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A poly(A) tail is found at the 3’ end of nearly every fully
processed eukaryotic mMRNA and has been suggested to
influence virtually all aspects of MRNA metabolism. Its
proposed functions include conferring mMRNA stability,
promoting an mMRNA'’s translational efficiency, and hav-
ing a role in transport of processed mMRNA from the
nucleus to the cytoplasm (for recent reviews, see Lewis
et al. 1995; Sachs et al. 1997; Wickens et al. 1997). The
reaction that catalyzes the addition of the poly(A) tail, an
endonucleolytic cleavage followed by poly(A) synthesis,
has also been the focus of intense investigation but, until
recently, may have been viewed as a process that follows
apredictable, isolated, and invariant path. Yet, as more is
learned about 3’-end formation, it becomes clear that the
function of the polyadenylation machinery extends be-
yond simply adding poly(A) tails to mRNA:s.

The first report of a component of the mammalian
cleavage and polyadenylation machinery was nearly 40
years ago in a paper describing an activity found in thy-
mus nuclei extracts that could synthesize poly(A) from
ATP (Edmonds and Abrams 1960). Ten years passed be-
fore poly(A) tails were identified as a post-transcription-
ally added modification of mMRNA 3’ termini and a pos-
sible function was assigned to poly(A) polymerase (Dar-
nell et al. 1971; Edmonds et al. 1971; Lee et al. 1971). But
nearly another decade elapsed before it was found that
transcription proceeds past the polyadenylation site, re-
vealing that a mechanism other than transcriptional ter-
mination generates MRNA 3’ ends (Ford and Hsu 1978;
Nevins and Darnell 1978; Manley et al. 1982). The pace
of discovery quickened with the development of cell ex-
tracts that reproduce the reaction, and this allowed the
subsequent and still ongoing biochemical characteriza-
tion of MRNA 3’-end formation (Manley 1983; Moore
and Sharp 1984, 1985). The results from this work have
shown that nuclear cleavage and poly(A) addition occurs
in a coupled reaction and is carried out by a suprisingly
large complex of multisubunit proteins (for recent re-
views, see Keller 1995; Manley 1995). Several years were
devoted to detailing the mechanism of 3’-end formation,
assigning relatively simple functions to each separable
factor of the complex polyadenylation machinery. With
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the cloning of cDNAs encoding many of these factors,
we have enjoyed an accelerated pace in understanding
their precise functions, as well as the unexpected bo-
nuses of finding that these basal factors link nuclear
polyadenylation to a variety of cellular processes and
that they can be important targets for regulating gene
expression. Here we describe how information gained
from studies done over the last few years has enhanced
our understanding of the structure and function of the
proteins catalyzing polyadenylation. We concentrate on
mammalian systems but also highlight progress that
points to both similarities and differences in yeast poly-
adenylation. From reviewing the latest events, we not
only see how far we have come in 40 years but also
become more aware of the rich path of discovery that lies
ahead.

The polyadenylation element

In general, sequence elements that specify the site of
cleavage and poly(A) addition in metazoan mMRNAs flank
the site of endonucleolytic attack (for review, see Proud-
foot 1991). Nearly every known mRNA contains a
polyadenylation signal sequence, the hexanucleotide
AAUAAA, 10-30 bases upstream of the cleavage/poly-
adenylation site. AAUAAA is found in 90% of all se-
guenced polyadenylation elements and is one of the
most highly conserved sequence elements known. Most
of the 10% of mMRNAs that do not have an exact match
to the consensus differ by only a single substitution (an
A - U conversion at the second position is the most
common variant). A second sequence element is a GU-
rich motif located 20-40 bases downstream of the cleav-
age site. In contrast to AAUAAA, this GU-rich element
is found in (070% of mammalian pre-mRNAs and is con-
siderably more variable in sequence composition. It is
frequently characterized by single or multiple stretches
of up to five consecutive U residues, often interrupted by
single G’s (MacDonald et al. 1994; Takagaki and Manley
1997). These two sequence elements and their distance
from one another not only specify the site of cleavage
and poly(A) addition (MacDonald et al. 1994; Chen et al.
1995) but also largely determine the strength of a poly(A)
signal. The precise site of endonucleolytic attack can be
shifted by changing the distance between the two core
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elements. A CA dinucleotide immediately 5’ to the site
of cleavage is preferred but not required (e.g., Chen et al.
1995). The influence of the nucleotide sequences sur-
rounding the cleavage site remains unclear (e.g., Mac-
Donald et al. 1994; Gilmartin et al. 1995)

The general polyadenylation machinery

A large complex of factors is required to reconstitute the
complete polyadenylation reaction in vitro, and most of
these factors consist of several subunits. Although the
functions of the proteins essential for the reaction are
fairly well characterized (with the exception of the ac-
tual endonuclease, which remains unknown), indica-
tions of functions peripheral to the catalytic reactions
have begun to emerge only recently. However, new data
are shedding light on the reasons behind the unexpected
multiplicity of participating factors and how the various
proteins may carry out duties other than catalysis of
cleavage and poly(A) addition. This is proving to be one
of the most exciting areas of study in the field.

