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Table S1. Sequence of primers used in QuikChange Lightning site directed mutagenesis kit.   

 

Primer Sequence Tm (ºC) 

Y159F forward  AGCATCCATGTCTTTGGCGCCAACATCGGTGCC 69.3 

Y159F reverse GATGTTGGCGCCAAAGACATGGATGCTGATCGA 66.1 

H157N forward ATCAGCATCAATGTCTATGGCGCCAACATC 62.3 

H157N reverse GCCATAGACATTGATGCTGATCGACGGCTG 63.8 

 

 

Oxygen saturation and coupling efficiency of wild-type and variant Av MDO. 

 

As previously reported, the wild-type enzyme exhibits no significant change in the initial rate at 

oxygen concentrations between 25 - 500 M regardless of pH.1-2  This demonstrates that the 

apparent 𝐾𝑀
𝑂2 is significantly lower (~10x) than the lowest value of oxygen utilized in these 

experiments and therefore binding of O2 to the substrate-bound enzyme complex can be treated as 

an irreversible process.3-4  Similarly, the O2-saturation behavior was measured for both H157N 

and Y159F variants of Av MDO.  Atmospheric oxygen concentration at 1 atm and ambient 

temperature (37°C) is ~220 M.  The initial rate of enzymatic reactions was measured at fixed, 

and saturating substrate concentrations [3mpa (300 M)], while varying O2 concentration by serial 

dilution of an O2-saturated buffer.  Final dissolved oxygen concentration present in solutions was 

verified by oxygen electrode.  All experiments were initiated by injection of enzyme (1 M) at 

three pH-values spanning the functional range of the enzyme (6.5, 7.5 and 9.5) to observe pH-

dependent perturbations (if any) in O2-saturation behavior.  As illustrated in Supporting 

Information, Figure S1, the specific activity of these variants is largely independent of oxygen 

concentration down to ~10 M.  Only in assays approaching stoichiometric oxygen relative to 

enzyme (5 ± 2 M) is a significant decrease in the initial rate observed.  Qualitatively, H157N and 

Y159F variants appear to have slightly higher apparent 𝐾𝑀
𝑂2-values relative the wild-type enzyme.  

However, these differences are within the experimental error of measurement (± 7 M); and thus, 

more sensitive measurements are needed to verify this observation.  Regardless, it can be 

concluded that the kinetics for both variants are fully saturated in oxygen concentration under 

steady-state conditions using air-saturated buffer.   
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Figure S1. Oxygen saturation of H157N and Y159F Av MDO variants.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. Steady-state oxygen saturation kinetics of Av MDO variants H157N (left) and Y159F 

(right) at 37 ºC and pH 8.0.  The solid lines represent best-fit Michaelis–Menten curves for each 

variant; H157N (kcat, 0.10 ± 0.01 s-1; 𝐾𝑀
𝑂2, 10 ± 6 M) and Y159F (kcat, 0.08 ± 0.002 s-1; 𝐾𝑀

𝑂2, 3 ± 

7 M).  Measurement of kinetics at oxygen concentrations below the apparent 𝐾𝑀
𝑂2were 

experimentally feasible, so these values represent an upper limit.  However, these results clearly 

demonstrate that Av MDO kinetics is fully saturated in oxygen concentration.    

 

Outer Fe-coordination sphere perturbations have a profound influence on the efficiency at which 

cysteine dioxygenase incorporates 1 mol of O2 into the final 3spa-product.  This ‘coupling’ 

efficiency can be determined by taking the ratio of kcat-values obtained from O2-consumption 

measured polarographically by the rate of csa-formation determined by HPLC.1, 3, 5-6  To minimize 

sample-to-sample variability and match reaction conditions in coupling experiments, aliquots for 

HPLC analysis are taken directly from the jacketed 2.5 mL oxygen electrode stir cell at selected 

time points, and reactions were quenched by spin-filtration (0.22 μm) with a cellulose acetate 

membrane (Corning, Spin-X) prior to analysis.  As previously reported 6, nearly stoichiometric 

coupling was observed for the wild-type enzyme over the entire pH range assayed (Supporting 

Information, Figure S2).  However, relative to the wild-type enzyme, both H157N and Y159F 

3mpa assays exhibit significantly depleted coupling efficiencies with marked pH-dependence.  

