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Abstract: We investigate the chemical consequences of a central ligand in the nitrogenase FeMo cofactor
using density functional calculations. Several studies have shown that the central ligand most probably is
a nitrogen atom, but the consequences for the chemical reactivity of the cofactor are unknown. We
investigate several possible routes for insertion of the central nitrogen ligand and conclude that all routes
involve barriers and intermediate states, which are inaccessible at ambient conditions. On this basis we
suggest that the central nitrogen ligand is present at all times during the reaction. Furthermore, we investigate
how the FeMoco with the central ligand can interact with N, and reduce it.

1. Introduction probably is indeed a nitrogen atdhand other theoretical studies

The enzyme nitrogenase catalyzes one of the most important!@ve come to the same conclusfor: .
reactions in biology, the conversion of molecular nitrogeg)(N These new developments raise the question of how the central
to ammonia (NH) and molecular hydrogen @iunder ambient ligand changes our unqlerstandmg of the m(_echanlsm_ of the
conditions!~5 The most common Mo-containing form of nitro- ~ FeMoco and of the reaction pathway fog feduction. The first
genase consists of two metalloproteins, the Fe protein and theduestion would be whether the central ligand is actually present
MoFe protein. The Fe protein contains a ferredoxin (4Fe-4S) glunng turnover. Lee et al. have addressed this issue by perform-
and the MoFe protein contains two unique metal clusters, the iNd lectron nuclear double resonance (ENDOR) and electron
P-cluster and the FeMo cofactor (FeMo@dJhe latter one is  SPin echo envelope modulation (ESEEM) experiméfEhey
most likely the place where Abinds and is reduced. The crystal  ObServe no ne#N signals or changes #iN hyperfine spectra.
structure of nitrogenase was first solved by Kim and Rees in From this it follows that if the central ligand is nitrogen, then
1992. Since then, numerous crystal structures of all parts of it iS associated with one of the observéN signals and it does
the nitrogenase complex with resolutions up to 1.6 A have been Ot €xchange during catalysis. These results imply that there is
published® A recent crystal structure of the MoFe protein by MO thermodynamically and kinetically accessible pathway for
Einsle et al. has revealed that the FeMoco contains a light atominsertion of N into the cluster or extraction of N from the cluster
as a central ligand Even at the high resolution of 1.16 A, the ~during catalysis. Of course, this study and our study only cover
central atom could not be identified unambiguously, but the the situation during tumover and not, e.g., during cluster biosyn-
possibilities could be limited to nitrogen, oxygen, or carbon. '.[he5|s.or a;sembly. In t'hIS paper, we present a detailed theoretical
Einsle et al. suggested that the central ligand plausibly is a investigation of possible insertion pathways. Although the
nitrogen atom, as nitrogen is present as a substrate. In aENDOR study? shows that there is no exchange of N during

theoretical study we have shown that the central ligand most turnover, itis still of considerable interest to investigate insertion
pathways in order to gain an understanding of why insertion is
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Holm, R. H.Proc. Natl. Acad. Sci. U.S./2003 100, 3595. the reduction of Mand which parts of the FeMoco take part in
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tional details, we present an investigation of a possible reaction
to insert the central ligand into the cofactor. We find that the
studied pathways involve very high barriers, which are inac-
cessible at room temperature. This agrees with the finding of
Lee et al? that such a reaction does not happen during turnover.

Furthermore, we study the reactivity of the FeMoco with the
central ligand toward Nand its ability to reduce it. Revisiting
a previous modé# for binding and reduction of Nand recal-
culating it for the new cofactor structure, we find that although
the 3-fold Fe atoms are coordinated to the central ligand, they
can still facilitate N binding and reduction.

There are numerous experimental studies on the reactivity
of the FeMoco toward N and other substrates, which are
reviewed by Burgedd and Burgess and LoweOn the basis
of kinetic data, Thorneley and Lowehave developed a kinetic
model for ammonia synthesis. In their modeb, islirreversibly

activated after three to four Fe protein cycles and electron trans-

fers. H is formed by the enzyme with a minimum stoichiometry
of Na:H, = 1.15 Nitrogen is directly reduced with one of the
intermediates being hydrazine; Elan evolve after a minimum

of two enzyme turnovers. It should be remarked that there is
an uncertainty of how many transferred electrons actually are
transferred to the FeMoco instead of to the surroundings. Elec-
tron paramagnetic resonance (EPR) measurefiémtscate that
only two of the first three electrons transferred to the protein
reach the cofactor, and it is uncertain what happens to the third
electron.

Homocitrate
Figure 1. (@) Nitrogenase FeMo cofactor from the crystal structure 1M1N.
(b) Calculated model system. The color scheme is dark blue (molybdenum),
orange (iron), yellow (sulfur), red (oxygen), light blue (nitrogen), gray
(carbon), and black (hydrogen).

exchange-correlation termis?? Due to the plane-wave expansion we
have to treat periodic systems. We accomplish this by repeating a
supercell containing the cluster in all three dimensions, including enough
vacuum around the cluster in order to make the interactions between
the images as small as possible and at the same time maintaining a
unit cell volume, which is computationally accessible. The criterion
for choosing the shape of the unit cell was to minimize the distances
between the images while at the same time keeping the unit cell volume
as small as possible. Here we use a triclinic supercell with the axes
=b =11 A andc = 15.4 A and the angles = 90°, § = 69°, andy

= 120°. We have found that binding energies are converged up to a
few kilojoules per mole. We draw conclusions based on energy differ-

There are many theoretical studies of the structure and theences, which are at least 1 order of magnitude higher. In all calculations,

reactivity of the FeMoco from the time before the central ligand
in the FeMoco was know#f 18 There are theoretical studies
on the structure of the FeMoco with the central ligdnt,which
support that the central ligand is nitrogen.

