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ABSTRACT: Acireductone dioxygenases (ARDs) are enzymes involved in the methionine recycle pathway,
which regulates aspects of the cell cy#éebsiella pneumoniaproduces two enzymes that share a common
polypeptide sequence and differ only in the metal ion present. Reaction of acireductone (1,2-dihydroxy-
3-keto-5-methylthiopentene) with Fe-ARD and dioxygen produces formate and 2-keto-4-methylthiobutanoic
acid, thea-ketoacid precursor of methionine. Ni-ARD reacts with acireductone and dioxygen to produce
methylthiopropionate, CO, and formate and does not lie on the methionine recycle pathway. An X-ray
absorption spectroscopy (XAS) study of the structure of the catalytic Ni center in resting Ni-ARD enzyme
and the enzymesubstrate complex is reported. This study establishes the structure of the Ni site in resting
Ni-ARD as containing a six coordinate Ni site composed of O/N-donor ligands includidghistidine
residues, demonstrates that the substrate binds to the Ni center in a bidentate fashion by displacing two
ligands, at least one of which is a histidine ligand, and provides insight into the mechanism of catalysis
employed by a Ni-containing dioxygenase. Efficiently relaxed and hyperfine-shifted resonances are observed
in the 1H nuclear magnetic resonance spectrum of Ni-ARD that can be attributed to the His imidazoles
ligating the paramagnetic Ni ion and are consistent with the XAS results regarding His ligation. These
resonances show significant perturbation in the presence of substrate, confirming that the metal ion interacts
directly with the substrate.

Polyamines are molecules that are critical for proper acireductone, both of which are known as acireductone
regulation of the cell cycle. The addition of polyamines to dioxygenases (ARDs, Scheme ¥).f The products of the
cells accelerates their DNA replication and division, whereas two enzymatic acireductone oxidations differ in that one
inhibition of polyamine biosynthesis arrests DNA replication enzyme (Fe-ARD or ARD converts acireductone to the
and prevents continuation of the cell cycl§.(Methylthio- o-ketoacid precursor of methionine and formate, while the
adenosine (MTA), a derivative o%-adenosylmethionine  other enzyme (Ni-ARD or ARD) produces methylthiopro-
(AdoMet), is a strong inhibitor of polyamine biosynthesis pionate, CO, and formate and does not recycle MTA to
and transmethylation reactiong)( The concentration of  methionine 4—6). Previous work has established that the
MTA in biological systems is therefore tightly regulated. This two ARDs can be separated by ion exchange chromatography
control is achieved through the methionine salvage pathway, but are derived from the same protein and differ only in their
where MTA is recycled through a series of reactions that metal content). Both enzymes are obtained upon overex-
convert its 5-methylthi®m-ribose moiety to methionine  pression of a single open-reading frameé=escherichia coti
(Scheme 1)3). the apoproteins are identical 20.2 kDa polypeptides, and the

The methionine salvage pathway has been identified in activities of the two enzymes are interconverted by exchang-
many organisms. InKlebsiella pneumonigewhere the ing Fe and Ni §). Thus, Fe-ARD and Ni-ARD represent
pathway has been investigated in detail, all of its intermedi- the only characterized pair of naturally occurring metallo-
ates have been identified (Scheme4)) Acireductone (1,2- enzymes with distinct chemical and physical properties
dihydroxy-3-keto-5-methylthiopentene) is an intermediate in determined solely by metal ion content.
the methionine salvage pathway. Two enzymes have been Ni-ARD is also the only example of a Ni-containing
identified in K. pneumoniaghat catalyze the oxidation of dioxygenase. The precise function of the Ni-ARD reaction

