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The electron-nuclear hyperfine couplings (hfc’s) between the
unpaired electron of the paramagnetic active site of a metalloprotein
and magnetic nuclei provide information about the electronic and
geometric structure of the active site, which are related to the
function of the protein. Electron-nuclear double resonance
(ENDOR) spectroscopy1,2 is the method of choice to resolve the
hfc and the nuclear quadrupole coupling (nqc) but is limited in
certain cases by fast electron and/or nuclear relaxation.2 For this
reason the ENDOR detection of the central metal has only been
described for a few cases.3 With the advent of electron-electron
double resonance-detected NMR (EDNMR),2,4 a new hyperfine
resolving technique has become available, which does not employ
radio frequency (rf) pulses to excite NMR transitions. Here, we
demonstrate the usefulness of EDNMR for measuring metal
hyperfine interactions of active sites in metalloproteins using [NiFe]
hydrogenase as an example.

In the EDNMR experiment, three microwave (MW) pulses are
applied to the system (Scheme 1). The first MW pulse, with a
variable frequencyν1 excites electron paramagnetic resonance
(EPR) forbidden transitions (see Supporting Information). The
second and third MW pulses are the detection pulses, which give
rise to the Hahn echo at a fixed frequencyν2. Nuclear magnetic
transitions are excited when the first pulse is resonant with an EPR
forbidden transition (atν1) while detecting an EPR allowed
transition (atν2).4 Thus, EDNMR spectra are plots of the EPR signal
amplitude versus the shift between the two MW frequencies
(ν1-ν2). So far, this technique has been applied successfully to
detect55Mn resonances in photosystem II.5 For metals, in particular
for 61Ni (I ) 3/2), the EDNMR signal could be more intense than
the ENDOR signal. This is related to the fact that all EPR transitions
of the system (S) 1/2, I ) 3/2) become allowed to some extent,
because dipolar and nuclear quadrupole couplings cause the nuclear
eigenstates of bothMS manifolds to be slightly different. For a
system with a dominant hfc interaction (A) the EDNMR signals
occur when ν1-ν2 is approximately equal to(A/2, (A, or
(3A/2. In this work EDNMR at Q-band (34 GHz) was used to
measure the hfc’s of61Ni in the Ni-B state of the [NiFe]
hydrogenase fromDesulfoVibrio (D.) Vulgaris Miyazaki F. This
enzyme catalyzes the reversible oxidation of H2 (reviewed in ref
6).

Figure 1 shows the active site of the enzyme, which contains
the NiFe center and its ligands. In the oxidized state a third ligand
bridging Ni and Fe is present.7,9 For the Ni-B state, this ligand
was identified as OH- using single-crystal ENDOR and density
functional theory (DFT).8 The nickel is five-coordinate, the free
coordination site is believed to serve as the contact position for
dihydrogen in the catalytic process. Information about the electronic
structure of the nickel is best obtained from the metal hfc and nqc
tensors which require61Ni labeling of the enzyme and application
of a suitable method to resolve these interactions.61Ni enrichment

has been used earlier to unambiguously detect the presence of nickel
in this class of enzymes.10,11Since61Ni ENDOR signals could not
be detected, we used EDNMR, applied at Q-band frequencies to
increase the spectral sensitivity and the (nuclear) Zeeman resolution,
to measure the hyperfine interaction.

To enrich the protein with61Ni, cell cultures were grown using
a minimal medium,12 in which 10µM of 61NiCl2 was added. The
enrichment was checked by EPR to be more than 90%. Ni-B was
prepared as described.7 Figure 2a shows the electron spin echo
(ESE) detected EPR spectrum of the Ni-B state. The observed
g-values (gx ) 2.33,gy ) 2.16,gz ) 2.01) are in agreement with
those reported previously.13 Figure 2b shows the EDNMR spectra
of Ni-B samples, with and without61Ni enrichment, recorded at
the field position B5 (Figure 2a). In the non-enriched sample, the
signal at 0 MHz is due to the allowed EPR transition, and the sharp
lines at(50 MHz belong to1H resonances. These signals are also
present in the61Ni enriched sample. The arrows in Figure 2b
indicate the positions of61Ni EDNMR signals that are best observed
in the spectrum of the enriched sample. They correspond to nuclear
magnetic transitions around(A/2, (A, and(3A/2 with shifts of
about(25,(50, and(75 MHz, respectively, at this field position.
The signals around(50 MHz overlap with those corresponding to
1H. Figure 2c shows difference (58/60Ni- 61Ni) EDNMR spectra
recorded at different magnetic field positions within the ESE
detected EPR spectrum (B1, ..., B7 in Figure 2a), along which
molecules with a particular set of directions were selected.14 The
difference spectra contain only61Ni EDNMR signals. The principal
components of the61Ni hfc tensor were assumed to have the same
sign. Negative values are expected due to the negative sign of the
61Ni gyromagnetic ratio. This is confirmed by theoretical calcula-

