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ABSTRACT. Biological nitrogen reduction is catalyzed by a complex two-component metalloenzyme called
nitrogenase. For the Mo-dependent enzyme, the site of substrate reduction is provided by a [7Fe-9S-Mo-
X-homaocitrate] metallocluster, where X is proposed to be an N atom. Recent progress with organometallic
model compounds, theoretical calculations, and biochemical, kinetic, and biophysical studies on nitrogenase
has led to the formulation of two opposing models of whes@Nalternative substrates might bind during
catalysis. One model involves substrate binding to the Mo atom, whereas the other model involves the
participation of one or more Fe atoms located in the central region of the metallocluster. Recently gathered
evidence that has provided the basis for both models is summarized, and a perspective on future research
in resolving this fundamental mechanistic question is presented.

Conversion of N to NHz (“nitrogen fixation”) is an ated by the composition of their respective active site
essential step in the global nitrogen cycle, and this reaction metalloclusters. Among these is the Mo-dependent nitroge-
is necessary to sustain life on eartl). (Biological nitrogen nase, which is the most extensively studi2d3) and is the
fixation is the process by which a major portion of the topic of this perspective.
metabolically accessible nitrogen enters the biosphere, and Mo-dependent nitrogenases require the participation of two
enzymes responsible for this activity are designated nitro- separately purified protein partners designated the Fe ptotein
genases. Nitrogenases are found exclusively in microbes,(or nitrogenase reductase) and the MoFe protein (or dini-
where three major families have been identified. These trogenase) (Figure 1), which under ideal conditions catalyze
families are mechanistically related; however, their catalytic the reaction
components are genetically distinct, and they are differenti-
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A Fe Protein MoFe Protein has been significantly advanced by various high-resolution
structures of the Fe proteid,(17), the MoFe protein’, 10,

18), and the Fe proteinMoFe protein complex §, 9).
Nevertheless, one of the most important aspects of nitroge-
nase catalysis, exactly where and how substrates are bound
to the FeMo cofactor during catalysis, has remained enig-
matic.

Ideally, what is needed to fully understand how N
interacts with the nitrogenase active site is to hageoN
some partially reduced form of Nrapped at the active site
FeMo cofactor at a sufficient concentration and in a state
that is amenable to structural or biophysical examination.
However, several complicating features of nitrogenase have
denied the successful application of this approach. For
example, the resting state of the MoFe protein does not bind
N,. Rather, the MoFe protein is only able to bind dhder
“turnover” conditions that require the Fe protein, an electron
donor, and MgATP, and binding only occurs after three or
more electrons have accumulated within the MoFe protein
(19). Consequently, all efforts to characterize- Idr inter-
mediate-bound states have utilized freeze or chemical
guenching of nitrogenase during turnover. A general problem
with this approach has been the relatively low concentration
of trapped states that can be achieved because of the many

[4Fe-48]

[8Fe-7S]

P-Cluster - possible states that are in equilibrium. Thus, formulation of
FeMo-cofactor substrate binding models has relied on a combination of
Ficure 1: Nitrogenase Fe protein and ong unit of the MoFe indirect approaches, including (1) examination of the interac-

protein. (A) The Fe protein (light blue) is shown docked to one- tion of alternative substrates and inhibitors with the FeMo
half (o8 unit) of the MoFe protein A-subunit in purple and  cofactor using kinetic and spectroscopic methods, (2) ex-
a-subunit in green) with the location of the bound MgATP noted 5mination of the effect on catalytic activity elicited by amino

(PDB entry 1G21). (B) The flow of electrons from the Fe protein . N e .-
[4Fe-4S] cluster to the MoFe protein [8Fe-7S] cluster (or P-cluster) &Cid substitution or by modification of the composition of

and to the FeMo cofactor is shown with approximate edge-to-edge theé FeMo cofactor, (3) development of theoretical models
distances. Atom colors are as follows: Fe in green, S in yellow, based on the structure of the FeMo cofactor, and (4) synthesis

