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Abstract
Cysteine dioxygenase (CDO) is a mononuclear non-heme Fe-dependent dioxygenase that
catalyzes the initial step of oxidative cysteine catabolism. Its active site consists of an Fe(II) ion
ligated by three histidine residues from the protein, an interesting variation on the more common
2-His-1-carboxylate motif found in many other non-heme Fe(II)-dependent enzymes. Multiple
structural and kinetic studies of CDO have been carried out recently, resulting in a variety of
proposed catalytic mechanisms; however, many open questions remain regarding the structure/
function relationships of this vital enzyme. In this study, resting and substrate-bound forms of
CDO in the Fe(II) and Fe(III) states, both of which are proposed to have important roles in this
enzyme’s catalytic mechanism, were characterized by utilizing various spectroscopic methods.
The nature of the substrate/active-site interactions was also explored using the cysteine analog
selenocysteine (Sec). Our electronic absorption, magnetic circular dichroism, and resonance
Raman data exhibit features characteristic of direct S (or Se) ligation to both the high-spin Fe(II)
and Fe(III) active-site ions. The resulting Cys (or Sec)-bound species were modeled and further
characterized using density functional theory computations to generate experimentally validated
geometric and electronic structure descriptions. Collectively, our results yield a more complete
description of several catalytically relevant species and provide support for a reaction mechanism
similar to that established for many structurally related 2-His-1-carboxylate Fe(II)-dependent
dioxygenases.

Cysteine dioxygenase (CDO) is a non-heme Fe(II) dioxygenase that catalyzes the first step
of oxidative cysteine catabolism, adding both O atoms from molecular oxygen to L-cysteine
(Cys) to form cysteine sulfinic acid (1,2). Cys, one of two sulfur-containing amino acids, is a
necessary component in synthesizing new proteins and also serves as a precursor for several
biologically important molecules, such as coenzyme A and glutathione (3,4). Additionally,
products of the CDO reaction are essential for the biosynthesis of pyruvate, taurine, and
hypotaurine. Elevated Cys levels are known to have an excitotoxic effect resulting in
neuronal damage and also have been implicated in a variety of neurological disorders,
including Parkinson’s, Alzheimer’s, and motor neuron disease, and autoimmune disorders
such as rheumatoid arthritis (5–9). Thus, CDO is a vital enzyme both for providing
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important metabolites that are formed in subsequent reactions and for maintaining healthy
Cys levels in the body.

The first crystal structure and subsequent X-ray absorption spectroscopic data appeared to
indicate that the Fe of CDO is in a six-coordinate, distorted octahedral ligand environment
consisting of three His residues and three solvent molecules. However, a more recent crystal
structure revealed that the active site of CDO actually comprises an Fe(II) ion coordinated
by three His residues and a single solvent molecule to complete a distorted tetrahedral
coordination geometry (10–12). This 3-His facial metal-binding motif is similar to, but still
noticeably different from, the more common 2-His-1-carboxylate motif observed at the
active sites of several other Fe(II)-dependent oxygenases (13–15). Although uncommon, this
3-His metal binding motif has also been observed in other enzymes. For example, diketone
dioxygenase (Dke1), which catalyzes the O2-dependent cleavage of C–C bonds of β-
diketones like acetylacetone, contains an Fe(II) ion ligated by three His residues in an
arrangement very similar to that seen in CDO (14,16).

Another interesting feature of the CDO active site is that the thiol group of Cys93 is
covalently linked to Tyr157, a posttranslational modification that is also observed in
galactose oxidase (17,18). Although Tyr157 is not a ligand to the metal in CDO, it is close
enough to be involved in H-bonding interactions with coordinated solvent or with the co-
substrate O2 during catalysis. However, it is still unclear exactly how the unique active-site
structure affects the function of this enzyme.

The recent publication of X-ray crystal structures of resting and substrate-bound CDO led to
a variety of proposed catalytic mechanisms for this enzyme, each highlighting different
potential relationships between structure and function (10–12,19,20). However, many open
questions remain concerning the nature of substrate binding within the active site of CDO
and the details of subsequent steps of the catalytic cycle. In this work, the resting state and
various substrate (analog)-bound forms of CDO have been studied using a combination of
electronic absorption (Abs), magnetic circular dichroism (MCD), and resonance Raman (rR)
spectroscopies, as well as density functional theory (DFT) computations. Results from these
investigations provide unprecedented insight into the electronic structures of both the Fe(II)-
and Fe(III)-bound states of CDO in the presence of substrate. These spectroscopic and
computational results are discussed in relation to existing structural data for this enzyme, as
well as to the proposed mechanistic schemes.

