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Abstract

Oxalate decarboxylase (OxDC) catalyzes the disproportionation of oxalic acid monoanion into
CO3 and formate. The enzyme has long been hypothesized to utilize dioxygen to form
mononuclear Mn(111) or Mn(1V) in the catalytic site during turnover. Recombinant OXDC,
however, contains only tightly bound Mn(ll), and direct spectroscopic detection of the metal in
higher oxidation states under optimal catalytic conditions (pH 4.2) has not yet been reported.
Using parallel mode electron paramagnetic resonance spectroscopy, we now show that substantial
amounts of Mn(l11) are indeed formed in OxDC, but only in the presence of oxalate and dioxygen
under acidic conditions. These observations provide the first direct support for proposals in which
Mn(111) removes an electron from the substrate to yield a radical intermediate in which the barrier
to C—-C bond cleavage is significantly decreased. Thus, OxDC joins a small list of enzymes
capable of stabilizing and controlling the reactivity of the powerful oxidizing species Mn(lIl).
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Manganese-dependent enzymes process spectacular chemical transformations, =3 by
manipulating the redox properties of the metal, predominantly using multimetal centers.
Less is known, however, about how proteins modulate the reactivity of mononuclear
manganese sites in which the metal is tightly bound.*® Oxalate decarboxylase (OXxDC)
catalyzes the cleavage of the C—C bond in oxalate under acidic conditions to give formate
and CO, (Scheme 1)8.7 and is of general interest because, somewhat unusually, catalytic
activity requires manganese and dioxygen even though the reaction is formally a
disproportionation.8-11 Moreover, reactions that break the C—C bond between two sp?-
hybridized atoms without the use of cofactors, such as thiamine diphosphate, are rare in
biochemistry.12:13 Heavy-atom isotope effect measurements8 and spin-trapping
experiments114 suggest that C—C bond cleavage takes place in a radical intermediate that is
formed by removal of an electron from the substrate, in what has been proposed to be a
proton-coupled electron transfer (PCET) reaction (Scheme 1).10 Calculations show that the
barrier to decarboxylation in oxalate-based radicals is lowered by up to 30 kcal/mol,1°
providing support for the involvement of radical intermediates in the catalytic mechanism.
We,8 and others,6 have speculated that the role of dioxygen is to oxidize the catalytically
important Mn(l1) ion into a higher oxidation state, such as Mn(l11), which can then oxidize
the bound substrate to the appropriate radical intermediate (Scheme 1). The mismatched
reduction potentials of dioxygen and Mn(l11), and a dearth of model Mn-containing
inorganic complexes capable of binding and activating dioxygen,17-19 provide evidence
against such a proposal. Indeed, the direct spectroscopic detection of bound mononuclear
Mn(I11) or Mn(IV) ions in OxDC under optimal catalytic conditions (pH 4.2) has not been
reported. In part, this reflects the fact that only one of the two bound manganese ions
(located in the N-terminal domain) likely mediates catalysis,2®-22 which has greatly
complicated any spectroscopic characterization of the enzyme using EPR methods (Figure
S1 of the Supporting Information).24-27 Although prior EPR studies did find weak evidence
of the presence of Mn(l11),27 any clear mechanistic interpretation of that data is complicated
by the presence of Mn(ll1) in the C-terminal site of wild-type (wt) OxDC at high pH.20:24
We now report parallel mode EPR measurements that unambiguously demonstrate Mn(I11)
formation in wt OXDC under VW, conditions (100 mM oxalate at pH 4.2), which have been
made possible by the development of new methods for obtaining high concentrations (0.5
mM) of the pure enzyme.

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant, wt OxDC Samples Used in This Study.

