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Abstract

Cysteine dioxygenase (CDO) is a mononuclear, non-heme iron(l11)-dependent enzyme that utilizes
molecular oxygen to catalyze the oxidation of L-cysteine (Cys) to cysteine sulfinic acid. X-ray
crystal structures of CDO have revealed that unusual structural motifs are present in both the first
and the second coordination spheres of the Fe center, including a three-histidine metal binding site
and a cysteine-tyrosine crosslink that is formed post-translationally. Although the kinetic
consequences of various outer-sphere amino acid substitutions have previously been assessed, the
effects of these substitutions on the geometric and electronic structures of the active site remained
largely unexplored. In this work, we have performed a spectroscopic and computational
characterization of the H155A CDO variant, which was previously shown to display a ~100-fold
decreased rate of Cys oxidation relative to wild-type (WT) CDO. Magnetic circular dichroism and
electron paramagnetic resonance spectroscopic data indicate that the His155— Ala substitution has
a significant effect on the electronic structure of the Cys-bound Fe(I1)CDO active site. An analysis
of these data within the framework of quantum mechanics/molecular mechanics (QM/MM) and
single-point density functional theory calculations reveals that Cys-bound H155A Fe(I1)CDO
possesses a six-coordinate Fe(ll) center, differing from the analogous WT CDO species by the
presence of an additional water ligand. The enhanced affinity of the Cys-bound Fe(ll) center for a
sixth ligand in the H155A CDO variant likely stems from the increased conformational freedom of
the cysteine-tyrosine crosslink in the absence of the H155 imidazole ring. Despite these
differences between the WT and H155A Cys-Fe(I1)CDO species, the nitrosyl adducts of Cys- and
Sec-bound Fe(11)CDO [which mimic the (O,/Cys)-CDO intermediate] are essentially unaffected
by the H155A substitution, suggesting that the primary role played by the H155 side chain in CDO
catalysis is to discourage the binding of a water molecule to the Cys-bound Fe(I1)CDO active site.

Cysteine dioxygenase (CDO) is a mononuclear, non-heme iron enzyme that catalyzes the
oxidation of exogenous cysteine (Cys) by O, to cysteine sulfinic acid with nearly complete
substrate fidelity.1=3 This conversion represents the only oxidative degradation pathway for
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Cys,* and it has been proposed that CDO is ultimately responsible for the majority of taurine
produced in mammals.> Malfunctioning CDO has been implicated in a variety of
neurological disorders, such as Alzheimer’s, Parkinson’s and motor neuron diseases.5-10
Additionally, recent studies have shown that the CDO1 gene is down-regulated through the
methylation of its promoter in certain forms of human cancers (including breast and
colorectal), and that tumor growth may be suppressed through the restoration of the normal
levels of CDO1 expression.11: 12

The first CDO crystal structure (published in 200613) revealed several unique geometric
features of this enzyme, including an intramolecular cross-link between residues C93 and
Y157, as well as a rare 3-histidine (3His) facial ligation sphere about the iron center in the
resting state of the enzyme. Subsequent crystal structures have provided evidence for
bidentate binding of the substrate Cys through its thiolate and amino groups,1# and a direct
Fe-S bonding interaction [or Fe—Se interaction in the case of CDO incubated with the
substrate analogue selenocysteine (Sec)] was confirmed through resonance Raman and
magnetic circular dichroism (MCD) spectroscopic studies.1®> Recent work by our group has
suggested that although Cys-bound Fe(I1)CDO features a five-coordinate active site (as
revealed by multiple X-ray crystal structures® 14.16) the Fe center of Cys-bound
Fe(I11)CDO additionally possesses a hydroxide ligand to adopt a six-coordinate, distorted
octahedral coordination envorinment.’

In an effort to obtain molecular-level insight into the CDO reaction mechanism, analogues
for dioxygen (including NO, CN~, and superoxide) have been used with great success to
mimic viable O,-bound intermediates. Electron paramagnetic resonance (EPR) spectroscopy
has been employed in three such studies, one of which focused on the transient superoxide
adduct of Cys-bound Fe(111)CDO.18 This (superoxo/Cys)-Fe(111)CDO adduct was found to
exhibit an EPR spectrum that could successfully be simulated using parameters for either an
S=3 or an S=2 spin system. In a separate study, the EPR spectrum of the (CN~/Cys)-
Fe(I11)CDO adduct was found to change slightly in response to C93-Y 157 cross-link
formation, with the fully cross-linked protein exhibiting a larger g-spread than the non-
cross-linked enzyme.3 The first application of EPR spectroscopy to CDO revealed that the
nitrosyl adduct of Cys-bound Fe(11)CDO represents a rare S=1/2 {FeNO}’ species, as
opposed to an S=3/2 species as is typically observed for non-heme iron enzymes.1® To
further characterize this unusual {FeNO}’ species, a combined spectroscopic and
computational approach was utilized, which revealed that the presence of a strongly -
donating thiolate ligand in conjunction with the neutral 3His facial ligation to the Fe center
are key contributors to the stabilization of the S=1/2 state [where a low-spin Fe(ll) ion is
ligated by an NO®] over the S=3/2 state [featuring a high-spin Fe(lI1) ion coupled
antiferromagnetically to NO™]. The spectroscopically validated computational methodology
developed in this work was then used to propose a mechanism for O activation by CDO in
which the iron oxidation state never exceeds +3 and the substrate Cys acts as a redox non-
innocent ligand.29 In support of this proposal, a subsequent experimental and computational
study revealed that the same computational methodology could be used successfully to
describe the geometric and electronic properties of the different species formed upon
incubation of CDO with azide.?!
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Although the effects of substituting various outer-sphere residues on the catalytic properties
of CDO have been assessed in several studies,3 16: 22 in all but one case these variants have
not yet been characterized spectroscopically to probe their perturbed geometric and
electronic active site structures.® To overcome these deficiencies, we have initiated
combined spectroscopic and computational studies of CDO variants for identifying specific
roles performed by individual outer-sphere residues in the catalytic cycle. In the present
study, the H155 residue was replaced by an alanine in order to examine how the imidazole
side-chain influences the properties of the CDO active site and its interaction with the Cys
and O, substrates.

