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Chapter 1

Introduction

The phrase “transition-metal sites” in the title of this thesis refers, on the one hand,
to the central metal ion bonded to the ligands in transition-metal complexes. On
the other hand it refers to metal centers in proteins and enzymes. The unpaired
electrons often found at these transition metals make these sites amenable to study
by electron-paramagnetic-resonance (EPR) spectroscopy, which is the main subject
of this thesis.

The presence of one or more unpaired electrons results in a net spin angular mo-
mentum, which causes a Zeeman splitting of the magnetic sublevels of a transition-
metal site by an externally applied magnetic field. For a free electron (S = 1/2)
the splitting of the states with mS = ±1/2 is 9.5 GHz at 340 mT. In a typical
EPR experiment the paramagnetic material is placed in a cavity and microwaves
are applied at a fixed frequency, usually 9.5 GHz or X band. The absorption of the
microwaves is detected as the magnetic field is swept. The magnetic sublevels are
influenced by the interaction of the unpaired electrons with their environment and
hence the observed EPR spectrum provides information on the electronic structure
of the transition-metal site.

In a transition-metal site the ligands affect the d electrons of the transition-metal
ion through their electrostatic field and covalent bonding. The degeneracy of the five
d orbitals is lifted by the ligand field, in accordance with the rules of group theory.
The size of the splitting of the d orbitals depends on the strength of the ligand
field. If the splitting is much smaller than the Coulomb and exchange energies of
the electrons in the free ion, the ground-state electron configuration will have the
highest total spin, consistent with the Pauli exclusion principle. This is called the
weak-field or high-spin case. If the splitting becomes larger, it becomes favorable to
fill up the low-lying d orbitals. This is the strong-field or low-spin case.

High-spin transition-metal sites show a splitting of the 2S + 1 magnetic sub-
levels even if no external magnetic field is applied, the zero-field splitting (ZFS). To
optimize the amount of information that can be obtained for these sites by EPR
spectroscopy, these sites should be studied at microwave frequencies comparable to
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1. Introduction

or higher than the ZFS. In this thesis we study high-spin Co2+ sites, for which this
splitting is very large, approaching 1000 GHz, and high-spin Fe2+ and Fe3+ sites,
for which it tends to be more moderate, between 100 - 400 GHz and < 100 GHz,
respectively. We set out to do EPR at frequencies higher than the standard 9.5 GHz,
which comes with considerable technical difficulties, particularly if one requires the
sensitivity needed to study biological materials.

1.1 Electron paramagnetic resonance and the study

of transition-metal sites

An electron-paramagnetic-resonance transition can be induced by applying micro-
waves continuously, continuous-wave (cw) mode, or by applying microwave pulses. In
spite of the enormous flexibility and applicability of pulsed EPR techniques and the
current strong development in this field, [1] the larger part of this thesis concerns cw
EPR. The main reason is that short relaxation times, which make a study by pulsed
EPR impossible, are not uncommon in transition-metal sites. A disadvantage of cw
EPR is the need to detect the absorption of the microwaves by the paramagnetic
sample using lock-in detection. The modulation of the EPR signal is usually created
through modulation of the magnetic field. The problems this entails are described
in Chapter 2.

The perturbation of the ground state of a paramagnetic site by the interaction
of the unpaired electron(s) with their environment and the magnetic field can be
captured in a spin Hamiltonian. [2] Depending on the system various terms are
incorporated in the spin Hamiltonian to cover all interactions. The strength of the
interactions, which is characteristic of the system and may be anisotropic, is repre-
sented by usually symmetric interaction “tensors”. The spin Hamiltonian describing
the electronic interactions of the unpaired electrons in a transition-metal site should
at least contain the following two terms. [3]

He = µBB⃗0 · ⃗⃗g · S⃗ + S⃗ · ⃗⃗D · S⃗ (1.1)

The first term describes the electron Zeeman interaction. The g tensor describes
the anisotropic deviation from the free electron value of ge = 2.0023 owing to an
orbital angular momentum component contributing to the magnetic moment. The
energy levels are perturbed by the spin-orbit coupling, which causes a mixing of
the ground state with electronically excited states and partially restores the orbital
angular momentum. The second term describes the ZFS, which arises also mainly
from the spin-orbit coupling. Because EPR spectroscopy shows transitions between
magnetic sublevels, we observe only the anisotropy of this effect. This means that
the ZFS tensor can be taken traceless and characterized by two parameters, D and
E.

D = 3/2Dz, E = 1/2(Dx −Dy) (1.2)

2



1.1. Electron paramagnetic resonance and the study of transition-metal
sites

Dx, Dy and Dz are the principal values of
⃗⃗
D. The “rhombicity” of

⃗⃗
D is given by the

ratio λ = E/D.
To observe the orientation of the principal axes of an interaction tensor describing

a site, it is necessary to study the site trapped in a crystal. The principal values
of the interaction, however, may also be obtained from a powder or frozen solution
containing all orientations in equal amounts.

Degenerate perturbation theory is used to establish the eigenstates that will
result from the perturbation described by the spin Hamiltonian. Thus, the spin
Hamiltonian is expressed in a basis of the unperturbed states, mS = ±1/2, ..., and
diagonalized. The EPR spectrum shows transitions between the eigenstates of the
spin Hamiltonian.

Kramers’ theorem states that no electrostatic interaction can completely lift the
degeneracy of a system containing an odd number of electrons. [4] As a consequence,
the sublevels of a half-integer spin system, S = 1/2, 3/2, 5/2, ..., will be split in zero
field in so-called Kramers doublets.

The behavior of the four magnetic sublevels of a high-spin Co2+, S = 3/2, system
between 0 and 0.5 T is shown in Figure 1.1. The X-band transitions are shown by

vertical lines. In the field range plotted S⃗ · ⃗⃗D · S⃗ ≫ µBB⃗0 · ⃗⃗g · S⃗. The eigenvalues and
eigenvectors of the dominant ZFS term can be calculated analytically. Two Kramers
doublets are found, which are separated in energy by 2

√
D2 + 3E2.

| ± 3/2⟩ = cos θ|3/2,±3/2⟩+ sin θ|3/2,∓1/2⟩
| ± 1/2⟩ = cos θ|3/2,±1/2⟩ − sin θ|3/2,∓3/2⟩ (1.3)

where tg2θ =
√
3E/D. Although mS is not a “good” quantum number, the two

doublets are referred to as ±3/2 and ±1/2. “Forbidden” transitions may occur, i.e.
transitions that following the qualification of the doublets by mS do not seem to
obey the selection rule ∆mS = ±1.

The Zeeman interaction can be treated as a perturbation on top of the ZFS.
The Zeeman term is expressed in a basis of the states given by Equation 1.3 and
diagonalized. The result is referred to as the effective S ′ = 1/2 approximation: each
of the two doublets can be described by an effective g′ tensor. [7] The principal
values of this tensor depend on the g-values and λ, but not on D, cf. Chapters 3
and 4.

If a high-spin Fe3+, S = 5/2, system is studied at X band, the microwave quantum
is not yet large enough to induce inter-doublet transitions, but the effective S ′ = 1/2

approximation starts to break down. However, the high-field limit, S⃗ · ⃗⃗D · S⃗ ≪
µBB⃗0 · ⃗⃗g · S⃗, comes within the reach of the experimentalist. At high magnetic fields
the Zeeman term dominates, which means that, with B0 in the z direction, mS is
almost a “good” quantum number. Subsequently, the ZFS term may be taken into
account using first-order perturbation theory since the degeneracy of the states is

3



1. Introduction

Figure 1.1: The dependence of the energy of the four magnetic sublevels of a high-
spin Co2+ system, S = 3/2, on the magnitude of the magnetic field applied along
the x, y and z principal directions of the g and ZFS tensor, which are assumed to be
collinear. The example is that of the coordination complex Co[(SPPh2)(SP

iPr2)N]2,
see Reference [5] and Chapter 4. To calculate the energies of the magnetic sublevels
the spin Hamiltonian was diagonalized numerically using the EPR simulation package
EasySpin. [6] Because λ = 1/3 for this system the sign of D remains indeterminate.
It was, however, taken positive to create these level plots. The vertical lines show
9.5 GHz resonances.

already completely lifted. As a result allowed, equidistant transitions are expected,
the distance being determined by the principal values Di, cf. Chapters 2 and 6.
Figure 1.2 shows the behavior of the six magnetic sublevels of a high-spin Fe3+

system between 0 and 12 T. Transitions of 275.7 GHz (J band) are shown by vertical

4



1.1. Electron paramagnetic resonance and the study of transition-metal
sites

lines: the solid lines represent allowed transitions, which occur only at high fields,
the dashed lines represent forbidden transition, which occur at lower fields.

High-spin Fe2+ has an integer spin, S = 2. The degeneracy of the magnetic
sublevels may be completely lifted in zero field and as a result many high-spin Fe2+

systems are EPR silent at X band. However, at J band multiple transitions are
expected to show up. The energies and composition of the magnetic sublevels can
be calculated analytically in zero field, cf. Chapter 5. To calculate the behavior of
the sublevels at magnetic fields at which J-band transitions become possible the spin
Hamiltonian in Equation 1.1 must be diagonalized numerically.

A hyperfine interaction with a nearby nuclear spin, I, will split the magnetic
sublevels according to the possible values of mI . For instance in the 5 K spectrum
in Figure 3.3 in Chapter 3, a splitting of about 4 mT due to the interaction with the
cobalt nucleus, I = 7/2, is partially resolved. Small splittings may be hard to resolve
in an EPR spectrum, but electron nuclear double resonance (ENDOR) can help. As
the magnetic field is set to an EPR resonance radio waves are applied. The radio
frequency is swept, and if a resonance with the splitting induced by the combined
hyperfine and nuclear Zeeman interactions is hit the intensity of the observed EPR
transition will change. The following nuclear spin Hamiltonian is used to analyze
the ENDOR spectra

Hn = −γN I⃗ · B⃗ + ⟨S⃗⟩ · ⃗⃗A · I⃗ (1.4)

The mixing by the hyperfine interaction of the electron-spin states is assumed to
be negligible, which justifies the use of the expectation value of the electron-spin
angular momentum, cf. Chapter 4.

Transition-metal sites in proteins and enzymes play an essential role in many bio-
logical processes. The relation between the (geometric) structure, electronic struc-
ture and function of these active sites is studied in bioinorganic chemistry, and EPR
spectroscopy is one of its most important tools.

The starting point is the observation of EPR spectra of these transition-metal
sites and the interpretation in terms of their spin-Hamiltonian parameters. In the
case of high-spin sites it is advantageous, or required, to record EPR spectra at
microwave frequencies higher than the standard 9.5 GHz. Even if the technical chal-
lenges of generating microwave radiation at these high frequencies and the required
high magnetic fields are overcome, the observation and analysis of these spectra is
not straightforward, as will become clear in Chapters 2 and 3.

Once the spin-Hamiltonian parameters, which characterize a transition-metal
site, are obtained, one would like to translate them into the molecular wave functions.
This step requires advanced quantum-chemical calculations. [8] Significant progress
has been made the last decade, particularly using density-functional-theory (DFT).
However, the translation of the ZFS term is still problematic.

Progress in the calculation of ZFS parameters requires calibration by experi-

5



1. Introduction

Figure 1.2: The dependence of the energy of the six magnetic sublevels of a high-spin
Fe3+ system, S = 5/2, on the magnitude of the magnetic field applied along the x, y
and z principal directions of the g and ZFS tensors, which are assumed to be collinear.
[6] The example is that of an iron ion bound to the N-lobe of human serum transferrin,
see Chapter 6. The vertical lines show 275.7 GHz resonances. The dashed resonances
are “forbidden” transitions.
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1.2. Thesis outline

mentally observed ZFS parameters in different molecular environments. To avoid
complications arising in the observation and analysis of EPR spectra of metallo-
proteins, it is helpful to study biomimetic model complexes, examples of which are
reported in Chapters 4 and 5.

1.2 Thesis outline

When the Leiden 275.7 GHz or J-band EPR spectrometer was first taken into op-
eration in 2004 [9] it was equipped with a multi-purpose probe head, suitable for
operation in both pulsed and cw mode, and moreover, the cavity had slits to allow
optical illumination and ENDOR. The sensitivity and signal stability that could be
achieved with this probe head were not sufficient to detect in cw mode the broad
resonances of frozen solutions of high-spin metalloproteins. Chapter 2 describes the
development of a probe head for the Leiden J-band EPR spectrometer specialized
for operation in continuous-wave (cw) mode, which meets these requirements.

To illustrate the possibilities of the J-band spectrometer with the new, cw probe
head, spectra are recorded of frozen solutions of the high-spin Fe3+ protein rubre-
doxin [10] from three different organisms: Desulfovibrio gigas, found in a small inland
sea in the south of France, [11] Pyrococcus furiosus, first isolated from geothermally
heated marine sediments with temperatures between 90 and 100 ◦C, [12] and Mega-
sphaera elsdenii found in the intestines of cattle. [13] Due to the different environ-
ments in which these microorganisms live, the structure of these rubredoxins varies
considerably. [14] [15] The structure of the active site, however, hardly differs, and
we have found that the same is true for the electronic structure of the sites. The
differences in the ZFS parameters are on the order of 1 GHz, which illustrates the
close relation between the electronic structure and the function of the active site.

In Chapter 3 the protein desulforedoxin, which is related to rubredoxin, is stud-
ied with cw EPR at multiple frequencies. The active site of this protein is studied
both in its natural high-spin Fe3+ form and substituted with high-spin Co2+. Re-
markable differences in electronic structure between the active sites of desulforedoxin
and rubredoxin are observed, which are related to the differences in structure and
undoubtedly to the function of the active sites.

In Chapter 4 of this thesis the full hyperfine tensors of the four phosphorus
nuclei, I = 1/2, in the high-spin Co2+ complex Co[(SPPh2)(SP

iPr2)N]2, previously
characterized by multi-frequency EPR, [5] are determined by pulsed ENDOR at
94.9 GHz (W band). These hyperfine tensors are found to depend on whether two
phenyl (Ph) or two isopropyl (iPr) groups are bonded to the phosphorus atom. Thus,
the Co−S bonds are non-equivalent as a result of a subtle difference relatively far
away from the Co(II)S4 core.

In Chapter 5 the high-spin Fe2+ complex Fe[(SPPh2)2N]2 is studied by cw EPR
at 9.5, 94.1 and 275.7 GHz. Powder spectra at W band and J band showed the

7



1. Introduction

presence of two molecules with a slightly different electronic structure near the iron
ion. Spectra recorded at J band on a crystal made it possible to distinguish the
signals arising from the two molecules and their spin-Hamiltonian parameters could
be determined with high accuracy.

Chapter 6 describes the results of cw EPR at J band on transferrin, a protein
that plays an important role in the iron metabolism of all vertebrates. [16] Most
transferrins consist of two homologous lobes each containing a deep cleft capable of
strong, but reversible binding of a high-spin Fe3+ ion. In the research on transferrin
EPR has been used, but not nearly to a full extent, because at X band the infor-
mation that can be obtained on a high-spin Fe3+ site is limited. The two lobes are
not distinguished and, moreover, the characteristic X-band spectrum of transferrin
is not quantitatively understood. At J band the two lobes are distinguished in the
spectrum of human serum transferrin and the spectrum is satisfactorily reproduced
by simulation. The observation of the signals due to the two lobes is supported by
spectra recorded on two monoferric forms of human serum transferrin in which either
of the binding sites is disabled by a local mutation.

The final chapter of this thesis does not deal with EPR on transition-metal
sites. Instead resonance Raman spectroscopy is employed to observe the vibrational
modes of spheroidene in the photosynthetic reaction center (RC) of Rhodobacter
sphaeroides. This carotenoid is believed to have a photoprotective function, al-
though the exact mechanism is not understood. In literature no consensus existed
on the configuration of the spheroidene molecule in the RC. Using as a calibration
resonance Raman spectra obtained on isotope labeled spheroidene, reconstituted
into the RCs of the carotenoidless mutant of Rb. sphaeroides R26, a method to cal-
culate the resonance Raman spectra of spheroidene in a particular conformation has
been developed in the last decade. [17, 18] In Chapter 7 resonance Raman spectra
detected at different excitation wavelengths of wild-type RCs are compared to those
of reconstituted R26 RCs. Combining these spectra with the calculations allowed us
to establish the configuration of spheroidene in the RC of wild-type Rb. sphaeroides
to be 15,15′-cis. However, in the reconstituted R26 RCs spheroidene occurs in two
configurations, namely 15,15′-cis and 13,14-cis.

8



Chapter 2

Continuous-wave EPR at
275 GHz: Application to high-spin
Fe3+ systems

The 275 GHz electron-paramagnetic-resonance spectrometer we reported on in 2004
has been equipped with a new probe head, which contains a cavity especially designed
for operation in continuous-wave mode. The sensitivity and signal stability achieved
with this new probe head is illustrated with 275 GHz continuous-wave spectra of
a 1 mM frozen solution of the complex Fe(III)-ethylenediamine tetra-acetic acid
(EDTA) and of 10 mM frozen solutions of the protein rubredoxin, which contains
Fe3+ in its active site, from three different organisms. The high quality of the spectra
of the rubredoxins allows the determination of the zero-field splitting parameters
with an accuracy of 0.5 GHz. The success of our approach results partially from the
enhanced absolute sensitivity, which can be reached using a single-mode cavity. At
least as important is the signal stability that we were able to achieve with the new
probe head.

G. Mathies, H. Blok, J.A.J.M. Disselhorst, P. Gast, H. van der Meer, D.M. Miedema,
R.M. Almeida, J.J.G. Moura, W.R. Hagen and E.J.J. Groenen, J. Magn. Res., 210
(2011) 126-132.

9



2. Continuous-wave EPR at 275 GHz: Application to high-spin Fe3+

systems

2.1 Introduction

The understanding of complex electron-paramagnetic resonance (EPR) spectra of the
active sites of metalloproteins is often greatly advanced by studies at more than one
microwave frequency. High-frequency/high-field (HF) EPR is particularly useful for
systems that have a large zero-field splitting. Integer spin systems tend to be EPR
silent at conventional microwave frequencies and for half-integer spin systems the
ease and precision by which the zero-field splitting parameters can be determined
is enhanced. The goal of this work is to extend the possibilities of HF EPR for
metalloproteins.

The HF EPR spectra of metalloproteins with a zero-field splitting on the order
of the microwave quantum are difficult to record. These spectra cover large field
ranges. Due to conformational strain the resonances in the HF EPR spectra are
broad, and line widths of 1 T are no exception. Moreover, the available amount of
protein is often limited and the same holds for the concentration. Relaxation times
can be very short, which makes only continuous-wave (cw) EPR feasible. In order
to achieve our goal, we need a HF cw EPR spectrometer with high sensitivity and
signal stability, which is maintained while using a large modulation amplitude.

High-frequency/high-field EPR was introduced by the group of Lebedev in Mos-
cow. [19–21] Their spectrometer operated at a frequency of 140 GHz, which is the
highest frequency at which conventional waveguides can be used. Indeed, HF EPR
comes with technical difficulties. Major progress was made by the introduction of
quasi-optical techniques and in the development of high-frequency microwave compo-
nents and high-field magnets. Spectrometers that operate in cw mode at frequencies
above 140 GHz are found in specialized research groups at Cornell (250 GHz [22]
and 100-300 GHz [23]), in Grenoble (160 - 525 GHz [24–26]), St. Andrews (80 -
200 GHz [27]), Berlin (360 GHz [28]), Tallahassee (24 GHz - 3 THz [29, 30]), Frank-
furt (180 GHz [31]), Leiden (275 GHz [9, 32]) and Mülheim an der Ruhr (244 GHz
[33]). This year Bruker has released a spectrometer that operates at 263 GHz.1 For
recent reviews see references 34 and 35.

In 2004 we reported on the construction of a cw and pulsed EPR spectrometer
operating at 275 GHz. [9] This spectrometer is equipped with a multi-functional
TE011 cylindrical cavity, which has slits to allow optical access and ENDOR. [32]
With this cavity it is possible to measure cw EPR of paramagnetic species that
have narrow resonances (for instance spin-labels), but spectra of species that show
broad resonances are poor. Our approach to improve the quality of these spectra is
to equip the spectrometer with a second probe head, which contains a single-mode
cavity optimized for operation in cw mode.

Currently all other HF cw EPR spectrometers operate in non-resonant trans-
mission or reflection or use a Fabry-Perot interferometer. However the use of a

1http://www.bruker-biospin.com/e780.html
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single-mode cavity has several advantages. First, one can profit from the increase
of the absolute sensitivity with an increasing microwave frequency, which theory
predicts. [36–39] Secondly, the high B1 field at the sample, which can be gener-
ated with a single-mode cavity, is advantageous for fast-relaxing species. Finally,
the small sample volume makes it relatively easy to achieve a high, homogeneous
modulation field throughout the sample. Drawbacks of using a single-mode cavity
could be sample handling and the problem of constructing a single-mode cavity of
the dimensions that fit 275 GHz, but the former is not a problem for solutions of
proteins due to the capillary force and we already showed that we could overcome
the latter.

An ever persisting problem in cw HF EPR is signal stability. The high magnetic
field induces strong Lorentz forces on the modulation coil, which cause vibrations in
the probe head at the modulation frequency or its harmonics. This is called micro-
phonics. [27, 40, 41] This interference tends to be in phase with the modulated EPR
signal and can seriously deteriorate the signal-to-noise ratio. This is particularly a
problem when recording broad resonances with a large modulation amplitude. Op-
eration in induction mode can reduce the effect of microphonics on the EPR signal
[27, 42], but this is not an option when a single-mode cavity is used. We show that
the use of a single-mode cavity also allows the reduction of the influence of micro-
phonics such that high-quality spectra of frozen solutions of low concentrations of
metalloproteins can be recorded.

The achieved sensitivity and stability is illustrated by 275 GHz cw EPR spectra
of a 1 mM frozen solution of the complex Fe(III)-ethylenediamine tetra-acetic acid
(EDTA) and of 10 mM frozen solutions of the protein rubredoxin, which contains
Fe3+ in its active site. The iron ion is in a high-spin state, which leaves five unpaired
electrons (S = 5/2). We have chosen Fe(III)-EDTA as a model complex to demon-
strate the performance of our spectrometer, because of its representative spectrum
and because several HF EPR studies have been performed on frozen solutions of
Fe(III)-EDTA on other spectrometers. [33, 43–45] Rubredoxins are small proteins
(typically 50-54 amino acids) that are found in sulfur-metabolizing bacteria and
archaea, in which they participate in single-electron transfer. They have been stud-
ied extensively. [10] The iron ion in the active site is approximately tetrahedrally
coordinated to the sulfur atoms of four cysteine residues occurring in a Cys-x-x-
Cys-Gly and a Cys-Pro-x-Cys-Gly segment. Our studies show that we are able to
acquire high-quality HF cw EPR spectra of small amounts of dilute frozen solutions
of high-spin Fe3+ systems.
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2.2 Experimental

2.2.1 The cw probe head

The cw probe head is similar to the probe head that contained the general purpose
cavity. [9] This probe head can be placed into a helium flow cryostat located in the
room-temperature bore of the superconducting magnet. The microwaves are guided
through an oversized corrugated waveguide, which ends in a corrugated tapered
transition to a fundamental-mode rectangular waveguide from where the microwaves
couple into the cavity.

