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Abstract
A high-field electron paramagnetic resonance (HFEPR) study of oxalate decarboxylase (OxdC) is
reported. OxdC breaks down oxalate to carbon dioxide and formate and possesses two distinct
manganese(II) binding sites, referred to as site-1 and -2. The Mn(II) zero-field interaction was used
to probe the electronic state of the metal ion and to examine chemical/mechanistic roles of each of
the Mn(II) centers. High magnetic-fields were exploited not only to resolve the two sites, but also to
measure accurately the Mn(II) zero-field parameters of each of the sites. The spectra exhibited
surprisingly complex behavior as a function of pH. Six different species were identified based on
their zero-field interactions, two corresponding to site-1 and four states to site-2. The assignments
were verified using a mutant that only affected site-1. The speciation data determined from the
HFEPR spectra for site -2 was consistent with a simple triprotic equilibrium model, while the pH
dependence of site-1 could be described by a single pKa. This pH dependence was independent of
the presence of the His-tag and of whether the preparations contained 1.2 or 1.6 Mn per subunit.
Possible structures of the six species are proposed based on spectroscopic data from model complexes
and existing protein crystallographic structures obtained at pH 8 are discussed. Although site-1 has
been identified as the active site and no role has been assigned to site-2, the pronounced changes in
the electronic structure of the latter and its pH behavior, which also matches the pH-dependent activity
of this enzyme, suggests that even if the conversion of oxalate to formate is carried out at site-1,
site-2 likely plays a catalytically relevant role.
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Introduction
Manganese in its divalent state, Mn(II), plays important roles in a number of biological
processes such as bacterial virulence1,2, radioprotection3,4, oxidative stress5 and a number of
other enzymatic processes (for example see 6). An effective technique for selectively detecting
and probing the electronic state of Mn(II) ions in biological environments has been electron
paramagnetic resonance (EPR) spectroscopy. However, conventional EPR has proven to be of
limited value due to poor resolution and high spectral complexity. Recently, several
experiments have been carried out using high magnetic-field high-frequency EPR (HFEPR)
7–10 that suggest that this approach not only circumvents these two limitations, but also allows
accurate measurement of the magnetic spin parameters of an Mn(II) ion from which valuable
information about its electronic structure and interactions with the environment can be
extracted.

The EPR spectrum of a Mn(II) ion is determined essentially by three interactions: the Zeeman,
describing the interaction between the electronic spin and the external magnet fields; the
hyperfine, arising from the magnetic interaction between the electronic-spin and nuclear-spin
(I(55Mn)= 5/2) values; and two zero-field interactions, defined by the parameters D and E. The
Zeeman and hyperfine interactions have been found to be essentially isotropic, described by
the scalar values g and A respectively. The detailed descriptions of the three interactions and
how they influence the Mn(II) EPR spectrum can be found elsewhere (pertinent details are also
given in the supporting information). Figure 1 summarizes the relevant aspects of the Mn(II)
HFEPR spectroscopy. When the applied magnetic field is sufficiently large so that the Zeeman
interaction (gβB) is much larger than the zero-field interaction, as is the case in our
measurements, the spectra become greatly simplified. Of the five formally allowed EPR
transitions, there are two limiting cases that are particularly interesting. Near liquid helium
temperatures, only the ms =−5/2 level is populated and the ms =−5/2↔−3/2 transition is the
only significant contribution to the HFEPR spectrum. The center of the spectrum is determined
by the Zeeman interaction (Bcenter=hν/gβ, where ν is the microwave frequency used to detect
the spectrum) and the overall shape is defined purely by the zero-field interaction (Figure 1).
For frozen protein samples in which Mn(II) centers are randomly orientated, the relative
positions of these three “turning” points of the powder spectrum are determined by D and E
and the relative disposition of these points define the algebraic sign of D. It is important to note
that as long as the Zeeman interaction is much greater than the zero-field interaction, the shape
of the HFEPR spectrum is independent of the microwave frequency used to detect the Mn(II)
ions, that is the microwave frequency only defines the center of the spectrum.

The second limiting case is the spectrum of the ms =−1/2↔1/2 transition. We have already
discussed the HFEPR spectroscopy of this transition in detail.11 It is best detected at elevated
temperatures where the ms =−1/2 level is optimally populated (typically about 23 K at 10 T).
This transition is unaffected by the zero-field interaction to first-order. For this reason, its
spectrum is extremely intense and highly resolved with six sharp lines corresponding to the
hyperfine transitions (Figure 1). However, like the spectrum of the ms =−5/2↔−3/2 transition
it is centered at hν/gβ. The shape of each of these six resonances is influenced by higher-order
contributions of the zero-field interaction, the second-order contribution being proportional to
|D|/gβB. This means that unlike the ms =−5/2↔−3/2 transition, the shapes of each of the six
hyperfine resonances depend on the microwave frequency used for detection. It is possible to
extract the zero-field parameters from simulations of these line shapes.

The zero-field interaction is arguably the most interesting of these interactions. It arises from
the spin-spin and spin-orbit interactions of the five unpaired Mn(II) electrons. Although, it has
been long known that the zero-field interaction gives a measure of how much the Mn(II)
environment departs from spherical symmetry 12, the details of how it depends on the molecular
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structure are not well understood. A number of quantitative, but essentially phenomenological,
models of the Mn(II) zero-field interaction have been developed that have had varying degrees
of success.13 However, none have proven to be completely reliable. Recently, there has been
some success in calculating the Mn(II) zero-field interaction using ab initio quantum chemical
methods.14,15 Such calculations hold the promise of a usable general theoretical framework.

