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ABSTRACT

The Caenorhabditis elegans T20H4.4 open reading
frame (GenBank accession no. U00037) predicted by
Genefinder encodes a 367 amino acid protein that is
32-35% identical to the C-terminal domain of adeno-
sine deaminases that act on RNA. We show that
T20H4.4 cDNAs (GenBank accession no. AF051275)
encode a larger 495 amino acid protein that is
extended at its N-terminus to include a single double-
stranded RNA-binding motif, and that T20H4.4 occu-
pies the second position in a six-gene operon
(5'-T20H4.5, T20H4.4, R151.8A, R151.8B, R151.7,
R151.6-3"). Ten different spliced-leader (SL)
sequences were found attached to T20H4.4 mMRNAs,
including SL1, SL2 and eight SL2-like leaders that
include two new variants. Characterization of cDNAs
derived from all six genes confirmed the essential
features of C.elegans operons: intercistronic dis-
tances in the range of 104 -257 nt between the
upstream polyadenylation sites and the downstream
trans -splice sites; SL2, or SL2-like leaders, attached
to the downstream mMRNAs. Polycistronic mRNA
fragments revealed a 5'-untranslated region (5-UTR)
>705 nt. The 5-UTR is removed in mature mRNAs
from the first gene (T20H4.5) and replaced primarily
by SL1, and to a lesser extent by SL2. Our study pro-
vides new information regarding operons and how
they are processed.

INTRODUCTION

DDBJ/EMBL/GenBank accession nos*

adenosines within base-paired regions of cellular pre-mRNAs
and viral RNAs (reviewed in 5). In addition to the C-terminal
domain, which contains the catalytic active site (2,6,7),
ADARSs contain variable numbers of an amino acid sequence
known as the dsRNA binding motif (dsRBM) (8,9).

We isolated several T20H4.4 clones fror@ &legan£DNA
library. The cDNAs included two exons in addition to those
identified as part of the T20H4.4 ORF by Genefinder (10), and
encoded a larger protein (55.3 kDa) that contained a single
dsRBM. While one of the newly identified exons was created
by conventionatis-splicing, the second derived fronti@ns
splicing event since the 5' ends of the three longest clones con-
tained non-genomic spliced-leader (SL) sequences. We show
that the 5' ends of T20H4.4 mMRNAs drans-spliced to at least
10 distinct SLs, mainly SL2-like leaders (11-13) which are
found in mature mRNAs that derive from downstream regions
of polycistronic pre-mRNAs (reviewed in 14). Northern analy-
ses demonstrated that the T20H4.4 mMRNAs are expressed as a
single species (~1.7 kb).

Toward our goal of understanding the expression and func-
tion of ADAR-like T20H4.4, we set out to determine whether
T20H4.4 mRNAs are co-transcribed with nearby genes, and to
define the genes of the operon. T20H4.4 is the second ORF in
a gene cluster located near the center of chromosome lll, as
described by the overlapping ends of cosmids T20H4 and
R151. Six mature transcripts from this region were character-
ized, all of which weretrans-spliced and contained atypical
polyadenylation signals. The predicted ORF for the first gene,
T20H4.5, was confirmed, while the primary structures of the
ORFs for the five downstream genes were corrected. cDNAs
corresponding to partially processed fragments of poly-
cistronic precursor RNAs were also isolated. These revealed an
untranslated region >705 nt upstream of T20H4.5 and unproc-

The Caenorhabditis elegand20H4.4 open reading frame €ssed intercistronic regions between the first three ORFs. The
(ORF) encodes a protein that is remarkably similar to thé'-untranslated region (5'-UTR) is removed from T20H4.5
C-terminal domain of the adenosine deaminases that act dRRNAs and replaced primarily by SL1. However, approxi-
RNA (ADARs) (1,2). ADARSs require base-paired substrategnately one in six of the leaders were SL2. This finding sug-
and were first discovered by their ability to modify adenosinegests that mMRNAs derived from the first gene in an operon

to inosines within double-stranded RNA (dsRNA) (3.4).

may, under certain conditions, lmnsspliced with leaders

vivo the enzymes act as RNA editing enzymes to deaminatether than SL1.
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MATERIALS AND METHODS AMP XL PCR; Perkin Elmer-Cetus) using gene-specific 5'
. primers complementary to the 5' cDNA sequences immedi-
Accession numbers ately downstream of thé&rans-splice sites (Tablg([3). These
The GenBank database accession number€felegansos- PCR products were cloned and sequenced to verify the ORFs
mids and cDNAs are: cosmid T20H4 (U00037); cosmid R151and 3'-UTRs, and to complete other regions not covered by the
(U00036); T20H4.5 cDNA (AF140272); T20H4.4 cDNA expressed sequence tag database (18).
(AF051275); R151.8A cDNA (AF143147); R151.8B cDNAs An extensive RT-PCR screen designed to amplify possible
(5', AF143148; 3', AF143149); R151.7 cDNAs (5', AF143150;polycistronic transcripts was performed. Gene-specific primers
3', AF143151); R151.6 cDNA (AF143152). were used to prime poly (A)RNA and total RNA during the

