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[NiFe]- and [FeFe]-hydrogenases have attracted increasing attention
because their active sites use only base metals in the efficient reversible
oxidation of molecular hydrogen. Knowledge of their structures and
catalytic mechanisms are actively being applied to the development
of efficient synthetic catalysts for hydrogen-fueled processes.

A third type of phylogenetically unrelated hydrogenase, Hp-forming
methylenetetrahydromethopterin dehydrogenase (Hmd, iron—sulfur
cluster-free hydrogenase, [Fe]-hydrogenase), was discovered by Thauer
and co-workers® in Methanothermobacter marburgensis. In contrast
to the dimetal hydrogenases, Hmd catalyzes the reversible reduction
of N°, N'°-methenyl-tetrahydromethanopterin (methenyl-H;MPT™, or
MPT™) with H, to N°, N'°-methylene-tetrahydromethanopterin (me-
thylene-H4MPT, or HMPT) and a proton (eq 1). A hydride is
stereospecifically transferred from H, onto the pro-R side of MPT*.?
Hmd also catalyzes a direct exchange of the pro-R hydrogen of MPT
with the protons of water. * It differs from the dimetal hydrogenases
in that the purified enzyme per se does not catalyze the conversion of
para-H; to ortho-H, or the isotopic H,/D,O exchange reaction. These
reactions specifically require the presence of methenyl-H;MPT* *

Hmd
Methenyl-H,MPT" + H, == Methylene-H,MPT+H" (1)

Although spectroscopic studies and the structure of the apoenzyme
have been reported,” the key for the reaction modeling was the recent
crystal structure of the active enzyme.’ The active site iron atom has
a pseudo-octahedral coordination with cis-(CO),, the S of Cys176 in
the (CO); plane, the pyridone ligand binding through N perpendicular
to this plane, a H,O trans to the pyridone, and an unknown ligand in
the sixth site (Scheme 1).

Scheme 1. Model for Hmd Active Site?
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“ The unknown ligand is “?”.

Because the splitting of H, between a strong base and a good hydride
acceptor, such as a carbocation, is facile, it was widely accepted that
this enzyme was “metal-free”. Since the discovery that Fe is present
in the active site, a suitable role for that Fe was sought. If Fe’s role
was simply to capture and hold the H, until MPT™* arrives, the need
for the pyridone appears lost (apart from a cyanide mimic).” Here,
density functional theory calculations® (Computational Details are in
Supporting Information (SI)) predict a trigger mechanism that invokes
the Fe, the pyridone, and MPT™ intimately in H, cleavage and hydride
transfer.

Proposed resting states of the active-site models of Hmd are shown
in Scheme 2 with different protonation states for the model pyridone
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Scheme 2. Models of the Resting State Structure of Hmd
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Scheme 3. Relative Enthalpies for Direct Ho Splitting in 2 without
MPT™* (kcal/mol)
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ligand. In the neutral structure 1, the iron-free cofactor in the Hmd
apoenzyme was simplified as the pyridone, NCsH(OH),CH,COO™,
bonding to Fe through the N, which is then deprotonated to form 2.
The position of an O atom attached to the ring closest to N was shifted
one C position to prevent it from interacting strongly with the sulfur
and cis-CO groups bonding with Fe, a problem that the enzyme may
avoid through the protein. An O atom of the carboxyl in this ligand
occupies the unknown ligand site of Fe and stabilizes the structure.
However, the protein may provide an alternative ligand that performs
the same function as the carboxylate in this study.

Figure 1. Optimized structures of 1 and 2. Bond lengths are in angstrom.

The optimized structures of 1 and 2 are displayed in Figure 1. The
decrease of total charge (1 — 2) increases the donor power of the
pyridone and reduces the vibrational frequencies of the CO groups
from 1980 and 2034 cm™ ! in 1 to 1957 and 2014 cm™ ! in 2, the latter
are about 20 cm ™" closer to the observed absorption peaks of Hmd’s
resting state at 1944 and 2011 cm™",*? and the remaining frequency
differences between 2 and Hmd are similar to those of model
compounds (analysis is in SI).

H, activation with the model resting-state structure 2 in the absence
of MPT™ is shown in Scheme 3. The enthalpic barrier for H,O/H,
substitution (2 — 3) is 27.3 kcal/mol, and the transition state TSg,s
(1156i cm™ ") for the cleavage of H, is 12.4 kcal/mol above 3.
Therefore, the total enthalpic barrier for the cleavage of H, without
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Figure 2. Optimized transition state structures for H, cleavage: (a) TS3,4 (1156i
cm™ "), Mulliken charge on HI and H2 are —0.163 and 0.276; (b) TSe,7 (951i
cm™ "), Mulliken charge on H1 and H2 are —0.022 and 0.071.

