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ABSTRACT

A novel gene, roaA (ribosomal operon-associated gene), encoding a potential RNA-binding protein has been
identified in the rpl23 ribosomal protein operon of the Euglena gracilis chloroplast genome. The roaA gene is
interrupted by one group lll and three group Il introns. Introns 1 and 2 of roaA can be interpreted as a twin-
tron, formed from the insertion of a group Il intron into the 5’ splice site of a group lll intron. Alternative splic-
ing of the group Ill intron results in two distinct transcripts encoding proteins of 516 and 514 amino acids.
Group lll introns may play a role in the generation of alternatively spliced transcripts.
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INTRODUCTION

Euglena chloroplast differs from the chloroplasts of
higher plants at the level of transcription, RNA pro-
cessing (Stevenson & Hallick, 1994), and RNA splicing
(Copertino & Hallick, 1993). Due to high intron con-
tent, splicing plays a major role in Euglena gracilis chlo-
roplast RNA metabolism. There are at least 86 group II
introns in the Euglena chloroplast genome (Copertino &
Hallick, 1993). Euglena also contains at least 64 group III
introns, which are unique to euglenoid protists (Coper-
tino & Hallick, 1993). Group III introns range in size
from 97 to 119 nt, and are believed to be abbreviated
versions of group II introns. Group II introns can be
represented in a complex secondary structure model of
six helical domains (I-VI) radiating from a central core
(Michel et al., 1989). Domains I, V, and VI have been
shown to play a critical role in the self-splicing of group
Il introns. Group I introns lack domains II-V, but
contain domain VI and may contain domain ID. Do-
mains ID and VI are important for splice site selection
and lariat formation during group II intron splicing.
Because group III introns lack domains II-V, the
splicing activities performed by these domains may be
supplied in trans. Several proteins have been reported
to assist splicing of group I and Il introns (Lambowitz
& Perlman, 1990). Because group Il introns have been
found only in euglenoids, proteins involved in splic-
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ing group Il introns are also likely to be unique to
euglenoid plastids. Genes for three maturase-like pro-
teins have been identified in introns of the Euglena
chloroplast psbC operon (Mohr et al., 1993; Copertino
et al., 1994).

Euglena chloroplasts also contain at least 15 twin-
trons, or introns within introns (Copertino & Hallick,
1993). Examples of twintrons include group II within
group Il introns, group Il within group Il introns, and
“mixed” twintrons with group II introns internal to
group III introns, or vice versa. Complex twintrons
with multiple internal introns have also been observed
(Drager & Hallick, 1993a; Hong & Hallick, 1994; L.
Zhang, K.P. Jenkins, E. Stutz, R.B. Hallick, in prep.).
Twintrons are believed to be the result of a mobile in-
tron inserting into another intron. Alternative splicing
has been observed at both the 5" and 3’ internal and ex-
ternal splice sites of some group III twintrons (Coper-
tino et al., 1992; Drager & Hallick, 1993a).

There are only a few examples of alternative splicing
of non-nuclear introns. Use of alternative 3'-splice sites
in Podospora anserina nad 1-14 and cox1-i7 group I mito-
chondrial introns is implicated in expression of a dis-
continuously encoded, intronic open reading frame
(orf) (Sellem & Belcour, 1994). Alternative splicing of
nuclear pre-mRNAs is an important and widespread
feature of regulating gene expression in many metazo-
ans. It has been shown to be involved in regulation of
important processes such as sex determination, pro-
grammed cell death, and temporally and spatially con-
trolled gene expression (Smith et al., 1989). Alternative
splicing may also play a role in evolution by allowing
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genetic diversity without requiring permanent changes
at the DNA level (Smith et al., 1989). The potential of
alternative splicing of group Il introns to mirror alter-
native splicing of nuclear introns and play an impor-
tant role in chloroplast genome evolution led us to an
in-depth analysis of selected group III splicing events.

We have explored whether splicing of group III
introns or twintrons might lead to multiple mature
mRNAs from a single pre-mRNA. An example of alter-
native splicing of a group III intron was found in a
novel gene, ronA, encoded in the E. gracilis chloroplast
rpl23 ribosomal protein operon. roaA was initially iden-
tified as two potential orfs in the intercistronic region
between rps3 and rpl16 (Christopher & Hallick, 1990).
The presence of these orfs was considered unusual, be-
cause the gene content and order of the rpl23 operon
is highly conserved (Lindahl & Zengel, 1986; Tanaka
et al., 1986; Michalowski et al., 1990), and in Escherichia
coli and other chloroplasts, rps3 and rpl16 are adjacent
(Fig. 1). We have determined the orfs constitute a sin-
gle gene, ronA, which is interrupted by one group Il
and three group II introns. Alternative splicing of the
group Il intron 2 of roaA pre-mRNA results in two dis-
tinct mRNAs encoding polypeptides of either 514 or
516 amino acids. This alternative splicing may have
evolved after formation of a twintron by insertion of in-
tron 1 into the 5 splice site of intron 2. Intron insertion
may play an important role in evolution of plastid
genes of euglenoid protists via the potential for alter-
native splicing.