Experimental Details
Protein expression and purification

CDO was expressed as a fusion to maltose binding protein (MBP) in Escherichia coli
BL21(DE3)pLysS cells (Novagen). Cell growth and induction of gene expression using
IPTG were performed as described previously (21). The harvested cell paste was
resuspended in buffer (25 mM HEPES, 200 mM NaCl, pH 7.5), treated with lysozyme,
DNase, and RNase for 30 minutes, and sonicated to disrupt the cells. This suspension was
then centrifuged for 1 hr at 20,000 rpm at 4 °C. To isolate CDO, the resulting supernatant
was loaded onto an amylose column, to which MBP binds. After washing the non-binding
proteins from the column, CDO was cleaved from MBP on the column by incubating with
tobacco etch virus (TEV) protease overnight at 4 °C. CDO was then washed from the
column, concentrated, and loaded onto a Superdex200 size-exclusion column to separate it
from any remaining contaminants. Fractions containing CDO, identified using SDS-PAGE,
were pooled and concentrated.
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Enzyme activity
Enzyme activity was determined qualitatively as follows. Reaction mixtures containing 10
µM CDO and 10 mM Cys (or Sec) in HEPES buffer (pH 7.5) or phosphate buffer (pH 7)
were incubated at 37 °C for up to 90 minutes. Samples were removed for analysis at regular
intervals, at which time the protein was heat-denatured (at 95 °C) to stop the reaction. The
samples were then centrifuged for 5 minutes and 1 µL of the supernatant was spotted onto a
silica gel thin-layer chromatography (TLC) plate. Plates were run in a 20%:20%:60% (v/v)
H2O/acetic acid/1-butanol solution for 45 minutes, and stained with a 1.5% (w/v) ninhydrin
solution (3% (v/v) acetic acid in ethanol). Upon heat activation of the stain, bands associated
with the reactants (Cys or Sec) and product (cysteine sulfinic acid) could readily be
identified by using appropriate standards.

Sample preparation
Approximate protein concentrations were determined spectrophotometrically, using an ε280
value of 25,300 M−1cm−1. Fe content was determined using a colorimetric assay with
bathophenanthrolinedisulfonic acid (BPS), as described previously (21). Samples used for
spectroscopy contained CDO with a final Fe concentration of ~1 mM in buffer consisting of
25 mM HEPES and 200 mM NaCl (pH 7.5). Fe(III)-CDO was reduced anaerobically to
Fe(II)-CDO by adding sodium dithionite until a complete loss of color was observed and no
further change to the Abs spectrum occurred. Samples containing substrate (analog) were
prepared anaerobically and contained a 2-fold excess of cysteine or selenocysteine.
Selenocysteine was prepared by anaerobic reduction of selenocystine with tris(2-
carboxyethyl)phosphine (TCEP). 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 5e
spectrophotometer. The sample compartment was purged with N2 (g) when collecting data
for anaerobic samples. LT (4.5 K) Abs and MCD spectra were obtained using a Jasco J-715
spectropolarimeter in conjunction with an Oxford Instruments SM4000-8T magnetocryostat.
The MCD spectra presented herein were obtained by subtracting the −7 T data from the +7
T data. Variable-temperature, variable-field (VTVH) MCD data were collected by
measuring the MCD signal intensity as a function of applied magnetic field for several fixed
temperatures at a constant wavelength. These data were analyzed quantitatively using a
fitting program developed by Dr. Frank Neese (22).

Resonance Raman (rR) data were obtained by exciting the samples with 647.1 or 752.5 nm
light from a Kr+ ion laser (Coherent I-302C). The power of the incident light was ~25 mW.
Light scattered at ~135° from the sample was dispersed by a triple monochromator (Acton
Research SpectraPro) with a 1200 g/mm grating and detected with a liquid-N2-cooled back-
illuminated CCD camera (Princeton Instruments Spec-10 100BR, 1340 × 100 pixels). The
EPR tubes containing the samples were immersed in liquid N2 during data collection.

