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ABSTRACT: Studies of the substrate-reducing capabilities of an altered nitrogenase MoFe puet&&("
instead ofa-1957s) from a mutant ofAzotobacterinelandii show, contrary to an earlier report [Kim,
C.-H., Newton, W. E., and Dean, D. R. (1998ijochemistry 342798-2808], that then-195°" MoFe
protein can reduce Nto NH;z but at a rate that is2% of that of the wild type. The extent of effective
binding of N> by this altered MoFe protein, as monitored by the inhibition efeiolution, is markedly
increased as temperature is lowered but virtually eliminated &tC45This inhibition of H evolution
results in an increase in the ATP:2gtio, i.e., the number of molecules of MgGATP hydrolyzed for each
electron pair transferred to substrate, from ca. 5 (the wild-type level) &46 nearly 25 at 13C. Like
wild-type nitrogenase, the Nnhibition of H, evolution reaches a maximum at an Fe protein:MoFe protein
molar ratio of ca. 2.5, suggesting that a highly reduced enzyme may not be necessarpifwding. N>
binding to thea-195°" MoFe protein retains a hallmark of the wild type by producing HD under a mixed
N2/D, atmosphere. The rate of HD production and the fraction of total electron flow allocated to HD are
similar to those for wild-type nitrogenase under the same conditions. However, the electrons forming HD
do not come from those normally producing dds occurs in the wild type) but are equivalent to those
whose evolution as fhad been inhibited by NN, also inhibits GH; reduction catalyzed by the-195°"
nitrogenase. This inhibition is relieved by addeg ksulting in a lowering of the elevated ATP:2etio

to that found under Ar. With solutions of NaCN, which contain both the substrate, HCN, and the inhibitor,
CN-, reduction of HCN is not impaired with the-195°"" nitrogenase, but the inhibition by CNof total
electron flow to substrate, which is observed with the wild-type MoFe protein, is completely absent.
Unlike that of the catalyzed reduction ofHHCN, or GH,, the extent of azide reduction to eithes br

N2H, is markedly decreased (to-5% of that of the wild type) with thei-195°" nitrogenase. Azide, like

N2, inhibits H, evolution and increases the ATP:2&tio. Both effects are freely reversible and abolished
by CO. Added DB does not relieve either effect, implying that produced from N~ is not the inhibitory
species. The correlation between the extremely low rates of reduction for batidNzide by the-195°"
nitrogenase and their common ability to inhibit Evolution suggests that-histidine-195 may be an
important proton conductor to the FeMo cofactor center and specifically required for reduction of these
two substrates.

Nitrogen fixation in biological systems is catalyzed by steady stream of publications over the last five ye@rs (
nitrogenase, the most common form of which is called Mo- 11), have led to advances in our understanding of their
nitrogenase which consists of two metal-centered proteinsbiochemical function (see refs2 and 13 for reviews). In
termed the Fe protein and the MoFe protein. It is currently particular, the structure, positioning, and bonding of a
believed that, during catalyzed substrate reduction, the Femolybdenum- and iron-containing cluster, called the FeMo
protein delivers electrons one at a time to the MoFe protein cofactor, within the MoFe protein have been defined.
in a sequence involving proteitprotein association and Because the evidence is compelling that the FeMo cofactor
dissociation accompanied by hydrolysis of a minimum of is the site of substrate binding and reductidn 14—17),
two molecules of MgATP per electron transfer. defining its environment should allow a detailed understand-

The three-dimensional structures of the two component ing of which substrates bind where on the FeMo cofactor.

proteins of Mo-nitrogenase, which have been described ina o, the basis of amino acid sequence conservation among

MoFe proteins from many different bacterial genera and
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(24). An altered MoFe protein in which this residue was

replaced by asparagine showed significantly different cata-

Dilworth et al.

However, “excess” Nklis always observed, i.e., more NH
than can be accounted for by the sum of &hd NH,4

lytic and spectroscopic properties compared to the wild type produced. This result has been interpreted as thardduced

(16, 17) and was incapable of interacting with.N'he crystal
structure, however, shows theathistidine-195 is not co-
valently linked to the FeMo cofactor, but is close enough to
it (3.2 A; see refl2) to form a hydrogen bond to one of the

from N3~ reduction acting as a substrate and being further
reduced to ammonia. This interpretation is supported by the
observation that added,Pwhich inhibits only the reduction

of N, among all nitrogenase substrates, results in a decrease

sulfides of the FeMo cofactor. Replacement of this residue in the level of NH production and an increase in the level

by a number of other amino acids (GIn, Tyr, Leu, Thr, or
Gly) results in altered MoFe proteins with a variety of

of N, production 84). It should be noted, however, that even
101 kPa D did not eliminate “excess” ammonia production,

phenotypes. None of these altered MoFe proteins has beemwhich might have been expected in view of the extremely

reported to be able to reduce (1), but all retain a range of
activity for proton reduction to Hand GH; reduction either
to CH,4 alone or to a mixture of ¢4 and GHs. Analysis

low N, concentrations in the assays.
The location, fate, and effects of the, [droduced from
N3~ reduction are of interest. It was report&d)that it could

of the catalytic and spectroscopic properties of these alterednot be in equilibrium with free Mbecause the amount of

MoFe proteins suggests that thénistidine-195 residue helps
to correctly position the FeMo cofactor within the protein
so that N binding can occurl).

The MoFe protein in which the-histidine-195 has been
replaced with glutamine (abbreviateel 955" MoFe protein)

N, reduced was very much greater than the amount that could
have been reduced with exogenously added aW the
calculated concentration. However, it was not8&8) (that
15N, in the gas phase over nitrogenase, which was reducing
“azide”, resulted in>NHs, implying that N from N3~ does

is one of the most interesting. The nitrogenase containing not have unique access to the enzymatic site that is reducing

this altered MoFe protein still interacts with,Nis evidenced
by the fact that Minhibits H, evolution and GH, reduction,
both of which otherwise occur at rates similar to those for
the wild-type MoFe proteinl(). This inhibition by N of H,
evolution is not accompanied by an inhibition of ATP
hydrolysis. Thus, a significant increase occurs in the ATP:
2e ratio, which is a measure of how many molecules of
MgATP are hydrolyzed for each pair of electrons transferred
to substratel). Theo-195°" MoFe protein is also somewhat
more sensitive to CO inhibition of both,Ninding and GH,
reduction (). Despite the fact that the interaction of the
nitrogenase containing the 195°" MoFe protein ¢-195°"
nitrogenase) with Bl was demonstrated by these indirect
means, it was reported.)(that (i) N, could not be reduced
to NHz and (ii) the enzyme-bound intermediate, which is
observed for the wild type and which producegiNon acid
gquenching 25), could not be detected.

