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A heterologous phosphoribulokinase (PRK) gene probe was used to analyze two recombinant plasmids
isolated from a Rhodopseudomonas (Rhodobacter) sphaeroides gene library. These plasmids were previously
shown to carry the genes for form I and form II ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBPC/O).
Southern blot hybridization analysis indicated that there were two PRK genes linked to the RuBPC/O coding
sequences. Restriction mapping showed the arrangement of the duplicate sets of PRK and RuBPC/O to be
distinct. Subcloning of the hybridizing PRK sequences downstream of the lac promoter of pUC8 allowed
expression of the two PRK enzymes in Escherichia coli. Analysis of the purified proteins by sodium dodecyl
sulfate-slab gel electrophoresis revealed polypeptides with molecular weights of 32,000 and 34,000 correspond-
ing to the form I and form II PRKs, respectively. Preliminary experiments on sensitivity to NADH regulation
suggested that the two PRK enzymes differ in catalytic properties.

In most photosynthetic and chemosynthetic organisms,
CO2 assimilation is mediated by the reductive pentose phos-
phate pathway. Key regulatory enzymes of this pathway
include ribulose 1,5-bisphosphate carboxylase/oxygenase
(RuBPC/O), which catalyzes the primary CO2 fixation reac-
tion, and phosphoribulokinase (PRK), which catalyzes the
regeneration of ribulose 1,5-bisphosphate, the CO2 acceptor
molecule. In photosynthetic bacteria, most studies have
focused on the regulation and synthesis of RuBPC/O,
whereas PRK has been largely ignored.

In the genus Rhodopseudomonas (Rhodobacter), the con-
trol of CO2 fixation is complicated by the occurrence of two
structurally distinct RuBPC/O enzymes (5-7, 21) that are
encoded by separate genes (8, 18, 19). Form I RuBPC/O is
composed of eight large subunits and eight small subunits
(L8S8) (5, 6), and similar to other L8S8 enzymes, these
polypeptides are the products of the rbcL and rbcS genes,
respectively. In contrast, form II RuBPC/O is composed of
large subunits only, and the form II polypeptide is the
product of one gene, designated rbpL to distinguish it from
rbcL, the gene which encodes the large subunit of the form
I L8S8 enzyme. The genes encoding both form I and form II

RuBPC/O have been cloned, and fully active and correctly
assembled enzymes were expressed in Escherichia coli (8,
18, 19). The two RuBPC/O enzymes are subject to indepen-
dent control in vivo and respond differently to physiological
stimuli such as the concentration of CO2 and the nature of
the organic electron donor in the medium (5, 11, 21, 26). In
addition, markedly different kinetic and regulatory proper-
ties have also been observed in vitro (5, 10). Although the
role of the two RuBPC/O enzymes is not clear, a broad range
of studies has revealed notable differences in the regulation
and expression of the isofunctional proteins. These differ-
ences probably reflect the physiological function of the
proteins (11, 21, 26). In light of the complexity involved in
the regulation of RuBPC/O, the question of how PRK is
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expressed and controlled in Rhodobacter spp. naturally
arises.
While examining PRK from Rhodopseudomonas (Rhodo-

bacter) sphaeroides, we noted that highly purified PRK
preparations from this organism contained two distinct poly-
peptide chains. The inability to obtain a single polypeptide
species led us to suspect that, as with RuBPC/O, there may
be two distinct kinases in this organism. In this paper, we
show that there are two PRK genes in R. sphaeroides, each
of which encodes one of the polypeptides purified from
extracts of this organism. We also show that the two sets of
PRK and RuBPC/O genes are arranged in a unique fashion
and that the PRK genes may be expressed in E. coli such that
highly purified recombinant PRK may be obtained.

