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Most plant mRNAs are synthesized as precursors containing one or more intervening
sequences (introns) that are removed during the process of splicing. The basic mechanism of
spliceosome assembly and intron excision is similar in all eukaryotes. However, the recogni-
tion of introns in plants has some unique features, which distinguishes it from the reactions
in vertebrates and yeast. Recent progress has occurred in characterizing the splicing signals
in plant pre-mRNAs, in identifying the mutants affected in splicing and in discovering new
examples of alternatively spliced mRNAs. In combination with information provided by the
Arabidopsis genome-sequencing project, these studies are contributing to a better under-
standing of the splicing process and its role in the regulation of gene expression in plants.

onstitutive and regulated gene expression in eukaryotesportant difference is a strong compositional bias for UA- or
During splicing, introns present in primary gene transcriptd-rich sequences in plant introns compared with those from yeast

are removed and exons are ligated to produce translationally camel vertebrates (Fig. 2). On average, in both dicots and monocots,
petent MRNAS. The basic mechanism of intron excision is similatrons are ~15% more UA-rich than exons, the U residues being
in all eukaryotes. The reaction is mediated by the spliceosoragely responsible for this differerfcd. U-rich sequences, typi-
a large ribonucleoprotein (RNP) complex, which is assembledlly distributed throughout the entire length of plant introns, are
anew at each intron from small nuclear RNP particles (U-snRNPsjuired for efficient intron processing and splice-site selection
and numerous protein factors. Spliceosome assembly is a highig position-independent function distinguishes them from verte-
ordered and dynamic reaction, involving hydrolysis of severatate polypyrimidine tracts, which are always located downstream
ATP molecules and many structural rearrangements (Fig. 1). Dif-the branch point (Fig. 2). Exons in metazoan pre-mRNAs often
ferent classes of proteins, including RNA-binding proteins, RNAontain enhancer-splicing elements (ESEs), usually purine-rich,
dependent ATPases, RNA helicases and protein kinases, vanich are recognized by specialized regulatory splicing fdcfors
responsible for the precision and regulation of this process. Dliris possible that GC-rich exon sequences in plant pre-mRNAs
ing splicing, exon and intron sequences have to be effectively difso act as recognition targets, although their involvement in any
tinguished and appropriaté &nd 3 splice sites (5ss and 3ss) type of splicing regulation has not yet been establi$i(Eig. 2).
have to be selected and juxtaposed prior to the catalytic step. The
recognition of intron and exon borders requires a multitudésof U12-type introns
acting elements, each with a relatively low information conter, minor class of nuclear pre-mRNA introns, referred to as U12-
that are recognized by thensacting factors. More details ontype or AT-AC introns (because they frequently start with AT and
individual steps, structural rearrangements, and factors involvedminate with AC) have recently been describgd hese introns
in the spliceosomal cycle can be found in recent reviéws contain different splice site and branch point sequences, and are

In this article, we review the properties of introns and the faexcised by an alternative U12-type spliceosome (Fig. 2). Their
tors involved in intron recognition and spliceosome assembly splicing also requires five sSnRNAs, of which only U5 is common
higher plants. We also discuss examples illustrating how geoeboth spliceosome types, whereas U11, U12, U4atac and U6atac
expression in plants is regulated at the level of mMRNA splicingarry out the functions of U1, U2, U4 and U6 snRNAs, respec-

Pe-mRNA splicing is one of the fundamental processes @ells generally fail to splice heterologous pre-mRNAs. The most

(Plant mRNA splicing is reviewed in Refs 4-7.) tively. Other components of the splicing machinery appear to be
shared by both spliceosomes. It is noteworthy that introns with
Properties of plant introns GT-AG borders, but which are spliced by the U12 spliceosome

