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An X-ray Absorption Spectroscopic Structural activity.*415 In addition to its role in making Ni available for
Investigation of the Nickel Site in Escherichia coli the biosynthesis of hydrogenases, NikA also serves in the Tar-
NikA Protein dependent negative chemotaxis associated with higher concen-

trations of N#T, which are toxic to both eukaryotic and
Christian B. Allan, T Long-Fei Wu,* Zhijie Gu, prokaryotic organisms:

Suranjan B. Choudhury,’ Faizah Al-Mjeni, '
Manju L. Sharma,
Marie-Andr€ e Mandrand-Berthelot,* and Protein Production and Purification. A sample of NikA was
Michael J. Maroney*'T prepared as previously describ€d.The periplasmic nickel-binding
protein NikA was overproduced by cloning thekA gene into an
Department of Chemistry, University of Massachusetts, overexpression vector, pRE1, and purified to near homogeneity by
Ambherst, Massachusetts 01003-4510, and Laboratoire dehydrophobic and ion-exchange chromatography.
Géenéique Moleculaire des Microorganismes, Synthesis of Ni(sal)(H,0),. This compound was synthesized

CNRS-URA 1486, INSA, 69621 Villeurbanne Cedex, France according to published procedufésThe crystal structure of this model
complex reveals a pseudo-octahedral, Ngde, composed of four O

Receied April 9, 1998 donors from salicylate and two O donors from axial water molecules,
with an average N+O bond length of 2.03(1) A8
Since the discovery of the involvement of Ni in the active X-ray Absorption Spectra (XAS) Data Collection and Analysis.
site of the enzyme urease in 1978e role of Ni in biology Ni K-edge XAS data were collected on beamline X9B at the National
has been rapidly expanding. The list of nickel-dependent Synchrotron Light Source at Brookhaven National Laboratory. Data
metalloenzymes now includes acetyl coenzyme A synthaselwere collected under dedicated conditions at ca. 2.5 GeV and 100

- ) 220 mA with a 1-mm vertical hutch aperture. A Si[111] crystal
carbon monoxide dehydrogendsé,methyl coenzyme M re monochromator was used for XAS data collection for the NikA protein

ductase;® Ni/Fe hy%()genase@’; and superoxide dismutases (0.5 mM) and a Si[220] crystal monochromator for the Ni(g&)O),
from Streptomyce$'® Each of these enzymes appears to be mogel complex. The monochromators were internally calibrated to
dependent on several gene products that constitute a Ni-specifigne first inflection point of Ni foil (8331.6 eV). These arrangements
transport and metallocenter assembly systeriive reporthere  provided a theoretical resolution of ca—2 eV for the protein and
the results of an X-ray spectroscopic structural investigation of 0.5-1 eV for the model compound. The precision of the edge energy
the Ni site in a Ni transport protein, the periplasmic Ni-binding calibrations is~0.2 eV. Harmonic rejection was accomplished with
protein, NikA, from Escherichia coli use of a focusing mirror left flat at an angle of &.5Fluorescence
NikA is the protein encoded by thekA gene, which is part data were collected on two frozen solutions of the NikA protein at 60
of the five-gene ifikA—E) nik operon ofE. coli that encodes a < With use of a He displex unit and a 13-element Ge detector
high-affinity nickel-specific transport systetd. The first gene, (Canberra). Sample integrity was judged by examining the edge region

. S . as a function of exposure time and by examining the CD spectrum of
nikA, encodes a protein with a molecular weight of 56 kDa that the transport protein before and after exposure to synchrotron radiation.

specifically binds a single R ion with high affinity ( ~ 0.1 Neither spectrum revealed any changes in the sample after it was
#M).13 The only known nickel-containing enzymeskn coli exposed. Spectra from two samples were measured on separate runs,
are three hydrogenase isoenzymes, which are expressed undeind the results from the two data sets agree. Model compound data
anaerobic growth conditions and require the Nik proteins for were collected at 60 K in transmission mode on powdered samples
dispersed on layers of Kapton tape.
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Figure 1. Ni K-edge XAS spectra in the edge and XANES region for
NikA (solid line) and for Ni(sal)(H20), (dashed line).

