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ABSTRACT: We investigated the metal-substituted catalytic o °
activity of human cysteamine dioxygenase (ADO), an enzyme Rr_N._ ! His i -
e il

pivotal in regulating thiol metabolism and contributing to oxygen S/l i Col . /(IJOQ
homeostasis. Our findings demonstrate the catalytic competence of o i!hs il = J"s blis
cobalt(1I)- and nickel(II)-substituted ADO in cysteamine oxygen-

ation. Notably, Co(II)-ADO exhibited superiority over Ni(II)- l
ADO despite remaining significantly less active than the natural He - -0
enzyme. Structural analyses through X-ray crystallography and e : \ His R “2. His
cobalt K-edge excitation confirmed successful metal substitution ,/S\.\“" Whiis \E$C°” mEE +é¢°&
with minimal structural perturbations. This provided a robust ¢  He HIS i - J_"s b

structural basis, supporting a conserved catalytic mechanism

tailored to distinct metal centers. This finding challenges the proposed high-valent ferryl-based mechanism for thiol dioxygenases,
suggesting a non-high-valent catalytic pathway in the native enzyme. Further investigation of the cysteamine-bound or a peptide
mimic of N-terminus RGSS bound Co(II)-ADO binary complex revealed the metal center’s high-spin (S = 3/2) state. Upon reaction
with O,, a kinetically and spectroscopically detectable intermediate emerged with a ground spin state of S = 1/2. This intermediate
exhibits a characteristic *Co hyperfine splitting (A = 67 MHz) structure in the EPR spectrum alongside UV—vis features, consistent
with known low-spin Co(III)-superoxo complexes. This observation, unique for protein-bound thiolate-ligated cobalt centers in a
protein, unveils the capacities for O, activation in such metal environments. These findings provide valuable insights into the non-
heme iron-dependent thiol dioxygenase mechanistic landscape, furthering our understanding of thiol metabolism regulation. The
exploration of metal-substituted ADO sheds light on the intricate interplay between metal and catalytic activity in this essential

enzyme.

Bl INTRODUCTION Scheme 1. Proposed ADO Catalytic Pathways”

Cysteamine dioxygenase (ADO) plays a pivotal role in B O

regulating mammalian thiol metabolism by oxidizing cyste- R / %\ /

amine (also known as 2-aminoethanethiol, 2-AET) and, like \Q Fe\H,Sa Fe"\H.s\

plant cysteine oxidases (PCO), regulating oxygen homeostasis "0 7 & H

by targeting N-terminal cysteine-containing proteins for RO @ LHs PerSU”e”ate thiadioxirane NI His

oxygen sensing.' ~ Despite its physiological significance, the \[3/| '"\HIS S\O/\Te”\His

catalytic mechanism of ADO remains largely unexplored. His Hy g His
Two proposed mechanistic pathways emerge from the / N. W wHis 7

extensive characterization of the founding member of the thiol \( e\H.s \[s/ | His

dioxygenase superfamily, cysteine dioxygenase (CDO), and the b o Hi

synthetic non-heme Fe model complexes.”™'> O,, a diradical
molecule, ligates to the substrate-bound Fe(II) center, forming
an Fe(Ill)-bound single radical in the form of superoxo,
marking the divergence of the two pathways (Scheme 1). The
pathway illustrated at the top involves non-ferryl-dependent
concurrent dioxygen transfer to the thiolate group of the
bound L-cysteine substrate. In this mechanism, thiol and O,
ligation to the ferrous center results in the free radical character
of both substrates, enabling direct radical coupling. Subsequent
sulfur addition to the iron-bound proximal oxygen results in
the formation of a persulfenate intermediate, and heterolytic
O—O cleavage of the following thiadioxirane intermediate

“Note that a dashed line does not represent a bond. One ADO
substrate, 2-AET, has been proposed to act as a monodentate ligand.
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yields a sulfinic acid product. This pathway can be facilitated
by stabilizing the persulfenate with multiple H-bond
interactions from a Cys-Tyr cofactor once it is formed.”"*™"°
The second pathway, analogous to many carbon-targeted
oxygenations, follows a traditional oxygen activation mecha-
nism featuring stepwise O atom transfers involving a ferryl
species, first distal oxygen and then proximal oxygen. This
pathway was proposed based on a computational study, but
attempts to trap the ferryl intermediate have been
unsuccessful.'” The key difference between the two mecha-
nistic hypotheses is how the dioxygen forms the first S—O
bond with the metal-bound thiol substrate. The first pathway
takes advantage of the targeted substrate being an electron-rich
thiol, and proximal oxygen transfer leads to the near-
simultaneous addition of dioxygen to the thiol before O—O
bond cleavage. The stepwise pathway is initiated from distal
oxygen transfer, which results in a two-step consecutive
monooxygenation process. This pathway involves O—O bond
cleavage before completion of O atom transfers and formation
of a powerful Fe(IV)=0 intermediate capable of oxidizing a
wide range of carbon-, nitrogen-, and sulfide-based substrates.

While both pathways are plausible, no consensus has been
reached. Experimentally, few catalytic intermediates have been
spectroscopically observed in the studies of CDO, and their
identity is pending further characterization.'”'® Interestingly,
the anticipated Fe**-bound persulfenate of the first pathway
has been consistentl)f observed in six reported high-resolution
crystal structures.”'” Notably, the thiol to Fe-bound proximal
oxygen is invariant at a distance of 1.7 A in these structures,
consistent with an expected S—O bond between the two
substrates. In contrast, the thiol to the distal oxygen from iron
is 2.6—3.2 A (average 2.9 A in those 1.25—1.63 A resolution
crystal structures, Table S1). The formation of persulfenate is
also supported by a computational study and crystal structure
of the ternary complex using nitric oxide as an O, surrogate,
which shows nitrogen, equivalent to proximal oxygen, is closer
to the thiol in the ternary complex.'® However, the mechanism
remains highly debatable because a mass spectrometry study
shows Fe?*-bound persulfenate occurring only in the crystal
and not in the surrounding drop by a different team.” ADO
crystal structures from human and mouse origins have become
available recently.'”*" Despite significant research efforts, the
mechanism by which non-heme iron facilitates thiol oxidation
in ADO,"'**"** and to a large degree CDO, remains an open
question for further exploration. ADO and CDO are in the
distinct subfamily of proteins within the thiol dioxygenase
superfamily”® and are more closely related to PCO, yet their
chemical reaction on the small organic substrate is most similar
to that of CDO. These thiol dioxygenases from distinct
subfamilies may or may not share the same preference with
respect to the mechanistic details in the absence or presence of
the cross-linked protein cofactor.