The intron and exon organization of higher plant genes is similar(kig. 2), and introns with AT-AC borders, spliced by the classical
that of vertebratés. Most plant genes (80-85%) are interruptetl2 spliceosome also occur, at a frequency comparable to that of
by introns, and a single gene might conta0. Plant introns are the U12-type with AT-AC termini. Hence, residues other than
generally shorter than those in vertebrates are: about two-thirdstareinal dinucleotides determine which of the two spliceosomes
<150 nt long, ranging in size from ~60 to 10 000 nt. The consenill be used**'4 U12 class introns represent ~0.1% of all introns.
sus sequences of thess and 3ss, AG/GTAAGT and TGCAG/G, They are found in organisms ranging from higher plants to mam-
respectively, are similar to those in vertebrates (Fig. 2). As in otmeals, and their positions within equivalent genes are frequently
organisms, plant pre-mRNA splicing is a two-step process, invophylogenetically conserved. The genomes Szccharomyces
ing two trans-esterification reactions and lariat formation. Theerevisiae and Caenorhabditis eleganglo not contain U12-
branch point region, with its loose consensus and the ~30 nt dyge introns. Because U12 introns clearly originated before the
tance from the acceptor AG, resembles that of vertebrate intratisergence of the plant and animal kingdoms, their absence in
but clearly differs from the highly conserved branch point of yeaSt eleganss most easily explained by their conversion to U2-type
(Fig. 2). However, the positions of only two plant branch pointatrons or by intron loss, rather than by intron gain in plants and
have been determined experimentally. vertebrate$. U12-type introns in plants are also enriched in U
In spite of these similarities, the requirements for intron recogesidues (Z.J. Lorkovij®.A. Wieczorek Kirk, M.H.L. Lambermon
nition in plants differ from those in other eukaryotes, and plaahd W. Filipowicz, unpublished).
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snRNPs and protein factors
Biochemical characterization of the splic U6snRNA U2snRNA
ing machinery in plants has been hamperéc CAGACA,/ CGAU_ "
by the lack of systems that could recapitu- CAScAAGY Elkay UGYAGBT ]
late the splicing reactidn vitro. Neverthe- UG 'C,Lﬂ,b(';,k\. *
I loning of all spli mal snRNA$
ess, cloning of all spliceosomal s 5 CUlsnRNA

of the major class (U1, U2, U4, U5 and U#;
Ref. 15) and some of the U12 class
(Ubatac, U12; Ref. 16) has indicated the|r
similarity to metazoan counterparts in both
their primary and secondary structure. All
sequence elements necessary for either {
assembly of snRNAs into RNPs or for the
SnNRNA-mMRNA and snRNA-snRNA base
pairings taking place during the spliceosg-
mal cycle are conserved in plant snRNAS.
Likewise, based on sequence compariso
and limited in vitro reconstitution and
immunological studies, most protein comf
ponents of plant SnRNPs appear to be co
served®"*® Interestingly, plant genomes
generally encode many sequence variant:
of Ul-U5 snRNAs. The expression o A—
some of these might be developmental
regulated, but it is not known whether this ATP

