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Abstract

Oxalate decarboxylase (OxDC), an enzyme of the bicupin
superfamily, catalyzes the decomposition of oxalate into carbon
dioxide and formate at an optimal pH of 4.3 in the presence of
oxygen. However, about 0.2% of all reactions occur through an
oxidase mechanism that consumes oxygen while producing two
equivalents of carbon dioxide and one equivalent of hydrogen
peroxide. The kinetics of oxidase activity were studied by
measuring the consumption of dissolved oxygen over time using a
luminescent oxygen sensor. We describe the implementation of and
improvements to the oxygen consumption assay. The oxidase
activity of wild type OxDC was compared to that of the T165V
OxDC mutant, which contains an impaired flexible loop covering
the active site. The effects of various carboxylic acid-based buffers
on the rate of oxidase activity were also studied. These results were
compared to the oxidase activity of oxalate oxidase (OxOx), a
similar bicupin enzyme that only carries out oxalate oxidation. The
temperature dependence of oxidase activity was analyzed, and
preliminary results offer an estimate for the overall activation
energy of the oxidase reaction within OxDC. The data reported here
thus provide insights into the mechanism of the oxidase activity of
OxDC.

Keywords: Enzyme Kkinetics, oxidase,
decarboxylase

oxygen consumption,

Introduction

Oxalate decarboxylase (OxDC), derived from the soil bacterium
Bacillus subtilis, catalyzes the decomposition of oxalate into carbon
dioxide and formate at an optimal pH of 4.3 in the presence of
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oxygen (Svedruzi¢ et al. 2005; Tanner et al. 2001). However,
about 0.2% of all turn-over reactions occur through an
oxidative mechanism that consumes one equivalent of
dissolved dioxygen per oxalate while producing two
equivalents of carbon dioxide and one hydrogen peroxide, as in
the structurally similar enzyme oxalate oxidase derived from
Ceriporiopsis subvermispora (OxOx) (Aguilar et al. 1999;
Escutia et al. 2005). The overall reaction schemes are shown in
Figure 1. Essentially, OxDC can follow two distinctly different
chemical pathways using the same substrate. Dioxygen plays
the role of a co-catalyst in the decarboxylation reaction and a
co-substrate in the oxidation reaction.

0
o Decarboxylase H. O
HOJkn/ — C0; + \ﬂ/
0 0
0
- +  Oxidase
HOJH-I/O + 0;+ H —» 2C0, + Hz0;
0

Figure 1: Overall reaction schemes describing the decomposition of
oxalate by OxDC (Svedruzi¢ et al. 2005)

The active form of OxDC consists of a dimer of trimers (one
trimer is shown in Figure 2), and each monomeric subunit

contains two &-barrel domains holding a Mn (II). However,
only the N-terminal Mn is suspected to form the active site
where oxalate can bind, due to the presence of a small flexible
amino acid loop SENST 161-5 (Anand et al. 2002; Just et al.
2007). Based on several crystal structures of OxDC, this loop
may undergo conformational changes to open a solvent
channel leading to the N-terminal Mn, allowing oxalate to
enter the active site and bind to the Mn ion (Anand et al. 2002;
Just et al. 2007). When the loops adopts a closed conformation
over the active site, as shown in Figure 3, the Glu 162 residue
comes into close proximity with the bound oxalate molecule
and is hypothesized to undergo proton-coupled electron
transfer essential for decarboxylase activity, as described in the
proposed mechanism shown in Figure 4. Removal of the
Glu 162 residue has been shown to drastically reduce
decarboxylase activity while increasing oxidase activity
(Burrell et al. 2007).
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In order to further characterize the importance of the flexible loop
SENST 161-5, the oxidase activity of the T165V mutant of OxDC
was studied. The T165V mutation removes a hydrogen bond
between T165 and R92, thereby reducing the stability of the closed
loop conformation and presumably favoring the open over the
closed conformation in solution (Imaram et al. 2011).

Previous studies determined that the overall enzymatic rate of
T165V was reduced by almost a factor of 10 compared to WT
OxDC, but the amount of oxidase activity was reduced only by
about a factor of three, resulting in a factor of three enhancement of
oxidase activity relative to decarboxylase activity in this mutant
(Saylor et al. 2012).

