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Abstract. The mustard chloroplast gene rrnG-UCC is split
by a 717-bp group-II intron. Northern hybridization and
RNase protection experiments suggest cotranscription
with the upstream psbK-psbl operon, but not with the
downstream trnR-UCU gene. The ends of most RNase-
protected fragments between psbl and trnG correlate with
the position of two potential stem-loop structures in this
region, which could act as RNA processing elements.
However, one RNA 5" end, approximately 75 bp upstream
of the ¢rnG 5 exon, does not so correlate and is preceded
by prokaryotic-type ‘~10° and ‘-35° sequence elements.
This suggests the possibility that a fraction of the trnG tran-
scripts is initiated here. All precursor transcripts spanning
the trnG region seem to have a common 3’ end, which was
located 117 bp downstream from the 3" exon, immediately
after a stem-loop region. During seedling development,
the major 0.8-0.9-kb #rnG precursor transcripts show a
transient maximum level at around 48 h after sowing, at a
time when the mature tRNA begins to accumulate to con-
stant levels. No significant differences in transcript pat-
terns were observed either in the light or in darkness.
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Introduction

Chloroplasts contain their own genetic system, with genes
for at least 50-100 proteins as well as for the organelle
rRNAs and tRNAs, while other chloroplast components
are nuclear-encoded (Bogorad and Vasil 1991 a, b; Sugiura
1992). RNA maturation mechanisms, as part of the plas-
tid gene expression program, comprise a diverse array of
processes such as internal cutting of polycistronic tran-
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scripts, cis- and trans-splicing, and RNA editing, as well
as formation of the mature 5° and 3" ends (Weil 1987; Gruis-
sem 1989a, b; Hoch et al. 1991; 1992). Much of this work
has been done with plastid tRNA genes, which are tran-
scribed both as mono- or poly-cistronic precursors (Ohme
et al. 1985; Shinozaki et al. 1986) Sequence clements
similar to the prokaryotic stigma’® promoter have been
found in front of a number of these genes (Sugiura and
Wakasugi 1989). Others lack, or do not require, such 5’
promoter sequences, but reveal internal elements reminis-
cent of the A and B boxes of nuclear genes transcribed by
RNA polymerase III (Gruissem et al. 1986; Geiduschek
and Tocchini-Valentini 1988; Jahn 1992). It is well-estab-
lished that processing of tRNA transcripts with 5 and 3’
sequences, as well as splicing of intron sequences, requires
nuclease activities (Deutscher 1984; Greenberg et al.
1984; Wang et al. 1988). However, in the case of plastid
tRNA precursors, the exact mechanism and sequential or-
der of these processing and splicing events remain to be
clarified (see, e.g., Delp et al. 1991).

On tobacco chloroplast DNA the split z7nG gene cod-
ing for tRNASY(UCC) is located downstream from psbK
and psbl (encoding the two small photosystem Il-asso-
ciated K and I polypeptides) and immediately upstream of
traR-UCU (Shinozaki et al. 1986). Transcript analysis of
this region revealed cotranscription of trnG with psbK and
psbl, but not with trrR, suggesting that trnG expression in
tobacco is co-regulated with psbK-psbl by usage of the far-
upstream promoter of that operon (Meng et al. 1991).
However, an additional promoter was found directly in
front of trnG, with the initiation site only 6 ntd upstream
of the trnG 5" exon (Deno and Sugiura 1984; Meng et al.
1991). These results, and the observation that steady-state
levels of trnG transcripts are much higher than those of
psbK-psbl, led Meng et al. (1991) to suggest that the two
promoters may be differentially regulated in tobacco.

