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Abstract Deleting part of the 3’ end of the spinach chloroplast
serine tRNA coding region, which destroyed the proper folding of
its RNA transcript and resulted in the inhibition of tRNA
processing, allowed the detection of a serine tRNA primary
transcript. The transcription start site for this primary transcript,
synthesized from the internal promoter, was mapped to —12
upstream from the mature tRNA coding region. Transcription
analysis with various 5’ deletion mutants suggested that the AT-
rich region between —31 and —11, immediately upstream of the
serine tRNA ftranscription start site, affects the transcription
efficiency, and possibly the selection of transcription start site.
Identification of the transcription start site for the spinach
chloroplast serine tRNA gene in this study represents the first
example of 5’ end mapping of a tRNA precursor transcribed
from chloroplast tRNA genes containing an internal promoter.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

The 5’ end of mature tRNAs in the vast majority of cases is
thought to be the result of 5’ cleavage at its precursor by a
RNase P-like endonuclease [1]. This notion suggests that the
transcription of precursor tRNA, from either poly- or mono-
cistronic genes, initiates at a position upstream to the 5" end
of the mature tRNA. Prokaryotic tRNA genes, which have
promoter elements upstream of their coding region, follow
this model. However, exceptions can be found for eukaryotic
tRNA genes, which contain internal promoters. While the
transcription start sites of Xenopus trnL [2] and yeast trnl3
[3] genes were mapped to positions upstream of the coding
region, the start site of a Xenopus selenocysteine tRINA gene
was mapped to the first nucleotide of the coding sequence
[4,5].

In higher plants, chloroplast tRNAs are usually transcribed
as monomeric precursors from their respective promoters [6—
8] and subsequently processed post-transcriptionally [6,9-12]
to form the mature tRNAs. The tRNA primary transcript in
chloroplast possibly does not accumulate and, therefore, de-
termination of the transcription start site for chloroplast
tRNA genes using tRNA primary transcript has not been
reported. Two types of promoters for chloroplast tRNA genes
have been reported. One contains the prokaryote-like up-
stream ‘—10’ and ‘—35" consensus sequences, e.g. spinach
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trnM?2 [13]; and the other, e.g. spinach #nS, trnR and trnT,
requires no upstream promoter elements [7,12]. While the
transcription start sites of the upstream promoter-containing
tRNA genes were thought to be located 5’ to the coding
region, similar to transcription start sites identified for chlo-
roplast protein-coding genes that contain upstream ‘—10" and
‘—35" consensus promoter elements [14], the transcription
start site for chloroplast genes that contain internal promoter
elements was still unknown.

In this study, the spinach serine tRNA encoded by a mono-
cistronic #rnS gene [15] having a complete conserved intragen-
ic element with the eukaryotic consensus A and B boxes pro-
moter sequences ([2] and Fig. 1B) was used for transcription
start site analysis. Primary transcripts of the chloroplast trnS
gene were produced from a transcription system in which
tRNA processing was inhibited, and the transcription start
sites of these primary transcripts were mapped. In addition,
transcription with various 5’ deletion mutants indicated that
the sequences immediate 5’ of the transcription start point of
trnS gene also played a role in determining the transcription
efficiency.

