perturbation are considered.

In Figure 1 the resulting energy level scheme and spin eigenfunctions are shown
for two simple cases:aj the coupling of an unpaired electron spin=S1/2 to a sin-
gle nuclear spin = 1/2 and p) the coupling of two unpaired electron spinsS
1/2 and S = 1/2. The spin Hamiltonian eigenfunctions, when expressed in the
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Figure1 Energy level diagram fo&) an electron spin S 1/2 coupled to a nuclear spind 1/2

and ) two electron spins 5= 1/2 and S = 1/2. The high-field basis functions (mgor m, =

+1/2) andg (mgor m; = —1/2) for the eigenfunction¥’; — W, are valid only without coupling

of the two spins. Allowed (solid arrows) and ‘forbidden’ EPR (dashed arrows) and NMR (dotted
arrows) transitions between the spin states are included.
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high-field eigenfunctionsy and 8, are mixed states owing to anisotropic tensor
interactions [hfc tensoA in (a) and dipolar and exchange coupling tengbin

(b)]. As a consequence of this mixing of the eigenfunctions, all transitions be-
tween the four eigenstates are allowed to a different extent under pulsed irradiation
of the spin system. However, in cas® the energy spacing by the nuclear and
the electronic magnetic moment differs by approximately three orders of mag-
nitude (much larger than shown in the diagram); hence, MW pulses only affect
EPR transitions and RF pulses only affect NMR transitions of the coupled spin
system. Because of the large hfc, RF pulses select a single NMR transition in
only one electron spin manifold (or 8) in most cases, e.g. will induce transitions
either betweenl; < W, or W3 < W,. In contrast, MW pulses select a single
EPR transition (e.g. only; <> W3) or semiselectivey; <> W3 andW;, < W,).

Two further EPR transitions will be partially allowed because of the mixing of the
nuclear spin states by the anisotropic hfc (between tate- ¥, and¥, < W3),

as shown by the dashed lines in Figure 1.

Pulsed Electron Nuclear Double Resonance (Pulsed ENDOR)

Cw-ENDOR was first introduced by Feher (3). It was rapidly demonstrated to
be a powerful tool to significantly increase spectral resolution as compared with
cw-EPR. Analogous pulsed methods have been introduced by Mims (4) and Davies
(5). Today cw and pulsed ENDOR techniques are well-established advanced EPR
methods, being commonly applied in biology and organic chemistry.

Regardless of whether they are performed in a cw or pulsed mode, all ENDOR
experiments have an EPR signal that is monitored, during which NMR transitions
are induced that lead to changes of the EPR signal. These changes of an EPR signal
are recorded as the ENDOR spectrum.

A thorough theoretical description of ENDOR methods is complex and re-
quires significant mathematical and physical background knowledge (for review
see 6, 7). Nevertheless, a simple energy level consideration (see Figure 1) allows
a phenomenological understanding that is sufficient to explain the advantages and
limitations of the method. In particular, the pulsed Davies ENDOR experiment can
be explained in this picture quite easily. The description is based on a system char-
acterized solely by an electron spinsS 1/2 and a nuclear spin+ 1/2. Owing
to the applied static magnetic fielgBhe energy levels of the two quantum spin
statesy and g, both for S and I, are no longer degenerate. The resulting electron
and nuclear Zeeman energy splittings differ by roughly three orders of magnitude
as the result of the different electronic and nuclear gyromagnetic ratios. Further-
more, the hfc between the electronic and nuclear spins leads to an increase/decrease
of the nuclear Zeeman splitting between thand 8 electronic spin states. Ac-
cording to quantum mechanical selection rules, EPR transitionsAvith = 1
andAm; = 0 and NMR transitions witlAm, = 1 andAmS = 0 are allowed.
During the basic pulsed Davies ENDOR experiment one of the EPR transitions
is selectively induced (by a M\ -pulse) and monitored (by a MW Hahn echo
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pulse sequence) as shown in Figure 2. Under ideal conditions, the echo signal
is thereby inverted as a result of the inversion pulse at the beginning of the se-
quence. This holds if the longitudinal relaxation timg & much longer than the
pulse separation time T (see Figure 2). Selective excitation of one of the NMR
transitions by the additional RF pulse will now change the detected EPR echo
signal, which is the ENDOR effect. The echo can disappear completely if the
RF matches exactly one of the two allowed NMR transition frequencies and if

nif/2 T m T ‘
/2 T /2 T /2 T ‘

>

C n/2 T 2| t, n/2 T A

MW | /2 T n/2 T /2 T ‘
F

RF bus

Figure 2 Pulsed-EPR and ENDOR experiments described in té§tT{o-pulse (Hahn) echo,
(B) three-pulse (stimulated) ech& X four-pulse echo (HYSCORE)P) PELDOR pulse (fotw,
= wp, Which corresponds to the “2 1” pulse sequence)i( Davies ENDOR, ) Mims ENDOR.
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the pulse flip angle corresponds to a R¥pulse for the nuclear spin. During the
experiment the RF is swept linearly in time and the ENDOR spectra are recorded
as a function of the RF. As can be rationalized from Figure 1, the magnitude of
the observed hyperfine splitting is directly reflected in the frequency spacing be-
tween the two ENDOR signals. This applies for cases in which the hfc is small
compared with the nuclear Zeeman energy at the chosen magnetic field if no fur-
ther interactions such as zero field splitting or quadrupolar interactions have to be
considered.

The technical effort required to generate strong RF fields over a broad frequency
range to the cavity is rather high and quite expensive. Fortunately, over the past two
decades, the instrumentation for extending EPR experiments to ENDOR capability
has become readily available.

The basic advantages of ENDOR are the drastic increase of hyperfine reso-
lution. Additionally, when a large number of equivalent nuclei interact with the
electronic spin, the ENDOR spectra are significantly simplified compared with
the corresponding EPR spectra. Drawbacks of ENDOR, especially when powder-
type ENDOR spectra are to be interpreted, arise from overlapping lines originating
from different interacting nuclei. These can be overcome by high-field ENDOR
(see “Pulsed High-Field/High-Frequency EPR") or by application of advanced
ENDOR methods (8, 9).