in the K. pneumoniaeis unclear. Its products are not
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neurotransmitter in mammals and might play a role as a cillin (200 mg/L). As soon as viable cultures were established
diffusible messenger K. pneumoniae(8, 9). Here, we to the eye, 10QiL of the cultures was inoculated into M9
present an X-ray absorption spectroscopy (XAS) study of minimal media (6 g/L NgHPQy, 3 g/L KH,POy, 1 g/L NH4-
the structure of the catalytic Ni center in resting Ni-ARD ClI, 0.5 g/L NaCl, 0.0005% thiamine, 0.4% glucose, 0.8 mM
enzyme and the enzymasubstrate (ES) complex. This study MgSO,, trace metal supplement00 mg/L ampicillin, and
establishes the structure of the Ni site in the resting enzyme34 mg/L chloroamphenicol). When an optical density of 0.5
as containing a six coordinate Ni site composed of O/N- was reached, the media were supplemented with N(CI
donor ligands including-34 histidine residues, demonstrates uM), and IPTG (isopropy}3-thiogalactoside) was added to
that the substrate binds to the Ni center in a bidentate fashiona final concentration of 0.3 mM. After stationary phase was
by displacing two ligands, at least one of which is a histidine reached, cells were harvested by centrifugation and frozen
ligand, and provides insight into the mechanism of catalysis at —70 °C for several days. The cells were then thawed in
employed by a Ni-containing dioxygenase. 8 volumes (w/v) of 50 mM TrisHCI buffer (pH 8.0). The
suspension was sonicated>6 45 s with a Fisher sonic
MATERIALS AND METHODS dismembrator model 300 at 75% maximal output. To every
Expression and Purification of ARThe plasmid vector 100 mL of sonicate, 10 mg of DNAase |, 6 mg of RNAase
used for expression of ARD is derived from pET19b, a A, and 20 mg of tosyl chloride were added. The mixture
commercially available T7 RNA polymerase-based expres- was stirred for 30 min, and then, the sonicate was centrifuged
sion system (Novagen). The ARD gene is inserted betweenat 20 00@ for 60 min. The pellet was discarded. To the
BamHI and Ndel restriction sites of the pET19b plasmid. supernatant liquid, finely ground ammonium sulfate was
The cloning and overexpression of ARD has been describedadded slowly with stirring to a concentration of 40% wi/v
(5). All purification steps were performed at € unless (22.6 g/100 mL). The subsequent suspension was stirred for
otherwise noted. BL21(DE3)(pLy$. coli cells were elec- 30 min, and the precipitate was removed by centrifugation
troporated and transformed with the appropriate plasmid. at 30 00@ for 20 min. The pellet was discarded, and the
After growth on agar overnight with the appropriate antibiotic concentration of ammonium sulfate in the supernatant liquid
selection (chloroamphenicol and ampicillin), single colonies was increased to 55% w/v (another 8.9 g/100 mL). After 30
were inoculated into 5 mL cultures in Luridertani broth min of stirring, the precipitate was again collected by
supplemented with chloroamphenicol (34 mg/L) and ampi- centrifugation at 30 0Gffor 20 min. At this stage, a sodium
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dodecyl sulfate (SDS) gel was performed to confirm that
most of the ARD was in the 55% ammonium sulfate pellet.
The ARD pellet was resuspended in a minimal amount of
20 mM TrisHCI buffer (pH 7.4) and dialyzed against 20 mM
TrisHCI buffer (pH 7.4) overnight. The protein solution was
centrifuged at 10 0Qpfor 5 min, and the precipitate was
discarded. The ARD in the clarified dialysate was then
purified using a BioCAD SPRINT FPLC system over a
MonoQ 10/10 anion exchange column (Amersham). The
protein was eluted from the column by linear salt gradient,
increasing NaCl concentration from 0 to 150 mM over 80
mL, followed by another linear gradient of NaCl increasing
concentration from 150 to 300 mM over 240 mL. ARD
eluted in the fraction(s) that had a NaCl concentration of
160 mM. Protein purity was established by SB®lyacryl-
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The integrity of the samples during10 h of exposure to
monochromatic synchrotron radiation was determined by
monitoring the Ni-K edge energy on sequential scans. No
changes in either edge energy (redox state) or pre- or post-
edge XANES spectra (ligand environment) were observed.
In addition, electron paramagnetic resonance (EPR) spectra
of the samples were acquired before and after exposure to
synchrotron radiation, to monitor any changes in thé&"Ni
oxidation state. The samples did not exhibit any Ni-based
EPR signals before or after exposure, although exposed
samples did show a signal associated with the production of
solvated electrons during exposure to synchrotron radiation.
Activity assays performed after exposure to synchrotron
radiation show that the enzyme did not suffer a significant
loss in activity (same order of magnitude).

amide gel electrophoresis (PAGE) gel, and concentrations  The average of 11 scans (143 spectra) for resting Ni-ARD
were established by nuclear magnetic resonance (NMR) andang 3 scans (39 spectra) for Ni-ARD ES complex were used

UV —visible spectroscopy.
XAS and NMR Sample PreparatioARD samples for

for XANES analysis. The NiK edge energies reported were
taken to be the energy at a normalized intensity of 0.5. The

XAS were prepared by dialysis against 10 mM Tris acetate peaks in pre-edge XANES spectra at ca. 8332 eV peaks are
(pH 7.4). After dialysis, the samples were concentrated to 1 assigned to 1s> 3d electronic transitions. The area of these

mM. The sample (5660uL) was transferred to an extended
X-ray absorption fine structure (EXAFS) sample holder and

peaks was determined by fitting a baseline to the region of
the normalized spectrum immediately below and above this

frozen on dry ice. For XAS samples containing substrate, a feature in energy and integrating the different&)(

buffered solution of 100 mM substrate precursor 1-phos-

EXAFS data were analyzed using WinXA32j. The

phato-2,3-diketohexane was treated anaerobically with aayerage of 15 scans (195 spectra) for resting Ni-ARD and

catalytic quantity of enolase-phosphatase E1 and M}
After 0.5 h, 10uL of the substrate solution was mixed

12 scans (156 spectra) for the Ni-ARD ES complex were
used for EXAFS analysis. The summed, energy-calibrated

anaerobically with the ARD sample and frozen into XAS (gata files were background-corrected and normalized using
sample holders as described above. NMR samples of ARD 3 two polynomial fit, with a first-order polynomial for the

with and without substrate were prepared in a similar manner, pre-edge region and a third-order polynomial for the post-

except 10 mM d-TrisCl (pH 7.4) in 90/10,8/D,0 was used
as a buffer.

