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ABSTRACT: Describing the organization of substrates and
substrate analogues in the active site of cysteine dioxygenase
identifies potential intermediates in this critical yet poorly
understood reaction, the oxidation of cysteine to cysteine
sulfinic acid. The fortuitous formation of persulfides under
crystallization conditions has allowed their binding in the
active site of cysteine dioxygenase to be studied. The crystal
structures of cysteine persulfide and 3-mercaptopropionic acid
persulfide bound to iron(Il) in the active site show that
binding of the persulfide occurs via the distal sulfide and, in the
case of the cysteine persulfide, the amine also binds. Persulfide
was detected by mass spectrometry in both the crystal and the
drop, suggesting its origin is chemical rather than enzymatic. A
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mechanism involving the formation of the relevant disulfide from sulfide produced by hydrolysis of dithionite is proposed. In
comparison, persulfenate {observed bound to cysteine dioxygenase [Simmons, C. R, et al. (2008) Biochemistry 47, 11390]} is
shown through mass spectrometry to occur only in the crystal and not in the surrounding drop, suggesting that in the crystalline
state the persulfenate does not lie on the reaction pathway. Stabilization of both the persulfenate and the persulfides does,
however, suggest the position in which dioxygen binds during catalysis.

C ysteine dioxygenase (CDO, EC 1.13.11.20) is a non-heme
mono-iron enzyme that catalyzes the oxidation of cysteine
to cysteine sulfinic acid (CSA) by the addition of the two
oxygen atoms from dioxygen to the thiol of cysteine. This
enzyme is present in organisms ranging from bacteria to
mammals,’ in which it catalyzes the first step of the removal of
sulfur from cysteine to yield taurine or pyruvate. As free
cysteine can be cytotoxic> and sulfate and taurine are both
important for cellular homeostasis, CDO deficiency has been
implicated in many disease states, including Parkinson’s and
Alzheimer’s disease."*™>

CDO differs from other non-heme mono-iron enzymes,
limiting the usefulness of comparison to better characterized
family members in the mechanistic analysis of CDO. The
resting-state iron environment of CDO contains an iron(II)
bound to three histidine residues. This complement of ligands
differs from the two-histidine, one-carboxylate facial triad that is
seen in many of the better studied non-heme mono-iron
enzymes."®” This unusual neutral suite of ligands for iron(II) is
predicted to change the reactivity of cysteine when it is bound
to CDO through a change in the overall charge, which
influences the Fe—S bond strength.8 In addition, mammalian
CDO contains two post-translational modifications. The first is
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a cross-link between the thiol of Cys93 and a carbon in the
ortho position of the phenol of Tyr157.”~"" The second is a
disulfide formed between exogenous cysteine and Cys164.">
While both modifications have been linked to activity,” their
mechanistic roles are currently unknown and the second may
not be physiological."?

Previous investigations have attempted to unravel how these
differences affect the structure, kinetic parameters, and catalytic
mechanism of CDO. Currently, there are four published crystal
structures of mammalian CDO, and two of these structures are
of CDO nominally in the resting state.""'® The crystal structure
of CDO from Mus musculus (PDB entry 2atf) contained a
catalytically inactive nickel(II) coordinated to the three
histidine residues,'®> whereas the crystal structure of CDO
from Rattus norvegicus (PDB entry 2bSh) contained the
catalytically relevant iron(II) (the amino acid sequences of
these two structures are identical).'’ In the crystal structure of
R. norvegicus CDO, Simmons et al. reported that the active site
iron has a four-coordinate pseudotetrahedral geometry with a
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very well ordered water molecule taking the fourth coordina-
tion site of the iron.'" This was in contrast with the MCD (M.
musculus),"* Mossbauer,"® and XAS results (R. norvegicus),"® all
of which suggested that the iron(II) was in a six-coordinate
pseudo-octahedral geometry. However, inspection of electron
density maps, using deposited structure factors and coodinates
(PDB entry 2bhS), indicates significant residual and unmodeled
density in the active site.

The two remaining crystal structures of CDO contain ligands
bound to the iron in the active site. Human CDO (sequence
91% identical to that of R. norvegicus CDO; PDB entry 2icl)
contained cysteine bound to the iron in a bidentate fashion (via
sulfur and nitrogen atoms).'" This bidentate binding was
consistent with results obtained from MCD, resonance
Raman,'* and Méssbauer studies'® but was inconsistent with
XAS data, which suggested no sulfur was bound to the iron.’® A
second R. norvegicus crystal structure contained a cysteine
persulfenate bound to the iron (PDB entry 3eln). The cysteine-
derived portion of the persulfenate bound to the iron in a
bidentate fashion, while the dioxygen-derived portion of the
persulfenate bound to the iron via only one oxygen atom, in an
end-on fashion.'” The catalytic relevance of the persulfenate is
currently unknown. Density functional theory, quantum
mechanical/molecular modeling calculations suggested that it
is not an energetically favored intermediate in the CDO
mechanism. These calculations favored an iron(IV)—oxo
intermediate.'®"”

In addition to the crystal structure of the persulfenate-bound
form of CDO, the mode of binding of dioxygen to the active
site of CDO has been studied via EPR using the surrogate NO.
This study concluded that the dioxygen bound only after the
binding of cysteine.”® Dioxygen binding was also inferred from
the ability of superoxide to rescue the catalytically inactive
iron(III) substrate-bound form of CDO. While superoxide
restored the ability of the enzyme to form CSA, initial turnover
was at a much reduced rate compared to that of the steady state
of iron(II) CDO with dioxygen.'* Other non-heme mono-iron
enzymes have been shown to undergo a decrease in
coordination number upon the binding of substrate, opening
a site for binding of dioxygen to the iron and consequent
initiation of the catalytic reaction.”’ >° As yet, no studies have
convincingly shown the position of binding of dioxygen to the
iron of catalytically relevant CDO.