RESULTS

cDNA analysis

The rps3-rpl16 intercistronic region is co-transcribed
with the ribosomal protein genes of the rpl23 operon

E. coli 510 and spc ribosomal protein operons
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(Christopher & Hallick, 1990). Intercistronic processing
results in an approximately 1.4 kb RNA containing an
rps3-rpl16 intercistronic transcript. To determine if the
orfs were independent or comprise a single gene,
cDNAs from the rps3-rpl16 intercistronic region were
studied.

The 1.4 kb RNA species detected in northern analy-
sis might be the spliced mRNA product of a larger pre-
mRNA from the 2.8 kb region. To investigate this
possibility, RNA from the 2.8 kb region was PCR am-
plified, cloned, and sequenced. The nucleotide se-
quence of the 2.8 kb region and the location of primers
used for PCR amplification are shown in Figure 2. A
cDNA primer (cDNA3) located in the first exon of the
rpl16 gene was used to prime cDNA synthesis of E.
gracilis chloroplast RNA. Resulting cDNAs were ampli-
fied using the PCR primer PCR1 (Fig. 2). The PCR
products were cloned and sequenced. A single contin-
uous orf comprised of five exons was detected.

The translation start of the orf was not defined. AUG
codons are absent in the genomic sequence between
the stop codon of rps3 and the beginning of the orf. In
fact, the first in-frame AUG codon is in exon 5. The orf
may use the alternative start codon UUG. UUG, GUG,
and AUU are used as alternative start codons in E. coli
(Gren, 1984) and plastids (Michalowski et al., 1990).
For example, in E. gracilis chloroplast, the atpF gene ap-
parently uses the alternative start codon GUG (Drager
& Hallick, 1993b). If the UUG codon 55-nt downstream
of rps3 (coordinates 53736-53738) is used as the initia-
tor codon, a protein of 516 amino acids is predicted.
This 516-amino acid orf has been designated roaA for
ribosomal operon-associated gene, and “A” as the first
such gene. The gene structure is exon 1, 49 nt; intron 1,
349 nt; exon 2, 4 nt; intron 2, 97 nt; exon 3, 613 nt; in-
tron 3, 325 nt; exon 4, 18 nt; intron 4, 438 nt; exon 5,
867 nt. The entire gene is 2,760 nt long (Fig. 2) (coor-
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FIGURE 1. Comparison of ribosomal protein operons. The gene content and order of the E. coli 510 and spc operons are
compared with that of the Cyanophora, Euglena, and tobacco chloroplast ribosomal protein operons.
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exon 3, rps3 exonl, roahA 53738
ACGATTTATGGAGTTTTAGGGATAAAGGTTTGGGTATATAAAGTTTAGCGATCT/TTTAATTTTTTTTTTTATTGATATTTATATTATTTTTATTTTTCGCTATATTGTARAACATTITG
T..I.Y . 6.V L_ GuwI. K. V. Wi N4Y K. & L

CDNA]l <==e=== ~c«cee- > PCR1 53858

TTTTCTTTTTTTTATAGATT TAATTGGAACTTTAT TAAATGGART T TTTTGCGTCATTAAT TTTGTATTATTTTAAAATATTTTTTATGAAAAATTCCTTCTTTATAATCCTTCAATATT
F S F F Y R F N W N F I K W N

53978
TTAAAGATCAAATTTAATTTTATAAAATTTAACTTTTTTCTARATTTTGGAATTTTTATTTATTTTTACTTCTTAAAATAACAATAATATACAGTATTAACTGAAATTGTTATTAATAAA
54098
TCATTTATATTCTAATAAAAGCATGCATTATTAGTATTATTAGTAATACCTGAACGAAACATGTATATTTTATATTCATTTATTGAAAAGCTGTACTATATGAAAATATTTTTTACAGTT
exon 2, roahA 54218
TGTGAACAAATTTTTAATTAAAAGTTTTAGTTCATTAGT TTACGAATTTGCATCATTTTTTGTAAAAATGTTATTTTATTTTTATTATTTATACTTATTTGATTATTTTTATGAGGTTTT
LV
exon 3, roahA Cmmmm= cDNAZ 54338

AAARACAGCACTTTTTTTGATAATACTGTTTCCTTAACACAACATAAAATTTATTTAGCATCTAAAAAATCAGATATATTTTTGGTTAAAAACAAACAACGGCGTTTTTTTARAAGTTTTT
D NTV S5 L T QH K I Y LA S KI K SDITFIULVE KNIKTUGQERRZRTFTFUIKSTF

54458

ATGCTCATATTTTTTCTGTTCGTAATTGCTTTGAAAAATTTCCTTCTTTACAATCGTATTTTTATTCTTCTAAGGATAAATTTTTTCTAGTATCACTTTTATCTTCGAAAAGARATTTAT
YooA H3Io:F. 8 NiR:@N. Cc-F B K. ., P.S . L.0Q=»8: ¥ F ¥ :8: 58 K.DiK.F F L.V .8 .L,.8i8 K. RZN T

54578

TTCTCCATGGTTTTTTTTATAACATTAAAAAAGCGTTTTTGTTTTATTCTTATGATTTTTTTCTTCTATATAAATTATCTTTTAGTICTTTTGTTAACAAGTACTCTTTTACCTTATATTA
F'L HiG F Fo.. ¥  NUT K. KAy POLO B WY 8. X DK F LiL. Y Kiuk 8 F.8 L L.L: T STl b Pod el

