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ABSTRACT  The transcription of cloned maize plastid DNA
sequences in vitro by maize plastid DNA-dependent RNA poly-
merase has been studied to expose the roles of the enzyme, poly-
peptide cofactors, and DNA sequences in the regulation of gene
expression. The 4.35-kilobase pair BamHI fragment 9 carries the
maize plastid gene for the large subunit of ribulosebisphosphate
carboxylase and part of the gene for a 2.2-kilobase RNA. These
two genes are separated by =330 base pairs and are transcribed
divergently. Transcripts of the gene for the large subunit of ri-
bulosebisphosphate carboxylase are abundant in bundle sheath
cells of maize leaves and we show here that transcripts of the 2.2-
kilobase RNA gene are present in both mesophyll cells and the
adjacent bundle sheath cells. In vitro, in the presence of the S fac-
tor, maize chloroplast DNA-dependent RNA polymerase pro-
duces a transcript of the gene for the large subunit of ribulose-
bisphosphate carboxylase with a 5’ terminus like that of the
corresponding mRNA isolated from plastids, transcribes chloro-
plast DNA sequences of Bam fragment 9 in a chimeric plasmid in
preference to the vehicle RSF 1030 and, in a ratio of 3:1, pref-
erentially transcribes the gene for the large subunit of ribulose-
bisphosphate carboxylase over the 2.2-kilobase RNA gene from
supercoiled chimeric plasmid DNA.

Ribulosebisphosphate carboxylase [RbuPCase; 3-phospho-D-
glycerate carboxy-lyase (dimerizing), EC 4.1.1.39] is found in
chloroplasts of bundle sheath but not of mesophyll cells in leaves
of the C, plant Zea mays (1, 2). The small subunit of this enzyme
is the product of a nuclear gene (3) and the large subunit (LS)
is encoded by a chloroplast gene (4, 5). The latter has been
mapped physically on maize chloroplast DNA Bam fragment 9.
This fragment also carries =1.4 kilobase pairs (kbp) of a gene
that is transcribed in vivo into a 2.2-kilobase (kb) RNA of un-
determined function. The two genes are separated by an un-
transcribed intercistronic “gap” 330 base pairs long and are tran-
scribed from opposite strands (6). DNA sequences coding for
the LS are contained in the chloroplast DNA of both mesophyll
and bundle sheath cells but LS mRNA is found only in bundle
sheath cells (7). On the other hand, as shown here, transcripts
of the 2.2-kb RNA gene are present in both cell types. Thus,
Bam fragment 9 is interesting for the study of the role of DNA
sequences in transcriptional regulation of gene expression.

In the presence of the S factor (a 27.5-kilodalton polypeptide
purified from maize chloroplasts), maize chloroplast DNA-de-
pendent RNA polymerase preferentially transcribes cloned
maize chloroplast DNA sequences (EcoRI fragment € or a) in
supercoiled plasmids (8). Such reconstituted in vitro systems
provide powerful tools for analyzing the roles of proteins in-
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volved in transcription and of DNA sequences in the regulation
of gene transcription.

In the present paper, we show that the chloroplast DNA frag-
ment B (Fig. 1, a 2.7-kbp subfragment of the Bam 9 DNA that
contains all the LS gene and 0.77 kbp of the gene for the 2.2-
kb transcript) is preferentially transcribed over vehicle DNA
(RSF 1030) by the in vitro transcription system, that the nu-
cleotide sequences at the 5' termini of the in vitro transcript
of the LS gene and of LS mRNA are alike, and that transcription
of the LS RbuPCase gene is strongly favored over that of the
2.2-kb RNA in vitro in the presence of the S factor.

MATERIALS AND METHODS

DNA. The plasmid pZmc37 is a chimera of RSF 1030/
BamHI fragment 9 of maize chloroplast DNA. Bam fragment
9 (Fig. 1) contains the LS RbuPCase gene and 1.4 kbp of the
gene for a 2.2-kb transcript (4-6). The plasmid pZmc37-11 is
a chimera of RSF 1030/fragment F of Bam 9 DNA. pZmc465
is a chimera of pBR322/fragment E of Bam 9 DNA.

