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Abstract: The dinitrogen-binding site in the Mo-based nitrogenase is FeMo-cofactor, a metallo-sulfur cluster
of composition MoFgSs-R-homocitrate. The NifV mutant nitrogenase frotdlebsiella pneumoniaeontains

an FeMo-cofactor in which homocitrate has been replaced by citrate (i.e.,/Bpéigate). Both the wild

type and mutant cofactors (in tige= 3/, spin state) can be extracted iritemethylformamide. The extracted
cofactors bind one molecule of Ph&t the tetrahedral Fe, and the rate of this reaction depends on what else
is coordinated to the cluster. No differences were observed between the reactivities of wild-type and NifV
cofactors with PhSwhen they were complexed with CINN3~, or H*. However, when imidazole is bound,

the kinetics of the reactions of PhSwith the two cofactors are very different. Here we propose that
R-homocitrate (but not citrate) can hydrogen bond to the imidazole ligand on Mo, and that this perturbs the
electron distribution within the cluster core, and hence its reactivity with Plu&ing the X-ray crystallographic

data for the MoFe-protein of nitrogenase and molecular mechanics calculations, we have investigated the
implications of these findings on the action of the enzyme. Our model shows that R-homocitrate is uniquely
capable of facilitating the binding of dinitrogen by allowing the substrate access to Mo after dissociation of
the Mo—carboxylate bond while simultaneously influencing the electron-richness of the cofactor by hydrogen
bonding of the pendant CH,CH,CO, arm to the imidazole group of Higl42. The whole process is mediated

by hydrogen bonding of amino acid side chains to the carboxylate groups of R-homocitrate.

Introduction Cyso275

Nitrogenases are the enzymes which convert dinitrogen into
ammonia by a sequence of coupled electron- and proton-transfer
reactions, and they are also capable of transforming a variety
of other species, including CN N3, MeNC, GHa, N,O, and
H*. The Mo-based enzyme consists of two metalloproteins:
(i) the Fe-protein, which mediates electron-transfer from a
flavodoxin or ferredoxin to (ii) the MoFe-protein, where
dinitrogen is bound and transformed at the FeMo-cofactor. The
FeMo-cofactor is an FeS-based cluster of composition MaBe
R-homocitrate (Figure 1) which has been structurally character-
ized by X-ray crystallography iAzotobactewinelandii? The

FeMo-cofactor is ligated to the polypeptide at only two (‘{

positions: through a cysteinate sulfur (G2¥5) to the unique Hiso442 A\ 8"\

tetrahedral Fe (all other Fe’s are three coordinate) and through O}/f ~o

a histidine residue (Hes442) to the Mo. , Yy~ homocitrate
The way in which this cluster binds and activates dinitrogen, C‘g

or any of the other substrates, is still obscure, but it is clear o _ _
that the cluster alone cannot do this chemistry: amino acid side Figure 1. FeMo-cofactor: the substrate binding site of nitrogenase.

ChainS, close to the COfaCtor, are |nt|mate|y involved in this paper, we will concentrate on the mutation of thiév/ gene

transformation. Thus, studies on mutant nitrogenases have(yhich encodes a homocitrate synttsevhich results in
shown that even small changes to the environment of the clusterpjosynthesis of the NifV nitrogenase, an enzyme with a very

can affect the nitrogen fixing ability of the enzyré. In this low nitrogen fixing ability. In Klebsiella pneumonigethis

(1) Burgess, B. K.; Lowe, D. £hem. Re. 1996 96, 2983 and references mutant cofactor has citrate rather than R-homocitrate bound to
therein. the Mo (i.e., MoFeSq-citrate)®

(2) Howard, J. B.; Rees, D. ©hem. Re. 1996 96, 2965 and references
therein. (5) Hoover, T. R.; Robertson, A. D.; Cerny, R. L.; Hayes, R. N.; Imperial,

(3) Scott, J. D.; Dean, D. R.; Newton, W. E.Biol. Chem1992 267, J.; Shah, V. K.; Ludden, P. WNature1987, 329, 855. Zheng, L.; White,
20002. R. H.; Dean, D. RJ. Bacteriol.1997, 179, 5963.

(4) Kim, C.-H.; Newton, W. E.; Dean, D. RBiochemistry1995 34, (6) Liang, J.; Madden, M.; Shah, V. K.; Burris, R. Biochemistry199Q
2793. 29, 8577.
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The FeMo-cofactors (in th8 = %/, spin state) from both the It has been proposétithat extracted FeMo-cofactor oligomerizes
wild-type and mutant nitrogenases can be extracted, as extremelyn NMF solution. We see no evidence of this in our kinetic studies.
oxygen-sensitive clusters, from the MoFe-proteins ifto Varying the concentration of FeMo-cofactor ([FeMo-ee.2—0.025
methylformamide (NMF) containing water (ca. 5% molar mmol dn73), while keeping the concentration of PhSonstant, does
concentration), phosphate buffer, and sodium dithiohif@ur- not affect the value ks _ _
ing the extraction, the cysteinate and histidine ligands dissociate, Molecular Modeling Studies. Molecular mechanics calculations
from the cofactor and are, presumably, replaced by NMF. There (USing the MM2 force field) were carried out using ChemX softwre
. . ! ’ . and the published X-ray crystal structure coordinates for nitrogefiase.
is good evidence from EXAFS spectroscopy (as reviewed by All modeling studies were carried out on the A and B subunits of the
_Howa_rd a_nd Reé)sthat the (?IUSter_StrUCture of FeMo-cofactor a2 tetramer, as given in the X-ray coordinate set. Water molecules
is maintained upon extraction, with the -~&e and Mo--Fe were not included. The MoF8 moiety and the bulk of the protein,
distances remaining the same within experimental error. including all of the atoms in the protein backbone, were left unmodified.

