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Under anoxic conditions, the Escherichia coli oxygen sensor FNR (fumarate nitrate reductase regulator) is
in the active state and contains a [4Fe-4S] cluster. Oxygen converts [4Fe-4S]FNR to inactive [2Fe-2S]FNR.
After prolonged exposure to air in vitro, apoFNR lacking a Fe-S cluster is formed. ApoFNR can be differen-
tiated from Fe-S-containing forms by the accessibility of the five Cys thiol residues, four of which serve as
ligands for the Fe-S cluster. The presence of apoFNR in aerobically and anaerobically grown E. coli was
analyzed in situ using thiol reagents. In anaerobically and aerobically grown cells, the membrane-permeable
monobromobimane labeled one to two and four Cys residues, respectively; the same labeling pattern was found
with impermeable thiol reagents after cell permeabilization. Alkylation of FNR in aerobic bacteria and
counting the labeled residues by mass spectrometry showed a form of FNR with five accessible Cys residues,
corresponding to apoFNR with all Cys residues in the thiol state. Therefore, aerobically growing cells contain
apoFNR, whereas a significant amount of Fe-S-containing FNR was not detected under these conditions.
Exposure of anaerobic bacteria to oxygen caused conversion of Fe-S-containing FNR to apoFNR within 6 min.
ApoFNR from aerobic bacteria contained no disulfide, in contrast to apoFNR formed in vitro by air inacti-
vation, and all Cys residues were in the thiol form.

The transcriptional regulator FNR (fumarate nitrate reduc-
tase regulator) of Escherichia coli functions as an O2 sensor (3,
7, 11, 15, 16, 19, 39). Under anoxic conditions, the protein is in
the active state and is predominately found as a homodimer
with one [4Fe-4S] cluster per monomer. In the presence of O2,
[4Fe-4S]FNR is converted to monomeric [2Fe-2S]FNR, which
is no longer active in gene regulation (6, 7, 12, 18, 24). The
Fe-S clusters are bound by four cysteine residues (Cys20,
Cys23, Cys29, and Cys122) of the five Cys residues of FNR.
The only other Cys residue (Cys16) is not essential and not
involved in binding of the FeS cluster (13, 25, 29). The Fe-S
clusters in FNR can be detected by Mössbauer spectroscopy,
which has been essential for characterizing the Fe-S-containing
forms in vitro and in vivo (18, 27, 32).

The properties of [4Fe-4S]FNR and [2Fe-2S]FNR, their
presence in aerobically and anaerobically growing E. coli in
vivo and in vitro, and their significance in O2 sensing are well
documented. In vivo [2Fe-2S]FNR degrades further upon con-
tinued exposure of the bacteria to O2 (18, 32). In vitro,
apoFNR is formed within a few minutes after exposure of
[4Fe-4S]FNR to O2, which points toward a physiological rele-
vance of this form of FNR (1). ApoFNR, like [2Fe-2S]FNR, is
inactive in DNA binding and gene regulation (14). The condi-
tions for apoFNR formation from [4Fe-4S]FNR have been
characterized in vitro (1). In vivo, only indirect evidence for the
formation of apoFNR has been provided: the [4Fe-4S]2� and
[2Fe-2S]2� clusters of FNR are lacking in aerobically grown
cells under conditions in which the FNR protein is still present

(31). From this, it has been concluded that the remaining FNR
is apoFNR, but its identity has not been directly demonstrated.
It is not known whether apoFNR in vivo is of the same type
as in vitro, where apoFNR contains disulfides Cys16/20 and
Cys23/29 which are of unknown physiological significance
(1, 2).

Here we studied the formation and presence of apoFNR in
aerobically and anaerobically growing E. coli in situ by differ-
entiating apoFNR from [2Fe-2S]FNR and [4Fe-4S]FNR using
a method for measuring the accessibility of the Cys residues to
thiol reagents (1). Up to five Cys residues are accessible to
thiol reagents in apoFNR, whereas only Cys16 is accessible in
[4Fe-4S]FNR and [2Fe-2S]FNR; the other four Cys residues
are ligands of the Fe-S clusters in [4Fe-4S]FNR and [2Fe-
2S]FNR and are thereby protected from labeling. The amount
of accessible Cys residues was determined by the use of Cys-
specific reagents which introduce a fluorescence label into
FNR or change the apparent Mr of FNR in sodium dodecyl
sulfate (SDS)-polyacrylamide gels. For labeling, membrane
permeable and impermeable thiol reagents were used. Mem-
brane permeable labels are supposed to allow labeling of cy-
toplasmic proteins in situ without cell disruption and with
minimal perturbation of cellular metabolism and functional
state of FNR. The results demonstrate that the major form of
FNR in aerobically growing E. coli is apoFNR lacking disul-
fides and that the kinetics of apoFNR formation in vivo and
in vitro is similar to that of [4Fe-4S]FNR/[2Fe-2S]FNR con-
version.

