
The mature mRNA always carries nucleotide sequences that faithfully mirror the protein product accord-
ing to the rules of the genetic code. However, in the chromosome, the nucleotide sequence that represents
a certain protein is interrupted by additional sequences. Therefore, most eukaryotic genes are longer than
their final mRNA products. The human genome project revealed that only a tiny portion of sequences
serves as protein-coding region and almost one quarter of the genome is occupied by non-coding inter-
vening sequences. The elimination of these non-coding regions from the precursor RNA in a process
termed splicing must be extremely precise, because even a single nucleotide mistake may cause a fatal
error. At present, two types of intervening sequences have been identified in protein-coding genes. One
of them, the U2-dependent or major-class is prevalent and represents 99% of known sequences. The
other one, the so-called U12-dependent or minor-class of introns, occurs in much lesser amounts in the
genome. The basic problem of nuclear splicing concerns i/ the molecular mechanisms, which ensure that
the coding regions are correctly recognized and spliced together; ii/ the principles and mechanisms that
guarantee the high fidelity of the splicing system; iii/ the differences in the excision mechanisms of the
two classes of introns. We are going to present models explaining how intervening sequences are accu-
rately removed and the coding regions correctly juxtaposed. The two splicing mechanisms will also be
compared. 

Keywords: Pre-mRNA splicing – spliceosome – U2-dependent intron – U12-dependent intron – exon
definition model

INTRODUCTION

The protein-coding regions transcribed by the RNA polymerase II (RNA pol II) are
interrupted by introns that are removed from the pre-mRNA by a multi-step process
termed splicing. In this process the coding sequences are spliced to generate the
mature mRNA which is subsequently transported to the cytoplasm and translated
into protein.

One of the most astonishing results of human genome analysis is that only ~1% of
the total genome consists of protein-coding sequences (exons), while intervening
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sequences (introns) occupy ~24% of the genome, and the remaining chromosomal
portions contain repetitive and other intergenic sequences [53]. On the basis of sta-
tistical data, an average human protein-coding gene is ~27 kilobases long and has 9
exons. The 5’ and 3’ terminal exons at each end of the pre-mRNA are longer than the
internal ones, their average lengths are ~500 nucleotides (nt). The theoretical inter-
nal exons are relatively short (~145 nt), whereas the introns come up to several thou-
sand nucleotides in length (~3400 nt). In practice, intron size can extend up to more
than 200,000 nt. The correct removal of intronic sequences from pre-mRNA is a pre-
requisite for the generation of functional proteins. Regions that are essential for
intron removal, referred to as splice sites, are located at the exon/intron boundaries.
These are short and strictly, but not absolutely conserved cis elements. As many
copies of similar potential sequences are carried by the same mRNA precursor, a
very precise mechanism must be responsible for splice site selection. This is the so-
called splice site choice enigma, which involves two additional problems: recogni-
tion of the real splice sites and ligation of the proper partners across the intron. To
meet these requirements, a highly organized ribonucleoprotein complex (spliceo-
some) is formed on the cis elements of the RNA template for the elimination of the
intronic region.

THE SPLICING REACTION OF EUKARYOTIC GENES

1. Players of the splicing machinery

1.1. Cis RNA elements

Right after the discovery of pre-mRNA splicing, common sequence features of the
splice sites have been recognized [3]. Thus consensus cis elements were found at the
two ends of introns (named 5’ [5`ss] and 3’ [3`ss] splice site) and 18–38 nt upstream
of the 3’ end (branch site) (Fig. 1A). Referring to the invariant GT and AG dinu-
cleotides at the ends of introns (corresponding to GU and AG in the RNA), the inter-
vening sequences of this type were called GT-AG introns representing the major
class of presently known introns. In addition to this, other cis elements serve as
recognition sites for protein factors (e.g. hnRNPs, SR proteins) participating in the
splicing reaction, RNA transport or protection [13].

1.2. Trans elements (ribonucleoprotein complexes)

The splice sites and other consensus cis elements are recognized by the small nuclear
ribonucleoprotein particles (snRNPs), serine-arginine (SR) protein complexes and
heterogeneous nuclear ribonucleoprotein particles (hnRNP) of the splicing machin-
ery. A highly organized spliceosome is formed to catalyze the excision of introns in
two trans-esterification steps (Fig. 1B). As a first step, the 2’-hydroxyl group of the