has any biological significante
Inspection of theArabidopsisDatabase,

which to date contains ~70% of the genonj
sequence, indicates that like U-snRNP
other protein factors participating in splicet
osome assembly and splicing regulation afe
highly conserved. However, few of these
plant proteins have been characterized
experimentally. The best studied are a grou.
of factors referred to as SR proteins. In Fig. 1. The spliceosome cycle in mammals — this is probably also applicable to plants.
metazoa, SR proteins play an important role Splicing of single intron-containing pre-mRNA is shown. Base pairings of the U1 and U6
in general and alternative splicing by pro- small nuclear RNAs (snRNAs) with the Splice sites (ss) and the U2 snRNA with the
moting different types of intraspliceosomal branch point are |nd|cated_based on conservation of these sequences in plant pre-mRNAs
contacts and mediating the function of splig- and s_,nRNAs. Filled black circle at the ends_of_snRNA_s represe_hte_mfmal cap structure. |
. : The involvement of five snRNPs and their interactions are indicated at distinct steps in
ing enhancers. The SR pro“?'“s are corp- spliceosome formation and catalysis. Except for complex E formation, all steps require ATP.
posed of one or_twp N-terml_nally place Arrows indicate transitions between complexes and recycling of small nuclear ribonugleo-
RBD-type RNA-binding domains (RBDs), protein particles (SnRNPs). After two transesterification reactions (red arrows), two ligated
interacting with specific sequences in the exons are released as mMRNA. The intron lariat is released and subsequently debranched and
pre-mRNA, and a domain rich in Ser-Arg degraded. Based on the mammalian cycle outlined in Ref. 3.
dipeptides, involved in protein—protei
interaction$™*®. Although most of the char-
acterized plant SR proteins represent homologs of vertebrate Reeombinant forms of the two characterized large-subunit isoforms
teins, some appear to be plant specific, containing domains withsulbstitute functionally for the human counterpart in the HelLa cell
obvious counterparts in known human SR protéifi{Table 1). splicing extract (Ref. 26), suggesting that the protein performs a
Interestingly, SRZ-21, SRZ-22, SR33 and SR45 interact with thinilar function in mammals and plants. U2AF is assisted by other
plant U1-70K protein, a structural component of Ul snRNproteins that contact U2AFor U2AF®, contributing to the com-
(Refs 22,25). At an early step in mammalian spliceosome assquex network of interactions necessary for the definition of introns
bly, within the E complex (Fig. 1), the U1 snRNP and the splicirand exons’. Sequences of some factors interacting with U2AF
factor U2 snRNP auxiliary factor (U2AF) are already positiong@JAP56, SF1) are present in tAeabidopsisDatabase.
at the 5 ss and the polypyrimidine tract, respectively. SRZ-22,
SRZ-2, SR33 and SR45 might act as factors bridging the inter&tant hnRNP proteins
tions between U1 snRNP and U2AF during splicing in plants. Btudies in mammals and insects have shown that nascent pre-
the mammalian system, such bridging is essential for the prognegRNA transcripts emerging from the chromatin are bound by tens
sion of the spliceosomal cyété® of different RNA-binding proteins, collectively referred to as
U2AF, a heterodimeric splicing factor composed of a largg\RNP proteins. These proteins usually contain one or more
(U2AF%) and a small (U2A®) subunit, binds to the' 3s-proximal RNA-binding domains of different types, and auxiliary domains,
polypyrimidine tract in mammalian introns and helps to positiasften with an unusual amino acid composition. The hnRNP pro-
the U2 snRNP at the branch point located immediately upstreatains were originally thought to be responsible for packaging and
The plant counterparts of both U2AF subunits have been clonft. proper folding of processing substrates in the nucleus, but
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Fig. 2. Schematic representation of (a) signals important for splicing of the major, U2 ¢
introns in yeast, vertebrates and plants and (b) the U12 class in metazoa and plant
black boxes represent exonic splicing enhancers (ESEs). Plant ESEs remain to be chg
ized; the exonic GC-rich sequences might not necessarily represent ESEs. Numbers
plant splice site consensus sequences represent the percentage occurrence of indicat
at each position in dicot plants. Base pairings taking place betweensihles site (ss) and
the branch point signals in U12-dependent introns and small nuclear RNAs (SnRNAS
indicated ArabidopsigAt) U6atac and U12 snRNAs have the same base-pairing potenti
their human Ks) counterparts (based on Refs 16 and 51). Note the extended cons
sequence at theé §s and branch point compared with the U2-dependent introns (Fig. 1).
distance between the branch point ahgs3s shorter in U12 class introns (10-16 nt) than
U2 introns (20—40 nt). In both intron types, the branch point adenosine is marked wi
asterisk. The polypyrimidine tract located between the branch point’ @sds3prominent

only in vertebrate introns. Programs for intron prediction that are available on the Int

(Fig. 3). Like human PTB, the plant protein
binds RNA in vitro, with specificity for
poly(U) and poly(C). In metazoa, hnRNP
A1/A2 and PTB proteins act as regulators
of alternative pre-mRNA splicig®®
HNRNPs A1/A2 are antagonists of the SR
protein ASF/SF2, stimulating use of the
distal alternative 5ss; PTB has been impli-
cated in the selection of alternativesges.
Conservation of hnRNP A/B and PTB
proteins argues for an important role in
pre-mRNA maturation in plants.
The Arabidopsisgenome encodes two
proteins with RBD domains that are similar
to those found in the human hnRNP H/F.
H/F proteins interact with the nuclear cap-
binding complex and are required for effi-
cient RNA splicingin vitro. In addition,
hnRNP H regulates alternative splicing of
some pre-mRNAs by binding to the splicing
lassnhancers or silencéf$® Searches of the
s. tagabases using other mammalian hnRNP
lrameins as queries, have not revealed obvi-
be lant homologs. Some plant hnRNP-
2d |ﬂﬁ%eé)roteins might have no counterparts in
) aFgammals, such as tobacco RZ-1 (Ref. 30)
.| s@nd theNicotiana plumbaginifoliaUBP1
\nspeotein, which interacts with the U-rich
Thelements in introns (Ref. 31): both meet the
in criteria of hnRNP proteins (Fig. 4).
h an
Role of U-rich sequences in intron
2rMedcognition

include SplicePredictor (http://gremlinl.zool.iastate.edu/cgi-bin/sp.cgi), NetPlantG
(http:/Aww.cbs.dtu.dk/services/NetGene2/), MZEF (http://argon.cshl.org/genefinder/AR
arab.htm) and Genscan (http://CCR-081.mit.edu/GENSCAN.html).

