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ABSTRACT. Nitrogenase catalyzes the reduction of protons, and a number of alternative substrates that
contain C-C, C—N, N—N, and N-O double and triple bonds. Recently it has been shown that nitrogenase
also reduces the=€S bond of COS and the=€0 bond of CQ. The current work demonstrates that the

COS analogs SCN CS,, and OCNH are novel substrates for nitrogenase and that the reduction of these
substrates produces changes in the electron paramagnetic resonance (EPR) spectrum of nitrogenase,
providing insight into the mechanism of substrate reduction by nitrogenase, HTHN, H,S, and NH*

were detected as products of the nitrogenase-catalyzed reduction of STRlwas reduced by nitrogenase

to H.S, providing the first demonstration of g®&duction catalyzed by a purified enzyme. CO was
detected as a product of KOCN reduction by nitrogenase. Interestingli(.tfier KOCN reduction to

CO decreased at lower pH values, suggesting that OCNH rather tharm @@hl the substrate for
nitrogenase. Analysis of the EPR spectra of nitrogenase under turnover conditions in the presence of
KOCN, CS, or KSCN revealed new EPR signals. Signals wgthalues corresponding to those reported

for CO bound to the irormolybdenum cofactor of nitrogenase were detected during turnover of nitrogenase

in the presence of KOCN. During SCNind C$ reduction by nitrogenase, novel EPR inflections were
observed that appear to report the interaction between nitrogenase and a bound substrate or a transient
intermediate produced during the reduction of SGid CS.

Nitrogenase catalyzes the reduction of t NH; as mechanism of substrate binding and reduction has remained

summarized in eq 1: elusive and is one of the principal outstanding questions in
the study of nitrogenase catalysis. While it is generally
N, + 8e + 8H" + 16MgATP— accepted that substrates bind to a novel mixed metal cofactor

called the iron-molybdenum cofactor (FeMoco) (1Mo-7Fe-
8S-lhomaocitrate), there is currently no direct evidence
] ] demonstrating that Nor any other nitrogenase substrate
Recent X-ray crystal structures of the iron (Fe) protein and pings to FeMoco. The X-ray crystal structure of the MoFe
molybdenurm-iron (MoFe} protein of nitrogenase have protein has produced a model of FeMoco in which 4Fe-3S
revealed elegant structural details about the protein compo-and 1Mo-3Fe-3S partial cubanes are joined by sulfide ligands
nents and associated cofactors (Georgiadis et al., 1992; Kimyjth homocitrate bound to the Mo (Kim & Rees, 1992b).
& Rees, 1992a,b; Howard & Rees, 1996). These structureson the basis of this structure of FeMoco, at least nine models
have stimulated investigations elucidating the role of MgATP of substrate binding to nitrogenase have been proposed
and protein conformational changes in catalysis, docking (Dance, 1996); however, the actual mechanism of substrate
interactions between the protein components, and electronpinding and activation by nitrogenase has not yet been
transfer pathways within the MoFe protein [Seefeldt, 1994; elucidated.

Ryle & Seefeldt, 1996; Lanzilotta et al., 1996; Peters etal.,  one strategy for investigating the mechanism of substrate
1995a; for reviews, see Peters et al. (1995b) and Burgessinging is to examine the range of compounds that can be
and Lowe (1996)]. Interestingly, despite these structural requced by nitrogenase. Substrates for nitrogenase include
models and numerous functional studies of nitrogenase, then, protons, GH,, HCN, Ns~, NO,~, N;O, cyclopropene,
diazirene,trans-dimethyldiazirene, and a number of other
T This work was supported by National Science Foundation Grant small molecules that have in Commo.n the presence—fﬂ:C
MCB-9722937 and Utah State University Agricultural Experiment C—N, N—N, and N-O double or triple bonds (Burgess,
Station Grant UTA 583 to L.C.S. and by a National Science Foundation 1985; Burgess & Lowe, 1996; McKenna et al., 1996). It
Postdoctoral Fellowship to M.E.R. The Bruker ESP300E EPR spec-
trometer was purchased with funds provided by the National Science has recently been shown that COS and,Gee SUb.StrateS
Foundation (BIR-9413530) and Utah State University. for nitrogenase (Seefeldt et al., 1995), demonstrating for the
* Author to whom correspondence should be addressed. Phone:first time that nitrogenase reduces=6 and G=0 bonds. In
(801) 797-3964. Fax: (801) 798390. E-mail: seefeldi@cc.usu.edu. addition to revealing the nature of the chemical bonds that
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1 Abbreviations: Fe protein, iron protein of nitrogenase; MoFe ¢a@n D€ reduced by nitrogenase, the substrate range aiso

protein, molybdenuriron protein of nitrogenase; CODH, carbon  indicates that (i) with the exception of NOand N, all
monoxide dehydrogenase; MES, 2-(4-morpholino)ethanesulfonic acid; known nitrogenase substrates are uncharged molecules and

MOPS, 3-(N-morpholino)propanesulfonic acid; Tris, tris(hydroxy- ! ; ; ;
methyl)aminomethane; EPR, electron paramagnetic resonance; ENDOR,(”) the active site of nitrogenase must be capable of
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fine structure; BSA, bovine serum albumin. large as GH,CN (Burgess & Lowe, 1996).
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2NH, + H, + 16MgADP + 16P (1)




SCN-, CS, and OCNH Reduction by Nitrogenase

Kinetic analysis and competition studies among different
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Methods

nitrogenase substrates are consistent with the existence of

at least two different substrate binding sites or different
oxidation states of the enzyme involved in substrate binding

(Burgess, 1985). Indeed, the redox state of the MoFe protein

plays a critical role in determining whether a particular
substrate binds to the active site. According to the catalytic
cycle proposed by Thorneley and Lowe (Thorneley & Lowe,
1996), the MoFe protein can exist in eight different oxidation
states designated asp Ehrough E with the subscript
representing the number of electrons present beyond th
dithionite reduced state. In this catalytic model, protons bind
to the F and k& states of the MoFe protein, while;Minds
only to the more highly reduced;Bnd E states. HCN binds

to a state that is more oxidized than the-évolving state,
thus accounting for the ability of HCN to completely
eliminate B evolution (Li et al., 1982).

The nature of the interactions between nitrogenase an
small molecule ligands has also been investigated using
spectroscopic probes to monitor changes in FeMoco during
the binding of substrates and inhibitors. Electron paramag-

Nitrogenase Proteins The MoFe protein and Fe protein
of nitrogenase were purified fromzotobactewrinelandii as
described previously (Seefeldt et al., 1992; Seefeldt &
Mortenson, 1993). The specific activities of the component
proteins were 2280 nmol of 8, reduced min~! - (mg of
MoFe protein)* and 2270 nmol of gH, reduceemin=-(mg
of Fe protein)!. Protein concentrations were determined
using a modification of the biuret assay (Chromy et al., 1974)

ewith bovine serum albumin as the standard.

Proton and GH, Reduction AssaysProton and ¢H,
reduction assays were performed at 3D as described
previously (Seefeldt et al., 1995), except that 100 mM
MOPS, pH 7.0, was used as the buffer.