In case of mustard (Sinapis alba), cotranscription of the
psbK and psbl genes was reported by Neuhaus and Link
(1990). Here we have analyzed the adjacent region that
contains the trnG and trnR genes. We present the nucle-
otide sequence and we have searched for sequence ele-
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ments that might serve as sites for transcriptional initia-
tion and termination as well as for RNA processing and
splicing. We addressed the question of whether trnG is co-
transcribed with psbK and psbl by using RNase protection
and Northern experiments for transcript analysis. Further-
more, we compared levels of frnG transcripts during mus-
tard seedling development in order to define their mode of
expression.

Materials and methods

Plant material. Mustard seedlings (cv ‘Albatros’) were grown on
moist filter papers at 25 °C in the dark or under white light from mer-
cury discharge lamps (photon fluence rate 250 umol -m~2-s7").

Plasmid DNA. All plasmids used for the experiments are subclones
of pSA364 (Link and Langridge 1984). Plasmid pBSE996 contains
the 996-bp EcoRI fragment cloned into pBluescript (Stratagene).
Transcription of the HindIII-linearized plasmid with T7 RNA poly-
merase produces a trnG-specific probe. Plasmid pSPTEB395 con-
tains the #rnG 5’ exon, 247 bp of the #7nG intron, and 123 bp of the
5’ flanking region. It was constructed by inserting the 395-bp
EcoRI-BamHI fragment of pBSE996 into pSPT19 (Pharmacia
LKB). Plasmid pSPTSE140 has 10 bp of the traG intron, the 3" ex-
on, and 80 bp of the 3" flanking region. It was constructed by clon-
ing the 140-bp EcoRI-Sall fragment of pBSE996 ito pSPT18. Plas-
mid pBSBE125 contains 125 bp of the #nG 5’ flanking region and
consists of a 125-bp EcoRI-BgllI fragment of pSA364-EX0.9 (Neu-
haus and Link.1990) inserted blunt end into the Smgal site of pBlue-
script. Plasmid pBSEH440 has 440 bp of the #rnG 3’ flanking re-
gion, which contains the trnR coding region. It was constructed by
inserting the 440-bp EcoRI-HindIII fragment of pSA364 into pBlue-
script.

Isolation of RNA, Northern analysis. The procedure for extracting
chloroplast RNA and total cellular RNA from mustard cotyledons
was described previously (Hughes et al. 1987). For Northern anal-
ysis, RNA (10 pg) was heat-denatured, separated electrophoretical-
ly on 1.7% (w/v) formaldehyde-agarose gels and transferred to ni-
trocellulose filters (Schleicher and Schuell BA85) using standard
procedures {Sambrook et al. 1989). RNA samples were hybridized
with labelled RNA probes prepared by transcription of linearized
plasmids with T7, T3 or SP6 RNA polymerases (Melton et al. 1984).
All hybridization and washing steps were carried out as previously
described (Zinn et al. 1983; Hughes et al. 1987).

RNA protection assays. RNase protection mapping of in-vivo tran-
scr1 ts was done with 50 ig of mustard plastid RNA and 1x10° cpm

32p_labelled in-vitro transcripts as described by Sambrook et al.
( 1989)

DNA sequencing. Plasmids pBSE996 and pBSEH440 were sub-
cloned into pSPT18/19 and pBluescript vectors and sequenced by
the dideoxy chain-termination method (Sanger et al. 1977). Com-
puter analysis of the nucleotide sequences was performed by using
the Beckman MicroGenie (Queen and Korn 1984) and the Intelli-
Genetics PC/Gene programs.

Results
Sequence analysis
In previous work we have studied the gene organization

and in-vivo expression of the mustard chloroplast DNA
region containing the gene cluster psbK-psbl, trnQ and
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Fig. 1. A nucleotide sequence (non-coding strand) of the mustard
chloroplast trrnG and trnR genes and their flanking regions. Coding
regions are boxed. Putative ‘-35’ and ‘-10’ promoter elements are
underlined. Brackets above the sequence mark the approximate lo-
cation of 3" ends, brackets below the sequence mark 3’ ends of tran-
scripts inferred from RNAse protection experiments (Fig. 4). Invert-
ed repeat sequences are indicated by horizontal arrows (EMBL aces-
sion nos. X 17616, X 54725, X 77046). B comparison of a region
containing a potential stem-loop structure (horizontal arrows) up-
stream of trnG from mustard and tobacco (Meng et al. 1991). Closed
triangle and closed bar, 3’ ends; open triangle and bar, 5" ends; num-
bers correspond to the psbl coding region; numbers in brackets cor-
respond to the trnG coding region

