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The chloroplast tRNAY(UUU) gene from mustard
(Sinapis alba) contains a class II intron potentially coding

for a maturase-related polypeptide
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Summary. The trnK gene endocing the tRNAMYS (UUU)
has been located on mustard (Sinapis alba) chloroplast
DNA, 263 bp upstream of the psbA gene on the same
strand. The nucleotide sequence of the trnK gene and
its flanking regions as well as the putative transcription
start and termination sites are shown. The 5’ end of the
transcript lies 121 bp upstream of the 5’ tRNA coding
region and is preceded by procaryotic-type “—10” and
“_35” sequence elements, while the 3' end maps 2.77
kb downstream to a DNA region with possible stem-
loop secondary structure. The anticodon loop of the
tRNAMS is interrupted by a 2,574 bp intron containing
a long open reading frame, which codes for 524 amino
acids. Based on conserved stem and loop structures, this
intron has characteristic features of a class II intron. A
region near the carboxyl terminus of the derived poly-
peptide appears structurally related to maturases.

Key words: trnK-UUU gene — Chloroplast promoter —
Transcript mapping — Class II intron — Long open
reading frame

Introduction

Introns can be assigned to one of the following groups
(Sharp 1985; Cech 1986): (1) Introns of nuclear mRNA
precursors, which have invariant GU and AG dinucleo-
tides at their boundaries; (2) introns of nuclear tRNA
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Abbreviations: bp, base pairs; psbA, gene coding for the M,
32,000 herbicide binding photosystem II protein; COI, cyto-
chrome ¢ oxidase subunit I; trnK, gene coding for chloroplast
tRNALYS

genes, which require the exon sequence and/or exon se-
condary structure for splicing; (3) mitochondrial and
chloroplast genes as well as the rRNA genes of Tetra-
hymena and Physarum, which have conserved stem and
loop structures within their introns. The latter group
can be arranged into two classes, each being defined by
the presence of distinct sequence elements and secon-
dary structures (Michel and Dujon 1983) and possibly
also by the circular or lariat structure of the excised in-
tron (Cech 1986).

Amongst sequenced chloroplast genes of higher plants,
examples for both class I (Steinmetz et al. 1982; Bonnard
et al. 1984) and class II introns (Koch et al. 1981;
Takaiwa et al. 1982) have been shown. A third class of
chloroplast introns with conserved boundary sequences
at the 5’ end 3 splice junctions has been proposed
(Shinozaki et al. 1986), which appears to include the
intron of the trnK gene for tRNAM® from tobacco
(Sugita et al. 1985).

Here we present the nucleotide sequence of the split
trnK gene from mustard (Sinapis alba). In addition, we
have mapped the transcript and located the putative
sites for initiation and termination of transcription.
Furthermore, we present features of the intron of this
chloroplast gene that were as yet unrealized. Our propo-
sed secondary structure model reveals structural elements
typical of class II introns. The trnK intron contains an
open reading frame for a derived polypeptide which
appears structurally related to maturases.

Material and methods

Plasmids and strains. Plasmid pSA364, which contains the 12.8
kb fragment Pst5 of mustard chloroplast DNA, has been describ-
ed (Link 1981; Dietrich and Link 1985). Escherichia coli strain
JM107 (Yanish-Perron et al. 1985) was used for transformation.
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DNA sequencing. The 3.4 kb Smal/Xhol region of pSA364 was
sequenced by using the dideoxy chain termination method
(Sanger et al. 1977) with either alpha 32pdATP or 35S-dATP
(Biggin et al. 1983) as radiolabels and M13 mpl8/mpi9 as vec-
tors (Yanish-Perron et al. 1985). Nucleotide sequence analysis
was performed by using the Beckman MicroGenie programs
(Queen and Korn 1984).

Isolation of chloroplast RNA, radioactive labelling and S1 mapp-
ing. Chloroplast RNA was purified as described by phenol and
chloroform extraction and DNase I treatment (Link 1982),
except for inclusion of isopropanol precipitation to remove
low-molecular weight RNA (Maniatis et al. 1982). DNA frag-
ments were fractionated by polyacrylamide gel electrophoresis,
eluted, and purified. Fragments were then labelled either at
their 5' ends with gamma 32P-dATP and T4 polynucleotide
kinase or at their 3’ ends, using alpha 32p_dNTPs and the Klenow
fragment of DNA polymerase . For S1 mapping, 10 ng of labelled
DNA fragments were hybridized to chloroplast RNA (50 pg) and
digested with 2,000 units nuclease S1 (Berk and Sharp 1977)
essentially as described (Link and Langridge 1984). Sl-resistant
products were coelectrophoresed with pBR322 restriction frag-
ments as size markers (Sutcliffe et al. 1978). In high-resolution
mapping experiments, sequence ladders obtained by the dideo-
sy technique were used for calibration. Digestion with EcoRI
provided a common end of the labelled DNA strand with the S1
products.