Detection of CH as a Product of KSCN ReductioThe
reduction of KSCN to Chilwas measured at 3@ under 1

gatm of Ar in 10-mL sealed glass vials containing 1.1 mL of

assay solution (100 mM MOPS, pH 7.0, 1 mg/mL BSA, 3
mM MgATP, 5 mg/mL phosphocreatine, 0.16 mg/mL
creatine phosphokinase, and either 10 mM dithionite or 5

netic resonance (EPR) spectroscopy has revealed the existPM titanium citrate (Seefeldt & Ensign, 1994) as the

ence of two separate binding sites faHz and one binding
site for GH,, the product of GH, reduction (Lowe et al.,
1978; Hawkes et al., 1983). EPR analysis has also identified
two cyanide binding sites on FeMoco isolated from the MoFe
protein (Richards et al., 1994). The most well characterized
example of ligand binding to nitrogenase is that of CO, a
nonreducible inhibitor of the reduction of all nitrogenase
substrates except protons (Hwang et al., 1973). EPR

spectroscopy has determined that nitrogenase contains twd

binding sites for CO (Davis et al., 1979), and recent electron
nuclear double resonance (ENDOR) studies have localize
the sites of these interactions to FeMoco (Christie et al.,
1996). These ENDOR studies have provided the first and
only direct evidence thus far for ligand binding to FeMoco
under turnover conditions.

To gain further insight into the mechanism of substrate
binding and reduction by nitrogenase, the reactivities of
thiocyanate (SCN), carbon disulfide (C8, and cyanate
(OCN") were investigated using kinetic analysis and EPR
spectroscopy. These compounds contarrSCor CG=0

bonds, which have recently been shown to characterize a
new class of nitrogenase substrates, including COS and

CO,. The results have identified pathways of reduction
for three novel nitrogenase substrates and have reveale
new EPR signals associated with the reduction of these
substrates.

EXPERIMENTAL PROCEDURES
Materials

Gases were obtained from Liquid Air Corp. (Walnut
Creek, CA). C$%(99.99%) was purchased from EM Science
(Gibbstown, NJ). Hemoglobin was from Pentex, Inc.
(Kankakee, IL). Titanium chloride was from Aldrich
Chemical Co. (Milwaukee, WI).N-Chloro-4-methylben-
zenesulfonamide sodium salt (Chloramine-T), 3-methyl-1-
phenyl-2-pyrazolin-5-one, and 3;8imethyl-1,1-diphenyl-
[4,4'-bi-2-pyrazoline-5,5dione] were purchased through
Fisher Scientific (Pittsburgh, PA). All other chemicals were
of reagent grade and were obtained commercially.

reductant). The concentration of titanium citrate used (5
mM) resulted in the highest amount of nitrogenase-catalyzed
CH, production during a 10-min assay. KSCN was added
from a 500 mM stock solution in water. Each assay
contained 256:g of MoFe protein and was initiated by the
addition of 120ug of Fe protein. After 10 min, the assays

were terminated by the addition of 20 of 2.5 N H,SQ..

CH, was quantified by gas chromatography after separation
na 30 cmx 0.3 cm Porapak N column fitted to a Shimadzu
GC-8A gas chromatograph with a flame ionization detector

ginterfaced to a Hewlett-Packard 3396B integrator. The

column temperature was 3C, and the injector and detector
temperatures were 18C. N, was the carrier gas at a flow
rate of 15 mL/min. CH eluted at 0.81 min. A standard
curve was prepared by adding known quantities of, @H
acid-quenched nitrogenase assay mixtures in sealed 10-mL
glass vials. For determination of the effect of pH on the
rate of substrate reduction by nitrogenase, the assay buffer
consisted of 33 mM MES, 33 mM MOPS, and 33 mM Tris,
adjusted to the appropriate pH with NaOH or HCI.

Measurement of }$ as a Product of KSCN and €S
Reduction. H,S was detected as a product of the nitrogenase-
catalyzed reduction of KSCN and &f®llowing the reaction

f H,S with N,N-dimethylphenylenediamine hydrochloride

o form methylene blue (Ensign, 1995). Substrate reduction
assays were performed at 30 under 1 atm of Ar in sealed
10-mL glass vials containing 1.1 mL of nitrogenase assay
mixture and an empty glass test tubex(3 cm). Titanium
citrate (5 mM) was used as the reductant to avoid interference
from dithionite in the measurement of,51 KSCN was
added from a 500 mM stock solution in water, and, @&s
added fron a 1 Msolution in ethanol. Each assay contained
256 ug of MoFe protein and 1209 of Fe protein and was
terminated with 10QiL of 17.4 N acetic acid. An aliquot
(0.8 mL) of a 1% (w/v) zinc acetate solution was injected
into the test tube, and the vial was shaken (120 cycles/min)
at 30°C to trap the HS in the zinc acetate solution. After
2 h, the amounts of CHand H in the gas phase were
qguantified. The test tube containing the zinc acetate solution
was placed in a 13-mL glass vial containing 5 mL of water,
and the vial was sealed with a butyl rubber stopper. One
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milliliter of 0.5% (w/v) N,N-dimethylphenylenediamine alkaline hypochlorite (20@L of 5% hypochlorite in 10 mL
hydrochloride solutionri 5 M HCI and 0.2 mL of 23 mM of 0.75 M NaOH) were added. The absorbance at 624 nm
FeCk in 1.2 M HCI were injected into the vial. The vials was measured after 30 min. The standard curve consisted
were vortexed vigorously and incubated at room temperatureof known amounts of NkCI added to acid-quenched reaction
for 30 min. The absorbance at 670 nm was measured usingmixtures containing the nitrogenase components.

a Hewlett-Packard 8452A diode array spectrophotometer EPR Spectroscopy.Samples for EPR analysis were
interfaced to a personal computer. A standard curve wasprepared usig a 4 to 1molar ratio of MoFe protein (2.9
made by adding known amounts of 50 mM sodium sulfide mg, 13 nmol) to Fe protein (0.21 mg, 3.3 nmol) in
to acid-quenched assay solutions. The sodium sulfide nitrogenase assay solution (2B0) with 10 mM dithionite
solution was standardized by iodometric titration (Swift & in the presence or absence of 3 mM ATP. All of the reaction
Butler, 1972). To correct for the amount ob$ireleased  components except for the Fe protein were placed in a 600-
from the iron-sulfur-containing centers of nitrogenase upon uL eppendorf tube (for HCN, KSCN, and KOCN) or axi
acid treatment, the nitrogenase components were added t® cm glass test tube (for G&nd HS) sealed in a 10-mL
acid-quenched assay solution containing the substrate. Theglass vial under 1 atm of Ar. The reaction was initiated
amount of HS detected was subtracted from the values with the addition of Fe protein. The solution was im-
obtained under turnover conditions. mediately mixed, and the liquid was drawn up into the

Quantitation of HCN. Cyanide was detected as a product Hamilton syringe to allow the reaction to continue in the
of KSCN reduction using a modification of the pyridine absence of a gas phase. After 2 min, the assay solution was
pyrazolone method (Hargis, 1978). KSCN reduction assaysinjected into a septum sealed argon-purged 4-mm quartz EPR
were performed at 38C in 10-mL vials containing test tubes tube (Wilmad, Buena, NJ) and frozen in liquid.NFor CO-

(1 x 3 cm) as described above for the measurement,8t H  treated samples, nitrogenase was incubated with the complete
After the reaction was terminated with the addition of 100 nitrogenase reaction mixture including 3 mM MgATP
uL of 17.4 N acetic acid, 50«L of 0.1 N NaOH was (turnover conditions) in sealed 10-mL glass vials. The gas
injected into the test tubes to trap the HCN. The vials were phase contained Ar and either 0.0125 atm CO or 0.3 atm
shaken (120 cycles/min) at 3€ for 2 h, and CH and H CO, corresponding to liquid phase concentrations gi®
were quantified by gas chromatography. To measure theCO or 216uM CO, respectively. EPR spectra were recorded
amount of cyanide trapped in the NaOH solution,:&00f on a Bruker ESP300E spectrometer equipped with a dual
the solution was placed in a test tube containing 1.95 mL of mode cavity and an Oxford ESR 900 liquid helium cryostat.
ice-cold 0.15 M potassium phosphate, pH 7.5. Chloramine-T Unless otherwise noted, the spectra were recorded at 12 K
(500 uL of a 0.14% (w/v) solution) was added, and the with a microwave power of 3.19 mW and a microwave
solution was mixed and placed on ice for 5 min. One frequency of 9.64 GHz.

