MOLECULAR AND CELLULAR BIOLOGY, Oct. 1994, p. 66476654
0270-7306/94/$04.00+0
Copyright © 1994, American Society for Microbiology

Vol. 14, No. 10

The 64-Kilodalton Subunit of the CstF Polyadenylation Factor

Binds to Pre-mRNAs Downstream of the Cleavage Site and
Influences Cleavage Site Location

CLINTON C. MacDONALD,' JEFFREY WILUSZ,?> axo THOMAS SHENK'*

Department of Molecular Biology, Howard Hughes Medical Institute, Princeton University, Princeton,
New Jersey 08544-1014," and Department of Microbiology and Molecular Genetics,
UMDNJ—New Jersey Medical School, Newark, New Jersey 07103>

Received 6 June 1994/Returned for modification 6 July 1994/Accepted 18 July 1994

The CstF polyadenylation factor is a multisubunit complex required for efficient cleavage and polyadenyl-
ation of pre-mRNAs. Using an RNase H-mediated mapping technique, we show that the 64-kDa subunit of CstF
can be photo cross-linked to pre-mRNAs at U-rich regions located downstream of the cleavage site of the
simian virus 40 late and adenovirus L3 pre-mRNAs. This positional specificity of cross-linking is a consequence
of CstF interaction with the polyadenylation complex, since the 64-kDa protein by itself is cross-linked at
multiple positions on a pre-mRNA template. During polyadenylation, four consecutive U residues can
substitute for the native downstream U-rich sequence on the simian virus 40 pre-mRNA, mediating efficient
64-kDa protein cross-linking at the downstream position. Furthermore, the position of the U stretch not only
enables the 64-kDa polypeptide to be cross-linked to the pre-mRNA but also influences the site of cleavage. A
search of the GenBank database revealed that a substantial portion of mammalian polyadenylation sites
carried four or more consecutive U residues positioned so that they should function as sites for interaction with
the 64-kDa protein downstream of the cleavage site. Our results indicate that the polyadenylation machinery
physically spans the cleavage site, directing cleavage factors to a position located between the upstream
AAUAAA motif, where the cleavage and polyadenylation specificity factor is thought to interact, and the

downstream U-rich binding site for the 64-kDa subunit of CstF.

Polyadenylation of precursor mRNAs involves a series of
distinct steps: recognition of pre-mRNA substrates which
contain the hexanucleotide sequence AAUAAA (19) by poly-
adenylation factors; endonucleolytic cleavage of the pre-
mRNA at a distinct site five to 40 nucleotides (nt) 3’ of the
hexanucleotide; and addition of approximately 200 adenosine
residues at the 3’ end (11, 22, 29). In vivo, these processes are
tightly coupled, but the steps can be readily uncoupled in vitro.
Previous studies have identified U-rich or GU-rich regions,
located as far as 50 nt downstream of the cleavage site, which
influence polyadenylation both in vivo and in vitro (6, 13-15,
20, 21, 23, 24, 34). To date, the mechanism by which these
downstream sequence elements influence polyadenylation has
not been elucidated.

A 64-kDa (64K) polypeptide can be efficiently photo cross-
linked to AAUAAA-containing RNA substrates that are un-
dergoing polyadenylation in nuclear extracts of HeLa cells (31,
16). The 64K polypeptide is a subunit of cleavage and polyad-
enylation stimulation factor (CstF [27, 28]; also termed CF1 [7,
8]). A role for the factor in poly(A) addition was confirmed by
the ability of antibodies specific for the 64K polypeptide to
deplete CstF and block in vitro polyadenylation (27). The 64K
polypeptide will specifically cross-link to AAUAAA-containing
mRNAs as part of the CstF complex only in the presence of a
second multisubunit factor (33) termed the cleavage and
polyadenylation specificity factor (CPSF; formerly PF2, SF, or
CPF [9, 16, 30]). CstF has been defined as a factor which, in the
presence of CPSF, is required for the efficiency of polyadenyl-
ation (7, 8, 27, 28). Weiss et al. (30) have shown that CstF
serves to stabilize a complex between CPSF and RNA with an
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appropriate polyadenylation signal and downstream element.
Binding of the 64K subunit of CstF to RNA is also influenced
by the interaction of polyadenylation and splicing factors
during recognition of 3’-terminal exons (18).

We have developed a procedure for mapping the site on an
RNA molecule to which a polypeptide binds. Using this
procedure, we have shown that the 64K subunit of CstF is
photo cross-linked to the simian virus 40 (SV40) late and
adenovirus type 2 L3 (Ad2L3) pre-mRNAs at U-rich regions
that are located downstream of the site at which the pre-
mRNA is cleaved during the polyadenylation reaction. Four
consecutive U residues can substitute for the native U-rich
element downstream of the cleavage site in the SV40 late
pre-mRNA, and the site of cleavage on the SV40 pre-mRNA
is influenced by the location of the stretch of U residues. These
results lead us to propose (i) that the polyadenylation machin-
ery physically spans the cleavage site, with CPSF interacting at
the upstream AAUAAA motif and CstF interacting at a
downstream U-rich sequence, and (ii) that CstF plays a role in
cleavage site selection.

