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ABSTRACT: Cysteine dioxygenase (CDO) is a nonheme iron
enzyme that adds two oxygen atoms from dioxygen to the sulfur
atom of L-cysteine. Adjacent to the iron site of mammalian CDO,
there is a post-translationally generated Cys-Tyr cofactor, whose
presence substantially enhances the oxygenase activity. The
formation of the Cys-Tyr cofactor in CDO is an autocatalytic
process, and it is challenging to study by traditional techniques
because the cross-linking reaction is a side, uncoupled, single-
turnover oxidation buried among multiple turnovers of L-cysteine
oxygenation. Here, we take advantage of our recent success in
obtaining a purely uncross-linked human CDO due to site-
specific incorporation of 3,5-difluoro-L-tyrosine (F2-Tyr) at the
cross-linking site through the genetic code expansion strategy. Using EPR spectroscopy, we show that nitric oxide (•NO), an
oxygen surrogate, similarly binds to uncross-linked F2-Tyr157 CDO as in wild-type human CDO. We determined X-ray crystal
structures of uncross-linked F2-Tyr157 CDO and mature wild-type CDO in complex with both L-cysteine and •NO. These
structural data reveal that the active site cysteine (Cys93 in the human enzyme), rather than the generally expected tyrosine
(i.e., Tyr157), is well-aligned to be oxidized should the normal oxidation reaction uncouple. This structure-based understanding
is further supported by a computational study with models built on the uncross-linked ternary complex structure. Together,
these results strongly suggest that the first target to oxidize during the iron-assisted Cys-Tyr cofactor biogenesis is Cys93. Based
on these data, a plausible reaction mechanism implementing a cysteine radical involved in the cross-link formation is proposed.

A protein-derived cofactor is often a catalytic center or an
amplifier for enhancing the catalytic activity of an

enzyme. The thioether cross-linked cysteine−tyrosine (Cys-
Tyr) through a carbon−sulfur bond is a protein cofactor,
which is found in diverse metalloproteins including nonheme
iron-dependent cysteine dioxygenase (CDO) and cysteamine
dioxygenase (ADO), copper-dependent galactose oxidase
(GAO) and glyoxal oxidase (GLOX), heme iron-dependent
cytochrome c nitrite reductase (TvNiR), heme- and [Fe4S4]-
dependent sulfite reductase (NirA),1−8 and possibly in an
orphan protein BF4112.9 The post-translational modification
in these proteins is accompanied by a change of the tyrosine
residue of its redox potential, pKa, and also restricting its free
rotation. The Cys-Tyr cofactor in the iron proteins enhances
the catalytic activity,8,10,11 while in the copper-dependent
oxidases the cofactor is a copper ligand, and it is in a one-
electron oxidized free radical form.6,12 Such a Cys-Tyr radical
cofactor is essential for the catalytic activity of the oxidases.13

The biogenesis mechanism of Cys-Tyr is significantly better
understood for the copper-dependent oxidases,3,14,15 and much
less is known for the iron-dependent proteins.16 The Cys-Tyr
cofactor in mammalian cysteine dioxygenase (EC 1.13.11.20)
is a catalytic amplifier17 located adjacent, but not directly
coordinated, to the catalytic nonheme iron center.1,18 CDO
catalyzes the first and committed step of oxidative cysteine
catabolism, that is, the conversion of L-cysteine to

cysteinesulfinate (Scheme 1A). Cysteinesulfinate is ultimately
catabolized to taurine and sulfate19 as terminal products. The
activity of CDO is significant for maintaining the thiol levels
and a proper balance among cysteine, taurine, and sulfate.19

The production of the Cys-Tyr cofactor in CDO is a self-
processing oxidation reaction due to uncoupled oxygen
activation at the nonheme iron center of the enzyme (Scheme
1B), where its active site residues are oxidized by O2 rather
than the substrate, L-cysteine. It takes likely hundreds of
turnovers to form the Cys-Tyr cofactor.17 Once the cofactor is
generated, the mature form of CDO can metabolize high levels
of cysteine and additionally increase its catalytic lifetime by ca.
3-fold.16,20

One mechanism for the CDO cofactor biogenesis has been
proposed, according to which Tyr157 is oxidized to a tyrosyl
radical by a metal-bound oxidant to initiate the cross-linking
reaction.2,17,21 However, this proposal was published before
the uncross-linked starting structure was determined, and was
entirely based on the mature CDO structure in which Tyr157
is closer to the iron ion than Cys93. It has been suggested that
Cys93 could be oxidized before tyrosine oxidation,16,22
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however, there is no proposed mechanistic model described
until our work.4 The cofactor biogenesis mechanism appears to
be inaccessible in CDO by traditional experimental ap-
proaches,4,5 and thus there is little evidence to explore the
proposed mechanisms. In our studies, we employed the
strategy of genetic code expansion to probe the cofactor in
ADO and CDO.4,5 Recently, we reported an uncross-linked
structure of human CDO (hCDO, GenBank ID: AAH24241)
with with a 3,5-difluorotyrosine at 157, i.e., F2-Tyr157.

