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Abstract: We show that X-ray magnetic circular dichroism (XMCD) can be employed to probe the oxidation
states and other electronic structural features of nickel active sites in proteins. As a calibration standard,
we have measured XMCD and X-ray absorption (XAS) spectra for the nickel(II) derivative of Pseudomonas
aeruginosa azurin (NiAz). Our analysis of these spectra confirms that the electronic ground state of NiAz
is high-spin (S ) 1); we also find that the L3-centroid energy is 853.1(1) eV, the branching ratio is 0.722(4),
and the magnetic moment is 1.9(4) µB. Density functional theory (DFT) calculations on model NiAz structures
establish that orbitals 3dx2-y2 and 3dz2 are the two valence holes in the high-spin Ni(II) ground state, and in
accord with the experimentally determined orbital magnetic moment, the DFT results also demonstrate
that both holes are highly delocalized, with 3dx2-y2 having much greater ligand character.

Introduction

L-edge XMCD spectroscopy is a powerful spectroscopic
method that can be used to investigate the differences in the
metal 2pf3d absorption cross sections for right and left
circularly polarized X-rays in first-row transition metals. Since
the effect is dominated by the nature of the acceptor metal d
orbitals, XMCD spectra are very sensitive to ligand environ-
ments and electronic structures of first-row transition metal ions,1

and as a result, the method can be an extremely sensitive probe
of oxidation and spin state.2-4 Indeed, the technique has been
used extensively in materials science and magnetism for the
study of ferro- and antiferromagnetic materials;5-8 in particular,

quantitative analysis using sum rules yields magnetic parameters
from integrated peak intensities.9-12 However, the study of
isolated paramagnetic species using XMCD has not been
widespread, owing to experimental challenges relating to the
low temperatures and high magnetic fields required.

Metalloproteins that have been studied by XMCD spectro-
scopy include rubredoxin,13 plastocyanin,14 and hydrogenase.15

Nickel is a particularly interesting target, as it is key component
of the cofactors of several functionally diverse enzymes,
including urease, hydrogenase, CO-dehydrogenase, and acetyl-
CoA synthase16-19 (high-spin nickel(II) is found in hydrogen-
ase20 and acetyl-CoA synthase21). We picked a small (128
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residues) blue copper protein,22,23 Pseudomonas aeruginosa
azurin, whose nickel(II) derivative (NiAz) has been structurally
characterized,24,25 as a starting point for XMCD investigations
of biological nickel structures. The azurin active center is
embedded in an eight-stranded antiparallelâ barrel, with one
extra-barrel helix inserted betweenâ4 andâ5 (numbered from
the N-terminus), and both Ni(II) and Co(II) derivatives have
been extensively studied.26-30 The metal ion (Cu, Ni, or Co) is
trigonally coordinated by donor atoms from the side chains of
Cys112, His46, and His117 in a hydrophobic cluster at one end
of the â barrel, and the Met121 thioether and Gly45 peptide
carbonyl are weak axial ligands.22,24,25,31-33 Both Ni(II) and
native Cu(II) coordination geometries in the protein are shown
in Figure 1.

Analysis of XAS and XMCD data confirms that the coordi-
nation complex in NiAz is highly covalent, in good agreement
with ground-state density functional (DFT) calculations as well
as previous experimental work.24,26,28,29The spin distribution
over the ligands has been elucidated, and the magnitudes of
the spin and orbital magnetic moments have been evaluated from

both experiment and LF multiplet simulations. Importantly, our
work lays a foundation for the use of L-edge XAS and XMCD
experiments to probe metal oxidation states and other electronic
structural features of the active sites of nickel enzymes.

Experimental Section

Sample Preparation.Azurin was expressed according to a literature
procedure.34 The crude extract was concentrated and equilibrated with
1 mM NiSO4/25 mM TRIS (pH ≈ 8); nickel incorporation into
apoazurin was greatly accelerated by incubating the mixture at 37°C.
NiAz was purified by FPLC and characterized by absorption spectro-
scopy.26,27 Samples for XMCD experiments were in potassium phos-
phate buffer (pH 7).