adenosine at the branch site initiates a nucleophilic attack on the 3’,5’-phosphodi-
ester bond of the 5’ splice site. Concomitant to the cleavage, the 5’ terminal G of the
intron is covalently attached to the branch site. In the second step, the 3’ hydroxyl
group of the 5’ exon makes a nucleophilic attack on the phosphodiester bond at the
3’ splice site. Although prevailing evidence favors that the catalytic step of pre-
mRNA splicing are mediated by spliceosomal RNA, it is likely that a highly con-
served protein, Prp8, which is component of the catalytic core functions as a cofac-
tor to an RNA enzyme [6].
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Fig. 1. (A) Comparison of the consensus characteristic cis elements of GT-AG and AT-AC introns.
(B) Two step chemical mechanism for pre-mRNA splicing. Exons and introns are represented by rec-
tangles and a thin line, respectively. Broken arrows indicate the nucleophilic attack. Consensus, invari-
ant nucleotides are indicated in capital letters: R: purine (A or G), Y: pyrimidine (C or T), 5’ss: 5’ splice

site, 3’ss: 3’ splice site, BP: branch point

Consensus Splice Site Sequences of GT-AG and AT-AC Introns
References

Intron type 5’ Splice site Branch site 3’ Splice site

GT-AG GTRAGT CTRAY YAG 3
AT-AC ATATCCTTT TTCCTTRACYCY YAC 20

A
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1.2.1. Small nuclear ribonucleoprotein particles (snRNPs): The “major” spliceo-
some consists of five snRNPs: U1, U2, U4, U5 and U6. Each of them has a single,
unique RNA component (snRNA) and several (<20) associated proteins [54]. Some
of the proteins are directly involved in splicing catalysis, whereas others play a role
in the formation of the accurate structure of the snRNA. The major snRNPs are pre-
sent in ~106 copies in the nucleus [39].

1.2.2. SR proteins: The SR protein family is a group of essential splicing factors
posessing serine-arginine rich domains (SR) and one or two RNA-recognition
motifs (RRM) [18]. The SR domains are involved in protein-protein interactions,
while the RRM can establish contact with cis elements of pre-mRNA or exposed
snRNA regions.

1.2.3. Heterogeneous nuclear ribonucleoprotein particles (hnRNPs): Like SR pro-
teins, also contain both RNA- and protein-protein recognition domains. More than 20
proteins constitute this family, their copy number is ~108 per nucleus, compared with
the ~106 molecules of hnRNAs. Protein components of the hnRNPs bind nascent pre-
mRNA immediately after transcription and can also bind to splicing activator
sequences [38].

2. Discovery of the AT-AC introns and the minor spliceosome

Until 1989, all data and evidence have suggested that all pre-mRNA introns are
removed by the same mechanisms, utilizing the same cis elements and cellular
machinery. Our laboratory published the first example of introns delineated by AT
and AC rather than GT and AG motifs [27]. Increasing body of evidence indicates
that this kind of introns exists in a variety of organisms ranging from plants to
Drosophila and vertebrates [48], albeit with a much lower frequency as compared to
the major introns [32]. Usually a single minor-class introns occurs in the vicinity of
major-class introns on the same pre-mRNA. The position of AT-AC intron varies
within the genes and no species preference was observed for them either, but inter-
estingly enough, members of phylogenetically related gene families harbor the AT-
AC intron at conserved positions [11, 57]. This class of intron also possesses unique
and highly conserved elements at the 5’ and 3’ splice sites and at the branch site
upstream of the 3’ end (Fig. 1A). An intriguing and probably significant difference
between the two intron classes is that minor-class introns have no characteristic
polypyrimidine tract in the neighborhood of the branch site [20]. Because the cis ele-
ments of the AT-AC introns differ from those of the major class, a unique set of
minor snRNPs (U11, U12, U4atac, and U6atac) have evolved for the splicing of the
minor-class introns [40]. The “minor group snRNPs” are found only in ~103 copies
in the nucleus [39]. Minor snRNPs play similar roles in the splice site selection and
catalytic process as their major counterparts [50, 51]. Furthermore, U5 snRNP is a
common snRNP constituent in both types of spliceosome [50]. According to recent



studies, there is more overlap between the two systems at the level of the protein
components. Identical splicing factors [54], splicing-associated proteins [34] and
splicing-associated SR proteins [21] play crucial role in the removal of both types of
intron. The AT-AC terminal dinucleotides were considered as the most characteristic
feature of the minor-class introns, but recent thorough analyses showed that some
introns with GT-AG terminal can also be found as minor-class introns and spliced by
the U12 spliceosome. These findings revealed that for proper classification is essen-
tial to consider the complete splice site sequence and not only the terminal dinu-
cleotides. In the light of these facts, it was reasonable to cogitate the classification
and the nomenclature of these introns [48]. Therefore, the latest literature uses U2-
and U12-dependent introns instead of GT-AG or AT-AC introns [32]. It was pub-
lished recently, that splicing of the minor-class introns occurs more slowly, than that
of the neighboring major-class introns in the same pre-mRNA. Therefore, the
removal of this intron type could be the rate-limiting step in the maturation (pro-
cessing) of the given pre-mRNA. Therefore, it is reasonable to assume that the U12-
dependent splicing machinery can be a target in the post-transcriptional regulation of
gene expression [44].

