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Expression of cyanobacterial and higher-plant ribulose 1,5-bisphosphate
carboxylase genes in Escherichia coli

By D. BRADLEY!, SAaskia M. vaN DER ViEs?2*¥ AND A. A. GATENBY!
b

! Department of Molecular Genetics, Plant Breeding Institute, Cambridge CB2 2LQ, U K.
2 Department of Biochemistry, Agricultural University, Wageningen, The Netherlands

Expression strategies for the synthesis of higher-plant and cyanobacterial RuBP
carboxylase genes in Escherichia coli have been developed to facilitate the study of the
assembly pathway and properties of the enzyme’s large (L) and small (S) subunit
proteins. The genes for the L and S subunits of the RuBP carboxylase of wheat and
of a cyanobacterium, Synechococcus 6301 have been cloned into bacteriophage and
plasmid vectors such that they are transcribed and translated in E. colt.

To date no RuBP carboxylase activity has been detected in extracts prepared from
E. coli cells synthesizing the wheat L and S subunits, although both gene products
were present and soluble. Sucrose gradient analysis of cell extracts from E. colt
synthesizing both L. and S demonstrated that the soluble wheat L polypeptide was
present as a large protein aggregate that contained no S subunits.

With the cloned cyanobacterial genes, RuBP carboxylase activity could be
recovered in E. coli cell extracts when the L and S gene products were synthesized
from genes present on the same, or separate, replicons. Solubility and sedimentation
studies of the cyanobacterial L subunits synthesized in the absence of S showed that
the L subunit was soluble and present in E. coli as an Lg structure. The E. coli extracts
containing only the L subunit exhibited no detectable RuBP carboxylase activity.
Infection of the E. coli cells containing L subunits with an M13 phage expressing the
cyanobacterial S gene led to the assembly of functional RuBP carboxylase in these
cells. This demonstrates the essential role of the S subunit in allowing the formation
of an active enzyme.
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The expression of foreign genes in E. coli by means of recombinant DNA technology has proven
to be a valuable tool in the study of eukaryotic gene products. Proteins have been produced
in E. coli because of their economic value (Goeddel ¢t al. 1979a, b) or to accumulate large
quantities for structural and biochemical investigations. Protein engineering, by site-directed
mutagenesis (Zoller & Smith 1983), is also facilitated through the expression of target genes
in E. coli. With a functional assay for the protein, mutational variants can be screened rapidly
for alterations in protein structure and function (Winter et al. 1982). These methods, coupled
with the reintroduction of the altered gene or genes into the organism of interest by DNA
transformation, provides the basic framework for genetically manipulating organisms in a very
specific fashion.

Plant biologists have long discussed the possibility of genetically altering the photosynthetic
capabilities of agriculturally important crops with the view towards increasing plant productivity
(for review, see Ellis & Gatenby 1984). Central to this discussion has been the enzyme
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448 D. BRADLEY AND OTHERS

ribulose-1,5-bisphosphate carboxylase (RuBPCase), which occupies a key position in carbon
metabolism of all photosynthetic organisms. RuBPCase catalyses the first reaction in the
interlocking, but opposing, pathways of photosynthesis (carbon fixation) and photorespiration
(carbon consumption) (for review, see Miziorko & Lorimer 1983; Ellis & Gatenby 1984).

There is some interest in RuBPCase because of the possibility of altering the structure of the
enzyme to improve the net photosynthetic yield, perhaps by increasing the affinity of the enzyme
for carbon dioxide or by increasing the ratio of carboxylation to oxygenation at the active
site (Ellis & Gatenby 1984). This modification could be attempted by site-specific mutagenesis,
or by the construction of hybrid molecules with subunits from different species, to produce an
enzyme with altered kinetic properties. Such studies are difficult, however, because of the
structural complexity of the enzyme in most photosynthetic organisms, and because of the
physical properties of the RuBPCase subunits from some plant species.