Here, we investigated the thiol oxygenation mechanism
using a metal-swapping approach. We generated human ADO
(hADO) variants with metal substitutions using transition
metal ions and evaluated their catalytic activity. The obtained
results offer novel insights into achieving dioxygenation in
iron-dependent thiol dioxygenases.

B EXPERIMENTAL SECTION

Human ADO expression, isolation, purification, and preparation of
near metal-free “apo-ADO” and metal reconstitution procedures are
described in the Supporting Information. Briefly, 1,10-phenanthroline

and EDTA were used as metal chelators anaerobically. The small
molecule substrate cysteamine (98% purity) was purchased from
Acros Organics. The RGSS peptide substrate was synthesized by
Biomatik with the sequence of CKGLAALPHSCLER (>95% purity),
corresponding to the first 14 amino acids of the Met-excised N-
terminus of RGSS as described in a previous report.”’ Catalytic assays
were conducted using two independent methods: an oxygen
consumption assay using Oxygraph and a }groduct assay using an
HPLC-MS method, as described elsewhere.”> Kinetic analysis was
conducted using stopped-flow UV—vis experiments on an Applied
Photophysics SX20 spectrophotometer, and data were analyzed using
SX Pro-Data Viewer analysis software.

EPR spectroscopic characterization was conducted on a Bruker
ES60 X-band spectrometer equipped with a cryogen-free 4 K
temperature system with an SHQE-W high-Q resonator at 100 kHz
modulation frequency which has been described elsewhere.”*>
Quantitative simulation of the EPR spectra was performed with
EasySpin.”® O,-free cysteamine or RGSS peptide was added to the
enzyme to the final concentration under anaerobic conditions. An
equal volume of O,-saturated buffer was added to anaerobic Co(II)-
ADO with 2-AET or RGSS before being frozen at various intervals.
The samples were transferred to quartz EPR tubes and slowly frozen
in liquid ethane or nitrogen for spectroscopic analysis.

Crystallization was conducted using the hanging drop vapor-
diffusion method with concentrated Co(II)-ADO (30 mg/mL) in 0.1
M Bis-Tris-HCl (pH $.5), 02 M (NH,),SO,, and 20% (w/v)
PEG3350 at 289 K. Fe(1I)-ADO crystallization was conducted in an
O,-free anaerobic chamber. Crystals were cryoprotected with
crystallization buffer containing an additional 20% (v/v) glycerol
and then flash-cooled in liquid nitrogen. Crystallographic data were
acquired at Stanford Synchrotron Radiation Lightsource beamline BL
9-2 and the Advanced Photon Sources (Argonne National Laboratory,
Argonne, IL) beamline 19BM. Molecular replacement was performed
using the crystal structure of Ni(I[)-hADO as a starting model
(Protein Data Bank entry 7REI)."

B RESULTS AND DISCUSSION

We assessed the catalytic activity of metal-substituted ADO
toward cysteamine and monitored hypotaurine formation in an
air-saturated buffer by HPLC-MS, as illustrated in Figure 1A
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Figure 1. Activity assay of metal-substituted human ADO. (A)
Comparison of 2-AET dioxygenation by human ADO in air- (orange)
and O,- (green) saturated buffer by monitoring the product formation
using HPLC-MS. (B) Activity assay of metal-stripped ADO (50 uM)
with Co(II) (red) or Ni(II) (black) at variable concentrations. The
dashed traces show the control group, including only 2-AET and free
metal ions.

and Figure S1. The nearly metal-free apo-ADO was obtained
by treating the protein with iron chelators. We generated
metal-substituted human ADO by adding metal ions into “apo-
ADO”. The metal-stripped ADO proteins contained approx-
imately 1% or less iron ion, resulting in a significant reduction
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in catalytic activity compared to the as-isolated Fe(Il)-ADO
(Figure S2, Table S2).

Notably, Co(II)-ADO and Ni(II)-ADO, generated through
metal reconstitution, displayed activity. Co(11)-ADO exhibited
koys of approximately (18.7 + 0.7)-fold higher than that of
“apo-ADO,” which contained trace iron, while Ni(II)-ADO
showed a (3.3 + 0.11)-fold increase, albeit these are still a
small fraction compared to that of as-isolated Fe(II)-ADO.
Mn-ADO displayed slightly higher kg, than that of “apo-ADO”
(less than 1.9-fold), while Cu-ADO displayed the lowest one
(~0.9-fold). In the O,-saturated buffer with approximately 1
mM O,, all samples, except Cu-ADO, exhibited higher activity
(Table S3). Additionally, the varied kg, ratio between Co-
ADO and Fe-ADO in the O, or air-saturated buffers suggests
different affinities for the O, among these enzymes. Likewise,
the as-isolated Co(II)-ADO obtained through a distinct
approach also presented substantial activity (Figure S2). In
this approach, Co(II)-ADO was synthesized by cells grown in
an M9 medium supplemented with CoCl, and purified by
using a cobalt-IMAC resin column.

Subsequently, we incubated the “apo-ADO” protein with
varying Co(II) concentrations for activity correlation. As
depicted in Figure 1B, the activity continuously increased as
the Co(II)/ADO ratio remained below 1.0. However, ADO
displayed reduced activity with further increases in the ratio,
indicating a metal saturation and possibly protein denaturation
induced by excess Co(II) ions at high ratios. Ni(II)-ADO also
observed a plateau at a 1:1 ratio.

