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The first kinetic study of a substrate (CN™) binding to the isolated active site (extracted FeMo-cofactor) of nitrogenase
is described. The kinetics of the reactions between CN~ and various derivatives of extracted FeMo-cofactor { FeMoco—
L; where L is bound to Mo, and is NMF, BuNC, or imidazole (ImH)} have been followed using a stopped-flow,
sequential-mix method in which the course of the reaction is followed indirectly, by monitoring the change in the
rate of the reaction of the cofactor with PhS™. The kinetic results, together with DFT calculations, indicate that the
initial site of CN™ binding to FeMoco—L is controlled by a combination of the electron-richness of the cluster core
and lability of the Mo—L bond. Ultimately, the reactions between FeMoco—L and CN~ involve displacement of L
and binding of CN~ to Mo. These reactions occur with a variety of rates and rate laws dependent on the nature
of L. For FeMoco—NMF, the reaction with CN~ is complete within the dead-time of the apparatus (ca. 4 ms), while
with FeMoco—CNBU the reaction is much slower and exhibits first order dependences on the concentrations of
both FeMoco—CNBuU' and CN™ (k = 2.5 + 0.5 x 10* dm® mol~ s7%). The reaction of FeMoco—ImH with CN~
occurs at a rate which exhibits a first order dependence on FeMoco—ImH but is independent of the concentration
of CN™ (k = 50 + 10 s™1). The results are interpreted in terms of CN™ binding directly to the Mo site for FeMoco—
NMF and FeMoco—ImH, but with FeMoco—CNBU! initial binding at an Fe site is followed by movement of CN~ to
Mo. Complementary DFT calculations are consistent with this interpretation, indicating that, in FeMoco—L, the
Mo-L bond is stronger for L = ImH than for L = CNBu' and the hinding of CN~ to Mo is stronger than to any Fe
atom in the cofactor.

Introduction by V or Fe. All nitrogenases comprise two metalloproteins.
The nitrogenases are a family of metalloenzymes which 1€ Smaller of the two proteins is the Fe-protein (mokwt

convert dinitrogen into ammonia by sequences of coupled €& 60 000) which contains a single cuboifia&Sq} cluster
electron- and proton-transfer reactidfsThree types of and mediates electron transfer from the external reductant
nitrogenases have been identified and are distinguished by(@ flavodoxin or ferredoxin) to the larger protein. In the Mo-
their metal content.The most thoroughly studied type is Pased nitrogenase, this larger protein is called the MoFe-

that based on Mo, and in the other enzymes, Mo is replacedProtein (mol wt= ca. 230 000). The MoFe-protein has an
032 structuré and contains two structurally unique F8-
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NMF

Figure 1. Reporter reaction used throughout this study to monitor the
status of extracted FeMo-cofactor: the reaction of an excess of RhlS
extracted FeMo-cofactor. (Here, and in the other figures;-F@, and the
recently discovered central light aténs represented bg.)

tide>* at the unique tetrahedral Fe by a thiolate sulfur of

Cysn273, and to the octahedral Mo by the imidazole residue

of Hiso440 (the amino acid numbering refers to the
Klebsiella pneumoniakloFe-protein crystal structure). The

remaining 6 Fe atoms in the cofactor are all contained in

the central portion of the cluster. Recently, a very high

resolution (1.16 A) structure of the MoFe protein has been

reportec® The data indicate that a single light atom (N, C,

or O) sits in the center of the FeMo-cofactor and is bonded
to each of the 6 central Fe atoms. The significance of this

intriguing finding has not yet been established.

In addition to dinitrogen, nitrogenases also transfogid C
N.O, N;~, cyclopropene, MeNC, CN and H". While it is

generally accepted that FeMo-cofactor is the site where all

these substrates are bound and converted into préduct,
there is a growing body of circumstantial evidence that

FeMo-cofactor can be extracted intaftom the MoFe-
protein and into the organic solver-methylformamide
(NMF). Studies on extracted FeMo-cofactor complement
those on the enzyme by focusing on the intimate reactions
of this structurally unique cluster. The +eysteinate and
Mo—histidine bonds must be cleaved during the extraction,
and it is reasonably assumed that solvent occupies these two
positions in the extracted FeMo-cofactor. It seems likely that
these coordinated solvent molecules are labile, and thus,
species such as+ CN-, N3~, and RNC, which are knoviin
to bind to extracted FeMo-cofactor (to form FeMedo)
can do so at any of the metal atoms on the cluster. In
principle, the results from kinetic studies on the reactions
between extracted FeMo-cofactor and L can indicate how
and where substrates bind to the cluster. In practice, no such
studies have been reported because the reactions are rapid,
and binding of substrates to extracted FeMo-cofactor is often
associated with small spectroscopic changes making the
reactions difficult to follow. Herein, we describe a general
method for monitoring these fundamental reactions and report
the first study of the kinetics of a nitrogenase substrate {CN
binding to extracted FeMo-cofactor (FeMeeNMF) and
two cofactor derivatives containing bound'BC (FeMoco-
CNBU) or imidazole (FeMoce ImH). We have also per-
formed DFT calculations on sytsems which model fragments
of the cofactor. These calculations complement our kinetic
studies, and together, the results indicate that ®Mds to
the Mo of FeMoce-L by displacing L, but that the
mechanism by which CNends up on Mo depends on the
nature of L in the FeMo-cofactor derivative.

Experimental Section

All manipulations involving the preparation and handling of

different substrates bind at different redox states and possiblysolutions of extracted FeMo-cofactor were performed under an
different areas of the FeMo-cofactor. How and where any atmosphere of dinitrogen in a glovet_)ox operating at less than 1
of these substrates bind to this cluster remains contentious”P" dioxygen. The compounds BIC, imidazole, and [NEJCN

Th h I P h b were purchased from Aldrich and used as received.
ere are three general areas on cofactor where substrates Preparation of Materials. The nitrogenase MoFe-protein was

could in pri_nciple bind: the tetrahedral Fe, the girdle of 6 pyrified from wild-type Klebsiella pneumoniad5al, and the

Fe atoms in the center of the cluster, and the Mo atom. FeMo-cofactor was isolated and assayed using minor modifications

Several grougshave used quantum calculations of widely of the procedures described in the literatUPgNEt,JSPh was

varying degrees of sophistication to examine the possible prepared by the literature meth8dnd recrystallized from MeCN/

coordination modes for dinitrogen bound to FeMo-cofactor. EO. lIts purity was checked bjH NMR spectroscopy. NMF was

While all agree that the tetrahedral Fe can be excluded as aourchgsgd from Aldrich, dried over anh){drous sodium carbonate,
. S . - . and distilled under reduced pressure using a rotary evaporator.

possible binding site, no unified picture as to the actual

binding site and subsequent pathway for dinitrogen reduction (7) (a) Shah, V. K.; Brill, W. JProc. Natl. Acad. Sci. U.S.A997, 74,

- ini 3249. (b) Burgess, B. KChem. Re. 199Q 90, 377 and refs therein.
hfas ,yet emerged. Most of the studies f'OCUS on d|n|trogen (8) A variety of different studies indicate the binding of certain small
binding to one or more of the Fe atoms in the center of the molecules and ions to extracted FeMo-cofactor. Leading references
cofactor. However, some recent calculatfive indicated include the following: (@) Liu, H. 1.; Filipponi, A.; Gavini, N.; Burgess,

. . . B. K.; Hedman, B.; di Cicco, A.; Natoli, C. R.; Hodgson, K. Q.
that the Mo atom is a more favored binding site than Fe Am. Chem. Sod.994 116, 2418. (b) Conradson, S. D.; Burgess, B.
provided the Mo can attain a coordination number lower than K.; Vaughn, S. A;; Roe, A. L.; Hedman, B.; Hodgson, K. O.; Holm,
six. Clearly, there is a need for experimental approaches to
probe where substrates bind on FeMo-cofactor.