Mo in purple, O inred, C in gray, and X in blue (PDB entry 1M1N).  and reactivity of FeMo cofactor model compounds. These
This figure was generated using the computer programs D'Scoveryapproaches have led to the development of two different
Viewer Pro 5.0 (Accelrys Inc.) and POV-Ray. h N . .
views of substrate binding and the catalytic mechanism of
) ) . . nitrogenase: one involving the direct participation of Mo
bound Fe protein docks with the MoFe protein, which and R)-homocitrate and the other involving binding at a
triggers MgATP hydrolysis in a reaction coupled to one- [4Fe-4S] face of the FeMo cofactor.
electron transfer and subsequent dissociation of the two
component proteinss( 6). Because multiple electrons are General Features of the FeMo Cofactor
required for substrate reduction, this situation demands
multiple rounds of Fe proteinMoFe protein association and The structure of the nitrogenase active site, FeMo cofactor,
dissociation during catalysis, and that MoFe protein must was resolved by the solution of the X-ray structure of the
be able to sustain a number of levels of reduction. The MoFe MoFe protein fromAzotobactewinelandii by the Rees group
protein is a heterotetramer{3;), with each o unit in 1992 Q0). Subsequent X-ray structures of MoFe proteins,
functioning as a catalytic unit and containing two novel including structures of MoFe proteins from other organisms
metalloclusters involved in electron transfer and substrate (18, 21), have confirmed the general structural features
binding (Figure 1) 7). One of these is an [8Fe-7S] cluster, (Figure 2A). The cluster is composed of two metalilfur
termed the P-cluster, which is located near @b unit substructures, [Mo-3Fe-3S] and [4Fe-3S], which are bridged
pseudosymmetric interface that provides the Fe protein by three u,-S*~ ligands. R)-Homocitrate is an organic
docking surface§&, 9). The P-cluster initially receives the constituent that provides two O ligands to the Mo. Recently,
electron delivered from the Fe protein, which is subsequently a high-resolution X-ray structure (1.16 A) of the MoFe
transferred to the other metallocluster, called FeMo cofactor protein has identified an atoni@), most probably nonex-
[7Fe-9S-Mo-X-homocitrate], where X is proposed to be an changeable N1(1—-14), at the center of the FeMo cofactor.

N atom (L0—14). A variety of complementary genetid¢ ) Important aspects of the structure that are relevant to
and biochemical studie4 ) have established that the FeMo formulation of substrate binding models include (1) six-
cofactor provides the substrate binding/reduction site. coordinate Mo, with three ligands provided by thpeeS*~

Fundamental aspects of the nitrogenase mechanism havéons from one cuboidal unit, two ligands from O atoms of
been examined in recent years, including how MgATP (R)-homocitrate, and an N ligand from the MoFe protain (
binding and hydrolysis are coupled to intercomponent 4427%); (2) six Fe atoms in the central portion of the FeMo
electron transferq, 6). The ability to address these issues cofactor, arranged as a trigonal prism, and each four-
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A ? been measured directly, but has been estimated to be more
a4 negative than-465 mV 29). While the MR state is known
q to be more reduced than theM\tate, it almost certainly
R-Homocitrate

does not represent a single oxidation state of the FeMo
cofactor. There is ample kinetic evidence that from one to
seven electrons perf dimer can accumulate in the MoFe
protein depending on the substrate that is present (termed
Eo, E;, etc., in the Thorneley and Lowe cycle)9j. While
it is not clear how many of these electrons accumulate on
the FeMo cofactor versus the P-cluster at any particular stage
kb o-442¢s of catalysis, it seems reasonable to conclude that multiple
® electrons accumulate on the FeMo cofactor in the form of
partially reduced substrates. Given that the FeMo cofactor
remains in an EPR silent state {M it would appear that

o© &° | ar that
P, the redox state of the core cluster is constant, implicating
@% %ﬁa-zﬂ"'
@

localization of the added electrons on bound substrates (e.g.,
hydrogen atoms).

