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Abstract

The two acireductone dioxygenase (ARD) isozymes from the methionine salvage pathway of
Klebsiella oxytoca are the only known pair of naturally occurring metalloenzymes with distinct
chemical and physical properties determined solely by the identity of the divalent transition metal
ion (Fe2* or Ni2*) in the active site. We now show that this dual chemistry can also occur in
mammals. ARD from Mus musculus (MmARD) was studied to relate metal ion identity and three-
dimensional structure to enzyme function. The iron-containing isozyme catalyzes the cleavage of
1,2-dihydroxy-3-keto-5-(thiomethyl)pent-1-ene (acireductone) by O, to formate and the ketoacid
precursor of methionine, the penultimate step in methionine salvage. The nickel bound form of
ARD catalyzes an off-pathway reaction resulting in formate, carbon monoxide (CO) and 5-
(thiomethyl) propionate. Recombinant MMARD was expressed and purified to obtain a
homogeneous enzyme with a single transition metal ion bound. The Fe2* bound protein, which
shows about ten-fold higher activity than others, catalyzes on-pathway chemistry, whereas the
NiZ*, Co2* or Mn2* forms exhibit off-pathway chemistry, as has been seen with ARD from
Klebsiella. Thermal stability of the isozymes is strongly affected by metal ion identity, with NiZ*
bound MmMARD being the most stable followed by Co?* and FeZ*, and MnZ*-bound ARD being
the least stable. Ni2* and Co2* bound MmARD were crystallized and the structures of the two
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proteins found to be similar. Enzyme-ligand complexes provide insight into substrate binding,
metal coordination and catalytic mechanism.

The methionine salvage pathway (MSP) is a ubiquitous pathway found in plants, animals
and bacteria. Methylthioadenosine (MTA), is the first intermediate in this pathway and is
formed from S-adenosyl methionine (SAM) during polyamine synthesis in animals and
ethylene synthesis in plants (Scheme 1).1: 2 Polyamine is required for cell growth and
proliferation while ethylene is required for ripening of fruits and vegetables.3 MTA is an
inhibitor of both polyamine synthesis and transmethylation reactions.l: 4 Inhibition of
polyamine synthesis arrests DNA replication,® and elevated polyamine is associated with
tumor formation.5: 7 Hence the concentration of MTA in cells must be tightly regulated. The
MSP controls the concentration of MTA by returning it through a series of reactions to
methionine, thereby “salvaging” the thiomethyl group of SAM.8 Acireductone dioxygenase
(ARD) catalyzes the penultimate step in the pathway, the oxidative decomposition of
substrate acireductone (1,2-dihydoxy-3-keto-5-(thiomethyl)pent-1-ene) to formate and 2-
keto-4-(thiomethyl)butyrate (KMTB), the keto-acid precursor of methionine.

ARD is a metalloenzyme and requires a metal cofactor for its activity. In the bacterium
Kilebsiella oxytoca, ARD exhibits dual activity depending on the identity of the metal ion
cofactor. ARD with Fe2*-bound catalyzes on-pathway chemistry leading to production of
formate and the keto-acid precursor to methionine whereas ARD bound with Ni2* catalyzes
an off-pathway shunt leading to production of carbon monoxide, formate, and
methylthiopropionate (MTP).%: 10

Both the Fe2* and Ni%* bound forms of the protein have been isolated from K/ebsiella! and
are also obtained upon overexpression in £. coli. The activities of the two enzymes are
interconverted by exchanging Fe2* and Ni2*.12 These represent the only known pair of
naturally occurring metalloenzymes with distinct chemical and physical properties
determined solely by the identity of the metal ion in the active site. The purpose of the off-
pathway reaction catalyzed by Ni2* bound ARD in K/ebsiella oxytoca is unknown. The
structures of the two forms of ARD from Klebsiella oxytoca have been solved by NMR
spectroscopy. The active site of the Ni2*-bound form was modeled by X-ray Absorption
Spectroscopy (XAS) due to paramagnetism of the bound metal ion.13 The structure of the
Fe2*-ARD is a model based on the structure of a stable soluble metal-free mutant of H98S
ARD.1 An X-ray crystal structure was solved for the mouse homolog by the Joint Center
for Structural Genomics (JCSG), but the identity of the metal ion cofactor in the protein and
its biochemistry were not determined.1®

In addition to its enzymatic function, several studies have shown ARD to serve other
functions in mammals. Yeh, et a/. have identified an N-terminal truncated version of human
ARD (HsARD) called SipL which is implicated in the replication of hepatitis C virus in non-
permissive cell lines.18 A separate study showed that HSARD binds the cytoplasmic tail of
membrane-type 1 matrix metalloproteinase (MT1-MMP) and acts as a negative regulator of
MT1-MMP by inhibiting MT1-MMP-mediated cellular invasiveness.1” A third study has
shown that the gene AD/1 encoding ARD is downregulated in rat prostate and human
prostate cancer cell lines and its enforced expression was shown to induce apoptosis.18 The
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same authors also showed that cultured gastric carcinoma cells and fibrosarcoma cells also
have downregulated AD/1.17-19 A recent study has also shown that the gene AD/Z has a
direct link with cancer development.2® ARD thus has been shown to perform an inhibitory
role in tumor progression and cancer.

