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Homocitrate Cures the NifV- Phenotype in Klebsiella pneumoniae
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Dinitrogenase was isolated from a culture of a Kkebsiella pneumoniae NifV- strain derepressed for
nitrogenase in the presence of homocitrate. The enzyme isolated from this culture was identical to the wild-type
dinitrogenase. These data provide in vivo evidence that the absence of homocitrate is responsible for the NifV-
phenotype.

Nitrogenase catalyzes the reduction of N2 to ammonium
(1). Nitrogenase is composed of two proteins, dinitrogenase
(component I, Mo-Fe protein) and dinitrogenase reductase
(component II, Fe protein) (1, 3). Dinitrogenase contains a
unique prosthetic group, the iron-molybdenum cofactor
(FeMo-co), that comprises Fe, Mo, and S (15). Biochemical
and genetic studies indicate that at least six nif (nitrogen
fixation) gene products are involved in the biosynthesis of
FeMo-co. Klebsiella pneumoniae strains containing muta-
tions in nifB, nifN, or nifE fail to synthesize FeMo-co (12,
15). Strains with mutations in nifQ do not synthesize FeMo-
co when derepressed for nitrogenase in medium containing
low levels of molybdate (8). Certain strains of K. pneumo-
niae and Azotobacter vinelandii containing mutations in nifH
(encodes dinitrogenase reductase) fail to accumulate FeMo-
co (2, 13). Dinitrogenase isolated from K. pneumoniae
strains containing mutations in nifV exhibited altered sub-
strate affinity and inhibitor susceptibility (10). Further stud-
ies indicated that NifV- mutants were defective in FeMo-co
synthesis (4). Recently, a system for the in vitro synthesis of
FeMo-co was described that required ATP, molybdate, the
gene products of nifB, nifN, and nifE (17), dinitrogenase
reductase (unpublished data), and homocitrate (6). Accumu-
lation of homocitrate by K. pneumoniae is correlated to the
presence of a functional nifV gene, which apparently en-
codes homocitrate synthase (7). Homocitrate was found to
accumulate in the medium of K. pneumoniae cultures during
derepression for nitrogenase (6). We report here that the
addition of homocitrate to the medium of K. pneumoniae
NifV- mutants cures that phenotype.
K. pneumoniae UN is a wild-type strain reisolated from

strain M5al, which is originally from P. W. Wilson's collec-
tion. Strain UN1991 (nifV4945) is a stable NifV- mutant
with a reversion frequency of 3 x 10-10 (T. MacNeil, Ph.D.
thesis, University of Wisconsin-Madison, 1978) and has
been described previously (9). Growth and derepression of
nitrogenase in mutants of K. pneumoniae have been de-
scribed (8). (R)-2-Hydroxy-1,2,4-butanetricarboxylic acid
(homocitric acid) was isolated from the derepression me-
dium of cultures of K. pneumoniae (6). Homocitrate was
added to a culture of UN1991 to a final concentration of
approximately 83 mg * liter-' (0.4 mM). Dinitrogenase was
purified by DEAE-cellulose chromatography (14) from
strains UN, UN1991, and UN1991 which had been dere-
pressed for nitrogenase in the presence of homocitrate.

Acetylene- and N2-reduction assays have been described
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(16). Proton-reduction activity from nitrogenase was assayed
by monitoring H2 evolution with a Gow-Mac thermal con-
ductivity gas chromatograph equipped with a Porapak R
column (0.62 by 150 cm; Waters Associates). Where indi-
cated, CO at a final pressure of 1.1 kPa was included in the
proton-reduction assays. HD formation from nitrogenase (5)
was assayed at room temperature with a Varian MAT 250
isotope mass spectrometer equipped with a 1.6-ml mem-
brane-leak reaction chamber (F. Simpson, Ph.D. thesis,
University of Wisconsin-Madison, 1985). All nitrogenase
assays were done with an excess of dinitrogenase reductase
(6 to 10 mol * mol of dinitrogenase-1).

