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Abstract

We have reexamined the Ni EXAFS of oxidized, inactive (as-isolated) and H reducedDesulfovibrio gigas hydrogenase. Better spatial2

resolution was achieved by analyzing the data over a 50% widerk-range than was previously available. A lowerk was obtained usingmin

the FEFF code for phase shifts and amplitudes. A higherk was obtained by removing an interfering Cu signal from the raw spectramax

using multiple energy fluorescence detection. The largerk-range allowed us to better resolve the Ni–S bond lengths and to define more
˚accurately the Ni–O and Ni–Fe bond lengths. We find that as-isolated, hydrogenase has two Ni–S bonds at|2.2 A, but also 1–2 Ni–S

˚ ˚bonds in the 2.3560.05 A range. A Ni–O interaction is evident at 1.91 A. The as-isolated Ni–Fe distance cannot be unambiguously
˚ ˚determined. Upon H reduction, two short Ni–S bonds persist at|2.2 A, but the remaining Ni–S bonds lengthen to 2.4760.05 A. Good2

˚simulations are obtained with a Ni–Fe distance at 2.52 A, in agreement with crystal structures of the reduced enzyme. Although not
˚evident in the crystal structures, an improvement in the fit is obtained by inclusion of one Ni–O interaction at 2.03 A. Implications of

these distances for the spin-state of H reduced H ase are discussed.2 2

   2002 Elsevier Science Inc. All rights reserved.
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1 . Introduction isolated enzyme reveal a Ni ligated by two terminal
cysteine sulfurs, as well as two cysteine sulfurs that bridge

The reversible oxidation of hydrogen to proton and to an Fe(CO)(CN) unit [7]. An additional light atom,2

electrons is one of the simplest reactions in nature, yet it proposed to be an oxo or hydroxo bridge, completes the
has immense economic [1] and ecological importance [2]. connection between Ni and Fe that are separated by|2.9

˚At least 1.3% of U.S. primary energy production is A. In the structures ofDesulfovibrio vulgaris Miyazaki and
converted to hydrogen for industrial chemical use [3], Desulfovibrio desulfuricans ATCC 27774 hydrogenases,
especially in refineries and ammonia plants. Increased use which are primarily in the ‘ready’ or form B state, a sulfur
of hydrogen is expected as one approach to reducing CO is proposed to occupy this site [8,9]. The light atom2

emissions and associated global warming effects [4]. appears absent in crystal structures of the reduced and
In living organisms, the uptake and evolution of hydro- active forms of related hydrogenases, and the Ni–Fe

˚gen is accomplished by the enzyme hydrogenase [5]. Thedistance contracts to|2.5 A [10,11]. The active site has
Desulfovibrio gigas hydrogenase catalyzes the reversible been studied extensively by FT-IR [12–14], EPR [15–17],
oxidation of molecular hydrogen at an unusual Ni–Fe and EXAFS (Extended X-ray Absorption Fine Structure)
cluster [6]. The crystal structures for the inactive as- [18–23] spectroscopies, as well as by density functional

theory (DFT) calculations [24,25].
A precise understanding of the interatomic distances at*Corresponding author. Fax:11-510-486-5664.
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catalytic mechanism. The Ni–S bond lengths have implica- distance found by EXAFS for H reducedD. gigas2

tions for the protonation state of the thiolate ligands and hydrogenase [21] also presents a problem for the high-spin
hypothesis, since this is a reasonable bond length forthe likely Ni spin state, while the Ni–Fe distance will
low-spin four-coordinate Ni-thiolate complexes. Churchillaffect the geometry of any hydride bridge. However, there
et al. found that the Ni–S distance fell in the range ofis not complete agreement between the Ni–Fe site struc-

˚2.10–2.24 A in Ni(II) complexes containing a diamagnetictures derived from X-ray diffraction, EXAFS analyses, and
square planar center [33]. Inspection of the Cambridgetheoretical calculations.
Structure Database [34] (CSD version 5.21) also revealsCrystallographic and DFT predictions for Ni–S dis-
that all of the reported four-coordinate Ni(II) complexestances in as-isolated hydrogenase range from 2.20 to 2.69