en71/Iost research on plant pre-mRNA pro-
A‘Bcessing has focused on the role of intronic
UA-rich sequences, a distinguishing fea-
ture of plant introns. It is now well docu-
mented that UA-rich sequences are
more recently many have been identified as factors involvedassential for efficient splicing and for selection of thes$ and
mRNA processing, transport, translation and stability. Sevefl ss (Refs 4-7). Experiments performed with UA-deficient
mammalian hnRNP proteins modulate alternative splicing patirons have shown that short elements, such as UUUUUAU or its
terns by binding, either alone or as parts of multiprotein comultimers, activate splicing irrespective of their location (i.e.
plexes, to different elements in exons or introns. Interestingly, tiMaether they are near thé<s, the 3ss or if they are in the mid-
same hnRNP protein can influence pre-mRNA maturation at sele of the introf’). Hence, these elements function differently
eral different levels. An example is hnRNP A1, which functions iinom the metazoan polypyrimidine tracts, which generally act
alternative splicing and mRNA exp8rt between the branch point and thes8. Analysis of pre-mRNA
Previous work suggested that nuclear extracts from plant cgll®cessing in tobacco cells indicates that UA-rich elements also
contained few proteins interacting with pre-mRNA transciiipts play a role in defining intron borders. Thes3 and 5ss prefer-
vitro?®. However, recent experiments and Database searches iediially selected for splicing are usually those present at the tran-
cate that a complex set of hnRNP-like proteins is also expressesifion regions from UA- to GC-rich sequehée™ Mutational
plant cells (Fig. 3). For some of the listed examples, an associatoalysis of the UA-rich elements indicated that, both in splicing
with poly(A)* RNA in the nucleus has been demonstrateehhancemetft® and in intron border definitidd*, U rather than
directly. Six different 41-50 kDa proteins, with a striking similarA residues are important. This is consistent with the analyses of
ity to the metazoan hnRNP A/B class proteins, are expresseglant intron composition already discussed.
Arabidopsis They comprise two RBDs, with 45-50% amino acid How, at the molecular level, do UA-rich sequences contribute
identity with metazoan counterparts, and an auxiliary C-termirtalintron recognition during splicing in plants? One possible func-
domain. As in most metazoan A/B proteins, the C-termingbn could be to minimize the secondary structure of introns.
domain in three plant proteins is Gly-rich; in three others, it iadeed, hairpins introduced into plant introns have a strong nega-
enriched in Asn, Gly and Ser. The plant genes are transcriptitinie effect on splicing efficiency in dicot plant céllsHowever,
ally active in all major plant organs, and the encoded proteins #reir role as targets recognized by hnRNP-like proteins or related
nuclear localized, consistent with a general role in pre-mRNActors at early steps in intron recognition might be much more
maturation (Z.J. Lorkovicand W. Filipowicz, unpublished). important. Proteins with specificity for oligouridylates that inter-
TheArabidopsishomolog of the hnRNP protein I, also known agct with intron sequences vitro have been identified in nuclear
the polypyrimidine tract-binding protein (PTB), has been identifiegktracts oN. plumbaginifoli&”. The intron-binding protein, named

162 April 2000, Vol. 5, No. 4



Table 1. Characterized plant spliceosomal proteins
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Protein Metazoan/yeast Comment Sequence motif(s) Refs
Homolog
SNnRNP components
Ul1A U1A/Mudl Component of U1 snRNP Two RBDs 17
u2B"’ U2B"'/Msl1 Component of U2 snRNP Two RBDs 17
U1-70K U1-70K/Snpl Two alternatively spliced isoforms RBD; RS, RD repeats 18
Splicing factors
U2AF®® U2AF®*/Mud?2 Multiple forms expressed in plants; Three RBDs; RS, RD repeats 26
functionally replaces human U2AF
high affinity for poly(U)in vitro
U2AF® U2AF*/none Multiple forms expressed URBD; RS repeats; 26
in plants two putative Zn fingers
SR1(atSRp34) SF2(ASF)/ Five alternatively spliced isoforms Two RBDs; RS, PS repeats 20,23
none with differential expression
during development
atRSp31 None Recombinant protein complements Two RBDs; RS, PS repeats 21
human S100 extract
atRSp35 None Two RBDs; RS, PS repeats 21
atRSp41 None Two RBDs; RS, PS repeats 21
atSRp30 SF2(ASF)/ Similar to SR1/atSRp34; three Two RBDs; RS, PS repeats 23
none alternatively spliced isoforms
expressed differentially during
development
SRZ-22 9G8,hSRp20/ Interact with U1-7@Kvitro RBD; RS, PS repeats; 22,24
(atRSZp22) none and in the yeast 2H system; Zn knuckle (CCHC);
and SRz-21 complements human S100 and Gly-rich domain with
9G8-depleted extracts, similar five RGG repeats
RNA-binding specificity
to 9G8 and hSRp20
SR33 SC35/none Interacts with U1-70K, SR45 RBD; RS repeats 25
and with itselfin vitro, and
in the yeast 2H system
SR45 None Interacts with U1-70K and with SR33 RBD; RS repeats at 25

