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Abstract

Thiol dioxygenases are non-heme mononuclear iron enzymes that catalyze the O2-dependent 

oxidation of free thiols (-SH) to produce the corresponding sulfinic acid (-SO2
–). Regardless of 

the phylogenic domain, the active site for this enzyme class is typically comprised of two major 

features: (1) a mononuclear ferrous iron coordinated by three protein-derived histidines and (2) a 

conserved sequence of outer Fe-coordination-sphere amino acids (Ser-His-Tyr) spatially adjacent 

to the iron site (∼3 Å). Here, we utilize a promiscuous 3-mercaptopropionic acid dioxygenase 

cloned from Azotobacter vinelandii (Av MDO) to explore the function of the conserved S-H-Y 

motif. This enzyme exhibits activity with 3-mercaptopropionic acid (3mpa), L-cysteine (cys), 

as well as several other thiol-bearing substrates, thus making it an ideal system to study the 

influence of residues within the highly conserved S-H-Y motif (H157 and Y159) on substrate 

specificity and reactivity. The pKavalues for these residues were determined by pH-dependent 

steady-state kinetics, and their assignments verified by comparison to H157N and Y159F variants. 

Complementary electron paramagnetic resonance and Mössbauer studies demonstrate a network 

of hydrogen bonds connecting H157–Y159 and Fe-bound ligands within the enzymatic Fe site. 

Crucially, these experiments suggest that the hydroxyl group of Y159 hydrogen bonds to Fe-bound 

NO and, by extension, Fe-bound oxygen during native catalysis. This interaction alters both 

the NO binding affinity and rhombicity of the 3mpa-bound iron–nitrosyl site. In addition, Fe 

coordination of cys is switched from thiolate only to bidentate (thiolate/amine) for the Y159F 
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variant, indicating that perturbations within the S-H-Y proton relay network also influence cys Fe 

binding denticity.

Graphical Abstract

Enzymes involved in sulfur oxidation and transfer are increasingly being recognized 

as potential drug targets for the development of antimicrobials, therapies for cancer, 

and therapies for inflammatory disease.1–4 For instance, patients suffering from 

neurological disorders such as autism and Down syndrome have significantly lower 

plasma concentrations of the transsulfuration pathway and methionine cycle products [L-

cysteine (cys), homocysteine (hcy), glutathione (gsh), and S-adenosylmethionine (SAM)].5,6 

Imbalances in cys metabolism have also been identified in a variety of other neurological 

disorders (motor neuron disease, Parkinson’s disease, and Alzheimer’s disease).7–9 These 

observations suggest a potential correlation among impaired sulfur metabolism, oxidative 

stress, and neurodegenerative disease.5

Cysteine dioxygenase (CDO) and cysteamine (2-aminoethanethiol) dioxygenase (ADO) are 

the only known mammalian thiol dioxygenases. These enzymes use a single Fe(II) ion 

within their active site to catalyze the O2-dependent oxidation of sulfur-bearing amino acid 

derivatives without the need for an external reductant. Among these, mammalian CDO is 

the best characterized.10–13 This enzyme catalyzes the first committed step in the catabolic 

dissimilation of cys to produce inorganic sulfate, pyruvate, hypotaurine, and taurine. 14,15 

The intracellular cys concentration is the limiting factor in glutathione synthesis; therefore, 

the activity of CDO directly competes with cellular redox buffering under conditions of low 

cys availability and oxidative stress.16

Among the structurally characterized enzymes, the thiol dioxygenase active site is 

comprised of two major features: (1) a mononuclear non-heme iron active site coordinated 

by three protein-derived histidines and (2) a conserved sequence of outer Fe-coordination-

sphere amino acids (Ser-His-Tyr) spatially adjacent to the iron site (∼3 Å). By analogy to 

the chymotrypsin-like serine proteases, the Ser-His-Tyr (S-H-Y) network has historically 

been termed the “catalytic triad”.8,17–23 However, this terminology is not strictly correct 

as synchronized interactions within the S-H-Y proton relay network are not required for 
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catalysis. Several CDO variants that introduce disruptions within the S-H-Y proton relay 

network have been characterized; while all variants exhibit decreased kcat values relative to 

that of the wild type (5–20-fold), enzymatic activity is retained in nearly every instance.24–27 

Therefore, the S-H-Y motif enhances the catalytic rate and efficiency but is not essential 

for catalysis.28 This property is inconsistent with the classic definition of a “catalytic triad” 

in biochemistry.29 We therefore refer to these residues collectively as the S-H-Y motif or 

proton relay network to avoid misrepresentation.

While this motif has been explored crystallographically,18 the functional relevance of these 

residues to catalysis remains largely underexplored. As shown in Figure 1A, a notable 

amendment to point (2) is observed in mammalian CDO. Here, the tyrosine (Y157) present 

within the S-H-Y motif of Rattus norvegicus CDO (Rn CDO) is covalently cross-linked with 

a spatially adjacent Cys residue (C93) to yield a C93–Y157 pair.30,31 This post-translational 

modification is unique to eukaryotic enzymes, whereas bacterial forms utilize an unmodified 

Tyr residue at this position.

Sequence comparison and X-ray diffraction (XRD) studies of annotated bacterial cdo genes 

reveal two subclasses of bacterial enzymes, which differ in a single outer Fe-coordination-

sphere residue (Arg or Gln).17 Figure 1 compares the structure for the substrate-bound 

mammalian CDO [Protein Data Bank (PDB) entry 4IEV] active site with a “Gln-type” 

bacterial enzyme cloned from Pseudomonas aeruginosa (PDB entry 4TLF).32,33 In these 

enzymes, the 3-His facial triad motif is conserved; however, the outer-sphere Arg residue 

(R60) involved in electrostatic stabilization of the cys substrate is replaced by Gln (Q62). 

The spatial orientations of the conserved (Ser-His-Tyr) sequence remain invariant. Multiple 

independent reports demonstrate that the “Gln-type” class of enzymes is more appropriately 

designated as a 3-mercaptopropionic acid (3mpa) dioxygenase (MDO) rather than a subclass 

of CDO enzymes.21,22,32,34

The substrate-bound mammalian CDO (Figure 1A) reveals a bidentate coordination of 

cys to the mononuclear Fe site via a thiolate and neutral amine.25,35,36 Both kinetic and 

spectroscopic studies demonstrate additional interactions between the cys-bound Fe site 

and outer-sphere residues (Y157 and R60) within the CDO active site.18,24 These multiple 

points of interaction are likely responsible for the high substrate specificity exhibited by 

this enzyme.30 To illustrate, in steady-state reactions using cysteamine (2-aminoethanethiol) 

(ca) as a substrate in place of cys, a 10000-fold decrease in kcat/KM is reported.30 Therefore, 

removal of the cys carboxlate has a profound impact on the formation of the CDO ES 
complex. No catalytic activity whatsoever is observed for thiol substrates lacking an amine 

functional group.

By contrast, MDO is a promiscuous thiol dioxygenase, capable of accommodating a variety 

of thiol-bearing substrates over a broad pH range. Indeed, pH (and pD)-dependent steady-

state kinetic studies have been reported for this enzyme using 3-mercaptopropionic acid 

(3mpa), L-cysteine (cys), and cysteamine (2-aminoethanethiol) (ca) as substrates.21,22,32,34 

While structures for the substrate-bound MDO are unavailable, a key mechanistic divergence 

between mammalian CDO and MDO can be inferred from the pH-dependent kinetics of 

recombinant MDO cloned from Azotobacter vinelandii (Av MDO).
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A review of both kcat and kcat/KM data obtained for steady-state reactions with 3mpa, cys, 

and ca supports the conclusion that interactions between the enzyme and substrate carboxyl 

represent an important but non-essential interaction for catalysis. To illustrate, reactions 

of Av MDO with ca exhibit only a modest decrease in kcat values (v0/[E] = 0.29 ± 0.08 s−1) 

relative to those of reactions performed with 3mpa and cys (1.0–1.2 s–1).22 This observation 

suggests that the rate-limiting chemical steps following formation of the enzyme–substrate 

(ES) complex are not significantly influenced by the substrate carboxylate group.37 

However, the ∼700-fold decrease in kcat/KM obtained in reactions of wild-type Av MDO 

with 3mpa (72000 ± 9200 M−1 s−1) as compared to that of cys reactions (110 ± 20 M−1 

s−1) indicates that the positively charged substrate amino group (present in cys) has a large 

negative impact on nonchemical events leading up to formation of ES.22 As pointed out by 

Jameson et al., this can likely be attributed to destabilizing electrostatic interactions between 

a cationic amino-bearing substrate and the nearby R168.34,38 Because 3mpa lacks an amino 

functional group, direct comparison of ca and 3mpa data is not appropriate. Instead, a 

better gauge of the influence of the substrate carboxylate group on catalysis is obtained 

through comparison of the kcat/KM value determined for cys reactions with that obtained 

with ca (11 ± 2 M−1 s−1). Here, only a 10-fold difference is observed; therefore, with 

respect to the reversible nonchemical events leading up to formation of the Av MDO ES 
complex, introduction of an amino group to the thiol substrate is vastly more impactful than 

removal of a carboxylate group. In addition, the absence of a substrate carboxylate group 

has a minimal influence on the rate-limiting chemical steps following formation of the ES 
complex.

