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The common precursor to all tetrapyrroles is 5-aminolevulinic acid (ALA), and in Rhodobacter sphaeroides its
formation occurs via the Shemin pathway. ALA synthase activity is encoded by two differentially regulated
genes in R. sphaeroides 2.4.1: hemA and hemT. In our investigations of hemA regulation, we applied transposon
mutagenesis under aerobic conditions, followed by a selection that identified transposon insertion mutants in
which hemA expression is elevated. One of these mutants has been characterized previously (J. Zeilstra-Ryalls
and S. Kaplan, J. Bacteriol. 178:985–993, 1996), and here we describe our analysis of a second mutant strain.
The transposon inserted into the coding sequences of hbdA, coding for S-(1)-b-hydroxybutyryl–coenzyme A
dehydrogenase and catalyzing an NAD-dependent reaction. We provide evidence that the hbdA gene product
participates in polyhydroxybutyrate (PHB) metabolism and, based on our findings, we discuss possibilities as
to how defective PHB metabolism might alter the level of hemA expression.

Rhodobacter sphaeroides has a diverse array of catabolic
pathways at its command, including aerobic and anaerobic
respiration and photosynthesis (for reviews, see references 24
and 51). These metabolisms are supported by the ability of R.
sphaeroides to synthesize several metallotetrapyrroles, includ-
ing hemes, bacteriochlorophyll (bchl), and corrinoids (reviewed in
reference 23). Organisms commanding such metabolic versa-
tility must have regulatory mechanisms that confer the ability
to choose among these pathways in order to maximize energy
production with the resources available and according to the
prevailing environmental conditions. A readily observable in-
dication of the presence of these mechanisms is the variation in
absolute and relative levels of the different tetrapyrroles
present in R. sphaeroides according to the catabolic state of the
cell. The level of bchl undergoes a dramatic increase under
conditions of lowering oxygen tension in preparation for an-
oxygenic photosynthetic energy production (29). On the other
hand, heme levels must be maintained for aerobic and anaer-
obic respiration, as well as for photosynthesis (reviewed in
references 23 and 29). The corrinoid vitamin B12 is an essential
cofactor in methionine synthesis in this organism (10; for a
general review, see reference 43) and thus is required under all
conditions. One control point for regulated production of tet-
rapyrroles is at the level of formation of their common pre-
cursor, 5-aminolevulinic acid (ALA).

It is well established in R. sphaeroides that the levels of ALA
formation parallel the amount of tetrapyrroles in the cell (29).
However, the presence of more than one gene coding for ALA
synthase activity in R. sphaeroides 2.4.1 (37, 48) requires knowl-
edge of the expression of each gene in order to achieve a full
understanding of how ALA levels are regulated. R. sphaeroides
is the only known prokaryote possessing duplicate genes for
ALA synthase, and the genes coding for the two isozymes,

hemA and hemT, are differentially regulated (37, 53, 54). Un-
der the laboratory conditions examined thus far, hemA appears
to provide most, if not all of the ALA synthase activity present
in cells, while hemT is transcriptionally off (37, 54). However,
hemT encodes a fully functional enzyme and, when expressed,
it is capable of fulfilling the cellular requirements for ALA
under all of the conditions examined (36, 37).

Our understanding of the regulation of hemA expression is
far from complete. We have learned that it is complex and
involves at least transcriptional regulation (52, 53), as well as
feedback inhibition of HemA activity by heme (reviewed in
reference 29). Neidle and Kaplan (37) reported that the rela-
tive amount of total hemA message is approximately threefold
higher in photosynthetically grown cells than in aerobically
grown cells. However, based on both mRNA studies (37) and
recent in vivo investigations (L. Fales, L. Kryszak, K. Nowosiel-
ski, and J. Zeilstra-Ryalls, unpublished data), hemA is tran-
scribed from more than one promoter, and the levels of tran-
scription from each vary according to the growth conditions.
The presence of a consensus binding sequence for Escherichia
coli Fnr in the upstream sequences of hemA had predicted the
existence of an R. sphaeroides Fnr homolog (37), which we
have since identified as FnrL, and determined that it is indeed
involved in mediating an increase in hemA transcription in
response to lowering oxygen tensions (52).