Residue H155 is a member of the S153-H155-Y 157 (mouse CDO numbering) catalytic triad
motif that is highly conserved among CDO enzymes. The presence of this motif has been
successfully used to screen protein sequences in order to identify members of the cupin
superfamily with CDO activity, including several previously unknown bacterial homologs.23
X-ray crystallographic data of Cys-bound CDO revealed these three residues engage in an
extended hydrogen bonding network, with the oxygen atom of the S153 side chain residing
within 2.65 A of the Ne atom of H155 and the N& atom of H155 located 2.77 A from the
Y157 oxygen atom (see Figure 1).14 As the Y157 phenol is in turn located within hydrogen-
bonding distance of the carboxylic acid group of the substrate Cys, the interactions between
H155 and neighboring residues may exert significant control over the positioning of the Cys
substrate at the active site. Additionally, H155 is one of the few acidic active site residues
available to act as a proton donor and may thus be involved in the putative proton transfer to
an intermediate that occurs between O, activation and product release.2* Consistent with
these predictions, it was found that the specific activity of the H155A CDO variant is
significantly lower than that of the wild-type (WT) enzyme (Kgat < 0.1 vs. 8.6 571,
respectively).3 Moreover, a Ky, for Cys binding to the variant enzyme could not be
determined as no saturation was observed even at 25 mM Cys.3

2. Experimental Procedures

2.1 Gene Expression and Protein Purification

The wild-type (WT) CDO gene from Mus musculus was cloned into a pVVP16 vector with
maltose binding protein (MBP) as an N-terminal fusion protein tag, as previously
described.® To generate the H155A mutant plasmid DNA, polymerase chain reaction
(PCR) was performed with a Herculase 11 kit on the WT CDO-containing vector, using
forward and reverse mutagenic primers (25 nucleotides in length, with the mutated codon
centered in the primer sequences) where the nucleotides describing the H155 codon were
substituted appropriately to create the H155A mutant plasmid DNA. The resultant DNA was
treated with the Dpnl restriction enzyme for one hour at 37 °C to destroy the original WT
CDO DNA template. Competent JM109 cells were exposed to the mutant plasmid, heat
shocked, and plated onto a lysogeny broth/agar medium containing ampicillin (to which the
pVP16 plasmid confers resistance). Individual bacterial colonies resultant from this process
were separately grown further in 10 mL cultures overnight at 37 °C. The plasmid DNA from
the cells in each culture was isolated by use of a QIAprep kit, and sequenced using a Big
Dye kit in conjunction with the Sanger sequencing method (at the University of Wisconsin-
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Madison Biotechnology Center) to ensure the mutagenesis was both successful and selective
for the desired mutation. Plasmids with alternative, extra, or no mutations were discarded.

Expression from the H155A plasmid and purification of the corresponding H155A protein
variant were conducted in the same manner as for the WT version of this protein, which has
been described elsewhere.20 In brief, CDO was expressed in Escherichia coli BL21(DE3)
cells through induction with isopropyl B-D-1-thiogalactopyranoside (IPTG). The protein
purification was conducted through the use of pulsed sonication cell disruption and three
separatory columns, namely diethylaminoethyl cellulose (DEAE) anion exchange, amylose
affinity (to bind the fusion protein exclusively), and size-exclusion (Sephacryl S-100)
columns. After elution from the amylose column, but before application to the S-100
column, fractions containing the MBP-CDO fusion protein were incubated overnight with
tobacco etch virus to release the MBP affinity tag from the target CDO protein.

Similar to the WT enzyme,19 H155A CDO was isolated with iron occupying only a fraction
of active sites (~20%) and with an Fe(l1):Fe(ll1) ratio of ~45:55. The activity of the as-
isolated H155A CDO variant was verified by use of a qualitative thin-layer
chromatography-based assay, as described elsewhere (data not shown).1> It has been shown
previously that the fraction of CDO protein molecules containing of the C93-Y 157 thioether
cross-link can be estimated on the basis of the double-band pattern observed on an SDS-
PAGE gel.2> Although a gel previously published by Pierce and coworkers did not exhibit
the lower band associated with cross-linked H155A CDO,3 in our hands a portion of the as-
isolated variant clearly contains this C-Y cross-link, albeit in somewhat lower yield than the
WT protein (see Figure S1, Supporting Information). However, because cross-linked CDO
is more stable than protein lacking the crosslink?? and cross-link formation requires the
presence of iron at the active site,2% it is reasonable to assume that the majority of iron-
bound active sites in our H155A CDO samples were in the cross-linked form.

2.2 Sample Preparation

The iron(I1) and iron(l11) content of the protein was determined through a colorimetric assay
using the iron chelator tripyridyl triazine (TPTZ) and £599=22.1 mM~1 cm™1.27 The assay
was performed both in the presence and the absence of a reductant (hydroxylamine) to
determine the proportion of Fe(Il) vs. Fe(l1) initially present. As neither the variant nor WT
CDO protein had iron bound at all active sites, the concentration of protein cited herein
refers to the Fe-bound fraction, and not that of the total protein. Samples used for
spectroscopy were prepared anaerobically via either Schlenk line or glove box methods, and
contained a five-fold excess of L-cysteine (Cys) or L-selenocysteine (Sec) over Fe-bound
CDO. Sec was prepared through the anaerobic reduction of selenocystine with tris(2-
carboxyethyl)phosphine (TCEP). The nitrosyl adducts of Cys- or Sec-bound Fe(I11)CDO
were prepared through the introduction of NO gas (generated through the anaerobic reaction
of aqueous cupric chloride, sodium nitrite, and ascorbic acid) to the sample vial headspace,
as described previously.29 Where applicable, sodium azide was added in a 200-fold molar
excess over Fe-bound CDO. Samples for low-temperature (LT) Abs and MCD studies also
contained 55% (v/v) glycerol as a glassing agent.
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2.3 Spectroscopy

Room temperature absorption (RT Abs) spectra were obtained using a Varian Cary 5e
spectrophotometer while the sample compartment was purged with N»(g). LT Abs and MCD
spectra were collected with a Jasco J-715 spectropolarimeter in conjunction with an Oxford
Instruments SM4000-8T magnetocryostat. The MCD spectra presented herein were obtained
by taking the difference between the spectra obtained with the magnetic field aligned
parallel and antiparallel to the light propagation axis to eliminate contributions from the CD
background and glass strain.