Samples for XMCD measurements were thin films of protein
deposited on sapphire disks. Typically, 15µL of 1 mM NiAz solution
formed films of about 2µm thickness, which is comparable to the
escape depth of fluorescence photons. This ensures that the fluorescence
signal is maximized and that the probed volume is optimally coupled
to the coldfinger of the cryostat.35 The NiAz samples were prepared
under aerobic conditions and placed in capped holders. The holders
were loaded in a prechamber cooled with liquid nitrogen, transferred
to the helium cooled sample stage, and uncapped. A detailed description
of the sample loading procedure is available.36

XMCD Spectroscopy.XMCD measurements were conducted using
beam line 4.0.2 at the Advanced Light Source of the Lawrence Berkeley
National Laboratory. The beam line was equipped with an elliptically
polarizing undulator and a high-resolution monochromator. The photon
flux was 1012 photons/s.37 The X-ray beam energy was calibrated against
the L-edge spectrum of NiF2 (L3-absorption maximum at 852.7 eV).38

The experimental setup consisted of a 6 T superconducting magnet,
which hosted a sample stage attached to a separate liquid helium bath
cryostat. Temperature was measured by means of a calibrated germa-
nium resistor (Lakeshore) attached to the sample stage. The sample
stage was equipped with a heat shield (cooled with liquid helium) in
order to minimize heating by infrared radiation. Despite the low thermal
conductivity of proteins and infrared radiation heating, we have shown
that with our apparatus a temperature of 2.2 Kat samplecan be
obtained.35 The X-ray beam enters and fluorescence radiation exits the
sample stage through 100 nm thick aluminum windows.

For fluorescence measurements, a Canberra 30-element germanium
detector was attached to the sample chamber. With this detector
(resolution≈ 150 eV), fluorescence lines from target atoms can be
distinguished from background lines. The energy of the incident X-ray
photons was varied over the absorption edge. For each energy point, a
fluorescence spectrum was recorded and the fluorescence lines of the
investigated element integrated. These measurements yield a count rate
that is proportional to the absorption cross section and are, therefore,
a probe of the occupancy of the d orbitals.

EPR Spectroscopy.A sample of NiAz was analyzed by X-band
EPR spectroscopy using a Bruker EMX spectrometer equipped with a
helium cryostat (Oxford Instruments). The sample (50% protein
dissolved in potassium phosphate buffer and 50% ethylene glycol added
as cryoprotectant) was run at various temperatures in the 3.6-150 K
range and at microwave power levels from a few microwatts up to
200 mW. The accessible magnetic field range was 0-1.4 T.
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Figure 1. Cu(II) and Ni(II) sites from X-ray crystal structures of
Pseudomonas aeruginosaazurins: PDB 1JZF33 (at 1.5 Å) for Cu(II) and
PDB 1NZR25 (at 2 Å) for Ni(II). In both cases, the metal is slightly out of
the equatorial plane defined by His46, His117, and Cys112. The oxygen
atom of Gly45 is closer to the metal in the Ni(II) protein, whereas
S(Met121)-Ni(II) is slightly longer than the corresponding distance to Cu-
(II). NMR experiments have demonstrated that the S(Met121)-Ni(II)
interaction is not negligible.29
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DFT Calculations. DFT calculations were performed using the
Amsterdam Density Functional (ADF 2002) code provided by SCM.39-41

The Vosko, Wilk, and Nusair (VWN) local density approximation42

was supplemented with standard nonlocal corrections from Perdew and
Wang (PW91)43 as implemented in ADF. Final results were obtained
using an “all-electron” triple-ú STO basis set (TZP basis) for all atoms.
The calculations were performed by enforcing a high-spin electronic
configuration (Ms ) 1) as a single-configuration approximation to the
true S ) 1 multiconfigurational ground state.

The structure of the NiAz metal site was obtained from published
crystallographic data on the Ni(II) form of the native24 and a nonmetal
site mutant (Trp48Met)25 protein. Selected metal-ligand bond distances
are given in Table 1. For each of the two crystal structures (S1 and
S2), a representative single-point geometry was used to calculate the
Ni(II) site electronic structure. The two geometries chosen (S1-B and
S2-B) differ mainly in Ni-O(Gly) bond distances. In both cases, part
of the metal site structure was truncated: His46 and His117 were
represented by methylimidazoles; Met121 was represented by dimeth-
ylthioether; and Cys112 was represented by ethylthiolate (the Gly45
backbone was maintained). Details of the S1-B and S2-B DFT structural
models are given as Supporting Information S1-S2. The electronic
structures calculated for each model are similar. Results for the S1-B
structure are reported, and those for the S2-B structure are given in the
Supporting Information (including exact input files for both S1-B and
S2-B).

