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ABSTRACT:. Quantum calculations have been used to examine the energetics of the reactions of diazene
and isodiazene with Hand the properties of the Fe and Mo sites of the nitrogenase-immtlybdenum
cofactor with respect to the binding of H and.H he results have been used to extend the model for N
reduction by nitrogenase given in the preceding paper to describe the formation of HD frohiné
proposed mechanism for HD formation invokes a combination of two well-established chemical reactions,
namely, competitive protonation of meta} Bpecies at either the metal or at, Kbllowed by scrambling

of D, at a metal hydride. The model is evaluated against the available biochemical data for the nitrogenase
HD formation reaction and extended to account feiitibition of N, reduction and the reduction oftH

in the absence of other substrates.

In the preceding paper, a detailed mechanism for the HD production and of Kl inhibition of N, reduction by
reduction of dinitrogen by Mo nitrogenase was proposed on nitrogenase were found to be the same, it has generally been
the basis of theoretical calculations, published biochemical assumed that these two phenomena are different manifesta-
data, and established chemical precedents. In addition to theitions of the same underlying molecular proce®s Recent
essential biological function in the reduction of dinitrogen experimental studies on theAsn'® mutant nitrogenase from
to ammonia, all known nitrogenases catalyze the production A, vinelandii have qualified this views). This nitrogenase
of dihydrogen from protons. Under turnover conditions but binds N, apparently in the same way as the wild-type
in the absence of any other reducible substrate, nitrogenase;nzyme, but does not reduce it, Was found to inhibit N
catalyses the reduction of'Ho Hy, a process which has  pinding, but the mutant gave no HD when turning over under
been referred to as general hydrogen evolutin When 3 Dy/N, atmosphere. Hence, ;Hnhibition of N, binding
N2 is mtroqluced, the rate of Hevolution de_creases until a  (distinguished from Bireduction) appears not to be directly
limiting ratio of N, reduced to Hproduced is reached; this  rejated to HD formation. The authors suggested that initial
nonsuppressible Fevolution is known as obligatory hydro-  pinding of N, at the FeMoco suffers from direct competition
gen evolution (OHE)(1). The exact MH, ratio varies with by H,, whereas a reduced form of,Nhay be required for
different nitrogenases; for the Mo enzyme, the accepted Hp formation. The idea that a reduced Mitermediate is
limiting H2/N ratio is ~1 (2), but for V nitrogenase, itis  gomehow involved in HD formation is consistent with the
3.5 (3). Several other facets of the chemistry of MO ,pqenations that one electron is consumed for each molecule
nitrogenase with protons,JHand N have been revealed by o¢ b produced and that these electrons are diverted

experiment. Thus, Kis a competitive inhibitor for the exclusivelv from N reduction. i.e.. OHE is unaffected b
reduction of N, but of no other substratd,(5). One of the HD formaﬁon 0 N R y

most intriguing properties of the enzyme is its ability to ) , ) .
produce HD from B, the so-called HD formation reaction Another key difference in HD formation by nitrogenase
(2, 4, 5). Although hydrogenases also produce HD when compared to hydrogenase concerns the exchange i 'H
operating under an atmosphere of, Dhe nitrogenase-  With the splvent. Hydrogenases ggnerally react withirD
catalyzed reaction has a number of striking differences. Most Water to give HD, H, and HOD. This has been interpreted
notably, HD formation by nitrogenase requires the presencein terms of the reversible heterolytic cleavage oftd give

of N, as well as B (6). Since the steady-state kinetics of @ metal hydride and a protonated amino acid residie (
12). Both of the D atoms can then exchange witfOkbut

t Support was provided by the Biotechnology and Biological Sciences the hydride exchanges more slowly than the protonated

Re*search Council, U.K. ' amino acid 8—10). In contrast, tritium labeling experiments
E_m-;ﬁ,'epmha?rgﬁ-sZﬁfra(r?t)gb%iéf’;zzgé- Fax:+44 (0)1603 450021 o pitrogenase showed that the rate of incorporation‘of T
1 Abbreviations: Avl, Kpl, molybdenum nitrogenases fram into the aqueous phase was much slower than the rate of

vinelandiiandK. pneumoniagrespectively; BE, binding energy; DFT,  HD formation under the same conditioris3). This suggests

density functional theory; FeMoco, irermolybdenum cofactor; MP2, ; - ;
MP4, second- and fourth-order MglePlesset perturbation theory, that unlike the hydrogenase-catalyzed reaction, cleavage of

respectively: OHE, obligatory hydrogen evolution: zpe, zero-point D2 by nitrogenase does not produce readily exchangeable
energy. protons.
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A central point of controversy in models for the nitroge- Scheme 1: (a) Disproportionation ois-Diazene;
nase HD formation reaction centers on the chemical nature(b) Hypothetical Reaction ofis-Diazene with H;
of the species involved in this process. As noted above, some(C) Hypothetical Reaction of Isodiazene with*H

