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Abstract  In the secondary structure model that has been 
proposed for the trans-spliced intron 1 in the Chlamydo- 
monas reinhardtii psaA gene, a third RNA species (tscA 
RNA) interacts with the 5' and 3' intron parts flanking the 
exons to reconstitute a composite structure with several 
features of group-II introns. To test the validity of this 
model, we undertook the sequencing and modelling of 
equivalent introns in the psaA gene from other unicellular 
green algae belonging to the highly diversified genus Chla- 
mydomonas. Our comparative analysis supports the model 
reported for the C. reinhardtii psaA intron 1, and also in- 
dicates that the 5' end of the tscA RNA and the region 
downstream from the psaA exon 1 cannot be folded into a 
structure typical of domain I as described for most group- 
II introns. It is possible that a fourth RNA species, yet to 
be discovered, provides the parts of domain I which are ap- 
parently missing. 
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Introduction 

Group-II introns have been found in fungal and plant mi- 
tochondria, in chloroplasts (reviewed in Michel et al. 1989; 
Jacquier 1990; Bonen 1993; Saldanha et al. 1993), and 
more recently in cyanobacteria and purple bacteria (Ferat 
and Michel 1993). Despite their high degree of sequence 
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divergence, they share a conserved secondary structure 
necessary for splicing. This structure consists of six heli- 
cal domains (I to VI) radiating from a central wheel. As in 
nuclear mRNA introns, splicing is initiated by the forma- 
tion of an intron lariat in Which the 5' end of the intron is 
ligated by a 2'-5" phosphodiester bond to a residue (des- 
ignated the branch site), usually an A, near the 3' end of 
the intron. Group-II introns have also conserved 5'- and 3'- 
boundary sequences (GUGYG and AY), which are similar 
to those found in nuclear mRNA introns. Although no 
three-dimensional structure has been reported for group-II 
introns, the functions of domains I, V and VI have been 
elucidated. Domain V, the most highly conserved substruc- 
ture, interacts with sequences within domain I to form the 
catalytic core, while domain VI, which is not required for 
ribozyme activity, contains the branch site and functions 
in positioning the 3' splice site. Short sequences of domain 
I, designated exon-binding sites 1 and 2 (EBS 1 and EBS2), 
also base-pair with the 3" end of the upstream exon to de- 
fine the 5' splice site. 

Group-II introns are of particular interest because their 
catalytic core appears to have given rise to the RNA com- 
ponents (snRNAs) of the spliceosomal splicing machinery 
of the eukaryotic nucleus (Sharp 1991). This hypothesis, 
that spliceosomal introns are fragmented group-II introns, 
is supported not only by the observations that these two 
classes of introns share similar boundary sequences and 
are excised from primary transcripts as branched mole- 
cules, but also by the resemblance between intermolecu- 
lar base-pairing interactions of snRNAs with each other 
and with spliceosomal intron/exon sequences and intramo- 
lecular b ase-pairing in group-II introns (B onen 1993). Fur- 
ther evidence comes from the findings of degenerate 
group-II introns that lack typical cognates of domains I, II, 
III or IV in some organisms as well as from the ability of 
group-II intron domains to function in trans both in vivo 
and in Vitro (Bonen 1993; Saldanha et al. 1993). Thus far, 
trans-spliced group-II introns (a total of nine) have been 
identified in the chloroplast rps12 and psaA genes of land 
plants (Fukusawa et al. 1986; Koller et al. 1987; Zaita et 
al. 1987; Kohchi et al. 1988a) and Chlamydomonas rein- 



hardtii (Ktick et al. 1987; Choquet  et al. 1988; Goldsch-  
mid t -C le rmont  et al. 1991), respect ively,  and in the mito-  
chondria l  had1, nad2 and nad5 genes o f  land plants  (Chap- 
dela ine  and Bonen 1991; Knoop  et al. 1991; Wiss inger  et 
al. 1991; Binder  et al. 1992). These  genes consis t  o f  wide ly  
spaced exons f lanked by 5'-  or 3 ' - segments  of  group-I I  in- 
trons with discont inui t ies  in ei ther domains  I, III  or IV. The 
exons at different  loci  are t ranscr ibed into separate precur-  
sor RNAs,  which are trans-spliced presumably  via  base-  
pa i r ing  and other interact ions be tween  segments  of  the 
group-II  intron(s) in associa t ion with trans-splicing factors. 

Genet ic  analysis  of  the C. reinhardtii psaA gene has re- 
vea led  that several  nuc lea r -encoded  factors are necessary  
for the two trans-splicing react ions  leading  to the mature  
t ranscr ipt  and that addi t ional  factors are specif ic  to one or 
the other  of  these react ions  (Choquet  et al. 1988). Interest-  
ingly, the a s sembly  o f  the Chlamydomonas psaA exons 1 
and 2 spec i f ica l ly  requires  one ch loroplas t  gene, tscA, in 
addi t ion  to a m i n i m u m  of  seven nuclear  genes (Gold-  
schmid t -C le rmont  et al. 1990). Go ldschmid t -C le rmon t  et 
al. (1991) have recent ly  repor ted  that this ch loroplas t  lo-  
cus encodes  a 424 + 19-nucleot ide  (nt) R N A  molecu le  that 
may  l ink the two segments  of  the psaA in t ron 1, v ia  base-  
pair ing,  to reconst i tu te  a compos i t e  intron structure with 
several  features  typica l  o f  g roup- I I  introns.  In the secon-  
dary  structure mode l  p roposed  by  these authors,  the 5 '  part  
of  the tscA R N A  interacts  with intron res idues  f lanking the 
psaA exon 1 to reconst i tu te  the hel ix  at the base  o f  domain  
I; the internal  regions  encode  domains  II  and III  and a sig- 
nif icant  por t ion  of  the central  wheel ;  whi le  bases  in the 3 '  
part  interact  with intron res idues  to form the hel ical  do-  
main  IV. It should  be noted that the comple te  structure of  
domain  I was not repor ted  because  it could  not be unam-  
b iguous ly  de te rmined  (Go ldschmid t -C le rmon t  et al. 1991). 

