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The Euglena gracilis rbcS gene contains introns with unusual borders
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We have recently shown that, in Euglena gracilis, leader sequences are transferred by truns-splicing to the vast majority of cytoplasmic mRNAs,

Trans-splicing is involved in the maturation of the rbeS transcripl, which encodes eight small subunits of the ribulose 1,5 bisphosphale carboxylase/

oxygenase. In this report, we show that the Ewglenu rbeS gene introns are dilferent from introns found in plant rbeS genes. In addition these introns

do not have the conserved 5’ and 3’ border sequences found in introns of eucaryotic nuclear-encoded pre-mRNAs, and they do not present any

homology with self-splicing introns of groups I and I1. Secondary structure analyses show that the 5’ and 3’ ends of Euglena inlrons can base-pair,
suggesting that an unusual splicing mechanism exists in Euglena.
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l. INTRODUCTION

Euglena gracilis is a protist which has the capacity to
grow on organic substrates in the dark, and also to
perform photosynthesis when exposed to light, We have
recently demonstrated that, in this organism, a trans-
splicing mechanism transfers leader sequences to a vast
majority of mRNAs [1]. This finding provides a strong
argument for placing euglenoids close to trypanosomat-
ids, and far from algae, in an evolutionary tree. How-
ever, in Euglena the genomic organization markedly
differs from that of trypanosomes. For example, we
have shown that the sequence leader (SL)-RNA genes
of Euglena are located in repeated units which also code
for the 5 S rRNA [2]: such an association is not found
in trypanosomes [3] but, paradoxically, exists in several
nematodes [4], which are phylogenicallv more distant
from Euglena. While cis-splicing is unknown in try-
panosomes [5], preliminary studies on the rbcS gene
suggested that Euglena is a unique organism in which
both trans-splicing and cis-splicing mechanisms co-exist
[1]. Cis-splicing is presumably involved in the matura-
tion process, since the rbcS gene transcript is 4.2 kb long
and codes for eight small subunits of the ribulose 1,5
bisphosphate carboxylase/oxygenase [6], whereas the
rbeS gene itself is about 15 kb in length. To gain an
insight into mRNA maturation in Euglena we have un-
dertaken the determination of the nucleotide sequence
of the Euglena rbeS nuclear gene. In this paper we pres-
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ent the parts of this gene which code for the transit
peptide (which is removed during import into the chlo-
roplast) [7], the first small subunit, and the 3’ non-
coding region: this structure corresponds to a complete
plant rbeS gene unit. We report that the intron structure
in Fuglena in unrelated to the structure of plant rbcS
introns, and, more generally, is different from the struc-
ture of eucaryotic pre-mRNA introns.

2. MATERIAL AND METHODS

2,1, Genomic DNA library screening and subcloning

Euglena DNA, partially digested witlh the restriction enzyme
Sau3A, wus cloned into the BamHI site of Charon 40 lambda phage
[8] and 3 x 10® recombinants were screened by plaque hybridization
using “P-labeled probes specific lor different regions of the Euglena
SSU ¢DNA [6]. Nineteen positive clones were detected by probing
with the 0.4 kb Bg/ll restriction fragment containing the coding region
for an entire mature SSU. Four of these clones (5B1, 5B2, 5E1 and
5I1) also hybridize with an oligonucleotide specific for ihe 5’ end of
the ¢cDNA, while three other clones hybridize with an oligonucleotide
specific for the 3’ non-coding region (3CI, 3G1 and 31i). Two phages
(5E! and 3G1) were shown, by hybridizalion and sequencing, to con-
tain a common region and, therefore, (o overlap, The complete rHcS
gene distributed in the inserts of these two phages extends over 15 kb,

2.2, Nucleotide sequencing

Nucleotide sequencing was carried out by the dideoxy chain termi-
nation method using T7 DNA polymeruse [9] and universal or specific
primers on double strand DNA templates, The sequencing data were
compiled and analyzed using the Wisconsin computer group program
package.