XAS MethodsXAS data for all samples were acquired at
beamline X9B at the National Synchrotron Light Source
(NSLS) at the Brookhaven National Laboratory during

edge region. The data were convertedtspace using the
relationship [2n(E — Eg)/h?]Y? (whereme is the electron
massE is the photon energyj, is Planck’s constant divided
by 27, andEy is the threshold energy of the absorption edge
and defined here as 8340.0 eV). A least-squares fitting

several sessions. The samples were contained in polycarprocedure was employed ovek aange of 2-12.5 A1 using
bonate holders that were inserted into a slotted aluminum Fourier-filtered EXAFS with a back transform window of
holder and held near 50 K using a He displex cryostat. The 1.1-4.2 A (uncorrected for phase shifts). The presence of

XAS data were collected under dedicated conditions at ca.

2.8 GeV and 166260 mA as previously described(),
except that a sagitally focusing Si(111) double-crystal

trace amounts of Cu in the samples required the data be
truncated ak = 12.5 A-L. The fitting procedure minimized
GOF = /02 3 [Vex(i) — Yinedi)]? (Whereo is an estimate

monochromator was used for these studies. The X-ray energyof the experimental error and,, andyieo are experimental
of the focused monochromatic beam was internally calibrated and theoretical data points, respectively, &hid the number

to the first inflection point of Ni foil (8331.6 eV).

of data points) 12). Comparison of residual valued3)

X-ray fluorescence data were collected using a 13 element(€d 1) and the difference in the disorder parameters between
Ge detector (Canberra). X-ray absorption near-edge structurgheoretical model data and the fifo?| = [(0%t — 0theon)|,

(XANES) data were collected over the range from ca. 8100
8500 eV, with the vertical primary aperture reduced to 0.3
mm. Harmonic rejection was achieved by use of a Ni mirror.

This arrangement gives a theoretical energy resolution of
ca. 3 eV and gave spectral resolution comparable to that
obtained on model compounds using a flat Si(220) double-

crystal monochromator at this beam line, as previously
described 10). The spectral features are reproducible to
within 0.2 eV in sequential scans. EXAFS data were

collected over a scan range from 8100 to 9400 eV under the

same conditions used for collection of XANES data except

that the vertical primary aperture was set at 1.0 mm. This
arrangement results in lower energy resolution (ca. 5 eV)

but provides higher X-ray beam intensity.

using the EXAFS formula (eq 2)1R) were used to select
the best fits of the data.

N

| yexp(i) - ytheo(i)|

N
Z; | Vexpi)|

x 100

residual (%)= - (1)

2K =

NSFKR
T D) o I s sin2kR +0,(K)] (2)
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Theoretical phases and amplitudes for EXAFS analyses 1.5+
were obtained from FEFF 6 using the crystallographically
characterized model compounds diaqua-bis(salicylalde- g
hydato) nickel(l) @3), [Ni(sal)2(H20)], [Ni(Im)e](BF4)2 g0
(14), tetraethylammonium tetrakip-chlorobenzenethiolato) §-
nickelate(ll) 5), and (E4N)2[Ni(p-SCH4Cl)4] as previously N 054
described 16). The phase and amplitude parameters from g "/\/
the calculations were then used to fit data obtained on the S
same model compounds used in the calculations in order 0.0 . . .
to obtain values fotrmeges and Eq. The EXAFS analysis of 2.5
Ni-ARD data was carried out as previously describ&@) ( - 20l
The value ofE, determined from fitting model compounds 2
was held constant for each shell of scattering atoms. Integer S 15-
values for the number of scattering atoms in a shell were =
used in the fits without refinement. This led to two free- S 107
running parametersiNg,) for each shell in the first coor- §o.5- ,;/‘(J
dination sphere: the distanag &nd the disorder parameter 2
(0?). The EXAFS arising from histidine imidazole ligands 0.0 , . . )
8300 8320 8340 8360 8380

was fit using multiple scattering analysis. Only those
scattering pathways with a relative intensit§ 7% were used Energy (eV)
in the data analysis in order to limit the number of free- Ficure 1: Ni—K edge XANES of the resting (top) and the ES
running parameters used in the fits. To further limit the complex (bottom) ofk. pneumoniaeNi-ARD. Inserts show an
number of adjustable parameters, the imidazole ligands &XPansion of the region around 8332 eV, where the-1sd
. . . . transition is expected.

