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Abstract

We report the first crystal structure of the mammalian non-heme iron enzyme cysteamine
dioxygenase (ADO) at 1.9 A resolution, which shows an Fe- and 3-histidine (3-His) active site
situated at the end of a wide substrate access channel. The open approach to the active site is
consistent with the recent discovery that ADO catalyzes not only the conversion of cysteamine to
hypotaurine, but also the oxidation of N-terminal cysteine (Nt-Cys) peptides to their corresponding
sulfinic acids as part of the eukaryotic N-degron pathway. Whole-protein models of ADO in
complex with either cysteamine or an Nt-Cys peptide, generated using molecular dynamics and
quantum mechanics/molecular mechanics calculations, suggest occlusion of access to the active
site by peptide substrate binding. This finding highlights the importance of a small tunnel that
leads from the opposite face of the enzyme into the active site, providing a path through which
co-substrate O, could access the Fe center. Intriguingly, the entrance to this tunnel is guarded by
two Cys residues that may form a disulfide bond to regulate O, delivery in response to changes in
the intracellular redox potential. Notably, the Cys and tyrosine (Tyr) residues shown to be capable
of forming a cross-link in human ADO reside ~7 A from the iron center. As such, cross-link
formation may not be structurally or functionally significant in ADO.
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Introduction

The metabolism of thiol-containing compounds is vital to mammalian homeostasis.
Regulation of hypotaurine, taurine, and cysteine levels preserves cardiac and vascular
functions and protects neural cells from excitotoxicity. Additionally, elevated cysteine levels
have been associated with Alzheimer’s and Parkinson’s diseases.! To regulate intracellular
levels of these thiolate-containing metabolites, mammals use two distinct thiol dioxygenases
(TDOs); i.e., cysteine dioxygenase (CDO) and cysteamine dioxygenase (ADO).23 The
definitively established function of CDO is to catalyze the oxidation of cysteine (Cys) to
cysteine sulfinic acid (CSA) via the incorporation of both oxygen atoms from molecular
oxygen.* CSA can then be catabolized into pyruvate, sulfate, and hypotaurine.> Under
normal conditions, rats or mice convert about 70-90% of CSA to hypotaurine and taurine.®
Hypotaurine has been identified as a contributor to the growth and progression of aggressive
high-grade gliomas in the brain.” Additionally, taurine has been found to serve as an
osmoregulator in the heart,8 though this compound also plays a role in several essential
body functions, such as regulating calcium levels, creating bile cells, balancing electrolytes
in the body, and supporting the development of the nervous system.?

ADO was once believed to exclusively convert cysteamine (2-aminoethanethiol, 2-AET)
to hypotaurine (Scheme 1A). However, Ratcliffe et al. proposed that the native function
of ADO may instead be to catalyze the O,-dependent conversion of peptides featuring an
amino-terminal cysteine (Nt-Cys, Scheme 1B) to their CSA derivatives.10 They found that
mammalian ADO could replace one of the five plant thiol dioxygenases in Arabidopsis
thaliana (At), termed plant cysteine oxidase 4 (PCO4), by oxidizing the plant Nt-Cys
peptides both in vitroand in vivo. Oxidation of the Nt-Cys peptide substrates by PCO
promotes arginylation and degradation in the N-degron pathway,! while under anoxic
conditions, the peptide persists and enhances Ga catalyzed GTP hydrolysis, leading to an
attenuation of G-protein coupled signaling. Newly identified ADO substrates, regulators
of G protein signaling RGS4 and RGS5, are part of the mammalian N-degron pathway
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and serve as negative regulators of cardiovascular function controlled by G-protein
signaling.1213

Five classes of TDOs have been identified to date with differing native functions: namely,
CDO, ADO, PCO, 3-mercaptopropionate dioxygenase (MDO), and mercaptosuccinate
dioxygenase (MSDOQ), with CDO and ADO being the only mammalian TDOs. All TDOs
belong to the cupin superfamily, which is typified by a common architecture.14 While cupin
proteins tend to have low overall sequence identity, all feature a p-barrel fold and two
conserved sequence motifs: G(X)sHXH(X)gG and G(X)sPXG(X),H(X)3N. In addition to its
classification as a cupin protein, ADO belongs to the PFam family PF07847 (PCO_ADO),
which is distinct from the PF05995 (CDO _I) family that includes CDO and MDO. As

is typical for members of the cupin superfamily, Mus musculus ADO (MmADO) shares
little overall sequence identity with either Rattus norvegicus CDO (~14%, RnCDO) or
PCO4 (~21%). Nevertheless, all TDOs that have previously been characterized by X-ray
crystallography (CDO, MDO, and PCO) feature the same non-heme iron coordination
environment, consisting of a relatively rare 3-histidine (3-His) facial triad. The impact on
enzyme activity of removal of one of the coordinating His via site-directed mutagenesis
and spectroscopic studies provided compelling evidence that ADO also contains the 3-His
binding motif but differs with respect to secondary sphere residues that determine its
substrate specificity.31