To test the va l id i ty  of  the secondary  structure mode l  re- 
por ted  for  the compos i t e  C. reinhardtii psaA intron 1 
(Go ldschmid t -C le rmon t  et al. 1991), and also to comple te  
this mode l  by  inc luding  domain  I, we under took  the se- 
quencing  and mode l l i ng  of  equiva lent  introns in the psaA 
gene f rom other  unice l lu lar  green a lgae  be long ing  to the 
h ighly  d ivers i f i ed  genus Chlamydomonas. Our compara -  
t ive analys is  supports  the p rev ious ly  p roposed  mode l  
for the trans-spliced C. reinhardtii psaA in t ron 1 (Gold-  
schmid t -C le rmont  et al. 1991), and also indicates  that the 
5 '  end of  the tscA R N A  and the region  downs t r eam from 
the psaA exon 1 cannot  be fo lded  into a structure typica l  
of  domain  I as descr ibed  for most  g roup- I I  introns. Al -  
though our results  are consis tent  with the hypothes is  that 
a fourth p iece  of  the psaA in t ron l ye t  to be d i scovered  
provides  the parts  of  domain  I which  are apparent ly  miss-  
ing, it is poss ib le  that the domain  I of  this intron has an un- 
convent iona l  structure.  

Materials and methods 

Isolation of nucleic acids. Total cellular RNA and chloroplast DNA 
(cpDNA)-enriched fractions were prepared from various Chlamydo- 
monas taxa as described by Turmel et al. (1993a). The taxa analyzed 

271 

consist of wild-type C. reinhardtii Dangeard mt + (SAG 11-32b), C. 
zebra Korshikov (SAG 10.83), C. gelatinosa Korshikov (SAG 
69.72), C. iyengarii Mitra (SAG 25.72), C. starrii Ettl (SAG 3.73), 
C. komma Skuja (SAG 26.72), C. mexicana Lewin mt- (SAG 11- 
60a), C. peterfii Gerloff (SAG 70.72), C. frankii Pascher mt- (SAG 
19.72), C. pallidostigmatica King (SAG 9.83), C. eugametos Moe- 
wus mt + (UTEX 9), C. pitschmannii Ettl (SAG 14.73), C. species 
66.72 (SAG 66.72), C. geitleri Ettl (SAG 6.73) and C. humicola 
Lucksch (SAG 11-9). In addition, the C. reinhardtii chloroplast mu- 
tant strain H13 which is deficient in psaA mRNA maturation 
(Goldschmidt-Clermont et al. 1990) was employed. 

Southern-blot hybridizations. Digests of cpDNA-enriched prepara- 
tions were electrophoresed on 0.8% agarose gels and transferred to 
Hybond-N T M  nylon membranes (Amersham, Arlington Heights, Ill.) 
as recommended by the manufacturer. The membranes were hybri- 
dized under the conditions outlined by Woessner et al. (1986) with 
a 728-bp DNA fragment containing the C. reinhardtii tscA gene [bas- 
es 347 to 1 066 of the sequence reported by Goldschmidt-Clermont 
et al. (1991)] and also with a 276-bp DNA fragment containing the 
last 33 bp of the C. eugametos psaA intron 1, the first 176 bp of the 
flanking psaA exon 2 from this alga, and 67 bp of pBluescript KS- 
vector sequence. The fragment containing tscA was excised from a 
recombinant pBluescript KS-plasmid carrying a polymerase chain 
reaction (PCR)-amplified fragment (cloned into the SmaI site) using 
XbaI and BamHI, two enzymes that cleave the sequences of the prim- 
ers used for the PCR amplification. The fragment carrying the psaA 
exon 2 was PCR-amplified from a recombinant pBluescript KS- 
plasmid containing a 2 285-bp Sau3A1 fragment with the primers 
5'-TTGTAATACGACTCACTATAG-3' (no. 85) and 5'-CCAGGT- 
CATTTTTCACGTA-3' (no. 256), which are complementary to the 
promoter T7 and an internal region ofpsaA exon 2, respectively. The 
two fragments were gel-purified and labelled with [o~-32P]dCTP 
(3 000 Ci/mmol) using the Multiprime DNA labelling system 
(Amersham, Arlington Heights, Ill.). The membranes were also hy- 
bridized under the conditions described by Boudreau et al. (1994) 
with 32p-labelled oligonucleotides that are complementary to high- 
ly conserved regions of tscA, thepsaA exon 1, and trnI (CAU). The 
sequences of these oligonucleotides are as follows: for tscA, 5"- 
GTAAATTCCAACTTCAGCTAG-3' (no. 272) and 5'-AAACAAT- 
TAT(C/A)TGAGTACTAT-3' (no. 273); for the psaA exon 1, 5'-AT- 
GACAATTAGTACTCCAG-3' (no. 275); and for trnI (CAU), 5'- 
GATTATGAGTCGTTTGCCT-3' (no. 295). Oligos were 5'-end-la- 
belled using [7-?2P]ATP (3 000 Ci/mmol) and T4 polynucleotide ki- 
nase (Sambrook et al. 1989). 

Cloning and sequence analysis of DNA. The sequence of the down- 
stream region of exon 1 from C. reinhardtii (Goldschmidt-Clermont 
et al. 1991) was determined 500 bp further downstream using the 
Maxam-Gilbert sequencing method (Maxam and Gilbert 1980). The 
GenBank accession number of this sequence is L27497. Plasmid li- 
braries of cpDNA-enriched preparations were constructed using 
HindIII and pBluescript KS- (Stratagene, La Jolla, Calif.) as de- 
scribed previously (Turmel et al. 1993a). Clones containing the se- 
quences of interest were recovered from these libraries by colony 
hybridizations (Sambrook et al. 1989) using the aforementioned tscA 
fragment probe and the oligonucleotides 5'-GCCCATTTTT- 
CAAAACTTG-3' (no. 190) and 5'-CCAGGTCATTTTTCACGTA- 
3' (no. 256) which are complementary to the 3' end of the C. rein- 
hardtii psaA exon 1 and the 5' end of the psaA exon 2 from this green 
alga. For sequencing of tscA, subclones containing the C. gelatino- 
sa and C. zebra HaeIII restriction fragments of 700 and 610 bp, re- 
spectively, were used as templates. For sequencing of parts of the 
psaA exons 1 and 2, as well as of the intron-1 regions immediately 
flanking these exons in the two Chlamydomonas taxa, the HindlII 
clones retrieved by colony hybridizations were used as templates. 
Doubled-stranded DNA templates were sequenced as described pre- 
viously (Turmel et al. 1993b). The sequences of the loci carrying 
tscA, the psaA exon I and exon 2 are reported in this order in the 
following GenBank accession numbers: L27257-L27259 for C. ge- 
latinosa and L27260-L27262 for C. zebra. Sequence analysis was 
carried out with the University of Wisconsin GCG software package 
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(Devereux et al. 1984), with the exception of the sequence align- 
ments shown in Fig. 2 which were performed using CLUSTAL V 
(Higgins and Sharp 1988). 