4 Unlike
those uncross-linked CDO structures from Cys93 or Tyr157
mutants, which permanently disable the cofactor biogenesis,
the uncross-linked hCDO with unnatural amino acid F2-
Tyr157 is fully capable of cofactor biogenesis for generation of
a Cys-Tyr cofactor-bearing enzyme.4 The F2-Tyr157 hCDO is
also catalytically active for L-cysteine dioxygenation. A notable
finding from the uncross-linked structure is that Cys93 has two
distinct conformations, one of which is closer to the iron ion
than Tyr157. This finding casts a serious question on which
residue, Cys93 or Tyr157, is the first oxidation target during
uncoupled oxidation reaction. In the present work, we took
advantage of our success in obtaining a purely uncross-linked
form of hCDO and obtained ternary complex crystal structures
of hCDO in both uncross-linked and the mature forms. These
new data revealed critical information about the cofactor
biogenesis mechanism and also provided insights into the
contribution of the Cys-Tyr cofactor to the dioxygenation
mechanism. A distinct mechanistic proposal that starts with a
Cys93 radical is discussed.

■ MATERIALS AND METHODS
Chemicals. All primers were synthesized by Integrated

DNA Technologies. Reagents were purchased from Sigma-
Aldrich, New England Biolabs (NEB), and Thermo Fisher
Scientific with the highest purity grade available and used as
received. DNA manipulations in Escherichia coli were carried
out according to standard procedures. Ampicillin (100 μg/mL)
and chloramphenicol (30 μg/mL) were used as antibiotics for
the selection of recombinant strains. F2-Tyr was used in the
genetically modified hCDO cell culture. The synthesis of F2-
Tyr from 2,6-difluorophenol by using Citrobacter f reundii
(ATCC 8090) tyrosine phenol-lyase (TPL) was carried out
following established methods as described previously.4,23

Preparation of Human CDO Proteins with a Genet-
ically Incorporated Unnatural Tyrosine157. The con-
struction of pVP16-hCDO plasmid for wild-type (WT) hCDO
was described previously.4 The cell culture was prepared at 37
°C in Luria−Bertani medium in a baffled flask at 200 rpm with
the appropriate antibiotic to an optical density of 0.8 AU at
600 nm. After overnight induction with 0.5 mM isopropyl-β-
thiogalactoside (IPTG) at 28 °C, the cells were harvested and
resuspended in the lysis buffer, i.e., 50 mM Tris-HCl at pH 8.0
containing 300 mM NaCl, 1 mM ferrous ammonium sulfate,
and then disrupted by a Microfluidizer LM20 cell disruptor.
The supernatant was recovered after centrifugation (13 000 g
for 30 min) at 4 °C. The His-MBP-tagged protein was
separated using Ni-NTA agarose beads. After buffer exchanged
with a washing buffer (50 mM Tris-HCl, 300 mM NaCl, 20
mM imidazole, pH 8.0), the isolated protein was eluted with
elution buffer (50 mM Tris-HCl, 300 mM NaCl, 250 mM
imidazole, pH 8.0). The hCDO-containing fractions were
dialyzed into the storage buffer (50 mM Tris-HCl, 100 mM
NaCl, 5% glycerol, pH 8.0) and stored at −80 °C. The protein
concentration was determined based on the extinction
coefficient of ε280 nm = 25 440 cm−1 M−1. For expression of
F2-Tyr157 hCDO protein, pEVOL-F2-TyrRS was cotrans-
formed with pVP16-hCDO157TAG into BL21(DE3).4 The
transformed cells were induced with 0.5 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 30 °C, the F2-Tyr157 hCDO
protein was purified using the protocol described above for
WT hCDO. The His-MBP tag was removed from WT and F2-
Tyr157 hCDO by using a TEV protease during the last phase
of the purification. The liberated native and F2-Tyr157
proteins were further purified by Superdex 75 gel-filtration
column in 20 mM Tris-HCl, 50 mM NaCl (pH 8.0) buffer and
were ultrafiltrated to the required concentration for subsequent
experiments.

Electron Paramagnetic Resonance (EPR) Spectrosco-
py. The protein samples were treated with EDTA to remove
trace metals. They were anaerobically reconstituted and
dialyzed with ferrous ammonium sulfate to ensure full iron
occupancy. Then, they were incubated with L-cysteine and
nitric oxide (•NO), a spin probe of the FeII center and a
structural analogue of the molecular oxygen. The •NO-
releasing agent DEA-NONOate (Cayman Chemical Co.) was
dissolved into water in a glovebox, and the •NO-bound CDO
samples were formed by anaerobically soaking the ES complex
with a certain volume of DEA-NONOate in the presence of 20
mM L-ascorbic acid for 1 h. The samples were transferred to
quartz EPR tubes and slowly frozen in liquid 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 resonator at 9.4 GHz with 100 kHz modulation
frequency, 0.8 mW microwave power, 0.6 mT modulation
amplitude at 20−50 K, and an average of four scans for each
spectrum.

Crystallization, Data Collection, Model Building, and
Refinement. Crystals of the hCDO were grown at 22 °C by
the hanging-drop, vapor-diffusion technique against a mother
liquor composed of 0.1 M MES (pH 6.5), 2 M ammonium
sulfate, and 2% PEG 400, as previously described.4 After
soaking in a cryoprotectant containing reservoir solution plus
20% glycerol for 30 s, the crystals were flash-frozen and stored
by liquid nitrogen for data collection using synchrotron
radiation. The substrate-bound structures were obtained by

