
Abstract In the diazotroph Klebsiella pneumoniae, NifL
and NifA regulate transcription of the nitrogen fixation
genes in response to molecular oxygen and combined ni-
trogen. We recently showed that Fnr is the primary oxy-
gen sensor. Fnr transduces the oxygen signal towards the
negative regulator NifL by activating genes whose prod-
ucts reduce the FAD moiety of NifL under anoxic condi-
tions. These Fnr-dependent gene products could be mem-
brane-bound components of the anaerobic electron trans-
port chain. Consequently, in this study we examined the
localization of NifL within the cell under various growth
conditions. In K. pneumoniae grown under oxygen- and
nitrogen-limited conditions, approximately 55% of the to-
tal NifL protein was found in the membrane fraction.
However, when the cells were grown aerobically or
shifted to nitrogen sufficiency, less than 10% of total NifL
was membrane-associated. In contrast to NifL, NifA was
located in the cytoplasm under all growth conditions tested.
Further studies using K. pneumoniae mutant strains showed
that, under derepressing conditions but in the absence of
either the primary oxygen sensor Fnr or the primary nitro-
gen sensor GlnK and the ammonium transporter AmtB,
NifL was located in the cytoplasm and inhibited NifA ac-
tivity. These findings suggest that under nitrogen- and oxy-
gen-limitation, a significantly higher membrane affinity of
NifL might create a spatial gap between NifL and its cy-
toplasmic target protein NifA, thereby impairing inhibition
of NifA by NifL. Localization of GlnK further showed
that, under nitrogen-limited conditions but independent of
the presence of oxygen, 15–20% of the total GlnK is mem-
brane-associated.
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Introduction

The free-living diazotroph Klebsiella pneumoniae is able
to fix molecular nitrogen during anaerobic and nitrogen-
limited growth. To avoid unnecessary consumption of en-
ergy, the synthesis of nitrogenase is tightly controlled by
the regulatory nitrogen fixation operon nifLA (for review
see Dixon 1998; Schmitz et al. 2001). Products of the
nifLA operon regulate transcription of the other nif genes in
response to environmental signals. NifA is the transcrip-
tional activator of all of the nif operons except the nifLA
operon, which is under control of the global nitrogen reg-
ulatory system ntr (Drummond and Wootton 1987; Blanco
et al. 1993). NifL antagonizes the transcriptional activity
of NifA in response to combined nitrogen and molecular
oxygen by direct protein-protein interaction with NifA
(Hill et al. 1981; Merrick et al. 1982; Money et al. 1999,
2001; Lei et al. 1999; Little et al. 2000; Barrett et al.
2001).

External nitrogen availability is apparently perceived by
K. pneumoniae through changes in the internal glutamine
pool (Schmitz 2000), which are subsequently transmitted
to the nif regulatory system. Recent evidence strongly
suggests that the nitrogen status of the cells is transmitted
to the NifL/NifA regulatory system in K. pneumoniae and
Azotobacter vinelandii by the GlnK protein, a paralogue
PII-protein (He et al. 1998; Jack et al. 1999; Arcondéguy
et al. 1999, 2000; Little et al. 2000; Reyes-Ramirez et al.
2001). GlnK, which apparently interacts with NifL or af-
fects the NifL/NifA-complex via direct protein-protein in-
teraction, has opposing effects in K. pneumoniae and
A. vinelandii (He et al. 1998; Jack et al. 1999; Little et al.
2000; Reyes-Ramirez et al. 2001). In contrast to K. pneu-
moniae, in which GlnK has a positive role in relieving
NifL inhibition under nitrogen-limiting conditions, the in-
hibitory function of A. vinelandii NifL is apparently acti-
vated under nitrogen excess through interaction with the
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non-uridylylated form of the PII-like regulatory proteins.
The oxygen signal is received by NifL, which contains an
N-terminally bound flavin adenine dinucleotide (FAD) as
a prosthetic group. Recent work has shown that the flavo-
protein NifL acts as a redox-sensitive regulatory protein
that modulates NifA activity in response to the redox state
of its FAD cofactor and allows NifA activity only in the
absence of oxygen (Hill et al. 1996; Schmitz 1997; Mach-
eroux et al. 1998; Little et al. 2000). Thus, under anoxic
conditions in the absence of combined nitrogen, reduction
of the flavin moiety of NifL results in a non-inhibitory
conformation of the NifL protein. We have recently shown
that in K. pneumoniae the global transcriptional regulator
Fnr is required to mediate the signal of anaerobiosis to
NifL (Grabbe et al. 2001). Thus, we proposed that in the
absence of oxygen the primary oxygen sensor Fnr acti-
vates transcription of a gene or genes whose product or
products reduce the FAD cofactor of NifL, resulting in a
non-inhibitory conformation of the protein, assuming the
absence of a sufficient nitrogen source. Candidates for the
physiological electron donor for NifL reduction include
those components of the anaerobic electron transport sys-
tem that are synthesized under the control of the Fnr pro-
tein (Grabbe et al. 2001). This model implies that, under
anoxic conditions, NifL contacts the cytoplasmic mem-
brane during the reduction of its flavin cofactor. If NifL
reduction indeed occurs by a membrane-associated elec-
tron donor, this provides a potential mechanism for the
signal transduction of anaerobiosis that is similar to the
signal transduction of oxygen presence proposed for the
Escherichia coli FAD-containing aerotaxis protein Aer
(Bibikov et al. 1997; Rebbapragada et al. 1997).

Our goal is to analyze the reduction process of NifL-
bound FAD and the subsequent conformational change of
the protein. We therefore localized the NifL protein in
K. pneumoniae wild-type and mutant strains grown under
various conditions. We report here that, under derepress-
ing conditions, NifL shows a significantly higher associa-
tion with the cytoplasmic membrane than in the presence
of either molecular oxygen or combined nitrogen. As the
presence of molecular oxygen or combined nitrogen re-
sults in nif gene repression, these findings imply that a
spatial separation of cytoplasmic NifA and its antagonist
NifL may be responsible for nif gene induction under oxy-
gen- and nitrogen-limited conditions.