An alignment of the amino acid sequences of MmADO and RnCDO highlights crucial
differences in the active site pocket.3 Perhaps most noticeable, the Cys93 involved in
forming the Cys-Tyr cross-link of mammalian CDOs is not conserved in ADO. In RiCDO,
this unusual thioether linkage increases activity by properly positioning the Cys and O,
substrates while also suppressing the coordination of a water molecule that competes with
0, binding.16:17 A Cys-Tyr cross-link motif was identified in human ADO via genetic
incorporation of an unnatural amino acid, 3,5-difluoro-tyrosine, in conjunction with mass
spectrometry and NMR experiments.18 While the cross-link in 2CDO forms between
Cys93 and Tyr157, in human ADQO the residues involved, Cys206 and Tyr208 (MmADO
numbering), are separated by only one amino acid. Based on sequence alignment, the

ADO cross-link motif is plausible in PCOs; however, neither X-ray crystallography nor
tandem MS/MS analyses provided evidence for the formation of a Cys-Tyr thioether bond in
PC04.12 Consequently, the extent of cross-link formation in MmADO and its physiological
role remain uncertain.

The lack of an X-ray crystal structure of mammalian ADO and the low overall sequence
identity between ADO and other TDOs have rendered comparisons with other TDOs
uncertain. While the presence of a 3-His facial triad coordinating the Fe cofactor was
confirmed on the basis of spectroscopic and site-directed mutagenesis experiments, little

has previously been established about ADO beyond its first coordination sphere. Thus,

a structural characterization of ADO was pivotal to identifying key residues involved in
substrate binding and other salient features of the protein. Here, we describe the 1.9 A

X-ray crystal structure of MmADO. As proposed on the basis of previous studies, ADO
features a 3-His facial triad that coordinates the iron center. Both the X-ray crystal structure
of ADO and a sequence alignment of various TDOs reveal that the structure of ADO is more
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similar to that of PCO than CDO. As reported for PCO,° cross-link formation between
Cys206 and Tyr208 was not observed in the structure of MmADO. Interestingly, a pair

of Cys residues is identified that could form a disulfide bond, thus blocking a secondary
access tunnel and controlling catalytic activity via regulating delivery of the co-substrate O,.
Finally, molecular dynamics in combination with quantum mechanics/molecular mechanics
calculations, validated on the basis of the X-ray crystal structure of resting ADO, were used
to generate models of 2-AET and Nt-Cys bound ADO.

Materials and Methods

Preparation of Recombinant MmADO.

ADO was expressed as previously described!® with minor additions to the purification
protocol. Briefly, Escherichia coli Rosetta 2(DE3) cells were transformed with a pET
SUMO expression vector containing a codon-optimized Mus musculus ADO gene and
protein expression was induced with the addition of isopropyl-p-D- thiogalactopyranoside
to a final concentration of 0.2 mM along with ferrous ammonium sulfate to a final
concentration of 100 uM. Cells were harvested 4 hrs post-induction and flash frozen.

Soluble protein was purified via immobilized metal affinity chromatography (IMAC) and
size exclusion chromatography (SEC) as previously described with additional steps.1> All
buffers included 5 mM tris(2-carboxyethyl)phosphine (TCEP) as a reducing agent and were
degassed and bubbled with argon gas to minimize oxygen presence in buffer. Post elution
from the SEC column, the ADO/SUMO fusion protein was dialyzed via centrifugation into
200 mM Tris-HCI, 150 mM NaCl, 5 mM TCEP, 5 mM imidazole, pH 8.0 IMAC buffer.
Thin-layer chromatography was used to ascertain that the purified ADO protein was able
to catalyze the conversion of cysteamine to hypotaurine (work is underway to develop a
quantitative activity assay). The protein was then incubated overnight at room temperature
with SUMO protease (ThermoFisher). ADO was separated from the HisgSUMO tag via
reverse IMAC. Protein aliquots to be used for crystallization were flash frozen under a
stream of argon gas and stored at —80 °C.

Crystallization and structure determination.