were assumed to be symmetrically bound (identicatXli
d'Stﬁnces' Wherg X is a second coordination sphere c atomprocessed with a 50 Hz line broadening and a cubic spline
or third coordination sphere C- or N-atom), and a single value baseline correction
of 0® was used to describe the atoms in each coordination '
sphere. Imidazole ligands were “counted” by adding rings ResuLTS
as integer units and examining the residual ahdalues in
the fits. The distances reported are the distances obtained XANES AnalysisThe Ni—K edge XANES spectra ob-
from the relevant single-scattering pathway. Using these tained for Ni-ARD and Ni-ARD ES complex are compared
procedures, refined distances (fitting EXAFS frequencies) in Figure 1. The pre-edge, edge, and post-edge analyses are
to atoms in the first coordination sphere of model complexes consistent with six coordinate Ni centers with primarily O/N-
were within £0.02 A of crystallographic distances, and donor ligands in both cases. The pre-edge features show
distances for second and third coordination sphere atomssmall 1s— 3d peaks near 8332 eV, with peak areas of
were within40.04 A. The number of scattering atoms in a 2.8(2) x 1072 eV for the resting enzyme and 3.0(4)102
shell, or the number of imidazole rings (fitting EXAFS eV for the ES complex. These values fall in the range
intensity), is accurate t6-25%. appropriate for centrosymmetric (six coordinate or four

IH NMR Spectroscopy of Substrate-Free and Substrate-coordinate planar) Ri complexes 11). Neither spectrum
Bound Ni-ARD.NMR experiments were performed on a Shows aresolved peak near 8338 eV (assigned to-a 4y,
Varian Unity 500 NMR spectrometer operating at 500.139 transition with shakedown contributions) that is diagnostic
MHz (*H) at Brandeis University. A 30@L amount of a 1 for planar, four coordinate Ni centers]( 17). The lack of
mM sample of Ni-ARD in 90/10 KO/D,O (10 mM d-tris a peak or shoulder near 8338 eV effectively rules out
HCI, pH 7.4) was placed in a susceptibility-matched NMR the possibility that either of these samples contains four
tube (Shigemi). AH NMR spectrum was acquired at 26 coordinate planar or square pyramidal five coordinate Ni
with a wide (125 kHz) spectral width and a short delay (100 centers.
ms) between acquisitions in order to suppress diamagnetic Resting Ni-ARD has an edge energy of 8341.6(2) eV, and
resonances. The spectra are an average of 2048 scans. THbBe ES complex has an edge energy of 8341.2(2) eV. Both
intense water signal was removed either by presaturation withof these values are appropriate for?Nicenters in O/N
a low power (100 Hz) RF pulse during the 100 ms delay or coordination environments. The shift e10.4 eV produced
by setting the carrier frequency at 60 ppm and using an on substrate binding suggests a small increase in the electron
excitation pulse of appropriate amplitude and duration to density of the Ni center when the substrate is bound. The
place a null at the water frequency. Hydrogen/deuterium magnitude of the shift indicates that it results from a change
exchange was accomplished by lyophilization of the ARD in the ligand environment of the nickel, rather than a redox
sample twice, in each case followed by solution of the dried state change, since a one electron metal-centered redox
sample with RO. Substrate (nominally 10 mM) was added reaction would result in a-23 eV energy shift, assuming a
to ARD anaerobically as described above for XAS experi- static ligand environment.(). Thus, no redox change occurs
ments for comparison of the substrate-free and substrate-upon substrate binding.
bound Ni-ARD spectra. The appearance of bubbles after time The white line intensity (the highest absorption in the
(presumably of CO) indicated that turnover was occurring XANES spectrum, Figure 1) is another indication of the type
in the NMR tube, so the actual concentration of substrate is of ligands bound to the nickel. The intensity of this feature,
less than nominal concentration introduced. Data were relative to the normalized edge, is an indication of whether
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6 consistent with a six coordinate Ni site. Third, bend

A valence-sum (BVS) analysis gives an unacceptably low
value of the oxidation state of Ni when the information from
the EXAFS fits of five coordinate structures is used in the
calculation. BVS is an empirical method that can be used to
verify the compatibility of the metalligand bond distances
in the structural model to that of the metal’s oxidation state
(18). In the case of resting Ni-ARD, the metal ion present is
Ni%* and fits with five first-coordination sphere ligands give
BVS values that are below the0.25 error limits accepted
for BVS analysis 18).

The large disorder for the six first-coordination sphere
N-donors in the single shell fit suggests that the first-
coordination sphere might contain two distinct shells of
scattering atoms. Fits obtained using either two shells of
N-donors or mixed shells (one shell of O-atoms and one shell
of N-atoms) give comparable fits that have a modest
improvement in the residual. The best two-shell fit (RO5)
features one O-donor at 1.91(2) A and five N-donors at
2.10(2) A, improves the residual by 11%, and gives typical

FT Magnitude (x 102)
$ @ @ 3
1

N
|

FT Magnitude (x 102)

l'

o 2 ‘}\ 6 8 2 4 6 8 10 12 disorder parameters for both shells. Large improvements in
_ ") _ KAD the residual (e.g., 72% for RO5 vs R09) are obtained by
FiGuRe 2: Ni—K edge Fourier-transformeck (= 2—12.5 A modeling 3-4 of the first-coordination sphere ligands as

EXAFS spectra (left), and Fourier-filtered (back transform window histidine imidazole rings (fits RO7R10). Fits obtained with