2. Calculational Details

We perform all density functional calculations with the program
dacapd® which uses a plane-wave expansion of the keBham wave
functions and the generalized gradient approximation (GGA) for the

(13) Burgess, B. K. InMolybdenum EnzymesSpiro, T. G., Ed.; Wiley-
Interscience: New York, 1985; Chapt. 5, pp 1&119.

(14) Thorneley, R. N. F.; Lowe, D. J. Ifolybdenum EnzymgSpiro, T. G.,
Ed.; Wiley-Interscience: New York, 1985; Chapt. 5, pp 22B5.

(15) (a) Guth, J. H.; Burris, R. HBiochemistry1983 22, 5111. (b) Simpson,
F. B.; Burris, R. H.Sciencel984 224, 1095.

(16) (a) Deng, H.; Hoffmann, RAngew. Chem., Int. Ed. Endl993 32, 1062.
(b) Plass, WJ. Mol. Struct. (THEOCHEM}994 315 53. (c) Machado,
F. B. C.; Davidson, E. RTheor. Chim. Actal995 92, 315. (d) Zhong,
S.-J.; Liu, C.-W.Polyhedron1997 16, 653. (e) Stavrev, K. K.; Zerner, M.
C. Chem. Eur. J1996 2, 83. (f) Stavrev, K. K.; Zerner, M. CTheor.
Chem. Acc1997, 96, 141. (g) Stavrev, K. K.; Zerner, M. @nt. J. Quantum
Chem.1998 70, 1159. (h) Dance, I. GAus. J. Chem1994 47, 979. (i)
Dance, |.J. Biol. Inorg. Chem1996 1, 581. (j) Dance, IChem. Commun.
1997 2, 165. (k) Dance, IChem. Commuril998 5, 523. (I) Siegbahn, P.
E. M.; Westerberg, J.; Svensson, M.; Crabtree, RJHPhys. Chem. B
1998 102 1615. (m) Szilagyi, R. K.; Musaev, D. G.; Morokuma, &.
Mol. Struct. (THEOCHEMRO00Q 506, 131. (n) Szilagyi, R. K.; Musaeyv,
D. G.; Morokuma, Klnorg. Chem2001, 40, 766. (0) Durrant, M. Clnorg.
Chem. CommurR001, 4, 60. (p) Durrant, M. CBiochem. J2001, 355
569. (q) Durrant, M. CBiochemistry2002 41, 13934. (r) Durrant, M. C.
Biochemistry2002 41, 13946. (s) Lovell, T.; Li, J.; Liu, T.; Case, D. A;;
Noodleman, LJ. Am. Chem. So@001, 123 12392. (t) Lovell, T.; Li, J.;
Case, D. A.; Noodleman, lJ. Am. Chem. So2002 124, 4546. (u) Lovell,
T.; Torres, R. A.; Han, W.-G; Liu, T.; Case, D. A.; Noodleman/rorg.
Chem.2002 41, 5744. (v) Lovell, T.; Li, J.; Case, D. A.; Noodleman, L.
J. Biol. Inorg. Chem2002 7, 735. (w) Barriere, F.; Pickett, C. J.; Talarmin,
J. Polyhedron2001, 20, 27.

(17) (a) Rod, T. H.; Hammer, B.; Ngrskov, J. Rhys. Re. Lett. 1999 82,
4054, (b) Rod, T. H.; Logadottir, A.; Ngrskov, J. K. Chem. Phys200Q
112 5343.

(18) Rod, T. H.; Narskov, J. KI. Am. Chem. So200Q 122 12751.

(19) Fisher, K.; Newton, W. E.; Lowe, D. Biochemistry2001, 40, 3333.

(20) The program dacapo is freely available at our website, http://www.fysik.d-
tu.dk/CAMPOS.

we include plane waves with energies up to 25 Ry.

To describe the core parts of the atoms, we use ultrasoft pseudo-
potentials’® except for sulfur, where a soft pseudopotential is (ed.
As the exchange-correlation functional, we use the spin-dependent
revised PerdewBurke—Enzerhoff (RPBE) functional, which has been
shown to perform well in describing chemisorptinin particular, this
functional describes Nadsorption and activation on iron surfaces, where
there are experiments available for comparison, very accuritely.

For thek-point sampling of the Brillouin zon€l-point sampling
has been used. The Fermi population of the keBham orbitals is
set toksT = 0.01 eV, and Pulay mixing is applied to the resulting
density?”