Computations
Computational models of the Cys- or Sec-bound Fe-CDO active site were generated by spin-
unrestricted density functional theory (DFT) geometry optimizations using the Amsterdam
Density Functional (ADF) 2006.01 software package (23–26). The calculations employed
ADF basis set IV (triple-ζ with single polarization), an integration constant of 4.0, the
Vosko-Wilk-Nusair local density approximation (27), and the nonlocal gradient corrections
of Becke (28) and Perdew (29). Core orbitals were frozen through 1s (O, N, C), 2p (Fe, S),
or 3p (Se). Initial structures were derived from published X-ray crystallographic data for
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Cys-bound human Fe(II)-CDO (12,30). The models included the three first-sphere His
residues ligated to a high-spin Fe(II) or Fe(III) ion, as well as a bidentate Cys or Sec ligand.
The His residues were modeled as 4-ethylimidazole with the terminal methyl groups held
frozen during the optimization. The positions of all other atoms were allowed to vary. Spin-
unrestricted single-point calculations were carried out on the optimized structures using the
ADF 2008.01 software and the parameters listed above.

Results
Although CDO is an Fe(II)-dependent enzyme, the as-isolated protein used for these studies
actually contained substoichiometric amounts of Fe (~50% occupation). However, because
the metal-free sites did not contribute to the spectra presented in this paper, no attempt was
made to reconstitute the protein with additional Fe(II). Sample concentrations given herein
refer to the concentration of Fe-bound CDO rather than total protein. Qualitative TLC
activity assays were performed to verify that the CDO used in these studies was indeed
active (data not shown).

Spectroscopic Data
Fe(II)-CDO—As-isolated CDO is pale yellow in color, and a colorimetric assay using
bathophenanthroline disulfonate (BPS) revealed the presence of both Fe(II) (~85% of the
total Fe) and Fe(III) (remaining ~15% of Fe) in this form of the enzyme. CDO becomes
colorless upon the addition of dithionite, suggesting that the yellow color of the as-isolated
enzyme is due to the Fe(III)-containing fraction. No distinguishing features are observed in
the Abs or MCD spectra of the Fe(II)-CDO species (Figure 1).

Upon addition of Cys to Fe(II)-CDO, the solution remained colorless and consequently no
features are observed in the visible region of the corresponding Abs spectrum (Figure 1,
top). However, reasonably intense temperature-dependent features are observed in the near-
UV region of the MCD spectrum obtained for this species (Figure 1, bottom), which can be
attributed to S(Cys) → Fe(II) charge transfer (CT) transitions on the basis of a comparison
to data reported for enzymes with similar active-site structures (31). The MCD saturation
behavior of these features as a function of temperature and applied magnetic field is
characteristic of a high spin (S = 2) Fe(II) species, as our VTVH MCD data could be fit well
using the parameters S = 2, D = − 13.0 cm−1, and E/D = 0.23 (see Figure 1, inset). No
discernible features are observed in the visible and near-IR regions of the MCD spectrum of
Fe(II)-CDO complexed with Cys. After exposure to O2, the observed MCD features
decrease significantly in intensity, signifying enzymatic turnover of this Cys-bound Fe(II)-
CDO species. This confirms that the Fe(II)-CDO fraction is the active form of the enzyme
and suggests that the MCD features observed for this species prior to exposure to O2 are due
to a substrate-bound CDO species that participates in the catalytic cycle.

Fe(III)-CDO—When as-isolated CDO is incubated with Cys, a change in color from pale
yellow to blue is observed, indicating that Cys also binds to the minor (~15% of the total Fe
found by the BPS assay) fraction of Fe(III)-CDO. This Cys adduct of Fe(III)-CDO exhibits a
dominant Abs feature at 15,700 cm−1 (Figure 1, top) and temperature-dependent MCD
features at 15,250 and 18,570 cm−1 (Figure 1, bottom). These Abs and MCD spectroscopic
signatures of Cys-bound Fe(III)-CDO are remarkably similar to those displayed by Fe(III)
superoxide reductase (31), a well-characterized non-heme Fe enzyme with a comparable
active-site structure (see below).