Another difficulty in the interpretation is often encountered if the observed
hfc is larger than twice the nuclear Zeeman interaction. The ENDOR frequencies
venporare given (for the simple cases under consideration) by:

é - Onin Bo
2 "7 h
whereg, andu, are the nuclear g-factor and the nuclear magneton, respectively,
h is the Planck’s constant, amlis the hfc. In cases in which the free nuclear
ENDOR frequency,, is greater thahA/2|, the ENDOR lines are centered sym-
metrically around,,. In contrast, ifv, is smaller thannA/2| the ENDOR lines are
centered arounfdA/2| with a spacing corresponding te,2 This complicates the
distinct assignment of ENDOR lines and makes the interpretation more difficult.
One obvious way around this problem is the performance of ENDOR at differ-
ent magnetic fields and frequencies becaysgepends on the magnetic fiebg,
whereas hfc does not.

Further important parameters to be considered concern the spin relaxation
times of the system under investigation: For cw experiments, the most pronounced
ENDOR effect is normally obtained when the longitudinal electroni€)(@nd nu-
clear spin relaxation (if) constants are equal, leading to the largest changes of the
saturated EPR transition under observation. This condition can often be adjusted
by means of sample temperature and solvent viscosity. It can also be overcome
by advanced methods such as electron-nuclear-nuclear resonance (TRIPLE reso-
nance), which has been applied successfully to measurements of organic radicals in
liquid solution under physiological conditions (10). In contrast to cw-ENDOR, in

VENDOR= |Vn & 2.
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pulsed-ENDOR experiments the ratig’IT,' is not of importance for the ENDOR
effect. Instead, the dominant requirement is th&fiust be long enough to allow

for the application of an R -pulse within the pulse separation time T. Another
limitation results from the transversal electronic spin relaxation tig¥e Which

has to be longer than the pulse separation tinifean echo detection of the EN-
DOR effect is used (see Figure 2). Direct detection of the free induction decay
may overcome this problem. Another limitation of ENDOR applications is found
for very small hfcs: It is caused by the strength of the RF fields incident to the
sample, which must not exceed the magnitude of the hfc under observation. If this
happens NMR pulses are no longer selective, which reduces the ENDOR effect.
Reducing the RF power, which however, also reduces the ENDOR effect if the
pulse length cannot be prolonged at the same time, may eliminate this handicap.
Further limitations of the ENDOR method arise for very small nuclear-level split-
tings (as is often the case fér or N at X-band frequencies) because of RF
excitation problems at very low frequencies. A way around this problem is to
apply ESEEM techniques, as described below.

Applications of ENDOR spectroscopy to biological systems have concentrated
on organic radicals and metal ion centers in proteins. Both types of radicals are
usually investigated at low temperature. Especially for metal centers the temper-
ature has to be below 20 K in most cases to obtain long enough relaxation times
allowing a successful ENDOR experiment.

Within the group of organic radicals the chromophores involved in the electron
transfer reaction of photosynthetic proteins in particular have been extensively
studied, not only by cw- but also by pulsed-ENDOR methods (for review see 11).
The proton couplings of the two semiquinone electron acceptor radigatsa@d
Qg * in bacterial reaction centers (bRC) (12), of the first quinone acceptor A
in photosystem | (PSI) (13) and of the quinong @ in photosystem Il (PSII)
have been investigated by pulsed ENDOR spectroscopy. Pulsed W-band (95 GHz,
3.4 T) ENDOR experiments onQ* of bRC (14) allowed full proton hfc tensorial
information to be obtained, owing to the possibility of performing orientation-
selective experiments at high fields, as explained below. In PSII proteins the two
tyrosine radicals, redox active tyrosine 160 of the D2 protein of PSifyand
redox active tyrosine 161 of the D1 protein of PSII,(Y) have been actively
investigated by a number of groups (15-18). Transient ENDOR (19) and pulsed
ENDOR (20) have been used to investigate the triplet state of the primary chloro-
phyll donor Rgst* of bRC. Pulsed-ENDOR spectroscopy was also applied to the
transient correlated-radical paifg™*A;~*in PSI (21). Very recently both chloro-
phyll and carotene cation radicals in PSII were characterized by pulsed ENDOR
(22).

Similar characterizations have been undertaken concerning protein-bound or-
ganic molecules. Pulsed ENDOR was used to examine the semiquinone of quinol
oxidase (23), a methylamine dehydrogenase complex (24), a flavin radical in
monoamine oxidase (25, 26), a spin-coupled tryptophan radical in cytochmome
peroxidase (27, 28), and the tyrosine radical of ribonucleotide reductase (29). On
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the latter radical orientation-selective D-band (140 GHz, 5 T) ENDOR was also
successfully applied to obtain tensorial information of the hfc tensors (30). The
capability of the ENDOR method to distinguish different protein environments
can be seen in Figure 3, in which pulsed-ENDOR spectra of such tyrosine radicals
from different organisms are compared.

Applications of pulsed ENDOR to metalloenzymes, especially for Cu-proteins,
FeS-centers, and binuclear Cu complexes, have been reviewed (31-35). ENDOR
has been successfully used to determfikhfcs of the Cu ligands antH/?H cou-
plings to ambient water molecules in the vicinity of the metal site (36, 37). Higher
fields were used to gain more spectral information with Q-band ENDOR on azurin
(38) and with W-band ENDOR on the gsite of cytochrome oxidase (39). The
interaction of a MA*-ion center with ATP has been investigated by pulsed ENDOR
in pyruvate kinase (40) and compared with thk, 31P-, and’O-hfc determined
in model systems (41). The manganese cluster in PSIl was also investigated by
pulsed-ENDOR methods in its different catalytic states (42). High-field W-band
ENDOR was recently used to study the manganese center in a single crystal of con-
cavalin A (43). Also, the local surroundings of binuclear iron centers in uteroferrin
and methane monooxygenases (44—-47), the iron-molybdenum center of molyb-
doferredoxin (35, 48), the iron-sulfur centers of a number of iron-sulfur proteins
(34, 49-52), and the heme centers of cytochrome P450 cam and chloroperoxidase
(53-55) have been investigated by pulsed ENDOR.