In plants and most photosynthetic bacteria, RuBPCase is composed of sixteen subunits, of
which eight are large subunits (L) of molecular mass 50-60 kDa and eight are small subunits
(S) of molecular mass 12-18 kDa. The active site of the enzyme is on the L subunit
polypeptide (Lorimer & Miziorko 1980; Spreitzer & Mets 1980; Miziorko et al. 1982). In plant
cells, the L gene islocated in the chloroplast and the L polypeptide is synthesized in the organelle
(for review, see Ellis 1981). The S polypeptides are synthesized as precursor polypeptides in
the cytosol by means of nuclear-encoded mRNA molecules, and are then transported into the
chloroplast, matured by proteolysis and assembled with the L polypeptides to form the active
L¢S; holoenzyme (Broglie et al. 1983; Smith & Ellis 1979; Dobberstein et al. 1977 ; Gallagher
& Ellis 1982). In addition, a L subunit binding protein has also been implicated in the assembly
process (Barraclough & Ellis 1980; Bloom et al. 1983). The synthesis and assembly of RuBPCase
in higher plants is therefore a very complicated process, and attempts to modify either subunit
may require an understanding of the mechanisms of assembly. The roles of the L subunit binding
protein and the S protein in holoenzyme assembly have not been determined. A serious
impediment to such studies has been the inability to reconstitute higher-plant RuBPCase from
its isolated subunits iz vitro (Voordouw et al. 1984). When the L protein is removed from the
holoenzyme, it becomes irreversibly denatured and cannot be reconstituted with S to form the
hexadecameric holoenzyme. One approach towards understanding higher-plant RuBPCase
subunit assembly is to express the L and S genes in E. colt, and then to determine the conditions
that are required to obtain RuBPCase assembly and activity.

The synthesis and assembly of RuBPCase in photosynthetic cyanobacteria appears to follow
a much simpler pathway than in higher plants. This is due to the essentially prokaryotic nature
of these autotrophic organisms (Shinozaki et al. 1983; Stanier & Cohen-Bazire 1977) at both
the level of gene organization and cellular compartmentalization. The genes encoding both the
L and S subunits (rbcL and rbcS) of cyanobacteria have been cloned and sequenced (Curtis
& Haselkorn 1983; Reichelt & Delaney 1983; Shinozaki & Sugiura 1983 ; Nierzwicki-Bauer
et al. 1984). The genes are closely linked and appear to be cotranscribed (Nierzwicki-Bauer
etal. 1984 ; Shinozaki & Sugiura 1985). The apparent simplicity of the cyanobacterial RuBPCase
genes has made them particularly attractive as a model system for obtaining expression and
assembly of enzymatically active RuBPCase in E. colz.

In this paper we describe the progress made in designing E. coli expression systems that
are enabling the assembly and biochemical properties of higher-plant and cyanobacterial
RuBPCase genes to be studied in E. coli.
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RUBISCO ACTIVITY IN E. COLI 449

EXPRESSION OF HIGHER-PLANT RUBPCASE GENEs IN E. coLI

The first higher-plant genes to be cloned into a plasmid expression vector and produce high
levels of protein in E. coli were the wheat and maize chloroplast genes encoding the L subunit
of RuBPCase (Gatenby et al. 1981; Gatenby & Castleton 1982). Because of the close similarity
between chloroplast and bacterial transcription—translation control sequences (for review, see
Whitfeld & Bottomley 1983) the L genes could be expressed in E. coli using chloroplast-encoded
transcription signals. However, to obtain high levels of maize L protein synthesis in E. coli, a
bacteriophage lambda promoter was placed 5’ to the chloroplast gene insert. On induction of
the lambda Py, promoter, about 2%, of the total bacterial protein was found to be the maize
L subunit. Additional studies showed that a chloroplast DNA sequence, located between the
lambda promoter and the start of L translation, was acting as a transcriptional terminator in
E. coli (Gatenby & Cuellar 1985). This chloroplast termination signal could be overcome by
the presence of several differentlambda anti-termination proteins, or by deleting the termination
region from the chloroplast DNA insert. The biological significance of this sequence in the
chloroplast is not known, but similar problems may have to be overcome when expressing other
foreign genes in E. coli.