Among the genetic approaches we have used to identify loci
that affect hemA expression is the application of transposon
mutagenesis together with a selection demanding increased
expression from hemA upstream sequences. We have previ-
ously described in detail one such trans-acting locus, har-1
(hemA regulatory locus 1 [53]). We describe here our charac-
terization of another trans-acting locus, har-3, identified from
this same selection. The two transposon mutant strains have
similar characteristics that are not limited to increased tran-
scription from hemA sequences but also include an increased
presence of photosynthetic membranes under highly aerobic
conditions. We consider these similarities to be highly signifi-
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cant, and we suggest that they are indicative of the participa-
tion of both trans-acting loci in the same regulatory network.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. The growth of R. sphaeroides in
Sistrom’s succinic acid minimal medium A (14, 17, 45) and E. coli in Luria-
Bertani media (44) have been described previously. For anaerobic-dark–di-
methyl sulfoxide (DMSO) growth of R. sphaeroides, Sistrom’s media was sup-
plemented with DMSO to a final concentration of 0.06 M and yeast extract to a
final concentration of 0.1% (wt/vol). Anaerobic-dark–DMSO growth took place
in screw-capped tubes or bottles that were completely filled for 8 to 11 days at
30°C. Final cell densities were approximately 5 3 108 cells/ml. Aerobic growth of
R. sphaeroides was carried out by sparging liquid cultures with a mixture of the
following gases: nitrogen (68%), oxygen (30%), and carbon dioxide (2%) to a
final cell density not exceeding 3 3 108 cells/ml, unless otherwise indicated.
Photosynthetic growth conditions were achieved by sparging liquid cultures that
were placed in front of the light (ca. 10 W/m2) with 98% nitrogen and 2% carbon
dioxide. In all cases, final cell densities represented a minimum of five doublings
from the initial inoculum. For plasmid selection and maintenance, media were
supplemented with antibiotics. For E. coli, the final concentrations were 15 mg/ml
for tetracycline and 50 mg/ml each for kanamycin, spectinomycin-streptomycin,
and trimethoprim; for trimethoprim resistance selection, the use of minimal M63
medium (44) was required. The final concentrations for R. sphaeroides were 0.8
mg/ml for tetracycline and 50 mg/ml each for kanamycin, spectinomycin-strepto-
mycin, and trimethoprim. Reagent-grade antibiotics were used and were pur-
chased from Sigma Chemical Co. (St. Louis, Mo.).

Conjugation and transformation. Mobilizations of plasmids into R. spha-
eroides were performed by previously described protocols (14). Transformation
of E. coli was performed using CaCl2-treated cells prepared according to stan-
dard methodologies (44).

DNA manipulations and DNA sequence analysis. DNA isolation, restriction
endonuclease treatment, and other enzymatic treatment of DNA fragments and
plasmids were done according to standard protocols (44) or manufacturers’
instructions, with enzymes purchased from New England BioLabs, Inc. (Beverly,
Mass.), Gibco-BRL/Life Technologies, Inc. (Gaithersburg, Md.), and Promega
(Madison, Wis.). DNA was analyzed by standard electrophoretic techniques
(44), and isolation of DNA from agarose was performed using the Prep-A-Gene
DNA Purification System from Bio-Rad (Hercules, Calif.). Chromosomal DNA
used for cloning was isolated from R. sphaeroides according to the procedure of
Ausubel et al. (3).

DNA sequencing was performed in part by the DNA Sequencing Facility of
the Department of Molecular Biology, Iowa State University, Ames, Iowa. Other
DNA sequencing was performed on site, using an ABI Prism 310 Genetic

Analyzer and the ABI Prism BigDye Terminator Cycle Sequencing Ready Re-
action Kit (Applied Biosystems, Inc., Foster City, Calif.). Sequencing reactions
were prepared according to manufacturers’ instructions. To improve primer
extensions due to the high G1C content of the R. sphaeroides genome, DMSO
was added to the sequencing reactions prior to thermal cycling at a final con-
centration of 5%. Most of the oligonucleotides used for priming standard se-
quencing reactions were synthesized at Gibco-BRL/Life Technologies. Our lab-
oratory was also a beta test site for CleanCut primers (Integrated DNA
Technologies, Inc., Coralville, Iowa), which were used according to the manu-
facturer’s instructions.

DNA sequences were analyzed by using the BLAST server at the National
Center of Biotechnology Information (Bethesda, Md.) and the BLASTX pro-
gram (1). Other analyses were performed by using Wisconsin Package version 9.1
software (Genetics Computer Group, Madison, Wis.).

Cloning wild-type hbdA from R. sphaeroides 2.4.1. The hbdA sequences were
amplified from chromosomal DNA using the primers HBD-UP (59-GCG GAA
CAT CAG ACG AGA CCC GCC ATA CCG-39) and HBD-DOWN (59-GTA
TCT CTG GGG CTG GCC GGT GCA GAT GCT-39) with Pfu Turbo (Strat-
agene, La Jolla, Calif.) in the following reaction: (i) denaturation at 95°C for 3
min and (ii) annealing and extension at 65°C for 5 min, repeated 35 times,
followed by a final incubation of 5 min at 72°C. The DNA was purified, following
electrophoresis through an agarose gel, using the Prep-A-Gene purification kit
(Bio-Rad) according to the manufacturer’s instructions and ligated to pUI1087
(54) restricted with MscI.

Spectral analysis of membrane fractions and quantitation of pigments. Crude
cell-free lysates from R. sphaeroides 2.4.1, JZ722, and JZ724 were prepared by
according to previously described protocols (53). Spectra were recorded over a
range of 400 to 900 nm. The B875 and B800-850 pigment-protein complex levels
were determined by the method of Meinhardt et al. (33) from the spectral data.

