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Abstract: How does the enzyme nitrogenase reduce the
inert molecule N, to NH; under ambient conditions that
are so different from the energy-expensive conditions of
the best industrial practices? This review focuses on
recent theoretical investigations of the catalytic site, the
iron-molybdenum cofactor FeMo-co, and the way in
which it is hydrogenated by protons and electrons and
then binds N,. Density functional calculations provide re-
action profiles and activation energies for possible mecha-

nistic steps. This establishes a conceptual framework and
the principles for the coordination chemistry of FeMo-co
that are essential to the chemical mechanism of catalysis.
The model advanced herein explains relevant experimen-
tal data.

Keywords: allosterism - coordination chemistry - density
functional calculations - nitrogen fixation - reaction mech-
anisms

1. Introduction

Dinitrogen (N,) is a very unreactive molecule, yet all of life
on earth ultimately depends on the N,—NH; stage of the
global nitrogen cycle. Approximately half of the total fixa-
tion of atmospheric dinitrogen occurs biologically, as effect-
ed by nitrogenase enzymes in bacteria that are symbiotic
mainly with leguminous plants. The remainder takes place
in the production of industrial fertilizers with the Haber—
Bosch technology.!! There is a stark contrast between the
conditions of enzymatic fixation—subatmospheric pressure
and ambient temperature—and the high temperatures and
pressures of the Haber-Bosch process, which uses more
than 1% of human energy consumption.!'l Apart from eco-
nomic and environmental considerations in the nitrogenase
versus Haber—Bosch dichotomy,"? there is also a funda-
mental chemical curiosity: how does nitrogenase reduce N,
under such mild conditions?

Much is known about the structure of the enzyme pro-
teins and the biochemical mechanism.’®*! There are two
metalloproteins, the MoFe protein and the Fe protein.
Figure 1 shows half of the pseudodimeric MoFe protein
docked with the Fe protein. The iron-molybdenum cofactor
(FeMo-co), at which catalysis occurs, and the P cluster,
which mediates electron transfer, are inside the MoFe pro-
tein. The Fe protein contains two ATP/ADP molecules and
one Fe,S, cluster, which are also involved in electron trans-
fer. The key biochemical cycle (known as the Fe protein
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cycle) involves three processes: 1) association of the reduced
Fe protein (including two MgATP complexes) and the
MokFe protein, 2) hydrolysis of MgATP, which enables trans-
fer of one electron to the MoFe protein (via Fe,S, and the
P cluster), and 3) dissociation of the two protein molecules,
exchange of ATP back into the Fe protein, and re-reduction
of the Fe protein.

This biochemical cycle delivers electrons to the P cluster
(which undergoes some structural changes that involve the
surrounding protein'”) and then (by an enigmatic path-
way!) to FeMo-co. At this point, the questions about chem-
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Figure 1. The principal components of nitrogenase (Azotobacter vinelan-
dii). The two chains of the Fe protein are in yellow and red; two of the
four chains of the pseudodimeric MoFe protein are in blue and green.
Taken from the crystal structure (Protein Database 1N2C) of the docked

proteins stabilized with AIF,” in place of PO~
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ical catalysis arise. How do the substrate N, and the protons
reach FeMo-co? How does N, bind to FeMo-co? What is
the sequence of multiple steps in which electrons and pro-
tons are progressively added to N,, and via what intermedi-
ates, until NH; is formed? How does NH; leave? Over the
decades of experimental research into these questions, there
have been three main areas of progress. In the 1980s, Thor-
neley and Lowe made detailed kinetic measurements of ni-
trogenase activity, from which they developed a mechanistic
scheme that involves a sequence of reduced (hydrogenated)
levels of FeMo-co denoted E;H,, E,H,, E;H;, E,H,, and
concluded that productive involvement of N, occurs at the
E;H; and E,H, levels." In 1992, the unexpected and unpre-
cedented structure of FeMo-co was revealed,'” with further
refinement in 2002.1"") Recent investigations of the effects of
modification of surrounding residues revealed the location
of catalytic activity on the surface of FeMo-co.™¥