In spite of the lack of detailed theoretical knowledge, there is growing experimental evidence
that the Mn(II) zero-field interaction can be used as an effective chemical probe of the electronic
state of the Mn(II) centers. Mn(II) containing superoxide dismutases (MnSODs) are highly
structurally homologous and have identical primary ligands, yet can be readily discriminated
by their zero-field interactions.11 This likely arises from the sensitivity of the Mn(II) zero-field
interaction to electrostatic contributions from the surrounding protein environment well
beyond the immediate ligands 11,16,17. Similarly, the Mn(II) zero-field interactions of closely
related manganese terpyridine complexes have been found to correlate with their Mn3+/
Mn2+ reduction potential demonstrating the sensitivity of the zero-field interaction to the subtle
effects of electrostatics and bonding.18

We have exploited HFEPR and Mn(II) zero-field interactions to characterize the manganese
binding in Oxalate decarboxylase (OxdC). This protein is found in a number of bacteria and
fungi and breaks down oxalate to carbon dioxide and formate. In addition to the substrate, the
processing of oxalate also requires dioxygen.19 Through what is thought to be a radical-based
catalytic cycle involving electron transfer from the metal ion to the bound dioxygen, the oxalate
molecule is heterolytically cleaved into the products.19,20 OxdC exists as a hexamer. Each
monomeric subunit appears to have been formed from the fusion of two oxalate oxidase cupin
domains, each having a mononuclear manganese binding-site with a coordination sphere
similar to that of the oxidase. 21–23

The N-terminal Mn(II) ion as found in the 1UW8 24 OxdC structure is six-coordinate with 3
histidines in a facial configuration, 1 glutamic acid and 2 water ligands with the glutamic acid
ligand hydrogen-bonding one of the water molecules (Figure 2, from here on this site will be
referred to as site-1). A number of experiments have demonstrated that this is the catalytic site.
24–27 By contrast, the C-terminal Mn(II) ion (referred to as site-2) is five-coordinate in a square-
pyramidal geometry and, like site-1, has three facially configured histidines and a water ligand
that is also hydrogen-bonded to the glutamate residue that directly ligates the metal ion (Figure
2). The shortest distance between these sites is between those of adjacent monomers. Two other
B. subtilis wild-type OxdC structures (1J58 28 and 1L3J 28,29) have been solved, in both cases
a formate molecule binds site-1 and site-2 is six-coordinate with an additional water ligand. In
all cases, the structures were obtained from crystals poised at pH 8. By contrast, it has been
well established that OxdC only becomes maximally active well below pH 5. This means that
although the crystallographic structures provide valuable information regarding the overall
three-dimensional structure of OxdC there is no certainty as to the structure of the metal binding
sites at the optimal pH. Moreover, these structures give little information about the electronic
state of the manganese ions that could provide also important insights into chemical/
mechanistic roles of the two manganese ions.

Specifically, the purpose of this study was to exploit the highly sensitive nature of the Mn(II)
zero-field interaction to characterize the manganese-binding sites in two types of OxdC
preparations: one having slightly higher than 1 Mn(II) per subunit of protein and a C-terminal
His-tag used to facilitate purification (hereafter referred to as JIC-OxdC) and the other having
closer to full metal content and no tag (hereafter referred to as UF-OxdC). Angerhofer and
workers have examined the latter type using HFEPR.10 Although the UF-OxdC sample could
be thought of as more ideal in terms of metal content and no tag, kinetic measurements present
a complex picture with the His-tagged low metal occupancy version actually having a higher
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activity per Mn content (Table 1). The C-terminal His-tag appears to have little structural effect
since the C-terminal end of the 2VO9 (His-tagged mutant) and 1UW8 (non-His-tagged wild-
type) structures are virtually identical.24,25 However, one complication has been that all of the
known structures were obtained from crystals having full metal occupancy despite being
derived from preparations that did not, hence relating these crystallographic structures to
kinetic measurements is not necessarily straightforward. This was one of the compelling
reasons for using HFEPR. As will become evident in our description of the HFEPR study, not
only did we find consistency between spectroscopy and crystal structures at high pH, but there
was also clear evidence for complex pH-dependent changes in the structure.

Materials and Methods
Protein Preparation

Wild-type B. subtilis oxalate decarboxylase was expressed in Escherichia coli with a C-
terminal His-tag (JIC-OxdC), purified using nickel affinity chromatography and treated with
Chelex 20 resin (BioRad) to remove adventitious metal ions as described previously24 with
modifications to the method of the induction of protein expression.25 Samples were
additionally treated with 10 mM EDTA before buffer exchange into the final buffers using
desalting columns followed by concentration using Amicon centrifugal devices (Millipore).
The typical manganese contents were 1.2 Mn/subunit for the wild-type protein and 1.4 Mn/
subunit for the mutant. HFEPR samples contained 300 mM NaCl, 50 mM buffer and 10%
glycerol. Sample concentrations ranged from 100 to 570 μM/subunit. The reported pHs were
those measured at 0°C immediately prior to flash freezing in liquid nitrogen. The pHs of a
number of samples were also checked after the experiments. Citrate and acetate buffers were
used for pHs between 4 and 6; MES buffer for pH 6.5; TRIS for pH between 7 and 9.
Hexamethylenetetramine (HMTA) was used for pH 6.3 samples.