Materials and methods

Bacterial strains and plasmids

Klebsiella. pneumoniae strains M5al (wild-type), M5al containing
plasmid pNH3, and K. pneumoniae UN4495 (ø(nifK-lacZ)5935
∆lac-4001 hisD4226 Galr) (MacNeil et al. 1981), and mutant de-
rivatives K. pneumoniae UN4495 fnr::Ω (RAS18, Grabbe et al.
2001) and K. pneumoniae UN4495 glnK::KIXX were used in this
study. The glnK::KIXX allele was transferred from K. pneumoniae
UNF3433 (Jack et al. 1999) into K. pneumoniae UN4495 by P1-
mediated transduction with selection for kanamycin resistance, re-
sulting in RAS36. Plasmid pNH3 carries the K. pneumoniae nifLA
operon under the control of the tac promoter (Henderson et al. 1989).

Growth conditions

K. pneumoniae strains were grown anaerobically with molecular
nitrogen (N2) as gas phase at 30°C in minimal medium supple-
mented with either 2 mM glutamine (nitrogen limitation) or 10 mM
ammonium (nitrogen sufficiency) as the sole nitrogen source,
0.004% histidine, 10 mM Na2CO3, 0.3 mM sulfide and 1% sucrose
as the sole carbon source (Schmitz et al. 1996). To monitor anaero-
biosis, the medium was further supplemented with 0.002% re-
sazurin. Precultures were grown overnight in closed bottles with
N2 as gas phase in the same medium but lacking sulfide and res-
azurin. The 1-l main cultures were inoculated from precultures and
incubated in closed bottles with molecular nitrogen as gas phase un-
der strictly anoxic conditions without shaking. Samples were taken
anoxically for monitoring the optical density at 600 nm and deter-
mining β-galactosidase activity. Aerobic 1-l cultures were incu-
bated in 2-l flasks with vigorous shaking (130 rpm) using the same
medium and culture supplements as described for the anoxic growth
but lacking Na2CO3, sulfide and resazurin. For ammonium shift
experiments, 1-l cultures growing under nitrogen limitation in the
presence of 2 mM glutamine were shifted to nitrogen sufficiency
by the addition of 10  mM NH4Cl during mid-exponential growth;
the shifted cultures were further incubated for 2 h before the cells
were harvested.

β-Galactosidase assay

NifA-mediated activation of transcription from the nifHDK pro-
moter in K. pneumoniae UN4495 and mutant derivatives (UN4495
fnr::Ω and UN4495 glnK::KIXX) was monitored by measuring the
differential rate of β-galactosidase synthesis during exponential
growth (U ml–1 OD600

–1) as described by Schmitz et al. (1996). In-
hibitory effects of NifL on NifA activity were assessed by a de-
crease in nifK expression.

Electron microscopy

For electron microscopy, K. pneumoniae strain M5al carrying a
plasmid-borne nifLA operon under the control of the tac promoter
was used (pNH3, Henderson et al. 1989) in addition to the chro-
mosomal nifLA operon. Cultures (50 ml) were incubated anaerobi-
cally in minimal medium supplemented with either 2 mM gluta-
mine or 10 mM NH4Cl as the sole nitrogen source, as described
above. During growth, additional NifL and NifA synthesis from
the plasmid was induced by the addition of 10 µM IPTG. When cul-
tures reached an OD600 of 0.8, cells were harvested by centrifuga-
tion at 10,000×g under anaerobic conditions. The resulting cell pel-
let was resuspended in 50 mM potassium phosphate buffer, pH 7.3,
and cells were chemically fixed in 0.2% (w/v) formaldehyde and
0.3% (w/v) glutardialdehyde solution for 90 min at 0 °C in a closed
reaction cup under anoxic conditions. Finally, the cells were dehy-
drated in a graded methanol series and embedded in Lowicryl
K4M resin under air (Roth et al. 1981; Hoppert and Holzenburg
1998). Resin sections 80–100 nm in thickness were cut with glass
knives. NifL was localized in resin sections using specific poly-
clonal antisera directed against NifL and goat-anti-rabbit-IgG
linked to colloidal gold (10 nm in diameter, BBI, Cardiff, UK), es-
sentially as described by Roth et al. (1978) with some modifica-
tions (Hoppert and Holzenburg 1998). Electron micrographs were
taken, at calibrated magnifications, with a Philips EM 301 (Philips,
Eindhoven, The Netherlands).

Membrane preparation

To localize NifL synthesized from the single chromosomal copy of
the nifL gene, cytoplasmic and membrane fractions of K. pneumo-
niae UN4495 and mutant derivatives were separated by several
centrifugation steps. Membranes from anaerobically grown cells
were prepared under strictly anoxic conditions in the presence of 
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2 mM dithiothreitol under a nitrogen atmosphere; membranes from
aerobically grown cells were prepared under oxic conditions in the
absence of dithiothreitol. To separate the membrane and cytoplas-
mic fractions, exponentially growing 1-l cultures were harvested by
centrifugation, resuspended in 30 ml B buffer (2 mM Epps (N-[2-hy-
droxyethyl]piperazine-N′-3-propanesulfonic acid), 25 mM potassium
glutamate, 5% glycerol, pH 8.0) and disrupted using a French pres-
sure cell. Cell debris were sedimented by centrifugation twice at
20,000×g for 30 min each time. The resulting cell-free cell extract
was centrifuged twice at 120,000×g for 2 h to sediment the mem-
brane fraction. The membrane fraction was subsequently washed
twice with 10 ml B-buffer followed by centrifugation at 120,000×g
for 2 h. The resulting supernatants of all ultracentrifugation steps
were combined (total volume 50 ml), designated as the cytoplas-
mic fraction, and stored at 4 °C for further studies. The resulting
hydrophobic pellets were resuspended in 10 ml B-buffer contain-
ing 3 mM Triton X-100. The membrane-bound and membrane-as-
sociated proteins were solubilized out of the membrane fraction by
incubating the resuspended membrane pellet for 30 min at 4 °C un-
der vigorous shaking. After this solubilization step, the phospho-
lipids were subsequently separated from the solubilized protein by
centrifugation at 120,000×g for 2 h. The supernatant of a total vol-
ume of 10 ml containing the solubilized proteins was designated
the membrane fraction and stored at 4 °C for further studies. Pro-
tein concentration of the membrane and cytoplasmic fraction was
determined via the method of Bradford (1976) with the BioRad
protein assay using bovine serum albumin as standard.

