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Abstract 1 

Cysteine dioxygenase (CDO), structurally resembles cupin enzymes that use a 3-His/1-Glu 2 

coordination scheme. However, the glutamate ligand is substituted with a cysteine (Cys93) residue, 3 

which forms a thioether bond with tyrosine (Tyr157) under physiological conditions. The reversion 4 

variant, C93E CDO, was generated to reestablish the more common 3-His/1-Glu metal ligands of 5 

the cupin superfamily. This variant provides a framework to test the structural and functional 6 

significance of Cys93 and the crosslink in CDO. Although dioxygen consumption is observed with 7 

C93E CDO, it was not coupled with L-cysteine oxidation. Substrate analogs (D-cysteine, 8 

cysteamine, 3-mercaptopropionate) were not viable substrates for the C93E CDO variant, although 9 

they showed variable coordination to the iron center. The structures of C93E, crosslinked and non-10 

crosslinked wild-type CDO were solved by X-ray crystallography to 1.91 Å, 2.49 Å, and 2.30 Å, 11 

respectively. The C93E CDO variant had similar overall structural properties as crosslinked CDO, 12 

but the iron was coordinated by a 3-His/1-Glu geometry leaving only two coordination sites 13 

available for dioxygen and bidentate L-cysteine binding. The hydroxyl group of Tyr157 shifted in 14 

both non-crosslinked and C93E CDO, and this displacement prevents this residue from 15 

participation in substrate stabilization. Based on these results, divergence of the metal center of 16 

cysteine dioxygenase from the 3-His/1-Glu geometry seen with many cupin enzymes was essential 17 

for effective substrate binding. Substitution of Glu with Cys in CDO allows for a third coordination 18 

site on the iron for bidentate cysteine and monodentate oxygen binding. 19 
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Introduction  1 

 Cysteine dioxygenase is an iron-dependent enzyme that catalyzes the conversion of L-2 

cysteine to cysteine sulfinic acid (Scheme 1).1,2 Unlike L-cysteine, cysteine sulfinic acid (CSA) is 3 

not itself a metabolically significant molecule.  Instead, CSA serves as a major branch point in the 4 

catabolism of cysteine in mammals, and is further metabolized to pyruvate and sulfite or taurine.1,2 5 

Cysteine dioxygenase belongs to the cupin superfamily, which is characterized by a 6 

double-stranded β-helix (DSBH) (Figure 1A).3–5 The DSBH fold typically consists of six to eight 7 

beta sheets that fold in half creating a sandwich-like casing around the active site.6 While some 8 

enzymes, including CDO, contain a coordinated iron, other cupin enzymes possess a nickel, zinc, 9 

manganese, cobalt, or copper metal center.1,7–12 These different metal cofactors allow for the 10 

diverse enzyme activities observed within this family that include isomerase, decarboxylase, 11 

dioxygenase, cyclase, and epimerase reactions. Proposed reaction mechanisms of the metal-12 

dependent cupins generally involve sequential binding of the substrate and dioxygen to the 13 

catalytic metal cation. 14 

The enzymatic cupins were initially characterized by two conserved sequence motifs, 15 

GX5HXHX3-6EX6G and GX5-7PXGX2HX3N, containing the amino acid ligands that coordinate 16 

the metal (highlighted in bold).6,13 Metals in enzymatic cupins are often coordinated by 3-His and 17 

1-Glu located within the two conserved motifs (Figure 1B).14 The 3-His/1-Glu ligand occupies 18 
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four coordination sites with solvent molecules occupying the remaining sites. A nitrogen of each 1 

histidine coordinates monodentate to the metal, while the glutamate coordinates the metal by the 2 

O-1 atom oxygen of the carboxyl group. In enzymatic cupins, the resting state of the metal center 3 

can exhibit different geometries, including octahedral, tetrahedral, trigonal bipyramidal, and 4 

square pyramidal geometries.4,5,9,15,16 However, the substrate bound metal cation often exhibits 5 

octahedral geometry, allowing for a total of six coordination sites.  6 

 The active site of cysteine dioxygenase contains a modification to the common 3-His/1-7 

Glu cupin motif. The glutamate residue is replaced by a noncoordinating cysteine (Cys93), leaving 8 

iron weakly coordinated by three histidine residues. Interestingly, the noncoordinating cysteine 9 

residue forms a thioether bond with a nearby tyrosine (Tyr157) residue (Figure 1C).  Wild-type 10 

 11 

 12 

A. C. B. 

Figure 1. Overall structure and metal coordination motifs of cupin enzymes. A. CDO exhibits a 

-barrel fold characteristic of the cupin superfamily (PDB: 6U4S). B. Acireductone dioxygenase 

has a characteristic 3 His/1 Glu coordination metal center (PDB: 2HJI).14 C. The 3-His iron 

coordination motif of CDO is shown. A thioether crosslink between C93 and Y157 is positioned 

near the iron center (PDB: 6U4S). Ferric iron are shown as yellow spheres, and water molecules 

are red spheres. 
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rat CDO heterologously expressed in E. coli exists as an approximate equal mixture of non-1 

crosslinked and crosslinked isoforms.17,18 These isoforms resolve on SDS-PAGE as two distinct 2 

bands with the non-crosslinked isoform representing the upper molecular weight band.19,20 While 3 

the Cys-Tyr crosslink is not required for product formation, the crosslink enhances catalytic  4 

efficiency.20,21 There have been several proposed roles for the thioether crosslink since the initial 5 

structural determination of CDO. Although not essential for catalysis, formation of the crosslink 6 

may properly position the hydroxyl group of Tyr157 for optimal substrate binding.5,20,22–25 It has 7 

been suggested that formation of the crosslink leads to a pre-ordered state for substrate binding.21 8 