Purified MmADO was screened for crystallization response using commercial screens,
MRC SD2 microplates, and a Mosquito crystallization robot. Initial diffraction studies
indicated almost no crystalline diffraction, even though the crystals seemed well-formed
by light microscopy. Progressive exclusion of oxygen during protein purification and
crystallization environment yielded progressively better diffraction. The exceptional crystal
yielding the refined diffraction data was grown by hanging drop vapor diffusion at 293

K in a Coy anaerobic chamber. The reservoir solution was allowed to degas overnight

in the anaerobic chamber, and consisted of 15% PEG 3350, 300 mM MgCl,, and 0.1 M
Tris-HCI pH 8.0. The plate was withdrawn from the chamber, and the crystal was quickly
cryoprotected against reservoir solution supplemented with 20% ethylene glycol and cooled
by direct immersion in liquid nitrogen.
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Diffraction data were collected at sectors 21 and 23 of the Advanced Photon Source,
Argonne National Laboratory. The refinement data set was collected on an Eiger 9M
detector at Life Sciences Collaborative Access Team beamline 211D-D. A full 360 degree
sweep of data was collected at 1.127 A, 155 mm sample to detector distance, 0.2 degrees/
frame, and 0.04 s exposure time. Data were reduced using XDS20 and autoPROC.2!
Crystallographic structure solution and refinement were conducted within the Phenix
suite of programs.22 The structure was solved by molecular replacement as implemented
in Phaser,23 using an edited homology model from SWISS-MODEL?# derived from a
PDB:6SBP template, covering residues 10-121 and 153-210 of MmADO. Molecular
replacement initially produced the location and orientation of three copies of MmADO.
The location and orientation of the fourth and final copy was uncovered by molecular
replacement using a partially refined model based on the first three positions discovered. The
structure was iteratively rebuilt in Coot?® and refined using Phenix.refine.28 Figures for all
protein structures were created using PyMOL .2’

Molecular Dynamics (MD) Simulations.

MD simulations were performed using the GROMACS (versions 5.1.4 and 2019.6) software
package28 with the AMBER ff19SB force field.2? Initial coordinates were taken from chain
D of the crystal structure reported here, keeping all crystallographic waters within 6 A

of that chain. We chose chain D for our computational studies because this is the most
complete chain in the structure. Very similar results were obtained using the second most
complete chain in the structure, chain B. Protonation was performed using phenix.reduce
and manually adjusted, as necessary. A missing segment spanning Thr26 to Glu29 was
constructed manually in PyMOL. MD parameters were generated in AmberTools,3° using
the metal center parameter builder (MCPB.py) modelling tool for Fe(ll) and its ligands
(His100, His102, His179, Fe-bound waters, and later the Fe-bound substrates).31 The system
was solvated with the SPC/E water model,32 and its total charge was neutralized by the
addition of Na* ions. Then, an energy minimization step was performed, followed by two
equilibration steps: a 100 ps run under the NVT (isothermal-isochoric) ensemble and a

100 ps run under the NPT (isothermal-isobaric) ensemble. For each model, structures from
the MD trajectory were clustered based on the root-mean-square deviation (RMSD) of the
protein backbone. The average structures of the five most populated clusters were chosen for
QM/MM optimization.

Modifications to this workflow were required for some models. In the case of the disulfide
model, a bond between Cys120 and Cys169 was added to the crystal structure /n silico. This
system required an additional 10 ns added to its MD simulation, as the RMSD of the protein
backbone was found to still be rising substantially at the end of the first 10 ns. For the
substrate-bound models, starting coordinates were taken from the QM/MM-optimized ADO
model, with the substrate placed into the active site using the docking software AutoDock
Vina.33

Quantum Mechanics/Molecular Mechanics (QM/MM) Calculations.

Geometry optimizations were performed using the quantum mechanics/molecular mechanics
(QM/MM) approach as implemented in the ONIOM method of Gaussian 16.34 The
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QM region was defined as the Fe ion, the side chains of its three histidine ligands

(His100, His102, His179), Fe-bound water molecules, and 2-AET or the terminal cysteine
of the peptide substrate if applicable. The density functional theory (DFT) portion of

the calculations was performed with the unrestricted Becke, 3-parameter, Lee-Yang-Parr
(UB3LYP) functional,35:36 using the triple-C valence plus polarization (TZVP) basis set3’
for Fe and its coordinating atoms, and the 6-31G basis set for all other atoms.38 For all
atoms outside of the QM region, the MM calculation was performed with the AMBER force
field.39

Crystallization and structure determination.

