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ABSTRACT

Membrane inlet mass spectrometry (MIMS) uses a semipermeable membrane as an inlet to a mass spec-
trometer for the measurement of the concentration of small uncharged molecules in solution. We report
the use of MIMS to characterize the catalytic properties of oxalate oxidase (E.C. 1.2.3.4) from Ceriporiopsis
subvermispora (CsOxOx). Oxalate oxidase is a manganese dependent enzyme that catalyzes the
oxygen-dependent oxidation of oxalate to carbon dioxide in a reaction that is coupled with the formation
of hydrogen peroxide. CsOxOx is the first bicupin enzyme identified that catalyzes this reaction. The
MIMS method of measuring OxOx activity involves continuous, real-time direct detection of oxygen
consumption and carbon dioxide production from the ion currents of their respective mass peaks.
13C,-oxalate was used to allow for accurate detection of >CO, (m/z 45) despite the presence of adventi-
tious 12CO,. Steady-state kinetic constants determined by MIMS are comparable to those obtained by a
continuous spectrophotometric assay in which H,0, production is coupled to the horseradish peroxidase
catalyzed oxidation of 2,2’-azinobis-(3-ethylbenzthiazoline-6-sulphonic acid). Furthermore, we used

MIMS to determine that NO inhibits the activity of the CsOxOx with a K; of 0.58 + 0.06 M.
© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

The cupin superfamily, defined by a p-barrel fold, is extraordi-
narily diverse and includes catalytically inactive seed storage pro-
teins, sugar-binding metal-independent epimerases, and metal-
dependent enzymes possessing dioxygenase, decarboxylase, and
other activities [1-6]. Oxalate oxidase (0x0x, E.C. 1.2.3.4) is a man-
ganese dependent enzyme that catalyzes the oxygen-dependent
oxidation of oxalate to carbon dioxide in a reaction that is coupled
with the formation of hydrogen peroxide [7-9]. OxOx activity has
been detected in a number of crop plants including wheat [4],
barley [7,10,11], beet [12,13], and sorghum [14,15]. Plant OxOx
enzymes possess a single cupin domain and are, therefore,
structurally characterized and classified as monocupins [1-3,5].
The most characterized plant OxOx’s are the barley and wheat
enzymes which have been recombinantly expressed in Pichia
pastoris [8,16]. Fungal OxOx activity was reported in Ceriporiopsis

Abbreviations: 0xOx, oxalate oxidase; OxDC, oxalate decarboxylase; CsOxOx,
0Ox0x from Ceriporiopsis subvermispora; HRP, horseradish peroxidase; ABTS, 2,2'-
azinobis-(3-ethylbenzthiazoline-6-sulphonic acid).
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subvermispora, a white rot basidiomycete fungus able to degrade
lignin [17]. Homology modeling indicates that the C. subvermispora
enzyme (CsOxOx) is the first manganese-containing bicupin
enzyme identified that catalyzes oxalate oxidation [18-20].
CsOxOx shares a 49% sequence homology with the bicupin
microbial oxalate decarboxylases (OxDC). OxDC catalyzes the
carbon-carbon bond cleavage of oxalate to yield carbon dioxide
and formate in a reaction in which there is no net oxidation or
reduction [18]. Characterizing bicupin oxalate oxidase affords the
opportunity to understand how evolutionarily related protein
structures modulate disparate chemical reactivities.

The novel chemistry that oxalate degrading enzymes catalyze is
poorly understood. This has motivated numerous recent investiga-
tions and resulted in a number of mechanistic proposals for the
degradation of oxalate by OxOx and OxDC. Common features of
these proposals include the binding of oxalate directly to Mn(II),
the formation of Mn(Ill), and a radical intermediate species
[8,9,21-23]. A reversible proton-coupled electron transfer that
facilitates decarboxylation is proposed to yield a manganese-
bound formyl radical. EPR spin-trapping experiments support the
existence of an oxalate-derived radical species formed during turn-
over [19]. In the absence of an active site proton donor, it has been
proposed that OxOx proceeds through a percarbonate intermediate
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before the second mole of carbon dioxide is released. Conversely, in
0xDC from Bacillus subtilis, an active site glutamic acid is proposed
to protonate the manganese-bound formyl radical before formate
is released [22].