As shown in Figure 2, FeMo-co is an Fe;MoS, metal-sul-
fide cluster that contains a small central atom of unproven
elemental identity, but most probably nitrogen (N° in Fig-
ure 2a).°"® This cluster is akin to a fused pair of cubes.
There are three p-S (double) bridges around the central belt
and six us-S (triple) bridges at the ends. The Fel end is ligat-
ed by cysteine-275,) whereas the Mo atom at the other end
is ligated by histidine-442 and chelated by the hydroxy and
carboxy donors of a homocitrate cofactor ((R)-2-hydroxy-
1,2,4-butanetricarboxylic acid), which is essential for activi-
ty.?" In this resting state, Mo is six-coordinate, and each of
the Fe atoms is four-coordinate. The side chains of two
amino acids, histidine-195 and arginine-96, form hydrogen
bonds with u-S atoms S2B and SSA, respectively, in the rest-
ing state (Figure 2b), and modification of His195 in particu-
lar affects nitrogenase activity. The side chain of glutamine-
191, in the same a-helix as His195, hydrogen-bonds to a
dangling carboxylate of homocitrate and is also sensitive to
mutation-induced reactivity changes. Modification of resi-
due 70 was most informative: if the alkane side chain is in-
creased in size (valine to isoleucine), reactivity with N, or
the alternative substrate C,H, is diminished, whereas if the
side-chain volume is decreased (valine to alanine), nitroge-
nase is able to reduce the larger substrates propargyl alcohol
(CH,=CHCH,OH) and hydrazine.”’®! Modification of
Gly69 was also informative.?™ The conclusion from the full
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(a)

His442

homocitrate

Figure 2. a) Detailed structure and atom labels for resting-state FeMo-co
(crystal structure 1IMIN), linked to the MoFe protein via Cys275 and
His442 and with homocitrate (C atoms in dark green) chelating Mo. The
elemental identity of the central atom N° is unproven. b) Influential resi-
dues surrounding FeMo-co. Hydrogen bonds are shown striped. The side
chain of Val70 is located directly over Fe2 and Fe6.

results of these experiments is that N, and C,H, bind to one
or both of the Fe atoms closest to these side chains, that is,
to Fe2 and/or Fe6.¥

All the evidence indicates that the face of FeMo-co is
constituted by the atoms Fe2, S2B, Fe6, S3B, Fe7, and S5A;
Fe3 and S2A make up the reactive catalytic site.*2-27-2%]

Further experimental progress in revealing aspects of the
nitrogenase mechanism was confounded by several funda-
mental difficulties, apart from the general complexity of the
reactions and the sensitivity of the proteins to oxygen. One
impediment is the lack of an ESR signal during turnover of
the wild-type enzyme, and the consequent inability to ob-
serve intermediates during turnover directly. A second is the
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fact that N, does not bind in the resting state of the enzyme.
A third is the unavoidability of the proton as an alternative
substrate (reduction to H,), and therefore difficulty in inter-
rupting normal turnover to characterize intermediates. A
review in 2000 opened with the statement “Rationality not-
withstanding, anyone studying nitrogenase should be ex-
cused for occasionally wondering whether a Faustian bar-
gain might be required to establish the mechanism of dini-
trogen by this enzyme.”® Since then, the progress that has
been made in the detection of intermediates has involved
mutant proteins and freeze-quenching.?2>3-2

2. Theory
2.1. Role of Theory

When experimental investigations into chemical mechanisms
become difficult and frustrating, the importance of theoreti-
cal methods is enhanced. The conventional role of theory is
in postexperimental interpretation, but in problems such as
the nitrogenase mechanism, theoretical methods can make
primary contributions. In particular, it is possible to use den-
sity functional theory (DFT) to calculate with good accuracy
the electronic structure and energy of FeMo-co, which then
permits simulation of the reactivity of the catalytic site and
its reactants, intermediates, and products. This investigative
methodology and its advantages are outlined below.

The calculations focus on the potential-energy surfaces
(i.e., geometry—energy relationships) for the most-stable
electronic and spin states of postulated species. The goal is
to identify favorable reaction intermediates and reaction
pathways and to characterize the individual steps of possible
reaction sequences from reactant to product. This is possible
because the DFT methodology described below, which
relies on powerful computers, is sufficiently efficient to
permit investigation of hundreds of species and reaction
steps that involve FeMo-co with bound small molecules.

2.2. Procedures for Theoretical Investigation

The engine of this research is DFT calculation of molecular
electronic structure and energy, which includes calculation
of the gradient of the energy—geometry surface and optimi-
zation of geometrical structure by minimization of energy.
These calculations require selection of the functional in the
Hamiltonian that relates energy to electron density and se-
lection of the basis set of atomic orbitals. I used the standard
BLYP functional and numerical basis sets in my calculations.
The principal advantage of numerical basis sets over more-
conventional analytical basis sets such as Gaussian functions
is their markedly increased computational speed without
loss of accuracy.”**! All my calculations were performed
with the DMol3 program.?*3

It is essential that the accuracy of this methodology be as-
sessed; this was done with reference to relevant experimen-
tal data on FeMo-co, related metal-sulfide clusters, and co-
ordination complexes that contain N,, H, and H li-
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gands.”**! The validation calculations involve both geomet-
ric and reaction-energy data. This DMol DFT methodology
yields bonding that is very slightly weaker than the true
value, with bond-length discrepancies of less than 0.05 A.

