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Figure 21: HPLC stacked chromatograms of the products of the CsOxOx catalyzed 

oxalate reaction. An aliquot of the incubation reaction without (A) or with (B) 

recombinant bovine catalase was analyzed at 0 minutes, 20 minutes, 1 hour, 2 hours, 

and 24 hours.  

 

Stacked HPLC chromatograms in Figure 21B demonstrate oxalate oxidation by 

CsOxOx over 24 hours in the presence of catalase. As in the data shown in Figure 

21A, the succinate peak eluting at 12.2 minutes remained roughly the same over the 

time tested (22.53 mAU/minutes at 0 minutes, 24.20 mAU/minutes at 20 minutes, 

24.01 mAU/minutes at 1 hour, 24.31 mAU/minutes at 2 hours, and 24.31 

mAU/minutes at 24 hours). The oxalate peak area began at 57.08 mAU/minutes at 0 

minutes then decreased to 1.63 mAU/minutes after 24 hours. Roughly 3% of the 

oxalate substrate remains after 24 hours suggesting that the oxidation of the oxalate 

substrate (initially 10 mM) is nearly complete. Additionally, hydrogen peroxide 

generated during turnover does not build up in concentrations observed in the reaction 

without catalase. There is no apparent build-up of hydrogen peroxide over the 24 

hours consistent with the presence of active catalase. 
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In analogous experiments employing the MIMS, samples of CsOxOx after 24 hours 

of turnover without catalase were assayed according to the method described in 

Chapter 2.7. CsOxOx was observed to be relatively stable under the conditions of the 

assay in the absence of substrate, retaining 73% of the original enzyme activity after 

24 hours at room temperature diluted in buffer. CsOxOx incubated for 2 hours in 10 

mM oxalate had only 20 percent of its original activity (not shown), and no activity 

was detected in enzyme incubated for 24 hours in 10 mM oxalate (Table 2). CsOxOx 

incubated for 24 hours in the presence of 10 mM oxalate and bovine catalase retained 

approximately 80% of its original activity; preventing the build-up of hydrogen 

peroxide prevented the previously observed inactivation. The inactivation of CsOxOx 

is only observed after pre-incubation with oxalate. Pre-incubation in buffer or buffer 

and hydrogen peroxide show no inactivation. Furthermore, addition of catalase to the 

turnover inactivated enzyme does not recover any significant amount of activity.  

Table 2: MIMS measurements of CsOxOx with no prior turnover with and without 

hydrogen peroxide, and turnover in the absence and in the presence of 1.0 mg/mL 

bovine catalase. Uncertainties are presented as standard deviations from the mean 

value. Samples that had undetectable activity are signified by “nd”.  

 

 

In order to further investigate the CsOxOx turnover dependent inactivation, a plot of 

reaction velocities versus total enzyme concentration was prepared for enzyme treated 

with two hours of turnover prior to assay and enzyme incubated under similar 

conditions for 2 hours but without turnover (Figure 22). The slope of the line 

generated from turnover treated enzyme data is shallower than the line generated from 

Time, hours

No prior turnover, 

U

No prior turnover in 

10 mM hydrogen 

peroxide, U

Turnover 

treated, U

Turnover 

treated plus 

catalase, U

0 0.026 ± 0.001 0.023 ± 0.001 0.026 ± 0.001 0.030 ± 0.001

24 0.019 ± 0.001 0.01 ± 0.001 nd 0.024 ± 0.003
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untreated enzyme suggesting some effect on the distribution or number of enzyme 

intermediate complexes at steady state. This is likely due in part to the build-up of 

hydrogen peroxide and its previously described reversible inhibitory effect. The x-

intercept of the line generated from the turnover treated data is shifted significantly to 

the right of the intercept of the line generated from the untreated enzyme. This 

suggests that enzyme has been irreversibly inactivated during the two hours of 

turnover prior to assay. 

 

 

Figure 22: Plot of total enzyme concentration versus saturated initial enzyme 

velocity. Data points in blue represent those points treated with two hours in oxalate 

prior to assay. Points in black represent samples treated with two hours of incubation 

without oxalate prior to assay. Coefficients of determination for the linear fits are as 

follows: 0.989 for the 0 mM hydrogen peroxide plot, and 0.949 for the 10 mM 

hydrogen peroxide plot.  

