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An increased demand for cytochromes is associated with symbiotic development and microaerobic metab-
olism in the bacterium Bradyrhizobium japonicum, and evidence suggests that hemB, rather than hemA, is the
first essential bacterial heme synthesis gene in symbiosis with soybean. Steady-state levels of mRNA and
protein encoded by hemB were strongly and rapidly induced by O, deprivation as determined by RNase
protection and immunoblot analyses, but hemH message was not induced. Oxygen limitation resulted in a
greater-than-10-fold increase in the rate of hemB mRNA synthesis as determined by transcriptional runoff
experiments, whereas hemH transcription was unaffected by the O, status. Thus, hemB is a regulated gene in
B. japonicum and is transcriptionally controlled by O,. Unlike the expression in parent strain 1110, hemB
expression was not affected by O, in the fixJ strain 7360, and O,-limited cultures of the mutant contained
quantities of hemB mRNA and protein that were comparable to uninduced levels found in aerobic cells. In
addition, spectroscopic analysis of cell extracts showed that increases in b- and c-type cytochromes and the
disappearance of cytochrome aa; in response to microaerobic growth in wild-type cells were not observed in the
fixJ mutant. Fix]J is a key transcriptional regulator that mediates O,-dependent differentiation in rhizobia, and
therefore hemB expression is under developmental control. Furthermore, the data suggest a global control of

cytochrome expression and heme biosynthesis in response to the cellular O, status.

Bacteria of the genera Rhizobium, Bradyrhizobium, and Azo-
rhizobium, collectively referred to as rhizobia, interact with
certain leguminous plants, which culminates in the formation
of symbiotic root nodules (reviewed in references 12 and 25).
The nodule is comprised of highly differentiated plant and
bacterial cells, and the prokaryote is found within cells of the
eukaryotic host. The symbiotic bacteria, or bacteroids, convert
atmospheric N, to ammonia, which the plant can use to fulfill
its nutritional nitrogen requirement, and the host provides the
endosymbiont with carbon sources. Bacterial nitrogen fixation
is energy intensive, requiring alterations in heme protein ex-
pression by both plant and bacterial cells during nodule devel-
opment to accommodate this demand. We are interested in the
mechanism and regulation of heme biosynthesis, particularly in
Bradyrhizobium japonicum-soybean symbiosis. Leghemoglobin
is a plant protein strongly induced in nodules to facilitate O,
diffusion to respiring bacteroids and to maintain a low free-O,
tension. Accordingly, soybean genes encoding heme synthesis
enzymes are strongly induced and maintained at elevated lev-
els within nodules (2, 16, 21, 23, 33), and these observations
run counter to the long-held view that the host lacks the syn-
thetic capacity for heme formation in the symbiotic organ
(reviewed in reference 26). The universal first committed heme
precursor 3-aminolevulinic acid (ALA) is synthesized from
glutamate by soybean in nodules, and biochemical and genetic
evidence indicate that the so-called C5 pathway (7) catalyzes
that synthesis (16, 32, 33). Induction of soybean ALA synthesis
in nodules is due, at least in part, to activation of gsal, a gene
normally expressed strongly only in photosynthetic tissue in
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nonsymbiotic plants (16). Rhizobial differentiation involves an
overall increase in cytochrome heme protein expression and de
novo synthesis of certain cytochromes found specifically in
nodules or in microaerobically grown cultured cells (2, 3, 5,
19). At least some of these cytochromes are required for res-
piration under hypoxic conditions, such as the cytochrome cbb,
oxidase, which has a high affinity for O, (22, 29, 30). The
fixNOQP operon encodes the oxidase subunits and is induced
in O,-limited cells via the two-component regulatory system
FixL-FixJ (10, 11, 18). FixL and FixJ are primary components
of a regulatory cascade initiated by O, limitation, and although
the specific features of these cascades are not identical in all
rhizobial species, the FixL-FixJ system is necessary for bacte-
rial development and microaerobic metabolism in all species
examined thus far (6, 11).

