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ABSTRACT: Escherichia coliglyoxalase I (GlxI) is a metalloisomerase that is maximally activated by Ni2+,
unlike other known GlxI enzymes which are active with Zn2+. The metal is coordinated by two aqua
ligands, two histidines (5 and 74), and two glutamates (56 and 122). The mechanism ofE. coli Ni-GlxI
was investigated by analyzing Ni K-edge X-ray absorption spectroscopic (XAS) data obtained from the
enzyme and complexes formed with the product,S-D-lactoylglutathione, and various inhibitors. The analysis
of X-ray absorption near edge structure (XANES) was used to determine the coordination number and
geometry of the Ni site in the various Ni-GlxI complexes. Metric details of the Ni site structure were
obtained from the analysis of extended X-ray absorption fine structure (EXAFS). Interaction ofS-D-
lactoylglutathione (product) or octylglutathione with the enzyme did not change the structure of the Ni
site. However, analysis of XAS data obtained from a complex formed with a peptide hydroxamate bound
to Ni-GlxI is consistent with this inhibitor binding to the Ni center by displacement of both water molecules.
XANES analysis of this complex is best fit with a five-coordinate metal and, given the fact that both
histidine ligands are retained, suggests the loss of a glutamate ligand. The loss of a glutamate ligand
would preserve the neutral charge on the Ni complex and is consistent with the lack of a significant shift
in the Ni K-edge energy in this complex. These data are compared with data obtained from theE. coli
Ni-GlxI selenomethionine-substituted enzyme. The replacement of three methionine residues in the native
enzyme with selenomethionine does not affect the structure of the Ni site. However, addition of the peptide
hydroxamate inhibitor leads to the formation of a complex whose structure as determined by XAS analysis
is consistent with inhibitor binding via displacement of both water molecules but retention of both histidine
and glutamate ligands. This leads to an anionic complex, which is consistent with an observed 1.7 eV
decrease in the Ni K-edge energy. Plausible reaction mechanisms for Ni-GlxI are discussed in light of the
structural information available.

Methylglyoxal (MG)1 is a normal cellular metabolite, yet
is cytotoxic at millimolar concentrations (1). It is formed
either enzymatically, by methylglyoxal synthase, triosephos-
phate isomerase, or via the catabolism of threonine, or
nonenzymatically from dihydroxyacetone phosphate (1). The

major precursors of MG are glyceraldehyde-3-phosphate and
dihydroxyacetone phosphate, which are both derived from
glycolysis (2). Several possible mechanisms for the cyto-
toxicity of MG have been reported, including the formation
of MG-DNA/RNA adducts, inhibition of protein synthesis,
and modification of proteins (1, 3-5). In addition, MG has
been shown to act as both a mutagen and a carcinogen (6).
Nature, however, has devised a method for the detoxification
of cytotoxic MG and other toxic 2-oxoaldehydes: the
glyoxalase system (1). The glyoxalase system functions by
converting the hemimercaptal formed from the nonenzymatic
reaction of glutathione (GSH) and MG intoD-lactate. The
first step in the process is the conversion of the hemimer-
captal to the thioester ofD-lactate (Scheme 1) and is catalyzed
by glyoxalase I (GlxI, S-D-lactoylglutathione lyase, EC
4.4.1.5) (5, 7).

Of the GlxI enzymes studied to date, all have been shown
to require a metal for activity (7). The enzymes obtained
from Homo sapiens, Saccharomyces cereVisiae, andPseudo-
monas putidaare all active in the presence of Zn2+ (8-10).
The enzyme fromEscherichia coli, however, has maximal
activity in the presence of Ni2+, but is inactive with Zn2+,
and therefore constitutes the first example of a Ni-bound
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isomerase (Ni-GlxI) (11). Sequence homology between the
E. coli enzyme and putative GlxI genes in a number of
pathogenic bacteria suggest that GlxI may be a new target
for the development of antimicrobial agents (12).

The reported X-ray crystal structure of human GlxI reveals
an octahedral Zn site that is coordinated by residues Gln33,
Glu99, His126, Glu172, and a water molecule at 2.1 Å (13).
A second water molecule located 2.8 Å from the Zn
completes a distorted six-coordinate environment (14, 15).
AlthoughE. coli GlxI has only 36% sequence identity with
H. sapiensGlxI, three of the four metal ligands are conserved
(Glu56, Glu122, and His74) (11). The fourth ligand inE.
coli Ni-GlxI was tentatively assigned to His5, replacing
Gln33 in H. sapiensbased on sequence homology. A
preliminary X-ray absorption spectroscopy (XAS) study of
E. coli Ni-GlxI has been communicated, and the results are
consistent with the presence of two His residues in the Ni
coordination environment and a likely active site structure,
[Ni(His)2(Glu)2(OH2)2] (16). This structure was recently
confirmed and detailed further with the publication of the
1.5-Å resolution crystal structure ofE. coli Ni-GlxI (17).
The crystal structure reveals an octahedral Ni site coordinated
by residues His5, Glu56, His74, Glu122, and two water
molecules located at 2.1 and 2.2 Å, respectively. It was
observed that substitution of Zn for Ni inE. coli GlxI leads
to a loss of activity, and the cause of inactivation was
investigated using XAS and X-ray crystallography. The initial
XAS results suggested that a water molecule was lost upon
substitution with Zn to obtain a [Zn(His)2(Glu)2(OH2)] site
and confirmed by the 1.8-Å resolution crystal structure (17).
The crystal structure reveals a trigonal bipyramidal Zn site
coordinated by residues His5, Glu56, His74, Glu122, and a
water molecule at 2.0 Å.

The GlxI reaction mechanism has been the focus of some
debate. It has been suggested on the basis of solvent isotope
exchange studies, that proton abstraction from the substrate
allows the formation of an enediol(ate) that can then be
reprotonated at the adjacent carbon (18). The catalytic role
of the metal in this process is not yet clear. Direct metal
interaction with the enediol(ate) oxygen atoms has been
proposed (14), as has the activation of metal-bound water
molecules (19, 20). An observation from structural studies
of GlxI is the apparent importance of the number of water
molecules bound at the active site.E. coli Ni-GlxI and H.
sapiensGlxI both possess two water molecules at the metal
site (14, 16). Since substitution of Zn2+ for Ni2+ in E. coli
GlxI leads to a change in the coordination environment of
the metal and a water molecule is lost, in addition to the
loss of enzyme activity, it is possible that two water
molecules are required at the active site for isomerase
activity. This hypothesis is supported by previous studies
onH. sapiensGlxI that highlighted the importance of having
two water molecules interacting with the substrate (19, 20).

Attempts to resolve the mechanism have incorporated the
use of putative transition state analogue (TSA) inhibitors and

their structural effects on the metal site. The crystal structure
of H. sapiensGlxI in the presence of the transition state
analogue inhibitor,S-(N-hydroxy-N-p-iodophenylcarbamoyl)-
glutathione, indicates that two water molecules and Glu172
are displaced by the two O atoms from the inhibitor to
produce a five-coordinate Zn site (14). The mechanism
proposed to account for this observation requires conversion
of a six-coordinate Zn site to a five-coordinate site upon
addition of substrate. Substrate binding involves replacement
of the two water molecules by the two O atoms from the
enediol(ate) substrate and displacement of Glu172. This
allows the displaced Glu172 to act as a catalytic base.