Results
Sequence analysis

Figure 1 shows the position and physical map of the se-
quenced chloroplast DNA region as well as details of the
sequencing strategy. The sequenced region spans the
2,837 bp from the 3’ Smal site to a position 368 bp up-
stream from a 5’ EcoRI site.

To the right of the Smal site it extends into a previ-
ously sequenced region that contains the psbA gene
(Link and Langridge 1984). The entire nucleotide se-
quence preceding the psbA coding region is shown in
Fig. 2. This region harbors two sequence stretches, at
positions 1-37 and 2,613-2,646, which represent the
two portions of a split trnK-UUU coding region (Sugita
et al. 1985). The 5’ portion is identical for the mustard
and tobacco tRNA coding region, whereas in the 3
portion of the mustard coding region a G is replaced by
A at position 2,632. In both genes a long intron inter-
rupts the tRNA coding region at equivalent positions,
two nucleotides 3’ from the anticodon.

Figure 3 shows that the 2,573 nucleotide intron of
the mustard trnK-UUU gene has characteristic features
of class II introns (Michel and Dujon 1983). These in-
clude e.g. a conserved sequence motif “UGCGAC” at
the 5’ junction and the hairpin structure with its termi-
nal sequence “GAAA” near the 3’ splice junction.

The mustard trnK intron contains a long open reading
frame, which codes for 524 amino acids. Comparison
of the derived amino acid sequence with the tobacco
sequence (Sugita et al. 1985) reveals overall homology
of 66% with a similar degree of conservation along the
entire region. Hydropathy analysis (Kyte and Doolittle
1982) shows only two regions which seem to vary with
regard to their polarity among the mustard and tobacco
sequences, i.e. at amino acid positions 280—300 and
380—400 of the mustard sequence (data not shown).
A homology search indicates that a segment near the car-
boxyl terminus of the derived mustard trnK polypeptide
(at amino acid positions 369—471) is structurally related
to portions of maturasedike polypeptides of mitochon-
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Fig. 2. Nucleotide sequence (non-coding strand) of the trnK gene of mustard (upper line) in comparison with the homologous gene of
tobacco (Sugita et al. 1985). Diverging bases are shown in the lower line, the hyphens indicate deleted bases. The mustard trnK coding
region, open reading frame and putative “—10” and “—35” promotor elements are boxed. The suggested promoter elements of the

tobacco trnK gene are underlined
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drial introns (Lazowska et al. 1980) (Fig. 4). This region
shows homology with the derived polypeptides of the
first intron (amino acid positions 511—648) and second
intron (positions 534-662) of the Saccharomyces
cerevisige cytochrom c oxidase subunit I gene (Bonitz
et al. 1980) and of the first intron (positions 518—648)
of the Podospora anserina COI gene (Osiewacz and Esser
1984). Inspection of the derived polypeptide of the
tobacco trnK gene (Sugita et al. 1985) at amino. acid
positions 354—456 also reveales such structural relation-
ship (data not shown).
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Fig. 3. Secondary structure model of the trnK-UUU intron.
The structural arrangement into stems and loops is based
on the criteria for class I1 introns (Michel and Dujon 1983).
Conserved sequences are boxed and splice points are marked
by arrows. The dot indicates the position of a conserved A,
which in yeast mitochondria has been implicated in lariat
formation (Van der Veen et al. 1986)

Fig. 4. Alignment of a region of the deri-
ved trnK polypeptide with maturase-like
proteins encoded by mitochondrial introns.
Amino acid sequences shown are derived
from the first intron of the COI gene from
Podospora anserina (Osiewacz and Esser
1984) and from the first and second in-
tron of the Saccharomyces cerevisiae

COI gene (Bonitz et al. 1980). Amino

acid position 369 of the mustard sequence
corresponds to nucleotide position 1,824
in Fig. 2. Homologies, including conserva-
tive amino acid replacements, are boxed;
conservative replacements are marked by
dots