The quality of the membrane preparations was evaluated by de-
termination of the malate dehydrogenase activity in the membrane
and the cytoplasmic fractions, according to Bergmayer (1983). The
oxidation of NADH was measured at room temperature in 1-ml
test assays containing 100 mM HEPES, pH 7.4, 0.44 mM NADH,
and 100 µl of the respective samples. The reactions were started by
the addition of 1.8 mM oxaloacetate. The oxidation of the NADH
was monitored at 365 nm using a Jasco V550 UV/Vis-spectropho-
tometer. In addition, quinoproteins were specifically detected by a
redox-cycle stain assay to detect leakage of membrane proteins
into the cytoplasmic fraction. Aliquots (5 µl) of membrane and cy-
toplasmic fractions were spotted on a nitrocellulose membrane and
stained using 0.24 mM nitroblue tetrazolium in 2 M potassium
glycinate (pH 10) as described by Flückiger et al. (1995). The ni-
trocellulose membrane was immersed in the nitroblue tetrazolium/
glycinate solution in the dark for 45 min, resulting in a blue-purple
stain of quinoproteins. Subsequently, protein was stained red with
Ponceau S (0.1% in 5% acetic acid); the already-stained quinopro-
teins remained blue-purple.

Western blot analysis and quantification of NifL, NifA and GlnK
in membrane and cytoplasmic fractions

Samples of the membrane and cytoplasmic fractions were diluted
1:1 with gel-loading buffer containing or lacking SDS and subse-
quently separated by SDS-polyacrylamide (12%) gel electrophore-
sis (Laemmli 1970) or native polyacrylamide (12.5%) gel electro-
phoresis (Atkinson et al. 1994), respectively. Prestained protein
markers (New England Biolabs, UK) were used as molecular mass
standards. After separation, proteins were transferred to nitrocellu-
lose membranes as described previously (Sambrook et al. 1989).
Membranes were exposed to specific polyclonal rabbit antisera di-
rected against the NifL, NifA or GlnK proteins of K. pneumoniae.
Polyclonal antibodies directed against NifL, NifA and GlnK from
K. pneumoniae were specific for the K. pneumoniae proteins NifL,
NifA and GlnK, respectively. Polyclonal GlnK antibody was used
in a very high dilution range, conditions under which cross-reac-
tion with GlnB was approximately negligible, as confirmed by sep-
arating purified GlnB and GlnK by isoeletric focusing and Western
blot analysis.

Protein bands were detected with secondary antibodies directed
against rabbit immunoglobulin G and coupled to horseradish per-
oxidase (BioRad Laboratories). The bands were visualized using
the ECLplus system (Amersham Pharmacia) with a fluoroimager

(Storm, Molecular Dynamics). The protein bands were quantified
for each growth condition in three independent membrane prepa-
rations using the ImageQuant v1.2 software (Molecular Dynamics)
and known amounts of the respective purified proteins. The calibra-
tion with purified K. pneumoniae proteins showed that quantifica-
tion of NifL and NifA was linear within absolute amounts of 0.5–
10 µg per lane and GlnK within 0.5–5 µg; the proteins in K. pneu-
moniae cell fractions were quantified within this linear range of the
detection system. For calculation of the protein amounts in the
fractions, the quantifications were normalized to the actual volume
for both membrane and cytoplasmic fractions. This was done ei-
ther by initially applying 20 µl of the cytoplasmic and 4 µl of the
membrane fraction onto the gels or applying equal amounts of the
fractions onto the gel and considering the higher total volume of the
cytoplasmic fraction in the calculation. Relative amounts of pro-
tein in the respective fraction to total amount were calculated by
setting the absolute amounts in both the cytoplasmic and mem-
brane fraction of a membrane preparation as 100%.

Analysis of GlnK uridylylation by native gel electrophoresis

For the analysis of GlnK modification, the different mobilities of
the uridylylated and unmodified protein in non-denaturating poly-
acrylamide gels were investigated (Forchhammer and Hedler 1997).
Protein samples were separated by native gel electrohoresis using
12.5% polyacrylamide gels (29: 1, acrylamide:bisacrylamide) with
5% stacking gels. The buffer for the running gels was 187.5 mM
Tris/HCl, pH 8.9, the buffer for the stacking gels was 62.5 mM
Tris/HCl, pH 7.5, and the running buffer was 82.6 mM Tris/HCl,
pH 9.4, containing 33 mM glycine. After gel electrophoresis using
a BioRad Miniprotein I electrophoresis apparatus, proteins were
transferred onto nitrocellulose membranes for Western blot analy-
sis. In general, uridylylated forms of GlnK proteins show higher
mobilities in non-denaturing polyacrylamide gels resulting in a pro-
tein band with an apparent lower molecular mass than the respec-
tive non-modified protein.

Results

In our working model for transduction of the oxygen sig-
nal in K. pneumoniae, we hypothesized that under anoxic
conditions the FAD moiety of NifL is reduced by a com-
ponent of the anaerobic electron transport chain, which is
transcriptionally controlled by Fnr. If the reduction of
NifL indeed occurs by a membrane-bound electron donor,
then NifL must contact the cell membrane. We therefore
localized NifL in K. pneumoniae wild-type and mutant
strains growing under various conditions.

