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Abstract 

The in vitro DNA- or RNA-directed synthesis of the large subunit (LS) of spinach chloroplast ribulose-1,5- 
biphosphate carboxylase (RuP2C) 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). 

Abbreviations 

LS, large subunit 
RuP2C, ribulose-l,5-bisphosphate carboxylase 
rbcL, gene for LS of RuP2C 
EF, elongation factor 
IF, initiation factor 
cp, chloroplast 
NaDodSO4, sodium dodecyl sulfate 
MDPF 1,2-methoxy-2,3-diphenyl-3-(2H)-furanone 
RuP2, ribulose-l,5-bisphosphate 
PVP-40, polyvinylpyrrolidone-40 000 MW 
DNAse, Deoxyribonuclease 1 
EDTA, ethylene-diaminetetraacetic acid 
PMSF, phenylmethylsulfonyl fluoride 

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 
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 DNA-dependent synthesis of/3- 
galactosidase (20) and this same system has been 
used to study the in vitro synthesis of transcription 
and translation factors coded for on Xr/fq8 and 
)~fus3 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 (RuP2C) 
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 
tL 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 E. 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-[35S]methio - 
nine (600-1 400 Ci/mmol) and sodium [14C]-bicar- 
bonate (58 mCi/mmol) were purchased from Amers- 
ham, Arlington Heights, IL, and [3H]formaldehyde 
(25-100 mCi/mmol) was purchased from New Eng- 
land Nuclear, Boston, MA. 2-Methoxy-2,4-diphe- 
nyl-3-(2H)-furanone (M DPF I) was obtained from 
Hoffmann-La Roche, Nutley, NJ. Commercial 
preparations of spinach ribulose-l,5-bisphosphate 
carboxylase (RuP2C) were purchased from Calbio- 
chem, La Jolla, CA. [14C]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 o f  chloroplast cpDNA 

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 CsC1/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- 
rate, 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-HC1, pH 8.0, 20 mM EDTA. The 
chloroplasts were lysed (16) and the total lysate was 
centrifuged on a CsC1 equilibrium gradient and the 
DNA isolated as described above. Typical yields 
from either procedure ranged from 100 to 500 #g 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) BamH1 
fragment from spinach cpDNA that was inserted 
into the BamH1 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 BamH1 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 BamH1 and Aval, and a 3.3 kbp frag- 
ment was isolated which contains the fl-lactamase 
gene and the origin of replication, but lacks 1.05 
kbp of the tetracycline gene. The 2.2 kbp BamH1, 
Aval digested fragment from pSoe3101 was ligated 



in vitro with the 3.3 kbp  BamH1, Aval  digested 
pBR322 fragment .  After  t r ans fo rma t ion  of  E. coli 
s t ra in  RR1 and screening (10), p lasmid pJEa4  was 
isolated.  

Preparation of chloroplast cpRNA 

Chlorop las t s  were isolated f rom spinach leaves in 
the presence of  PVP-40  and washed as descr ibed 
above.  The  isolated ch lorop las t s  were lysed on ice 
for 15 min by adding  2 volumes of a solut ion con- 
ta in ing  25 m M  Tris-HC1, pH 8.0, 25 m M  E D T A ,  
2% N a D o d S O 4 ,  2 m g / m l  hepar in  and 200 # g / m l  
P ro te inase  K. The so lu t ion  was s t i r red v igorous ly  
for  2 rain and then 1 vo lume each of  phenol  (redis-  
tilled, water  sa tura ted,  pH 8.0) and c h l o r o f o r m / i s o -  
amyl  a lcohol  (25:1) were added.  The mixture  was 
s t i r red for an add i t iona l  2 min and the aqueos  phase 
was separa ted  by centr i fugat ion.  The aqueous  layer 
was ex t rac ted  with p h e n o l / c h l o r o f o r m / i s o a m y l  al- 
cohol  two add i t i ona l  t imes. The  nucleic acids were 
prec ip i ta ted  f rom the aqueous  phase by the addi -  
t ion of  0.1 vo lume of  1 M sod ium acetate,  pH 5.0 
and 2 volumes of  ice cold abso lu te  a lcohol  and  
s tored  at 20 ~  overnight .  The  prec ip i ta te  was 
col lected by cent r i fugat ion  and dissolved in water.  
Three  vo lumes  of 4 M sod ium acetate,  pH 6.0, were 
added  to prec ip i ta te  the R N A  and separa te  it f rom 
D N A  (28). The prec ip i ta ted  R N A  was washed three 
t imes with 3 M sod ium acetate,  pH 6.0, and then 
dissolved and dia lyzed agains t  water.  The c p R N A  
was s tored in a l iquid ni t rogen freezer. 