MATERIALS AND METHODS

RASH mapping. Capped, >’P-labeled RNAs were synthe-
sized by using either SP6 or T7 RNA polymerase and
[**P]JUTP as described previously (31). RNase H synthetic
hybrid (RASH) mapping was carried out as follows. A 275-ul
polyadenylation reaction mixture containing 188 pl of HeLa
nuclear extract, 72 pl of 10% polyvinyl alcohol, 11 pl of 200
mM phosphocreatine, 12.5 mM ATP, and ~450,000 cpm of
SVL-3 (approximately 200 fmol) was distributed into 10 wells
of a 96-well dish and incubated for 5 min at 30°C. Next, the
mixture was irradiated with a germicidal light for 10 min at
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FIG. 1. The 64K CstF protein in nuclear polyadenylation extracts binds to a specific position downstream of the cleavage site on the SV40
late pre-mRNA. Position-specific binding to the SVL-3 substrate RNA by the 64K protein in nuclear extracts was mapped relative to the sites at
which oligodeoxyribonucleotides (oligo) B, C, and D hybridize to the substrate. RASH mapping employed capped, 3?P-labeled SVL-3 RNA. A 64K
protein-specific monoclonal antibody was used to immunoprecipitate photo cross-linked protein-RNA complexes, after which oligodeoxyribo-
nucleotides were hybridized, and the complexes were treated with RNase H. RNA products were analyzed by electrophoresis in a 6%
polyacrylamide gel containing 8 M urea, and bands were visualized by autoradiography at —70°C with an intensifying screen. MW, molecular
weight markers; control oligo, a 15-nt oligonucleotide that does not hybridize to the substrate RNA; SVL-3, RNA which has been hybridized with
oligonucleotide and treated with RNase H, included as a size marker; PK, proteinase K.

4°C. The material was recovered, mixed with 750 pl of
radioimmunoprecipitation assay buffer (0.15 M NaCl, 50 mM
Tris-HCI, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate [SDS], [pH 7.5]), boiled for 5 min, and
immunoprecipitated with 5 pl of 13.5 mg of protein A-purified
monoclonal antibody 3A7 per ml as described previously (27).
Immunoprecipitated protein-RNA complex was eluted from
protein-A Sepharose beads by two successive washes with 200
pl of NET-SDS (50 mM Tris-HCI, 0.3 M sodium acetate, 5
mM EDTA, 0.5% SDS) containing 50 p.g of yeast tRNA per ml
as a carrier for subsequent ethanol precipitation. Recovered
protein-RNA complex (typically ~0.1% of input radioactivity)
was hybridized to oligodeoxyribonucleotides and hydrolyzed
with RNase H as described previously (10). Hybridization and
RNase H hydrolysis were at 30°C except for oligonucleotide C
(25°C). Some samples were incubated with 100 pg of protein-
ase K in NET-SDS for 15 min at 55°C and then ethanol
precipitated; other mixtures were precipitated with ethanol
without proteinase treatment. Precipitates were resuspended
in 3 pl of 80% formamide loading buffer, boiled for 5 min, and
subjected to electrophoresis in 6% polyacrylamide gels con-
taining 8 M urea.

Bacterial expression of recombinant 64K protein. Plasmid
pHis64 was constructed from pHis64A247 (25) by replacing the
HindIII fragment of that plasmid with a 1.2-kb HindIII-to-Rsal
fragment of pZ64-18 containing a DNA segment encoding the
C-terminal 328 amino acids of the 64K protein. Expression of

this protein (termed rHis64) in Escherichia coli was exactly as
described for rHis64A247 (25).

Polyadenylation cleavage assays. Pre-mRNA templates
were pSVL, pSVL-3, pSP-AdL3, pSVL-GEM (16, 31, 32),
pSVL-U15 (formerly termed pSVL-4US5 [32]), pSVL-U23, and
pSVL-U36 (2). Plasmids pSVL-U23 and pSVL-U36 were
constructed by first inserting the oligonucleotide 5'-TTTTTAA
ACTGCAGTGCA-3' and its appropriate compliment into the
Nisil site of pGEM-7Zf(—). The SstI-to-PstI and the BamHI-
to-PstI fragments of the resulting plasmid were then inserted
between the Bsml-to-Pstl sites of pSVL to create pSVL-U23
and pSVL-U36, respectively. Polyadenylation and cleavage
assays as well as UV cross-linking were done as described
previously (31). Polyadenylation reaction mixtures contained
58% HelLa cell nuclear extract, 1 mM ATP, 16 mM phospho-
creatine, 2.6% polyvinyl alcohol, and 10 fmol of capped
32p-labeled RNA; cleavage reactions were the same except
that 1 mM AMP(CH,)PP and EDTA were substituted for the
ATP and phosphocreatine.