˚ with all sulfur ligands and anaverage Ni–S distance ofA (Table 1). For example, in the crystal structure of the
˚less than 2.20 A are in square planar or slightly distortedoxidized D. gigas enzyme [7,26], the four Ni–S interac-

square planar geometry.tions can be divided into two pairs with average Ni–S
˚ EXAFS spectra for many different hydrogenase prepara-distances of 2.2 and 2.6 A. In the oxidizedD. vulgaris

tions have been reported [18–22], and the average dis-Miyazaki structure, the bridging Ni–S distances are shorter
˚ ˚ ˚(|2.38 A), and the average Ni–S bond length is 2.33 A tances reported all tend to be|2.2 A. However, in all but acys

[8]. Both of these average crystallographic Ni–S distances, few cases, the maximum wave number for the EXAFS
21˚ ˚as well as the DFT prediction of 2.47 A, are significantly spectra reported to date was limited to 12.5 A . This is

˚longer than the 2.2 A average that is reported in early due to interference by the K-edge of trace amount of Cu,
EXAFS papers [20,21]. This trend persists for the reduced either in the samples or in the experimental apparatus. For
structures of theD. vulgaris [11] and D. baculatum [10] example, Dole and coworkers reported the presence of
enzymes, where the crystallographic and DFT predictions trace amounts (|1%) of copper in theirD. gigas hydro-

˚remain longer than the EXAFS value of 2.19 A (Table 1). genase preparations [30]. Since the spatial resolution in
We have recently used L-edge X-ray absorption spec- EXAFS is inversely related to the spectral range (DR5p /

troscopy to probe the electronic structure of the Ni sites in 2Dk), the limited range restricts the possibility of resolving
a variety of hydrogenase samples [27]. The results were individual Ni–S distances.
consistent with a covalent Ni(III) species for as-isolated In this paper, we begin by presenting new EXAFS
hydrogenase, but the reduced forms of hydrogenase all spectra for several Ni–Fe complexes to illustrate the issues
appeared to contain high-spin Ni(II). The latter assignment of Ni–S/Ni–Fe shell resolution. We then report a method
is inconsistent with results from UV–visible MCD [28,29], to extend EXAFS beyond an interfering absorption edge
parallel mode EPR [30], and saturation magnetization [31] for a better special resolution. The method is tested using
methods, and these states have often been assigned as standard compounds with known structures. Finally, we

˚low-spin Ni(II) [12,24,29–32]. The|2.2 A average Ni–S use the model compound spectra to help interpret new

Table 1
Comparison of crystallographic, DFT, and EXAFS results

a a a aEXAFS XRD XRD DFT [25] DFT DFT DFT
this work [56] [52] [57]

As isolated D.g. D.g. [7] D.v. [8] S51/2 S53/2
Ni–S average 2.27 2.45 2.33 2.46 2.48 2.51 2.44 2.36
Ni–Fe N/A 2.9 2.55 2.89 2.99 2.94 2.96 2.82
Ni–O 1.91 1.7 2.16 (Ni–S) 1.86 1.93 1.86 1.84 1.86
Ni–S 2.18 2.2 2.22 2.32 2.38 2.48 2.40 2.29t

Ni–S 2.18 2.3 2.33 2.33 2.33 2.44 2.44 2.37t

Ni–S 2.35 2.6 2.37 2.50 2.46 2.47 2.41 2.35b

Ni–S 2.35 2.6 2.38 2.69 2.76 2.63 2.49 2.41b

H reduced D.g. D.b. [10] D.v. [11] S51 S50 N/A N/A2

Ni–S average 2.34 2.35 2.33 2.52 2.60 2.44
Ni–Fe 2.54 2.5 2.59 2.63 2.68 2.67
Ni–O 2.03 None None None None None
Ni–H N/A N/A N/A 1.78 1.61 1.52
Ni–S 2.21 2.2 2.24 2.34 2.35 2.39t

