J. Phys. Chem. B998,102,1615-1623 1615

Nitrogen Fixation by Nitrogenases: A Quantum Chemical Study

I. Introduction

Nitrogenase (Mase) is an enzyme widely distributed among
bacteria and is key to the fixation ok the terrestrial nitrogen
cycle with an estimated annual global ammonia production of
1.7 x 10" kg.l~7 Ny-ase is able to reduce,No ammonia via
eq 1 using a relatively mild source of electreres reduced
ferredoxin in vivo and sodium dithionite in vitretogether with
protons from the medium.
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The mechanism of ammonia formation by nitrogenase has been studied using the hybrid density functional
method B3LYP with large basis sets. Most of the results were obtained with a simple iron dimer model, but
a few calculations were also done for larger models, the largest one containing eight iron atoms. The model
clusters were in general chosen to have a net neutral ionic charge with the iron atoms in the low Fe(ll)
oxidation state with ferromagnetically coupled spins. In a key result we find that placing a hydrogen atom
on a bridging sulfur dramatically changes the affinity of the cluster for & the dimer model without this
hydrogen atom, Nforms only a weak end-on bond to one of the iron atoms, but with the hydrogen atom
present N becomes strongly activated in a bridging coordination. The effect of the hydrogen atom can be
described as a local promotion effect reducing th€IFE) system to an Fgl,11) set. A very similar promotion

effect is seen also for the larger clusters. Another interesting effect noted for glotubter is that a cavity
between the cubanes in the cluster can be opened by reducing the cluster with two hydrogen atoms on bridging
sulfurs. Coupled electron and proton transfer and energetic aspects are emphasized. Most steps of ammonia
formation are shown to lead to H atom addition energies in the rangé®@cal/mol, which is argued to be
optimal for the function of nitrogenase.

of the Fe protein, the former certainly and the latter possibly
required for electron transfer to take place. In the course of
the catalytic cycle, two MgATP molecules are normally
hydrolyzed to MgADP per electron transferred from the Fe to
the MoFe protein. The hydrolysis may or may not be coupled
to the electron transfer, possibly providing energy to drive the
electron transfet. Turning now to the MoFe protein, an air-
sensitive Fe-Mo—S-containing cofactor (FeMocé)extracted
from the MoFe protein, was found to reconstitute catalytic

8e + 8H" + N, — 2NH, + H, (1) activity in the apoenzyme, although no combination of inorganic

reagents could do so. This suggested that arNfe—S cluster

A notable feature of the stoichiometry of the enzyme is the Of an unusual type (M center) might be the key active site
apparent requ”‘ement for the produc“on of at least one H Component. Later WOfk |dent|f|ed Several ge':_hEBlO|V€d n

molecule per Nmolecule reduced, suggesting thatdvolution ~ FeMoco synthesis including one for homocitrate synthesis,
may have some essential role in the Chemi%try'.he first Wh|Ch Ied to the recognition that hOI’nOCIlTate acts as a I|gand
nitrogenases to be isolated from bacteria suciAzstobacter in FeMoco. Altering this ligand affects the reduction rate and
vinelandii and Clostridium pasteurianurhad Mo, Fe, and 3 specificity. In the dithionite-reduced form of the enzyme, the
as inorganic constituen?s®but later “alternative” forms were ~ FeMoco cluster is in th& = 3/2 spin state, but Nis believed

discovered with V, Fe, and?S or even with Fe and® alone to bind only in some more reduced state. Apart from FeMoco,

as constituent3!1.12 In what follows we restrict our attention  the MoFe protein also contains angBgcofactor (the P cluster)

to the molybdenum-containing protein because it is for this case of a very unusual structure, but which is believed to be involved
that crystal structures have been solV&H. Early work showed  in electron transfer and not substrate binding. A number of
that the enzyme consists of a ca. 60-kD Fe-containing protein, alternative substrates and/or competitive inhibitors, such as
which provides the electrons required in eq 1, and a ca. 220- acetonitrile, methylisonitrile, acetylene,®, CO, and CN ion

kD protein-containing Fe, Mo, and inorganic sulfide that binds presumably bind to FeMoco. Kinetic work by Thorneley and
and reduces N The Fe protein has a binding site for MgATP  Lowe' has led to a proposed scheme involving 10 intermediates
which leads to a conformational change causing binding to the in which N, only binds after cluster reduction by three or four
MoFe protein and to a 120-mV increase in the reducing power electrons. In essentially all the reductions catalyzed by N
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The challenge of finding the molecular mechanism for N
reduction in N-ase has continued to be elusive in spite intense
study. We cannot expect our contribution, described in this
paper, to provide more than a preliminary working hypothesis,
but we believe it provides testable ideas for future study. In
this study, we use quantum chemical methods to study some of
the details of ammonia formation. The use of high accuracy
guantum chemical methods in the field of biochemistry involv-
Ny ing transition metals is very new. In general, for standard ab
Hjreeeremeeer e initio methods the systems are simply too big. DFT methods
" have for some time had the capacity of treating large enough
systems, but the accuracy has been questionable. Recent work
in this ared* incorporating gradient corrections of the density
and Hartree-Fock exchange in a scheme parametrized against
experiments has changed the situation dramatically. The
accuracy of these types of hybrid methods is now almost of the
same level as that obtained by the most advanced ab initio

. . . methods obtainable for small systefisThe use of empirical
Figure 1. Experimental structufé for the FeMo cofactor, with a .
dashed line showing a position where the present dimer model could para_met?_rs has not had any Slg_nlflcant effect Or_' the range of
fit. applicability of these methods. Since only a few (in the present
. ) . case three) parameters selected on physical grounds are used,
ase, with N or with alternative substrates, an equal number of .o 1 athods are equally applicable for systems for which the

protons and electrons are transferred to the substrate, so they, 2 meters have not been fitted, such as for transition metal
enzyme is acting as a net hydrogen atom donor, suggesting tha, ., jeve26 This is unlike the situation for the earlier type of

proton and electron transfer may be closely coupled. With some semiempirical schemes where many more parameters were used.