= 1.1-4.2 A) EXAFS spectra (right) of the resting (top) and the s . ;
ES complex )(bottom) OE pneu(m%ni)ae\li- ARD. Da%a(po‘?%ts are three His ligands generally have slightly poorer residuals but

represented by open circle®) and the fita by a solid line=). better disorder parameters than fits obtained with four His
The fits shown for the resting Ni-ARD and the ES complex are ligands. On the basis of the ND distance and the multiple
fits RO9 and ESO06 from Table 1, respectively. scattering analysis, the Ni site in the resting enzyme is best

described as containing six O/N-donors, one of which is

the active site Ni has ionic (hard donor atoms such as N/O) ||ke|y an O-atom at a Shorter 1.91 A distance an.d4&)f
or a more covalent binding (soft ligands such as K$"). which are His ligands.
In the XANES of the Ni-ARD resting and ES complex, the  The fits obtained for the Ni-ARD ES complex show the
white line indicates a more ionic binding and thus a patyre of the structural change that occurs when substrate
predominance of hard, N/O-donorslj. binds to the Ni site. The coordination number of the Ni center

EXAFS AnalysisThe EXAFS spectra for resting Ni-ARD  remains the same in both enzymes (from XANES analysis),
and the Ni-ARD ES complex are compared in Figure 2. and the EXAFS data for the Ni center in the ES complex
Visual inspection of the data reveals that the spectrum are best fit by six O/N-scattering atoms having acceptable
changes when substrate is added, implying that the substratelisorder parameters. In the case of the Ni-ARD ES complex,
binds to the Ni site. One of the changes that occurs is asingle-shell fits using six O-atoms gave results that are about
dramatic decrease in the intensity of features in the Fourier-30% better than those using six N-atoms (see Supporting
transformed spectrum at a radial distance of ca4 3 Information), suggesting that there are more O-donors in the
(uncorrected for phase shifts) in the spectrum of ES complex. ligand environment of the Ni center relative to the resting
These features are generally attributable to the presence oknzyme. Splitting the shell into two shells of scatterers at
histidine imidazole ligands; thus, inspection of the spectra different distances does not improve the residual much (7%);
suggests the displacement of one or more histidine ligandsthus, the first coordination sphere is modeled fairly well by
when substrate binds. The curve-fitting analyses of the six O/N-donors at 2.04(2) A ave. NL distance (ESO1).
EXAFS data presented in Table 1 corroborate these resultsSplitting the first coordination sphere into two shells gives
and provide metric details regarding the Ni sites. many combinations of two shells of O-atoms and mixed O/N-

The best single shell fit of the resting enzyme contains shells with comparable fits (see Supporting Information).
five or six O/N-donor ligands. Although it is not generally However, only one of the best two-shell fit gives an
possible to distinguish O- and N-donors from EXAFS acceptable value for the BVS (ES03, B¥S2.17). This fit
analysis alone, the use of six N-atoms gave fits that are aboutconsists of four O-donors with NiO distances of 2.00(2)
20% better than obtained using six O-parameters, and noA and two N-donor ligands at 2.14(2) A. All other acceptable
acceptable fits were obtained using S-atoms to model thetwo-shell fits have more O-scattering atoms and result in a
first-coordination sphere (see Supporting Information). The BVS >2.25 (e.g., ES02). This suggests that at least two of
fit using five N-atoms to model the first coordination sphere the ligands must be N-donor ligands.
(RO1) has a slightly better residual and a lower disorder than The presence of N-donor ligands in the Ni-ARD ES
the six coordinate fit (R02). However, several facts favor complex is confirmed by multiple scattering analysis. Model-
the six coordinate fit: First, because of correlation between ing 1—-2 of the first coordination sphere O/N-donor ligands
the number of scattering atoms and their disorder, the erroras His imidazole ligands leads to substantial improvements
in the number of scatters determined by fitting EXAFS in the residuals of the fits (50% for single shell vs single
intensity is~+25%. Second, the XANES analysis is most shell+ 1—2 imidazoles). Fits obtained with two His ligands
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Table 1: Selected Fits from the Curve-Fitting Results of Fourier-Filtered EXAFS Spectra Kf firieumoniaéNi-ARD Resting Enzyme and
ES Complex