Electron Spin Echo Envelope Modulation

The electron spin echo envelope modulation (ESEEM) effect is induced by nuclei
hyperfine-coupled to the unpaired electron spin. These couplings manifest them-
selves in a periodic modulation of the electron spin echo intensity as a function of
the pulse separation time. Fourier transformation of the time-domain echo envelope
leads to a hyperfine spectrum in the frequency domain similar to the corresponding
ENDOR spectrum. These modulations of the electron spin echo intensity due to
the coupled nuclei were already observed in early electron spin echo experiments
(56, 57) and later theoretically understood and analytically described (58—60).

For nuclei coupled to the electron spin via an anisotropic hyperfine interaction,
1D- and 2D-pulsed ESEEM experiments have proven to be powerful tools to
examine these interactions, especially for weak couplings and for nuclei with
a small Zeeman splitting (61). In contrast to the ENDOR experiment, no RF
irradiation is needed; the nuclear spins are only indirectly affected via their hfc to
the electron spin.

Figure 3 Pulsed Davies X-band ENDOR on tyrosyl radicals from three different organ-
isms (F MacMillan, F Lendzian, A Boussac, G Lassmann, W Lubitz 2000, unpublished).
(A) Yp® of PSIl, B) Y77 of ribonucleotide reductase in mous&)(Y 12, of ribonucleotide
reductase ifEscherichia coli
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Necessary conditions for the observation of strong modulation effects are
(a) anisotropic hyperfine or quadrupolar interactidn), §trong MW pulses, and
(c) cancellation of nuclear splitting for one electronic manifold. Because of con-
dition (@) ESEEM effects cannot be directly observed in liquid samples of small
molecules. Conditiorlk) means that at least one MW pulse must be strong enough
to drive simultaneously an allowed and a forbidden EPR transition (for example
U, < YzandW¥; < W,). Ifthe transition probabilities of the “allowed” and “for-
bidden” transition are similar, the ESEEM effect will be most pronounced. This
can be achieved by tuning the nuclear level splitting of one electronic manifold
by proper choice of the external magnetic fielgd Bhis is expressed in condition
(c) and will depend on the nuclear spin and the specific coupling strength (62).

In the 1D ESEEM experiment the two-pulse Hahn echo intensity is monitored
as a function of the pulse separation tim@~igure 2). The oscillation of the echo
intensity arises from spins that evolve on different electronic coherences before
and after the refocusing pulse (for example coherelhgce> W3 in the first time
intervalt between the MW pulses and coheredge<> W, within the second time
interval t after the second MW pulse). Because the respective energy spacings
are different for both transitions the refocusing is not 100% but is modulated with
the energy difference between the two transitions, which is in fact the nuclear
spin—level splitting. In this experiment the modulation can only be observed on a
time scale of the transverse electron relaxation tige Which is in many cases
too short to obtain high enough resolution in complex spectra with several coupled
nuclei.

A 2D version of the experiment is the stimulated echo pulse sequence, in which
both pulse spacing timesand T are varied (Figure 2). In this experiment nuclear
coherence (for example betwedn <~ W,) created by the first two pulses evolves
within the time T and is then transferred back into observable electron coherence
by the last pulse. In this case the modulation is typically observable on the time
scale of the transverse nuclear relaxation tinde Which is often longer than;?
but shorter than 3.

In a hyperfine sublevel correlation experiment (HYSCORE) the nuclear co-
herence within one electronic manifold (for example < W,) is transferred
by an additional MW pulse into the corresponding nuclear coherence within the
other electronic manifold¥s < W,) (63). A 2D-FT leads to a 2D spectrum
in frequency space with off-diagonal correlation peaks between hyperfine lines
belonging to the same nucleus in both electronic manifolds. This is very helpful
in unraveling complex hyperfine spectra with overlapping line contributions from
different nuclei.

ESEEM spectra can be analyzed in the time domain as well as in the frequency
domain (64). The frequencies in the Fourier transformed ESEEM time traces are
the same as in the ENDOR experiment. In contrast, the amplitudes are more
complicated functions of spin Hamilton operator parameters (such as hyperfine
and quadrupole tensor elements and number of equivalent coupled spins) and ex-
perimental parameters (such as MW excitation power, frequency offset, external
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magnetic field value, pulse lengths, and dead times). This can be a problem, es-
pecially for the assignment of broad anisotropic hfcs in disordered powder sam-
ples (61). In disordered samples specific orientations with effective hfcs close to
the cancellation condition will be strongly enhanced in the modulation intensity,
leading to strong distortions for anisotropic hfc powder patterns. Additionally,
blind-spot artifacts for pulse sequences with more than two pulses will modulate
the powder pattern lineshape. Alternatively, the modulation depth as well as the
damping of the modulation contains additional and independent information on
the coupled spin system.

If several nuclei couple to the paramagnetic center, the experimental time trace
will be the product of the modulations of the individual nuclei and may become
very complex. In order to highlight specific modulations, an isotope-labeling and
waveform-division method can be used, as proposed by Mims and coworkers
(65, 66). For example, an isotope labeling#® (I = 0) — 3C (I = 1/2) results
in time traces that are identical, but the isotope labeled time trace is multiplied
by the13C echo modulation. Therefore, a division of the time traces of the two
experiments,'3C/*?C, only leaves the specifit®C modulation, if all the other
parameters for the sample and experiments are kept constant (67). Although this
method is mathematically not exact for disordered powder samples and stimulated
echo experiment, as was clearly stated by the authors, itis very successfully applied
to disordered protein samples to obtain quantitative information, especially on the
number of equivalent nuclei (e.g. water molecules) coupled to the paramagnetic
center under investigation.

Nuclei with couplings close to the cancellation condition are strongly enhanced
in the ESEEM spectra. Different nuclei can be tuned to this condition by varying
the external magnetic field (and thereby the nuclear Zeeman splitting). Therefore,
a careful tuning of the MW highlights specific regions of the paramagnetic sur-
rounding (Figure 4). For such nuclei close to the cancellation condition the adia-
batic precession of the electron spin in the resulting effective field (external
magnetic field plus hyperfine field) under RF irradiation negatively interferes with
the excitation field and thereby diminishes the ENDOR effect (65). This shows
nicely the complementarities of these two methods. If the modulation depth is
small for nuclei not close to the cancellation condition, applying matched pulses
can enhance the modulation intensity (68), thereby increasing the sensitivity for
such nuclei. This method has not been applied to biological questions yet.

