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A three-dimensional structure for the monomeric iron-containing hydrogenase 
(Cpl) from Clostridium pasteurianum was determined to 1.8 angstrom resolu- 
tion by x-ray crystallography using multiwavelength anomalous dispersion 
(MAD) phasing. Cpl, an enzyme that catalyzes the two-electron reduction of 
two protons to yield dihydrogen, was found to contain 20 gram atoms of iron 
per mole of protein, arranged into five distinct [Fe-S] clusters. The probable 
active-site cluster, previously termed the H-cluster, was found to be an un- 
expected arrangement of six iron atoms existing as a [4Fe-4S] cubane subcluster 
covalently bridged by a cysteinate thiol to a [ZFe] subcluster. The iron atoms 
of the [2Fe] subcluster both exist with an octahedral coordination geometry and 
are bridged to  each other by three non-protein atoms, assigned as two sulfide 
atoms and one carbonyl or cyanide molecule. This structure provides insights 
into the mechanism of biological hydrogen activation and has broader impli- 
cations for [Fe-S] cluster structure and function in biological systems. 

The activation of molecular hydrogen consti- 
tutes a central reaction in the global biologi- 
cal energy cycle. This reaction is found 
among a diverse group of microorgallisms 
where both the reduction of protons to yield 
hydrogen and the oxidation of hydrogen to 
yield protons have been widely characterized. 
Enzymes of the general class called hydroge- 
nases are the catalysts responsible for most 
biological hydrogen activation. Hydroge- 
nases are a diverse group of enzymes, often 
classified according to the transition metal 
cofactors associated with the protein. These 
metal center cofactors function both in the 
hydrogen activation reaction and in the trans- 
fer of electrons. Four groups of hydrogenases 
have thus far been identified according to 
their metal constitution: the NiFe, the 
NiFeSe, the Fe-only, and one enzyme that 
does not contain any bound transition metals 
(1-3). Of the hydrogenases that have been 
characterized to date, those containing Ni are 
most often involved in the oxidation of hy- 
drogen. These enzymes have been observed 
in a broad range of microbes, including the 
methanogenic, photosynthetic, enteric, sul- 
fate-reducing, and nitrogen-fixing bacteria 
[reviewed in (I)]. 

Recently, the x-ray crystal structure of a 
heterodimeric NiFe-containing hydrogenase 
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isolated from the periplasm of the sulfate- 
reducing bacterium Deslilfovibrio gigas was 
presented (4) .  The structure of the metal clus- 
ter responsible for hydrogen activation was 
found to be a bimetallic NiFe center co- 
valently coordinated to the protein through 
four cysteinyl ligands. A mechanism for hy- 
drogen binding and cleavage was proposed to 
involve an intermediate state in which hydro- 
gen is bridged between both Fe and Ni at the 
active site (5-6) .  

The Fe-only hydrogenases have been iden- 
tified in a small group of microbes, where they 
often catalyze the reduction of protons as a 
tenninal electron acceptor to yield hydrogen. 
One such enzyme, the soluble, mononleric hy- 
drogenase isolated from the Gram-positive 
anaerobe Clost~.idiu~~z paste~ri-innzrin, has been 
purified and exteilsively characterized both bio- 
chemically and spectroscopically [reviewed in 
(2)] .  The most recent repoi-ts of quantitative Fe 
and S analysis indicate that this hydrogenase 
contains 20.1 -t 0.7 gram atoms of Fe per mole 
of protein and 17.8 i 1.2 gram atoms of S 2  per 
mole of protein (7). Results from vaiious spec- 
troscopic methods have suggested that the Fe 
and S are organized illto five distinct metal 
clusters. One of these, teimed the H-cluster 
(hydrogen cluster), is proposed to be the site of 
hydrogen activation. Specboscopic studies 
have indicated that this cluster is unlike any 
other [Fe-S] cluster that has been charactelized 
to date (2, 8).  Here, we used x-ray crystallo- 
graphic methods to deteimine the structure of 
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ture of the active-site cluster 
Structure determination. The structure 

of CpI was solved by MAD phasing (9) 
Ciystallization of CpI was accomplished us- 
ing the microcapillaiy batch diffusion method 
(10). CpI crystallized in the tetragonal space 
group P4,2,2 with cell parameters a = b = 

