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Electron transfer proteins and redox enzymes containing paramagnetic redox centers with different
relaxation rates are widespread in nature. Despite both the long distances and chemical paths connecting
these centers, they can present weak magnetic couplings produced by spin-spin interactions such as
dipolar and isotropic exchange. We present here a theoretical model based on the Bloch-Wangsness—
Redfield theory to analyze the dependence with temperature of EPR spectra of interacting pairs of spin
1/2 centers having different relaxation rates, as is the case of the molybdenum-containing enzyme alde-
hyde oxidoreductase from Desulfovibrio gigas. We analyze the changes of the EPR spectra of the slow
relaxing center (Mo(V)) induced by the faster relaxing center (FeS center). At high temperatures, when
the relaxation time T; of the fast relaxing center is very short, the magnetic coupling between centers
is averaged to zero. Conversely, at low temperatures when T; is longer, no modulation of the coupling

Aldehyde oxidoreductase

between metal centers can be detected.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Electron transfer proteins and redox enzymes participate in sev-
eral biological processes occurring in nature [1-3]. The electron
transfer chains of these proteins include distinct type of redox cen-
ters (usually situated ~10-20 A away) connected by long chemical
pathways which are thought to be involved in electron transfer
processes. These centers are paramagnetic in some redox states
of the proteins and, in addition, despite the long both distances
and chemical paths, they can present weak magnetic couplings
produced by spin-spin interactions such as dipolar and isotropic
exchange, also known as superexchange interaction [4]. The
strength of the dipole-dipole interaction depends mainly on the
distance between centers whereas that of exchange interaction,
which is characterized by the exchange interaction constant (J),
on the nature of the chemical path connecting the centers, the
higher the J parameter, the higher the interaction [5-8].

The fact that the redox centers in these proteins may be
paramagnetic has made the Electron Paramagnetic Resonance
technique a valuable tool to characterize the electronic and relax-
ation properties of the metal ions and the nature and magnitude of

* Corresponding author. Fax: +54 342 4575221.
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the weak magnetic coupling among centers. Particularly, the anal-
ysis of the magnetic interaction between centers by EPR can be
advantageously used to determine intercenter distances, to assign
the EPR active centers with those of the structure, to evaluate mag-
nitude and nature of the magnetic coupling, and the integrity of the
electron transfer pathways in distinct protein conditions [9-16].
An interesting situation occurs when the centers show different
relaxation rates. When this happens, the faster relaxing center
may produce a temperature dependent modulation of the mag-
netic couplings and an enhancement of relaxation properties of
the slower relaxing center [13,16].

Mononuclear Mo-containing enzymes of the xanthine oxidase
family constitute representative examples of weakly magnetic-
coupled systems containing redox centers with different relaxa-
tion rates [9,12,17-20]. A common feature of these enzymes is
that they contain a Mo atom in the active site and two iron-sul-
fur clusters of the type [2Fe—2S] called FeS 1 and FeS 2, which
show intercenter magnetic couplings in certain redox potentials.
Both the magnetic coupling, previously analyzed in [21], and
the different relaxation rates of the interacting centers (FeS
2>FeS 1>Mo(V)) give rise to a temperature dependent splitting
of the EPR spectra of the individual centers [22]. Although this
phenomenon has been widely documented and qualitatively ex-
plained for distinct types of biological systems [13,16], to our
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knowledge, a theoretical model based on solid grounds that al-
lows one to simulate the temperature dependence of EPR spectra
associated with weak spin-spin interactions has never been
presented.

In this paper we present a model based on the density matrix
formalism as proposed by Bloch, Wangsness and Redfield (BWR)
[23,24] to interpret the temperature variation of the Mo(V) EPR
signals of the XO family member aldehyde oxidoreductase from
Desulfovibrio gigas (DgAOR) [25,26]. This model has been sketched
previously by Salikhov et al. to analyze the reverse shift of the EPR
signal of a paramagnetic center strongly-coupled by exchange to a
faster relaxing species [27].! We extend now this model to analyze
the case of a weakly-coupled pair of spin 1/2 centers (Mo and FeS 1)
that in addition can show hyperfine structure at one of the centers
(the Mo center). This type of studies is not only of theoretical interest
but also is useful to analyze properties of this kind of systems that
complement information obtained from other experimental
techniques.