milliliter of a pyridine—pyrazolone mixture (60.8 mg of Numeric Constants and Data AnalysiKinetic constants
3-methyl-1-phenyl-2-pyrazolin-5-one and 24.2 mg of'3,3 were determined by nonlinear regression analysis using the
dimethyl-1,1-diphenyl[4,4-bi-2-pyrazoline-5,5dione] in 25 program IgorPro (Wavemetrics, Inc., Lake Oswego, OR) to
mL of pyridine) was added, and the test tube was vortexed fit the data to the MichaelisMenten equation (Segel,
and incubated at room temperature for 90 min. The 1975): v = (VmalS])/(Km + [S]), wherev = the reaction
absorbance at 632 nm was determined. The standardvelocity and [S]= the substrate concentration. The inhibi-
consisted of known amounts of KCN prepared in acid- tion constants for KSCN inhibition of £, reduction were
guenched nitrogenase assay mixture. estimated using nonlinear regression analysis to fit the data

Hemoglobin Binding Assay for the Detection of Chhe to the equation for mixed or noncompetitive inhibition (Segel,
production of CO during cyanate reduction by nitrogenase 1975; Cleland, 1979; Cornish-Bowden, 1979).
was quantified using a hemoglobin CO binding assay as
described previously (Seefeldt et al., 1995), except that the RESULTS
assay buffer consisted of 83 mM MOPS at pH 7.0 or 83
mM MES at pH 6.0 or 6.5. KOCN was added from a 0.5
M or 2 M stock solution in water.

Quantitation of NH. NH3 produced during the incubation
of nitrogenase with 5 mM KSCN and 10 mM dithionite was
measured using the phenrdiypochlorite reaction (Conway,
1960). The nitrogenase-catalyzed reduction of KSCN was
initiated with the addition of 12%g of MoFe protein and
60 ug of Fe protein and terminated after 30 min with 250
uL of 2.5 N H,SO,. The assay solution was centrifuged in
an eppendorf tube for 4 min, and 1 mL of the supernatant
was placed in the outer well of a Conway microdiffusion _ N
dish (Bel-Art Products, Pequannock, NJ).,S@; (400 uL S=C=0+2e +2H —H,S+CO 3)
of a 0.25 N solution) was added to the center well, followed
by the addition of 1 mL of KCOs-saturated water to the nase (Li et al., 1982), and the six-electron reduction of HCN
outer well. The dish was immediately sealed and placed onwould produce Chland NH;. Therefore, CH production
a shaker to allow the N¥to diffuse into the acid trap. After  was monitored to test the possibility that SCI¥ reduced
2 h the solution in the center well (40Q.) was transferred  as a substrate for nitrogenase.
to a test tube; 1.75 mL of a solution containing 0.14 M A time-dependent increase in Gkbroduction was ob-
phenol and 65«M sodium nitroprusside and 0.5 mL of served when nitrogenase was incubated in a complete

SCN Reduction by NitrogenaseT o provide insight into
the mechanism of substrate binding and reduction by
nitrogenase, the reactivities of SCNCS,, and OCN were
investigated by kinetic analysis and EPR spectroscopy. The
pathway of SCN reduction was predicted to involve the
two-electron reduction of the=€S bond to form HS and
HCN (eq 2) by analogy to the mechanism of COS reduction
by nitrogenase (eq 3). HCN is also a substrate for nitroge-

S=C=N"+2e +3H" —H,S+HCN (2
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FicuRe 1. KSCN reduction to Chiby nitrogenase. Assays were  pigupe 2: Nitrogenase-catalyzed reduction of KSCN teSHHCN,
performed at 30C in sealed 10-mL glass vials under 1 atm of Ar  3nq CH. KSCN reduction assays were performed at°80as

as described in the Experimental Procedures. The complete nitro-qtjined in the Experimental Procedures. The complete nitrogenase
genase assay solution (1.1 mL) contained 100 MM MOPS, pH 7.0, 3ssay solution (1.1 mL; described in the legend to Figure 1)
1 mg/mL BSA, 3 mM MgATP, an ATP-regenerating system contained 5 mM titanium citrate in place of dithionite as the
(consisting of 5 mg/mL phosphocreatine and 0.16 mg/mL creatine reqyctant. Each assay contained 2%60f MoFe protein and was
phosphokinase), 10 mM dithionite, and 5 mM KSCN. Each assay jpjtiated with the addition of 12@g of Fe protein. At fixed times,
contained 256ug of MoFe protein and was initiated with the e assays were terminated with 2@00f 17.4 N acetic acid. HCN
addition of 12Qug of Fe protein. At fixed times, the Gitontent and HS were quantified in separate assay vials as described in the
of the gas phase was quantified by gas chromatography. The assay-yperimental Procedures. The symbols represent the amount of each

conditions were as follows: complete assay soluti®); @ssay product formed: HS (@), HCN (@), and CH (a).
solution without a regenerating system){ assay solution without ’ ’

MgATP (O); assay solution without MoFe proteifl); or assay

solution without Fe protein). It is interesting to note that the concentration of HCN
detected at 10 min was only about &8, which is 2 orders
nitrogenase assay solution containing SCNMithionite, of magnitude lower than the solutid@, for HCN reduction

MgATP, and a MgATP-regenerating system (Figure 1),CH by nitrogenase (4.5 mM HCN) (Li et al., 1982). This
was not detected in the absence of SCNTo verify that suggests that HCN is released from the active site only slowly
CH, production resulted from nitrogenase catalysis rather at neutral pH, but completely upon acid quenching of the
than the activity of a contaminating protein, SCiNas added ~ reaction. Despite the production of HCN during the 30-min
to an assay solution lacking MgATP or one of the protein reaction, there appears to be little or no inhibition of total
components of nitrogenase, which are absolute requirementglectron flux by CN (K of 27 uM) (Li et al., 1982). This
for nitrogenase activity. No CHwas produced when lack of inhibition could be due to the low amounts of CN
MgATP, MoFe protein, or Fe protein was omitted from the expected at pH 6.5 (approximately 04" CN™ at 30 min)
assay (Figure 1). As a final test to confirm the role of or the possibility that HCN is not released from or depro-
nitrogenase in SCNreduction, the assay was performed in tonated at the active site of nitrogenase.
the absence of a MgATP-regenerating system. Because The amount of NH produced during the nitrogenase-
MgADP is an inhibitor of substrate reduction by nitrogenase, catalyzed reduction of SCNwas quantified in a separate
phosphocreatine and creatine phosphokinase are typicallyexperiment. During a 30-min assay containinggpof Fe
included in nitrogenase assays to convert the MgADP protein, the amount of Niproduced (6Gt 9.3 nmol) was
produced during the reaction back into MgGATP. When the approximately 1.3 times the amount of CHetected (47
MgATP-regenerating system was omitted from the SCN 1.4 nmol). This is the same ratio of NHo CH;, reported
reduction assay, CHproduction was inhibited (Figure 1), for the reduction of HCN by nitrogenase (Li et al., 1982),
consistent with a role for nitrogenase in SCheduction to supporting the proposal that GHs produced from the
CHs. These data taken together demonstrate that SEN reduction of HCN. The excess Nigresumably results from
novel substrate for nitrogenase. the hydrolysis of either an enzyme-bound or free methyl-
To further elucidate the pathway of SCNeduction to ~ eneimine intermediate to form NHand a product at the
CHy, spectrophotometric assays were used to detg8iarid oxidation level of HCHO (Li et al., 1982). During the
HCN as potential intermediates. Figure 2 illustrates the time reduction of HCN, methylamine (GNH>), a four-electron
course of the nitrogenase-catalyzed reduction of S&N reduction product, is formed at a constant ratio of 0.35 mol
H,S, HCN, and CH The rate of HS production was  of CHsNH; to 1 mol of CH, (Li et al., 1982); thus, CENH;
essentially constant during the course of the 30-min assay.is likely to be a minor product of SCNreduction by
In contrast, the rate of HCN production decreased substan-nitrogenase. If BS is the only sulfur-containing product of
tially during the assay, while CHproduction exhibited an ~ SCN- reduction, and Clj HCN, HCHO, and CkHNH; are
initial lag, followed by a constant rate of production. One the major carbon-containing products, the amount ¢& H
possible explanation for the initial high rate of HCN produced should be roughly equivalent to the sum of the
production is that early in the time course there could be an amounts of the carbon-containing products. At the 30-min
initial slow release of the two-electron reduction product from time point, the sum of the amounts of ¢pllus HCN was
the active site before it can be further reduced by nitrogenase.126 nmol, equivalent to 88% of the amount ofSfroduced
Later in the assay, perhaps corresponding to a gradual(143 nmol). HCHO and CpgNH, could account for the
increase in more reduced forms of the enzyme, there couldremaining 12% of the carbon-containing products. The
be more efficient use of HCN to form the fully reduced above results taken together are consistent with a pathway
product CH. of KSCN reduction in which the €S bond of SCN is
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Table 1: KSCN Reduction to CHiunder Different Gas Phases