MATERIALS AND METHODS

Growth of E. coli and in vivo labeling of proteins with thiol reagents. E. coli
CAG627 [lacZ(Am) trp(Am) pho(Am) supC(Ts) mal rpsL lon] (34) carrying
plasmid pMW32 (pTrc99A with the 750-bp NcoI/BamHI fnr fragment of pGS199
[30]) overproduces FNR from the plasmid-encoded fnr gene. The strain was
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grown under oxic or anoxic conditions (36) in 2�YT medium (28) with glucose
(100 mM), and the oxic and anoxic conditions were strictly maintained through-
out the labeling procedure. At an optical density at 578 nm (OD578) of 0.6 to 0.8,
the culture was diluted 1:10 in the same medium, and fnr transcription was
induced by isopropyl-�-D-thiogalactopyranoside (IPTG) (1 mM). After 100 min
of incubation (OD578 of 0.7; mid-exponential phase), 1 or 2 mM monobromo-
bimane (mBBr) (Invitrogen) (20–22) from a freshly prepared stock solution (10
mM) was added, and incubation continued for 5 min in the dark. The aerobic
sample (1 ml in a 15-ml plastic tube) was shaken at 150 rpm under air. The
anaerobic sample (1 ml in a 2-ml plastic tube) was handled and incubated in a
glove box under N2, and anoxic solutions were used throughout. Labeling
reached maximal levels after 1 min or longer (not shown). The labeling was
stopped after 5 min by adding 2 mM dithiothreitol (DTT). The cells were
collected by centrifugation and resuspended and lysed in SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) loading buffer containing 5% SDS (23, 28).

For measuring the kinetics of the appearance of accessible Cys residues, E. coli
CAG627(pMW32) was grown anaerobically in the presence of IPTG to an
OD578 of 1.0. Aliquots (1 ml) were transferred to petri dishes (diameter, 8.5 cm)
and shaken under air (130 rpm). At different time points, 1 mM mBBr was
added, and the suspensions were incubated for 1 min. The reaction was stopped
by the addition of 1 mM DTT, and the samples were prepared for SDS-PAGE
as described above. Proteins were labeled with monobromotrimethylammonio-
bimane (qBBr) (Calbiochem) (21) following the same method as for mBBr,
except that cells were permeabilized with chloroform (50 �l) before adding qBBr
(2 mM) from a freshly prepared qBBr stock solution (10 mM in methanol).

Proteins were labeled with 4-acetamido-4�-maleimidylstilbene-2�2-disulfonic
acid (AMS) (8 mM) in 1 ml of a cell suspension (OD578 of 0.8) containing 50 �l
chloroform for 30 min (17) following a method similar to that described for
qBBr.

Alkylation of FNR in vivo by NEM or iodoacetate for MS. FNR was produced
as a GST�-�FNR (GST is glutathione S-transferase) fusion in E. coli
CAG627(pMW68) growing under aerobic conditions as described previously
(37) by induction with IPTG. Two hours after the start of induction, N-ethylma-
leimide (NEM) (10 mM in water) or iodoacetate (10 mM in water, pH 8.0) was
added for 15 min (1, 4). The bacteria were harvested, and GST-FNR was
prepared by chromatography on glutathione-Sepharose 4B (1, 37). The GST tag
was removed by incubation with thrombin for 2 h, and the isolated FNR (600
�g/ml) was analyzed by mass spectrometry (MS). All analyses were carried out
on a Q-TOF II system (Waters Corp., Manchester, United Kingdom). Prior to
mass measurements, the samples were separated by reversed-phase high-perfor-
mance liquid chromatography (HPLC) (Waters Alliance 2795; Waters Corp.,
Manchester, United Kingdom) on a Vydac C18 column (250 by 2.1 mm) con-
nected online to the MS instrument. The HPLC instrument was operated using
a binary gradient system at a flow rate of 300 �l/min from 80% to 20% solvent
A in 10 min and isocratic for 20 min (solvent A is 0.025% trifluoroacetic acid in
water, and solvent B is 0.023% trifluoroacetic acid in acetonitrile). The sample
concentration was 0.5 mg/ml. Ten microliters of each sample was injected.

