Available online at www.sciencedirect.com

: SclENcE(dDIREcT' |’|%L§‘,’“§L9°Fanic
A ?k' Biochemistry
TN RS
ELSEVIER Journal of Inorganic Biochemistry 93 (2003) 41-51

www.elsevier.com/locate/jinorghio

Refinement of the nickel site structure esulfovibrio gigas hydrogenase
using range-extended EXAFS spectroscopy

Weiwei GU*°, L. Jacquamét , D.S. Patil , H-X. Wahg , D.J. Evans , M.C. Sfith , M. Millar ,
S. KocH', D.M. Eichhorfi , M. Latimér , S.P. Craniér*

*Department of Applied Science, University of California, 1 Shields Ave., Davis, CA 95616,USA
°Lawrence Berkeley National Laboratory, Berkeley, CA 94720,USA
“Department of Biological Chemistry, John Innes Centre, Norwich NR4 7UH, UK
“‘Department of Chemistry, Sate University of New York, Sony Brook, NY 11794,USA
“Department of Chemistry, Wichita State University, Wichita, KS 67260,USA
'Stanford Synchrotron Radiation Laboratory, Stanford, CA 94025,USA

Received 2 January 2002; received in revised form 22 February 2002; accepted 19 March 2002

Abstract

We have reexamined the Ni EXAFS of oxidized, inactive (as-isolated) and H redesetfovibrio gigas hydrogenase. Better spatial
resolution was achieved by analyzing the data over a 50% Widange than was previously available. A lowey,, was obtained using
the FEFF code for phase shifts and amplitudes. A highgr was obtained by removing an interfering Cu signal from the raw spectra
using multiple energy fluorescence detection. The lakgemge allowed us to better resolve the Ni—S bond Igngths and to define more
accurately the Ni-O and Ni—Fe bond lengths. We find that as-isolated, hydrogenase has two Ni—S b@r@is\abut also 1-2 Ni-S
bonds in the 2.350.05 A range. A Ni—O interaction is evident at 1.91 A The as-isolated Ni—Fe distance cannot beo unambiguously
determined. Upon K reduction, two short Ni—S bonds persisa? A, but the remaining Ni—S bonds lengthen to 2:4705 A. Good
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.
0 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,
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 separat@d by
At least 1.3% of U.S. primary energy production is A. In the structurdsestilfovibrio 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 atom

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 t62.5 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].
*Corresponding author. Fax: 1-510-486-5664. A precise understanding of the interatomic distances at
E-mail address: spcramer@ucdavis.edi$.P. Cramer). the Ni—Fe center is important for an understanding of the
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catalytic mechanism. The Ni—S bond lengths have implica-
tions for the protonation state of the thiolate ligands and hydrogenase [21] also presents a problem for the high-spin
the likely Ni spin state, while the Ni—Fe distance will hypothesis, since this is a reasonable bond length for
affect the geometry of any hydride bridge. However, there low-spin four-coordinate Ni-thiolate complexes. Churchill
is not complete agreement between the Ni—Fe site struc-et al. found that the Ni—S distance fell in the range of
tures derived from X-ray diffraction, EXAFS analyses, and 2.10-2. 24°A i Ni(ll) complexes containing a diamagnetic
theoretical calculations. square planar center [33]. Inspection of the Cambridge
Crystallographic and DFT predictions for Ni—S dis- Structure Database [34] (CSD version 5.21) also reveals
tances in as-isolated hydrogenase range from 2.20 to 2.6%hat all of the reported four-coordinate Ni(ll) complexes
A (Table 1). For example, in the crystal structure of the with all sulfur ligands and araverage Ni—S distance of
oxidized D. gigas enzyme [7,26], the four Ni-S interac- less than 2. 20 A are in square planar or slightly distorted
tions can be divided into two pairs with average Ni—S square planar geometry.
distances of 2.2 and 2.6 A. In the oxidiz& vulgaris EXAFS spectra for many different hydrogenase prepara-
Miyazaki structure, the bridging Ni—S distances are shorter tions have been reported [18— 22] and the average dis-
(~2.38 A) and the average Nig3  bond length is 2733 A tances reported all tend to be.2 A. However, in all but a
[8]. Both of these average crystallographic Ni—S distances, few cases, the maximum wave number for the EXAFS
as well as the DFT prediction of 2. 47 A, are significantly spectra reported to date was limited to 125'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 theiD. gigas hydro-
remain longer than the EXAFS value of 2. io 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 spectralRwage/(
troscopy to probe the electronic structure of the Ni sites in  Ak)2the 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(lll) 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(ll). 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 aSS|gned as standard compounds with known structures. Finally, we
low-spin Ni(ll) [12,24,29—-32]. The-2.2 A average Ni— use the model compound spectra to help interpret new