In this work, we investigated further the formation of the
persulfenate species reported previously,'” with the aim of
determining whether it lies on the reaction pathway. This we
achieved by using mass spectrometry to investigate turnover in
the crystalline state. To complement this, we also investigated
thiol binding in the absence of dioxygen. The preparation of
crystals of R. norvegicus CDO in the resting state and in the
presence of various sulfur-containing ligands using cocrystalli-
zation conditions not previously used fortuitously yielded
persulfides of the sulfur-containing ligands (Chart 1).
Comparison of these structures with the persulfenate-bound
CDO structure allowed us to propose how the active site may
stabilize a dioxygen-containing intermediate.

B EXPERIMENTAL PROCEDURES

Protein Expression and Purification. The R. norvegicus
cysteine dioxygenase coding sequence containing a thioredoxin
Hiss tag was kindly provided by M. H. Stipanuk (Cornell
University, Ithaca, NY). The purification method used here was
modified from that reported previously.”'>*" Pooled fractions
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Chart 1. Structures of the Molecules Studied
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of purified CDO were dialyzed into 50 mM NaCl and 20 mM
TRIS (pH 8.0). CDO was enriched with Fe(II) using the same
method that was previously reported for Mossbuaer spectros-
copy to give a final Fe(I[):CDO ratio of 0.91."° The
concentration was determined from the absorption at 280 nm
and the extinction coeficient of 28300 M~! cm™.° Fractions
were stored at —80 °C. The full purification protocol and a
summary gel of the product resulting from this purification
scheme (Figure S1) can be found in the Supporting
Information.

Crystallization and Structure Determination. Crystals
were grown aerobically by the hanging-drop vapor-diffusion
method in a modification of the procedure of Simmons et
al.""'”** Hanging drops (1.5 yL) of approximately 8 mg/mL
CDO in the dialysis buffer described above and 1.5 pL of
reservoir buffer were allowed to equilibrate above the reservoir
buffer [24—34% (w/v) polyethylene glycol 4000, 100—250 mM
ammonium acetate, 100 mM sodium citrate (pH 5.6), 0—4 mM
dithionite, and 40 mM ligand, as appropriate]. The final pH was
6.1—6.2 (Table S3 of the Supporting Information). The ligands
proffered to CDO were cysteine and 3-mercaptopropionic acid
(3MPA). Crystals grew as needles or starbursts of approx-
imately 0.1 mm in length at 24 °C in one week. The crystals
were analyzed by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS—PAGE) to determine that they con-
tained CDO (Figure S2 of the Supporting Information). To
reproduce the persulfenate crystal structure, CDO crystals
grown in the absence of ligands were treated as reported by
Simmons et al.'” They were then soaked in 15 L of an artificial
reservoir solution [24% (w/v) polyethylene glycol 4000, 100—
250 mM ammonium acetate, and 100 mM sodium citrate (pH
5.6)] with a final cysteine concentration of 100 mM. The final
pH was 6.1. Crystals were separated from the rest of the drop
and mounted on either a fiber loop or a Mitogen loop and
frozen in liquid nitrogen. Diffraction data were collected at the
MX1 beamline at the Australian synchrotron via remote
operation. MX1 features a silicon double-crystal monochroma-
tor and an ADSC Quantum 210R detector. In all cases, 360° of
data in 1.0° oscillations were collected with exposure times of
1-3 s per degree with beam attenuation of 80%. The detector
was set 160, 175, or 200 mm from the crystal with 26 = 0%
integration of the diffraction data was achieved with iMosflm.
Full crystal growth and collection data can be found in Table S1
of the Supporting Information.
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Table 1. Data Collection and Reduction Statistics for All Fully Refined Data Sets

resting state

resolution range (highest shell) (&)
no. of observed reflections 232683 (44289)
21688 (3087)

100.0 (100.0)

no. of unique reflections

completeness (%)

redundancy 10.7 (14.3)
1/6(I) 111.9 (19.7)
Riperge” 0.031 (0.390)
Wilson’s B factor (A%) 18.7

aRmerge = ZthlIhj(Obs) - <Ih>|/ZhZ)<Ih>

33.33—1.75 (1.84—1.75)

cysteine persulfide bound

33.99—-1.95 (2.05—1.95)
256094 (38076)

15914 (2257)

99.9 (99.8)

16.1 (16.9)

67.5 (17.5)

0.042 (0.213)

19.2

3MPA persulfide bound

30.5—1.63 (1.72—1.63)
143794 (28693)
26441 (3769)

100.0 (100.0)

5.4 (7.6)

296.1 (27.2)

0.025 (0.362)

189

Table 2. Refinement Data for the Three Fully Refined Crystal Structures

resting state

resolution range (highest shell) (&)

no. of reflections used 20518 (1307)

