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Abstract By a sequential action of [-ketothiolase and
acetoacetyl-CoA reductase, two molecules of acetyl-CoA
are converted into D-3-hydroxybutyryl-CoA, a substrate for
PHB synthase to form poly-3-hydroxybutyrate (PHB) of
Rhodobacter sphaeroides. The P-ketothiolase gene, phbA,
and acetoacetyl-CoA reductase gene, phbB, were cloned
and analyzed for their expression. Enzyme activities of [-
ketothiolase and acetoacetyl-CoA reductase showed constitutive
levels during aerobic and photoheterotrophic growth of
R. sphaeroides. In addition, no difference of each enzyme
activity was observed between cells grown acrobically and
photoheterotrophically. The constitutive level of the enzyme
activities are regulated at the level of phbAB transcription.
Cellular PHB content, however, was reported as being
regulated according to the growth phases along with growth
conditions [15]. Thus, phbAB expression is not determinative
in regulating the PHB content. On the other hand, phbA-
deleted cell AZ1 accumulated only 10% PHB of the wild-
type, and an elevated dosage of phbAB in trans in R
sphaeroides resulted in a higher content of PHB, indicating
that pAbAB codes for the enzymes responsible for providing
the main supply of substrate for PHB synthase. PHB formation
by an alternative pathway that does not depend on the phbA-
and phbB-coding enzymes is also proposed.

Key words: Rhodobacter sphaeroides, PHB, P-ketothiolase,
acetoacetyl-CoA reductase

Polyhydroxyalkanoic acids (PHA) are polyesters of various
3-, 4, and 5-hydroxyalkanoic acids of C;-to-C,, monomer
units. The polymers have received wide attention because
they have properties of being biodegradable plastic [1, 2,
3, 8, 17]. Poly-3-hydroxybutyric acid (PHB), a polyester
of D-3-hydroxybutyric acid, is produced by a number of
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bacteria as mtracelluar carbon- and energy-storage materials
[1,2,3, 11, 19 27, 28]. Genes coding for PHB biosynthetic
enzymes have been isolated and analyzed at a molecular
level from Vaﬁous bacteria. Ralstonia eutropha accumulates
PHB by thé sequential action of three enzymes, PB-
ketothiolase ‘(pth) acetoacetyl-CoA reductase (phbB),
and PHB synthase (phbC). The three genes of R. eutropha
are organized in a single operon as phbCAB [27, 28].

Rhodobacz‘jer sphaeroides phbC is not linked to the
PhbAB genes| [11, 12, 15], and its expression was analyzed
to localize the promoter DNA [15]. The cellular PHB
content of aeroblcally grown R. sphaeroides is regulated at
a level of phhC transcription, while the photoheterotrophic
control of PHB content is not mediated by PHB synthase
activity. Thus, it remains to be determined whether phbAB
expression 1s‘ possibly involved in regulating the PHB
contents of photoheterotrophically grown cells. In a related
bacterium, Rhodobacter capsulatus, phbAB genes were
cloned and the phbA translation employing the lacZ
fusion was Shown to be constitutive, irrespective of
the carbon sources which were included for cell growth
[16].

In this Work we have cloned and analyzed the phbAB
expression of| R. sphaeroides in an attempt to understand
the cellular physiology regulating the PHB content of R.
sphaeroides. In particular, phbAB transcription and cellular
activities of the coding enzymes were examined under
photoheterotrcl)phic conditions, to examine any difference
from the aerob1ca11y grown cell. As a result, the activities
of B- ketothiolase and acetoacetyl-CoA reductase were
found to be constitutive, regardless of growth phase and
growth COHdlthIlS In addition, the two enzyme activities
were regulated at the level of phbAB transcription. Thus,
phbAB expression is not directly associated with the PHB
level, which 1§ regulated according to the growth phases as
well as growth conditions [15]. However, phbA- and phbB-
coding enzymes are responsible for providing a main
supply of substrate for PHB synthase.
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Table 1. Bacterial strains and plasmids.