11 1.6 A, c = 103.8 A with one monomer in 
the asymmetric unit having a Matthews' co- 
efficient of 2.6 or solvent content of 53% 
(II) .  For MAD phasing, data were collected 
at four different wavelengths such that dis- 
persive and Bijvoet differences were maxi- 
mized from 20 native Fe atoms (I2) (Table 
1). As expected, the anomalous differences 
were significant because of the presence of 
20 Fe atoms per -60 kD of protein (Table 2). 
The cluster sites were initially identified by 
the Patterson method. and upon solvent flat- 
tening, the phases were improved such that 
the protein envelope was clearly visible in 
electron density maps. MAD phasing to the 
full resolution of the data (2.5 A) was ob- 
tained by iterative assignment of individual 
Fe atoms on the basis of the limited degrees 
of freedom in the clusters of known compo- 
sition and the location of the clusters in the 
initial electron density maps. High-quality 
electron density maps were obtained from the 
individual refinement of 16 of the 20 possible 
Fe atoms, and upon subsequent solvent flat- 
tening, all 574 residues could be assigned 
(13). The additional metal cluster atoms were 
assigned in subsequent 2Fobs - Fo1, electron 
density maps and refined omit Fobs - Fcalc 
electron density maps. Through several cy- 
cles of manual model building and refine- 
ment, a final model was produced. The model 
has been refined to 1.8 A resolution to a 
current R of 0.180 and R,,, of 0.235 
(Tables 1 and 2). 

Overall structure. The overall structure 
of CpI resembles a inushroom (Fig. 1A): with 
a large cap connected to a stem. This overall 
stiucture can be subdivided into four distinct 
nonoverlapping domains. The largest of the 
four domains, designated the active-site do- 
main, makes up the mushroom cap; the re- 
maining three smaller domains constitute the 
stem, which contains the accessory [Fe-S] 
clusters termed FS4A, FS4B. FS4C, and FS2 
(Fig. 1B). The active-site domain contains 
about two-thirds of the total protein (amino 
acid residues 210 to 574). The fold of the 
active-site domain consists of two four- 
stranded twisted P sheets, each flanked by a 
number of cu helices that appear to be two 
nearly equivalent lobes, with one P sheet and 
associated helices contained within each 
lobe. The active-site cluster (abbreviated HC) 
is located at the interface of the two lobes 
near the site of interaction with the remaining 
domains. The left lobe of the active-site do- 
main (Fig. 1A) contains a four-stranded par- 
allel P sheet formed from P strands including 
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residues 223 to 230, 263 to 268, 346 to 354, atom of the NiFe hydrogenase active site study, CO and CN, being of nearly equivalent 
and 376 to 380. Similarly, the right lobe of (19). Fourier transform infrared spectroscopy atomic mass, could not be distinguished from 
the active-site domain (Fig. 1A) contains a studies indicate that several Fe-only hydroge- each other given their similar expected elec- 
four-stranded mixed P sheet that includes P nases are likely to have CN or CO as terminal tron density. S and COICN could be distin- 
strands defined by residues 294 to 297,453 to ligands to a metal cluster, as was observed for guished by differential refinement at each 
461, 465 to 473, and 490 to 498. The active- the NiFe hydrogenase (20). In the present metal site individually, resulting in clear dif- 
site cluster is located in a cleft that makes a 
clear division spanning the entire domain. 