Additional studies suggest that the thioether crosslink may also prevent competing side reactions 9 

of Cys93.24,26 10 

 Alternative metal binding has been observed with proteins that comprise the cupin 11 

superfamily. Therefore, it is unclear how divergence of the metal center from a 3 His/1 Glu to a 3 12 

His iron binding site affects the functional properties of the enzyme.27 Although studies have been 13 

performed to compare the 3-His coordination of CDO to the more conventional 2-His/1-Glu motif, 14 

there have been no direct studies to evaluate the catalytic benefit of the 3-His motif relative to the 15 

3-His/1-Glu motif.28 Herein, the conserved Cys93 residue was replaced with glutamate to 16 

determine how the substitution alters the kinetic and structural properties of the enzyme compared 17 

to the wild-type enzyme. These studies were augmented with the first three-dimensional structure 18 

of non-crosslinked wild-type CDO to compare the position of Cys93 in the active site to the Glu 19 

substituted variant.   20 

  21 
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Materials and Methods 1 

Materials 2 

4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), L-cysteine, D-cysteine, 3 

cysteamine, 3-mercaptopropionic acid (3-MPA), L-ascorbate, ammonium sulfate, ampicillin, 4 

streptomycin sulfate, lysozyme, and brilliant blue R were purchased from Sigma (St. Louis, MO). 5 

Isopropyl-β-D-thiogalactoside (IPTG) was purchased from Gold Biotechnology (St. Louis, MO). 6 

Glycerol and sodium chloride were purchased from Macron Fine Chemicals (Center Valley, PA). 7 

Difco-brand Luria-Bertani (LB) media was purchased from Becton Dickinson and Company 8 

(Sparks, MD). Macro-Prep® High Q Support column media was purchased from Bio-Rad 9 

Laboratories (Hercules, CA).  10 

Construction and purification of C93E CDO 11 

The expression vector for rat C93E CDO was constructed through PCR amplification using 29 12 

base oligonucleotide primers that replace the wild-type Cys codon with the Glu codon (GAA). The 13 

PCR product containing the Cys to Glu substitution was confirmed by DNA sequence analysis 14 

(Davis Sequencing, Davis, CA), and the C93E CDO vector was transformed into BL21 (DE3) 15 

competent E. coli cells and stored as 20% glycerol stock at -80 °C. Expression and purification of 16 

wild-type and C93E CDO was carried out as previously described.28 Expression of non-crosslinked 17 

wild-type CDO was carried out in the presence of 1,10-phenanthroline as previously described.21  18 

 Ferrozine was used to determine the amount of iron present as previously described with 19 

slight modifications.29 CDO samples (40 µM) were incubated at 95 °C for 5 minutes with ferrozine 20 

(250 µM) and ascorbate (18 mM).  After 5 mins, sodium acetate (1.5 M) was added and the samples 21 

were measured at 562 nm.  A standard curve (5-30 µM) was created using iron ICP standards and 22 
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the standards were treated the same as the CDO samples. The results were based on the average of 1 

three separate experiments.  2 

Circular dichroism 3 

Protein samples were buffer exchanged with 10 mM potassium phosphate, pH 7.5, using a 4 

10 000 kDa MWCO Amicon Ultra Centrifugal Filters (Millipore) at 5000 RPM, 4°C.  Far-UV 5 

circular dichroism spectra were recorded on a JASCO J-810 spectropolarimeter. Spectra of wild-6 

type and C93E CDO (10 μM) were taken in 0.1 nm increments in continuous scanning mode from 7 

300 to 185 nm in a 0.1 cm cuvette with a bandwidth of 1 nm and scanning speed of 20 nm/min. 8 

Each spectra is an average of six scans. Background subtraction and smoothing of the data were 9 

performed using the software provided. Final data were plotted using KaleidaGraph™ software 10 

(Synergy Software, Reading, PA). 11 

Steady-state kinetic analysis of wild-type and C93E CDO  12 

Steady-state kinetic parameters were determined using a Clark-type oxygen electrode 13 

monitoring the rate of dioxygen utilization.28 Each assay contained a final concentration of 2 μM 14 

enzyme and 1 mM ascorbate in 25 mM HEPES, pH 7.5, at 37 °C.  The assays were initiated by 15 

the addition of L-cysteine substrate (50 μM to 5 mM), and the initial velocities (nmol of oxygen 16 

consumed per second) were measured from the linear portion of the trace. The vo/[Et] was corrected 17 

for the amount of iron present and plotted against the substrate concentration. Steady-state kinetic 18 

parameters were determined by fitting the averaged data from four individual experiments to the 19 

Michaelis-Menten equation using KaleidaGraph™ software (Synergy Software, Reading, PA). 20 

Substrate analogs D-cysteine, cysteamine, and 3-MPA were also tested for dioxygen consumption 21 

and product formation using the same protocol. 22 

 23 
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Activity and product analysis of wild-type and C93E CDO 1 

Cysteine sulfinic acid (CSA) or hypotaurine formation were quantified independently 2 

using mass spectrometry (MS) and correlated with the rate of dioxygen consumption. Assay 3 

conditions were similar to the dioxygen consumption assay, and reactions were initiated with the 4 

addition of 1 mM L-cysteine or cysteamine. After one minute the reaction was quenched with 1 5 

μL formic acid (90% v/v). Acetonitrile was added to the quenched reaction in a 1:1 ratio (v/v). 6 

