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Abstract: Fe-only hydrogenases, as well as their NiFe counterparts, display unusual intrinsic high-frequency
IR bands that have been assigned to CO and CN- ligation to iron in their active sites. FTIR experiments
performed on the Fe-only hydrogenase fromDesulfoVibrio desulfuricansindicate that upon reduction of the
active oxidized form, there is a major shift of one of these bands that is provoked, most likely, by the change
of a CO ligand from a bridging position to a terminal one. Indeed, the crystal structure of the reduced active
site of this enzyme shows that the previously bridging CO is now terminally bound to the iron ion that most
likely corresponds to the primary hydrogen binding site (Fe2). The CO binding change may result from changes
in the coordination sphere of Fe2 or its reduction. Superposition of this reduced active site with the equivalent
region of a NiFe hydrogenase shows a remarkable coincidence between the coordination of Fe2 and that of
the Fe ion in the NiFe cluster. Both stereochemical and mechanistic considerations suggest that the small
organic molecule found at the Fe-only hydrogenase active site and previously modeled as 1,3-propanedithiolate
may, in fact, be di-(thiomethyl)-amine.

Introduction

Hydrogen metabolism in microorganisms is mostly mediated
by two types of metalloproteins: NiFe1 and Fe-only2 hydroge-
nases. The two classes of enzymes are genetically unrelated and,
consequently, they represent two independently evolved mech-
anisms for the biological uptake or production of hydrogen
according to the reaction: H2 T 2 H+ + 2 e-.3 It has been
shown that the first step in the uptake process is the heterolytic
cleavage of hydrogen4 and that a hydrogen species, probably a
hydride, is transiently bound to the active site during turnover.5

NiFe hydrogenases have been extensively studied genetically,6

spectroscopically,7 crystallographically,8 and through theo-
retical calculations.9 Nevertheless, the roles of the active site
Ni and Fe centers during catalysis remain unclear. A remarkable
observation is the fact that the Fe ion is low-spin ferrous with
CO and CN- coordination and remains redox inactive through-
out the catalytic cycle.10 In agreement with these results,
quantum mechanical calculations indicate that in models for the

various EPR-detectable paramagnetic species, the unpaired
electron spin resides mostly at the Ni center.9b,c It has been
determined that in most aerobically oxidized enzymes, there is
a putative (hydro)oxo ligand asymmetrically bridging the two
metal centers (it is closer to Ni than to Fe)8b except for the
NiFe hydrogenase fromDesulfoVibrio Vulgaris, in which this
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ligand has been assigned to a sulfur species.8c This oxidation is
reversible, and in the reduced, active enzyme the oxo (or sulfur)
ligand is missing.8d,e Thus, in addition to playing a role in the
redox processes, the Ni ion may protect the active site against
oxygen-induced damage.

The second class of enzymes, the Fe-only hydrogenases, has
been less studied. Different lines of evidence have indicated
the presence of an unusual 6-Fe cluster (the H-cluster)11 which
has also been proposed to have CO and CN- coordination.12

The active oxidized enzyme displays the unusualg ) 2.10 EPR
signal, but subsequent reduction results in H-cluster EPR-silent
species.2,11b,c,13The crystal structures of the H2-uptake enzyme
from D. desulfuricansATCC 7757 (DdH)14 and the H2-evolving
enzyme fromClostridium pasteurianum(CpI)15 have been
recently solved. These studies have shown that the H-cluster is
actually composed of a standard [4Fe4S] center bridged through
a cysteine residue to a very unusual Fe-Fe unit.14,15,16 The
proposed crystallographic models for the active sites of these
two hydrogenases were quite similar, except for the following
points (Figure 1): (1) in DdH, the two Fe centers are bridged
by a small molecule, initially modeled as 1,3-propanedithiolate
(PDT), and by a water molecule or some undefined arrangement
of light atoms in CpI; (2) the two Fe’s are further bridged by a
water molecule in the former enzyme and by a CO in the latter;
(3) one of the sites of the distal (relative to the [4Fe4S] cluster)
Fe (Fe2) is apparently vacant in DdH but is occupied by a water
molecule in CpI. We have argued16 that these differences are
most likely due to a different redox state of the crystals. In the
case of CpI, crystals were grown in a glovebox in the presence
of dithionite under a 100% N2 atmosphere, whereas for the
crystallization of the DdH, a 10% H2/90% N2 atmosphere was
used most of the time. It seems likely that in the former case,
the crystals got oxidized, because the pH was optimal for auto-
oxidation by hydrogen production, and there was a limited

amount of dithionite added.15 For the latter, the presence of a
hydrogen-containing atmosphere for most of the time resulted
in a partially reduced state.