The fact that at least one redox state of the FeMo cofactor

a-69% % is EPR active has been a valuable tool in investigations of
70V L, 0-35940 binding of substrates and inhibitors to the FeMo cofactor.
% Importantly, this feature provides a way of monitoring the

% 2 _ E electronic properties of the FeMo cofactor exclusive of all

other components in the protein. Furthermore, the paramag-
netic state allows the application of more sophisticated

0-195Hs
358l spectroscopic methods, such as END@B) @énd Mssbauer
03817 03579 (28) spectroscopies, which provide information about ligands
bound to the FeMo cofactor and the valence states of the Fe
%@ and Mo atoms. While the paramagnetic nature of tHé M

state has been instrumental in examining the mechanism of

Ficure 2: FeMo cofactor and parts of its protein environment. (A) ; i i
The FeMo cofactor is shown with MoFe protein ligands. The atom Egreongznliarfl?[:slttigi spectroscopic silence of thiésthte has

numbering in the FeMo cofactor is from r&D. (B) View down
the Mo end of the FeMo cofactor (homocitrate removed) with MoFe ~ The FeMo cofactor can also be extracted from the MoFe

protein amino acids in the first shell of interaction shown (PDB proteln us|ng Chaotroplc Organlc SolventS’ such Nis

entry IM1N). The central atom X is shown as N in this review, : :
although its identity has not been definitively established. This methylformamide (NMF) 16). In this case, NMF appears

figure was generated using the computer programs Discovery [0 replace the protein ligands{275° anda-442"), thus
Viewer Pro 5.0 (Accelrys Inc.) and POV-Ray. stabilizing the cofactor. Two features of the organic solvent-

extracted cofactor are important for the current discussion.
coordinate; and (3) a four-coordinate Fe (designated Fel)First, the resting state of the isolated cofactor is in the same
with ligands froma-275%° and threeus-S*~ ligands. oxidation state as the Vstate, giving rise to a similar EPR
The FeMo cofactor can undergo at least two redox spectrum. Second, while the isolated FeMo cofactor has been
changes, with three oxidation states that are well-describedshown to have limited reactivity3(), it does not have the
(eq 2). range of activities found when bound in the protein, clearly
ox N R pointing to the importance of the protein in controlling
M7 =M"=M (2) reactivity that is relevant to catalysis.

When bound in the MoFe protein, the as-isolated, dithionite- Njtirogenase Enzymology Is Complicated
reduced state of the FeMo cofactor is termed thé dvate
(22). This is anS= %/, spin state and therefore is EPR active ~ As shown in eq 1, the reduction obkequires the obligate
with a strong signal having values of 4.3, 3.7, and 2.0 at  evolution of one Hfor each N that is reduced32). Whether
low temperatures<12 K). The M\ state can be oxidized such H evolution represents an activation step required for
by the addition of dye mediators, accessing a state termedN, binding is not yet known, but this feature highlights a
the MPX state R3, 24). This state is diamagnetic and is major complicating aspect of nitrogenase enzymology. In
therefore EPR silent. There is no experimental evidence thatthe absence of Nor other substrates, all electron flow is
this latter oxidation state is accessed during nitrogenasedirected toward proton reduction. Because the availability
catalysis, but with aiE,, value of—40 mV, the involvement  of protons cannot be restricted, the enzyme is constantly
of this oxidation state cannot be ruled o@6(26). returned to the resting state, and for this reason, it is not
Further reduction of the Mstate has not been achieved possible to obtain a highly populated form of the semireduced
by the addition of small molecule reductants. However, when enzyme that is amenable to biophysical or structural analysis.
the MoFe protein is freeze-quenched under turnover condi- One feature that has proven to be useful with respect to the
tions (i.e., with the Fe protein, MgATP, and dithionite), the development of kinetic and substrate binding models is that,
FeMo cofactor is trapped in an EPR silent state that is termedunder turnover conditions, nitrogenase is able to bind a
the MR state R7, 28). The Ey, for this redox couple has not  variety of different substrates and inhibitors, including
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acetylene (substrate3d) and CO (inhibitor) 84). However, substrates, and inhibitors might access the same or overlap-
the relationship among the binding of,Nalternative ping sites, the mechanism for,Mctivation appears to be
substrates, and inhibitors has also turned out to be veryfundamentally different from that required for activation of
complicated. One such complication is highlighted by the other substrates and inhibitors, indicating a probable distinc-
peculiar nature of the kinetic relationship between acetylene tion betweernwhere and how substrates might bind to the
reduction, which is aoncompetitie inhibitor of N, reduc- active site.