Cleavage/polyadenylation specificity factor

Cleavage and polyadenylation of newly synthesized tran-
scripts is probably always performed in a tightly coupled
reaction in vivo. However, the two phases of the reaction
can be uncoupled and studied separately in vitro, allow-
ing the functions of the participating factors to be exam-
ined individually. In vitro analyses of the two subreac-
tions showed that AAUAAA is required during both
phases, and a similar requirement for one factor, cleav-
age/polyadenylation specificity factor (CPSF), suggested
that CPSF recognizes AAUAAA. Experimental evidence
confirmed that CPSF does indeed specifically bind RNA
containing the signal sequence, but binding is very weak
with purified CPSF alone and is greatly enhanced by a
cooperative interaction with a second component of the
polyadenylation machinery, cleavage stimulation factor
(CstF) (see below). The two factors bound to the precur-
sor RNA form a stable ternary complex, which could
function to recruit the other components of the polyade-
nylation machinery to the cleavage site (for recent re-
views, see Manley 1995; Wahle and Keller 1996). Fur-
thermore, recent evidence suggests that CPSF does more
than participate in specifying the site of nuclear cleavage
and poly(A) addition via its interactions with CstF and
poly(A) polymerase (PAP) (Murthy and Manley 1995).
Additional functions for CPSF may be found in the co-
ordination of nuclear polyadenylation with transcription
(Dantonel et al. 1997; McCracken et al. 1997), participa-
tion in cytoplasmic polyadenylation (Bilger et al. 1994),
limitation of the length of the poly(A) tail (Wahle 1995),
and the interaction with proteins associated with the
splicing apparatus (Lutz et al. 1996).

Purified CPSF consists of four polypeptides with mo-
lecular masses of 160, 100, 73, and 30 kD (CPSF-160,
CPSF-100, CPSF-73, and CPSF-30, respectively) (Bien-
roth et al. 1991; Murthy and Manley 1992), although the
three largest subunits appear sufficient for activity of
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mammalian CPSF in in vitro assays (Murthy and Manley
1992; Gilmartin et al. 1995). Whereas CPSF-30 can be
dispensable in vitro, its apparent homolog in yeast is
essential for viability, and extracts from mutant strains
display defects in 3’-end formation (Barabino et al. 1997).
The amino acid sequence of CPSF-30 indicates that it
contains five putative zinc-finger motifs and a carboxy-
terminal zinc knuckle motif, which are characteristic of
nucleic acid-binding proteins. Consistent with this ob-
servation, the protein has been shown to bind RNA with
a preference for poly(U). However, the significance of
this sequence preference and the precise function of
CPSF-30 is not known. Cloning and sequencing of cD-
NAs encoding CPSF-100 and CPSF-73 have shown that
the two proteins are related, with CPSF-73 displaying
23% identity to CPSF-100 (Jenny et al. 1994, 1996). The
function(s) of these subunits is currently unknown.

CPSF-160 is the best characterized of the CPSF sub-
units (Murthy and Manley 1995). Analysis of its 1442
amino acid sequence (Jenny and Keller 1995; Murthy and
Manley, 1995) shows a potential bipartite nuclear local-
ization signal (NLS) and appropriately spaced sequences
with similarity to the RNP1 and RNP2 motifs found in
many RNA-binding proteins, which could conceivably
constitute part of a divergent RNP-type RNA-binding
domain (RBD). Consistent with earlier UV cross-linking
studies, recombinant CPSF-160 alone can preferentially
bind to AAUAAA-containing RNAs. But the interaction
is weak and tolerant of mutations in the AAUAAA, lead-
ing to the conclusion that the participation of the other
CPSF subunits may facilitate recognition of AAUAAA.
Cooperative binding of CPSF and CstF to the poly(A) site
has been partially reconstituted using human CstF and
CPSF-160, in the absence of the other CPSF subunits. In
addition, CPSF-160 has been shown to make contacts
with both CstF-77 and PAP, suggesting that this subunit
plays a key role in coordinating both cleavage and
poly(A) addition subreactions. It is interesting to note
that titration of excess CPSF-160 into nonspecific
poly(A) synthesis reactions can inhibit the activity of
PAP, implying that CPSF may also affect elongation by
PAP in addition to positioning PAP at the appropriate 3’
end. Despite the fact that it makes contacts with PAP,
CPSF-160 plus PAP are not sufficient to reconstitute
AAUAAA-dependent poly(A) addition.

Unexpected new developments have provided evi-
dence that in addition to playing a central role in cleav-
age and poly(A) addition, CPSF, and specifically CPSF-
160, is involved in linking polyadenylation to transcrip-
tion. It has been shown that CPSF can exist in a stable
complex with the transcription factor TFIID, likely re-
flecting interactions between several subunits of TFIID
and CPSF-160 (Dantonel et al. 1997). In a reconstituted
transcription reaction this association recruits CPSF to
the RNA polymerase Il (Pol 1l) preinitiation complex,
where, concomitant with transcription initiation and
phosphorylation of the carboxy-terminal domain (CTD)
of the Pol 1 largest subunit, CPSF dissociates from TFIID
and becomes associated with the elongating Pol Il (Dan-
tonel et al. 1997). CPSF (as well as CstF; McCracken et
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al. 1997) appears to travel with Pol Il until reaching the
polyadenylation element, where it is suggested to disso-
ciate and define the poly(A) site. These findings have
provided mechanistic insights and extended the original
observations of McCracken et al. (1997). Those studies
presented the unexpected findings that the CTD can be
essential for efficient splicing and polyadenylation of
newly transcribed pre-mRNA in transiently transfected
cells, likely reflecting the observed presence of both
CPSF and CstF in the Pol Il holoenzyme complex via an
association with the CTD. In addition to providing in-
sights into how a poly(A) site might be defined in vivo,
these results raise two additional intriguing possibilities:
First, perhaps dissociation of the poly(A) factors influ-
ences the ability of Pol Il to elongate, thereby providing
at least a partial explanation for the requirement of a
functional poly(A) site for transcription termination (for
review, see Proudfoot 1989). Second, it might now be
legitimate to consider the subunits of CPSF as TATA-
binding protein-asociated factors (TAFs). Given the ap-
parent requirement of other TAFs for transcription from
at least some promoters (for review, see Tansey and Herr
1997), perhaps changes in the concentration of polyade-
nylation factors (e.g., Takagaki et al. 1996) might influ-
ence transcription initiation!

