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The ability of FNR to sense and respond to cellular O, levels depends on its [4Fe-4S]>* cluster. In the
presence of O,, the [4Fe-4S]** cluster is converted to a [2Fe-2S]** cluster, which inactivates FNR as a
transcriptional regulator. In this study, we demonstrate that ~2 Fe** ions are released from the reaction of
0, with the [4Fe-4S]>* cluster. Fe>* release was then used as an assay of reaction progress to investigate the
rate of [4Fe-4S]?>" to [2Fe-2S]>" cluster conversion in vitro. We also found that there was no detectable
difference in the rate of O,-induced cluster conversion for FNR free in solution compared to its DNA-bound
form. In addition, the rate of FNR inactivation was monitored in vivo by measuring the rate at which
transcriptional regulation by FNR is lost upon the exposure of cells to O,; a comparison of the in vitro and in
vivo rates of conversion suggests that O,-induced cluster conversion is sufficient to explain FNR inactivation
in cells. FNR protein levels were also compared for cells grown under aerobic and anaerobic conditions.

By sensing and responding to environmental O,, facultative
anaerobes are able to adopt the most energy-efficient meta-
bolic processes for promoting cell growth under a variety of
conditions. In Escherichia coli, the shift between aerobic and
anaerobic metabolism, which is controlled primarily by the
global transcriptional regulator FNR (13, 23, 32), is known to
involve the repression and activation of hundreds of genes
(25). However, the reactions that control the steps from O,
sensing to changes in gene expression have not been fully
described. The present study focuses on the O,-sensing mech-
anism of FNR and the rapidity with which FNR reacts with O,
in order to adapt to shifting environmental conditions through
appropriate changes in gene expression.

Our current model for cellular O, sensing by FNR is based
upon the critical discovery that FNR is directly inactivated by
O, in vitro (12, 15, 16, 19). FNR is a homodimeric DNA-bind-
ing protein containing approximately one [4Fe-4S]** cluster
per subunit (called 4Fe-FNR) (3, 16, 19). The ability of FNR to
function as a transcription factor depends on the integrity of a
[4Fe-4S]*™" cluster, which promotes a conformation that is nec-
essary for FNR dimerization, site-specific DNA binding, and
transcriptional regulation (12, 16, 19, 21). The O, sensitivity of
FNR is also mediated by the [4Fe-4S]*" cluster; in the pres-
ence of O,, the [4Fe-4S]** cluster is converted to a [2Fe-2S]**
cluster both in vitro and in vivo (15, 16, 24). The [2Fe-2S]**
form of FNR (called 2Fe-FNR) is monomeric in solution and
is inactive for DNA binding and transcriptional regulation (19,
28). Finally, the observation that there is no significant differ-
ence in FNR protein levels (34) or in FNR Fe-S cluster biogen-
esis under aerobic and anaerobic growth conditions (3, 25) sug-
gests that the O,-dependent conversion of the [4Fe-4S]** cluster
of FNR is the key step that senses changes in O, availability.

Nevertheless, while the conversion of 4Fe-FNR to 2Fe-FNR
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is sufficient to inactivate FNR in vitro, additional pathways may
also play a regulatory role in vivo by determining the steady-
state level of 4Fe-FNR that is available to be inactivated by O,.
For example, there is evidence to suggest that 2Fe-FNR can be
reconverted to active 4Fe-FNR when O, is removed from cul-
tures (24). Yet recent studies indicate that under aerobic con-
ditions, 2Fe-FNR is converted to apo-FNR possibly through
destruction of the [2Fe-2S]*" cluster by superoxide, a by-prod-
uct of aerobic metabolism (28). In addition, it is unknown wheth-
er the apo-FNR generated by the superoxide pathway is a sub-
strate for the resynthesis of 4Fe-FNR in vivo. A previous study
indicated that FNR present in aerobic cells can be activated upon
a shift to anaerobic conditions in the presence of a protein syn-
thesis inhibitor (8). However, it is unknown whether the FNR that
was activated following the shift arose from apo-FNR, which was
generated by cluster degradation, or from newly synthesized
FNR, which had yet to acquire a Fe-S cluster. While it is still
unresolved whether newly synthesized FNR protein is biochem-
ically distinct from apo-FNR, a previous study has shown that the
[4Fe-4S]** cluster can be assembled in vitro into FNR that has
been purified (either aerobically or anaerobically) under condi-
tions that produce clusterless FNR, suggesting that perhaps the
apo-FNR form can be recycled to 4Fe-FNR in cells (32). An
understanding of the rates by which all of these processes occur
in cells is critical for developing a comprehensive model of O,
sensing by FNR.