Localization of NifL in K. pneumoniae cells 
by electron microscopy

We localized NifL in K. pneumoniae strain M5a1 grown
anaerobically under nitrogen limitation or nitrogen-suf-
ficient conditions in the presence of 2 mM glutamine or
10 mM ammonium, respectively. The detection of NifL
synthesized from the chromosomal nifL gene could not be
analyzed statistically by electron microscopy as the level
of expression was too low (data not shown). We therefore
induced additional NifL expression from the plasmid
pNH3 in K. pneumoniae M5a1 with 10 µM IPTG to lev-
els at which NifL function is regulated normally in re-
sponse to oxygen and combined nitrogen in K. pneumo-
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niae (Schmitz et al. 1996). Cells in mid-exponential phase
grown anaerobically were harvested in the absence of
oxygen and prepared for electron microscopy under a ni-
trogen atmosphere in a glove box, as described in Materi-
als and methods. Immunogold detection by electron mi-
croscopy analysis of the overexpressed protein in 50 inde-

pendent cells showed that approximately 76.4% of total
NifL was found in close proximity to the cell membrane
when cells were grown under nitrogen-limiting conditions,
indicating that NifL is membrane associated (Fig. 1 A1–A4).
In contrast, in cells grown under nitrogen-sufficient con-
ditions, the NifL protein was, in general, not attached to
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Fig.1 Effect of ammonium on
NifL location in Klebsiella
pneumoniae. NifL was overex-
pressed from the tac promoter
by 10 µM IPTG in K. pneumo-
niae growing anaerobically un-
der nitrogen-limited (A1–A4)
and nitrogen-excess (B1–B4)
conditions. Cells were har-
vested in the mid-exponential
growth phase and prepared for
electron microscopy as de-
scribed in Materials and meth-
ods. NifL identified by immu-
nogold labelling appears as
dark spots (colloidal gold parti-
cles). Horizontal bars 0.1 µM



the cell membrane but was found mainly within the lumen
of the cell (up to 80% of total NifL, Fig.1B1–B4). These
findings indicate that NifL is apparently membrane-asso-
ciated when synthesized under oxygen  and nitrogen limi-
tation, but is localized in the cytoplasm when grown in the
presence of a sufficient nitrogen source.

NifL synthesized from the chromosomal nifL gene 
is highly membrane associated under derepressing
conditions

Localization of overproduced NifL by electron micros-
copy indicated that NifL is membrane-associated in
K. pneumoniae when cells are grown anaerobically under
nitrogen limitation. As the amount of NifL synthesized
from the chromosomal nifL gene was too insignificant for
localization by immunogold labeling, we used immuno-
logical means for the detection and quantification of NifL
synthesized from the chromosomal nifL gene in cyto-
plasmic and membrane fractions of K. pneumoniae cells
grown under various conditions. Cell extract preparation
and separation of the membrane and cytoplasmic fractions
of anaerobically grown cells were carried out in the pres-
ence of 2.0 mM dithiothreitol and under a nitrogen atmo-
sphere.

K. pneumoniae strain UN4495 carrying a chromoso-
mal nifK-lacZ fusion was used for the NifL localization
experiments in order to be able to monitor NifA activity
during growth. The cells were grown under nitrogen limi-
tation to induce chromosomal expression of NifL and NifA
in the absence or presence of molecular oxygen. In order
to control NifL regulation of NifA activity in the respec-
tive cultures, NifA activity was analyzed by determining
β-galactosidase activity. In general, anaerobically growing
cultures exhibited a β-galactosidase synthesis rate of ap-
proximately 4,000 U ml–1 OD600

–1, whereas the synthesis rate
of aerobic cultures was approximately 200 U ml–1 OD600

–1.
This indicated that nifK-lacZ transcription was fully in-
duced under nitrogen- and oxygen-limiting conditions,
and repressed in the presence of oxygen. In order to local-
ize NifL in these cells, membranes were prepared under
anoxic or oxic conditions, and the membrane and cy-

toplasmic fractions were separated as described in Materi-
als and methods. The quality of the membrane preparations
was evaluated using malate dehydrogenase as a marker
for the cytoplasmic fraction and quinones as a marker for
the membrane fraction (see Materials and methods). For
the various membrane preparations, in general, approxi-
mately 99% of the malate dehydrogenase activity was lo-
cated in the cytoplasmic fraction, and quinones were detect-
able only in the membrane fraction (Table 1). The solubi-
lized proteins of the various membrane and cytoplasmic
fractions were analyzed by gel electrophoresis, and subse-
quent detection of NifL protein by immunological means.
The NifL protein in the different fractions was quantified
for each growth condition in three independent membrane
preparations using a fluoroimager and the ImageQuant
software (Molecular Dynamics). Relative amounts of NifL
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Table 1 Quality of membrane preparations. The quality of the
membrane preparations of K. pneumoniae UN4495 cells grown
under the conditions indicated was evaluated by determination of
malate dehydrogenase activity according to Bergmayer (1983),
and quinoprotein analysis by redox-cycle staining as described by
Flückiger et al. (1995) in the respective fractions

Growth conditions Cell Malate Redox cycle 
fraction dehydroge- stain  

nase activity (presence of  
(U fraction–1) quinoproteins) 

