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Abstract

The in vitro DN A- or RN A-directed synthesis of the large subunit (LS) of spinach chloroplast ribulose-1,5-
biphosphate carboxylase (RuP,C) has been examined in a highly defined E. coli transcription-translation
system. Spinach chloroplast DNA, RNA and recombinant plasmids containing the spinach chloroplast LS
gene (rbcL) have been used as templates in the in vitro system and a quantitative assay has been developed to
measure LS formation. The in vitro formed product contains formylmethionine at the N-terminal position
and sediments primarily as a monomer. There is no detectable enzymatic activity associated with the in vitro
product. To determine where the E. coli RNA polymerase used in these systems initiates, we have examined
the transcripts produced by this enzyme in vitro. Measurements of run-off transcripts indicate that E. coli
RNA polymerase initiates at the same position on the gene as is seen in vivo. In addition, the complete
nucleotide sequence of the rbcL gene including previously unsequenced 3" and 5’ flanking regions has been
determined. The sequence agrees, except at two nucleotide positions, with previously published sequencing
data for this gene (Zurawski, G, Perrot, B, Bottomley, W, Whitfeld, PR, 1981. Nucleic Acids Res.
9:3251-3270).

Introduction

Recently, our laboratory used a highly defined
DNA-directed in vitro protein synthesis system to
study gene expression in E. coli (17-21, 41). A
major goal of these studies was to obtain the ex-
pression of bacterial genes in a system containing
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LS, large subunit

RuP,C, ribulose-1,5-bisphosphate carboxylase
rbcL, gene for LS of RuP,C

EF, elongation factor
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PVP-40, polyvinylpyrrolidone-40 000 MW

DN Ase, Deoxyribonuclease 1

EDTA, ethylene-diaminetetraacetic acid
PMSF, phenylmethylsulfonyl fluoride

highly purified and defined protein components.
This system has not only been useful in identifying
new factors required for transcription and transla-
tion but also in identifying factors involved in regu-
lating the expression of individual operons. A de-
fined transcription-translation system, containing
more than thirty highly purified factors has been
described for the DN A-dependent synthesis of 8-
galactosidase (20) and this same system has been
used to study the in vitro synthesis of transcription
and translation factors coded for on Arift18 and
Aus3 phages (41).
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Although a partially defined system with E. coli
factors cannot be used to examine the expression of
nuclear genes, protein synthesis in eukaryotic orga-
nelles such as mitochondria and chloroplasts bears
many similarities to the prokaryotic system. In fact,
the chloroplast gene (rbcL) for the large subunit
(LS) of ribulose bisphosphate carboxylase (RuP,C)
has been expressed in vivo in E. coli tranformed
with a plasmid containing the LS gene (11), in vitro
using crude E. coli extracts (4, 25, 40) and in a
heterologous system containing E. coli RNA po-
lymerase and a reticulocyte lysate (8). The ability to
synthesize the LS in an E. coli system may not be.
surprising, especially when one examines the nu-
cleotide sequence of this gene (42). The basic struc-
tural features, which include a ‘Shine-Delgarno’
sequence (33), a ‘Pribnow box’ (30), and a ‘-35’
region (26) are all apparently present (42). Whether
an E. coli system or some heterologous mixture of
E. coli and chloroplast factors could duplicate regu-
latory functions in vivo, however, is uncertain. In
order to examine this possibility we have initiated
studies on the in vitro synthesis of the LS in a highly
defined FE. coli system using, as templates, spinach
chloroplast DNA (cpDNA) and RNA (cpRNA) as
well as recently constructed plasmids containing
the spinach LS gene (10). Characteristics of the in
vitro system, and some properties of the in vitro
products are presented. In addition, the specificity
of the interaction of E. coli RNA polymerase with
this gene is examined.

Materials and methods

Field grown Spinacia oleracea L. was purchased
locally, 1 to 3 days after harvesting. L{3*S]methio-
nine (600-1 400 Ci/ mmol) and sodium ['*C]-bicar-
bonate (58 mCi/ mmol) were purchased from Amers-
ham, Arlington Heights, IL, and [*H]formaldehyde
(25-100 mCi/ mmol) was purchased from New Eng-
land Nuclear, Boston, MA. 2-Methoxy-2,4-diphe-
nyl-3-(2H)-furanone (MDPF 1) was obtained from
Hoffmann-La Roche, Nutley, NJ. Commercial
preparations of spinach ribulose-1,5-bisphosphate
carboxylase (RuP,C) were purchased from Calbio-
chem, La Jolla, CA. [!“C]Methylated and unla-
beled protein molecular weight markers were ob-
tained from Bethesda Research Laboratories,
Bethesda, MD. All other reagents were obtained
from commercial sources.