Labeling of isolated FNR. FNR was isolated as apoFNR and reconstituted to
[4Fe-4S]FNR as described previously (1). mBBr binding was quantitatively cal-
ibrated using FNR with one, two, three, and five Cys residues in the thiol state.
Isolated FNR contains three Cys thiols (1). To obtain FNR with one or two free
Cys thiol groups, isolated FNR was incubated with 1 and 2 mol NEM per mol
FNR, respectively. FNR with five Cys thiols was produced by reducing isolated
FNR with an equimolar amount of DTT. Samples of the various forms of FNR
in 50 mM Tris-HCl (pH 7.6) were incubated with 2 mM mBBr for 5 min and then
subjected to SDS-PAGE, followed by Western blotting.

For labeling of purified FNR with AMS, reconstituted [4Fe-4S]FNR was
incubated with AMS (8 mM) in a glove box under N2 for 20 min. For air
inactivation, a solution (1 ml) of reconstituted FNR (1) was spread onto a petri
dish and shaken under air for 20 min at 130 rpm.

Quantitative evaluation of mBBr and qBBr labeling of FNR. The labeling by
the various reagents was quantitatively evaluated using the Western blots of the
labeled proteins (cell homogenates or isolated FNR). For each set of experi-
ments, the samples were run and evaluated on the same gel and blot. The
fluorescence of protein bands labeled with mBBr or qBBr was measured with a
fluorescence imager (Kodak ImageStation CF440) from 400 to 500 nm. The
fluorescence of individual bands was quantified using Kodak software by inte-
grating the amount of fluorescence of a specific band after subtraction of back-
ground fluorescence (“net intensity”). The integrated fluorescence is given in
pixel intensity (arbitrary units). From the same blot, the FNR content was
determined using anti-FNR serum (17, 35) and a secondary antibody coupled to
horseradish peroxidase. The stain intensity was recorded by the imager. For
quantitative experiments, all samples from one blot were treated the same, and

at least four independent labeling experiments were performed. The amount of
label is given as the pixel intensity of the fluorescence and of the absorption of
the anti-FNR stain. For quantitation, FNR with one or five accessible Cys
residues was used as the reference (20% and 100% labeling, respectively). For
determining the amount of labeled thiols of FNR in vivo, the cells were labeled
as described above. Samples were run on a gel with isolated FNR labeled on five
Cys residues as the reference (100% labeling). After SDS-PAGE and blotting,
mBBr fluorescence and FNR immunostaining were measured, and the specific
amount of labeling was calculated (pixel intensity of mBBr fluorescence/pixel
intensity of FNR immunostain). For each sample, the ratio was determined and
compared to the ratio of fivefold-labeled FNR as the reference.

RESULTS

Accessible and reactive Cys residues of FNR in aerobically
and anaerobically grown E. coli. ApoFNR can be differenti-
ated from FNR containing Fe-S clusters by measuring the
accessibility of the Cys residues (1). The accessible Cys resi-
dues of the cellular proteins of E. coli, including FNR, were
labeled with the membrane-permeable thiol reagent mBBr. By
penetrating the cell membrane without need of cell disruption
or treatment with detergents or solvents (22), the reagent
should allow labeling with minimal perturbation of the func-
tional state of the cell and of FNR. mBBr becomes fluorescent
only after reaction with thiol groups. E. coli CAG627(pMW32)
overproduces FNR to levels which are sufficient for direct
quantitation of FNR from cell extracts by immunoblotting,
whereas wild-type FNR contents are too low for direct quan-
titation (35, 38, 39). FNR from bacteria with (moderately)
overproduced FNR is supposed to show normal response to
the presence of O2 (35).

