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Abstract

Thiol dioxygenases are mononuclear non-heme FeII-dependent metalloenzymes that initiate the 

oxidative catabolism of thiol-containing substrates to their respective sulfinates. Cysteine 

dioxygenase (CDO), the best characterized mammalian thiol dioxygenase, contains a 3-histidine 

(3-His) coordination environment rather than the 2-His-1-carboxylate facial triad seen in most 

mononuclear non-heme FeII enzymes. A similar 3-His active site is found in the bacterial thiol 

dioxygenase 3-mercaptopropionate dioxygenase (MDO), which converts 3-mercaptopropionate 

(3-MPA) into 3-sulfinopropionic acid as part of bacterial sulfur metabolism pathway. In the 

present study, we have investigated the active site geometric and electronic structures of a third 

non-heme FeII-dependent thiol dioxygenase, cysteamine dioxygenase (ADO), by using a 

spectroscopic approach. Although a 3-His facial triad had previously been implicated on the basis 

of sequence alignment and site-directed mutagenesis studies, little is currently known about the 

active site environment of ADO. Our magnetic circular dichroism and electron paramagnetic 

resonance data provide compelling evidence that ADO features a 3-histidine facial triad, like CDO 

and MDO. Despite this similar coordination environment, spectroscopic results obtained for ADO 

incubated with substrate and various substrate analogues are distinct from those obtained for the 

other FeII-dependent thiol dioxygenases. This finding suggests that the secondary coordination 

sphere of ADO is distinct from those of CDO and MDO, demonstrating the significant role that 

secondary sphere residues play in dictating substrate specificity.
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INTRODUCTION

Taurine plays many essential roles in mammalian metabolism.1-4 This sulfonic acid-

containing metabolite helps to maintain homeostasis of important intracellular ions through 

osmotic regulation, preservation of cardiac and vascular functions, protection of neural cells 

from excitotoxicity, and stabilization of skeletal muscle membranes, among many functions.
1-3 The best-studied pathway for taurine biosynthesis starts with the O2-dependent 

conversion of cysteine (Cys) to cysteine sulfinic acid by cysteine dioxygenase (CDO). 

Cysteine sulfinic acid is then further metabolized to hypotaurine and, finally, taurine.

Hypotaurine is also produced by the oxidation of cysteamine (2-aminoethanethiol, 2-AET), 

catalyzed by cysteamine dioxygenase (ADO, Scheme 1).4,5 Cys serves as a building block 

for the formation of coenzyme A, which is in turn degraded by pantetheinase into 

pantetheine and 2-AET. Although an enzyme responsible for the oxidation of 2-AET to 

hypotaurine has been postulated since the 1960’s,6-8 the investigation of ADO has been 

hindered by the reliance on isolating the enzyme from crude tissue. The gene responsible for 

ADO production was finally discovered in 2007 when Dominy et al. found a discrepancy 

between the levels of taurine biosynthesis and CDO expression in various tissues.9 This 

finding suggested that the generation of hypotaurine by ADO turnover may be responsible 

for the majority of taurine production in some tissues, particularly the brain. Thus, ADO 

appears to play a larger role in taurine biosynthesis and Cys catabolism than had originally 

been assumed. Interestingly, a recent report argued that the function of ADO has been 

misidentified and its primary function is instead to oxidize amino-terminal Cys residues of 

proteins in response to hypoxia.10

Recently, four known non-heme FeII-dependent thiol dioxygenases [collectively TDOs: 

CDO, ADO, 3-mercaptopropionate dioxygenase (MDO), and mercaptosuccinate 
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dioxygenase (MSDO)] have been identified as members of the cupin superfamily with roles 

in the metabolism of sulfur-containing compounds. Proteins in the cupin superfamily are 

typically metalloproteins that show low overall sequence identity but contain two short, 

highly conserved primary sequence motifs, Gx5HxHx3-6Ex6G (cupin motif 1) and 

Gx5-7PxGx2Hx3N (cupin motif 2), separated by an inter-motif region that varies both in 

length (~15-50 residues) and amino acid sequence.11 X-ray crystallographic studies have 

shown that the CDO and MDO active sites feature an FeII center that is coordinated by a 3-