Analysis of rhizobial heme synthesis mutants reveals unex-
pected and interesting features of the pathway that give clues
to mechanisms and control. B. japonicum ALA synthase, the
hemA product that catalyzes the first step in heme synthesis, is
not required for heme formation in symbiotic bacteroids, but
the hemB and hemH genes are essential (8, 9, 13). Further-
more, the hemA gene of other rhizobial species is essential for
symbiosis with their respective hosts. These observations can
be reconciled by evidence that suggests that the B. japonicum
hemA mutant is rescued symbiotically by provision of soybean-
derived ALA and that ALA uptake is deficient in species that
require the hemA gene for symbiosis (24, 31). These findings
have turned our focus to ALA dehydratase and the hemB gene
that encodes it, because the model predicts that the second
step of the pathway is the first essential bacterial step for B.
japonicum heme synthesis in nodules. Herein, we show that
hemB is a regulated gene in B. japonicum and that its control
by O, is part of a regulatory system necessary for cellular
differentiation and development.
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MATERIALS AND METHODS

Bacterial strains, media, and growth. B. japonicum 1110 is the wild-type strain
used in this study. B. japonicum 7360 is a fix/ mutant (1) and was provided by H.
Hennecke. These strains were routinely grown in GSY medium as described
previously (15) and were harvested at an optical density at 540 nm of 0.4 to 0.6.
For growth under restricted aeration, flasks containing inoculated media were
sealed with a rubber stopper and flushed with N,; then, O, was injected to the
desired concentration. For cytochrome analysis, 1-liter cultures were grown in
4-liter flasks, and for protein analysis, 15-ml cultures were grown in 125-ml flasks.
Plasmids used in the present study were maintained and propagated in Esche-
richia coli DH5« or XL1-Blue.

Isolation of B. japonicum RNA. Total RNA was prepared from cultured cells
as follows. Cells grown to an optical density at 540 nm of 0.4 to 0.6 were
harvested by centrifugation at 4°C, and cell pellets from 12.5 ml of culture were
resuspended in 600 wl of lysis mixture containing 10 mM NaCl, 10 mM Tris (pH
8), 5% sodium dodecyl sulfate, and 200 ug of proteinase K per ml and were
incubated at 37°C for 5 min. A total of 300 wl of 5 M NaCl was added to the lysed
cells, and the mixture was kept on ice for 10 min, followed by centrifugation at
4°C. RNA in the supernatant was precipitated by the addition of 3 volumes of
ethanol at —70°C for 1 h, followed by centrifugation. The crude RNA pellet was
resuspended in 1 mM EDTA and was acid phenol-chloroform extracted, fol-
lowed by ethanol precipitation. This preparation was treated with DNase I in the
presence of human placental RNase inhibitor to eliminate any contaminating
DNA. In our hands, the DNase I treatment was necessary to avoid false-positive
signals in the RNase protection analysis resulting from RNA-DNA hybrids.

Analysis of steady-state levels of hemB and hemH mRNA. Analysis of RNA
levels of specific genes was carried out by a quantitative RNase protection assay.
pRPhemBl, containing a portion of the hemB gene, was derived by deletion of
a 0.7-kb SphI-Kpnl fragment from pZEN (8). pRPhemH2 contains a portion of
the hemH gene and was constructed by deletion of a 0.3-kb SphlI-PstI fragment
of pKShemH18 (14). Each plasmid was linearized with Stul and used for in vitro
transcription from the vector-borne T7 promoter of nontemplate strand DNA
for synthesis of antisense riboprobes 489 and 188 bases in size, for the hemB and
hemH genes, respectively. The transcription reaction was carried out with the
MAXIscript in vitro transcription kit (Ambion Inc.) according to the manufac-
turer’s instructions. The riboprobes were purified by electrophoresis on a 5%
denaturing polyacrylamide gel, followed by elution of the excised fragments
containing the RNA for 1 to 3 h at 37°C. RNase protection analysis to quantify
hemB and hemH mRNA was performed with the Hybspeed RPA kit (Ambion
Inc.) according to the manufacturer’s instructions. A total of 1 to 4 pg of total
RNA was used in each reaction. The protected regions of the hemB and hemH
fragments were 478 and 92 bp, respectively and were analyzed by polyacrylamide
gel electrophoresis and autoradiography as described previously (4). The bands
on autoradiograms were quantified by using a Bio-Rad model GS-700 imaging
densitometer in the transmittance mode and the Molecular Analyst software
package, version 1.4.1. We analyzed several exposures of a single blot to be
certain that the data were examined within the linear range of the densitometer.
The lower limit of detection was estimated by scanning various amounts of
radiolabeled hemH or hemB riboprobes as controls.

