-1 Universiteit
i Leiden
The Netherlands

Paramagnetic resonance of biogical metal centers
Ubbink, M.; Worrall, J.A.R.; Canters, G.W.; Groenen, E.].J.; Huber,
M.L

Citation

Ubbink, M., Worrall, J. A. R., Canters, G. W., Groenen, E. J.J., &
Huber, M. 1. (2002). Paramagnetic resonance of biogical metal
centers. Annual Review Of Biophysics And Biomolecular Structure,
31, 393-422. doi:10.1146/annurev.biophys.31.091701.171000

Version: Publisher's Version

Licensed under Article 25fa Copyright
Act/Law (Amendment Taverne)

Downloaded from: https://hdl.handle.net/1887/3590660

License:

Note: To cite this publication please use the final published
version (if applicable).


https://hdl.handle.net/1887/license:4
https://hdl.handle.net/1887/license:4
https://hdl.handle.net/1887/3590660

Annu. Rev. Biophys. Biomal. Struct. 2002.31:393-422. Downloaded from www.annualreviews.org
Access provided by University of Leiden - Faculteit Sociale Wetenschappe on 04/12/23. For personal use only.

Annu. Rev. Biophys. Biomol. Struct. 2002. 31:393-422
DOI: 10.1146/annurev.biophys.31.091701.171000
Copyright(© 2002 by Annual Reviews. All rights reserved

PARAMAGNETIC RESONANCE OF
BiorLocicaL METAL CENTERS

M. Ubbink,! J. A. R. Worrall,! G. W. Canters,'

E.].]. Groenen,? and M. Huber?

1| eiden Institute of Chemistry, Leiden University, P.O. Box 9502, 2300 RA Leiden, The
Netherlands, e-mail: canters@chem.leidenuniv.nl

°Department of Molecular Physics, Huygens Laboratory, Leiden University, P.O. Box
9504, 2300 RA Leiden, The Netherlands; e-mail: mat@molphys.leidenuniv.nl

Key Words hf EPR, NMR, proteins, relaxation, g-tensor

m Abstract The review deals with recent advances in magnetic resonance spec-
troscopy bf EPR and NMR) of paramagnetic metal centers in biological macro-
molecules. In the first half of our chapter, we present an overview of recent technical
developments in the NMR of paramagnetic bio-macromolecules. These are illustrated
by a variety of examples deriving mainly from the spectroscopy of metalloproteins and
their complexes. The second half focuses on recent developments in high-frequency
EPR spectroscopy and the application of the technique to copper, iron, and man-
ganese proteins. Special attention is given to the work on single crystals of copper

proteins.
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INTRODUCTION

For the study of the magnetic properties of paramagnetic proteins, EPR seems to
be the method of choice. Recent instrumental and methodological developments
have significantly enlarged the scope of the technique. High-field/high-frequency
spectrometers have become available, as have pulsed methods, which are based
on electron-spin-echo (ESE) detection. The pulsed excitation enables the manip-
ulation of the spin system, thereby considerably increasing spectral resolution,
and allows more-dimensional spectroscopy, in analogy to modern nuclear mag-
netic resonance (NMR) methodology. The use of higher microwave frequencies
and higher magnetic fields implies an enhanced spectral resolution, an improved
sensitivity for small samples, and the possibility to study paramagnetic centers
with a large zero-field splitting. In particular, protein crystals of submillimeter
size may be investigated, which opens up the possibility to unravel the magnetic
anisotropies in great detail.

On the other hand, for a long time the application of NMR techniques to the
study of paramagnetic proteins was considered somewhat of an oddity because the
presence of paramagnetic centers or impurities in an NMR sample destroys
the resolution of the spectrum. This loss of resolution, however, is less severe when
the paramagnetic center exhibits fast electronic relaxation, and by the application
of advanced pulse techniques and data handling methods it has become possible to
overcome the limitations that the paramagnetism previously posed. The presence of
paramagnetism in a protein now offers opportunities for obtaining structural and
mechanistic information by means of NMR that have no counterpart in the NMR
study of diamagnetic proteins. Paramagnetic probes such as spin labels or lan-
thanide ions are deliberately introduced to provide structural and mechanistic in-
formation not obtainable otherwise. The observed shifts and line broadenings can
be important sources of information regarding spin density distribution in the ac-
tive center as well as the dynamic behavior of the site. A paramagnetic probe
may provide unique information about the structure of protein/protein encounter
complexes. The anisotropic part of the electronic paramagnetism can be used to
partially align the protein molecules with respect to the external magnetic field.
The resulting spectral effects in the NMR spectrum may give additional clues as
to the three-dimensional structure of the protein. As both techniques in principle
can address the same set of problems, it seemed worthwhile to see how far they
have developed and whether they are covering common ground.

The first half of this chapter reviews high-frequency NMR of paramagnetic
proteins, presenting an overview of the possibilities and limitations of the technique
atits present state of development. The various points are illustrated with examples
from the recent literature. The second half deals with high-frequency EPR of
proteins. The high-frequency instrumental developments are reviewed in the first
section while the next section focuses on individual examples of proteins that have
been studied in some depth by high-frequency EPR. Both halves close with a brief
outlook for the near future.



BIOLOGICAL PARAMAGNETIC RESONANCE 395

BACKGROUND

The Paramagnetic Shift

A paramagnetic center affects the magnetic properties of surrounding nuclei in
both a time-dependent and time-averaged manner. Time-dependent fluctuations
of the magnetic field resulting from the unpaired electron at the metal center
provide relaxation mechanisms that give rise to shortefidngitudinal) and §
(transverse) relaxation times and, in the case pflile broadening. The time-
averaged magnetic field severely affects the resonance frequencies of nuclei close
to the paramagnetic center, which leads to many signals being shifted outside the
classical diamagnetic window.

In the NMR spectrum of a paramagnetic protein, the total observed chemical
shift is described by

8obs = 5dm + 5pmv (1)

wheredgps 8gm, andspm are the observed, diamagnetic, and paramagnetic shifts.
The paramagnetic shift is caused by the hyperfine interaction of the unpaired elec-
tron(s) with the nucleus. The hyperfine interaction comprises two contributions.
The Fermi contact term’.), which is isotropic, results from spin density in the
s-orbitals of the nucleus. It is caused by delocalization of spin density from the
metal orbitals onto the (ligand) orbitals (25, 82). The shift due to the Fermi contact
term,dg, is given by (81)

- Ao/h (0 Xy | X
5'=L<—XX+—W+—ZZ), 2
Fe 36Y/2m \Ox Oy Oz @

whereyji and g (i = Xxx, yy, z2 are the principal components of the paramagnetic
susceptibility tensoy and theg-tensor;s is the Bohr magnetory; is the gyro-
magnetic ratio of the nuclegsand A, measures the Fermi contact interaction
between the nucleysand the unpaired electron spin.

The second contribution to the hyperfine interaction is the dipolar part, which
can cause an additional paramagnetic shift at the nucleus. This shift has an isotropic
component, which causes the pseudocontact 8hiit liquid solution NMR if
the magnetic susceptibility tensgr of the paramagnetic center (metal ion) is
anisotropic orifthe metal ion has a sj8 %, and possesses a significant zero-field
splitting. The shiftinfluences the chemical shifts of both ligated and nonligated nu-
clei, and it can be calculated using dipolar formulae. Applying the metal-centered
dipole approximation, the relationship betwekg and they tensor forS=Y,
systems is given by
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susceptibilities; an®, 8, and¢ are the spherical polar coordinates of the nucleus
j relative to the principal axes of thetensor.