Three possible mechanisms can be considered forE. coli
GlxI (Schemes 2-4): Addition of substrate results in
displacement of a water molecule(s) and Glu122 (Glu172
in H. sapiens), which could then act as a catalytic base once
displaced, in analogy with that proposed forH. sapiens
(Scheme 2). One or both water molecules on the metal are
deprotonated and act as proton abstractors (Scheme 3). An
unknown side chain acts as the catalytic base, either with
the water molecules on the metal polarizing the substrate
(shown) or directly displacing the two oxygen atoms in the
substrate (Scheme 4). The purpose of this XAS study was
to examine the behavior of the Ni site inE. coli Ni-GlxI
after the addition of either the reaction product or one of
two different inhibitors (Scheme 5). Of particular interest is
the effect on the number of histidine (His) and carboxylate
residues coordinated in these complexes. This aspect is
addressed by using EXAFS analysis with multiple scattering
to examine features arising from second coordination sphere
C atoms. In addition to the wild-type enzyme, the seleno-
methionine derivative ofE. coli GlxI, where three Met
residues (Met 1, 7, and 26) were replaced with SeMet, was
studied. This derivative has a slightly modifiedVmax. Since

Scheme 1 Scheme 2
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SeMet substitution does not often alter enzyme kinetics, it
was interesting to also study this protein to elucidate the
structural role played by SeMet. This is important inE. coli
GlxI, since in the recently elucidated crystal structure of the
enzyme Met 7 is in spatial proximity to the Ni active site.
Thus, we have included the SeMet-substituted enzyme in
this study to determine the nature of the structural perturba-
tion of the Ni site that occurs upon substitution of S by Se.

EXPERIMENTAL PROCEDURES

Protein Production, Purification, and Selenomethionine
Incorporation.Native GlxI expression and purification was
performed as previously described (11). Initially, a methion-
ine auxotrophic cell lineE. coli DH93 (MG1655metH174::
Tn5 metE::Tn10; laboratory collection) was used for the
expression of GlxI in the presence of seleno-L-methionine
(SeMet; Sigma Chemical Co.). This proved ineffective for
GlxI protein production, even in the presence of normal
methionine. The system used for the expression of wild-type
GlxI [E. coli MG1655/pGL10 (11)] was also successfully
used for the incorporation of SeMet when grown in minimal
media (M9, ref21), supplemented with 0.4% glucose, 1 mM
MgSO4, 0.1 mM CaCl2, 0.001% uracil, and 5µM NiCl2.

For SeMet incorporation, a LBAmp starter culture was
inoculated withE. coli MG1655/pGL10 and allowed to grow
for ∼8 h at 37 °C. This was used to directly inoculate
(1:100 dilution) 0.7 L warm M9. After reaching an OD600

of ∼0.5, SeMet (final concentration 0.3 mM) and additional

NiCl2 (to a final concentration of 12.5µM) were added. The
culture was allowed to grow for another 30 min prior to
induction of protein synthesis (8 h with 0.5 mM IPTG). The
cells were harvested, and the SeMet protein was purified in
the same manner as the native enzyme (11).

Electrospray mass spectrometry (ESMS; Figure 1) pro-
vided by the Biological Mass Spectrometry Laboratory,
University of Waterloo, was utilized to monitor the level of
SeMet incorporation.

EPR spectra were obtained on a Bruker ESR300-E
spectrometer at 77 K in a finger dewar.

The kinetic analysis of the SeMet GlxI derivative was
performed utilizing the previously described enzymatic assay
(11) measuring the activity at 10 substrate concentrations
between 0.01 and 2.0 mM with purifiedE. coli SeMet GlxI
activated with 2.5 mol equivalence of nickel to dimeric
enzyme.

Enzyme and XAS Sample Preparation.Sample preparation
and data collection for Ni-GlxI has been previously reported
(16). The Ni-GlxI samples used to prepare the product and
inhibitor complexes were prepared as follows. Ni-GlxI was
prepared as previously described by adding 1.5× molar
equivalents of NiCl2 to purified recombinant apoenzyme (11).
The protein was then concentrated using a Centricon con-
centrator (Amicon; YM10). The buffer was changed three
times to 50 mM MOPS, 25% glycerol, and the pH was
adjusted to 7.0 using tetraethylammonium hydroxide (10%
solution in water). The enzyme preparation was then split
into three aliquots for addition of the different product/inhi-
bitor complexes. The enzyme-product complex was pre-
pared by addingS-D-lactoylglutathione (LacGSH; to a final
concentration of 5 mM) in 50 mM MOPS and 25% glycerol
to one aliquot. TheS-octylglutathione inhibitor complex was
prepared by addingS-octylglutathione (OctylGSH; also to
5 mM final concentration) in 50 mM MOPS and 25%
glycerol to a second aliquot. A second inhibitor complex
was prepared by addingL-γ-glutamyl-N-hydroxy-N-methyl-
L-glutaminylglycine (hydroxamate; to 10 mM final concen-
tration) in water to the third aliquot. Sample three was diluted
by the addition of a solution of hydroxamate in water, to
give final concentrations of 40 mM MOPS and 20% glycerol.
LacGSH and OctylGSH were obtained from Sigma Chemical
Co., and the synthesis of the hydroxamate has been previ-
ously reported (22). The concentrations of LacGSH, Oc-
tylGSH, and hydroxamate used in EXAFS samples were
higher than the determined IC50 values of these compounds
(2.05 mM, 0.52 mM, and 1.80µM, respectively, ref23).

XAS Data Collection and Analysis.XAS data for all
samples were collected on beam line X9B at the National
Synchroton Light Source (NSLS) at Brookhaven National
Laboratory over several runs. The samples were contained
in polycarbonate holders that were inserted into slotted
aluminum holders held near 50 K using a He displex cryostat
for XAS data collection. Data were collected under dedicated
conditions at 2.58 GeV and 120-200 mA as previously
described (24), using a Si(220) double crystal monochro-
mator and internally calibrated to the first inflection point
of Ni foil (8331.6 eV). This arrangement provides a
theoretical resolution of ca. 0.5 eV for the 0.5-mm hutch
slit height employed. The data from the SeMet Ni-GlxI
hydroxamate complex were recorded in a similar manner
except that a Si(111) double crystal monochromator was

Scheme 3
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used. This provides a theoretical resolution of ca. 1.0 eV.
Harmonic rejection was accomplished with a focusing mirror
left flat. X-ray fluorescence data were collected using a 13-
element Ge detector (Canberra). The integrity of the samples
after ∼10 h of exposure to monochromatic synchrotron
radiation was determined by monitoring the Ni K-edge
energy on sequential scans. No changes in either redox state
or ligand environment were observed. Data for nickel(II)
hexakisimidazole tetrafluoroborate [Ni(Im)6](BF4)2 were col-
lected and analyzed as previously described (25).

The XAS spectra reported are the sum of 14-16 scans
and were analyzed in analogy with previously published
procedures (24). For the purpose of comparison, the Ni
K-edge energy of the samples was taken to be the energy at
a normalized absorbance of 0.5 (Table 1). The edge values
are reproducible to( 0.1 eV. The areas under the peaks
assigned to 1sf 3d transitions were determined by fitting
a background to the region of the normalized spectrum
immediately below and above this feature in energy and
integrating the difference.