Preparation of chloroplast cp DN A

Spinach leaves were homogenized and cpDNA
was prepared by the method described by Kolodner
& Tewari (16) except that Proteinase K (Merck,
Darmstadt, Germany) was substituted for Pronase.
Lysed chloroplasts were centrifuged to equilibrium
in CsCl/ethidium bromide gradients (16). The
cpDNA bands were removed and the ethidium
bromide extracted with isoamyl alcohol. The color-
less solution was dialyzed against 10 mM Tris-ace-
tate, pH 8.0, and the DNA precipitated with alco-
hol and redissolved in 10 mM Tris-acetate, pH 8.0.
In an alternative procedure, 1% polyvinyl pyrroli-
done-40 000 MW (PVP-40) was added to the hom-
ogenizing buffer (16) and the incubations with
DNAse and Proteinase K were omitted. Chloro-
plast isolated in the presence of PVP-40 were
washed with a solution containing 300 mM sucrose,
50 mM Tris-HCL, pH 8.0, 20 mM EDTA. The
chloroplasts were lysed (16) and the total lysate was
centrifuged on a CsCl equilibrium gradient and the
DNA isolated as described above. Typical yields
from either procedure ranged from 100 to 500 ug of
DNA per kilogram of leaves. The restriction pat-
terns of the cpDNA (13) isolated by either proce-
dure were similar but the cpDNA from the PVP-40
procedure did contain some nuclear DNA. Howev-
er, both DNA preparations were active as templates
for the synthesis of the LS in the partially defined in
vitro protein synthesis system.

Plasmid DNA

The construction and isolation of plasmid
pSoe3101 has been described elsewhere (10). This
plasmid contains an 11.2 kilobase-pair (kbp) BamHI
fragment from spinach cpDNA that was inserted
into the BamH] site of pBR322. Plasmid pJEa4,
which has an insert containing the entire LS gene,
was derived from pSoe3101. Following a double
digestion of pSoe3101 with BamHI and Aval re-
striction enzymes, a 2.2 kbp fragment was isolated
by agarose gel electrophoresis and electroelution
(38). Similarly the plasmid pBR322 was double
digested with BamHI and Aval, and a 3.3 kbp frag-
ment was isolated which contains the 8-lactamase
gene and the origin of replication, but lacks 1.05
kbp of the tetracycline gene. The 2.2 kbp BamH],
Aval digested fragment from pSoe3101 was ligated



in vitro with the 3.3 kbp BamH], Aval digested
pBR322 fragment. After transformation of E. coli
strain RR1 and screening (10), plasmid pJEa4 was
isolated.

Preparation of chloroplast crRNA

Chloroplasts were isolated from spinach leaves in
the presence of PVP-40 and washed as described
above. The isolated chloroplasts were lysed on ice
for 15 min by adding 2 volumes of a solution con-
taining 25 mM Tris-HCI, pH 8.0, 25 mM EDTA,
2% NaDodSQ,, 2 mg/ml heparin and 200 ug/ml
Proteinase K. The solution was stirred vigorously
for 2 min and then | volume each of phenol (redis-
tilled, water saturated, pH 8.0) and chloroform/iso-
amyl alcohol (25:1) were added. The mixture was
stirred for an additional 2 min and the aqueos phase
was separated by centrifugation. The aqueous layer
was extracted with phenol/chloroform/isoamyl al-
cohol two additional times. The nucleic acids were
precipitated from the aqueous phase by the addi-
tion of 0.1 volume of 1 M sodium acetate, pH 5.0
and 2 volumes of ice cold absolute alcohol and
stored at —-20°C overnight. The precipitate was
collected by centrifugation and dissolved in water.
Three volumes of 4 M sodium acetate, pH 6.0, were
added to precipitate the RNA and separate it from
DNA (28). The precipitated RN A was washed three
times with 3 M sodium acetate, pH 6.0, and then
dissolved and dialyzed against water. The cpRNA
was stored in a liquid nitrogen freezer.

Preparation of tritiated RuP,C and fluorescent
RUPQC

[*H]RuP,C was prepared by reductive methyla-
tion using [*H]-formaldehyde, and cyanoborohy-
dride as described (14). The specific activity rou-
tinely obtained was approximately 1 500 to 3 000
cpm/ ug. The distribution of radioactivity between
the large subunit and small subunit was approxi-
mately 3.4:1, consistent with the distribution of
lysine residues (31, 42). Fluorescent labeled (MDPF
1) RuP,C was prepared by a modification of the
procedure (1, 39) used previously to label several E.
coli proteins (41). Antisera against RuP,C was
raised in white male New Zealand rabbits. Each
new lot of antiserum was titrated to obtain maxi-
mum precipitation of *H]RuP,C.
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In vitro protein synthesis