The ability to synthesize high levels of the maize L subunit in E. coli has allowed the native
properties of the L subunit to be studied (Gatenby 1984). The protein synthesized in E. coli
was slightly larger (54.3 kDa) than that found in maize chloroplasts (53.3 kDa). This result
was consistent with a previous suggestion that higher-plant L subunit is first synthesized as a
precursor protein and then post-translationally processed into a mature protein (Langridge
1981). Pulse—chase experiments showed that all of the L subunit made in E. coli was stable
(Gatenby 1984). No RuBPCase activity could be detected in the E. coli extracts, not did the
L protein form a stable enzyme-metal-CO,—['*C]carboxyarabinitol 1,5-biphosphate (CABP)
ternary complex. These results were consistent with protein solubility studies, which showed
that virtually all the maize L subunits synthesized in E. coli were insoluble. Therefore, the
inactive and insoluble conformation of the maize L subunit is a natural property of the protein,
which will have to be dealt with in attempts to assemble active RuBPCase in E. cols.

One solution to the problem of L solubility might be to co-express the L and S subunit genes
in E. coli. The presence of the S subunit might prevent the L subunit from assuming an insoluble
configuration, thus allowing assembly of L and S into active RuBPCase enzyme. This
experiment, however, requires that the nuclear-encoded S subunit gene be cloned into an
E. coli vector such that the the S polypeptide is synthesized without the amino-terminal transit
peptide, which is presumably only necessary for transport of the protein into chloroplasts (for
review, see Cashmore et al. 1985). Such constructions have been made by subcloning a region
of the wheat rbcS gene, which encoded the mature S polypeptide, from a cDNA clone (Broglie
et al. 1983) into plasmid and M13 vectors (van der Vies et al. 1986; figure 1). The resulting
expression clones (p565 and M72) produce the S subunit as a lacZ::7bcS fusion protein in
E. coli. The amino-terminals of the S fusion proteins contains 11 (p565) and 10 (M72) amino
acids from the lacZ protein. The first four amino acids of the mature S polypeptide have also
been deleted. Transcription and translation of the S fusion gene are initiated from lacZ
promoter and ribosome-binding sites, respectively. In order to have a completely homologous L
and S RuBPCase assembly system, a bacteriophage M13 clone (M68, figure 1), expressing
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Ficure 1. (a) Structure of wheat RuBPCase L subunit expression clone M68. A 1.9 kb HincII-Xbal DNA fragment
encoding the entire wheat L gene (T. A. Dyer, ¢t al. personal communication) was subcloned from pTac39
(Howe et al. 1982) into M13mp18 DNA that had been digested with Smal and Xbal. Transcription of the
L gene occurs from the lac promoter region (lac P, arrow indicates direction of transcription) and is under
the control of the lac repressor. (b) Structure of wheat RuBPCase S clones. pW9 is a cDNA clone that was
obtained from N.-H. Chua (Broglie ¢ al. 1983). M72 was made by subcloning a 600 bp Ba/I-PstI fragment
from pW9 into M13mp18 (van der Vies e al. 1986). p565 is a pBR325 derivative, made by S. J. Rothstein,
which also contains a portion of the pW9 wheat S gene. These clones both express the mature wheat S
polypeptide as a LacZ::S fusion protein. The amino-terminal sequences of the resulting S fusion proteins are
shown, as is the wild-type (wT) S subunit sequence. The fusion junction is marked by a slash (/).

the wheat L subunit under the control of the lacZ promoter, was made by subcloning from
pTac39 (Howe et'al. 1982).

This combination of wheat L and S expression clones allowed us first to synthesize the S
subunit in E. coli by means of a plasmid-borne S gene (p565), and then to infect those cells
with M68 (wheat L). Phage M68 was also used to infect wild-type E. colz cells, to examine the
properties of the wheat L subunit in the absence of S. Based on the solubility properties of the
maize L subunit in E. coli (Gatenby 1984), we expected the wheat L subunit to be insoluble
when synthesized in the absence of the S subunit. To examine this, soluble and insoluble fractions
of E. coli cells infected with M68 in the presence (p565) and absence of wheat S were prepared,
electrophoresed on SDS-polyacrylamide gels, and protein was detected by anti-wheat
RuBPCase serum (figure 2).