X-Band EPR spectra 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 ITC temperature controller. Spectra were simulated using the
EasySpin program by Stoll and Schweiger.28

2.4 Computations

Initial coordinates for the whole protein quantum mechanics/molecular mechanics
(QM/MM) geometry optimizations were generated as previously described.2? Guided by a
previous characterization of Cys-bound WT Fe(I11)CDO, our models of both the Cys and
Sec adducts of Fe(111)CDO additionally featured a hydroxide anion bound to the Fe center.2
In preparing (H,O/Cys) and (H,O/Sec)-Fe(11)CDO models, a water molecule from
elsewhere in the QM region was moved to within bonding distance of the Fe center, so as to
maintain the same total number of atoms in the QM region for the five- and six-coordinate
models. To generate initial models for the H155A CDO variant, the crystal structure
coordinates were manually altered by replacing the side chain of residue 155 with an alanine
side chain prior to any geometry optimization step. For all optimizations, the QM/MM
package as implemented in Gaussian092° was utilized in conjunction with Amber force
field30 parameters for MM region atoms and density functional theory (DFT) in combination
with the B3LYP31: 32 functional for QM region atoms. The 6-31G33 basis set was used for
all QM atoms, with the exception of iron, all atoms immediately coordinated to it, and any
exogenous water, hydroxide, nitric oxide, or dioxygen ligand, for which TZVP34 was used
instead. After a converged whole-protein structure was obtained, residues H86, H88, and
H140, as well as iron and any exogenous ligands were excised and the endogenous amino
acid residues were capped with methyl groups at the beta carbon with C-H bond distances
of 1.1 A. These active site models were then used for further calculations as described below
(atomic coordinates for all of these models are provided in Tables S4-S14 of the Supporting
Information).

Spin-unrestricted DFT calculations were performed in Orca 2.9.13% using the same
functional and basis sets as were used for the QM portion of the QM/MM optimization.
PyMOL version 1.5.0.436 was utilized to generate isosurface plots of the calculated
molecular orbitals (MOs) using an isodensity value of 0.05 au. Because previous attempts to
utilize time-dependent DFT for predicting the absorption spectra of CDO species proved
unsuccessful,2! electronic transition energies and Abs intensities were computed by
employing the semi-empirical INDO/S-CI method as implemented in Orca 3.0.2. Spin-
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unrestricted Hartree-Fock self-consistent-field calculations were converged on the S=2
[Fe(INCDO species] and S=5/2 [Fe(l11)CDO species] ground states, which then served as
the reference states for configuration interaction calculations. In each case, electronic
transition energies and intensities were computed for the 60 lowest-energy excited states,
and Abs spectra were simulated by assuming that each electronic transition gives rise to a
Gaussian band with a constant bandwidth.

In the DFT-based calculation of EPR parameters, the coupled-perturbed self-consistent field
(SCF) approach was utilized as implemented in Orca 2.9.1, using the B3LYP hybrid
functional and the CP(PPP)37: 38 hasis set for iron, IGLO-11139 for the nitrogen of the NO,
and TZVP34 for the remaining atoms. All orbitals within £100 Hartrees of the HOMO-
LUMO gap were considered, and the origin of the g-tensor was set at the center of the
electronic charge. A high-resolution radial grid with an integration accuracy of 7.0 was used
for the Fe atom and the nitrogen of the NO ligand (if present). Both spin-spin and spin-orbit
contributions to the D-tensor were considered for S > 1/2 systems.

3. Spectroscopic Results

3.1 Cys and Sec adducts of H155A CDO

The Abs and MCD spectra of as-isolated WT CDO in the presence of Cys and Sec were
previously published and analyzed within the framework of resonance Raman experiments
and computational work.1> Although the as-isolated protein contains a mixture of Fe(l1)-
and Fe(111)CDO, the Abs and MCD features exhibited by the corresponding Cys adducts
occur in distinct spectral regions and can thus be probed simultaneously. Specifically, in the
case of the Cys-bound CDO species, the Abs features at 32,000 and 15,700 cm™1 (along
with their respective MCD features) have been shown to arise from Scys—Fe(Il) and
Scys—Fe(lll) charge transfer (CT) transitions, respectively. Similarly, the Abs and MCD
features at 30,000 and 13,250 cm™1 displayed by the Sec-bound CDO species were assigned
as Segec—Fe(ll) and Sesec—Fe(l11) CT transitions, respectively. The red-shift of the Sec-
based CT features relative to their Cys-derived counterparts was attributed to a
destabilization of the occupied Sesec-based frontier molecular orbitals with respect to their
Scys counterparts. >

As is the case for WT CDO, as-isolated H155A CDO contains a mixture of Fe(ll)- and
Fe(l11)-bound active sites in a ratio of ~45:55. Upon exposure of the variant to Cys, features
similar to those observed in the MCD spectrum of as-isolated WT CDO appear in the
H155A CDO MCD spectrum (see Figure 2). The features of the Cys-bound H155A
Fe(111)CDO fraction (which appear at < 28,000 cm™1) are only slightly shifted from their
WT counterparts. In contrast, those displayed by the Cys-bound Fe(I1)CDO fraction are
sufficiently blue-shifted in the variant spectrum that only the lower-energy component of the
pair of WT Fe(I1)CDO features is observed. Despite these differences, the appearance of
MCD features in the near-UV region upon exposure of H155A Fe(11)CDO to Cys provides
direct evidence for the formation of an enzyme-substrate complex similar to that of the WT
enzyme. This conclusion is further supported by the previous observation that HLI55A CDO
is catalytically active, albeit at a reduced (~100-fold) rate relative to the WT protein.3
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The EPR spectra obtained for as-isolated WT and H155A CDO in the presence of Cys
(Figure 3) are very similar. Because only the Fe(l11)CDO fraction can be observed in
perpendicular-mode X-band EPR experiments, this result indicates that removal of the H155
side chain has minimal effects on the electronic structure of the Cys-bound oxidized
enzyme. Both EPR spectra in Figure 3 are characteristic of high-spin Fe(lll) species with
nearly rhombic symmetry (for EPR fit parameters, see Table S1 of the Supporting
Information). Thus, consistent with the MCD data presented above, our EPR data indicate
that the geometric and electronic structures of the Cys-bound Fe(I11)CDO active site are
insignificantly affected by the H155A substitution. Interestingly, however, the EPR signal of
the Cys-adduct of H155A Fe(l11)CDO is noticeably broadened due to increased g-strain,
suggesting that the conformation of the enzyme-substrate complex is less tightly controlled
in the variant.