Figure 2.1 shows a drawing of the cavity. The design considerations for the cw
cavity were to have a high quality factor and to minimize microwave leakage, since
this could destabilize the EPR signal. The cavity is a 14 mm long cylinder with
a diameter of 1.40 mm in a massive bronze block, which was made by electrical
discharge machining. It was polished with diamond paste and gold plated. At both
open ends of the cylinder a bronze plunger enters, which has a choke joint at the
front. We tune the cavity to the microwave frequency of 275.7 GHz by moving the
plungers in or out of the cylinder using a set of gears. The length of the cavity
can be varied in this way between 0.80 and 1.40 mm with a position accuracy of
1 µm. A quartz sample tube with outer diameter 0.25 mm can be inserted into the
cavity through the plungers. With an inner diameter of 0.15 mm the sample volume
inside the cavity is 25 nl. The coupling between the fundamental-mode rectangular
waveguide and the cavity is varied by rotating the cavity-plunger-gear combination
around a vertical axis through the rectangular waveguide and the coupling hole.

Also shown in Figure 2.1 is the modulation coil. The modulation coil consists of
80 turns of 0.2 mm diameter copper wire, which are encased in Stycast epoxy. The
coil is placed on a solid rexolite mount, which is fixed on a pertinax plate, which is
attached to the end of the probe head. The distance between the coil and the cavity
block is 0.5 mm, and the two are mechanically isolated. The modulation coil leads
are fixed to the mount with Stycast and go up to the top of the probe head as a
twisted pair. The resistance of the modulation coil at room temperature is about
1 Ω. The modulation amplitude is 7 mT/A peak-peak.1

2.2.2 Samples

Fe(III)-EDTA sodium salt (Sigma-Aldrich Chemie GmbH) was dissolved in an aque-
ous solution which was kept at pH 5 by a citric acid buffer. Samples consisted of
one part of this solution and one part glycerol. Rubredoxin from Desulfovibrio gigas
[14, 46] was purified according to a previously reported method. [47] To ensure that
no other metal forms of rubredoxin, other than iron, were present in the sample, the

1After submission of this work the design of the mount of the modulation coil was altered to
improve the endurance against repeated cooling cycles. See Appendix B.
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Figure 2.1: Schematic drawing of the 275 GHz cw cavity and the modulation coil.
A: plungers, B: cavity block, C: cavity, D: coupling hole, E: modulation coil encased
in Stycast (for clarity only one turn is depicted) F: modulation coil mount. The inset
shows the choke joint at the end of the plungers in detail.
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protein was injected in a 6 ml Resource Q column (GE Biosciences) equilibrated with
10 mM Tris-HCl pH 7.6 buffer and eluted in a linear NaCl gradient (0 - 500 mM in
buffer). Throughout the purification procedure the purity of the rubredoxin fractions
was assessed by SDS−PAGE, and by measuring the A280/A493 ratio, which for pure
Fe-rubredoxin is 2.4. Rubredoxin from Pyrococcus furiosus [15, 48] and Megasphaera
elsdenii were prepared as described in reference [49] and [50] respectively.

2.3 Results

2.3.1 Absolute sensitivity

In Figure 2.2 the room temperature 275 GHz cw EPR spectrum of a 10−4 M solution
of the spin label TEMPO (Sigma-Aldrich Chemie GmbH) in toluene is shown. This
spectrum was recorded using a modulation amplitude of 0.05 mT, a time constant
of 100 ms and a microwave power of 50 µW.1 The three lines originate from the
hyperfine interaction with the 14N nuclear spin (I = 1). We determine the absolute
sensitivity of our spectrometer from this spectrum. Assuming that the volume of
the sample that contributes to the EPR signal is one-third of the sample volume
inside the cavity, the spectrum originates from 1012 spins. The signal-to-noise ratio
of the spectrum shown in Figure 2.2 is 320. The total line width of the spectrum is
3×0.35 mT = 1.05 mT. This gives an absolute sensitivity of 8·108 spins/mT/

√
Hz.

2.3.2 Operating the spectrometer in cw mode

Microphonics are observed as an unstable component at the modulation frequency
in the frequency spectrum of the output voltage of the detection diode. This compo-
nent, which is not related to absorption of microwaves by the paramagnetic sample,
becomes stronger as the magnetic field strength is increased. Tuning the cavity by
moving the plungers with care brings down this modulation frequency pick-up. If
the cavity is properly tuned the reflection of the microwaves by the cavity is at a
minimum, which means that a small detuning of the cavity will hardly affect the
reflection. It is thus necessary to tune at a high magnetic field strength where no
EPR signal is observed.

The high-spin Fe3+ spectra are recorded with a scan rate of 2 mT/s and acquiring
these spectra takes hours. The microwave frequency of the current bridge of our
spectrometer is fixed. This means that we have to take care to keep conditions inside
the cryostat constant. Small variations in temperature and helium pressure inside

1The power output of the microwave bridge is 1 mW, but the maximum power that can be
used in cw experiments at room temperature is about 50 µW. Coupling of the microwaves into the
cavity is not fully critical and at higher output powers reflected microwaves cause saturation in the
detection path.
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Figure 2.2: The room temperature cw EPR spectrum at 275 GHz of a 10−4 M
solution of the spin label TEMPO in toluene. Experimental conditions: modulation
amplitude: 0.05 mT, time constant: 100 ms, microwave power: 50 µW.

the flow cryostat may detune the cavity, which leads to drift of the baseline of the
EPR spectrum and increases the effect that microphonics have on the EPR signal.
The use of a high modulation amplitude is essential to detect the broad resonances of
Fe3+. This makes minimization of microphonics even more challenging. In practice a
modulation current of about 600 mA was found to be optimal. No dependence of the
microphonics on the modulation frequency was found. The modulation frequency
was chosen between 1 and 2 kHz.

A decrease of the sample temperature does not automatically mean an increase
of the sensitivity of the spectrometer. When the probe head is cooled by cold helium
gas, the circumstances in the cavity, which have a strong influence on the reflected
microwaves, tend to vary more strongly. This has a negative effect on the signal
stability. Also the quality factor of the cavity increases strongly as it is cooled down,
due to an increase in the conductivity of the gold-plated walls of the cavity. An
increased quality factor means an increase in the effect on the EPR signal of a slight
detuning of the cavity which means that microphonics become more of a problem.
In order to compensate for this effect we had to attenuate the microwave power in
order to record the Fe3+ spectra.

15



2. Continuous-wave EPR at 275 GHz: Application to high-spin Fe3+

systems

2.3.3 High-spin Fe3+ spectra

In Figure 2.3 the cw EPR spectra recorded at 275 GHz of a 1 mM frozen solution of
Fe(III)-EDTA are shown. The recorded spectra cover 6 T. Around 6.6 T a resonance
with a width of 0.5 T is observed. As the temperature is increased, this resonance
decreases in intensity, while the resonances in the g = 2 region gain intensity (g = 2
corresponds to a magnetic field of 9.85 T for 275.7 GHz). In Figure 2.4 the g = 2
region is shown in detail. The signal-to-noise ratio for the resonance around 9.8 T
(peak to peak) at 15 K is 130. Another resonance is observed around 8.2 T, which
is equidistant with the resonances around 6.6 T and 9.8 T. Two more resonances
are observed around 10.2 T and 11.3 T. Note that the resonances are broadest at
the extremes of the spectrum. Resonances that do not originate from Fe(III)-EDTA
are present in the spectra. At temperatures above 5 K in the g = 2 region six lines
due to a manganese impurity could be properly recorded by scanning slowly with a
lower modulation amplitude. The resonance at 7.6 T is due to a contamination of
the frozen sample solution with molecular oxygen. [51] The origin of the resonance
that is observed at 9.6 T in the 5 K spectrum is not known.

Figure 2.5 shows cw EPR spectra recorded at 275 GHz of a frozen solution of the
protein rubredoxin from D. gigas. The recorded spectra cover 12 T and resonances
of a width of 1 T are observed. The resonances observed at low field (up to 4 T) lose
intensity with temperature. Broad resonances around 6.8 T, 8.7 T, 10.2 T and 11.3 T
increase in intensity upon an increase in temperature from 5 to 10 K. In the g = 2
region resonances at 9.5 T and 9.7 T appear at higher temperature. The signal-to-
noise ratio for the resonance at 9.7 T (peak to peak) at 25 K is 200. At 4.4 T and
7.6 T resonances due to molecular oxygen are seen. [51] As in the Fe(III)-EDTA
spectra, a resonance of unknown origin is observed at 9.6 T in the 5 K spectrum.
The narrow resonance at 9.8 T (g ≈ 2) that is visible at 10 and 25 K is due to an
impurity.

In Figure 2.6 cw EPR spectra recorded at 275 GHz of rubredoxin from three
different species are compared. The spectra are similar, but the precise position of
the resonances around 6.8 T, 8.7 T, 10.2 T and 11.3 T varies for the different species
by a few tens of mT. Also the shape of the spectra of rubredoxin from P. furiosus
and in particular from M. elsdenii differs from that of the spectrum from D. gigas.
For these two species of rubredoxin a broad background signal seems to be present.
A manganese resonance is observed in the spectrum of rubredoxin from P. furiosus.

2.4 Analysis

The following spin Hamiltonian was used to analyze the spectra of high-spin Fe3+

(S = 5/2).

H = µBB⃗ · ⃗⃗g · S⃗ + S⃗ · ⃗⃗D · S⃗ (2.1)
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Figure 2.3: The 275 GHz cw EPR spectra of a 1 mM frozen solution of the model
complex Fe(III)-EDTA at three temperatures. Experimental conditions: modulation
amplitude: 3 mT, time constant: 1 s, scan rate: 2 mT/s, microwave power: 1 µW.
Spectra were recorded at least twice to ensure reproducibility of all features. The solid
lines are the experimentally observed spectra and the dashed lines are the spectra
calculated by EasySpin with the parameters given in Table 2.1. The origin of the
resonance marked with a ⋆ in the 5 K spectrum is unknown. In the 10 K spectrum a
weak EPR signal between 8.5 and 9.5 T that does not originate from the Fe(III)-EDTA
was subtracted for clarity.

The first term is the electron Zeeman term. A first-order contribution from spin-orbit
coupling induces g-anisotropy, but this effect is expected to be small, since high-spin
Fe3+ has a 6S5/2 ground state. The second term is a field independent fine-structure

term (the zero-field splitting, ZFS). The tensor
⃗⃗
D mainly consists of a second-order

contribution from spin-orbit coupling. It is symmetric and taken traceless, and it
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Figure 2.4: Detail of the 275 GHz cw EPR spectrum of a 1 mM frozen solution
of the model complex Fe(III)-EDTA at 15 K in Figure 2.3. The solid line is the
experimentally observed spectrum and the dashed line is the spectrum calculated by
EasySpin with the parameters given in Table 2.1.

can be characterized by two parameters, D and E.

D = 3/2Dz, E = 1/2(Dx −Dy) (2.2)

The rhombicity of
⃗⃗
D is given by the ratio λ = E/D. The principal axes are chosen

such that |Dz| > |Dy| > |Dx| and thus 0 < λ < 1/3.

In the weak-field limit (S⃗ · ⃗⃗D · S⃗ >> µBB⃗ · ⃗⃗g · S⃗) the effective S = 1/2 picture,
in which the effect of the zero-field splitting can be incorporated in an effective g-
tensor, is applicable. This is the case when rubredoxin is studied at X-band. The
absolute value and sign of D can be determined only indirectly from the tempera-
ture dependence of the spectra and the effective g-values at which resonances are
observed. [52]

In the high-field limit (S⃗ · ⃗⃗D ·S⃗ << µBB⃗ ·⃗⃗g ·S⃗) the frozen solution spectrum shows
the transitions associated with the principal axes of the g-tensor, because the energy
levels vary linearly with the field strength. At low temperature the large polarization
effect greatly simplifies the spectra and the sign of D can be determined from the
spectra directly.[45] Transitions arising from one principal direction are separated in
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Figure 2.5: The 275 GHz cw EPR spectra of a 10 mM frozen solution of the protein
rubredoxin from D. gigas at three temperatures. Experimental conditions: modulation
amplitude: 4 mT, time constant: 1 s, scan rate: 2 mT/s, microwave power: 1 µW.
The solid lines are the experimentally observed spectra and the dashed lines are the
spectra calculated by EasySpin with the parameters given in Table 2.1. The origin
of the resonance marked with a ⋆ in the 5 K spectrum is unknown. The resonance
marked with a + in the 10 K spectrum derives from an impurity.

field by:

∆B =
3Di

µBgi
(2.3)

where i is x, y or z. The case of Fe(III)-EDTA at 275 GHz is near the high-field limit.
Resonances are observed at 6.6 T, 8.2 T and 9.85 T. These resonances are roughly
1.6 T apart, which gives an absolute value of about 15 GHz for the largest principal

value of
⃗⃗
D, Dz. Since these resonances are observed below g = 2, the sign of Dz is

negative. A resonance is observed at 11.3 T, which is 1.45 T above 9.85 T. From
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Figure 2.6: The cw EPR spectra of 10 mM frozen solutions of rubredoxin from three
different organisms at 25 K: (a) D. gigas, (b) P. furiosus, and (c) M. elsdenii. The
vertical dashed lines are displayed to guide the eye to the differences between the three
spectra. Simulations of the spectra of rubredoxin from P. furiosus and M. elsdenii are
presented in Appendix A.

this we estimate Dy ≈ 14 GHz, which gives D ≈ −22.5 GHz and E ≈ −6.5 GHz.

In the intermediate region the ZFS-term and the Zeeman term are similar in size.
This is the situation of rubredoxin at 275 GHz. As can be seen in Figure 2.5 this
gives rise to complex spectra. The way to extract the spin Hamiltonian parameters
from the observed spectra is by comparison with spectra that were calculated by
numerical diagonalization of the spin Hamiltonian. For this we used EasySpin. [6]
We assume that the D- and g-tensor are collinear.

The spin Hamiltonian parameters that were found to fit the experimental spectra
of the different types of rubredoxin best are shown in Table 2.1. The resonances
below 4 T are due to forbidden transitions. The shape of the resonance around 4 T
strongly depends on λ. The positions of the 6.8 T, 10.1 T and 11.3 T resonances
are determined by the values of E and D. The position of the resonance at 8.7 T
is influenced by both D and gx. The values of gy and gz are determined by the
positions of the 9.5 T and 9.7 T resonances respectively.

Also the Fe(III)-EDTA spectra were compared with spectra calculated with
EasySpin and the parameters with which these spectra were best reproduced are
summarized in Table 2.1. The value of Dz is determined by the position of the
resonance around 6.6 T. The value of gz must be slightly higher than gx and gy to
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reproduce the shape of the spectrum just below 9.8 T.

D E λ gx gy gz D-strain E-strain
(GHz) (GHz) (GHz) (GHz)

Fe(III)-EDTA −23.3 −6.3 0.27 2.004 2.004 2.005 4.3 1.7
D. gigas Rd 47.5 12.5 0.26 2.02 2.021 2.014 9.0 2.5
P. furiosus Rd 49.5 13.0 0.26 2.02 2.021 2.014 9.0 2.5
M. elsdenii Rd 48.5 13.0 0.27 2.02 2.021 2.014 9.0 2.5

Table 2.1: Spin Hamiltonian parameters that best reproduce the experimental spec-
tra. The strains are quantified by the FWHM of the Gaussian distribution in the D-
and E-values. Errors are estimated from the sensitivity of the calculated spectrum to
a variation in a parameter: ±0.5 GHz for the zero-field splitting parameters, ±0.001
for the g-values and ±0.5 GHz for the strains. The spectra of rubredoxin are relatively
insensitive to a change in gx. The error in this parameter is estimated to be ±0.005.
The error in the measured magnetic field values was estimated to be 2 mT at 10 T
and gives a negligible contribution.

The resonances of the Fe(III)-EDTA are broader when they are further away
from g = 2. Transitions between energy levels that have the larger |m| are broader,
which points to the presence of D- and E-strain. In fact the shape of the observed
spectra of both Fe(III)-EDTA and rubredoxin could only be reproduced by taking
into account D- and E-strain in the EasySpin calculations (see Table 2.1).1 No
additional isotropic line-broadening was taken into account.

2.5 Discussion

The modifications to our spectrometer have made it possible to acquire high-quality
cw EPR spectra at 275 GHz on 25 nl of a 1 mM frozen solution of the high-spin Fe3+

model complex Fe(III)-EDTA. We have also acquired high-quality spectra of 10 mM
frozen solutions of the high-spin Fe3+ protein rubredoxin. The signal-to-noise ratio
of these spectra is such that a lower protein concentration could have been used.
The sensitivity and baseline stability of our spectrometer are high enough to resolve
resonances that have a width of 1 T in spectra that are acquired at low temperature,
range over 12 T and require several hours to record. The quality of the spectra allows
accurate determination of the parameters of the spin Hamiltonian by comparison to

1In the online documentation on EasySpin the author notes that the effect of strains on the
spectra are calculated using an approximation, which is only applicable as long as the strain dis-
tribution width is much smaller than the parameter itself. In our situation this is not immediately
clear. However spectra that were calculated by running a loop over a distribution of spin Hamil-
tonian parameters matched almost exactly with the spectra that were calculated in the (much less
time consuming) EasySpin approximation. The approximation is thus valid.
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spectra that were calculated from numerical diagonalization of the spin Hamiltonian
while taking into account line broadening due to D- and E-strain.

The sensitivity that can be obtained with a particular spectrometer for a particu-
lar system in practice depends on the width of the resonance that has to be recorded,
the modulation amplitude that can be generated and the microwave power that can
be applied. The spectrum shown in Figure 2.2 from which we determined the ab-
solute sensitivity of our spectrometer to be 8·108 spins/mT/

√
Hz was acquired at

maximum power and with a modulation amplitude that was optimal with respect
to the line width.

The absence of slits and the complete closure of the cw cavity for microwaves
by means of the choke joints assures that the quality factor of the cw cavity is
higher than that of the general purpose cavity. [9] To estimate this increase we have
determined the length of a π/2-pulse for a single crystal of gamma-ray irradiated
lithium fluoride (S = 1/2). At room temperature this is 160 ns for the cw cavity and
approximately 340 ns for the general purpose cavity. This corresponds to a twofold
increase in the B1-field in the cavity and in the signal amplitude. Continuous-wave
spectra recorded on TEMPO in toluene show that the absolute sensitivity at room
temperature is approximately five times higher for the cw cavity. The additional
increase is mainly due to improved coupling of the microwaves into the cavity.

The absolute sensitivity of our spectrometer is on the high end of the range of
sensitivities achieved with other HF EPR spectrometers. [22–31, 33] In order to
study high-spin metalloproteins by cw HF EPR, high sensitivity is a primary con-
dition that must be fulfilled. Signal stability is as important, particularly for met-
alloproteins that show a large zero-field splitting. Hence, during low temperature
experiments temperature and pressure in the cryostat must be controlled precisely.
And microphonics must be minimized. The construction of a cavity that is com-
pletely closed for microwaves and the specific construction of the modulation coil
have been instrumental in accomplishing this.

The quality of the spectra that we recorded on a 25 nl sample of 1 mM Fe(III)-
EDTA is comparable to the quality accomplished by other authors at 285 and
244 GHz at concentrations that were higher by a factor of 60 or more. [33, 43, 44]
The quality of the spectra acquired at 230 GHz as reported in [45] at 10 mM is
slightly better than ours.

The chemistry of Fe(III)-EDTA in solution is very complex, which makes it dif-
ficult to compare spin Hamiltonian parameters found in various experiments. The
coordination of the iron ion in EDTA is pH dependent as is its EPR spectrum.
[53, 54] A study of Fe(III)-EDTA in the form of a crystalline powder of Co(III)-
EDTA with impurities of ferric ions, ratio Co:Fe = 50:1, at X-band and Q-band
gave |D| = 24.9 GHz and E/D = 0.31. [55] The X-band spectrum from this study
is reproduced with the parameters that were found from our experiments, except for
the D- and E-strain which must be set to zero and instead an isotropic line broaden-
ing of 3 mT must be introduced. Our spin Hamiltonian parameters resemble closely
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the values reported in reference [45]. In this study no D- and E-strain were taken
into account.

Rubredoxin from several organisms has been studied at the standard EPR fre-
quency of 9 GHz. [10, 52, 56–58] TheD-values are around 50 GHz and the rhombicity
parameter λ is around 0.26. This is in line with our results. The natural variety
in the amino-acid sequences of rubredoxins from different organisms results in small
variations in the geometrical structure of the active site of the protein. [14, 15] This
will lead to subtle variations in the electronic structure of the active site, which can
very well be studied by HF EPR. [59] Figure 2.6 shows that at 275 GHz a change of
1 GHz in one of the zero-field-splitting parameters is obvious from the spectra. The
quality of our spectra is such that we are able to determine the zero-field-splitting
parameters with an accuracy of 0.5 GHz by comparison to spectra calculated from
numerical diagonalization of a spin Hamiltonian.

The D- and E-strain that had to be included in the simulations to reproduce the
experimental spectra is comparable in size for the model complex and the protein.
A considerable active-site heterogeneity is common for proteins, but not for Fe(III)-
EDTA. Heterogeneity in the coordination of the iron ion could be an explanation.
[60]

Börger et al. interpreted the complicated frozen solution spectrum of rubredoxin
at X-band by including E/D-strain into their simulations. [58] From X-band spectra
the strain in D and E can not be determined independently. They found a Gaussian
distribution of E/D with a width of σE/D = 0.03. If we take the square root of the
sum of the squares of our relative D- and E-strain, we find a relative E/D-strain of
11%. On average the value of E/D found for rubredoxin is 0.26, which gives a value
of 0.03 for σE/D.

The precise positions of the resonances around g = 2 made it necessary for both
Fe(III)-EDTA and rubredoxin to include a small g-anisotropy in the simulations.
The high magnetic field at which the spectra were recorded made it possible to
determine reliable g-values directly. These g-values are clearly different from the
g-values that were determined earlier, indirectly, from X-band spectra. [58]

2.6 Conclusion

Our studies of high-spin Fe3+ systems show that we are able to acquire high-quality
HF cw EPR spectra of frozen solutions of small amounts of modest size metallo-
proteins. The quality of the spectra is high enough to observe g-anisotropy and to
determine the zero-field-splitting parameters with an accuracy of 0.5 GHz.

The success of our approach results partially from the enhanced absolute sensitiv-
ity that can be reached using a single-mode cavity, which was specifically constructed
to be used for cw HF EPR. At least as important is the achieved signal stability.
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Chapter 3

Multi-frequency EPR study of
Fe3+ and Co2+ in the active site of
desulforedoxin

The continuous-wave 275.7 GHz EPR spectra of a frozen solution of desulforedoxin
provide the zero-field splitting (ZFS) parameters of the high-spin Fe3+ active site:
D = 72 ± 1 GHz and λ = 0.074 ± 0.002. The X-band spectra of a frozen solution of
Co(II)-substituted desulforedoxin at multiple temperatures allow an estimate of the
ZFS parameters: D <−300 GHz and λ = 0.26. The typical variation in the geometry
of the active site of a protein or enzyme, usually referred to as conformational strain,
does not only make the detection of EPR spectra challenging, but also their analysis.
The remarkable differences between the ZFS parameters of the high-spin Fe3+ site
of desulforedoxin, the high-spin Fe3+ site of rubredoxin and the high-spin Co2+

substituted site of desulforedoxin are discussed.

