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Molecular methods have been applied to analyze the expression of the Alcaligenes eutrophus poly(3-
hydroxybutyrate) (PHB) synthase gene (phbC). The translational initiation codon was identified by analysis of
the amino acid sequence of a PHB synthase—-galactosidase fusion protein. This protein was purified to almost
gel electrophoretic homogeneity by chromatography on DEAE-Sephacel and on aminophenyl-$-p-thiogalacto-
pyranoside—Sepharose from cells of A. eutrophus which harbored a phbC'-'lacZ fusion gene. A sequence
(TTGACA-18N-AACAAT), exhibiting striking homology to the Escherichia coli ¢’® promoter consensus
sequence, was identified approximately 310 bp 5’ upstream from the translation initiation codon. An S1
nuclease protection assay mapped the transcription start point of phbC 6 bp downstream from this promoter.
The location of the promoter was confirmed by analyzing the expression of active PHB synthase in clones of E.
coli harboring 5’ upstream deletions of phbC ligated to the promoter of the lacZ gene (lacZp) in a Bluescript
vector. Plasmids do181 and do218, which were deleted for the first 108 or 300 bp of the phbC structural gene,
respectively, conferred the ability to synthesize large amounts of different truncated PHB synthase proteins to
the cells. These proteins contributed to approximately 10% of the total cellular protein as estimated from
sodium dodecyl sulfate-polyacrylamide gels. The modified PHB synthase encoded by plasmid do181 was still
active. Clones in which the lacZp-'phbC fusion harbored the complete phbC structural gene plus the phbC

ribosome binding site did not overexpress PHB synthase.

In Alcaligenes eutrophus, synthesis of poly(3-hydroxybu-
tyric acid) (PHB) starts from acetyl coenzyme A (acetyl-
CoA) and is accomplished by three enzymatic reactions: (i)
condensation of two acetyl-CoA units to acetoacetyl-CoA,
(ii) chiral reduction of acetoacetyl-CoA to D-(—)-3-hydroxy-
butyryl-CoA, and (iii) polymerization of D-(—)-3-hydroxybu-
tyrate units. The A. eutrophus PHB-biosynthetic genes
phbA (for 3-ketothiolase), phbB (NADPH-dependent ace-
toacetyl-CoA reductase), and phbC (PHB synthase) have
been cloned recently (40, 42). The genes are clustered and
are presumably organized in one operon. The genes were
expressed in Escherichia coli and in different species of the
genus Pseudomonas belonging to rRNA homology group I;
they conferred the ability to accumulate polyesters consist-
ing of 3-hydroxybutyrate on most of the recombinant cells
(40, 42-45).

Subcloning experiments (28, 29, 41, 42), analysis of trans-
poson Tn5-induced PHB-negative mutants (40, 41), and
nucleotide sequence data (28, 29; this study) provided evi-
dence that the three genes are organized in one operon
(phbC-phbA-phbB). It turned out that the sequence data
obtained in our and in Dr. Sinskey’s laboratory were almost
identical. We hesitated to publish this sequence because the
N-terminal amino acid sequence of the PHB synthase pro-
tein was not known at that time and the promoter of phbC
had not been mapped. Although the nucleotide sequence of
an open reading frame for phbC was published recently, the
transcription and translational initiation sites were not
mapped (29). Furthermore, the molecular mass of the gene
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product most likely representing PHB synthase protein
obtained in maxicell experiments was only 58,000 Da,
whereas the molecular mass of PHB synthase predicted from
the amino acid sequence deduced from the putative open
reading frame was 63,940 Da (29). This indicated that other
translational initiation codons for phbC were possible within
the detected open reading frame.

Optimum expression of the A. eutrophus PHB-synthetic
pathway in other bacteria or even in plants (31), which would
provide greater flexibility for the production of polyhydroxy-
alkanoates, will require exact knowledge not only of the
properties of the enzymes (15-17) involved in the synthesis
of PHB, but also of the structures which regulate the
expression of the corresponding genes. In the present study
we analyzed various phbC'-'lacZ and lacZ'-phbC' fusions
and determined the translation as well as the transcription
start sites of phbC.

(Part of this work was presented at the NATO Advanced
Research Workshop ‘‘New Biosynthetic Biodegradable
Polymers of Industrial Interest from Microorganisms,’’ Sit-
ges, Spain, 28 May 1990.)