The DFT NiAz electronic structures are reported as Mulliken charge
decompositions of the resultant molecular orbitals from linear combina-
tions of the major metal-based atomic orbitals and ligand-based
molecular fragment orbitals. Details of the ligand fragment orbitals
involved in bonding to the Ni(II) center are given as Supporting
Information S4. Additional charge and spin decomposition schemes

for the complete molecular system (multipole-derived and Hirshfeld)
were used directly as implemented in ADF 2002.39-41

Multiplet Calculations. It is not possible at the present time to
calculate full L-edge spectra for transition metal systems in the DFT
framework. To determine the effect of the calculated orbital splitting
on L-edge spectra, we performed LF adjusted atomic multiplet
calculations. Inter- and intra-atomic interactions cause energy level
splittings that account for the multiplet structure observed in XAS.
Spin-orbit coupling splits the 2p shell into two sublevels 2p1/2 (lower
energy level) and 2p3/2 (higher energy level), from which the L2- and
L3-lines in L-edge spectra originate. The multiplet approach, a
semiempirical method based on atomic multiplet theory, is widely used
to calculate the extent of these effects on L-edge XAS.44,45 Slater
integrals and LF parameters are used as input. The atomic multiplets
were calculated ab initio using the Cowan code.2,46LF calculations were
performed using the chain of groups approach.47

The calculated spectra were convoluted with Lorentzian functions
havingΓ ) 0.4 eV for the L3-edge andΓ ) 0.5 eV for the L2-edge to
account for lifetime broadening. A convolution with a Gaussian function
with σ ) 0.2 eV accounts for instrumental broadening.

XMCD Sum Rules. The XMCD effect is defined as the difference
between spectra measured with left and right circularly polarized X-rays.
Schematic spectra for left and right circularly polarized X-rays, along
with the XMCD spectrum, are shown in Figure 2. The spin and orbital
magnetic moments of the target atom can be derived from integrated
areas pertaining to these spectra using sum rules.9-11 The integrated
areas A, B, and C used in the sum rules are indicated in Figure 2.48

Area C, the total X-ray absorption, is defined as follows:

in which µ+1 andµ-1 represent absorption of X-rays of right and left
circular polarization, respectively, andµ0 represents the absorption of
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Table 1. Metal-Ligand Bond Distances (Å) from NiAz
Crystallographic Structuresa

chain O(Gly45) N(His117) N(His46) S(Cys112) S(Met121)

S1
A 2.26 1.97 2.22 2.54 3.28
B 2.25 2.12 2.17 2.43 3.31
C 2.30 2.17 2.00 2.55 3.32
D 2.59 2.01 2.20 2.42 3.44
av 2.35( 0.16 2.07( 0.09 2.15( 0.10 2.48( 0.07 3.34( 0.07

S2
A 2.37 2.00 2.13 2.38 3.25
B 2.43 2.03 2.15 2.25 3.35
C 2.49 2.31 2.28 2.49 3.34
D 2.57 2.54 2.37 2.43 3.25
av 2.47( 0.08 2.22( 0.25 2.23( 0.11 2.39( 0.10 3.30( 0.06

|av| 2.41( 0.13 2.14( 0.19 2.19( 0.11 2.44( 0.09 3.32( 0.06

a S1 (PDB 1NZR) is the structure of a Ni(II) Trp48Met mutant of
azurin,25 whereas structure S2 is that of the Ni(II) derivative of the native
protein.24 Statistical errors are reported as standard deviations over all units
in the crystallographic unit cell. Structures S1-B and S2-B were chosen as
representative for NiAz (see text).

Figure 2. Schematic Ni-L-edge XAS for left (blue) and right (red) circularly
polarized light. We distinguish intrinsic (pink) and parabolic (green)
backgrounds. The lower curve shows the difference of the two XAS (XMCD
effect). The shaded areas illustrate the integrated peak regions used in sum
rule calculations: area C is in gray, A, in blue, and B, in red.