; 54698

ATGATATTAATCCTTGTTTTATAAAAGATTATTATTTTTTTGTTGAAGGCAACTTTTTTGATTT TGAACARATTTTAATAGATGTTTTTAAGTACTCTTATTATTTTAAGGTCGAAAATT
N D I NP C F I KD Y Y F F V EGNVFFUDVFESZGQTITZLTIDJVYVT FZXKTY S Y Y F KV EN

54818

TTAAGTTTTTATATTTTGCTCGTTTTTCTTGGATTTATAAAAATTTTCCTTTGGATGTAAATTTTTTAAAAAATTTTTTAGACCGTARAAAATTTGGTTTTTTTTAAGTCACTTTTTTTAA
F K F L Y F A RVF S W I Y KNF P LDV NV FL KNV FULDRIKNILV VT FTFK S L F L

54938

TAATTTTTAATTTTATATTTAATGGATTGTTGCCAATTACTATTTAATGTGTTTTTTGAGAATTCTTARACTTGTATTTTTAATAAAGT TATTCATTAGAAATAGAATTTTTTTTGCATG

I I F N:F L'AF &Ny Gk

55058
GTATTAAATTTTTGTATTATTAAATCATTAATTTTTTAATGAATTATCAATTTCTTCAAGATTTGTATAATAAAAAAAGAATATTTTTGTTAATAAGTAATTACGTAATCACCTTTTTTC
exon 4, roaA 55178
GTTTTTGTAGTGAACTATAATGCTGTATTCTAAAATTGATTTTGTAGCTTTTTTTTAAAGC TATGTAATTTTTACGCATGGTTTATATACAAATATATTTATATTTAGTTTTTTAATTTT
N F
55298
TTTTTTCAAGAAGTGCGTATTGTTTGCTTT T TAAAAGTTTTATTTAAAAACTTAATAT T TTCGTTTCTTTCATAGGTTCTTTTTTATAAATTATTTTCAATTATTCAAAATAAAAATTAC
F F Q E
55418
ATAAGAAATAATTTGGAAAAATTTTCAGAAATTTTTGTTCTGAGTTTAAT TGAAAAATC TGAAT TTAAAAGT TTAAAATTTATTCATTTAAAAATAAGTTCTATTAAAAATTTTAACTAA
55538
AARAACAATAAAAGTTAATTCTATTGATTTAATCAAAATTAGACGTTTAGGATTATTCTACGCAATTTTTATTGTAATTTTTCCATTTGAAATTATGTTTCTAAAAATGAAATTTTTATA
exon 5, roadA 55658
TCTTGAACTTATTGTTTCAGATAAAAAGCCTATTACAATTTGATTTGTATGATTAGGTTTGT TAAAAAACT TGTTAAAAGTCTATTTAAARATTTTTTTATTAGTTATAAAGTTTATTAT
N F F I 8 ¥ K V Y Y
55778
TTGTTTTATATAGATARATTTTATTTTTTTTTTAAGTTTCCTTATGATTTTTTTATT TGTAAAAAAAT TATTATATCTTTTTTTAGTCTTCGAGGGATTATTTTGAATAT TAATATTAAT
L F Y I D KF Y F F F KF P Y DVFF I C KK I I I s F F 8L RGTI I L NTINTIN
55898
TCTTTTTATAGAT TTGAGACGTTTGTATTTAATTTTTTTATTTTCGATTTTTTAAGAT TTGGTTCAAATATTTTATTGCATATTAATAARAAACATATACAATTTTATAAACTAAGTTTA
gUR Y RIPRY e BN FON R E T HEY DWESESRYF G NI ICOL R T ONCKEKIUTRULT @ B AR D ST
56018
AAAATGATTGTAAAAATGTTTTTAAAAAAAAGTGTATTTTTTTTAGTAAATTTATTGAATAAAAAAATTTTAGAT TGTTTARACAGAGGTTTTTTTTGT TTTAATAACAATTTTCTATTT
K M I V KM F L K K SV F F LV NULTULMJMNIEKIEKTITULDT CILNU RTGT FTFTCTFNNNTFTILF
: 56138
TTAGAATTAGATCTTTATCTTTACCGATTATTGTGGAGATATATAAAAAAACTTCATTCTAGAAAAACTAGAACTTGGATTTACTCTAAATATTGGAAATTTTTTTCAGGAATTTGGAGA
LB LoD olie Yol LosXe  RVCLEA L W AR I LK K kB8 R, K2 R T W I X S K Y W K F F 8§ G I W R
56258
TTTTTCATTACTGATATAAAAACAGGAAATTTTTTATTTTTAAAGTCTCATTTGTATTCTTCGAARATATTTTTATAGT TATAGAAATATGAAATTTAAAATATCTAATACTT TAAATATA
F F I T D I KT G NTVFLF L K S H LY S S K Y F Y S Y RNMEKTFIKISNTILNI
56378
TTCAACTTATATAATAAAGGAAAATTAGAACGTATGATATTTGAAAAGTTCAAATATAAATTTTCACCTAATTTTATTGTCTTATATAATAATCAGAGGGGACTATGTTTCTTTTGTAAA
F N L Y N K 6 K L E RM I F E KT F K Y KV F S PNV F I VL Y NNZGQRTGTILTCTFTF CK
: 56498
AAATCGATTTATTCGAATCGTTTTGTAATTTTGAACATAARAAAGTGGAACT TTAGTTTCTTTGAAAATTTGATTTTAATTCATTTTTATTGTAATAATTTTAATCAGTTGCAATGAATT
K S I Y S N R F V I L NI K K WNTF S FFENTILTIULTIUHTFYCNNTFNUOQTILOQ *
rpllé Cmm——— cDNA3 56627
TACC/TAATTTAGAAATTTATTATCTTTTATTTTCGTTGTTTTTATAGTCTTATATGT TAAGTCCTAAGCGAACGAAGT TTCGTAAATATCATAGAGCTAGATIAACAGCGTAARATCTAT
M-~ L: 8P KRl TR PR K- Y He s Ry ©GoriRerbr <TG oK L Y