in vitro, and in the yeast 2H system

N- and C-terminus

Abbreviations: snRNP, small nuclear ribonucleoprotein particle; RBD, RNA binding domain containing RNP1 (octamer) and RiNfe2)(belmotifs; RS, PS,
RD, RGG, domain rich in Arg—Ser, Pro—Ser, Arg—Asp and Arg—Gly—Gly repeats, respectively; U2AF, U2 snRNP auxiliary factast2inpyhybrid system.

UBP1, contains three RBD-type RNA-binding domains and that 3 ss-proximal U-rich stretches in plant introns are recognized
glutamine-rich N-terminus. Consistent with a role in pre-mRNAy this factor. It is also possible that thes3-proximal U-rich
processing, UBP1 is found in association with a nuclear poty(A$equences are first recognized by the UBP1-like protein and then
RNA in vivo, and its overexpression in protoplasts stronglgy the U2AF.
enhances the splicing of otherwise inefficiently processed

introns™ by an unknown mechanism. The binding of UBP1 to Untron versus exon definition models

rich elements might delineate sequences to be excised as inttanammals, exons rather then introns are the operational units
and maintain them in an open conformation suitable for othtxat are defined at the early steps of pre-mRNA recogffition
interactions. Alternatively, UBP1 might play a more active rol&§uch definition could occur by virtue of interactions across the
helping to attract other factors such as U-snRNPs to the splicexgn, between factors bound at the8and the downstrearhds
substrate. Interestingly, overexpression of UBP1 also increages). 4). The fact that metazoan introns are frequently many kilo-
the steady-state level of certain reporter RNAs, both intron cdrases long, whereas exons tend to be sh@®( nt), makes this
taining and intronless, indicating that the protein targets multipieechanism appealing. Because plant introns are, by contrast, usu-

steps of pre-mRNA maturation in the nucféus

ally short and also harbor the recognition U-rich elements, their

The same protein does not necessarily recognize the U-rich slglicing is generally assumed to follow the intron-definition
ments present at different locations in the intron. Identification ofechanism, with factors assembling at thed 3 splice sites
plant homologs of the splicing factor U2AF (Ref. 26), which bindand interacting across the intPoi?(Fig. 4). An attractive aspect
to the 3 ss-proximal polypyrimidine tract in metazoa, suggests this model is that complexes already positioned at the matching
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Protein name Length (aa) Plant Localization or
RNA binding

RZ-1 (1 1 @ 209 Nt N/+

UBP1 1 1 1 &I ¢l I e 406 NplAt(3) NI+

hnRNP A/B (1 § = = 404-445 At(3)  N/ND

hnRNP A/B (1 0 1 1 ——SSe— 431-460 At(3)  NIND

hnRNP H/F (] B 01 B | 278 At (1) ND/ND

horne HFE - ([(HOEBOT N 248 At(1)  NDIND

hnrNP | (PTB) (T TR T T O T N N I 500 At(1)  ND/ND

s RBD = Gly-rich =—=——= Asn-, Gly- O Undefined @ Glu-rich o Gly-, Tyr- O RD repeats e Zn knuckle
and Ser-rich and Glu-rich (CCHC)

Trends in Plant Science

Fig. 3.Schematic representation of plant hn ribonucleoprotein (hnRNP)-like proteins. Tobacco RZ-1 associates with the nucleoptssmi
sensitive 60S RNP (Ref. 30). RZ-1 and UBP1 cross-link to polyi@yiva™. Six Arabidopsisproteins deduced from the genomic sequenc
(Accession nos 297335, AB009052, AB025628, AC002332, AL078465 and AB015479) with strong similarity to metazoan hnRNP
represented by two schemes, which reflect differences in their C-terminal auxiliary domain. Two proteins with similaréydamietRNP
H/F proteins, deduced from tieabidopsisgenes (AB025629 and AB011474) are shown separately because they differ in the linker
between the RNA-binding domains (RBDs). The RNP1 and RNP2 motifs, [T/S]JGEA[F/D]V[E/Q][F/L] and V[K/R/H][V/L/M]RGL, charag
istic for metazoan hnRNP H/F, are also found in plant protanagidopsigproteins appear to contain only two RBDs instead of the three fo
in metazoan hnRNP H/F protethd.ike metazoan polypyrimidine tract-binding protein (PTB),Anabidopsishomolog (AC005687) is com-
posed of four RBDs. The number of different genes for each protein classhidopsis based on genome sequencing, is indicated in par
theses. Abbreviations: aa, amino adit;Nicotiana tabacunNp Nicotiana plumbaginifoligAt, Arabidopsis thalianaN, demonstrated nuclear
localization;+, demonstrated interaction with poly(ARNA in vivo; ND, not determined.