We now report the first comparag kinetic studies on the Hydrogen atoms were added as required in calculated positions. Since
reactivities of extracted wild-type and Nif\tofactors and show the noncoordinated _carboxylates of the homocitrate moiety_ were
that the two clusters ha different reactiities only when markedly nonplanar in the crystal strugture_of the MoFe-_pré‘ieae
imidazole is bound to the clusterThe results of this work received, these were reconstructed to idealized geometries.
suggest a novel role for the R-homocitrate ligand in “tuning” ) )
the reactivity of the cofactor in the enzyme during turnover. Results and Discussion
We have explored this possibility using molecular mechanics
calculations on the crystal structure of the MoFe-protein of
nitrogenase.

The Approach. Studies on extracted FeMo-cofactors allow
us to answer questions about the intrinsic reactivity associated
with the free clusters. It has been known for some time that
extracted FeMo-cofactor is incapable of fixing dinitrogemyt
several spectroscopic studies have indicated that some of the

All manipulations involving the preparation of samples of extracted Other substrates of nitrogenase, such as W -, MeNC, and
cofactor for stopped-flow studies were performed under an atmosphereH™, can bind to this clustér16-19

Experimental Section

of dinitrogen in an anaerobic glovebox{& 1 ppm). In an extension of our work on synthetic F8-based
Preparation of Materials. The nitrogenase MoFe proteins were  clusters’® we have developed a simple method to monitor the
purified from wild-typeK. pneumoniag/5al and thenifV mutantK. binding of molecules or ions to the cofactor, using one of the

pneumoniasstrain UNF 837, and the respective FeMo-cofactors were gimpjest reactions of extracted FeMo-cofactor: the reaction with
isolated and assayed using minor modifications of the methods descrlbedphs_ (Figure 2)

earlier8® o ) )
[NEL]SPh was prepared by the literature meffahd recrystallized We have already reported kinetic studies on the reaction
from MeCN/E$O. between PhSand extracted wild-type FeMo-cofactdr.Briefly,
[NHEt;]BPh, was prepared by the literature metHéd. the binding of PhS to the unique tetrahedral Fe on extracted
Imidazole, [NE|CN, and NaN were purchased from Aldrich and ~ Wild-type cofactof?#*can be studied using anaerobic stopped-
used as received. flow spectrophotometry. The reaction occurs at a rate which
NMF was purchased from Aldrich, dried over anhydrous sodium shows a first-order dependence on the concentration of extracted
carbonate, and distilled under reduced pressure. cofactor but is independent of the concentration of PHEMF
Kinetic Studies. Solutions of FeMo-cofactor for the kinetic studies = 50+ 7 s7%). These kinetics are consistent with a mechanism

(1 x 10 mol dn3) were prepared in a glovebox using NMF involving rate-limiting dissociation of the FeNMF bond,
containing sodium dithionite (k 10°3 mol dm® added in aqueous  followed by the rapid binding of PhS Consequently, the rate
solution containing phosphate buffer). In experiments where, G,
or imidazole is added to FeMo-cofactor, 8 mol equiv of the reagent  (13) Huang, H. Q.; Kofford, M.; Simpson, F. B.; Watt, G. D.Inorg.
was added to the FeMo-cofactor solution. The dilute solution was Biochem.1993 52, 59.

loaded into a 5-mL all-glass syringe inside the glovebox and stoppered &gg GhemX, Chemical Design Ltd., Oxon., Eggﬁ”.d'piﬁ',‘ﬂé’gﬁ%,\',, .
using a needle attached to a rubber bung. The sealed syringes Werg inson, M. }'(.;'Re'és, D. CB’iocHerﬁistlr'y1997,’36,' 1iél; Brookhaven

then removed from the glovebox and the solutions loaded into a protein Data Bank ref 3MIN.

stopped-flow apparatus without allowing air to come in contact with (16) Conradson, S. D.; Burgess, B. K.; Vaughan, S. A.; Roe, A. L.;
the solutions. The kinetics of the reaction between extracted FeMo- Hedman, B.; Hodgson, K. O.; Holm, R. H. Biol. Chem1989 264, 15967
cofactor and [NE§SPh in NMF were studied on a Hi-Tech SF-51  and references therein. o

stopped-flow apparatus, modified to handle air-sensitive matéfials. (17) Liu, H. I.; Filipponi, A.; Gavini, N.; Burgess, B. K.; Hedman, B.;

The temperature was maintained at 250 using a Grant LES8 ZDL'HCE;?CO’ A.; Natoli, C. R.; Hodgson, K. Q1. Am. Chem. S0d.994 116

thermostat tank. The stopped-flow spectrophotometer was connected  (18) Richards, A. J. M. Ph.D. Thesis, University of East Anglia, 1986.
to a Viglen computer via an analog-to-digital converter. The kinetics (19) (a) Schultz, F. A.; Feldman, B. J.; Gheller, S. F.; Newton, W. E.
were studied al = 450 or 475 nm. Under all conditions, the initial ~ Inorg. Chim. Actal99Q 170 115. (b) Newton, W. E.; Gheller, S. F;
absorbance is that of extracted FeMo-cofactor, and the final absorbance™€ldman, B. J.; Dunham, W. R.; Schultz, F. A.Biol. Chem1989 264,

is that of the PhS derivative. The values of the observed rate constant51924'

. - . (20) Grinberg, K. L. C.; Henderson, R. A.; Oglieve, K. E. Chem.
(kob9 Were determined by curve-fitting of the exponential absorbance Soc., Dalton Trans1997 1507 and references therein.

