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Abstract: Reported here is a comprehensive theoretical investigation of the binding of N; to the FezMoSgN-
(homocitrate)(cysteine)(histidine) active site (FeMo-co) of the enzyme nitrogenase, as a prerequisite to
elucidation of the chemical mechanism of the catalyzed reduction to NHs. The degree and type of
hydrogenation of FeMo-co, with H atoms and possibly an H, molecule, are key variables, following the
Thorneley—Lowe kinetic scheme. Ninety-four local energy minima were located for N, coordinated in 7?
(side) and #* (end) modes at the endo and exo coordination positions of Fe2 and Fe6. The stabilities of 57
representative structures are assessed by calculation of the reaction profiles and activation energies for
the association and dissociation of N,. Barriers to association of N, depend mainly on the location of the
hydrogenation and the location of N, coordination, while dissociation barriers depend primarily on whether
N, is %~ and n*-coordinated, and secondarily on the location of the hydrogenation. Increased negative
charge on FeMo-co increases the barriers, while C in place of N at the center of FeMo-co has little effect.
The interactions of the models of ligated FeMo-co with the surrounding protein, including proteins with
mutations of key amino acids, are assessed by in silico cofactor transplantations and calculations of protein
strain energies. From these results, which identify models involving contacts and interactions with the
surrounding residues that have been shown by mutation to affect the N, activity of nitrogenase, and from
the N coordination profiles, it is concluded that endo-7*-N, coordination at Fe6 is most probable. There is
strong reason to believe that the mechanism of nitrogenase will involve one or more of the preferred models
presented here, and a detailed foundation of structures and principles is now available for postulation and
calculation of the profiles of the steps in which H atoms bound to FeMo-co are transferred to bound N,.

Introduction

The enzyme nitrogenase effects the reduction ptd\NH;
under mild conditions. While much is understood about the
biochemical mechanism involving the two MoFe and Fe

component proteins, and about the structure of the FeMo-

cofactor (Figure 1a) where the reaction occurs, the intriguing
chemical mechanism is still unknovis.

Key recent experiments involving proteins with modifications

FeMoco, covered by-70v@ (all residue labeling is from crystal
structure 1M1N), is identified as the locus of action, and more
specifically the Fe2 and Fe6 atoms (Figure 1a) are implicated
as the sites of binding of substrates and intermediates. The best
spectroscopically characterized of the trapped species is from
the reaction of thax-70Va—Ala mutant MoFe protein with the
alternative alkyne substrate propargyl alcohol (or propargyl
amine) and is identified as the product allyl alcohol (or amine)
n?-bound to one Fe atomtheoretical work has produced a

of residues in the vicinity of FeMoco have advanced knowledge detailed model for this alkyne substrate and alkene product

of the mechanisrf.In particular, the Fe2,Fe3,Fe6,Fe7 face of

(1) Burgess, B. KChem. Re. 199Q 90, 13771406. Burris, R. HJ. Biol.
Chem.199], 266, 9339-9342. Rees, D. C.; Chan, M. K.; Kim, Adv.
Inorg. Chem.1993 40, 89-119. Peters, J. W.; Fisher, K.; Dean, D. R.
Annu. Re. Microbiol. 1995 49, 335-366. Burgess, B. K.; Lowe, D. J.
Chem. Re. 1996 96, 2983-3011. Seefeldt, L. C.; Dean, D. Rcc. Chem.
Res.1997 30, 260-266. Mayer, S. M.; Lawson, D. M.; Gormal, C. A.;
Roe, S. M.; Smith, B. EJ. Mol. Biol. 1999 292 871-891. Rees, D. C,;
Howard, J. B.Curr. Opin. Chem. Biol200Q 4, 559-566. Christiansen,
J.; Dean, D. R.; Seefeldt, L. @nnu. Re. Plant Physiol. Plant Mol. Biol.
2001, 52, 269-295. Igarashi, R. Y.; Seefeldt, L. Crit. Rev. Biochem.
Mol. Biol. 2003 38, 351-384. Dos Santos, P. C.; Dean, D. R.; Hu, Y.;
Ribbe, M. W.Chem. Re. 2003 103 1159-1173. Seefeldt, L. C.; Dance,
I. G.; Dean, D. RBiochemistry2004 43, 1401-1409. Rees, D. C.; Tezcan,
F. A.; Haynes, C. A.; Walton, M. Y.; Andrade, S.; Einsle, O.; Howard,
J. A. Philos. Trans. R. Soc. London, Ser2805 363 971-984. Peters,
J. W.; Szilagyi, R. K.Curr. Opin. Chem. Biol2006 10, 101-108.

(2) Smith, B. E Adv. Inorg. Chem.1999 47, 159-218.

(3) Dos Santos, P. C.; Igarashi, R.; Lee, H.-I.; Hoffman, B. M.; Seefeldt,
L. C.; Dean, D. RAcc. Chem. Re005 38, 208-214.
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bound to Fe6 of FeMoco within the surrounding prot&irhere
are strong reasons to believe that the catalyzed hydrogenations
of N, and GH, occur in the same vicinity of FeMo-co.
Significant recent experiments have allowed the spectroscopic
detection of nitrogenous species, believed to hbeNeNNH,
and NHg, trapped @4 K in modified proteins:°

At this point, it is essential to know howJtan bind to the
relevant atoms of FeMoco. FeMo-co has an unprecedented

(4) Einsle, O.; Tezcan, F. A.; Andrade, S. L. A.; Schmid, B.; Yoshida, M.;
Howard, J. B.; Rees, D. GScience2002 297, 1696-1700.

(5) Lee, H.-l.; Igarashi, R.; Laryukhin, M.; Doan, P. E.; Dos Santos, P. C.;
Dean, D. R.; Seefeldt, L. C.; Hoffman, B. M. Am. Chem. So2004
126, 9563-9569. Igarashi, R.; Dos Santos, P. C.; Niehaus, W. G.; Dance,
|. G.; Dean, D. R.; Seefeldt, L. Q. Biol. Chem2004 279, 34770-34775.

(6) Dance, 1.J. Am. Chem. So004 126, 11852-11863.

(7) Dance, |.Biochemistry2006 45, 6328-6340.
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,F},Fe Figure 2. The early stages of the Thornetelyowe mechanism for the
e interactions of N with various reduced states of FeMo-co.

s
O\ﬁﬁf . E4H, (the unproductivity via BH1, E;H, could be due to blocked
HyC A\ subsequent steps), and how H atoms apthblecules are bound
homocitrate 442 His with N, at FeMo-co. Accordingly, this investigation of the
P - binding of N; involves FeMoco hydrogenated with 1, 2, 3, or
4 H atoms, and with bound H atoms plus an idolecule,
encompassing potential structures for all of the intermediates
@ ® with initially bound N,. | have detailed previously the prepara-

) __ tory hydrogenation of FeMoco, and my contention that all H
Figure 1. (a) The structure of FeMo-co, connected to the protein via : . . .
a-275%s and a-442%s (Azotobactervinelandi), with atom labeling for atoms are introduced via S3B, from which they migrate to other
crystal structure IMIN. The C atoms of homocitrate are dark green. (b) Fe and S atoms and generatg’H?
The exo and endo coordination positions at one Fe atom, marked on the g oncurrent with the first experimental detection of bound
model used in density functional calculations. A T )
N8 I report here a comprehensive investigation and evaluation

