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to CFIY (18). Given that in mammals CPSF
interacts with poly(A) polymerase, cleavage
factors, and the pre-mRNA, it is possible that
the CPSF-related subunits of PFI also partic-
ipate in specific interactions with CFIL as well
as with the RNA substrate. Thus in yeast,
specificity and processivity may be conferred
upon poly(A) polymerase by the combined
action of CFl, and PFI. The reason why PFl is
not required for the cleavage reaction, in spite
of its homology with CPSF, might be because
the poly(A) polymerase itself does not partic-
ipate in cleavage (5). However, the fact that
neither the signal sequences on the RNA
substrates nor the protein factors are inter-
changeable between yeast and metazoans may
reflect subtle but important differences in pro-
tein-protein and RNA-protein interactions
between the polyadenylation systems of yeast
and metazoans.

Do bacteria have CPSF or PFI? Three
open reading frames of unknown function in
the M. jannaschii (13) are significantly related
to the 73-kD protein and to Ysh1/Brr5. In
view of recent surprising findings in the field
of bacterial polyadenylation (26), this raises
the question whether these proteins are in-
volved in pre-mRNA 3'-end formation. How-
ever, M. jannaschii does not encode homologs
of the 160-, 100-, or 30-kD subunits of CPSF
nor of Fipl. As far as sequence data are avail-
able, this bias also holds true for eubacteria
(10, 16). It thus remains an open question as
to which degree pre-mRNA 3’-end formation
is conserved between the different domains of
life. In any case, the high degree of sequence
conservation suggests that Ysh1/Brr5 and its
related proteins have important and essential
functions.
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Dependence of Yeast Pre-mRNA 3'-End
Processing on CFT1: A Sequence Homolog of
the Mammalian AAUAAA Binding Factor

Gabi Stumpf and Horst Domdey*

3'-End formation of pre-mRNA in yeast and mammals follows a similar but distinct
pathway. In Saccharomyces cerevisiae, the cleavage reaction can be reconstituted by
two activities called cleavage factor | and Il (CFI and CFll). A CFll component, designated
CFT1 (cleavage factor two) was identified by its sequence similarity to the AAUAAA-
binding subunit of the mammalian cleavage and polyadenylation specificity factor
(CPSF), even though the AAUAAA signal sequence appears to play no role in yeast
pre-mRNA 3’ processing. Depletion of a yeast whole-cell extract with antibodies to CFT1
protein abolished cleavage and polyadenylation of pre-mRNAs. Addition of CFll restored
cleavage activity, but not polyadenylation. Polyadenylation required the further addition
of poly(A) polymerase and polyadenylation factor |, suggesting a close but not necessarily
direct association of these two factors with the CFT1 protein.

Most eukaryotic pre-mRNAs are processed
at their 3" ends by endonucleolytic cleavage
and subsequent addition of a poly(A) tail at
the upstream fragment (I). Some studies
have provided evidence for a possible evo-
lutionary link between yeast and mammali-
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an trans-acting factors involved in 3'-end
formation (2—4). The poly(A) polymerase
(PAP) has so far revealed the highest se-
quence similarity among the factors identi-
fied for cleavage and polyadenylation in
yeast and mammals (5). The two known
subunits of CFI (6), the Rnal4 and Rnal5
proteins (7), have been proposed to be the
yeast counterparts of the 77-kD and 64-kD
subunits of the mammalian cleavage stimu-
latory factor (CstF) (2, 3). Nevertheless,
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the functional significance of CFI is more
related to the mammalian CPSF (8) in that
both factors (CFl and CPSF) are required
for cleavage and polyadenylation, whereas
CstF is only essential for the cleavage step.
Furthermore, a weak similarity between the
yeast protein Fipl (9), which binds to both
Rnal4 protein and PAP, and the human
160-kD subunit of CPSF, which directly
interacts with the AAUAAA signal, has
been reported (3). The yeast S. cerevisiae,
however, lacks the hexanucleotide
AAUAAA, which is highly conserved in
mammals, and seems to use different signals
to direct mRNA 3'-end formation (I).