As expected for a sulfide cluster that contains eight transi-
tion metals, the electronic structure of FeMo-co is complex,
and there are about 20 molecular orbitals within 1 eV of the
highest-occupied (HOMO) and lowest-unoccupied (LUMO)
molecular orbitals: the HOMO-LUMO gap is usually about
0.4 eV. Alternative electronic and spin states of FeMo-co
are sometimes close in energy to the ground state and,

therefore, need to be monitored _CH,
and controlled during calculation of T
reaction profiles. These alternative Fe
electronic and spin states have dif- - é \S
. . . . AN /
ferent distributions of electronic | \\/

. . Fe Fe Fe
spin  density on the metal N N
atoms.*0* s NE S

The model used to -calculate \Fe/ }:e Fe/
FeMo-co is 1, in which His442 is ]/\/ A\
truncated to imidazole, Cys275 is S\S‘ S
truncated to SCH;, and homocitrate O/ I\/\’I\lo\ o 1
is truncated to glycolate H\C Hc? //CH
(“OCH,COO"); this retains the L\ CH
native coordination of all the metal o

atoms. My calculations were all-

electron (i.e., no simplification of core orbitals), spin-unre-
stricted, and had no imposed symmetry. The resting molecu-
lar-oxidation state was defined by the net charge of —3 for
1, as previously established./*!

When investigating reaction mechanisms, it is important
to know the relative energies of the intermediates and tran-
sition states (TSs). Conventional methods for computing a
TS have some difficulties when applied to FeMo-co and its
derivatives, owing to its complex electronic and vibrational
structure. Therefore, I developed a simple and reliable
method to locate the lowest-energy saddle point with zero
gradient between reactant and product, based on small-step
small-range energy minimizations of structures that cycle
iteratively from one side of the barrier to the other.*¥l This
iterative cycle automatically optimizes all other geometrical
variables and, with diminishing excursions along the reac-
tion coordinate, converges the gradient to zero. Care was
taken to ensure that the reactant, transition, and product
states lie on one electronic surface by calculating the com-
plete profile from reactant to TS to product.

The strategy is to explore all conceivable structures with
substrates and intermediates bound to FeMo-co, thus devel-
oping an appreciation of the geometry—energy surfaces for
potentially relevant species and an understanding of the
general principles of the coordination chemistry of FeMo-
co. With this information, reaction steps are postulated and
their energy profiles calculated. Then, with cognizance of all
pertinent experimental data, the most-probable reaction se-
quences and intermediates are developed and assessed.

Clearly, computational modeling of the metalloenzyme
mechanism should include the surrounding protein. Com-
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plete DFT calculation is impractical, and various approxi-
mate treatments can be used.! I tested a continuum solva-
tion approximation (COSMO), in which the charge distribu-
tion of ligated FeMo-co polarizes a virtual surrounding di-
electric medium and generates electrostatic energies, which
are included in the calculation. For the systems tested, it
was estimated that the errors incurred by neglect of the
electronic influences of the surrounding protein were less
than 0.05A in geometry;*

hence, most calculations ignor-

1. Dance

N¢ in the coordination position labeled exo (Scheme 1).
This exo ligation can occur with only a small extension (typi-
cally to 2.2 A) of the Fe—N°® bond, which leads to regular
trigonal-bipyramidal coordination at Fe (Scheme 1a); alter-
natively, exo ligation can cause marked outwards displace-
ment of Fe to break the Fe—N° bond and elongate it to
about 3 A, such that Fe has a regular tetrahedral coordina-
tion (Scheme 1b). For some exo ligands, the short and long