substrat_es there is an initial burst of about or@efrld)Iec_uIe per The present DFT methods have previously been proven useful
II:\)/.IO(,j.whishT%ould bf l?ue toh.the sukbstfrat\;[]e (lzinspIacm%dg i for biochemical systems. In an application to the mechanism
:rrc])umgévl“vlshgscrrw{; di (t)t?éaﬁelsce\r/\vtosrtug oessitflisban rovi%l:z for methane activation by methane monooxygenase (MMO),
group . € pres yp y P 9 an unusual distorted structure was predicted for the key active
a st_ructur.al basis for discussing theg.-a.sse mechanism. In complex denoted compoun@,?” which later proved to be
partlcula}r it has revealed the very surprising structure of FeMoco identical with the model suggested on the basis of recent EXAFS
iggwgctg] d It:(ljgg(ree thlé N;)rirr:?jir:essljilttes IS; hionwf;;a;i)t(leool\:lé)i,nelltt)gg measuremen®. The energetics obtained for the methane
P L2 19 site, reaction is also in very good agreement with available experi-
and therefore possibly coordinatively saturated (although seven-, o ntal information Exactly the same type of methods and

eight- and evel nine-coordinate Mo complexes are known . )
atgleast in the state of the enzyme that \F/Jvas crystallized. )In procedures were used in the MMO study as in the present study

contrast, six of the seven irons appear to be three-coordinate.Of No-ase. )
Of course, the presence of light ligands such as H cannot be Although the methods used here are capable of treating
excluded, but the abnormally low apparent coordination number relatively large systems, even a single calculation on a system
found for these irons certainly make them a likely site for @S large as the FeMo cofactor is a challenge. A few such
substrate binding. The definitive characterization of an all-iron calculations will be presented here, but the main body of results
N,-asé is also consistent with this idea. The crystal structure have to be obtained on smaller models. Otherwise, the number
of Mo—Nj-ase also show® that a variety of potentially of calculations required to properly test a mechanistic hypothesis
hydrogen-bonding groups, such as the homocitrate, His 195,cannot be performed. The models used in the present study
Arg 359, and Arg 96, are located around the FeMoco cluster are built on two simplifying principles. First, charge-neutrality
and could play a role in proton transfer to the cluster. The latter is maintained as far as possible. This is in general a reasonable
process may well be coupled with electron transfer to give a assumption for proteins, which have rather low dielectric
net hydrogen atom transfer to the FeMoco cluster; see below.constants. It should be emphasized that this type of model is
Because of the size of the FeMo cofactor, so far mainly simple Still consistent with local charge fluctuations, such as proton
semiempirical methods have been used to study this systemtransfer between two neighboring sites and proton exchange with
theoretically. Deng and Hoffmafhused the extended tdkel the solvent. The second assumption is that proton transfer (PT)
method and concluded that metahetal bonding in the cofactor ~ and electron transfer (ET) are strongly coupled, as is consistent
is quite important. Several Ncoordination modes were  Wwith the charge-neutrality assumption. The ultimate limit of
considered. Stavrev and Zerffaused the INDO (intermediate  strongly coupled PT and ET is hydrogen atom transfer (HAT),
neglect of differential overlap) and found that Nreferably which has recently been shown to be a good model for the
binds within the cluster. Even though the INDO method is strongly coupled PT and ET processes occurring in ribonucle-
known to exaggerate binding energies, the binding energy otide reductase (RNRY. In prior quantum chemical model
obtained of nearly 150 kcal/mol is extraordinarily large. The studies, two different mechanisms of HAT between amino acids
only previous density functional theory (DFT) study of nitro- were demonstrated, proton-governed hydrogen transfer (PGHT)
genase is a very recent investigation by DaffceGradient and overlap-governed hydrogen transfer (OGHT). In PGHT, a
corrections of the density were used, but HartrBeck proton moves first to set up a potential in which the electron
exchange was not included, and the entire cofactor was can then also move. In OGHT, the system is set up in a way
considered. The optimal geometry found fop Was quite such that the critical orbitals overlap, allowing a proton and an
asymmetric, with both nitrogens mainly bound to one of the electron transfer to occur simultaneously but by different paths.
two incomplete cubane clusters of the cofactor. In both mechanisms, at the end of each step an entire hydrogen