To date, no mammalian ARD has been characterized biochemically to relate its chemistry
with metal ion identity and protein structure. In this report, we describe purification and
characterization of Mus musculus ARD (MmARD) bound to different metal ions to
investigate the role of the metal ion center in its catalytic activity. We show that Fe2*-bound
MmARD exhibits ~ 10 times higher enzymatic activity than Ni2*, Co?* or Mn2* bound
MmARD. We were able to crystallize Ni2* and Co2*-bound forms of the proteins and verify
the identity of the metal in the active site using anomalous X-ray diffraction data. Enzymatic
product analysis data indicated that MmARD bound to Ni2*, Co?* or Mn2* exhibits off-
pathway chemistry whereas Fe2* bound protein exhibited on-pathway chemistry similar to
ARD from Klebsiella oxytoca. We thus provide biochemical evidence that a mammalian
ARD can also perform dual chemistry /n vitro depending on the metal ion cofactor in the
active site. The role of ARD in cancer as shown by previous studies makes the possibility of
dual chemistry /n vivo in mammals interesting since carbon monoxide, one of the products
of the off-pathway reaction, is known to be anti-apoptotic and signaling molecule.?1-24

MATERIALS AND METHODS

Cloning

6x His tagged construct—A 6x His tagged construct for mouse ARD was obtained from
DNASU Plasmid Repository which stores, maintains and distributes protein expression
plasmids created by the PSI Protein Structure Initiative (PSI) Biology-Materials (PSI:
Biology-MR) centers. This construct (Clone # MmCD00289622) has a 6x His tag on the N-
terminus and is in the pMH4 vector and was used for crystal structure determination by
JCSG.15

Strep tag Il construct—The Strep Il tag is a short affinity tag of 8 amino acids (Trp-Ser-
His-Pro-GIn-Phe-Glu-Lys) which binds with high affinity to Strep-Tactin which is an
engineered Streptavidin protein (IBA Life Sciences). The MMARD gene obtained from
DNASU was amplified using the primers 5’-
CCATGGCAAGTTGGAGCCACCCGCAGTTCGAGAAG-3” and5'-
AGTTTTTTGGAAGGAACAGCATAGGAATTC-3" and cloned into pET28a (Merck
Millipore, Darmstadt, Germany) via the restriction sites AMcol and EcoRl. Using the primers,
the Strep Il tag was placed on the N-terminus of the protein. The sequences were confirmed
by sequencing.

Single-metal expression and purification of MmARD

6x His tagged Ni-MmARD and Co-MmARD—Protein samples used for crystallization
were prepared by the following method. Cells were transformed on minimal media plates.
M9 minimal media was used for expression (6g/L Na2HPO4, 3g/L KH2PO4, 1g/L NH4CI,
0.5¢/L NaCl, 2mM MgS04, 0.1mM CaCl2) with 0.96% glycerol as the carbon source.
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Growth was performed at 37°C and the cells were induced at O.D. of 0.5 using L-arabinose
(1.2g/L). During induction, the desired metal salt at a final concentration of 20 uM was
added. The metal salts used were CoCl,.6H,0 and NiCl,.6H,0 for getting Co-MmARD and
Ni-MmARD respectively. The cells were induced overnight at 37°C. The cell pellet was
suspended in 50mM HEPES pH 8.0 with protease inhibitor (Roche protease inhibitor
cocktail EDTA-free) and sonicated for 5 min. Ammonium sulfate to a 30% saturation was
added to the supernatant at 4°C. The suspension was centrifuged at 20,000 3 g for 20 min.
The supernatant was then brought to 70% saturation with ammonium sulfate at 4°C, and
then centrifuged at 20,000 3 g for 20 min. The pellet was then suspended in 50mM HEPES
pH 7.0 and applied to a Phenyl Sepharose column (BioRad) pre-equilibrated with Buffer A
(50mM HEPES, 1.2M (NH4)2S04 pH 7.0) The column was eluted with a linear gradient
increasing from 0-100% buffer B (50mM HEPES pH 7.0). Both Ni and Co-MmARD eluted
between 40-70% buffer B. The fractions were pooled, concentrated and passed through a
S100 gel filtration column pre-equilibrated with buffer C (50mM HEPES pH 7.0, 100mM
NaCl). The protein eluted between 50-70 ml. The pool was concentrated and passed through
a MonoQ column pre-equilibrated with buffer D (20mM Tris, pH 7.4). The column was
eluted with a linear gradient increasing from 0-20% buffer E (20mM Tris pH 7.4, 1M
NaCl). Both Ni and Co-MmARD eluted between 11-15% buffer D. The fractions were
pooled and concentrated.