) ) RT step. During the PCR step, control reactions contained tem-
RNA preparation and cloning of T20H4.4 cDNAs plates from mock RT reactions incubated without reverse tran-
Cultures ofC.elegangBristol N2) were prepared as described scriptase (no-RT control), and RT products obtained from
(15). Total RNA was prepared according to standard protocolRNA that was pretreated with DNAse prior to the RT step (no
(16). Poly(Ay RNA was selected from this total RNA using an DNA control). PCR reactions were also done with several 5'
Oligotex-dT kit (Qiagen). To generate a 343 bp T20H4.4 fragand 3' primers complementary to possible exonic sequences
ment (Table 1; primers C and D), RT-PCR was performedipstream of T20H4.5 in a effort to reveal a previously unrec-
with superscript Il reverse transcriptase (Life Technologiespgnized ORF or identify a portion of the 5'-UTR. Oligo(dT)-
and AmpliTagl polymerase (Perkin Elmer-Cetus) followed byprimed cDNA was used as a template with these upstream 5'
cloning into pCRII (Invitrogen). The 343 bp insert was excisedprimers and @, or (dT),;, to search for a fragment of a poly-
by EcadRl digestion and used for random-priming (BMB kit) adenylated mRNA.
utilizing [a-32P]dATP (DuPont NEN; >3000 Ci/mmol). These
random-primed probes were used to screen a Uni-Zap XF Table 1. Deoxyoligonucleotides
EcoRl-Xhd, C.elegan£DNA library (Stratagene). To charac-

terize the 5' sequence more carefully the library was rescreent F208L Cloning
with random-primed probes prepared from a 410 BgoRI— ‘;Ean:fsense; iﬁiﬁ%ﬁg‘éﬁfﬁﬁf

. ' antisense
BISIBI fragment, corresponding to the 5' end of a full-length ¢ (sense) T TGTCATGOTGAAATTCTCGE
clone. D (antisense) CATTGTCCTCATTCGTTCTCC
Rapid amplification of cDNA ends (RACE) 5 End cDNA Amolification
First strand T20H4.4 cDNA was synthesized from poly(A) 5' Primers
RNA, in two independent preparations, primed with RACE-3 Qr  CCAGTGAGCAGAGTGACGAGGACTCGAGCTCAAGC(T)17
or RACE-4 (Table 1). After polyadenylation of the 5' ends cat- Qo CCAGTGAGCAGAGTGACG

Q GAGGACTCGAGCTCAAGC

alyzed by terminal deoxynucleotidyltransferase (Life Technol-

ogies) in the presence of dATP, two-step nested PCF o ggmzACiCAAGMGAG
amplification of the 5' ends was carried out exactly as Lo+ GGTTT( Am(:,% E:ng fggfrﬁc AAG
described by Frohman (17). First round PCR amplification of 5 UTR AACATCATGTCGGCAACA

the cDNA templates was done with the 5' primers [QQ]

combined with the 3' primers RACE-2 (RACE-3 RT prepara- T20H4.5 3' Primers

tion) or RACE-3 (RACE-4 RT preparation). The second rounc 4.5-RACE-1 TTGAACTGAGTGGTCCCTTTTCG

was done with Qand RACE-1 in both reactions. The amplified 4.5-RACE-2 GACGAAGAGCGTGTTCTCCTCTG

DNAs (~220 bp) in each preparation were gel purified and 45-RACE-3 TCACCAGACGGGTATCGACG

cloned into pCRII (Invitrogen). T20H4.4 inserts were identi-

fied in plasmids from positive transformants by restriction 0H4.4 3 Primers

malvsis and seduenced 4.4-RACE-1 ACTGGAGTGTTGCCTGTCATA

analysis a q . 4.4-RACE-2 TGCCTCTTTCTTTTTGGATTTT

Isolation of six full-length cDNAs and characterization of 44-RACE-3 GTTCATAAAATTTCGOGTATGTATG
44-RACE-4 TGAGAGCTGTTCCATCGTTTAC

the operon

The 5' ends of mRNAs corresponding to all six genes wert
ghaggr?zrsléggig g EéscteEdaSpﬂ;Secrrslb?gr agsl)-\f:,fgg_rzlgH;dﬁing: l%orthern analyses andin vitro translation of T20H4.5 and
primers corresponding to SL1, SL2, SL2* (Table 1) and 5'T20H4'4
gene-specific primers (Tabje 3) were substituted fpd@ing  Northern analyses were done as described previously (2). Ran-
the second round of amplification to determinardns-splic-  dom primed®2P-labeled deoxyoligonucleotides were prepared
ing occurred. SL2* is a 4-fold degenerate primer complemenfrom the 343 bp DNA fragment (Table 1, primers C and D) to
tary to eight of the 11 SL2-like leaders (SLa, SLc, SLd, SLf,identify T20H4.4 mRNAs. PCR products corresponding to the
SLg, SLh, SLi and SLk; Tablg 2). Relative densities of ethid-705 bp 5'-UTR and the first 308 bp of the T20H4.5 ORF were
ium bromide stained SL1-TZ0H4.5, and SL2-T20H4.5 PCRused to prepare random prim&®-labeled deoxyoligonucleo-
products, were estimated using an Eagle Eye Il (Stratagené&})les specific for T20H4.5 mRNAs. Blots hybridized with
gel documentation system. T20H4.4 probes were stripped according to standard protocols
After cloning and sequencing the 3' end PCR products, full{19) and re-probed with deoxyoligonucleotides specific for the
length cDNAs were obtained by long-distance PCR (Gen&'-UTR or the 5' end of the T20H4.5 ORF. Coupliedvitro
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Figure 1. A six-gene operon i€.elegansA cluster of genes located near the center of chromosome Ill is represented schematically. Six genes are encoded in the
region where cosmids T20H4 and R151 overlap. Numbers indicate the nucleotide positions in the cosmid sequences that correspond to polyikeeayldtion s

3' SL acceptor sites (SL). Partially processed cDNA fragments corresponding to the 5' ends of putative polycistronic transcripts are indicated Byxas

denote exons chosen by Genefinder (red) and corrections tistsplicing pattern found in the corresponding cDNAs (blue). Filled boxes (blue) denote extensions

of ORFs revealed by the presencemains-splice sites (SL), an additional 5' exon (T20H4.4) and a different 3' exon (R151.7). The numbered regions 1-6 are the
actual ORFs using the nomenclature established by the genome sequencing project. (Inset) An enlarged comparison of the T20H4.4 cDNA sequnince (GenB:
accession no. AF051275) with the T20H4.4 genomic sequence (GenBank accession no. UOOOBa)sEpdicing site and newly characterized intron are indi-

cated. Positions of four primers used in these studies ferAOR and cloning of cDNAs from the phage library are shown (A-D) (TH)Ie 1). The AUG (bold and
underlined) within intron 2 is the translation start site selected incorrectly by Genefinder.

transcription/translation reactions were done in wheat germDNA sequences revealed new RNA processing sites
extracts (TNT; Promega) in the presence $8[methionine
with linearized plasmids (fuig pCR IlI) containing full-length
inserts of T20H4.5 and T20H4.4.