Histidine (3-His) triad (Figure 1).12,13 This binding motif is exceedingly rare in FeII-

dependent oxygenases, which typically adopt a 2-His-1-carboxylate motif.14,15 Only a small 

number of other proteins have been definitively established by crystallography to feature this 

Fe binding motif, including diketone-cleaving dioxygenase,16 gentisate 1,2-dioxygenase,17 

EgtB,18 and SznF.19 An unusual crosslink between Cys93 and Tyr157 present near the 

primary coordination sphere of CDO (Figure 1, left) plays a role in properly orienting 

substrate and suppressing water coordination to Cys-bound FeIICDO to preserve an open 

coordination site for O2.20,21 Cys-Tyr crosslinks have only been observed in two other 

enzymes; namely, galactose oxidase, where it serves as a reversible one-electron source,22 

and NirA, where its function is unknown.23

While the three-dimensional structure of ADO is not yet known, a sequence alignment with 

Mus musculus CDO revealed that strong similarities exist between these enzymes, including 

the two cupin motifs (despite the low sequence identity of 14%).11 Importantly, both CDO 

and ADO lack the highly conserved glutamate residue found in cupin motif 1 that is typical 

of other metal-binding cupin proteins. This sequence alignment of CDO and ADO also 

predicts the conservation of the 3-His facial triad that binds FeII in CDO. The substitution of 

one of these histidine residues of ADO by an alanine completely abolished catalytic activity, 

further supporting the hypothesis that this enzyme contains a 3-His facial triad.25

Interestingly, the iron incorporation during recombinant expression in as-isolated ADO is 

much higher than in CDO,26 suggesting important differences in the active site pocket. 

Indeed, residues deemed to play a role in the catalytic cycle of CDO or in maintaining the 

structural integrity, including a Ser153-His155-Tyr157 “catalytic triad” and the Cys93 

involved in the Cys-Tyr crosslink of mammalian CDOs (Figure 1), are not conserved in 

ADO. The substitution of Cys93 in CDO by a Gly in ADO suggests that the latter might be 

more similar to MDOs or bacterial CDOs, which do not possess this crosslink (Figure 1).
12,27 However, the existence of a Cys220-Tyr222 crosslink in ADO in a distinct location 

from the CDO crosslink was recently established via genetic incorporation of an unnatural 

amino acid, 3,5-difluoro-tyrosine, into ADO and characterization of this species with mass 

spectrometry and NMR spectroscopy.28 Interestingly, Arg60 (mouse CDO numbering, 

Figure 1, left), which has been postulated to play a role in regulating substrate specificity in 

CDO, is also not conserved in ADO. MDOs have been shown by X-ray crystallography to 

feature a Gln at the position corresponding to Arg60 of CDO (Figure 1, right)13,29 and are 

unable to efficiently produce cysteine sulfinic acid from Cys; instead, they have evolved to 

utilize 3-mercaptopropionic acid (3-MPA) as their native substrate.27 The absence of both of 

these residues in ADO (based on sequence alignment) reveals another important difference 
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in the active sites between these paralogs and suggests that amino acid variations among the 

active sites may play an important role in modulating substrate specificity.

ADO displays high substrate specificity and is unable to convert Cys to cysteine sulfinic acid 

despite the structural similarities between 2-AET and Cys.25 To gain further understanding 

of the potential differences between the active sites of ADO and CDO, we have used 

magnetic circular dichroism (MCD) and electron paramagnetic resonance (EPR) 

spectroscopies to study complexes of ADO with its native substrate 2-AET, as well as the 

weakly competitive inhibitor Cys25 and another structurally similar substrate analogue, 3-

MPA. Collectively, our data yield new insight into the geometric and electronic structures of 

the ADO active site and provide clues regarding the origin of the substrate specificity 

displayed by this enzyme.

MATERIALS AND METHODS

Recombinant Gene Expression and Protein Purification.