Strep tag Il construct—~Protein for metal analysis and biochemical assays was prepared
by the following method. Cells were transformed on minimal media plates. M9 minimal
media was used for expression (6g/L Na2HPO4, 3g/L KH2PO4, 1g/L NH4CI, 0.5¢/L NaCl,
2mM MgSO4, 0.1mM CaCl2) with 0.4% glucose as the carbon source. The growth was
performed at 37°C and the cells were induced at O.D. of 0.5 using 0.5mM IPTG. During
induction the desired metal salt at a final concentration 20 uM was added. The metal salts
used were MnCl5.4H,0, Fe,SO4, CoCl,.6H,0, NiCl,.6H,0, CuCl,.2H,0, ZnClI2 for
expressing Mn2*, Fe2*, Co2*, Ni2*, Cu2* and Zn?* bound MmARDs respectively. The cells
were induced overnight at 37°C. The pellet was suspended in buffer X (100mM HEPES pH
7.0, 100mM NaCl) with protease inhibitor (Roche protease inhibitor cocktail EDTA-free)
and sonicated for 5 min. The supernatant was concentrated and passed through Strep-Tactin
beads (IBA Life Sciences) pre-equilibrated with buffer X at 4°C. The beads were washed
with 5 column volumes (CV) of buffer X and eluted with 2 CV of buffer Y (100 mM
HEPES pH 7.0, 10mM D-desthiobiotin). The eluent was buffer-exchanged into the buffer Z
(50mM HEPES pH 7.0, 100mM NacCl) using Millipore Amicon concentrators. The pool was
concentrated.

E1 protein expression, purification and E1 substrate synthesis

Enzyme E1 enolase phosphatase and the n-propyl desthio-analog of E1 substrate (Scheme 2)
for enzymatic assays were prepared according to Zhang et a/.?> This desthio analog of E1
substrate will be used for generation of the desthio derivative of acireductone which is also a
substrate of ARD.
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Enzymatic activity and kinetic parameters of single-metal reconstituted MmARD

The enzymatic assay to measure ARD activity was performed according to Zhang et a/.2°
with some modifications. All experiments were performed in the assay buffer 50mM HEPES
pH 7.0, ImM MgCl,. The assay is a coupled enzyme assay and uses E1 enolase-phosphatase
enzyme to produce desthio-acireductone substrate /77 situ (Scheme 2) where substrate decay
is monitored at the absorbance maximum of desthio-acireductone (308 nm) by UV-visible
spectroscopy at room temperature. The assay was performed in three consecutive steps. In
the first step, E1 substrate (500 uM) was added to E1 enzyme (0.6 uM) in argon saturated
assay buffer. The substrate destio-acireductone was allowed to build up to a maximum level
after which oxygen saturated assay buffer was added to the assay mixture. The rate of
desthio-acireductone consumption due to non-enzymatic decay was monitored at 308 nm.
Finally, a controlled amount of ARD was added, and the depletion of desthio-acireductone
was monitored for at least 300 s. The initial rates were calculated by selecting the linear
portion of the graph and calculating the linear fit in this region after correction for the non-
enzymatic reaction rate.

Product quantification assays

The enzymatic reaction products derived from desthio-acireductone substrate from both
chemistries are formic acid, 2-oxopentanoic acid, butyric acid, and CO. The organic acids
were quantitated by high pressure liquid chromatography (HPLC) using a Biorad Aminex
HPX-87 organic acid column (300 x 7.8 mm). The products were eluted using 5 mM
H2S04 at 0.3mL/min. Formic acid and 2-oxopentanoic acid were also monitored by NADH
consumption and formation via the formate dehydrogenase (FDH) and lactate
dehydrogenase (LDH) assays respectively.!

Metal content analysis

Measurements were performed at Harvard School of Public Health using a Perkin Elmer
Elan DRC-II Inductively Coupled Plasma Mass spectrometer (ICP-MS). Samples for
analysis were prepared by adding 1 ml of 70% HNO3 to 3 nmol of protein sample. Each
sample was then diluted with 2% HNOj3 to a final volume of 5 ml. All solutions were made
with of deionized water (18 megaohm). A 5 ppb indium solution (in 2% HNO3) was used as
internal standard. Isotopes 2*Mg, 5°Mn, 57Fe, 59Co, and 5°Ni were quantitatively monitored
using the peak hopping mode with a total of 100 scans per point per isotope (50 milliseconds
of dwell time and five replicates). The HNOs used for the analysis is ultra-high purity acid
suitable for quantitative trace metal analysis at the parts-per-trillion level (Aristar Ultra, Part
# 87003-658).

Thermal stability

The ThermoFluor assay (differential scanning fluorimetry) used to determine thermal
stabilities was performed on a StepOnePlus™ Real-Time PCR System (Applied
Biosystems). The samples for analysis were set up in final volumes of 25 pl in a 96-well
plate. Each well consisted of 20 uM protein with 10x SYPRO Orange (Invitrogen) and the
Strep-Tactin elution buffer 100mM HEPES pH 7.0, 10mM D-desthiobiotin. Thermal melting
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curves were analyzed using the fluorescence data generated at a ramp rate of 0.3 °C/min and
a temperature range of 25°C to 90°C.