MATERIALS AND METHODS
Bacterial strains and plasmids. R. sphaeroides HR is a

heat-resistant, streptomycin-resistant derivative of NCIB
1853 (28). R. sphaeroides WS22 is a lysine auxotroph, kindly
provided by William Sistrom (23). E. coli HB101 (3) was
used for the construction and maintenance of the R. sphae-
roides gene library (28), and E. coli JM107 (29) was used for
the identification and expression of R. sphaeroides genes
cloned into pUC vectors as previously described (8). The
plasmids used in this study are listed in Table 1.
Media and growth conditions. R. sphaeroides cultures

were grown photoautotrophically as described elsewhere
(7). E. coli was grown aerobically at 37°C in LB medium (4).
Supplements were added as needed at the following concen-
trations: ampicillin, 50 ,ug/ml; streptomycin, 25 jig/ml; tetra-
cycline, 25 jig/ml; 5-bromo-4-chloro-3-indolyl-,-D-galacto-
side (X-Gal), 40 pug/ml; and isopropyl-p-D-thiogalactoside
(IPTG), 1 mM in liquid cultures and 0.1 mM in agar plates.
DNA preparation. For routine analysis of subclones, plas-

mid DNA was isolated from E. coli by the sodium dodecyl
sulfate (SDS)-NaOH rapid lysis method (9). Large-scale
plasmid preparations obtained by the same method were
further purified by cesium chloride-ethidium bromide den-
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TABLE 1. Plasmids used in this study

Plasmid Relevant characteristics Source or
reference

pVK102 Tcr Kmr cos 14
pUC8 Apr lacZzM15 27
pAEP204 Apr pUC9 containing A. eutrophus B. Bowien

PRK gene within 1.8-kb PstI
fragment

pJG106 Tcr pVK102 containing form II 8
RuBPC/O gene within 24-kb
Hindlll insert of R. sphaeroides
DNA

pJG336 Tcr pVK102 containing form I 8
RuBPC/O genes within 22-kb
HindIll insert of R. sphaeroides
DNA

pJG7 Apr pUC8 containing 3.4-kb EcoRI This study
fragment of pJG336

pJG6 Apr pUC8 containing 3.4-kb EcoRI This study
fragment of pJG7 in opposite
orientation

pJG3 Apr pUC8 containing 3.8-kb EccoRI This study
fragment of pJG106

pJG5 Apr pUC8 containing 4.0-kb EcoRI This study
fragment of pJG106

pJG8 Apr pUC8 containing 3.7-kb PstI This study
fragment of pJG106

pJG9 Apr pUC8 containing 3.7-kb Pstl This study
fragment of pJG8 in opposite
orientation

pRQ52 Apr pUC8 containing form II 19
RuBPC/O gene within 3.0-kb
EcoRI fragment

sity gradient centrifugation. The 1.4-kilobase (kb) EcoRI-
SmaI fragment of pJG7, used as a probe in Southern
hybridizations, was isolated by electroelution from an

agarose gel (8).
Construction of plasmids. Restriction endonucleases and

T4 DNA ligase were used according to the instructions of the
supplier. For subcloning, DNA fragments derived from
complete restriction digests of pJG336 or pJG106 were

ligated with pUC8 that had been digested with the appropri-
ate enzyme. Restriction digests of plasmid DNA were used
to screen colonies, obtained by transformation of ligation
mixes, for insert size and orientation.

Southern hybridization. Nick translation of probes, DNA
transfer, and conditions of hybridization were done as de-
scribed previously (8). Basically, hybridizations were car-

ried out under conditions of moderate stringency at 37°C in
35% formamide, after which the blots were washed exten-
sively in Sx SSC-0.1% SDS (lx SSC is 0.15 M sodium
chloride plus 0.015 M trisodium citrate [pH 7.0]) at 55°C.

Purification of PRK. Washed cells (5.5 g) of photoauto-
trophically grown R. sphaeroides HR or WS22 were sus-

pended 1:1 (wt/vol) in TEM (25 mM Tris hydrochloride (pH
7.5)-i mM EDTA-5 mM 2-mercaptoethanol) and passed
twice through a French pressure cell at 12,000 lb/in2. The
broken-cell extract was centrifuged at 12,000 x g for 10 min,
1 M MgCl2 was added to the supernatant to a final concen-
tration of 50 mM, and the extract was heated at 50°C for 10
min. Denatured protein was removed by centrifugation as