features of the reaction are best explained in terms of HD _H _H He_ _H Ho _H
formation mediated by a partially reduced Mtermediate '|‘|‘ 'ﬁ‘ — 'ﬁ‘ - m '}'
(5), such as diazend 8). However, the B-D bond is strong N. < e -No N
(106 kcal mot?), and chemical systems for,Hctivation H H a a HH
most commonly involve metal hydrides. This was interpreted (a)
by Lowe and Thorneley2( 14) in terms of homolytic H
cleavage of B at the nitrogenase active site, followed by N/H H N—'H‘~H N H
attack of H on the resulting dideuteride to give HD. This lﬂl |l| — 'ﬂl o KJI
is consistent with known chemistnt)(and fits in with the “H “H-'H H/H
Lowe—Thorneley scheme for reduction of; N2, 14—17). (b)
In the Lowe-Thorneley scheme, Nbinding can only occur
by the reversible displacement of;HHD formation and H H oy H- - H\H
inhibition of N, reduction then arise from displacement of =N~ - N=N’ H . N=

2 N=N I N=N N=N
N, by D, and H, respectively. Although this model provides *y H \\H"'l' H/H

a chemically reasonable pathway for-D bond cleavage
via metal deuterides, it does not invoke any reduced N )
intermediate; hence, it cannot easily be reconciled with the *Dashed bonds are used to indicate the transition state structures.
new observation from the-Asn'®> mutant studiess) that . o . _
binding of N, to the FeMoco is of itself not sufficient to 0 the cofactor or having dissociated into solution. Free
give HD. diazene is very reactive and, in the absence of other reagents,
An important requirement for any atomic model for undergoes rapld dlsproportlon:?\tlon |n'solut|on to give N
nitrogenase action is that it should describe not just N PlUS hydrazine. Note thatans-diazene is the more stable
reduction, but also the H H, and D chemistry of the isomer; however, the cis form required for disproportionation
enzyme. This paper deals with the extension of the model OF 'éaction with His only ~6 kcal mof™ higher in energy
described in the preceding paper to accommodate this The dlsproportlon:_anon reaction (Scheme 1a)_was investigated
chemistry. A new model for the HD formation reaction is duantum mechanically by McKee et al9) using Maller

proposed on the basis of competition for protons between Plesset perturb_ation theory to acco_unt for the effects of
N, and the FeMoco core. As noted above, some aspects ofelectron correlation. The results were in very good agreement
the HD formation reaction are best explained in terms of a With experiment and showed that there is essentially no
reduced N intermediate; others suggest that metal hydrides Potential energy barrier for this reaction. The same meth-
are required. Much of the discussion in the literature contrasts®d0l0gy has been applied in the present study to the
these two aspects of the reaction, which are generally viewedhypothetical reactions of free diazene and isodiazene with
as mutually exclusive possibilities. A key feature of the Hz(panels band c, respectively, of Scheme 1). As expected,
model presented in this paper is that it reconciles these twoth€ diazene reaction b was calculated to be strongly

facets of the reaction by invoking both a reducegsecies ~ €xothermic (!V'P4 energy-50.5 kcal mof?, or —58.3
and a metal hydride as intermediates. including zpe’s). However, the transition state had a calcu-

lated MP4 energy of-26.6 kcal mot? (+-25.6 kcal mot*
MATERIALS AND METHODS including zpe’s). The transition state structure was identified
as a genuine saddle point by virtue of its single imaginary
All quantum calculations were performed using GAUSS- frequency £2021 cnt?). For the sake of comparison, the
IAN 98W (18). DFT calculations were carried out exactly reaction was also examined by DFT (B3LYP/LanL2DZ),
as described in the preceding paper. Calculations on thegiving a barrier of+24 kcal mot?. The isodiazene reaction
reactions of free bH, isomers with H were done following c is even more exothermic (MP4 energy1.4 kcal mot?,
the methodology of McKee et al.19). Full geometry  or —79.1 kcal mot! including zpe's), but the energy barrier
optimizations (calculated without any symmetry constraints) was found to be higher; in this case the calculated MP4
and frequency calculations were carried out at the MP2/6- transition state energy was33.0 kcal mot? (+29.6 kcal

31G* level. Final Single-point calculations at the calculated mo'*l inc|uding Zpe’s; Sing'e imaginary frequency-e2208
geometries were done at the MP4/6+33(2d, p) level of cmY), compared to a DFT value of35 kcal mot™.

theory. Protein coordinates were retrieved from the Brook-
haven Protein Data BanR(), accession codes 1QGU (Kp1l) d
and 2MIN (Avl). Figures were prepared using RASMOL
molecular graphics softwar@?).