Rep” 0.20 (0.27)
Rg’ 0.22 (0.33)
no. of protein, iron, and ligand atoms in model 1557

no. of water molecules in model 160

rmsd from ideal bond lengths (A) 0.009
rmsd from ideal bond angles (deg) 1.31
average B value (A?) 19.7
average protein B value (A%) 18.8
average water B value (A?) 27.8
average ligand B factor (A?) -

PDB entry 4kwj

52.12—1.75 (1.79—1.75)

cysteine persulfide bound

52.25-1.95 (1.99—1.95)
15053 (948)

3MPA persulfide bound

52.06—1.63 (1.67—1.63)
24606 (1550)

0.19 (0.21) 021 (0.33)
022 (0.24) 0.24 (0.37)
1578 1571

178 179

0.010 0.008

1.40 1.26

21.5 213

20.6 203

29.5 30.1

26.1 22.0

4kwk 4kwl

“Reryst = LMEopsl = 1Py ll/ Y IF .| computed over a working set composed of 95% of the data. PRiee = MNF, | — IF I/ Y IF | computed over a test
set composed of 5% of the data where the Ry, set for the 3MPA persulfide derivative contains all those in the Rg,, set for the resting state, which in
turn contains all those in the R, set for the cysteine persulfide derivative.

Programs of the CCP4 suite were used for data reduction
and analysis.*® All crystals were indexed in space group P4;2,2,
with the following unit cell dimensions: a = b ~ S8 A and ¢
122 A. Unit cell parameters for each set of crystal data are
summarized in Table S2 of the Supporting Information. Data
collected at the synchrotron were integrated using iMosflm**
and scaled using Scala.®® Because the data were very highly
redundant, they were ultimately processed with a stringent
cutoff for rejection of reflections with outlier intensities. In all
cases, the redundancy remained better than 5.4 and the Ry,
improved considerably. Final data collection and processing
statistics are summarized in Table 1.

A set of 5% of reflections was reserved for the calculation of
the R, statistics; these reflections were the same as those set
aside in the isomorphous structure of PDB entry 3eln.'” An
initial model was obtained by molecular replacement using
PDB entry 3eln,"” stripped of water and persulfenate, as the
search model in Phaser.*® One monomer was placed in the
asymmetric unit, and automated model refinement was
performed in Refmac 5.6.” Models were inspected in
COOT,*® and manual adjustment was performed to match
chemical expectations and electron density maps. A final round
of refinement in Refmac 5.6 with a weighting on the X-ray term
of 0.20 was then performed using no prior phase information.
Final refinement details and statistics are summarized in Table
2.

Sample Preparation for Mass Spectrometry. For the
mass spectrometry of the cysteine persulfide and 3MPA
persulfide-bound crystals, CDO crystals grown in the presence
of ligands were placed in 15 yL of 0.4% formic acid and then
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left to dissolve for 10 min. For parallel analysis of the drop from
which crystals had been harvested, after we had checked that no
crystals were visible in the drop, 20 L of 0.4% formic acid was
added and the resulting solution was analyzed by mass
spectrometry. For the mass spectrometry on the persulfenate-
bound crystals, CDO crystals grown in the absence of ligands
were soaked in 15 uL of an artificial reservoir solution [24%
(w/v) polyethylene glycol 4000, 100—250 mM ammonium
acetate, and 100 mM sodium citrate (pH 5.6)] with a final
cysteine concentration of 100 mM and no dithionite for 3 h."”
The crystals were removed from the solution, placed in 15 uL
of 0.4% (v/v) formic acid, and then left to dissolve for 10 min.
After the crystals were removed from the artificial reservoir
solution, 3 uL of the reservoir solution was withdrawn, checked
to ensure no crystal fragments were visible, and mixed with 20
uL of 0.4% formic acid to perform mass spectrometry on the
solution. All samples were centrifuged at 20000g for 20 min
before analysis.

Mass Spectrometry. Liquid chromatography-coupled
high-resolution mass spectrometry was performed on a
Nanoflow 3000 Ultimate UHPLC system (Dionex, Thermo
Scientific, San Diego, CA) inline-coupled to a nanospray
ionization source of an LTQ Orbitrap XL mass spectrometer
(Thermo Scientific). Samples were diluted 1:2 in water (for
negative ion mode) or 0.4% formic acid in water (for positive
ion mode) and loaded via a 1 4L loop onto an in-house-packed
nanospray emitter-tip column (75 ym inside diameter fused
silica tubing with an uncoated tip packed with C g material on a
length of 8—9 cm) at a flow rate of 1.5 uL of solvent A (1%
acetontrile and 0.2% formic acid in water) per minute. The
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Figure 1. High-resolution mass spectrometry of cysteine persulfenate/cysteine sulfinate. Column A shows a detail of the predicted spectrum for
cysteine persulfenate or cysteine sulfinate (predicted) and the spectra measured in the sample extracted from the crystal (crystal) and the drop
sample (drop). The monoisotopic peaks are labeled with the predicted or measured mass, the deduced elemental composition, and the mass error in
milli-mass units (mmu). Columns B and C show details of the second and third isotope clusters, respectively. The peak labels indicate the mass

increments relative to the monoisotopic peak.