The active-site cluster provides a site of 
covalent attachment between the two lobes of 
the active-site domain. The attachment of the 
cluster occurs at the interface of the two p 
sheets at loop regions adjacent to three P 
strands, two from the left lobe and one from 
the right lobe (Fig. 2A). These regions exhibit 
a high degree of conservation in sequence 
alignments of known Fe-only hydrogenases 
and putative Fe-only hydrogenases (14, 15). 

The remaining domains each contain [Fe-S] 
clusters. The domain directly interacting with 
the active-site domain contains two clusters of 
the [4Fe-4S] type, designated FS4A and FS4B. 
FS4A is the cluster closest to the active-site 
H-cluster (-9 A edge-to-edge) and thus prob- 
ably represents the direct electron donor to the 
active-site H-cluster. The FS4B cluster is - 10 
A away from the FS4A cluster, suggesting an 
in-line electron transfer pathway from FS4B to 
FS4A to HC. The remaining two domains con- 
tact the FS4A-FS4B domain. One of these con- 
tains a single cluster of the [2Fe-2S] type (des- 
ignated the FS2 domain). The other contains a 
single [4Fe-4S] cluster with an unusual mixed 
cysteine and histidine ligation (designated the 
FS4C domain). The relative positions of each 
metal cluster are shown in Fig. 1B. The possible 
roles of each of the metal clusters in the hydro- 
genase mechanism are discussed below. 

Active-site cluster. The H-cluster (Fig. 
2B) contains six Fe atoms arranged as a 
[4Fe-4S] subcluster bridged to a [2Fe] sub- 
cluster by a single cysteinyl S. This arrange- 
ment is markedly different from previously 
observed biological metal clusters, model 
compounds, and proposed clusters (16). The 
[4Fe-4S] subcluster is coordinated to the pro- 
tein through four cysteines, one of which acts 
as the bridge to the other subcluster. The 
[2Fe] subcluster consists of two octahedrally 
liganded Fe atoms that together contain five 
COICN ligands (modeled as CO here), three 
S ligands (one of which is cysteine S), and 
one H,O ligand. The ability of multiple car- 
bonylito adopt an octahedral geometry about 
two bridged Fe atoms is well established in 
the structure of a nonacarbonyl di-Fe com- 
plex and related compounds (17). More re- 
cently, a relevant di-Fe complex containing 
bridged, octahedrally coordinated Fe with 
mixed ligation has been presented (18); how- 
ever, the composition of the ligands is differ- 
ent from that observed here. 

The assignment of CO or CN as ligands to 
the Fe atoms of the H-cluster is based in part 
on the presence of such ligands to the Fe 

Fig. 1. (A) Stereo view showing topology of the overall 
fold of Cpl, divided into four structural domains on the 
basis of the locations of protein-associated [Fe-S] clus- 
ters and sequence similarity of the individual domains 
t o  individual domains or free proteins that have been 
previously characterized. The active-site domain is 
shown in navy blue, a second domain with two [4Fe-451 
clusters is shown in green, a third domain with a single 
[4Fe-451 cluster is shown in cyan, and a fourth domain 
with a single [ZFe-ZS] cluster is shown in purple. The 
[Fe-S] clusters are represented as space-filling models 
(Fe, rust; 5, yellow). (8) Locations and nomenclature for 
the [Fe-S] clusters in the same perspective as shown in 
(A). 

Table 1. Data and refinement statistics. 

Data statistics 

Wavelength Resolution Unique Completeness 
(4 range (A) reflections (%I Rmerge 

Refinement statistics 
Protein non-hydrogen atoms 5537 
Solvent molecules 776 
Resolution range (A)  20.0 to 1.8 
Total reflections (F > luF) 52,333 
Total reflections used in R,,,, 2647 
'cryst 0.180 
' free 0.235 
Rmsd of bond distances (A)  0.009 . , 
Rmsd of angles (") 2.21 
Average 6-protein and metal clusters (A2) 12.4 
Average 6-solvent (A2) 36.9 