structure, not yet synthesized chemically, and the prospects for0f the coordination chemistry of FeMoco with,NThe three
experimental access to the coordination chemistry of FeMo-co Main variables are (a) the coordination positions, exo and endo,
+ N, under turnover conditions are not good. Reliable theoreti- at Fé2 and Fe6, (b) thg (end) andy? (side) coordination modes
cal methods can provide insight into the otherwise inaccessible for Nz, and (c) the degree of hydrogenation of FeMoco and the
aspects of this coordination chemistry, which is the subject of locations of bound H atoms and/op Fholecules. One question
this paper. There have been two prior theoretical investigations arSing in the coordination chemistry ofNvith FeMo-co is
of N binding to the full structure of FeMoco, one proposing the effect of reduction by electronation alone as compared to
Fe#1-N, coordination, stabilized by the presence of H atoms reduction by hydrogenation (i.e., electronation plus concomitant
on the threeu-S atomsi® and the other proposing Fe'-N, protonation), and results relevant to this are presented, together
and Fe-N—N—Fe coordination with concomitant severance of With results bearing on the uncertainty about whether the atom
an Fe-S bond!! These models are included in the full range at the center of FeMo-co is C rather than N. Investigations of
of possible structures, which are assessed in this investigation the interactions between these models and the surrounding
encompassing the exo and endo coordination sites at the centraProtein, including relevant mutants, are also reported.
Fe atoms of FeMo-co (Figure 1b), and all bridging possibilities. ~ The paper is organized to present first the structures and
The binding of N to FeMo-co is closely linked to the degree ~ association/dissociation profiles for,ound in thex? (type
of reduction/hydrogenation of FeMo-co, and to the involvement 1) mode, the endey* (type 2) mode, and the exg? (type 3)
of Hy, as illustrated in Figure 2, which is part of the mechanism Mode, then the effects of increased negative charge on FeMo-
developed by Thorneley and Lo¥eto explain many kinetic co and the effects of C rather than N centering of FeMo-co,
data. The symbols fn the formulas of the intermediates give and finally the interactions of representative structures with
the number of preceding 41" (electronation/protonation) cycles. ~ Surrounding protein.
The key aspects of this scheme are that productive binding of
N, occurs at the gHsz and EH, reduced levels and involves
reversible substitution of 1a process that could be associative  The model used to calculate FeMo-co is Figure 1b, in which'842
or dissociative. This raises questions about how the binding of is truncated to imidazole, 2¢&is truncated to SCk and homocitrate
N, at the EH; and EH> levels might differ from that at £Hs, is truncated to glycolate;OCH,COO; this retains the native coordina-
tion of all metal atoms. The molecular oxidation state is defined by

(8) Barney, B. M.; Yang, T.-C.; lgarashi, R.; Dos Santos, P. C.; Laryukhin, net charge of-3, as previously determinéd.
M.; Lee, H.-l.; Hoffman, B. M.; Dean, D. R.; Seefeldt, L. &..Am. Chem.
Soc.2005 127, 14960-14961. Barney, B. M.; Lee, H.-I.; Dos Santos,

Methodologies

P. C.; Hoffman, B. M.; Dean, D. R.; Seefeldt, L. Dalton Trans.2006 (12) Lowe, D. J.; Thorneley, R. N. FBiochem. J.1984 224, 877—886.
2277-2284. Thorneley, R. N. F.; Lowe, D. J. Kinetics and Mechanism of the Nitrogenase
(9) Barney, B. M.; Lukoyanov, D.; Yang, T.-C.; Dean, D. R.; Hoffman, Enzyme System. IfMolybdenum Enzymes$Spiro, T. G., Ed.; Wiley-
B. M.; Seefeldt, L. C.Proc. Natl. Acad. Sci. U.S.£2006 103 17113~ Interscience: New York, 1985; pp 22284. Thorneley, R. N. F.; Lowe,
17118. D. J.J. Biol. Inorg. Chem1996 1, 576-580.
(10) Hinnemann, B.; Norskov, J. K. Am. Chem. So@004 126, 3920-3927. (13) Dance, 1J. Am. Chem. So@005 127, 10925-10942.
(11) Kastner, J.; Hemmen, S.; Blochl, P.EChem. Phys2005 123 074306. (14) Dance, lInorg. Chem.2006 45, 5084-5091.

J. AM. CHEM. SOC. = VOL. 129, NO. 5, 2007 1077



ARTICLES Dance

Density functional calculations using the program DMol3 (version was found that the automated quadratic synchronous transit (QST)
3.2, 2005)° have been described previoush?:**A key feature of the proceduré® was sometimes compromised by changes in electronic state
calculations is the use of numerical basis sets including polarization during the geometry excursions required to locate the saddle. The
functions (basis set dnp in DMol3). The functional is blyp, and the concomitant shifts in energy and gradient could then in QST generate
spin-unrestricted calculations are all-electron. Detailed validations of erroneous transition states not connected on a single electronic state
this DF methodology for FeMo-co and related systems, assessed againssurface to the reactant and product structures. Further, for the case of
experimental data in terms of geometry and energy, have beenligand association/dissociation paths, an effectively dissociated geometry
published'® The errors associated with the DF calculations reported in is arbitrarily defined. For these reasons, the following alternative
this paper are estimated to 5®.05 A in geometry, ang-2 kcal mol? procedure for location of the TS was developed, using manual
in energy. interpolation of geometry and density functional evaluation of energy

The electronic structures of FeMo-co and its ligated forms have ca. and energy gradient. The general procedure was to observe the initial
20 filled orbitals within 2 eV of the HOMO, and HOMELUMO gaps changes in geometry and energy gradient during small-step energy
of ca. 0.4 eV. FeMo-co and its derivatives manifest alternative molecular minimizations from a geometry intermediate between reactant and
spin states and electronic states that are usually close in enerd® (1  product, and then to use this information to build a new intermediate
kcal moi1), and in geometry (although different electronic/spin states geometry just on the other side of the barrier. Once geometries on either
can have substantial differences in one-Rg distance when it is long side of the barrier were obtained, careful iterative cycling between
and nonbonding). These close-lying electronic states are characterizedstructures oroppositesides of the barrier, with diminishing geometry
by variations in spin density, primarily at the metal atoms, and can be shifts and diminishing energy gradients, automatically optimizes all
described and generated in terms of alternative distributions of other variables while finding the lowest energy saddlepoint on the
individual metal spin staté§.For the systems investigated in this paper, reaction coordinate. High accuracy can be achieved by continued
there are no relevant experimental data that could direct selection of iteration. The quality of each TS found was assessed via its low gradient,
the appropriate molecular electronic state (the enzyme is EPR silentand by its energy minimization pathways to reactant and product when
during turnover), and therefore the lowest energy state was calculatednudged. In this mapping of the reaction profile, the spin state and
(using the Fermi occupation option in DMol3). The lowest energy state electronic states were monitored and controlled as necessary to ensure
almost always has the lowest molecular s@8r; 0 or S= /,; a few that a single electronic surface connected the reactant, transition, and
of the optimized structures hag= 1 or S = %,. For some of the product structures. This procedure is more reliable than the automated
ligated structures, it was evident (from erratic scf convergence) that methods.
alternative electronic/spin states were close, and for these species the Optimizations of protein structure around ligated and unligated
electronic/spin state calculated was controlled by fixing orbital oc- FeMo-co were made with the cvff force-field of the program Dis-
cupancy, or by specifying initial spin densities on metal atoms. As cove?!® supplemented with locally determined potentials for the
mentioned below, care was taken to follow one electronic state during coordination of 279's, 442is. and homocitrate to FeMo-co. The model
calculation of reaction profiles. was comprised of 1032 amino acids, 1332 associated water molecules,

Density functional calculations were performed on isolated com- the P-cluster, and FeMo-co. The protein component was selected as
plexes, without the protein surrounds. Representative structures wereall of chains A and B of the MoFe protein structure 1M1N, together
also optimized with a continuum solvation model to simulate the with residues 494523 of chain D, and all water molecules within 4
electronic effects of the protein surrounds. In this calculation, the charge A of these atoms or FeMo-co. This model is a thick protein sheath for
distribution of ligated FeMo-co polarizes the dielectric medium and FeMo-co and extends to the surface of the MoFe protein. All hydrogen
generates electrostatic energies. These calculations used the conductoatoms were included and energy-minimized to optimize the protein and
like screening model (COSMO) implemented in DMélyith the van the water hydrogen bonding. Nonbonded Coulombic energies were
der Waals radii increased to S 2.1, Fe 2.5, Mo 2.8 A. The results, using calculated with a dielectric constant numerically equal to the interatomic
dielectric permittivitiese = 5 ande = 20 for the surrounds, yielded  distance (A). Intermolecular cutoff distances w@rA for van der Waals
negligible geometric differences:0.05 A) with the structures optimized  interactions and 9.5 A for Coulombic interactions. Atoms of the
in the gas-phase model. The magnitude of the effect on energy can beP-cluster and of FeMo-co and its/Ni/H; ligands were held fixed during
assessed from a syste+ZH-e, see Figure S1) where in the isolated  energy minimization of all other components.
molecule model the barrier for dissociationigfN, is estimated to be
0.3 kcal moft. A COSMO optimization withe = 5 retains bound by Results

while with e = 20 the N just dissociates. Structufe 1H(Hy)-a, with A h f inimized struct f FeM
a dissociation barrier of 0.7 kcal mdlin the absence of surrounds, searchlor energy-minimized structures ot Felo-co

also retains bound Nwhen calculated with a solvation dielectric of coordinated by M together with varying degrees of H/H