time curve using a computer program. (21) Granberg, K. L. C.; Gormal, C. A.; Smith, B. E.; Henderson, R. A.
J. Chem. Soc., Chem. Commad®97, 713.
(7) Burgess, B. KChem. Re. 199Q 90, 1377 and references therein. (22) EXAFS studies have shown that the thiolate binds to an Fe atom.
(8) Richards, A. J. M.; Lowe, D. J.; Richards, R. L.; Thomson, A. J.; Thisis almost certainly the unique tetrahedral Fe, since this site has a natural
Smith, B. E.Biochem. J1994 297, 373 and references therein. affinity for binding a thiolate (cysteinate) in the MoFe-protein. Newton,
(9) Hawkes, T. R.; McLean, P. A.; Smith, B. Biochem. J1984 217, W. E.; Gheller, S.; Schultz, F. A.; Burgess, B. K.; Conradson, S. D.;
317 and references therein. McDonald, J. W.; Hedman, B.; Hodgson, K. O. Mitrogen Fixation
(10) Palermo, R. E.; Power, P. P.; Holm, R.IHorg. Chem 1982 21, Research Progres€vans, H. J., Bottomley, P. J., Newton, W. E., Eds.;
173. Martinus Nijoff: Dordrecht, The Netherlands, 1985; p 604.
(11) Dilworth, J. R.; Henderson, R. A.; Dahlstrom, P.; Nicholson, T.; (23) Harvey, |.; Strange, R. W.; Schneider, R.; Gormal, C. A.; Garner,
Zubieta, J. AJ. Chem. Soc., Dalton Tran&987, 529. C. D.; Hasnain, S. S.; Richards, R. L.; Smith, Blftorg. Chim. Actal998

(12) Henderson, R. AJ. Chem. Soc., Dalton Tran%982 917. 275-276, 150.
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Figure 2. Reaction of PhSwith extracted FeMo-cofactor and a typical
stopped-flow absorbanegime curve for this reaction. [FeMo-cof
0.1 mmol dn73; [PhS] = 20.0 mmol dm?3; 1 = 450 nm in NMF at
25.0°C.

of this substitution reaction is, to a large extent, controlled by
the strength of the FeENMF bond. We can use this reaction
to give us information about other interactions occurring
elsewhere on the cofactor.

The approach taken is as follows: if a molecule or ion binds
to extracted FeMo-cofactor, it will perturb the electron distribu-
tion within the cluster, and this will affect the strength of the
Fe—NMF bond and, hence, the rate of the reaction with RhS
Thus, the rate of the reaction between Ph8d extracted FeMo-
cofactor is sensitive to what else is bound to the cluster.
Effectively, the rate of the reaction with PhSeports” on the
interaction of cofactor with other molecules and ions. We have
already shown that the reaction of wild-type cofactor with PhS
is (i) dramatically inhibited by the binding of CNl (ii) slightly
inhibited by BUNC, (iii) slightly accelerated by N or
imidazole, and (iv) accelerated by the addition of.HThis
behavior is consistent with CNbinding at, or close to, the
tetrahedral Fe, Hbinding to a bridging sulfur (or possibly the
R-homocitrate ligand), and all other molecules binding at, or
close to, Mo?!

We have now used this reaction of cofactor with PH8
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Figure 3. Comparison of the structures and nitrogen fixing ability of
the wild-type (LHS) and NifV¥ (RHS) cofactors.

results we present in this paper (vide infra) show that (except
in the presence of imidazole) the reactivities of wild-type and
NifV ~-extracted cofactors with Ph&re indistinguishable. This

is entirely consistent with the proposition that R-homocitrate
and citrate are bound in analogous ways.

Chemically, the citrate-for-homocitrate replacement appears
trivial: the only difference between citrate and homocitrate is
that the latter contains an extra €group. However, as can
be seen in Figure 3, this group is not involved in the ligation to
the cluster. Rather, it is part of the pendantCH,CO, arm
which hangs free from the cofactor. Nonetheless, this substitu-
tion of citrate for homocitrate has a dramatic effect on the
nitrogen-fixing ability of the enzyme: the Nif¥mutant enzyme
is only ca. 7% as good at fixing dinitrogen as the wild-type
nitrogenasé. Biochemical studie’ have shown that the identity
of the polycarboxylate ligand is crucial in facilitating nitrogen
fixation. The protein-bound FeMo-cofactor is competent in
dinitrogen fixation only if the polycarboxylate ligand has the
following components: (i) 1- and 2-carboxyl groups, (ii) a
hydroxy! group, (iii) an R-configuration, and (iv) a carbon chain
length of four to six atoms with two carboxyl groups. Until
now, there has been no chemical rationale for this specificity.

To investigate whether the difference in the nitrogen fixing
ability of wild-type and NifV- nitrogenases is reflected in the

compare the effects that coordinated R-homocitrate or citrate intrinsic reactivity of the cluster, the mutant cofactor from the

have on the reactivity of extracted cofactors.

Reactivity of NifV ~ Mutant Cofactor. R-Homocitrate is a
bidentate ligand to the Mo of wild-type FeMo-cofactor; ligating
via an alkoxy and a carboxylato group (Figure 1). The

NifV — enzyme has been extracted and the kinetics of its reaction
with PhS studied. Clearly, the rate of this reaction with PhS
does not directly relate to the nitrogen fixing ability of the
cofactors. However, this rate is extremely sensitive to electronic

R-homocitrate is made by a homocitrate synthase which is effects within the ClUSter, effects which are ||ke|y to be important

encoded by thaifV gene® Mutation of thisnifV gene results
in a mutant cofactor which (at least fét. pneumoniaghas
citrate bound to Mo (Figure 3).

Although we have no crystallographic information about the

in the fixation process. The effect that other species, such as
CN-, N3~, Ht, or imidazole, have on the extracted cofactors
has been compared.