To directly determine if any structural changes occur as a
result of the metal substitution in ADO, especially if Co(II)-
ADO and Fe(II)-ADO share a similar metal coordination
environment, we determined the crystal structures of Co(II)-
ADO and Fe(II)-ADO (Table S4). As illustrated in Figure 2A,
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Figure 2. Determination of crystal structures of human ADO. (A)
Anomalous difference maps of cobalt in metal-substituted ADO. (B)
Active site architecture of Co-ADO. (C) Active site of the Fe(II)-
ADO. (D) Superposition of Co-ADO (magenta), Fe-ADO (green),
and Ni-ADO (gray) metal centers. The anomalous difference maps,
contoured at 6 ¢ and colored in purple, were calculated from a data
set collected at cobalt K-edge (1.605 A). The F, — F. maps,
contoured at 6 ¢ and colored in green, were calculated from data sets
collected at selenium K-edge (0.979 A).

the structure of Co-ADO shows a cobalt ion that is accounted
for by the anomalous difference maps. The MAD scans for the
crystal indicated the presence of cobalt, and Co K edge
excitation scans implied the high occupancy of cobalt in the
crystal (Figure S3). The X-ray crystal structure of Co(II)-ADO
was determined at a 1.99 A resolution (Table S4). The Co(II)-
coordinated residues in an octahedral coordination environ-
ment composed of His97, His112, and His114, and three water
molecules occupy the remaining coordination sites (Figure
2B). We have recently reported the first human ADO structure
at 1.78 A resolution with the Fe(II) substituted by a Ni(II)
ion."” A human ADO structure with an iron ion is needed for a
precise comparison to the native enzyme. We then crystallized
Fe(II)-ADO synthesized in an M9 minimal medium
supplemented with Fe(NH,),(SO,),. The crystallization was
set up anaerobically. The crystal structure of human Fe(II)-
ADO was finally determined at 2.01 A resolution (Figure 2C).

Hence, these coordinates allowed a direct structural
comparison among the native and metal-substituted human
ADO variants. The Co(II)-ADO structure closely resembles
the Fe(II)-ADO (an RMSD of 0.134 A for 192 C,, atoms) and
Ni(II)-ADO (an RMSD of 0.094 A for 209 C, atoms)
structures. These structural data demonstrate the preservation
of the active site architecture of this human enzyme after metal
swapping and an unchanged first and second coordination
spheres (Figure 2D). Consequently, the observed metal
substitution predominantly influences catalytic activity and
has minimal impact on the protein structure. It should be
noted that the Cys220-Tyr222 cross-link was not observed due
to a missing oxidation step to promote its synthesis. Such a
cross-link has previously been observed after processing
Fe(I1)-ADO with excess 2-AET and O,, with nearly half of
the protein bearing the protein cofactor, even with the added
challenge of F,-Tyr222 substitution."

We conducted spectroscopic characterization of the Co(II)-
ADO reaction. Initially, oxygen consumption of 2-AET
mediated by Co(II)-ADO was monitored using an oxygen
electrode following a previously described protocol.”’ The
results depicted in Figure 3A reveal a significantly higher initial
rate of O, consumption in the presence of Co(II)-ADO
compared to “apo-ADO” and its absence (=72 vs —6.0 vs —3.6
uM min~'). The free Co(II) ions do not facilitate 2-AET
oxygenation (Figure 1B and Figure S1), although they
consume approximately a near-stoichiometric amount of O,
to form an unproductive complex (Figure 3A) similar to a
recently reported thiolate-ligated Co(III)-peroxo complex.”’
This observation supports that Co(II)-ADO consumes O,
during a multiple turnover catalytic process. The O,
consumption rate (1.44 min~") is consistent with the estimated
product formation rate of 1.48 min~' (Figure S2). Figure 3B
presents the optical spectra of Co(II)-ADO, the binary
complex, and the potential ternary complexes. The resting
state spectrum exhibited a shoulder beyond 310 nm. Upon
anaerobically adding 2-AET, the intensity of the 310 nm
shoulder increased slightly, as shown in the difference
spectrum. 2-AET-Co(II)-ADO mixed with an O,-saturated
buffer displayed a distinct spectrum, featuring a much stronger
peak around 316 nm. This feature aligns with reported
Co(I1I)-superoxo moieties in thiolate-ligated cobalt complexes
outside a protein.”* " The formation of this ternary complex
remained unaffected by catalase or superoxide dismutase
(SOD) (Figure S4), indicating it is not a byproduct of a side
pathway.
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Figure 3. Spectroscopic investigation of the Co-ADO reaction by
oxygen electrode, optical, and EPR spectroscopy. (A) Oxygen
consumption by 2-AET (black), 2-AET upon adding “apo-ADO”
(green), Co(1I) ion (blue), or Co(II)-ADO (red). (B) Optical spectra
of anaerobic Co(II)-ADO (43.5 uM, black) upon adding 1 mM 2-
AET anaerobically (blue) and subsequent addition of O,-saturated
buffer (red). The inset shows difference spectra. (C) EPR of 100 uM
Co(II)-ADO (black) and upon addition of 1 mM 2-AET anaerobi-
cally (blue) and O, for 10 s (red) and 10 min (magenta) (3.17 mW at
30 K). The intensity of the red trace is reduced to 1/10 to match the
intensity of the other two traces. (D) Zoom-in scan of the low-spin (S
= 1/2) species (0.2 mW at 50 K).

As depicted in Figure 3C, substrate-free Co(II)-ADO
exhibited a high-spin (HS) center, as we have previously
observed from another 3-His ligated Co(II)-substituted
center.”> The EPR spectrum exhibits the characteristics of a
typical ground spin state of S = 3/2 Co(II) species with
effective g values (g,, g, and g,) of 2.63, 4.25, and 5.26. Upon
anaerobically adding 2-AET, the HS species transformed into a
broader rhombic HS signal with g values of 2.25, 4.00, and
5.71, featuring a partially hyperfine structure on g, This
indicates a coordination state distinct from that of resting
Co(II)-ADO and is attributed to the binary complex.
Additionally, the Co(II) hyperfine structure on g, became
more apparent when using the N-terminal cysteine-containing
RGSS peptide, displaying eight splitting peaks (A, = 210 MHz
or 7.5 mT) (Figure 4 and Table SS). RGSS plays a role as a
hypoxia-responsive protein that suppresses chemokinetic and
chemotactic migration in brain pericytes, which has been
shown to be one of the ADO substrates and regulated by
ADO’s dioxygenase activity.”” A peptide of the first 14 amino
acids of the Met-excised N-terminus of RGSS5 has been used to
mimic RGSS in the human ADO-substrate interaction
studies.”'

