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Abstract. Most eukaryotic mRNA precursors (pre-
mRNAs) must undergo extensive processing, includ-
ing cleavage and polyadenylation at the 3’-end.
Processing at the 3’-end is controlled by sequence
elements in the pre-mRNA (cis elements) as well as
protein factors. Despite the seeming biochemical
simplicity of the processing reactions, more than 14
proteins have been identified for the mammalian
complex, and more than 20 proteins have been
identified for the yeast complex. The 3’-end processing
machinery also has important roles in transcription

and splicing. The mammalian machinery contains
several sub-complexes, including cleavage and poly-
adenylation specificity factor, cleavage stimulation
factor, cleavage factor I, and cleavage factor II .
Additional protein factors include poly(A) polymer-
ase, poly(A)-binding protein, symplekin, and the C-
terminal domain of RNA polymerase II largest
subunit. The yeast machinery includes cleavage factor
IA, cleavage factor IB, and cleavage and polyadeny-
lation factor.
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Introduction

In eukaryotes, messenger RNA precursors (pre-
mRNAs) are transcribed in the nucleus from the
genomic DNA by RNA polymerase II (polII). These
pre-mRNAs must undergo extensive co-transcrip-
tional processing before they can be transported to
the cytoplasm for translation into proteins. The
processing events include: capping, where the guano-
sine at the 5’-end of the pre-mRNA is methylated at
the 7 carbon; splicing to remove the intronic sequen-
ces of the pre-mRNA; and cleavage and polyadeny-
lation at the 3’-end [1 – 4]. All these modifications are
essential for the maturation of the pre-mRNAs. This
review focuses on the processing events at the 3’-end.

A poly(A) polymerase (PAP) activity was first iso-
lated from calf thymus in 1960 [5], and its role in pre-
mRNA 3’-end processing was recognized 10 years
later [6– 8]. Subsequent studies showed that the
primary RNA transcripts extended beyond the site
of polyadenylation, indicating that eukaryotic pre-
mRNA 3’-end processing requires both cleavage and
polyadenylation [9 –11]. These observations are in
sharp contrast to those in bacteria, where the 3’-ends
of mRNAs are formed by transcriptional termination.
Further studies showed that a large collection of
protein factors (with more than 14 molecules in
mammals and more than 20 molecules in yeast,
totaling over 1 mega-dalton) are required for the 3’-
end processing, despite the apparent simplicity of the
cleavage and polyadenylation reactions. This machi-
nery is directed to the correct cleavage site by
sequence elements within the pre-mRNA 3’-end.* Corresponding author.
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This review attempts to summarize the current knowl-
edge on pre-mRNA 3’-end processing in mammals and
yeast, two model systems in which these modifications
have been studied in the greatest detail. Special
emphasis will be placed on recent developments in
this area, including structural information on the
protein factors that have become available in the past
few years. There are also many excellent earlier reviews
on pre-mRNA 3’-end processing [1–4, 12–23].

The importance of pre-mRNA 3’-end processing

The processing of pre-mRNA 3’-ends has crucial
functional importance in eukaryotes, and disruption
of this processing has catastrophic effects on cell
growth and viability [2]. First, 3’-end processing
promotes the transport of mRNAs from the nucleus
to the cytoplasm [18]. Substitution of the pre-mRNA
3’-end polyadenylation site with a ribosomal RNA
cleavage site produces an mRNA that is cleaved but
not polyadenylated. This substitution decreased the
ratio of cytoplasmic to nuclear mRNA concentration
by tenfold, indicating a reduction in mRNA transport
and consequently a reduction in protein expression
[24].
Secondly, 3’-end processing promotes the stability of
mRNAs [20, 22]. In the cytoplasm, mRNAs are
degraded from the 3’-end first, indicating the impor-
tance of protecting the 3’-end [20]. The addition of the
poly(A) tail and subsequently the binding of poly(A)-
binding protein (PABP) has been shown to prevent
degradation in mammalian cells [25] and Xenopus
oocytes [26]. In fact, just the presence of PABP
without a poly(A) tail may be sufficient to prevent
mRNA degradation [27].
Thirdly, 3’-end processing enhances the translation of
mRNAs into proteins. The poly(A) tail and PABP
interact with the methyl cap at the 5’-end to promote
translation [20, 22, 28, 29]. Studies in yeast have shown
that the presence of the poly(A) tail alone is sufficient
to initiate efficient translation, but the presence of
both the poly(A) tail and the 5’-cap is optimal for
translation [30].
Finally, 3’-end processing is intricately coupled to the
transcription and splicing machineries [13, 16, 17, 23,
31]. The 3’-end processing complex interacts with
transcription factors and the C-terminal domain
(CTD) of polII to help control transcriptional initia-
tion, and a proper poly(A) signal is essential for
transcriptional termination. Alterations in these in-
teractions lead to improper polyadenylation and
mRNA degradation [4].
Recent studies show that polyadenylation is not
restricted to the nucleus. PAP enzymes have been

identified in the cytoplasm and in the mitochondria
[32 – 34]. These enzymes are found from yeast to
humans, and have important functions in many
cellular processes.

Sequence elements in the pre-mRNA that direct
3’-end processing

The 3’-end cleavage and polyadenylation reaction is
directed by sequence elements within the untranslated
region of the pre-mRNA (the so-called cis elements).
These sequence elements are found in almost every
eukaryotic pre-mRNA that is polyadenylated, but
they are not found in histone pre-mRNAs that are
cleaved but not polyadenylated [15]. Disruption of the
position and sequence of these cis elements reduces
the efficiency of 3’-end processing, consistent with
their conservation in pre-mRNAs. Recent studies
analyzing mRNAs and cDNAs indicate that polyade-
nylation can occur at multiple sites for over half the
genes in humans (~ 54%) and for about one-third of
the genes (~ 32 %) in mice [35, 36]. These alternative
polyadenylation sites may occur in the same exon or in
an alternatively spliced 3’ exon. Although polyadeny-
lation can occur at multiple sites, those containing the
optimal sequence elements are cleaved more effi-
ciently.
The sequence elements in yeast and mammals share
some recognizable similarity, but also have significant
differences (Fig. 1A, B). The yeast sequence elements
differ in their sequence and location from mammalian
sequence elements (Fig. 1B). Additionally, yeast se-
quence elements are also less conserved than their
mammalian counterparts. Some of the sequence
elements in yeast appear in duplicate, while mamma-
lian sequence elements generally occur only once
(Fig. 1A). Another difference is the presence of U-
rich elements that flank the cleavage site in yeast. As a
result, we discuss the mammalian and yeast sequence
elements separately below.

Sequence elements in mammals
Mammalian pre-mRNAs contain three primary se-
quence elements that define the polyadenylation site
and two auxiliary sequence elements that enhance/
regulate the 3’-end processing reaction (Fig. 1A). The
three primary sequence elements consist of the
hexamer AAUAAA polyadenylation signal (PAS),
the cleavage site, and the G/U-rich downstream
element (DSE) [2]. The two auxiliary sequence
elements consist of an upstream element and a DSE
[2].
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