o? Ao? %
sample/fit no. N r(A) (x 13 A?) (x 13 A?) Nirp/Nidp residual BVS
Resting
RO1 5 Ni— N = 2.0728(3) 8.4 3.8 2/22 37.0 1.59
R02 6 Ni— N = 2.0736(3) 10.5 5.9 2/22 37.1 1.91
RO3 4 Ni— N = 2.0176(6) 9.6 5.0 4/22 334 1.99
2 Ni — N = 2.135(1) 2.7 -1.9
R0O4 3 Ni— N = 1.9927(7) 7.9 3.3 4/22 334 2.00
3 Ni — N =2.1251(8) 3.8 -0.8
RO5 5 Ni— N = 2.0959(4) 6.8 2.2 4/22 33.2 1.99
1 Ni — O = 1.912(1) 4.9 0.3
RO6 4 Ni— N = 2.1169(5) 55 0.9 4/22 334 2.05
2 Ni — O = 1.9485(7) 6.9 2.3
RO7 6 Ni— N =2.0712(3) 10.4 5.8 9/22 12.6 1.91
3(His) Ni — C = 3.0644(7) 5.9 0.4
Ni — C/N = 4.197(6) 7.7 2.2
R08 6 Ni— N = 2.0706(3) 10.4 5.8 9/22 11.3 1.91
4(His) Ni — C = 3.0650(6) 7.4 1.9
Ni — C/N = 4.198(4) 10.8 5.3
R0O9 1 Ni— O = 1.905(1) 6.7 2.1 11/22 9.2 2.03
5 Ni — N = 2.0892(4) 7.1 2.5
3(His) Ni — C = 3.0676(7) 5.8 0.3
Ni — C/N = 4.177(5) 8.6 3.1
R10 1 Ni— O = 1.905(1) 7.1 2.5 11/22 8.4 2.03
5 Ni — N = 2.0882(5) 7.1 2.5
4(His) Ni — C = 3.0689(6) 7.4 1.9
Ni — C/N = 4.198(4) 10.5 5.0
ES Complex
ESO1 6 Ni— O = 2.0383(4) 7.6 3.0 2/22 15.9 2.20
ES02 4 Ni— O =1.9977(1) 6.6 2.0 4/22 14.8 2.28
2 Ni — O = 2.0927(3) 3.2 -1.4
ESO03 2 Ni— N = 2.1364(2) 1.9 —2.7 4/22 14.8 2.17
4 Ni — O = 2.0008(1) 4.9 0.3
ES04 6 Ni— O =2.0337(1) 7.6 3.0 9/22 8.4 2.27
1(His) Ni — C = 3.0809(5) 8.2 2.7
Ni — C/N = 4.253(8) 5.7 0.2
ES05 6 Ni— O =2.0336(1) 7.6 3.0 9/22 8.0 2.27
2(His) Ni — C = 3.0889(4) 12.7 7.2
Ni — C/N = 4.256(1) 8.0 25
ES06 2 Ni— N = 2.1352(2) 1.7 —-2.9 11/22 7.6 2.17
4 Ni — O = 1.9998(1) 5.0 0.4
1(His) Ni — C = 3.1016(3) 4.7 -0.8
Ni — C/N = 4.28(2) 3.2 2.3
ESO07 2 Ni— N =2.1337(2) 1.9 —-2.7 11/22 7.4 2.18
4 Ni — O = 2.0003(1) 5.1 0.5
2(His) Ni — C = 3.1085(3) 8.9 3.4
Ni — C/N=4.175(2) 10.2 4.7

a Fourier transform limits:k = 2—12.5 A-%; back transform window= 1.1-4.2 A; N is the number of bonds at a specific distarRéA) is the
bond distancey? is the root mean square disorder in the bond distaneg;is o? relative to calculated values for reference compountis?| =
(02, — Ooae)l; Nirp is the number of free-running parameters in theNig; is the number of independent data points; and residual is calculated as
described in the Experimental Section. The accuracy of distances determined by EXAFS for atoms in the first coordination sphere of the metal are
limited to +0.02 A by the theoretical phase parameters. The refinements generally show precisions that are less than 0.02 A for well-ordered shells;
thus, differences in distances between samples using equivalent fits are more accurate than the absolute distances. The distances shown are for the
single scattering pathways. Large valuessd{underlined) suggest that the shell involved has a coordination number that is too large or is badly
disordered. BVS= Zs, wheres is calculated by the equatia~ exp(fo — r)/0.37), (L8); ro values were obtained from published tabl&8){ and
r is the bond distance (A), as determined from EXAFS analysis.

gave slightly lower residuals but had larger disorder param- bound form of the HNH motif of colicin E919). There is
eters than fits obtained using only one His ligand. On the a crystal structure available for this protein, and it allowed
basis of the analysis above, the best description of the Nithose investigators to assign the signals observed in this
site in Ni-ARD ES complex is that it contains six O/N-donor region of the Ni-binding protein to the imidazole ring protons
ligands, of which one or two are His ligands. of the ligating His residues that are further thaf A from

'H NMR Results.Figure 3 shows a comparison of the bound Ni 20). In the case of ligation of the Ni through
paramagnetically shifted and broadened resonances in theéhe Ns; position of the His imidazole, this would include
downfield region of théH NMR spectrum in RO (top), in two protons, an exchangeable4N) and a nonexchangeable
H,O (middle), and in HO with added substrate (bottom). (Cs2H) proton. If the Ni is ligated through the Nimidazole
The pattern of resonances in the region between 72 and 4&itrogen, only the exchangeables;Nproton would be
ppm as well as their hydrogeteuterium exchange behavior observed. Like ARD, exchange of the NHN domain of
show a remarkable parallel with that of the His-ligated Ni(ll)- colicin E9 into B;O resulted in the loss of three of the four
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pathway, which may serve as a mechanism for regulating
methionine levels (Scheme 123). It is also possible that