Plasmid DNA was purified from bacterial lysates by CsCl,/
ethidium bromide density gradient centrifugation (9). Super-
coiled DNA was further separated from relaxed circular DNA
by sucrose gradient centrifugation on 10—40% ultrapure sucrose
(Schwarz-Mann) in 10 mM Tris’HCI, pH 8.0/1 mM EDTA in
a Beckman SW40 rotor at 28,000 rpm for 20 hr at 4°C. Fractions
containing supercoiled DNA were identified by electrophoresis
in 0.8% agarose gels. Supercoiled DNA was concentrated by
centrifugation using ultrafiltration membrane cones (CF 40,
Amicon). Work with recombinant plasmids was carried out at
the P-1 level of physical containment as specified in National
Institutes of Health guidelines on recombinant DNA research.

Endonuclease Digestions, Agarose Gel Electrophoresis,
and Filter Hybridizations. Restriction endonucleases (Be-
thesda Research Laboratories) were used as specified by the
supplier. DNA digested with restriction endonucleases was
fractionated by agarose gel electrophoresis and transferred (10)
to strips of Millipore filter paper (HAWP00010). Hybridization
with radioactive RNAs was in 0.3 M NaCl/0.03 M Na citrate
at 66°C for 16 hr. Hybridization was revealed by autoradiography.

Quantitative hybridization was carried out as described (8).

Chloroplast RNA Polymerase and S Factor. Maize chloro-
plast DNA-dependent RNA polymerase and S factor were pre-
pared through the DEAE-cellulose column chromatography
stage (8).

Abbreviations: RbuPCase, ribulosebisphosphate carboxylase; LS, large

subunit; kb, kilobase(s); kbp, kilobase pair(s).

* Present address: MSU/DOE Plant Research Laboratory, Michigan
State University, East Lansing, MI 48824.

1 Present address: Biologisches Institut der Universitaet, Schaenzlestr
1, D-7800, Freiburg i. Br., Federal Republic of Germany.



6822  Biochemistry: Jolly et al.

Transcription. The standard reaction mixture (0.1 ml) for
transcription was 5 wmol of Tris'HCI, pH 8.0, 4 umol of 2-mer-
captoethanol, 2.5 wmol of MgCl,, 0.1 umol each of ATP, CTP,
and GTP, [*H]- or [a-**P]UTP as indicated, DNA as indicated,
and 10 ul of RNA polymerase with or without S factor. Incu-
bation was for 30 min at 37°C.

DNase. RNase-free DNase was prepared from deoxyribo-
nuclease I (DPFF, Worthington) by passage through a column
of agarose-5-(4-aminophenylphosphoryl) uridine 2'(3') phos-
phate (Miles) as described by Maxwell et al. (11).

Plant Material and Isolation of Leaf Cell Types. Maize seeds
(FR9Ss X FR 37) were obtained and grown as described earlier
(7, 8). Preparation of mesophyll cells and strands of bundle
sheath cells has been described (7).

RESULTS

Differential Transcription of LS and 2.2-kb RNA Genes in
Vivo. Chloroplast DNA fragment Bam 9 is hybridized by RNA
from either mesophyll or bundle sheath cells while subfragment
B (Fig. 1) is strongly hybridized only by RNA of the latter cell
type (7). To determine the relative abundance of transcripts of
the 2.2-kb RNA and LS RbuPCase genes—1.4 kbp of the former
and all of the latter are on Bam 9—RNA was prepared from the
two cell types, labeled, and hybridized to chloroplast DNA frag-
ments (7) generated from plasmid pZmc37 by digestion with
BamHI1/EcoRI (Fig. 2).

Fragment G (Fig. 1), on the right-hand side of Bam 9 and
containing most of the LS gene, is hybridized strongly by bun-
dle sheath cell RNA but only very weakly by RNA from mes-
ophyll cell preparations. Hybridization to the latter may be ac-
counted for by =3% contamination of mesophyll cell prepara-
tions by bundle sheath cells (7). Fragment H, which is part of
the LS gene, is hybridized by bundle sheath but not by mes-
ophyll cell RNA. In contrast, fragment E, which contains a 1.4-
kbp portion of the 2.2-kb RNA gene, is hybridized by RNA from
both cell types with about equal intensity. These results confirm
and extend our earlier conclusion (7) that genes located on chlo-
roplast DNA fragment Bam 9 are differently expressed in mes-
ophyll and bundle sheath cells.