As a first step toward addressing this question, we monitored
the rate of conversion of 4Fe-FNR to 2Fe-FNR in vitro by
measuring the release of iron ions in the reaction. The rate of
inactivation of FNR by O, in cells has also been measured in
order to analyze the relevance of the in vitro reaction to the in
vivo process. Finally, we also examined the effect of the inter-
action of FNR with DNA on the rate of 4Fe-FNR to 2Fe-FNR
conversion by O,.

MATERIALS AND METHODS

Isolation of 4Fe-FNR. 4Fe-FNR was isolated from anaerobically prepared cells
in a Coy anaerobic chamber as previously described, by using a PolyCAT A
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column in a Beckman high-performance liquid chromatography system, followed
by concentration over a Biorex 70 column (27). Protein, iron, and sulfide content
of the purified 4Fe-FNR was measured as previously described (5, 16, 27). The
4Fe-FNR preparations used in these studies were >95% pure (as judged by
sodium dodecyl sulfate [SDS]-polyacrylamide gel electrophoresis). On the basis
of the sulfide determination, which has a standard error of 3 to 4% (5), 64% of
the FNR molecules contained a [4Fe-4S] cluster and an average Fe/S ratio of
1.23 = 0.02. The reproducibility of the protein determinations was within 5%.
Throughout the paper, reported 4Fe-FNR concentrations refer to the concen-
tration of FNR molecules containing [4Fe-4S] clusters.

Kinetic analysis of the O,-dependent loss of iron from 4Fe-FNR. The loss of
iron from 4Fe-FNR was measured through formation of a ferene-Fe?* complex,
which absorbs at 593 nm with an extinction coefficient of 39.6 mM~' cm™".
Reaction mixtures (final volume, 2 ml) were prepared in a Coy anaerobic cham-
ber in sealed screw-cap cuvettes (total capacity, 2.6 ml), containing a final con-
centration of 2 pM 4Fe-FNR and 100 pM ferene in the presence of 10 mM
KPO, buffer (pH 6.8, 10% glycerol, 0.4 M KCI). A range of [O,] were achieved
by addition of known volumes of O,-saturated buffer (880 pM) that was pre-
pared by bubbling a solution of 10 mM KPO, buffer (pH 6.8, 10% glycerol, 0.4
M KClI) with 100% O, for 60 to 90 min at room temperature. Formation of the
ferene-Fe?>* complex was monitored over time as changes in 455 with a Perkin
Elmer A2 spectrophotometer, in which the water thermostat-regulated cell
holder was maintained at 25°C by a circulating water bath.

The rate of cluster loss was compared with the rate of Fe?" release through the
simultaneous analysis of reactions containing 5 uM 4Fe-FNR in anaerobic 10 mM
KPO, buffer (pH 6.8, 10% glycerol, 0.4 M KCI) with or without 100 uM ferene. At
time zero, the samples were pipetted under aerobic conditions to introduce air
and spectra were collected from 350 to 700 nm at 2.5-min intervals. The release
of Fe?* was monitored as an increase in absorption at 593 nm in the ferene-
containing sample, while the loss of the [4Fe-4S]** cluster was monitored as a
decrease in absorption at 420 nm in a parallel reaction mixture without ferene.

The reaction of the [4Fe-4S]** cluster of FNR with O, was modeled as
reaction 1.

ki ks
O, + FNR =0, + FNR — product
k-

The progress curves for the O,-dependent release of Fe?>* from 4Fe-FNR (mon-
itored as Asq3) under pseudo-first order conditions were fitted to a exponential
reaction model (31), using the equation y = y, + (Ymax — Yo)(1 — el7¥obs " X]) by
computing fits for the parameters y, kope and y;... The kg, values determined
were plotted against the corresponding [O,], and the resulting plot was fitted as
a hyperbolic curve by using the equation &, = a[O,]/(b + [O,]), by computing
fits for the parameters a (max k) and b (K;). At high O, concentrations, k.,
approaches k, (31), the rate constant for the second step in reaction 1.

The effect of FNR-DNA binding on the loss of Fe?* from 4Fe-FNR. Fe?*
release from 4Fe-FNR was monitored in the presence or absence of DNA
containing a consensus FNR-binding site (5'-CGCAATAAATTTGATGTACA
TCAAATTTTAGGCA-3'; underlined bases represent the consensus site) (18),
as the increase in Asq; characteristic of the ferene-Fe?* complex (as described
above). Double-stranded DNA (dsDNA) was prepared by annealing 200 uM
complementary 34-bp single-stranded DNA oligonucleotides at 70°C and allow-
ing the mixture to cool slowly to room temperature. Reaction mixtures were
prepared in a Coy anaerobic chamber and contained 2 pM 4Fe-FNR in 50 mM
KPO, buffer (pH 6.8, 10% glycerol, 0.2 M KCl) in the presence or absence of 3
1M dsDNA. Alternatively, the reaction of 3 uM FNR in the presence or absence
of 3 uM dsDNA was analyzed in 37.25 mM KPO, buffer (pH 6.8, 25 mM
potassium glutamate, 6.25% glycerol, 0.2 M KCl, 5.8 mM dithiothreitol) (18).
Following ~45-min incubation under anaerobic conditions at room temperature
to allow for the formation of 4Fe-FNR/DNA complexes, ferene (100 nM) was
added and O, was subsequently introduced by drawing the mixture up and down
with a pipette under an aerobic atmosphere. The change in Asq; of the reactions
was monitored over time in a Perkin Elmer A2 spectrophotometer at 25°C.