The preparation, source and purity of the protein
factors used and the characteristics of the partially
defined, coupled in vitro system have been de-
scribed previously (20, 41). The complete system
(35 ul) contained 30 mM Tris-OAc (pH 8.0); 10 mM
Na-dimethyl-glutarate (pH 6.0); 35 mM NH,OAc;
65 mM KOACc; 9.3 mM MgOAc; 2 mM dithiothrei-
t0l;0.7mM UTP, CTP,and GTP;2.7 mM ATP; 30
mM phosphoenolpyruvate; 0.8 ug of pyruvate ki-
nase; 2.5 mg of polyethylene glycol 6 000; 0.8 mM
spermidine; 0.125 mM each of 19 amino acids (mi-
nus methionine); 4 nmol of L-[3S}methionine
(15000) or 40 pmol of {[3S]Met-tRNA (80 000
cpm/pmol) plus 4 nmol of methionine; 1.5 nmol of
N3.10.methenyl-Hy-folate; 50 ug of E. coli BtRNA
and 0.8 to 1.2 Ay units of NH,Cl-washed E. coli
ribosomes. The following protein components were
then added: 50 to 150 units each of 20 aminoacyl-
tRNA synthetases, IF-1(0.5 ug), IF-2 (0.4 ug), IF-3
(0.5 ug), EF-Tu (9 ug), EF-G /1.2 ug), Ehrlich’s
ascites cell extract (26 ug), E. coli RN A polymerase
(0.9 ug), 4.5 to 20 ug of a partially purified fraction
froma | M DEAE salt eluate (41)* and 2.6 ug of
cpDNA, or where indicated, 0.5 to 1.0 ug of plas-
mid pSoe3101 or pJEa4. When cpRNA (20 ug) was
used as template, RNA polymerase was omitted.
The reaction mixture was incubated at 37 ° C for 60
min unless stated otherwise. At the end of the 60-
min incubation, a 5 ul aliquot of the reaction was
removed for slab gel electrophoretic analysis, (7.5
15% polyacrylamide gradient) in the presence of
0.19% NaDodSOy, followed by fluorographic detec-
tion (2, 22). The remainder of the incubation was
brought to 2% NaDodSO, and heated at 90 ° C for

* The IM DEAE salt eluate of a DEAE column (41) contains a
factor that stimulates protein synthesis with all of the DNA
templates tested. The active component has been partially puri-
fied as follows. The | M DEAE salt eluate was concentrated by
ammonium sulfate precipitation (0-80%). About 1 g of protein
was placed on a 40 m]l DE-53 column and the protein eluted
using a gradient between 0.1 and 0.6 M KCl in a buffer that
contained 20 mM Tris-Cl, pH 7.4, 1 mM Mg acetate and | mM
DTT. The active component was eluted at about 6.2 M KCland
the protein was concentrated by ultrafiltration. About 180 mg of
this fraction was chromatographed on a 200 ml Ultrogel (ACA-
44) column using a buffer containing 20 mM Tris-Ci, pH 7.4, |
mM Mg acetate,and I mM DTT. The active fractions (eluting in
the range of 80 000 to 100 000 daltons) were pooled, concentrat-
ed by ultrafiltration, and used in the in vitro system.
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20 min to solubilize the synthesized LS. A 5 ul
aliquot of the incubation was heated in 10%
C1;CCOOH, the precipitate collected on a nitrocel-
lulose filter and the amount of [3*S]methionine re-
tained on filter determined (total protein).

Quantitation of the synthesis of LS by immunopre-
cipitation and gel analysis

Aliquots (5 to 20 ul) of the NaDodSO, treated
reaction mixture were mixed with 2 to 5 ug of
[*H]RuP,C, 40 to 100 ul of RuP,C antiserum and
50 ul of immunoprecipitation buffer (200 mM Tris-
HCI, pH 7.9,4% Triton X-100,2 M NaCl) in a final
volume of 200 ul. The immunoprecipitates were
incubated at 37 °C for 3 h, and then chilled at4°C
overnight. The immunoprecipitates were collected
by centrifuging in a microcentrifuge for 1 min and
the pellets washed three times with one-fourth
strength immunoprecipitation buffer. The precipi-
tates were suspended in 50 ul of 2% NaDodSO,
containing 0.1 M 2-mercaptoethanol, and dissolved
by heating for 2 min at 90 ° C. The dissolved immu-
noprecipitates were mixed with 3-5 ug of MDPF-
RuP,C, bromophenol blue, and 40% (w/ v) sucrose.
The samples were electrophoresed on 10% polyac-
rylamide disc gels (9). The fluorescent labeled
RuP,C allowed direct visualization of the large
subunit both during and after disc gel electrophore-
sis by using UV (352 nm) illumination (41). The gels
were either sliced mechanically to obtain a com-
plete radioactive profile or only the fluorescent
band was removed manually to determine the ra-
dioactivity in the synthesized LS. The gel sections
were extracted with 1.0 ml of 0.19% NaDodSO, for
60 min at 55 ° C. Radioactivity was determined af-
ter addition of 7 ml of Instabray (National Diag-
nostics, Parsippany, NJ) in a liquid scintillation
counter. The tritiated RuP,C served as an internal
standard for calculating the recovery of the synthe-
sized LS after immunoprecipitation and gel elec-
trophoresis. The amount of LS formed in vitro was
calculated, after correcting for recovery and ali-
quots, from the specific activity of the L-[33S]me-
thionine used, and the number of methionine re-
sidues in the large subunit (42).