distance found by EXAFS jfor H reduceibas

Table 1
Comparison of crystallographic, DFT, and EXAFS results
EXAFS XRD XRD DFT ? [25] DFT* DFT® DFT*
this work [56] [52] [57]
As isolated D.g. D.g. [7] D.v. [8] S=1/2 S=3/2
Ni—S average 2.27 2.45 2.33 2.46 2.48 251 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 2.29
Ni-S, 2.18 2.3 2.33 2.33 2.33 2.44 2.44 2.37
Ni-S, 2.35 2.6 2.37 2.50 2.46 2.47 2.41 2.35
Ni-S, 2.35 2.6 2.38 2.69 2.76 2.63 2.49 2.41
H, reduced D.g. D.b. [10] D.v. [11] S=1 S=0 N/A N/A
Ni—S average 2.34 2.35 2.33 2.52 2.60 2.44
Ni—Fe 2.54 25 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 2.39
Ni-S, 2.21 2.2 2.32 2.47 2.50 2.33
Ni-S, 2.47 2.5 (Ni-Se) 2.33 2.52 2.76 2.46
Ni-S, 2.47 2.5 2.43 2.74 2.78 2.58

XRD, X-ray diffraction; DFT, Density Function Theory.g., D. gigas; D.b., D. baculatum; D.v.=D. wulgaris; S,, terminal S; § , bridging S; in the
EXAFS column, we assume that the long Ni-S is Nj-S .
*In the DFT calculations, ‘as-isolated’ and ;H reduced’ are form A and form R, respectively.
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range-extended Ni EXAFS data for as-isolated ang H
reducedD. gigas hydrogenase.

The energy was calibrated using a Ni foil as an internal
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
with N,. Harmonic rejection was accomplished by detun-
ing the second monochromator crystal to 50% of maxi-
mum possible flux. During all X-ray measurements, the
samples were maintained at ca. 15 K using an Oxford
Instruments CF1208 helium flow cryostat. To reduce
radiation damage, the enzyme samples were moved to a
different position after every fourth scan. The energy of Ni
K-edge of the enzyme was monitored on sequential scans
to confirm the stability of the enzyme in the X-ray beam.
Spectra were recorded from 8250 to 9400 eV in 30-min
scans (12-18 scans per sample). The fluorescence data
were collected using a Canberra 13-element Ge detector
[25] and Canberra 2026 amplifiers using 0.{85shaping
times. Single channel analyzers were used to set electronic
windows on Ni kx and Cu kx fluorescence. The average
Ni signal count rate at each individual detector element
w8800 cps, while the total count rates were on the
order of 100 000 cps.

2. Experimental
2.1. Preparation of protein samples

D. gigas cultures were grown on a sulfate-lactate
medium [35]. The H ase from these cultures was purified
by ion-exchange chromatography as previously described
[36,37]. Before the EXAFS measurements, the specific
activity of the as-isolated samples, as measured by the
hydrogen evolution method of Peck and Gest [38], was
450+50 units. One unit is defined asplmol H, evolved
per min per mg protein. The H reduced sample had a
specific activity of 47@30 units.

2.2. Enzyme film preparation

To achieve the highest possible Ni concentration, the
H,ase samples were prepared as partially dehydrated films.
The purifiedD. gigas in phosphate buffer pH 7.8 was first
degassed and kept under a purge of nitrogen gas for 3025 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 inifl
and allowed to partially dry into a film. Several layers of for defining the photoelectron wave vector. The resultant
protein films were combined and mounted on the Sample EXAFS data were Weighted [jf and Fourier-transformed
holder for EXAFS measurement. The total amount of o the regior’k=1—16.5°A71. Least-squares fits of the
protein in each sample was about 7—8 mg. After the X-ray pxaFs data were carried out using Fourier-filtered data,

measurements, both redissolved films showed-¥0% using the following approximate formula to optimize the
decrease in activity. structural parametens,, R, and o, *:

sz I, (K)e” 2a§bk2€— 2Ry /A(K)