The isolation and purification of the non-His-tagged UF-OxdC was identical to those
previously reported.20

High-field EPR spectrometer
The HFEPR spectrometer has been described in detail elsewhere.30 Field calibration was based
on a Mn(II)-doped MgO standard sample (g=2.0010131) and the absolute error in field
measurements was 1 G (0.1 mT) or 0.0001 in g.

Spectrum simulations
Simulations of the spectra of the ms=−1/2→1/2 transitions were carried out as previously
described.11,32 The estimated error limits of the fitting procedure were ±0.06 GHz for the two
zero-field parameters. Simulations of the 4 K spectra were based on standard second-order
perturbation solutions to the spin Hamiltonian (Eq. 1). The dominant contribution to these
spectra was from the ms=−5/2→−3/2 transition. The g- and hyperfine tensors were assumed
to be isotropic. All six “allowed” transitions (Δms=1) were calculated. The amplitudes of the
transitions were properly weighed to take into account the quantum mechanical transition
probabilities as well as populations of the six levels as defined by Boltzmann’s equation. The
isotropic g-values and hyperfine couplings obtained from the simulations are given in the
supporting materials.

Molecular structures were generated using the program PyMOL (Delano Scientific LLC,
www.pymol.org).
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Results
Figure 3 shows the 285 GHz EPR spectra of JIC-OxdC at various pH values. As will be
discussed below, under identical conditions both the JIC- and UF-OxdC gave near identical
results. It was readily apparent from these HFEPR spectra along with those obtained at 190
and 95 GHz (data not shown) that there were at least five distinct resonances, arising from the
high, medium and low pH forms of site-2 designated H, M, L, respectively, and A and B for
the acidic and basic pH forms of site-1 (Figures 3 and 4 and Table 2), the amplitudes of which
were pH-dependent. As will be described below, there were probably a total of six distinct
components. These resonances were readily resolvable based on the distinct zero-field
interaction parameters of each of the corresponding Mn(II) centers. Measurements of the zero-
field interactions parameters and the relative populations of each of the species were facilitated
by the ability to acquire independently the spectra of the ms= −5/2→−3/2 (Figure 4) and
−1/2→1/2 transitions (Figure 3) at multiple microwave frequencies. Figures 3 and 4 also show
simulations of the various resonances and the zero-field parameters obtained from them are
listed in Table 1. By following the changes in the zero-field interaction and intensities as a
function of pH, we determined that resonances corresponding to H, L, and M arose from the
site-2 Mn(II) and A and B from site-1, as elaborated below.

High pH Spectra
The pH 8.8 HFEPR spectrum of JIC-OxdC was composed essentially of B and H (Figure 3).
The relative amplitude of these components obtained from simulations ranged from 1:1 to 1:2,
depending on the sample and simulation parameters used. The two distinct components were
consistent with the pH 8.0 crystallographic structure (1UW8). Site-1 has been found to be six-
coordinate with near octahedral geometry while site-2 had an unusual five-coordinate near
square-pyramidal structure (Figure 2).24 The spectral width of the ms=−1/2→1/2 transitions
of H was so large its characteristic resonances were not evident in the spectra obtained with
the much narrower magnetic field range used to obtain the six-line spectrum of B (Figure 3,
right panel). This indicated that the zero-field interaction of H was very large compared to B.
It has been previously shown that the quantity |D|+E can be directly determined from the field
positions of the low-field hyperfine features (indicated by the four arrows in Figure 3).11 The
sum was 12.43 GHz. Simulations of the 285 and 190 GHz spectra yielded a D value of 10.7
GHz (Figure 3, as with all simulations of the center transition only the absolute value of D
could be determined). This large value was similar to those of the trigonal-bipyramidal five-
coordinate Mn(II) center in manganese superoxide dismutases (MnSODs) indicating that H
corresponded to the high pH form of site-2 (Table 2).8,32 The E value of H (1.70 GHz) was
significantly larger than those of MnSODs, possibly indicative of the nearly square-pyramidal
structure of site-2 compared to the trigonal-bipyramidal geometry found in MnSODs.
Component B zero-field parameters were entirely consistent with those of other six-coordinate
pseudo-octahedral Mn(II) centers found in other proteins (Table 2); therefore, B was assigned
to site-1. Between pH 7 and pH 5, there was a distinct shift in the spectrum of B. Below pH 5,
the resonant field positions, and therefore the zero-field parameters, became constant. This low
pH form of site-1, designated A, had a slightly larger D value, but was still consistent with a
six-coordinate Mn(II) center.

Low pH Spectra
A more pronounced effect of decreasing pH was the rapid diminution of the amplitude of H.
Below pH 6, it became undetectable. Below pH 5, there was a rapid rise of a new set of
resonances that we designated L. In the ms=−5/2→−3/2 4 K spectra, the characteristic
resonance for L was a broad 9.8 T feature (Figure 4). The corresponding ms=−1/2→1/2
transition resonances could also be readily seen in the ×8 expansion of the 25 K pH 4 spectrum
(Figure 3, left panel). Several additional sharp resonances appeared to the low-field side of
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each of the six sharp site-1 resonances in addition to a broad resonance on the high-field edge.
At pH 4, the simulations and double integrations of the HFEPR spectra showed that there were
an equal number of Mn(II) centers corresponding to L and A. This further supported the
assignment that component L arose from the low pH form of site-2. The contribution of A to
the spectrum was very similar to that of B.