The bacteria were grown aerobically or anaerobically and
then labeled with mBBr. The cellular proteins were separated
by SDS-PAGE and blotted onto a nitrocellulose membrane.
In the blots of noninduced aerobic or anaerobic E. coli
CAG627(pMW32), a limited number of bands with strong
fluorescence was found; the band were mainly in the Mr range
of 50,000 to 60,000 and around 90,000 (Fig. 1A). In induced
cells of aerobically or anaerobically grown E. coli, an additional
major fluorescent band in the 30,000-Mr region was observed.
A similar labeling pattern was obtained when the bacteria were
permeabilized by chloroform or after cell disruption before
labeling, demonstrating that mBBr gains sufficient access to
the cytoplasm of E. coli, as suggested earlier for other types of
cells (20, 22). Purified and mBBr-labeled apoFNR formed a
fluorescent band with a mobility similar to that of the promi-
nent 30,000-Mr band (Fig. 1A). The band corresponding to the
fluorescent 30,000-Mr protein reacted specifically with anti-
FNR serum (Fig. 1B). When the expression of plasmid-en-
coded fnr was not induced, neither the fluorescent band (Fig.
1A) nor the band responding to anti-FNR in the immunoblot
was produced (Fig. 1B). Altogether, the findings identified the
reactive 30,000-Mr protein as FNR and the corresponding fluo-
rescence as FNR derived. The identities of the other labeled
proteins are not known.

When proteins were labeled with the impermeable thiol
reagent monobromo-trimethylammoniobimane, a very similar
pattern of fluorescence labeling was observed (not shown);
proteins were labeled only after permeabilization of the cells.
Again a labeled band with an Mr of approximately 30,000 was
observed in induced cells.
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Aerobically grown E. coli contains FNR with increased
amounts of accessible Cys residues. To calculate the specific
content of labeled Cys residues in FNR, the amounts of bound
mBBr and of FNR were determined by quantifying the fluo-
rescence and immunostaining in Western blots, as in Fig. 1
(Table 1). The specific amount of fluorescence per FNR from
aerobically grown E. coli showed some variation but was re-
producibly twofold higher than that from anaerobically grown
E. coli. The increased labeling was specific for FNR; the fluo-
rescence of other labeled bands did not increase in the same
way. qBBr-labeled proteins were evaluated in a similar way.
Although the intensity of qBBr fluorescence was lower than
that of mBBr fluorescence, aerobically grown cells again
showed a twofold increase in labeling of FNR compared to
anaerobically grown bacteria (Table 1). Since [4Fe-4S]FNR
and [2Fe-2S]FNR require the same number of Cys residues
(four) for liganding the FeS cluster, the difference should in-
dicate increased amounts of apoFNR.

The specific amount of label incorporated into FNR was
determined using purified apoFNR as a reference. In purified

apoFNR, defined numbers of Cys residues were blocked by
reaction with defined amounts of NEM (1). The amount of
reactive Cys residues was quantified by reaction with 5,5�-
dithiobis-nitrobenzoate (1). In this way, FNR with one, two,
three, or five Cys residues in the thiol state was available, which
then reacted with mBBr. The fluorescence of the proteins was
determined in Western blots as in Fig. 1 and normalized for
the amount of FNR protein in immunoblots. The specific
amount of fluorescence per FNR protein showed a linear re-
lationship to the number of accessible Cys residues (Fig. 2).
The specific labeling varied by a factor of approximately 5
when FNR with one and five accessible Cys residues was la-
beled, confirming that by this method up to five Cys residues
per FNR become labeled.

The calibration curve was used to determine the specific
content of mBBr-labeled FNR of E. coli cells. The label which

FIG. 1. In vivo labeling with mBBr of proteins of aerobically and
anaerobically grown E. coli CAG627(pMW32). Detection of bound
mBBr by fluorescence (A) and FNR by immunostaining (B). The
bacteria were grown aerobically (lanes 1 and 2) or anaerobically (lanes
4 and 5) to an OD578 of 0.7 under fnr-inducing (�) (1 mM IPTG; lanes
2 and 5) or noninducing (�) (lanes 1 and 4) conditions. Lane 3
contains 1.2 �g purified FNR. Cells were incubated for 5 min with 2
mM mBBr. Sedimented bacteria were resuspended and lysed in SDS-
PAGE sample buffer (approximately 30 �g/lane); samples were sub-
jected to SDS-PAGE and blotted onto nitrocellulose. (A) Fluores-
cence was measured using a Kodak ImageStation CF440 with emission
at 400 to 500 nm. (B) The same blot was used subsequently for im-
munostaining with anti-FNR. Staining was recorded as the absorbance
at 400 to 500 nm. The positions of proteins corresponding to Mr 30,000
to Mr 90,000 (calculated from Mr markers) are shown to the left of the
blots.