2.3. Preparation of model compounds Y(K) = SS(k)Eb: "
ab

The binuclear complex {Fe(NS, )(CO) -S,9Ni-

Cldppe)] [39] and the trinuclear complex
[Ni{Fe(NS, )(CO)-S,3,] [40] were prepared in the Evans
laboratory according to the cited literature procedures.
Ni(ll)FeS; P, NQ, C,, Hyg [(n-Bu),N] was prepared in the
Millar/Koch laboratory [41]. Ni[(S G )Ph ] was syn-
thesized in the Stiefel laboratory according to published
procedures [42]. Ni(aminothiophenolaje) was prepared in
the Eichhorn laboratory [43]. CuyF and CuyCl were
purchased from Aldrich. Model compounds were ground
to a fine powder and diluted with boron nitride before
loading into XAS (X-ray Absorption Spectroscopy) cells.

2.4. XAFS measurements

The Ni K-edge spectra were recorded at beamline 7-3 at
the Stanford Synchrotron Radiation Laboratory (SSRL).
Si(220) monochromator crystals were used with 2-mm slits
for EXAFS scans and 1-mm slits for the XANES spectra.

X SIN(ZKR,, + ¢ap(K))

In this equatidly,is the number of backscatterers in the
bth backscattering shell at distanég, from the X-ray
absorbiefk) and ¢,, (k) are the backscattering amplitude

and total phase-shift of the absorber—scatterer pairs, re-

spectively, is the mean square deviation Bf,, and
A(K) represents the mean free path of the ejected photoelec-
tr&j(k) is an amplitude reduction factor that accounts
for multiple electron excitations. The furigldng,, (k)
akt) were calculated using the program FEFF 5.01
[44]. Values A&, (the shift of E, from the initial value)
for Ni-S (=6 eV) and Ni—Fe {10 &V) interactions were
determined from fits for Ni[($ € )Ph], and
[Ni{Fe(NS, )(CO)-S,3,] model compounds, while AE,
—8f2 eV was used for Ni-O components [45]. These
AE, values were fixed during subsequent optimizations.
The goodness of fit was determinéd= By x.,,. —

Xobs)zke'
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3. Results 3.2. Ni-Fe model compound EXAFS

3.1. Model compound and hydrogenase edges The model compound EXAFS data, Fourier transforms,
and fits are presented in Fig. 3. The Fourier transform for
To calibrate and check the parameters used in thethe binuclear {Fe(NS,; )(CO) -S,3NiCl(dppe) complex
EXAFS analysis, we recorded the spectra of several modelshows a clear Ni-Fe peak at 3.3 A in the phase-shift-
compounds with Ni—Fe distances ranging from 2.5 to 3.3 corrected transform. For the trinuclear model, with
A. The K absorption edges for these models are shown intwo Ni—Fe interactions and a 0. a A separation between
Fig. 1. The spectra clearly show the effects of different Ni Ni—Fe and Ni—S shells, again there are two well-resolved
geometries. The trinuclear complex [Re(NS; )(CO)- peaks for these Ni—-S and Ni—Fe interactions. Thus, in
S,S},] has a peak at-8331 eV, this is a 1s 3d transition favorable cases, Ni—Fe interactions can be seen between
that is enhanced by p-d mixing in the tetrahedral Ni 2.6 and 3.3 A.  However, the transform for
geometry [46]. In contrast, the binuclear complex Ni(ll)FeS;P, NGO, G, Hss[(n-Bu),N] shows only a single
[{Fe(NS, )(CO) -S,9NiCl(dppe) has a sharp peak at broad peak—Nl S at 2.26 A and Ni—Fe components at
~8335 eV, this is a 1s 4p, transition that is best resolved 2.50 A are not resolved. Despite these difficulties in
in square planar geometries [46]. The five-coordinate interpretation of the Fourier transform, the Ni—-S and Ni—
Ni(I)FeS; P, NO, G, Hgg[(n-Bu), N] edge also has a clear Fe distances obtained by curve-fitting tkespace spectra

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). The
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-18d 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 componenig in Cu sites
spectrum of the B reduced sample shows a shift to lower [47] and interfering Fe—S and Fe—Fe components in the
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 shells
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 dhigalue that
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Fig. 1. (Left) Ni K-edge spectra for (top to bottom) f[Re(NS, )(CO)-S,3,], Ni(ll)FeS,P,NO, C;, Hsg[(n-Bu),N], and{Fe(NS,)(CO),-S,3NiCl(dppe).
(Right) Second derivative curves for the K-edge spectra reported in the left panel.
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Absorption (a.u.)