Guinevere Mathies, Rui M. Almeida, Peter Gast, José J. G. Moura and Edgar J. J.
Groenen, in preparation.
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3. Multi-frequency EPR study of Fe3+ and Co2+ in the active site of
desulforedoxin

3.1 Introduction

In many proteins and enzymes the active site contains a paramagnetic transition-
metal ion and electron-paramagnetic-resonance (EPR) spectroscopy can provide de-
tailed information on its electronic structure. This makes EPR spectroscopy an
invaluable tool in the study of the relationship between structure and function of
the active sites in biological molecules. [61–63] Whenever the transition-metal ions
carry a spin angular momentum S > 1/2 the degeneracy of the magnetic sublevels
may already (partly) be lifted in the absence of an external magnetic field. For
such systems it is advantageous, or even required, to record EPR spectra at a mi-
crowave frequency comparable to or larger than this zero-field splitting (ZFS), and
one needs an EPR spectrometer operating at a frequency higher than the standard
9.5 GHz (X band). Fortunately, the last decades have shown a strong increase in
the possibilities to perform EPR spectroscopy at higher frequencies.

An EPR spectrum is to be analyzed in terms of its spin-Hamiltonian parameters,
which then have to be translated into electronic structure using advanced quantum-
chemical methods. Considerable progress has been made with such calculations in
recent years, in particular based on density-functional theory, but calculation of the
ZFS for transition-metal ions remains still in an exploratory stage, [8] particularly
for biological sites. Consequently there is a need for more experimental data on such
systems that can be used as benchmarks.

A challenge in high-frequency EPR is to achieve the sensitivity needed to study
transition-metal sites in biological molecules. Recently we have demonstrated that,
using a single-mode cavity, it is possible to record high-quality EPR spectra in
continuous-wave (cw) mode at 275.7 GHz (J band) of mM frozen solutions of the
protein rubredoxin, whose active site in the oxidized state contains high-spin Fe3+,
see Chapter 2. [64] We were able to detect differences on the order of 1 GHz in the
ZFS between rubredoxins from different organisms. Here we study the closely related
active site of the protein desulforedoxin by multi-frequency EPR, both in its natural
high-spin Fe3+ (S = 5/2) form and substituted with high-spin Co2+ (S = 3/2).

The rubredoxin class of small proteins found in sulfur-metabolizing bacteria and
archaea is known to participate in electron transport. [10] The rubredoxin active
site comprises an iron atom bound in an approximately tetrahedral geometry to four
cysteine residues, which occur in two ...x-Cys-x-x-Cys-x... segments. Desulforedoxin
is a homodimer consisting of two, 36 amino acid chains [65, 66] and has two equivalent
Fe(S-Cys)4 active sites. The site geometry is again approximately tetrahedral, but
the four cysteine residues occur in an ...x-Cys-x-x-Cys-x... and an ...x-Cys-Cys-x...
segment. [67]

High-spin Fe3+ in a four-sulfur coordination has been studied both theoretically
[68–70] and experimentally by several spectroscopic methods, both in model com-
plexes, [71–74] and in rubredoxin. [56–58] High-spin Co2+ in a four-sulfur coor-
dination has been studied to a lesser extent. [5, 75–78] Cobalt does not occur as
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frequently in biological molecules as iron; yet it can be a rewarding spectroscopic
probe, for instance as a substitute for diamagnetic Zn2+. [79]

Desulforedoxin has been investigated by Moura et al. by X-band EPR and by
Mössbauer spectroscopy. [57, 80] Moura et al. also recorded an X-band spectrum of
Co(II)-substituted desulforedoxin. [81]

We report cw EPR spectra of a frozen solution of Fe(III)-desulforedoxin at J band
and X band. The J-band spectra make it possible to determine the ZFS parameters
accurately and reveal a small g-anisotropy. No J-band spectrum could be observed of
Co(II)-substituted desulforedoxin. The X-band spectra of a frozen solution of Co(II)-
desulforedoxin at multiple temperatures allow an estimate of the spin-Hamiltonian
parameters. The typical variation in the geometry of the active site of a protein or
enzyme, referred to as conformational strain, does not only make the detection of
their EPR spectra challenging, but also complicates the analysis. The differences
between the ZFS parameters of the high-spin Fe3+ site of desulforedoxin, the high-
spin Fe3+ site of rubredoxin and the high-spin Co2+ substituted site of desulforedoxin
are discussed.

3.2 Materials and methods

Desulforedoxin from Desulfovibrio gigas was expressed in E. coli and purified follow-
ing a procedure similar to the procedure described in reference 47 for rubredoxin.
Reconstitution with Co2+ was performed as described in reference 81. All proteins
were kept in Tris buffer at pH 7.6. Samples for X-band EPR contained 20% glycerol.

The cw J-band EPR spectra were recorded on an in-house developed spectrom-
eter, [9] using a probe head specialized for operation in cw mode as described in
Chapter 2. [64] The effective sample volume, limited by the microwave cavity, is
approximately 20 nl. The cw W-band (94.1 GHz) spectra were recorded on a Bruker
Elexsys E680 spectrometer using a W-band “ENDOR” probe head with a cylindri-
cal TE011 cavity in a CF935W flow cryostat (Oxford Instruments). Pulsed W-band
(94.9 GHz) spectra were recorded on an in-house developed spectrometer. [82] The
cw X-band spectra were also recorded on a Bruker Elexsys E680 spectrometer, using
a TE102 rectangular cavity equipped with an ESR 900 Cryostat (Oxford Instru-
ments).

3.3 Results and analysis

3.3.1 Desulforedoxin

Figure 3.1 shows cw J-band spectra of a frozen solution of desulforedoxin at 5 and
25 K. The complex spectrum covers a field range of more than 10 T. The 5 K
spectrum shows three signals that lose intensity at elevated temperatures at 1.7 T
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and around 4.7 and 6.5 T. These last two signals have a width of almost 1 T. In the
25 K spectrum signals appear around 7.0, 8.4 and 9.0 T.

Figure 3.1: J-band cw EPR spectra of a 10 mM frozen solution of desulforedoxin
from D. gigas at 5 and 25 K. Experimental conditions: modulation amplitude: 3 mT,
microwave power: 1 µW, microwave frequency: 275.7 GHz. Solid lines: experimental
spectra, dashed lines: spectra calculated using EasySpin and the spin-Hamiltonian pa-
rameters given in the text. Experimental spectra are smoothed by adjacent averaging
and are baseline corrected at the low- and high-field end. An unknown impurity in
the cavity gives a negative peak at 9.6 T, marked with ⋆. The following background
signals arise from the frozen solution. At both temperatures a narrow transition at
4.9 T, marked with a +, is due to an unknown impurity. In the 5 K spectrum signals
due to oxygen are observed. [51] At 25 K the strong transition around g = 2 (9.84 T),
which has a shoulder on the low-field side, is due to an unknown rhombic high-spin
Fe3+ contaminant and a detailed scan of the g = 2 region revealed six lines of Mn2+.

Figure 3.2 shows cw X-band spectra of a frozen solution of desulforedoxin at 5,
10 and 80 K. In the spectra three signals, at 86.6, 162 and 369 mT, lose intensity as
temperature increases. The signals at 162 and 369 mT are considerably broader than
the signal at 86.6 mT. A signal at 116.4 mT remains relatively strong at elevated
temperatures.

The following spin Hamiltonian is used to interpret the EPR spectra arising from

28



3.3. Results and analysis

Figure 3.2: X-band cw EPR spectra of a 0.6 mM frozen solution of desulforedoxin
from D. gigas at 5, 10 and 80 K. Experimental conditions: modulation amplitude:
1 mT, microwave power: 5 and 10 K spectra: 1.3 mW, 80 K spectrum: 20 mW,
microwave frequency: 9.491 GHz. Solid lines: experimental spectra, dashed lines:
spectra calculated using EasySpin and the spin Hamiltonian parameters determined
from the J-band spectra. The signal marked with a ⋆ just below g = 2 (331 mT) is
due to an impurity in the cavity. The signal marked with a + is an unknown impurity
in the frozen solution, which was also observed by Moura et al., [57, 80] and the signal
around g = 4.3 (157 mT) is due to an unknown rhombic high-spin Fe3+ contaminant.

high-spin Fe3+, S = 5/2. [3]

H = µBB⃗0 · ⃗⃗g · S⃗ + S⃗ · ⃗⃗D · S⃗ (3.1)

The first term describes the electron Zeeman interaction. A first-order contribution
from spin-orbit coupling induces g-anisotropy, but this anisotropy is expected to
be small, since high-spin Fe3+ has an S ground state. The second term describes
the ZFS, which splits the six magnetic sublevels into three Kramers doublets. The

29



3. Multi-frequency EPR study of Fe3+ and Co2+ in the active site of
desulforedoxin

ZFS-tensor,
⃗⃗
D, is symmetric, can be taken traceless, and is characterized by two

parameters, D and E.

D = 3/2Dz, E = 1/2(Dx −Dy) (3.2)

The rhombicity of
⃗⃗
D is given by the ratio λ = E/D. The principal axes are chosen

such that |Dz| > |Dy| > |Dx| and 0 < λ < 1/3.
From X-band EPR and Mössbauer spectra of desulforedoxin, Moura et al. esti-

mated λ to be 0.08 and D to be 2 cm−1 or 60 GHz, [57, 80, 83] which explains the
complexity of the desulforedoxin spectra in Figure 3.1. At J band the two terms
in the spin Hamiltonian are comparable in size and the three Kramers doublets
are intertwined. Analysis of the J-band spectra was performed by comparison to
spectra calculated by numerical diagonalization of the spin Hamiltonian using the
EPR simulation package EasySpin, [6] taking the parameters of Moura et al. as a
starting point. The principal axes of the g-tensor are assumed to be collinear with
those of the D-tensor. The experimental J-band spectra were best reproduced tak-
ing D = 72 GHz and λ = 0.074. Increasing the principal values of the g-tensor to
above the free electron value improved the simulation: gx, gy = 2.020, gz = 2.025.
To reproduce the width and shape of the resonances in the J-band spectra a strain
in D and E of 20% was taken into account using a first-order approximation,1 cf.
Discussion.

At X band the ZFS is larger than the microwave quantum of 9.5 GHz and only
intra-doublet transitions can be observed. The system approaches the regime where
each of the three Kramers doublets can be approximated as an effective S ′ = 1/2
system. [7] In this regime the anisotropic Zeeman splitting of each doublet is reflected
in effective g′-values, g′x, g

′
y and g′z, which depend on the g-values and λ, but not on

D. The signals at the effective g′-values of 7.8, 4.2 and 1.8, which lose intensity at
elevated temperatures, arise from the lowest doublet, ±1/2. The signal at g′ = 5.8
is found to arise from the middle ±3/2-doublet. The dashed lines in Figure 3.2 are
spectra calculated using the parameters determined from the J-band spectra. In
these spectra the line broadening was simulated by using a Gaussian distribution in
λ of FWHM = 0.035, which corresponds to a distribution width of approximately
20% in D and E. The experimental spectra are reproduced, but there are small
differences, on the order of 1 mT, between the calculated and experimental fields of
resonance.

3.3.2 Co(II)-desulforedoxin

Figure 3.3 shows cw X-band spectra of a frozen solution of Co(II)-desulforedoxin
at 5, 10, 25 and 40 K. At 5 K three transitions can be observed, around 110, 290,

1See the online documentation on EasySpin.
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and 420 mT. The middle- and high-field transitions are very broad and overlap.
Upon increase of the temperature these three transitions lose intensity. At 25 and
40 K a new transition can be observed around 192 mT. The minimum found at low
temperature around 420 mT shifts to around 380 mT at elevated temperatures. The
transition around 110 mT preserves some of its intensity at 40 K and broadens.

Figure 3.3: X-band cw EPR spectra of a 0.7 mM frozen solution of Co(II)-
desulforedoxin from D. gigas at 5, 10, 25 and 40 K. Experimental conditions: modula-
tion amplitude: 1.5 mT, microwave power: 200 mW, microwave frequency: 9.495 GHz.
A baseline was subtracted. The signal marked with a ⋆ around g = 2 (331 mT) is
due to an impurity in the cavity. The signal around g = 4.3 (157 mT) is due to an
unknown rhombic high-spin Fe3+ contaminant.

At J band no spectrum of Co(II)-desulforedoxin could be detected. At W band
an electron-spin-echo (ESE) detected EPR spectrum was observed at 1.7 K, shown in
Figure 3.4. A spin echo due to Co(II)-desulforedoxin was detected at magnetic fields
above 1.1 T. The echo amplitude reached a maximum around 3.2 T. An attempt was
made to measure the cw spectrum of a 4 mM frozen solution of Co(II)-desulforedoxin
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at W band. At 6.5 K a peak around 1 T showed up very weakly.

Figure 3.4: W-band ESE-detected EPR spectra of a 0.7 mM frozen solution of
Co(II)-desulforedoxin from D. gigas at 1.7 K. Experimental conditions: a two-pulse
Hahn echo is generated by the pulse sequence π/2 − τ − π = 70 − 405 − 140 ns,
repetition time: 1 ms, microwave power: 1 mW, microwave frequency: 94.9 GHz.
Solid line: experimental spectrum, dashed line: spectrum calculated using EasySpin
and the spin-Hamiltonian parameters given in the text. The signal around 0.6 T results
from oxygen in the frozen solution. [51] The signal marked with a ⋆ at g = 2 (3.39 T)
results from an unknown impurity.

To interpret the high-spin Co2+, S = 3/2, spectra a term describing the hy-
perfine interaction with the 59Co nucleus (I = 7/2) should be added to the spin
Hamiltonian 3.1.

H = µBB⃗0 · ⃗⃗g · S⃗ + S⃗ · ⃗⃗D · S⃗ + S⃗ · ⃗⃗A · I⃗ (3.3)

The ground state of high-spin Co2+ is an F state. A first-order contribution from
spin-orbit coupling induces considerable g-anisotropy. The ZFS, which is large, typ-
ically hundreds of GHz, splits the four energy levels of the ground state into two
Kramers doublets. The contribution of a nuclear Zeeman interaction by cobalt can
be neglected.
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Analysis of the X-band spectra is performed under the assumption that the ef-
fective S ′ = 1/2 description of the doublets is valid. For an S = 3/2 system the
effective g′i-values are related to the gi-values by [7, 84, 85]

g′x = gx

(
1± 1− 3λ√

1 + 3λ2

)
g′y = gy

(
±1 + 1 + 3λ√

1 + 3λ2

)
g′z = gz

(
∓1 + 2√

1 + 3λ2

)
(3.4)

The upper signs refer to the ±1/2 doublet and the lower signs to the ±3/2 doublet.
Note that these relations presume that the principal axes of the g- and D-tensor are
collinear.

The transitions observed in the 5 K spectrum, at effective g′-values 6.2, 2.3 and
1.6 respectively, are due to the anisotropic splitting of the lower Kramers doublet.
At 25 and 40 K the spectra are dominated by three transitions at effective g′-values
6.2 (110 mT), 3.5 (192 mT) and 1.8 (380 mT), which arise from the upper Kramers
doublet. Following Equation 3.4, the transition at g′ = 3.5 must be the g′x transition
of the ±1/2 doublet. Hence, the ±1/2 doublet is higher in energy and D is negative.
Equation 3.4 and a minimization procedure were used to estimate the values of λ and
gx, gy, and gz from the six observed effective g′-values. This gave λ = 0.26, gx = 2.9,
gy = 2.4, and gz = 2.2. These values are, together with a large, negative D, used
to simulate the Co(II)-desulforedoxin spectra with EasySpin, [6] as shown for the
5 K spectrum in Figure 3.5. The shape of the experimental spectra is qualitatively
reproduced by the simulation, but fine tuning is clearly needed. This has not been
pursued, see Discussion.

To simulate line broadening in the X-band spectra, a Gaussian distribution in λ
of FWHM 0.035 was used. The broadening of the g′z(±3/2) transition is mainly due
to a (partially resolved) hyperfine interaction with the 59Co nucleus of approximately
Az = 150 MHz.

The dashed spectrum in Figure 3.4 is the absorption spectrum calculated using
EasySpin and the spin-Hamiltonian parameters estimated from the frozen solution
cw X-band spectra. It reproduces qualitatively the ESE detected EPR spectrum,
i.e., the onset of the spin echo at 1.1 T, which corresponds to g′z(±3/2) = 6.2, and
the broad field range over which an echo is observed.

3.4 Discussion

The cw J-band spectra of the frozen solution of desulforedoxin are well reproduced
by spectra calculated from numerical diagonalization of the spin Hamiltonian, [6]
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Figure 3.5: X-band cw EPR spectrum of a 0.7 mM frozen solution of Co(II)-
desulforedoxin from D. gigas at 5 K. Solid line: experimental spectrum, dashed line:
spectrum calculated using EasySpin and the spin-Hamiltonian parameters given in the
text. The signal marked with a ⋆ around g = 2 (331 mT) is due to an impurity in the
cavity. The signal around g = 4.3 (157 mT) is due to an unknown rhombic high-spin
Fe3+ contaminant.

see Figure 3.1, optimally with the ZFS parameters D = 72 ± 1 GHz and λ = 0.074
± 0.002, and a small g-anisotropy, gx, gy = 2.020 ± 0.001, gz = 2.025 ± 0.005.
The uncertainty in a parameter was estimated from the calculated shift of the J-
band resonances upon a change in that parameter. Because the microwave quantum
(ν = 275.7 GHz) is larger than the ZFS, inter-doublet transitions are possible and
the spectrum is very sensitive to both E and D. An X-band spectrum, on the
other hand, depends on λ = E/D, and D needs to be estimated via an elaborate
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temperature study. [56] Moreover, at X band the small g-anisotropy of high-spin
Fe3+ is not resolved.

Conformational strain is typical for proteins and enzymes. The geometrical varia-
tions affect the electronic structure of active sites, which translates into a distribution
in the ZFS parameters for high-spin Fe3+ [58, 86] and in a distribution in the ZFS
parameters and the principal values of the g-tensor for high-spin Co2+. This does
not only result in line broadening, which can make it difficult to detect the EPR
spectrum of a biological site, but it may also deform the spectrum, which compli-
cates its analysis. Particularly, if a change in a spin-Hamiltonian parameter results
in a large change of the transition probability, strain can result in a shift of what
appears to be the average field of resonance in the experimental EPR spectra.

In order to reproduce the line widths in the experimental J-band spectra of desul-
foredoxin, the spectra were simulated using EasySpin with a strain of about 20% in
D and E. A first-order approximation is used, in which the spectrum was convoluted
with a Gaussian of a width proportional to the derivative of the resonance field of
a given transition with respect to, for instance, D; the proportionality constant is
chosen by the user. This approximation is valid if the strain is much smaller than the

parameter itself. In the high-field limit, µBB⃗0 · ⃗⃗g · S⃗ ≫ S⃗ · ⃗⃗D · S⃗, where the magnetic
field at which the resonances in a frozen solution spectrum are observed depends
linearly on the principal values of the D-tensor, [45] the approximation may also be
valid for larger strains in D and E, if the transition probability does not depend
strongly on these parameters. This was found to be the case for Fe(III)-rubredoxin,
D = 48 GHz, by comparison to spectra calculated using a distribution in D and E.
[64] For desulforedoxin, D = 72 GHz, such a comparison was not feasible, because
the calculation of the individual spectra is too time consuming.

The X-band spectra of Fe(III)- and Co(II)-desulforedoxin are typical of a site
that experiences large conformational strain: the resonances at low g-values are very
broad, while the resonances at high g-values are narrower. The distributions in g′x,
g′y and g′z are of similar width, but the distribution in the resonance fields will be
broader for the smaller g′i-values. To simulate the experimental X-band spectra of
both sites, the effect of conformational strain was taken into account by using a
Gaussian distribution in λ. For Fe(III)-desulforedoxin the experimental line width
was well reproduced, but small deviations in the resonance fields remained between
the experimental spectra and the calculated spectra when using the spin-Hamiltonian
parameters determined from the J-band spectra. For Co(II)-desulforedoxin the line
width is poorly reproduced and it is hard to say if the resonance fields are reproduced
properly. Of course, a proper simulation of the Co(II)-desulforedoxin X-band spectra
requires not only a distribution in λ, but also in gx, gy and gz.

For Co(II)-desulforedoxin not only the effect of conformational strain, but also
the spin-Hamiltonian parameters are uncertain. The values of the parameters used
in the simulation of the X-band spectra were merely an estimate. Following Equa-
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tion 3.4 the only possible assignment for the peak observed at g′ = 3.5 at elevated
temperatures is the g′x transition of the ±1/2 doublet, making D < 0. However,
the value of 2.9 for gx, which has to be invoked to fit the observed g′x(±1/2) = 3.5
and, particularly, the g′x(±3/2) = 2.3 transition, is unusually large. [87, 88] Be-
sides the very large ZFS and the difficulties encountered when simulating the ef-
fects of conformational strain, there is a third reason that the X-band spectrum of
Co(II)-desulforedoxin can not provide more accurate information on the electronic
structure. The covalent character of the bonding with the soft sulfur ligands may
cause the principal axes of the D- and g-tensors to be non-collinear, [8, 89, 90] which
implies that the g-values can not be calculated from Equation 3.4. Moreover, anal-
ysis by comparison to spectra calculated by numerical diagonalization of the spin
Hamiltonian is not an option, since the relative orientation of the principal axes of
interaction tensors is now a variable.

High-frequency EPR spectra of Co(II)-desulforedoxin could be helpful. First,
they can provide information on the relative orientation of the principal axes of the
D- and g-tensors. At X band the direction of the effective magnetic field is dominated
by the D-tensor. If spectra are recorded at higher frequency and higher magnetic
field, the influence of the Zeeman interaction on the direction of the effective magnetic
field becomes noticeable. Also, at higher frequency deviations from the effective
S ′ = 1/2 picture start to occur, an effect that was used in the multi-frequency EPR
study of a high-spin Co2+ complex to estimate D. [5] Or, ideally, the regime ν ≈ D
is reached and inter-doublet transitions become possible. [91–94]

Unfortunately no spectrum of Co(II)-desulforedoxin could be observed in cw at
J-band. The ESE-detected W-band spectrum corroborates our interpretation of the
cw X-band spectra, but fine tuning of the parameters based on this spectrum is
complicated by anisotropic relaxation times. No high-frequency studies of high-spin
Co2+ in the active site of a protein are found in literature. The reason that high-
frequency spectra of Co(II)-substituted desulforedoxin, and of biological high-spin
Co2+ systems in general, are hard to come by is the large g-anisotropy. Conforma-
tional strain results in a distribution in gi, on top of a distribution in D and E,
which, as long as the regime ν ≈ D is not reached, causes a severe broadening of the
resonances, particularly at high magnetic fields. Hence, the absence of a spectrum
at J band suggests that |D| is larger than about 300 GHz.