MATERIALS AND METHODS

Bacterial strains and media. The strains of A. eutrophus
and of E. coli and the plasmids used in this study are listed
in Table 1. E. coli was grown in Luria-Bertani (LB) medium
(25), whereas A. eutrophus was grown in mineral salts
medium (MM) (39) supplemented with 0.5% (wt/vol) glu-
conate or fructose.

DNA manipulations. Plasmid DNA was isolated from
crude lysates by the alkaline extraction procedure (5, 25).
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TABLE 1. Bacterial strains and plasmids used in this study
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Strain or plasmid

Relevant characteristics?

Source or reference

A. eutrophus
H16
HF09
HF149
H1070
E. coli
XL1-Blue
AMNS-25-AMNS5-3181

Plasmids
Bluescript KS—
Bluescript SK—
pBP42
pPL76

pSAP33
PSAP37

pSK2665
do95, dol81, do186,

Wild type

Hox™ Hno™ acetoin™

Hox™ Nit™ acetoin” Km*, Tn5-induced mutant
Hox™ Nit™ acetoin™ Km*, Tn5-induced mutant

recAl endAl gyrA96 thirelAl lacZAMIS lacQ F' proAB Tnl0
Derivative strains of AMNS which harbor different phbC’-'lacZ
fusions (for details, see text)

Ap', lacPOZ’

Ap", lacPOZ'

Derivative of pMC1403 harboring a phbC’ gene

Derivative of pVKlOl harboring a phbC’-'lacZ fusion gene

Bluescript KS SA35
Bluescnpt KS— SA35

Bluescnpt KS—::SE52
Derivatives of pSAP33 harboring deletions in phbC or 5’ upstream

DSM*428
10, 38

20

11

7
8,32,35

Stratagene, San Diego, Calif.
Stratagene, San Diego, Calif.

32
32

41
41

41
This study

do218, do238, do295 region (for details, see text)

—_— —>
pSK2484 pUC9-1::SES2
—_— —>
pSK3958 pUC9-1::SE52 (AKpnl)

This study
This study

“ Symbols: — —, PHB-biosynthetic genes oriented in direction of lacPOZ’; — <, PHB-biosynthetic genes oriented in direction opposite that of lacPOZ’.

& DSM, Deutsche Sammlung von Mikroorganismen.

Isolated plasmid DNA was digested with various restriction
endonucleases under the conditions described by Maniatis et
al. (25) or by the manufacturer. DNA restriction fragments
were isolated from agarose gels by using the Geneclean kit
(48). All other DNA-manipulating enzymes were used as
described by the manufacturer.

Transformation. For transformation, E. coli was culti-
vated in LB medium containing 20 mM each of MgCl, and
MgSO, (13) at 37°C. Competent cells were prepared and
transformed by the calcium chloride procedure (25).

DNA sequence analysis. DNA sequencing was performed
by the dideoxy chain termination method of Sanger et al. (36)
with alkaline denatured double-stranded plasmid DNA (9)
and with [a-3*S]JdATP by using a T7 polymerase kit accord-
ing to the manufacturer’s protocol.

Preparation of RNA. Total RNA was isolated from A.
eutrophus by the hot phenol-chloroform procedure de-
scribed by Oelmiiller et al. (27).

Determination of transcription start site. For the determi-
nation of the transcription start site, a nuclease protection
assay was used. The hybridization conditions were as de-
scribed in detail by Berk and Sharp (4) and Maniatis et al.
(25), and the S1 nuclease reactions were conducted by the
method described by Aldea et al. (1). DNA probes and
dideoxynucleotide sequencing reactions for sizing the sig-
nals were performed with pBL42 DNA as a template. For
the annealing reaction, an oligonucleotide (5'-TCGGTCA
AGGTCCCGTC-3'), which was complementary to positions
691 to 707 (downstream from the Smal site), was used for >°S
labeling. For all mapping experiments, 40 ng of RNA was
mixed with the labeled DNA fragment; the specific labeling
rate was higher than 107 cpm/pg of DNA.