8320 8340 8360 8380 8400 8320 8330 8340 8350 8360
E (eV) E(eV)
Fig. 2. (Left) Ni K-edge spectra for as-isolated (- - -) and H reduced (———) hydrogenase films. (Right) Second derivative curves for the K-edge spectra

reported in the left panel.

reflects both thermal motion and static disorder. Using data
for compounds with homogeneous Ni-S distances, we
therefore investigated the range of normal values for
purely thermal disorder. Vibrational frequencies and force
constants diminish with increasing bond length, hence this

thermal disorder in bond lengths should increase with
distance [49]. Using our own data as well as literature
values [18], we have plotted the correlation befween
Bnih Fig. 4. We find thatg (o) for a Ni-S bond

ranges from 0.045 A (0.2002 A ) for the shortest Ni—-S

(k) K

el Lo o o 1 s o 3

Fourier Transform (a.u.)

Ph-

6 S 10 12 14
k(A

Fig. 3. (Left) EXAFSk-space spectra (
[{Fe(NS, )(CO) -S,3NiCl(dppe). (Right) EXAFS Fourier transforms (
each compound is on the right-hand side of each transform.

) and best fits (- - -) for (top to bottom¥f&{NS, )(CO)-S,3.], Ni(Il)FeS,P,NO, C,, Hys[(n-Bu),N], and

) and best fits (- - -) for compounds in the left panel. A schematic drawing of
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Ni—Fe model compound EXAFS results

Compound N R (A) o? (107° AY) F Crystal data

[{Fe(NS, )(CO) - 4s 2.18 6.3 675.3 1S 2.247

S,SINiCl(dppe)] 45 2.19 6.5 522.4 iﬁ ;igi
1Cl 2.48 45 1P 2196
4s 2.18 6.3 391.1 1CI 2.508
1Cl 2.48 4.3 1Fe 3.308
1Fe 3.29 3.0

Ni(Il)FeS, P, NO, 4S8 2.33 6.7 629.1 1S 2.254

CoaHeal(-BU).N] 48 2.36 44 499.0 12 g;g?
1P 2.23 1.0 19 2290
4s 2.31 6.6 341.0 1P 2.107
1P 2.05 165 1Fe 2.530
1Fe 255 2.7

[Ni{Fe(NS, )- 4S 2.23 41 598.9 2S 2.229

(CO)S,3},] 2Fe 2.61 3.4 2S 2.287

2Fe 2.637

bonds near 2. 15 A to 0.100 A (0. 010°A ) for bonds near
2.48 A. Sinceo? appears in the exponential of the Debye—
Waller factor, these differences cause wide (orders of
magnitude) variations in EXAFS amplitudes. The impor-
tant point from this analysis is thaibrational contribution

14 1 1 T 1 1
12| 134
10 10..-
11y W19
— E21
8 .
"’S .99
~— 6 12v L ‘8
o 5 . 7
> -° A
16
4 .
3 .
3
‘ol a
2 10: m20 15
14
O....‘11.7...|....|....|....
2.1 2.2 2.3 2.4 2.5 2.6

R(A)

Fig. 4. The correlation betweem” and R for a variety of Ni-S bonds.

The dotted line represents the linear fit of the model compounds data.

Key: @, Ni model compounds EXAFS data from literature [13]; D.
gigas H,ase EXAFS data from literature [21JA, C. vinosum H,ase
EXAFS data from literature [22]M, EXAFS data of this work, 18,19:
as-isolated (two Ni—S shells), 20,21,H reduced (two Ni-S shells). The

detailed numbering correspondence can be found in the supplementary

material. (See the Elsevier webshiép: //www.elsevier.com/homepage/
saa.ji)

otgo” ), for a Ni—S bond near 2. 2Ais expected to be
<0.055 A (0.003 R ). Disorder above that value is
expected to arise feticavariation in Ni—S distances
over two or more distinct Ni-S bonds.