3, RESULTS AND DISCUSSION

V/e have determined the nucleotide sequence encod-
ing the transit peptide, the first small subunit (SSU), and

Published by Elsevier Science Publishers BV,
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Fig. 1. (A) Map of the mRNA cuding for the Euglena SSU [6]. The
repealed sequence, encoding the eight SSUs, is indicated as 8 x SSU,
(B) Maps of the inserts of the overlapping phages, 5E! and 3Gl,
corresponding, respectively, to the 5’ and the 3’ parts of the mRNA.
(C) Diagram of the 5" and 3’ ends of Euglena rbeS gene, (Black boxes)
Non-coding regions of the mRNA; (shaded boxes) regions coding for
the transit peptide; (dotled boxes) regions coding for the first SSU;
(dotted box surrounded by a dotted line) end of the last SSU; (solid
lines) introns numbered as indicated below the line; (dotted lines)
internal region of rbeS gene.

the 3’ non-coding region, from the inserts of the two
overlapping phages, SE1 and 3Gl, which cover the
complete rbeS gene. The structure of these different
regions of Euglena rbecS gene are presented in Figs. |
and 2, Three different observations lead us to the ccn-
clusion that these sequences correspond to a functional
rbeS gene: (i) the restriction map of SE! is identical to
that of the three other positive 5’ clones (5B1, 5B2 and
511); (i) the partial sequence of the latter three clones
appears to be completely homologous to the SE1 clone:
and (iii) the nucleotide sequences of the coding and
non-coding regions are identical to the cDNA counter-
parts [6] excent for four bases differences which do not
alter the protein sequence.

We have previously shown that the Euglena rbcS gene
begins with the 3’ part of an intron (i1) involved in the
transfer by trans-splicing of the leader sequence to the
SSU mRNA precursor [1]; this structural feature, un-
known in plant rbeS genes [10,11), enabled us to deter-
mine the exact start position of the Euglena rbeS gene.

A comparison of the 5" region of the Euglena rbeS
gene to the corresponding region of the cDNA shows
that two introns (i2 and i3) are present. The first intron,
situated in the transit peptide coding sequerre, extends
from nucleotide 317 to 371 (53 nucleotides). The second
intron extends from nucleotide 682 to 1375 (692 nucleo-
tides) and interrupts the region encoding the mature
SSU (see Fig. 2). All eucaryotic rbcS genes character-
ized so far contain introns in the coding region only.
The number of introns varies from one to three, and
they are always located at an invariant position [12-15]
except in the green unicellular alga, Chlamydomonas
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reinhardii [16). In higher plants the first intron is located
between codons 2 and 3 of the region coding for the
mature SSU, the second between codons 41 and 42,
while the last intron occurs downstream within codon
59 [11]. The intron interrupting the coding region of
Euglena mature SSU is unique, and its position is close
to that of the intron located at codon 59 in the higher
plant rbcS gene (see Fig. 2).

In contrast to all rbeS genes sequenced to date the
Euglena rbeS gene also contains introns in the 3’ non-
coding region. The sequence of the 900 nucleotide re-
gion corresponding to the 3’ region of the cDNA was
determined from the 3G1 sub-clone. This sequence re-
veals that the untranslated region is split by three in-
trons located, respectively, at 244, 407 and 662 nucleo-
tides downstream from the stop codon. These introns,
ilE, i2E and i3E, are, respectively, 81, 215 and 88 nucle-
otides long. A comparison of the nucleotide sequences
of these Euglena introns shows no significant homology,
even in the 5’ and 3’ border regions. The 3’ border of
il fits perfectly with the consensus sequence defined for
introns of eucaryotic mRNA precursors {17): the last
two bases correspond to the invariant AG dinucleotide,
and are preceeded by a stretch of pyrimidines (Fig. 2).
This intron is associated with the post-transcriptionally
transferred leader sequence of the SSU mRNA, which
contains the invariant GT dinucleotide [1]. In contrast,
all the other introns of the rbcS gene do not obey the
so-called GT-AG rule for splice-site selection in eucar-
yotes. The 5" and 3’ borders are: CT-TG fori2, AA-CC
for iE1, CG-TC for iE2 and AC-CT for iE3. Intron i3
begins with the invariant GT, but it does not have a
typica! splice site at its 3’ end (CC instead of AG) (Fig.
2). The only common motif, present in only three cases,
is a CAGPu sequence found in the vicinity of the 5’ part
of the intron. In any case, alignment of the 5’ and 3’ end
sequences of the introns failed to define any consensus
motif. These regions have been shown to play a crucial
role in eucaryotic splicing [18], and it is therefore sur-
prising that the canonical GT-AG intron border se-
quence is found only in the intron involved in trans-
splicing (i1) and not in the other Euglena rbeS introns.