Preparation of crude extracts. Approximately 6 g (wet
weight) of cells of A. eutrophus H16 were suspended in 12 ml
of buffer A (50 mM Tris hydrochloride [pH 7.4], 10 mM
mercaptoethanol, 10 mM magnesium chloride, 10 mM
EDTA), which was supplemented with 200 ug of phenyl-

methylsulfonyl fluoride per ml and 10 pg of DNase I per ml.
The cells were disrupted by three passages through a French
press at 96 MPa. Crude cellular extracts and the soluble
protein fractions from cells of E. coli were obtained by
ultrasonic disintegration as described recently (40).

Enzyme assays. Activities of 3-ketothiolase (EC 2.3.1.9)
and NADPH-dependent acetoacetyl-CoA reductase (EC
1.1.1.36) were determined by UV spectroscopic assays by
the methods described by Nishimura et al. (26) and Lynen
and Wieland (24), respectively. PHB synthase activity was
measured by a radiometric assay with 3-[*H]hydroxy-
butyryl-CoA as described recently (40). B-Galactosidase
activity was determined as described by Platt et al. (30).

Protein determination. The protein content in samples was
determined as described by Beisenherz et al. (3). To sedi-
ment interfering material, the samples were centrifuged for
30 min at 3,000 X g in a bench centrifuge prior to the
determination of the absorbance.

Gel electrophoresis. Sodium dodecyl sulfate (SDS)- and
mercaptoethanol-denatured proteins were separated in
11.5% (wt/vol) polyacrylamide gels in Tris-glycine buffer (25
mM Tris, 190 mM glycine, 0.1% [wt/vol] SDS). The size of
the gel was 1.5 by 140 by 140 mm, and electrophoresis was
done for 2.5 h at 4°C and at a constant 40 mA (23). Proteins
were stained with Coomassie brilliant blue (49) or by the
silver stain procedure (18). Standard proteins from commer-
cially available molecular weight marker kits were used as
references.

Determination of PHB. To determine the PHB content, the
polymer of 4 = 1 mg of freeze-dried cells was transformed to
the constituent 3-hydroxycarboxylic acid methyl esters by
methanolysis (6). These esters were analyzed by gas chro-
matography as described recently in detail (6, 44).

Isolation of the phbC’-'lacZ fusion protein. After phenyl-
methylsulfonyl fluoride was added to a final concentration of
2 mM to the crude extract obtained from 6 g (wet weight) of
cells, cellular debris was removed by centrifugation in an
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RC-5B centrifuge (Du Pont de Nemours GmbH, Bad Hom-
burg, Federal Republic of Germany [FRG]) for 20 min at
13,000 x g. Then, 24 ml of the supernatant was applied to a
DEAE-Sephacel column (2.6 by 8 cm, 40-ml bed volume
[BV]). The column was subsequently washed with 2 BV of
buffer A, 6 BV of buffer B (buffer A plus 150 mM NaCl), and
4 BV of buffer C (buffer A plus 400 mM NaCl). The protein
solution, which was eluted with buffer C, was adjusted to 1.6
M NacCl (47) and applied to a column of p-aminophenyl-g-
D-thiogalactopyranoside (APTG)-Sepharose (1.6 by 5 c¢m,
10-ml BV) (2), which was equilibrated with buffer D (buffer
A plus 1.6 M NaCl). This column was washed with 300 ml of
buffer D, and proteins were eluted with 100 mM sodium
borate, pH 10.0, which contained 10 mM mercaptoethanol.
In order to prevent alkaline denaturation of the proteins, the
eluate was collected in 0.3 volume of 1 M Tris hydrochlo-
ride, pH 6.8. Fractions containing B-galactosidase activity
were combined, and the proteins were concentrated to
approx. 3.5 mg/ml in an ultrafiltration cell (Amicon, Witten/
Ruhr, FRG) with a YM30 membrane and by acetone precip-
itation.

N-terminal sequence analysis. The sequence analysis was
performed with a model 477A pulsed liquid phase peptide-
peptide sequencer (19) and a model 120A on-line phenolth-
iohydrantoin amino acid analyzer (33) according to the
instructions of the manufacturer (Applied Biosystems, Weit-
erstadt, FRG).