These observations are crucial as both Mm CDO and Av MDO follow an obligate-ordered 

addition of the substrate prior to oxygen. Thus, direct substrate coordination to the Fe 

site and subsequent oxygen activation occur only following formation of the catalytically 

relevant ES complex. For Mm CDO and Av MDO, this obligate-ordered addition also 

extends to the binding of nitric oxide.22,36 Previous electron paramagnetic resonance (EPR) 

studies demonstrate formation of iron–nitrosyl species upon addition of nitric oxide to 

samples of Av MDO preincubated with excess 3mpa, cys, ca, and ethanethiol (et).22 

Because both ca and et lack a carboxylate functional group, it is difficult to rationalize 

how coordination of a substrate carboxylate group to the enzymatic Fe site is a requisite 

component of the O2-activating ES complex.22 On the basis of these observations, we 

have argued that binding of the substrate to the Av MDO Fe site occurs via thiolate-only 

coordination. In our view, this model provides the simplest explanation for all experimental 

observations.

Jameson and Karplus recently published an AutoDock Vina (ADV) model for 3mpa docking 

in the Pa3MDO active site, which supports the presence of a catalytically essential salt 

bridge (∼3.2 Å) between the R168 guanidinium group and 3mpa carboxylate.38 This model 

was additionally used as a basis to propose a bidentate 3mpa Fe coordination via substrate 

thiol and carboxylate functional groups. Structurally, this model closely overlays with cys 
binding to mammalian CDO (shown in Figure 1A), and the proposed salt bridge provides 

a reasonable explanation for the decreased affinity for amino-bearing substrates. While 

substitution of a neutral cys amine (σ‐donor) for an anionic 3mpa carboxylate (σ/π‐donor) 
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is expected to alter the non-heme iron redox potential, and thus the mechanism of oxygen 

activation, the influence of this perturbation on the first Fe-coordination sphere was not 

discussed. However, as noted above, MDO and CDO exhibit vastly different behavior 

with respect to substrate promiscuity; therefore, arguing in favor of a bidentate 3mpa 
coordination for the sake of structural continuity with CDO may not be justified. Most 

critically, the proposed bidentate 3mpa Fe binding model for the MDO fails to address the 

apparent inconsistencies with the aforementioned kinetic and EPR experiments reported for 

Av MDO.21,22 Consequently, there is currently no consensus about the nature of 3mpa Fe 

coordination (thiolate only vs bidentate) within the ES complex.

Second-sphere residues are frequently employed to modulate the reactivity and or stability 

of transient Fe–oxo intermediates generated by non-heme oxidase/oxygenase enzymes. For 

example, within the active site of 2,3-dioxygenase, a second-sphere interaction with a 

protonated (positively charged) histidine (H200) has a profound influence on the lifetime 

of transient intermediates as well as the ultimate product formation (intradiol vs extradiol 

cleavage).39–41 Thus, it is expected that second-sphere interactions also play a pivotal role in 

regulating thiol dioxygenase reactivity.

With the notable exception of mammalian ADO,42 the S-H-Y motif appears to be conserved 

among thiol dioxygenases across phylogenic domains. Potentially related, ADO is also the 

only thiol dioxygenase identified which catalyzes the oxidation of a non-carboxylate bearing 

thiol-substrate (cysteamine). It is therefore reasonable that this sequence motif serves a 

critical function in catalysis and/or substrate specificity. The promiscuity of Av MDO, its 

stability across a broad pH range, and the absence of post-transcriptional modification make 

this enzyme an ideal system for interrogating the influence of the S-H-Y motif on substrate 

specificity and catalysis. Comparison of wild-type pH-dependent steady-state kinetics to 

those of H157N and Y159F variants confirms the assignment of ionizable groups in the 

pH profile. Supporting pH-dependent kinetic, Mössbauer, and EPR studies performed on 

wild-type and variant enzymes provide evidence of a hydrogen bonding network connecting 

H157, Y159, and the Fe-bound ligand (solvent and nitric oxide) within the active site. 

EPR characterization of the (substrate/NO)-bound enzyme indicates that disruption of 

this network significantly perturbs the NO binding affinity, coordination geometry, and 

heterogeneity, as well as the denticity of cys coordination at the Fe site.

MATERIALS AND METHODS

Expression and Purification of Av MDO and Selected Variants.

The isopropyl β-D-1-thiogalactopyranoside (IPTG) inducible T7 vector for Av MDO 
(designated pRP42) was a generous gift from T. Larson (Department of Biochemistry, 

Virginia Tech, Blacksburg, VA). The pRP42 vector was transformed into chemically 

competent BL21(DE3) Escherichia coli (Novagen, catalog no. 70236–4) by heat shock (42 

°C for 45 s) and grown overnight at 37 °C on a lysogeny broth (LB)43 agar plate in the 

presence of 100 mg/L ampicillin (Amp). The following day, a single colony was selected 

for growth in liquid LB (Amp) medium for training on an antibiotic prior to inoculation of 

a 10 L BF-110 fermentor (New Brunswick Scientific) at 37 °C. The optical density at 600 

nm (OD600) was used to monitor cell growth. Induction was initiated by the addition of 1.0 
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g of IPTG, 78 mg of ferrous ammonium sulfate, and 20 g of casamino acids at an OD600 

value of ∼4. At the time of induction, the temperature of the bioreactor was decreased from 

37 to 25 °C and agitation was set to maintain an O2 concentration of 20% relative to that 

of air-saturated media. After 4 h, the cells were harvested and pelleted by centrifugation 

(Beckman-Coulter Avanti J-E, JA 10.5 rotor) at 18600×g for 15 min. Cell paste was stored at 

−80 °C prior to purification.

In a typical purification, ∼20 g of frozen cell paste was added to 150 mL of extraction 

buffer [20 mM HEPES and 50 mM NaCl (pH 8.0)]. Lysosyme, ribonuclease, and 

deoxyribonuclease were added to the slurry to final concentrations of 10 μg/mL each, and 

the mixture was stirred slowly on ice for 30 min. The resulting slurry was pulse sonicated 

(Bronson Digital 250/450) for 15 s on/off at 60% amplitude for a total time of 15 min. 

The insoluble debris was removed from the cell free extract by centrifugation at 48000×g 

for 1 h at 4 °C. The supernatant was diluted 1:1 with extraction buffer and then loaded 

onto a DEAE sepharose fast flow anion exchange column [7 cm (width) × 20 cm (length)] 

(GE Life Sciences, catalog no. 17070901) pre-equilibrated with 20 mM HEPES and 50 mM 

NaCl (pH 8.0). The column was washed with 3 column volumes of extraction buffer prior to 

elution in a linear NaCl gradient (from 50 to 350 mM). Fractions (∼10 mL) were collected 

overnight and pooled on the basis of enzymatic activity as described elsewhere.22,36 

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) was also used 

to verify the presence of the recombinant protein (∼23 kDa) in each fraction. Broad range 

protein molecular weight markers utilized in SDS–PAGE experiments were purchased from 

Promega (Madison, WI) (catalog no. V8491). The pooled fractions were concentrated to 

approximately 5–10 mL using an Amicon stir cell equipped with an YM-10 ultrafiltration 

membrane. Although the expressed Av MDO has a C-terminal His tag, as compared to 

the DEAE AX method described above, use of immobilized metal affinity chromatography 

(IMAC) resulted in substantially lower enzymatic activity and yields due to the loss of iron 

and protein denaturation. Therefore, thrombin protease (Biopharma Laboratories) was added 

to cleave the C-terminal His tag from Av MDO. In a typical reaction, ∼0.3 molar equivalent 

of thrombin per Av MDO [based on ultraviolet–visible (UV–vis) absorbance at 280 nm] 

was added to batches of purified protein for overnight cleavage at 4 °C in HEPES buffer. 

The remaining thrombin and free (His)6 tag were removed from Av MDO by size exclusion 

chromatography using a sephacryl S100 column.

All Av MDO variants (H157N and Y159F) were prepared using the QuikChange Lightning 

Site-Directed Mutagenesis kit (Agilent Technologies). Mutagenic primers (Table S1) were 

purchased from Integrated DNA Technologies (https://www.idtdna.com), and sequence 

verification of single-amino acid mutations was performed by Sequetech (Mountain 

View, CA, http://sequetech.com/). The 57Fe-enriched Av MDO enzyme was prepared for 

Mössbauer study by growing pRP42-transformed BL21(DE3) cells in M9 media where 
57Fe was used as the only iron source during growth and expression of bacteria. All other 

purification procedures were as described above.
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Iron Analysis.