TNY
TNF

5"and 3' ends of the trnK transcript

The 5' end of the trnK transcript was determined by
S1 nuclease mapping of the 5 labelled 1.1 kb Xhol/
EcoRI fragment (see Fig.1). As shown in Fig. 5A, left
panel, lane 2, two S1 resistant fragments with sizes of
290 and 180 bp are generated. To locate the 5’ end of
the transcript more precisely, the resistant DNA frag-
ments were electrophoresed alongside the products of
dideoxy chain terminating reactions (Sanger et al.
1977). Based on the sizes of S1 resistant bands in Fig.



H. Neuhaus and G. Link: Mustard chloroplast trnK gene

A
1 2 ™ : S1
-b -
[ ] Il: \
10 kb -_— T
L
081 '
0508 1
03196 '
D344 '
029 kb -_ S 5
- 313 2 &
a
018 kb . -.?
" 0154 a
c
T
[
s' ATATTGACAACAGTGTATTGACCAAATATAATITCTCTCATAGAGA 3
TA!‘éM‘, TG ;‘FGTCALEATMCTGGT TTATAT TAAGAGAGTATCTCT Fig. 5A, B. Nuclease S! mapping of the trnK trans-
3s 10 ' t cript. A Mapping of the 5’ end. Left panel, the 1.1
kb Xhol/EcoRI fragment, 5’ labelled at the EcoRI
site (lane 1); S1-resistant fragments, following hy-
bridization with unlabelled cpRNA and nuclease
B S1 treatment (lane 2). Size markers (M) are Hinfl
' 5 B fragments of pBR322. Right panel, high-resolution
P G T S1 mapping of the RNA §’ end. To measure the
T A length of the S1 resistant products, the 1.0 kb
T A Taql/EcoRI fragment was cloned in M13mp19 and
11 - i T A sequenced by the dideoxy technique (Sanger et al.
A 3 1977). The newly sythesized double stranded DNA
049> E= &i}.’. G A segments were cut with EcoRI and the sequence
alee T 'AT ladder (coding strand) was used for calibration.
:::: ? -T Lower panel, nucleotide sequence of the DNA re-
A :? gion surrounding the RNA 5 end (grrows). The
- i A-T boxed regions are the putative “—10” and the “*—35”
G+C promotor elements. B S1 mapping of the RNA 3’
Tk end. Left panel, lane 1, the 989 bp EcoRI/PstI frag-
o AT ment, 3 labelled at the EcoRI site. Zane 2, S1 pro-
AT -A tected 480 bp fragment upon hybridization with
C*G chloroplast RNA and S1 treatment. Marker (M),
R T-A HinfI fragments of pBR322. Right panel, proposed
» A stem-loop structure of the DNA region at the 3’
¥ T6GG6 CAA 3

5A, right panel, the RNA 5’ end corresponds to nuc-
leotide positions —122 to —124 upstream of the tRNA
coding region (see Fig. 2). It appears likely that the upper
band at —124 is due to partial S1 digestion and the lower
band at the A at —122 represents the authentic 5’ end
of the transcript. The additional, 0.18 kb, S1 resistant
band in Fig. 5A, left panel, lane 2, corresponds to a
cutting position within a long A-T stretch in front of
the tRNA coding region and is possibly due to non-spe-
cific cleavage by the nuclease (data not shown). It could,
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end of the trnK transcript (non-coding strand)

however, also reflect an authentic 5 ' end of a tRNA
processing intermediate.

S1 mapping of the 3’ end of the trK transcript was
performed with the 3’ labelled 989 bp EcoR1/Pst] frag-
ment (see Fig. 1). A single S1 resistant band of 490 bp
is generated in addition to the full-size material (Fig. 5B,
lane 2). This defines the 3’ end of the transcript near
nucleotide position 2,650 (see Fig. 2). As shown in Fig.
5B, this region contains sequences capable of forming
stem-loop structures, which could serve as termination
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signals (Rosenberg and Court 1979). The distance be-
tween the mapped 5' and 3’ end is 2,770 nucleotides,
in agreement with 2.8 kb derived from Northern ana-
lysis (data not shown).