Figure 2: Crystal structure showing one of the two trimers that forms
biologically active OxDC (Anand et al. 2002)

Figure 3: Flexible loop in its open (magenta) and closed (green)
conformations. Glul62 is shown as a red ball-and-stick model, with the Mn
atom shown in bronze. The blue protein chains correspond to the open crystal
structure, while the orange protein chains correspond to the closed crystal
structure.

In addition to measuring the oxidase activity of WT OxDC and the
T165V mutant, the oxidase activity of WT oxalate oxidase (OxOx)
was studied to provide a standard for comparison. Experiments were
also carried out to study the temperature dependence of the oxidase
activity of OxDC. An Arrhenius analysis provides an estimate of the
activation energy of the oxidase reaction, which is similar to
reported values for the activation energy of OxOx (Pundir 1993;
Pundir et al. 1993). Finally, the choice of buffer was revealed to

significantly impact the reaction kinetics oxidase activity for
both WT OxOx and OxDC. The effects of the carboxylic acid-
based buffers acetate, citrate, and succinate were observed.

All of these studies of oxidase activity were carried out using a
novel assay that measures oxygen consumption in real time.
The oxidase activity of OxDC and OxOx had previously been
measured using a continuous assay that coupled the production
of H,O, to the oxidation of 2,2-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS) by horseradish
peroxidase (Moussatche et al. 2011). The absorbance of the
radical products of ABTS at 650 nm was monitored to follow
the progress of the reaction (Moussatche et al. 2011; Requena
et al. 1999). The production of oxygen and CO; has also been
monitored in real time using membrane inlet mass
spectrometry (Moomaw 2014). In this paper, we describe a
real-time assay that follows the consumption of dissolved
oxygen, providing a direct measurement of oxidase activity
without the potential errors introduced by using a secondary
detection system as in the coupled assay. Initial experiments by
our group using the new assay have already been reported
(Saylor et al. 2012). Here we present a more detailed
explanation of the assay protocol and improvements made by
the addition of a temperature controller, resulting in an
increase in the signal-to-noise ratio of the raw data.

Materials and methods
Enzyme Preparation

The expression and purification of OxDC and T165V were
carried out using an E. coli expression system as described by
Imaram, et al., and Saylor et al.(2011; 2012). The expression
and purification of OxOx from Ceriporiopsis subvermispora
was carried out using a Pichia pastoris expression system as
described by Moussatche et al.(2011). Samples were kept at -
80*C until ready for use.

Kinetic Assay of Oxidase Activity

Oxygen consumption for each enzyme preparation was
measured using a NeoFox® Phase Measurement System from
Ocean Optics, Dunedin, Florida, using the FOSPOR Oxygen
Sensor formulation under controlled conditions. Dissolved
oxygen concentration was measured using a Redeye” patch
placed in solution, consisting of a FOSPOR ruthenium
compound embedded in a sol-gel matrix. The ruthenium
compound was excited using blue light from an LED through a
fiber-optic cable, and the resulting luminescence was detected
through the same cable. The red phosphorescence is quenched
in the presence of oxygen, so the measurement of its intensity
and lifetime served as a measure of the concentration of
dissolved oxygen. Before conducting each series of reactions,
the probe was calibrated under normal atmospheric conditions
as well as under anoxic conditions after the cuvette was
flushed with N, or Ar gas.

Reaction mixtures contained between 0.075 and 7.00 uM of
either WT OxDC or T165V as well as oxalate concentrations
ranging from 0.125 mM to 200 mM, with a total reaction
volume of 2 mL. Oxalate solutions were prepared by weighing
out the desired amounts of K,C,04 - H,O (Sigma Aldrich)
using a Fisher Science Education ALF64 analytical balance,
and dissolving it in buffer solution at pH 4.3. Measurements on
WT and T165V OxDC were performed in 0.5 M acetate or
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succinate buffers. Since acetate has been shown to inhibit the
activity of WT Ox0x,0.5 M citrate and 0.35 M succinate buffers
were used for reactions with OxOx (Moussatche et al. 2011).
Reactions were conducted in triplicate for each concentration of
oxalate. The decrease in dissolved oxygen concentration was
monitored as a function of time in order to measure the initial rate of
reaction. An example reaction trace is shown in Figure 5.
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better defining the shape of the curve at concentrations smaller
than K.