I the CO produced by Ni-ARD catalysis serves a signal
\ . . . .
/ \\w\ fl:nctlor) in K phneumgn[ae:.ulturfe?jrg, Igz)éil'hlelgnzym?1 is
also unique in that substitution of Niby yields another
”W“’“”“WWW”MW’"MM enzyme with an altered product distribution and physical
properties 4—6). Fe-ARD produces a product that upon
,W\ transamination yields methionine and does not produce CO
/ \ Ni-ARD in 90/10 Ho0/D,0 (Scheme 1). Both enzymes can be isolated fiénpneu-
o moniaeor by expression of a singl€. pneumoniaepen-
/ : A /\ reading frame irE. coli (5).
/ / \ The mechanism of catalysis utilized by Ni-ARD has been
\/"ﬁ J \ / examined by a series of experiments utilizing acireductone,
” ot \wf\ww’ e, HC-labeled substrate or substrate analogues'®nd4, 22,
23). These experiments establish that Ni-ARD is a dioxy-
genase (one O-atom is incorporated into the formate and one
/\ into the carboxylic acid moiety; none is found in CO),
/ \ Ni-ARD plus substrate demonstrate that CO is derived from C2, and are consistent

/ \M“\ A with a sequential mechanism in which formation of a ternary
m/ \//K /\W/ \\% complex (ESQ) involving substrate binding prior to O
- e binding is required before product release.

: : : et ; ‘ The ionic state of acireductone bound to Ni-ARD has also

74 70 66 62 58 54 50 ppm been examined@). On the basis of titrations of the substrate
'l:IGURE 3: Hyperfine-shifted fesonf?lncesgn the 11.74 T (500 MHz) analogue 1,2-dihydroxy-3-keto-1-hexene, thketo enediol
n:lMN)héltsps)pelc':”:]aMOfN]i-xlg/lDNil;lA&)I/Dllg ég’/é’zgo(éﬂ"; f 3::"35 18 functional group in acireductone is expected to haig p
mM) (midélle), and 90/10 D/D,O (pH 7.4 d-tris 10 mM) with values near 4.0 and 12.2. T_hus, acwe_ductone iS @ monoanion
10 mM substrate added (bottom, see Experimental Section for at neutral pH. The electronic absorption spectrun.-deto
details). All spectra were obtained at 298 K. enediols depends on its protonation state. The spectrum

o . ] obtained from 1,2-dihydroxy-3-keto-1-hexene at pH 7.4

major signals betwegn 74 and 48 ppm, _cons_lstent with the features almax = 305 nm that shifts to 345 nm at pH 13.
X-ray crystallographic result that the Ni(ll) in the NHN  ynder anaerobic conditions, binding of 1,2-dihydroxy-3-keto-
domain is ligated by three His imidazoles, two via the N 1.hexene to Ni-ARD is accompanied by a red shift in the
nitrogens and one via thesNnitrogen. Amax from 305 to 345 nm, demonstrating that the substrate

In the present case, sequence homology of the ARD genegnajogue is bound to the enzyme as a dianion containing an
from K. pneumoniaaith putitive ARD genes fronHomo  _keto enediolate moiety. Thus, a basic amino acid is used
sapiens Oryza satia, andPseudomonas aurigenogienti- to deprotonate the monoanionic substrate to form the ES
fies three His residues, His96, His98, and His140, that are complex.
conserved in all four sequences and are not observed in the The reaction products found in the studies using labeled
diamagnetic NMR spectra of Ni-AR2(). Combined with g pstrates anéfO, are consistent with attack of Gat C1
the XAS data presented here, the NMR results confirm that 54 formation of a five-membered cyclic peroxo intermediate
the Ni(ll) in ARD is ligated by three His residues. Further- (Scheme 2)4, 22, 23). It was suggested that the difference
more, the observed H/D exchange pattern shown in Figure yenween Fe-ARD and Ni-ARD may lie in the formation of
3 suggests that ligation of the Ni(ll) by two of those His is 5 four-membered cyclic peroxide in Fe-ARD vs a five-
through the N, nitrogen and through the Nin the third. membered cyclic peroxide in Ni-ARC2D).

Upon addition of substrate (bottom spectrum), several new  The XAS data presented here provide detailed structural
resonances appear, at 55 and 65 ppm, with some evidencetormation regarding the Ni sites in the resting Ni-ARD
for a broader resonance at 40 ppm. It is impossible to make g ES complexes and establish key steps in the early part
any definitive interpretation of these perturbations, as the ¢ the mechanism (Scheme 2). The structure of resting Ni-

overall stoichiometry of the mixture could not be established Arp that emerges from the analysis of XAS data is that of
with certainty due to some adventitious turnover of substrate. 5 six coordinate Ni site composed of O/N-donor ligands, of