Chemicals and reagents. Acetyl-CoA, acetoacetyl-CoA,
3-hydroxyacyl-CoA dehydrogenase (EC 1.1.1.35), and aga-
rose type NA were obtained from Sigma Chemie (Deisenho-
fen, FRG). Restriction endonucleases, T4 ligase, T4 DNA
polymerase, and S1 nuclease were obtained from GIBCO/
Bethesda Research Laboratories GmbH (Eggenstein, FRG).
IPTG (isopropyl-B-p-thiogalactopyranoside) was obtained
from BIOMOL Feinchemikalien GmbH (Hamburg, FRG).
Calf intestinal alkaline phosphatase was purchased from
C. F. Boehringer & Soehne (Mannheim, FRG). The exonu-
clease III/mung bean nuclease kit was obtained from Strat-
agene Cloning Systems (La Jolla, Calif.), and the Geneclean
kit was from BIO 101 Inc. (La Jolla, Calif.); the T7 sequenc-
ing kit, RNase-free DNase, DEAE-Sephacel, and molecular
weight calibration kits were from Pharmacia (Uppsala, Swe-
den). Sodium [*H]borohydride and [a->*S]JdATP were pur-
chased from Amersham Buchler GmbH & Co. KG (Braun-
schweig, FRG).

RESULTS

Subcloning of the PHB-biosynthetic genes. Subcloning of
the 12.5-kb EcoRI restriction fragment PP1, which was
recently isolated from A. eutrophus genomic DNA and
which conferred the ability to accumulate PHB on E. coli
and other bacteria (40, 43), revealed that plasmid pSK2665,
which harbors the 5.2-kb Smal-EcoRI subfragment SES2,
harbored all three genes needed for synthesis of PHB from
acetyl-CoA. In addition, synthesis of active PHB synthase
was also accomplished by plasmids pSAP33 and pSAP37,
which harbored the 3.5-kb Smal-Apal subfragment SA35 of
SES2, although the activity was much lower than with
plasmids harboring SES2. Cells of E. coli which harbored
plasmid pSK3958 did not synthesize active PHB synthase,
whereas expression of NADPH-dependent acetoacetyl-CoA
reductase and of B-ketothiolase was not affected. In this
plasmid, the 37-bp Kpnl fragment within the open reading
frame for phbC has been deleted by subsequent treatment
of pSK2484 with Kpnl and T4 ligase. Neither pSK3958,
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pSAP33, nor pSAP37 conferred the ability to synthesize and
accumulate PHB on E. coli.

Determination of the nucleotide sequence of phbC. When
fragment SA35 was ligated to the Bluescript vector KS—,
two hybrid plasmids, pSAP33 and pSAP37, were isolated
which harbored SA35 in one or the other direction. To obtain
unidirectional nested deletions, both plasmids were linear-
ized by treatment with Apal and EcoRI. Subsequently, the
DNA was treated with exonuclease III, and overhanging
single-stranded DNA was removed with mung bean nucle-
ase. Deleted plasmids were isolated in E. coli XL1-Blue. The
nucleotide sequence of SA35 was obtained from overlapping
partial sequences determined throughout for both strands by
the dideoxy chain-termination method and by employing
universal primers. The nucleotide sequence was identical
with the sequence published recently (29) except for position
281; at that position, an additional G was detected in our
laboratory. As the sequence has already been published (28,
29), only the region which is relevant for further experiments
is shown in Fig. 1.

Analysis of phbC’-'lacZ gene fusions. The 1,767-bp open
reading frame, which started 842 bp downstream from the
Smal site and which most likely harbored the A. eutrophus
structural gene for PHB synthase, was preceded by a tenta-
tive ribosome binding site. That phbC was located within
this open reading frame was assumed from the results of
subcloning experiments (29, 41; this study) and from molec-
ular as well as enzymatic characterization of Tn5-induced
mutations (40). Peoples and Sinskey indicated a certain
degree of homology in the deduced amino acid sequences of
the synthases from A. eutrophus and Pseudomonas oleo-
vorans (29). This would support the previous results. How-
ever, the exact translation start site has not been experimen-
tally proven, and data for the N-terminal amino acid
sequence of the PHB synthase were not provided.