Calculation of Kinetic Parameters

The concentration of dissolved oxygen was monitored over
time using measurement intervals of 100 ms during the course
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Figure 4: Proposed mechanism of decarboxylase activity of OxDC, showing proton-coupled electron transfer catalyzed by Glu162

Oxidase activity was defined as the initial rate of change of
dissolved oxygen concentration over time, as taken from the linear
portion of each reaction trace. A magnetic stir bar was used to
ensure even mixing of the reactants and increase the signal-to-noise
ratio throughout the experiment. The cuvette was tightly sealed with
an o-ring, and in order to start the reaction, enzyme solution was
injected through 1/16” Peek tubing attached to luer-lock connectors.
The syringes remained attached to the luer-lock connectors
throughout the experiment to prevent accidental leakage of
atmospheric oxygen into the solution. Despite these precautions,
small leaks were observed through the syringes while conducting
experiments, most likely due to a sudden buildup of pressure,
especially after solutions were injected into the cuvette. Although
the effect of these leaks was usually small, the rate of oxygen
consumption was corrected when necessary for the rate of oxygen
reentry.

For temperature-dependent measurements, an Ocean Optics qpod
2¢™ was used. This device is a temperature-regulated, Peltier-
controlled cuvette holder that is able to control the temperature of a
standard 1-cm square cuvette to £0.05°C. The qpod 2e¢™ also
provides variable-speed magnetic stirring. It contains a horizontal
opening allowing the Neofox oxygen sensor to reach the exterior of
one side of the cuvette with minimal light intrusion, while the
Redeye” ruthenium patch is placed on the corresponding inside wall
of the cuvette. The cuvette was kept sealed using a similar
arrangement as previously noted.

The temperature controller helped to enhance the signal-to-noise
ratio when measuring the dissolved oxygen concentration over the
course of each reaction with OxDC. With the improved setup, we
were also able to measure the oxidase activity at oxalate
concentrations as low as 0.125 mM with noise levels comparable to
those detected at 5 mM oxalate without temperature control. The
ability to analyze oxidase activity at lower substrate concentrations
improved the accuracy of the Michaelis-Menten kinetic analysis by

of each reaction. The initial rate of each reaction was taken as
the slope of the linear portion of each graph (see Figure 7 for
an example of raw data collected for WT OxDC). For each
enzyme, the initial rates of reaction over a range of oxalate
concentrations were measured in triplicate. A Michaelis-
Menten analysis following Equation (1) was then performed on
the data, relating the initial rate of reaction v to the
concentration of oxalate [S]. Data was analyzed using
KaleidaGraph (Synergy Software) non-linear curve fitting

software.
_ VST (1)
K, *15]

0.3

0.1

0 200 800 1000

400 600
Time (s)
Figure 5: Sample set of raw experimental results, showing the
concentration of dissolved oxygen over time during the reaction of WT
OxDC over a range of oxalate concentrations: 5 mM (black), 10 mM
(red), 20 mM (green), 50 mM (purple), 100 mM (blue), 200mM
(orange). Some variation is observed among the starting values of
oxygen concentration after the calibration process. However, we are
interested in a relative measure, observing the change of oxygen
concentration over time. This reduces the impact of variation in the

absolute values of dissolved oxygen concentration.
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Results

The results yielded kinetic parameters characterizing the enzymes’
oxidase activity and are recorded in Tables 1 and 2.Table 1 shows
the effect of temperature on the oxidase activity of WT OxDC in
succinate buffer. Table 2 compares the oxidase activities of WT
OxDC, T165V OxDC, and WT OxOx under various buffer
conditions.