In Xenopus, CPSF has also been shown to play a role in
cytoplasmic polyadenylation of maternal MmRNAs,
which controls their translation during oocyte matura-
tion and early embryogenesis (Bilger et al. 1994). To be
recognized as substrates for cytoplasmic PAP, these
MRNASs require both AAUAAA and a cytoplasmic poly-
adenylation element, which binds to developmentally
specific proteins (for review, see Richter 1996). Other
processes where CPSF participates, for example, in lim-
iting the length of the poly(A) tail or interacting with
factors involved in pre-mRNA splicing, are discussed in
detail below.

CstF

CstF was first described as an activity required for effi-
cient cleavage but not poly(A) addition. In fact, one of its
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subunits, CstF-64, was the first polyadenylation factor
detected (with the exception of PAP), based on its strong
and specific UV cross-linking to RNAs containing a
functional poly(A) signal (Wilusz and Shenk 1988). CstF
is a heterotrimeric protein with subunits of 77, 64, and
50 kD (CstF-77, CstF-64, and CstF-50). In the presence of
CPSF, CstF binds the precursor RNA very tightly, and as
expected, binding of CstF to the RNA is mediated by
CstF-64. Cloning of cDNAs encoding CstF-64 indicated
the presence of an RBD at the protein’s amino terminus
(Takagaki et al. 1992) and mapping of the site of UV
cross-linking to the RNA in nuclear extracts confirmed
that CstF-64 binds specifically to the GU-rich down-
stream motif (MacDonald et al. 1994). Recent work, in-
cluding selection of high affinity binding sites (SELEX),
has shown that the RBD region of CstF-64 alone is ca-
pable of sequence-specific binding to GU/U-rich se-
guences like those found in natural pre-mRNAs (Tak-
agaki and Manley 1997).

In keeping with its early discovery, CstF-64 was the
first (again with the exception of PAP) polyadenylation
factor cloned (Takagaki et al. 1992). cDNAs encoding
homologs of CstF-64 have since been isolated from
mouse, human, and chicken (Takagaki et al. 1996). Com-
parison of their amino acid sequences shows several
common features as well as potentially interesting dif-
ferences (Fig. 1). As might be expected, the amino-termi-
nal RBD is nearly invariant in all three species. The RBD
is followed by a highly conserved [1100-residue region
lacking any identifiable features (the hinge domain),
which may interact with other polyadenylation factors.
This precedes an [300-residue carboxy-terminal region
that consists of a possibly unstructured domain that is
20% proline and 20% glycine. However, imbedded
within this domain in the mammalian homologs is a
region that contains 12 consecutive repeats of the pen-
tapeptide consensus MEARA/G, which potentially
forms a long a-helix that is stabilized by salt bridges
between neighboring acidic and basic residues. Although
the human and mouse proteins are highly homologous
thoughout their entire lengths, chicken CstF-64 displays
several differences that may indicate species-specific
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Figure 1. CstF subunits. Structural features of the

three CstF subunits are indicated. See text for de-

scription and discussion of individual motifs. CstF-

77, but neither of the other subunits, contains se-

guences that appear to constitute a bipartite NLS.

5TT Thus, CstF may assemble in the cytoplasm prior to
transport to the nucleus.
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variations in the function of the protein. The proline/
glycine-rich region is increased to 45% and, more strik-
ingly, the MEARA/G repeats contain an alanine-to-pro-
line substitution in 7/11 of the central alanines, which
could severely disrupt its predicted «-helical structure.
Nothing further is currently known about the function
of these potentially interesting motifs.

CstF-77 has been shown to bridge CstF-64 and CstF-50
(Takagaki and Manley 1994), as well as contact CPSF-
160, possibly facilitating the cooperative RNA binding
displayed by CPSF and CstF (Murthy and Manley 1995).
Although not observed initially, CstF-77 contains eight
repeats similar to tetratricopeptide repeat (TPR) motifs
(C. Williams and K. O’Hare, pers. comm.; see Fig. 1),
which have been proposed to mediate protein—protein
interactions. Otherwise apparently unrelated proteins
contain TPR motifs, and some have been genetically
linked to proteins possessing transducin, or WD-40, re-
peats (Goebell and Yanagida 1991). This may be signifi-
cant because CstF-50 contains seven WD-40 repeats
(Takagaki and Manley 1992). The sequence of CstF-77
revealed that it is the mammalian homolog of the Dro-
sophila Suppressor-of-forked [Su(f)] protein (Mitchelson
et al. 1993; Takagaki and Manley 1994). Nonlethal mu-
tations in su(f) can enhance or suppress the effects of
transposable element insertions, probably because of
changes in polyadenylation efficiency (for review, see
O’Hare 1995). In addition to the TPR-like motifs, both
CstF-77 and the Su(f) protein contain a carboxy-terminal
proline-rich region in which 14/15 proline residues have
been conserved, suggesting the importance of this do-
main for CstF-77 function. Nonlethal mutations in su(f)
can affect the polyadenylation site utilization in a vari-
ety of unlinked genes. Some of these mutations are fre-
qguently found near the carboxyl terminus (Simonelig et
al. 1996) and might be associated with a disruption in the
function of the conserved proline-rich region. Little is
known about the role of CstF-50, except that it is essen-
tial for CstF function in cleavage in vitro (Takagaki and
Manley 1994). This subunit has also been shown to con-
tact directly the Pol Il CTD, perhaps anchoring CstF to
the elongating polymerase (McCracken et al. 1997).

Cleavage factors

Two additional multisubunit factors, cleavage factors |
and Il (CF | and CF I1I) are required for the cleavage but
not the poly(A) addition step of the reaction (Takagaki et
al. 1989). These factors remain the most poorly charac-
terized of the polyadenylaton machinery. Although en-
donuclease activity has yet to be demonstrated for any of
the subunits of CF I or CF Il, the process of elimination
makes them likely candidates to be the proteins that
perform the actual cleavage step. CF | has been highly
purified and appears to consist of three subunits with
molecular masses of 68, 59, and 25 kD (Ruegsegger et al.
1996). Unexpectedly, all three subunits could be UV
cross-linked to substrate RNAs (Ruegsegger et al. 1996).
Binding appeared to be specific, as it was not competed
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by large amounts of nonspecific competitor RNA, and a
precleaved substrate RNA did not bind CF I. Although
CF | was able to stabilize CPSF on substrate RNA, CPSF
did not enhance the RNA binding of any of the CF I
subunits, nor did mutation of AAUAAA affect binding
efficiency. Taken together, these results suggest that CF
| recognizes sequence elements in the poly(A) site, but
what these might be awaits further investigation. Char-
acterization of CF Il has not yet been reported.