The Fermi contact and dipolar terms vary in their relative and absolute con-
tributions to the paramagnetic shift of protons on the periphery of the active-site
ligands. The contributions from both terms depend on the spin state and magnetic
anisotropy of the metal ion at the active site. By obtaining the temperature depen-
dence of the hyperfine signals over a wide temperature range, the sign, the slope,
and the sign of the intercept of the resultant Curie plots unequivocally identify a
Curie-, hypo-Curie-, hyper-Curie-, and non-Curie-type temperature dependence
of the respective signals (12, 72). For Curie behavior, the straight line intercepts
(T~ = 0) at the corresponding diamagnetic position. Moreover, Curie-type plots
show whether unusual magnetic behavior, such as nonzero intercepts, for the sys-
tem is being observed owing to excited-state contributions to the dipolar term
and curvature due to hindered rotation of substituent groups or zero-field splitting
contributions to the dipolar shift (84).

Relation of NMR and EPR Approaches

EPR is complementary to NMR, as the same interactions are measured in both
cases, in NMR from the point of view of the nucleus and in EPR from the point of
view of the electronic spin(s). Due to their different historical developments, the
two techniques are described within different theoretical frameworks, which has
led to differences in nomenclature. We outline briefly the connection between the
terms relevant in the present context.

The hyperfine interaction tenseéy, can be measured directly by EPR, electron-
spin echo envelope modulation (ESEEM), or electron-nuclear double resonance
(ENDOR) techniques, as described below. With respect to the equations given
above, it has to be kept in mind that EPR measures the magnetic effect of the
nucleus on the electron spin, whereas NMR measures the opposite. In NMR,
large hyperfine couplings are difficult to measure because they cause large line
broadenings. In EPR, the resolution for small hyperfine interactions is limited,
therefore hyperfine couplings of nuclei close to the metal center are observed.

For structure determination in NMR, thetensor is used, which is related to
the g-tensor. The g-tensor is one of the main observables of the EPR experiment,
and both the magnitude of the anisotropy and the directions of the principal axes
can be obtained (see below). If the electronic ground state of the paramagnetic
center is energetically far below the excited states, the magnetic anisotropy tensor
can be obtained from the g-tensor

o NB2S(S+1) ,

Xi = T i + (4)

For Cui#*, this equation should be valid. For other metal systems, this condition is
not necessarily fulfilled, and in such cases the correlation between the g-tensor and
the x-tensor needs to include the excited states of the paramagnetic centers. The
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difference in measurement temperature (EPR at temperatures below 10 K, NMR
at ambient temperature) needs to be taken into account and may make it difficult
to correlate EPR and NMR results.

Relaxation in Paramagnetic NMR

Both the Fermi contact and dipolar coupling contribute to the relaxation of the
nuclear spin (32,110, 111). For nuclei with large gyromagnetic ratios, such as pro-
tons, large-molecular-weight metalloproteins, and metal ions with high S values
(i.e., a large number of unpaired electrons), a third relaxation mechanism is sig-
nificant. This type of relaxation, called Curie relaxation, is a consequence of the
interaction between nuclear spin and the time-averaged (static) electron magnetic
moment (67, 127). As the magnitude of the induced magnetic moment is propor-
tional to the external magnetic field, this contribution is field dependent. It is only
relevant for B relaxation and thus leads to line broadening.

A mathematical description of relaxation mechanisms is not given here and the
reader is referred to a number of excellent texts on this subject (7, 11, 26). However,
in brief, for paramagnetic systems, the contact relaxation rate is proportional to
A%, » and the dipolar and Curie relaxation to first approximation can be considered
isotropic and to fall off with R (metal nucleus distance). For each relaxation
mechanism the time dependence of the electron-nucleus interaction at the nucleus
is characterized by a correlation time. Apart from possible chemical exchange,
this correlation time is influenced by the electronic relaxation tigéor contact
and dipolar relaxation), and the molecular tumbling timéfor dipolar and Curie
relaxation). For dipolar relaxation, eithegor r, can dominate depending on the
size ofts, which may vary over several orders of magnitude for different metals,
spin states, and ligations.

PARAMAGNETIC NMR

Spin Density Distribution in and
Around Paramagnetic Active Sites

Paramagnetic NMR of redox proteins is a powerful technique to gain knowledge
of the electronic structure of the active site and thus give an insight into possi-
ble mechanisms of electron transfer. The intrinsic information contained in the
hyperfine shifted signals and relaxation data has proven crucial for a detailed un-
derstanding of the electronic structure not easily obtained by other spectroscopic
techniques.

To obtain information regarding the electronic structure of the metalloprotein
in question first requires a sufficient number of specific assignments around the ac-
tive (metal) site. Over the past fifteen years significant progress has been achieved
in appropriately designed NMR experiments to combat the rapid relaxation of
active-site residues due to the presence of the unpaired electron(s). Techniques
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such as saturation transfer (78), 1D/2D nuclear Overhauser enhancement (NOE)
measurements, and flelaxation measurements (57, 95, 112, 113) have allowed in
many cases complete proton resonance assignments of active-site residues in low-
spin ferric peroxidases and globins (38, 57, 83, 107), iron-sulfur proteins (28), and
metal-substituted blue-copper proteins (96, 97, 105). These methods have been fur-
ther extended to tackle strongly paramagnetic environments sucRhasdtobacter
capsulatuscytochromec (11, 117), high-spin ferric heme proteins such as per-
oxidases and globins (6, 34, 5Q@)ostridium pasteurianurrubredoxins (28, 131),

and also for blue-copper proteins with Cu(ll) as the paramagnetic center (19, 21).

An example of the use of paramagnetic NMR in context of the above has been
reported for the type-3 binuclear copper protein tyrosinase (36). In the oxidized
[Cu(I)-Cu(l)] form, the ground state is diamagnetic due to an antiferromagnetic
coupling between the spins on the two copper centers. From Figure 1, however, the
downfield part of the NMR spectrum (15-55 ppm) exhibits a number of paramag-
netically shifted signals that are observed due to the presence of a paramagnetic
(S=1) excited triplet state, accessible at room temperature. By using a combi-
nation of T; relaxation data, BD exchange, 1D NOE experiments, and Curie
temperature dependence of the paramagnetic signals, information regarding the
active-site structure has been obtained.

Once the assignments for proton resonances in the paramagnetic and diamag-
netic reference state of the metalloprotein in question are known, the pseudocon-
tact shift can be extracted for nuclei of noncoordinated residues by subtracting
the diamagnetic chemical shift from the paramagnetic chemical shift. Providing a
structural model of the protein by either X-ray or NMR is available, thiensor
can be determined. To do this the size of the magnetic susceptibility components

50 45 40 35 30 25 20 15 10 5 0 -5 ppm

Figure 1 600-MHz 'H NMR spectrum of the chloride-bourfstreptomyces antibioticus
met-tyrosinase. The six sharp linag fiave been assigned to the Hig protons based on

H/D exchange experiments. By one-dimensional NOE experiments all sharp signals could
be correlated with broader signals originating from the Hisp@otons, as indicated. The
observed NOE patterns show that all His are coordinated throughetla¢oshs (36).
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Figure 2 Schematic representation of the conversion of the molecular reference coor-
dinate systemx y, 2) into thex -tensor. A five-parameter fit is performed to determine
the Euler anglea, 8, andy andA y.x andA x, (Equation 3) by using experimentally
obtained pseudocontact shifts from surrounding nucieef circle$.

