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Nitrogenase catalyzes the reduction of dinitrogen to ammonia
as well as the reduction of many similar small molecules
containing C, N, and O multiple bonds. One exception to this
trend is CO, which is not a substrate but a potent noncompetitive
inhibitor of the wild-type enzymé?2 inhibiting the reduction of
all substrates, except for protohwahich are reduced to HUntil
now, it has been assumed that the inhibitory effects of CO are
similar for both the conventional Mo nitrogenase and the
alternative form of the enzyme, V nitrogenase. We report here

the surprising result that, at low concentrations, CO acts as a

stimulant and not an inhibitor of £, reduction to both ¢H,
and GHg by Azotobactewinelandii V nitrogenase.

Numerous spectroscopic studie¥ have suggested general
similarities between the metal clusters of wild-type Mo and V

nitrogenase. The amino acid sequences of both enzyme forms

also show high homolog¥. It is, therefore, surprising that these
two enzyme forms react differently with substrates and inhibi-

tors. For example, at room temperature, Mo nitrogenase reduces

CoH, to only GHy, while V nitrogenast&13generates both 4

and GHe. Another difference is observed during enzymatic
turnover in the presence of CO. Under these conditions, Mo
nitrogenase generates two differéht= %/, EPR signald#-16
while neither signal is detectable when V nitrogenase flam
vinelandii is usedt” These data suggest possible differences
in the mechanisms of ££1, reduction and CO inhibition by Mo
and V nitrogenase. This paper further investigates these
differences by determining the ability of CO to inhibibkE,

and GHs production from GH, by V nitrogenase.
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Figure 1. Relative productionR = {enzyme activity in presence of
CO}{ enzyme activity without C®) of C,H4 (A) or C.Hg (B) from

C;H; by A. vinelandii V nitrogenase as a function of the external CO
pressure. Gas phase (without CO) contained 10#4,@ Ar. Avl'

was added to degassed MgATP-regenerating solution containing
NaS,04 (20 mM), and the reaction was initiated by the addition of
Av2'. Experimental conditions: 15 min incubation, 30. GH, and
C;Hes were measured using a Varian (Model 3700) gas chromatograph
equipped with a flame ionization detector and a Porapac type T column
(C:Hy) or an activated alumina column{ds). The molar ratio of Av2

Avl' was 1:5 O, specific activity, 2.4 nmol of g, min~* mg™?* of
Avl'), 1:1 (@, specific activities, 22 nmol of £1, min~* mg~?* of Avl’

and 0.7 nmol of gHs min™* mg* of Avl’), and 8:1 [J, specific
activities, 68 nmol of gHs min~' mg~* of Av1’ and 2.4 nmol of GHs
min~t mg* of Avl'). All listed specific activities refer to product
formation in the absence of CO. Specific activity of Awtas 550
nmol of H, produced min' mg™* of Avl'. Solid lines: theoreticaR
values calculated from eq 6. Inset in B: expansion of data and calculated
R values for GHg production at low pressures<{® kPa) of CO.

Figure 1 shows the relative production opHG and GHg
from CH, by V nitrogenase as a function of the external CO
pressuré® These experiments were performed at different rates
of electron flux!® Since nitrogenase activity requires the
component 2 protein (the Fe protein or Av® donate electrons,
one at a time, to the component 1 protein (the VFe protein or

(18) V nitrogenase proteins were purified, and acetylene reduction activity
was monitored as previously descrit®dn these experiments, dithionite
(20 mM) was used as a reductant. For the data indicated in the figure, the
partial pressure of acetylene was 0.1 atm. Data collected at different partial
pressures ranging from 0.1 to 0.002 atm showed no substrate dependencies,
as expected for noncompetitive interaction. The indicated partial pressure
of CO was produced using a Pressure-Lok syringe (Precision Sampling,
Baton Rouge, LA) to replace a volume of headspace gas over the reaction
mixture with an equal volume of 100% CO (Scott Specialty Gases, Houston,
TX) from a CO tank fitted with an Oxysorb cartridge (Messer Griesheim,
Valley Forge, PA). Fits to eq 6 with the data were obtained with FFIT
2,2-S, a function-fitting program (A Soft Answer, Macquarie Centre, NSW,
Australia).