Scheme 4

Scheme 5
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Extended X-ray absorption fine structure (EXAFS) data
were analyzed using the XAS analysis package WINXAS
(26). Analysis of EXAFS features arising from atoms in the
first coordination sphere was accomplished as previously
described (27). The summed, energy-calibrated data files
were background-corrected and normalized using a two
polynomial fit, with a first-order polynomial for the pre-
edge region and a third-order polynomial for the post-edge
region. The data were converted tok-space using the
relationship [2me(E - E0)/hh2]1/2, whereme is the electron
mass,E is the photon energy,hh is Planck’s constant divided
by 2π, andE0 is the threshold energy of the absorption edge
and defined here as 8340.0 eV. A least-squares fitting
procedure was employed over ak range of 2-12.5 Å-1 using
Fourier-filtered EXAFS with a backtransform window of
1.1-4.0 Å (uncorrected for phase shifts). The data were
truncated atk ) 12.5 Å-1 because of the presence of trace
amounts of Cu in the samples. The fitting procedure
minimized GOF) 1/σ2∑i)1

N [yexp(i) - ytheo(i)]2 (whereσ is
an estimate for the experimental error andyexp andytheo are
experimental and theoretical data points, respectively, and
N is the number of data points) (26). Comparison of residual
values (26) (eq 1) and the difference in the disorder
parameters between model data and the fit,|∆σ2| ) |(σfit

2 -
σmodel

2 )|, using the XAS formula (eq 2) (26) were used to
select the best fits of the data (whereσmodel

2 is the disorder
parameter obtained from FEFF 6 calculations of the relevant
crystallographically characterized model compound). Thus,
∆σ2 values provide a comparison of the disorder in the
enzyme with a well-ordered model system. The dynamic
disorder in bond distances was minimized by recording
spectra on samples held at 50 K in a He displex cryostat.

Static disorder arises from small differences in Ni-X bond
distances within the same shell. As a result, four well-ordered
Ni-O/N distances can give a similar EXAFS amplitude as
six less well-ordered Ni-O/N distances. This correlation
effectively limits the accuracy of the determination of the
number of scattering atoms (N) in a refined shell to ca.(
25% or( 1 donor atom. The correlation betweenN andσ2

was minimized by constraining the number of scattering
atoms to integer values and varyingσ2 to obtain the best fit
of the amplitude.

Theoretical phases and amplitudes for single scattering
EXAFS analyses were obtained from FEFF 6 (28-30)
calculations of crystallographically characterized model
compounds as previously described (16, 27). Theoretical
phases and amplitudes for multiple scattering EXAFS
analyses were also obtained from FEFF 6 using the crystal-
lographically characterized model compounds diaqua-bis-
(salicylaldehydato) nickel(II) (31) [Ni(sal)2(H2O)2], [Ni(Im) 6]-
(BF4)2 (32) and bis(L-lactato)(N,N,N′,N′-tetramethylethylene-
diamine nickel(II) [Ni(lac)2(tmen)] (33). Photoelectron scat-
tering pathways were calculated out to a distance of 6.1 Å.
In the case of [Ni(sal)2(H2O)2], the second coordination
sphere C atoms produced only two scattering pathways, one
single scattering path and one multiple scattering path with
a 36% relative intensity (Table S1, Supporting Information).
To simplify the fitting procedure, the distances for the two
pathways involving the second coordination sphere C atoms
were correlated so that only one adjustable distance (Ni-C)
was involved in the fits. A singleσ2 value was used for both
pathways. Modeling second coordination sphere C atoms
with parameters from [Ni(sal)2(H2O)2] failed to converge in
the case of complexes with the hydroxamate ligand, hox, so
[Ni(lac)2(tmen)] was used as a more accurate model of these
C atoms. Six pathways involving the CR atoms of the lactato
ligand were obtained from FEFF 6 calculations, two single
and four multiple scattering paths. However, two of the
multiple scattering pathways had relative intensities of<10%
and were neglected to minimize the number of adjustable
parameters used in the fits. The remaining two multiple
scattering pathways had relative intensities of∼26%. As in
the case of second coordination sphere carboxylate C atoms,
the distances for the two pathways were correlated so that
only one adjustable distance (Ni-C) was involved in the fits.
A single σ2 value was used for all four pathways.

Single and multiple scattering pathways for [Ni(Im)6]-
(BF4)2 were obtained using a slightly different procedure.
Instead of using all six imidazole rings from the crystal
structure, only one ring was chosen as a basis and theoretical
phases, and amplitudes were calculated from this single ring.
Those pathways with a relative intensityg17% (all paths)

FIGURE 1: Reconstructed electrospray mass spectrum of the purified
SeMet GlxI, showing the fully incorporated (three SeMet) protein
with minor levels of double incorporated protein and formylated
fully incorporated protein.

Table 1: Ni K-Edge and XANES Spectra forEscherichia coli
Glyoxalase I

sample
Ni K-edge

energy (eV)

1sf 3d
peak area
(10-2 eV) ref

Ni-GlxI 8341.9(1) 2.8(5) 16
Ni-GlxI LacGSH complex 8341.9(1) 3.5(3) this work
Ni-GlxI OctylGSH complex 8341.9(1) 3.6(5) this work
Ni-GlxI hydroxamate complex 8341.7(1) 5.1(4) this work
SeMet Ni-GlxI 8342.0(1) 3.8(2) this work
SeMet Ni-GlxI hydroxamate

complex
8340.3(1) 1.5(2) this work

residual [%])

∑
i)1

N

|yexp(i) - ytheo(i)|

∑
i)1

N

|yexp(i)|
‚100 (1)

ø(k) ) ∑
j

NjS0
2Fj(k)

kRj
2

e(-2k2σj
2)e(-2Rj/λ)sin[2kRj + δj(k)] (2)
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were used in the fitting procedure. FEFF 6 pathways were
calculated to a distance of 6.1 Å, although the maximum
distance of pathways that contributed significantly to the
EXAFS was 4.448 Å. (See Supporting Information, Table
S1.) This resulted in the use of 15 pathways to describe the
EXAFS from an imidazole ring, one for the first coordination
sphere N atom, four for the second coordination sphere C
atoms, and 10 for the third coordination sphere C/N atoms.
In fitting imidazole rings, the distances between N, second
coordination sphere C, and third coordination sphere C and
N atoms were correlated so that the ring refined as a unit
with one adjustable Ni-N distance. Four values ofσ2 were
used to describe the imidazole ring, one for atoms in the
first coordination sphere (N), one for both C atoms in the
second coordination sphere, and two for the C/N atoms in
the third coordination sphere. The use of two disorder
parameters to discriminate between pathways with distances
of <4.35 Å and pathways with distances of>4.35 Å allowed
for some adjustment in the importance of multiple scattering
pathways in the fits of unknowns relative to the calculated
models. Thus, large disorder parameters for certain pathways
indicate a decreased importance of that path in fitting ex-
perimental data relative to the [Ni(Im)6]2+ model. The num-
ber of histidine ligands was determined from fits employing
one, two, and three imidazole rings, which were not in-
dependently refined. The pathways are described in detail
in the Supporting Information, Table S1.

