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Abstract

Thiol dioxygenases (TDOs) are a class of metalloenzymes that oxidize various thiol-containing
substrates to their corresponding sulfinic acids. Originally established by X-ray crystallography
for cysteine dioxygenase (CDO), all TDOs are believed to contain a 3-histidine facial triad

that coordinates the necessary Fe(ll) cofactor. However, very little additional information is
available for cysteamine dioxygenase (ADO), the only other mammalian TDO besides CDO.
Previous spectroscopic characterizations revealed that ADO likely binds substrate cysteamine

in a monodentate fashion, while a mass spectrometry study provided evidence that a thioether
crosslink can form between Cys206 and Tyr208 (mouse ADO numbering). In the present study
we have used electronic absorption and electron paramagnetic resonance (EPR) spectroscopies
to investigate the species formed upon incubation of Fe(I11)ADO with sulfhydryl-containing
substrates and the superoxide surrogates azide and cyanide. Our data reveal that azide is unable
to coordinate to cysteamine-bound Fe(l11)ADO, suggesting that the Fe(l11) center lacks an open
coordination site or azide competes with cysteamine for the same binding site. Alternatively,
cyanide binds to either cysteamine- or Cys-bound Fe(I11)ADO to yield a low-spin (5= 1/2) EPR
signal that is distinct from that observed for cyanide/Cys-bound Fe(I11)CDO, revealing differences
in the active site pockets between ADO and CDO. Finally, EPR spectra obtained for cyanide/
cysteamine adducts of wild-type Fe(l11)ADO and its Tyr208Phe variant are superimposable,
implying that either an insignificant fraction of as-isolated wild-type enzyme is crosslinked or
that formation of the thioether bond has minimal effects on the electronic structure of the iron
cofactor.
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Introduction

Thiol dioxygenases (TDOs) are a family of non-heme Fe-dependent enzymes that oxidize
thiol substrates to their corresponding sulfinic acids via the incorporation of both oxygen
atoms from dioxygen. Currently, five classes of TDOs are known: cysteine dioxygenase
(CDO); 3-mercaptopropionate dioxygenase (MDO); mercaptosuccinate dioxygenase
(MSDO); plant cysteine oxidase (PCO); and cysteamine dioxygenase (ADO). Each TDO
class has a unique substrate specificity.

CDO provided the founding structure for the TDO family [1], which is part of the cupin
superfamily. The structure revealed that CDO binds its Fe(ll) cofactor via a 3 histidine
(3-His) facial triad as opposed to the 2-His-1-carboxylate metal binding triad found in most
Fe(I)-dependent oxygenases [2, 3]. Indeed, this 3-His binding motif is apparently rare,

as only a small number of cupin-fold enzymes feature this Fe binding motif, including
CDO [1], MDO [4], and PCO [5]. Furthermore, CDO contains an unusual thioether linkage
between Cys93 and a Tyr157 (Mus musculus CDO [MmCDQ] numbering) in the secondary
sphere of the active site that increases activity by properly positioning the substrate and
suppressing water coordination to the substrate- bound Fe(ll) site [6-8].

CDO oxidizes L-cysteine (Cys) to cysteine sulfinic acid (CSA) [9]. In subsequent steps,
CSA is further metabolized into hypotaurine and taurine [10-13]. Though Cys is essential
for life, an elevated level off Cys has potentially devastating neurological effects and has
been linked to Alzheimer’s and Parkinson’s diseases [14—16]. Hence, tight regulation of
intracellular Cys levels is vital. Hypotaurine can also be biosynthesized from the oxidation
of cysteamine (2-aminoethanethiol, 2-AET), a reaction catalyzed by ADO [17]. The gene
encoding ADO drew attention when researchers noticed a discrepancy between the high
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levels of taurine and low levels of cdo gene expression in certain tissues. Thus, ADO was
postulated to be responsible for taurine production in certain tissues, most notably the brain.