As starting structures, we used coordinates from the structures
3MIN®9 and 1IM1N or coordinates from previously relaxed structures.
To reduce the system to a tractable size, we truncate the ligands after
the first ligating atom. Thus, we substitute Cys by SH, His bysNH
and homocitrate by two OH groups. The FeMoco from the 1MIN
structure and our model are shown in Figure 1. All color figures are
prepared by use of MolScript and Raster3&°

The sums of atomic densities are used as an initial guess for the
electron density. The antiferromagnetic ground $téteith S= %/, is
obtained by starting with nonzero spin densities on the iron atoms.
The spin density on the Fe atoms is between 1.5 and 3 Bohr in all
cases, independent of the magnitude of the initial (nonzero) spin density.

(21) (a) Hohenberg, P.; Kohn, WPhys. Re. 1964 136, B864. (b) Kohn, W.;
Sham, L. JPhys. Re. 1965 140, A1133.

(22) (a) Jones, R. O.; Gunnarson, Rev. Mod. Phys1989 61, 689. (b) Parr,
R. G.; Wang, W.Density Functional Theory of Atoms and Molecules
Oxford University Press: Oxford, U.K., 1989. (c) Payne, M. C.; Teter, M.
P.; Allan, D. C.; Arias, T. A.; Joannopoulos, J. Rev. Mod. Phys1992
64, 1045.

(23) Vanderbilt, D.Phys. Re. B 199Q 41, 7892.

(24) Troullier, N.; Martins, J. LPhys. Re. B 1991, 43, 1993.

(25) Hammer, B.; Hansen, L. B.; Ngrskov, J. Rhys. Re. B 1999 59, 7413.

(26) Mortensen, J. J.; Hansen, L. B.; Hammer, B.; Ngrskov, J. Katal.1999
182 479.

(27) (a) Pulay, PMol. Phys.1969 17, 197. (b) Kresse, G.; Furthitier, J.
Comput. Mater. Scil996 6, 15.

(28) Kraulis, P. JJ. Appl. Crystallogr.1991, 24, 946.

(29) Merrit, E. A.; Bacon, D. JMethods Enzymoll997, 277, 505.

J. AM. CHEM. SOC. = VOL. 126, NO. 12, 2004 3921



ARTICLES Hinnemann and Ngrskov

300 . r . r . studieg® and reinforced by previous calculatiohd! One should note
- f e that ENDOR studi€® propose a different oxidation state assignment,
2501 1 Mo**6FeT1Fe". Further discussion of these issues takes place in
. [ 1 section 3.2.
E 200__ ] All atoms are relaxed according to a conjugate-gradient algofthm,
3 150k g i until the total absolute force is below 0.2 eV/A. The barrier calculations
- L c e 4 have been carried out by the nudged elastic band (NEB) méthsl.
g 100 4 initial guess for the reaction path, linear interpolations between the initial
@O [ 9 1 and final states were used. The reaction path was modeled with five
S0f- \ N images between the initial and the final state. For the structures shown
[ in Figure 2 and for the NEB calculations, the Mo atom and the N atom
of the NH; ligand were kept fixed. This has a negligible effect on the

energies but was necessary in order to avoid translation and rotation
of the cluster along the NEB path.

It is clear that our model is extremely simple and that effects of the
surrounding protein structure, which we neglect, can alter the energies
significantly. On the other hand, binding energy differences from one
structure to the next should be more accurate, and we base our con-
clusions on significantly large differences in binding energies.

3. Results

3.1. Insertion of the Central N Atom. In this section, we
search for a possible pathway for the insertion or the extraction
of the central ligand. If there was such a pathway, it would
mean that the central ligand could enter or leave the cycle during
turnover. If there is no accessible pathway, the FeMoco could
be assembled with the central ligand, which then would be an
integral part of the FeMoco and present at all times.

In a previous stud§,we have shown that the FeMoco with
the central ligand is 56 kJ/mol lower in energy than the FeMoco
without a central ligand and NHn the gas phase. We remark
that this order of stability is not changed in solution. To judge
the stability in solution, one can assume that the FeMoco has
the same solution energy with and without a central ligand. The
solution enthalpy for Nilis 31 kJ/moB* which renders the
FeMoco with a central ligand stable by 25 kJ/mol relative to
the FeMoco without a central ligand.

If one places a single neutral N atom on the face of the
FeMoco (without other adsorbates), the N atom moves into the
FeMoco spontaneously during the structural relaxation and
positions itself as the central ligand. Thus there is no barrier
for the insertion of a single N atom. However, adsorbed N
cannot be the starting point for N insertion; Would have to
dissociate before one N could move into the cluster, which

Q would happen spontaneously. The other N atom, however, has
Figure 2. Energy scheme and minimum energy structures for the insertion to remain On_the cluster, where it 'S_ extremely unstabiehich
of the central N ligand. Note that in all structures the H ligand terminating Would result in a structure of very high energy. Therefore, bound

the upper S atom is not visible as it is located behind the sulfur ligand. In N, does not seem to be a suitable starting point for insertion of
structures b-h there is a proton located on theS atom to the left, but it N as a central ligand.

is not visible as it points backward. In structure g, therhblecule is so ™ . .

far away from the FeMoco that its interaction with the cluster is negligible, ~ AnOther possibility for a starting structure is Nidound at
thus Hy(g). It has been included for the barrier calculation (see Figure 3 one of the triangular Fe atoms, which is slightly more stable
and text) In structure h, aji>S atoms are protonated. than the FeMoco with N as a central ligand and three H atoms

bound to theu,S atoms. Furthermore, one result of the theo-

The spin densities for the Mo atoms and all ligand atoms are small,

below 0.2 Bohr. (30) Yoo, S. J.; Angove, H. C.; Papaefthymiou, V.; Burgess, B. Kinbky E.
. . J. Am. Chem. So00Q 122, 4926.