PAP

PAP is probably the best understood of all of the compo-
nents of the 3’ end-forming machinery. Its early discov-
ery, homology to other proteins, and the ease with which
polyadenylation assays can be performed have all helped
characterization of the enzyme. Furthermore, because
PAP is composed of a single polypeptide, matters are
kept simple. One of the most suprising findings concern-
ing PAP was the detection of several alternatively
spliced forms (Raabe et al. 1991; Wahle et al. 1991; Bal-
lantyne and Wickens 1995). Subsequent analysis of
mouse genomic clones revealed that at least six isoforms
can arise from a single alternatively spliced transcript
(Zhao and Manley 1996). The full-length forms, PAP I,
PAP 11, and PAP IV, appear to be the enzymatically active
forms (Raabe et al. 1991; Zhao and Manley 1996), with
PAP Il being isolated most commonly from cDNA librar-
ies and probably the predominant full-length species in
most cells.

PAP Il is 740 amino acids in length. Initial sequence
analysis predicted that its amino-terminal two-thirds
contains the catalytic activity (Raabe et al. 1991). Recent
studies have suggested two highly structured regions
separated by a loop region (Martin and Keller 1996).
These structures appear to place PAP in a larger family of
nucleotidyl transferases (that includes DNA Pol B) and
support a model in which catalysis is performed on the
face of a five-stranded B-sheet supported by two o-heli-
ces. This model is supported by analysis of deletion and
point mutants that have deleterious effects on PAP’s ac-
tivity (Martin and Keller 1996). The catalytic region is
followed by a predicted [(20-residue primer binding do-
main that also encompasses one of two NLS sequences
(Martin and Keller 1996; see also Zhelkovsky et al. 1995),
both of which are required for complete nuclear local-
ization (Raabe et al. 1994). The second NLS lies (1140
amino acids downstream of the first, and the two encom-
pass an S/T-rich domain proposed to perform regulatory
functions (Raabe et al. 1991), an idea for which there is
now considerable support (see below). Following the sec-
ond NLS, the long forms diverge because of alternative
splicing. The function of the divergent carboxyl termini
of the long forms is unknown, although differential
interaction with other factors has been proposed (see
below).

Three short forms of PAP would encode proteins that
terminate prior to the first NLS and appear to arise from
competition between polyadenylation and splicing
(Zhao and Manley 1996). These short forms of PAP lack
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the minimum required catalytic domain, and recombi-
nant derivatives have no activity in several in vitro as-
says (Martin and Keller 1996; Zhao and Manley 1996). In
addition, although the mRNAs have been detected,
Western blot analysis has failed to confirm that these
MRNASs are translated (Gebauer and Richter 1995; Zhao
and Manley 1996). Because PAP is generally required to
form an active cleavage complex, an attractive hypoth-
esis is that the short species result from a negative feed-
back mechanism regulating PAP expression. High levels
of full-length PAP could result in recognition of PAP
pre-mRNA’s weaker, upstream polyadenylation sites,
causing expression of shorter, inactive, or unstable spe-
cies. It is notable that there is evidence for a similar
mechanism regulating the level of CstF-77/Su(f) in Dro-
sophila (Simonelig et al. 1996), and such regulation may
be typical of certain mRNA processing proteins (e.g.,
Zachar et al. 1987).

PAB Il

There is an upper limit of 200-300 residues in the length
of poly(A) tails found on newly synthesized RNA in vivo.
This length restriction is mediated, in part, by poly(A)-
binding protein Il (PAB Il), a nuclear protein with high
affinity for poly(A) (Wahle et al. 1993). Once a short
poly(A) tail has been synthesized, PAB Il binds to it and
forms a quaternary complex with CPSF, PAP, and the
substrate RNA. This complex transiently stabilizes the
binding of PAP to the RNA 3’ end, supporting processive
synthesis of a long poly(A) tail in a single rapid step (Bi-
enroth et al. 1993). Length control results from interrup-
tion of the interactions between the RNA, CPSF, and
PAP (Wahle 1995); hence, the hypothesis that PAB II
works by cooperating with CPSF to hold PAP in place on
the primer RNA, and that these interactions are inter-
rupted after the tail has reached a distinct length. Per-
haps the ability of free CPSF-160 to inhibit PAP (Murthy
and Manley 1995) reflects an interaction relevent to ter-
mination of poly(A) synthesis. In yeast, the highly con-
served and abundant PAB I, shown previously to func-
tion in MRNA translation and stability, recently has
been found to also participate in polyadenylation by con-
trolling poly(A) tail length (Amrani et al. 1997; Min-
vielle-Sebastia et al. 1997). Perhaps this reflects the ab-
sence of a yeast PAB Il homolog.

Similarities and differences in yeast polyadenylation

Yeast polyadenylation also involves a coupled two-step
reaction of cleavage and poly(A) addition. However, the
sequence elements governing yeast 3’-end processing ap-
pear decidedly different (Guo and Sherman 1996). Yeast
signals contain no detectable AAUAAA or GU-rich se-
guence elements but, rather, appear to be defined by an
A-rich positioning element and an AU-rich efficiency el-
ement, both of which lie upstream of the site of cleavage
and are quite variable. It has been suggested that the
efficiency element may be analogous to the mammalian
GU-rich downstream element and is positioned up-

Mechanism and regulation of mMRNA polyadenylation

stream simply because of the relative proximity of genes
in the yeast genome, whereas in mammals large dis-
tances between genes can readily accommodate down-
stream elements (Manley and Takagaki 1996).