FIG. 2. Specific fluorescence of mBBr-labeled FNR in aerobically
and anaerobically grown E. coli CAG627(pMW32). The specific fluo-
rescence was calibrated using purified FNR with one, two, three, and
five Cys thiols/FNR (small solid diamonds) labeled with mBBr. After
separation by SDS-PAGE and blotting onto nitrocellulose, mBBr
fluorescence (integrated pixel intensity of fluorescence [PIfluor]) and
FNR immunostaining (integrated pixel intensity of immunostaining
[PIimmuno]) were measured by fluorescence and absorption imaging as
described in the legend to Fig. 1. The specific labeling of the different
FNR species (PIfluor/PIimmuno) was determined as described in foot-
note a of Table 1, and the specific labeling of FNR with five accessible
Cys residues was taken as 100%. Following the same method, the
PIfluor/PIimmuno of protein from aerobically grown cells (one solid cir-
cle) and anaerobically grown cells (one solid square) was determined.
The mean experimental values are derived from four or more inde-
pendent experiments, and the standard deviations (error bars) are
given.

TABLE 1. In vivo labeling with mBBr and qBBr of Cys residues in FNR in aerobically and anaerobically growing E. coli CAG627(pMW32)a

Thiol reagent

Aerobic Anaerobic

Fluorescence label
(PIfluor)

Anti-FNR stain
(PIimmuno)

Specific labeling FNR
(PIfluor/PIimmuno)

Fluorescence label
(PIfluor)

Anti-FNR stain
(PIimmuno)

Specific labeling FNR
(PIfluor/PIimmuno)

mBBr 67,860 � 7,000 113,230 � 11,000 0.6 � 0.06 30,530 � 3,000 117,800 � 12,000 0.3 � 0.03
qBBr 2,520 � 250 20,740 � 2,100 0.12 � 0.01 1,385 � 0,140 24,890 � 2,500 0.056 � 0.006

a The amount of label was determined from blots (compare Fig. 1 and 2) by measuring the fluorescence of mBBr and qBBr by fluorescence imaging (integrated pixel
intensity of fluorescence �PIfluor	 of the complete bands). The amount of FNR was determined from immunostaining with anti-FNR by absorption imaging with a Kodak
ImageStation CF440 (integrated pixel intensity of immunostaining �PIimmuno	 of the complete bands). The specific labeling of FNR was calculated from the two values
(PIfluor/PIimmuno). All values are means � standard deviations from at least four replicate and independent samples.
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was found in FNR from aerobically and anaerobically growing
cells amounted to approximately 80% and 40%, respectively,
of FNR labeled at five Cys residues (Fig. 2). Therefore, in
aerobically and anaerobically growing E. coli, on average four
and two Cys residues are accessible to modification. In aerobic
bacteria, labeling of five Cys residues is expected. The lower
degree of labeling might be due to incomplete application of
aerobic conditions or to incomplete chemical labeling in vivo.

Kinetics of [4Fe-4S]FNR conversion to apoFNR upon expo-
sure to air. Labeling of the Cys residues of FNR by mBBr was
a rapid process, and after 1 min of labeling, no further increase
was observed (not shown). Due to the rapid reaction, the
method can be used to determine the kinetics of the appear-
ance of accessible Cys residues after shifting anaerobically
growing bacteria to oxic conditions. At distinct time points
after the shift, samples were withdrawn, and the cells were

incubated with mBBr (Fig. 3). Before the shift, about 20% of
the Cys residues (corresponding to about one labeled Cys
residue/FNR) were accessible to mBBr. With increasing time
of O2 exposure, the amount of label increased, and maximal
labeling was achieved 5 to 6 min after the shift. The degree of
labeling was similar to that of FNR from E. coli grown aero-
bically only.