scattering EXAFS theory as previously descriBedmpirical param-
eters used in generating the fits were obtained from Ni$&iD), (A =
= 0.46, AE = 4.86 eV, ando? = 0.002). Best fits were judged by m?
minimizing the goodness-of-fit criterion (GOE {n(idp)/[n(idp) — ~
n(p)]}¥? R, whereR = av[(data simulation)/estimated standard deviation
of data)],n(p) = the number of varied parameters, am@lp) = the
number of data points for unfiltered refinements am{ — I'min)(Kmax
— kmin)/t for filtered refinements) and the difference in the disorder
between model compounds and the ({2 = |(01i?> — Tmodef)[] USINg 2 4 6 a 10 12
single-scattering EXAFS theory. k (A1)
The area under the XANES features assigned te- Bsl transitions . . . .

found in the preedge region at about 8332 eV was determined for each Figure 2. Ni K-ed_ge EXAFS spectra for N'kA.' A) Fourier transforr_ned

. . spectra (open circles) and fits. (B) Fourier filtered data using a
sample after background correction. These areas are useful "Npacktransform window= 1.1-2.6 A (open circles) and fits. The fits

determining the geometry and coordination number of the Ni3ite. shown are fo6 O at2.06(2) A (dashed line) and f6 O at2.06(2) A
For purposes of comparison, the edge energies reported are taken tQ, 1 g 4t 2.57(2) A (éolid line). '

be the energy at a normalized intensity of 0.5.

Table 1. Selected Fits to Filtered Ni K-edge EXAFS Data for

Results and Discussion NikA (Backtransform Windows= 1.1-2.0 and 1.+2.6 Ay

Ni K-Edge and XANES Studies. Figure 1 shows the no. of 7 AG?
normalized Ni K-edge XAS spectra in the edge and XANES shells N r (&) (x108A?2)  (x1*A?3) GOF
regions obtained from NikA and a model complex used for 11-20A
comparison, Ni(sa}jH20),. The edge energy for the NikA 1 6 Ni—O=2.056(1) 0.8(1) 1.4 0.47
spectrum is 8342.5(2) eV, typical of a Ni(ll) complex with hard 1 7 Ni—O=2.056(1) 1.2(2) -1.0 0.75

(i.e., O or N) donor ligands. Within our ability to measure it, 1.1-2.6A

this edge energy is identical to that obtained for Ni(gb)O), 1 7  Ni—0=2.057(2) 1.8(2) -0.4 1.24
[8342.5(2) eV], which indicates that the charge density residing 1 8 Ni—0=2057(2) 2.8(3) 0.6 1.47
on the Ni center is identical in the two complexX&s.The 2 % “]:SZ_Z‘Z-%%%(? i-g(;) :é-i 0.88
assignment of an oxidation state of Ni(ll) in NikA is also '._ _ @ 8(@2) e

) . . 1 Ni—S=2.568(1) 2.0(7) 1.2 0.78
consistent with the lack of an electron paramagnetic resonance 6 Ni—O=2.056(6) 0.7(1) 15
signal from the sampté24and with the descriptive chemistry 2 2 Ni—S=2.561(7) 7.7(9) 45 0.90
of Ni.25:26 6 Ni—O=2.057(1) 0.7(2) -15

T.he absence of a preedgg peal.( at around 8338 eV. that is  a Fourier transform limits ark= 2.0-12.5 A% backtransform limits
assigned to a 1s- 4p, transition (with shake-down contribu-  are uncorrected for phase shifté.is the root-mean-square disorder in
tions) in planar 4-coordinate Ni complexes demonstrates thatthe Ni—L distances;A¢? is the difference between the? value
the Ni site in NikA is not planaf® There is a weak peak near measured for the enzyme and the value determined for the reference
8333 eV in the spectrum of NikA that is assigned to a symmetry- compound; GOF is the goodness-of-fit defined in the Experimental