Dinitrogenase was quantitated with an enzyme-linked im-
munosorbent assays with rabbit antiserum directed against
K. pneumoniae dinitrogenase and anti-rabbit IgG-alkaline
phosphatase conjugate. A standard curve for quantitating
the amount of dinitrogenase in each sample was prepared
with the strain UN dinitrogenase preparation. A specific
activity of 2,500 nmol of C2H2 reduced min- mg- was
assumed for wild-type dinitrogenase (14).
During the course of the 5-h derepression for nitrogenase,

80 to 90% of the total homocitrate produced by cultures of
NifV+ strains of K. pneumoniae was found to accumulate in
the medium. To determine whether homocitrate could be
assimilated by K. pneumoniae, homocitrate was added to a
culture of a NifV- mutant (UN1991) during the derepression
period and dinitrogenase was isolated from this culture and
characterized.

Dinitrogenase from NifV- mutants has been reported to
effectively reduce C2H2 and protons but not N2 (10). In
addition, proton reduction from the NifV- enzyme, unlike
that from the wild-type dinitrogenase, is inhibited by CO
(10). As reported previously (10), the NifV- dinitrogenase
(from strain UN1991) was effective at C2H2 and proton
reduction but was less effective at N2 reduction (Table 1).
CO (at 1.1 kPa) inhibited H2 evolution from the NifV-
enzyme by 46%. Our data demonstrated that, in addition to
these differences, the NifV- dinitrogenase was much less
effective at catalyzing the formation of HD than was the
wild-type enzyme (Table 1). The specific activity for HD
formation by the NifV- enzyme was approximately 10% that
of the wild-type enzyme.
At the end of a 5-h derepression for nitrogenase, cultures

of strains UN, UN1991, and UN1991 plus homocitrate had
whole-cell C2H2-reduction activities of 13.4, 4.5, and 14.0
nmol of C2H2 formed min-' ml-', respectively. Purifica-
tion and characterization of dinitrogenase from each of these
cultures revealed that addition of homocitrate to the medium
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TABLE 1. Substrate specificity of dinitrogenase

Substrate specificity (nmol reduced or formed * min-' * mg of dinitrogenase-')

Proton-reduction CH-eutoDinitrogenase source C2H2-reduction activityb N2-reduction HD formationd activity/N2
activitya'C activityc redumaio'ctioniativity

-CO +CO reduction activity

UN 2,500 3,530 3,590 460 240 5.4
UN1991 2,200 3,210 1,730 245 23 9.0
UN1991 + homocitrate 2,700 3,400 3,310 420 180 6.4

a 10 U.g of dinitrogenase was assayed.
b 50 to 70 ,g of dinitrogenase was assayed.
C 10 to 20 ,g of dinitrogenase was assayed.
d 50 to 60 ,g of dinitrogenase was assayed.

cured the NifV- phenotype (Table 1). Dinitrogenase from
strain UN1991 derepressed in the presence of homocitrate
reduced N2, C2H2, and protons effectively, CO only slightly
inhibited H2 evolution from the enzyme (2.6%), and the
enzyme effectively catalyzed the formation of HD.
Homocitrate is capable of forming complexes with both

Fe3" and MoO42- (6). The physiological significance of the
presence of homocitrate in the medium has yet to be
ascertained (for example, is homocitrate involved in the
transport of Fe3" or MoO42- into the cell?). It should be
noted that homocitrate is required for in vitro synthesis of
FeMo-co, indicating that homocitrate has a role beyond
transport of Fe3+ or MoO42- into the cell. In addition, unlike
the levels of siderophores (low-molecular-weight, low-iron-
inducible, microbial iron-binding agents) (11), the levels of
homocitrate produced by K. pneumoniae cultures were
unaltered by changes in Fe3+ or MoO42- concentration in
the medium.
These data provide the first in vivo evidence that the lack

of homocitrate is responsible for the NifV- phenotype.
Furthermore, homocitrate can be taken into the cell; this
results in the curing of the NifV- phenotype. Given the
differences in whole-cell C2H2-reduction activities observed
for these cultures, it also seems likely that holo-dinitroge-
nase accumulates to higher levels in vivo in the presence of
homocitrate.
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