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Mechanistic Significance of the Preparatory Migration of Hydrogen Atoms around
the FeMo-co Active Site of Nitrogenase
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ABSTRACT. The migration of H atoms over S and Fe atoms in the reaction domain of FeMo-co, the active
site of nitrogenase, is described and used to explain mechanistic data on the catalyzed reductions of N
and GH.. After electron transfer to FeMo-co, H atoms are generated by fast proton supply to S3B (atom
labels from structure IM1N) and migrate vectorially via several pathways from S3B to locations on the
FeMo-co face, specifically Fe6, S2B, Fe2, and S2A (calculated reaction profiles are reported)HFhe E
reduction levelsf = 1—4) in the ThorneleyLowe kinetic-mechanistic schemes are each potential
sequences of substructures with different distributions of H atoms. The positions of H atoms influence
the binding of substrates,Nind GH,, and the bound substrate subsequently blocks further migration of

H atoms past the binding site. This model provides a consistent structural interpretation of (a) the two-
site reactivity of GH, and the differentiation of the high- and low-affinity sites as due to different
preparatory H migration; (b) the differing mutual inhibitions of &hd GH. in wild-type protein; (c) the
modified reactivity of theAzotobactewinelandii o-6Y695¢" mutant with N and GH,; and (d) the basis

for the stereoselectivity of hydrogenation ofz and its loss in some mutant proteins. Some structures
for initially bound N, and GH,, and their hydrogenated intermediates, are presented. The key new concept
is that binding sites and binding states for substrates and intermediates are characterized not only by their
locations on the FeMo-co face but also by the structural and temporal status of the distribution of H
atoms over the FeMo-co reaction domain.

Nitrogenase is the enzyme that reduces atmospheric N is no direct evidence for the identity of the central atom
to ammonia, providing the natural source of reduced nitrogen labeled N (15-17), here assumed to be nitrogen; the
for the sustenance of life in the biosphere, according to the consequences of it being carbon, the only other likely

idealized stoichiometry of eq 1. possibility (L8—20), are discussed at the end of this article.
N B FeMo-co contains sixs-S and three:-S ligands. Investiga-
N, +8H" +8e + 16ATP— tions using site-directed mutagenesis have established that

2NH; + H, + 16ADP+ 16R (1) the face of FeMo-co containing atoms Fe2, Fe3, Fe6, and
Fe7 linked by S2A, S2B, S3B, and S5A is the most probable
Two metalloproteins are involved: the Fe-protein couples site of reaction. Significant recent progress has flowed from
ATP hydrolysis with electron transfer to the MoFe protein, jnvestigations of MoFe proteins with alternative residues at
which .Contains the FeMo-cofactor (FeMOl);OIhe site of position a-70 (21—23), perm|tt|ng the trapping and spec-
reduction of N (and other substrates}£9). Although the  troscopic measurement of intermediates containing allyl
biochemical mechanism involving the associations and z1cohol and allylamine4, 25), hydride @6), nitrogen @7),

dissociations of the two component proteins is fairly well 5.4 hydrazine27, 28) and strongly implicating Fe2 and Fe6
understood, the chemical mechanism for the catalyzed sq the catalytic site20, 30).

reduction of N is still largely unknown at the atomic/ L . . .
structural level 7, 10—15). A key mechanistic tenet, evolving from the interpretation
The FeMo-co active site is an°Re;MoSy(homocitrate) of the comprehensive kinetic data of Thorneley and Lowe

cluster (Figure 1), linked to the surrounding protein by a (10, 31—34), is tflat the resting stateoEof FeMo-co is
cysteine residue at Fel and a histidine residue at Mo. Thergreduced in e + H™ steps through a series of hydrogenated
intermediates H;, E;H,, EsHs, and EH,4. In the previous
TThis research is supported by the Australian Partnership for grtlcle 89), | showed that eIeCtron_atlon of FeMo-co causes
Advanced Computing, the University of New South Wales, and the its S atoms to become more basic, and that protons can be
Australian Research Council. introduced along well-defined specific chains of water
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L Abbreviations: FeMo-co, FeMo cofactor of the MoFe protein of Water molecule 679 (Figure 1). This electronation of FeMo-
nitrogenaseAv, Azotobacterinelandii; Kp, Klebsiella pneumonige co plus the protonation of S3B via HOH679 generates an H

Cp, Clostridium pasteurianumpWT, wild type; K, Michaelis constant; atom bound to S3B that can move to other Fe and S atoms
Vmax Maximum rate for MichaelisMenten enzyme kinetics; HOMO,

highest occupied molecular orbital; LUMO, lowest unoccupied mo- of FeMo-co. The FH, levels are described in terms of H
lecular orbital; TS, transition state. atoms bound to the S and Fe atoms of FeMo-co.
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assay of nitrogenase activity. Second, it has the potential to
monitor the cis/trans stereochemistry of addition, and the
hydrogenation of €D, to form cis or trans gH,D, has been

275 Cys reported for wild-type and mutant enzym@&${39). These
stereochemical data about the mechanism of reaction are not
( / provided by N or any other substrates except other alkynes

and cyclopropene2( 8). Third, there is substantial kinetic
data on the mutually inhibitory interactions ofk; and N.
As will become evident, it is significant that,8, requires
only two reduction equivalents, whereas fequires six.

Thorneley and Lowe developed reaction schemes for N
(Scheme 1) 10) and GH, (Scheme 2)40) to account for
the kinetic data. The progression of reduction levels;E
E.H,, EsHs, and EH, of FeMo-co and the possibilities for
hydrogen production, f, — E,—2Hn—» + Hy, are common
to both schemes. Productive involvement of dbes not
occur until the BH; reduction level has been reached
(Scheme 1), but productive involvement ofHG begins at
the EHj; level. (There is evidence thati, binds to resting
state k (41), but this does not lead to the product.) Note
also that the initial binding of Nis believed to involve the
substitution of H (Scheme 1), whereas the binding ofHz
does not. Scheme 1 also accounts for the inhibition of N

. Q . reduction by H and the limiting stoichiometry of one H
homocitrate 442 His released per Nreduced (eq 1) and has been elaborated to
account for another informative reaction of nitrogenase, the
N,-dependent reduction of 3o 2HD (10, 11, 33, 35).