In membrane inlet mass spectrometry (MIMS), compounds are
introduced to the mass spectrometer from solution through a
semipermeable membrane. Sensitivity and simplicity are key attri-
butes of the MIMS method that have led to its application to
diverse samples such as pharmaceutical products, bioreactors,
and environmental samples [24]. This technique has been used in
studies of carbonic anhydrase [25] and OxDC [26]. We report here
the use of MIMS to characterize the catalytic properties of oxalate
oxidase through the direct and continuous detection of oxygen and
carbon dioxide; in addition, we have measured inhibition by NO of
the catalytic activity of CsOxOx.

2. Materials and methods
2.1. Materials

Unless otherwise stated, all chemicals and reagents were pur-
chased from Fisher Scientific or Sigma-Aldrich and were of the
highest available purity. 3C,-oxalate was purchased from Cam-
bridge Isotope Laboratories. Protein concentration was determined
using a modified Lowry assay (Pierce) using bovine serum albumin
as a standard [27].

2.2. Recombinant bicupin oxalate oxidase

The expression and purification of recombinant oxalate oxidase
as a secreted protein using a Pichia expression system was carried
out as previously described [19]. The pPICZaA vector and P. pastoris
X33 were obtained from Invitrogen. The metal content of CsOxOx
samples was quantified at the University of Georgia Center for
Applied Isotope Studies Chemical Analysis Laboratory on the basis
of inductively-coupled plasma mass spectroscopy (ICP-MS) [28].
To prepare samples and blanks for determination of metal content,
divalent cations were removed from the final enzyme storage buf-
fer by passing through a 1.5 x 16 cm column containing Chelex
100 (Bio-Rad) in the Na* form. Purified protein samples were
exchanged into the resulting buffer by washing 2.5 mg samples
three times with 10-fold volumes of the “scrubbed” buffer in
Centricon or Centriprep 30 (Amicon) concentrators [29]. The final
filtrates recovered were used as blanks, which possessed insignifi-
cant metal content. CsOxOx samples contained 0.4 mol Mn/mono-
mer. Despite substoichiometric Mn occupancy, the specific activity
of recombinant CsOxOx compares favorably with that purified
from the fungus [17]. The concentration of the enzyme is equal
to the protein content of the solution in the kinetic constants
reported here.

2.3. Coupled steady-state kinetic assay

The level of oxalate oxidase activity was determined using a
continuous assay in which H,0, production is coupled to the
horseradish peroxidase (HRP) catalyzed oxidation of 2,2'-
azinobis-(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) [11].
Reaction mixtures contained 25 U HRP, 5 mM ABTS, 50 mM potas-
sium oxalate, and CsOxOx dissolved in sodium succinate, pH 4.0
(total volume 1.0 mL). Assays were monitored at 650 nm and an
extinction coefficient of 10,000 M~!cm™! for the ABTS radical
product was assumed in these experiments. Control samples omit-
ted HRP in order to distinguish between H,0, production and any
oxalate-dependent dye oxidation activity by CsOxOx. Measure-
ments were made at specific substrate and enzyme

concentrations in duplicate, and data were analyzed to obtain the
values of Viax and Vi,ax/Km by standard computer-based methods
[30].

2.4. Membrane inlet mass spectrometry

The mass spectrometer used in the MIMS experiments has
described previously [31-33]. The inlet probe was a tubing of
1.5 mm internal diameter with one end connected to the mass
spectrometer and the other end containing a gas permeable mem-
brane (Silastic, Dow Corning). Measurements were made with an
Extrel EXM-200 quadrupole mass spectrometer. The probe was
submerged in solutions contained in a 2 mL reaction vessel that
was maintained at 25 °C as detailed previously [33]. Mass spectra
were obtained using 70 eV electron impact ionization with an
emission current close to 1 mA and source pressures were approx-
imately 1 x 1076 torr.