For all batches of Av MDO used in these experiments, spectrophotometric determination 

of ferrous and ferric iron content was performed using 2,4,6-tripyridyl-s-triazine (TPTZ) 

according to previously published methods.22,36,44 Briefly, a 200 μL aliquot of ∼100 μM 

enzyme was hydrolyzed in a microfuge tube by addition of 250 μL of 2 N HCl, 250 μL of 

20% (w/v) trichloroacetic acid, and 300 μL of Milli-Q H2O. The sample was heated to 95 

°C for 15 min before centrifugation to pellet precipitated protein. Following centrifugation, 

750 μL of the sample was added to 300 μL of 1.0 mM TPTZ, 3.0 M acetic acid, and 0.4 

mM hydroxyl amine (NH2OH) (pH 6.0). The resulting solution was allowed to equilibrate 

for 30 min at ambient temperature to ensure complete reduction of all ferric iron to the 

ferrous oxidation state. The total iron concentration was measured spectrophotometrically at 

596 nm (ε = 22.6 mM−1cm−1).44 The amount of ferrous iron present in purified Av MDO was 

determined as described above, except in the absence of a reductant (NH2OH). The amount 

of ferric iron within samples was determined by difference. For the sake of clarity, the 

concentrations reported in enzymatic assays reflect the concentration of ferrous iron within 

samples of Av MDO (FeII-MDO). Protein content was determined by the Bio-Rad protein 

assay.

Enzyme Assays.

3-Sulfinopropionic acid (3spa) and cysteine sulfinic acid (csa) were assayed using the 

HPLC method described previously. Instrumental conditions: column, Phenomenex C18 

(100 mm × 4.6 mm); mobile phase, 20 mM sodium acetate, 0.6% methanol, and 1% (v/v) 

heptafluorobutyric acid (pH 2.0). Analytes were detected spectrophotometrically at 218 nm. 

Reactions (1 mL) were prepared in a buffered solution at the desired pH to obtain a final 

concentration from 0.1 to 10 mM 3mpa (0.1–60 mM cys). Each reaction was initiated 

by addition of Av MDO (typically 0.5–1.0 μM) at 20 ± 2 °C. Sample aliquots (250 μL) 

were removed from the reaction vial at selected time points, and reactions quenched by 

addition of 10 μL of 1 N HCl (final pH of 2.0). Prior to HPLC analysis, each sample 

was spin-filtered through a 0.22 μm cellulose acetate membrane (Corning, Spin-X). The 

product concentration was determined by comparison to calibration curves as described 

elsewhere.22,30

The rate of dioxygen consumption was determined polarographically using a standard 

Clark electrode (Hansatech Instruments, Norfolk, England) within a jacketed 2.5 mL cell 

at 20 ± 2 or 37 ± 2 °C for wild-type or variant enzymes, respectively. The electrode was 

bathed in a saturated solution of KCl and separated from the buffer using a gas-permeable 

membrane. The O2 electrode was calibrated as previously described.21,22,30,45 Briefly, 

an electrode response factor was determined by measuring the voltage deflection upon 

adding ∼500 units of catalase (Sigma-Aldrich, St. Louis, MO) to a buffered solution 

containing a known concentration of H2O2 [ε(250) = 16.7M−1cm−1] at a fixed temperature. 

The amount of molecular oxygen produced can be calculated on the basis of the known 2:1 

stoichiometry of hydrogen peroxide consumed per mole of oxygen produced in catalase 

reactions. Standardization of initial hydrogen peroxide concentration in solution was 

performed using the amplex red hydrogen peroxide/peroxidase kit for spectrophotometric 

determination (λ = 560nm) of H2O2 (Invitrogen, catalog no. A22188). Once the reaction 
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reached completion, the amplitude of the voltage change was used to determine a response 

factor for the electrode. For all assay conditions, the sample conditions (temperature, 

salt concentration, and pH) were carefully matched to those used in enzymatic assays 

to eliminate any potential influence these physical parameters may have on the electrode 

response factor. All reactions were initiated by addition of 1.0 μM Av MDO under identical 

buffer conditions as described for HPLC assays.

The reaction buffers for all pH profile experiments consisted of 20 mM Good’s 

buffer and 50 mM NaCl. 2-(N-Morpholino)ethanesulfonic acid (MES) was used to 

buffer reactions over the pH range of 5.5–6.7, and 2-[4-(2-hydroxyethyl)piperazin-1-

yl]ethanesulfonic acid (HEPES) was used to buffer reactions over the pH range of 6.8–

8.4. 2-(Cyclohexylamino)ethanesulfonic acid (CHES) was used to buffer reactions over the 

pH range of 8.5–10. Reaction temperatures were maintained by a circulating water bath 

(ThermoFlex 900, Thermo Scientific).

Data Analysis.

In the absence of substrate inhibition, initial rate data for product formation and/or O2 

consumption were fit to the Michaelis–Menten equation (eq 1) using SigmaPlot version 11.0 

(Systat Software Inc., Chicago, IL). From this analysis, both the kinetic parameters (kcat and 

KM) and the error associated with each value were obtained by nonlinear regression. Under 

conditions of substrate inhibition (Y159F Av MDO), initial rate data were fit to eq 2 to 

determine the kinetic parameters (kcat and KM) in addition to the inhibition constant (KI).

v0 = kcat[S]
KM + [S] 1

v0 = kcat[S]
KM + [S] + [S]2/KI

2

For data sets in which kcat – or kcat/KM − pH plots exhibit limiting non-zero plateaus at low 

(Y L) and high (Y H) pH, followed by a transition region and a subsequent decrease beyond Y H, 

the results were fit to eq 3.21,46 Here, Y is defined as either kcat or kcat/KM, and [H], K1, and K2

represent the hydrogen ion concentration and the two observable dissociation constants for 

ionizable groups involved in catalysis, respectively.

logY = log
Y L + Y H

K1
[H]

1 + K1
[H] + K1K2

[H]2

3

For results for which kcat – or kcat/KM − pH profiles decreased only at low or high pH, the 

data were fit to eq 4.37,47,48 This expression is scaled by a constant scalar quantity (C) 

that represents the maximum kinetic rate (kcat or kcat/KM). The error associated with each 

parameter (kcat, kcat/KM, pKa1, and pKa2) determined from fits to eqs 1 and 2 is reported in Table 

1.
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logY = log C
1 + [H]

K1

4

Physical Methods.

All UV–visible measurements were taken on an Agilent (Santa Clara, CA) 8453 photodiode 

array spectrometer using ES Quartz cuvettes (NSG Precision Cells, Farmingdale, NY). 

X-Band (9 GHz) EPR spectra were recorded on a Bruker (Billerica, MA) EMX Plus 

spectrometer equipped with a bimodal resonator (Bruker model 4116DM). Low-temperature 

measurements were taken using an Oxford ESR900 cryostat and an Oxford ITC 503 

temperature controller. A modulation frequency of 100 kHz was used for all EPR spectra. 

All experimental data used for spin quantification were collected under nonsaturating 

conditions.

Analysis of the EPR spectra utilized the spin Hamiltonian

H = D SZ
2 − S(S + 1)

3 + E SX
2 + SY

2 + βB ⋅ g ⋅ S 5

where D and E are the axial and rhombic zero-field splitting (zfs) parameters, respectively, 

and g is the g tensor.49 EPR spectra were simulated and quantified using SpinCount written 

by one of the authors. The simulations were generated upon considering all intensity factors, 

both theoretical and experimental, to allow for determination of species concentration. The 

only unknown factor relating the spin concentration to signal intensity was an instrumental 

factor that is specific to the microwave detection system. This factor was determined by 

a Cu(EDTA) spin standard prepared from a copper atomic absorption standard solution 

purchased from Sigma-Aldrich.

Mössbauer spectra were recorded with a spectrometer operating in a constant acceleration 

mode in a transmission geometry using Janis Research Inc. cryostats that allow for a 

variation in temperature from 4 to 300 K. Isomer shifts are reported relative to Fe metal at 

298 K. Spectral fitting was performed using SpinCount.

EPR/Mössbauer Sample Preparation.

EPR samples of Av MDO were prepared in a glovebox (Coy Laboratory Products Inc., 

Grass City, MI) with the O2 concentration maintained below 1 ppm. Solutions were 

degassed on a Schlenk line prior to being transferred into the anaerobic chamber. Analytical 

grade argon was passed through a copper catalyst (Kontes, Vineland, NJ) to remove trace O2 

impurities and then sparged through distilled water to hydrate the gas. Stock solutions of the 

cys or 3mpa substrate were prepared in anaerobic 20 mM HEPES and 50 mM NaCl, and the 

pH was adjusted to the desired value prior to addition to the enzyme. Stock NO solutions 

were prepared by dissolving 5 mg of PROLI-NONOate (Cayman Chemical, 178948–42-0) 

in a 1.0 mL solution of anaerobic 10 mM sodium hydroxide. Aliquots of degassed stock 

PROLI-NONOate (20–50 μL) were diluted 1:1 with deoxygenated buffer and allowed to 

react for 5 min. At pH 7.4, 2 mol of NO is released with each mole of NONOate with a 
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half-life of 6 s at ambient temperature.50,51 Samples of (substrate/NO)-bound enzyme were 

prepared anaerobically by the addition of 10 molar equivalents of a 22 mM stock NONOate 

solution to the enzyme preincubated with 10 molar equivalents of the substrate. Samples 

were allowed to equilibrate on ice for 10 min prior to the sample being transferred into 

a 4 mm quartz EPR tube (707-SQ-250MM, Wilmad-Lab Glass) with a 250 mL Hamilton 

gastight syringe equipped with a 6 in. needle. Finally, EPR tubes were frozen slowly 

in liquid N2 under anaerobic conditions prior to analysis. Note that in some batches of 

the purified H157N Av MDO variant, partial autoxidation of the enzyme was observed 

during concentration. Therefore, to ensure full reduction of the H157N (3mpa-bound) 

enzyme shown in Figure 5, a slight excess (10% relative to iron) of sodium dithionite and 

methyl viologen was added. This addition had no influence on the observed g-values or zfs 

parameters.