Exposure of as-isolated H155A CDO to Sec leads to the appearance of features in the MCD
spectrum consistent with direct Segec-ligation to the Fe center (see Figure 2). As in the case
of Cys-bound Fe(I1)CDO, the MCD features associated with the reduced fraction of Sec-
bound active sites undergo a substantial blue-shift in response to the H155A substitution. A
small blue-shift is also observed for the features arising from the Sec-bound Fe(l11)CDO
fraction, even though their Cys-derived counterparts appear to be largely unaffected by the
H155A substitution (vide supra). However, this difference presumably stems from the fact
that the MCD features of Sec-bound Fe(l11)CDO are considerably more intense and better
resolved than those of the Cys-bound oxidized enzyme, which allows for a more precise
determination of band shifts when the substrate analogue is used. Collectively, our results
indicate that exposure of H155A Fe(I11)CDO and Fe(111)CDO to Cys or Sec leads to the
formation of enzyme-substrate complexes that are similar to, but not identical with, those of
the WT enzyme, with the larger differences involving the Fe(ll)-bound fraction.

3.2 NO adducts of Cys- and Sec-Fe(I1)CDO

While most electronic transitions appear at higher energies for Cys-and Sec-bound H155A
Fe(I1)CDO than for the corresponding WT species, minimal spectral differences are
observed between the corresponding NO adducts. Specifically, the new features observed
upon binding of NO to Cys-bound or Sec-bound H155A Fe(I1)CDO in the 10,000-28,000
cm~1 range are nearly identical to those displayed by the analogous WT CDO species in
terms of both their energies and relative intensities (see Figure 2, where features appearing
at > 28,000 cm™1 are attributed to Cys- or Sec-bound active sites that did not react with NO).
Thus, on the basis of our previous Abs and MCD band assignments for the nitrosyl adducts
of the WT enzyme,20 we can conclude that neither the donor (i.e., the Fe 3dxy, 3dxz, and
3dyz-based) nor the acceptor (unoccupied NO n*-based) molecular orbitals (MOs) for these
transitions are significantly affected by the H155A substitution. Consistent with this
conclusion, the g-values and 14N hyperfine coupling constant obtained from fits of the EPR
spectra of the (NO/Cys) adducts of H155A and WT Fe(I1)CDO are also extremely similar,
though a slightly larger g-spread is observed for the former complex (see Figure 4 for
spectra and Table S2 of the Supporting Information for fit parameters). Hence, the
preference of the (NO/Cys) adduct of WT Fe(I1)CDO to adopt an unusual S=1/2 ground
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state (with the single unpaired electron residing in an NO ©*-based MO that is weakly o-
bonding with the Fe center)1 persists upon the removal of the H155 imidazole group.

3.3 Cys- and Sec-Fe(llI)CDO in the Presence of Azide

We have previously shown that even when a large molar excess of azide is added to Cys- or
Sec-bound Fe(111)-WT CDO, this O,°~ analogue binds to only a small fraction of active sites
to form an S=1/2 inner-sphere complex, which precludes a direct characterization of this
complex by MCD spectroscopyl’. The very modest shifts of the MCD features that are
observed upon exposure of Cys- or Sec-bound WT Fe(l11)- CDO to azide can be attributed
to azide occupying a pre-binding site formed in part by the guanidyl side chain of residue
R60.17 Exposing Cys- or Sec-bound H155A Fe(l11)CDO to azide also results in modest
MCD band shifts (Figure S2 of the Supporting Information); however, the magnitude of
these shifts is greater than in the case of the WT enzyme. This finding is consistent with a
less-rigidly bound Cys ligand in the absence of the H155 imidazole group, which allows
perturbations to the pre-binding site to be relayed more effectively to the Fe center.

4. Computational Results

4.1 General Approach

On the basis of the spectroscopic data presented above and our previous studies of WT
CDO, the following models were generated for both H155A and WT CDO via whole-
protein QM/MM geometry optimizations: S=2 (Cys)-Fe(I1)CDO, S=2 (H,0/Cys)-
Fe(11)CDO, S=5/2 (OH/Cys)-Fe(I11)CDO, and S=1/2 (NO/Cys)-Fe(l1)CDO, as well as the
S=0, S=1, and S=2 (O,/Cys)-FeCDO adducts. With the exception of the dioxygen adducts,
the analogous Sec-bound adducts were also investigated, but because the results were often
similar to those obtained for the Cys-adducts, only cases where major differences were
observed are discussed below. The computational models were validated on the basis of a
comparison of the optimized metric parameters with X-ray crystallographic data (where
available) and the calculation of relevant spectroscopic observables; namely, the energies
and Abs intensities of electronic transitions as well as EPR parameters (where applicable).
Relevant bond distances for the Cys-bound species considered in this work are presented in
Table 1, and analogous data for the Sec-bound species are provided in Table S3 of the
Supporting Information.

4.2 Cys-Fe(I)CDO Adducts

Previous crystallographic studies revealed that Cys-bound WT Fe(I1)CDO exhibits a
distorted trigonal bipyramidal geometry about the Fe center with an open coordination site
trans to His86 (see Figure 1).14 20 Because no X-ray crystallographic information about the
active site coordination environment of Cys-bound H155A Fe(l1)CDO is currently available,
we considered both five-coordinate models and six-coordinate models additionally featuring
an exogenous water ligand for the Cys- and Sec-adducts of H155A Fe(I1)CDO (see Table 1
for relevant bond lengths and angles for these models). For comparison, analogous six-
coordinate Cys-bound and Sec-bound models were also generated for WT Fe(I1)CDO.
However, in these cases the water molecule that was initially placed within bonding distance
of the Fe center gradually moved away during the geometry optimization to yield five-
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coordinate species with Fe-Oyqer distances of > 4 A, consistent with the X-ray crystal
structure of Cys-bound WT Fe(11)CDO (Figure 1).