We have initiated a series of X-ray crystallographic and FTIR
studies in order to better characterize the structure of well-
defined redox states of the Fe-only hydrogenase fromD.
desulfuricans. Here, we report the structure of its reduced active
site which has been solved at 1.85 Å resolution. On the basis
of the sterochemistry around the active site, we also speculate
on the nature of the central atom of its small organic molecule.

Experimental Section

Sample Preparation. The protein was purified aerobically as
previously reported.11b,c To obtain a homogeneous reduced crystalline
enzyme the following procedure was used: (i) a 10 bar H2 pressure
was applied to the sample in solution for 2 h toactivate the enzyme,11c

(ii) crystallization trials [2.4 M ammonium sulfate, 2.1 mM dimethyl
dodecylamine-N oxide (DDAO), 100 mM glycine/sodium hydroxide,
pH 8.8; protein concentration, 20 mg/mL] were carried out in a
glovebox under a 10% H2/90% N2 atmosphere, and (iii) the crystals
were subsequently exposed to 6 bar of H2 pressure for 15 min prior to
flash-cooling in liquid propane17 in the glovebox.

Structure Determination. Data were collected at 100 K on a single
crystal to 1.85 Å resolution, at the ID14 eh3 beam line of the European
Synchrotron Radiation Facility (ESRF). Initially, data were processed
with the program MOSFLM18 in the orthorhombic space groupP212121

(a ) 116. 97 Å,b ) 130.94 Å,c ) 131.13 Å), giving anRsym of 0.073
and 88.8% data completeness (Table 1). A molecular replacement
procedure with the program AMORE19 using the 1.6 Å resolution
structure previously determined as a starting search model was
consistent with the crystals’ containing four hydrogenase molecules
per asymmetric unit. However, the crystallographic refinement of this
model was blocked atRfree

20 values of about 0.35. Subsequent careful
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Figure 1. The crystallographic models of the actives sites (H-clusters)
of (a) DdH and (b) CpI. See text for model differences.
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examination of the electron density maps showed small deviations from
P212121 symmetry, which indicated that the crystal was not ortho-
rhombic. The data were then reintegrated in the space groupP1 (a )
116.97 Å,b ) 130.77 Å,c ) 130.90 Å,R ) â ) γ ) 90°), which
resulted in an goodRsym but low data completeness (Table 1). The
triclinic 16 noncrystallographic-symmetry (NCS) operators were then
refined in P1 using a rigid-body procedure with the program CNS21

and theP212121 molecular replacement solution as a starting model.
The structure was subsequently refined with CNS after removing a
new 5% of the reflections in order to calculate theRfree using the data
in P1.20 Electron density maps were recalculated after some cycles of
density modification (16-fold averaging), using the program DM,22 in
order to restore all of the missing structure factors and to prevent map
distortions. Manual model corrections were performed using the
program TURBO.23 At all stages of the refinement, a strict 16-fold
NCS was applied to the model. Six cycles of alternating refinement
and manual model corrections resulted in a model withRfree andRwork

factors of 0.206 and 0.204, respectively (Table 2). The validity of such
a process was verified by examining the electron density map at regions
of the model that were omitted during the calculation (results not
shown). At this point, a new examination of the NCS operators indicated
that the crystals belonged, in fact, to the tetragonal space groupP43.
(a ) b ) 131.0 Å,c ) 116.97 Å). After reindexing and integration in
this space group, a refinement procedure converged at anRwork of 0.171
and anRfree of 0.183 (Table 1). (TheRfree value may be an underestimate
because the initial 5% reflections taken out for its calculation using

P1 were not all independent inP43). The final model is of good
quality;24 deviations from ideal stereochemistry are those expected from
an average model refined at 1.8-Å resolution. A total of 92.8% of all
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Table 1. X-ray Data Statistics in Space GroupsP43, P212121

andP1

space group

P43 P212121 P1

Rmerge
a 0.084 (0.253) 0.073 (0.244) 0.057 (0.228)