Scheme 1. Chemical Reactions Catalyzed by CDOa

a(A) CDO catalyzes an iron-dependent oxygenation reaction that
activates O2 and inserts the two oxygen atoms into the sulfur group of
L-cysteine to produce cysteinesulfinate. (B) An uncoupled autocata-
lytic oxidation leads to the formation of a Cys-Tyr cofactor. This
uncoupled reaction is triggered by the presence of L-cysteine and O2.
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soaking 100 mM L-cysteine to the hCDO crystals. The
anaerobic crystallization for obtaining pure uncross-linked
hCDO was conducted in an O2-free anaerobic chamber from
Coy Laboratory Products. The •NO-bound crystals were
formed by soaking the ES-complex crystals with the •NO-
releasing agent DEA-NONOate in the presence of 0.5 mM
TCEP-HCl for 15 min anaerobically before flash cooling in
liquid nitrogen.
All X-ray diffraction intensity data were integrated, scaled,

and merged using HKL2000.25 Molecular replacement was
performed with Phenix using the crystal structure of WT
hCDO as a starting model (Protein Data Bank entry 2IC1),26

except F2-Tyr hCDO−CYS-•NO used the crystal structure of
uncross-linked F2-Tyr hCDO (6BPT)4 as the starting model.
The Coot and Phenix software packages were used for the
model building (main chain tracing), ligand and water finding,
and real space refinement of side chains and zones (see data
and refinement statistics in Table 1).27

Computational Methods. We utilized Cartesian coor-
dinates determined experimentally in the crystal structure of
the F2-Tyr157 hCDO ternary complex (PDB entry 6BPR) as
the starting structure for the DFT calculations. The iron

complexed in the model with the following ligands: three
histidine residues (His66, His88, and His140), the bound
substrate L-cysteine, and •NO. Other than the precursor
residues of the cofactor, i.e., the uncross-linked form of Cys93
and F2-Tyr157, we also considered Tyr58, Arg60, Glu104, and
His155 as part of the active site of F2-Tyr157 hCDO. The
histidine, cysteine, tyrosine, arginine, and glutamate residues
were truncated to methylimidazole, methylsulfide, p-methyl-
phenol, propylguanidinium, and propanoate groups, respec-
tively. Hydrogen atoms were modeled with standard bond
metrics, and their positions were optimized while freezing all
heavy atoms. Attempts to optimize with fewer constraints lead
to the sulfur of Cys93 moving away from the iron center and
are not reported. The constrained geometry optimizations and
single point energy calculations were performed using the
B3LYP28,29 hybrid functional and RIJCOSX approxima-
tion,30,31 together with the def2-TZVP32,33 basis set with the
auxiliary basis set def2/J34 for Coulomb potentials for all atoms
in the gas phase. The EPR parameters were calculated on the
geometry based on crystal structure, with three functionals
B3LYP, PBE0, and PWP1 and a combination of basis sets:
CP(PPP) basis set35 for Fe, Kutzelnigg’s basis set for NMR

Table 1. X-ray Crystallographic Data Collection and Refinement Statisticsa

description (PDB ID) (cross-
link status)

F2-Tyr hCDO−CYS-•NO (6BPR)
(uncross-linked)

WT hCDO (6E87)
(cross-linked)

WT hCDO−CYS (6N42)
(cross-linked)

WT hCDO−CYS-•NO (6N43)
(cross-linked)

Data Collection
beamline SBC-19-BM SSRL-BL9-2 SBC-19-BM SSRL-BL9-2
space group P65 P65 P65 P65
wavelength (Å) 50.00−1.96 (1.99−1.96) 50.00−1.95 (1.98−

1.95)
50.00−2.20 (2.25−2.20) 50.00−2.29 (2.34−2.29)

a, b, c (Å) 131.4, 131.4, 34.2 131.7, 131.7, 34.3 131.2, 131.2, 34.3 131.2, 131.2, 34.2
α, β, γ (deg) 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120
completeness (%) 100.0 (100.0) 99.5 (94.1) 100.0 (100.0) 92.5 (99.2)
no. of unique reflections 24681 (1224) 25141 (1169) 17616 (1173) 15449 (954)
I/σ 19.9 (2.6) 13.5 (1.4) 15.1 (2.6) 9.0 (1.5)
CC1/2 last shell 0.851 0.746 0.829 0.757
redundancy 11.1 (11.0) 6.3 (4.1) 12.5 (12.4) 5.2 (3.3)
Rmerge 14.3 (99.9) 13.6 (67.7) 17.4 (98.9) 14.5 (46.7)
B factor (Å2b) 25.1 26.4 26.1 32.4

Refinement
resolution (Å) 32.83−1.96 43.12−1.95 32.84−2.20 32.73−2.29
no. of reflections 24 659 25 129 17 598 15 431
Rwork/Rfree 16.0/18.8 17.1/19.7 17.2/21.0 17.2/21.0
RMSD for bond lengths (Å) 0.008 0.006 0.008 0.008
RMSD for bond angles (deg) 0.9 0.9 0.9 1.1

Ramachandran Statisticsb

preferred (%) 99.4 98.4 99.5 98.4
allowed (%) 0.6 1.1 0.5 1.6
outliers (%) 0 0.5 0 0

No. of Atoms
protein 1565 1540 1523 1502
L-cysteine 7 NAc 7 7
FeII 1 1 1 1
•NO 2 NA NA 2

water 191 155 121 98
Average B-Factors (Åb)

protein 29.2 33.7 31.2 37.9
L-cysteine 31.9 NA 43.0 41.9
FeII 21.4 28.4 41.7 34.5
NO 30.8 NA NA 44.0
water 40.8 42.7 38.6 42.1
aValues in parentheses are for the highest resolution shell. bRamachandran statistics were analyzed using MolProbity.24 cNA, not applicable.
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and EPR parameters (IGLO-III)36 for the •NO ligand ,and
def2-TZVP basis set with auxiliary basis sets def2/J for the
remaining atoms. A higher resolution radical grid with an
integration accuracy of 7.0 was used for the Fe atom and N
atoms. In these calculations, the tight self-consistent field
(SCF) convergence criteria were used. Scalar relativistic effects
were corrected using the all-electron zero-order relativistic
approximation (ZORA).37,38 DFT calculations were carried
out with the ORCA (4.0.1) quantum chemistry program
package39 using the high-performance computational clusters
of UTSA and Texas Advanced Computing Center (TACC).