The use of Nand GH; as cosubstrates has led to valuable
data on their mutual interactions. In the wild-type enzyme,
FiGURE 1: Structure of FeMo-co connected to the protein via Nz is a weak competitive inhibitor of £1, reduction, but
a-275%ando-442% (Azotobactewinelandi), with atom labeling  C,H is an effective noncompetitive inhibitor ofMeduction
for the crystal structure 1IM1N. The C atoms of homocitrate are (36, 42, 43). This behavior changes in tie Y695 mutant,
dark green. The location of the key water molecule HOH679 and hich has diminished tivity (but tiall )
the direction of its proton transfer to S3B are marked in orange. whic as diminis e_ : £, activi y ( .u_ .essen 1a y .un
changed Mand H" activity), and the inhibition of Mactivity
by CH, is competitive in contrast to the noncompetitive
Although N is the physiological (and most enigmatic) inhibition of wild-type protein 44, 45). The Av His195°%I
substrate, acetylene is a significant alternative substrate formutant is unable to reduce,Nbut N, is a competitive
a number of reasons. First, it is rapidly reduced by nitroge- inhibitor of C;H, reduction 46), indicating that N is still
nase to ethylene and has long been used for the practicabinding, but unproductively.

Scheme 1: Modified Presentation of the Thornelepwe Scheme to Account for the Kinetics of Nitrogena$€)
H; H2 H,

NH;

e H'

e_H+ /e'H+
D ) Py oy

NH; e H*
aThe formulas of the intermediates that are enclosed signify only composition.
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Scheme 2: ThorneleyLowe Scheme for the Reduction of
Acetylene 40)2

H;

)

H;
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2 The formulas of the intermediates that are enclosed signify only
composition.

A two-site model for the reactions of,8, has developed
from a number of observations. EPR signal intensities for
Kp turning over under variable &, concentration were
interpreted in terms of tight and loose binding sites dth
values differing by ca. 1(47). The kinetic behavior o€p
with C;H, was analyzed in terms of high-affinity and low-
affinity pathways, withK,, values of 0.003 and 0.23 atm,
respectively48). Many kinetic and stereochemical properties
of Av reacting with GD, provide evidence for high- and
low-affinity binding sites 89). Results from modified
proteins also support dual pathways foHz. In Ay G6gser
the high-affinity pathway is disabled but low-affinity reactiv-
ity with C,H;, (Km 0.14 atm) is retained, witNmax and the
inhibition by N, and CO unchanged from the wild-type
behavior, leading to the proposal that the reactivity of the
Glyg9Ser protein is that of the low-affinity site and that the
reaction through the high-affinity site has been blocked in
the mutant44). Indirect evidence for two close reaction sites
for C;H, came from kinetic data on the partial inhibition by
CO in the~9277s mutant @9).

The objective of this article is to develop a structural

Dance

The terms used to describe processes involving H are as
follows: H-supplyis from HOH679 to S3B; the Hhrovision
sites are S3B, Fe6, S2B, Fe2, and S2A, between which H
atoms carmigrateand from which H atoms caadd to the
bound substrate or intermediate.

COMPUTATIONAL METHODS

The FeMo-co model used in the density functional
calculations includes the essential ligation of all atoms:
—SCH; for cysteine275; glycollate-OCH,COO- for ho-
mocitrate; and imidazole f8l;H, for histidine442. The
resting state of the protein corresponds to a charge 2f
for the FeMoSNS(SCHz)(OCH,COO)(GN2H,) model (i.e.,
[Fe;MoN¢|*8"), for reasons already describel8). The same
net charge of-3 occurs when H atoms,Hnolecules, and/
or neutral substrates are bound to FeMo-co at various
mechanistic stages.

Density functional calculations used Delley’'s program
DMol (50—52), which uses double numerical basis sets with
polarization functions ((2005) DMol3, Version MS 3.2,
www.accelrys.com/mstudio/ms_modeling/dmol3.html). The
calculations are all-electron (477 electrons for the unligated
cluster) and spin-unrestricted and use the blyp functional.
Other details of the methods and validation data have been
reported previously30, 35). During geometry optimizations,
the electron configurations were, in general, uncontrolled and
allowed to adopt the orbital occupation and molecular spin
that yield lowest energy. FeMo-co and its ligated forms are
characterized by a relatively small HOM@Q@UMO gap,
which means that alternative electronic states are sometimes
close in energy, and the ground electronic state can change
during an energy minimization. Any such behavior was
carefully monitored, principally via the self-consistent field
calculations.

Two methods were used to determine transition states (TS)
for reaction processes. Where there is no ambiguity about
the electronic state, the quadratic synchronous transit method
was used, automatically optimizing all geometrical variables
in locating the TS. Where control is required to follow the
surface of one electronic state for a reaction profile, |
manually interpolated the geometry and evaluated the energy
and the energy gradient in the determination of the TS. The
general procedure was to observe the initial changes in
geometry and gradient during small-step energy minimiza-
tions from an intermediate geometry and then to use this

mechanistic model for the early stages of the reactions of information to build a new intermediate geometry expected
N, and GH,, that is, a model that accounts for the data t0 be just on the other side of the barrier. Iteration of this
outlined in the preceding introduction, and particularly the cycle eventually finds the lowest energy maximum on the
high- and low-affinity pathways for &1, and the mutually ~ reaction coordinate while optimizing all other variables.
inhibitory reactivity patterns in the wild-type and mutant
enzymes. This model builds on the general description of
the hydrogen chemistry of FeMo-c8%) in which a pro- Migration of H Atoms.As previously described3g), H

ton supply chain terminating in a water molecule 679 atoms are supplied to FeMo-co as protons via water molecule
generates a hydrogen atom on S3B during each reductionrHOH679 to the entry point S3B, where each H atom is first
cycle: EHn — En+iHna. The migration of H atoms from  bound in conformation S3BH-5; the labeling of the confor-
S3B to the other atoms of the reaction zone, namely, Fe6,mations of S3BH is shown in Figure 2. Because it is
S2B, Fe2, and S2A, is a crucial component of the explana- probable, for most if not all substrates, that some of the H
tions. To develop the model, it is necessary to provide someatoms are added to the substrate from atoms on FeMo-co
information about the binding modes of, dnd GH, to other than S3B, it is necessary for H atoms to migrate to
FeMo-co. Density functional calculations are used to obtain these provider sites. In the previous article, | described the
structures and determine reaction barriers. profiles of some of these H migration steps, but because H

RESULTS
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| Ficure 4: Intermediate structures and transition energy (kcal#ol
SoAHS profiles for the migration of H atoms (black) from S3BH-5 to

conformers S3BH-2 and S3BH-3. The red arrows show the direction

2 of migration, which are right to left to mimic the sense of Figure
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Ficure 3: Migratory pathway for H atoms to the relevant atoms
of FeMo-co from the entry point S3BH-5. The black dots represent
local energy minima, and the red arrows are activated migratory

processes. Four intermediates have H bound to S3B, two have H S3BH-3
bound on Fe6, one has H on S2B, two have H on Fe2, and two . exo-Fe6-H N
have H on S2A. FIGURE5: Intermediate structures and transition energy (kcat fol

profiles for the migration of H from S3BH-2 and S3BH-3¢ado

. Lo . : . andexcFe6-H and then to S2BH (all S 0). The red arrows show
migration is believed to be a key part of the mechanism, it the direction of migration. The nonzero (4 kcal m9lsum of

has been investigated further and with improved accuracy. energy differences among the intermediatedoFe6-H,exoFe6-
The exploration for local energy minima for FeMo-co plus H, and S2BH is due to differences in electronic states.