When compared to the genomic sequence, the cDNAs revealed
atrans-splice site and an additioneils-spliced intron that were

not selected by Genefinder when the T20H4.4 ORF was
chosen (Fig. 1). Thdranssplice site (. . . AAUUCAG/

RESULTS AUGUCC . . .) was at nucleotides 3259/3258 in the cosmid
_ sequence, which corresponds to nucleotides 11/12 in the
Cloning of C.elegansT20H4.4 cDNAs cDNA sequence (Fig. 2). Theis-spliced intron was located

Ten T20H4.4 cDNAs were isolated from@eleganscDNA between positions 2849 and 2795 in the cosmid sequence (Fig.
library, three of which contained full-length ORFs (see MaterialsL), which correspond to the exon2/exon3 boundary at nucleo-
and Methods and Fig. 1). All of the cDNAs coded for identicaltides 421/422 in the cDNA sequence (Fig. 2). The 53 nt intron
proteins and contained identical 3'-UTRs of 137 nt. The longt€leased from this junction was similar in length and composi-
est, 1662 nt cDNA (Fig. 2), encoded a 495 amino acid proteition (74% A+U) to mosC.elegansntrons (14).

with a calculated mass of 55 326 Da and an isoelectric point gf entification of 10 spliced leaders at the 5' ends of
8.0. The predicted protein sequence was 128 amino aciaﬁm_|4 2 MRNA P

longer than that encoded by the T20H4.4 ORF, and included 4m S

dsRBM that fit well with the previously established consensusThe 5' end of the longest T20H4.4 cDNA contained 11 nt
for this motif (8,9,20). An atypical AAUUAA polyadenylation (GTTTAACCAAG) that were not found in the genomic
signal, located 13 nt upstream of the poly(A) tail, was found insequence (Fig. 2). This sequence is identical to the 3' end of a
all cDNAs (Fig. 2). previously described 23 nt SL2-like spliced leader sequence



Nucleic Acids Research, 1999, Vol. 27, No. BA27

GTTTAACCAAGATGTCCGTCGAAGAAGGTATGGAAGTTGAGTTAAAGTCAGAGAAAATGGATTTGEATGACAATATTCCCGACTTTGTGAAGGAAACTGT
s e v s v £ £ 6 M E V E LK SEKMNDLODODNTITPDTFUVEKTET.V
GGAAAGAAGCGGAAAGAATCCAATGTCATTATTCTCAGAGCTTTATGT TCATATGACAGGCAACACTCCAGT TTTTGATTTCTATAACAGAAACCAACCE 200
ER SGKNPMSLFSETLTYVHMTGNT®PVFODFJYNT RHNT P

i

00

q
r dsRBM
AACGGATCCATGAAATTTATATGTGTTGTAATTTTAAATGGAGAACGAATCGAGGGAAATGTAAAATCCAAAAAGAAAGAGGCAAAGGTGTCGTGCTCAT 300
N G S MK F I CV VvV I L NGEU RT1TESGNUVIK S KK KKTEATIKVY S CS
dsRBM

TGAAAGGACTGGAAGTCGTGCTCAAGCATGTTAGCGAATACGTTGTGCCTGCTGTCAAATTTGAGGAGAAAACCACATTTTTCGAGATGCTCAGAGAACA 400
L K G L E VY VL K HV S E YV VP AV KTFETETZKTTTFTFEMMLREH
—— (i s RO m—
TACATACGCGAAATTTTATGAACTTTGTAAGAACAACGCCTTAATCTATGGATTCGAAAAAGTGATCGCTTCTGTTTTCCTGAAAATCAATGGAAACCTC 500
T Y A K F Y E L C K NNAL 1 Y GFE KV I A SV F LK I NGN L
CAAATCATTGCTCTCTCCACTGGAAACAAGGGATTACGCGGAGACAAAATTGTAAACGATGGAACAGCTCTCATAGATTGTCATGCTGAAATTCTCGCAA 600
a ! I A L S T G N K G L R GD K I V NDGTAL 1 DOCHATETTI L A
GAAGAGGCCTTCTGAGATTTTTGTATTCCGAAGTTCTAAAGTTCTCTACAGAGCCACCCAATTCAATTTTTACAAAAGGAAAGAACGCATTGGTGCTGAA 700
R R G L LR F L Y S EV L K F S TEU®PWPNIZSTF T K GI KN ALV L K
GCCAGGAATTTCTTTCCATTTATTCATAAACACCGCACCATGTGGAGTTGCGAGAATAGATAAAAAGCTAAAACCCGGAACATCAGATGACCTTCAAAAT 800
P G I §S F H L F I NTAPTCGV AR T DI KK LK KUPGT S D DL QN
TCTTCTCGTCTTCGATTCAAAATTGATAAAGGTATGGGCACAGTGCTCGGTGGTGCTTCTGAGTTTGAAGCTCCACAAACATTTGATGGAATCATGATGG 900
$ S R L RF K I DK GMGT VL GG ASETFTEA APU QTT FDTGTI MM
GAGAACGAATGAGGACAATGTCTTGCTCTGATAAATTGCTTCGAGCAAATGTACTGGGTGTCCAAGGAGCAATATTATCACATTTCATCGATCCAATCTA 1000
G ERMRTMSCSDIKTILLRANVYVILGVY QGATI L SHTF 1T DP I Y
TTACTCGTCAATCGCCGTTGCCGAGTTGAACAATGCAGATCGTCTCCGTAAAGCAGTTTACAGCAGAGCAGCCACCTTCAAACCTCCAGCTCCATTCCAT 1100
Yy § S 1 AV A E L NNWADWRTULRIKAV Y SRAATTFIKZPUPAUPF H
GTTCAAGACGTGGAAATCGGAGAGTGTCAAGTGGAAGATACTGAGCAATCAACTTCTGCAGCAGCACGATCCACGATTAGTTCGATGAATTGGAACTTGG 1200
v a b VvV E 1 6 E C 0V EDTET Q@S STS AAARS T I S S M NWNL
CTGATGGAAATACAGAAGTTGTACGAACATCGGATGGAATGGTTCATGATAAGGATATGAGCGGGGCTGACATCACGACTCCATCCAGATTGTGTAAAAA 1300
ADGNTEV V RTSDGMV HDKDMSGADTITTO®PSRILC K K
AAATATGGCAGAACTGATGATTACTATCTGCACGTTGACAAAGACTTCTGTGGATTATCCAATCTCATACGAAGAACTCAAAGCTGGATCTCAAGAATAC 1400
N M A E LM T TITCTULTIKTS VDY PI S Y ETETLTIKAGSOQQE'Y
GCTGCTGCAAAAAAGTCGTTCATTACCTGGCTGCGACAGAAGGATCTCGGAATTTGGCAACGAAAGCCACGAGAATTTCAAATGTTTACTATAAATTAAT 1500
AA A K K S F I T WL ROQKDIULGI1I W ®RIK®PRETFOQQMTF T 1IN
CAATGCAATTTTACCTTTATTGTATCAAAAGTTCAATGTGGTTCCACTTTTAAAAATCTCATGCAGCATCGTGTATTCATTCCATTTTAGCTGTTAACTC 1600
TTAATTTCTGCATTAATTAATTGTTAATCTTTTAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