In contrast to the maize L subunit insolubility in E. coli, about 609, of the wheat L
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FiGurke 2. Solubility of the wheat L protein in E. coli cells in the presence and absence of the wheat S protein.
Wheat L protein in insoluble (lane 1), and soluble (lane 2) fractions of E. coli strain TG2 infected with M68
phage, and insoluble (lane 3) and soluble (lane 4) fractions of TG2 (p565) infected with M68 phage. 200 ml
cultures of TG2 (from T. Gibson, A (lac-pro), thi, strA, hsdR™, hsdM~, recA~, 5¢/C300:: Tn10(TetR)F’ traD36,
proAB, lac19, lacZ AM15) and TG2 (p565) (see figure 1) were grown in YT-broth containing 1 mm isopropyl
B-p-thio-galactopyranoside (IPTG), to induce high-level transcription from lac promoter regions. The TG2
(p565) culture also contained ampicillin (50 pg ml™) to maintain selection for the p565 plasmid. The cultures
were infected at an 0Dy, of 0.8 with 0.2 ml of M68 (wheat L gene, figure 1) phage and grown at 37 °C for
another four hours. The cells were then collected by centrifugation, and soluble and insoluble protein extracts
were prepared as described by Gatenby et al. (1985). Equal amounts of E. coli soluble and insoluble proteins
were electrophoresed on a 159, SDS—acrylamide gel, transferred to nitrocellulose filter, and immunolabelled
with anti-wheat RuBPCase serum and !?*I-labelled protein A (Gatenby et al. 1985).

subunit was found in the soluble fraction (figure 2; compare lanes 1 and 2). The presence of the S
subunit did not seem to have any effect on the amount of L that was found in the soluble
fraction. About 80 9, of the lacZ: : wheat S protein synthesized in E. coli was found in the soluble
fraction. RuBPCase assays were carried out on the soluble fractions from both strains of M68 (L)
infected cells (TG2 and TG2 (p565); see legend to figure 2 for the genotype of TG2).
Despite the apparent solubility of the wheat L in E. coli and the presence of the S subunit, no
RuBPCase activity could be detected in these fractions. u

The soluble proteins from cells expressing both L and S subunits were also fractioned on
sucrose gradients to examine subunit assembly. Figure 3 shows a Western blot of fractions of
such a sucrose gradient. Most of the S protein was found at the top of the gradient (figure 3,
lanes 15-19). A small amount of S protein was also found in fractions comigrating with L.
However, the most likely explanation for this result is protein aggregation rather than specific
subunit assembly. The wheat L protein was found distributed throughout the gradient, but
with a peak abundance of the protein sedimenting at a rate indicating a molecular mass of
about 750 kDa (figure 3, lanes 3-7). A sucrose gradient of soluble proteins from cells
synthesizing L in the absence of S was also run in parallel with the one grown in figure 3, and
an identical distribution of L. was observed (data not shown).

Thus, it appears that while the wheat L polypeptide is soluble in E. coli, the structure of the
protein is that of a large protein aggregate, where the L subunits are probably not accessible
for specific assembly with the S subunit. Perhaps the L subunit binding protein (Barraclough
& Ellis 1980; Bloom et al. 1983) functions in chloroplasts to prevent this L. aggregate from
forming, and will, in fact, be necessary to obtain L and S assembly in E. coli. Another obvious
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Ficure 3, Sucrose gradient analysis of wheat L and S protein from a soluble protein extract of E. coli. Protein extracts
were prepared as for figure 2 and then centrifuged on a sucrose gradient (Gatenby ef al. 1985). Aliquots from
each gradient fraction were then separated by electrophoresis on a 159%, SDS—acrylamide gel and Western
blotted. Fraction 1 is from the bottom of the gradient; fraction 19 is from the top. The sucrose gradient had
an internal molecular-mass marker of B-galactosidase (465 kDa), which was assayed in samples from each
gradient fraction. An identical calibration sucrose gradient was always centrifuged at the same time; this
contained RuBPCase holoenzyme (550 kDa), B-galactosidase (465 kDa) and aldolase (160 kDa). The sedi-
mentation peaks of the three different protein molecular-mass markers are designated by arrows.

explanation for the lack of RuBPCase activity is that the lacZ::wheat S fusion protein might
not be competent for assembly with the wheat L subunit because of its altered amino terminus
(see Discussion). New experiments have been initiated to construct a wheat S expression
plasmid, which will direct the synthesis of a completely unaltered S protein in E. coli, to test
this possibility.