- : L .~ Section. Best fits are selected to reflect the best combination of low
forbidden 1s— 3d electronic transition. The area under this GOF values and acceptable valuessaf For the best fits shown, no

peak [3.6(5)x 10_2 eV]is indicative c_)f amore centrosym_metric . parameters were correlated with a correlation coefficker@1.6.
complex and lies in the range that is typical of 6-coordinate Ni

complexeg?including Ni(saly(H20)2[2.0(5) x 10~2eV]. The (salp(H20), are strikingly similar in terms of their postedge
preedge analysis is thus consistent with a 6-coordinate Ni%ite. XANES features, which indicates a strong similarity between
In addition to the similarities in the edge energy and preedge the model and the Ni site in NikA. These similarities include
XANES features, the spectra obtained for NikA and for Ni- the white-line intensity [the most intense feature in the normal-
ized spectrum (1.5 for NikA and 1.7 for the model)] that is

(22) Maroney, M. J.; Colpas, G. J.; Bagyinka, C.; Baidya, N.; Mascharak, consistent in both cases with a Ni environment composed of 6
P. K.J. Am. Chem. S0od991, 113 3962-3972. O- or N-donor ligandg®

(23) Salerno, J. C. IThe Bioinorganic Chemistry of Nickdlancaster, J. . g : .
R., Jr., Ed.; VCH: New York, 1988; Chapter 3. Ni EXAFS Spectra. The analysis of the EXAFS data

(24) Lappin, A. G.; McAuley, AAdv. Inorg. Chem1988 32, 241-294. obtained for NikA is summarized in Figure 2 and Table 1. The

(25) Greenwood, N. N.; Earnshaw, 8hemistry of the Element8ergamon ; in Ei
Press: New York. 1984: pp 1333335, Fourier transformed spectrum shown in Figure 2A features two

(26) Cotton, F. A.; Wilkinson, G. IrAdvanced Inorganic Chemistyysth peaks near 2 A, suggesting that there are two widely differing
ed.; John Wiley and Sons: New York, 1988; p 741. Ni-ligand distances. When the data were filtered using a
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backtransform window of 1:22.0 A (without correction for
phase shifts), the best fit consists of 6(1) O(N) donors at a
distance of 2.06(2) A. If the second peak is included in the
backtransform (1.42.6 A), a second shell-scattering atom
greatly improves the fit relative to a single sheil7ocO donors.
Fits employing a second shell of lo#-scattering atoms did
not improve the fit; however, addition of a long S(CI) or first-
row transition metal (e.g., Ni) leads to an improvement in the
fit. The fit obtained by adding a single S donor at 2.57(2) A to
6 O donors at 2.06(2) A is the best fit to the data.

Although EXAFS cannot generally distinguish between O-
and N-donor ligands, fits obtained by using O parameters

Notes

The inclusion of the long-S scattering atom brings the total
number of ligand donor atoms to about 7. The exact number
of ligand donor atoms is poorly determined by EXAFS analysis,
largely because of correlations between the number of scattering
atoms and the disorder paramete#, with the usual error in
the number of identical scattering atoms being££5%, or 1
atom in 4. Thus, the EXAFS analysis of the NikA Ni site is
also consistent with-57 O(N)-donor and 1 S(Cl)-donor ligands.
However, the values afo? for O are always negative for fewer
than 8 O atoms, suggesting that the number of O atoms used in
the best fit (6) might be too small. Furthermore, it is easy to
understand how a low coordination number can be obtained in

consistently gave better results. This observation is consistenta disordered ligand environment, but it is more difficult to

with the bond lengths obtained from the analysis [2.06(2) A],
which are indistinguishable from those found in the model
compound [2.03(1) A] and shorter than the-NN distances
found in [Ni(Im)e](BF4)2 [2.12(1) A]2” The Ni-O(N) distances
found, therefore, suggest that the Ni site in NikA is dominated
by O-donor ligands. There is little evidence in the EXAFS