The zero-field interaction of L was considerably larger than that of A and B. This was apparent
from the greatly down-field shifted 9.8 T resonance in the 285 GHz spectrum (Figure 4) and
the equivalent 6.4 T resonance in the 190 GHz spectrum (Figure 5B). However, this low pH
from of site-2 had a much smaller zero-field interaction than H, the high-pH form of site-2.
The complete spectrum of the ms=−5/2→−3/2 transition of L was so wide that it was not
possible to obtain all of it using 285 GHz microwaves, since it extended beyond 10.5 T, the
field limit of our magnet. However using 190 GHz, it was possible to obtain the totality of the
spectrum of the ms=−5/2→−3/2 transition of L (Figure 5). Its zero-field interaction was nearly
axial with a positive D value of +5 GHz (Table 2). Although the low-field edge of the spectrum
was well-defined, the high-field edge was considerably broader indicating that the zero-field
interaction was anisotropically distributed, that is the zero-field interaction in L was
significantly more distributed along the zero-field axis than along a direction perpendicular to
it. “Fast-passage” spectra that had better signal-to-noise ratios confirmed the orientation-
dependent disorder.34 The zero-field parameters obtained from the 190 and 285 GHz spectra
of the ms=−5/2→−3/2 transition were different from those obtained from simulations of the
285 GHz spectra of the ms=−1/2→1/2 transition (Figure 3, left panel). There were two likely
contributions to the discrepancy. This anisotropic distribution that is readily visible in the 190
GHz ms=−5/2→−3/2 spectrum is not completely accounted for in the simulation that assumes
an independent Gaussian distribution in D and E. Another more significant contribution to the
discrepancy is that the simulation of the ms=−1/2→1/2 transition requires not only fitting the
positions, but also the shapes of the six sharp resonances. In this case, the shapes were partially
obscured by the resonances from A leading to a greater uncertainty in the simulated values.
This is a potential pitfall common to all strategies for determining the zero-field parameters
from the ms=−1/2→1/2 spectra that have overlapping resonances. For these reasons, the zero-
field parameters from the ms=−5/2→−3/2 spectrum were likely to be more reliable since values
could be “read-off” and the fitting procedure was much more sensitive to positions of the edges
rather than to the details of the line shape. In should be noted that the possibility that the zero-
field interaction in this particular case was temperature dependent could not be discounted.
The Mn(II) zero-field interaction of MnSOD shows a marked temperature dependence above
25 K.32

Intermediate pH Spectra
At intermediate pH values, there was a different set of resonances apparent in the 25 and 4 K
spectra, designated M (Figures 3, left panel and 4). It reached a maximum at about pH 5 and
its contribution to the ms=−1/2→1/2 spectrum appeared as a progressive splitting of the six
hyperfine lines with increasing magnetic-field (Figure 3, left panel) and in the ms=−5/2→−3/2
spectrum (Figure 4) as a distinct shoulder at 10.4 T (Figure 4). Evidently, the zero-field
interaction of M was smaller than H or L, but slightly larger than site-1 A or B. Simulations
confirmed this. M had D and E values of −1.50 and 0.45 GHz respectively (Table 2).

Construction of Speciation Curves
Having identified five distinct components of the HFEPR spectra, we proceeded to analyze
and model their pH-dependence (Figure 6). The shift in field position of the site-1 resonances,
components A and B (Figure 3), nicely followed a standard monoprotic titration curve with a
pKa of 6.9 (Figure 6). The speciation data for components H, L and M were determined from
the 25 K spectra by normalizing the amplitudes of resonances arising from these components
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against the intensity of six sharp lines of site-1 components (Figure 3). The contribution of
M was also independently derived from the field position of the high-edge of the 4 K spectra
(Figure 4). The speciation curves of M determined in this way had essentially the same pH-
dependence as those determined using relative amplitudes. Given the quality of speciation data,
no attempt was made to determine the quantities of L, M and H relative to each other and the
data were separately and arbitrarily normalized to unity (Figure 6).

It was possible to obtain rough estimates of the relative populations of site-1 and site-2 at low
pH since the spectrum of the former remained constant below pH 6. At higher pHs, spectral
contributions from ms=−5/2→−3/2 and ms=−3/2→−1/2, as well as ms=−1/2→1/2 transitions
of B obscured the spectrum of the ms=−1/2→1/2 spectrum of H. This led to large uncertainty
in the relative population, estimates of the ratio site-1 to site-2 ranged from 0.5:0.5 to 0.3:0.7.
At low pHs, the spectra of site-1 and -2 were much more similar and determination of the
relative populations more reliable. The estimates were based on the simulation of narrow ms=
−1/2→1/2 spectrum of A which remained unchanged below pH 6. The double integral of the
simulation was compared to that of the total experimental spectrum to obtain the ratio of site-1
to site-2. This was done over 5 different pHs and eight different samples varied from 0.3:0.7
to 0.4:0.6 (with a conservative error estimate of ±0.2), meaning that in the samples used in this
study site-2 was slightly more populated. The ratio did not depend on either pH or the buffer
used (see below).