The reactivities of the extracted mutant and wild-type

mode of binding of citrate, it is reasonable to assume that it cofactors are very similar. Thus, the reaction of Nifsbfactor
binds via alkoxy and carboxylato groups in a fashion analogous with an excess of PhSoccurs at a rate which exhibits a first-

to that of R-homocitrate. Binding in this manner produces a
five-membered chelate ring, while any other ligation would

order dependence on the concentration of cofactor but is

(24) Imperial, J.; Hoover, T. R.; Madden, M. S.; Ludden, P. W.; Shah,

involve thermodynamically less stable larger chelate rings. The V. K. Biochemistry1989 28, 7796.
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Figure 4. Influence of [NHE']/[NEt3] on kepsfor the reaction between
FeMo-cofactor and PhSData points correspond to wild-typ®@) and
NifV ~ (®) cofactors. Curve drawn is that defined by the data for the
wild-type cofacto! whereK” = 0.056 andk;" = 312 s& Kops =
{k"KH[NHEt:1)/[NEts} /{1 + KM[NHEt;TJ/[NEts}. This rate law is
consistent with a mechanism involving rapid protonation of the cofactor
(KH), followed by rate-limiting dissociation of the FEANMF bond &;").

The site of protonation is most probably either a bridging sulfur or an
oxygen on the polycarboxylate ligand. Inset (top): Influence of the
concentration of PhSon kyys for the reaction between FeMo-cofactor
in the presence of 8 mol equiv of CNData points correspond to wild-
type @) and NifV- (®) cofactors. Line drawn is that defined by the
data for the wild-type cofactd?, wherek,°N = 1.35 st andk,°N =

4.3 x 1 dm* mol™t s71 kops = k1N + kCN[PhST] This rate law is
consistent with the mechanism shown in ref 21, involving cyanide

“idrerg et al.
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Figure 5. Comparison of the influence of [PhBE[PhSH] onkyps for
the reactions of PhSwith NifV ~ FeMo-cofactor ) and wild-type
FeMo-cofactor @) in the presence of imidazole. Curves drawn are those
defined by eq 1, together with the parameters given in the text.

in very different reactivities of the two clusters. That molecule
is imidazole.

The kinetics of the substitution reaction of Phgith NifV ~
cofactor in the presence of imidazole show a first-order
dependence on the concentration of the cofactor, but now the
rate varies with the concentration of PhS Varying the
concentrations of PhiSand PhSH shows that, strictly speaking,
the rate varies with the ratio [PhB[PhSH] as shown in Figure
5.

Itis only in the presence of imidazole that the rate of reaction
depends on [Ph/[PhSH]. This is readily understood in terms
of the acid-base chemistry of coordinated imidazole. PhS
has two roles in the reaction with extracted FeMo-cofactor in
the presence of imidazole: (i) it is the nucleophile for the
substitution reaction at the Fe site, and (ii) Phi§a sufficiently
strong base in NMF that, at high concentrations, it is capable
of deprotonating coordinated imidazole to form an imidazolate-
FeMo-cofactor species. Thus, the nonlinear dependence on
[PhS7)/[PhSH] (Figure 5) is caused by deprotonation of the
imidazole ligand: at low [Ph§/[PhSH], the cofactor has
imidazole coordinated, while at high [PhigPhSH], the co-
factor has imidazolate bound (Figure 6). Whether the proton
is bound to the imidazole or not affects the electron distribution

binding to FeMo-cofactor at the tetrahedral Fe and displacement by within the cluster and, hence, the rate of the substitution reaction

PhS" occurring via dissociativek(°N) and associativek{®N) pathways.

independent of the concentration of Ph®y,s= 50 & 5 s79),
indistinguishable from that of the wild-type cofactor.
addition, when CN, Ns~, or H' is bound to NifV- cofactor,
the kinetic data for the reactions with Ph&re indistinguishable
from those of the analogous reactions of wild-type cofactor
(Figure 4). This is what one would expect. As far as the

In

with PhS". Itis solely this protolytic equilibrium which gives
rise to the dependence of the rate on [P{€hSH]. Although
PhS is also the nucleophile for the substitution reaction
occurring at the tetrahedral Fe, this process is still rate-limited
by dissociation of the FeNMF bond, and thus the elementary
act of substitution occurs at a rate independent of the concentra-
tion of PhS.

Confirmation that the effects being observed are associated

cofactor cluster core is concerned, citrate looks like, and has with acid—base behavior of coordinated imidazole comes from

an electronic influence similar to, homocitrate. However, there

studies on wild-type cofactor in the presenceNafmethylimi-

is one molecule which, when bound to the two cofactors, results dazole. The absence of an ionizable proton in this derivative
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Figure 6. Mechanism for the reaction of PhSvith extracted FeMo-
cofactor in the presence of imidazole.

results in the reaction with Ph®ccurring at a rate which shows
a first-order dependence on the concentration of cofa&tgg (
= 60 + 5 s7%) but, most crucially, is independent of [PHB
[PhSH].

The mechanism for the reaction between extracted FeMo-
cofactor and PhS in the presence of imidazole, is shown in
Figure 6, and the rate law derived from this mechanism is shown
ineq 1.

—d[FeMoco] _
dt o
{7k, ™ + Xk, "(*K™™[PhS J/[PhSH] [FeMo-co] a

1+ *K™[PhS J/[PhSH]

For the Nifv- extracted FeMo-cofactor (% V), Vk/m™H =
30+ 5sL Vikm =954 5 s, andVK™H = 0.35 4 0.02.
From a chemical point of view, the reactivity pattern observed
in this study seems intuitively correct. The imidazolate-FeMo-
cofactor is more labile to substitution than the imidazole form

J. Am. Chem. Soc., Vol. 120, No. 41, 199817

Figure 7. Optimized structure from molecular mechanics modeling
studies for hydrogen bonding between imidazole and R-homocitrate
in wild-type cofactor. Hydrogen bond is shown as a dotted line. For
the distances and angles in this structure, see Table 1. Also shown is
a diagram definingy and ¢n.

substitutionally more labile than the analogous Nifvbfactor.
Clearly, when imidazole is bound to the cofactors (and only in
the presence of this ligand), the reactivity of the cluster responds
to citrate and homocitrate differently. Consideration of the
structures of the two cofactors reveals how this may be
accomplished.