0002-7863/96/1518-0279%$12.00/0 © 1996 American Chemical Society



280 J. Am. Chem. Soc., Vol. 118, No. 1, 1996 Communications to the Editor

Table 1 Ky = [E]IIV/EI ] 1)
product  Av2:Avl' A (kPa?) B (kPa?) C (kPa?)
CoHa 8:1 2.0 3.0 0.20 K= [ELIIVIED 41,] 3
1:1 0.014 0.004 8.% 10
1:5 1.94 0.87 0.012 -
CzHs 8:1 2.0 0.22 0.50 Ko = [EIIVIEL ] (3)
1:1 3.1 0.25 0.47
Ko = [ELIIVIED 41,] 4)

Av1'), the electron flux through the enzyme can be regulated the general expression for the relative specific activiy ¢f
by varying the AvZAv1' ratio. In Figure 1A, the rate of £, C2Ha or C;He production (i.e., activity= 1 when [CO]= 0) is
formation was determined at an AvR&vl' ratio of 8:1,

corresponding to high electron flux. These data exhibit what R= (1 + VK, + bl Ky)
appears to be a typical profile for a single noncompetitive @+ [ Ky + [ Ky + 7KK, + 12K K )
inhibitor. Upon decreasing the component protein ratio to 1:1

(approximating moderate flux), the ability of CO to inhibigH, whereh; is called the enhancement factor and represents the
formation decreases, suggesting that the value of the inhibitionrelative amount of product generated by enzyme form El
constantK;, has increased. This interpretation becomes suspectcompared to the production by the enzyme (E) in the absence
when the rate of ¢H, formation is monitored at an even lower of CO. Equation 5 can be simplified to

component ratio (i.e., 1:5, or low flux). Unexpectedly, under 5

this low-flux condition, CO in small concentrations was R=(1+Al})/(1 + B[] +C[l]) (6)
observed to enhance instead of inhibitgproduction. Product
enhancement at low CO concentrations was also observedd
(Figure 1B) for GHs. However, unlike the enhancement of
C,H4, which occurred only under low-flux conditions, enhance-
ment of GHg was detected at all component ratios tested
including maximum flux (i.e.=20:1; data not shown). In all

®)

Equation 6 was found to provide an excellent fit to all the
ata (see Figure 1), yielding the best-fit parameters for the
selected data shown in Figure 1 (Table 1).
Because the parametels B, and C represent various
' combinations of the termis, K;, andKj as defined above, it is
. impossible to provide a unigue mechanistic explanation for the
of these experiments, CO was not observed to affect total gpserved variations in these parameters with flux. However,
electron flux. general statements can be made about the overall data. Recent
Atlarger CO concentrations, the relative enhancement of both 13C_.ENDOR spectr¥ of the two CO-induced EPR signals in
C;Hs and GHe production decreased, and eventually only Mo nitrogenase have demonstrated that CO binds sequentially
product inhibition was observed at high concentrations. From to two sites on the same metal cluster of component 1. Although
these data, it is obvious that, for both products, the degree ofimplied, it has not yet been demonstrated that this CO binding
enhancement increased as the flux decreased. These results are directly associated with CO inhibition of the Mo enzyme.
the first example of CO acting as an enhancer of product Our data presented here clearly show that there are likewise at
formation by nitrogenase and dramatically differ from the results |east two different CO binding sites on V nitrogenase that
previously reportel for V nitrogenase fromAzotobacter directly influence the enzymology of acetylene reduction. We
chroococcumwhere, under high flux conditions, CO appeared also show for the first time that CO does not always function
to induce an identical inhibition of both ;84 and GHs as an inhibitor of substrate reduction by nitrogenase but can
production. This comparison is even more surprising since actually enhance the formation of certain products. Furthermore,
sequence alignments (using the MoFe protein structure as athe approximate invariance with flux in the values®andC
reference) of the 26 nearest-neighbor amino acids to the VFefor C,Hg formation suggests that the binding constants for CO
cofactor in enzymes from bot. chroococcumand A. are flux independent, such that the differences in the data
vinelandii are identical!22 observed in Figure 1B arise only from variation in the
The simplest model for explaining the profiles in Figure 1 enhancement factor (in th& term) with flux. This simple
involves two different sites (labeled 1 and 2) on the enzyme interpretation, however, does not hold foi-G formation, where
(E) for CO (1) binding. The trend in the data suggests that the there is no general trend in the variation of theB, andC
enhancement of product formation at low CO concentrations is parameters with flux. This latter fact suggests that the mech-
related to binding at a single (Ei = 1 or 2) site, while binding ~ anisms for GHs and GHe formation from GH, differ (for
at both sites (Rl>) at higher concentrations induces inhibition. example, GH, formation may involve several different forms
Defining the terms of the enzyme, each with a different affinity for CO, whileHg
formation may only involve a single form) and, as has been
(19) Different fluxes were used because it has been previously oted demonstrated many times in the past, again underscores the

glsait sﬂlﬁ}ém é)j C.%'?ﬁ gﬁi%l:]cgm toe?;lf; Egn'\g? nitrogenase is flux dependent,  importance of considering the influence of electron flux in any
4 2 ‘ P
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