Oligomeric state

The MMARD proteins bound to different metal ions were concentrated to 30-100 uM and
loaded onto a Superdex 200 5/150 GL column (GE Healthcare Life Sciences) equilibrated
with 50 mM HEPES pH 7.0, 100 mM NacCl. A set of low—molecular-weight protein
standards (GE Biosciences) dissolved in the same buffer were run on the Superdex-75
column to determine the calibration curve. The standards used were ribonuclease A (13.7
kDa), carbonic anhydrase (29 kDa), ovalbumin (44 kDa), conalbumin (75 kDa) and aldolase
(158 kDa).

Molecular weights were estimated using a linear regression analysis of K,, and log of
molecular weight (MW) where,

V. is the elution volume of each standard/sample, V, is the void volume, and V. is the
column volume.

Crystallization

The Ni- and Co- bound proteins were crystallized using the vapor diffusion method with
previously reported crystallization condition (19.0% (w/v) polyethylene glycol (PEG) -
4000, 19.0% (w/v) isopropanol, 5.0% glycerol, and 0.095 M Na-citrate pH 4.2 (final pH
5.6)).15 The ligand 2-keto-4-(methylthio)-butyric acid (KMTB) was soaked to a 10 molar
excess into already formed Ni and Co-MmARD crystals. The ligands valeric acid (VA) and
D-lactic acid (DLA) were soaked to a 10 molar excess into only Ni-MmARD crystals.

X-ray diffraction data collection

Crystals were cryo-cooled and sent to beamline X-29A at the synchrotron at Brookhaven
National Laboratory or the 19-ID beamline at Argonne National Laboratory. The data
integration, scaling and reduction were done using HKL200026 and refinement was done in
Phenix.27 Statistics for these structures are given in Tables S1 to S4. Figures were generated
using PyMOL (The PyMOL Molecular Graphics System, Version 1.3, Schrodinger, LLC).

Anomalous scattering

The metal ion identities of both Ni-MmARD and Co-MmARD crystals were determined
using anomalous X-ray scattering experiments. X-ray diffraction data were collected from
the same crystal at two beam energies, 100 eV above and below the absorption edge of the
metal expected. The theoretical anomalous edges for Ni (8.3328 keV) and Co (7.7089 keV)
were derived using Cromer and Liberman’s approximation?® as implemented on the
Biomolecular Structure Center website (http://skuld.bmsc.washington.edu/scatter/).
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RESULTS

Purification and characterization of MMARD with specific transition metal ions bound

MmARD was overexpressed and purified in minimal media supplemented with appropriate
metal salts during induction to express Mn2*, Fe2*, Co2*, Ni2*, Cu2* and Zn%* bound
MmARDs. The enzyme overexpressed in all cases and was purified to >99% purity in most
cases using Strep-Tactin beads. Fe*2-bound MmARD purification was performed
anaerobically, as oxidation to Fe3* ion leads to metal loss and protein instability. MMARD
expressed with Cu*2 and Zn*2 could not be purified to >99% purity using a single affinity
column. The metal content of each enzyme was determined using inductively coupled
plasma-mass spectroscopy (ICP-MS). The results indicated that each enzyme contained
approximately 1 mole of the desired metal ion per mole of the protein, except Cu and Zn
which exhibited lower metal occupancy (Table 1).

Relative thermal stability of MMARD depends on the metal ion cofactor

The thermal stability of each metal ion bound MmMARD was established using differential
scanning fluorimetry (DSF)2°. The data (Figure 1) indicated that the Ni2* bound MmMARD is
the most thermostable, followed by Co2* and then Fe2*. Mn2* bound MmARD exhibited the
least thermal stability. These differences in the melting temperatures are likely an indication
of the binding affinity of the metal ions to the apo-protein. Since the apo-protein is unfolded,
we were unable to perform isothermal titration calorimetry (ITC) experiments to determine
absolute dissociation constants.

Kinetic Constants

The Michaelis-Menten kinetic parameters for each of the metal ion bound MmMARDs were
determined by varying the concentration of substrate desthio-acireductone in the presence of
a fixed concentration of O, (0.25 mM calculated on the basis of solubility of oxygen in
water at 25 °C). These constants were obtained using the enzyme activity (substrate
depletion) assay discussed in Methods & Materials.

As it was difficult to get 100% occupancy for Mn2*, Cu?* and Zn?* bound MmARD
proteins, the kinetic analysis was performed only for Fe2*, Co?* and Ni2* bound MmARDs.
These isoforms showed consistency in stability and metal occupancy from batch to batch.
The Fe2*-bound MmARD exhibited ~10x greater turnover number (Table 2) and specific
activity (Figure S1) compared to the Ni2* or Co?* bound isozymes. This differs from
KoARD where the Ni2* bound form has a higher activity (albeit off-pathway) than Fe2*
bound KoARD.30