Analysis of hemB and hemH mRNA levels in aerobic and O,-limited cells. B.
Japonicum cells were grown aerobically to mid-log phase in liquid medium. To
remove O,, the cultures were either flushed with N, or aliquoted into flasks with
no headspace, without shaking. The flasks were sealed with rubber stoppers and
paraffin wax and were incubated at 29°C for various periods. RNA was harvested
from the cells, and hemB and hemH messages in them were analyzed by a
quantitative RNase protection assay as described above.

Transcriptional runoff assays. Cells grown aerobically were split into two
cultures and treated aerobically or anaerobically, as described above, for 20 min
before being harvested by centrifugation. Forty milliliters of cells was used per
runoff reaction. Cell pellets were resuspended in a solution containing 5 ml of 5
mM Tris (pH 8), 2.5 mM MgCl,, and 150 mM KCI per 40 ml of the original
culture and were permeabilized with 1% toluene on ice for 5 min, with gentle
mixing every minute. Toluene was removed by one wash with the above-de-
scribed buffer and resuspended in 1 ml of the same buffer per 40 ml of the
original culture. The cells were divided into 1-ml aliquots and centrifuged, and
pellets were frozen in a dry ice-methanol bath and stored at —80°C until further
use. To initiate transcription, pellets were thawed on ice and were then resus-
pended in 60 pl of the transcription cocktail. The reactions proceeded for 20 min
at 30°C. The transcription cocktail contained the following: 10 ul of 10X tran-
scription buffer from the Ambion MAXIscript kit, 16.6 mM dithiothreitol, 0.83
mM (each) ATP, CTP, and GTP, 62.5 U of human placental RNasin, 250 w.Ci of
[«-*?P]-UTP (800 Ci/mmol), and 33 pg of rifampin per ml. Total RNA was
harvested as described above and was passed through a Sephadex G-50 column
to remove unincorporated nucleotides. A total of 107 cpm of each RNA prep-
aration was hybridized with a nitrocellulose membrane filter containing 400 ng
each of hemB or hemH and pBluescript SK DNA slot blotted onto it as described
previously (4). Autoradiograms were analyzed, and bands were quantified as
described above for the RNase protection analysis.

Analysis of ALA dehydratase protein. Strains 1110 and 7360 were grown in the
presence of various concentrations of oxygen. Total cellular proteins were sep-
arated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred
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FIG. 1. Effects of O, tension on ALA dehydratase protein levels in B. ja-
ponicum parent strain 1110 and fixJ mutant strain 7360. Cells were grown under
20, 5, 3, or 2% O, and were analyzed by Western blot analysis (A) with anti-ALA
dehydratase antibodies. Forty micrograms of protein was loaded per lane. Quan-
tification of the autoradiograms in the figure is shown in the bar graph (B). Black
bars, strain I110; white bars, strain 7360. In two experiments, ALA dehydratase
levels in strain 1110 at 2% O, were 7.5 + 0.2-fold (mean =* standard deviation)
greater than those in aerobic cells of that strain.

to Immobilon membranes (Millipore), and probed with antibodies raised against
B. japonicum ALA dehydratase as described previously (9). Cross-reactive ma-
terial that bound to nitrocellulose filters was analyzed with peroxidase-conju-
gated goat anti-rabbit immunoglobulin G and visualized by chemiluminescence
by using the Renaissance kit (DuPont-NEN) according to the manufacturer’s
instructions. Bands on autoradiograms were analyzed by imaging densitometry
within the linear range as described above for the RNase protection analysis.