2. Materials and methods

DgAOR was purified as described elsewhere [28,29]. Variable-
temperature EPR measurements at X-band in the range 10-150 K
were performed on a Bruker EMX spectrometer equipped with a
dual-mode cavity (model ER 4116DM) and an Oxford Instruments
continuous flow cryostat. Spectra were acquired in non-saturating
conditions. Experimental conditions: microwave frequency,
9.65 GHz; modulation field, 100 kHz; modulation amplitude, 2 G;
microwave power, 0.6 mW.

The temperature variation of the spectra associated with Mo(V)
species was simulated using a computer program written locally
based on the model described in Section 3.3 and in the Appendix
given as supplementary material. The program also includes, when
necessary, hyperfine coupling terms at one of the centers. The
powder-like spectra were simulated assuming that all orientations
of the spin pair with respect to the applied magnetic field are pos-
sible as explained in chapter 5 of Ref. [30]. The program cycles
through the angles 0 and ¢ systematically and calculates at each
set of orientations the derivative with respect to the magnetic field
of the out of phase magnetization (Eq. (4) in Section 3.3). The con-
volution was performed with an angular grid using m equal steps
in 0 and n equal steps in ¢. The intensities of the resonance lines
were corrected by the 1/g factor.

3. Results and discussion
3.1. Structural properties and redox cofactor organization

The structural properties of DgAOR [25,26] and closely related
proteins have been documented elsewhere (see Ref. [22] for a
review). We present here a brief description of the structural
information that is essential to analyze the EPR properties of
DgAOR.

DgAOR is a homodimeric protein belonging to the XO family of
mononuclear molybdenum-containing proteins that catalyzes the
oxidation of aldehyde to acid. The X-ray data indicate that the
protein crystallizes in monomeric form [25,26]. The 3D structure
of each monomer is organized into two major domains called Mo-
domain and FeS domain. The Mo-domain is the largest one and

1 Reverse shift is an expression coined by Salikhov et al. to describe the shift of the
EPR line associated with the slow relaxing center as a function of the relaxation rate of
the faster relaxing center. At low relaxation rates of the faster relaxing center, the
resonance line is at the gravity center of the resonance lines of the uncoupled species.
When the relaxation rate increases, the resonance line shifts away from the gravity
center toward the line position corresponding to the uncoupled species.
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Fig. 1. (a) 3D structure of one DgAOR monomer with the FeS binding domains
colored in red and the Mo binding domain in yellow. (b) Proposed chemical path
involved in electron transfer in DgAOR.

contains the Mo active site whereas the FeS domain contains two
FeS centers of the type [2Fe—2S]. Fig. 1a shows the 3D structure
of one monomer in DgAOR and the position of the Mo active site
and both FeS clusters. The Mo atom in its oxidized form is in a
distorted square pyramidal coordination with two S atoms from
one pyranopterin, an oxo ligand and a OH/OH, molecule in equa-
torial positions, and an oxo ligand in the apical position (Fig. 1b).
The FeS domain of DgAOR can be subdivided into two subdo-
mains, each of them containing a FeS center. One of the centers
(FeS 1) is closer to the Mo site and is buried inside the protein
in a helical domain inaccessible to solvent (C-terminal domain).
The second cluster (FeS 2) and the corresponding domain are of
the plant ferredoxin type (N-terminal domain) and are exposed
to solvent. FeS 1 and FeS 2 clusters are 15 A and 24.4 A away,
respectively, from the Mo atom. Although the X-ray structure of
the protein dimer is unknown, the shortest distances between
the metal cofactors and the protein monomer surface indicate
that the metal centers belonging to different monomers of the
same protein dimer are situated at least 40 A away. The metal
cofactors of each monomer are along an electron transfer path-
way that mediates electron exchange between substrate and the
electron acceptor [31]. Fig. 1b shows the proposed chemical path
for electron transfer. The path connecting Mo and FeS 1 involves
the pterin ligand, and a hydrogen bond involving the nitrogen and
sulfur atoms from pterin and Cys139, respectively. The chemical
path between FeS 1 and FeS 2 involves a mixed chemical path
including the amino acids Cys137 and Ala136, which is hydro-
gen-bonded to the oxygen atom of Cys45.
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3.2. EPR properties of DgAOR