R. H.J. Biol. Chem 1989 264, 15967. (c) Schultz, F. A.; Feldman,
B. J.; Gheller, S. F.; Newton, W. Bnorg. Chim. Actal99Q 170
115. (d) Newton, W. E.; Gheller, S. F.; Feldman, B. J.; Dunham, W.
R.; Schultz, F. AJ. Biol. Chem1989 264, 1924. (e) Richards, A. J.
M.; Lowe, D. J.; Richards, R. L.; Thomson, A. J.; Smith, B. E.

(5) Einsle, O.; Teczan, F. A.; Andrade, S. L. A.; Schmid, B.; Yoshida,
M.; Rees, D. CScience2002 297, 1696.

(6) For recent theoretical papers and commentary on earlier work see:

(a) Rod, T. H.; Ngrskov, J. KI. Am. Chem. So200Q 122, 12751.
(b) Durrant, M. C.Biochemistry2002 41, 13934. (c) Lovell, T.; Li,
J.; Case, D. A.; Noodleman, 0. Am. Chem. So2002 124, 4546.

Biochem. J1994 297, 373 and refs therein.

McLean, P. A.; Wink, D. A.; Chapman, S. K.; Hickman, A. B;

McKillop, D. M.; Orme-Johnson, W. HBiochemistryl989 28, 9402

and references therein.
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173.
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Kinetic Studies. Solutions of extracted FeMo-cofactor {1104 reactions with half-lives longer than 2 ms can be followed.
mol dm3) were prepared in a glovebox using NMF containing The vast majority of stopped-flow apparatuses monitor
sodium dithionite (1x 10-2 mol dn2 added in aqueous solution  yeactions using spectrophotometry, and this is a problem in
containing 5x 10°% mol dm* phosphate buffer, pH 8) as the o study of substrate binding to extracted FeMo-cofactor.
solvent’® The solution was loaded imta 5 mL all-glass syringe The UV—vis absorption spectra of FeMd. are indistin-

inside the glovebox and stoppered with a needle attached to a rubber_ .
bung. The sealed syringe was then removed from the glovebox andgwshable from that of FeMo-cofactor as extracted (FeMoco

loaded into the stopped-flow, sequential-mix apparatus, without NMF)- The “spectrophotometrically silent” nature of the
allowing air to come into contact with the cofactor solution. reactions between FeMoedNMF and L has for a long time
The FeMo-cofactor derivatives, FeMoe@&NBuU and FeMoce- precluded their study. We have now developed a kinetic
ImH, were prepared in the glovebox by adding® mol equiv of method which detects when L is bound to cofaétdn the
BUINC or imidazole, respectively, to an NMF solution of FeMo-  remainder of this paper, we show how this approach has been
cofactor as extracted. used to measure the kinetics of Chinding to the FeMoce

The kinetics of the reactions between extracted FeMo-cofactor NMF and its derivatives, FeMoedmH (ImH = imidazole)
(and its derivatives) were measured on an Applied Photophysics and FeMoce-CNBL.

SX.18MV stopped-flow spectrophotometer modified to handle air- . .
sensitive solutions. The temperature was maintained a25.8ing Extracted FeMo-Cofactor. It is important t‘? clarify .some )
a Grant LTD6G thermostat tank. The kinetics were studiedat ~ features about extracted FeMo-cofactor prior to discussion
460 nm, and the values of the observed rate constags Were of its reactivity. In the absence of a crystal structure, we
determined by curve-fitting of the absorbantine trace usingthe ~ assume that extracted FeMo-cofactor is as shown in Figure
Applied Photophysics software on the computer interfaced to the 1 with an interstitiad N, C, or O atom. EXAFS studies have
stopped-flow spectrophotometer. Analyses of the dependence ofshowri* that the dimensions of cofactor in the extracts are
the observed rate constants on the concentration of @&  essentially unchanged from those of cofactor in the protein.
described in the Results and Discussion section. _ It seems likely, since the Mo of cofactor is 6-coordinate in
DFT Studies. All DFT calculations were carried out using the o 1 otain that this coordination number is retained in the
B3LYP hybrid functional and LanL2DZ basis set as implemented . .
in GAUSSIAN 98W1 Geometry optimizations were carried out extracts. Our earlller Studiés ShOV.VEd Fhat the cofactors
using partialz-matrix methods. For the tetrahedral Fe site, the e?(tracted fror_n_ywld_ type and NifV rl_ltr_ogenases hqve
S—Fe-S angles were constrained to 105.the mean value from  different reactivities in the presence of imidazole, consistent
the K. pneumoniaex-ray crystal structuré? and the rest of the with R-homocitrate being bound to Mo even in the extracts.
structure was allowed to refine freely. For the [(HS)Fe(Sh)- The main contentious issue is what else is bound to Mo. A
(SH)(OCHCO,)] model, the metatsulfur section was treated as  variety of species are used in the extraction procedure (e.qg.
having a plane of symmetry lying through the Fe and Mo atoms C|-, HPQ2~, S,0,2", etc.), and any of these could be bound.
and the terminal SH groups, and the glycqlate ligand was allqwed For simplicity, throughout this paper we will assume that
to refine freely. The effects of introducing other geometrical Fano-cofactor as extracted contains NMF (i.e., solvent
restraints are described in the following text. For this model, the molecules) bound to both the tetrahedral Fe and Mo. Our

default geometry optimization convergence criteria proved unsat- xperimental or dure for isolating FeM factor |
isfactory with very slow convergence associated with insignificant experimental proceedure for 1solating Felvio-cotactor 1S

energy changes. Geometry optimizations were therefore terminatec®/Ways the same. Consequently, if we are mi_staken and
when the change in energy over 10 successive minima was lessanother molecule is bound to Mo, the interpretations of our
than 0.1 kcal moit. kinetic results will not be affected, only the identity of the

Mo ligation.