PCR amplifications. All PCR amplifications were carried out as de- 
scribed previously (Turmel et al. 1993b), except that the conditions 
for the 30 cycles of amplification were as follows: for cycles 1-9: 
1 rain at 94~ 2 min at 50~ and 3 min at 72~ for the remaining 
cycles: 1 rain at 94~ 2 rain at 50~ and 3 rain plus 10 additional s 
at 72~ The following pairs of primers were used: (1) oligonucleo- 
tides nos. 272 and 273, and (2) oligonucleotides nos. 275 and 295 
(see the section "Southern-blot hybridizations"). 

RNA analyses. Northern-blot hybridizations were carried out as out- 
lined previously (Turmel et al. 1988). The tscA probe consisted of a 
mixture of restriction fragments from C. reinhardtii, C. gelatinosa 
and C. zebra. The C. reinhardtii fragment was the same as that used 
for Southern-blot hybridizations, while the C. gelatinosa and C. ze- 
bra fragments were obtained by cleaving the aforementioned recom- 
binant pBluescript plasmids containing HaeIII restriction fragments 
with BamH1 and XbaI, two endonucleases that recognize sequences 
in the polylinker of the vector. Procedures for S 1 nuclease mapping 
and primer extension were described by Erickson et al. (1984) and 
Ausubel et al. (1990), respectively. 

Results 

Screening of various Chlamydomonas taxa 
for the presence of a composite psaA intron comprising 
a chloroplast RNA component with sequence homology 
to the C. reinhardtii tscA 

the C. mexicana, C. peterfii and C. frankii cpDNAs prob- 
ably because its sequence is too divergent from the target 
sequences on these cpDNAs. Consistent with this idea, the 
C. reinhardtii oligonucleotide probe shows two nt differ- 
ences (at positions 13 and 15) with the corresponding C. 
eugametos cpDNA region. Besides C. reinhardtii, only 
three taxa closely related to this alga, C. gelatinosa, C. ze- 
bra and C. komma, showed positive hybridization signals 
with the tscA probe (Fig. 1B). Given that this probe spans 
the entire length of the C. reinhardtii cpDNA region en- 
coding the tscA RNA (424 _ 19 bp) plus at least 269 pb of 
flanking sequences, the absence of signals in the 12 re- 
maining Chlamydomonas taxa may be attributed to the ab- 
sence, or low sequence conservation, of tscA. None of 
these 12 taxa consistently exhibited the same-sized frag- 
ments in the hybridizations of each of the three blots with 
the two psaA probes (data not shown for the AvaI and StyI 
DNA blots), suggesting that exons 1 and 2 are distantly 
spaced on all of these green algal cpDNAs. Like their C. 
reinhardtii counterparts, the C. gelatinosa, C. zebra and C. 
komma psaA exons 1 and 2 appear to be unlinked to tscA, 
as evidenced by the absence of common fragments recog- 
nized by the psaA and tscA probes. Consistent with these 
conclusions, gene and physical mapping of the C. gelati- 
nosa cpDNA indicated that psaA consists of three exons 
residing at distinct sites, none of which is closely linked to 
tscA (E. Boudreau and M.T., unpublished results). 

The two taxa carrying the composite psaA introns charac- 
terized in this study (C. gelatinosa and C. zebra) were se- 
lected following Southern-blot analysis of cpDNA-en- 
riched preparations from 15 taxa that represent the various 
lineages distinguished in this green algal genus by com- 
parative sequence analysis of chloroplast and nuclear 
rRNA genes (Buchheim et al. 1990; Turmel et al. 1993a) 
(see Fig. 1A). HindIII, AvaI and StyI digests of all 15 green 
algal cpDNAs were hybridized with an oligonucleotide 
(19-met) and a DNA fragment (728 bp) that were obtained 
from the C. reinhardtii cpDNA sequences containing the 
psaA exon 1 and tscA, respectively, as well as with a 276- 
bp DNA fragment that was derived from the C. eugame- 
tos locus encoding the psaA exon 2. Note that C. reinhard- 
tii and C. eugametos are very divergent taxa representing 
the two major lineages observed in Chlamydomonas 
(Buchheim et al. 1990; Turmel et al. 1993a) (see Fig. 1A). 
As the C. eugametos psaA exon sequences have not been 
reported yet, it is also worth mentioning that the three psaA 
exons of this green alga are colinear with their C. reinhard- 
tii counterparts (M. T., C. O. and C. L., unpublished re- 
sults) and, like these, reside at distinct sites on the chloro- 
plast genome (Boudreau et al. 1994). Figures 1B-D shows 
the hybridization patterns of the three gene probes to the 
HindIII DNA digests of the 15 Chlamydomonas taxa. It 
can be seen that all taxa revealed positive hybridization 
signals with the 276-bp fragment specific to the psaA exon 
2 (Fig. 1D) and that most of them also gave positive sig- 
nals with the oligonucleotide specific to the psaA exon 1 
(Fig. 1C). The latter oligonucleotide failed to hybridize to 

Like their C. reinhardtii counterpart, the C. zebra 
and C. gelatinosa tscA RNAs potentially interact 
with intron sequences flanking the psaA exons 1 and 2 

Figure 2 presents an alignment of the C. reinhardtii, C. ge- 
latinosa and C. zebra sequences for the psaA exon 1 and 
the 5' part of intron 1 (panel A), for tscA (panel B), and 
for the 3' part of the psaA intron 1 as well as the flanking 
exon 2 region (panel C). This alignment was derived on 
the basis of both primary sequence and secondary struc- 
ture. As expected, the 5'  coding region ofpsaA is split at 
exactly the same position in all three green algae, i.e., 86 
bp following the ATG initiation codon. Exons 1 and 2 are 
highly conserved in sequence, with such conservation ex- 
tending to the region upstream of exon 1. Unlike these ex- 
ons, the tscA genes and the intron-1 regions show a num- 
ber of deletions/additions and segments of substantial se- 
quence divergence. 