The Mo atom of the active site of DgAOR can be found in three
different redox states, Mo(VI), Mo(V), and Mo(IV). Of all these re-
dox states, Mo(V) (d', S=1/2) is detectable by EPR and gives rise
to signals with all g-values lower than 2. The 2 x [2Fe—2S] centers
can be obtained in two redox states. The oxidized state of both FeS
clusters ([2Fe—2S]?") contains two antiferromagnetically-coupled
Fe3* ions with a ground state with S = 0. This redox state is diamag-
netic, but becomes paramagnetic on reduction of one of the Fe**
ions to Fe*". The resulting Fe?*-Fe>" pair is also antiferromagneti-
cally coupled ([2Fe—2S]", S=1/2) [32].

Dithionite reduction of DgAOR for 20 min in anaerobic condi-
tions at a redox potential around —400 mV vs. NHE gives rise to
EPR signals associated with the Mo(V) ion and the two [2Fe—2S]"*
clusters (Fig. 2). The Mo(V) signal obtained under these condi-
tions is commonly named “slow” in the literature on Mo-enzymes
[2], but hereafter it will be referred as Mo(V) EPR signal. Whereas
~100% of the FeS centers are paramagnetic at this redox poten-
tial, only about 10% of the total molybdenum is obtained as
Mo(V) species [29]. The Mo(V) EPR signal is detected over the
whole range of temperature. The EPR signal obtained above
90 K shows a nearly axial symmetry and hyperfine structure with
a species with I=1/2 (Fig. 2, spectrum a; EPR parameters in cap-
tion to Fig. 2). The nuclear species with [ =1/2 corresponds to a
solvent exchangeable proton as demonstrated from the spectrum
of DgAOR in 2H,0 (Fig. 2, spectrum b). In contrast, the EPR signals
of FeS 1 and FeS 2 (Fig. 2, spectra c and d; EPR parameters are gi-
ven in the caption) are observed at temperatures below 80 K and
50 K, respectively, which indicates that the three centers have dif-
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Fig. 2. EPR spectra at 100 K of DgAOR in 'H,0 (a) and ?H,0 (b), and at 60 K (c) and
20K (d) of DgAOR in 'H,0. The principal g-values indicated with arrows on the
figure are gi~g>=g,=1.970, g,=1.959 for Mo(V), g =2.023, g,=1.938, and
23=1.919 for FeS 1, and g; =2.060, g, =1.979, and g3 =1.900 for FeS 2. The g,
feature of FeS 2 is overlapped to the Mo(V) signal.

ferent spin-lattice relaxation rates (FeS 2 > FeS 1 > Mo(V)), a phe-
nomenon characterized by the longitudinal relaxation time T;:
the longer the Ty, the smaller the relaxation rate. Changes in
the relative signal amplitudes with temperature happen because
of the dependence of T; with temperature: the higher the temper-
ature, the shorter the T;.

The spectra of Fig. 2 can be interpreted assuming two inde-
pendent pairs of spin 1/2 centers, Mo(V)-FeS 1 and FeS 1-FeS
2 [9,12,21]. The Mo(V) EPR signal is split at low temperatures
by FeS 1. This splitting is not observed at higher temperatures
because of the high relaxation rate of FeS 1 at these tempera-
tures. The FeS 1 signal shows splitting of its g; feature but by
coupling with FeS 2. The FeS 1 signal splitting by Mo(V) should
be also observed, but, as said above, only about 10% of the
Mo-FeS 1 pair is magnetically coupled and therefore cannot be
detected. In this paper we will only analyze the Mo(V)-FeS 1
pair, although a similar analysis could be also applied to the
FeS 1-FeS 2 pair.