Table 1: Temperature Dependence of the Kinetic Parameters of WT OxDC

Oxidase Activity
WT OxDC 5°C 25°C 35°C
Enzyme
Concentration 6.80 = 0.05 4.32 £0.05 2.10 £ 0.05
[nM]
Vinax [nM/s] 0.26 = 0.05 0.44 = 0.05 0.63 =0.08
Ky [mM] 93 %105 78 0.5 4=+3
Feae [s7] 0.04 =0.02 0.10 £0.02 0.30 =0.04

Comparison of T165V with WT OxDC

The T165V mutant exhibited about the same oxidase activity as WT
OxDC but with a slightly lower K, than WT OxDC as shown in
Figure 6. The improper closing of the loop thus appeared to enhance
oxidase activity relative to decarboxylase activity. This is most
likely due to the loss of control over the CO,"" radical intermediate
into the solution which reacts with oxygen to form carbon dioxide
and superoxide rather than more efficient oxygen binding to the
mutant enzyme (Imaram et al. 2011).The decarboxylase activity of
T165V has been observed to decline approximately ten-fold
compared to WT OxDC which demonstrates the importance of the
closed-loop conformation in the decarboxylase mechanism (Burrell
et al. 2007).

Temperature Dependence of WT OxDC Oxidase Activity

The rate of oxidase activity of the WT enzyme was studied at 5, 25,
and 35°C, and results show that the rate consistently increased with
temperature, reaching significantly higher rates at 352C (Table 1
and Figure 7). This result matches well with published observations
of generally increased OxDC activity at 37°C (Lee et al. 2014).
Based on the available data, a preliminary Arrhenius analysis
(Figure 8) offers an estimate of the overall activation energy as
T.¥gD @efkcal/mol. Considering that oxidase activity represents
only a small fraction of the total activity of OxDC, it is interesting to
note that the energy barrier for the oxidase reaction compares
favorably to those previously reported for OxOx, ranging from 4 to
9 kcal/mol(Pundir 1993; Pundir, et al. 1993). This could mean that
the mechanism for oxalate oxidation is the same in both types of
enzymes.

Impact of Buffer on Oxidase Activity and Substrate-Dependent
Inhibition

WT OxOx in succinate buffer showed 10x higher oxidase activity
than in citrate buffer at the same pH, as demonstrated by the
increased Vpax and ke (see Figure 9). Citrate, along with acetate,
thus appears to suppress enzymatic activity relative to succinate as
described previously by Moussatche, et al.(2011). Interestingly,
OxOx also demonstrates substrate-dependent inhibition at high

oxalate concentrations (> 25 mM), where a decrease in activity of
OxOx can be observed in the presence of both citrate and succinate
buffers. While this effect has been previously observed in OxOx, it

remains to be explained, and it could be due to substrate and/or
product inhibition or a secondary effect of oxalate on the
enzyme, e.g., binding of oxalate to the C-terminal Mn
(Pundir 1993).

0.25

Reaction Rate (pM O, /s)

0 5o 100 150 200 250
Oxalate Concentration (mm)

Figure 6: Comparison of Michaelis-Menten kinetic analysis of WT
(blue) and T165V OxDC (green)
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0.00010
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0 20 40 60 80 100 120
Oxalate Concentratlon (mv)
Figure 7: A comparison of the Michaelis-Menten kinetics of oxidase
activity of OxDC at 5°C (orange), 25°C (blue), and 35°C (green).

-1.2

1.6 F

In(kez)

24 F
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0.0032 0.0033 0.0034 0.0035 0.0036
YT
Figure 8: Arrhenius plot for WT OxDC Oxidase activity

WT OxDC shows no substrate-dependent inhibition of its
oxidase activity in acetate buffer. However, in succinate buffer
some substrate-dependent inhibition of oxidase activity is
observed at high oxalate concentrations, as can be seen in
Figure 10. This effect continues to be observed at 35°C,
despite achieving a higher rate of oxidase activity at this
temperature, as can be seen in Figure 9. Perhaps the enzyme
has difficulty releasing products from the active site, which
may have contributed to the observation of product in the
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Table 2: Michaelis-Menten Parameters of Oxidase Activity (** Measured using temperature controller at 25°C)