Axax and Ay, (Equation 3) need to be obtained as well as the three Euler ro-
tation angles that transform the molecular reference coordinate system into the
coordinate system defined by the principal axes ofititensor (Figure 2). On the
basis of a set of observed pseudocontact shifts, a five-parameter fit is performed
to determine the -tensor angles and components (56, 132).

Such a determination using protdps as input is now routine for low-spin
ferric heme proteins such asandb-type cytochromes (4,59, 132, 133), and the
determination of the -tensor for high-spin ferric heme proteins (6, 34, 116) along
with Cd'- and Ni'-substituted blue-copper proteins (53, 54) and rubredoxins (129)
has also been achieved. Knowledge of the angles and anisotropiesyetfé¢hsor
reveals valuable information on the active-site structure, which has elegantly been
demonstrated in numerous studies with peroxidases and globins by LaMar and
coworkers. Furthermore, theRdistance dependence of thg (as compared to
the R°® for the NOE) allows for the use @f,s as powerful long-range structural
constraints. This first demands determining the orientation ofytbensor, and
such a determination is a prerequisite to the usé,gto generate or refine a
solution NMR structure (9, 13) or determine a protein-protein (68, 121) or protein-
drug complex (118), as discussed in the next sections.

Once the¢-tensoris known, th&-.contribution to the chemical shifts of protons
belonging to residues coordinated to the metal ion can be obtained:

8pm = 8ps + OFc. (5)

The contact contribution to the chemical shift depends on the unpaired spin
density in the s-orbital of a given nucleus and is given in Equation 2. Two mech-
anisms have been proposed to account for this spin delocalization (26). The first,
direct unpaired spin density transfer, transmits unpaired spin density of the same
sign, whereas the second, termed spin-polarization, involves a mechanism through
which the sign of the spin density can change between consecutive nuclei.
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In a system of the type MS—CH,, where M is a paramagnetic metal ion coor-
dinated to a cysteine or methionine sulfur, the spin density experienced by the
protons depends on the spin density on the S donor gigrarid the M-S—C—H'
dihedral angleg;. Thus the contact couplings generally obey a Karplus-type rela-
tionship (76), which in EPR is known as the Heller-McConnell relation:

(A/h) =bcog ¢ +c, (6)

wherei = 1, 2;b = Bpg, andc = Cpg, with B and C constants angl measured

with respect to the sulfur orbital carrying the unpaired spin density, thus allowing
information about both the geometric and the electronic structures of the system
to be obtained.

Application of Equation 6 to metal-substituted blue-copper proteins has shown
that the contact shift for the two S-coordinating ligands (Met and Cys) depends
simply on the square cosine, indicating that asliponds are involved in the spin
delocalization (54). In other cases, such as in the mixed valence binuclgait€u
(49, 106), ferredoxins, and HIPIPs (28), the relationship depends on the square
sine of the dihedral angle, and thusratype spin delocalization is dominant.
Thus, by careful analysis of the contact shift, knowledge of the mechanism of
spin delocalization onto the ligands and its influence on the interaction with the
metal ion can be obtained. This allows the study of the relationship between the
electronic structure and the redox properties of the protein.

For low-spin heme proteins, a similar Karplus-style relationship has been for-
mulated (27, 76). This describes the relationship between the contact and pseudo-
contact shifts and the orientation of the axial ligands for bis-histidine and cyanide-
histidine heme proteins using thd paramagnetic shifts of the four heme methyl
groups at 298 K. In a similar manner Turner and colleagues (85) have shown that
the3C shifts of all eight porphyrin substituents and their temperature dependencies
can be related to the orientation of the ligands in bis-histidine heme proteins. More
recently a modification of the original equation to account for ligands other than
histidine and to include temperatures other than 298 K has been put forward (119).

Structure Determination of Paramagnetic Macromolecules

Structure determination of nonparamagnetic proteins is based on distance infor-
mation derived from the NOE, dihedral angles based on the three-bond scalar
coupling between nuclef) couplings, and from angular information obtained
with residual dipolar couplings. The NOE is caused by cross-relaxation of two
spins and depends on the distance between these nuclei to the sixth power. Thus,
the observation of a cross-peak in a NOESY spectrum implies a close distance
between the two nuclei5 A). When most protons of a protein and all their
NOE cross-peaks have been assigned, a large set of distance restraints has been
obtained that can be used to calculate the three-dimensional structure of the pro-
tein. TheJ depends in a predictable way on the dihedral angle between the nuclei.
Therefore, the measurement of the coupling provides additional restraints for the
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structure calculation. In the past few years, residual dipolar couplings obtained
by partial alignment of proteins have also been implemented in protein structure
calculations (98).

The properties of paramagnetic proteins limit the use of the methods described
above. Large chemical shift changes due to contact and pseudocontact contribu-
tions make the assignment of the nuclei and protons in particular less obvious.
The main problem is, however, the paramagnetic contribution to botnd T,
relaxation. Fast Jrelaxation results in large linewidths, making the detection of
resonances difficult. It also obscurdscouplings because these are generally be-
low 10 Hz. Fast Trelaxation affects the cross-relaxation and thus the NOE. Given
the distance dependencies of the paramagnetism, itis obvious that these effects are
most severe for nuclei close to the metal. While regions far away from the metal can
be analyzed as in nonparamagnetic proteins, the active site and its immediate envi-
ronment remain invisible when the above-mentioned general methods are applied.

Yet, the paramagnetic effects can also be used to our advantage. The pseudo-
contact contribution depends on both the distance from metal to nucleus and the
orientation of the nucleus relative to the paramagnetic susceptibility tensor. Thus,
it contains structural information about the protein. This is a long-range effect
because it falls off with the distance to the third power (Equation 3) rather than the
sixth power such as the NOE. In the context of structure determination, contact
contributions to the chemical shift could be considered a paramagnetic analog of
the3J coupling and can be applied similarly to obtain structural restraints of metal
ligand residues (see the previous section). Dipolar paramagnetétaikation is
also distance dependent and can be used to obtain additional restaints for nuclei
close to the metal.

Naturally, the paramagnetic effects can only be measured provided the reso-
nances can be detected and assigned. Paramagnetic metals with fast electronic
relaxation cause only limited broadening of the resonances of the surrounding
residues. For this reason, in heme proteins even the signals close to the iron can be
observed, and a considerable number of structures has been solved. Because severe
recent reviews dealing with heme proteins are available (8, 14, 30, 86, 120), these
will not be discussed here. It has been possible to solve several solution structures
even for proteins with metals that cause more significant broadening, such as FeS
proteins (28). Recently Bertini and coworkers determined the first the structure of
a paramagnetic copper protein, plastocyanin (18). Cu(ll) has a long electronic re-
laxation time, resulting in the loss of all proton signals witki@ A of the copper,
when using standard methods (122). This problem was solved by using standard
NMR experiments in which various delay times are shortened to give optimal
performance on the broadened signals. Protons of some ligands too broad to be
detected directly could be assigned by one-dimensional saturation transfer to the
reduced form in a mixture of oxidized and reduced plastocyanin. By determining
the intensity of the saturation transfer effect as a function of the decoupler offset
frequency, the resonance position in the paramagnetic state can be determined
(21). In addition to NOE restraints Iased distance restraints were used for the
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structure calculation. Pseudocontact effects are small in Cu(ll) proteins because
of the low anisotropy of the magnetic susceptibility, and they were not applied.
Although the area around the copper site is not as well defined as the remainder
of the protein (Figure 3), the structure in general is in good agreement with the
crystal structure of the protein, illustrating that even paramagnetic proteins with
difficult metals are amenable to structure determination.