Recombinant, Hisg-tagged wt OxDC was expressed and purified following published
procedures® with minor modifications to avoid protein precipitation during concentration.
Thus, expression was induced in the presence of 5 mM MnCI, after heat shocking the
bacteria for 15 min at 42 °C with constant agitation. After the addition of IPTG, cultures
were incubated at 37 °C for 5 h before being harvested by centrifugation at 2000¢g for 20 min
(4 °C) and sonicated in lysis buffer. The resulting supernatant was centrifuged at 20000¢ for
20 min (4 °C) before the enzyme was purified from the cleared lysate by metal affinity
chromatography on a Ni-NTA column. The eluted protein was subjected to dialysis at 4 °C
to give a solution in 50 mM Tris buffer containing 20% glycerol and 500 mM NaCl (pH
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8.5). Storage buffers also contained 20% glycerol. Protein concentrations were determined
using the CoomassiePlus Protein Assay reagent obtained from ThermoFisher Scientific
(Waltham, MA), and the metal content of purified, recombinant wt OxDC (Table S1) was
obtained at the University of Georgia Center for Applied Isotope Studies Chemical Analysis
Laboratory (Athens, GA).

Kinetic Characterization of Recombinant, wt OxDC Samples Used in This Study.

To confirm that recombinant, Hisg-tagged wt OXDC was active, steady-state kinetic
parameters were measured using membrane inlet mass spectrometry (MIMS) for
[13C,]oxalate in 50 mM potassium acetate buffer (pH 4.2), as described previously.28:2°
13CO, production (Figure S2) was monitored by measuring the /m/z45 ion current and
converted to millimolar concentration using a standard curve. Measurements were taken at
specific substrate and enzyme concentrations in triplicate, and the data were analyzed to
obtain the values of Vand V/K by standard computer-based methods.30 Formate production
was confirmed using an end-point assay, as described elsewhere.8 The Vipay (22 + 3
units/mg) was redetermined for the highly concentrated enzyme solutions used in the EPR
measurements that also contained glycerol. Thus, reaction was initiated by adding wt OxDC
(44 mg/mL) to poly buffer (100 mM sodium citrate, 50 mM Bis-Tris, and 25 mM Tris-HCI
containing 30% glycerol) containing 200 mM oxalate. After 15 s, the reaction was quenched
by the addition of aqueous NaOH and the amount of formate determined.

EPR Characterization of Recombinant, wt OxDC Samples Used in This Study.

Samples used for EPR analysis were incubated with Chelex resin for 2 h on ice to remove
free metal ions from the buffer before being concentrated to approximately 27 mg/mL using
an Amicon Centriprep YM-30 filter unit from Millipore (Billerica, MA). EPR measurements
of the enzyme samples were performed in poly buffer (100 mM sodium citrate, 50 mM Bis-
Tris, and 25 mM Tris-HCI containing 30% glycerol) in samples adjusted to pH 8.5, 5.7, and
4.2. For oxalate-containing samples, 200 mM potassium oxalate was added at each solution
pH (final concentration of 100 mM), and the resulting solutions were mixed in the EPR tube
at room temperature to initiate the reaction. After 15 s, each sample was flash-frozen in an
acetone/dry ice slush and stored in liquid N». The final protein concentrations for each
experimental EPR measurement are listed in Table S2. An extended reaction sample was
prepared using an identical procedure except that the reaction time was extended to 5 min.
The rapid-freeze quench reaction was performed by mixing a protein solution containing
50% glycerol and oxalate in pH 4.2 poly buffer for 10 ms before the mixture was rapidly
frozen to quench the reaction. In this freeze quench experiment, the final concentrations of
enzyme and oxalate were 500 + 70 /M and 100 mM, respectively. On the basis of the
independent determination of Vf,ax Under these conditions (see above), the estimated level
of formate produced after 10 ms is 8 M.

Samples for X-band (~9.4 GHz) EPR spectroscopy were measured at the CalEPR center
(University of California, Davis, CA). Continuous wave (CW) spectra were recorded using a
Briker Instruments EleXsys-11 E500 CW EPR spectrometer (Bruker, Billerica, MA)
equipped with an Oxford Instruments ESR900 liquid helium cryostat and Oxford
Instruments ITC503 temperature and gas-flow controller. Samples were measured under
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nonsaturating slow-passage conditions using a Super-High Q resonator (ER 4122SHQE) or
Dual Mode resonator (ER 4116DM); specific parameters for microwave frequencies,
modulation amplitude, and temperature are included in the figure legends.