Fig. 1. Inactivation of 3'-end processing A
activity of a whole cell extract from S. cer-
evisiae by immunodepletion with antibod-
ies to CFT1p. CYC1 (A) and ADH1 (B) de-
rived pre-mRNAs (precursor, lanes 2) were
assayed for cleavage and polyadenylation
under standard reaction conditions (ex-
tract, lanes 3). The extract was immunode-
pleted with antibody to CFT1p (anti-
.CFT1p, lanes 5), to the unrelated protein
PTF1 (27) (anti-PTF1p, lanes 7) or with the
corresponding preimmune sera (pre-
CFT1p, lanes 4 and pre-PTF1p, lanes 6).
The upstream (5') cleavage product and
the polyadenylated 5' cleavage product

To identify in S. cerevisize components of
the 3’-end processing machinery, which are
conserved between yeast and mammals, we
made a computer search of the non-redundant
NCBI protein database with sequences of all
reported mammalian proteins participating in
3’-end formation of pre-mRNA. The open
reading frame D9740.6 [which consists of
1357 amino acids (aa), (about 153 kD) and
has been assigned accession number S61187]

on chromosome IV of S. cerevisiae revealed

24% identity and 51% sequence similarity
throughout the complete amino acid se-
quence with the mammalian AAUAAA-
binding subunit of CPSF that coordinates pre-
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Fig. 2. Reconstitution of cleavage activity in a
yeast whole cell extract immunodepleted with
antibodies to CFT1 protein by complementation
with partially purified CFIl fractions. (A) Identifi-
cation of the CFT1, Rna14, and Rna15 proteins
in an ammonium sulfate—fractionated extract
(input, lane 1) and in Mono Q fractions 14 to 24
by immunoblot analysis with the corresponding
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antibodies. The sizes of marker proteins are indicated on the left. (B) Identification of CFll activity-
containing Mono Q fractions by combining 1 !l of fractions 16 to 26 (lanes 4 to 14) with 1 l of CFl activity
(fraction 16) and CYC1-derived pre-mRNA (precursor, lane 2) under standard reaction conditions (75).
The same RNA was also assayed for cleavage and polyadenylation in a yeast whole cell extract (lane 3).
" (C) Cleavage activity of an extract immunodepleted with antibodies against the CFT1 protein (lane 5)
after addition of Mono Q fractions (lanes 6 to 17). Reconstitution of 3'-end processing activity of
immunodepleted extract was done by adding 1 pl of Meno Q fractions to 2 pl of immunodepleted
extract under standard reaction conditions. As control, the CYC1-derived pre-mRNA (lane 2) was also
incubated in an extract that had not been immunodepleted (lane 3) or treated with the preimmune sera
(lane 4). The upstream (5') cleavage product and the polyadenylated product [p(A)] are indicated. M (lane
1), molecular size marker in nucleotides (pBR322 DNA digested with Hpa II).
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mRNA 3’-end formation. So far, all the de-
scribed genes (5, 7, 9) that are needed for the
basic 3'-end processing reaction in yeast are
essential for viability (PAPI, RNAI4,
RNALIS5, and FIP1). To establish the role of
this putative 3'-end processing factor, termed
CFT1, we disrupted the corresponding gene
by replacing more than 97% of the coding
region by a kanamycin gene insertion (10). In
no case, did more than two of the four sepa-
rated spores from dissected tetrads form colo-
nies, indicating that CFT1 was indispensable
for cell growth. Polyclonal antibodies to
CFT1 protein (11) recognized a single, ap-
proximately 150-kD protein in immuno-
blots of an ammonium sulfate—fractionated
whole cell extract from S. cerevisiae, which
contained all of the mRNA 3’-end process-
ing activities (12, 13). Treatment of a yeast
whole-cell extract with purified antibodies
to CFT1 protein (14) abolished cleavage
and polyadenylation of CYCI- and ADHI-
derived pre-mRNA precursors (15) in vitro
(Fig. 1, A and B, lanes 5). The preimmune
serum and an unrelated antibody had no
effect on 3'-end processing, demonstrating
the specificity of the depletion (Fig. 1, A
and B, lanes 4, 6, and 7).

Reconstitution of cleavage and polyade-
nylation of a pre-mRNA in vitro was
achieved by the combination of four activ-
ities, which could be separated on a Mono
Q column (PAP, CFI, CFII, and polyade-
nylation factor I) (6). Cleavage and poly-
adenylation could be uncoupled in vitro,
with only CFI and CFII being essential for
the cleavage reaction (6). As depletion of
the yeast extract with antibodies to CFT1
protein had a drastic effect on cleavage, we
assumed that the CFT1 protein was a com-
ponent of either cleavage factor, and sepa-
rated these activities as described (6, 16).

309
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Fig. 3. Inhibition of specific polyadenylation of a
precleaved CYC1-derived RNA in an extract im-
munodepleted with antibodies to the CFT1 pro-
tein. The precleaved RNA (lane 2) was assayed for
specific polyadenylation. under standard reaction
conditions (lane 3). The extract was immunode-
pleted with antibodies to the CFT1 protein (lane 5),
against the unrelated -PTF1 protein (lane 7), or
treated with the corresponding preimmune sera
(lanes 4 and 6). The polyadenylated RNA [p(A)] is
indicated.




