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and Aimin Liu*
Abstract: Cysteamine dioxygenase (ADO) is a thiol dioxygenase whose study has been stagnated by the ambiguity as to
whether or not it possesses an anticipated protein-derived
cofactor. Reported herein is the discovery and elucidation of
a Cys-Tyr cofactor in human ADO, crosslinked between
Cys220 and Tyr222 through a thioether (C@S) bond. By
genetically incorporating an unnatural amino acid, 3,5difluoro-tyrosine (F2-Tyr), specifically into Tyr222 of human
ADO, an autocatalytic oxidative carbon–fluorine bond activation and fluoride release were identified by mass spectrometry and 19F NMR spectroscopy. These results suggest that the
cofactor biogenesis is executed by a powerful oxidant during an
autocatalytic process. Unlike that of cysteine dioxygenase, the
crosslinking results in a minimal structural change of the
protein and it is not detectable by routine low-resolution
techniques. Finally, a new sequence motif, C-X-Y-Y(F), is
proposed for identifying the Cys-Tyr crosslink.

The nonheme iron-dependent enzymatic oxidation of 2-

amino-ethanethiol (cysteamine) to hypotaurine has been
known since 1963 (Scheme 1).[1] The responsible mammalian
enzyme, cysteamine dioxygenase (ADO), was purified to
homogeneity in 1971, and the characterization of the human
enzyme was described in 2007.[2] Human ADO is one of two
thiol dioxygenases, alongside cysteine dioxygenase (CDO),
which plays critical roles in maintaining proper thiol levels in
cells, especially in managing metabolic cysteine and taurine

Scheme 1. Thiol dioxygenases in cellular thiol metabolism. The cysteamine dioxygenase (ADO) reaction is shown on the right.
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concentrations. The dysfunction of ADO is associated with
autoimmune and neurological conditions,[3] fat metabolism,[4]
and oxidative stress.[5]
The presence of a protein-derived cysteine-tyrosine (CysTyr) cofactor crosslinked between two distant residues of the
protein sequence, Cys93 and Tyr157, was revealed a decade
ago for murine, rat, and human CDOs from independent
studies by using X-ray crystallography.[6] The Cys-Tyr cofactor, formed through an autocatalytic process, increases the
dioxygenase catalytic efficiency of CDO by an order of
magnitude.[7]
ADO is a paralogue of CDO.[2b] These two thiol dioxygenases belong to the Cupin superfamily with a conserved bbarrel fold[8] and share similar S-atom-based dioxygenation
with parallel substrate structures. Thus, it is sensible to
anticipate that a corresponding Cys-Tyr cofactor is also
formed through a similar self-processing reaction in human
ADO, as previously found in CDO. The difficulty in
crystallizing ADO hinders our further understanding towards
this enzyme, especially if it possesses a Cys-Tyr cofactor.
Notably, after nearly over a half-century since the discovery
of ADO, its catalytic machinery remains elusive. The Cys-Tyr
cofactor does not give rise to any discernible spectroscopic
signature with which its presence can be exclusively identified
and quantified. If the cofactor is present, its formation is likely
to be an uncoupled, single-turnover reaction out of hundreds
of cysteamine oxygenation (i.e., the coupled reaction) cycles.
With a ferrous center, ADO is not amenable to characterization by optical spectroscopy since the absorbance of both
its substrate and product overlap with the protein absorbance.
Thus, the answer to the question as to whether or not a CysTyr cofactor is present in ADO entails strenuous effort.
An EMBOSS pairwise alignment[9] suggested that ADO
and CDO share 15.8 % sequence identity and 26.5 % similarity (see Figure S1 in the Supporting Information). Besides
the preserved 3-His iron-binding motif, there is a pair of the
conserved tyrosine and cysteine residues (Tyr40 and Cys130 in
CDO, Tyr91 and Cys183 in ADO). However, both Tyr40 and
Cys130 are biologically irrelevant to CDO catalysis. Also,
neither of the crosslinked residues of CDO, Cys93 and Tyr157,
are conserved in the ADO sequences.
We cloned and overexpressed human ADO in Escherichia
coli to determine if a Cys-Tyr cofactor is present. The asisolated protein presented two significant bands by SDSPAGE. However, these two bands appear about 40 kDa away
from each other, and are indicative of oligomerization
changes rather than crosslinking. Further, the two bands
coalesced after incubation with excess dithiothreitol (DTT;
Figure 1 A), implicating disulfide bond(s). In contrast, the two
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Figure 1. A) SDS PAGE of ADO and CDO incubated with and without
excess DTT. B) SEC of ADO eluting from the buffer with and without
1 mm DTT.

