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The vanadium nitrogenase of Azotobacter chroococcum

Reduction of acetylene and ethylene to ethane

Michael J. DILWORTH,* ROBERT R. EADYt and Marie E. ELDRIDGE
AFRC Unit of Nitrogen Fixation, University of Sussex, Brighton BN1 9RQ, U.K.

1. The vanadium (V-) nitrogenase of Azobacter chroococcum transfers up to 7.4, of the electrons used in
acetylene (C,H,) reduction for the formation of ethane (C,H,). The apparent K, for C,H, (6 kPa) is the
same for either ethylene (C,H,) or ethane (C,H,) formation and much higher than the reported K, values
for C,H, reduction to C,H, by molybdenum (Mo-) nitrogenases. Reduction of C,H, in *H,O yields
predominantly [cis-*H,Jethylene. 2. The ratio of electron flux yielding C,H, to that yielding C,H, (the
C,H,/C,H, ratio) is increased by raising the ratio of Fe protein to VFe protein and by increasing the assay
temperature up to at least 40 °C. pH values above 7.5 decrease the C,H,/C,H, ratio. 3. C,H, and C,H,
formation from C,H, by V-nitrogenase are not inhibited by H,. CO inhibits both processes much less
strongly than it inhibits C,H, formation from C,H, with Mo-nitrogenase. 4. Although V-nitrogenase also
catalyses the slow CO-sensitive reduction of C,H, to C,H,, free C,H, is not an intermediate in C,H,
formation from C,H,. 5. Propyne (CH,C=CH) is not reduced by the V-nitrogenase. 6. Some implications

of these results for the mechanism of C,H, formation by the V-nitrogenase are discussed.

INTRODUCTION

Azotobacter chroococcum (Robson, 1986) and Azoto-
bacter vinelandii (Bishop et al., 1986) have two genetically
distinct systems for nitrogen fixation. One is the well-
characterized molybdenum-containing nitrogenase (Mo-
nitrogenase); the other is a recently isolated vanadium-
containing nitrogenase (V-nitrogenase) that is syn-
thesized in cells given vanadium in place of molybdenum
(Robson et al., 1986; Hales et al., 1986).

The V-nitrogenase of A. chroococcum is a two-
component system consisting of a VFe protein (Acl*)
and an Fe protein (Ac2¥). Acl* is an a,f, tetramer of
native M, 210000 containing 2V, 23 Fe and 20 acid-
labile sulphide atoms per tetramer (Eady et al., 1987).
Ac2* is a dimer of native M, 60000 containing 4 Fe and
4 acid-labile sulphide atoms per molecule (Robson et al.,
1986). For activity, both proteins, MgATP, a low-
potential electron donor and the absence of O, are
required.

The substrate specificity of V-nitrogenase differs from
that of Mo-nitrogenase in that neither acetylene (C,H,)
nor dinitrogen (N,) competes as effectively with H* in
V-nitrogenase as in the Mo-nitrogenase system (Robson
et al., 1986; Eady et al., 1987). A V-nitrogenase with
similar properties has been isolated from Azotobacter
vinelandii (Hales et al., 1986).

With Mo-nitrogenase, C,H, is reduced only to ethylene
(C,H,) (Dilworth, 1966; Schollhorn & Burris, 1967;
Hardy et al., 1968). We recently reported that isolated
V-nitrogenase forms not only C,H,, but also ethane
(C,Hy), from C,H,, a reaction that also occurs in vivo
in A. chroococcum, A. vinelandii and Clostridium

pasteurianum grown under Mo-deficient conditions in
the presence of vanadium (Dilworth et al., 1987).

C;H, can also be reduced to both C,H, and C,H;, in
chemical systems involving vanadium, such as V(OH), in
Mg(OH), (Denisov et al., 1981 ; Schrauzer et al., 1981) or
V'_catechol complexes (Schrauzer & Palmer, 1981). The
yield of C,H, relative to C,H, was improved at low
C,H, pressure or at high V" concentration.

