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Sequence Similarity Between the 73-Kilodalton res,,ectivel, (6) So  far, PAP has bee11 
she\\-n to be the only 3'-processing cornyo- 

Protein of Mammalian CPSF and a Subunit nent  that is hiehlv conserveci hetn~een veast 

of Yeast Polyadenylation Factor I 
Andreas Jenny," Lionel Minvielle-Sebastia, Pascal J. Preker, 

Walter Keller* 

The 3' ends of most eukaryotic messenger RNAs at'e generated by endonucleolytic 
cleavageand polyadenylation. In mammals, the cleavage and polyadenylation specificity 
factor (CPSF) plays a central role in both steps of the processing reaction. Here, the 
cloning of the 73-kilodalton subunit of C P S F  is reported. Sequence analyses revealed 
that a yeast protein (Yshl) was highly similar to the 73-kD polypeptide. Yshl constitutes 
a new subunit of polyadenylation factor I (PFI), which has a role in yeast pre-mRNA 3'-end 
formation. This finding was unexpected because in contrast to CPSF,  PFI is only required 
for the polyadenylation reaction. These results contribute to the understanding of how 
3'-end processing factors may have evolved. 

Alnlost  all eukar\-otlc pre-mRNAs are 
cleaveii encionucleolytically anii are subse- 
cluently Cc~lyaiienylateci. In mammals, this 
pmces> ilepends on the AALTAAA polyad- 
en\-latlon signal located 13 to 30 n~lcleotiiles 
( n t )  upstream of the cleavage site and on a 
LT- or a G- and U-rich "iio\vnstream ele- 
ment" (1 ) .  T h e  polyadenylation signal is 
liiglily ciinserved anii is recognizeii by the 
cleavage and polyaiienylation q3eciilclty t ic-  
tor (CPSF), the only proteln 111 addltion to 
poly(A) polymerase (PAP) requireci for hot11 
cleavage anii polyadenylation. Apart from 
conferring specificity to 130th steps of the 
reaction, CPSF, together u-ith the  poly(A) 
hiniiing protein I1 (PAR 11), also increases the 
processivity of PAP duling tail elongation (2).  
Three adiiitional components are required 
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Base, CH-4056 Basel. Svl~tzerland, The f~rst three au- 
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only for the cleavage of precursor RNA; these 
are cleavage factors CFI,,, and CFII,,, and 
cle,lvdge ~tillnllation 6actor CstF (3). 

Al t l io~~g l i  the haslc mamm,llian pre- 
lnRNA 3'-processing reactlon is sinlilar in 
\-east, the seiluence requirements of tlie 
R N A  bubstrate are iiifferent. A "position~ng 
element" is nresent 16 to 27 n t  u13stream of 
the cleavage site, the efficlenc\- of ~vhicli 1s 
moilulateil hy an  "efficiency element" fur- 
ther upstreal;, (4). Both of'these elelnents 
are A- and U-rich. Rioche~nically, four 
c h r ~ m a t o g r a ~ h l c  fractions 11al.e been iden- 
tifled that are r e~~u i red  for the veast 3'-end 
processing reaction in vitro. Cleavage factor 
I (CFI,.) is reiluireii for cleavage anii pol\-aii- 
en\-lation, n.hereas cleavage factor I1 (CFII,) 
is only necessary for cleavage. T h e  polyaiie- 
nylation reaction is ~erformeil  hy CFI,, poly- 
adenylation factor I (PFI), anii PAP (5). 