The theoretical
Fe,-model p——

The Fe-Mo-S cluster
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atom has moved. A key point is that the charge separation is Gaussian-94 program. This basis set has two sets of polarization
kept minimal in this transfer. functions on all atoms including two f-sets on the metals and
Strong coupling between PT and ET in-Bise has previously  also diffuse functions. In the B3LYP geometry optimizations
been advocated by several workers. In a recent review,en N a much smaller basis set, the LANL2DZ set of the Gaussian-
ase Thorneley says that “the importance of the coupling of 94 program, was used in most cases. For the iron atoms this
proton and electron transfers cannot be overemphasf2et. means that a nonrelativistic ECP according to Hay and ¥adt
adds that a probable key role for ATP hydrolysis is to was used. The metal valence basis set used in connection with
synchronize electron and proton transfer and that the role of this ECP is essentially of double-zeta quality. The sulfur atoms
the P-clusters could be control of both electron donation to and also have an ECP description, and the rest of the atoms are
protonation of the FeMoco substrate reduction site. In an evendescribed by standard double-zeta basis sets. A few exceptions
more recent reviewBurgess and Lowe emphasize the impor- to this general recipe for performing the calculations were made.
tance of a coupling between ET and PT, as follows: “it is First, in a few geometry optimizations the effects of d-functions
possible that this type of sequential electron/proton transfer (i.e., on sulfur were tested. Secondly, for the largest systems studied
net hydrogen atom transfer) occurs for the FeMo cofactor site here with up to eight iron atoms, no additional large basis set
of nitrogenase”. The models used in the present study rely calculation could be afforded, so the energies discussed below
heavily on this picture of a very strong coupling between ET are for the same basis set as was used for the geometry
and PT. optimization. Whenever there has been a deviation from the
Use of the HAT picture is the first characteristic feature of general procedure for doing the calculations, this will be
the present study onMase. The second is the relatively small  explicitly mentioned in the text below.
size of the systems used as models in most cases. The choice The computational model systems used in the present paper
of a small model is obviously partly dictated by the size of the are quite large by quantum chemical standards. The calculations
calculations, but these models are also used on the basis of someould still be successfully performed using very large basis sets
initial experience for the present system. It is today actually and accurate methods, as described above. However, the
possible to treat systems almost as large as the FeMo cofactorcalculations of accurate Hessians turned out to be prohibitively
However, the initial results of using a quite realistic model expensive. Not only are the systems too big but it was also
containing eight iron atoms and placing bt different sites of very difficult to obtain sufficient convergence for obtaining
this cluster were quite discouraging and did not lead to any numerically reliable frequencies. Since the zero-point vibra-
progress on the mechanism of-Blse. The main reason for tional effects are expected to be small for the reactions involving
this was that only very few calculations could be afforded and the N,-ase model, these were therefore simply assumed to be
so the flexibility and variations of the models used were zero for these reactions. For the gas-phase reactions mentioned
therefore severely limited. A much simpler model containing in the text as comparisons, zero-point effects where obtained
only two iron atoms was much more successful in elucidating at the B3LYP level using the LANL2DZ basis set.
probable mechanisms. The present paper will mainly describe
the results obtained using this simple model. Toward the end lll. Results and Discussion
of the paper, results using more realistic models are also pgefqre the discussion of the results from the model calcula-
described testing the mechanisms obtained using the smallet;s on N-ase starts, it is useful to consider some gas-phase
model. results as a background. Infdse the hydrogen atoms, or
strongly coupled protons and electrons (see above), are supplied
one at a time to the nitrogen molecule. The corresponding gas-
The calculations were performed in two steps. First, an phase energies, calculated at the same level as the other energies
optimization of the geometry was performed using the B3LYP of this study, are the following:
method?* Double-zeta basis sets were used in this step. In
the second step the energy was evaluated for the optimized N, +H—N,H, AE=1.2kcal/mol (2)
geometry using very large basis sets including diffuse functions
and with two polarization functions on each atom. The final NH +H = NpH,, AE= —60.7 keal/mol (3)

II. Computational Details

energy evaluation was also performed at the B3LYP level. All N,H, + H — N,H,, AE = —50.3 kcal/mol 4)
calculations were made using the Gaussian-94 progtam.
The B3LYP functional can be written 8432 N,H; + H—N,H,, AE = —75.9 kcal/mol (5)

N,H, +H — NH, + NH,;, AE = —45.0 kcal/mol (6)
NH, + NH, + H — 2NH,, AE = —101.0 kcal/mol (7)

FBBLYP — (1 _ A)Fflater_i_ AF;”: 4 BFSeCke“r‘
LYP VWN
CF," + (1 - O,

Slater : HE - A few important conclusions relevant forMse can be drawn
whereF;, Blskthe Slater exchangé,™ is the Hartree Fock o these energies. First, the most critical step is the addition
exchangeF; *““is the gradient part of the exchange functional f the first hydrogen to the triple bond of,Nwhich is only
of Becke?* F'" is the correlation functional of Lee, Yang, thermoneutral in the gas phase. Secondly, since the average
and Parf® and F{"" is the correlation functional of Vosko,  H-bond strength is 55.3 kcal/mol (exptl. 54.7 kcal/mol) from
Wilk, and Nusair* A, B, andC are the coefficients determined  reactions 27, the cost of obtaining hydrogen atoms for the
by Becké* using a fit to experimental heats of formation, but FeMo cofactor of NM-ase should not be much higher than this
Becke did not uséFy"" and F5'" in the expression above value. In order not to waste unnecessary energy, the cost should
when the coefficients were determined, but used the correlationnot be much lower than 55 kcal/mol either. In an ideal situation,
functionals of Perdew and Wang inste&d. which probably has been achieved as closely as possiblg-in N
The B3LYP energy calculations were for all the iron dimer ase by evolution, most steps of hydrogen addition to nitrogen
models made using the large 6-31G(2d,2p) basis sets in the  should therefore lead toNH bond strengths of 5060 kcal/
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mol. This is a very important guideline governing the present
study. An exception to this rule could be the final H atom
addition energies where ammonia is formed; see further below.
To obtain hydrogen atoms at such a low cost as only 55 kcal/
mol, N,-ase has the Fe-protein which contains a reduced
ferredoxin and where two MgATP are consumed for each
hydrogen atom produced. To treat proton/electron transfer in
this system, we consider that an H atom transport chain exists
going from the Fe-protein via the P-cluster to the FeMo cofactor.
A requirement for such a chain is that hydrogen atoms are not
bound anywhere by significantly more than 55 kcal/mol, since
they would otherwise never reach the FeMo cofactor. Prelimi-
nary calculations on models of the P-cluster indeed show that
H-bond strengths of about this size are obtained, provided that
the iron atoms in the P-cluster have low oxidation states, most
of them Fe(ll). For example, the calculated H atom bond
strength to Fg5, with only Fe(ll) atoms is 54.4 kcal/mol
(obtained using the small basis set).

Although H molecules are not used to supply H atoms in
No-ase, it is still of interest to consider the reaction energy
between Nand H. With a calculated binding energy of 103.8
kcal/mol for H, (exptl. 103.5 kcal/mol), the following is
obtained:

O

\’_..

