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Hydrogenases (H,ases) are enzymes that catalyze the reversible
oxidation of H,."? In addition to containing Fe,S clusters, the
majority of Hjases also contain a Ni complex? that is redox-active?
and involves S-donor ligands.> The Hjase isolated from the purple
photosynthetic bacterium Thiocapsa roseopersicina is a typical
Fe,Ni Hjase.® The presence of Ni in Fe,Ni Hsases is often
revealed by S = !/, EPR signals in the oxidized and catalytically
inactive forms of the enzyme (forms A and B), as well as in a
reduced and active form (form C).4%® These signals have been
assigned to formally Ni(III) and/or Ni(I) centers because of the
similarity of the EPR spectra to those of Ni(III) and Ni(I) co-
ordination complexes*® and the observation of 'Ni hyperfine
interactions in spectra obtained from isotopically labeled prepa-
rations.**® These EPR signals have provided the principal
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Figure 1. Ni K-edge spectra of T. roseopersicina hydrogenase poised in
forms A (dashed line), B (solid line), and C (dotted line). Insert: The
base line corrected 1s ~ 3d transition observed for form B (solid line)

and a Lorentzian fit (dashed line).
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Figure 2. Ni K-edge EXAFS spectra obtained from T. roseopersicina
hydrogenase poised in forms A (top), B (middle), and C (bottom). (A)
Fourier transformed EXAFS spectra (uncorrected for phase shift, solid
lines) and first coordination sphere fits (dashed lines). (B) Fourier
filtered first coordination sphere EXAFS spectra (back-transform win-
dow = 1.1-2.3 A, solid lines) and fits (dashed lines). Fits shown: Form
A, (3) Ni-N 1.99 A, (10%)Aq* = 11.8 A% (2) Ni-S 2.20 A, (10%)As? =
0.2 A% (1) Ni-S 2.40 &, (10°)Ac? = 2.5 A%, R = 0.10. Form B, (2)
Ni-N 1.93 A, (10%)A¢? = -2.7 A% (3) Ni-S 2.24 A, (10%)Ae? = -1.3
A% (1) Ni-S 2.50 A, (10%)Ac? = -2.9 A%, R = 0.24. Form C, (3) N 2.06
A, (10%A0% = -6.4 A% (2) Ni-S 2.21 A, (10%A0¢? = 1.6 A2, R = 0.34.

spectroscopic probe of the Ni site and have been used to dem-
onstrate the redox activity of the site,* the binding of CO (a
competitive inhibitor) to Ni,” and the interaction of the site with
H,.2 We report here the results of the first X-ray spectroscopic
study of the structural changes in the Ni site accompanying
reductive activation of a Hjase. These studies reveal that the
reductive activation of the enzyme is not accompanied by a change
in the charge on the Ni or by a major reorganization of the Ni
ligand environment.

T. roseopersicina was cultured and the H,ase isolated and
assayed as previously described.®®® The enzyme was poised in
forms A and B by using a minor modification of the procedure
described by van der Zwaan et al.” X-ray absorption spectra were
obtained on frozen solutions (77 K) prepared in 20 mM TrissHCI
(pH 8) vuffer containing 20% glycerol that had Ni concentrations
of 0.8 mM. X-ray fluorescence data were collected at beam line
X9A at the National Synchrotron Light Source (2.53 GeV, ca.
110-200 mA) employing a monochromator and Si[111] crystals
(resolution ca. 1 eV) and a 13-element Ge X-ray fluorescence
detector. Energy calibrations were performed by using Ni foil
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spectra. Previously published model compound data were used
in analyzing the protein EXAFS data over the k range 2-12.5,
following the procedure previously employed in the analysis of
data from form C.* EPR spectra taken before and after exposure
to synchrotron radiation did not reveal any changes in these
samples during data collection and were used to ascertain the
“purity” of the samples. The form A sample had 80% of the
enzyme poised in form A, while the form B sample contained 85%
of the enzyme poised in form B. The X-ray absorption spectra
reported have not been corrected for sample composition, since
performing this correction did not lead to significantly different
results. Edge spectra monitored as a function of exposure time
did not show any significant changes.

