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Abstract

The enzymatic reduction of molecular nitrogen to
ammonia requires high amounts of energy, and
the presence of oxygen causes the catalyzing
nitrogenase complex to be irreversible inactivated.
Thus nitrogen-fixing microorganisms tightly con-
trol both the synthesis and activity of nitrogenase to
avoid the unnecessary consumption of energy. In
the free-living diazotrophs Klebsiella pneumoniae
and Azotobacter vinelandii, products of the nitro-
gen fixation nifLA operon regulate transcription of
the other nif operons. NifA activates transcription of
nif genes by the alternative form of RNA-polymer-
ase, s54-holoenzyme; NifL modulates the activity of
the transcriptional activator NifA in response to the
presence of combined nitrogen and molecular
oxygen. The translationally-coupled synthesis of
the two regulatory proteins, in addition to evidence
from studies of NifL/NifA complex formation, imply
that the inhibition of NifA activity by NifL occurs via
direct protein-protein interaction in vivo. The in-
hibitory function of the negative regulator NifL
appears to lie in the C-terminal domain, whereas
the N-terminal domain binds FAD as a redox-
sensitive cofactor, which is required for signal
transduction of the internal oxygen status. Recently
it was shown, that NifL acts as a redox-sensitive
regulatory protein, which modulates NifA activity
in response to the redox-state of its FAD cofactor,
and allows NifA activity only in the absence of
oxygen. In K. pneumoniae, the primary oxygen
sensor appears to be Fnr (fumarate nitrate reduc-
tion regulator), which is presumed to transduce the
signal of anaerobiosis towards NifL by activating
the transcription of gene(s) whose product(s) func-
tion to relieve NifL inhibition through reduction of
the FAD cofactor. In contrast, the reduction of

A. vinelandii-NifL appears to occur unspecifically
in response to the availability of reducing equiva-
lents in the cell. Nitrogen status of the cells is
transduced towards the NifL/NifA regulatory sys-
tem by the GlnK protein, a paralogue PII-protein,
which appears to interact with the NifL/NifA regula-
tory system via direct protein-protein interaction.
It is not currently known whether GlnK interacts
with NifL alone or affects the NifL/NifA-complex;
moreover the effects appear to be the opposite in
K. pneumoniae and A. vinelandii. In addition to
these environmental signals, adenine nucleotides
also affect the inhibitory function of NifL; in
the presence of ATP or ADP the inhibitory effect
on NifA activity in vitro is increased. The NifL
proteins from the two organisms differ, however,
in that stimulation of K. pneumoniae-NifL occurs
only when synthesized under nitrogen excess, and
is correlated with the ability to hydrolyze ATP. In
general, transduction of environmental signals to
the nif regulatory system appears to involve a
conformational change of NifL or the NifL/NifA
complex. However, experimental data suggest that
K. pneumoniae and A. vinelandii employ signifi-
cantly different species-specific mechanisms of
signal transduction.