Various clones of E. coli AMNS, which harbored hybrid
plasmids consisting of Bal31-treated derivatives of the 4.2-kb
Bglll restriction fragment of PP1 (40, 41) ligated to the
promoter probe vector pMC1403 (32), were analyzed in
order to localize the fusions. Sequence analysis with an
oligonucleotide which hybridized to the lacZ’ gene in the
outward direction as the primer revealed that the distances
between these fusion sites (Fig. 1) and the first nucleotide of
the open reading frame encoding phbC were multiples of
three in all 15 clones forming blue colonies (strains AMNS-
3166, -3167, -3168, -3169, -3170, -3171, -3172, -3173, -3174,
-3175, -3176, -3177, -3179, -3180, and -3181). In contrast, the
fusions of clones forming white colonies were either not in
frame (strains AMNS-25, -35, -38, and -39, Fig. 1) or oc-
curred in the opposite direction (strains AMNS5-31 and
AMNS5-37, not shown). These results confirmed the hypoth-
esis that the promoter of the A. eutrophus PHB-biosynthetic
operon was most likely located on this Bgl/II restriction
fragment. The results confirmed our strategy to clone this
region upstream of a promoterless lacZ’ gene in order to get
expression of B-galactosidase in A. eutrophus (see plasmid
pPL76 in reference 32).

In order to determine the N-terminus of the PHB synthase
and to identify the translational initiation codon of phbC
within the open reading frame, the phbC'-'lacZ gene fusion
of the plasmid harbored by clone AMNS5-3166 was ligated to
the broad-host-range vector pVK101 (32) and transferred
into A. eutrophus H16 by conjugation. This ensured that the
fusion gene was expressed in the natural host of phbC. The
fusion protein was purified from crude extracts obtained
from gluconate-grown cells of a transconjugant, which were
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1 Ep AcT acc T dec Aca Ter

60 GCT GTA CCG AGG TCT ACG GCG GCG ACG
120 CCT ATC GGC GCG ATG GCG TGA CCG GCC
180 CCC GCC GCT GCC TCA CTC GTC CTT GCC
240 @ TCG GCG GCG GCC GGG CGT GCC CAT
300 ATA CAT CAG GAA GGT'GGC AAC GCC TGC
360 CGC CAC GTA GAG CCA GCC AAT GGC CAC
420 GCT CTG GGG CCT CGG CAG ATG CGA GCG