FIGURE 2. ronA DNA sequence. Numbering corresponds to the EMBL accession #X70810. RNA-like strand is shown. Coding
regions are designated by the single-letter amino acid code under the second nucleotide of each triplet codon. Intron se-
quences are italicized. The start and stop codons and exon 2 are shown in bold letters. PCR and cDNA primer locations
are underlined. The direction of each primer is indicated by arrows above the sequence. The locations of the peptides used
for antibody production are shown in bold and italicized letters. 5 and 3’ processing sites are indicated with a slash (/).
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dinates 53736-56495). Introns 1, 3, and 4 are group Il
introns. Intron 2 is a group III intron. Exon 2, at 4 nt
long, is the smallest plastid exon reported to date.

mRNA analysis

Rather than using UUG, it is possible that an AUG
start codon is supplied by trans-splicing of the roaA
transcript. To test this hypothesis, the 5" end of the
roaA transcript was analyzed by RNA sequencing
(Fig. 3). The primer cDNAT in exon 1 of roaA was **P-
end-labeled and used to prime cDNA synthesis from
E. gracilis chloroplast RNA by reverse transcriptase. Se-
quence ladders were generated from cDNA reactions
using deoxy- and dideoxynucleotides. The resulting se-
quence extended 65 (+2) nt upstream of the ronA UUG
start codon to a major stop in all lanes at position 53673

rps3 roaA
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(+2 nt) (Fig. 3). Minor stops observed 3’ of the major
stop may be due to secondary structure. Sequence ex-
tending beyond the major stop was the result of unpro-
cessed transcripts containing rps3 and roaA. Although
it is possible that the mRNA is trans-spliced 3’ of the
primer cDNAT, based on this experiment, roaA is not
trans-spliced and begins with the alternative codon
UUG.

The 3’ end of the rosA mRNA was defined by locat-
ing the processing site between ronA and rpll6. A
primer, cDNA3, complementary to exon 1 of rpl16, was
#2P-end-labeled and used to prime cDNA synthesis
from E. gracilis chloroplast RNA. A major stop in the
sequence at position 56502 (+2 nt), mapped 50 (£2) nt
upstream of the rpl16 start codon and 7 (+£2) down-
stream of the roanA stop codon. It is possible that the 3’
end of the roaA transcript is processed further follow-
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FIGURE 3. Analysis of the 5" and 3’ ends of the
roaA transcript. A diagram of the roaA gene is
shown, and approximate primer locations are in-
dicated by labeled arrows under the diagram.
RNA sequence from exon 1 of roaA with primer
cDNAT is shown in the left panel. The primer
is located in exon 1 of roaA (nt 53764-53780). The
RNA sequence is indicated to the left of the
panel. An arrow indicates the processing site be-
tween rps3 and roaA. RNA sequence from exon
1 of rpl16 with primer cDNA3 is shown in the
panel on the right. The primer is located in exon
1 of rpl16 (nt 56588-56607). An arrow indicates
the processing site between roaA and rpl16.
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ing intercistronic cleavage. Based on these experi-
ments, the monocistronic, fully spliced, and processed
roaA transcript is 1,623 (+4) nt.

roaA Introns

The E. gracilis chloroplast genome contains a total of
157 group II and group III introns (Copertino & Hal-
lick, 1993). roaA is interrupted by one group III and

K.P. Jenkins et al.

three group Il introns. The predicted secondary struc-
tures of the roaA introns have been compared to other
E. gracilis group Il and group III introns. Introns 1, 3,
and 4 can be folded into the typical group II intron sec-
ondary structure model, with six stem loops (I-VI) ra-
diating from a central core (Michel et al., 1989). The
proposed secondary structure of intron 1 is shown in
Figure 4A. The proposed structure is similar to other
small group II introns of Euglena. In addition to the six

0= 98
H_Q Domain Il f)»AA
u |
& By &
&y Domain I %
EBSZ{} 3\' p VoAcac
S ok
N Ay A S ¢~ Domain IV
Ve / AGCA<
00 G Tl e
U umacay AT o TR Yy
h U &t | BASRYGHACY A
AS AN Ve Y UUUGACAUUU Domain V
A M e |
R ety
Domain | A Uauy, H’/EIAG G/C’W;\quw 0
U UA"J’/ U I A U A
A\ ] Ap A A G
G UucuUAZY Bs |[A Y Domaln Vi
N AL My oo ? FIGURE 4. Second t del
AL A//UA d 4. Secondary structure models
VIV AGU A of ronA introns 1 and 2. A: Group II in-
b IBS |A tron 1. B: Group Il intron 2. C: Alterna-
oau C IB A . : s
o2 u tively spliced 103-nt group Il intron.
_g— R T \ H Long-range tertiary interactions e-” and
Cyyc 5 -y are represented by dashed lines. The

) 3

UUUQL{Q ﬁ& UAUUAU U

Subdomain 1D u cAUA
SZH
A—U A,
- U—A
-

S'splicesite U
U

exon 1 _ﬁ G—C

guided pair is boxed. Branch site A"
is denoted by an asterisk. The IBS1 and
EBST for each intron are underlined.