RESULTS

RASH mapping of the binding site for the 64K polypeptide
on pre-mRNAs. We used the RASH mapping procedure to
locate the site of 64K protein cross-linking to the SV40 late
pre-mRNA. Capped, 3?P-labeled pre-mRNA, corresponding to
the 3'-terminal domain of the SV40 late transcription unit
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(SVL-3), was prepared by in vitro transcription with SP6
polymerase. This substrate was added to a HeLa nuclear
extract and incubated for a short time to allow polyadenylation
complexes to form. Then the mixture was subjected to UV
irradiation, and photo cross-linked 64K protein-RNA com-
plexes were isolated by immunoprecipitation with a 64K
protein-specific monoclonal antibody (27). The protein-RNA
complex was hybridized to an oligodeoxyribonucleotide com-
plementary to 12 to 15 nt of the substrate RNA, and the
resulting RNA-DNA hybrid was hydrolyzed with RNase H
(10). Finally, the cleaved RNA was analyzed by denaturing gel
electrophoresis to determine which of the resulting fragments
contained the cross-linked 64K protein. RNA-protein com-
plexes were readily distinguished from free RNA because the
complexes failed to enter the gel during electrophoresis.

Capped, 122-nt SVL-3 RNA was not hydrolyzed by RNase
H when it was incubated with a noncomplementary oligode-
oxyribonucleotide (Fig. 1, lane 1). When the SVL-3 RNA was
photo cross-linked to the 64K protein in a polyadenylation
reaction and immunoprecipitated with a 64K protein-specific
monoclonal antibody, it failed to enter the polyacrylamide gel
during electrophoresis (Fig. 1, lane 2). Digestion with protein-
ase K allowed the RNA to enter the gel (Fig. 1, lane 3),
confirming that the abnormal migration of the complex was
due to the cross-linked protein. The inability of RNA mole-
cules containing cross-linked protein to enter the gel during
electrophoresis provided a simple method for localization of
64K cross-linking sites to specific RNA fragments. Further, it
was clear that the results would not be obscured by contami-
nating RNA lacking bound 64K protein, since no free, nor-
mally migrating RNA was evident in the immunoprecipitated
sample (Fig. 1, lane 2). Finally, the reaction was specific for the
64K protein, since control experiments using a variety of
nonspecific antibodies failed to precipitate an RNA-protein
complex (data not shown).

Next, free SVL-3 RNA was hybridized to oligonucleotide B,
which was complementary to nt —24 to —13 relative to the
cleavage site utilized during polyadenylation (Fig. 1, diagram).
RNase H hydrolysis produced three bands (Fig. 1, lane 4); the
122-nt species corresponded to unhydrolyzed SVL-3 RNA,
while the 65- and 46-nt bands represented sequences 3’ and 5’
to the oligonucleotide B sequence, respectively. When immu-
noprecipitated SVL-3 RNA-protein complex was cleaved by
using oligonucleotide B and RNase H, the 122-nt full-length
and the 65-nt product were retained at the origin (Fig. 1, lane
5). Both RNAs could be released by proteinase K digestion
(Fig. 1, lane 6), indicating that the 64K protein is cross-linked
within the 65-nt fragment. Similar analyses with oligonucleo-
tide D (complementary to nt +27 to +38; Fig. 1, lanes 7 to 9)
and oligonucleotide C (complementary to nt +2 to +13; Fig. 1,
lanes 11 to 13) led to the conclusion that the 64K CstF protein
is cross-linked within a 13-nt region located between +14 and
+26 relative to the site at which the SVL pre-mRNA is cleaved
during polyadenylation (see Fig. SA).

We also used the RASH technique to map the site of 64K
protein cross-linking to a second polyadenylation substrate, the
Ad2L3 pre-mRNA. As expected, incubation with a nonspecific
oligodeoxyribonucleotide failed to induce hydrolysis of the
164-nt Ad2L.3 RNA with RNase H (Fig. 2, lane 1). Free Ad2L3
RNA was incubated with oligonucleotide E (complementary to
nt +4 to +15 relative to the cleavage site; Fig. 2, diagram).
Hydrolysis with RNase H produced three bands: a 164-nt
species corresponding to uncleaved RNA and 110- and 42-nt
bands representing RNA segments 5’ and 3’, respectively, to
the oligonucleotide E sequence. When immunoprecipitated
Ad2L3 RNA-protein complex was cleaved by using oligonu-
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FIG. 2. The 64K CstF protein in nuclear polyadenylation extracts
binds to a specific position downstream of the cleavage site on the
Ad2L3 pre-mRNA. Capped, 3?P-labeled Ad2L3 RNA was produced
by runoff transcription with the SP6 RNA polymerase. RASH mapping
was carried out as described with oligodeoxyribonucleotides (oligo)
complementary to Ad2L3 RNA. The positions to which the oligonu-
cleotide hybridize to the RNA substrate are diagrammed at the
bottom. Note that the gel system used was unable to resolve the 15-nt
product of RNase H hydrolysis by oligonucleotide F. MW, molecular
weight markers; control oligo, a 15-nt oligonucleotide that does not
hybridize to the substrate RNA; Ad2L3, Ad2L3 RNA which has been
hybridized with oligonucleotide and treated with RNase H, included as
a size marker; PK, proteinase K.