A comparison of the SCF energies for the QM region of the optimized whole-protein models
of substrate-bound reduced H155A CDO reveals that the six-coordinate (H,O/Cys)-Fe(ll)
complex is more stable than its five-coordinate Cys-only bound analogue by ~39 kcal/mol
(note that this value only provides a rough estimate of the binding energy and ignores any
entropic contributions). Similarly, the (H,O/Sec)-Fe(Il) complex is favored over the five-
coordinate Sec-only model by ~51 kcal/mol. The most obvious difference between the five-
and six-coordinate Cys-bound H155A CDO maodels (other than the absence of the H,O
ligand in the former) involves the bond angles about the Fe center, with t parameters of 0.46
and 0.19, respectively (where t = 1 describes a trigonal bipyramidal geometry and t =0
signifies octahedral or square pyramidal coordination®®). Binding of a weakly donating
water ligand to the Fe center also causes the Fe-Scys bond and the Fe-Npgg bond trans to it
to lengthen substantially (by 0.15 and 0.08 A, respectively). The other Fe-ligand bond
distances change by < |0.05| A upon water binding, and the hydrogen bonding interactions
between the Cys substrate carboxylate group and residues Y157 and R60 are largely
unperturbed. The atoms of the Cys portion of the C93-Y 157 cross-link also adjust in
response to the binding of water to the active site, moving more significantly out of the
Tyrl57 plane (where the tyrosine ring plane is defined by the positions of the two C8 atoms
and C{) when both water and Cys are present at the Fe center. Specifically, in the six-
coordinate model the Scys and CBcys are displaced from the Tyr plane by 0.35 and 0.17 A
respectively, versus 0.28 and 0.01 A in the five-coordinate model.

Because Cys-bound WT Fe(11) CDO has been crystallographically shown to possess a five-
coordinate Fe center,1 the experimental Abs spectrum for this species can be compared to
the INDO/S-CI predicted spectrum for the QM/MM optimized five-coordinate model active
site to aid in the validation of our computational methodology. As shown in Figure S3 of the
Supporting Information, the INDO/S-CI computed Abs spectrum for Cys-bound WT
Fe(11)CDO exhibits a pair of intense features in the 35,000-40,000 cm™1 range that arise
from transitions containing substantial S—Fe(ll) CT character, in excellent agreement with
our MCD data obtained for WT Cys-Fe(I1)CDO. The computed Abs spectrum for the five-
coordinate H155A Cys-Fe(I1)CDO model is almost superimposable on that predicted for the
corresponding WT CDO model, as expected on the basis of the highly similar active site
regions of these models. In contrast, the INDO/S-CI computed Abs spectrum for the six-
coordinate H155A (H,O/Cys)-Fe(11)CDO model is noticeably blue-shifted from the other
two spectra, which concurs nicely with the MCD spectral changes caused by the H155A
substitution (Figure 2). For this reason, along with the fact that our QM/MM computations
predict the (H,O/Cys) adduct of H155A Fe(I1)CDO to be more stable than the five-
coordinate Cys-only adduct with the water molecule residing outside of the Fe coordination
sphere (vide supra), we conclude that Cys-bound H155A Fe(lI1)CDO features a Six-
coordinate Fe center. The striking blue-shifts of the Scys—Fe(ll) and Sesec—Fe(Il) CT
transitions of Cys- and Sec-bound H155A Fe(I1)CDO, respectively, in response to the
H155A substitution can, therefore, be attributed to the decreased Lewis acidity of the Fe(ll)
ion in the variant due to coordination of an additional ligand.
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Although the five-coordinate H155A Cys-Fe(I1)CDO active site model is predicted to be
less stable than the corresponding six-coordinate adduct, a comparison of the five-coordinate
WT and H155A Cys-Fe(I1)CDO models provides clues as to how the WT enzyme retains an
open coordination site for O, binding in the Cys-bound form. Both of these models
converged to very similar geometries, with Fe-ligand bond lengths in close agreement with
those observed in a recently published crystal structure (see Table 1).14 The coordination
site trans to H86 is clearly open, with the Cys sulfur, Fe center, and nitrogen of H88 forming
a “bite angle” of 143.5° for both species. Three hydrogen-bonding interactions between the
protein matrix and the carboxylic acid group of the substrate Cys are found in both active
site models; namely, two with the guanidyl group of R60 and one with the phenol of Y157.
Experimental support for the existence of such stabilizing interactions with the Cys substrate
carboxylate is provided by the fact that the relative positioning of the H-bond donating
residues R60 and Y157 are similar in our optimized models and the WT CDO crystal
structure. One of the most notable differences between the five-coordinate WT and H155A
Cys-Fe(11)CDO models involves the relative positions of the atoms in the C-Y cross-link. In
the WT model, both the Scys and Cfcys atoms are essentially coplanar with the atoms of the
Y157 ring. In contrast, in the five-coordinate H155A Cys-Fe(I1)CDO model the sulfur atom
is displaced from this plane by 0.28 A, allowing more room for water to bind to the Fe
center without steric clashes.

It is also instructive to compare the active site models for the catalytically-relevant six-
coordinate H155A (H,O/Cys)-Fe(11)CDO and five-coordinate WT Cys-Fe(11)CDO species.
A particularly obvious difference between these models involves the orientation of C93-
Y157 cross-link. In the WT CDO model, the phenolic oxygen is situated such as to engage
in a hydrogen-bonding interaction with H155 (OH distance of 2.26 A) and the S and Cp
atom of C93 are nearly coplanar with the phenol ring of Y157 (out-of-plane displacements
of 0.03 and 0.06 A, respectively). In the absence of the H155 side chain (and thus presence
of both Cys and water at the Fe center), the atoms of the cross-link reorient, with the S and
CP of C93 moving to ~0.35 and ~0.17 A above the Y157 ring plane, respectively. This
permits the formation of a relatively short (2.20 A) hydrogen bond between the sulfur of
C93 and a hydrogen on the water ligand that is absent in the WT Cys-Fe(11) CDO model.
However, despite this distortion of the cross-link in the variant, the hydrogen-bond distance
between Y157 and the substrate Cys is similar as in WT CDO, due to the ability of the
phenolic hydrogen to rotate out of the ring plane. Very similar geometric trends (including
hydrogen-bond distances and cross-link planarity) are predicted to exist between the WT
Sec-Fe(I1)CDO and H155A (H,0/Sec)-Fe(11)CDO models.