Remarkably, adding an O,-saturated buffer to anaerobic
Co(11)-ADO with 2-AET induced a complete decay of the HS
species, revealing a new low spin (LS, S = 1/2) species with g
~ 2.02 and well-resolved eight splitting hyperfine lines (A, =
67 MHz or 2.4 mT) attributable to *’Co (Figure 3D),
indicating the formation of a ternary complex involving ADO,
2-AET, and O,. Likewise, Co(II)-ADO with RGSS also
produced the identical LS species after the addition of O,
(Figure 4). The LS signal follows Curie law behavior up to S0

Figure 4. EPR of Co(II)-ADO before (black) and after anaerobic
addition of the peptide substrate of the N-terminal sequence of RGSS
(blue) followed by adding O, for 10 s (red): (A) full scan range (3.17
mW and 30 K); (B) LS range (0.2 mW and 50 K). The
concentrations of Co-ADO and the RGSS peptide substrate are 200
uM and S mM, respectively. The weak LS signal in Co(II)-ADO after
adding RGSS was due to the minute amount of O, in the RGSS stock
solution.

K, indicating that it does not originate from a spin-coupled
signal (Figure SS and Table S6). The best fit of the data was
achieved by considering a single LS species (Figure S6 and
Table S7). The features of the LS species align with reported
Co(III)-superoxo species in thiolate-ligated cobalt com-
plex””*>** and are comparable with the LS Co(III)-superoxo
species reported in Co-substituted extradiol dioxygenase
HPCD.”" These results indicate that Co-ADO can form a
ternary complex with 2-AET and O,. After 10 min, the LS
species almost disappeared and the HS species returned to
around two-thirds of the initial intensity, suggesting the
accumulation of an EPR silent species with a 417 nm broader
feature during the reaction under such conditions.

Next, we explored the Co(II)-ADO mediated oxygenation
using stopped-flow optical spectroscopy using “apo-ADO” as
one of the controls (Figure S7). When anaerobic Co(II)-ADO
with 2-AET in a 1:33 ratio was mixed with O, and monitored
by optical spectroscopy (Figure S), the ternary complex,
indicated by a peak at 316 nm, initially increased dramatically
in the millisecond time domain, reaching its maximum within 2
s, then slowly decayed over approximately 1000 s. The
corresponding substantial EPR spectral difference suggests that
Co-ADO cannot fully revert to the resting state under these
conditions after multiple turnovers (Figure S8), aligning with
the observation in Figure 3C. On the contrary, apo-ADO did
not exhibit the spectral changes (Figure S7). We then executed
an approximate “single-turnover” experiment upon mixing O,-
free Co(11)-ADO and 2-AET at a 2:1 ratio, then with O,. The
results shown in Figure S9 and Figure S10 indicate that the
kinetics of LS species observed in EPR experiments and 316
nm species observed in stopped-flow experiments are
consistent with each other. It is worth noting that the rates
of O, consumption, taurine formation, and ternary complex
decay in these preliminary kinetic explorations are aligned
approximately with one another, despite experimental
challenges.

It is worth noting that two possible adverse effects of metal
substitution can result in less effective catalysis. First, Co(II)
has a lower oxygen binding affinity than Fe(II), and this
difference could affect O, binding, as shown in a metal
substitution study of an extradiol dioxygenase.””*> Second, the
difference in redox potential between Co(Il/III) and Fe(II/
II) redox couples may contribute to the slower substrate
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Figure S. Catalytic assay for Co(II)-ADO and 2-AET reacting with
dioxygen. (A, B) Optical spectral changes of anaerobic 30 uM Co-
ADO with 1 mM 2-AET upon adding an O,-saturated buffer. The
insets show the difference spectra, and the second layer of insets
shows the time traces of absorption intensity at 316, 417, and 351 nm,
respectively. The spectrum of Co(1I)-ADO at resting state is in black,
and spectral changes of 0.04, 10, and 1000 s are in black, red, and blue
in panels A and B. Spectral changes from 10 to 1000 s in panel B are
marked in magenta, while others are labeled in gray.

oxidation phase after forming the ternary complex, as indicated
by its estimated t,,, value (24 s). The cobalt center could enjoy
high crystal field stabilization energy at the +3 oxidation state
at certain geometries, and the spin transition may also affect
the kinetic steps of the reaction. During multiple turnover
conditions, the slower substrate oxidation by the putative
Co(11I)-superoxide may trigger a nonproductive side route and
impact the enzyme’s ability to fully return to the resting state,
as minor EPR-silent Co(III) species were observed after such a
reaction (Figures 3C and S7). It should be noted that the
Co(1I)-substitution in other none-heme Fe-dependent dioxy-
genases either supports the reaction (HPCD,‘%O"?’1 Q_ueD27) or
results in catalytically inert protein variants (DMO’® and
TauD?").

B CONCLUSION

In summary, the results of this study confirmed the catalytic
activity of Co(II)-ADO on 2-AET for dioxygenation using an
HPLC-MS-based assay. The X-ray crystallographic study
suggested metal substitution with Co(II) and Ni(II) mainly
affected catalytic activity and not protein structure. Optical and
EPR spectroscopy of the binary using 2-AET and a peptide
mimic of the N-terminus of RGSS revealed a high-spin Co(II)
complex. Adding O, to the binary complex resulted in a
transient ternary complex with spectroscopic characteristics
consistent with a low-spin Co(IIl)-superoxo complex. This
study provides valuable insights into the catalytic mechanism
of human ADO. Since no mononuclear Co(IV) without a
macrocyclic ligand set has been reported in aqueous environ-
ments thus far from a biological system or a synthetic complex,
the results favor the non-high-valent mechanistic proposal in
ADO (Scheme 1, top route), which leads to a concerted

dioxygen transfer to the electron-rich thiol group of the
substrate.
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DETAILED MATERIALS AND EXPERIMENTAL PROCEDURES

MATERIALS

Cysteamine (98% purity) was purchased from Acros Organics. A peptide substrate with a sequence of CKGLAALPHSCLER
(>95%) was synthesized by Biomatik, which corresponded to the first 14 amino acids of the Met-excised N-terminus of
RGS5. Ferrozine, Hypotaurine, HFBA, PEG, metal salts, EDTA, and 1,10-phenanthroline were purchased from Sigma-Aldrich
or Thermo Fisher Scientific with the reagent grade or better and used as received. DNA manipulations in Escherichia coli
were carried out according to standard procedures. Kanamycin (50 pg/mL) was used as antibiotic to select recombinant
strains.