This uncoupling of variant Av MDO catalysis is fairly consistent with what has been observed 

previously for C93A and H155A variants of the mammalian Mm CDO.7 
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Figure S2. pH-dependent (O2/3spa)-coupling efficiency for H157N and Y159F variants as 

compared to wild-type Av MDO. 

 

 
Figure S2. Influence of pH on (O2/3spa)-coupling efficiency for the wild-type Av MDO (black) 

as compared to H157N (red) and Y159F (blue) variants.   

 

 

Dixon-Webb analysis of Y159F Av MDO pH-dependent substrate inhibition.    

 

Figure S3. pH dependent substrate inhibition observed for the Y159F Av MDO variant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. A. Steady-state kinetics of Y159F Av MDO catalyzed 3mpa reactions at different pH 

conditions.  Within the acidic limb (5.5 < pH < 8.0), the initial rate of Y159F catalysis exhibits 

apparent substrate inhibitions and thus data were fit to equation 2 using non-linear regression to 

obtain kinetic parameters (kcat, KM, and KI) as well as the error associated with these values.  Under 

more basic conditions (pH > 9), the data were better fit assuming standard Michaelis-Menten 

kinetics, and thus data were fit to equation 1 to obtain kinetic parameters.  Table S2 summarizes 

the results obtained for the Y159F variant at selected pH-values.  B. Dixion-Webb plot [log(1/KI) 

versus pH] illustrating the pH-dependent substrate inhibition of the Y159F Av MDO.   
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Methods for interpreting pH-dependent inhibition has been described previously by Dixon et al.8  

For 3mpa-reactions, the concave down pH-dependent substrate inhibition observed for the Y159F 

variant of Av MDO is diagnostic of an inhibitory protonation of the free enzyme or substrate.  

Given the pKa-values for 3mpa-carboxylate and thiol groups are 4.34 and 10.84, respectively9, it 

can be concluded that the observed ionization is associated with the free enzyme rather than the 

substrate.  As the slope of the linear portion of the curve is unitary, it can be concluded that 

ionization of a single residue is responsible for this inhibitor effect.  The pKa-value associated 

with this residue (6.0 ± 0.1) was obtained by fitting log(1/KI) (or pKI) as a function of pH data to 

equation (4) in Materials and Methods.  While not entirely conclusive, this pKa-value is consistent 

with the protonation of a histidine residue.  Given the importance of H157 in steady-state catalysis 

demonstrated here and previously1, it is reasonable to assume that protonation of H157 is 

responsible for the observed pH-dependent inhibition of the Y159F variant.    

 

 

Table S2. Steady-state kinetic parameters obtained for the Y159F Av MDO variant as a function 

of pH. 

 pH kcat (s
-1) KM (M) KI (M) kcat/KM (M-1s-1) 

 5.3 0.011 ± 0.006 4.6 ± 1.5 320 ± 50 23110 ± 1010 

 5.5 0.068 ± 0.002 3.9 ± 0.3 570 ± 40 17500 ± 600 

 5.5 0.072 ± 0.002 6.1 ± 1.8 420 ± 120 11830 ± 3600 

 6.0 0.068 ± 0.003 5.4 ± 1.0 1150 ± 220 12600 ± 2360 

 7.0 0.056 ± 0.008 7.7 ± 2.8 1700 ± 620 7350 ± 2670 

 8.0 0.048 ± 0.004 7.3 ± 1.6 2020 ± 540 6580 ± 1440 

 9.0 0.043 ± 0.002 8.4 ± 1.2 1840 ± 400 5100 ± 800 

● 10.0 0.030 ± 0.003 7.1 ± 2.5 - 4820 ± 1280 

● 10.0 0.030 ± 0.003 5.7 ± 1.5 - 4220 ± 1550 

● Substrate-inhibition is not observed at pH > 9, therefore the standard Michaelis-Menten 

equation was used to fit initial rate data. 