20. From these results, it is concluded that the uncertainty in energy 0Ordination at Fe and/or hydrogenation of S atoms, and
due to the use of the isolated molecule approximation is ca. 0.3 kcal restricting coordination to Fe2 and Fe6, revealed 94 different

mol~ and less than 0.7 kcal mdlfor the systems described in this  local energy wells. For a considerable number of postulated

paper. structures withy?-N, coordination, no local energy well could
For the calculation of transition states (TS) for the reactions of ligands be found, due to dissociation of,Nr rearrangement tg'-N,

on FeMo-co, conventional automated methods are foiled by the coordination. No energy minima were found fop Nridging

complexity of the vibrational and electronic structure of FeMo-co. It two, three, or four Fe atoms of the Fe2, Fe3, Fe6, Fe7 face of

FeMoco, with varying modes and degrees of hydrogenation of

(15) Delley, B.J. Chem. Physl99Q 92, 508-517. Delley, B. DMol, a standard

tool for density functional calculations: review and advancesdviadern FeMo-co; instead, Neither dissociated or rearrangeditoN,
Density Functional Theory: a Tool for Chemistr$geminario, J. M., B ; ;

Politzer, P., Eds.; Elsevier: Amsterdam, 1995; Vol. 2, pp-2234. Delley, coordination at a Smgle.Fe. fatom' .

B. J. Chem. Phys200Q 113 7756-7764.DMol3; www.accelrys.com/ Assessment of the significance and stability of the many

(16) T(f\t,léﬁ"°4TS|_—i’rr3(_);dfi'U"gT/ﬁné‘gggtg”_l’AZ_;OR,%Omeman’ I Am. Chem. Soc.  binding modes was made by calculation of the reaction profile

2001 123 12392-12410. Lovell, T.; Li, J.; Case, D. A.; Noodleman, L. for association and dissociation o, NFor 57 representative
J. Biol. Inorg. Chem2002 7, 735-749. Schimpl, J.; Petrilli, H. M.; Blochl,
P. E.J. Am. Chem. So@003 125 15772-15778.

(17) Klamt, A.; Schiirmann, G.J. Chem. Soc., Perkin Trans.1®93 799— (18) Ayala, P. Y.; Schlegel, H. Bl. Chem. Phys1997 107, 375-384.
805. Andzelm, J.; Kolmel, C.; Klamt, Al. Chem. Physl995 103 9312 (19) Accelrys http://www.accelrys.com/products/datasheets/i2_discover_data.pdf,
9320. 2004.
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Figure 3. Some of the optimized models fgf-N, coordinated at Fe6 or Fe2 of hydrogenated FeMo-co, together with the calculated activation energies
(kcal mol1) for association and dissociation o£.Nr'he additional coordination of Fel (top) and Mo (bottom), included in the calculations, is not shown.
The view direction is normal to the Fe2,Fe3,Fe6,Fe7 fagatbims are bright blue; bound H and Btoms are black. The associated and dissociated states
in the reaction profiles are labeled on and off, respectively. Supporting Information Figure S1 contains the complete set of results.

structures out of the 94, the transition state (TS) along the The results are presented in three coordination groups, first
association/dissociation pathway was calculated. An uncoordi- those withiy?-coordinated M (type 1), then those withy!-Nz in
nated (dissociated) structure was also obtained, by energythe endo coordination position of Fe (tyRg and finally those
minimization beyond the TS until the relevant-Re¢ distance with 71-N in the exo coordination position of Fe (tygg The

was ca. 1 A larger than that of the TS; this definition of the structure labeling notation to be used gives first the type number,
uncoordinated structure as FN extendel 1 A beyond the then the number of H atoms, then H present, and finally a
transition structure is arbitrary, but in general was the point of lower case differentiating letter, for example2H(H,)-a. The
reduced gradient for further separation, and is suitable for results are presented pictorially; all of the structural figures are
comparison of structures. The activation energies for associationoriented in the same way, looking directly at the Fe2,Fe3,Fe6,-
and dissociation were calculated from the energies of the boundFe7 face, with Fel at the top and Mo at the bottom. All structure
state, of the TS, and of the dissociated state; these activationpictures omit the additional coordination of Fel and Mo,
energies are plotted on the figures presenting the structures.included in the calculations. The profiles plot the relative
These are results for isolated molecules: the errors due toenergies of the state with,Ninbound (labeled “off”), then the
neglect of the electronic influences of the protein surrounds are transition state, and then the state withddordinated (labeled

estimated to be<0.05 A in geometry and<0.5 kcal mot? in “on”). The activation barriers (kcal mot) for the association
energy. The steric influences of the surrounding protein are (left side) and dissociation (right side) ofdre given on each
discussed later. profile. All of the profiles are plotted on the same energy scale,

In general, the optimized structures have the lowest possibleto emphasize the variations. The calculations have concentrated
molecular spinS= 0 or S= 1/,. The calculated partial charges on the binding of N at Fe6, which is believed to be most
on the bound N and H atoms range fron®.25e to+0.25e, probable’ but some results for Noinding at Fe2 are provided,;
and the calculated spins ard.09 on H and<0.01 on N. in general, the differences between Fe2 and Fe6 are minor.
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n?-Coordinated N, (Type 1). Figure 3 presents structures presented in Figures 3 and S1 are the only ones found. A number
and association/dissociation profiles for 10 representative of results indicate that the presence of an H atom on S2B
structures withy?-coordinated M, all at the & or E4 reduction stabilizes the binding of?-N,. Thus, stable structurés2H-d,
levels. The full set of 43 different structures and 25 profiles, 1-3H-a, and 1-3H-b, all with S2B-H, instead dissociate,;N
for all reduction levels, is contained in Figure S1 (Supporting without barrier if the H atom on S2B is absent. Further, the
Information). The presentation is arranged in order of increasing increase in dissociation barrier from 0.7 kcal moin 1-1H-

number of H atoms, followed by structures containing also (H,)-a to 2.2 kcal mot? in 1-2H(H,)-a can be attributed to
bound H. Note the geometrical diversity in Figure 3. S2B-H.

The complete results reveal the structural principles;fer Finally, in some instances, it was observed that #Reé\,
coordination of N to FeMo-co: (1)7*-N. can be bound in @ ¢qordination is unsymmetrical, and occasionally there is a very
distinctly endo coordination position when an H atom (€.9., gmal| or nonexistent barrier betweg#coordination and more

1-3H-g) or H, molecule (e.g.1-2H(H)-a) is exo on the same  gapie,1 coordination of N: that is, side-bound MNcan unhook
Fe atom, or otherwise theoNan be in the exo coordination to become end-bound.

position; (2) hydrogenation of S3B, in one of several conforma- 1 .

tions}3 generally elongates Fe®3B, which in turn affects the Ehdo n -Cloordmgted_ N (Type 2). Some struc.:'Fures and
stereochemistry of Ncoordinated Fe6, and allows;No be prof|.les for -goorQ|nat|on Of. N at the endo po.smo.n of Fe
coordinated in a position intermediate between endo and exod'® |IIustrateq In F_|gur¢ 4, with the full results in F'g“fe S2.
when there is no other ligation of the Fe atom (Fig S1); (3) one The geometrical distortions qf EeMo-co and the Iocat|ons.of H
Fe—N¢ interaction can be elongated to over 3 A, but two or &toms and kimolecules are similar to those already described.

more cannot, which is another manifestation of the coordinative !somers that have the same distribution of bid differ only

allosteric control exerted byaN3 (4) regarding Mas one ligand, ~ in the endoy®N; or endoy'-N; coordination have essentially
Fe6 can be four-, five-, or six-coordinate; (5) H bridging Fe2 the same geometries. However, the association/dissociation
and Fe6 can occur with retention of both-fé¥¢ bonds (e.g., energy profiles are distinctly different. In particular, the barrier
1-1H(H2)-c), or it can take the place of one F&l° bond (e.g., for dissociation of M has increased and rangesZ1 kcal mot?