 

Taken together, these data suggest that hydrogen peroxide is having two separate 

effects on the CsOxOx enzyme. That hydrogen peroxide behaves as a reversible 
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noncompetitive inhibitor as described in Chapter 3.1, but also the generation of 

hydrogen peroxide is linked to the turnover dependent irreversible inactivation of 

CsOxOx. 

The mechanism of hydrogen peroxide, turnover dependent inactivation of CsOxOx is 

not entirely clear. An alternative mechanism proposed in the literature suggests that 

the fraction of the enzyme containing Mn(III) represents the catalytically active 

enzyme form contrary to other proposed mechanisms6,14,20,55. In this alternative 

proposal, oxalate binds to the metal center followed by the subsequent 

decarboxylation of oxalate without the binding of diatomic oxygen to the metal 

center. The generated carbon dioxide anion radical then reacts with diatomic oxygen 

(possibly in bulk solution) to form carbon dioxide and a hydroperoxyl radical, a 

reaction for which there is chemical precedence56. EPR studies observing the 

persistence of free hydroperoxyl species are consistent with this proposal57. This 

proposal also suggests that the hydroperoxyl free radical is responsible for the 

reoxidation of Mn(II) to Mn(III), restarting the catalytic cycle. Loss of hydroperoxyl 

radical could thus prevent reoxidation of the metal center rendering it inactive. A 

similar mechanism of inactivation was proposed in an attempt to understand the 

observation of a spin trapped free-radical by EPR57. This mechanism proposes a 

“leaky” active site from which the intermediate carbon species can enter “bulk” 

solution. It was postulated in the literature that loss of the electron sink at the metal 

center could also result in the inactivation of the enzyme54. 
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Chapter 3.6: CsOxOx is not inactivated after anaerobic incubation in oxalate 

Discrepancies exist in our observations on CsOxOx and observations on barley 

oxalate oxidase from literature21. One example of this is the observation that barley 

oxalate oxidase is inactivated by catalase, while it has been shown here that catalase 

protects CsOxOx from inactivation. Additionally, Whitaker et al. observed 

irreversible inactivation of barley oxidase after anaerobic incubation in oxalate. 

Figure 23 shows the MIMS trace of the anaerobic incubation of CsOxOx in oxalate 

and the subsequent reintroduction of oxygen to the sample.  

 

Figure 23: Reaction trace highlighting the subsequent production of labelled carbon 

dioxide following oxygenation of buffered, nitrogen purged solution containing 

oxalate and CsOxOx. Signals for O2 and CO2 are shown here in orange and blue 

respectively. 

 

After reintroduction of oxygen, an increase is observed in the m/z 32 measurement 

shown in Figure 23. The generation of 13C labelled carbon dioxide immediately 

followed upon oxygen reintroduction suggesting that, while inactive under anaerobic 

conditions, CsOxOx retains its activity. The mechanism of deactivation of barley 
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oxalate oxidase described previously follows directly from Whitaker’s proposed 

catalytic mechanism21. In it oxalate directly reacts with the active Mn(III) center 

resulting in the carbon dioxide anion species. Without oxygen the intermediate 

species is unable to generate the hydroperoxyl radical proposed to regenerate the 

active enzyme form and the enzyme is stuck in the inactive reduced form. However, 

the observations of CsOxOx are not consistent with this mechanism; CsOxOx remains 

active after treatment with oxalate under anaerobic conditions. This supports the role 

of Mn(II) as the resting enzyme center species whose job is the reductive activation of 

diatomic oxygen. Furthermore, our results suggest a completely different mechanism 

of inactivation. One that requires enzymatic turnover in the presence of hydrogen 

peroxide reminiscent of the inactivation of catalase by hydrogen peroxide58,59.  

 

Chapter 3.7: Observed kinetic isotope effect on the CsOxOx mediated reaction 

with oxalate 

The change in reaction rate due to an isotopic substitution is called a kinetic isotope 

effect (KIE). There can be a number of factors that cause this observed effect 

including changes in symmetry of the reactant or its transition states due to isotope 

substitution, changes in moments of inertia, and/or changes in quantum tunneling. 