If we compare the spin-Hamiltonian parameters of the active site of desulfore-
doxin to those of the active site of rubredoxin, we notice remarkable differences.
First, the rhombicity of the ZFS-tensor of the high-spin Fe3+ sites differs consider-
ably for desulforedoxin and rubredoxin. The D and λ of rubredoxin from D. gigas
are known to be 48.5 GHz and 0.26, see Chapter 2, [64] while we find D = 72 GHz
and λ = 0.074 for desulforedoxin. Second, while D is positive for the Fe3+ sites, D is
negative for the Co(II)-substituted active site of desulforedoxin and, moreover, the
rhombicity of Co(II)-desulforedoxin is comparable to that of the Fe3+ site of rubre-
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doxin: D < −300 GHz and λ = 0.26. At this point it would be desirable to know the
ZFS parameters of Co(II)-substituted rubredoxin, but, unfortunately, we were not
successful in obtaining an EPR spectrum of Co(II)-rubredoxin, despite considerable
effort, cf. Appendix C. However, the absence of an EPR spectrum suggests a λ ≈ 0
and D < 0. In this situation a transition within the lowest doublet is (almost) for-
bidden and at elevated temperatures, where the higher doublet becomes populated,
the transitions within this doublet may broaden strongly due to fast relaxation.

The electronic structure of sulfur-coordinated transition-metal sites is known
to depend on the structure of the site beyond the first coordination sphere. [68–
70, 74, 95] For both rubredoxin and desulforedoxin from D. gigas the structures
are known to a high resolution. [14, 46, 66] The structure of Co(II)-substituted
rubredoxin is indistinguishable from the structure of Fe(III)-rubredoxin by X-ray
diffraction. [96] No X-ray diffraction study of the structure of Co(II)-substituted
desulforedoxin has been performed, but we will assume that its structure is the
same as that of Fe(III)-desulforedoxin.

Figure 3.6a shows the structure of the active site of rubredoxin. The Fe(SC)4 ge-
ometry is approximately what is referred to in reference 70 as the D2d(1) or double-
bird geometry. This conformation is the combined result of the site being built up
from four cysteine residues on two amino acid strands and the sulfur-lone-pair re-
pulsion. The FeS4 core is elongated from Td symmetry (two smaller angles and four
larger ones). [95] Figure 3.6b shows the structure of the active site of desulforedoxin.
The angle S-Fe-S involving Cys28 and Cys29 is relatively large, 121.5◦, due to the
adjacency of the two cysteines, and C9-S9-Fe-S29-C29 is not able to assume the bird
geometry on the Cys29 side.

Interpretation of the ZFS parameters in relation to the structure of the active
sites is far from straightforward. Ligand-field considerations concerning the metal d-
orbitals are of limited applicability because of the significant (anisotropic) covalency
of the metal-sulfur bonds. Recently, the experimental ZFS parameters of a num-
ber of high-spin Co2+ complexes have been well reproduced by correlated ab-initio
calculations. [97] In particular, for the truncated double-bird core of the complex
[Co(SPh)4]

2− a large negative D and λ = 0 were calculated. [76] The approximate
double-bird geometry of the rubredoxin active site suggests similar ZFS parameters
for the high-spin Co2+ site, which would be in line with the ZFS parameters pre-
dicted from the absence of an EPR spectrum. In this respect the λ = 0.26 of the
Co(II)-substituted active site of desulforedoxin, which is considerably more asym-
metric than the rubredoxin site, is in line with expectations.

The λ = 0 for the double-bird geometry or D2d symmetry of the Co2+ site of the
[Co(SPh)4]

2− complex does not merely follow from the ab initio calculations. All
interaction tensors must be axial if the symmetry of the site is S4 or higher. From
this perspective the λ = 0.26 observed for high-spin Fe3+ rubredoxin is remarkable.
Moreover, a ZFS tensor that is closer to axial, λ = 0.074, is observed for high-spin
Fe3+ desulforedoxin. These observations illustrate how difficult it is to predict the
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Figure 3.6: a) The structure of the active site of rubredoxin from D. gigas. b) The
structure of the active site of desulforedoxin from D. gigas. c) Schematic drawing of
the double-bird geometry.

effects of deviations from a presumed symmetry of a site on its electronic structure.

The deviations of symmetry in the sites of rubredoxin and desulforedoxin affect
the electronic structure differently, depending on whether the site is occupied by
high-spin Co2+ (3d7 configuration) or high-spin Fe3+ (3d5 configuration). These
differences arise because the former has a 4F ground state, while the latter has a
6S ground state. The in-state orbital angular momentum of the high-spin Co2+ may
be quenched by the low symmetry of the site, but is easily restored by mixing of
the ground state with nearby excited states and a g-anisotropy and large ZFS are
expected. [84] On the other hand, for high-spin Fe3+ no in-state orbital angular
momentum and no ligand field excited states of the same multiplicity are present.
The origin of the observed ZFS, which is much smaller than for high-spin Co2+, lies
mainly in anisotropy in the covalency, which even reverses the sign of D. [71, 72, 98]
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3.5 Conclusion

High-frequency EPR spectroscopy provides valuable information on the electronic
structure of high-spin transition-metal sites in biological systems. At the same time,
the observation and analysis of the spectra is not straightforward, particularly in
the case of high-spin Co2+. Attempts to interpret the ZFS tensors and g-anisotropy
observed for high-spin Fe3+ and high-spin Co2+ in the active sites of desulforedoxin
and rubredoxin illustrate the necessity of further development of advanced quantum-
chemical calculations, which can interrelate the geometric structure and electronic
structure of these active sites.
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Chapter 4

A W-band pulsed EPR/ENDOR
study of Co(II)S4 coordination in
the Co[(SPPh2)(SP

iPr2)N]2
complex

Spin-echo detection at 95 GHz enables an electron-paramagnetic-resonance study of a
cobalt complex with a bio-mimetic coordination of the transition metal by four sulfur
atoms. A magnetically diluted single crystal of the complex has been investigated
in great detail. Electron-nuclear double-resonance signals were observed of ligand
nuclei and complete hyperfine tensors of the distinct phosphorus nuclei were derived,
assigned and discussed.

Silvia Sottini, Guinevere Mathies, Peter Gast, Dimitrios Maganas, Panayotis Kyritsis
and Edgar J. J. Groenen, Phys. Chem. Chem. Phys., 11 (2009) 6727-6732.
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4.1 Introduction

Transition-metal ions with a sulfur-rich coordination sphere are abundant active sites
in proteins and enzymes. [99] Bonding between metal ions and sulfur-containing
ligands shows up in various coordination geometries and a correspondingly large
flexibility exists with respect to electronic structure. [100] Among the biologically
important redox-active transition-metal ions, manganese, iron and copper are most
easily accessible and therefore usually constitute the catalytically active sites of redox
metalloenzymes. [99] However, cobalt-based active sites have also been found in a
number of enzymes. [101, 102] In addition to these native sites, cobalt sites have
been created by substitution of Co2+ for Fe2+ or Cu2+, [96, 103] and mostly for
spectroscopically silent and diamagnetic metal ions like Zn2+ or Cd2+. [104, 105]
In the latter case, the reason for the substitution is that Co2+ sites are amenable
to biophysical characterization by optical spectroscopy, magnetic susceptibility and
magnetic resonance methods. In this context, cobalt analogue complexes have been
synthesized to mimic the active sites in proteins and enzymes. [106] Here we consider
such a complex in which cobalt is coordinated by four sulfurs.

The paramagnetic nature of the Co2+ 3d7 configuration enables the application
of electron paramagnetic resonance (EPR) in the study of the electronic structure
of the metal site. However, the high spin (S = 3/2) configuration in the typically
encountered Co2+ sites complicates the use and interpretation of EPR because of
the rather large zero-field splitting (ZFS) between the ±1/2 and ±3/2 Kramers
doublets. Studies on Co(II)S4 coordination by continuous-wave EPR at X band
have been reported by Fukui et al. [75–77] In recent years, developments have taken
place in EPR technology, which have largely enhanced the possibilities to investigate
such paramagnetic centers. [107] In particular, this includes the development of
spectrometers working at high magnetic fields and high microwave frequencies, i.e.,
much higher than the commonly used 9 GHz.

Recently we have studied two complexes with Co(II)S4 coordination by EPR
spectroscopy, namely Co[(SPPh2)2N]2 and Co[(SPPh2)(SP

iPr2)N]2, which will be
denoted as CoPh,PhL2 and CoiPr,PhL2, respectively. [5] Powders and single crystals
of these compounds have been investigated by continuous-wave EPR spectroscopy
at 9, 95 and 275 GHz. The ZFS, close to axial for CoPh,PhL2 and rhombic for
CoiPr,PhL2, has a magnitude of 23.8 and 29.6 cm−1, respectively. For the correspond-
ing diamagnetically diluted samples, 1% CoL2 in the analogous ZnL2 complex, the
cobalt-hyperfine splitting was resolved and could be analyzed. Interpretation of the
data in terms of the electronic structure, and in particular the characteristics of the
cobalt-sulfur bonds, requires a study of the spin delocalization over the ligands. The
present paper represents a first step in that direction.

In this work, we report on the CoiPr,PhL2 complex [108] (Figure 4.1), which
we investigated by pulsed EPR spectroscopy at 95 GHz (W band). Electron spin
echoes (ESEs) have been detected for diamagnetically diluted CoiPr,PhL2/Zn

iPr,PhL2
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single crystals. Stimulated echoes were observed and pulsed electron-nuclear double-
resonance (ENDOR) experiments were performed. The spectra show ENDOR signals
from the ligand phosphorus, nitrogen and hydrogen atoms. The complete hyperfine
tensors for the phosphorus atoms are derived, assigned and discussed.

Figure 4.1: The molecular structure of Co[(SPPh2)(SP
iPr2)N]2.

4.2 Materials and methods

Magnetically diluted single crystals of 1% CoiPr,PhL2 in ZniPr,PhL2 have been investi-
gated. A typical size of these co-crystals was 0.3 × 0.5 × 0.7 mm, and the synthesis of
the complex is described in reference 108. The crystal was mounted in a quartz tube
of inner diameter 0.60 mm and outer diameter 0.84 mm, which was placed into the
cylindrical cavity of our homebuilt W-band spectrometer, [82] which was upgraded
recently. The sample tube and the magnet can be rotated around independent axes
thus enabling experiments at every possible orientation of the magnetic field with
respect to the crystal, without remounting the crystal. The sample was kept for one
week under helium atmosphere before measuring, because otherwise a background
signal was present in the EPR spectra.

All the experiments were carried out at 1.6 K and at a microwave frequency of
94.9 GHz. For the EPR experiments, a two-pulse Hahn-echo sequence was employed
using microwave pulses of 80 and 160 ns separated by 140 ns at a repetition rate of
10 kHz. For the ENDOR experiments, a Mims type three-pulse sequence was used.
The three microwave pulses had a length of 100 ns. The time between the first and
the second microwave pulse was 220 ns, the time between the second and the third
microwave pulse had a variable length. The length of the radio-wave pulse varied
with the orientation between 20 and 60 ms, because the relaxation times change with

43



4. A W-band pulsed EPR/ENDOR study of Co(II)S4 coordination in
the Co[(SPPh2)(SP

iPr2)N]2 complex

the orientation of the magnetic field with respect to the crystal. The repetition rate
was 1 kHz. Data analysis was performed using a Matlab version of the optimization
package Minuit (CERN).

4.3 Theoretical background

The description of the EPR and ENDOR spectra of the high-spin Co2+ complex
(S = 3/2) starts from an electron spin Hamiltonian, which includes the zero-field
splitting (ZFS) and the electron Zeeman interaction

He = S⃗ · ⃗⃗D · S⃗ + µBB⃗ · ⃗⃗g · S⃗ (4.1)

where S⃗ represents the electron-spin angular momentum operator and the D and
g tensors represent the interactions. A full description of the S = 3/2 case can be
found in textbooks. [109]

The ZFS gives rise to two Kramers doublets and, although ms is not a good
quantum number, we will refer to these as ±1/2 and ±3/2. In a small magnetic
field, such that the electron Zeeman interaction is much smaller than the zero-field
interaction, the energy of the four levels may be obtained by considering the doublets
separately. In this effective spin 1/2 picture, the energies for both the±1/2 and ±3/2
doublet may be written as

E = ±1

2
µBB

√√√√∑
β

(∑
α

ℓαg′αβ

)2

(4.2)

Here α, β = x, y, z and ℓ⃗ represents a unit vector in the direction of B⃗ in the reference
axes system x, y, z. The effective g′ matrix is defined by

g′αβ = gαβωβ (4.3)

with

ωx = 2
√
3 cos θ sin θ + 2 sin2 θ

ωy = 2
√
3 cos θ sin θ − 2 sin2 θ

ωz = 3 cos2 θ − sin2 θ (4.4)

for the ±3/2 doublet. The corresponding expressions for the ±1/2 doublet are
obtained by replacing cos θ by − sin θ and sin θ by cos θ. The angle θ is related to
the ZFS parameters by tg2θ =

√
3E/D.

For CoiPr,PhL2 the splitting between the doublets in zero field amounts to about
900 GHz as compared to the microwave quantum of 94.9 GHz. The EPR transition
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in the low-temperature W-band spectrum corresponds to the transition within the
Kramers doublet of lowest energy. From the cw EPR study on CoiPr,PhL2 at X band,
we found E/D = −0.33. [5] The ZFS is maximum rhombic, which implies that
the difference in the expressions in Equation 4.4 for the ±1/2 and ±3/2 doublets
corresponds to an interchange of the x and z labels. The ω values are the same.
Consequently, whether the ±1/2 and ±3/2 doublet is the lowest, cannot be con-
cluded. From here on, we will consider D to be negative, which corresponds to the
assumption that ±3/2 is the lowest Kramers doublet. Our results are not dependent
upon this choice, because of the rhombicity of the ZFS tensor.

The principal axes of the g′ tensor at W band are parallel to those of the ZFS ten-
sor owing to the negligible contribution of the off-diagonal terms of the g tensor to
the g′ tensor. This allows us to translate the experimental data into the reference
system in which the ZFS tensor is diagonal.

In order to describe the phosphorus (I = 1/2) ENDOR spectra, we have to
consider the nuclear Zeeman interaction and the hyperfine interaction. In case the
mixing of the electron-spin states by the hyperfine interaction is negligible, the nu-
clear spin Hamiltonian may be written as

Hn = −gPµnI⃗ · B⃗ + ⟨S⃗⟩ · ⃗⃗A · I⃗ (4.5)

where ⟨S⃗⟩ represents the expectation value of the electron-spin angular momentum.
This expectation value can be calculated from the electron-spin eigenstates obtained
through the exact diagonalization of the electron spin Hamiltonian.

For each phosphorus nuclear spin interacting with the electron spin, two transi-
tions may show up in the ENDOR spectrum, symmetrically shifted with respect to
the phosphorus nuclear Zeeman frequency.

4.4 Results

ESE-detected EPR spectra of a single crystal of 1% CoiPr,PhL2/Zn
iPr,PhL2 have been

obtained for many orientations of the magnetic field with respect to the crystal.
The measurements were carried out in the x′y′, y′z′ and z′x′ planes, where x′,y′,z′

refers to the principal axes system of the effective g′ tensor. In Figure 4.2, spectra for
orientations of the field in the y′z′ and x′y′ planes are shown. For each orientation we
observe a single line. For orientations close to z′, the line reveals sub-structure owing
to the resolved cobalt hyperfine interaction. The system shows a marked anisotropy
in T2, which affects the intensity of the resonant line for different orientations of the
field, and in T1. Both become faster on going towards z′. The effective g′ tensor was
extracted from the data using Equation 4.2 and its principal values at W band are
1.61, 2.34 and 6.42.

The ENDOR spectrum measured on the same crystal in the frequency range up to
150 MHz and for an orientation of the magnetic field along y′ is shown in Figure 4.3.
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Figure 4.2: W-Band ESE-detected EPR spectra of a crystal of 1%
CoiPr,PhL2/Zn

iPr,PhL2 at different orientations of the magnetic field with respect to the
crystal. The spectra in the upper figure correspond to orientations in the x′y′ plane,
in the lower figure in the z′y′ plane. At z′ the cobalt hyperfine splitting of the line is
resolved.

Signals around the nuclear Zeeman frequency of nitrogen, phosphorus and hydrogen
are easily recognizable. There is a fourth, broader signal in the spectrum, which
might derive from cobalt.

Zooming into the phosphorus region of the spectrum, Figure 4.4 shows the
ENDOR spectrum for an orientation of the magnetic field in the x′y′ plane. Four
ENDOR transitions are seen between 58 and 62 MHz, one of which shows a line width
different from the others. The ENDOR frequencies are not symmetrically displaced
around the nuclear Zeeman frequency of phosphorus, i.e., 59.586 MHz for a magnetic
field of 3.454 T. The ENDOR spectra were obtained for many other orientations of
the magnetic field with respect to the crystal, adjusting the field strength to remain
in resonance with the EPR transition. Orientations were chosen in five planes, three
of which concerned the principal planes of the effective g′ tensor. For none of the
orientations more than four ENDOR lines were found in the phosphorus region. The
repetition rate was varied between 1 kHz and 1 Hz in order to check for saturation
of nuclear transitions, but no extra lines showed up. In addition, experiments were
performed varying the length of the rf pulse during the mixing period, the power of
the rf pulse and the duration of the mixing period. Also in these experiments no
other lines were detected. For certain orientations of the field in the x′y′ plane, lines
with deviating width and shape were observed. These were not taken into account
for the subsequent analysis.

Resonances belonging to four distinct phosphorus nuclei can be followed through
the planes. The A tensors were derived from the data using Equation 4.5, in which we
assumed that the observed ENDOR lines correspond to the electron-spin β manifold.
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Figure 4.3: The pulsed ENDOR spectrum of a single crystal of 1%
CoiPr,PhL2/Zn

iPr,PhL2 with the magnetic field parallel to the y′ axis of the g′ ten-
sor and B = 2.884 T. In the spectrum, resonances due to hydrogen, phosphorus and
nitrogen nuclei are observed.

Under the assumption that the principal axes system of the g tensor coincides with
that of the ZFS tensor, i.e., that the off-diagonal terms of the g tensor are negligible,
the g values were derived from the ESE-detected EPR data using Equation 4.1 and
the ZFS parametersD and E of−387 and 126 GHz, as known from the cw EPR study
on CoiPr,PhL2. [5] Subsequently, the electron spin Hamiltonian was diagonalized

and the expectation value ⟨S⃗⟩ calculated. Finally, a fit of the observed ENDOR
frequencies using Equation 4.5 was performed. Figure 4.5 shows the quality of the
fits for all the planes investigated. Most of the frequencies not taken into account
in the fit (the open dots in Figure 4.5) also are on the lines that result from the fit.
Some of these frequencies in the x′y′ plane slightly deviate, but the deviations are
within the line widths of the corresponding ENDOR lines.1 The resulting four A

1After publication of this work it was realized that these deviations arise from what Abragam
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Figure 4.4: The pulsed ENDOR spectrum of a single crystal of 1%
CoiPr,PhL2/Zn

iPr,PhL2 taken at 40 degrees from x′ in the x′y′ plane of the g′ ten-
sor at a field strength of 3.454 T. The spectrum shows four ENDOR lines in the region
around the nuclear Zeeman frequency (νZ) of phosphorus.

tensors are presented in Table 4.1. The tensors A1 and A2 are similar, as well as the
tensors A3 and A4.

The analysis relies on the assumption that the principal axes of the ZFS and
g tensors coincide and on the values of D and E. In order to estimate the uncertainty
in the A tensors that results from these assumptions, we varied the ratio E/D in
the range (−0.3, −0.333) and the values of D and E by 10%, while their ratio was
kept the same. In all cases, variations in the elements of the A tensors were limited
to 1 to 2%. We also considered off-diagonal terms in the g tensor of the order of
0.025, which led to variations between 1 and 7% in the elements of the A tensors.

and Bleaney call the pseudo-nuclear Zeeman effect. [3] Recently Sottini and Groenen [110] revisited
the perturbation approach followed by Abragam and Bleaney and showed that the name pseudo-
nuclear Zeeman effect does not do justice to its physical nature.
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Figure 4.5: The phosphorus ENDOR resonances as a function of the orientation of
the magnetic field in the following planes: x′y′ (a), −50 degrees from x′ in the x′y′ plane
towards z′ (b), z′x′ (c), 40 degrees from x′ in the x′y′ plane towards z′ (d) and z′y′

(e). The dots represent the data points, the lines are the fits based on Equation 4.5.
The ENDOR shift is defined as νZ − νENDOR. The open dots represent the points
with deviating width and shape that have been omitted in the fitting procedure.

In any case, the above analysis was found superior to the alternative approach of
working in the effective spin 1/2 picture. In that case, no assumptions as regards
the g tensor are necessary. At W band, the treatment of the Zeeman term as a first
order perturbation with respect to the ZFS term in Equation 4.1 leads to energies
that still provide an adequate description of the EPR spectra. However, for the
interpretation of the ENDOR spectra we need the eigenstates and the effective spin
1/2 treatment was found to introduce appreciable errors in the expectation value

⟨S⃗⟩. Too low expectation values were found, with deviations up to 40% for some
orientations. In spite of this, the directions of the principal axes of the A tensors
came out the same in both treatments.

49



4. A W-band pulsed EPR/ENDOR study of Co(II)S4 coordination in
the Co[(SPPh2)(SP

iPr2)N]2 complex

A1/h A2/h

0.38 −0.45 −0.71 0.30 0.51 −0.80
−0.45 −2.06 0.02 0.51 −2.05 −0.01
−0.71 0.02 −1.65 −0.80 −0.01 −1.66

A3/h A4/h

2.49 −1.00 −1.42 2.63 1.16 −1.35
−1.00 1.20 1.19 1.16 1.28 −1.11
−1.42 1.19 1.83 −1.35 −1.11 1.84

Table 4.1: Hyperfine tensors of the four phosphorus nuclei as obtained from the fit
of the ENDOR frequencies using Equation 4.5. The hyperfine values are expressed
in MHz. The tensors are represented in the reference frame of the g′ tensor (x′, y′,
z′). The sign of the tensor elements corresponds to the assumption that the ENDOR
signals derive from the β manifold.

4.5 Discussion

The coordination of Co2+ to sulfur containing ligands in Co(II)S4 chemical or bio-
logical sites is difficult to study by EPR because of the large ZFS of the S = 3/2
high-spin configuration. At W band, ESE-detected EPR and ENDOR experiments
have been found feasible for a 1% CoiPr,PhL2/Zn

iPr,PhL2 single crystal. The EPR
and ENDOR spectra were studied as a function of the orientation of the magnetic
field with respect to the crystal. In the ENDOR spectra, signals were identified
from phosphorus, nitrogen and hydrogen atoms of the coordinated ligand and they
present the possibility of a quantitative analysis of the delocalization of the electron-
spin density beyond the Co(II)S4 core. Interactions between a Co2+ site and distant
phosphorus atoms have been investigated in the cobalt-substituted zinc finger 3 of
transcription factor III A. [79]

In our system we have been able to fully analyze the phosphorus ENDOR data
and the complete hyperfine tensors are given in Table 4.1. In order to discuss these
results, we first describe the crystal structure of the CoiPr,PhL2 complex.