Nickel K-edge X-ray absorption spectra obtained for H,ase
poised in forms A, B, and C are compared in Figure 1. Forms
A and B show small but discernable peaks at 8331 eV, which are
assigned to 1s — 3d transitions.>*!® The absence of a peak or
shoulder near 8338 eV in both spectra and the small relative areas
of the 1s — 3d peaks (0.010 (5) eV and 0.020 (5) eV, respectively)
indicate that the Ni sites in both complexes are six-coordinate.>51%
No Is — 3d peak is observed in the spectrum obtained from the
0.3 mM sample of form C, although an examination of the edge
structure is most consistent with a site composed of five non-
hydrogen ligands in a distorted trigonal-bipyramidal arrange-
ment.'® The reason that no preedge feature is observed may lie
in the increased noise apparent in the spectrum obtained from
the more dilute sample of form C,

The most striking result shown in Figure 1 is that within the
precision of the experiment (£0.2 eV) the edge energies of the
three forms do not change. The edge energy obtained from a
number of Ni complexes in various oxidation states has been shown
to reflect the charge on the Ni center.!%11  The observation that
the edge energies in forms A, B, and C do not vary indicates that
the electron density on the Ni center does not change during
reductive activation.

The charge residing on a metal center in a complex is deter-
mined by the oxidation state of the metal and the ability of the
ligands to reduce the charge on the metal through covalent in-
teractions. The possible effect of changes in the Ni ligand en-
vironment that might occur during reductive activation can be
addressed by using EXAFS analysis. Figure 2 shows EXAFS
spectra of the Ni center in forms A, B, and C. Fits of the Fourier
filtered spectra from forms A and B were obtained by analyzing
all possible combinations of N(O) and S(CI) donors with a co-
ordination number of six, as determined from the edge analysis
(vide supra), and are compared with the results obtained previously
for form C. In all three cases there are 2 £ 1 S(CI) donors at
ca. 2.2 A and 3 £ 1 N(O) donors at ca. 2.0 A. The largest
difference arises from the presence of long Ni-S(Cl) interactions
in form A (Ni-S(Cl) = 2.40 A) and in form B (Ni-S(Cl) = 2.50
A). The absence of a long Ni-S interaction in an active form
of the enzyme (form C) suggests that it is one possible site of
protonation in the heterolytic cleavage of H,.

Reductive activation of H,ase by H, has been monitored by
EPR.# The disappearance of the EPR signals associated with
forms A and B, followed by the appearance of the signal associated
with form C and its eventual disappearance under continued
exposure to H,, has been interpreted in terms of a number of
schemes based on Ni-centered redox chemistry.#b12  These
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schemes employ formal Ni oxidation states from III to 0 to in-
terpret the appearance and disappearance of the EPR signals. On
the basis of XAS studies of complexes with well-established
metal-centered redox chemistry, edge shifts of 2-3 eV and 1-2
eV would be expected for the oxidations of Ni(I) to Ni(II) and
Ni(II) to Ni(III), respectively.5:1%.13 n the absence of major
changes in the ligand environment,'® the lack of a significant shift
in the edge energy observed between oxidized and reduced forms
is a strong indication that no real change in oxidation state of the
Ni occurs during reductive activation of the Hjase. Further, no
change in the Ni-S bond length associated with two S-donor
ligands present in all three forms of the enzyme is detected. This
is in contrast to a decrease of 0.14 A in the average Ni-S distance
upon oxidation of a six-coordinate Ni(II) model complex to
Ni(IIT).¥ Thus, mechanisms invoking different oxidation states
for forms A, B, and C and implying significant changes in electron
density at Ni are inconsistent with these XAS results.
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Ribonucleotide reductases (RNRs) play an essential role in
DNA biosynthesis, catalyzing the conversion of NDPs to
dNDPs.2? Escherichia coli RNR, the prototype for the mam-
malian and herpes viral reductases, is composed of two subunits,
B1 and B2. The homodimeric Bl subunit binds both the NDP
substrates and the INTP and ATP allosteric effectors and contains
the cysteine residues which are essential for substrate reduction.
The B2 subunit, also 2 homodimer, contains the dinuclear iron
cluster—tyrosyl radical cofactor which is required for activity. The
mechanism of assembly of this unusual cofactor in B2 has been
the subject of ongoing investigation in several laboratories.*”’
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