Tu and Gochin have used a similar approach to solve the structure of a DNA
duplex, d(TTGGCCAA), in tight association with chromomycinzfand cobalt
(64, 118). In DNA molecules, a lack of long-range NOEs usually results in well-
defined local structure but poorly defined overall structure. The pseudocontact
effects caused by the Co provide restraints over relatively long distances and are
thus valuable.

Protein Complexes: Structures and
Electron Transfer Characteristics

Contact-shifted resonances are often shifted outside the diamagnetic region. Many
studies have taken advantage of the extra resolution provided by the paramagnetism
to analyze the effects of complex formation between proteins. Because the applied
methods, such as chemical shift perturbation analysis, are otherwise standard, they
are not discussed here.

Paramagnetic line broadening can be used to determine electron transfer rates
between proteins. The most well-known application is the so-called electron self-
exchange reaction, in which an electron is exchanged between the oxidized and
reduced states of a protein. Under certain conditions, the linewidth increase of a
resonance of a nucleus close to the metal in the diamagnetic state is proportional to
the rate of electron self-exchange and the concentration of the paramagnetic form
of the protein. Ma et al. reported on a new method to measure electron self-exhange
(90) using the so-called super-WEFT (74) method. Super-WEFT is similar to an
inversion recovery experiment. The delay time after the first 18@rsion pulse
is optimized such that signals with short ialues due to the paramagnetic effect
relax to (near) equilibrium, while resonances with diamagneti@alues relax just
to zero intensity (saturation). The following 9fulse thus produces selectively
a signal for the paramagnetic resonances, even in the diamagnetic region of the
spectrum.

A recent application of self-exchange was also described by Ma et al. (89).
They determined theTvalues of nuclei in paramagnetic plastocyanin indirectly
by measuring the jlvalues of the diamagnetic state in a mixture of oxidized and
reduced protein. The work demonstrates that the predicted distance dependence
of the paramagnetic broadening holds well for protons but, unexpectedly, not for
15N and*3C nuclei.

Another application of self-exchange is the determination of electron transfer
rates within and between azurin molecules that have been cross-linked to dimers
(123). Intramolecular and intermolecular electron transfer rates in a mixture of
oxidized and reduced proteins could be determined by NMR, demonstrating that
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a short cross-link inhibits electron transfer within an azurin dimer, while a long
linker provides sufficient flexibility to enable the formation of a complex in which
electron transfer is highly efficient (123a).

Pseudocontact effects result in chemical shift changes of any nucleus close
to the metal. The nucleus does not need to be part of the same molecule as the
metal because the effect is through-space. The intermolecular effect can be used
to determine the relative orientation of two proteins in a transient complex, as has
been shown for two complexes of plastocyanin and cytochridid® 121). When
plastocyanin binds to the cytochrorén its paramagnetic state, pseudocontact
shifts caused by the heme are observed for nucleiin the so-called hydrophobic patch
of plastocyanin. In combination with other restraints, these shifts can be used to
determine how plastocyaninis oriented relative to the heme and thus to cytochrome
f (Figure 4). This study provided strong evidence for an electron transfer pathway
from the heme to the copper via its exposed ligand histidine. Similar intermolecular
pseudocontact effects have been demonstrated in the complex of cytodiyome
and cytochrome (68).

Recent Developments

Several new applications of paramagnetic NMR have been reported, some of which
provide additional aids in the structural analysis of paramagnetic proteins.

1. With the availability of proteins that are uniformly enriched"t\ or 13C,
it has become feasible to determine pseudocontact shifts for large sets of
heteroatoms and to calculate the magnetic susceptibility tensor. It was found
for both 15N (35, 116, 133) and®C (J. A. R. Worrall, unpublished results)
nuclei that the correlation of observed versus calculated pseudocontact shifts
is much poorer than for protons. Because the pseudoconatct shift is defined
as the difference between the chemical shift in the paramagnetic and diamag-
netic states, small structural changes between the two states might be respon-
sible for the poor correlation. However, f&iN nuclei, which are the most
sensitive for structural changes because of their involvement in hydrogen
bonding, it was demonstrated that this is not the case. Evenin partly unfolded
protein, the correlation remains poor (29). The reason for this is unclear.

2. In protein NMR, there is a renewed interest in the application of lanthanides.
They have been used to reduce spectral overlap in crowded protein spectra
(108), and they have recently been incorporated in Ca-binding sites of pro-
teins. Diamagnetic and weakly paramagnetic lanthanides make it possible
to get structural restraints around the binding site, and the strongly para-
magnetic ones, such as Dy, make it possible to obtain pseudocontact shifts
up to 40A away from the binding site (2). A systematic analysis of the
magnetic properties of the range of lanthanides bound to calmodulin was
recently reported [(23); See also point 5].

3. Spinlabels have beenusedforalongtime in EPR, butrecently their relaxation
effects have also been employed to obtain the overall fold of proteins. For
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this purpose, a nitroxide spin label is attached to an engineered Cys residue
at the surface of the protein. It was demonstrated that dipolar paramagnetic
relaxation effects on both;62) and T, (15) can be used to obtain reliable
distance restraints for structure determination. By making several mutants
with the Cys residue at different positions, a set of distance restraints is
produced that covers most of the protein backbone. Spin labels have also
been used to improve the structure of a DNA duplex with a Pt-adduct (55).

. As indicated previously, the static, averaged field of the unpaired electron

is a significant cause of nuclear relaxation, particularly for large molecules
at high magnetic fields. This Curie spin relaxation (CSR) also shows cross-
correlation with dipole-dipole (DD) relaxation, similar to DD/CSA (CSA,
chemical shift anisotropy) cross-correlation [(91) and references therein].
Because the DD/CSR cross-correlated relaxation rate depends on the third
power of the distance between the nucleus and the electron (assumed to be
located on the metal), long-range structural restraints can be obtained, as has
been demonstrated fé?N-labeled cytochrome’ in the reduced high-spin

state (33).

. At very strong magnetic fields, the tumbling of molecules is not completely

isotropic due to weak alignent of the magnetic susceptibility tensor with the
external magnetic field. In that case, the dipolar coupling between spins is
no longer averaged to zero. For diamagnetic macromolecules, the residual
dipolar coupling for a pair of coupléti-15N spins is generally small, even at

the highest field currently achievable (21.1 T), but for paramagnetic macro-
molecules the alignment can result in significant residual dipolar couplings,
which can be used for structural characterization (5, 10, 16, 73,114, 115)
similar to residual dipolar couplings obtained from induced alignment, such
as in solutions containing dilute liquid crystals. The alignment is determined
by both paramagnetic and diamagnetic susceptibility tensors, which need not
be oriented along the same principal axis, but methods have been described
to separate both contributions (5, 10, 48). The degree of aligment depends on
the size and the anisotropy of the paramagnetic susceptibility. Lanthanides
are thus excellent candidates for alignment studies (20, 24, 31, 39, 88, 128)
but iron (5,10, 114,115, 129) and cobalt (88) can also be used. To obtain
alignment of proteins that do not bind these metals, a small extentsion, an
EF hand (88) or Zn finger (61), can be fused to the N- or C-termini of the
protein to bind a lanthanide EF hand or cobalt Zn finger.