The identity of bound metal ion does not affect the oligomeric state of MmARD

To investigate whether the metal ion cofactor would alter the oligomeric state of MMARD,
analytical size exclusion chromatography was used to estimate the molecular weights of
each the MmARD proteins. MMARD eluted as a monomer with a molecular weight ranging
from 23 to 26 kDa (Table S1). Figure S2 shows the calibration curve using protein molecular
weight standards. All forms remain apparently monomeric regardless of the identity of the
bound metal ion. While both Fe- and Ni-ARDs from Klebsiella oxytoca are monomers,10
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Fe2* bound ARD from Oryza sativa L. (OsARD) is a trimer and Ni2* bound OsARD is a
polymer consisting of several types of oligomers.31

Enzymatic Product Analysis

The products from both the on-and off-pathway chemistries were quantified and the results
are summarized in Figure 2. Fe-KoARD and Ni-KoARD were used as controls to confirm
that the assays are working. The data clearly demonstrate that Fe-MmARD exhibits on-
pathway chemistry and Ni-MmARD and Co-MmARD exhibit off-pathway chemistry. The
on-pathway product 2-oxovaleric acid seen with both Ni and Co-MmARD is due to the non-
enzymatic reaction. Mn-MmARD also exhibits off-pathway chemistry (data not shown).
Hence MMARD exhibits the same metal ion-dependent dual chemistry as the bacterial
enzyme KoARD.

Structural studies

The 6x His tagged construct used for the previously reported structure was used for
crystallization.1® This protein construct was expressed in minimal media in the presence of a
single metal ion (Co?* or Ni%*) and purified using traditional purification steps (refer to
Methods and Materials) instead of using Ni-NTA affinity resin which was used in the
previous study®, to avoid metal cross-contamination. The metal content was verified using
ICP-MS metal analysis (Table S2). Both proteins crystallized using the previously reported
conditions. Crystal cell parameters were found to be isomorphous with the previously solved
structure (1VR3).15 The structures were determined by molecular replacement, using 1VR3
as search model and were refined using PHENIX.2” A summary of the crystallographic
statistics is given in Table S3. Consistent with the previously reported structure, both Ni and
Co present an octahedral co-ordination geometry in the active site bound to protein ligands
H88, H90, H133 and E94 (Figure 3). In addition to the protein ligands, there are two distinct
water (or hydroxide) ligands bound to the metal ion center, whereas the previously reported
structure showed undefined electron density in the corresponding regions. This is consistent
with the NMR solution structure of Ni bound KoARD in which two water molecules were
modeled as ligands to fit EXAFS data in addition to the protein-based ligands. The active
sites of both Ni-MmARD and Co-MmARD had an extra electron density. This extra electron
density in Ni-MmARD could be modeled as 2-oxovaleric acid (not shown) whereas, in the
case of Co-MmARD, it could be modeled as the on-pathway product KMTB. While KMTB
is the natural on-pathway product of ARD chemistry, 2-oxovaleric acid, an a-ketoacid, is a
natural metabolite found in cells32-34,

Metal identity determination from anomalous scattering

Since each metal has a distinct anomalous scattering wavelength, X-ray diffraction data
collected slightly below and above the absorption edge can be used for unambiguous metal
identification. To confirm the identity of the active site metals as Ni or Co, X-ray datasets
were collected 100 eV below and above the absorption peaks of the K-absorption edges of
each of these metals. The X-ray diffraction data collection statistics for Ni-MmARD and Co-
MmARD are shown in Tables S4 and S5 respectively. Strong peaks were observed in the
expected metal position in the anomalous electron density maps calculated using the above
absorption edge X-ray data (Figure 4), whereas much weaker peaks were observed in the
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corresponding position calculated using the below absorption edge X-ray data. This sharp
transition in anomalous scattering upon passing through the absorption edges of Ni or Co
clearly confirmed the metal identity in each case of the MmARD protein used in
crystallography.

Product and product analogs bound to MmARD

2-keto-4-(methylthio) butyric acid (KMTB) is the on-pathway product of ARD chemistry,
and valeric acid (VA) is an analog of the off-pathway product 3-(methylthio) propionic acid
(MTP). Thermal melting curves of ARD showed stabilization of both Ni-MmARD and Co-
MmARD by the on-pathway product KMTB. Ni-MmARD and Co-MmARD co-crystallized
with KMTB using the previously reported conditions® but KMTB soaked into already
formed Ni-MmARD and Co-MmARD crystals gave slightly higher resolution data than the
co-crystals. The previously reported structure was solved to 2.06 A resolution whereas in
this study we were able to solve the structures of Ni-MmARD and Co-MmARD to 1.7 A
and 1.9 A respectively. The data collection and refinement statistics are shown in Table S6.
In Ni-MmARD and Co-MmARD, the electron density that could be fit to KMTB was
observed in the active site (Figure 5). The structures of Ni-MmARD and Co-MmARD
bound to KMTB align with an RMSD of 0.06 A. The KMTB does not ligate the metal but its
two carboxylate oxygens atoms are within hydrogen bonding distance of the two water (or
hydroxide) ligands bound to the metal ion center. One of its carboxylate oxygen and the keto
oxygen atoms are also within hydrogen bonding distance of one of the N® atoms (terminal
N-atom of the side chain) and N® (penultimate N-atom of the side chain) atom of Arg 96, a
residue that is strictly conserved in all known ARD sequences. KMTB also forms
hydrophobic interactions with F135, F105, F84 and A145, all of which again are strictly
conserved. As discussed earlier in the paper, KMTB was also seen present in the active site
of Co-MmARD crystals which were not soaked or co-crystallized with KMTB. These two
structures (crystallized in the presence and absence of KMTB) were identical. Although
KMTB is an on-pathway product, it still binds to both Ni and Co-MmARD both of which
exhibit off-pathway chemistry.