one H atom (i.e., BH,), and the pathways between them,
has yielded the results shown in Figure 3. In this and all transforms with a barrier of 4 kcal mdlto exoFe6-H, and
subsequent figures, the additional ligation of Fel and Mo is then with another barrier of 4 kcal md| the H atom moves
omitted, and the orientation is that of Figure 1. Starting at to S2B. Alternatively, the conformation S3BH-2 can trans-
the H entry position S3BH-5, the black dots represent the form against a barrier of 11 kcal mdlto endeFe6-H, from
intermediate structures, and the red arrows are activatedwhich there is a low barrier of 2 kcal mdlito S2BH. Note
migratory processes. The structures of the intermediates andhat both of these migrations from Fe6-H to S2BH are
the magnitudes of the barriers between them are shown inexergonic. The exergonic (10 kcal mél conversion of
Figures 4-6. endoFe6-H toexaFe6-H has a barrier of ca. 1 kcal mal

A number of isomeric conformations exist for S3BH In the next stage of migration, H moves to Fe2. There are
(Figure 4), with variations in the distances from S3B to its two pathways for H to migrate from the Fe6 domain to the
surrounding Fe atoms, and variable electronic states. In ordef~e2 domain of FeMo-co. One is directly from the endo
for the H atom to move to the Fe6 side of S3B and begin coordination at Fe6 to the endo coordination at Fe2 (Figure
the migration, it must reach S3BH-4, a shallow minimum, 3), involving a very shallow intermediate minimum as the
against a barrier of 17 kcal mdt from S3BH-4 there are  Fe2-H-Fe6 bridge; all barriers in this migration are negligible
negligible barriers for progression to S3BH-2 (in which H (ca. 1 kcal mot?). The alternative is from S2BH to either
bridges S3B and Fe6) or to S3BH-3a with elongated S3B- endc or exaFe2-H, with barriers of 16 and 14 kcal mé|
Fe7. This latter intermediate has a negligible barrier toward respectively (Figure 6). At Fe2, as at Fe6, there is a low
the normal S3BH-3 conformer in which Fe&3B is barrier (3 kcal mot?) for the endergonic (11 kcal md)
elongated. conversion of the endo to exo coordination of H. The barriers

From the S3BH-2 and S3BH-3 conformers, H migrates for further migration to S2AH conformations are shown in
to the endo and exo isomers of Fe6-H (Figure 5). S3BH-3 Figure 6.
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Binding of N to FeMo-co.There is no experimental data
on the structure or dynamics of the binding of td FeMo-
co, but density functional calculations show thatdsn bind
to the central Fe atoms of FeMo-co in a variety of ways.
When bound to only one Fe atom, the coordination can be
eithery?! (end binding) om? (side bonding), and at each Fe
atom, the standard endo and exo coordination positions are
available {, 2). These four coordination modes, when
combined with the various numbers and distributions of H
atoms on FeMo-co, suggest multiple possible structures for
the species #3(N.), EsH(H2)(N), EsH(N2), EsHa(N2), E4H,-
(H2)(Ny), and EH3(Ny) (see Scheme 1) likely to be involved
at the initial binding of N to FeMo-co. Many of these
possibilities are stable to the dissociation of, Hut some
endo-Fe2-H are not. A representative selection of the stable structures,

FiGURE 6: Intermediate structures and transition energy (kcafﬁlol demonstratlng the Vanous geometrles for Coord|nat|onzof N

profiles for the migration of H from S2BH tende andexoFe2-H s 2 2 )
and then to S2AH conformers (all S 0). The red arrows show ag Feg, classified alsndG_Fe-n NZ’ e)FOF.e'" N2, endoFe
the direction of migration. The barrier for the interconversion of #'-N2, andexoFe#*-N, is provided in Figure S1 (Support-

endeFe2-H andexoFe2-H is also shown. ing Information).endeFe+#?-N, coordination is unstable to
dissociation if there are no H atoms on FeMo-co, but
In summary, the consequences of these results for thestructures combiningndeFe+?-N, coordination with 1, 2,
migration of an H atom are (a) the largest barrier (17 kcal 3, or 4 H atoms, or 1Ht+ H, or 2H + H, are stable. An
mol~1) occurs at the beginning, getting around S3B, but then, Fe2-H—Fe6 bridge stabilizes Fg>N, coordination.exo
barriers of<4 kcal mol? occur for the formation of first,  Fe#*N,, endeFe#!-N, andexoFe+*-N, coordination are
the significant S3BH-2 and S3BH-3 conformers, and then, stable in the absence of H atoms on FeMo-co and with
on toexcFe6-H and S2BH; (b) the formation ehdeFe6-H various combinations of H atoms and kholecules. Tetra-
involves a larger barrier of 11 kcal md| via either S3BH-2  hedral, square pyramidal, trigonal bipyramidal, and octahe-
or exoFe6-H; (c) H is stabilized on S2B, and barriers of 14 dral coordination stereochemistries at Fe occur in these
or 16 kcal mot?! occur for migration from S2BH to Fe2-H,  structures. No instance of;Mridging two or more Fe atoms
but the alternative pathway directly froendeFe6-H to has been found to be stable. Full details of these structures

endeFe2-H has almost no barrier; (d) the migration from and their stabilities will be published separately.

endeFe2-H to S2AH-2 involves a barrier of only 4 kcal Fe Fe

mol~%. Note that the migratory pathway from S3B to S2A s 4 > s 4 g

via S3BH-2,endoFe6-H,endeFe2-H, and S2AH-2 has a FI\/\F\/Fé FI\ \%/F{e

maximum barrier of 11 kcal mot. Note also that S2BH is R N

a relatively deep well on these energy surfaces, and all S/endo\N/S/ \s s/ \h{s/ N\

pathways out of S2BH have barriers of-487 kcal mof™. \;e/ I&e Fe/ \Fe/ ,&e\Fe/
The preceding results describe the locations and migrations | /\/ /\\ exo/ [ > P\

. s S S s S S
of a single H atom on FeMo-co. These are structures for \?\Ao/ \?\/Io/
E:Hs, which is therefore conceptualized not as a single entity 1 2
but as a sequence of substructures. Then, when a second H endo-coordination at Fe exo-coordination at Fe

atom is introduced at S3BH, it can also migrate to other
locations, but the barriers will depend on the location of the
first H atom. For example, when the first H atom is already
on S2B, the barrier for the S3BH-2 emdeFe6-H path is 5

kcal mol, instead of the 11 kcal mol shown in Figure 5.