Figure 2. T20H4.4 cDNA sequence. A complete 1662 nt cDNA sequence (GenBank accession no. AF051275) is shown with the encoded amino acid sequenc
indicated below. The SL fragment and the single dsRBM are marked with bold underlines. The 11 nucleotides at the extreme 5' end are identical @ the 3' en
the 23 nt spliced leader sequence, SLb. The newly identified exon 2—exon 3 splice site jungfie# (#), denoted by an asterisk, extends the Genefinder pre-
dicted ORF by 384 nt (128 amino acids). Deoxyoligonucleotides (RACSE, Iable['l) used for 5' end cDNA amplification of T20H4.4 mRNAs (Table 2) are
indicated in bold type.

named either SL2A (11) or SLb (13). To further characterizerable 2. Caenorhabditis elegariE20H4.4 mRNA SL sequences
the spliced leader sequences on T20H4.4 mRNAS, we synthe
sized cDNA copies of the 5' ends by reverse transcription o=  Seliced Leader Nanes Sequence No.
poly(A)* RNA, and amplified these cDNAs by two rounds of ‘%t (Refidl (Rl is)

. SL1 GGTTTAATTACCCAAGTT----TGAG 1

nested PCR (RACE; see Materials and Methods). Subseque ¢, o> s GETTTTA- ACCC-AGTT-ACTCAAG 5
cloning and sequencing of the RACE products demonstrate: a Sla  GGTTTAT--ACCC-AGTT-AACCAAG 2
that six previously described SLs with CCAAG 3' ends (SLa, stea c SLb  GGTTTTA--ACCC-AGTTTAACCAAG 2
SLb, SLc, SLd, SLf and SLi) were attached to T20H4.4  %*® o SLZ ""“TTA"‘CCC‘AG;T“ACCM ;
mRNASs (Table 2). In addition, four other SLs were identified: ~ °=*  * Sre  commannccc o s o
the classic SL1 (21) and SL2 (22) leaders plus two new suac sLE GGTTTTA--ACCC-AGTT-AACCAAG 8
variants, SLj and SLk, also related to SL2 (Table 2). The SLj stg GGTTTTA--ACC- -AGTT-AACTARG 0
variant differed from SL2D (11) by a single AC change at SLhT  GGTTTTA--ACCC-ATAT-AACCAAG 0
. . . . SLi* GGTTTTA--ACCCAAGTT-AACCAAG 2
position -5 a_nd was a major species sp_llced to T20H4.4 (Tabl 6L+ GOTTTAAA_ACCC_AGTT- ACCARG .
2). Only a single copy of the SLk variant was identified. It SIk*  GEITTTA--ACCC_AGTT-BATTGAG .

deviated significantly at the 3' end as compared to the othe
SL2-like sequences, and was identical to ,the 3" end (. ." *SLh and SLi derived from the SL4 and SL5 (or related genes) respectively
TTGAG) of SL1. The SL sequences at the 5' ends of putativg;s).

SL2-like genes recently identified in cosmids r13h9 and-The new sequence, SLj, is a variant of SLe (position -5). The new SLk

f36h12 are identical to the SLk leader sequence (23)_ sequence is identical to the 5'SL donors of two putative SL genes identified in
cosmids f36h12 and r13h9 (21).

Characterization of a six-gene operon

An additional exon in the coding region extended the 5' end ofTable 2), these data strongly suggested that the mature
the T20H4.4 ORF significantly, placing it much closer to theT20H4.4 mRNAs were produced from polycistronic tran-
upstream T20H4.5 ORF (Fig. 1). Combined with the presencecripts initiated from a promotor upstream of the T20H4.5
of multiple SL2-like leaders at the 5' ends of T20H4.4 mRNAsgene (14). To determine if these genes and the predicted genes