I/σb 5.8 (2.7) 6.6 (2.7) 9 (2.9)
completeness (%) 88.9 88.8 (64.9) 44.6 (23.5)
multiplicity 3.7 3.2 (2.9) 1.5 (1.7)
Nmeas

c 598 076 522 795 487 234
Nunique

d 162 027 164 695 320 245

a Rmerge ) Σhkl Σj (Ihkl - 〈Ihkl〉)/Σhkl〈Ihkl〉. b Signal-to-noise ratio.
c Number of measured reflections.d Number of unique reflections. The
statistics are given for the overall data set and for the higher resolution
shell (1.9-1.85 Å) in brackets. TheRsym values could not be used to
discriminate betweenP43, P212121 andP1.

Table 2. Refinement Statistics

no. independent atoms 8383
no. independent non-protein atoms 749 waters, 2 sulfate ions,

2 Zn2+, 1 DDAO, 2 cysteines,
4 glycerol molecules

resolution (Å) 10-1.85
no. reflections used for refinement 149 876
no. of reflectionsRfree calculation 7534
R factora 0.171
Rfree factor 0.183
rmsdb

bonds (Å) 0.010
angles (deg) 1.6
dihedrals (deg) 23.6
torsions (deg) 0.90

a R factor) Σhkl(Fobs- Fcalc)/Σhkl Fobs. TheRfree factor was calculated
using 5% of the reflections that were excluded during all of the
refinement stages.b Root-mean-square deviations calculated for bond
distances, angles, dihedrals and torsion angles. The four molecules in
the asymmetric unit were refined as two pairs related by NCS.

Figure 2. UV spectra of a crystal and solutions ofD. desulfuricans
(ATCC 7757) Fe-only hydrogenase.

Figure 3. FTIR spectra of 1 mM DdH in 50 mM Hepes buffer, pH
8.0, 100 mM KCl at 25°C in the presence of redox mediators: (a) as
isolated, (b) after reduction at-535 mV, and (c) after reoxidation at
-285 mV.
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of the residues has main chain torsion angles in the most favored region
of the Ramachandran plot, whereas only 0.2% (1 residue) has an
unfavorableφ-ψ combination. This residue is Glu77 from the small
subunit and itsφ-ψ angles are the same as in the initial 1.6-Å resolution
structure (PDB accession code, 1HFE). Examination of the environment
of Glu77 shows that this residue is located between the C-terminal
region of anR-helix and the N-terminal end of aâ-turn. The interactions
of these two secondary structural elements with other regions of the
protein are likely to compensate for the unusual torsion angles of Glu77.

FTIR Measurements. The infrared spectra were recorded in a
Nicolet Magna-IR 860 Fourier transform spectrometer equipped with
a MCT detector and a purge system of CO2 and H2O (Whatman). An
IR-spectroelectrochemical cell was used as described by Moss et al.25

The redox potential in the cell was controlled with a BAS CV-27
potentiostat and measured with a Fluke 77 multimeter. The temperature
of the cell was controlled by a Huber CC 230 thermostat. The
hydrogenase sample was concentrated by ultrafiltration with Centricon
(Amicon) to 1 mM, and the FTIR spectra were measured in the presence
of a mixture of redox mediators, 0.5 mM each. The redox mediators
used were: indigotetrasulfonate (E′

pH 8 ) -76 mV, Merck), indigo
carmine (E′

pH 8 ) -159 mV, Fluka), anthraquinone-1,5-disulfonic acid
(E′

pH8 ) -234 mV, ICN Pharmaceuticals), anthraquinone-2-sulfonate
(E′

pH 8 ) -277 mV, Serva), benzil viologen (E′
pH 8 ) -358 mV, Sigma),

methyl viologen (E′
pH 8 ) -449 mV, Aldrich). All redox potentials

are given relative to the standard hydrogen electrode. The IR spectra
were averaged from 124 scans, and the spectral resolution was 2 cm-1.
All spectra were blank-subtracted and baseline-corrected using the
OMNIC software from Nicolet.

UV Measurements.A flash-cooled reduced crystal, prepared as
described above, was transferred to a goniostat equipped with a
cryogenic setup and connected to a spectrophotometer and a hydrogen
lamp through fiber optics. The spectrum recorded between 250 and
750 nm is shown in Figure 2. Subsequently, the crystal was allowed to
reoxidize by stopping the flow of cooled nitrogen gas (100 K) and
exposing it to room-temperature air for 10 s. Equivalent experiments
were carried out in solution, except that the oxidized sample was the
as-prepared, aerobically-purified, enzyme.