The rR spectrum of Cys-bound Fe(III)-CDO exhibits two distinct features at 340 and 292
cm−1 (Figure 2). These data are consistent with Cys ligation to Fe(III) and, on the basis of
comparison to other known Fe(III)-Cys species, can be assigned as Fe–S stretching and S–
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C–C bending modes, respectively (32). Enhancement of these modes is observed only with
excitation wavelengths near the dominant Abs band exhibited by Cys-bound Fe(III)-CDO,
corroborating our assignment of this band as a S → Fe(III) CT transition.

Upon exposure of a sample containing Cys-bound Fe(III)-CDO to O2, the blue color as well
as the Abs, MCD, and rR features described above were preserved, signifying that this
species is not directly involved in catalysis. Nevertheless, because Fe(III) intermediates are
proposed to be involved in CDO’s catalytic mechanism (10,12,30), characterization of this
Cys-bound Fe(III)-CDO species as well as related species containing O2 analogs can
provide useful mechanistic insight.

Sec-bound CDO—Selenocysteine (Sec) is an interesting Cys analog, differing from the
latter only in the presence of Se instead of S in the amino acid side chain. Interestingly,
however, the TLC-based activity assays indicated that CDO could not catalyze the oxidation
of Sec (data not shown). Addition of Sec to as-isolated CDO demonstrates the ability of Sec
to interact with the enzyme active site in a manner very similar to that seen with Cys. The
Abs spectrum of Sec-bound CDO shows a dominant feature at 13,250 cm−1 that is similar in
appearance to that exhibited by Cys-bound CDO (Figure 3, top). Likewise, several features
are observed in the MCD spectrum of Sec-bound CDO that are reminiscent of those
displayed by Cys-bound CDO. By comparison to the spectra of the Cys-bound CDO species
as well as from a comparison of the data for the as-isolated and fully-reduced Sec-bound
CDO species, the MCD features observed for Sec-bound CDO at lower energy are attributed
to the Fe(III)-containing CDO fraction and those at higher energy are attributed to the
Fe(II)-containing fraction (Figure 3, bottom). These MCD features have greater intensity
than those observed for Cys-bound CDO as a result of the increased spin-orbit coupling for
Se compared to S. Like the dominant Abs band, the MCD features due to both the Fe(II)-
and Fe(III)-CDO species complexed with Sec are noticeably red-shifted compared to their
counterparts in the spectra of Cys-bound CDO. Given that the first ionization potential of Se
is lower than that of S, this red-shift of the Se → Fe CT transitions relative to their S → Fe
CT counterparts is to be expected. The origin of these red-shifts is further explored below.
VTVH MCD data were also collected for the Sec-bound Fe(II)-CDO species (see Figure 3,
inset). As for the analogous Cys-bound species, our fit indicates that these data are
characteristic of a high-spin (S = 2) Fe(II) species with a large, negative D value and high
rhombicity (D = −9.0 cm−1, E/D = 0.25).

The rR spectrum of Sec-bound Fe(III)-CDO exhibits a distinct peak at 260 cm−1 with a
small but noticeable shoulder at 278 cm−1 (Figure 4). Considering the large change in mass
upon substitution of Se for S and the expectation that this mass difference will have a larger
effect on the Fe–S stretching frequency than the S–C–C bending frequency, these observed
peaks can be assigned as the ν(Fe–Se) stretching and δ(Se–C–C) bending modes,
respectively. Enhancement of these vibrational modes upon excitation near the dominant
Abs band indicates that this band arises from a Se → Fe(III) CT transition, analogous to the
S → Fe(III) CT transition of the Cys-bound Fe(III)-CDO species.