WT OxDC — WT OxDC — T165V OxDC — WT OxOx - Citrate WT OxOx —
Acetate Buffer Succinate Buffer** Acetate Buffer Buffer Succinate Buffer
lé“zy"‘e . 2.50 £0.05 432 £0.05 2.16 £0.04 0.078 £ 0.004 0.078 % 0.004
oncentration
[uM]
Vinax [HM/s] 0.23 £0.01 0.44 £ 0.05 0.23 £0.02 03 x0.15 30202
Ky [mM] 17 =1 7.8 0.5 5x2 1309 0.17 = 0.06
Fear 8] 0.093 = 0.005 0.10 £ 0.02 0.10 = 0.01 4 =2 39 =4
keead Ky [s M| 56 =04 135 22 =10 2700 = 2200 240,000 = 90000
0.008 Discussion
0.0003
0.005 Kinetic studies of OxDC and OxOx had previously relied on
0.00015 stopped end-point assays to measure the production of formate
E""’“ resulting from decarboxylase activity or the production of
E X o+— hydrogen peroxide resulting from oxidase activity (Burrell et al.
g 0.0 [ ; ° . 1 2007; Moussatche et al. 2011). The continuous assay based on
5 l i oxygen consumption was only recently introduced as a new
| . method to study the oxidase activity of these enzymes (Saylor
g"""" ; - et al. 2012) The results provide interesting insights into the
: oxidase activity of these enzymes.
oot |
S - - In particular, these experiments help quantify the effect of the
¢ flexible amino acid “lid” in directing the bifurcation of the
0 20 ] 60 80 100 120

Oxalate Concentration (mM)
Figure 9: Buffer dependence of Michaelis-Menten Kinetics of WT Oxalate
Oxidase in Succinate buffer (orange) or Citrate buffer (blue). Inset shows the
kinetic profile of WT OxOx in citrate buffer between 0 and 10 mM oxalate
for clarity.

N-terminal site in the original crystal structure by Anand et
al.(2002). The optimum temperature of OxDC

0.1

0.09

0 25 50 75 100 125
Time (s)
Figure 10: Comparing the Michaelis-Menten kinetic parameters of WT
OxDC in acetate buffer at room temperature (orange) and WT OxDC in
succinate buffer at 25°C (blue). The error bars for the blue data points are too
small to be clearly distinguished.

150 175 200 225

was reported at around 35°C (Lee et al. 2014; Shady et al. 2013).
This could indicate that comparisons between different enzymes
should include measurements performed at higher temperatures.

When studying WT OxDC in succinate buffer, the reaction rates
measured at 100 mM were not included in the calculation of kinetic
parameters. This apparent inhibition must be examined carefully
with a more detailed kinetic analysis to determine the type and
extent of inhibition.

mechanism of OxDC. A reduction in the stability of the closed
conformation of the active site has been shown to favor the
oxidase mechanism of activity, as revealed by the T165V
mutant, while in general reducing the activity of OxDC. It is
still unknown whether oxidase activity proceeds via a bound
oxygen molecule within the active site or through loss of the
CO;" radical anion into the solution where it can subsequently
react with dissolved O, to produce superoxide. At a pH below
5 where the enzyme is mainly active, superoxide would
disproportionate rapidly into H,O, and O,, leading to the
observed oxidase activity (Finkelstein, et al. 1980).

An estimate of the activation energy of oxidase activity in WT
OxDC shows that the magnitude of the reaction barrier is
similar to that of other oxidase enzymes (Pundir 1993; Pundir,
et al. 1993). Further studies of the OxDC mutants may reveal
how the structural changes affect the energy barriers to both
oxidase and decarboxylase activity. In addition, the
comparison between OxDC and OxOx has revealed the
possibility of inhibition of oxidase activity at high
concentrations of oxalate as well as yet unexplained inhibitory
effects of various buffers. These observations seem to be
linked to the temperature dependence of WT OxDC, which
requires further investigation. Finally, these experiments
demonstrate the utility of the real-time assay following the
consumption of dissolved oxygen over the course of each
reaction. Overall, the collection of kinetic data provides
important data for a more detailed explanation of the
bifurcation of catalytic pathways in OxDC.
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