The consensus secondary structure model for the com- 
posite C. reinhardtii, C. gelatinosa and C. zebra psaA in- 
trons 1 is shown in Fig. 3. As expected, it displays several 
features of group-II introns, the most notable being the cen- 
tral wheel from which protude six helical domains. As 
reported also for the secondary structure proposed for the 
C. reinhardtii psaA intron (Goldschmidt-Clermont et al. 
1991), the consensus model features many evolutionarily 
conserved residues typical of introns in subgroup-IIB1. 
Internal regions of the tscA RNA encode domains II and 
III, while bases in the 5" and 3' terminal regions interact 
with intron sequences near the psaA exons 1 and 2 to re- 



Fig. 1 Southern-blot hybrid- 
izations of HindIII-digested 
cpDNAs from 15 Chlamydomo- 
has taxa whose phylogenetic 
relationships are known (A) 
with probes specific to tscA 
(B), the psaA exon 1 (C) and 
the psaA exon 2 (D). The phy- 
logenetic relationships among 
the 15 taxa were recently deter- 
mined by comparative sequence 
analysis of the chloroplast large 
subunit rRNA gene (Turmel et 
al. 1993a). The three probes 
were hybridized under moder- 
ate-stringency conditions. Note 
that the Southern blot that was 
hybridized with the tscA and 
the psaA exon-2 probes is dif- 
ferent from that used for the 
hybridization with the psaA ex- 
on-1 probe and that, in C. rein- 
hardtii, the tscA probe recog- 
nized two fragments of 4.3 and 
5.1 kbp. Full names of taxa are 
abbreviated by listing the first 
three characters of the species 
name. Sizes of hybridizing 
fragments are indicated for the 
four taxa that revealed positive 
signals with the tscA probe 
(gel, zeb, kom and rei) 
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constitute part of the helical domain I and domain IV, re- 
spectively, Of the five domains completely represented in 
the consensus secondary structure model, domains IV and 
V exhibit the highest degree of sequence conservation. Do- 
main II contains the smallest number of conserved resi- 
dues, but the largest number of proven base-pairings. The 
most important deletion/addition differences (62-216 nt) 
between the three algal psaA introns map to the regions of 
domains II, III and VI which prolong the helices repre- 
sented in Fig. 3. The largest domains II, III and VI among 
these introns are found in C. reinhardtii (139 nt), C. zebra 
(252 nt) and C. gelatinosa (260 nt) respectively, while the 
smallest domain II (38 nt) lies in C. gelatinosa and the 
smallest domains III (180 nt) and VI (44 nt) reside in C. 
reinhardtii (see Fig. 2). Despite these substantial varia- 
tions, only small differences were observed in the size of 
the mature tscA RNAs of the three Chlamydomonas taxa 
(424 + 19 nt in C. reinhardtii, 382 + 3 nt in C. gelatinosa, 
462 + 3 nt in C. zebra). 

Unlike the conserved bases found in internal regions of 
the C. reinhardtii, C. gelatinosa and C. zebra tscA RNAs, 
those in the regions most proximal to the 5' and 3' termini 
of these RNAs are not extensively involved in base-pair- 
ing interactions in the secondary structure model shown in 
Fig. 3. Indeed most (25) of the 28 strictly conserved nt in 
the 5' terminal region and all ten absolutely conserved nt 
in the 3' terminal region cannot base-pair with intron se- 
quences flanking the exons. Using oligonucleotide probes 

complementary to these two highly conserved regions (see 
Fig. 2), we have screened the 15 ChIamydomonas cpDNA- 
enriched preparations we initially surveyed for the pres- 
ence of this gene and found that, besides the four taxa pre- 
viously identified, C. starrii and C. iyengarii disclosed hy- 
bridization signals (Fig. 4). All of these six taxa, with the 
exception of C. iyengarii, gave a hybridization signal with 
each of the two probes. The C. iyengarii cpDNA prepara- 
tion failed to hybridize with the oligonucleotide specific 
to the 5' region. In PCR reactions using the same oligonu- 
cleotides as primers, however, all six taxa yielded prod- 
ucts each consisting of a single band in agarose gels (Fig. 
5). The size of the PCR-amplified fragment derived from 
C. iyengarii (0.33 kbp) is similar to those derived from C. 
reinhardtii (0.38 kbp), C. gelatinosa (0.33 kbp) and C. ze~ 
bra (0.42 kbp), whereas the C. starrii (0.68 kbp) and C. 
komma (1.4 kbp) fragments are significantly larger. 

Northern-blot hybridization of total cellular RNA from 
the 15 aforementioned Chlamydomonas taxa with frag- 
ment probes specific to the C. reinhardtii, C. gelatinosa 
and C. zebra tscA RNAs revealed the presence of a single 
transcript in C. zebra and the wild-type strain of C. rein- 
hardtii, and of three transcripts in C. gelatinosa (Fig. 6). 
The sizes of the C. reinhardtii and C. zebra tscA transcripts 
and of the smallest C. gelatinosa transcript are consistent 
with the values deduced from the positions of the 5' and 3' 
termini of tscA RNAs as determined by primer extension 
and S 1 nuclease protection. It is possible that the smallest 



274 

A) 

z e b  
r e ~  

z e b  
tel 

gel 

zeb 

rex 

g e l  
z e b  
r e ~  

g e l  

z e b  
f e z  

g e l  
z e b  

r e i  

psaA exon 1 and  5' part of intron 1 
Pribnow iRNA 5' end 

1 4 1  

216 

I ~ e x o n  1 .,-, ,~. I 
RBS 

******************* 
I 47 .i, R N A 3 ' e n d $ [ . - *  trnl ( C A U )  

******************* 
tml (CAU) 

[ e ~ : l ~  w~l~e~(~&~.I~ ~I~TC G T C C GCTTGC C GCAGC TATT~C TTCTAT C TACGC GGTGC~TATATACACCATAC C TGC C C~TAC GCC~CGTTGT TT TT 286 

l~ 
.m~-~.~me~s~ s~.~l~e ~amme~m~l~ ~T~TTTTATTTAGTCAGT TATCTTG TT GAGTCTC ~G~T GT~T �9 GAC AGGC TC TCC~C ~GCAC~G GTGGC 709 

m~w:w~l~I~-~e~K~-'[~ll Km~W~R~m~I~kAGTAAAGA~ATAAGCAATAC TT C C TTT~CAAAATA~ATGGTCAT~TATATGCTAT TC TGGTAG~TTTAT~C~GC C TTT 569 