2. Materials and methods

2.1. Construction of plasmid clones

Seven 5’ upstream sequence deletion mutants of the #rnS gene,
including pSUS86 and pSU47, and two 3’ coding region deletion mu-
tants, pSU86A and pSU47A, were constructed (Fig. 1). Plasmid
pTZ19RTa, a derivative of pTZ19R [16], containing the terminator
(Ta) from the threonine attenuator region [17], provided the frame-
work for the construction of various clones. A 199-bp Sspl/Xmnl
DNA fragment, consisting of a 86-bp 5’ non-coding sequence, the
coding region (93 bp), and a 20-bp 3’ non-coding sequence of the
trnS gene, was inserted into the Hincll site of pTZ19RTa to get
plasmid pSUS86. Plasmid pSU47, containing 47 bp of the trnS 5’
non-coding sequence, is essentially the same as plasmid pSU86 except
that the region between 86 and 47 were replaced with the vector
sequence (Fig. 1B, underlined). The 3’ sequences in front of the ter-
minator (Ta) are 150 and 140 bp for pSU86 and pSU47, respectively.
Plasmids pSU86A and pSU47A were derived from pSU86 and pSU47
by deleting the 20-bp 3’ non-coding region and the last 8 bp of the 3’
mature tRNA coding region. The last eight nucleotides of the tRNA
are presumably involved in base pairing with the 5’ end coding se-
quence to form the aminoacyl stem of serine tRNA (Fig. 1B, in bold
and boxed). The above deletion was achieved by PCR using a 29-nt
primer (5'-TGAGGATCCGAGGGATTCGAACCCTCGAT-3"),
which contains a BamHI site at the 5’ end and the sequences spanning
+85 to +66 of the trnS coding region, to leave out the last eight
nucleotides of the 3’ coding region and all of the 3’ non-coding region
(Fig. 1B). After these steps of manipulation, the serine tRNA coding
region of these two clones became 85 bp and the length from the 3’
end to the termination site was 66 bp (Fig. 1).

2.2. Preparation of the spinach chloroplast enzyme extract

Spinach chloroplast enzyme extracts, also called high salt extract
(HSX), were prepared from Percoll gradient-purified spinach chloro-
plasts according to procedures described previously [18].
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2.3. In vitro transcriptionlprocessing assay

The in vitro transcription/processing assay was essentially as de-
scribed previously [12]. Each reaction (40 pl) contained 12 mM
HEPES-KOH (pH 8), 40 mM KCl, 10 mM MgCl,, 10 mM DTT,
1 U/ul RNase inhibitor, 500 uM each ATP, GTP and CTP and 10 uM
UTP containing 100 pCi [oa-*?PJGTP (800 Ci/mmol, 10 uCi/ul; NEN
DuPont) and the following components: one-tenth of the volume (4
pl) was supercoiled plasmid DNA (0.1 pg/ul) in 10 mM Tris-HCl (pH
8), 0.1 mM EDTA and two-fifths of the volume (16 pl) was spinach
chloroplast enzyme extract (~1 pg/ul) in ‘DEAE buffer’ (50 mM
Tricine-KOH (pH 8), 50 mM KCI, 0.5 mM EDTA, 0.5 mM DTT,
0.5 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, 5 mM
g-amino-n-caproic acid, 5% (v/v) glycerol). The reaction was incubated
at 30°C for 60 min, then the reaction mixture was extracted with
RNA extraction buffer and precipitated. The nucleic acid pellet was
resuspended in 80% formamide, 0.1% bromophenol blue and 0.1%
xylene cyanol and analyzed by electrophoresis in 8% polyacryl-
amide-8.3 M urea DNA sequencing gels, and followed by autoradiog-
raphy.

2.4. In vitro capping assay

Both the conventional capping assay using [*?PJGTP and a method
developed by us, in which the transcript was body-labeled and then
capped with cold GTP, were performed. However, the body-labeling
method was found to give better results, and therefore the body-la-
beled transcripts from the standard in vitro transcription reaction with
T7 RNA polymerase or spinach chloroplast enzyme extract [17] were
used for the capping assay. Each capping reaction mixture (40 ul)
contained a half amount of labeled transcripts (resuspended in 10
ul) from the transcription reaction, and 50 mM Tris-HCl (pH 8.0),
1.2 mM MgCl,, 6 mM KCl, 2.5 mM DTT, 40 U RNase inhibitor, 50
UM GTP, and 4 U guanylyltransferase (BRL). After an incubation
time of 30 min at 37°C, the reaction mixture was extracted and treated
as described in Section 2.3.

2.5. Primer extension analysis

Primary tRNA transcripts synthesized in vitro were extracted from
the reaction mixture and used for 5’ end mapping by primer exten-
sion. The 29-nt primer described above was 5’ end labeled with
[+-32P]ATP by T4 polynucleotide kinase. Labeled primer (~10°
cpm) was added to the tRNA primary transcripts in a mixture (30
ul) containing 50 mM Tris-HCI (pH 8.3), 60 mM KCI, 10 mM MgCls,
1 mM DTT, 1| mM each dNTP and 200 U SuperScript RNase H™
reverse transcriptase (BRL). After incubating for 60 min at 37°C, the
primer extension products were extracted with phenol, precipitated
with ethanol and fractionated by electrophoresis in 8% polyacryl-
amide-8.3 M urea DNA sequencing gels. Sequencing reactions using
the same primers were used as markers.