A codon-optimized Mus musculus ADO gBlock was ordered from Integrated DNA 

Technology and inserted into a pET small ubiquitin-related modifier (SUMO) expression 

vector via Gibson Assembly.30 The sequence of the cloned gene was verified at the 

University of Wisconsin-Madison Biotechnology Center. ADO was produced as previously 

described with minor changes.25 Escherichia coli Rosetta 2(DE3) cells were grown at 37 °C 

in 4 L of LB medium (containing 10 g tryptone, 10 g NaCl, 5 g of yeast extract per liter). All 

cultures were inoculated with 50 μg/mL kanamycin and 34 μg/mL chloramphenicol. The 

cells were grown to an OD600 of ~4, and then gene overexpression was induced by the 

addition of isopropyl-β-D-thiogalactopyranoside to a final concentration of 0.2 mM along 

with ferrous ammonium sulfate to a final concentration of 100 μM. Four hours post-

induction, cells were harvested via centrifugation at 4,402×g for 20 min at 4 °C. The cell 

paste was flash frozen and stored at −80 °C overnight.

Frozen cell paste was thawed in 80 mL of 20 mM Tris buffer, pH 8.0, containing 250 mM 

NaCl, 5 mM imidazole, 1mM TCEP and four tablets of Roche Complete protease inhibitor 

(IMAC Buffer A). The cell suspension was lysed via pulsed sonication (15 s on, 30 s off for 

10 min on ice). Soluble protein was separated from cellular debris by centrifugation for 30 

min at 48,400×g at 4 °C. After filtering the supernatant with a 0.8 μm filter, the filtrate was 

applied to a 5-mL HisTrap-FF column. Protein was eluted in a linear gradient of IMAC 

Buffer A and 20 mM Tris, pH 8.0, containing 250 mM NaCl and 500 mM imidazole (IMAC 

Buffer B). As reported previously, two elution bands were observed,25 peaking at ~5 mM 

imidazole (0% IMAC Buffer B) and ~75 mM imidazole (15% IMAC Buffer B). Stain-free 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to verify 

the presence of the target protein heterodimer of ~42 kDa (28 kDa ADO protein and 14 kDa 

SUMO tag) in both peaks. Due to its higher purity, only protein associated with the second 

peak was kept for further purification. The fractions containing SUMO-tagged ADO were 

pooled, concentrated to 1 mL, and dialyzed overnight at 4 °C against a 20 mM Tris, pH 8.0, 

containing 250 mM NaCl to remove imidazole. The following morning the protein was 

concentrated to ~5 mg/mL, divided into two aliquots so as not to overload the column, and 

applied to a HiLoad 16/600 Superdex 200pg gel filtration column. The protein was separated 
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into two elution peaks, with the second peak corresponding to 42 kDa expected for the 

folded, soluble fusion protein. Fractions containing the most pure and active ADO, as judged 

by SDS-PAGE and a qualitative activity assay, were pooled and concentrated (Figure S1, 

Supporting Information). Total protein yield was estimated using the absorbance at 280 nm 

and an extinction coefficient of 41.4 mM−1cm−1, calculated via ExPASy31 from the SUMO-

tag and ADO protein sequences. The FeII and total Fe contents of the protein were 

determined through a colorimetric assay using the iron chelator 2,4,6-tris(2-pyridyl)-s-

triazine (TPTZ) and an ε595 of 22.1 mM−1cm−1.32,33 The assay was performed in the 

presence and absence of a reductant (hydroxylamine) to determine the proportion of FeII 

versus FeIII initially present. As the fraction of Fe-bound ADO active sites was ~70-80%, 

the concentration of protein (0.6 mM for MCD spectroscopy and 0.5 mM for EPR 

spectroscopy) cited herein refers to the Fe-bound fraction, not that of the total protein. 

Protein aliquots to be used for spectroscopic characterization were flash frozen and stored at 

−80 °C.

Enzyme activity assays.

Enzymatic activity was determined qualitatively using thin layer chromatography (TLC), 

similar to methods established for CDO.34 Briefly, SUMO-tagged ADO was incubated 

aerobically with 20 mM 2-AET in Tris buffer, pH 8.0 at 37 °C for 30 min. Samples were 

heat denatured to stop the reaction and centrifuged for 5 min at 14,000 rpm in a table-top 

centrifuge to remove precipitated protein. The supernatant was spotted onto a silica TLC 

plate and placed in a beaker containing 20:20:60 (v/v) H2O/acetic acid/1-butanol running 

solution. After one hour, the plate was removed and developed with a 1.5% ninhydrin 

solution (w/v) in 3% (v/v) acetic acid in ethanol. Following heat activation of the stain, 

bands associated with 2-AET and hypotaurine were identified by comparison with control 

standard solutions (Figure S2, Supporting Information). Two bands arise from our 2-AET 

standard; while the origin of the lower feature is not conclusively known, we postulate that 

the second band could be due to cystamine formation.