hydrophilic compounds were eluted isocratically at the end of
the loading phase. The column was then washed with a gradient
of 0% solvent B (0.2% formic acid in acetonitrile) to 99%
solvent B in solvent A over 7 min and re-equilibrated to 100%
solvent A over 3 min. The Orbitrap mass analyzer was operated
in either negative (3-MPA derivatives) or positive (cysteine
derivatives) ion mode at a resolution of 100000 at m/z 400 for
full MS using a narrow mass range of m/z 5 around the
precursor masses of interest. Injection waveform was enabled
for both the LTQ and Orbitrap mass analyzers. Automated gain
control was enabled with targets of 2 X 10° and 2 X 10° for
LTQ and Orbitrap MS full scans, respectively. For positive ion
mode measurements, the lock mass option was enabled using
m/z 445.120025 {[Si(CH;),0]¢} as an internal calibrant. For
negative ion mode measurements, the default calibration was
used. To minimize gas phase oxidation artifacts in the
nanospray ion source, ion source settings, such as flow rate,
the position of the uncoated emitter tip, and the capillary
voltage, were tuned in positive ion mode with a solution of 25
pmol of cysteine/uL of solvent A using the same LC method
described above for sample analysis. The capillary voltage was
applied to the liquid phase upstream of the emitter tip column.
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In-source oxidation of cysteine was eliminated almost
completely upon application of a capillary voltage of <2 kV
at a flow rate of 1.5 4L /min and an emitter tip position directly
in front (0—0.5 mm) of the orifice of the ion transfer capillary,
which was heated to 180 °C. The optimized ion source settings
were used for all sample analyses. All spectra were interpreted
manually using Xcalibur (Thermo Scientific, San Jose, CA).

B RESULTS

Persulfenate Is Not Released from CDO Crystals. The
observation of a stable CDO—cysteine persulfenate complex in
crystals suggested only slow, if any, turnover of the enzyme."”
To assess whether that crystallized complex is catalytically
competent, we introduced cysteine into crystals of CDO
previously prepared under aerobic conditions, according to the
method of Simmons et al;'” X-ray diffraction data from these
crystals confirmed the published observation of a bound
persulfenate (Figure S3 of the Supporting Information).'” We
employed mass spectrometry to confirm the presence of
persulfenate in the crystals and assess its presence in the
surrounding drop of mother liquor. To avoid misinterpretation
of oxidation states due to artificial gas phase oxidation in the

dx.doi.org/10.1021/bi400661a | Biochemistry 2013, 52, 7606—7617
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nanospray ion source of the mass spectrometer, we carefully
optimized the ion source settings (see Experimental Proce-
dures). Especially high capillary voltages and a position of the
uncoated emitter tip more than 0.5 mm from the orifice of the
ion transfer capillary caused a significant increase in the level of
gas phase oxidation of cysteine to cysteine sulfinate and
cysteine sulfonate. Via application of the optimized settings
(emitter tip position between 0 and 0.5 mm from the orifice of
the ion transfer capillary and a capillary voltage of <2 kV at a
flow rate of 1.5 yL/min), no significant in-source oxidation of
cysteine was detected (Figure S4 of the Supporting
Information). Thus, all oxidation states observed in our sample
analyses were generated in solution under the experimental
conditions herein described.

In samples of crystals showing persulfenate binding, a clear
signal at m/z 154.0167 matching the predicted mass of
positively charged cysteine persulfenate or cysteine sulfinate
was detectable with an accuracy of ~0.6 ppm after lock mass
calibration. Note that the structures of cysteine persulfenate
and cysteine sulfinate cannot be distinguished by mass
spectrometry alone. The ratios of the isotope peaks containing
either 1N, 33, 13C, 3*S, or 2 X 3C are consistent with the most
likely elemental composition of [C;HgO,NS]* (Figure 1). In
contrast, no evidence of the persulfenate was found in the drop
over the range of the chromatogram (Figure S5 of the
Supporting Information), leading us to conclude that under the
conditions of its formation, the CDO—persulfenate complex
does not turn over. These conditions include the presence of
molecular oxygen before and during the diffusion of cysteine
into the active site. Furthermore, under these conditions, the
enzyme is indeed active, albeit weakly (Table S3 of the
Supporting Information).

X-ray Crystal Structure of the Resting State. In view of
the discrepancy between the X-ray structure of CDO reported
by Simmons et al.'' and spectroscopic data, the structure of
CDO with no sulfur ligand in the reservoir solution was
determined to provide a comparison to our persulfide-bound
structures (presented below) and to re-evaluate the coordina-
tion geometry of the catalytic iron. Although spectroscopic data
indicate that iron has an octahedral coordination geometry in
the resting state, Simmons et al."' reported that the structure
contained a tetrahedral iron in the center of the active site
bound to three histidine residues and a single well-ordered
water molecule. The model obtained from the data collected
here (see Tables 1 and 2 for details) is very similar to that
reported by Simmons et al,'' except for one significant
difference. The model presented here (Figure S6 of the
Supporting Information) contains a five-coordinate iron in the
center of the active site bound to the same three histidine
residues, one well-ordered water molecule (B = 13 A%), and an
additional, less well ordered water molecule (B = 31 A? slightly
greater than the average for other water molecules in the
structure, B = 27.8 A?). Indeed, the electron density maps
calculated for our structure and that of Simmons et al."' from
deposited structure factors (PDB entry 2bSh) are very similar.
Omission of this water molecule from the refinement left
considerable positive electron density in that position. The
difference in B values of the two bound water molecules
suggests that the resting state of CDO contains iron(Il) in a
fluxional coordination environment, consistent with other
spectroscopic data.">'®** The model presented here also
includes two different conformations of Arg60, suggesting
flexibility of this residue in the second coordination sphere in
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the resting state of CDO. The model matched electron density
well in the vicinity of the Cys93—Tyrl57 linkage, indicating
that the crystal chosen was probably >80% in the linked form,
and this is confirmed by SDS—PAGE of the crystals (Figure S2
of the Supporting Information). No unmodeled electron
density was observed near Cys164, a site of modification, not
always reported, in some CDO structures.