Figure 2. Fe(ll,Il) dimer model used as a starting point for the
calculations.

be tested. It is probably highly significant that the iron atoms
are only three-coordinate in the FeMo cofactor, and so three-
coordination was therefore also chosen for the iron dimer model.
A very important question in modeling the FeMo cofactor is
what oxidation states should be used for the iron atoms. In the
preliminary investigation of the neutral iron dimer model
different oxidation states were modeled using the simplest
possible sulfur-based ligands, which means using either SH or
(8) SH, ligands. As mentioned above, the iron atoms are kept three-
coordinate and a single sulfur bridge is also included in the
The experimental value for this reaction-is7.8 kcal/mol. It model. The criterion used to judge the suitability of a model
can be noted that the optimal cost of hydrogen atoms of aboutis how strongly hydrogen atoms are bound to the ligands around
55 kcal/mol is actually achieved fairly well byH52 kcal/mol iron. If a hydrogen atom can be bound to one of the sulfur
per H atom). This is directly relevant for the industrial Haber  ligands by significantly more than 55 kcal/mol (the average bond
Bosch process where;tis used as hydrogen source. Itis also strength to nitrogen, see above), then this would not be a good

N, +3H,— 2NH,, AE = —19.9 kcal/mol

relevant for N-ase in the sense that,Hormation leads to a
similar energy gain as the average step of theabe cycle.
Unwanted formation of Hlis for this reason a potential problem

model. A hydrogen atom travelling through the FeMo cofactor
would then get permanently bound at this position and would
not be able to travel further to reach the nitrogens. If, on the

in ammonia synthesis, and an almost perfect fine-tuning of all other hand, a hydrogen atom present on a ligand is bound by
steps in ammonia formation is therefore required. Still, for the significantly less than 55 kcal/mol, this hydrogen would be
FeMo cofactor a lower limit of one hydrogen molecule is readily lost from the ligand to a neighboring sulfur bridge or to
produced in each ammonia cycle, as described in the Introduc-Nitrogen. The only set of iron oxidation states to survive these
tion. However, there is probably a reason for this which might requirements has two Fe(ll) atoms in the dimer. An(Fgll)
be central for the ammonia synthesis, as will be described below.dimer binds a hydrogen atom by 65.8 kcal/mol on one of its
a. Results for the Iron Dimer Model. As mentioned in ~ SH ligands, and an B@,I1) dimer will lose one of its hydrogens
the Introduction, the main reason for choosing an iron dimer of an SH ligand at a low cost of only 42.8 kcal/mol. The only
model for the study of Mase is that it allows a sufficient number ~ Possible neutral R€l111) dimer with one bridging sulfur and
of calculations to test different ideas of the mechanisms. The two three-coordinate iron atoms is shown in Figure 2. An
reason we did not start this investigation with an even simpler indication of how this dimer model would fit into the real FeMo
monomer model is that this does not allow the important case cofactor is shown by the dashed line in Figure 1. This is the
of a bridging N to be tested. The goal of the dimer study is to starting dimer model for which most of the results of the present
provide sufficient insight to move to more realistic models later. Study were obtained. The symbolKi&ll) is used here, rather
In fact, even a totally negative result giving no indication of than Fe(ll}-Fe(ll), to emphasize that the oxidation states are
how ammonia is formed would be quite interesting since this quite delocalized over the whole complex, with significant spin
would imply that at least three iron atoms are involved Populations also on sulfur. For example, the spin population
simultaneously in all key steps of the ammonia cycle. However, on the bridging sulfur in the structure in Figure 2 is 0.27.
as it turns out, many qualitative aspects of ammonia formation ~ An important technical aspect of the calculations should be
can be understood on the basis of the dimer model, such as, fopointed out. To simplify the convergence to a proper state,
example, the role of hydrogen atoms in the cluster. ferromagnetic coupling of the spins on iron was used. In the
The following ideas and background were used to set up thereal cluster, spins on neighboring iron atoms should in most
starting iron dimer complex. First, there should be at least one cases be antiferromagnetically coupled, as shown by the low
bridging sulfur ligand. In the real FeMo cofactor pairs of iron total spin (a quartet) of the FeMo cofactor. At least, this is
atoms are connected both by one and two sulfur bridges. Inmost probably true for pairs of iron atoms within each cubane
the present dimer model, only one sulfur bridge was chosen of the cofactor. For neighboring irons belonging to different
since this should intuitively simplify possible;Xridging modes. cubanes, the situation is less clear, and these could well be
Also, in the real FeMo cofactor these bridging sulfurs can be ferromagnetically coupled. In previous studies on the iron dimer
eitheru?- or u®-coordinated. Obviously, in a dimer model only  of MMOZ2” and of manganese dimer models of photosysteth I,
u?-coordinated sulfurs can be tested, but in bigger models it was shown that only slightly lower energies (by a few kcal/
described in the next subsectigficoordinated sulfurs willalso  mol) are obtained for antiferromagnetic coupling and also
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TABLE 1: Binding Energies (kcal/mol) for H on N,
(D(H)), H on the Bridging S ((D(Hs)), and N; to the Cluster
(D(N2)) Using the Dimer Model (Structures 1-8 in Scheme
1) and B3LYP/6311G(2d,2p)

structure D(Hn) D(Hs) D(N2)
la (HS)(H:S)Fe-S—Fe—(SH)SH)
2a (HS)(H.S)Fe-Nz—S—Fe—(SH)SH) -0.9
3a (HS)(H.S)Fe-N,H—S—Fe—(SH)SH) -22.7
4a (HS)(H:S)Fe-NoH,—S—Fe—(SH)SH) —-73.9
5a (HS)(H:S)Fe-N;H;—S—Fe—(SH)SH) -76.1
6a (HS)(H.S)Fe-NHs—S—Fe—(SH)SH) —-79.8