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 and
CuCl, were added to Ni[(s € )Bh,] and NjS (NH,) Ph
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
were clearly too large or too small, and then using the
average of these two limiting factors. As shown in Fig. 5,
the corrected EXAFS of the Cu-doped materials is very
similar to the undoped Ni compound. There may be small
artifacts in the vicinity of the Cu edge, but the Ni EXAFS
signal is a long wavelength oscillation distributed over tens
of eV, hence the Fourier transforms of undoped and
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

W. Gu et al. / Journal of Inorganic Biochemistry 93 (2003) 41-51 47
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=
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s a2 1l s 3 31l 2330 2 3 20 2320012 0.
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E (eV)

Fig. 5. (Left) The dual energy window subtraction procedure. Raw Ni spectrum for a Cu-doped sample of Ni[(S € )Ph ] ( ); Cu spectrum for the
same ( ); and result of subtracting a scaled amount of the Cu spectrum from the raw Ni spectrum (- - -). (Right) Compéargacef(top) and
Fourier-transformed (bottom) EXAFS spectra for a Nijf($ C )Bh ] sample without Cu contamination ( ) versus corrected spectra for a Cu-doped
sample (- - -).

3.4. Hydrogenase EXAFS range (1—16.5° A ), the spectra exhibit features which are
not seen on a range limited by Cu contaminatits 2—

Fig. 6 compares the conventional and the range extend-12.5 A ). The main peak in the as-isolated Fourier

ed EXAFS of D. gigas hydrogenase. Over the widér transform begins to show a splitting, while in the, H
reduced transform, a longer distance peak emerges from

LI B B B B the truncation ripple. Overall, the differences between

A as-isolated and H reduced spectra are more pronounced

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

Fig. 7 shows simulations of the rakvspace and Fourier
transformed EXAFS of both as-isolated and fully, H
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, theo 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
A, and the individualo 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
Fig. 6. Conventional (- - -) and range-extended ( ) EXAFS Fourier by introducing a short Ni-O interaction—this is one

transforms for (top) as-isolated and (bottom) H redubegigas H,ase. proposal for the bridging ligand ‘X’. As illustrated in the
Transform ranges werdk=10.5 andAk=15.5, respectively. ‘search profile’ (Fig. 8), adding one Ni—O component at

Fourier Transform (a.u.)




48 W. Gu et al. / Journal of Inorganic Biochemistry 93 (2003) 41-51

x(k) K3
Fourier Transform (a.u.)

2 3
R+A(A)

-

Fig. 7. (Left) Fourier-filtered (backtransform windcml.O—ZBDA) 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.

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

in agreement with other EXAFS work. with a physically reasonable (0.08 A) However, replac-

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 the o 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 improved
threefold by splitting the Ni—S shell into two sub-shells,

Table 3
Range-extended hydrogenase EXAFS analysis now with 2 'S at 2.20 Aand 2 S at 2. 35 A. Adding a third
Form i N R (A 2107 A2 = shell of one Fe at 2. 52 A (the long Ni-S distance changes
0_ ) o ( ) to 2.43 A accordingly) also improves the fit by another
Asisolated  la 4S5  219(2) 92 2583 factor of two. This is in good agreement with crystallo-
2a 2s 2.17(2) 31 113.4 . . . . ;
5s 2.33(5) 11 graphic observations of a shorter Ni—Fe distance in the H
3a 10 1'.91(2) 55 407 reduced samples. For all of these fits, th@alues become
2s 2.18(2) 2.7 much more reasonable than the single-shell analysis (Fig.
2s 2.35(5) 9.7 4: number 20 and 21). In an alternate fit, the Ni-Fe
H reduced A as 99202 56 505.7 component can be replaced by a long Ni—-S at 2.66 A.
2rfeduce oA 28 2 éO(é)) 0.7 1679 However, this fit requires an unusually smallfor such a
25 2.35(5) 50 ' long Ni-S distance, and is most likely an artifact due to
3A 2s 2.21(2) 1.2 76.1  the m difference in Ni-S and Ni—Fe phase shifts [21]. We
2S 2.43(5) 11.4 therefore prefer the former fit, which also agrees better
1Fe  2.52(5) 26 with the crystal structure.
38 fg ;gé(%) i'g 91.9 The contour plot gives an indication for the correlation
15 2:66(5) 18 between the selected parameters [50]. Since we observe
4A 10 2.03(2) 1.4 245  that the long Ni—S distance goes to 2.43 A by adding the
2Ss 2.21(2) 17 third shell of Fe at 2.52 A (fit 3A, Table 3), the correlation
28 247(5) 8.5 between the long Ni—-S and Ni—Fe is analyzed by contour
1Fe  2.54(5) 1.8