The CoiPr,PhL2 complex crystallizes in the C2/c space group with four magnet-
ically indistinguishable molecules in the unit cell. [108] The CoS4 core has D2d

symmetry, but the symmetry of the complex is lower because the two phosphorus
atoms in each CoSPNPS ring (Figure 4.1) carry different peripheral groups (iPr and
Ph). Only one two-fold rotation axis is left, which is indicated by C ′

2 as it is perpen-
dicular to the S4 axis of the core. The C ′

2 axis bisects the exo S−Co−S angles and
is parallel to the crystallographic b axis. The complex adopts the so-called “bird-
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arrangement”. In view of the near equivalence observed for the structures of the
analogous CoL2 and ZnL2 complexes, we assume that the description of the struc-
ture of the CoiPr,PhL2 complex as derived from the crystal structure also applies to
the structure of the complex in the mixed 1% CoiPr,PhL2/Zn

iPr,PhL2 crystal.

Recently we have performed a continuous-wave EPR study of CoiPr,PhL2 at 9,
95 and 275 GHz. [5] At X band, the continuous-wave EPR spectrum of a mixed
crystal, similar to the crystal investigated here, shows fully resolved cobalt (I = 7/2)
hyperfine structure. An orientation study of this hyperfine structure revealed the
coincidence of the principal axes of the effective g′ tensor and the effective cobalt
hyperfine tensor, although this is only enforced by symmetry for one of the axes,
the one parallel to the C ′

2 axis. The principal axes of the g′ tensor follow those of
the ZFS tensor because of the negligible contribution of the off-diagonal elements of
the g tensor to the g′ tensor. Owing to the symmetry of the complex, one of the
principal axis of the g tensor must also be parallel to the C ′

2 axis, and only one of
the off-diagonal terms (gxz, as we will see below) might be non-zero. The principal
values of the g′ tensor at X band are 1.62, 2.38 and 6.44. [5]

The ESE-detected EPR spectra at W band are consistent with the interpretation
of the continuous-wave spectra at X band. The four molecules in the unit cell are
magnetically indistinguishable and, for each orientation of the magnetic field with
respect to the crystal, a single line is observed. As expected, the principal values of
the g′ tensor, 1.61, 2.34 and 6.42, slightly differ from the ones obtained at X band.
The description in terms of an effective S = 1/2 spin is less applicable at W band
than at X band, because the intra-doublet splitting (the microwave quantum) is
about 10% of the inter-doublet splitting. The limits of such a description at W band
are found to concern much more the eigenstates than the eigenvalues. The cobalt
hyperfine structure, resolved at X band for all orientations of the magnetic field, is
largely anisotropic and biggest for the magnetic field parallel to z′. Only along this
direction the cobalt hyperfine structure is resolved in the ESE detected EPR spectra
at W band.

For the interaction of the electron spin and a phosphorus nuclear spin I = 1/2,
the ENDOR spectrum is expected to consist of two lines symmetrically displaced
with respect to the phosphorus nuclear Zeeman frequency. The CoiPr,PhL2 complex
contains four phosphorus nuclei and eight lines are expected. For none of the ori-
entations of the magnetic field with respect to the crystal are more than four lines
observed in the ENDOR spectrum, and no more than two on either side of the nu-
clear Zeeman frequency. Moreover, the ENDOR shift of the lines above and below
the nuclear Zeeman frequency is not identical. We conclude that the lines derive
from the four phosphorus nuclei and that for each nucleus only one ENDOR line
shows up, either above or below the nuclear Zeeman frequency. A difference in the
intensity of the ENDOR lines on either side of the nuclear Zeeman frequency has
been observed before in experiments at large thermal polarization. [111, 112] It
is related to relaxation in the spin system. The systematic absence of one of the
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ENDOR lines in our case deserves further attention. The deviating width and shape
of some of the ENDOR lines, like the one to the right in Figure 4.4, most probably
results from a slight magnetic inequivalence of the four molecules in the unit cell,
which shows up at the ENDOR level (100 kHz).

Each of the phosphorus hyperfine tensors A1, A2, A3, A4 in Table 4.1 corresponds
to one of the phosphorus nuclei in the CoiPr,PhL2 complex. The tensor elements of
A1 and A2 have approximately equal magnitudes, while the x′y′ and y′z′ elements
have opposite sign and the same holds for A3 and A4. We conclude that the A1 and
A2 tensors belong to two phosphorus atoms that carry the same peripheral group
(either iPr or Ph) and are related by a two-fold rotation around y′. The principal
y′ axis of the g′ tensor is consequently parallel to the C ′

2 axis of Co
iPr,PhL2. The same

applies to A3 and A4. The fact that the magnitude of the tensor elements is similar,
but not identical implies that the symmetry of the complex is only approximately
C2.

After diagonalization of the A tensors of the four phosphorus nuclei in Table 4.1,
we arrive at the principal values, which carry an isotropic and an anisotropic part.
The tensors A1 and A2 are similar, and the same holds for A3 and A4. In Table 4.2
we present the average diagonalized tensor for both types of phosphorus nuclei, one
that belongs to the phosphorus that carry two Ph groups and one that belongs to
the phosphorus that carry two iPr groups.

Ax′′x′′/h Ay′′y′′/h Az′′z′′/h Aiso/h

P1,2 −1.07 −0.72 1.79 −1.13

P3,4 −1.53 −0.99 2.52 1.88

Table 4.2: Hyperfine tensors of the two types of phosphorus nuclei. The principal
values of the anisotropic hyperfine tensors and the isotropic hyperfine values are ex-
pressed in MHz. The principal axes systems of the hyperfine tensors are indicated by
(x′′, y′′, z′′). The sign of the tensor elements corresponds to the assumption that the
ENDOR signals derive from the β manifold.

To which phosphorus do the hyperfine tensors belong? A significant part of the
spin density will be on cobalt. For spin density one on cobalt, at a distance of 0.33
nm from phosphorus, the dipolar contribution to the anisotropic hyperfine tensor
of the phosphorus would be −0.8 MHz, −0.8 MHz, 1.6 MHz. The ratio of these
principal values amounts to −1, −1, 2. The correspondence of the signs of the
dipolar contribution with the signs of the principal values of the anisotropic tensors
in Table 4.2 corroborates our assumption that the observed ENDOR lines belong
to the nuclear-spin transition in the electron-spin β manifold. Comparison with the
tensors in Table 4.2 further shows that the principal values do not quantitatively
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adhere to the dipolar ratio. This is not surprising because not only the spin density
on cobalt contributes to the anisotropic part of the phosphorus hyperfine tensor.
Nevertheless, if we calculate the angle between the direction of the principal z′′ axes
of the corresponding tensors A1 and A2, we find an angle of 161 degrees. From
the crystal structure [108] we calculate an angle of 170 degrees between the vectors
connecting the cobalt with the two phosphorus atoms that carry the Ph groups.
The near equivalence of these angles leads to the conclusion that the tensors A1

and A2 most probably belong to the phosphorus atoms that carry the Ph groups
(P1,2 in Figure 4.1 and Table 4.2). Similarly, the principal z′′ axes corresponding
to the tensors A3 and A4 make an angle of 128 degrees, and the vectors connecting
the cobalt with the two phosphorus atoms that carry the iPr groups an angle of
119 degrees. [108] The tensors A3 and A4 most probably belong to the phosphorus
atoms that carry the iPr groups (P3,4 in Figure 4.1 and Table 4.2). It should be
noted that 31P NMR studies of CoiPr,PhL2 also made it possible to distinguish the
two different types of phosphorus atoms. [108]

Finally a remark about the isotropic part of the phosphorus hyperfine tensors.
The isotropic hyperfine interaction has different sign for the two types of phosphorus,
negative for P1,2 and positive for P3,4. The small s-spin density is negative on the
phosphorus that carry the Ph groups and positive on the phosphorus that carry the
iPr groups.

4.6 Conclusion

Pulsed EPR/ENDOR experiments at 95 GHz have been shown feasible for a biden-
tate high-spin (S = 3/2) Co2+ complex in which the cobalt is coordinated by four
sulfur atoms. From the study of the ESE-detected EPR spectra of a diamagneti-
cally diluted 1% CoiPr,PhL2/Zn

iPr,PhL2 crystal as a function of the orientation of the
magnetic field with respect to the crystal, the orientation of the principal axes of
the effective g′ tensor could be determined. This in turn enabled the study of the
pulsed ENDOR spectra as a function of the orientation of the magnetic field in this
molecule-fixed axes system.

The ENDOR spectra revealed signals from ligand phosphorus nuclei, which were
analyzed in detail and complete hyperfine tensors were obtained for all four phos-
phorus atoms in the complex. On the basis of the anisotropic parts, the tensors
could be assigned to the two types of phosphorus present, the phosphorus that carry
two Ph groups and the phosphorus that carry two iPr groups. The isotropic hy-
perfine interactions of the differently substituted phosphorus have opposite sign.
The phosphorus hyperfine tensors reveal the asymmetry in the delocalization of the
spin density from cobalt over the ligand. This implies that the Co−S bonds are
non-equivalent as a result of a subtle difference far away from the Co(II)S4 core.

53



4. A W-band pulsed EPR/ENDOR study of Co(II)S4 coordination in
the Co[(SPPh2)(SP

iPr2)N]2 complex

54



Chapter 5

High-frequency EPR study of the
pseudo-tetrahedral high-spin Fe2+

complex Fe[(SPPh2)2N]2

We report continuous-wave (cw) EPR spectra of a powder of the high-spin Fe2+

complex Fe[(SPPh2)2N]2 at 275.7 GHz (J band) and 94.1 GHz (W band). These
spectra show that the complex occurs in two different conformations, which have
a slightly different electronic structure near the iron ion. At J band also crystals
of the complex were studied, which made it possible to assign the signals observed
in the powder spectra to the two slightly different iron sites and determine their
spin-Hamiltonian parameters with high accuracy.

Guinevere Mathies, Spyros Chatziefthimiou, Dimitrios Maganas, Yiannis Sanakis,
Silvia Sottini, Panayotis Kyritsis and Edgar J. J. Groenen, in preparation.
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5.1 Introduction

Pursuit of experimental data on the electronic structure of high-spin Fe2+ sites is
of great relevance for bioinorganic chemistry. [98, 113] High-spin Fe2+ occurs in the
active sites of many metalloproteins, but the understanding of their electronic struc-
ture is still developing. [8] Electron-paramagnetic-resonance (EPR) spectroscopy
is a suitable and sensitive method to investigate the electronic structure of para-
magnetic transition-metal sites. However, high-spin Fe2+ systems, S = 2, tend to
be EPR silent at the standard microwave frequency of 9.5 GHz (X band) or, if a
spectrum is observed, it is little informative. [114–117]

The degeneracy of the five magnetic sublevels of the S = 2 spin system, a non-
Kramers system, may be completely lifted at zero field. This zero-field splitting
(ZFS) is often much larger than the X-band microwave quantum. Therefore the
quantitative study of high-spin Fe2+ systems by EPR had to await the technical
development of high-frequency/high-field EPR (HF EPR). [118] In recent literature
a handful of studies of high-spin Fe2+ complexes by HF EPR can be found, [119–125]
and one study of a frozen solution of the protein rubredoxin, which contains in the
reduced form high-spin Fe2+ in its active site. [59]

Here we study the high-spin Fe2+ complex Fe[(SPPh2)2N]2, abbreviated as FePh,PhL2,
by high-frequency EPR. In this complex two bidentate disulfidoimidodiphosphinato
ligands constitute a compressed, approximately tetrahedral sulfur coordination of
the iron, see Figure 5.1.

Figure 5.1: The molecular structure of Fe[(SPPh2)2N]2.
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5.2. Materials and methods

We report continuous-wave (cw) EPR spectra of FePh,PhL2 powder at 275.7 GHz
(J band) and 94.1 GHz (W band). These spectra show that the complex occurs in two
different conformations, which have a slightly different electronic structure near the
iron ion. At J band also crystals of the complex were studied, which made it possible
to assign the signals observed in the powder spectra to the two slightly different iron
sites and determine their spin-Hamiltonian parameters with high accuracy.

5.2 Materials and methods

5.2.1 Sample preparation

FePh,PhL2 was prepared as described by Davison et al. [126] Grain/crystal size was
determined by the ratio CH2-Cl2/hexane from which the material was recrystallized,
which determined the precipitation speed. The FePh,PhL2 crystals show variation in
color. Some are brownish, others are colorless to the eye. The brownish crystals are
suspected to contain a Fe3+ species. The quality of the crystals varies. Many, par-
ticularly the larger ones, consist of multiple crystals grown together. For the J-band
crystal measurements high-quality, colorless crystals were selected. The crystals had
a parallelepiped shape of which the length of two edges was similar and the third edge
was considerably longer. The size of the crystals studied at J band was estimated
to be 0.3 × 0.08 × 0.08 mm. For the J-band experiments a suprasil sample tube
of inner diameter 0.15 mm was used (VitroCom Inc.). The effective sample volume,
determined by the microwave cavity, is approximately 20 nl. [64] The sample tube
was filled with silicon grease to fix the crystal at low temperatures. To align the long
edge of the crystal with the sample tube axis a crystal was stuck to a suprasil rod
with silicon grease and inserted into the sample tube, which was filled with grease.

5.2.2 EPR experiments

The cw J-band EPR spectra were recorded on an in-house developed spectrometer,
[9] using a probe head specialized for operation in cw mode as described in Chapter
2. [64] A single-mode cavity was used for detection of the EPR signal. A sample
tube can be inserted from one end of the cavity and rotated by 360 degrees around
its axis. The magnetic field is applied perpendicular to this axis. The cw W-
band spectra were recorded on a Bruker Elexsys E680 spectrometer using a W-band
“ENDOR” probe head with a cylindrical TE011 cavity in a CF935W flow cryostat
(Oxford Instruments). During the low-temperature experiments the waveguide was
heated just outside the cryostat to avoid condensation inside the waveguide. The cw
X-band spectra were also recorded on a Bruker Elexsys E680 spectrometer, using a
TE102 rectangular cavity equipped with an ESR 900 Cryostat (Oxford Instruments).

57



5. High-frequency EPR study of the pseudo-tetrahedral high-spin Fe2+

complex Fe[(SPPh2)2N]2

5.3 Results

Figure 5.2 shows the cw J-band spectra of a powder of FePh,PhL2 at 10, 25 and 50 K.
The spectra are rich in signals and cover a magnetic field range of 10 T. A group
of signals between 0.8 and 3.5 T loses intensity relative to a second group of four
signals between 5.5 and 9 T as the temperature increases. As the magnetic field
sweep starts from zero the EPR signal decreases, which suggests an absorption of
microwaves at zero field, and reaches a minimum approximately at 700 mT at 10 K
and approximately at 200 mT at 25 and 50 K. The fine structure, most pronounced
in the 10 K spectrum around 2 T, which seems to be noise, reproduces in consecutive
scans, but changes if the sample tube is rotated between scans.

Figure 5.2: J-band powder spectra of FePh,PhL2 at 10, 25 and 50 K. Solid lines:
experimental spectra, dashed line: simulation molecule 1, dotted line: simulation
molecule 2. Experimental conditions: microwave frequency 275.7 GHz, microwave
power 1 µW, modulation amplitude 3 mT, modulation frequency 1.8 kHz. Around
g = 2 (9.84 T) signals from a Mn2+ impurity are observed.
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5.3. Results

In Figure 5.3 the J-band spectrum of a crystal of FePh,PhL2 shows a low-field
group of signals and a high-field group of four signals. This crystal was placed in
the sample tube such that its long edge was parallel to the axis of the sample tube,
around which it can be rotated. The magnetic field is applied perpendicular to this
axis of rotation. Figure 5.4 shows the behavior of the high-field signals as the sample
is rotated. The four signals belong together two by two, as indicated in Figure 5.4 by
the dashed and dotted lines. The dashed lines intersect at an orientation of 0 (and
90) degrees, while the dotted lines intersect at an orientation of 15 (and 105) degrees.
Apart from a number of “extra” signals, marked in Figure 5.4, the high-field part
of the J-band crystal spectrum is invariant under a rotation by 90 degrees. Spectra
recorded on this crystal at 10 and 5 K showed no significant changes in the relative
intensities of the four high-field signals, but the “extra” signals became relatively
strong at 5 K.

Figure 5.3: J-band spectrum at 25 K of a crystal of FePh,PhL2 aligned such that B0 is
approximately perpendicular to the long edge of the crystal. The relative orientation
of the crystal in the plane perpendicular to the long crystal edge is 90 degrees, see
Figure 5.4. Around g = 2 (9.84 T) signals from a Mn2+ impurity are observed.

Crystal spectra were also recorded at J band for two other crystals, one oriented
arbitrarily and one aligned with its long edge perpendicular to the axis of the sample
tube. Spectra of both crystals showed the low-field and high-field groups of signals,
and the dependence on the orientation of the crystal with respect to the applied
magnetic field in line with the spectra shown in Figure 5.3 and Figure 5.4. For the
orientation of the long edge of the crystal parallel to the applied magnetic field the
latter crystal showed a signal at 250 mT.

Spectra recorded at W band in cw mode for FePh,PhL2 powder show three signals,
at 0.9, 1.4 and 2.9 T, see Figure 5.5. Also a very broad signal is observed, stretching
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Figure 5.4: High-field region of J-band spectra at 25 K of a FePh,PhL2 crystal aligned
such that B0 is approximately perpendicular to the long edge of the crystal. The
angles shown in the graph represent the relative orientation around the long crystal
edge, the orientation of 0 degrees is chosen arbitrarily. The dashed and dotted lines
show the behavior of the resonance fields calculated using EasySpin for molecule 1 and
molecule 2, respectively, under the assumption that the z-axis of the spin system is
perfectly perpendicular to B0. The “extra” signals are marked with a ⋆.

from approximately 0.5 to 3.5 T, of which the exact shape is difficult to resolve due
to baseline drift during the scan, and a sharp peak at 1.6 T. All signals become
stronger if the temperature is lowered from 20 to 12.5 K.

Figure 5.6 shows X-band spectra of a powder of FePh,PhL2. A broad peak is
observed, which shifts to lower field and broadens as the temperature increases. The
maximum of the peak is observed at 67, 65.6, 62.2, 53.4 mT at 5, 20, 40, 60 K
respectively.

J-band spectra were also measured on a diamagnetically diluted powder contain-
ing 5% FePh,PhL2 and 95% ZnPh,PhL2 and on a mixed crystal containing 1% FePh,PhL2

60



5.4. Analysis

Figure 5.5: W-band powder spectra of FePh,PhL2 at 12.5 and 20 K. Solid lines: exper-
imental spectra, dashed line: simulation molecule 1, dotted line: simulation molecule 2.
Experimental conditions: microwave frequency 94.1 GHz, microwave power 0.02 mW,
modulation amplitude 1.5 mT, modulation frequency 90 kHz. A strong Mn2+ impurity
is observed at g = 2 (3.36 T). A baseline was subtracted.

and 99% ZnPh,PhL2. These spectra were in agreement with the 100% FePh,PhL2 spec-
tra, and were of low intensity, according to the diamagnetic dilution. Attempts to
detect an electron spin echo of 100% FePh,PhL2 powder at J band and W band were
not successful, not even at 1.7 K.

5.4 Analysis

The EPR spectra of high-spin Fe2+, S = 2, are interpreted using the following spin
Hamiltonian. [3]

H = µBB⃗0 · ⃗⃗g · S⃗ + S⃗ · ⃗⃗D · S⃗ (5.1)

The g tensor in the first term describes the anisotropy of the Zeeman interaction.
The second term is a field independent fine-structure term, the zero-field splitting

(ZFS). The ZFS tensor,
⃗⃗
D, is symmetric, can be taken traceless, and is characterized
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Figure 5.6: X-band powder spectra of FePh,PhL2 at 5, 20, 40 and 60 K. Experimental
conditions: microwave frequency 9.488 GHz, microwave power 100 mW, modulation
amplitude 0.5 mT, modulation frequency 100 kHz. The wiggles showing up in the 5 K
spectrum most prominently are forbidden transitions of a Mn2+ impurity.

by two parameters, D and E.

D = 3/2Dz, E = 1/2(Dx −Dy) (5.2)

The rhombicity of
⃗⃗
D is given by the ratio λ = E/D. The principal axes are chosen

such that |Dz| > |Dy| > |Dx| and thus 0 < λ < 1/3.
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In zero field the eigenfunctions and eigenvalues of this spin Hamiltonian are [116]
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E2s′ = 2
√
D2 + 3E2

E2a = 2D

E1s = −D + 3E

E1a = −D − 3E

E0′ = −2
√
D2 + 3E2 (5.4)

The size of |D| is typically between 150 and 600 GHz. If the ZFS tensor is axial,
λ = 0, the quintet splits into two doublets, |2s′⟩, |2a⟩ and |1s⟩, |1a⟩, and a singlet,
|0′⟩. A non-zero value of λ lifts the degeneracy completely and introduces an ms = 0
component in the |2s′⟩ state and ms = ±2 components in the |0′⟩ state, as shown
by the accent in the names of the states. For D > 0 the state |0′⟩ is the lowest in
energy.

Figure 5.7 shows the behavior of the five magnetic sublevels as a function of B0

applied along the principal directions x, y and z for a positive D of 266 GHz and
λ = 0.052, assuming that the principal axes of the D and g tensor are collinear.
These ZFS parameters describe one of the two molecules present in the FePh,PhL2

samples we investigated, as will become clear in this section. J-band transitions are
shown in Figure 5.7 by vertical lines. From the temperature dependence of their
intensity we conclude that the low-field signals observed in the J-band spectra arise
from transitions from the ground state |0′⟩ to the states |1s⟩, |1a⟩, while the high-field

63



5. High-frequency EPR study of the pseudo-tetrahedral high-spin Fe2+

complex Fe[(SPPh2)2N]2

Figure 5.7: The dependence of the energy of the five magnetic sublevels of the S =
2 spin system on the magnitude of the magnetic field applied along the x, y and z
direction for molecule 2. The vertical lines show 275.7 GHz resonances. The dashed
resonances have a low transition probability.

signals arise from transitions between the states |1s⟩ and |1a⟩. We will start with
the interpretation of the high-field signals.
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5.4. Analysis

At high magnetic fields the states |1s⟩ and |1a⟩ start to behave almost as a dou-
blet. The powder spectrum of an anisotropically split doublet reflects the principal
values of the g tensor. In this case a 275.7 GHz transition within the “|1s⟩, |1a⟩ dou-
blet” is almost forbidden if B0 is parallel to the z-axis of the system and the powder
spectrum is expected to show only the transitions drawn in the energy level plots
for B0 ∥ x at 6.4 T and B0 ∥ y at 8.3 T. However, the J-band spectra of FePh,PhL2

show four signals in the range 5.5 − 9 T, not two. There are no signs of an exchange
interaction between the iron sites, which could additionally split the energy levels,
since the spectra on the diamagnetically diluted material match the 100% FePh,PhL2

spectra. This suggests that there are two FePh,PhL2 molecules with slightly different
spin-Hamiltonian parameters contributing to the powder spectra.