cleotide E and RNase H, the 42-nt segment was retained at the
origin, while the 110-nt segment migrated normally during
electrophoresis (Fig. 2, lane 3). On treatment with proteinase
K, the 42-nt fragment generated from the RNA-protein com-
plex entered the gel (Fig. 2, lane 4). Therefore, the 64K
polypeptide binds within the 42-nt fragment, downstream of
oligonucleotide E. A similar analysis placed the 64K binding
site upstream of oligonucleotide F (Fig. 2, lanes 5 to 7). Thus,
the 64K protein is cross-linked between nt +16 and +30
relative to the cleavage site on the Ad2L3 pre-mRNA (see Fig.
S5A).

Specific binding by the 64K protein requires associated
polyadenylation factors. The 64K polypeptide was expressed in
E. coli as a fusion protein with six histidine residues at its
amino terminus (rHis64) and purified by nickel chelate chro-
matography. This fusion protein was subjected to the RASH
mapping procedure to determine whether it had the intrinsic
ability to bind specifically to downstream U-rich sites on this
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FIG. 3. Non-sequence-specific binding to the SVL-3 substrate
RNA by purified, recombinant 64K protein (rHis64). Five micrograms
of rHis64 was incubated with 1.1 X 10° cpm of SVL-3, photo
cross-linked, immunoprecipitated, and mapped as for Fig. 1 (lanes 5 to
12). Authentic 64K binding was RASH mapped from HeLa nuclear
extract, using oligonucleotide (oligo) B (lanes 2 and 3). MW, molec-
ular weight markers; control oligo, a 15-nt oligonucleotide that does
not hybridize to the substrate RNA; PK, proteinase K.

pre-mRNA. Recombinant 64K protein was previously shown
to photo cross-link to RNA, but in a non-AAUAAA-depen-
dent manner (reference 25 and data not shown). The interac-
tion of purified rHis64 protein with the SVL-3 pre-mRNA was
mapped by the RASH procedure (Fig. 3). SVL-3 RNA was
photo cross-linked to bacterially expressed rHis64, immuno-
precipitated with antibody to the 64K protein, incubated with
oligonucleotide B and RNase H, and analyzed by electro-
phoresis on a denaturing polyacrylamide gel. Reduced levels of
RNA corresponding to both the 46- and 65-nt RNA products
are evident in the gel (Fig. 3, lane 5), but no RNA band
corresponding to the full-length 122-nt species was present.
Incubation with proteinase K resulted in an increase of radio-
activity in the 46- and 65-nt bands, as well as the reappearance
of a band at 122 nt (Fig. 3, lane 6). This is the result one would
expect if the 64K protein was cross-linked to SVL-3 RNA at
positions both upstream and downstream of oligonucleotide B.
For comparison, the specific site to which 64K protein within a
HeLa nuclear extract binds to SVL-3 RNA was assayed by
using oligonucleotide B (Fig. 3, lanes 3 and 4). It bound
downstream but not upstream of oligonucleotide B, as before.
RASH mapping of rHis64 on SVL-3 with oligonucleotides C
and D yielded similar results; i.e., the protein appeared to bind
both upstream and downstream of the sites to which the
oligonucleotides bound (Fig. 3, lanes 7 to 12). Thus, it appears
that isolated 64K protein can bind to the SVL-3 pre-mRNA,
but it binds at multiple sites.
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FIG. 4. Five consecutive U residues can serve as a binding site for
the 64K CstF protein in nuclear polyadenylation extracts and influence
both processing efficiency and the position of the cleavage site. (A)
Diagram of the SVL pre-mRNA and variant substrate RNAs that
contain substituted downstream sequences. The AAUAAA motif is
designated by a stippled bar; the substituted domain, derived from
pGEM, is designated by a solid bar; and the position of naturally
occurring U-rich sequences in SVL or the sites of inserted runs of five
U residues are designated by cross-hatched bars. Arrows mark cleav-
age sites. (B) Assay for cleavage of substrate RNAs in HeLa cell
nuclear extracts. EDTA and AMP(CH,)PP were added to block
addition of a pol)"(A) stretch to cleaved RNAs. The arrow marks the
position of the cleavage products. (C) Assay for photo cross-linking of
the 64K CstF protein to substrate RNAs in HeLa cell nuclear extracts.
Polyadenylation reactions were photo cross-linked with a germicidal
light and then treated with RNase A. The 64K protein was immuno-
?recipitated with a monoclonal antibody, and protein containing