EBS 1

G‘—Aﬁ Domain VI

léj’fﬁcﬁ‘i';’,‘splicesite

AA U J. X—U AU l
\ B S AGUUUACGA—UAUUUUUAU G-UUUUUUGAUA AT
5 UUUA?UUCA IBS 1

C 3

. c;J L{l’% AleBs 1

Subdomain ID ”u CAUA .
éfti y—A Domain VI
A C
Group Il intron 1 g:UU qué\ o
S'splicesite - G *3 splicesite
exon 1 —A

—u AU
5" AAALG GAAUUUAGUUUACGA—UAUUUUUAL G—U UUUUUGAUAAS!

IBS
1



Allernative splicing in Euglena chloroplast

helical domains, [-VI, five conserved tertiary inter-
actions, e-¢’, y-y’, EBS1-IBS1, EBS2-IBS2, and the guided
pair are predicted.

Intron 2 is a 97 nt group Il intron. The predicted sec-
ondary structure and EBS-IBS of intron 2 is shown in
Figure 4B. As with most group IIl introns, a subdomain
ID and domain VI can be identified (Copertino & Hal-
lick, 1993). As shown in Figure 4B, intron 2 has an EBS-
like domain that may interact with an IBS partially in
exon 1. If this interaction is required for splicing of in-
tron 2, intron 1 must be spliced first to restore the in-
tron 2 IBS.

Alternative splicing of exon 2

To investigate the splicing pattern of introns 1 and 2,
RNA splicing intermediates were examined using
cDNA and PCR techniques. PCR primers PCR1 and

629

cDNA2 were used to amplify roaA cDNAs (Fig. 5). The
PCR products were cloned and 23 independent cDNAs
were sequenced. Three cDNAs contained a 556 nt
unspliced mRNA (Fig. 5A), two contained a 207 nt
partially spliced mRNA with intron 1 excised (Fig. 5B),
and 16 contained a 109 nt completely spliced mRNA
(Fig. 5C). None of the cDNAs contained the partially
spliced product with intron 2 removed and intron 1
retained (predicted 458 nt). In addition, the 458 nt
partially spliced product was not detected when PCR
products were fractionated on agarose gels.

Two of the completely spliced cDNAs represented
alternatively spliced mRNAs compared to the 21 other
c¢DNAs (Fig. 5D). In these cDNAs, an alternative in-
tron 2 splice site 2 nt 5" of the predicted splice is pres-
ent. Along with intron 2, exon 2 and 2 nt of exon 1
are excised, and the remainder of exon 1 is ligated di-
rectly to exon 3. The expected and alternatively spliced
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FIGURE 5. Splicing intermediates of roaA exon 2. Locations of primers PCR1 and cDNA2 used for PCR amplification of
RNA intermediates are indicated under the diagram of roaA. Diagrams of the cDNA clones are shown under each panel.
Exon 2 is boxed in the sequence to the right of each panel. A: Unspliced. B: Intron 1 excised. C: Introns 1 and 2 excised,
exon 2 retained. D: Alternative splicing of exon 2.
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products differ in length by 6 nt, and can be resolved
on 5% nondenaturing acrylamide gels (data not shown).
Although the alternatively spliced transcript appears
to be less abundant than the predicted transcript, it
does accumulate to significant levels. Alternative splic-
ing does not change the reading frame of the protein.
However, codons for amino acids 17 and 18 (LEU-VAL)
are missing, resulting in an orf of 514 amino acids.

The roaA protein product

The roaA protein product was identified by western
analysis of E. gracilis chloroplast proteins. To generate
antibodies against roaA, two synthetic oligopeptides,
KQRRFFKS (amino acids 44-51) and KKLHSRKTR
(amino acids 374-382) were made. Chickens were in-
oculated with either peptide and antibodies were iso-
lated from egg yolks (Polson et al., 1985).

To prepare chloroplast proteins for immunodetec-
tion, isolated E. gracilis chloroplasts were lysed mechan-
ically by freeze-thawing and Dounce homogenization.
Membranes were separated from proteins soluble in
0.5 M ammonium sulfate by centrifugation. Soluble
proteins were fractionated in 30 and 70% ammonium
sulfate precipitations. Proteins were separated on SDS-
PAGE gels, and transferred to nitrocellulose for west-
ern blot analysis.