■ RESULTS
X-Band EPR Spectra of Substrate-Bound Iron-Nitrosyl

F2-Tyr157 CDO. The diatomic molecule •NO has previously
been employed as a spin probe and an O2 surrogate for the
ferrous ion in CDO.22,40,41 An EPR study was performed to
verify that the electronic structure and geometry of the hCDO
active site in the substrate-bound ternary complex are
minimally perturbed in F2-Tyr157 hCDO. When •NO binds
to the WT hCDO and F2-Tyr157 hCDO in the presence of L-
cysteine, three sets of EPR signals were observed in both
proteins (Figure 1). The major resonances arise from a

characteristic, broad low-spin (S = 1/2) nonheme, L-cysteine-
bound, ferrous-nitrosyl {Fe(NO)}7 complex as was well-
documented in a previous study22 and a more narrow signal
from an axial dinitrosyl {Fe(NO)2}

99 complex. The S = 1/2
total ground spin state of the dinitrosyl complex is due to an
antiferromagnetic coupling between the high-spin ferrous iron
(SFe = 2) and the overall (NO)2

− ligand (S(NO)2 = 3/2), which
has been found in synthetic and protein-based nonheme iron
centers.42−49 An additional minor axial signal was also
observed, which was present in controls that did not contain
L-cysteine and thus attributed to the substrate-free form of the
ferrous-nitrosyl complex (Figure S1). These EPR data illustrate
that the ternary complex, which mimics the substrate-bound
FeII-oxygen species in the uncross-linked form of hCDO, are
nearly electronically identical in WT hCDO and F2-Tyr157
hCDO. These results suggest that the ternary complex of

hCDO with an unnatural tyrosine F2-Tyr157 could faithfully
represent the corresponding ternary complex chemical
structure of the wild-type protein.

Determination of the Ternary Complex Structures of
Uncross-Linked and Cross-Linked hCDO. The crystal
structure of CDO with the bound L-cysteine substrate and an
O2 surrogate is crucial for understanding the mechanism of the
Cys-Tyr cofactor formation as it mimics the first reactive
complex structure of the enzyme. Thus, we determined a cross-
link-free complex structure of F2-Tyr157 hCDO by soaking the
crystals with both L-cysteine and •NO under anaerobic
conditions. The ternary complex structure of uncross-linked
F2-Tyr157 hCDO, refined to 1.96 Å resolution (Table 1),
shows additional density for the substrates bound to the iron
ion and no cross-link between Cys93 and F2-Tyr157 (Figure
2A). The final refined structure was obtained by fitting the

excess density with •NO at 100% occupancy. The Fe−N−O
angle is 116°, consistent with the angle found in the crystal
structure of isopenicillin N-synthase (IPNS) complexed with
its substrate and •NO (Figure S2), an enzyme that also has
substrate-based thiolate ligation to a catalytic nonheme iron
center.50 The Fe−N bond for the •NO ligand is 1.94 Å. The
distance between the oxygen of the •NO ligand and the Nδ of
His155 is 3.1 Å, allowing for a weak H-bond interaction
between them (Figure 2B). The occupancy of the water ligand
in the ternary complex structure is lower than that in the
crystal structure of the uncross-linked F2-Tyr157 hCDO in the
substrate-free form, and the B-factor changes from 15.6 to 37.8.
The lower occupancy and higher B-factor indicate that the
water ligand has a low affinity to the iron ion and is replaced by
•NO (Figure S3A−C). Of note, the hydroxyl group of F2-
Tyr157 forms a strong H-bond with the carboxyl group of the

Figure 1. EPR spectra of the CDO (FeII)-L-cysteine-•NO complex
(black trace, wild-type enzyme; blue trace, F2-Tyr157 hCDO). These
spectra were collected at 50 K, 0.8 mW microwave power, 0.6 mT
modulation amplitude, and 100 kHz modulation frequency.

Figure 2. A ternary complex of the 100% uncross-linked F2-Tyr157
hCDO bound with L-cysteine and •NO. The substrate is labeled as
CYS. The fluorine atoms are shown in purple. (A) The omitted Fo−Fc
electron densities of the •NO ligand and Cys93 (which has two
conformations) contoured at 3 σ (green) and 6 σ (purple),
respectively. (B) The details of the key interactions. The distances
are in angstroms (Å). (C) Alignment of the F2-Tyr157 CDO (gray)
and the matured WT CDO (green). (D) Both CYS and •NO rotate
during the cofactor formation. (E) Tyr157 rotates during the cofactor
biogenesis.
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iron-bound L-cysteine (2.6 Å), as was observed in a previous
computational study.51 Interestingly, the •NO ligand is in close
contact with one of the conformations of Cys93 (3.1 Å)
(Figure 2B). The potential interaction between •NO with
Cys93 suggests a possible reaction between the iron-bound
dioxygen, mostly in the FeIII-superoxide form and Cys93
during cofactor biogenesis should the uncoupled oxidation
reaction occur. The oxygen of the •NO ligand is 3.1 Å from the
F2-Tyr157 hydroxyl group (Figure 2B); however, the strong H-
bond between the tyrosyl hydroxyl group and the carboxyl
group of the substrate should decrease the probability of the
tyrosine residue oxidation via hydrogen atom transfer.
We also obtained a cross-linked ternary complex crystal