3. Spliceosome assembly

The assembly of spliceosomes on the pre-mRNA template is a well-organized
process and the different snRNP components enter into the complex in a coordinat-
ed manner (Fig. 2). As a first step, U1 snRNP base pairs via its RNA part with the 5’
splice site [35], while the U2AF protein binds to a C/U reach region (polypyrimidine
tract) located between the branch site and the 3’ splice site (E complex) [59]. U2AF
is a heterodimer consisting of 65- and 35-kDa subunits. U2AF65 interacts with the
polypyrimidine tract directly, whereas U2AF35 contacts the AG dinucleotide at the 3’
splice site [19]. During the second step, U2AF helps U2 snRNP to associate with the
branch site (A complex) and soon after leaves the spliceosome. In the third step,
U4/U6 and U5 snRNPs enter the complex and form a catalytic spliceosome after con-
formational rearrangements of the snRNPs (B complex). Subsequently, cleavage
takes place at the 5’ splice site and a lariat is formed at the branch site. At this stage,
U5 snRNP keeps the two exons in proximity in the late splicing complex and pro-
motes cleavage at the 3’ splice site and the 2 exons are joined. (C complex). After
elimination of the intron and joining of the two neighboring exons, the spliceosome
is disassembled. The former intronic region (lariat) will undergo debranching and
degradation by special nucleases.

Although the characterization of the AT-AC splicing machinery has only a short
history, a huge amount of information has already been accumulated. On the basis of
available data, we see that despite remarkable differences in the constituents of the
two heterogeneous spliceosomes, the AT-AC spliceosome assembly and catalytic
steps operate according to a common principle including 2 trans-esterification
steps [52]. While the catalytic steps do not require energy, the rearrangements with-
in the spliceosome are ATP dependent.
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4. Finding the real splice sites and pairing them

How are the true splice sites recognized, and how are the designated sites paired with
their correct partners? It is obvious that short, weakly conserved cis sequences (splice
site, branch site, polypyrimidine tract) are essential but – certainly – not sufficient for
proper splice site recognition.

4.1. Identification of proper cis elements

One explanation for the first part of the above problem is that a given single cis ele-
ment cooperates with another one, and in this way, they mutually increase their, oth-
erwise weak, specificity. This kind of approach creates the basis for the so-called
exon definition model [2]. Before going into details, it is advisable to dissect the
problem on the basis of the actual exon positions (e.g. 5’ terminal, internal or 3’ ter-
minal exon).

Fig. 2. Schematic representation of the spliceosome assembly and action. Pre-mRNA, containing two
exons separated by an intron assembles into splicing complexes together with snRNPs. The individual

snRNPs are indicated by U1, U2, U4, U5 and U6, U2AF: U2 auxiliary protein factor



4.1.1. The first exon (5’ terminal exon): It is a relatively old observation that the 5’
cap structure of pre-mRNA has a positive effect on the functioning of the splicing
machinery. However, the nature of the interactions involved have been enigmatic for
a long time [47]. After cloning and characterization of the nuclear cap-binding com-
plex (CBC), it has been demonstrated that CBC is required for the early steps of
spliceosome assembly. CBC plays a role in the efficient association of U1 snRNP
with the 5’ splice site and facilitates splicing of the cap-proximal intron, while it has
a very moderate effect on distal intron removal [47] (Fig. 3a).

4.1.2. Internal exon: According to the exon definition model, the 5’ splice site can
collaborate with 3’ cis elements of the previous (upstream) intron via special SR pro-
tein factors (Fig. 3b). The theory is supported by firm experimental data. When muta-
tions were introduced into the downstream 5’ splice site, the splicing of the upstream
intron was diminished, but restoration of the 5’ splice site or making it more similar
to the consensus resulted in more efficient intron removal under in vitro conditions
[21, 33].