bands from CDO are insensitive to DTT because its Cys-Tyr
crosslink is irreversible and cannot be reduced by DTT. The
higher-molecular-weight band in CDO corresponds to uncrosslinked polypeptide while the faster migrating band is mature
CDO with a crosslink.[10] Further processing of ADO with
cysteamine and O2 did not lead to noticeable changes.
Similarly, ADO eluted as at least three distinct fractions
through size-exclusion chromatography (SEC). However, the
inclusion of DTT in the elution buffer substantially reduces
other portions to one (Figure 1 B). The different ADO
conformations observed in solution and denatured forms
are most likely a result of the formation of reversible

Angewandte

Chemie

intermolecular disulfide bond(s). Thus, the experiments with
low-resolution traditional approaches on crosslinks are inconclusive.
We then attempted to solve the puzzle with highresolution mass spectrometry. The expected 2 Da difference
between the Cys-Tyr crosslinked and uncrosslinked forms of
the WT protein is difficult to determine from intact protein
MS.[11] Hence, we conducted a rigorous MS/MS analysis on
human ADO. The native full-length protein was digested with
trypsin and carbamidomethylated with all free cysteines.
After examination of all the resulting peptides by highresolution LC-MS/MS, a short hydrophilic peptide DCHYYR
stood out with its early retention time (see Figure S2).
At a + 2 charge state, both the crosslinked form and the
uncrosslinked form with a carbamidomethyl cysteine were
detected (Figure 2 A). The crosslinked cysteine covalently
bonds with another residue, and thus could not be carbamidomethylated. The two-hydrogen loss (2 Da) in the crosslinked form and one additional carbamidomethylation
(57 Da) in the uncrosslinked form resulted in a total of
59 Da difference, indicating a crosslink present in the peptide
and that Cys220, which is the only cysteine in this peptide, is
involved.
Since two tyrosine residues, Tyr222 and Tyr223, are
present in the peptide we conducted further fragmentation