Cocrystallization of CDO with L-Cysteine. To observe
alternative binding modes of cysteine, crystals of rat CDO were
prepared by the method of Simmons et al,,'"'”** modified by
the addition of cocrystallant L-cysteine as well as by addition of
dithionite intended to prevent oxidation of cysteine residues
and of the iron(II) center. Data were collected to 1.95 A
resolution and the structures determined. Information pertain-
ing to data collection and processing can be found in Table 1.
In the model, 187 of 200 residues of CDO were resolved and
all possessed acceptable geometry. Three residues at the N-
terminus and 10 residues at the C-terminus of CDO were not
included in the model. The Ramachandran plot of the structure
placed 184 residues in allowed positions and the remaining
three residues in generously allowed regions. Information about
structural models and their refinement can be found in Table 2.
The R, and Ry, values were 0.19 and 0.22, respectively. The
average B factor was 21.6 A% and the deviation from the ideal
bond length was 0.010 A.

The structure of CDO cocrystallized in the presence of 20
mM cysteine in the reservoir solution has been modeled with a
cysteine persulfide at 50% occupancy bound to the iron in the
active site (Figure 2). Both small-molecule chemistry®”*® and
macromolecular crystallography*' ~** provide evidence of the
existence of persulfides in aqueous solution. The omit map
using these diffraction data and a model lacking ligands showed
a considerable amount of continuous, unaccounted-for electron
density in the active site (Figure S7 of the Supporting
Information). Cysteine at approximately S0% occupancy
accounted for much of this density but did not explain a
spherical peak of electron density slightly higher than that
surrounding the cysteine sulfur atom. In the final model, this
peak is attributed to the distal sulfur of cysteine persulfide. Mass
spectrometry was attempted to provide additional proof, but
neither cysteine nor its persulfide was detected, likely because
of their neutral overall charge. Evidence against alternate
explanations of the crystallographic data is presented in the
Supporting Information.

The proximal sulfur (ie., that derived from the cysteine)
interacted with the iron (Fe—S distance of 2.64 A) and was
separated from the putative distal sulfur by a distance typical for
a sulfur—sulfur bond (S—S distance of 2.01 A). The distal sulfur
was 2.26 A from the iron. The cysteine interacted electrostati-
cally with Arg60 (3.28 A from the carboxylate) and Tyrl57
(2.52 A from the amino group), indicating a role for this
tyrosine in positioning the amino acid ligand. The carboxylate
group of the cysteine also interacts weakly with Tyr58 (3.39 A).
A water molecule at 50% occupancy (B = 32 A%) was added to
the left side of the cysteine (as depicted in Figure 2) to
complete the active site. This interpretation was validated by
the structure of CDO cocrystallized in the presence of 3MPA,
where a fully occupied 3MPA persulfide moiety was
subsequently unambigously identified by high-resolution mass
spectrometry (see below).

Cocrystallization with 3-MPA. To complement attempts
to visualize a CDO—cysteine complex, we also investigated the
structure of CDO from crystals prepared by cocrystallization of

dx.doi.org/10.1021/bi400661a | Biochemistry 2013, 52, 7606—7617
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A

R60

Y58

R60

Figure 2. Second coordination sphere of the active sites of the rat
CDO crystal structures with persulfide ligands bound to the active site:
(A) cysteine persulfide-bound CDO and (B) 3MPA persulfide-bound
CDO. In all cases, the 2F, — F. map (drawn at the 0.86 contour level
for cysteine persulfide and at the 1.00 contour level for 3MPA
persulfide) is the dark gray mesh and the F, — F. map (drawn at the
+3.00 contour levels) is the green mesh for positive difference electron
density and red mesh for negative difference electron density. Atoms
are colored as follows: carbon in cyan, nitrogen in blue, oxygen in red,
sulfur in yellow, and iron in orange.