Strams. or Relevant characteristic(s) Source or
plasmids reference
E. coli
Fd80dlacZAM15A(lacZ¥A-argFYU169 recAl endAl hsdR17¢, m, ") supE44 A" thi-1 gyrd reldl ?
DHS5aphe .
phe :Tnl0dCm
HB101 supE44 hisdS20(t, my") recA13 ara-I4 proA2 lacY1 galk2 rpsL20 xyl-5 mtl-1 10
R. sphaeroides
24.1 Wild-type W. Sistrom
AZ1 2.4.1 derived, phbA-interrupted and transcriptionally fused to lacZY"::Q2 Sm/Sp' DNA; Sm/Sp This study
Plasmids
pRK415 Tc' 14
pSUP202 pBR325 derivative; Mob’, Ap', Cm, Tc 30
pRuA215 pUCI19 derivative with an insert of 4.4-kb Pstl DNA containing phbAB; Ap'; + This study
pUC909 pUC19 derivative with an insert of 2.3-kb Sall-XAol DNA containing phbC; Ap'; + This study
pRK221 pRK415 derivative with an insert of 2.7-kb BamHI-Ps:I DNA containing phbAB; Tc'; + This study
pSUA401 pSUP202 derivative with an insert of 6.0-kb PstI DNA containing transcriptional fusion of This study

phbA::lacZY"::Q Sm/Sp" at the EcoR1 site of phbA; Cr', Tc, Sm/Sp’

*+ denotes gene orientation in the same direction as the lac promoter and/or fet promoter of vector DNA.

MATERIALS AND METHODS

Bacteria, Plasmids, and Cell Growth

The bacterial strains and plasmids used in this study are
described in Table 1. R. sphaeroides 2.4.1 was used as a
wild-type strain and cultured at 28°C in the Sistrom’s
minimal medium [22]. R. sphaeroides was grown aerobically
or photoheterotrophically as described previously. Light
intensity for photoheterotrophic growth was 10 Watts (W)/
m’. Exponential phase was designated as growth between
65 and 85 Klett units (KU) under aerobic conditions, and
between 80 and 150 KU under photoheterotrophic conditions.
Early stationary phase corresponded to 165—180 and 260—
280 KU during aerobic and photoheterotrophic growth,
respectively. One KU of R. sphaeroides amounted to
approximately 107 cells per ml of culture. Escherichia coli
strains were grown at 37°C in a Luria medium. Ampicillin
(Ap), tetracycline (Tc), streptomycin (Sm), and spectinomycin
(Sp) (final concentrations of 50, 10, 50, and 50 pg/ml,
respectively) were added to the growth medium for E. coli
carrying these drug-resistant genes. The same concentrations
of the antibiotics were used for R. sphaeroides culture
except for Tc at 1 pg/ml.

Conjugation Techniques

pRK415- and pSUP202-derived plasmids were mobilized
into R. sphaeroides vsing the procedure previotsly described
[5, 14]. The pSUP202 derivative was used for construction
of the phbA-deleted mutant strain, R. sphaeroides AZ1.
Even-numbered crossovers were isolated as previously
described [7, 30].

DNA Manipulation and Southern Hybridization

DNA was treated with restriction enzymes and other
nucleic acid-modifying enzymes in accordance with the
manufacturer’s specifications, Southern blots of R. sphaeroides
chromosomal DNA using a Hybond-N membrane (Amersham,
U.K.) were performed as previously described [4]. Probes
were prepared by using a Fluorescein Gene Images
labeling and detection kit (Amersham, U.K.). Hybridization
with the fluorescein-labeled probes and washing of the
membranes were carried out according to the instructions
included within the kit.

B-Galactosidase Assay

B-Galactosidase assays with hydrolysis of o-nitrophenyl-
B-galactoside were performed as described previously
[20].

PHB Determination
The determination of PHB was performed by using a

spectrophotometric assay of the Law and Slepecky method
[18].