In this way, the BH; level is viewed as a set of substructures
in which the two H atoms may be distributed over the

p_ossible_ sites_, \.Nith. migratory barriers dependent on the to FeMo-co, but protrude differently into Y8 Superimposi-
distribution. Similar ideas apply tosHs and BH.. tion of the undistorted part of the FeMoc-co framework of
These EH, intermediates are dynamic states, not neces- either of these structures onto the corresponding atoms of
sarily at local equilibrium, because the migration rates need the protein, using methods described previous),(reveals
to be considered in the context of other processes that caropverlap of the distal N atom and the side chain oF270
occur on the full protein scale or at FeMo-co. The crucial Subsequent energy minimization of the protein structure
process at FeMo-co is the involvement of the substrate. Two (with ligated FeMo-co rigid) resolves this conflict by
key questions arise at this point: how does the substrate bindmovement of the local helix containing ) indicating that
to FeMo-co, and how does this bound substrate affect thethese are strained arrangements. exo4+Fel§, coordination,
migration of H atoms? In addition, substrate binding is tested for structurexoFe6#'-N,,endeFe6-H,S3BH-5 (Fig-
expected to be influenced by the details of the prehydroge-ure S1d), fits into the surrounding protein making contacts
nation of FeMo-co. The next two sections describe the main with 191" and O1 of homocitrate; these contacts are readily
ways in which N and GH, can bind to FeMo-co. resolved by protein relaxation.

In structures withrendeFe#*-N, coordination, the linear
Fe-N-N sequence is directed approximately normal to the
FeMo-co face, toward the space occupied by residy@.70
Potential interference betweemdoFe4-N, and 702 has
been investigated for structuresndoeFe6#*-N,,exoFe6-
H,excFe2-H (Figure Sic) and its analogeedeFe24#*-
No,exaFe2-HexoFe6-H, which are very similar with respect
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Ficure 7: Possible but unlikely bypass mechanisms for H migration
from S3B to S2B when the substrateHs is bound to Fe6.

Jsubstrate / intermediate

Binding of GH, to FeMo-co.A previous article 80)
modeled the binding of the alkynes propargyl! alcohol and
propargyl amine (H&C—CH,OH/NH,) at Fe2 and Fe6 of

substrate / intermediate

FeMo-co in the 702 protein, in the context of modeling the &

structures of the corresponding alkenes for which there are (04;\“‘

biochemical and spectroscopic da24,(25, 29, 53). It was Q

concluded that? binding occurred at Fe6 in a conformation ‘ H atom supply

intermediate between endo and exo. The possibilities for

IR _ ; ; Ficure 8: General model for the provision of H atoms to substrates
CzH, binding to hydrogenated FeMo-co, consistent Wlth or intermediates bound at Fe2 or Fe6 (oval domains). The squares

Scheme 2, have now bfaen. explored, and rgpresentatlvq.epresem the possible locations of H atoms in the reduced states
structures are presented in Figure S2 (Supporting Informa-g H, of FeMo-co, all H atoms being initially supplied via S3B.
tion). The full results will be presented in an article on the The proximal and distal directions for the addition of H atoms to

mechanism of reduction of #8,, but results relevant to  the substrate at Fe2 or Fe6 are marked.
questions about H migration are summarized here.
endeFe+#?-C,H, coordination can occur with H atoms on
Fe and/or S atoms, and one Fe atom can bind both H in the
exo position and &H, in endo position or H in the endo
position and @H, in the exo position. F&?-C,H, coordina-
tion combined with an Fe2H—Fe6 bridge is favorable. H
atoms on S3B (as S3BH-3) and S2B are well positioned for
addition to GH; coordinated at Fe6. £, can bridge two
or three Fe atoms, with or without the hydrogenation of Fe.
With this background about the geometrical possibilities
for bound substrates Nand GHz, | now return to the
question of whether bound substrates affect the migration
of the H atoms needed for substrate hydrogenation.
Bound Substrates Interfere with H MigratioBubstrates

Structures with substrate and H bound to the same Fe atom
may be significant in processes transferring H to substrate,
but do not facilitate the passage of the H atom around the
substrate. Indeed, the fundamental premise for the mechanism
of the catalyzed reduction of substrates at FeMo-co is that
substrates are bound at Fe, and the contiguous S atoms gather
H atoms that are to be transferred to the substrate. The
objective is to add H atoms to the substrate, not pass them
around it. The conclusion is that the migration of H atoms
past bound substrates is neither possible nor relevant.

General Model for the Hydrogenation of SubstratEse
outcome of the foregoing considerations is the general model
bound at Fe6 or Fe2 generally lie in the path of migrating H (r); d'jg:(;esgtgshgl pgcssé%eoi%n;?énjefoiggs al-s| stzgrseén ;23
atoms (Figure 3), and most of the structures for substrates nen e dep d ’

the oval domains are the locations of bound substrate or

bound at Fe2 or Fe6 would obviously block H migration . . . X o L
past these sites. However, because an H atom and asubstra{%termed'ate' Proximal and distal dlrect_|ons for the provision
molecule can be bound to the same Fe atom, a bypasso _H atoms to add t_o_s_ubstrate are_deflned. These directions
mechanism for H migration is a possibility. Structures with anse because the initial H sgpply is only from S3B,_and H
exon?-substrate anéndeH on the same Fe atom could be atoms are assumed notto migrate bgtween the proximal and
expected to be the intermediate in H migration between thedIStaI providers once the substrate is bound. .

S atoms on either side of Fe, as illustrated in Figure 7a, and ! the substrate requires only two H atoms for reduction
similarly, structures wittenden-substrate andxoH onthe ~ (€:9- GHo), then it is possible for these to be provided,
same Fe might be expected to have an H bypass mechanismg€duentially, from the proximal providers alone. This would
(Figure 7b). However, attempts to profile these pathways Provide a mechanism for the major occurrence (96% in wild
with density functional calculations revealed large barriers YP€) of cis addition of H atoms to #,. For the physi-
and distortions, in part due to elongated FeGistructures ~ °logical substrate  six H atoms are to be added, and it
with both H and a substrate bound to Fe. Also, at the S€eéms very unlikely that they would all be added by
beginning of migration, the S3BH-3 reactant has elongated S€dquential supply from the proximal side without the use of
Fe6-S3B, and therefore, Fe6 is undercoordinated so that Providers on the distal side of bound Bir its intermedi-
FeMo-co distorts in a way that is not favorable to H-atom ates.

transfer, and the substrate impedes the transfer path. Further, The key concept is that H atoms to be added from the

if the long Fe-N (3.16 A) in the optimized structure ehdo distal side need to be positioned prior to substrate binding,
Fe6-GH,,exoFe6-H (Figure S2a) is shortened in an attempt Whereas H atoms can be continuously supplied from the
to improve the geometry for H migration via teeoFe6-H proximal side.

position (Figure 7b), energy minimization leads instead to  These concepts aid the understanding of the different
the addition of H to GH,. reduction levels BH, for initial productive binding of GH,
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(at EEHy) and N> (at EsH3). My proposal is that although N

is able to bind to FeMo-co at levels less reduced thgttE
three H atoms need to be distally pre-positioned on FeMo-
co prior to N, binding if there is to be full transfer of H
atoms to N and to the NH, and NH, intermediates leading

to product NH.