The same groups have often applied ESEEM and pulsed-ENDOR spectroscopy
to similar biological systems and paramagnetic centers. Whereas ENDOR investi-
gations concentrated more on the nuclei with higher nuclear Zeeman frequencies,
such asH, °C, or 3P, the ESEEM method was mostly used to obtain the com-
plementary information on low frequency nuclei, sucitds'*N, and>N.

A very recent review gives a comprehensive listing of ESEEM spectroscopy
applied to metal centers in enzymes and model systems (69). Applications on
chromophores in photosynthetic reaction centers have also been reviewed recently
(11, 61). Therefore, only a few applications highlighting the potential of ESEEM
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Figure 4 Stimulated echo envelope for a single crystal of azurin. Different orientations of
the magnetic field with respect to the g-tensor principal axis system are shown. The decay
of the echo intensity has been removed to emphasize the modulation-frequency dependence
on the crystal orientation [Reprinted with permission from (80).]

spectroscopy for the investigation of the local structure of paramagnetic centers

will be described here in more detail.

Cuwt-metal centers (S= 1/2, | = 3/2) in enzymes have been extensively
studied by ESEEM methods. One of the first ESEEM applications on biological
systems was done on the €tcenter in stellacyanin (70). For tAéN-nucleus
close to cancellation the quadrupole tenépcan be determined by analyzing
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the echo modulation. Comparison of the data obtained in these experiments with
those from model systems and nuclear quadrupole resonance data allows the
identification of the ligating molecule (mostly histidine), the ligand positions
and orientations, and also the protonation of the nitrogens (72, 73, 246). Two to
four histidine ligands were detected by ESEEM spectroscopy for differetit-Cu
proteins by comparison of the experimental ESEEM time traces with simulations
(74-79). Multifrequency ESEEM is especially helpful for tuning different nitro-
gens with distinguishable hfcs to the cancellation condition. Whereas at X-band
frequency the ESEEM experiment is especially sensitive to the remote imidazole
nitrogen, the situation is different at higher frequencies. With W-band ESEEM
experiments the directly ligated nitrogen of the imidazole ring in the blue copper
protein azurin has been observed in single crystal studies (80) (Figure 4), whereas
X-band ESEEM detected the remote nitrogens (81, 82). Isotope lab&Hifd(

or 2C/*3C) and the spectra division method were used to obtain quantitative infor-
mation about other ligands of the &uion, such as water molecules (67, 83-86).
The replacement of a histidine nitrogen ligand by the enzyme inhibitor cyanide
was proven in superoxide dismutase by isotope-labéfdd’eN) CN~ (87) and

the replacement of a water ligand by Nn laccase (88). Recently, €uwas used

to replace nonheme Fein bRC and in a dioxygenase. The histidine couplings
observed on the Cu-ESEEM spectra were used to identify possible ligands to the
native Fé*-ion (89, 90).

Mn?* is another metal ion that was investigated by ESEEM spectroscopy in
several protein complexes. In many casesMran substitute for other naturally
abundant metal ions, as for example the diamagnetit Nton, and can therefore
serve as a paramagnetic probe in the investigation of these metal sites. The analysis
of field swept spectra and the quantitative analysis of ESEEM experiments is rather
complicated (91), owing to the high spin state£S5/2, | = 5/2), the large man-
ganese hfc{9 mT), and the zero field splitting tensor (typically coupling strengths
D of 10-100 mT). Because of the high spin state, the different allowed and for-
bidden electronic transitions overlap, leading to complicated EPR and ENDOR
spectra. In principle, pulsed experiments will allow these different transitions to be
distinguished by their transition moments (92), but this has been used only recently
to simplify such spectra (93). Nevertheless, quantitative information on the ligand
sphere could be obtained by either isotope exchange of the water solvefii{@g.
or H,*70) or isotope labeling of specific amino acid&N/**N, *°C, 170, 2H). This
allowed the determination of the number of water ligands (94) and the identifica-
tion of the peptide ligands (95). What can be achieved by ESEEM spectroscopy
on such a metal center in a protein complex was demonstrated very impressively
on the p2¥Mn'-GppNHp complex (96, 97). Mit replaced the natural diamag-
netic Mg?*-ion in this complex for the EPR investigations. By specific mutations of
amino acids in the close neighborhood of the metal ceftdr$er17 2H/*3C/A5N-
Thr35,3C-Asp57) and by detailed analysis and simulation of the high spin ESEEM
effects (91) an EPR structure of the metal site (up to 0.5 nm) could be obtained in
good agreement with X-ray results (98). In the same way the metal binding sites
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of isolated F1-ATPase from spinach chloroplasts and BBamtillus PS3have been
studied by ESEEM spectroscopy using M99, 100) or vanadium (101, 102) as

a paramagnetic substitute for Kfgand C&*. The protein and ATP nucleotide
binding ligands to the metal ion and the change in the metal binding site upon
addition of ATP have been identified by EPR spectroscopy. In cytochoooxe
idase ESEEM spectroscopy was used to identify the amino acid ligands of the
Mn?*-site, which does not participate in the electron transfer reaction but occurs
naturally in several organisms (103). In a recent wiitk/*>N and'H,0/H,0
ESEEM experiments have been used to identify the interaction éfNéms with
guanosine in the hammerhead ribozyme complex (104).

Multifrequency ESEEM, ranging from S-band (3 GHz) to P-band (15 GHz), was
used to distinguish different states of Mo(S = 1/2) in molybdoenzymes such
as xanthine or sulfide oxidase. Additionally, their ligation sphere and geometry
was postulated on the basis of these EPR and EXAFS measurements (105-109).