7a (HS)(H:S)Fe-NH,—S—Fe—NH3_(SH)SH) —65.8
8a (HS)(H.S)Fe-NH3—S—Fe—NH3_(SH)SH) —108.1

Figure 3. Reduced F£I,1l) dimer with a hydrogen atom on the 1b (HS)(H,S)Fe-SH—Fe—(SH)SH) -18.6
bridging sulfur and N bound in a bridging coordination to the two  2b (HS)(H;S)Fe-N,—SH—Fe—(SH)SH) —49.6 —31.9
irons. The sum of the binding energies of the hydrogen atom and of 3b (HS)(H,S)Fe-N,H—SH—Fe—(SH)SH) —48.1 —78.6
N is 50.5 kcal/mol. 4b (HS)(H:S)Fe-NzH,—SH—Fe—(SH)SH) —73.8 —785

5b (HS)(H:S)Fe-N;Hs—SH—Fe—(SH)SH) —66.9 —69.3

6b (HS)(H,S)Fe-NzHs—SH—Fe—(SH)SH) —56.2 —45.7

e_ssentially identical geometries were obtained. For th_e present. (HS)(H.S)Fe-NHy—SH—FeNH(SH)SH) —121.1 —101.1
dimer model system in Figure 2, convergence was achieved alsogy, (s)(H,S)Fe-NHy—SH-Fe-NHa(SH)SH) —53.1 —46.1
to the antiferromagnetic case and the energy is only 2.1 kcal/
mol lower than for the ferromagnetic coupling. The spins on critical for ammonia synthesis by,MNse and is also discussed
iron are 3.68 and 3.70 for tH&A ferromagnetic state and 3.54 for the larger models in the next subsection.
and 3.58 for théA antiferromagnetic case. In the rest of this The electronic structure of the complexes in Figures 2 and 3
study only ferromagnetic coupling was used since this simplifies can be described in the following way. First, the dimer model
convergence considerably. in Figure 2 can be characterized as quite strongly delocalized
The most important result of the present study involves the Fex(ll,Il) with spin populations of 3.68 and 3.70 on the irons
initial steps of the ammonia formation. However, simply adding and 0.27 on the bridging sulfur. The SH ligands have spins of
N to the structure of Figure 2, was quite disappointing, because0.13 and 0.10 each, while the spins on the 8fhnds are quite
only a very weak bond is formed and every attempt to form a small. It should be remembered that these SH anglligbinds
bridged structure failed. The only minimum found was for a represent the totality of the FeMo cofactor, not only the bridging
structure where Mis end-on bonded to one of the iron atoms. sulfurs but also the other iron atoms, and are used mainly to
The binding energy is only 0.9 kcal/mol, and the-N distance get an appropriate oxidation state for the iron atoms in the
of N, is exactly as in the gas phase, 1.13 A. The present dimermodel. When a hydrogen atom is bound to the bridging sulfur,
model therefore does not appear to show any tendency forit reduces the spin on this sulfur from 0.27 to 0.05. But, more
activation of N. However, as described in the Introduction, importantly, it also promotes the iron atoms and gives them
one of the key aspects of the present model feabk is that partial Fe(l) character. The spin-change on the irons from 3.70/
hydrogen atoms are continuously fed to the FeMo cofactor from 3.68 to 3.39/3.30 is indicative of some promotion which leads
the Fe-protein passing over the transport chain via the P-cluster.to a quite different binding of hthan before hydrogen addition
On the way to N, these hydrogen atoms will be bound to to the bridging sulfur. Their higher d-population allows the
bridging sulfurs both on the P-cluster and on the FeMo cofactor. irons to donate significant electron density tg, Mhich leads
One such position is also present in the model dimer of Figure to some covalent FeN bond formation and an elongation of

2. the N—N bond from 1.13 A to 1.19 A. In this process the iron
In a key result we find that placing a hydrogen atom on this spins change from 3.39/3.30 to 3.56/3.54, and the spin on
bridging sulfur, which reduces the #8,Il) system to a Fg- nitrogen becomes-0.29 and—0.30. Thus, the spins on iron

(I1,I) state, dramatically changes the affinity of the cluster for and nitrogen have opposite signs and are rather large on nitrogen,
N2. If a nitrogen molecule is now added to the cluster, the indicating weak covalent bonding.

structure shown in Figure 3 is found. There are two aspects of The cooperative binding of a hydrogen atom on a bridging
this structure with major significance for ammonia formation sulfur and of a nitrogen molecule in a bridging position is the
by N,-ase. First, Nnow prefers a bridging coordination, and key point that dictated how the remaining steps of the ammonia
secondly, the NN bond distance of 1.19 A shows clear formation were studied. In what follows, the results of adding
indications of an activated N Essentially, the nitrogen has hydrogen atoms to Nare obtained in parallel for both the case
been formally reduced to the;& form. A problem of reaching where the bridging sulfur binds a hydrogen atom and when it
the structure in Figure 3 is that the binding energy obtained by does not, with results shown in Table 1. The corresponding
adding the hydrogen atom to the bridging sulfur in the structure spin populations are given in Table 2.

in Figure 2 is very low, only 18.6 kcal/mol. There are many One of the most puzzling facts concerning ammonia synthesis
positions in the neighborhood in the FeMo cofactor that bind by N,-ase is that one hydrogen molecule is formed for every
hydrogen much better, but the structure in Figure 3 could still N, consumed. In light of the above result that a hydrogen atom
be accessible in the following way. Initially,,Nould be bound on a bridging sulfur is critical for the activation of,Nit is
end-on to one of the iron atoms with a small binding energy, tempting to draw the conclusion that this hydrogen is half of
as described above. If one hydrogen atom now binds to thethe H, molecule formed. However, before this is done larger
bridging sulfur, the N molecule could simultaneously move to models need to be tested. Some additional information con-
a bridge-bonding situation as in Figure 3. The sum of the cerning the role of hydrogen atoms on larger clusters will be
binding energies of both the hydrogen angtbigether is then given in the next subsection.