GGC TGC T~C TT GACAGCATGGCTTT TAGGTC C GGCAGGTTAGGTGC TGCGGT C TGGTAAAAATAGGC ~GT GQATATGGGC TTTGC T TA~AAAAAACAATAATAGGGC TAAAGGTATAAATG 406 
AT TTATTGAAAC AAGTGTTAGCAGAAC TGAT GTTTGT TAAACAAC TAGATAAATAAAAC TTAATATAAAAAQ C TTGAT TAGACAGC GA/AGTC TT TAC C TC TTTGGGC CAAGC TGTTTTT T 829 

TCAGAAGATAT ATATATATAAC T TT TTATAGTAAACTTGTT GGAGATT TAAATTAACATC TAGGAGCAATC GTCCAC TC TAATGAGTTAATATAAC TC TAKAAGC TGAAAGTAATCCA TA 689 

B) tscA 
Pribnow RNA 5' end ~ r 

gel ~C~TTTTATGGTATTTTT .......................................................................................... 221 
zeb ~CTTA~TATTGGCTTCTCTTTGGTAG~TTTAAAGTG~TTGG~GGGAAACTCATTGCC~C~TAGATTGTGACTCA .................................. 207 
tel TA~T~TGTTA~-AGTT~TTTACCcATTTATTT~GCTTATTGTGGTCTTTCGTTTGC~GATATCGG~TATATCTTGCAGAAAGAG~GGGCTTAAAAGCCAGTTTT~ 692 

zeb --AAAA~%C e GC CTC~TTAGTACCCGC~GCCCCTTTAGGG~TAGCTCCTCCCTTTAGCCC~AGTAT~ACT 323 
rel TTTGC ~T2uAATTTACTATTAAAAATATCTAAATTAGTGAGACAAAAG~GTCTCTTTTTTGGATCAT 811 

gel ~CAGGCGCAAAGCCTAAACCTTTATACTATCGTATAAA~TAAAACCTCTTATTTTCTTTTAGCGTTTAAATTTTTTCT~CTTTTTTAGTTAGTAKAAAGGATACTAAAAT~TC .... 455 
zeb TTGGCTCCAC~GACATATTCATCCACTTTATCTTGCCCAAAGG~CTACCCcCTTTAGGG~TTG~CTACAG~AGGGTT~ACAAA~GC~GGAAAGTTATAAAAACTGAGCCAC 443 

rei CTG~T~GCATTATAC~ATATGCGTTATC~TT~TGGTAAAAAATT~TAGGATAGTAT~TTGAAAA ............................................... 884 

II1' ~ ~ l V ~  , RNA3'end , 
gel zeb ......................... ~ T  T~T% E ~  ~ A- AAATCATA ~ i  T TATTATTGTTTTAC~T~T~TACCCACATTCGTGC 549 

CAAAAGCCTTGGAC~TAAAATA~ T GTGCTACC T TTATATTATTAAAATAAAGTTTGCTTTAG~TCTCA 563 
rei ......................... T TTATAT CTTGTAAAAATATGACGTCTTTTTCCTT~GGTTTA 977 

C) 3' part of intron 1 and  psaA exon 2 
r lv ' , - - i r - ,  v .q F" v' 'q r vl ~1 

gel TCT2uACCTTTTTATTT~e~'I~IItI~IIK~,:'IeI~aleS&%III[eI~T : e l l ~ ' [ ~ I N I t l I ~ I I ~ W W t  TTAAATGTCCTTTGAACTTCTGCTAAGCCGAAGCTCTTACTTCGGTGT 387 
zeb T AIuAAC AA T T AAA T T T ~ �9 ~e{l~ m h[eP~ll~t'~ ~-~ Ke f~ T G [e~ ~,[~(efLql il[le ~i w t GT TATCTATGA~TAAC TC TTC GAC C GCT TT GGGGCAATAC TA ..... 513 

re, .......................... ........... ................................... 

gel TATCCTTATCTATTA%~CTTGGCAAAACTAAAACATGCATAGTACATAGTTGGTG~TAT~GC~G TAGGTAccAT~TG~ecAGATccCGTAGAGT~cGeTT~GcGc~TA 507 

zeb ........................................................................................................................ 
rel .................................................................................................................. 

[-" Vl' 4"] ['~ e x o n  2 

Fig. 2 Alignments of the C. gelatinosa, C. zebra and C. reinhard- 
tii cpDNA sequences spanning the psaA exon 1 and the adjacent 5' 
part of intron 1 (A), tscA (B), and also the region containing the 3' 
part of  the psaA intron 1 and the 5' part of exon 2 (C). Sequences 
were aligned using CLUSTAL V and minor modifications were made 
by eye to minimize insertion/deletion events. Black boxes mark se- 
quence identities, while hyphens represent gaps inserted to maximize 
the alignment. Note that identities are not indicated for the C. zebra 
and C. reinhardtii tscA sequences between the regions labelled II 
and II' because these sequences could not be aligned unambiguous- 
ly and that positions showing identical residues in the remaining re- 
gions were highlighted only if they were found in a window of ten 
positions where at least four positions share common residues. Ro- 
man numerals denote the six major domains of  the composite psaA 
intron 1 (see Fig. 3). A Roman numeral without a' designates the 5' 
branch of a domain, while a Roman numeral accompanied with a' 
designates the 3' branch. The boundaries of  all branches coincide 