4.1.3. The last exon (3’ terminal exon): Polyadenylation (PA) is a process which is
responsible for 3’ end maturation of most mRNAs. Forming poly(A) tail is signifi-
cant for the stability, transport, and translation of mRNA [29]. Recent data demon-
strate that polyadenylation is a highly coordinated process and it is coupled to splic-
ing. Intact polyadenylation signal sequences seem to positively influence spliceo-
some formation on the last intron [41]. Mutation of the poly-A signal constituents
decreased splicing efficiency and vica versa, mutation of the polypyrimidine tracts
and that of the 3’ splice site significantly reduced polyadenylation efficiency [9].
Protein elements of this bridging interaction are believed to be involved in the defi-
nition of the last exon [7–9] (Fig. 3c).

According to the exon definition model, exons are defined by their 5’ and 3’ ends.
SR proteins are involved in bridging the two sides of the actual exon. More specifi-
cally, these proteins possess the ability to interact with one of the U1 snRNP-specif-
ic proteins (U1-70K) and with U2AF35, supplying further evidence for exon defini-
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Fig. 3. Exon definition model for the spliceosome formation. Components of the macromolecular com-
plexes formed on pre-mRNA interact across the intervening exons. CBC: cap-binding complex, U1: U1
snRNP, U2: U2 snRNP, U2AF: U2 auxiliary protein factor, SR: SR protein(s), PAC: polyadenylation

complex. Detailed description is in the text
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tion in the case of internal exons [15]. It is very likely that SR proteins perform a sig-
nificant function in the definition of terminal exons too, but this is still yet to be
established.

4.2. Splicing enhancers

Not only the cis elements discussed in the above paragraphs can regulate recognition
of particular splice sites. Other activator sequences (enhancers), usually purine-rich
regions, are located in the vicinity of the actual splice site in exonic or intronic posi-
tion [17]. Splicing enhancers consist of an intricate array of cis elements and assem-
ble into multiprotein complexes in adequate moments. Enhancer binding factors are
SR proteins, they can promote and stabilize the binding of the U1 snRNP to a 5’
splice site [5]. It has been published that ASF/SF2, PTB (polypyrimidine tract-bind-
ing protein) and different types of hnRNPs are probably constituents of a multipro-
tein complex assembled on splicing enhancers [4, 12, 34].

The bordering cis elements are slightly more conserved in U12-dependent introns
than in GT-AG introns, but even those are certainly insufficient for correct definition
of the splice sites (Fig. 1A). As AT-AC introns always exist in the neighborhood of
GT-AG introns, it was particularly interesting to see whether they can collaborate
with each other. Krainer’s laboratory has shown that in vitro splicing of an U12-
dependent intron was strongly stimulated when the 5’ splice site of a downstream
U2-dependent intron was situated on the pre-mRNA substrate [56]. It is still an open
question, however, whether an U12-dependent intron can facilitate or not the assem-
bly of an adjacent U2-dependent spliceosome. Using a computer prediction approach
purine-rich splicing enhancers were discovered in some exons flanking U12-depen-
dent introns, and their enhancer function was demonstrated in in vitro experiments
[57]. SR proteins can facilitate U12-dependent splicing, but the effect is substrate
(enhancer)- and SR protein-specific [22]. We identified a purine-rich splicing
enhancer in close proximity to the 5’ splice site in the minor-type intron of the
matrilin-1 gene. After deletion of this intronic region, we found significantly lower
splicing activity in in vivo experiments [45]. On the basis of these recent data, a pic-
ture emerges that strongly reminds us of that of the conventional U2-dependent splic-
ing.

4.3. Correct ligation of the partner sites

Despite an appreciable amount of data presented in the previous sections, it is still
not obvious, how the defined splice sites are joined. In short introns, the two splice
sites can find each other directly (intron definition model). However, when the intron
size is several thousand nucleotide long or even longer, it is a real challenge match-
ing them. According to one model, transcription and splicing processes are not
regarded as separate events [23]. This model presumes an intimate, direct interaction



between transcription and splicing machineries. Co-transcription/splicing practically
means that the 3’ part of a given gene is still involved in transcriptional events, while
spliceosome assembly has already started at the 5’ terminal region of the precursor
mRNA [16].

Many lines of evidence suggest unexpected roles for transcription factors in link-
ing transcription and pre-mRNA processing [37]. The largest subunit of RNA pol II
was first implicated in pre-mRNA splicing and polyadenylation through its C-termi-
nal domain (CTD) [10]. The interaction of splicing factors with phosphorylated RNA
pol II CTD is probably essential for spliceosome function [43]. Moreover, polyadenyl-
ation factors and capping enzymes are also targeted onto pre-mRNA by binding to the
phosphorylated CTD of RNA pol II [1]. Lai and co-workers showed that pre-mRNA
splicing may be mechanistically coupled to transcription through a viral transactiva-
tor [30]. Therefore, in addition to RNA pol II and TFIID, another category of tran-
scription factors, DNA binding transactivators, can play a role in coordinating tran-
scription and RNA processing. Transactivators bind to a sequence-specific element
nearby the promoter and primarily play a role in initiation of transcription.