1-3H-b, 1-2H(H>)-b); (6) whenn?N, and#;?-H, are bound to with an average of 13.3 kcal md (for 20 profiles). Barriers
the same Fe atom their molecular axes are approximatelyfor association range from 3 to 20 kcal mblnd average 8.3
parallel, but other twistomers faf2-N,—Fe are possible when  kcal moi . Clearly, #'-N; is more tightly bound tham?-N,,

H2 is not present (for example, contrds8H-b and1-2H(Hy)-a and the majority of the structures now have net exergonic
in Figure 3); and (7) the structures witj#-N, plus H and/or binding of N. In the transition states, the &l distance is

H, bound to FeMo-co are generally similar to the structures generally in the range 2.7 A, with extremes of 2.4 and 2.9
with %?-Hz plus H bound to FeMo-c& A the bound Fe-N distance ranges 1.80.84 A.

Turning to the profiles for association and dissociation of  Several patterns are evident. (1) The presence of a hydrogen
>N, the prominent result is that the barrier for dissociation atom on S2B increases the barrier for dissociation of N
of N2 is generally about 2 kcal mot for th|S set of di-\/erse Comparé_lH_aandz_ZH_c (increase of 7 kcal m0|l), 2-2H-a
structures (mearr 2.5 kcal mog1 for 25 profiles) and is not  and2-3H-a (increase of 9 kcal mok), and2-2H-b and2-3H-b
greater than 5 kcal mot. For 7-N2 bound exo to Fe6, with  (increase of 5 kcal mob). (2) Structures with an FezH—Fe6
no hydroglenatlorj (Figure S1), the t.)arlrler for dlssoqat_lon is5.3 bridge and withy'-N,—Fe detached from Ni.e., 2-2H-b, 2-3H-
kcql m.or , and it appears .thgt this is an upper limit to the b, 2-1H(Hp)-c, 2-1H(H,)-f) have the largest barriers for
activation eneré;y fﬁr (:)'SS(?C'a“O” 9f-N2. In all cases Iexcept dissociation. (3) Smaller activation energies for association of
i)hne %#HéHZ),' )’ft ed' arrle.rtt.o as_ls_ﬁuatmn ay?th IS larger ht N, occur where the prior coordination of Fe is good five-
e e e ety S cordnaon and pariculary whres par of e pr

. . inati .9.2-1H(Hy)-c, 2-1H(H>)-f, 2-2H(Hy)-a).
change in the FeMo-co structure, such as changes in the Fe Colc;]rdg;itgzl (ethgefe is(siiitl:ar beh(avziz)r at Fe(2 2;;) Ee6. but
N¢ distance, or an opening of the S2Be6-S3B angle e " ) ! '
preparatory to B binding in an endo position, and to some differing reac.tlon profiles fpr one pair of related str.uctL.Jres that
extent the magnitude of the barrier to association can be aré Fe6/Fe2 invertomers, interchanging thelcoordlnat|on at Fe2
correlated with the nature and completeness of the coordinationand Fe6, are significan2-1H(Hz)-a has endoy-N and exo-H
of Fe prior to binding, and with the size of the changes required at Fe6 with exo-H at Fe2, whil2-1H(H,)-b has the inverse,
to reach the transition geometry. Thus, the largest barrier to eﬂdoﬁl-Nz and exo-H at Fe2 with exo-H at Fe6 (Figure 5).
associat'i;n, in-1H-g involves extension of Fe6N¢ from 2.1 With N at Fe6,2-1H(H)-a shows normal profiles for associa-
to 2.7 and concomitant reduction from four to three tion and dissociation of N Yet the invertomer behaves
coordination of Fe6. The smallest association barriers occur in differently, and, as illustrated in Figure 5, when the association
structures such as-1H-b, 1-1H(Hy)-b, 1-2H(H,)-b, where Fe of N is almost complete at Fe2{1LH(Hy)-b), a barrierless
has good square pyramidal five-coordination prior tdoding. dissociation of the Hlon Fe6 commences. That is; I$ stable
Fe—N(Ny) distances in the transition states range from 2.45 to on Fe6 until but not after the coordination of Bt Fe2. These
2.7 A, while the Fe-N(N,) distances for the bound structures results are another manifestation of “end-differentiation” in the

are generally 2.2 A. FeMo-co coré® and of coordinative allosteristhin which
A considerable number (ca. 30) of postulated structures with events at one Fe affect events at another Fe atom, vidaté
n?-N, did not yield a local energy minimum with bounc:.Nn behavior of2-1H(H,)-b in which coordination of M at one Fe

particular, endo?-N; is often unstable; the stable structures causes dissociation ofHat another is relevant to the under-
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off

14

2-1H(H,)-¢

on

22H(H, 8 2-2H(H,)-b
- 21H(H,)

Figure 4. Some of the optimized models fg#-N, coordinated at the endo position of Fe6 or Fe2 of hydrogenated FeMo-co, together with the calculated
activation energies (kcal mol) for association and dissociation o£.N'he N, molecule is directed approximately perpendicular to thef&ee, which is
toward the viewer. Supporting Information Figure S2 contains the complete set of results.

standing of the experimental data which link, temporally and (Figures 3, S1) shows that F&° with exo4-N, coordination
stoichiometrically, the binding of Nwith the evolution of H is usually shorter; that is, trang-N,—Fe—NC¢ coordination is
(Figure 2). geometrically tighter than trang-N,—Fe—N¢ coordination. In
Exo p'-Coordinated N; (Type 3). The calculated structures  the transition states, the F&l distance generally ranges 2.6
and profiles are illustrated in Figure 6 and provided in full in 2.7 A, with bound Fe-N distances ca. 1.83 A. StructugelH-
Figure S3. In general, the structural features are similar to those(H»)-b with a detached Fe6H—Fe2 bridge is remarkable in
already described. A noticeable feature is the prevalence ofthat the Fe6-N distance in the transition state is unusually long,
structures with (i) an Fe2H—Fe6 bridge, (ii) both FeN¢ ca. 2.9 A, almost 1.1 A longer than the bond in the associated
2.2 A, and (iii) exo-ligation of both Fe2 and Fe6. Comparison structure. A similar structure with endg-N, 2-1H(H>)-c, also
of related structures with exp-N, or exo#?-N, coordination has an unusually elongated (R 2.9 A) transition state.
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(H2)-a/3-2H-a (Figure 6), and3-2H(H,)-a/3-3H-a (Figure 6),
show clearly that Hrather than H on the other Fe, not bearing
N2, increases the barriers for both association and dissociation
of Na. In the pair2-1H(H,)-a/2-2H-a with endo rather than exo-
Ny, the presence of frather than H on the other Fe increases
only the barrier for dissociation of NIf, instead, the comparison
involves H versus H on the same Fe that beats tNe effect
of H is the opposite, decreasing barriers: the instances of this
are2-2H(Hy)-b/2-3H-c (Figure 4),2-1H(H,)-c/2-2H-b (Figure
4), and2-1H(Hy)-d/2-2H-a (Figure 4).
Binding of N, to More Negatively Charged FeMo-co.In
the preceding it has been assumed that the electronation and
protonation steps occur together, and therefore that the hydro-
genated FeMo-co that binds,Mas the same charge state as
resting FeMo-co. Alternatively stated, the assumption has been
that the binding of Mto FeMo-co does not occur immediately
after electron transfer to FeMo-co and before subsequent
protonation. This is consistent with all interpretations of the
kinetic data. Nevertheless, there is a question about the
coordination chemistry: how is the association and dissociation
of N, affected by additional negative charge on FeMo-co? This
has been investigated, by calculating the association/dissociation
profiles for a number of species with a charge-e4 rather
than—3. Table 1 presents the activation energies, in comparison
with those reported above for charge3. In all cases, the
activation energies for charge4 are greater than those for
charge—3.
Figure 5. The differing behaviors of th@-1H(H,)-a and 2-1H(Hy)-b What If the Central Atom of FeMo-co Is C Rather than
systems: energies in kcal mdl A normal association/dissociation equi-  N? Despite careful spectroscopic investigatf8rhere is still
librium occurs for2-1H(H,)-a, but, when there is interchanged ligation at g direct experimental evidence for the identity of the atom at
Fe2 and Fe62-1H(H2)-b undergoes barrierless dissociation of &fter . .
coordination of N. the center of FeMo-co, labeled®Nh Figure 1. A number of
. . o theoretical investigations point to N and C as the possibilfies.
Generally the association barriers for eieN, coordination . . .
) Using a method that correlates experimental redox potentials
are slightly smaller (mean 5.9 kcal mé] 12 values) than those
for FeMo-co and comparable reference compoufds)d on

for endo#®-N; coordination (mean 8.3 kcal md). At least . : . :
part of this can be attributed to the fact that S2B does not need.the basis of the nonbiological chemistry that would be expected