tion, and N reduction, which is aompetitve inhibitor of o ,

acetylene reduction3g). This nonreciprocity in substrate MO as the Substrate-Binding Site

inhibition patterns can be explained if it is considered that a  Interest in the participation of Mo in nitrogenase catalysis
more reduced form of the MoFe protein is required for N arose early, well before there was definitive information
binding than for acetylene binding¥, 36). Thatis, the MoFe  about the enzyme structure, from knowledge that the enzyme
protein must receive more electrons from the Fe protein for contained Mo, and from strong and continuing development
N binding than are required for acetylene binding. Thus, of Mo coordination chemistry of Nand its reduced forms,
one simple explanation for the respective inhibition patterns including diazene (bH,) and hydrazine (bH,) (43, 44). On

for N2 and acetylene reduction that emerges is that thesethe basis of Me-phosphine complexes with trapped nitrogen
substrates are able to access the same site or overlappingnd its hydrides, Chatt and co-workers developed a Mo-based
sites, but at different redox states. However, it has not yet mechanism for the reduction obtb ammonia that has since
been established whether acetylene or other substrates andeen made more elaborate and is now often called the “Chatt
inhibitors do, in fact, share the same or an overlapping cycle” (45). More recently, support for such a mechanism
binding site accessed by,NFeatures that contribute to has come from the observation of reactivities of some Mo
uncertainty about this issue include the following. Although model compounds toward,Mr its reduction intermediates.

H. evolution appears to be obligately associated with N For example, Coucouvanis and co-workers reported the
binding and/or reduction, it is not required for the binding catalytic reduction of hydrazine to ammonia with [Mo-3Fe-
of other substrates and inhibito32). As already mentioned,  4S-polycarboxylate] clusters, with reduction occurring on the
this situation could mean that,Hevolution represents an Mo (46, 47). This reaction could be analogous to the final

activation step that is uniquely required for, Minding. steps in nitrogenase-catalyzed fé¢duction. More recently,
Related to this question is the fact that id a competitive ~ Schrock and co-workers have reported a remarkable catalytic
inhibitor of N, binding, and in the presence ok @nd N, reduction of N all the way to ammonia at a single Mo center