Preparation of tritiated RuP2C and fluorescent 
RuP2C 

[3H]RuP2C was p repared  by reduct ive methyla-  
t ion using [3HI-formaldehyde ,  and c y a n o b o r o h y -  
d r ide  as descr ibed  (14). The  specific act ivi ty  rou-  
t inely ob ta ined  was a p p r o x i m a t e l y  1 500 to 3 000 
c p m / # g .  The d i s t r ibu t ion  of  rad ioac t iv i ty  between 
the large subuni t  and  small  subuni t  was a p p r o x i -  
mate ly  3.4:1, consis tent  with the d i s t r ibu t ion  of  
lysine residues (31,42). F luorescent  labeled ( M D P F  
1) RuP2C was p repa red  by a modi f i ca t ion  of  the 
p rocedure  (1,39) used previous ly  to label  several  E. 
coli pro te ins  (41). An t i se ra  agains t  RuP2C was 
raised in white male New Zea land  rabbi ts .  Each 
new lot of  an t i se rum was t i t ra ted  to ob ta in  maxi -  
m u m  prec ip i ta t ion  of  [3H]RuP2C. 

281 

In vi t ro protein synthesis 

The p repa ra t ion ,  source and pur i ty  of the p ro te in  
fac tors  used and the character is t ics  of  the par t i a l ly  
defined,  coupled  in vitro system have been de- 
scr ibed previous ly  (20, 41). The comple te  system 
(35 #1) conta ined  30 m M  Tr i s -OAc (pH 8.0); 10 m M  
Na-d ime thy l -g lu ta ra t e  (pH 6.0); 35 m M  NH4OAc;  
65 m M  KOAc;  9.3 m M  M g O A c ;  2 m M  d i th io th re i -  
tol; 0.7 m M  UTP,  CTP,  and GTP;  2.7 m M  ATP;  30 
m M  p h o s p h o e n o l p y r u v a t e ;  0.8 #g of  pyruva te  ki- 
nase; 2.5 mg of  po lye thylene  glycol  6 000; 0.8 m M  
spermidine;  0.125 m M  each of  19 a m i n o  acids  (mi-  
nus methionine) ;  4 nmol  of L-[35S]methionine 
(15000)  or  40 pmol  of  f [35S]Met- tRNA (80000 
c p m / p m o l )  plus 4 nmol  of methionine;  1.5 nmol  of 
NS,l~ 50 #g  of  E. coli B t R N A  
and 0.8 to 1.2 A260 units of  NH4Cl-washed  E. coli 
r ibosomes.  The fo l lowing pro te in  componen t s  were 
then added:  50 to 150 units each of  20 aminoacy l -  
t R N A  synthetases ,  IF-1 (0.5 #g),  IF-2  (0.4 #g),  IF-3 
(0.5/~g), E F - T u  (9 #g),  E F - G  / t . 2  #g),  Ehrl ich 's  
ascites cell ex t rac t  (26 #g),  E. coli R N A  po lymerase  
(0.9 #g),  4.5 to 20 #g  of  a par t ia l ly  purif ied f rac t ion  
f rom a 1 M D E A E  salt  e luate  (41)* and  2.6 ~g of 
c p D N A ,  or where indica ted ,  0.5 to 1.0 #g of  plas-  
mid pS oe3101 or pJEa4.  When  c p R N A  (20 #g) was 
used as templa te ,  R N A  polymerase  was omit ted .  
The  reac t ion  mix ture  was incuba ted  at  37 ~ C for  60 
rain unless s ta ted  otherwise.  At  the end of  the 60- 
rain incuba t ion ,  a 5 #1 a l iquot  of  the reac t ion  was 
removed  for slab gel e lec t rophore t ic  analysis ,  (7.5 
15% po lyac ry l amide  grad ien t )  in the presence of 
0.1% N a D o d S O 4 ,  fo l lowed by f luo rog raph ic  detec-  
t ion (2, 22). The remainder  of  the incuba t ion  was 
b rough t  to 2% N a D o d S O 4  and heated at  90 ~ C for  