In order for the free BH, species to react with Das
escribed above, it would first need to dissociate from the
FeMoco. The calculated DFT energies for the dissociation
of cis-diazene and isodiazene from the FeMoco were
RESULTS calculated by comparison of structureand2 with structure

5 in Figure 1, as+44 and+56 kcal mot?, respectively;
Direct Reaction of BH, Species with BHl As mentioned combining these figures with the DFT energies for the
in the Introduction, the nitrogenase HD formation reaction reactions discussed above gives overall energy barriers for
has been widely interpreted in terms of the direct reaction the dissociation of diazene and isodiazene from the FeMoco
of an N;H, intermediate with B. In principle, this could followed by reaction with K of +69 and+90 kcal mot?,
involve either diazene or isodazene (Scheme 1), either boundrespectively.
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with the calculations of Rod and Ngrska®2j, which gave
H, BE’s of +2 to +10 kcal mot?, depending on the number
of H atoms added to the cluster core (as withbBihding,
the simpler model employed in the current work does not
take into account the cost of distortion of the FeMoco on
binding ligands at Fe). The calculated-H bond lengths
of 0.751 and 0.752 A it and7, respectively, compared to
0.744 A calculated for free H(experimental value 0.741
A), suggest essentially no weakening of theH bond upon
coordination to either metal. Hence, the FeMoco seems to
be incapable of strong binding and activation of With
respect to oxidative addition to give a dihydride at either its
Fe or Mo sites. Structur® in Figure 1 indicates that the
presence of bound Non Mo has no detectable effect on H
binding at Fe. Indeed, initial geometry optimization on this
complex resulted in complete dissociation of thg Eind
structure9 could only be generated by constraining one
Fe—H distance to 2.30 A; the $BE for 9is +1 kcal mol™.
Perturbation of N Protonation by H. In the preceding

paper, it was found that addition of H to,Nerminally
coordinated at Mo (as in Figure 8) resulted in spontaneous
rearrangement to a bridging diazenide{lligand, structure
10. This suggests a possible role fog kh inhibiting the
reduction of N; although H binds very weakly at Fe, the
presence of klon Fe as i could destabilize the diazenido-
(1-) state by preventing access to this bridging mode. The
structure of the resulting terminally bound,.-Hlocked
complex is shown in Figure 1,1. Assuming that the HBE
in this complex is the same as that for compl@xthe
diazenido(¥) ligand in 11 is destabilized by 5 kcal mot
_ compared td.0. It is important to note immediately that this

: ( destabilization is a kinetic effect, since dissociation etdi

K: k; allow bridging of the NNH ligand is thermodynamically

10 \ 1 g favorable. Nevertheless, kinetic stabilization of thermody-
Ficure 1: Reactions of bound diazene and isodiazene intermediatesnamIC{jIIIy disfavored intermediates is the central principle

with H,, binding characteristics of Hat the trigonal Fe and of enzym?_ cat_aIyS|s. Lo
homocitrate ring-opened Mo sites of the FeMoco, and destabiliza- ~Destabilization of the initial protonated form of,Mould
tion of the NNH intermediate by 1 Color code: C, gray; H, pale  have important consequences, since this state is well-known

blue; N, dark blue; O, red; Fe, green; Mo, purple; S, yellow. The to pe the most energetically unfavorable in the course of
|nr(é%r;]1|ng H molecules in structure8 and 4 are highlighted in reduction of N to NHs. Specifically, it has been known for
g ' many years from chemical studies on dinitrogen complexes
An alternative possibility is that Hreacts directly with that protonation of Blcompetes with protonation at the metal
the NbH, intermediate without dissociation of the latter from (23—28). This possibility was investigated in the present
the FeMoco. The calculated overall energies for reaction of work. First of all, the effects of adding a single H atom to
the bound diazene and isodiazene spedies)d 2, respec- either the Fe or Mo site of the model to give a metal hydride
tively, in Figure 1, with H to give N, (bound at Mo) plus  were evaluated. The Mo hydride proved to be more stable
2H, were —4 and+1 kcal mol?, respectively. Therefore, than the Fe hydride; indeed, for some spin states, the H atom
both reactions are thermodynamically allowed. However, the spontaneously migrated from Fe to Mo during the geometry
transition state structureésand4 had energies of-69 and optimization. The final minimum-energy structure is shown
+76 kcal mot! compared tol and 2, respectively. The  in Figure 2,12. The Mo—H bond energy in this structure is
geometries of these boundMb transition state structures 45 kcal mofL. Although the H atom appears to be bridging
are very similar to those for the free species discussed abovebetween the metal atoms, the-Hd and Mo—H bond lengths
Binding of H at FeMoco SitesThe model complexes used (2.21 and 1.79 A, respectively) show that it is bound
to evaluate the kbinding characteristics at different FeMoco primarily to Mo. Next, an H atom was added to the MoN
sites, namely, the trigonal Fatoms and the five-coordinate complex at the Mo atom rather than at the terminal N. This
Mo" atom generated by opening of the homocitrate ring, resulted in complete dissociation of the lijand (Figure 2,
are shown in Figure 1. Comparison of comple®e$, and 13).
7 in Figure 1 gave Hbinding energies (BE’s) of-1 and H, Scrambling and K Production Properties of the
—2 kcal mol?! for the Fd and Md" sites, respectively.  Hydride Ligand Formation of a metal hydride by the process
Hence, binding of K at both sites is extremely weak and outlined above raises the possibility of scrambling of the
the energies involved are of the same order as van der Waaldydride with H or D,. This type of reaction is well
interactions. The result for the Fe site is in good agreementestablished in complexes containing both hydride and H
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i +H ( Scheme 2: Schematic Mechanisms for (a) Oxidative
g}(ﬁ : Eﬁ Addition and (b)o-bond Metathesis
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As expected, the calculations on free diazene and isodia-
zene presented in this work indicate that their reaction with