structure of WT hCDO with the same method. The crystal
structure of the ternary complex of the mature protein shows
additional density bound to the iron ion and the cross-linked
Cys-Tyr cofactor. Fitting with •NO at 100% occupancy
resulted in a ternary complex structure. This structure
represents an analogous complex for oxygenation but not for
cofactor biogenesis, as the Cys-Tyr cofactor is already fully
installed. Obtaining such a structure would allow identification
of any cofactor formation-induced structural rearrangement at
the enzyme active site. The water ligand in this structure was
not found in the iron center after soaking with L-cysteine and
•NO (Table 1 and Figure S3D−F). The hydroxyl group of the
Cys-Tyr cofactor forms a strong H-bond with both the •NO
ligand and the carboxyl group of the substrate L-cysteine
(Figure S4). Tyr157 rotates during cofactor formation, and
•NO moves together with Tyr157 possibly because of their
interactions (Figure 2C). The structural data indicate that the
orientation of the carboxyl group of the iron-bound L-cysteine
substrate is sensitive to the movement of Tyr157. The
autocatalytic formation of the cofactor moves F2-Tyr157 (1
Å difference) away from the guanidyl group of Arg60 and
rotates it by ca. 32°, pulling the carboxyl group of the substrate
toward Arg60 (Figure 2D,E).
The Fe−N−O angle in the cross-linked complex structure is

139°, which is significantly larger than in the uncross-linked
structure (Figure 2D). Notably, the dihedral angles of L-Cys
(S)−Fe−N-O are −4.5 and −66.2° in the cross-linked and
uncross-linked structures, respectively. Since the distance from
the distal oxygen to the substrate sulfur shows little change
upon cofactor formation, these changes in ligand orientation
should be significant for understanding the contribution of the
Cys-Tyr cofactor in tuning the reactivity of the iron-bound
oxygen toward the bound L-cysteine.
Structural Models of the Ternary Complex of F2-

Tyr157 hCDO Bound with L-Cysteine and •NO. To probe
the feasibility of Cys93 as the initial target for oxidation by the
putative FeIII-superoxide intermediate, a computational study
was executed to predict hydrogen atom positions in the ternary
complex. Figure 3 shows models of the ternary complex mimic
the active sites of F2-Tyr157 hCDO and WT hCDO. Heavy
atom positions were obtained from the •NO-bound crystal
structure (6BPR), and hydrogen atom positions were
calculated by a constrained geometry optimization using the
density functional theory (DFT) method (see the experimental
procedures).
In order to verify that the models represent reasonable

structures, EPR parameters, principal values of the g-tensor and
14N hyperfine tensor (A-tensor), were calculated using DFT
with three different functionals for comparison with exper-

imental data and other published DFT structures. Table S1
shows the calculated principal values as well as reported values
listed from the literature.22 The calculated g values are nearly
consistent with the reported values for the CDO (S = 1/2)
complex within ±0.01 difference. The principal axis of the
largest component of the 14N hyperfine tensor (denoted as Ay
in Table S1) is predicted to be nearly collinear to the axis of
the middle component (gy) of the g-tensor with less than 15°
deviation when using PBE0 or PW91. Negative components of
the 14N hyperfine tensor, which come from slightly dominant
nuclear spin-electron spin dipolar interaction in Ax and Az, are
predicted by the DFT calculation, but are not clearly
recognized in the experimental spectra due to line broadening
in gz and gx. The same constrained geometry optimization was
carried out also for the uncross-linked WT hCDO by
substituting fluorine atoms with hydrogen atoms in the
model before energy minimizations (Figure 3B), and similar
results were observed.
To further examine the oxidation target during the initial

steps of cofactor biogenesis, we implemented single point
energy calculations for different positions of the hydrogen
atom in the hydroxyl group of F2-Tyr157 or the thiol group of
Cys93 by changing the dihedral angles (θ, φ) defined at every
20°. The relative single point energies for different dihedral
angles are shown in Figure S5. In this set of the calculations,
F2-Tyr157 hCDO and WT hCDO gave the minimum energy
at the dihedral angle θ of 11.8 and 10.2 (Figure 3A,B and
Figure S5A), indicating that the O−H bond of F2-Tyr157 or
Tyr157 prefers an orientation pointing toward the carboxyl
group of the substrate L-cysteine to form an H-bond, rather
than •NO. According to the energy profile, the structure with θ
of 100° gives the highest energy. In this case, the tyrosine O−
H group approaches the amino group of the substrate L-
cysteine. There is a local minimum point at around θ = 160°
with an energy higher than the lowest point by 29 kcal/mol at
around θ = 20°, in which the O−H bond comes close to the
•NO ligand. We observed that F2-Tyr157 hCDO and WT
hCDO yield minimum energies at the dihedral angle φ of
166.8 and 189.8°, respectively (Figure 3A,B and Figure S5B).
In this case, the S−H bond points further away from F2-
Tyr157 or Tyr157. According to the energy profile for the
different hydrogen positions of the thiol group of Cys93, two
local minima were predicted at the dihedral angle φ of 60 and
280°, in which the hydrogen of the S−H bond is positioned
away from the closer fluorine atom by 2.2 to 2.3 Å. Together,
these computational results suggest that the first target of the
oxidation by the iron-bound oxygen during cofactor biogenesis

Figure 3. Structural models of the ternary complex of F2-Tyr157
hCDO bound with L-cysteine and •NO (A) along with the ternary
complex models of WT hCDO bound with L-cysteine and •NO (B).
Hydrogen atoms were determined by constrained geometry
optimizations with other atoms fixed in the coordinates determined
in the crystal structure as described in the text.
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is Cys93, not Tyr157, and that His155 may play a role in the
O2 binding.