Scheme 4. Mechanism with Relative Enthalpies for H, Cleavage
Catalyzed by the Model Active Site with MPT* (kcal/mol)
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MPT is 39.7 kcal/mol, which is too high to be achieved at mild
enzymatic conditions.

The mechanism for H, cleavage catalyzed by the model active site
of Hmd in the presence MPT™ is shown in Scheme 4. Here, simple
deprotonation will be used to model the pyridone’s access to a quinone-
like structure to provide a temporarily reduced or partially reduced
Fe. Beginning from the resting-state structure 2, the appearance of
MPT™" forces a rotation of the carboxyl and stabilizes the quinone
form, while the unsaturated carbon atom binds close to Fe in forming
intermediate 5.” When the simple MPT" model is used, the Fe—C
distance is 2.049 A and one can view the interaction as an Fe — C
dative bond.® However, with a larger more realistic substrate, 5 shows
a significantly longer Fe—C contact.

The Fe—MPT" interaction reduces the enthalpic barrier for HyO/
H, substitution to 16.2 kcal/mol (5 — 6). Furthermore, when MPT*
is close to Fe as in 6, H, is split easily through transition state TSe,7
with a barrier only 5.8 kcal/mol above 6. Here, one H transfers to
MPT" to form a neutral HMPT molecule, while the remaining H bonds
to Fe. With loss of HMPT, H,O enters and forces the remaining H
toward the position vacated by HMPT to form intermediate 7, which
is 21.7 kcal/mol more stable than 6. Then, the resting state 2 will be
regenerated through proton transfer steps. Alternatively, H' could leave
directly before H,O recoordinates, and then the COOH group could
recoordinate to the position vacated by HMPT. Since H, can substitute
H,O without the presence of MPT* (2 — 3), it is not essential that
MPT™ arrive first. Thus, an equally viable mechanism could involve
2 — 3 then 3 — 6. The important point is that H, splitting and hence
its para-H, to ortho-H, conversion or H/D exchange with D,O will
occur only in the presence of MPT*.

The Mulliken atomic charges on the hydrogens for the H, cleavage
transition state without MPT™ (TS3.4, Figure 2a) are consistent with
a typical heterolytic cleavage mechanism where a proton is transferred
to the base, O in this case, and a hydride is transferred to the metal.
The poor basicity of the coordinated O and the strong pyridone donor
trans to the new H—Fe bond resist this transformation disfavoring the
H, cleavage. The Mulliken atomic charges on hydrogens for the H,

cleavage transition state in the presence of MPT* (TSe.7, Figure 2b)
are quite different as both are nearly neutral. In this delocalized
transition state, the strong donor power of the pyridone is essential as
the electron density from the pyridone is being transferred through
Fe to both the MPT" and the new H—Fe bond; formally this H
migrates to Fe as a proton because MPT* takes the hydride. The large
role played by electron donation from the pyridone is visible in the
shortened C=O0 (quinone-like) bonds in TSe,7 compared to TS3,4.
In summary, a fully optimized model for the resting state of the
active site of the monoiron (iron—sulfur cluster-free) hydrogenase is
proposed. Based on this model, a mechanism for the H, activation
with MPT™ catalyzed by Hmd was predicted. The exchange of Hy/
H™ catalyzed by Hmd is strictly dependent on the presence of MPT ™.
The ability of the pyridone to change its donor ability is a key to the
“trigger” mechanism proposed here. Its strong donor strength prevents
the usual heterolytic cleavage from occurring, and only in the presence
of MPT™ does the donor strength of the pyridone efficiently assist the
transfer of H and electron density (effectively H ) to the MPT . MPT ™"
and H, can arrive at the active site in any order, but both must be
present for H, activation. The enzyme plays a key role in mediating
the donor strength of the pyridone, here modeled simply by deproto-
nation. The ortho position of the two O atoms assists in the increase
of the pyridone donor strength. We are currently exploring alternative
O positions corresponding to those in the crystal structures. The
understanding provided by the proposed catalytic mechanism for
hydrogen activation will be important for the further design of novel
hydrogenation catalysts, and perhaps for low cost, high efficiency
hydrogen production and for release from hydrogen storage materials.’
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