Modeling of Speciation Data
For site-2, speciation curves based on diprotic equilibria require that M become maximum
midway between the fall of H and rise of L. This was not the case. It appeared that the pH
dependence of site-2 required at least three coupled acid-base equilibria to obtain adequate
agreement with pKa values of 4.2, 5.7–6.2 and 6.3 (Figure 6). In our preliminary analysis of
spectra, we found no spectroscopic signatures corresponding to the component that would have
reached a maximum concentration at about pH 6 and hence we could not fix the middle pKa.
Schematically, the pH relationship between the various components could be summarized by:

This triprotic equilibrium model predicted a second intermediate pH species in addition to
component M. It became apparent that the pH-dependent variations in spectral features first
assigned to component M did not vary uniformly and were not totally consistent with a single
species. For example, scaled subtraction of the 4 K spectra obtained at pH 5 and 6 indicated
excess intensity in the pH 6 spectra that was beyond predictions of the speciation curves.
Simulation of the difference spectrum showed if this excess intensity was indeed due to X then
its zero-field parameters were likely to be similar to those of M, but more distributed, that is
the spectrum of X was broader and less resolved. Closer inspection of the 95 GHz spectra (see
for example supporting information) of the center transitions led to the same conclusion. Taking
the spectral contribution of component X into account also helped to explain the extended
shoulders in the pH 6 to 9 spectra which we had initially assumed were due to extended
distribution in zero-field parameters of site-1 at high pH (component B). If one assumed the
assignment of X to be correct, then the data analysis indicated significant amounts of X even
above pH 8.

Buffer Dependences
Since the transition from B to A was continuous over the three different buffers (from pH 9 to
6 in TRIS, pH 6 in MES and pH 5 and below in citrate) used to obtain the speciation curves,
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there was little reason to believe that the results strongly depended on the buffers used. This
also appeared to hold true for site-2 since H, X, M and L changed in a relatively continuous
and predictable manner. Spectra obtained in the pH 6–7 region using hexamethylenetetramine
(HMTA) buffer yielded entirely consistent results with those obtained in MES and TRIS; that
is, the relative quantities of H, X and M were the same as shown in Figure 6. Below pH 5.5,
the zero-field interaction of L obtained using a 1,4-bis(hydroxyethyl) piperazine buffer was
slightly different than in citrate. However the poor quality of the ms=−5/2→−3/2 spectrum
(data not shown) due to protein stability problems in the piperazine buffer precluded a detailed
analysis. By contrast, A appeared unchanged in this buffer.

Verification of Site Assignment
Measurements on the OxdC SENS161-4DSSN variant verified the site assignments of the
various components. The mutation has been shown to affect only the environment of site-1
while keeping the structure of the primary ligand-sphere intact. Crystallographic studies have
shown that in this mutant three water molecules replace the carboxylic acid side-chain of
Glu162, the oxygen atom of one situated in the same position as the Glu162 carboxylate oxygen
that shares a hydrogen bond with the water ligand of site-1. The position of the Asp161
carboxylate group introduced into the mutant was about 13 Å from the metal center. The
structure of the site-1 ligand-sphere itself was unchanged by the mutation.25 As might be
expected, the distinct ms=−1/2↔1/2 spectrum of site-2 H at high pH was unaffected by the
mutation. Likewise, close examination of the HFEPR spectra of the ms=−5/2→−3/2 also
indicated that M, X and L were also unchanged (Figure 7). The loss of the water-ligand/protein
hydrogen-bond also did not have a significant effect on the characteristic pKa of site-1, but did
have a strong effect on the Mn(II) zero-field interactions of A and B. In both cases, there was
an inversion in the sign of the zero-field interaction (Table 2).