Mössbauer samples were prepared under identical anaerobic conditions and reduced as 

described for EPR samples. All samples were prepared from a stock solution of 57Fe-

enriched enzyme in which the Fe content was verified by the colorimetric assay described 

above (Iron Analysis). For samples of the enzyme–substrate complex, 250–300 μL aliquots 

of the 1–3 mM enzyme were mixed with an anaerobic solution containing 10–15 mM 

substrate (3mpa or cys) titrated to the desired pH at 25 °C. The method used for determining 

the “apparent pH” for cryogenic samples is presented in the Supporting Information. After 

each addition, samples were allowed to equilibrate for 15 min on ice prior to being pipetted 

into Mössbauer cups. Each sample was then frozen slowly (over 1–2 min) by immersion in 

liquid N2 within the anaerobic chamber.

RESULTS

Steady-State Kinetics of H157N and Y159F Variants of Av MDO.

The wild-type enzyme and selected variants were purified and assayed for iron content 

and activity as described in Materials and Methods. Expression of this enzyme yields a 

monomeric protein with a molecular weight of 23 kDa. For each variant (H157N and 

Y159F), the stoichiometry of iron per protein was determined by TPTZ, Bradford assay, 

and UV–vis spectroscopy as described previously.36 For the wild-type enzyme, both the iron 

content (0.83 ± 0.16 mol of Fe per protein) and steady-state kinetic parameters observed 

at 20 °C were consistent with previously published values21,22 (kcat0.5 ± 0.1s−1; KM, 13 ± 5 

μM; kcat/KM, 27000 ± 3000 M–1 s–1). For the sake of clarity, the value of kcat is defined 

by the maximal velocity normalized for enzyme concentration (v0/[E]). By contrast, both 

variants have depleted iron content and attenuated specific activity relative to those of the 

wild-type enzyme. The average ferrous iron contents determined by the TPTZ assay for 

the H157N and Y159F variants were 0.50 ± 0.04 and 0.63 ± 0.03 mol of Fe per protein, 

respectively. For wild-type and variant enzymes, >90% of the iron present in samples 

was observed in the catalytically relevant ferrous oxidation state. To avoid introduction 

of adventitious iron, which could potentially interfere with kinetic and spectroscopic 

characterization, reconstitution of purified enzyme variants with iron was not attempted. 

Instead, concentrations reported in enzymatic assays and spectroscopic experiments reflect 

the concentration of ferrous iron within samples.22
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Oxygen is a co-substrate for dioxygenase reactions; therefore, control experiments were 

performed to demonstrate that the amount of dissolved oxygen present in buffered 3mpa 
reactions is sufficient to saturate steady-state kinetics for both the wild type and selected 

variants. These and others experiments establishing the efficiency at which wild-type and 

variant enzymes incorporate 1 mol of O2 into the final 3spa product are presented in Figures 

S1 and S2.

A common method for identifying catalytically relevant proton-dependent ionizations within 

the (O2/3mpa)-bound enzyme ternary complex is to monitor the influence of pH on kcat. 

Perturbations within the log kcat − pH profile are diagnostic of the irreversible “chemical 

steps” involved in catalysis. Conversely, information relating to the “non-chemical” 

reversible steps leading up to the first irreversible process can be obtained from the 

log kcat − pH profile. Beyond a relaxed substrate specificity, Av MDO is also remarkably 

tolerant to pH changes. This property allows for the measurement of pH-dependent steady-

state kinetics for each substrate (3mpa, cys, and ca) over a [H+] range spanning 5 orders of 

magnitude (5 < pH < 10).21,22 For all of the substrates that were studied, the pH-dependent 

profile can be rationalized assuming a diprotic enzyme model in which three ionic forms of 

the enzyme are present [cationic, E(z + 1); neutral, Ez; anionic, E(z − 1)].21 Scheme 1 illustrates 

the kinetic model for the wild-type enzyme resulting in the skewed “bell-shaped” curve in 

Av MDO–3mpa reactions (Figure 2A). This indicates that electrostatic interaction within the 

enzymatic active site is the dominant factor driving substrate specificity. This behavior is 

conserved for both Av MDO and Mm CDO.45

On the basis of (1) the pKa values observed in kcat and kcat/KM data, (2) steady-state results 

obtained previously for H155A and Y157F Mm CDO variants, and (3) independent EPR 

and MCD spectroscopic studies with supporting computational modeling,23,24 it was argued 

that the ionizable groups observed in the kcat − pH profile were associated with the conserved 

His-157 and Tyr-159 residues within the MDO S-H-Y motif.21 Here, direct assignment of 

these ionizable residues is made by comparison of log kcat − pH data obtained for the active 

site variants (H157N and Y157F) of Av MDO.

The influence of pH on H157N Av MDO catalysis was measured over the accessible pH 

range of the enzyme (5.5 < pH < 10). As discussed previously, the rate of 3spa product 

formation was independent of oxygen concentration for the entire pH regime used in these 

experiments (Figure S1). The log kcat − pH data obtained from the initial rate of H157N 

variant reactions with 3mpa (□) are shown in Figure 2B. For comparison, the log kcat − pH
profiles obtained for wild-type Av MDO (■) and Mm CDO (●) are provided in Figure 

2A. Each point within these data sets was obtained by fitting the steady-state kinetic results 

observed at a fixed pH value to the Michaelis–Menten equation (eq 1). The error in each 

kinetic parameter obtained by nonlinear fitting is indicated graphically by the error bars.

The kcat − pH profile for the wild-type enzyme in 3mpa reactions exhibits a skewed “bell-

shaped” curve with two apparent pKa values. Within the acidic branch of this profile 

(5.5 < pH < 8), both data sets exhibit sigmoidal behavior bracketed by limiting non-zero 

plateaus at low and high pH. Following a short transition, kcat values decrease beyond with 
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a unitary slope. Over the entire pH range utilized in these experiments, these results can be 

reasonably fit to eq 3 (solid line). The limiting values of kcat span from 0.17 ± 0.01s−1 Y L  to 

0.45 + 0.06s−1 Y H  at 20 °C.

By contrast, the kcat − pH data obtained for the H157N variant exhibit only a single ionizable 

group with a maximum kcat value within the pH-independent region of 0.092 ± 0.003 

s−1. Despite the ∼5-fold decrease in kcat observed for the H157N MDO, the observed KM

value (12 ± 2 μM) remains largely invariant over the pH range. Within error, this value 

is equivalent to that obtained for the wild-type enzyme (13 ± 5 μM). Because the rate of 

catalysis decreases only at high pH, these results were fit to eq 4 (solid line) to obtain a pKa

value of 9.6 ± 0.1. Critically, the absence of pKa1(7.8 ± 0.2) in the H157N variant kcat − pH
profile (Figure 2B) verifies that this ionizable group is associated with H157. Moreover, 

relative to the wild-type enzyme pKa2 = 9.2 ± 0.1 , the second midpoint ionization is shifted 

more basic range (9.6 ± 0.1) for the H157N-catalyzed 3mpa reactions. This perturbation 

(+0.4pKa) is well above the statistical error of the assay. A summary of all pH-dependent 

kinetic results obtained for the wild-type and variant enzymes is provided in Table 1.

Similar pH-dependent steady-state experiments were performed for the Y159F Av MDO 

variant. Unlike either H157N or the wild-type enzyme, the Y159F variant exhibited substrate 

inhibition behavior in steady-state kinetic experiments. As illustrated in Figure S3, the extent 

of this substrate inhibition is pH-dependent. Therefore, rather than the standard Michaelis–

Menten equation, Y159F initial rate data were fit to eq 2 to obtain steady-state kinetic 

parameters (kcat and KM) as well as the inhibition composite constant (KI). A summary of the 

kinetic parameters (kcat, KM, and KI) determined at selected pH values and an analysis of these 

results are provided in Table S2 and Figure S3.

The kcat − pH data obtained for the Y159F variant (triangles) are shown in Figure 2C. Similar 

to that of the H157N variant, the maximum activity of the Y159F variant is ∼5-fold lower 

than that of the wild-type enzyme with little perturbation to the observed KM value obtained 

(9 ± 2 μM). However, unlike either the wild type or H157N, the Y159F variant exhibits 

a linear decrease in kcat with an increase in pH. To illustrate, a linear fit (straight line) 

is overlaid on the Y159F variant kcat − pH results (R2 = 0.96). Although an increase in pH 

attenuates enzymatic activity (∼10% decrease in kcat per pH unit), no evidence of either 

catalytically essential ionization (pKa1 or pKa2) is found for the Y159F variant. The linear 

decrease in activity is likely due to pH-dependent changes in the Fe site redox potential 

rather than the increased ionic strength from excess −OH as the salt content has little 

influence on the rate of catalysis.21,22 Regardless, the absence of pKa2 in this pH profile 

verifies that Y159 is the catalytically essential ionization associated with pKa2 (9.2 ± 0.1) for 

the wild-type enzyme.