In all calculations, the total cluster and the unit cell are charge- (31) (a) True, A. E.; Nelson, M. J.; Venters, R. A.; Orme-Johnson, W.; Hoffman,
neutral. We consider this the most natural choice, as a net charge would B. M. J. Am. Chem. Sod988 110, 1935. (b) Lee, H.-l.; Hales, B. J.;
introduce long-range Coulomb forces. In larger models there is of course 5, g?gsrga%B.HM.%léAnn:]égheg.g (.’%%%7&#&2&1,13595;6\. Vetterling, W. T
the possibility that a small negative charge on the cluster is compensated ~ Numerical Receipe€ambridge University Press: Cambridge, U.K., 1986.

iti i i i (33) (a) Mills, G.; Jmsson, HPhys. Re. Lett. 1994 72, 1124. (b) Mills. G.;
by Qg(gSltlye Charge in the Su'rr(.)undlngs, e.ls, e.g., discussed for the nsson, H.; Schenter, G. KSurf. Sci.1995 324, 305. (c) Josson, H.;
o-Hist% residue in ref 18, but this is not possible here. We remark that Mills, G.; Jacobsen, K. W. InClassical and Quantum Dynamics in
in terms of formal oxidation numbers, the FeMoco with a central N (Eignd?/r\}selg gh_«'slset,fsimgl_atiorf:‘aernel,9%.8 J., Ciccotti, G., Coker, D. F.,
. . . . . S.; orla-scientitic: Ingapore, .
ligand and three protonated;S ligands (as depicted in Figure 2h) (3 [ide’ b R, EGCRC Handbook of Chemistry and Physigsth ed.; CRC
corresponds to the Mo4Fe3Fe assignment proposed by gbauer Press: Boca Raton, FL, 2002.
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retical study® was that the Nhlis bound to the FeMoco at the
end of the reduction cycle with a binding energy-090 kJ/
mol, which makes it hard to remove. Recalculating this energy
with our larger model, we obtain 67 kJ/mol. Thus one might

ask the question whether, instead of desorbing, the adsorbed

NH3 can in some way get rid of its H ligands and the N be
inserted into the cluster? We take FeMoco without a central
ligand but with NH bound on one of the triangular iron atoms
as a starting point and investigate possible pathways for insertion
of the central ligand.

We (and othefs!9 have tested whether there could be a
molecule, e.g., Nkl in the cavity and find it impossible because
of limited space. Thus, to get into the cavity, BlHas to get
rid of its hydrogen ligands in some way, which constitutes the
main barrier. As the most favorable position for protons to
adsorb is on th@,S ligands (and in the cavifift but this possi-
bility is not relevant here), the NdHcould deliver protons to
theu,S ligands and move into the cavity. On the basis of these

assumptions, we have calculated possible intermediate states,

which are depicted in Figure 2. We remark that in our model
the FeMoco has an approximaBs symmetry apart from the

ligands. We have tested that the adsorption energies vary vanish-

ingly little for the different faces of iron atoms. Thus, in our
model it is of no significance on which face of the cluster the
process takes place. At this point, we remark that Benton et
al 3536 and Mayer et at’ recently have performed mutation
studies on thet-Arg®6 anda-Val™ residues, which are located
close to the FeMocé.They observed that upon mutation of
a-Val®to a-Ala’®, short-chain alkynes, propargyl alcohol, and
propyne can be reduced effectively, which is not possible with
the wild-type enzyme. They outlined a similar gatekeeper role
for the residuex-Arg® and therefore provide evidence that sub-
strates bind to a particular face of the FeMoco composed of
the Fe atoms 2, 3, 6, and 7 according to the numbering in ref
7. In our model we do not include these surrounding amino
acids, which are responsible for the discrimination of one partic-
ular face for substrate binding. Thus in our model all faces are
equivalent and it is not important on which face the reaction
occurs.

We investigated two possible pathways, which in Figure 2
are marked in red and blue. The first step, which is common
for the two pathways, is that one proton is delivered togtje
ligand and NH binds to the cluster. The most favorable binding
mode for NH is side-on to the triangular Fe atoms (structure
b), and the step from a to b is rather energy-demanding with
93 kJ/mol. One possible way to continue from Nid that H
desorbs while N moves into the cluster cavity, and this
corresponds to structure g, which is abetit3 kJ/mol lower in
energy than b. This pathway is marked in red in Figure 2. The
reaction might then continue to h, where two protons are
adsorbed on the remainingS atoms. Alternatively, Nkican
of course desorb, which requires 67 kJ/mol.

The red reaction path does involve high energies, but the
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Figure 3. Energies and structures for the optimal reaction path from the
nudged elastic band calculati&hThe solid line is a cubic spline fit to the
energies and forces of the images. Note that all structures are rotéted 60
clockwise relative to Figure 2 for better visibility. The H ligand terminating
the upper S atom is not visible, as it points backward.

need to know the height of the energy barriers between the inter-
mediate structures, and we choose to concentrate on the barrier
between structures b and g, where #esorbs. The reaction
pathway found by using the nudged elastic band (NEB) method
and the corresponding structures are shown in Figi#fe 3.