c RN
es
A/B are

egion
ter-
nd

en-

3’ and B splice sites do not need to rearrange before catalysisjnefficiently processed intron from the reporter RNA might be
contrast with the exon definition schethe strongly stimulated by another intron positioned either up or down-
However, recent analysis of severArabidopsis splicing stream. This stimulation can also be achieved by the insertion of the
mutants have provided evidence of the operation of the exon defimctional 3 or 5 half of the intron at the up and downstream lo-
ition scheme during splicing of at least some plant inffoNgny  cation, respectively, clearly demonstrating that interactions between
mutations in the splice sites lead to exon skipping (i.e. splicingtbe splicing factors are taking place across ekons
the affected exon together with the two flanking introns) — the resultlt is likely that, as proposed fdProsophila®, both intron
predicted by the exon definition model. In addition, splicing of thend exon definition mechanisms are active in plants. Use of a par-
ticular pathway and the efficiency of intron
processing would depend on the combined
contribution of many factors. These include
the quality of the splice sites and the branch
point; the strength, position and density of
the accessoncis-acting signals, such as
intronic U-rich sequences; and probably,
GC-rich sequences in exons. Processing
would also depend on neighboring introns
and exons, on their structure and length, and
the properties of their own splicing sigrfals

Intron definition

Exon definition

Trends in Plant Science

Fig. 4.Intron and exon definition models for pre-mRNA recognition. The model is baseq
information derived from both metazoan and plant splicing. Interactions of U1 small nu
ribonucleoprotein (snRNP; labelled U1) with thesplice site (ss), and U2AF (yellow) with
the region between the branch point and thes3are early events of splice-site recognitig
taking place within the E complex. Uridylate-specific RNA-binding hnRNP-like proteins r
resented by green ovals, together with SR proteins (red ovals) bound to the putative ¢
splicing enhancers assist in the binding of U1 snRNP and U2AF to the pre-mRNA a
establishing cross-intron and cross-exon contacts between the splice sites. The branc
bridging protein (BBP/SF1; blue) that interacts with the branch point (A), helps to pos
U2AF® to the polypyrimidine tract through cross-intron interactiolBecause the gene
encoding BBP/SF1-like protein is presentArabidopsis(AB023044), this interaction is

OBy analogy with mammalian splicing, inter-
leagctions with the Scap-binding complex will
. probably be important for processing the 5
=IC)_proximal intron, whereas communication
Lolith the polyadenylation machinery will
hd fffect the splicing of the most downstream
h piion in pre-mRNA. It should be empha-
tiorsized that the relative contribution of individ-
ual splicing elements would vary between
different introns. Consistent with this, some

likely to occur in the plant E complex as well. All components indicated, except exonic splicinghtrons comprise poor-quality splice sites or

enhancers (ESEs; black boxes), have been identified in plants. U1-70K depicted in gra

* do not conform at all to the UA/GC intron

and exon compositional brgs®
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As in mammals, SR proteins probably assist early interactiathe gene, flowering time is noticeably accelerated, an effect prob-
across exons and introns in plant pre-mRNAs. In mammals, 8Bly caused by a small increase in a fully spliE€A mRNA.
proteins bind to ESEs and activate the use of upstream or dowowever, the level of the short transcript polyadenylated within
stream splice sites by contacting, either directly or indirectly, U2ARtron 3, which is spliced inefficiently, increasesl00-fold in
and U1 snRNP, respectively. SR proteins also contribute to inteensgenic plants, suggesting that this polyadenylation event con-
actions between Ul snRNP and the s3 region across the trols the formation of FCA to keep flowering time constant
intron***Fig. 4). UBP1 and related proteins, which bind to U-rich Not much is known about the mechanisms underlying alterna-
elements dispersed throughout introns, probably represent factiws splicing events in plants. In metazoa, SR proteins and other
that are important for establishing the cross-intron interactionssplicing factors and/or hnRNP proteins play an important role in

plant pre-mRNAs. regulating splice-site selection by binding to sequence elements
(enhancers or silencers) present in exons and introns. Varying lev-
Alternative splicing els of specific SR proteins in different tissues might be respon-