EPR Measurements.A solution of enzyme, reduced as described
above, was frozen in liquid nitrogen in an EPR tube. The CW EPR
spectrum was recorded on a X-band EMX Bruker spectrometer
equipped with an Oxford Instrument ESR 900 helium-flow cryostat.

Experimental conditions:T, 10 K; P, 1 mW; microwave frequency,
9.655 GHz; modulation amplitude, 1 mT.

Results and Discussion

EPR and UV Spectroscopic Evidence for the Reduction
of DdH Crystals. The 350-450-nm region of the UV spectrum
shown in Figure 2 clearly indicates that most, if not all, of the
FeS clusters are reduced after treating the crystal as described
in the Experimental Section. This is further confirmed by the
spectral changes that were observed after the reoxidation
experiment. Similar measurements in solution (Figure 2) and
an EPR analysis of the reduced DdH solution (not shown) also
indicated that the procedure used here was sufficient to reduce
the enzyme both in solution and in the crystals.

The Structure of the DdH-Reduced Active Site.As in the
case of the enzyme fromD. Vulgaris Hildenborough strain,12

the FTIR spectra of different redox states of DdH (Figure 3)
suggests that the active-site binuclear iron center contains two
CN-s, two terminal COs and an additional CO ligand that seems
to switch from a bridging to a terminal position upon reduction.
Because the active site of CpI has a bridging CO, we have
hypothesized16 that it was in a oxidized state. This is, in fact,
very likely, because CpI crystals were grown at pH 5.1, which
is optimal for auto-oxidation through hydrogen evolution, and
there was only a limited amount of dithionite present.15 In the
structure of the hydrogen-reduced DdH, it is very clear that the

(24) Laskowski, R. A.; MacArthur, M. W.; Moss, D. S.; Thornton, J.
M. J. Appl. Crystallogr.1993, 26, 283-291.
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Figure 4. Stereoview of the reduced active site. The mFobs-DFcalc electron density map (SIGMAA22) was calculated using a model in which the
active-site atoms were removed from both structure factor and phase calculations. The map is contoured at the 3σ level with a cover radius of 1.7
Å. This electron density map clearly indicates that the CO that is located between the two irons is terminally bonded to Fe2. Selected distances and
angles for this arrangement (noncrystallographically related molecule no. 2 in parentheses): Fe1-Fe2, 2.55 Å (2.61 Å); Fe1-C, 2.40 Å (2.56 Å);
Fe2-C, 1.69 Å (1.69 Å); Fe1-O, 2.91 Å (3.12 Å); Fe2-O, 2.80 Å (2.80 Å); Fe1-C-O, 109.9° (106.4°); Fe2-C-O, 176° (178°).

Figure 5. (A) Differences in the ligation of the bridging CO between
CpI and the reduced active site of DdH (only the bridging CO is
depicted for CpI): The CO is terminally bonded to Fe2 in the reduced
DdH, and it bridges Fe1 and Fe2 in the putatively oxidized CpI. This
observation agrees well with results from FTIR spectroscopy for various
redox states of DdH (see Figure 4). This superposition shows that when
the CO goes from bridging to terminal, only its C atom moves
significantly, which explains the observed electron density for the
bridging ligand in the 1.6-Å resolution DdH structure (B).

Fe-Only Hydrogenase of DesulfoVibrio desulfuricans J. Am. Chem. Soc., Vol. 123, No. 8, 20011599



additional CO is terminally bonded to Fe2 (Figure 4). This result
fully agrees with and complements those obtained from the FTIR
spectroscopy experiments depicted in Figure 3. Furthermore,
we think we can now provide an explanation for the shape of
the electron density corresponding to the bridging ligand that
was modeled as a water molecule in the previously reported
1.6-Å resolution DdH structure14 (labeled X on Figures 1 and
5B). In going from the (putatively) oxidized state, as seen in
CpI, to the reduced one, as determined here for DdH, the
movement of the bridging CO to a terminal position affects
mostly the C atom, the O atom position being kept almost
invariant (Figure 5). Consequently, a mixture of these two states
in the crystal would result in electron density corresponding
only to the oxygen atom of the CO molecule. This is further
suggested by the Fe1-X and Fe2-X distances of about 2.6 Å,
which are too long for either an oxo or a hydroxo or a water
molecule ligand. In retrospect, such a result is not very
surprising, because there was no controlled reduction of the
aerobically prepared protein sample.

