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Abstract

Several examples of the introduction of a gene from one gene complex into another (introgression) are
found when chloroplast RP gene clusters are compared to those in Escherichia coli or cyanobacteria. Here
we describe the transcript pattern of one such cluster from maize (Zea mays) that includes the genes
for 4 subunits of the thylakoid ATP synthase (atpl, H, F, A) and the rps2 gene. Twelve transcript spe-
cies covering the size range from 7000 to 800 nt were identified in RNA isolated from dark-grown and
greening maize seedlings, and several of them were characterized by reverse transcription analysis. A
major species of 6200 nt, with its 5’ end at 181 nt upstream of the initiating ATG of rps2, contained
the transcripts of all the 5 genes. Two further sets of transcripts having their 5’ ends ca. 120 and 50 nt
upstream of the initiation codons of the atpl and atpH genes were also identified. Thus, this plastid gene
cluster in maize is functionally organized as an operon with additional regulatory features to allow for
increased accumulation of mRNAs for the thylakoid components.

Introduction tosynthetic genes into common transcription

units.

The gene for chloroplast ribosomal protein (RP)
S2 in the maize chloroplast genome occurs in a
cluster that includes four genes for the subunits of
the ATP synthase complex of the photosynthetic
apparatus [1]. Since translational and photosyn-
thetic systems [2] differ so considerably in the
quantitative requirements of their protein compo-
nents, complex regulatory features would be nec-
essary if RP genes are to be integrated with pho-

In Escherichia coli, RP-S2 is encoded in a gene
cluster with the genes for the elongation factor
EF-Ts and the ribosome release factor RRF
[3, 4], whereas all the subunits of the ATP syn-
thase are encoded in a single atp (old name unc)
operon [ 5]. These two loci are at 4 min and 84 min
on the E. coli chromosomal map [6], i.e. at a
distance of about 1 x 10° bp from each other, and
they are divergently transcribed. In two cyano-
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bacterial species so far examined (Spirulina plat-
ensis and Synechococcus sp. [7, 8], the rps2 and
atp genes are localized in unlinked clusters. These
situations are as depicted below (the genes under
discussion shown filled):
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If chloroplasts evolved from free-living, photo-
synthetic bacteria, then these genes for two func-
tionally distinct multiprotein complexes, viz. the
ribosome and the ATP synthase, have been
brought together during the course of chloroplast
evolution. If they also form a functional transcrip-
tion unit, then this process has involved not only
gene transposition but also promoter remodel-
ling. In this paper we show that the introgressed
genes of the rps2-atpIlHFA cluster in the maize
chloroplast genome are co-transcribed and there-
fore they form a functional operon. The transcript
pattern of the operon and the 5’- end analyses of
the transcripts (both in dark and in light) are
described.

Materials and methods
Preparation of maize RNA

(Zea mays seeds (FR9cmsTR37; Illinois Foun-
dation Seeds Corp, Champaign, 1) were germi-
nated and grown in the dark on moist vermicu-
lite at 25 °C for 7days in an environmental
chamber and were either directly processed under
green safelight (Schott, Mainz [etiolated]), or ex-
posed to light (5000 lux) for 16 h before process-
ing (greening). Leaves were excised and quick-
frozen in liquid N, and RNA was extracted by the
guanidinium thiocyanate/CsCl procedure [ 9] with
some modifications. In brief, 4 glots of frozen

leaves were ground in liquid N, and vortexed in
20ml of 4 M guanidinium thiocyanate, 0.1 M
2-mercaptoethanol, 0.025M sodium citrate
pH 7.0, 0.5%, sodium lauroylsarcosine. After fil-
tration (Miracloth) and centrifugation (3000 x g,
15 min), 0.5 g/ml of CsCl was added to the super-
natant and the RNA was sedimented through a
cushion of 5.7 M CsCl and 0.1 M Na,EDTA at
130000 x g for 18 h. The RNA was dissolved in
10 mM Tris-HCI, pH 7.6, 5 mM Na,EDTA and
0.1% SDS, extracted with chloroform/butanol
(4:1), precipitated with ethanol, and dissolved in
sterile H,O; the concentration was determined
from UV 40, absorption [10].