* The IM DEAE salt eluate ofa 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 1 M DEAE salt eluate was concentrated by 
ammonium sulfate precipitation (0 80%). About 1 g of protein 
was placed on a 40 ml DE-53 column and the protein eluted 
using a gradient between 0.1 and 0.6 M KCI in a buffer that 
contained 20 mM Tris-Cl, pH 7.4, 1 mM Mg acetate and 1 mM 
DTT. The active component was eluted at about 0.2 M KC1 and 
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, 1 
mM Mg acetate, and 1 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 #l 
aliquot of the incubation was heated in 10% 
C13CCOOH, the precipitate collected on a nitrocel- 
lulose filter and the amount  of [35S]methionine re- 
tained on filter determined (total protein). 

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

Aliquots (5 to 20 #l) of the NaDodSO4 treated 
reaction mixture were mixed with 2 to 5 #g of 
[3H]RuP2C, 40 to 100 gl of RuP2 C antiserum and 
50 #1 of immunoprecipitat ion buffer (200 mM Tris- 
H C1, p H 7.9, 4% Triton X-100, 2 M NaC1) in a final 
volume of 200 /~1. The immunoprecipitates were 
incubated at 37 ~ C for 3 h, and then chilled at 4 ~ 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 #1 of 2% NaDodSO4 
containing 0.1 M 2-mercaptoethanol, and dissolved 
by heating for 2 rain at 90 ~ C. The dissolved immu- 
noprecipitates were mixed with 3-5 #g of M D P F -  
RuPzC, bromophenol  blue, and 40% (w/v) sucrose. 
The samples were electrophoresed on 10% polyac- 
rylamide disc gels (9). The fluorescent labeled 
RuP2C 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 0.1% NaDodSO4 for 
60 min at 55 ~ C. Radioactivity was determined af- 
ter addition of 7 ml of Instabray (National Diag- 
nostics, Parsippany, N J) in a liquid scintillation 
counter. The tritiated RuP2C 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-[35S]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-HC1 (pH 8.5), 20 mM 
MgC12, 2% glycerol at 4 ~ C. Insoluble material was 
removed by spinning for 1 min in a microfuge and 
the supernatant placed on a 13 ml linear 2-15% 
sucrose gradient containing 50 mM Tris-HC1 (pH 
8.5), 20 mM MgC12, 2% glycerol. The gradients 
were centrifuged in a SW40 rotor at 35 000 rpm for 
30 h and 0.45 ml fraction collected. One hundred #1 
aliquots were treated with LS antiserum as de- 
scribed above. The immunoprecipitates were wash- 
ed, solubilized, and the radioactivity determined. 
Coprecipitation with [3H]RuPzC 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 [35S]methionine) 
and tested for enzyme activity using an assay based 
on the fixation of H14CO3 into acid stable material 
dependent on RuP2. For these experiments the 
35 #1 in vitro incubation (see above) was brought to 
a final volume of 0.2 ml and contained 40 mM 
Tris-H C1 (p H 7.6), 15 mM MgC12, 10 mM Nai l  14CO3 
(20 000 cpm/nmole) ,  4 mM NaC1, 2% glycerol and 
0.08 mM EDTA. The solution Was preincubated at 
30 ~ C for 20 rain to activate the enzyme before 
initiating the reaction by adding 4 #1 of 750 mM 
RuP2. After 1 h at 30 ~ 35 #1 of 6 N HC1 were 
added to terminate the reaction. The sample was 
transferred to a scintillation vial and evaporated to 
dryness under N2 to liberate free 14CO 2. The dried 
samples were dissolved in 0.5 ml water and the 
radioactivity measured. Control incubations were 
run to insure that RuP2C 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- 
a s e  

RNA transcripts were synthesized in vitro using 
E. coli RNA polymerase and various DNA frag- 
ments derived from the plasmid pJEa4. Reactions 
contained l0 mM Tris-HC1, pH 7.9, 10 mM MgC12, 
100 mM K C1, 0.1 mM each of ATP, CTP and GTP, 
0.01 mM [e~32P]-UTP (20 #Ci), 0.5 to 1 unit of E. 
coli RNA polymerase (Worthington Biochemicals) 



and 0.1 to 0.5 gg of DNA in a total volume of 50 #1. 
After transcription (20 min at 37 ~ C), samples were 
diluted with 50 #1 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 ~ 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 [oz32p] - 
dNTP and the Klenow fragment of E. coli DNA 
polymerase 1 (27), or alternatively, for DNA frag- 
ments which contained a 3' overhang, [c~32p]-cor - 
dycepin triphosphate and terminal transferase, us- 
ing a kit supplied by New England Nuclear (Boston, 
MA). 
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Results 