Molecular mechanic calculations show that the pendant CH
CH,CO, arm of R-homocitrate is sufficiently long and flexible
that it can form a hydrogen bond with the NH group of the
imidazole ligand (Figure 7). In modeling the geometry of this
and other hydrogen-bonding interactions (see below), we used
the work of Taylor et af° as a guide. The imidazole ligand in
the model structure of Figure 7 was generated by editing
Hisa442 from the crystal structure of the MoFe-pro#€iand
adding hydrogen atoms. The plane of the imidazole ring relative
to the Mo—N bond was adjusted such that the angle between
the ring centroid and the NMo vector was 168(compared to
164 in the crystal structure). The parameters characterizing
this and other hydrogen bonds are given in Tablel, along with
the expected literature ranges. Four of these parameters were
selected for optimization of the hydrogen bond, namely the H
--O distance, the NH-O and CO--H angles, and the ++OCO
torsion angle. For the sake of comparison, the® distance
and the angle®y and ¢y (as defined by Taylor et &b and
illustrated in Figure 7) are also included in Table 1. The

because the imidazolate ligand is negatively charged and wouldparameters for the imidazetdhomocitrate interaction in the
be more electron-releasing than imidazole. Releasing electronmodel of the extracted cofactor correlate well with the given

density into the cluster facilitates the rate-limiting dissociation
of the Fe-NMF bond.

Comparison of NifV~ and Wild-Type Cofactors. Compar-
ing the reactivity of the extracted mutant cofactor with that of
wild-type cofactor, in the presence of imidazole, we see a
marked difference between the two clusters (Figure 5). As with
the mutant cofactor, the reaction of wild-type cofactor shows a

ranges for intramolecular hydrogen bonds. It should be noted
that this interaction is possible because of the free rotation of
imidazole about the axis of the Md\N bond. Thus, the €—
No1—Mo—O(alkoxide) torsion angle in the model structure in
Figure 7 is 39, compared to 69in the crystal structure of the
enzyme.

In this orientation, the carboxylato group effectively acts as

first-order dependence on the concentration of cofactor and aa base and imposes imidazolate character on the imidazole

nonlinear dependence on [PH$PhSH]2! However, there are
two clear differences. (i) With wild-type cofactor, the rate
decreasess [PhS]/[PhSH] increases. This behavior is con-

ligand. This perturbs the electron distribution within the cluster
core and, hence, affects the lability of the-"¢MF bond. In
contrast, the analogous GEIO, pendant arm of citrate in the

sistent with the mechanism shown in Figure 6 and the rate law mutant cofactor is shorter and cannot interact with the imidazole
of eq 1. The derived values of the elementary rate constantsligand.

and equilibrium constants with wild-type cofactor €&X WT)
areWTkjmH = 954 5 571 WIKim =50 £+ 5 571, andWTKimH =
0.08+ 0.01. (ii) The imidazole form of wild-type cofactor is

(25) Taylor, R.; Kennard, O.; Versichel, W. Am. Chem. Sod 983
105 5761. Taylor, R.; Kennard, O.; Versichel, cta Crystallogr.1984
B40, 280.



10618 J. Am. Chem. Soc., Vol. 120, No. 41, 1998 “idrerg et al.
Table 1. Hydrogen Bonds Involved in the Computational Models
distances/A angles/deg torsion/deg
bond H--O N---O NH---O CO--H H---OCO On/deg ¢uldeg
intermolecular range 1.64-2.19 2.673.12 150-180 56-90 20-70
intramolecular rande 1.66-2.32 2.473.04 100-150 59-90 —20-30
model imidazole-hce 1.98 2.50 111 138 179 89 48
“X-ray” Yllead25-hca 1.89 2.84 166 130 -1 90 40
“X-ray” GIno191—hca 1.94 2.83 152 140 -6 86 50
model Glru191—hca 1.90 2.81 154 143 —176 87 53
model Lysx426—hca 1.97 2.72 131 128 158 73 40
model Hisx442—hca 1.99 2.59 118 131 —176 87 42

aValues for6y andey for the individual hydrogen bonds were derived from the-€B angle and +-OCO torsion by trigonometry. Values
in these rows were derived from ref 25; distance ranges were calculated as meatt \Zaluangle ranges taken such that ca. 80% of values fall
within the range¢ hca= homocitrate After addition of H and manual optimization of the hydrogen-bonding contact.

It is important to note that the solvent in these studies is NMF that nature uses: in the MoFe-protein, the imidazole residue of
(containing some water) and that these components couldHisa442 is coordinated at this site. How does this relate to the
hydrogen bond to the imidazole ligand. It is conceivable that phenotypes of the wild-type and Nifvhitrogenases? It is our
such molecules could form an extended array which “bridges” hypothesis that hydrogen bonding between the R-homocitrate
between the carboxylate group of citrate and the imidazeleiN  and imidazole ligands is crucial for nitrogen fixation. In the
residue. In such an extended structure, it is expected that thepext section, we explore this concept using the published
base strength of the carboxylate group would be appreciably crystallographic data for the MoFe-protein and molecular

diminished. The important geometrical feature of our model
is that only with R-homocitrate is the carboxylate correctly
positioned to interaadirectly with the imidazole N-H group.

This hydrogen bonding is consistent with two other observa-

tions concerning the reactivities of the two cofactors: (i) the
substitution lability of wild-type imidazole cofactor is similar
to that of NifV~ imidazolate cofactor and (ii) deprotonation of
imidazole bound to wild-type cofacto?{KimH = 0.08) is more
difficult than the deprotonation of imidazole bound to NifV
cofactor KimH = 0.35). Similar effects on acidity in hydrogen-
bonded molecules have been notéd.