Enzyme assays. Cells used for assaying b-galactosidase, ALA synthase, and
acetoacetyl-coenzyme A (CoA) reductase activity were grown under aerobic,
anaerobic-dark–DMSO, and photosynthetic conditions. In all cases, the protein
synthesis was halted by the addition of chloramphenicol (0.3 mg/ml, final con-
centration) to the cultures, which were then chilled on ice. Cleared cell lysates
were prepared by passaging cells through an SLM-Aminco French pressure cell
(Spectronic Instruments, Inc., Rochester, N.Y.) at 700 lb/in2, followed by cen-
trifugation at 18,000 3 g for 10 min at 4°C. All assays were performed immedi-
ately on freshly prepared lysates. All spectrophotometric measurements were
made using a U-2010 UV/Vis Spectrophotometer (Hitachi Instruments, Inc.),
with the exception of the cell density determinations, which were made using a
Klett colorimeter (1 Klett unit 5 107 cells/ml).

Assays for b-galactosidase activity were performed using the cell lysates pre-
pared in 100 mM NaPO4 buffer, as described elsewhere (47). Reagent-grade
o-nitrophenyl-b-D-galactopyranoside, purchased from Sigma Chemical Co., was
used as the substrate.

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant characteristic(s)a Source or reference

E. coli
DH5aphe F2 f80dlacZ D(lacZYA2argF)U169 recA1 endA1 hsdR17 18, 22
HB101 F2 D(gpt-proA)62 leuB6 supE44 ara-14 galK2 lacY1 16

R. sphaeroides
2.4.1 Wild type W. Sistrom
JZ724 har-3 53

Plasmids
pBSIISK1 Apr Stratagene
pBBRMCS2 Knr 26
pCF1010 Derivative of RSF1010; Tcr Spr/Str; used for creating lacZ transcriptional fusions 30
pJZ20 9.5-kb BamHI fragment from R. sphaeroides JZ724 in pUI1087 This study
pLE20 4.5-kb ClaI fragment from P. denitrificans in pBSIISK1 5
pLF14 11.5- and 3.3-kb SalI fragments from R. sphaeroides JZ724 in pUI1087 This study
pLF15 Amplified hbdA sequences ligated into MscI-treated pUI1087 This study
pLF16 XbaI-EcoRI fragment containing hbdA from pLF15 in pBBRMCS2 This study
pRK2013 ColE1 replicon; Tra1 of RK2; Knr 16
pUI1087 pBSIISK1 with modified polylinker 54
pUI1088 VSpr/Str-orfA2-hemA::lacZYA9 in RSF1010 52

a Apr, ampicillin resistant; Knr, Kanamycin resistant; Spr/Str, spectinomycin resistant and streptomycin resistant.
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ALA synthase activity levels present in cleared cell lysates in 100 mM NaPO4

buffer was determined using the method of Burnham (9), which relies on en-
dogenous succinyl-CoA synthetase activity to convert succinate to succinyl-CoA
substrate for ALA synthesis. Assays were also performed in which succinyl-CoA
was directly added to the reaction mix; CoA, ATP, and succinate were then
omitted.

Assays for acetoacetyl-CoA reductase activity were performed essentially as
described by Chohan and Copeland (12). Cleared cell lysates were prepared in
0.05 M Tris (pH 8.5). Enzyme activity was assayed at 25°C in a total volume of
1 ml containing 50 mM Tris-HCl (pH 8.5), 15 mM MgCl2, 250 mM NAD(P)H,
and 100 mM acetoacetyl-CoA. The sample was monitored spectrophotometri-
cally at 340 nm over a total of 4 min, during which NADH or NADPH oxidation
was linear. In all cases, nonspecific activity was corrected for by monitoring the
decrease in absorbance at 340 nm for 2 min prior to the addition of acetoacetyl-
CoA.

Immunoblot analysis. Samples of cleared cell lysates prepared as described
above were subjected to immunoblot analysis according to standard procedures
(20), using as primary antiserum a 1:10,000 dilution of HemA rabbit antisera (6)
and alkaline phosphatase-conjugated goat anti-rabbit antisera (Sigma Chemical
Co.) as the secondary antibody. The substrate used for detection of immuno-
complexes was an equimolar mixture of nitroblue tetrazolium and 5-bromo-4-
chloro-3-indolylphosphate p-toluidine (Gibco-BRL/Life Technologies, Inc.).

Protein determinations. The concentrations of protein in extracts subjected to
spectral analysis, assayed for enzyme activity, or analyzed by immunoblotting
were determined with the Pierce BCA Protein Assay Reagents (Rockford, Ill.).
In all cases, bovine serum albumin was used as a reference.

Nile red colony stain. R. sphaeroides was grown on Sistrom’s minimal medium
or Sistrom’s minimal medium without aspartate and glutamate but with either
low (2.5 mM) or high (7.5 mM) concentrations of (NH4)2SO4. The added carbon
source was either succinate or malate (30 mM). Plates were affixed to supports
and placed upright in anaerobic jars in front of the light (ca. 10 W/m2) at 28°C.
Incubation continued until well-developed colonies had formed (4 to 5 days).
The plates were then removed from the jars, and Nile red dye (Sigma Chemical
Co.) was applied immediately, according to the protocol of Kranz et al. (28),
using a 0.1% (wt/vol) solution in acetone. After the evaporation of acetone
solvent had occurred, the colony fluorescence was visualized by placing the plates
on a UV (300 nm) transilluminator (Fotodyne, Hartland, Wis.).