Fourier filtered EXAFS data using a backtransform
window of 1.1-4.0 Å (uncorrected for phase shifts) were
fit using the following strategy: (i) The atoms in the first
coordination sphere were first modeled as a single shell of
scattering atoms, and the best fit using 4, 5, or 6 O/N (O
parameters were used) or S donor-atoms was obtained. (ii)
The first coordination sphere was then separated into two
shells and fit using an integer combination of O/N or S atoms
totaling 4, 5, or 6. (iii) Next, one of the O/N scatterers was
replaced by an imidazole ring and the Ni-N distance and
ring disorder parameters refined along with the parameters
describing other first coordination sphere atoms. (iv) The
number of imidazole rings was adjusted to give the best fit.
(v) Last, additional second shell C atoms were added to
model features associated with carboxylate ligands or the
hydroxamate inhibitor. The number of additional second
coordination sphere C atoms added provides an estimate of
the number of carboxylate ligands in the active site in
samples that do not involve the hydroxamate inhibitor.

The FEFF parameters calculated for the carboxylate and
Im models were checked by using them to fit experimental
EXAFS data obtained from the model complexes used in
calculations. Using the fitting procedures described above,
refined distances to atoms in the first coordination sphere
were within( 0.02 Å of the crystallographic distances, and
distances for second and third coordination sphere atoms
were within( 0.04 Å (e.g., see Table 4).

RESULTS AND DISCUSSION

Redox Chemistry.Although the biological function of
GlxI does not involve a redox reaction, changes in the lig-
and environment, such as the addition of inhibitors that
bind to the Ni, will influence the electron density at the Ni
center and can potentially alter the oxidation state of the

metal. These effects can be addressed by examining the Ni
K-edge energy. Nickel K-edge XAS spectra result from the
ejection of a 1s core electron into the continuum, which
occurs at 8331.6 eV for Ni metal and near 8340 eV in Ni-
(II) model compounds (34). Since the energy required to
dissociate a 1s core electron is influenced by the valence
electron configuration, the edge energy provides a measure
of the relative electron density on the Ni atom in different
samples. As a result, changes in electron density between
structurally similar compounds can provide information
regarding oxidation state changes. A one electron oxidation
state change typically results in at least a 2 eVshift in the
edge energy, assuming a constant ligand environment (25,
35, 36).

The Ni K-edge XAS spectra, showing the edge region and
X-ray absorption near-edge structure (XANES) features
associated withE. coli GlxI, are summarized in Table 1 and
Figure 2. With the exception of the SeMet Ni-GlxI hy-
droxamate complex, all samples have the same edge ener-
gy within experimental error. This result is consistent with
the nonredox function of this enzyme. Since none of the
samples exhibit electron paramagnetic resonance (EPR)
signals associated with anS ) 1/2 Ni species, it is likely
that Ni is always in the+2 oxidation state, and no redox
process is expected to take place upon addition of inhib-
itors or upon substitution of SeMet for Met. The SeMet Ni-
GlxI hydroxamate complex has an edge energy 1.7 eV below
that of the SeMet Ni-GlxI sample. A change of this
magnitude could be ascribed to a one-electron oxidation state
change; however, the SeMet Ni-GlxI hydroxamate com-
plex does not exhibit an EPR signal that would be ex-
pected for reduction to Ni(I). The possible binding of Se (a

FIGURE 2: Ni K-edge XAS ofE. coli Ni-GlxI and SeMet Ni-GlxI
samples. Inserts are expansions of the preedge XANES region
showing the 1sf 3d transitions.
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soft donor atom) to Ni is ruled out by EXAFS analysis
(vide infra). The substitution of one or more anionic ligands
(e.g., hydroxamate) for a neutral ligand (e.g., H2O) is a
plausible explanation for the shift in Ni K-edge energy to
lower values.

Coordination Number and Geometry.Information regard-
ing the coordination number and geometry of the Ni sites in
Ni-GlxI can be found in the XANES region of the spectrum.
In addition to the wild-type nickel enzyme, the selenom-
ethionine derivative ofE. coli GlxI where Met1, 7, and 26
were replaced with SeMet was studied. This derivative has
a slightly modifiedVmax (435( 9 µmol min-1 mg-1 versus
676 ( 17 µmol min-1 mg-1 for wild-type GlxI) but
unchangedKm (23( 2.3µM versus 27.2( 0.4µM for wild-
type). Since SeMet does not often alter enzyme kinetics, the
structural perturbation due to incorporation of SeMet was
of interest, particularly in view of theE. coli GlxI crystal
structure, which indicates that Met7 is proximal to the metal
ligands His 5 and Glu56 (Figure 3). The XANES region is
sensitive to the number of ligands and the geometry of the
ligands bound to the metal site. Although EXAFS analysis
can be used to determine the number of donor atoms, its
accuracy is limited to( 25% due to correlations between
the number of donor ligands and the disorder (σ2) in the M-L
distances. Thus, XANES analysis provides a more reliable
determination of the geometry and number of ligands.
XANES features in the XAS spectrum occur as a result of
high energy electronic transitions from the 1s core to
unoccupied metal valence orbitals. The 1sf 3d transition,
which is observed near 8332 eV in Ni(II) model complexes,
is a weak feature in the XANES region and provides an
indication of the geometry of the metal site. This transition
is formally forbidden in centrosymmetric environments, but

gains intensity from p-d orbital mixing in noncentrosym-
metric complexes. Such mixing of orbital character is
maximal for tetrahedral geometry (1sf 3d peak areas∼10
× 10-2 eV), and minimal for six-coordinate and four-
coordinate planar geometries (peak areas) 0-4 × 10-2 eV),
with five-coordinate complexes having intermediate peak
areas (5-7 × 10-2 eV) (25, 37). The six- and four-coordinate
planar environments can be distinguished by the presence
(planar) or absence (octahedral) of a resolved peak at∼8338
eV, which is associated with a 1sf 4pz transition (with
shakedown contributions) (25, 37). This transition is also
observed in five-coordinate square pyramidal (25) and
distorted square planar complexes (38), but not in five-
coordinate trigonal bipyramidal complexes (25).

Since none of the Ni-GlxI samples exhibits either a
resolved 1sf 4pz peak, or a shoulder on the edge, it can be
concluded that neither a square planar nor a five-coordinate
square pyramidal geometry is present in the Ni-GlxI samples.
The magnitude of the 1sf 3d transitions in all samples,
with the exception of the Ni-GlxI hydroxamate complex, are
small and range from (1.5-3.8) × 10-2 eV. Since no 1sf
4pz transitions are observed, it can be concluded that the Ni
sites in these samples are all six-coordinate. However, the
Ni-GlxI hydroxamate complex exhibits a 1sf 3d transition
peak whose magnitude is more consistent with a five-
coordinate geometry (5.1(4)× 10-2 eV). Since the edge
structure is devoid of a 1sf 4pz feature, a trigonal
bipyramidal geometry is indicated. This suggests that a ligand
associated with the Ni site in the native sample is lost upon
addition of hydroxamate.

The results from Ni K-edge and XANES analysis com-
bined suggest that addition of LacGSH or OctylGSH to Ni-
GlxI has no effect on either the redox level or the geometry

FIGURE 3: E. coli Ni-GlxI active site showing Ni2+ (green), two oxygen atoms of the aqua ligands (cyan, shown in half its diameter for
clarity), the four metal binding ligands (His5, Glu56, His 74, and Glu122), and the proximal Met7. Graphics generated using WebLab
ViewerPro, ver 3.7 (Molecular Simulations Inc.)
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of the Ni site. This confirms that the OctylGSH does not
directly interact with the metal, as expected. Crystallization
of theH. sapiensGlxI enzyme in the presence of hexylglu-
tathione also did not appear to significantly alter the metal
ligand environment (15). In contrast, EPR and NMR studies
on theH. sapiensGlxI enzyme suggested that the addition
of LacGSH removes one water ligand from the metal
environment (19). There is no evidence for this inE. coli
Ni-GlxI, under the given conditions.