n_35w
480 GTG CCG AGG CGG ATT CCC GCA IIG ACA
S
540 TGT CTC GGA ATC T GAC GAT TCC CAG

600 ATG CGA GAA TGT CGC GCT TGC CGG ATA

660 ACG GCC GCA GCA GGT GCG GTC GAG GGC

720 Acc cTC ccG 1T 166 G6|Ace cac ARs dee

Egiz::::::::zzﬁj%a.
780 AGT GCC CAG GGC CGG AGC

840 ATC ATG GCG ACC GGC AAA GGC GCG GCA
met ala thr gly lys gly ala ala
ala thr gly lys gly ala ala

900 AAG GTC ACG CCG GGG CCA TTC GAT CCA
lys val thr pro gly pro phe asp pro

960 GGC ACT| GAA GGC AAC GGC CAC GCG GCC
gly thrjglu gly asn gly his ala ala

1020 GGC GTC AAG ATC GCG CCG GCG CAG CTG
gly val lys ile ala pro ala gln leu

1080 TCA GCG CTG TGG CAG ATG GCC| GAG
ser ala leu trp gln a met alajglu

1140 cC CGC T GCC| GGC GAC GCA TGG CGC
a arg pl a gly asp ala trp arg

C|

1a|
1200 TAC CTG CTC AAT GCG CGC GCC TTG ACC
thr leu leu asn ala arg ala leu thr

1260 ACC CGC CAG CGC ATC CGC| TTC GCG ATC
thr arg gln arg ile arg|phe ala ile

1320 TTC CTT GCC ACC AAT CCC|GAG GCG| CAG
phe leu ala thr asn pro/glu alalgln

1380 CGT GCC GGC GTG CGC AAC ATG ATG GAA
arg ala gly val arg asn met met glu

1440 GAG AGC GCG TTT GAG GTC GGC CGC AAT
glu ser ala phe glu val gly arg asn

ATG CGC

CCT GCA

GCA TGG
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9ly
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FIG. 1. Nucleotide sequence of the upper part of phbC and its 5’ upstream region
binding site (S/D) is shown in boldface letters. The putative promoter is underlined,
determined by the S1 nuclease protection assay. Conserved nucleotides of potential o** promoters are boxed. The derived amino acid
sequence is given in the three-letter code. The amino acid sequence determined for the N-terminus of the phbC'-'lacZ fusion gene product
is also given in the three-letter code but in boldface letters. An asterisk at position 281 indicates the only deviation to the sequence published
recently (29). Two- or four-digit numbers indicate fusions of the Bal31-treated 4.2-kb BgllI restriction fragment of PP1 with the promoter
probe vector pMC1403. Deleted derivatives of plasmid pSAP33 are designated with do and a two- or three-digit number. Those parts of the
fusion genes which contain A. eutrophus genomic DNA are boxed, with the foreign DNA located outside the box.

cultivated under conditions allowing accumulation of PHB.
Subsequent anion-exchange chromatography on DEAE-
Sephacel and affinity chromatography on APTG-Sepharose
yielded a nearly electrophoretically homogeneous protein
preparation.

The proteins were blotted from an SDS-polyacrylamide
gel onto a PVDF membrane. The area of the membrane,
which represented a protein with a molecular weight of

GGG CAG ATG

TAG CAT CTC

s/D
CGG CAG AGA

GGC AAG TCC
gly lys ser
gly lys ser

CGC CAT GCC

CAT CAT CAG

CTC GCC TAT

AAG CGT GCA

I

GGA CTC AAA

GGC GTC

3

ACG CAA GCC

TGC CGG CAG

CCC ATG CAA

GAC AAT CAA

CAA CCA TTC
gln pro phe

dol8:
TGG TCC C CAG
trp ser a gln trp gln

GGC CTG GAT
gly leu asp

CGC TAC ATG
arg tyr met

GCG CTG GCA
ala leu ala

AAG GAC TTC
lys asp phe

ACC GGT CCG C CAC GAC
thr gly pro 1 his asp

CGC TTC GCT
arg phe ala

GCC GCG TTC|
ala ala phe

GTC GAG GCC| GAT GCC AAG

val glu alal asp ala lys

GCG ATG TCG
ala met ser

TCG GGC GGC
ser gly gly

Bgllx
CG
lys ile ser

GGC GCC GTG
qly ala val

CCC GCC| AAC
pro alaj asn

GAA TCG CTG
glu ser leu

CAG ACC GAC
gln thr asp

GTC TTC GAG
val phe glu
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and gene fusion products. The potential ribosome
and a dot indicates the transcription start site as

approximately 120,000, was cut off and used for amino acid
sequence analysis. The N-terminal 15 amino acids of the
fusion protein were determined (NH,-Ala-Thr-Gly-Lys-Gly-
Ala-Ala-Ala-Ser-Thr-Gln-?-Gly-Lys-Ser). Only at position
12 was no clear signal obtained; glutamine and threonine
were the candidates for this position. The sequence was
identical to the amino acid sequence deduced for the region
located 846 to 890 bp downstream from the Smal restriction
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ACGT 1 2 3

pos 522

N=—00PQAPOP-S-H-0>0H00BESS0H9000 —w

FIG. 2. S1 nuclease protection assay of the phbC transcript.
Lanes ACGT, Standard sequencing reactions to size the mapping
signals; lane 1, A. eutrophus H16; lane 2, A. eutrophus H16(pPL76);
lane 3, control without RNA. The —10 region is shown. The arrow
indicates the origin and direction of transcription. pos, Position.

site (Fig. 1). As alanine was the N-terminal residue of the
analyzed protein, the methionine residue was most likely
removed by posttranslational modification; the removal of
methionine is consistent with the observation made for
proteins in E. coli (37). Therefore, the PHB synthase struc-
tural gene starts definitely 843 bp downstream from the Smal
site at the beginning of the open reading frame, as proposed
by Peoples and Sinskey (29).

Identification of the promoter. The region which exhibited
the highest degree of homology to the E. coli o’° promoter
consensus sequence was located approximately 300 bp up-
stream of the translational initiation codon (Fig. 1). In order
to localize the position of the promoter, A. eutrophus H16
and H16 harboring plasmid pPL76 were cultivated under
nitrogen-limited conditions (MM with 0.05% [wt/vol] ammo-
nium chloride), with gluconate as the sole carbon source.
Total RNA was isolated from PHB-accumulating cells,
which were harvested in the stationary growth phase. An S1
nuclease protection assay revealed that both strains tran-
scribed the PHB synthase from the C located 6 bp down-
stream from the putative —10 region (Fig. 1 and 2). That the
signal was much stronger with RNA prepared from the
recombinant strain harboring pPL76 is probably the result of
the gene dosage effect resulting from the presence of several
copies of phbC’ in the cells.

