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ABSTRACT: Cysteine dioxygenase (CDO) is a mononuclear
nonheme iron(II)-dependent enzyme critical for maintaining
appropriate cysteine (Cys) and taurine levels in eukaryotic
systems. Because CDO possesses both an unusual 3-His facial
ligation sphere to the iron center and a rare Cys—Tyr cross-
link near the active site, the mechanism by which it converts
Cys and molecular oxygen to cysteine sulfinic acid is of broad
interest. However, as of yet, direct experimental support for
any of the proposed mechanisms is still lacking. In this study,
we have used NO as a substrate analogue for O, to prepare a
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species that mimics the geometric and electronic structures of an early reaction intermediate. The resultant unusual S = '/,
{FeNO}’ species was characterized by magnetic circular dichroism, electron paramagnetic resonance, and electronic absorption
spectroscopies as well as computational methods including density functional theory and semiempirical calculations. The NO
adducts of Cys- and selenocysteine (Sec)-bound Fe(II)CDO exhibit virtually identical electronic properties; yet, CDO is unable
to oxidize Sec. To explore the differences in reactivity between Cys- and Sec-bound CDO, the geometries and energies of viable
O,-bound intermediates were evaluated computationally, and it was found that a low-energy quintet-spin intermediate on the
Cys reaction pathway adopts a different geometry for the Sec-bound adduct. The absence of a low-energy O, adduct for Sec-
bound CDO is consistent with our experimental data and may explain why Sec is not oxidized by CDO.

ysteine dioxygenase (CDO) is a nonheme Fe(II)-

dependent dioxygenase that catalyzes the first step in
oxidative cysteine catabolism, using both O atoms from
molecular oxygen to convert L-cysteine (Cys) to cysteine
sulfinic acid (CSA)."* Cys is a necessary component in protein
biosynthesis and also supplies the reactive thiol group for the
synthesis of the biologically essential molecules coenzyme A
and glutathione.>* Elevated Cys levels have an excitotoxic effect
on neurons, and an imbalance in Cys metabolism has been
implicated in a variety of neurological diseases (e.g.,
Parkinson’s, Alzheimer’s, and motor neuron diseases) and
autoimmune disorders (e.g,, rheumatoid arthritis and systemic
lupus erythematosus).”~” Furthermore, the CDO product,
CSA, is an important precursor in the biosynthesis of taurine
and pyruvate.” Consequently, CDO plays a vital role in both
producing important metabolites and maintaining appropriate
Cys levels.

X-ray crystal structures of mammalian CDO have revealed
that the active site of this enzyme features an Fe(II) ion ligated
by three His residues and a solvent molecule arranged in a
distorted tetrahedral coordination geometry.'>'! This facial 3-
His metal-binding motif, observed in only a few other enzymes
to date,"”>~"* is a fairly unique variation of the more common 2-
His—l-carboleate motif used by several other Fe(1I)-dependent
oxygenases.'*>~'7 The active site of CDO also contains a rare
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covalent cross-link between the phenol ring of Tyr157 and the
thiol group of Cys93. Although not itself a ligand to the Fe(II)
ion, the second-sphere Tyr residue is close enough to
potentially engage in H-bonding interactions with coordinated
solvent molecules within the active site of the resting enzyme
and/or with substrates during catalysis. A similar post-
translational modification has been observed in galactose
oxidase (where it plays a vital part in catalysis)'®” and in
NirA (where the function of the cross-link remains
unknown).”*">* Hence, it is not surprising that the C93—
Y157 cross-link has been shown to be instrumental for catalytic
activity in CDO,* although its specific role during enzymatic
turnover has yet to be established. Intriguingly, however, in
prokaryotic forms of CDO, Cys93 is replaced by a Gly residue
and thus the Cys—Tyr cross-link is absent.** Despite this
difference, the prokaryotic enzymes are still capable of oxidizing
Cys at a rate similar to that of their mammalian CDO
orthologs.”*

Following the publication of the X-ray crystal structures of
both restingw and substrate-bound forms of CDO,"" several
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Figure 1. Crystal structure of human CDO with its substrate Cys
bound to the iron center.'’ The putative O, (or NO) binding site is
located trans to His86.

different reaction mechanisms were proposed for this

10,11,25—27 . . .
enzyme. However, direct experimental evidence
supporting any of these mechanisms is still lacking. Tight
binding of the Fe(II) center to the 3-His protein motif has been
demonstrated through the use of Mdssbauer spectroscopy.”®
Crystallographic studies have revealed bidentate binding of the
substrate Cys to the CDO active site through both its thiol and
amino groups to yield a trigonal bipyramidal Fe(Il) ligand
environment."" Additionally, the ordered binding of substrates
(Cys first and then O,) and the formation of a six-coordinate,
Cys- and O,-bound Fe(II) center were proposed on the basis of
an electron paramagnetic resonance (EPR) investigation of the
NO adduct of Cys-bound Fe(I[)CDO.”” Although several
proposed mechanisms invoke subsequent electron transfer
from the iron to the O, moiety resulting in an iron(III)-
superoxo-type complex, the proposed mechanisms diverge
widely after this point. One mechanism suggests the formation
of a four-membered Fe(II)-S—O—O ring, with subsequent O—
O bond scission and an oxidation state for iron that never
exceeds +3.%7 Alternatively, it was proposed elsewhere that an
Fe(IV)-oxo species is generated during the transfer of the first
oxygen to sulfur, after which a three-membered Fe(III)—S—O
ring is formed to facilitate the transfer of the second oxygen to
the sulfur."" A third purely theoretical investigation by de Visser
and co-workers led to the suggestion that the formation of an
Fe(IV)-oxo complex is followed by a ‘rebound’ step, where the
iron—sulfur bond is broken and an Fe—O-S linkage is formed.
Transfer of the second oxygen to sulfur was then proposed to
complete the reaction and restore the original Fe(II)-bound
CDO resting state.2>2° Obviously, additional experimental
work is needed to distinguish between any of these proposed
catalytic mechanisms for CDO.