Sample preparation.

Samples used for MCD spectroscopy were prepared anaerobically in a glovebox under a 

nitrogen atmosphere, while those used for EPR spectroscopy were prepared aerobically. 

Where applicable, 2-AET was added at 5-fold molar excess over Fe-bound ADO, while the 

substrate analogues Cys and 3-MPA were added at a 10-fold molar excess. For MCD 

spectroscopic studies of FeIIADO, a slightly sub-stoichiometric amount of dithionite relative 

to the total iron content was added to reduce the fraction of FeIII-bound sites to the FeII state. 

Samples for low-temperature (LT) MCD studies also contained 55% (v/v) glycerol as a 

glassing agent.

Spectroscopy.

LT MCD spectra were collected with a Jasco J-715 spectropolarimeter in conjunction with 

an Oxford Instruments SM4000-8T magnetocryostat. MCD spectra are presented as the 

difference between spectra obtained with the magnetic field aligned parallel and antiparallel 

to the light propagation axis to eliminate contributions from the CD background and glass 

strain. For Cys-bound ADO, variable temperature, variable field (VTVH) MCD data were 
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collected by measuring the signal intensity as a function of magnetic field at a constant 

wavelength (477 nm = 20.964 cm−1) for several fixed temperatures. The data were fitted 

with the S=1/2 Brillouin function35

B ∕21 (x) = tanh(x)

where x =
uJH
kBT , μj is the Bohr magneton, H is the field (in Tesla), kB is the Boltzmann 

constant, and T is the temperature.

X-band EPR data were collected using a Bruker ELEXSYS E500 spectrometer. The sample 

temperature was maintained at 20 K by an Oxford ESR 900 continuous flow liquid He 

cryostat regulated by an Oxford ITC-503S temperature controller. All spectra were obtained 

using the following experimental parameters: frequency = 9.386 GHz; microwave power = 

12.62 mW; modulation amplitude = 3 G; modulation frequency = 100 kHz. The program 

EasySpin (version 5.2.25) was used to fit the experimental EPR spectra.36

RESULTS

As-isolated ADO is a translucent pale yellow in color, likely reflecting the small, but 

significant, fraction of active sites containing FeIII in addition to those featuring FeII.37 Upon 

addition of 2-AET, the protein solution turns faint blue in color, indicative of substrate 

coordinating to the FeIII-bound active sites. Consistent with this observation, a pair of 

positively signed features at 14,400 and ~17,800 cm−1 appear in the low-temperature (LT) 

MCD spectrum of the 2-AET adduct of as-isolated ADO (Figure 2A) that are absent in the 

MCD spectrum of substrate-free as-isolated ADO (Figure S3, Supporting Information). 

These results provide compelling evidence for the formation of an inner-sphere complex 

between FeIIIADO and 2-AET. The MCD features at 14,400 and ~17,800 cm−1 of 2-AET-

bound ADO are characteristic of S→FeIII charge transfer (CT) transitions of high-spin 

(S=5/2) FeIII-thiolate complexes, which implies direct coordination of 2-AET to FeIIIADO 

via its thiolate group.38 The MCD spectrum of as-isolated ADO incubated with 2-AET also 

exhibits a large temperature dependent feature in the near UV-region, as well as the onset to 

a weaker temperature dependent feature in the near IR-region.