The crystal spectra recorded at J band help to separate the signals contribut-
ing to the powder spectra. The behavior of the high-field signals as the crystal is
rotated around an axis parallel to its long edge and perpendicular to B0 is shown
in Figure 5.4. Clearly the inner signals, see the dashed lines in Figure 5.4, and the
outer signals, see the dotted lines, belong together. The extreme resonance fields of
the two outer signals, as in the spectra of relative orientation 60 and 150 degrees,
correspond to the two outer high-field signals in the powder spectrum shown in Fig-
ure 5.2. Thus, the long edge of the crystal must be parallel to the z-axis of the spin
system, of which the behavior of the magnetic sublevels is plotted in Figure 5.7. Ro-
tation around the axis of the sample tube corresponds to a rotation in the x, y-plane.
The inner signals arise from what we call molecule 1 and the outer signals arise from
molecule 2. The x,y-axes of molecule 1 are rotated around the common z-axis by
approximately 15 degrees with respect to the x,y-axes of molecule 2.

Each crystal spectrum in Figure 5.4 shows four high-field signals, which is remark-
able, since two signals, one from each molecule, are expected. Also, a rotation by
90 degrees returns the same spectrum. This can only be explained if both molecules
occupy two magnetically distinguishable sites, which are rotated with respect to each
other by 90 degrees around the z-axis.

To determine the spin-Hamiltonian parameters that describe the electronic struc-
ture of the iron sites of the two molecules, the experimental J-band spectra were
compared to spectra calculated by numerical diagonalization of the spin-Hamiltonian
using EasySpin. [6] Starting values for the ZFS parameters D and E were deter-
mined from the J-band powder spectra, using the information we obtained from the
crystal spectra, namely that the two inner high-field signals arise from molecule 1
and the two outer high-field signals arise from molecule 2. These two parameter
sets would give rise to W-band transitions between the states |1s⟩ and |1a⟩. The
exact resonance fields of these transitions are very sensitive to the value of E and
therefore the signals observed at 0.9, 1.4 and 2.9 T in the W-band powder spectra
were used to establish the value of E for both parameter sets. Further fine tuning
was performed from the J-band powder spectra, which are very sensitive to D and
the principal values of the g tensor.
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The spin-Hamiltonian parameters that describe the iron sites of the two molecules
best are

(1) D = 275 GHz, λ = 0.021

gx = 2.11, gy = 2.14, gz = 2.1

(2) D = 266 GHz, λ = 0.052

gx = 2.10, gy = 2.12, gz = 2.1

Powder spectra calculated with these parameters are shown in Figure 5.2 and Fig-
ure 5.5, taking into account an isotropic line width of 50 mT. In Figure 5.4 the
calculated behavior of the high-field resonances in the x, y-plane is shown for both
parameter sets. From the dependence of the J- and W-band resonances on a change
in the parameters, as calculated using EasySpin, we estimate the uncertainties in
the spin-Hamiltonian parameters: ± 2 GHz for D, ± 0.002 for λ, ± 0.01 for gx, gy,
and ± 0.05 for gz.

The X-band FePh,PhL2 powder spectra show a peak that shifts to lower field as the
temperature is increased, starting at 67 mT at 5 K. This resonance is incompatible
with the parameter sets 1 and 2. In an X-band spectrum molecule 2 is expected to
show a weak positive peak at 90 mT resulting from a transition between the states
|2s′⟩ and |2a⟩. Molecule 1 has an almost axial ZFS tensor, which makes a transition
between |2s′⟩ and |2a⟩ forbidden, and is not expected to give any signal at X-band.
We conclude that the observed X-band spectra do not arise from molecules 1 and 2,
which gave rise to the dominant features in the J- andW-band spectra. Moreover, the
two parameter sets do not cover the microwave absorption at zero field in the J-band
powder spectrum and the broad signal between 0.5 and 3.5 T and the sharp peak
at 1.6 T in the W-band powder spectra. In the crystal spectra shown in Figure 5.4
we observed “extra” resonances and in the J-band spectrum of the crystal aligned
with its long edge parallel to B0 we observed a signal at 250 mT. These observations
point to the presence of a third component with a conformation that is not well
defined in the powder. For this component the spin-Hamiltonian parameters are
distinctly different from those for molecules 1 and 2, and we estimate D ≈ 210 GHz
and λ ≈ 0.1.

5.5 Discussion

The low-field and high-field groups of signals observed in the J-band spectra of
FePh,PhL2 powder, see Figure 5.2, and also the signals observed in the W-band powder
spectra at 0.9, 1.4, 2.9 T, see Figure 5.5, can be understood with the parameter sets 1
and 2. The signals observed in the crystal spectra at J band and their dependence
on the relative orientation of B0 are covered, see Figure 5.4. Small deviations in the
calculated resonance fields and, for some orientations, small, unexpected splittings
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5.5. Discussion

of the resonances are observed, because we did not attempt to align the principal x
and y axes of the spin system exactly with B0.

The resonance fields of a J-band spectrum of a typical high-spin Fe2+ system are
sensitive to a small change in the spin-Hamiltonian parameters, as is clear from the
error estimates in these parameters. For our system the W-band resonances were
sensitive to a change in E, but rather insensitive to a change in the other parameters,
which made it possible to use these spectra as a starting point in the fine tuning of
the parameters. The spectra of the crystal were necessary to distinguish between
the two components present in the powder spectra.

The shapes of the resonances are not as well reproduced by the simulations as the
resonance fields. For instance, the line width of the low-field signals in the J-band
powder spectra can not be properly reproduced. More importantly, the shape of
the four high-field signals in the J-band powder spectra is not properly calculated.
In fact, for unknown reasons, already in the simulations of the crystal spectra the
intensity of the high-field transitions, which arise if B0 is parallel, or nearly parallel,
to the y-axis, is underestimated. This mismatch between experiment and simulation
deserves further attention.

The signals in the experimental spectra that are not covered by the parame-
ter sets 1 and 2 arise from a third component, which is distinctly different from
molecule 1 and 2. The width of the zero-field resonance in the J-band powder spec-
tra and the extremely broad peak in the W-band powder spectra suggest that there
is a distribution of conformations this component can take up in the powder. The
presence of such a distribution can explain the shift of the positive peak in the X-
band spectra to lower field as the temperature is increased. As the values of D and
E change, both the resonance field of the transition between the states |2s′⟩ and |2a⟩
and the temperature at which its intensity is highest shift.

Figure 5.1 shows the structure of FePh,PhL2 as determined by X-ray diffraction
on a crystal at room temperature (S. Chatziefthimiou, private communication). The
FeS4 core assumes an approximately compressed tetrahedral geometry (two larger
angles, 115◦, and four smaller ones, 107◦). [95] The bidentate (SPPh2)2N ligands
form two twisted rings with the iron atom. The complex as a whole has approxi-
mately S4 symmetry.

The complex FePh,PhL2 crystallizes in the P−1 space group. The edges of the
unit cell are 14.364(7), 13.823(6) and 13.337(6) Å, the angles α, β and γ are
110.203(16), 114.032(17) and 82.425(13) degrees, respectively. The unit cell con-
tains two molecules, which are connected by an inversion center and therefore can
not be distinguished by EPR. The J-band and W-band EPR spectra of FePh,PhL2

powder, however, can only be explained by, at least, two sets of spin-Hamiltonian
parameters, which undoubtedly arise from, at least, two molecules, which differ in
structure. Moreover, in the crystal these two molecules are found to occur at two
magnetically distinguishable sites, which are rotated with respect to each other by
90 degrees around the z-axis. Thus, the EPR spectra of FePh,PhL2 are incompatible
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with the information obtained on the crystal structure by X-ray diffraction.
X-ray diffraction on a crystal of the analogous CoPh,PhL2 complex revealed a unit

cell, space group P−1, that contains in total four molecules. [127] Molecule 1a and
2a are crystallographically independent and are connected to molecule 1b and 2b
by an inversion center. Two molecules with different spin-Hamiltonian parameters
are thus expected to be observed by EPR spectroscopy. However, only one set
of spin-Hamiltonian parameters was observed experimentally. [5] X-ray diffraction
on crystals of the analogous ZnPh,PhL2 complex revealed two crystal structures, i.e.
two different unit cells: one unit cell similar to the unit cell described above for
FePh,PhL2 and another unit cell similar to the unit cell described above for CoPh,PhL2

(S. Kyritsis, private communication).
To assure that the unit cell of the crystal studied by J-band EPR is the unit cell

described above for FePh,PhL2 and to exclude that the crystal we studied is a twin,
X-ray diffraction was performed, at room temperature, on one of the crystals we
studied at J band. This crystal was found to be a single crystal and, moreover, the
unit cell is indeed the unit cell described above for FePh,PhL2. Thus, a remarkable
incompatibility between the X-ray diffraction data and the EPR data on this material
stands. Possibly the temperature at which the data are acquired plays a role: room
temperature for X-ray diffraction versus 50 K or less for the EPR spectroscopy. Small
temperature dependent variations in structure for high-spin Fe2+ complexes have
been observed by others. [124, 125] We are currently investigating this possibility.

5.6 Conclusion

While X-band EPR spectra of high-spin Fe2+ systems are notoriously poor in in-
formation, the W-band and particularly the J-band EPR spectra of FePh,PhL2 are
very rich and sensitive to small changes in the electronic structure of the iron sites.
The combination of J-band and W-band EPR on this complex both in the form
of a powder and of a crystal made it possible to determine with high accuracy the
spin-Hamiltonian parameters of both conformations in which the complex occurs.
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Chapter 6

The two Fe3+ binding sites in
human serum transferrin
distinguished by high-frequency
EPR

Continuous-wave electron-paramagnetic-resonance (EPR) spectra at 275.7 GHz of
human serum transferrin allow to distinguish the signals of the high-spin Fe3+ ions
bound by the two homologous lobes of the protein. This observation is confirmed
by the 275.7 GHz spectra of two authentic monoferric human serum transferrins in
which the iron binding by either the N-lobe or the C-lobe has been disabled by a site-
directed mutation. The spectra of the monoferric mutants as well as the wild-type
spectra are well reproduced by simulations and quantitatively analyzed in terms of
their spin-Hamiltonian parameters.

Guinevere Mathies, Ashley N. Steere, N. Dennis Chasteen, Anne B. Mason and
Edgar J. J. Groenen, in preparation.
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6. The two Fe3+ binding sites in human serum transferrin distinguished
by high-frequency EPR

6.1 Introduction

The transferrin family of proteins plays a central role in the iron metabolism of
vertebrates, and some invertebrates. [16] Human serum transferrin (hTF) transports
iron to cells and assures that no free iron ions are present in the blood. The protein
consists of two homologous lobes, termed the N- and C-lobe, each capable of binding
strongly (binding constant in excess of 1020) and reversibly an Fe3+ ion. Each lobe
is comprised of two domains that open and close with a hinge motion. The iron is
bound deeply in this cleft in a distorted octahedral coordination. Four ligands to
the iron are provided by the conserved amino acid residues aspartic acid, histidine
and two tyrosines. The two other ligands are constituted by a bound anion, the
synergistic anion, which is naturally carbonate, CO2−

3 .

All modern, bilobal transferrins are thought to have resulted from the same early
gene duplication of an ancestral, monolobal transferrin, [128] for which a candidate
has been found in the ascidian Ciona intestinalis. [129] Evidence exists of differences
in the iron-binding properties between the N- and C-lobe and of cooperativity be-
tween the lobes, [130–136] but no consensus in literature exists on what is the major
driving force behind the evolution of bilobal transferrins.

Electron-paramagnetic-resonance (EPR) spectroscopy is a suitable and sensitive
technique to investigate the electronic structure of paramagnetic transition-metal
sites. The Fe3+ bound to transferrin is in a high-spin state with a spin angular
momentum of S = 5/2. The first X-band (9.5 GHz) EPR spectrum of hTF was
reported as early as 1963. [137] Since then X-band EPR spectra have been reported
of other members of the transferrin family of proteins, [138–141] of transferrin in
different environments, [142, 143], bound to the transferrin receptor, [133] or con-
taining a synergistic anion other than carbonate. [144, 145] Moreover, spectra have
been recorded at S-band (2.73 GHz), Q-band (34.05 GHz), W-band (94.1 GHz) and
even at 285 GHz. [44, 55, 146] However, all of these spectra have withstood complete
understanding, even if two or more components were assumed to contribute to the
spectra. [86, 146]

Monoferric hTFs, which have iron bound only by the C-lobe or by the N-lobe, can
be obtained by adding iron to apo-hTF in the form of ferric nitrilotriacetate (C-lobe)
or ferric oxalate (N-lobe). [131, 147] Also, isolated recombinant C-lobe or N-lobe has
been prepared, [133, 143] which made it possible to study the effects of site-directed
mutations on the iron-binding through spectroscopic techniques. [148–151] The X-
band EPR spectra acquired on the monoferric forms of transferrin have the same
characteristics as the X-band spectra of the biferric forms. Subtle differences are
observed between the N- and C-lobe, but the two lobes cannot be distinguished in the
biferric spectra, nor can the differences be interpreted. The lack of an interpretation
of the EPR spectra of transferrin constitutes a considerable barrier in the study of
the iron binding by transferrin.

The higher the microwave frequency used, the more sensitive the EPR spectrum
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of high-spin Fe3+ is to small variations in the electronic structure. The last decades
have shown a strong increase in the possibilities of EPR at higher microwave frequen-
cies. However, it remained a challenge to achieve the sensitivity to record spectra of
frozen solutions of proteins that contain a transition-metal site in a high-spin state,
like transferrin. [44, 146] The concentration and available amount of the protein are
usually limited, and the spectra are hard to detect, because they cover large field
ranges and the observed EPR signals are broad. Recently we have demonstrated
that, using a single-mode cavity, it is possible to record high-quality EPR spectra
in continuous-wave (cw) mode at 275.7 GHz (J band) of millimolar frozen solutions
of the protein rubredoxin, whose active site in the oxidized state contains high-spin
Fe3+, see Chapter 2 of this thesis. [64]

Here we report the high-quality cw J-band spectra of hTF. In these spectra
the signals due to the two iron-binding sites of hTF are clearly resolved. This
observation is confirmed by the cw J-band spectra of two monoferric hTFs in which
the iron binding by either the N-lobe or the C-lobe has been disabled by a site-
directed mutation. [152] The spectra of the iron bound in the N- and C-lobe are
well reproduced using the EPR simulation package EasySpin, [6] taking into account
the effect of large conformational strain, and are quantitatively analyzed in terms of
their spin-Hamiltonian parameters.

6.2 Materials and methods

Human serum transferrin (hTF) was expressed in baby hamster kidney cells as
described in reference 152 and the references therein. The recombinant hTF is
non-glycosylated and contains an N-terminal hexa-histidine tag. It is functionally
indistinguishable from hTF isolated from serum and containing two Asn-linked gly-
cosylation sites. Monoferric hTF was realized by disabling one of the binding sites
by local mutations: monoferric C (FeC): N-His Y95F/Y188F hTF-NG, and mono-
ferric N (FeN): N-His Y426F/Y517F hTF-NG. The proteins were kept in 100 mM
HEPES buffer at pH 7.4.

The cw J-band EPR spectra were recorded on an in-house developed spectro-
meter, [9] using a probe head specialized for operation in cw mode as described in
Chapter 2. [64] The effective sample volume, limited by the microwave cavity, is
approximately 20 nl.

6.3 Results

The two upper spectra in Figure 6.1 are the cw J-band EPR spectra of frozen
solutions of two hTF mutants, in which either only the C-lobe (FeC) or only the N-
lobe (FeN) is able to bind iron. The FeC spectrum shows a broad, positive EPR signal
at 8.68 T, and another, less broad, positive signal at 9.24 T, which occurs roughly
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halfway between the 8.68 T signal and the signals around g = 2 (at 9.838 T). The
spectrum also shows a broad, negative signal at 11.11 T, and another, less broad,
negative signal at 10.48 T, which again occurs roughly halfway between the 11.11 T
signal and the signals around g = 2. The same pattern is found in the FeN spectrum,
with positive signals at 8.47 and 9.12 T and negative signals at 10.66 and around
11.5 T.

The lowest spectrum in Figure 6.1 is the cw J-band EPR spectrum of a frozen
solution of wild-type hTF, which has an Fe3+ ion bound in both lobes. The Fe2 spec-
trum clearly shows both the two positive signals observed in the FeN spectrum and
the two positive signals observed in the FeC spectrum. Both negative signals of the
FeC spectrum and the negative signal observed at 10.66 T in the FeN spectrum are
present in the Fe2 spectrum. The shallow 11.5 T signal in the FeN spectrum cannot
be detected with certainty in the Fe2 spectrum.

Figure 6.2 shows the g = 2 region of the FeN, FeC and Fe2 hTF spectra in detail.
The positive signals below g = 2 and negative signals above g = 2 form a complex
pattern, which is of much stronger intensity in the FeC spectrum than in the FeN
spectrum. The Fe2 hTF spectrum is dominated by the signals that also show up in
the FeC spectrum, but a contribution from the FeN spectrum is clear from the weak
signals at 9.779 T and around 9.930 T, and a change in shape of the central signal
around 9.820 T compared to the FeC spectrum.

Apart from the signals already discussed, all spectra in Figure 6.1 show a positive
signal just below the g = 2 region. The shape of this signal could not be accurately
determined, because it is distorted by a negative signal due to an unknown impurity
at 9.6 T.

6.4 Analysis

The EPR spectra of high-spin Fe3+, S = 5/2, are interpreted using the following
spin Hamiltonian [3]

H = µBB⃗0 · ⃗⃗g · S⃗ + S⃗ · ⃗⃗D · S⃗ (6.1)

The first term describes the electron Zeeman interaction. The g tensor gives the
anisotropy of the Zeeman splitting, which is small for high-spin Fe3+. The second
term describes the zero-field splitting (ZFS) of the six magnetic sublevels into three

Kramers doublets, |ms±1/2⟩, |±3/2⟩, and |±5/2⟩. The ZFS tensor,
⃗⃗
D, is symmetric,

can be taken traceless, and is characterized by two parameters, D and E.

D = 3/2Dz, E = 1/2(Dx −Dy) (6.2)

The rhombicity of
⃗⃗
D is given by the ratio λ = E/D. The principal axes are chosen

such that |Dz| > |Dy| > |Dx| and 0 < λ < 1/3.
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Figure 6.1: J-band cw EPR spectra of 1 mM frozen solutions of FeN, FeC and
Fe2 human serum transferrin at 10 K. Experimental conditions: modulation ampli-
tude: 3 mT, microwave power: 1 µW, microwave frequency: 275.7 GHz. Solid lines:
experimental spectra, dashed lines: spectra calculated using EasySpin and the spin-
Hamiltonian parameters given in the text. The scale of the graph is set to optimally
show the broad signals outside the g = 2 (at 9.838 T) region. The g = 2 region is
shown in detail in Figure 6.2. The experimental spectra are baseline corrected. An
unknown impurity gives a negative signal at 9.6 T, marked with ⋆.

In the high-field limit, S⃗ · ⃗⃗D · S⃗ ≪ µBB⃗0 · ⃗⃗g · S⃗, the ZFS term may be treated as
a perturbation. [45] [64] As a result the magnetic sublevels split linearly with the
applied magnetic field and only allowed transitions (∆ms = ±1) occur. In a frozen
solution spectrum this leads to equidistant transitions with their spacing determined
by Di, the principal values of the ZFS tensor, according to

∆B0 =
3Di

µBgi
(6.3)
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Figure 6.2: The g = 2 region of the J-band cw EPR spectra of 1 mM frozen solutions
of FeN, FeC and Fe2 human serum transferrin at 10 K. Experimental conditions were
the same as for the spectra shown in Figure 6.1, except for the modulation amplitude,
which was set to 0.8 mT. Solid lines: experimental spectra, dashed lines: spectra
calculated using EasySpin and the spin-Hamiltonian parameters given in the text.
The signal observed in all spectra at 9.830 T, marked with +, is due to an impurity
in the frozen solution.

At the lowest temperatures transitions will show up above or below g = 2 depending
on whether Di is positive or negative, respectively, because the magnetic sublevels
are populated according to Boltzmann.

From Equation 6.3 we estimate the values of Dz and Dy of the iron bound in
the N- and the C-lobe from the two upper spectra in Figure 6.1. For both lobes
the distance between the negative signals above g = 2 is larger than the distance
between the positive signals below g = 2, which means that the negative signals
yield a positive Dz and the positive signals yield a negative Dy. Dx follows from
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Dx +Dy +Dz = 0. We estimate for the N-lobe D = 11.7 GHz and λ = 0.21 and for
the C-lobe D = 9.0 GHz and λ = 0.27.

Fine tuning of the spin-Hamiltonian parameters was done by comparing the
experimental spectra to spectra calculated by numerical diagonalization of the spin
Hamiltonian using the EPR simulation package EasySpin. [6] The ZFS parameters
that describe the electronic structure of the bound high-spin Fe3+ ion best are

N-lobe: D = 12.0 GHz, λ = 0.20

C-lobe: D = 9.3 GHz, λ = 0.25

We estimate the uncertainties to be ± 0.3 GHz for D and ± 0.01 for λ from the
changes the J-band spectra induced by a change in these parameters as calculated
using EasySpin. An increase of the g values from the free-electron value to gx = 2.004
± 0.0005, gy = 2.0042 ± 0.0002, gz = 2.0042 ± 0.0002 was found to improve the
match with the experimental spectra, particularly in the g = 2 region. These spin-
Hamiltonian parameters were used for the simulated spectra shown in Figure 6.1
and Figure 6.2. In order to reproduce the width and shape of the resonances, the
spectra were simulated taking into account a strain in D and E, using a first-order
approximation.1 For the FeC spectra a strain of 20 % was used in both D and E,
for the FeC spectra a strain of 20 % was used in E and of 30 % in D.

The Fe2 spectrum is clearly a sum of the FeC spectrum and the FeN spectrum. For
the simulation of the Fe2 spectrum, shown in Figure 6.1 and 6.2, equal contributions
of the N- and C-lobe are assumed.

6.5 Discussion

The cw J-band spectra of wild-type hTF show the signals of the high-spin Fe3+ ions
bound to the two lobes of hTF clearly resolved. This allows in principle quantita-
tive analysis of the electronic structure of the iron bound in the individual lobes,
although, particularly concerning the shallow negative peaks, doubts may arise as
to which signals belong together. The spectra of the monoferric mutants of hTF
erase those doubts and, moreover, show that the Fe2 spectrum is a sum of the FeC
spectrum and the FeN spectrum. We conclude that, as far as we can resolve with
cw EPR at 275.7 GHz, the presence of an Fe3+ ion in one lobe does not alter the
electronic structure of the iron-binding site in the other lobe.

The ZFS parameters of the bound Fe3+ ion differ considerably for the two lobes.
To interpret these differences these parameters have to be translated into electronic
structure using advanced quantum-chemical methods. Considerable progress has

1See the online documentation on EasySpin. A Gaussian is added to the spectrum of a width
proportional to the derivative of the resonance field with respect to, for instance, D of a given
transition.
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been made with such calculations in recent years, in particular based on density-
functional theory. [8] The calculation of the ZFS for transition-metal ions is, however,
still in an exploratory stage and interpretation of the spin-Hamiltonian parameters
of the high-spin Fe3+ bound to transferrin in terms of the electronic structure and
the relation between geometry and function is not yet within reach.