ed the surrounding protein. tigonal- Seys ?cys square- Scys
Although this is reasonable for bipyramidal Fe terahedral Fe pyramidal Fe  Fe
broad explorations of plausible \ \ oxo s? é \S 7 é \S
mechanisms, calculations that exo / F\ \Fe//\F\/F é | \F\/F /
specifically include the chemi- / P / / /f/ /f:\ /f .
cal behavior of the surround- N S S NS g €90 “\e's S
ing protein will eventually be \ / \¢ e \Fe/ 'l;i\Fe/ \Fe/ };:\Fe/
needed for promotable mecha- /\ / \ X 7 IX 2
) : s” s s7 87 s
nisms. I previously reported \\ / ~ ~
calculations that assess the /M ~o /Mo\ /l\‘llo\
) o . o, o N._ 0 0. N0
geometric compatibility of li- X NP X ) X ™
- J 7 J
gated FeMo-co models with N HN HN— O
: s [28,39,44]
the surrounding protein. (@) ©) ©
Four other research groups octahedral Fe
reported DFT investigations of _ trigonal- S s
bipyramidal Fe [~ exo. S LS
the full FeMo-co structure. LY NV
Two of these (Ngrskov and L/ fe\
Blochl and their co-workers) s N° g~ endo e

used a different calculational
setup, with infinite repetition
of the chemical molecular
model that was sufficiently
separated to simulate isolated
molecules, and with plane-wave basis sets and frozen core
orbitals.***”! Blochl and co-workers used molecular dynam-
ics to optimize the geometries, with additional constraints to
determine transition states.*” Lovell and co-workers calcu-
lated individual FeMo-co molecules, with the surrounding
protein taken into account, and focused on the physical
properties of FeMo-co rather than its reactions.””! Cao et al.
used 1 as model of FeMo-co, as well as DMol methodology,
and focused on Mo as the reactive site.[**]

3. Coordination Chemistry
3.1. Coordination Chemistry of FeMo-co

The calculated partial charges on FeMo-co and its deriva-
tives generally range from +0.25 to 4+0.4 on the Fe atoms,
+0.8 on Mo, —0.3 to —0.6 on S, and —0.3 to —0.4 on N¢, and
I regard FeMo-co accordingly as being maintained by polar
covalent bonding. In general, FeMo-co has some plasticity,
and from the small energy changes associated with variation
of metal-metal distances it is evident that metal-metal
bonding is weak. Each of the six central Fe atoms of resting-
state FeMo-co has approximate trigonal-pyramidal coordi-
nation (S;FeN°). Additional ligation can occur frans to Fe—

940
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Scheme 1. Coordination possibilities of FeMo-co. Each can occur at any of the six central Fe atoms.

Fe—N¢ isomers both occupy local energy minima with similar
energies. There is another coordination position around
each of the central Fe atoms, labeled endo (Scheme 1c). For
this to occur, the doubly bridging S atom bound to Fe needs
to fold back a little so that the S—Fe—S angles change from
approximately trigonal to approximately orthogonal, and
the endo ligand L completes the approximately square pyra-
midal LS;Fe—N°¢ coordination (Scheme 1c).

The distinction between the exo and endo coordination
positions at Fe involves only angular changes, and there is
an arc of coordination positions between the exo and endo
extremes. If the ligand L is partway along this arc, there is
approximately trigonal-bipyramidal coordination at Fe
(Scheme 1d). However, this is uncommon: L usually occu-
pies the exo or endo positions. It is also possible for two li-
gands to coordinate Fe at the exo and endo positions, thus
yielding octahedral coordination (Scheme 1e).

All the coordination possibilities illustrated in Scheme 1
are involved in the intermediates in the calculated mecha-
nisms of N, reduction. The central Fe atoms clearly can
have variable coordination number (4, 5, 6) and flexible co-
ordination stereochemistry, which are the attributes required
for catalytic metal centers.

Chem. Asian J. 2007, 2, 936 -946
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3.2. Coordinative Allosterism: Role of the Central Atom

An interesting and significant property of FeMo-co arises
from the elongation and weakening of the Fe—N° bond. It
was observed in many calculations that whereas one Fe—N°
bond can elongate substantially to about 3 A and be effec-
tively nonexistent, the severance of two Fe—N° bonds does
not occur. Let us consider Fe2 and Fe6 (the two most-likely
participants in catalysis): when one is about 3 A from N,
the length of the other Fe—N° bond was found to be con-
strained to less than 2.5 A. The lengths/strengths of the two
Fe—N° bonds are thus correlated. This correlation between
the positions of two Fe atoms is not caused by the S atom
that bridges them, but is due to N°. If the central atom is re-
moved, the (u-S);Fe, region of ligated FeMo-co can undergo
extreme distortion: it is clear that one role of the multiply
bridging central atom is to control the flexibility of FeMo-
co, which cannot be done by the doubly bridging S atoms.
Another role of the central atom is to transmit bonding ef-
fects between Fe atoms.

