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ABSTRACT. We have examined the C cluster in type Il CO dehydrogenase (CODH)Ganvoxydothermus
hydrogenformanasing Ni K-edge X-ray absorption near edge spectroscopy and extended X-ray absorption
fine structure (EXAFS) spectroscopy. The enzyme was studied under three conditions: “as-isolated” and
after treatment with CO or Mi. The shape of the Ni K-edge changes slightly between the different
conditions, but no significant edge shift is seen, suggesting that the C cluster containgblih forms.

The Ni EXAFS of as-isolated CODH can be simulated with 4-Biinteractions at 2.20 A with a large
spread in distances. A light atom (C, N, O) is not required to fit the spectrum. After CO treatment, significant
changes are observed in the EXAFS. A new feature appear8.@tA; this component is consistent with

a Ni—Fe interaction. The average N8 distance also expandst®.25 A. The changes between the two
forms suggest that the active site (C cluster) undergoes structural rearrangement after CO treatment, and
the observed changes help reconcile the two different crystal structures. The implications of the structural
change for the enzyme activation and mechanism are discussed.

Ni-containing carbon monoxide dehydrogenase (CODH) to convert CO to C@or to incorporate CO into organic
is a key enzyme of various energy-yielding pathways in a carbon and cell material is pivotal for the recycling of global
variety of autotrophic anaerobe$~3). This enzyme cata- CO (2).

lyzes the two-electron oxidation of CO to €O Crystal structures of CODHs have been reported for “type

n _ II” C. hydrogenoformangCh-CODH II), R. rubrum(Rr-
CO+H,0=CO,+2H" +2e CODH), andMoorella thermoacetic€ODH/ACS (12, 13).
) ) ) o In the first two structures, which involve monofunctional
This reaction allows bacteria such &hodospirillum  copHs, the protein is composed of two identical subunits,
rubrum(4, 5) andCarboxydothermus hydrogenoformd®y \yhich contain three Re-S clusters (two B clusters and one
to grow with CO as the sole carbon and energy source. Itis p ¢jyster) and two Ni-Fe clusters (C clusters). The C cluster
coupled with the reduction of protons te i hydrogeno- s \yidely accepted as the active site of CO oxidation, while

genic C. hydrogenoformang?, 8). CODH also combines 6 g ang D clusters are thought to transfer electrons between
with acetyl-CoA synthase (ACS) to fix GQo acetyl-CoA the active site and electron acceptors interacting at the protein

in acetogens or to cleave acetyI-CoA to produce r’neth"’mesurface 8, 8, 12). The 1.63-A resolution structure for Ch-
and CQ in methgnqgensZ( 3 9). In this case,_lt generates CODH revealed that the C cluster is a novel-ifie—S
CO as a metabolic intermediatk(j. Apart from its key role cluster, containing one Ni, four Fe, and five labile sulfur

in microbial metabolism, CODH is important for the regula- atoms 8). The Ni ion is incorporated in a highly distorted
tion of atmospheric carbon monoxide levels. Each year, most . . . .
NiFesS; cubanelike cluster, coordinated by four S atoms in

of the 16° kg of CO entering the atmosphere of the earth an approximately square planar geometry and bridged to an
originate from human activitiesl (). The ability of CODH pp y square p " geometry 9
external Fe through an inorganic sulfide. All four Fe atoms
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Chart 1: Comparison of the Two CODH Crystal Structires  CO oxidation activity of 19 50«mol min* mg™ in the