trnS (Neuhaus 1989; Neuhaus et al. 1990; Neuhaus and
Link 1990). We now report on the region adjacent to that
cluster on the 3 site of the psbl gene. The nucleotide se-
quence (Fig. 1 A) reveals a putative trnG coding region,
772 bp downstream from the psbl coding region (Neu-
haus etal. 1990), followed by the putative gene for
tRNAME(UCU) at a distance of 154 bp from the trnG 3’
exon on the same strand. The #rnG 5" exon is identical in
mustard and tobacco, whereas in the 3’ exon the third
nucleotide in mustard is a ‘T’ instead of the ‘C’ in tobacco.
In both genes the coding region is interrupted by an intron
at an equivalent position in the D-stem region. 5" upstream
of trnG are two regions that resemble prokaryotic-type
(sigma7°) promoters. Each of these two regions, located
72 and 12 bp upstream of the trnG 5" exon, respectively,
contain two sequence motifs that resemble the ‘~35° and
‘~10" sequence motifs of prokaryotic-type promoters
(‘TTGACT ... TAGAAT’ and ‘TCGACA ... TACAAT’).
The more-proximal putative promoter (i.e., located more
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Fig. 2. Secondary structure model for the #nG-UCC intron. The
square denotes the conserved adenine residue which is the proposed
nucleophile during lariat formation and intron excision (Van der
Veen et al. 1986; Burke 1989). Straight arrows mark the putative
splice junctions and conserved sequence motifs are boxed. The sec-
ondary structure is arranged according to the criteria established for
group-II introns by Michel and Dujon (1983) and structural elements
with known or suspected importance are indicated (Michel et al.
1989; Saldanha et al. 1993). The ‘guide pair’ is marked by ‘x” sym-
bols. EBS, exon-binding site; IBS, intron-binding site. %, 77, proposed
tertiary base pair interaction. The anticodon stem-
loop (AC), T-stem-loop (7) and the acceptor stem (A) of mature
tRNASY are also indicated

closely to the #nG coding region) was also noted in to-
bacco (Meng et al. 1991), while the distal promoter (i.e.,
located more distant to the frnG coding region) is within
a region that is not conserved between mustard and to-
bacco (data not shown). No prokaryotic-type promoter ele-
ments could be found in front of the #rnR gene.

Two inverted repeats are located upstream of the trnG
5" exon, with the 5" end of their more-distal copy at ap-
proximately 60 and 210 bp, respectively. The latter repeat
is conserved in tobacco, where it is localized 515 bp up-
stream of the rnG 5" exon (Fig. 1 B). Two other inverted
repeats are located downstream from trnG, at a distance
of 50 and 230 bp from the 3’ exon.