Cytochrome analysis. B. japonicum wild-type strain 1110 and the mutant strain
7360 were grown in the presence of air (20% O,) or 2% oxygen. For the latter,
flasks were flushed with N, gas, followed by injection of the appropriate volume
of O,. Cell extracts were prepared as described previously (15), and bacterial
cytochromes were analyzed by absorption difference spectroscopy of dithionite-
reduced minus ferricyanide-oxidized samples with an SLM-Aminco DW2000
scanning spectrophotometer. The spectral features were analyzed as described
previously (15).

RESULTS

0,-dependent expression of hemB. B. japonicum 1110 cells
were grown aerobically under various O, tensions, and ALA
dehydratase was measured by Western blot analysis of whole-
cell protein with anti-ALA dehydratase antibodies (Fig. 1).
ALA dehydratase levels were sevenfold greater in cells grown
under 2% O, tension than in cells grown in air (20% O,),
indicating that O, affects hemB expression. The kinetics of
O,-dependent ALA dehydratase protein induction were eval-
uated by growing cells in air and then removing O, from the
culture flask headspace. A sixfold increase in the protein was
observed by 1 h after O, was removed and was maintained at
an elevated level for at least 4 h (Fig. 2). To determine whether
the control of hemB by O, is at the protein or message level,
hemB mRNA was measured in cells subjected to O, limitation
by an RNase protection assay (Fig. 3). Removal of O, from
aerobically grown cells of parent strain 1110 resulted in a great-
er-than-150-fold increase in the hiemB message level compared
with that for aerobic cells. This observation contrasts with that
for the hemH message level, which was not induced by O,
deprivation but was moderately repressed. The enzyme activity
of ferrochelatase, the hemH product, was unaffected by O,
(data not shown); thus, the basis for the three- to fourfold
decline in hemH mRNA was not investigated further. The
induction of hemB mRNA was observed by 15 min after O,
removal (Fig. 3) and preceded that of its translation product,
ALA dehydratase. The data show that hemB is a regulated
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FIG. 2. Kinetics of ALA dehydratase induction in O,-limited cells. O, was
removed from aerobic cultures, and then cells were harvested at various times
and analyzed for ALA dehydratase by Western blot analysis with anti-ALA
dehydratase antibodies. Forty micrograms of cell protein was loaded in each
lane. Quantitation of the blot is shown in the bar graph. In two experiments,
ALA dehydratase levels were induced 6.1 *+ 0.3-fold at the 1-h time point and
6.3 = 0.1-fold at the 4-h time point.

gene in B. japonicum and is controlled at the level of mRNA
accumulation. semB mRNA was elevated to a much greater
extent than protein, and thus, full expression of the gene is not
proportional to the message level. It is plausible that another
step in gene expression, such as translation, becomes limiting
once the transcript level is induced.

The hemB gene is transcriptionally controlled by O,. The
rate of hemB mRNA synthesis was more than 10-fold greater
in cells subjected to O, limitation than in aerobic cells, as
determined by transcriptional runoff assays (Fig. 4). The ele-
vated transcription rate of hemB was observed in cells sub-
jected to O, deprivation for 20 min prior to being harvested for
the runoff assay; thus, the response to O, limitation is rapid. In
contrast to hemB, oxygen had little effect on the rate of hemH
transcription (Fig. 4), consistent with the RNase protection
analysis of steady-state message levels (Fig. 3). We conclude
that O, regulates the hemB gene at the level of message syn-
thesis.