A detailed biochemical study of the factors affecting
the yield of C,H, may provide insight into (1) the
conditions under which C,H, production may be used as
an assay for V-nitrogenase in vivo, and (2) the difference
between the chemical mechanisms of V- and Mo-
nitrogenases.

In the present paper we define the parameters that
affect the relative yields of C,H, and C,H, from C,H,
and present data indicating that free C,H, is not an
intermediate in the production of C,H, from C,H,. We
also show that V-nitrogenase can nevertheless slowly
reduce C,H, to C,H,.

MATERIALS AND METHODS

Nitrogenase

The nitrogenase components Acl* and Ac2* were
purified from A. chroococcum strain MCD1155, which
carries a deletion of nifHDK, the structural genes for
Mo-nitrogenase, as described by Robson et al. (1986)
and Eady et al. (1987). The nitrogenase components Acl
and Ac2 were purified from A4. chroococcum MCDS50
(Robson, 1986), grown under Mo-sufficient conditions,
essentially as described by Yates & Planque (1975).

Abbreviations used: nitrogenase components of Azotobacter chroococcum are abbreviated using the notation of Eady et al. (1972), in which Acl*
denotes the VFe protein and Ac2* the Fe protein of the V-nitrogenase, and Acl the MoFe protein and Ac2 the Fe protein of Mo-nitrogenase.
* Permanent address: School of Environmental and Life Sciences, Murdoch University, Murdoch, Western Australia 6150, Australia.

t To whom correspodence and reprint requests should be sent.
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Assays

Nitrogenase was assayed as described by Eady et al.
(1972), except that the liquid volume was 1.0 ml and the
dithionite concentration 10 mM. Time courses for sub-
strate reduction were determined on assays stopped at
appropriate times.

Gases

C,H, was generated from CaC, (BDH, Poole, Dorset,
U.K.). Ar, H,, N, and CO were purchased from Air
Products Ltd. (Walton-on-Thames, Surrey, U.K.).
Cylinder C,H, from Air Products Ltd. was purified as
described by Ashby er al. (1987). Ethane, propene
(CH,=CH—CH;) and propane (CH,CH,CH,) were
commercial products from Messer Griesheim, Diissel-
dorf, Germany. Propyne (CH,C=CH) was synthesized
by Dr. R. L. Richards by the method described by
Brandsma (1971).

Product analysis

Ethane, ethylene, propane, propene, acetylene and
propyne were separated by chromatography on a
column (1 m x 6 mm diam.) of chromatographic alumina
(type Hp; Chromatographic Specialties). The alumina
was deactivated by treatment with 109, (w/v) Nal
solution, washed with deionized water and dried (Smith
& Dowdell, 1973). The column was activated by heating
overnight at 200 °C while dry N, was passed through it.
For chromatography, the column was operated at 110 °C
with a flow rate of 45ml of N, min™ (Smith &
Restall, 1971). H, was measured by gas chromatography
(Eady et al., 1972).

NH, was measured after microdistillation using the
indophenol method as described by Dilworth &
Thorneley (1981).

M. J. Dilworth, R. R. Eady and M. E. Eldridge

Mass spectrometry

For m.s. analysis, V-nitrogenase was incubated in a
5 ml round-bottomed flask containing three times the
normal volumes of reagents. The flask was equipped with
a stopcock leading to a B10 socket, which could be closed
with a SubaSeal or connected to the mass-spectrometer
inlet. After injection of protein and incubation, the
headspace gas was assayed by gas chromatography, the
stopcock closed, the SubaSeal removed, and the flask
connected to the mass spectrometer (AEI model MS 10)
inlet.

Stereochemistry of C,H, formation

A 100 ml round-bottomed flask, with a SubaSeal in
one side neck which carried a stopcock between the flask
and the rubber seal, contained reagents corresponding to
20 times the standard assay, 1.4 mg of Ac1* and 9.6 mg of
Ac2*, under an atmosphere of C,H, (10 kPa) and Ar
(91 kPa), with 869% ?H,O in the liquid phase. The
reaction was stopped after 60 min with trichloroacetic
acid, and the flask contents frozen in a solid CO,/
methylated spirit bath before transfer of the headspace
gas to a 100 ml i.r. gas cell with a 10 cm path length and
NaCl windows. Lr. spectra were recorded on a
Perkin—Elmer model 1710 Fourier-transform i.r. spectro-
meter before and after reaction.