Sucrose gradient analysis of the in vitro synthesized
product

The contents of ten incubations were pooled and

dialyzed vs. 50 mM Tris-HCI (pH 8.5), 20 mM
MgCl,, 2% glycerol at4 ° C. Insoluble material was
removed by spinning for I min in a microfuge and
the supernatant placed on a 13 ml linear 2-15%
sucrose gradient containing 50 mM Tris-HCI (pH
8.5), 20 mM MgCl,, 2% glycerol. The gradients
were centrifuged in a SW40 rotor at 35 000 rpm for
30 hand 0.45 ml fraction collected. One hundred ul
aliquots were treated with LS antiserum as de-
scribed above. The immunoprecipitates were wash-
ed, solubilized, and the radioactivity determined.
Coprecipitation with [*°H]JRuP,C standard was
used to determine recovery. Molecular weight
markers used were: aldolase (160 000), bovine se-
rum albumin (68 000), ovalbumin (45 000), and
chymotrypsinogen (26 000).

Assay for enzyme activity of in vitro synthesized LS

Using pJEa4 DNA as template, LS was synthe-
sized as described above (without [3*S]methionine)
and tested for enzyme activity using an assay based
on the fixation of H!*COj into acid stable material
dependent on RuP,. For these experiments the
35 ulinvitro incubation (see above) was brought to
a final volume of 0.2 ml and contained 40 mM
Tris-HCI(pH 7.6), 15 mM MgCl,, I0mMNaH4CO,
(20 000 cpm/nmole), 4 mM NaCl, 29 glycerol and
0.08 mM EDTA. The solution was preincubated at
30°C for 20 min to activate the enzyme before
initiating the reaction by adding 4 ul of 750 mM
RuP,. After 1 h at 30°C, 35 ul of 6 N HCI were
added to terminate the reaction. The sample was
transferred to a scintillation vial and evaporated to
dryness under N, to liberate free 14CO,. The dried
samples were dissolved in 0.5 ml water and the
radioactivity measured. Control incubations were
run to insure that RuP,C activity (using standard
spinach holoenzyme) could be recovered when car-
ried through the entire procedure.

In vitro run-off assays using E. coli RNA polymer-
ase

RNA transcripts were synthesized in vitro using
E. coli RNA polymerase and various DNA frag-
ments derived from the plasmid pJEa4. Reactions
contained 10 mM Tris-HCl, pH 7.9, 10 mM MgCl,,
100 mM KCl, 0.1 mM each of ATP, CTP and GTP,
0.01 mM [o*?P]-UTP (20 uCi), 0.5 to 1 unit of E.
coli RNA polymerase (Worthington Biochemicals)



and0.1t00.5 ugof DNA ina total volume of 50 ul.
After transcription (20 min at 37 © C), samples were
diluted with 50 ul of water and extracted two times
with chloroform. Samples were precipitated and
washed with ethanol. After drying under vacuum,
the samples were solubilized in 95% formamide and
heated for 30 min at 50 °C and loaded onto 8%
acrylamide sequencing gels (37). Electrophoresis
and autoradiography were carried out as previously
described (37).

DNA sequencing

DNA was sequenced using the chemical modifi-
cation procedure of Maxam & Gilbert (27). DNA
fragments were labeled at their 3’ ends using [22P]-
dNTP and the Klenow fragment of E. coli DNA
polymerase 1 (27), or alternatively, for DNA frag-
ments which contained a 3’ overhang, [@*?P]-cor-
dycepin triphosphate and terminal transferase, us-
ing a kit supplied by New England Nuclear (Boston,
MA).