In vitro products directed by cpDNA 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 [35S]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 [3H]RuP2C. 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 
RuP2C antiserum is seen in Fig. 2. A [35S]methio- 
nine labeled protein, that comigrates with the LS 
protein ([3H]-standard, Fig. 2) is the primary prod- 
uct on the gel after immunoprecipitation with 
RuP2 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. 

Fig. 1. Gel separation of [35S]methionine labeled protein prod- 
ucts synthesized in the partially defined in vitro protein synthesis 
system. The products were electrophoresed through a NaDod- 
SO4/polyacrylamide gradient gel (7.5 to 15%) and fluoro- 
graphed as described in Materials and methods. Track l: no 
cpDNA or cpRNA; track 2:2.5 /~g cpDNA; track 3:20 ~g 
cpRNA; track 4: [3H]RuP2C standard. 

Characteristics o f  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 #g of 
cpDNA saturate the reaction, about 40 ~g of total 
cpRNA are required for saturation (data not 
shown). With both templates, LS synthesis in- 
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Fig. 2. Identification of LS-RuP2C by gel analysis after immunoprecipitation. 
A: A 20-#1 aliquot of the reaction mixture with cpDNA as template was used for immunoprecipitat ion (see Materials and methods). The 
solubilized immunoprecipitate was analyzed on a 10% polyacrylamide gel (2), and the gels were sliced into 2 mm sections and assayed for 
radioactivity. (e--. e): [3H]RuP2C; (�9 �9 [35S]methionine products from incubations with cpDNA; (zx ~): [35S]methionine 
products from incubation without added DNA. 
B: A 5-#1 aliquot of the reaction mixture with cpRNA as template was used for immunoprecipi tat ion (see Materials and methods). The 
solubilized immunoprecipi tate was analyzed as described above. (e o): [3H]RuP2C; (�9 �9 [35S]methionine products from 
incubations with cpRNA. 

creases with time for up to 60-90 min (Fig. 3) and a 
sharp Mg +2 opt imum 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 
even in the cpRNA directed system, the synthesis of 
the LS represented only a few percent of the total 
[35S]methionine incorporated into hot C13CCOOH 
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 #g o f c p D N A  and 20 #g of cpRNA 
were used. 



Table l. 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 s tudies  on the synthesis  o f /3 -ga l ac to s idase  
(fl-gal) in a s imilar  system showed excellent  depend-  
encies on many  of  the purif ied factors  (17 21). Al-  
t hough  dependenc ies  on all of  the ind iv idua l  E. coti 

c o m p o n e n t s  have not  been examined  in the present  
s tudy,  essent ia l ly  comple te  dependencies  on R N A  
polymerase ,  r ibosomes,  EF-Tu ,  and  IF-3 were ob-  
ta ined (Table  1). 

Studies with plasmids containing the L S  gene 

The  relat ively low in vitro activi ty ob ta ined  using 
sp inach  c p D N A  as t empla te  plus the diff icul ty in 
ob ta in ing  reproduc ib le  D N A  prepa ra t ions  f rom 
spinach ch loroplas t s  presented serious p rob lems  
for con t inu ing  studies on the regula t ion  of  expres-  
sion of  the rbcL gene. Recent ly ,  Er ion  et al. (10) 
have descr ibed the cons t ruc t ion  of r ecombinan t  
p lasmids  con ta in ing  the sp inach  rbcL gene. Plas-  
mids such as pSoe3101 and pJEa4  (see Mate r ia l s  
and  methods)  are  excel lent  t empla tes  in the in vitro 

system. As seen in Fig. 4, with sa tura t ing  levels of  
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Fig. 4. Synthesis of LS directed by different concentrations of 
plasmid pJEa4. Details of the in vitro system are described in 
Materials and methods. 
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pJEa4,  it was poss ib le  to rou t ine ly  synthesize 0.4 
pmol  of  LS in 60 min,  and  values greater  than  1.0 
pmol  were very of ten reached.  S imi la r  results  were 
ob ta ined  with pSoe3101 a l though  with this tem-  
plate  somewha t  lower  levels of  LS were synthesized 
in vitro. Because of the ease of ob ta in ing  the plas- 
mid D N A  and the higher  in vitro activi ty,  the stu- 
dies presented below were done  with p lasmid  pJEa4  
as template .  