the enzyme is able to evolve HI3Y, 38). Neither of these  of a model compound4g, 49). Their proposed mechanism,
properties is associated with the binding of any other derived from some trapped intermediates, and considering
substrate or inhibitor. Further, there is abundant evidencethe Chatt cycle, involves binding of Nand its reduction
for multiple sites for the binding of substrates and inhibitors. intermediates at a Mo site. It needs to be recognized,
One good example of this feature is that CO is able to induce however, that these complexes use nonbiological ligands, and
cooperativity in acetylene reduction catalyzed by an altered the chemical conditions and reagents inrbiduction cycles
MoFe protein produced by amino acid substituti@8)( involving model compounds are quite different from those
In contrast to the above complicating issues, there is alsoof active nitrogenase.
evidence that at least one acetylene-binding site represents For Mo in the FeMo cofactor to serve as the substrate-
the same site, or an overlapping site, that is accessed.by N binding site, one or more of its ligands needs to be
For example, a MoFe protein was produced by amino acid dissociated to provide an open coordination site. One
substitution that is able to reduce acetylene at the normalpossibility would be for the carboxylate O d®¢homocitrate
rate but can reducenly very poorly <2% of the normal to be displaced by the substrate. Support for this model has
rate) @0, 41). Despite a very low Nreduction rate for this  come from examination of the effects of changes R (
protein, N is still able to inhibit acetylene reduction as homocitrate on the catalytic properties of the MoFe protein
effectively as for the normal protein. Becausgddnnot be and on the reactivity of the isolated FeMo cofactts, (50—
effectively reduced by the altered MoFe protein, it must be 52). For example, when the gene encoding homocitrate
that N, binding, rather than competition with acetylene for synthase is inactivated, an altered FeMo cofactor is produced
reducing equivalents, is responsible for inhibition of acetylene having ®)-homocitrate substituted with citrat&3). The
reduction. In another case, an altered MoFe protein wasresulting MoFe protein is observed to possess altered catalytic
produced by amino acid substitution for which acetylene properties, exhibiting a substantial level of proton and
becomes @ompetitve rather than aoncompetitie inhibitor acetylene reduction, but only a low level of, Keduction,
of N, reduction 42). The explanation offered for this result when compared to that of the normal enzyme. Isolated FeMo
is that an acetylene-binding site or state, not accessed bycofactors that contain either citrate d®){homocitrate also
N2, has been eliminated by the substitution, but a binding exhibit differential reactivities toward binding of thiophe-
site or state that can be accessed by botlaml acetylene  nolate when imidazole is a ligand to the MB4j. These
is left intact. results were interpreted to indicate hydrogen bonding
Our interpretation of all of these observations is that while between a carboxylate oRf-homocitrate and an NH group
alternative substrates and inhibitors are likely to be useful of the imidazole. Modeling was used to suggest that this
probes for identification of the Noinding site, there are two  hydrogen bonding could involve the longer arm carboxylate
important caveats to this approach. First, because there ardigand of (R)-homocitrate, with dissociation from Mo of the
multiple binding sites, any site identified by using alternative shorter arm carboxylate (Figure 3). In a series of studies
substrates and inhibitors must also be shown to be the samavhere different organic acids were substituted f&)-(
binding site accessed by.Nsecond, although Nalternative homocitrate in the FeMo cofactor, Ludden and co-workers
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Fe detailed theoretical investigations of Mo-only models of the
/é \S Mo site have been reporte63).
I\/\F\/F/ Evidence for Central Fe Atom(s) as the Substrate-Binding
Fe —€ e Site
S/ \l\{S/ \S The case for the central Fe region as the site for substrate
\ / \:\ / binding in nitrogenase is based on experimental studies of
Fé F‘e Fo modgl compounds, th'eoretic':al modeling, and more recently
I \// \ a series of studies with re5|due-moq||f|ed nitrogenases that
/ S \S clearly point to binding of several different substrates and
S\ 1 / one inhibitor at one or more Fe atoms in the central section
O Mo\ of the FeMo cofactor.
0 O/ N/g A number of well-defined model compounds havedy
H\ its partially hydrogenated intermediates, and/or H and H
H2C N bound to Fe§3—70). Certain other observations also support
o I|-| the possibl_e involvement of Fe inzl‘bindir_]g. For example,
H2C\CH2 ! the industrial HaberBosch process, which accounts for a
o) (') large fraction of N fixation in the global nitrogen cycle, is
a catalytic reaction that uses an Fe-based catalyst. Several
0O studies support an end-on binding of t% one or more Fe

atoms during this reactiorr{). N, reduction to ammonia in

FIGURE 3(11 POZSiIbf binding of bito Mo gf the FeMo Cﬁfﬁﬁog A alow yield in the presence of hydrogen sulfide and iron
proposed moadel 1or creation or a binding site 10§ 0 by :

dissociation of the carboxylate ligand oR)thomocitrate, and sulfide has also bee.n reporteZ_iZI. .