It has been proposed that extracted FeMo-cofactor exists
Extracted FeMo-cofactor binds a variety of molecules and as oligomers® However, we have seen no evidence of this
ions, including some of the substrates of nitrogenase=(L  in our kinetic studie$? Thus, in our previous kinetic studies,
H*, CN-, N3, and RNC)? however, following the time  dilution of the cofactor solutions did not lead to changes in
course of these reactions is not simple. The binding of the rate of reaction. If oligomers are present, then either their
molecules and ions to extracted FeMo-cofactor is fast and reactivities with PhS are indistinguishable, or the rate of
must be studied using the stopped-flow technique where interconversion between unreactive and reactive forms is

more rapid than the reactions studied herein.
11) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, . .
(1 M. A.: Cheeseman, J. R.: ZakrzewsgkL V. G.. Montgomery. J. A., Jr.; The Kinetic Method. When FeMo-cofactor as extracted

Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, (FeMoco—NMF) reacts with an excess of Ph$h NMF
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; (13) (a) Gfmberg, K. L. C.; Gormal, C. A.; Smith, B. E.; Henderson, R.

Results and Discussion

Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; A. J. Chem. Soc., Chem. Commu®97, 713. (b) Gimberg, K. L.

Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; C.; Gormal, C. A,; Durrant, M. C.; Smith, B. E.; Henderson, RJA.

Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R. Am. Chem. Sod 998 120, 10613.

L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, (14) (a) Conradson, S. D.; Burgess, B. K.; Newton, W. E.; Mortensen, L.

A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; E.; Hodgson, K. OJ. Am. Chem. Sod987 109 7507. (b) Arber, J.

Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, M.; Flood, A. C.; Garner, C. D.; Gormal, C. A.; Hasnain, S. S.; Smith,

E. S.; Pople, J. A.Gaussian 98 revision A.7; Gaussian, Inc.: B. E. Biochem. 11988 252, 421.

Pittsburgh, PA, 1998. (15) (a) Huang, H. Q.; Kofford, M.; Simpson, F. B.; Watt, G. D.Inorg.
(12) Mayer, S. M.; Lawson, D. M.; Gormal, C. A.; Roe, S. M.; Smith, B. Biochem1993 52, 59. (b) Frank, P.; Angove, H. C.; Burgess, B. K;

E. J. Mol. Biol. 1999 292, 871. Hodgson, K. OJBIC, J. Biol. Inorg. Chem2001, 6, 683.
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solution, only one thiolate binds to the clusteté EXAFS NMF NMF
studies show that the thiolate is bound to an Fe center. It
seems most likely that this is the unique tetrahedral’fs,
shown in Figure 1, since, of all the Fe atoms in FeMo-
cofactor, only the tetrahedral Fe has a natural affinity for
binding thiolates (i.e., Cys273 in the MoFe-protein). S
The reaction between FeMoedMF and PhS is associ-
ated with a change in the visible absorption spectrum around s
A = 450-480 nm and is readily monitored by stopped-flow
spectrophotometriz The kinetics of the reaction exhibit a
first order dependence on the concentration of cofactor but
are independent of the concentration of Ph&®nsistent with
a dissociative substitution mechanism. The rate of the
reaction with PhS (k;\MF) is sensitive to what is bound to
the cofactor. Thus, for derivatives of extracted FeMo-cofactor
(FeMoco-L), the rate of the reaction with Phk;') is SPh SPh
different from kN, It is the sensitivity ofk;" to what is
bound to the cofactor which is the basis of our approach to
monitoring the time course of L binding to the cofactor. Our
earlier kinetic studies on extracted FeMo-cofattordicated
that changes to the ligation at Mo result in changes to the
rate of substitution at the tetrahedral Fe site, some six bonds N
away. Although the change in rate is modest (e.g., the \‘s/s
difference in the rate of reaction of PhSvith FeMoco- L /M}:\)

NMF and FeMoce-ImH is only about a factor of 2), it is
eas”y discernible. Figure 2. Basic reactions of the stopped-flow, sequential-mix experiments

. . - to determine the kinetics of the reactions between FeMaci. = NMF,
To measure the kinetics of a substrate (L) binding to cnBut, or imidazole) and CN

extracted FeMo-cofactor, we have developed a stopped-flow,

sequential-mix approach as represented in Figure 2. In aconfigured in the sequential-mix mode, the dead time of the
typical experiment, solutions of FeMoed and CN™ are apparatus is about-34 ms, which is more than double that
rapidly mixed and held together for a known length of time of the stopped-flow configuration and leads to loss of some
(0). Subsequently, this solution is mixed with a solution of of the absorbance change for more rapid reactions. The
[NEt,]SPh whereupon the thiolate reacts with the cofactor. consequence of both these limitations is that (compared to
The rate of the reaction between FeMo-cofactor andPhS conventional stopped-flow spectrophotometry) the data from

effectively reports on the status of the cofactor. Thu8,ig stopped-flow, sequential-mix experiments are associated with
small, CN" will not have reacted with the cofactor, and the a poorer signal-to-noise ratio. It is therefore essential that,
rate will correspond to that of FeMoed. (k;-). However, in the reaction of FeMoceNMF with L, the reactant

whend is large, there will have been sufficient time for CN  (FeMoco-NMF) and the product (FeMoeel) react with

and the cofactor to react, and the rate of the reaction with PhS™ at markedly different rates. The rate of the reaction of

PhS" will correspond to that of FeMoceCN (k,“N). By PhS with FeMoco-CN!2is slower{ k"N =2.4+ 0.2 s'%;

monitoring how the rate of the reaction with Ph8aries eq I than that with any other derivative, FeMoeb (L =

with 6, the time course for the spectrophotometrically silent N3, BUNC, imidazole, or NMF). Figure 3 illustrates how

reaction between the cofactor and Cban be mapped out.  easy it is to identify when CNis bound to cofactor in the
In principle, our approach can be used to monitor the reaction between FeMoedCNBU and CN  using the

binding ofany substrate (L) to extracted FeMo-cofactor; in Stopped-flow, sequential-mix approach.

practice, its application is limited. During the stopped-flow,

sequential-mix experiments, the cofactor solution is diluted —9[F€Moco-CN] _ {(1.35+ 0.1)+

4-fold before it is analyzed: initial equivolume mixing with dt ' '

the solution of CN is followed by equivolume mixing with (4.3+ 0.4 x 10°)[PhS ]} [FeMoco-CN] (1)
the PhS solution. Consequently, the solution of the cofactor

being analyzed is only half the concentration of a conven-  Figure 3 shows absorbancgme curves obtained in
tional stopped-flow experiment, and thus, the absorbance Stopped-flow, sequential-mix experiments after PH3.5

time curves are only half the magnitude. In addition, when Mmol dnT®) has been added to a mixture of FeMe@NBU
(0.05 mmol dm?®) and CN ([CN~] = 0.5 mmol dnT3).