Mass analysis was performed on an Ultra Performance LC System (ACQUITY, Waters Corp., 7 

Milford, MA, USA) in-line with a quadrupole time-of-flight mass spectrometer (Q-Tof Premier, 8 

Waters) and electrospray ionization (ESI-MS) in negative mode. Cysteine sulfinic acid 9 

hypotaurine concentrations were determined against a CSA or hypotaurine standard curve which 10 

ranged from 50 - 200 μM (Figure 2).  11 

 12 

EPR spectroscopy 13 

Electron paramagnetic resonance (EPR) studies were performed on a Bruker EMX spectrometer 14 

at X-band frequency (Bruker Biospin Corporation, Billerica, MA). Cooling to 9.8 K was 15 

performed using an Oxford Instruments ESR 900 flow cryostat and an ITC4 temperature 16 

controller. EPR analysis was performed with 100 μM CDO or C93E CDO as purified in 25 mM 17 

HEPES, 10% glycerol, pH 7.5, with 0.1 M NaCl. Samples containing a final concentration of 10 18 
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Figure 2. Structural analogs of L-cysteine: D-cysteine, cysteamine (2-aminoethanethiol), and 3-

mercaptopropionic acid (3-MPA). 
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mM L-cysteine or substrate analogs (D-cysteine, cysteamine, and 3-MPA) were incubated with 1 

100 µm enzyme on ice for 1 min and then flash frozen in EPR tubes with liquid nitrogen. All 2 

spectra were recorded using the following settings: 9.39 GHz microwave frequency, 1.99 mW 3 

microwave power, 2 x 104 or 4 x 104 receiver gain, 100 kHz modulation frequency, 6 G modulation 4 

amplitude, with a time constant of 163.84 ms, and a sweep time of 167.77 s.  5 

 6 

Crystallization and diffraction data collection 7 

Crystals were grown at 24°C using the hanging drop method. The reservoir solution for 8 

wild-type CDO contained 1 M lithium chloride, 22.5% (w/v) poly(ethylene glycol) (PEG) 10,000 9 

in 0.1 M MES, pH 5.5, and the reservoir buffer for non-crosslinked wild-type CDO contained 1 M 10 

lithium chloride, 24% (w/v) poly(ethylene glycol) (PEG) 20,000 in 0.1 M MES at pH 6.5. 11 

Reservoir buffer of C93E CDO contained 1 M lithium chloride, 30% PEG 6,000 in 0.1 M sodium 12 

acetate. Each drop contained 1.5 μL of protein at 13 mg/ml for wild-type CDO or 11 mg/ml for 13 

non-crosslinked CDO in 50 mM Tris pH 8, 100 mM NaCl or 5 mg/ml C93E CDO in 25 mM 14 

HEPES pH 7.5, 100 mM NaCl 10% (v/v) glycerol mixed with an equal volume of reservoir 15 

solution. Drops containing wild-type and non-crosslinked wild-type CDO were microseeded 16 

immediately with 0.3 μL C93E CDO crystals in 1 M lithium chloride, 25% (w/v) PEG 6,000, 0.1 17 

M MES, pH 5.5. Crystals were formed after one day and grew to full size within four days. For 18 

data collection, crystals were serially washed in 1 M lithium chloride, 30% PEG 6,000 in 0.1 M 19 

sodium acetate supplemented with 20% (w/v) sucrose as a cryoprotectant and flash cooled to -20 

160°C. 21 

 Wild-type CDO diffraction data (0.15° oscillation images for a total of 83°) were collected 22 

remotely at the Stanford Synchrotron Radiation Laboratory (SSRL, Stanford, CA) on beamline 23 
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12-2 at a wavelength of 0.9795 Å at 100 K using Blu-Ice.30 The exposure time per frame was 0.5 1 

s with 79.5% attenuation and a crystal to detector distance of 344.6 mm. The data were indexed 2 

and scaled with XDS to 2.49 Å.31 The crystals were assigned to the space group P41212 with unit 3 

cell dimensions a = b = 57.5 Å and c = 122.3 Å (Table 1).  4 

Non-crosslinked wild-type CDO diffraction data (0.15° oscillation images for a total of 5 

114°) were collected at SSRL beamline 12-2 at a wavelength of 0.9795 Å at 100 K using Blu-Ice. 6 

The exposure time per frame was 0.4 s with 73.5% attenuation and a crystal to detector distance 7 

of 359.1 mm. The data was indexed and scaled with XDS to 2.30 Å. The crystals were assigned to 8 

the space group P41212 with unit cell dimensions a = b = 57.6 Å and c = 122.5 Å (Table 1). 9 

C93E CDO diffraction data (0.4° oscillation images for a total of 360°) were collected 10 

remotely on SSRL beamline 7-1 at a wavelength of 1.1271 Å at 100 K using Blu-Ice. The exposure 11 

time per frame was 5.71 s with 2.2% attenuation and a crystal to detector distance of 243.6 mm. 12 

The data was indexed and scaled with XDS to 1.91 Å. The crystals were assigned to the space 13 

group P41212 with unit cell dimensions a = b = 57.7 Å and c = 122.2 Å (Table 1).   14 

Molecular replacement calculations were performed using Phaser in the PHENIX program 15 

suite, using PDB: 2B5H as the search model with iron and waters removed yielding a clear solution 16 

with each structure.4,32 Log likelihood gains ranged from 2282 – 9483 with TFZ scores of 48 – 94. 17 