3. Results and discussion

3.1. The 5 flanking sequence of trnS gene is required for
efficient transcription

The spinach chloroplast ##nS is a monocistronic gene and
its transcription requires no upstream promoter elements [7].
Coupled transcription/processing reaction using templates
pSU86 and pSU47 produced comparable amounts of
tRNA+3’ trailer, 3’ trailer, and mature serine tRNA (Fig.
2A, lanes 2 and 4, Fig. 2B). Yet, reactions with mutants
—19 and —11, i.e. mutants having 5’ upstream sequences de-
leted to —19 and —11, respectively, exhibited a transcription
activity about 15% that of pSU86 (Fig. 2B). Moreover, the
transcription activity of the +1 mutant which contained no 5
upstream sequences was only about 8% of that of pSU86 (Fig.
2B). These results are similar to the observations made by
Gruissem et al. [7] in which the 5’ deletion mutant —34 pro-
duced mature tRNA at an amount comparable to that of the
wild-type but the amount of tRNA produced by mutant —10
was significantly reduced. In other words, both studies suggest
that the sequence between —34 and —19 is important for
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Fig. 1. Schematic diagram of plasmids pSU86, pSUS6A, pSU47,
pSU47A and sequences of #rnS gene. A: Each construct contains
the coding region of the #rnS gene and various lengths of the 5
non-coding sequence. Plasmid pSU86 contains 86 bp and pSU47
contains 47 bp of the 5’ non-coding sequence, whereas the 3’ flank-
ing sequences to the termination site (Ta, with vertical arrows) are
150 bp (including 64 bp of pTZI9R vector DNA) for pSU86 and
140 bp (including 54 bp of pTZI9R vector DNA) for pSU47. Plas-
mids pSUS6A and pSUA47A each contain 85 bp of the mature tRNA
coding region and 66 bp 3’ flanking sequences to the termination
site. Horizontal arrows indicate the direction of transcription. B: Se-
quence of the 199-bp Sspl/Xmnl DNA fragment and the upstream
vector sequences of pSU47 (underlined) are shown. A possible —35
consensus promoter element for transcription starts at —18 is hatch-
boxed. The coding region of #rnS is numbered from +1 to +93 and
the aminoacyl stem forming sequences are in bold. An AT-rich re-
gion between —31 and —11 is bracketed. Boxed A and B are the
two highly conserved intragenic promoter elements. The eight nu-
cleotides at the 3’ end aminoacyl stem forming sequence (boxed)
and the downstream sequences before the BamHI site were deleted
from plasmids pSUS86 and pSU47 to generate plasmids pSUBGA and
pSU47A, respectively (indicated by the arrow). The transcription
start sites determined in this study are indicated by arrowheads.

efficient transcription and the basal transcription activity of
trnS gene required no upstream promoter elements.

Several lines of evidence indicate that the 5 flanking se-
quences, in addition to the two highly conserved internal pro-
moter elements, also contributed to the promoter function of
eukaryotic tRNA genes ([19-22], and references in [22]). An
AT-rich sequence between —34 and —15 of silkworm alanine
tRNA gene has been reported to affect the transcription ac-
tivity significantly [22]. It was noted that the region between
—31 and —11 of spinach chloroplast frnS gene is extremely
AT-rich (Fig. 1B, in brackets), similar to that of the silkworm
alanine tRNA gene. This similarity and our deletion analyses
and those of Gruissem et al. [7] led us to believe that the AT-
rich upstream sequence of the spinach chloroplast scrine
tRNA gene is indeed required for efficient transcription.