A lo~v ,  hut sienificant secluence similar- 
ity has been reported between tlie 77- and 
64-kD proteins (if mamlnalian CstF anil the 
R n a l 4  and R n a l i  suhunits ot \-east CFI,, 

anii mammals. 
Marnlnalian CPSF consists oi b u r  sub- 

units with apparent molecul~lr masses o t  163, 
130, 73, and 33 kD ( 7 ,  8). Tlie 160- and 
30-kD polypeCticies are in close contact with 
the A A U A A A  polya~ienylation signal ( 1 ,  
7).  S o  tar, only the 163- anci 130-kL3 sub- 
unith have heen cloned (7 .  8). An affinitl-- 
pur~fied antiser~lm to gel-purifieii 73-kD 
subunit Ivas used to screen a cL3NA espres- 
hion library. Thls library was rescreeneii ~vitl i  
a n  KHz-terminal D K A  prohe to ol3ta1n full- 
length clones (9 ) .  T h e  asselnhled sequence 
of the cL3NAs \vas 1351 l ~ p  in length, cor- 
responding to a single i ~ a n d  of 2.4 kb iletect- 
ed o n  Northern ( R N A )  blots (10) .  It con- 
tains a n  open reading frallle of 684 alnino 
acids (aa) (Fig. 1)  that is preceded hy a n  
~n-frame stop cocion 51 n t  upstream. Tlie 
protein has a predicted ~ l l o l e c ~ ~ l a r  Inass of 
77.5 kD. Three tryptlc peCtiiie fragments 
sequenceii independentl\- (1 1)  \Yere found 
In the ope11 reaiiillg frame (Fig. 1 ) .  

T o  prove that the cloned cDNAs code for 
the 73-kL3 subunit of CPSF, we espressed a 
COOH-terminal fragment starting at posl- 
tlon 173 in Eschenchia ioli (12) .  Three 
nlonoclonal antibodies to tlie 73-kL3 suhunit 
of bovme CPSF also recognl:e;l this recom- 
binant protein ( 1  2 ) .  Polyclonal antiboiiles to 
the recoml~inant pol\-pcptiiie (1 2)  recognize 
the 73-kD pro ten  in puritleci CPSF (Fig. 2 ,  
lane 1)  anii in purifieii CPSF th,it had been 
immunoprecipitated with a n no no clonal an- 
tihody to the 130-kD subunit of CPSF (Fig. 
2, lane 2). This antlboiiy specifically copre- 
cipltates all four subunits of CPSF (7) .  N o  
signal was cietecteci a.hen CPSF a.as immu- 
noprecipitated n.lth a control antihod\- (Fig. 
2, lane 3) ,  when no antihi~dy was aiiiied to 
the precipitation (Flg. 2, lalie 4 ) ,  nor a h e n  
prellllmune serum \\-as useii (Fig. 2 ,  lane 5 ) .  
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A search of the DNA and protein da- 
tabases (September 1996) revealed strik- 
ing sequence homologies. As shown in Fig. 
1, the 73- and 100-kD subunits of CPSF 
are significantly related (23% identity, 
49% similarity). A number of ESTs from 
both human and Caenorhabditis elegans 
probably code for homolog of the 73-kD 
protein (1 0). More surprisingly, three 
open reading frames with unknown func- 
tion from the archaebacterium Methano- 
coccus jannaschii (13) are between 30% 
and 34% identical to the mammalian pro- 
tein (see below). 

A putative homolog of the 73-kD CPSF 
subunit is present on chromosome XI1 of 
Saccharomyces cerevisiae (14). The protein is 
53% identical (73% similar) to the bovine 
73-kD subunit of CPSF over the first 500 aa 
(Fig. 1). It codes for a protein of unknown 
function of 779 aa with a predicted molec- 
ular mass of 87 kD. Disruption of the open 
reading frame is lethal, demonstrating that 
this gene is essential for viability (10). We 
named it YSHl for yeast 73-kD homolog 1. 
In a screen for splicing mutants Noble and 
Guthrie identified a gene called BRR5 (1 5), 
which is identical to YSHl (16). In addi- 
tion, a putative open reading frame of 188 

aa on yeast chromosome XV (systematic 
code YOR179c) is 43% identical to the 225 
COOH-terminal amino acids of Yshl/Brr5 
(that is, the part that is not homologous 
between the 73-kD subunit of CPSF and 
Yshl/Brr5). 