Interestingly, at high [PhS/[PhSH], the reactivities of the
wild-type and NifV- imidazolate cofactors are not the same,
and the wild-type reactivity approaches that of the cofactor
without imidazole bound. This behavior is not seen for the
NifV ~ cofactor and is clearly dependent on the R-homaocitrate.

It seems likely that the negative charges on the homocitrate and
imidazolate ligands lead to repulsion and possibly dissociation

of the imidazolate ligand in the wild-type cofactor.
Parenthetically, it is worth comparing the effect of protonating
the imidazolate ligand with binding a proton elsewhere on the
cluster. As shown in Figure 4, the protonation of the cofactors
by [NHEt] ™ results in an increased rate of reaction with PhSH.
This behavior is similar to that observed with all synthetie-Fe

mechanics calculations.

Relevance to Enzymology.The X-ray crystal structufe®
of the MoFe-protein shows that there is no hydrogen bond
between the CKCH,CO, arm of the R-homocitrate and the
imidazole residue of Hs442. Rather, the carboxylate group
and imidazole are “stacked”, with the carboxylate group of the
CH,CH,CO, arm hydrogen bonded to the backbone NH atom
of llea425 (N++O distance= 2.98 A; X-ray structure). Details
of relevant hydrogen bonds from the crystal structure are also
included in Table 1 to allow a fair comparison with the model
structure we will describe below. The values given were
obtained after adjustment of the homocitrate torsion angles to
optimize the hydrogen-bonding geometry.

Although there is no hydrogen bonding betweeno4i$2 and
homaocitrate in the crystal structure, this does not obviate our
hypothesis since what we are proposing is a dynamic hydrogen
bond which can be “switched on and off”, in tune with the
electronic status/requirements of the cofactor during turnover.
The crystal structure then corresponds to the “switched off” state
of this interaction.

Under what conditions could the homocitratdisa442
hydrogen bond be “switched on"? As noted above, in the

S-based clusters that we have studied to date. In the syntheticstudies with extracted FeMo-cofactor in the presence of imi-

clusters, the site of protonation is probably a bridging sulfur
atom?” It seems likely that [NHE}™ is also protonating a sulfur
of FeMo-cofactor. However, with cofactor, it is possible that
an oxygen of the polycarboxylate ligand is the site of protona-
tion. Whichever is the case, it is clear that protonation of the
coordinated imidazolate has a markedly different effect than
protonation of other sites on the cluster.
It is particularly noteworthy that the only conditions under

which there is a difference in the reactivities of wild-type and
NifV ~-extracted cofactors is when we bind to Mo the ligand

(26) This effect of intramolecular hydrogen bonding on the acidity of
the coordinated imidazole M\H is similar to that observed for the second
pKa's of maleic and fumaric acids, where the cyclic system of maleic
monoanion makes it more difficult to deprotonate than the noncyclic, non-
hydrogen-bonded fumarate analogue (e.g., see: Sykés@@idebook to
Mechanisms in Organic Chemistr§rd ed.; Longmans: London, 1970; p
62).

(27) Henderson, R. A.; Oglieve, K. B. Chem. Soc., Dalton Tran998
1731.

dazole, formation of the hydrogen bond requires a significant
rotation of the imidazole ring about the M bond. In the
protein, the orientation of the imidazole moiety of &#12 is
defined by the conformations of the polypeptide. To undergo
a rotation similar to that calculated for the untethered imidazole
ligand on extracted FeMo-cofactor, significant changes involving
the protein backbone would be required. d#42 lies in a loop

of three residues joining short sectionsehelix (residues 444
446) andB-sheet (residues 43440). Although it is conceiv-
able that this part of the protein could undergo reorganization
to allow hydrogen bond formation, we have been unable to
model such a change, and our attempts to do so suggest that
the movements involved would be quite drastic. Given that
Hiso442 is unlikely to be capable of such substantial movement,
the only other obvious way that the homocitratdiso442
hydrogen bond can be formed is by significant movement of
the homaocitrate.
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(b)

Figure 8. (a) Structure of the FeMo-cofactor in the protein, showing the orientation of the R-homocitrate ardi2ligyands on Mo established
by crystallography. (b) Proposed Kinding state of FeMo-cofactor, showing (i) monodentate R-homocitrate ligand .([@pdhd at vacant site on

Mo, and (jii) hydrogen bond between R-homocitrate and imidazole residue. This structure is that optimized using molecular mechanics calculations.

See Table 1 for hydrogen-bonding dimensions and angles.

From studies on model complexes, it has been progdsed

(the X-ray crystal structure values in the chelate ring are 2.00

that the homocitrate ligand could become monodentate duringA and 128, respectively). The other angles associated with

nitrogenase turnover, via cleavage of the molybdenaar-

boxylate bond. This would open up a vacant site at molybde-

num, suitable for binding dinitrogen. Applying this idea to the
problem at hand, we find thatonodentatélomocitrate is able

the remaining Me-O bond were also adjusted, such that
N(His)-Mo—0, S1-Mo—0, and S2-Mo—0 were 82, 75, and
87°, respectively, compared to 78, 89, and 84spectively, in
the crystal structure (see Figure 8a for the sulfur labeling

to establish a hydrogen bond between the carboxylate group ofscheme). Having broken the molybdendoarboxylate bond,

the CHCH,CO, and the NH group of Hig442, without the

the homocitrate is free to rotate, either clockwise or counter-

imidazole moiety changing its orientation. We have developed clockwise with respect to the molybdenumlkoxide bond when
a model of substrate-bound nitrogenase on this basis, which weviewed from O toward Mo. Counterclockwise rotation seems

now describe.
Focusing initially on the homocitrate itself, Figure 8a shows
the disposition of the homocitratdisa442 as observed in the

unlikely, since this would move the GBH,CO, arm of
homocitrate away from the NH group of Hi442 and also
disrupt the Gle191—-homocitrate hydrogen bond observed in