Ni–S 2.21 2.2 2.32 2.47 2.50 2.33t

Ni–S 2.47 2.5 (Ni–Se) 2.33 2.52 2.76 2.46b

Ni–S 2.47 2.5 2.43 2.74 2.78 2.58b

XRD, X-ray diffraction; DFT, Density Function Theory;D.g., D. gigas; D.b., D. baculatum; D.v.5D. vulgaris; S , terminal S; S , bridging S; in thet b

EXAFS column, we assume that the long Ni–S is Ni–S .b
a In the DFT calculations, ‘as-isolated’ and ‘H reduced’ are form A and form R, respectively.2
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range-extended Ni EXAFS data for as-isolated and H The energy was calibrated using a Ni foil as an internal2

reducedD. gigas hydrogenase. standard in a three-ion chamber geometry, and the energy
scale was calibrated using 8331.6 eV as the first inflection
point of the Ni foil spectrum. All ion chambers were filled

2 . Experimental with N . Harmonic rejection was accomplished by detun-2

ing the second monochromator crystal to 50% of maxi-
2 .1. Preparation of protein samples mum possible flux. During all X-ray measurements, the

samples were maintained at ca. 15 K using an Oxford
D. gigas cultures were grown on a sulfate-lactate Instruments CF1208 helium flow cryostat. To reduce

medium [35]. The H ase from these cultures was purified radiation damage, the enzyme samples were moved to a2

by ion-exchange chromatography as previously described different position after every fourth scan. The energy of Ni
[36,37]. Before the EXAFS measurements, the specific K-edge of the enzyme was monitored on sequential scans
activity of the as-isolated samples, as measured by the to confirm the stability of the enzyme in the X-ray beam.
hydrogen evolution method of Peck and Gest [38], was Spectra were recorded from 8250 to 9400 eV in 30-min
450650 units. One unit is defined as 1mmol H evolved scans (12–18 scans per sample). The fluorescence data2

per min per mg protein. The H reduced sample had a were collected using a Canberra 13-element Ge detector2

specific activity of 470630 units. [25] and Canberra 2026 amplifiers using 0.125ms shaping
times. Single channel analyzers were used to set electronic

2 .2. Enzyme film preparation windows on Ni Ka and Cu Ka fluorescence. The average
Ni signal count rate at each individual detector element

To achieve the highest possible Ni concentration, the was|6000 cps, while the total count rates were on the
H ase samples were prepared as partially dehydrated films. order of 100 000 cps.2

The purifiedD. gigas in phosphate buffer pH 7.8 was first
degassed and kept under a purge of nitrogen gas for 302 .5. XAFS data analysis
min. A sheet of Kapton was placed in an anaerobic glass
container that was kept under a constant purge of oxygen- The EXAFS oscillations were extracted from the aver-
free dry nitrogen gas. The protein solution was then aged spectra using the EXAFSPAK analysis software
layered onto the Kapton surface using a gas-tight syringe (courtesy of G.N. George), using 8350 eV as an initialE0
and allowed to partially dry into a film. Several layers of for defining the photoelectron wave vector. The resultant

3protein films were combined and mounted on the sample EXAFS data were weighted byk and Fourier-transformed
21holder for EXAFS measurement. The total amount of ˚over the regionk51–16.5 A . Least-squares fits of the

protein in each sample was about 7–8 mg. After the X-ray EXAFS data were carried out using Fourier-filtered data,
measurements, both redissolved films showed a|10% using the following approximate formula to optimize the

2decrease in activity. structural parametersN , R ands :b ab ab

N 2 2b2 22s k 22R /l(k)2 .3. Preparation of model compounds ab ab]]x(k)5 S (k)O f (k) e eu u0 2 bkRb ab

The binuclear complex [hFe(NS )(CO) -S,S9jNi-3 2 3 sin 2kR 1f (k)s dab abCl(dppe)] [39] and the trinuclear complex
[Ni hFe(NS )(CO)-S,S9j ] [40] were prepared in the Evans In this equation,N is the number of backscatterers in the3 2 b

laboratory according to the cited literature procedures. bth backscattering shell at distanceR from the X-rayab