In a previous spectroscopic and computational study, we
obtained detailed insight into the nature of the interaction
between substrate Cys and the enzyme active site.” By utilizing
NO to mimic the reactivity of Cys-bound Fe(II)CDO with O,,
a rather unusual species with an S = !/, ground state was
obtained,”” as opposed to a coupled S = 3/, spin system
(consisting of a high-spin Fe(III) coupled antiferromagnetically
to NO™) that is typically observed for NO adducts of nonheme
Fe(II) enzymes.3 By using magnetic circular dichroism
(MCD) spectroscopy, we subsequently determined that Cys
binds to both Fe(II)- and Fe(II[)CDO and that the electronic
transitions for the reduced and oxidized species are well
separated in energy.”” The substrate analogue selenocysteine
(Sec) was also found to bind to both forms of CDO, as
evidenced by the appearance of spectral features reminiscent of
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Cys-CDO, although they were red shifted by 1500—2000 cm ™.
Additionally, resonance Raman spectra obtained upon ex-
citation into the S/Se — Fe(Ill) charge transfer absorption
bands were found to exhibit two features consistent with a
direct Fe—S/Se bonding interaction. The MCD spectral
signatures of Cys-Fe(I[)CDO decayed when this putative
reaction intermediate was exposed to oxygen, whereas those
associated with Cys-Fe(III)CDO and all Sec-bound CDO
species persisted, suggesting that only the Cys-Fe(II)CDO
complex is catalytically active. Thus, although Cys and Sec bind
in a similar fashion to the CDO active site, Sec cannot be
oxidized by CDO despite the lower reduction potential of Sec
versus Cys at physiological pH (E°(Sec®/Sec”) = +0.43 V and
E°(Cys®/CysH) = +0.92 V vs NHE).***!

In this study, we have utilized Cys and its substrate analogue
Sec, in conjunction with the O, analogue NO, to mimic key
steps in the reaction between O, and substrate-bound
Fe(II)CDO. The resulting substrate (analogue)-bound species
were characterized using a combination of electronic absorption
(Abs), MCD, and EPR spectroscopic techniques along with
density functional theory (DFT) and semiempirical computa-
tional methods. Collectively, our spectroscopic and computa-
tional data provide new, experimentally supported insights into
the CDO mechanism and afford clues as to why Sec is a
competitive enzyme inhibitor rather than an alternative
substrate for CDO.

B EXPERIMENTAL PROCEDURES

CDO Gene Expression and Protein Purification. The
cdo gene from Mus musculus was expressed with an N-terminal
maltose binding protein (MBP) tag in Escherichia coli
BL21(DE3)RIPL cells. Cell growth and the induction of gene
expression using isopropyl -p-1-thiogalactopyranoside (IPTG)
were performed as described previously.”” The harvested cell
paste was resuspended in 25 mM HEPES (pH 7.5), treated
with lysozyme for 30 min, and pulse sonicated on ice for 10
min to disrupt the cells. All subsequent steps in the isolation
and purification of CDO were conducted at 4 °C. This
suspension was then centrifuged for 75 min at 39200g. To
isolate CDO, the cell-free extract was diluted to a volume of
400 mL and applied to a pre-equilibrated diethylaminoethanol
(DEAE) sepharose anion-exchange column, which was then
washed with two column volumes of buffer followed by a linear
gradient of 0 to 400 mM NaCl in HEPES buffer. Fractions
containing the fusion protein were identified by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and were further purified by loading them onto an
amylose affinity column, to which the fusion protein selectively
binds. After washing the nonbinding proteins from the column,
the target fusion protein was eluted in buffer (25 mM HEPES,
200 mM NaCl, and 10 mM maltose, pH 7.5). The MBP tag
was cleaved from CDO by incubating the solution containing
the fusion protein with tobacco etch virus overnight at 4 °C. To
remove the cleaved MBP, the protein solution was applied to
an S-100 size-exclusion column. Fractions containing CDO
were identified by SDS-PAGE, pooled, and concentrated. As
has been previously reported for CDO,**our as-isolated protein
consisted of two nearly equal fractions, one with and the other
without the C93—Y157 cross-link being present (as revealed by
the presence of a double-band pattern on an SDS-PAGE gel,
Figure S1). No efforts were undertaken to separate these two
species or to change their relative populations.
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Sample Preparation. Approximate protein concentrations
were determined spectrophotometrically using an &,4, value of
25300 M~ ecm™". (Note that the CDO concentration may have
been slightly overestimated because of the residual MBP in
solution.)29 The Fe content was determined using a
colorimetric assay with bathophenanthrolinedisulfonic acid, as
described previously,”” and ranged from ~55—75% among all
preparations. Samples used for spectroscopy were 2 mM in Fe-
bound CDO. Degassed, as-isolated CDO was reduced under an
N, atmosphere to Fe(II)CDO by adding a slight molar excess
of sodium dithionite, which led to a complete loss of color.
Samples containing substrate (analogue) were prepared
anaerobically and contained a S-fold excess of Cys or Sec.
Sec was prepared by anaerobic reduction of selenocystine with
tris(2-carboxyethyl)phosphine.>> NO(g) was generated
through the reaction of sodium nitrite with Cu(II) chloride
and ascorbate under an argon atmosphere.>* The NO produced
in this reaction was transferred via a gas-tight syringe to the
headspace of a small Ar-purged vial containing substrate
(analogue)-bound Fe(II)CDO and was allowed to react with
the protein for up to 1 h on ice. Sufficient NO gas was
transferred such that additional gas did not result in a further
change in color. All samples used for low-temperature (LT)
Abs and MCD experiments also contained 55% (v/v) glycerol.