2654y as—isolated_ state. The protein was concentrated to .a_final
S 291A S/ AN /és | concentration of 0.9 mM in 0.1 M Tris at pH 8.0, containing
\ /QS\_ Ni/ Fe,.\_!_\__N_/s 20% glycerol for the X-ray measurements. EPR spectra were
Fe=§="0 \s 2, S, ‘u\ recorded with a Bruker ESP300e instrument along with an
266 Aff‘h / 2‘;%27/ 28F§ 262k s Oxford Instruments liquid He cryostat. The microwave
PRl ’,"3.34/1 S _— , Fe frequency was measured with a Hewteltackard counter
L—x, : s AN . viehackar
s~ \ T RS . model 5352B. The total integrated spin intensity for the as-
N \ 286A isolated CODH Il at 10 K was 0.04 spins per homodimer
S S (only Bregwas observed). For CO-treated CODH lI, the total
2 Left, structure of Ch-CODH 11§). Right, structure of R-CODH  spin intensities were 2.2 and 3.3 spins per homodimer at 25
(12). Un = unidentified light atom. (Bred) and 10 K (Geaz + Bred), respectively. The as-isolated

) . . Ch-CODH was loaded into an EXAFS sample holder and

The C cluster has been studied extensively by a variety trqen in liquid nitrogen in an anaerobic bottle. The CO-
of spectroscopic method$4-21). In previous Ni extended  ye4ted sample was flushed with CO in an anaerobic bottle
X-ray absorption fine structure (EXAFS) spectra for Rr- tor 5 min and then loaded into an EXAFS sample holder in
CODH (20), a Ni—Fe interaction was not observed, and it e sample bottle under CO gas using a Hamilton gastight
was proposed that Ni is coordinated by two S and two 10 gyringe The bottle was then frozen and stored in liquid
three N/O ligands 20). Electron paramagnetic resonance pjtrggen until the X-ray absorption spectroscopy measure-
(EPR) and Mssbauer spectroscopy on a Ni-deficient and ants. The T+-reduced sample was prepared by adding 2.5
holo enzyme suggested that the C cluster is composed of a,,\1 Ti3+—citrate to the enzyme.
high-spin NI bridged to a typical [F£5] cluster (8). Later X-ray Absorption Measurementsi K-edge X-ray absorp-
EPR studies found a uniqug €& 2.16) signal 14), which i, spectra were recorded using Si(220) monochromator
was assigned to a [NiFe] center. This [NiFe] EPR signal is oy giais at beamlines 7-3 and 9-3 at the Stanford Synchrotron
heterogeneous, but the heterogeneity can be removed by CQsagiation Laboratory (SSRL). The energy was calibrated
treatment {7). A model was proposed in which the Fe site qinq 3 Nj foil as an internal standard in a three ion-chamber
in a [NiFe] cluster is bridged to the [F®] cluster (14, 17). geometry, using 8331.6 eV as the first inflection point of
However, a recent magnetic circular dichroism study found o Ni-foil spectrum. All ion chambers were filled with,N
that the reduced Ni-deficient C cluster was distinctly different Harmonic rejection at beamline 7-3 was accomplished by
from a typicalS = *;[Fe,Sq| " with spectra that resembled  yoqning the second monochromator crystal to 50% of
those of reduced [8] clusters (5), consistent with the  ayimum possible flux. At beamline 9-3, the crystal was
recent crystallographic data. fully tuned and a harmonic rejection mirror with energy cut

The activity of CODH is redox-dependerZ 23). The  ff at 11 keV was used. During all X-ray measurements,
enzyme has a very low catalytic activity for @@duction  the samples were maintained a0 K using an Oxford
at potentials> —300 mV. The maximum activity is observed  |hstruments CF1208 helium-flow cryostat. To reduce radia-
at potentials< —480 mV @2), for example, by incubating  tjon damage, the enzyme samples were moved to a different
the as-isolated enzyme in CO. The fact that CODH can exist position after every fourth scan. The Ni K-edge energy of
in both inactive and active states complicates the interpreta-ipe enzyme was monitored on sequential scans to confirm
tion of previous spectroscopic studies. _ the integrity of the enzyme in the X-ray beam.