Figure 2 shows that the 717-nt-long mustard intron has
characteristic features consistent with a classification as a
group-IIB intron as proposed by Michel et al. (1989).
These include the sequence elements ‘GUGUG’ and
‘AAC’ that conform to the consensus sequences for the
conserved elements [(‘GUGYG’) and (‘RAY’)] at the 5
and 3" intron boundaries, respectively (Michel et al. 1989;
Saldanha et al. 1993). The intron sequence can be folded
into the typical six stem-loop structural (Michel and Du-
jon 1983), including stem-loop I with the putative exon-
binding sites and the highly conserved stem-loop V and
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stem-loop VI. The latter contains a single ‘A’ residue ex-
posed in a small bulge eight nucleotides from the 3’ splice
junction, which might be the branch point for lariat for-
mation (Peebles et al. 1986; Schmelzer and Schweyen
1986; Van der Veen et al. 1986; Jarrell et al. 1988; Burke
1989). In addition, three characteristic types of elements
for proposed tertiary base-pair interactions can be ob-
served. First, exon-intron binding sites: the exon-binding
site 1 (EBS1)is complementary to the last five nucleotides
of the 5" exon (intron-binding site 1 - IBS1) and EBS2 is
capable of base-pairing with IBS2, located one nucleotide
upstream of IBS1. Second, gamma-gamma’ interaction:
thereis a ‘G’ residue immediately preceding the conserved
sequence ‘GA’ in the single-stranded region between stem-
loop II and III (gamma position); this ‘G’ is thought to
base-pair with the last ‘C’ of the intron at the 3 intron-
exon junction (gamma’ position). Third, ‘guide pair’ inter-
action: the term ‘guide pair’ designates two additional
base-pairing residues, i.e., the ‘G’ preceding EBS1 and the
first ‘C’ of the exon at the 3’ intron-exon junction (Michel
et al. 1989; Jacquier and Jacquesson-Breuleux 1991; Sal-
danha et al. 1993). Both characteristic residues are present
in the trnG sequence (marked by crosses in Fig. 2).

Transcript levels of the plastid trnG gene
during mustard seedling development

To estimate transcript levels, total RNA was extracted
from seeds and from cotyledons of seedlings up to 84 h af-
ter sowing, separated on gels, blotted and then hybridized.
The trnG-specific probe (Fig. 3C) detects different tran-
scripts with sizes in the range of 0.8-0.9 kb and (less than)
0.1 kb, both in dark-grown and light-grown seedlings (Fig.
3 A, panels 1 and 2). While the small ‘0.1-kb’ transcript is
likely to represent the mature trnG tRNA, the transcripts
detected in the 0.8-0.9 kb range might reflect one or pos-
sibly two different, but closely-related, trnG precursors.
In some experiments, but not in others, we noted a partial
separation of the 0.8—0.9 kb signal into two components,
using independently-prepared probes. Both the 0.8- and
0.9-kb portions of the signal are detected by the same
probes and therefore contain closely-related transcripts
(data not shown).

The levels of the 0.8-0.9 kb #rnG precursor(s) begin to
increase at approximately 12-24 h after sowing. At 48 h,
maximum signal intensity is reached. Thereafter, the lev-
els of these transcripts decrease again, indicating rapid
transient accumulation of the frnG precursor(s), as has
been shown before for the frnK precursor transcripts
(Hughes et al. 1987). The levels of the mature tRNA-re-
lated transcript at 0.1 kb begin to increase slightly later
than the precursor transcripts at approximately 24-30 h
after sowing. In contrast to the latter, they seem to accu-
mulate to a constant level at 84 h after sowing. Through-
out this entire period, levels of both the 0.8-0.9-kb and
0.1-kb transcripts in light-grown seedlings (Fig. 3 A, panel
2) are not significantly different from those in dark-grown
seedlings (Fig. 3 A, panel 1).

Longer exposure of the autoradiographs (Fig. 3 A) re-
vealed additional signals at 2.5 kb and 1.1 kb, with RNA
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from either dark-grown or light-grown seedlings. A rep-
resentative pattern is shown in Fig. 3B for RNA at 72 h
after sowing. Although the hybridization signals at the po-
sition of these large transcripts were generally weak, and
variable from one preparation to another, their relative
strength compared to the 0.8-0.9-kb band was highest at
the later stages 60-84 h after sowing, indicating that they
accumulate to constant levels (data not shown). The same
mode of expression was previously found for the preced-
ing psbK-psbl gene cluster (Neuhaus and Link 1990} and
a transcript in this size range was also noted using
psbK/psbl probes (Neuhaus and Link 1990, unpublished
data). It is therefore conceivable that the 2.5-kb RNA spe-
cies reflects a tricistronic precursor transcript (Meng et al.
1991). The smaller 1.1-kb species might represent a pro-
cessed trnG intermediate of the putative 2.5-kb psbK-psbl-
trnG cotranscript.