Figure 1. Structure of the [NiFe] hydrogenase fromDesulfoVibrio Vulgaris
Miyazaki F (left). Active site showing the NiFe center with ligand sphere,7

including X ) OH- as bridging ligand8 for Ni-B (right) (modified from
Brookhaven Data Bank entry 1WUJ).

Scheme 1. EDNMR Pulse Sequence and Energy Level Diagram
(S ) 1/2, I ) 1/2) with Allowed and Forbidden Transitions (|A/2| > νn)
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tions of the hfc’s.15 The analysis of the EDNMR spectra by
computer simulations16,17 yielded both the principal components
of the hfc tensor (Ax′ ) -41 MHz, Ay′ ) -38 MHz, Az′ ) -71
MHz) and its orientation (i.e., Euler angles) with respect to the
principal axes of theg-tensor of Ni-B, whose orientation with
respect to the structure of the active site is known from single-
crystal EPR experiments.13 The values for the hfc tensor are in
agreement with those obtained independently from simulations of
the EPR spectra. However, EDNMR retains the high resolution of
the61Ni hfc where EPR is poorly resolved. Furthermore, magnitude
and orientation of the hfc tensor obtained from the new method
are more accurate than those obtained from EPR (see Supporting
Information). The nqc is not resolved in the spectra, but contributes
to the EDNMR line width.

The hfc tensor yields an isotropic hfc (Aiso) of -50 MHz and
anisotropic couplings of (+9, +12, -21 MHz) for Ni-B. Using
second-order crystal field theory for single d-electrons (see Table
1 in ref 18) and assuming Ni(III) for Ni-B with 3dz2 as the ground

state,6 the spin population at61Ni can be estimated to be 0.44. This
result is consistent with previous DFT estimations, which gave
0.52.19 The distribution of the remaining spin density over the
ligands19 may be responsible for the significant deviation of the
61Ni anisotropic couplings from axial symmetry and the observed
slight deviation of the hfc andg tensors axes (see Supporting
Information). This shows that the ligand sphere fine-tunes the
electron density at the active site.

This work represents the first determination of a complete61Ni
hfc tensor in hydrogenase research and shows that the EDNMR
technique is a powerful method to elucidate metal hfc tensors in
cases where ENDOR spectroscopy is difficult to perform. It should
be applicable also to other paramagnetic states of [NiFe] hydro-
genases.6 Such experiments are in progress in our laboratory to
obtain the61Ni hfc tensors of all states.
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Figure 2. (a) Q-band ESE detected EPR spectrum of Ni-B in the [NiFe]
hydrogenase fromD. Vulgaris Miyazaki F. The signal between 1.20 and
1.22 T corresponds to the [3Fe4S] cluster. EDNMR spectra were recorded
at the field positions (B1, ..., B7) indicated by arrows. (b) EDNMR spectra
of 58/60Ni (natural abundance,I ) 0, red) and61Ni (enriched,I ) 3/2, blue)
samples recorded at 1.142 T (B5). (c) Experimental (black) and simulated
(green) difference (58/60Ni-61Ni) EDNMR spectra, recorded at different
magnetic field positions (B1, ..., B7). These spectra show only the signals
around(A/2. Experimental conditions: Sample concentration≈ 1 mM,
sample volume) 30 µL, T ) 10 K, ν2 ) 33.98 GHz,πELDOR ) 90 µs (ν1),
detection pulses 160 and 320 ns (ν2). Total averaging time per spectrum
was about 20 min.
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