Assay of FNR activity in cells. Strains containing lacZ transcriptional fusions
to the FNR-repressed promoter P,,,, (PK3286, finr*; PK3289, Afnr) (18) or the
FNR-activated promoter P, , (PK3292, fur*; PK3293, Afnr) (17) were grown in
500 ml of glucose minimal medium under anaerobic conditions by sparging with
a 95% N,-5% CO, gas mixture as previously described (27). At an optical
density at 600 nm (ODjgq) of ~0.2, O, was added to the gas mixture to produce
a final mixture of 25% 0,~70% N,-5% CO,. Aliquots (in triplicate) were
collected at various times before and after the O, shift for the measurement of
B-galactosidase activity by adding cells directly to an ice-cold tube containing
chloramphenicol. The B-galactosidase activity per milliliter of culture [ONPG
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(o-nitrophenyl-B-p-galactopyranoside) hydrolyzed/(min - ml)] was plotted as a
function of time to indicate changes in the rate of lacZ expression following the
shift, as a measure of the corresponding changes in FNR activity.

Determination of cellular FNR levels by quantitative Western blot analysis.
To calculate the number of FNR molecules per cell, MG1655 was grown in M9
minimal glucose medium at 37 or 25°C to an ODg, of ~0.4 (Perkin Elmer A2
spectrophotometer). Aerobic or anaerobic culture conditions were achieved by
sparging cells as described in “Assay of FNR activity in cells” above. Aliquots
(250 wl) of each culture (in triplicate) were centrifuged to pellet the cells, the
supernatant was removed, and the pellets were frozen at —20°C. The cell pellets
were thawed, resuspended in 10 pl SDS-loading buffer, heated for 10 min at
90°C, and loaded onto a 12% SDS-polyacrylamide gel for electrophoresis along
with aliquots of known amounts of purified FNR protein. The proteins were then
transferred to a nitrocellulose membrane by Western transfer, and FNR levels
were detected using a-FNR primary antibodies and fluorescein isothiocyanate-
labeled anti-rabbit secondary antibodies (BD Pharmingen). The fluorescence of
the resulting blots was then quantified using a Hitachi FM-Bioll fluorescent
scanner and Molecular Dynamics ImageQuant software. The number of cells in
each aliquot was determined by plating dilutions from the same cultures on
Tryptone-yeast extract medium and growing at 37°C overnight for viable cell
counts. All samples were analyzed in triplicate.

RESULTS

Fe?* is released in the reaction of O, with 4Fe-FNR. One
goal of this study was to perform a kinetic analysis of the
O,-dependent conversion of 4Fe-FNR to 2Fe-FNR. As a first
step, we developed an assay to monitor the [4Fe-4S]*>* cluster
to [2Fe-2S]*" cluster conversion under conditions where O,
could be added in excess relative to 4Fe-FNR and where prod-
uct formation could be easily monitored in real time. Since our
previous Mossbauer analyses of the cluster conversion process
suggested that Fe** is one product of the reaction of 4Fe-FNR
with O, (16, 24), we examined the effectiveness of using the
Fe?"-specific chelator ferene to monitor reaction progress.
Because the extinction coefficient for the Fe?"-ferene complex
is much higher than that of either the [4Fe-4S]** or [2Fe-2S]**
cluster, using Fe** -ferene to monitor reaction progress offered
the advantage that [O,] could be varied over a wide range
while still maintaining O, in excess of 4Fe-FNR, which was not
possible when monitoring changes in Fe-S cluster absorption in
the visible region. In addition, this reaction could be carried
out at 25°C which, given our experimental setup, allowed us to
vary the amount of O, in solution.