Since VA is an off-pathway product analog, a structure of Ni or Co-MmARD (which
perform off-pathway chemistry) bound to VA can provide mechanistic details of the off-
pathway chemistry. The structure of Ni-MmARD bound to VA is shown in Figure 6. The
data collection and refinement statistics are shown in Table S6. Similar to KMTB, VA was
seen to be present in the active site and did not directly interact with the metal ion center.
One of its carboxylate oxygen atoms is within hydrogen bonding distance from one of the
waters bound to the metal ion. The other carboxylate oxygen atom is within hydrogen
bonding distance from N and N® atoms of R96. Similar to KMTB, The alkyl groups of VA
also forms hydrophobic interactions with F135, F105, F84 and A145. It can be seen from the
crystallographic data that VA does not form as many hydrogen bonding interactions with
MmARD as KMTB since KMTB has an extra keto-oxygen with hydrogen binding
capability which is missing in VA. Thermal stability data also indicate that Ni or Co-
MmARD bound to KMTB has a higher thermal stability than Ni or Co-MmARD bound to
VA.
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Substrate analogs bound to MMARD

In order to get mechanistic details for ARD, a substrate-bound structure in addition to a
product-bound structure would be desirable. Desthio-acireductone is highly sensitive to
oxidation. In an attempt to obtain a substrate-bound structure, desthio-acireductone was
generated /n situin an anaerobic cuvette. It was then added to the drop containing a protein
crystal in an anaerobic chamber. The crystals diffracted and the structure was solved, but no
ligand was detected in the active site.

A number of compounds with structural similarity to acireductone were tested for thermal
stabilization of the Co/Ni-MmARD (Table S7). The compounds which showed thermal
stabilization, were then soaked into Ni-MmARD crystals in order to obtain the structure of
MmARD bound to a substrate analog. Of all the compounds tested, only the structure of D-
lactic acid (DLA) bound to Ni-MmARD could be solved. It is noteworthy that although DL-
lactic acid was soaked into Ni-MmARD crystals, only DLA was seen to bind the protein.
The structure of DLA bound to Ni-MmARD was solved to a resolution of 1.7 A (Table S6).
DLA was present in the active site and, unlike the product KMTB and product analog VA,
DLA was seen to coordinate directly to the metal ion center (Figure 7). The two water
molecules bound to the metal ion in the KMTB-bound or VVA-bound protein structures were
replaced by one of the carboxylate oxygen atoms and the hydroxyl-oxygen atom of DLA.
The carboxylate oxygen atom of DLA not interacting with the metal ion was within
hydrogen bonding distance of N® atom of R96. Lactic acid exhibits a similar sub-structure
as acireductone, but lacks the hydrophobic (methylthio) ethylene moiety of the native
substrate. The recently deposited structure of Fe-HSARD (4qgn) has L-selenomethionine in
the active site and its co-ordination mode to the metal ion is similar to that of D-Lactic acid.

DISCUSSION

Mouse ARD is capable of performing both on- and off-pathway metal-dependent chemistry

ARD functions in the MSP, which is a ubiquitous biochemical pathway found in prokaryotes
and eukaryotes.l: 2 ARD from Klebsiella oxytoca (KoARD) is currently the only known
enzyme which, as isolated from the native organism, performs two different chemistries
based on the metal ion cofactor bound to the protein in the active site.% 10 The function of
the off-pathway chemistry in Klebsiella oxytocais unknown, although it may be involved in
the regulation of the MSP. To date, no mammalian ARD has been characterized
biochemically. An X-ray crystallographic structure of MMARD was determined as a part of
the Structural Genomics initiative (1VR3), but the identity of the bound metal ion,
enzymatic activity and chemistry were not established.1® The biochemical data presented in
this report clearly illustrate that a mammalian ARD also exhibits metal ion-dependent on-
and off-pathway chemistry /n vitro. This is particularly interesting in that carbon monoxide
(CO) which is a product of the off-pathway chemistry, is known to be an anti-apoptotic
molecule and has been proposed to act as a signaling molecule analogous to NO.21-24
Furthermore, several independent studies have indicated a role for HSARD in cancer. Seiki,
et al. have shown that HSARD binds the cytoplasmic tail of MMP14 and inhibits cell
migration and invasion activities.1” In another study, Oram, et al., have shown that ADI1 is
down-regulated in rat and human prostate cancer cell lines and the enforced expression of
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ADI1 causes apoptosis.19 This leads to the intriguing possibility that binding of Ni2*, Co?*
or Mn2* in the ARD active site could lead to inappropriate gain-of-function in
carcinogenesis, helping to protect transformed cells from apoptosis by producing CO and/or
loss-of-function in regulating MMP activity. Given the increased thermal stability of the
NiZ*-bound enzyme relative to the Fe2*-bound form, formation of Ni-ARD could represent a
pathological kinetic trap /n vivo.