In this paper, we report the Ni X-ray absorption near edge  Nj EXAFS spectra were recorded ko= 12.5 A% in 25-
spectroscopy (XANES) and EXAFS studies for Ch-CODH  mjn scans (1218 scans per sample). Fluorescence excitation
in both “as-isolated” and “CO-treated” forms. Although little  spectra were collected using a Canberra 30-element Ge
other spectroscopy has been done on this particular protein detector and Canberra 2026 amplifiers with 0.125%haping
genetic analysis has shown that the sequence of Ch-CODHimes. Single-channel analyzers were used to set an electronic
is highly similar to the Rr-CODH and thg subunit of the  \yindow on the Ni Kx fluorescence. The average Ni signal
M. thermoaceticaCODH/ACS @4). The Ch-CODH has  count rate at each individual detector element wa©00
extremely high catalytic activity and significantly higher spin  ¢ps, while the total count rates were on the order of 80 000
concentrations?), indicating that it is more homogeneous cps at the end of each scan.
relative to other CODHs that have been studied. Special care  xANES AnalysisThe preedge features were isolated after
was taken to keep the CO-treated sample in a homogeneougptracting an arctangent function that fit the overall edge.
CO-treated state because CO undergoes rapid oxidation byrpe isolated transitions were fitted by two Gaussian com-
the enzyme. The data are compared with previous EXAFS ponents centered at 8332 and 8336 eV, respectively. The

and crystallography studies. normalized intensities for “ls— 3d” and “ls — 4p,”
transitions were obtained by integrating these Gaussian
MATERIALS AND METHODS components centered at 8332 and 8336 eV, respectively.

EXAFS Data AnalysisThe EXAFS oscillations were
Protein Purification and Sample Preparatio6h-CODH extracted from the averaged spectra using the EXAFSPAK
Il was purified and assayed in the Ragsdale lab accordinganalysis software2b), using 8350 eV as an initidk, for
to the published procedure8)( All purification steps and  defining the photoelectron wave vector. The resultant EXAFS
sample preparations were carried out in a Vacuum Atmo- data were weighted bi? over the regiork = 1-12.5 A%,
spheres anaerobic chamber (Hawthorne, CA) at an oxygenLeast-square fits of the EXAFS data were performed using
tension below 2 ppm. The purified CODH Il had a specific Fourier-filtered data, using the following approximate for-
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12 T T (28). The edge inflection point energy (8340 eV) is consistent
with Ni'" (29—32).

There is no overall edge energy shift between the as-
isolated and CO-treated forms, indicating that the average
Ni oxidation state is the same in both samples. However,
the shape of the XANES spectra does change after CO
treatment. The integrated “ls> 3d” transition intensity
increases to 0.099 eV in the CO-treated form, while the “1s
— 4p,” transition becomes less distinct (Figure 1). The
strength of both of these features is strongly related to the
metal geometry. For nhoncentrosymmetric geometries, such
as tetrahedral, the dipole forbidden “+s3d” transition gains
intensity by p-d mixing (27). Thus, this feature is strongest
in a tetrahedral geometry and weakest in square planar or
octahedral geometries. The increase of the “ts3d”
transition in the CO-treated form and the diminished resolu-
tion of the “1s— 4p,” feature are consistent with Ni moving
away from a square planar geometry.
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02 4 Differences are also observed in the XANES at higher
7 . L energies. The CO-treated enzyme spectrum has a more
e 83Eslzlergy (eE{%)36 8340 obvious shoulder (but less intensity) near 8350 eV, while
0 . this spectrum has somewhat more intensity after 8362 eV.
. T ————————— The structure of the XANES in this region depends in a
8320 8330 8340 8350 8360 8370 8380