Nucleotide sequence accession numbers. The DNA sequences presented here
are accessible from the GenBank database under accession numbers AF212163
for the R. sphaeroides 2.4.1 sequences and AF212164 for the Paracoccus denitri-
ficans DNA sequences.

RESULTS

Defining the har-3 locus. R. sphaeroides mutant strain JZ724
is one of several mutant strains isolated as previously de-
scribed, and the position of the transposon insertion site was
mapped to 1,408 kbp clockwise from the zero position on
chromosome I (53). We cloned two chromosomal DNA frag-
ments from mutant strain JZ724 using the trimethoprim resis-
tance gene within the transposon as a marker. Plasmid pJZ20
contains an approximately 9.5-kbp BamHI fragment, and plas-
mid pLF14 contains an approximately 11.5-kbp SalI fragment.
Based on our DNA sequence analysis of these clones, a gene
map of the transposon insertion locus has been constructed
and is shown in Fig. 1. The precise location of the transposon
insertion, also indicated in Fig. 1, is located immediately fol-
lowing nucleotide 86, in the coding region of sequences that
predict a protein with approximately 67% identity with the
product of the Bradyrhizobium japonicum hbdA gene (49). The
har-3 locus of R. sphaeroides resembles a region already par-
tially described previously (5) in the closely related, but met-
abolically quite different organism P. denitrificans. Our analysis
of the DNA sequences downstream of the P. denitrificans etf
genes in plasmid pLE20 (kindly provided by F. Frerman, Den-
ver, Colorado) revealed that the arrangement of several genes
within the region is similar in both organisms (Fig. 1). In fact,

the proximity of hbdA homologues to etf genes is conserved
among both gram-negative and gram-positive bacteria, includ-
ing B. japonicum (49) and Clostridium acetobutylicum ATCC
824 (7).

The predicted product of hbdA belongs to the hydroxyacyl-
CoA dehydrogenase family of proteins which are not only
highly conserved not only among species of Bacteria but also
among virtually all cells in which these sequences have been
identified, including Bacteria, Archaea, plants, insects, and an-
imals. An alignment of the amino acid sequences of several
members is shown in Fig. 1. The function commonly ascribed
to this family of proteins is the stereospecific oxidation of
S-(1)-b-hydroxybutyryl-CoA and related compounds in the
iterative process of b-oxidation of fatty acids. However, ho-
mologs participate in other metabolisms as well (7, 8).

While the overall arrangement of the pduO, etf, and hbdA
genes are similar between R. sphaeroides 2.4.1 and P. denitrifi-
cans, a considerably longer intervening sequence is present in
R. sphaeroides 2.4.1, 1,040 bp, compared to the 198 bp of the
DNA sequence between the nonsense codon of EtfA and the
translation initiation codon of HbdA in P. denitrificans. Codon
usage analysis of these sequences based on a R. sphaeroides
2.4.1 codon preference profile suggests the presence of an
open reading frame divergently arranged relative to hbdA.
Searches of the sequence databases did not identify any pre-
dicted homologues to this putative open reading frame. Our
analysis of DNA sequences downstream of hbdA suggest that
the presence of an open reading frame with similarity to NodX
of Rhizobium leguminosarum (see reference 41), oriented in an
end-on (34) direction with hbdA (Fig. 1). An analysis of
DNA sequences downstream of hbdA in P. denitrificans sug-
gests the presence of a similarly arranged open reading frame,
but the predicted product is most similar to a conserved hypo-
thetical protein in Vibrio cholerae (GenBank accession number
AAF93691). Based on the convergent arrangement of these
putative open reading frames with respect to hbdA, as well as
our complementation analysis results (see below), we conclude
that the hbdA gene is monocistronic in both R. sphaeroides and
P. denitrificans, as it is in B. japonicum (49).

Analysis of hemA expression in JZ724 using hemA::lacZ.
Using plasmids bearing transcriptional fusions between the
hemA upstream sequences and the lacZ gene of E. coli (52) we
quantified the effect of the transposon insertion mutation. Ta-
ble 2 lists the levels of b-galactosidase activity present in ex-
tracts of mutant strain JZ724 versus the wild-type 2.4.1 strain
bearing the hemA::lacZ transcription fusion plasmid pUI1088.
The assays were performed on extracts of cells grown aerobi-
cally (30% oxygen) or anaerobically in the dark with DMSO.
The greatest difference in activity was measured in extracts of
mutant JZ724 versus wild-type 2.4.1 cells grown under aerobic
conditions, in which the b-galactosidase activity was approxi-
mately fourfold higher in the extracts of mutant cells relative to
that present in the extracts of wild-type cells with plasmid
pUI1088. Also, at least some level of oxygen control remains
intact in mutant strain JZ724, since the activity is approxi-
mately twofold higher in extracts of anaerobically grown mu-
tant cells versus aerobically grown mutant cells.