Ni(II)FeS P NO C H [(n-Bu) N] was prepared in the absorber,f (k) andf (k) are the backscattering amplitude6 2 2 54 68 4 b ab

Millar /Koch laboratory [41]. Ni[(S C )Ph ] was syn- and total phase-shift of the absorber–scatterer pairs, re-2 2 2 2
2thesized in the Stiefel laboratory according to published spectively,s is the mean square deviation ofR , andab ab

procedures [42]. Ni(aminothiophenolate) was prepared in l(k) represents the mean free path of the ejected photoelec-2
2the Eichhorn laboratory [43]. CuF and CuCl were tron.S (k) is an amplitude reduction factor that accounts2 2 0

purchased from Aldrich. Model compounds were ground for multiple electron excitations. The functionsf (k), f (k)b ab

to a fine powder and diluted with boron nitride before andl(k) were calculated using the program FEFF 5.01
loading into XAS (X-ray Absorption Spectroscopy) cells. [44]. Values forDE (the shift ofE from the initial value)0 0

for Ni–S (26 eV) and Ni–Fe (210 eV) interactions were
2 .4. XAFS measurements determined from fits for Ni[(S C )Ph ], and2 2 2

[Ni hFe(NS )(CO)-S,S9j ] model compounds, while aDE3 2 0

The Ni K-edge spectra were recorded at beamline 7-3 at of29.2 eV was used for Ni–O components [45]. These
the Stanford Synchrotron Radiation Laboratory (SSRL). DE values were fixed during subsequent optimizations.0

Si(220) monochromator crystals were used with 2-mm slits The goodness of fit was determined byF 5S(x 2calc
2 6for EXAFS scans and 1-mm slits for the XANES spectra. x ) k .obs
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3 . Results 3 .2. Ni–Fe model compound EXAFS

The model compound EXAFS data, Fourier transforms,3 .1. Model compound and hydrogenase edges
and fits are presented in Fig. 3. The Fourier transform for
the binuclear [hFe(NS )(CO) -S,S9jNiCl(dppe) complexTo calibrate and check the parameters used in the 3 2

˚shows a clear Ni–Fe peak at 3.3 A in the phase-shift-EXAFS analysis, we recorded the spectra of several model
corrected transform. For the trinuclear model, withcompounds with Ni–Fe distances ranging from 2.5 to 3.3

˚˚ two Ni–Fe interactions and a 0.4 A separation betweenA. The K absorption edges for these models are shown in
Ni–Fe and Ni–S shells, again there are two well-resolvedFig. 1. The spectra clearly show the effects of different Ni
peaks for these Ni–S and Ni–Fe interactions. Thus, ingeometries. The trinuclear complex [NihFe(NS )(CO)-3

favorable cases, Ni–Fe interactions can be seen betweenS,S9j ] has a peak at|8331 eV; this is a 1s→3d transition2
˚2.6 and 3.3 A. However, the transform forthat is enhanced by p-d mixing in the tetrahedral Ni

Ni(II)FeS P NO C H [(n-Bu) N] shows only a singlegeometry [46]. In contrast, the binuclear complex 6 2 2 54 68 4
˚broad peak—Ni–S at 2.26 A and Ni–Fe components at[hFe(NS )(CO) -S,S9jNiCl(dppe) has a sharp peak at3 2

˚2.50 A are not resolved. Despite these difficulties in|8335 eV; this is a 1s→4p transition that is best resolvedz

interpretation of the Fourier transform, the Ni–S and Ni–in square planar geometries [46]. The five-coordinate
Fe distances obtained by curve-fitting thek-space spectraNi(II)FeS P NO C H [(n-Bu) N] edge also has a clear6 2 2 54 68 4

˚ ˚1s→3d transition and complex structure throughout the for this model were, respectively within 0.05 A and 0.02 A
1s→np region. of the X-ray diffraction values. For the other models, the