To more definitively establish the origin of the features at 14,400 and 17,800 cm−1 in the LT 

MCD spectrum of as-isolated ADO in the presence of 2-AET, LT MCD spectra were also 

collected for dithionite-reduced enzyme (exclusively containing FeII-bound active sites) 

incubated with 2-AET (Figure 3). The loss of these features in the reduced sample 

corroborates their assignment as S→FeIII CT transitions arising from FeIIIADO. In contrast, 

the positively signed features in the near-UV and the near-IR region are retained upon FeIII 

reduction, indicating that they are associated with FeIIADO. The onset to the feature in the 

near-IR region at 10,000 cm−1 is likely due to an FeII d→d transition, based on a 

comparison with MCD data reported for other FeII complexes.39 However, further 

spectroscopic studies are needed to conclusively assign these features (note that the near UV 

feature is also present in the MCD spectrum of resting ADO).
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Our research group and others gained important insights into the nature of substrate/active 

site interactions in the FeII-dependent thiol dioxygenases CDO and MDO by utilizing 

substrate analogues.33,34,37,40,41 Here, we have employed the same strategy by incubating 

as-isolated ADO with Cys and 3-MPA. Previous work has revealed that Cys is not a 

substrate for ADO; however, it does act as a weak competitive inhibitor, suggesting that it is 

capable of binding to the active site.25 Moreover, while both 2-aminoethanethiol and Cys 

contain amino groups that can coordinate to the iron center, 3-MPA does not. Thus, by 

comparing spectroscopic data obtained for ADO incubated with 2-AET, Cys, or 3-MPA, it is 

possible to infer whether the amino, thiolate, and/or carboxylate groups bind to FeII ion.

Incubation of as-isolated ADO with 3-MPA results in an MCD spectrum that is nearly 

identical to that of 2-AET-bound ADO (Figure 2B). Specifically, the onset to a positive 

feature displayed by ADO incubated with 2-AET in the near UV-region (>32,000 cm−1) is 

retained, as is the feature in the near-IR region. In addition, the two features in the visible 

region (at ~14,000 and 18,000 cm−1) display the same saturation behavior as their 

counterparts in the 2-AET-bound as-isolated ADO spectrum, indicating that 3-MPA binds in 

a similar manner to that of the native substrate. Thus, our results may indicate that 2-AET 

coordinates to the FeIIIADO active site in a monodentate fashion, via coordination of only 

the terminal thiolate. Notably, a similar monodentate, thiolate-only binding mode has 

previously been proposed by Pierce et al. for 3-MPA coordination to MDO on the basis of 

EPR experiments.27

Incubation of as-isolated ADO with a 10-fold excess of Cys leads to an MCD spectrum that 

is drastically different from those observed for ADO treated with 2-AET or 3-MPA (Figure 

2C). While the onset to a positive feature in the near-UV region (>34,000 cm−1) is retained, 

numerous positively and negatively signed features appear in the visible region that have no 

counterparts in the other MCD spectra. Notably, these features display a distinctly different 

saturation behavior than those associated with 2-AET-bound FeIIIADO, implying that the 

Cys adduct of ADO possesses a different spin ground state. Indeed, the variable-temperature 

variable-field (VTVH) MCD data collected for the intense feature at 20,964 cm−1 can be fit 

with an S = 1/2 Brillouin function, consistent with the formation of a low-spin FeIII complex 

(Figure 4).

EPR spectroscopy was employed as a complementary tool to probe the electronic structure 

of the FeIIIADO active site and to monitor changes in response to substrate (analogue) 

binding. As-isolated ADO exhibits a nearly rhombic, high-spin (S = 5/2) signal centered at 

geff ≈ 4.3 (Figure 5A), similar to that displayed by as-isolated CDO.34 The addition of 2-

AET yields a new, more axial EPR signal attributable to an S=5/2 FeIII species (Figure 5B). 

Consistent with our MCD data, the appearance of this distinct high-spin EPR signal 

demonstrates the formation of an inner-sphere 2-AET-FeIIIADO complex (see Table S1 of 

the Supporting Information for EPR fit parameters). Incubation of as-isolated ADO with 3-

MPA also results in a more axial high-spin (S = 5/2) EPR spectrum (Figure 5C). The nearly 

identical EPR spectra displayed by 3-MPA- and 2-AET-bound FeIII-ADO indicate that 3-

MPA binds in a similar manner to the native substrate, supporting our hypothesis that 2-AET 

coordinates to the FeIIIADO active site solely via its terminal thiolate.
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Incubation of as-isolated ADO with Cys results in the formation of a high-spin (S=5/2) 

species that exhibits a similar, albeit slightly more rhombic EPR signal than 2-AET-bound 

FeIII-ADO (Figure 5D), which seemingly conflicts with our MCD spectra of the Cys adduct. 