Northern blot analysis

RNA samples (15 ug/lane) were denatured in
10 mM sodium phosphate (pH 6.5) and 509
DMSO with glyoxal (1 M, 50 °C, 1 h), electro-
phoresed in a 1.1 agarose gel in 10 mM sodium
phosphate, pH 6.5, and blotted onto a nylon
membrane in the presence of 20 x SSC[10]. The
filter was prehybridized overnight at 50 °C in
5x SSC, 50 mM sodium phosphate pH 6.5, § x
Denhardt’s solution and 0.25 mg/ml denatured
calf thymus DNA and then hybridized overnight
with [*?P]-labelled (random-primer procedure,
Amersham) DNA probes. The blots were washed
2%20min at 60 °C in 0.1 x SSC, 0.1% SDS
and autoradiographed. For quantitation, the au-
toradiograms (at several exposure times) were
scanned on a Quickscan Densitometer (Desaga)
and the areas under peaks were determined by
integration.

Primer extension analysis

Each radioactively-labelled primer was mixed
with maize RNA (40-100 pg primer to 20 ug
RNA in 12 ul of 0.4 M NaCl, 45 mM PIPES,
pH 6.0); and the sample was denatured for 1 min
at 90 °C and then annealed at 60 °C for 6 h.
Primer extension was carried out with 10 units of
AMYV reverse transcriptase (Promega), in the



presence of 0.5M Tris-HCl pH 8.3, 6 mM
MgCl,, 40 mM KCI, 1 mM DTT, 0.1 mg/ml bo-
vine serum albumin and 0.5 mM each of dATP,
dGTP, dCTP and ATTP (final volume 100 pul), at
42 °C for 1h. The reaction products were pre-
cipitated with ethanol and separated either on a
5%, polyacrylamide gel with labelled molecular
size markers, or on an 8Y% polyacrylamide gel
with [**P]dATP-labelled products of a dideoxy
sequencing reaction [11] using the same primer,
and autoradiographed.

The primers used in these experiments were
restriction fragments of the rps2-arpIHFA gene
cluster [1, 12] isolated from agarose gels. They
include: 1) 135nt long Eco RI-Hinf1 fragment
(Pr-2, position 8811015 [1]); 2) 45 nt long Eco
RI-Ssp I (Pr-3, position 1855-1899[11]); 3) 110 nt
long Ssp I-Sca I (position 1900-2009 [1], data
not shown); 4) 64 nt long Sca I-Hinf 1 (Pr-4, po-
sition 2010-2073 [11); 5) 68 nt long Bsp HI-Apa 1
(Pr-5, position 4~71 [12]). In addition, a 35-mer
deoxyoligonucleotide (Pr-1, position 851-885
[1]) was synthesized (Applied Biosystems DNA
synthesizer Model 380A) and purified by re-
versed-phase HPLC and used. The restriction
fragment primers were labelled with [**P] by the
fill-in reaction and isolated by electrophoresis
through denaturing polyacrylamide gels [10]; the
synthetic oligomer was labelled with [y-**P]ATP
in the presence of T4 polynucleotide kinase [10].

Results and discussion
Transcript analysis

The rps2-atpIHFA gene cluster is located in the
single-copy region of maize chloroplast DNA at
map positions 72—-78.5 kb [1, 13]. It is embedded
in the 28 kb inversion in cereal plastid genomes
[14] and lies immediately downstream of the
rpoC2 gene and upstream of the rps!4-trnfM-trnR
cluster (Fig. 1). We hybridized DNA probes (see
Materials and methods for details) specific to the
rpoC2, rps2, atpA, atpF, atpH and atpl genes and
the intron in atpF (illustrated in Fig. 2B) to north-
ern blots of RNA isolated from greening and eti-
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Fig. 1. Location and orientation of the rps2-atpIHFA gene
cluster in the maize chloroplast genome [1, 13]. The termini
of the 28 kb long inversion are indicated by the two arrows in
the large single-copy region.

olated plants. The results for all § probes are
summarized in Fig. 2A (probes B and B’ gave
identical results and therefore are shown as B/B’)
and are diagrammed schematically in Fig. 2B.