The explanation involves the bonding capacities of Fe and
N¢. Six-coordinate N° in unligated FeMo-co is abnormal and
overbonded, and therefore can readily sever a bond to Fe
provided that there is sufficient energy compensation in the
other bonds to Fe. However, severance of both Fe2—N° and
Fe6—N° leaves N° under- and irregularly coordinated, and is
therefore resisted. The strength of the L—Fe bond inversely
affects that of the trans Fe—N° bond, and as L could be N,,
H,, H, HN(NH), H,N(NH,), or NH; (as well as inhibitors
such as CO) in the catalytic mechanism, considerable varia-
tion in both L—Fe and Fe—N° bond strengths is to be expect-
ed and is found in the calculations. These effects are trans-
mitted through N° between Fe atoms. In the sequence L,—
Fe2—N°—Fe6—Lg (Scheme 2), the nature and strength of the
L,—Fe2 bond affect those of the Fe6—Lj bond, and vice ver-
sa. In this way, allosteric relationships develop between
these coordination sites.

By analogy with the general occurrence of allosterism in
enzymes and proteins (e.g., hemoglobin®"), this phenomen-
on in FeMo-co is named coordinative allosterism.*” The
effect is illustrated in Scheme 2 for exo coordination of Fe,
but endo and/or exo coordination of Fe are observed to par-
ticipate in allosteric relationships that can be pronounced or
quite subtle.

4. Hydrogen Supply

The reduction of one N, molecule requires six H* ions and
six electrons, and in nitrogenase is invariably accompanied
by further electronation (incorporation of an electron) of
H* to generate H,. A fundamental issue is the supply of
electrons and protons to FeMo-co and then N, during its re-
duction. The pathway for electron transfer from the P clus-
ter to FeMo-co is unknown and has received little specula-
tive comment. For the proton supply, it is sometimes as-
sumed that the required protons will be transferred to elec-
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Scheme 2. The concept of coordinative allosterism, in which the L,—Fe2
and Lz—Fe6 bonds mutually influence each other via N°. L, and Ly can
be the substrates, intermediates, inhibitors, and products of the catalytic
cycle.

tronated N, on FeMo-co from the surrounding amino acids
or water molecules. However, examination of the protein
crystal structures showed that the protein surrounding the
likely catalytic sites on the reactive face of FeMo-co is both
hydrophobic and anhydrous. The side chains of His195 and
Arg96 (hydrogen-bonded to S2B and SSA, respectively, in
the resting-state protein; Figure 2b) may appear to be suita-
ble proton donors, but there is no evident pathway for
proton replenishment to these side chains, and it is difficult
to see how they could be cycled to provide sufficient pro-
tons. A more-likely role for these hydrogen bonds is modu-
lation of FeMo-co behavior.*!

There are two water molecules in the vicinity of FeMo-co.
One, HOH208, is located 5.3 A from S2A, 4.1 A from Fe3,
and 3.4 A from S5A, and is hydrogen-bonded in a closed set
of water molecules. The second water molecule of interest is
HOH679, which is located 4.0 A from S3B, and is the termi-
nus of two extended water hydrogen-bonding networks,”!
one of which is shown in part in Figure 3. The chain of 15
water molecules that culminates in HOH679 also involves
hydrogen bonds to three of the O atoms of homocitrate,
which is consistent with the strict requirement for homo-
citrate in nitrogenase.”” The mechanistic importance of
HOHG679 is emphasized by its conserved occurrence and lo-
cation in all the high-resolution crystal structures.’] It was
proposed that the chain of water molecules shown in
Figure 3 is the one that repetitively shuttles protons to S3B
during catalysis. A detailed hypothesis was provided®™! for
the carriage of protons from HOHS50 to HOH679 and on to
S3B by using adjoining amino acids and three O atoms of
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His519D
Leu521D

Val522D

Figure 3. The putative proton-supply chain, culminating in water mole-
cule 679. The proximity of HOH679 to S3B (black and grey stripes), OS5
of homocitrate, and the carbonyl O of His442 is emphasized by the black
circle. Water molecules are in orange, other atoms involved in the chain
are in red (O) and blue (N), homocitrate O atoms are labeled in red, hy-
drogen bonds are shown striped. The residues labeled D are in the o
chain of the MoFe protein.

homocitrate as proton buffers. Other authors also recog-
nized this putative proton-supply chain.>"->?]