Results
In vitro products directed by co DNA and cpRNA

Analysis of the proteins synthesized in the cp-
DNA and cpRNA directed in vitro incubations was
initially done by slab gel electrophoresis. As seen in
Fig. 1, with both templates, a number of [3*S]me-
thionine-labeled proteins are formed in the partial-
ly defined system. A prominent band is present at
approximately 55 000 daltons that comigrates with
the large subunit of [’H]RuP,C. Positive identifica-
tion of the LS protein, as one of the in vitro prod-
ucts, was achieved by immunoprecipitation fol-
lowed by disc gel analysis (see Materials and
methods). Analysis of the radioactive products by
gel electrophoresis after immunoprecipitation with
RuP,C antiserum is seen in Fig. 2. A [*S]methio-
nine labeled protein, that comigrates with the LS
protein ([*H]-standard, Fig. 2) is the primary prod-
uct on the gel after immunoprecipitation with
RuP,C antiserum in both the cpDNA (Fig. 2A) and
cpRNA (Fig. 2B) directed system. As described in
Materials and methods, this procedure provided
the basis for a quantitative assay for the formation
of the LS in the in vitro incubations.
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Fig. 1. Gel separation of [3S]methionine labeled protein prod-
ucts synthesized in the partially defined in vitro protein synthesis
system. The products were electrophoresed through a NaDod-
S04/ polyacrylamide gradient gel (7.5 to 15%) and fluoro-
graphed as described in Materials and methods. Track 1: no
cpDNA or cpRNA; track 2: 2.5 ug cpDNA; track 3: 20 ug
cpRNA; track 4: [*H]RuP,C standard.

Characteristics of the in vitro system

The effect of template concentration on the in

-vitro formation of the LS protein in the partially

defined system was determined. Although 2.5 ug of
cpDNA saturate the reaction, about 40 ug of total
cpRNA are required for saturation (data not
shown). With both templates, LS synthesis in-
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Fig. 2. 1dentification of LS-RuP,C by gel analysis after immunoprecipitation.

A: A20-ulaliquot of the reaction mixture with cpDNA as template was used for immunoprecipitation (see Materials and methods). The
solubilized immunoprecipitate was analyzed on a 109 polyacrylamide gel (2), and the gels were sliced into 2 mm sections and assayed for
radioactivity. (8—-@): [PH]JRuP»C; (O—0): [¥S]methionine products from incubations with cpDNA; (4—2): [33S]methionine

products from incubation without added DNA.

B: A 5-ulaliquot of the reaction mixture with cpRNA as template was used for immunoprecipitation (see Materials and methods). The
solubilized immunoprecipitate was analyzed as described above. (6—#®): [ H]JRuP,C; (O—O): [35S]methionine products from

incubations with cpRNA.

creases with time for up to 60-90 min(Fig. 3)and a
sharp Mg*2 optimum was obtained between 8.5
and 9.5 mM. Generally, between 0.2 and 0.6 pmol
of LS was formed in typical incubations with
cpRNA. However, the activity with different
cpDNA preparations was quite variable with values
ranging between 0.03 and 0.2 pmol of LS synthe-
sized in typical incubations. It was calculated that
evenin the cpRNA directed system, the synthesis of
the LS represented only a few percent of the total
[¥*S]methionine incorporated into hot CI;CCOOH
insoluble products.

Dependencies for LS synthesis
One of the prime advantages of the partially de-

fined in vitro system is that it permits studies on the
role of individual factors in protein synthesis. Pre-
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Fig. 3. Time course for LS synthesis. Details are described in
Materials and methods. 2.5 ug of cpDNA and 20 ug of cpRNA
were used.



Table 1. Dependencies for the synthesis of the large subunit of
RUBPC.

Template Omissions %

cpRNA None 100
EF-Tu 0
IF-3 10
Ribosomes 0

cpDNA None 100
Polymerase 0

Details of the in vitro system including the amounts of each of
the components used are listed in Materials and methods. 100%
values for the cpRNA- and cpDNA-directed systems were 0.3
pmol and 0.04 pmol, respectively.

vious studies on the synthesis of B-galactosidase
(B-gal) in a similar system showed excellent depend-
encies on many of the purified factors (17-21). Al-
though dependencies on all of the individual E. cofi
components have not been examined in the present
study, essentially complete dependencies on RNA
polymerase, ribosomes, EF-Tu, and IF-3 were ob-
tained (Table 1).

Studies with plasmids containing the LS gene

The relatively low in vitro activity obtained using
spinach cpDNA as template plus the difficulty in
obtaining reproducible DNA preparations from
spinach chloroplasts presented serious problems
for continuing studies on the regulation of expres-
sion of the rbcL gene. Recently, Erion et al. (10)
have described the construction of recombinant
plasmids containing the spinach rbcL gene. Plas-
mids such as pSoe3101 and pJEa4 (see Materials
and methods) are excellent templates in the in vitro
system. As seen in Fig. 4, with saturating levels of
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Fig. 4. Synthesis of LS directed by different concentrations of
plasmid pJEad. Details of the in virro system are described in
Materials and methods.
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pJEad, it was possible to routinely synthesize 0.4
pmol of LS in 60 min, and values greater than 1.0
pmol were very often reached. Similar results were
obtained with pSoe3101 although with this tem-
plate somewhat lower levels of LS were synthesized
in vitro. Because of the ease of obtaining the plas-
mid DNA and the higher in vitro activity, the stu-
dies presented below were done with plasmid pJEa4
as template.