Initiation of Transcription of the LS RbuPCase gene in Vi-
tro. Transcripts of a cloned maize tRNA™* gene produced in
vitro by maize chloroplast DNA-dependent RNA polymerase
and S factor have 5’ termini indistinguishable from those of in
vivo transcripts (14). Similar analyses have been carried out
comparing in vitro transcripts of the LS RbuPCase gene and the
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Fic. 1 Map of the restriction endonuclease recognition sites on
maize plastid DNA fragment Bam 9 (4, 5) and locations of the LS
RbuPCase and 2.2-kb RNA genes (6). Recognition sites are given for
Pst (P), Bgl 11, EcoRI (RI), Sma, HincIl, and Hinfl.
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Fic. 2. Hybridization of RNAs
from maize mesophyll (Me) and
bundle sheath (Bu) cells against
fragments of maize chloroplast
DNA sequence Bam 9. pZmc37
DNA (1 pug) was digested with
BamHI/EcoRI, and the products
were separated electrophoretically
in a 1.5% (wt/vol) agarose gel. The
positions of the resulting frag-
ments were visualized by staining
with ethidium bromide (lanes 1 and
3). The heavy band at the top of
each gel is the vehicle. The frag-
ments of Bam 9 visible on the gel
are designated by their size in kbp
and by letter relating them to Fig.
1. Fifty nanograms of [*>P]RNA (1
X 107 cpm/ug) from either Me or
Bu preparations was used to hybri-
dize DNA transferred to each ni-
trocellulose strip (10). Autoradio-
graphs of the nitrocellulose sheets
are shown in lanes 2 and 4.

LS mRNA prepared from maize plastids.

The 5' terminus of maize RbuPCase LS mRNA has been
shown to fall between nucleotide positions 53 and 59 upstream
of the translation start site, based on nuclease S1 mapping (13).
Nuclease S1 experiments of the same type were carried out
here. RNA was prepared either from plastids (6,13) or from in
vitro transcription reaction mixtures (12) and hybridized against
fragment L (Fig. 1) labeled at its 5’ Hinfl end—i.e., at the 5'
end of the coding strand. After hybridization and treatment with
nuclease S1, the surviving fragments were subjected to gel elec-
trophoresis alongside a similarly labeled fragment L treated for
the “G” reaction in DNA sequence analysis, as described pre-
viously (13). The data show (Fig. 3) that the 5’ terminus of the
in vitro transcript of the LS gene (lanes B, C, and E) is the same
as that of LS mRNA isolated from plastids (lanes A and F). The
protection of fragments of four different sizes in the nuclease
S1 experiment could be the result of multiple initiation start
sites or of “breathing” of the RNA*DNA hybrid during the nu-
clease S1 treatment. Regardless of the cause, in vitro-synthe-
sized transcripts and mRNA isolated from plastids protected LS
RbuPCase gene fragment L DNA in the same way.

Selective Transcription of Cloned Maize Plastid Bam 9 Se-
quences. Experiments were designed to determine whether all
portions of the chimeric plasmid pZmc37, or its derivative
pZmc37-11, are equally transcribed in vitro and whether the
S factor has any influence on preferential transcription.

pZmc37 DNA was cleaved by BamHI1/ Bgl I1. The fragments
were separated by agarose gel electrophoresis and transferred
(10) to nitrocellulose filter sheets. [a->*P]JUMP-labeled RNA
produced by chloroplast RNA polymerase in the presence or
absence of S factor with pZmc37 as a template was hybridized
to the DNA fragments on the filters. Fig. 4 shows that chlo-
roplast RNA polymerase preferentially transcribes chloroplast
DNA sequences rather than those of the vehicle and suggests
that this preference is increased by the S factor. Furthermore,
the S factor promotes transcription of the fragment containing
the LS RbuPCase gene and a portion of the 2.2-kb gene (frag-
ment B, Fig. 1) over that of fragment A (Fig. 1)—only 2.2-kb
RNA gene sequences—transcription of A appears to be rela-
tively repressed.