Characteristics o f  the in vitro f o r m e d  product," N- 
terminal identification 

There  are l imited da t a  on the N- te rmina l  amino  
acid in mature  LS since this p ro te in  conta ins  an  
N-b locked  amino  te rminus  as i sola ted  f rom many  
species (29). It has been repor ted  that  bar ley  LS has 
the d ipep t ide  a lanyl-g lycine  at  the N- te rmina l  posi-  
t ions (29) which would  indica te  that  the first 14 
amino  acids  of  the nascent  LS pro te in  are removed.  
It has also been r epo r t ed  tha t  in vitro synthesized 
sp inach  LS is 1 000 to 2 000 da l tons  la rger  than  
ch lo rop las t  synthesized LS (23), suggest ing that  
process ing of the spinach LS may  also take  place. In  
the highly defined in vitro system used in these 
studies,  it is p r o b a b l e  that  little or  no processing of  
the synthesized p r o d u c t  takes  place.  To ascer ta in  
this, s t anda rd  incuba t ions  were carr ied out  using 
ei ther  [35S]Met- tRNA (react ions  included unla-  
beled meth ionine)  or  [35S]methionine and the ra- 
d ioac t iv i ty  in the p roduc t  de te rmined .  The  results 
are seen in Table  2. The  formyla ted  in i t ia tor  amino  
acid was not  only  i n c o r p o r a t e d  into LS, but  a lmos t  
equivalent  amoun t s  of  p roduc t  were fo rmed  using 
ei ther  f M e t - t R N A  or  free meth ionine  showing that  
the in i t i a to r  fMet  has not  been removed  f rom the in 
vitro synthesized produc t .  The poss ib i l i ty  that  the 
/~35S]Met-tRNA (40 pmol )  was de fo rmyla t ed  to 

Table2. In vitro synthesis of large subunit using [35S]fMet-t RNA 
or [35S]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 [35S]fMet-tRNA was used. 
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[35S]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' thO in vitro product a monomer o f  aggregate? 

RuP2C 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 RuP2C holoenzyme 
did not dissociate, and sedimented as a high molec- 
ular weight species of about 500 000 daltons (data 
not shown). 

Enzymatic activity o f  the in vitro synthesized prod- 
uct 

All attempts to demonstrate that the in vitro 
synthesized product could fix CO2 dependent on 
RuP2 have been unsuccessful (Table 3). Control 
experiments in which RuP2C 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 [358] 
labeled LS, The LS was synthesized in vitro as described in 
Materials and methods and centrifuged through a linear 2 15% 
sucrose gradient for 30 h at 35 000 rpm in a SW40 rotor at 4 ~ C. 
Fractions (0.45 ml) were collected and aliquots precipitated with 
RuP2C 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 RuP2C activity. 

Components added LS formed Col fixed 
pmol 

cpm nmol 

Minus DNA 0 161 
Complete 2.0 149 
Complete + RuP2C 2,0 280 000 

(0.5 #g, 1 pmol) 
14.0 

The incubation conditions are described in the text. Where 
indicated, spinach RuP2C (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 
CO2 fixed in this case was completely dependent on RuP2. 
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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 1 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 RuP2C activity) could have been 
detected by the assay used. 

Interaction o f  E. coli R N A  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 t ranscr ip-  
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 
(Alu l, Pst 1, 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 1 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 1 fragments of 
this size, transcription must be initiating from a 
specific site. The minor transcript of about  235 
bases as welt 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-offtranscript  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 1 fragment(see 
Fig. 6). A comparable analysis of the run-off tran- 
script produced by the Dde 1 digested, Xba 1 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 1 fragment. This position is identical 
to that found for the start site for the in vivo LS 
RNA transcripts (42), corresponding to a position 
which is 178 bp upstream from the first AUG triplet 
in the coding region of the gene. 