with those of the corresponding helices in the secondary structure 
model shown in Fig. 3. Upstream of the region containing the exon 
1, the positions of  a putative ribosome binding site (RBS) and Prib- 
now box are indicated. The 5' and 3' termini of  a precursor RNA of 
this exon in a C. reinhardtii mutant lacking the mature psaA mRNA 
are denoted by small arrows. The position of  the 5' terminus was tak- 
en from Choquet et al. (1988), while the 3' terminus was mapped 
during the present study (see Fig. 8). The 5' and 3' termini of  the ma- 
ture tscA RNA from each alga are underlined. The C. gelatinosa and 
C. zebra tscA termini were mapped during this study, while the po- 
sitions of  the C. reinhardtii tscA termini were taken from Gold- 
schmidt-Clermont et al. (1991). Asterisks below the alignments de- 
note the positions of the oligonucleotides used as probes or primers. 
For C. gelatinosa and C. zebra, all DNA sequences were taken from 
this study; for C. reinhardtii, they were taken from Ktick et al. (1987), 
Goldschmidt-Clermont et al. (1991), and this study. Full names of  
taxa are abbreviated as in Fig. 1 
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Fig. 3 Secondary structure model of the composite C. reinhardtii 
psaA intron 1 based on comparative analysis of DNA sequences from 
this green alga and the closely related C. gelatinosa and C. zebra. 
An alignment of these green algal sequences is presented in Fig. 2. 
Roman numerals designate the six major secondary-structure do- 
mains of group-II introns. Positions showing identical residues 
among the three Chlamydomonas psaA introns are boxed. Positions 
that are missing in C. gelatinosa and/or C. zebra are denoted by aste- 
risks, whereas those that represent additions in the latter two algae 
relative to C. reinhardtii are denoted by solid triangles, with the ac- 
companying numbers indicating the size of the insertions in nt. Base- 
pairings involving conserved residues are denoted by thin bats or 
small dots. Base-pairings proven by comparative sequence analysis 
are denoted by thick bars or large dots, whereas those that are dis- 
proven are not indicated. Note that several residues in the highly var- 
iable regions denoted by circles can participate in Watson-Crick 
base-pairing interactions. Numbers in the circles are the observed 
minimum and maximum lengths of these regions. Blocked arrows 
denote a potential EBS2-IBS2 pairing. Another long-range tertiary 
interaction, the ?'-7' pairing, is indicated. Thick arrows point to in- 
tron-exon junctions. Thin arrows indicate the 5' and 3' strand pola- 
rity of the separate transcripts containing exon 1 and exon 2 
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transcript of C. gelat inosa results from processing of the 
larger transcripts (1.1 and 0.78 kb). 

The sequences downst ream from the C. reinhardtii,  
C. zebra and C. gelat inosa p s a A  exons 1 cannot  fold into 
the complex structure described for domain  I of group-II  
introns 

Most  of the structural components  (subdomains  A, B, C 
and D) that are usual ly present in domain  I of  group-II  in- 
trons cannot  be identif ied in the consensus  secondary struc- 
ture model  of the C. reinhardtii,  C. zebra and C. geIati- 
nosa p s a A  introns 1 (see Fig. 3). Abbrevia ted versions of 
domain I have been described only for the second intron 
in the chloroplast clpP gene of Marchant ia  po lymorpha  

Fig. 4 Screening of 15 Chlamydomonas taxa for the presence of 
tscA by Southern-blot hybridizations with two oligonucleotides that 
are complementary to highly converved sequences mapping at the 5' 
(A) and 3' (B) ends of this gene. The positions of these oligonucleo- 
tides are indicated in Fig. 2. Sizes of the hybridizing fragments are 
indicated. Full names of taxa are abbreviated as in Fig. 1. Sequence 
analysis of the C. pitschmannii fragment that revealed a positive sig- 
nal with the 5' tscA probe disclosed no significant homology with 
the C. reinhardtii, C. gelatinosa and C. zebra tscA genes 
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Fig. 5 PCR amplification of 
an internal region of tscA from 
15 Chlamydomonas taxa. The 
oligonucleotides used as prim- 
ers in this experiment were em- 
ployed as probes in the South- 
ern-blot hybridizations present- 
ed in Fig. 4 

Fig. 6 Analysis of total cel- 
lular RNA from C. reinhard- 
tii, C. geIatinosa and C. ze- 
bra by Northern-blot hybrid- 
ization with a tscA probe. 
The probe consisted of a 
mixture of restriction frag- 
ments from these three green 
algae (for more details see 
the Materials and methods 
section). Full names of taxa 
are abbreviated as in Fig. 1 

(Kohchi et al. 1988b) and for group-II introns in the Eu- 
glena graciIis cpDNA (Hallick et al. 1993). To our sur- 
prise, 82 to 86 bases downstream from the psaA exon 1 in 
the three Chlamydomonas taxa examined, we have found 
a highly conserved sequence that can be folded into a tRNA 
with the anticodon CAU (Fig. 2). This tRNA was identi- 
fied as the tRNA Ile (CAU) by sequence comparison with 
the three M. polymorpha tRNAs displaying the same anti- 
codon (Fig. 7). The C. reinhardtii choroplast tRNA Ile 
(CAU) is 63%, 48% and 42% identical in sequence with 
the Marchantia chloroplast tRNA He (CAU), initiator 
tRNA fMet (CAU) and elongator tRNA Met (CAU), respec- 
tively. As the codon and amino-acid specificities of the Es- 
cherichia coli tRNA ne (CAU) are determined by a single 
post-transcriptional modification (C --+ lysidine) at the first 
position of the anticodon (Muramatsu et al. 1988), this 
highly conserved position in the corresponding tRNA from 
chloroplasts is likely to be similarly modified to allow spe- 
cific recognition of adenosine in the third position of the 
codon. Note that the loci encoding the initiator tRNA fMet 
(CAU) and elongator tRNA M~t (CAU) have been recently 
mapped on the C. reinhardtii cpDNA and found to be un- 
linked to the trnI (CAU) gene (Boudreau et al. 1994). Five 
conserved bases (GUUCA, four of which are unpaired) in 
the T 7JC arm of the tRNA II~ (CAU) are complementary to 
the last five bases of the psaA exon 1 and thus could con- 
stitute a potential EBS 1 site if the psaA exon 1 and the trnI 
gene are cotranscribed as a precursor. An exon 1 transcript 
could be detected in a C. reinhardtii class-C mutant defi- 
cient in psaA exonl-exon 2 splicing. The 5' end of this 
transcript (approximately 300 nt in size) lies 130+ 3 nt 
upstream of the initiation codon (Choquet et al. 1988), 
whereas the 3" terminus lies 84 _+ 5 nt downstream from the 

t R N A  lIe (Crei) tRNA lie (Mpol) 
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Fig. 7 Comparison of the C. reinhardtii chloroplast (Crei) tRNA ne 
(CAU) with the M. polymorpha (Mpol) chloroplast tRNA Ile (CAU), 
initiator tRNA fMet (CAU) and elongator tRNA M~t (CAU). Conserved 
bases (boldface) are indicated. The tRNA sequences of Marchantia 
were taken from Ohyama et al. (1986), while that of C. reinhardtii 
was taken from this study 

exon-intron junction near the 5' end of the trnI (CAU) gene 
as shown by the S 1 analysis in Fig. 8. A fainter signal is 
also observed 20 nt upstream corresponding to an A-rich 
terminal loop which may be an artefact. A potential EBS2 
site is located near the 5' end of the tscA RNA that is com- 
plementary to the intron-binding site 2 (IBS2) within exon 
1 (Fig. 3). No other potential EBS 1 and EBS2 sites are con- 
served downstream from the trnI gene among the three al- 
gae. 