Comparison of the JIC- and UF-OxdC preparations
Identical pH-dependences were found in the samples of UF-OxdC (Figure 8), that is spectra
were essentially identical at all pHs. Moreover, the relative amount of site-2 and site-1 were
the same at pH 8 and 4. In the pH 8 spectrum, the broad underlying feature, as discussed above,
arises mostly from the ms=−3/2→−1/2 spectrum of site-1, the contribution from site-2 being
much broader and, hence, less intense. The resolved ms=−1/2→1/2 hyperfine features arising
for site-2 in both JIC and UF preparations had the same relative intensity compared to the
corresponding ms=−3/2→−1/2 features. At pH 4, ms=−1/2→1/2 spectrum was dominated by
site-2 M(X) and site-1 A and their contribution was evidently the same in both JIC and UF-
OxdC, since the spectra were identical. At pH 6, the ms=−5/2→−3/2 spectra of the two samples
in HMTA buffer yielded the same spectra (data not shown). There were differences in the
previously published ms=−1/2→1/2 spectra of the UF sample10 and of those shown in Figure
8. The spectra of initially isolated JIC samples were in fact identical to the former. However,
buffer exchange or washing led in both UF and JIC cases to spectra shown in Figure 8. To test
whether this was due to decoordination of specific or adventitious metal from the protein, a
pH 6 UF sample in HMTA buffer that had the previously published spectrum was diluted to
twice the volume with the same buffer containing 10 mM EDTA and reconcentrated to the
original volume using ultrafiltration. No significant amounts of manganese ions were detected
in the filtrate. Hence, there was no release of manganese from the protein. This was consistent
with previous work which detected no free manganese after washing.10 However in our study,
the spectrum of the washed reconcentrated protein was identical to those shown in Figure 8.
Moreover aside from changes associated with pH, additional buffer exchanges and washings
did not affect the spectra. A more detailed investigation is clearly needed. Nonetheless, it was
evident that the JIC and UF-OxdC preparations behaved in an identical manner.
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Discussion
The JIC and UF samples were indistinguishable by HFEPR when prepared in the same manner.
Despite having different Mn(II) contents (1.2 and 1.6 Mn/subunit, for JIC and UF samples
respectively), the relative Mn(II) distribution between the two states appeared to be the same
in both preparations at the three pHs where both samples were measured, in particular at pH 4
where OxdC is optimally active. This established that the His-tag used in the isolation of JIC-
OxdC did not affect the HFEPR spectroscopy nor did it bind Mn(II) ions to any appreciable
extent. The spectroscopic data also suggested that the higher metal content of the UF
preparation was either lowered to that of the JIC preparation during buffer exchanges or all
individual subunits containing Mn(II) had in fact both sites occupied. As describe above, it
was unlikely that there was significant loss of manganese arising from washing or buffer
exchanges. The distribution of manganese as determined from HFEPR measurements was
roughly 0.6 ions in site-2 and 0.4 in site-1 and was the same for both preparations, independent
of pH and unaffected by the SENS161-4DSSN mutation. The HFEPR spectra exhibited no
sign of disorder or heterogeneity in the structure of the ligand-spheres of the two sites. The
sharpness of resonances was comparable to other manganese binding proteins, such as
MnSODs. The fact that pH dependent activities (see supporting information) were also nearly
identical in both the UF and JIC samples strongly suggested that these two preparations were
also biochemically very similar. A simple explanation for all these observations is that in both
preparations all individual subunits containing Mn(II) had both sites occupied. More detailed
spectroscopic work is required to establish this.

pH dependent structures
Since changes in the HFEPR spectra tracked changes in enzyme activity, it was likely that they
reflected biochemically significant changes in the ligand-sphere. The HFEPR measurements
showed unequivocally that the electronic structure of the site-2 in OxdC is able to take on at
least three, if not four, distinct pH-dependent conformations. The large changes in not only the
magnitude, but also the axiality of the Mn(II) zero-field interaction going from conformation
H to M to L indicate changes in the geometry of the metal ion binding site (Scheme 1). As
discussed in the introduction, the attribution of a particular set of Mn(II) zero-field parameters
to a structure can only be qualitative. The exception was at high pH where crystallographic
data was available.

The zero-field parameters of the high pH forms of the two sites, B and H, were entirely
consistent with the six- and five-coordinate geometries of site-1 and site-2, respectively, that
are seen in the pH 8 1UWA structure (Scheme 1). The values for H were the similar to those
of centers in MnSODs that have same five ligands, but with geometry closer to a square-
bipyramid. The zero-field interactions of the two sites at high pH differed by an order of
magnitude. The nearly one order of magnitude smaller zero-field interaction of M (and X)
compared to H likewise indicated that the coordination number of site-2 changed from 5 to 6
with a decrease in pH. Moreover, it appeared that at least in frozen solutions above pH 8, the
five- (H) and six-coordinated (X) forms of site-2 might have both been present in equilibrium
(Figure 6), similar to what has been encountered in MnSODs.16,32,35

The zero-field parameters, D~−1.4 and E~0.4 GHz, of X and M were very similar to those of
six-coordinate Mn(II) of MnSODs with exogenous sixth ligands and, also, site-1 A and B (Table
2). In light of these similarities, it seemed likely that the structures of X and M resembled that
of the pH 8 1J58 six-coordinate site-2 structure that had an additional water ligand compared
to the 1UWA site-2. The difference in the zero-field interactions of X and M were small; hence,
it was likely that they were structurally very similar. The spectral features of X were broader
than those of M indicating that the zero-field parameters of the latter were more distributed.
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These observations suggest that the differences in X and M arose from small changes in protein
electrostatic environment or the extent of disorder in the ligand sphere or both.

The site-2 zero-field interaction going from M to L underwent significant changes with the
latter being considerably larger. The zero-field parameters were too small for a five-coordinate
site, yet were certainly larger than those of component M and of the low-symmetry six-
coordinate Mn(II) in manganese containing bacterial reaction center. Only the six-coordinate
Mn(II) centers doped into bis(2-pyridylmethyl)amine complexes of Zn(II) (D= −7.1 GHz and
E=0.1) was larger.33 The large D value of this doped center was likely due to the highly distorted
geometry of the ligand spheres. Hence, one possibility was that L was highly distorted, for
example as shown in Scheme 1 where Glu133 becomes a bidentate ligand at low pH.
Chemically it is not clear what the driving force for such a rearrangement in the ligation would
be. Recently, Hureau and coworkers have measured two synthetic six-coordinate Mn(II)
complexes possessing a N5Cl donor set (Table 2). The larger of the two zero-field interactions
was within 10% of that of L (Scheme 1). The manganese site in oxalate oxidase is thought to
be able to bind chloride anions.36 It is worth noting that all OxdC samples possess large amounts
of NaCl (200 to 500 mM) which was required to stabilize the high-concentrations of protein
used. Hence, the large L zero-field may have resulted from chloride ligation (Scheme 1).
Irrespective of the structure of L, its characteristic pKa of 4.6 closely matched the pH at which
enzyme activity became optimal (pH 4.6, see supporting information). Although the pH
dependence of the enzyme activity has been link to oxalate (pKa1=1.3 and pKa14.3)20, it may
also be associated with the protein.