■ DISCUSSION

This work addresses the most critical chemical question in the
cofactor formation mechanism in CDO, i.e., which residue,
Cys93 or Tyr157, is first oxidized by an iron-bound oxygen
intermediate. It has been speculated that an iron-bound oxygen
species oxidizes Tyr157 as the first step of the cofactor
biogenesis.2,17,21 This is nearly entirely based on the fact that
the protein-based tyrosyl radical is more frequently observed
and that, in the mature enzyme structure, Tyr157 is closer to
the Fe ion than Cys93. However, Siakkou et al.16 and Pierce et
al.22 suggest the possibility that the iron-bound oxygen could
oxidize Cys93 to form a thiyl radical. In our newly obtained
uncross-linked structure and ternary complex structure, one
conformer of Cys93 is a similar distance to the Fe center as F2-
Tyr157, the hydroxyl group of which is stabilized by the
carboxyl group of the substrate. In addition to the structural
data, our working model is consistent with the fact that
cysteine is more easily oxidized by reactive oxygen species

(ROS) than tyrosine because of its high nucleophilic
property,52 though they have similar one-electron oxidation
potentials (ca. 0.9 V).53

Since fluorine is a relatively small atom and its introduction
to Tyr157 does not abrogate cofactor biogenesis,4,5 the success
for obtaining the first uncross-linked ternary complex hCDO
structure provides a structural platform for the mechanistic
considerations of the autocatalytic cofactor formation. We also
determined the equivalent ternary complex crystal structure
with a mature cofactor. These successes allowed us to compare
the starting and the ending (mature) structures to determine
the changes that further shed light on the cofactor biogenesis
mechanism with otherwise inaccessible information. It should
be noted that our findings are consistent with a description of
the substrate binding and activation provided by Driggers et al.
based on the structures of Y157F and C93A CDO.11 We also
noted a substantial rotation and ca. 1.0 Å shift in the side chain
of residue F2-Tyr157 or Tyr157 between the uncross-linked
and mature forms of the protein structure (Figure 2E), and this
rotation could be detected in crystallo. To assess the degree to
which the observed rotation may be influenced by the fluorine
substitution, we compare the ternary complex of uncross-

Figure 4. Working models for cofactor biogenesis in the (A) wild-type and (B) F2-Tyr157 hCDO. In the proposed pathway, substrate binding to
the ferrous iron center generates an iron-bound superoxide radical, which subsequently oxidizes Cys93 and produces an iron-bound hydroperoxide
and a thiol radical. Oxidation of Tyr157 by the thiol radical leads to the cross-link between Cys93 and Tyr157, concomitant with the production of
a transient-state radical species in Tyr157. Deprotonation of the hydroxyl group to the iron-bound hydroperoxide results in a ketone species, which
drives the C−H bond cleavage. There are two fewer electrons in the transient-state radical species in F2-Tyr157 compared with the radical species
in Tyr157.
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linked F2-Tyr157 hCDO, Y157F rCDO (Figure S6A), and
C93A rCDO (Figure S6B).11 The overlays show that the
aromatic rings are in similar positions, but the ring of F2-
Tyr157 has a significant rotation as compared to Tyr157 and
Phe157. Thus, the rotation we observed during cofactor
formation may be primarily due to the presence of fluorine.
However, the translocation of the phenol ring should be a
general phenomenon for the formation of the thioether bond
of the cofactor.
It is very likely that such a movement enhances the catalytic

activity by positioning the hydroxyl group of Tyr157 to enable
its intended catalytic role in the mature form of the enzyme for
optimal chemistry. In the uncross-linked form, the hydroxyl
group of Tyr157 is either incapable or in a less optimal
position to fulfill such a role. The less efficient stabilization of
the ternary complex not only slows down the chemistry but
may also cause uncoupled oxygen activation to provide the
driving force for Tyr157 and Cys93 cross-linking. Moreover,
the carboxyl group of the substrate L-cysteine moves toward
Arg60 after the cross-link formation due to a strong H-bond
between the carboxyl group of the substrate and the hydroxyl
group of Tyr157 (Figure 2D). If there is no cross-link to
stabilize the position of Tyr157, the hydroxyl group of Tyr157
is easily disturbed by the incoming substrate, and the substrate
L-cysteine may bind less tightly. The movements of these
residues and substrate are consistent with the reported
computational work of uncross-linked and cross-linked
mouse CDO.51 On the basis of the two ternary complex
structures and the movements of the residues and substrates,
we conclude that there is a strong H-bond between the
carboxyl group of substrate L-cysteine and the hydroxyl group