5’ RNase mapping of trnG transcripts

To locate in-vivo transcript ends in the 5" region of the
trnG gene, a sensitive RNase protection assay was carried
out (Sambrook et al. 1989). When the **P-labelled RNA
probe cEB395 (Fig. 4B) was hybridized to chloroplast
RNA, followed by treatment with RNAses A and T1, four
resistant fragments in the range of 395 nt (‘g’), 345 nt
(‘h’), 145nt (‘") and 25 nt (‘k’) could be detected
(Fig. 4 A, lane 6) which are not observed after hybridiza-
tion of cEB395 to E. coli tRNA (Fig. 4 A, lane 5). The in-
tensive band at 25 nt (‘k’) most likely corresponds to the
5" trnG exon, thereby reflecting part of the mature tRNA.
Transcripts consisting of 5 non-coding and exon se-
quences, but lacking intron sequences, could be reflected
by the 145-nt fragment (‘i’), indicating a RNA 5 end at a
position upstream of the EcoRI site of cEB395 (Fig. 4B).
However, another possible 5" end of the frnG transcripts
seems to map approximately 75 nt upstream of the trnG 5’
exon, as was inferred from the presence of a 345-nt RNase-
protected fragment (‘h’). This fragment is interpreted to
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contain the entire 5" exon and 247-nt-long portion of the
intron that is covered by the probe. In accordance with the
Northern analysis (Fig. 3), fragment h‘ might represent
the 5’ portion of the transiently-expressed 0.8-0.9 kb tran-
script spanning the trnG gene. Directly upstream of 5" end
‘h’ are the prokaryotic-type promoter motifs (Fig. 1 A),
suggesting that this might be a transcription start site. A
395-nt RNA fragment (‘g’) would be expected if the en-
tire chloroplast sequence within cEB395 is protected by
in-vivo transcripts. Hence, band ‘i” points to another more-
upstream 5" end that is not covered by this probe.

To further map these predicted 5’ termini of trnG pre-
cursors, RNA probe cBE125 (Fig. 4 B) was used in simi-
lar RNase protection experiments. Hybridization signals
were detected that centered around 125 nt (‘a’), 92 nt (‘b’),
85nt(’c’), 70 nt (*d’), S0 nt (‘e’) and 35 nt (‘1) (Fig. 4 A,
lane 2). The protected products around 125 nt (band ‘a’)
are of the size expected if there are transcripts that cover
the entire chloroplast-RNA-specific portion of the probe
¢BE125 (Fig. 4B), indicating 5" end(s) of #rnG transcripts
in the more-distant region not covered by this probe. In
previous studies (Neuhaus and Link 1990) of the adjacent
region towards the preceding psbl gene, no indications
were obtained for the presence of a RNA 5 end. Consid-
ering the 2.5-kb transcript detected by Northern analysis
(Fig. 3B), fragment ‘a’ might indicate cotranscription of
trnG with psbK-psbl from a far-upstream transcription in-
ition site.