complex manner on the multiple scattering of the outgoing
Energy (eV) photoelectron¥3); we do not have a unique interpretation
FiGURE 1. Ni K-edge XANES of as-isolated=) and CO-treated  for these changes. We simply note that the XANES spectra
(---) Ch-CODH lI. (Insert) Features obtained after subtracting an indicate that, upon CO treatment, the Ni ion remains in the
arctangent function that fit the overall edge. Ni'"" oxidation state and adopts a different, less “centrosym-
mula to optimize the structural parametelis R, andoay* meEt;ZFgSe%rSS(t:?r/éThe k-space EXAFS and Fourier trans-
N form (FT) for the as-isolated, CO-treated, andl' Feduced
b 20,22 —[2Rufi(K samples are shown in Figure 2. For the as-isolated CODH,
x(K) = SZD(k)Z _2|fb(k)| g 2t g PRI there is only one significant peak in the FT spectrum. This
KRy peak can be fit by four NiS interactions at~2.20 A.
Sin[KR,, + ¢.4K)] However, the DebyeWaller factor ¢ = 0.08 A) for the
Ni—S shell is much higher than that for typical No
In this equationN, is the number of backscatterers in the interactions 82). Studies of Ni model systems found that
bth backscattering shell at distan@®, from the X-ray  the vibrational contributiond) to bond length disordes
absorber,fb(k) and ¢ab(k) are the backscattering amp"tude is on the order of 0.05 A for NtS interactions at 2.20 A
and total phase-shift of the absorbscatterer pairs, respec- (32 34). The largero obtained for as-isolated CODH
tively, oa2 is the mean square deviation B, andA(K) indicates that the NiS shell is structurally disordered;
represents the mean free path of the ejected photoelectronPecause the contributions add in quadrature, an approximate
(k) is an amplitude reduction factor that accounts for Value for the static disordeta) is ~0.06 A. The fit with
multiple-electron excitations and was fixed at 0.9 during the @ Slightly disordered NtS shell is adequate, and neither a
fitting process. The function&(k), ¢ay(K), and A(K) were shorter d_|sta_nce NiN/O component nor longer distance-Ni
calculated using FEFF 7.02). The goodness of fit was Fe contributions are required to simulate the data.

determined by For the CO-treated form of Ch-CODH, the strong-§
peak remains, but the average-N8 distance increases to
— _ 2,6 2.25 A (Figure 2 and Table 1). NiS distances can be an
F= Z[X(ki)ca"? 2(K)opd K indicator of Ni geometry 32). The longer bond length

indicates either that the Ni site is more reduced in the CO-
RESULTS treated form or that the Ni geometry and/or coordination
number changes. Because the Ni K-edge shows no obvious
XANES AnalysisNi K-edge spectra for as-isolated and energy shift, the first alternative can be excluded. For
CO-treated Ch-CODH samples are shown in Figure 1. The 4-coordinate Ni compounds, the average-BSi distances
overall shape of the as-isolated spectrum is very similar to range from 2.10 to 2.24 A for approximately square planar
the previously reported Ni K-edge for Rr-CODH (20). A complexes and from 2.27 to 2.31 A for tetrahedral complexes
preedge transition at~8332 eV and a poorly resolved (32). For 5-coordinate complexes, an average-Slibond
shoulder at 8336 eV are observed. These features ardength of 2.29 A was observed. The observed Sidistance
assigned to the “1s—~ 3d” and “1s— 4p,” transitions, of 2.25 A falls between the values seen for strictly square
respectively 27, 28). The normalized integrated intensity of planar and tetrahedral geometries, and neither extreme
the 8332 peak (0.079 eV) suggests 4- or 5-coordinate Niappears likely. However, the increasedd$i bond length is
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FIGURE 2: (Left) Ni EXAFS (—) and best fits (- - -) for as-isolated (top),*Tireduced (middle), and CO-treated (bottom) Ch-CODH IlI.
(Right) Ni EXAFS FTs ) and transforms of best fits (- - -) as described in the left panel. The transforms were phase-shifted corrected
using a NS phase shift.

Table 1: Summary of Curve-Fitting Analyses of Ch-CODH II Ni EXAFS. For the as-isolated C cluster, the likely answer is
EXAFS under Different Conditions that because of the wide range of-Nie distances, varying
sample N type R(A) o (A) = from 2.8 to 3.7 A 8), destructive interference between
~olated Ch CODH 4 S 22004 0083 242.9 different Ni—Fe components cancels out the EXAFS signal.
as-isolate :201(4) : *  This phenomenon can be illustrated by one simulation (out
CO-treated ChCODH 4 S 2.247(4) 0.088 221.6 of many) (Figure 3), which shows an overall EXAFS