RESULTS AND DISCUSSION
C,H, reduction by V-nitrogenase

The major product of C,H, reduction by V-nitrogenase
was C,H,. The dependence of the rate of C,H, production
on C,H, concentration gave an apparent K, of 6 kPa
(Fig. 1), a value which is 3-fold greater than the highest
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Fig. 1. Dependence of C,H, (O) and C,H, (@) formation on C,H, partial pressure

Ac2* and Acl* (molar ratio 9.3:1) were assayed under standard conditions, except that the partial pressure of C,H, was as
indicated. The inset shows a double-reciprocal plot of the mean values of the same data.
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value of the range quoted for Mo-nitrogenase (0.3-
2.0 kPa) (Hardy, 1979). The high apparent K, for C,H,
does not, however, explain the failure of C,H, to inhibit
H, evolution completely (at 30 kPa of C,H,, 5 times the
apparent K, evolution of H, was still 339, of the rate
under Ar).

Mo-nitrogenase in *H,O reduces C,H, predominantly
to [cis-*H,]ethylene (Dilworth, 1966; Hardy et al., 1968;
Kelly, 1969), an observation widely interpreted as
indicating side-on bonding of C,H, to a metal in the
active site (Hardy, 1979). With the V-nitrogenase system,
analysis of the products of C,H, reduction in 2H,O by i.r.
spectroscopy showed a strong band at 843 cm™ charac-
teristic of [cis-*H,Jethylene (Crawford et al., 1953),
whereas the band at 988 cm™ for [trans-*H,Jethylene
(Crawford et al., 1953) was only just detectable. The
reduction of C,H, therefore appears to be highly
stereospecific in the V-nitrogenase, just as it is for Mo-
nitrogenase.

In addition to the production of C,H,, the V-
nitrogenase forms C,H; as a minor product (Dilworth
et al., 1987). The identification of the additional gaseous
product as C,H, is based on data presented here. Its
retention time on an alumina column was identical with
that of authentic C,H, (45 s), whereas the retention time
for C,H, was 62 s. Analysis of the head-space gases by
m.s. before and after incubation showed that a species
with a molecular mass of 30 Da was formed from C,H,
by V-nitrogenase.

Gas chromatography also showed that V-nitrogenase
did not form detectable quantities of methane, propene,
propane, 2-methylpropane, butane, but-l-ene or
but-2-ene from C,H,. Unlike the Mo-nitrogenase from
A. vinelandii, which reduces propyne to propene (Hardy
et al., 1971; McKenna et al., 1979), V-nitrogenase from
A. chroococcum produced neither propene nor propane
from propyne (16 kPa) under standard assay conditions.

We have previously reported (Dilworth et al., 1987)
that formation of C,H, from C,H, occurs only with
combinations of Acl1* with either Ac2 or Ac2*, but not
with Acl. Since Mo-nitrogenase components from
Klebsiella pneumoniae (oxytoca) also do not produce
C,H, from C,H, (Ashby er al., 1987), this reaction
appears to be a characteristic of the V Fe protein. The
parameters of this reaction have therefore been investi-
gated further with a view to its use as an assay for V-
nitrogenase both in vivo and in vitro.

Factors affecting ethane formation from acetylene

Under standard assay conditions of pH 7.4 and 30 °C
with C,H, at 15kPa, C,H, formation accounted for
2.359%, of the total electron flux through V-nitrogenase,
measured as H,+C,H,+2 C,H,. In determining the
total electron flux the yield of C,H, was multiplied by 2,
since C,H;, is a 4e reduction product of C,H,, whereas
C,H, and H, are both 2e reduction products of C,H, and
H* respectively. As a percentage of the electron flux
resulting in C,H, reduction, C,H; accounted for 5.5%.
The rate of C,H; formation was proportional to the
V-nitrogenase added to the assay under conditions
where the time course remained linear.