Computations
To gain a more complete understanding of the electronic properties of Cys- and Sec-bound
CDO, active-site models were generated from X-ray crystallographic coordinates of Cys-
bound human Fe(II)-CDO (PDB code 2IC1) using DFT methods, and their geometric and
electronic structures were analyzed. Four models were considered in this study, namely Cys-
and Sec-bound Fe(III)-CDO and Cys- and Sec-bound Fe(II)-CDO. Each model included the
three coordinating His residues and the bidentate Cys or Sec substrate directly ligated to the
central Fe ion (Figure 5). Table 1 compares key structural parameters derived from the DFT-
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optimized models and the X-ray crystal structure of Cys-bound Fe(II)-CDO. Overall, the
geometric structures of the computational models are quite reasonable and in good
agreement with the available crystal-structure data. Each optimized model possesses a
nearly trigonal bipyramidal active-site structure with His86, His88, and the S of Cys (or Se
of Sec) comprising the equatorial plane perpendicular to the axis defined by His140 and the
N of Cys (or Sec). One noticeable feature of the Cys-bound Fe(II)-CDO model is that the
optimized Fe–S distance is significantly longer than the experimentally determined distance;
however, this calculated distance is quite comparable to Fe–S distances observed in crystal
structures of other known complexes with similar Fe coordination spheres (33,34).
Interestingly, although the calculated Fe–N distances are slightly longer in the Fe(II) models
than in their Fe(III) counterparts, as expected, the Fe–S and Fe–Se distances are shorter. A
possible explanation for this somewhat counterintuitive finding is that because Fe(II) is a
softer acid than Fe(III), it engages in a stronger bonding interaction with the soft S and Se
ligand atoms.

To further validate these computational models, electronic transition energies were
calculated and compared to those determined experimentally by Abs and MCD
spectroscopies. These calculations were performed using the method of Slater, wherein 0.5
electrons were transferred from the donor molecular orbital (MO) to the acceptor MO
associated with the transition of interest. The transition energy was then calculated from the
difference between these MO energies after SCF convergence had been reached. For each of
the Fe(III)-CDO models, the Slater method was used to calculate the energies of the S/Se →
Fe CT transitions arising from both the σ- and π-type S/Se-based MOs (see below). The
results from these calculations are listed in Table 2 along with the experimental Abs and
MCD transition energies. The good agreement between the calculated and experimental
transition energies and the accurate reproduction of the red-shifts upon substitution of Cys
with Sec warrant a more detailed analysis of the electronic structures of these optimized
models.

MO energies and compositions were calculated using spin-unrestricted DFT computations.
For the Fe(III)-CDO models, the five unoccupied Fe(III) 3d–based spin-down MOs display
a splitting pattern consistent with a trigonal bipyramidal geometry; namely, the dxz-and dyz-
based MOs lie lowest in energy, followed by the dxy- and dx2−y2-based orbitals, while the
dz2-based MO is highest in energy (Figure 6). Among the highest energy occupied ligand-
based MOs are two S- or Se-based orbitals, with the one possessing σ-bonding character
with respect to the S/Se–Fe bond being lower in energy than that having π-bonding
character. The DFT-computed compositions of the relevant occupied S- and Se-based MOs
as well as the unoccupied Fe 3d–based spin-down MOs of the Cys- and Sec-bound Fe(III)-
CDO models are presented in Table 3. Although compared to their Cys-based counterparts
the frontier MOs of Sec are closer in energy to the Fe 3d orbitals (Figure 6) and thus could
engage in stronger metal–ligand bonding interactions, the Fe–Se bond is significantly longer
than the Fe–S bond, effectively reducing the degree of overlap between the Se and Fe
orbitals. As a result, the Fe–S and Fe–Se bonds in these substrate-bound Fe(III)-CDO
computational models display very similar degrees of covalency.

The same basic trends are observed for the Fe(II)-CDO models; that is, the two highest-
energy occupied Se-based MOs of the Sec-bound Fe(II)-CDO model are predicted to be at a
higher energy than their S-based counterparts in the Cys-bound Fe(II)-CDO model (Figure
7). As was observed for the Fe(III)-CDO models, however, this difference in relative
energies of the Cys and Sec frontier MOs causes only minor differences in the computed
Fe–S and Fe–Se bond covalenices of the substrate-bound Fe(II)-CDO models (Table 4).
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Discussion
Although CDO was discovered and initially studied over 40 years ago, much of the current
knowledge of this vital enzyme has been gained very recently (2,35,36). Following several
structural studies and standard biochemical characterization, many different reaction
mechanisms were proposed (10–12,19–21,37). However, the lack of an in-depth
understanding of the electronic structure of CDO has thus far prevented a critical evaluation
of the numerous viable mechanisms. To address this issue, we have used a combination of
several spectroscopic and computational techniques to develop experimentally validated
descriptions of the geometric and electronic structures of various substrate (analog)-bound
forms of CDO.