BACTERIAL STRAIN AND PLASMIDS

Wild-type (WT) human ADO (hADO) and C18S/C239S hADO variant were cloned to a pET-28a plasmid with a tag-cleavable
site containing 30 additional amino acids, including a His¢-tag at N-terminus has been described in our previous work.! The
plasmids were transformed in BL21 (DE3) (Merck).

METHODS AND PROCEDURES
PROTEIN PURIFICATION AND CHARACTERIZATION

The procedures of expression and purification of hADO have been described previously.! Cell culture was prepared at 37 °C
in an M9 minimal medium within a baffled flask at 220 rpm until ODeoo reached 0.8 AU. At that time, a supplement of CoClz
or Fe(NH4)2S04 (20 uM) and isopropyl-B-D-thiogalactopyranoside (IPTG) (0.5 mM) was added. Afterward, the cell culture
was continued for 4-6 h before harvesting. The cells were resuspended in the lysis buffer, i.e., 50 mM Tris-HCl and 200 mM
NaCl at pH 8.0, and then disrupted by a Microfluidizer LM20 cell disruptor. The supernatant was recovered after centrifu-
gation (34,000g for 40 min) at 4 °C. Intended Fe-ADO protein was purified using Ni-NTA agarose beads, while Co-NTA
agarose beads were used for ADO purification intended for Co(II)-reconstitution. After washing the column with washing
buffers (50 mM Tris-HCl, 200 mM NaCl, and 10 mM imidazole, pH 8.0), the protein was eluted with elution buffer (50 mM
Tris-HCl, 200 mM NacCl, and 300 mM imidazole, pH 8.0). The N-terminal Hiss-tagged Fe-ADO was mixed with TEV protease
and dialyzed into the dialysis buffer (10 mM Tris, 5% glycerol, pH 8.0) overnight. The His¢-tag and uncut protein were
removed using IMAC column. The non-tagged hADO proteins were further purified by Superdex 75 (Cytiva) gel-filtration
column (16/600) in 50 mM, 50 mM NaCl, pH 7.6 buffer. The purified proteins were either ultra-filtrated to the required
concentration for subsequent experiments or stored in 50 mM Tris, 50 mM NaCl, 5% glycerol, pH 7.6 buffer at -80 °C. The
protein concentration was determined based on the extinction coefficient of €280 nm = 22,920 cm-1M-1. The purity of the
protein samples was verified by SDS-PAGE.

PREPARATION OF NEAR METAL-FREE "APO-ADO" AND METAL RECONSTITUTION

The metal-depleted “apo-ADO” was prepared following the previously described method.2 200 uM WT ADO was dissolved
in the buffer of 50 mM HEPES at pH 8.0 and incubated with 2 mM sodium dithionite, 5 mM 1,10-phenanthroline, and 5 mM
EDTA under anaerobic conditions for 1 h. During this period, the solution turned orange-red (Amax = 511 nm), indicating the
formation of [Fe(phen)s]2*. The solution was then passed through the desalting column (Bio-Rad) and eluted with HEPES
buffer to remove [Fe(phen)s]2*. The obtained protein fraction was concentrated and treated with 2 mM sodium dithionite,
5 mM 1,10-phenanthroline, and 5 mM EDTA, then passed through the desalting column for another two times. We used a
ferrozine assay described previously3-4 and determined the iron content in the “apo-ADO”, which was in agreement with
the previous ICP-OES-determined iron content of mouse ADO using a similar metal-depleting method.5

The metal reconstitution reactions were conducted with the near metal-free “apo-ADO” preparations, which were
mixed with the intended metal ions in HEPES buffer at 4 °C for 20 min. The reconstituted protein was used immedi-
ately in the HPLC-MS assay described below.

HPLC-MS ASSAY FOR DIOXYGENASE PRODUCT DETECTION

The reaction mixture underwent ultrafiltration using a 10 kDa MWCO ultra centrifugal filter, and the flow-through liquid
was separated using an ODS-3 HPLC Column, 3 pm, 100 x 4.6 mm; isocratic elution with a buffer composed of 99.1% H:0,
0.6% methanol, and 0.3% heptafluorobutyric acid (HFBA) over 10 min at 1.5 mL/min; UV-vis absorbance at 219 nm was
monitored. The peak area of the ADO reaction product, hypotaurine, was integrated and fitted to a standard curve to deter-
mine its concentration. All experiments were conducted in triplicate. For the Fe-ADO reaction, the system comprised 5 pM
“apo-ADO,” 5 uM metal ions, and 10 mM cysteamine in a 50 mM HEPES buffer at pH 8.0. The reaction was conducted by
shaking the tubes at 500 rpm for 2 min at 37 °C and quenching the reaction with 6 M HCL. The assay for other metal ions
included mixing 50 uM “apo-ADO” with 50 uM metal ions. The results for Fe-ADO were normalized to 50 uM for comparison.
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OXYGEN CONSUMPTION ASSAY

The oxygen consumption of ADO reaction was recorded using Oxygraph (Hansatech Pentney, Norfolk, England). The instru-
ment was calibrated using sodium dithionite (DT) solution to establish a zero Oz level in the reaction chamber. The assay
was conducted by adding 50 uM ADO protein in an air-saturated 50 mM HEPES buffer at pH 8. After baseline flatting, 1 mM
2-AET was added to start the reaction. The change of oxygen concentration within 10 min was recorded.