Discussion

The present sequence analysis of the mustard trnK up-
stream region has revealed “—35” and “—10” sequence
elements which are identical with the “TTGACA” and
“TATAAT” consensus sequences of procaryotic pro-
motors (Rosenberg and Court 1979; Hawley and McClure
1983). Available evidence suggests that many chloro-
plast genes have typical procaryotic-type promoters
(Whitfeld and Bottomley 1983; Kung and Lin 1985),
which is in line with the proposed procaryotic origin
of these organelles (Margulies 1970). Consensus motifs
“TTGACA” for the “—35” and “TATAAT” for the
“~10” region have been established (Whitfeld and
Bottomley 1983; Kung and Lin 1985; Strittmatter et
al. 1985). By using functional assays, it was demonstrat-
ed for several chloroplast genes that the upstream region
containing the putative promotor elements is required
for efficient in vitro transcription (Link 1984; Hanley-
Bowdoin et al. 1985; Gruissem and Zurawsky 1985;
Bradley and Gatenby 1985; Boyer and Mullett 1986)
S1 mapping of the mustard trnK gene has shown that
the in vivo 5' end of the transcript is directly down-
stream of the “—10” element. It thus appears likely that
ths region serves as functional promotor for transcrip-
tion of the trnK gene. Further proof of the RNA 5' end
as the authentic transcription start site will depend on
functional assays (Link 1984) and RNA capping experi-
ments (Strittmatter et al. 1985).

The mustard trnK gene contains a 2,574 bp intron in
the anticodon-loop. Sequence comparison with the equi-
valent tRNALY® gene from tobacco (Sugita et al. 1985)
reveals 73% sequence conservation for the tRNA coding
region and the intron, but only 50% for the 5" and 3’
non-coding regions. Within the intron, sequence stret-
ches with up to 90% homology are found (e.g. positions
2,515-2,584). Sequence elements within these stret-
ches are parts of the core and six base-paired stem se-
quences typical for the secondary structure of class II
introns (Michel and Dujon 1983; Keller and Michel
1985). The folding of the intron might facilitate a trans-
esterification event between a conserved adenine at po-
sition 2,605 near the 3’ end of the guanine at position
38, leading to the cleavage of the 5’ exon-intron boun-
dary and lariat formation (Van der Veen et al. 1986).
The tobacco trnK intron was classified as class III intron
(Shinozaki et al. 1986), based on conserved splice junc-
tions resembling those of nuclear mRNA precursors
(Cech 1983). Our data suggest that both junction se-
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quences and secondary structure are conserved freatures
of the mustard trnK intron, which seem to justify classi-
fication as a class II intron. Similar structural is features
are also noticeable within the tobacco trnK intron (not
shown).

The derived amino acid sequence of the long open
reading frame, which in case of the mustard gene has
524 and in case of the tobacco gene 509 amino acids,
shows 66% homology among both species. Structural
conservation is reflected by the hydropathy profile
(Kyte and Doolittle 1982) of the two amino acid sequen-
ces, indicating a similar pattern of alternating hydrophil-
ic and hydrophobic regions (data not shonw).

Although many mitochondrial and chloroplast introns
contain open reading frames, only fewintron encoded
proteins have been tentatively identified. The 2,295
bp class I intron of the Neurospora crassa mitochondrial
24S rRNA gene (Burke and RajBhandary 1982) con-
tains a reading frame of 426 amino acids, which has been
related to ribosomal protein S5. Several mitochondrial
class I and class II introns are known to encode a matu-
rase, which is involved in the splicing process of its
own precursor (Lazowska et al. 1980; Weis-Brummer et
al. 1983). The open reading frames of four mitochondrial
introns (Bonitz et al. 1980; Osiewacz and Esser 1984;
Lang et al. 1985) seem to encode a maturase and, in
addition, contain putative coding capacity for a reverse
transcriptase (Michel and Lang 1985). Among known
chloroplast introns only the open reading frame of the
23S tRNA class I intron in Chlamydomonas reinhardtii
(Rochaix et al. 1985) was found to be structurally relat-
ed to mitochondrial reading frames that potentially
code for maturases. It is interesting to note that the
derived amino acid sequence of the mustard trnK read-
ing frame has a stretch of residues near the C-terminal
end which appears structurally related to maturases.
Thus, both a chloroplast class I and class II intron are
now known to bear this relationship. Further experi-
ments will show if a maturase-like activity is in fact
involved in splicing of these and possibly other chloro-
plast introns.
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