plot (Fig. 8, right). The contour minimum occurs where
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Fig. 8. (Left) Search prof||e for Ni-O component in (top) as-isolated and (bottom) H reduagidas H,ase. Searches were performed from 1.7 to 2.3
A. S is defined as Ik (Xeae — Xond /N1 % (Right) Contour plot illustrating the correlation between Ni—Fe and the long Ni-S distance in fits of H
reduced H ase. Search was carried out from 2.0 to 3.2 A for both Ni—S and Ni—Fe componersmittimum is at 2.43 and 2. 52 A for long Ni-S and
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(ll) geometries yielded nearly
correlation between the two parameters. equivalent energies for high-spin and low-spin Ni(ll) 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 energy
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-
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 form T T T
[10,25,51-53]. A more mundane interpretation is that 25
~15% of the Ni in the sample has fallen out of the active
site and remains as hexaaquo Ni(ll). 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 B reduced enzyme is most likely not
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(ll) 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(ll) complexes compared to 2. 43 A in six-
coordinate complexes. If the H reduced Ni-S distance 1 ] 1
were indeed 2.22 A, that Would be a strong indication of 4 5 6
low-spin Ni(ll), but values in the 2. 34 A range are much Fig. 9. The average Ni—S distances for foull)( five- (@) or six- (A)

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).
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This potential mechanism for protein control of the Ni spin [11] Y. Higuchi, H. Ogata, K. Miki, N. Yasuoka, T. Yagi, Struct. Folding

state in enzymes was noted years ago [55]. Des. 7 (1999) 549-556.
[12] K.A. Bagley, C.J.Vangarderen, M. Chen, E.C. Duin, S.P.J. Albracht,

W.H. Woodruff, Biochemistry 33 (1994) 9229-9236.
[13] K.A. Bagley, E.C. Duin, W. Roseboom, S.P.J. Albracht, W.H.
4. Summary Woodruff, Biochemistry 34 (1995) 5527-5535.
[14] A.L. de Lacey, E.C. Hatchikian, A. Volbeda, M. Frey, J.C. Fontecil-

) la-Camps, V.M. Fernandez, J. Am. Chem. Soc. 119 (1997) 7181—
We have developed a new procedure, ‘range-extended  71gg.

EXAFS’, for recording and analyzing EXAFS spectra past [15] R. Cammack, D. Patil, R. Aguirre, E.C. Hatchikian, FEBS Lett. 142
the edges of interfering elements. We have applied this (1982) 289-292.
technique to record hydrogenase Ni EXAFS spectra past[16] S.P.J. Albracht, M.l. Kalkman, E.C. Slater, Biochim. Biophys. Acta
the interference from adventitious Cu. The improved 724 (1983) 309-316. , -~ _
. . . [17] M. Asso, B. Guigliarelli, T. Yagi, P. Bertand, Biochim. Biophys.
resolution from using the range-extended technique helps™ "~ acta Bioenerg. 1122 (1991) 50-56.
reveal that the Ni—S distances at the active site are not[18] m.J. Maroney, G.J. Colpas, C. Bagyinka, N. Baidya, P.K. Mas-
homogeneous in both as-isolated angd H reduced hydro-  charak, J. Am. Chem. Soc. 113 (1991) 3962-3972.
genase (in agreement with both crystallography and DFT [19] é: Whistehei(i’s((;i;gf)og);;é %-2 gsgyiﬂkay M.J. Maroney, J. Am.
H H H H H em. So0cC. - .
calculations). When the Ni—S mtera_ctlons are broken into [20] JP. Whitehead, R.J. Gurbiel. C. Bagyinka, BM. Hoffman, M.J.
two components, the average distance deduced from

L o Maroney, J. Am. Chem. Soc. 115 (1993) 5629-5635.
EXAFS is significantly longer than in single shell analyses. [21] z.J. Gu, J. Dong, C.B. Allan, S.B. Choudhury, R. Franco, J.J.G.

Inferences about the Ni spin state in, H reduced hydro- Moura, J. Legall, A.E. Przybyla, W. Roseboom, S.P.J. Albracht, M.J.
genase, based on the Ni—S bond length, need to take this  Axley, R.A. Scott, M.J. Maroney, J. Am. Chem. Soc. 118 (1996)
longer average bond length into account. 11155-11165.

[22] G. Davidson, S.B. Choudhury, Z. Gu, K. Bose, W. Roseboom, S.P.J.
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[23] M.J. Maroney, P.A. Bryngelson, J. Biol. Inorg. Chem. 6 (2001)
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