˚The K-edges for the as-isolated and H reduced hydro- accuracy was always 0.03 A or better (Table 2). The2

genase films are shown in Fig. 2. The as-isolated spectrum difficulties associated with analyzing closely spaced Ni–S
has an inflection point at 8342 eV and a 1s→3d transition and Ni–Fe components have been discussed in detail by
at 8334 eV, with a normalized integrated intensity of 0.046 Scott and coworkers [21,22]. Similar problems occur with
consistent with its five-coordinate structure [21,32]. The overlapping Cu–S and Cu–Cu components in Cu sitesA

spectrum of the H reduced sample shows a shift to lower [47] and interfering Fe–S and Fe–Fe components in the2

energy compared to the as-isolated enzyme—the inflection fully reduced nitrogenase Fe protein [48].
point shifts lower by ca. 0.8 eV. The pre-edge intensity in Our goal in this work has been to achieve better spatial
H reduced (0.036) is weaker than for as-isolated hydro- resolution from limited EXAFS data. Even if two shells2

genase, suggesting a more centrosymmetric Ni geometry with the same element are not resolved and have to be
and/or fewer 3d vacancies upon reduction. This reduction modeled by a single component, the interference between
in intensity has been seen before [21,22]. the two will result in an anomalously highs value that

Fig. 1. (Left) Ni K-edge spectra for (top to bottom) [NihFe(NS )(CO)-S,S9j ], Ni(II)FeS P NO C H [(n-Bu) N], and [hFe(NS )(CO) -S,S9jNiCl(dppe).3 2 6 2 2 54 68 4 3 2

(Right) Second derivative curves for the K-edge spectra reported in the left panel.
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Fig. 2. (Left) Ni K-edge spectra for as-isolated (- - -) and H reduced (———) hydrogenase films. (Right) Second derivative curves for the K-edge spectra2

reported in the left panel.

reflects both thermal motion and static disorder. Using data thermal disorder in bond lengths should increase with
for compounds with homogeneous Ni–S distances, we distance [49]. Using our own data as well as literature

2therefore investigated the range of normal values for values [18], we have plotted the correlation betweens
2purely thermal disorder. Vibrational frequencies and force andR in Fig. 4. We find thats (s ) for a Ni–S bond

2˚ ˚constants diminish with increasing bond length, hence this ranges from 0.045 A (0.002 A ) for the shortest Ni–S

Fig. 3. (Left) EXAFSk-space spectra (———) and best fits (- - -) for (top to bottom) [NihFe(NS )(CO)-S,S9j ], Ni(II)FeS P NO C H [(n-Bu) N], and3 2 6 2 2 54 68 4

[hFe(NS )(CO) -S,S9jNiCl(dppe). (Right) EXAFS Fourier transforms (———) and best fits (- - -) for compounds in the left panel. A schematic drawing of3 2

each compound is on the right-hand side of each transform.
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Table 2
Ni–Fe model compound EXAFS results

22 23˚ ˚Compound N R (A) s (10 A ) F Crystal data

[hFe(NS )(CO) - 4S 2.18 6.3 675.3 1S 2.2473 2

S,S9jNiCl(dppe)] 1S 2.255
4S 2.19 6.5 522.4

1P 2.164
1Cl 2.48 4.5

1P 2.196
4S 2.18 6.3 391.1 1Cl 2.508
1Cl 2.48 4.3 1Fe 3.308
1Fe 3.29 3.0

Ni(II)FeS P NO 4S 2.33 6.7 629.1 1S 2.2546 2 2

C H [(n-Bu) N] 1S 2.25354 68 4 4S 2.36 4.4 499.0
1S 2.257

1P 2.23 1.0
1S 2.290

4S 2.31 6.6 341.0 1P 2.107
1P 2.05 16.5 1Fe 2.530
1Fe 2.55 2.7

[Ni hFe(NS )- 4S 2.23 4.1 598.9 2S 2.2293

(CO)S,S9j ] 2Fe 2.61 3.4 2S 2.2872

2Fe 2.637

2 2˚ ˚ ˚ ˚bonds near 2.15 A to 0.100 A (0.010 A ) for bonds near tos (s ) for a Ni–S bond near 2.2 A is expected to be
22˚ ˚ ˚2.48 A. Sinces appears in the exponential of the Debye– ,0.055 A (0.003 A ). Disorder above that value is