described before (5). The supernatant fraction was diluted
1:5 with TEM, HC03- was added to 10 mM, and the extract
was applied to a green A agarose column (Amicon Corp.,
Lexington, Mass.) equilibrated with TEMMB (TEM plus 10

mM MgCl2 and 10 mM NaHCO3). The column was washed
successively with 5 column volumes of TEMMB, 10 mM
6-phosphogluconate in TEMMB, 10 mM ATP in TEMMB,
TEM, 10 mM ATP in TEM, and 0.5 M NaCl in TEM. Peak
fractions containing PRK activity were pooled and applied to
a column of reactive red 120-agarose (Sigma Chemical Co.,
St. Louis, Mo.) after dialysis or dilution to reduce the ATP
concentration. The red-dye column was successively
washed with TEM plus 10 mM MgCl2, 10 mM ATP in
TEMM, 0.2 M NaCl in TEM, and 10 mM ATP in TEM.
PRK-containing fractions were collected and examined by
SDS-polyacrylamide gel electrophoresis. The purification of
PRK from IPTG-induced cultures of E. coli harboring pJG7
or pJG8 was similar to that described for R. sphaeroides
PRK except that cells were routinely broken by sonication
and the HC03- in the loading buffer and the phosphoglucon-
ate wash for green agarose chromatography were omitted.
Subsequent chromatography through red agarose as de-
scribed above resulted in highly purified enzyme.
Other analytical techniques. The PRK assay was per-

formed as described elsewhere (25). Protein concentrations
were determined by a modification of the Lowry procedure
(16). SDS-polyacrylamide slab gels were run by the method
of Lugtenberg et al. (15).

RESULTS

Purification of PRK from R. sphaeroides. The purification
scheme we employed for the isolation of PRK from R.
sphaeroides is similar to that previously developed for the
purification of PRK from the closely related organism Rho-
dopseudomonas (Rhodobacter) capsulata (25), except that
green A agarose was substituted for Affi-gel blue and addi-
tional washes were included to allow the simultaneous
isolation of form I and form II RuBPC/O from the same
extract. Cell extracts prepared from photoautotrophically
grown cells were routinely applied to the green A column in
buffer containing Mg2' and HCO3-. After specific elution of
form II RuBPC/O with 6-phosphogluconate, the column was
washed with TEM buffer containing ATP and Mg2+ and then
with TEM alone. No PRK activity was eluted in any of these
washes. However, a single peak of PRK activity was eluted
with TEM buffer containing ATP in the absence of Mg2+. A
final wash of 0.5 M NaCl removed form I RuBPC/O from the
column. At this stage in the purification, analysis of fractions
containing PRK activity by SDS-polyacrylamide gel electro-
phoresis revealed two major polypeptides with molecular
weights of 32,000 and 34,000 along with several minor
polypeptides. Peak fractions containing PRK activity were
pooled and chromatographed on DEAE-cellulose and red
agarose columns. These steps eliminated the minor polypep-
tide constituents of the preparation, but the two major
polypeptides were found to cochromatograph through these
columns. Gradients of either ATP or NaCl applied to green
A columns, or agarose A 1.5-m columns for chromatogra-
phy, did not effect separation of the two polypeptides. In all
cases, the elution profile indicated a single protein species,
and the ratio of the bands in the doublet remained constant
across the peak. Because the specific activity of PRK at this
point was 44, similar to that reported for the purified enzyme
from R. capsulata (25), we considered the possibility that
both polypeptides were PRK related, representing either
posttranslationally modified and unmodified forms of the
same protein or separate gene products as had been demon-
strated for the RuBPC/O enzymes of R. sphaeroides. To
discriminate between these explanations, we examined the
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possibility that there might be two PRK genes in R. sphae-
roides.