" Assays of B-Ketothiolase and Acetoacetyl-CoA Reductase

B-Ketothiolase activity was assayed according to the method
of Nishimura et g/. [24]. Cell extracts were prepared from
cells grown aerobically or photoheterotrophically and harvested
by centrifugation for 10 min at 10,000 xg, followed by
washing and resuspension in a Tris-HCI buffer (10 mM,
pH 8.0). Cells were broken at a pressure of 10,000 psi by
using a French® press (SLM, IL, U.S.A.). The unbroken
cells and cell debris were removed after centrifugation at



10,000 xg for 15 min. Reaction mixture in a final volume
of 2 ml contained 0.1 mM acetoacetyl-CoA, 0.057 mM
CoASH, 0.5 mM DTT, 40 mM MgCl, and cell extracts in
the Tris-HCI buffer. The assay temperature was 30°C and
the reaction was initiated by adding cell extracts. A decrease of
the acetoacetyl-CoA-Mg complex at 303 nm (€=17.26 mM™
cm™') was measured with a spectrophotometer (model UV-
2401PC, Shimadzu, Japan). One unit of enzyme activity
was defined as the amount of enzyme, which catalyzed the
decrease of 1 umole acetoacetyl-CoA-Mg complex per min.

Acetoacetyl-CoA reductase activity was assayed according
to the method of Ploux ef al. [25]. Reaction mixture in a
final volume of 2 ml contained 0.1 mM acetoacetyl-CoA,
0.125 mM NADPH, and cell extracts in the 100 mM Tris-
HCI buffer (pH 8.0). The reaction was initiated by adding
the cell extracts and the absorbance at 340 nm was
monitored at 30°C. One unit is defined as the amount of
enzyme that catalyzes the transformation of 1 nmol NADPH
per min.

All analyses in this work were performed in duplicate at
least twice, and the data presented are the average of the
values obtained within standard deviations of 10-15%.

RESULTS

Cloning of phbA and phbB of R. sphaeroides
B-Ketothiolase and acetoacetyl-CoA reductase mediate
the first two sequential enzymic steps to produce D-3-
hydroxybutyryl-CoA, a substrate for polymerization by
PHB synthase forming PHB [15]. Since the expression of
B-ketothiolase and acetoacetyl-CoA reductase of Rhodobacter
have not been analyzed in terms of regulatory association
with cellular contents of PHB, the expression of phbA and
phbB were examined throughout the growth phases under
aerobic and photoheterotrophic conditions.

As an approach to clone the phbd gene of R.
sphaeroides, its genomic DNA was digested with Psl and
probed with 995-bp Stul DNA containing R. eutropha
phbA', which was derived from pTZ18U-PHB [27]. The
genomic Southern hybridization analysis under less
stringent conditions revealed a signal of 4.4-kb Pstl DNA
of R. sphaeroides. The DNA, pRuA215 (Table 1), was
obtained through colony hybridization after cloning of the
Pstt DNA in pUC19. The 4.4-kb Ps#fl DNA containing R.
sphaeroides phbA was also hybridized with a 941-bp Ddel
DNA containing the R. eutropha phbB gene (data not
shown), in which it was indicative of the genetic linkage of
the phbA and phbB genes of R. sphaeroides on the 4.4-kb
Psfl DNA.

The 4.4-kb PstI DNA fragment of pRuA215 was
completely sequenced on both strands with numerous
subclones and several synthetic oligonucleotides. Two
adjacent open reading frames with properly positioned
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ribosome-binding sequences were identified, which were
regarded to be phbA and phbB, respectively, based on
sequence homology. During the progress of this study, the
whole genome of R. sphaeroides has been sequenced by
DOE Joint Genomic Institute. The nucleotide sequence of
phbA and phbB that we obtained were the same as those
obtained from the R. sphaeroides genome project site at
http:/fwww- mmg med.uth.tmc.edw/sphaeroids/. The phbB start
codon is located 99 bp downstream from the phbA stop
codon. The R sphaeroides phbA4 is 1,185bp and the
deduced amino acid sequence of the gene showed a
significant similarity to the B-ketothiolase of Paracoccus
denitrificans (74% identity), Rhizobium meliloti (69%),
and R. eutropha (61%). Similarly, the primary structure of
the deduced amino acid sequence of phbB (723 bp) showed
a high similariity to the primary structures of acetoacetyl-
CoA reductase of P. denitrificans (85% identity), Rhizobium
meliloti (80%), and R. eutropha (50%).