Since Mo-nitrogenase does not reduce C,H, to C,H,
(Hardy, 1979), the possibility arises that the V-nitro-
genase has distinct binding sites for C,H, for these
reactions. Determination of the apparent K, for C,H,
reduction to C,H, lends no support to this hypothesis,
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Fig. 2. Effect of the Ac2*/Acl* ratio on the electron-flux-to-
C,H,/electron-flux-to-C,H, ratio

Each assay mixture contained Acl* (65 ug) and appro-
priate amounts of Ac2* to give the component ratios
shown.

since it was experimentally indistinguishable from that
for the C,H,-to-C,H, reaction at 5.9kPa (Fig. 1).
The electron-flux-to-C,H,/electron-flux-to-C,H, ratio
(C,H,/C,H, ratio) was essentially constant over the
range of C,H, partial pressure from 2 to 30 kPa. This
implies that C,H, is itself not an inhibitor of the further
reduction of free C,H, or an enzyme-bound intermediate.

Since C,H, is a four-electron reduced product, its
formation might be expected to be favoured under
conditions where electron flux through the enzyme is
high (a high molar ratio of Ac2* to Acl*). It has
previously been shown that activity for both H, evolution
and C,H, formation increases rapidly up to an approx.
20-fold molar excess of Ac2* over Acl* (Eady et al.,
1987). In a similar titration where C,H, and C,H,
formation were monitored, the C,H,/C,H, ratio
increased from 1.2 to 4.659%, (Fig. 2). By analogy with
Mo-nitrogenase, high component ratios and consequent
high electron flux would favour the formation of more
highly reduced states of the substrate-reactive sites
(Thorneley & Lowe, 1985). For V-nitrogenase, our data
suggest that a more reduced form of the enzyme is
required for C,H, formation than for C,H, production.
Although the C,H,/C,H, ratios observed in vivo in intact
cells of A. chroococcum fall within the range in Fig. 2, the
difference in electron donor(s) makes it impractical to
draw conclusions about the component ratio of Ac2* to
Acl* in vivo.

The effect of pH on V-nitrogenase was studied over the
pH range 6.5-8.5 in 50 mMm-Hepes/NaOH buffer. The
profiles for H, evolution under Ar, residual H, evolution
in the presence of 15 kPa C,H,, and C,H, reduction to
C,H, and C,H,, are shown in Fig. 3. All activities show
a broad pH optimum in the region 7.0-7.5, whereas the
C,H,/C,H, ratio decreases at pH values above 7.5 (Fig.
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Fig. 3. Effect of pH on product formation by V-nitrogenase

Ac2* and Acl* (molar ratio 9.1:1) were assayed under
standard conditions, except that the initial pH was varied
as indicated. A, H, evolution under Ar; A, H, evolution
under C,H, (16 kPa); @, C;H, formation and O, C,H,
production, from C,H, (16 kPa).
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Fig. 4. Effect of pH on the ratio of C,H, to C,H, produced from
H
2772

Values are derived from the data in Fig. 3.

4). The similarities of these pH profiles to those observed
for Mo-nitrogenase (e.g. Dilworth & Thorneley, 1981)
suggest that the variation in activity with pH is due more
to its effect on the protein than on the intrinsic chemistry
of substrate reduction.

M. J. Dilworth, R. R. Eady and M. E. Eldridge

Table 1. Effect of temperature on product distribution during
C,H, reduction to C,H, and C,H, by V-nitrogenase

The reduction of C,H, to C,H, and C,H; by Ac2* and
Acl* (molar ratio 9.2: 1) was measured under the standard
assay conditions, except that the temperature was varied
as indicated. Activity was measured over 3—15 min at the
two highest temperatures, 5-30 min at 19.8°C and
10-45 min at 10.8 °C to establish that reaction rates were
linear. Total flux is expressed in total electron pairs
(nmol)-min~!-mg of protein~*.