Immunoblots with antibodies to CFT1 pro-
tein (17) detected the elution of a polypep-
tide of approximately 150 kD (Fig. 2A),
correlating with the activity of CFII (Fig.
2B), thus providing evidence for CFT1 be-
ing a component of CFIL. The final proof
emerged from the complementation of the
cleavage activity in the immunodepleted
yeast whole cell extract with Mono Q frac-
tions containing CFII activity (Fig. 2C,
lanes 10 to 13) and coinciding with the
elution of the CFT1 protein (Fig. 2A, lanes
8 to 11). The addition of CFII did not
restore polyadenylation (Fig. 2C, lanes 10
to 13), a result that was unexpected, be-
cause CFII activity is essential only for the
cleavage step but not for the specific poly-
adenylation of a pre-mRNA (6, 18). We
then tested precleaved CYCI RNA (19) in
a polyadenylation assay with immunode-
pleted extract and found that the polyade-
nylation reaction was inhibited in an ex-
tract that had been treated with antibodies
to CFT1 protein (Fig. 3, lane 5), whereas no
inhibition occured in the control reaction
with the corresponding preimmune sera
(Fig. 3, lane 4) or when an unrelated anti-
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Fig. 4. Reconstitution of polyadenylation in a
yeast whole cell extract immunodepleted with an-
tibodies to the CFT1 protein by complementation
with partially purified PAP (lanes 7 to 15) and PFI
(lanes 8 to 10) fractions (28). Precleaved CYC1-
derived RNA (lane 2) was assayed for specific
polyadenylation under standard reaction condi-
tions in an extract immunodepleted with antibod-
ies to CFT1 protein (lanes 5 to 15), pretreated with
the corresponding preimmune sera (lane 4), or in
an untreated extract (lane 3). M (lane 1), molecular
size marker in nucleotides (pBR322 DNA digested
with Hpa ll).
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Fig. 5. Identification of the CFT1 and Fip1 proteins
in an ammonium sulfate—fractionated extract (in-
put, lane 1) and in Mono Q fractions 31 to 43
(lanes 2 to 14) by immunoblot analysis with the
corresponding antibodies. A different Mono Q col-
umn profile (6) from the one shown in Figs. 3 and
4 was used. The sizes of marker proteins are in-
dicated on the left.

body was used (Fig. 3, lanes 6 and 7).

These results further indicated that one or
more of the components that are indispens-
able for the specific polyadenylation of pre-
cleaved RNA, coimmunoprecipitate with the
CFT1 protein. Our previous experiments al-
ready excluded that CFT1 protein interacts
with components of CFl, because reconstitu-
tion of the cleavage reaction with the immu-
nodepleted extract was attained by adding
only CFll-containing fractions (Fig. 2C, lanes
10 to 13). Coprecipitation of the polyadenyl-
ation factor | (PFI, contained in fractions 20
to 22) only can again be ruled out, because
reconstitution of the polyadenylation reaction
in the immunodepleted extract could not be
achieved by the addition of Mono Q fractions
containing both CFII and PFI (Fig. 2B, lanes
11 to 13). Therefore, we next analyzed poly-
adenylation of a cleaved CYC1 RNA with the
depleted extract in the presence of either PAP
alone or PAP- and PFl-containing Mono QQ
fractions (Fig. 4). Polyadenylation could only
be restored by adding PAP and PFI together
(Fig. 4, lanes 8 to 10) but not with PAP alone
(Fig. 4, lane 6). These results offer further
evidence for an association of the CFT1 pro-
tein with PAP and a component of PFI, and
also support the notion that the Fipl protein,
which is a' component of the PFI activity,
directly interacts with PAP (9). A further
immunoblot analysis confirmed that the
CFT1 protein and the Fipl protein did not
coelute on different Mono Q column with a
better resolution for CFII and PFI (Fig. 5).
This situation resembles the mammalian 3'-
end processing machinery, where a specific
interaction between PAP and CPSF was re-
ported (3, 20). The existence of a yeast pro-
tein with its sequence similarity to the 160-
kD AAUAAA-binding subunit of the
mammalian CPSF was unanticipated, be-
cause S. cerevisiae lacks highly conserved
sequences that dictate the 3'-end process-
ing reaction (1). The seeming disparity may
be due to the broader binding specificity of
CPSF that also binds to less defined up-
stream sequences found in nonviral and
viral poly(A) sites (21, 22). In the example
HIV-1, the 160-kD subunit of CPSF en-
hances poly(A) addition by interacting di-
rectly with an element upstream of the core
poly(A) site (22). Furthermore, CPSF con-
tacts the upstream sequences of rare pro-
cessing sites that have suboptimal variants
of the AAUAAA hexamer, and the signif-
icance of such mammalian upstream se-
quences has been discussed (22, 23). Even
though the hexanucleotide AAUAAA
does not play any role in yeast pre-mRNA
3’-end formation, we could show that the
CFT1 protein is a key component of the S.
cerevisiae 3'-end processing machinery, thus
underlining the postulated evolutionary
link between yeast and mammals.
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A solid phase carbohydrate library was synthesized and screened against Bauhinia
purpurea lectin. The library, which contains approximately 1300 di- and trisaccharides,
was synthesized with chemical encoding on TentaGel resin so that each bead contained
a single carbohydrate. Two ligands that bind more tightly to the lectin than Gal--1,3-
GalNAc (the known ligand) have been identified. The strategy outlined can be used to
identify carbohydrate-based ligands for any receptor; however, because the derivatized
beads mimic the polyvalent presentation of cell surface carbohydrates, the screen may
prove especially valuable for discovering new compounds that bind to proteins partic-