EXPRESSION OF CYANOBACTERIAL RUBPCASE ceNEs IN E. coLI

Recently, several groups have reported the synthesis of active RuBPCase in E. coli by
expressing the L and S genes from several different species of cyanobacterium (Gatenby et al.
1985; Gurevitz ef al. 1985; Tabita & Small 1985; Christeller ¢ al. 1985). In each case, the
RuBPCase L and S genes were cloned into E. coli plasmids such that the cotranscription of
these genes was dependent on a plasmid-borne promoter. In addition, the active enzymes were
shown to contain the S polypeptide and to be assembled into multimeric LgS; when synthesized
from lac promoter expression plasmids (Gurevitz et al. 1985; Tabita & Small 1985). However,
when Synechococcus L and S genes were expressed in E. coli by means of two different E. coli
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transcription vectors, the ratios of soluble L. and S polypeptides were found to be non-
stoichiometric (Gatenby et al. 1985). Estimates of subunit composition, based on RuBPCase
specific activity (Andrews & Ballment 1983) and protein gel electrophoresis, were consistent
with an average RuBPCase subunit structure of LgS, ;, with the S content varying with the
expression vector used (Gatenby et al. 1985). The analysis of enzyme structure and RuBPCase
activity was done in a way that made it impossible to determine if the carboxylase activity was
all associated with LgS; molecules or with LgS, ; structures. In contrast, when the Anabaena
and AnacystisT RuBPCase was synthesized and assembled in E. coli, the enzyme was found to
have about the same specific activity as that purified from the cyanobacteria (Gurevitz et al.
1985; Tabita & Small 1985 ; Christeller ¢t al. 1985).

Gurevitz et al. (1985) showed that the ratio of soluble L subunit to S subunit was consistent
with an LgS; structure, but that in addition a large amount of unassembled L was also
synthesized, all of which was found as insoluble protein. Based on these observations, they
proposed a model for the assembly of RuBPCase LgS; holoenzyme from L and S subunit
heterodimers, the S subunit being postulated to play an essential role in maintaining L
solubility and in initiating holoenzyme assembly.

Andrews & Ballment (1983) used purified Synechococcus RuBPCase in a reconstitution system
in vitro to study RuBPCase assembly and activity. With a mild acid treatment, they were able
to strip about 90 9%, of the S subunit from purified Synechococcus holoenzyme . The L subunits
were then recovered as an intact Lg core that could be used in reconstitution experiments with
purified S subunits. They found that the specific activity of the reconstituted holoenzyme had
a linear dependence on the amount of S subunit present and that an almost fully reconstituted
LgSg enzyme could be recovered. Based on these experiments, they proposed that only L-S
complexes were catalytically active, and that RuBPCase activity was associated with LS pairs
in a LgS,, structure, regardless of the value of n. These experiments demonstrated the essential
role of S in maintaining the holoenzyme in a catalytically active structure. However, questions
about the role of the S subunit, if any, in initiating L assembly, or in maintaining L as a soluble
protein, still remain unresolved. The reconstitution experiments showed that, once an LgS,
structure has been formed, S can be reversibly removed from the Ly core structure. The fact
that L stays in an Lg structure in the absence of S, however, still leaves open the possibility
that S might play a role in the initial formation of the L core, as has been postulated by Gurevitz
etal. (1985). Once formed, the Lg structure would no longer be dependent on S for maintaining
stability or solubility.

To examine these issues further and to determine the most efficient expression system for
obtaining high levels of Synechococcus RuBPCase activity in E coli, we have subcloned the L and S
genes from pDB50 (figure 4, Gatenby ef al. 1985; van der Vies ¢t al. 1986) into different
bacteriophage M13 and pUC plasmid vectors. In each case, the expression of the isolated
RuBPCase subunit gene was under the control of the E. coli lacZ promoter. The ability to
synthesize the L subunit in E. colz, in the absence of S, allowed us to investigate the self-assembly
potential of the L polypeptide, and to determine the solubility properties of the L subunit. In
addition, by infecting a strain bearing an L subunit plasmid with the appropriate S subunit
M13 clone, the S subunit gene could be introduced into the E. coli cells and expressed
synchronously. Finally, we also used the M13 S gene phage (M67, figure 4) to infect an

T Anacystis 6301 and Synechococcus 6301 are the same cyanobacterial species (Christeller ef al. 1985).
[ 149 ]
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Ficure 4. Structure of Synechococcus RuBPCase L and S expression clones. The details of the DNA constructions
have been described in Gatenby ef al. (1985) and van der Vies et al. (1986). All three of the clones express
the Synechococcus RuBPCase genes with a vector lac promoter region (P lac; arrow shows the direction of .
transcription).