A total of 12 RNA bands ranging in size from
800 nt to 7000 nt were detected by the 8 probes
(marked by arrowheads in Fig. 2A). With the ex-
ception of the two smallest (800 nt and 1000 nt),
all the others were polycistronic transcripts. There
was one major transcript (6 200 nt) which hybrid-
ized to all 8 probes, i.e. it comprised transcripts
of rps2 and the 4 ATP synthase genes. This result
showed that rps2 is cotranscribed with the ATP
synthase genes in maize chloroplast DNA.

Five transcript species (4900 nt, 3100 nt,
2700 nt, 2500 nt and a weak signal of 1800 nt;
Fig. 2) hybridized to probes of atpl (B/B’) but
did not hybridize to the rps2 probe. Primer ex-
tension analyses (see below) indicated that these
transcripts have a common 5’ end located in the
spacer between rps2 and atpl. Another group of
4 transcripts (3200, 1500, 1000 and 800 nt) hy-
bridized to the atpH probe (Probe C) but did not
hybridize to probes upstream of atp! (i.e. Probes
A, B/B’). Primer extension experiments suggested

froR trnfM  rpsik
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Fig. 2. Northern blot analysis of the transcripts from rps2-aipIHFA gene cluster. The positions of the 8 probes (A to G) in the
various genes are shown in the middle. The hybridization pattern (with two RNA preparations from greening [left] and etiolated
[right] plants) is shown in panel A (a diffuse signal at ca. 4200 nt seen with several of the probes probably could arise from
nonspecific binding to the rRNAs banding in this region; it is therefore not considered). Numbers designate the nucleotide lengths
of the indicated RNA bands. The detected transcripts are shown schematically in panel B. Dots represent the spliced out intron

in atpF.



that these transcripts have a common 5’ end lo-

cated upstream of the atpH gene.

One of the probes (E in Fig. 2) is derived from
the intron in atpF, the only intron-containing gene
of this cluster. This probe detected the 6200 nt
transcript with an intensity similar to that given
by the other probes. Thus the large, 6200 nt long
transcript species would be the primary transcript
of the entire rps2-atpIl HFA operon.

In these northern hybridizations, each probe
was hybridized to two RNA preparations desig-
nated ‘greening’ and ‘etiolated’ (left and right lanes
in Fig. 2A). The results show an influence of light
on the amounts of the 6200 nt, 2700 nt and
2500 nt transcripts but little effect on the levels of
the other transcripts. These results are consistent
with those of Rodermel and Bogorad [15] show-
ing that the multiple transcripts from this region
of the maize chloroplast genome increase differ-
entially in amount during greening.

The 5’ ends of transcripts

Primer extension of transcripts with reverse tran-
scriptase was performed using 6 single-stranded
primers from the upstream regions of rps2, aipl,
and atpH genes (see Materials and methods). The
results are summarized in Fig. 3. The upstream
rps2 primer (Pr-2; 135 nt, Eco RI-Hinf I) revealed
two potential start sites (bands marked 262 and
188 in Fig. 3B). Since the 3’ end of this 135 nt
long primer is exactly 52 bp upstream of the ini-
tiating ATG of rps2 [1], these two putative tran-
scription start signals would correspond, respec-
tively, to initiations at 181 and 107 bp upstream
of the ATG.