(16) Rawlings, J.; Shah, V. K.; Chisnell, J. R.; Brill, W. J.; Zimmerman, After mixing FeMoco-CNBu and CN, then leaving for

. l:; MUnc:c_ E Orme-éohns_osn, r\]N !3. Biol._cgem1?7g 253 éOOl- 10 ms, there has been insufficient time for the cofactor to

an D_?“F’{?Qn;m,t?”gf’Ri'd\]’g'r'ds’CR'?eL'.;egnﬁt'h’ é’.rggr'g. 'cﬁi'r'n. bl € react with the CN, and the addition of PhSat this time

1998 150, 275. results in a rate which corresponds to that of FeMeCHIBU
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Figure 3. Bottom: Absorbancetime curves showing the reaction of PhS
(2.5 mmol dm3) with FeMoco-CNBU and CN- ([CN~] = 0.5 mmol
dm=3). Traces were recorded at= 10 ms andd = 250 ms. The smooth
curve fits are single exponentials with corresponding rate constants
50 standkyps= 2 s1. Top: Absorbancetime curves for the reaction of
PhS (2.5 mmol dnt3) with FeMoco-CNBU and CN- ([CN~] = 0.5 mmol
dm=3). Trace recorded ad = 46 ms. The smooth curve fit is to two
exponentials of equal magnitude and rate constarts50 st andk = 2
sL

(Kobs = ki®NBY = 60 £+ 10 s%). However, after mixing
FeMoco-CNBU and CN, then leaving for 250 ms, FeM-
oco—CN has been formed, and so addition of Pl# this

time results in a rate which corresponds to that of FeMoco
CN (kobs = kN = 2 s71). The values ofk;“NB" and kN

obtained in this work are in good agreement with the values

established earliéé.
Figure 3 (bottom) shows the absorbantiene curves
observed at times when either FeMed@NBU or FeMoco-
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Figure 4. Kinetic data for the reaction of PhSwith the products of the
reactions between CNand FeMoce-L (L = NMF, BUNC or imidazole),
measured in NMF at 25.0C. Data points correspond to studies with
FeMoco-NMF (B); FeMoco-CNBU (@); and FeMoce-Im (a). The line

is that defined by eq 1.

the absorbance changes, at different valueg, afito their
component exponentials.

The Products of the Reactions between CN and
FeMoco—L (L = Bu'NC, NMF, or Imidazole). We have
used the rates of the reactions with Pht® identify the
products formed in the reactions between the various
FeMoco-L (L = NMF, BUNC or imidazole) and CN
Figure 4 shows that the products of the reactions between
all FeMoco-L and an excess of CNreact with PhS at
the same rate. The line drawn in Figure 4 is defined by eq
1 and is that established in earlier work on the reaction of
PhS with FeMoco-CN (produced from the reaction of CN
with the cofactor extracted from either the wild-type or NifV
enzymésd). On the basis of these results, it seems likely that
all of the FeMoce-L derivatives react with CNto give the
same product, FeMoe€eCN, via dissociation of L, as shown
in eq 2.

FeMoco-L + CN — FeMoco-CN + L (2)

Central to our interpretation of the kinetics is the assign-
ment that imidazole is bound to Mo. Earlier wétkindicated
that BUNC in FeMoce-CNBU and imidazole in FeMoce
ImH are bound to Mo. In both cases, the proposal that Mo

CN are essentially the only cofactor species present. Atis the binding site is circumstantial (since we have no

intermediate times, when 258 6 > 10 ms, mixtures of
FeMoco-CNBuU and FeMoce-CN are present. Under these
conditions, the absorbanecéme traces are biphasic, as
shown in Figure 3 (top). The trace is a good fit to two
exponentials with rate constarkgs= 50 and 2 s?, and (as

structural confirmation) but is a reasonable assignment. Thus,
the Mo in FeMo-cofactor has a natural affinity for binding
imidazole (His440) in the MoFe-proteik? In addition,
wild-type FeMoce-ImH (containingR-homocitrate coordi-
nated to Mo) and NifV¥ FeMoco-ImH (containing citrate

expected) the magnitude of the two phases apparentlycoordinated to Mo) have different reactiviti€8 This unique

depends on the value @. Thus, whend corresponds to
approximately the half-life of the reactioty = 56 ms,o
= 46 ms, [CN'] = 0.5 mmol dn13), each phase contributes

difference in reactivity is only rationalizable if the imidazole
is coordinated to Mo and interacts differently with the two
polycarboxylates. The evidence that'BC is bound to Mo

equally to the total absorbance change. The biphasic behaviois based on the interpretation of earlier kinetic restffts.

is difficult to detect whernd corresponds to about +20%

Kinetics of the Reaction between CN and FeMoco—-L

or 80—90% completion. Under these conditions, the absor- (L = NMF, Bu!NC, or Imidazole). Before discussing the
bance-time curves can be fitted to single exponentials, with kinetics of the reactions between FeMedoand CN-, we
rate constants corresponding to the dominant species, FeMneed to distinguish between kinetically and thermodynami-

oco—CNBU or FeMocoe-CN, respectively. The quality of

cally favored binding sites. The results presented in Figure

the data is not sufficiently good to allow deconvolution of 4 indicate that CN binds ultimately to Mo (i.e., Mo is the
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Figure 5. Kinetic data for the reaction of FeMoedmH (0.025 mmol dm3) and an excess of CNdetermined using the stopped-flow, sequential-mix
approach in which the time course of the reactiéhig¢ monitored by changes in the rate of reactikyg of the cofactor with PhS (2.5 mmol dnv3). The
data points correspond to studies where {CK 0.25 @), 0.5 @), or 1.0 mmol dm? (a). The curve drawn is defined bkdds = 2 + 90 exp-509).

thermodynamically favored binding site). However, only
kinetic studies will show if CN binds directly to this site,
or if CN™ binds preferentially to another site (kinetically
favored binding site) and subsequently moves to Mo. First,
we will discuss the kinetics of the reaction between
FeMoco-ImH and CN-, where CN appears to bind directly
to Mo, and then we will consider the analogous reactions of
FeMoco-NMF and FeMoce-CNBU. We will present
evidence indicating that CNbinds initially to FeMoce-
CNBU at an Fe site, and subsequently moves to Mo.

(a) FeMoco-ImH. The kinetic data for the reaction
between CN and FeMoce-ImH are shown in Figure 5. The
0 axis corresponds to the time that FeMedmH and CN-
have been left together after mixing. Thgs axis shows
the rate constants for the reaction of PW@8th the mixtures
of FeMoco-ImH and CN- after the timed. Thus, thekops
axis is effectively a measure of the status of the cluster (i.e.,
what is bound to FeMo-cofactor). If Ph$s added wherd
< 10 ms, the reaction is very fast, and only the tail end of
the absorbancetime curve is observed (Figure 6). Earlier
studie$®® have shown that the reaction of PhSvith
FeMoco-ImH is rapid (s = k'™ = 95 + 10 s). This
reaction is on the limit of the stopped-flow, sequential-mix
technique, and so we assume that the rapid reaction show
in Figure 6 corresponds to that of Ph®ith FeMoco-ImH.
If PhS™ is added whe = ca. 100 ms, a single-exponential
absorbancetime curve is observed witky,s corresponding
to that of FeMoce-CN (kons = kN = 2 s71). Experiments
in which the concentration of CNhas varied ([CN] =

0.12

|
0.11 1

Absorbance
=]
=
R

0.09 A1

0.08 T T
0.0 0.5 1.0
time / seconds

Figure 6. Absorbancetime curves showing the reaction of Ph®.5
mmol dnT3) with FeMoco-ImH and CN- ([CN~] = 0.5 mmol dnt3).
Traces were recorded &t= 13 ms (top) and = 200 ms (bottom). The
smooth curve fits are single exponentials with corresponding rate constants
kobs =90 st andkeps= 2 s71.