3.2. 3" Deletion of the trnS coding region results in the
production of an unprocessed primary transcript
It has been shown that an appropriately folded structure of
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Fig. 2. In vitro transcription/processing assays for various plasmid
DNA templates. A: Various plasmid templates, pSU86 (lane 2),
pSU86A (lane 3), pSU47 (lane 4), pSU47A (lane 5) and pTZ19RTa
(lane 1, used as control), were incubated in a chloroplast enzyme ex-
tract for 60 min and their RNA products were analyzed on a 8%
polyacrylamide-8.3 M urea gel. The RNAs produced by both tran-
scription and processing (tRNA+3' trailer, 3’ trailer, and mature
tRNA, lanes 2 and 4) or by transcription only (lanes 3 and 5, indi-
cated as primary transcript) are shown. The processed RNA prod-
ucts are assigned based on their apparent size predicted from each
construct and supported by comparison with the DNA size markers,
similar to our previous observations for threonine tRNA processing
[12]. A background product indicated as RTa appears in all lanes.
The smaller products of tRNA+3' trailer and 3’ trailer for template
pSU47 resulted from a deletion in the template of 10 nucleotides at
the 3’ end during construction (Fig. 1A). $X174-Haelll DNA size
markers are indicated on the left of the gel. B: The mature tRNAs
produced with various 5’ deletion mutants. The relative transcrip-
tion efficiency was calculated based on the assumption that the
processing activity was the same in all reactions and each data point
is the average of at least three individual experiments. The multiple
bands shown in the tRNAs are thought to result from partial
tRNA 3’ CCA processing, similar to our previous observations [12].

tRNA precursor is required for processing [1,23,24]. There-
fore, destroying the proper folding of tRNA structure may
result in the inhibition of tRNA processing, and consequently
the detection of an unprocessed primary transcript. Two plas-
mids, pSU86A and pSU47A, were constructed by deleting the
last 8 bp (Fig. 1B, boxed) of the 3’ coding region of the tnS
gene and the downstream sequence before the BamHI site in
pSU86 and pSU47, respectively, to prevent the transcription
products from normal folding and thus to obtain the unproc-
essed transcripts. No transcripts corresponding to the mature
tRNA or processed products were detected after incubating
these plasmids in spinach chloroplast enzyme extract (Fig. 2A,
lanes 3 and 5). Instead, a transcript with a size of about 163 nt
from pSUS86A (lane 3) and two transcripts of 163 and 169 nt
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from pSU47A (lane 4) were observed. These results suggest
that the RNA molecules produced from templates pSUS6A
and pSU47A were not processed and thus might represent
the primary transcripts of the trnS gene.

An in vitro capping assay was performed to identify the
primary transcript. The capped RNA molecules (Fig. 3, lanes
2 and 6), with an additional GTP nucleotide added to the 5’
end of the primary transcript by the activity of guanylyltrans-
ferase, migrated one nucleotide more slowly than the un-
capped form (Fig. 3, lanes 1 and 5, see also the enlarged
pictures). This observation confirms that the transcript syn-
thesized from template pSU86A by chloroplast enzyme extract
(lane 6) was a primary transcript. As a control, a similar
mobility shift was seen for the transcript synthesized from
the T7 promoter by T7 RNA polymerase (lane 2). On the
other hand, the RNA molecules produced from template
pSUS86, including the tRNA+3’ trailer and 3’ trailer, were
processed products and not capped (lane 4), since their mo-
bility was similar to that of the uncapped RNA molecules
(lane 3).