In the published nucleotide sequence of the
rps2-atpl HFA gene cluster [1] a chloroplast pro-
moter motif, TTGTAC-"17bp ‘-~ TTTAAT,
occurs 184-212 bp upstream of the rps2 initiator
ATG (and 80-109 bp downstream of the rpoC2
terminator TAA). A transcript from this putative
promoter (see Fig. 4) would correspond to the
stronger signal (262 nt), in Fig. 3B. This inference
is supported by the high-resolution primer exten-
sion experiment using the synthetic 35-mer deox-
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yoligonucleotide (Pr-1). From the sequencing gel
of this experiment the starting base of the tran-
script was determined to be G, corresponding to
the transcribed DNA strand sequence
CATTTTC... (Fig.3C), 3 nucleotides down-
stream from the —10 element. The presence of a
second promoter (corresponding to the 188 nt
signal) could not be confirmed either by examin-
ing the nucleotide sequence (Fig. 4) for a pro-
moter motif or from additional experiments (data
not shown). The shorter signal therefore probably
represents a premature reverse transcriptase ter-
mination.

Primer extension analysis of the intergenic re-
gion between rps2 and atpl was performed with
three primers (45 nt Eco RI-Ssp I, Pr-3, 110 nt
Ssp I-Sca I (data not shown); and 64 nt Sca I-
Hinf 1, Pr-4): all gave similar results. The exper-
iment with the 64 nt primer (Pr-4) is shown in
Fig. 3B. The 297 nt signal correspondstoa 5’ end
about 120 bp upstream of the initiating ATG of
atpl. A chloroplast promoter motif, “TTGATA -’
20bp ‘-~ TATATT’, occurs 126—157 bp upstream
of the ATG of atpl in the published sequence [1].
A high resolution primer extension experiment
using Pr-3 (Fig. 3C) showed that this transcript
species may start with the base C, corresponding
to the transcribed DNA strand sequence GAC-
TAC..., 6 nucleotides downstream from the pu-
tative —10 element. This 5’ end would be com-
mon to the five transcripts 4900, 3100, 2700,
2500 and 1800 (Fig. 2B). Whether it really rep-
resents the start point of a common promoter or
only a specific mRNA processing site remains to
be determined.

Primer extension analysis for the transcripts
specific to atpH and its downstream genes aipF
and atpA was performed with a 68 nt (Bsp HI-
Apa 1, Pr-5) fragment. One strong signal, 117 nt
in length, was detected (Fig. 3b). It corresponds
to a 5’ end nucleotide 50 bp upstream of the ini-
tiating ATG of atpH. There is a chloroplast
promoter-like sequence, ‘TAGAGC-" 17 bp
‘—~TAATTT’, 55-83 bp upstream of this initiat-
ing codon of amH [1]. The mapped 5’ end,
GTTGA... (data not shown), is located 5bp
downstream of the —10 element and will be com-



1074

rpoC2 afpl atpH
e | —
— —
Pr-3 Pr-4 Pr-5
Pr-4 Pr-5
123 [nt] [nt] 12
394
394 344
364 298 +«—297
298 = 1018
508
: 220 344
220 200 = 298
200 220
154 = 200
154 142 - 154
%2 ' 142
«— 17
75 &
7S _(Pr-4) ” ~(Pr-5)

l

. %

O—4 =40 4 44> 0 - 2>

cCOPrOXI>rrrCQ

>




A.

1075

ACCCCTATTTATA(X}ATWAAGTATACATAAAGCAATWI‘T’I’I‘AC’I’I’TAA’ITTAAACTATAC'I'l‘TTGACC'I'I‘AGAA’l’GCTAACAGGTC’ICATTTTCX}AT'i‘

T P I Y T I * Endof rpoCR

-35 . . =10 . k—————% 6200 nt

TTGTACTTAAATTTAAATTGTATTTTAATAAGTAAAAGAAGTCAGTTAATTCATTAAGGCTATGTTTATACCGTGTATCAATGGTCAAGAAGGTTCCATT

GGAACAATTATTATTTATTTCAAGCTATTTCGGCTCTTTCTTAATCTTCAAAMAGAAATGAATTCOGTAATGGTAACACGAAAAAAGAAAAAAAAAAGGA

. rIpsk

AGTGTGCAAAAAATGACAAGAAGATATTGGAACATCAATTTGAAAGAGATGATAGAAGOCGCCAGTTCATTTTGGTCATCGTATTAAGAAATGGAATCCCA
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Fig. 4. The promoter motif upstream of the rps2 gene [1]. The nucleotide (G) complementary to the identified 5’ end of the 6400 nt