CDO in the presence of 3MPA and dithionite. In contrast to
the partial occupancy seen in cysteine crystals, full occupancy of
the ligand-binding site by a derivative of 3MPA was seen. Initial
maps showed two large approximately equal spherical peaks of
electron density near the iron(II) center (Figure S8 of the
Supporting Information). With coordinated R-S-Cl species
excluded (see the rationale in the Supporting Information),
there was little choice but to conclude, after sulfenic acid and
persulfenate models yielded nonsensical B values for sulfenic
oxygen atoms, that the species coordinated was the persulfide
derivative of 3MPA (Figure 2). This interpretation was
validated by subsequent high-resolution mass spectrometry.
The proximal sulfur (derived from 3MPA) interacted with the
iron (Fe—S distance of 3.24 A) and was separated from the
distal sulfur by a reasonable distance for a sulfur—sulfur bond
(S—S distance of 2.08 A). The distal sulfur was 2.23 A from the
iron, a distance very similar to that seen for the cysteine
persulfide derivative. Both sulfur atoms have very similar B
values of ~17 A% slightly higher than that of the catalytic Fe
(12 A). As with the cysteine persulfide, the carboxylate group
of 3MPA interacts weakly with Arg60 (3.23 A), Tyr157 (3.11
A), and Tyrs8 (2.97 A).
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For the pairwise superposition of the three structures, the
average rmsd was 0.127 A. This low value, illustrated in the
overlay of the three crystal structures (Figure S9 of the
Supporting Information), confirmed that the overall secondary
and tertiary structure of CDO was not perturbed by the
addition of the various ligands to CDO.

Oxidation State of the Iron. To confirm the oxidation
state of the iron, we checked the iron—ligand bond distances
(see Table 3). The resting-state CDO is unequivocally Fe(II).

Table 3. Fe—Ligand Bond Distances for Resting-State CDO
and Its Cysteine and 3MPA Persulfide Adducts

Fe—ligand bond distance (A)

ligand/ restin 3MPA persulfide cysteine persulfide
species state bound bound
His86 2.01 2.01 2.08
His88 2.07 2.04 2.14
His140 2.07 2.07 213
OH,/S," 2.12 2.24 226
Sq 325 2.64
OH,/NH,*" 2.65 2.61

“The resting state is unequivocally Fe(II). “Water for resting-state
CDO; terminal S at this water site for 3MPA persulfide and cysteine
persulfide bound to CDO. “Water for resting-state CDO; amino group
at this water site for cysteine persulfide bound to CDO.

There is no change in Fe—His bonds between resting-state
CDO and 3MPA persulfide-bound CDO, but there is a
significant lengthening of Fe—His bonds for the cysteine
persulfide, consistent with a higher coordination number. Thus,
given that resting-state CDO is Fe(Il), unambiguously
established by Mossbauer spectroscopy, the absence of
structural change, especially for the similarly dentated 3MPA
persulfide-ligated CDO complex, establishes that the cysteine
and 3MPA persulfide species are also Fe(II). The iron site by
Fe(1l) is clearly fully occupied, because the atomic displace-
ment parameters (B values) of the iron and its protein-bound
ligands are essentially the same.

Mass Spectrometry Identification of 3-MPA Persul-
fide. High-resolution mass spectrometry of drop samples and
samples extracted from crystals was conducted to independ-
ently determine the ligands present in the active site of CDO.
Both drop samples and samples of crystals grown in the
presence of 3-MPA showed a clear signal at the m/z value
expected for negatively charged 3-MPA persulfide with a mass
accuracy of ~3.6 ppm using standard instrument calibration
(Figure 3). The isotope peaks of 3-MPA persulfide containing
either 33S, 13C, S, or 2 X *C confirmed the presence of two
sulfur atoms and the predicted elemental composition of
[C3H;0,5,]™. No accurate mass signal matching for 3-MPA
sulfenyl chloride was detectable.

B DISCUSSION

Currently, there are three structures with cysteine in the active
site,'"”'”* one of which featuring cysteine persulfenate has
been suggested to be an intermediate. We investigated the
catalytical relevance of this proposed intermediate during the
dioxygenation of cysteine. Unexpectedly, we observed
persulfide formation of both cysteine and 3MPA under
reducing conditions and stabilization of these molecules in
the active site bound to iron. These results provide further
insight into the enzyme—substrate interactions of CDO.
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We reproduced the persulfenate-bound CDO and confirmed
the structure by X-ray diffraction. Mass spectrometry was then
used to confirm the presence of this species, and the
experiments were conducted carefully to ensure that in-source
gas phase oxidation of cysteine to its sulfinate*® was minimized
to an insignificant ratio. The mass spectrometry clearly showed
the presence of a species with a molecular formula of
C;HgO,NS in only the crystals and not in the solution in
which the crystals were soaked. This molecular formula is
consistent with both the cysteine persulfenate and CSA. The
fact that the persulfenate or CSA was identified in only the
crystal and not the drop has important implications for the role
of the persulfenate in the mechanism of CDO. This result is
consistent with two possibilities. The first is that the
persulfenate is a stable intermediate of CDO but cannot turn
over to yield CSA in the crystalline state. This was suggested by
Simmons et al,'” but DFT studies of CDO do not agree with
this proposal because the reaction pathway with the
persulfenate lies significantly higher in energy.'® Furthermore,
protein crystals are known to turn over, albeit slowly,*” but
there is no evidence of any released CSA. The second
possibility is that the persulfenate is a side reaction of CDO,
which blocks the active site, effectively inhibiting it. The fact
that persulfides also bind in the active site could be seen to
support this conclusion.