of Tyr157. Cys93 adopted two conformations in the structure
of Y157F rat CDO (Figure S6).11 In our uncross-linked
structures, we also found Cys93 with two conformations, and
there is an interaction between nitric oxide and one
conformation of Cys93.
The oxidation of Cys93 by the nonheme iron-bound oxidant

is further supported by a computational study with models
built from the uncross-linked ternary complex structure. This
understanding is consistent with the fact that cysteine is more
reactive than tyrosine and that this enzyme is designed to
oxidize cysteine, and it is not wholly unsurprising as the iron-
bound oxidant in this enzyme is intended to oxidize a cysteine
substrate rather than a tyrosine.
Together, these findings led us to propose a new mechanistic

model for the formation of the Cys-Tyr cofactor found in
CDO (Figure 4A). Dioxygen binds to the FeII ion of the
enzyme−substrate complex, producing an iron-bound super-
oxide anion radical. Subsequent oxidation of Cys93 though
hydrogen atom abstraction by the FeIII-superoxide generates a
thiyl radical at Cys93 and an iron-bound hydroperoxide
species. A similar example is that a CuII-superoxide is active
toward H atom abstraction from a cysteine residue.3,6 The
oxidative attack on Tyr157 by the thiyl radical creates the
cross-link with the formation of a thioether bond and a tyrosyl-
like radical. The generation of a transient tyrosyl-like radical at
Tyr157 induces deprotonation of the hydroxyl group and
promotes the creation of a hydrogen peroxide side product
with the iron-bound hydroperoxide. In the case of F2-Tyr157
hCDO (Figure 4B), the proposed mechanism is analogous to
the native enzyme yet distinct in that F− is the anticipated side
product rather than hydrogen peroxide.4 The transient

Figure 5. Comparison of the active site of CDO in the ternary nitrosyl complex and a previously characterized putative intermediate of the enzyme.
(A) 2D interaction diagram of the active site of the ternary complex of cross-linked wild-type human CDO and (B) the putative cysteine-derived
persulfenate intermediate trapped in rat CDO. (C) Overlay of the ternary complex of human CDO (green) and the persulfenate species (light
blue). (D) For comparison, a 2D diagram of the active site of the ternary nitrosyl complex of uncross-linked F2-Tyr157 CDO is included.
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fluorotyrosyl-like radical may abstract one hydrogen from the
iron-bound hydroperoxide, producing the iron-bound super-
oxide anion radical that may react with the substrate. Overall,
the formation of the Cys-Tyr cofactor in WT CDO consumes
one molecule of O2, whereas O2 is expected to be a spectator
in the case of F2-Tyr157 hCDO. The ternary complex structure
obtained from the wild-type human CDO (Figure 5A) is not
merely a control for understanding the cofactor biogenesis, it
may also be useful for understanding the role of the Cys-Tyr
cofactor in catalysis. A similar ternary complex is not
previously available, but a cysteine-derived persulfenate species
was previously characterized (Figure 5B).54,55 It is still under
debate whether this persulfenate species is an intermediate of
the catalytic cycle. If it is found to be on pathway, the
persulfenate intermediate would strongly favor a concerted
rather than a stepwise O atom transfer mechanism. A
comparison of the two structures shows that the Cys-Tyr
cofactor and the active site residues are all nearly aligned, as
well as the distal oxygen of the dioxygen in the persulfenate
species and the •NO ligand. The most notable difference is the
proximal oxygen and the nitrogen in the •NO ligand (Figure
5C). It has been a general understanding that •NO binds to
the nonheme Fe(II) center in enzymes at the same location
where O2 binds based on a large amount of the data from other
Fe(II)-dependent proteins. Thus, the ternary nitrosyl complex
structure we reported here is a reasonable structural analogue
of the reactive ternary complex of the catalytic cycle. It is
important to note both the distal oxygen of the ligand in the
nitrosyl complex and the persulfenate interacts with multiple
active site residues. It is 2.9 Å from the phenolic oxygen of the
cofactor, 3.1 Å from His155, and 3.2 Å to the sulfur atom of
the cofactor (Figure 5A). Similar interactions are present in the
putative the persulfenate intermediate (Figure 5B) and the
uncross-linked enzyme (Figure 5D). In contrast, the proximal
oxygen and the nitrogen of the ligands only interact with the
phenolic oxygen of the cofactor at 2.9 and 3.2 Å distances,
respectively. This proximal atom forms a stronger interaction
with the target sulfur atom of the bound substrate in the
persulfenate structure as compared to the nitrosyl complex, 1.7
and 2.8 Å, respectively. One potential interpretation is that the
Cys-Tyr cofactor and His155 moieties “hold” the distal oxygen,
allowing the proximal oxygen to oxidize the target sulfur atom
of the substrate, so that a concerted oxygenation mechanism
may be preferred.54,55 In the cofactor-free structure, the
nitrogen atom of the ligand is 4.1 Å from the cofactor and less
likely to be pushed to the substrate. Although the new ternary

complex structure cannot prove or disapprove the validity of
the putative persulfenate species as a catalytic intermediate,
these new structural data are more supportive of the concerted
mechanistic model illustrated in Figure 6. Considering the
changes of the Fe−N−O angle and the dihedral angle of L-Cys
(S)−Fe−N-O in the cross-linked and uncross-linked structures
described earlier (Figure 2 and associated text), the presence of
a Cys-Tyr cofactor appears to facilitate a more efficient
dioxygenation pathway, whereas its absence renders the iron
center in between the stepwise oxygen insertion pathway or a
borderline concerted dioxygen transfer. Future spectroscopic
and computational studies are needed to further understand
the oxygenation mechanism of this thiol dioxygenase.
In conclusion, by using •NO as an oxygen surrogate and the