2P-labeled RNA oligomers was analyzed by SDS-polyacrylamide gel
electrophoresis and autoradiography. The arrow marks the position of
the 64K protein. (D) Analysis of polyadenylation cleavage products in
a 5% polyacrylamide sequencing gel containing 8 M urea. Bands
corresponding to cleavage at positions +1 and +4 are marked by
arrows, and the cleavage sites are shown in the SVL sequence at the
bottom. The dots above the sequence represent the sites of cleavage,
and the arrow represents sequences which were replaced in SVL-U15,
-U23, or -U36.

Four consecutive U residues can substitute for the native
64K protein binding site in the SVL pre-mRNA. The down-
stream binding site for the 64K polypeptide on the SVL and
Ad2L3 pre-mRNAs is U rich. We previously reported that a
stretch of five U residues can functionally substitute for the
native downstream domain of both the SV40 late and SV40
early pre-mRNAs to activate polyadenylation (32). Therefore,
a series of SVL derivatives were analyzed to test the ability of
the 64K protein to interact specifically with a short stretch of U
residues downstream of the cleavage site (Fig. 4A). SVL-GEM
contains an unrelated polylinker sequence with no more than
two consecutive U residues in place of the native SVL down-
stream sequences beginning at nt +6. Additional variants
similar to SVL-GEM were generated, except that they con-
tained five consecutive U residues at +15, +23, or +36 relative
to the cleavage site. These substrates were tested for their
abilities to undergo cleavage (Fig. 4B) and to cross-link to the
64K CstF protein (Fig. 4C). The wild-type SVL pre-mRNA



VoL. 14, 1994

A
SV40 Late

Oligo C

64-kDa CstF PROTEIN BINDING SITE 6651

64 kDa Oligo D

Oligo B
GCUGCAAUAAACAAGUUAACAACA®ACAAUUGCAUUCAUUUUAUGUUUCAGGUUCAGGGGGAGGUGUGGG

Adenovirus L3

Oligo E

64 kDa Oligo F

CUUUCAAUAAAGGCAAAUGUUUUUA®UUUGUACACUCUCGGGUGAUUAUUUACCCCCCACCCUUGCCGUC

CstF

FIG. 5. (A) Location of the 64K CstF cross-linking site on the SV40 late and Ad2L3 pre-mRNAs. The AAUAAA motifs are highlighted by
a single line below the sequences, and the cleavage site is designated by a dot. Positions to which oligonucleotides (oligo) that were used in the
mapping procedure hybridize are indicated by single lines above the sequences, and the locations of the sites to which the 64K protein is
cross-linked are indicated by double lines below the sequences. U-rich elements are italicized. (B) Model for the interaction of the four
polyadenylation factors, CPSF, CstF, cleavage factor I (CF I), and cleavage factor II (CF II), with the substrate pre-mRNA. CstF, which is
composed of three subunits, is proposed to span from CPSF bound at the AAUAAA motif to a U-rich sequence where the 64K subunit binds
downstream of the cleavage site. It is not known which of the CstF subunits contacts CPSF.

was efficiently cleaved in a HeLa nuclear extract (Fig. 4B).
Substitution of the downstream sequences with GEM
polylinker eliminated cleavage (Fig. 4B). Finally, introduction
of five U residues at +15 or at +23 (SVL-U15 or SVL-U23),
but not at +36 (SVL-U36), restored cleavage to wild-type
levels (Fig. 4B). The abilities of substrate RNAs to be cleaved
correlated with their abilities to be photo cross-linked to the
64K CstF protein (Fig. 4C). The SVL-GEM and SVL-U36
substrates were unable to efficiently transfer the radioactive
label, while SVL, SVL-U15, and SVL-U23 efficiently labeled
the 64K protein. Downstream insertions of four consecutive U
residues mediated polyadenylation and 64K protein cross-
linking in the same manner as observed for five U residues (3).

To determine whether the position of the CstF interaction
within the downstream domain affects the choice of cleavage
site, cleavage assays were performed on SVL, SVL-U15, and
SVL-U23 RNAs, followed by size fractionation on a sequenc-
ing gel (Fig. 4D). Introduction of the U-stretch into the
SVL-GEM mutant at +15 (SVL-U15) directed cleavage to the
+1 site, the site at which the SVL substrate is normally
processed. However, introduction of the U-stretch further
downstream, at +23 (SVL-U23), directed cleavage at both the
+1 site and a second site further downstream. This site was
determined to correspond to +4 on the basis of apparent size
and the location of the next appropriate CA dinucleotide in
SVL-U23.