aValues represent the average of three determinations.
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[KSCN] (mM) 0151~
Ficure 3: Effect of KSCN concentration on the rate of €H - 20F o010l _
formation by nitrogenase. KSCN reduction assays were performed £ g
at 30 °C in complete nitrogenase assay solution (1.1 mL), with £ 005
100 mM MES, pH 6.5, as the buffer and 10 mM dithionite as the T 151 7
reductant. Each assay contained 2&860f MoFe protein and 120 o 0.00 | L
ug of Fe protein. After 10 min, the assays were terminated by the 2 1.0} o 5 10 4
addition of 25QuL of 2.5 N H,SOy. TheKy, (0.9 0.1 mM KSCN) 3 HICoHe] (m)
andVmax (31 £ 1.2 nmol of CH-min—'-mg of Fe protein?) were 2
determined using nonlinear regression analysis to fit the data to 0.5 7
the Michaelis-Menten equation as shown. = (Vma{S])/(Km +
[S]), wherev = the reaction velocity and [SF the substrate 0.0\ i
concentration (Segel, 1975). The solid line shows the best fit of . ,
the data to a hyperbola calculated using the Michadlenten -20 -15 -10 -5 0 5
equation. [KSCN] (mM)

|n|t|a||y reduced by two electrons to form ZB and HCN, Ficure 4: KSCN inhibition of GH, reduction by nitrogenase. The

o ; assays were performed at 3C in complete nitrogenase assay
followed by the six-electron reduction of HCN to Gland solution (1.1 mL) containing 100 mM MOPS, pH 7.0, as the buffer

NH3_- . ] ] . and 10 mM dithionite. Various amounts of KSCN-® mM) and
Kinetics of SCN Reduction by NitrogenaseThe maxi- CoH, (20500 uL) were added to a series of assay vials. MoFe

mum rate of CH production was obtained at pH 6.5, the protein (256ug) was added to each vial, and the reaction was
same value obtained for the nitrogenase-catalyzed reductiorinitiated by the addition of Fe protein (12). After 5 min, the

. . reactions were terminated by the addition of 240 of 2.5 N
of COS (Seefeldt et al., 1995). Atthis pH, thiocyanatéyp 5o, C,H, was measured as described in the Experimental

= 0.97; Macintyre, 1992) is present almost exclusively as procedures. The vials contained the following amounts #,C
the anionic species SCiNthus, SCN is more likely than 20 (0), 30 (»), 40 ), 60 (v), 100 (), and 50QuL (x). The data
HSCN to be the substrate reduced by nitrogenase. Interestwere fit to the equation for mixed inhibition (Cleland, 1979;
ingly, SCN™ is one of only three anionic compounds, Cornish-Bowden, 1979), and the following kinetic constants were

. . . ) . obtained: Kj; = 10.14+ 1.2 mM KSCN andK;; = 14.7+ 3.8 mM
including Ne~ (Dilworth & Thorneley, 1981; Rubinson et kScN. Inset: Plot showing the slope of each line versus the

al., 1985) and N@ (Vaughn & Burgess, 1989), to be reciprocal of the gH, concentration, indicating mixed inhibition.
characterized as a substrate for nitrogenase.

The concentration profile for the nitrogenase-catalyzed reduction of alternative substrates, did not affect the rate of
reduction of SCN to CH, approached typical hyperbolic CH, production. CO, which inhibits all substrate reduction
saturation kinetics when the KSCN concentration was less reactions except for proton reduction, completely inhibited
than 6 mM (Figure 3). Above 6 mM SCN substrate CH, production by nitrogenase. A previous report (Li et
inhibition of SCN- reduction to CH occurred (data not al., 1982) showed that HCN reduction is not inhibited by
shown). A fit of the data to the Michaelidenten equation ~ N,. This result was interpreted to mean that HCN and N
resulted in an apparei, of 0.9+ 0.1 mM SCN and an bind to different sites or oxidation states of nitrogenasge. N
apparent/max of 31+ 1.6 nmol of CH produceemin=-(mg inhibition of SCN- reduction indicates that these compounds
Fe protein)®. The kinetic constants are reported as apparent may compete for binding to the same site or oxidation state;
values because the nitrogenase-catalyzed reduction of SCN however, the lack of inhibition by Hdemonstrates that the
to CH, involves multiple steps. Thi, for SCN- reduction mechanisms of Nand SCN binding and reduction are not
was also determined by measuring the direct prody&,H identical.
and the result was consistent with tKg determined by The interaction between SChind GH, was investigated
measuring Cl TheK,, for SCN™ reduction is of the same by examining the kinetics of SCNinhibition of CH,
order of magnitude as thi¢,, reported for the nitrogenase- reduction (Figure 4). Analysis of the Dixon plot indicated
catalyzed reduction of COS (3.1 mM) (Seefeldt et al., 1995). that SCN is a rapid-equilibrium inhibitor of ¢H, reduction.

Examination of the competition between substrates and To distinguish between competitive and mixed inhibition,
inhibitors is one way to investigate the nature of substrate the slope of each line of the Dixon plot was plotted against
binding to nitrogenase. Thus, the effects of N, and CO the reciprocal of the §H, concentration. The resulting line
on the rate of CH production from SCN were analyzed intersected thg-axis at a point above 0, indicating mixed-
(Table 1). One atmosphere of khibited SCN reduction type inhibition (Cornish-Bowden, 1979). A fit of the data
to CH, by 46%, indicating that Mand SCN compete as  to the equation for mixed-type inhibition (Cleland, 1979)
substrates for electrons or for binding to the active site of resulted in values df;; of 10.14+ 1.2 mM SCN andKj, of
nitrogenase. b an inhibitor of N reduction but not the  14.74+ 3.8 mM SCN.
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Ficure 5: C$ reduction to HS by nitrogenase. GSeduction
assays were performed at 3€ in complete nitrogenase assay
solution (1.1 mL) with 100 mM MES, pH 6.5, and 5 mM titanium
citrate. The assays contained 256 of MoFe protein and were
initiated by the addition of 12@g of Fe protein. After 10 min, the
reactions were terminated with 1@0 of 17.4 N acetic acid. b5
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Ficure 6: Cyanate reduction to CO by nitrogenase. CO produced
during the nitrogenase-catalyzed reduction of cyanate was measured
spectrophotometrically using the hemoglobin CO binding assay as
described in the Experimental Procedures. The assays were
performed at 30C in 2.2-mL Ar-purged quartz cuvettes containing
1.2 mL of assay solution (83 mM MOPS, pH 7.0, 1 mg/mL BSA,