Evidence for two PRK genes in R. sphaeroides. Plasmid
pAEP204 contains a PRK gene isolated from Alcaligenes
eutrophus (B. Bowien, personal communication). This plas-
mid was nick translated and used as a probe for homologous
PRK sequences in R. sphaeroides. As a first step in identi-
fying the PRK gene in R. sphaeroides, we considered the
possibility that a PRK-coding sequence might be situated
near one of the RuBPC/O genes since we had previously
isolated plasmids with considerable sequence surrounding
the RuBPC/O genes. These two plasmids, pJG336 and
pJG106, were isolated from an R. sphaeroides gene library
and contain form I and form II RuBPC/O genes, respec-
tively, within 22- to 24-kb HindIII inserts in the broad-host-
range vector pVK102 (8). Initial hybridization tests between
EcoRI restriction digests of plasmids pJG336 and pJG106
and the 32P-labeled PRK probe pAEP204 showed that ho-
mologous sequences were present on both plasmids. A
3.4-kb EcoRI fragment of pJG336 and a band of approxi-
mately 4 kb from pJG106 gave positive hybridization signals
when they were probed with pAEP204. For further analysis
of the homologous regions in the absence of extraneous
DNA, individual EcoRI fragments were cloned into the
expression vector pUC8. Subcloning also allowed separation
of the two 4-kb EcoRI fragments of pJG106 that corre-
sponded to the region of the hybridizing band. Plasmids
pJG336 and pJG106 were completely digested with EcoRI
and ligated with EcoRI-linearized pUC8. The ligation mix-
ture was used to transform E. coli JM107; plasmids isolated
from white colonies on IPTG-X-Gal indicator plates were
screened for insert size by analysis of restriction digests. The
selected recombinant plasmids obtained from this screening
were designated pJG7, which contained the 3.4-kb EcoRI
fragment of pJG336, and pJG3 and pJG5, which, respec-
tively, carried 3.8- and 4.0-kb EcoRI fragments of pJG106
inserted into pUC8.

Subcloning of prkA. The A. eutrophus PRK gene probe
hybridized strongly to the 3.4-kb EcoRI insert of pJG7,
which verified results obtained with the parent plasmid
pJG336 (Fig. 1A, lane 2). Hybridization to the 2.7-kb frag-
ment is due to pUC sequences in both plasmids. To examine
the homology between pAEP204 and pJG7 in more detail,
the plasmid was digested with EcoRI and SmaI, which cuts
at a site 1.4 kb into the insert, and the double restriction
digest was probed with the heterologous PRK gene. The
strongest hybridization was associated with the 1.4-kb SmaI-
EcoRI frament, and a very faint hybridization band corre-
sponding to the larger SmaI-EcoRI fragment was observed
(Fig. 1A, lane 4). Interestingly, the 3.4-kb EcoRI fragment
has been shown to contain DNA sequences corresponding to
form I RuBPC/O (8). Southern hybridizations have previ-
ously positioned the form I RuBPC/O coding region to the
right of the SmaI restriction site within the insert in pJG7
(Fig. 2), and from expression studies with E. coli, it can be
inferred that the direction of transcription is from left to right
(8). Consequently, the presumptive PRK sequences are
located a short distance upstream from the form I RuBPC/O
genes. For expression studies with E. coli, the 3.4-kb EcoRI
fragment of pJG7 was obtained in the opposite orientation
with respect to the lac promoter in pUC8, and this plasmid
was designated pJG6. The fragment was further mapped,
and additional restriction sites are shown in the map of pJG7
(Fig. 3). The presumptive PRK coding sequence contained
within pJG7 is referred to as prkA.

Subcloning of prkB. When the subclones derived from
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FIG. 1. Restriction and Southern blot analyses of recombinant

plasmids containing PRK sequences. DNA fragments electropho-
resed through a 0.8% agarose gel were transferred to nitrocellulose
filters and hybridized with nick-translated probes. (A) Ethidium
bromide-stained agarose gels (lanes 1, 3, 5, and 7) and corresponding
autoradiograms after hybridization to 32P-labeled pAEP204 (lanes 2,
4, 6, and 8). The restricted DNAs were pJG7 cut with EcoRI (lanes
1 and 2), pJG7 cut with EcoRl and SmaI (lanes 3 and 4), pJG3 cut
with BamHI (lanes 5 and 6) an pJG5 cut with BamHI (lanes 7 and 8).
(B) Ethidium bromide-stained gels (lanes 1 to 3) and corresponding
autoradiograms after hybridization with the 32P-labeled 1.4-kb Sma-
EcoRI fragment of pJG7 (lanes 4 to 6). The restricted DNAs were
pJG3 digested with BamHI and EcoRI (lanes 1 and 4), pJG5 digested
with BamHI and EcoRI (lanes 2 and 5), and pAEP204 digested with
PstI (lanes 3 and 6).