To study preferential transcription in detail, [*H]JUMP-la-
beled RNA was synthesized by chloroplast RNA polymerase in
the presence or absence of S factor using supercoiled pZmc37-
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FiG. 3. Localization of the 5’ termini of LS RbuPCase mRNA and
of the in vitro transcript of this gene on its coding strand. Maize chlo-
roplast DNA fragment L (Fig. 1) labeled with at its 5’ HinfT re-
striction site was prepared as described (13), and 27 pmol (=3000 cpm)
was hybridized with either RNA isolated from maize chloroplasts (6)
or with transcripts prepared in vitro with pZmc37 as the template.
Hybridization conditions, nuclease S1 treatment, and gel electropho-
resis were as described (13). Lanes: G, fragments generated by the “G”
sequence analysis reaction (15) for fragment L (Fig. 1); A and F, hy-
bridization with 30 ug of chloroplast RNA; B and E, hybridization with
RNA transcribed from pZmc37-11 DNA in vitro by maize plastid RNA
polymerase in the presence of S-factor; C, hybridization with RNA
from pZmc37-11 in the absence of S factor.

11 as the template. This 11-kbp chimeric plasmid is composed
of the vehicle RSF 1030 (8.3 kbp) and subfragment B (2.7 kbp)
of the maize chloroplast DNA sequence Bam 9. Denatured
pZmc37-11 or RSF 1030 DNA was fixed to nitrocellulose filter
disks and hybridized with [*H]RNA transcribed from pZmc37-
11. The same amount of radioactivityof [P(HJRNA was used in
each hybridization. As shown in Fig. 5, 115 cpm of [*H]RNA
synthesized in the absence of S factor hybridized to pZmc37-11
DNA and 30 cpm hybridized to RSF 1030 DNA. [*H]RNA pro-
duced in the presence of S factor hybridized to RSF 1030 at not
more than background levels but 250 cpm of this [*H]RNA hy-
bridized to pZmc37-11.

The ratio of transcription of the chloroplast DNA sequences
to vehicle RSF 1030 DNA was calculated by the formula {{RNA
(cpm) hybridized to pZmc37-11 — RNA (cpm) hybridized to
RSF 1030 DNA]/size of chloroplast DNA} fragment (kbp) +
[RNA (cpm) hybridized to RSF 1030 DNA] size of RSF 1030
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Fic. 4. Hybridization of RNA transcribed from pZmc37 DNA to
fragments of the template. pZmc37 DNA was hydrolyzed with BamHI/
Bgl I1. The DNA fragments (0.2 ug per gel) were separated by elec-
trophoresis in 2% agarose gels (0.8 mA per gel for 15 hr), transferred
to Millipore filter strips (10), and hybridized to [a->?PJUMP-labeled
RNA produced from [a-*PJUTP (100 Ci/mmol; 1 Ci = 3.7 x 10
becquerels) and 10 ul of plastid RNA polymerase in the presence or
absence of S factor. Supercoiled pZmc37 DNA (5 ug) was used as a tem-
plate. The amounts of acid-precipitable products produced were 190
and 990 X 10° cpm in the absence (—) and presence (---), respectively,
of S factor. After extraction with phenol and ethanol~precipitation§
RNA was dissolved in 0.3 M NaCl/0.03 M Na citrate. About 70 x 10
cpm of each RNA was used for hybridization to a nitrocellulose filter
strip. Hybridization was at 66°C for 18 hr. The autoradiograph of the
hybridization was scanned by a Zeineh Soft Laser Scanning Densitom-
eter using a tungsten lamp.

(kbp)]. This ratio was 8.7 [(85/2.7) divided by (30/8.3)] in the
absence of S factor but it was © [(250/2.7) + (0/8.3)] in the
presence of the S factor—i.e., hybridization to RSF-1030 was
not detected here.