The 3’ end of the psbK-psbl precursor was previously
mapped 670 nt downstream from the psbl reading frame
(Neuhaus and Link 1990). It seems likely that the protected
fragment ‘e’ in Fig. 4 A, lane 2, reflects this 3’ end. If the
conserved sequence element within this region (Fig. 1B
this paper; Meng et al. 1991) is a processing site, then the
(weak) fragment ‘d’ might represent the 190-nt trnG por-
tion of a processed psbK-psbl-trnG precursor detected by
the probe. Unlike the situation in tobacco, a second poten-
tial stem-loop structure is present in the zrnG 5" flanking
region approximately 50 nt downstream from the more
distal one (Fig. 1 A). Immediately in front of the proximal
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Fig. 4 A, B. RNase protection mapping of in-vivo transcripts of the
trnG 5" and 3’ regions. A following RNA-RNA hybridization and
treatment with RNases, resistant products were separated on a 6%
denaturing polyacrylamide gel. The probes (shown in B) were
cBE125 (lanes 1-3), cEB395 (lanes 4-6), cSE140 (lanes 7-9),
cEH440 (lanes 10-12). Lanes 1, 4, 7, 10, **P-labelled RNA probes
without RNase treatment. Lanes 3, 5, 8, 12, RNA probes hybridized
to 50 ug of Escherichia coli tRNA and subsequently treated with
RNases. Lanes 2, 6, 9, 11, RNase-resistant products following hy-

element there could be another processing site as indicated
by the RNase-protected bands ‘b’ and ‘c’. The 3’ ends of
these two fragments roughly match the 5" end of fragment
‘t” (Fig. 4 B). Hence, this pattern of protected fragments
is conmsistent with another RNA 5 end approximately
150 nt upstream of the trnG coding region. The 1.1-kb
transcript detected by the Northern analysis (Fig. 3B) can
be viewed as originating from processing at this suggested
site, thus reflecting the processed frnG transcript portion
of the primary tricistronic precursor.

3’ RNase mapping of trnG transcripts

To locate transcripts that extend into the trnG 3 region,
RNase protection assays were carried out, using an RNA
probe that contained a small portion of the intron, the 3’
exon, and 80 nt of the 3" flanking region (Fig. 4B, probe
cSE140). As shown in Fig. 4 A (lane 9), three RNase-re-
sistant products are generated. The 50-nt band ‘n’ roughly
coincides with the size of the trnG 3’ exon and therefore
seems to represent the mature, spliced tRNA. Fragment
‘m’ is 60 nt in length and might represent the trnG 3’ exon
together with 10 nt of the adjacent intron sequences cov-
ered by the probe, reflecting a (3") unspliced but 3 pro-
cessed trnG transcript. The 140-nt fragment is colinear
with the entire chloroplast-specific region of the probe,
suggesting that in vivo the unprocessed trnG transcripts
extend further downstream.

bridization with 50 g of chloroplast RNA. The asterisk denotes a
band of unknown origin (lane 6). B scheme showing the origaniza-
tion of the trnG gene and its flanking regions, including trnR. Cod-
ing regions are depicted as filled boxes. The lines above indicate the
putative position of the protected RNA fragments shown in A. Ar-
rows on top, **P-labelled in-vitro cRNA probes with broken lines
representing polylinker and vector sequences. Below the gene map
is a summary of the proposed in-vivo transcripts, as deduced from
the RNA protection and Northern hybridization experiments (Fig. 3)

To localize the 3’ ends of the unprocessed trnG precur-
sor, we used probe cEH440, which covers the downstream
region adjacent to probe cSE140 and includes the coding
region for the trnR gene (Fig. 4B). As shown in Fig. 4 A,
lane 11, three resistant products were obtained with sizes
of 72 nt (‘0’), 41 nt (‘p’), and 36 nt (‘q’), respectively.
Bands ‘p’ and ‘q’ might reflect the common 3’ ends of the
trnG precursor(s) in vivo and define them to be 117 nt and
121 nt downstream from the trnG 3’ exon (Fig. 1 A). Im-
mediately upstream, this region contains sequences ca-
pable of forming a stem-loop structure, which would serve
as a termination signal (Rosenberg and Court 1979). Band
‘o’ might represent the trnR transcript, indicating that trnR
is not co-transcribed with the psbK-psbl-trnG gene clus-
ter. The size of this fragment correlates with that of the 72-
bp trnR coding region (Fig. 1 A).