The protein was produced as an ADO/SUMO fusion and crystallized under anaerobic
conditions upon removal of the HisgSUMO solubility tag. The structure of ADO was solved
to a nominal 1.89 A resolution (crystallographic statistics, Supporting Information Table
S1). The crystallographic asymmetric unit comprises four independent copies of the protein.
In all four independent monomers, a short loop of 4-8 residues between Phe21 and Pro31
was too disordered to model. In two subunits, a second 4-6 residue loop between Pro217
and Ala224 was also disordered. Results from a SuperPose analysis for the four different
ADO monomers in the unit cell are presented in Table S2, and an overlay of the four
independent monomers is shown in the Supporting Information Fig. S1. Coordinates and
structure factors have been deposited in the Protein Data Bank (PDB) with PDB ID code
TLVZ.

Protein architecture.

The ADO protein adopts a B-barrel structure typical of the cupin superfamily. The 3-His
facial triad coordinating the catalytically relevant Fe ion lies at the center of the protein
flanked by B-sheets (Figure 1A). Interestingly, in all four independent copies of the protein
in the unit cell, the His130 side chain of a different ADO monomer is present in the active
site (Supporting Information Fig. S2). In two cases, His130 is supplied by another protein
within the asymmetric unit. In the other two cases, His130 is supplied by a symmetry
related protein. In PCO,19 a His residue from the N-terminal Hisg tag also protrudes into
the active site. However, in contrast to what is observed for PCO, the His residue in the
ADO structure does not bind directly to the Fe cofactor. Additionally, in ADO there are no
obvious interactions between the His side chain and secondary sphere residues.

The surface representation of ADO highlights a prominent tunnel into the active site through
which substrate is likely to bind (Figure 1B). Although such a tunnel also exists in CDO,

the amino acids that define the CDO substrate tunnel are not conserved in ADO, and the
large cavity in ADO is in a structurally distinct location as compared to CDO. Interestingly,
the surface representation of the “backside” of ADO features a secondary tunnel from the
protein surface to the active site (Figure 1C). It is tempting to speculate that once cysteamine
or a bulky Nt-Cys substrate is bound, this much smaller tunnel could provide access for
co-substrate O, to the Fe cofactor. The entrance to this tunnel is guarded by two Cys
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residues pointed directly at each other with an S-S distance of ~4 A (further discussed in
Distinguishing ADO motifs).

The Fe cofactor resides in an octahedral coordination environment composed of His100,
His102, and His179 (Figure 2). Because the protein used to obtain this structure was
produced and purified semi-anaerobically and crystallized under anaerobic conditions in the
presence of 2-AET, the Fe center is almost certainly in the 2+ (i.e., ferrous) oxidation state.
In three out of the four crystallographically independent copies in the unit cell, three well-
resolved water molecules occupy the remaining coordination sites. In the fourth copy, only
two coordinating water molecules are clearly resolved while additional electron density is
present in two different regions, 2.18 and 3.65 A from the Fe center. Although this electron
density may seem consistent with a diatomic (e.g., Oo-derived; apparent O-O distance of
1.89 A) ligand, it is presumably associated with a third water molecule that is disordered
over two positions given that ADO was crystallized under anaerobic conditions. Notably, in
all four ADO monomers in the unit cell, one of the coordinated water molecules is within
hydrogen-bonding distance of the hydroxy! group of Tyr198. A similar hydrogen-bonding
interaction between the equivalent Tyr182 residue and a water ligand exists in PCO.19

The active site is surrounded by a hydrophobic pocket with few residues, primarily Leu
and lle, closer than 5 A to the Fe center. Asp192 of MmADO corresponds to the PCO4
residue Asp176, which has been shown to be critical for PCO function. Specifically, in

the as-isolated Asp176Asn PCO4 variant, only 10% of the active sites contained Fe and
the enzymatic activity was decreased ~10-fold even after iron supplementation.19 The next
set of residues near the ADO active site are Phe89, Cys206, and Tyr208, all located ~7 A
from the cofactor. Although these residues are not close to the Fe cofactor, their locations
bordering the substrate access tunnel suggest that they could aid in positioning substrate.

In human ADO, Cys220 and Tyr222 (corresponding to Cys206 and Tyr208 of MmADO)
have been shown to be capable of forming a thioether cross-link.18 In the absence of a
crystal structure, these two residues were presumed to be located near the Fe cofactor, as
cross-link formation required the presence of 2-AET and O,. In the MmADO structure,
there is no electron density supporting the existence of a cross-link between Cys206 and
Tyr208. The lack of a cross-link in this structure is perhaps not surprising, because the
protein used to obtain this structure was produced and purified semi-anaerobically and
crystallized under anaerobic conditions in the presence of 2-AET (see Methods section).
However, the fraction of cross-linked ADO purified aerobically appears to be very small
based on published high-resolution mass spectra.18 Moreover, in the case of PCO4, no
cross-link was observed in the X-ray crystal structure or via incubation of protein with
substrate and tandem MS/MS analysis.1® Thus, the physiological relevance of the Cys-Tyr
cross-link in ADO remains in question.