As stated in the introduction, magnetic couplings among dis-
tant redox centers in metalloproteins can originate from dipole-
dipole and superexchange interactions. For an interacting spin
pair, dipolar interaction splits the resonance lines of the centers
in two lines whose separation depends on the magnetic field ori-
entation with respect to the intercenter direction. In contrast, the
superexchange interaction splits the resonance lines with a con-
stant separation of |J|, except for those magnetic field orientations
in which the difference between the effective g-factors (Ag) is
zero, for which none or negligible splitting is observed. Further-
more, the two split lines have approximately the same intensity
when |J| < AgugB, where pg is the Bohr magneton, and B is the
external magnetic field. If in addition, one of the centers are split
by hyperfine interactions caused by species with nuclear spin
(I=1/2), it follows that this condition implies |J| < |AgugB * 1A,
where A" is the hyperfine parameter. More et al. analyzed the
nature of the magnetic coupling Mo(V)-FeS 1 of DgAOR in 2H,0
[21]. They found that the main features of the Mo(V) spectra
can be simulated by including only the exchange interaction term
(U =12 x 100*cm™!) and the inclusion of dipolar terms is only
necessary to correct fine details of their simulations (note that
these authors used a local spin model that includes all the metal
sites of the system, not the point dipole approximation). The
components of the dipolar tensor in the point dipole secular
approximation were estimated to be (1.9, 1.9, —3.8) x 10~*cm™!
(1cm~ ! ~10*G). The linewidth of the resonance peaks of the
experimental spectra (Fig. 2) is around 9 Gauss and consequently
the dipolar contribution is masked in the linewidth of the spectra.
As the main objective of the present paper is to model the tem-
perature-dependent EPR spectra of a system containing weakly-
coupled paramagnetic centers with different relaxation rates,
not to analyze the nature of the magnetic coupling between cen-
ters, and since the dipolar term is not relevant in this spectral
simulation, it will not be considered for simplicity of the mathe-
matical expressions. However, the extension of the model to the
case of spin pairs presenting additionally anisotropic couplings
is straightforward.

3.3. Theory: the basic formalism

In an EPR experiment, the basic description concerns with
accounting for the response of a magnetic system in the presence
of an external magnetic field, under the excitation of a radiation
field. The spin Hamiltonian for an exchange-coupled spin pair in
the presence of an external magnetic field B and an oscillating
magnetic field b, is given by

H=H +H;
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where

H = h[o?Sf + off)SPIY + oS + o5 SHS?] (1a)

exch
and, for a linearly polarized radiation field along the x direction
H; = h(0'VS? 1+ w'PSE)) cos(w,t) (1b)

H® represents the spin Hamiltonian of the system while HS cor-
responds to the excitation field. The convention A= Mo(V) and
B=FeS 1 is adopted for simplicity. In Eq. (1a) the first and third
term represent the Zeeman interaction of the two sites A and B,
respectively, both having S =S® =1/2, with the external mag-
netic field (0™ = g®HB/h). The second term corresponds to the
hyperfine interaction at site A and the last term gives the Heisen-
berg exchange between the spins of both sites (w4 = J/h). In
Eq. (1b) w{ = g® b, /h and w, are the field and excitation fre-
quency, respectively.

The response signal can be obtained from the mean value of the
out of phase magnetization [27],

h
(My) == S Tr{ (@S + s ), mi) | @)

where o(t, m;) represents the density matrix operator for the spin
system, in which m; is the projection of the nuclear spin I interact-
ing with S, The matrix elements of this operator are calculated
keeping only the right component of the two counter circularly
polarized excitations in which the linearly polarized HS can be
decomposed. The matrix elements of the operator o(t, m;) account-
ing for the relaxation processes of the spin pair can be obtained
from the BWR formulation [24] and the detailed procedure to deter-
mine its elements is in an Appendix given as supplementary mate-
rial. After some well known although lengthy calculation, one
arrives to a system of equations to be solved for the ¢’s, which in
matrix form can be written as [27]

C(my)or(m;) = A(my) 3)

Matrix C(m;) involves in addition to the Hamiltonian parameters
of Egs. (1a) and (1b), the relaxation rates of each center, matrix A in-
volves the microwave frequency and equilibrium density matrix ele-
ments, while matrix og(m;) correspond to o(t, m;) in the stationary
regime approximation in the rotating system. The explicit forms of
these matrixes are given in the Appendix.