X-ray crystal structure, and Figure 8b shows that in our chelate the crystal structure (Table 1 and Figure 9). Clockwise rotation,
ring-opened model. In the protein model, the angle between on the other hand, allows this hydrogen bond to be maintained

the imidazole ring centroid and the-NMo vector was changed
to 17 (from 164) by temporarily removing the Mo
N(Hisa442) bond and rotating about the histidine Ldtoup.
This gave a slightly longer MeN bond length of 2.21 A

(compared to 2.13 A in the crystal structure). Apart from these

changes and the alterations to the M@—C(homocitrate)

via concerted rotation of the homocitrate &, arm. The
other proteir-homocitrate hydrogen bond observed in the
crystal structure, between the g@EH,CO, arm and ll@425, is
disrupted by clockwise homocitrate rotation. However, as this
bond is broken, the side chain nitrogen of the next protein
residue, Lys426, is ideally placed to form a new hydrogen

geometry described below, the only other structural parameterspyong to the other oxygen of the GEH,CO, carboxylate. In

varied in the modeling studies were torsion angles.

the crystal structure, this nitrogen atom is located 4.10 A from

The monodentate homocitrate can best be considered as gnq carboxylate oxygen of the homocitrate {H#,CO, arm

relatively bulky alkoxide, where the geometric restraints of the
chelate ring have been lost. Inspection of a number of X-ray

crystal structures of molybdenum alkoxide compléXetiows
that the Me-O bond distance is typically 1=2.1 A, with Mo—
O—C angles in the range of 1235, rising to as much as
ca. 150 for tert-butoxide complexes. We used values of 2.05
A and 138, respectively, for these parameters in our model

(28) Pickett, C. JJ. Bioinorg. Chem1996 1, 601 and references therein.

(29) McKee, V.; Wilkins, C. JJ. Chem. Soc., Dalton Tran$987, 523.
Chisholm, M. H.; Folting, K.; Huffman, J. C.; Putilina, E. F.; Streib, W.
E.; Tatz, R. JInorg. Chem1993 32, 3771. Buger, K. S.; Haselhorst, G.;
Stdazel, S.; Weyherriller, T.; Wieghardt, K.; Nuber, BJ. Chem. Soc.,
Dalton Trans.1993 1987. Chisholm, M. H.; Huffman, J. C.; Marchant, N.
S.Organometallicsl987, 6, 1073. Bazan, G. C.; Khosravi, E.; Schrock, R.
R.; Feast, W. J.; Gibson, V. C.; O'Regan, M. B.; Thomas, J. K.; Davis, W.
M. J. Am. Chem. So0d.99Q 112 8378. Bazan, G. C.; Oskam, J. H.; Cho,
H.-N.; Park, L. Y.; Schrock, R. RJ. Am. Chem. Sod 991 113 6899.
Bazan, G. C.; Schrock, R. R.; O’'Regan, M. Brganometallics1991, 10,
1062. Schrock, R. R.; Crowe, W. E.; Bazan, G. C.; DiMare, M.; O’'Regan,
M. B.; Schofield, M. H.Organometallics1991, 10, 1832.

and rotation of homocitrate rapidly reduces this to hydrogen-
bonding ranges. We note that this lysine is conserved in all
known nitrogenases. The new hydrogen bond taoldZ6 then
acts as an anchor point to bring the homocitrateCH,CO,

arm into the correct position to hydrogen bond to d4i42
(Figures 8b and 9b).

A number of other salient features emerge from the model.
First, the vacant site on molybdenum, resulting from the switch
to monodentate homaocitrate, is suitable for binding dinitrogen,
as shown in Figures 8(b) and 9(b). Second, as mentioned above,
the hydrogen bond from the homocitrate £HD, arm to the
side chain nitrogen of G191 is retained in the model,
principally by rotation of the CHCO, arm (Table 1), with only
a small change in the G&l91 side chain. We note that
GIna191 is essential for nitrogen fixation. The mutant nitro-
genase in which this residue has been replaced by Lys does not
fix dinitrogen3® The crystal structure shows that @91
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(b)

Figure 9. (a) Hydrogen-bonding network in the vicinity of the R-homocitrate ligand as established by crystallography. (b) Proposed hydrogen-
bonding network in the same region after the carboxylate group of R-homocitrate has dissociated from Mdastdlind. This structure is that
optimized by molecular mechanics calculations. See Table 1 for hydrogen-bonding dimensions and angles.

hydrogen bonds to homaocitrate through its side-chain nitrogen, Our calculations indicate a mechanism in which appreciable
and, in addition, the side chain oxygen of Gli91 is hydrogen movements of the R-homocitrate ligand are “guided” by a
bonded to the backbone nitrogen of GB1 (O—N distance= network of hydrogen bonds from amino acid residues, which
2.80 A)2 In our model, the @1 oxygen of Glm191 is essentially do not change their positions. This is consistent with
displaced by just 0.15 A from its original position; hence, this two other recent observations. First, the X-ray crystal structure
hydrogen bond is also retained. The adjacent residuen@;s of the putative transition-state compl&dormed between the

is directly bonded to the P-cluster through sulfur (Figure 9). MoFe-protein, the Fe-protein, and MgABPRF 4, shows that the
This suggests that the switching of homocitrate to a monodentateMoFe-protein polypeptide conformations are unperturbed from
coordination mode could trigger (or be triggered by) changes those of the isolated protein. Second, ENDOR experiniénts

at the P-cluster via the homocitrat€lna191-Glya61— have shown that nonexchangeable hydrogens in the vicinity of
Cysn62 hydrogen bond network. Finally, if the G@rm of FeMo-cofactor are rearranged in the putative transition-state
homocitrate has dissociated from molybdenum with concomitant complex, compared to the uncomplexed MoFe-protein.
protonation, the resulting GBI group would be well placed to The in vitro syntheses of nitrogenases containing various
donate a proton to the incoming dinitrogen ligand. homocitrate derivatives and analogues have been reported, and