\
Heterologous Expression of R. sphaeroides phbA and
phbB in E. coli
It was determined whether or not phbA4 and phbB of R.
sphaeroides were functionally able to provide substrate for
PHB synthase by examining heterologous expression in
recombinant E coli that carried R. sphaeroides phbC. The
phbC was cloned in pUCI9 to generate pUC909 (Table 1),
while the phbld and phbB were maintained in E. coli by
using a pRK415 clone, pRK221. As shown in Table 2, E.
coli contamlng both pUC909 and pRK221 produced a
significant amount of PHB. Thus, R. sphaeroides phbA
and phbB form D-3-hydroxybutyryl-CoA, a substrate for
PHB synthase

Construction |of R. sphaeroides AZ1 Containing phbA-
lacZ on its Ch\romosome and Transcriptional Expression
of phbA |
A mutant strainf, R. sphaeroides AZ1, having phbA interruption
as well as phbA::lacZY’ transcriptional fusion structure on
its chromosor:ne, was obtained. The mutant strain was
constructed thfough a homologous recombination by using
a suicide plashnd pSuA401, which has phbA that was
transcnptlonally fused to lacZY’ at the EcoRI site in the
middle of the gene The Q Sm/Sp" transcription-translation
stop DNA was cloned at the lacY’ DNA as a selection
marker. Exconj}ugants, resistant only to Sm/Sp, were regarded
|

Table 2. ExpreSsion of R. sphaeroides phbAB in E. coli.
Plasthid (gene) in E. coli PHB content®

pUC909 (phbC)+pRKA415 (vector control) 0
pUC909 (phbC)+pRK221 (phbAB) 110.1x27.1

g/mg of dry weight of cells.
Cells were grown éerobically in LB containing 2% glucose, and harvested
at A, between 1.5)and 1.8. Standard deviations are shown following +.
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Fig. 1. Restriction map of DNA region containing phbAB and chromosomal structure of phbA-lacZ of R. sphaeroides AZ1.
Open reading frame of phb4 and phbB comprised of 395 and 240 amino acids, respectively, are shown above the restriction map. A 6.0-kb lacZY"::Q Sm/Sp’
DNA was inserted at the EcoR1 site of phbA through homologous recombination.

as recombinants arising by double crossovers between the
donor, pSuA401, and a recipient DNA. Two exconjugants
showing Sm/Sp’ and T¢® were obtained out of approximately
110 recombinants of Sm/Sp" and T¢, which were regarded
as recombinants after a single crossover. The two T¢
exconjugants were confirmed for a correct replacement of
genomic DNA by the insert DNA of pSuA401 after
Southern hybridization analysis (data not shown). One,
strain, AZ1, was chosen for further analysis (Fig. 1).

The transcriptional activity of phbA was measured
under aerobic and photoheterotrophic conditions. As
shown in Fig. 2A, the transcriptional activities of phbA-
lacZ of AZ1 were between 600 and 700 Miller units during
the aerobic growth, while the photoheterotrophically grown
cell showed a level within the range from 660 to 850
units. Accordingly, the transcriptional expression of phbA
was constitutive throughout the growth phase that was
examined under both aerobic and photoheterotrophic
conditions.
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Fig. 2. Transcriptional activities of phbA of R. sphaeroides AZ1.

B-Galactosidase activity

To measure the transcriptional expression of phbB, a plasmid
containing the transcriptional fusion structure of phbAB-lacZ
with a 314-bp phbA4 upstream DNA was constructed and
maintained in trans in the wild-type. The P-galactosidase
activities of the phbAB-lacZ showed Miller units between
approximately 1,200 and 1,400 throughout the growth
phase, under both aerobic and photoheterotrophic conditions
(data not shown). Thus, phbB is constitutively transcribed
as phbA4, suggesting the organization of the two genes as in
an operon of phbAB.