16 17 ] D, to give 2HD plus N is energetically highly favorable.
FiGURE 2. Binding characteristics of H, effect on,linding, H/H Even when bound to the FeMoco, these reactions are still
scrambling, and biformation at the Mo site. Color code as in  thermodynamically allowed. However, the very high calcu-
Figure 1. lated energy barriers for the reactions of boun#iNspecies,

) o ) of +69 kcal mot or more, indicate that the direct reaction
ligands @9). Binding of H, at the Fe atom of the Mo hydride  of a diazene level intermediate with, 5 not a kinetically
12to give 14 was found to be thermoneutral (as wghone  viable route to HD in the nitrogenase catalytic cycle.
Fe-H distance had to be fixed at 2.30 A to prevent Fyrthermore, there are no close chemical precedents for this
dissociation of the . In the case of B transfer of the B type of reaction. Perhaps the most relevant chemistry
to Mo, giving a MoHD; species, would then allow scram-  described to date concerngrans-diazene complexyuENzH,-
bling to a molybdenum deuteride plus HD. Such a scrambling {RU(PCy)(“S4") }2] [Cy =cyclohexyl, “S” = (CHSGH4S )3,
reaction would necessarily be approximately thermoneutral; gescribed by SellmanrB®). This complex reacts with £to

the transition state for this process is approximated by give HD plus the equivalent 0, complex. However, this
structurel5, in which the H-H distances between the central  reaction clearly does not proceed via direct interaction of
and peripheral H atoms of thesHigand were constrained  p, with the diazene ligand, since this is in an enforced trans
to be equal in the geometry optimization. Comparison of geometry. Rather, the reaction was found to involve hetero-
structuresl4 and 15 gave a barrier of approximateht23 lytic cleavage of B to give a metal deuteride.

keal mol* for the scrambling reactioh. Given the problems attending the production of HD by

d A ﬁn.gl consic_jere_ltiorllf isAthehstabiI?tylgf the g/lohhy(tj]rige{j nitrogenase via direct reaction of a diazene level intermediate,
euteride species itself. As shown in Figure 2, the hydride o 5ternative possibility of HD production via metal

T ¥
16 Wh'(.:h is formally Md. and has a protqnated carboxylgtg hydrides requires further consideration. The factors control-
group, 1S thermodynamically unstable W't.h respgct to el!m|- ling this type of chemistry are now quite well understood.
nation of H and reclosure of the hom_oc_ltrate_ fing 10 gIVe  gince the first isolation of ‘nonclassical’ dihydrogen com-
17. Thus, there would probably be a limited time scale for plexes in 1984 33), a great deal of experimental and

scrambling to OC"‘lw beforg elihmirliati?hofzh?turneﬁ the theoretical work has been directed toward elucidating the
enzyme to an earlier state In the Lowehorneley scheme. o conversion of dihydrogen and hydride ligands, and the
theoretical aspects of this topic have recently been reviewed
DISCUSSION i
_ . _ _ (29). Two pathways leading to cleavage of the-H bond
Mechanism of the HD Formation Reactid®roduction of have been described, namely, oxidative additionaidnd
HD from D, by nitrogenase requires capture of om metathesis (Scheme 2).

solution followed by cleavage of the £D bond. As Oxidative addition involves the formation of two W
mentioned in the Introduction, there are two longstanding ponds, with concomitant HH bond cleavage and oxidation
opinions as to how this reaction might occur. The first of 4 the metal by two units. The LoweThorneley scheme
these dates from 1960 and a proposal by H@h that the  for 4D formation implies the formation of such a dihydride
reaction involves a diazene level intermediate. Subsequent(z, 14). By combining the production of hydrides from, H
detailed experimental work on the reactidi8) lent strong with reversible mutual displacement of, lind N, Lowe
_biochemical support to this_view. However, it_was_ also shown gng Thorneley produced a mechanism which accounts for
in the 1960s that Ncan displace two hydride ligands, as  the experimental data relating te khibition, HD formation,
H,, from a metal to give a dinitrogen comple®1). This and the limiting H/N; stoichiometry. However, this model
observation was incorporated into the LowEhorneley  goes not readily explain the-Asni% mutant data, discussed
scheme such that Ncan only bind to the FeMoco via in the Introduction, which implicate a reduced iNtermedi-

displacement of two hydride ligands as.Hn the Lowe- ate in HD formation §). A further problem relates to the
Thorneley scheme, HD is produced via reversible displace- complete lack of activation of Howard oxidative addition
ment of N by D». on both the Fe and Mo sites of the FeMoco, as indicated by

the DFT results presented above and also, in the case of the
20f all the structures considered in this and the preceding paper, Fe sites, by the DFT studies of Rod and Narsk2®).(This

the relative energies df4 and15 are most sensitive to the constraints is in line with expectations from other studies, which show