Introduction

Biological nitrogen fixation, the enzymatic reduction of
molecular nitrogen (N2) to ammonia, is strictly limited
to prokaryotes. However, within the prokaryotes nitro-
gen fixation is found in a large number of species
belonging to the bacterial domain, as well as in several
methanogenic Archaea (Dean and Jacobson, 1992;
Young, 1992; Lobo and Zinder, 1992; Fischer, 1994).
The reduction of molecular nitrogen is catalyzed by the
nitrogenase enzyme complex, and has a high energy
demand, two ATP molecules are consumed for each
electron transferred to the catalytic site (Burgess and
Lowe, 1996; Howard and Rees, 1996; Rees and
Howard, 1999). Upon the high energy requirement, in
nitrogen fixing cells up to 40% of the ATP is utilized by
the nitrogenase resulting in a drop of the energy
charge (Daesch and Mortenson, 1972; Upchurch and
Mortenson, 1980). In addition the nitrogenase enzyme
complex is highly sensitive to molecular oxygen, and
becomes irreversibly inactivated by its presence.
Thus, to avoid unnecessary consumption of energy
nitrogen-fixing microorganisms tightly control both the
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synthesis and activity of nitrogenase in response to
oxygen and nitrogen availability. In all diazotrophic
proteobacteria examined, the transcriptional activator
NifA is required for expression of the nitrogen fixation
(nif) genes. NifA expression and activity is regulated in
response to the environmental signals of molecular
oxygen and combined nitrogen. However, the mechan-
isms involved in this control vary in different organisms
(Fischer, 1994; Fischer, 1996; Dixon, 1998; Halbleib
and Ludden, 2000). In free-living and symbiotic
diazotrophs belonging to the a and b subgroup of the
Proteobacteria (genera Rhizobium, Bradyrhizobium,
Azospirillum and Herbaspirillum) NifA activity is
directly sensitive to molecular oxygen, and, in some
cases, is also directly affected by combined nitrogen
(Souza et al., 1999; Monteiro et al., 1999a and 1999b;
Arsene et al., 1999; Steenhoudt and Vanderleyden,
2000). However, in the free-living diazothrophs Kleb-
siella pneumoniae, Azotobacter vinelandii, and Enter-
obacter cloacae, which belong to the g-Proteobacteria,
NifA activity is not directly sensitve to oxygen. In these
organisms NifA activity is regulated in response to
molecular oxygen and combined nitrogen through a
second regulator NifL; the nifL and nifA genes together
form an operon (Filser et al., 1983; Dixon, 1998, Xiao
et al., 1998). In K. pneumoniae, the expression of the
nifLA operon itself is regulated by the nitrogen status
of the cell, via the NtrB/NtrC two component regulatory
system; in A. vinelandii, however, nifLA is expressed
constitutively (Drummond and Wootton, 1987; Touk-
darian and Kennedy, 1986; Blanco et al., 1993).
Interestingly, it was recently found that nitrogen
fixation in the endophytic diazotroph Azoarcus sp.
BH72 – belonging to the b-Proteobacteria – is also
regulated by the coordinated activities of the homo-
logous nifL and nifA gene products in response to
environmental signals (Reinhold-Hurek et al., 1993;
Egener and Reinhold-Hurek unpublished). In this
review, we will focus on the transduction of signals
for the presence of molecular oxygen and combined
nitrogen in K. pneumoniae and A. vinelandii, and
compare the mechanisms by which these signals are
mediated to the NifL/NifA system in the two organisms.

NifL Modulates NifA Transcriptional
Activity by Direct Protein-Protein Interaction

The transcriptional activator NifA is composed of three
domains: an amino (N)-terminal domain, apparently
involved in regulation, a central catalytic domain, and a
carboxy (C)-terminal DNA-binding domain (Drummond
et al., 1990; Morett and Segovia, 1993). Transcription of
nif genes by an alternative RNA polymerase (s54-RNA
holoenzyme) is generally activated by NifA, which binds
to an upstream activation sequence (UAS) (Morrett and
Buck, 1988) and contacts promoter-bound s54-RNA
polymerase by means of a DNA loop (Buck et al.,1987).
Subsequently, NifA catalyzes the isomerization of
closed complexes between s54-holoenzyme and the
nif promoter to transcriptionally-productive open com-
plexes (Morett and Buck, 1989; Hoover et al., 1990).
This open complex formation requires the hydrolysis of
ATP or GTP catalyzed by NifA (Lee et al., 1993a; Austin
et al., 1994). In the presence of molecular oxygen or
combined nitrogen, NifL inhibits NifA transcriptional
activity in vivo (Merrick et al., 1982; Hill et al., 1981;
Dixon, 1998). Recent findings indicate thatA. vinelandii-
NifL is also competent to inhibit the DNA binding
function of NifA (Barett et al., 2001).

The inhibitory protein NifL is composed of two
domains, separated by a hydrophilic interdomain linker
(Q-linker) (Drummond and Wootton, 1987) (Figure 1).
The C-terminal domain of NifL shows homology to the
histidine protein kinase (Blanco et al., 1993); however
no autophosphorylation, or phosphor transfer between
the two regulatory proteins NifA and NifL has been
detected in K. pneumoniae or A. vinelandii (Lee et al.,
1993b; Austin et al., 1994; Schmitz et al., 1996).
The translationally-coupled synthesis of nifL and nifA
in addition to evidence from immunological studies of
complex formation, imply that the inhibition of NifA
activity by NifL occurs via a direct protein-protein
interaction (Govantes et al., 1998; Henderson et al.,
1989). Recently, in A. vinelandii formation of NifL/
NifA complexes has been demonstrated by in vitro
co-chromatography in the presence of adenine nucleo-
tides and using the ‘‘yeast-two-hybrid’’ system (Money