This conclusion can also be made when comparing Ni-
GlxI with SeMet Ni-GlxI. In contrast, the addition of
hydroxamate to either Ni-GlxI or SeMet Ni-GlxI changes
the Ni site but in distinct ways. In Ni-GlxI, a ligand appears
to be lost upon addition of hydroxamate, but little change in
the Ni K-edge energy is observed. In SeMet Ni-GlxI, addition
of hydroxamate results in an increase in electron density
(decrease in edge energy) at the Ni site without a change in
the number of ligands. The substitution of a more electron-
rich ligand for a less electron-rich ligand may account for
this observation, such as the substitution of hydroxamate for
two H2O molecules.

The Ligand EnVironment.The ligand environment can be
probed by analysis of the EXAFS region of the spectrum,
which provides information about the types of donor atoms
involved and metric details of the metal site structure (39).
EXAFS results from the oscillation in the X-ray absorption
coefficient produced by scattering of the ejected photoelec-
tron. The results from iterative fitting of EXAFS using
Fourier-filtered data with a backtransform window of 1.1-
4.0 Å are summarized in Tables 2 and 3, and in Figures 4
and 5. Table 2 shows the best single shell fit, which indicates
the presence of only O or N-donor ligands (modeled as O
atoms). Selected two shell fits, fits incorporating a set of
histidine ligands (two refined distances), and the best fits
incorporating histidine ligands and Ni-C vectors from car-
boxylate C atoms (e.g., for Asp, Glu, three refined distances)
are also shown.

It can be seen from Table 2 that the best single shell fits
contain 5/6 O/N donor ligands at an average distance of
2.06(4) Å (fits A01, B01, C01, D01, D02, E01, and F01).
Minor improvements in the fits are observed by splitting the
O/N donors into two shells in all cases except for the SeMet
Ni-GlxI hydroxamate complex. The fits of the Ni site in the
Ni-GlxI, Ni-GlxI LacGSH complex, and Ni-GlxI OctylGSH
complex are improved by modeling the site as six-coordinate
with two shells of O/N donors composed of 1-2 O/N at
1.95(2) Å plus 4-5 O/N at 2.09(2) Å (fits A02, A03, B02,
B03, C02, and C03). A comparison of the EXAFS results
for the Ni-GlxI samples would suggest that the addition of
LacGSH and OctylGSH has no effect on the first coordina-
tion sphere of Ni. Similar results are obtained when Ni-GlxI
is compared with SeMet Ni-GlxI (fits A02 vs E02 and A03
vs E03). The possibility that Se binds to Ni was addressed
by adding a shell of Se atoms to the two shell O atom fits.
Although this leads to an improvement in the fit (fit E05),
the refined Ni-Se distance is considerably longer than normal
primary coordination sphere Ni-Se distances observed in
model compounds (fit E05; 2.8 vs 2.4 Å in model systems)
(40-42). Since the first coordination sphere of the Ni site
is unchanged by the substitution of SeMet for Met in
Ni-GlxI, it is likely that the active site is simply “crowded”
by the larger Se atom, which may result in alteration of the

catalytic rate of the enzymes. On the basis of the present
EXAFS data, the introductions of the Se atom does not
directly perturb the metal center. However, more distal effects
on the active site outside the primary coordination sphere
of the metal cannot be ruled out.

The Ni-GlxI hydroxamate complexes appear to exhibit
different properties when compared with the other samples,
as was observed in the XANES/K-edge analyses. Both the
Ni-GlxI hydroxamate complex and the SeMet Ni-GlxI
hydroxamate complex have slightly shorter average Ni-O/N
distances than the other samples (fits D01, D02, and F01).
The shorter average Ni-O/N distances coupled with the
XANES analysis demonstrate that the primary coordina-
tion sphere of the Ni is altered by the presence of the hy-
droxamate inhibitor, likely indicating that it is a Ni ligand.
The Ni-GlxI hydroxamate complex can be modeled using
two shells of O/N donors [2 O/N at 1.92(3) Å and 3 O/N at
2.06(2) Å; fits D03, D04, D05]. When attempts were made
to model the Ni site in SeMet Ni-GlxI hydroxamate complex
with two shells of O/N donors, unacceptably large values of
σ2 were obtained (see Supporting Information, Table S8).

Multiple Scattering.The Fourier transformed EXAFS data
reveals several peaks due to atoms outside the primary
coordination sphere of the Ni (Figure 4). On the basis of the
crystal structure of GlxI, these features can be attributed to
histidine imidazole ligands with minor contributions from
carboxylate C atoms. To fit EXAFS arising from histidine
residues and carboxylate C atoms outside the primary
coordination sphere of Ni, a method for fitting multiple
scattering pathways for these atoms was devised. Using the
ab initio program FEFF 6 (28-30), theoretical phase and
amplitude parameters for both single and multiple scattering
pathways involving second and third coordination sphere
imidazole C and N atoms were obtained from a single Im
ring from the crystallographically characterized model
compound [Ni(Im)6](BF4)2 (32). To limit the number of
pathways and adjustable parameters involved in fits to a
minimum, we employed only pathways that contributed more
than 17% of the calculated intensity, constrained the number
of distances adjusted to a single Ni-N distance, and limited
the number ofσ2 values to four. (See Experimental Proce-
dures). These parameters were then tested by using them to
fit experimentally obtained XAS data from [Ni(Im)6](BF4)2

by varying only the Ni-N distance andσ2 values. The EXAFS
fits obtained from [Ni(Im)6](BF4)2 using the FEFF 6 param-
eters are shown in Figure 6 and Table 4, which also provides
a comparison between the distances obtained from EXAFS
analysis and crystallographic distances. The distances to
atoms in the first, second, and third coordination sphere of
Ni are in good agreement with crystallographic results despite
the fact that the model uses a single Im ring tied to a single
Ni-N distance to model the EXAFS of three crystallographi-
cally distinct Im rings in the model compound. The intensity
of the EXAFS obtained from the model was more consistent
with five Im ligands than six, but this is within the usual
error for the number of similar ligands obtained from the
analysis of the intensity of EXAFS arising from atoms in
the primary coordination sphere (( 25%). This method of
analysis is expected to approximate the number of Im ligands
assuming that the Im ligands have similar M-N distances
and that the rings are not distorted so as to significantly alter
the multiple scattering pathways. In the case ofE. coli GlxI,
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Table 2: Selected Curve-Fitting Results of Filtered EXAFS Spectra forEscherichia coliGlyoxalase Ia,b

sample fit N Ni-Xc R (Å) σ2 (× 103 Å)d ∆σ2 (× 103 Å) res (%)