3428 Nucleic Acids Research, 1999, Vol. 27, No. 17

Table 3. Summary of polycistronic mRNA processing sites

Spliced Leaders

cDNA SL1 SL2 SL2* Trans-splice Junctions / and Translation Start Sites
1. T20H4.5 + + (-) TTTTCAG / TAACTTAACCACGCTGTCAAAATGGCGATGAAAAGTGTG...
2. T20H4.4 + + + AATTCAG / ATGTCCGTCGAAGAAGGTATGGAAGTTGAGTTAAAGTCA...
3. R151.8A (+) + (+) TTTCCAG / ATGCCTGCATCAGTGACCCATGTGATTTTCGATTTTGACG...
4. R151.8B (+) (+) + GTTTCAG / AAATGCAATCAGATGAGCCATCAACGTCATCTGCCAGTTC...
5. R151.7 (-) (+) + TTATTAG / ATGTCGCTCCCGGTACGGATGTTAACTGGCAGGATCATG...
6. R151.6 (+) + + GTTTCAG / ATGAATGGAGTAGTTGCTGCTCTGGAAGAAATGCCACCG...

cDNA Polyadenylation Signals Cleavage Sites & Intercistronic Distances
1. T20H4.5 (short) TTTTCTGATAACTTCCGAATTGT / (A)n + 11 nts 165 nts

T20H4.5 (major) ATTGTAGATGAAAAACAAAATATGTTATA/(An + 9-16nts 141 nts

T20H4.5 (major) ATTGTAGATGAAAAACAAAATATGTTATAT /(A)n + 11-18nts 140 nts

T20H4.5 (major) ATTGTAGATGAAAAACAAAATATGTTATATAC/(An + 13-20nts 138 nts

T20H4.5 (long) TCTCAAGGTAAAACTGTTACACATT / (A)n + 13 nts 43 nts
2. T20H4.4 TGCATTAATTAATTGTTAATCTTTT / (A)n + 13 nts 107 nts
3. R151.8A TTTTTGAATATATTTTTGCAACAGTTT / (An + 15nts 257 nts
4. R151.8B TTGCTTCATAAAATTTTTTTATACTG / (A)n + 14 nts 109 nts

R151.8B TTGCTTCATAAAATTTTTTTATACTGTTTT / (A)n + 18 nts 105 nts
5. R151.7 TTTTCCCATACATTCGTTGATTTTT / (A)n + 13 nts 104 nts
6. R151.6 (short) TTACCTAATTATTATTTTCTCTGCTCTT / (A)n + 16 nts NA

R151.6 (long) TCGTTTAGTAAAGCTCATTAACT / (An + 11 nts NA

(x) PCR only, unconfirmed by sequencing.
Underlined regions designate 5' end deoxyoligonucleotide primers; bold in-frame ATG codons, putative polyadenylation signals

downstream of T20H4.4 are co-expressed from an operon, we

first characterized the 5' and 3' ends of cDNAs corresponding 18
to the individual mMRNAs, then cloned six full-length cDNAs
(see Materials and Methods). The results of these experiments
are summarized in Figure 1 and Table 3.

A total of six ORFs were identified, rather than the five pre-
dicted by Genefinder, since two regions of the R151.8 locus
were expressed as separate mature mRNAs (Fig. 1; R151.8A
and R151.8B). We were unable to detect a single R151.8
MRNA by RT-PCR across the putative exon 2—exon 3 bound=igure 3. SL1 and SL2 leaders attached to T20H4.5 mRNAs. 5' RACE: the 5'
ary predicted by Genefinder. In addition, two classes of polyends of T20H4.5 mRNAs were amplified usingiPof a 1:20 dilution of the

; irst round PCR reaction in 100l second round reactions (see Materials and
adenylated cDNAs corresponding to R151.8A and R]'IS:I"S%Iethods). 5' primers were specific to: lane 1, SL1 (328 bp); lane 2, SL2

were isolated (Table 3). (328 bp); lane 3, SL2* (130 bp); lane 4, T20H4.5-5' end primer (306 bp). Alig-
cDNAs derived from all five downstream genes containediots (20ul) of the reactions were resolved by electrophoresis in 1.5% agarose

SL2 or SL2-like leader sequences, as shown by tﬁ isolation @hﬁdss’:taineddvgthzethidium bromide. (;:ontrol reactionshusing cDN,szZ/;rified

i * Ari ; e SL1 and SL2 primers were specific in reactions that containe
PCR products using SL1, SL2 or SL2* primers (Tghle 1) in .thefzopies of the 328 bp SL1-T20H4.5 and SL2-T20H4.5 cloned inserts in pCRIl
second rO‘J”d of RACE amp“flcatlon (Table 3; Fig. 3)‘ With (Invitrogen). After a 72C hot start, thermocycling (Perkin Elmer 480) was
the exception of R151.7, the four other downstream cDNAgarried out for 30 cycles of 9€ for 1 min, 53C for 1 min, 72C for 1 min.
also contained SL1 to a lesser extent. The presence of eith@&fe asterisk denotes an artifact that arose by template switching (40) during
SL2 or SL2-like leaders was confirmed by sequencing a suffithe reaction with SL2*, emphasizing the need to confirm the identity of PCR

. e : products by sequencing. The 5' end of this PCR product was identical to 92 nt
cient number of RACE clones, amphfled Wlthl (QTabIe ) of the KO1G5.8 ORF (accession no. Z92803; nucleotides—22Q, cosmid

instead of SL primers, to Obtf_ﬂlin fu"'.length sequences Withkp1G5) and the 3 end derived from 47 nt of T20H4.5 (GenBank accession no.
complete leaders. The following spliced-leaders were congo0037; nucleotides 4151-4198, cosmid T20H4). The region of overlap con-

firmed for other mRNAs downstream of T20H4.4: SL2 sisted of nine identical nucleotides.
(R151.8A); SLd (R151.8B); SLb (R151.7); SL2 and SLi
spliced to R151.6 mRNAs.