Figure 1. Cartoon of K. pneumoniae NifL structure. The numbers refer to the primary acid sequence of the K. pneumoniae NifL protein and mark the
approximate boundaries of its N-terminal and C-terminal domains. The locations of the hydrophilic interdomain linker (Q-linker), the PAS domain,
and the apparent ATP binding site are indicated.
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et al., 1999; Lei et al., 1999; Money et al., 2001).
Thus, it appears that signal transduction apparently
occurs via protein-protein interaction. The C-terminal
domain of K. pneumoniae-NifL is sufficient to inhibit
transcriptional activation by NifA in vitro and in vivo
(Narberhaus et al., 1995); this indicates that the
inhibitory function of the NifL protein appears to lie in
its C-terminal domain which presumably directly inter-
acts with NifA.

Oxygen Signal Transduction

The N-terminal domain of NifL contains conserved
S-motifs of PAS-like domains (Figure 1), which are
known for a number of regulators that sense oxygen,
redox or light (Zhulin et al., 1997; Taylor et al., 1999).
This suggests that the N-terminal domain is involved in
environmental sensing and signal transduction. Bio-
chemical analyses with purified proteins showed that
NifL, in both A. vinelandii and K. pneumoniae, is a
flavoprotein with anN-terminally bound FAD as cofactor
(Hill et al., 1996; Söderbäck et al., 1998; Schmitz, 1997).
Analysis of the inhibitory function of NifL-holoenzyme
and NifL-apoenzyme on NifA activity in in vitro tran-
scription assays showed that the FAD-cofactor is not
directly required for the inhibitory function of NifL.
This suggests the possibility that FAD may instead
function as a redox-sensitive cofactor, involved in the
oxygen signal transduction (Schmitz, 1997). The oxi-
dized form of NifL inhibits NifA transcriptional activity
in vitro, whereas A. vinelandii-NifL chemically reduced
by sodium dithionite or enzymatically reduced with
NADH by the flavoheme protein from E. coli, does
not inhibit NifA activity in vitro (Hill et al., 1996;
Machereaux et al., 1998); this indicates that reduction
of the flavinmoiety of NifL results in a non-inhibitory form
of NifL. These findings support the model, that NifL acts
as a redox-sensitive regulatory protein, which modu-
lates NifA activity in response to the redox state of its
FAD cofactor, and allows NifA activity only in the
absence of oxygen. The redox potentials determined
for A. vinelandii-NifL and K. pneumoniae-NifL are
!226mV and !277mV, respectively at pH 8 (Macher-
oux et al., 1998; Klopprogge and Schmitz, 1999).
However, in neither organism is the physiological
electron donor for NifL known.

By reducing the cofactor of NifL, the physiological
electron donor is possibly transducing the signal for
anaerobiosis to NifL, therefore the physiological
electron donor for NifL reduction itself might be a
potential component of the oxygen signal transduction.
Thus, the key question concerning the oxygen signal
transduction is whether NifL senses the oxygen status
in the cell directly via a redox-induced conformational
change, or through a more general oxygen-sensing
system, which then regulates NifL by inducing the
oxidation or reduction of the flavin cofactor. In this
respect, it is of interest that in K. pneumoniae iron is
specifically required for relief of NifL inhibition under
oxygen and nitrogen limitation. However, analysis of
NifL synthesized in the absence or presence of oxygen
showed that neither iron nor acid-labile sulfur is