Spectroscopy. Room temperature (rt) Abs spectra were
obtained using a Varian Cary Se spectrophotometer while the
sample compartment was purged with N,(g). LT Abs and
MCD spectra were collected with a Jasco J-715 spectropo-
larimeter in conjunction with an Oxford Instruments SM4000-
8T magnetocryostat. The MCD spectra presented herein were
obtained by taking the difference between spectra obtained
with the magnetic field aligned parallel and antiparallel to the
light-propagation axis to reduce contributions from the natural
CD and glass strain. Iterative Gaussian deconvolutions of the
Abs and MCD spectra were conducted using IGOR version
6.22a.%

X-band EPR data were collected using a Bruker ESP 300E
spectrometer equipped with a Varian EIP model 625A
continuous wave frequency counter. The sample temperature
was maintained at 20 K by an Oxford ESR 900 continuous flow
liquid He cryostat that was regulated by an Oxford ITC4
temperature controller. Spectra were fit using the W9SEPR
program developed by Dr. F. Neese.*®

Computations. Quantum mechanics/molecular mechanics
(QM/MM) calculations were performed with Gaussian09.>”
For the QM region, density functional theory (DFT) was
utilized in conjunction with Becke’s three-parameter hybrid
exchange functional with the Lee—Yang—Parr correlation
functional (B3LYP)*** as well as the 6-31G basis set™ for
all atoms except iron, its immediately ligated atoms, and the
NO or O, ligand, for which the TZVP basis set*' was used. For
the MM portion of the calculations, the Amber95 force field*
was utilized. Residues R60, H86, H88, C93, H140, H15S, and
Y157 were placed in the QM region, as were the iron center, six
crystallographically defined water molecules within 10 A of the
Fe atom, and all substrates and substrate analogues. For each of
these protein residues, the QM/MM boundary was placed
between the a and f carbons, with hydrogen used as the linking
atom. The a carbons of these residues were frozen during the
optimization process. As a crystal structure of mouse CDO with
only Cys bound at the active site was unavailable at the time
this work was initiated, we utilized two separate crystal
structures in the generation of our starting coordinates, namely
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the 1.4 A resolution crystal structure of persulfenate-bound
CDO from rat (PDB file 3ELN*) for all nonhydrogen atoms
except those in the QM region, for which the 2.7 A resolution
structure of Cys-bound CDO from human (PDB file 2IC1"")
was used instead. All H atoms were added using the Reduce
3.14 program.** On the basis of an inspection of potential
hydrogen-bonding interactions, His residues were protonated at
N, except for H86, H88, H140, and HISS, which were
protonated at Ny For the NO adducts, the N and O atoms
were manually added trans to H86 in a manner approximating a
typical Fe—=N—O core structure.

For comparative purposes, analogous QM/MM geometry
optimizations were carried out using an alternative functional
(BP86**%) and single-point calculations were performed with
a different basis set (Slater’s single valence polarized, SV/ c*.
In the case of the Cys adduct of Fe(II)CDO, these calculations
predicted an S = 0 ground state rather than the S = 2 ground
state that we observe experimentally and properly reproduce
with the B3LYP functional. Also, although the computations
with the BP86 functional correctly predicted an S = '/, spin
ground state for the NO/Cys-Fe(II)CDO complex, the
resulting electron configuration for this {FeNO}’ species (a
low-spin Fe(Ill) coupled antiferromagnetically to NO~) is
distinctly different from the configuration we determined
experimentally (a low-spin Fe(II) ion coupled to an NO®)
and obtained using the B3LYP functional. Especially in light of
this latter observation, we opted to use the B3LYP functional in
this work.

In the generation of small active-site models from the QM/
MM energy-minimized protein structures, iron, the substrates,
H86, H88, and H140 were included. The protein residues were
truncated at the a carbon, and the immediate protein backbone
atoms were substituted with hydrogens with a C—H bond
distance of 1.1 A. Spin-unrestricted single-point DFT
calculations were performed on these active-site models using
the Orca 2.9 package developed by Dr. F. Neese,*” with the
same functional and basis sets that were utilized for the QM/
MM computations (vide supra). Electronic transition energies
and absorption intensities for the NO adduct of Cys-
Fe(II)CDO were computed by utilizing the INDO/S-CI
module, as implemented in Orca 2.9. In this program, spin—
orbit coupling is introduced via an effective potential/mean-
field approach for evaluating one-electron terms and an exact
calculation of the Coulomb potential. PyMOL version 1.5.0.4*
was employed to generate isosurface plots of molecular orbitals
(MOs) and electron density difference maps (EDDMs) using
isodensity values of 0.06 and 0.001 au, respectively. EPR
parameters for the active-site models were computed with Orca
by solving the coupled-perturbed self-consistent field (CP-
SCF) equations*”*° using the B3LYP hybrid functional and the
TZVP basis set on all atoms, except iron and the nitrogen of the
NO ligand, for which CP(PPP)*"** and IGLO-III>* were used,
respectively. These calculations included all orbitals within a
+100 Hartree window around the HOMO—LUMO gap, where
the origin of the g tensor was defined as the center of electronic
charge. A high-resolution radial grid with an integration
accuracy of 7.0 was used for the Fe atom and the N atom of
the NO ligand.

The coordinates from the QM/MM-optimized NO adducts
of Cys- and Sec-Fe(II)CDO were used as starting points for
geometry optimizations of the corresponding O, adducts,
where three viable multiplicities for the QM region were
considered (singlet, triplet, and quintet). The oxygen adducts
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were further analyzed computationally by modifying their
coordinates to approximate previously proposed reaction
intermediates.” The same QM/MM methodology described
above for the NO adduct was then utilized to minimize the
energies of the complete protein models of these intermediates.
The model energies obtained from a single-point calculation of
small active-site models derived from the QM/MM-optimized
coordinates were drastically different from the SCF energies of
the converged, whole-protein QM/MM models. In addition,
the energetic ordering of the proposed O,-bound species
changed if only the contributions from the first coordination
sphere were considered. Thus, the energies of all models
reported herein are the SCF energies from the QM region of
the QM/MM optimizations.

B RESULTS

Spectroscopy. The rt Abs and LT MCD spectra exhibited
by the species obtained by adding first Cys and then NO to
Fe(II)CDO are shown in Figure 2. The temperature-dependent
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Figure 2. Room temperature Abs (top) and 4.5 K MCD (bottom)
spectra of Cys-Fe(I[)CDO and Sec-Fe(II)CDO after exposure to
NO(g). Features present resulting from unreacted Sec- or Cys-
Fe(II)CDO or glass strain are marked by *.