Distinguishing the Fe-S-containing forms of FNR from
apoFNR in vivo by AMS. AMS has been widely used for the
labeling of Cys residues in the hydrophilic space of proteins
(33). When aerobically purified apoFNR (Mr of 29,000) was
reduced by DTT and incubated with AMS, the apparent Mr

increased from 29,000 to 34,000 according to SDS-PAGE (Fig.
4). It can be assumed that this form of FNR is labeled at five
Cys residues, indicating an approximate increase in Mr of 1,000
per molecule of bound AMS. The increase corresponds to the

FIG. 3. Kinetics of [4Fe-4S]FNR conversion to apoFNR in vivo, as determined by labeling of FNR with mBBr. E. coli CAG627(pMW32) was
grown anaerobically to an OD578 of 1.0 in the presence of IPTG. Aliquots were placed in petri dishes and shaken under air; at specific time points,
the samples were labeled with mBBr. After the reaction was stopped by the addition of DTT, the cellular proteins were subjected to SDS-PAGE
and Western blotting. FNR fluorescence (integrated pixel intensity of fluorescence [PIfluor]) and immunostaining (integrated pixel intensity of
immunostaining [PIimmuno]) were quantitated using isolated FNR with five accessible Cys residues as a reference as described in the legend to Fig.
3 and in footnote a of Table 1. Values are shown as means � standard deviations (error bars) from three independent experiments.

FIG. 4. AMS labeling of Cys thiols of purified apoFNR and FNR from aerobically or anaerobically grown E. coli CAG627(pMW32). Purified
apoFNR was reduced with excess DTT (� DTT) and subsequently labeled with AMS (8 mM) (� AMS) (lane 1). Lane 2 contains purified
unlabeled apoFNR for comparison. Reconstituted [4Fe-4S]FNR was labeled with AMS either directly (lane 3) or after incubation under air for
20 min (lane 4). For labeling in vivo, E. coli CAG627(pMW32) was grown under inducing conditions under anoxic (N2) (lane 5) or oxic (O2) (lane
6) conditions to an OD578 of 0.8, permeabilized with chloroform, and incubated with 10 mM AMS for 5 min. After the reaction was stopped with
the SDS sample buffer, the isolated proteins (2 to 5 �g of purified FNR) and the cellular proteins (30 �g) were separated by SDS-PAGE, blotted
onto nitrocellulose, and used for immunoblotting. The positions of proteins corresponding to Mr 27,000, 29,000, and 34,000 are shown.
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mass of AMS (536.44 Da), but the negative charge of AMS
might contribute to the changed mobility as well. The labeling
was compared to the labeling of reconstituted FNR in vitro.
Purified ApoFNR was reconstituted in vitro using Fe(II), cys-
teine, and cysteine desulfurase NifSAV as described previously
(1). When [Fe-4S]FNR reconstituted in this way was reacted
with AMS, FNR with an apparent Mr of 34,000 and small
amounts of FNR with an Mr of 32,000 were found. Thus,
apoFNR, which was reduced by DTT, and reconstituted [4Fe-
4S]FNR showed the same Mr of 34,000 after labeling by AMS,
suggesting that AMS replaces the FeS cluster and labels FNR
at up to five Cys residues. FNR with an Mr of 32,000 is pre-
sumably labeled at three (or two) Cys residues by AMS.

After exposure of reconstituted FNR to air (20 min) and
subsequent labeling with AMS, the 29,000-Mr form of FNR
and a small amount of a 27,000-Mr form of FNR were left.
ApoFNR with an Mr of 27,000 represents an oxidized form of
FNR, which can be converted to FNR with an Mr of 29,000 by
reduction with DTT (1). The experiments indicate that AMS
displaces [Fe-S] clusters from FNR and labels the newly ac-
cessible Cys ligands. In contrast, air-exposed apoFNR contains
large amounts of Cys disulfides (1), which are not labeled by
AMS (and other thiol reagents). Treatment of the air-oxidized
apoFNR with DTT results in AMS-labeled apoFNR similar to
that of lane 1 in Fig. 4 (not shown).

Labeling of FNR with the impermeable reagent AMS was
performed also in vivo after permeabilizing the cells with chlo-
roform. The proteins were analyzed after SDS-PAGE by im-
munoblotting with anti-FNR. The immunoblot revealed a form
of FNR with an apparent Mr of 34,000 in both anaerobically
and aerobically growing cells. FNR proteins with other Mr

values were not found (Fig. 4, lanes 5 and 6). The 34,000-Mr

form of FNR can be explained by assuming labeling of all Cys
residues of FNR. The 34,000-Mr form of FNR (Fig. 4) from the
aerobically and anaerobically grown bacteria is supposed to
originate from [4Fe-4S]FNR in the anaerobically grown bac-
teria and from fully reduced apoFNR in the aerobically grown
bacteria.