Implications of the Redox-Dependent Switch of the Bridg-
ing CO. Several lines of evidence point at Fe2 as the primary
hydrogen binding site. In the partially reduced form of DdH,
this iron center displays an apparently vacant site (at least a
site not occupied by a non-hydrogen atom);14 in CpI, it binds
the exogenous CO inhibitor;26 and in both enzymes there is a
hydrophobic channel that connects the molecular surface to
Fe2.14,16 The FTIR results (Figure 3) show that in the active
oxidized state (spectrum at-285 mV), there is a band at 1802
cm-1 which may be assigned to a bridging CO,27 and that almost
certainly is equivalent to the one observed in the putatively
oxidized state of CpI.15 Upon reduction, this CO binds terminally
to Fe2, as shown by X-ray crystallography; an observation that
is confirmed by the FTIR spectroscopic results reported here.
The simplest interpretation for this change is that a nearly
symmetrical charge distribution at the two iron centers in the
oxidized forms (as indicated by a bridging CO) becomes
asymmetric when Fe2 is reduced, putatively binds a hydride,
or both. A more electron-rich Fe2 favors the CO ligand transition
from bridging to terminal binding, because it optimizes back-
bonding from the metal to the ligand. In addition, excessive
electron density may be transferred from Fe2 to Fe1 through a
dative bond, and the latter can, in turn, back-donate electron
density from its filled dπ orbitals to the emptyπ* orbital of
the C atom of the asymmetrically bound CO. These concerted
electronic changes, which are aimed at mitigating the inequality
in Fe ion charges, have already been proposed for a small
molecule containing two Fe centers and a semi-bridging CO.28

The stereochemistry of the reduced structure reported here and
the FTIR spectrum of the reduced state, in which an intense
band at 1894 cm-1 (intermediate between the frequencies of
the terminal and bridging CO bands of the oxidized states) is
observed, is consistent with this scheme.

Nature of the Five-Atom Fe-Bridging Molecule. As was
previously observed, the electron density map around the active
site clearly indicates that the two Fe’s are bridged by a small
molecule composed of five covalently bonded atoms.14 Although
the interpretation seems unambiguous for the two sulfurs
bridging Fe1 and Fe2, it is not possible to distinguish crystal-
lographically between C, O, or N assignments for the three other

atoms in our electron-density maps. We have now looked into
this problem in greater detail: in the reduced DdH model the
Sγ of Cys178 is 3.1 Å from the central atom (CA) of the small
molecule that we previously modeled as PDT. This short
distance and the overall stereochemistry are more compatible
with a hydrogen bond than with a van der Waals contact. If
CA were C as in PDT, the hydrogen bond would be of the type
C-H‚‚‚S--, which is unlikely. Furthermore, in the CO-
inhibited DdH active site, the ligand’s O atom lies∼2.5 Å from
CA (our unpublished results). These two observations are not
in favor of a carbon assignment for this atom. We will speculate
that the most likely alternative would be N, because a central
nitrogen atom would form a secondary amine that is capable
of extracting the proton resulting from the heterolytic cleavage
of H2.4 The protein does not seem to provide such a function,

(26) Lemon, B. J.; Peters, J. W.Biochemistry1999, 38, 12969-12973.
(27) Nakamoto, K.Infrared and Raman Spectra of Inorganic and

Coordination Compounds, Part B, 5th ed.: John Wiley & Sons: New York,
1997; pp 126-127.

(28) Cotton, F. A.; Wilkinson, G.AdVanced Inorganic Chemistry, 5th
ed.; John Wiley & Sons: New York, 1997; pp 1030-1031.