Discussion

Northern analysis of the mustard trnG gene revealed ma-
jor precursor transcripts that are 0.8-0.9kb in length. It is
suggested that this size range contains two related, but dis-
tinct, transcripts: those which span the entire distance
between the putative transcription start site of the trnG
gene (Fig. 1 A, bracket ‘h’) and the mapped 3’ end
(Fig. 1 A, brackets ‘p’ and ‘q’), and others that might be
splicing intermediates consisting of the intron, the 3’ exon
and the 3’ unprocessed portion (Fig. 4B). The putative
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transcription start site is suggested to map 75 nt upstream
of the trnG 5" exon. The prokaryotic-type promoter ele-
ments, ‘TTGACT’ (-35) and ‘TAGAAT’ (-10), found di-
rectly upstream indicate that this transcript 5” end might
be a transcriptional initiation site. Further sequence anal-
ysis revealed a second prokaryotic-type promoter struc-
ture located more closely to the trnG coding region. This
is similar to the situation in tobacco, where Meng et al.
(1991) determined a transcriptional inition site 6 bp up-
stream of trnG. However, our RNase mapping experiments
in mustard did not indicate the presence of a 5" end in this
region. Conversely, in the tobacco sequence there are no
additional promoter elements in front of the trnG gene. In
the case of the 7rnK gene encoding tRNA™* (UUU) from
mustard and tobacco, two suggested prokaryotic-type pro-
moter structures are located upstream of the trnK coding
region (Sugita et al. 1985; Neuhaus and Link 1987). It re-
mains to be established whether there is a function for and
a utilization of this dual promoter architecture in the de-
velopmental expression and regulation of those genes, per-
haps comparable to the suggested differential usage of cis-
elements within the pshA promoter (Eisermann et al. 1990;
Tiller and Link 1993).

In contrast to the work on tobacco, in addition to the
putative mature #rnG 3" end we detected another mustard
trnG transcript end approximately 120 nt downstream
from the 3" exon. This distal site is preceded by an inverted
repead structure (delta G =-42 kcal) that might serve as a
transcription termination or processing signal (Figs. 1 A
and 4). No precursor transcripts with 5" and 3’ extensions
or upstream promoter consensus sequences could be de-
tected in the case of the adjacent #rnR gene. This could
point torapidly-processed, and hence undetected, large co-
transcripts of trnG and trnR. On the other hand, as dem-
onstrated for spinach trnR-UCU and trnS-UGA (Gruissem
et al. 1986) as well as for Chlamydomonas reinhardtii trnE
{Jahn 1992), no upstream promoter elements are required
by several chloroplast tRNA genes. Sequence analysis of
these genes and trnR and ¢rnS from mustard (this paper;
Neuhaus et al. 1990) revealed internal sequence elements
resembling the A- and B-block of nuclear genes tran-
scribed by RNA polymerase III (Galli et al. 1981).

The pattern of fragments generated in the RNase pro-
tection assays shows no fragments pointing to trnG RNA
species that consist of 5" exon plus intron sequences or of
the 3" exon plus the 3’-terminal sequences (Fig. 4, RNA
probes cEB395 and ¢SE140). On the other hand, fragments
‘i’ and ‘m’ might reflect RNAs consisting of the 5" exon
with 5’ flanking sequences and the 3" exon together with
intron sequences, respectively (Fig. 4). This suggests that
the removal of the 3’-terminal sequences precedes splic-
ing of the intron sequences, while splicing of the 5” intron
sequences seems to occur prior to processing of the 5” se-
quences. This would be consistent with the view that 5’
terminal cleavage by the chloroplast RNase P is one of the
final chloroplast tRNA processing events, whereas 3’ en-
donucleolytic cleavage probably occurs as the first step
prior to the splicing of the infron sequences (Delp et al.
1991).