However, typically the most common explanation of the KIE is due to the change in 

the zero point energy of the vibrational energy bond under observation. This effect 

derives from the fact that the vibrational energy of two bonded species is dependent 

on the square root of the inverse of the reduced mass of the two bound species60. KIEs 

from hydrogen to deuterium or tritium exchange tend to be large due to the dramatic 

percent change in the reduced mass of the system. Quantum tunneling effects are 

more commonly observed in KIEs from hydrogen to deuterium or tritium 21,45. Larger 



49 

 

isotopically labelled molecules have a much smaller KIE and quantum tunneling 

becomes far less likely and the relative change in reduced mass after isotopic 

substitution is small. For this reason, only highly sensitive techniques can precisely 

measure heavier molecule KIEs. To demonstrate the sensitivity of the MIMS as well 

as gain further mechanistic insight, a KIE was observed for the CsOxOx mediated 

oxidative decarboxylation of oxalate using an intermolecular competition experiment. 

Figure 24 shows an example of a continuous reaction trace of the intermolecular 

competition experiment measured using MIMS. The black trace follows the oxidation 

of 12C oxalate over time via the measurement of 12C carbon dioxide change at m/z 44. 

The blue trace follows the oxidation of 13C oxalate over time by the measurement of 

13C carbon dioxide change at m/z 45. The V/V kinetic isotope effect of 1.05 was 

observed between the 13C labelled and unlabeled oxalate substrates, and is a normal 

estimate for the doubly labelled 13C kinetic isotope effect. This suggests that the 

carbon-carbon bond breaking step during catalysis is at least partially rate limiting. 
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Figure 24: MIMS reaction trace of an example intermolecular competition 

experiment in the estimation of the V/V kinetic isotope effect. The trace in black 

represents the increase in carbon dioxide from the 12C oxalate and the trace in blue 

represents the increase in carbon dioxide from the doubly labelled 13C oxalate.  

 

Chapter 3.8: Non-stoichiometric consumption of oxygen and production of 

carbon dioxide 

Studies reporting measurements of the stoichiometry of the oxalate oxidase catalyzed 

oxidative decarboxylation of oxalate are non-existent to the best of our knowledge. 

Figure 25 represents the first effort to study the observed stoichiometry of the oxalate 

oxidase mediated reaction as it relates to substrate concentration. Throughout the 

range of oxalate concentrations tested, the ratio of the production of carbon dioxide to 

the consumption of diatomic oxygen remains consistently at approximately 1.3 carbon 

dioxide molecules produced per diatomic oxygen consumed. This value is less than 

the theoretical value of 2 carbon dioxide molecules per oxygen molecule consumed. 

The consumption of additional oxygen per carbon dioxide molecule consumed 

suggests an alternative fate of an oxygen derived species. The generation of a 

hydroperoxyl radical is postulated in both proposed oxalate oxidase mechanisms and 
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has been observed in spin-trapping experiments on OxDC suggesting hydroperoxyl 

radicals are available in bulk solution57. Hydroperoxyl radicals are highly reactive and 

can cause oxidative damage to proteins and other biological macromolecules. In one 

proposed mechanism (Figure 3) the hydroperoxyl radical couples to the carbon 

dioxide radical anion forming hydrogen peroxide and carbon dioxide. In the event that 

the hydroperoxyl radical species reacts with a species other than the carbon dioxide 

anion, the carbon dioxide anion would be free to react with another molecule of 

diatomic oxygen resulting in the formation of an additional hydroperoxyl radical and, 

possibly, further oxidative damage. In an alternatively proposed mechanism21, the 

hydroperoxyl radical is generated from the reaction of carbon dioxide radical with 

diatomic oxygen. A pathway that accounts for the additional consumption of oxygen 

is not immediately apparent from this second proposal. 



52 

 

 

Figure 25: Plot of oxalate concentration versus the ration of carbon dioxide 

production to oxygen consumption. 