MCD features observed at high energy (>28000 cm™) are
strikingly similar to those observed in the MCD spectrum of
Cys-bound Fe(II)CDO in the absence of NO;* thus, we assign
them as S — Fe(Il) charge-transfer (CT) transitions arising
from a fraction of Cys-bound Fe(II)CDO species that did not
react with NO. However, additional temperature-dependent
MCD features are observed in the lower-energy region (<28
000 cm™") of the MCD spectrum obtained in the presence of
NO. The appearance of these features indicates that NO likely
coordinates directly to the Fe(II) ion. This conclusion is
corroborated by a previous EPR study, which revealed that the
NO adduct of Cys-Fe(I)CDO is best described as a six-
coordinate S = '/, {FeNO}’ species (utilizing the nomenclature
of Enemark and Feltham, where the superscript denotes the
sum of the Fe 3d and NO 7* electrons®*) consisting of an NO
radig;a.l (S ="1/,) directly ligated to a low-spin (S = 0) Fe(II)
ion.

The Abs and MCD spectra obtained for the NO adduct of
Sec-bound Fe(II)CDO are also shown in Figure 2. As in the
case of the Cys-bound NO adduct, several new MCD features
are observed in the near-IR and visible spectral regions upon
addition of NO to Sec-bound Fe(II)CDO, providing
compelling evidence that NO also coordinates directly to the
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Fe(1I) center in this species. The MCD features of NO-bound
Sec-Fe(I[)CDO are red shifted between 200 and 2400 cm™!
from those of the Cys-bound analogue, which is reminiscent of
the red shifts displayed by the Abs and MCD features of the
Sec- versus Cys-bound Fe(I)CDO species in the absence of
NO.” These shifts reflect the fact that the occupied frontier
molecular orbitals (MOs) of Sec are higher in energy than
those of Cys and are thus closer in energy to the Fe 3d-based
unoccupied MOs.

The similar natures of the NO adducts of Sec-Fe(II)CDO
and Cys-Fe(II)CDO are further highlighted by the similarity
between the corresponding EPR spectra (Figure 3). In each

—— CDO+Cys+NO
—— CDO+Sec+NO

I I [
3200 3300 3400

Field (Gauss)

3100 3500

Figure 3. EPR spectra at 20 K of NO/Cys-Fe(II)CDO and NO/Sec-
Fe(II)CDO. Note that a minor underlying signal attributed to the in
situ formation of a dinitrosyl iron complex is also present (*).

case, a rhombic EPR spectrum is observed, with resolvable
hyperfine coupling to an I = 1 nucleus in the region of g,. Fits
of the experimental EPR data yielded the g values and hyperfine
coupling constants listed in Table 1. Previously, the small
spread in the g values and the well-resolved hyperfine structure
exhibited by the NO/Cys-Fe(II)CDO species were shown to
be characteristic of a low-spin Fe(Il) center coordinated to an
NO*.*” As anticipated on the basis of their similar EPR spectra,
the NO adducts of Cys- and Sec-Fe(II)CDO display nearly
identical g values and hyperfine coupling constants, indicating
that the two species have very similar electronic, and thus likely
geometric, structures.

Computations. To characterize further the NO adducts of
Cys- and Sec-bound Fe(II)CDO, QM/MM geometry opti-
mizations were performed on complete protein models. The
corresponding active-site structures were used in subsequent
single-point DFT and semiempirical calculations to allow for a
direct comparison with the experimental data. In the QM/MM-
optimized structures, the iron center adopts a distorted
octahedral coordination environment, with the substrate
cysteine coordinating in a bidentate fashion through both its
thiol and amino groups, as observed in the X-ray crystal
structure of Cys-bound CDO."" The relevant bond distances
and angles of the QM/MM-optimized active-site models are in
reasonable agreement with those determined by X-ray
crystallography for Cys-bound CDO as well as for synthetic S
=1/, {FeNO} complexes (Table 2).>>~>’

The EPR parameters computed for these active-site models
reproduce both the g spread and the magnitude of the "N
hyperfine coupling constant obtained from fits of our
experimental spectra quite well. Although the actual g values
are underestimated by the calculation, similar discrepancies are
observed between the experimental and computed EPR
parameters for synthetic, structurally characterized S = '/,
{FeNO}’ species. (See Table SI in the Supporting Information
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Table 1. Experimentally Determined and Computed EPR Parameters for the NO Adducts of Cys- and Sec-Bound Fe(II)CDO

Biochemistry

experimental computed
species g values A values (MHz) g values A values (MHz)
NO/Cys-Fe(I)CDO 1.979 2.028 2.071 <30 100 <30 1.962 1.990 2.016 15 90 11
NO/Sec-Fe(I1)CDO 1.978 2.028 2.077 <30 5§ <30 1.975 1.991 2.007 15 92 12

Table 2. Comparison of Relevant Bond Lengths (Angstroms) and Angles (Degrees) of the QM/MM-Optimized Active-Site
Models, A Crystal Structure of Cys-Bound CDO, and Two Crystallographically Characterized Synthetic S = '/, {FeNO}’
Complexes

species Fe—Hisgg Fe—Hisgg Fe—His, 4 Fe—S/Se Fe—Ncyq/sec Fe—Nyo N-O Fe—N-0O
NO/Cys-Fe(I)CDO 211 211 2.01 2.37 2.12 1.77 1.17 146
NO/Sec-Fe(I)CDO 2.12 2.10 2.02 2.51 213 1.78 1.17 147
2IC1¢ 2.04 2.07 2.02 2.02 2.03
[Fe(NO)(cyclam-ac)]*? 1.72 1.17 149
[(PaPy;)Fe(NO)] ¢ 1.68 1.19 141