Figure 2. High-resolution mass spectra of WT (A–C) and F2-Tyr222 ADO (D–F). In WT ADO, both the crosslinked form at m/z 427.6680 and the
uncrosslinked form at m/z 457.1865 were observed by LC-MS/MS (A). The predicted values are 427.6661 and 457.1847. CID spectra of the
uncrosslinked (B) and crosslinked (C) forms identified the crosslink between Cys220 and Tyr222. In F2-Tyr222 ADO, both the crosslinked form at
m/z 436.6638 and the uncrosslinked form at m/z 475.1778 were observed by LC-MS/MS (D). The predicted values are 436.6614 and 475.1753.
CID spectra of uncrosslinked (E) and crosslinked (F) forms identified the crosslink was formed by Cys220 and F2-Tyr222 with only one fluorine. C*
represents the carbamidomethylated cysteine. Arc represents crosslinking. The intact peptides (z = + 2) are highlighted by red; specified
fragments are shown in black while other observed values are in gray.
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with collision-induced dissociation (CID) to identify the exact
crosslink position. The CID spectrum of the uncrosslinked
form indicated the presence of each amino acid in this peptide
(Figure 2 B). But the CID spectrum of the crosslinked form
was quite different (Figure 2 C), which suggested that the
fragmentation ions not containing Cys220, His221, Tyr222
residues (CHY) were conserved in the uncrosslinked peptide
(e.g., y1, y2), while the ones containing CHY differed by
59 Da (e.g., y5, b4, b5). Fragments breaking CHY were not
observable in the spectrum because of the sidechain crosslink.
These data explicitly suggested that Cys220 and Tyr222 are
crosslinked. Moreover, the electron-transfer dissociation
(ETD) spectrum also confirmed the crosslink is located
between these two residues (see Figure S3A).
To facilitate a definitive mass spectrometry analyses and
explore the oxidizing power of the oxidant for C@H bond
activation during cofactor biogenesis, we incorporated an
unnatural tyrosine into ADO through a genetic method.
Using a tRNA(MjtRNATyrCUA)/F2-TyrRS system to target
the TAG codon,[12] we generated an expression system that
efficiently synthesizes human ADO with a specific substitution of Tyr222 to 3,5-difluoro-tyrosine (F2-Tyr). The presence
of two fluorine atoms will potentially facilitate the mass
spectrometry analysis if the same crosslink is formed because
the mass difference would be 20 instead of 2 Da after a C@F
bond and an S@H bond cleavage, and formation of a new C@S
bond. After trypsin digestion on F2-Tyr222 ADO, we
observed a similar elution profile by LC-MS/MS as for WT
ADO (see Figure S2B). Interestingly, we still found two forms
of the targeting peptide. At z =+ 2, a mono-fluoro-substituted crosslinked form and a di-fluoro-substituted uncrosslinked form with a carbamidomethylated cysteine were
observed (Figure 2 D). The 77 Da difference was caused by S@
H and C@F bond cleavage (20 Da for loss of an H and F) in
the crosslinked form and one additional carbamidomethylation (57 Da difference) in the uncrosslinked form. The mass
increase of a total of 36 Da in the F2-Tyr222 ADO uncrosslinked form, compared to WT ADO, was expected for the
successful incorporation of F2-Tyr222, the ortho positions of
which are substituted by two fluorine atoms instead of two
hydrogen atoms.
Next, we performed CID fragmentation on both forms to
further confirm the displacement of a fluorine atom upon
crosslinking. Compared to the uncrosslinked form of WT
ADO (Figure 2 B), the uncrosslinked form of F2-Tyr222 ADO
(Figure 2 E) has an overall 36 Da increase only in fragments
containing F2-Tyr222 (e.g., y3, y4, y5, b4, b5) and no increase
in fragments without it (e.g., y1, b2). As for the crosslinked
form, however, F2-Tyr222 ADO (Figure 2 F) shows only an
18 Da increase on the fragments containing the crosslink
(e.g., y5, b4, b5) when compared to the WT (Figure 2 C). The
same results were obtained in the ETD spectrum (see
Figure S3B). Thus, there is only a single fluorine in the
crosslinked peptide. Together with the WT results, the
presence of crosslink between Cys220 and Tyr222 is unambiguously established.
To reconcile the mass spectrometry results, we employed
19
F NMR spectroscopy to attempt to detect the fate of the
fluorine during cofactor biogenesis in F2-Tyr222 ADO. Under
Angew. Chem. 2018, 130, 8281 –8285
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anaerobic conditions, concentrated F2-Tyr222 ADO was
mixed with the substrate cysteamine in a sealed NMR tube.
The resulting 19F NMR spectrum was completely silent
(Figure 3). The absence of a F2-Tyr222 signal may result
from the coupling with the adjacent paramagnetic iron center.

Figure 3. 19F NMR spectra of the F2-Tyr222 enzyme–substrate complex
under anaerobic conditions (A), with exposure to air for an overnight
reaction (B), and with a spike of aqueous KF added to the reaction
mixture (C).