Fe?" release was monitored by measuring absorption by the
ferene-Fe®" complex at 593 nm. In the presence of a range of
initial [O,] from ~80 to 440 uM, an average of 4.33 = 0.06 uM
Fe?* ions were reproducibly released from 2 uM [4Fe-4S]** -
FNR (8 uM with respect to cluster sulfide and 9.84 pM with
respect to the initial cluster-bound Fe) within ~2 min in the
presence of 100 uM ferene (Fig. 1; also data not shown). These
results demonstrated that 2.17 Fe** ions (44% of the initial
cluster Fe) were released during the conversion of 4Fe-FNR to
2Fe-FNR. The ferene-Fe** complex and the 2Fe-FNR pro-
duced from the reaction were stable for hours at 25°C (data not
shown; 28), suggesting that the reaction of O, with 4Fe-FNR is
irreversible under these solution conditions. No change in ab-
sorption at 593 nm was observed in a reaction of 4Fe-FNR with
excess ferene under anaerobic conditions, demonstrating that
the [4Fe-4S]*" cluster was stable to ferene under these condi-
tions and that the release of Fe** was O, dependent, as ex-
pected. Finally, a comparison of the progress of the reaction of
O, with 4Fe-FNR as measured either by monitoring cluster
conversion using visible spectroscopy or by Fe?* release shows
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FIG. 1. Release of Fe** from the [4Fe-4S]*" cluster of FNR upon
reaction with O,. 4Fe-FNR (2 pM) was mixed with 160 (open square),
240 (filled circle), 320 (open diamond), or 400 wM (filled triangle) O,
in the presence of 100 pM ferene at 25°C. Absorption at 593 nm
indicates formation of the Fe*"-ferene complex. The single exponen-
tial curve fit for each condition is represented as a line; all fits pro-
duced an R? of =0.997.

that the processes are concurrent (Fig. 2); in agreement with
these results, the loss of sulfide from the reaction of O, with
the [4Fe-4S] cluster of FNR (16) was not influenced by the
presence of ferene (data not shown). Therefore, we conclude
that the observed release of Fe>* can be used as an indicator
of the progress of cluster conversion.
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FIG. 2. Comparison of the rates of [4Fe-4S]** cluster conversion
with the release of Fe?*. 4Fe-FNR (5 M) was incubated in anaerobic
buffer in the presence (filled circles) or absence (filled triangles) of 100
wM ferene at 25°C. At time zero, O, was introduced and the loss of the
[4Fe-4S]** cluster was monitored as a decrease in absorption at 420
nm, and the release of Fe?* was monitored as an increase in absorp-
tion at 593 nm.
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FIG. 3. Plot of k., versus [O,] for the release of Fe?* from the
[4Fe-4S]** cluster of FNR upon reaction with O,. The values of k, and
K, were calculated for the reaction of O, with 4Fe-FNR from the plot
of ks versus [O,] in Fig. 1.

While these data indicate that ~2 Fe ions released during
the [4Fe-4S]*" to [2Fe-2S]** cluster conversion are Fe*", our
previous Mossbauer analysis of the cluster conversion process
indicated that both Fe*>* and Fe** accumulated as reaction
products (16, 24). To determine whether the Fe>* arises from
the subsequent oxidation of Fe?" in the presence of O,, we
compared the amount of chelatable Fe** from reactions in
which ferene was either present during the entire reaction or
was added after the reaction was complete. When ferene was
added about 4 min after the reaction was initiated, the amount
of Fe*" chelated by the ferene was diminished by about 40%
(data not shown). This is consistent with the assumption that
Fe?™ is the form released in the reaction, which is then subject
to oxidation to the Fe*" form under aerobic conditions. If,
instead, both Fe?* and Fe*>* were reaction products then fe-
rene would be expected to bind equivalent amounts of Fe**
when introduced at any stage in the reaction. In addition, the
incubation of ferrous ammonium sulfate in aerobic buffer prior
to the addition of ferene greatly reduced the formation of the
ferene-Fe?" complex, indicating that Fe?* is oxidized in the
presence of O, if ferene is not present to chelate it. Therefore,
we conclude that Fe** and not Fe*™ is the product of the
cluster conversion process and that cluster conversion can be
represented by formation of the ferene-Fe?" complex.

Kinetic analysis of the reaction of O, with 4Fe-FNR. To
monitor the rate of cluster conversion, a representative set of
progress curves generated at different [O,] (Fig. 1) levels were
fitted to an equation describing a single exponential decay
model for the pseudo-first order reaction of O, with 4Fe-FNR
(reaction 1). The resultant &, values were plotted against the
O, concentration for each reaction (Fig. 3). The hyperbolic
shape of the resulting curve suggests that k_, is much greater
than &, (31), and therefore that the dissociation of 4Fe-FNR
from O, is rapid compared with the rate at which the 4Fe-
FNR - O, intermediate is resolved to product. Since k, is the
rate-limiting step for the reaction of 4Fe-FNR with O,, the
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FIG. 4. The effect of DNA on the release of Fe** from 4Fe-FNR.
4Fe-FNR (2 pM) was incubated at 25°C in the presence (filled dia-
monds) or absence (open diamonds) of 3 puM dsDNA to permit the
formation of FNR - DNA complexes and mixed with anaerobic ferene
(100 wM) prior to the introduction of air.

asymptote of the plot of k., versus [O,] approximates k,. Thus
calculated, k, is 0.0682 s~!, which suggests a minimal half-time
of 10.2 s for the reaction of 4Fe-FNR at saturating [O,], at
25°C. It was not possible to determine whether O, was lost
through diffusion from the buffer into the headspace of the
sealed cuvette (0.6 ml of the 2.6-ml total volume). However,
such loss should be proportional for the various initial [O,] and
would therefore not affect the calculation of k,. On the other
hand, the value of K, is dependent on the [O,]; based on the
assumption that the loss of O, is negligible under these con-
ditions, the dissociation constant K, was estimated to be ~408
M.