It should be mentioned that several regions which were
identical to the E. coli 0>* consensus sequence (GG-10N-
GC) are located upstream of phbC. These potential rpoN-
dependent promoter structures were located with a spacing
of 43, 95, 254, 584, 601, and 824 nucleotides upstream of
phbC. The pleiotropic mutant strains HF09, HF149, and
H1070 are defective in the synthesis of an alternative sigma
factor of A. eutrophus, which is homologous to o>* of
enterobacteria (34). However, these mutants are not altered
with respect to the ability to accumulate PHB (not shown in
detail); therefore, the regions probably do not represent
active promoters.

Analysis of clones deleted in the promoter region or in the
N-terminal region of PHB synthase. In six derivative plasmids
of pSAP33 harboring nested deletions originating from the
Smal site generated by the exonuclease III-mung bean
nuclease system, deletions were mapped by determining the
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TABLE 2. Analysis of PHB synthase activity in E. coli
XL1-Blue harboring hybrid plasmids deleted in the
S’ upstream region of phbC*

PHB synthase sp act (mU/g of protein)
after growth on:

Clone
LB + IPTG LB + glucose
Bluescript KS— <1 <1
pSAP33 380 130
do295 740 220
do95 300 3
do186 650 16
do238 540 15
do181 550 12
do218 37 10

4 Cells were grown at 37°C in LB medium which was supplemented with 1%
(wt/vol) glucose or 1 mM IPTG. Cells were harvested after 48 h of cultivation.
PHB synthase activities in the crude cellular extract were determined as
described in Materials and Methods. One unit of enzyme activity is defined as
the amount required to transform 1 wmol of substrate per min.

nucleotide sequence of the lacZp'-'phbC fusion (Fig. 1).
Measurement of PHB synthase activities in the particulate
crude extracts derived from cells grown in the absence or
presence of IPTG confirmed the location of the promoter
identified by the S1 nuclease protection assay. Plasmids
do95, dol86, and do238, which were deleted downstream
of the promoter, did not appreciably confer IPTG-indepen-
dent expression of PHB synthase on the cells (Table 2).
In contrast, with plasmid do295 or pSAP33, which harbored
the undeleted plasmid, expression of PHB synthase also
occurred in the absence of IPTG. As expression was sti-
mulated by IPTG approximately threefold in the latter
strains, expression occurred from phbCp as well as from
lacZp.

Synthesis of truncated PHB synthase protein. It should be
emphasized that crude extracts derived from cells of E.
coli harboring plasmid dol81 which were grown in the
presence of IPTG expressed active PHB synthase even
though 108 nucleotides of the 5’ region of phbC were
deleted. The specific activity of PHB synthase was the same
as in clones which were not deleted in the structural gene
(e.g., plasmid do238). Even with plasmid do218, in which
300 nucleotides of the 5’ region of phbC were deleted, PHB
synthase was expressed, but the activity was low. Micro-
scopic examination of the cells revealed the presence of
inclusion bodies in both clones. As PHB could not be
detected in these cells, proteins of the particulate crude
extracts were separated in SDS-polyacrylamide gels. As
shown in Fig. 3, clones harboring do181 or do218 overex-
pressed proteins with molecular weights of 56,000 = 2,000
and 48,000 *+ 2,000, respectively. These values correlated
very well with the theoretical molecular weights for the
fusion gene products encoded by do181 and do218 predicted
from the nucleotide sequence, which were 56,492 and
47,588, respectively. The start codon provided by the vector
was in frame with the codons of phbC’ in both plasmids.
Both proteins constituted a significant portion (approximate-
ly >10%) of total cellular protein.