Percentage flux

Temp. (°C) ... 10.8 19.8  30.0 39.7

Total flux ... 296 208 519 759
Flux to H, 379 457 546 613
Flux to C,H, 617 529 430 359
Flux to C,H, 0.4 14 24 29

The production of C,H, and C,H, from C,H,, and of
H, evolution under Ar, were investigated over the
temperature range 10.8-39.7°C (Table 1). A marked
change in electron allocation occurred over this range;
C,H, was a better substrate than H* at the lower
temperatures, since as the temperature was lowered the
rate of C,H, reduction increased relative to the rate of
H* reduction. The activity of the V-nitrogenase, as
measured by H, evolution under Ar, extended to lower
temperatures than the corresponding Mo-nitrogenase
from A. chroococcum (R.W.Miller & R.R. Eady,
unpublished work).

The C,H,;/C,H, ratio increased 11-fold over the same
temperature range, implying that the activation energy
for the formation of C,H; is significantly higher than
that for C,H,. If C,H, production is to be used for an
assay for V-nitrogenase in vivo, such assays should
obviously be attempted at as high a temperature as
practicable.

With the exception of the inhibitory effect of C,H,
on H, evolution, there are no published data concerning
the inhibition of V-nitrogenase. In the Mo-nitrogenase
system, H, is a specific competitive inhibitor of N,
reduction, but affects the reduction of no other substrate
(see Burgess, 1985), whereas CO inhibits the reduction of
all substrates except H* (with the exception of the
nitrogenase from the nifV mutant of K. pneumoniae;
McLean et al., 1983).

In the V-nitrogenase system, H, at 50 kPa inhibited
N, reduction, but at 85 kPa had no effect on C,H,
reduction to either C,H, or C,H, (Table 2). C,H, has
recently been shown to inhibit H, evolution by the Mo-
nitrogenase from K. pneumoniae (Ashby et al., 1987). It is
also an inhibitor of H, evolution by the V-nitrogenase of
A. chroococcum (Table 2). It may also inhibit the
reduction of C,H, to C,H,, but this situation is far from
clear. When C,H, (85 kPa) was added to C,H, (15 kPa),
the resultant rate of C,H, formation reached 10.2 nmol-
min~'-mg of Acl*?! compared with the rate of
8.6 nmol -min~!-mg of Acl*! under Ar (86 kPa) and
C,H, (15 kPa). Since C,H, (86 kPa) itself led to a rate of
C,H, formation of 3.7 nmol-min~'-mg of Ac1*’, the
rates of C,H, formation from C,H, plus C,H, were not
additive, but it is not possible to decide which compound
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Table 2. Effects of H, and C,H, on reduction of C,H, and N,

749

The effect of H, and C,H, as potential inhibitors of the reduction of Ac2* and Acl* (molar ratio 10.4:1) of C,H, to
C,H,, and of N, to NH,, was measured under standard assay conditions with the gas head-space composition as indicated.

Specific activity (nmol-min~!-mg of protein!)

Substrate ... H* C,H, (15 kPa) N, (50 kPa)
Gas head-space
composition Product ... H, C,H, C,H, NH,
Ar (101 kPa) 1094 426 8.5 265
H, (50 kPa) - - - 137
H, (85 kPa) - 430 8.6 -
C,H, (85 kPa) 860 - 6.5 -

is an inhibitor of which reaction. It is clear, however, that
a high partial pressure of C,H, does not result in any
large increase in C,H, formation from C,H,.

CO did not inhibit H, evolution by V-nitrogenase at
pressures up to 5 kPa (Fig. 5); it did, however, inhibit the
reduction of C,H, to either C,H, or C,H,. Unlike the
Mo-nitrogenase system, where 0.02 kPa of CO produced
50 % inhibition of C,H, reduction (Hardy, 1979), 1 kPa
of CO resulted in only 45 %, inhibition (Fig. 5) of either
C.,H, or C,H, formation.