Photosynthetic proteins have been intensively and competitively examined by
ESEEM spectroscopy. The electron spin density distribution on the primary elec-
tron donor P, a chlorophyll dimer, was intensively studied by nitrogen 1D stim-
ulated echo and 2D HYSCORE experiments (61, 110-112). Complementary to
ENDOR investigations, ESEEM experiments were used for the different quinone
acceptors to detect hfcs of nitrogens in amino acid residues. Recent publications
have appeared on the electron acceptorrdf PSI (113), on Q~* in bRCs (114—

116), on Q~* in PSII (117) (attempting to resolve some earlier controversial
results), and on ~* in quinol oxidase (118). In PSII the tyrosyl radicahY*

was investigated byH/?H ESEEM (119, 120), the manganese cluster (121-126),
and very recently, the carotene cation radical (127), in which a close-by tryptophan
residue was assigned.

Further HYSCORE spectroscopy has been done to analyze nitrogen and pro-
ton/deuteron hfcs of flavin radicals in ferredoxin-NADReductase and in flavo-
doxin (26, 128). In the proteins amine oxidase and methylamine dehydrogenase
intermediate substrate radicals within the catalytic cycle could be analyzed by
ESEEM spectroscopy (129-131). A recent HY SCORE experiment on the bound
quinone Q~* in quinol oxidase is shown in Figure 5. The obtained nitrogen
quadrupole tensor Q shows that the semiquinone is most strongly coupled to a
nitrogen nucleus of the protein backbone (118).

Pulsed Electron Double Resonance (PELDOR)

Because the interaction of two electron spins with each other is formally iden-
tical to the interaction of an electron spin with a nuclear spin (see Equation 1
and Figure 1), the conceptual principles of pulse methods to observe small mag-
netic dipolar couplings between distant paramagnetic centers are very similar to the
ESEEM experiment. PELDOR experiments (132), also called double electron elec-
tron resonance (DEER) (133), have been used to measure interactions between
radicals for distances of up to 5 nm (134, 135). For this method two different MW
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Figure 5 X-band HYSCORE spectra of the semiquinong @of bos ubiquinol oxidase fronk.

coli after echo decay subtraction and magnitude Fourier transformation of the 2D time traces. The
correlation peaks of the three quadrupolar split levegs ¢_, v, ) of the« electronic manifold

with the double quantum peak) of the 8 electronic manifold are well resolved (118).

frequenciesd,in resonance with electron spin A atagin resonance with electron

spin B; see Figure 2) have to be applied to the sample viathe MW resonator. An ex-
ample of a new four-pulse version of this experiment applied to two biradical model
systems (with interspin distances of 1.9 and 2.8 nm) is shown in Figure 6, in which
the dipolar oscillations, containing the distance information, are easily observable
(135). Instead of a pulsed excitation with two distinct MW frequencies, the mag-
netic field can be jumped between pulses to get into resonance condition with the
second paramagnetic species (136, 137). If the spectra of the two paramagnetic
centers overlap, the experiment can also be performed with a single MW frequency;
this is the so-called 2 1 pulse sequence (138, 139). In this experiment care has to
be taken to distinguish the dipolar coupling of the two paramagnetic centers from
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Figure 6 Four-pulse double electron electron resonance time domain signal on two biradical
model systems after subtraction of the background signal owing to intermolecular interactions.
From the oscillations an electron-electron distance of 8405 nm for biradical 1 (upper trace)

and of 2.83t 0.05 nm for biradical 2 (lower trace) could be determined. [Adapted with permission
from (135).]

hfc to nuclei, as observed by ESEEM (140). Another pulse scheme, the DQ 2D-
EPR experiment (141), is a direct EPR analogue of a classical nuclear magnetic
resonance (NMR) double quantum coherence experiment, and was demonstrated
on a nitroxide biradical sample with an interspin distance of 3 nm (142).

The possibility of measuring long distances with pulsed-EPR methods is ex-
tremely attractive, especially for biological samples. It can be used to identify
electron transfer pathways in proteins and measure the distances and relative ori-
entations of the involved centers. In combination with site-specific double-spin
labeling techniques it will allow the determination of long range structural con-
straints of the protein backbone and information on conformational mobility in
specific loop regions. A more comprehensive overview of cw-EPR, PELDOR,
and pulsed-EPR relaxation methods to measure distances between paramagnetic
centers and some first applications will appear soon (143).
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An early application of the “2t 1” pulse method to biological systems was
the measurements of the distance between two spin-labeled cysteine residues of
a hemoglobin tetramer (139). The measured distance of=30615 nm was in
good agreementwith the X-ray structure. PELDOR and the 12 pulse sequence
were used to measure the distances between the tyrosine radigadsd Y,*,
the semiquinone radical Q°, and the Mp-cluster in PSIl samples (144-146).
Distances of up to 4 nm and relative orientations have been determined between
the different chromophores. Together with pulsed-EPR relaxation measurements,
out-of-phase-echo measurements (both described in the next two sections), and
cw-EPR power saturation measurements, these data allowed prediction of a skele-
ton of the chromophore locations within the protein complex. Very recently, an
application of the four-pulse double electron electron resonance experiment (135)
was performed in double spin-labeled human carbonic anhydrase Il to measure
distances and mobility in the range of 2 nm (147).

Pulsed EPR/Relaxation Measurements

If one of the two paramagnetic species is a fast relaxing species, as for example
a metal center, the PELDOR method will not be applicable anymore. However,
information on the interspin distance can be gained by measuring the relaxation
enhancement on the slowly relaxing paramagnetic species, caused by the dipolar
coupling to the fast relaxing species (148). Usually the relaxation behavior of a
paramagnetic center will be a complex temperature-dependent process with con-
tributions from different physical mechanisms. Therefore, to obtain a quantitative
value for the interspin distance, the relaxation rates of both paramagnetic species
without the dipolar coupling but otherwise identical conditions have to be known.
This is difficult to achieve in biological samples, but often model systems for the
slowly relaxing species are used to obtain their unperturbed rates. In some proteins
one of the paramagnetic species can be switched into a diamagnetic state. The
rates of the fast relaxing species will not be perturbed by the dipolar coupling but
are often difficult to measure.