In 1972 Aasa et al. concluded that the characteristic spectrum of hTF at X band
had to derive from at least two components, one with an almost rhombic ZFS tensor,
λ = 0.325, and one with a ZFS tensor of lower rhombicity, between 0.2 and 0.27.
[140] Their logical guess was that these two components correspond to the two lobes
of hTF. In their paper from 1987 Yang and Gaffney even invoke three components
to explain the X-band hTF spectrum. [86] The remarkable fact is that the X-
band spectra of the monoferric forms of transferrin show the same characteristics,
[131, 133, 143, 147] which removes the basis for an interpretation of these spectra in
terms of multiple components.

Neither our J-band spectra of the two monoferric hTFs nor our J-band spectra
of wild-type hTF show a sign of the presence of high-spin Fe3+ sites with another
electronic structure than those described by the parameter sets we obtained for the
N-lobe and the C-lobe. Moreover, the rhombicity of the ZFS-tensors we found for
both iron-binding sites, λ = 0.20 and 0.25 for the N- and the C-lobe respectively,
is not compatible with the rhombicity found from X-band spectra by Aasa et al.
We have attempted to simulate the X-band spectra of hTF with the parameter sets
established from the J-band spectra using EasySpin, but were not successful. Thus,
the cw J-band spectra of hTF have provided us with essential, new information on
the electronic structure of the two iron-binding sites of hTF, but more information
is still hidden in the X-band spectra.

6.6 Conclusion

The high frequency and the high sensitivity with which the EPR spectra of hTF
are recorded make it possible to distinguish in the wild-type spectrum the high-
spin Fe3+ ions bound in the N-lobe and in the C-lobe. The EPR signals of the
iron bound by the N-lobe or the C-lobe are quantitatively analyzed in terms of
their spin-Hamiltonian parameters. The quantitative understanding of the high-
frequency transferrin EPR spectra has brought us in a good starting position to
finally understand the X-band spectrum of transferrin. Moreover, the sensitivity of
the high-frequency spectra to small changes in the electronic structure of the high-
spin Fe3+ binding sites opens up the way to deepen our understanding of the iron
binding and the iron-binding mechanism by transferrin through a combination of
biochemistry and EPR spectroscopy.
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Chapter 7

Configuration of spheroidene in
the photosynthetic reaction center
of Rb. sphaeroides: A comparison
of wild type and reconstituted R26

We compare the resonance Raman spectra acquired at two excitation wavelengths,
496.5 and 514.5 nm, of spheroidene in the wild-type reaction center of Rhodobacter
sphaeroides and reconstituted into the reaction center of the Rhodobacter sphaeroides
mutant R26. Our earlier work showed that the reconstituted R26 reaction center
holds spheroidene in two configurations: 15,15′-cis and another configuration. Here
we show that in the wild-type reaction center only 15,15′-cis spheroidene is present.
In the resonance Raman spectra of the reconstituted R26 reaction centers a tran-
sition is identified that arises exclusively from the second configuration. According
to density-functional-theory calculations this transition is specific for the 13,14-cis
configuration.

Guinevere Mathies, Marc C. van Hemert, Peter Gast, Karthick B. Sai Sankar Gupta,
Harry A. Frank, Johan Lugtenburg, and Edgar J. J. Groenen, J. Phys. Chem. A,
115:34 (2011) 9552-9556.
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7.1 Introduction

The primary process of bacterial photosynthesis is a transmembrane charge separa-
tion. The minimum structural unit capable of producing the charge separation is an
integral membrane complex termed the reaction center (RC), which was first isolated
from the purple photosynthetic bacterium Rhodobacter (Rb.) sphaeroides. [153] Like
all bacterial RCs the RC of Rb. sphaeroides contains a carotenoid. If excess light
is supplied to the RC, a triplet state of the primary donor is generated, which can
result in the formation of singlet oxygen. The carotenoid quenches this triplet state
through energy transfer, which produces a triplet carotenoid. [154–156] To under-
stand this photoprotective mechanism, it is important to know the structure of the
carotenoid in the RC.

The carotenoid present in anaerobically grown Rb. sphaeroides RCs is spheroidene
(see Figure 7.1). Early spectroscopic studies suggested that spheroidene assumes a
cis configuration in the RC. [157, 158] Comparison of the resonance Raman spectra
of spheroidene in RCs with resonance Raman spectra of cis isomers of β-carotene
shows a strong resemblance between spheroidene in the RC and 15,15′-cis β-carotene.
[159, 160] Both spectra display a clear band around 1240 cm−1, which is not observed
in the resonance Raman spectra of other cis isomers of β-carotene.

Figure 7.1: Schematic representation of spheroidene and the labeling of the carbon
atoms. The molecule is shown in the all-trans form. The dashed lines indicate the
conjugated region.

The structures of the RCs from three wild-type strains are known from X-ray
diffraction. [161–163] The presence of spheroidene in a 15,15′-cis configuration is
consistent with the electron density map, but the resolution of these structures is
insufficient to position a cis bond uniquely. In 2000, the electron density map of the
RC from the mutant AM260W of Rb. sphaeroides, which contains spheroidenone,
was determined by X-ray diffraction and clearly favored a 15,15′-cis configuration
above a 13,14-cis configuration. [164, 165]

In a long-term project, we have contributed to the study of the configuration
of spheroidene in the RC of Rb. sphaeroides by combining resonance Raman spec-
troscopy with density-functional-theory (DFT) calculations. [17, 18, 166, 167] RCs
from the carotenoidless mutant Rb. sphaeroides R26 were reconstituted with iso-
topically labeled spheroidenes. The use of specific 13C and 2H labeled spheroidenes
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enabled the assignment of normal modes to transitions observed in the resonance
Raman spectra. The normal mode underlying the transition around 1240 cm−1 was
identified and found to uniquely refer to the cis nature of the 15,15′ carbon-carbon
double bond. [18]

Detailed comparison of resonance Raman spectra and results of DFT calcula-
tions also revealed that besides the 15,15′-cis configuration another configuration
of spheroidene occurs in significant proportion in the reconstituted R26 RC. [18]
The DFT calculations for many structures of spheroidene consistently show that
two transitions have appreciable intensity in the region between 1500 and 1570 cm−1

of the resonance Raman spectrum, where C=C stretch vibrations typically occur.
However, the experimental spectra of several isotopically labeled spheroidenes that
were reconstituted into the R26 RC clearly display three or four transitions in this
region. This observation can be understood if a second configuration is present. The
trend in the shift of the third and fourth transition with the position of the isotope
in spheroidene identified the 13,14-cis configuration as a likely candidate.

The question remained whether the wild-type RC of Rb. sphaeroides contains
a second configuration as well, besides the 15,15′-cis. The answer to this question
is relevant, because the structure and thereby the energy of the triplet state deter-
mine the rate of excitation transfer by which spheroidene fulfills its photoprotective
function. [154–156] In addition, it is important to know whether conclusions drawn
from studies on the reconstituted R26 RC of Rb. sphaeroides apply to wild type as
well, as is suggested by several observations. The structures determined by X-ray
diffraction of the reconstituted R26 RC and of the wild-type RC show very similar
binding of the carotenoid. [156, 164, 165] Also, the electron paramagnetic resonance
spectra of the triplet excited spheroidene in wild-type and reconstituted in R26 RC
are indistinguishable. [168] However, the resonance Raman spectra recorded with
excitation wavelength 496.5 nm of the wild-type RC and the reconstituted R26 RC
show minor differences. [169]

We compare the resonance Raman spectra acquired at two excitation wave-
lengths, 496.5 and 514.5 nm, of the wild-type RC and the reconstituted R26 RC. We
find that, while spheroidene is present in the reconstituted R26 RC in the 15,15′-cis
configuration and in another configuration, the wild-type RC contains only 15,15′-cis
spheroidene. In the resonance Raman spectra of the reconstituted R26 reaction cen-
ters a transition is identified that arises exclusively from the second configuration.
Mode composition analysis shows that this transition corresponds to a mode that is
specific for the 13,14-cis configuration.

7.2 Methods

The wild-type RCs were obtained from Rb. sphaeroides strain 2.4.1 as described
in Shochat et al. [170] RCs from Rb. sphaeroides R26 were obtained as described
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in Feher and Okamura. [171] To reconstitute spheroidene into the R26 RCs the
following procedure was followed. A spheroidene solution in hexane was dispersed
in a 1% Triton X-100 solution. To evaporate the hexane, this solution was heated to
about 80

◦
C and stirred until it became clear. The solution was then cooled to room

temperature. Solutions of spheroidene prepared in this way remained transparent
for several hours at room temperature. Reconstitution was performed by adding the
Triton/spheroidene solution to the R26 RCs in TL buffer (10 mM Tris pH 8, 0.1%
LDAO, 1 mM EDTA) such that the Triton solution was < 0.1% and the spheroidene-
RC ratio was ten, and stirring for six hours. The excess spheroidene was removed
by washing the RCs on a DEAE column.

To obtain a glass-like sample at cryogenic temperatures, the samples consisted
of one part reaction centers in TL buffer and one part glycerol. This mixture had
an optical density of about 0.5 at 496.5 nm. For the resonance Raman experiments
a sample volume of 150 µl in a glass tube of 3 mm diameter was used.

Resonance Raman scattering was induced by the 496.5 and 514.5 nm lines of a
Spectra Physics model Stabilite 2017 Ar+ laser. The scattered light was collected at
an angle of 90

◦
and imaged on the entrance slit of an Acton Research SpectraPro-500i

spectrograph, which contained a grating of 1200 g mm−1. A notch filter (496.5 nm:
Omega Optical Inc., 514.5 nm: Iridian Spectral Technologies) was used to remove
light of the excitation wavelength and eliminate “ghost” lines which result from
irregularities in the grating. Spectra are collected using a CCD camera (Princeton
Instruments Spec-10 system). The dispersion was approximately 1 cm−1 per pixel.
Calibration was performed using a set of calibration lamps.

Spectra were recorded at a temperature of 77 K. Illumination power was about
100 mW for the spectra recorded at 496.5 nm and about 25 mW for the spectra
recorded at 514.5 nm. The illumination time was 10 min.

The vibrational modes of 15,15′-cis and 13,14-cis and their resonance Raman
activity were calculated as described in references 17 and 18. In short, the Gaus-
sian 03 package, Revision E.01, was used for geometry optimization and subsequent
calculation of the Hessian. [172] The DFT calculations were performed with the
B3LYP functional and the densities were expressed in a 6-31G* basis. The normal
modes and corresponding frequencies were calculated using the Wilson GF formal-
ism using the expressions for the transformation between Cartesian and internal
coordinates given by Califano. [173] The internal coordinates were used to estimate
the resonance Raman intensities according to

Iα ∝ να

(∑
i

Aαiδi

)2

. (7.1)

In this formula να is the frequency of the normal mode α, A represents the coordinate
transformation matrix and δi is the change in internal coordinate i as a result of the
(near-)resonant electronic π∗ ← π transition. [174] The strength of the method
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has been shown by the complete description of the resonance Raman spectra of
isotopically labeled all-trans-spheroidene in solution. [17]

7.3 Results and discussion

Figure 7.2 shows the resonance Raman spectra of reconstituted R26 and wild-type
RCs recorded at an excitation wavelength of 496.5 nm. In both spectra the resonance
Raman transition that is characteristic of the 15,15′-cis configuration is observed at
1239 cm−1 [18]. To compare the R26 spectra and the wild-type spectra, the spectra
were normalized to the integrated intensity of the 1239 cm−1 transition, which was
determined by fitting a Gaussian function to the transition and taking its surface
area. Normalization to this band assures that in both spectra the contribution from
the 15,15′-cis configuration is the same.

Several differences between the reconstituted R26 and the wild-type spectra are
observed: (i) the shape of the broad band around 1535 cm−1 differs; (ii) upon nor-
malization to the 1239 cm−1 transition, the intensity of all other bands is less in
the wild-type spectrum than in the R26 spectrum; (iii) the ratio of the intensities
of the bands at 1158 and at 1170 cm−1 is slightly different; and (iv) the wild-type
spectrum shows a weak band at 1139 cm−1, while the reconstituted R26 spectrum
shows a band at 1142 cm−1 of a five times higher intensity. The last three of these
differences were already reported by Agalidis et al., [169] but not yet explained.

The upper panel of Figure 7.3 shows the broad band around 1535 cm−1 observed
upon excitation at 496.5 nm for both wild type and reconstituted R26 RCs in detail.
At cryogenic temperatures, a single resonance Raman transition typically has a width
(FWHM) of about 8 cm−1. The band observed at 1535 cm−1 for the reconstituted
R26 RC appears to arise from more than two transitions. In contrast, the band in
the wild-type spectrum may well derive from two transitions.

Resonance Raman spectra of both reconstituted R26 RCs and wild-type RCs
were also recorded at the excitation wavelength 514.5 nm (see Appendix D). The
differences between wild-type and reconstituted R26 that were observed at 496.5 nm
are also observed in these spectra. The upper panel of Figure 7.4 shows the broad
band around 1535 cm−1 at excitation wavelength 514.5 nm in detail. In the wild-type
spectrum two transitions are resolved, while the band observed for the reconstituted
R26 RCs is again considerably broader.

According to DFT calculations the resonance Raman spectra of spheroidene will
contain two resonance-enhanced Raman transitions in the C=C stretch region be-
tween 1500 and 1570 cm−1, independent of the configuration of the carbon chain.
[17, 18] The observation of two transitions in this region in the wild-type spectra
means that the wild-type RC contains spheroidene in one configuration. The pres-
ence of the transition at 1239 cm−1 assures that this is the 15,15′-cis configuration.

The lower panels of Figure 7.3 and 7.4 display spectra that result from subtraction
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Figure 7.2: Resonance Raman spectra of reconstituted R26 and wild-type RCs with
excitation at 496.5 nm: solid line: R26, dashed line: wild type. The spectra are
normalized to the intensity of the 1239 cm−1 transition, which is characteristic for the
15,15′-cis configuration. The peak denoted with an asterisk is an argon plasma line.
A fluorescence background was subtracted.

of the wild-type spectra from the R26 spectra after normalization to the 1239 cm−1

transition. These difference spectra also show two transitions, again better resolved
for excitation at 514.5 nm.

It is possible to fit two Gaussian functions to the two wild-type spectra and to
the two difference spectra. The results of these fits are summarized in Table 7.1.
The centers of the two transitions observed in the wild-type spectra are the same,
within the experimental error, at both excitation wavelengths. The same holds for
the difference spectra.

From the analysis of the resonance Raman spectra of specific isotope-labeled
spheroidenes reconstituted into the R26 RC, Wirtz et al. [18] concluded that besides
the 15,15′-cis configuration a second configuration of spheroidene is present in the
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Figure 7.3: Upper panel: Detail of the resonance Raman spectra of reconstituted
R26 (solid line) and wild-type (dashed line) reaction centers. Excitation wavelength:
496.5 nm. The two spectra are normalized to the integrated intensity of the 1239 cm−1

transition. Lower panel: Difference of the two spectra shown in the upper panel (R26
− wild type).

R26 RC. This is confirmed by the presence of two C=C modes in the difference
spectra.

The presence of an additional configuration of spheroidene in the R26 RC offers
an explanation for the differences between the resonance Raman spectra of wild-type
and reconstituted R26 RCs (see Figure 7.2 and Appendix D). First, the different
shape of the broad band around 1535 cm−1 results from the fact that this band
derives from two C=C stretch modes for the wild-type RC and from four for the
reconstituted R26 RC. Second, the additional configuration is responsible for the
“extra” intensity in the R26 spectra as compared to the wild-type spectra after
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Figure 7.4: Upper panel: Detail of the resonance Raman spectra of reconstituted
R26 (solid line) and wild-type (dashed line) reaction centers. Excitation wavelength:
514.5 nm. The two spectra are normalized to the integrated intensity of the 1239 cm−1

transition. Lower panel: Difference of the two spectra shown in the upper panel (R26
− wild type).

normalization at 1239 cm−1. Third, the shape of the spectrum in the fingerprint
region around 1160 cm−1 is expected to be different for the two configurations,
which explains the difference between the wild-type and reconstituted R26 spectra
in this region. Finally, the absence of the transition at 1142 cm−1 in the wild-type
spectra suggests that this transition corresponds to a mode that is characteristic for
the second configuration in the R26 RC.

Wirtz et al. [18] concluded that the isotope-induced shifts of the transitions
in the C=C stretch region of the R26 spectra that do not belong to the 15,15′-cis
configuration, were qualitatively consistent with a 13,14-cis configuration. Koyama
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peak center 1 line width 1 peak center 2 line width 2
(cm−1) (cm−1) (cm−1) (cm−1)

WT 514.5 1525.8 8.1 1538.4 9.6
WT 496.5 1524.9 9.3 1537.8 9.3
R26 − WT 514.5 1531.2 6.6 1543.9 10.4
R26 − WT 496.5 1529.2 10.9 1542.5 11.7

Table 7.1: Peak center positions and line widths of the bands in the 1500 - 1570 cm−1

region. The spectra of wild-type RCs and the spectra resulting from subtraction of
the spectrum of the wild-type RC from the spectrum of the reconstituted R26 RC as
shown in Figure 7.3 and 7.4 were fitted with two Gaussian functions. The error in
the distance between two peak center positions within one spectrum as determined by
Gaussian fitting is estimated to be at most 2 cm−1.

et al. [159, 160] report on a transition that is typically observed in the 1120 -
1140 cm−1 region of the resonance Raman spectra of isomers of β-carotene that
have a 13,14-cis bond. We calculated the compositions of the normal modes of
spheroidene in the 13,14-cis configuration assuming a structure in which the C-
atoms of the methyl groups of spheroidene were at the coordinates found from X-ray
diffraction by McAuley et al. [164] A mode at 1128 cm−1 that is characteristic for
the 13,14-cis configuration and comparable in composition to the 1239 cm−1 mode
of the 15,15′-cis configuration is calculated to gain intensity in a resonance Raman
experiment. Both modes consist mainly of two in-phase stretch vibrations of the
two single carbon-carbon bonds adjacent to the cis bond (see Figure 7.5 and 7.6).
In the case of the 13,14-cis configuration one of the C-atoms that participates in
the cis bond has a methyl group attached. Together with a stronger delocalization
this increased mass is responsible for the lower wavenumber of this mode for the
13,14-cis configuration (1142 compared to 1239 cm−1).

Depending on the preparation of the reconstituted R26 RCs, the ratio of the
intensities of the 1158 and 1170 cm−1 bands and the shape of the broad band around
1535 cm−1 are found to vary (see Appendix D). The first of these variations was
also described in reference 169. The resonance Raman spectra invariably show the
presence of both 15,15′-cis and 13,14-cis spheroidene, as is clear from the presence
of the 1239 and the 1142 cm−1 bands. The variations in the spectra can not be
fully explained by a change in the relative contributions of the 15,15′-cis and the
13,14-cis configuration. Instead, they point to a slight variation in the structure of
the carotenoid in the RC.

Transient absorption and EPR experiments performed on reconstituted R26 RCs
give qualitatively identical results to wild-type RCs. [168, 175, 176] A quantitative
comparison of the yields of triplet formation is yet to be performed. This could give
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Figure 7.5: Composition of the normal mode characteristic of the 13,14-cis configu-
ration of spheroidene. It is observed in the resonance Raman spectrum of spheroidene
in the RC of Rb. sphaeroides at 1142 cm−1. The mode consists mainly of single carbon-
carbon bond stretches in the region close to the cis bond. Arrows indicate relative
displacement, but are not drawn to scale. Displacement for hydrogen atoms has been
scaled down.

information on how critical the 15,15′-cis configuration of spheroidene is and thereby
on the triplet quenching mechanism.

7.4 Conclusion

Wild-type reaction centers of Rb. sphaeroides contain spheroidene in one configura-
tion, namely 15,15′-cis. Reconstituted R26 reaction centers of Rb. sphaeroides, on
the other hand, contain spheroidene in the 15,15′-cis and the 13,14-cis configuration.
Hence, one must be careful in extrapolating results obtained for the reconstituted
R26 reaction center to the wild-type reaction center.

86



7.4. Conclusion

Figure 7.6: Composition of the normal mode characteristic of the 15,15′-cis configu-
ration of spheroidene. It is observed in the resonance Raman spectrum of spheroidene
in the RC of Rb. sphaeroides at 1239 cm−1. The mode consists almost exclusively
of the carbon 14′-15′ and 15-14 stretches and the C-H bend vibrations at the 15 and
15′ positions. Arrows indicate relative displacement, but are not drawn to scale. Dis-
placement for hydrogen atoms has been scaled down.
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Appendix A

Continuous-wave 275.7 GHz EPR
spectra of rubredoxin from
Pyrococcus furiosus and
Megasphaera elsdenii

Figure A.1 and A.2 show the 275.7 GHz cw EPR spectra of frozen solutions of
rubredoxin originating from P. furiosus and M. elsdenii.
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A. Continuous-wave 275.7 GHz EPR spectra of rubredoxin from
Pyrococcus furiosus and Megasphaera elsdenii

Figure A.1: The 275.7 GHz cw EPR spectra of a 10 mM frozen solution of the
protein rubredoxin from P. furiosus at three temperatures. Experimental conditions:
modulation amplitude: 3 mT, time constant: 1 s, scan rate: 2 mT/s, microwave power:
1 µW. The solid lines are the experimentally observed spectra and the dashed lines
are the spectra calculated by EasySpin with the parameters given in Table 2.1.
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A. Continuous-wave 275.7 GHz EPR spectra of rubredoxin from
Pyrococcus furiosus and Megasphaera elsdenii

Figure A.2: The 275.7 GHz cw EPR spectrum of a 10 mM frozen solution of the
protein rubredoxin from M. elsdenii at 25 K. Experimental conditions: modulation
amplitude: 3 mT, time constant: 1 s, scan rate: 2 mT/s, microwave power: 1 µW. The
solid line is the experimentally observed spectrum and the dashed line is the spectrum
calculated by EasySpin with the parameters given in Table 2.1.
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A. Continuous-wave 275.7 GHz EPR spectra of rubredoxin from
Pyrococcus furiosus and Megasphaera elsdenii
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Appendix B

The revised mount of the
modulation coil of the 275.7 GHz
continuous-wave probe head

After repeated use of the continuous-wave probe head of the 275.7 GHz spectrometer,
the quality of the spectra would deteriorate. Particularly at temperatures below 10 K
the stability of the EPR signal became poor. Upon inspection of the probe head it
was found that the rexolite part of the modulation coil mount was cracked. Therefore
the modulation coil mount described in Chapter 2 was replaced by the mount shown
in Figure B.1.
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B. The revised mount of the modulation coil of the 275.7 GHz
continuous-wave probe head

Figure B.1: Technical drawing of the revised modulation coil mount. Light gray:
Bronze. The bottom plate is attached to the end of the probe head. Dark gray:
Stycast. The modulation coil is encased in Stycast. For clarity only one turn is
depicted.
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Appendix C

EPR spectroscopy on
Co(II)-rubredoxin

C.1 Introduction

In Chapter 3 of this thesis the effect is investigated of the subtle differences in
geometry between the active sites of rubredoxin and desulforedoxin on the electronic
structure of these sites, which contain in their oxidized state a high-spin Fe3+ ion.
EPR spectra at J band (275.7 GHz) were recorded on frozen solutions of rubredoxin,
see Chapter 2, and desulforedoxin, see Chapter 3, and from these spectra an accurate
set of spin-Hamiltonian parameters describing the active site of each protein could be
determined. Particularly the difference in the rhombicity of the zero-field splitting
tensor, λ, is remarkable: 0.26 for rubredoxin, and 0.074 for desulforedoxin.