Similar to the situation in tobacco (Meng et al. 1991),
the mustard trnG gene might be cotranscribed with the pre-

ceding psbK-psbl genes, as indicated by the 2.5-kb tran-
scripts detected in the Northern experiments (Fig. 3B).
The 2.5-kb precursor might be processed to the 1.1-kb spe-
cies by cleavage in a region approximately 640 kb down-
stream from the psbI coding region. This region contains
two potential stem-loop structures, one of which is con-
served between mustard and tobacco (Fig. 1). Apart from
a suggested role of inverted repeat elements in the termi-
nation of transcription (Weil 1987; Westhoff and Herr-
mann 1988), they were shown to be involved in RNA pro-
cessing and stabilization (Stern and Gruissem 1987; Stern
et al. 1989, 1991; Adams and Stern 1990). In contradic-
tion with their surrounding regions, these stem-loops seem
to act as recognition sites for protein-factors (Hsu-Ching
and Stern 19914, b; Nickelsen and Link 1991, 1993;
Schuster and Gruissem 1991). Nevertheless, the in-vivo
analyses of Blowers et al. (1993) indicated not only that
3’ sequences play arole in transcript stabilization, but that
5’ sequences also affect the differential degradation or sta-
bilization of chloroplast transcripts (Salvador et al. 1993).
Thus, it might be that different 5" regions of trnG tran-
scripts, generated at different processing sites, are in-
volved in the post-transcriptional regulation of t7nG gene
expression.

What might be the role for dual transcription of trnG
both from its own promoter and as part of the tricistronic
psbK-psbl-trnG operon? This cotranscription could be
viewed as the result of a ‘leaky’ (inefficient) termination
signal downstream from psb! and may have no special
function. Alternatively, the utilization of two distinct pro-
moters could be an instrument for differential regulation
of trnG gene expression. The latter mechanism was shown
for the psbD-psbC operon from barley, which is differen-
tially regulated via promoter switching in a light/dark-de-
pendent manner (Sexton et al. 1990a, b).

Our Northern hybridization experiments, however, did
not show evidence for differential accumulation of #rnG
transcripts during mustard seedling development in either
the light or in darkness. The 0.8-0.9-kb #rnG transcripts
become detectable early at 12-24 h after sowing and then
accumulate transiently. In contrast, the preceding psbK and
psbl genes are expressed in a mode that is characterized
by late accumulation to constant levels (‘constitutive
mode”) (Neuhaus and Link 1990). Both the 2.53-kb tricis-
tronic transcript and the 1.1-kb suggested processed inter-
mediate seem to follow this latter mode of expression.
Hence, the proximal trnG promoter and the distal promoter
upstream of psbK-psbl may be differentially regulated,
with a portion of #7nG precursors being cotranscribed and
thus accumulating during the late phase of seedling devel-
opment. However, since these sequences represent only a
small fraction within the entire transcript population in the
0.8-0.9 kb size range, this effect is not visible in the North-
ern experiment. ,

Evidence was obtained that a portion of the psbA tran-
scripts is cotranscribed with the preceding split trnK gene
(Nickelsen and Link 1991). While the psbA traniscript lev-
els show an initial light-independent increase until
30-40 h, and thereafter accumulate to high levels only in
light-grown seedlings, the rnK gene is expressed transi-
ently with peak levels around 40 h (Hughes et al. 1987).



This is reminiscent of the so-called ‘super-operons’ in pur-
ple nonsulfur bacteria (Wellington et al. 1992) which are
cotranscribed, but differentially-expressed, groups of
genes, thus serving as a common target for graded re-
sponses to environmental conditions. In this context, it is
notable that two other split tRNA genes, trnA-UGC and
trnl-GAU, which are cotranscribed within the rrn operon,
also show transient light-independent transcript accumu-
lation (unpublished data). Hence, it might be a common
feature of transiently-expressed chloroplast genes that
they are split by a group-II intron. It will be interesting to
see if the putative maturase that is encoded by the t7nX in-
tron (Neuhaus and Link 1987) plays a common role in the
regulation of expression of these split tRNA genes.
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