RESULTS AND DISCUSSION

Recombinant wt Bacillus subtilis OxDC containing 1.5 Mn(l1) ions/monomer was obtained
by expression in Escherichia coli following standard protocols (see the Supporting
Information). The enzyme was dissolved in poly buffer (100 mM sodium citrate, 50 mM
Bis-Tris, and 25 mM Tris-HCI containing 500 mM KCI) containing 30% glycerol at
concentrations ranging from 460 to 590 M. Under these conditions, decarboxylase activity
at pH 4.2 was determined by measuring CO, production using membrane inlet mass
spectrometry (Figure S2 of the Supporting Information).27:28 Perpendicular and parallel
mode X-band EPR spectra of wt OxDC protein were recorded at pH 8.5, 5.7, and 4.2 to
characterize the properties of the manganese centers in the enzyme (Figure 1). At pH 8.5,
OxDC does not catalyze substrate decarboxylation because only the monoprotonated form
of oxalate is the true substrate.8 In agreement with previous EPR observations,24 the sample
exhibited a characteristic signal for the hyperfine-split transition of Mn(ll) at g=2.0 in
perpendicular mode EPR together with a sextet feature near ges = 4.3 that can be attributed
to the half-field transition (Figure 1A). The parallel mode EPR spectrum of wt OxDC at pH
8.5 exhibited a distinctive sextet signal, corresponding to the Amg = +2 transition of Mn(ll),
but no Mn(111) signal was present under these conditions (Figure 1B), confirming the
findings of other EPR studies.2427 In contrast, the presence of oxalate at pH 5.7 and 4.2,
where wt OxDC exhibits catalytic activity, caused substantial changes in both the
perpendicular and parallel mode EPR spectra (Figure 1C,D). Most importantly, a new sextet
signal centered near 75 mT appears in the parallel mode spectrum at pH 4.2 and 5.7 (Figure
1D), which was hypothesized to be associated with enzyme-bound Mn(l11). The gradual
disappearance of this signal with an increasing solution pH suggests that the presence of this
species is likely correlated with the catalytic activity of the enzyme.8 Simulations to confirm
the nature of the Mn species present in wt OxDC when oxalate was present were performed
with the EasySpin tool box (version 4.5.5) in Matlab (Mathworks Inc., Natick, MA).3 The
pH dependence of the high-field EPR (HFEPR) spectra for wt OxDC in the absence of
oxalate over a pH range of 4.0-8.8 has been reported,?* revealing six unique EPR spectra
associated with two Mn coordination sites in the enzyme, with distinct transitions related to
ligand protonation events. Site 1, where catalysis takes place, has two unique spectra, and
site 2, the auxiliary site, has four unique spectra. In agreement with these prior observations,
we find that wt OxDC has a similar mix of species present in perpendicular mode EPR
spectra at equilibrium regardless of whether oxalate is present (Figure 1).