As stated previously, these assays provide insight into rate-limiting ionizations within the 

(3mpa/O2)-bound enzyme ternary complex. While similar analysis can be made from 

interpretation of the log kcat/KM − pH profile to probe protonation events in the reversible 

“nonchemical” steps leading up to O2 activaiton, these results do not substantially deviate 

from what is presented above and thus will not be discussed further.
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Mössbauer Studies of Resting and Substrate-Bound Av MDO.

Figure 3A shows the spectra collected for samples prepared at pH 6.5 and 9.5. For the 

resting, free Av MDO enzyme at pH 6.5, the observed zero-field Mössbauer spectrum was 

fit to two doublets: δ1 = 1.21mm/s and ΔEQ1 = 2.45mm/s from 54% of iron, and δ2 = 1.24mm/s
and ΔEQ2 = 2.90mm/s from 46% of iron (Table 2). At pH 9.5, the parameters of both doublets 

changed slightly, but the relative contributions of each doublet are reversed (δ1, 41%; δ2, 

59%). Fitting with a single doublet gave a broad line width of >0.5 mm/s, whereas a fit with 

two doublets gave a normal line width of <0.4 mm/s. As illustrated in Figure 1C, a Fe-bound 

solvent (2) ligand is within hydrogen bonding distance (2.67 Å) of the Y159 phenol group. 

Therefore, ionization of Y159 may affect ligands that are coordinated to iron (i.e., the first 

Fe-coordination sphere). To study this possibility, samples of Av MDO were prepared over a 

pH range of 6.5–9.5 and Figure 3 shows the relative amounts of the two species.

The pH of a buffered solution is temperature-dependent and shifts under frozen cryogenic 

conditions.52–54 Thus, the pH values of the Mössbauer frozen solutions need to be corrected 

for this shift. The “apparent pH” (pHapp) was determined under cryogenic conditions by 

measuring the ionization of metmyoglobin (Mb) both at 37 °C and in frozen solutions. 

The ferric heme changes from high-spin (S = 5/2) to low-spin (S = 1/2) upon deprotonation 

of the heme-bound aqua ligand. This aqua to alkaline Mb transition can be monitored 

independently by both UV–vis (37 °C) and cryogenic EPR spectroscopy (10 K).55,56 

As illustrated in Figure S4, the pKa value (8.9 ± 0.1) for this transition was measured 

spectrophotometrically at 37 °C (n = 10). These UV–vis samples were then transferred into 

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

and low-spin (S = 1/2) alkaline Mb were determined by EPR.52 Under cryogenic conditions, 

the observed pKa for acid–alkaline Mb is 8.5 ± 0.2, indicating that the apparent pH under 

cryogenic conditions is +0.4 pH unit more basic relative to measurements made at 37 °C. 

This value is in good agreement with previous measurements made on similar buffered 

solutions.52–54

As shown in Figure 3B, using the correction of ΔpH = + 0.4, the pH-dependent speciation 

of Mössbauer doublets (δ1 and δ2) exhibited a pH dependence that agreed with the theoretical 

titration curve for a single pKa value of 9.1 ± 0.1. Within experimental error, this value 

matched the pKa obtained for Y159 from fitting log(kcat) data versus pH to eq 3. As 

additional verification that Y159 ionization is responsible for the spectroscopically observed 

speciation, 57Fe-enriched Mössbauer samples of Av MDO were prepared for both variants 

(H157N and Y159F) at pH 8.0 and 9.0 (Figure S6). As with the wild-type enzyme, 

Mössbauer spectra of the H157N variant also exhibited two doublets with parameters close 

to those of the wild type (Table 2). As with the wild type, the ratio of the two species 

observed at pH 8.0 changes at pH 9.0, thereby ruling out the possibility that the speciation 

is attributed to ionization of H157. In contrast, Mössbauer spectra obtained from the Y159F 

variant at both pH 8 and 9 showed only a single species with no pH dependence (Table 

2). Collectively, these results indicate that ionization of Y159 is responsible for the Fe 

site speciation observed by Mössbauer spectroscopy. This confirms that the tyrosine of the 

S-H-Y motif directly interacts with a Fe-bound ligand.
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Figure 4B shows the change in the Mössbauer spectrum upon addition of 3 molar 

equivalents of 3mpa per Av MDO at pH 8.0. The Mössbauer parameters of both 

doublets observed from the free enzyme changed significantly (Table 2; δ = 1.06mm/s, and 

ΔEO = 1.79mm/s; δ = 1.07mm/s, and ΔEQ = 2.24) with approximately equal relative amounts 

at pH 8. A minor amount of the enzyme (10%) remained in the unbound form. Like the 

substrate free enzyme, fitting with a single doublet gave a broad line width of >0.5 mm/s, 

whereas the fit with two doublets gave a normal line width of <0.4 mm/s. The large decrease 

in isomer shift is consistent with coordination of the S atom to the Fe site.32,57 We therefore 

attribute the new species to the binding of 3mpa to the Fe(II) center. The Mössbauer 

parameters of variants H157N and Y159F displayed a similarly large decrease in the isomer 

shift in the presence of 3mpa (Table 2) with quadrupole splittings similar to those of the wild 

type. This suggests that the binding mode of 3mpa and iron coordination of the variants are 

the same as those of the wild type.

Figure 4C shows Mössbauer spectra of wild-type Av MDO with a 5-fold molar excess 

of cys. A new doublet was observed from 30% of the iron (Table 2; δ = 1.14mm/s, and 

ΔEQ = 3.38mm/s) and attributed to the cys-bound enzyme. With 1 equiv of cys, the cys-bound 

species was only 10% of the iron. Relative to 3mpa, the binding affinity of cys for wild-type 

Av MDO was significantly lower. As observed for 3mpa binding, the addition of cys to 

the Fe(II)-Av MDO also caused a decrease in the isomer shift indicative of coordination 

of thiolate to the Fe site. The large increase in the quadrupole splitting (+0.9 mm/s) for 

cys-bound relative to 3mpa-bound Av MDO suggests a change in the Fe coordination 

number and/or geometry.

EPR Studies of Substrate-Bound Iron–Nitrosyl Species Produced in Wild-Type MDO and 
Selected S-H-Y Motif Variants.

The Mössbauer experiments described above verify that pH-dependent ionization of Y159 

within the Av MDO S-H-Y motif influences the Fe site in the absence of a substrate. An 

obvious extension is to determine how this interaction influences the (substrate/O2)-bound 

Av MDO ternary complex. Given the short lifetime of the O2-bound complex, nitric oxide 

was substituted for molecular oxygen for characterization by EPR spectroscopy as described 

previously.36

Addition of NO to a substrate-bound mononuclear non-heme iron site typically yields 

an FeNO 7(S = 3/2) species characterized by an axial EPR spectrum gx, y, z ∼ 4, 4, 2 . The 

S = 3/2 spin manifold can be described by an antiferromagnetic coupling between a high-

spin FeIII S = 5/2  and a bound NO− anion (S = 1).58–60 In these experiments, samples of the 

(3mpa/NO)-bound enzyme were prepared for the H157N and Y159F variants of Av MDO 

for comparison to the wild-type enzyme. Addition of NO to samples containing a wild-type 

Av MDO pre-equilibrated with 10 molar equivalents 3mpa produced the EPR spectra shown 

in Figure 5A. The substrate-bound FeNO 7 site (Av ES-NO) has observed g- values of 

4.06, 3.96, and 2.01, consistent with a nearly axial (E/D = 0.008) S = 3/2 spin state. The 

axial zero-field splitting term D = 10 ± 2cm−1  for this complex was measured previously 

by fitting the variable-temperature EPR data to a Boltzmann population curve.36 Within 

error, the magnitude of the D value determined here was consistent with those reported for 
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multiple FeNO 7(S = 3/2) iron–nitrosyl complexes.61 Mössbauer data (shown in Figure 4D) 

collected for equivalent samples of 57Fe-enriched Av MDO verify stoichiometric conversion 

of the 3mpa-bound enzyme to the (Av ES-NO) iron–nitrosyl complex.

As with the wild-type enzyme, equivalent samples of Av ES-NO prepared from H157N and 

Y159F variants also exhibit an S = 3/2 FeNO 7 iron–nitrosyl species upon addition of NO to 

the substrate-bound enzyme. However, both exhibit larger rhombic distortion (E/D values of 

0.012 and 0.016, respectively). Analytical simulations for each species (dashed lines) were 

performed to determine the concentration of Av ES-NO produced for each enzyme. Relative 

to the starting ferrous iron concentration, the wild-type enzyme yields nearly stoichiometric 

conversion to the iron–nitrosyl species. By contrast, the yields for H157N (65%) and Y159F 

(10%) were significantly lower. These observations verify that disruption of the S-H-Y 

proton relay network alters both the NO binding affinity and the geometry at the (3mpa/

NO)-bound ternary complex.