The divergence of sequence elements governing poly-
adenylation in yeast and mammals had led to the antici-
pation that the participating factors would display com-
parable divergence. Yet, recent cloning of cDNAs encod-
ing yeast polyadenylation proteins has revealed that
although some yeast polyadenylation factors do not have
known mammalian counterparts (such as FIP-1; Preker
et al. 1995), several others are remarkably conserved (for
recent reviews, see Manley and Takagaki 1996; Keller
and Minvielle-Sebastia 1997). PAP, not unexpectedly, is
highly conserved with an amino acid sequence that is
47% identical to mammalian PAP throughout the
amino-terminal 450 amino acids, which contains the
catalytic region (Lingner et al. 1991; Raabe et al. 1991;
Wahle et al. 1991). However, yeast PAP is intriguingly
different in that it is truncated after this region, lacking
the S/T-rich regulatory region found in the mammalian
enzyme. More unexpected (given the lack of AAUAAA
and GU-rich motifs) is the observation that several poly-
peptides share significant similarity with subunits of
CstF and CPSF. RNA14 and RNA15 are the apparent
yeast homologs of CstF subunits (Takagaki and Manley
1994; Minvielle-Sebastia et al. 1994; Kessler et al. 1996).
The amino acid sequence of RNA14 is 24% identical to
CstF-77 throughout its entire length, maintaining the
TPR-like motifs but lacking the proline-rich carboxy-ter-
minal region, and RNA15 is 43% identical to CstF-64 in
its RBD but divergent through the remainder of the pro-
tein, lacking all the features of CstF-64 referred to above
(Takagaki and Manley 1994). The sequence divergence
displayed by these factors could possibly reflect func-
tional differences, and in fact, the complex containing
RNA14 and RNA15 seems to function more like CPSF
than CstF in that it is required for both cleavage and
poly(A) addition in vitro (Minvielle-Sebastia et al. 1994;
Kessler et al. 1996). However, this difference may be
more apparent than real, perhaps reflecting only the rela-
tive positions of the binding sites in the pre-mRNA. The
downstream position of the GU-rich element in mam-
malian mMRNA precursors would essentially preclude its
function in the poly(A) addition step of the reaction, at
least as measured in vitro with precleaved RNA sub-
strates.

Yeast proteins that are the apparent homologs of all
four CPSF subunits have been identified and can be pu-
rified, along with several additional factors, as part of a
large complex (Jenny et al. 1996; Zhao et al. 1997). Brr5/
Yshl shares high similarity (53% identity) to the related
protein CPSF-73 (as well as 23% identity to CPSF-100;
Chanfreau et al. 1996; Jenny et al. 1996), CFT1 is the
apparent homolog (24% identity) of CPSF-160 (Stumpf
and Domdey 1996; Zhao et al. 1997), CFT2 is 24% iden-
tical to CPSF-100 (Zhao et al. 1997), and YTHL1 is 40%
identical to CPSF-30 (Barabino et al. 1997). It is as yet
unknown how these proteins participate in the polyade-
nylation reaction.
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These sequence similarities confirm a common evolu-
tionary ancestry for the cleavage/polyadenylation reac-
tion, and studies of 3’-end formation in yeast will there-
fore likely provide valuable insights into the function of
homologous components in mammals. Yet the differ-
ences may be even more interesting. For example, re-
cently it has been shown that the yeast protein Hrpl,
which is related to mammalian heterogeneous nuclear
RNP Al (hnRNP Al), is required for 3’ cleavage in yeast,
and, as a nuclear-cytoplasmic shuttling protein, may
link polyadenylation and mRNA transport (Kessler et al.
1997). In mammals, however, there is no evidence that
an hnRNP-like protein is involved in 3'-end formation,
and it may be that metazoa have evolved a different
mechanism to link mRNA processing and transport. It
may also be informative to identify proteins, and protein
domains, that are present in the mammalian machinery
but absent in yeast, because they may give clues to sys-
tems in higher organisms that might be regulated at the
level of polyadenylation.

Regulation of polyadenylation

One of the best-studied examples of regulation at the
level of mMRNA polyadenylation is found during early
embryogenesis. Prior to the onset of zygotic transcrip-
tion, gene expression is controlled by cytoplasmic
poly(A) addition to fully processed maternal mMRNAs. Al-
though PAP and CPSF appear to participate in this reac-
tion, it is distinct from the nuclear reaction and relies on
several developmentally specific factors and sequence el-
ements. The reader is referred to recent reviews for fur-
ther discussion of this and related topics (Wormington
1994; Hake and Richter 1997; Wickens et al. 1997).
Known examples of regulation at the level of nuclear
polyadenylation of newly transcribed RNAs are rela-
tively rare. Nevertheless, there is increasing evidence
that 3’-end formation can be regulated (see Edwalds-Gil-
bert et al. 1997 for a compilation of possible targets), and
we discuss a number of examples below.

Auxiliary elements

In addition to the AAUAAA- and the GU-rich motifs,
some pre-mRNAs contain other genetic elements that
influence the efficiency with which polyadenylation sig-
nals are utilized. The majority of examples of polyade-
nylation regulated by auxiliary signals have been de-
tected in the genomes of viruses and are commonly as-
sociated with switches in the viral life cycle. Examples
of viral auxiliary elements are found in the SV40, adeno-
virus, hepatitis B, and several retroviral pre-mRNAs.
More recently, the human C2 complement gene and the
mouse calcitonin/calcitonin gene-related peptide (CT/
CGRP) have been identified as cellular genes that con-
tain noncanonical polyadenylation signals requiring aux-
iliary elements to promote efficient utilization (for re-
view, see Proudfoot 1996).