L . in the biosynthesis of C-centered FeMo-co, | have previously
to be folded back to prepare for exo coordination, as it does for concluded that the central atom is more likely to be N.

endo coordination at Fe2 or Fe6. The mean activation energy . . .
. L LN 1o Nevertheless, the issue is not resolved experimentally, and the
for dissociation of exo3!-N; is 15.3 kcal mot?, slightly larger . . : S .
1 obvious question here is how the coordination chemistry of N
than that for enday*-N. - : )
. N . 5 with C-centered FeMo-co would differ from that described
Overall, the primary result for coordination ok M that#?- .
o . . . above for N-centered FeMo-co. Optimized structures for bound
N-coordination is weak and endergonic whifeN,-coordina- ) . X
e . ! . . N, and reaction profiles have been determined for four C-
tion is comparatively strong and exergonic, with a slightly . o
L . . - ) centered homologues (with model chargé to maintain the
smaller association barrier and larger dissociation barrier for . .
1 T e . correct electron count), and the comparisons are made in Table
nt-No-coordination in the exo position relative to the endo o .
G . ST .~ 2. There is little difference between the structures and the
position. There is an equally significant secondary result, which S )
: S - coordination profiles for C- and N-centered FeMo-co. The
is that the distribution of H atoms and possibly anrhblecule . .
. . .~ . largest discrepancy occurs #312H(H,)-a, where the Fe2C
can have a larger and dominant influence on the coordination . : . A ;
. ) . distance is 2.4 A while the FeN¢ distance is 3.0 A, and the
geometries and dynamics. In this context, a fundamental _ .~ . L . 1
. ; . . activation energy for dissociation of,Ns 13 kcal mot for X
question is whether increased hydrogenation of FeMo-co _ —
- o : = C as compared to 8.8 kcal malfor X = N.
facilitates its binding of N, as is suggested by the Thornetey Int " iths ding Protein. So far the infl
Lowe kinetic scheme (Figure 2). Some responses to this question nteractions with surrouncing Frotein. 5o farthe influence
can be drawn from the results for-N,-coordination. The of the surrounding protein on the coordination oftd FeMo-

complete set of profiles for endg-N,-coordination (Figure S2) ~ ©° Pas b.ee dn ;nc;orporafd ?nly o ;h(é eije'I;t ;hat tsrllte-dlreged
does not show a statistically significant trend in dissociation mutagenic data focus attention on F€b and ez as the coordina-

barr!ers with de?ree of h)_/drqgenat_lon, but the dISSOCI&}tIOﬂ (20) Lee, H.-l.; Benton, P. M. C.; Laryukhin, M.; Igarashi, R. Y.; Dean, D. R.;
barriers for exas!-N,-coordination (Figure S3) increase with Seefeldt, L. C.: Hoffman, B. MJ. Am. Chem. So®003 125, 5604

i H i 5605. Yang, T.-C.; Maeser, N. K.; Laryukhin, M.; Lee, H.-I.; Dean, D. R,;
hydrogenation: mean barriers (and number of profiles) are 6.8 Seereldt. L C Hoffman. B. MJ. Am’ Chem. So@005 127, 12804
(2) for By, 12.8 (3) for BEH3, 14 (3) for BH,, 19 (4) for EHa, 12805.

1 H H (21) Dance, I.Chem. Commun2003 324-325. Lovell, T.; Liu, T.; Case,
and 21 (1) keal mot* for E4Hs. However, again the location of D. A.; Noodleman, LJ. Am. Chem. So2003 125 83778383, Vrajmasu.
the hydrogenation is important. Two pairs of structuz¢H- V.; Munck, E.; Bominaar, E. Linorg. Chem2003 42, 5974-5988.

R 2-1H(H,)b
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3-1H(H,)-c
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Figure 6. Some of the optimized models fgi-N, coordinated at the exo position of Fe6 or Fe2 of hydrogenated FeMo-co, together with the calculated

3-1H(H,)-b

3-2H(H,)-a

on

activation energies (kcal mof) for association and dissociation ob.NSupporting Information Figure S3 contains the complete set of results.

Table 1. Activation Energies (kcal mol1) for Association and
Dissociation of N with Electronated FeMo-co Species (Charge
—4) in Comparison with Results for Charge —3

Table 2. Comparisons of the Activation Energies (kcal mol~1) for

Association/Dissociation of N, for C-Centered Homologues of

N-Centered FeMo-co Structures

charge —4 charge -3 X=C X=N

structure association dissociation association dissociation structure association dissociation association dissociation
1-1H-c 11 7.8 6.3 2.6 1-3H-a 14 2.6 12 1.6
1-2H-d 115 2.0 6.9 1.9 2-2H-a 9 12 10 9
2-1H-a 13 9 11 7 2-2H(Hy)-a 7 13 5.6 8.8
2-1H(Hp)-d 9 8.4 8 6.6 3-3H-a 3 11 2 14
3-a 6 12 3.8 6.8
3-2H-a 4 12 3 12
3-2H-b 7 23 6 15

tion sites. | now examine specific interactions between N
ligated FeMo-co and the protein in which it is embedded. The
initial questions are: (a) whether the various models fppNs
H/H, coordination of FeMo-co will fit into the protein? (b) What
movements of surrounding protein might be required for N

of all other susbstrates except }:£2 (ii) mutation of residue
a-69 from glycine to serine does not change the wild-type
behavior of N, but does change the behavior ofH3;23 (iii)
modification ofa-195 from histidine to glutamine or asparagine
does not affect the binding of Nout does interfere with the
hydrogenation of B2425(iv) the a-191¢"Lys mutant does not

binding, and what energy penalties might these incur? (c) Which (22) Barney, B. M.: Igarashi, R. Y.; Dos Santos, P. C.; Dean, D. R.; Seefeldt,

models are consistent with the biochemical data efiNding
to proteins with mutated surrounding residues?

The relevant experimental data about influential surrounding 24
residues are: (i) an increase in the size of the side-chain of

residue a-70, from valine [CH(CH);] to isoleucine [CH-
(CH3)(CH,CHz3)], severely diminishes the reduction of kand

L. C. J. Biol. Chem2004 279, 53621-53624.

(23) Christiansen, J.; Cash, V. L.; Seefeldt, L. C.; Dean, DJ.RBiol. Chem.
200Q 275 11459-11464. Christiansen, J.; Seefeldt, L. C.; Dean, D. R.
J. Biol. Chem200Q 275 36104-36107.

) Kim, C. H.; Newton, W. E.; Dean, D. Biochemistry1l995 34, 2798~
2808. Dilworth, M. J.; Fisher, K.; Kim, C. H.; Newton, W. Biochemistry
1998 37, 17495-17505.

(25) Fisher, K.; Dilworth, M. J.; Newton, W. Biochemistry200Q 39, 15570~

15577.
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° 277M9

homocitrate 01

Figure 7. The significant components of the MoFe protein (optimized,
see Methodologies) surrounding the active face (enclosed with black oval)
of FeMo-co, viewed in the standard orientation normal to the face. The
side-chains of influential residues are arrowed, as is the uncoordinated
carboxylate of homocitrate containing atom O1. Residue numbers at the
ends of the four relevant polypeptide sequences-{@, orange; 92100,

pink; 188-199, green; 272281, gray) are labeled in red: all residues are
in the a-chain of structure IM1N. Water O atoms with? A of FeMoco

or within 3 A of residues shown are marked black.