We next examined whether the YSHl - 
encoded protein is involved in 3'-end pro- 
cessing. Chen and Moore have described 
four chromatographic fractions required for 
yeast 3'-end processing in vitro based on 
their separation on a Mono Q-anion ex- 
chanee column (5). To  test whether Yshl - . . 
protein elutes from a Mono Q column at 
the same position as one of these factors, we 
generated an antiserum to the COOH-ter- 
minus of Yshl expressed in E. coli (1 7). 
This antibody detected Yshl only in the 
fractions also containing Fipl ( lo),  a sub- 
unit of PFI (18). A fipl-1 mutant extract is 
impaired in polyadenylation but can still 
specifically cleave an RNA substrate; poly- 
adenylation activity can be restored by ad- 
dition of PFI fractions (1 8). To  check bio- 
chemically whether Yshl is a subunit of 
PFI, we used antibody to Yshl (anti-Yshl) 
to immunodeplete Mono S fractions con- 
taining purified PFI (19) and tested the 
supernatant for specific polyadenylation of 

1W kD W E H  39 

7 3 k ~  M S A ~ P A E E  D O  

E R T N ~  T fl F VSHI 

73 kD 
YSHl A 95 

l W k D  v Y K  G o  y -  Y O  flR H ~ D ~ i : : p ~  T b b ' . & s  L i  :z 
YSHl G S S S ~ S M G ~ K  G 145 

YSHl U T ~ N ~ ~ ~ ~ ~  
YSHl 

1W CD D A G ~ V  Y S - '  280 

73 kD P - L  H D  281 
YSHl A E ~ G G O  289 

100 kD 
73 kD 
YSHl N 388 

100 kD 782 
684 

VSHl 

Fig. 1. Amino acid sequence comparison of the 100-kD and 73-kD subunits of CPSF and YSH1; only 
the conserved regions are shown. Two tryptic peptide sequences derived from the 73-kD subunit of 
CPSF are boxed. Amino acids identical or conserved between either two sequences are highlighted 
in black and grey, respectively. The EMBL accession number for the 73-kD coding sequence is 
X95906. Abbreviations for the amino acid residues are: A, Ala; C;Cys; D, Asp; E, Glu; F, Phe; G, Gly; 
H, His; I ,  Ile; K, Lys; L, Leu; M,  Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and 
Y, Tyr. 

a CYCl precleaved RNA, that is, a sub- 
strate already ending at the natural cleavage 
site, by complementation of a fipl-1 mutant 
extract (18). Lanes 3 and 4 of Fig. 3A show 
the PFI activity of the Mono S fraction used 
for the depletion. Treatment of this fraction 
with the anti-Yshl antiserum completely 
depleted PFI activity (lanes 7 and 8), 
whereas the control depletion with preim- 
mune serum had no effect (lanes 5 and 6). 
The depletion with the antibody to Yshl 
was specific because the polyadenylation 
reaction was restored by the addition of 
highly purified PFI [Mini Q fraction; (19)J 
to the depleted reaction (lane 9). In addi- 
tion, immunoprecipitations with antibodies 
to epitope-tagged Fipl quantitatively copre- 
cipitated Yshl, as assessed by immunoblot- 
ting (10). These results demonstrate that 
the yeast homolog of the 73-kD subunit of 
bovine CPSF is a subunit of PFI. 

By analogy with fipl-I, conditional al- 
leles of YSHl should allow the cleavage 
reaction to occur, but should be unable to 
polyadenylate the 5'-cleavage product. To  
address this question, we constructed a 
strain (LM111) in which the Yshl protein 
could be conditionally depleted. Depletion 
relied on a destabilizing element in combi- 
nation with a regulatable promoter (20). A 
plasmid (pGUR-YSH 1 ) expressing a fusion 
of the ubiquitin sequence to Yshl was con- 