Model building and refinement were performed using Coot and Phenix Refine.32,33 Root mean 18 

square deviation (RMSD) calculations were obtained with lsqkab from ccp4.33 The final structure 19 

for wild-type CDO includes residues 6-190 with no missing intervening residues, 1 Fe, and 5 water 20 

molecules with 97.8% of the residues in favored Ramachandran angles and the remaining 0.2% in 21 

allowed regions. The structure of non-crosslinked wild-type CDO includes residues 6-190 with 22 

99.5% of the residues in favored regions of the Ramachandran plot and the remaining 0.5% in 23 
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allowed regions, 1 Fe and 19 water molecules. The structure of C93E CDO consists of residues 6-1 

189, 1 Fe, 1 acetate ion, and 84 water molecule with 99.4% of the residues with favorable 2 

Ramachandran angles and 0.6% in the allowed regions. None of the structures contain any residues 3 

with unfavorable Ramachandran angles; however, all three structures contain a single residue 4 

change E46D from the published structure (PDB: 4FX0). E46D is an external, solvent exposed 5 

residue, and this is likely an artifact of the cloning source.  6 
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 1 

Table 1: Data collection and refinement statistics for wild-type and C93E CDO 

 
crosslinked CDO 

PDB: 6U4S 

non-crosslinked CDO 

PDB: 6U4V 

C93E CDO 

PDB: 6U4L 

Data collectiona    

Beamline 12-2 12-2 7-1 

Wavelength (Å) 0.9795 0.9795 1.1271 

Space group P41212 P41212 P41212 

Cell dimensions: 

a, b, c (Å), β (°) 
57.5, 57.5, 122.3 57.6, 57.6, 122.5 

57.7, 57.7, 

122.2 

Resolution (Å)  38.6 – 2.49  

(2.59 – 2.49) 

38.6 – 2.30  

(2.38 – 2.30) 

38.7 – 1.91  

(1.96 – 1.91) 

Rmerge
b 0.082 (0.452) 0.116 (0.459) 0.085 (0.417) 

Total observations 43530 (4665) 75791 (6100) 
451694 

(18259) 

Total unique observations 7638 (809) 9683 (857) 16741 (1068) 

Mean ((I / sd(I)) 13.5 (3.1) 13.0 (4.2) 33.4 (7.4) 

Completeness (%) 99.2 (96.7) 99.4 (94.2) 99.9 (98.2) 

Redundancy 5.7 (5.8) 7.8 (7.1) 27.0 (17.1) 

Refinement    

Resolution (Å) 
38.6 – 2.49  

(2.68 – 2.49) 

38.6 – 2.30  

(2.42 – 2.30) 

38.7 – 1.91 

(1.97 – 1.91) 

Rcryst
c 0.178 (0.230) 0.175 (0.194) 0.174 (0.176) 

Rfree 0.261 (0.327) 0.233 (0.315) 0.215 (0.239) 

Total unique observations 7599 (1307) 9435 (1098) 16517 (1154) 

No. of non-hydrogen atoms    

     Protein 1502 1502 1481 

     Iron 1 1 1 

     Ligand 0 0 4 

     Water 5 19 84 

rms deviation bonds (Å) 0.015 0.013 0.01 

rms deviation angles (°) 1.28 1.14 1.04 

Overall mean B-factor (Å2) 36.9 20.5 18.4 

Ramachandran plot analysisd    

     Favored region 97.81 99.45 99.44 

     Allowed region 2.19 0.55 0.56 

     Outlier region 0.00 0.00 0.00 
adata indexed and scaled with XDS  
bRmerge = Σh|Ih - <I>|/ΣhIh, where Ih is the intensity of reflection h, and <I> is the mean intensity of all symmetry-related  
cRcryst = Σ||Fo| - |Fc||/Σ|Fo|, Fo and Fc are observed and calculated structure factor amplitudes. Five percent of the relections were 

reserved for the calculation of Rfree.  
dCalculated with Molprobity.54 
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Results 1 

Characterization of wild-type and C93E CDO 2 

Purified wild-type and C93E CDO enzymes were evaluated for crosslink formation by 3 

SDS-PAGE (Supplemental Figure S1). Wild-type CDO existed as a heterogeneous mixture of 4 

both non-crosslinked and crosslinked isoforms as seen previously; whereas, non-crosslinked CDO 5 

migrated as a single band similar to the higher molecular weight band seen in wild-type CDO.19,20 6 

Because C93E CDO lacks the cysteine involved in formation of the thioether crosslink, the variant 7 

enzyme existed solely as the non-crosslinked isoform. Far-UV circular dichroism (CD) spectra of 8 

wild-type and C93E CDO were recorded to determine if the variant had altered overall gross 9 

secondary structure. The C93E CDO variant showed a comparable CD trace to crosslinked wild-10 

type CDO (Supplemental Figure S2). The iron content of C93E CDO following dialysis was 50 11 

± 2% similar to non-crosslinked CDO at ~ 50% iron.20 12 

Steady-state kinetic properties of wild-type and C93E CDO 13 

Kinetic properties of wild-type and C93E CDO were determined by measuring the rate of 14 

dioxygen consumption using a Clark-type oxygen electrode (Supplemental Figure S3).28 The 15 

kcat/Km value for C93E CDO with L-cysteine as substrate was 450 ± 80 M-1 s-1 resulting in a ~78-16 

fold decrease in oxygen consumption compared to wild-type (35,000 ± 6,000 M-1 s-1) (Table 2). 17 