placed on the Mo coordination sphere. This appears to be a reflection . . . -

of the very small size of the hydride ligand, together with the substantial that second- and third-row metals, in relatively low oxidation

trans interaction between the hydride and SH ligand on Mo. states and with strongly electron-releasing co-ligands such
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as phosphines, are generally required for oxidative addition Br) has also been observed electrochemically in soluBéh (

of H, (29). For example, DFT calculations on a series of Kinetic studies on the protonation of [MogM(dppe}]
complexes prepared by oxidative addition of td [MoX- highlighted competition for protonation at the metal and the
(PMe3)q] (X = F, CI, Br, or I) gave Me-H bond energies N ligand 23, 24); it was found that protonation at the metal
of at most 64 kcal mol; experimentally, these complexes tends to labilize the Nigand, as well as reducing its basicity.

are quite unstable, and the iodide complex, for which the |n the present context, it can be envisaged that protonation
calculated Me-H bond energy was 55 kcal md| could  of N, bound to the Mo atom of the FeMoco competes with
not be isolated at all34). The Mo—H bond energy of 45 protonation of the FeMoco core itself. The DFT calculations
kcal mol™* determined fod 2in the present work is less than  presented above indicate that addition of H to the Mo atom
this value. Hence, it is difficult to imagine that any site on s preferred over addition to the Fe atoms and, furthermore,
the FeMoco could sustain cleavage o} Wa oxidative  that protonation of the MoN species at Mo results in
addition during turnover. dissociation of N from the FeMoco. In the absence of H
The second established pathway forH bond cleavage,  or D,, the diazenido(*) complex10 (Figure 1) is energeti-
o-bond metathesis, has also been considered as the basis fafally preferred over the Mo hydridE3 (Figure 2) by 5 kcal
various HD formation pathways in nitrogenase. Published mol-2. This, however, depends on the diazenideyligand’s
DFT calculations suggest that metathesis of ¢h the  apility to bridge to the neighboring Fe atom. If [or Hy) is
FeMoco to give an iron hydrlde and a protonated sulfide is allowed to occupy the Fe site before protonation of &b
energetically feasible2@), while elegant synthetic chemistry  in complex9, the resulting linear diazenido) speciesl1
has provided experimental precedents for a model in which js then formed, and this is essentially isoenergetic with the
Hz is initially cleaved to an iron hydride and a protonated corresponding Mo hydridé4 plus free N.
sulfur at a diazene level intermediate?). Furthermore, it
is highly likely that H-H bond cleavage occurs via hetero-
lytic o-bond metathesis to give a metal hydride and a
protonated cysteine in hydrogenas8s 12). However, the
comparison with hydrogenases also highlights a critical
difference with nitrogenase. In hydrogenase, HD formation
occurs via D/HT exchange; hence, HD formation is ac-
companied by stoichiometric release of dito solution. In

These considerations provide a model for HD formation
as shown in Scheme 3. In the absence ef B binds to
Mo at state Eto give structuréd and is initially reduced to
a bridging diazenido(%) species,B, as described in the
preceding paper. In the presence of e neighboring Fe
site in the initial N complexA can become blocked by,P
giving C. This results in kinetic destabilization of the
" ) . diazenido(t) intermediateD, allowing competitive forma-
contrast, tr|t|gm Iabel!ng experlments ghowed that the rate tion of the Mo hydride and loss of Nas inE. The overall
of HD formation by nitrogenase is50 times greater than  jerconversion betweeh andE depends on the concentra-
the rate o_f incorporation ofﬁ'mt_o solution @3). If o-bond __tion of both Dy and N». The D, ligand inE is then very well
metathesis of the type shown in Scheme 2 was 10 oCCUr Ny 506 1o undergo scrambling with the Mo hydride via
nitrogenase, then the most likely acceptor sites for the D hydrogen atom exchange. Loss of the first molecule of HD

|V_|VOU|d be the tr}reﬁ central S atomsdof t?}edFeMoztﬁ;).( dogieaves a molybdenum deuteride; addition of anotheleH
owever, two of these are connected to hydrogen bonded ., ;e tg give a state equivalent torEsults in the formation

chains WhiCT_'WOUId r_ea}dil)é_?fl_lovr exchange (')If D’itht?u"é of a second molecule of HD via rapid hydrolysis, and the
water @5). Hence, it is difficult to reconcile a-bon enzyme is returned to state,.EThis gives an overall

mhetathe5|s prqcr(]asrs] |nvol\./||nt§);| the me.tal andl sc,julflde Sites Ofstoichiometry for HD formation from each molecule of D
the FeMoco with the available experimental data on nitro- | i undergoes scrambling as shown in eq 1