R,,,, = I,,,[I,(I I,,,,, - (1,,,)I)]/8~,~(l,,). where I,,, is the intensity of an individual measurement of the reflection with 
indices hkl and (I,,,) is the mean lntenslty of that reflection. 
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ferences in the fit of the model to the exper- [2Fe] subcluster Fel) is covalently coordinat- ment to the protein (Fig. 2C). Within the 
imental data evident in Fob, - Fo,, electron ed to the protein only through the bridging S [2Fe] subcluster, each Fe atom is bridged to 
density maps and B factors. In the model, the of Cys503. In contrast, the distal Fe (HC [2Fe] the other by two S atoms and one CO or CN 
Fe proximal to the [4Fe-4S] subcluster (HC subcluster Fe2) has no direct covalent attach- molecule. These three bridging ligands devi- 

ate somewhat from the true octahedral geom- 

a five-coordinate Ni atom and an Fe atom that 
C355 has a similar octahedral arrangement, as is 

shown here. The S ligands of the Fe of the 
NiFe hydrogenase are supplied by cysteine 
residues that provide the sites of direct cova- 
lent attachment of the active-site cluster to 
the protein. 

The [4Fe-4S] subcluster of the active site 
is ligated to the protein through Cys3", 
Cys355, and Cys499 as well as the subcluster- 
bridging CysSo3. The linkage of a [4Fe-4S] 
cluster to another metal-containing prosthetic 
group is reminiscent of the active site of 
sulfite reductase, where a [4Fe-4S] cluster is 
bridged in the same manner to the Fe of a 
seroheme (21). The proposed active-site clus- 
ter of carbon monoxide dehydrogenase has 
been suggested to consist of a [4Fe-4S] clus- 
ter bridged to a single Ni atom by the S of a 
cysteine residue (22). The close association 
of the HC [2Fe] subcluster with its [4Fe-4S] 
subcluster is consistent with a recent interpre- 
tation of Mossbauer spectra suggesting that 

etry. The S atoms refine to a slightly shorter 
distance to one another than to the bridging 
CO or CN molecule, probably (at least in 
part) as a result of the heterogeneity of these 
ligands. Additionally, both experimentally 
phased electron density maps and subsequent 
2FdS - F,,,, electron density maps indicate 
the two bridging S atoms themselves are 
bridged by an atom or atoms of unknown 
identity. This has been refined as a single 
water molecule. However, upon refinement, 
the appearance of positive difference density 
in F,,, - F,,,= electron density maps at this 
position suggests that this region represents 
an atom of larger electron density, more than 
one covalently bound light atom, or multiple 
sites that are fractionally occupied by water. 
The four terminally ligated COICN mole- 
cules (two on each Fe of the [2Fe] subcluster) 
are all located on the same side of the cluster 
as the bridging COICN. In the structure of the 
NiFe hydrogenase, the active site consists of 

Fig. 2. (A) The active-site cluster or H-cluster (HC) within its polypeptide environment, showing the 
location of the p sheets of each lobe of the active-site domain. The P strands of the two P sheets 
are represented in topology diagram form, and the ~emaining topology of the protein is represented 
as an a-carbon trace. Ligation to the active-site cluster (ball-and-stick) is provided by Cys residues 
that are located in loop regions adjacent to  the P strands of the P sheets and provide a site of 
covalent attachment of the two lobes in this region. The view is in the same orientation as that of 
Fig. 1A, and it can be seen that the [4Fe-451 subcluster of HC is located in close proximity to  the 
FS4A [4Fe-451 cluster of the FS4A-FS4B domain for electron transfer. (0) Stereo view of the Cpl HC 
and coordinating Cys ligands located at the boundary of the two lobes of the active-site domain. 
The active-site cluster is covalently bound to the proteins through four cysteine S atoms (yellow) 
that are bound to  five Fe atoms (rust). The COICN molecules, which serve as ligands t o  the [2Fe] 
subcluster of the active-site cluster, are all represented as carbonyls (C, black; 0 ,  red). The two Fe 
atoms are labeled 1 and 2 (see text) and are located at a refined distance of 2.62 A with respect 
to one another. Additional ligands to  the Fe atoms of this subcluster include two bridging S atoms 
(yellow) and a terminally bound water molecule red). A water molecule (red) is also shown linking 
the bridging S atoms. (C) Stereo view of 1.8 !4 resolution Fob, - F,,,, omit map (navy blue), 
contoured at Su, of the [ZFe] subcluster of the active-site cluster. 