Thus, a stretch of consecutive U residues can substitute for
the native SVL downstream element. Further, the position of
the U stretch within the downstream domain, and therefore

the site at which the 64K polypeptide binds, can influence the
site at which the pre-mRNA is cleaved.

DISCUSSION

We used an RNase H-mediated method (RASH mapping)
to determine the binding sites of the 64K protein of CstF on
polyadenylation substrates. Using this technique, we deter-
mined that purified 64K protein was cross-linked to pre-
mRNA at multiple sites (Fig. 3). We interpret this to indicate
that the 64K binding site is sufficiently simple that it occurs at
multiple locations on the SVL-3 RNA. Takagaki and Manley
(26) have found that the purified RNA binding domain of the
64K protein shows a strong preference for poly(U) compared
with other homopolymeric RNAs, which is consistent with a
general affinity of the protein for U-rich sequences. By con-
trast, when other polyadenylation factors are present, the 64K
protein of CstF was cross-linked to a specific U-rich element
downstream of the cleavage site on two different pre-mRNAs
(Fig. 1 and 2). Interactions with other components of the
polyadenylation machinery must therefore help to specify the
site at which the 64K CstF protein contacts the pre-mRNA. A
downstream binding site for a subunit of CstF is consistent with
the data of Weiss et al. (30), who showed that the region
downstream of the cleavage site stabilizes the interaction of
CstF with RNA in the presence of CPSF. A role for additional
polyadenylation factors in specification of the binding site for
the 64K protein also follows from our earlier observation that
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TABLE 1. Mammalian polyadenylation sites containing U-rich elements