genase.
There is, however, a special type efbond metathesis
which could also occur on the FeMoco. This is the case of
hydrogen atom exchange, which is now well established by
both experiment and theor?@_ In nitrogenase1 exchange The aSSignment of the critical Step in the HD formation
of a hydnde with B could provide a mechanism for HD reaction to state 53 consistent with the kinetic analySiS of
formation with minimal leakage of deuterium into solution, Lowe and Thorneley, who showed that Hhibition must
since metal hydrides generally exchange more slowly with occur before state £16). The available experimental data
water than do protonated sulfide&; (L0, 12). Furthermore, for the nitrogenase HD formation reaction constitute an
hydride/dihydrogen exchange is by definition thermoneutral €xacting test of any atomic model for this process. The
and frequenﬂy has a low activation energy. To operate in present model accommodates these data as described below.
nitrogenase, such a mechanism would require the formation 1. Requirement for N Rigorous experimental analysis
of a hydride contingent upon the presence of bothaNd showed that the nitrogenase HD formation reaction requires
D, during catalysis. This criterion can be met by consider- both D, and N (6). In the present model, the;Xequirement
ation of a well-established feature of dinitrogen reduction allows two inferences to be drawn about the mechanism, as
in model chemical complexes, namely, that initial protonation follows. First, state Ein the catalytic cycle must undergo
of N, competes with protonation at the metal. This was first homocitrate ring opening in the presence ef but not when
recognized in the equilibrium between the complexes [MX- H* is the only available substrate. This is supported by the
(N2H)(dppe}] and [MXH(N)(dppe}] (M = Mo or W; X = analysis of homocitrate ring opening in the preceding paper;
F, Cl or Br; dppe= PhPCH,CH,PPh) (26), and a recent  in the absence of } ring opening is endothermic, but
infrared and theoretical study of these complexes confirmed concomitant binding of Bat Mo gives a process which is
and refined this picture2{). The equilibrium between  exothermic overall. This also allows a rationalization of the
[WX(N oH)(dppe}]¥* and [WXH(Ny)(dppe}]®* (X = F or fact that the Mo atom is coordinatively saturated in the resting

D, + 2H" + 2e — 2HD 1)
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Scheme 3: Proposed Mechanism for the HD Formation Redction
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a Each of the bold arrows represents the transfer of a singfeoen the Fe protein to the MoFe protein. Circled kepresent nonlocated protons

associated with the protein or homocitrate.

state of the enzyme; in the absence of tthe Mo site is
protected by homocitrate at the Evel, and so cannot be
protonated to give a catalytically counterproductive hydride.
The second inference is that a hydride formed at thiee!
is sufficiently long-lived to undergo scrambling withy,Obut
a hydride at the more reduced Evel is hydrolyzed too
rapidly to give HD. If this were not so, then the Mo hydride
formed at the Elevel in the absence of Nsee below and
Scheme 4) would be capable of-Mdependent HD forma-
tion. The hypothesis of different hydride lifetimes at states
Es; and E can be justified by the LoweThorneley rate
constants for evolution of Hfrom these two states, 8 and
400 s, respectively 2).

2. The Electrons for HD Formation Are bBerted from

rather than from OHER). In the present model, this follows
naturally from the competitive protonation betweenaxwd

the FeMoco core, as discussed above. OHE is considered to
be an entirely separate process, unaffected by the presence
of either N, or D, (see below).

3. Turnaer under HD Gies No B. When nitrogenase
was turned over under a mixture of HD and, Mo D, was
detected in the product87). This observation suggests that
only a single scrambling event can occur on the catalytic
time scale. This is reasonable given that there is always
necessarily one molecule of,[0r, in this case, HD, at the
active site when the Mo hydride is formed, but the local
FeMoco environment is relatively isolated from bulk solution
(see preceding paper); hence, diffusion of@® HD from

N, Reductionlt has been established that the electrons usedthe protein exterior to the FeMoco is relatively slow. Note

in HD formation are diverted exclusively fromyXeduction

that a high pHD might allow for multiple scrambling events,
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Scheme 4: Proposed Mechanism for Evvolution in the Absenc
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resulting in some B however, the pressure of HD used in
these experiments was only 0.5 Atm.

4. Minimal Exchange with Sgént. It was found that the
rate of incorporation of Tinto solution is~50 times slower
than the rate of HD formationl@). This is consistent with

preceding paper, this can be interpreted in terms of competi-
tive weak binding of N and GH, at the central Fe sites of
the FeMoco in states;Eand E.

It has been shown that HD production is suppressed as
the pN is increased41). This is expected in the present

the present model, in that work on hydrogenases has showny, e given that speciein Figure 2 shows dissociation

that exchange of hydride with solvent is relatively slow
compared to exchange involving protonated nonmetal atoms
(8, 10, 12).

5. Competitie Inhibition of N Binding and Reduction.
The observation that Hnhibits reduction of N, but not of
H*, N2O, N3~, C:H,, CN™, MeNC, or NH4 (4), is readily
understood in that only Nachieves critical stabilization of
a reduced intermediate by bridging between the Mo and Fe
atoms of the FeMoco. Of all known nitrogenase substrates,
N, is the hardest to reduce; moreover, the firstéd addition
is the most difficult step of Breduction. Hence, although
other substrates might bind at Mo via homocitrate ring
opening, their initial reduction will be significantly easier
than that of N, and consequently they will not suffer from
competitive formation of hydride on the FeMoco core cluster.
Alternative substrates may or may not be bound at Mo; for
example, GH; binds to states equivalent tq Bnd E in the
Lowe—Thorneley cycle 38), for which Mo is unavailable
according to the present model. In this context, it is
interesting to note that Ninhibits the reduction of gH,,
both in whole nitrogenas&9) and in solutions of extracted
FeMoco @0). Following the analysis presented in the

of Ny; thus, a high pMNwill shift the equilibrium betwee
andE in Scheme 3 in favor ob. At first sight, it might be
argued that a high pNvould itself destabilize intermediate
D by blocking the Fe site with a second hgand. However,
this destabilization is not a problem since highypaiiéo shifts
the equilibrium between the MONNH and MoH N states
back toward the former.

