Calculated details of a mechanism for conversion of N, to NH3 at the FeMo

cluster of nitrogenase
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Density functional calculations mapping the geometry/
energy hypersurface of the Fe;MoSg(S-cysteine)-
(homacitrate)(histidine) cluster in nitrogenase and its bind-
ing of N, H*, e— and N-H intermediates reveal mechanistic
details for the formation of NHs.

The enzyme nitrogenase reduces N, to NH3 at an Fe;MoSy(S
cysteine)(homocitrate) (histidine) cluster. While the structure of
this active site is known in atomic detail, the mechanism for
binding, activation, electronation and protonation of N is still
tantalisingly obscure.* In addition to numerous reports of model
systems, and commentaries on chemical expectations about
mechanism,2 there are theoretical contributions to investigation
of the mechanism which include caculations of N, binding
geometries and electronic structure,3 and a mechanism sup-
ported by density functional calculations has been outlined.4

Here | communicate new density functional calculationst
mapping the geometry/energy hypersurface of the full cluster,
as it binds the reactants N,, H* (and e~), rearranges the
intermediate N—-H species, and facilitates the sequential release
of 2NHs.

Fig. 1 definesthe 40 atomsincluded in the model of the active
site. The redox level adopted as the reference state in the
following corresponds to a core [Fe;Mo]22+, equivalent to
(Fet257),Mo*+. As previously described? the protein surrounds
favour one undercoordinated (Fe3)4($%)x(S?), facetr (Fe*A,

Fig. 1 The [Fe;M0Sg(SCH3)(imidazole)(O,CCH,0)] model calculated as
the active site of nitrogenase. Numerical superscriptsin atom identifiersare
coordination numbers: N, black; C, small grey; H, open.

Fe3B, Fe3C, Fe3P in Fig. 1) asthereactive site. Fig. 2 showsthree
configurations for N, bound to this site: the lowest energy
configuration has the least symmetrical geometry, and is
dubbed the oblique arrow configuration. This optimised binding
geometry differentiates the proximal N atom (NP) bound to four
Fe atoms, and the distal N atom (Nd) bound to two Fe atoms.
A characteristic of the oblique arrow configuration isthat the
distaa N atom (Nd9) is positioned between three of the
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Fig 2 The u4,m?, oblique arrow and w4,n* geometries for N, bound to the
FesA FesB Fe3C FesP face, with relative energies +83, 0, +37 kmol—L. Other
atoms (Fig. 1) included in the energy minimisations are omitted for clarity.
Inthelowest energy geometry, NP, Nd are proximal and distal to the Fe, face
respectively: NP—Fe3 1.93-1.98 A; NFe3A Fe38 2,07, 2.03 A; Fe3AFe3C
2.66, Fe3B—Fe3D 2.64 A, FesA—Fe38 2.65 A, Fe3c—Fe3P 2.56 A.

Fig 3 Location of hydrogen atoms (Hd:, Hd2, Hd3) on N9 prior to
dissociation of N9Hjz. The rear Fe3 and S atoms and the complete
coordination of Fe# and Mo are not shown for reasons of clarity. Open heavy
circles show the hydrogen bonds from H to S3 and $2. Heavy arrows show
probable trajectories for the three approaching hydrogen atoms (see text).
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surrounding S atoms, SPAB, S3AC, S3BD | gych that protons on
these S atoms are well positioned for transfer to Nd. Further,
addition of two electronsto the cluster at this stage most affects
the electron population at these S atoms. the changes in
Mulliken partial charges are ca. —0.19 at 2, ca. —0.11 at S3,
—0.04 at Mo, and ca. 0.00 at Fe. Therefore the possibility of
reduction and protonation of the distal N atom wasinvestigated
by energy minimisation of a structure containing three H atoms
between Nd and S, hydrogen bonded to S, as detailed in Fig. 3.
The electronic population at this stage was equivalent to
addition of N, 4e— and 3H* relative to the reference state.
Energy minimisation caused scission of the N-N bond and
dissociation of the distal N atom as NHz3: Fig. 4 shows several
stages in this dissociation. Because the calculation did not
include the surrounding protein and its hydrogen bond acceptor
sites, the dissociating NH3 retains its hydrogen bonds to the
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Fig 4 Side views of four stagesin the dissociation of NdHz, shown fully for
stage (@) and as the dissociation face only for (b)—(d). NP---Nd distances (A)
are marked (the N-N bond length at the beginning of this reaction was 1.28
A). Relative energies for these intermediates are (a) 0, (b) —188, (c) —368,
(d) —414 kI mol —2. Stages (b) and (c) demonstrate the inversion of NH3 due
to the strength of the S--H hydrogen bonds, which are broken in stage

).

Fig. 5 Location of hydrogen atoms (HPY, Hr2, HP3) on NP prior to
dissociation of NPHj3;. The rear Fe3 and & atoms and the complete
coordination of Fe# and Mo are not shown for reasons of clarity. Open heavy
circles show the hydrogen bonds from H to S3 and 2.
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three S atoms, and inverts during the dissociation; Fig. 4(d) also
shows a later stage of dissociation after the hydrogen bonds
have been broken.

After dissociation of N9H3 the proximal N atom isleft bound
to the Fe, face; the second stage of electronation and
protonation of this N atom can also involve the surrounding S
atoms, but the geometry is different because NP is close to the
Fe, face. Fig. 5 shows an intermediate geometry containing
three new H atoms associated with NP and hydrogen bonded to
S and S3. On energy minimisation with an atom/electron
population now corresponding to the reference state + N, + 6e—
+ 6H* — NH3, NdH; dissociates by dliding around one of the Fe3
atoms.

These results provide the rudiments of a mechanism for
binding of N, proton approach, introduction of electrons, and
sequential dissociation of NHz. They reinforce the chemical
expectation that undercoordinated Fe3 and S? atoms play key
roles. During the processes described the Fe—Fe, Fe-S and S-
Mo distances change as expected according to increases and
decreases in coordination. Additional calculations reveal that H
atoms can also bridge Fe3—S3 bonds, and that Fe3 atoms as well
as the Fe3-S3 bonds can mediate the passage of H atoms from
protein to both the distal and proximal N atoms: likely
trajectories for H approach to N9 are shown in Fig. 3. Other
mechanistic aspects currently being refined involve protonation
and/or electronation of N, en route to the oblique arrow
configuration, protonation/electronation of Nr while NdH; is
dissociating, and the coupled formation of H,. Further devel op-
ment will include relevant surrounding protein, which is
essential for the ingress of protons and the egress of NHs.
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Footnotes

T Calculations used non-local blyp functionals and double numerical basis
sets, as implemented in the program DMol (MSI). The accuracy of these
methods has been demonstrated by replication of the experimental
geometries of related clusters such as VFe;Sg(SR)(PR3)4.5 All models have
C, symmetry.

F Numerical superscripts signify coordination numbers.
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