Because retroviral replication relies on the presence of
terminally redundant sequences in the viral long termi-
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nal repeats (LTRs), duplicated polyadenylation sites are
found at both the 3’ and 5’ ends of the viral transcript.
Therefore, unique features outside of the LTRs must ei-
ther repress recognition of the 5’-end poly(A) signal or
enhance recognition of the 3’-end signal. HIV-1, for ex-
ample, appears to have both features. Enhanced recogni-
tion of the 3’-end poly(A) site is promoted by a structural
conformation assumed by RNA sequences lying up-
stream. These sequences appear to stabilize CPSF bind-
ing to the 3' LTR’s poly(A) site, thereby promoting its
utilization (Gilmartin et al. 1995; Graveley and Gilmar-
tin 1996; Graveley et al. 1996). However, mutation of
these stabilizing sequences is not sufficient to cause use
of the 5'-LTR poly(A) site, suggesting that recognition of
this poly(A) site is somehow repressed. Analysis of pro-
viral transcripts has shown that this repression is likely
mediated by the presence of a strong 5’ splice site located
just downstream of the 5’ LTR, as mutation of the splice
site allowed recognition of the 5’ poly(A) site (Ashe et al.
1995; see Fig. 2). This case of a splice site influencing
recognition of a poly(A) signal is one of a growing num-
ber of examples in which splicing factors and sequences
affect cleavage and/or poly(A) addition.

Polyadenylation machinery can employ splicing
factors and sequence elements

Early immunodepletion studies showed that 3'-end for-
mation in crude extracts could be inhibited with anti-
bodies recognizing small nuclear RNPs (snRNPs) (e.g.,
«-SM and «-trimethyl guanosine cap; Moore and Sharp
1985; Hashimoto and Steitz 1986). Although it is now
clear that the basal polyadenylation machinery does not
contain a sSnRNP, mounting evidence suggests that splic-
ing and polyadenylation can be linked. For example, a
functional polyadenylation signal can enhance splicing
of the 5’-terminal intron in vitro, and vice versa, imply-
ing that excision of an mMRNA’s last intron and polyade-
nylation can be functionally linked (Niwa et al. 1990;
Wasserman and Steitz 1993); in fact, recent studies sug-
gest that splicing factors can play auxilary roles in
poly(A) site selection.

The best-studied example of a spliceosomal protein
influencing polyadenylation is the U1 snRNP A protein
(U1A). The U1A pre-mRNA contains sequence elements
upstream of its poly(A) site that resemble the U1A-bind-
ing site on the U1 snRNA. Expression of ULA mRNA is
negatively autoregulated when two molecules of U1A
protein bind the U1A pre-mRNA, resulting in an inhibi-
tion of polyadenylation (Boelens et al. 1993). When the
two subreactions were examined independently, it was
determined that the cleavage step was not affected by
bound U1A. However, poly(A) addition was inhibited,
even in nonspecific assays (see above), indicating that
the repression mechanism was targeting PAP directly.
Further examination suggested that this inhibition is the
result of a repressive interaction between PAP and U1A
(Gunderson et al. 1994). These studies propose that poly-
adenylation activity is inhibited through contact of
PAP’s regulatory carboxyl terminus with two molecules
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of U1A (via U1 residues 103-119; Gunderson et al. 1997).
In vitro experiments suggest that the carboxy-terminal
20 residues of PAP Il are sufficient for inhibition (Gun-
derson et al. 1997). This is potentially interesting be-
cause alternatively spliced PAP | lacks sequences derived
from the exon encoding PAP II's carboxyl terminus, sug-
gesting a possible difference in the two forms of PAP.
Conversely, U1A has been shown to enhance polyade-
nylation of the SV40 late pre-mRNA (Lutz and Alwine
1994; Lutz et al. 1996). Maximal polyadenylation of the
SV40 late transcript in vitro was found to be dependent
on a previously described sequence lying upstream of its
poly(A) site. U1A was shown to bind this element, and
immunodepletion of U1A inhibited efficient utilization
of the downstream poly(A) signal (Lutz and Alwine
1994). U1A likely functions by stabilizing CPSF binding
to the RNA through a direct interaction between resi-
dues in the U1A amino terminus and CPSF-160 (Lutz et
al. 1996). Stabilization of CPSF binding likely explains
the observed enhancement of CPSF-dependent poly(A)
addition by U1A. High concentrations of U1A, however,
inhibited poly(A) addition, likely reflecting repression of
PAP (see above). Thus, U1A has been suggested to have
opposite effects on polyadenylation via interactions be-
tween distinct regions of the protein and two different
components of the basal polyadenylation machinery.
The ability of a regulatory protein to function both
positively and negatively is a theme well established in
transcriptional control, and sequences resembling weak
5’ splice sites have likewise been suggested to have both
positive and negative effects on the use of alternative