In contrast to site-2, A and B are likely to be very similar in structure. The small differences in
their zero-field interactions likely represent subtle changes in the protein electrostatic
environment rather than changes in the ligand sphere. As a point of comparison, it is possible
to get slightly larger changes in the zero-field interaction by simply replacing the hydrogen-
bond between Glu162 and a site-1 water ligand with a water-water hydrogen-bond, as is the
case in the SENS161-4DSSN mutant (Figures 1 and 7). Nonetheless, since site-1 has been
established as the site of catalytic activity24–27 and maximal enzyme activity is achieved only
below pH 4.5 (see supporting information), it would appear that the low pH form of site-1,
species A, is the most catalytically relevant. However, the fact that site-1 only undergoes subtle
electronic structural changes with pH while site-2 most likely undergoes much larger
modifications, even possibly changes in ligands, that correlate with activity suggests the
possibility that the two manganese sites are not independent and influence each other.37

Application of HFEPR to Mn(II) centers in OxdC and in general
The use of both the ms=−1/2→1/2 and ms=−5/2→−3/2 spectra greatly facilitated our ability
to assign and measure accurately zero-field interactions of the Mn(II) species in OxdC.
Although the spectrum of the ms=−1/2→1/2 transition gave relatively sharp lines, the
resolution was insufficient to unambiguously assign individual line-shape features, for example
in the case where the spectrum of M overlaps with both A and B (Figure 3, left panel). The line-
shape and resolution of the spectrum of the ms=−1/2→1/2 transition is determined by the
second-order zero-field contributions. These contributions decrease with increasing
observation frequency resulting in loss of resolution and the distinct zero-field line-shape.
Although decreasing the observation frequency does increase the second-order zero-field
contribution, this often leads to an increase in the complexity of the line-shapes. This can be
readily seen in the richly complex spectrum of species H and also that of manganese superoxide
dismutase.11 Hence in the presence of overlapping resonances, especially in cases where the
relative contributions of specific components are unknown as is the case for site-2, spectra
assignment purely based on the ms=−1/2→1/2 spectrum can be challenging no matter what
frequency is used. By comparison, the spectrum of ms=−5/2→−3/2 does not depend on the
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observation frequency as long as it is much greater than the zero-field interaction and the shape
of the spectrum can yield the zero-field parameters directly. However, the spectral resolution
is low and problematic when there are multiple Mn(II) centers (Figure 4). The optimal method
is to exploit both transitions and also their different dependence on observation frequency to
achieve maximal information.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The EPR spectra (left) and energy levels (right) of a Mn(II) ion when the Zeeman interaction
(gβB) is the dominant interaction. The energy diagram is for the case where E=0 and the heavy
arrows denote the five formally allowed electronic spin transitions. The powder spectrum of
the ms=−5/2 →−3/2 transition is shown for D < 0 (red) and D > 0 (black). The ms=−1/2 →1/2
spectrum and the associated electron-nuclear hyperfine transitions (fine arrows) are also
shown. Both, the ms=−5/2 →−3/2 and ms=−1/2 →1/2 spectra are centered Bcenter=hν/gβ. The
labeled field positions are relative to Bcenter.
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Figure 2.
The pH 8 structure of the two OxdC Mn(II) binding sites as found in the 1UW8 structure. The
shortest distance between the sites is between sites on adjacent subunits of a trimer.
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Figure 3.
The pH dependence of the 285 GHz 25 K Mn(II) EPR spectra of the ms=−1/2→1/2 transition
of JIC-OxdC. The left panel shows narrow field range spectra of the six hyperfine resonances
associated with A, B, M, X and L and a ×8 expanded spectrum (blue trace) of the pH 4.0 spectrum
shows the more complex features of L. The right panel shows spectra of the pH 8.8 (black) and
4.0 (blue) samples obtained with a ×4 broader field sweep. The truncated six lines of the pH
8.8 spectrum correspond to the six lines seen in the corresponding spectrum on the left panel.
Similar six-lines in the pH 4.0 spectrum have been suppressed for clarity. The broad underlying
features common to both pHs are due to the ms=−5/2→−1/2 and ms=−3/2→−1/2 transitions.
The four indicated left-most hyperfine features belong to H (black) and are not present at low
pHs (blue). A simulation (red) based on these four features as well as the edge positions marked
by the two dotted lines on the high-field side of the spectrum is also shown. For comparison,
the spectrum of the ms=−1/2→1/2 transition of the pentacoordinated Mn(II) center in E. coli
MnSOD is also shown.
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Figure 4.
The pH dependence of the ms=−5/2→−3/2 of the 285 GHz 4 K Mn(II) EPR spectra of JIC-
OxdC. The sharp central six line features corresponding to the ms=−1/2→1/2 transitions have
been suppressed. The red traces are the simulations of the features indicated, except for the
simulation of L which is shown in Figure 5. The two vertical dashed lines between 10.00 and
10.05 T indicate the shift in field positions of the A and B components (see Figure 6) and the
two between 10.35 and 10.45 T, the position of the shifted high-field edge of M relative to the
other site-2 components.
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Figure 5.
The 190 GHz HFEPR spectrum of JIC-OxdC L obtained at pH 4, (A.) fast-passage (< 1G
modulation and 3K) and (B.) normal conditions (20 G modulation and 4K). Simulations are
in red. The simulation of the fast-passage spectrum is simply the integral of the simulation of
spectrum B. Contributions from species A are truncated in spectra A and B.
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Figure 6.
The pH dependence of selected spectral features as a function of pH: the L component in the
4 K spectra (black circles); the 25 K H resonance (blue circles); the 4 K M component (red
circles); X contribution from fits of both 25 and 4 K spectra (green circles); and the shift in
field position of the site-1 ms=−5/2→−3/2 contribution (cyan circles, see Figure 4). The
corresponding lines are from manual fits of the data using standard speciation equations for
triprotic equilibria with pKas at 4.2, 6.2 and 6.3 for site-2 contributions and monoprotic
equilibrium curve with a pKa of 6.9 for site-1. The dashed green line shows the trend of
experimental X data at high pH. The data and speciation curves have been arbitrarily normalized
to unit. The crossed bars give the estimated maximum error in the measurements.
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Figure 7.
Comparison of the wild-type (black) and SENS161-4DSSN variant (blue) of JIC-OxdC: (A.)
portion of the ms=−1/2→1/2 pH 8 HFEPR spectra showing the four hyperfine features
corresponding to the five-coordinate site-2 Mn(II) center; (B.) ms=−5/2→−3/2 pH 8 spectrum
of the site-1 region; (C.) ms=−5/2→−3/2 pH 4 (citrate) spectrum the spectra have normalized
to site-2 feature at 9.6 T.
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Figure 8.
Comparison of the ms=−1/2→1/2 HFEPR spectra of JIC (black) and UF-OxdC (blue): at pH
8, both in Tris (upper panel); pH 6 UF in HMTA and JIC in citrate; and pH 4 both in citrate
(lower panel). The upper panel inset shows the site-1 portions of the spectra that have been
truncated in the main panel.
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Scheme 1.
The four pH-dependent structures of OxdC site-2. X and M differ by the position of the water
ligand labeled a. Glu333 site-2 equivalent of Glu162 hydrogen-bonds the water in component
X and M. The different proposals of component L: (upper) shows a bidentate glutamate or
(lower) the glutamate ligand becomes protonated and is replaced by a chloride anion (orange).
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Table 1
The comparison of physical and enzymatic properties of the two studied B. subtilis OxdC preparations.