Characteristics of the in vitro formed product; N-
terminal identification

There are limited data on the N-terminal amino
acid in mature LS since this protein contains an
N-blocked amino terminus as isolated from many
species (29). It has been reported that barley LS has
the dipeptide alanyl-glycine at the N-terminal posi-
tions (29) which would indicate that the first 14
amino acids of the nascent LS protein are removed.
It has also been reported that in vitro synthesized
spinach LS is 1 000 to 2000 daltons larger than
chloroplast synthesized LS (23), suggesting that
processing of the spinach LS may also take place. In
the highly defined in vitro system used in these
studies, it is probable that little or no processing of
the synthesized product takes place. To ascertain
this, standard incubations were carried out using
either [3*S]Met-tRNA (reactions included unla-
beled methionine) or [¥S]methionine and the ra-
dioactivity in the product determined. The results
are seen in Table 2. The formylated initiator amino
acid was not only incorporated into LS, but almost
equivalent amounts of product were formed using
either fMet-tRNA or free methionine showing that
the initiator fMet has not been removed from the in
vitro synthesized product. The possibility that the
f[3’S]Met-tRNA (40 pmol) was deformylated to

Table2. Invitro synthesis of large subunit using [35S)fMet-tRNA
or [¥3S]Met.

[35S] Component LS Synthesized

pmol
Methionine 0.50
fMet-tRNA 0.42

Details of the incubation are described in the text. The calcula-
tions to determine the pmoles of products were based on ten
moles of methionine per mole of protein when [35S]-methionine
was used, and one mole of formyl-methionine per mole of pro-
tein when [¥5S]fMet-t(RNA was used.
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[3*S]methionine which was then incorporated into
product was excluded by the presence of a large
excess (4 nmol) of unlabeled methionine in the in-
cubations.

Is thé in vitro product a monomer of aggregate?

RuP,C is a high molecular weight aggregate con-
taining eight LS and eight small subunit chains.
Whether the in vitro synthesized LS is also present
as an aggregate was examined by determining the
size of the product using sucrose gradient analysis.
The results of a typical experiment are shown in
Fig. 5. When the in vitro synthesized product was
centrifuged through a 2-15% sucrose gradient (see
Materials and methods), the radioactive material
that reacted with antiserum to the LS emerged as a
low molecular weight species (approximately
50 000) with no evidence of higher molecular weight
forms. Under these conditions RuP,C holoenzyme
did not dissociate, and sedimented as a high molec-
ular weight species of about 500 000 daltons (data
not shown).

Enzymatic activity of the invitro synthesized prod-
uct

All attempts to demonstrate that the in vitro
synthesized product could fix CO, dependent on
RuP, have been unsuccessful (Table 3). Control
experiments in which RuP,C was added to the in
vitro incubations demonstrated that the activity of
the enzyme could be recovered through the proce-
dure. As little as 0.001 pmol of the enzyme (based
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Fig. 5. Sucrose density gradient centrifugation of in vitro [33S]
labeled LS. The LS was synthesized in vitro as described in
Materials and methods and centrifuged through a linear 2-15%
sucrose gradientfor 30 hat 35 000 rpmina SW40 rotorat4 ° C.
Fractions (0.45 ml) were collected and aliquots precipitated with
RuP;,C antiserum. Molecular weight markers (aldolase, bovine
serum albumin, ovalbumin and chymotrypsinogen) were cen-
trifuged in parallel and the absorbance at 260 nm measured
(indicated by arrows).

Table 3. Assay of in vitro synthesized LS for RuP,C activity.

Compouneuats added LS formed Cosfixed
pmol
cpm nmol
Minus DNA 0 161 -
Complete 2.0 149 -
Complete + RuP,C 2.0 280 000 14.0

(0.5 ug, | pmol)

The incubation conditions are described in the text. Where
indicated, spinach RuP,C (1 pmol) was added to the in vitro
system to show that the carboxylase holoenzyme could be recov-
ered through the procedure (see Materials and methods). The
CO; fixed in this case was completely dependent on RuP».
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Fig. 6. Map of DNA fragments used in transcription run-off assays. Partial restriction map of a 1757 base-pair Xba | fragment
containing most of the rbcl. gene. The position of the promoter for transcription is from the data of Zurawski et al. (42). Lower
measurements from the promoter site to downstream!restriction sites are the predicted size of run-off transcripts in the in vitro assay.



on pure spinach RuP,C activity) could have been
detected by the assay used.