Despite the different coordination number adopted by the iron atom in the active site models
of the catalytically relevant WT Cys-Fe(11)CDO and H155A (H,0/Cys)-Fe(I1)CDO species,
the DFT-computed electronic structures for these models show only modest differences.
Both species are predicted to possess a high-spin Fe(ll) center, as all five Fe 3d-based spin
up (a) molecular orbitals (MOs) are occupied, while only one of the Fe 3d-based spin down
(B) MOs is occupied (see Figure 6). Although in the H155A Cys-Fe(111)CDO model a water
molecule occupies the open coordination site that is present in the in the WT model, the
relative energies of the unoccupied Fe 3d-based -MOs exhibit relatively small differences.
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Note, however, that a direct comparison of these MO energies is complicated by the fact that
numerous unoccupied 3-MOs contain significant Fe 3d orbital character.

4.3 (OH7/Cys)-Fe(ll)CDO Adducts

On the basis of recent spectroscopic and computational studies, we have concluded that the
Cys-adduct of WT Fe(I11)CDO additionally features a hydroxide ligand to complete a
distorted octahedral coordination environment at the Fe(l11) center.2! For this reason, an
analogous adduct was generated computationally for the H155A variant via whole-protein
QM/MM geometry optimization. As shown in Table 1 and Figure 5, the H155A and WT
(OH™/Cys)-Fe(111)CDO active site models exhibit only minor geometric differences. The
Fe-ligand bond lengths are nearly identical in the two models, while one the two R60---Cys
hydrogen-bond distances lengthen by 0.13 A in response to the H155A substitution. This
suggests the Cys substrate is granted slightly greater conformational freedom in the H155A
(OH™/Cys)-Fe(111)CDO complex, consistent with the increased g-strain observed in the EPR
spectrum of this species (vide supra). Additionally, as in the case of the Cys-bound
Fe(I1)CDO species, the relative positioning of the C93-Y 157 cross-link differs between the
(OH™/Cys) adducts of WT and H155A Fe(I11)CDO, with the Scys and Cf3 atoms being
displaced from the Tyr ring plane by 0.50 and 0.50 A, respectively in the WT model and by
0.14 and 0.23 A, respectively in the H155A model. While in the reduced state the driving
force for distorting the C-Y cross-link in the variant is the formation of a hydrogen bond to
the coordinated water (vide supra), neither of the (OH™/Cys)-Fe(111)CDO models features a
hydrogen-bond donor to the hydroxide ligand. Instead, in the oxidized state the magnitude of
the displacement of the Scys and Cf3 atoms from the Tyr ring plane is largely dictated by the
strength of the H-bonding interaction between the phenolic oxygen of Y157 and residue
155. As no such H-bond is present in the H155A variant, the Y157 ring can adopt a less
strained conformation, yielding bond angles more consistent with sp? hybridization.

The computed electronic structures for the (OH™/Cys)-Fe(I11)CDO active site models are
only weakly affected by the geometric differences caused by the H155A substitution (see
Figure 7), as required experimentally by our MCD and EPR data (see Figures 2 and 3).
However, the highest occupied molecular orbital (HOMO) and HOMO-1 are slightly
stabilized in energy in the variant, while the energies of the Fe 3d-based f-MOs are
essentially unperturbed. As a result, the energy differences between the donor and acceptor
orbitals for the key electronic transitions are expected to increase slightly from the WT to
the H155A (OH™/Cys)-Fe(111)CDO adducts, which is consistent with our MCD data (Figure
2) and INDO/S-CI predicted Abs spectra (Figure S4 of the Supporting Information).

4.4 (NO/Cys)-Fe(I)CDO Adducts

The geometries of the computationally-derived models for the (NO/Cys)-adducts of WT and
H155A Fe(I1)CDO are quite similar, with the only major differences concerning the two
hydrogen bonds between the Cys carboxylic acid and the R60 guanidyl group (which change
by +0.07 A and -0.16 A from WT to H155A CDO) and the relative positioning of the Scys
and CBcys cross-link atoms (which are much less displaced from the Tyr plane in the
variant). Additionally, the bond angle formed between the nitrogen of the NO ligand, Fe,
and the nitrogen of the His ligand trans to the NO binding site increases slightly from 171°
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to 176° in the H155A model. The orientation of the NO ligand also differs between the two
models, though the lack of hydrogen bonds involving this ligand suggests that changes in the
Scys—Fe-N-O dihedral angle come at a low energetic penalty.

Despite the larger differences in the active site geometries of the (NO/Cys)-Fe(I11)CDO
adducts as compared to the (OH™/Cys)-Fe(l11)CDO adducts of the WT and H155A enzymes,
the computed electronic structures for the nitrosyl adducts are very similar (Figure 8),
consistent with our MCD and EPR data (Figures 2 and 4, respectively). In particular, the
composition of the formally singly-occupied molecular orbital (SOMO), which corresponds
to the filled counterpart of the in-plane (i.p.) NO n*-based -MO oriented in the Fe-N-O
plane, is essentially identical for the WT and H155A (NO/Cys)-Fe(I1)CDO species, as
stipulated by their highly similar EPR spectra. Although the f-MOs of the H155A (Cys/
NO)-Fe(11)CDO adduct are slightly destabilized in energy relative to their WT counterparts,
all orbitals undergo a relatively uniform shift such that the energetic differences between the
donor and acceptor orbitals for the electronic transitions responsible for the dominant MCD
features remain essentially unchanged. Nonetheless, minor differences in the relative
magnitudes of the Fe—NO o- and m-bonding interactions between WT and H155A (Cys/
NO)-Fe(I1)CDO do exist, as revealed by the slightly larger energetic splitting between the
unoccupied NO ©*-based p-MOs in the variant.