Similar to CDO, the ADO active site features a 3-His facial triad that coordinates the

Fe(ll) ion, as judged on the basis of sequence alignment [17], site-directed mutagenesis
[17, 18], and spectroscopic studies [18, 19]. In addition, also similar to CDO, the existence
of a Cys-Tyr crosslink has been established in Homo sapiens (Hs) ADO via incorporation
of an unnatural amino acid, 3,5,-difluoro-tyrosine, in conjunction with mass spectrometry
and NMR experiments [20]. Interestingly, the positions of the residues contributing to the
Cys-Tyr crosslink within the amino acid primary sequence are strikingly different between
ADO and CDO (Cys206-Tyr208 in MmADO vs Cys93-Tyrl57 in MmCDO). Beyond these
conserved features, ADO and CDO have low sequence identity (~15%) and use different
binding modes for their thiol substrate (monodentate thiol in ADO versus bidentate thiol and
amino in CDO [18, 19, 21]), raising the question of whether there are also differences in
the binding of O, to the Fe(ll) center and the nature of reaction intermediates, such as the
putative Fe(l11)-superoxide species.

Intriguingly, recent studies revealed that ADO might also carry out an essential
posttranslational modification similar to that reported for PCO [22], which initiates an
N-degron pathway in plants [23, 24]. Under oxic conditions, PCO is able to oxidize the
N-terminal Cys of a peptide substrate. The N-terminal CSA then serves as a substrate for
arginyl tRNA transferase ATE1, thus marking the arginylated peptide for ubiquitination

and proteosomal degradation. Under anoxia, PCO is unable to carry out the N-terminal
oxidation and the peptide persists, allowing initiation of a hypoxic response to submergence
or waterlogging in plants. Similar to this regulatory role for PCO, it has recently been
observed that natriuretic polypeptides such as RGS4 and RGS5 are putative ADO substrates
[25]. These peptides serve as negative regulators of G protein signaling that controls
cardiovascular function [26].

Direct trapping of O,-derived intermediates in the catalytic cycles of TDOs has not yet been
achieved. To address this issue, O, and superoxide surrogates that do not support turnover
have been productively used to probe the nature of the active site and make deductions
about possible reaction intermediates [27-31]. As azide has similar frontier orbitals and the
same charge as superoxide (O5°7), this anion has frequently been used to prepare models of
putative Fe(l11)-superoxide intermediates that are amenable to a wide range of spectroscopic
techniques [27, 28, 30]. In the case of CDO, azide does not coordinate directly to the Fe(lll)
center of Cys-bound enzyme but instead occupies a pre-binding site in the enzyme [27].
Alternatively, treatment of Cys-bound Fe(l11)CDO with excess cyanide, another widely used
0O,°~ surrogate, causes the high-spin (S = 5/2) electron paramagnetic resonance (EPR) signal
to convert to a low-spin (S = 1/2) EPR signal, demonstrating the direct coordination of
cyanide to the Fe(ll1) ion to presumably form a six-coordinate adduct where the thiol and
amino groups of Cys, cyanide, and the 3-His motif make up the iron coordination sphere.
Interestingly, the cyano/Cys-Fe(l111)CDO complex not only provides a model of a putative
reaction intermediate, but also displays EPR parameters that are sensitive to changes in the
secondary coordination sphere of CDO, such as the formation of the Cys-Tyr crosslink [32].
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In the present study, we have used electronic absorption (Abs) and EPR spectroscopies to
characterize the complexes that are formed upon incubation of Fe(I11)ADO with 2-AET
or thiol-containing derivatives and azide or cyanide. As ADO appears to feature a similar
3-His metal-binding site as CDO, it is reasonable to assume that oxidation of 2-AET

by this enzyme also proceeds via transient formation of an Fe(I11)-superoxo species. As
such, our results obtained for Fe(111)ADO incubated with 2-AET (analogues) and O,*~
surrogates permit a detailed assessment of the geometric and electronic properties of
potential ADO reaction intermediates. Similarities and differences between the azide and
cyanide complexes of substrate-bound CDO and ADO are discussed, and inferences are
made as to the influence of the unique secondary sphere of ADO on substrate specificity.
Additionally, the effect of the putative crosslink between residues Cys206 and Tyr208 on the
positioning of substrate (analogues) is assessed via EPR studies of WT and Y208F ADO
incubated with cyanide and 2-AET.