Applications of these pulsed-EPR techniques to determine interspin distances
in biological samples have been demonstrated most impressively in PSIl samples.
Already, changes of the relaxation time @f the tyrosine radical ¥* depending
on the redox state of the Mitluster have been interpreted as arising from the
dipolar coupling of the two paramagnetic species (149). Thereafter, distances
between the Mgpcluster (or for Mn-cluster-depleted samples to thetfeon)
and the paramagnetic species’YY ;* Pggs™, Chl, ™, and Pheo® were estimated
by saturation recovery relaxation measurements (150-154). Similar to the PSI|
experiments, the coupling of the tyrosyl radical,¥ with the diferric center in
ribonucleotide reductase was also detected by saturation recovery experiments
(155).

A variant of this method is the hole-burning method (156), in which a selective
excitation hole is burned into the inhomogeneous broadened EPR line, and the
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broadening of the hole by relaxation effects is studied. This method was applied
to PSII and PSI chromophores to measure distances (157, 158).

Other examples for the use of this relaxation experiment are measurements
on spin-labeled methemoglobin and methmyoglobin, in which different nitroxide
spin-label to heme-iron distances (in the range of 1.5-3 nm) were determined
(159, 160).

A different relaxation source for paramagnetic centers beside dipolar coupling
to fast relaxing electron or nuclear spins is the motional modulation of the Larmor
resonance frequency by orientation-dependent anisotropic interactions, as deter-
mined by the hfc or the g-tensor. In this case the measurement of the relaxation
times over the whole spectral width allow determination of not only information
on the rotational correlation time, of the molecule but also detailed information
on the type of motion the molecule undertakes. In proteins this motion of a bound
nitroxide spin label is non-Brownian and hindered, depending on the specific po-
sition of the spin label. Therefore, these measurements can help obtain detailed
information not only on the molecule itself, but also on the protein backbone. The
time windows of motional processes observable on spin labels by cw-EPR have
been drastically extended by cw-saturation-transfer-EPR (161) and pulsed EPR
methods, such as saturation recovery EPR and 2D-electron-spin-echo (2D-ESE)
spectroscopy (162, 163). Whereas the very slow motional region (with correlation
times of up to 1 ms) can be detected by saturation-transfer—EPR (164, 165), pulsed
EPR allows investigation of motional processes lying in the correlation time range
between ns and several hundres. ESE spectroscopy is one of the basic tools that
allows probing of slow molecular motions of spin labels, for example in membrane
model systems (166, 167). Furthermore, the examination of molecular motions
can be done by 2D-FT EPR; a comprehensive treatment including descriptions
of free induction decay—based correlation spectroscopy (COSY) and spin echo
correlation spectroscopy (SECSY) can be found in (168).

Characterizing protein-protein and protein-lipid interactions by observation
of changes in rotational diffusion of the spin labels involved requires the use
of comprehensive mathematical and rotational diffusion models (169-172). As
mentioned above, application of pulsed-EPR techniques simplifies the interpreta-
tion by distinct separation of time-dependent and static-spin Hamiltonian param-
eters.

An early investigation of echo-detected motional dynamics was performed
on a maleimide spin-labeled deoxygenated hemoglobin, in which the motion of
the polymerized molecule could be differentiated from monomeric molecules in
solution under physiological conditions (173). Most recently, this method has
been used for probing temperature-dependent librational motion in glass formed
from the intracellular medium at low temperature in seed and pollen. Correlation
between the water content ifypha latifolia pollen and the librational motion
of the spin label in the cytoplasma could be shown (174). Echo-detected EPR
has further been used to characterize the molecular motion of the cholestane
spin label in a multibilayer in the gel phase (167). With a model of uniaxial
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librations, the projection angle of the libration axis in the molecular plane was
determined relative to the N—O bond direction of the spin label. Motional states
of spin labels were also characterized with pulsed-EPR in cardiolipin-cytochrome
c bilayers (175) and in spin-labeled €aATPase in the sarcoplasmatic reticulum
membrane (176). Interactions of stearic acid spin-label pairs in multilamellar li-
posomal dispersions were characterized with saturation recovery-EPR methods
and by measurements of the spin lattice relaxation timélT7). Site-specific

spin labeling and pulsed-EPR techniques have been used to characterize melit-
tin at membrane surfaces (178), most recently using pulsed high-field (HF)-EPR
on bacteriorhodopsin (179). Thereby, different modes of molecular motions were
characterized in dependence on the position of the spin label. Pulsed-HF-EPR
allows these investigations to be extended to other classes of molecules, such as
organic radicals with only small anisotropic hfc and g-tensors, which are not re-
solved at X-band frequencies. At high fields these radicals’ g-tensor anisotropy
can be resolved (as described below), and the contribution of this tensor to the mo-
tional relaxation will be strongly enhanced (180). W-band pulsed-EPR experiments
were used to investigate the librational motion of the semiquingge @ bRC

(181). The uniaxial librational motion of the protein-bound semiquinone along the
C-0 axis (in contrast to the more isotropic Brownian tumbling of semiquinone in
frozen solution) could clearly be resolved by the 2D-ESE experiments (Figure 7).

Transient EPR/Correlated Radical Pairs

Photosynthetic proteins (especially bRC in which high resolved X-ray structures
are available) have not only been extensively studied with all sorts of advanced EPR
methods, but have also helped in the development of new methods and concepts
of EPR spectroscopy (182, 183).

Transient EPR methods, first developed for the detection of photo-excited tran-
sient triplet states of aromatic molecules (184), have been used extremely suc-
cessfully to obtain unique information on the distances and relative orientations
of the chromophores involved in the fast electron-transfer reaction in photosyn-
thetic proteins. In these proteins a fast electron transfer reaction is initiated by
photoexcitation, leading to a transient radical pair of an electron donor molecule
P** and an electron acceptor molecule*@n a sub-ns time scale. Because the
electron transfer reaction is started from the excited singlet state of the primary
donor!P’, the population of the dipolar coupled radical pair energy levels (see
Figure D) does not obey Boltzmann distribution law. Instead, only{heand
W, levels are selectively populated via intersystem crossing, which leads to an

Figure 7 Two-dimensional-electron-spa-echo (2D-ESE) (W-band) experiments on ubisemi-
quinone radical in frozen isopropanol solution (upper trace) and in bRC (lower trace). Both mea-
surements were performed at 120 K. The anisotropy of the relaxation méHin the powder
spectra is clearly visible and very different for the two environments.
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unusual spin polarization, described as longitudinal two-spin order, resulting in
the specific features of the EPR signals.

