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Almost all eukaryotic mRNAs must be polyadenylated at their 3= ends to function in protein synthesis. This modification occurs
via a large nuclear complex that recognizes signal sequences surrounding a poly(A) site on mRNA precursor, cleaves at that site,
and adds a poly(A) tail. While the composition of this complex is known, the functions of some subunits remain unclear. One of
these is a multidomain protein called Mpe1 in the yeast Saccharomyces cerevisiae and RBBP6 in metazoans. The three conserved
domains of Mpe1 are a ubiquitin-like (UBL) domain, a zinc knuckle, and a RING finger domain characteristic of some ubiquitin
ligases. We show that mRNA 3=-end processing requires all three domains of Mpe1 and that more than one region of Mpe1 is
involved in contact with the cleavage/polyadenylation factor in which Mpe1 resides. Surprisingly, both the zinc knuckle and the
RING finger are needed for RNA-binding activity. Consistent with a role for Mpe1 in ubiquitination, mutation of Mpe1 de-
creases the association of ubiquitin with Pap1, the poly(A) polymerase, and suppressors of mpe1 mutants are linked to ubiquitin
ligases. Furthermore, an inhibitor of ubiquitin-mediated interactions blocks cleavage, demonstrating for the first time a direct
role for ubiquitination in mRNA 3=-end processing.

Polyadenylation is an essential step in the production of func-
tional eukaryotic mRNA that will be efficiently utilized in

translation. It is a nuclear processing event that involves the cleav-
age of mRNA precursor followed by the addition of a poly(A) tail
and is carefully coordinated with other events involved in mRNA
synthesis and utilization, such as transcription, splicing, assembly
of mRNA into ribonucleoprotein complexes, and mRNA export.
Many recent studies have also revealed how selection of the cleav-
age site can globally affect the type of mRNA produced by cells
(1–3). Polyadenylation requires a suite of multiple factors whose
subunits are conserved across eukaryotic species (4–6). Significant
progress has been made in understanding the contributions of
each factor to the recognition of the poly(A) site, the execution
of the processing steps, and regulation. However, the precise role
of each subunit in this complex process and the impact of post-
translational modifications on the regulation of polyadenylation
have not been completely defined.

In Saccharomyces cerevisiae, the factors needed for mRNA 3=-
end processing are the RNA-binding protein Hrp1 and two mul-
tisubunit complexes called cleavage/polyadenylation factor (CPF)
and cleavage factor IA (CF IA). One poorly characterized but es-
sential subunit of CPF identified more than 10 years ago is Mpe1,
which is needed for both processing steps (7). The mammalian
Mpe1 homolog, RBBP6, interacts with the tumor suppressor pro-
teins p53 and pRb (8, 9), possibly linking polyadenylation to reg-
ulation of cell growth. Even though RBBP6 is found in the mam-
malian mRNA 3=-end processing complex (10), it has not been
shown to function in polyadenylation.

Mpe1 is a particularly interesting subunit because of its evolu-
tionarily conserved tripartite domain structure, yet it is not clear
how this protein contributes to a fully functional polyadenylation
complex. Mpe1 contains three domains separated by linker re-
gions (Fig. 1A). At its N terminus is a ubiquitin -like (UBL) do-
main. UBL domains have been shown to interact with ubiquitin-
binding domains (UBDs) found on proteins involved in a wide

spectrum of cellular activities (11–13). The middle domain of
Mpe1 is a zinc knuckle. This motif can mediate both RNA and
protein interactions (14–20).

The third Mpe1 domain is a RING finger domain found in
some E3 and E4 enzymes (21–23). RING-type E3 ubiquitin ligases
directly interact both with target substrates and with E2 ubiquitin-
conjugating enzymes, thereby facilitating the transfer of the ubiq-
uitin from E2 to the target protein (24). E4 enzymes help to elon-
gate short ubiquitin chains (25). RBBP6 has been shown to
enhance the polyubiquitination of p53 by the Mdm2 E3 ligase and
to act directly as a ubiquitin ligase on the oncogenic transcription
factor YB-1 (26, 27). In addition to targeting proteins for degra-
dation by the proteasome, the reversible addition of ubiquitin can
alter protein-protein interactions, and examples of this can be
found in aspects of mRNA biology such as transcription, splicing,
and nuclear export (28–31). However, no direct role for ubiquitin
in mRNA 3=-end processing has been demonstrated.