Fig. 7. Autoradiogram of in vitro products from transcription 
run-off assays. The 1757 base-pair Xba I 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 ~g) were 
added to an in vitro transcription system using E. coli RNA 
polymerase (see Materials and methods). Radiolabeled RNA 
transcripts were analyzed on a 7M urea, 6% acrylamide sequenc- 
ing gel (see Materials and methods). The gel was calibrated (left 
axis, in bases) using [32p]-end labeled DNA 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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-280§247 ~ - 2 2 0  

-219 ~ LARGE SUBUNIT SEQUENCE ~ 1569 

1570. 
AAGATCTTAAATACAA AATTG AATACTAAA CAACTCA AAC~'TACTATATA§ 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 o f  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 (g~. Whether this difference in the spinach 
rbcL 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 t o -  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 RuP2 C, 
a protein coded by cpDNA. The prokaryotic nature 
of the chloroplast has made it possible to use crude 
1s coli extracts (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 pSoe310l or 
pJEa4 that contain the gene for the LS of spinach 
RuPzC (10). 

One advantage of the defined E. coli system is the 
potential ability to replace a specific E. 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 RNA polymerase with a 



chloroplast  polymerase. Spinach cpRNA polymer-  
ase was purified abou t  300-fold by a modif icat ion 
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 t ranscr ib-  
ing plasmid DNA or total cpDNA and could not 
replace the E. coli polymerase in the coupled sys- 
tem. All efforts to ob ta in  t ranscr ip t ion of the plas- 
mid template,  using the cpRNA polymerase,  by the 
addi t ion  of spinach chloroplast  factors, were also 

unsuccessful. 
Previous studies using a defined in vitro system 

had shown that formyla t ion  of the in i t ia tor  Met- 
t R N A  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  dena tu r ing  condi t ions  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 degradat ion 
of the product  under  the incuba t ion  condit ions 
used. Our  finding, that E. coli RNA polymerase 
specifically initiates on the rbcL gene at the same 
posi t ion as chloroplast  RNA polymerase in vivo, 

agrees with data obtained by Shiozaki & Sugiura 
(34), who examined the ini t ia t ion of t ranscr ip t ion  
by E. coli RNA polymerase of the rbcL gene from 
tobacco cpDNA using S1 nuclease mapping.  The 
nucleotide sequence that makes up the t ranscrip-  
t ional  promoter  for the tobacco and spinach rbcL 

gene are virtually identical (see (34)). In addit ion,  
Brait et al. (5) have shown that  the products  ob- 
tained from the in vitro t ranscr ip t ion  of cloned 
spinach chloroplast  D N A  by either chloroplast  or 
E. coli R N A  polymerase were identical.  These re- 
sults reinforce the idea that  the use of an E. coli 
system to study the regulat ion of chloroplast  genes, 

in vitro, has validity. 
The in vitro synthesized LS had no carboxylase 

activity. Sucrose gradient  analysis under  non-de-  
na tu r ing  condi t ions  also indicated that  the in vitro 

product  was a monomer ,  showing that there was no 
signif icant  aggregat ion of the LS in these experi- 
ments. Thus far, prel iminary at tempts to form an 
octomer,  as in the native enzyme, or obta in  enzym- 
atically active LS by the addi t ion  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 fo rmat ion  of the first 
peptide, fMet-Ser,  was measured (6). In  the present 
study we have developed a quant i ta t ive  procedure 
for the fo rmat ion  of the LS using a defined in vitro 

system. Having  available these in vitro systems to 
study the expression of the rbcL gen e should make 
it possible to investigate the regulat ion of the ex- 
pression of this gene. In  addi t ion,  the in vitro sys- 
tem described here may facilitate the study of the 
propert ies of the LS in the absence of the small  

subunit .  

References 

1. Barger BO, White FC, Pace JL, Kemper DL, Ragland WL: 
Estimation of molecular weight by polyacrylamide gel elec- 
trophoresis using heat stable fluorophors. Anal Biochem 
70:327 335, 1976. 

2. Bonner WM, Laskey RA: A film detection method for tri- 
turn-labelled proteins and nucleic acids in polyacrylamide 
gels. Eur J Biochem 46:83-88, 1974. 

3. Bottomley W, Smith H J, Bogorad L: RNA polymerase of 
maize: partial purification and properties of the chloroplast 
enzyme. Proc Natl Acad Sci USA 68:2412 2416, 1971. 

4. Bottomley W, Whitfeld PR: Cell-free transcription and 
translation of total spinach chloroplast DNA. Eur J Bio- 
chem93:31 39, 1979. 