HIGH-FREQUENCY EPR

Background

In recent years, the study of metalloproteins has benefited from a renewal in
EPR methodology and instrumentation. High-field/high-frequency spectrometers
have become available as well as pulsed methods. Applications of pulsed EPR
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spectroscopy to metal centers in proteins have been summarized in two recent re-
views (47, 99). The impact of the application of higher magnetic fields and higher
microwave frequencies for the study of metalloproteins is the subject of our review.
An overview of high-frequency EPR investigations in the context of coordination
chemistry has been presented recently (70).

For many years, experiments in EPR were performed around 9 GHz (X-band)
with excursions to lower (2 GHz, L-band; 4 GHz, S-band) and higher (24 GHz,
K-band; 35 GHz, Q-band) frequencies. An “avant la lettre” multi-frequency (70
to 400 GHz) EPR experiment, albeit at low sensitivity, was performed on met-
hemoglobin by Alpert et al. as early as 1973 (3). Following the pioneering work
of Lebedev and his coworkers (65), several groups built high-field spectrometers
(87,100,101,130) and used these in studies on biological samples. Until now
most high-field/high-frequency studies on metalloproteins have been performed
at 95 GHz (W-band). The first spectrometers at this frequency were developed in
the early 1990s, both in the continuous-wave (100) and pulsed (130) mode, and
recently a W-band spectrometer has become commercially available (71a). The
home-built 95-GHz spectrometer of the Leiden group is equipped with a single-
mode cylindrical cavity and allows magnetic fields up to 5.5 T and temperatures
as low as 1.2 K. It has provisions for pulsed ENDOR and ESEEM experiments,
and it is specially designed for studies on single crystals (51).

In order to appreciate the developments toward higher magnetic fields and mi-
crowaves, consider the spin Hamiltionian:

H=,3eBo-(j-§—ZgiﬂnEo-ﬁ+§.6.§
+Z§~5~a'ﬂ+zlﬁ~éi-ﬁ. @)

Here the first two terms represent the field-dependent electron and nuclear Zeeman
interactions g, Bohr magnetong, nuclear magneton; the g factor of nucleus ).
The next terms in the spin Hamiltonian are field independent. The third term repre-
sents the fine-structure interaction, which leads to the so-called zero-field splitting
for electron-spin quantum numbers-S/,. The g-tensor, through its deviation from
the free-electron g value, and the fine-structure D tensor globally probe the elec-
tronic structure of the paramagnetic site of the protein. Both last terms in the spin
Hamiltonian provide local probes of the electronic structure at the metal and ligand
nuclei. The fourth term represents the interaction of the electron and the nuclear
magnetic moments as described by the hyperfine A tensor. The fifth term, which
only occurs for nuclear spin quantum numbetsl,, represents the interaction
of the nuclear quadrupole moment with the electric-field gradient at the nucleus.
An EPR experiment is commonly labeled high-frequency when microwave ra-
diation of frequencies 95 GHz is being applied. A true high-field/high-frequency
experiment requires resolution of the anisotropy of the g-tensor, which makes the
lower limit to the frequency dependent on the sample (94). For metalloproteins,
the upper limit to the field seems to be set by g-strain broadening, which increases
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with field. This broadening is the result of the distribution of g values derived
from the (induced) micro-heterogeneity of the protein sample (69). As long as the
Zeeman interaction dominates, high field and high frequency go hand in hand. For
high-spin systems, high frequencies may be needed even at low fields because the
microwave quantum should be of the order of the zero-field splitting.

Before reviewing the achievements of high-frequency EPR in the study of met-
alloproteins, the goals and advantages of this approach are listed. First, as indicated
above, high-field/high-frequency aims at enhanced g resolution. Accurate values of
the principal components.g g,y, and g, may be obtained, whereas the anisotropy
of the g-tensor is often (partly) hidden under the EPR line at standard X-band fre-
guencies. The deviationg of the tensor components from the free-electron g
value is derived from spin-orbit coupling, which increases with atomic number.
Consequently, the largest contributionAg results from the spin density in the
atomic orbitals at the metal ion and thus provides information on the metal orbitals
that participate in the molecular orbitals that describe the unpaired electron(s).
As seen in Equation 2, the g-tensor is also required in order to interpret the para-
magnetic shift of the NMR transitions. Besides the determination of accurate g
values, the enhanced resolution for high-frequency EPR enables the recognition of
conformational heterogeneity at the metal site of the protein and of contributions
from different paramagnetic species to the EPR spectrum.

A second advantage of EPR at higher microwave frequencies concerns sensitiv-
ity. Although the minimum number of detectable spins remains roughly the same,
the absolute sensitivity increases with frequency. At liquid-helium temperatures,
the Boltzmann spin polarization becomes significant, thus increasing the signal.
More important is the smaller wavelength that translates into a reduced volume
of the resonator, which corresponds to a high-filling factor for small samples.
In combination with the performance of the microwave components, an overall
increase of the EPR sensitivity results. For example, an increase by about three
orders of magnitude has been observed for sample volumes of the ordendf 0.1
at 95 GHz compared to 9 GHz. For metalloprotein samples, the increased absolute
sensitivity is particularly relevant in two respects. First, the number of spins per
molecular mass is low compared to small-molecule samples, and the amount of
sample available is often limited. Second, the high sensitivity for small samples
makes high-frequency EPR cut out for protein single-crystal studies. Commonly,
single crystals of proteins are of submillimeter size, which results in a low-filling
factor at X-band. For these crystal sizes, an EPR frequency of 95 GHz may be
ideal because the sample volume within the single-mode cavity and the dimension
of the crystal nicely match while the protein crystal is still large enough to be
manipulated. Evidently, the study of single crystals bears a great advantage. An
investigation of the EPR spectrum as a function of the orientation of the magnetic
field with respect to the crystal allows the determination of the complete interaction
tensors, the principal values and the directions of the principal axes.

With regard to the direction of the principal axes, notice thatthe EPR experiment
provides such directions for the various molecules in the unit cell in a laboratory
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axes system with an accuracy that, depending on the line width, may well reach
+1°. In order to translate this knowledge into an orientation of the g-tensor within
the metalloprotein molecule, the EPR data have to be connected to X-ray diffraction
data. This may, but need not, imply a separate X-ray experiment on the sample
mounted for EPR depending on the space group. Once the directions derived from
EPR are fixed with respect to the crystallographic axes and the latter have been
assigned, the problem is solved for cases where one molecule occupies the unit cell.
When more molecules are present in the crystallographic unit cell, the analysis
may not be trivial and need not necessarily lead to a unique solution. Whether
the orientation of the g-tensor principal axes in the paramagnetic center can be
obtained depends on the accuracy of the EPR data (determined by the linewidth),
the number of centers in the asymmetric unit of the crystallographic unit cell, and
the symmetry relation between the centers within each asymmetric unit.

High-field EPR might also be beneficial for high-spin systems {8), which
is evident when the zero-field splitting is so large that they are EPR-silent at low
magnetic fields. In addition, if an EPR signal is detected at low frequencies and
fields, the interpretation is often hampered by the fact that only one transition is ob-
served. For half-integer high-spin systems, the hyperfine lines corresponding to the
central EPR transition (gn= +%, <> —%,) get narrower at higher magnetic fields.