Unlike the mammalian cysteine dioxygenase (Mm CDO), coordination of cys to the Fe 

site of Av MDO is believed to occur via thiol-only coordination.36 Computational studies 

have suggested that the bidentate (thiol/amine) cys denticity was responsible for the unusual 

FeNO 7(S = 1/2) spin state reported for (cys/NO)-bound Mm CDO.36,62–64 In effect, the 

additional coordination of the neutral amine provides sufficient ligand field to overcome the 

pairing energy, yielding a low-spin Fe site. Thus, the (cys/NO)-bound Mm CDO active site 

can be considered a NO radical bound to a low-spin ferrous site.36,63 Up to this point, the 

Mm ES-NO complex was the only example of an FeNO 7(S = 1/2) species in a non-heme 

iron enzyme.

Unlike those of Mm ES-NO, the EPR spectra shown in Figure 5B for the wild-type (cys/

NO)-bound ternary complex are consistent with an FeNO 7(S = 3/2) electronic ground state. 

The Mössbauer experiments presented above confirm cys-thiolate binding at the Fe site, but 

the S = 1/2 iron–nitrosyl complex observed by EPR was inconsistent with the additional 

coordination of the cys amine group. While the cys carboxylate group could potentially form 

a second Fe ligand for bidentate coordination, pH-dependent steady-state assays indicated 

that the substrate carboxylate was not required for catalysis. We therefore conclude that 

substrate (3mpa and cys) binding occurs solely through coordination of thiolate to the active 

site Fe center.

As described previously, two sets of g-values (4.06, 3.96, and 2.00 and 4.31, 3.75, and 1.98) 

observed for the (cys/NO)-bound enzyme indicated two distinct conformers differing in 

rhombicity (E/D value). As indicated in Table 3, analytical EPR simulations of each species 

(E/D = 0.008 and 0.055) indicated relative concentrations of 0.7 and 0.3, respectively. 

Collectively, these accounted for 44% of the total iron present. The nearly axial species 

has the same E/D value (0.008) as the (3mpa/NO)-bound ternary complex, whereas the 

second signal exhibited a significantly higher rhombicity (E/D ∼ 0.055) indicating a more 

distorted geometry.22

By contrast, the EPR spectrum obtained for cys-bound Av ES-NO prepared from the Y159F 

variant exhibited three distinct sets of observable g-values. The first signal has observed 
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g-values of 4.14, 3.90, and 2.00 indicating the S = 3/2 iron-nitrosyl complex with a slightly 

higher rhombicity (E/D = 0.020) relative to that of the wild-type (cys/NO)-bound ternary 

complex. Similar to samples prepared with 3mpa (Figure 5A), the (cys/NO)-bound Y159F 

variant shown in Figure 5B exhibits greater rhombicity and spectral line width compared 

to those of similar samples prepared with the wild-type enzyme. Of note, the second, more 

rhombically distorted (E/D ∼ 0.055) FeNO 7(S = 3/2) species (designated by ● in Figure 

5B) was absent in samples of Av ES-NO prepared from the Y159F variant.

Two additional signals were observed in the g ∼ 2 region indicative of the formation of two 

distinct S = 1/2 spin species. The sharp signal with g-values of 2.04, 2.04, and 2.01 shown 

in gray was attributed to a known dinitrosyl iron (DNIC) complex Fe(NO)2L2  frequently 

observed during NO addition experiments.65–67 This signal accounted for <30% of the total 

Fe within the sample and will not be discussed further. The contribution of DNIC was 

subtracted from the spectra, and the resulting signal (Figure 5B, colored red) exhibited 

g-values of 2.08, 2.02, and 1.98. A triplet hyperfine splitting A of 50 MHz was observed 

at the central g value of 2.02. The spectroscopic parameters observed for this iron–nitrosyl 

site (Table 4) were close to those of the low-spin (S = 1/2) iron–nitrosyl species observed in 

samples of Mm ES-NO and CDO model complexes.36,63 Figure 6 shows a simulation for 

this S = 1/2 iron–nitrosyl species observed in the difference spectra. The spin concentration 

of this species corresponded to 52% of the total iron in the sample. The presence of 

the minor contribution (10%) from the nearly axial FeNO 7 S = 3/2  species (E/D ∼ 0.01)
suggests an equilibrium between monoand bidentate coordination. This change in substrate 

Fe-coordination denticity implies that Y159 affects substrate binding in the wild-type 

enzyme, possibly through hydrogen bonding interactions with the Fe-bound axial solvent. 

This argument was strengthened by the observation that a nearly equivalent cys-bound 

(S = 1/2) Av ES-NO signal (g = 2.07, 2.01, 1.98) was produced in the wild-type enzyme 

at pH values near or above the pKa of Y159 (Figure S4). However, the spin concentration 

of this S = 1/2 species indicated it is in the minority (<8% of total iron) in comparison to 

the 52% yield of the Y159 variant. A summary of the EPR parameters used to simulate 

the (substrate/NO)-bound Av ES-NO FeNO 7 is provided in Table 3 S = 3/2  and Table 4 

(S = 1/2).

DISCUSSION

Both Av MDO and Mm CDO exhibit diprotic pH-dependent enzyme kinetics (Figure 2A) 

consistent with the presence of three ionic enzyme forms [Scheme 1; cationic, E(z + 1); neutral, 

Ez; anionic, E(z − 1)].21 In this work, H157 and Y159 are unambiguously assigned as the 

ionizable residues observed in log kcat − pH data obtained for Av MDO in reactions with 

3mpa, cys, and ca. A key observation from these studies is that variants within the S-H-Y 

motif (H157N and Y159F) exhibit decreased kcat values relative to that of the wild-type 

enzyme without significant perturbation to the 3mpa KM value. This suggests that the 3mpa 

affinity is not significantly influenced by the S-H-Y motif but instead a nonreversible 

chemical step following formation of the ES complex.
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These pH-dependent kinetic studies also reveal that H157 and Y159 are in direct hydrogen 

bonding contact with each other. To illustrate, in reactions of 3mpa with wild-type Av 

MDO, log kcat − pH data demonstrate that Y159 exhibits a pKa2 value of 9.2 ± 0.1. This 

value becomes more basic (9.6 ± 0.1) in H157N-catalyzed 3mpa reactions. The +0.4pKa

perturbation is well above the statistical error of the assay, and thus, the Gibbs free energy 

for ionization of the Y159 phenolic group is decreased by 2.4 kJ mol−1 by hydrogen bonding 

with H157 relative to asparagine. Furthermore, while the kcat observed for the H157N variant 

is attenuated relative to that of the wild-type enzyme, retention of this proton relay network 

is clearly essential for catalysis as the non-hydrogen bonding H155A variant of Mm CDO 

exhibits only trace enzymatic activity and is vastly uncoupled.24 Finally, the absence of 

the H157 ionization (pKa1) in kcat − pH data obtained from Y159Fcatalyzed 3mpa reactions 

suggests that the influence of H157 ionization is propagated through an interaction between 

the ES complex and Y159. Thus, in the absence of Y159, ionization of H157 does not 

significantly alter a rate-limiting chemical step during catalysis.

On the basis of these observations, further inferences can be made with regard to the 

kcat − pH results reported previously for the wild-type enzyme utilizing cysteamine (ca) as 

a substrate. In this report, ionization of H157 (pKa1) was observed in ca reactions, but 

the second ionization (pKa2) associated with Y159 was absent. Because the protonation of 

H157 was observed in kcat − pH data obtained for ca reactions, it can be inferred that Y159 

remains in contact with the ES complex. Otherwise, similar to the Y159F-catalyzed 3mpa 
reactions, ionization of H157 would not be present in the logkcat − pH profile. Instead, the 

Y159 pKa value likely becomes more basic and outside the pH regime assayed (pKa2 > 10). 
This observation supports the conclusion that Y159 directly interacts with the substrate 

(3mpa or cys) carboxylate group, and disruption of this interaction increased the Y159 pKa2

value. These observations highlight the critical importance of interactions of the substrate 

with Y159 of the S-H-Y motif, a property both Av MDO and Mm CDO appear to share.24 

As an interesting side note, unlike Av MDO, the Pseudomonas Pa3MDO exhibits no activity 

in reactions with cysteamine.32 This observation suggests that despite their high degree of 

sequence homology, there may be distinct geometric or coordination differences with respect 

to how these enzymes bind the substrate.

As shown above, the Mössbauer spectra of wild-type Av MDO show two species that are 

related by the ionization of Y159 (Table 2). This observation suggests that the hydrogen 

bonding network connecting H157 to Y159 is further extended to an Fe-bound ligand. 

Previous Mössbauer data reported for Pa3MDO at pH 8.0 exhibit parameters (δ and ΔEQ) 

similar to those observed for Av MDO.32 However, the Pa3MDO spectra were reported as 

a single doublet with a line width much greater than is typical of a single Fe(II) species; 

consequently, the reported Mössbauer parameters are the average of those stated here for Av 
MDO.