Materials and methods

Recombinant gene expression and protein purification.

Gene expression and protein purification of wild-type (WT) Mus musculus (Mm) ADO
were conducted in the same manner as described elsewhere [18]. In brief, the ado

gene was expressed in £scherichia coli Rosetta 2(DE3) cells through induction with
isopropyl-p-D-thiogalactopyranoside (IPTG). ADO was purified using an immobilized
metal affinity chromatography column and a gel filtration column. After each column,
fractions were pooled on the basis of purity visualized via stain-free sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Once enzyme was eluted from the
final column, activity was verified via qualitative thin-layer chromatography as described
elsewhere [18].

The Tyr208Phe mutation was introduced in MmADO using primers 5’-
GACTGCCACTTCTACCGCGTTG-3’ and 5’-CAACGCGGTAGAAGTGGCAGTC-3’
purchased from Integrated DNA Technology. The cloned gene sequence was confirmed

at the University of Wisconsin-Madison Biotechnology Center. Variant ADO was prepared
as described elsewhere with minor adjustments [18]. £. coli Rosetta 2(DE3) cells were
transformed with the mutant DNA and grown at 37 °C in 4 L of LB medium (containing
10 g of tryptone, 10 g of NaCl, and 5 g of yeast extract per liter). Gene overexpression was
induced by adding IPTG to a final concentration of 140 uM along with ferrous ammonium
sulfate to a final concentration of 80 uM.

Tyr208Phe ADO was purified using immobilized metal affinity chromatography with a
TALON Co-resin column. Protein-containing fractions were pooled according to purity by
stain-free SDS-PAGE. Activity was confirmed qualitatively with thin layer chromatography,
as described elsewhere [18].

Sample preparation.

The Fe(ll) and Fe(l11) contents of ADO were determined through a colorimetric assay using
the iron chelator tripyridyl triazine and an esgs of 22.1 mM~1 cm™1 [33]. The assay was
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performed in the absence and presence of a reductant to determine the proportion of Fe(ll)
versus Fe(l11) initially present. Purified ADO was typically 70-80% Fe-loaded, with the
majority (~85%) of metalated sites containing Fe(Il). As iron-loading of the ADO active
sites was incomplete, all concentrations cited herein refer to the Fe-bound fraction, not that
of total protein.

All samples were prepared aerobically in 20 mM Tris, pH 8.0 with 250 mM NaCl buffer.
Oxidation to Fe(I111)ADO was accomplished via a 30-minute reaction of as-isolated ADO
(~0.4 mM) with a 3-fold molar excess of potassium hexachloroiridate(1V), followed by
buffer exchange via centrifugation to remove any remaining oxidant [34]. The desired
protein complexes were obtained by incubating 0.4 mM Fe(111)ADO with substrate 2-AET,
3-mercaptopropanoic acid (3-MPA), or Cys for 2 min and then with a 200-fold molar excess
(80 mM) or 10-fold molar excess (4 mM) of azide or cyanide, respectively. A recent study
by Wang et al. revealed that upon incubation with substrate, Fe(I11)ADO is reduced to
Fe(I1ADO within 20 min [19]. Thus, to avoid reduction, all samples were frozen within 5
min.

Spectroscopy.

Results

Abs spectra were recorded at room temperature with a double-beam Varian Cary 4

Bio spectrophotometer set to a spectral bandwidth of 0.5 nm. X-band EPR data were
collected using a Bruker ELEXSYS E500 spectrometer. The sample temperature was
maintained at 20 K by an Oxford ESR 900 continuous flow liquid He cryostat regulated

by an Oxford ITC-503S temperature controller. All EPR spectra were obtained using the
following experimental parameters: frequency = 9.386 GHz; microwave power = 12.62 mW,
modulation amplitude = 3 G; modulation frequency = 100 kHz. These parameters were kept
constant to allow for a direct comparison of the relative contributions from different (i.e.,
low-spin versus high-spin) species to the different samples investigated. EPR spectral fits for
the low-spin (S= 1/2) species were performed using EasySpin Version 5.2.25 [35].