Glutamine, aerobic Membrane 0.08 +
Cytoplasm 22 –

Glutamine, anaerobic Membrane 0.1 +
Cytoplasm 16 –

Fig.2A, B Localization of NifL synthesized from the chromoso-
mal nifL gene in K. pneumoniae UN4495 grown under different
conditions. Cells of K. pneumoniae UN4495 were grown aerobi-
cally or anaerobically in minimal medium containing 2 mM gluta-
mine as the sole nitrogen source. Exponentially growing cells were
split and one half was shifted to ammonium excess (10 mM), as
described in Materials and methods. After an additional 2-h incu-
bation, the cells were harvested and separated into membrane and
cytoplasmic fractions. Aliquots of the observed membrane and cy-
toplasmic fractions (4 µl and 20 µl, respectively) were subjected to
SDS-PAGE, and subsequently analyzed by Western blotting. Poly-
clonal NifL antibodies were used to detect NifL in the fractions.
NifL found in the membrane and cytoplasmic fractions was quan-
tified with a fluoroimager (Storm, Molecular Dynamics; Image-
Quant software) as described in Material and methods. A Western
blot. Lanes 1, 2 Membrane and cytoplasmic fractions of cells grown
anaerobically under nitrogen limitation; lanes 3, 4 membrane and
cytoplasmic fractions of cells grown anaerobically under nitrogen
limitation but shifted to nitrogen sufficiency and incubated for an
additional 2 h; lanes 5, 6 membrane and cytoplasmic fractions of
cells grown aerobically under nitrogen limitation; lanes 7, 8 mem-
brane and cytoplasmic fractions of cells grown aerobically under
nitrogen limitation but shifted to nitrogen sufficiency and incu-
bated for an additional 2 h. B Quantity of NifL in the cytoplasmic
and membrane fractions relative to total NifL, setting the absolute
amounts in both fractions of the respective membrane preparation
at 100%



in the respective fractions relative to total amount were
calculated as described in Materials and methods.

Initial experiments concentrated on the localization of
NifL under nitrogen-limiting conditions, in both the ab-
sence and presence of oxygen. During anaerobic growth,
approximately 55% of the total NifL was found in the
membrane fraction (Fig.2, lanes 1, 2). In contrast, 6% or
less of total NifL synthesized during aerobic growth was
found in the membrane fraction (Fig.2, lanes 5, 6). The
total amount of NifL synthesized aerobically was in the
same range as the total amount synthesized anaerobically.
This indicates that, under anaerobic conditions, NifL is
membrane-associated, whereas in the presence of oxygen
membrane association of NifL significantly decreases. An-
aerobically growing cultures that were shifted from nitro-
gen-limited growth to nitrogen-excess conditions and grown
for an additional 2 h were then examined. Interestingly,
although the cells were grown anaerobically, only approx-
imately 10% of total NifL was found in the membrane
fraction (Fig.2, lanes 3, 4). The total amount of NifL,
however, did not significantly decrease after the shift to
nitrogen sufficiency. Within the 2-h incubation in the pres-
ence of ammonium, no synthesis of NifL can occur be-
cause of repression of NifL synthesis by the nitrogen reg-
ulatory system (Drummond and Wootton 1987). Thus, the
presence of ammonium apparently resulted in a significant
dissociation of NifL from the cytoplasmic membrane. This
was confirmed by plotting amounts of NifL in both the
membrane and cytoplasmic fraction relative to total pro-
tein in the respective fraction under the growth conditions
tested (Fig.3). These findings are consistent with the re-
sults obtained by electron microscopy for overproduced
NifL (Fig.1) and indicate that NifL is membrane-associ-
ated only when cells are growing under derepressing ni-
trogen-fixation conditions. However, both individual sig-
nals, molecular oxygen and nitrogen sufficiency, appear
to result in a significant decrease in the membrane associ-

ation of NifL to 10% or less of total NifL. This suggests
that the observed spatial separation of membrane-associ-
ated NifL and cytoplasmic NifA during anaerobic and
nitrogen-limited growth may be responsible for nif gene
induction.

NifA is located in the cytoplasm under all conditions

In the presence of molecular oxygen or combined nitro-
gen, NifL inhibits NifA-dependent transcriptional activity
by direct protein-protein interaction. In order to prove the
hypothesis of a spatial separation of NifL and its target
NifA under oxygen- and nitrogen-limited conditions, we
localized NifA synthesized from the chromosomal nifLA
operon using the same membrane and cytoplasmic frac-
tions in which NifL was localized. Approximately 12±3%
of total NifA was found in the membrane fraction under
all growth conditions tested (Fig.4). As shown for NifL,
no difference in total NifA protein was detected under the
various growth conditions. Taking into account that (1)
NifA has to be located in the cytoplasm to activate nif
transcription, and (2) the amount of membrane-associ-
ated NifA is, under all conditions tested, in the same range
as the amount of membrane-associated NifL in the pres-
ence of oxygen or ammonium, a membrane association 
in the range of 10% may be based on non-specific binding
of hydrophobic regions of the two proteins to the mem-
brane.

Under derepressing conditions, but in the absence 
of either Fnr or GlnK and AmtB, NifL is located 
in the cytoplasm

In order to obtain additional evidence that both individual
signals, molecular oxygen and nitrogen sufficiency, result

228

Fig.3 Comparison of relative
amounts of NifL in A the mem-
brane fraction and B the cyto-
plasmic fraction of K. pneumo-
niae UN4495 cells grown un-
der different conditions. Total
amounts of NifL in the respec-
tive cell fractions described in
Fig.2 were calculated using a
fluoroimager (Storm, Molec-
ular Dynamics; ImageQuant
software) and known amounts
of purified NifL-protein. Total
amounts of NifL in the mem-
brane (A) and the cytoplasmic
(B) fractions under different
growth conditions are plotted
as relative to total protein in
the respective fraction