1.5 2.0

0.25-1.0 mmol dm?) showed that FeMoceCN is always
produced ad = ca. 100 ms, indicating the rate of the reaction
between FeMocelmH and CN is independent of the
concentration of CN (kops= 50 & 10 s%). The rate of the
reaction between FeMoedmH and CN is unaffected by

r}he concentration of free imidazole present in solution ([ImH]

= 0.4-2.0 mmol dm?3).

The kinetics observed for the reaction between FeMoco
ImH and CN are unique to this cofactor derivative and are
consistent with a unimolecular reaction. The unimolecular
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Figure 7. Kinetic data for the reaction of FeMoe®NBU (0.025 mmol dm?3) and an excess of CNdetermined using the stopped-flow, sequential-mix
approach in which the time course of the reactiéhig monitored by changes in the rate of reactikgd of the cofactor with PhS (2.5 mmol dnv3). The
data points correspond to studies where {Cx 0.5 @), 1.0 (a), or 2.5 mmol dn3 (®). The data points are connected by guidelines to clarify the trends
observed at each concentration of CN'hese guidelines have no mathematical significance.

reaction is most reasonably attributed to rate-limiting dis- (c) FeMoco-CNBuUt. The reaction of FeMoceCNBU
sociation of the imidazole prior to CNbinding. with an excess of CNshows markedly different kinetics to
The full rate law for the dissociative mechanism is shown those described for FeMoedmH or FeMoco-NMF. The
in eq 3, wherek™ is the rate constant for dissociation of data illustrating the time course of the reaction between
the imidazole to produce the coordinatively unsaturated FeMoco-CNBU and CN are shown in Figure 7. As in
FeMo-cofactor intermediate, ard is the rate constant for Figure 5, thed axis shows the time PhSis added after
binding of CN" to this intermediate. Whethu[CN"] > FeMoco-CNBU and CN™ have been mixed. Thigys axis
k-s™[ImH], eq 3 simplifies to eq 4, which has the same shows the corresponding rate constants for the reaction of

mathematical form as that observed experimentally K&} PhS with the mixture of FeMoce CNBU and CN- after
=504 10 s?). the timeJd.

The data points correspond to rate constants determined

ImH —
—d[FeMoco-ImH] _ ks "k[CN ][FeMoco-ImH] under conditions where the entire absorbartime curves

dt k_a™[ImH] + k,[CN] are single exponentials witk8"NC = 50 s or kN = 2
s 1. As noted in the earlier section, biphasic traces are
—d[FeMgco—ImH] = k™ [FeMoco-ImH]  (4) observed under all other conditions. Consequently, there are
t no data points in the intermediate region of Figure 7, only
o at the extremes. It is evident from Figure 7 that as the
Itis important to note that even when Clind FeMoce- concentration of CNis increased, the time) necessary to

ImH are left together for long periods & 10 s, notshown — 4,,ce FeMoceCN decreases. Thus, when [CN= 0.5
N F'g!”e 6) no further change '.h’bs for the reaction W'th_ mmol dnT3, FeMocce-CN is not evident until ca. 250 ms
PhS is observed. Thus, there is no evidence for multiple whereas when [CN = 2.5 mmol dm?, FeMoco-CN is

stages in the reaction of FeMoetmH for CN™. . . -
(b) FeMoco—NMF. The reaction between FeMoetdMF Tormed in ca. 50 ms. Inspection of Fhe data in Figure 7
indicates that doubling the concentration of Chalves the
and CN produces FeMoceCN within the dead time of . ;
time necessary to produce FeMetBN consistent with the

tgﬁl a&?:?\lraﬁé e|\e/|\gecrz,_w|\|h ,SIrIL]th_erg (I)S [ocnll\)é]a_slgg T g)r;coelss 01Ereactlon exhibiting a first order dependence on the concentra-
. : tion of CN~.

dm~3). Consequently, the rate of CNleacting with FeMoce
NMF can only be estimateckf* > 150 s7), and the The rate law for the reaction of FeMoe@€NBU with CN~
kinetics cannot be determined. The reactivity of FeMeco  is described by eq 5, witk®N® = (2.5+ 0.5) x 10" dm?
NMF is consistent with our proposed dissociative mechanism mol~* s™%. It is important to appreciate that the indirect,
for the reaction of FeMocelmH with CN~ (i.e., that CN' sequential-mix method we are using to monitor the reaction
binds to Mo after dissociation of coordinated NMF). It seems between FeMoceCNBU and CN™ means that this depen-
intuitively reasonable that the MeNMF bond is more labile ~ dence on the concentration of Clé only approximate. The
than Mo—-ImH, resulting in the observed increased reactiv- accuracy of the approach means that while eq 5 certainly
ity. describes the principal pathway, an additional minor pathway,
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Figure 8. Possible associative pathways for the reaction of @\th FeMoco-CNBU-

independent of the concentration of CNmight be unde-
tected.

—d[FeMoco-CNBU]

& = k,""NTFeMoco-CNBU][CN ]

®)

It is worth pointing out, at this stage, that if the kinetics
of a substitution reaction exhibit a first order dependence
on the concentration of CN this does not rule out a
dissociative mechanisii.Thus, a mechanism analogous to
that shown in Figure 5, in which BNC initially dissociates
from FeMoco-CNBU followed by CN binding to the
vacant site is associated with the rate law shown in eq 6.
Equation 6 is obviously analogous to eq 3k I§*N*YBuNC]
> kJCN7], eq 6 simplifies to eq 7.

—d[FeMoco-CNBU] _ ky~"*'k,[CN"][FeMoco-CNBU]
dt k_.NBYBUINC] + k,[CN ] 6

—d[FeMoco-CNBU] _ ky™"**k,[CN"][FeMoco—CNBLU]
dt k_,SNBYBUNC]

@)

Thus, a dissociative mechanism can exhibit a first order
dependence on the concentration of Cbut, under such

different concentrations of BNC ([BU'NC] = 1.0-20.0

mmol dnT3), the rate of formation of FeMoeceCN is

independent of the concentration of free'l8G. Thus, we
can conclude that FeMoedCNBU is not reacting by the
dissociative mechanism.