5. Briat JF, Drun M, Loiseaux S, Mache R: Structure and 
transcription of the spinach chloroplast rDNA leader region. 
Nucleic Acids Res 10:6865 6878, 1982. 

6. Cenatiempo Y, Robakis N, Meza-Basso L, Brot N, Weiss- 
bach H, Reid BR: Use of different tRNA ser isoacceptor 
species in vitro to discriminate between the expression of 
plasmid genes. Proc Natl Acad Sci USA 79:1466 1468, 1982. 

7. Chua NH, Blomberg F: lmmunochemical studies of thyla- 
koid membrane polypeptides from spinach and Chlamy- 
domonas reinhardtii. J Biol Chem 254:215-223, 1978. 

8. Coen DM, Bedrock HR, Bogorad L, Rich A: Maize chloro- 
plast DNA fragment encoding the large subunit of ribulose 
bisphosphate carboxylase. Proc Natl Acad Sci USA 74: 
5487-5491, 1979. 

9. Davis B J: Disc gel electrophoresis II. Method and applica- 
tion to human serum proteins. Ann NY Acad Sci 121: 
404-427, 1964. 

10. Erion JL, Tarnowski J, Weissbach H, Brot N: Cloning, map- 
ping and in vitro transcription-translation of the gene for the 
large subunit of ribulose-1,5-bisphosphate carboxylase from 
spinach chloroplasts. Proc Natl Acad Sci USA 78:3459-3463, 
1981. 

11. Gatenby AA, Castleton JA, Sage M W: Expression in E. coli 
of maize and wheat chloroplast genes for large subunit of 
ribulose bisphosphate carboxylase. Nature 291:117-121, 
1981. 



290 

12. Hartley MR, Wheeler A, Ellis R J: Protein synthesis in chlo- 
roplasts. V. Translat ion of messenger RNA for the large 
subunit  of fraction I protein in a heterologous cell-free sys- 
tem. J Mol Biol 91:67 77, 1975. 

13. Hermann  RG, Feierabend J: The presence of DNA in ribo- 
some-deficient plastids of heat-bleached rye leaves. Eur J 
Biochem 104:603 609, 1980. 

14. Jentoft N, Dearborn DG: Labeling of proteins by reductive 
methylation using sodium cyanoborohydride. J Biol Chem 
254:4359 4365, 1979. 

15. Jolly SO, Bogorad L: Preferential transcription of cloned 
maize chloroplast DNA sequences by maize chloroplast 
RNA polymerase. Proc Natl Acad Sci USA 77:822 826, 
1980. 

16. Kolodner R, Tewari KK: The molecular size and conforma- 
tion of the chloroplast DNA from higher plants. Biochim 
Biophys Acta 402:372 390, 1975. 

17. Kung H-F, Spears C, Schultz T, Weissbach H: Studies onthe  
in vitro synthesis of/3-galactosidase: necessary components  
in the ribosomal wash. Arch Biochem Biophys 162:578 584, 
1974. 

18. Kung H-F, Spears C, Weissbach H: Purification and proper- 
ties of a soluble factor required for the deoxyribonucleic 
acid-directed in vitro synthesis of /3-galactosidase. J Biol 
Chem250:1556 1562, 1975. 

19. Kung H-F, Spears C, Weissbach H: DNA-directed in vitro 
synthesis of /3-galactosidase: dependencies on elongation 
factor Tu and tRNA. Arch Biochem Biophys 174:100 104, 
1976. 

20. Kung H-F, Redfield B, Treadwell BV, Eskin B, Spears C, 
Weissbach H: DNA directed in vitro synthesis of/3-galactos- 
idase: studies with purified factors. J Biol Chem 252: 
6889 6894, 1977. 

21. Kung H-F, Eskin B, Redfield B, Weissbach H: DNA-direct- 
ed in vitro synthesis of /3-galactosidase: requirement for 
formylation of methionyl-tRNAt. Arch Biochem Biophys 
195:396- 400, 1979. 

22. Laemmli UK: Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. Nature London 
227:680 685, 1970. 

23. Langridge P: Synthesis of the large subunit  of spinach ribu- 
lose bisphosphate carboxylase may involve a precursor poly- 
peptide. FEBS Lett 123:85 89, 1981. 

24. Link G, Coen DM, Bogorad L: Differential expression of the 
gene for the large subunit  of ribulose bisphosphate carboxy- 
lase in maize leaf ceil types. Cell 15:725 731, 1978. 