C )
µ0 + µ1 + µ-1

3

Pseudomonas aeruginosa Nickel(II) Azurin A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 126, NO. 18, 2004 5861



X-rays linearly polarized along the magnetization direction. Because
in our experiments onlyµ+1 andµ-1 are measured, it is common practice
to replaceµ0 by49

Areas A and B are obtained by integrating the XMCD effect relative
to the L3- and L2-lines (Figure 2). The spin and the orbital magnetic
moments can be calculated using A, B, and C. The spin expectation
value 〈Sz〉 is given by

in whichn3d is the number of electrons in the 3d orbitals of the transition
metal atom. If theg factor is known, the spin magnetic momentµS can
by calculated as follows:

The expectation value of the orbital momentum〈Lz〉 is given by

and since the gyromagnetic ratio for the orbital momentum is one, the
orbital magnetic momentµL is simply50

These formulas give the magnetic moments in units of 1/atom.
Background Correction. Spectral background correction is neces-

sary in order to apply the sum rules. We distinguish two types of
contributions to the spectral background. The intrinsic background is
due to promotion of 2p electrons to vacuum and appears as a two-
step-like function in the spectrum, and it is well described by the
following equation:51

in which P is the inflection point of the step,Γ is the width of the
step, andE (energy) is the independent variable. We used the maxima
of the L2- and L3-peaks as the inflection points.49 The second
contribution originates from other atoms in the sample; this contribution
was approximated by a parabolic function.

Magnetization. The quantity of interest in our measurements is the
magnetic moment, which reveals the spin state and oxidation number
of the target element. For paramagnets, an XMCD experiment (with
the applied magnetic field along the direction of the synchrotron beam)
gives the magnetization of the system. To derive the magnetic moment,
however, measurement of a nearly or fully magnetically saturated
sample is required. The magnetization (M) in paramagnetic compounds
is a function of the strength of the applied magnetic field and
temperature; for a system ofN noninteracting atoms in a volumeV, it
is given by the following equation:52

in which J is the total angular momentum,gJ is the electrong factor,

andµB is the Bohr magneton.B(x,J) is the Brillouin function, which is
given by the following equation:

In the pure atomic case,J can be calculated from Hund’s rules.
However, in a ligand field, the orbital momentum of the metal ion is
partly or fully quenched.53,54Thus, to calculate the magnetic saturation
behavior of NiAz, it is a good assumption to assume a pure spin
magnetic moment, as seen from the sum rule analysis (see Table 4).
The calculated magnetization curve for anS ) 1 system is shown in
Figure 3. Calculations were done assumingT ) 2.2 K, the temperature
at which the L-edge data were acquired. The magnetization was
normalized to the saturation value at very high magnetic fields. The
data for NiAz show 97% saturation at 6 T. Doubling the temperature
decreases the degree of saturation to 82%, thereby underscoring the
importance of working at very low temperatures and high fields to get
meaningful results.

Radiation Damage.Sample degradation due to synchrotron radiation
was assessed by acquiring L-edge spectra from the same sample spot
over an extended period of time. After 2 h ofbeam exposure, the overall
L3-peak intensity decreased relative to the spectrum taken from a fresh
spot (see S3 in Supporting Information). In addition, the low and high
energy features flanking the L3-peak merged, forming a broad peak.
The intensities of the L2-peak before and after beam exposure were
comparable. The scanning procedure was optimized and sample beam
exposure minimized to ensure that the data we report are for NiAz,
not for a radiation-damaged material.

Results and Discussion

XAS and XMCD. NiAz L-edge spectra recorded at 2.2 K
and 6 T using left and right circularly polarized X-rays are
shown in Figure 4b-c; summing these spectra gives the L-edge
spectrum in the absence of an external magnetic field (Figure
4a). The L3-peak (852.7 eV) is flanked by shoulders at higher
and lower energy, and a high energy peak emerges at 854.7
eV. The L2-line (870.6 eV) is split into two components. The
spectrum taken with right circularly polarized X-rays shows the
same peak splitting as observed in the sum spectrum, whereas
the spectrum taken with left circularly polarized X-rays has
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much less pronounced structure, showing essentially one peak
at the L3-edge and a less pronounced doublet at the L2-edge.
The large differences between the L-edge spectra for left and
right circularly polarized light confirm that NiAz has a
paramagnetic ground state.