“From ref 11. YFrom ref 58, where cyclam-ac = 1,4,8,11-tetraazacyclotetradecane-1-acetic acid. “From ref 59, where PaPy = N,N-bis(2-
pyridylmethyl)amine-N-ethyl-2-pyridine-2-carboxamide.
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Figure 4. MO energy-level diagram obtained from a single-point DFT calculation on the QM/MM-optimized active-site model of the nitrosyl
adduct of Cys-Fe(II)CDO. Boundary surface plots of the a-HOMO-1 (bottom left) and relevant § orbitals (right) are also shown. Note that the

HOMO-LUMO energy gap is not to scale.

for more details.) Although similar optimized geometries and
computed EPR parameters were obtained with both of the
functionals (B3LYP and BP86) and basis sets (6-31G/TZVP
and SV/C/TZVP) that we tested, the results of the INDO
calculations described below exhibited much better agreement
with experimental data when the B3LYP and 6-31G/TZVP
QM/MM-optimized models were used (Figure S2). Thus,
B3LYP and 6-31G/TZVP were utilized for the remainder of the
calculations.

The good agreement between the metric parameters of the
QM/MM-optimized active-site models of the NO adducts of
Cys- and Sec-bound Fe(II)CDO and the relevant X-ray crystal
structure data as well as between the computationally predicted
and experimentally determined EPR parameters warrants a
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closer examination of the computational results. For the NO/
Cys-bound Fe(I[)CDO species, the optimized Fe—N(His86)
and Fe—N(His88) bond lengths are identical (2.11 A), whereas
the Fe—N(His140) bond trans to the cysteine substrate amino
group is slightly shorter (2.01 A). Very similar Fe—N(His)
bond lengths result for the analogous Sec-bound species.
Consistent with Fe—Se bonds being inherently longer than Fe—
S bonds, the calculated Fe—Se(Sec) bond distance is 0.13 A
longer than the Fe—S(Cys) bond distance. In contrast, the Fe—
N(O) and N—O bond lengths as well as the Fe—N—O bond
angle are almost identical between the two species, further
supporting the conclusion that the substitution of Sec for Cys
does not significantly affect NO binding. The geometric
parameters of the Fe—NO unit are also comparable to those

dx.doi.org/10.1021/bi400825c | Biochemistry 2013, 52, 6040—6051
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Figure S. Gaussian deconvolutions and band labels for the low-energy regions of the rt Abs and 4.5 K MCD spectra with the results of the INDO/S-
CI calculation for comparison. Also shown are the EDDMs for the transitions of interest (red and gray represent the gain and loss of electron
density, respectively). The model is oriented in a similar fashion as in Figure 4.

of synthetic, crystallographically characterized S = '/, {FeNO}’
complexes (Table 2).°%°

As anticipated from the experimental EPR spectrum of NO/
Cys-bound Fe(I1)CDO, the calculated molecular orbital (MO)
diagram (Figure 4) is consistent with a pseudooctahedral, low-
spin Fe(Il) complex, with the Fe 3d,-, 3d,,-, and 3d,,-based
occupied MOs considerably lower in energy than the Fe 3d,>_-
and 3d,>-based unoccupied MOs. The formally singly occupied
MO corresponds to the second-highest occupied spin-up (@)
MO (a-HOMO-1) because the corresponding spin down (/)
MO (ie., the f-LUMO) is unoccupied. The a-HOMO-1 has
72% NO and 19% Fe 3d character, making it weakly o-bonding
with respect to the Fe—NO bond. The predominant local-
ization of unpaired spin density on the NO ligand is consistent
with the observed I = 1 hyperfine coupling in the g, region of
the EPR spectrum (Figure 3). The out-of-plane, NO 7*-based
MOs (a-LUMO and -LUMO+1) have compositions similar
to the a-HOMO-1 and B-LUMO, although they are obviously
derived from the other NO #* orbital and are thus rotated by
90° about the N—O bond. For the NO adduct of Sec-
Fe(II)CDO, the computed MO compositions and relative
energies (data not shown) are very similar to those of the Cys-
bound counterpart, consistent with the close correspondence
between the Abs and EPR spectra exhibited by these two
species.

To validate further these computed electronic-structure
descriptions and to assign the major features in the
experimental Abs and MCD spectra, the electronic transition
energies and Abs intensities were computed for the active sites
of the QM/MM:-optimized protein models. Initial attempts to
use time-dependent density functional theory (TDDFT) to
calculate the Abs spectra of the NO adducts of Cys- and Sec-
bound Fe(I)CDO were unsuccessful because the computed
spectra contained a large number of weak, low-energy features
that have no experimental counterparts (Figure S2). Therefore,
subsequent electronic excited-state computations were con-
ducted on these active-site models using the semiempirical
INDO/S-CI method; the relevant results obtained from these
calculations are summarized in Figure 5. Overall, the agreement
between the experimental and calculated Abs spectra is quite
good, justifying a more detailed analysis of the INDO/S-CI
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results. Most of the transitions producing sizable contributions
to the computed spectrum are composed of numerous one-
electron excitations involving different donor and acceptor
orbitals. Hence, the principal donor and acceptor orbitals for
the transitions of interest were identified on the basis of the
electron density difference maps (EDDMs, Figure S, right).
Visual inspection of these plots led to the Abs and MCD band
assignments provided in Table 3.