Sox proteins are known as architectural transcription factors, which bind to the
minor groove of the DNA via their high mobility group (HMG) domain and are
implicated in tissue- and developmental-stage specific gene regulation [25]. In vivo
transgenic mice studies proved that Sox6 together with L-Sox5 plays an essential role
in chondroblast differentiation and transcriptional regulation of cartilage protein
genes [49]. In vitro studies also confirmed that Sox6 together with L-Sox5 and Sox9
factors binds to the cartilage-specific enhancer element of the Col2a1 gene [31].
More recently, it was published that Sox6 and Sox9 factors are involved in post-tran-
scriptional regulation as well, namely in the formation of the spliceosome [42]. The
exact function of Sox proteins is still not known in the spliceosomal complex, but it
is clear that without them in vitro splicing reaction does not take place.

At present, a plausible mechanism is that bridging transactivators recruit essential
splicing factors including non-snRNP SR proteins and spliceosomal snRNPs, there-
by increasing their concentration in the vicinity of the promoter of an actively tran-
scribed gene [30]. It remains to be examined, however, whether these kinds of trans-
activators can recruit SR proteins to the RNA pol II or even become incorporated into
the spliceosome. More specifically, this kind of scenario (co-transcription/splicing
model) would narrow the list of potential splice sites. 

The so-called “packaging phenomenon” can further colour the picture. Primary
RNA transcripts can be packaged into special ribonucleoprotein particles. These par-
ticles look like nucleosomes in which, instead of histones, diverse hnRNPs form the
core [24]. For example, hnRNP(C1)3C2 protein tetramers constitute the core unit and
a ~230 nucleotides long RNA is twisted around it. Three of these tetramers can form
a triangular complex containing about 700 nucleotides of RNA. After forming this
kind of highly ordered structure, distal sequences (e.g. 5’ and 3’ ends of introns)
come close and create direct liaison with each other. Biochemical data were verified
by electron microscopy, visualizing higher order structures of a purified transcript
packaged into hnRNP [58].
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CONCLUSIONS

The excision of pre-mRNA introns is a very intricate multistep process, which
involves snRNPs and auxiliary protein factors. Proper splice sites frequently differ
from the consensus sequences and many cryptic sites exist in the pre-mRNA that
match the consensus, but are not normally recognized by the splicing machinery.
Exons are usually short stretches and their bordering elements can cooperate with
each other. Conversely, the splice sites and their adjacent sequence units strongly
influence their own identification. The exon definition model suggests how exons
and their splice sites are initially recognized (Fig. 3). The 5’ cap structure and cap
binding proteins help in the identification of the 5’ splice site of the first intron. In
internal exons, bridging interactions define two sides of the exons (the 3’ splice site
of the upstream intron and the 5’ splice site of the downstream intron) via bound SR
proteins. In this way, otherwise weak splice sites can form a strong association to
make themselves attractive for the splicing apparatus. Protein factors involved in
polyadenylation process positively affect recognition of the 3’ terminal exon and
removal of the last intron. Splicing enhancers can further increase the probability of
recognition of splice sites in tissue- and developmental stage-specific fashion. The
exon definition model assumes that, first the splicing machinery recognizes a pair of
splice sites around a short exon and that this process promotes spliceosome forma-
tion and intron elimination. In small introns, a pair of splice sites of a given intron
can be directly recognized by the spliceosome, as interpreted by the intron definition
model. Exon and intron definition models are not mutually exclusive, both of them
can occur in one particular pre-mRNA depending on the exon or intron size. In addi-
tion to the identification of true splice sites, another intriguing question is how the
exons are juxtaposed. The logic of the co-transcription/splicing and RNA packaging
models suggests how splice sites are ligated to their correct partners. As transcription
(synthesis of pre-mRNA) and splicing (spliceosome formation) proceeds in parallel,
the number of feasible partners is limited. Through the formation of special “ribonu-
cleosomes”, even those splice sites can come close to each other, which are other-
wise located far from each other in the precursor RNA. Although significant progress
has been made in the resolution of the splice site choice problem, we are still far from
the complete understanding of the whole mechanism. If we consider that the human
genome has only 30,000–40,000 protein-coding genes, while the proteome (totality
of proteins) has 50,000–60,000 members, it is easy to estimate the significance of the
splice site choice problem, as recognition and proper cleavage steps stand behind
every alternative splicing decision.
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