In metal carbonyls, the bond energies of the metal-
carbon bonds increase with the atomic number of the
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Fig. 5. Effect of CO on H, evolution and on the reduction of
C,H, to C,H, and C,H, by V-nitrogenase

Ac2* and Acl* (molar ratio 9.4:1) were assayed under
an atmosphere of Ar or Ar plus C,H, (16 kPa) with the
partial pressure of CO as indicated. A, H, under Ar; @,
C,H, formation and O, C,H, production, from C,H,.
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metal (Connor, 1975). Weaker binding of CO to
vanadium than to molybdenum would therefore be
expected.

The time courses for H, evolution and C,H, formation
from C,H, showed no detectable lag period before
product formation became linear with time (Fig. 6). By
contrast, C,H, formation from C,H, showed a consistent
lag of several minutes before linear rates were attained.
This lag suggests that an intermediate on the route to
C,H, accumulates slowly.

We can exclude the most obvious candidate, free
C,H,, on the following grounds. Ethylene is itself slowly
reduced to C,H,; by V-nitrogenase (Fig. 7), as it is by
the Mo-nitrogenases of both K. pneumoniae and A.

1.0 120
0.6}
08} 116
0.5
3 |3 3
E
g 0.6 -50.4. 12 £
E
- g ©
3 Eoaf £
S 0af2 <
£ e 18 <
S S
0.2
0.2} 44
0.1
ot 0 —_ 2 : J
5 10 15 0
Time (min)

Fig. 6. Time courses of H, evolution, C,H, and C,H, formation
from C,H,

Ac2* and Acl* (molar ratio 6.6:1) were assayed for the
times indicated under standard conditions before product
analysis: A, H, evolution under C,H,; O, C,H, formation
and @, C,;H, formation, from C,H,.
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Fig. 7. C,H, formation from C,H, as a function of partial pressure of C,H,

Ac2* and Acl* (molar ratio 9.4: 1) were assayed under standard conditions, except that the gas phase contained C,H, at partial
pressures ranging from 60 to 200 kPa. Values in excess of 100 kPa were obtained as described by Ashby et al. (1987). The inset
shows a double-reciprocal plot of the mean values of the same data.

chroococcum (Ashby et al., 1987). With V-nitrogenase,
the apparent K, for C,H, in this process is 172 kPa (cf.
130 kPa for Mo-nitrogenase from K. pneumoniae). After
the lag time in assays of C,H, reduction to C,H,, the
total C,H, formed from C,H,, namely 97 nmol in the
experiment shown in Fig. 6, would, even if it were all to
remain in solution, give rise to a solution concentration
of only 0.097 mMm. As this concentration is only about
1% of the apparent K, (7.8 mm) for the reduction of
C,H, to C,H,, free C,H, cannot be the intermediate
whose synthesis produces the lag shown in C,H,
formation from C,H,. Further, the rate of C,Hj
formation from C,H, (15 kPa) is greater than that from
C,H, (101 kPa) (see Table 2).

The lag cannot at present be explained in terms of the
Thorneley-Lowe (1985) model for nitrogenase function.
C,H, formation from C,H,, though slow, shows no lag
(results not shown), so the route from C,H, to C,H, does
not appear to require the slow accumulation of any
intermediate. C,H, formation from C,H, is also linear
with time (Fig. 6), so the formation of any intermediate
common to C,H, and C,H, production seems unlikely to
cause a lag in C,H, formation. If C,H, were formed from
the same intern%diate generated from C,H, or C,H,, the
same lag in C,H,; formation would be expected. To
explain the lag in C,H, formation from C,H,, it may be
necessary to postulate different routes to C,H, from
C,H, and C,H,. ‘

Support for the existence of different routes to C,H,
from C,H, and C,H, comes from two further obser-
vations. Firstly, CO very effectively inhibits C,H,
formation from C,H, (90 % inhibition of 2 kPa; results
not shown), whereas 409, of the activity for C,H,
formation from C,H, remains at 2 kPa of CO (Fig. 5).