The simplest mechanism consistent with eq 5 is an
associative pathway involving attack of CMirectly at the
Mo and displacement of & BUNC, as shown in the top
line of Figure 8. However, eq 5 is also consistent with the
more complicated associative mechanism shown on the
bottom line of Figure 8. In this more complicated pathway,
initial binding of CN~ to the cofactor occurs preferentially
to a site other than Mo (a kinetically favored binding site),
for example the central Fe sites. With ClHound to an Fe,
subsequent dissociation of the MENBU bond generates
a vacant site on Mo, to which CNcan now move. On the
basis of the kinetic results presented in this paper, it is not
possible to establish which of the two pathways shown in
Figure 8 operates. We will return to this problem later, when
we discuss the results of the theoretical calculations.

The CN- Binding Sites. It seems most likely that CN
binds to a metal site on cofactor, and inspection of the
structure of FeMo-cofactor indicates three regions of the
cluster where CN can bind: tetrahedral Fe (by displacing
an NMF), one or more of the 6 central Fe’s, and Mo. In this
section, we consider the kinetic behavior expected for CN

conditions, must also show an inverse dependence on théyinging to each of these regions in each of the FeMo-cofactor

concentration of free BNC. When the reaction between
FeMoco-CNBU and CN is studied in the presence of

(18) Espenson, J. HChemical Kinetics and Reaction Mechanisms
McGraw-Hill: New York, 1981; p 71.

derivatives.

First, consider the reactivity of the tetrahedral Fe site. For
FeMo-cofactor in the MoFe-protein, the Fe at one extreme
of the cofactor is coordinated to a cysteinate residue whereas

Inorganic Chemistry, Vol. 42, No. 20, 2003 6259



Cui et al.

Table 1. Summary of the Rates of Reactions of FeMeto(L =
NMF, BUNC, or Imidazole) with CN (k") and Comparison with the
Labilities of Fe-NMF (k;") in the Same Cofactors

FeMoco-L kot kit/s71
FeMoco-NMF >150s? 50+ 10
FeMoco-CNBU (2.54+0.5) x 10* 60+ 10

dm*mol~ts?t
FeMoco-ImH 50+ 10s1? 95+ 10

in extracted FeMo-cofactor a labile (presumably NMF) ligand

has replaced this amino acid. Earlier studies show that the

rate of the reaction of extracted FeMeoebo with PhS™ at

the tetrahedral Fek(*) depends on the identity of L (where

L is bound to Mo). For FeMoceNMF, FeMoco-CNBU,

and FeMoce-ImH, the values ofk;," are shown in Table , - , ,

1,3 and compared with the rates of reactions with GK.-). E(',%ure ?-' Space';'”{ﬂg S,\;rucu-fe "Tthek",IO“CﬂB“{ fr? mefg Te S“?{r'fth
gestion aroun e O site. e O end O e coractor wi e

It is evident that there is no correlation between the values R-homocitrate and BNC ligand is shown on the right-hand side of the

of ki* andkz-. With FeMoco-NMF, the reaction with CN figure.

is at least 3 times faster than the rate ofHNMF dissocia-

tion, whereas in FeMocelmH the reaction with CN is 2

times slower than the dissociation of the-F¢MF bond in

this derivative. Thus, although FeMoetmH rapidly gener-

ates a vacant site at the tetrahedral kgMt = 92 s1),

binding of CN" waits for the slower dissociation of the Mo

ImH bond k™" = 50 s') before it binds to the cofactor.

The rate at which CN binds to FeMoce-L is independent

of how rapidly a vacant site is generated at the tetrahedral

Fe. The conclusion must be that Ci not binding to the

tetrahedral Fe site of FeMoed..

binding to the different metal sites of extracted FeMo-
cofactor by means of DFT calculations on fragments of the
FeMoco. Larger models would of course be better, but the
time required for the calculations scales approximately as
the third or fourth power of the number of basis functions.
Furthermore, as the number of metals is increased the number
of possible spin state permutations increases rapidly. Hence,
a full treatment of cyanide binding to the cofactor would be
extremely expensive. Comparison of published calculations
on whole FeMoco with smaller models indicates that the

. . . . latter are of sufficient accuracy to be of qualitative value.
Several theoretical calculatidhand experimental studies y d

. . . For the central Fe and Mo sites, a [(HS)Fe(2W)(SH)-
on altered nitrogenase MoFe-proteins have emphasmgd _th OCH,CO,)] model was used, while the tetrahedral Fe site

Yvas modeled using a [Fe(Sffifragment?° The calculation

of absolute values for the cyanide binding energies is
complicated by the charge on the Chbn. An important
consideration in our choice of the calculation model systems
is that, for the cluster fragments, there are fewer geometric
restraints because some of the bonds are absent. This allows
large distortions when the overall energy is relatively
insensitive to, for example, a particular bond angle. The
distortions always tend to be much worse for charged species
than neutral, because of electrostatic repulsions. This is quite
a routine problem and can be addressed either by including
extra geometrical restraints, or by keeping the fragment
neutral. We prefer the second option as it allows for
distortions, which might occur for other, more mechanisti-
cally relevant, reasons. More important, the calculation of
absolute binding energies for charged species would require
explicit consideration of solvation energies. Hence for the
purposes of the present study, we have confined our efforts
to the calculation of relative binding energies for the different
metal sites. These can be readily obtained by calculation of
the bond dissociation energies for the ‘Cadical rather than

sites. Consideration of the structure of FeMetoshows
that, when bound to Mo, L is too remote from the central
Fe’s to interfere sterically with CNbinding to Fe at either
the FeS; or the MoFgS; end of the cofactor. Specifically
for FeMoco-ImH, if the kinetically favored binding site for
CN~ were any of the central Fe atoms, it is difficult to see
why dissociation of imidazole is an essential prerequisite to
substrate binding. It is much more reasonable that imidazole
must dissociate from FeMoedmH prior to CN~ binding
because imidazole is occupying the site (Mo) where CN
wants to bind, and that the imidazole is sufficiently labile
that it will dissociate.

While the kinetics of the reaction between Chnd
FeMoco-ImH indicate Mo is the kinetically favored binding
site for CN-, for the other derivatives the initial binding site
is more ambiguous. It seems reasonable for FeMdddF
that the Mo-NMF bond is sufficiently labile that dissociation
of this bond precedes the direct binding of Ckb Mo.
However, for FeMoce-CNBU the kinetics indicate an
associative mechanism, but whether initial Céttack is at
Mo or an Fe atom cannot be decided from the kinetics alone.
Model structures, based on the geometries obtained from(1i9) (a) Dance, IChem. Commur2003 324. (b) Hinnemann, B.; Ngrskov,

DFT calculations, reveal marked steric congestion around __ J: K.J. Am. Chem. So@003 125 1466 and references therein.
(20) Truncation with H atoms is routinely used for calculations of this type

Mo in FeMoco-CNBU (Figure 9) and mitigate against direct in order to model the inner coordination spheres of the metal centers
attack of CN at Mo. at reasonable cost. This approach appears to be valid for FeMo-cofactor
Mo—L Bond Strengths: DFT Calculations. We have in that the calculated properties of the metal sites (e.g., with respect

- : 0 . . to N binding) are not seen to vary greatly with the level of truncation
obtained a theoretical description of the energetics of cyanide  of the model (cf. ref 6).
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Figure 10. Structures calculated using density functional theoretical calculations on fragments of FeMo-cofactor, for the bindingtoft@Nthree
different types of metal sites (tetrahedral Fe, central Fe's, and Mo). The figure was constructed using ORTEP-3 for Windows [Farrulji&pipl.J.
Crystallogr. 1997, 30, 565].