To understand the precise roles of the individual domains of
Mpe1 in mRNA polyadenylation, we examined the consequences
of mutating or removing each domain on Mpe1 function and on
the abilities of these regions to facilitate interaction with the poly-
adenylation complex or its RNA substrate. This analysis has re-
vealed critical functions for the UBL domain in mediating pro-
tein-protein contacts within the processing complex and an
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unexpected requirement of the RING finger for RNA binding. We
have also uncovered a previously unknown role for ubiquitination
in modulating the efficiency of mRNA 3=-end processing.

MATERIALS AND METHODS
Yeast strains and culture. The S. cerevisiae strains used in this study are as
follows: SDL1 (MATa leu2�1 ura3-52 trp1�63 mpe1� [YCp50-URA-
MPE1]), SDL2 (MATa leu2�1 ura3-52 trp1�63 mpe1� [pRS315-LEU-
Myc-MPE1-His6]), SDL3 (MATa leu2�1 ura3-52 trp1�63 mpe1�
[pRS315-LEU-Myc-mpe1-F9A-His6]), SDL4 (MATa leu2�1 ura3-52
trp1�63 mpe1� [pRS315-LEU-Myc-mpe1-C182G,C185G-His6]) (where
mpe1-C182G,C185G indicates the mpe1 gene with glycine substituted for
cysteine at amino acids 182 and 185), SDL5 (MATa leu2�1 ura3-52
trp1�63 mpe1� [pRS315-LEU-Myc-mpe1-L337A-His6]), SDL6 (MATa
leu2�1 ura3-52 trp1�63 mpe1� [YCp50-URA-MPE1] [pRS315-LEU-
Myc-mpe1-�UBL-His6]), SDL7 (MATa leu2�1 ura3-52 trp1�63 mpe1�
[pRS315-LEU-Myc-mpe1-�RING-His6]), SDL8 (MATa leu2�1 ura3-52
trp1�63 mpe1� [pRS315-leu::URA3-Myc-MPE1-His6]), SDL9 (MATa
leu2�1 ura3-52 trp1�63 mpe1� [pRS315-leu::URA3-Myc-mpe1-F9A-
His6]), SDL10 (MATa leu2�1 ura3-52 trp1�63 mpe1� [pRS315-leu::
URA3-Myc-mpe1-C182G,C185G-His6]), SDL11 (MATa leu2�1 ura3-52
trp1�63 mpe1� [pRS315-leu::URA3-Myc-mpe1-L337A-His6]), W303
(MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112), SDL13 (MATa ade2-1
ura3-1 his3-11,15 trp1-1 leu2-3,112 mpe1-1) (7), SDL70 (MATa his3-�200
leu2-3,112 lys2-801 trp1�63 ura3-52) (32), SDL72 (MATa ump1-�1::HIS3
his3-�200 leu2-3,112 lys2-801 trp1�63 ura3-52) (32), SDL68 (MATa leu2-
3,112 ura3-52 his3-11) (33), SDL69 (pre1-1 pre4-1 leu2-3,112 ura3-52
his3-11) (33), CM351 (MATa PTA1-TAP::TRP1 leu2�1 ura3-52 trp1�63)
(34), SDL60 (MATa PTA1-TAP::TRP1 leu2�1 ura3-52 trp1�63 mpe1�
[pRS315-LEU-Myc-MPE1-His6]), and PJ69-4A (MATa trp1-901 leu2-

3,112 ura3-52 his3�200 gal4� gal80� LYS2::GAL1-HIS3 GAL2-ADE2
met2::GAL7-lacZ) (35).

FY23 was used as the host for the construction of strains SDL1 to
SDL11. Strains SDL8 to SDL11, which were used for the high-copy-num-
ber suppressor screen, were made from strains SDL2 to SDL5 by using
“marker swap” plasmids (36). SDL60 was constructed as described previ-
ously (34). To determine the effect of mpe1 mutations on yeast cell
growth, the plasmid shuffle complementation assay was used (37). The
pRS315 plasmids containing mpe1 mutations were analyzed in the MPE1
plasmid shuffle strain SDL1. Growth properties were analyzed by growing
the strains in liquid yeast extract-peptone-dextrose (YPD) at room tem-
perature to an optical density at 600 nm (OD600) of 1.0, spotting 5 �l of
10-fold serial dilutions onto YPD plates, and incubating the plates for 3 to
7 days at 12, 16, 24, 30, or 37°C.