present in NifL under either condition (Schmitz et al.,
1996; Schmitz, 1997); therefore the iron requirement
for nif induction is not due to an oxygen-sensitive iron-
sulfur cluster of NifL. Early studies showed that redox
regulation of nif gene expression in a heterologous
Escherichia coli system is independent of the E. coli fnr
gene product, suggesting that the global regulator
Fnr (fumarate nitrate reduction regulator) is not the
primary oxygen sensor for the nif gene induction in
K. pneumoniae (Hill, 1985). In contrast, recent data
indicate that in K. pneumoniae, Fnr is required for NifL-
dependent oxygen regulation of nif gene expression;
strains carrying fnr null mutations fail to release NifL
inhibition of NifA transcriptional activity under oxygen
limitation. Moreover, Fnr does not affect NifA activity in
the absence of NifL, suggesting that the Fnr effect is
mediated through NifL towards NifA (Grabbe et al.,
2001a, Grabbe et al., 2001b). In the absence of Fnr,
NifL apparently does not receive the signal for
anaerobiosis, suggesting that Fnr is the primary
oxygen sensor in K. pneumoniae, and transduces the
signal either directly or indirectly to NifL. As Fnr
contains oxygen-sensitive [4Fe-4S]-centers responsi-
ble for the oxygen sensing mechanism (Khoroshilova
et al., 1997; Kiley and Beinert, 1998; Beinert and Kiley,
1999), the requirement for Fnr could account for the
iron requirement of nif-induction in K. pneumoniae.
However, from the current experimental data one
cannot completely rule out the possibility that the Fnr
requirement may be due to some Fnr-dependent
metabolic signals not directly related to the lack of
oxygen. If Fnr is indeed the primary oxygen sensor and
transduces the signal of the oxygen status to the nif
regulatory system in K. pneumoniae, then it remains to
be explained how this signal is mediated towards NifL.
Fnr can be excluded as the physiological electron
donor for NifL reduction under anaerobic conditions; it
is more likely that Fnr transduces the signal by
transcriptional activation of genes directly involved in
the reduction. Thus, the current working model of
oxygen signal transduction proposes that under anae-
robic conditions Fnr activates transcription of gene(s)
whose product(s) reduce the FAD cofactor of NifL,
resulting in a non-inhibitory form of NifL and conse-
quently allowing NifA to activate nif gene promoters
(Grabbe et al., 2001b, Figure 2). Candidates for this
physiological electron donor for NifL reduction include
those components of the anaerobic electron transport
system, which are synthesized under Fnr control. This
is a particularly attractive model taking into account
that the transduction of the oxygen signal towards NifL
via the anaerobic electron transport chain would allow
the simultaneous signal integration of the cell’s energy
status, as sensed through the electron flux. Localiza-
tion experiments, which indicate that K. pneumoniae
NifL is membrane-associated under oxygen-limiting
conditions, but in the cytosolic fraction when in the
presence of oxygen, support this model (Klopprogge et
al., 2002a).

For A. vinelandii, an obligate aerobic microorgan-
ism, which apparently protects nitrogenase against
oxygen damage by high oxygen consumption (so called
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‘respiratory protection’) (Dixon, 1998; Oelze, 2000), a
different mechanism for the transduction of the oxygen
signal to NifL is expected. In in vitro experiments
A. vinelandii-NifL is reduced by NADH and the reaction
is catalyzed by the E. coli flavoheme protein (HMP),
which is proposed to be a global oxygen sensor (Poole,
1994; Macheroux et al., 1998); however, the functional
and physiological relevance of the reduction of NifL
by HMP has not been demonstrated in vivo to date.
It is currently hypothesized, that the reduction of
A. vinelandii-NifL occurs non-specifically and depen-
dant on the availability of reducing equivalents in the
cell; because of the relatively high redox potential of
NifL, they are a number of electron donors and
NAD(P)H-dependent enzymes that could be poten-
tially be involved in reduction of NifL (Dixon, 1998;
Machereux et al., 1998).

Nitrogen Signal Transduction

Analyses of internal pool sizes of glutamine and
glutamate – the two central nitrogen intermediates –
showed that under nitrogen-limiting growth conditions
the glutamine pool in K. pneumoniae is 6 to 9-fold lower
than that under nitrogen sufficiency; under these same
conditions the glutamate pool remains stable (Schmitz,
2000). This indicates that K. pneumoniae apparently
senses external nitrogen limitation as a drop in the
internal glutamine pool; thus the size of the intracellular
glutamine pool appears to reflect the cellular nitrogen
status, as has been shown for Salmonella typhimurium
(Ikeda et al., 1996). Changes in the internal glutamine
pool, reflecting the internal nitrogen status, are
mediated to the NtrB/NtrC two-component regulatory

system via uridylylation and deuridylylation of the
regulatory protein PII (encoded by glnB) by GlnD
(uridylyl-transferase and uridylyl-removing-enzyme)
(Merrick and Edwards, 1995; Ninfa and Atkinson, 2000).