The electronic Abs spectrum of Fe(I11)ADO presented in Figure 1A, solid line lacks any
discernible features in the UV/Vis spectral region. When incubated with 2-AET or Cys,
Fe(I11)ADO turns light blue in color due to the appearance of a broad band centered at ~690
nm (Amax 0f 693 and 692 nm for 2-AET-bound and Cys-bound Fe(I11)ADO, respectively,
Figure 1B and 1D, solid line). Analogous features in the Abs spectra of Fe(l111)CDO [36] and
oxidized superoxide reductase [30], a non-heme iron enzyme with a comparable active site
structure, have been assigned as Scys—Fe(l11) charge transfer (CT) transitions on the basis
of spectroscopic and computational studies. Addition of 3-MPA to Fe(I11)ADO causes the
appearance of a dominant Abs feature with a A 3% of 647 nm, also suggestive of S—Fe(ll1)
charge transfer (Figure 1C, solid line). However, the unique peak position of this feature
provides the evidence that the electronic structure of the 3-MPA-bound ADO complex is
distinct from that of the 2-AET-bound ADO complex.
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Azide-Fe(II)ADO adduct.

Upon incubation with azide, the color of Fe(111)ADO changes from pale yellow to an
orange-pink. This change in color is accompanied by the appearance of a new Abs feature
with a Amax 0f 472 nm (Figure 1A, dashed line). A similar feature in the absorption
spectrum of Fe(l11) superoxide dismutase incubated with azide was previously assigned

as an N3~—Fe(lll) CT transition on the basis of resonance Raman spectroscopic studies
[37]. Likewise, CDO has been reported to form an inner-sphere azide-Fe(I11)CDO complex
on the basis of Abs, EPR, and MCD spectroscopic studies [27]. Thus, like these other
metalloenzymes, azide coordinates directly to the Fe(lll) center of ADO in the absence

of substrate. The Fe(I11)ADO incubated with azide also displays a rhombic, high-spin (S

= 5/2) EPR signal that closely resembles that of as-isolated ADO (Figure 2B and 2A,
respectively), suggesting that azide binds to the Fe(I11)ADO active site by replacing a ligand
with comparable donor strength, likely a solvent-derived hydroxide.

Addition of azide to Fe(l11)ADO incubated with substrate 2-AET causes a minor (~9 nm)
blue shift of the Anax Of the visible Abs feature from 693 nm to 684 nm (Figure 1B, dashed
line) and a slight increase in the rhombicity of the EPR signal (Figure 2D) compared to
that displayed by 2-AET-bound Fe(I11)ADO in the absence of azide (Figure 2C) [18]. The
relatively small magnitude of the spectral perturbations caused by the addition of azide to
2-AET-bound Fe(II1)ADO indicates that this O,°~ surrogate binds near, but not directly to
the Fe(l11) center in the majority of active sites. However, the EPR spectrum of Fe(l11)ADO
incubated with 2-AET and azide additionally contains a minor low-spin (S = 1/2) signal

in the high field region. A similar, weak low-spin EPR signal was previously reported for
Fe(I11)CDO treated with Cys and azide. In the case of Fe(I11)CDO, this S= 1/2 EPR signal
was attributed to a minor fraction of Fe(lll) centers that form an inner-sphere complex

with azide, while the appearance of a slightly perturbed Abs spectrum and retention of the
dominant S=5/2 EPR signal was interpreted to indicate that azide binds in the vicinity

of, rather than to, the majority of Fe(lll) centers [27]. The low affinity of Cys-bound
Fe(I11)CDO for azide was suggested to be due to the presence of a sixth ligand, most likely
a hydroxide ion, that saturates the Fe(l11) coordination sphere. By analogy, we propose that
the Fe(l11) center in 2-AET-bound Fe(lI1)ADO is also six-coordinate, precluding the direct
coordination of azide to the vast majority of active sites.