Effect of DNA on the O,-induced conversion of 4Fe-FNR to
2Fe-FNR. While it is known that the [4Fe-4S]** cluster of FNR
is required for DNA binding, we are not aware of any exper-
iments that have addressed whether DNA binding influences
the rate of O,-induced [4Fe-4S]** cluster conversion. For ex-
ample, DNA binding could protect the [4Fe-4S]** cluster if
accessibility of the cluster to solvent (or O,) is hindered in the
DNA-bound conformation. The effect of DNA binding on the
rate of cluster conversion was determined by measuring O,-
induced Fe®" release from 4Fe-FNR in the presence of 34-bp
dsDNA containing the consensus FNR-binding site. The reac-
tion was performed under solution conditions similar to those
used throughout this study and at a DNA concentration (3
wM) that was sufficient to bind all of the FNR protein (2 uM)
(the apparent K, is ~1 nM; data not shown) (18). There was no
appreciable difference in the rate of O,-induced Fe*" release
from 4Fe-FNR in the presence and absence of DNA (Fig. 4).
The same result was obtained using slightly different solution
conditions (see Materials and Methods and reference 18)
previously employed for measuring DNA binding (data not
shown). Therefore, we conclude that the interaction of DNA
with 4Fe-FNR does not substantially influence the susceptibil-
ity of the [4Fe-4S]*" cluster to O,. This suggests that in vivo,
the rate of FNR inactivation by O, is the same for both the
DNA-bound and -unbound forms of FNR.

In vivo response of an FNR-repressed promoter to O,-in-
duced inactivation of FNR. To determine whether the cluster
conversion rate measured in vitro is relevant for the in vivo
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O,-sensing mechanism, the rate of 4Fe-FNR inactivation (i.e.,
the consequence of O,-induced cluster conversion) was mea-
sured for FNR-regulated promoters at both 25 and 37°C.
Growth at 25°C allowed us to directly compare the rates ob-
tained in vitro, whereas growth at 37°C would allow compari-
son to other well-established physiological parameters. To es-
tablish the response time needed for O, to induce changes in
FNR-regulated gene expression, we monitored the increase in
expression from the well-studied FNR-repressed promoter,
P,.., (20). Attempts to detect the effects of FNR inactivation by
measuring the levels of RNA produced from P, ;,, were unsuc-
cessful because of low expression levels (data not shown);
therefore, we investigated the effect of FNR inactivation on the
production of B-galactosidase from constructs in which P,,,, is
fused to lacZ. In strains containing lacZ fused to P, ,,, inacti-
vation of FNR should lead to a rapid loss of P, repression
and a corresponding increase in B-galactosidase activity per
milliliter of culture, reflecting a new rate of synthesis; since
B-galactosidase is a stable protein, the rate of its accumulation
should reflect the rate of B-galactosidase synthesis.

To determine the length of time it took for P,,,, to establish
a new rate of synthesis following O,-mediated inactivation of
FNR, B-galactosidase activity per milliliter of culture was mea-
sured from cells following a shift from anaerobic to aerobic
growth conditions. Prior to the shift to aerobic conditions,
B-galactosidase activity per milliliter of culture was low and
changed little over time in cells grown at either 25 or 37°C (Fig.
5A and Fig. 6), reflecting the repressed state of the P, ,, pro-
moter under anaerobic conditions in fnr™ cells. Following the
shift to aerobic growth conditions, B-galactosidase activity per
milliliter of culture increased, achieving a new rate of synthesis
~4 to 5 min postshift for cells grown at 37°C and 10.7 = 1.9
min (average of three experiments) for cells grown at 25°C. No
change in the rate of growth was observed immediately after
the shift (Fig. 5B and 6). At 37°C, a plot of B-galactosidase
activity per milliliter per OD, versus time indicated that the
fnr*t O,-treated cells achieve a similar specific activity of B-ga-
lactosidase as do cells lacking FNR (data not shown), indicat-
ing that these shifted cells eventually reach the same steady-
state level of ndh expression as cells lacking FNR.