Previous studies revealed that CDO can bind different metal ions but is active only with Fe
within its active site (10,38,39). The ability to characterize resting Fe(II)-CDO
spectroscopically is somewhat limited because this form of the protein is colorless, with no
distinguishing features discernible by either Abs or MCD spectroscopies, even in the near-
IR region. Previous studies by Solomon and coworkers revealed that the near-IR region of
the MCD spectra of Fe(II)-containing proteins and synthetic complexes provide insight into
the metal ion coordination number (40). Specifically, features arising from ligand-field
transitions are observed near 10,000 cm−1 for both five- and six-coordinate Fe(II) species,
but only at significantly lower energy (~4000 – 7000 cm−1) for four-coordinate Fe(II)
species. Thus, because the MCD spectrum of Fe(II)-CDO lacks any discernible features near
10,000 cm−1, our data are more consistent with the generally accepted four-coordinate,
distorted tetrahedral CDO resting state. However, considering that the near-IR MCD
features of similar Fe(II) species are weak and, even in the case of five- or six-coordinate
species, would be expected to appear near the wavelength limit of our instrument (40), the
possibility of a six-coordinate, distorted octahedral resting state cannot be ruled out
definitively on the basis of our data.

Although reduced Fe(II)-CDO has proven difficult to study spectroscopically, anaerobic
addition of substrate Cys generates a species that is more amenable to spectroscopic
characterization. Specifically, intense temperature-dependent features are observed around
30,000 cm−1 in the MCD spectrum of this species (Figure 1, bottom), indicative of S-
ligation to a high-spin Fe(II) ion. Exposure of this species to air, allowing enzymatic
turnover to occur without replenishing the substrate, effectively eliminates these features
from subsequent MCD spectra (Figure 8), confirming that the observed MCD features are
associated with a substrate-bound form of CDO that is reactive towards O2. On the basis of
one X-ray crystal structure and XAS data, catalytic mechanisms were proposed involving no
direct, or only a weak, interaction between the thiol group of Cys and the Fe(II) ion (11,41).
However, in a more recent X-ray crystal structure of human CDO, Cys is clearly observed to
coordinate directly to the Fe ion as a bidentate ligand (12). Additionally, another recent
structure of rat CDO appears to contain a persulfenate moiety, demonstrating a possible
reaction between Cys and O2, both of which are coordinated directly to the active-site Fe ion
(20). Thus, some researchers have proposed mechanisms in which coordination of Cys via
its thiol group to Fe is of fundamental importance (10,12,20,21). Our evidence for direct Cys
ligation and the formation of a reasonably strong Fe–S bond under catalytically relevant
conditions clearly favor this latter type of mechanistic proposal.

Our as-isolated enzyme also contains a sizeable (~15%) fraction of Fe(III) within its active
site. Very little was known about this Fe(III)-bound form of CDO prior to this study.
Importantly, because the Abs, MCD, and rR spectral signatures are preserved when Cys-
bound Fe(III)-CDO is exposed to O2 (Figure 8), it can be concluded that this species is
unable to catalyze the oxidation of cysteine to cysteine sulfinic acid. Nonetheless, a detailed
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characterization of Cys-bound Fe(III)-CDO is clearly warranted, as an Fe(III)-CDO species
has been proposed to play a role in formation of the Cys-Tyr adduct near the active site (42).
Additionally, many of the proposed catalytic mechanisms for CDO invoke the formation of
Cys-bound Fe(III) species following the binding of co-substrate O2 to the active site
(10,12,20). Studies of Cys-bound Fe(III)-CDO thus establish a suitable framework for future
studies aimed at examining the properties of putative Fe(III)-superoxo species and at
exploring O2 (analog) binding to the CDO active site. Therefore, we have also carried out
spectroscopic and computational studies of both Cys- and Sec-bound Fe(III)-CDO species.