Interestingly, the crystals formed are remarkably stable and
could not be redissolved under gentle conditions that would
allow the activity to be checked after crystallization. However,
the enzyme is active*® in solution under all the crystallization
conditions used, albeit at a significantly lower level (~10%)
than at the optimal pH of 8. A very recent publication by
Driggers et al.** has shown that the persulfenate is produced
over a range of pH of 5.5—7.0. At a lower pH (~6), therefore,
formation of persulfenate is favored over that of CSA.
Moreover, this persulfenate species at a lowered pH does not
convert, at least at measurable rates, to the natural product
CSA. Rather, cysteine persulfenate remains bound to the
enzyme, inhibiting normal CDO activity. It is tempting to
suggest a physiological role for this behavior, whereby under
conditions of oxidative stress, oxidation of glucose stops at the
lactic acid stage, lowering the pH. Formation of a cysteine
persulfenate species offers then a quick and metabolically
favorable response to decreased oxygen tension, retaining CDO
and stopping diversion of dioxygen needed for primary
metabolism into the oxidation of cysteine to CSA, until such
time as the oxygen tension and pH return to normal.

Previous work investigating the binding of cysteine to CDO
using electronic absorption,” MCD,* and stopped flow" has
shown that there is a considerable difference between CDO—
Fe"—cysteine and CDO—Fe''—cysteine complexes, with the
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ferrous form known to be the only active form. Single-turnover
experiments (data not shown) have shown that CDO is capable
of using the low levels of dioxygen in our glovebox (~1 ppm).
This high reactivity for dioxygen has precedence and has been
observed in the same make of glovebox for another non-heme
mono-iron enzyme, HPCD.*" Dithionite was therefore added
to the reservoir solution to ensure the iron site was reduced to
Fe(II), to remove dioxygen from the solution, and to prevent
the formation of disulfide bonds between ligands, a process that
is extremely facile at near-neutral pH. Under these conditions,
we hoped to crystallize the cysteine-bound form of rat CDO
that has eluded researchers until recently,45 but instead,
persulfides bound to the iron were observed. Cysteine
persulfides have previously been observed in macromolecular
crystallography in a number of different proteins,*~***
although not coordinated to a non-heme mono-iron enzyme
as in this case. Moreover, this is the first time 3MPA persulfide
has been reported in the PDB. Interestingly, crystals grown in
the absence of dithionite were of low quality compared to those
grown in its presence, and crystallographic data were not
collected.

Assignment of the iron-coordinating ligand in our CDO
crystals was confirmed using mass spectrometry, which
detected the presence of the 3MPA persulfide in both the
crystals and the drop in which they were grown. Because of the
unfortunate neutralization of charge caused by the extra amine
that prohibited detection by mass spectrometry, cysteine
persulfide was not observed directly. However, the 3MPA
data strongly support this assignment. Because the persulfide
was found in both the drop and the crystal, it was concluded
that the persulfide was formed chemically, rather than
enzymatically. This is supported by previous NMR assays of
the catalytic turnover of CDO, where no persulfide was
observed in the absence of dithionite.*®

Comparison of crystallization conditions that did produce
persulfides with those that did not suggests that the formation
of persulfides involves the reaction between thiol and
dithionite. Dithionite supports heterolytic cleavage of disulfide
bonds at neutral pH>® and produces sulfides due to alkaline
hydrolysis.>' Recently, it has been shown that hydrogen sulfide
can react with disulfides to produce persulfides.>* The mass
spectrometry results presented here suggest that there are large
amounts of 3MPA disulfide present (Figure S10 of the
Supporting Information), so although crystallization occurred
at a pH (6.1—6.3) where the level of sulfide production from
hydrolysis of dithionite would be expected to be low, this series
of nucleophilic reactions (see Scheme 1) could explain the
formation of the persulfide, especially considering the length of
time of crystallization (approximately 2 weeks) and the

Scheme 1. Plausible Reaction Scheme Whereby the
Persulfide Is Formed under the Crystallization Conditions of
Cysteine Dioxygenase Described in the Text

35,04> + 60H — 5802 + 82 + 3HO0
§* + H =—— HS
/—\ lR ’R
HS* + 8S —— S-SH + -§
R 7 R
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thermodynamic pull of sequestering the persulfide to the
iron(II) of CDO. While a radical-based reaction cannot be
discounted, the scenario described above has precedent.

The orientation of the cysteine persulfide bound in CDO was
much closer to the orientation of the persulfenate in the crystal
structure by Simmons et al. than that of cysteine in the human
cysteine-bound crystal structure of Ye et al.'®'” This was
expected as the geometry of the iron in both the persulfenate
and persulfide crystal structures is pseudo-octahedral. In
contrast, the crystal structure of Ye et al. contained the iron(1I)
in a pseudotrigonal bipyramidal geometry. The pseudo-
octahedral geometry shown by the rat CDO structures
presented here and previously provides useful insight into the
binding of dioxygen at the active site. The fact that both the
persulfide and persulfenate form complexes with CDO suggests
that the active site favors this orientation. Cysteine oxidation in
small-molecule model systems®>~*° has been shown to require
the thiolate and dioxygen to bind cis to each other. Removal of
the distal sulfur (in the case of the persulfide structure) and the
dioxygen (in the case of the persulfenate) allows the iron to
more clearly display a spare coordination site for the binding of
dioxygen. Therefore, these persulfide and persulfenate crystal
structures are probably more indicative of the catalytic
orientation of cysteine in the active site of CDO than that
reported in the crystal structure by Ye et al. (Figure 4), where
the low resolution (2.70 A) precludes the unequivocal
determination of orientation seen for exogenous ligands in
our higher-resolution structures. This conclusion was recently
drawn independently by Diggers et al.*

Both the cysteine persulfide and persulfenate'” structures
showed close interactions between their respective amines and
the phenol of Tyr157. The presence of an ortho substituent on
phenol has been shown to lower the pK, of the phenol.>”®
This would give the Cys93—TyrlS7 cross-link a role in the
mechanism of CDO: to facilitate the deprotonated Tyrl57 to
operate in a wider variety of environments, allowing it to
abstract a proton from the amine (-NH,") of cysteine, aiding
substrate binding, and thereby increasing the rate of
reaction.”’