The membrane inlet mass spectrometer was calibrated the
through the measurement of solutions of known CO, concentration
prepared by injecting solutions of K,CO3/KHCOs (pH 10.2) into the
reaction vessel containing concentrated acetic acid. The ion current
at m/z 44 was recorded and plotted versus CO, concentration (Sup-
plementary Fig. 1). Similarly, a standard curve for the instrument
was constructed for O, by recording the average ion currents at
m/z 32 in solutions of different O, concentrations prepared by dilu-
tion/mixing of O,, or air saturated reaction buffer at 25 °C (not
shown). Finally, a standard curve for the instrument was generated
for NO by observing the average ion currents at m/z 30 of known
concentrations of NO prepared by the reaction of known amounts
of NaNO, in a solution of 2 M HCl and 2% KI.

In the absence of NO, reactions were initiated by the addition of
recombinant CsOxOx so that the final enzyme concentrations were
0.12 uM in solutions containing substrate and buffer. In experi-
ments examining the ability of NO to inhibit CsOxOx activity, a
solution of 5 mM MAHMA NONOate [34] dissolved in 0.01 M aq.
NaOH was injected into the reaction mixture 1 min prior to initia-
tion of the reaction by the addition of enzyme. When the revers-
ibility of NO-dependent OxXDC inhibition was investigated, a
preparation of deoxyhemoglobin, which binds NO very tightly,
was added into the reaction mixture.

3. Results and discussion
3.1. Direct detection of CsOxOx activity

The ability to directly measure product formation and substrate
consumption is an advantage over a coupled assay. We investi-
gated the applicability of membrane inlet mass spectrometry for
the direct detection of the CsOxOx catalyzed oxidation of oxalate.
Previous experiments have shown that the steady-state kinetic
parameters of CsOXOx are very sensitive to the buffer in which
the assay is performed. Steady-state experiments using the cou-
pled assay carried out in acetate buffer, pH 4.0 yielded a Vo value
of 21.2 U/mg that compares very favorably with the value obtained
previously for the native enzyme [17]. The K,, for oxalate, deter-
mined in acetate buffer, was 14.9 mM, which was, however, signif-
icantly higher than the 0.1 mM value reported for the native
enzyme. When succinate buffer, pH 4.0 is used the K, for oxalate
is 1.5 mM and when citrate buffer, pH 4.0 is used the K, is
0.1 mM. The apparent K, value of 0.1 mM in citrate suggests that
succinate might be a competitive inhibitor. The V. in citrate is,
however, reduced (Vimax = 8.1 U/mg) and the addition of succinate
increases the activity of the citrate inhibited enzyme [19]. Succi-
nate buffer, pH 4.0 was selected for these studies in an effort to
maximize the k., and minimize the K,,. Under these conditions
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we measured the production of CO, through the m/z 45 peak
('3C0,) and the consumption of O, through the m/z peak 32. A typ-
ical experiment is shown in Fig. 1. The 2.0 mL reaction contained
10 mM '3C,-oxalate and was initiated at 2 min by the addition of
enzyme. Since the reaction mixture was air equilibrated, dinitro-
gen is present in an essentially constant amount. Its slight decrease
over the course of the experiment represents its movement into
the headspace or across the membrane inlet into the mass spec-
trometer. The response time of the apparatus can be observed to
be about 10 s. In order to convert the measured ion currents into
reactant and product concentrations and rates, the membrane inlet
mass spectrometer was calibrated for CO,, O,, and NO as described
in the Section 2. The calibration curve constructed by measuring
the ion current (arbitrary scale) at m/z 44 of solutions of known
CO, is shown in Supplementary Fig. 1.

In addition to coupled assays, oxalate oxidase activity has been
directly measured by monitoring oxygen consumption by the use
of a Clark oxygen electrode [8,23]. Both MIMS method and the oxy-
gen electrode method are sensitive and can used in physiological
experiments or cell suspensions. Both methods require routine cal-
ibration. The MIMS method, however, offers distinct advantages as
it can simultaneously monitor other gaseous species as well as
measure isotopically labeled products, allowing much latitude in
monitoring effects of inhibitors and changes in reaction conditions.