Gene® GenBank Sequence Position®
accession no. Upstream® Downstream?
Rnnadh24 X14724 AATAAAATATGAATCTCCTATCTACCT AAATTTTTTATACTACTTGTTCATTTCCATC 4
Humcol18ax 1.22548 AATAAAAGGAAGCCAAAGAGT GTATTTTTTTAAAAGTTTAAAACAGAAGCCT 4
Hss3 lg 711166 AATAAACATTATCATACAAAAAC AGAAATTTTGTAGAAGTAATAATAAGATGAA 6
Rnlapg X54626 AATAAACTTTTTTGGAGAATGTTT AAAAACCTTTTGGGGGCAGTAGTTGGCITTT 8
Bovcasb2 M21343 AATAAATTAATCCTTAGGCAT ATTCAAGTITTTCTTGTCTTTATTATATTTTT 8
Ratcrp2a MB84011 AATAAACTTTTTTGGAGAATGTTT AAAAAGCCITTTGGGGGCAGTAGTTGGCTTT 9
Musahrll L19756 AATAAACTAACCACCAAATAT AAATAGTGITTTCATGCAAGITTTTCTTTCT 9
Humantl J04982 AATAAAGACCACTTAATGCAC GCTTTCTATTTTATTGAACTCTTATTAACTG 9
Hummanr30 M93221 AATAAACATTAAAGACAAGGTCTATTTTTAAT AGATTTGCATITTTGGTGATCTTAGTATAAAT 10
Walblgx07 L14960 AATAAACTGAAAATCATGGATACC ATTTGATTCITTTGCCTTTCTTCITTTTATA 10
Mmn10g X16995 AATAAAAAATAGACATGTAGTTG AAATTGAGTCTTTTTTTCTGTTTTTGTTTTT 11
Hsacpp X52174 AATAAAGTCATTATTAGGAAGTTC AAAAGCATTGCITTTATAATGAACTTGCCAT 12
Humembpa M34462 AATAAAATGGGTTTTACTG AAATGGATTTATTTTCTCCTCTGATCGCGGA 12
Hscampsg X13461 AATAAATGAGATATTCGTCCTT ATTTCATTTCCITTTTTTTTTTGGTTTCCAT 12
Ratbip M14050 AATAAATGTTTGTTATTT ACACTGGTCTAGITTTTGTGTAGTC 13
Bovmarcks M24638 AATAAAGTGTAATTATGTATT ACCAGCAGGGTGITITTTAACTGTGACTATTG 13
Humkcs D10522 AATAAAGTGTAATTATGTATT ACCAGCAGGGTGITTTTAACTGTGACTATTG 13
Hsafpa4 Y00264 AATAAAATAAC CCCGGGCAAGACTTTTCTTTGAAGGATGACT 13
Humodca2 M34158 AATAAAGTATCTTGAAATAATT AGGCATTGGGACGITTTTATGGTGTGTTCAT 14
Hummet2 J00271 AATAAAACAGCTTTGACTTG ATTCTGTCTCTGGITTTCTTTATATGCCTTA 14
Hsapoaia X01038 AATAAACGTTTCCAAAGTGGG AAGCAGCTTCTTTCITITTGGGAGAATAGAGG 15
Humprca M11228 AATAAAAAACACAACCACG AAGCCACTAGAGCCTITTTCCAGGGCTTTGGG 15
Mushox111a M93148 AATAAATTCTCCTTTGCTAT AAGTAGCTTTCTTATTTTTTTCTTCCCCTCT 15
Ratpam27 L01693 AATAAAGTGTTTTCAGAGCATT AGCAAGTCAGTGTATTTTGTGATTTTTTTGG 15
Rnu02316 U02316 AATAAAGTATTTCACCTT AAATTAAACAATTTATTTTATTTTAGCAGTT 16
Humcfxii3 M17466 AATAAAGTGCTTTGAAAATGC TGAGAAGGAAAGCTCITTTCTTCATGGGTCC 16
Hsjepr X60001 AATAAATATATTTTTGTAC AAAACCTGACTTCCAGITTTTCTTGAAGGAA 17
Hslipal0 X75497 AATAAAATTGAGTGAGACTTATAGGCCC AAAGAATTGTGTGTATGTTITGTGTG 18
Mmcrelm X15842 AATAAACTCATATTATTGTTGAGGCCCATAGGC AAAGTGACCCCTAAGGGITTTCTGAGGTTTC 18
Hummrp8a M21005 AATAAAGTCATCAATACCTC ATGCCTCTCTCTTATGCITTTGTGGAATGAG 18
Humtpa K03021 AATAAATTCAGATATATTTTTCACAGTTTTTCC AAAATCAGAGTGGAATGGITTTGTTATAGAT 19
Hllmep M15353 AATAAAATGTGTACAGTGAATTGTCTTTT AGACAACTAGATTTGTCCITTTATTTCTCCA 19
Humsp404()a 100974 AATAAAACTGTCTTGTGAGCTG ATCGCTTGGAGGGTCCTCITTTTATGTTGAG 19
Mmb3a X72862 AATAAATATTATTGAATGTG GTTTGTCCCCTGCTCGCCTTTTCTCTGGGTT 19
MUSkale M19960 AATAAAGTTTTGTTTT AAAATAAAAGTGTCGCTGGITTTCCCGACTT 20
Humtnpl M59924 AATAAAACTTTGAAAGC AGAAATGTTTACTTTGATCITTITTGGTTGGAA 20
Humaldb2 M15656 AATAAATATTCTATAAACCTTC AGCTGCTATCGGGTTTCACITTTCTGCTCTT 20
S45011 S45011 AATAAAAAGCTAATTTTGG ATCTGGTGACTGGTTTGAACITTTTTTCACT 21
Hshlaeut3 X64881 AATAAAAGCTGTGTTTGAGCATC ATTTGTATTTCATTTGTGCGITTTGTGCCTT 21
Humcypiie 102843 AATAAATATTTTCCCAGAATAT AAATAAATCATCACATGATTATTTTAACTAT 22
RatkalplS M62357 AATAAAAAGATGTTCTACTTG AACTTGATGGGACAGAGCACCITTTCATATA 22
Humpregspe L17043 AATAAAACATGTACCACATTTGCT AATACTGTTCTCTTAAAATAATTTTAAAAGA 22
Hsfola X69516 AATAAACAGACTGTTTTCTAAT AATTCCATGTCTGTGGAATTGITTITGGTTGT 22
Hsil05 X00695 AATAAATTTGATAAATAT AAACAAGCCTGGATATTTGTTATTTTGGAAA 23
Ocace3p X62549 AATAAAAGCCCTTTATACCAATATCAAGAGAT AAGCACTGTTGACAGTTTGGTGITTTATCTT 23
Hummk D10604 AATAAAAGCTCTTCTTTTTTAATAT ATAAAAGCCCCTTCCCAAGGAGTTTTIGCTGT 23
MllSllpOllZ M69260 AATAAAACAATTTTATAAGAC AATTGGTGTGTCATTGTCTCTCCITTTGTGA 24
Hum?2c9x07 L16883 AATAAAAAGCATTATTATTTGCTG AGTCAGTTTATTAGACCTTCCTTCIITTATG 25

% Gene designation as reported in GenBank entry. Poly(A) addition sites were identified by searching 52,214 nonviral, mammalian sequences for eight or more A
residues between 5 and 40 nt downstream of the canonical AATAAA (1-3). Duplicates and sequences such as poly(A/T) were eliminated to yield 1,856 sequences. The
database was again searched for these sequences but lacking the 3’ terminal poly(A) residues. This search identified 180 gene segments encoding sequences upstream

and downstream of the site of poly(A) addition.
b Position of downstream T-stretch from cleavage site.
¢ From the AATAAA motif to the inferred site of cleavage.
4 Downstream of the inferred site of cleavage.

both CPSF and CstF are required for efficient cross-linking of
the 64K protein to pre-mRNA (33).