50.5 kcal/mol, in line with our earlier estimate of a reaction A few calculations were performed to investigate the potential
energy for each step of the ammonia synthesis ef@Dkcal/ surface in the region around the bridging Rinimum. In
mol. The S-H bond formation in Figure 3 is considered to be particular, a possible barrier to reach the minimum cannot be
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TABLE 2: Spin Population on Fe, N, and the Bridging S Using the Dimer Model (Scheme 1). The Atoms Are Numbered from
“Left” to “Right” in the Structures of Scheme 1

structure S Fel Fe2 N1 N2
la (HS)(H,S)Fe-S—Fe—(SH)SH) 0.27 3.70 3.67
1b (HS)(H.S)Fe-SH—Fe—(SH)SH) 0.06 3.30 3.39
2a (HS)(H:S)Fe-N,—S—Fe—(SH)SH) 0.33 3.64 3.68 0.04 —0.05
2b (HS)(H.S)Fe-N,—SH—Fe—(SH)SH) 0.10 3.56 3.54 -0.29 —-0.30
3a (HS)(H:S)Fe-N;H—S—Fe—(SH)SH) 0.31 3.68 3.49 —0.26 —0.58
3b (HS)(H.S)Fe-N,H—SH—Fe—(SH)SH) 0.15 3.66 3.61 —-0.03 0.20
4a (HS)(H:S)Fe-N;H,—S—Fe—(SH)SH) 0.57 3.77 3.77 -0.35 —-0.35
4b (HS)(H.S)Fe-NzH,—SH—Fe—(SH)SH) 0.13 3.64 3.64 -0.42 -0.42
5a (HS)(H:S)Fe-N;Hs—S—Fe—(SH)SH) 0.60 3.85 3.69 0.29 0.00
5b (HS)(H.S)Fe-N2H3;—SH—Fe—(SH)SH) 0.15 3.64 3.67 0.18 0.00
6a (HS)(H,S)Fe-N,H,—S—Fe—(SH)SHy) 0.35 3.65 3.65 0.01 0.01
6b (HS)(H.S)Fe-N2H,—SH—Fe—(SH)SH) 0.14 3.29 3.38 0.00 0.01
7a (HS)(H:S)Fe-NH,—S—Fe—NH;_(SH)SH) —-0.38 3.45 3.70 0.19 0.00
7b (HS)(H.S)Fe-NH,— SH—Fe—NH3(SH)SH) 0.17 3.71 3.69 0.03 0.07
8a (HS)(H,S)Fe-NHz—S—Fe—NH3_(SH)SH) 0.41 3.61 3.62 0.03 0.03
8b (HS)(H.S)Fe-NH3;— SH—Fe—NH3(SH)SH) 0.10 3.29 3.31 0.03 0.02

automatically excluded. However, geometry optimizations 60 kcal/mol. Without this hydrogen some energy would be
starting with N quite far away from the minimum in Figure 3  wasted. Summarizing the situation up to this pont, it can be
led back to this minimum without any barrier. Furthermore, a concluded that with a hydrogen bound to the bridging sulfur
geometry optimization was started at the minimum of Figure 3 the reaction exothermicities of each addition of hydrogen fulfills
but with removal of the hydrogen atom at the bridging sulfur. the requirement of being in the range-580 kcal/mol remark-
Convergence was then achieved to the weak end-on minimumably well for such a simple model of Mase. The exothermici-
described above without any barrier, showing that a bridging ties are 50.5 kcal/mol (combined hydrogen andaddition to
N, coordination is not even a local minimum without the the structure in Figure 2), 48.1 kcal/mol, 73.8 kcal/mol, 66.9
hydrogen on the bridging sulfur. kcal/mol, and 56.2 kcal/mol, for the first five hydrogen atoms
Finally, all of the results given in Table 1 should be discussed added to the cluster (where one hydrogen atom ends up at the
together to see how well this simple dimer model reproduces sulfur bridge).
the ideal situation that in each step nitrogen should bind Atthe stage where M, is formed, a new situation is reached
hydrogen atoms by 5660 kcal/mol. Since the first hydrogen  where the simple dimer model may not be able to adequately
atom ends up on the bridging sulfur, the second hydrogen atomrepresent the situation of the actual cluster as well as it does
is the first that binds to N As shown above by the gas-phase for the first steps. BH4 is a relatively stable molecule and
values, this is a quite critical step. Again, the presence of the could, for example, start to diffuse in the actual cluster. It is
hydrogen on the bridging sulfur is quite important. Without also rather big, and the empty space around the site where the
the hydrogen, the energy gain in this step would be only 22.7 initial hydrogen attacks occur may not be sufficient to harbor
kcal/mol, very far from the ideal 5660 kcal/mol. In fact, this it. Although very speculative at this stage, one possible scenario
binding energy is so low that the hydrogen atom would never is the following. The first hydrogen that reaches the active site
stay on nitrogen but proceed to some other place. However, of the cluster combines with the hydrogen on the bridging sulfur
with the hydrogen atom on the sulfur, the binding energy of to form H,. Since the energy for this step is as large as 65.5
the hydrogen atom on nitrogen is 48.1 kcal/mol, which is at kcal/mol, well above the average energy for each step of
least reasonably in line with the optimal 560 kcal/mol, ammonia formation of 5860 kcal/mol, formation of Hat this
considering the simplicity of the dimer model. The spin on pointis quite possible. Since;Ny is sufficiently loosely bound
the NpeH unit is 0.17, which is substantially smaller than 0.59 to the iron dimer, it can then possibly move to the surface of
obtained for the W unit in the previous step. This is not the cofactor. The next hydrogen atom reaching the nitrogens
surprising since the covalency of the-N bond is much more  would then form one Nkland one NH, bound to separate irons.
dominant than in the FeN bond. The energy for this step is, as seen from the left column of
The next step in the ammonia cycle igHy formation, which Table 1, 65.8 kcal/mol. In the final step, an incoming hydrogen
should not be a critical step since the reaction is already atom completes the formation of also the second ammonia. As
exothermic by 62.0 kcal/mol in the gas phase. Indeed, the seen from Table 1, this step is computed to be very exothermic
addition of the second hydrogen to nitrogen is exothermic by by 108.1 kcal/mol, far outside the optimal 560 kcal/mol.
73.9 kcal/mol without, and by 73.8 kcal/mol with, a hydrogen There could be two reasons for this large energy gain. The
bound to the bridging sulfur. Since this is above the optimal first one is that the model dimer is simply not a good model
50-60 kcal/mol, however, some energy might be wasted in this for the final steps of ammonia formation. An indication of this
step. The N-N distance increases in this step to 1.36 A, is that rather than forming a weak bond to ammonia, the dimer
indicating that most of the NN z-bonding is lost. The weak  starts to lose an §$ ligand. This can, of course, not happen in
covalency in the FeN bonds leads to large negative spin- the actual cluster, where all sulfurs areoxo bound, and it is
populations 0f—0.42 on the nitrogens, similar to the situation therefore possible that the calculations overestimate the energy
where the N molecule was initially bound; see above. The gain in this step. The second reason for the large energy gain
next two steps forming pHs and NH,4 are not critical either. in the final step is that this energy is needed to evaporate
Formation of NH3 is exothermic by 76.1 kcal/mol without and ammonia from the cluster. Only more realistic model calcula-
by 66.9 kcal/mol with hydrogen on sulfur, while formation of tions including the entire cofactor in the model will show if
N2H4 has exothermicities of 79.8 and 56.2 kcal/mol, respec- these speculations have some truth in them.
tively. It can be noted that the hydrogen on the bridging sulfur At the end of the present study, several alternative possibilities
makes both these energies better in line with the optimal 50 for the structures in Scheme 1 were investigated. Only one