Wild-type CDO is specific for L-cysteine, and has a reduced specificity constant for substrate 18 

analogs.24,34,35 Wild-type CDO showed  kcat/Km values for D-cysteine  of 1200 ± 600 M-1 s-1 and 19 

cysteamine of 1000 ± 300 M-1 s-1, and there was no oxygen consumed with 3-mercaptopropionic 20 

acid (Table 3). The kinetic parameters for C93E CDO were also determined with L-cysteine 21 

analogs to determine if alternative substrates could be utilized by the variant. For C93E CDO, the 22 

kcat/Km values were comparable, within error, with L-cysteine (450 ± 80), D-cysteine (300 ± 200 23 
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M-1 s-1), or cysteamine (800 ± 300 M-1 s-1) as substrates (Table 2), and the variant showed no 1 

dioxygen consumption with 3-mercaptoproionic acid.  2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

Analysis of cysteine sulfinic acid and hypotaurine product 10 

Mass spectrometric analyses were performed to correlate product formation with dioxygen 11 

utilization utilizing L-cysteine and cysteamine. Wild-type CDO formed CSA from  L-cysteine at a 12 

rate of 4000 ± 200 nmol min-1 mg-1, which correlated with 4300 ± 200 nmol min-1 mg-1 of O2 13 

consumed (Table 4). Despite measured oxygen utilization, C93E CDO did not form CSA at 14 

detectable levels with L-cysteine as substrate. Because cysteamine lacks a carboxyl group, it may 15 

generate the product hypotaurine if cysteamine is able to bind monodentate to the metal center. 16 

Table 2: Steady-state kinetic parameters measuring oxygen consumption with 

L-cysteine.a 

 
kcat 

(s-1) 

Km 

(M) 

kcat/Km 

(M-1s-1) 

wild-type CDOb 2.1 ± 0.1 60 ± 10 35,000 ± 6,000 

C93E CDO 0.14 ± 0.02 320 ± 100 450 ± 80 

a Kinetic parameters adjusted for iron content.  

b Previously reported.21  
 

Table 3: Steady-state kinetic parameters measuring oxygen consumption with L-cysteine analogs.a 

 wild-type CDO C93E CDO 

 
kcat 

(s-1) 

Km 

(mM) 

kcat/Km 

(M-1s-1) 

kcat 

(s-1) 

Km 

(mM) 

kcat/Km 

(M-1s-1) 

D-cysteine 0.25 ± 0.02 0.2 ± 0.09 1200 ± 600 0.20 ± 0.03  0.7 ± 0.4 300 ± 200 

cysteamine 1.1 ± 0.1 1.1 ± 0.3 1000 ± 300  1.2 ± 0.2 1.6 ± 0.6 800 ± 300 

3-mercaptopropionate b      

a Kinetic parameters adjusted for iron content. 

b There was no measurable activity under the described experimental conditions. 
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When cysteamine was used as a substrate, both wild-type and C93E CDO exhibited comparable 1 

rates for dioxygen utilization. However, neither wild-type or C93E CDO were able to form 2 

hypotaurine.  3 

Table 4:  Dioxygen utilization and cysteine sulfinic acid production of wild-type and C93E 

CDO with L-cysteine and cysteamine substrates.  

 L-cysteine cysteamine 

 
wild-type 

CDO 
C93E CDO wild-type CDO C93E CDO 

Dioxygen utilization 

(nmol/min/mg) 
4300 ± 200 270 ± 20 950 ± 20 1280 ± 10 

Cysteine sulfinic acid 

production  

(nmol/min/mg) 

4000 ± 200 --- --- --- 

 4 

EPR analyses of wild-type and C93E CDO 5 

EPR analyses were performed to evaluate the coordination environment of the iron in the 6 

as purified and substrate bound state of C93E CDO. Previous EPR studies showed wild-type CDO 7 

as purified under our purification conditions to have a high spin iron (III) oxidation state with a g 8 

= 4.3 signal.29,35,37 However, the relative signal intensity has been shown to increase in the 9 

crosslinked isoform or with L-cysteine substrate bound.21,24,37  In addition, there is a shift to more 10 

rhombic iron(III) features with the resolution of  three principal g-values with L-cysteine bound 11 

(gx,y,z=4.47, 4.36, and 4.27).24,37 Wild-type and C93E CDO existed in the high spin rhombic iron 12 

(III) oxidation state with an EPR signal of g = 4.46 for wild-type and g = 4.43 for C93E CDO 13 

(Figure 3A). The g-values observed for wild-type CDO in these studies in the absence of L-14 

cysteine differed from those previously reported.21,24,29,35,38  15 

 C93E CDO was incubated in the presence of L-cysteine, cysteamine, or 3-MPA to evaluate 16 

the effects of substrate on the iron coordination environment. Compared to resting state C93E 17 
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CDO, addition of substrates L-cysteine or 3-MPA resulted in an increase in the overall relative 1 

signal intensity, whereas there was no observable increase in the presence of cysteamine (Figure 2 

3B). The g-values for cysteamine and L-cysteine with C93E CDO were comparable to the g-value 3 

obtained with C93E alone. There was a shift in the g-value for C93E CDO with 3-MPA to 4.38 4 

compared to C93E CDO alone (g = 4.43). The shift in the g-value can be attributed to a change in 5 

the coordination environment of the iron center upon substrate binding.24 6 

 7 

Three-dimensional structures of CDO 8 

 Crystal structures of crosslinked and non-crosslinked wild-type CDO were solved by 9 

molecular replacement and refined to 2.49 Å and 2.30 Å resolution, respectively. The C93E CDO 10 

variant was solved to 1.91 Å resolution. As anticipated, the structures show a high degree of 11 

similarity to the previously solved wild-type CDO structure (2B5H). The root mean square 12 