Then the NMR tube was opened and exposed to air overnight
for an in-tube reaction. The oxidized F2-Tyr222 ADO gave
rise to a new signal at d = @121.14 ppm. Spiking in aqueous
potassium fluoride overlaid with the observed new signal,
which confirms the fluorine departed in the fluoride form
during autocatalytic Cys-Tyr cofactor formation, which was
promoted in the presence of the enzyme substrates (i.e.,
cysteamine and O2).
The C@F bond is one of the most durable single bonds in
organic chemistry. The oxidative cleavage of one of the C@F
bonds in F2-Tyr222 ADO is an intriguing observation. To
estimate the bond strength of the C@F bond with an aromatic
carbon center, we performed density functional theory
calculations on l-Tyr and F2-Tyr. The results show that the
dissociation energy of the C@F bond (132.66 kcal mol@1) is
10.12 kcal mol@1 greater than that of the corresponding C@H
bond (122.54 kcal mol@1; see Table S1), which is more significant than a phosphoanhydride bond in ATP (7.3 kcal mol@1),
yet the nonheme iron-bound oxidant possesses sufficient
power to cleave a C@F bond.
We obtained a predicted model structure by using the
Phyre2 server[13] to estimate the locations and relative
distances of the cysteine and tyrosine residues. The model
suggests that Tyr87, Tyr222, Tyr223, and Cys220 are within the
second coordination sphere of the iron center while others
such as Tyr91 and Cys183, conserved in CDO, are likely
located on the protein surface and remote from the iron
center (Figure 4 A). Notably, the side chains of Cys220 and
Tyr222 are close to each other (ca. 3 c) but located on
a different side of the iron as compared to CDO (Figure 4 B).
Moreover, our multiple sequence alignment revealed that
Cys220 and Tyr222 are both conserved in the eukaryotic
ADOs and a new Cys-Tyr motif C-X-Y-Y(F) is identified (see
Figure S1B).
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Figure 4. ADO structural model. A) The cysteine and tyrosine residues
are highlighted. Tyr87, Tyr222, Tyr223, and Cys220 are within the
second coordination sphere of the iron center while others are likely
located in protein surface and remote from the iron center. B) Superposition of the active site of ADO model (green) and CDO crystal
structure (PDB ID: 2IC1, gray).

We produced site-directed mutates of Tyr87, Tyr222, and
Tyr223, altering them to alanine. The resulting variants were
subjected to an activity assay using an oxygen electrode. We
quantitated the oxygen consumption and plotted Michaelis–
Menten curves (see Figure S4). The catalytic activity was most
significantly reduced in Y222A ADO (ca. 23 % of WT), with
a modest reduction in Y87A (ca. 51 % of WT), and no
significant reduction in the activity of Y223A was observed
(see Table S2). To exclude the possibility of decreased activity
resulting from backbone distortions, we constructed a Y222F
variant and again obtained similar assay results that showed
that mutation of Tyr222 led to a significant reduction of the
ADO activity. Alternatively, F2-Tyr222 ADO only showed
a modest decrease in activity (ca. 66 % of WT). Thus, the
structural modeling and site-directed mutagenesis analysis
further corroborate the presence of Cys220-Tyr222 cofactor in
human ADO and its enhancement to catalysis of the cysteamine deoxygenation is proven.
In the past decade, thiol dioxygenases, including ADO
and CDO, have attracted a great deal of attention because of
the potential of novel sulfur-based chemistry. The structure
and function study of ADO has been hindered by ambiguity
on its catalytic cofactor in the mature protein, and the
enzymatic mechanism remains unknown even after nearly
half a century of the discovery of its enzymatic activity. The
ADO cofactor is less accessible relative to that of CDO
because it is not formed from two remote residues and little
impact made to the overall structure, so that there is
seemingly only one form of the protein at the reduced state.
Of note, the protein-derived Cys-Tyr redox cofactor is present
in a growing number of iron- and copper-containing proteins.
Its presence either enables or significantly enhances the
capacity of the host metalloprotein to mediate a specific
redox process, which may be achieved through correctly
positioning substrate(s) or stabilizing the catalytic intermediates. It was reported that there are nearly three hundred
candidate proteins identified for probable Cys-Tyr crosslinking based on an examination of published protein structures,[11] whereas few have been validated to possess such
a crosslinking. The major hurdle for such a limited number of
the reported protein-derived Cys-Tyr cofactors is the depend-
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ence on crystallography as for identification, and it is not
always accessible to a specific system. A recent study has
provided an alternative method that utilizes native fluorescence, however, there is limited choice for the studied
proteins since it requires small size and low tryptophan
composition.[14] Herein, a high-resolution mass-spectrometrycentered method coupled with the genetic incorporation of an
unnatural amino acid is described,[12, 15] and may be potentially
developed into an efficient method to detect the presence of
a Cys-Tyr cofactor.
In summary, the Cys-Tyr cofactor is firmly established as
part of the catalytic machinery in human ADO by highresolution mass spectrometry, mutagenesis analysis, activity
assays, and 19F NMR data. ADO is the second human enzyme
shown to contain a Cys-Tyr cofactor, and unlike the first one
found in CDO, it has its own crosslink motif. The identification of the C-X-Y-Y(F) motif provides one more template for
Cys-Tyr crosslink discovery in thiol dioxygenases. Additionally, we determined the metal-bound oxidant in ADO is
potent enough to activate either an aromatic C@H or a more
durable C@F bond when a genetically substituted fluorotyrosine probe is incorporated into the protein. These findings
will facilitate the structure and mechanism studies of ADO.
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SUPPORTING INFORMATION
Experimental Procedures
Synthesis of 3,5-Difluorotyrosine
To synthesize F2-Tyr, we transformed 2,6-difluorophenol to F2-Tyr by using Citrobacter Freundii (ATCC8090) tyrosine phenol lyase
(TPL) following established methods.[1] Detailed synthetic method and F2-Tyr purification were identical to previous publication.[2] The
F2-Tyr prepared was used in the following experiment for genetic incorporation into human ADO.