Ni-GlxI A01 6 Ni-O 2.0696(2) 7.0 2.4 35.6
A02 1 Ni-O 1.9145(5) 0.2 -4.4 29.2

5 Ni-O 2.0827(2) 2.9 -1.7
A03 2 Ni-O 1.9582(4) 3.3 -1.3 29.3

4 Ni-O 2.1005(3) 1.8 -2.8
A04 4 Ni-O 2.0955(2) 1.4 -3.2 10.6

2[His] [Ni-N] [1.9713(4)] 2.1 -2.5
[Ni-2C] [2.9295(4)] 0.7 -4.8

[3.0127(4)]
[Ni-C/N] [4.1025(4)] 25.8 20.3

[4.1557(4)]
A05 4 Ni-O 2.1004(3) 1.6 -3.0 8.9

2[His] [Ni-N] [1.9841(4)] 2.0 -2.6
[Ni-2C] [2.9423(4)] 4.0 -1.5

[3.0255(4)]
[Ni-C/N] [4.1153(4)] 10.5 5.0

[4.1685(4)]
2{Glu} {Ni-C} {2.940(2)} 1.6 -3.9

Ni-GlxI LacGSH complex B01 6 Ni-O 2.0601(2) 8.9 4.3 33.6
B02 1 Ni-O 1.9161(5) 1.2 -3.4 29.5

5 Ni-O 2.0792(2) 4.7 0.1
B03 2 Ni-O 1.9557(4) 3.8 -0.8 29.6

4 Ni-O 2.0990(3) 3.4 -1.2
B04 4 Ni-O 2.0959(3) 2.8 -1.8 10.4

2[His] [Ni-N] [1.9725(3)] 2.3 -2.3
[Ni-2C] [2.9307(3)] 3.1 -2.4

[3.0139(3)]
[Ni-C/N] [4.1307(3)] 17.2 11.7

[4.1569(3)]
B05 4 Ni-O 2.0979(3) 3.2 -1.4 8.8

2[His] [Ni-N] [1.9815(4)] 2.6 -2.0
[Ni-2C] [2.9397(4)] 4.1 -1.4

[3.0229(4)]
[Ni-C/N] [4.1127(4)] 14.6 9.1

[4.1659(4)]
2{Glu} {Ni-C} {2.897(4)} 3.1 -2.4

Ni-GlxI OctylGSH complex C01 6 Ni-O 2.0606(1) 10.1 5.5 30.8
C02 1 Ni-O 1.9262(4) 5.2 0.6 29.1

5 Ni-O 2.0782(1) 6.8 2.2
C03 2 Ni-O 1.9710(4) 8.0 3.4 29.2

4 Ni-O 2.0925(3) 6.1 1.5
C04 4 Ni-O 2.0950(2) 4.4 -0.2 7.0

2[His] [Ni-N] [1.9773(2)] 4.3 -0.3
[Ni-2C] [2.9355(2)] 4.0 -1.5

[3.0187(2)]
[Ni-C/N] [4.1085(2)] 23.5 18.0

[4.1617(2)]
C05 4 Ni-O 2.0959(2) 4.7 0.1 6.0

2[His] [Ni-N] [1.9838(3)] 4.7 0.1
[Ni-2C] [2.9420(3)] 6.1 0.6

[3.0252(3)]
[Ni-C/N] [4.1150(3)] 20.8 15.3

[4.1682(3)]
2{Glu} {Ni-C} {2.932(4)} 6.5 1.0

Ni-GlxI Hox complex D01 5 Ni-O 2.0212(1) 6.8 2.2 28.4
D02 6 Ni-O 2.0218(1) 8.8 4.2 29.2
D03 2 Ni-O 1.9400(2) 0.8 -3.8 25.8

3 Ni-O 2.0769(2) 1.0 -3.6
D04 1 Ni-O 1.8980(6) 5.3 0.7 27.3

5 Ni-O 2.0384(2) 6.1 1.5
D05 2 Ni-O 1.9374(5) 6.8 2.2 27.2

4 Ni-O 2.0535(4) 5.2 0.6
D06 5 Ni-O 2.0313(4) 7.0 2.4 15.4

1[His] [Ni-N] [1.9480(8)] 10.1 5.5
[Ni-2C] [2.9062(8)] 6.5 1.0

[2.9894(8)]
[Ni-C/N] [4.0792(8)] 7.4 1.9

[4.1324(8)]
D07 4 Ni-O 2.0625(2) 3.2 -1.4 11.8

2[His] [Ni-N] [1.9484(3)] 2.0 -2.6
[Ni-2C] [2.9066(3)] 8.6 3.1

[2.9898(3)]
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Table 2 (Continued)

sample fit N Ni-Xc R (Å) σ2 (× 103 Å)d ∆σ2 (× 103 Å) res (%)

[Ni-C/N] [4.0796(3)] 20.3 14.8
[4.1328(3)]

D08 4 Ni-O 2.0586(3) 4.0 -0.6 10.2
2[His] [Ni-N] [1.9542(4)] 3.4 -1.2

[Ni-2C] [2.9124(4)] 16.4 10.9
[2.9956(4)]

[Ni-C/N] [4.0854(4)] 18.6 13.1
[4.1386(4)]

{Hox} {Ni-2C} {2.832(2)} 1.5 -4.0
{2.966(2)}

SeMet Ni-GlxI E01 6 Ni-O 2.0628(1) 7.8 3.2 33.3
E02 1 Ni-O 1.9391(2) 1.1 -3.5 31.5

5 Ni-O 2.0844(1) 4.5 -0.1
E03 2 Ni-O 1.9740(2) 3.1 -1.5 31.6

4 Ni-O 2.1033(1) 3.4 -1.2
E04 4 Ni-O 2.1000(1) 2.6 -2.0 10.0

2[His] [Ni-N] [1.9879(1)] 1.5 -3.1
[Ni-2C] [2.9461(1)] 0.5 -5.0

[3.0293(1)]
[Ni-C/N] [4.1191(1)] 16.1 10.6

[4.1723(1)]
E05 2 Ni-O 1.9836(3) 4.7 0.1 20.7

4 Ni-O 2.0988(2) 4.5 -0.1
1 Ni-Se 2.8861(2) 7.2 5.7

E06 4 Ni-O 2.1033(2) 3.0 -1.6 7.8
2[His] [Ni-N] [1.9979(3)] 1.6 -3.0

[Ni-2C] [2.9561(3)] 2.1 -3.4
[3.0393(3)]

[Ni-C/N] [4.1291(3)] 13.5 8.0
[4.1823(3)]

2{Glu} {Ni-C} {2.931(3)} 2.1 -3.4
E07 4 Ni-O 2.1047(2) 2.5 -2.1 6.3

1 Ni-Se 2.880(1) 6.3 4.8
2[His] [Ni-N] [1.9907(3)] 9.0 4.4

[Ni-2C] [2.9489(3)] 17.9 12.4
[3.0321(3)]

[Ni-C/N] [4.1219(3)] 14.0 8.5
[4.1751(3)]

2{Glu} {Ni-C} {2.708(3)} 10.7 5.2
SeMet GlxI Hox complex F01 6 Ni-O 2.0296(1) 11.6 7.0 24.0

F02 1 Ni-O 2.0245(3) 2.3 -2.3 22.5
5 Ni-O 2.0334(3) 15.4 10.8

F03 2 Ni-O 2.0240(2) 4.9 0.3 22.5
4 Ni-O 2.0398(5) 18.0 13.4

F04 5 Ni-O 2.0475(3) 9.9 5.3 8.6
1[His] [Ni-N] [1.9677(8)] 6.8 2.2

[Ni-2C] [2.9259(8)] 7.7 2.2
[3.0091(8)]