As evidenced by the appearance of a prominent Abs band at 647 nm, the thiol group of
3-MPA can coordinate to Fe(l11) in ADO (Figure 1C, solid line). Addition of azide to
3-MPA-bound Fe(I11)ADO causes only a slight blue-shift of the A max 0f the prominent Abs
band in the visible spectral region to 645 nm (Figure 1C, dashed line), along with a small
increase in rhombicity of the S=5/2 EPR signal (Figure 2E). Importantly, no low-spin EPR
signal characteristic of the azide and thiol-bound enzyme is present. The similarity of Ampax
and the EPR spectra of 3-MPA- bound ADO in the absence and presence of azide and lack
of a signal in the high field region of the EPR spectrum indicate that azide does not directly
bind to the Fe(l1l) ion when 3-MPA is present (note: the small changes in the Abs spectrum
observed upon incubation of 3-MPA-bound Fe(l11)ADO with azide could be due to a change
in ionic strength or binding of azide near the active site without coordinating the iron).
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As with 3-MPA, the Abs spectra collected for Cys-bound Fe(lI11)ADO in the absence and
presence of azide (Figure 1D, dashed line) are nearly identical, suggesting that this O~
surrogate does not directly coordinate to the Fe(l11) center in the majority of active sites.
While the EPR spectrum of Fe(II1)ADO incubated with Cys and azide contains a minor
low-spin (5= 1/2) signal (Figure 2F, dashed line), seemingly suggesting that azide directly
coordinates to a small subset of Cys-bound Fe(l11)ADO active sites, the same low-spin
signal is also observed for Cys-bound ADO in the absence of azide [18]. In fact, these
spectra overlay perfectly, leading us to conclude that azide minimally perturbs the active site
of Cys-bound Fe(I11)ADO.

Cyanide-Fe(lI)ADO adduct.

The Abs and EPR spectra of Fe(I11)ADO collected in the absence and presence of cyanide
are nearly identical (Figure 1, dotted line, and 3A), indicating that this O,"~ surrogate

does not coordinate to substrate-free Fe(111)ADO. In contrast, addition of cyanide to 2-AET-
bound Fe(lI1)ADO causes the appearance of a dominant low-spin (S = 1/2) EPR signal
(9=2.30, 2.20, 1.96; Figure 3B) and a small but noticeable change to the Abs spectrum,
signifying direct coordination of the cyanide ion to the Fe(lll) center in this species. A
similar requirement for the presence of substrate to enable binding of cyanide to the Fe(lll)
ion has been reported for Fe(I11)CDO [32].

Incubation of 3-MPA-bound Fe(l11)ADO with cyanide leads to a 25 nm red-shift of the
prominent Abs feature at ~650 nm (Figure 1C, dotted line) and the appearance of an
identical low-spin EPR signal as observed for 2-AET-bound Fe(I11)ADO in the presence of
cyanide (Figure 3C vs 3B), again signaling formation of an Fe(ll1)-cyano-substrate complex.
However, the relative intensity of the residual high-spin (S= 5/2) EPR signal (Figure 3C) is
much higher in the EPR spectrum of cyanide-treated 3-MPA-bound Fe(I11)ADO, indicating
that cyanide coordinates to a smaller fraction of Fe(111)ADO in the presence of the substrate
analogue 3-MPA.

The Abs and EPR spectra of Cys-bound Fe(I11)ADO in the presence of cyanide (Fig

1D, dotted line and Figure 3D) are nearly identical to those obtained for 2-AET-bound
Fe(I11)ADO incubated with cyanide (Fig 1D, dotted line and Figure 3D). These data reveal
that the active sites of 2-AET- and Cys-bound Fe(l11)ADO have comparable affinities for
and form similar inner-sphere complexes with cyanide. Even with this similarity, ADO
turnover of Cys is very slow [17], suggesting that a step in the catalytic cycle after Cys and
O, binding to Fe(I1)ADO is perturbed.

Impact of crosslink on spectral properties.

Recently, Liu and coworkers demonstrated that a Cys-Tyr crosslink can be formed in human
ADO (involving Cys206 and Tyr208 using MmADO numbering scheme), by genetically
incorporating an unnatural amino acid, 3,5-difluoro-tyrosine, specifically into Tyr208 and
using mass spectrometry and 19F NMR spectroscopy [20]. Although in the absence of a
crystal structure the position of the crosslink relative to the active site remains unknown,
the authors noted that crosslink formation required the presence of cysteamine and Oy,
suggesting that it resides in close proximity to the Fe center. In support of this hypothesis,
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fernandez et al.