Because of its high H and GH, reduction rates, we
initially sought to characterize the ability of the-195°"

N,. These conflicting results with wild-type nitrogenase led
us to reconsider the interaction of, Nvith the a-195°"
nitrogenase and specifically to determine any effect of H
(or Dy) on the inhibition by N of electron flow to substrate
exhibited by nitrogenase containing this altered MoFe
protein.

Dihydrogen (H) involvement with nitrogenase catalysis
is particularly complex. Not only is Ha product of
nitrogenase turnover, but it is also a competitive inhibitor
of N, reduction to NH (35, 36). N, is the only nitrogenase
substrate whose reduction is inhibited by 32, 36, 37).
Another feature of BN, interactions is the nitrogenase-
catalyzed formation of HD in the presence of Bhd D,
(37—42). HD formation is dependent on MgATP, reductant,
and N and is not a simple P-H,O exchange process
because (i) incubations under tritium-labeleggds produce
insignificant radioactivity in the liquid phas&7) and (ii)
incubation ofAzotobactervinelandii nitrogenase under N
and HD does not produce,§43). Electrons appearing as

nitrogenase to catalyze the reduction of other alternative HD under N/D, (one electron is required for each HD
substrates, namely, azide and cyanide. Solutions of sodiumformed;37, 44) are diverted exclusively from NiHformation,

cyanide contain both HCN and CINthe relative amounts

and therefore, concomitanttgvolution is unaffected. The

of each depending on the pH. The actual nitrogenase Ky(N,) for HD formation is considerably lower than thg:-
substrate is HCN. It is reduced by wild-type nitrogenase both (N,) for NH3 production 87, 41, 45). Because of the N

by six electrons to yield CiHand NH; and by four electrons
to produce ChHNH, (methylamine) 26). In contrast, the

dependence of HD formation, HD production and the
inhibition of the N-to-NH; reaction by H have been

anion, CN, acts not as a substrate but as a potent inhibitor considered different manifestations of the same nitrogenase

of the electron flow to substrate, increasing the ATP:2e

chemistry, and a variety of models have been proposed to

ratio. CO and, to some extent, azide can reverse thisincorporate both phenomena.

inhibition by CN- (26).

The first model suggested that HD was formed by the

Azide ion was, at one time, regarded as a unique anionic reversible exchange offwith an enzyme-bound nitrogenous
nitrogenase substrate, but others are now known (see refsntermediate 38). It implied the occurrence of a two-electron

27 and 28 for reviews). Like sodium cyanide solutions,
sodium azide provides two species in solution, but unlike

sodium cyanide, both species can be reduced by Mo-

nitrogenase. Catalyzed reduction by Mo-nitrogen&&-(
34) results in three major products, namely, N,H,, and
NHs. The two-electron reduction ofNresults in a 1:1 molar
ratio of No:NHs, while the six-electron reduction of Heads
to a 1:1 molar ratio of BH4:NH3. TheK,, for HN3 for this
latter reaction is the lowest for any nitrogenase substgdie (

reduction of Nl to produce a reactive, enzyme-bound, diazene
level (N:H,) intermediate, which was decomposed by reac-
tion with a D, molecule to produce two HD molecules and
release the Nintact. This reaction would account for the
stoichiometry of one electron per HD and the observation
that a small amount of Nis capable of producing a
considerable quantity of HECB[). D, therefore, is proposed
to inhibit N, reduction by intercepting a partially reduced
and partially protonated NN species normally involved in
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N reduction to NH and then releasing NThe model has EXPERIMENTAL PROCEDURES

the shortcoming that interception of the enzyme-bound Cell Growth and Protein Purificatiorwild-type (o-1957)
intermediate by B (or Hy) would predict noncompetitive  and DJ540 ¢-195°") strains ofA. vinelandii were grown
inhibition by H, of N, reduction rather than the actual in a 24 L fermenter at 30C in a modified, liquid Burk
competitive pattern found experimental§Qj. medium B5). Nitrogenase derepression and cell extract

The second mode#() differs in suggesting that both,N  Ppreparation were performed as previously descritiéd Cell
and D bind to the same form and/or state of nitrogenase €xtracts were heat treated for 5 min at 3D and cooled
without N, reduction being required. In the absence of before centrifuging at 980@0for 90 min. Nitrogenase
prebound B, N, binds and is reduced to NHHowever, component proteins were separated by Q-Sepharose anion-
when D, is bound before B N, reduction is aborted and €Xchange chromatography using a linear NaCl concentration
HD results. To explain the lowe€(N,) for HD formation ~ gradient. The Fe protein was applied to a second Q-Sepharose
compared with theKn(N) for NHs; production, N is anion-exchange column and purified to homogeneity. The
postulated to promote HD formation by binding to enzyme Wild-type and altered MoFe proteins were further purified
carrying D.. However, because the model also predicts that by gel filtration before phenyl-Sepharose hydrophobic in-
high N, pressure will completely inhibit HD formation by  teraction chromatography was carried oLt (The purified
competing with D for the enzyme, a delicate balance Fe protein and wild-type and-195°" MoFe proteins had
between N stimulation and Ninhibition of HD formation ~ Specific activities of 2800, 3000, and 3200 nmol of H
must exist. This model also predicts that the minimum Produced min' mg™, respectively. Protein concentrations
percentage of electrons (25%) going teévolution during ~ Wwere determined by the method of Low§0j. SDS-PAGE
N, reduction 46, 47) should be maintained at high p@here with Coomassie Blue staining was used to confirm that all

no NH; should be produced. With hyperbaric assay proce- Proteins were homogeneouslf. The purified component
dures, this prediction can readily be tested. proteins were concentrated using an Amicon microfiltration

cell concentrator contained in an ice/water bath. Buffer
exchange into 25 mM HEPES (pH 7.4) was carried out by
dialysis in an anaerobic glovebox with a dioxygen concentra-
tion of less than 1 ppm. Unless stated, all buffers were
saturated with argon and contained 2 mM sodium dithionite.