JIC-OxdCa UF-OxdCb

Metal content 1.2 Mn/subunit 2.0 Mn/subunit

His-Tag C-terminal None

Quaternary Structure Hexamer Hexamer

Steady-state kinetic parameters

 Vmax 95 U/mg 79 U/mg

79 U/mg/Mn 40 U/mg/Mn

 Km 7 mM 5 mM

 kcat/Km 11000 M−1s−1 11000 M−1s−1

pKa associated with optimal activity ~4.6 (see supporting information) 4.2

a
reference 25

b
reference 20, in the present work the sample had 1.6 Mn/subunit
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Table 2
The zero-field parameters of the different site-1 and -2 Mn(II) species of OxdC. Unless otherwise noted the parameters
were determined from the 285 GHz 4 K (ms=−5/2→−3/2) data and refer to the wild-type protein.a

Species Zero-Field Parameters (in GHz) Conditions

D E

OxdC Site-1

B −1.11 0.30 pH 8.8, TRIS

A −1.35 0.23 pH 4.0, citrate

OxdC Site-2

Hb,c 10.73 1.70 pH 8.8, citrate, 25 K
and 190 GHz

Xd 1.40 0.34 pH 6 and pH 5, citrate,
95 GHz

Mb −1.50 0.45 pH 5.2, citrate, 4 and 25
K

L 4.17 0.72 pH 4.0, citrate, 25 K

Lb +5.06 0.25 pH 4.0, citrate

E. coli MnSOD (trigonal bipyramid) 10.64 0.85

E. coli MnSOD+azide complexc,e 1.39 0.27

E. coli MnSOD six-coordinatec,e 1.44 0.27

Mn(II) containing bacterial photosynthetic reaction centers b,d,g 3.33 0.75

Mn(II) doped in Bis(2-pyridylmethyl)amine Zn complex (six-coordinate) f −7.09 0.10

N-methyl-N,N′,N′-tris(2-pyridylmethyl)ethane-1,2-diamine Mn(II) complex (N5Cl)
ligand set

+5.39 0.18

N-methyl-N,N′,N′-tris(2-pyridylmethyl)propane-1,2-diamine Mn(II) complex (N5Cl)
ligand set

+4.07 0.00

a
see supporting information for isotropic g and hyperfine coupling values.

b
verified with simulations of 190 GHz spectra (data not shown).

c
E and the absolute value of D determined from simulation of the center transition.

d
E and the absolute value of D determined from simulation of the center transitions of the 95 GHz difference spectrum of the pH 6 and pH 5 citrate

buffered samples, only the absolute value of D was determined.

f
See text for details.

g
see ref. 33
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