Response of an FNR-activated promoter to O,-induced in-
activation of FNR. To compare the O, response of an FNR-
activated promoter with that previously described for P, ,,
analogous experiments were performed at 37°C using cells
containing the P, ,-lacZ construct. O,-induced FNR inacti-
vation should rapidly shut off FNR-activated expression of
lacZ, preventing any further increase in B-galactosidase activity
per milliliter. The introduction of O, halted B-galactosidase
accumulation (Fig. 7); since B-galactosidase is a stable protein,
the resulting change in slope, from anaerobic to aerobic ex-
pression levels, is less pronounced than the response at P,,,,
making the response time less accurate. Nonetheless, the re-
sponse time is similar to that observed at P,,,,. Furthermore, a
plot of B-galactosidase activity per milliliter per ODgy,, versus
time (data not shown) closely matches the results of a similar
study on the regulation of P, , by FNR (30). In addition,
these data support the hypothesis that the O, response ob-
served at P, ,, is due to FNR inactivation, since after a similar
time at P, ,, no further synthesis of lacZ could be observed.
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FIG. 5. Effect of O, on expression of P, in cells grown at 37°C. Normalized B-galactosidase activity per milliliter of culture (A) and ODg,
(B) from PK3286 (fur", P,,-lacZ) grown under continuous anaerobic growth conditions (open diamonds) or exposed to O, at time zero (filled
diamonds) at 37°C. A normalized B-galactosidase value of 1 represents 7 U/ml for anaerobic cells and 2.8 U/ml for O,-exposed cells. The error

bars represent the standard errors of triplicate samples.

Determination of FNR protein levels in cells. To compare
the time of FNR inactivation obtained in vivo with the rate of
FNR cluster conversion determined from the Fe?*-ferene ex-
periments, the number of FNR molecules present per cell was
established for both aerobic and anaerobic growth conditions.
Although previous data showed that FNR is present in ~2,400
copies per cell, the growth conditions and the genetic back-
ground of the strain used in this earlier study were different
than those used here (34). Therefore we used quantitative West-
ern blots to determine FNR levels in cells grown under the
appropriate conditions by comparison to known amounts of
FNR protein (data not shown). From this analysis, we found
that cultures grown at 25°C under anaerobic conditions contain
~2,200 = 200 molecules of FNR protein per cell, while aero-
bically grown cells contain ~2,900 = 300 molecules of FNR
per cell. Cultures grown at 37°C under anaerobic conditions
contain ~2,600 = 200 molecules of FNR protein per cell, while
aerobically grown cells contain ~4,100 = 200 molecules of
FNR per cell. Assuming a cell volume of 1 wm?, this produces
a cellular [FNR 1 omer] Of ~3.7 uM at 25°C under anaerobic
conditions.

DISCUSSION

The kinetic data presented in this study provide key support
for the model that [4Fe-4S]** to [2Fe-2S]*" cluster conversion
is sufficient to explain how FNR is inactivated by O, in vivo. In
addition, these results provide the groundwork to develop a
more sophisticated model for the mechanism of cellular O,
sensing by FNR. Lastly, the finding that both of the Fe ions
released during the O,-induced conversion of the [4Fe-4S]**
cluster to a [2Fe-2S]*" cluster are in the reduced (Fe*") state
also raises new questions concerning the mechanism by which
O, oxidizes the [4Fe-4S]** cluster.

The reaction of 4Fe-FNR with O,. While we were preparing
this report, Crack et al. (7) reported that H,O, was produced
from the reaction of FNR with O,, which led to the proposal of
a reaction mechanism where two cluster irons are oxidized to
Fe*" during O,-induced cluster conversion to provide the two
electrons to produce H,O, from O,. Given the overall 2+
oxidation state of the [4Fe-4S]** cluster, the release of ~2
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FIG. 6. Effect of O, on expression of P, ,-lacZ in cells grown at
25°C. B-galactosidase activity per milliliter of culture (filled triangles)
and ODy, (open triangles) from PK3286 (fnr*, P,,,-lacZ) grown
under anaerobic growth conditions and then exposed to O, at time
zero (arrow) at 25°C. The error bars represent the standard errors of
triplicate samples.
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FIG. 7. Effect of O, on expression from P, -lacZ in cells grown
at 37°C. B-Galactosidase activity per milliliter of culture was calculated
before and after exposure to O, (at time zero; arrow) from strains
PK3293, Afnr (open triangles), and PK3292 (fnr™; filled triangles)
grown at 37°C. The error bars represent the standard errors of tripli-
cate samples.