Nitrogen Fixation by Nitrogenases J. Phys. Chem. B, Vol. 102, No. 9, 1998621

SCHEME 1: Structures Obtained for the Dimer Model.
The a Structures Have a Bridging Sulfur, While the b
Structures Have an Additional Hydrogen Atom on This
Sulfur

la HZS’@, s ‘\“\SH 1b s }ic oH
Fe Fe 2, F‘g/s\’:e
HS SH, s \st
2a st—'., /S\F @‘SH 2b HS, /2 oS
N e Sre
e I’ﬂ o*e HS/ \N=N/ \SH2
3a H,S, " SH 3b H
”‘l"Fe/s\Fef\‘ HZS"'I,,, /g\ a.\sSH
HS/ AN _ / \SH /Fe\ /Fe\
H Hs NSNS, Figure 4. Trimer model with a bridging SH group and Koordinated
4a Hs H 4b " . in a similar way as in the dimer model (Figure 3). The sum of the
N HS,, ; SH binding energies of the hydrogen atom and oefidN47.1 kcal/mol.
NN L . . . .
N=NTSH w? Ny o, the dimer model discussed above. The main interest will be
H H v focused on the activation of N\and the possible role in this
5a HS, . K 5b H,S, T s process of hydrogen atoms bound to sulfur bridges. The largest
e N F /s\F;“‘ model used here is an §& cluster where an iron has replaced
ws” \N_N( \SHZ HS/ N/ N the actual molybdenum in order to achieve a higher symmetry
W A in the calculations.
6a Hs, s JSH 6b s F sH In the first extension of the dimer model, an iron trimer cluster
“ee” e ’ o NG was used:; see Figure 4. The SH and:8¢ands in this model
ws” H\‘N_Nﬁ \sm i NV were again chosen to make all irons Fe(ll), keeping the cluster
i W B ? neutral. The main goal with the trimer model is to test whether
7a HS, s LS 7b H,s § SH the presence qi® sulfurs makes a difference compared to the
t ke o SN w2 bridge used for the dimer model. An;Nnolecule and a
S N, s % Nl s, hydrogen atom are then added to the trimer model exactly like
M o gt what was done for the dimer model. As seen in Figure 4, the
8a B, s &M 8b Hs ¥ sH structure is now quite similar to the one found for the dimer
oINS 2., s & . . .. .
Fe F‘e\ e ol shown in Figure 3. The sum of the binding energies of the
SN N S Hs/‘; 1 ey, hydrogen atom on the sulfur bridge and of i rather similar
LA Wan o wim in the dimer and trimer model, being 3.4 kcal/mol smaller for

the trimer using the small basis set. Extrapolated to the large
such structure could be of interest and this concerns structurebasis set, this gives a binding energy for the trimer of 47.1 kcal/
1b. The local promotion effect due to the hydrogen added to mol. Both models also show a strongly activategwith an
the bridging sulfur makes it possible to form a structure with  N—N bond length of 1.19 A. In summary, the dimer and trimer
significant Fe-Fe bonding. This type of bonding does not occur models show clear similarities.
for structurela. The Fe-Fe-bonded structure db is as much In the next extension, two different models with four iron
as 37.4 kcal/mol more stable than withoutfee bonding. This atoms are used. In the first of these an incomplet&f@uster
result means that the addition of the first hydrogen becomesis used, corresponding to half of the FeMo cofactor. Again,
exothermic by 55.9 kcal/mol rather than 18.5 kcal/mol. Since SH and SH ligands were added to keep three-coordination with
Fe—Fe bonding does not occur for any other structure, such asonly Fe(ll) atoms present. Adding a hydrogen atom and a
for 2b, it has no effect on the combined binding energy of the bridging N> as in Figure 5 leads to a quite similar structure as
first hydrogen atom and N It only affects the order the first  the ones for the dimer and the trimer with an activatedvih
hydrogen atom and Nbind to the cluster. If FeFe bonding an NN distance of 1.19 A. However, the sum of the binding
is a true representation of the real situation, the hydrogen atomenergies of the hydrogen atom and of il now substantially
will first bind to the cluster and then N If Fe—Fe bonding is smaller by 18.5 kcal/mol compared to the dimer using the small
an artifact of the model, Nwill bind first with a weak binding basis set. Extrapolation to the large basis set gives a binding
energy, as discussed above. No other steps discussed abovenergy for this cluster of only 32.0 kcal/mol, far from the optimal
are affected. The possible significance of-fre bonding will 50—-60 kcal/mol. The conclusion tentatively drawn is that N
be investigated further in a coming study. might prefer to bind across the two cubane clusters of the FeMo

b. Larger Models for N,-ase. The actual FeMo cofactor,  cofactor rather than to just one of them.