3.2. Steady-state kinetic characterization of the CsOxOx catalyzed
reaction by MIMS

Doubly '3C labeled oxalate was used in order to distinguish the
CO, generated by CsOxOx from adventitious CO, dissolved in the
reaction mixtures. The inset in Fig. 2 shows progress curves mon-
itoring the ion current at m/z 45 (accumulation of '>CO,) in solu-
tion during the CsOxOx catalyzed reaction at various
concentrations of oxalate. Reaction mixtures contained 50 mM
sodium succinate, pH 4.0 and were air saturated (256 pM O;). Oxa-
late concentrations ranged from 0.1 mM to 10 mM and reactions
were initiated at 2 min by the addition of enzyme to a final concen-
tration of 0.12 uM. The rate of the uncatalyzed reaction is negligi-
ble and initial velocities were determined from the linear portion
of slopes (from about 4% to 12% of the completed reaction). These
data and were fit using the Michaelis-Menten equation (Fig. 2).
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Fig. 1. The production of '3CO, and consumption of O, (in arbitrary ion currents)
from '3C,-oxalate catalyzed by CsOxO. The ion currents for the dissolved gases at
their respective peak heights were recorded: purple, 13C0O, at m/z 45; red, O, at m/z
32; cyan N, at m/z 28. The solution contained 50 mM potassium '>C,-oxalate and
50 mM sodium succinate buffer at pH 4.0 and 25 °C. The 2 mL reaction was initiated
by the addition of recombinant CsOxOx to a final concentration of 0.12 uM at 2 min.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2. Oxalate dependence CsOxOx catalyzed oxidation of oxalate. Each data point
represents an initial velocity of production of CO, measured from the data shown in
the inset. The smooth line represents a best fit using the Michaelis-Menten
equation with Ky, =0.93 £0.1 mM and V. =203+£03Umg ' (ke=22.3£0.3-
s~1). Inset: Progress curves monitoring ion currents at m/z 45 (the accumulation of
13C0,) in solution during the CsOxOx catalyzed oxidation of oxalate. Initial
concentrations of '*C-labeled oxalate were as follows: light blue, 0.1 mM; orange,
0.2 mM; aqua, 0.5 mM; purple, 1 mM; green, 2.5 mM; red, 5 mM; dark blue, 10 mM.
In addition to the varied concentrations of '>C-labeled oxalate, reaction mixtures
contained 50 mM sodium succinate, pH 4.0 and were air saturated (256 M O,). The
reactions were initiated after 2 min by the addition of recombinant CsOxOx to a
final concentration of 0.12 uM. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Table 1
Steady-state kinetic parameters for the CsOxOx catalyzed oxidation of oxalate
measured by MIMS and the horse radish peroxidase coupled assay.

Assay K (oxalate), mM Keat, s keat/Kim, mM~1 571
MIMS 0.93+£0.1° 223103 240+04
ABTS 1.5+0.1 20.0+04 133104

2 Uncertainties represent standard errors in the fit to the Michaelis—-Menten
expression.

The kinetic parameters are given in Table 1 along with those deter-
mined by the horse radish peroxidase coupled assay. When mea-
sured by the MIMS method, the K, for oxalate is lower and the
keqr is slightly higher resulting in higher kg./K, which may be
the result of increased sensitivity of the MIMS method over the
coupled assay.

Progress curves monitoring the accumulation of '>CO, in solu-
tion during the CsOxOx catalyzed oxidation of oxalate at varying
dioxygen concentrations are shown in Supplementary Fig. 2. Reac-
tion mixtures contained 10mM '3C-labeled sodium oxalate,
50 mM sodium succinate, pH 4.0 and varying oxygen concentra-
tions and were prepared by diluting/mixing of O, and/or air satu-
rated reaction buffer. Initial rates were measured from the linear
portion of curves and the dioxygen dependence of the reaction
was determined by fitting these data to the Michaelis—-Menten
equation. The V. value from this fit was 21.0+0.5U mg™!
(Keae =23.12 0.5 s7') which is in good agreement with the value
obtained from measuring the oxalate dependence of the reaction.
The K, for dioxygen was determined to be less than 70 uM, but
could not be determined specifically due in part to the difficulty
of manipulating the oxygen concentrations close to the K,; the
majority of the data was collected at oxalate concentrations above
the K. To our knowledge this is the first report of the K, for
oxygen for CsOxOx. The K, for oxygen for the barley enzyme
was reported to be 460 uM [35].
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3.3. Inhibition of the CsOxOx catalyzed oxidation of oxalate by nitric
oxide