The linewidth is commonly determined by second- and higher-order fine-structure
broadening, which is inversely proportional to the magnetic-field strength. More-
over, spectral resolution increases because forbidden transitions between nuclear
sublevels are suppressed at higher field values.

The transitions that result from hyperfine interactions are commonly, at most,
partly resolved in an EPR spectrum. Much information is hidden under the inho-
mogeneously broadened EPR line, and a number of methods have been devised
to increase the spectral resolution. As yet, two of these have been exploited at
higher frequencies, ENDOR and ESEEM. In ENDOR, besides the microwave
field that drives the EPRAmMs = +1) transitions, a radio-frequency field that
drives the NMR Am; = +1) transitions is applied. The ENDOR signal concerns
the change of the amplitude of the EPR signal when sweeping the radio-frequency
field through the nuclear transition. A considerable increase in spectral resolution
results for ENDOR compared with EPR, particularly when the electron spin is
coupled to many equivalent nuclei and when nuclei with different magnetic mo-
ments are involved. In the latter case, high fields significantly contribute to the
effectiveness of ENDOR because the hyperfine transitions related to different nu-
clei become further separated owing to the increased difference of their nuclear
Zeeman frequencies. For metalloproteins, experiments have been demonstrated
for microwave frequencies up to 95 GHz and radio frequencies up to 150 MHz.

While ENDOR is being performed both in continuous wave and pulsed mode,
the ESEEM technique essentially concerns the time domain. Owing to the coupling
of the electron spin to the nuclear spins, the electron-spin-echo intensity becomes
modulated as a function of the separation time between the exciting microwave
pulses. The modulation frequencies correspond to the energy differences between
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the nuclear sublevels of the electron-spin eigenstates, and Fourier transformation
of the time-domain signal leads to a spectrum that reveals the nuclear frequencies,
similar to the ENDOR spectrum. The modulation depth depends on the simulta-
neous excitation of allowed and forbidden transitions, i.e., on the mixing of the
nuclear Zeeman states, which seems to argue against the application of high mag-
netic fields. In fact, this condition makes ESEEM at low and high EPR frequencies
complementary. At each EPR frequency, those nuclei show up for which the hy-
perfine interaction (which should be anisotropic) is significant compared to the
Zeeman interaction. A particularly advantageous situation occurs when the hyper-
fine and Zeeman interaction (nearly) cancel in one of the electron-spin manifolds,
which may be achieved by proper tuning of the external magnetic field. For met-
alloproteins, ESEEM experiments at low EPR frequencies have been informative
with respect to weakly coupled nuclei. This may equally well apply at high EPR
frequencies for strongly coupled, e.g., metal-coordinated, nuclei, but this area is
largely unexplored.

A further advantage of the increased spectral resolution at high frequency as far
as ENDOR and ESEEM are concerned is the possibility to achieve single-crystal-
like orientation selection for randomly oriented samples with relatively small g
anisotropy. Tuning to the canonical magnetic fields, corresponding,tg,g and
Oz, provides tensorial information about the hyperfine interaction, albeit in the
g-tensor axes system.

Copper Proteins

In 1993, a systematic and quantitative high-frequency EPR study of the metal site of
the blue-copper protein azurin started when it was realized that the submillimeter
single crystals available for this protein could be investigated by 95-GHz ESE-
detected EPR (41). In the oxidized form, the copper ion has formally a charge of
2+, which corresponds to a (3&&lectron configuration and S ¥%,. The typical
ligation of copper in the type 1 site, two histidines and one cysteine strongly
bound to the copper ion that is close to the NNS plane spanned by the coordinating
nitrogens and sulphur atoms, gives rise to a nearly axial g-tensor. Jrand

gyy components are not resolved at X-band frequency. During past years, wild-
type azurin fromPseudomonas aerugingdar which the sulphur of a methionine
provides a fourth and weak ligand to the copper, and some of its mutants have
been studied by 95-GHz pulsed EPR (41, 44, 126), ENDOR (42, 45), and ESEEM
(43) spectroscopy. Similarly, the type-1 copper site of the enzyme nitrite reductase
from Alcaligenes faecalibas been investigated recently (125).

The EPR experiments at 95 GHz clearly revealed the nonaxiality of the g-tensor
(Figure 5). Accurate values ofg gy, and g, were obtained for wild-type azurin
(41), for its mutants M121Q (44) and M121H (126), in which the weak axial
copper ligand methionine has been replaced, and for nitrite reductase (125). For
these systems, the value of geviates+0.19 to+0.29 from the free-electron g
value, which reveals the dominang e¢haracter of the singly occupied molecular
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Figure 5 ESE-detected and continuous-wave EPR spectra at W-lzat)l &nd at
X-band ¢, d) of Pseudomonas aeruginoseurin. Copper hyperfine interaction is
visible in the low-field part of spectrund§ (124).

orbital (SOMO). Interestingly, the rhombicity g g.x) varies remarkably when

the methionine ligand is replaced by a stronger ligand, glutamine for M121Q and
histidine for M121H. The rhombicity of the g-tensor triples for M121Q compared
to that for wild-type azurin, whereas it gets negligibly small for M121H. Analysis
of the spin-orbit coupling reveals that the SOMO contains, besides loelital,
appreciable contributions of thg.dfor M121Q and of the ¢ (d,,) orbital for
M121H (126).

In the study of single crystals at 95 GHz, EPR lines in the ESE-detected EPR
spectra for various orientations of the magnetic field with respect to the crystal
could be assigned to the respective protein molecules in the unit cell, e.g., 16
for wild-type azurin (41). For the azurin mutants M121Q and M121H, the high
resolution at 95 GHz revealed an interesting conformational bi-stability of the
copper site. More lines than compatible with the space group were observed in the
EPR spectra. The resonance fields revealed the presence of a second paramagneti
center with a distinct g-tensor, which was interpreted to derive from a different
conformation of the metal site (126).
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In addition to the principal values, the experiments on the single crystals of
the type-1 copper proteins have provided the direction of the principal axes of the
g-tensors. The direction of the gxis, related to the largest principal g component,
represents a sensitive probe of the SOMO. For wild-type azurin, tlaig is
perpendicular to the CuNN plane (N referring to the nitrogens of the equatorial
histidine ligands), and the direction is conserved for mutants M121Q and M121H.
This direction of g is closely parallel to the direction of the bond between cop-
per and the axial ligand for wild-type azurin and M121Q<(&nd 10), but for
M121H the g axis makes an angle of 4With the direction of the copper-axial
nitrogen bond. This further indicates that in the latter case ghédg,) orbital is
involved in the binding with the nitrogen lone pair orbital of the axial histidine.
For nitrite reductase, an angle of*68 found (Figure 6). For a detailed descrip-
tion of the analysis of the observed direction gf\ge refer to the original papers
(41, 44,125, 126).