The results of the western blot analysis are shown in
Figure 6. Combined anti-roaA antibodies recognize a
protein that migrates at approximately 80 kDa in the
crude 0.5 M ammonium sulfate and 70% precipitant
fractions. Both antibodies recognize the same 80 kDa
band when used independently (data not shown). A
pre-immune control does not recognize the 80 kDa
band (data not shown). Although the predicted size is
64 kDa, the protein has a predicted charge of +57 that
may result in anomalously slow migration.

DISCUSSION

Identification of a new chloroplast gene

The 2.3 kb rps3-rpl16 intercistronic spacer of the E. grac-
ilis chloroplast rpl23 ribosomal protein operon has been
found to encode a novel and previously unknown
chloroplast gene. The new gene has been designated
“roa” for “ribosomal operon-associated” and “A” as the
first of this class. The 2.3 kb roaA pre-mRNA is co-
transcribed with the rpl23 operon (Christopher & Hal-
lick, 1990), and then processed to a mono-cistronic
1.6 kb mRNA by 5 and 3" endonuclease cleavage and
splicing of four introns. The mRNA is slightly larger
than the previous estimate of 1.4 kb, which was based
on northern hybridization. The predicted protein prod-
uct is a basic polypeptide of 516 amino acids. This poly-
peptide is expressed in E. gracilis chloroplast.

K.P. Jenkins et al.
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FIGURE 6. Western blot analysis of the ronA gene product. On the
right is a western blot using only secondary antibody as a control for
nonspecific interactions. On the left is a western blot using both anti-
roaA antibodies and secondary anti-chicken antibody. Immuno-
reactive bands, indicated with an arrow at approximately 80 kDa, are
visible in the 70% precipitant and 0.5 M fractions. Molecular weight
marker locations are indicated between the two analyses.

roaA Protein

A protein migrating at approximately 80 kDa has been
detected with anti-ronA antibodies. Although the role
of the ronA protein is still unknown, it has several in-
teresting characteristics that are indicative of an ability
to bind RNA. The protein contains 28% aromatic amino
acids and has a charge of +57. Aromatic residues in nu-
cleic acid binding sites of proteins can intercalate in tar-
get nucleic acids, forcing the nucleic acid into a specific
form (Helene & Lancelot, 1982). A charge of +57 could
provide a high level of electrostatic interactions with
negatively charged nucleic acids (Helene & Lancelot,
1982). Similarities between roaA and RNA binding pro-
teins and maturases have been found with BLAST.
However, these similarities are based on the high
charge and aromatic amino acid content, and not local-
ized to any motifs. The lack of a specific RNA binding
domain may reflect a more general RNA binding func-
tion. The location of rorA in a ribosomal protein operon
is also compatible with a potential role as an RNA bind-
ing protein involved in maturation or translation of
mRNA.



Alternative splicing in Euglena chloroplast

Group lll intron splice site selection

An unusual feature of the rosA gene structure under-
scores an interesting splicing problem. The 5" splice
sites of group II introns are defined by tertiary inter-
actions between the EBS and IBS (Michel et al., 1989).
Because group III introns are believed to be degener-
ate group Il introns, the same mechanism for 5’ splice
site selection has been proposed (Copertino et al.,
1994). However, exon 2 of roaA is only 4 nt long, which
may be too small to contain the IBS required for splic-
ing of the downstream group [l intron (intron 2). The
two other sites that could complete the IBS for intron 2
are within either intron 1, or exon 1 after excision of
intron 1. As shown in the model for group III intron
structures in Figure 4B, the putative EBS1-IBS1 pairing
is more extensive if part of IBS1 is derived from exon 1
(5 GGAAUUUAGU) rather than intron 1 (5’'UUCA
UUAGU).

Splicing of introns 1 and 2 would normally be ex-
pected to be unordered (Hong & Hallick, 1994). How-
ever, the splicing intermediate containing intron 1 and
lacking intron 2 has not been detected. Although the
existence of this intermediate cannot be ruled out, the
predominant intermediate species lacks intron 1 and
retains intron 2. This example of ordered splicing is
consistent with the proposed model in which EBS-
IBS interactions function in 5 splice site selection in
group Il introns.

Possible structural basis for alternative splicing

Intron 2 is a single intron that can be spliced as either
a 97 nt or a 103 nt group II intron, depending on 5
splice site selection. We have previously suggested that
group III introns might have a tertiary interaction com-
parable to the EBS1-IBS1 pairing of group II introns
(Copertino et al., 1994). As suggested in the models in
Figure 4C, different EBS1-IBS1 tertiary interactions are
possible for the two alternatively spliced variants of in-
tron 2. The 103 nt intron is spliced when exon 2 and
2 nt of exon 1 are excised with intron 2. In Figure 4C,
subdomain ID for the 103 nt intron is shown to have
a different EBS than the 97 nt intron. The 103 nt intron
EBS-IBS interaction shifts the 5’ splice site to UUUAG.
This splice site fits the group Il consensus sequence
NUNNG. However, the UUUAG alternative splice site
cannot be used if intron 1 is present, because intron 1
is located between the second and third uridines in this
splice site. In the 103 nt intron splicing pathway, intron 1
is inserted into the 5" splice site of intron 2 and must
be spliced to restore the splicing ability of intron 2.
Thus, intron 1 and the 103 nt version of intron 2 rep-
resent a new twintron, the 16th in the E. gracilis ge-
nome. This twintron is only the second example of a
group Il intron within a group I intron. The first ex-
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ample is in rps3, the upstream gene (Copertino et al.,
1992).