Page 8

the catalytic activity (determined via O, uptake studies) was found to be reduced by a factor
of ~4 in the Tyr208Ala ADO variant.

To assess whether a crosslink has any noticeable effect on the interaction between substrate
2-AET and the Fe(I11)ADO active site, we prepared the Tyr208Phe ADO variant, which
prevents the formation of the thioether crosslink. Notably, the EPR spectra obtained for
cyanide/2-AET adducts of WT and Y208F Fe(111)ADO (Figure 4) are superimposable,
suggesting that formation of the Cys206—-Tyr208 crosslink has negligible effects on the
geometric and electronic properties of the ADO active site. Given the differences in primary
sequence positions of residues involved, it is perhaps not surprising that Cys-Tyr thioether
bond formation would affect the substrate/active site interactions differently in ADO and
CDO. However, because only a small fraction of as-isolated WT ADO appears to be
crosslinked based on mass spectrometry analysis [20], it is possible that the sample of
cyanide/2-AET-bound WT Fe(111)ADO used to collect the EPR data in Figure 4 contained
an insignificant fraction of crosslinked enzyme. Also, the modest decrease in catalytic
activity displayed by ADO in response to the non-conservative Tyr208Ala substitution
variant could be due to more global structural changes rather than the presence of a
substantial fraction of crosslinked WT enzyme under physiologically relevant conditions.

Discussion

Despite the significant role that ADO plays in mammalian sulfur metabolism, little is known
about its active site structure. Although sequence homology modeling could, in principle, be
used to predict the three-dimensional structure of ADO and guide site-directed mutagenesis
studies, this approach is hampered by the fact that ADO and other crystallographically
characterized TDOs display low sequence identity (e.g., mouse ADO and CDO share only
14% sequence identity). In particular, it is difficult to assess the influence of secondary
sphere residues on the nature of the substrate/active site interactions from homology models.
Thus, in this study, we have used Abs and EPR spectroscopy to investigate the binding of
superoxide surrogates to Fe(I11)ADO in the absence and presence of substrate and substrate
analogues.

Azide coordinates to the iron center of Fe(ll)ADO in the absence of substrate.

When Fe(lI1)ADO is incubated with azide, an intense Abs feature appears at 472 nm,
providing evidence for direct coordination of this O,*~ surrogate to the active site of
Fe(I11)ADO in the absence of substrate (analogue). The distinct rhombic, high-spin (S
=5/2) signal in the corresponding EPR spectrum indicates that azide likely coordinates
to the active site by replacing a ligand with similar donor strength, presumably a solvent-
derived hydroxide. Similar spectral changes were noted when substrate-free Fe(111)CDO
was incubated with azide [27]. A combined spectroscopic and computational analysis of
the resulting azide adduct of Fe(l11)CDO were consistent with a single azide bound to the
Fe(lI11) center to yield a five-coordinate complex or an azide and a water bound to give
six-coordinate complex. Our results indicate that azide-bound Fe(111)ADO also contains a
five-coordinate or six-coordinate Fe(ll1) center possessing hydroxide and azide ligands.

J Biol Inorg Chem. Author manuscript; available in PMC 2022 December 01.
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Azide binding to Fe(ll)ADO is suppressed in the presence of substrate (analogues).

The EPR data of azide/2-AET-bound Fe(l11)ADO demonstrate that azide binds directly to
only a minor fraction of Fe(I11)ADO active sites complexed with 2-AET, suggesting that the
Fe(l111) center of 2-AET-bound Fe(II1)ADO is either coordinatively saturated or otherwise
inaccessible in the presence of substrate. The presence of a six-coordinate Fe(ll1) center has
also been proposed for Cys-bound Fe(l11)CDO, with a hydroxide ion completing a distorted
octahedral coordination environment of the active site Fe(l11) ion, and azide occupying an
outer-sphere pocket without binding to iron [27]. Unlike Fe(I11)CDO, however, Fe(I11)ADO
appears to bind its 2-AET substrate in a monodentate fashion via coordination of only

the thiolate moiety [18, 38]. Thus, we hypothesize that the Fe(ll1) ion of substrate-bound
Fe(I11)ADO resides in a distorted octahedral coordination environment composed of the
3-His facial triad, the 2-AET terminal thiolate, and two hydroxide ions.