These EPR spectra, detected as time-resolved MW responses directly after the
laser flash, are therefore highly spin polarized with emissive and absorptive com-
ponents. The first applications of the transient EPR method to biological systems
were performed on bRC (185). The spin polarized correlated radical pair transient
was recorded for different resonant field valugsalad could be used to deduce
the relative orientation and, to some extent, the distance of the dipolar-coupled
radical pair P*-Q~* (183, 186, 187). High-field two-pulse echo-detected polarized
spectra were used to get enhanced information on the relative orientation of the
Pgest*-Qa~* pair in bRC (188) and on the pairgt*-A,;~* in PSI (189) because
the anisotropy of the semiquinone g-tensor could be resolved at such field values
34T).

In addition to the nonthermal polarization created by the photo-induced electron
transfer, zero-quantum coherence between the charge-separated spin states is cre
ated, which are (because of the dipolar and exchange coupling) not eigenstates of
the coupled radical pair. Because of the large distance of the two radicaleng)
and the fast electron transfex{ ns), coherence between the populated states
W, and W, exists after a short laser pulse excitation. This was theoretically pre-
dicted (190) and experimentally observed for short delay times after the laser flash
PSI (191). The coherent quantum beat signals, observed as a function of the mag-
netic field position, could be used to obtain detailed structural information on the
radical pair (192). Finally, the unusual out-of-phase-echo signal (193) (observed
in phase with respect to the excitation pulses) of this coupled radical pair can be
used to measure with high accuracy the distance between the two paramagnetic
species because the echo amplitude is periodically modulated as a function of the
pulse separation time (see Figure 2) by the dipolar (and exchange) interaction
(194-196). This method is just as sensitive to distances as the more complicated
PELDOR or double quantum experiments and has been used to measure the dis-
tances between the different cofactors in bRC, PSI, and PSII with high accuracy
(182, 197-205). Changes of these distances in light-adapted frozen samples were
also investigated by these methods (206, 207). Figure 8 shows the Fourier trans-
formations of time traces obtained from the radical pgigP-Q,~* of bRC and
from P,got*-A;~*in PSI. The distances of 2.82 nm and 2.54 nm could be deduced
by simulations (dotted lines) (202). Finally, it has also been shown theoretically
(208) as well as experimentally in bRC (209) that double quantum coherences can
be created under these specific starting conditions by just a single MW pulse.

High-Field/High-Frequency EPR

As can be seen from the first term of the spin Hamiltonian (Equation 1), the
electron Zeeman splitting scales linearly with the magnetic figltrBirst order, an
increase of Brequires an equivalent increase of the Larmor frequeggy. This
applies for cases in which a particular spin system is studied at different magnetic
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Figure 8 Sine Fourier transforms of the out-of-phase echo modulation for the radicakgairP

Qa~* of bRC and the pair g"*-A;~* of PSI. The dead time of the traces was reconstructed
with maximum entropy methods. The simulations (dotted lines) of the experimental patterns yield
2.844+0.03 nm for the distance in bRC and 2:540.03 nm in PSI. A small exchange coupling of

J = 1 uT was obtained for both systems. [Adapted with permission from (182).]

fields if there are no additional field-dependent parameters. Consequently, “high-
field EPR” and “high-frequency EPR” are effectively synonyms in most cases.

In principle, the motivation for HF-EPR is the same as for the comparable
development in NMR. As in NMR at increasing Zeeman energy, the spectral
resolution increases in most cases and the population difference or polarization of
the spin states{andp) increases according to the Boltzmann distribution as well.
This leads, together with the higher quantum energy of the observed transitions,
to higher sensitivity of HF-EPR experiments. Besides these very basic motifs,
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HF-EPR opens new frontiers for systems with large zero field splitting, which
may be totally EPR-silent at normal EPR frequencies (210), and for systems with
very small g anisotropies and unresolved hfcs, as in many aromatic organic radicals
(211-217).

In HF-EPR the magnetic field is usually higher than 2 Tesla and thus requires,
typically, the use of a superconducting magnet. The first corresponding frequency
band is called W-band and ranges from 70-110 GHz. Many technical require-
ments substantially change for such high-MW frequencies close or above the
limit for conventional semiconductor MW technology. “Classical” spectrometer
designs with a MW resonator in reflection mode and using commercial MW com-
ponents such as a waveguide MW circulator can still be realized at frequencies
up to approximately 140 GHz (D-band) (1, 218-221). At higher frequencies the
small wavelengths become prohibitive for the effective operation of rectangular
waveguides, and quasi-optical methods have to be used to replace classical MW
components. By using such techniques, or by combining them with classical MW
components, sensitive cw spectrometers can be built at frequencies even in the
low-mm and in the sub-mm range (222-224).

Cw HF-EPR was first developed by the group of Y Lebedev in Moscow (225),
who used a MW frequency of 140 GHz. The first pulsed HF-EPR setups were built
in Leiden (226), followed by spectrometers in Moscow (218), at MIT (227), and in
Berlin (228) at W-band or D-band frequencies. By using pulsed far-infrared lasers,
pulsed EPR was demonstrated at 604 GHz in Grenoble (229, 230). Since 1996,
HF-EPR instrumentation at W-band has been offered commercially by Bruker
Analytik (1) for cw experiments as well as pulsed-EPR experiments.

When half-integer high-spin systems=<%,) are studied, the linewidth of the
central EPR transition (;1= +%, to ms = —¥,) is broadened by higher or-
der zero field splitting contributions. Because of the inverse field dependency
of these contributions, HF-EPR often leads to narrower lines and thus to in-
creased information content for small interactions such as hfc of ligands (231
233) or dipolar coupling to other paramagnetic centers (234). The spectral res-
olution for systems with large hfc is often further increased as a result of the
suppression of forbidden ntransitions at higher field values. Finally, as al-
ready mentioned above, systems with very large zero field splitting (in the or-
der of the electron Zeeman splitting) even become EPR-silent at low field values
(210).