MPE1 plasmids and mutant construction. For pRS315-MPE1, the
MPE1 sequence is flanked by a Myc epitope tag at the N terminus and by
a 6� histidine tag at the C terminus and is under the control of the MPE1
promoter and terminator sequences (900 bp upstream and 900 bp down-
stream of the coding region of the MPE1 gene). The coding sequence of
MPE1 was amplified from genomic DNA by PCR using the upstream
primer NdeI-Myc-MPE1(5= ORF) and the downstream primer MPE1(3=
ORF)-His6-NotI. The PCR product was digested with NdeI and NotI and
was cloned into the pRS315 (LEU2) vector flanked by the 900-bp regions
upstream and downstream of the coding region of the MPE1 gene. MPE1
point mutations and truncation mutations were made by the overlap PCR
method (38), and pRS315-mpe1 derivatives were constructed by inserting
these PCR-amplified fragments into the NdeI and NotI sites of pRS315-
MPE1. Amino acids 2 to 81 were deleted in the mpe1-�UBL construct, and
amino acids 283 to 441 were deleted in the mpe1-�RING construct. Mu-
tations were verified by sequencing.

FIG 1 MPE1 mutants show growth defects. (A) Schematic of mutations analyzed in this study, with conserved domains and their amino acid boundaries
indicated. Amino acids 2 to 81 were deleted in the mpe1-�UBL construct, and amino acids 283 to 441 were deleted in the mpe1-�RING construct. UBL,
ubiquitin-like domain. (B) Relative growth rates of mpe1 mutants at different temperatures. Strains were grown in liquid YPD, 10-fold serially diluted, spotted
onto YPD plates, and incubated for 3 to 7 days at the indicated temperatures. (C) In vivo expression of the mpe1 mutant proteins. Cells containing a chromosomal
deletion of the MPE1 gene but expressing Myc-tagged forms of wt MPE1 or mpe1 mutants on plasmids were first grown at 30°C and then, as indicated, shifted
to 37°C for 2 h (mpe1-F9A) or to 16°C for 4 h (mpe1-C182G,C185G and mpe1-L337A). Extracts from these cells were analyzed by Western blotting using an
antibody against the Myc epitope or against actin. For the nonviable mpe1-�UBL mutation, an extract was made from cells coexpressing an untagged wild-type
Mpe1 protein, and only the truncated protein was detected by the anti-Myc antibody. The asterisk indicates a nonspecific band sometimes seen with the anti-Myc
antibody. Numbers on the left of the bottom panel indicate the positions of molecular mass markers (in kilodaltons). The amount of mutant protein relative to
the amount of wild-type Mpe1 was determined by using actin as a loading control and is indicated under each lane.

Lee and Moore

3956 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


Pulldown assays. Yeast processing extracts (1 mg) prepared as de-
scribed previously (39) were incubated with Ni-nitrilotriacetic acid
(NTA) resins (Qiagen) overnight at 4°C in 500 �l of buffer IP-150 (10 mM
Tris-HCl at pH 7.9, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1 mM
dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride [PMSF], 2
�M pepstatin A, 0.6 �M leupeptin, 0.01% NP-40). In some cases, after
two washes with 1 ml of buffer IP-150 containing 5 mM MgCl2–2 mM
CaCl2, the beads were treated with an RNase cocktail (15 �g/ml RNase A,
38 U/ml RNase T1; Thermo Scientific) for 40 min at 30°C in the same
buffer, followed by three washes with 1 ml of buffer IP-150. Samples were
centrifuged, and the pellets were washed five times with 1 ml of buffer
IP-150. The pellets were resuspended in 100 �l of IP-150 containing 500
mM imidazole. The eluates were resuspended with SDS sample buffer,
boiled for 3 min, and analyzed in an SDS-8% polyacrylamide gel. Western
blotting was performed according to standard procedures. Polyclonal an-
tibodies against Rna14, Rna15, and Ysh1 were a gift from H. Domdey. The
monoclonal antibodies against Pta1 and Pap1 have been described previ-
ously (39). Antibodies against ubiquitin and actin were purchased from
Santa Cruz Biotechnology, Santa Cruz, CA (sc-8017), and Abcam, Cam-
bridge, MA (ab8224), respectively. Western blots were quantitated by
ImageJ software.