HC could consist of one or Fe atoms 
exchange-coupled to a [4Fe-4S] cluster (23). 

Accessory cluster domains. The remain- 
ing Fe atoms of CpI are organized into four 
clusters (three [4Fe-4S] clusters and one 
[2Fe-2S] cluster) that are arranged into three 
domains. The FS2 domain consists of two 
nearly perpendicular mixed P sheets and a 
single or helix containing a [2Fe-2S] cluster 
coordinated by Cys33, C ~ S ~ ~ ,  and 

The presence of a [2Fe-2S] cluster in 
CpI independent of the active-site cluster was 
indicated from the results of resonance Ra- 
man studies (24, 25). Additionally, sequence 
comparison of the NH2-terminal portion of 
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this domain reveals considerable sequence 
similarity to a number of [2Fe-2S] ferredox- 
ins, including the arrangement of cysteine 
residues involved in coordination of the [2Fe- 
2S] cluster. As expected, the conservation in 
sequence translates to conservation in the 
overall fold of this domain, such that all the 
main elements of the domain (the perpendic- 
ular p sheets and a helix) are similar when 
compared to the [2Fe-2S] ferredoxin from 
Chlorella fusca (26) (Fig. 3A). The [2Fe-2S] 
cluster is close to the surface of the domain 
and is a possible site for interaction with 
electron donors. 

The FS4A-FS4B domain is immediately ad- 
jacent to the active-site domain and contains 
two [4Fe-4S] clusters, each coordinated by four 
cysteine residues. The FS4A cluster is coordi- 
nated by CysIs7, C ~ S ~ ~ O ,  C ~ S ' ~ ~ ,  and Cys'96 
and the FS4B cluster is coordinated by C ~ S ' ~ ~ ,  
C ~ S ' ~ ' ,  C ~ S ' ~ ~ ,  and Cys2" of the amino acid 
sequence. As for the FS2 domain, the sequence 
for this domain shows similarities to a number 
of ferredoxins containing two [4Fe-4S] clusters, 
including a distinctive arrangement of cysteine 
residues with two sets of Cys-X-X-Cys-X-X- 
Cys-X-X-X-Cys sequences (where each X in- 
dicates an amino acid other than Cys). The 
similarity is also evident in the conservation of 
the overall fold of the domain, as illustrated in 
a side-by-side comparison with the related 
ferredoxin from Chromatiurn vinosurn (26, 27) 
(Fig. 3B). Each Cys-X-X-Cys-X-X-Cys-X-X- 
X-Cys motif provides three cysteinyl ligands to 
one of the [4Fe-4S] clusters and one cysteinyl 
ligand to the second cluster, such that the clus- 
ters are intimately linked by a short turn of an a 
helix. 

The FS4A-FS4B domain is linked to the 
NH,-terminal FS2 domain by the FS4C do- 
main, a short domain consisting of two a heli- 
ces linked by a loop region that binds a single 
[4Fe-4S] cluster. The [4Fe4S] cluster has three 
cysteinyl ligands and a single histidine ligand 
provided by His94, C ~ S ~ ~ ,  CysloL, and Cyslo7 
of the sequence (Fig. 3C). Histidine ligation of 
a [4Fe4S] cluster has been observed in the 
structure of the NiFe hydrogenase from D, gi- 
gas ( I ) .  The coordination of Fe by histidine in 
CpI was anticipated; however, this was suggest- 
ed to be associated with the active-site cluster 
(28). Histidine ligation has been observed in the 
[2Fe-2SI-containing Rieske proteins, which 
have higher midpoint potentials than that of the 
similar [2Fe-2S] clusters that are coordinated 
exclusively by cysteinyl ligands (29). This sug- 
gests that a role of the single histidine ligand in 
the [4Fe-4S] cluster of the FS4C domain may 
be to tune the midpoint potential to accommo- 
date an appropriate electron donor. However, 
experimental evidence suggests that the mid- 
point potentials of all the accessory clusters of 
CpI are equivalent at -420 mV (30). Interest- 
ingly, the N E  of is the site of binding to 
the Fe. This is in contrast with all previous 