 

Chapter 3.9: CsOxOx catalyzes the oxidative decarboxylation of mesoxalate 

A proposal exists in the literature that OxOx non-oxidatively decarboxylates 

mesoxalate to yield glyoxylate and CO2
23. Figure 26 shows the reaction trace of the 

CsOxOx mediated mesoxalate reaction. The blue line follows the progression of the 

reaction by MIMS measuring the production of carbon dioxide at m/z 44. The orange 

line follows the consumption of diatomic oxygen throughout the OxOx mediated 

reaction. The black arrow indicates the time point at which CsOxOx was added to the 

reaction mixture. Subsequent to enzyme addition, carbon dioxide concentration 

increased and oxygen concentration decreased over time which is consistent with the 

production of carbon dioxide and the consumption of oxygen. 
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Figure 26: Reaction trace of the CsOxOx catalyzed mesoxalate reaction. The orange 

trace follows the consumption of diatomic oxygen at m/z 32. The blue trace follows 

the production of carbon dioxide at m/z 44. The black arrow signifies the addition of 

CsOxOx enzyme.  

 

Figure 27 shows the time course of the CsOxOx mediated mesoxalate reaction as a 

series of stacked HPLC chromatograms. Chromatograms at time points 0 minutes, 20 

minutes, 1 hour, 2 hours, and 24 hours contain peaks eluting at 6.8 minutes and 12.3 

minutes representing mesoxalate and succinate chemical species, respectively. 

Glyoxylate standards informed an expected retention time of 9.4 minutes. No peak 

eluting at 9.4 minutes was observed in any of the chromatograms. 
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Figure 27: HPLC stacked chromatograms following the CsOxOx mediated 

mesoxalate reaction over a period of 24 hours. 

 

Reaction rates were observable using the horseradish peroxidase coupled assay. 

Average rates are consistent with the rates observed using the MIMS assay. The 

observation of a rate using the coupled assay is dependent on the production of 

hydrogen peroxide by the reaction. 

The production of carbon dioxide, and hydrogen peroxide, and the consumption of 

oxygen by the CsOxOx mediated mesoxalate reaction are consistent with oxidative 

decarboxylation contrary to suggestions from literature suggesting that CsOxOx 

catalyzes the nonoxidative decarboxylation of mesoxalate to glyoxylate and carbon 

dioxide23. 
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CHAPTER 4: CONCLUSIONS 

Observations from MIMS kinetic experiments found that hydrogen peroxide is a 

reversible noncompetitive inhibitor of the CsOxOx mediated oxidative 

decarboxylation of oxalate. Additionally, HPLC and further MIMS experimentation 

found that CsOxOx undergoes a turnover dependent irreversible inactivation, and that 

catalase protects the enzyme from the described inactivation. CD spectra suggest 

hydrogen peroxide does not cause global structural change to CsOxOx in 

concentrations up to 20 mM. Additionally, anaerobic incubation of CsOxOx in 

oxalate does not inactivate the enzyme as was observed in barley oxalate oxidase. 

Studies observing the stoichiometry of the CsOxOx catalyzed oxidative 

decarboxylation of oxalate found that only 1.3 moles of carbon dioxide are produced 

per mole of oxygen consumed, and this observation differs from the theoretical 

stoichiometry in literature. An observed V/V kinetic isotope effect greater than 1 was 

observed for the CsOxOx mediated oxalate reaction suggesting that the carbon-carbon 

bond breaking step during catalysis is rate limiting. Finally, the CsOxOx mediated 

mesoxalate reaction consumes oxygen and produces hydrogen peroxide and carbon 

dioxide consistent with CsOxOx catalyzing the oxidative decarboxylation of 

mesoxalate. 
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APPENDIX A: CALIBRATION OF MIMS 

Calibration curves for each measured gas were generated. For carbon dioxide 

calibration, a stock solution of sodium carbonate/potassium bicarbonate (1 mM, pH 

10.2) is added into an acetic acid solution (50 mM) to produce a proportional 

concentration of CO2 in situ, and this entire process is monitored on the MIMS at m/z 

44. This experiment is repeated through a range of final CO2 concentrations, and the 

instrument response at m/z 44 at the height of the sample response peak is recorded at 

each concentration of CO2. The instrument response is then subtracted from the 

baseline, and the difference is then plotted against the associated concentration of 

CO2. 