Four consecutive U residues are sufficient to direct specific
binding of the 64K polypeptide and support cleavage of the
SVL polyadenylation substrate (Fig. 4 and reference 3). The
site mapped in the SVL downstream domain contains four
consecutive U residues, but the Ad2L3 U-rich downstream
domain does not (Fig. 5A). This finding suggests that there is
flexibility or degeneracy in the composition of natural U-rich

elements. Our analysis demonstrates that this U-stretch can
activate polyadenylation of an SVL derivative lacking its
natural downstream domain when it is located between 15 and
23 nt downstream from the site of cleavage (Fig. 4D), and
study of additional SVL derivatives has refined the permissible
location to the segment between 6 and 25 nt downstream from
the cleavage site (3). Movement of the U stretch within the
downstream domain can alter the choice of cleavage site (Fig.
4). Earlier studies of the Xenopus B-globin gene (11) and the
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SV40 late gene (5) found that deletions downstream of the
polyadenylation signal can affect the position of the cleavage
site. These observations can now be interpreted to result from
displacements caused by the deletions of downstream 64K
protein binding sites relative to the AAUAAA motif in pre-
mRNAs. The importance of the location of the U-rich down-
stream element is further underscored by recent analysis of
transcripts encoded by type I human T-cell leukemia virus
(HTLV-I) (1). Secondary structures within the Rex response
element of HTLV-I function to precisely position the down-
stream element relative to the AAUAAA motif and allow
polyadenylation. Disruption of the Rex response element
secondary structure positions the downstream motifs too far
from the AAUAAA signal and prevents polyadenylation. The
HTLV-I downstream element contains a GU-rich motif adja-
cent to a stretch of four U residues.

If downstream U-rich elements are important for polyade-
nylation site function, one would expect to find such elements
in appropriate regions downstream of many polyadenylation
sites. We tested this hypothesis by searching the GenBank
database (version 81.0, February 1994). We were able to
identify a total of 180 nonviral, mammalian polyadenylation
sites for which the sequence downstream of the cleavage site
was available. A survey of these sites revealed that 48 contain
a stretch of four or more consecutive U residues located
between nt +6 and +25 relative to the cleavage site (Table 1).
This frequency (26.7% of 180 polyadenylation sites) is much
greater than would be expected for the occurrence of a 4-nt
sequence on a random basis (8.9%, or 16 of 180 sequences that
are 23 nt in length). It is likely that all of these sites can
function as downstream elements that mediate binding of the
64K polypeptide, because they are all located within the
permissible range established by the analysis of SVL deriva-
tives. Many more of the downstream domains in our database
contain degenerate versions of the U stretch as is the case for
the Ad2L3 domain (Fig. 5A), and work is in progress to
identify the variety of U-rich motifs that are able to sponsor
binding of the 64K polypeptide (data not shown).

McLauchlan et al. (15) surveyed a series of viral, avian, and
mammalian mRNA 3’ termini and concluded that a down-
stream element with the consensus YGTGTTYY is often
involved in polyadenylation. This specific sequence is not
present in any of the 180 mammalian sites that we identified,
although many contained related GU-rich elements (data not
shown). We suspect that GU-rich elements which are fre-
quently found downstream of AAUAAA motifs can substitute
both functionally and positionally for U-rich elements, but we
have not tested this possibility. A relative lack of specificity of
the 64K protein for a particular sequence motif might allow it
flexibility in interacting with either U-rich or GU-rich down-
stream elements in the proper location. Alternatively, GU-rich
elements may function by binding another, not yet identified
factor.

We propose a model in Fig. 5B for the role of CstF in the
accurate cleavage of pre-mRNA substrates during polyadenyl-
ation. This model suggests that a constituent of CPSF initially
binds to the AAUAAA motif. Then CstF, which can interact
with CPSF, binds through its 64K subunit to an appropriately
positioned U-rich sequence downstream of the cleavage site on
the RNA substrate. Thus, CPSF and CstF both interact with
the pre-mRNA, and they interact with each other, spanning
the polyadenylation cleavage site. CstF binding is essential for
efficient pre-mRNA cleavage (7, 8, 27, 28). Efficient cleavage
should require the presence of a 64K CstF protein binding site
within an acceptable distance from the AAUAAA motif, and
this prediction was borne out (Fig. 4B). Finally, movement of
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the 64K protein binding site within a limited range might be
expected to influence the location of the cleavage site. This
prediction of the model also proved correct (Fig. 4D). It is
interesting that the 64K polypeptide contains 12 repeated
copies of a five-amino-acid unit (MEARA/G) that is predicted
to form a stable a helix (25). This rodlike structure, about 9 nm
in length, might serve as a “molecular ruler,” reaching from a
contact with a component of CPSF to the U-rich downstream
element on the pre-mRNA.

We conclude that polyadenylation factors contact pre-
mRNA sequences both upstream and downstream of the
cleavage site, and these sequences play a role in correct
positioning of the polyadenylation machinery as well as choice
of cleavage site.
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