In Fig. 3 we show the secondary structures proposed
for introns i2, i3, i2E and i3E. In these structures base
pairing brings the 5’ and 3’ ends of the introns into
proximity for excision. In addition the two successive
exons are also involved in base pairing, which contrib-
utes to the stability of the structure. Qur data clearly
indicate that the structure of Euglena r5cS introns is
very distinctive. Preliminary results on other Euglena
nuclear genes suggest that this structure is not unique
to the Euglena vbeS gene (Smith, A., personnal commu-
nication and [19]). The structure of Euglena rbeS introns
differs not only from that of higher plant and alga coun-
terparts [15.16], but more generally from the introns of
eucaryotic mRNA precursors which obey the GT-AG
rule [16). Several thousand available sequences obey the
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Fig. 2. Nucleotide sequence of the 5° and 3’ ends of Euglena rbeS gene, Sequences fourd in SSU mRNA [6] are in capital letters, Nucleotides of

the 5’ end are numbered from ~25 1o +]581; the acceptor site of the trans-splicing is indicated by +1. Nucleotides of the { end are numbered

from 1E to 958E: the star corresponds to the stop codon. The upstream arrow underlines the first methionine of the m ture SSU, while the
downstream arrows underline the last tryptophan of the mature SSUs.

GT-AG rule, whereas only 26 described to date show
a minor variation (GC) at the invariant GT [20]. Two
other exceptions & known in the genes coding for the
human proliferating cell nucleolar protein, P120 [21],
and for the chicken cartilage matrix protein [22], in
which neither GT nor AG are conserved. In the Euglena
rbeS gene the borders are unusual and, in addition, the
secondary structure of these introns is distinctive. Anal-
ysis of the nucleotide sequences of introns i2 and i3
shows that these inirons do not resembie either group
I or group II self-eplicing introns [23] (Michel, F., per-
sonnal communication), suggesting that they belong to
a novel intron class.
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The presence in the Euglena rbeS gene of an intron
with a typical AG 3" border (intron il), and of introns
with particuliar features, indicates that two different
splicing mechanisms could be involved in the matura-
tion of the Euglena SSU mRNA precursor. One mecha-
nism, carried out by a spliceosomal complex [24], would
transfer the leader sequence to the 5 end of the pre-
mRNA. Such a mechanism has been described for
mRNA precursor processing in Trypanosomes [25]. A
second mechanism would be invoived in the removai of
introns located in the interna! region of the Euglena
rbeS gene. One can wonder whether these splicing
events require ribonucleoprotein complexes, or whether
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Fig. 3. Proposed secondary siructures for four introns present in the
Euglena rbeS gene. Sequences involved in base pairing are indicated
by stars. Arrows indicate the splice sites.

a distinct enzymatic system, as described for the splicing
of introns in nuclear tRNA precursors, could be in-
volved [26].

Acknowledgentents: We wish to thank Mrs, Hoeft for the synthesis of
the oligonucleotide. R.L.C. was supported by a grant from CON-
ICET-Argentina.