pJG106 were probed with pAEP204, both pJG3 and pJG5
gave positive hybridization signals. BamHI digests of the
two plasmids were probed with the PRK gene to localize
more precisely the hybridizing sequences. There are two
BamHI sites in each of the EcoRI inserts, one located at a
distal end and one situated approximately in the middle of
each fragment (Fig. 2). The multiple-cloning region of pUC8
provides the third BamHI site, which generates the frag-
ments seen in the restriction pattern in Fig. 1. The autoradi-
ograph (Fig. 1) shows the results of this hybridization. A
moderate level of hybridization to a 1.4-kb BamHI fragment
of pJG3 and a faint but reproducible signal associated with
the 1.8-kb BamHI fragment of pJG5 were consistently ob-
served (Fig. 1A, lanes 6 and 8). Although the hybridizations
were not done under conditions of high stringency, the weak
hybridization was specific, as no hybridization was observed
to the 2.0-kb BamHI fragments of the same plasmids (Fig. 1,
lanes 6 and 8) or to the 3.0-kb EcoRI fragment of pRQ52 that
contained the form II RuBPC/O gene (data not shown).
When the BamHI digests of pJG3 and pJG5 were probed
with the 1.4-kb SmaI-EcoRI fragment of pJG7 containing the
presumptive form I PRK gene (prkA), the hybridization
pattern was the same but the signal was stronger (Fig. 1B,
lanes 4 and 5). Hybridization of the prkA probe to the A.
eutrophus PRK gene contained within the 1.8-kb PstI frag-
ment (Fig. 1B, lane 6) is shown for comparison. Because the
hybridization results with the pJG106 EcoRI subclones indi-
cated that EcoRI and BamHI sites were within the PRK
gene, pJG106 was digested with other restriction enzymes
and probed with the 1.4-kb Smal-EcoRI prkA fragment to
find a DNA sequence that would produce a single hybridiz-
ing band presumably encompassing the entire PRK gene.
Digestion with PstI was chosen for subcloning pJG106, as a
single band of 3.7 kb was observed in Southern hybridiza-
tions when the sequence was probed with the prkA fragment.
The PstI fragment was cloned into pUC8 in both orienta-
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FIG. 2. Restriction maps of pJG336 and pJG106 and positions of PRK subclones. EcoRI restriction sites are shown within HindIlI inserts

of pJG336 (A) and pJG106 (B). HindIII inserts of pJG336 and pJG106 are drawn so that the direction of transcription for the RuBPC/O genes

is from left to right. _, Approximate coding regions of form I and form II RuBPC/O genes; Izi, locations and sizes of individual restriction
fragments used in this study; ->, direction of transcription from the lac promoter within the recombinant plasmids; am, regions of homology
to pAEP204. The vector pUC8 used in subcloning is not drawn. Additional restriction sites are shown within the fragments relevant for
orientation and subcloning purposes. B, BamHI; E, EcoRI; H, Hindlll; P, PstI, Sm, SmaIl.

tions, and the resulting subclones were designated pJG8 and
pJG9. A restriction map of pJG8 is shown in Fig. 3. The PRK
sequence associated with these subclones is referred to as

prkB.
Localization of PRK genes relative to form I and form II

Pst I

FIG. 3. Restriction endonuclease maps of plasmids expressing
PRK in E. coli. (A) pJG7 consists of the 3.4-kb EcoRI fragment of
pJG336 cloned into the EcoRI site of pUC8. This fragment carries
the prkA gene encoding form I PRK. (B) pJG8 carries the 3.7-kb PstI
fragment of pJG106 cloned into the PstI site of pUC8. This fragment
contains the prkB gene encoding form II PRK. The maps show
pertinent restriction sites and relevant features of the vector. _,
R. sphaeroides insert DNA; --, direction of transcription from the
lac promoter; Kbp, kilobase pairs.