In simulations of the parallel mode spectra, we approximated the Mn(Il) species using
parameters given in the earlier work and were able to reproduce the signal arising from the
forbidden transition of the Mn(ll) species seen in the parallel mode EPR spectra (Figure 2).
The hyperfine features that arise from the °° Mn (/= °/5) signal assigned to the enzyme-
bound Mn(111) — oxalate complex and resting Mn(ll) are well reproduced using very
different values of 150 and 253 MHz for the hyperfine coupling of the Mn(111) and Mn(l1)
species, respectively. To determine the sign of the zero-field splitting (ZFS) for the S=2
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species observed via parallel mode EPR, we measured the temperature dependence of the
spectrum (Figure S3 of the Supporting Information). The Curie law behavior of the spectrum
reveals a negative value for the ZFS, with the following simulation parameters: O =-120
GHz, and |£] = 13.2 GHz, where Dis the axial ZFS parameter and £'is the rhombic ZFS
parameter. These values are similar to those used to model compounds containing a mix of
oxygen and nitrogen ligands similar to the environment of the two Mn ions in wt OxDC
(Scheme 1).32 The negative ZFS value and magnitude of the hyperfine splitting indicates a
5B, symmetry ground state for either a six-coordinate or five-coordinate square pyramidal
Mn(111).33 Given that there is no structural or spectroscopic evidence of the latter
coordination,16:20-22.24=27 jt seems likely that oxalate binding results in the formation of a
six-coordinate Mn(l11) species. To the best of our knowledge, this is the first unambiguous
demonstration that one of the metal centers is oxidized to Mn(l11) in the presence of oxalate
and dioxygen under acidic conditions. Moreover, and in contrast to previous claims,2 the
parallel mode EPR spectrum of wt OxDC in the absence of substrate over the pH range of
4.2-8.5 provides no evidence of the existence of Mn(l11) in the “as-purified” enzyme from
E. coli.

To confirm the Mn(l11) signal is observed during the catalytic cycle of OxDC, the spectrum
of an OxDCloxalate sample, at pH 4.2, in which almost all the substrate had been consumed,
was measured by parallel mode EPR. The “forbidden” transition of Mn(Il) was observed
together with a small Mn(l11) sextet, which was decreased at least 20-fold compared to those
of identical samples undergoing turnover (Figure S4 of the Supporting Information). Any
lingering Mn(I11) may arise from rebinding formate in the presence of oxygen, although the
K; value for formate is >200 mM. Residual Mn(l11) in the sample may also reflect a small
amount of enzyme undergoing reaction during the measurement. Reduction of the
magnitude of the Mn(l11) signal with oxalate consumption also supports the view that
Mn(111) formation requires OxDC-mediated catalysis. When oxalate has been consumed,
OxDC-bound Mn(111) is cycled back to Mn(l1), perhaps with oxidation of a proximal
tyrosine residue.2” Similarly, in parallel mode EPR spectra of samples subject to rapid freeze
quench (<15 ms) (Figure S5 of the Supporting Information), there was no observable
Mn(111) signal, suggesting that Mn(l11) forms after oxalate becomes bound prior to turnover.
We also note that the presence of high glycerol concentrations required for this experiment
slows the reaction rate by approximately 2-fold.