Distinguishing ADO motifs.

X-ray crystallographic studies revealed that the first coordination spheres of TDOs are
identical, with the PCO, CDO, MDO, and, as shown here, ADO active sites all featuring an
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Fe center coordinated by a 3-His triad. It is the secondary sphere of the active site that boasts
unique residues and sequence motifs to tailor the specific reactivity of each enzyme (e.g.,
the Ser153-His155-Tyr157 catalytic triad in CDO and GIn62 in MDO). The distinguishing
MDO and CDO secondary sphere features are neither conserved in the ADO amino acid
sequence nor replicated in the X-ray crystal structure. Contrastingly, the ADO and PCO4
active site architectures are remarkably similar, perhaps indicative of closely analogous, or
even identical, functions.1® An alignment of MmADO, APCO4, PaMDO, MmCDO, and
BsCDO was constructed (Figure 3) to guide the identification of key residues and their
location in the ADO crystal structure (Figure 2).

TDOs are relatively small proteins with sequences containing 200 to 300 amino acids.
MmADO, composed of 256 amino acids, boasts a remarkable 33 Pro residues, compared
to 23 and 7 found in APCO4 and RnCDO, respectively. Interestingly, the ADO structure
shows a c/s-peptide bond between Pro196 and Pro197. Jameson et al. established that the
presence or absence of a c/s-peptide bond between Ser158 and Pro159 results in a different
positioning of the key Tyr157 residue (RnCDO numbering) involved in the thioether
cross-link of CDO.4041 Although in CDO the Tyr157 residue precedes this cis-peptide
motif, in ADO a Tyr residue (Tyr198) is present directly after Pro196 and Pro197; thus,

the orientation of Tyr198 is also controlled by a c/s-peptide motif. Intriguingly, Tyr198

and Tyr208 reside equidistant and in a similar position from Cys206 (Figure 2, yellow).
This Tyr198-Cys206-Tyr208 sandwich borders the substrate tunnel near the protein-solvent
barrier. An analogous loop is conserved in PCO4, where it was postulated to play a role

in peptide substrate recognition and binding.1® On the basis of these observations, it is
tempting to speculate that the Tyr198 residue in ADO plays a larger role in substrate binding
and enzyme function than does Tyr208.

The backside tunnel to the active site (Figure 1C) is lined by two surface-exposed Cys
residues, Cys120 and Cys169 (Figure 2, yellow). While not bonded in this crystal structure,
the residues are 4.8 A apart and gate a potential secondary access tunnel to the active site.
We hypothesize that under proper oxidizing conditions, these residues could form a disulfide
bond so as to control O, access to the active site, and thus enzyme activity. Computational
studies aimed at assessing the feasibility of this hypothesis, as well as the generation of
faithful models of substrate-bound ADO are presented next.

Computational analysis of resting and substrate-bound ADO.

Repeated attempts were made to crystallize ADO with substrate 2-AET bound. As these
attempts were unsuccessful, computational methods were used to generate whole-protein
models of ADO complexed with 2-AET and the CKGL tetramer, representative of RGSb.
Initially, a computational model of ADO in the absence of substrate was constructed
starting from the crystal structure reported in this study to assess the feasibility of

the computational approach chosen. The conformational landscape was sampled by first
performing an unrestrained molecular dynamics (MD) simulation in GROMACS,28 after
which a clustering algorithm was used to select five representative ADO structures that
encompassed the majority of conformations accessed during the simulation. The geometries
of these structures were optimized using a quantum mechanics/molecular mechanics
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(QM/MM) approach. The optimized model with the lowest energy was used for further
analysis and as the foundation for subsequent calculations of substrate-bound ADO.
Importantly, the QM/MM optimized lowest-energy ADO model shows minor deviations
from the crystal structure, with the root mean square deviation (RMSD) of the backbone

N and C atomic positions being 1.29 A (for 614 atoms, using the default outlier cut-off
value in PyMOL of 2 A) even though a single ADO monomer was used in our calculations
(Supporting Information Fig. S4). Additionally, both the prominent substrate channel and
smaller secondary channel are preserved in the computational model, as are the bond lengths
and angles of the active site.