The NiAz XMCD spectrum (corrected for the degree of
polarization and for 100% saturation) is given in Figure 5. The
XMCD effect shows positive and negative responses at the L3-
edge and a positive (doublet) response at the L2-edge. The
maximum effect (∼29% of the sum intensity at the respective
energy) is negative and shifted∼0.3 eV toward higher energies
relative to the main peak in the sum spectrum (Figure 4a). The
positive effect for the L3-line (∼28% of the sum intensity)
coincides with the second L3-peak observed in the sum
spectrum.

The oxidation state of the nickel atom can be determined from
the experimental XAS by calculating the centroid energy of the
L3-line and the branching ratio for the L-edge spectrum (the
branching ratio is defined as the integrated L3-line intensity
normalized by the integrated L3- and L2-line intensities). Cramer
and co-workers have obtained XAS data for a variety of Ni(I)
compounds and found an average centroid energy of 852.6 eV
with a branching ratio in the range 0.73-0.78. By contrast, the
average centroid energy is 853.4 eV (withL3/(L2 + L3) ≈ 0.71-

0.77) for high-spin Ni(II) and 853.5 eV (withL3/(L2 + L3) ≈
0.63-0.70) for low-spin Ni(II) compounds.15 The L3-centroid
energy for NiAz is 853.1(1) eV (calculated using the first
moment of the L3-peak including all intensities within 80% of
the maximum intensity) withL3/(L2 + L3) ) 0.722(4), which
indicates that the nickel ion is high-spin Ni(II). The spin-triplet
ground-state assignment is consistent with the observed spectral
splittings, which are attributable to exchange interactions.55

Importantly, in low-spin nickel(II) compounds, only a single
peak is observed.56

DFT Calculations. Details of the DFT molecular orbital
structure for NiAz S1-B are given in Table 2. The spin-
unrestricted electronic structure is described as linear combina-
tions of metal atomic orbitals and contributing ligand fragment
orbitals (vide supra). Bonding at the Ni(II) site is dominated
by the two singly occupied metal 3d orbitals in the high-spin
3d8 configuration. The 3dâ orbital splitting (Figure 6) is that of
a distorted trigonal bipyramidal site. The DFT orbital splitting
is qualitatively similar to that obtained for Cu(II). We find that
the magnitude of the equatorial 3dxy and 3dx2-y2 orbital splitting
is much smaller for Ni(II) than for Cu(II).

(55) Thole, B. T.; van der Laan, G.Phys. ReV. B 1988, 38, 3158-3166.
(56) van der Laan, G.; Thole, B. T.; Sawatzky, G. A.; Verdaguer, M.Phys.

ReV. B 1988, 37, 6587-6589.

Table 2. Molecular Orbital Description from VWN-PW91 DFT Calculations on the NiAz S1-B Sitea

Ni Met121 Cys112 His117 His46 Gly45

description orbital energy (eV) occ up 3d 4s 4p Sσ Sπ SCσ Sπ1 Sπ2 Nπ Nσ Nπ Nσ Oπ1 Oπ2

f Ni 3dx2-y2 111a â -6.283 0 54.7 0.5 3.4 34.6 2.1 2.3 0.1 0.4
f Ni 3dz2 110a â -6.577 0 77.2 1.6 1.4 0.9 5.6 0.3 6.2 0.1 0.2 0.3 5.1
f Ni 3dxy 109a â -6.890 1 50.1 0.8 5.2 0.7 0.1 30.7 5.6 2.5 1.2 0.5 0.2