Lack of Cys disulfides in apoFNR of aerobically growing E.
coli. The labeling pattern of apoFNR from aerobically grown
E. coli suggested that all Cys residues are accessible to labeling
by AMS (Fig. 4), indicating that no intramolecular disulfides
are formed. For a more quantitative analysis of the redox state
of the cysteine residues, apoFNR from aerobically growing E.
coli was labeled in vivo in nonpermeabilized bacteria with
NEM. Isolated FNR was then subjected to MS (Fig. 5). The
major signal with a mass of 28,732 Da corresponds to FNR
(28,111 Da) alkylated at five Cys residues by NEM, each label
causing an increment of 124 Da. No significant masses corre-
sponding to smaller FNR species were detectable. In particu-
lar, there were no signals equivalent to FNR labeled at only
one or three Cys residues which would be characteristic for the
presence of two or one intramolecular disulfide bonds. Instead,
minor bands of higher masses were detected; these bands may
represent other proteins or products of alternative thrombin
cleavage during FNR preparation. A similar result was ob-
tained when FNR was labeled in aerobically growing bacteria
by iodoacetate (not shown). Here, MS analysis revealed a
major signal at a mass of 28,398 Da corresponding to apoFNR
alkylated at five Cys residues by acetate (increase in molecular

mass by 58 Da/acetate) which confirms the presence of
apoFNR with five reduced thiol residues. In addition, a minor
signal at a much lower intensity was detected corresponding to
fourfold alkylated apoFNR (28,339 Da). ApoFNR with one
nonreactive Cys residue could be due to temporary binding of
a monothiolate or a metal ion. Again, there were no significant
signals with masses corresponding to that of unlabeled FNR or
to the masses of forms of FNR with only one, two, or three
alkylated Cys residues. The labeling pattern obtained with
NEM and iodoacetate therefore verifies that no significant
amount of disulfide is present in apoFNR from aerobically
grown E. coli.

DISCUSSION

Direct demonstration of apoFNR in vivo: apoFNR as the
main form of FNR in aerobically growing E. coli. FNR of
aerobically growing bacteria is predominately found as
apoFNR. Labeling reagents like mBBr which selectively label
accessible Cys residues without removing the labile FeS cluster
allowed identification of apoFNR and differentiation from
FeS-containing FNR in vivo. FNR with nonaccessible Cys res-
idues (i.e., FeS-containing FNR) was found under the same
conditions as in earlier studies by Mössbauer spectroscopy (27,
31, 32). The labeling methods used here allowed direct dem-
onstration of apoFNR, and in addition, of the redox state of
the Cys residues. Apparently, [2Fe-2S]- and [4Fe-4S]-contain-
ing FNR showed similar sensitivities to the displacement of the
FeS cluster, and both forms were not differentiated in the
labeling studies. Earlier approaches to identify accessible Cys
residues of FNR in vivo (10) were performed when the pres-
ence of FeS clusters in FNR was not known. The experiments
therefore were not designed to differentiate between FeS-con-
taining FNR and apoFNR as in the present study.

ApoFNR in the aerobically grown bacteria is either newly
synthesized with not yet incorporated FeS cluster or the con-
version product of [4Fe-4S]FNR. The relative contribution of
both processes to apoFNR formation is not known. The an-
aerobic/aerobic shift experiments in bacteria (9, 10, 27, 31, 32)
and in vitro (1) demonstrate that conversion takes place effi-
ciently.

The reagent mBBr allowed quantitative in situ studies on
apoFNR. Up to five Cys residues per FNR become labeled by
mBBr, and the number of reactive residues varies between one
and two and about four Cys residues in vivo per FNR depend-
ing on the presence of O2. Principally, for [4Fe-4S]FNR/[2Fe-
2S]FNR and apoFNR. one and five accessible and labeled Cys
residues are expected. The presence of one or two accessible
residues in anaerobic cells suggests that the bacteria contain
some apoFNR. Mössbauer spectroscopy of anaerobic bacteria
also showed significant amounts apoFNR without incorpo-
rated FeS cluster (27). The suboptimal labeling in aerobic
bacteria (labeling of four compared to five Cys labels) could be
due either to incomplete labeling and accessibility or to the
presence of some residual FNR with bound FeS cluster. La-
beling of FNR in vivo in aerobic bacteria with NEM showed
indeed the theoretical value of five accessible residues pre-
dicted for apoFNR.