The barrier for the reaction from structure b to g is thus

intermediate states are not completely inaccessible, in particular,determined to be 300 kJ/mol. This means that the reaction cannot

because there might be favorable energy shifts due to the envirtake place under any circumstances. The barrier is so high
onment, which we have not included in our model. Thus, we because the N atom has to sit above the face at the transition

(35) Benton, P. M. C.; Mayer, S. M.; Shao, J.; Hoffman, B. M.; Dean, D. R;
Seefeldt, L. CBiochemistry2001, 40, 13816.

(36) Benton, P. M. C.; Laryukhin, M.; Mayer, S. M.; Hoffman, B. M.; Dean,
D. R.; Seefeldt, L. CBiochemistry2003 42, 9102.

(37) Mayer, S. M.; Niehaus, W. G.; Dean, D. R.Chem. Soc., Dalton Trans.
2002 802.

state, where kldesorbs, and the N atom is extremely unstable

(38) The remaining forces perpendicular to the reaction path are as follows:
t1, 0.93 eV/A;12, 0.53 eV/A;t3, 0.93 eV/A;t4, 0.98 eV/A:15, 0.46 eVI/A.
The calculation was stopped because the energ®,afhich is closest to
the transition state, changed less than 0.02 eV during the last 15 relaxation
steps. Thus, no significant energy gain by further convergence is expected.
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on the face compared to the cluster. For this reaction, the O e
environment may not be that helpful either, because the N on !’ .
the face can be stabilized only by binding to something. Binding N/ e
would again mean that N could not move into the cluster. Thus \ A .’ e
we can exclude the red reaction path. e M e
Another possible way to continue from structure b would be > g’ s !’ E,Z—H
that the NH successively delivers another two protons to the !’ Mo e, Mo fb "
u2S atoms. This path is marked in blue in Figure 2. However, 0 __,—' NN
NH is even more unstable on the FeMoco than,Nbecause “n
the optimal binding mode for NH would be 3-fold, and such a 4
binding site is only available when three of the Fe atoms at the A !
face are contracted, as in structure e, and this contraction is & \ '
costly in energy. We have also estimated the barrier for the 2 VK ":3;'
reaction from structure a to b, where BlHelivers one proton - \ !’
to au,S atom and becomes bound side-on as.NHis barrier Y Mo S
is of the same order of magnitude as the other barr@Q0
kJ/mol. From this we can conclude that the blue path is not \ , , , , \ \ , ,
accessible under ambient conditions. One should note that apart S @ e gl g W e
from NH; — N(3—) + 3H, no further reduction or electron R T N I T T A

L . . 3
transfer has taken place. But in view of the very high barriers, *
it is unlikely that this would change the picture. Figure 4. Schematic model for ammonia formation on the FeMoco, based

. . . onref18. It is emphasized that this schematic results from calculations on
In summary, both the intermediate states and the reaction e FeMoco without the central ligand. It should serve to illustrate which

barriers render it extremely unlikely that N can be inserted into steps were found to be exothermic and which were endothermic in ref 18.
or extracted out of the cavity of the FeMoco. While we cannot
exclude that we have missed a more favorable reaction path, it
is hard to imagine what such a path would look like, as N would
always have to undergo a very unstable and unreduced state o
the face of the FeMoco. In a recent paptDance suggested a
path for N insertion, where as a starting point thinds on the
face in an asymmetric position. Then the outer N is hydroge-
nated by protons coming from theS atoms and dissociated

»

To investigate this we use ref 18 as a basis, as it suggested
a model for N binding and reduction on the triangular Fe atoms.
Different ways to bind Mto the cluster and to reduce it were
"Ltudied and it was suggested that thg ddes not dissociate
(see above discussion) but is hydrogenated directly as a
molecule. The suggested pathway for ammonia formation is
schematically shown in Figure 4. The binding of thgthl the

f he | N which simul I . he ol cluster is essentially thermoneutral or slightly endothermic, and
rom the inner N, which simultaneously moves into the CIUSter. yhe most favorable binding position is end-on to one of the

As no energies of intermediate states or transition states h_avetriangular iron atoms. The first energy-demanding endothermic
been given, we cannot comment on the feasibility of this reaction step is the addition of the first proterelectron pair to the bound
path. One could think that the barrier for the dissociation is N, which requires an energy 080 kJ/mol. The following
high, as the inner N atom has to undergo an undercoordmatedsteps are exothermic, with hydrazine being an intermediate.
state at the face of the FeMoco. The path suggested by DanCeyger the addition of five electronproton pairs, the first

rgsembles our react_ion path in the sense that nitrqgen is bound, iecule of NH desorbs spontaneously. After one subsequent
(|_n our_ case 10 B in I_Dances case to Nb' and it has to reaction, the second NHmolecule desorbs, but this is an
dissociate from these ligands and move into the cluster. endothermic step 0f-90 kJ/mol. One would expect that in

In summary, our results are consistent with the study of Lee sojution the dissociation energy of the secondsMtblecule is
et al.}?2 as they find that all signals originating from nitrogen |ower, as it will be solvated.