Figure A1 shows an example calibration curve relating ion current response at m/z 44 

to carbonate generated carbon dioxide. In order to test the reproducibility, the slopes 

of the lines of fit of seven standard curves generated from carbonate (Method 2 

above), calibration plots were 2.49e-6, 2.31e-6, 2.11e-6, 1.7e-6, 2.23e-6, 2.22e-6, and 

2.42e-6 torr/mM. Respective intercepts were 1.20e-9, 4.68e-9, 3.27e-9, 7.18e-9, 

2.07e-9, 1.86e-9, and 2.32e-9 torr. Intercepts are all very much smaller than the slope 

of the calibration curve and their effects on the predicted number were assumed to be 

insignificant. Therefore, the slope of the calibration curve only was used to relate ion 

current to carbon dioxide concentration. Standard curves depend on a number of 

experimental variables including barometric pressure, temperature, stir rate and must 

be measured daily. 

Figure A2 shows an example calibration curve relating ion current response at m/z 32 

to dissolved oxygen made from mixtures of saturated oxygen and nitrogen solutions.  
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Figure A1: Example calibration curve relating carbonate generated carbon dioxide to 

ion current. 
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Figure A2: Example calibration curve relating dissolved oxygen concentration to ion 

current. 

 

A nitric oxide standard curve was generated via two reactions. The first reaction used 

was the decomposition of MAHMA nonoate at pH 4.0. Aliquots of a known 

concentration of MAHMA nonoate were added to a solution of succinate buffer at pH 

4.0 to achieve a range of nanomolar concentration of nitric oxide. The second method 

utilized the reaction in which nitrite is oxidized to nitric oxide by potassium iodide 

under acidic conditions. Aliquots of a known concentration of sodium nitrite solution 

were added to a solution of 0.1M sulfuric acid to achieve a range of nanomolar 

concentration of nitric oxide detectable on the MIMS at m/z 30. 

Figure A3 shows an example calibration curve relating nonoate derived nitric oxide 

concentration and ion current at 30 m/z. The average slope of the best fit line to the 

calibration curve was 1.33 x 10-12 nM-1 ± 0.32 x 10-12 nM-1. The intercepts were small 
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compared to the ion current reading at 0 nM nitric oxide. The nonoate standard curves 

varied in shape from linear to hyperbolic. The diminishing returns in signal for higher 

nitric oxide concentrations is likely due to the combination of nitric oxide reacting 

with oxygen and water to form nitrite as well as the escape of nitric oxide from the 

solution. 

 

Figure A3: Example MIMS calibration curve relating MAHMA nonoate derived 

nitric oxide to ion current. 

 

Figure A4 shows an example calibration curve relating nitrite derived nitric oxide 

concentration and ion current at 30 m/z. The average slope of the best fit line to the 

calibration curve was 1.68 x 10-12 nM-1 ± 0.06 x 10-12 nM-1. Intercepts were small 

compared to the 0 nM nitric oxide blank. The nitrite derived nitric oxide calibration 

curves are far more reproducible than those generated from nonoate. Under the 
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conditions of the measurement the nitrite produced by nitric oxides reaction with 

oxygen and water is converted back to nitric oxide by potassium iodide.  

 

Figure A4: Example MIMS calibration curve relating nitrite derived nitric oxide to 

ion current. 
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APPENDIX B: DETECTION OF NITRIC OXIDE BY MIMS PROVIDES A BASIS 

FOR A NITRIC OXIDE SYNTHASE ASSAY 

 

Nitric oxide synthases (NOS, EC 1.14.13.39) catalyze the oxygen and NADPH-

dependent oxidation of L-arginine to citrulline and NO61. These enzymes possess 

different biochemical and regulatory attributes depending on the tissue from which 

they are derived. Understanding these enzymes is essential to understanding cellular 

signaling, vasodilation, and oxidative stress. Despite much effort and numerous 

available methods, detection of NO in biological samples remains a difficult task with 

each method possessing limitations and complex considerations. Methods available to 

assess NOS synthase activity include the Griess reaction62 and the measurement of the 

conversion of oxyhemoglobin to methemoglobin63. Membrane inlet mass 

spectrometry (MIMS) has been applied to the detection and measurement of NO64. 