Fig. 2. Antibodies to the cloned cDNA expressed 
in E, coli recognize the 73-kD subunit of CPSF on 
an immunoblot. (Lane 1) Purified CPSF [Superose 
6 fraction (7)]. (Lanes 2 and 5) CPSF immunopre- 
cipitated with monoclonal antibody J1/27 to the 
100-kD subunit of CPSF (7). (Lane 3) Immunopre- 
cipitation of CPSF with an unrelated control anti- 
body. (Lane 4) No CPSF added to the immuno- 
precipitation. Lanes 1 to 4 were probed with the 
antiserum to the histidine-tagged fusion protein, 
lane 5 with preimmune serum (at a dilution of 
1 : 10000 each). The asterisk marks the position of 
the immunoglobulin G (IgG) heavy chains used for 
the immunoprecipitation, which cross-react with 
the secondary antibody (25). 
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structed such that cleavage after the ubiq- 
uitin moiety by a cellular deubiquitinylating 
enzyme results in a protein with the open 
reading frame that starts with an arginine 
(R). According to the N-end rule (ZO), such 
a protein is extremely unstable. Under the 
control of a UAS-GAL-CYC1 hybrid pro- 
moter the ubiquitin-R-Yshl fusion protein 
can rescue a chromosomal deletion of YSHl 
on 2% galactose-containing medium, but 
not on medium supplemented with 5% glu- 
cose, that is, when transcription is repressed. 

3'-End processing extracts were prepared 
from LM111 cells before and after a shift to 
glucose-containing medium for various 
lengths of time (21). Immunoblot analysis 
confirmed that the amount of Yshl protein 
decreases in the extracts following shift 
(10). Likewise, the amount of Fipl decreas- 
es, indicating that depletion of Yshl leads 
to degradation of PFI. In contrast, the 
amount of CFI,, as assessed by immunoblot 
analysis with antibodies to Rnal5, re- 
mained constant over the time of the ex- 
periment (10). In Fig. 3B, cleavage of a 
CYCl pre-mRNA was assayed separately 
from polyadenylation. Cleavage activity 
was only modestly affected in extracts pre- 
pared from LMll l  cells after a shift to 
repressive conditions (lanes 8 to lo), as 
compared to extracts from cells grown in 
galactose, wild-type cells, or fipl-1 mutant 
cells (lanes 7, 3, and 6, respectively). In 
contrast, CFI, mutant extracts [m14-1 and 
m15-1 (5)] are unable to cleave at all 
(lanes 4 and 5). 

In coupled cleavage-polyadenylation 
assays (Fig. 3C) extracts from LMll l  

grown in galactose cleave and polyadenyl- 
ate with similar efficiency as wild-type 
extracts (compare lanes 7 and 3). Howev- 
er, after shift to glucose-containing medi- 
um for the times indicated on the top of 
lanes 8 to 10 the extracts progressively lost 
the ability to process the substrate. A sim- 
ilar decrease in polyadenylation activity 
was observed when a precleaved CYCl 
RNA was used (10). Activity could be 
restored by addition of purified PFI to 
extracts prepared from cells shifted to glu- 
cose for 12 hours, confirming that Yshl is 
a subunit of PFI (lane 11). In contrast to 
fipl -1 extracts, Yshl-depleted extracts do 
not accumulate the upstream cleavage 
product. Even though we did not detect 
any Yshl in column fractions that restored 
cleavage activity in in vitro reconstitution 
assays [CFI,, CFII,; ( 5 ,  lo)], we cannot 
rule out the possibility that depletion of 
Yshl (and thus PFI) may affect cleavage 
activity in the coupled cleavage and poly- 
adenylation assay. It is possible that disin- 
tegration of PFI eventually destabilizes 
CFII, as well. However, this effect is much 
less pronounced under conditions where 
polyadenylation is prevented (Fig. 3B). 

Neither the 73-kD subunit of CPSF nor 
bovine-yeast hybrid genes could replace a 
Yshl null mutation in vivo. The COOH- 
terminally truncated forms of Yshl could 
not replace the wild-type gene either, an 
indication that the nonhomologous part of 
the protein is essential (10). 