examples of His ligands to an [Fe-S] cluster, 
where the N6 atom of histidine is coordinating. 
FS4C, like FS2, is near the protein surface and 
thus may participate in intermolecular electron 
transfer with redox partners of CpI. 

The relative location of each of the metal 
clusters within CpI reveals potential electron 
transfer pathways. As mentioned earlier, 
FS4B, FS4A, and HC appear to form a se- 
quential electron transfer pathway with cova- 
lent or H-bonding connections between each 

cluster (Fig. 4). FS4B appears to sit as a 
junction point, accepting electrons from ei- 
ther FS4C or FS2. Because the latter two 
clusters are located near the protein surface, 
they are possible initial electron acceptors 
from the physiological electron donors. 

Active-site environment. In addition to 
the four covalent cysteinyl ligands, there are 
a number of additional residues that define 
the active-site environment. Although only 
the single bridging ligand is involved in di- 

Fig. 3. (A) Topology diagram of the C 
(2Fe-ZSI-containing FS2 domain in a 
side-by-side comparison with the [ZFe- 
ZS] ferredoxin from Chorella fusca. The 
proteins are shown from the same rel- 
ative perspective, with the FS2 domain C1 
shown in purple and the C. fusca ferre- 
doxin shown in orange. The [ZFe-ZS] 
cluster is shown as a space-filling model 
(colon as in Fig. 1A . (B) Topology dia- 
gram of the 2- 1 4Fe-4Sl-containing 
FS4A-FS4B domain in a side-by-side 
comparison with the 2-[4Fe-451 ferre- 
doxin from Chromatiurn vinosurn. The 
proteins are shown from the same relative perspective, with the FS4A-FS4B domain shown in green 
and the C. vinosurn ferredoxin shown in orange. The [4Fe-451 clusters are shown as space-filling 
models. (C) Topology diagram of the [4Fe-4Sl-containing FS4C domain, showing the location and 
composition of the four coordinating ligands Hisg4, CysW, CyslO1, and Cyslo7. 

Fig. 4. Potential electron transfer 
pathways from the [ZFe-2s cluster 
of the FS2 domain and the 14Fe-4SI 
cluster of the FS4C domain t o  the 
active-site cluster via the two [4Fe- 
451 clusters of the FS4A-FS4B do- 
main. The [ZFe-2S] cluster of the 
FS2 domain is linked to  the [4Fe-451 
cluster FS4A through a hydrogen 
bond from the peptide-bond car- 
bon I of the 2Fe 2S cluster ligand 

$3 1 - I  Cys to  Argl located between the 
CyslSO and CyslS3 ligan.ds of FS4B. 
The [4Fe-451 cluster of the FS4C do- 
main is linked through hydro en 8 bonding of the SN of the Hisg li- 
gand to  the peptide-bond carbonyl 
of Leu146 adjacent to the li- 
gand of FS4B mediated by a water 
molecule. The FS4B cluster is inti- 
mately linked to  FS4A in two equiv- 
alent locations by turns of two a 
helices. The coordinating ligand 
CyslS3 of FS4B is linked to  the 
CyslS7 of FS4A, and in an analogous 
fashion CysZo0 of FS4B is linked to  
Cyslg6 of FS4A. The FS4A cluster is 
then in turn linked to  the HC by 
hydrogen bonding of the eptide- 8 bond carbonyl of the Cysl ligand 
to  FS4A t o  the Cys355 S of the [4Fe- 