produced during the assays was quantified as described in the0.2 mg/mL hemoglobin, 2.7 mM MgATP, 0.15 mg/mL creatine
Experimental Procedures. The line shows the best fit of the data tophosphokinase, 4.5 mg/mL phosphocreatine, 8.3 mM dithionite,

a hyperbola calculated using the Michaelldenten equation
(Segel, 1975). The following kinetic constants were obtaing:
=1.7mM= 0.1 CS andVpax= 157+ 4 nmol of LS 'min~1-mg

of Fe protein®. Inset: Plot showing the reciprocal of the velocity
(1/v) versus the reciprocal of the g8oncentration. The reciprocal
velocity (1#) is expressed in units of 1/(nmol ofBmin~-1-mg of
Fe protein).

CS as a Substrate for Reduction by Nitrogena&s, was
previously shown to be an inhibitor of proton reduction by
nitrogenase and a rapid-equilibrium mixed-type inhibitor of
nitrogenase-catalyzed,d, reduction (Seefeldt et al., 1995);
however, the possibility that G®ould be a substrate was
not investigated. Given the structural similarity of 08
COS and SCN, it was predicted that nitrogenase could
reduce the &S bond of Cgto form H,S. When nitrogenase
was incubated with GSH,S was produced through a process
requiring C3, MgATP, and both components of nitrogenase
(data not shown), demonstrating that,G$a substrate for
nitrogenase. This result is the first example of,@&&luction
by a purified enzyme. In the absence of a MgATP-
regenerating system, the rate gfSJroduction over a period
of 10 min was inhibited by 74%, providing additional
evidence that nitrogenase is required for, @&luction. The
pH optimum for C$ reduction was 6.5, and the rate of$
production was constant for at least 10 min up to a
concentration of 20 mM GS

The effect of C% concentration on the rate of ,.H
production by nitrogenase is illustrated in Figure 5. From a
fit of the data to the MichaelisMenten equation, th&,
was estimated to be 1# 0.1 mM CS, and theVya. was
estimated to be 15% 4 nmol of HS produceemin—-(mg
of Fe protein)’. The fate of the reduced carbon atom of
CS is unknown at this time. CO and Giere not detected
as products of Ceduction, and no additional peaks eluting

and 2 mM KOCN). Each assay contained 2&860f MoFe protein

and was initiated by the addition of 12@ of Fe protein, unless
otherwise noted. The assay solutions contained the following
components: trace 1, complete assay mixture; trace 2, assay solution
without ATP, followed by addition of ATP to 2.7 mM at 30 s
(indicated by the arrow); trace 3, assay solution without MoFe
protein; trace 4, assay solution without Fe protein.

to CHs;. In the second pathway, the= bond would be

4

reduced to form CO and NHeq 5) in a manner similar to
the reduction of C@(eq 6).

O=C=N"+2¢ +3H"—H,0+ HCN

O=C=N"+2¢e + 3H"—CO+ NH, (5)

(6)

To distinguish between these pathways, Qifoduction
was monitored in a nitrogenase assay containing 5 mM
KOCN at pH 7.0. No ChH was detected during a 10-min
assay. Therefore, to determine if CO was produced from
KOCN reduction via C-N bond reduction (eq 5), CO was
quantified using a hemoglobin CO binding assay (Seefeldt
etal., 1995). In this assay, the binding of CO to hemoglobin
results in a change in the visible absorbance spectrum of
the heme near 418 nm, which can be monitored spectro-
photometrically. The binding of CO to hemoglobin plays a
second critical role by removing free CO from the assay
solution. This alleviates any potential inhibitory effects of
CO on nitrogenase activity. Figure 6 illustrates the time
course of the production of CO when nitrogenase was
incubated with 2.5 mM KOCN at pH 7.0. In the presence
of the complete assay mixture, KOCN was reduced to CO.

0=C=0+2¢e +2H"— CO+ H,0

from the Porapak N column were detected using a flame No CO was detected when MgATP, MoFe protein, or Fe

ionization detector.
OCNH Reduction by Nitrogenasé\ logical extension of

protein was omitted from the assay, demonstrating that
nitrogenase is required for KOCN reduction to CO (Figure

the characterization of nitrogenase substrates containing6).

C=0 and G=S bonds was to investigate the reactivity of
OCN-, a structural analog of both G@nd SCN. Since
OCN~ is a bidentate ligand, two pathways of OCN
reduction by nitrogenase can be envisioned.
pathway, the &0 bond can be reduced to form® and
HCN (eq 4), which would be further reduced by nitrogenase

The effect of pH on the rate of KOCN reduction to CO
by nitrogenase was determined using a mixed buffer system
over a range of pH values from 5.5 t0 8.5. The pH optimum

In the first for the nitrogenase-catalyzed reduction gfig; COS, SCN,

and CSis 6.5. In contrast, the rate of KOCN reduction by
nitrogenase increased with decreasing pH from 7.0 to 5.5.
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Ficure 7: Effect of KOCN concentration on the rate of nitrogenase-
catalyzed CO production. CO production from the nitrogenase-
catalyzed reduction of KOCN was monitored using the hemoglobin

CO binding assay as described in the legend to Figure 6, except N . L .

that the assay buffer was 83 mm MES at pH 68 6r pH 6.5 2800 3200 3600 4000

(m). The data were fit to the Michaetisvlenten equation (Segel,

1975), and the kinetic constants are reported in the besét: Plot Magnetic Field (Gauss)

of the data as a function of HOCN concentration at each pH. Fgure 8: Effect of KOCN on the EPR spectrum of nitrogenase
Specific activity is reported as nmol of C@in~mg of Fe under turnover conditions. EPR samples were prepared as described
proteirr® at pH 6.0 ©) and pH 6.5 ). in the Experimental Procedures ugia 4 to Imolar ratio of MoFe

protein (2.9 mg, 13 nmol) to Fe protein (0.21 mg, 3.3 nmol). The
Below pH 5.5, the assay mixture was unstable and assayreaction solution (25@L) contained 100 mM MES, pH 6.0, (or
components began to precipitate. Therefore, the kinetic 100 mM MOPS, pH 7.0), 1 mg/mL BSA, 3 mM MgATP, 5 mg/

P ; mL phosphocreatine, 0.16 mg/mL creatine phosphokinase, 10 mM
determinations of KOCN reduction were performed at pH dithionite, and KOCN or CO where indicated. After MoFe protein

6.0 and 6.5. Th&;, of KOCN reduction was dependent on \yag added, the reaction was initiated with the addition of Fe protein.
the pH of the assay solution (Figure 7). At pH 6.0 te The solutions were mixed as described in the Experimental
was 6.1+ 0.7 mM KOCN and th&/maxwas 1164 5 nmol Procedures. Samples were incubated at ambient temperature (22
of CO produceemin-(mg of Fe protein)?, while at pH °C) for 2 min prior to freezing in EPR tubes in liquicbNrhe EPR

spectra were recorded at 12 K with a microwave power of 3.19
6.5, theKm was 20+ 0.7 mM KOCN and the/max was 134 mW and a microwave frequency of 9.64 GHz. In trace 1, the