are conserved under turnover. ThUS, we conclude that our We have calculated the energies for those Steps foB O
calculations are consistent with a piCtUre where the central protons present on thEZS atoms (and 93 electrons on the
nitrogen ligand is present at all times during turnover and that cjuster), and the energies and structures are shown in Figure 5.
it can be neither inserted nor extracted during turnover. Furthermore, all energies are listed in Table 1. The adsorption
3.2 Nitrogen Reduction and Ammonia Formation. The of N, end-on a triangular Fe atom is slightly more endothermic,
coordination of the triangular Fe atoms is quite different when 37—65 kJ/mol, depending on the number of protons present on
a central ligand is present. With an empty cavity the triangular the u,S ligands. N does not dissociate, as atomic N is very
Fe atoms would be undercoordinated and the FeMoco couldunstable on the cluster.
distort significantly in order to facilitate binding of \at one At this point we note that in this study we restrict ourselves
of the Fe atoms. With a central N ligand, however, the triangular to simultaneous proton and electron transfer. In ref 18, it has
Fe atoms are bound to the central ligand, and therefore thebeen shown that separate proton/electron transfer, where the
FeMoco is much less flexible. The central N seems to be truly electron resides on the FeMoco and the proton in the surround-
six-coordinated, as it is located exactly in the middle of the ings nearby (e.g., a protonated His residue or water molecule),
cofactor, and the FeN distances to the six surrounding Fe lowers the energies for Nbinding and the first reduction.
ligands are almost equé&lThus all Fe atoms are actually four- Relative to state a in Figure 5, the energy far Binding has
coordinate and therefore the cluster is more rigid than it would been found to be lowered by approximately 80 kJ/mol and the
be without a central ligand. This raises the question whether first reduction step by approximately 130 kJ/mdlAlthough
the triangular Fe atoms can be involved in the binding and in ref 18 a simpler model without the central ligand was
reduction of N even though the central N ligand is present.  considered, one can assume that the order of magnitude for the
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200 ——r——r . . . . . . . Table 1. All Energies from Figure 52
i !i\ d e —n=0] T n=0 n=1 n=2 n=3
. 100F b= e (X + nH) + N2 + 3H; 0 -3 -63 97
2 e A TN — n=3| 1 (XN2 4 nH) + 3H, 48 5 -2 -32
S o= = 4 (XN2H + nH) + 5/5H; 136 104 65 87
= | — —] i (XN2H2 + nH) + 2H, 99 58 49 39
> — a - (XN2H3 + nH) + 3/H, 102 30 21 9
5 -100F \ 7 (XNzHs + nH) + H; -35  —-49 65  —88
LE i \ i 1 (XNH2 + nH) + NH3 + Y/,H; —63 —107 —113 —127
-200+ \ho— (XNH3 + nH) + NH3 —208 —251 —260 —282
| — | (X + nH) + 2NH; -180 —212 —243 277
sl e . _ _ __ _
R T I S U S S X All energies are relative to X N, + 3H; as in Figure 5 and are given
‘M:? ®x$ \,ﬁq’@x’?’ \;&q’ ées\’ x\“ ‘Qx‘\ ,;L‘\\M in kilojoules per mole. The number of protons on S ligands (and
& ‘;{{\ ‘\,5‘\‘\ W;“ S NF x@?‘"’ Q‘;(‘ x{\\’“ electrons on the cluster) is denoted my
& & & \_}_t\“b_*‘\g_.‘:'% & &
N dsx‘?“‘ adsorbed, which is approximately thermoneutral). Thus the step

Figure 5. Energy scheme and minimum energy structures for the adsorption
and hydrogenation of Nwith 0—3 protons present on theS atoms of the
FeMoco (and 63 electrons on the clustetj. The minimum energy
structures are shown for one proton on the FeMoco; the calculations for

with the highest barrier in the considered process, which
comprises the MoFeprotein cycle, is the first reduction ofiN

and the energy differences from structure b to c lie between 66
and 119 kJ/mol, depending on the number of protons and
electrons on the cluster. These energies are definitely accessible,
in particular when the role of a possible proton donor in the
vicinity is considered, which has been suggested to reduce the
energies of the most endothermic stépEhus we can conclude
that the triangular Fe atoms can still participate inbihding

and reduction, even though they are coordinated to a central
ligand. Of course, one would also need the barriers of the
different steps in the reaction pathway, which we have not
calculated. On the other hand, it is not clear to what extent the
proton/electron transfers are activated. In a previous sttiy,
nearby electron proton donor was modeled in a simple way and
it was found that proton transfer was nonactivated in this setup.
In this context we note that the desorption of the first NH
molecule upon addition of the fifth proton/electron pair is also
nonactivated, as it happens spontaneously during the structural
relaxation.