hydrogen bonding of the longer arm &)¢thomocitrate tax-442s, The most compelling experimental evidence that favors

Fe as the substrate-binding site in nitrogenase comes from

studies with substrates or inhibitors other than N early
(55) deduced some minimum features of the bound organic work it was recognized that when nitrogenase is freeze-
acid that are necessary to suppostriiduction activity: (1)  trapped during turnover in the presence of the inhibitor CO,
1- and 2-carboxyl groups, (2) a hydroxyl group, (3)Rn  a new EPR signal is observe84( 73). Subsequent studies,
configuration, and (4) a carbon chain length of four to six using!3CO- and®’Fe-labeled FeMo cofactor, in conjunction
atoms. All of these studies, as well as some amino acid with ENDOR spectroscopy, established that CO is bound
substitution studiesbg), show that alterations near the Mo through C to one or more of the Fe atoms of the FeMo
have a significant impact on the reactivity of the FeMo cofactor 4, 75). These data were interpreted to indicate
cofactor toward N binding and/or reduction. that the lo-CO state (observed at low CO concentrations)

Two other classes of nitrogenase are known, with V or results from a single CO bridged between two Fe atoms,

Fe in place of Mo in the cofactor57, 58). The current ~ Probably in the central portion of the FeMo cofactor. The

thinking is that these active site clusters are identical excepthi-CO state (observed at higher CO concentrations) was
for the identity of Mo, V, or Fe at the end metal position of concluded to result from two molecules of CO bound end-

the heterometal-containing subcluster (Figure 2). The cata-On to two Fe atoms of the FeMo cofactor. Similar EPR and
lytic efficiency toward N reduction is much greater for the ENDOR studies with freeze-trapped states of MoFe proteins
Mo-containing enzyme than for those containing V or Fe. Under tumnover conditions with:8; (76, 77) or CS (78) as
This activity variation could be interpreted in terms of Mo, Substrates also indicate they are probably bound through C
V, or Fe being an important site in the mechanism, with Mo {© 0ne or more Fe atoms within the FeMo cofactor.
optimal. Alternatively, these data could be interpreted as While these studies identify Fe atom(s) as the site for
reflecting a secondary influence of the heterometal end, with binding of these substrates or inhibitor, they do not specify
the expectation that a site common to all three of the FeMo Which of the six central Fe atoms of the FeMo cofactor
cofactor homologues (the central Fe atoms) is the mostprovide the binding site. The central portion of the FeMo

reasonable candidate. cofactor is symmetrical, with the six Fe atoms being arranged
as three geometrically equivalent [4Fe-4S] faces (Figure 2A).
Theoretical Models Inoking Substrate Binding to Mo Nevertheless, these faces are differentiated within the protein

matrix by the amino acid side chains that approach each of
Durrant has used density functional theory (DFT) to them (Figure 2B). Therefore, the experimental strategy was
investigate possible stages in the nitrogenase catalytic cycleto make amino acid substitutions at these residues that
with Mo as the main binding site5@, 60). This model provide the first shell of noncovalent interactions with the
requires the dissociation of one O ligand from the Mo, as FeMo cofactor 42, 79, 80). The logic of this approach was
already described, permitting participation of the Mo in N based on the knowledge that nitrogenase is able to effectively
binding and reduction. Durrant’s schemes attempt to explain reduce acetylene but is unable to accommodate reduction of
a number of experimental observations, including- N longer chain alkynes such as propyne and butyne. In these
dependent HD formatior6(). Nevertheless, a limitation of ~ experiments, it was found that substitution of the MoFe
this calculated mechanism is that its truncated chemical protein a-subunit 702 residue (Figure 2B) with alanine
system is a poor representation of the FeMo cofactor. Otherexpands the substrate range to include larger alkynes such
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Ficure 4: Binding of substrate to Fe of the FeMo cofactor. DFT-calculated modetsC{Xor substrate binding positions at the FeMo
cofactor and four different geometries {I) for substrate bridging on the FeS face.