It was calculated that electron transfer to FeMo-co con-
centrates increased negative charge on its S atoms, thus in-
creasing their basicity. Therefore, an electron transferred
onto FeMo-co will promote transfer of H* from HOH679
to S3B (S3B moves towards HOH679 during this process).
From S3B, an H atom can migrate to other Fe and S atoms
of FeMo-co, and possibly transfer to bound substrate mole-
cules and intermediates, thus allowing S3B to receive a sub-
sequent proton. Scheme 3 outlines the processes proposed
to generate the reducing H atoms (which have partial charg-
es between +0.1 and —0.1) on FeMo-co.

There are numerous ways in which one or more H atoms
can be bound to FeMo-co, including S—H, endo- and exo-

H atoms on FeMo-co,
as S—-H, Fe-H, Fe-H-Fe, S-H-Fe
electron transfer to

Hmigration[@
. FeMo-co
T
|1| HOHB79

.

proton-

supply
shuttle

instigated by

Scheme 3. Pathway for repeated hydrogenation of FeMo-co.
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Fe—H, endo- and exo-Fe—H,, and Fe—H—Fe and S—H-Fe
bridges. These, as well as the calculated reaction profiles for
the movement of H atoms between S and Fe, for the genera-
tion of Fe—H,, for the association and dissociation of Fe—H,
at various hydrogenation levels, and for H/H, exchange,
have been reported.”>¥! This detailed description of the hy-
drogen chemistry of FeMo-co connects significantly with the
earlier Thorneley—-Lowe mechanistic schemes and the EH,,
E,H,, E;H;, and E H, reduced states of FeMo-co. The DFT
calculations have now mapped the structural possibilities for
these E,H, species.

5. Structural Mechanistic Model

At this point, a structural mechanistic model was developed
for the catalytic hydrogenation reactivity at FeMo-co:*

1) After electron transfer to FeMo-co, H atoms are generat-
ed by fast proton supply to S3B, which then migrate
through several pathways to various locations on the
FeMo-co face (Figure 4a). The activation energies for H
migration were calculated to be 5-15 kcalmol .

2) Each of the E,H, levels of the Thorneley-Lowe mecha-
nism is potentially a sequence of substructures with dif-
ferent distributions of the H atoms, which develop at
FeMo-co during and independent of the cycle of associa-
tion/dissociation of the MoFe and Fe proteins (the Fe
protein cycle).

3) Substrates, particularly N, and C,H, (C,H, is not a natu-
ral substrate, but is experimentally and mechanistically
significant), can bind at Fe6 and Fe2. Details of the dy-
namics of the coordination of N, and C,H, depend on
the number and distribution of H atoms on FeMo-co,

o1y,

‘~substrate Il intermediate

W Prg

3 - e
o
« B
@® H atom binding site @ ﬁ
Wiy, H migration step
(a) (b)

Figure 4. a) Relevant H-atom binding sites and migration pathways on
FeMo-co. The different configurations of S3B—H and S2A—H are la-
beled, as are the endo and exo positions at Fe6 and Fe2. b) Generalized
model for the provision of H atoms to substrates or intermediates bound
to Fe2 or Fe6 (blue ovals). The squares represent the possible locations
of H atoms in the reduced states of FeMo-co. The proximal and distal di-
rections for the addition of H atoms to substrates/intermediates are
marked.

H atom supply
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and this provides the conceptual framework for the ob-
servation that N, is productively bound only at the E;H;
and E,H, levels, whereas C,H, is productively bound at
the EH, and E,H, levels.'"-*¥

4) The reduction of the substrates and their intermediates
on the path to the products occurs by transfer of H
atoms from the S and Fe atoms of FeMo-co.

5) The migration of H atoms is unidirectional, or vectorial,
because there is only one source, S3B—H. The coordina-
tion of substrates and intermediates at Fe6 or Fe2 blocks
the migration of H atoms past these sites. Therefore,
proximal and distal directions for H addition to sub-
strates/intermediates are created (Figure 4b). At the
stage of substrate binding, there can be pre-positioned H
atoms in either or both of the proximal and distal posi-
tions, but additional H atoms required for transfer to the
intermediates can only be provided from the proximal
direction. This is significant for the reduction of N,,
which requires six H atoms.

6) There is a general synergy in which the location of H
atoms influences the dynamics of substrate binding, and
substrate binding influences H-atom migration.