Fe?™, as found in this study, does not support the proposal that
cluster iron atoms are directly oxidized by O, to produce the
[2Fe-2S]** cluster and H,O,. In support of Fe** not being the
predominant Fe ion released from the reaction of O, with
4Fe-FNR, previous electron paramagnetic resonance (EPR)
analysis of the cluster conversion process (15) did not detect
significant amounts of Fe** after treatment of 4Fe-FNR with
[O,] (Fe** is not observable by EPR). Furthermore, Moss-
bauer analysis (16, 24) showed that both Fe*" and Fe®" were
observed after an initial 2-min reaction of 4Fe-FNR with ex-
cess O, and that over time Fe®" accumulated, apparently at
the expense of Fe**; it is likely that in the EPR experiments
Fe?" was not subsequently oxidized to Fe** because O, was
limiting. In contrast, reaction of 4Fe-FNR with the oxidant
ferricyanide readily produced Fe*" (15), indicating some dif-
ferences in the effects of these two oxidants. In agreement with
these previous data, when we added ferricyanide to [4Fe-4S]-
FNR, no iron was complexed by ferene (data not shown); how-
ever, if ferricyanide oxidizes Fe?" more efficiently than does
O,, then a transient pool of Fe** may not be detectable with
our experimental design. Finally, we consistently find, through
numerous experiments of variable design, that the rate of the
conversion of 4Fe-FNR to 2Fe-FNR, and the consequent re-
lease of Fe?*, is dependent on the concentration of O,; this
finding is inconsistent with the proposal (7) that the rate-
determining step in cluster conversion does not involve O,.
An alternative possibility to explain the mechanism of [4Fe-
4S]*" cluster oxidation is that cluster sulfide is oxidized by O.,.
In our previous analysis of the cluster conversion process, we
found that only 70% of the sulfide originally in the cluster was
detectable following the treatment of 4Fe-FNR with O, (16).
Given that 50% of the total sulfide would still be associated
with the [2Fe-2S]*" cluster, then 30% of the sulfide originally
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present in the [4Fe-4S]*" cluster remains unaccounted for and
must have been oxidized. Attempts to detect sulfide oxidation
products such as polysulfide or sulfinic acid by chemical meth-
ods have thus far been unsuccessful (unpublished data). How-
ever, we are aware that the interpretation of chemical analyses
of the reaction products might be complicated by slow reac-
tions that could occur after the initial cluster conversion, such
as the reaction of sulfur- and O,-derived products with each
other or with the FNR protein. In addition, the further analysis
of the fate of the sulfide is limited by the lack of an assay to
measure protein-bound sulfide in real time as we did with Fe**
release. Nevertheless, as neither ferric nor ferrous iron per se
are soluble at the pH of the aerobic solution conditions utilized
here, it is likely that the presence of a ferrous chelator makes
the solubilization of iron as Fe*" feasible at the expense of the
missing sulfide (see above), which obviously is being oxidized.
Furthermore, as mentioned above, our Mossbauer results
(which were carried out in the absence of chelators) indicate
that ferrous iron is formed upon oxidation of FNR by O, and
support the explanations given above.

Surprisingly, current evidence also does not support a simple
one-electron reduction of O, to form superoxide and Fe?*.
This mechanism has been favored because there is precedent
for Fe?* release from a [4Fe-4S] cluster upon treatment of a
dehydratase class of enzymes with superoxide (10). However,
no superoxide was detected using the radical spin trap 5-5'-
dimethyl-1-pyrroline-1-oxide for the reaction of 4Fe-FNR with
O,, nor did we find any significant effect on either the amount
or the kinetics of ferrous iron released when superoxide dis-
mutase was present during the ferene assay (2). In addition,
our finding that 2Fe-FNR is stable following the reaction of
4Fe-FNR with O, also suggests that superoxide does not ac-
cumulate since 2Fe-FNR is destroyed by superoxide. Never-
theless, it is still formally possible that superoxide could be the
O,-derived product of the reaction if it were removed faster
than the rate at which superoxide reacts with 2Fe-FNR (¢, =
4 min); for example, superoxide can spontaneously dismute to
produce H,O, with rate constants (k) as high as 8 X 10’ M
s~ ! (11, 14). Thus, the observed production of H,O, (7) might
be explained by dismutation of superoxide. However, in this
scenario, the initial release of superoxide and Fe?" would also
yield a [3Fe-4S]'* cluster intermediate, rendering it difficult to
explain the release of a second reduced Fe atom during the
subsequent conversion to the [2Fe-2S]** cluster. Thus, more
work is needed to find a model that satisfies all the observa-
tions reported to date.

One difference between the two studies that may be relevant
in reconciling these data is that in vitro-reconstituted 4Fe-FNR
was used by Crack et al. (7), whereas native 4Fe-FNR protein
was used in the experiments described here. Although it is not
obvious why these two proteins should have different proper-
ties, the reconstituted protein was reported to be unstable in
the presence of ferrous and ferric chelators, in contrast to
native 4Fe-FNR, which is stable under anaerobic conditions to
either the Fe**-specific chelator Tiron (data not shown) or the
Fe?"-specific chelator ferene. In addition, the extinction coef-
ficients reported for the reconstituted 4Fe-FNR (g,,5 = 13,559
M~! cm™!) and the 2Fe-FNR produced by exposing reconsti-
tuted 4Fe-FNR to O, (€450 = 11,040 M~ ! cm ™) differ from
those measured by us for purified native 4Fe-FNR (g,95 =
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16,125 M~ cm ') and purified native 2Fe-FNR (g,,, = 8,382
M~ ! cm ™). These distinctions suggest that there may be some
important differences in the biochemical properties of FNR
prepared by the different methods.