ELECTRON PARAMAGNETIC RESONANCE (EPR) SPECTROSCOPY

A stock solution of cysteamine (1.0 M) or RGS5 peptide (300 mM) was prepared in an anaerobic chamber and added to the
enzyme to the final concentration under anaerobic conditions. An equal volume of Oz-saturated 50 mM Tris-HCl, 50 mM
NaCl (pH 7.6) buffer was added to anaerobic Co-ADO with 2-AET or RGS5 before being frozen at various intervals. The
samples were transferred to quartz EPR tubes and slowly frozen in liquid ethane or nitrogen. EPR spectra were recorded
on a Bruker E560 X-band spectrometer equipped with a cryogen-free 4 K temperature system with an SHQE high-Q reso-
nator at 100 kHz modulation frequency, 0.6 mT modulation amplitude, and an average of four scans for each spectrum. The
full-range scan was conducted at 3.17 mW microwave power at 30 K. Power saturation experiments for the LS species were
performed using microwave power range from 0.0002 to 50.23 mW at 10 K, 30 K, and 50 K. LS-range scan was performed
at 0.2 mW microwave power at 50 K. The data analysis of the relation properties followed previously published proce-
dures.¢ The simulations of field-swept CW EPR spectra of frozen solutions were performed using the function pepper from
the computational package of EasySpin, which is based on MatLab, a commercial technical computation software.

TRANSIENT-STATE KINETICS ANALYSIS

Stopped-flow experiments were performed at 22 °C, pH 7.6, and investigated at multiple (PDA) wavelengths using Applied
Photophysics SX20 Stopped-Flow UV-vis spectrophotometer. The PDA data were analyzed to identify specific single wave-
lengths for monitoring the formation and decay of intermediates. Representative time courses were fitted to single or dou-
ble exponential expressions to obtain characteristic observed rate constant (kobs) using the SX Pro-Data Viewer analysis
software provided by Applied Photophysics. All concentrations mentioned here were the ones after mixing. Formation of
[Co-ADO(2-AET)-02] was carried out in a conventional mixing mode with 50 pM enzyme in 50 mM Tris, 50 mM NaCl (pH
7.6) containing 25 pM 2-AET and an equal volume of Oz saturated 50 mM Tris, 50 mM NaCl (pH 7.6) buffer. Formation and
decay of the ternary complex of [Co-ADO(2-AET)-02] was monitored at a wavelength of 316 nm.

CRYSTALLIZATION, DATA COLLECTION, MODEL BUILDING, AND REFINEMENT.

Co-ADO was concentrated to 30 mg/ml and mixed at 1:1 (v/v) with a crystallization buffer of 0.1 M BisTris-HCI (pH 5.5),
0.2 M (NH4)2S04, and 20% (w/v) PEG3350 using the hanging drop, vapor-diffusion method at 289 K. Microcrystals formed
after 1-2 days and grew to an optimal size suitable for X-ray diffraction after one week. The crystallization of Fe-ADO was
conducted in a Coy gloveless anaerobic chamber. Crystals were cryoprotected with crystallization buffer containing an ad-
ditional 20% (v/v) glycerol and then flash-cooled in liquid nitrogen. Crystallographic data were acquired at 100 K temper-
ature at Stanford Synchrotron Radiation Lightsource beamline BL 9-2 and the Advanced Photon Sources (Argonne National
Laboratory, Argonne, IL) beamline 19BM. All X-ray diffraction intensity data were integrated, scaled, and merged using
HKL3000.7” Molecular replacement was performed with Phenix8 using the crystal structure of Ni-hADO as a starting model
(Protein Data Bank entry 7REI).! The final model was manually adjusted and refined with Coot® and Phenix. Ramachandran
statistics were analyzed using MolProbity. All the phi and psi angles were located in the preferred and allowed regions
without any outliers. We generated all the molecular model figures using PyMOL (W.L. DeLano, The PyMOL Molecular
Graphics System version 1.8.6.0. Schrédinger LLC, http://www.pymol.org/; 2002). The structural data was deposited to
the PDB databank with entry codes 8UAN and 8U9]J.
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Table S1. The S-0 bond length in the crystal structures of Fe?*-bound persulfenate intermediate!!-12

PDB entry 3ELN" 4]ER™ 41ES' 4IET!® 41EUY 4IEY!8
Resolution (A) 1.42 1.45 1.40 1.40 1.25 1.63
(pH during crystallization) (5.6) (5.5) (6.2) (6.8) (7.0) (7.0)
S—0 bond (proximal O which
is near the iron) (A) 1.7 1.7 1.7 1.7 1.7 1.7
S...O distance (distal O from
the iron ion) (A) 2.6 2.9 3.2 2.9 2.9 2.8




Table S2. Iron ion content and kobs value of Fe-ADO and Co-ADO obtained from an M9 minimum medium?

b Concentra- Percentage of kobs calculated by enzyme | kops calculated by iron
Samples Asez . . L . . S . .
tion of iron 1ron in protein concentration (min™) concentration (min™')
Fe-ADO 0.295 .
+
(19.0 M) 0.002 10.97 uM 57.73% 30.6£0.3 53.00
Co-ADO 0.050 o d
(114 uM)e 0.003 1.97 uM 1.73% 2.25+0.04 130.06
“apo-ADO” | 0.040 o
(125 uM) 0.007 1.62 pM 1.30% 0.0815 £ 0.002 6.27

a The details for determining iron concentration have been described elsewhere.*

b Fe-ADO and Co-ADO are as-purified proteins using an M9 minimum medium. Reactivities were determined using the

HPLC assay.