The quantitative conversion of [4Fe-4S]FNR to apoFNR in
vivo within a few minutes demonstrates the physiological rel-
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evance of the reaction. In vitro, air inactivation of [4Fe-
4S]FNR yields apoFNR with 1.5 Cys-disulfide residues (1).
The present experiments show that apoFNR in bacterial cells
contains no significant amounts of disulfides. Obviously the
disulfides are formed in vitro only in the absence of the highly
reduced thiol/glutathione redox buffer of E. coli. In the bacte-
rial cells, more than 90% of the free thiols are in the thiol state
(8) and provide strongly reducing conditions.

Before the presence and function of the [4Fe-4S] cluster in
FNR was known, the Cys residues of aerobically growing E.
coli were shown to be more readily accessible to alkylation than
those from anaerobically growing E. coli (35). The change in
the labeling behavior was then attributed to a thiol/disulfide
change and to metal ion binding by FNR in response to O2

availability. After identification of the O2-sensitive [4Fe-4S]
cluster and the [4Fe-4S]/[2Fe-2S] switch of FNR, this model
had to be dismissed. It now becomes apparent that the increase
in the number of accessible Cys residues in FNR of aerobically
growing E. coli is functionally relevant, but it has to be attrib-
uted to the release of the FeS clusters and the formation of
apoFNR.

Two-step inactivation of [4Fe-4S]FNR by oxygen: roles for
[2Fe-2S]FNR and apoFNR. Overall, the earlier experiments
and the present experiments identify three different functional
forms of FNR in vivo: [4Fe-4S]FNR, [2Fe-2S]FNR, and
apoFNR (Fig. 6). The rapid formation of the two inactive
forms, [2Fe-2S]FNR and apoFNR, suggests that both play a
role in the bacterial cells. [2Fe-2S]FNR is formed from [4Fe-
4S]FNR and then degraded within a few minutes (31, 32). In
the absence of further sufficient oxygen (or superoxide) [2Fe-
2S]FNR is rather stable (32). Here a similar kinetics in the
minute range for the formation of apoFNR from [4Fe-4S]FNR
in aerobically growing cells was found. Thus, under oxic con-
ditions, [2Fe-2S]FNR appears to be an intermediate in the
formation of apoFNR, and apoFNR represents the inactive
form of FNR in aerobically growing E. coli. Switch experiments
suggest that the active form of FNR and apoFNR can be
interconverted in both directions (9, 10). ApoFNR, however,
exhibits a decreased half-life (26).

When O2 is supplied only briefly or at low concentrations,
inactivation of [4Fe-4S]FNR might stop at the level of [2Fe-
2S]FNR. The presence of [2Fe-2S]FNR instead of apoFNR

FIG. 5. MS of FNR from aerobically grown bacteria after alkylation by NEM in vivo. E. coli CAG627(pMW68) with induced GST-FNR
production (OD578 of 1.0) was grown under inducing conditions and labeled by adding NEM (10 mM) to the medium for 15 min without
permeabilization of the bacteria. FNR was isolated and separated from GST by thrombin. FNR (600 �g/ml) was subjected to reversed-phase HPLC
on a C18 column connected online to the MS instrument. Unmodified FNR has a mass of 28,111 Da (cleavage product of FNR-GST); modified
forms with one, two, three, four, and five NEM residues have predicted masses of 28,235, 28,359, 28,483, 28,607, and 28,781 Da, respectively.
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could possibly allow a rapid return to the [4Fe-4S]FNR state
upon reversal to anoxic conditions and thereby rapid restora-
tion of anaerobic growth. Such a situation could be important
for bacteria growing in microaerobic or other biotopes where
oxygen supply is not permanent or close to the regulatory pO0.5

value of FNR of 1 to 5 �M O2 (5). For long-term growth under
oxic conditions, on the other hand, a stable repression of genes
encoding enzymes of anaerobic metabolism is appropriate;
the presence of apoFNR instead of [2Fe-2S]FNR might
suppress frequent shifts to anaerobic metabolism during
short-term lack of oxygen. Such a two-step inactivation of
FNR might provide a more stable regulation, which on the
one hand is sensitive to oxygen, and on the other hand
absorbs or buffers small changes in oxygen supply without
permanent aerobic/anaerobic shifting.
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