Primary transcripts of many genes are alternatively splicesible for the observed differences in mRNA splicing pattéth&
producing different mRNA forms that encode proteins witfithe multitude of SR proteins identified Arabidopsissuggests
functional differences. Some alternative splicing events are cdhat these proteins might also act as splicing regulators in plants.
stitutive, with similar ratios of variant mRNAs in different cellsConsistent with this expectation, plant proteins can modulate
whereas others are subject to tissue-specific or developmesfaice-site selection in the HelLa cell systiamitro®?*2%4¢ More
regulatiof’. In plants, the number of known cases of alternativggnificantly, overexpression of atSRp30 Anabidopsismodu-
splicing is increasing although in most cases the biological sigrdites the alternative splicing of several endogenous mRNAs,
icance is unknowif. A few examples of alternative splicing withincluding its ow?>. Proteins that are similar to the mammalian
documented biological relevance are shown in Figure 5. OtheRNP proteins A/B and PTB possibly also act as regulators of
events and often quite complex alternative processing of traplicing in plants. Physiological targets of plant SR proteins have
scripts originating from plant transposons and some DNA virusest been identified. By analogy with metazoa, it is likely that
have been discussed in reviéls GC-rich exons contain sequences acting as splicing enhancers.
Usage of alternative’ s in the Rubisco activase pre-mRNANdeed, an increase in exon GC content stimulates splicing of the
produces two protein isoforms that differ only at the C-terminuneighboring intron in maize protopla&ts
(Fig. 5). Although both isoforms can activate Rubisco, only the
larger one is redox regulated. However, following premixingther regulatory roles of splicing
redox changes in the larger isoform can effectively regulate tiremetazoa, heat shock has a strong inhibitory effect on splicing,
activity of both isoforms. It is interesting, that this type of requwhereas plants frequently exposed to high temperatures in their
lation occurs irArabidopsisand spinach but not in tobacco, whicmatural environment might have evolved mechanisms to prevent
expresses only the smaller protein isoform, as do maize dhd inhibition. However, other types of stress, such as exposure to
Chlamydomondd Alternative 3-splicing of the hydroxypyru- cold, heavy metals or anaerobiosis, might affect the efficiency or
vate reductase (HPR) gene in pumpkin produces two differguatterns of splicint®.
proteins with distinct subcellular localizations (Fig. 5). The HPR1 The presence of functional introns in transcription units can
protein, but not HPR2, contains a C-terminal-targeting sequenttamatically enhance mRNA accumulation, even by factors of
for peroxisomes. Exposure to light greatly enhances the prodbondreds, especially when the intron is placed close to' thieds
tion of HPR2 mRNA, suggesting that alternative splicing mightf the gene. The extent of this intron-mediated enhancement
be light regulated in plarfts (IME) depends on the origin of the intron, the flanking exonic
A rare example of a gene that is alternatively spliced to gensequences, the strength of the promoter used to drive RNA
ate entirely different proteins is found in rice (Fig. 5). The twexpression, and on the type and physiological state of thé&cells
proteins, ribosomal protein S14 (RPS14) and succinate dehydstrong IME has been observed mainly in monocots; in dicots it
genase subunit B (SDHB), are involved in mitochondrial proteursually does not exceed two- to fivefold. However, a 30-fold IME
synthesis and respiration, respectively. During evolution, tleé B-glucuronidase activity ilArabidopsishas been reportéd
rpsl4gene probably moved from the mitochondria and becarfiae molecular mechanism of intron-enhanced gene expression is
integrated into the intron afdhB which was already present innot well understood.
the nucleus; in this way, it has simultaneously acquired the capac-
ity for nuclear expression and a mitochondrial targeting siynal Practical considerations and future prospects
Recently, the biological relevance of alternative exon inclusidrogress in sequencifgabidopsisand other genomes has created a
has been documented for the tobacco mosaic virus (TMV) resised to identify genes and their splicing patterns within large regions
tance N gene (Fig. 5). The N gene produces two mRNAandl of uncharacterized DNA. Computer algorithms (Fig. 2 legend) can
N,, of which N is more abundant in non-infected plants whereasedict the location of introns from sequence factors, such as splice-
N, becomes prevalent after infection. ThenNRNA, resulting site strength and coding potential. Plant splice-site prediction is much