Waller factor, these differences cause wide (orders of expected to arise from astatic variation in Ni–S distances
magnitude) variations in EXAFS amplitudes. The impor- over two or more distinct Ni–S bonds.
tant point from this analysis is thatvibrational contribution

3 .3. The ‘ range-extended’ EXAFS procedure

Typical Ni EXAFS oscillations are less than a 1%
modulation at 9000 eV (the Cu K-edge). Thus, even a trace
amount of Cu will overwhelm the Ni EXAFS signal. To
achieve a widerk-range and hence a better spatial res-
olution in the EXAFS analysis, we developed a procedure
to subtract interfering Cu signals. There is no fundamental
reason to doubt the subtraction procedure. However, the
method involves subtraction of two large signals and
analysis of a much smaller difference spectrum, and it is
subject to artifacts if the subtraction is not done properly.
In order to test our subtraction procedures, the spectra of
two Ni compounds were analyzed before and after addition
of trace amounts of Cu (Fig. 5). Specifically, CuF and2

CuCl were added to Ni[(S C )Ph ] and NiS (NH ) Ph2 2 2 2 2 2 2 2 2

samples, respectively to obtain approximately the same
fractional Cu signal as observed in the protein spectra.

The key parameter in this subtraction procedure is the
weight assigned to the Cu signal. This was estimated by
visually determining the thresholds for scale factors that

2 were clearly too large or too small, and then using theFig. 4. The correlation betweens and R for a variety of Ni–S bonds.
average of these two limiting factors. As shown in Fig. 5,The dotted line represents the linear fit of the model compounds data.

Key: d, Ni model compounds EXAFS data from literature [18];., D. the corrected EXAFS of the Cu-doped materials is very
gigas H ase EXAFS data from literature [21];m, C. vinosum H ase2 2 similar to the undoped Ni compound. There may be small
EXAFS data from literature [22];j, EXAFS data of this work, 18,19: artifacts in the vicinity of the Cu edge, but the Ni EXAFS
as-isolated (two Ni–S shells), 20,21: H reduced (two Ni–S shells). The2 signal is a long wavelength oscillation distributed over tensdetailed numbering correspondence can be found in the supplementary

of eV, hence the Fourier transforms of undoped andmaterial. (See the Elsevier websitehttp: / /www.elsevier.com/homepage/
saa.jib) corrected EXAFS are virtually identical.

http://www.elsevier.com/homepage/saa.jib
http://www.elsevier.com/homepage/saa.jib
http://www.elsevier.com/homepage/saa.jib
http://www.elsevier.com/homepage/saa.jib
http://www.elsevier.com/homepage/saa.jib
http://www.elsevier.com/homepage/saa.jib
http://www.elsevier.com/homepage/saa.jib
http://www.elsevier.com/homepage/saa.jib
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Fig. 5. (Left) The dual energy window subtraction procedure. Raw Ni spectrum for a Cu-doped sample of Ni[(S C )Ph ] (———); Cu spectrum for the2 2 2 2

same (———); and result of subtracting a scaled amount of the Cu spectrum from the raw Ni spectrum (- - -). (Right) Comparison ofk space (top) and
Fourier-transformed (bottom) EXAFS spectra for a Ni[(S C )Ph ] sample without Cu contamination (———) versus corrected spectra for a Cu-doped2 2 2 2

sample (- - -).

21˚3 .4. Hydrogenase EXAFS range (1–16.5 A ), the spectra exhibit features which are
not seen on a range limited by Cu contamination (k52–

21˚12.5 A ). The main peak in the as-isolated FourierFig. 6 compares the conventional and the range extend-
transform begins to show a splitting, while in the Hed EXAFS of D. gigas hydrogenase. Over the widerk 2

reduced transform, a longer distance peak emerges from
the truncation ripple. Overall, the differences between
as-isolated and H reduced spectra are more pronounced2

on the wider range data, illustrating the significant structur-
al change that occurs at the Ni site.