Figure 6. Comparison of the active sites of the reduced DdH (A) and
the oxidized (mostly Ni-A) NiFe hydrogenase fromDesulfoVibrio
fructosoVorans(Montet, Y. et al. unpublished results) (B). The cysteine
ligands of the active site in NiFe hydrogenase are depicted only by
their Câ and S atoms. The orientation of the two active sites has been
chosen in order to maximize the superposition of the coordination
spheres of the Fe site of the NiFe hydrogenase and the Fe2 site of the
Fe-only hydrogenase (C, DdH depicted in black). Both of them are
coordinated by two thiolate sulfurs (cysteines or DTN), three strong
field diatomic ligands (COs and CNs; labeled L1, L2, and L3), and an
apparently vacant site in DdH, occupied by a putative (hydroxo)oxo
(O) ligand. In this superposition, one-half of the atoms of each active
site are nearly identically placed, and the Ni atom position in the NiFe
hydrogenase roughly matches that of the postulated N atom of the
putative DTN in DdH.
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because the only basic residue in the active-site cavity, Lys 237,
is >4 Å away from Fe2, and in addition, it forms a salt bridge
with Glu240. Our speculation is also based on the fact that a N
atom different from a cyanide N was tentatively found by
ESEEM to be close to active-site Fe ion(s) in both CpI29a and
DvH.29b Consequently, we propose the small exogenous mol-
ecule to be a di-(thiomethyl)-amine (DTN),-S-CH2-NH-
CH2-S-, not PDT as we previously suggested.14 The notion
that the secondary amine of DTN could function as a base is
specially attractive, because its hydrogen atom could readily
switch positions through the Walden inversion, allowing proton
transfer toward the Sγ of Cys178 without perturbing the active-
site geometry. Peters and co-workers have identified a plausible
proton-transfer pathway involving the Sγ of the equivalent
Cys299 of CpI.15 This pathway, which extends all the way to
the protein surface, is conserved in DdH.

Comparison of the Active Site of the NiFe and Fe-Only
Hydrogenases.We have already indicated that there are several
similarities between the active sites of Fe-only and NiFe
hydrogenases: both centers are binuclear with CO, CN-, and
S coordination; they are buried in the protein core; and putative
hydrophobic channels connecting the molecular surface to the
active site point at apparently vacant sites of metal centers (Ni
in the NiFe enzymes and Fe2 in DdH and CpI). However, no
strict stereochemical equivalences were obvious when the two
kinds of active site were compared.14-16 In the fully reduced
enzyme, however, Fe2 has three terminally bound diatomic
ligands, and when optimally superimposed to the Fe center of
NiFe, the coordination spheres of the two ions are almost
identical.30 In addition to the diatomic ligands, the two bridging
sulfur atoms and the vacant, potential hydride binding site
occupy very similar positions (Figure 6). A remarkable conse-
quence of this close superposition between the two active sites
is that the Ni ion of NiFe enzymes and the speculative N atom
of DTN occupy roughly equivalent positions (Figure 6). At this
point in time, it is difficult to elaborate on this coincidence.
However, it is clear that the thiolate-rich coordination of Ni
and the CO/CN- coordination of Fe in NiFe and Fe-only
hydrogenases may modulate their Lewis acid/base characteristics

in ways that could make the catalytic mechanisms of the two
types of hydrogenase more similar than we have previously
thought.

Conclusions

In this work we report the fully reduced structure of DdH
and show that the results obtained from FTIR spectroscopy are
in agreement with our observations concerning changes at the
enzyme’s active site and that Fe2 is the most likely primary
hydrogen binding site. The previously observed bridging CO
ligand in CpI is now clearly terminally bound in reduced DdH.
In this respect, our own previous results concerning the Fe
bridging ligand of this enzyme are most likely the consequence
of a mixture of anaerobically oxidized and reduced states. From
both stereochemical and mechanistic considerations, we now
believe that our original assignment of the small molecule that
binds the binuclear Fe center as PDT was not correct. A DTN
assignment, although clearly speculative, seems to make more
sense to us because it contributes a base that appears to be
essential for the heterolytic cleavage of hydrogen. Furthermore,
when the reduced DdH active site structure is compared to the
equivalent region in the NiFe hydrogenases, a remarkable
similarity is found in the coordination spheres of respective Fe
centers, including a coincidence between the putative N atom
of DTN and the Ni center. The implications of this latter
observation are not immediately obvious and may deserve
further investigation.

Efforts to obtain well-diffracting oxidized crystals of DdH,
either aerobically or anaerobically, are under way.
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Note Added in Proof. H.J Fan and M.B. Hall (personal
communication) have carried out density function theory (DFT)
calculations which indicate that a central N atom in the small
organic molecule of the active site provides a low energy barrier
and a stable product for the hydrogen heterolytic cleavage (or
formation) reaction.
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