Preparation of Triply'*N-Labeled AzidePotassium azide
labeled with'®N in all three nitrogen atoms was synthesized
by a modification of the published metho82j. Hydrazine
sulfate (1 g,>98% 5N, Cambridge Isotope Laboratories,
Andover, MA) was stirred for 72 h with a solution containing
0.97 g of KOH in 5 mL of methanol in a 40 mL reaction
: : o vial sealed under argon to prevent oxidation of hydrazine.
?Jp?ct)lr?irfg tlh : ihsif:;tur;a;:jng Nlevels and an infinite pR The slurry of KSO, was filtered off through a sintered funnel

' ] ] and washed with sufficient methanol to recover 5 mL of

The Thorneley-Lowe model for nitrogenase action ex-  go|yubilized hydrazine in methanol; the hydrazine recovery
plains HD formation by requiring the production of a form \ya5 88%. This solution was added to a second solution
of the enzyme reduced by three electrons, two involved in a produced by dissolving 0.85 g of potassium metal in 5.4 mL
dihydride and one elsewhere, but with a separately boundf cold methanol and adding 10.8 mL of cold diethy! ether.
H™ [Es—Ha(H™)] (13, 49). N, binds to this intermediate by Ethyl nitrite was produced by treating dropwise with
displacing H, but N; can, in its turn, be displaced by, Do stirring 1 g of N&NO, (>98% 15N, Cambridge Isotope
produce B—D,(H"). Internal electron transfer then results | gporatories), which was dissolved in 2 mL of cold water,
in HD and ED which, after addition of two further solvent  \uith a cold mixture of 1.74 mL of ethanol and 1.24 mL of
protons and two electrons, gives a further HD antl.EAn concentrated HCI. It was distilled in a cold room through a
important restriction of this model is that the proton (shown 19 ¢m condenser cooled with ice/water directly into the
in parentheses) cannot exchange with species generated fromyqrazine solution. The potassium azide was recovered as
gaseous bl HD, or D, (43). The Cleland model is in fact  gescribed previouslysQ); the yield was 0.45 g (82% on the
an abbreviated version of the Low&horneley scheme that  5sis of extracted hydrazine).
does not consider the possibility that the evolution of two Nitrogense AssaysAll activities of the wild-type and
HD molecules might involve two different reaction mech- _1955n MoFe proteins were measured with a 20-fold molar
anisms with different rate constants. ratio of wild-type Fe protein, unless otherwise stated. Assays

The a-195°" MoFe protein offers an opportunity to test were conducted in 9.25 mL reaction vials fitted with butyl
some aspects of these models because it is capable of bindingubber stoppers held by aluminum caps. Each assay con-
N2 (). If no reduced nitrogenous intermediates can be tained, in a final volume of 1.0 mL, 3@mol of creatine
produced by this altered MoFe protein, then HD formation phosphate, 2amol of HEPES buffer (pH 7.4), 2@mol of
by the a-195°" MoFe protein would discriminate against sodium dithionite, 5tmol of MgCl,, 2.5umol of ATP, and
the diazene mechanism. Here, we also show thaith@5°" 0.125 mg of creatine phosphokinase. Reactions were termi-
MoFe protein functions very differently with respect to nated by injection of 0.3 mL of 0.5 M EDTA (pH 7.5).
cyanide and azide reduction compared to the wild type, and Assays under hyperbaric pMere performed in the same
the results raise important questions about the coupling ofvials containing 0.05 mL of 10% (v/v) £l, as a marker
electron transport to ATP hydrolysis in nitrogenase. gas and injected with the appropriate additional volume of

In a third model attributed to Cleland@), N2 normally
binds by displacement of 41but when D displaces N the
deuterated enzyme produces HD. This model implies a 1:2
ratio between Kl and HD production; i.e., each product
accounts for 50% of the total electron flow. An increase in
pD. should, therefore, enhance;, lvolution through its
inhibition of N, reduction and lower the percentage of
electron flux going to HD and Nkl Most data sets show no
such increase in Hevolution 36, 40, 48), but one report
(42) notes an enhancement by, bf H, evolution at the
expense of HD and NHand an extrapolation of the 2HD:
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N> immediate!y after protein addition. Such assays were 1 e 1- Specific Activities [nmol mint (mg of MoFe protein)’]
vented to ambient pressure before gas samples were analyze@r proton and “Azide” Reduction by Wild-Type ar195%"

for Hp; the proportion of gas lost was assessed by measuringMoFe Proteins

the recovery of gH, and correcting the recovered,H argon argon and 10 mM NaN

accordingly. protein  H  ATP:2e H, Nz N:Hs NH; ATP:2e
Gaseous products were measured by gas chromatographywild_tyloe 2604 45 1201 627 163 876 53

For evolved dihydrogen, a molecular sieve 5A column g-195h 2711 4.8 752 47 9 83 23.7

(Supelco, Bellefonte, PA) and a TCD detector were used,
whereas methane and ethylene were quantified with a 30

Porapak N column and a FID detector. A
Hydrazine was measured spectrophotometrically with % 8

p-(dimethylamino)benzaldehyd83). After the contents of A

each vial were treated by passage through a 2.5d@mm 1 A

column of Dowex-1X2 (Cl) (53), creatine content (as an S r A8 o °©

index of ATP hydrolysis) was measured by the method of < Mg

Ennor 64) and ammonia content by the indophenol method 0L oo

(53). Because the extent of ammonia production from azide

is very small despite extensive ATP hydrolysis, creatine 5

interference with the indophenol method cannot be ad-

equately corrected. In such cases, the effluent from the 00 2 r : . . ;

Dowex-1X2 column was applied to a 1.5 con 6 mm
column of Dowex-50X12 (N& form). After two 0.5 mL ) _
washes with water and two with 0.25 M NacCl, all creatine FC e 1: ATP:2e ratio for': assays of thf}}'lgg?'” MoFe protein
had passed through the column, and ammonia could then bqﬂ?sgaiﬁngégz?éeér (©) in the presence of varying concentrations
eluted quantitatively with four 0.5 mL aliquot$ ® M NacCl

(59). Elution with NaCl is preferable to that with acid because t4pje 2: Relief of “Azide” Inhibition of H Evolution [nmol mirr®

the indophenol method is unaffected by 2 mmol of NaCl (mg of protein)?] by the a-195°" MoFe Protein by CO

added to the 2.7 mL assay, whereas careful neutralization is

NaN, (mM)

red f idified | conditions H evolution ATP:2e
rquw-e or acidified samples. argon (101 kPa) 2810 oy
Dinitrogen produced from KN; was measured as the argon (101 kPa) and 20 mM azide 615 29.3
mass 30 peak on a model 7070 E-HF mass spectrometer (VGargon (100 kPa) and CO (1 kPa) 2985 4.9
p b ( argon (100 kPa), 20 mM azide, and CO (1 kPa) 3006 4.8

Analytical, Manchester, U.K.) and quantified by reference
to the argon background after determining the relative ) ] ) ) i
ionization efficiencies for B and Ar. The amounts of Of “azide” reduction with thex-195°" MoFe protein, as with
dihydrogen (H) and HD produced in incubations under the W”Id type @3, 34), but the rate of reaction with the
deuterium (D) were also measured either mass spectro- &-195°" MoFe protein is only 7.5% of that of the wild type
metrically using an added internal argon standard or directly for Na~ reduction to N and 5.5% of"t]hat for Hilreduction

with reference to B after determination of the relative {0 NaHa. Both wild-type .anda-195G. MoFe proteins also
ionization efficiencies for ki D,, and Ar. For HD, an catalyze excess ammonia production (ammonia formed over

ionization efficiency intermediate between those efdid ~ @nd above the sum of Nand NH,; 33, 34). Although the
D, was assumed. rate for this last reaction is small, it is consistently observed.