Interaction of E. coli RNA polymerase with the
rbcL gene

Our data as well as previous reports (4, 8, 10, 25)
indicate that E. coli RNA polymerase efficiently
transcribes the chloroplast rbcL. gene. However, it
is important to establish whether E. coli RNA po-
lymerase initiates transcription at the same site as
the chloroplast RNA polymerase. The in vivo RNA
start site on the rbcl. gene has been mapped at a
position which is 178 base-pairs (bp) upstream from
the first AUG codon in the coding sequence (42).
Using this data we compared the size of the RNA
transcripts produced from various restriction frag-

ments containing the presumed in vivo transcrip-’

tion promoter (see Figs. 6 and 7). A 1757 bp Xba 1
fragment isolated from plasmid pJEa4 was restrict-
ed with three different enzymes. These enzymes
(Alul,Pst1,and Dde 1) cut the original fragments
in such a way that one can readily discern whether
transcripts initiate from specific or non-specific
start sites, such as from the ends of DNA fragments
(see Fig. 6). For example, cleavage of the Xba 1
fragment with Alu 1, yields five fragments with sizes
of 530 bp, 498 bp, 332 bp, 265 bp and 129 bp. Using
the Alu 1 digested Xba | fragment, E. coli RNA
polymerase produced a major run-off transcript
which was approximately 220 bases in length (Fig.
7, Lane 3). Since there are no Alu | fragments of
this size, transcription must be initiating from a
specific site. The minor transcript of about 235
bases as well as the higher molecular weight prod-
ucts probably arise from non-specific start sites.
Similarly, transcription of the Xba 1 fragment after
cleavage with Pst 1, which yields 656 bp and 1098
bp fragments, resulted in a run-off transcript which
measured 345 bases in length (Fig. 7, Lane 1). The
differences in the size of the run-off transcripts
produced by the Alu 1 and the Pst 1 restricted Xba 1
fragment corresponds to the distance between one
of the Alu 1 sites and the Pst 1 site on the Xba 1|
fragment. Taken together, these results indicated
that the run-off transcripts initiate at a site which is
310 bp from the left end of the Xba [ fragment (see
Fig. 6). A comparable analysis of the run-off tran-
script produced by the Dde 1 digested, Xba I frag-
ment (Fig. 7, Lane 2) again indicated that transcrip-
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tion was initiating from a site 310 bp from the left
end of the Xba | fragment. This position is identical
to that found for the start site for the in vivo LS
RNA transcripts (42), corresponding to a position
whichis 178 bp upstream from the first AUG triplet
in the coding region of the gene.

4. 3

—400
345 —350

—300
257 — =

— 250
219—

— 200

Fig. 7. Autoradiogram of in vitro products from transcription
run-off assays. The 1757 base-pair Xba | restriction fragment,
isolated from the plasmid pJEa4, was digested with: 1) Pst 1, 2)
Dde 1, and 3)Alu 1. The digested DNA fragments (1 ug) were
added to an in vitro transcription system using F. coli RNA
polymerase (see Materials and methods). Radiolabeled RNA
transcripts were analyzed ona 7M urea, 6% acrylamide sequenc-
ing gel (see Materials and methods). The gel was calibrated (left
axis, in bases) using [3?P]-end labeled DN A fragments of known
sizes (lanes not shown). Right axis indicates size in bases (+ 3
bases) of major in vitro products. Only the relevant portion of
the gel is shown.
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-350.

AATTCTGCATATTTTCACATCCAGGATATA(.:ATATACAACATATACCACTéTCAAGAGTA;\ATTTCGAAT

-280,

TATTTAGTTCTTTCGGTTCAAATGGGGGTACGAAAGTAGAAACTTGAAAACCAACGGTTAG

220

-219 ~a—-ARGE SUBUNIT SEQUENCE 1569

o, . . . . .
AAGATCTTAAATACAAAATTGAATACTAAACAACTCAAACTTACTATATATTGTCTTGGATCTATAATTAATCCTACGGT;\CGGA

1654

Fig. 8. DNA sequence of the 5" and 3’ flanking regions of the rbcL gene. The DNA sequence from nucleotide -350 to-220 and from 1570
to 1654 are shown. The sequence from -220 to 1570 is identical to that previously described (42) except at position 35 and 657 (see text).

Sequence of the spinach rbcL gene

Although the complete sequence of the spinach
rbcL. gene has been determined by others (42, 43),
data are not available on the nucleotide sequence
upstream from the determined in vivo RNA start
site (42). This segment might contain regions which
could serve as fortuitous promoters for E. coli RNA
polymerase or have a normal regulatory role. The
complete sequence of the rbcl. gene was determined
including additional 5’ sequence data from posi-
tions ~350 through -226 and 3’ sequence data from
position 1575 through 1654.

Figure 8 shows only these new sequences since
comparison of our sequence data for the rbcL gene
with previously published data (42, 43) indicates
that there are only two nucleotide positions where
disagreement occurs. At position 657, the substitu-
tion of a guanosine nucleotide for adenosine at the
third position in the triplet (CTA) coding for leu-
cine has no effect on the amino acid coded for. At
position 35 we find a guanosine residue and not an
adenosine as previously reported (42). This results
in a change of the amino acid sequence from glycine
(GGA) to glutamate (GAA). It is to be noted that
GGA also appears at this position in the maize LS
sequence (8). Whether this difference in the spinach
rbeL gene DNA sequence reflects an error in read-
ing or represents heterogeneity in the gene, which is
either naturally occurring or a mutation artifactual-
ly induced during cloning, is not known.