Given that NO has been shown to be a reversible inhibitor of B.
subtilis OxDC [36] and the high sequence identity between the two
evolutionarily related proteins, we tested the sensitivity of CsOxO0x
to inhibition by NO. Fig. 3 shows the progress curves measuring the
production of 3CO, during the CsOxOx catalyzed reaction at vari-
ous NO concentrations which were calculated from initial MAHMA
NONOate concentrations. The air saturated reaction mixtures con-
tained 10 mM '3C-labeled sodium oxalate, 50 mM sodium succi-
nate, pH 4.0 and were initiated after 1 min by the addition of
recombinant CsOxOx. Catalyzed rates were determined at concen-
trations of NO ranging from 0.5 to 10 uM. The rates of oxalate oxi-
dation in the presence of NO were fit to a simple Langmuir binding
isotherm (Fig. 4), resulting in an inhibition constant K; of
0.58 + 0.06 uM. The K; value for CsOxOx represents two orders of
magnitude greater affinity for NO than that of B. subtilis OXxDC
[36] which has a K; value of 40 pM. Oxygen is required but is not
consumed in the decarboxylation reaction catalyzed by OxDC that
results in no net oxidation or reduction [9]. The K, for oxygen of
OxDC is 28 + 8 uM as measured by the dependence of decarboxyl-
ase on oxygen concentration [22]. In preliminary experiments to
test whether or not the inhibitory effect of NO on the oxidation
of oxalate is reversible (not shown), relative peak areas for >CO,
(m/z 45), 0, (m/z 32), and NO (m/z 30) were monitored. Upon addi-
tion of the enzyme the '3CO, peak increased as the O, peak
decreased. When NO was introduced by the addition of MAHMA
NONOate, the NO peak increased, O, stopped being consumed,
and '3C0O, was not produced. Carbonic anhydrase free deoxyhemo-
globin (stored in nitrogen atmosphere) was then added. Deoxyhe-
moglobin binds both NO and 0,, effectively removing them from
solution. A subsequent rise in the '3>CO, peak was observed sug-
gesting that the inhibition of CsOxOx by NO was reversed by the
removal of NO from the reaction mixture.

The simplest explanation for the observed NO CsOxOx inhibi-
tion is that NO inhibits the enzyme activity by binding directly to
one or both of the Mn centers. We are eager to confirm this
hypothesis or seek alternative explanations through further
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Fig. 3. Progress curves monitoring the accumulation of '3CO, in solution during the
CsOxOx catalyzed oxidation of oxalate at varying NO concentrations. Reaction
mixtures were air saturated, contained 10 mM '3C-labeled sodium oxalate, 50 mM
sodium succinate, pH 4.0, and varying NO concentrations were calculated from
initial MAHMA NONOate concentrations. Reactions were initiated after 1 min by
the addition of recombinant CsOxOx to a final concentration of 0.12 pM. Initial
concentrations of NO were as follows: blue, 0 pM; aqua, 0.5 pM; orange, 1.0 uM;
purple, 2.0 uM; green, uM; red, 10 pM. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Inhibition of the CsOxOx catalyzed oxidation of oxalate by nitric oxide. Each
data point represents an initial velocity measurement of production of CO, from the
data of Fig. 3. The rates of oxalate oxidation in the presence of NO were fit to a
simple Langmuir binding isotherm, giving an inhibition constant K; of
0.58 + 0.06 M.

experimentation. X-band EPR experiments with OxDC could not
provide direct evidence for NO binding directly to the Mn centers
and raised the possibility that the enzyme has a dioxygen binding
site [36]. In conclusion, we have demonstrated the use of
membrane inlet mass spectrometry provides a rapid, sensitive,
direct method to study the oxalate oxidase catalyzed oxidation of
oxalate and we have used this technique to reveal that the enzyme
is inhibited by NO.
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