[Ni-C/N] [4.0989(8)] 11.1 5.6
[4.1521(8)]

F05 4 Ni-O 2.0688(3) 7.3 2.7 8.0
2[His] [Ni-N] [1.9704(5)] 5.8 1.2

[Ni-2C] [2.9286(5)] 11.8 6.3
[3.0118(5)]

[Ni-C/N] [4.1016(5)] 30.1 24.6
[4.1548(5)]

F06 5 Ni-O 2.0452(3) 10.7 6.1 6.9
1[His] [Ni-N] [1.9908(8)] 6.8 2.2

[Ni-2C] [2.9490(8)] 3.1 -2.4
[3.0322(8)]

[Ni-C/N] [4.1220(8)] 7.0 1.5
[4.1752(8)]

1{Glu} {Ni-C} {2.849(1)} 0.6 -4.9
F07 5 Ni-O 2.0542(3) 10.7 6.1 7.3

1[His] [Ni-N] [1.991(1)] 7.1 2.5
[Ni-2C] [2.949(1)] 10.9 5.4

[3.033(1)]
[Ni-C/N] [4.122(1)] 7.0 1.5

[4.176(1)]
2{Glu} {Ni-C} {2.901(5)} 9.0 3.5

F08 4 Ni-O 2.0670(4) 7.6 3.0 6.3
2[His] [Ni-N] [1.9748(7)] 6.4 1.8
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the enzyme contains only two His residues (11). Thus, the
only possibilities are 0, 1, or 2 His ligands, with a minimum
difference of 50%.

Replacement of a shell of O/N donors in the two shell
fits by His imidazole ligands greatly improves the fits for
all the Ni-GlxI samples. Incorporation of one His imidazole
in the fits led to negative values ofσ2 for some of the atoms
in the imidazole ring in all samples except the hydroxamate
complexes (see Table 2 and Supporting Information). Nega-
tive values ofσ2 are physically meaningless and indicate that
the number of scattering atoms in that shell is too small.
The “best” fits were found with the addition of two His
ligands (fits A04, B04, C04, and D07) with very similar
distances (1.97( 0.02 Å) obtained in the different samples,
a result that is consistent with the crystal structure of the
native enzyme (17). Thus, no effect on the His ligands is
observed upon addition of either product or inhibitors. SeMet
Ni-GlxI also fits better with two His residues (fit E04). The

distances obtained for the His ligands are essentially the same
as those for Ni-GlxI, and thus substitution of SeMet for Met
does not appear to affect the coordination of the His residues
at the Ni active site and, therefore, is not the source of the
lowered enzyme activity in SeMet Ni-GlxI. For the SeMet
Ni-GlxI hydroxamate complex, EXAFS does not distinguish
well between one and two histidine ligands (compare fits
F04, F05; F09; F10). However, the XANES analysis
indicates that the Ni site is still six-coordinate and EXAFS
analysis indicates only N/O donor ligands are present. Given
the fact that the average Ni-N(His) distance (1.97(2) Å) is
identical to those obtained from the analysis of the other
samples, the data favor retention of both His ligands in the
SeMet Ni-GlxI hydroxamate complex.

Previous studies on Ni-GlxI indicated that EXAFS fits
could be further improved by the addition of a shell of Ni-C
atoms from theCR of carboxylate amino acid residues (e.g.,
Glu) in the active site (fit A05) (16). The improvements in
the fits upon addition of a shell of C atoms in the second
coordination sphere of the Ni is minor and at the level of
the noise in the data (see Supporting Information). The
Ni-GlxI samples with LacGSH or OctylGSH added are best
fit by the addition of two C atoms (fits B05 and C05).
Addition of a shell of Ni-C atoms to SeMet Ni-GlxI con-
taining a shell of His ligands also leads to minor improve-
ment in the fits (Fit E06). The Ni-Ccarbox distances in these
samples are the same as those observed in Ni-GlxI (2.92(
0.02 Å). This result is consistent with the conclusion that
the overall structure of Ni-GlxI is essentially unchanged by
the addition of either LacGSH or OctylGSH, or by SeMet
substitution.

Table 2 (Continued)

sample fit N Ni-Xc R (Å) σ2 (× 103 Å)d ∆σ2 (× 103 Å) res (%)

[Ni-2C] [2.9330(7)] 16.4 10.9
[3.0162(7)]

[Ni-C/N] [4.1060(7)] 26.6 21.1
[4.1592(7)]

2{Glu} {Ni-C} {2.915(4)} 9.9 4.4
F09 5 Ni-O 2.0442(3) 11.0 5.5 4.7

1[His] [Ni-N] [1.999(1)] 7.3 2.7
[Ni-2C] [2.957(1)] 15.3 9.8

[3.040(1)]
[Ni-C/N] [4.130(1)] 6.2 0.7

[4.183(1)]
{Hox} {Ni-2C} {2.822(2)} 4.7 -0.8

{2.956(2)}
F10 4 Ni-O 2.0650(5) 8.0 3.4 6.2

2[His] [Ni-N] [1.9781(8)] 7.0 2.4
[Ni-2C] [2.9363(8)] 18.2 12.7

[3.0195(8)]
[Ni-C/N] [4.1093(8)] 26.2 20.7

[4.1625(8)]
{Hox} {Ni-2C} {2.824(2)} 7.5 2.0

{2.959(2)}
a Data range,k ) 2-12.5 Å-1, BT window ) 1.1-4.0 Å. b X is the scattering atom for each shell;R is the Ni-X distance;σ2 is the root-mean-

square disorder in the Ni-X distance;∆σ2 is σ2 relative to calculated values for reference compounds; res (%) is the residual as defined in the
Experimental Procedures. The accuracy of distances determined by EXAFS for atoms in the first coordination sphere of the metal are limited to(
0.02 Å by the theoretical phase parameters. The refinements generally show precisions that are less than 0.02 Å for well-ordered shells, and thus
differences in distances between samples using equivalent fits are more accurate than the absolute distances.c The distances shown are for the
single scattering pathways used in the fits of Ni-GlxI. Histidine (His) ligands were fit using single and multiple scattering pathways for Ni(Im)6(BF4)2

obtained from FEFF 6. The distances obtained from these pathways were then correlated such that the imidazoles fit as a single unit and the data
refined. The Ni-His distances obtained for the GlxI fits are enclosed in brackets to denote that these distances were correlated. Similarly, the
distances for the single and multiple scattering pathways obtained from [Ni(sal)2(H2O)2] and [Ni(lac)2(tmen)] were also correlated to fit second
coordination sphere C atoms to the Ni-GlxI data. Distances obtained are shown in braces to denote that the pathways used were refined as a unit.
d Italicized values are approaching physical insignificance. Large values ofσ2 suggest that the shell involved has a coordination number that is too
large or is badly disordered and may be unnecessary for fitting the data.