To determine if the linkage of the psaA exon 1 to trnI 
(CAU) is prevalent in Chlamydomonas, we hybridized 
Southern blots of HindIII digests from the 15 Chlamydo- 
monas cpDNAs analyzed previously with an oligonucleo- 
tide specific to this tRNA gene (Fig. 9B). Moreover, we 
PCR-amplified the region between the psaA exon 1 and 
trnI (CAU) in these taxa (Fig. 9A). Hybridization signals 
were observed for all of the taxa, with the exception of C. 
humicola; however, only the closely related C. zebra, C. 
gelatinosa, C. komma, C. starrii and C. iyengarii revealed 
signals to the same HindIII fragments that hybridized with 
the psaA exon 1 probe (see Fig. 1). Note that, in C. rein- 
hardtii, the presence of a HindIII site in the region between 
the psaA exon 1 and trnl (CAU) did not allow us to con- 
firm the close linkage of these genes. Our PCR amplifica- 
tions from the C. reinhardtii, C. zebra, C. gelatinosa, C. 
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Fig. 8 S 1 nuclease analysis of the 3' end of the psaA exon-1 tran- 
script of C. reinhardtii. Upper: a 650-bp Sau3AI-TaqI fragment 3' 
end-labelled at its Sau3AI site (located within the psaA exon 1) was 
annealed with 200 gg of total cellular RNA of mutant H13, treated 
with 5 U (lane a) or 15 U (lane b) of $1 nuclease and electrophor- 
esed on a sequencing gel; c, same as b except that yeast tRNA was 
used; d, probe without S 1 nuclease treatment. Sequencing ladders 
are shown on the left with a display of the nt sequences around the 
two S l sites. The broken arrow indicates the 5' end of the trnI (CAU) 
gene. Lower: map ofthepsaA exonl-trnI (CAU) region. The 3' end- 
labelled probe is shown. The arrow indicates the direction of tran- 
scription and the wedge marks the principal S1 site 

starrii and C. iyengarii c p D N A  prepara t ions  y ie lded  frag- 
ments  with sizes ranging  f rom 0.21 to 1.7 kbp.  The C. 
komma prepara t ion  gave no PCR product ,  most  p robab ly  
because  the d is tance  be tween  the target  sites o f  the pr im-  
ers (es t imated to be < 2.7 kbp based  on Southern  analysis)  
s l ight ly  exceeds  the max ima l  size ( approx ima te ly  2.5 kbp) 
of  the region  that is rou t ine ly  ampl i f i ed  under  the condi -  
t ions employed .  

Discussion 

During  this study, we have e m p l o y e d  both Southern-b lo t  
analysis  and PCR ampl i f i ca t ion  to screen several  Chlamy- 
domonas taxa for the presence  of  a trans-spliced psaA in- 
tron that is s imi lar  in sequence and structure to the first  in- 

Fig. 9 Degree of linkage between the psaA exon 1 and trnI (CAU) 
as established by PCR amplification (A) and Southern-blot hybrid- 
ization (B) in 15 Chlamydomonas taxa. The positions of the PCR 
primers are indicated in Fig. 2. The Southern-blot of HindIII digests 
which was employed for the hybridization with the psaA exon 
1 probe (see Fig. 1) was hybridized with the trnI-specific oligonu- 
cleotide used as a primer for the PCR amplifications. Full names of 
taxa are abbreviated as in Fig. 1. Sizes of the hybridizing fragments 
that were recognized by both the trnI and psaA exon-1 probes (i.e., 
those of gel, zeb, iye, sta and kom) are indicated 

tron in the C. reinhardtii psaA gene. Our  f inding that 
probes  specif ic  to the psaA exons 1 and 2 hybr id ized  to 
dis t inct  res t r ic t ion f ragments  in all o f  the taxa that revea led  
hybr id iza t ion  signals  with these probes  is consis tent  with 
our recent  mapping  and sequencing data  for the C. euga- 
metos psaA exons which  suggest  that this gene was prob-  
ab ly  spli t  in p ieces  pr ior  to the emergence  of  Chlamydo- 
monas (Boudreau et al. 1994; M. T., C. O. and C. L., un- 
pub l i shed  results) .  As all o f  the ch loroplas t  psaA genes 
charac ter ized  so far in other a lgae  and in land plants  do not  
feature any trans-spliced introns nor cis-spliced introns at 
the same locat ions  as those found in C. reinhardtii, inser-  
t ion and spl i t t ing of  g roup- I I  introns p robab ly  occurred rel-  
a t ively  recen t ly  in a c o m m o n  ancestor  of  Chlamydomonas 
taxa. Only  the taxa most  c lose ly  a l l ied  to C. reinhardtii re- 
vea led  a ch loroplas t  locus encoding  an R N A  componen t  
with sequence s imi lar i ty  to the C. reinhardtii tscA RNA.  
Our fai lure to ident i fy  a sequence s imi lar  to the C. rein- 
hardtii tscA locus in two taxa be long ing  to the C. reinhard- 
tii l ineage  (C. mexicana and C. peterfii), as wel l  as in all 
those be long ing  to the C. eugametos/C, moewusii l ineage,  
does not necessar i ly  indicate  that such an R N A  species  is 
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lacking from each of these green algal psaA introns as its 
primary sequence may be too divergent to be detected by 
hybridization or PCR amplification. Analysis of the intron 
sequences flanking the C. eugametos exons 1 and 2 has 
been undertaken to determine if these sequences can fold 
into a structure with all of the features of group-II introns. 