This general structural mechanistic model was developed
further to provide a unified explanation for much of the ex-
perimental data, which include a) the two-site reactivity of
C,H, and the differentiation of the high- and low-affinity
sites (due to different preparatory H migration), b) the dif-
fering mutual inhibitions of N, and C,H, in wild-type pro-
teins, c) the modified reactivity of the a-Gly69—a-Ser69
mutant with N, and C,H,, and d) the stereoselective hydro-
genation of C,D, and its loss in some mutant proteins
(Scheme 4).5

6. Binding of N, to FeMo-co

The question of how N, binds to FeMo-co is fundamental.
In the absence of sufficiently relevant or informative experi-
mental data (N, binding to FeMo-co appears to have been
detected® 3! but not characterized), there have been several
calculations. N, can bond to the Fe atoms of FeMo-co with
n' (end-on) or n? (side-on) geometries and in the exo or
endo positions. The degree and type of hydrogenation of
FeMo-co (with H atoms and possibly an H, molecule) influ-
ence the details of N, binding. The most comprehensive in-
vestigation described 94 different structures (as local energy
minima) with varying degrees of hydrogenation and N,
bound to either Fe6 or Fe2.[* The stabilities of 57 of these
structures were assessed by calculation of the reaction pro-
files and activation energies for the association and dissocia-
tion of N,. Barriers to association of N, are dependent
mainly on the locations of hydrogenation and N, coordina-
tion, whereas dissociation barriers are related primarily to
whether N, is '- or n’-coordinated, and secondarily on the
location of hydrogenation. No energy minima were found
for N, molecules bridging two, three, or four of the atoms of
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Scheme 4. Mechanism proposed for stereospecific hydrogenation of C,D,
at Fe6.

the Fe2—Fe3—Fe6—Fe7 face of FeMo-co. Some examples of
structures with N, bound to hydrogenated FeMo-co are
shown in Figure 5, together with their profiles for associa-
tion and dissociation of N,.

Hinemann and Ngrskov suggested the exo-n' coordination
of N, at Fe, with three H atoms on the three p-S atoms, as
the most-stable structure with bound N,.[! The calculations
of Kistner, Blochl, and co-workers led them to two struc-
tures (Scheme 5) in which the Fe7—S5A—Fe3 bridge is
broken and replaced by terminal Fe3—SH: N, first binds in
an n' fashion to Fe7, then bridges between Fe7 and
Fe3.1247:53 These structures are less consistent with the gen-
eral coordination chemistry of metal-sulfide clusters,’ in
which (;-S)—M bonds are more-readily disrupted than (p-
S)—M bonds. Structure 1-4H-a in Figure 5 is an example of
typical FeMo-co behavior, with an elongated Fe6—S3B bond
when S3B is hydrogenated. There are difficulties in translo-
cating the coordination at Fe3 and Fe7 shown in Scheme 5
to Fe2 and Fe6 (the most-probable reaction sites) due to in-
terference with the surrounding protein.[*!

What then can be concluded about how N, binds to
FeMo-co? The many possibilities alluded to above were fur-
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respectively, and the activation energies (kcalmol ') are marked. Structure identifiers are those of the original

paper.l !
N s
Fe Fe
T S/‘ \S
i S\/S H IS Sy
[ AN v | A >ehs
Fe2 Fe Fe3—S /Fe2\ 79 \
H*S/ \Ncé H-S NS !

N SO N

Fe6 Fe_Fe7—N-N Fe6 Fe_Fe7
~ /
I/\/S/\\S Sl/\s/\\s
e S
o105 T N

\ Hc” //CH HC”
e i H G I
HN-\\CH HN-\\CH
o) (¢]

Scheme 5. The structures proposed by Késtner, Blochl, and co-workers
for N, bound to doubly hydrogenated FeMo-co.

ther evaluated in terms of their interactions with the sur-
rounding protein and their compatibility with the experi-
mental reactivity data from key mutant proteins, which led
to the suggestion that endo-n'-N, coordination at Fe6 is
most-probable.*) However, any conclusion is tempered by
the requirement that the energy barrier for the next step,
the transfer of H to bound N,, be surmountable, and that
there be feasible subsequent steps in the mechanism.
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1. Dance

7. Mechanisms for
- Conversion of N, into
NH;

-

8.8 The stage for the molecular
dance in which N, becomes
NH; is now set, with knowl-
edge of the structures of
FeMo-co and the surrounding
protein. The prospective mo-
lecular dancers are known:
they are the hydrogenated
forms of FeMo-co and the spe-
cies with bound N,. Now we
can explore the choreography
of this molecular dance,’”! and
calculations of the profiles for
these mechanistic steps are in
progress. It appears that mech-
anisms that involve H transfer
to endo-'-bound N, have
higher activation barriers than
those that involve H transfer
to endo-n*-N,. The key objec-
tive at this time is to determine
the most-favorable overall
combination of steps for prehydrogenation of FeMo-co,
binding of N,, sequential H transfer to bound N,, breaking
of the N—N bond, all the way to the formation and dissocia-
tion of NH;. In tests so far, there is no significant difference
between reaction profiles for N° or C° as the central atom of
FeMo-co, and it appears that the unproven identity of the
central atom is not an important issue in the elucidation of
the mechanism.