Hyperfine interactions have been investigated at high frequencies for type-1
copper proteins. The copper hyperfine interaction, which is resolved i tiee g
gion of the spectrum at X-band, is no longer resolved at W-band due to g-strain
broadening (Figure 5). Ligand hyperfine interactions have successfully been stud-
ied by pulsed ENDOR and ESEEM at W-band. Atlow fields, the signals of protons
and nitrogens severely overlap, but at 3.3 T the Zeeman frequencies are about 140
MHz and 10 MHz for*H and“N, respectively, and the ranges of the ENDOR lines
become fully separated. Pulsed ENDOR signa¥-b40), 14N (42, 45), and°N
(42) were detected for azurin at 95 GHz. The nitrogen signals were found to derive
from weakly coupled nuclei, the two remote nitrogens of the copper-coordinated
histidines and three backbone nitrogens. An orientational study was performed for
single crystals of“N azurin and*®N azurin. Due to the resolution achieved for
the crystals and the combination'dN and'°N data, complete hyperfine tensors
were obtained for all five nitrogens and complete quadrupole tensors for the histi-
dine nitrogens and one of the backbone nitrogens (42). The hyperfine tensors for
the remote nitrogens of the two histidines are considerably different, whereas the
quadrupole tensors are similar. The principal axes of the quadrupole tensors follow
the symmetry of the local bonds, which underscores the assignment of the tensors,
and the principal values reflect the relatively strong hydrogen bonds in which the
amide hydrogens of histidine-117 (to a water oxygen) and histidine-46 (to a car-
bonyl oxygen) are involved. The hyperfine tensors reflect the unequivalence with
regard to the delocalization of the SOMO over the two copper-coordinated his-
tidines. The isotropic hyperfine coupling amounts to 1.30 MHz and 0.87 MHz for
the Nes of histidine-117 and histidine-46. The anisotropic components of the hy-
perfine interaction are substantial and informative with regard to the delocalization
of the SOMO. Simplified orbital models have been used to translate the hyperfine
data into a spin-densitiy distribution, which shows that the anisotropic hyperfine
interaction of the remote nitrogens contains roughly equal contributions from the
spin densities on N N§, and Cu. Recent quantum-chemical studies indicate that
an ab initio calculation of ligand hyperfine tensors comes within reach for type-1
copper proteins (75, 124).
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ESEEM studies for azurin have illustrated the possibilities of this time-domain
technique when applied at different microwave frequencies. The sensitivity of
ESEEM at X-band for the study of the remote nitrogens of imidazoles bound to
copper, known since the pioneering studies of Mims & Peisach (93), were exten-
sively exploited in the study of proteins. At 95 GHz, ESEEM is ideally suited to
investigate the copper-coordinated nitrogens. With hyperfine interactions in the
order of 20 MHz, about twice the nuclear Zeeman interaction, these interactions
are close to cancellation in one of the electron-spin manifolds, and deep modula-
tions of the echo signal are expected. This has been observed for azurin, and in
combination with the use of single crystals, a high resolution has been achieved.
An ESEEM study, as a function of the orientation of the magnetic field with respect
to the crystal, has provided hyperfine and quadrupole tensors for both nitrogens
coordinated to the copper ion. The anisotropic hyperfine interaction reveals the
o-character of the coordination of the histidine imidazoles, which should be taken
into account when interpreting proton NMR data. The isotropic hyperfine coupling
of the nitrogen is 1.4 times larger for histidine-117 than for histidine-46, which
shows the difference in the delocalization of the SOMO over the histidines. For
both histidines, a ratio of close to 20 was found for the isotropic hyperfine coupling
of the coordinated and remote nitrogen.

Recently, paramagnetic proton NMR data for blue-copper proteins have been
discussed in relation to the distribution of the spin density over the metal site. The
hyperfine couplings of th8-CH, protons of the copper-coordinated cysteine from
such studies have been compared with those obtained from Q-band ENDOR (21).
In principle, data from both methods should be complementary, but the required
accuracy has not yet been reached. Pulé¢q’H) ENDOR studies on single
crystals of (isotopically labeled) blue-copper proteins at 95 GHz may well provide
the hyperfine data necessary to calculate the pseudocontact shift 6+Ghk
protons.

The bi-nuclear Cpssite in the recombinant water-soluble fragment of subunit II
of Thermus thermophilusytochromec oxidase bahas been investigated by com-
bining X- and W-band—pulsed EPR spectroscopy (66, 109). The high-frequency
data provide the resolution to distinguish thexGignals from those of an addi-
tional type-2 Cu site and to separate thefrom the“N ENDOR spectrum. The
latter spectra reveal the hyperfine interactions of the cysigipeotons and the
strongly coupled histidine nitrogens.

For copper proteins, g-strain broadening does not seem to limit the application
of high-field EPR. Gaffney et al. discuss this for dicupric lactoferrin (60). Using a
model to describe the anisotropy of the linewidths along the different orientations,
g-strain parameters were determined from EPR at2 GHz and 9 GHz. The linewidths
obtained by W-band EPR were in agreement with the predictions from lower
frequency EPR, suggesting that no additional strain mechanisms become operative
for Cu (ll) at 95 GHz. Incidentally, the W-band experiments showed that splittings
in the gy, gyy region of the X-band EPR spectra, which were attributed to a
superhyperfine interaction of nitrogens with the copper center in a previous X-band
EPR study, are due to a Mn(ll) impurity. At X-band, the manganese signals overlap
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with the g« and gy features of Cu (l1), but at W-band they are well separated from
the copper resonances and thus can be identified as Mn(ll).

High-Field EPR on Systems Other Than Copper

MANGANESE-IONS IN PROTEINS Significant progress has been made in the un-
derstanding of the ligand and electronic structure of Mn(ll) sites in proteins by
high-field EPR including multi-frequency approaches. In proteins, Mn(ll) is able
to replace Ca(ll), an ion that often has a structural function and is not redox ac-
tive. The advantages of high-field EPR for high-spin systems (Mn(ll) wi#?5)

are that the linewidth becomes narrower at higher frequencies, because the zero-
field splitting becomes less important, and the simplification of the spectra due
to the suppression of forbidden transitions. For Mn(ll), most studies focus on the
Ms = —¥%, to +¥, transition, which occurs around-g 2 and consists of 6 lines
owing to the hyperfine interaction with the manganese nucless3). The re-
duced linewidth essentially increases the sensitivity of high-field EPR for Mn(ll),
which as an undesired side effect causes Mn(ll) impurities in biological prepara-
tions to become more obvious at higher fields.

Cytochromec oxidase contains a manganese-binding site at a distance of ap-
proximately 10A from the redox active Cuysite discussed above. Itis found at the
interface of two domains in the protein, where Mn(ll) replaces the native Ca(ll).
The EPR spectra at X-, Q-, and W-band are presented in (77), and simulations were
performed to determine the parameterg, andAy, that fit spectra at all three EPR
frequencies. Spectra at different frequencies are sensitive to different parameters.
For example, the hyperfine interaction is best obtained from W-band EPR, whereas
D and E are determined from the data at lower frequency. By comparing manganese
signals from samples where the Ceenter is reduced (diamagnetic) and oxidized
(paramagnetic, total spin S ¥%,), the dipolar interaction of Mn(ll) and Guis
determined. The distance corresponding to the dipolar interaction between these
centers agrees well with the distance obtained from X-ray crystallography.

The G proteirrasp21 has been investigated by 95- and 139-GHz ER§h21
is involved in signal transduction and regulation of cell differentiation. It contains
a nonredox-active metal ion, which in the native protein is a Ca(ll) ion. This ion
is involved in binding GDP and GTP and therefore is part of the functionality of
this protein. For EPR studies, Ca(ll) has been replaced by Mn(ll). One of the con-
troversial issues was the nature and number of ligands around the Ca(ll), especially
the number of water ligands, which could not be unambiguously determined by
X-ray crystallography and previous X-band EPR experiments. High-field EPR at
139 GHz (17) was performed on frozen solutions of this protein, and the number
of water ligands was deduced from the line-shape changes upon exchanging water
with H,1’O. Protein with isotopically labeled Thr was used to determine the role
of Thr35 coordination (71). Later studies showed that in liquid solution narrower
linewidths allow one to directly observe th&® hfc (63, 103), and line-shape sim-
ulations lead to a reinterpretation of the number of water ligands as compared to
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(17). The data in (103) reveal that a narrowing of the EPR lines by about a factor
of 2 going from Q-band to W-band EPR sufficiently improves the resolution to
determine that 3 rather than 4 water ligands are present in the native GDP-bound
form of the enzyme.

