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Chemical Probes of Nitrogenase. 1. Cyclopropene. 
Nitrogenase-Catalyzed Reduction to Propene and 
Cyclopropane1 

Sir: 

One of the more remarkable properties of nitrogenase 
consists in its ability to catalyze the reduction of diverse small 
unsaturated molecules besides N2, the biological substrate.2 

Prominent among these "adventitious"3 substrates is C2H2, 
which the enzyme readily reduces to C2H4 (but not to C2H6).4 

In contrast to C2H2, C2H4 is completely unreactive to nitro­
genase;5 the origin of this selectivity, an important clue towards 
the understanding of nitrogenase function, is unknown pri­
marily because an appropriate investigative tool has not been 
available to enzymologists. It appeared to us reasonable to 

HC = CH 

HpC = C Ho 

N2ase 

ATP,2e" 

N2ase 

H2C CH, 

ATP, 2e 
•=-»• No reaction 

surmise that a molecule possessing electronic properties in­
termediate between those of C2H2 and C2H4 might display 
partial reactivity with nitrogenase, and therefore could be of 
use as a chemical probe to elucidate the molecular basis for 
such phenomena as C2H2 vs. C2H4 selectivity and other in­
teresting aspects of nitrogenase catalysis. Cyclopropene as a 
candidate molecule of this type6 combines a number of at­
tractive features: (1) it clearly satisfies our fundamental cri­
terion; i.e., it is recognized to possess properties in between 
those regarded as typical for unstrained alkenes and alkynes;7 

(2) it has the most compact steric profile of the three C3H4 
isomers; and (3) its reduction conceivably could lead to any of 
several stable products—cyclopropane or propene via a two-
electron reduction, propane via a four-electron reduction— 
which themselves have little or no tendency to interact further 
with nitrogenase.8 In this communication we report evidence 
that nitrogenase prepared from Azotobacter vinelandii OP 
catalyzes the formation of both propene and cyclopropane 
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Table I. Nitrogenase-Catalyzed Reduction of Cyclopropene 

Expt No. Assay mixture Pinit, cyclopropene (atm)" Reaction time (min) 
Product formed (nmol)* 