Fig. 7 shows simulations of the rawk-space and Fourier
transformed EXAFS of both as-isolated and fully H2

reduced enzymes, calculated after removal of the Cu
signal. Relevant fits for the hydrogenase EXAFS spectra
are summarized in Table 3. For the as-isolated sample,

˚fitting the Ni EXAFS with a single S shell yields a 2.19 A
Ni–S distance, in agreement with previous studies. How-

˚ever, thes value (0.095 A) is very large compared to
model compounds with homogenous Ni–S distances. The
fit is improved by more than a factor of two using two

˚sub-shells with two Ni–S at 2.17 A and two Ni–S at 2.35
Å, and the individuals values become more reasonable.

˚We note that the X-ray crystal structure has a 0.3 A split
between the average bond lengths for terminal and bridg-
ing sulfur ligands [7,10].

Another dramatic improvement in fit quality is obtained
by introducing a short Ni–O interaction—this is oneFig. 6. Conventional (- - -) and range-extended (———) EXAFS Fourier
proposal for the bridging ligand ‘X’. As illustrated in thetransforms for (top) as-isolated and (bottom) H reducedD. gigas H ase.2 2

Transform ranges wereDk510.5 andDk515.5, respectively. ‘search profile’ (Fig. 8), adding one Ni–O component at
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˚Fig. 7. (Left) Fourier-filtered (backtransform window51.0–2.8 A) EXAFSk-space spectra (———) and best fits (- - -) for (top) as-isolated and (bottom)
H reducedD. gigas H ase. (Right) EXAFS Fourier transforms for the spectra (———) and the best fits (- - -) reported in the left panel.2 2

˚ ˚1.91 A improves the fit more than twofold. Our distance is obtained by adding 0.5 Fe at 2.77 A, and this leads to a fit
˚with a physically reasonables (0.08 A). However, replac-in agreement with other EXAFS work.
˚We were less successful in identifying the Ni–Fe ing this Fe shell by 0.5 S at 2.59 A leads to the same

distance in as-isolated hydrogenase. Since the crystal quality of fit. At this time, we cannot unambiguously
˚structure shows a Ni–Fe distance at ca. 2.9 A [7,26], we identify the Ni–Fe distance; this may be due to: (a)

investigated the effects of including such a Ni–Fe inter- interference between Ni–Fe and long Ni–S components (as
˚action. Adding one Fe at 2.78 A improved the fit by 20%, discussed in the model compound section), (b) structural

˚but thes value (0.11 A) was very large. A better fit is disorder in the samples, or (c) a combination of both
effects.

For the H reduced spectrum, the fit is improved2

threefold by splitting the Ni–S shell into two sub-shells,
Table 3 ˚ ˚now with 2 S at 2.20 A and 2 S at 2.35 A. Adding a thirdRange-extended hydrogenase EXAFS analysis

˚shell of one Fe at 2.52 A (the long Ni–S distance changes22 23˚ ˚Form Fit N R (A) s (10 A ) F ˚to 2.43 A accordingly) also improves the fit by another
As isolated 1a 4 S 2.19(2) 9.2 258.3 factor of two. This is in good agreement with crystallo-

2a 2 S 2.17(2) 3.1 113.4 graphic observations of a shorter Ni–Fe distance in the H22 S 2.33(5) 11.1
reduced samples. For all of these fits, thes values become3a 1 O 1.91(2) 2.5 40.7
much more reasonable than the single-shell analysis (Fig.2 S 2.18(2) 2.7

2 S 2.35(5) 9.7 4: number 20 and 21). In an alternate fit, the Ni–Fe
˚component can be replaced by a long Ni–S at 2.66 A.