+ 8 nmol of CO producedhin™-(mg of Fe proteim)*. The nitrogenase assay solution contained 30 mM KOCN at pH 6.0 in
pH dependence of thé, suggested that OCNH rather than the absence of MgATP. In traces—2, the nitrogenase assay
OCN- was the substrate for reduction by nitrogenase. To fscﬂgyvci)rr]lgcggéﬁiigﬁg ?}rgcl\g y%ﬁ?o%ﬂ%?ﬁ goglolirt;%rés% %nodrm/?
. ; (0] : ) .U, )
CO production, the concentrations of OCNH were calouiated KOOI 8LPH 6.0;race 4 1 KGN al p 6.0: race . 30 i

- ' - KOCN at pH 7.0; trace 6, %M CO (0.125 atm CO in the gas
using the HenderserHasselbalch equation and K pvalue phase) at pH 6.0; trace 7, 2181 CO (0.3 atm CO) at pH 6.0.
for OCNH of 3.86 (Macintyre, 1992). When the rates of
CO production were plotted as a function of OCNH mM KOCN at pH 6.0 under turnover conditions, a signal
concentration rather than OCNconcentration, the fits of  with inflections atg = 2.16, 2.09, and 2.05 was observed
the data at pH 6.0 and 6.5 were nearly identical (Figure 7, (trace 3). The spectrum in tlie= 4.3 region was essentially
inset). The corresponding values of tkg, for OCNH the same as the spectrum of nitrogenase and MgATP without
reduction by nitrogenase were 48 OCNH at pH 6.0 and KOCN added, except that a small inflection near=gt.46
44 uM OCNH at pH 6.5. These results are consistent with was observed (data not shown). In the absence of MgATP
the proposal that OCNH rather than OCM the substrate  the spectrum was identical to that of nitrogenase without
for reduction by nitrogenase. Although @ldould not be added KOCN, indicating that under nonturnover conditions
detected in assays without hemoglobin present to trap theKOCN does not react with nitrogenase in a way that affects
CO, small amounts of CHwere produced in the assay the EPR properties of the metal clusters. When nitrogenase
cuvettes containing hemoglobin. This indicates that both the was incubated with 1 mM KOCN under turnover conditions,
C—0 bond and the €N bond of OCNH are susceptible to a dramatically different spectrum was produced (trace 4).
reduction by nitrogenase. The main features of this spectrum were inflectiong at

EPR Spectroscopy of Nitrogenase during OCNH, SCN 2.08, 1.98, and 1.92. Minor inflections were evident rggar
and C$ Reduction. To further investigate the interactions = 2.16 and 2.05.
of nitrogenase with substrates containing=€ and G=0 Since CO is a product of KOCN reduction, the spectra of
bonds, the effects of OCNH, KSCN, and £O®&duction on nitrogenase treated with KOCN were compared with the
the EPR properties of nitrogenase were determined. Figurespectra of nitrogenase incubated under turnover conditions
8 illustrates the effects of substrate concentration and pHwith a relatively low concentration of CO (0.0125 atm; 9
on the EPR spectra of nitrogenase treated with KOCN. uM) (trace 6) or a high concentration of CO (0.3 atm; 216
Traces 1 and 2 show the EPR spectra of nitrogenase in theuM) (trace 7). The spectrum of nitrogenase treated with 30
absence of MgATP (nonturnover conditions) or in the mM KOCN at pH 6.0 resembled that of nitrogenase treated
presence of MgATP (turnover conditions) without added with a high concentration of CO. This so-called “hi-CO
KOCN or CO. When nitrogenase was incubated with 30 signal” (Christie et al., 1996) reports the binding of two
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of nitrogenase under turnover conditions. Samples (2&)

contained MoFe protein (2.9 mg, 13 nmol), Fe protein (0.21 mg, . . . .
3.3 nmol), and the complete reaction solution in 100 mM MES, treated with SCN, suggesting a common transient interme-

pH 6.5, as described in the legend to Figure 8. Prior to the samplesdiate in the reduction of SCNand CS. Nitrogenase treated
being frozen in liquid M, the assay solutions were incubated for 2 with H,S did not produce the new EPR inflections (data not
min in the presence of 3 mM MgATP and the following compo- shown), indicating that the EPR signals did not result from

nents: trace 1, no addition; trace 2, 68 HCN; trace 3, 2 mM ;
KSCN: trace 4. 0.6 mM CSand 84 mM DMSO. The EPR specira & COMPlex between nitrogenase and the produgs.H

were recorded at 12 K with a microwave power of 3.19 mW and However, “'tfoge“ase treated W'th B ,HCN’ a product
a microwave frequency of 9.64 GHz. The arrows indicate inflections 0f SCN™ reduction, produced a signal withgavalue at 2.02
associated with the interaction of nitrogenase with (a) a sulfur- (trace 2). Thisg = 2.02 inflection (marked “b”) is present
containing adduct or (b) cyanide. in the spectrum of nitrogenase treated with SQMace 3)
but not CS (trace 4), indicating that the SCNspectrum

molecules of CO to FeMoco, indicating that under the can pe resolved into two components resulting from the
conditions studied the reduction of KOCN resulted in the nteraction of nitrogenase with a sulfur-containing species

binding of two molecules of CO to FeMoco. The spectrum (inflections atg = 2.21, 1.99, and 1.97) or with a cyanide

of nitrogenase treated with 1 mM KOCN was similar to that aqdduct or reduction intermediate (inflectiongat= 2.02).

of nitrogenase incubated with a low concentrationu(9)

of CO. The inflections neag = 2.08, 1.98, and 1.92 report D|SCUSSION

the presence of FeMoco with one CO bound; however, the

small inflections ag = 2.16 and 2.05 indicate that some of The present work describes the kinetic characterization and

the FeMoco molecules also contained two bound CO EPR spectroscopic analysis of three novel substrates for

molecules. Because th€, of KOCN reduction is pH-  nitrogenase, SCN CS, and OCNH, which are members

dependent, the effect of pH on the EPR spectrum of of the new class of nitrogenase substrates that conts8 C

nitrogenase treated with 30 mM KOCN was examined (trace 0r C=0O bonds. SCN is one of only three anionic

5). The spectrum obtained at pH 7.0 contained both the lo- compounds that have been characterized as substrates for

CO and hi-CO signals. The rate of CO production at pH hitrogenase. The conclusion that SChather than HSCN

7.0 is lower than the rate at pH 6.0, resulting in a CO is the reducible substrate is based on the &y for SCN-

concentration that is intermediate between the amount of CO(0.97) and the observation that tkg for SCN™ reduction

required to produce either the lo-CO or hi-CO signal was not dependent on pH. In contrast, #g for OCN-

exclusively. decreased at lower pH values, suggesting that the protonated
The effects of SCN and C$ on the EPR spectra of ~species OCNH was the actual substrate reduced by nitroge-

nitrogenage are presented in Figure 9. Under turnoverhnase. These results are consistent with the observation that

conditions in the presence of 2 mM KSCN, new inflections the biological effects of cyanates are due primarily to the

with g-values at 2.21, 2.02, 1.99, and 1.97 were observed Protonated species, while the biological reactions of thiocy-

(trace 3). The intensity of the inflection@t= 2.21 remained ~ anates most commonly involve the anionic form (Cohen and

constant from 1.5 to 3.5 min, indicating that the signal was Oppenheimer, 1977). The reduction of 0 nitrogenase

saturated during this time period. The intensity decreasedis the first demonstration of GSeduction catalyzed by a

to 25% of the maximum value by 6 min and was undetectable purified protein. The bioconversion of @By aThiobacillus

by 15 min, suggesting that the enzyme was no longer turning SPecies that apparently uses.G the sole energy source

over. Incubation of nitrogenase with 0.6 mM £&nd 84 has been reported (Plas et al., 1993); however, the reaction

mM DMSO resulted in the production of new EPR inflec- Products and the enzymes required for the degradation of

tions (trace 4) that were not present when nitrogenase wasC<: by this organism have not been identified.