Recent experiments have indicated that in addition to
suppressing Nreduction, H also competes directly with N
for binding sites on the FeMoc®), In the present model,
competition between Hand N for binding sites can be
viewed as a result of the cage effect discussed in the
preceding paper. Thus, the FeMoco-containing pocket can
hold a strictly limited number of small molecules. In the early
stages of catalysis up to statg, H,, and N bind weakly
and nonspecifically at the FeMoco Fe sites, and so compete

for occupancy of the pocket. TheAsnt®> mutant behaves

normally in this regard; however, the lack of a hydrogen
bond to S2B of the FeMoco in this cass] means that the
FeMoco cannot sustain reduction to the level required for
the first protonation of B hence no HD can be produced.
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6. Limiting HD/H, StoichiometriesExperiments designed
to measure the limiting HD/kstoichiometry using pBPs
of up to 400 kPa (4 Atm) gave a limiting value for this ratio
of 2 at infinite pD, (41). For the model shown in Scheme 3,
the limiting HD/H, ratio can be calculated as follows. As
noted above, scrambling should be limited to the single D
molecule found at the active site upon formation of the
molybdenum hydride, giving the following stoichiometry:

MoH + D, — 2/3MoD + 1/3MoH + 2/3HD + 1/3D,
(2)

Addition of a further H/e~ couple results in hydrolysis of
the hydride/deuteride; hence

2/3MoD + 1/3MoH + 2/3HD+ H" + e —
4/3HD + 1/3H, (3)

Overall, the products of eq 3 require two'td~ couples,
since one is used to make the initial Mo hydride. Under
limiting conditions for N reduction, six out of every eight
electrons are utilized for N-eduction, while two are allocated
to OHE. Since all electrons used in HD production are
diverted from N reduction, the limiting equations for HD

Biochemistry, Vol. 41, No. 47, 20023953

E,, similar to the scheme for HD formation given above.
Experimentally, it has been shown that reduction of a Mo
carboxylate complex results in dechelation of the carboxylate
ligand and protonation of the metalJ). In addition, each
of the states E-E, can lose H, as indicated in the Lowe
Thorneley scheme2( 15), by migration of an H atom from
S to Fe on the FeMoco core and subsequent hydrol$§)s (
Conceptually, Scheme 4 exactly parallels the mechanism of
reduction of H to H, by [FesS«(SPh)]®", proposed by
Gronberg et al. 44). In both cases, protonation of the cluster
core at sulfur is followed by dissociation of a protonated
leaving group [homocitrate in Scheme 4, thiophenol in
reference 44)]. Further protonation then occurs at the
exposed metal site, and the resulting hydride is lost as H
allowing religation of the leaving group. The assignment of
the reduced iron hydride cluster fSHs(SPh}], rather than
the initially produced [FgS,H3(SPh)}]*, as the primary
source of H also lends further support to the hypothesis of
faster release of HD from statq Eompared to Ein Scheme
3, as discussed above.

An interesting test of this model is provided by work on
NifV ~ mutant nitrogenase, whose FeMoco contains citrate
rather than homocitratel, 46). In both of these studies,

production therefore consist of the HD component, eq 4, plus the rate of H evolution by NifV~ nitrogenase under argon

the OHE component, eq 5:

2D, + 6H" + 66 — 4HD + H, 4)

(5)

Combining egs 4 and 5 gives an overall limiting HRAdtio

of 2, in agreement with experiment. Interestingly, however,
use of still higher pB, up to 50 Atm, gave a different limiting
HD/H, ratio, of 6.0-6.8 @42). There are two possible

2H" +2e —H,

was found to be~92% of that of the wild type. Similarly,
the rate of H evolution of the wild-type enzyme in the
presence of a low concentration of CO was virtually identical
to the rate in the absence of CO. However, the NifWutant
evolved H at significantly lower rates under low CO
concentrations, resulting from CO-induced uncoupling of
ATP hydrolysis from electron transfer. It has been shown
that CO perturbs the profile of Hevolution versus pH for
wild-type nitrogenase4({7), an effect which was explained
in terms of a shift in K, of a group associated with the

explanations for this. First, very high pressures should result FeMoco from~9 to ~8.5. We have previously suggested
in an increase in the number of molecules efvzhich can that differences in the reactivities of homocitrate- and citrate-
access the FeMoco pocket, enabling multiple scrambling containing cofactors are best understood in terms of opening
events to occur. As the mean number of scrambling of the (homo)citrate chelate ring, which allows a specific
encounters increases, the HD/katio should approach a  hydrogen bond to Avi-His*? (Kpl o-His*9) in the case
limiting value of 6. However, since all of the electrons used of homocitrate but not of citrate, thereby enhancing the

for HD formation are diverted from Nreduction, the
maximum possible HD/Kratio should be 6, regardless of

basicity of the Mo atom48). In state & of Scheme 4, there
is an equilibrium between protonation at Mo and an

the mechanism of HD formation. Hence, the reported HD/ unidentified amino acid residue close to the FeMoco. The