Here we further the application of MIMS to the detection of NO by using a 

commercially available instrument and probe assembly and by applying this method 

to the assay of NOS. 

Nitric oxide synthase (inducible from mouse, iNOS) and MAHMA nonoate were 

purchased from Sigma Aldrich. Other reagents were of the highest purity available 

and were purchased from either Sigma Aldrich or Fisher Scientific. Figures A2 and 

A3 in Appendix A show the calibration of the MIMS ion current to the concentration 

of NO generated from MAHMA nonoate and sodium nitrite, respectively. As may be 

seen from the calibration curves, the detection of NO by MIMS is linear over a range 

from 60 to 2000 nM. The lower level of detection of the spectrophotometric Griess 

reagent system is 1.0 µM. 
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Figure B1: End point assay measuring the production of nitric oxide at m/z 30 of the 

nitric oxide synthase mediated reaction. 

 

We demonstrate the utility of MIMS in the assay of NOS by an end point assay 

(Figure B1) and a direct, continuous assay (Figure B2). Reaction mixtures contained 1 

mM arginine, 1 mM magnesium acetate, 0.15 mM NADPH, 180 µM DTT, 18 µM 

THB, and 50 mM HEPES, pH 7.4. For the end point assay, samples were quenched at 

20, 30, 40, and 50 minutes by addition of an aliquot of the reaction mixture into the 

0.1 M H2SO4/0.1 M KI solution and the m/z 30 was measured. For the direct, 

continuous method, the MIMS probe was placed directly into a cuvette containing the 

stirred reaction mixture (maintained at 37oC) and the reaction was initiated by the 

addition of enzyme. Results from these two assays methods yield comparable results 

(0.038 U/mg for the end point assay and 0.024 U/mg for the continuous assay). These 

experiments provide a basis for the application of MIMS for the assay of NOS.  
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Figure B2: Reaction trace measuring the production of nitric oxide at m/z 30 of the 

nitric oxide synthase mediated reaction. The black arrow indicates the addition of 

nitric oxide synthase enzyme.  
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APPENDIX C: TARTRONIC ACID AND DIETHYL KETOMALONATE AS 

ALTERNATIVE SUBSTRATES 

As introduced in Chapter 1.8, understanding the degree of promiscuity (substrate 

ambiguity) of CsOxOx is important to provide insights into the molecular features 

that allow some enzymes to utilize a broad range of substrates, the role substrate 

ambiguity may play in enzyme evolution, and to guide efforts to tailor enzymes as 

biocatalysts.  In the HRP coupled assay, tartronic acid and diethyl ketomalonate 

appear as weak inhibitors, each with KI values of approximately 10 mM (data not 

shown). Assessing whether or not these three-carbon molecules that share structural 

similarities with mesoxalate, serve as substrates was not possible using the HRP 

coupled assay. We, therefore, employed the MIMS assay (as described in Chapter 2.7) 

to determine whether or not they serve as alternative substrates and to acquire initial 

rate data under saturating conditions.  

Representative traces are shown in Figure C1 (tartronic acid) and Figure C2 (diethyl 

ketomalonate). The results are summarized as activities relative to oxalate in Table 

B1. That tartronic acid only possesses 4% of the activity relative to oxalate and 

approximately 10% relative to mesoxalate emphasizes the importance of the alpha 

carbonyl oxygen in mesoxalate in contrast to the hydroxyl group in that position in 

tartronic acid. That diethyl ketomalonate (diethyl mesoxalate) serves as a substrate 

with a significant rate (12% relative to oxalate and 28% relative to mesoxalate) raises 

interesting questions about how this molecule fits into the active site and binds to the 

metal center. Proton NMR studies were carried out (data not shown) that demonstrate 

that the aqueous samples tested for activity had not been hydrolyzed to the carboxylic 

acid. These data showing that tartronic acid and diethyl ketomalonate serve as 
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alternative substrates expand our understanding of the degree of substrate promiscuity 

of the CsOxOx catalyzed reaction51 and may motivate future work to identify the 

amino acid residues involved in this promiscuity that may, in turn, provide insight 

into the evolutionary path that CsOxOx has taken and delineate a path toward its 

modification for its use as a biocatalyst.  