incubated with DMSO alone. A simulation of the spectrum  Pathways of Substrate Reductioithe characterization

of nitrogenase treated with G8t reasonably well with a of SCN-, CS, and OCNH as novel substrates for nitrogenase

model for Fe in a high sulfur coordination environment. can be discussed in terms of the mechanism of substrate

Interestingly, theg-values of the spectrum obtained with S  binding and reduction by nitrogenase. The proposed path-

(g = 2.21, 1.99, and 1.97) were similar to three of the ways for the reduction of SCN CS, and OCNH are

inflections (marked “a”) in the spectrum of nitrogenase illustrated in Scheme 1. In this scheme, M represents
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FeMoco of the MoFe protein of nitrogenase. Note that this reduction. First, in the absence of a hemoglobin CO binding
is a schematic model of the reactions proposed and is notsystem, CO produced during COS reduction would inhibit

meant to imply the actual bonding configurations.,SH
HCN, CH,, and NH were produced during the nitrogenase-
catalyzed reduction of SCN These products are consistent
with an initial two-electron reduction of the=€S bond of
SCN- to form H;S and HCN, followed by the six-electron
reduction of HCN to Chland NH; (Scheme 1A), presumably

through enzyme-bound methyleneimine and methylamine

the further reduction of COS. Second, since CO does not
inhibit the reduction of protons, the effect of small amounts
of CO produced during COS reduction would be to allocate
all of the electron flux to proton reduction. These two CO
effects would prevent COS from inhibiting proton reduction
substantially even though COS is a substrate for nitrogenase.
EPR SpectroscopyNitrogenase contains two binding sites

intermediates as proposed by Burgess (1985). The ratio offor CO. Distinct EPR signals are produced when one site

NH3 to CH, formed from SCN reduction (1.3 to 1) was

is occupied by CO (at low CO concentrations) and when

the same ratio observed previously during the reduction of two sites are occupied at high CO concentrations. During

HCN (Li et al., 1982), supporting the proposal that Nthd
CH, were derived from the reduction of HCN. The reduction
of CS; by nitrogenase produced,8l through a mechanism
involving the two-electron reduction of one of the=G
bonds of Cg(Scheme 1B). The carbon-containing product

the nitrogenase-catalyzed reduction of OCNH to CO, the lo-
CO signal was observed under conditions which produced
low amounts of CO, while the hi-CO signal was produced

in the presence of high OCNH concentrations at pH 6.0. This
is the first example of the identification by EPR spectroscopy

of CS; reduction was not detected. CS, the product predicted of a nitrogenase product formed during the reduction of the

from analogy to the mechanism of COS and SG@aduction,

is highly unstable and tends to polymerize in solution
(Macintyre, 1992). The major product of OCNH reduction
by nitrogenase was CO. This product would result from the
two-electron reduction of the=€N bond as shown in Scheme
1C. Small amounts of CHwere also detected during the
reduction of OCNH, providing evidence for an alternative
pathway in which the &0 bond is reduced to form @
and HCN, and HCN is reduced to Ntnd CH, (Scheme
1D).

Interactions of SCN with Nitrogenase Substrates and
Inhibitors. N, and CO inhibited the reduction of SCNby
nitrogenase, while Hhad no effect on SCNreduction. It
has been previously shown that Moes not inhibit HCN
reduction, suggesting that HCN and bind to different sites
or oxidation states of nitrogenase (Li et al., 1982). The
inhibition of SCN- reduction by N indicates that these

corresponding substrate. A unique EPR signal has been
observed when nitrogenase is treated witbH{C under
turnover conditions (Lowe et al., 1978); however, this signal
is not detected during the reduction ofH; presumably
because the two compounds compete for a common binding
site on FeMoco and £, has a relatively low affinity for
nitrogenase, = 1.5 mM).

Because an equilibrium may exist between CO binding
and diffusion at the active site, it is difficult to predict the
effective concentration of CO at the active site of the MoFe
protein. However, it is possible to estimate the total amount
of CO likely to be produced by nitrogenase in the EPR
samples. At 30C with 30 mM KOCN at pH 6.5, the rate
of OCNH reduction would be approximately 100 nmol of
CO-min~1-(mg of Fe protein)! (Figure 7). During prepara-
tion of the EPR samples at ZZ, the reaction might be
expected to proceed at approximately half that rate. The

compounds compete as substrates for nitrogenase; howevelEPR samples contained 0.21 mg of Fe protein in 0.25 mL,

since H inhibits the reduction of N but not SCN, the
mechanisms of Nand SCN binding and reduction cannot
be identical.

SCN- is a rapid equilibrium mixed-type inhibitor of €,

and therefore the solution concentration of CO produced in
2 min is expected to be about @M. Since the reaction
contained 52tM MoFe protein, equivalent to 1Q4M active
sites (two active sites per MoFe protein), there might not be

reduction by nitrogenase. The classical interpretation of enough CO produced to bind greater than one CO molecule

mixed inhibition is that the inhibitor binds with different
affinities to two different forms of the enzyme, the free
enzyme and the enzymsubstrate complex. The inhibition
constantsKj; and K, represent different affinities of the

per active site if CO is first released from the active site
before binding FeMoco. The hi-CO signal (Figure 8)
suggests that at least some of the active sites contain two
bound CO molecules; thus, the levels of the EPR signal may

inhibitor for the free enzyme and enzyme-substrate complex, not be consistent with the release and rebinding of CO and

respectively (Segel, 1975). Thus, mixed inhibition gHg
reduction by SCN suggests that SCNcan bind to both
nitrogenase and the nitrogenas&H, complex. One pos-
sible interpretation of mixed inhibition of £, reduction
by SCN is that the two substrates bind to different locations
or different oxidation states of the MoFe protein. If the

indicate that the concentration of CO at the active site may
be higher than in the total solution. This is possible since
CO is generated in the active site of nitrogenase during the
reduction of OCNH.

Nitrogenase treated with G8xhibited an EPR signal with
g-values at 2.21, 1.99, and 1.97, while SCproduced an

binding of these substrates occurred at the same site anEEPR spectrum with the same three inflections plus an

oxidation state, purely competitive inhibition would be
expected. In contrast, mixed or partial inhibition would result

additional inflection ag = 2.02. No signal was observed
when nitrogenase was treated under turnover conditions with

if one substrate binds to a more oxidized or more reduced H,S, a product of the nitrogenase-catalyzed reduction of both

form of the enzyme.
It is interesting to note that SCNnhibits both GH, and

SCN™ and C$, suggesting that the spectrum did not result
from H,S binding to nitrogenase. The inflections with

proton reduction by nitrogenase, while the closely related g-values at 2.21, 1.99, and 1.97 exhibited characteristics of

compound COS inhibits {1, reduction but not proton

Fe in a high sulfur coordination environment and could

reduction (Madden et al., 1990; Seefeldt et al., 1995). The represent the formation of a nitrogena$&S, complex or a

inability of COS to inhibit proton reduction by nitrogenase
could result from two effects of CO, the product of COS

transient intermediate in the reduction of LS he binding
of CS, and SCN is proposed to occur through a common
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mechanism InVOIVI.ng the binding of €S to Fe atoms of Table 2: Kinetic Constants of Selected Nitrogenase Substrates
FeMoco as shown in Scheme 1. The appearance of common

; ; ; ; ; KealKm
EPR_lanecthns d_urlng the reduction qf eand _SQN is substrate ke (s Kn(MM) (mM-Ls) reference
consistent with this proposed mechanism of binding.
. ) cos 0.039 3.1 0.0126 Seefeldt et al., 1995