\ : | ;
Preparation of a NaCN Stock Solution for Nitrogenase EXC€SS ammonia production by thel95*" MoFe protein

Assays A 100 mM NaCN stock solution was prepared is not .ir)hibit]:e“d t?y {01 kPaiT . . .
anaerobically by flushing the desired amount of solid NaCN . Addition 05G|§12|de to comp ete reac.tlon mixtures contain-
in a sealed serum vial prior to addition of degassed 25 mm N9 thea-195°" MoFe protein results in a marked effect on

HEPES (pH 7.4). A predetermined amount of degassed gthe ATP:ZE ratio, Wh_iCh increases fro“m _ca.” 5 forzH
M HCI was injected into the vial to obtain the desired pH. €volution under argon in the absence of "azide to ca. 18 at
Appropriate aliquots of the stock solution were added by 3r|nM alnd ca.28at10 mM a?'?f .(F|gurfe 1). Th'.s mc;]rease
syringe to each anaerobic reaction vial during the temperature!S 1argely due to pronounced inhibition ofIévolution that
incubation period. Ni CHs, and H contents were deter- 1S NOt compensated for by other product formation (Table
mined from all assays containing NaCN; however, the 1). For example, B evolution is 74% inhibited at 5 mM
formula, 2x nanomoles of W+ 7.88 x nanomoles of Chl

azide (see Table 2). The increase in the ATP:Eatio is
(26), was used to calculate the total number of electron pairs °MPounded by a moderate stimulation of ATP hydrolysis.
going to the product to compensate for £BHH, production,

In three separate experiments, the mean rate of ATP

; ; hydrolysis increasedp(< 0.001) from 15.4+ 1.4 in the
which was not determined. absence of azide to 192 1.4 umol min~* (mg of MoFe
RESULTS protein) 1 at 3 mM azide. “Azide” inhibition of electron flow

Azide ReductionTo avoid confusion, we use eitherN to product with thex-195°" MoFe protein is fully reversible
or azide ion to refer to the charged species, eitheg HN by addition of 1 kPa CO (Table 2). CO also completely
hydrazoic acid to refer to the uncharged molecule, and inhibits NbH, and NH; formation from “azide” by the
“azide” to describe collectively all species in solutions of «-195°"" MoFe protein (data not shown) as it does for the
Na(K)Ns. Table 1 shows that #, and N> are both products  wild type.




A. vinelandii Nitrogenase with thex-195°" MoFe Protein

Table 3: Effect of pH on the Degree of Inhibition by “Azide” of,H
Evolution by thea-195°" MoFe Protein

5 mM azide

[Ns7]

(uM)
4986
4967

4938
4877

1 mM azide
[N57]
(uM)

997
994

988
976

%
inhibition
70
74
75
1

[HN3]
(uM)
2.8
6.6
12.4
24.5

%
inhibition
48
55

56
61

[HNg]
(uM)
14
33
62
122

pH 7.15
pH 6.78
pH 6.50
pH 6.20

pH Effects on “Azide” ReductionlInhibition of H,
evolution was monitored in assays, which contained total
“azide” concentrations of either 1 or 5 mM, when the pH
was varied over the range of 7:16.20. Because HNis a
weak acid with a K, of 4.6 at 30°C, the HN; concentrations
vary from 2.8 to 24.5«M for 1 mM total “azide” and from
14 to 122uM for 5 mM “azide” over this pH range. In
contrast, the BI" concentrations vary very little over this pH
range, from 0.99 to 0.98 mM and from 4.99 to 4.88 mM for
the two “azide” concentrations, respectively. Data for H
evolution are presented in Table 3. The degree of inhibition
varies little with pH at either “azide” concentration, which
suggests that the inhibition is due tos™ From these
observations, the rate of,N, formation as a function of
HN3; concentration yields a linear LineweaveBurk plot
giving a value for the&K,, of 10 uM, very similar to the value
reported for the wild-type MoFe protein of 12 (34).
Measurement of the inhibition of +evolution as a function
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Ficure 2: Reversibility of “azide” inhibition of H evolution from

the a-195°" MoFe protein. H evolution catalyzed by a constant
amount (0.071 mg) ofi-195°"" MoFe protein was measured at 0.2
mM NaN; (& anda) or 2 mM NaN; (O andA) in either a 0.2 mL
assay ¢ andO) or a 2.0 mL assaya andA) containing twice the
normal concentration of creatine phosphate. After 4 min, 1.8 mL
of the assay mixture with the same composition but lacking “azide”
was injected into six 0.2 mL assayS)(containing 2.0 mM NaB|

and H evolution followed for a further 6 min. The rate of,H
evolution shifted from 65 nmol mirt at 2 mM NaN to 158 nmol
min~1. The control rate at 0.2 mM NaNvas 161 nmol minZ.

Table 4: Effect of D on the “Azide” Inhibition of Electron Flux
with the a-195°" MoFe Protein [rate of product formation in nmol

of “azide” concentration leads to “azide” concentrations o

f min~* (mg of MoFe protein)!]

0.7-0.9 mM for half-maximal inhibition, compared t€n,
values of 1.1 mM *“azide” for NH formation and 16-12
uM HN3 (equivalent to ca. 3.6 mM “azide” at pH 7.30) for
N,H,4 production.

Is the Inhibition of H Evolution by “Azide” Resersible?
The extent of H evolution by thea-195°" MoFe protein
was measured in either 0.2 mL reaction mixtures, which
contained twice the normal creatine phosphate concentration
with either 0.2 or 2 mM “azide”, or 2 mL reaction mixtures
with the same composition (Figure 2). Up to 6 min, the two
different-sized assay volumes produced the same rate of H
evolution, although the rate with 2 mM “azide” was only
40% of that with 0.2 mM “azide”. At 4 min, some of the
0.2 mL assays containing 2 mM “azide” were diluted 10-
fold with an assay mixture with the same composition but
lacking “azide”, and further KHevolution was monitored.
The 10-fold decrease in “azide” concentration resulted in
an immediate switch to a rate ofldvolution characteristic
of the 0.2 mM “azide” assays, indicating that “azide”
inhibition is readily reversible.