Differential Transcription of Two Adjacent Plastid Genes.
As noted above, the pattern of hybridizations shown in Fig. 4
also indicated that the S factor may affect the transcription of
the two chloroplast genes on chloroplast DNA Bam 9 differ-
ently. The effect of the S factor on transcription of the two genes
by chloroplast RNA polymerase was next compared quantita-
tively. As one probe for the quantitative hybridization, the 590
base pair Pst/Pst fragment F (Fig. 1) from within the structural
gene for LS RbuPCase was cloned in pBR322; the chimeric
plasmid is designated pZmc461. And, for the other probe, frag-
ment E (Fig. 1) from maize Bam 9 DNA was cloned between
the Bam and the EcoRI sites in pBR322 to produce pZmc465.
Fragment E contains 1400 base pairs of the gene for the 2.2-kb
transcript plus a little of the nontranscribed intercistronic region
between the two genes present on Bam fragment 9. [*HJUMP-
labeled RNA was synthesized by maize chloroplast RNA poly-
merase in the presence or absence of S factor using as a template
supercoiled pZmc37-11 [fragment B (Fig. 1) cloned in RSF
1030]. As in previous quantitative hybridization experiments,
a constant amount of [*H]UMP-labeled RNA was hybridized to
DNA (pZmc461 or pZmc465) bound to nitrocellulose filters. As
shown in Fig. 6, a maximum of 290 cpm of [*’HJRNA produced
in the absence of S factor hybridized to pZmc461 and 400 cpm
hybridized to pZmc465. Of the [*H]RNA produced in the pres-
ence of the S factor, 195 cpm hybridized to pZmc461 but only
95 cpm hybridized to pZmc465. The ratio of transcription of the
LS RbuPCase gene to that of the 2.2-kb gene was calculated as
follows: [RNA (cpm) hybridized to pZmc461 DNA/size (kbp)
of chloroplast DNA sequence F in pZmc461] + [RNA (cpm)
hybridized to pZmc465 DNA/size (kbp) of fragment D]. The
length of fragment D was used in the denominator rather than
that of fragment E, which is the actual probe, because tran-
scription was from pZmc37-11, which contains D and not E.
(pPZmc37-11 was used as the template to keep the sizes of probes
for transcription of the two genes as similar as possible.) The
ratio of transcription of the LS RbuPCase gene to that the 2.2-
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FiG. 5. Quantitative hybridization of plastid RNA polymerase
products formed in the absence (nger) or presence (Lower) of S factor
to pZmc37-11 or RSF 1030 DNA. ["H]RNA was made in vitro by using
supercoiled pZmc37-11 DNA as the template with or without S factor
and hybridized to 3)ch37-11 or RSF 1030 DNA fixed on nitrocellulose
filters. Inputs of ["HJRNA for hybridization were 750 and 570 cpm per
filter, respectively in the presence and absence of S factor.

kb RNA gene was 1.1 (290/0.59)/(400/0.92) in the absence of
the S factor and 3.2 (195/0.59)/(95/0.92) in the presence of the
S factor.

DISCUSSION

RNAs transcribed from the adjacent and divergently tran-
scribed (6) 2.2-kb RNA and LS RbuPCase genes were both re-
covered from bundle sheath cells but RNA of only the former
could be detected in mesophyll cells. The DNA fragment car-
rying both of these genes consequently appears to be useful for
exploring possible contributions of DNA sequence to differ-
ential gene expression in maize leaf cell types. The remainder
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of the present work was a study of transcription of the 2.2-kb
RNA and LS RbuPCase genes in vitro using maize chloroplast
RNA polymerase and was undertaken to gain an understanding
of mechanisms by which differential expression of genes in the
chloroplast chromosome is effected.

The maize plastid RNA polymerase appears to initiate tran-
scription of the LS gene “correctly” for the 5’ ends of the LS
RbuPCase mRNA and of the transcript produced in vitro by the
homologous plastid polymerase. Corresponding similarities
have been seen between a maize chloroplast tRNA™* and the
in vitro transcript of the cloned gene (12). Unless some fortui-
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Fic. 6. Quantitative hybridization of plastid RNA polymerase
products to pZmc461 or 465. ["HJUMP-labeled RNA was synthesized
in vitro by using supercoiled pZmc37-11 DNA as the template in the
absence (Upper) or presence (Lower) of S factor. Inputs of [ A for
hybridization were 1070 and 2770 cpm per filter, respectively, in the
presence, and absence of S factor.
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tously identical processing occurs in vivo for both the tRNAH
and the LS RbuPCase mRNA, transcription is initiated at the
same site in vitro and in vivo. Fig. 3 (lanes B and C) suggests
that there are more correct transcripts (and less radioactivity
remaining at the top of the gel) when transcription is in the
presence of S factor (lanes B and E) than in its absence (lane C).
However, we have not determined directly whether the ratio
of correctly to incorrectly initiated transcripts is altered by the
presence of the S factor and cannot state whether the S factor
is part of the apparatus required for correct initiation.