Table 2. Calculated M-CN Bond Dissociation Energies for Cyanide experimental assignmehThe observation that the six central
Ligands at Various Sites of FeMoco Fe atoms of the FeMoco are formally four- rather than three-
o M—CN bond dissociation coordinate suggests that the three-coordinate model we have
CN binding site energy/kcal mol used would, if anything, overestimate their ability to bind
Mo no constraints 68 species such as cyanide. This certainly seems to be the case
Mo Fe atom fixed as planar 69 . . . . .
Mo S—Mo—S angles fixed 59 for neutral species, where changing the inner coordination
central Fe no constraints 56 sphere of Fe atoms from Fe® FeSN results in smaller
central Fe Fe atom fixed as planar 46 indi ;
central Fe S-Mo—S angles fixed 56 calculat_ed bmdm_g e_nergl%?sfor both CO and @H,. DFT
tetrahedral Fe 54 calculations on binding of acetylene and CO to the central

Fe sites indicate that the binding energies are lower when
the CN- ion, so avoiding the charge-associated problems the central atom (assumed to be N) is incluéfld. the case
already mentioned. For each structure, several spin stateof CO, which is isoelectronic with cyanide, the binding
combinations were considered (up to four states). For theenergy is reduced by approximately 7 kcal/mol.

FeMo fragment, the different spin states generally gave As shown in Figure 10, coordination of cyanide induces
similar energies; antiferromagnetic coupling of the Mo and distortions in the structure. Most noticeably, the central Fe
Fe spins was marginally preferred over ferromagnetic site becomes tetrahedral, while for cyanide on Mo, the SH
coupling (by -2 kcal mol?). The ground state structures grouptransto the cyanide ligand moves such that the angles
are shown in Figure 10, and the-MCN bond dissociation between the terminal and br|dg|ng M& bonds become
energies (BDEs) are compared in Table 2. more acute (83°lcompared to a mean value of 102fRom
Although we have not attempted to include the effects of the K. pneumoniaéX-ray crystal structure}2 The model is
the newly discovered central C, N, or O atom of the FeMoco intrinsically more flexible than the whole FeMoco, and this
in the present calculations, it is worth considering how this is probably reflected in these relatively large distortions. In
might perturb the results. Obviously, including the central order to estimate the effects of this extra flexibility on the

light atom would change the results of the calculations; results, further calculations were carried out on the ground
however, it would tend to strengthen the case for Mo rather

than weaken it, since the central Fe atoms can no longer b1y (a) christensen, J.: Cash, V. L.; Seefeldt, L. C.: Dean, Di. Riol.
considered as three-coordinate and therefore potentially ~ Chem 200Q 275 11459. (b) Christensen, J.; Seefeldt, L. C.; Dean,
unusually reactive. Very recent theoretical stuth@mlicate o %JD%';'] %he&?%%%é?zsg}%tn(gg ’\Tﬂrg]ezr(’)osz' SMd’Z_N'Eha“S’

that the central atom is most likely to be N, in line with the (22) Durrant, M. C. Unpublished work.
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spin states, using additional geometry constraints; in one setinitial dissociation of L, or by an associative mechanism
of calculations, the central Fe atom was constrained to bewhere CN binds initially to one or more of the central Fe
planar, and in the second, the angles between the terminakites and subsequent dissociation of L allows Gdlmove
and bridging Me-S bonds was fixed at 102.3The results to Mo. Clearly, the factors controlling which site CNinds
shown in Table 2 show that in all cases cyanide has a clearto are (i) the lability of the Me-L bond and (ii) the electronic
preference for the Mo site. The Mo site exhibits a strong effect of L on the cluster core. The relative bond strengths
transinteraction between the CN and terminal SH ligands; of Mo—imidazole and Me-isonitrile have already been
however, even in the most unfavorable case where thediscussed. Taking the theoretical and experimental evidence
S—Mo—S angles are completely rigid, cyanide still prefers together, we conclude that the relatively strong FeMeco
Mo. The Fe-CN BDEs for the central and tetrahedral Fe imidazole interaction results in weaker binding of CHt
sites are comparable, provided that the central Fe site isthe Fe sites. Hence, CNbinding has to await MeImH
allowed to assume a tetrahedral geometry; when this site isdissociation via the upper pathway. In contrast, the weaker
constrained to be planar, the BDE falls off markedly. DFT electron-releasing effect of coordinated isonitrile allows CN
calculation®® on the binding of N and CO to a more to bind to the Fe site(s) of FeMoedNBU. Consequently,
complete model of the FeMoco showed similar distortions the reaction of CN with FeMoco-CNBU occurs principally
of the central Fe sites toward tetrahedral. Hence, the resultsby the bottom pathway. Finally, with FeMoedNMF, it
of the DFT calculations agree with the interpretation of the seems likely that the MeNMF bond breaks sufficiently
kinetic data that cyanide prefers to bind at molybdenum. rapidly that the reaction with CNgoes exclusively by the

A noteworthy feature of the Mo cyanide structure in Figure top pathway.
10 is that the cyanide has adopted a semibridging geometry. Studies on FeMoce-L and the Action of Nitrogenase.
When exploring the geometry of the bound cyanide, this The discussion presented here for the reaction of @ith
semibridging configuration is observed as a minimum despite a variety of different extracted FeMo-cofactor derivatives
the fact that the optimization was started with a purely indicates that CNcan bind to at least two sites on the cluster
terminally bound cyanide. The calculated M6 and Fe-C in the semireduced redox level: the Mo and presumably one
distances of 2.10 and 2.45 A, respectively, show that the of the Fe atoms in the center of the cofactor. DFT
interaction with the trigonal Fe is in this case relatively weak. calculations indicate that both steric and electronic factors
A similar bridging geometry was calculated for the diaz- influence where initially CN binds. There are previous
enido(+) ligand when bound at Mo (i.e., MONNHY.In kinetic studies on any substrate binding to extracted FeMo-
the diazenido case, however, the bridging interaction was cofactor with which to compare our results. In this section,
172, involving the lone pair of th@-nitrogen, and hence more  we will explore how our results on extracted FeMo-cofactor
pronounced. relate to the action of the cofactor in the MoFe-protein. There