E. coli strain containing pDB50, which synthesizes both L. and S but only assembles into a
L¢S; ¢ RuBPCase, in an attempt to drive the assembly of all the soluble L subunits into
LgSg structures.

After induction of the lacZ promoters and infection of the plasmid cells with the appropriate
M13 phage, assembly and activity of the RuBPCase subunits synthesized in E. coli were assayed
in cell extracts. The specific activity of RuBPCase activity in E. colz cells expressing L and S
from pDB50 (table 1) was 21.5 nmol min™! mg™! of soluble protein at 30 °C. A *C-labelled
transition-state analogue of 2-carboxyarabinitol 1,5-bisphosphate (CABP), which binds tightly
to the L subunit active site (Miziorko 1979; Miziorko & Sealy 1980), was used to quantitate
the amount of L subunit present in the soluble fraction of pDB50 E. coli extracts. Calculations
from these measurements showed that the RuBPCase activity of the pDB50 cell extract was
consistent with the formation of LgS;_, enzyme. The same pDB50 cells were infected with M67
(S gene, figure 4) and the RuBPCase activity was measured (table 1). The increase in specific
activity relative to the L concentration (determined by CABP binding) suggested that the
average subunit structure of RuBPCase in M67-infected pDB50 cells had increased slightly
compared with that of an LS, , enzyme. In addition, the amount of RuBPCase activity per

TaBLE 1. SynecHOCOCCcUs RuBPCaAsE activity IN E. coLr

: specific estimated
plasmid phage RuBPCase! activity? structure
pSV55 (L+S) — 8.0 1.07 LgS; 5
pDB50 (L +5S) — 21.5 1.93 LgS; ¢
pDB50 (L+S)  MS67 (S cyano) 64.8 2.24 LgSe_;
pDB53 (L) — no detectable activity —
pDB53 (L) M67 (S cyano) 33.0 ND? LgS, s
Synechococcus RuBPCase in vivo 3.14 LgSe

These determinations of Synechococcus RuBPCase activity in E. coli extracts were taken from Gatenby et al. (1985)
and van der Vies (1986).

! Units: nmol CO, fixed (min at 30 °C)™! (mg E. coli protein)~.

2 Units: pmol CO, fixed (min at 30 °C) ™! (mg L subunit of RuBPCase protein) .

3 ND, not determined.

4 From Andrews & Ballment (1983).
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milligram of E. coli protein increased threefold. This result suggests that the level of S synthesis
from pDB50 was limiting the amount of active RuBPCase assembled in E. coli and that this
could be increased by infecting the pDB50 with M13 phage expressing the S gene product.

To examine the properties of the Synechococcus L subunit in E. coli when the protein was
expressed in the absence of the S polypeptide, soluble protein extracts were prepared from
E. coli cells containing pDB53 (L gene alone, figure 4). In a parallel experiment, cells containing
pDB53 were infected with M67 (Synechococcus S gene) and soluble extracts were also prepared.
Both protein samples were then sedimented on sucrose gradients and aliquots from each fraction
were assayed for RuBPCase activity and analysed by SDS—gel electrophoresis and Western
blotting with anti-wheat RuBPCase serum.

The results of these experiments showed that about 209, of the soluble L polypeptide,
synthesized in the absence of S, sedimented at a position in the gradient consistent with an L,
or L, structure (van der Vies et al. 1986). The remaining L protein had a mobility in the sucrose
gradient that was consistent with the formation of an Lg structure. When RuBPCase activity
was measured in each fraction of the uninfected pDB53 gradient, no activity could be detected.

The sucrose gradients prepared from pDB53 (Synechococcus L gene) cells that had also been
infected with M67 (Synechococcus S gene) showed a different sedimentation profile for the L
protein (van der Vies et al. 1986). Western blot analysis of the gradient fractions showed that
L monomer or dimer structures were not found in these extracts. Instead, the major peak of
the L protein in the gradient sedimented at about 550 kDa. RuBPCase assays on aliquots from
each sucrose gradient fraction showed that RuBPCase activity could be measured from these
extracts and that the peak of RuBPCase activity coincided with the peak of the L subunit
protein.