Propene Cyclopropane GC column 

1 Completec 

None 
ATP, DT? 
Complete^ 

None 
DT' 
DT, N2ase-/' 
Complete''' 
None 
ATP, N2ase' 
Complete"1 

None 
ATP, DT" 
complete0 

10 None 
DT, N2ase" 
Complete* 

0.025 

0.02 

0.005 

0.04 

0.03-0.015 

0.035-0.02 

10 
30 

100 
10 
10 
10 
57 
93 
20 
20 
20 
20 
30 
30 
21.5 

105 
40 
13 
13 
29 
20 
11 
10 

452 
1.26 X 103 

1.30X 103 

<5/ 
<5/ 
347 

~7 X 102 

7.3 X 102 

<1 X 10/ 
<2 X 10/ 
<2X 10/ 

155 
<2/ 
26/ 
367 
790 
<2/ 
6/ 

212 
466 
<8/ 
<9/ 
380 

— 
— 

6 X 102 

— 
— 
— 

~3 X 102 

3.4 X 102 

<2/ 
<2/ 
<2/ 
79 

<io/ 
<10/ 
— 
375 
<2/ 
<2/ 
109 
262 
<5/ 
<8/ 
198 

d 
d 
e 
d 
d 
d 
h 
e 
d,h 
h 
h 
h 
d,k 
d,k 
d 
k 
k 
k 
k 
k 
k 
k 
k 

a Initial partial pressures (balance, Ar to 1 atm), determined manometrically or estimated by GC. * All experiments conducted at 30°. 
C2H6 used as internal standard in expt. 7, 8, and 10. Apparent activities in some experiments limited by agitation rate. c 4.9 mg CP-S 
N2ase protein in 2 ml of assay mixture as described in text. d Porapak N, 2 ft X 3/16 in. e Porapak N, 10 ft X V4 in. / Background value. 
s 0.55 ml of H2O, 0.80 ml of ATP-generator (ATP (12.5 fiM), MgCl2 (12.5 MM), CP (62.5 MM), CPK (16 units), HEPES (62.5 nM, pH 
7.3)), and 0.5 ml of 0.08 M DT. h 4 ft X 3/i6 in. AgN03/ethylene glycol/firebrick, 1.5 in. X 3/,6 in. Porapak N. '0.15 mlof H2O, 0.1 mlof 
0.25 M HEPES/0.05 M MgCl2 (pH 7), 0.25 ml of 0.08 M DT. J As in i, plus 3.3 mg of CP-S N2ase protein in 0.1 ml of 0.01 M sodium 
phosphate buffer (pH 7). Complete mixture additionally contained 0.4 ml of ATP-generator. k 14 ft X 3/,6 in AgN03/glycerol/firebrick, 2 
in. X 3/16 in. Porapak N. ' 0.6 ml of H2O, 0.8 ml of ATP-generator (note g) and 3.65 mg of CP-S N2ase protei n in 0.1 ml of 0.01 M sodium 
phosphate buffer (pH 7). m As in /, plus 0.50 ml of 0.08 M DT. " 0.8 ml of ATP-generator (note g), 0.65 ml of H2O, and 0.5 ml of 0.08 M 
DT. 0 As in n, plus 1.84 mg of CP-S N2ase protein in 0.05 ml of 0.01 M sodium phosphate buffer (pH 7). P 0.45 ml of 0.25 M HEPES/ 
0.05 M MgCl2 (pH 7), 0.5 ml of 0.08 M DT and 9.18 mg of CP-S N2ase protein in 0.25 ml of 0.01 M sodium phosphate buffer, pH 7. * As 
in p, plus 0.8 ml of ATP-generator (note g). 
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from cyclopropene; i.e., cyclopropene is a two-electron sub­
strate of the enzyme and reduction is partly accompanied by 
cleavage of the three-membered ring. 

Some pertinent data concerning the reduction are presented 
in Table I. Incubation of nitrogenase9 in 2 ml of an aqueous 
assay mixture11 containing ATP (5 yM), MgCh (5 MM), CP 
(25 fiM), CPK (16 units), HEPES (25 nM, pH 7.3), and DT 
(20 ^M) under an atmosphere of dilute cyclopropene12 in Ar 
resulted in the formation of substantial quantities of propene14 

and cyclopropane, detected by GC analysis with several column 
types and directly identified in scaled up runs by 1H NMR 
spectrometry. Neither gas was generated by control mixtures 
lacking enzyme, ATP-generator, or DT. For all assays shown, 
propane formation was undetectable (<1% of propene 
formed). 

In other experiments, it was found that no reduction of cy­
clopropene to propene or cyclopropane occurred in complete 
assay mixtures when CP-S nitrogenase was replaced with 
equivalent amounts (in terms of activity units) of either isolated 
Fe-Mo or Fe protein; however, the recombined enzyme com­
ponents strongly catalyzed reduction to both products. Kinetic 
studies of the reduction revealed a smooth, initially linear ev­
olution of both propene and cyclopropane beginning promptly 
after initiation by ATP, DT, or nitrogenase. The slopes of the 
linear portions of rate plots were direct functions of the number 
of enzyme units present in the assay mixtures when ATP and 
electron donor were maintained in excess, and the total amount 
of reduction product was limited by total ATP available with 
DT in excess. H2 (0.01 atm) could not be substituted for DT 
as the in vitro reductant, and added H2 (0.01 atm) failed to 
enhance product yields when DT was limiting. 