RuBPC/O. Since we knew that the sequences showing
homology to pAEP204 within pJG336 were located a short
distance transcriptionally upstream from the form I
RuBPC/O genes, it was of interest to determine the position
of the 3.7-kb PstI fragment relative to the form II RuBPC/O
gene within pJG106. Restriction maps of pJG336 and pJG106
were constructed from single and double digests, and the
EcoRI restriction maps are illustrated in Fig. 2, with the
positions of the relevant subclones and hybridizing frag-
ments indicated below the maps. It is interesting to note the
position of the PRK homologous sequences within pJG106.
The prkB sequence is situated 3.5 to 4 kb upstream from the
form II rbpL gene.

Expression of PRK genes in E. coli. To verify that the DNA
fragments that hybridized to the A. eutrophus PRK gene

probe carried intact structural genes encoding PRK, it was
necessary to express these genes in E. coli and identify the
corresponding translation products by enzyme assay. To test
for expression in E. coli, cells transformed with each of the
four constructs, pJG6, pJG7, pJG8, and pJG9, were incu-
bated with IPTG to induce transcription from the lac pro-
moter in pUC8. Crude extracts for enzyme assays were

prepared, and substantial PRK activity was present in ex-
tracts of cells harboring pJG7 and pJG8, with 0.074 and 0.162
p.mol of ribulose 1,5-bisphosphate produced per min per mg
of protein, respectively. Virtually no activity was detected in
extracts of cells containing pJG6 or pJG9, in which the DNA
inserts are simply in the reverse orientation with respect to
the vector promoter. The orientation dependence of PRK
expression indicates that transcription is being directed
exclusively from the lac promoter of pUC8. For simplicity,
the PRK activity associated with pJG7 is referred to as form
I PRK (prkA gene product), and the enzyme encoded by
prkB in pJG8 is referred to as form II PRK, in concert with
their proximity to the corresponding RuBPC/O genes.

Identification of prkA and prkB gene products. The purifi-
cation protocol developed for isolation of PRK from R.
sphaeroides was followed for isolation of the translation
products of pJG7 and pJG8 produced in E. coli. As already
noted for the PRK activity in R. sphaeroides extracts, form
I and form II PRKs expressed in E. coli were eluted from
green A columns by ATP in the absence of divalent cation.
Analysis of peak fractions eluted from the green-dye column
by SDS-polyacrylamide gel electrophoresis showed the pres-
ence of multiple bands. Subsequent chromatography
through a column of red agarose resulted in relatively
homogeneous protein. SDS-polyacrylamide gel electropho-

A.
H

pJG336 t

pJG7

E

B. H
pJG 106 L.

pJG3

pJG5

pJG8

E H

HE E
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1 2 3
FIG. 4. SDS slab gel of purified PRK preparations. Denatured

protein samples were electrophoresed in 12% SDS slab gels and
visualized with Coomassie blue. Lane 1, Form I PRK isolated from
IPTG-induced cultures of JM107(pJG7); lane 2, a mixture of form I
and form II PRKs isolated from R. sphaeroides extracts; lane 3,
form II PRK isolated from IPTG-induced cultures of JM107(pJG8).

resis of active fractions eluted from the second column
revealed a single polypeptide of Mr = 32,000 derived from
extracts of pJG7 and a polypeptide of Mr = 34,000 from
extracts of pJG8 (Fig. 4). In addition, the two polypeptides
exactly comigrated with the lower and upper bands of the
doublet associated with PRK activity in R. sphaeroides (Fig.
4). The specific activities determined for purified form I and
form II PRKs were 50 and 36, respectively. From these
results, the two polypeptides originally isolated from ex-
tracts of R. sphaeroides can be said to represent PRK
isozymes that are the products of two genes, the lower-
molecular-weight polypeptide corresponding to form I PRK
(prkA) and the higher-molecular-weight polypeptide corre-
sponding to form II PRK (prkB). A similar pattern was
obtained after Western (immunoblot) analysis of the R.
sphaeroides doublet and prkA and prkB gene products with
antiserum against form I PRK (results not shown).