Table 3: Summary of EXAFS Fitting Results forEscherichia coli
GlxI

samplea ave Ni-O/N (Å)b no. of His ligands

Ni-GlxI 2.07(2) 2
Ni-GlxI LacGSH complex 2.06(2) 2
Ni-GlxI OctylGSH complex 2.06(2) 2
Ni-GlxI Hox complex 2.02(2) 2
SeMet Ni-GlxI 2.06(2) 2
SeMet Ni-GlxI Hox complex 2.03(2) 1-2

a Hox refers to the transition state analogue inhibitorL-(-glutamyl-
N-hydroxy-N-methyl-L-glutaminylglycine.b The average Ni-O/N dis-
tances were taken from the single shell fits.
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Mechanistic Insights.Three plausible mechanisms of Ni-
GlxI catalysis are outlined in Schemes 2-4. Scheme 4, which
features an unidentified amino acid side chain as a catalytic
base, can be discounted on the basis of the Ni-GlxI crystal
structure, which shows no residue that could be a candidate
for a catalytic base in reasonable proximity to the Ni site.
Mechanisms 2 and 3 can be distinguished in two ways. In
mechanism 2, the substrate binds to the Ni center and
displaces both waters and a Glu residue, which then serves
as a catalytic base. In mechanism 3, the substrate does not
bind to the Ni center and does not displace any ligands.
Instead, the metal serves to ionize one aqua ligand to a
hydroxo ligand, which then serves as the catalytic base.

The crystal structure of human GlxI with a different
transition state analogue inhibitor (S-(N-hydroxy-N-p-io-
dophenylcarbamoyl)glutathione) added indicates that two
water molecules and Glu172 are replaced by two O atoms
from the inhibitor (14). The EXAFS data for Ni-GlxI are
consistent with this result, although it is not clear whether
hydroxamate displaces a carboxylate ligand in addition to
the two water molecules. The XANES analysis showing a
five-coordinate site is consistent with a [Ni(His)2(Glu)(Hox)]
five-coordinate structure. Such a structure is also consistent
with the reaction mechanism that features displacement of a
Glu ligand, which can then function as a catalytic base
(Scheme 2) (14). However, the hydroxamate (pKa 8-10)
probably binds as an anion to the Ni complex, and mainte-
nance of charge neutrality would be expected to result in
the loss of an anionic ligand, such as Glu 122. The substrate
(the expected pKa of the hydroxyl group may well be>15
for an alkoxide) cannot exist as an anion near physiological

pH and is thus unlikely to displace an anionic ligand. In fact,
as a much weaker chelator, it may not bind to the metal at
all, and thus the structure of the hydroxamate complex may
be a poor model of enzyme-substrate interaction. Similarly,

FIGURE 4: Fourier transformed (k ) 2.0-12.5 Å-1) Ni K-edge
EXAFS spectra fromE. coli Ni-GlxI and SeMet Ni-GlxI samples
(circles) and fits (solid line). The fits shown correspond to fits A05,
B05, C05, D08, E06, and F07 in Table 2.

FIGURE 5: Fourier-filtered (back transform window,r ) 1.1-4.0
Å, uncorrected for phase shifts), Ni K-edge EXAFS spectra from
E. coli Ni-GlxI and SeMet Ni-GlxI samples (circles) and fits (solid
line). The fits shown correspond to fits A05, B05, C05, D08, E06,
and F07 in Table 2.

FIGURE 6: Fourier transformed (upper,k ) 2.0-12.5 Å-1) and
Fourier-filtered (lower, back transform window,r ) 1.1-4.0 Å,
uncorrected for phase shifts) Ni K-edge EXAFS data for [Ni(Im)6]-
(BF4)2 (left) and [Ni(sal)2(OH2)2] (right). Data are shown as circles,
and best fits are shown as solid lines. The fits shown are from
Table 4.
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if the enediolate intermediate is short-lived, ligand exchange
reactions may not occur. The lack of an enzyme-substrate
interaction is also supported by the XAS results of the
enzyme-product complex, which shows no perturbation of
the active site Ni structure in the presence of the lactate
thioester. Thus, the mechanism in Scheme 3, involving proton
transfers between the substrate and a hydroxo and aqua
ligands is favored. This mechanism is analogous to those
proposed for proline and glutamate racemase (43, 44), where
a thiol/thiolate pair derived from Cys residues serves the
function analogous to the hydroxo/aqua ligands in Ni-GlxI.
The mechanism illustrated in Scheme 3 also requires that
both aqua ligands be present on the metal, a feature that may
explain why Zn-substituted Ni-GlxI with only one aqua
ligand in theE. coli enzyme is catalytically inactive (16,
17). Another implication from these studies is that the
hydroxamate ligand is a poor transition state analogue
because it binds to the Ni center displacing the catalytic water
molecules and therefore does not resemble the transition state
proposed in Scheme 3.

CONCLUSIONS

The results from XAS analyses of six different samples
of E. coli Ni-GlxI lead to the following conclusions, which
are summarized in Scheme 6.

(i) Ni K-edge energy analysis indicates that no redox
processes take place upon addition of either product or

inhibitor complexes, or when SeMet is substituted for Met.
SeMet Ni-GlxI does show an increase in electron density at
the Ni site when the hydroxamate is added, but this is not
due to the reduction of Ni(II) to Ni(I). Instead, it is due to
the substitution of the negatively charged hydroxamate for
two water molecules, leading to an increase in the electron
density (decrease in edge energy) on the Ni.

(ii) Addition of LacGSH or OctylGSH to Ni-GlxI does
not have a major effect on the coordination environment of
the Ni, indicating a nonbinding role for these compounds.
However, addition of hydroxamate to Ni-GlxI results in the
substitution of water molecules, as reflected by a decrease
in ave Ni-O/N bond length and a decrease in coordination
number from six to five, with the apparent loss of a
carboxylate ligand.

(iii) Substitution of SeMet for Met results in an enzyme
that has only∼65% activity relative to Ni-GlxI. With the
exception of a broader range of distances, little structural
perturbation of the Ni site is detected by XAS. Thus, the
loss of activity may result from a crowding of the substrate
binding site induced by the presence of the larger Se atom.

(iv) A mechanism wherein the substrate does not bind to
the metal center and where catalysis is achieved via the aqua
ligands coordinated to the Ni site is consistent with the
available structural data. This mechanism is analogous to
those proposed for proline and glutamate racemases, where
cysteine thiol/thiolate pairs serve a function analogous to
hydroxo/aqua Ni ligands in Ni-GlxI.

Table 4: Curve-Fitting Results of Filtered EXAFS Spectra for Ni(Im)6(BF4)2 and Ni(sal)2(OH2)2

compound N Ni-X R (Å) {average} σ2 (× 103 Å) ∆σ2 (× 103 Å) res (%)
ave crystallogr
distance (Å)

Ni(Im)6(BF4)2 5 Ni-N 2.1064(1) 5.1 0.5 43.8
5 Im[Ni-N] 2.1097(1) 5.0 0.4 14.4
5 [Ni-2C] 3.0679(1) 5.3 -0.2

3.1511(1)
5 [Ni-C/N] 4.2409(1) 6.6 1.1

4.2941(1)
6 Ni-N 2.1075(1) 6.9 2.3 44.2
6 Im [Ni-N] 2.1107(1) 6.8 2.2 15.8 2.128
6 [Ni-2C] 3.0689(1) 7.1 1.6 3.15

3.1521(1)
{3.1105}

6 [Ni-C/N] [4.2419(1)] 8.5 3.0 4.30
[4.2951(1)]
{4.2685}

Ni(sal)2(OH2)2 6 Ni-O 2.0193(1) 4.6 0 16.7
6 Ni-O 2.0197(1) 4.6 0 15.9 2.028
2 Ni-C 2.8559(1) 2.1 -3.4 2.90

Scheme 6
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