¢ The EPR signal intensities were obtained by double integration after baseline correction. The quantitation was carried
out by comparing to a Cu(II)-EDTA standard and presented as a percentage of the corresponding protein concentration of

the samples.

d The kobs value of 130.06 min-! calculated solely based on the iron content in Co-ADO is more than the value of 53.00

min-!in Fe-ADO, indicating the contribution form Co(1I) in Co-ADO.
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Table S3. kobs value of “apo-ADO” with different metal ions

Sample name “apo-ADO” | +Mn? + Fe?* + Co? + Ni?* + Cu?
kobs (min') in air satu- 0.0766 + 0.143 + 264+ 1.1 145+ 0.258 + 0.0685 +
rated buffer® 0.0021 0.012 ' ' 0.04 0.004 0.0191
Normalization 0.29 0.54 100.00 5.50 0.98 0.26
kobs (min™') in O, satu- 0.207 + 0.167 + 3431430 1.50 + 0417+ 0.00172 +
rated buffer 0.013 0.020 ' ’ 0.01 0.010 0.01033
Normalization 0.60 0.49 100.00 4.38 1.22 0.01
The ratio of reactivity in
O»/air saturated buffer 2.70 1.17 1.30 1.03 1.62 0.03

 The Co(II)-ADO exhibited a kobs value approximately 18.9 + 0.7-fold higher than that of “apo-ADO,” which contains trace
iron, while Ni(II)-ADO showed a 3.37 + 0.11-fold increase. The error range was calculated using the Error propagation
calculator available on the website (https://www.eoas.ubc.ca/courses/eosc252 /error-propagation-calculator-fj.htm).
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Table S4. X-ray crystallographic data collection and refinement statistics

Co-ADO-Se edge Co-ADO-Co edge Fe-ADO-Se edge

Data Collection SSRL SSRL SBC
Wavelength (A) 0.97946 1.60471 0.97919
Space group C222, C222, C2
Cell dimensions

a,b,c(A) 54.9,95.9,118.2 55.3,95.7,118.8 117.9,55.2,97.3

o, B,y (°) 90, 90, 90 90, 90, 90 90, 114, 90
Resolution (A)? 50.00 - 1.99 50.00 —2.43 50.00 - 2.01

(2.02 - 1.99)° (2.47-2.43) (2.04-2.01)

Total reflection 141914 251358 157446
Unique reflection 21821 11974 36519
Redundancy 6.5 (6.1) 21.0(8.8) 4.3 (2.8)
Ryym OF Rinerse (%) 16.3 (48.7) 33.6 (157.9) 23.1(92.3)
I/61 36.0 (1.8) 14.1 (1.14) 7.9 (1.02)
Completeness (%) 99.7 (98.0) 99.6 (97.2) 96.7 (82.2)
CCip 0.96 (0.92) 0.90 (0.38) 0.98 (0.66)
Refinement
Resolution (A) 47.62 -1.99 46.84 —2.02
No. reflections 2217 1885
Ruwork/Rtree (%) 19.81/23.54 20.82/25.88
No. Atoms / B-factors (A?)

Protein 1888 /47.5 1912/31.8 (A)

Co/Fe 1/34.8 1/21.5(A)
Glycerol 24 /51.5 24/41.3
Sulfate N/A 10/57.3

Water 80/47.0 281/38.1
r.m.s. deviations

Bond lengths (A) 0.008 0.008

Bond angles (°) 0.989 1.000
Ramachandran®

Favored (%) 99.13 98.09

Allowed (%) 0.87 1.91

Outlier (%) 0.00 0.00
PDB Code SUAN 8U9J

aValues in parentheses are for the highest-resolution shell.

b Ramachandran statistics were analyzed using MolProbity. Lovell, S. C.; Davis, 1. W.; Arendall, W. B,, 3rd; de Bakker, P. [;
Word, J. M,; Prisant, M. G.; Richardson, ]. S.; Richardson, D. C,, Structure validation by C« geometry: phi, psi and Cg deviation.
Proteins 2003, 50(3), 437-50.
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Table S5. Comparison of the EPR parameters for Co-ADO complexes and [Co(II)-HPCD(4NC)O0:]

Sample S g value (gx, gy, g2) A4 (*°Co)
Co(I)-ADO 3/2 2.63,4.25,5.26 N/A
[Co(I)-ADO(2-AET)] 32 225, 4.00,5.71 210 MHz (4,)
[Co(I)-ADO(RGS5)] 32 2.25,4.00,5.71 210 MHz (4,)
[Co(I)-ADO(2-AET)O3] 12 2.00,2.02, 2.08 67 MHz (4,)
[Co(I1)-ADO(RGS5)0s] 12 2.00,2.02, 2.08 67 MHz (4,)
[Co(I)-HPCD(4NC)O, " 12 1.99,2.02, 2.10 67 MHz (4,)

a Fielding, A. J.; Lipscomb, J. D.; Que, L., Jr., Characterization of an Oz adduct of an active cobalt-substituted extradiol-
cleaving catechol dioxygenase. J. Am. Chem. Soc. 2012, 134 (2), 796-799.
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Table S6. EPR relaxation parameters of power saturation experiments performed on the LS ternary complex

Parameters 10K 30K 50 K

Pip (mW) 0.0181 + 0.0066 0.319+0.073 2.40+0.45

b value 1.04 +0.05 0.954 £0.051 1.19 £ 0.08
9

Sl



Sl

Table S7. Best fit parameters for X-band EPR spectrum of the ternary complex

Experiment S g value (gz, gy, gx) A (**Co) MHz (42)
[Co(I)-ADO(2-AET)Os] 172 | 2.08,2.02, 2.00 67

Simulation 1 S g value (gz, gy, gx) A (®°Co) MHz (A2, Ay, Ax)
Simulated species 7/2 | 1/2 |2.076,2.012,2.001