A shift from nitrogen limitation to nitrogen suffi-
ciency results in repression of nif gene induction,
through inhibition of NifA transcriptional activity by NifL
(Arnott et al., 1989; Blanco et al., 1993; Narberhaus
et al., 1995). This indicates that NifL either senses
nitrogen availability directly, or the nitrogen status is
sensed in a NifL-independent manner, and the signal is
subsequently transduced to NifL or the NifL/NifA
complex. Interestingly, as in E. coli a second PII-like
protein encoded by glnK was recently discovered in
K. pneumoniae, which is expressed in a NtrC dependent
manner, and cotranscribed with amtB (encoding for an
ammonium transporter). Because of high similarities to
PII, the GlnK-protein is a candidate for sensing changes
in the glutamine pool size – as it reflects the internal
nitrogen status – and mediating the signal of nitrogen
status to the nif regulatory system. Strong evidence was
obtained from studying nif regulation in glnK mutant
strains, that GlnK is indeed required to release NifL
inhibition under nitrogen-limiting growth conditions in
K. pneumoniae (He et al., 1997; He et al., 1998; Jack
et al., 1999). This indicates that changes of the internal
nitrogen status are not sensed by NifL directly, but are
apparently mediated through GlnK to the NifA/NifL
regulatory system. Whereas NifL is a negative regula-
tor, GlnK apparently acts positively to antagonize
inhibitory effects of NifL under nitrogen-limiting condi-
tions. Surprisingly, and in contrast with PII, uridylylation
of GlnK appears not to be essential for its nitrogen
signaling function in nitrogen fixation (He et al., 1998,

Figure 2. Current working model for oxygen and nitrogen signal transduction in K. pneumoniae. NifA activates the transcription of nif genes by the
alternative RNA-polymerase (s54-RNAP). NifL modulates the activity of the transcriptional activator NifA in response to molecular oxygen and
combined nitrogen. Molecular oxygen is sensed by Fnr, which transduces the signal of anaerobiosis to NifL by activating the transcription of a gene,
the product of which (X) reduces the FAD cofactor of NifL resulting in a non-inhibitory NifL conformation. The nitrogen status reflected by the internal
glutamine and glutamate pools is transduced towards the NifL/NifA system by GlnK, which antagonizes the inhibitory effects of NifL under nitrogen
limitation resulting in active NifA.
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Arcondeguy et al., 1999). The T-loop of PII-like proteins,
which includes the site of uridylylation, is thought to be
the site of interaction with other proteins involved in
signal transduction. In K. pneumoniae, the T-loop of
GlnK and PII differ in only three amino acid residues. It
has been shown that the conserved asparagine 54 in the
T-loop of GlnK, which discriminates GlnK from GlnB in
K. pneumoniae, is a crucial amino acid residue for
nitrogen signal transduction to the nif regulatory system,
possibly directly involved in the interaction with NifL/
NifA (Arcondeguy et al., 2000). NifL inhibitory function is
apparently rapidly restored, when ammonium is added
back to the growth medium by the formation of non-
functional heterotrimers between GlnK and PII (Arcon-
deguy et al., 1999). Although GlnK function has been
clearly demonstrated the question arises, as to how
GlnK mediates the signal towards the NifL/NifA regula-
tory system. The nitrogen signal is apparently mediated
by direct protein-protein interaction but it has yet to be
determined, whether GlnK interacts directly with NifL or
affects the NifL/NifA complex formation. For diazo-
throphs not belonging to the g-proteobacteria and not
containing a NifL protein (e.g. Herbaspirillum seropedi-
cae and Azospirillum brasilense), experimental data
indicate that the PII proteins participate in signaling the
nitrogen status to the N-terminal domain of NifA
(Steenhoudt and Vanderleyden, 2000; Souza et al.,
1999; Monteiro et al., 1999a; Monteiro et al., 1999b;
Arsene et al., 1999).