- 
451 subcluster of HC. 
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rectly coordinating the [2Fe] subcluster, the 
binding pocket is structurally well defined, 
suggesting that the cluster is fixed in space. 
Two methionine residues (Met353 and 
Met497) are located near the H-cluster (Fig. 
5). Both of these Met residues are conserved 
within the sequence when compared to the 
other known Fe-only hydrogenases (14). The 
sulfur atom of Met497 is -3.4 A away from 
the atom(s) connecting the two bridging sul- 
fur atoms of the [2Fe] subcluster. The sulfur 
atom of Met353 is located -3.2 A from the 
COICN that bridges Fel and Fe2. Other ami- 
no acid side chains in close proximity to the 
terminal CO/CN ligands include N( of Lys358 
and Oy of Se?32, both -2.9 A away from 
these ligands. The adjacent Proz3' is one of a 
number of hydrophobic residues that sur- 
round Fe2, potentially protecting the cluster 
from solvent access and regulating the avail- 
ability of substrates such as protons. Addi- 
tional hydrophobic residues in the polypep- 
tide environment of Fe2 include IleZ6', 
Ala2", Pro324, Phe417, and The pep- 
tide-bond carbonyl of Phe417 is -3.4 A from 
one of the bridging sulfurs of the [2Fe] sub- 

cluster. The other bridging sulfur atom in the 
subcluster is in close proximity to the pep- 
tide-bond carbonyl of Cys299. A free cystei- 
nyl residue is -5 A from Fe2 of the 
[2Fe] subcluster and -3 A from the termi- 
nally bound water molecule. 

Proton reduction by CpI. The location 
of the free cysteine residue, with 
respect to the cluster-bound water is sugges- 
tive of a potential mechanism of proton re- 
duction catalyzed by CpI. An important func- 
tion for this amino acid is supported by the 
strict conservation of a comparable Cys in the 
sequences of all known Fe-only hydroge- 
nases (14). Although the purification and 
crystallization of CpI was accomplished in 
the presence of reductant, it was likely to be 
consumed over the course of the period of 
crystal growth. If this were indeed the case, 
the enzyme could be in an oxidized state. 
With the exception of the terminally bound 
water molecule, the remaining ligands (CO/ 
CN and S) should be very strong ligands. If we 
are indeed examining the oxidized state of CpI, 
a reasonable mechanism for proton reduction at 
this active site might be the displacement of the 

Fig. 5. Stereo view of selected amino acid residues in the polypeptide environment of the [ZFe] 
subcluster of HC (colors as in Fig. 2). The [4Fe-451 subcluster and associated ligand are included to  
provide the proper perspective and are indicated in light gray. C, Cys; F, Phe; K, Lys; 5, Ser; M, Met. 

terminal water ligand bound to Fe2 upon reduc- 
tion, with the subsequent generation of an Fe- 
hydride intermediate. Cys299 could act as a 
proton donor for the formation of dihydrogen. 
The pK, [-log K, (acid dissociation constant)] 
of free Cys (-8.0) would allow this residue to 
act as a general a c i d h e  near physiological pH 
values. Such a mechanism would be consistent 
with the heterolytic cleavage of hydrogen in- 
ferred from isotope studies (31). CpI has been 
shown to undergo irreversible inactivation in 
the presence of CO (2, 7, 30, 32). It is easy to 
envision that the binding of CO displaces the 
terminally bound water molecule of Fe2, and 
this would result in the inhibition of proton 
reduction by our proposed mechanism. 