The above results are consistent with essential known re­
quirements and properties of previously described nitroge-
nase-substrate reduction systems,2a_c and taken together ex­
clude the possibility that cyclopropene is being reduced via an 
inadvertent, nonspecific process bearing no significant relation 
to any of the mechanistic events involved in N2 fixation or the 
conversion of C2H2 to C2H4 by the enzyme. A unique feature 
of the cyclopropene reduction is the formation of two isomeric 
products in substantial amounts. Furthermore, under many 
conditions the relative quantities of the two products formed 
appear to correspond to a fixed, perhaps integral ratio; in all 
our time course experiments to date, including those in which 
either the Fe-Mo or the Fe protein was at a saturating con­
centration relative to its complementary component, the pro-
penexyclopropane initial rate quotient was 2.0 ± 0.2. Present 
uncertainty in the value of the Henry's law coefficient for cy­
clopropene in water prevents us from making a reliable esti­
mate for A'm(app), but our preliminary measurements indicate 
that the maximal velocity (Km) for cyclopropene reduction to 
the two C3H6 products is sensibly smaller than the Vm for 
C2H2 reduction. 

The occurrence of protein-bound Fe and Mo in the nitro­
genase components has led to much speculation that one or 
both metals may be intimately involved in the binding and 
subsequent reduction of N2, C2H2, and analogous substra-
tes2a-c.i6 t j , u s stimulating efforts to elaborate possibly related 
nonenzyme chemistry based on Mo, Fe, or other transition 
metals.2b'16,17 The feasibility of x-bonded cyclopropene-
transition metal complexes has been recognized for some time.7 

Structures invoking mixed ir and a bonding have been proposed 
for certain compounds derived from Fe and Co carbonyl 
complexes and triphenylcyclopropenyl bromide,18 insertion 
products from reactions of cyclopropenes with various metal 
salts and complexes have been reported,19 and more recently 
reversibly-formed Pt(O) complexes of molecular cyclopropenes 
have been characterized.20 However, direct precedent from 
well-understood model chemistry for the novel enzyme-cata­
lyzed unsubstituted cyclopropene reduction we have described 

here cannot be cited, and should be sought. It is tempting to 
consider the abrupt change from inertness to reactivity with 
nitrogenase that is encountered in passing from C2H4 to cy­
clopropene and C2H2 in terms of the presence of two orthog­
onal sets of -KI IT* orbitals in the latter molecule:21 thus the 
lessened reactivity of cyclopropene relative to C2H2 could be 
ascribed to the less favorable overlap or donor-acceptor 
properties of the distorted geometry, quasi-ir/7r* Walsh or­
bitals that are coplanar with the three-membered ring. Un­
equivocal conclusions concerning this and alternative hy­
potheses must await the results of detailed investigations, 
currently in progress in our laboratory, of the reduction 
mechanism and other aspects of interactions between nitro­
genase and cyclopropene. 
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Enzymatic Cyclization of 
(R,S)-14,15-Oxidogeranylgeranyl Pyrophosphate 
to 3a- and 3/S-Hydroxykaurene1 

Sir: 

The first step in the biosynthesis of the majority of the known 
diterpene natural products from a//-fra«5-geranylgeranyl 
pyrophosphate (1-OPP), is a double cyclization to the labdane 
nucleus, a process apparently initiated by enzymatic proton-
ation of the 14,15-double bond.2 Thus, the tetracyclic diterpene 
kaurene (3), a biosynthetic precursor of the gibberellin plant 
growth regulators,23 is formed from 1-OPP by way of the bi-
cyclic intermediate, copalyl pyrophosphate (2-OPP).4 Al­
though many members of the gibberellin family and certain 
other diterpenes possess a hydroxyl group at C3,5 this func­
tional group is apparently introduced by an oxygenation re­
action subsequent to the cyclization stages.2-3-6 In contrast, the 
characteristic C3 hydroxyl group present in most cyclic tri-
terpenes and sterols is a direct outcome of the enzymatic cy­
clization of (3S)-2,3-oxidosqualene.7 We wish to report that 
the (.R1S)-14,15-epoxide (4-OPP) of geranylgeranyl pyro­
phosphate is cyclized to a mixture of 3a- and 3/3-hydroxy-
kaurene (5 + 6)1 by soluble enzyme preparations containing 
the diterpene cyclase, kaurene synthetase.s-9 