Cloning, Expression, Purification and Analysis of Recombinant Proteins
Expression vector pET28a-human ADO was purchased from DNASU Plasmid Repository and transformed into Rosetta2TM (DE3)
competent cells (Merck). Expression and purification of His6-tagged human ADO was performed as follows: Kanamycin (50 μg/mL)
and chloramphenicol (30 μg/mL) were used as antibiotics for selection of recombinant strains. the culture was grown at 37 °C in Luria
Bertani (LB) media in a baffled flask at 220 rpm till OD600 nm reached 0.8 AU. Isopropyl-β-thiogalactoside (IPTG) and ferrous
ammonium sulfate were added to a final concentration of 600 and 50 μM before the temperature was lowered to 28 °C. After 12 h of
further incubation, the cells were harvested and resuspended in lysis buffer (50 mM Tris-HCl, 200 mM NaCl, pH 8.0) and then
disrupted by a Microfluidizer LM20 cell disruptor, and the supernatant was recovered after centrifugation (4 °C, 25,000 g for 40 min).
ADO was separated using nickel-nitrilotriacetic acid resin. After being washed with washing buffer (50 mM Tris-HCl, 300 mM NaCl,
20 mM imidazole, pH 8.0), protein was eluted with elution buffer (50 mM Tris-HCl, 300 mM NaCl, 250 mM imidazole, pH 8.0). Purified
protein-containing fractions were further purified by gel filtration column (Superdex 75, 26/65) in storage buffer (50 mM Tris-HCl, 200
mM NaCl, 5% glycerol, pH 8.0) for further use. Protein concentration was determined by UV-vis absorbance at 280 nm (ε280 nm =
24,785 cm-1M-1).
The sets of mutagenic primers were synthetized by Integrated DNA Technologies. The sequence of the forward primers are listed
and its reverse pairs are reverse complement of the forward primers:
5’–GCCTCCGGTTACCGCTATGCACATTTATGAAAC–3’ for Y87A
5’–GTCGTGATTGTCATTATGCTCGTGTTCTGGAACCGG–3’ for Y223A
5’–GTCGTGATTGTCATTTTTATCGTGTTCTGGAAC–3’ for Y222F
5’–GTCGTGATTGTCATGCTTATCGTGTTCTGGAAC–3’ for Y222A
5’–GTCGTGATTGTCATTAGTATCGTGTTCTGGAAC–3’ for Y222F2-Tyr
Reagents were purchased from Sigma-Aldrich, New England Biolabs and Thermo, Inc. DNA manipulations in Escherichia coli were
carried out according to standard procedures. The expression and purification for all mutants are same as the WT ADO.
For the expression of F2-Tyr222 ADO, pEVOL-F2-TyrRS was co-transformed with pET28a-human ADO222TAG into BL21 (DE3). The
cells were induced with 0.6 mM IPTG and 0.02% L-arabinose at OD600 nm of 0.8 in the presence of 0.5 mM F2-Tyr. After growing for
12 h at 28 °C, the F2-Tyr222 ADO were purified using the protocol described above.