A notable feature of the nitrogenase crystal structure is the the effect on the enzymes’ substrate specificity has been
concentration of water molecules in the vicinity the homacittate. described® Understanding most of these rather subtle effects
This allows movement of homocitrate with minimal perturbation USing our molecular modeling approach is currently beyond our
of the protein. None of the atoms in the polypeptide backbone modeling capabmtles. However, there are some rather general
have been moved in our model structure. The closest non-features which are worthy of note. A key feature of our
bonding contact which has been introduced is between aMechanism is the hydrogen-bonding network which holds,
homocitrate oxygen and the oxygen of d9 (2.71 A). orientates, apd r_ned|ates_the movement of the homocnrate._ If
Moreover, the only other side chain, in addition to those of this network is disrupted in any way, then we would expect it
Glna191, Lysx426, and His442, which has been changed in 10 modulate the movement of the homocitrate and, hence,
the model is that of Gu380. Rotation of this side chain is ~Perturb the enzyme’s activity. It seems likely that electrone-
required to relieve close contacts between its carboxylate groupdative O or F substituents on homocitrate derivatives or
and that of the homocitrate GBH,CO, arm in its new position. analogues could hydrogen bond to just those amino acid re_S|dues
Given the margin of error inherent in the crystal structure and Which hydrogen bond the carboxylate groups of homocitrate
also the flexibility of the protein in vivo, any attempt to calculate and affect the activity of the enzyme.
the overall energy changes involved in switching from the X-ray A Particularly interesting observatighis thatthreo-fluoro-
to the model structure, we believe, would be meaningless. Nomocitratf HOC(CQH)(CH,CH;COH)(CHFCQH)} forms
Nevertheless, leaving aside the role played by water molecules, (30) Newton, W. E.; Dean, D. RACS Symp. Sef.993 535, 216.
the model calls for the exchange of one chemical bond for _ (31) Schindelin, H.; Kisker, C.; Schlessman, J. L.; Howard, J. B.; Rees,

; e D. C. Nature 1997, 387, 370.
another [Mo-O (homocitrate) for Me-N (dinitrogen)] and one (32) Lowe, D. J.; Mitchell, C. J. Abstracts from ConferenceNitrogen

hydrogen bond for two others (homocitratiéea425 for ho- Assimilation: Molecular and Genetic Aspedtniversity of South Florida,
mocitrate-Lyso426 and homocitrateHisa442), plus changes ~ May 1997.

; ; (33) Allen, R. M.; Chatterjee, R.; Madden, M. S.; Ludden, P. W.; Shah,
In torsion angleg and nonbonded contacts. The total ENergy,, ¥ crit. Rev. Biotechnol.1994 14, 225 and references therein.
change in switching between the two states may, therefore, be (34) Madden, M. S.; Paustian, T. D.; Ludden, P. W.; Shah, VJK.

quite small. Bacteriol. 1991, 173 5403.
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a nitrogenase which does not sustain nitrogen fixation, but the shown that the binding of dinitrogen to a metal site, and the
erythro-fluorohomocitrate has a nitrogen fixing activity which  ability of that dinitrogen ligand to be protonated, are favored
is 25—-30% of the wild-type. Itis difficult to envisage that this by electron-rich sites. In simple chemical systems, the electron-
difference arises from different electronic properties of the two richness of the site is often varied by changing the ligands on
diastereoisomers. However, our model suggests a more reasonthe metal. However, for FeMo-cofactor, the electron-richness
able explanation. Inside the enzyme, the different dispositions of the cluster could be increased by removing electron-
of the F group in the two diastereoisomers could differentiate withdrawing hydrogen-bonding interactions from positively
their reactivities, by the F in one of the isomers preferentially charged amino acid side chains and/or introducing electron-
hydrogen bonding to the protein. It is worth emphasizing that releasing hydrogen-bonding interactions from negatively charged
our model involves movement of the GEIO, arm of homoci- residues (such as that described herein). In this way, the FeMo-
trate relative to GIn191. Itis perhaps not surprising, therefore, cofactor in the enzyme can modulate its reactivity to accom-
that changes in the structure of the homaocitrate in this region modate the binding and protonation of dinitrogen.

would affect the reactivity.

In this paper, we have seen that forming a hydrogen bond
between R-homocitrate and the imidazole residue oté4e In this paper, we have presented evidence that, in extracted
could effectively release electron density into the cluster. But wild-type FeMo-cofactor, hydrogen bonding between the R-
what use would this be to nitrogenase? To understand this, ithomocitrate and imidazole ligands on molybdenum can perturb
is useful to consider all the hydrogen bonding to FeMo-cofactor the reactivity of the cluster core. Using molecular mechanics
in the protein. calculations, we have explored this concept and its potential

Apart from the interaction highlighted in this report, there role in nitrogen fixation by the functioning enzyme. This is
are a number of hydrogen bonds between the cofactor and thenot the only proposal that has been put forward as the role for
positively charged amino acid side chains &8%, Argo359, R-homocitrate. Apart from the suggestion that molybderum
and Hist195 which have been identified from the crystal- carboxylate dissociation is a prerequisite to dinitrogen birding
lography. If these hydrogen bonds are dynamic, they can be (which we have already discussed and accommodated in our
used as “switches” which modulate the electron distribution model), it has also been proposed that homocitrate is a
within the cluster and, hence, its reactivity. By “switching on” component of the proton delivery syst€mHowever, only our
or “switching off” the hydrogen bonds, the reactivity of the proposal rationalizes why R-homocitrate, and not closely related
cluster can be tuned in response to the requirements of the clusteprganic acids, is peculiarly advantageous for nitrogen fixation.
during turnover. As an example of how such a switch could
be employed, we will briefly consider what must be the initial
stages in nitrogen fixation: the binding and initial protonation
of bound dinitrogen.

Studies on structurally defined dinitrogen compléRémve

Conclusion
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