We previously cloned the 160- and 100- 
kD subunits of bovine CPSF (7). Here, we 
describe the cloning of a third component 

CYCl pre 217 .I 

201 - 
' ' j L 5 6 - 6 j  0 190 

Fig. 3. (A) Yshl protein IS associated with yeast 180 * 
PFI. Antiserum to Yshl immunodepletes PFI ac- 
tivity from a Mono S fract~on. PFI activity was l6Og 

measured In specific polyadenylation assays by 147* 

complementat~on of a fip I -  7 mutant extract. Re- 1 2 3 4 5 6  

action products were purified and analyzed on a 5010 sequencing gel. (Lanes 
1 and 2) Precleaved CYCl RNA alone, and incubated with fipl-1 extract: 
(lanes 3 and 4) 1 and 2 PI, respectively, of untreated input fraction: (lanes 5 
and 6) 2 and 4 PI, respectively, of PFI fraction, depleted with preimmune 
serum (pre): (lanes 7 and 8) 2 and 4 PI, respectively, of PFI fraction, depleted 
with antibodies to YSHl (aYSH1). After depletion, polyadenylation could be 
restored by the addition of 2 ~1 of pure PFI (lane 9). The same PFI fraction also 
restored polyadenylation act~vrty to the fip7-7 extract (lane 10). The positions 
of the precursor (CYCI pre) and the polyadenylated RNA products are 
~ndicated on the right. (B and C )  In vivo depletion of Yshl leads to the 

of this multimeric factor, the 73-kD sub- 
unit. This protein shows several interesting 
features. First, a low, but significant homol- 
ogy between the 73- and the 100-kD com- 
ponents of CPSF (Fig. 1) suggests that these 
subunits have evolved from a common an- 
cestral gene and have related functions in 
CPSF. Second, we identified YshlIBrr5 as a 
new component of yeast PFI based on the 
high conservation of the amino acid se- 
quence between these two proteins. This is 
the most conserved component (so far) of 
the 3'-end processing machinery between 
these two highly divergent organisms. Be- 
sides Yshl/Brd and the 73-kD protein, only 
the poly(A) polymerases have a comparable 
degree of sequence homology [47% identity 
between the yeast and bovine enzymes; 
(22)]. It is likely that key functions in the 
3'-end formation of pre-mRNAs are exert- 
ed by proteins that have been highly con- 
served throughout evolution, such as the 
poly(A) polymerases, the 73-kD subunit of 
CPSF, and the YshllBrr5 proteins. 

In the same vein, it can be predicted that 
functional homologs of the other mammalian 
3'-processing components exist in yeast. In- 
deed, recent work on the composition of pu- 
rified PFI indicates that besides Fipl this fac- 
tor contains several additional polypeptides, 
including homologs of the 160-, loo-, and 
30-kD subunits of CPSF [U28374, 273287, 
and (23)l. In mammals, CPSF confers speci- 
ficity to the cleavage and the polyadenylation 
reactions. It is conceivable that PFI, like 
CPSF, acts as an enhancer of poly(A) poly- 
merase processivity during poly(A) tail elon- 
gation. The Fipl subunit of PFI tethers PAP1 