o
.Eé__f

recognition of a downstream poly(A) site. Tis-
sue-specific action of this pseudo-5’ splice site
restricts papilloma virus production to termi-
nally differentiated keratinocytes. (Bottom) In
HIV-1, a major 5’ splice site represses selec-
tion of the upstream poly(A) site located in
the 5" UTR (see text for details).
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poly(A) sites. For example, a *“polyadenylation enhancer”
that resembles abutting 5’ and 3’ splice sites, without an
intervening sequence, has been identified in an intron of
the CT/CGRP gene (see Fig. 2). This element lies within
an intron, 168 nucleotides downstream of a weak alter-
native polyadenylation site, at the end of exon 4 (Lou et
al. 1995). In a few cell types, including neuronal cells,
exon 3 is spliced directly to exon 5, and a poly(A) site at
the end of exon 6 is utilized. In most tissues exon 3 is
spliced to exon 4, and a weak poly(A) site at the end of
exon 4 is utilized, resulting in the exclusion of exons 5
and 6. This latter processing route was shown to be de-
pendent on the presence of the intronic polyadenylation
enhancer element lying between exons 4 and 5. In vitro
experiments provided evidence that efficient recognition
of exon 4’s polyadenylation site was dependent on the
presence of a functional Ul snRNP, and experiments
with RNA competitors suggest that polypyrimidine
tract-binding protein (PTB) is also required (Lou et al.
1996). PTB has been associated previously with splicing
inhibition (e.g., Mulligan et al. 1992; Lin and Patton
1995; Singh et al. 1995), and its presence in a polyade-
nylation enhancer was thus unexpected. The enhancer
was proposed to function by stabilization of CstF binding
to the RNA, which could reflect the fact that the regu-
lated poly(A) signal lacks a strong GU-rich region. How-
ever, it is conceivable that CPSF is the actual target,
which, due to cooperative binding (see above), would re-
sult in stabilized CstF binding. By this scenario, the
mechanism could be similar to that suggested for U1A
activation of SV40 late polyadenylation.
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Sequences resembling a 5’ splice site (referred to as a
pseudo-5" splice site) can also affect polyadenylation
negatively. For example, in the case of 3'-end processing
of the bovine papilloma virus transcript, repression of
the late polyadenylation signal depends on the presence
of an upstream pseudo-5’ splice site (Furth et al. 1994) .
The inhibitory effect is tissue specific, functioning in
cells other than terminally differentiated keratinocytes,
thereby restricting virus production to specific skin cells
(Spalhlolz and Howley 1989). Point mutations known to
destroy the function of true splice sites also destroyed
the repressive effect of the pseudo-5’ splice site (Furth et
al. 1994). Furthermore, antisense oligonucleotides tar-
geting U1l snRNA for RNase H degradation blocked the
effect of the pseudo-5' splice site. More compellingly,
transfection of vectors expressing U1 RNAs with com-
pensatory mutations partially restored the inhibitory ac-
tivity of a mutated pseudo-5’ splice site sequence, con-
firming the association of the U1 snRNP with this in-
hibitory element. The investigators proposed that the
presence of the 5 splice site upstream of the polyade-
nylation site interferes with the ability of the splicing
and polyadenylation machinery to define the 5’-terminal
exon.

Regulation via basal factors

There are two well-documented examples in which the
activity or abundance of a component of the basal poly-
adenylation machinery is implicated in regulation. One
is found during B lymphocyte activation, when alterna-
tive pre-mRNA processing switches expression of IgM
heavy chain from the membrane-bound form (um) to the
secreted form (ps). For years it had not been clear
whether this process is controlled by alternative splicing
or polyadenylation (for review, see Peterson 1994a), be-
cause utilization of the downstream (um) poly(A) site
occurs in conjunction with splicing out of the upstream
(us) poly(A) site (see Fig. 3). Regulation by cell-specific
factors through cis-acting sequences appeared unlikely,
as an artificial pre-mRNA transcribed from a heterolo-
gous gene, with the same arrangement of splicing and
polyadenylation signals as the p gene, was found to be
regulated in a similar manner (Peterson 1994b). This sug-
gested that regulation might be modulated by changes in
a general RNA processing factor(s), and recent studies
have suggested that the switch from um to ps is regu-
lated through changes in the abundance of CstF-64 (Tak-
agaki et al. 1996). Earlier work provided a precedent for
such a phenomenon, as CstF activity was reported to
change during the course of adenovirus infection in HelLa
cells, possibly altering 3’-end processing of viral pre-
MRNA (Mann et al. 1993). Furthermore, nonlethal mu-
tations in su(f) (which encodes the Drosophila homolog
of CstF-77) can change the relative utilization of alter-
native polyadenylation signals in unlinked genes (for re-
view, see O’Hare 1995).

In the p gene, the upstream ps polyadenylation signal
is relatively weak and increasing its strength by muta-
tion can result in constitutive expression of the secreted
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Figure 3. Regulation of mMRNA processing by changes in the
concentration of a basal polyadenylation factor. In B cells (top),
the concentration of CstF-64 and, hence CstF (green circles), is
low, resulting in inefficient utilization of the weak ps poly(A)
site and preferential Cu4-M1 splicing and use of the stronger
pm poly(A) site, generating pm mRNA. In plasma cells (bot-
tom), the concentration of CstF is elevated and no longer lim-
iting for processing at the ps poly(A) site. Because of its 5’ lo-
cation this site is thus used preferentially, leading to synthesis
of us mMRNA. (The crosshatched circles indicate that the um
poly(A) site could still be recognized, but this would be unpro-
ductive when the upstream ps site is used. Likewise, use of the
us poly(A) site precludes the competing splicing event.) (See text
for further discussion.) Adapted, with permission, from Tak-
agaki et al. (1996).

form (for review, see Peterson 1994a). To examine
whether changes in trans-acting factors might also influ-
ence poly(A) site choice, Western blot anlaysis was per-
formed on mouse primary pre B cells activated by treat-
ment with lipopolysaccharide (LPS). In resting cells,
which preferentially utilize the strong um poly(A) site,
the concentration of CstF-64 was relatively low. But
when cells were activated, the expression of CstF-64 was
specifically increased 10- to 20-fold while the expression
level of other factors tested remained constant. Thus, an
increased level of CstF-64 correlated with use of the ps
site and synthesis of secreted form mRNA. To obtain
evidence that enhanced CstF-64 is sufficient to switch
poly(A) site selection, a chicken B-cell line expressing a
ratio of ps to pm similar to that in natural B cells was
stably transfected with a vector encoding chicken CstF-
64. In accordance with the hypothesis that the expres-
sion level of CstF-64 alters p gene pre-mRNA processing,
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lines expressing high levels of CstF-64 did indeed favor
expression of ps, similar to the level seen when mouse
primary B cells were induced to differentiate. Further-
more, there was a higher level of intact CstF complex
formed in the CstF-64 overexpressing cells, suggesting
that CstF-64 is limiting for complex formation.