RNA (Fig. 2) is shown by an arrow.

mon to the five transcripts, 3200, 2300, 1500,
1000 and 800 nt.

Further experiments, for example 5’ capping of
mRNA, are necessary to establish the actual
functionality of these three promoter motifs. In-
terestingly, such motifs are not present in the pre-
viously reported chloroplast rps2-atpIHFA se-
quences from pea and spinach [16].

As with the northern experiments, the primer-
extension analyses were also performed with
RNA preparations from both etiolated and green-
ing maize seedlings. The two RNA preparations
gave essentially the same result and thus there
was no indication for any additional light-
activated promoters or processing pathways.

Quantitation of transcript amounts

The relative amounts of the transcripts for the
5 genes of the rps2-atpIHFA operon were deter-
mined by quantitative densitometry (see Materi-
als and methods) taking the 6200 nt long tran-
script, which includes all the 5 genes as the
standard. The level of rps2 transcripts was con-
siderably lower than that of the ATP synthase
genes, the ratio rps2:atpl.atpH:atpF.atpA being
1.0:7.5:16.5:6:4.5. The abundance levels of the
ATP synthase mRNAs to some degree reflected
the stoichiometry of the corresponding polypep-

tides in the ATP synthase [2], e.g. the most abun-
dant polypeptide in the F,-F, complex (10-
12 copies) is subunit c, the translation product of
the most abundant atipH mRNA.

Considered together, the data in this paper are
consistent with the hypothesis that accumulation
of the individual proteins encoded by the rps2-
atplHFA gene cluster is primarily a function of
transcription initiation (for a recent report on the
role of transcription rate in barley chloroplasts,
see [17]) but further experiments are needed to
confirm it and to rule out the possibility that pro-
tein accumulation is also a function of differential
mRNA processing, stability and other post-
transcriptional effects (such as translational and
post-translational controls). These data comple-
ment Haley and Bogorad’s [ 18] observation that
two other complex transcription units in the maize
chloroplast genome contain internal promoters
that are regulated differentially by light, and that
protein accumulation is largely a function of the
molar levels of the various mRNAs complemen-
tary to given genes of these complexes.

Our results are similar in several respects to the
transcript analyses carried out earlier on the rps2-
atpIHFA gene cluster in pea and spinach [16].
This cluster in these two dicot plants generates
multiple transcripts that fall into several families
with 5’ ends upstream of the rps2, atpl, and atpH

Fig. 3. Determination of the 5’ ends of the RNA species by primer extension with reverse transcriptase. A. Positions and sizes
of the used primers (Pr-1 to Pr-5). B. The lengths of three primers after chain extension. C. Identification of the 5’-end nucleotides
of rps2 and atp! gene transcripts by high-resolution analysis after sequencing reaction. The results with ‘greening RNA’ are shown;

‘etiolated RNA’ gave the same results.
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genes. In contrast to maize however, the largest
transcripts in these systems did not include the
complete rps2 coding region. This paper thus pre-
sents the first evidence for cotranscription of the
entire rps2-atpl HF A cluster as a single, detectable
polycistronic mRNA. The data suggest that the
regulation of the rps2-atpIHFA operon in the
monocots and dicots shows similarities as well as
differences indicating that the process of promoter
remodelling following the formation of a fused
gene cluster (another example: Z. mays L23-I1
operon with truncated S10, spc and alpha, see
[19, 20]) is an ongoing process in the evolution of
higher-plant chloroplast genomes.
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