67, 15, 38
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Figure S1. Catalytic activity of human ADO reconstituted from metal-depleted protein by HPLC-MS. (A) HPLC elution
profiles of the reaction and controls in 50 mM HEPES buffer under aerobic conditions: (1) 5 uM metal-depleted “apo-ADO”
+ Fe(II) + 10 mM 2-AET; (2) 50 uM metal-depleted “apo-ADO” + Co(II) + 10 mM 2-AET; (3) 50 uM metal-depleted “apo-
ADO” + 10 mM 2-AET; (4) 50 uM Co(II) + 10 mM 2-AET; (5) 250 uM authentic hypotaurine from a commercial source; (6)
10 mM 2-AET; and (7) 50 mM HEPES buffer, pH 8. The negative peaks in the HPLC elution profiles emerged due to the
difference between HEPES buffer in the samples and the HPLC solvent. (B) Mass spectrum of the reaction product from
reaction 2 (red line) and comparison with an authentic hypotaurine standard from a commercial source (black dash line).
The peak with m/z at 110.0 indicates the presence of hypotaurine. These data demonstrate the dioxygenase catalytic ac-
tivity of Co(II)-reconstituted ADO towards cysteamine. Similarly, Ni-ADO also shows dioxygenase activity during develop-
ment of the HPLC-MS assay method,* albeit with a smaller activity than Co-ADO’s.
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Figure S2. Catalytic activity of metal-reconstituted ADO with protein obtained from an M9 minimum medium.
HPLC profiles: (1) 5 uM Fe(II)-reconstituted protein with apo-ADO from M9 minimum medium and 10 mM 2-AET re-
acted at 37 °C for 2 min under aerobic conditions; (2) 50 uM Co-reconstituted protein with apo-ADO from M9 minimum
medium and 1 mM 2-AET reacted at 22 °C for 2 min under aerobic conditions (this lower temperature reaction condi-
tion was the same as the oxygen consumption assay in Figure 3A in the main text); (3) 50 uM-reconstituted protein
with apo-ADO from M9 minimum medium and 10 mM 2-AET reacted at 37 °C for 2 min under aerobic conditions; and
(4) 50 uM as-isolated apo-ADO from M9 minimum medium (without metal reconstitution) and 10 mM 2-AET reacted
at 37 °C for 2 min under aerobic conditions. The kobs value for Co(II)-reconstituted ADO in sample (2) was 1.48 + 0.03
min-!, calculated from peak area integration, which is consistent with the oxygen consumption rate (1.44 min-!) shown
in Figure 3A in the main text.
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Figure S3. The MAD scan (A) and excitation scan (B) of Co-K edge for Co-ADO crystal. The wavelength used in Co-K
edge MAD scan is 1.60471 A.
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Figure S4. Optical spectral change of Co-ADO incubated with 2-AET and in the presence of catalase or SOD enzymes.

The addition of 60 units (as defined by the manufacturer) per mL of catalase (blue) had nearly no influence on the reaction.
The addition of 500 units per mL of superoxide dismutase (SOD) (red) had minor influence on the reaction.
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Figure S5. EPR microwave power saturation experiments were performed on the LS species at 10 (black), 30 (blue), and
50 K (red). P1/2 values were calculated by fitting plot of signal intensity/square root power (I/P!/2) as a function of mi-
crowave power with hyperbolic equation. The condition of 0.2 mW and 50 K was chosen for the data collection. The
parameters can be found in Table S6. The dominant LS signal at 0.0002 mW follows Curie Law behavior up to 50 K,
suggesting it did not originate from a spin-coupled species.
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Figure S6. Simulations of the EPR spectrum of the ternary complex. (A) X-band EPR spectrum of the ternary complex
(black trace) and the best simulated spectrum (red trace). Simulation parameters can be found in Table S7. The best fit
of the data leads to an intensive signal characterized by a somewhat rhombic g-tensor (g.=2.076, gy= 2.012, gx=2.001),
with an anisotropic hyperfine coupling to the I = 7/2 nucleus of 59Co (4. = 67, Ay = 15, Ax = 38 MHz). An end-on Co(III)-
superoxo species, reported by Fiedler and co-workers,!1 exhibiting an very similar electronic spectrum as well as com-
parable EPR spectrum. The g. and gy region can be fit well, while the gx region is a little offset due to the not-well resolved
hyperfine splitting lines in the gx region, which were also observed in Co-HPCD(4NC)-superoxo adduct.* (B) The two
signal amplitudes from peak to trough and at the peak of 324 mT exhibit almost the same relaxation behavior at 50 K,
supporting the presence of a single compound in the ternary complex.
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Figure S7. Optical spectral changes of anaerobic apo-ADO with 2-AET upon mixing with Oz. The time scale is from

0.04 (black) to 10 s (red), and the traces between were labeled in grey. The concentration of “apo-ADO” and 2-AET is
30 uM and 0.5 mM, respectively.
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Figure S8. EPR spectral changes of aerobic Co-ADO (black) incubated with 2-AET overnight (red). The con-
centration of Co-ADO and 2-AET is 200 pM and 20 mM, respectively. Data were collected at 3.17 mW and 30 K.
The purple trace shows the difference spectrum. These results indicate that the slower substrate oxidation by the
putative Co(III)-superoxo during multiple turnover conditions may trigger a non-productive side route and im-
pact the enzyme's ability to fully return to the resting state.
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Figure S9. Near “single turn-over” Kinetic assay for Co(II)-ADO with 2-AET upon mixing with Oz and the corre-
sponding data fitting. (A) Optical spectral changes of anaerobic Co(II)-ADO (50 uM) with 25 uM 2-AET upon adding
02-saturated buffer from 0.06 s (black) to 6 s (red )and 60 s (blue). (B) Representative time courses at 316 nm (black),
superimposed fits (red), and residuals from 0.16 to 60 s. A double-exponential expression was employed for data fit-
ting. The estimated t1/2 value of the ternary complex was 24 s, calculated using the rate constant (kobs-2) of 1.75 min-1.
(C) Optical spectral changes of anaerobic Co(II)-ADO (50 uM) with 25 uM 2-AET upon adding Oz-saturated buffer from
6 s (red) to 100 s (cyan) and 1,000 s (blue). (D) Representative time courses at 351 nm (black), superimposed fits (red),
and residuals from 6 to 1,000 s. A single-exponential expression was employed for data fitting. The observed 351 nm
species in the near 'single turn-over' kinetic assay is tentatively assigned to a product or byproduct bound to Co-ADO.
The nature of this species requires further investigation in the future.
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Figure S10. EPR spectral changes of anaerobic Co-ADO (100 pM) with 2-AET (50 pM) upon O addition. (A)
Full scan EPR spectral data collected at 3.17 mW and 30 K. The spectrum of resting Co-ADO is labeled in black trace;
The spectra at 2, 6, 25, 90, 200, 400, and 600 s are labeled in magenta, red, light red, pale red, blue, light blue, and
green, respectively. The inset shows time-dependent intensity variations, specifically highlighting the peak to
trough changes of the HS (A) and LS (B) species. (B) Narrow scan for the LS species (0.2 mW at 50 K temperature).
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