Is “Azide” Inhibition of Electron Flux Mediated by N
Produced from B ReductionBecause P(and H) relieves
N, inhibition of electron flow to substrate with the-195°"
MoFe protein (see below), 4kvolution was measured in
assays containing “azide” under an atmosphere 0fTbe
data in Table 4 show thatJalid not relieve “azide” inhibition
of H, evolution. It is, therefore, unlikely that “azide”
inhibition of electron flow is due to Nproduced from N~
reduction. No HD formation was observed with either the
o-195°" or wild-type MoFe proteins in the presence of both
“azide” and ) despite the fact that Nwas being produced,
albeit at very low concentrations for the-195°" MoFe
protein.

conditions H N2 N2H4 NH3
argon 2816
argon and 10 mM KR} 679 53 8.2 78
D, 2836
D, and 10 mM KN 641 44 8.9 74
2500 [ T 100
190
2000 | A A 1 80
+170 §
a E
1500 1 60 g
1000 : ‘ (] l 40 B
[} E
:A B b T30 ‘E
500 + 5 120
é +10
0 E — +— t + — + 0
0 5 10 15 20 25 30 35 40 45

[Fe protein]:[MoFe protein]

FiIGURE 3: H, evolution by thex-195°" MoFe protein as a function
of the Fe protein:MoFe protein ratio under an atmosphere of argon
(2) or dinitrogen ) with the percentage inhibition by N@®).
The concentration of the-195°" MoFe protein was kept constant
at 0.072 mg per 1 mL assay, and the protein was titrated with
increasing amounts of the Fe protein (from 0.01 to 0.82 mg). The
assay time was 10 min.

Component Protein Effect onNhhibition of H, Evolu-
tion. Varying the ratio of Fe protein ta195°" MoFe protein
between 0.5:1 and 40:1 and under either 101 kPa Ar or 101
kPa N showed that the amount of evolved Hcreased in
a similar pattern for both (Figure 3) with a half-maximal
rate of H evolution occurring at a ratio of 8 under Ar and
6 under N. The percentage inhibition of Hevolution by
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Ficure 4: (A) Inhibition of H, evolution (AH,, nanomoles) by
the a-195°" MoFe protein as a function of pNThe standard
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protein at a 20:1 Fe protein:MoFe protein molar ratio. (B) ATP:
2e ratio for assays of thei-195°" MoFe protein with varying
pN; values.
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FiGURe5: (A) Percentage inhibition of jevolution by thex-195°n

MoFe protein under pvs Ar as a function of temperature. Steady-
state assays were performed at a 20:1 Fe protein:MoFe protein molar
ratio. (B) ATP:2e ratio for assays of the-195°" MoFe protein
under N (a) or Ar (A) as a function of temperature.

of 0.5:1 to ca. 30% at 2.5:1 and remained almost constanthigh (380 kPa). This ammonia production was completely

thereafter up to a ratio of 40:1. With wild-type nitrogenase,
the major inhibitory effect (ca. 85% of the total achievable
inhibition) of N, on H, evolution is also maximal at an Fe
protein:MoFe protein ratio of ca. 2.5:1, although a minor
contribution to inhibition continues to a ratio of greater than
10:1.

Effect of pN on Inhibition of H Evolution and on the
ATP:2e Ratio In earlier work (), the affinity of N, for
the a-195°"" MoFe protein was estimated by measuring the
Ki(N,) for the inhibition by N of the reduction of gH, to
C,H4 and deriving a value of 40 kPa. We have estimated
this parameter directly by measuring the loss gEMolution
activity as a function of phup to 303 kPa. Figure 4A shows
that the decrease in the amount of evolvedagpears to
follow Michaelis—Menten kinetics, from which &, of 65
kPa N can be calculated. The ATP:2eatio reaches a
plateau of about 10 at about 150 kPa(Nigure 4B), a value
that is approximately double that under Ar.

Reduction of Blto NHs;. Because only very low rates, at
best, of NH production were expected, a new meth&8)(
was developed to measure very small amounts of MH

inhibited by addition of either 2 kPa CO or 101 kPa No
N2H4-producing intermediate2f) was detected when sub-
strate amounts of the-195°" MoFe protein were quenched
by added acid during turnover. In a parallel experiment, 20
uM wild-type MoFe protein produced a maximum of 2.5
nmol of NbH,. If the rate of formation of this intermediate
by the a-195°" MoFe protein is assumed to reflect the
substantially decreased rate of Nférmation, detection of
1—2% of the wild-type amount of fH, would not have been
feasible under the conditions used.

Temperature Effects on,Nhhibition of H, Evolution and
the ATP:2e Ratio. Under normal assay conditions at 30,
even 303 kPa Bproduces only about a 50% inhibition of
H, evolution. However, the degree of inhibition is very
strongly affected by temperature. The data in Figure 5A show
that the degree of Ninhibition of H, evolution increases to
80% at 13C. They also show that increasing the temperature
to 45 °C almost eliminates the inhibitory effect of,Nca.
8% inhibition). The ATP:2eratio plots over this temperature
range (13-45°C) (Figure 5B) show that, under Ar, the value
remains constant, whereas under Nfalls from nearly 25

the presence of the large amounts of creatine produced into a value not significantly different from that under Ar.

assays of this highly uncoupled altered MoFe protein.

Although the differences are small and disappear at@5

Hyperbaric N pressures were also used to increase the yield. the rate of ATP hydrolysis is significantly increased under

The results showed that, at 202 kPa, Nhe o-195°"
nitrogenase does reduce td NH; at a rate of 23 nmol mirt
(mg of MoFe protein)!, a value that is +2% of that for
the wild type. Its appareri,, for NH3; formation is very

N2 (p < 0.001). At 35°C, the rate of ATP hydrolysis
increases from 22.& 0.72 to 24.44+ 0.55umol mint (mg

of MoFe protein)! under 101 kPa argon versus 101 kPa
Ny, respectively.
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Table 5: Prevention by Hof N Inhibition of Acetylene Reduction with

Wild-Type an#+195°" MoFe Proteins

acetylene reduction rate relative
MoFe protein assay atmosphere [nmol min~1 (mg of MoFe protein)] activity? (%)
wild-type 0.5 kPa @H; and 102 kPa Ar 705 100
0.5 kPa GHy, 62 kPa N, and 40 kPa Ar 288 41
0.5 kPa GHy, 62 kPa N, and 40 kPa ki 553 78
o-195°In 0.5 kPa GH; and 102 kPa Ar 740 100
0.5 kPa GHz, 62 kPa N, and 40 kPa Ar 507 68
0.5 kPa GHy, 62 kPa N, and 40 kPa kl 743 100
a Specific activity under @H,/Ar set at 100.
Table 6: Formation of b} HD, and NH by Wild-Type ando-195°" MoFe Proteins
specific activity [nmol of electron percentage of
pairs mirrt (mg of MoFe protein)]2 electron allocatioh
MoFe protein atmosphere oH HD NH3 total H, HD NH3 ATP:2e
wild-type 102 kPa Ar 2291 0 0 2291 100 0 0 4.3
51 kPa D and 51 kPa M 1074 615 700 2389 45 26 29 4.7
o-195%h 102 kPa Ar 2574 0 0 2574 100 0 0 5.0
51 kPa D and 51 kPa N 1748 735 24 2507 70 29 1 4.3

20ne, two, or three electrons allocated for HD, BiNd NH; formation, respectively? Percentage electron allocation calculated as electron flux

to each product divided by the total electron flux.