Activity Assay
ADO activity assay was done using oxygen electrode (Oxygraph, Hansatech Instruments). Enzymes were freshly iron reconstituted
before assay use. A standard condition derived from previous method was conducted with 0 - 3 μg enzyme, 50 mM Tris borate buffer
and varying concentrations of cysteamine (0 – 40 mM) in a total volume of 1 mL (pH8.0, 25 °C).[3] The reaction was initiated by
addition of cysteamine into the electrode chamber with constant stirring. The net oxygen consumption was obtained by subtracting
initial oxygen consumption rate in the presence of enzyme by blank, the one in the absence of enzyme. Curves of net oxygen
consumption over enzyme concentration versus starting cysteamine concentration were fitted with the Michaelis-Menten equation in
OriginPro (OriginLab, Northampton, MA) to determine kcat and Km values.

Mass Spectrometry
WT and F2-Tyr222 ADO proteins were denatured by incubation at 55 °C for 1 h in a solution of 6 M guanidine HCl containing 10 mM
DTT. After cooling to room temperature, iodoacetamide was added to a concentration of approximately 40 mM and incubated in the
dark at room temperature for 4 h. Protein samples were exhaustively desalted by filtration with 50 mM ammonium acetate through
centrifugal filters with 10 kDa membrane cut-off. Proteomics-grade trypsin was added to the desalted carbamidomethylated proteins
(1:100 enzyme:substrate ratio) and the mixture incubated at 37 °C overnight. The trypsin-digested proteins were analyzed on a nano
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reversed-phase liquid chromatography (LC) electrospray ionization tandem mass spectrometry (MS) system that consisted of an
UltiMate 3000 Nano LC System and an LTQ-Orbitrap Elite mass spectrometer (Thermo Fisher, San Jose, CA). Chromatography was
performed using a home-made 20 cm  75 μm ID column packed with XBridgeTM BEH C18 beads (2.5 μm, 130 Å). Solvent A (0.1%
aqueous formic acid) and B (0.1% formic acid in acetonitrile) were used to establish the 85-min gradient, comprised of 60 min of 5 45% B, then 15 min of 45-90% B, and finally maintained at 90% B for 10 min, with the flow rate at 200 nL/min. The LTQ-Orbitrap Elite
mass spectrometer was operated in positive ionization mode with a 2.6 kV applied spray voltage. The temperature of the ion transfer
capillary was 300 °C. One microscan was set for each MS and MS/MS scan. A full scan MS acquired in the range 380 ≤ m/z ≤ 2000
was followed by 10 data dependent MS/MS events on the 10 most intense ions. The mass resolution was set at 60000 for full MS.
The dynamic exclusion function was set as follows: repeat count, 1; repeat duration, 30 s; exclusion duration, 30 s. Collision-induced
dissociation (CID) was performed at a normalized collision energy of 35% and the activation time was set at 0.1 ms.
For offline electron transfer dissociation (ETD) fragmentation analysis of LC-fractionated peptides, sample solutions were introduced
into the nanospray source via syringe pump at a flow rate of 20 nL/min. Instrument parameters were maintained at the following
optimal values for each experiment unless otherwise indicated: source voltage, 2.2 kV; vaporizer temperature, 180 °C; capillary
temperature, 200 °C. The Orbitrap was set to 60K resolution for all data collection. The calibration was performed externally using
Pierce® ESI Positive Ion Calibration Solution (Thermo Scientific); and mass spectra recorded in the range 50 ≤ m/z ≤ 1500. Mass
spectra were an average of 1 minute of scans with an automatic gain control target value of 1  106 ions or maximum injection time of
100 ms. Specific ions of interest were isolated and fragmented by ETD using fluoranthene as reagent and with 100 ms activation time.
Data were processed using Qual Browser Xcalibur™ 2.2 (Thermo Fisher Scientific Inc.).