The solution of Eq. (3) using the basis states {|¥;(m;))} given
explicitly in the Appendix and the Iladder operators
S = LS — sy, as well as the Hermitian properties of the ele-
ments of the density matrix (;; = o};), allows one to write Eq. (2) as

h
by Z Im{@ [or13(M)) + oRoa(my)] + &' (6712 (M)

+ orsa(my)]} 4)

The simulated spectra were obtained by convoluting (see Sec-
tion 2) the derivative of this equation with respect to the magnetic
field. For the present case the matrix of Eq. (3) can be solved ana-
lytically, although it leads to a set of cumbersome expressions
which, with exceptions for some limiting cases, can be more
advantageously analyzed with the help of numerical methods.

It is important to note that in the case of no coupling (%) = 0),
Eq. (4) predicts two independent spectra with positions
'™ = gMeBlh (K= A or B) associated with spins resonating inde-
pendently according to Bloch equations in non-saturating condi-
tions (see demonstration in the Appendix). The relaxation time T,
that determines the linewidth for the EPR transitions of each spin
(see Appendix) can be written as

My) =

1 1 1
TA®) = 2TA®) + TA®B) )
2 1 b
where we are assuming that T’l‘(m and T’Z‘,(B) correspond to the spin-
lattice and spin-spin relaxation times, respectively.

3.4. Analysis of the EPR data

Left panels of Fig. 3 show in detail the temperature dependence
of the Mo(V) EPR signal of DgAOR in 'H,0 (upper) and ?H,0 (bot-
tom). The right panels of Fig. 3 correspond to simulations obtained
with Eq. (4) at different relaxation times T of the fast relaxing cen-
ter (FeS 1 or B in our nomenclature) assuming that the condition
UI/h < o™ — o) is fulfilled for all the magnetic field orientations
with respect to the spin pair molecular frame. The best agreement
between experiment and simulation was obtained with an ex-
change parameter |J| =1.2 x 103 cm~'. The same value was re-
ported by More et al. and was associated with the chemical path
between the Mo atom and the FeS 1 center (Fig. 1b) [21]. The
remaining parameters used in the simulation are given in the cap-
tion to Fig. 3. It is important to note that the relaxation times T;
used for simulation show good agreement with those determined
for FeS 1 in reference [12]. The linewidth used for simulation is gi-
ven by T‘—A in field units (Eq. (5)). The fact that the T, for Mo(V) ion
is température independent indicates that T is very long in the
range 20-150K, i.e. its contribution to the linewidth can be
neglected when compared to that of TA. In our simulations we

90 K 1.0 ns

80K 2.5ns

8.0 n:

50K

s
iy

3475 3500 3525 3550 3475 3500 3525 3550

90K

80 K 2.5ns
8.0 ns

25 ns
75 ns

il
iiid

3475 3500 3525 3550 3475 3500 3525 3550
Magnetic Field (Gauss)

Fig. 3. Experimental Mo(V) EPR signals of DgAOR (left panel) together with
simulation (right panel). The top and bottom panels correspond to samples in H,0
and 2H,0, respectively. Temperatures of the experiment and relaxation times for
simulation are indicated. The spin Hamiltonian parameter for simulation of Mo(V)
signals in 2H,0 were g;=1971 (4), g,=1.969 (4), and g5=1.959 (4) and
=12 x 10> cm™". The values in parenthesis correspond to the linewidth in
Gauss. Same parameters and A”* = 15 Gauss, and A% — A% — 16 Gauss (hyperfine
tensor of the solvent exchangeable proton) except the linewidths (2.5, 2.5, 2.5) were
used for the sample in 'H,0. g- and A"-tensors were assumed to be collinear. For
DgAOR in 2H,0, the H hyperfine splitting is not considered explicitly but is folded
into the linewidth.
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are assuming that TiA includes all contributions to the linewidth
2