However, it is clear from the data that the metal center is \yhich 3-4 are His imidazole rings. Although it is not
interacting directly with the substrate and that this results in possible to completely rule out the presence of a single
some perturbation of the His ligands. This is consistent with 5_qonor on the basis of EXAFES analysis alone (see Table
the XAS results that indicate the loss of at least one His S1), the EXAFS is clearly not dominated by S-scattering
ligand when substrate binds. We are currently using isotopic atoms, as is the case in other Ni-containing metalloenzymes
labeling methods to investigate these perturbations in moreha; catalyze redox reactions (vide infra). Furthermore, the
detail. proposed structure is corroborated by the facts that (i) the
amino acid sequence of the protein contains seven His
DISCUSSION residues, of which three are invisible in the NMR spectrum
Ni-ARD is the only characterized example of a Ni- because of paramagnetic effects arising from a high-spin (
containing dioxygenase. The apparent biological role of Ni- = 1) Ni?t center 21), (ii) there is no electronic absorption
ARD is to provide a shunt out of the methionine salvage in the resting enzyme below 300 nr34j that would be
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of two ligands. Comparison of the EXAFS data for the
resting Ni-ARD and the ES complex show that at least one
of these displaced ligands is a histidine. It is possible that
this histidine ligand is the base used to deprotonate the
substrate to form the dianion. It is also possible that the short
1.9 A Ni—O distance observed in the resting enzyme arises
from coordination of OH, which could also serve as the
base involved.

Dioxygenases exhibit two limiting mechanisms, both of
which are exemplified by mononuclear, nonheme, Fe-
containing dioxygenaseg€). In the first mechanism, the
enzyme employs a reduced, redox active metat, F®
activate dioxygen for subsequent oxidation of the substrate.
In the second mechanism, the metal serves to activate the
substrate toward reaction with,OThis appears to be the
case for dioxygenases that requiréFelhe former mech-
anism requires a redox active metal capable of reducinng O
while the latter mechanism does not require a change in the
redox state of the metal. It relies on ligand-to-metal charge

transfer to activate the substrate. The use ofNh a
. dioxygenase to activate,@oward reaction with a substrate
o\ is unexpected from the standpoint thafNin an O/N-rich
. ligand environment does not typically have biologically
+ 2 H'His . . . .
accessible redox chemistry. On the basis of structural studies
~ . of other redox active Ni-containing metalloenzymz2g, 28)
(e.g., hydrogenasd Q, 29—31), superoxide dismutas&Z),
and CO-dehydrogenaséd]), cysteine thiolate ligation would
N-his be expected in order to generate an accessible Ni(lll/Il) redox
ON couple. The XAS characterization of Ni-ARD shows no
evidence of the requisite cysteine thiolate ligation and no
evidence of redox state change upon substrate binding and
is therefore consistent with a nonredox role for the Ni center.
Except for the lack of Ni redox chemistry, the absence of
Cys ligation in the active site of NiARD is not unexpected
for a dioxygenase, since thiolates are sensitive to oxidation
by dioxygen and no example of a dioxygenase featuring Cys
ligation of the metal center is knowr26).

There is yet little concrete data about differences between
the differing activities of the Fe-ARD and Ni-ARD enzymes,
although metal replacement experiments indicate that Fe-
ARD activity can be reconstituted in apo-ARD by addition
of Mg(ll), another nonredox active metal ioR4). As such,
expected for a thiolate ligand (S Ni LMCT), and (iii) the it appears unlikely that the activity differences between Fe-
ongoing refinement of the solution structure of Ni-ARD using and Ni-ARD arise from the presence of a redox active center
NMR shows that both Cys residues are observed; thereforeys a nonredox active center. On the other hand, it is
neither lies close enough to the paramagnetic Ni center tonoteworthy that the €C bond cleaved in Fe catechol
be a ligand 25). dioxygenases is mechanism-depend2f}.(Those enzymes

The structure of the Ni-ARD ES complex also reveals a that are active with P& and employ redox activation of O
six coordinate Ni center, but the spectrum is quite distinct exhibit extradiol cleavage (e.g., 2,3-dihydroxybiphenyl 1,2-
from that obtained on the resting enzyme (Figure 2). Analysis dioxygenase), while Fé-dependent enzymes exhibit intra-
of the EXAFS data is consistent with a higher O-donor diol cleavage (e.g., catechol 1,2-dioxygenase, protocatachuate
content in the first coordination sphere of Ni in the ES 3,4-dioxygenase). The change in regiospecificity has been
complex. The data are best fit with two short O(/N)-donor associated with a change in the reactivesfecies from Fe-
ligands, implying a bidentate binding mode for the substrate. generated nucleophilic superoxide ion to electrophilic di-
This is consistent with expectations from the structure of oxygen 6).
acireductone, which reveals that it could bind to the metal In the current case, the different regiochemistries exhibited
as a dianion in a bidentate fashion forming a five-membered by Fe-ARD and Ni-ARD may be attributable to changes in
catecholate-like chelate ring with the Ni center (Scheme 2) the nature of the ligated species formed in the ES complex.
and consistent with the electronic absorption spectral changedVe are currently investigating the use of NMR methods to
that occur when substrate binds to Ni-ARD (vide supra). characterize the metal-bound substrate species in more detalil,
Because the resting enzyme contains a Ni center that isin the hope that this will provide insight into the precise
coordinately saturated, this would require the substitution nature of the substrate bound in the ES complex.

COO”
NN + CO + HCOOH
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