While a small fraction of 2-AET-bound Fe(I11)ADO active sites form inner-sphere
complexes with azide as judged by the presence of a low-spin EPR signal, azide is
unable to bind to the 3-MPA-bound or Cys-bound Fe(l11)ADO active site. This difference
likely stems from the fact that the ADO active site has evolved to promote monodentate
binding of the 2-AET substrate (and potentially N-terminal Cys peptides), which causes
the non-coordinating, negatively-charged carboxylate groups in 3-MPA- and Cys-bound
Fe(I11)ADO to repel anionic O, surrogates away from the active site. In CDO, an
analogous electrostatic repulsion between the substrate carboxylate group and azide is
alleviated by the formation of a salt bridge between the Cys carboxylate and the Arg60
outer-sphere residue. The prediction that ADO cannot form a salt bridge that stabilizes
substrate binding is consistent with the observation that this enzyme is unable produce
cysteine sulfinic acid from Cys [17].

Effect of outer-sphere residues on the cyanide/2-AET-Fe(II)ADO adduct.

The EPR g-values of cyanide/Cys-bound Fe(I11)CDO have been found to be sensitive to
changes in the outer coordination sphere, specifically the absence and presence of the
Cys93-Tyr157 crosslink [29, 31]. A spectroscopically validated computational analysis of
this adduct revealed that in the absence of the crosslink, the Fe—C—N unit is nearly linear.
Upon crosslink formation, the Fe—C—N unit adopts a more bent configuration and the
repositioning of Tyrl57 perturbs the network of hydrogen bonds between the side chain
of Arg60, the phenol of Tyr157, and the substrate Cys carboxylate, causing a lengthening
of the Fe-S bond by 0.02 A. Although seemingly minor, these structural changes have a
measurable effect on the electronic and spectroscopic properties of the enzyme active site.

To correlate changes in EPR g-values with specific geometric perturbations, Fiedler and
coworkers performed CASSCF/NEVPT?2 ab initio calculations on active site models of
non-crosslinked and crosslinked cyanide/Cys-bound Fe(I11)CDO as well as synthetic mimics
[29]. These computations indicated that a lengthening of the Fe—S bond causes an overall
increase in the spread of g-values and a decrease in the intermediate g-value. Hence, the
significantly smaller g spread displayed by cyanide/2-AET-bound Fe(111)ADO (2.30, 2.20,
1.96) relative to those reported for non-crosslinked and crosslinked cyanide/Cys-bound
Fe(I11)CDO (2.34, 2.21, 1.95 versus 2.38, 2.23, 1.94, respectively) implies that the cyanide/
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2-AET-bound Fe(II1)ADO complex possesses the shortest Fe-S bond of these species. An
even smaller g spread was found for a synthetic cyanide/Cys-bound Fe(111)CDO mimic
(2.20, 2.16, 1.99), which lacks any outer-sphere interactions involving the carboxylate group
of the substrate Cys analogue and thus possesses a particularly short Fe-S bond. Collectively,
these results suggest that the amine group of 2-AET in substrate-bound Fe(l11)ADO engages
in some, but considerably weaker interactions with secondary sphere residues than does

the carboxylate group of Cys with Arg60 in substrate-bound Fe(I11)CDO. This finding is
consistent with the much narrower substrate scope displayed by CDO compared to ADO
(i.e., while CDO is only capable of turning over L-Cys efficiently [14], ADO has been
shown to oxidize 2-AET [17] as well as the amino-terminal Cys residue of a much larger
polypeptide from RGS5 [22]).