In the QM/MM optimized ADO model, the Cys120 and Cys169 residues remain in close
proximity, with an S-S distance of 3.5 A (compared to ~4.8 A in the crystal structure),
hinting at the possibility of disulfide bond formation under oxic conditions. To further
evaluate this possibility, a model of ADO containing a disulfide bond between these

two residues was generated by altering the crystal structure /n sifico to install an S-S
bond and using the computational workflow described above. Interestingly, the optimized
ADO models with and without Cys120--Cys169 disulfide display only minor structural
differences, both overall and in the active site region (Supporting Information Figs. S5-8).
However, a significant narrowing of the backside substrate channel occurs in response to
disulfide bond formation, which lends credence to the possibility of a gating mechanism that
modulates O, access based on cellular oxidative conditions.

Initial coordinates for substrate-bound ADO models were generated using the docking
software AutoDock Vina®? to place substrate into the active site of the QM/MM-optimized
ADO model lacking the Cys120--Cys169 disulfide bond. Both 2-AET and the CKGL
peptide were bound to Fe in a monodentate fashion with thiol-only coordination,

as stipulated by previous spectroscopic studies of substrate-bound ADO.1543 Despite
monodentate substrate binding, two water ligands were removed from the Fe center, one
trans to His179 to allow for sulfur coordination and one trans to His100 to generate an

open coordination site that would be required for O, binding and enzymatic turnover. These
substrate-bound models were then subjected to MD simulations and QM/MM optimizations,
as described above for resting ADO. In the case of 2-AET-bound ADO, the large size of

the substrate cavity allowed for substantial conformational changes of this small substrate
during the MD simulation, with the amine group pointing toward Asp192, Cys206, or
nearby water molecules at different time points. In the lowest-energy QM/MM optimized
model (Figure 4A), the amine group of 2-AET is positioned roughly equidistant from
Tyr198 and Cys206. Notably, upon 2-AET binding to ADO, the putative secondary substrate
access channel becomes more defined, now extending from the surface to the active site so
that it connects to the larger substrate channel.

Visualization of the MD trajectory for the ADO model complexed with the relevant portion
of the RGS5 peptide (CKGL) makes it apparent that important differences exist in how
2-AET and peptide substrates interact with the secondary sphere of ADO. Compared to
2-AET, the peptide interacts with a much larger number of residues lining the active site
cavity. After an initial equilibration period during the MD simulation, the orientation of
the terminal cysteine remained largely unchanged, with the amine group always pointing

Biochemistry. Author manuscript; available in PMC 2022 December 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fernandez et al.

Page 10

toward Asp192. In the lowest energy QM/MM optimized structure (Figure 4B), the distance
between these groups is 1.98 A, suggesting that Asp192 engages in a hydrogen bonding
interaction to properly situate the peptide substrate for catalysis. Another notable residue

in the model of peptide-bound ADO is Tyr198, the residue situated next to the Pro196

and Pro197 c/s-peptide motif. This residue likely participates in stabilizing interactions with
substrate, as it is positioned closer than 4 A from several side chains of the peptide. Finally,
while the small backside channel lined by Cys120 and Cys169 appears more restricted than
in the 2-AET-bound model, with a small occlusion to the protein’s surface, it does not
disappear entirely.

Discussion

Oxidation of 2-AET and Nt-Cys peptides are important biological transformations; yet,
little is known about the enzyme, ADO, that catalyzes these reactions. The geometric and
electronic structures of substrate-bound ADO have been spectroscopically investigated and
both 2-AET and Nt-Cys have been found to coordinate to the Fe via the terminal thiolate
moiety.1543 While kinetic studies demonstrated that ADO is capable of turning over both
2-AET and Nt-Cys peptides,310 the substrate scope and specificity remain to be established.
This work confirms that ADO adopts both the canonical cupin architecture and 3-His facial
triad typical of TDOs. However, unique structural motifs and secondary sphere elements
are observed in the X-ray crystal structure of ADO that are not present in CDO or MDO.

In addition, this structure provides the necessary foundation for future investigations of the
mechanisms of dioxygen activation and peptide substrate oxidation employed by this vital
mammalian TDO.

As ADO could not be crystallized with substrate bound, MD and QM/MM computations
were employed to investigate the interactions between secondary sphere residues and
Fe-bound substrate. Upon binding of CKGL (representative of the RGS5 peptide) to
Fe(I1)ADO, the amine group of the peptide adopts a position close enough to hydrogen bond
with Asp192. Interestingly, the CKGL peptide is positioned closer to Tyr198 than Tyr208,
the latter of which has been proposed to form a cross-link with Cys206. The small size

of 2-AET allows for greater conformational flexibility within the active site, such that the
amine does not interact with the same residues as the representative RGS5 peptide model.