In addition, examination of the data indicates
that there is only one region in the entire sequence
which contains a prokaryotic-like promoter (at
~213 to-177) and that region corresponds exactly to
the position predicted from the start site deter-
mined from the in vitro transcription of this gene

using E. coli RNA polymerase (see above). From
these observations, it seems likely that the DNA
sequence recognized by chloroplast RNA polymer-
ase in vivo is very closely related to the sequences
recognized by bacterial RNA polymerases (35).

Discussion

In previous studies on the in vitro expression of
several E. coli genes, a partially defined system that
included more than 30 highly purified factors was
used (20, 41). The advantage of such a system is that
it can be used to identify new factors involved in
transcription and/ or translation as well a for stud-
ies on the regulation of expression of specific genes.
In the present study, this system has been used to
examine the synthesis of the LS of spinach RuP,C,
a protein coded by cpDNA. The prokaryotic nature
of the chloroplast has made it possible to use crude
E. coliextracts (4, 10, 12, 40) or, as described here, a
partially defined system containing purified E. coli
factors to obtain expression of the rbcL gene. Both
cpRNA and cpDNA, and plasmids carrying the
spinach rbcl. gene have been used in the present
study and an assay has been developed that allows
quantitation of the formed product in vitro. The
cpRNA-directed system was more efficient than the
cpDNA system, but the most active templates used
in this study were plasmids such as pSoe3101 or
pJEa4 that contain the gene for the LS of spinach
RuP,C (10).

One advantage of the defined E. coli system is the
potential ability to replace a specific £. coli factor
with a chloroplast factor. Although our attempts at
such studies are not reported here, an effort was
made to replace the E. coli RN A polymerase with a



chloroplast polymerase. Spinach cpRNA polymer-
ase was purified about 300-fold by a modification
of the procedure used for maize by Bogorad and
coworkers (3, 15, 36) but the spinach chloroplast
enzyme was found to have low activity in transcrib-
ing plasmid DNA or total cpDNA and could not
replace the E. coli polymerase in the coupled sys-
tem. All efforts to obtain transcription of the plas-
mid template, using the cpRNA polymerase, by the
addition of spinach chloroplast factors, were also
unsuccessful.

Previous studies using a defined in vitro system
had shown that formylation of the initiator Met-
tRNA was essential for the expression of the lac-
tose operon (21). However, the presence of a form-
ylated LS gene product has not been demon-
strated previously. In the present studies, it was
shown that the LS synthesized in the defined in
vitro system contains fMet at the N-terminal posi-
tion. Since the in vitro product migrated on a po-
lyacrylamide gel under denaturing conditions with
a molecular weight of about 55 000, it was evident
that the system could synthesize the complete pro-
tein, and suggested that there was little degradation
of the product under the incubation conditions
used. Our finding, that E. coli RNA polymerase
specifically initiates on the rbcL gene at the same
position as chloroplast RNA polymerase in vivo,
agrees with data obtained by Shiozaki & Sugiura
(34), who examined the initiation of transcription
by E. coli RNA polymerase of the rbcL gene from
tobacco cpDNA using S1 nuclease mapping. The
nucleotide sequence that makes up the transcrip-
tional promoter for the tobacco and spinach rbcL
gene are virtually identical (see (34)). In addition,
Brait er al. (5) have shown that the products ob-
tained from the in vitro transcription of cloned
spinach chloroplast DNA by either chloroplast or
E. coli RNA polymerase were identical. These re-
sults reinforce the idea that the use of an E. coli
system to study the regulation of chloroplast genes,
in vitro, has validity.

The in vitro synthesized LS had no carboxylase
activity. Sucrose gradient analysis under non-de-
naturing conditions also indicated that the in vitro
product was a monomer, showing that there was no
significant aggregation of the LS in these experi-
ments. Thus far, preliminary attempts to form an
octomer, as in the native enzyme, or obtain enzym-
atically active LS by the addition of the small sub-
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unit or spinach chloroplast extracts have been un-
successful (data not shown).

In a recent study, we have examined the expres-
sion of the rbcL gene on pJEa4 using a simplified in
vitro system in which the formation of the first
peptide, fMet-Ser, was measured (6). In the present
study we have developed a quantitative procedure
for the formation of the LS using a defined in vitro
system. Having available these in vitro systems to
study the expression of the rbcL gene should make
it possible to investigate the regulation of the ex-
pression of this gene. In addition, the in vitro sys-
tem described here may facilitate the study of the
properties of the LS in the absence of the small
subunit.
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