Two-Site Model for the Hydrogenation obKL. At an
increased concentration of;id,, nitrogenase from species
Cp (48) andKp (47) exhibits enhanced product formation,
consistent with the reaction at two sites, labeled high affinity
and low affinity. At pH 7.4,Av nitrogenase has diminished
production at high concentration of,, (i.e., substrate
inhibition) (48), but at pH 8.2, the reactivity changes to
enhanced production and two-site reactiv@)(as observed
for Cp andKp. | propose that Fe6 is the high-affinity site,
and Fe2 is the low-affinity site, and that the different Fcure9: Optimized structure with &1, molecules bound at both
experimental kinetic characteristics of these two sites are notFe2 and Fe6, suggested as an intermediate when reaction is
due to fundamental differences in their binding ofz but occurring at both the high-affinity (Fe6) and low-affinity (Fe2) sites.
to differences in the preparatory location of H atoms on 56721’\{\ 2.12 A; Fe6-N 2.07 A; Fe2-S2A 3.75 A; and Fe6-S38B
FeMo-co. ' '

Results showing that the differences between the coordina- The key concept is that Fe2 and Fe6 are approximately

tion of CéHZ ?:t. it ggd ;\t Fe6 _arelrcfelativel_y mil’ll:)OI‘. aref equivalent when considered relative to the pseudo reflection
presented in Figure S3 (Supporting Information). Pairs of 1an6 through the three centralS atoms of FeMo-co but

i 2 2
strucdtyre§ with (3nd(7Fe§l47b-C2H2 gr er;ldeEeGZ -CoH, hedre distinctly different when considered in the context of the
coordination, and related by pseudo reflection between they o o rial migration of H atoms from S3B.

Fe2 and Fe6 ends of FeMo-co, are seen to have similar AN . ins. H bindi
structures and similar reaction profiles for the association/ n |mporta_nt_que_st|on remains. Fiow can binding Q.f_@
at the low-affinity site Fe2 be inhibitory to the reduction of

dissociation of GH,. These results are consistent with the : .
previously described small differentiation of the Fel and Mo .CZHZ at Fe6 in thetv protein at PH 7 but be c.omplementary
in the Kp andCp proteins, and in théw protein at pH 8.2?

ends of FeMo-co35). The differences occur mainly in the Althouah a detailed ) ided. | beli
long nonbonding Fe-Adistances and in the relatively large though a detalled response Is not yet provided, | believe
the explanation lies in the variations ink; binding around

association barriers for 8, when FeMo-co carries no H the ende-exo arc of coordination positions at Fe2 and/or
atoms (i.e., the glevel). Singly and doubly hydrogenated o
( E ) gy y yerog Fe6. The actual position of bound,K; depends on the

FeMo-co’s have diminished barriers for the association of

ik ; ; Lo distribution of H atoms. Although near endo coordination
C:H,, which is consistent with binding at the and . . S
Ezij levels (Scheme 2). i, g By of C;H, at both Fe2 and Fe6 is obviously inhibitory because

My proposal is that the reduction of,8, at Fe2 differs of steric clash, energy-minimized structures such as that in

from that at Fe6 because the preparatory migrations of H Figure 9 show how different reactions pould occur concur-
atoms require different and additional steps. The hydrogena—rently at both Fe2 anq Fe6 gnd exp_laln the two-site data.
tion of CH, bound at Fe6 requires H atoms supplied from The pH dependence is consistent with the modification of
S3B and/or S2B,Fe6, whereas the hydrogenation f,C the relevant array of H atoms.
bound at Fe2 requires H atoms supplied from S2B and/or Mutually Inhibitory Reactions of Nand GH in the Wild-
S2A,Fe2 (Figure 8). Additional migration is required to Type Enzymelhe observation to be structurally interpreted
prepare the H atoms required for the reduction gishbound IS that in the wild-type enzyme Ns a weak competitive
at Fe2, and the kinetic and/or thermodynamic penalty due inhibitor of GH, reduction, whereas 8, is a strong
to this impairs the reactivity parameters for the Fe2 (low- noncompetitive inhibitor of the reduction obNt is proposed
affinity) site. The kinetic data indicate that the difference that the initial binding of N occurs at Fe6, probably with
between the high- and low-affinity sites forld; reaction n? coordination, forming intermediate structures such as those
is in Ky, The present model accounts for these data becausdllustrated in Figure S1. Initial binding of Nat Fe2 is
prepara‘[ory H migration prior to substrate binding, whether pOStUlated to be kinetica”y less favorable than at Fe6, for
under kinetic or equilibrium control, will decrease the reasons of the H preparation penalty similar to those
effective concentration of the active site and increase the Presented in the previous section fojHz, and because N
apparent value oK. Fe6 is the smalK,, site, and Fe2 is  binding is weaker than £1, binding (from association/
the largeK, site. dissociation profiles; not shown), the use of Fe2 for the initial
Along with the additional preparatory H migration steps binding of N, is regarded as insignificant, although Fe2 is
required for reaction at Fe2, there are differences in the likely to be involved with Fe6 in bHy intermediates (see
character of the preparatory structures because proximal Hoelow). Therefore, the competition between &hd GH;
provision for Fe6-GH, involves S3B f3-S), whereas  occurs at Fe6.
proximal H provision for Fe2-@, involves S2B (-S), and The strong noncompetitive inhibition ofNeduction by
the H migration profiles above show that the-S-H and C;H, occurs because 8, is relatively strongly bound at
u-S-H atoms are likely to be available at different chemical Fe6 and blocks the continued migration of H atoms to
potentials. generate the distal provision sites included in thelfand
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E4H, levels required for the hydrogenation of.N'he bound
C,H; also consumes two adjacent H atoms as it is reduced.
Increase in the concentration o Mill cause some of the
C,H; to be displaced by Nat Fe6, but this will continue to
block preparatory H migration. Thus, the competingi$
unable to reverse the blockage of H migration around Fe6
caused by ¢H, or to restore the preparatory hydrogenation
required for the reduction of N This accounts for the
noncompetitive character of the inhibition of, By CH..
This interpretation of noncompetitive inhibition involves one
binding site rather than the conventional two binding sites
and is similar to previous suggestions of two reduction levels
at one site 13, 14, 49, 54); the new factor here is preparatory
H migration, which when blocked, inhibits productive
reaction.