strategy of an expanded genetic code, we obtained fully
uncross-linked and mature human CDO structures bound with
L-cysteine and nitric oxide, which shed light on the cofactor
biogenesis mechanism and also the contribution of the Cys-
Tyr cofactor in the dioxygenase pathway. On the basis of the
geometric details and the conformational changes in both
ternary structures, we found that the cysteine (Cys93), rather
than the generally expected tyrosine (Tyr157), is likely the first
target for oxidation during iron-assisted Cys-Tyr cofactor
biogenesis. This conclusion is further supported by a
computational study with models built from the crystal
structure. These findings will facilitate the structure and
mechanism studies of CDO and other relevant metal-
loenzymes.
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Figure S1. EPR spectra of WT and F2-Tyr157 human CDO (hCDO). (A) WT hCDO in FeII 
(black), FeII with •NO (red), and FeII with cysteine and •NO (blue). (B) F2-Tyr157 hCDO in 
FeII (black), FeII with •NO (red), and FeII with L-cysteine and •NO (blue). The spectra were 
acquired at 50 K with 0.8 mW microwave power, 0.6 mT modulation amplitude, 100 kHz 
modulation frequency, and an average of four scans. There is a minor, but observable, shift 
from 2.069 to 2.072 in the gmax of the substrate-bound ferrous-nitrosyl complex upon 
substitution of Tyr157. 
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Figure S2. The substrate (ACV)-bound IPNS nitrosyl complex structure shows a similar non-
heme Fe tetrahedral center with sulfur ligation. The figure was generated from 1BLZ.pdb. The 
Fe-•NO angle is labeled. 
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Figure S3. The omit Fo-Fc electron densities of the uncrosslinked form F2-Tyr157 human CDO 
contoured at 3 σ (green) and 6 σ (pink). (A) The active site of the 100% uncrosslinked F2-
Tyr157 hCDO structure in the substrate-free form. (B) The active site of the 100% 
uncrosslinked F2-Tyr157 hCDO structure in the substrate-bound form. The occupancy of the 
water bound to ferrous iron is lower. (C) The active site of the 100% uncrosslinked F2-Tyr157 
hCDO structure in the substrate & •NO-bound form. (D) The active site of the matured WT 
hCDO structure in the substrate-free form. (E) The active site of the matured WT hCDO 
structure in the substrate-bound form. One of the water molecules disappeared after the 
substrate bound to the ferrous iron. (F) The catalytic assembly mimic of the matured WT hCDO 
structure in the substrate and •NO-bound form. 
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Figure S4. The ternary complex crystal structure of WT human CDO with a matured Cys-
Tyr cofactor and bound with L-cysteine and •NO. The number appearing next to the line is 
the distance between the two atoms in angstrom (Å). (A) The 2Fo-Fc electron densities (blue) 
of the crosslinked form WT human CDO active site shows the electron density of •NO at the 
non-heme iron center (blue is contoured at 1.2 σ.  (B) The details of the interactions in the 
active site of the ternary complex of WT CDO. 
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Figure S5. Single-point energy calculations for different hydrogen positions in the ternary 
complex of F2-Tyr157 hCDO or WT hCDO bound with L-cysteine and •NO. (A) Energy 
calculations for different hydrogen positions of the hydroxyl group in F2-Tyr157 or Tyr157. 
(B) Energy calculations for different hydrogen positions of the hydroxyl group in Cys93. 
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Figure S6. Comparison of the ternary complex of uncrosslinked F2-Tyr157 hCDO Y157F rat 
CDO (rCDO), and C93A rCDO. The ternary complex of uncrosslinked F2-Tyr157 hCDO has 
grey carbons. Y157F CDO (PDB code 4XF1) in (A) has green carbons, and the lower (~ 0.3) 
occupancy water is not shown. C93A rCDO in (B) (PDB entry 4XF0) has yellow carbons, 
and for simplicity, the 0.1 occupancy chloride is not shown. 
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Table S1. Computational results of the EPR parameters 

  gz gy gx Az (14N) /MHz Ay (14N) /MHz Ax (14N) /MHz 

B3LYP 2.0809 2.0119 1.9895 -3.30 77.39 -1.64 

PBE0 2.0691 2.0211 2.0049 -6.52 75.95 -5.17 

PWP1 2.0668 2.0206 2.0048 -6.86 76.35 -5.46 

1 of Ref. 37a 2.044 2.004 1.967 21 87 22 

2 of Ref. 37a 2.064 2.032 1.983 2 71 18 

B of Ref. 37b 2.071 2.022 1.976 27 60 28 

a Model 1 (PDB: 2IC1) or model 2 (PDB: 2ATF) in Table 1 of Ref. 22 of the main text. These parameters were 
obtained by DFT calculation based on crystal structure. 

b Species B in Table 1 of Ref. 22. These parameters were determined by least-squares fitting of experimental 
spectrum. 

(22) Pierce, B. S., Gardner, J. D., Bailey, L. J., Brunold, T. C., and Fox, B. G. (2007) Characterization of the 
nitrosyl adduct of substrate-bound mouse cysteine dioxygenase by electron paramagnetic resonance: Electronic 
structure of the active site and mechanistic implications, Biochemistry 46, 8569-8578.  
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