Table 3. Band Assignments for rt Abs and LT MCD Spectra
along with the Observed and Calculated Band Shifts upon
Substitution of Sec for Cys

obs. calc. A
band band assignment (em™) A (em™)
I i Fe xz — Fe 2° —600 —230
I ii S 3p/Fe xz = NO #* —-550 -170
III ii S 3p/Fe xz = NO #* —200 —100
v iv Fe xz/S 3p —» NO z* —2400 -500
v Vb, Fe yz/S 3p = NO 7* —2325 —350 (ave)

An iterative Gaussian deconvolution of the Abs and MCD
spectra of NO/Cys-Fe(II)CDO revealed that the major feature
in the rt Abs spectrum at 24 600 cm™ is composed of two
separate transitions (IV and V). In this same region, the
INDO/S-Cl-predicted spectrum shows two bands whose
individual transitions are labeled by iv, v,, v;, and v.. Transition
iv is predominantly an Fe 3d,, — NO 7 electronic excitation,
whereas transitions v,, vy, and v, all have significant
contributions from excitations originating from the Fe 3d,,
and S 3p orbitals and terminating in the NO 7* orbital that is
rotated by 90° about the N—O bond vector relative to the
acceptor orbital for transition iv. The roughly orthogonal
polarizations predicted for transitions iv and v are consistent
with the appearance of a pseudo-A term associated with
transition IV and V at ~24 500 cm™" in the experimental MCD
spectrum. The Abs feature centered at 17750 cm™" similarly
contains contributions from two separate transitions (II and
III). The energies and relative intensities of these transitions
correlate well with the INDO/S-Cl-predicted transitions
labeled ii and iii. The corresponding EDDMs show that these
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transitions possess predominantly S(Cys)/Fe 3d,, — NO z*
CT character. Finally, the lowest-energy transition observed at
12 500 cm™ in the Abs spectrum (I) coincides with a range of
transitions in the INDO-predicted spectrum. All of the
predicted transitions in this region are Fe 3d — 3d excitations.
As this feature in the experimental Abs and MCD spectra could
be fit with a single Gaussian band, transition I is assigned as the
Fe 3d,, — 3d; transition, which is predicted to carry the
highest intensity in this region.

Because the computational package used for INDO/S-CI
calculations lacks suitable parameters for selenium, we were
unable to calculate an Abs spectrum for NO-bound Sec-
Fe(II)CDO. Thus, to corroborate our band assignments on the
basis of the shifts of the relevant electronic transitions caused
by substituting Sec for Cys, the five transitions that dominate
the Abs and MCD spectra of the NO/Cys-Fe(I[)CDO species
mentioned above were further analyzed. Because numerous
one-electron excitations mix to result in a single predicted
transition, visual inspection of the EDDMs was used to identify
the major one-electron excitation responsible for each
transition of interest for Cys/NO-bound Fe(I)CDO. As the
MO compositions of the Cys/NO and Sec/NO adducts were
very similar, the analogous one-electron orbitals could be
readily identified in the Sec/NO-Fe(I[)CDO MO diagram. The
energy differences were taken between the principal donor and
acceptor MOs to compute pre-electronic relaxation transition
energies for each of the two adducts, and the differences
between these transition energies are reported in Table 3.
Although the absolute red shifts are consistently under-
estimated, the transitions predicted to be the most affected
by the substitution of Sec for Cys are indeed those displaying
the largest red shifts in the experimental Abs and MCD spectra.
These red shifts can be rationalized in terms of two
mechanisms; namely, the decreased ligand field strength and
the increased energies of the frontier MOs of Sec compared to
Cys. Thus, the Fe 3d,, = 3d,* transition (I) is primarily affected
by the stabilization of the Fe d,-based acceptor MO and the
modest destabilization of the Fe 3d,,-based donor MO upon
substitution of Sec for Cys (note that the Fe 3d,,-based orbital
is weakly z-bonding with respect to the Fe—S/Se bond).
Alternatively, the other transitions identified all contain
substantial S/Se character in the donor MOs, so the higher
frontier MO energies of Sec versus Cys also result in red-shifted
transitions.

B DISCUSSION

Since the first crystal structure of CDO was published in
2006," considerable interest in the catalytic mechanism of this
enzyme as well as in its overall contribution to oxidative
cysteine metabolism has been generated. The crucial
developmental role that this enzyme fills in mouse models®
and the epi§enetic consequences of the cdol gene promoter
methylation®" indicate that CDO plays a key part in the health
of higher-order organisms. Work by Pierce and co-workers has
demonstrated that an Fe(III)-superoxo species may be involved
in the overall mechanism,®* but beyond this no proposed
catalytic intermediates have been experimentally observed.
Through the detailed investigation of the electronic structure of
a species closely mimicking a proposed enzyme intermediate
(ie, oxygen-bound Cys-Fe(II)CDO), we sought to shed light
on the subsequent steps of the catalytic mechanism.

As stipulated by the EPR spectrum, our computational
results indicate that the NO adducts of Cys- and Sec-
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Fe(II)CDO are best described as low-spin Fe(Il) complexes
possessing a single unpaired electron in an NO 7*-based MO.
This electron configuration is very unusual for an {FeNO}’
nonheme iron enzyme species and is adopted by only a few
synthetic {FeNO}’ complexes.***”®* Several factors may
contribute to the preference for the low-spin configuration by
the NO adducts of CDO, including the unusual Fe(II)-binding
motif and the presence of a strongly electron-donating thiolate
(or selenoate) ligand. However, the NO adduct of substrate-
bound isopenicillin N-synthase, which also features an iron-
thiolate bonding interaction, adopts the more common § = */,
ground state,”” so the presence of the thiolate alone cannot
account for the unusual spin state observed for CDO. Hence, it
appears that both the 3-His facial triad and a single, strongly
donating anionic ligand are needed to stabilize the low-spin
configuration. This hypothesis is supported by the fact that of
the three known synthetic {FeNO}’ complexes that adopt an S
= !/, ground state, two have a mixed nitrogen- and oxygen-
based monoanionic ligand set arranged in an octahedral
geometry.”>>® Although the third synthetic complex features
two monoanionic dithiolene ligands in addition to the nitrosyl
ligand, its square-pyramidal ligand environment bears little
resemblance to the CDO active site.”®

Precisely why S = !/, rather than S = 3/, {FeNO}’ adducts
are formed upon the addition of NO to both Cys-bound and
Sec-bound Fe(II)CDO remains unclear; however, some clues
are provided by the computed MO diagrams for these species
(Figure 4). Because S = °/, {FeNO}’ species can be described
as containing a high-spin Fe(III) ion coupled antiferromagneti-
cally to NO™,*° a hypothetical S = 3/, NO adduct of Cys-bound
Fe(II)CDO would have all of its Fe 3d-based a spin MOs as
well as the in-plane and out-of-plane NO z*-derived MOs in
the # manifold filled. In such a system, the population of the Fe
3d2_p-based @ MO (which has a substantial Fe—S(Cys)
antibonding interaction) would result in a substantially weaker
Fe—S bond than in the S = 1/2 species. As such, these DFT
results provide further support for our proposal that the strong
Fe—S(Cys) bonding interaction is a major reason why NO/
Cys-bound Fe(II)CDO adopts an S = '/, ground state.