However, the high-field region of the EPR spectrum obtained for ADO incubated with the 

substrate analogue Cys also shows a new signal at g ≈ 2.4 (Figure 5D), consistent with the 

formation of a low-spin (S=1/2) FeIII species as suggested by our VTVH MCD data (Figure 

4). The fact that both high- and low-spin Cys-bound FeIIIADO species contributed to the 

EPR spectrum seemed puzzling, as the MCD spectrum of Cys-bound ADO is dominated by 

a low-spin species.

This apparent discrepancy between the ratio of high-spin and low-spin species contributing 

to the MCD and EPR spectra of Cys-bound FeIIIADO prompted us to prepare EPR samples 

with glycerol, the glassing agent used for MCD studies. Upon incubation of ADO with Cys 

and glycerol, a drastic increase in the relative intensity of the S=1/2 signal is observed 

(Figure 6B). Notably, such a change in the relative intensities of the S = 5/2 and S = 1/2 

signals was not seen with addition of glycerol to 2-AET-bound ADO (data not shown). To 

assess whether this shift in high-spin to low-spin ratio could be due to glycerol binding to 

the active site, polyethylene glycol 200 (PEG-200) was used as an alternative glassing agent. 

Cys was still able to coordinate to FeIIIADO and the low-spin species was found to be the 

major product (Figure 6C), though the formation of a distinct high-spin FeIII species was 

evident from the appearance of new signals in the 800-1700 Gauss range. Thus, coordination 

of glycerol to the Cys-bound FeIIIADO active site can be ruled out as being responsible for 

the formation of a low-spin (S = 1/2) FeIII complex.

Finally, to further validate the 3-His triad implicated in ADO and demonstrate that our 

spectra are dominated by contributions from Fe residing in the ADO active site, the putative 

Fe ligand His100 was replaced by Ala and as-isolated H100A ADO was characterized by 

EPR spectroscopy. Importantly, the high-spin (S=5/2) EPR signals displayed by WT ADO 

incubated with 2-AET are noticeably absent in the spectrum of H100A ADO in the presence 

of substrate (Figure 7B). Thus, we conclude that in our samples of WT ADO the large 

majority of Fe ions are present in the active site and, thus, that non-specifically bound Fe 

ions contribute minimally to our MCD and EPR spectra of the WT enzyme.

DISCUSSION

Although ADO was discovered more than ten years ago, relatively little is known about this 

important sulfur-metabolism enzyme. Apart from one recent study demonstrating the 

existence of a Cys-Tyr crosslink in ADO that is formed in a very different region of the 

primary sequence than in CDO,28 little else has been published on ADO’s structure and 

function. To start filling this knowledge gap, we have used MCD and EPR spectroscopies to 

ascertain the coordination environment of the ADO active site.

The MCD spectrum of as-isolated ADO incubated with 2-AET is dominated by a pair of 

positively signed features at 14,400 and 17,800 cm−1 (Figure 2A) reminiscent of those 

arising from S→FeIII CT transitions in the MCD spectrum of Cys-bound CDO at 15,250 

and 18,570 cm−1.38 As replacement of a neutral His ligand with an anionic carboxylate 
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would likely result in significant blue-shifts of the S→FeIII CT features, our MCD data of 2-

AET-bound ADO provide evidence that ADO also possesses a 3-His active site. In addition, 

the EPR spectrum of H100A incubated with 2-AET lacks the high-spin ferric signal 

observed in the EPR spectrum of 2-AET-bound ADO, further corroborating our hypothesis 

that ADO contains a neutral 3-His active site.