Upon addition of 3mpa, both species of Av MDO are affected as indicated by the change 

in the parameters of both doublets (Table 2). In the presence of 3mpa or cys, the large 

decrease in isomer shift relative to the substrate free enzyme is consistent with direct S atom 

coordination of the substrate to the Fe(II) site. However, there is a large difference in the 
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value of ΔEQ for the two substrates: cys (3.38 mm/s) versus 3mpa (1.79 and 2.24 mm/s). 

Similar behavior was reported previously for cys-bound Pa3MDO.32

Recently, Goldberg and Jameson et al. reported the structural and spectroscopic comparison 

of the mammalian C93G variant of CDO with a series of five- and six-coordinatae model 

complexes with an equivalent Fe-coordination sphere.68 In that report, it was observed 

that the quadrupole splitting for six-coordinate model complexes were significantly higher 

(ΔEQ, 3.14–3.55 mm/s) relative to those of the five-coordinate Fe sites (ΔEQ, 1.97–2.28 

mm/s). Given the near equivalence in Fe-coordination sphere and active site geometry, the 

observations reported from the combined enzyme/model study of mammalian CDO can be 

used as a basis for assignment of the coordination number at the 3mpa- and cys-bound 

Av MDO Fe site. Regardless of pH, both doublets observed for the 3mpa-bound enzyme 

exhibited a ΔEQ (1.79 and 2.24 mm/s) more consistent with those reported for the five-

coordinate model complexes. Conversely, the larger ΔEQ of the cys-bound wild-type enzyme 

(3.38 mm/s) suggests that the enzyme Fe site is six-coordinate. This trend is conserved 

among the 3mpa- and cys-bound H157N and Y159F variants, indicating that disruption of 

the S-H-Y motif does not alter the coordination number at the substrate-bound Fe site. From 

this analysis, we can conclude that the coordination number is not equivalent for the 3mpa- 

and cys-bound enzymes.

EPR characterization of the 3mpa- and cys-bound Av ES-NO species produced in the wild-

type enzyme as compared to H157N and Y159F variants complements our previous studies 

in which multiple thiol-bearing substrates (3mpa, cys, et, and ca) were used to investigate 

molecular interaction and Fe site coordination within the Av MDO active site.22 The amount 

of (3mpa/NO)-bound iron–nitrosyl species produced in samples prepared from H157N and 

Y159F Av MDO is significantly smaller, and these variants also exhibit greater rhombic 

distortion. The decreased NO affinity for S-H-Y motif variants suggests that hydrogen 

bonding to Y159 is important for stabilization of the Fe-bound NO. The O atom of Y159 

is 2.67 Å from the solvent molecule (2), which is the presumed O2 binding site and thus 

could form a hydrogen bond to the Fe-bound NO. Perturbation of this hydrogen bond 

(for H157N) or the loss of the hydrogen bond (for Y159F) likely results in a lower NO 

affinity. Qualitatively, this argument is supported by the increased KM value observed for 

both H157N and Y159F variants with respect to molecular oxygen as well as their decreased 

(O2/3mpa) coupling efficiencies (Figures S1 and S2). The strong Fe–NO bond causes the 

electronic symmetry of most S = 3/2 FeNO 7 complexes to be nearly axial (E/D ∼ 0) and 

changes in E/D reflect alterations in the Fe–NO bond angle. Therefore, relative to the 

wild-type enzyme, the increased E/D for the (substrate/NO)-bound variants is consistent 

with hydrogen bonding interactions between Y159 and the Fe-bound NO which distorts the 

Fe-NO bond angle.

These observations are consistent with reports for Mm CDO in which it has been 

demonstrated that interactions between the phenol group of the C93–Y157 pair and the 

cys carboxyl group influence the enzymatic activity, coupling efficiency, and geometry of 

the substrate-bound active site.24 Thus, both Av MDO and Mm CDO appear to utilize 

direct interactions between the Fe-bound substrate carboxylate group and terminal Tyr reside 
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hydroxyl group within the S-H-Y motif to regulate the structure of the ES complex, thereby 

optimizing enzymatic activity.

Typically, addition of nitric oxide to a substrate-bound mononuclear non-heme iron center 

results in the formation of an FeNO 7(S = 3/2) species. Mm CDO is an exception to this 

because (cys/NO)-bound Mm CDO produces a low-spin S = 1/2 species.36 While unusual 

among non-heme iron enzymes, synthetic FeNO 7 S = 1/2  complexes have been reported 

in the literature. Wieghardt et al. have characterized several iron–nitrosyl model complexes 

with amine and thiolate coordination59,69 and found that the ground state of these complexes 

can be described as a ligand-centered NO• radical S = 1/2  coordinated to a low-spin (S = 0)
ferrous iron.59,60 Goldberg et al. reported a pair of synthetic complexes specifically designed 

to model the substrate-bound active site of CDO. The NO-bound complexes also exhibit a 

similar FeNO 7 S = 1/2  electronic configuration. In addition, detailed spectroscopic (EPR, 

Mössbauer, and S atom K-edge XAS) and computational density functional theory (DFT) 

modeling are all consistent with the assignment of this species as a low-spin ferrous iron 

with a ligand-centered radical.63 Computational studies reported by Solomon et al. suggest 

that this atypical low-spin configuration is a consequence of the bidentate cys coordination 

to the Fe site.62

Until now, Mm ES-NO was the only example of an FeNO 7 S = 1/2  species in a non-

heme iron enzyme. However, as demonstrated in Figure 5B, a low-spin S = 1/2 species 

with similar g-values and hyperfine splitting is observed from cys-bound Av ES-NO 

prepared from the Y159F variant of Av MDO. This change in substrate Fe-coordination 

denticity implies that Y159 regulates substrate binding in the wild-type enzyme, potentially 

through hydrogen bonding interactions with one or more Fe-bound solvent molecules as 

demonstrated by pH-dependent Mössbauer experiments. This argument is strengthened by 

the observation that a similar bidentate cys-bound (S = 1/2) Av ES-NO EPR signal can be 

produced in the wild-type enzyme at pH values near or above the pKa of Y159 (Figure 

S4). Of note, perturbations in both g- and A-values observed in samples of the low-spin 

iron–nitrosyl signal produced from the cys-bound wild-type enzyme relative to the Y159F 

Av MDO variant (Table 4) suggest the presence of hydrogen bonding between the Y159 

hydroxyl group and Fe-bound NO. This conclusion is supported by the increased rhombicity 

and heterogeneity observed for FeNO 7 S = 1/2  EPR signals observed for H157N and 

Y159F variants relative to the wild-type enzyme.

In summary, the experiments presented here verify the presence of a catalytically enhancing 

proton relay network connecting conserved residues (H157 and Y159) within the S-H-Y 

motif of Av MDO to a Fe-bound ligand. The changes relative to the wild type in both the 

NO affinity and the rhombicity of the substrate-bound iron–nitrosyl species suggest that 

Y159 forms a hydrogen bond to the Fe-bound NO and, by extension, may also form a 

hydrogen bond with Fe-bound oxygen.

Mössbauer data for 3mpa-bound Av MDO are suggestive of a five-coordinate site. Given 

the high degree of structural similarity between CDO and MDO illustrated in Figure 1C, 

it is reasonable to assume that displacement of solvent water (1) by substrate–thiolate 

Sardar et al. Page 19

Biochemistry. Author manuscript; available in PMC 2023 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



coordination occurs at the same position (trans to H91 of the 3-His facial triad). This leaves 

solvent 2 2.67 Å from the Y159 phenol group as the most likely point of interaction with 

Y159 as 3 is 0.7 Å more distant. As an interesting point of observation, solvent 2 also 

exhibits the lowest thermal B factor among all other Fe-bound solvents (PDB entry 4TLF), 

suggesting a relatively tight, or structurally constrained, Fe coordination.

DFT computational modeling and X-ray crystallographic data for (cys/NO)-bound 

mammalian CDO suggest that the site occupied by solvent 2, trans to H89, represents the 

most likely oxygen binding site.28,36 As stated previously, a bidentate model for 3mpa Fe 

coordination has been proposed in which solvent 3 is displaced by the 3mpa carboxylate 

group trans to H142.38 However, for reasons outlined in the introductory section, this 

model is inconsistent with our interpretation of experimental results, namely, kinetic and 

EPR spectroscopic studies performed on Av MDO using multiple thiol-bearing substrates 

(3mpa, cys, ca, and et).21,22 There are also technical concerns to consider (discussed in 

the Supporting Information) when evaluating the reliability of an ADV model generated 

from a heavily edited (solvent-deleted and 3mpabound) posed starting structure. Therefore, 

in the absence of corroborating experimental data, we exclude the possibility of bidentate 

3mpa coordination and instead suggest retention of a solvent water within the ES complex. 

Because solvent 2 is the putative oxygen binding site, this water is likely lost upon 3mpa Fe 

coordination to accommodate oxygen binding. We therefore propose retention of solvent 3, 

which bridges Y159 and R168, to yield a (3mpa/H2O)-bound Fe site.