As a result of the increased Boltzmann spin polarization, magnetic resonance
experiments become more sensitive at higher fields. However, this effect is par-
tially compensated by technical restrictions, limiting the performance of many
MW components at the smaller wavelengths (180). Another reason for the drastic
increase in absolute sensitivity (in spins/mT) is found for HF-EPR spectrometers
utilizing a MW-resonator. Owing to the smaller wavelength, the resonator dimen-
sions decrease, leading to smaller sample volumdsi() with still high filling
factors (219, 220, 228). For simple transmission mode setups without resonator
(217, 235, 236), the latter argument does not apply. Instead, the concentration
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sensitivity (in spin/mT/cr®) has to be considered in this case because large sam-
ple volumes (several hundred) can and must be used. Despite this, cw-EPR
experiments can be performed quite successfully in broadband setups without res-
onators. Alternatively, for pulsed HF-EPR the incorporation of a MW resonator,
preferably in the reflective operation mode, is indispensable because of the limited
MW power available. The bandwidth of the MW resonator is broad enough to
support the MW pulses even for optimal large Q values at high MW frequencies
(whereas the Q value and therefore the sensitivity has to be lowered drastically
in the case of pulsed X-band EPR applications). This leads to good conversion
factors for the MW B-field, a short ringing and dead time after the pulses, and a
high sensitivity (228).

The performance of ENDOR and related double resonance experiments at high
magnetic fields offers additional specific advantages, for example for studying
organic radicals with small g-anisotropies: The improved spectral resolution ob-
tained in the EPR dimension allows one to record orientation-selective ENDOR
spectra and thereby to improve the information content of ENDOR spectroscopy
on powder-type samples with randomly oriented radicals (14, 30, 237). Another
significant advantage of HF-ENDOR is the increased nuclear Zeeman interac-
tion, which separates the free nuclear Larmor frequencies of different nuclei and
thereby enhances the spectral resolution in the NMR dimension. Accordingly,
spectral overlap can be reduced and spectra can be simplified (39, 238). Consider-
able simplifications of ENDOR spectra are also observed owing to the increased
ratio of nuclear Zeeman frequency/hfc, as pointed out above. In analogy to the
advantages of HF-EPR on metalloproteins, contributions of highdransitions
are suppressed in the HF-ENDOR experiments as well (239). Furthermore, the
advantages of HF-ENDOR can be combined with those of pulsed TRIPLE reso-
nance methods (240). Thereby, spectral assignments of different nuclei and metal
centers can be mapped in 2D spectra (241).

Applications of pulsed HF-EPR in biological systems are mentioned and cited
above. Whereas ESEEM spectroscopy at high magnetic fields is limited to few nu-
clei with specific hfc (228, 242), the application of pulsed HF-ENDOR (220, 228,
237) and HF-2D-ESE (228) offers several advantages, as mentioned above. First,
applications to biological systems include the W-band ESEEM spectroscopy on
the direct coordinated histidine ligands (80, 243) (Figure 4) and W-band ENDOR
spectroscopy on two remote histidine nitrogens and three distant protein backbone
nitrogens (238) in small single-crystal azurin samples. The ubisemiquingre Q
in bRC was investigated by pulsed W-band ENDOR (14), 2D-ESE (181) and tran-
sient EPR (188) experiments. The relative orientation of the quinone molecule with
respect to the bacteriochlorophyll donor moleculg:-P, its hydrogen bonding
to the protein and its uniaxial librational mobility in the protein pocket could be
deduced from these experiments. Similar transient W-band EPR experiments were
performed on the correlated radical pajpf*-A,~* in PSI samples (189). Other
applications of W-band pulsed ENDOR are the determination of nitrogen and pro-
ton hfcs to the Cy center in cytochrome oxidase (39) and to the Mh-ion in
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Figure 9 Field swept two-pulse echo spectrum of TEMPO spinlabel in a polystyrene matrix
at 180 GHz MW frequency. In the cw spectra (upper trace) the well-resolved canonical
peaks of the anisotropic g-tensor and the resolved nitrogen hfc@mponent can be easily
seen. The echo-detected spectra recorded for differeatiues ¢; = 100 ns,z, = 200 ns,

73 = 400 ns) show the anisotropig Telaxation time.
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concavalin A (43) and the determination of the tyrosine radical in ribonucleotide
reductase (30). Field-swept echo-detected D-band (140 GHz) EPR spectra of
the apogalactose oxidase tyrosyl radical at low temperatures showed an increased
hfc resolution compared to the saturation-broadened cw-EPR spectrum (244). In
a recent publication first W-band field-swept echo experiments for the investi-
gation of motional dynamics of nitroxide spin-labeled bacteriorhodopsin at the
dynamic glass transition temperature were presented (179). The anisotropic trans-
verse relaxation time,] measured over the whole powder pattern, can be used to
analyze this motion in detail. An example of such an experiment, performed on
our home-built pulsed 180 GHz EPR spectrometer (245), on a nitroxide spinlabel
in polystyrene sample is shown in Figure 9. At these high magnetic fields (6.4 T)
the anisotropic g-tensor is well resolved and dominates the spectra, in contrast
to X-band frequencies in which the anisotropic nitrogen hfc tensor is domi-
nant. Therefore, by HF-EPR orientational selection can be observed alpng g
gy, and g, whereas at X-band only the z orientation is well resolved. The dif-
ferences of the relaxation times Tor the different g-values can be seen by the
change of the relative spectral intensities for different pulse separationtithes

well.

OUTLOOK

Pulsed-EPR and ENDOR methods extend the possibilities of cw-EPR to extract
structural information from paramagnetic centers. This is especially true for disor-
dered biological samples with several spectral overlapping paramagnetic species.
The basic pulse sequences and experiments designed to unravel complex systems
as described in this review have been developed and calibrated on model systems.
As can be seen, they have been already successfully applied to study the local
structure of some paramagnetic centers in biological systems. Their use in biolog-
ical systems will, to our belief, further increase in the near future. One of the main
reasons for this is that molecular quantum theoretical calculations have rapidly
improved and the link from EPR spectroscopic data to a molecular structure will
be much more direct in the future.
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