The opposite mutual inhibition, that is, weak competitive
inhibition of CH, reduction by N, has the standard
interpretation in which both substrates compete for the same
Fe6 site, and an increase in the concentration ¢fi,C 65 Ala
displaces the inhibitory N H migration is not part of the
interpretation of this inhibition.

Reactions of the®¥69%¢" Protein. The mutation ofAv (b)
residuea-69 from glycine to serine severely thwarts the o
Ficure 10: Optimized model for the structure of tleCv69Ser

redulctlon Of. GHa, V.Vh'Ch IS reta|.ned only W'th the l(.)W modification of the MoFe protein (derived from structure IM1N).
affinity kinetics of wild-type protein. The reduction of;N\ (a) Helix from 65 to 70, the hydrogen bond fromS890H to the
unchanged. &, still inhibits the reduction of N but with carbonyl of 632, and the hydrogen bonds that linkS890H to
competitive kinetics in contrast to the noncompetitive pattern the carboxyl O2 of homocitrate (C atoms, dark green) via water

id- i molecule 34, which is also hydrogen bonded to water 185.

of wild-type protein. . . The 6% side chain is enclosed in black, and the relevant

The structure of the MoFe protein with theVegser Fe2,Fe3,Fe6,Fe7 face of FeMo-co is enclosed in red. (b) Simplified

modification is not known, but | have modeled it using force- view directly toward the Fe2,Fe3,Fe6,Fe7 face, showing how the
field methods as previously describeD). A good confor- 70v@ side chain is slightly closer to Fe2, whereas thé6§ide

mation for the CHOH side chain involves hydrogen bonds ¢Nain is nearest to Fe6.

with the carbonyl of 682 and water 34, which is further . . . .
hydrogen bonded to the O2 of homocitrate and to water 185, petitively at Feb, bl.OCk the H migration past Fe6 as required
as detailed in Figure 10. The effects of the protein modifica- for the hydrogenation of {1, at Fe2.
tion are closest to Fe6 and not near Fe2 or the other Fe atoms. The essence of this argument is that the modified sur-
From this, | conclude that the changed reactivities of this rounding protein blocks H transfer to Fe6+G but not to
modified protein occur at Fe6 and that they are mainly Fe6-N. | believe this occurs because the putative first
sterically imposed even though the distance between the OHintermediate in the hydrogenation of bouneHg projects
group and Fe6 is 7 A. more into the space toward %han do the early intermedi-
For thea-69°*protein, | postulate that (a),8,is able to ~ ates in the hydrogenation of:NThis is supported by my
bind to Fe6 but that H transfer to Fe6+ is not possible;  calculations of likely structures for early intermediates. Figure
(b) CH. retains its normal binding and less efficient 11 shows the calculated structure of a probable first
reduction at Fe2; and (c) normal binding of &t Fe6 occurs ~ intermediate Fey-C;H; after the transfer of H from S3B
followed by normal hydrogenation. The inhibition of the N in comparison with four calculated structures for the
reaction by GH, is caused by reversible 8, binding to  intermediates in the hydrogenation of. Nhe#*C,Hs group
Fe6 with which N can compete. The significant point and has moved around Fe6 toward the exo position in order that
difference with wild-type behavior is thatB, bound at Fe6 the second H atom can be transferred from S3B to the second
does not consume any of the surrounding H atoms, which C atom, and in so doing, the Giéf 7>-C;Hs is protruding
are therefore available for the competing feaction. The  toward 69¢ The hydrogenation of bound:Ns believed to
noncompetitive inhibition of A hydrogenation by g, in be geometrically different, with the N atoms occupying
the wild type occurs becauseM; consumes surrounding locations near and between Fe6 and Fe2, as in the possibili-
H atoms that are therefore not available tg N 695 this ties shown in Figure 11b. | propose that because six transfers
consumption of H atoms is blocked. Implicit in this of H atoms to N atoms are required for the full reduction of
interpretation is noninterference by $9in the other Nz, both N atoms need to be kept close to the H provision
processes involved, namely, H entry and migration, ingresssites (S3B, Fe6, S2B, Fe2, and S2A) and that Fe2 and Fe6
of C;H,, and electron transfer. It is reported4] that Viax are both involved in the coordination of the intermediates
for CoH, reduction in 69¢is close to that of the wild-type  that remain close to the reaction face. This is fundamentally
enzyme, which is consistent with the proposed unchangeddifferent from the reduction of £i,, which requires only
reactivity at Fe2. The competitive inhibition by, f C,H, two H atoms that can be provided to it while it;$ bound
reduction 44) occurs because MNand GH», binding com- to only Fe6 and extending away from the reaction face.
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binds a substrate (or inhibitor), or releases a product that
the timelines for protein events and FeMo-co events need
to synchronize. Scheme 3 is a generalized representation of
my concept of the timelines for protein events (above the
timeline) and FeMo-co events (below the timeline). Once
an electron is transferred to FeMo-co, it is assumed that
proton supply is relatively fast and that the migration of the
H atom generated on S3B occurs on a time scale similar to
that of the rate-determining dissociation of the Fe protein.
Therefore, each JH, state develops as a migratory sequence
of substructures, until it is interrupted by protein events that
introduce another electron, allow the release gfdt allow

the binding of substrate. After substrate binding, the relatively
slow transfers of H atoms to the substrate can occur until
the next electron injection. Substrate binding andefease,
both influence the migratory pathways after the next electron
injection.

These concepts are qualitative and speculative at this stage.
As specific models for H migration, substrate binding, H
transfer to substrate, and dissociation of the product are
developed and reaction barriers are calculated, it will be
interesting to convert these barriers to rate constants (with
assumptions), compare them with the Thornelegwe rate
constants, and test them in simulations of the Thorneley
Lowe kinetic data.