rationalize a coordination number that is consistently. A
coordination number of 7 is unusual but not unprecedented for
Ni(ll). The known examples are all pentagonal-bipyramidal
complexes formed between pentadentate O- or N-donor mac-
rocyclic ligands in an equatorial plane and two axial solvent
molecules®> The high percentage of carboxylate donors in

spectra of scattering arising from second and third coordination NikA suggests that the first coordination sphere may be
sphere C(N) atoms that would be expected if the coordination dominated by carboxylate oxygen atoms. These carboxylate
environment of the Ni center were dominated by histidine ligands may be either monodentate or bidentate, a feature that
imidazole coordination. Nonetheless, the possible involvement may help to account for the higher coordination number

of one or two histidine ligands cannot be ruled out entirely on
the basis of the average NO or N—N distances or by the
absence of the characteristic spectral features.

The dominant role of O-donor ligands in the NikA Ni site is
also consistent with the amino acid content of the proteff.
From a total of 502 amino acids in the mature NikA protein,

indicated by the EXAFS analysis.

The results of the XAS structural investigation of the Ni site
in NikA allow the Ni-ligand environment to be compared with
those found in other Ni-binding proteins and Ni sites in enzymes.
Through the use of molecular biological techniques, gene
products that are involved in Ni-specific transport and metal-

57 are aspartic and glutamic acid residues (12% of the aminolocenter assembly have been found in many organisms that
acid content), and 19 are tyrosine residues, but only 10 histidine utilize nickel. In addition to the NikA-E proteins, these gene
and 10 methionine and no cysteine residues are found. Theproducts include HoxN irAlcaligenes eutrophy® HupN—P

Ni—O(N) distance found for NikA is also in agreement with
known Ni—Ocarboxylate diStances in 6-coordinate model com-
pounds (for example, in diaquobis(methoxyacetato)Ni(Il};-Ni
Ocarboxylate: 2.05(1) AZB)

The distance found for the S-donor ligand [2.57(2) A] is
similar to Ni—S distances found in 6-coordinate Ni(ll) com-
plexes, which range from 2.39 to 2.53 A in the few structurally
characterized examplé%.3® Among these examples are com-
plexes with either thioether or thiolate ligands; thus, it is difficult
to distinguish methionine from cysteinate coordination on the
basis of the NS distance found. However in this case, there

in Bradyrhizobium japonicur®, and UreD-G in Klebsiella
aerogenes® UreE is the only other Ni site that has been
structurally characterized in a Ni-binding protein that is involved
in the transport or incorporation of Ni into an enzyfieThis
protein is 1 of 4 (UreB-G) that is required for the assembly of
the urease dinickel active site. In contrast to NikA, which binds
a single Niion, UreE is a dimeric cytoplasmic protein that binds
~6 Niions. XAS studies of UreE demonstrate thatélrerage
environment of the 6 Ni centers in the protein is 6-coordinate
and composed of O(N)-donor ligands, similar to that found for
NikA. However in UreE, the ligand environment is dominated

are no cysteine residues in the mature protein. The only cysteineby histidine coordination, with an average ot41 histidine
residue present in the predicted amino acid sequence is lost upotigands per Ni center.

cleavage of a 22 amino acid signal peptldeThus, if this

The Ni-coordination environment in NikA is also generally

feature is attributed to an S-donor ligand, it must be a methionine similar to those found in nonredox, hydrolytic enzymes (i.e.,

ligand.
Although better fits are obtained for 1 or 2 S(CI) donors rather
than for a second Ni atom, it is often difficult to discriminate

urease¥4) and distinct from the Ni sites typical of redox
enzymes (e.g., hydrogenasasgthyl coenzyme M reductae
Many XAS studies of Ni metalloenzyme%*194246 have

between long-S coordination and the presence of a metal centeicontributed to the characterization of the Ni-ligand environments
at a comparable distance (particularly when the specific metal in these enzymes. In general, the Ni sites in the redox enzymes
involved is not known$4 Furthermore, the 2.4-A bond distance are dominated by cysteinate ligation whereas the Ni sites in

found when Ni is used in place of S is fairly typical of the
M—M distances in many dinuclear metal sites.
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