These parallel mode EPR observations provide the first evidence of higher Mn oxidation
states during OxDC-catalyzed oxalate breakdown. The identification of conditions for
observing OxDC-bound Mn(111) by parallel mode EPR will also permit a systematic
investigation of how protein residues might control metal reactivity. Questions remain,
however, concerning (i) which of the two Mn(ll) centers is oxidized and (ii) the mechanism
by which dioxygen becomes able to oxidize OxDC-bound Mn(Il) to Mn(I11). We suggest
that the Mn(111) signal is associated with the metal center in the N-terminal domain of the
enzyme. An earlier pH-dependent HFEPR study of wt OxDC showed that the signal from
the N-terminal metal-binding site is more sensitive to changes in buffer pH,25 presumably
because it is more accessible to solvent23 due to the presence of a mobile loop that can exist
in open and closed conformations.?2 Of course, given that 100 mM oxalate is needed to
observe Mn(l11), we cannot rule out the possibility that substrate does not access the C-
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terminal Mn-binding site. With both the requirement of dioxygen for catalytic activity’-34
and the finding that superoxide radicals are formed under turnover conditions,14 it seems
reasonable to propose that dioxygen mediates metal oxidation (Scheme 1). A previous
parallel mode EPR study of a synthetic monomeric Mn complex, which exhibits
spectroscopic properties similar to those exhibited by OxDC, has suggested that formation
of the superoxo—Mn(l11) complex precedes production of the hydroperoxo—Mn(l11) complex.
35 The fact that oxalate is required for the formation of Mn(lll) is therefore chemically
intriguing given that protein environments can modulate the redox potential of Mn(11).4
Precedent for the idea that oxalate binding is needed for Mn(l11) formation is provided by a
Mn-dependent dioxygenase present in Arthrobacter globiformis, which binds a deprotonated
catechol substrate prior to dioxygen activation.38 In addition, studies of the interaction of the
Mn centers in OxDC with nitric oxide (NO) as a dioxygen mimic suggest that NO does not
bind to the Mn(11) centers in the free enzyme.2? We suggest that oxalate binding is required
before dioxygen is able to coordinate the active site metal and give rise to Mn(lIl). The
Mn(l11)-superoxide “system” could then function as an electron sink to form the Mn-bound
oxalate radical needed to lower the barrier to heterolytic cleavage of the C—C bond.1® Unlike
redox Mn enzymes that adapt multinuclear metal center and process redox catalysis, the
redox cycle in OxDC is, to the best of our knowledge, the first example of a hexacoordinate,
mononuclear, manganese-dependent enzyme capable of mediating the interconversion of
Mn(11) and Mn(l11) using dioxygen as a “cofactor”. Exactly how OxDC stabilizes and
controls the reactivity of Mn(l11), which is a powerful oxidant in aqueous solution, remains
to be determined.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PCET proton-coupled electron transfer
wit wild type
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NO nitric oxide
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Figure 1.
(A) Perpendicular mode and (B) parallel mode EPR spectra of wt OXDC in the absence of

oxalate at pH 8.5 (black), pH 5.7 (red), and pH 4.2 (blue). (C) Perpendicular mode and (D)
parallel mode EPR spectra of wt OxDC in the presence of 100 mM oxalate at pH 8.5
(black), pH 5.7 (red), and pH 4.2 (blue). Perpendicular mode EPR spectra were recorded at a
9.37 GHz microwave frequency, a 0.5 mW power, and a 5 G modulation amplitude, at 10 K.
Parallel mode EPR spectra were recorded at a 9.40 GHz microwave frequency, a 10 mW
power, and an 8 G modulation amplitude, at 5.5 K.
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Figure2.
Parallel mode simulations of Mn(l11) in OxDC in the presence of 100 mM oxalate. (A)

Spectrum of wt OxDC in the presence of oxalate at pH 4.2. “Goal Posts” indicate the Mn(11)
and Mn(111) species present, distinguished by a 2> Mn hyperfine splitting of 253 MHz for
Mn(Il) and 165 MHz for Mn(l11). The spectrum was recorded at 5.5 K, a 9.40 GHz
microwave frequency, a 10 mW power, and an 8 G modulation amplitude. (B) Spectral
simulation of the spectrum shown above with Mn(l11) species indicated. Simulation
parameters: g = 2.0, A (°°*Mn) = 150 MHz, D= -120 GHz, and |A] = 13.2 GHz. (C)
Perpendicular mode (A) and parallel mode (B) EPR spectra of wt OxDC in the absence of
oxalate at pH 8.5 (black), pH 5.7 (red), and pH 4.2 (blue). Simulations of relevant Mn(l1)
species present at pH 4.2. Species A represents site 1 (active site), the low-pH conformation.
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Species M and L represent equilibrium species at site 2 (auxiliary site) at low pH.
*Simulation parameters used were those determined by Tabares et al.24
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Scheme 1. Representation of a Mechanlstlc Proposal for OXxDC-Catalyzed Conversion of Oxalate
Monoanion to Formate and CO

aMn(111) formation is thought to require dioxygen giving rise to superoxide anion.14 After
removal of an electron from Mn-bound substrate, in a process that may be concomitant with
proton removal, decarboxylation gives a radical anion that gains a proton and an electron
from Mn(l1). Regeneration of Mn(Il) may involve dioxygen loss or formation of a tyrosyl
radical.2’
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