PCR products corresponding to the 5' end of T20H4.5 conrelative fluorescence in each PCR product under the conditions
tained SL1 primarily, but also a small fraction of SL2 (Fig. 3). described (see Materials and Methods). Similar results were
The SL1:SL2 ratio was estimated to be ~5, based upon thebtained over a range of annealing temperatures, 5&-iut

5" RACE SL1-T20H4.5 SL
3 4 1 2 3 4 1

o
-
(4]
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the estimate of one SL2 and five SL1 leaders should be vieweahd polyadenylation occurring at, or very close to, the down-
as a qualitative estimate. Most of the 5'-T20H4.5 RACE clonestreamtrans-splice sites as observed in some operons (14,28).
were incomplete, ending prior to the SL sequence (48 of 50). _ )

However, two clones contained Slrans-spliced to a classic Polycistronic RNA fragments

3'splice junction (... TTTTCAG/; Tabf¢|3). To verify that SL2 Mature mRNAs derived from the first gene in more than 30
was also spliced to T20H4.5 mMRNAS," RACE cDNAs ampli- operons surveyed thus far contain either a 5-UTR, or the SL1
fied during the second round with SL1 and SL2 (Fig. 3) wereeader exclusively (14). Our finding of SL2 attached to
cloned and sequenced. Both SL1 and SL2 were found at thg20H4.5 mRNAs raised the possibility of an upstream ORF
splice junction (Fig. 1, position 4579 of cosmid T20H4), 22 ntyngetected by Genefinder. The next predicted ORF is located
upstream of the putative AUG start codon (TdBle 3). The SL2.4 gk upstream of T20H4.5 and is oriented in the opposite
products were not generated by mispriming on SL1 in a régiogjrection. Despite an extensive screen covering ~4.6 kb of the
where nine of 11 nucleotlldes at the 3' end of SL2 matchl thﬁenomic sequence upstream, no polyadenylated cDNAs, or
SL1 sequence [Tablg 1; 5™-. .. A(G/A)TTAC(T/C)CAAG-3], (pNAas corresponding to another ORF were isolated. In con-

since the predicted 3" end of SL1 (. . . TTTGAG-3) was nOttrast, partially processed RNA fragments, containing some

found 3' of the SL2 sequence. Control experiments demon- : ;
strated that SL1 and SL2 specific PCR products were obtainr] t:)ofn: s?ulﬂg :;?:;Z’i%eiﬁgsﬂstgg e?]rédoff t%gd;gocﬁztjlg;?

from the corresponding SL1-T20H4.5 and SL2'-|-20|_|4"L—’(Fig. 1 and Table 4). In addition, partially spliced RNAs con-

cloned cDNAs (Fig. 3). We conclude that T20H4.5 mRNAs__. = . ! )
aretrans-spliced predominantly with SL1, but a small fraction taining the_ entire T20H4.4 ORF and extending beyo_nd the first
cis-splice junction of R151.8A were recovered. Since these

contain SL2. . .
Althoughtrans-splicing produces trimethylguanosine-cappe DNAs were_par_tlally procgssed they could not have derived
rom contaminating genomic DNA (see Materials and Meth-

mature mRNAs from polycistronic precursors, the precise ds). These data, together with the presence of SL2, or SL2-

function of the 21-23 nt leaders is not known (reviewed in 14:
and 24).Transsplice sites frequently occur adjacent to, or ike leaders attached to all downstream mRNAs (Taples 2 and

near, the AUG start codon. This suggests SLs have a direct ro?é’ stron_gl_y suggest th‘.'ﬂ the. mature mRNAs are prod.ucgd by
in translation initiation by removing upstream AUG codons, Ortr:_;msspllcmg of ponCIStronlc precursor RNAS’ beginning
by providing an optimal initiation context (14,25,26). Indeed, With T20H4.5. With the exception of a single clone, the
affixing SLs adjacent to the first AUG codon of four down- CONAS suggest there is a bias (3'to 5') to the apparent order of
stream mRNAs (T20H4.4, R151.8A, R151.7 and R151.6fiSsplicing (Table 4).
improves translational context (27) by replacing the genomiN
cally encoded pyrimidines with purines at the —3 position
(Table[B). The —3 position of T20H4.5 and R151.8B AUG Northern analyses were performed to determine the size of
codons was unchanged afteains-splicing. Consequently, the MRNAs expressed from the first two genes of the operon.
first in-frame AUG codons of all six mRNAs are the likely Radiolabeled probes specific to each ORF hybridized to single
translation initiation sites (Tabjle 3). RNAs corresponding to ~0.9 and ~1.7 kb for T20H4.5 and
All of the polyadenylation signals identified in the cDNAs T20H4.4, respectively (Fig. 4A), consistent with the predicted
deviated from the canonical mammalian AAUAAA hexamersizes fortrans-spliced mRNAs from our cDNA analyses. The
(Table |}), consistent with previous surveys which revealedact that only a single RNA (~0.9 kb) hybridized with the
>37% ofC.eleganeDNAs contained degenerate cleavage andl20H4.5 ORF probes, and no RNAs were detected with probes
polyadenylation signals (14). The intercistronic distances alsepecific for the 5-UTR (data not shown), indicated that the
fit the bimodal distribution described previously for other mature T20H4.5 mRNAs wergans-spliced and did not con-
C.elegansoperons (14). We found no evidence for cleavageain a 5-UTR. Thus, RNAs containing the 5-UTR (Fig 1;

orthern analyses andin vitro translation

Table 4. Polycistronic cDNA fragments

5' Transcription -------------- > 3
Gene 1 2 3 )
T20H4.5 T20H4 .4 R151.8A No. Clones
Trans-1 Cis-2 Cis-3 Cis-4 Trans-1 Cis-2 Cis-3 Cis-4 Cis-5 Trans-1 Cis-2
— + + 2
— — + 2
— — + + — 1
— — — — — 3
+ + + + — + 3
+ — + + — + 1*
— e + + s + 1
e — = — s + 2

+, cis-splicing completed; —, unspliced (introns present); % 8' processing bias (except for single clone indicated).
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new variants, SLj and SLK, identified among the T20H4.4

A B
T20H4.5 T20H4.4 MRNAS (Table[|2). . .
T A* T A* Lue  T20H45 T20H4.4 Genesfor SL1, SL2 and the SL2-like leaders have been iden-
G T tified. The SL1 genes are tandemly repeated ~100 times on
~ 59 kD chromosome V (29,31), whereas multiple copies of the SL2

and SL2-like genes are distributed throughout the genome
i (13,22,28). The transcripts encoded by the spliced leader RNA

- 24kDa genes are 95 nt (SL1) or 100-114 nt (SL2 and SL2-like) in
length and contain the 21-23 nt SL donor segments at their 5'
ends.