A. 

wild-type CDO 

C93E CDO 

g = 4.46 

g = 4.43 

B. C93E CDO 

+ L-Cys 

+ cysteamine 

+ 3-MPA 

g = 4.43 

g = 4.38 

Figure 3. EPR spectra of wild-type and C93E CDO A. EPR spectra of wild-type (black trace) 

and C93E (blue trace) CDO. B. EPR spectra of C93E CDO (blue) with L-cysteine (red), 

cysteamine (green), and 3-MPA (gray). Spectra were taken with 100 μM protein in 25 mM 

HEPES buffer, pH 7.5, 10% glycerol, 100 mM sodium chloride. 
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deviation (rmsd) for both wild-type CDO isoforms were similar to the previously determined wild-1 

type CDO structure (PDB 2B5H) (Table 1). Similar rmsd values were also observed for the 2 

crosslinked and non-crosslinked wild-type CDO structures, and crosslinked wild-type CDO to 3 

C93E CDO (Table 1). The primary deviations were found in the active sites.   4 

 In both the crosslinked and non-crosslinked structures, the iron is coordinated by the three 5 

histidine residues and a water molecule in a tetrahedral coordination environment (Figure 4A and 6 

C). The iron in C93E CDO is also coordinated by the N-nitrogen on the imidazole ring of the 7 

same three histidine residues that coordinate the iron in wild-type CDO (Figure 4B). However, 8 

the O-1 atom of Glu93 now forms a ligand to the iron center, and is occupying the site that has 9 

been proposed to coordinate dioxygen in the wild-type enzyme (Figure 4B).22,36,39,40 The other 10 

two coordination sites in the C93E CDO structure are occupied by a water and an acetate ion 11 

derived from the crystallization solution.  12 

 13 

  14 

crosslinked 
wild-type CDO C93E CDO 

non crosslinked 
wild-type CDO 

A. B. C. 
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 1 

 An overlay of crosslinked and non-crosslinked wild-type CDO active sites shows little 2 

deviation in the His ligands coordinating the active site metal center (Figure 5A). The Tyr157 that 3 

forms the thioether adduct in crosslinked CDO has shifted 1.4 Å away from Cys93 in the non-4 

crosslinked structure. C93E CDO exists as the homogeneous non-crosslinked isoform due to the 5 

substitution of Cys93 with Glu. This allows for coordination of Glu93 to the iron center (2.1 6 

Å).  Tyr157 in the C93E CDO structure is similarly shifted 1.4 Å away from Glu93 due to the 7 

absence of a thioether crosslink, akin to the distance between Tyr157 and Cys93 in the non-8 

crosslinked wild-type CDO structure. In the C93E CDO structure the bound water is displaced 9 

relative to the coordinating water in both the crosslinked and non-crosslinked wild-type CDO 10 

structures. In the C93E CDO structure there is also a slight shift in His88 away from the active site 11 

(0.6 Å) that shifts the iron in the active site resulting in a shift in His86 (0.4 Å). All of the other 12 

distances are within error to both the crosslinked and non-crosslinked structures. 13 

Figure 4. Active site structures of CDO. A.  The iron center of crosslinked wild-type CDO is 

coordinated by 3 His residues, and the thioether crosslink is formed between Cys93 and Tyr157 

(blue, PDB: 6U4S). B. The iron center in the C93E CDO structure is coordinated by a 3His/1 

Glu motif. The oxygen atom of acetate derived from the crystallization solution is also 

coordinating the metal center (salmon, PDB: 6U4L). C. The iron center of non-crosslinked CDO 

is coordinated by 3 His residues, but the thioether crosslink between Cys93 and Tyr157 has not 

formed (purple, PDB: 6U4V).  The electron density maps are simulated annealing composite 

omit maps contoured at 2.0 σ. 
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Glu93 
Cys93 

His88 

His140 

His86 

Tyr157 

B. A. 

Cys93 

Tyr157 His140 

His86 

His88 

Figure 5. Overlay of the active sites. A. The non-crosslinked CDO ligands are shown in purple and the 

crosslinked CDO ligands are shown in blue. Tyr157 in non-crosslinked CDO has shifted 1.4 Å away from 

Cys93 compared to Tyr157 in crosslinked CDO. B. The C93E CDO ligands are shown in salmon and the 

crosslinked wild-type CDO ligands are shown in blue.  Absence of the thioether crosslink shifts the hydroxyl 

group of Tyr157 1.4 Å away Glu93 compared to the Tyr157 in wild-type CDO.  
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Discussion 

In 3-His/1-Glu cupin dioxygenases, single-site substrate coordination to the iron is not 

uncommon. Initial studies of cupin proteins identified two conserved motifs that were thought to 

be a defining feature among this superfamily.3,41 Due to the extensive number of enzymes that 

belong to the cupin superfamily, it is difficult to determine the prevalence of this 3-His/1-Glu 

motif. As additional cupin proteins were identified, the idea of a defined conserved motif that 

defines the cupin family began to shift. Quercetin dioxygenase, an enzyme that catalyzes the first 

step in the degradation of quercetin, adopts the 3-His/1-Glu cupin motif. Both quercetin and 

dioxygen bind monodentate to the metal cation in a sequential ordered mechanism. It is important 

that quercetin only occupies one coordination site because bidentate binding of quercetin would 

occupy all metal sites leaving no room for dioxygen binding. In addition, monodentate binding of 

the bulky substrate allows it to remain flexible so unique distortion can occur, which is essential 

for oxygen incorporation and product formation.9 This monodentate binding of both substrates is 

a common mechanism for cupins with a  3-His/1-Glu metal binding site. While there are clearly 

enzymes that utilize a 3-His/1-Glu motif for metal coordination, other coordination geometries 

have also been identified within this family (3-His, 2-His/1-Glu, 2-His/1-Glu/1-Gln, and and 4-