Nuclear Magnetic Resonance Spectroscopy
19

F NMR spectra were recorded on an Bruker (Billerica, MA) Avance III HD 500 MHz spectrometer equipped with a 5-mm Cryoprobe
Prodigy at 300 K. Spectra were recorded in 90/10 buffer/D2O and referenced to internal trifluoroacetic acid (-76.5 ppm). Onedimension 19F spectra (zgflqn) were recorded with 5 s relaxation delay, 64 k data points, and multiplied with an exponential function
for a line-broadening of 5 Hz before Fourier transformation. All NMR data were processed using MestReNova NMR v11.0.3 software.
400 µM F2-Tyr222 ADO was first incubated with 30 mM cysteamine in 100 mM Tris buffer, pH 8.0 anaerobically and took 3000 scans.
Then it was exposed to air for overnight to obtain more crosslinked ADO before another 3000 scans.

ADO Model Building and Sequence Alignment
Human ADO primary sequence was submitted to Phyre2 protein fold recognition sever[4] with normal modeling mode. The final model
was built mainly on type I cysteine dioxygenase template. 155 residues out of 270 amino acids (57% sequence coverage) have been
modeled with 99.7% confidence by the cysteine dioxygenase template. In the predicted human ADO model, four out of six cysteine
residues and seven out of eight tyrosine residues were presented. Only Cys239, Cys258, Tyr263 at disordered C-terminal end were
not predicted.
The pairwise sequence alignment of human CDO (BAA12873) and human ADO (NP_116193) were done using EMBOSS Needle.[5]
The sequences of eukaryotic and putative ADOs are obtained from NCBI non-redundant protein sequence database, and aligned by
Clustal Omega multiple sequence alignment.[6] The final alignment figure was generated by ESPript.[7]

Calculation of Dissociation Energy of C-H and C-F Bonds by Density Function Theory
All calculations were implemented with the ORCA (4.0.1) quantum chemistry program package.[8] Full geometry optimizations were
performed for all molecules using B3LYP hybrid functional in combination with RIJCOSX approximation with the 6-311+G(d,p) basis
set for all atoms, in which tight SCF convergence criteria were used, for obtaining minimum energy structures with zero imaginary
frequencies. The solvent effect of aqueous media was estimated using the conductor-like polarizable continuum model (CPCM) in
combination with the conductor-like screening model (COSMO)[9] epsilon function (dielectric constant ε = 80.4 for water). Thermal
corrections to enthalpies and Gibbs free energies determined at 298.15 K using the B3LYP/6-311+G(d,p) level of theory were also
applied to the total energies. Table S1 shows theoretical bond dissociation energy, which was calculated by difference in Gibbs free
enthalpy on the assumption that carbon-hydrogen bond and carbon-fluorine bonds are homolytically cleaved in aqueous solution. We
calculated also for fluorobenzene and unfluorinated benzene for comparison with reported data.[10]
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Supporting Table and Figures

Table S1. Calculation of Theoretical Bond Dissociation Energy. Homolytic cleavage of carbon-hydrogen/carbon-fluorine
bond calculated by difference in Gibbs free enthalpy at 298.15 K at the level of B3LYP/6-311+G(d,p), and comparison with
reported experimental data.
Calcd. DH298 (kcal/mol)