From an evolutionary standpoint, the existence of
this twintron means that the “alternatively” spliced
species lacking exon 2 is actually the ancestral species.
Exon 2 may have evolved from the 5" boundary of the
interrupted ancestral group Il intron. To test this hy-
pothesis, we are investigating the intron content of
roaA in more ancient Euglena species. The prediction is
that Euglena species lacking introns 1 and 2 would en-
code a single mRNA of 514 amino acids.

Alternative splicing of intron 2

The evolution of exon 2 from a group Il intron would
support the theory that alternative splicing of group III
introns has played a role in the evolution of the Euglena
chloroplast genome. Alternative splicing of E. gracilis
chloroplast rpl16 and rpoC group Il introns has been
described previously (Copertino et al., 1992). In rpl16
and rpoC, the internal group III introns of group III
twintrons are excised using alternative 5" and 3’ splice
sites. In rpl16, the product is a pre-mRNA that, if trans-
lated, would yield a truncated rpl16 protein. In rpoC,
translation of the alternatively spliced pre-mRNA
would result in the addition of four amino acids to the
COOH-terminus of the RNA polymerase B’-subunit.
It is not known if these alternatively spliced pre-
mRNAs are translated or if they undergo further pro-
cessing to result in the fully spliced transcript.

The alternative splicing of roaA intron 2 is the first ex-
ample of exon skipping during plastid mRNA process-
ing. Although the two distinct polypeptide products of
roaA of 514 and 516 amino acids were not resolved by
western blot analysis and have not yet been confirmed
by amino terminal sequence analysis, it is reasonable
to speculate that both mature mRNAs are translated.
Exon skipping is a common feature of alternatively
spliced nuclear pre-mRNAs, but has been associated
previously only with nuclear spliceosomal reactions.

Alternative splicing of introns is another mechanism
for generation of genetic diversity. Introns and twin-
trons may be so prevalent in Euglena because they allow
adaptability via alternative splicing. Group III introns
are good candidates for evolutionary mediators of al-
ternative splicing because splice site selection is less
constrained by secondary structure and tertiary inter-
actions than in group I and group II introns.

On the evolutionary origin of roaA

Because roaA is absent from all other known plastid
rpl23 operons, it is possible that the rosA gene was
inserted in the E. gracilis plastid genome after evolu-
tionary descent from a common ancestor with other
photosynthetic eukaryotes. The rpl23 operon of E. grac-
ilis is unique among known plastid rpl23 operons in be-
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ing interrupted by 9 group Il and 15 group Il introns,
including two twintrons. From an evolutionary anal-
ysis of intron content and position in various species
of Euglenaphycea, it was concluded that introns in E.
gracilis are a derived characteristic, having been added
to genes that have evolved from intron-less progenitor
genes (M.D. Thompson, D.W. Copertino, E. Thomp-
son, M.R. Favreau, R.B. Hallick, in prep.). The origin
of the ronA gene may be associated with the invasion
of group II and group III introns into the rpl23 operon.

A noteworthy feature of the rpl23 operon is a series
of intercistronic, group III introns (Stevenson et al.,
1991). One hypothesis is that roaA was first introduced
into the genome as an intron-encoded maturase from
a mobile group III intron that inserted into the rps3-
rpl16 intercistronic spacer. The maturase may have
evolved into a more general RNA-binding protein as
its function was replaced by trans-acting proteins. The
group III intron features may also have been lost
through genetic drift. A precedent for this hypothesis
is found in ycf13, a group III intron-encoded maturase-
like protein, in intron 4 of the photosystem II psbC gene
of E. gracilis (Copertino et al., 1994). Although the psbC
gene has been lost from the plastid genome of the non-
photosynthetic protist Astasia longa (Siemeister et al.,
1990), the ycfl3 gene has been retained as a free-
standing cistron. Presumably, ycfl3 was an intron-
encoded orf in the mutual ancestor of both E. gracilis
and Astasia longa. Whatever role ycf13 plays, it has been
conserved in Astasia despite the loss of its original car-
rier intron. In a like fashion, rozA may have been main-
tained in Euglena as its carrier intron was lost.

MATERIALS AND METHODS

The complete E. gracilis chloroplast genome is available in
Genebank, EMBL accession #X70810. All coordinates in the
manuscript refer to release 42, version 36 of this accession
number.

RNA isolation

Chloroplasts were isolated from photoautotrophically grown
E. gracilis as described (Hallick et al., 1982). RNA was isolated
from purified chloroplasts as described previously (Steven-
son & Hallick, 1994). Briefly, isolated chloroplasts were
phenol-chloroform extracted in NTES buffer (100 mM NaCl;
10 mM Tris-HCl, pH 7.5, 1 mM EDTA; 1% SDS) and the nu-
cleic acid was ethanol precipitated. DNA was removed by
treating with RQ1 DNase (1 U/1 pg, Promega) in the presence
of RNasin (40 U/10 U DNase, Promega) followed by a final
phenol-chloroform extraction.