These results indicated that truncated PHB synthases
were synthesized in cells harboring do181 and do218 and that
most of the protein was inactive or was deposited in inactive
form in the cells. Overexpression was not detected with the
other clones (e.g., those harboring do238), and thus, these
results indicated that expression of PHB synthase occurred
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FIG. 3. Overexpression of truncated PHB synthase proteins.
Approximately 600 + 200 g of crude cellular extracts derived from
clones SK2665 (lanes a and b), do181 (lanes ¢ and d), and do218
(lanes f and g) was separated in an SDS-polyacrylamide gel as
described in Materials and Methods. Cells were grown in the
absence (lanes a, ¢, and g) or in the presence (lanes b, d, and f) of 1
mM IPTG. The locations of low-molecular-weight calibration kit
proteins, which were run in lane e, are indicated by arrows, and the
respective molecular weights are given beside the arrows. Proteins
were stained with Coomassie brilliant blue.

at a suboptimal level in E. coli if the 5’ upstream region of
phbC was present. One explanation may be a weak ribosome
binding sequence, resulting in poor translation initiation. As
two translational stop codons (TAGTGA) are located imme-
diately upstream of the phbC Shine-Dalgarno sequence, no
fusion gene products with vector-encoded information can
be synthesized even if a high transcriptional rate resulted in
the formation of bulk amounts of polycistronic mRNA.
Therefore, translation may be the rate-limiting step in the
synthesis of PHB synthase in clones of E. coli harboring an
unmodified 5’ upstream phbC region. In addition to the
proteins mentioned above, cells harboring do181 or do218
synthesized a protein exhibiting a molecular weight of ap-
proximately 31,000 = 2,000 (Fig. 3). From the molecular
data for the constructs, it might be a fusion protein consist-
ing of the N-terminal regions of 3-ketothiolase and B-ketothi-
olase.

DISCUSSION

Physiological and molecular studies have revealed the
promoter (phbCp) and the translation start site of the A.
eutrophus PHB synthase gene. The 5’ mRNA terminus was
mapped 307 bp 5’ upstream from the translational initiation
codon. The function of the very long nontranslated 5’
upstream region of the phbC mRNA is not known yet. The
—35 region (TTGACA) and the —10 region (AACAAT)
identified directly upstream of the transcription start site of
phbC were identical (TTGACA) or very similar (TATAAT)
to the corresponding sequences of the E. coli a7 consensus
promoter sequences (14), and also the spacing between both
regions is ideal. It is therefore not surprising that the A.
eutrophus PHB-biosynthetic genes are expressed in E. coli
(40, 42) and in most of the pseudomonads investigated
recently (43).

To our knowledge, the study of phbCp is the first detailed
investigation of a promoter constitutively expressed in A.
eutrophus. The promoter of the A. eutrophus alcohol dehy-
drogenase gene (adhp) is only expressed in the wild type if
the cells are cultivated under conditions of restricted oxygen
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supply; in E. coli, adhp is not expressed (21, 22). Analysis of
point mutations of adhp revealed that the reason for this
nonexpression is most probably the appearance of a G
instead of the invariant T in the —10 region of adhp (21). A
third type of promoter which was identified in A. eutrophus
resembled the rpoN-activatable promoters and was mapped
recently upstream of the operon encoding the soluble, NAD-
reducing hydrogenase (hoxp) (46). It is expected that this
type of promoter also controls the expression of genes
essential for the catabolism of acetoin (11) and of many other
genes in A. eutrophus (34).

As the three PHB-biosynthetic genes are most probably
organized in one operon in A. eutrophus, the promoter
which was identified in this study is most likely the promoter
not only of phbC but of the complete operon. Taking
into account (i) the 5' mRNA terminus, (ii) the length of the
three genes and the intergenic regions, and (iii) the location
of a potential transcription terminator detected downstream
from phbB (29), the putative length of the primary transcript
of the operon is 4,175 bp. This value correlates very well
with the size of the largest hybridization signal (approxi-
mately 4.0 kb) which was obtained in Northern (RNA) blots
(27).

The overexpression of truncated PHB synthase protein
with lacZp’'-'phbC fusions and the purification of a PHB
synthase—B-galactosidase fusion protein by using a phbC’-
'lacZ fusion indicated useful and practicable strategies pro-
vided by recombinant DNA technology to purify quantities
of active PHB synthase protein for biochemical studies in
the future. Classical biochemical methods which have been
used for the purification of this enzyme in the past have not
yielded homogeneous and active enzyme preparations (12,
17).
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