(b) Stereoseleate Hydrogenation of &,. The hydrogenation
Fiure 11: Calculated structures for possible intermediates in the Of C2D2 by the wild-type enzyme is stereoselective, yielding
hydrogenation of (a) &4, and (b) N. The H atoms bound to the ~ 96% cis-C;D,H, under normal assay condition3¢( 39).
intermediates are cyan, and the H atoms bound to FeMo-co areWith increased p@l, (> 0.1 atm), where thédv MoFe
black. protein shows evidence of substrate inhibition (see above),
, ) , the proportion otis-C,D,H, decreases to ca. 85%9). The

Residuea-191 is also located in the space exo to Fe6, Hisqggsin mutant protein hydrogenatest® with the same
and an increase in the size of the side chain from glutamine jetic parameters as that of the wild typ#s) and yields
to lysine modifies reactivity. ThE"191%° mutant is unable 9904, cis-C,D,H. (37). The ®¥695¢ mutant, which hydroge-
to reduce M (55), and theKy, for C;H; reduction is increased  nates GH, only by the low-affinity pathway, yields 95%
by a factor of about 703(7). This is consistent with retention cis-C,D,H, (39). Stereoselectivity decreases to 676
of C;H, reactivity only at Fe2. The effect ofin191vs C2D;H, in theHis195%sn protein, but this mutant has strongly
mutation is similar to but more drastic than that'it69° diminished activity 88) and EPR intensity46), which raises
and the structural interpretations are similar. uncertainty about the significance of the loss of stereo-

Kinetics of H Migration.What is required for the rates  selectivity.
and the timing of the H migration steps? This questionisto  The proposed mechanism in which two H atoms are
be considered in the context of the well-established Thor- sequentially transferred from the proximal supply side (S3B-
neley-Lowe description of the sequences of events that H) to C,H, coordinated around the endexo arc at Fe6
generate and use thgHk intermediates. Each cycle (the Fe readily accounts for the normal cis hydrogenation. Trans
protein cycle) of reduction of FeMo-co within the MoFe hydrogenation can occur if one H atom is added from the
protein, from EHn to EyaHniy, involves a sequence of three  distal side (S2B-H) and one from the proximal side (S3B-
processes: (1) the association of the reduced Fe proteinH). |n the 195" protein, the hydrogen bond from residue
2MgATP, and the MoFe protein; (2) the hydrolysis of 195 to S2B maintains the correct relative orientation and
MgATP and the transfer of one electron from the Fe protein separation of FeMo-co and the surrounding protd#) but
to the MoFe protein; and (3) the dissociation of the reduced is not part of the H atom transfer. These mechanisms for cis
MoFe protein and the oxidized Fe protein. This final and trans hydrogenation retain two-F@ bonds until the
dissociation of the proteins is rate-determining when all c,D,H, is formed, after which there is dissociation of
reactants are at saturating concentrations. A key feature ofproduct. An alternative mechanism involves the severance
the Thorneley-Lowe simulations is that the association of of one Fe-C bond after the first H atom transfer to yield a
the Fe protein with the MoFe protein prevents the release of 5-vinyl intermediate,3, which my calculations show to
Ha, and it is concluded that the MoFe protein can bind undergo exergonic twisting about the-C bond (Fe-C—
substrates and release products only when it is uncomplexedc—H changes from ca. 90 to ca®)p which can result in
by the Fe proteini0, 11, 31). loss of stereochemical selectivity because the twisting can

H migration steps and H transfers to substrate, occurring occur in either direction prior to the addition of the second
at the surface of FeMo-co, can be expected to proceed largelyH atom. Another mechanism involves+ as the supplier
independent of the Fe protein cycle. Therefore, | suggest thatof H, rather than SH. This also leads to intermediag
it is only at the points where FeMo-co receives an electron, and loss of stereochemical selectivity. Calculations also
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Scheme 3: Comparative Timelines for Events Involving the Proteins (above the timeline) and FeMo-co (below the &imeline)
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a Along the timeline, the synchronization of protein events and Femo-co events occurs where there is electron transfer to FeMo-co (broken line)
and where His released and/or substrates are bound (rectangular box) when the MoFe protein is not complexed with the Fe protgiaHEach E
generated from fH, is potentially a series of substructures forming in a sequence that could be interrupted at specific times by the dissociation of
H; or the binding of substrate.

indicate that Fe-H supply can go further and generate Fe6 and Fe2 and increased occupancy of the Fe6 site, the

intermediates with CHCHor CH,CHs; o-bonded to Fe,
leading to the production of £ls, which is found to be

preceding mechanism (2) for cis addition at Fe2 is thwarted,
and structures such as that in Figure 9 or structures with

associated with decreased stereoselectivity in some mutante2-H allow for trans addition, increasing the overall

enzymes 37, 39).

In relation to H atom migration, my structural interpreta-
tions of the reactivity and stereoselectivity data are as follows.
(1) The normal wild type and 185 reactions involve two
proximal H atom transfers from S3B-H told, coordinated
at Fe6. Prior to the coordination of.|&, at Fe6, there is
migration of one H atom to S2B; this S2B-H is uninvolved
and is the H atom present in thgHg intermediate after
dissociation of product ethylene (Scheme 2). A small
proportion of H atom transfers occur from S2B-H rather than
from S3B-H, resulting in the<4% formation oftrans
C,D,Hz. (2) The 69¢ reactions involve sequential H atom
transfers from S2B-H to £, coordinated at Fe2 to yield
the predominantly cis product with a small proportion of H
transfer from S2A-H or Fe2-H, generating the trans product.

proportion of trans product, as observed. These ideas are
being tested by calculations of the relevant reaction profiles.

DISCUSSION

Until recently, the catalyzed reductions effected by nitro-
genase have been conceived and discussed in terms of
electron transfer to the substrate, which is bound to FeMo-
co, followed by protonation of the substrate from nearby
proton donors. In the previous article | argued that these
nearby residues, particularty-195% and a-96*9, function
as important hydrogen bonding sites but are unlikely to
provide a continuing supply of protons. The continuing
proton supply is to S3B, allowing electrons transferred to
FeMo-co to be converted to H atoms on S3B, from which
these H atoms can migrate to other Fe/S atoms on the active
face of FeMo-co. Substrate reduction occurs by transfers of
these H atoms to substrates and intermediates bound at
FeMo-co; thus, substrate reduction is a process of hydroge-
nation, rather than sequential electronation and protonation.

The required preparatory H migration is substrate-depend-
ent. In the present article, | have focused on these H

This requires that one H atom migrates past Fe6 betweenmigration steps, in relation to substrate binding sites,

the events in which unproductive binding ofH; at Fe6
and productive binding of Nat Fe6 occur, and this
impediment contributes to the low reactivity ofKL in this
mutant. (3) At high pGH,, where there is binding at both

describing the structures and dynamics of H migration and
some stereochemical consequences. This has enabled the
development of a mechanistic framework that provides a
consistent structural interpretation of many experimental data.
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| first summarize the relevant elements of this structural- in Figure 9 can explain the observed additive reactivity at
mechanistic model for nitrogenase. high pGH,, whereas morendeFe-GH, binding at Fe2 and

(1) After electron transfer to FeMo-co, H atoms are Fe6 can explain the observed substrate inhibition at high
generated by fast proton supply to S3B and migrate via pC;H..
several pathways from S3B to locations on the FeMo-co face, (b) The competitive inhibition of g, reduction by N
specifically Fe6, S2B, Fe2, and S2A. After the initial in wild type occurs because both substrates compete for the
movement of H around S3B, the activation energies for H same Fe6 site.
migration are estimated to be of the order®5 kcal mot* (c) The strong noncompetitive inhibition of;Meduction
and no more than 11 kcal mdlfor a complete pathway to by CH, in wild type involves only the Fe6 site .8, bound
S2A. S2B-H is a deeper local energy well, amdFe-H is at Fe6 blocks the additional H migration required for the
favored overendeFe-H. 6H hydrogenation of i and consumes 2H in its own