Restoration of Electron Flux for the-195°" MoFe
Protein H; is a specific inhibitor of the wild-type reduction
of N,. If H; relieved the N inhibition of electron flow to
substrate with the-195°" MoFe protein, it would indicate
that the interaction of Nwith the altered MoFe protein was
equivalent to that for the wild type. Because only very small
quantities of NH are produced, we had to resort to indirect
methods to investigate this possibility. We chose to study
the effect of H on the inhibition by N of acetylene
reduction. The results in Table 5 show that, when a relatively
low concentration of gH; is used, 62 kPa Ninhibits GH,
production with both wild-type and-195°" MoFe proteins,
and that introduction of 40 kPaytfleverses this trend partially
for the wild type and completely for the-195°" MoFe
protein.

HD Formation In a similar experiment, where 51 kPa D
was added to 51 kPaNand products were quantified by
mass spectrometry, total electron flow through ¢h&95°"
nitrogenase was fully restored (Table 6). The same experi-
ment also showed that the195°" nitrogenase carried out
N-catalyzed HD formation at a rate very similar to that for
the wild-type enzyme under the same conditions. No HD
was detectable for either MoFe protein under an Ar/D
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Ficure 6: Total amount of electron flow to substrate through wild-
type ©) anda-195°" (A) MoFe proteins as a function of NaCN
concentration. The total amount of electron flow was calculated
from the rates of Hland CH, evolution [(2x Hy) + (7.88 x CHy);

26].

nitrogenase was clearly unaffected by increasing cyanide
levels. The specific activities of the-195°" and wild-type
MoFe proteins for Chproduction, 263 and 121 nmol mih

(mg of protein)?, respectively, at 5 mM cyanide, were
different as a consequence of the approximately 60%

atmosphere (data not shown). The percentage of total electrodnhibition of electron flux through the wild-type protein. Data

flow allocated to HD formation was also similar for the two
enzymes. However, for the-195°" nitrogenase, these

(not shown) for the ATP:2eratio are constant (6.& 0.5)
for cyanide concentrations up to 10 mM for thel95°"

electrons corresponded to those recovered by relieving theMOFe protein, but increased from 58 0.5 at no added

inhibition of electron flow caused by the presence of 51 kPa
N, rather than to a decrease in electron flow tos\Nwhich
is typical for wild-type N-catalyzed HD formation37, 44).
For thea-195°" nitrogenase, the level of electron flow to
NH3 is so low that HD formation cannot be explained in the
same way.

Cyanide ReductianData for H evolution and CH

cyanide to 25+ 1.0 at 25 mM cyanide for the wild-type
MoFe protein as reported previousigg].

DISCUSSION

Because thex-195°" nitrogenase reduces protons and
C.H; at rates which are not markedly different from those
for the wild-type enzymel), it was expected that “azide”

production from cyanide were summed, and the total amountwould also be reduced at an appreciable rate by this altered
of electron flow to all products was calculated as described enzyme, but this was found not to be the case. The rates
previously @6; see Experimental Procedures). Wild-type observed were only about5% of those for the wild type.
MoFe protein fromA. vinelandiishowed the expected decline  Unlike the rates for most wild-type nitrogenase-catalyzed
in the rate of substrate reduction (Figure 6) with increasing reactions, these low rates of “azide” reduction are not
cyanide concentration, whereas the rate with ¢h&95>'" compensated for by a highptévolution rate, so “azide” acts
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as an effective inhibitor of electron flow to substrate and
increases the ATP:2eratio from ca. 5 (for H evolution
under argon) to ca. 28 at 10 mM “azide”. This reactivity
pattern resembles the effect of Mn this altered protein,
where there is a similar level of inhibition ofHevolution
without a decrease in the level of ATP hydrolysi¥).(
Although the level of N evolution from N~ reduction was
not directly measured, the flux attributable tg Neduction

is only 13% of the residual Hevolution (Table 1), so any

Dilworth et al.

reasonable to ask whetheg Would similarly relieve “azide”

inhibition of electron flux. Although Kl (or D,) was found

to relieve both the inhibition by Nof C,H, reduction and

the N inhibition of electron flux with thea-195°" MoFe

protein, B did not relieve “azide” inhibition of Hevolution.

It is, therefore, very unlikely that “azide” inhibition of

electron flux is due to Bproduced from N~ reduction.
Another major surprise was the formation of “excess”

ammonia, that is, ammonia over and above that expected

N, produced cannot possibly account for the massive from the direct reduction of “azide”. The formation of
decrease observed in the total amount of electron flow with “excess” ammonia from the nitrogenase-catalyzed reduction

“azide”.

It has been reporte®4) that the total amount of electron
flow through wild-type nitrogenase was unaffected by
“azide” at concentrations up to 20 mM, provided the pH was
<7.3, but that electron flow was weakly (ca. 25%) inhibited
at pH 7.6 by “azide” at concentrations 856 mM. The extent
of inhibition (74%) noted here with the-195°" nitrogenase
is much greater. Further, the “azide” inhibition of electron
flow noted with the wild-type MoFe protein fronA.
vinelandii appeared nonspecific because, unlike the CN
inhibition of electron flow to substrate2€), it was not
reversible by addition of CO3@). With the o-195°"
nitrogenase, CO completely inhibitsi, and NH; formation
from “azide” and reverses fully “azide” inhibition of electron
flow. “Azide” inhibition of electron flow was also easily
reversed by simple dilution. “Azide” inhibition of H
evolution is, therefore, not due to a nonspecific inactivation
of the altered MoFe protein. Another effect of “azide” with
the a-195°" nitrogenase is a moderate stimulation of ATP
hydrolysis, which suggests an additional interaction of
“azide” at a site distinct from that for reduction of this
substrate.