Assays of ALA synthase activity in cell extracts also indicate
that hemA expression is approximately fourfold higher in mu-
tant strain JZ724 (102 6 5 U/mg of protein) than in wild-type
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2.4.1 (24 6 5 U/mg of protein) under aerobic conditions. The
activity levels are higher in extracts of photosynthetically grown
mutant JZ724 (204 U/mg of protein) and wild-type 2.4.1 (158
U/mg of protein) cells than in aerobically grown cells. We also

determined that the ALA synthase activities in extracts of both
aerobically (113 6 16 U/mg of protein) and photosynthetically
(204 U/mg of protein) grown cells of mutant strain JZ722 are
similar to those in cell extracts of mutant strain JZ724, sug-

FIG. 1. Genetic and physical map of the har-3 locus of R. sphaeroides 2.4.1 and the corresponding region in P. denitrificans and alignment of
the predicted amino acid sequence of the hbdA gene products of these organisms with similar proteins from other organisms. (A) The position
of the transposon insertion in mutant strain JZ724 and the duplicated sequence generated through transposition are indicated. (B) The region
spanning the DNA sequences previously determined for P. denitrificans are identified by an arrow and the GenBank accession number. (C)
Alignments were generated using the PILEUP algorithm of the Genetics Computer Group program (version 9.1). The predicted protein product
of the R. sphaeroides 2.4.1 hbdA gene aligned with similar proteins from several organisms that were identified using BLASTX. Asterisks indicate
amino acid residues that are absolutely conserved between all of the proteins. Displayed are the following: Rsph HbdA, R. sphaeroides 2.4.1 HbdA;
Pden HbdA, P. denitrificans HbdA, Bjap HbdA, B. japonicum HbdA (3287857); Cace HbdA, C. acetobutylicum ATCC 824 HbdA (1708125); Aful
Hbd-2, Archaeoglobus fulgidus 3-hydroxyacyl-CoA dehydrogenase (hbd-2) (2650351); Cele HCD-1, Caenorhabditis elegans probable 3-hydroxyacyl-
CoA dehydrogenase (462252); Atha AIM1, Arabidopsis thaliana AIM1 protein (4337025); Hsap HDHA (residues 10 to 314), human short-chain
L-3-hydroxyacyl-CoA dehydrogenase (4240477); Dmel BcDNA (residues 362 to 667), Drosophila melanogaster BcDNA protein (5901852). All
sequence numbers are GI numbers (GenInfo Identifier) from NCBI.
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gesting that hemA expression is similar in the two mutant
strains.

Phenotype of mutant strain JZ724. Visual inspection of liq-
uid cultures and colonies of JZ724 revealed that the cells are
consistently more pigmented than wild-type cells. We sus-
pected that, as has previously been demonstrated for mutant
strain JZ722 (53), this pigmentation indicated that photosyn-
thetic membranes were present at elevated levels relative to
wild-type cells under repressing aerobic conditions. Figure 2
shows the spectra of membrane extracts of wild-type 2.4.1 and
mutant strains JZ722 and JZ724 cells grown in parallel at 30%
oxygen; the levels of pigment-protein complexes are also indi-
cated. As shown in Fig. 2, even when the wild-type cell density
is approaching twofold higher than that of the mutant strains
JZ722 and JZ724, the pigment-protein complex levels are ap-
proximately threefold less. These results suggest that, as in
mutant strain JZ722, the cellular consequences of the hbdA
disruption in mutant strain JZ724 are not limited to increasing
hemA expression.

Complementation analysis of mutant strain JZ724. In order
to determine whether or not the transposon disruption alone is
responsible for the phenotypes described above, hbdA was
cloned from wild-type strain 2.4.1. Using a pair of oligonucle-
otides corresponding to DNA sequences flanking the gene (see
Materials and Methods), the wild-type hbdA sequences were
amplified by PCR from genomic DNA and then cloned into

plasmid vector pUI1087 (see Table 1 and reference 54). DNA
sequence analysis confirmed the integrity of the hbdA se-
quences present. The intact gene was then moved into
pBBR1MCS2 (26), which is capable of replicating in R. spha-
eroides, resulting in plasmid pLF16 (see Table 1). Finally, plas-
mid pLF16 was introduced into mutant strain JZ724, and the
characteristics of these exconjugants were compared to those of
mutant strain JZ724 bearing the plasmid vector pBBR1MCS2.

As shown in Fig. 3, both direct assays of ALA synthase
activity and immunoblot analysis, using antisera raised against
HemA (6), indicate that the levels of HemA correlate with the
presence or absence of an intact hbdA gene. We also compared
the level of spectral complexes in mutant strain JZ724 with
plasmid pLF16 to that present in cells with the vector and
found, as shown in Fig. 3, that the levels present in JZ724 with
pLF16 were similar to those in wild-type cells. These results
indicate that the disruption in hbdA is responsible for the
increase in detectable complexes under aerobic conditions in
mutant strain JZ724.