in a significant decrease in the membrane association of
NifL, NifL synthesized from the chromosomal nifL gene
under derepressing conditions in the absence of either the
oxygen sensory protein Fnr or the nitrogen sensory protein
GlnK and the ammonium transporter AmtB was local-
ized. K. pneumonaie UN4495 carrying an fnr null-allele
(K. pneumoniae UN4495 fnr::Ω, RAS18) and K. pneumo-
niae UN4495 carrying an glnKamtB null-allele (K. pneu-
moniae UN4495 glnK::KIXX, RAS36) were grown under
nitrogen- and oxygen-limited conditions. During growth
NifA activity was analyzed by determining β-galactosi-
dase synthesis rates. As expected from previous studies
(He et al. 1998; Jack et al. 1999; Grabbe et al. 2001), in
the absence of the primary oxygen sensor Fnr (RAS18) or
in the absence the primary nitrogen sensor GlnK (RAS36),
NifL inhibited NifA activity (Table 2). No obvious differ-
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Fig.4A, B Localization of NifA synthesized from the chromoso-
mal nifA gene in K. pneumoniae UN4495 grown under different
conditions. Membrane fractions of K. pneumoniae UN4495 cells
grown under various conditions were prepared as described in Fig.2.
Aliquots of the observed membrane and cytoplasmic fractions 
(4 µl and 20 µl, respectively) were subjected to SDS-PAGE and
subsequently analyzed by Western blotting. Polyclonal NifA anti-
bodies were used to detect NifA in the fractions. NifA found in the
membrane and cytoplasmic fractions was quantified with a fluo-
roimager (Storm, Molecular Dynamics; ImageQuant software) as
described in Materials and methods. A Western blot. Lanes 1, 2
membrane and cytoplasmic fractions of cells grown anaerobically
under nitrogen limitation; lanes 3, 4 membrane and cytoplasmic
fractions of cells grown anaerobically under nitrogen limitation but
shifted to nitrogen sufficiency and incubated for an additional 2 h;
lanes 5, 6 membrane and cytoplasmic fractions of cells grown aer-
obically under nitrogen limitation; lanes 7, 8 membrane and cyto-
plasmic fractions of cells grown aerobically under nitrogen limita-
tion but shifted to nitrogen sufficiency and incubated for an addi-
tional 2 h. B Quantity of NifA in the cytoplasmic and membrane
fractions relative to total NifA, setting the absolute amounts in
both fractions of the respective membrane preparation at 100%
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ences in the total amounts of NifA or NifL in the mutant
backgrounds compared to the parental strain were detected,
indicating that the failure of the mutant strains to express
nifH under derepressed conditions could not be accounted
for by a decreased amount of NifA. Localization of NifL
in the two mutant strains under nitrogen and oxygen limi-
tation in three independent membrane preparations
showed that in both the fnr mutant and the glnKamtB mu-
tant, approximately 90% of NifL is located in the cyto-
plasmic fraction (Table 2). Additional shifts to nitrogen
excess did not change the NifL location significantly.
Thus, in the absence of Fnr or GlnK plus the ammonium
transporter AmtB, NifL does not receive the signal for
oxygen or nitrogen limitation, respectively, resulting in a
NifL protein which is located in the cytoplasm and inhibits
NifA activity. These findings strongly support our model
that, under derepressing conditions, NifL is membrane-as-
sociated; however either signal, molecular oxygen or ni-
trogen sufficiency, result in a significant decrease of mem-
brane association of NifL.

Under nitrogen limitation GlnK 
is partially membrane-associated independent 
of the oxygen status

NifL is membrane-associated under oxygen- and nitrogen-
limited conditions and dissociates from the membrane
upon a shift to nitrogen sufficiency (Figs. 2, 3). Thus the
question arises how the NifL/NifA regulatory system re-
ceives the nitrogen signal when an upshift to nitrogen suf-
ficiency occurs. As the GlnK protein apparently senses
the nitrogen status of the cell and transduces the nitrogen
signal to the NifL/NifA regulatory system, GlnK was lo-
calized under nitrogen-limiting conditions and after a shift
to excess nitrogen.

In K. pneumoniae, the glnK gene, a glnB-like gene, is
under the control of the general nitrogen regulatory sys-
tem and therefore only expressed under nitrogen starva-
tion, as is E. coli glnK (van Heeswjik et al. 1996; Jack et
al. 1999; Arcondéguy et al. 2001). In response to nitrogen
limitation, the trimeric E. coli GlnK protein is covalently
modified by uridylylation at the conserved tyrosine residue
(Y51) by the GlnD enzyme. In the presence of ammo-
nium, however, GlnD removes the uridylylation (Jiang et
al. 1998; Atkinson and Ninfa 1999). In K. pneumoniae
cells grown either anaerobically or aerobically under ni-
trogen-limiting conditions, GlnK trimers were up to 80%
uridylylated (GlnK3-(UMP)3) as detected by native gel elec-
trophoresis and subsequent Western blot analysis (Fig.5,
lanes 2, 4). The uridylylation apparently changes the over-
all charge of the trimers, resulting in a faster migration of
the uridylylated forms compared to the non-modified
trimers. Two hours after an ammonium upshift, the same
cultures showed fully deuridylylated GlnK trimers (Fig. 5,
compare lanes 2, 4 with lanes 3, 5). These findings show
that the uridylylation state of K. pneumoniae GlnK, like
that of E. coli GlnK, is dependent on the nitrogen status of
the cell. In order to analyze and localize GlnK trimers af-