25. Malnoe P, Rochaix RD, Chua NH, Spahr PF: Characteriza- 
tion of the gene and messenger RNA of the large subunit  of 
ribu!ose 1,5-diphosphate carboxylase in Chlamydomonas  
reinhardtii. J Mol Biol 133:417 434, 1979. 

26. Maniatis T, Ptashne M, Backman K, Kleid D, Flashman S, 
Jeffrey A, Maurer R: Recognition sequences of repressor 
and polymerasein the operators of bacteriophage lambda. 
Cell 5:109 114, 1975. 

27. Maxam AM, Gilbert W: Sequencing and end-labeled DNA 
with base-specific chemical cleavages. Methods Enzymol 
65:499 580, 1980. 

28. Palmiter RD: Ovalbumin messenger ribonucleic acid trans- 
lation. J Biol Chem 248:2095 2106, 1973. 

29. Poulsen C, Martin B, Svendsen l: Partial amino-acid se- 
quence of the large subunit  of ribulose-bisphosphate car- 
boxylase EC-4.1.1.39 from barley. Carlsberg Res C o m m u n  
44:191-199, 1979. 

30. Pribnow D: Nucleotide sequence of an RNA polymerase 
binding site at an early T7 promoter. Proc Natl Acad Sci 
USA 74:784 788, 1975. 

31. Rutner AC, Lane MD: Nonidentical subunits of ribulose 
disphosphate carboxylase. Biochem Biophys Res C o m m u n  
28:531-537, 1967. 

32. Saluja AK, McFadden BA: Modification of active site his- 
tine in ribulose bisphosphate carboxylase/oxygenase.  Bio- 
chemistry 21:89 95, 1982. 

33. Shine J, Dalgarno L: The 3'-terminal sequence of Escheri- 
chia coli 16S ribosomal RNA: complementarity to nonsense 
triplets and ribosome binding sites. Proc Natl Acad Sci USA 
71:1342 1346, 1974. 

34. Shinozaki K, Sugiura M: Sequence of the intercistronic re- 
gion between the ribulose-l ,5-bisphosphate carboxylase/ 
oxygenase large subunit  and the coupling factor/3 subunit 
gene. Nucleic Acids Res 10:4923 4934, 1982. 

35. Siebenlist U, S impsom RB, Gilbert W: E. coli RNA polyme- 
rase interacts homologously with two different promoters. 
Cell 20:269 281, 1980. 

36. Smith H J, Bogorad L: The polypeptide subunit structure of 
the DNA-dependent  RNA polymerase of Zea mays chloro- 
plasts. Proc Natl Acad Sci USA 71:4839 4842, 1974. 

37. Smith AJH: DNA sequence analysis by primed synthesis. 
Methods Enzymol 65:560 580, 1980, 

38. Southern E: Gel electrophoresis of restriction fragments. 
Methods Enzymo168:152 176, 1980. 

39. Weigele M, De Bernardo S, Leimgruber W, Cleeland R, 
Grunberg E: Fluoroscent labeling of proteins. A new method- 
ology. Biochem Biophys Res C o m m u n  54:899 906, 1973. 

40. Whitfeld PR, Bottomley W: Mapping of the gene for the 
large subunit  of ribulose bisphosphate carboxylase on spin- 
ach chloroplast DNA. Biochemistry International 1:172 178, 
1980. 

41. Zarucki-Schulz T, Jerez C, Goldberg G, Kung H-F, Huang 
KH, Brot N, Weissbach H: DNA-directed in vitro synthesis 
of proteins involved in bacterial transcription and transla- 
tion. Proc Natl Acad Sci USA 76:6115 6119, 1979. 

42. Zurawski G, Perrot B, Bottomley W, WhitfeId PR: The 
structure of the gene for the large subunit  of ribulose 1,5-bis- 
phosphate carboxylase from spinach chloroplast DNA. Nu- 
cleic Acids Res 9:3251 3270, 1981. 

43. Zurawski G, Bottomley W, Whitfeld PR: Structure of the 
genes for the beta and epsilon subunits of spinach chloro- 
plast ATPase indicates a dicistronic mRNA. Proc NatI Acad 
Sci USA 79:6260- 6264, 1982. 

Received 6 June 1983; in revised form 6 September 1983; accept- 
ed 8 September 1983. 