The striking similarities between the MCD spectra of ADO incubated with 2-AET and 3-

MPA (Figure 2A and 2B), along with the fact that the S→FeIII CT transitions of 2-AET-

bound ADO are slightly red-shifted from those of Cys-bound CDO (consistent with a lower 

coordination number in ADO), suggest that 2-AET and 3-MPA bind to ADO in the same 

manner, potentially in a monodentate fashion through the terminal thiolate. Thus, ADO 

appears to be the second TDO displaying monodentate substrate binding, as both an EPR 

study of NO and 3-MPA-bound MDO27 and a Mössbauer study of Cys-bound MDO13 

afforded evidence for monodentate binding to FeIIMDO via its thiolate moiety. The EPR 

spectra of 2-AET- and 3-MPA-bound FeIIIADO (Figure 5A and 5B) reveal that these high-

spin ferric species exhibit a more axial zero-field splitting (E/D = 0.248 and 0.233, 

respectively) relative to that reported for Cys-bound FeIIICDO (E/D = 0.171).34 This finding 

is consistent with a more dominant Fe─S bonding interaction in ADO, further corroborating 

our hypothesis that 2-AET and 3-MPA bind to FeIIIADO solely through the terminal 

thiolate.

Our MCD and EPR data indicate that Cys can bind directly to the ADO iron center, 

consistent with the notion that this substrate analogue is a weak competitive inhibitor.25 

Interestingly, the VTVH MCD data of Cys-bound ADO (Figure 4) provide evidence for the 

formation of a low-spin (S=1/2) FeIII complex, previously only observed for substrate 

(analogue)-bound FeIIICDO incubated with the strong-field ligand cyanide.41,42 Our EPR 

data (Figure 6) reveal that the ratio of a low-spin to high-spin ferric species can be 

modulated by the addition of glycerol, with the high-spin Cys-FeIIIADO complex being the 

predominant form in the absence of a glassing agent (Figure 5). The addition of PEG-200, 

instead of glycerol, to Cys-bound ADO also yields a low-spin species, arguing against the 

possibility that a change in spin state is due to direct glycerol coordination to the active site. 

Rather, our data support the hypothesis that the glassing (i.e., molecular crowding) agents 

induce a global protein conformational change, which further suggests that the ADO active 

site environment differs from that of CDO. Such differences in active site architecture are 

likely responsible for the distinct substrate specificities displayed by the various TDOs.

Comparison of ADO to other TDOs.

Recently, the distinct substrate specificities displayed by CDO and MDO were attributed to 

key structural differences in the respective active site pockets; namely, the presence of an 

Arg or Gln at position 60 (Figure 1) and the presence of a cis-peptide bond between residues 

Ser158 and Pro159 in CDO (all Rattus norvegicus CDO numbering) that is absent in MDO.
20,43,44 Cys binding to CDO occurs via bidentate coordination to the iron through the 

thiolate and amine groups, with the substrate carboxylate forming a salt bridge to Arg60. 

Because MDO contains a Gln at the position corresponding to Arg60 of RnCDO, it is unable 

to form an analogous salt bridge with the carboxylate moiety of its native substrate. Instead, 
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MDO features a conserved Arg at position 164 (Rn CDO numbering) that is postulated to 

form a salt bridge with the 3-MPA carboxylate tail,20 potentially promoting bidentate 

substrate coordination to the FeII center. However, previous spectroscopic studies of MDO 

favor monodentate binding of 3-MPA via thiolate-only coordination.27 In contrast to Cys 

and 3-MPA, 2-AET does not contain a carboxylate. It is thus not surprising that based on 

sequence alignment (Figure S4 of the Supporting Information), the residue in ADO 

corresponding to Arg60 of CDO is a Val, which is unable to hydrogen bond with a 

carboxylate. Although 2-AET features an amine group that could potentially coordinate to 

the iron of ADO, our EPR and MCD data favor monodentate, thiolate-only coordination of 

2-AET, similar to 3-MPA binding to MDO.