ter a shift to nitrogen sufficiency, ammonium upshift ex-
periments were carried out on K. pneumoniae cells grown
under nitrogen-limited conditions in the presence or ab-
sence of oxygen. Exponentially growing cultures were
split and one part was shifted to nitrogen sufficiency by
the addition of 10 mM ammonium and further incubated
for 2 h. The glnKamtB operon is subject to nitrogen con-
trol at the transcriptional level mediated by NtrC (Jack et
al. 1999), thus within the 2 h incubation in the presence of
ammonium, no expression of glnK can occur. The mem-
brane and cytoplasmic fractions before and after the am-
monium upshift were subjected to native PAGE and sub-
sequent Western blot analysis to separate and quantify the
GlnK trimers in the different fractions. In the cell-free ex-
tracts under nitrogen-limiting conditions, approximately
80% of GlnK was found in its completely uridylylated
form (GlnK3-(UMP)3); 15–20% of the total GlnK protein
was found in the membrane fraction in both the anaerobic
and the aerobic preparation (Fig.6 B, lanes 1, 2, 5, 6). The
membrane-bound GlnK and cytoplasmic GlnK, however,
showed no difference in the uridylylation pattern, indicat-
ing that membrane association is not dependent on a de-
fined uridylylation state of GlnK (Fig. 6A, lanes 1, 2, 5, 6).
This observed membrane association of GlnK under nitro-
gen limitation is of special interest, since the GlnK protein
shows little, if any, hydrophobicity and is a highly soluble
protein. When nitrogen-limited K. pneumoniae cells were
shifted from nitrogen limitation to nitrogen excess, GlnK
in both the membrane and the cytoplasmic fractions was
deuridylylated (Fig.6A, lanes 3, 4, 7, 8). However, it ap-
peared that after a shift to nitrogen-excess independent of
oxygen availability the cytoplasmic GlnK fraction de-
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Fig.5 Uridylylation states of GlnK upon an ammonium upshift.
K. pneumoniae wild-type cultures were grown aerobically and an-
aerobically in the presence of 2 mM glutamine as sole nitrogen
source as described in Materials and methods. During the mid-ex-
ponential growth phase, cultures were split and one part was
shifted to nitrogen-excess conditions by the addition of 10 mM am-
monium. After an additional incubation of 2 h, the cells were har-
vested, broken by French press and analyzed by native-PAGE.
Western blotting using polyclonal GlnK antibodies was subse-
quently carried out to detect uridylylated and unmodified GlnK
synthesized from the chromosomal glnK gene. Lane 1 Broad-range
prestained marker (New England Biolabs), lane 2 cell extract of
anaerobically grown cells in the presence of 2 mM glutamine, lane
3 cell extract of anaerobically grown cells after an ammonium up-
shift with 10 mM ammonium, lane 4 cell extract of aerobically
grown cells in the presence of 2 mM glutamine, lane 5 cell extract
of aerobically grown cells after an ammonium upshift with 10 mM
ammonium



creased significantly (Fig.6A, compare lanes 2, 6 with
lanes 4, 8). In contrast, the amount of membrane-associ-
ated GlnK apparently did not change, thus shifting the ra-
tio of membrane-associated GlnK to cytoplasmic GlnK
from approximately 20/80% under nitrogen limitation to
approximately 60%/40% in the presence of excess nitro-
gen (Fig.6B). As no new GlnK synthesis occurred during
the ammonium upshift, the ratio between membrane-bound
and cytoplasmic GlnK should not change unless increased
degradation of one fraction occurs. However, one cannot
rule out that unspecific proteolysis of the cytoplasmic
GlnK fraction occurred during the time of separating the
two fractions, as the buffers used for cell breakage and
membrane preparation were not supplemented with pro-
tease inhibitors. Thus, further analysis of the apparent faster
degradation of cytoplasmic GlnK after a shift to nitrogen
sufficiency is required.

Discussion

Regulatory proteins that are membrane-bound and trans-
mit an environmental signal via a cytoplasmic transmitter
domain are a common principle in bacterial signal trans-
duction. In a variety of such regulatory proteins or trans-
ducers of both prokaryotic and eukaryotic origin, conserved
sequence motifs, so-called PAS domains, have been iden-
tified (for review see Taylor and Zhulin 1999). Most bac-
terial sensory proteins containing a PAS domain are histi-
dine-kinase sensor proteins of two-component regulatory
systems and usually contain one or more transmembrane
domains (Zhulin et al. 1997; Taylor and Zhulin 1999). The
regulatory protein NifL contains a C-terminal histidine-
kinase-like transmitter domain (Drummond and Wootton
1987; Parkinson and Kofoid 1992; Woodley and Drum-
mond 1994) and its N-terminal domain contains the con-
served motifs of the PAS domain (Zhulin et al. 1997).
NifL differs, however, in that no membrane-spanning do-
main can be predicted from the amino acid sequence data
of the protein (Drummond and Wootton 1987). Thus,
NifL is considered to be a solely cytoplasmic protein that
receives and transduces the oxygen and nitrogen signal to
the transcriptional activator NifA in the cytoplasm (Dixon
1998). We have recently shown that Fnr of K. pneumoniae
is the primary oxygen sensor for nitrogen fixation. Fnr ap-
parently transduces the oxygen signal to NifL by activat-
ing transcription of genes whose products reduce the NifL-
bound FAD during anaerobic growth (Grabbe et al. 2001).
In addition, preliminary studies indicated that K. pneumo-
niae NifL is membrane-associated during anaerobic growth.
Thus we proposed that the physiological electron donor
for the reduction of NifL during anaerobic growth is a
component of the anaerobic electron transport chain. In
order to further characterize a potential membrane associ-
ation of NifL as a part of the regulatory process, we local-
ized NifL in cells grown anaerobically and aerobically,
both in the absence and presence of combined nitrogen.

Spatial separation as the potential regulatory principle 
in nif regulation by NifA and NifL