The nature of the inhibitory species in “azide” solutions,
N3~ or HN3;, was addressed by monitoring how pH affects
the inhibition of H evolution by “azide”. The degree of
inhibition varied little with pH at the “azide” concentrations
used. This result suggested that the inhibition g&kolution
is due to N, the concentration of which varies very little
with pH, and not HN, the concentration of which varies
9-fold across this pH range. Becausgidla product of the
limited N3~ reduction catalyzed by the-195>" MoFe protein
and because Neversibly inhibits H evolution without being
rapidly reduced by this altered MoFe proteil),(a logical
question is whether the “azide” inhibition is mediated by
N,. This possibility appeared unlikely because, af@0the
inhibition of H, evolution by even 2 mM “azide” is much
more severe than that produced by 101 kRamd very little
N is produced by “azide” reduction. However, one unex-
plained aspect of “azide” reduction is that the toduced
by the wild-type MoFe protein appears not to be in
equilibrium with N in the environment34) but the amount
of N reduced further to Nklis much greater than can be
accounted for by the very low pNgenerated by “azide”

of “azide” has been rationalized previousB8(34) as being
due to further reduction of Nformed from N~. Its
production by theo-195°" MoFe protein was totally
unexpected because this altered protein has been reported
(1) to be unable to reduce,No ammonia (but see below).
H, at 101 kPa has been reported to partially eliminate
“excess” ammonia production from “azide34) and also to
completely inhibit N reduction to NH with wild-type
nitrogenase. However, “excess” ammonia production from
“azide” by thea-195°" MoFe protein is totally unaffected
by the presence of 101 kPa.Hrhe lack of an effect of K

on both “excess” ammonia production and on “azide”
inhibition of electron flow to substrate suggests that these
two reactions are separate and distinct from any reaction
involving N.

With wild-type MoFe proteins from bottKlebsiella
pneumoniaeand A. vinelandii, N, is a weak competitive
inhibitor of HN3 reduction to NH, (33, 34) with a K; of
0.42 atm for theK. pneumoniaéMoFe protein. With the
o-195°" MoFe protein, Nis also a weak inhibitor (data not
shown), but the small quantities of,N, produced make
determination of the type of inhibition difficult. Further, any
pattern of inhibition may not be readily interpreted because
the presence of Naccentuates the inhibition of electron flow
already exerted by “azide” and increases the ATPr2¢io.

The increase in the ATP:2eratio caused by B even at
“azide” concentrations already causing 77% inhibition ef H
evolution, reinforces the suggestion that the inhibitory effects
of “azide” and N on electron flux are unrelated.

The multitude of possibilities described above fog N
involvement in the catalyzed reduction of “azide” led us to
reconsider the interactions of,Nvith the a-195°" MoFe
protein. Because we wanted to gain insight into the mech-
anisms of both B inhibition of H, evolution and HD
formation under a BID, atmosphere, it was critical to
reinvestigate whether this-195°" MoFe protein could
achieve sufficiently reduced states of complexegd thl
produce NH. Using a modified colorimetric assa$9) to
measure very small amounts of Wi the presence of the
large amounts of creatine and using hyperbat@iéssures
to increase yields, it was found that thel 95°" nitrogenase
indeed reduces No NH; but at a rate that is only-12% of
that for the wild type. Most importantly, this ammonia

reduction. This seeming paradox has been rationalized byproduction was completely inhibited by either CO os. H

suggesting that the site where; N6 released from j
reduction is very close to that where ié reduced 34) so
that localized high Blconcentrations result in the high degree
of inhibition observed with “azide”. This question was
investigated through the effects of adding (dr D,) to Na-
inhibited assays. Because, with the wild-type enzymg, H
inhibits the binding and reduction of ;Nonly, it was

The possibility that the NElproduced from Nresults from
adventitiously copurified traces of an alternative nitrogenase
is remote for two reasons. First, the cells were grown at a
high molybdate concentration (M Na;MoOQ,), which is
sufficient to repress the synthesis of alternative nitrogenases
in AnifHDK strains of A. vinelandii. Second, all known
alternative nitrogenases catalyze the reduction of acetylene
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to a mixture of ethylene and ethane, whereasahed5>" The reason for the increased rate of ATP hydrolysis during
nitrogenase produces no detectable ethane. either N or N3~ inhibition of H, evolution is difficult to

Although the rate of N reduction catalyzed by the identify. Whereas an increased level of ATP hydrolysis with
0-195°" MoFe protein is much lower than that of wild type, Nz~ might be attributable to ;N complexation to iror-sulfur
the binding of N, appears to be comparable to that for the centers other than the FeMo cofactor, this explanation seems
wild-type MoFe protein. Notably, N inhibition of H, improbable for the effect of Nbecause all data acquired,
evolution becomes maximal at the relatively low Fe protein: i.e., the relief of the inhibitory effects of Noy CO or K
MoFe protein ratio of ca. 2.5 for both nitrogenases. Given and HD formation, are consistent with the inhibitory effects
that a greater Fe protein:MoFe protein ratio offers a greater of N, being mediated through its normal mode of binding.
opportunity for more highly reduced states of the enzyme Why then does the rate of ATP hydrolysis increase with the
to be achieved, these data suggest that the site binding N a-195°" MoFe protein, whereas electron transport toisl
and inhibiting H evolution is sufficiently reduced to do so inhibited by N> binding? A simplistic answer is that, when
at a 2.5:1 Fe protein:MoFe protein molar ratio for both the the MoFe protein becomes “saturated” with electrons due
wild type and this altered nitrogenase; i.ep, hinding does to an inhibition of the rate of substrate reduction (for
not require a very highly reduced state of the FeMo cofactor whatever reason), transfer of subsequent electrons from the
within the MoFe protein. Fe protein to the MoFe protein becomes more expensive