5. Discussion

The role of the C93-Y157 cross-link in CDO has puzzled researchers since its identification
in the first X-ray crystal structure of the enzyme.13 From a recent EPR investigation of the
(CN~/Cys)-Fe(111)CDO adducts of as-isolated and fully-cross-linked WT enzyme it was
suggested that the phenol group of Y157 engages in a hydrogen-bonding interaction with the
substrate Cys carboxylic acid that is key for the proper positioning of the latter.3
Additionally, the sulfur of C93 could provide steric bulk to the active site pocket, potentially
modulating the orientation in which any exogenous sixth ligand (including O5) binds to the
Fe center.3 The phenol of Y157 is both a hydrogen-bond donor to the substrate and a
hydrogen-bond acceptor from the H155 imidazole ring, so its position within the active site
pocket is carefully adjusted. On the basis of the results obtained in the present study, we
suggest an additional role for H155 in tuning the relative positioning of the C-Y cross-link
within the active site pocket. In the absence of the H155 imidazole side chain, the cysteine
portion of the C-Y cross-link is substantially more co-planar with the Tyr ring, except in the
catalytically active, Cys-bound Fe(I1)CDO species where the opposite is the case.

It is intriguing that the WT Cys-Fe(11)CDO adduct is a five-coordinate species with an open
coordination site for O, binding, whereas the H155A variant appears to retain one of the
originally bound water ligands upon Cys binding to form an octahedrally coordinated Fe(l1)
complex. Although the removal of the H155 side chain may seem to be a fairly modest
perturbation, the absence of this polar side chain allows neighboring residues to reorient
within the active site pocket. The binding of an additional ligand to the five-coordinate
Fe(ll) center requires the equatorial His—Fe—His bond angle to contract by ~10°, forcing the
Fe atom to move ~0.5 A closer to the atoms of the C93-Y157 cross-link. In WT CDO the
cross-link atoms are locked in place through H-bonding interactions with the H155 side-
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chain, which effectively precludes water from binding to the Fe center. Alternatively, in the
H155A CDO variant the cross-link atoms are sufficiently free to move to accommaodate the
structural changes required for water binding to the active site. Thus, the interplay between
the H155, Y157, and C93 side chains appears to play a key role in controlling the
coordination environment about the Fe(ll) center.

The preference of WT Fe(I1)CDO to form a five-coordinate Cys-adduct has obvious
implications for the catalytic mechanism employed by this enzyme. As the Fe(ll) center
retains an open coordination site upon Cys-coordination, dioxygen can enter the first
coordination sphere without having to displace another ligand. Additionally, the binding of
05, to the active site prompts the movement of the Fe center away from the H155 residue
side chain, relieving any steric clashes that might otherwise have been present.
Alternatively, in the case of Cys-bound H155A Fe(I11)CDO a ligand displacement is required
to permit O, binding to the Fe atom, which may help explain the lower catalytic activity
displayed by this enzyme variant. To evaluate this possibility, the relative O, binding
affinities of WT and H155A Fe(l11)CDO were estimated from the difference in SCF energies
between the Cys-bound and (O,/Cys)-bound Fe(11)CDO models (note that because the
enzyme models for the WT and variant enzymes contain differing numbers of atoms, a
comparison of their absolute energies is meaningless). We have previously evaluated the
energies for three spin states of WT (O,/Cys)-Fe(I1)CDO and proposed that this species has
a quintet ground state [due to ferromagnetic coupling between an intermediate spin Fe(l11)
ion and a superoxo-based radical], with a computed energy ~9 kcal/mol lower than the five-
coordinate Cys-bound complex and free 30,.20 The results obtained from analogous
computations for the initial O,-bound intermediate of Cys-bound H155A Fe(I1)CDO are
compared to those reported for the WT enzyme in Figure 9.

All three spin states for the six-coordinate H155A (O4/Cys)-Fe(I1)CDO adduct investigated
in this work are significantly closer in energy to the five-coordinate than the six-coordinate
Cys-bound model and free 30, (see Figure 9). Because the six-coordinate H155A (H,0/
Cys)-Fe(I)CDO adduct is predicted to be stabilized over the five-coordinate Cys-adduct by
~39 kcal/mol, a large energetic penalty is therefore predicted for the binding of O, to the
(H,0/Cys)-bound active site of H155A Fe(11)CDO (~34 kcal/mol for the SA’ to 5B/
pathway). Although our approach ignores entropic contributions to the free energy of O,
binding, which would lower the energy of the (O,/Cys) adduct for HI55A CDO relative to
that of the WT complex due to the release of the water molecule originally bound to the
Fe(ll) ion in the variant, these contributions are unlikely to compensate for the large
energetic penalty associated with the A’ to °B’ conversion. Hence, we propose that the
drastically reduced enzymatic activity of the H155A variant (< 2% of WT)3 is due, at least
in part, to a largely reduced O, binding affinity of the corresponding Cys-Fe(I1)CDO adduct.

Although the (O,/Cys) adducts for both WT and H155A Fe(I1)CDO are predicted to possess
a quintet ground state (°B and °B’, respectively), the electron configuration differs between
the two models. The WT species has previously been shown to be best described as an
intermediate spin Fe(I11) ion coupled ferromagnetically to a superoxide-based radical.20
Alternatively, the computed electronic structure for the (O,/Cys) adduct of H155A
Fe(ICDO is more consistent with a high spin Fe(Il) ion bound to a singlet dioxygen
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moiety. This distinct electron distribution probably reflects the unusual binding mode
adopted by the dioxygen moiety in this species, which was found to be end-on to the Fe-S
bond even if the O, moiety was initially placed within bonding distance of the Fe(ll) atom
prior to the QM/MM geometry optimization. A similar configuration of substrate O, was
previously seen in a crystal structure of WT CDO in the presence of Cys and air (PDB code
3ELN)*2, though it was later found that this species does not represent a true reaction
intermediate.3 It is important to note that even though the unusual O, binding mode may
contribute to the high relative energy of the °B’ intermediate, the relative energies of the 1B/
and 3B’ species are also ~25 kcal/mol higher than those of their structurally nearly identical
WT counterparts (1B and 3B, respectively).