 

Calibration of pH under cryogenic conditions. 

 

The pH of a buffered solution can change dramatically under cryogenic conditions.10-12  Therefore, 

pKa-values determined in kinetic experiments performed at 37 ºC will be inconsistent with values 

obtained from spectroscopic measurements made in frozen solutions. However, the ‘apparent pH’ 

can be determined by measuring the ionization of an appropriate indicator at both 37 ºC and under 

cryogenic conditions.  For this purpose metmyoglobin (Mb) was used as a pH-indicator since the 

ferric iron spin-state change upon acid-alkaline Mb transition can be monitored independently by 

UV-visible (37 ºC) and cryogenic EPR spectroscopy (10 K).13-14   

 

For these experiments, a 1.0 mM stock solution of horse heart myoglobin (Mb) (Sigma-Aldrich, 

p/n M1882) was prepared in dilute buffer solution. Aliquots of the stock solution were then diluted 

a second time using the same Good’s buffer utilized for pH-dependent activity measurements to 

obtain a final Mb concentration of 125 M at the desired pH value.  Final buffer composition was 

20 mM Good’s buffer and 50 mM NaCl.  UV-visible spectra were collected for Mb over a pH 
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range of 5.5 to 10.5 (n = 11 points) at a fixed temperature of 37 ºC.  Following collection of UV-

visible data at a selected pH, a 250 L aliquot of the Mb solution was transferred into an EPR tube 

using a Hamilton gas-tight syringe equipped with a 6-inch needle.  Samples were frozen by 

immersion of the EPR tube into a batch of liquid N2 cooled acetone.  Freezing samples in this 

fashion allows for rapid freezing (~2 sec) and uniformity in the freezing rate for each sample.  X-

band EPR of cryogenic samples (10 K) was performed for each sample.  

 

The pKa-value (8.92 ± 0.1) for this transition was measured spectrophotometrically at 37 ºC by 

following the change in absorbance at 544 and 581 nm.  This value agrees well the published value 

of Mb at this temperature.13-14  These same UV-visible samples were then transferred into EPR 

tubes, frozen in liquid N2 and the distribution of high-spin (S = 5/2) acid-Mb and low-spin (S = 

1/2) alkaline-Mb was determined by EPR.  Under cryogenic conditions, the apparent pKa for acid-

alkaline Mb is 8.51 ± 0.2, indicating that the apparent pH under cryogenic conditions is +0.41 pH 

units more basic relative to measurements made at 37 ºC.  

 

 

Figure S4. Use of myoglobin to calibrate apparent pH for ambient solution and frozen cryogenic 

conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4.  Change in UV-visible spectra of myoglobin (Mb) measured at 310 K (A) as compared 

to pH dependent EPR spectra (C) collected at 10 K.  The fraction (f0) of high-spin aquaMb (solid 

square/circle) and low-spin alkalineMb (open square/circle) observed by UV-visible (B) and EPR 

(D) was normalized for the total amount of myoglobin in solution (fT) and plotted versus pH.  The 

resulting data was fit to equation (4) to obtain the pKa-value for aquaMb at 310 and 10 K.  
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Figure S5. Formation of the cys-bound Av ES-NO (S = 1/2) signal with increasing pH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5. 10 K EPR spectra of cys-bound Av ES-NO as a function of pH.  For clarity, the 

dinitrosyl iron species with g-values (2.040, 2.036, and 2.015) was subtracted from all but the 

signal obtained for samples prepared at pH 7.5.  Simulation parameters for the wild-type Av ES-

NO produced in wild-type enzyme at pH 7.5 are reported in Table 4.  For simplicity, the pH values 

indicated refer to the pH at which the sample was prepared at ambient temperature.  The apparent 

pH (pHapp) at cryogenic temperature (10 K) is obtained by adding 0.41 pH units to this value. 