Cys).42–45  

 CDO contains a 3-His iron coordination center that diverges from the 3-His/1-Glu metal 

coordination site originally proposed for cupin enzymes. Like QDO, CDO follows an ordered 

sequential mechanism in which CDO binds L-cysteine first followed by dioxygen. The L-cysteine 

substrate binds bidentate to the Fe(II) center by the amino and thiol groups, and the carboxyl group 

is stabilized by a nearby arginine residue and the hydroxyl of the tyrosine involved in the thioether 

crosslink.40 After L-cysteine coordinates, dioxygen binds monodentate occupying the remaining 
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coordination site.24,39 For product formation in CDO, bidentate substrate coordination has been 

suggested to lower the reduction potential of Fe(II) so dioxygen can bind to the metal cation and 

form the Fe(III) peroxo intermediate.38,39 Although it is known that both atoms of dioxygen are 

incorporated in the final cysteine sulfinic acid product, it is still unclear whether the oxygen 

proximal or distal to the iron reacts with the sulfur first.46  

The Glu that coordinates the metal in some cupin enzymes is replaced by a Cys (Cys93) in 

CDO that forms a thioether crosslink with Tyr157. The sulfur of the cysteine residue at position 

93 is too distant to coordinate the iron center. There are several proposed functional roles for the 

Cys-Tyr crosslink. The thioether adduct has been proposed to contribute to the stabilization of the 

coordinated substrates. Stabilization of substrate may occur through a pre-ordering of the active 

site to promote catalysis.21 Crosslink formation has also been proposed to protect Cys93 from 

potentially detrimental side reactions.24,26 Cysteamine dioxygenase (ADO) is a eukaryotic thiol 

dioxygenase that shares ~16% amino acid sequence identity with CDO.47 ADO was recently 

shown to form a thioether crosslink similar to CDO, but the role of the crosslink in catalysis has 

not been fully evaluated.47   There are two distinct bacterial cupin 3-His iron thiol dioxygenases 

that differ in their substrate specificities. Although the bacterial thiol dioxygenases contain an 

active-site Tyr, they are unable to form the cross-link because a Gly residue is in a comparable 

position as the thioether Cys in mammalian CDO.36,48,49  

As hypothesized, the substitution of Cys93 to a glutamate residue yielded the 3-His/1-Glu 

coordination environment exhibited by several cupin enzymes (Figure 4B).6 In the three-

dimensional structure, the carboxylate oxygen of Glu93 is coordinating the iron at the proposed 

dioxygen binding site. The lack of the thioether crosslink shifted Tyr157 1.4 Å away from Cys93. 

Cys93 in the non-crosslinked CDO structure was in a similar position as Glu93 in the C93E CDO 
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variant, and Cys93 remained unable to coordinate the metal due to the shorter side chain.23 A 

structure of the Y157F CDO variant unable to form the crosslink, showed Cys93 in a similar 

conformation as both the Cys in non crosslinked CDO and Glu in C93E CDO. The Tyr157 in C93S 

CDO variant shifted 1.0 Å  away from the iron.23 There was a 1.0 Å shift in the Fl2-Tyr157 and a 

rotation of the aromatic ring in a non-crosslinked CDO structure containing fluorinated Tyr157.50 

It was noted that the rotation was likely due to the fluorinated Tyr. Substitution of the Gly bacterial 

MDO with Cys resulted in crosslink formation, but there was no activity observed.51 In the non-

crosslinked structure of the G95C MDO variant the Cys had shifted the active site Tyr.51 Similarly, 

the shift of Tyr157 in the non-crosslinked structure away from Cys93 and the metal in the non-

crosslinked structure of CDO would be unable to assist in stabilizing substrates. It should be noted 

that the hydroxyl of Tyr157 hydrogen bonds to the water liganded to the iron in the the wild-type  

CDO structure, but not the non-crosslinked or C93E CDO structures reported here. Previously, in 

variants unable to form the thioether crosslink, a chloride ion was hypothesized to replace the 

water molecule coordinated to the iron for crystals grown in the presence of 15 mM chloride.40 

Chloride was proposed to act as a potential inhibitor under physiological conditions. In the 

structures reported here, there is insufficient evidence to model the water molecule coordinating 

the iron in the crosslinked CDO structure as a chloride ion, despite the structures being determined 

from crystal grown in 1 M LiCl.  