see Figure 1, can be considered to be built up from two To see if the missing sulfur in the corner of the cubanes is a
incomplete MS; cubanes, each one with a missing sulfur. In significant feature, a complete cubane,%ecluster was also
one of these cubanes the metals are all iron, while in the othertried. This cluster is similar to the ones found in the P-cluster,
one there is one molybdenum. The two cubanes are linked bybut in the FgS; model the irons are kept three-coordinate as in
three sulfur bridges, which help hold the cluster together. All the FeMo cofactor. The cluster was kept neutral, which again
but one of the irons are three-coordinate, while molybdenum is means only Fe(ll) atoms are present. In this case the addition
six-coordinate. In the present subsection some results will beof a hydrogen atom and a bridging, Nlid not lead to an
presented for models that approach this actual FeMo cofactor,activated N. N, simply moved from the bridging position and
in an attempt to test the significance of the results obtained for formed a weak end-on bond to one of the iron atoms, showing
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Figure 5. Tetramer model with a bridging SH group and, N
coordinated in a similar way as in the dimer model (Figure 3). The
sum of the binding energies of the hydrogen atom and 0isN82.0
kcal/mol.

Figure 6. F&sSy?~ model with a bridging SH group and:Noordinated
in a similar way as in the dimer model (Figure 3). The sum of the
binding energies of the hydrogen atom and efitdN46.5 kcal/mol.

Siegbahn et al.

Figure 7. Neutral FgSs model with six Fe(ll) and two Fe(lll) atoms.

of the models, shows that the hydrogen promotion effect to a
large extent is independent of cluster size, and this promotion
effect is thus one of the most important results of the present
study. The N-N distance of 1.21 A is also similar to the result
of 1.19 A obtained for the smaller clusters, but the coordination
mode is somewhat different. In thedSg?~ cluster N is four-
coordinate rather than two-coordinate, but again it should be
emphasized thals symmetry was enforced for the large cluster.
A notable feature of the naked cluster (without the added
hydrogen atom and Nis that the Fe-Fe distance between the
two cubanes is much larger than found in the X-ray structure,
3.3 A compared to only 2:42.6 A. This artifact is present
also for the second model of an all-Fe(ll) cluster, where the
cluster is kept neutral by replacing two of the sulfur bridges
between the two cubanes by bridging SH groups. In this case
the Fe-Fe distance between the cubanes is as large as 3.7 A
(no d-functions on sulfur were used; see below). Apart from
the fact that this distance probably is very sensitive to the

that a missing sulfur position in the cubane structure could be detailed description of the cluster and does not contain much

an essential factor in Nactivation.
In the final models tried, a cluster quite similar to the actual

energy, the distance could depend on the oxidation states of
the iron atoms. An indication of the sensitivity of the results

FeMo cofactor (see Figure 1) was used with eight iron atoms can be obtained by results for different basis sets. The above
and nine sulfur atoms. An iron atom replaced the molybdenum result for the FgS¢?~ cluster was in fact obtained with
atom to increase the symmetry. No additional ligands were d-functions on sulfur. For the smaller dimer model the effect
added, and ferromagnetic coupling was used. As a starting pointof these d-functions was a decrease of the IFe distance by

for these studies all iron atoms were kept in oxidation state II,

as much as 0.6 A. The sensitivity to the choice of oxidation

as in the smaller models, even though some Fe(lll) character isstates was tested by going to a model with two Fe(lll) atoms in

known to be present in the real cofactor. Two different ways
of obtaining a cluster with all Fe(ll) atoms were used. In the
first, the cluster was simply charged to becomgSe. C
symmetry was kept, andJ\vas placed inside the cavity between
the cubanes. This led to a very repulsive interaction. If, on

the cluster. This situation is achieved by making theg%

cluster neutral (see Figure 7), which led to a significant
shortening of the FeFe distance between the cubanes down
to a value of 2.7 A, in quite good agreement with the X-ray
structure. Apparently, the introduction of higher oxidation states

the other hand, one hydrogen atom is placed on a sulfur bridging has led to the formation of some weak-Hee bonding between

the two cubanes and;Ns placed bridging these same irons

the cubane units.

(see Figure 6) as for the smaller cluster models, the interaction The above result concerning the dependence of the distance
is found to be attractive. The sum of the binding energies of between the cubanes on the oxidation states leads to interesting

the hydrogen atom on the bridging sulfur and ofisl4.0 kcal/
mol smaller than obtained for the dimer and only 0.6 kcal/mol

possibilities. In particular, the results show that the neutrgd-e
cluster with two Fe(lll) atoms gives a closed cavity inside the

smaller than for the trimer, using the same basis sets. Extrapo-cluster with too short FeFe distances for hto be able to enter.
lated to the large basis set, this leads to a binding energy of HWhen two hydrogen atoms are placed on the bridging sulfurs

and N for the Fg@Sy?~ cluster of 46.5 kcal/mol. It should be

between the cubanes, giving a cluster with all Fe(ll) atoms, the

noted that the binding energy should increase somewhat for thecavity opens up and allows;No enter. It is interesting to note
large cluster if the symmetry constraint is released. The that the FeMo cofactor has been found to be reduced in three
remarkable similarity of these results, considering the simplicity steps before Mis activated and NH bonds start to be formed.
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