3.3. Identification of the transcription start sites
Determination of transcription start sites was carried out by
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Fig. 3. In vitro capping analysis of the RNAs generated from tem-
plates pSU86 and pSU86A. Labeled RNAs were synthesized in pair
with template pSU86A (lanes 1-2 and 5-6) by T7 RNA polymerase
(T7) or spinach chloroplast enzyme extract (HSX). RNAs in lanes 3
and 4 were synthesized from template pSU86 with chloroplast en-
zyme. One half of the labeled RNAs were treated (even lanes) with
guanylyltransferase in the presence of GTP. Reactions were ana-
lyzed by electrophoresis through 8% polyacrylamide-8.3 M urea
DNA sequencing gels. The migrations of the treated RNAs (even
lanes) were run in pair with the untreated RNAs (odd lanes). En-
larged pictures (boxed) show the details of the different migrations.
The processed intermediates and products (mature tRNAs ran off
the gel and are not included) of template pSU86 are shown in lanes
3 and 4. The multiple bands shown in the primary transcripts and
the 3’ trailers are thought to result from the termination at two dif-
ferent sites in the Ta terminator [17]. ¢6X174-Haelll DNA size
markers are indicated on the right of the gel.
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Fig. 4. Primer extension analysis of RNAs synthesized from templates pSU86A and pSU47A. A 29-nt primer (spanning from +85 to +66 of the
trnS gene) was 5 end labeled with [y->P]JATP and used to synthesize cDNA fragments with RNA template from pSU86A by T7 RNA poly-
merase (A, lane PE/T7), and with RNA templates from pSU86A (A) or pSU47A (B), by spinach chloroplast enzyme extract (lanes PE/HSX).
Lanes C, T, A, G show the sequence of the 5’ flanking and portion of the trnS gene. The discrepancy for the —12 transcription start site be-
tween A and B can be accounted for by the different radioisotope-labeled nucleotides used in the sequencing reactions (body-labeled with
[0-%3S]dATP in A and end-labeled with [y-3>P]ATP in B). The start site at position —12 in B was considered more accurate and therefore posi-
tion —12 was taken as the start site of S transcription (indicated by the arrow). Schematic diagrams showing the locations of the #nS cod-
ing and its 5’ flanking regions relative to the sequence are provided on the left side of each panel.

primer extension using an oligonucleotide primer complemen-
tary to positions 66-85 of the #rnS coding region (see Section
2). The transcription start site of the transcript produced by
pSUS86A was mapped to position —12 upstream of the mature
coding region (Fig. 4A). The transcription start sites of the
two transcripts produced by pSU47A were mapped to posi-
tions —12 and —18, respectively (Fig. 4B). It is interesting to
note that an additional transcript starts at —18 for pSU47A.
This transcript might have resulted from an artificial promoter
created during plasmid construction. The sequences upstream
of —47 were replaced by the vector sequences (Fig. 1B, under-
lined) after deletion and a sequence TTGATG element (Fig.
1B, hatchboxed), similar to the —35 promoter element, gen-
erated at the junction of the vector and the #nS gene. This
element in conjunction with an AT-rich region, resembling a
possible —10 promoter element, might have served as a pro-
moter. It has been demonstrated that the spinach chloroplast
enzyme extract, containing various types of RNA polymerase
activities, is able to recognize both the prokaryote-type pro-
moter [14,25] and the eukaryote-like tRNA internal promoter
[7,12]. Thus, it is possible that two different types of pro-
moters were recognized simultaneously in this enzyme extract.
The transcription start site of the primary transcript synthe-

sized by T7 RNA polymerase was mapped to its known posi-
tion and used as a positive control in this assay (Fig. 4A).

3.4. Selection of transcription start site for the chloroplast
trnS gene

The transcription start sites for most eukaryotic tRNAs
have been shown to be located upstream of the coding region.
For instance, the transcription start sites for most yeast tRNA
genes have been mapped between —12 and —10 with a rela-
tively constant distance (between 16 and 19 bp) to the internal
promoter box A element [3]. In this study, the transcription
start site for the spinach chloroplast rnS gene was mapped to
—12, the same position as most yeast tRNA genes, therefore,
a transcription initiation mechanism similar to that of the
yeast tRNA is suggested.

The sequence immediately upstream of the transcription
start point of a tRNA gene has been suggested to interact
with protein factors, such as the transcription factor TFIIIB,
which directs the RNA polymerase III to the position where
the transcription start site was assumed [26-28]. In yeast
tRNA genes, an upstream consensus sequence element
(CSE) can work in concert with the A box element in selecting
the transcription start site, if the CSE is positioned at a proper
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distance from the A box [3]. No such CSE was observed in the
chloroplast trnS gene, and instead, an extremely AT-rich se-
quence (19 out of 21 nucleotides between —31 and —11) was
found immediately upstream of the start site. This implies that
the AT-rich upstream sequence, like the binding region for
TFIIIB, might serve as a site for the formation of transcrip-
tion initiation complex, participating in selection of the tran-
scription start site. Whether these AT-rich sequences, like the
yeast CSE, are involved in the selection of the transcription
start site will require further investigation.
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