Extension to the Oxygen Adduct. Previous spectroscopic
work has demonstrated the ability of Sec to bind to Fe(I[)CDO
in a manner similar to that of the native substrate Cys.”> Here,
we have demonstrated that NO, a commonly utilized substrate
analogue for O,, can bind to both the Sec- and Cys-bound
Fe(II)CDO active sites, yielding unusual S = '/, {FeNO}’
species with virtually identical geometric and electronic
structures. Despite these striking similarities, CDO is unable
to oxidize Sec.”® Hence, any proposed catalytic reaction
mechanism for CDO must not only provide a reasonable
route for the synthesis of cysteine sulfinic acid from Cys but
also account for the inability of CDO to oxidize Sec to its
seleninic acid form.

In addition to providing electronic-structure descriptions for
the NO adducts of Cys- and Sec-bound Fe(I)CDO species
that agree well with our spectroscopic data, our computations
also properly predict similar driving forces for the formation of
these species. Specifically, the energies of the nitrosyl adducts
are within a few kcal/mol of the precursor energies, being +4.7
and —2.2 kcal/mol for the Cys- and Sec-bound species,
respectively. These results are at least qualitatively consistent
with our observation that not all available Fe(II)CDO active
sites bind NO, as evidenced by the presence of the prominent
features at >28 000 cm™" in the MCD spectra obtained at 4.5 K
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Figure 6. Calculated reaction coordinate diagrams and active-site models of QM/MM-optimized reaction intermediates for the oxidation of Cys (A
— D) and Sec (A’ = D’) by Fe(II)CDO. All energies are given relative to those of high-spin Cys- or Sec-Fe(II)CDO plus free *0,. In both the
energy diagram and the active-site plots, the S = 0, 1, and 2 species are shown in blue, red, and green, respectively, except for *A and SA’, whose
models are shown in dark blue and dark green, respectively. For clarity, only the first coordination sphere is shown, and all hydrogen atoms have

been omitted.

(where entropic effects not accounted for in our calculations
are negligible). Hence, the combined spectroscopic and
computational investigation of these nitrosyl adducts has
allowed us to validate a computational methodology that is
suitable for predicting the geometric and electronic structures
of catalytically relevant species. To this end, we replaced NO by
O, in our computational models and investigated several viable
reaction intermediates, including an end-on bound Fe—O,
species (B), one featuring a four-membered Fe—Sc,—O-0O
ring (C), and a post O—O bond scission species where the
distal oxygen atom (Oy) has been transferred to the cysteinyl
sulfur and the proximal oxygen atom (OP) remains coordinated
to the iron center (D). In each case, several spin states were
investigated (Figure 6 and Table 4). Because the main goal of
these calculations was to obtain clues as to why Fe(I)CDO is
unable to convert Sec to its seleninic acid form, entropic effects
that should similarly affect the free energies of the Cys- and
Sec-bound intermediates were not accounted for.

Table 4. Computed Relative Energies (kcal/mol) and Key
Metric Parameters (A) of the Lowest-Energy Intermediates
in the Reaction of Cys- and Sec-Bound Fe(II)CDO with O,

species E.q Fe—S/Se  Fe-0O, §/Se—=0y 0,—0y4
A + 30, 0.00 2.368 na. na. 1.208
B —9.24 2230 2.189 4296 1.290
5c —-0.09 2772 1.980 1.684 1.476
D —14.38 2457 1.635 1.526 3.157
SA’ + 30, 0.00 2.529 na. na. 1.208
3B 18.10 2.385 1.899 2.999 1.281
¢’ 1.02 2.885 1.974 1.835 1.463
D’ —8.24 2.565 1.633 1.666 3.201
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A summary of the proposed electronic structures for the
lowest-energy intermediates along the Cys reaction pathway are
shown in Scheme 1, whereas relevant MO diagrams and
Loewdin spin densities are provided in Figures S3—S6 in the
Supporting Information. An examination of the initial O,- and
Cys-bound Fe(II)CDO intermediate (B) reveals that the
quintet spin state (in which an intermediate spin S = 3/,
Fe(III) is formally coupled ferromagnetically to a superoxide
radical) is stabilized by ~9 kcal/mol with respect to the Cys-
bound Fe(I[)CDO species and free O, (A). The *B and 'B
species are predicted to be less stable than the *B species by 24
and 36 kcal/mol, respectively. In the S = 2 species, the Fe
center adopts a distorted octahedral geometry, with a Hisgg—
Fe—O, bond angle of 163.8°. The unpaired electron on the
0,°” moiety is located in an MO that is oriented perpendicular
to the Fe—O—O plane. It is worth noting that the {FeNO}’
adduct discussed earlier was assigned to be a low-spin Fe(II)
with an NO®, whereas the O,-adduct is proposed to have an
intermediate-spin Fe(III). Nitric oxide is a relatively weak
oxidant [E° (NO/?NO~) = —0.8 V vs NHE®*], whereas O, has
a much greater oxidizing power [E° (0,/0,7) = —0.16 V vs
NHE®®]. With this in mind, it is perhaps not surprising why our
computations predict that dioxygen can oxidize the Fe center of
CDO, whereas NO lacks this ability.