The second line of support comes from an experi-
ment where V-nitrogenase was allowed to reduce C,H,
(101 kPa) for 6 min before injection of C,H, (16 kPa).
If C,H, is able to generate intermediates in C,H,
formation which are only slowly formed from C,H,,
preincubation of V-nitrogenase under C,H, should
eliminate the lag in C,Hy production from C,H,.
However, the new rate of C,H, formation after the
injection of C,H, still showed a lag of 2 min.

Taken together, these experiments support the idea of
different routes to C,H, depending on whether the
substrate is C,H, or C,H,. They also raise the question
of whether entirely different metal centres are involved.

The failure of the V-nitrogenase to reduce propyne is
consistent with the kinetics of the enzyme. For Mo-
nitrogenase, the apparent K for C,H, reduction to
C,H, of 0.6-2kPa (Hardy, 1979) increases to about
50 kPa for propyne (McKenna, 1980). If there is a
similar relative loss of substrate affinity for the V-
nitrogenase, the apparent K, for propyne reduction
would be as high as 300 kPa, and reduction consequenty
barely detectable.

The reason why V-nitrogenase produces C,H, from
C,H,, whereas Mo-nitrogenase does not, may well lie in
the kinetics of C,H, binding. In V-nitrogenase, C,H,
appears unable to affect the further reduction of whatever
bound form of hydrocarbon exists on the enzyme, since
increasing the C,H, pressure from 2 to 30 kPa did not
affect the C,H;/C,H, ratio. By contrast, C,H, (1 kPa)
markedly inhibited the reduction of C,H, to C,H, with
the Mo-nitrogenase from K. pneumoniae (Ashby et al.,
1987). Since both C,H, and C,H, can give rise to C,H,
with V-nitrogenase, the same experiment could only be
attempted with labelled C,H, or C,H,. Nevertheless it
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seems probable that C,H, effectively displaces C,H,
from the enzyme in Mo-nitrogenase as soon as it is
formed, but does not affect V-nitrogenase in the same
way, possibly because of weaker binding of C,H, to the
enzyme, indicated by the higher apparent K, for C,H,.

A further indication that C,H, can displace C,H, from
Mo-nitrogenase of K. pneumoniae comes from the e.p.r.
studies of Lowe et al. (1978). The e.p.r. signal seen on
exposure of the Mo-nitrogenase to C,H, at 10 °C under
turnover conditions was abolished by addition of C,H,.

What then are the likely chemical mechanisms of
C,H, reduction to C,H, and to C,H,? Recent studies of
the chemistry of alkene release from metal centres after
alkyne reduction suggest that release occurs by a
reversible p-elimination from a metal alkyl (Alt &
Eicher, 1982). The metal alkyl itself can be further
reduced to yield free alkane and metal centre (Nakamura
& Otsuka, 1972).

With the Mo-nitrogenase from K. pneumoniae, where
C,H, can be formed from C,H, but not from C,H,,
Ashby et al. (1987) suggested that rapid binding of
C,H, to the metal hydride effectively displaces C,H,
from the metal centre in the enzyme, resulting in low
concentrations of the metal alkyl intermediate for C,H,
formation. The higher apparent K, for C,H, for V-
nitrogenase could therefore explain why C,H, does not
prevent C,H, formation in this system.

We thank Dr. D.J. Lowe, Dr. R. L. Richards, and Dr.
R. N. F. Thorneley for helpful and prolonged discussions,
Professor J. R. Postgate for his comments on the manuscript,
and Ms. Beryl Scutt for typing it.