Figure 8. Key features of the immediate surrounds of FeMo-co relevant
to the coordination of i viewed close to the standard direction. Homocitrate
. . o o C atoms are dark green, and water oxygen atoms are orang&®V is
interact with N;2® (v) modification ofa-27749 diminishes and ~ partially drawn, with thick bonds, ana-381P"¢is drawn only as the side-

changes the general reactivity of ntrogenase, withot2y 7is chain with thin bonds. The hydrogen bonds fror195"s to S2B and from

; ; ; a-96%'9 to S5A are evident. Tha-69°Y~Sermutant is shown, in the side-
mutant being tOta”y_zlénr?SponSIr\éEé% Nlthoqgh not Wlth the chain conformation that forms a hydrogen bondot&5:CO and from
larger substrate £15;,%° (vi) o-96* mutation slows diazo-  \yater34, which also has hydrogen bonds from water185 and to homocitrate
tropic growth2” and (vii) thea-381Phe~A10 strain does not grow  O2. This weakens the hydrogen bond from the amide side-chairl6fic"n

on N,.2:27 to O1 of homocitrate, marked as a dotted arrow. This hydrogen bond is

. . normal in the other two conformations @f695¢"and in wild-typeo-69°Y.
Figure 7 shows the components of the MoFe protein that are P

relevant to considerations of the mutual interactions between d4Sat th isti fact hich is then deleted
ligated FeMo-co and its surroundings (residues at the back, awa)}lw)t’hanf_ tatoms) c:‘nth' N eX|s| ng ci)hac orf, Wt Ic I'IS i Zn .;eﬁ )
from the front Fe2,Fe3,Fe6,Fe7 face, block ligation but stabilize n the first stage of this analysis, the colaclor ligated wi

the connection between FeMo-co and protein). There are fouranOI '._'/HZ Is substituted for unhgated F?MO'CO n t.he MoFe
polypeptide segments, all in thechain. At the Mo (southern) protein (represented by a force-field-optimized section of PDB
end of FeMo-co. the ;Jnstructured segmen®2—100 (pink) 1M1N, containing 1332 residues and 1032 water molecules with

passes through the agueous domain surrounding homocitrate.aII hydrogen atoms). Contacts between théXH; ligands and

the side-chain oft-96*9 extends from this domain to hydrogen _surrounding polypeptide are checke;e_l,?OVa' is moved away
bond to S5A, which bridges Fe3 and Fe7 of FeMo-co. At the if necessary, and then the structure is relaxed by (force-field)
Fel (norther,n) end, the unstructured segment fro@72 to energy minimization of the polypeptide plus water components
0-281 containsa—27,5CVS which anchors Fel. and-2779 while the ligated FeMo-co is held rigid. This yields an optimized
whose arginine groupsi’9 A from EeMo-co "I'he other two  Structure for the protein containing embedded ligated FeMo-
domains haver-helical structure. The front f;slce helix (Figure co, the protein structure of which is examined for modifications
7, orange, residuas-61 to a-74) contains the crucial residues of residue positions, water positions, and important hydrogen
0.'-70\/6” an,d a-69%Y. From the green helix (residues189 to bonds. Next, in a second stage to assess the energies associated
0-199), the si de-cHains of-195" anda-1918" extend toward with these modifications, unligated FeMo-co is transplanted back
FeMo-r,:o Figure 7 emphasizes the positions of all of the water into the modified-protein structure, and the composite is relaxed
molecules in these domains and shows that the orange and gree ack to the original_ restipg stru_cture. The energy change during
helices are in contact and that the region of their interface is the prote!n relagatlon with unllgated FeMo-co is a measure of
hydrophobic and free of water molecules. Ligation of FeMo- the protein s'Fra|n energy required to z.accommo'date the ligated
co at Fe6 and/or Fe2 impinges directly on the side-chains of FeMo-co. This overall procedure provides relative measures of
residues in the orange and green helices the geometric and energetic consequences, in proteo, of the

. . . various models for Mbound to hydrogenated FeMo-co. Two
To evaluate the interactions between ligated FeMo-co and _ . : L o
. - T 77 77 points need to be recognized in this analysis. First, the calculated
its surrounds, | use a general procedure involving in silico

. . . protein strain energy is not that associated with a mechanistic
cofactor transplantation, in which the atoms of the transplant . . L .
cofactor are superimposed (by least-square displacements of FeStep involving coordination of H for which the pre-hydroge-
P P Y q P nated FeMo-co rather than bare FeMo-co would be the reference
(26) Shen, J.: Dean, D. R.; Newton, W. Bochemistryl 997, 36, 4884-4894. state and energy. Second, uncertainties in the calculated energies

(27) Newton, W. E.; Dean, D. RACS Symp. Sell993 535 216-230. arise from the possibility of alternative relaxation pathways (i.e.,
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Table 3. Structures and Protein Strain Energies for Np-Ligated FeMo-co Models within the MoFe Protein and Some Mutant Proteins

increase in

Ne=70:Co strain
N, distance energy hydrogen bonding®
coordination model? protein A kcal mol—t A, deg
exo-Fe6y? 1-3H-c WT 0 22 S2BH~195:N¢, 2.66, 133
191:NH—Njy, 2.07, 158
1-3H-c 695er 0 12 S2BH-195:N¢, 2.63, 135
191:NH—N_, 2.11, 152
1-2H(Hz)-b WT 0.2 50 S2BH>195:N¢, 2.40, 163
191:NH—Ny, 1.99, 146
1-2H(H2)-b 695er 0.4 40 S2BH~195:N¢, 2.43, 161
191:NH—Njy, 2.28, 129
endo-Fe6y? 1-3H-a WT 0 33 S2BH->195:N¢, 2.74, 139
191:NH—HCA, 2.37, 142
1-3H-a 70% 0.7 57 S2BH~195:N, 2.60, 142
191:NH—HCA, 2.27, 126
1-3H-a 695er 0.2 33 S2BH>195:N¢, 2.76, 143
1-3H-a: TS 695er 0.2 45 S2BH-195:N¢, 2.83, 141
exo-Febxyt 3-3H-a WT 0 29 S2BH-195:N¢, 3.03, 135
191:NH—HCA, 2.29, 127
191:NH—Ny, 2.37, 149
3-3H-a 381419 0 28 S2BH~195:N¢, 3.01, 137
191:NH—Njy, 2.32, 150
3-3H-a 70' 0.2 35 S2BH>195:N¢, 3.05, 137
191:NH—HCA, 2.21, 124
191:NH—Njy, 2.27, 150
3-3H-a 695er 0.2 18 S2BH>195:N¢, 3.03, 139
191:NH—Njy, 2.28, 151
3-3H-a: TS 695er 0 32 S2BH~195:N¢, 2.94, 138
191:NH—Njy, 2.32, 149
endo-Fe6Gy! 2-1H(Hy)-e 695er 0 42 195:H—S2B, 2.58, 134
2-2H(Hy)-a WT 0.5 42 S2BH-195:N¢, 2.56, 141
191:NH—HCA, 2.21, 150
2-2H(Hp)-a: TS WT 0.7 75 S2BH>195:N, 2.86, 124
191:NH—HCA, 1.79, 159
2-2H(Hy)-a 695er 0.4 40 S2BHf195:M, 2.74, 138
191:NH—HCA, 2.73, 143
2-2H(Hy)-a: TS 695er 0.7 64 S2BH>195:N¢, 2.66, 131
191:NH—HCA, 2.73, 143
2-2H(Hy)-a 70' 0.2 79 S2BH-195:N¢, 2.58, 136
191:NH—HCA, 2.92, 144
2-4H-a WT 0.3 33 S2BH>195:N¢, 2.56, 152
191:NH—HCA, 2.37, 138
2-4H-a: TS WT 0.4 34 S2BH>195:N¢, 2.55, 152
191:NH—HCA, 2.33, 139
2-4H-a 695er 0 33 S2BH~195:N, 2.69, 154
191:NH—HCA, 2.88, 130
2-4H-a 70 1.2 84 S2BH>195:N¢, 2.64, 150
191:NH—HCA, 2.45, 118
endo-Fe2yt 2-2H(Hy)-b WT 0.5 50 S2BH~195:N, 3.18, 118
191:NH—HCA, 2.48, 138
2-2H(Hy)-b: TS WT 0.5 59 S2BH>195:N¢, 3.03, 110
191:NH—HCA, 2.35, 141
2-2H(Hy)-b 695er 0.5 35 S2BH>195:N¢, 3.26, 121
191:NH—HCA, 3.02, 135
2-2H-e WT 0.5 48 195:KH—S2Be, 2.77, 135
191:NH—HCA, 2.41, 134
2-2H-e 695er 0.9 45 195:H—S2B¢, 2.83, 133
191:NH—HCA, 3.02, 134
exo-Fe2x? 1-1H(Hz)-b WT 0.8 62 191:NH—HCA, 1.85, 163

aTS = transition state? HCA = atom O1 of homocitrate.