ipating in cell adhesion.

Cell surface carbohydrates play central
roles in many normal and pathological bi-
ological recognition processes (1). For ex-
ample, cell surface carbohydrates have been
implicated in chronic inflammation, in vi-
ral and bacterial infection, and in tumori-
genesis and metastasis (2). Considerable ef-
fort has been directed toward (i) under-
standing how carbohydrates function as rec-
ognition signals, and (ii) . developing
strategies to block undesirable interactions
between cell surface carbohydrates and
their protein targets. Ligands whose binding
to the protein targets is better than that of
the natural cell surface carbohydrates could
provide an effective means of preventing or
treating various diseases. But, progress in
understanding how structure and function
are related in biologically active carbohy-
drates has been slow because obtaining syn-
thetic carbohydrate derivatives for bio-
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chemical studies is extremely difficult. In
contrast, excellent chemical and biological
methods to obtain large quantities of pep-
tides and nucleic acids have been available
for decades. As a consequence, much more
is known about these other biopolymers.

Screening combinatorial libraries of com-
pounds is a very fast way to identify promising
leads and elucidate structure-activity relation-
ships (3). The first combinatorial libraries
were built around peptides and nucleic acids
because the chemistry to make them already
existed (4). The successful use of peptide and
nucleic acid libraries has stimulated efforts to
develop combinatorial approaches to make
other classes of molecules (5). One obvious
area where a combinatorial approach could
have tremendous impact is in carbohydrate
chemistry and biochemistry.

For the time being, the most satisfactory
chemical approaches to the construction of
compound libraries involve synthesis of the
molecules on a solid support (6). Despite the
efforts made, over more than 20 years, there
has been little progress in the solid phase
synthesis of carbohydrates. Carbohydrates
present special difficulties for solid phase syn-
thesis because the bonds between monomers
must be formed stereospecifically and in high

SCIENCE e VOL. 274

29 NOVEMBER 1996

yield. Most glycosylation methods are ex-
tremely sensitive to structural variations in the
glycosyl donor-acceptor pairs (7). Reaction
conditions that provide excellent yields with
one donor-acceptor pair may give virtually no
product for another donor-acceptor pair. Fur-
thermore, the stereochemical outcome is of-
ten difficult to predict. The unreliability of
most glycosylation methods has precluded the
construction of a solid phase carbohydrate
library, which requires the ability to make a
wide range of different glycosidic linkages
both stereoselectively and in high yield.
Several years ago we discovered a glyco-
sylation method that makes use of anomeric
sulfoxides as glycosyl donors. Anomeric sulf-
oxides can be activated almost instanta-
neously at low temperature regardless of the
protecting groups on the sugar hydroxyl
groups. The low temperature of reaction
leads to excellent stereochemical control for
a wide range of glycosyl donor-acceptor pairs
while preventing side reactions so that it is
possible to get nearly quantitative yields on
the solid phase (8, 9). We now report the
synthesis of a solid phase carbohydrate li-
brary using the sulfoxide glycosylation reac-
tion. The library was screened against a car-
bohydrate binding protein, and two ligands
that bind more tightly than the natural li-
gand were identified. The strategy described
can be used to identify carbohydrate-based
ligands for any receptor; however, the on-
bead screen may prove especially useful for
discovering carbohydrate ligands that bind
to their receptors in a polyvalent fashion.
We designed the carbohydrate library to
contain a diverse array of glycosidic link-
ages. The library consists of approximately
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Fig. 1. Relevant structures contained in the library.