Enzymatic activity of MmARD is metal ion dependent

The enzymatic data indicate that Fe-MmARD has ~10-fold higher activity than Ni-MmARD
or Co-MmARD, unlike ARD in Klebsiella oxytoca, where Ni-KoARD has a higher activity
than Fe-KoARD.30 On the other hand, Ni2*-bound ARD from Oryza sativa L. (OsARD)
polymerizes and has a much reduced activity relative to Fe2*-bound OsARD.3! This
suggests that off-pathway chemistry catalyzed by the Ni2*-bound enzyme may be relevant
only in pathology in mammals or eukaryotes, unlike in Klebsiella oxytoca where off-
pathway chemistry is seen in the native healthy organism. As is KOAARD, MMARD is
promiscuous in the metal ions it can bind. Co?* and Mn2* bound MmARDSs perform off-
pathway chemistry like Ni-MmARD. We were unable to get 100% occupancy of MgZ*
bound MmARD, since after purification, it was always contaminated with other trace
transition metals. Since Fe-MmARD exhibits the maximum on-pathway enzymatic activity
and many oxidoreductases use Fe2* as a metal ion co-factor,3° we suspect that the Fe-
MmARD is the native form under normal conditions.

Metal identity

The identity of the metal ion was unknown in the published crystal structure of MMARD
(1VR3). Considering the importance of the identity of the metal ion in determining both
structure and function of ARD, we deemed it important to identify both the metal(s) that can
bind to MMARD as well as the associated enzymatic activity. In this study, we were able to
verify the identity of the metal ion both crystallographically and by mass spectrometry. The
incorporation of a single metal ion in a recombinantly expressed metalloprotein is
experimentally challenging. We tried reconstitution of the desired metal ion by unfolding
and refolding Ni-MmARD but, due to compromised protein stability, this procedure was not
successful. In this study, we selectively produced a homogeneous single metal ion bound
form of the protein by growing E. coli cells in metal-additive free minimal media and
introducing the appropriate amount of a single metal during induction. For biochemical
studies, in order to unambiguously determine the metal content, we used an N-terminal Strep
Il affinity tag, avoiding the often-used His tag which has affinity for metals and can
complicate metal analysis. The Strep Il affinity tag allowed us to use a single affinity column
for purification to obtain >99% pure protein, thus avoiding the need for multiple purification
steps and concomitant loss of bound metal ion. For the purpose of protein crystallography,
we used the same construct as that used for the previously published structure. This was a
His tagged construct, but unlike the expression in metal rich media and Ni-NTA purification
which was used previously, we used a single metal during expression and purified using
traditional purification methods (ammonium sulfate cuts followed by ion exchange and
hydrophobic interaction chromatography). The identity of the metal ion in the active site was
then confirmed using X-ray anomalous scattering methods.
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Implications for the mechanism of ARD-catalyzed dioxygenation reactions

The crystallographic data presented here provide the first detailed structural information
regarding the mode of product binding and the likely mode of substrate binding in the active
site of Ni2* or Co2* bound MmARD. Previous studies have proposed several hypotheses for
the dual chemistry of KOARD. The chelate hypothesis postulates that the difference in the
chemistry is due to a difference in the coordination modes of substrate to the metal ion
center where FeZ* forms a five-membered ring and Ni2* forms a six-membered ring leading
to different products (Scheme 3). This hypothesis was supported by 180 and 14C labeling
studies.13. 14, 30

Subsequent modeling studies by Bureau et al. challenged the chelate hypothesis, showing
that both Ni and Fe can form six-membered ring complexes with substrate homologues and
give Ni-like products in anhydrous solvents. The change in the chemistry is seen in the
presence of water and can be attributed to the hydration of the tri-ketone reaction
intermediate.36-38 These results are further supported by the fact that the NMR structure of
Ni-KoARD shows a closed active site compared to the relatively more solvent exposed
active site in Fe-KoARD.39 Sparta et al. published computational studies which used mixed
quantum-classical molecular dynamics simulations coupled with density functional
theoretical calculations to explain the mechanistic differences in the two chemistries. Their
energy calculations show that a six membered ring with the substrate has the lowest energy
in the cases of both Ni2* and FeZ*. In these theoretical studies, the difference in the
chemistry is attributed to the redox-active nature of Fe2* relative to Ni2*, allowing Fe-ARD
to form an intermediate partially stabilized by charge transfer to the Fe2*.40 However, the
DLA-bound Ni-MmARD structure demonstrates that five membered rings can indeed form
involving the Ni2* ion and a substrate analog. In the several ligands we tried (Table S7), we
were unable to find a ligand or a substrate analog which formed a six membered ring with
the metal ion. While not conclusive evidence for the five-membered ring intermediate in
ARD catalysis, these results suggest that the mechanism is still an open question.