C112 Sσ 111a R -7.268 1 22.6 1.8 4.6 11.0 0.3 42.1 11.1 0.2 2.1 0.2 0.5 0.3 0.2
C112 Sπ 110a R -7.445 1 10.9 5.2 9.4 68.3 1.2 0.8 0.1
C112 Sπ 108a â -7.448 1 38.8 3.8 0.1 0.5 3.2 47.0 2.0 0.6 0.5
M121 Sπ 107a â -7.563 1 15.7 0.1 0.8 0.1 79.4 1.1 0.1 0.2 0.1 0.8
M121 Sπ 109a R -7.643 1 9.3 0.2 1.0 0.0 78.3 0.1 6.1 1.2 0.1 0.7 1.0 0.2 0.2

f Ni 3dxz 106a â -7.823 1 78.6 0.1 0.1 0.1 9.8 1.3 0.2 2.6 0.3 1.0
f Ni 3dyz 105a â -7.980 1 81.6 0.7 0.1 0.4 0.9 4.0 6.2 0.3 0.1 0.4 0.8 0.7

C112 Sσ 103a â -8.354 1 48.4 2.2 1.1 0.1 1.0 4.0 29.1 2.0 0.1 0.2 2.9
Ni 3d 107a R -8.434 1 63.0 -0.1 0.5 0.1 0.0 0.9 0.6 1.9 1.6 0.8 0.5 0.3 20.5
Ni 3d 106a R -8.525 1 63.5 2.5 0.9 2.4 1.6 4.7 10.2 3.2 0.7 4.8 0.2 1.2
Ni 3d 105a R -8.713 1 64.9 0.4 0.3 0.8 0.5 2.6 0.6 0.2 1.4 0.6 0.5 4.9 5.7
Ni 3d 103a R -8.893 1 69.8 0.1 2.4 0.6 0.2 0.6 7.6 2.1 1.3 6.7 2.8 2.6
Ni 3d 102a R -9.029 1 46.1 0.3 1.2 1.1 6.2 9.3 0.5 1.7 0.5 0.9 14.4 11.9

a Orbitals indicated with arrows along the left-hand side are Ni 3dâ. Compositions of ligand fragment orbitals are shown in Figure S4.

Figure 4. L-edge NiAz XAS taken with left (b) and right (c) circularly
polarized X-rays; spectrum (a) shows the sum of the two contributions.
Dotted lines are simulations; full lines are measured data. The arrows mark
positions in the spectra that are not accounted for in the simulations.

Figure 5. NiAz XMCD spectrum. Results of calculations and experiments
are compared in the plot. The experimental data were corrected for
polarization (the degree of polarization was 90%).
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Based on the DFT orbital splitting diagram, the two holes in
the 3d manifold should be in the strongly antibonding Ni 3dz2

and Ni 3dx2-y2 orbitals (the calculated emptyâ-spin-orbitals
are shown graphically in Figure 7). The highest energy Ni 3dâ

orbital is very similar to the SOMO of the Cu(II) protein.57 The
3dx2-y2 orbital is significantly destabilized through a strong
π-antibonding interaction with a sulfur 3p orbital from the
equatorial Cys112 ligand, and the orbital is further destabilized
through σ-antibonding interactions with His46 and His117,
which complete the equatorial plane of the trigonal site. As in
the Cu(II) protein, the orbital is highly delocalized through a
strongπ-interaction with the cysteine ligand. The additional hole
in the Ni 3d manifold is in the 3dz2 orbital, which is more
localized than the higher energy 3dx2-y2 described above. Axial
ligand interactions with the 3dz2 involve the Gly45 backbone

carbonyl oxygen at∼2.25 Å and the Met121 sulfur at∼3.3 Å.
Contributions from these two ligands strongly depend on the
Ni-O and Ni-S bond distances, as evidenced by the large
difference in 3dz2 orbital energy in the NiAz alternative geometry
(Supporting Information, Table S6). A pseudo-σ-antibonding
interaction with Cys112 also is quite important in determining
the overall composition of this empty 3dâ orbital.

The ligand character of each of the empty Ni 3d orbitals has
been calculated using several different charge decomposition
strategies (Table 3). The hole redistribution to the ligands is
quite large in both the Ni 3dx2-y2 and Ni 3dz2 orbitals, leading
to a total hole count on the nickel atom of∼1.4 from an average
metal contribution of∼0.7 in each of the two holes. The greatest
charge and spin redistribution occurs between Ni(II) and Cys112,
owing to both pseudo-σ- (in the 3dz2) and π- (in the 3dx2-y2)
interactions with the metal 3d orbitals. Additional contributions
involve predominantlyσ-type interactions with the other ligands.