(homogenous and inhomogeneous). For DgAOR in 'H,0, 117 deter-
2
mines the linewidth of each hyperfine component m;. For DgAOR
in 2H,0, TiA includes the unsolved deuterium hyperfine structure,
2

as the simulation was performed assuming a Mo(V) ion with no
hyperfine structure due to 2H. Similar assumption was made by
other authors to analyze chemical exchange processes by general-
ized Bloch equations [33].

By inspecting Fig. 3, two well differentiated regimes can be
clearly identified at both extremes of the temperature range. At
high temperature (T > 90 K), when spin B (FeS 1) relaxes extre-
mely fast so that it has a very short relaxation time
(TS ' < 1ns), Eq. (4) predicts Mo(V) spectra corresponding to
those of an uncoupled system. This means that the fast relaxing
center is modulating the interaction between centers in such a
way that the effect of the spin coupling is averaged to zero. In con-
trast, at low temperatures (T < 50 K) when FeS 1 center relaxes
slow (T¥* ! > 75 ns), no modulation of the spin coupling can be
detected, and the spectra correspond to those of the coupled sys-
tem. Intermediate situations with partial collapse and broadening
of the Mo(V) resonances are observed between these two limits.

Interacting magnetic centers showing temperature-dependent
EPR spectra have been analyzed in terms of the generalized Bloch
equations, in which the two spins A and B, which resonate at differ-
ent frequencies, transform themselves with a rate ; = - + 1, where
1/t4 and 1/7p are the rates of each center [33]. These equations
have been used, for example, to assign the EPR signal of the proxi-
mal iron-sulfur cluster to the Mo(V) ion in the XO family [12] and to
evaluate the relaxation time T; of the fast relaxing center in metal-
nitroxyl coupled systems [34]. The central assumptions of these
works is that T; of the fast relaxing center is associated with t
and that the splitting of the slow relaxing center at low tempera-
tures corresponds to @) — »®), Although these assumptions give
good description of the experimental data, the application of gener-
alized Bloch equations for weakly exchange coupled systems is
unjustified from a theoretical point of view. First, no chemical ex-
change is present between the interacting centers A and B. Second,

in the absence of chemical exchange (%:#—) 0), generalized

Bloch equations reduce to two magnetically1 uncoupled species
(no splitting should be observed for each center), which clearly is
not the case analyzed in this paper. Third, generalized Bloch equa-
tions are a simpler case of more general theories developed to ex-
plain EPR spectra of extended exchange coupled systems, in
which 1 corresponds to w?% = J/h [4,35,36], but not for the case
of an isolated exchange-coupled spin pair.

The good agreement between experiment and simulation con-
firms the robustness of the BWR model to fully analyze EPR spectra
of spin pairs presenting temperature dependent weak or strong
magnetic couplings. The first direct application that emerges is that
this model can be used to determine relaxation rates of the fast relax-
ing center in weakly-coupled spin pairs. Furthermore, it constitutes
a powerful tool to assign the metal centers detected by EPR spectros-
copy with those observed in the X-ray structure in systems contain-
ing three or more paramagnetic centers. We demonstrate here that
the problem of the center assignment, which has been the subject
of long debates in the proteins belonging to the XO family [22], can
be precisely solved through this model.

4. Abbreviations

Xanthine oxidase XO

Iron-sulfur cluster FeS

Bloch, Wansgness and Redfield BWR

DgAOR aldehyde oxidoreductase from Desulfovibrio gigas
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Appendix A. Supplementary material

An Appendix describing the procedure to determine the ele-
ments of the density matrix operator accounting for the relaxation
processes of a spin pair through the BWR formulation is provided
as Supplementary data. Supplementary data associated with this
article can be found, in the online version, at doi:10.1016/
j-jinorgbio.2009.06.006.
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