Activation of PRK by NADH. PRK isolated from a variety
of bacterial sources has in many cases been shown to be
activated by NADHI (1, 12, 17, 20, 22, 25, 26). We compared
the extent ofNADH activation of purified form I and form II
PRK isozymes. The results show that form II PRK retains
75% of its activity in the absence of 0.6 mM NADH
compared with form I PRK, which exhibits an almost
absolute dependence on NADH for activity (10% activity in
the absence of NADH).

DISCUSSION

Our initial attempts to purify PRK from R. sphaeroides led
to ambiguous results. After a variety of chrornatographic
separations based on size, charge, and substrate affinity
failed to separate two polypeptides of Mrs 32,000 and 34,000,
we sought evidence at the molecular level to determine
which of the polypeptides was the product of a single PRK

gene or whether both were. Heterologous hybridization
analysis of pJG336 and pJG106 with a PRK probe from A.
eutrophus strongly suggested the presence of two PRK
genes in R. sphaeroides that were linked to the form I and
form II RuBPC/O genes. Subsequent restriction analysis of
pJG336 and pJG106 demonstrated that although PRK and
RuBPC/O sequences were clustered, the relative positions
and linkages of the carboxylase and kinase genes were
somewhat different. In pJG336, prkA is located a short
distance upstream from the rbcL and rbcS sequences. Al-
though sequence analysis is necessary to firmly establish the
distance between the two coding regions, hybridization data
allow a maximum estimate of 1 kb of intervening sequence.
Within pJG106, prkB is located approximately 4 kb upstream
from the rbpL gene. The divergent arrangement of the form
I and form II gene clusters may be important in regulation of
the duplicate sets of CO2 assimilatory genes. It will be very
interesting to examine the intervening regions for open
reading frames and potential regulatory signals and to com-
pare flanking sequences to determine the extent of homology
throughout these regions.
The reason for the production of isofunctional proteins

involved in CO2 fixation in R. sphaeroides is not clear but
may reflect the diverse metabolic modes of growth charac-
teristic of the purple photosynthetic bacteria. Duplication of
these two key enzymes allows differential activity or stabil-
ity in a variety of environments. Subcloning of the appropri-
ate restriction fragments of pJG336 and pJG106 into the
expression vector pUC8 provided confirmation of the pres-
ence of two functional PRK genes based on expression of
fully active PRK in E. coli. Form I PRK was expressed in an
orientation-dependent fashion from a 3.4-kb EcoRI fragment
derived from pJG336, which suggested that transcription
proceeds in the same direction as that of the form I
RuBPC/O genes. The polypeptide produced comigrates with
the 32,000-Mr polypeptide of the doublet observed in SDS
gels associated with PRK activity in R. sphaeroides. Form II
PRK expression was also dependent on the lac promoter of
pUC8, and prkB appears to be transcribed in the same
direction as form II RuBPC/O, even though the genetic
regions are separated by almost 4 kb. This vector promoter
dependence has been demonstrated for a number of R.
sphaeroides genes as well as for genes from other organisms
containing DNA of high G+C content (8, 18, 19, 24). This
dependence probably reflects an inability of E. coli RNA
polymerase to recognize the promoter sequences of these
genes.
The expression of PRK isozymes in E. coli provides a

means of evaluating various properties of individual en-
zymes since we have been unable to separate the proteins
from extracts of R. sphaeroides. Certainly, preliminary
characterization of the NADH requirement indicates that
form I and form II PRK isozymes may exhibit quite different
regulatory features at the enzymatic level. Finally, it is
interesting to point out that for A. eutrophus, a duplication of
RuBPC/O and PRK genes has also been described; one set is
chromosomal, and one set is associated with an indigenous
megaplasmid (13). In both cases, the gene encoding PRK is
located 3.5 kb downstream from the RuBPC/O coding se-
quence (2).
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