Analysis

To simulate both XAS and XMCD data, we have used the
parameters determined by DFT for the LF based multiplet
program. The site covalency, obtained from Table 3, was used
to reduce the Slater integrals in the LF calculations. The Slater
integrals were systematically reduced to 80% of their ground-
state atomic values due to excited-state effects1,44,58and were
further reduced due to the covalency of the site.58 The p-d and
d-d terms were decreased to 65% and 50% of their atomic
values, respectively. These atomic integral reductions correlate
with ∼70% metal character (0.55/0.8) in the empty metal 3d

(57) Gewirth, A. A.; Solomon, E. I.J. Am. Chem. Soc.1988, 110, 3811-3819.
(58) Wasinger, E. C.; de Groot, F. M. F.; Hedman, B.; Hodgson, K. O.; Solomon,

E. I. J. Am. Chem. Soc.2003, 125, 12894-12906.

Figure 6. Metal 3dâ orbital splitting patterns for azurin. 3d orbital splittings in native blue copper sites are those of Solomon and co-workers57,66 (found
independently by Bo¨rger et al.65). The NiAz 3dâ orbital splitting from VWN-PW91 DFT calculations on the S1-B structure has been used as the starting
point for LF-based multiplet simulations of the XAS and XMCD data.

Figure 7. Graphical representation of the empty Ni 3dâ orbitals: (a) 3dx2-y2,
(b) 3dz2. Contour isosurfaces are shown for 0.05 (e-/Bohr3)1/2.

Table 3. Atomic and Molecular Fragment Charge (q) and Spin (s)
Decomposition for the S1 Model of the NiAz Metal Sitea

Mulliken Hirshfeld multipole-derived

fragment q s kav(s) q s kav(q) q s kav(q)

Ni 0.324 1.381 0.69 1.447 0.72 0.534 1.374 0.69
Met121 0.137 0.060 0.03 0.062 0.03 0.105 0.061 0.03
Cys112 -0.074 0.459 0.23 -0.581 0.21 -0.161 0.457 0.23
His117 0.234 0.015 0.01 0.009 0.01 0.182 0.020 0.01
His46 0.196 0.051 0.03 0.008 0.01 0.173 0.053 0.03
Gly45 0.183 0.033 0.02 0.052 0.03 0.167 0.036 0.02

a Distributions of the two holes over the metal and ligand fragments are
given bykav values calculated from either the charge or spin distribution.
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orbitals and reflect the average DFT-calculated metal contribu-
tions to the valence holes (vide supra).

The LF parameters (10Dq 4908; Ds 1487; and Dt-708 cm-1)
were adjusted to reproduce the 3d orbital splitting pattern
resulting from the DFT calculations based on the S1-B geometry
(Figure 6 and Table 2) with the exception of the lowest lying
orbitals (dyzand dxz), which are degenerate or slightly split (DFT)
(see Figure 6). We expect that this slight difference does not
affect the calculated L-edge spectra. We also performed
calculations using LF parameters derived from crystal structure
S2-B (10Dq 7750; Ds 1864; and Dt-491 cm-1). The resulting
spectra (Figure S5) resemble those shown in Figure 4 reasonably
well. It is emphasized, however, that calculations using the S1-B
LF parameters accord more closely with the experimental data.

An additional (exchange field) parameter is needed to describe
the effect of the applied magnetic field on the XMCD spectra;
the exchange field lifts the degeneracy ofMJ sublevels. Because
the calculations refer to a sample at 0 K, an exchange field of
80 cm-1 is sufficient to describe saturated magnetic moments.

The DFT-calibrated XMCD simulations reproduce the major
features of the NiAz XAS and XMCD data very well. However,
multiplet structure in the experimental data is more complex,
yielding shoulders in L3-spectra at lower and higher energy.
These features, which are not well-reproduced in the simulations,
likely reflect the strongly distorted nature of the NiAz active
site, which cannot be simulated using a LF approach. Since the
DFT molecular orbitals are quite different from the single-
electron 3d orbitals in the multiplet approach, it is not surprising
that the multiplet simulations do not fully account for the XAS
features. Importantly, however, the XAS and XMCD data are
very well-reproduced by the simulations, indicating that the
splitting of Ni 3dz2 and Ni 3dx2-y2 and their average ligand
compositions are in line with the LF multiplet simulations.