Conclusion

The spectroscopic data obtained in this study provide new insights into the nature of the
species that are formed upon incubation of Fe(l11)ADO with substrate/substrate analogues
and O," surrogate, which serve as models of putative reaction intermediates. Azide is

only able to coordinate to the Fe(lll) center of substrate-free ADO, likely indicating that
cysteamine-bound Fe(l11)ADO lacks an open coordination site. An analogous inhibitory
effect of substrate on azide binding was previously reported for Fe(I111)CDO, where the
presence of a six-coordinate Fe(l11) center with azide occupying an outer-sphere pocket was
established on the basis of spectroscopic, computational, and X-ray crystallographic studies.
Conversely, the O,°~ surrogate cyanide requires coordination of substrate cysteamine
(analogues) before it can bind to the Fe(I11)ADO active site, again paralleling the behavior
of Fe(I11)CDO. A comparison of the EPR g-values obtained for cyanide/cysteamine-

bound Fe(111)ADO and those reported for cyanide/Cys-bound Fe(l11)CDO reveals that the
interaction of the thiol substrate with outer-sphere residues is considerably weaker in ADO
than in CDO. Lastly, elimination of the putative Cys206—Tyr208 crosslink via Tyr208Phe
substitution has negligible effects on the EPR signal of the cyanide/cysteamine adduct,
indicating that either an insignificant fraction of as-isolated wild-type enzyme contains the
crosslink or that formation of the thioether bond has minimal effects on the electronic
structure of the substrate-bound active site.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Room-temperature UV/Vis spectra of 0.4 mM Fe(lI1)ADO in the absence and presence of

substrate (analogues) and O5°~ surrogates. A) Fe(l1I1)ADO, B) Fe(II1)ADO incubated with
a 5-fold excess (2 mM) of 2-AET, C) Fe(l11)ADO incubated with a 5-fold excess (2 mM)
of 3-MPA, and D) Fe(I11)ADO incubated with a 10-fold excess (4 mM) of Cys. Spectra
were collected either in the absence of an O,°*~ surrogate (solid lines), the presence of a
200-fold excess (80 mM) of azide (long dashes), or a 10-fold excess (4 mM) of cyanide
(short dashes).
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Figure2.
X-band EPR spectra at 20 K of 0.4 mM Fe(II1)ADO in the absence and presence of various

substrate analogues and/or O,*~ surrogates. A) Fe(I11)ADO, B) Fe(111)ADO incubated with
a 200-fold excess (80 mM) of azide, C) Fe(l11)ADO incubated with a 5-fold excess (2 mM)
of 2-AET, D) Fe(111)ADO incubated with a 5-fold excess (2 mM) of 2-AET and a 200-fold
excess (80 mM) of azide, E) Fe(II1)ADO incubated with a 10-fold excess (4 mM) of 3-MPA,
F) Fe(I11)ADO incubated with a 10-fold excess (4 mM) of 3-MPA and a 200-fold excess

(80 mM) of azide, G) Fe(I11)ADO incubated with a 10-fold excess (4 mM) of Cys, and H)
Fe(I11)ADO incubated with a 5-fold excess (2 mM) of Cys and a 200-fold excess (80 mM)
of azide. Effective g values are provided for the S=5/2 species. The hyperfine structure in
the 3000-3700 cm™1 Gauss region is due to a minor Mn(11) impurity.
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Figure 3.
X-band EPR spectra at 20 K of 0.4 mM Fe(l11)ADO incubated with a 10-fold excess (4 mM)

of cyanide in the absence of substrate (A) and in the presence of a 15-fold excess (6 mM) of
2-AET (B), a 5-fold (2 mM) excess of 3-MPA (C), or a 10-fold excess (4 mM) of Cys (D). g
values are provided for the S= 1/2 species. The hyperfine structure in the 3000-3700 cm™1
Gauss region is due to a minor Mn(l1) impurity.
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Figure4.
X-band EPR spectra at 20 K of (A) 0.4 mM Fe(l11)ADO incubated with a 10-fold excess (4

mM) of cyanide in the presence of a 15-fold excess (6 mM) of 2-AET (B) 0.4 mM Y208F
Fe(I11)ADO incubated with a 10-fold excess (4 mM) of cyanide in the presence of a 15-fold
excess (6 mM) of 2-AET. g values are provided for the S= 1/2 species. The hyperfine
structure in the 3000-3700 cm~ Gauss region is due to a minor Mn(11) impurity.
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