REFERENCES

Alt, H. G. & Eicher, M. E. (1982) Angew. Chem. Int. Ed.
Engl., 21, 205-206

Ashby, G. A., Dilworth, M. J. & Thorneley, R. N. F. (1987)
Biochem. J. 247, 547-554

Bishop, P. E., Premakumar, R., Dean, D. R., Jacobson, M. R.,
Chisnell, J. R., Rizzo, T. M. & Kopczynski, J. (1986) Science
232, 92-94

Brandsma, L. (1971) Preparative Acetylenic Chemistry,
Elsevier, Amsterdam

Burgess, B. K. (1985) in Molybdenum Enzymes (Spiro, T. G.,
ed.), pp. 161-219, John Wiley and Sons, New York

Connor, J. A. (1975) J. Organomet. Chem. 94, 195-199

Received 6 May 1987/28 August 1987; accepted 1 October 1987

Vol. 249

751

Crawford, B. L., Lancaster, J. E. & Inskeep, R. G. (1953)
J. Chem. Phys. 21, 678686

Denisov, N. T., Ovcharenko, A. G., Svirin, V. G., Shilov, A. E.
& Shuvalova, N. I. (1981) Nouv. J. Chim. 3, 403408

Dilworth, M. J. (1966) Biochim. Biophys. Acta 127, 285-294

Dilworth, M. J. & Thorneley, R. N. F. (1981) Biochem. J. 193,
971-983

Dilworth, M. J., Eady, R. R, Robson, R. L. & Miller, R. W.
(1987) Nature (London) 327, 167-168

Eady, R. R., Smith, B. E., Cook, K. A. & Postgate, J. R. (1972)
Biochem. J. 128, 655675

Eady, R. R,, Robson, R. L., Richardson, T. H., Miller, R. W.
& Hawkins, M. (1987) Biochem. J. 244, 197-207

Hales, B. J., Case, E. E., Morningstar, J. E., Dzeda, M. F. &
Mauterer, L. A. (1986) Biochemistry 25, 7251-7255

Hardy, R. W. F. (1979) in A Treatise on Dinitrogen Fixation,
vols. 1 and 2 (Hardy, R. W. F., Bottomley, F. & Burns,
R. C, eds.), pp. 515-568, John Wiley and Sons, New York

Hardy, R. W. F., Holsten, R. D., Jackson, E. K. & Burns,
R. C. (1968) Plant Physiol. 43, 1185-1207

Hardy, R. W. F,, Burns, R. C. & Parshall, G. W. (1971) Adv.
Chem. 100, 219-247

Kelly, M. (1969) Biochim. Biophys. Acta 171, 527-540

Lowe, D.J., Eady, R.R. & Thorneley, R.N.F. (1978)
Biochem. J. 173, 277-290

McKenna, C. E. (1980) in Molybdenum and Molybdenum-
Containing Enzymes (Coughlan, M.P. ed.), p. 439,
Pergamon Press, New York

McKenna, C. E., McKenna, M.-C. & Huang, C. W. (1979)
Proc. Natl. Acad. Sci. U.S.A. 76, 47734777

McLean, P. A., Smith, B. E. & Dixon, R. A. (1983) Biochem.
J. 211, 589-597

Nakamura, A. & Otsuka, S. (1972) J. Am. Chem. Soc. 94,
1886-1894

Robson, R. L. (1986) Arch. Microbiol. 146, 74-79

Robson, R. L., Eady, R. R., Richardson, T. H., Miller, R. W.,
Hawkins, M. & Postgate, J. R. (1986) Nature (London) 322,
388-390

Schollhorn, R. & Burris, R. H. (1967) Proc. Natl. Acad. Sci.
U.S.A. 57, 1317-1320

Schrauzer, G. N. & Palmer, M. R. (1981) J. Am. Chem. Soc.
103, 2659-2667

Schrauzer, G. N., Strampach, N., Palmer, M. R. & Zones,
S. L. (1981) Nouv. J. Chim. 5, 5-8

Smith, K. A. & Dowdell, R. J. (1973) J. Chromatogr. Sci. 11,
655-658

Smith, K. A. & Restall, S. W. (1971) J. Soil Sci. 22, 430443

Thorneley, R. N. F. & Lowe, D.J. (1985) in Molybdenum
Enzymes (Spiro, T. G., ed.), pp. 221-284, John Wiley and
Sons, New York

Yates, M. G. & Planque, K. (1975) Eur. J. Biochem. 60,
467-476