The hemB gene is controlled by FixJ. Oxygen is a key devel-
opmental regulator of rhizobial differentiation during nodule
development (35), and the FixL-FixJ system mediates this re-
sponse by allowing cells to sense O, and to initiate a regulatory
cascade for symbiosis and microaerobic metabolism in re-
sponse to O, limitation (10, 11, 18). Deoxygenated FixL phos-
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FIG. 3. Effects of O, on the expression of hemB and hemH mRNA in B.
Japonicum parent strain 1110 and fixJ mutant strain 7360. O, was removed from
aerobically grown cells, which were harvested afterwards at the indicated times
for RNA analysis. hemB and hemH mRNA were analyzed by a quantitative
RNase protection assay with antisense riboprobes. One microgram of total RNA
was used for each time point.
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FIG. 4. The effects of O, on transcription rates of hemB and hemH in B.
Jjaponicum. Aerobic cells and those in which O, was removed for 20 min were
analyzed by a transcriptional runoff assay to determine the rate of message
synthesis. Total RNA from each cell type, radiolabeled with *?P in vivo for 20
min before extraction, was used to hybridize a filter containing hemB and hemH
DNA. The autoradiograms (A) were quantitated as shown in the bar graph (B).

phorylates FixJ, which is then functional as a transcriptional
activator of genes, at least some of which encode transcrip-
tional regulators (reviewed in references 6 and 11). Because
alterations in the cytochrome profile are necessary for bacte-
roid development and for the microaerobic respiration of free-
living cells, we wanted to determine whether O,-dependent
hemB expression involves FixL-FixJ. Specifically, we measured
and compared the expression of zemB mRNA and protein in
cultured cells of the parent strain 1110 and the fixJ mutant
strain 7360. RNase protection analysis revealed no induction
of hemB message in response to O, limitation in mutant strain
7360, in contrast to the strong induction observed in the parent
strain, 1110 (Fig. 3). In addition, the levels of immunologically
detectable ALA dehydratase in the fix/ strain were indepen-
dent of the O, tension in which the cells were grown, and the
amounts found in O,-restricted cells of the mutant were similar
to those found in aerobic cells (Fig. 1). These findings show
that FixJ is required for activation in response to microaero-
biosis, supporting the argument that the gene is under devel-
opmental control.

Fix]J is involved in expression of the microaerobic cyto-
chrome profile. B. japonicum cells respond to microaerobiosis
in culture and symbiosis with increases in the level of b- and
c-type cytochromes and the diminution or disappearance of
cytochrome aa; (2) (Fig. 5). In addition, genetic evidence im-
plicates a role for FixL-FixJ in the induction of fixNOQP, the
genes encoding the high-O,-affinity oxidase cytochrome cbb,
(10, 11). Thus, we addressed the question of whether FixJ is
involved in O,-dependent changes in the cytochrome profile by
spectroscopic analysis of extracts of wild-type and fixJ cells
grown in 20 or 2% O,. As expected, the parent strain, 1110,
showed a level of b- and c-type cytochromes in cells grown in
2% O, that was about twofold greater than that in cells grown
in 20% O,, as discerned by the spectral features at 561 and 552
nm, respectively (Fig. 5). In addition, the broad peak at 603
nm, due to cytochrome aas, in strain 1110 cells grown aerobi-
cally was absent in cells grown in 2% O,. The spectral changes
associated with O, limitation in the wild-type cells were not
observed in strain 7360; the levels of b- and c-type cytochromes
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FIG. 5. Reduced-minus-oxidized absorption spectra of extracts of B. japoni-
cum parent strain 1110 (A) or fixJ strain 7360 (B) cells grown under 20 or 2% O,
tension. Cells were reduced with sodium dithionite and oxidized in air. The hatch
marks between the two panels represent a change in absorbance of 0.007. The
extracts contained 4.3 mg of protein per ml. Spectral features denoted by unla-
beled ticks represent the same absorption wavelengths as those indicated by the
labeled tick marks above.

did not increase, and this is likely to be due, at least in part, to
the failure to induce the cytochrome cbb; complex. Interest-
ingly, cytochrome aa; persisted in the mutant cells grown in
2% 0O, (Fig. 5), implying a role for FixJ in the O,-dependent
repression of that oxidase complex. Thus, FixJ appears to affect
both the induction and the repression of the appropriate cy-
tochrome, suggesting that overall changes in the cytochrome
pattern in response to O, deprivation are coordinated.