Assays of B-Ketothiolase and Acetoacetyl-CoA Reductase
The enzyme activities of [3-ketothiolase and acetoacetyl-
CoA reductase were examined during the cell growth
under aerobic and photoheterotrophic conditions. As
shown in Table 3, the specific activity of B-ketothiolase in
an exponentially growing cell was 0.963 under aerobic
conditions. This activity decreased slightly during the
growth transition to the early stationary phase. The [3-
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Cells were grown aerobically (A) and photoheterotrophically (B) at 10 W/m’. L, logarithmic growth phase; S, early stationary growth phase. The bars on
both the closed circle (A) and the histograms (B) denote the standard deviations.



Table 3. B-Ketothiolase activity of R. sphaeroides.
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Table 5. B-Ketothiolase activity of R. sphaeroides AZ1.

B-Ketothiolase activity* Strains B-Ketothiolase activity®
Growth phase
0, PS Wild- type (pRK415) 0.62840.094
L 0.963+0.2 0.773+0.1 AZ1 (pRK415) 0.078+0.008
S 0.6170.2 0.84140.2 AZ1 (pRK221) 2.512+0.377

U (umole/min)/ mg of protein.

L, logarithmic growth phase; S, early stationary growth phase. Cells were
grown aerobically (O,) and photoheterotrophically (PS) at 10 W/m’.
Standard deviations are shown following .

ketothiolase activities of photoheterotrophically grown cell
were similar to those activities which were measured with
the cells grown under aerobic conditions. Thus, the B-
ketothiolase activities were constitutive throughout the
growth phase, irrespective of the culture conditions. The
same is true for the expression of acetoacetyl-CoA
reductase (Table 4). Since the phbAB transcription also
occurred constitutively regardless of the growth phase or
growth conditions examined, we conclude that the expression
of two enzymes are regulated at the level of phbAB
transcription.

Previously, it was shown that the PHB content of R.
sphaeroides increased four- to five-fold during the growth
transition from exponential to eatly stationary phase under
aerobic and photoheterotrophic conditions. In addition, the
PHB content of the photoheterotrophic cell was about two
times as much as that of the aerobically grown cell, when
comparison was made with the cells at the corresponding
growth phases. Accordingly, the results shown in this
work clearly demonstrate that neither B-ketothiolase nor
acetoacetyl-CoA reductase controls the PHB content of
R. sphaeroides under the conditions examined.

PHB Content of R. sphaeroides AZ1

Although the enzymic reaction mediated by either [3-
ketothiolase or acetoacetyl-CoA reductase is not a
regulatory step which controls the cellular content of PHB,
the role of the enzymes in PHB formation was examined
with R. sphaeroides AZ]1. Firstly, B-ketothiolase activity
was measured with AZ1 and compared with that of the
wild-type. As shown in Table 5, AZ1 exhibited about 12%
B-ketothiolase activity of the wild-type. Acetoacetyl-CoA

Table 4. Acetoacetyl-CoA reductase activity of R. sphaeroides.

Acetoacetyl-CoA reductase activity”

Growth phase
0, PS
L 0.0936+0.03 0.071£0.016
S 0.0856+0.02 0.090+0.025

‘U (nmole/min)/ mg of protein.

L, logarithmic growth phase; S, early stationary growth phase. Cells were
grown aerobically (0O,) and photoheterotrophically (PS) at 10 W/m®.
Standard deviations are shown following .

U (umole/rnin)/n“lg of protein.

Cells were grown aerobically and harvested at an early stationary phase.

Standard deviatim;ns are shown following +.

reductase activity of AZ1 was also reduced to the similar
extent (data not shown). As expected, AZ1 showed 10%
PHB of the (wild-type (Table 6). The results strongly
indicate that | there is an alternative route(s) for the
synthesis of [D-3-hydroxybutyryl-CoA, a substrate for
PHB synthase. However, it is still valid that phb4 and
phbB are coding for the enzymes mediating the main
reactions for supplying the substrate for PHB synthase.
In addition, elevated gene dosage of phbAB in trans in
AZ] 1ncreased B-ketothiolase activity and PHB content
approximately thirty- to sixty-fold when compared with
those of the p}arental strain, AZ1 (Tables 5 and 6). Thus,
the elevated flux of D-3-hydroybutyryl-CoA through the

main route resjulted in a higher content of PHB. |

|
|

\
DISCUSSION |

| . .
In the previous work, it was shown that the expression of
PHB synthase\\ of R. sphaeroides is regulated at the level
of phbC transcription throughout the growth phase,
under both aetobic and photoheterotrophic conditions. In
addition, it Wa‘s found that PHB content of the aerobically
grown R. sphcizerozdes is regulated at the level of pAbC
transcription, Whﬂe the photoheterotrophic content of PHB
is not controllpd by the PHB synthase activity. Thus, it
remained to be determined whether phbAB expression is
possibly 1nvolved in regulating the PHB contents of
photoheterotrophlcally grown cells.