As energy zero, we have chosen the FeMoco without adsor-
bates and Bland/;H, in the gas phase. The energy zero for
hydrogen is a matter of choice, bltH, as the zero point is
related to the standard hydrogen electrode (SHE) and is therefore
an especially practical choice. The actual chemical potential of
the transferred protons and electrons depends on the redox
potential of the [4Fe-4S}/2+ cluster pair, which has been meas-
ured to be—430 mV/SHE forAzotobactewinelandiiin the pres-
ence of bound MgATP!2 Therefore, this can be taken as a
typical value for the redox potential with which the electrons
are delivered. One should note that at pH 7 this does not lead
to a shift of the energies, as the correction for pH 7 approxi-

two protons have been performed such that the Fe atom involved in the mately equals the redox potential of the [4Fe#4S} cluster

binding of N is not adjacent to a protonatedS ligand. The H ligand
terminating the upper S ligand is not visible, as it is pointing backward.
The energy zero is the cluster without adsorbatesaNd*/;H; in the gas
phase.

pair.
Having concluded that the energy levels for ihinding and
reduction are generally accessible under ambient conditions, we

stabilizations should be the same. Therefore we assume thaf™oW turn to a discussion of the detailed structure of the energy

N, binding is stabilized by the surroundings and that the first |€VelS. The energies required to proceed at each step depend
hydrogenation of Blis the step with the highest barrier in the  ©N the number of protons and electrons transferred _to_ the cluster,
mechanism. In the following, we concentrate on this step and Put the energy changes are small. Furthermore, it is probable
look for the reaction path, where the energy for this step is
minimized.

Itis clear that the most energy-demanding step in the reaction
pathway is the first reduction of the bound, ldnd that all
following steps are exothermic (with the possible exception of
the third reduction for the FeMoco with no protons and electrons

(39) For the FeMoco with three H atoms on S atoms, we had to keep the
Fe—N distance fixed, as otherwise;Mould desorb. We fixed the distance
at the value 2.08 A, which is the F&\ distance we obtained from other
structures.

(40) Atkins, P. WPhysical ChemistryOxford University Press: Oxford, U.K.,
1998.

(41) Ryle, M. J.; Lanzilotta, W. N.; Mortenson, L. E.; Watt, G. D.; Seefeldt, L.
C. J. Biol. Chem.1995 270, 13112.
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that protons and electrons transferred to the FeMoco are firstthe reactivity of the cluster. In this way, the cluster can be
stored (protons on theS ligands, electrons delocalized on the fine-tuned to reduce the energy for certain critical steps during
cluster) and then used for reduction. Thus, it is by no means the reaction. This might explain why, as described in the
required that the number of adsorbed protons and electrons onThorneley-Lowe model, it is relevant how many protons and
the cluster stays constant during féduction, and this number  electrons are supplied before a particular reaction step is
is varied not only to supply protons and electrons for the accomplished and not just that they are supplied.
reduction but also to change the energy levels of the different The energy required for desorbing the secondsNéHlow.
steps slightly. With respect to Figure 5, this means that the whole Especially for the 3-fold protonated cluster, the desorption of
reaction does not necessarily follow the path of one color, but the second Nklatom is essentially thermoneutral. In solution,
that one can switch between different colors and obtain the desorption of the second NHnolecule should happen more
energetically most favorable path. easily, as it will be solvated as Ntor NH,™ and thereby gain
Let us now assume that the starting structure for the FeMoco €nergy. Thus, in accordance with the Thornelepwe model,
is the one where the threeS ligands are protonated and there We do not expect Nktto be bound to the FeMoco. Nonetheless,
are three surplus electrons on the cluster, as this structure hadl iS an interesting observation that desorption of the second
lowest energy (See Figure 5) and it agrees with experimental NH3 from the FeMoco is easier in the presence of the central
results for the resting state1-3°This corresponds to the level ligand than in its absence. This is of course related to the fact
of the blue curve (Figure 5a with three protons and electrons that, in the presence of the interstitial N, the FeMoco is much
on the cluster). The next step could be that one more coupled!ess flexible and thereby cannot bind substrates or products very
proton and electron transfer triggers, lvolution (with H  Strongly. This might actually be advantagous if the necessary
adsorbed on one of the triangu|ar Fe atoms turning into a blnd|ng of substrates is accomplished by tUning the redox state
hydride, transfer of one proton fromsS to hydride, and evolu-  ©f the FeMoco, because then one does not run into the problem
tion of Hy, as outlined in ref 18). Then the FeMoco accomplishes Of active-site-poisoning by products. Active-site poisoning by
the binding and first reduction of Nwith a 2-fold protonation intermediates or products is an important problem for industrial
and electron transfer, as the respective energy differences arémmonia catalyst¥; and by limiting the structural flexibility,
lowest (the red curve in Figure 5). This means that it is the the FeMoco might have devised a clever way to avoid this
second electron/proton transfer which accomplishes the first Problem.
reduction of N to N;H (state ¢ in Figure 5). The third electron/ ~ In summary, we have shown that reduction of 6h the
proton transfer causes the second reduction # & NiH. triangular Fe sites is still possible in the presence of the central
(state d in Figure 5). At this point the reaction is over the hill N ligand and that the central ligand is probably not directly
and irreversible, as it has passed the state ¢ which has the highedfivolved in the reaction. Both the steric situation and the number
energy. From state d onward, all further reductions are downhill of proton—electron pairs on the cluster influence the energetics.
in energy and can occur after further electron/proton transfers. Of course our model is simple and we do not account for the
Thus, in our model there have to be three electron/proton prote?n envi_ronment, which introduces some energy shifts._The
transfers in order for Nto bind and react irreversibly. This protein epwronment also introduces changes to the dgtalls of
mechanism might explain the fact of the Thornektypwe the reaction. A!though we hgve found the most stable isomer
model that 3-4 electron/proton transfers have to be ac- for each reduction step (N,), in some cases the energy differ-