Our results indicate that Cys binds directly to a high-spin Fe(III) ion via its S atom in a
manner similar to that observed for the active Fe(II)-bound form of CDO. This similar
coordination is evidenced by the remarkable similarity between the S → Fe CT bands
observed in the MCD spectra, the most noticeable difference being the dramatically red-
shifted transitions for the Fe(III) species due to the greater ease of transferring electron
density to the oxidized metal center. This similarity in the coordination of Cys to Fe(II)- and
Fe(III)-CDO is reproduced nicely by our computational results, where both are described as
5-coordinate, distorted trigonal bipyramidal species. This coordination environment leaves a
large gap between the S(Cys) and His88 ligands (see Figure 5), providing adequate space for
the binding and ideal positioning of co-substrate O2 for subsequent reaction with the S atom
of Cys. As such, CDO appears to employ the same basic strategy for substrate oxidation as
that established for many structurally related 2-His-1-carboxylate Fe(II) dioxygenases
(13,15,43).

Additional insights into the nature of the substrate/active-site interactions were gained by
using the Cys analog Sec. The Abs, MCD, and rR spectra of both Cys- and Sec-bound CDO
are quite similar, with the major differences being due to substitution of Se for S rather than
a significant change in the substrate (analog) binding mode (see Figures 2–4). Furthermore,
the spectroscopic signatures of these species could be described quite effectively with nearly
identical computational models. Our computational data suggest that the red-shifts of the
Abs and MCD spectral features of substrate-bound Fe(II)-CDO that are observed when Cys
is substituted by Sec (see Figure 3) can be attributed to a destabilization of the Se-based
MOs relative to their S-based counterparts and the consequent lowering of the
corresponding CT transition energies. Collectively, these results also demonstrate that both
Cys and Sec interact with the active site of CDO in a very similar manner. Intriguingly,
however, despite the many similarities between Cys- and Sec-bound CDO, Sec does not
appear to be a viable substrate for CDO.

Comparison to SOR
Superoxide reductase (SOR) is an Fe-dependent enzyme that catalyzes the reduction of the
superoxide radical (O2

•−) to H2O2 in anaerobic organisms. Its active site consisting of an Fe
ion with predominantly N- and S-donor ligands (four equatorial His residues and an axial
Cys residue in Fe(II)-SOR and an additional axial Glu residue in Fe(III)-SOR) is quite
comparable to that of Cys-bound human CDO observed by X-ray crystallography and
modeled computationally as described above (12,33). Extensive characterizations of SOR by
structural, spectroscopic, and computational tools afforded a detailed understanding of the
geometric and electronic structures of this enzyme (31,32). Key insights gained in these
studies of SOR are briefly summarized below, because they provide a valuable reference for
a comparison with our results obtained for CDO.

The Abs spectrum of Fe(III)-SOR exhibits a dominant feature at 15,150 cm−1 that was
attributed to a S → Fe(III) CT transition (31). In the MCD spectrum related features are
observed at 15,150 and 18,980 cm−1, which were assigned as S → Fe(III) CT transitions
originating from the S(Cys) p-based MOs possessing Fe–S π-bonding and σ-bonding

Gardner et al. Page 8

Biochemistry. Author manuscript; available in PMC 2011 July 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



character, respectively. Similar features, albeit at higher energy, are observed in the MCD
spectrum of Fe(II)-SOR; because of their similarity to those exhibited by the Fe(III) species
and consistent with subsequent analyses, these features were attributed to S → Fe(II) CT
transitions. The remarkable similarity of the Abs and MCD spectra of Cys-bound CDO to
those of SOR suggests that these species possess very similar Fe coordination environments,
both in the Fe(II)- and Fe(III)-bound states.

The rR spectrum of Fe(III)-SOR obtained upon laser excitation into the dominant Abs band
exhibits numerous vibrational features in the low-frequency region (32). The large number
of resonance-enhanced peaks was rationalized in terms of extensive kinematic coupling
between the Fe–S stretching motion and several internal Cys vibrational motions. The
modes with predominantly Fe–S stretching and S–Cβ–Cα bending character were assigned to
the features at 323 and 298 cm−1, respectively. In the rR spectrum of CDO, analogous peaks
are observed at 340 and 292 cm−1 that are therefore assigned to these same vibrational
modes. The observation of only two resonance-enhanced features in the rR spectrum of
CDO suggests that kinematic coupling is less pronounced in this species. This observation is
consistent with the structure of Cys-bound Fe(II)-CDO, where the nonplanarity of the Cys
moiety would decrease the effectiveness of such coupling (44,45). The higher frequency of
the Fe–S stretching motion could reflect the lower coordination number of the Fe(III) ion in
CDO (5-coordinate species) relative to SOR (6-coordinate). Fewer ligands around the
Fe(III) ion in CDO would result in less overall donation of electron density to the metal, thus
allowing for a stronger Fe–S bonding interaction. This conclusion is corroborated by a
comparison to heme proteins, where a similar upshift of the Fe–S stretching frequency is
observed from 6- to 5-coordinate heme species (46–48).