Mammalian CDO features a thioether crosslink between Cys93 and Tyr157 (Figure 1) that 

has been implicated in properly orienting the substrates and suppressing the binding of a 

water molecule to Cys-bound FeIICDO so as to preserve an open coordination site for O2. 
20,21 Interestingly, the crosslinked and non-crosslinked forms of CDO can be distinguished 

via SDS-PAGE. Bacillus subtilis CDO does not form a thioether crosslink as it possesses a 

Gly at the position corresponding to Cys93, but does contain a cis-peptide bond that 

positions Tyr157 similarly as in RnCDO.9,20 Despite the lack of both the thioether crosslink 

and cis-peptide bond in MDO, X-ray crystal structures revealed that in this enzyme Tyr159 

adopts essentially the same orientation relative to the iron center as Tyr157 does in CDO.20 

Similar to MDO, ADO also appears to lack a thioether crosslink involving the Tyr residue 

corresponding to Tyr157 in CDO as well as the cis-peptide bond. However, ADO has been 

shown to form a different thioether crosslink between Cys220 and Tyr222 (ADO 

numbering).28 Although the exact role of this distal thioether crosslink in ADO remains to 

be elucidated, it is possible that it serves to impose an active site architecture similar to that 

of MDO, which also does not contain a cis-peptide bond.

CONCLUSIONS

The spectroscopic data obtained in the present study yield new insight into the active site 

geometry of ADO. The MCD spectra of the well-characterized Cys-bound FeII and 

FeIIICDO species are similar to those of 2-AET-bound ADO,38 strongly suggesting that 

these enzymes share the same 3-His active site coordination environment. As such, ADO is 

the fourth thiol dioxygenase that coordinates its metallocofactor via a 3-His triad instead of 

the more common 2-His-1carboxylate facial triad. Importantly, differences in substrate 

specificity between ADO and the other thiol dioxygenases likely stem from variations in key 

second-sphere residues present in CDO and MDO. ADO binds 2-AET and 3-MPA in a 

similar manner and does not appear to promote coordination of the amine functional group 

of 2-AET, supporting monodentate binding via the thiolate moiety. Finally, a change in spin 

state of the Cys-bound FeIII-ADO adduct in the presence of osmolytes may suggest that the 

active site of ADO is more sensitive to solution conditions than CDO.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Left: Active site region of the crystal structure of Cys-bound Mus musculus CDO (PDB 

code: 4JTO).24 Right: Active site region of the crystal structure of resting MDO from 

Pseudomonas aeruginosa (PDB code: 4TLF).13
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Figure 2. 
MCD spectra at 4, 15, and 25 K of as-isolated ADO incubated with various substrate 

(analogues): A) ADO incubated with a 5-fold excess of 2-AET; B) ADO incubated with a 

10-fold excess of 3-MPA; C) ADO incubated with a 10-fold excess of Cys. The feature 

indicated by * arises from a minor heme impurity.
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Figure 3. 
MCD spectra at 4, 15, and 25 K of FeIIADO incubated with a 5-fold excess of 2-AET.
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Figure 4. 
MCD spectrum at 4 K of as-isolated ADO incubated with a ~15-fold excess of Cys. Inset: 

VTVH MCD data (gray) collected for ADO + Cys at 20,964 cm−1 (indicated by vertical 

arrow) at 2.2, 4.5, 8, 15, and 25 K superimposed by a Brillouin function for S=1/2 (black).

Fernandez et al. Page 17

Biochemistry. Author manuscript; available in PMC 2021 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
X-band EPR spectra at 20 K of A) as-isolated ADO and ADO incubated with B) 2-AET, C) 

3-MPA, and D) Cys. EPR spectral simulations (dotted lines) are overlaid on the 

experimental spectra (solid line) for comparison. Fit parameters are provided in the 

Supporting Information.
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Figure 6. 
X-band EPR spectra at 20 K of as-isolated ADO incubated with A) a 10-fold excess of Cys, 

B) a 10-fold excess of Cys and 55% (v/v) glycerol, and C) a 10-fold excess of Cys and 55% 

(v/v) PEG-200. EPR spectral simulations (dotted lines) are overlaid on the experimental 

spectra (solid line) for comparison. Fit parameters are provided in the Supporting 

Information.
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Figure 7. 
X-band EPR spectra at 20 K of A) as-isolated wild-type ADO and B) the H100A ADO 

variant incubated with a 5-fold excess of 2-AET.
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Scheme 1. 
Simplified schematic of multiple pathways of Cys metabolism, where the number of steps 

required for the conversion of reactant to product is highlighted by the number of arrows. 

CDO catalyzes the first step in the conversion of Cys to cysteine sulfinic acid. ADO 

catalyzes the conversion of cysteamine (2-AET) to hypotaurine.4,5
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