Function of the hbdA gene product. The product of the phaB
gene converts acetoacetyl-CoA to the R-(2) stereoisomer of
b-hydroxybutyryl-CoA, which can then be polymerized by the
phaC gene product (or a homologue) to form polyhydroxybu-
tyrate (or more generally referred to as polyhydroxyalkanoate
[PHA]; see reference 46). In contrast, the b-hydroxyacyl-CoA
dehydrogenase family of proteins, to which HbdA most likely
belongs, catalyzes the formation of the S-(1) isomers. In ad-
dition to substrate stereospecificity, the enzyme activities have
been distinguished from one another in Rhizobium (Cicer) sp.
strain CC1192 by the absolute requirement for NADH in the
case of the S-(1) stereospecific enzyme and NADPH in the
case of the R-(2) specific enzyme.

We assayed mutant strain JZ724 and wild-type strain 2.4.1
for acetoacetyl-CoA reductase activity in aerobically grown
cells by following the oxidation of NADH. While cell extracts
of wild-type 2.4.1 (4.5 3 108 cells/ml) had activities of 20 6 4
U/mg of protein, the levels of activity present in cell extracts of
mutant strain JZ724 (3.2 3 108 cells/ml) were below detection.

To confirm the identity of the product of the hbdA gene, we
compared the levels of activity in extracts of the mutant strain
JZ724 with pLF16 to that in cell extracts of mutant strain with
plasmid vector pBBR1MCS2. The pyridine nucleotide require-
ment of HbdA was also evaluated by comparing the activity in the
presence of NADH to that in the presence of NADPH. As shown
in Fig. 4, the results of this analysis reveal that the levels of
NADH-dependent enzyme activity are approximately 14-fold
lower in extracts of aerobically grown mutant strain JZ724 with
plasmid pBBR2MCS1 than in extracts of cells with plasmid

FIG. 2. Spectral analysis of membrane extracts of aerobically
grown (30% oxygen, 68% nitrogen, and 2% carbon dioxide) wild-type
2.4.1 and mutant strains JZ722 and JZ724 and quantitation of pig-
ment-protein complexes. Spectra were generated using equivalent
amounts of total protein.

TABLE 2. Levels of b-galactosidase activity present in extracts of R. sphaeroides

Strain Features Growth conditionsa
b-Galactosidase activityb

x sn

2.4.1(pUI1088) Wild type (hemA::lacZ) 1O2 912 142
JZ724(pUI1088) Tn5Tp::hbdA (hemA::lacZ) 1O2 3,709 224
2.4.1(pUI1088) Wild type (hemA::lacZ) 2O2 2,293 130
JZ724(pUI1088) Tn5Tp::hbdA (hemA::lacZ) 2O2 6,394 241

a Aerobic growth (30% oxygen, 68% nitrogen, 2% carbon dioxide), 1O2; anaerobic-dark growth with DMSO, 2O2.
b Values indicated are from at least three independent assays.
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pLF16 and approximately 34-fold lower in extracts of anaerobi-
cally (with DMSO) grown cells. In contrast to the NADH results,
NADPH-associated enzymatic activity is the same in extracts of
mutant strain JZ724 with either plasmid under aerobic or anaer-
obic (with DMSO) conditions. The protein alignment presented
in Fig. 1, suggesting that HbdA codes for a b-hydroxybutyryl-CoA
dehydrogenase, is fully supported by these results.

Analysis of PHA accumulation. In R. capsulatus, inactivation
of phaB has no effect on PHA accumulation (27). Other evi-
dence suggests that R. sphaeroides also possesses more than
one pathway for the synthesis of monomer substrate for PHA
polymerase (21). It may be that in these bacteria, the S-(1)
stereoisomer of b-hydroxybutyryl-CoA produced by hbdA can
be converted to the R-(2) stereoisomer in a manner that has
been described previously for Rhodospirillum rubrum catalyzed
by two enoyl-CoA hydratases (34). We therefore reasoned that
disabling hbdA might affect PHA metabolism.

Using a colony-staining method developed by Kranz et al.
(28), we compared PHA accumulation in wild-type 2.4.1 to that
in mutant strain JZ724 grown under photosynthetic conditions.
In contrast to colonies of wild-type 2.4.1 with either the vector
or pLF16, we observed less fluorescence for mutant strain
JZ724 with the vector pBBR1MCS2, indicating that PHA ac-
cumulation is lower in the mutant strain compared to the wild
type. Fluorescence was comparable to the wild type for colo-
nies of mutant strain JZ724 with plasmid pLF16, indicating
that hbdA on the plasmid had restored PHA accumulation in
mutant strain JZ724 to levels similar to that in wild-type 2.4.1.
This difference in fluorescence was observed for colonies
formed on a variety of different media, but the greatest differ-
ence was observed on medium containing malate and high
levels of nitrogen, which is shown in Fig. 5. On the basis of
these observations, we conclude that the transposon insertion
in the hbdA gene in mutant strain JZ724 does affect PHA
metabolism.