This scenario is consistent with a model in which the
CstF-64 levels control p mRNA alternative processing
(Fig. 3). In resting B cells, the limiting concentration of
CstF results in preferred recognition of the strong down-
stream (um) poly(A) site. Upon activation of the cells,
some unknown event triggers enhanced CstF-64 expres-
sion, and because the other components of CstF are pre-
sent in excess, this results in an increased level of CstF.
This permits preferential use of the weaker upstream (us)
poly(A) site simply because it is transcribed first. Other
studies have suggested that additional, unidentified fac-
tors may influence poly(A) site selection in B cells, im-
plying that changes in CstF-64 levels may not tell the
whole story (Edwalds-Gilbert and Milcarek 1995; Yan et
al. 1995).

An important question that emerges is whether this is
a widespread mechanism of gene control. A large num-
ber of genes give rise to transcripts that utilize alterna-
tive poly(A) sites, but in most cases the functional sig-
nificance of this is unclear (for review, see Edwalds-Gil-
bert et al. 1997). An exception is the mouse CREM gene,
where a switch from a downstream to an upstream site
occurs during spermatogenesis (Foulkes et al. 1993), re-
sulting in a more stable mMRNA and enhanced CREM
expression. It will be of interest to learn whether this
switch also involves changes in the concentration of a
basal polyadenylation factor.

Another example of regulation of a basal polyadenyla-
tion factor is M-phase repression of PAP, which, because
of the target, likely affects synthesis of all polyadenylat-
ed transcripts (Colgan et al. 1996). M phase is driven by
the cyclin-dependent kinase (cdk) p34°9?/cyclin B [mi-
tosis or maturation promoting factor (MPF)], and many
proteins have been shown to be phosphorylated, result-
ing in changes in their structure or activity. In addition
to causing structural changes [such as chromosome con-
densation and dissociation of the nuclear lamina (for re-
view, see Nigg 1991)], M phase results in repression of
MRNA and protein synthesis. Recent studies have re-
vealed that repressed gene expression is not a passive
effect of the structural rearrangements but, rather, a spe-
cific shutdown via phosphorylation. Components of the
transcriptional (for review, see Gottesfeld and Forbes
1997) and translational (see Ross 1997 and references
therein) machinery are all targeted by MPF. Recently it
was shown that PAP is also down-regulated during mi-
tosis (Colgan et al. 1996). Three potential cdk sites, clus-
tered in the S/T-rich regulatory domain of PAP, were
found to constitute a target for MPF, resulting in hyper-
phosphorylation and strong repression of PAP activity.
PAP hyperphosphorylated by MPF is repressed in both
specific and nonspecific PAP assays, showing that the
intrinsic activity of the polymerase is inhibited. Impor-
tantly, PAP isolated from mitotic HelLa cells was shown

Mechanism and regulation of mMRNA polyadenylation

to be similarly hyperphosphorylated and to have signifi-
cantly reduced PAP activity. This down-regulation of
PAP is reminiscent of the inhibitory effect of U1A pro-
tein on PAP via association with its carboxy-terminal 20
amino acids, and it will be of interest to determine
whether both situations involve a similar mechanism of
repression (see Fig. 4).

M-phase-specific phosphorylation of PAP is also ob-
served during meiotic maturation of Xenopus laevis 0o-
cytes (Ballantyne and Wickens 1995) and again involves
the cdk sites (Colgan et al. 1996). Reduced poly(A) (Wilt
1977; Sagata et al. 1980) and protein synthesis (Sagata et
al. 1980; Kanki and Newport 1991) has been reported in
unfertilized eggs, which contain high levels of active
MPF and are arrested at M phase of meiosis Il. Thus,
down-regulation of PAP by MPF hyperphosphorylation
probably contributes to the quiescent nature of both mi-
totic somatic cells and unfertilized eggs. This repression
may be required in somatic cells to prevent inappropriate
polyadenylation when the nuclear envelope disas-
sembles. It is intriguing that this event does not occur in
yeast, which could provide a rationale for why yeast PAP
lacks an S/T-rich regulatory domain (see above). PAP
repression may also be part of the shutdown of mMRNA
production required during a time of structural changes,
possibly preventing interference with chromosome con-
densation and segregation. Furthermore, evolution may
have chosen M phase as the point in the cell cycle to
arrest unfertilzed eggs because their quiescence is con-
ducive to the reprogramming of the genome (Fulka et al.
1996). It will be of interest in the future to determine
whether repression of PAP activity by hyperphosphory-
lation is an essential feature of M-phase progression.

Conclusions

Perhaps in hindsight it is not surprising that a central
cellular activity such as polyadenylation should be quite

( ethis PAP [ are—
4 A | ™, K‘\
L Faprsassd PAP (I |I|'|'-|'H'|r#- '

(AppEspinrphvFiata)

O Mg Pap e [

Figure 4. Inhibition of PAP activity via its carboxyl terminus.
Phosphorylation of the PAP carboxyl terminus by p34°92/cyc-
lin B or interaction between the U1l snRNP A protein and the
carboxy-terminal 20 amino acids of PAP Il inhibits polyadenyla-
tion activity.
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so complex. This complexity likely allows coordination
of polyadenylation with transcription and splicing, and
enables the transmission of information regarding the
cell’s activities to the polyadenylation machinery. In
light of the newly observed interdependance of 3'-end
formation and other cellular processes, the activities of
polyadenylation factors with unknown functions may
soon come to light. More surprises may be in store, and
we may find that 3’-end formation does indeed partici-
pate in the regulation of several general, as well as tissue-
specific, processes. Furthermore, cloning and character-
ization of the components of the remaining basal poly-
adenylation factors, including the endonuclease, are
likely to result in additional interesting and perhaps un-
expected findings. The reader can thus expect the field to
continue to bring forth exciting developments that not
only will shed more light on this essential celluar pro-
cess but also provide important insights into other areas.
We suspect that we will continue to be amazed at the
ways the cell exploits this seemingly simple RNA pro-
cessing reaction to regulate and coordinate its activities.
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