Examination of the DNA sequence upstream of the maize LS
RbuPCase gene transcription initiation site (13) shows some
homologies with prokaryotic promoter (16) and eukaryotic T-A-
T-A (e.g., ref. 17) sequences at —23 to —28 (T-A-G-A-T-T) and
at —40 to —45 (T-A-T-C-A-T)—i.e., in the regions at which se-
quences of those types are common for eukaryotic nuclear
genes—but, like promoters for prokaryotic genes, a “—35 se-
quence” (T-T-G-A-T-A) is found (a considerable distance up-
stream of the normal location) at —50 to —55 (13). No experi-
mental evidence is available that shows whether any of these
sequences (Fig. 7) plays a role in DNA-protein interactions in
the plastid system.

We found earlier (8) that preferential transcription of maize
chloroplast DNA fragment Eco € under the influence of the S
factor occurs in supercoiled plasmids in vitro but is greatly re-
duced by unwinding the DNA to its closed circular form. To
simplify the assay for the site of initiation of transcription, we
examined whether a single-sized runoff fragment would be pro-
duced if fragment I or J (Fig. 1) was used as a template. Based
on sequence data and nuclease S1 experiments (14), the runoff
product using fragment I as a template should be 228 nucleo-
tides long and that from fragment ]| would be 35 nucleotides
long. We could not find RNAs of these sizes on the acrylamide/
urea gels. This could result from the inability of the maize chlo-
roplast RNa polymerase to initiate correctly on fragments of this
size or from conformation; supercoiled or circular forms of DNA
may be required.

The present experiments confirm the observation that maize
chloroplast RNA polymerase/S factor preferentially transcribes
at least some chloroplast DNA sequences over those of the bac-
terial vehicle plasmid pMB9 (8). Here RSF 1030 in pZmc37 is
transcribed little, even in the absence of the S factor, but:its
transcription appears to be virtually completely suppressed
when the S polypeptide is included. We do not know whether
differences in relative transcription of pMB9 and RSF 1030
DNA in these and the previous (8) experiments are due to prop-
erties of RSF 1030 vs. pMB9 promoters, to the extents of su-
percoiling of the DNA template used, or to the character of the
chloroplast DNA sequences “competing” for transcription.

An interesting outcome of these experiments is the demon-
stration that transcription of the LS RbuPCase gene is favored
=3:1 over transcription of the 2.2-kb RNA gene in the presence
of S factor in vitro. It remains to be determined experimentally
by modification of the DNA whether or which DNA sequences
of the LS gene serve as signals for corrct initiation, preferential
transcription, etc.

Does in vitro transcription of the 2.2-kb RNA and the LS
genes in a 1;3 ratio duplicate RNA production from these genes
in mesophyll or bundle sheath cells of maize? In neither the
absence nor the presence of the § factor-is the transcription of
the LS RbuPCase gene suppressed as completely as in meso-
phyll cells. The situation in vitro may be comparable to that in
bundle sheath cells. The LS RbuPCase message is one of the
most abundant in those cells but quantitative estimates of the
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FiG. 7. Nucleotide sequence upstream of the transcription initia-
tion site for the maize LS RbuPCase gene (13). Sequences reminiscent
of those seen in prokaryotic “—10” and “—35” regions are underlined.
Nucleotides are numbered with reference to the site of initiation of

transcription.

ratio of 2.2-kb to LS RbuPCase RNAs in maize bundle sheath
cells and in leaves of C-3 plants remain to be made. However,
the S factor may simply be required to measure relative
strengths of promoters for maize plastid genes and other factors
may serve to suppress transcription—as may occur in maize
mesophyll cells. Regulation of RNA levels by selective destruc-
tion in vivo cannot be excluded.

Note Added in Proof. Maize chloroplast DNA EcoRI fragment e con-
tains all of the “2.2-kb gene” discussed here. The product of in vitro
transcription and translation of this cloned sequence is a 58,000-dalton
polypeptide that we judge, from its size and immunochemical behavior,
to be the B subunit of the maize chloroplast coupling factor (unpublished
data).
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