4 S 2.252(3) 0.088 143.0 spectrum with two Ni-Fe interactions at different distances

1 Fe 274405 0.082 (2.7 and 2.9 A). Other EXAFS parameters were fixed
4 S 2.248(3) 0.087 142.2 according to the experimental values obtained from the
1 Fe 2741(5) 0.0083 spectra of the CO-treated sample. Thspace spectra for

! € 180143 0.147 the two Ni-Fe components show EXAFS oscillations that

4 S 22523) 0088 1347  gres out of phase in the middle of the spectrum, where the
33 'ée fi?f?ﬁ%) g:ggg individual amplitudes are largest. Therefore, most contribu-

o : tions from the Ni-Fe interactions cancel each other, and
Ti*'-reduced ChnCODH_ 4 S  2.245(4) 0080 4190 w0 regiting EXAFS FT spectrum looks very similar to that
4 S 2249(4) 0080 357.2  for the as-isolated Ch-CODH (Figures 2 and 3). Fortuitous
L Fe 2.749(9) 0.092 cancellation of the overlapping components is not an
uncommon problem for EXAFS analyses.
at least consistent with the conclusion from the preedge On the basis of radioactive-labeling experiments, CO was
transitions that the Ni site changes geometry in the CO- proposed to be an internal ligand for the C clusg3)(and
reduced state. the Rr-CODH crystal X-ray diffraction analysis also sug-
A new feature at~2.7 A appears in the EXAFS FT for  gested that Ni binds a CO or other diatomic ligat@)( For
the CO-treated enzyme, and this component can be simulatedur CO-treated Ch-CODH |1, a possible NC interaction
by one Ni-Fe interaction at 2.74 A, with a of 0.08 A was investigated; however, adding a one-Ri interaction
(larger Ni-Fe coordination numbers would require larger  to the fit does not result in a significant improvement in the
values). The distance (2.74 A) is shorter than the X-ray fit quality, and the required value is unreasonable (Table
diffraction results for Ch-CODH Il, where the shortestNi  1). In fits constrained to a reasonablef 0.05 A, the largest
Fe distance is at 2.82 A and the overall average Fé estimate for the NiC coordination number was 0.3.
distance is>3 A (Chart 1) g). In the Drennan Rr-CODH Although CO treatment has clearly modified the properties
structure, the average NFe distance is in fact the same of the Ch-CODH Il Ni site, it is clear that we have not
2.74 A that we report, but the individual values range from trapped a form with a significant fraction of CO bound to
2.62 10 2.86 A. Ni. A similar EXAFS spectrum is observed for the enzyme
Because there is little doubt that four Fe atoms are alwaysform, which is reduced by ¥i—citrate (Figure 2 and Table
in reasonable proximity to the C cluster Ni in CODH, the 1), supporting the hypothesis that CO treatment of an
missing Fe in the as-isolated EXAFS spectra needs to beoxidized enzyme only results in the reduction of the C cluster
explained, as well as the still weak signal in the CO-treated without the binding of CO to the Ni center.
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______ R Ficure 4. Comparison of the two crystal structures for Ch-CODH
""" Il (8) (dark color and ball-and-stick model) and Rr-CODRY
(light color and stick model). The structure was aligned using DS
ViewerPro 5 42) by first defining Fe and Fg as two tethers. Color
coding is Ni= green, Fe= red, S= yellow, C = black, and N=
blue.
ol ol
4 5 6 from 2.8 to 3.7 A. In contrast, in the Rr-CODH, the Ni is
RA) almost completely integrated into the cluster and the g
FicURE 3: (Top) Calculated Ni EXAFS FT<) for a system with d|stan_ces range from 2.6 to 2.8 A. According to the reported
four Ni—S interactions at 2.2 A, one NFe at 2.7 A, and one Ni experimental procedures, the CODH crystals were grown