). . CYCl 

160 

147 
7 8 9 1 0  1 2  3 4 5 6 7 8 9 1 0 1 1  

phenotype expected for a PFI subunit. Cleavage (B) and cleavage and poly- 
adenylation (C) of a CYCl precursor RNA substrate. (Lanes 1) DNA size 
standard indicated in nucleotides. (Lanes 2) Precursor RNA. (Lanes 3) Activity 
of a wild-type yeast extract. (Lanes 4. 5, and 6) Processing activities of 
ma14- 7, ma 15- 7 ,  and fipl - 1 mutant extracts, respectively. (Lanes 7) Activity 
of L M l l 1  (20) grown in medium containing galactose. (Lanes 8 to 10) 3'- 
Processing activity of the same strain after shift to medium containing glu- 
cose for the time indicated at top of the lanes (hours). [Lane 11 in (C)] The 
deficient polyadenylation activity of L M l l 1  shifted to glucose for 12 hours is 
restored upon addition of pure PFI. 
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to CFIV (18). Given tliat in lllaln~llals CPSF 
interacts with poly(A) polymerase, cleavage 
factors, and the pre-mRNA, it is possible tliat 
the CPSF-related subunits of PFI also partic- 
ipate in speclfic interact~ons ~vitl i  CFI? as [yell 
as nitli the R N A  substrate. Tll~ls in yeast, 
specificity and processivity may be conferred 
upon poly(A) po ly~~~erase  hy the colilhl~led 
ac t i~ )n  of CFI. and PFI. The  reason nhv  PFI is 
not reil~llred for the cleavage reaction, in spite 
of its homology with CPSF, might be because 
the poly(A) polymera.;e itself does not partic- 
ipate in cleavage (5). Ho~vever, the fact that 
neither the signal sequellces on the R N A  
substrates nor the protein factors are inter- 
cllangeabl-e het~veen yeast and metazoans may 
reflect sulltle hut  llllportallt ~lifferelices 111 pro- 
tein-protein and RNA-protein interact~o~is 
hetneen tlie polvadenylation svstems of veast 
 lid IlletazORlIS. 

Do bacteria Ilave CPSF or PFI? Three 
open readng frallles of ~1nknon.n f~l~lctioll  in 
the &Il, jjnnnaschii (13) are signiiic:~ntly relateil 
to the 73-kD urotein and to TishllBrrj. I11 

vien. of recent surprising f~liil~llgs in the field 
of bacterial polvadenylation (26)) this raises 
the question Lvllether these proteins are 111- 

volved in pre-IIIRNA 3'-end form:~t~on. HOLY- 
ever, hl .  jjnnnnschii does not encode homologs 
of the 160-, 10C-, or 3J-kD sullu~iits of CPSF 
nor of Flr-il. As far as seuuence data are avail- 
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able, this liias also holds true for euhacterla 
(10,  16). It thus rell-iains an  ope11 cl~~estioll as 
to \vhich degree pre-mRNA ?'-en L l formation ' 

Dependence of Yeast Pre-mRNA 3'-End 
is conserved het~veen the iiifierelit ilomains Processing on CFTI : A Sequence Homolog of 
ilk. In anv case, the ll~gli degree of sequence 
conservation Tuggests that YslilIBrr5 a n ~ l  its 
related protei~is Ilave import:~nt and esse~itial 
fil~ictions. 
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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 I and I I  (CFI and CFII). A CFll component, designated 
CFTl (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 CFTl 
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 I, suggesting a close but not necessarily 
direct association of these two factors with the CFTl prote~n. 

M o s t  eukaryotic pre-mRNAs are 
at  tlieir 3' ends by endonucleolytic cleavage 
:lnJ s~lbsecjr~ent addi t io~l  of a polv(A) tail a t  
the upstream fraglllellt ( I ) .  Sol-ile studies 
have provided evidence for a possible evo- 
1~1tio1~1ry 11lnk betu.een yeast and mammali- 
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an  trans-acting factors involved in 3 '-end 
forlllation (2-4). Tlle poly(A) polyrrier:~se 
(PAP)  has so far revealed the highe.;t se- 
cjrlence similar~tv among the  factors identi- 
fied for cleavage and polyadenyl:~tio~i in 
yeast and lllamlllals (5). T h e  tmo known 
subun~ t s  of CFI ( 6 ) ,  the Rna14 and R l i a l j  
proteins (7), have been proposed to  he the  
yeast couliterparts of the  77-kD and 64-kD 
subunits of the  11-ial-ilm:111an cleavage stlmu- 
latory factor (CstF) ( 2 ,  3 ) .  Nevertheless, 
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