In this work, we have cloned phbAB and “analyzed
the transcnptl‘on of phbA and phbB by using lacZ
fusion structures. Both phbA-lacZ and phbAB-lacZ fusions
showed the same patterns of constitutive expressions.

Therefore, the pth and phbB were regarded as an operon

|
Table 6. PHB content of R. sphaeroides AZ1.

Stiains PHB content’
Wild-type (pRK415) 32.244.1
AZ1 (pRK415) 3.3=0.8
AZ1 (pRKZZl) 192.0+16.4
1g/mg of dry weight. -

Cells were grown aerobically and harvested at an early stationary phase.
Data are shown as = standard deviations.
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that was organized as in phbAB, although it remained to be
determined whether phbB has its own internal promoter(s)
or not.

Activities of B-ketothiolase and acetoacetyl-CoA reductase
were examined under photoheterotrophic conditions to
examine any difference from the aerobically grown cells.
The result suggested that both activities were constitutive
regardless of growth phase and growth conditions.
Comparing the patterns of phbAB transcription with those
of the enzyme activities, we concluded that the expression
of both enzymes was regulated at the level of transcription.
Previously, it was shown that the PHB content of R.
sphaeroides increased four- to five-fold during the growth
transition from exponential to early stationary phase under
both aerobic and photoheterotrophic conditions. In addition,
the PHB content of the photoheterotrophic cell was about
two times as much as that of the aerobically grown cell
when compared with each other at the corresponding
growth phases. Thus, the phbAB expression was not
directly associated with the PHB level. However, it should
be emphasized that the enzymic reactions of both -
ketothiolase and acetoacetyl-CoA reductase provided a
main flux of the substrate supply for PHB synthase,
because the phbA-deleted cell, AZ1, accumulated only
10% PHB of the wild-type. In addition, an elevated dosage
of phbAB in trans in R. sphaeroides significantly increased
the PHB content.

It is interesting to recognize that AZ1 still showed -
ketothiolase and acetoacetyl-CoA reductase activities, which
amount to approximately 10% of the wild-type. These
results indicate that R. sphaeroides has an alternative
metabolic pathway(s) for D-3-hydroybutyryl-CoA formation
that does not depend on the phb4- and phbB-coding enzymes.
The 3-hydroybutyryl-CoA should be in D configuration to
be a substrate for PHB synthase. Rhodospirillum rubrum
has been proposed to have alternative routes for D-3-
hydroybutyryl-CoA formation from L-3-hydroybutyryl-CoA,
which is a normal hydroxyacyl intermediate synthesized
during the fatty acid degradation [23]. However, the gene(s)
responsible for the conversion has not been identified in R.
rubrum. Recently, isozymes (Bkt) of B-ketothiolase have
been identified in R. eutropha and Azotobacter vinelandii
[31]. These isozymes are not associated with fatty acid
degradation and they have been shown to be involved in
the formation of C,- or C-B-ketoacyl-CoA, which is used
to form PHA copolymers such as poly(3-hydroxybutyrate-
co-3-hydroxyvalerate). Therefore, R. sphaeroides AZ1
generated in this work will provide a genetic background
that will be useful for the elucidation of the PhbA
isozyme(s) along with finding any possible metabolic link
between the PHB formation and fatty acid degradation.

In conclusion, the results presented above suggest that
phbAB transcription determines the expression of -
ketothiolase and acetoacetyl-CoA reductase. However, the

enzyme activities are not directly associated with the PHB
level, although the phbAB are coding for the enzymes
responsible for the main supply of D-3-hydroxybutyryl-
CoA, a substrate for PHB synthase.
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