as propyne, butyne, and propargy! alcohol 65CCH,OH) plexes, or small Fe cluster fragment82{-84). Density
(80). functional theory results have been reported for a sym-
The a-70"2 substituted MoFe protein has proven to be metrized FgSy cluster (Fe replacing Mo), but with an
especially useful for spectroscopic studies where propargyl excessive enlargement of the central prism when o
alcohol is used as the substrate. Whenothigd"2 substituted S—H bonds are introduce®8). The binding of N, H, N,H
MoFe protein is trapped during turnover with this substrate, species, and CO at Fe sites of a periodic MaSS;Fe;S;-
a new rhombic EPR signal is observed in the- 2 region Mo model, together with H binding at S, has been investi-
(81). Analysis of this signal indicated a high concentration gated by density functional methods, and energy changes
of an intermediate bound to the FeMo cofactor, and for steps in a possible mechanistic cycle were estima&8d (
subsequent ENDOR studies usifi-labeled propargyl Recent density functional calculations have used more
alcohol were used to establish that the EPR signal arises fron,omplete and realistic FeMo cofactor models, including the
a derivative of propargyl alcohol bound to the FeMo cofactor. central N atom;SCH; for a-275%s, imidazole fora-442s,
The importance of these results is that they clearly indicate 5nq-OCH,COO™ for (R)-homocitrate {1). Favorable pos-

binding of an alkyne substrate or its partially reduced gjpjjities for the binding of substrates and intermediates to
intermediate to a specific location on the FeMo cofactor that ine central Fe atoms have been characterized. At each of

involves one face of the FeMo cofactor defined by Fe atoms nese Fe atoms there is an exo coordination position (Figure

2, 3, 6, and 7 (Figure 2A). Thus, there is a clear indication 4A) located essentially along the extension of tHe"R-

that substrates and inhibitors can access a binding sitepg vector, and an endo coordination position (Figure 4B),

involving one or more Fe atoms, which now raises the \ynich is located near an extension ofaS—Fe bond. The

important question of whether these results can be extendedsnqo coordination position requires that the adjager

to N, binding. atom be folded away, which involves only bond bending

and has been calculatetflj to be a low-energy adjustment,

compensated by the substrate binding energy. The exo
A number of authors have investigated theoretically the binding mode creates an Fe that is approximately trigonal

binding of N;, NoH,, and NH,4 to single-Fe model com-  bipyramidal, whereas the endo binding mode results in an

Theoretical Models for Binding of No Fe
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Fe atom that has square pyramidal geometry. It is possiblea substrate-derived catalytic intermediate on nitrogenase is
for both exo and endo coordination to occur at the same Felikely to be difficult but probably not intractable. Recent
atom, which would then result in approximately octahedral results indicate that it is already possible to detect acetylene
geometry. A third ligation mode is bridging between central (77) and propargyl alcohol-derive®®) intermediates that
Fe atoms (Figure 4C), which can occur in four quite different form a paramagnetic complex with the FeMo cofactor.
ways (Figure 4B-G), suggesting a variety of mechanistic Paramagnetic intermediates have also been detected during
possibilities involving the central Fe atoms (I. G. Dance, reduction of N (86), although these species have as yet been
unpublished work). An attractive aspect of the proposed at very low concentrations. Thus, a major challenge will
participation of the central Fe atoms is the suggestion of ainvolve the advancement of ways to prepare nitrogenase
mechanistic role for the central N atom in modulating the samples having an enriched population of the substrate-
coordination at different central Fe atoms during catalysis. derived intermediate bound to the FeMo cofactor, perhaps
In the resting state, the central N atom is overcoordinated coupled with the use of isotopes (e.§?H or ¥*N) and
with six N—Fe bonds, and when substrates and intermediatesadvanced spectroscopic methods (e.g., ENDOR) to charac-
bind to Fe, one NFe interaction can be substantially terize the bound species. We are particularly encouraged by
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