DISCUSSION

Using transposon mutagenesis and applying a selection for
increased expression of hemA in the presence of oxygen, we
isolated a set of mutants. Three of the trans-acting mutations

FIG. 3. Complementation analysis of mutant strain JZ724 with hbdA. (A) ALA synthase activities in extracts of R. sphaeroides wild-type 2.4.1
or mutant JZ724 cells with either pBBR1MCS2 or the hbdA clone pLF16. Growth occurred aerobically (30% O2, 2% CO2, 68% N2) or
anaerobically in the dark with 60 mM DMSO. The results are the mean values from assays of at least three independent cultures. Vertical bars
represent the standard deviations from the mean, and the numerical values for each result are provided. (B) Immunoblot and spectral analysis of
extracts of R. sphaeroides cells grown under aerobic conditions. The blot was probed with anti-HemA antisera (6). In lanes 1 to 4, The samples
contained equal amounts of total protein. For further details regarding sample preparation and analysis, see Materials and Methods.

FIG. 4. Acetoacetyl-CoA reductase activities in extracts of R. spha-
eroides mutant strain JZ724 with either pBBR1MCS2 or the hbdA
clone pLF16. Each sample was assayed in the presence of NADH and
NADPH, as indicated. Growth occurred aerobically (30% O2, 2%
CO2, 68% N2) or anaerobically in the dark with 60 mM DMSO. The
results are the mean values from assays of at least two independent
cultures. Vertical bars represent the standard deviations from the
mean, and the numerical values for each result are provided. For a
description of the assay protocol, see Materials and Methods.
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represented among the mutant strains are known to be at
widely distributed locations on Chromosome I (53) of R. spha-
eroides 2.4.1. The present investigation reveals that a transpo-
son insertion in hbdA results in an increase in hemA expression
and, based on the increased presence of photosynthetic mem-
branes under highly aerobic conditions, may alter the expres-
sion of other photosynthesis genes as well. We have also dem-
onstrated that hbdA participates in PHA metabolism. Are
these observations directly related? Our hypothesis is that they
are. We first present our model as to how hbdA participates in
PHA synthesis, and then we suggest how altering PHA metab-
olism might affect hemA expression at the level of transcrip-
tion.

Figure 6 represents a synthesis of what is known or inferred
from the literature about the metabolism of R. sphaeroides
pertaining to both hbdA and hemA. A key feature is that two
pathways are proposed for PHA synthesis from acetoacetyl-
CoA in R. sphaeroides. We believe that a similar scheme for
PHA metabolism, presented in 1978 by Merrick (see Fig. 7 [p.
211] in reference 13), represented a composite diagram of two
separate pathways that were known to occur in separate or-
ganisms. One pathway involves reactions catalyzed by pha/phb
gene products (surrounded by ovals in Fig. 6). The phaA and B
genes have been cloned from Rhodobacter capsulatus (27) and
P. denitrificans (50), and we have identified sequences that
code for proteins that are approximately 75 and 86% identical
to PhaA and -B of P. denitrificans, respectively, among the

preliminary DNA sequences of the R. sphaeroides 2.4.1 ge-
nome (from the Department of Energy Joint Genome Insti-
tute, http://spider.jgi-psf.org/JGI_microbial/html). The gene
for the last enzyme in the pathway, phaC, has been cloned and
sequenced from several wild-type strains of R. sphaeroides (25,
46; see also GenBank accession no. X97200). The second path-
way for PHA synthesis involves the enzymes surrounded by
boxes in Fig. 6. Anderson and Dawes have pointed out that the
S-(1) stereoisomer of b-hydroxybutyryl-CoA, produced by the
b-oxidation of fatty acids, could be converted to the R-(2)
isomer via acetoacetyl-CoA by the concerted action of HbdA
and PhaB (2). However, this would not explain the observation
by Kranz et al. (27) that inactivation of phaB does not affect
PHA synthesis in R. capsulatus, since that alternate route
would still require PhaB activity (see Fig. 6). We propose that,
in both R. sphaeroides and R. capsulatus, PHA can be synthe-
sized from either stereoisomer of b-hydroxybutyryl-CoA ac-
cording to the diagram shown in Fig. 6. Recently, Reiser et al.
(42) reported that R. capsulatus could encode an R-specific
b-hydroxybutyryl-CoA hydratase. An earlier report (4) de-
scribed a different orf (ORF257) in R. capsulatus predicted to
encode a polypeptide with similarity to enoyl-CoA hydratases
involved in fatty acid b-oxidation. Inspection of the DNA se-
quence of the R. sphaeroides 2.4.1 genome (http://spider.jgi-psf
.org/JGI_microbial/html) predicts genes that encode polypep-
tides with approximately 77 and 66% identity, respectively, to
the R. capsulatus polypeptides. Thus, together with hbdA,
DNA sequences that predict all of the enzymatic requirements
for both pathways have now been identified in species of
Rhodobacter. The lack of any discernible effect on PHA syn-
thesis in a PhaB2 mutant of R. capsulatus (27), compared to
the decrease in PHA accumulation we observe when hbdA is
disabled in R. sphaeroides, suggests that a significant amount of
PHA precursor is provided by the activity of HbdA in both
organisms.