In particular, Tyr208 is too far away from 2-AET to affect the Fe—S bonding interaction in 2-
AET-bound Fe(I11)ADO. In support of this computational prediction, electron paramagnetic
resonance spectra obtained for the cyanide/2-AET adducts of WT Fe(l11)ADO and its
Tyr208Phe variant are superimposable.*4

Computational modeling of peptide-bound ADO shows that substrate RGS5 would likely fill
the larger active site tunnel and force co-substrate O, delivery through a separate channel.
To explore this possibility, MOLE2.5 was used to identify potential tunnels, cavities, and
pores.*>~47 Upon lowering the tunnel radius from the default value of 1.25 to 0.49 A (and
using an internal threshold of 0.9 A and a cutoff ratio of 0.5 while keeping all other
parameters at their default values), a tunnel was identified that starts at residues Cys120

and Cys169 and ends at the Fe atom (Supporting Information Fig. S9). Thus, our MOLE2.5
analysis corroborates the proposal that this tunnel could selectively allow O, to access the
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substrate-bound active site. Furthermore, QM/MM optimized models of ADO with Cys120
and Cys169 in their dithiol and disulfide forms display minor global structural differences,
implying that these residues could form a disulfide bond under oxidizing conditions. As
such, Cys120 and Cys169 could serve as a redox sensor to regulate O, access to the active
site in response to changes in the intracellular redox potential. As ADO is capable of
turning over a variety of Cys-containing substrates (though free L-cysteine inhibits ADO
catalyzed turnover with cysteamine), it lacks the high substrate specificity characteristic of
other TDOs, like CDO. The oxidation of Nt-Cys by ADO marks RGS5 for arginylation by
ATE1, a poorly understood post-translational modification.*® RGS5 is up-regulated in ADO
and ATE1 deficient cells, establishing that ADO acts upstream of ATE1.10 The presence of
easily oxidizable residues such as Cys120/Cys169 and the use of O, as a co-substrate could
connect the redox potential of the cell to enzyme activity, coupling arginylation to oxidative
signaling and precluding ADO from depleting cells of Nt-Cys substrates, as well as Cys and
2-AET, in the presence of high O, levels.

Comparison to other thiol dioxygenases.

A sequence alignment of relevant TDOs (Figure 3) demonstrates that ADO is most closely
related to APCO4 (21% sequence identity). Comparison of the MmADO and the APCO4
X-ray crystal structures demonstrates that these enzymes share similar secondary structures
(the RMSD of the backbone atomic positions between chain D of MmADO and APCO4

is 0.90 A for 472 atoms, using the default outlier cut-off value in PyMOL of 2 A), as well
as identical active site residues (Figure 5A and B). Intriguingly, ADO has been shown to
complement the function of APCO4 both in vivo and in vitro, although sequence similarity
analyses have established that a greater than 70% sequence identity is typically needed to
extrapolate conservation of function.49:50

Closer inspection of the MmADO and APCO4 structures discloses distinct substrate and
co-substrate access tunnels. While ADO contains one larger and one smaller access tunnel,
PCO4 features a single large tunnel that extends from one side of the protein all the way

to the other side and past the active site. Additionally, residues Cys120 and Cys169, which
line the smaller access channel in ADO, are replaced by Ser118 and Thr153 in PCO4. Thus,
the coupling of enzymatic activity to the intracellular redox potential that we propose to be
important for the mammalian enzyme ADO is unlikely to occur in the plant enzyme PCO4.
Considering that intracellular O, levels in mammalian cells are highly variable among
different tissues, an extra layer of regulation of enzyme activity may be necessary.

The ADO metallocofactor resides in a hydrophobic pocket with one polar residue, Asp192,
positioned within hydrogen bonding distance of an Fe-bound water (Figure 5A). To assess
the functional role of the corresponding residue in PCO4, Asp176 (Figure 5B), the D176N
variant was produced and kinetically characterized. The variant had 10% Fe incorporation
and showed minimal activity even upon the addition of exogenous iron in the activity
assay.1® CDO also features a polar residue in the active site, Arg60 (Figure 5C), which

has been shown to promote substrate binding via the formation of a salt bridge to the Cys
carboxylate tail.®1 It is likely that the negatively-charged Asp192 in ADO engages in a
stabilizing interaction with a positively-charged amine group of Nt-Cys substrate.
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Eukaryotic CDO features a cross-link between residues Cys93 and Tyr157 (Figure 5C).
The formation of this cross-link enhances enzymatic activity by repositioning Cys93 and
Tyrl57 so as to allow for more favorable interactions with the Cys and O, substrates, while
also preserving an open coordination site for O, binding. Although a thioether cross-link
involving Cys206 and Tyr208 (MmADO numbering) has been identified in human ADO
by Liu and coworkers,18 in the crystal structure of MmADO these two residues reside ~7
A from the Fe cofactor and no thioether bond is observed (as expected given the largely
anaerobic conditions under which the enzyme was produced, purified, and crystallized).
While the large separation of Cys206 and Tyr208 from the active site suggests that cross-link
formation plays a minor structural or functional role in ADO, small differences between
the mouse and human ADO sequences (85% sequence identity) could result in more
pronounced differences between these two enzymes than one would expect. Intriguingly,
as highlighted in Figure 5, the unusual cis-peptide bond that aids in the proper positioning
of Tyr157 in CDO (Ser158 and Pro159) is also present in ADO (Pro196 and Pro197).