With respect to cys binding, the Mössbauer ΔEQ value (3.38 mm/s) of the cys-bound 

enzyme is suggestive of a six-coordiante complex. Thus, following binding of cys thiolate 

at the 3-His-coordinated Fe site, two Fe sites remain available. While the active site 

could certainly accommodate the bidentate coordination of the neutral cys amine, this 

is ruled out as addition of NO to the cys-bound enzyme does not produce a low-spin 

iron–nitrosyl species analogous to the six-coordinate (cys/NO)-bound Mm CDO.28,36,62–64 

Similarly, coordination of the substrate carboxylate has been ruled out on the basis of 

the aforementioned kinetic and EPR data.21,22 Therefore, the remaining Fe sites are likely 

coordinated by solvent. As indicated in Scheme 2, addition of nitric oxide is expected to 

displace at least one solvent water leaving one bound solvent or an open coordination site 

(designated X).

By contrast, addition of NO to samples of the Y159F Av MDO variant precomplexed 

with cys yields a similar low-spin iron–nitrosyl EPR signal that has been reported for 

six-coordinate (cys/NO)-bound Mm CDO. Therefore, bidentate coordination of cys via 

thiolate and neutral amine can be supported in the absence of the Y159 hydroxyl group 

or, to a lesser extent, following deprotonation of Y159-OH at elevated pH. A possible 

explanation for this observation is related to the apparent network of hydrogen bonds 

connecting Y159 and the Fe-bound solvents shown in Figure 1C. Solvent 2 is the closest 

water to the Y159 phenol group (2.67 Å), whereas 3 appears to bridge Y159 and R168 

(each separated by ∼3.4 Å). This network of hydrogen bonds extends from the S-H-Y motif 

network to Fe-bound solvents and appears to orchestrate substrate coordination at the Fe 

site. Disruption of this proton relay network, by ionization of Y159 or removal (as in the 

case of the Y159F variant), may open up additional Fe sites for coordination or influence 
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the positioning of R168 within the active site. In either case, it would appear that regulation 

of cys-coordination denticity at the Av MDO Fe site is more nuanced than previously 

appreciated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

CDO cysteine dioxygenase

MDO 3-mercaptopropionic acid dioxygenase

ADO cysteamine dioxygenase

3mpa 3-mercaptopropionic acid

cys L-cysteine

ca cysteamine (2-aminoethanethiol)

et ethanethiol

3spa 3-sulfinopropionic acid

csa cysteine sulfinic acid

Mm Mus musculus

Rn Rattus norvegicus

Av Azotobacter vinelandii

Pa Pseudomonas aeruginosa

HPLC high-performance liquid chromatography

EPR electron paramagnetic resonance

LC-MS liquid chromatography–mass spectrometry
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Scheme 1. 
Diprotic Kinetic Model for Wild-Type Av MDO-Catalyzed 3mpa Reactions
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Scheme 2. 
Proposed (cys/NO) Coordination for Wild-Type Av MDO and the Y159F Variant
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Figure 1. 
Structural comparison of mammalian CDO and P. aeruginosa 3MDO active site. (A) The 1.6 

Å X-ray diffraction structure of cys-bound R. norvegicus CDO (PDB entry 4IEV).33 For the 

sake of clarity, the highly conserved S-H-Y motif containing a post-translationally modified 

C93–Y157 pair is shown below as an inset. Selected atomic distances are designated by 

dashed lines. (B) The 2.14 Å X-ray diffraction structure of the P. aeruginosa 3MDO active 

site (PDB entry 4TLF).32 Fe-coordinated solvent ligands designated by 1–3 (blue) and 

the S-H-Y motif are illustrated as an inset for comparison to CDO. (C) Side-on view of 

Pa3MDO illustrating the connectivity between Fe-bound solvents and the S-H-Y proton 

relay network.
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Figure 2. 
Wild-type Av MDO log kcat − pH profile for 3mpa reactions (A, ●) as compared to those of 

H157N (B) and Y159F (C) variants. The log kcat − pH profile for Mm CDO-catalyzed cys 

reactions is shown in panel A (■). The data for both variants were collected at 37 ± 2 °C due 

to the decreased value of kcat, whereas wild-type data were collected at 20 ± 2 °C. Equations 

1 and 2 were used to fit wild-type and H157N variant kcat − pH results, respectively. A 

standard linear equation was used to fit the pH dependence of data obtained with the Y159F 

variant. Table 1 summarizes all kinetic parameters obtained from pH-dependent results.
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Figure 3. 
pH-dependent speciation of Mössbauer doublets in Fe(II)-Av MDO. (A) Speciation of 

Mössbauer doublets (δ1 and δ2) observed in Fe(II)-Av MDO for samples prepared at pH 6.5 

and 9.5. (B) The theoretical lines (red and blue) show the expected behavior assuming a pH-

dependent equilibrium with a pKa of 9.1. The apparent pH (pHapp) at cryogenic temperature is 

obtained by adding 0.4 pH unit to the pH of the solution at room temperature.
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Figure 4. 
Mössbauer spectra (4.2 K, 50 mT) for the isolated wild-type Av MDO (A) as compared to 

the 3mpa-bound (B) and cys-bound (C) enzyme at pH 8. (D) Stoichiometric conversion to 

the (S = 3/2) FeNO 7 (3mpa/NO)-bound Av MDO is observed upon addition of 10 molar 

equivalents of NO to the 3mpa-bound enzyme. The isomer shift (δ) and quadrupole splitting 

(ΔEQ) are indicated as δ/ΔEQmm/s. For substrate-bound Av MDO samples, 3mpa and cys 

were added in 3- and 5-fold molar excesses, respectively. Simulations parameters: S = 3/2, 

D = 10 cm−1, E/D = 0.01, A = (−25, −21, −23)T, δ = 0.60mm/s, ΔEQ = 1.52mm/s, η = 0.4.
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Figure 5. 
X-Band EPR spectra of iron–nitrosyl species produced upon addition of NO to the 3mpa-

bound (A) and cys-bound (B) enzyme. (A) Comparison of wild-type (3mpa/NO)-bound 

Av ES-NO relative to H157N and Y159F variants. For the sake of clarity, all spectra 

are normalized for Fe concentration. For each spectrum, quantitative simulations (dashed 

lines) are overlaid on the data for comparison. The isotropic g ∼ 2.01 signal shown in the 

H157N data is an impurity from addition of methyl viologen and dithionite to the sample. 

(B) EPR spectra for wild-type (cys/NO)-bound Av ES-NO as compared to an equivalent 

sample prepared with the Y159F variant. The sharp gave ∼ 2.03 signal in samples prepared 

with Y159F is attributed to minor dinitrosyl iron species, a common contaminant produced 

by addition of NO to Fe-containing enzymes.70–73 The black circles (●) designate the 

more rhombic (cys/NO)-bound confirmation with observed g-values of 4.31, 3.75, and 

1.98. Instrumental parameters: microwave frequency, 9.643 GHz; microwave power, 20 μW; 

modulation frequency, 0.9 mT; temperature, 10 K. The spectroscopic parameters obtained 

from data in panels A and B are summarized in Tables 3 and 4.
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Figure 6. 
X-Band EPR spectra of the FeNO 7(S = 1/2) (cys/NO)-bound Av ES-NO complex 

produced in the Y159F variant. Instrumental parameters: microwave frequency, 9.643 

GHz; microwave power, 20 μW; modulation frequency, 0.9 mT; temperature, 10 K. For 

comparison, the spectroscopic parameters obtained for analogous iron–nitrosyls produced in 

Mm CDO and model complexes are provided in Table 4.
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Table 2.

Mössbauer Parameters for Av MDO and Selected Variants
a

enzyme δ(mm/s) ΔEQ(mm/s)
wild type

 E (l), pH 6.5 l.2l 2.45

 E (2), pH 6.5 l.24 2.90

 E (l), pH 9.5 l.23 2.63

 E (2), pH 9.5 l.25 3.l0

 E:3mpa (l) l.06 l.79

 E:3mpa (2) l.07 2.24

 s E: l.l4 3.38

Hl57N

 E (l) l.2l 2.34

 E (2) l.2l 2.8l

 E:3mpa (l) l.08 l.84

 E:3mpa (2) l.05 2.26

Y159F

 E l.2l 2.5l

 E:3mpa (l) l.03 l.74

 E:3mpa (2) 0.94 2.48

s
E:

l.l6 3.56

a
All values at pH 8 unless otherwise noted.
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Table 3.

EPR Simulation Parameters for Substrate-Bound Av ES-NO FeNO 7(S = 3/2) Species
a

wild type H157N Y159F

3mpa-bound

D (cm−1) 10 ± 2 10 ± 2 10 ± 2

E/D 0.0080 0.0124 0.016

σE/D <0.001 0.002 0.005

σB 0.9 0.9 0.9

% Fe 100 65 10

wild type Y159F

cys-bound

D (cm−1) 10 ± 2 10 ± 2 10 ± 2

E/D 0.008 0.055 0.020

σE/D <0.001 0.005

σB 0.9 0.9 0.9

% Fe 31 13 10

a
The effective g-values for each (S = 3/2) iron–nitrosyl species are labeled in Figure 5. The trace of the g tensor used for simulations (eq 5) was 

assumed to be isotropic g1 = g2 = g3 ∼ 2.00 .
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