Clues as to the relationship between PHA metabolism and
hemA transcription come from studies in which all PHA syn-
thesis has been abolished by genetically disabling the PHA
synthase gene, phaC, in several a-proteobacteria. These stud-
ies reveal that a number of cellular processes are affected (11,
21, 32). A common feature appears to be that abolishing PHA
accumulation leads to a decrease in the NAD1/NADH ratio
(11, 32). Although PHA accumulation is not abolished in the
absence of HbdA activity in R. sphaeroides, our results indicate
that it is clearly reduced. We propose that the loss of HbdA
activity resembles the PhaC2 mutants by lowering PHA accu-
mulation, thereby altering the NAD1/NADH ratio.

While recent studies have shown that the ratio between
oxidized and reduced pyridine nucleotides can affect transcrip-
tion (15, 31), the molecular details as to how this occurs are not
yet understood in any organism. However, in light of the sim-
ilarity of phenotypes of mutant strains JZ724 and JZ722, with
respect to both hemA expression and the increased presence of
photosynthetic membranes under aerobic conditions, we sug-
gest that downstream events are related. A description of pos-
sible events has been presented by Oh and Kaplan (40), who
have recently documented the existence of signal transduction
systems involving the electron transport chain and several as-
sociated regulatory proteins. One signal emanates from the
rate of electron flow through the cbb3 cytochrome c oxidase,

FIG. 5. Colonies of R. sphaeroides wild-type 2.4.1 and mutant
JZ724 exconjugants of either pBBR1MCS2 or pLF16. (Top) Photo-
graph of fluorescent colonies illuminated by UV (300-nm) light after
Nile red dye was applied. (Bottom) Scan of colonies by visible light.
Cells shown were grown on Sistrom’s modified (no aspartate or glu-
tamate) minimal medium with 30 mM malate as the carbon source,
with 7.5 mM (NH4)2SO4, and with kanamycin for plasmid mainte-
nance. Numbered sections refer to colonies of the following strains.
Section 1, 2.4.1(pBBR1MCS2); section 2, JZ724(pBBR1MCS2); sec-
tion 3, 2.4.1(pLF16); section 4, JZ724(pLF16).
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coded for by the ccoNOQP operon. Mutant strain JZ722 has a
transposon insertion between the coding sequences of ccoN
and ccoO (53), which therefore lacks a functional cbb3 oxidase.
This is considered to abolish an inhibitory signal that normally
exists when the electron flow through the oxidase is high and
which is then transduced to the two-component regulatory
proteins PrrB, the sensor partner, and PrrA, the response
regulator (40). A second signal is believed to emanate from the
redox state of the quinone pool, which is transduced to regu-
latory proteins other than Prr, possibly the antirepressor pro-
tein AppA, and its repressor partner PpsR (for details, see
reference 40). If PHA metabolism affects the NAD1/NADH
ratio, as NAD1 becomes limiting, the donation of electrons
from NADH to the quinone pool would be favored. To ascer-
tain whether increased expression of hemA proceeds from an
altered redox state of the quinone pool or a variation in the
rate of electron flow through the cbb3 oxidase will require
additional experimentation. Reasons to think the signal is at
the level of the cbb3 oxidase include: (i) mutant strains JZ722
and JZ724 have very similar phenotypes; (2) AppA (19) and
PpsR do not appear to influence hemA expression (J. H. Zeil-
stra-Ryalls, unpublished results), whereas recent evidence sug-
gests that the Prr proteins do (39); and (iii) other than the
transposon insertion in mutant strain JZ724, its genome is
considered to be intact and, thus, FnrL regulation of gene
expression is unaltered. Under aerobic conditions (30% oxy-
gen; see reference 35), the level of expression of the ccoNOQP
operon is low, resembling the situation that exists in mutant
strain JZ722 which lacks a functional cbb3 oxidase. We suggest
that in both cases, insufficient inhibitory signal is transduced
from cbb3 oxidase to the Prr two-component system, and the
expression of Prr-regulated genes is higher in the presence of
oxygen, compared to wild-type 2.4.1.

We have established a relationship between hbdA, PHA

metabolism, and hemA expression. We have also proposed a
tentative explanation as to how altering PHA metabolism
might affect the transcription of hemA, which is testable and
provides a clear direction for future investigation. The value of
the hemA gene for examining gene expression in response to
environmental conditions is confirmed by our previous (52, 53)
and present studies. Since we first identified a relationship
between expression of the ccoNOQP genes and photosynthesis
gene expression (53) the role of this operon in R. sphaeroides
has been extensively investigated (see references 38 to 40,
among others) and has lead to the formulation of an integrated
model for redox signaling in this organism (40). It also led to
the identification of the global regulator, fnrL (52). We believe
additional features of hemA expression exist, as we have yet
other transposon mutant strains to be characterized (53).
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