cDNA synthesis, amplification, and cloning

cDNAs were synthesized using specific oligonucleotide prim-
ers (University of Arizona Biotechnology Center). For cDNA
synthesis reactions, 200 ng of cDNA primer was used to
prime cDNA synthesis from 5 pg of chloroplast RNA using
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the BRL cDNA synthesis kit. Primer cDNAT1 (5-CCATTTAA
TAAAGTTCC-3') and its complement PCR1 (5'-GGAACTTT
ATTAAATGG-3', coordinates 53764-53780), are in exon 1.
Primer cDNA2 (5'-CGCCGTTGTTTGTTTTTAACC-3’, coor-
dinates 54301-54321) is in exon 3. Primer cDNA3 (5'-CCTG
TTAATCTACCTCTATG-3', coordinates 56588-56607) is in
exon 1 of rpl16. Amplification programs consisted of 25 cy-
cles with a dissociation segment at 94 °C for 1 min, an anneal-
ing segment at 5 °C below the melting temperature of the
primer (42-56 °C) for 1.5-2 min, and an extension segment
at 72°C for 2-3 min. PCR products were cloned in pBS+
(Vector Cloning Systems), pKS- (Stratagene), or the TA clon-
ing vector (Invitrogen). Cloned cDNAs were sequenced by
standard methods using the Sequenase DNA sequencing kit
(U.S. Biochemical). '

RNA primer extension

¢DNA primers cDNAT and cDNA3 were 5 end-labeled using
20 units of T4 polynucleotide kinase (Promega). For each
**P-labeled primer, 1 x 10”7 cpm was precipitated with 10 ug
of RNA. The RNA-primer mix was resuspended in 12 L an-
nealing buffer (200 mM KCl, 10 mM Tris-HCI, pH 8.3 at 42 °C)
and annealed for 2.5 h at 42 °C. The primer extension reac-
tions were carried out in the presence or absence of ddNTPs
as described (Christopher & Hallick, 1989).

Computer analysis

Various search and comparison algorithms from the Univer-
sity of Wisconsin GCG package (Devereux et al., 1984) were
used in analysis of both DNA and protein sequences. Amino
acid and nucleic acid analyses were performed at NCBI using
the BLAST network service (Altschul & Lipman, 1990) and
the protein analysis program BLOCKS (Henikoff & Henikoff,
1991). Additional searches of the Swissprot, Prosite, and PDB
databases were performed at the GenQuest server using the
Smith-Waterman comparison program (Smith & Waterman,
1981). The DNA Strider program (Christian Marck) was used
for additional sequence analysis with a Macintosh II.

Protein preparation

Euglena chloroplasts were isolated as described previously
(Hallick et al., 1982). Isolated chloroplasts were Dounce ho-
mogenized in TE buffer (10 mM Tris, 1 mM EDTA) and 1 mM
AEBSF, a protease inhibitor (Calbiochem). (NH,),SO, was
added to 0.5 M and the membranes were removed by cen-
trifugation at approximately 225,000 x g for 60 min. The
supernatant was collected and 30 and 70% (NH,),SO, pre-
cipitations were performed. The fractions were desalted in
Centriprep 30s and concentrated in Centricon 30s (Amicon).
Samples were run on 10% SDS-PAGE gels and a wet elec-
trophoretic transfer to nitrocellulose was done for western
analysis in standard transfer buffer (20% methanol, 25 mM
Tris, 192 mM glycine).

Immunodetection of the roaA gene product

Antigenic peptides were selected using the UWGCG Pep-
tideStructure program (Jameson & Wolf, 1986). These pep-
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tides were synthesized as multiple antigenic peptides (MAPs)
(Schaaper et al., 1989) at the University of Arizona Biotech-
nology Center. A lysine core acts as a carrier protein in MAPs
and the antigenic peptide is assembled on this core, elimi-
nating the need for coupling to a carrier protein. Fifty micro-
grams of MAP in Freund’s complete or incomplete adjuvant
were used to inoculate white leghorn chickens. Antibodies
against the individual peptides were raised separately by in-
oculating chickens with only one antigen. As a pre-immune
control, one chicken was inoculated and boosted with Freund’s
adjuvant alone. Eggs were collected and stored at 4 °C. Anti-
bodies were isolated from the yolks according to Polson
et al. (1985). Approximately three yolks were used for each
antibody preparation. Yolk proteins were removed from iso-
lated yolks by 3.5% PEG precipitation in PBS (137 mM NaCl,
0.3 mM KCl, 1 mM Na,HPO,, 0.2 mM KH,PO,, pH7.2-7.4
(Sambrook et al., 1989)). IgY antibodies were isolated from
the supernatant by 12% PEG precipitation. A subsequent
50% ethanol extraction was done to remove the PEG. The
antibodies were dialyzed overnight against buffer P (PBS
without NaCl) and stored at 4 °C or —70 °C. Primary chicken
antibodies were used at a 1:1,000 dilution. A polyclonal rab-
bit anti-chicken IgG peroxidase conjugated antibody (Sigma)
was used as a secondary antibody. To remove nonspecific in-
teractions between the secondary antibody and Euglena chlo-
roplast proteins, secondary antibodies were incubated at a
1:100 dilution with Euglena chloroplast proteins immobilized
on nitrocellulose. The supernatant was collected and used
at a 1:100 dilution in western analysis. The ECL western
detection kit (Amersham) was used for immunodetection
experiments.
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