A potential pathway of proton transfer 
exists from Cys299 12 A to the protein surface, 
involving two Glu residues, a Ser residue, and a 
water molecule. There are no free cvsteines in 
close proximity to the active site of the D. gigas 
NiFe hydrogenase; in contrast, there are a num- 
ber of His residues in the active-site environ- 
ment, presumably acting as proton acceptors 
(4). This difference in the two active-site envi- 
ronments may support the preference in the 
direction in which they catalyze reversible hy- 
drogen oxidation physiologically. Additionally, 
Ni at the active site may also contribute to the 
preference for hydrogen oxidation over hydro- 
gen evolution in the Ni-containing hydroge- 
nases (I). Clostridium pasteurianum has been 
shown to express another Fe-only hydrogenase, 
CpII; however, this enzyme functions as an 
uptake hydrogenase preferentially catalyzing 
hydrogen oxidation. Differences in the ob- 
served midpoint potentials of the active-site 
clusters of CpI and CpII with respect to their 
associated accessory clusters may account for 
the different directions of electron flow to or 
from the H-cluster in the presence of the appro- 
priate oxidized or reduced electron carriers 
(16). Differences in spectroscopic properties 
and CO inhibition of CpI and CpII suggest that 
the mechanisms of hydrogen activation cata- 
lyzed by CpI and CpII are distinct (30). The 

Table 2. Anomalous diffraction differences and scattering factors for the Cpl the noise in the anomalous signals is indicated by the Bijvoet differences for 
crystal used for MAD phasing (9). Observed diffraction ratios represent centric reflections shown in parentheses for each wavelength. The scattering 
(hi F I  2)1'2/(1 F I  2)112, where A I  F I  is the absolute value of the Bijvoet differ- factors were refined after multiple MADLSQ cycles (33); the f ' and f" values 
ences at one wavelength (along the diagonal) or the dispersive difference for the pre-edge wavelength (1.9074 A) were fixed at the theoretical values, 
between intersecting wavelengths (off-diagonal elements). An estimate of -2.18 and 0.55, respectively. 

Wave- Observed ratio (30.0 > d > 6.0 A) Observed ratio (6.0 > d > 3.5 A) Scattering Observed ratio (3.5 > d > 2.5 A) 
factors length 

1.9074 1.7418 1.7398 1.5498 1.9074 1.7418 1.7398 1.5498 1.9074 1.7418 1.7398 1.5498 f '  f" 
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structural characterization of CO-inhibited 
forms of CpI, as well as that of CpII and other 
Fe-only and NiFe hydrogenases: may contrib- 
ute additional insights to the mechanistic details 
of reversible hydrogen oxidation catalyzed by 
the hydrogellase erlzymes. 
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A 25,000-Year Tropical Climate 
History from Bolivian Ice Cores 
1. C. Thompson, M. E. Davis, E. Mosley-Thompson, T. A. Sowers, 
K. A. Henderson, V. S. Zagorodnov, P.-N. Lin, V. N. Mikhalenko, 

R. K. Campen, J. F. Bolzan, J. Cole-Dai, B. Francou 

Ice cores that were recovered from the summit of Sajama mountain in Bolivia 
provide carbon-14-dated tropical records and extend to the Late Glacial Stage 
(LGS). Oxygen isotopic ratios of the ice decreased 5.4 per mil between the early 
Holocene and the Last Glacial Maximum, which is consistent with values from 
other ice cores. The abrupt onset and termination of a Younger Dryas-type 
event suggest atmospheric processes as the probable drivers. Regional accu- 
mulation increased during the LGS, during deglaciation, and over the past 3000 
years, which is concurrent with higher water levels in regional paleolakes. Unlike 
polar cores, Sajama glacial ice contains eight times less dust than the Holocene 
ice, which reflects wetter conditions and extensive snow cover. 

A knowledge of tropical sensitivity to global are anticipated from enhanced greenhouse 
paleoclimate changes and the abruptness of gas concentrations (1).  Recent research sug- 
past changes is essential for modeling how gests that tropical proxy records may be more 
the Earth's climate system responds during representative of global mean annual temper- 
glacial stages and for simulating future cli- atures than proxy records from higher lati- 
matic scenarios under waimer conditions that tudes (2). 
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