We present three lines of evidence that both conditions,
nitrogen limitation and the absence of oxygen, are required
for significant membrane association of K. pneumoniae
NifL. Neither signal alone is sufficient for NifL associa-
tion with the membrane. (1) Electron microscopy analysis
of NifL overproduced in K. pneumoniae indicated that,
under oxygen- and nitrogen-limiting conditions, NifL is
significantly membrane associated, whereas under nitro-
gen sufficiency NifL is located in the cell lumen (Fig.1).
(2) Immunological quantification of NifL synthesized
from the chromosomal nifL gene confirmed that, under
oxygen and nitrogen limitation, approximately 55% of the
total NifL protein is located in the membrane fraction. A
shift to nitrogen sufficiency or the presence of molecular
oxygen, however, resulted in a significant decrease in mem-
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Fig.6 Localization of GlnK in K. pneumoniae UN4495 grown un-
der different conditions. K. pneumoniae UN4495 cells were grown,
harvested, and fractionated as described in Fig.2. Equal volumes
of the observed membrane and cytoplasmic fractions (20 µl) were
subjected to native PAGE and subsequently analyzed by Western
blotting. Polyclonal GlnK antibodies were used to detect GlnK.
The Western blot is shown in A. Lanes 1, 2 membrane and cyto-
plasmic fractions of cells grown anaerobically under nitrogen lim-
itation; lanes 3, 4 membrane and cytoplasmic fractions of cells
grown anaerobically under nitrogen limitation but shifted to nitro-
gen sufficiency and incubated for an additional 2 h; lanes 5, 6 mem-
brane and cytoplasmic fractions of cells grown aerobically under
nitrogen limitation; lanes 7, 8 membrane and cytoplasmic fractions
of cells grown aerobically under nitrogen limitation but shifted to
nitrogen sufficiency and incubated for an additional 2 h. The
amounts of GlnK found in the membrane and cytoplasmic frac-
tions were quantified using a fluoroimager (Storm, Molecular Dy-
namics; ImageQuant software). Concentrations of GlnK were cor-
rected for fraction volume (total volume of the membrane fraction
was 2 ml; total volume of the cytoplasmic fraction was 10 ml) and
plotted as relative amounts of total GlnK in the respective fraction
in B



brane association of NifL, to approximately 10% (Fig.2).
(3) In the absence of either the primary oxygen sensor Fnr
or the primary nitrogen sensor GlnK plus the ammonium
transporter AmtB, NifL is located in the cytoplasm (Table 2).
Thus, in addition to nitrogen limitation, the reduced con-
formation of NifL appears to be critically important for
the membrane affinity of the protein. With oxidation, the
membrane affinity of NifL significantly decreases, and
NifL is again located in the cytoplasm. Determination 
of malate dehydrogenase activity and detection of quino-
proteins in the different membrane and cytoplasmic frac-
tions ruled out that the analyzed membrane fractions were
contaminated with cytoplasmic proteins (Table 1). Thus,
the basal amount of a maximum of 10% membrane-bound
NifL, detected under all conditions except under oxygen
and nitrogen limitation, appears to be based on non-spe-
cific binding of the hydrophobic regions of the NifL pro-
tein to the cell membrane. This is consistent with the
amounts we observed for the NifA protein in the same
membrane and cytoplasmic fractions; approximately 10%
of total NifA was membrane-associated under all condi-
tions tested (Fig.4), although NifA is a transcriptional ac-
tivator and is therefore expected to be a soluble protein lo-
cated in the cytoplasm (Austin et al. 1990; Lee et al.
1993). This suggests that the observed fractions of NifA
and NifL, which appear to be membrane-associated under
all conditions, are fractions of both regulatory proteins,
which bind, independent from each other, non-specifically
to the membrane and are not functionally involved in the
regulatory process.

The observed decrease in cytoplasmic NifL during an-
aerobic and nitrogen-limited growth, under conditions in
which no change of NifA location is detectable, suggests
that membrane association of NifL plays a critical role in
the regulation of NifA activity. The spatial separation of
membrane-bound NifL and cytoplasmic NifA under nitro-
gen and oxygen limitation may be responsible for the re-
lease of the NifL inhibition of NifA, resulting in nif gene
induction. We therefore propose a NifL conformation that
integrates the oxygen and nitrogen signal in such a way
that the overall conformation of the protein during anaer-
obic and nitrogen-limited growth is able to bind to the cy-
toplasmic membrane, creating a spatial gap between NifL
and its target NifA. A comparable regulatory mechanism
is discussed for the transcriptional regulator PutA, which is
involved in proline catabolism in Salmonella typhimurium
and Escherichia coli (Maloy 1987). PutA associates with
the membrane and catalyzes the two-step oxidation of pro-
line to glutamate when the intracellular proline concentra-
tion is high (Wood 1987; Muro-Pastor et al. 1997). When
the intracellular proline concentration decreases, PutA
dissociates from the membrane and represses transcrip-
tion of the proline utilization (put) operon by binding to
an operator (Ostrovsky et al. 1991; Brown and Wood
1993). In contrast to the observed membrane affinity of
NifL in K. pneumoniae under oxygen and nitrogen limita-
tion, no membrane association for A. vinelandii NifL has
been reported to date (Dixon 1998).

Hypothetical function for GlnK in nif regulation

We obtained evidence that a shift from nitrogen limitation
to nitrogen sufficiency results in a decrease in membrane
association of NifL (Figs. 1, 2). Thus the question arises
how the presence of sufficient nitrogen changes the mem-
brane affinity of NifL. We therefore localized GlnK, a
highly soluble protein responsible for detection of the in-
ternal nitrogen status and for transduction of the nitrogen
signal to the nif regulatory system (He et al. 1998; Xu et
al. 1998; Arcondéguy et al. 1999, 2001; Jack et al. 1999).
Unexpected, a significant membrane association of GlnK
under nitrogen-limiting conditions (approximately 15–20%,
Fig.6) was observed. The association may result from the
interaction of GlnK with the ammonium transporter AmtB
and is not dependent on a defined uridylylation state of
GlnK. It remains to be established whether the observed
membrane association of GlnK is directly linked to the
NifL location, or whether GlnK is regulating the NifL lo-
cation indirectly as a consequence of its role in controlling
the interaction of NifL with NifA. Under nitrogen excess
in the absence of GlnK, cytoplasmic NifL inhibits NifA
by complex formation. If GlnK transduces the signal of
nitrogen limitation either by interacting with NifL or NifA,
resulting in the dissociation of the NifL/NifA complex,
NifL would be able to interact with the putative membrane-
bound electron donor and stay membrane-associated. In
the presence of oxygen, however, the oxidized form of NifL
would be preferentially located in the cytoplasm, and this
conformation might interact with NifA even when GlnK
is present.
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