6. Conclusions

Although the presence of the H155 side chain appears to have modest to no effects on the
geometric and electronic structures of the CDO active site in some states, a drastic
difference is seen for the catalytically relevant Cys-bound Fe(ll) center. In the presence of
the H155 side chain (i.e., in WT CDO), X-ray crystallographic and computational results
indicate that the Cys-bound WT Fe(I1)CDO active site adopts a distorted trigonal
bipyramidal coordination geometry, which allows the reaction with O, to proceed with a
low activation energy barrier, and thus a relatively fast rate (the overall rate constant for Cys
oxidation by CDO is 8.6 s71). Remarkably, the introduction of a third-sphere amino acid
substitution to generate the H155A CDO variant causes a decrease in the turnover rate by
almost 2 orders of magnitude. While the molecular basis for this drastic reduction in the
overall rate constant for Cys oxidation was previously unknown, the spectroscopic and
computational data obtained in the present study lead us to propose that a six-coordinate
(H2O/Cys)-Fe(11)CDO complex is formed in the variant due to the ability of the crosslink to
accept a hydrogen bond from the coordinated H,O molecule in the absence of the H155 side
chain. Thus, for O, binding to this complex to occur, the coordinated water molecule must
first be removed to form a transient five-coordinate Fe(ll) species (likely in an entropically-
controlled process that depresses the rate at which O,-binding proceeds). The H155 side
chain thus appears to assume a key role in the CDO catalytic cycle by discouraging the
binding of a water molecule in the position where O, must bind to the Cys-bound
Fe(I1)CDO complex to initiate catalysis. Because in the non-cross-linked WT enzyme the S
atom of the C93 side chain is granted even more conformational freedom than in the H155A
CDO variant, it is tempting to speculate that the binding of a water molecule to the Cys-
bound Fe(I1)CDO complex is also responsible for the low catalytic activity of CDO lacking
the cross-link. In this scenario, replacement the C93 with a residue that is unable to serve as
a hydrogen-bond acceptor and thus to stabilize coordinated solvent should restore full
activity, consistent with the results that have recently been reported for C93G CDO.44
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Abbreviations

CDO cysteine dioxygenase
Cys cysteine
Sec selenocysteine

EPR electron paramagnetic resonance
MCD magnetic circular dichroism
Abs electronic absorption
DFT density functional theory
RT room temperature
LT low temperature
QM/MM guantum mechanics/molecular mechanics
MO molecular orbital
EDDM electron density difference map
SCF self-consistent field
INDO/S-CI intermediate neglect of differential overlap/singles-configuration interaction
HOMO highest occupied molecular orbital
LUMO lowest unoccupied molecular orbital
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Figure 1.
Crystal structure of Cys-bound Fe(I11)CDO from rat (PDB code: 4JTO, 2.00 A resolution).14

Potential hydrogen bonds are shown as dashed lines.
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MCD spectra (at 4.5 K and 7 T) of various WT (black) and H155A (green) CDO species
examined in this work. Note the scale change at ~28,000 cm™1, where the factors by which

the intensities in the higher energy region were scaled are provided on the right.
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Figure 3.
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X-band EPR spectra (at 20 K) of as-isolated WT and H155A CDO in the presence of Cys.
No features attributable to CDO species were observed outside the region shown. For

simulation parameters, see Table S1.
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Figure4.
X-band EPR spectra (at 20 K) of the (NO/Cys) adducts of H155A and WT Fe(11)CDO. No

features attributable to CDO species were observed outside the region shown. For simulation
parameters, see Table S2.
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Figureb.
Overlays of active site regions as obtained from whole-protein QM/MM optimizations,

where the models in atom-specific coloring are for H155A CDO, and those with
monochromatic coloring are for WT CDO. In the case of Cys-bound Fe(Il) CDO, the six
coordinate H155A (H,0/Cys)-Fe(11)CDO model is shown. Backbone atoms (with the
exception of the a-carbons) are hidden for clarity.

Biochemistry. Author manuscript; available in PMC 2016 May 12.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Blaesi et al.

Page 24

—Fe 7

— —Fe x*-y?

2 - — —Fexy
— Fe xz

Relative Energy (eV)
o
|

WT HIS5A
five-coord (H,0/Cys)

Figure®6.
DFT-computed energies of relevant spin-down MOs for the active site models of WT Cys-

Fe(INCDO and H155A (H,0/Cys)-Fe(I11)CDO. Boundary surface plots for the H155A-
derived MOs are also shown. The orbital energies for both models were adjusted such that
the B-HOMO (a ligand-based orbital with essentially identical compositions for both
species) lies at 0 eV. Note that the primarily water-based MOs for the H155A model are
present at significantly lower energies and have been omitted from this diagram.
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DFT-computed energies of relevant spin-down MOs for the active site models of WT and
H155A (OH™/Cys)-Fe(I11)CDO. Boundary surface plots for the H155A-derived MOs are
also shown. The orbital energies for both models were adjusted such that the p-HOMO (a
ligand-based orbital with essentially identical compositions for both species) lies at 0 eV.

Biochemistry. Author manuscript; available in PMC 2016 May 12.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Blaesi et al.

Relative Energy (eV)

-1

2 -

-3 —

Page 26

— —Fe x*y?

9]
o

WT HIS5A
(NO/Cys)-Fe(I)CDO

Figure8.
DFT-computed energies of relevant spin-down MOs for the active site models of WT and

H155A (NO/Cys)-Fe(11)CDO. Boundary surface plots for the H155A-derived MOs are also
shown. The orbital energies for both models were adjusted such that the f-HOMO (a ligand-
based orbital with essentially identical compositions for both species) lies at 0 eV.
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Figure9.
Reaction coordinate diagrams showing the computed relative energies of the Cys- and (O,/

Cys)-bound species (A/A’ and B/B’, respectively) of WT and H155A Fe(11)CDO. To
facilitate a direct comparison between different species, the energy of the most stable Cys-
bound Fe(11)CDO adduct and free 30, was set to zero kcal/mol in each case. For H155A
CDO, the relative energies of both the five-coordinate Cys and the six-coordinate (Cys/H,0)
adducts are shown (in gray and black, respectively). Values for the WT CDO species were
taken from ref 20.
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