Kaéstner and Blochl very recently described a mechanism
for the conversion of N, into NHj, starting from the struc-
tures in Scheme 5 and operating at Fe3 and Fe7 with a sev-
ered Fe7-S5A bond and terminal Fe7-SH coordination.”!
They assumed that protons are supplied by the surrounding
residues modeled with NH,* as a nonspecific proton source.

2-2H(Hy)-a

on

8. Understanding the FeMo-co Mechanism

Recent experimental results from Seefeldt, Dean, Hoffman,
and co-workers!'"**!] have been invaluable for locating the
site of catalytic chemical action on the face of FeMo-co. Ex-
perimental characterization of intermediates in the mecha-
nism, though, is more difficult: instead of the previously
mentioned Faustian bargain, it may be more appropriate in
this journal to contemplate Brajendra Nath Seal and his
epic poem “Quest Eternal”."® In the meantime, DFT calcu-
lations are advancing specific hypotheses for the key mecha-
nistic intermediates and steps, and are developing a unified
conceptual framework for understanding and refining the
mechanism. The principal tenets of this framework are:
a) the reduction of substrates by direct hydrogenation,
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which involves transfer of H atoms from atoms bound to the
same face of FeMo-co, rather than directly from the sur-
rounding residues to the substrate; b)the ability of the
proton chain terminating at HOH679 to generate H atoms
on S3B (probably synchronous with electronation of FeMo-
co); c) the vectorial migration of H atoms from S3B to Feo6,
S2B, Fe2, and S2A; d) the blockage of H transfer by bound
substrates and intermediates, thus causing a differentiation
of proximal (replenishable) and distal (nonreplenishable) H-
atom transfers to substrates and intermediates; e) substrate
binding influenced and controlled by the degree and loca-
tion of prior hydrogenation of FeMo-co.

The justification for this conceptual framework is that it
enables the explanation of much of the biochemical data on
the reactivity of N, and C,H, with wild-type and modified
nitrogenase.” Furthermore, tenets a), b), c), and e) provide
the basis for assigning structures to the E,H, intermediate
states of the Thorneley-Lowe kinetic schemes.

9. Interpreting FeMo-co

The picture that is developing from these DFT calculations
also suggests rationalization of the structure and function of
FeMo-co and its components, as well as of the surrounding
protein. I offer these interpretations: 1) the central Fe atoms
(particularly Fe6 and Fe2), with trigonal-pyramidal coordi-
nation in the resting state, each provide one or two adapta-
ble coordination sites for the reactants and intermediates;
2) the six-coordinate Mo atom provides a crucial anchoring
role, connecting with the surrounding protein (via His442),
linking homocitrate (which maintains the proton supply
chain) with S3B as the H entry point, and orientating these
features in relation to Fe6 as a principal coordination site;
3) the central atom (either N° or C°) prevents extreme dis-
tortion of FeMo-co and connects the Fe atoms where coor-
dinative reaction occurs, thus transmitting coordinative in-
formation between them and enabling coordinative alloster-
ism; 4) the full structure of FeMo-co, as two cubanoid M,S;
entities linked by four atoms ((u-S);+N°), is required to
provide geometrical integrity for the reactive N°Fe,(u-S),(ps-
S), face, which would otherwise be mechanically unstable;
5) the protein surrounding the Fe6 and Fe2 catalytic sites is
hydrophobic, which is consistent with both the character of
the incoming physiological substrate N, and the control of
the hydrogenation reactions from the catalytic site rather
than the surrounding amino acids; 6) the homocitrate ligand
fosters the water pool in the NH; product exit domain;
7) amino acid His195, which is able to hydrogen-bond with
S2B or S2B—H, has a role in connecting and regulating the
hydrogenation state of FeMo-co with movements of sur-
rounding protein.
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10. Conclusions

DFT calculations are making good progress in the under-
standing of the chemistry of the natural fixation of dinitro-
gen and the properties of the catalytic site.
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