In Chapter 3 X-band (9.5 GHz) spectra are reported on a frozen solution of
Co(II)-substituted desulforedoxin. From these spectra the value of λ of the Co(II)-
substituted active site of desulforedoxin was estimated to be 0.26. In order to quan-
tify also the effect of the geometry differences between rubredoxin and desulforedoxin
on the electronic structure of the high-spin Co2+ containing active sites, it would be
desirable to have data on the electronic structure of the Co(II)-substituted active
site of rubredoxin. Unfortunately we were not successful in detecting an EPR signal
of a frozen solution of Co(II)-substituted rubredoxin. Here we report our attempts
and discuss possible explanations for the absence of an EPR signal.

C.2 Materials and methods

Rubredoxin from Desulfovibrio gigas was purified according to a previously reported
method. [47] Reconstitution with Co2+ was performed as described in reference [81].
The protein was kept in Tris buffer at pH 7.6. Samples for X-band EPR contained
20% glycerol.
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C. EPR spectroscopy on Co(II)-rubredoxin

Continuous-wave (cw) and pulsed X-band spectra were recorded on the Bruker
Elexsys E680 spectrometer using the TE102 rectangular cavity equipped with the
ESR 900 Cryostat (Oxford Instruments) and the FlexLine probe head with the
ER4118 X-MD5 resonator with a CF935W flow cryostat, respectively. Pulsed W-
band (94.9 GHz) spectra were recorded on an in-house developed spectrometer. [82]
The cw J-band EPR spectra were recorded on an in-house developed spectrometer
[9] using a probe head, specialized for operation in cw mode [64].

C.3 Results

Figure C.1 shows the cw X-band EPR spectra of a 400 µM frozen solution (from
batch 1) of Co(II)-substituted rubredoxin at 5 and 40 K. The spectra show a broad,
positive signal from 0 to about 100 mT. Figure C.2 shows the cw X-band EPR
spectra of a 1.6 mM frozen solution (from batch 2) of Co(II)-substituted rubredoxin
at 10 and 20 K. These spectra also show a broad, positive signal from 0 to about
100 mT, but its shape differs from the signal observed on the 400 µM frozen solution.

Figure C.1: X-band cw EPR spectra of a 400 µM frozen solution (batch 1) of
Co(II)-rubredoxin from D. gigas at 5 and 40 K. Experimental conditions: modulation
amplitude: 1.5 mT, microwave power: 200 mW, microwave frequency: 9.495 GHz.
The spectra are baseline corrected. The signal marked with a ⋆ around g = 2 is due
to an impurity in the cavity/cryostat.

All four spectra show a signal around g = 2 (339 mT). This signal is due to
an impurity in the cavity/cryostat. The spectra for batch 1 show a signal around
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C.3. Results

Figure C.2: X-band cw EPR spectra of a 1.6 mM frozen solution of Co(II)-rubredoxin
from D. gigas at 10 and 20 K. Experimental conditions: modulation amplitude: 1 mT,
microwave power: 20 mW, microwave frequency: 9.495 GHz. The spectra are baseline
corrected. The signal marked with a ⋆ around g = 2 is due to an impurity in the
cavity/cryostat.

g = 4.3 (158 mT), which looks like a jump down in the EPR signal. The spectra for
batch 2 also show a signal around g = 4.3, but this signal shows a clear structure.
In the spectra for batch 2 two weak positive peaks show up at 190 and 275 mT.

Figure C.3 shows the cw X-band EPR spectra of a 400 µM frozen solution
(batch 1) of Co(II)-substituted rubredoxin at 6, 20, 25 and 40 K to which NaNO3 was
added up to a concentration of 100 mM to increase the ionic strength of the solvent
and hamper aggregation of the protein. These spectra do not show the broad signal
at low field, but they do show the cavity impurity at g = 2, the signal at g = 4.3
and at 20 and 25 K the two weak positive peaks at 190 and 275 mT.

Attempts to detect a cw EPR spectrum at 5 and 25 K on a concentrated 10 mM
solution of Co(II)-rubredoxin (batch 1) at J band were unsuccessful, as were attempts
to detect a spin echo on a 1.6 mM frozen solution (batch 2) at 1.7 K at W band and
at temperatures varying from 6 to 15 K at X band. The UV/VIS optical absorption
spectrum of the batch 1 solution was measured and found to be similar to spectra
reported in literature. [177] [81]
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C. EPR spectroscopy on Co(II)-rubredoxin

Figure C.3: X-band cw EPR spectra of a 400 µM frozen solution of Co(II)-rubredoxin
from D. gigas in 100 mM NaNO3 at 6, 20, 25 and 40 K. Experimental conditions spec-
tra 6 and 40 K: modulation amplitude: 1.5 mT, microwave power: 200 mW, microwave
frequency: 9.495 GHz. Experimental conditions spectra 20 and 25 K: modulation am-
plitude: 1 mT, microwave power: 20 mW, microwave frequency: 9.495 GHz. The
spectra are baseline corrected. The signal marked with a ⋆ around g = 2 is due to an
impurity in the cavity/cryostat.

C.4 Discussion

The observed broad, positive signal from 0 to about 100 mT can not arise from a
high-spin Co2+, S = 3/2, system. A transition at B0 = 0 mT can not result from a
transition within a Kramers doublet. The signal can not be due to an inter-doublet
transition, since the zero-field splitting between the two doublets is expected to be
much larger than 9.5 GHz for Co2+. The shape of the low-field signal is slightly
different for the two batches/concentrations. The signal is no longer observed if the
ionic strength of the solution is increased, which may prevent aggregation of the
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C.4. Discussion

protein. Possibly it is due to interacting Co2+ sites. An S = 3 could give a signal
starting at zero field in X band.

The EPR spectra of biological materials often show a small signal around g = 4.3
of the shape found in the spectra in Figure C.1 and C.3, which is thought to be due
to a rhombic high-spin Fe3+ contaminant, sometimes referred to as “garbage” iron.
[178] The shape of the g = 4.3 signal in the spectra in Figure C.2, however, is charac-
teristic of Fe(III)-rubredoxin. [58] In spite of the reconstitution with Co2+, batch 2
still contains a fraction of Fe(III)-rubredoxin. This observation is remarkable, since
May and Kuo state in reference [177] that the apoenzyme binds cobalt preferentially
over iron. If the ZFS-tensor is close to axial and D > 0, a signal at g = 4.3 could
arise at low temperatures due to high-spin Co2+. However, the shape of this sig-
nal, taking into account broadening by conformational strain, will be considerably
different from the g = 4.3 signal we observed.

The appearance of the two weak signals at 190 and 275 mT in the spectra is
inconsistent. They likely arise from an impurity.

A possible explanation of the absence of an EPR signal from the Co(II)-substituted
active site of rubredoxin is the following. If the ZFS-tensor of the site is close to
axial, λ ≈ 0, and D < 0, the transition within the lowest ±3/2 doublet is forbidden.
A transition within the ±1/2 is allowed, but this doublet becomes only populated at
elevated temperatures, at which the notoriously short relaxation times of high-spin
Co2+ may have broadened the transition beyond detection.

Observation of an EPR spectrum at X band from Co(II)-rubredoxin was reported
by Moura et al. [81], but the spectrum was not shown in this paper. Instead
the reader is referred to a paper by Good and Vašák [179] in which an X-band
EPR spectrum of Co(II)-metallothionein is shown. According to Moura et al. the
spectrum of Co(II)-rubredoxin is similar.
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Appendix D

Supporting information on
Chapter 7

Figure D.1 shows the resonance Raman spectra recorded on wild-type and recon-
stituted reaction centers of Rhodobacter sphaeroides R26 at excitation wavelength
514.5 nm. The differences between wild-type and reconstituted R26 are similar as
observed at 496.5 nm.

Figure D.2 shows two resonance Raman spectra recorded at excitation wavelength
496.5 nm on reconstituted R26 reaction centers, which were prepared following dif-
ferent methods. The spectra invariably show the presence of both 15,15′-cis and
13,14-cis spheroidene, as is clear from the presence of the 1239 and the 1142 cm−1

bands. However, the ratio of the intensities of the 1158 and 1170 cm−1 bands and
the shape of the broad band around 1535 cm−1 vary.
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D. Supporting information on Chapter 7

Figure D.1: Resonance Raman spectra of reconstituted R26 and wild-type
Rb. sphaeroides reaction centers. Excitation wavelength: 514.5 nm. Solid line: R26,
dashed line: wild-type. The two spectra are normalized to the integrated intensity
of the 1239 cm−1 transition. A fluorescence background, which, particularly for the
wild-type sample, displays more structure than at excitation wavelength 496.5 nm,
was subtracted.
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Figure D.2: Comparison of resonance Raman spectra of R26 reaction centers from
two different batches in which spheroidene was reconstituted by two different meth-
ods. Excitation wavelength: 496.5 nm. Solid line: reconstitution as described in the
Methods section of this paper, dotted line: reconstitution was performed using incu-
bation in 1% LDAO and 400 mM NaCl as described by De Groot et al. [180] This last
mentioned method was used for reconstitution in our previous work. [166] [167] [18]
In order to compare the two spectra they are normalized to the integrated intensity
of the 1239 cm−1 line. The peak denoted with an asterisk is an argon plasma line. A
fluorescence background was subtracted.
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Samenvatting

In bijna de helft van alle bekende eiwitten en enzymen maakt een overgangsmetaalion
deel uit van de actieve plaats. Dit hangt ongetwijfeld samen met de flexibiliteit van de
chemische coördinatie en van de elektronische structuur van overgangsmetaalionen.
Deze elektronische structuur is zeer sterk verweven met de (geometrische) structuur
van de actieve plaats en de functie. Informatie over de elektronische structuur van
deze actieve centra kan worden verkregen met electron-paramagnetische-resonantie
(EPR) spectroscopie.

In een typisch EPR experiment wordt de absorptie gemeten van microgolven
van een vaste frequentie door het te bestuderen paramagnetische monster, terwijl
het magneetveld wordt opgevoerd. De meest gebruikte frequentie is 9.5 GHz of X
band. Er zijn echter legio paramagnetische systemen waarvoor EPR spectroscopie
bij hogere frequentie nieuwe informatie oplevert, of waarvoor slechts de combinatie
van EPR bij verschillende frequenties een complete interpretatie van de EPR spectra
mogelijk maakt.

Bij high-spin overgangsmetaalionen, bijvoorbeeld, is als gevolg van de aanzien-
lijke spin-baan koppeling de ontaarding van de magnetische subniveaus reeds geheel
of gedeeltelijk opgeheven zonder dat een magneetveld aanwezig is. Dit wordt aange-
duid als de nulveldsplitsing. Indien de nulveldsplitsing voor een bepaald spinsysteem
groter is dan de energie van de toegepaste microgolven, kan het onmogelijk worden
om een overgang te induceren, of, als een EPR signaal kan worden waargenomen,
is het moeilijk om op grond hiervan de absolute waarde van de nulveldsplitsing te
bepalen.

Realisatie van EPR spectroscopie bij hogere microgolffrequenties, met name
boven de 200 GHz, is niet eenvoudig, maar de afgelopen decennia zijn op dit gebied
aanzienlijke vorderingen gemaakt. Een struikelblok is momenteel het verkrijgen van
voldoende gevoeligheid bij hogere frequenties. Hoge gevoeligheid en stabiliteit van
het EPR signaal gedurende de lange tijd die gemoeid is met het opnemen van een
spectrum zijn in het bijzonder van belang als men hoog-frequente EPR spectra wil
opnemen van een (bevroren) oplossing van eiwitten of enzymen, waarvan de actieve
plaats een high-spin overgangsmetaalion bevat.

De nulveldsplitsing reflecteert de locale elektronische structuur van de actieve
plaats, maar vertaling naar informatie over de moleculaire energieniveaus en golf-

113



Samenvatting

functies is niet eenvoudig. De afgelopen jaren is veel vooruitgang geboekt met gea-
vanceerde kwantum-chemische berekeningen, die deze vertaalslag kunnen maken,
maar het werk hieraan is geenszins voltooid. Dit vormt een belangrijke motivatie voor
de nauwkeurige bepaling van nulveldsplitsingsparameters van verschillende over-
gangsmetaalionen, in verschillende coördinaties, te gebruiken als ijking voor de be-
rekeningen, niet alleen in hun biologische omgeving, maar ook in modelcomplexen.

Hoofdstuk 2 laat zien dat, door gebruik te maken van een single-mode trilholte
met hoge kwaliteitsfactor en een speciaal ontwerp van de bevestiging van de modu-
latiespoel, het met de in Leiden ontwikkelde 275.7 GHz (J band) EPR spectrometer
zeer wel mogelijk is om continuous-wave (cw) spectra op te nemen van 20 nl bevroren
oplossing van 1 mM Fe(III)-EDTA, een standaard coördinatiecomplex waarin een
Fe3+ ion is gebonden in de high-spin vorm. De gevoeligheid en stabilititeit van de
spectrometer worden verder gëıllustreerd aan de hand van J-band EPR spectra van
het eiwit rubredoxine. In de geoxideerde toestand bevat de actieve plaats van rubre-
doxine, dat een rol speelt bij electronentransport in diverse micro-organismen, een
high-spin Fe3+ ion in een bij benadering tetraëdische coördinatie van vier zwavel
atomen afkomstig van vier cysteine residuen. Opvallend zijn de zeer kleine ver-
schillen in de nulveldsplitsingsparameters die worden gevonden voor rubredoxines
van verschillende organismen, wat illustreert hoe nauw elektronische structuur en
functie met elkaar verweven zijn.

In Hoofdstuk 3 worden de mogelijkheden van de J-band spectrometer verder
verkend. Onderwerp van studie is de actieve plaats van het eiwit desulforedoxine,
dat sterk verwant is aan rubredoxine. In de literatuur is het X-band spectrum van
de actieve plaats van desulforedoxine bekend, maar hieruit kan slechts een schatting
worden gemaakt van de nulveldsplitsingsparameters. Uit het J-band spectrum van
desulforedoxine zijn deze parameters voor het high-spin Fe3+ centrum van desulfore-
doxine nauwkeurig bepaald. Een simulatie van het experimentele X-band spectrum
met deze parameters laat kleine verschillen, orde van grootte 1 mT, zien tussen de
berekende en gemeten resonantievelden. Natuurlijke variatie in de conformatie van
de actieve plaatsen en de manier waarop deze wordt meegenomen in de simulatie
speelt hierin zeer waarschijnlijk een rol.

Het Fe3+ ion in de actieve plaats van desulforedoxine kan worden gesubstitueerd
met Co2+ en ook deze gesubstitueerde vorm is bestudeerd met EPR spectroscopie.
Bij J band konden geen EPR signalen worden waargenomen, maar het X-band spec-
trum maakt het mogelijk de nulveldsplitsingsparameters te schatten. Bovendien is
getracht een EPR signaal van Co(II)-rubredoxine waar te nemen, maar dit is niet
gelukt. De verschillen in structuur tussen de actieve plaatsen van rubredoxine en
desulforedoxine zijn tamelijk subtiel en dit maakt de verschillen in de nulveldsplit-
singsparameters opvallend. Begrip van de oorsprong van deze verschillen kan alleen
worden verkregen uit een volledige berekening van de elektronische structuur.

In Hoofdstuk 4 wordt gepulste ENDOR bij 94.9 GHz (W band) ingezet om de on-

114



Samenvatting

gepaarde-electronendichtheid op de liganden van het complex Co[(SPPh2)(SP
iPr2)N]2

te verkennen. In dit complex zorgen twee bidentaatliganden voor een bij benadering
tetraëdische zwavelcoördinatie van het centrale high-spin Co2+ ion. De symmetrie
van het complex als geheel is slechts C2. De hyperfijninteractie met de fosforkernen
in de liganden blijkt afhankelijk te zijn van de chemische groepen die aan het fosfor
zijn gebonden. Met andere woorden, de Co-S bindingen zijn verschillend als gevolg
van een subtiel verschil relatief ver van het Co(II)S4 centrum.

In Hoofdstuk 5 wordt de studie beschreven van het complex Fe[(SPPh2)2N]2 met
EPR spectroscopie bij 275.7 GHz en 94.1 GHz. De combinatie van EPR spectro-
scopie bij J en W band maakt het mogelijk de nulveldsplitsingsparameters van de
twee conformaties, die het complex blijkt aan te nemen, zeer nauwkeurig te bepalen.
De J-band EPR spectra van een kristal laten zien dat beide conformaties voorkomen
in twee sites die ten opzichte van elkaar 90 graden gedraaid zijn om de z-as van
het spin systeem. Zeer opmerkelijk is dat deze resultaten van hoogfrequente EPR
spectroscopie niet compatibel zijn met de resultaten van Röntgen diffractie, die bij
kamertemperatuur een eenheidscel laten zien met daarin slechts twee moleculen ver-
bonden via een inversiecentrum.

Hoofdstuk 6 geeft de resultaten van cw EPR bij J band aan het eiwit transferrin,
dat een belangrijke rol speelt in de ijzerstofwisseling van alle gewervelden. De meeste
vormen van transferrin bestaan uit twee homologe lobben, die beide een high-spin
Fe3+ ion zeer sterk, doch reversibel, kunnen binden. In de literatuur vindt men
vele EPR spectra van transferrin, in verschillende vormen en onder verschillende
omstandigheden, de oudste reeds uit 1963. De informatie die kan worden verkregen
uit de X-band spectra is echter beperkt: de twee gebonden ijzerionen kunnen niet
van elkaar worden onderscheiden en de voor ijzer gebonden aan transferrin zeer
karakteristieke vorm van het X-band spectrum is niet begrepen. In J-band spectra
van human serum transferrin kunnen duidelijk signalen van twee verschillende high-
spin ijzercentra worden onderscheiden. Doordat ook J-band spectra zijn bestudeerd
van twee mutanten van human serum transferrin, waarin via een lokale mutatie
binding van ijzer door een van de twee lobben onmogelijk is gemaakt, is vastgesteld
dat deze twee signalen inderdaad afkomstig zijn van de ijzerionen gebonden in de
twee homologe lobben. Bovendien zijn de experimentele spectra van deze individuele
ijzercentra begrepen en goed te simuleren.

In het werk dat in Hoofdstuk 7 wordt beschreven, wordt geen gebruik gemaakt
van EPR spectroscopie, maar van resonante-Raman spectroscopie. Resonante-Raman
spectroscopie wordt toegepast om de vibratiemodes van de cofactor sferoideen in het
fotosynthetische reactiecentrum van Rhodobacter sphaeroides waar te nemen. Dit
caroteen speelt vermoedelijk een rol in de bescherming van het reactiecentrum tegen
overbelichting, maar het onderliggende mechanisme is niet volledig begrepen. In de
literatuur bestaat geen consensus over de configuratie die het sferoideen aanneemt
in het reactiecentrum. Vanzelfsprekend is kennis van deze configuratie nodig voor
het begrip van de rol die het caroteen speelt in de fotoprotectie.
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In de afgelopen twee decennia is in onze onderzoeksgroep, in samenwerking met
andere groepen, een methode ontwikkeld om de resonante-Raman spectra van sfe-
roideen, die uiteraard afhankelijk zijn van de configuratie, te berekenen. Deze bere-
keningen zijn ontwikkeld en geijkt met behulp van experimentele resonante-Raman
spectra van isotoop-gelabeld sferoideen, dat was gereconstitueerd in het reactiecen-
trum van Rb. sphaeroides R26, een mutant die geen spheroideen produceert.

In Hoofdstuk 7 worden resonante-Raman spectra, gedetecteerd bij verschillende
excitatiegolflengtes, van sferoideen in het wild-type reactiecentrum vergeleken met
spectra van sferoideen gereconstitueerd in het reactiecentrum van de mutant R26.
Combinatie van deze spectra met resultaten van de berekeningen heeft het mogelijk
gemaakt vast te stellen dat de configuratie van sferoideen in het reactiecentrum van
wild-type Rb. sphaeroides 15,15′-cis is. Bovendien is vastgesteld dat sferoideen in
gereconstitueerde R26 reactiecentra voorkomt in twee configuraties, namelijk 15,15′-
cis en 13,14-cis.
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J. J. Groenen,
“Multi-frequency EPR study of Fe3+ and Co2+ in the active site of desulfore-
doxin”,
in preparation.
(Chapter 3 of this thesis)

• Guinevere Mathies, Spyros Chatziefthimiou, Dimitrios Maganas, Yiannis Sanakis,
Silvia Sottini, Panayotis Kyritsis and Edgar J. J. Groenen,
“High-frequency EPR study of the pseudo-tetrahedral high-spin Fe(II) com-
plex Fe[(SPPh2)2N]2”,
in preparation.
(Chapter 5 of this thesis)

117



List of publications

• Guinevere Mathies, Ashley N. Steere, N. Dennis Chasteen, Anne B. Mason
and Edgar J. J. Groenen,
“The two Fe3+ binding sites in human serum transferrin distinguished by high-
frequency EPR”,
in preparation.
(Chapter 6 of this thesis)

118



Curriculum vitae

van Guinevere Mathies, geboren te Leiden op 1 juli 1981.

Na het behalen van mijn gymnasiumdiploma op het Herbert Vissers College te
Nieuw-Vennep in juni 1999 begon ik in september van dat jaar met de studie natuur-
kunde aan de Universiteit Leiden. Een jaar later behaalde ik mijn propedeuse. In
het voorjaar van 2002 maakte ik voor het eerst kennis met de Molecular Nano-Optics
and Spins (MoNOS) groep tijdens de Introductie Experimentele Natuurkunde. In de
groep van prof. dr. Michel Orrit werkte ik onder andere aan de fluorescentiekarak-
teristiek van rhodamine 6G. Ik koos voor de afstudeerrichting Experimentele Na-
tuurkunde en het eerste deel van de anderhalf jaar experimentele onderzoeksstage
bracht ik door in de groep van prof. dr. Joost Frenken en dr. Tjerk Oosterkamp.
Ik werkte aan een simulatie van de beweging van de tip van de scanning tunneling
microscoop (STM), zowel in het tijddomein als in het frequentiedomein. Het tweede
deel van de experimentele onderzoeksstage voerde ik uit in de groep van prof. dr.
Shimon Weiss aan de University of California, Los Angeles. Met behulp van totale-
interne-reflectie fluorescentie microscopie (TIRFM) bleek het mogelijk de laterale
diffusie van individuele van quantum dots voorziene lipiden in lipide dubbellagen
waar te nemen. De analyse van de data verrichtte ik later Leiden in de groep van
prof. dr. Thomas Schmidt. Tijdens mijn studietijd was ik assistent bij het eerste-
jaars natuurkundig practicum. Als lid van de reiscommissie van studievereniging De
Leidsche Flesch organiseerde ik mede de studiereis van 2002 naar Zwitserland. In
oktober 2005 studeerde ik af in Leiden.

In het voorjaar van 2006 begon ik met een promotieonderzoek onder leiding van
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