H, ratios of up to 6.8 are especially intriguing. Since all
chemical reactions are equilibria, a sufficiently highypil
suppress obligatory Hevolution. If OHE is not strictly
required for binding and initial reduction of,Nwhich are
the processes associated with HD formation, then HD/H

position of the equilibrium will be determined by th&pof

the amino acid residue, which should be relatively invariant,
and the K, of the Mo hydride, which will be influenced by
the disposition of the FeMoco. Binding of CO at a trigonal
Fe site will reduce the basicity of the FeMoco, as will loss

ratios greater than 6 become possible. Taken at face valuepf the hydrogen bond between homocitrate anéis**2.
then, these experimental data provide evidence that OHE isCombining both effects then reduces thi€,of the Mo

not an essential feature of nitrogenase mechanism.
Production of H by Nitrogenaseln the absence of any

hydride below that of the protonatable amino acid residue,
switching the position of the equilibrium in state Back

other reducible substrate, nitrogenase catalyses the productiofrom G to F. Speciesk cannot easily be reduced, since it

of H, from protons. A scheme for proton reduction can be

has no sites available to receive further protons, resulting in

deduced by extension of the analysis of the HD formation the uncoupling of ATP hydrolysis from electron-transfer
reaction given above, Scheme 4. The first part this schemenoted above. Linear regression analysis gave a maximum

is identical to that for M reduction given in the preceding
paper. In the absence o, Nhowever, the homocitrate ring
remains closed at statg.EAddition of a further H/e™ couple
to the FeMoco core to give a state correspondingstallBws

homocitrate ring opening and concomitant protonation at Mo,

with subsequent rapid loss ot feturning the system to state

inhibition of H, production by CO in these experiments of
73% (@5); the residual H production can be accounted for
if OHE continues at its normal rate.

Another set of experiments which can be interpreted using
the present model concerns the effects of site-directed
mutagenesis on Av1l nitrogenase residublis!®® (49). The
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wild-type enzyme exhibits a significantly lower rate of H
evolution under an atmosphere of dbmpared to that under
Ar, due to nitrogen fixation. The-GIn' mutant showed a
very similar inhibition of B evolution under By even though
in this case the rate of Nixation is minimal 60), while
the o-Asn'% and other mutants showed a low rate of H
evolution under both Ar and Natmospheres4Q). It was reducing potential. Third, all the Hproduced by both
previously suggeste®p) that these data can be interpreted enzymes might result from unavoidable leakage. This last
in terms of a successive attenuation of the FeMoco’s basicity possibility is in line with Occam’s razor and also fits in best
in going from the wild type through the GIn mutant to the with the results from both the present and oth&p)(
Asn mutant, meaning that the GIn mutant can access atheoretical studies, which failed to uncover any potential
condition in which N is bound but only inefficiently reduced, constructive role for OHE. Finally, it was argued in a
whereas the Asn mutant cannot reduce & all. This previous study 35) that under the experimental conditions
interpretation can now be made more specific, as follows. used to measure the limitingH, ratio (51), wasteful release
The GIn mutant would operate normally in the absence of of H, from states E— E, in the Lowe-Thorneley scheme
N, giving rapid H evolution via a state similar t& in would not be fully suppressed. The rate of leakage would
Scheme 4, except that S2B of the FeMoco would receive be essentially constant, dependent only upon the rate of
only a hydrogen bond from-GIn'%, rather than the formal  association/dissociation of the nitrogenase component pro-
transfer of a proton as occurs in the wild-type enzyme. In teins. If correct, this would explain both the phenomenon of
the presence of N this mutant would be diverted into a OHE and the different limiting stoichiometries for the
nonproductive state with the Mo site occupied byrbther different enzymes, as well as the HD/katios greater than
than H. The other mutants, lacking even a hydrogen bond 6 which were found at very high pDas discussed above.

might genuinely reflect the enzymes’ mechanisms. In this
case, V nitrogenase would operate by a mechanism requiring
evolution of 3.5 molecules of Hper N, reduced, which
seems singularly unlikely. Second, both nitrogenases might
require release of onezhber N;, and the balance of 2.5,H

for V nitrogenase would result from unavoidable leakage of

to S2B, would not be able to reach the level of reduction
required for homocitrate ring opening, resulting in a lower
rate of H, production even in the absence of.N

Obligatory Hydrogen kolution. The model presented
above accommodates competitive inhibition of Binding
and reduction by b the HD formation reaction, and the
characteristics of H reduction in the absence of other
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