a//-Jran^-Geranylgeraniol (1-OH)1 0 was rendered ra-

Scheme I 

/ \ L ^ » ^ O P P 

1-OPP 

kaurene 
synthetase 

2-OPP 

dioactive (Mn02 oxidation; NaB3H4 reduction) and converted 
to the known (7?,S)-14,15-epoxide (4-OH, 47 mCi/mm)8 b by 
means of regioselective terminal hypobromination of 1-OAc.12 

Phosphorylation of 4-OH was accomplished with the modified 
Cramer procedure,13 the pyrophosphate (4-OPP) being ob­
tained in 20% yield after purification by ion exchange chro­
matography on Dowex 1-X814 and elution from an Amberlite 
XAD-2 column to separate ammonium formate.15 The am­
monium pyrophosphate was characterized by its specific ac­
tivity (46 mCi/mm), typical thin layer chromatographic 
(TLC) behavior,16a and reconversion to 4-OH (75%, identi­
fication by TLC mobility)16b by treatment with bacterial al­
kaline phosphatase. 

Soluble preparations of endosperm homogenates from im­
mature Echinocystis macrocarpa (wild cucumber) seed are 
known to contain kaurene synthetase activity.17 A series of 
preliminary experiments was performed with these prepara­
tions as the source of enzyme. The epoxy pyrophosphate is 
converted in substantial amounts to an extractable, radioactive 
fraction (X) which runs ahead of the epoxy alcohol (4-OH) 
on TLC1 6 c to the region expected for hydroxy diterpenes. 
Smaller amounts of extractable radioactivity were associated 
with the triol (from epoxide and pyrophosphate hydrolysis) and 
one or two very small radioactive fractions were seen at posi­
tions intermediate between reference markers of the triol and 
epoxy alcohol. No distinct radioactive peak was associated with 
the epoxy alcohol itself. Heat-inactivated enzyme preparations 
did not catalyze the formation of X. Treatments with bacterial 
alkaline phosphatase at the end of the initial incubation period 
did not increase the amounts of X extracted. The plant growth 
retardant Amo-1618, which strongly inhibits the enzymatic 
cyclization of 1-OPP,18 greatly reduced incorporation into X. 
Under appropriate TLC conditions,16b X is resolved into two 
closely running components (4:1 ratio), the more polar and 
predominant of which migrated with authentic 3 a-hydroxy-
kaurene (5). '9 

Preparative incubations were carried out with 7.3 g of Iy-
ophilized endosperm from E. macrocarpa which was recon­
stituted in 235 ml of cold pH 7.4 buffer (0.1 M Tris and 0.01 
M KH2PO4). Magnesium chloride hexahydrate (0.47 mmol) 
and epoxy pyrophosphate (2.1 mg, 4.2 ^mol, 420 X 106 dpm) 
were then added. After 15 h at 30° the incubation was termi­
nated by addition of 230 ml of acetone, and the products were 
separated by extraction with benzene. Purification by pre­
parative TLC16b afforded radioactive product (161 X 106 dpm, 
38%) with Rf 0.5-0.6. The radioactivity was separated into a 
slightly more polar major fraction (96.6 X 106 dpm, 23%, ~260 
Hg) and a less polar minor fraction (20.7 X 106 dpm, 5%, ~60 
iig) by means of high pressure liquid chromatography (Corasil 
type II column, 0 —• 20% ethyl acetate/hexane gradient). The 
major and minor products were identified as 3a- and 30-hy-
droxykaurene (5 and 6),1 respectively, by direct comparisons 
with authentic specimens prepared from the natural diterpene 
abbeokutone.20-21 
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