Fe at 2.9 A and the spectrum for the as-isolated protein (- - -). The under different conditions; Ch-CODH Il was crystallized in
Debye-Waller factors §?) for the two Ni—Fe interactions were  the presence of dithionite, while Rr-CODH was crystallized
0.007 and 0.008 A respectively. (Bottom) Individual EXAFS from a CO-treated solutiorB( 12). The activity of CODH

component for Ni-S at 2.2 A (--+-), Ni—Fe at 2.7 A £), and - " SN :
Ni_,Ee at 2.9 A (- - -). (Insert) I(ndixzidual EXAFS comé;)nentk'n is markedly sensitive to its initial redox potential, and

space for Ni-Fe interactions at 2.7-{) and 2.9 A (- - -). incubation with CO has been shown to promote an “auto-
catalytic” activation of the enzyme2). Our results support
DISCUSSION AND CONCLUSIONS the interpretation that the absence or presence of CO, which

is a potent electron donor for CODH, in the buffer (and not

The results from our Ch-CODH XAFS experiments have crystallographic resolution) is the main source of the
the potential to resolve some of the apparent discrepanciesstructural differences.
that have accumulated among different spectroscopic and The proposed catalytic mechanisms for CO oxidation by
crystallographic studies of the C cluster, some of which have CODH involve the binding of CO and hydroxide to metals
been noted in a recent reviedq). Although the possibility and subsequent nucleophilic attack on the me@D by a
of a NiFgS, cubane structure for the C cluster was noted metal-bound OH group3( 8, 12). Interpreting the Drennan
early on, a regular cubane structure was ruled out by previousstructure as the active form of the C cluster is thus satisfying
EXAFS studiesZ0) (The authors noted that longer distance because it brings the Ni and external Fe closer together. The
Ni—Fe interactions might not be observed). Thus, the question remains; what is the driving force for the structural
presence of a NiR&, core (as well as an external Fe) came transformation that also produces catalytic activity?
as something of a surprise when the first two crystal |t has been shown that activation of CODH can be
structures were reported. Upon closer inspection, however,achieved either with CO or with low redox potentials
we observe wide disparities in the different-Nfe distances  (following the Nernst equation as a 1-electron process with
in the Ch-CODH structure (Chart 1); therefore, it is not a midpoint potential of~316 mV) (17, 22, 23). Thus, the
unexpected that these interactions are not clearly observedCO molecule itself is not required, merely a low-potential
in the EXAFS. In fact, Tan noted that a fractional 2.7-A  electron. Redox-dependent conformational changes-irSFe
Ni—Fe interaction could be accommodated in certain indi- clusters are well-documented; two examples are thgSifFe
vidual data sets3). cluster of the nitrogenase Fe proteBV) and the P cluster

The current EXAFS results also address apparent discrep-of the nitrogenase MoFe protei8g 39). At very low redox
ancies between the two crystallographic studies on mono-potentials, two of the FeFe distances in the [E8,] cluster
functional CODH C clusters. When the two clusters are for the nitrogenase Fe protein decrease from 2.75 to 2.53 A
superimposed (Figure 4), there are two major differences. (37). Two other cases that appear especially relevant are the
First, theuo-S, which bridges Ni and the external Fe in the reductive activations of NiFe hydrogenase4() and ac-
Ch-CODH Il structure, is not seen with Rr-CODH; instead, onitase 41).
a cysteine S bridges these two metal ions. Second, in the In summary, XANES and EXAFS spectra provide evi-
Ch-CODH I structure, Ni is farther away from the center dence for a redox-dependent structural change in the;SiFe
of the Fg subcluster, resulting in NiFe distances distributed C cluster. These results support other data that have been
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obtained by X-ray crystallography and biochemical assays.
Analogies may exist with other known metalloproteins, but
additional work is needed to test these speculations. X-ray
diffraction of C-cluster crystals in spectroscopically defined
states would certainly be one of these experiments.
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NOTED ADDED IN PROOF

While this paper was at the galley stage, a new crystal-
lographic study of the Ch-CODH was reportetB). The
authors propose that long-term CO exposure inactivates
CODH. Our conclusions about structural changes upon short-
term exposure remain unchanged.
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