Under a mixed WD, atmosphere, the-195°" nitrogenase  energetically. Such an increase in the level of MgATP use
catalyzes the production of HD at a rate as rapid as that forwould also be reflected by an increased ATP:2atio.
the wild type (Table 6). Rapid HD formation and the very  An alternative explanation could have its basis in the
low rate of N, reduction and the failure to detect theH\- suggestion that, once an appropriate complex has been
producing species on acid quenching, which shows how low formed among the Fe protein, the MoFe protein, and
the concentration of protonated nitrogen species must be withMgATP, ATP hydrolysis is inevitable even if electron
this protein under these conditions, make it improbable that transfer does not occud8). In the current situation then,
any diazene level species is a part of the mechanism of HDthe so-called reductant-independent ATP hydrolysis, ATP
formation. It would appear that bound ié$ sufficient. With hydrolysis unaccompanied by productive electron transfer,
wild-type nitrogenase, electrons used for HD formation are could be invoked as an explanation. This phenomenon has
diverted from those intended for NHormation, the rate of ~ been observed when the dye-oxidized Fe protein becomes
which therefore decrease87( 44). In contrast, with the = complexed to the reduced MoFe protein, but it does not occur
o-195°" nitrogenase, the electrons producing HD apparently with either protein alone5{7). This complex is capable of
are those electrons whose appearance ash&b been being recharged with two molecules of MgATP without
suppressed by NWhen N inhibition of H, evolution with dissociation of the proteind ). It is not clear, however, if
both wild-type anda-195°" nitrogenase is considered, it this process can occur simultaneously with ATP hydrolysis
becomes clear that, in both cases, the presence séiNes associated with electron transfer. If it can, then stimulation
to divert electron flow from Hevolution. In the wild type, of reductant-independent ATP hydrolysis by the binding of
these diverted electrons go to produce INiWhereas with either N, or N3~ to thea-195°" MoFe protein would explain
the o-195°" MoFe protein, they form no product. In neither our observations. However, this explanation would require
case, however, does;Mivert (or inhibit) all electron flow that both of these substrates specifically stimulate this process
away from H evolution, and in both cases, the presence of only when electron transfer is inhibited by their binding.
H, (D,) restores total electron flow to 4evolution. Labi- Unfortunately, these are conditions whose occurrence we
lization of hydrides bound to a metal center by the binding cannot evaluate.
of a N, molecule to a separate site on the FeMo cofactor  “Futile cycling” of electrons between the Fe protein and
(56) could account for these observations. the MoFe protein accompanied by ATP hydroly$8,(59)

A corollary of these observations may be thatddolution has been offered as another explanation of continued ATP
occurs from more than one site: from the site(s) of N hydrolysis under conditions, such as an unfavorable com-
binding and from a site elsewhere on the cluster. If so, the ponent protein ratio, pH, or temperature, where electron
proportions of H coming from these two sites, one,N transfer is limited. We do not favor such cycling as an
binding and the other not, must vary with temperature explanation for our observations because it presumably
because the degree of inhibition of elvolution by N varies requires a longer association time between the Fe protein
with temperature from almost zero at 46 to ca. 80% at  and MoFe protein to allow the electron to be transferred to
13°C. Over this same temperature range, the ATPrago the MoFe protein and then to return to the Fe protein.
also increases from a value close to normal to nearly 25. Therefore, it should result in decreased absolute rates of ATP
These data suggest strongly that conformational changeshydrolysis, even though the ATP:2eatio would increase.
resulting from the change in temperature profoundly modify Moreover, if futile cycling were to be operative in the Fe
the ability of bound Mto influence the rates of either electron protein—a-195°" MoFe protein complex, the binding of
transfer to H or ATP hydrolysis or both. Moreover, although either N, or N3~ at the modified FeMo cofactor would have
the differences are small and disappear at@5sthe rate of to have a long-range influence on the associatidissocia-
ATP hydrolysis is significantly increased under 101 kPa N tion kinetics of the two proteins. There appears to be no
versus 101 kPa argon. This temperature effect may be ofevidence to support this hypothesis.
use in spectroscopic probing of the nitrogenase FeMo An additional consideration comes from the published
cofactor because Nnay be complexed more firmly at lower  observation that electron transfer to a metal center embedded
temperatures, thereby facilitating use of techniques such asin a protein appears to be more facile if a proton can be
either FTIR or’>N NMR. transferred with that electron (see, for example6®f Thus,
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if proton translocation to the FeMo cofactor occurs via the of a-195-histidine with glutamine are /NN;~, HN3, and

a-histidine-195 residue during bothyldnd azide reduction,

CN~. It is tempting to speculate that these molecules bind

the a-glutamine-195 substitution may be disruptive. This in this area of the FeMo cofactor and that,HC;H,, HCN,
interpretation has the further implication that, because otherand CO do not.

substrates are reduced normally, additional channels exist

to deliver protons to different sites on the FeMo cofactor ACKNOWLEDGMENT

for reduction of other substrates. This clear differentiation
among substrates, for examplepHz reduction and N
reduction, has been observed before withHes8's MoFe

We thank Kim Harich for assistance with mass spectro-

metric assays.

protein. This altered MoFe protein was suggested to suffer REEERENCES

from a defect in intra-MoFe protein electron transfer specif-
ically for C,H, reduction 61). If so, then it is possible not
only that individual (or subgroups) substrates and inhibitors
have their own interaction site but also that they also have
customized electron-transfer and proton-transfer pathways.

The interactions of CO and CN\both of which are potent,
but distinct, inhibitors of wild-type nitrogenase, with the
0-195°" MoFe protein are also instructive. CO inhibits the
reduction of all substrates except kvith wild-type nitro-
genase. It does not inhibit electron flow through the MoFe
protein but acts to divert all electrons te eivolution; thus,
ATP hydrolysis and product formation remain tightly
coupled. Substitution of glutamine fer-195-histidine has
only a minor effect on the CO interactiod)( In contrast,
CN~ is a potent inhibitor of total electron flow to substrate
(by ca. 60% at 5 mM cyanide) through the wild-type MoFe
protein during turnover, resulting in an uncoupling of ATP
hydrolysis from electron transfer to substrate. With the wild
type, CO has been reported to relieve totally the inhibition
by CN- of electron flow to substrate, thereby implying a
common binding site 26). We have found that CNis
completely ineffective with thex-195°" nitrogenase, even
though HCN is actively reduced, with the result that ATP
hydrolysis remains tightly coupled to electron transfer even
at 10 mM cyanide. The binding site for Chhas obviously
been affected dramatically by the His-to-GIn substitution at
the a-195 position. These results further suggest that these
two inhibitors are unlikely to share a common binding site.
The efficient reduction of HCN was patrticularly surprising
in light of the low activities for N~ and HN; reduction
catalyzed by thex-195°" MoFe protein because azide has
been reported to be a competitive inhibitor of HCN reduction
(32, 62).

In conclusion, in attempting to analyze and understand the
changes that the substitution of the195-histidine by
glutamine has caused and what implications these have for
the mechanism of nitrogenase action, we can start from the
knowledge that the imidazokenitrogen of histidine and the
amide group nitrogen of glutamine can be disposed similarly
with respect to the FeMo cofactor surface because the chain
length from the backbone-carbon to these nitrogens is the
same for both residues. The putative hydrogen bonding to a
central S atom is, therefore, likely to be maintained in both
MoFe proteins. It follows then that the glutamine substitution
at positiona-195 produces only very local effects on the
electronic structure of the FeMo cofactor. This suggestion
is supported by the observation of only minor shiftsgin
values in the corresponding EPR signadls §3). Thus, it
might be predicted that the catalyzed reduction of only those
substrates which interact with the central girdle of six iron
and three S atoms would be affected by this substitution.
Those substrates and inhibitors affected by the substitution
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