Recent estimates suggest the majority of nematode mRNAs
(>70%) contain spliced leaders (27,32).Qreleganst is esti-
mated that ~57% of the mRNAs ateansspliced to SL1,
~16% are non-SL1, and ~30% may not contain spliced leaders
(32). For the non-SL1 sequences, Retal. (13) estimate that
~43% derive from SL2 RNAs and ~57% from the SL2-like
Figure 4. Northern analysis anigh vitro translation of T20H4.5 and T20H4.4. RNAs (i.e., SL3, SL4 and SL5 genes; 13). Hence, ~10% of
(A) Blots containingC.elegandotal RNA (T; 501g) and poly(AY RNA (A", C.elegansnRNAs may contain SL2-like leaders, and we esti-

10 pg) were hybridized with a mixture of random-primé&-labeled deoxy- 0
oligonucleotides specific for either T20H4.5 or T20H4.4 (see Materials aanate tha90% of the SLs appended to T20H4.4 mRNAs are

Methods). The single labeled RNAs, ~0.9 and ~1.7 kb, agree with the predic’[e(af this minor class (TabEl 2)'

sizes of therans-spliced cDNAs. B) Equal portions of thé®S-labeled trans- . . .
lation mixtures (see Materials and Methods) were resolved by 13% sps]20H4.4 is the second gene in a six-gene operon

PAGE, followed by autoradiography. The major protein products migratedOur results showing SL2 H; SL2-like leaders on cDNAs

B - 0.9kb

with apparent molecular masses of ~24 kDa (T20H4.5) and ~59 kDa: .
(T20H4.4) relative to the migration of marker proteins not shown (NEB broagd€rived from T20H4.4 (Tablg 2) and four other down.Str_eam
range protein markers). The positive control lane (Luc) contained luciferasgenes (TabElS; R151.8A; R151.8B; R151.7; R151.6), indicate

(~61 kDa). that the mature, SL2-spliced mRNAs, are processed from poly-
cistronic precursors (26,28,32). The partially processed cDNA
fragments isolated from the gene cluster we describe here (Fig.

11; Table 4) provide further evidence that these genes are co-
transcribed, and augment general information alibetegans

perons.

SL2 trans-splicing of an mRNA is linked to cleavage and
polyadenylation of the mMRNA immediately upstream

14,28,33). SL1-splicing at SLt2ans-splice sites is commonly

Table 4) were minor species, revealed only by sensitive R
PCR amplification methods.

To verify that the 636 nt T20H4.5 ORF and 1485 nt T20H4.4°
ORF within our cDNAs (Fig. 1) coded for the predicted pro-
teins, RNAs were transcribed from the full-length cDNAs and

f[ranslqted ;n whea_lt germ extracts. .Proteins were labeled f bserved and may reflect either infrequent transcription initia-
including F*Smethionine in the reaction, and the labeled prody;o ot the downstream gene, or an alteration of cleavage and
ucts were separated by SDS-PAGE (Fig. 4B). Migration of the,,|yadenylation of the upstream mRNA that somehow favors
~24 kDa- radlolqbeled T20H4.5 polypeptide corresponded te 1 splicing of the downstream mRNA (14,33). For genes of
the predicted size of 23.8 kDa, whereas the apparent maggme operons, the polyadenylation site and the downstream
(~59 kDa) of the radiolabeled polypeptide in the T20H4.4 langrans-splice site are identical, or separated by only a few nucle-
was slightly larger than the native size of 55.3 kDa predictedtides. In these situations, a different mechanism is probably

by the cDNAs. involved that results in splicing of only SL1 to the downstream
MRNAs (14,34).

DISCUSSION Identification of SL2 spliced mRNAs from the first gene _of
an operon, as we observed here, is unprecedented. Typically

Spliced leader sequences the 5' ends of mature mRNAs from the first gene in an operon

In 1987, Krause and Hirsch identified the fir&.elegans contain either a 5-UTR or SL1 exclusively (35-37). However,

. X . SL2 can substitute for SL1 and rescue embryonic latisal
spliced leader, SL1, at the 5' ends of actin MRNAS (21,29, g lacking SL1-RNAs, suggesting that discrimination

One year Igter, a different sequence, SL2, was identified opolves competition between SL1- and SL2-RNAs (38). Pos-
mRNAs derived from a glyceraldehyde-3-phosphate dehydrasiyy the T20H4.8ranssplice site favors SL2-RNA selection
genase gene (22). Subsequently, a third class of RNAs, thggre frequently than observed in other operons.

SL2-like leaders, were found attached to mRNAs fiar-2 Although the formal possiblity remains that another ORF
(11), protein kinase C1A (12), and thesubunit of casein  may exist upstream of T20H4.5, our data strongly suggest
kinase Il (13,30). Here we show that SL2-like leaders are alsq20H4.5 is the first gene of this operon. Northern analyses
attached to T20H4.4 transcripts. In previous reports, identicgonfirmed that the mRNA population from the first gene is
SL2-like leaders were given different names (Taﬁle 2). Usingrans-spliced and does not contain the 705 nt 5'-UTR (Fig. 4)
the nomenclature of Ross al. (13) we have updated the list of identified in the precursor polycistronic RNA fragments (Table
SL2-like leaders to includansspliced RNAs predicted from H). Based on the length of the 5'-UTR, the promoter for tran-
the SL4 and SL5 genes (SLh and SLi respectively), and the twscription initiation of polycistronic RNA probably resides
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Table 5. Proteins encoded by a six-gene operoRielegans

Gene AAs Mr pl Function* )
1. T20H4.5 212 23,872 5.8 Mitochondrial respiratory chain (NADH complex I)
2. T20H4.4 495 55,326 8.0 Adenosine deaminase that acts on RNA (ADAR)?
3. R151.8A 233 26,609 5.4 GS1-like protein, unknown function (phosphatase?)
4. R151.8B 730 81,668 9.3 Unknown, serine/threonine rich protein
5. R151.7 671 76,471 7.9 Heat shock protein (ksp 75), hsp 90 family
6. R151.6 237 28,036 5.2 Mitochondrial respiratory chain (NADH complex I)?