In this study we present the crystallographic structures of Ni-MmARD and Co-MmARD.
Fe-MmARD requires anaerobic handling due to oxidation from the Fe*2 to Fe*3 state.
Although we purified and set crystal trays of Fe-MmARD anaerobically, we were unable to
crystallize it. Recently, a low-resolution (3.05 A) structure of HSARD was deposited in the
PDB (4qgn). While complete details of this structure have not been published, the bound
metal ion is proposed to be Fe3* which is surprising to us, as we have found this form of the
enzyme to be unstable and inactive. We note, however, that, L-selenomethionine is present in
the active site of the 4qgn structure and chelates the metal ion via the amino group and one
carboxylate oxygen, generating a five-membered ring in the same fashion as D-lactic acid
observed here. The presence of the off-pathway chemistry is particularly interesting in
mammals due carbonmonoxide being an anti-apoptotic molecule.22-24 Ni is toxic in
mammals, and to date no known native Ni-binding metalloenzyme has been found in
mammals. However, since off-pathway chemistry is seen also with Co?* and Mn2* in both
the MmARD, it will be interesting to test the presence of off-pathway chemistry /in vivoto
see if ARD performs a switch in cancerous tissue from the on-pathway chemistry to off-
pathway chemistry by switching its metal ion.
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ABBREVIATIONS

ARD Acireductone dioxygenase

MmARD  Mus musculus ARD

HsSARD Homo sapiens ARD

KoARD Klebsiella oxytoca ARD

OsARD Oryza sativa L ARD

ICP-MS Inductively coupled plasma mass spectrometry

KMTB 2-keto-4-(methylthio)-butyric acid

MTP 3-(methylthio) propionic acid
DLA D-lactic acid
VA Valeric acid
DSF Differential scanning fluorimetry
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Figure 1. Thermal stability of MMARD as a function of the bound metal ion
The data indicate that Ni2*-bound MmARD has the highest melting temperature (58 °C) and

Mn2+-bound MmARD has the lowest melting temperature (43 °C).
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Figure 2. Quantitation of on-pathway and off-pathway products by MmARD bound to different
metal ions

The quantitation of ARD catalyzed oxidation of desthio-acireductone was done for a
reaction mixture volume of 1mL. The error bars are represented as standard deviations.
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Figure 3. X-ray crystal structure of Ni-MmARD
a) The X-ray crystal structure of Ni-MmARD with the Ni atom shown as a green sphere, b)

The active site with the Ni atom as a green sphere and its protein ligands H88, H90, H133,
E94 represented as sticks and two water molecules shown as red spheres forming an
octahedral coordination geometry. The metal co-ordination distances are shown as red dotted
lines with distances measured in A.
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Figure 4. Metal identity established by anomalous scattering experiments
a) Anomalous electron density map of Ni-MmARD at 8.4328 keV showing the anomalous

signal (green) of Ni (green sphere) in the active site; b) anomalous electron density map of
Co-MmARD at 7.8089 keV showing the anomalous signal (magenta) of Co (magenta
sphere) in the active site.
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Figure 5. The active site of Ni-MmARD showing the on-pathway product KMTB
The Ni atom is shown as a green sphere. KMTB and active site residues are shown in stick

representation. Waters are shown as small red spheres. The residues F84, F105, F135, A145,
V143 and 198 which interact with the alkyl group of KMTB are shown in yellow. KMTB is
within hydrogen bonding distance of R96 and with the two water molecules bound to Ni.
The hydrogen bonding distances are shown as red dotted lines with distances measured in A.
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H133

Figure 6. The active site of Ni-MmARD showing the off-pathway product analog valeric acid
(VA)

The Ni atom is shown as a green sphere. VA and active site residues are shown in stick
representation. Waters are shown as small red spheres. The residues F84, F105, F135, A145,
V143 and 198 which interact with the alkyl group of VA are shown in yellow. VA is within
hydrogen bonding distance of R96 and with one of the two water molecules bound to Ni.

The hydrogen bonding distances are shown as red dotted lines with distances measured in A.
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Figure 7. The active site of Ni-MmARD showing D-Lactic acid (DLA)
The Ni atom is shown as a green sphere. DLA and active site residues are shown in stick

representation. DLA is coordinating with Ni2* and is within hydrogen bonding distance of
R96. Residues F84, F105 and F135 which interact with the alkyl group of DLA are shown in
yellow. The hydrogen bonding distances are shown as red dotted lines with distances
measured in A.
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The results of incorporation of 180 and 14C labeling studies are indicated by the blue O
atoms and the asterisk. (Figure adapted from ref 39).
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Michelis-Menten kinetic constants of MmARD proteins for the substrate desthio-acireductone

Table 2

Protein Kv (M) | Keat 67D | Kead! K (M71s72)
Fe-MmARD | 1185 1117 9.5E5
Co-MmARD | 49.3 7.87 1.6E5
Ni-MmARD | 287.1 171 6.0E4

The kinetic parameters for substrate desthio-acireductone were obtained at a fixed concentration of the second substrate oxygen (0.25 mM

calculated on the basis of solubility of oxygen in water at 25 °C).
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