H -reduced 1A 4 S 2.22(2) 5.6 605.72 However, this fit requires an unusually smalls for such a
2A 2 S 2.20(2) 0.7 167.9

long Ni–S distance, and is most likely an artifact due to2 S 2.35(5) 5.2
thep difference in Ni–S and Ni–Fe phase shifts [21]. We3A 2 S 2.21(2) 1.2 76.1

2 S 2.43(5) 11.4 therefore prefer the former fit, which also agrees better
1 Fe 2.52(5) 2.6 with the crystal structure.

3B 2 S 2.21(2) 1.0 91.9 The contour plot gives an indication for the correlation
1 S 2.38(2) 1.8

between the selected parameters [50]. Since we observe1 S 2.66(5) 1.8
˚that the long Ni–S distance goes to 2.43 A by adding the4A 1 O 2.03(2) 1.4 24.5

˚2 S 2.21(2) 1.7 third shell of Fe at 2.52 A (fit 3A, Table 3), the correlation
2 S 2.47(5) 8.5 between the long Ni–S and Ni–Fe is analyzed by contour
1 Fe 2.54(5) 1.8 plot (Fig. 8, right). The contour minimum occurs where
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Fig. 8. (Left) Search profile for Ni–O component in (top) as-isolated and (bottom) H reducedD. gigas H ase. Searches were performed from 1.7 to 2.32 2
6 2 1 / 2Å. S is defined as [Sk (x 2x ) /n] . (Right) Contour plot illustrating the correlation between Ni–Fe and the long Ni–S distance in fits of Hcalc obs 2

˚ ˚reduced H ase. Search was carried out from 2.0 to 3.2 A for both Ni–S and Ni–Fe components. TheS minimum is at 2.43 and 2.52 A for long Ni–S and2

Ni–Fe, respectively.

˚ ˚Ni–S is at 2.43 A and Ni–Fe at 2.52 A. Judging from the reduced hydrogenase found that the optimized structures
tilt of the principal axis of the ellipses, there is not strong for a unconstrained Ni(II) geometries yielded nearly
correlation between the two parameters. equivalent energies for high-spin and low-spin Ni(II) sites

For completeness, we investigated whether the short [54]. However, they also found that if the Ni–S bonds
Ni–O component found in as-isolated, often assigned as awere constrained to a geometry similar to the crystallo-
bridging hydroxide, disappears in the H reduced spec- graphic results, the high-spin state had the lowest energy2

trum. To our surprise, addition of one Ni–O component at by nearly 20.0 kcal /mol [54]. This raises the interesting
˚ca. 2.03 A increases the goodness of fit criterion by a possibility that the Ni spin state is controlled by the

factor of three (fit 4A, Table 3). This could indicate the position of the protein ligands, making H reduced hydro-2

presence of a water molecule as a Ni ligand. However, genase Ni a new candidate for a bioinorganic entatic state.
there is no evidence for this in the crystal structures. A
more exotic possibility is that we are seeing evidence for
Ni–H interactions—some of the DFT calculations propose
two hydrides as ligands to Ni in H reduced form2

[10,25,51–53]. A more mundane interpretation is that
|15% of the Ni in the sample has fallen out of the active
site and remains as hexaaquo Ni(II). We are planning
experiments to distinguish these possibilities.

From the fits in Table 3, we see that the average Ni–S
bond length in the H reduced enzyme is most likely not2

˚the 2.22 A value given by a single shell analysis, but
˚ ˚anywhere from a minimum of 2.27 A to beyond 2.3 A,

depending on the model employed. As illustrated in Fig. 9,
the Ni–S bond length can in certain cases be a good
indicator of the Ni(II) spin state. Average Ni–S distances

˚range from 2.10 to 2.24 A for approximately square planar
˚complexes, compared to 2.27 to 2.31 A for tetrahedral

˚complexes. An average of 2.29 A is found for five-
˚coordinate Ni(II) complexes compared to 2.43 A in six-

coordinate complexes. If the H reduced Ni–S distance2
˚were indeed 2.22 A, that would be a strong indication of

˚low-spin Ni(II), but values in the 2.34 A range are much Fig. 9. The average Ni–S distances for four- (j), five- (d) or six- (m)
more ambiguous. coordinated Ni compounds. The search was carried out in the Cambridge

Recent DFT calculations by Fan and Hall for H Structure Database (CSD version 5.12).2
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