*BLASTP 2.0.4 or TBLASTN 2.0.8 (41) most significant similarities (GenBank accession nos U00036 and

u00037).

AL AS .. .....D...... GT.L....A ILARR..L.....E.... ST... Consensus

141  NNALIYGFEKVI K INGNLQ- 11 GNKGLRGK 1VN-D IDCHE E WYY BRFLYSEVLKFEJJ-EPP  T20H4. 4
638 TEYYQIPPSNLF FL VNAQEEKRVL] [QYIVEPTLSGAN (W) AR 1 L ARRE M KAF IHEL---BRIVDSE ~ H15N14. 1
CSIF.K....K. AL..KP... .. CPCUALLD L UKKL LTl VL Consensus

217 N. --- VLEEG [SFHEF I kP DD ONSSRLRFK IDKGMGTIGGASEFEAPQ  T20H4 4
715 EEG - -SaNLRLVEYSH YS IH VD AT WSV TCVP---------- oofl}---------- H15N14. 1
,,,,, DKL...N. LG. QGA. LS....PI. .. EL..D LA LR L Consensus

290 E MMGERMRTMSC SEIIELRAN v §HF 1OFHY YSSPAVA-BLNNA K YS[ AATFKPPAPFHVODV T20H4. 4
773 KETKSLZVHCT FKW SNVLHEIF IDNIFFGSI@APYS ES QGLG--------- PNEN  HISN14. 1
CVE. .S W.......E..... Ko PSR.CK.... E............. Consensus

368 ¥G! 'TEOSTSAAARSTIS BNLADGNTEVVRTSDEMVHD DMSGADITT KNMAJLMITICTLTKTSY ~ T20H4. 4
844 MPVQMRMHMG [ - - -fJHLEHRGVDS V[ TLDYNTY-RTSQG----- - - 3 AEIFgAYRKLNGVDQA--  HI5N14 1
..... CEY. . KK.F...L....LG.WQ.KP.E....FT..... Consensus

448 pYPISEEELBAGSO 1 TWHRQKD, T20|
HY. 4
910 --vv%mlems% E« EAAGEE.KVDS JLAAFD HI5N1L. 1

Figure 5. Alignment of C.elegansT20H4.4 and H15N14.1. The predicted C-terminal amino acids 141-495 of T20H4.4 (Fig. 2; GenBank accession no.
AF051275) were aligned with the predicted C-terminal amino acids-838 of HL5N14.1 (accession no. Z96100) as described previously (2). The consknsus o

the sequences is shown; H15N14.1 contains 32 (bold type) of the 58 identical amino acids shown previously to be conserved in the C-termini of ADARs an
putative ADARSs, including T20H4.4 (2).

>705 nt upstream of T20H4.5 (Fig. 1; nucleotide 5284, cosmidRNA editing enzyme. Alternatively, the genes of the operon

T20H4). may all have ‘housekeeping’ functions, and are clustered
, . . together because transcription of all genes from the same pro-
Common functional roles for six co-expressed proteins? moter is more economical (14).

There are unambiguous examples of co-expressed gene prad: .
ucts that function together i6.elegansbut the driving force OIdZOH4'4 is related to ADARs
for clustering genes in many other operons is not clear (14,32WWhile in vitro studies clearly demonstrate the presence of
For someC.elegan®perons, identical gene arrangements havé\DAR activity in C.elegansextracts (M.Krause, B.Bass and
been found inCaenorhabditis briggsa€14). Recently, SL2 D.Morse, unpublished data), the gene products responsible for
splicing and gene clusters similar to the clusters fourd.gle- the observed activity have not been characterized. With the
gans were identified in a distantly related nematode in thecompletion of theC.eleganggenome project, the best ADAR
genusDolichorhabditis suggesting that the arrangement ofcandidates are T20H4.4 and the H15N14.1 ORF (Fig. 5). Like
operons may have been determined early in evolution (23). previously characterized ADARs, H15N14.1 contains multiple
cDNAs corresponding to the six genes of the operordsRBMs (5). Possibly proteins encoded by both T20H4.4 and
described here (Fig. 1) encode the proteins listed in Table $115N14.1 ORFs contribute to the ADAR activity detected in
Co-expression of five genes downstream of T20H4.5, whichvorm extracts.
encodes a mitochondrial protein, raises the possibility that the H15N14.1 mRNAs are transcribed from a single gene and
other encoded proteins also are involved with mitochondriaére trans-spliced with SL1 only (L.Tonkin, R.Hough and
function in some way (e.g., respiratory chain subunits, protei.Bass, unpublished data). We have shown here that T20H4.4
chaperones, protein modification and RNA editing; Table 5)mRNAs are produced by cleavage and Stahssplicing of
Conceivably, the ADAR-like T20H4.4 is a mitochondrial precursor polycistronic RNAs. These data provide the
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framework and essential tools necessary to characterize wornig.
defective at the T20H4.4 locus, since expression of four down-
stream mMRNAs may be affected by alteration of the upstream
gene sequence. Concurrent with the recent discovery of several
ADAR substrates inC.elegans(39), experiments aimed at
determining the consequences of-A editing, and the func- 16.
tions of T20H4.4 and H15N14.1 i6.elegansare now under-

way. 17
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