The DFT calculations were extended, using the sameare two related, but distinct, aspects that need to be
methodology, to compare the M. BDEs for [(HS)Fe- addressed: (i) What does work on extracted FeMo-cofactor
(SH)Mo(L)(SH)(OCH,COy)] fragments, where = CNMe tell us in general terms about the binding of substrates to
or imidazole. Given the relatively small energy difference the active site? (ii) How do the results presented herein
between the antiferromagnetic and ferromagnetic states forSPecifically relate to the binding of CNby the enzyme?
the binuclear species shown in Figure 10, these calculations The Mo-nitrogenase Gi69 and Alax70 residues are
were limited to the antiferromagnetica”y Coup|ed states Contained in the aCtiVe Site Ca.Vity, Close to the FeMO'COfaCtor
only.2 The calculated Me'L BDEs for the species where and sitting over the central k% faces. Recent studies on
L = CNMe or imidazole were 27 and 37.5 kcal mbl altered nitrogenase MoFe-proteins (where theo®8 and
respectively. Hence, dissociation of imidazole from the Mo Alaa70 are substituted) have led to the proposal that alkynes
site of FeMo-cofactor is predicted to be significantly harder bind to FeMo-cofactor on one of the centralSgefaces*
than the dissociation of isonitrile. It should be noted that Clearly, this is in contrast to our results presented herein
these calculations do not allow a direct comparison of the Which indicate that no Fe atom is tfieal binding site for
affinities of the Mo site for imidazole and alky! isonitrile ~ CN™. While it is possible that different substrates bind at

with that for cyanide, since free cyanide is anionic and will Physically different sites on the cofactor, there could be other
therefore have very different solvation properties. reasons for a difference between studies on the enzyme and

Factors Controlling CN~ Binding Site on FeMoco-L. the extracts which need to be considered. _
Herein we have reported the first kinetic study on the binding  EXtracted FeMo-cofactor undoubtedly contains more labile
of a nitrogenase substrate to extracted FeMo-cofactor in!192nds than the cofactor bound to the MoFe-protein. The
NMF. The results from the kinetic and DFT studies are WO cofactor-ligating amino acids Cy273 and Hisi440in
consistent with the unified picture for the reactions of CN  the protein have been replaced (presumably by NMF) in
with all FeMoco-L presented in Figure 11. In this figure, extracted FeMo-cofactor. The lability of these nonprotein
binding of CN" can occur either directly to the six-coordinate 192nds on extracted FeMo-cofactor could produce a reactiv-

Mo in FeMoco-L by a dissociative mechanism involving 1Y Not possible in the enzyme. In addition, our studies on
extracted FeMo-cofactor are restricted to the semireduced

— 3 H H
(23) Lee, H.-L: Hales, B. J.: Hoffman, B. Mi. Am. Chem. Sod997, state =73/, spin state). In pontrast, studies on the enzyme
119 11395. show that as it turns over it allows the substrate access to
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Figure 11. Unified picture for reactions between CNand FeMoce-L (L = NMF, BUNC, or imidazole).

the cofactor in a variety of different redox states. It is possible of the MoFe-protein and the number of electrons transferred.
that a change in the redox state of FeMo-cofactor affects Using the previously established rate constants for the
the relative affinities of different regions of the cluster toward elementary reactions involved in turnover, the lag times can
substrates. be calculated. Applying these criteria to the results for the
In addition to the problems of redox state and ancillary reduction of cyanide by nitrogenase shows that the delays
ligands in using extracted FeMo-cofactor as a model for the are equivalent to ca. 20 electron transfer steps. This is clearly
active site in nitrogenase, there are other limitations. Most unreasonable in terms of a catalytic cycle, and it has been
notably, the reactions of extracted FeMo-cofactor are studiedsuggested that some additional slow processes must occur
in NMF as the solvent. There is little data about the acid before reduction of cyanide, or inhibition of electron flow,
base properties of species in NMF. Consequently, in the can occur. It has been proposed that the slow steps involve
studies with CN we have not varied the pH of the solution cyanide binding by replacing one or more ligands on the
and hence cannot establish whether the substrate is HCN orcofactor. Clearly, this would be a ligand that is not displaced
CN~. This is an important consideration since earlier studies by dinitrogen since studies on nitrogenase reduction of
indicated that HCN is a substrate for nitrogenase while CN dinitrogen shows ammonia is produced much more rapidly.

is an inhibitor?* The studies described in this paper show that ®Mding
The pre-steady-state kinetics of HCN reductionAno- to extracted FeMocelmH has to await the dissociation of
tobactervinelandii nitrogenase, and CNinhibition of the imidazole. For the FeMo-cofactor inside tiepneumoniae

total electron flow through nitrogenase, have been investi- protein, Mo is coordinated by the imidazole residue of
gated?* The characteristic features of the enzyme’s behavior Hisa440. We have investigated the plausibility of cyanide
in the presence of CNare a 100 ms lag beforelis detected  binding to the Mo site via displacement of this residue, using

(as is observed in the absence of GN\and a furthe3 s lag INSIGHT-II molecular modeling softwafe and the Me-
before electron flow is inhibited by CNor the reduction CN geometry derived from the DFT calculations. We find
product (CH) is observed. that on breaking the MelmH bond by rotations about the

The generally accepted mechanism for nitrogetfd8e  Hisa440 side chain Ck-C bonds, cyanide can indeed be
indicates that lag times are affected by both the redox state

(25) Thorneley, R. N. F.; Lowe, D. Molybdenum EnzymgeSpiro, T.,
(24) Lowe, D. J.; Fisher, K.; Thorneley, R. N. F.; Vaughn, S. A.; Burgess, Ed.; Wiley-Interscience: New York, 1985; p 221.

B. K. Biochemistry1989 28, 8460. (26) INSIGHT II; Accelrys Ltd.: Cambridge, U.K., 2001.
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accommodated at Mo, adopting a semibridging interaction interactions with substrates. In extreme cases, it seems
with an Fe atom, and no significant steric clashes within the plausible that this electronic effect could stop the substrate
protein. Whether CN binding to Mo represents the prequel  binding or change the position of the binding site on the
to CN™ transformation or the inhibition pathway is not clear. cofactor. Certainly, previous studies on synthetie-Bebased

It seems intuitively reasonable that cleavage of the-Mo  clusterd® and extracted FeMo-cofact8rhave shown that
Hisa.440 bond could be sufficiently slow to lead to the long  protonation of the clusters affects their reactivity. In addition,
lag times observed with the enzyme. hydrogen-bonding to extracted FeMo-cofactor has been

Flnally, it is wor.th commentm.g on our observation that ¢p5\wn to influence the reactivity of the cofactér.
electronic factors (i.e., electron-richness of the cluster) affect
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electron flow to substrate is completely abs&ithe residue  hyp://pubs.acs.org.

Hisa195 is close to FeMo-cofactor and is only hydrogen-

bonded to one of the sulfur atoms of the cluster.oli85 is 1C030108Q

a hydrogen-bond donor residue. Replacement ot
by another amino acid (Girl95) is likely to affect the (28) (a) Henderson, R. A.; Oglieve, K. B Chem. Soc., Chem. Commun.
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