complished before Ncan bind and react. EPR measureméhts ences between the isomers_are very small. For example, for
indicate that only two of the first three electrons transferred bc_)und 2-fold reduced Awe find the isomer NHN.H to be
actually reach the cofactor; therefore there can be a discrepancfIIghtIy more stable thgn NNH,, but th_e energy dn‘ferenges

of one proton/electron pair. The fate of the third electron could are oo smgll for a decisive order of stabﬂ‘f%lso, other details )
not be resolved ye€ but it could possibly be transferred to the of the reaction may be altered due to the influence of the prot_em
surroundings of the FeMoco. Anyhow, we take a possible environment. Furthermore, we have not calculated reaction

insecurity of one proton/electron pair into account. Our model barriers, which ultimately are needed to judge whether the

would also suggest a possible reason for the obligatory hydrogenpresented reaction pathway is fea3|blle.. As most of the reaction
evolution: namely, that this is needed in order to take the steps are electron/proton transfers, it is not sure that all steps

FeMoco to an oxidation state where it has a more suitable &€ activated. The dissociation of the first Nidolecule upon
reactivity the fifth reduction step is nonactivated, as it occurs spontane-

. . . . ously during the structural relaxation.
In light of the previous discussion, only the FeMoco states

ith ¢ dth onatedhs ligand d tw h In this study, we have limited ourselves to simultaneous
with two an ree protonategbS ligands (an o or three proton and electron transfers. One would have to investigate

electrons on the cluster) are relevant, and they correspond ©for which steps a separate proton and electron transfer would

the red and blue curves in Figure 5. But also in a more general be favorable. First steps toward this were taken recéfignere

gontext 'tr'ls mterebstlngfthat the ene(;gltles n F|gur§ 0 z?)reddepert:-the electron was transferred to the FeMoco and the proton to a
lent onTthe num e;o prgtons an (Iaectrol?sba Tq(.)r e_” on t esimple model of a nearby proton donor. Afteg iWas bound,

cluster. The energy dependence IS only smatl, utt 1S still points y, proton was transferred to the FeMoco and accomplished

at a mechanism to influence the energetics of the different steps

by adding protons and electrons to the cluster and thereby (42) (a) Stoltze, P.; Narskov, J. Rhys. Re. Lett. 1985 55, 2502. (b) Stoltze,

i i i i i P.; Narskov, J. KJ. Catal. 1988 110 1.
changing the oxidation state of the Fe ions. Adding a proton to (43) The NHy isomer shown in Figure & and Table 1tiansNH—NH. For

a u,S atom changes the spin density of the two adjacent cisNH—NH, the energies in Table 1 are 122, 82, 76, and 67 kJ/mol, and

; B ; for N—NH, the energies are 130, 83, 78, and 44 kJ/mol. These energies
triangular Fe "_ﬂoms' Adding prOtmleCtrqn pairs to the CIUSt_er are forn=0, 1, 2, and 3 H atoms on theS atoms and should be compared
not only provides supply for the reductions but also modifies to the energies in Table 1, line 5.

3926 J. AM. CHEM. SOC. = VOL. 126, NO. 12, 2004



Reactivity of Nitrogenase FeMoco with Central Ligand ARTICLES

the first reduction step. It was found that the binding energy of possible proton donors with a larger model will shed light on
N, is lowered so that binding becomes clearly exothermic. the detailed mechanism and energetics.

Furthermore, it was observed that the energy required to
accomplish the first reduction of bound, Mas lowered. The
first reduction of N is endothermic but requires significantly In this work we have investigated possible routes for insertion
less energy. Thus, it would be very interesting to extend our of the central N ligand into the FeMoco. All considered routes
reaction pathway to nonsimultaneous proton and electron are associated with intermediate states and especially barriers
transfers. One possible candidate for a proton donor is the nearbyof high energy so they are impossible under ambient conditions.
a-His!% residue, on which some mutation studies have been This agrees with the findings of Lee et #who show by means
carried out** If the a-His'% is mutated with ao-GIn1%, the of ENDOR and ESEEM spectroscopy that nitrogen neither
FeMoco can still bind M but it cannot be reduced and the enters nor leaves the cluster during turnover. Furthermore, we
reaction does not proceed.dfHis!%is mutated with any other ~ have shown that reduction of adsorbeg & a triangular Fe
amino acid, N cannot be bound. This might suggest that the atom is possible in the presence of the central ligand. For this
role of a-His!%is both to hydrogen-bondNand to accomplish reactior_1 pathway, the central N Iiggnd changes the catalytic
the first proton transfer onto the bound.Mistidine is the only ~ Properties of the FeMoco only marginally.

amino acid side chain that has K n the vicinity of pH=7 Acknowledgment. The Center of Atomic-scale Materials
and therefore can both donate and accept a proton at neutrabpysics is sponsored by the Danish National Research Founda-
pH.*> Another possible candidate for a proton donor is a nearby tion, We acknowledge support from the Danish Center of

water molecule, which would be well-positioned for forming a = Scientific Computing through Grant HDW-1101-05.
hydrogen bond and transferring a proton. Investigating these

4. Conclusion
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