Expl. DH298 (kcal/mol)

C-H bond in Tyr

122.54

-

C-F bond in F2-Tyr

132.66

-

C-H bond in benzene

120.43

112.9 ± 0.6[a]

C-F bond in fluorobenzene

134.78

127.2 ± 0.7[a]

[a]

Reported experimental data.[10]
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Table S2. Site-directed Mutagenesis Analysis of ADO. The experiment was done using oxygen electrode at room
temperature with 0 - 3 μg enzyme, 50 mM Tris borate buffer and varying concentrations of cysteamine (0 – 40 mM) in a total
volume of 1 mL.

kcat (s-1)

Km (mM)

kcat/Km (s-1 mM-1)

WT

1.22 ± 0.08

3.4 ± 0.3

0.36 ± 0.06

Y87A

0.62 ± 0.03

3.6 ± 0.4

0.18 ± 0.03

Y223A

1.21 ± 0.14

5.6 ± 1.8

0.25 ± 0.11

Y222A

0.28 ± 0.02

5.3 ± 0.7

0.05 ± 0.01

Y222F

0.51 ± 0.05

14.4 ± 3.0

0.04 ± 0.01

F2-Try222

0.80 ± 0.03

5.4 ± 0.3

0.15 ± 0.01
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Figure S1. Sequence Alignment. (A) Pairwise sequence alignment of human ADO and CDO. The 3-His metal binding motif is conserved; only one pair of tyrosine
(Tyr40 in CDO, and Tyr91 in ADO) and one pair of cysteine (Cys130 in CDO, and Cys183 in ADO) are conserved. α-helices and β-strands are predicted using
unknown CDO structure (PDB ID 2IC1). (B) Multiple sequence alignment of eukaryotic and putative ADOs. The included species and NCBI protein accession numbers
are (1) Homo sapiens, NP_116193; (2) Pan troglodytes, JAA35409; (3) Mus musculus, NP_001005419; (4) Lepidothrix coronate, XP_017681447; (5) Xenopus laevis,
NP_001088077; (6) Nothobranchius rachovii, SBR92053; (7) Spodoptera litura, XP_022827635; (8) Leishmania major, CAJ02170; (9) Strongylocentrotus purpuratus;
XP_001183066; (10) Gossypium arboretula, KHG13152; (11) Arabidopsis thaliana, NP_191426; (12) Medicago truncatula, ABD28522; (13) Phytophthora nicotianae,
KUF87667; (14) Chrysochromulina, KOO33837. Highly and strictly conserved residues are boxed, and highlighted in black background, respectively.
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Figure S2. LC-MS of WT and F2-Try222 ADO. WT (A) and F2-Try222 ADO (B) peptides eluted form LC-MS after trypsin
digestion. Gray colored text represents elution time (min); Black colored text represents m/z values. The Cys220 and Tyr222
containing peptide of WT ADO DCHYYR eluted at 40-44 min while the F2-Tyr222 ADO peptide DCH[F2Y]YR eluted at 49-53
min.
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Figure S3. ETD Fragmentation Spectra of LC-fractionated Peptides. (A) Crosslinked peptide of WT ADO and (B)
crosslinked peptide of F2-Try222 ADO. The arc represents crosslinking. FY represents a mono-fluoro substituted Tyr222. The
intact peptides at +2 charge state are highlighted by red and signature fragmentation ions are colored by black. Other
observed m/z values are colored by gray.
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Figure S4. Michaelis-Menten Plots for WT ADO and ADO Mutants. WT ADO (A) showed activity of kcat = 1.22 ± 0.08 s-1,
Km = 3.4 ± 0.3 mM. Y87A (B) and Y223A (C) did not significantly affect the activity while Y222A (D) and Y222F (E) had much
slower activity compared with WT. F2-Try222 ADO (F) was catalytic active but had a slower catalytic rate.
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