The next intermediate is formally obtained through the
attack of the cysteinyl sulfur’s lone pair on Oy and the
subsequent electron transfer from superoxide back to the
Fe(II) center. For this intermediate (C), the quintet spin state
is again the lowest in energy. This species is best described as
possessing a high-spin S = 2 Fe(II) ion bound to a persulfenate
moiety. A spin-crossover event to an S = 1 state is predicted to
occur upon moving from this intermediate via homolytic
cleavage of the O,—O4 bond to the singly oxygenated sulfur
intermediate (°D). On the basis of the MO energies and
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Scheme 1. Formal Electronic Configurations of the Proposed Lowest-Energy Reaction Intermediates along the Cys Reaction

Pathway”
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“Electrons originating from the S(Cys) lone pair are shown in gray, and only the relevant atoms are shown for clarity.

compositions, this complex can be described as a resonance
hybrid between an intermediate-spin Fe(III) bound to O°~
(major contributor) and an Fe(IV)-oxo-like species. Unpaired 3
electrons are localized on both the sulfur and the distal oxygen,
and the coupling of these to the a electrons on Fe(III) and O,
results in the S = 1 state. Although the next step of the reaction
was not investigated computationally in this work, it is likely
that the a electron on O, and the f electron on the sulfur can
recombine to form the final S—O bond. The homolytic cleavage
of the Fe—O,, bond would then result in a one-electron-reduced
iron center, yielding an Fe(II)-product complex.

The Cys-related catalytic intermediates A—D proposed in
this work seem plausible, with all intermediates investigated
having at least one low-energy spin state that should be
accessible. Additionally, the geometries and energies of the
analogous Sec-bound intermediates provide clues as to why Sec
is not oxidized by CDO. Whereas the S = 2 oxygen adduct of
Cys-bound Fe(II)CDO (°B) is stabilized with respect to its
precursor and free *0O,, the analogous S = 2 oxygen adduct of
Sec-bound Fe(II)CDO (species *B’) is much higher in energy
and is no longer the most stable O,-bound species (that being
3B’). This energetic difference is likely a direct result of the fact
that the geometries of *B and B’ are considerably different
(Figure 7). Rather than binding in an end-on fashion to the

Figure 7. Comparison of the QM/MM-optimized structures for B’
(left) and B (right).

Fe(II) center as in °B, the dioxygen moiety in B’ has shifted to
insert above the Fe—Se bond instead in a manner nearly
identical to what is observed in the crystal structure of
persulfenate-bound CDO (PDB file 3ELN).* The 3ELN
crystal structure was proposed to be that of a reaction
intermediate in the oxidation of Cys, although the crystals
from which the structure was obtained were soaked with Cys in
an aerobic atmosphere for a period of 1—4 h before the
diffraction data were collected, providing ample time for an on-
pathway intermediate to completely turn over.”” Having
obtained a similar structure through the in silico reaction of
Sec-Fe(II)CDO with O,, it seems plausible that the
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persulfenate-CDO complex is not a relevant reaction
intermediate but rather represents an off-reaction-pathway
species. In the case of Sec-bound Fe(II)CDO, the high energy
of the *B’ species suggests that the formation of a dioxygen
adduct is thermodynamically unfavorable. This hypothesis is
consistent with our observation that CDO samples prepared
anaerobically in the presence of Sec are spectroscopically
indistinguishable from those prepared aerobically.

Two purely computational investigations into the mechanism
of CDO have recently been reported in the literature, including
a QM/MM study performed by Kumar et al. that employed a
slightly different computational methodology from that used in
our work.”® For the four-membered ring and post-O, bond
scission intermediates (C and D, respectively), the energetic
ordering of the spin states as well as the relative energies
between them are very similar to ours. However, large
differences exist regarding the identity of the initial O,-bound
intermediate. Whereas we favor an S = 2, pseudooctahedral
complex (°B in Figure 6), the corresponding species in the
Kumar study has a nearly perfect octahedral geometry about
the Fe center and is much higher in energy than both the S = 0
(most stable) and S = 1 species. The main difference between
our B model and the S = 0 species reported by Kumar et al.
concerns the relative energy of the Fe 3d,? orbital. In the former
species, this orbital is sufficiently low in energy to become
singly occupied, whereas in the latter it remains unoccupied. To
this end, it is important to note that the choice of the functional
and computational methodology utilized in calculations such as
those presented here may have a profound effect on the
predicted energetic ordering of the spin states.’® Keeping this in
mind, we are cautiously optimistic that our computational
methodology, which was validated on the basis of the
experimental Abs and MCD spectra of the NO adducts of
Cys- and Sec-bound Fe(II)CDO, is capable of providing MO
energies and compositions that are consistent with those found
in this enzyme system.

A second, more recent computational investigation by Che et
al. also evaluated a possible mechanism for CDO.?” In this case,
only the enzyme’s first coordination sphere was considered.
Thus, all outer-sphere contributions to the energy, geometry,
and electronic structure of the active site were ignored. Che’s
study investigated the substitution of Cys for Sec, and it was
proposed that the enzyme is incapable of oxidizing Sec because
a ferric-superoxo complex is never formed. This was attributed
to selenium’s superior electron-donation ability, which resulted
in no change in oxidation state at the iron center upon O,
binding. However, Che proposes that O, is still capable of
binding to Sec-bound Fe(II)CDO to yield a high-spin Fe(II)
ion coupled ferromagnetically to a superoxo radical and
coupled antiferromagnetically to a selenium-based radical.
This conclusion is inconsistent with our observation that the
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active site is unreactive to O, if Sec is already bound to the iron
center.

B CONCLUSIONS

The uncommon S = '/, {FeNO}’ species generated upon the
reaction of NO with a preformed Cys-Fe(II)CDO or Sec-
Fe(II)CDO complex represents yet another unusual character-
istic of the CDO enzyme. This adduct presented us with an
almost unique opportunity to explore the spectral signatures
and electronic properties of unusual S = '/, {FeNO}’ species.
Through the validation of our computational methodology via
the successful prediction of the geometric and electronic
structures of these nitrosyl adducts, we were able to investigate
the geometries and energetics associated with several proposed
reaction intermediates. In doing so, it was discovered that the
Cys-bound active site has a low-lying S = 2 intermediate after
O, binding that is inaccessible to the Sec-bound active site,
providing a possible explanation for the lack of reactivity of Sec-
Fe(II)CDO toward O,.
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