Wild-type CDO in the absence of substrate exhibited a similar g-value (g = 4.46) previously 

observed for crosslinked CDO or L-cysteine bound CDO.24,37 Given that the EPR spectra was 

obtained in the absence of L-cysteine, the shift in g-value of wild-type CDO is likely attributed to 

the crosslinked species. EPR spectra of resting wild-type and C93E CDO showed comparable 

Fe(III) signals with different g-values (Figure 3A) The difference in g-values in the absence of L-
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cysteine could be attributed to altered coordination of the iron center (3-His versus 3-His/1Glu).36 

In the presence of L-cysteine the relative signal intensity C93E CDO increased compared to the 

resting state, but there was no apparent shift in g-values (Figure 3B). This change in signal 

intensity was previously observed with substrate binding and/or formation of the thioether 

crosslink.21,24,37  Given that the C93E CDO variant is unable to form the crosslink, the increased 

EPR signal observed for C93E CDO suggests L-cysteine is coordinating to the metal center 

(Figure 6A). The kcat/Km value for dioxygen utilization by C93E CDO was decreased ~78-fold 

compared to the wild-type enzyme with L-cysteine as substrate (Table 2), but the reduction of 

dioxygen was not coupled to oxidation of the L-cysteine thiol (Table 4). Therefore, the uncoupled 

dioxygen utilization observed in kinetic assays of C93E CDO suggests that dioxygen is also 

coordinating the metal center (Figure 6 B). This unproductive catalysis would produce reduced 

dioxygen uncoupled to L-cysteine substrate oxidation.39 Alternatively, the utilization of dioxygen 

uncoupled to product formation could be due to an to an outer sphere oxidation in the C93E CDO 

enzyme. The Cys93-Tyr157 thioether crosslink is essential for efficient coupling in wild-type CDO 

due to the positoning of Tyr157 in the active site that contributes to substrate recognition and 

enzyme-substrate stabilization.24 The absence of the crosslink could lead to a general instability in 

the active site resulting in the oxidation of active site amino acids.  

Analogs of L-cysteine were evaluated to determine if the 3-His/1-Glu iron coordination 

altered the substrate specificity. Substrate analogs D-cysteine and cysteamine displayed similar 

catalytic efficiencies for dioxygen consumption with C93E CDO, whereas 3-MPA had no 

measurable activity (Table 3). The activity did not correlate with product formation with 

cysteamine for C93E CDO, similar to results obtained with the L-cysteine substrate (Table 4). 

There are conflicting reports on the ability of wild-type CDO to utilize cysteamine . Several groups 
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have been unable to detect product formation with cysteamine as substrate.35,36,52  However, 

alternative studies have identified cysteamine product formation with a coupling efficiency ~100-

fold lower than with L-cysteine.53  When C93E CDO was incubated with cysteamine, the EPR g-

value and signal intensity were comparable to the CDO variant in the absence of substrate, 

suggesting that cysteamine does not bind to the iron center. Cysteamine may bind with weak 

monodentate coordination of the sulfur or -amino group to the metal center if substrate binding 

to the metal center is needed for dioxygen reduction (Figure 6 C). C93E CDO incubated in the 

presence of 3-MPA showed a shift in the g-value to 4.38 with an increase in the relative EPR signal 

intensity compared to C93E CDO with L-cysteine bound, supporting a more stable coordination 

of the substrate to the metal center. Bidentate binding of 3-MPA by the carboxylate group and 

thiol would prevent oxidation of the substrate thiol and dioxygen utilization observed with L-

cysteine and cysteamine, and would also lead to the observed increase in the EPR signal intensity 

(Figure 6D).  

These data lead to a connundrum. In the C93E CDO variant, where the glutamate replaces 

the putative dioxygen binding site, stable bidentate coordination of L-cysteine would prevent the 

binding of dioxygen, and activation of dioxygen by the ferrous iron.24 Therefore, the reduced 

kinetic parameters of the C93E CDO variant may indicate that the glutamate ligand must be broken 

at some point in the catalytic cycle, which is initiated by bidentate binding of the L-cysteine 

substrate followed by monodentate binding of dioxygen. While dioxygen is reduced, no product 

formation is detected, which may suggest the glutamate, even when not liganding the iron, 

sterically hinders chemistry. An alternative option is that the C93E CDO variant may be binding 

the L-cysteine substrate in a monodentate fashion allowing dioxgen to coordinate the reduced metal 

center at a site different than previously proposed, which is now occupied by the glutamate ligand 
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(Figure 6B). This allows for reduction of dioxygen that is uncoupled from L-cysteine oxidation. 

However, it is not clear whether the -amino group or thiol L-cysteine is coordinating the metal.  

Conclusions: The evolutionary divergence of the 3-His/1-Glu to a 3-His coordination environment 

in cysteine dioxygenase allows for multi-site occupancy of L-cysteine. Without the bidentate 

coordination, the L-cysteine substrate may remain too flexible for proper cysteine oxidation to 

occur. The Glu to Cys variation at residue 93 provides a third free coordination site on the ferric 

iron and opens the active site sterically to allow for simultaneous binding of cyteine in a bidentate 

fashion and dioxygen in a monodentate fashion.  

 

 

  

A. bidentate binding of L-cysteine  

B. monodentate binding of L-cysteine  

coordination by the L-cysteine thiol coordination by the -amino group 

C. monodentate binding of cysteamine  D. monodentate binding of 3-MPA 
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Accession Codes 

cysteine dioygenase: Uniprot entry, P21816. PDB: 6U4S (crosslinked wild-type CDO), 6U4V 

(non-crosslinked wild-type CDO), 6U4L (C93E CDO).  

acireductone dioxygenase: Uniprot entry, Q9ZFE7. PDB: 2HJI. 
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Figure 6. Putative binding models for C93E CDO. A. Bidentate binding of L-cysteine to C93E 

CDO. Bidentate binding of L-cysteine to C93E CDO would prevent dioxygen binding to the iron 

center. B. Monodentate binding of L-cysteine to C93E CDO. Monodentate binding of L-cysteine 

to C93E CDO could occur through coordination of the  L-cysteine thiol or -amino group of L-

cysteine. C. Monodentate binding of L-cysteine to C93E CDO.  D. Bidentate binding of 3-MPA to 

C93E CDO. 
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