A. vinelandii, has only one PII-like protein, which is
encoded in a glnK/amtB-operon and is constitutively
expressed (Meletzus et al., 1998). Interestingly,
A. vinelandii-GlnK has a T-loop structure, which more
closely resembles the ‘GlnB-like’ T-loop rather than the
‘GlnK-like’ T-loop. Recent studies concerning the role of
A. vinelandii-GlnK in nitrogen sensing and transducing
the nitrogen status to the nif regulatory system showed
that GlnK is not required for derepression in
A. vinelandii. In contrast to K. pneumoniae, where GlnK
has a positive role in relieving NifL inhibition under
nitrogen-limiting conditions, in vitro experiments sug-
gest that the inhibitory function of A. vinelandii-NifL is
activated under nitrogen excess through interactionwith
the non-uridylylated form of the PII-like regulatory
proteins. Under nitrogen limitation, the inhibitory activity
of A. vinelandii-NifL is apparently relieved by elevated
levels of 2-oxoglutarate when PII-like regulatory pro-
teins are uridylylated (Reyes-Ramirez et al., 2000,
Reyes-Ramirez et al., 2001, Little et al., 2000). These
findings for GlnK function in K. pneumoniae and
A. vinelandii indicate that interactions between GlnK
and the NifL/NifA complex are likely to be specific to
each organism.

Biochemical analysis of K. pneumoniae-NifL
synthesized under different nitrogen availabilities
showed that the nitrogen status of the cells does not
affect the redox potential of NifL. However, NifL
appears to undergo an as yet unidentified covalent
modification when synthesized in the presence of
ammonium, as determined by absorbance at 420 nm
(Klopprogge and Schmitz, 1999). A similar phenom-
enon was observed for A. vinelandii-NifL synthesized

under different nitrogen availabilities (Klopprogge and
Schmitz, unpublished results). Thus the question
arises, whether this covalent modification in the
presence of ammonium is of relevance for nitrogen
signal transduction; if this is so, it remains to be
determined, whether the modification occurs in a GlnK-
dependent manner.

Effects of Adenine Nucleotides on NifL

The C-terminal domain of A. vinelandii-NifL shows
sequence similarity to members of the histidine kinase
family and binds adenine nucleotides, indicating
that the C-terminal domain may have evolved from
a classical histidine protein kinase to a domain
responsive to nucleotides (Söderbäck et al., 1998).
Interestingly, ADP-binding to the C-terminal domain
specifically increases the inhibitory activity of
A. vinelandii-NifL on open complex formation by NifA
in vitro, independent of the redox response (Eydmann
et al., 1995; Söderbäck et al., 1998). Proteolysis
protection analyses further indicated that ADP-binding
to the C-terminal domain induces a change in NifL
conformation (Söderbäck et al., 1998; Dixon, 1998),
which apparently promotes complex formation
between purified NifL and NifA in vitro, as shown by
co-chromatography experiments (Money et al., 1999).
These findings and the higher affinity of NifL for ADP
versus ATP, suggest that the formation of the
inhibitory complex between NifL and NifA might be
regulated by the ADP/ATP ratio in response to the
energy charge in vivo (Söderbäck et al., 1998). The
C-terminal domain of K. pneumoniae-NifL, however,
is distinct from that of A. vinelandii-NifL and lacks three
out of the five sequence motifs found in the histidine
protein kinase family (Woodley and Drummond, 1994);
this raises the question, of whether adenine nucleo-
t ides also affect K. pneumoniae-NifL. Recent
studies have shown, that the inhibitory function of
K. pneumoniae-NifL – synthesized in the presence of
sufficient nitrogen – is also stimulated in the presence
of ATP or ADP prior to open complex formation in vitro.
Unexpectedly, and in contrast to A. vinelandii NifL,
K. pneumoniae-NifL synthesized in the presence of
sufficient nitrogen exhibits significant ATP-hydrolyzing
activity. However, when synthesized under nitrogen
starvation, NifL showed neither hydrolysis of ATP,
nor an increase in the inhibitory function in the
presence of adenine nucleotides (Klopprogge et al.,
2002b). These findings suggest the possibility that
stimulation of the inhibitory function and ATP-hydro-
lysis in K. pneumoniae-NifL may depend on a specific
NifL conformation induced by ammonium. Furthermore
it has been shown that changing from nitrogen
sufficiency to nitrogen limitation results in an increase
of the ADP/ATP ratio in K. pneumoniae (Upchurch and
Mortenson, 1980). Thus, under nitrogen fixing condi-
tions – when NifL is in its non-inhibitory form – the ADP
concentration is high as compared with levels seen for
growth under nitrogen sufficiency. These findings
strongly indicate that the signal transduction of energy
charge in K. pneumoniae is not mediated by NifL to
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NifA in response to the ADP/ATP ratio as proposed for
A. vinelandii.