If the EPR spectrum of nitrogenase treated with, &S Cco, 0.00085 23.3 0.0000365 Seefeldt et al., 1995

due to the binding of a transient intermediate, it is likely SCN~  0.300 0.9 0.333 thr:S workk
i i i CS 0.167 1.7 0.098 this wor

that not all of the active sites of the MoFe protein are OONH  0.143 0045 318 this work

saturated with the proposed intermediate. While it is difficult : _ :
to estimate the concentration of a transient intermediate at _°keaiS expressed relative to the Fe profein as the number of electron
. . . . airs per second used to reduce each substt&stimated number of
the active site of nitrogenase, a reasonable estimate of théélectron pairs per second used to reduce S@N HCN, HCHO,
total amount of Cgreduced in the EPR sgmplgs can be made cH,NH,, and CH, calculated as described in the text.
by assuming that the rate of g8&duction with 0.6 mM
CS; at 22°C is approximately 20 nmol of $#$-min~-(mg
of Fe protein)* (about half the rate observed at qD; Figure .
5). In 2 min with 0.21 mg of Fe protein, there would be progluct.lon (Scheme 1D). .
only about 8 nmol of Cgreduced compared to 26 nmol of . Klnetlc Comparisons of Nltrog_enase SubstrateBhe
MoFe protein active sites. The amount of the putative kinetic constants for selected nitrogenase substrates are
intermediate present in the sample is expected to be lowerPreésented in Table 2. The, values for SCN (0.9 mM)

than the total amount of substrate reduced, and therefore eve/@d C2 (1.7 mM) are similar to the affinities reported for
if the binding were tight, only a portion of the active sites COS (3.1 mM), HCN (4.5 mM) (Li et al., 1982) and,i,
would contain a bound intermediate. (0.4 mM) (Davis et al., 1975). In contrast, thg for OCNH

(0.045 mM) was at least 1 order of magnitude lower than
the values for these alternative substrates and was close to

reduction of OCNH to HO and HCN in the pathway of CH

The inflection atg = 2.02 produced during the reduction
of SCN™ (but not C$) was also observed when nitrogenase : _
was treated with HCN under identical conditions. Therefore, Eg?vgglfgfﬂf E\Satﬂy fg?g)rti? e fg;ém:Krnr;ol ec%l?dir;z,\i/:zane
theg = 2.02 inflection observed during SCNeduction can (CHoN3) (K = O 05_'0 09 m’M) (McKenna et al., 1996)
be accounted for by the cyanide moiety produced during the ; - 4 HNG (Km _ 0.612 rﬁM) in the six-electron red'ijction ti)
reduction of SCN. In preliminary EPR studies, it appears form NoHq n::md NH (Rubinson et al., 1985; Dilworth &
th.at theg = 2.02 inflection results from cyaniQe interaction Thorneley, 1981). One structural fea’éure sh,ared by OCNH,
with the MgATP-bound form of the Fe protein alone. diazirene, and HY is the presence of an R NH group in

Modes of Substrate BindingThe site and orientation of  one part of the molecule, which could contribute to the high
substrate binding to nitrogenase remains a topic of consider-affinity of these substrates for the active site of nitrogenase.
able controversy. Although a crystal structure of nitrogenase |t is interesting to note that although tig, for HCN (4.5
with a substrate bound is not yet available, theoretical models mMm) is relatively high, the methyleneimine intermediate (E-
of substrate binding to FeMoco have been proposed, includ-CH,NH) is proposed to be enzyme bound (Li et al., 1982),
ing side-on binding to Fe, end-on binding to Fe, end-on and therefore methyleneimine appears to have a high affinity
binding to Mo, and binding within the caged structure formed for the active site of nitrogenase, possibly conferred by the
by the six central Fe atoms of FeMoco (Dance, 1996). The R = NH group.
side-on binding mode to a rectangular 4-Fe face of FeMoco | order to comparé. values for nitrogenase substrates
is favored in a recent review by Dance (1996). Model tnat require different numbers of electrons for complete
chemistry studies of GSbinding to mononuclear metals  yeduction, thek. values reported in Table 2 are expressed
demonstrate that the most common binding orientation of 45 the number of electron pairs used to reduce the substrate
CS is throughsr bonds in a side-on fashion to the metal per second. Because the products of COS,,GICNH,
(Ibers, 1982). Thus, side-on binding to a 4-Fe face of 5nqg CS reduction result from two-electron reduction reac-
FeMoco is a reasonable mechanism by which Qiids to tions (one electron pair), the reportieg; values are directly
nitrogenase (Scheme 1A). Model studies demonstrate thatcomparable to the amounts of product formed per second.
the ambidentate. molecule SCNs cgpable of binding to ~ However, the complete reduction of SClo CH; requires
metals through either the sulfur or nitrogen atoms (Burmeis- gjgnt electrons (four electron pairs); in addition, determina-
ter, 1975). In nitrogenase the bonding of the more polariz- {jon of the k., for SCN- reduction is further complicated
able sulfur atom of SCNappears to be preferred (Scheme by the release of the partially reduced products HCN
1B), forming an en_zyme-_bound intermediate resembling that (one electron pair), HCHO (two electron pairs), and possibly
of CS. The EPRinflections & = 2.21, 1.99, and 1.97in CH,NH, (three electron pairs). On the basis of Mgy of
the spectra of nitrogenase treated with, GESCN- support SCN- reduction to CH, the maximum rate of Ciproduc-
the existence of a common binding mode or transient {jon would be 0.033 <, but theke expressed as the num-
intermediate. ber of electron pairs used to reduce SCébuld be almost

In model complexes of cyanate with transition metals, the 10 times that rate (about 0.3 electron pairs per second).
most common binding orientation of cyanate is through the This estimate is based on the following approximations: (i)
nitrogen atom (Schaherr, 1986; Balahura & Jordan, 1970). the rate of HCN production at 10 min is about 3.5 times
Oxygen-bonded cyanatenetal complexes are less frequently the rate of CH production (Figure 2); (ii) the amount of
observed (Duggan & Hendrickson, 1974). N-binding of HCHO produced would be equivalent to the amount of
OCNH to nitrogenase would result in the reduction of the excess NHproduced during SCNreduction (0.3 times the
C=N bond to produce CO and NHScheme 1C), while  amount of CH); and (iii) the amount of CkNH, produced
binding through the oxygen atom would account for the during SCN reduction is likely to be similar to the amount
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of CH3NH; formed during HCN reduction (0.35 times the
amount of CH)) (Li et al., 1982). Since SCNreduction to

Rasche and Seefeldt

characterization, spectroscopic analysis, and X-ray crystal-
lography are expected to provide further insights into the

CHy, requires four electron pairs, the number of electron pairs mechanism of substrate binding and reduction by nitrogenase.

allocated to CH would be 4 times the amount of GH
produced. For HCN, HCHO, and GNH, the electron pair
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The structural similarities of C£ COS, and OCNH
provide a unique opportunity to compare the affinities and
reactivities of the &0, C=S, and G=N bonds for reduction
by nitrogenase. C@has both the lowest affinity for
nitrogenasek, = 23.3 mM) and the lowest turnover number
(keat = 0.00085) of the three compounds. The kinetic
constants for COS show that replacing the@ bond with
C=S increases the affinity by 7-fold and the turnover number
by almost 50-fold. OCNH has the highest affinitig{ =
0.045 mM) and turnover numbeékf: = 0.143). These data
indicate that the order of reactivity for the reduction of these
bonds by nitrogenase iss€D < C=S < C=N. The rate of
CH, production from SCN is greater than that from OCNH,
demonstrating that, in these structurally similar molecules,
the G=S bond is also reduced more readily than threGC
bond.
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