The bacterial enzyme 3-mercaptopropionic acid dioxygenase
(3MDO)® has been shown to be capable of oxidizing 3MPA
but not cysteine. The specificity of thiol dioxygenases®' is
indeed remarkable, and CDO itself is inhibited by 3MPA."®
3MDO is a homologue of CDO with the same three-histidine
iron-binding motif of CDO, but the structurally equivalent
position of Arg60 is occupied by a glutamine. This indicates the
importance of second-coordination sphere interactions in CDO
through Arg60 and Tyr157 with the carboxyl group and amine,
respectively, and shows the importance of the amine group in
orienting cysteine correctly for reaction. The lack of an amine
in 3MPA may strengthen the influence of the electrostatic
interactions between Arg60 and the 3MPA carboxylate in CDO
and move 3MPA away from the iron. Indeed, the 3MPA
persulfide structure presented here suggests that 3MPA may
only form a sulfur—iron bond when present as a persulfide; for
the cysteine persulfide and 3MPA persulfide structures, the
proximal Fe—S separations are 2.6 and 3.2 A, respectively, while
the distal Fe—S separation remains the same at 2.3 A. This
observation is supported by a Mdssbauer spectrum of CDO in
the presence of 10 mM 3MPA (and in the absence of
dithionite). Little change in the Mdssbauer spectrum is
observed upon addition of 3MPA compared to that of the
resting state (Figure S11 of the Supporting Information),
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A
R60
Y58
Y157

cysteine

C93

H86

R60

R60

persulfide C93

H86 H88

Figure 4. Comparison of the second coordination sphere of the active
site of CDO with species bound in the active site: (A) cysteine-bound
CDO by Ye et al. (PDB entry 2ic1'), (B) cysteine persulfenate-bound
CDO (PDB entry 3eln'”), and (C) L-cysteine persulfide-bound CDO.
Atoms are colored as in Figure 2.

indicating that there is little interaction between the Fe(Il) of
CDO and 3MPA. This is in stark contrast to the substantial
changes in spectra caused by the presence of cysteine or
homocysteine.'®

The crystal structures presented also throw light on substrate
binding by the non-heme mono-iron enzyme persulfide oxidase
(ETHEL), which oxidizes persulfides into sulfite and a thiolate
in the mitochondria.®> This enzyme appears to play an
important role in the metabolism of hydrogen sulfide; the
importance of this molecule as a cell-signaling agent has
recently been r<3cognized.63’64 The enzyme is a non-heme
mono-iron enzyme, and its active site contains an iron(II)
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coordinated to two histidine residues and a carboxylate residue.
ETHE] has not yet been crystallized, but characterization of a
protein from Arabidopsis thaliana that has a sequence 54%
identical to that of ETHE] and shares a similar active site has
recently been published.®® Subsequent modeling of ETHE1 has
been performed on the basis of this structure, but the ligand is
not present in these structures.®> The structures of persulfide-
bound species to CDO presented here can be overlaid (Figure
5) and usefully compared with that of the ETHE1-type protein

R162
Q166

H128

R60

58 Y157

Figure S. Comparison of the second coordination sphere of the active
sites of the ETHE1-like protein from A. thaliana and rat CDO. (A)
Active sites of the ETHE1-like protein from A. thaliana. Note the
volume of the larger binding pocket is greatly reduced if Argl62 is
projected into the pocket, as might occur upon binding of small
anionic subtrates. From PDB entry 2gcu.®® (B) Cysteine persulfide-
bound CDO. Atoms are colored as in Figure 2.

from A. thaliana, suggesting a binding mode for the substrates
of ETHEL In both of the CDO structures, the cysteine
persulfide or the 3MPA persulfide is bound to the iron via the
distal sulfur. The proximal sulfur is close enough to interact
with the iron, but not close enough to formally bind. The
cysteine persulfide amine loosely binds to the iron to form a
chelate. This type of binding supports the mode of binding of
persulfides to the iron in ETHEI proposed by Kabil et al.®* In
the case of mammalian CDO, the facile formation of persulfide
species by dithionite indicates that nature carefully controls
access of cysteine to sulfide transfer agents, such as H,S, in the

cell.
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Bl CONCLUSION

The observation of robust active-site binding by persulfides,
although most likely chemically formed, adds weight to the idea
that the persulfenate structure could be more than just a
crystallographic anomaly. The active site is able to stabilize the
persulfides in the active site, and the structures are remarkably
similar to the persulfenate structure. However, we obtained
mass spectrometry data suggesting that the persulfentate
complex does not appear to be a significant catalytic
intermediate. Although these investigations did not trap a
reactive intermediate able to produce CSA, altogether, these
data weaken the case for the persulfenate as an on-pathway
intermediate but strengthen the case for an intermediate with a
single atom of dioxygen bound to an octahedrally coordinated
iron.
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