DISCUSSION

The de novo synthesis of specific cytochromes and the over-
all increase in heme protein content in rhizobia that occur in
cells subjected to the hypoxic environment of root nodules and
in O,-limited cultures predict that heme synthesis is regulated
positively under these conditions. Furthermore, data imply
that ALA dehydratase, the product of hemB, catalyzes the first
bacterial step of B. japonicum heme formation in nodules
(reviewed in reference 26), suggesting that hemB may be a
control point for heme synthesis. Indeed, the present work
shows that hemB is a regulated gene in B. japonicum; hemB
mRNA and protein were rapidly induced and maintained in
response to O, deprivation. Furthermore, the rate of hemB
transcription was under O, control, as determined by runoff
experiments. The effects of O, on hemB are not common to the
heme synthesis pathway genes as a whole, because neither the
rate of hemH mRNA transcription nor its steady-state mRNA
level was induced by O, limitation. The steady-state level of
hemB mRNA in induced cells exceeded that of protein, indi-
cating that the full expression of the gene was not proportional
to the transcript level. The translation of hemB message or
protein turnover may become limiting once the mRNA level is
elevated, but subsequent steps need not be under O, control.

The conclusion that O, control of hemB is mediated by FixJ
bears on two important issues relevant to the coordination of
cellular functions. Firstly, O, is a key developmental regulator
of bacterial differentiation, and the FixL-FixJ system is essen-
tial for sensing O, status and for initiating a regulatory cascade
leading to the expression of genes necessary for nodule ontog-
eny and microaerobic metabolism (10, 11, 18). Thus, hemB,
and therefore heme synthesis, is under developmental control
in B. japonicum. The regulation of heme synthesis by FixJ was
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also implicated by experiments with hemA-lacZ fusion, which
showed that an O,-dependent threefold increase in B-galacto-
sidase activity in wild-type cells was not observed in a fix/
mutant (27). Secondly, previous work shows that the induction
of the fixNOQP operon that encodes the peptides of the cyto-
chrome cbb; oxidase is regulated by FixJ (10, 11), and thus, the
present work implicates a role for FixJ in the coordination of
heme and apoprotein syntheses in O,-limited cells. There are
several examples in which apoprotein synthesis is controlled by
heme availability, such as control of globin synthesis by heme
in mammalian reticulocytes (20), the heme-dependent tran-
scriptional activator HAPI in Saccharomyces cerevisiae (28),
and the coupling of cycA transcription with tetrapyrrole avail-
ability by ChrR in Rhodobacter sphaeroides (34). The present
work demonstrates that apoprotein expression is coordinated
specifically with that of a heme biosynthesis gene in B. japoni-
cum. The rapid induction of hemB mRNA in response to
anaerobiosis (Fig. 3) suggests that its activation does not re-
quire de novo protein synthesis; therefore, it is improbable that
hemB control by FixJ is an indirect effect of cytochrome apo-
protein synthesis.

Changes in the cytochrome composition during differentia-
tion for microaerobic metabolism involve repression as well as
activation. Cytochrome aaj is a terminal oxidase necessary for
normal aerobic respiration; its expression is diminished or ab-
sent in microaerobically cultured cells and in symbiotic bacte-
roids, and the message level of a gene encoding a subunit of the
oxidase is under O, control (17). The persistence of cyto-
chrome aa; in O,-restricted cells of mutant strain 7360 (Fig. 5)
shows that FixJ is involved in the repression of the oxidase, and
therefore the positive and the negative expression of cyto-
chromes share a regulatory feature. FixJ activates genes en-
coding other transcriptional regulators; thus, there are numer-
ous ways in which this control could be achieved. The situation
may be more complex than a scenario of transcriptional con-
trol of cytochrome genes by members of a signal transduction
pathway. For example, cytochrome aa; repression could de-
pend on an altered cellular redox state caused by microaero-
biosis, which would be abnormal for the fixJ mutant. Never-
theless, work with the fixJ strain shows clearly that a mutation
in a single gene has a global effect on the O,-dependent cyto-
chrome profile and on hemB expression and that heme protein
metabolism is coordinated and is integrated with bacterial dif-
ferentiation.
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