In the QM/MM optimized structure of CKGL-bound ADO, Tyr198 is positioned close to
the peptide substrate. The absence of a Cys206---Tyr208 cross-link in the crystal structure
of MmADOQ, along with the lack of a direct interaction between Tyr208 and Nt-Cys or
2-AET in the computational models of substrate-bound ADO indicate that Tyr198 may be
functionally more relevant than Tyr208.

In conclusion, the crystallographic and computational data of ADO presented here have
revealed residues that could influence small molecule and peptide positioning within the
active site. Although a thioether cross-link is key to increased turnover in mammalian
CDO, a comparable contribution remains elusive in the MmADO as the Cys206 and
Tyr208 residues implicated in this cross-link reside ~7 A from the Fe cofactor. Of note,
computational modeling of Nt-Cys binding to the ADO indicates that Tyr198 may play

a key role in positioning a peptide substrate in the active site. Importantly, a backside
tunnel is identified that could serve to deliver O to the peptide-bound ADO active site.
This tunnel is lined by Cys120 and Cys169, with a distance and orientation compatible
with redox-dependent control of O, access through disulfide bond formation. The unique
combination of separate peptide substrate and O, binding channels, along with the potential
for redox-sensitive control of O, access to the Fe- and 3-His active site represent a new
model for understanding the function of mammalian thiol dioxygenases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Cartoon representation of the overall structure of ADO. The active site consists of an Fe

ion (orange sphere) that is coordinated by a 3-His triad (purple) and 3 water molecules (red
spheres). (B) Surface representation of the protein with a black box highlighting the peptide
substrate access tunnel to the active site. The RBG coloring is as follows: Fe, orange;
carbon, green; hydrogen white, oxygen, red; nitrogen, blue; and sulfur, yellow. (C) Same as
in B but rotated 180° to reveal the entrance to the putative co-substrate (O5) tunnel, which is
highlighted by a black box.
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Figure2.
Active site region of MmADO viewed through the substrate tunnel. The Fe ion (orange

sphere) is bound by His100, His102, His179 (purple), and three water molecules (red
spheres). Other amino acids in the active site are highlighted in yellow (Phe89, Asp192,
Cys206, and Tyr208) or green (Pro196, Pro197, and Tyr198). A stereo view of the active site
is shown in the Supporting Information Fig. S3.
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Figure 3.
Sequence alignment showing conserved residues within TDOs. The sequences of the PCO4

from Arabidopsis thaliana (APCO4), the MDO from Pseudomonas aeruginosa (PaMDO),
and the CDOs from Mus musculus (MmCDO) and Bacillus subtilis (BsCDO) are compared
to the Mus musculus ADO (MmADO) sequence. Important ADO and PCO residues are
highlighted in green, for CDO in blue, and key differences in yellow. All proteins possess

a 3-His metal-binding motif marked by a 4 and highlighted in gray. Additional motifs
discussed in the text are denoted as follows: # Phe89 (MmADO numbering), l Cys-Tyr
cross-link in MmCDO, M putative ADO and PCO cross-link motifs, ¢ Cys120 and Cys169 in
MmADO are replaced by Ser118 and Thr153 in PCO4, A Asp192, * denotes a c/s-peptide
bond, and 4 Tyr198 in MmADO and Tyrl82 in APCO4 adjacent to the cis-peptide bond.
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Phe89

s

Tyr198

Figure 4.
Active site regions of the QM/MM-optimized structures of ADO complexed with (A) 2-

AET (burgundy sticks) and (B)the CKGL peptide (cyan sticks), representative of RGS5.
The hydrogen-bonding interaction between the amine group of the peptide and Asp192 is
indicated by broken lines.
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Figureb.

Comparison of the protein folds and active site regions of (A) MmADO (PDB: 7LVZ), (B)
AMPCO4 (PDB:6STE), and (C) RnCDO (PDB: 4JTO). The unusual c/s-peptide bond that is
preserved in all three enzymes is denoted by an asterisk (*).
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Scheme 1.
Reactions catalyzed by ADO.
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