The finding that K. pneumoniae-NifL catalyzes
ATP-hydrolysis, when synthesized under nitrogen suf-
ficiency was unexpected, and raises questions about
the physiological function of this activity. Interestingly,
stimulation of the inhibitory function of NifL by adenine
nucleotides only occurs under nitrogen sufficiency,
when NifL exhibits both an ATP- and an ADP-hydrolys-
ing activity, suggesting that hydrolysis of adenine
nucleotides may play a key role in the stimulation of
NifL inhibitory function observed in the presence of
adenine nucleotides. If this is indeed the case, one
could speculate that hydrolysis of adenine nucleotides
induces a NifL conformational change promoting tighter
or more stable complex formation between NifA and
NifL.

Conclusions

In Klebsiella pneumoniae and Azotobacter vinelandii,
NifL inhibits NifA transcriptional activity in response to
environmental changes, so as to tightly control nitrogen
fixation and avoid the unnecessary consumption of
energy. The inhibition of NifA activity by NifL occurs via
direct protein-protein interaction as shown by immuno-
logical studies and the demonstration of complex
formation between NifL and NifA by co-chromatography
and the ‘‘yeast-two-hybrid’’-system (Henderson et al.,
1989; Money et al., 1999; Lei et al., 1999). Thus, one can
expect that changes in the oxygen, nitrogen or energy
level result in either conformational changes of the NifL
protein, promoting complex formation with NifA, or
affecting the NifL/NifA-complex formation directly. This
hypothesis is supported by the findings that (i) the
presence of molecular oxygen apparently results in a
redox induced conformational change of NifL, which
strongly interacts with NifA (Hill et al., 1996; Machereux
et al., 1998; Schmitz, 1997), (ii) the nitrogen signal is
transduced by GlnK to the nif system by affecting either
NifL conformation or the NifL/NifA complex, and (iii)
adenine nucleotides stimulate inhibitory function of
NifL apparently through a conformational change of
NifL (Eydmann et al., 1995; Söderbäck et al., 1998;
Klopprogge et al., 2002b). Although, signal transduction
to the nif regulatory system appears to result in
conformational changes of NifL or the NifL/NifA com-
plex, experimental data suggest that the mechanisms of
signal transduction pathways in A. vinelandii and
K. pneumoniae differ significantly. In K. pneumoniae,
the primary oxygen sensor appears to be the global
regulator Fnr, which transduces the signal to NifL; in
A. vinelandii the primary oxygen sensor appears to be
NifL, which is reduced dependant on availability of
reducing equivalents in the cell. The nitrogen signal is
mediated in both organisms via the GlnK protein;
however, in A. vinelandii, GlnK apparently promotes
the formation of the inhibitory NifL/NifA complex under
nitrogen excess, whereas in K. pneumoniae, GlnK
functions to relieve NifL inhibition under nitrogen-limit-
ing conditions. Binding of adenine nucleotides to the
C-terminal domain induces a conformational change of

A. vinelandii-NifL, which promotes complex formation
between NifA and NifL. In contrast to A. vinelandii,
the stimulatory effects of adenine nucleotides on the
inhibitory function of K. pneumoniae-NifL only occur
whenNifL is synthesized under nitrogen sufficiency, and
correlate with the ability of NifL to hydrolyze ATP;
hydrolysis of adenine nucleotides apparently induces a
conformational change of NifL resulting in increased
formation of inhibitory NifL/NifA complexes. Thus,
K. pneumoniae and A. vinelandii employ species-
specific mechanisms for the transduction of environ-
mental signals towards NifL.
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