 

 

Figure C1: Reaction trace measuring the production of carbon dioxide at m/z 44 of 

the CsOxOx mediated reaction using tartronic acid as a substrate. The black arrow 

indicates the addition of CsOxOx enzyme.  
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Figure C2: Reaction trace measuring the production of carbon dioxide at m/z 44 of 

the CsOxOx mediated reaction using diethyl ketomalonate as a substrate. The black 

arrow indicates the addition of CsOxOx enzyme.  

 

Table C1: Relative activities of the CsOxOx catalyzed reaction utilizing mesoxalate, 

tartronic acid, and diethyl ketomalonate. Activities are relative to that with oxalate in 

50 mM sodium succinate, pH 4.0. 
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APPENDIX D: OXIDATION OF 13C GLYOXYLATE TO 13C MESOXALATE 

In order to improve the sensitivity of  the MIMS assay of the CsOxOx catalyzed 

mesoxalate reaction, an effort was made to synthesize 13C3-mesoxalate. Triply 

labelled 13C mesoxalate is unavailable commercially and, therefore, we attempted to 

synthesize it from 13C3-glycerol prior to kinetic studies. A literature method 

demonstrated a one-pot, high yield, mesoxalate synthesis procedure starting from 

glycerol, utilizing TEMPO as a catalyst, and bleach as the distal oxidant52,65. 

Mesoxalate synthesis was carried out on triply label 13C glycerol according to the 

literature procedure. The identity and purity of 13C mesoxalate was determined using 

HPLC and 13C NMR. Two sample solutions of synthesis product were dissolved in 

mobile phase (2.2 g/L). One sample was spiked with a concentrated solution of 

sodium mesoxalate monohydrate (Sigma-Aldrich) (0.1 mM) prior to both samples 

being filtered through 0.45 micron syringe filter and extensively degassed under 

vacuum. The HPLC chromatogram of synthesized product showed a strong peak at 

6.7 minutes that agrees with the spiked sample chromatogram peak at 6.9 minutes and 

is consistent with a mesoxalate product (Figure D1). However, it should be noted that 

mesoxalate co-elutes with oxalate. 
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Figure D1: HPLC chromatogram of the standard spiked and unspiked mesoxalate 

synthesis product. 

 

13C NMR spectra were used to confirm the identity of the reaction products. Figure 

D2 shows the NMR spectrum of the synthesis product(s). The doublet at 174.8 ppm is 

consistent with a highly deshielded carboxylate 13C nucleus adjacent to another 

carbon nucleus, and is also consistent with a mesoxalate product. The triplet at 73.4 

ppm is consistent with a moderately shielded 13C nucleus adjacent to two different 13C 

nuclei; peak of the correct multiplicity but shifted further up field than what would be 

expected for a mesoxalate product. The strong singlet at 170.7 ppm is consistent with 

a one unique 13C nucleus or a group of identical 13C nuclei and is not consistent with a 

mesoxalate product. Figure D3 shows the 13C NMR spectrum of a store-bought 13C 

saturated sodium oxalate sample at pH 4.0. This spectrum shows a strong singlet at 

169 ppm. Furthermore, the singlet peaks overlap in a 13C NMR of the synthesis 

product spiked with store-bought 13C oxalate (Figure D4), consistent with an oxalate 
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synthesis product. Thus, TEMPO and sodium hypochlorite oxidize glycerol to oxalate 

as the major product. 

 

Figure D2: 13C NMR of the TEMPO mediated glycerol reaction product at pH 4.0. 
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Figure D3: 13C NMR of saturated C13 sodium oxalate at pH 4.0. 
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Figure D4: 13C NMR of the TEMPO mediated glycerol reaction product spiked with 
13C sodium oxalate at pH 4.0. 
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