alternative conformations of side-chains, alternative water the conformers engages hydrogen bonds involving the carbonyl
positions, or alternative hydrogen bonding), and from energy of o-65°Y and water molecule 34, which in turn is hydrogen
errors in the force field. bonded to a terminal carboxylate (O2) of homocitrate (Figure
The cofactor transplantations into protein involve the wild- 8). The concomitant movement of homocitrate weakens the
type and also experimentally relevant mutant proteins. For the otherwise good hydrogen bond of homocitrate O1 with the side-

o-69°YSermutant, which retains full Nactivity, the conforma- chain of a-1916"". This conformer ofa-695¢ is the same as
tion of the side-chain is not known experimentally, so | have that previously describett. The phenyl side-chain af-381°h¢
optimized the three possibilities. In all cases, the;OH group lies immediately behind S2B of FeMo-co (Figure 8) and is

is too distant to directly affect coordination at Fe6, but one of required to move, mainly backward, when there is endo-
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face: this is assessed via increases in the M0:Co distance,
reported in Table 3, together with dimensions of the possible
hydrogen bonds and the estimated protein strain energies. Table
3 also contains the results of transplants into other protein
mutants, and transplants of some of the transition states for
coordination of N. Results for both directions of the possible
hydrogen bond between S2B andl93"s are included. In all
cases, there is no significant changei96*'9 and its hydrogen
bond with S5A. Also, the side-chain of-71V2, adjacent to
o-70¥@, does not contact ligands on FeMo-co.

The CHPh side-chain ofa-381Phe is required to move
backward and often upward (e.8-3H-a) or downward (e.qg.,
2-2H(Hy)-a), by van der Waals repulsion with S2B. This side-
chain is contiguous witk-1916", and the movements of these
groups are loosely coupled. From observation of the protein
relaxations after retransplantation of bare FeMo-co, it is
estimated that the strain energy associated with movement of
a-381°heis ca. 15 kcal moll. Virtually all models at the gH3
and EH, stages have endo ligands(NH, or H,) at Fe2 or
Fe6 (including those with the common Fel—Fe6 bridge)
and require this movement af£381°"¢ Therefore, 15 kcal mok
should be subtracted from the total strain energy in Table 3 in
estimating the strain associated with other changes, particularly
in the front helix containing residues69 anda-70.

The principal outcomes of the cofactor transplantation
calculations, and implications for the coordination of, ldre
summarized in the following paragraphs.

(1) Exo-Coordination of N,. At Fe2, exon!-N, has severe
interference witha-1937s, while exo#2-N, coordination (in
1-1H(Hy)-b) causes strong displacemenive? 0@ anda-1957s,
totally disrupting any S2B-19% hydrogen bonding, and causing
- 9. The optimized struct fthe t lants of selected model large strain in the WT protein. Therefore, it is considered very
Oﬁ'igztea Fe&g_%”;:]ztﬁ tﬁerﬁolggspfoteiﬁi ;anvﬁ’k?_?y;: (3%6)3(50?695210 el unlikely that N> will be bound at the exo-Fe2 position. In

mutant. N is cyan; H atoms bound to FeMo-co are black. The standard contrast, at exo-Fe6, botft- and#?-coordination of N do not
view direction is the same as that of Figure 8, which identifies the amino nterfere with or cause movement@f70'@, or a-695¢" and in

acids: a-69 anda-70"? are shown in full, but only the side-chains of Al ; i ; ; le
0-9679 0-1915M, 195 anda-3817" are shown. The lower section of 3-3H-a there is minimal interference with the mutants70

homocitrate (C dark green) is omitted, as are water molecules. Significant @nd a-38149. Passage through the transition state for the exo-

hydrogen bonds are marked with arrows and enclosed in gedy.eviclosed Fe6-7r%-N, binding of3-3H-ainvolves a 14 kcal mott increase
in cyan, and the side-chain of 702 is emphasized in green. in protein strain.

2-2H(H)}b in WT

2 — . .
coordination at either or both of Fe2 and Fe6. In ligated FeMo- (22 Enc:?: ”2 C%olr:dgauond_of tl\lé.tngar(ljds I'nl the Eer;jdo
co models where S2B is hydrogenated, the resting state POSItION OF F€< and et are directed toward res - ENdo

hydrogen bond fronu-195%:He to S2B is replaced with a n?-coordination at Fe61¢3H-a) causes negligible movement

potential hydrogen bond from S2B-H ta:f o195, and in of a-70a and relatively small strain: the transition state for

the transplant calculations the imidazole groupnef95s is this coordination increases the strain by 12 kcal Thol his
protonated at N rather than N. suggests thaj?-N, at endo-Fe6 is mechanistically feasible. This

The transplant calculations were made for representative conclusion is supported by the calculated result for the mutant

ligated cofactors, involving Ncoordinated in? andyt modes, %70 protein (experimentally unreactive with ;N which

in endo and exo positions, at Fe6 and Fe2, and transplantednterferes with structurd-3H-a causing the protein to move
into both the wild-type and the-695¢ proteins. The results ~ aWay by 0.7 A, incurring an additional 24 kcal mébf protein
are presented in Table 3, and some are pictured in Figure 9 inStrain energy.

the standard view direction (to be compared with Figure 8) with  (3) Endo n*-Coordination of N. In these transplants, the
the relative juxtapositions of bound,Nind the side-chain of  distal N of the extended FEN—N can partly avoid the side-
a-70"3 emphasized with the cyan and green enclosures. Noticechaina-70'a by being directed toward the main chain@om
that there are small variations in the positions and conformation (see2-2H(H)-a, 2-2H(H2)-b in Figure 9) or toward the NH
of the side-chains af-70"2, a-191°", anda-1957s, with larger bond of a-70¥? (see2-4H-ain Figure 9). The strain energies
variations in the position of the side-chain @f381°"¢ forced are 35-45 kcal mol? for a-70v@, but increase to ca. 80 kcal
by the backward position of S2B due to endo ligation at Fe2 mol~for o-70': this larger strain in the two-70' transplants
and/or Fe6. What is not evident in Figure 9 is any movement (Table 3) is due to distortion of the main chain (wi2h2H-
of a-70va and its helix in the direction normal to the FeMo-co (H5)-a) or contact between distal N and the side-chain (with
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2-4H-a). The transition states for endg-coordination at Fe6
in o-70v@ protein involve no additional strain with model
2-4H-a where N is inclined away from @ atom of o-70v4,
but an additional strain of 2530 kcal mof* when N is directed
at the Gx atom ofa-70va (model2-2H(H,)-a). These findings,
together with the result fo2-4H-a in the o-69%¢" mutant
(Table 3), indicate thaj!-coordination of N in an endo position
at Fe6 (as in2-4H-a) is feasible and is consistent with the
experimental data.

(4) Hydrogen Ligation. The optimum conformation of the
o-70v@ side-chain is affected by bound H and of, ldnd in a
number of transplants there is close van der Waals contact A0 Al
between these H atoms and the methyl groups of the side-Figure 10. Models proposed by Kastner and BlotHor the early stages
chain: examples ar@-4H-a (Figure 9),2-2H(H,)-b (Figure of N2 binding. The additional coordination of Fel and Mo, included in the
9), and1-1H(Ho)-b. In 1-2H(H)-b (Figure 9) andl-1H(Hp)-  Cocuiatons. is not shown.

b, endo-Fe-H, forcesa-70"2 away from the face (Table 3).
(5) Hydrogen Bonding. The backward movement of S2B
caused by ligation of FeMo-co generally diminishes the quality
of the hydrogen bond between S2B and ¢h&95™'s side-chain. . T
One of the S2B-H transplants showh2H(H,)-b) has a good are only slightly depgndent on whether the coo.rdlnatlon is .at
hydrogen bond in the S2B-H195:Ne direction, while2-1H- an exo or endo position of Fe. These comparative association