Abbreviations

Abs electronic absorption

ADF Amsterdam density functional

BPS bathophenanthroline disulfonic acid

CDO cysteine dioxygenase

CT charge transfer

DFT density functional theory

Dke1 diketone cleaving enzyme

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

IPTG isopropyl β-D-1-thiogalactopyranoside

LT low temperature

MBP maltose binding protein

MCD magnetic circular dichroism

MO molecular orbital

PDB protein data bank

rR resonance Raman

RT room temperature

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

Sec selenocysteine
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SOR superoxide reductase

TCEP tris-(2-carboxyethyl)phosphine

TEV tobacco etch virus

TLC thin-layer chromatography

VTVH variable-temperature, variable-field

XAS X-ray absorption spectroscopy
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Figure 1.
RT Abs (top) and 4.5 K MCD (bottom) spectra of as-isolated CDO (– - –), Fe(II)-CDO +
Cys (- - -), and as-isolated CDO + Cys (—). Inset: VTVH MCD data (—) collected for
Fe(II)-CDO + Cys at 30,580 cm−1 (position indicated by arrow) and 2.2, 4, 8, 15, 25 K.
Open circles represent a theoretical fit of the data obtained with the parameters g = 2, S = 2,
D = −13.0 cm−1, E/D = 0.23.
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Figure 2.
77 K rR spectrum of as-isolated CDO + Cys, obtained with λex = 647.1 nm. Features marked
by * are due to vibrations of the ice lattice.
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Figure 3.
RT Abs (top) and 4.5 K MCD (bottom) spectra of as-isolated CDO + Cys (- - -) or Sec (—).
Horizontal arrows depict the marked red-shifts of features upon substitution of Cys with
Sec. Inset: VTVH MCD data (—) collected for Fe(II)-CDO + Sec at 28,818 cm−1 (position
indicated by vertical arrow) and 2, 4, 8, 15, 25 K. Open circles represent a theoretical fit of
the data obtained with the parameters g = 2, S = 2, D = 9.0 cm−1, E/D = 0.25.
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Figure 4.
77 K rR spectrum of as-isolated CDO + Sec, obtained with λex = 752.5 nm. Features marked
by * are due to vibrations of the ice lattice.
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Figure 5.
DFT-optimized active-site model of Cys- (or Sec-) bound Fe(III)-CDO. H atoms have been
omitted for clarity.
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Figure 6.
Relevant portions of the DFT-computed MO diagrams for Cys- and Sec-bound Fe(III)-
CDO. Only the spin-down MOs are shown. The S(Se) → Fe CT transitions are indicated by
arrows.
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Figure 7.
Relevant portions of the DFT-computed MO diagrams for Cys- and Sec-bound Fe(II)-CDO.
Only the spin-down MOs are shown. The S(Se) → Fe CT transitions are indicated by
arrows.
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Figure 8.
4.5 K MCD spectra of as-isolated (left) and reduced (right) CDO + Cys before (—) and after
(---) exposure to O2.
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Table 2

Experimental and calculated transition energies (in cm−1) for Cys- and Sec-bound Fe(II)- and Fe(III)-CDO
species

Calc S py → Fe dxy S px → Fe dx2−y2

Cys–Fe(III)-CDO 17 002 21 858

Sec–Fe(III)-CDO 15 679 19 962

Cys–Fe(II)-CDO NA NA

Sec–Fe(II)-CDO NA NA

Expt Abs MCD

Cys–Fe(III)-CDO 15 700 15 250, 18 570

Sec–Fe(III)-CDO 13 250 13 100, 17 750,
22 100

Cys–Fe(II)-CDO >28 000 30 600, ~32 100

Sec–Fe(II)-CDO >27 000 28 700, 30 400
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