These results confirm the observations of Andrews & Ballment (1983) that there was an
absolute requirement for the S subunit in order to assemble L structures that exhibit RuBPCase
activity. The specific activity of the RuBPCase in the M67-infected pDB53 E. coli cells was
calculated to be 33.0 nmol min™ mg™! of E. coli soluble protein (table 1). This is a greater
amount of RuBPCase activity than was found in E. coli cells expressing Synechococcus L and S
from pDB50 (table 1), which contains the L and S genes as arranged in vivo (figure 4). Previous
investigators have suggested that the tandem arrangement of the cyanobacterial L and S genes
might be important in localizing the translation products of the two genes so that assembly
of the L and S polypeptides could occur efficiently (Gurevitz et al. 1985). This is clearly not
the case with the Synechococcus subunits in E. coli, because high amounts of RuBPCase activity
could be recovered from E. coli cells where the two subunits were transcribed individually.
The solubility of the Synechococcus L protein synthesized in E. coli, in the presence and absence
of the S subunit, was examined by doing the following experiment. Equal amounts of E. coli
soluble protein from samples of cells containing either pDB50 (Synechococcus L and S) or pDB53
(Synechococcus L. gene) were fractioned by electrophoresis on a sodium dodecyl sulphate
(SDS)—polyacrylamide gel and Western blotted with wheat RuBPCase antisera (figure 5). The
different RuBPCase plasmid cultures were either infected with M67 (Synechococcus S gene) or
left uninfected.

The amount of Synechococcus L polypeptide present in the soluble fraction from cultures
containing pDB53, was increased only slightly by the presence of the S subunit (figure 5,
compare lanes 2 and 3). In addition, when the amount of S subunitin pDB50 (L and S)-bearing
cells was increased by M67 phage infection (figure 5, lanes 4 and 5) there was also no detectable
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F1Uure 5. Solubility of Synechococcus RuBPCase L subunit protein in E. coli in the presence and absence of the S
polypeptide. Soluble protein extracts were prepared from cells and Western blotted as before (legends to figure
2). Lane 1, total wheat leaf protein; lane 2, TG2 (pDB53) uninfected; lane 2, TG2 (pDB53) infected with
M67; lane 4, TG2 (DB50) uninfected; lane 5, TG2 (pDB50) infected with M67.

change in the amount of soluble L protein. In the same experiment, however, RuBPCase
activity in the pDB50 cells was increased by threefold on infection, suggesting that more S
had been synthesized and assembled into active RuBPCase because of the M67 infection. Taken
together, these experiments show that the S subunit is not required for the solubility of
Synechococcus L in E. colt, nor is it required for the self-assembly of L into multimeric structures.
The S subunit is, however, absolutely required for RuBPCase activity in E. coli.

Discussion

The genes encoding the L and S subunits of wheat RuBPCase have been cloned
into bacterial vectors, and both the gene products have been expressed in E. coli
together. No RuBPCase activity could be detected in E. coli cell extracts that contained
both the wheat RuBPCase gene products. In contrast to maize L subunit protein
synthesised in E. coli, which was almost completely insoluble (Gatenby 1984), about 60,
of the wheat L protein was found to be soluble. The synthesis of the wheat S polypeptide in
E. coli cells before the introduction of a phage-borné wheat L gene (M68) did not alter the
fraction of L protein present as soluble protein (figure 2). Sedimentation studies (figure 3)
demonstrated that the L subunits form a variety of structures that are found throughout
the sucrose gradient. However, the major L sedimentation product was found at about
750 kDa, suggesting that the wheat L protein forms a high-molecular-mass aggregate that
is incapable of interacting with S to form an active RuBPCase holoenzyme.

The failure to obtain an active wheat RuBPCase in E. coli, despite the synthesis of both
subunits, could be due to several factors. First, the L gene product may be synthesized in
wheat chloroplasts as a precursor protein that is then processed to a protein product that is
competent for assembly. There is some evidence that this occurs in spinach, pea and maize
(Langridge 1981; Roy et al. 1982; Gatenby 1984). Similarly, there is the question of the
effects of the lac::wheat S fusion on the functionality of the S subunit. We think that the
effects of the fusion peptide on the wheat S are minor because this protein can still
assemble with the Synechococcus L subunit to form an active hybrid RuBPCase enzyme (van
de Vies et al. 1986). Even so, both of these factors can be eliminated by constructing the
appropriate L and S expression clones. The most important consideration for future efforts
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to obtain assembly and activity of higher plant RuBPCase in E. coli is the role of the L
subunit binding protein in RuBPCase assembly (Barraclough & Ellis 1980; Bloom et al.
1983). It may very well prove necessary to express the L subunit binding protein gene in
E. coli, in addition to the L and S subunit genes, to develop a workable system for the
study of higher-plant RuBPCase activity in bacteria.