(H,)-e has the best 1954+S2B hydrogen bond in the opposite and dis;ociation barriers will be valuable in the generf_;\tign and
direction (Table 3). When Nis coordinated ! or 52) exo at evaluation of hypotheses about subsequent mechanistic steps.
Fe6, it is hydrogen bonded by the side-chain amideH\ of Also introduced in this paper are estimates of the energetic
a-1918M: this replaces the normal hydrogen bond fram91: consequences of ligation of FeMo-co by/N/H, within its
He to terminal carboxylate O1 of homocitrate. The position and surrounding protein, and in some of the mutant proteins that
orientation of this terminus of homocitrate, and of surrounding are relevant experimentally. These calculated protein strain
water molecules, are variable. energies provide a further basis for assessment of the various
Before discussing interpretations of these results, | presentcoordination models. In the procedure adopted in this paper,
my investigations of the alternative models A0 and Al (Figure the coordination profiles are calculated independently of the
10) for the initial binding of N, proposed by Kastner and  protein movements. However, it would be preferable to have a
Blochl1!| have optimized these structures and transplanted themQM/MM calculation in which the density functional energy
into WT protein. In both cases, the terminal S2B-H group gradients for the coordination events are coupled with the force-
conflicts with o-19587s. In A0, the imidazole side-chain is  fe|qg gradients for protein movement, but this is a more
pushed aside but retains a tight hydrogen bond (18582B),  gemanding calculation; the value of the present calculations is
while in the Al structure the S2B-H group conformed as drawn ¢ they guide selection of specific systems and mechanistic
in Flgure 10 overlaps thfe imidazole ring. A transplantation can steps to be treated by QM/MM methods. A caveat is needed
be achieved after _rotat|on about the_ Fe&2B an,d'_bUt the for interpretation of the protein strain energies calculated here:
rgsult_ has SZE_S_agamst t_he face .Of a d|splamét_9_5'“5 imidazole they are all relative to bare FeMo-co, which is not the precursor
fing, in a position that is chemically unpropitious. species for the binding of NThe contribution of protein strain
Discussion and Interpretations to the activation energy for the coordination of Bhould be
calculated from the pre-hydrogenated state, and therefore will
First, the coordination chemistry of FeMo-co allows many pe |ess than the energies tabulated; a deconvolution of the energy
possibilities for the bind?r}g of b at the €xo or (_ando positions  jnvolved in preparatory movement a£381°¢is made above.
of Fe6 or the endo position of Fe2, with varying degrees and apqther caveat is that the accuracy of the calculated protein
distributions of the hydrogenation representing thie£ EsHs, strain energies is uncertain. The density functional methods used
and BHj levels of reduction of FeMo-co. However, models for calculation of the association and dissociation energies have

with N bridging Fe atoms are unstable to d|ssomgt|on O heen validated® but the cofactor transplantation methodology
rearrangement and are not considered further. Calculations show;

that similar results and conclusions about the coordination (which nevertheless uses the well-developed cvif force-field)
chemistry of FeMo-co with MH/H, are expected should the has not been directly validated. All of the analysis above is made

atom at the center of FeMo-co be shown to be C rather than N. in te'fms of internal energies, with neglect O.f the (ur_]known but
Second, the models described generally involve contacts andraat'\,/ely constgnt) entropy cost wher, Miffused into the
interactions with the surrounding residues that have been showrProtein is coordinated to Fe, but for the present purposes of
in mutation investigations to affect the Bctivity; there is strong |dent|f>/|ng and comparing 'po§5|b|I|t|es the variations in internal
reason to believe that the mechanism of nitrogenase will involve nergies are the primary indicators.
one or more of the models presented here. How can the data presented be interpreted to indicate the more
An improved procedure is adopted for assessment of the probable N binding modes? The response to this question
energetic aspects ofMoordination, that is calculation of the  depends on the mechanistic conceptual framework, and the steps
activation energies for association and dissociation-ofllNese to be favorably activated. | envisage the following sequence:

data show considerable variation, primarily according tathe
or 2 coordination mode, secondarily according to the distribu-
tion of H atoms and/or FHimolecules bound to FeMo-co, and

J. AM. CHEM. SOC. = VOL. 129, NO. 5, 2007 1087



ARTICLES Dance

N, diffuses toward the Fe2/Fe6 region, aided by externally unresponsive to Ninterfere with the ingress rather than the
driven movements of surrounding protein; suitably prehydro- binding of Nb. At this point, the unreactivity of thei-191-s
genated FeMo-C@?® adjusts to the activation state for,N  mutant is not clearly explained.

coordination; N associates with Fe6 or Fe2 of FeMo-co; the  Calculated N association/dissociation profiles indicate that
barrier for dissociation of Nshould be larger than the barriers  the binding of N to more negatively charged FeMo-co is
for the next steps, which include dissociation ofafd the first decelerated, with increased association and dissociation barriers.
transfer of an H atom from an S or Fe atom to generate the There is no advantage in binding & FeMo-co between the
first intermediate containing M. Calculated reaction profiles  electronation and protonation events. It is also argued that bound
for both of these later steps (dissociation of&hd H transfer N, is not protonated directly from surrounding protein residues
to N,) are not yet available, but as described in Figure 5 there or water. The favored model is the accumulation of H atoms

is one case where coordination of, Nauses barrierless  on FeMo-co, as previously describeBfollowed by N, binding,
dissociation of H. Preliminary results for the first transfer of  followed by transfer of H to coordinated,N

H to N, indicate that it is likely to have a relatively large

actiyaFion barrier. In this context, the gmall parriers for dis- \yhat Next?

sociation of 72-N, suggest that this is unlikely to be a

competitive coordination mode, because hydrogenation,of N The information provided and principles developed here set
would then be uncompetitive with dissociation o$.NOf the the stage for the next calculations of possible steps in which H
two modes ofp! cooordination, exo at Fe6 or endo at Fe6 or atoms are transferred to bound, lind of the probable structures
Fe2, endo coordination engages with residu@0 and is of the intermediates with bound,Nyx and bound Nk prior to
consistent with the experimental result tha70' is unreactive release of NH This is in progress.

with N2: exo-Fe6-7-N; coordination is not directly consistent Attention focuses also on residae381. The models devel-
with this datum. There is a marginal preference for entidl; oped here require the side-chain381P"¢to move from its
coordination at Fe6 over Fe2, on the basis of structure and position in the resting protein to accommodate hydrogenated
protein strain. The barriers for the initial association and FeMo-co coordinated with N Because the interaction that
dissociation of N provide little reason to choose between endo causes this is van der Waals repulsion between S2B and the
and exo coordination of N and, as already described, the phenyl side-chain, it is not so obvious how this has evolved
distribution of the hydrogenation is a more important factor.  into an influential interaction in the wild-type enzyme, or what

This all leads to the conclusion that engloN, coordination mutations might help uncover this function. A less voluminous
at Fe6 is most probable, but any conclusion at this point is side-chain might ease the strain; would it enhance the reactivity
tempered by the requirement that the barrier for the next stage,with N,? A hydrogen bonding or proton donor side-chain could
transfer of H to N, be surmountable. There is little basis for engage S2B from behind, changing the dynamics for hydroge-
further speculation now, although the following hypothesis is nation of S2B, and then the dynamics of bbordination and
supportable. B could approach approximately parallel to the of H transfer to N. In this context, the repdit that o-381479
face of FeMo-co, in preparatonf geometry requiring minimal  manifests slowed diazotropic growth is significant.
displacement and strain for the nearby protein, but then bind to  Also needed are investigations of the dynamics of the MoFe
Fe in they' geometry which has greater stabilization. A number protein. Presumably this protein undergoes tertiary and quater-
of energy minimizations have already shown that an unhooking nary structural changes, driven in part by its interactions with
of  coordination ta;* coordination geometry has minimal or  the Fe protein and changes at the P-cluster associated with
zero energy barrier. electron transfer, to facilitate the ingress and binding ofTte

Do the present results provide insight into and interpretation calculations reported here represent the response of the protein
of the experimental data on mutant proteins? Yes. The unre-to coordination events at FeMo-co, but what is needed is the
activity of a-70" with N3 is proposed to be due simply to steric  converse, information about the role of the protein in facilitating
interference shutting down endgd-N coordination at Fe6 or  these events. Crystal structures of the MoFe protein, docked in
Fe2. The normal reactivity with Nof the o-69%¢" mutant is different ways with the Fe protein, have not revealed confor-
consistent with the lack of contact between Ibound at Fe6  mational changes within the MoFe protéfCalculations using
(in any mode) and the GI®H side-chain. Ther-195 mutants elastic network mode8 could be helpful.
are postulated to modify stabilities of the forms of FeMo-co

hydrogenated at S2B, but not the binding of (Rrovided it is Acknowledgment. This research is supported by the Aus-
at Fe6 or endo at Fe2), which is consistent with the experimental trajian Research Council and the Australian Partnership for
observations that these mutants bingbNt do not hydrogenate  Advanced Computing.

it. It is postulated that the modifications af277 that make it
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