REFERENCES

{11 Tessier, L.-H., Keller, M., Chan, R.L., Fournier, R., Weil, J.-H.
and Imbault, P, (1991) EMBO J. 10, 556-601,

FEBS LETTERS

June 1992

[2] Keller, M., Tessier, L.-H., Chan, R.L., Weil, J.-H. and Imbaul,
P. (submitied).

{3] De Lange, T., Liu, A.Y.C., van der Ploeg, L.H.T., Borst, P,,
Tromp, M.C. and van Boom, J.H. (1983) Cell 34, 891-900.

[4] Krause, M. and Hirsh, D. (1987) Cell 49, 753-761.

[5] Agabian, N. (1990) Cell 61, 1157-1160.

[6] Chan, R.L., Keller, M., Canaday, J., Weil, J.-H. and Imbault, P.
(1990) EMBO 1. 9, 333-338,

[7} Smith, S.M. and Ellis, R.J. (1979) Nature 227, 686-685.

{8] Dunn, I1.S. and Blattner, F.R. (1987) Nucleic Acids Res. 15,
2677-2698,

[9] Sanger, F., Nicklen, S. and Coulson, A.R. (1977) Proc. Natl.
Acad, Sci. USA 74, 5463-5467.

[10] Dean, C., Pichersky, E. and Dunsmuir, P. (1989) Annu. Rev.
Plant, Physiol. 40, 415-439,

[11] Manzara, T. and Gruissemn, W. (1988) Photosynth, Res. 16, 117-
138.

{12] Lebrun, M., Waksiman, G. and Freyssinet, G. (1987) Nucleic
Acids Res. 15, 4360-4364,

[13] Wimpee, C.F., Stickema, W.J. and Tobin, E.M. (1983) in: Plant
Molecular Biology, pp. 391-401, Liss, New York.

[14] Grandbastien, M.A., Berry-Lowe, S.,, Shirley, B.W. and
Meagher, R.B. (1986) Plant Mol Biol. 7, 451-465.

(15] Sugita, M., Manzara, T, Pichersky, F., Cashmore, A. and Gruis-
sem, W. (1987) Mol. Gen. Genet. 209, 247-256.

[16] Goldschmidt-Clermont, M. and Rahire, M. (1987) J. Mol, Biol.
191, 421-432,

[17] Chambon, P. and Breathnach, R. (1981) Annu. Rev. Biochem.
50, 349-383.

[18] Wieringa, B., Meyer, F., Reiser, J. and Weissmann, C. (1983)
Nature 301, 38-43,

[19] Muchhal, U.S. and Schwartzback, $.D. (1991) 3rd Ini. Congress
Soc. Plunt Mol. Biol.,, Tucson, 6-10 October, 1991, Poster Ab-
stract 232,

[20] Jackson, L.J. (1991) Nucleic Acids Res. 19, 3795-3798.

[21] Larson, R.G., Henning, D., Haidar, M.A, Jhiang, 8., Lin, W.L.,
Zhang, W.N. and Bush, H. (1990) Cancer Commun. 2, 63-71,

[22] Kiss, 1., Deak, F., Holloway, R.G., Delius, H., Mcbus, KA.,
Frimburger, E,, Argroves, W.S., Tsonis, P.A., Winierbotton, N.
and Goetinck, P.F. (1989) J. Biol. Chem. 264, 8126-8134.

{23] Michel, F. and Dujon, B. (1983) EMBO I, 2, 33-38.

{24] Luhrman, R., Kastner, B, and Bach, M. (1990) Biochim. Bio-
phys. Acta 1087, 265-292.

[25] van der Ploeg, L.H.T., Liu, A.Y., Michels, P.A.M.,de Lange, T.,
Borst, P., Majumder, H.X.,, Weber, J., Veeneman, G.H. and van
Boom, J. {1982) Nucleic Acids Res. 10, 3591-3604.

[26) A.R. Krainer and T. Maniatis (1988)in: Transcription and Splic-
ing (B.D. Hames and D.M. Glover, Eds.), pp. 131~136, IRL
Press,

255