The results obtained from the expression of cyanobacterial RuBPCase genes in E. coli
are, however, much more straightforward than those obtained from higher-plant genes. By
using cloned Synechococcus RuBPCase genes, we have been able to demonstrate that the two
subunits will assemble efficiently in E. coli to form an active RuBPCase enzyme that has
about the same specific activity as that found in the cyanobacteria (table 1). The fact that
both subunits can be efficiently synthesized and assembled in E. coli from genes carried on
either plasmid or M13 phage vectors, now makes it possible to introduce site-specific
alterations in the coding portion of either gene. The phenotype effects of the mutations, if
any, on RuBPCase assembly and activity could then be rapidly determined in E. coli cell
extracts. In this way we should be able to begin learning which polypeptide domains
within the L and S subunits are important for holoenzyme assembly and catalytic function.
Only then will we have much hope of designing a RuBPCase enzyme with the enzymic
properties that will result in the more efficient fixation of atmospheric CO, and in higher
crop yields.
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M. Longstaff for technical assistance. Financial support was provided by the AFRC. D.B.
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1GURE 2. Solubility of the wheat L protein in E. coli cells in the presence and absence of the wheat S protein.
Wheat L protein in insoluble (lane 1), and soluble (lane 2) fractions of E. coli strain TG2 infected with M68
phage, and 1nsoluble (lane 3) and soluble (lane 4) fractions of TG2 (p565) infected with M68 phage. 200 ml
cultures of TG2 (from T. Gibson, A (lac-pro), thi, strA, hsdR™, hsdM~, recA™, sclC300:: Tn10(TetR)F’ traD36,
proAB, lacl9, lacZ AM15) and TG2 (p565) (see figure 1) were grown in YT-broth containing 1 mwm isopropyl
B-p-thio-galactopyranoside (IPTG), to induce high-level transcription from lac promoter regions. The TG2
(pH565) culture also contained ampicillin (50 pg ml™") to maintain selection for the p565 plasmid. The cultures
were infected at an oDgy, of 0.8 with 0.2 ml of M68 (wheat L gene, figure 1) phage and grown at 37 °C for
another four hours. The cells were then collected by centrifugation, and soluble and insoluble protein extracts
were prepared as described by Gatenby ef al. (1985). Equal amounts of E. coli soluble and insoluble proteins
were electrophoresed on a 159, SDS—acrylamide gel, transferred to nitrocellulose filter, and immunolabelled
with anti-wheat RuBPCase serum and '**I-labelled protein A (Gatenby ef al. 1985).
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F1GURE 3, Sucrose gradient analysis of wheat L. and S protein from a soluble protein extract of E. ¢oli. Protein extracts
were prepared as for figure 2 and then centrifuged on a sucrose gradient (Gatenby ef al. 1985). Aliquots from
each gradient fraction were then separated by electrophoresis on a 159, SDS—acrylamide gel and Western
blotted. Fraction 1 is from the bottom of the gradient; fraction 19 is from the top. The sucrose gradient had
an internal molecular-mass marker of B-galactosidase (465 kDa), which was assayed in samples from each
gradient fraction. An 1dentical calibration sucrose gradient was always centrifuged at the same time; this

contained RuBPCase holoenzyme (550 kDa), B-galactosidase (465 kDa) and aldolase (160 kDa). The sedi-
mentation peaks of the three different protein molecular-mass markers are designated by arrows.
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FiGure 5. Solubility of Synechococcus RuBPCase L subunit protein in E. col1 in the presence and absence of the S
polypeptide. Soluble protein extracts were prepared from cells and Western blotted as before (legends to figure
2). Lane 1, total wheat leaf protein; lane 2, TG2 (pDB53) uninfected; lane 2, TG2 (pDB53) infected with
M67; lane 4, TG2 (DB50) uninfected; lane 5, TG2 (pDB50) infected with M67.
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