The manganese-binding site in concanavalin A, a saccharide-binding protein
whose function is yet unknown, has been investigated by Goldfarb and coworkers
(58). The protein was investigated by pulsed ENDOR at 95 GHz in frozen solution
and in single crystals (92). Frot and?H ENDOR the hyperfine parameters of
the protons of coordinated,® molecules and imidazole protons of the His ligands
were determined, yielding information about the electronic structure in addition
to structural information. Distances between the paramagnetic center and protons
of histidines were obtained from the measured hyperfine couplings using a point
dipole model. For the protons of two,8 molecules, four pairs &%, andA; were
found, but they could not be assigned to the respectp@ fdolecules. It was also
demonstrated that the larger difference in Boltzmann population at high magnetic
fields and low temperatures can be used to assign transitions to the respegtive M
guantum numbers and thus determine the sign of the hyperfine coupling constant.
Recently, single-crystal ENDOR at 95 GHz on concanavalin A was performed
by the same group, showing the advantages of single-crystal EPR also for that
system. The angular dependence of the ENDOR spectra of all four protons were
analyzed (37), and from the hyperfine tensors the directions and distances of the
protons were derived. In the EPR spectra of this site, along specific directions a
splitting of the signals is observed that is not in agreement with the space group
of the crystal. This splitting is attributed to manganese centers with different zero-
field splitting parameters. It is interesting that a similar behavior was found for
the g-tensor of the copper in mutants of azurin (M121H and M121Q) described
above. Whether these inhomogeneities could be a more general feature and a result
of manipulating the protein by mutagenesis in the azurin mutants or by chemical
means by exchanging the native metal ion by manganese can only be speculated
at present.

In view of the difficulties of determining proton locations or even the nature
of a ligand around a metal site by X-ray crystallography, e.g., whether @H
H,0 is bound, studies of the hyperfine interaction of metal ligands have significant
potential for the understanding of metal protein function.

IRON PROTEINS High-spin Fe(lll) centers in proteins are difficult to study by
X-band EPR because usually the zero-field splitting is larger than the microwave
quantum 0.3 cnT?), which results in incomplete spectra that are difficult to
interpret. The zero-field splitting of the high-spin ferric iron of met-hemoglobin
was determined from spectra at microwave frequencies between 70 and 400 GHz
(3). In order to demonstrate the usefulness of high-field EPR, a study by Doc-
tor & Gaffney (52) presents line-shape simulations for the high-spin Fe(lll) in
lipoxygenase to determine what can be expected in high-field EPR. No high-field
EPR spectra were measured, which precludes comparison with experiments. A
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detailed study of the line-shape of the signal of high-spin ferric ion (Fe(lll)) in di-
ferric transferrin including experimental data and their simulation is given in (60).
Diferric transferrin is an example for which B hv at X-band, making the spectra
difficult to interpret, whereas & hv at W-band, a zero-field splitting parameter D

of 0.28 cnmis found. Furthermore, a given disorder, i.e., a distribution of D and/or

E values, contributes less to the linewidth at W-band than at X-band frequency,
resulting in better-resolved W-band EPR spectra. For catalase, on the other hand,
W-band is not a sufficiently high frequency to reach the condition Bv. There-

fore, only a lower limit of 7 cr for D could be determined. The effects of disor-

der on the EPR spectra are discussed in detail and simulations are shown in order
to demonstrate the spectral changes expected in the presence of distributions of
D and E values. From these studies a picture emerges of the spectroscopic prop-
erties of high-spin ferric iron. The results illustrate the need for a multi-frequency
approach, with emphasis on high-frequency EPR. Measurements of the linewidth
of the g= 5.85 line of met-myoglobin by Reijerse et al. (102) showed a linear
increase of the linewidth from X-band to D-band (130 GHz).

In some cases high-field EPR helps to distinguish the origin of paramagnetic
centers in proteins. One such example served to disprove an iron center as the locus
of paramagnetism. In a ribonucleotide reductase mutant Y122H a paramagnetic
state can be created, which was analyzed using W-band EPR and X-band ENDOR
by Kolberg et al. (79). Initial suggestions of an iron center as being the origin of
the paramagnetism were in disagreement with the small g-anisotropy observed in
W-band EPR. On the basis of the W-band EPR results, the center was identified
as an amino acid—based radical center, which has a strong interaction with two Fe
ions. A coupling scheme for the radical state involving all three centers is proposed
based on the size of the magnitude of tffee hyperfine coupling.

Future Aspects of High-Field EPR

It is expected that integer spin systems with large zero-field interactions, which
are EPR silent at lower fields, will be investigated by high-field EPR. Examples of
where such an approach would be useful are Mn(lll) in manganese enzymes, Fe(ll)
in hemoglobin, Fe(1V), Co(l) in vitamin B12-binding enzymes, Ni(ll), Mo(IV) in
oxidases, and W(IV) in dehydrogenases [list compiled in (70, 102)]. So far, the
corresponding metal centers have been investigated in inorganic complexes [see
for example the study by Krzystek et al. (80)], but one can expect that the cor-
responding proteins will come under investigation. So far the biggest obstacle is
the relatively high sample concentration required for the high-frequency transmis-
sion spectrometers available to date, a limitation that will become less severe with
increased spectrometer sensitivity.

During recentyears, EPR has witnessed a true revival, not the least driven by the
developments toward higher frequencies. The ideal EPR frequency does not exist,
the most appropriate frequency varies with the system and problem under study.
The most important aspect of the development of EPR toward higher frequencies
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may well be that a multi-frequency approach has come within reach. Especially
for proteins, for which samples are always complex and sometimes ill-defined
while their EPR spectra contain a lot of information that is often largely hidden
under inhomogeneously broadened lines, the availability of diverse techniques in
arange of frequencies adds considerably to the effectiveness of EPR. Applications
to metalloproteins, although limited as yet, promise to be one of the most fruitful
areas within EPR for years to come.
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Figure 3 Stereorepresentation of the solution structur&wfhiechocystiBCC6803

Cu(ll) plastocyanin, shown as an ensemble of 3&r&ces [PDB entry 1i0w, (18)] over-

laid with the crystal structure of a triple mutant (A42D, D47P, A63L) of same protein
[PDB entry 1pcs, (104)] shown ased C* coil. The coppers of the solution structure
models are shown ddue spheresNote that the solution structure is best defined in
areas far away from the metal and poorer toward the metal due to the paramagnetic
nature of the Cu(ll).
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Figure 4 The complex of plastocyanitlue) and cytochromé(brown) from plants,
as determined on the basis of intermolecular pseudocontact shifts [PDB entry 2pcf,
(121)], with the heme igreenand the copper depicted ablae sphere
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Figure6 Stereorepresentation showing the orientation of the principal axes
system of the g-tensor for the type-1 copper site of nitrite reductase from
Alcaligenes faecali§l25).
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