Our detailed characterization of the C. geIatinosa and 
C. zebra tscA loci as well as of the psaA exons 1 and ex- 
ons 2 and their flanking intron segments has allowed us to 
identify the potential base-pairings and unpaired residues 
which have been preserved in the secondary structure 
model proposed for the C. reinhardtii psaA intron 1 
(Goldschmidt-Clermont et al. 1991). This comparative 
analysis has confirmed the validity of this model postulat- 
ing that internal regions of the tscA RNA encode domains 
II and III and that terminal regions reconstitute the dis- 
rupted helices of domains I and IV via base-pair interac- 
tions with the 5' and 3' intron segments, respectively. As 
reported for other group-II introns (Michel et al. 1989), the 
most extensive variations in sequence and length among 
the C. reinhardtii, C. gelatinosa and C. zebra psaA introns 
1 have been located at the tips of helical regions (domains 
II, III, IV and VI), whereas the most conserved regions 
have been found predominantly within the helical regions. 
Michel et al. (1989) have suggested that the peripheral re- 
gions can tolerate large insertions because they are pre- 
sumably at the periphery of the intron molecule, whereas 
the helical regions cannot retain such insertions because 
they are buried within the molecule. 

It is intriguing to find a significant number of strictly 
conserved bases that are unpaired, or poorly paired, imme- 
diately adjacent to the helices of domains I and IV within 
the terminal regions of the C. reinhardtii, C. geIatinosa and 
C. zebra tscA RNAs (see Fig. 3). Using oligonucleotides 
specific to these regions, we have succeeded in PCR-am- 
plifying the C. starrii and C. iyengarii tscA loci, but failed 
to identify these DNA regions by hybridizing Southern 
blots of cpDNA digests with a fragment probe specific to 
the C. reinhardtii tscA under low-stringency conditions. 
Given their high level of sequence conservation, these ter- 
minal regions of the tscA RNA must have important func- 
tions. It is possible that they participate in the expression 
of tscA via association with specific proteins or in the as- 
sembly of the mature psaA transcript via interaction with 
proteins, or else with a fourth RNA component (see below) 
or another region of the psaA intron. For instance, 5 of the 
28 absolutely conserved bases at the 5' terminus of tscA 
can potentially base-pair with the AAGUU exon-1 se- 
quence upstream of the 5' splice site to form the long-range 
EBS2-IBS2 interaction (see Fig. 3) which has been pro- 
posed to stabilize the intron-5" exon complex and contrib- 
ute to positioning the 5' splice site (see Michel et al. 1989; 
Saldanha et al. 1993). In contrast to the EBS 1-IBS 1 pair- 
ing which is required for accurate selection of the 5" splice 
site, the EBS2-IBS2 interaction seems to be missing in sev- 
eral group-II introns (Michel et al. 1989). As specific mu- 
tations can be efficiently introduced into the C. reinhard- 
tii cpDNA via transformation (Boynton et al. 1988, see Ro- 
chaix 1992), functional analysis of the very conserved re- 

gions at the termini of this green alga tscA RNA should be 
undertaken to gain an insight into their roles. 

The composite, trans-spliced psaA introns of C. rein- 
hardtii, C. gelatinosa and C. zebra are also very unusual 
in that the 5' end of the tscA RNA and the region upstream 
of the psaA exon 1 cannot fold into the conventional struc- 
ture described for domain I of group-II introns. Modelling 
of these regions has revealed no recognizable cognates of 
subdomains A, B, C, and D. The putative EBS1 sequence 
in the tRNA ne (CAU) encoded near the 3" end of the psaA 
exon 1 is unlikely to participate in splicing of the psaA in- 
tron 1 for the following reasons. First, our S 1 analysis has 
provided no evidence for co-transcription of the psaA exon 
1 and trnI (CAU). This observation does not eliminate the 
possibility that co-transcription of these genes occurs and 
is followed by very rapid processing; however, interaction 
of the putative EBS 1 sequence with the complementary re- 
gion upstream of the psaA exon 1 would require that in- 
tron splicing precedes processing. Second, the highly var- 
iable distance (82 bp to >2.5 kbp) separating thepsaA exon 
1 and trnI (CAU) in the six Chlamydomonas cpDNAs in 
which we have identified a composite psaA intron is likely 
to cause a problem in bringing the putative EBS 1-IBS 1 he- 
lix into position within the catalytic site. Third, because 
the putative EBS 1 sequence in the tRNA ne (CAU) plays 
an important role in tRNA structure/function and is found 
in virtually all tRNAs, an additional role in intron splicing 
seems very unlikely. In C. eugametos, the finding that the 
region downstream from the psaA exon 1 and the 5' end of 
the putative tscA RNA cannot fold into the typical struc- 
ture described for domain I of group-II introns would also 
argue against the participation of the tRNA lie (CAU) in in- 
tron splicing, as the chloroplast trnI (CAU) of this green 
alga lies about 30 kbp from the psaA exon 1 (Boudreau et 
al. 1994). 

Because our comparative analysis has failed to resolve 
a potential secondary structure of domain I, it is possible 
that, in the Chlamydornonas psaA introns examined, this 
domain has extensively diverged from that of its counter- 
part in other organelle genes and that the missing RNA sub- 
domains are not required. It seems more reasonable, how- 
ever, to propose that a fourth RNA species encoded by a 
distinct chloroplast locus specifies the missing RNA sub- 
domains. This hypothesis is particularly attractive in light 
of the idea that group-II intron domains might have evolved 
into snRNAs in the evolution of nuclear pre-mRNA introns 
(Sharp 1991). Even though genetic analyses of C. reinhar- 
tii PSI mutants defective in psaA mRNA maturation have 
failed to provide hints for the requirement of more than 
one chloroplast locus (Choquet et al. 1988; Herrin and 
Schmidt 1988; Goldschmidt-Clermont et al. 1990; Roit- 
grund and Mets 1990), we cannot reject this possibility 
given that chloroplast mutations in a locus as small as that 
predicted for the potential tscB gene might have easily es- 
caped detection due to low frequency of such events. Con- 
sistent with the involvement of a second trans-acting fac- 
tor for splicing of the psaA exons 1 and 2 would be the 
finding that the C. eugametos psaA intron 1 lacks a typi- 
cal domain I. Alternatively, one or several proteins encoded 



by chloroplast or nuclear  genes could replace the funct ion 
normal ly  provided by the region of domain  I which appears 
to be miss ing from the C. reinhardtii, C. geIatinosa and C. 
zebra psaA  introns 1. Some of the seven genet ical ly iden-  
tified nuclear  loci that have been reported to be specifi- 
cally involved in psaA exon 1-exon 2 splicing (Gold- 
schmidt -Clermont  et al. 1990) could specifiy such proteins. 
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