 

Figure S6. Mössbauer spectra of Av MDO free enzyme and 3mpa-bound H157N and Y159F 

variants at pH 8.0 and 9.0. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S6.  57Fe-enriched Mössbauer spectra of reduced variants H157 and Y159F (as indicated 

on figure) in the absence or presence of 3mpa, and in HEPES pH 8.0 (red) or CHES pH 9.0 (blue). 

The spectra are all presented with equal areas to highlight pH dependent changes. With the 

exception of resting Y159F, all spectra can be fit with two doublets having linewidths,  ~ 0.4 

mm/s.  
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ADV docking studies on 3mpa-bound Pa3MDO. 

 

A bidentate model for 3mpa Fe-coordination via thiol and carboxylate functional groups within 

the MDO active site was recently proposed by Jameson and Karplus et al.15  This was presented 

as an alternative to the ‘thiolate-only’ Fe-coordination described here and elsewhere.1-2  While no 

experiments were performed in this report to verify bidentate 3mpa Fe-coordination, their model 

nicely illustrates how differences in the positioning of a catalytically important Arg residue within 

a thiol dioxygenase active site influences substrate-specificity.   

 

The structural model for the bidentate 3mpa Fe-bound MDO was generated by substrate docking 

within an edited Pa3MDO active site (pdb code 4TLF) using the software AutoDock Vina (ADV).  

While this method has been previously used to estimate ligand binding interactions in 

metalloenzymes, to our knowledge, these studies are limited to systems with coordinatively 

saturated alkali (Ca, Mg) or Zn metal cations.16-19  These metals have a closed valence electron 

shell and thus lack significant ligand field contributions associated with unpaired d-electrons.  

Calculations involving the direct binding of ligand at a transition metal typically require a higher 

level of computational theory than provided by ADV.20  Further, metal coordinated solvent waters 

are not generally deleted from the initially posed structures.21   

 

A more significant limitation to the accuracy of this model comes from the heavily edited initial 

‘posed’ structure for the starting point for ADV calculations.  This structure was produced by 

manually deleting (3) solvent waters from the XRD Fe-site.  This is half of the Fe-bound ligands 

along an entire octahedral face.  Further, as noted in their publication15, ADV does not handle iron 

or sulfur well, and thus the 3mpa-thiolate was manually coordinated to the iron trans to H91 to 

replace the deleted solvent water [Fig. 1B, solvent (1)].  Active site water molecules are critical 

for establishing an accurate binding surface by any computational method as they have a large 

dielectric constant.22-23  Therefore, arbitrarily removing all Fe-bound solvents significantly 

influences the strength of active site electrostatic and hydrogen bonding interactions resulting in 

biased scores for computed structures.18, 21  It therefore comes as no surprise the resulting ADV 

predicted structure reflects direct coordination of the 3mpa-carboxylate anion to an unshielded 

iron(II) divalent cation.  In our view, the use of this extensively edited starting structure places a 

significant ‘thumb on the scale’ with respect to scoring of ADV computed structures; effectively 

forcing a bidentate 3mpa Fe-coordination. 

   

Having said this, the proposed intermolecular interactions between the 3mpa-carboxylate, cationic 

R168, and Fe(II) are all very reasonable and likely play an important role in substrate-coordination 

within the MDO active site.  However, while not explicitly stated in their manuscript, the bidentate 

model for 3mpa Fe-coordination (presented in their Figure 1) implies ‘atomic level’ resolution as 

selected active site distances are reported to within a tenth of an angstrom.15  In light of the heavily 

edited starting pose, and lower computational theory applied, there is simply insufficient 

computational resolution to distinguish 3mpa-binding modes (if any) at the Fe-site.  Further, their 

bidentate model is inconsistent with experimental conclusions taken from kinetic and EPR 

spectroscopic studies performed on Av MDO with multiple thiol-bearing substrates (3mpa, cys, 

ca, and et).1-2 Consequently, we view their bidentate model for 3mpa Fe-coordination with 

considerable skepticism.   
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