The results of the sum rule analysis in Tables 4 and 5 accord
well with the literature value of 1.8µB obtained from magnetic
susceptibility measurements.28 One of the strengths of XMCD
spectroscopy is the ability to deconvolute the orbital and spin
magnetic moments. In this case, the spin magnetic moment 1.7-
(3) µB is consistent with anS ) 1 system. We observe a
reduction of the Ni(II) orbital magnetic moment to 6% of the
atomic value (3µB), which is consistent with the strong
covalency of the NiAz metal site revealed by our DFT analysis.
In addition to an absolute value, the sum rules yield the
orientation (sign) of the magnetic moments with respect to the
applied magnetic field. We find that the spin and orbital
magnetic moments are collinear with the applied magnetic field,

in agreement with Hund’s rule thatL andSare coupled parallel
in a more than half-filled electronic shell.

An X-band EPR spectrum was not observed for NiAz,
although the search for a signal from this paramagnetic protein
covered a wide temperature range.28 The lack of a signal is
consistent with a large Ni(II) zero-field splitting, one that is
much greater than the microwave quantum (∼0.3 cm-1).59,60

Large zero-field splittings are typical of tetrahedral [Ni(II)-
N2S2].61 In a study of the temperature dependence of the
magnetic susceptibility of NiAz, an averageg of 1.98 and a
|D|62 of 17.7 cm-1 were reported.28 High-frequency EPR
experiments will be required to obtain reliable spin-Hamiltonian
parameters for NiAz.63,64

Concluding Remarks

L-edge XAS and XMCD data ofPseudomonas aeruginosa
Ni(II) azurin confirm that the ground state is a spin-triplet (S)
1). The magnitude of the orbital magnetic moment further
indicates that the site is highly covalent. These conclusions are
well-supported by DFT calculations on model NiAz metal-site
structures. From these calculations, we have shown that the two
valence holes in the Ni 3d manifold are in the 3dz2 and the 3dx2-y2

orbitals. Both of these orbitals are highly delocalized, although
there is much greater ligand character in the one at higher energy
(Ni 3dx2-y2).

Interestingly, the electronic structure of the Ni(II) site is
qualitatively similar to that of Cu(II) in the native protein.57,65-67

However, the splitting of the 3dx2-y2 and 3dxy orbitals in Ni(II)
azurin is significantly smaller, whereas the 3dz2 energy is much
higher, as is readily explained by the increasedσ-antibonding
character of 3dz2, owing to the shorter M-O(Gly) bond (see
Figure 1). The decreased splitting between 3dx2-y2 and 3dxy

probably reflects the larger Ni-S(Cys) bond distance, as the
S(Cys) pseudo-σ-interaction with 3dxy is not as strong as the
π-type interaction with 3dx2-y2. We emphasize that the Ni(II)
3d orbital ordering is identical with that obtained experimentally
for blue copper sites,57,65,66,68and the strong covalency of the
native site is maintained. Importantly, our work on NiAz paves
the way for employment of XAS/XMCD and complementary
theoretical methods to elucidate the nature of nickel coordination
in folded polypeptide structures.
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Table 4. Integrated Quantities and Results from Sum Rule
Analyses

NiAz A B C
〈Sz〉/

(10 − n3d)
〈Lz〉/

(10 − n3d) 〈Lz〉/〈Sz〉

experiment -7.0(6) 4.3(3) 14.6(2) -0.53(5) -0.12(4) 0.2(1)

Table 5. Spin and Orbital Magnetic Momentsa

NiAz µspin µorbit µtotal (10 − n3d)b g

experiment 1.7(3) 0.18(7) 1.9(4) 1.4(1)
literaturec 1.8 1.98

a Magnetic moments (in Bohr magneton units); moments are corrected
for polarization (in the experiments, the degree of polarization was 90%)
and extrapolated to the saturation value (measured values are at 97%
saturation).b (10 - n3d) as calculated by DFT.c Taken from ref 28.
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