The rate of FNR inactivation is dependent on [O,] within a
physiologically relevant range. At the low cell densities and the
sparging conditions used in these studies, the dissolved O, in
the culture media (25°C) was present in excess (~220 pM) of
the cellular [FNR] of 3.7 wM; accordingly, under these condi-
tions, FNR inactivation rates should follow pseudo-first order
kinetics and can be extrapolated from Fig. 3. These data also
imply that at O, levels in the range of microaerobic culture
conditions, the rate of cluster conversion will be even slower,
indicating that the amount of FNR active in cells at a particular
dissolved [O,] should be largely determined by its rate of
inactivation. This conclusion is supported by previous studies
in which the in vivo activity of FNR was shown to be dependent
on the dissolved [O,] in the media (4, 29).

0,-dependent cluster conversion of 4Fe-FNR can reason-
ably explain the loss of FNR activity by O, in vivo. Determin-
ing the in vitro rates of cluster conversion also allowed us to
assess whether these values were compatible with in vivo mea-
surements of FNR inactivation. If FNR was inactivated by O,
in vivo using this same mechanism (12, 16, 19), then we expect
that the rate of inactivation in cells should be similar to the in
vitro rate of cluster conversion taking into account the other
kinetic steps involved in in vivo measurements of FNR activity,
such as the time required for O, diffusion into cells, FNR dis-
sociation from ndh promoter DNA, transcription and transla-
tion of lacZ, and folding and assembly of B-galactosidase. Giv-
en the uncertainties associated with measuring in vivo kinetic
constants for such processes, we recognize that such compar-
isons between in vitro and in vivo data are just approximations.
Nevertheless, we found that using literature values for these
steps, we could develop a kinetic model for the inactivation of
FNR that was at least consistent with our in vitro data.

FNR inactivation times were estimated from the cultures
grown at 25°C since this is the temperature utilized in our in
vitro studies. By subtracting the time estimated for the coupled
transcription-translation of lacZ (~2.5 min) (6, 9, 22) and the
in vivo folding and assembly of B-galactosidase tetramers (~4
min at 37°C) (1) from the time required to observe a change in
the synthesis rate of B-galactosidase from the ndh-lacZ fusion
strain following a shift from anaerobic to aerobic conditions
(~11 min, the average of three experiments), we obtained an
inactivation time for FNR of ~4.5 min at 25°C. We assumed
that diffusion of O, into the cell, which presumably occurs at
diffusion-limited rates since previous studies suggest that the
cell membrane does not serve as a barrier to O, diffusion (26,
33), and the dissociation of inactivated FNR from DNA, which
is <10 s (the K, for nonspecific binding is 0.5 X 107¢ M) (19,
35), are rapid enough to make a negligible contribution to our
calculation. By using the in vitro-determined rate constant for
cluster conversion of 0.0240 s~ * for a well-aerated culture, i.e.,
[O,] at ~220 pM, and assuming that at least 99% (seven
half-lives of 28.9 s) of FNR must be inactivated in order to
derepress P,,,, we would predict a minimal FNR inactivation
time of 3.4 min in cells grown at 25°C. Thus, our in vivo
estimate for the FNR inactivation time (4.5 min) from cultures
grown at 25°C is similar to that predicted from the rate of Fe-S
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cluster conversion (3.4 min). Acknowledging the stated as-
sumptions, we conclude that O,-dependent cluster conversion
of 4Fe-FNR can reasonably explain the loss of FNR activity by
O, in vivo.

In summary, the data presented in this study support the
hypothesis that the FNR cluster conversion pathway provides a
facile system for responding to fluctuating levels of O, in the
environment. A future goal of our studies is to develop a com-
prehensive model for the cellular mechanism of O, sensing by
FNR. We recognize that such a model must also include steps
that contribute to determining the steady-state levels of 4Fe-
FNR in cells. In addition to the synthesis of the FNR protein,
such steps include the acquisition of the [4Fe-4S]** cluster,
superoxide-induced conversion of 2Fe-FNR to apo-FNR, re-
conversion of 2Fe-FNR to 4Fe-FNR, and the possible recycling
of the apo-FNR form to regenerate active 4Fe-FNR. Deter-
mining the rates of these processes will require the develop-
ment of new assays to measure Fe-S incorporation into FNR.
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