(2) Each of the EH, levels of the ThorneleyLowe reduction. N, which displaces &H,, still blocks the required
mechanism is potentially a sequence of substructures withH migration and cannot restore lost H and, therefore, is non
different distributions of the H atoms, developing at FeMo- competitive with the inhibition by &H,.
co during and independent of the dissociation of the (d) The inability of the®¥69% mutant to reduce £, by
Fe-protein from the MoFe protein in the Fe-protein cycle. the low K, pathway, while retaining the higk,, pathway

(3) N2 and GH; initially bind at Fe6, whereas £, can and the ability to reduce Nas in the wild-type protein, is
bind also at Fe2;? coordination near the endo position at explained by a structural model for the mutant protein that
Fe is most likely. The coordination of¥ind GH, can occur constricts the reaction space nearest to Fe6. The intermediate
with or without H atoms bound to the S and Fe atoms of the C,H3; extends away from Fe6 toward the modified protein,
FeMo-co face, that is, at theFE;H1, ExH,, and BH; levels, whereas MHy intermediates remain close to Fe6 and Fe2;
but not all of these are productive or relevant. The dynamics therefore, GH, hydrogenation is sterically blocked, whereas
of the coordination of Bland GH; at Fe6 or Fe2 depend on the hydrogenation of Nis not. The reduction of &, at
the number and distribution of bound H atoms, providing a Fe2, the highK,, reaction, is not affected by th@y69%r
mechanism for selection of the actual binding level and modification, which is distant from Fe2.
geometry. (e) The competitive inhibition by £, of N2 reduction in

(4) The reduction of substrates is by transfer of H atoms the©¥69%¢ mutant, contrasting the noncompetitive inhibition
located at the provision sites, of which S3BH-2, S3BH-3, in wild-type protein, occurs becauseHtf bound at Fe6 in
S2BH, S2AH-2, and S2AH-3 are expected to be favorable, the mutant is unable to consume H atoms that are therefore
with endeFe-H andexaFe-H, and Fe2-H-Feb6 also possible. available to N when it displaces &1, at Fe6.

(5) The coordination of substrates and intermediates at Fe6 (f) The competitive inhibition by Nof C,H, reduction in
or Fe2 blocks the vectorial H migration past these sites. the 695" mutant occurs because, Mnd GH,, binding
Proximal and distal directions for H addition to substrates competitively at Fe6, block the H migration past Fe6 as
and intermediates are created. After substrate binding, furtherrequired for the hydrogenation of,8, bound at Fe2.
H atoms for addition to the substrate and its hydrogenated (g) The diminished reactivity of th€"191%s mutant, that
intermediates can be provided only from the proximal is, only the highK, reduction of GH, and no reduction of
direction. The proximal H source for Fe6 isu@-S atom Ny, is believed to be due to the steric blocking of all
(S3B), whereas the proximal source for Fe248 (S2B). hydrogenation steps near Fe6 and the retention of ositis C

(6) The locations of the H atoms influence substrate hydrogenation at Fe2.
binding, and substrate binding influences H atom migration.  (h) Specific H provision sites qualitatively account for the

(7) Although coordination at Fe2 is only marginally stereoselective hydrogenation oftG in the wild type and
different from the coordination at Fe6, Fe2 is less reactive some mutants and the partial loss of stereoselectivity in other
as a catalytic site than is Fe6 because of the additionalmutants.
preparatory H migration steps required. This comprehensive model for the reactions efiCand

(8) The cis addition to gH, involves two proximal S-H Ny is in part qualitative. The next phase of these investiga-
atoms; trans addition tos8, involves one proximal and one tions includes the calculation of reaction profiles for the
distal S-H atom or may involve Fe-H atoms. possible steps involving the binding of substrates with various

(9) Because six H to N transfers are required for the full H atom distributions, the steps for H transfer to substrates
reduction of N, both N atoms need to be kept near the H and intermediates, and the dissociation of product. These
provision sites. IntermediatesM involved in the reduction  calculations, in progress, should point to the more probable
of N, are bound close to Fe6 and Fe2, unlike the intermedi- specific mechanisms. In addition, there are many kinetic and
ates in the reduction of ££1,, which are bound to one orthe spectroscopic data available on the effects of the strong
other of the two Fe atoms and can extend further from the inhibitor CO to be included in the full model.

reaction face. Kastner and Blochl have reported calculated mechanisms
This model provides a consistent structural interpretation for the reduction of N and GH, (56—58). The Kastner
of many experimental data, summarized as follows. Blochl mechanism is fundamentally different from my model

(a) The two sites at which 48, reacts in wild-type proteins  because it involves severance of:ag)—Fe bond whem-S
are Fe6, the high-affinity lovK, site of the literature, and is hydrogenated, after which the dangling Fe-SH group
Fe2, the low affinity highk,, site, and the differentiation of  moves well away. These authors propose that the substrate
these sites is essentially due to the different preparatory Hbinds between the Fe atom with dangling Fe-SH and the Fe
migration required for the reaction at each site. The atom that has logt-S. The possibility of endo coordination
simultaneous binding of £1, at both Fe2 and Fe6 as shown of substrates and intermediates, with the retention of the Fe
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(u-S)—Fe or the Fe-(u-SH)—Fe bridge, is not mentioned

in the articles of Kastner and Blochl. They use NHs the
artificial proton donor in most steps instead of H atom
transfer from adjacent Fe,S atoms. Apart from these chemical
differences, | believe that it will be difficult to reconcile the
Kastner-Blochl mechanism within the spatial and hydrogen
bonding requirements of the surrounding protein.

Finally, | return to the issue of the unproven identity of
the central atom and the possibility that it may be carbon
rather than nitrogen (the possibility of oxygen is discounted
by all theoretical calculations). It is more difficult to
chemically rationalize the biosynthesis of FeMo-co if the
central atom is carbon rather than nitrogen. | have repeated
a number of my calculations of hydrogenated and ligated 5q
FeMo-co with C replacing N (total electron count un-
changed) and found that the results are only marginally
different. | expect that the general results and implications
of this article will be unchanged, should the central atom be
directly identified as carbon.

22.

SUPPORTING INFORMATION AVAILABLE

A selection of optimized structures containing dbor-
dinated to Fe6 of FeMo-co, selected optimized structures for
C.H; bound to FeMo-co, and comparisons of the geometrical
structures and dissociation/association profilesifoC,H,
bound at Fe2 and Fe6. This material is available free of
charge via the Internet at http:/pubs.acs.org. Cartesian
coordinates for all structures and transition states are available
from the author.
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