from inclusion of an alternative exon located in intron 3, encode®re accurate when the compositional contrast between exons and
a shorter 652 amino-acid protein. This alternative splicing eventigrons (Ref. 48) and a predicted branch point consensus are also con-
needed to confer complete resistance to TMV (Ref. 44). sidered (Ref. 49) (for the prediction of non-canonical U12-type
Retention of an unspliced intron in a fraction of transcripts istrons, see Ref. 14). For the best results, it might be practical to use
common in plants, but probably reflects the low efficiency of noseveral programs and to compare the outputs.
mal splicing rather than a regulated process of any biological sigProgress in understanding constitutive and regulated splicing
nificance. However, the presence of an inefficiently spliced intraaquires the preparation of competent extracts of plant origin.
can potentially regulate the level of mRNA as a result of competitidiith the wealth ofArabidopsisgenome sequencing information
between splicing and polyadenylatiénA biologically relevant now available, thén vitro approach would be particularly timely.
example is the processing of an RNA transcribed from the floweriBgtter characterization #fans andcis-acting factors would aid
control gend=CAin ArabidopsiqFig. 5). Upon overexpression of the understanding of the basis for the reported differences
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Fig. 5. Schematic representation of some examples of hiologically significant alternative splicing events in plants. The splinmgfpafte
Rubisco activase and (b) HPR represent examples of alternaspéice site (ss) usage. (a) The alternative splicing of intron 6 results in|the
formation of a low level of longer mMRNA, which encodes a shorter 43 kDa protein as a result of the premature stop codoniifmanked
arrowY, In pumpkin, alternative splicing of intron 12 in tHPRgene results in a protein, which contains a peroxisomal targeting signal at the
C-terminus (underlined SKt3 Dark gray boxes represent intronic sequences included as exons by alternative splicing. Arrows above the exons
represent stop codons. The lines beneath the spliced mRNAs represent encoded proteins with few C-terminal amino acid&)ndicated
Alternative 3 ss usage is exemplified by risdhB This alternative splicing event results in the production of mMRNAs encoding two completely
different proteins, ribosomal protein S14 and succinate dehydrogenase subunit B ¥SBétB)proteins contain a functional mitochondrial
transit peptide (black box). Light gray boxes represent the exons of SDHB. (d) Alternative splicing of the tobacco mogBid\Winesis-
tanceN gene causes the inclusion of a small exon present in intron 3 (gray box). The translated short, pcoteerdcomplete resistance tg
TMV (Ref. 44). Arrows above the exons represent stop codons. Lengths of proteins are indicated. (e) Alternative procedsCw gérile
transcripts results in four different mRNAs: 3, v andd. The only mRNA that encodes an apparently full-length FCA protejnvighich con-
sists of two RBD-type RNA-binding domains and a WW domain involved in protein—protein interactioflsniRA is produced by alter-
native cleavage and polyadenylation in intron 3. All intron8 WiRNA are excised but it is alternatively spliced in intron 13. This results in a
deletion of parts of exons 13 and 14 (black boxes) and termination of translation at a new in-frame stop codon at éxeistb4t @ef. 45).

between splicing in monocots and dicots and between differ@aterences

plant speci€s’. It would also aid the understanding of the princi-1 Kramer, A. (1996) The structure and function of proteins involved

ples behind alternative splicing, which is emerging as an impor-in mammalian pre-mRNA splicinginnu. Rev. Biochem.

tant and widespread means to regulate gene expression in plantss, 367-409

In addition, because introns in many organisms other than plargstaley, J.P. and Guthrie, C. (1998) Mechanical devices of the spliceosome:
are AU-rich (Ref. 5), dissection of the basic splicing requirements motors, clocks, springs and thingzell 92, 315-326

would be interesting from an evolutionary point of view. Finally,3 Burge, C.Bet al.(1999) Splicing of precursors to mRNAs by the

the coupling of splicing with other processing reactions, and with spliceosome. IIRNA WorldGesteland, R.F. and Atkins, J.F., eds), pp.
transcription and RNA export, a subject of intensive studies in 525-560, Cold Spring Harbor Laboratory Press

mammals and yeast (Ref. 50), is another important area that hasuehrsen, K.Ret al (1994) Nuclear pre-mRNA processing in higher plants.
yet to be addressed in plants. Prog. Nucleic Acid Res. Mol. Bial7, 149-193
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