For the detection of ubiquitination associated with Pap1, cells express-
ing hemagglutinin (HA)-tagged ubiquitin under the control of a copper-
inducible promoter (40) were grown in 1 liter of selective medium con-
taining 0.15 mM CuSO4 to an OD600 of 1.5. The cells were resuspended in
5 ml of buffer C (10 mM HEPES-KOH at pH 7.0, 10 mM KCl, 1.5 mM
MgCl2, 0.5 mM DTT, 1 mM PMSF, 2 �M pepstatin A, 0.6 �M leupeptin,
5 mM 1,10-phenanthroline monohydrate [Sigma], 20 mM N-ethylma-
leimide [NEM; Fisher Scientific], 5 �M MG132 [Sigma], and 8 �g ubiq-
uitin-aldehyde [Boston Biochem]). Extracts were prepared as described
previously (41) and were incubated with an anti-Pap1 antibody over-
night. Protein A beads (Santa Cruz) were then added and were rotated for
2 h. Beads were washed twice with IP-150 buffer (10 mM Tris-HCl at pH
7.9, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1 mM DTT, 1 mM PMSF,
2 �M pepstatin A, 0.6 �M leupeptin, 5 mM 1,10-phenanthroline mono-
hydrate, and 20 mM NEM), washed twice with IP-150 buffer containing
0.1% SDS, resuspended in SDS sample buffer, boiled for 3 min, and ana-
lyzed in an SDS-8% polyacrylamide gel. Western blotting was performed
according to standard procedures.

For glutathione S-transferase (GST) pulldown assays, plasmid GST-
MPE1 was generated by inserting the MPE1 open reading frame (ORF)
into the SmaI/XhoI sites of pGEX-6P. The expression and purification of
GST-Mpe1 from Escherichia coli Rosetta (DE3) cells, as well as GST pull-
down assays, were carried out as described previously (41, 42). Radiola-
beled Cft1 protein was translated in vitro in the presence of [35S]methio-
nine with a TNT rabbit reticulocyte lysate system (Promega). GST-Mpe1
or GST was incubated with a 30-�l bed volume of glutathione-Sepharose
beads in 200 �l of buffer IP-150 for 1 h at 4°C. After washing with buffer
IP-150, beads were incubated with radiolabeled Cft1 (10 �l of the in vitro-
translated reaction product) for 2 h at 4°C. The beads were centrifuged,
washed five times with 1 ml of buffer IP-150 containing 0.05% NP-40, and
boiled in SDS-PAGE sample buffer. The eluted sample was then resolved
by SDS-6% polyacrylamide gel electrophoresis and was visualized by a
Storm 960 PhosphorImager.

Protein purification. Derivatives of plasmids pET21b-MPE1 and
pET21b-mpe1 (tagged with Myc at the N terminus and with 6� histidine
at the C terminus) were generated by digesting NdeI and NotI fragments
from pRS315-MPE1 and pRS315-mpe1 and inserting these fragments into
pET21b digested with the same enzymes. Recombinant proteins were ex-
pressed and purified from Escherichia coli Rosetta (DE3) cells as described
previously (41, 42).

In vitro RNA processing assay. Preparation of yeast cell extracts, tran-
scription of [�-32P]UTP-labeled GAL7-1 RNA or precleaved GAL7-9, and
processing assays were performed as described previously (39). The tem-
plate for CYC1 precursor was pGYC1 digested with PvuII (43). Ubistatin

A (NSC665534) was generously provided by the Drug Synthesis and
Chemistry Branch of the National Cancer Institute, and MG132 was ob-
tained from Sigma. For the RNA-processing rescue experiment with K48-
linked tetraubiquitin (Boston Biochem), 70 �M ubistatin A was preincu-
bated with 100 �M K48-linked tetraubiquitin for 10 min at 24°C and then
incubated with cell extracts for an additional 10 min at 24°C before the
addition of radiolabeled GAL7-1.

RNA binding assays. RNA binding was carried out in a volume of 20
�l containing [�-32P]UTP-labeled GAL7-1, with 0.6 to 4 �M recombi-
nant Mpe1, 20 mM HEPES-KOH (pH 7.9), 50 mM KCl, 1 mM DTT, 0.1
mM ZnSO4, and 25 �g/ml tRNA. After a 15-min incubation at 30°C, the
reaction mixture was loaded onto a 4% polyacrylamide gel with 1� Tris-
borate-EDTA (TBE) buffer and was electrophoresed. The gels were dried
and were visualized by a Storm 960 PhosphorImager. RNase H protection
experiments were performed as described previously (44).

To examine the binding of Mpe1 to RNA when it is incorporated into
the CPF complex, CPF was purified from yeast expressing TAP-tagged
Pta1. Extracts were prepared from 2 liters of cells grown in YPD at 30°C to
an OD600 of 1.5 as described previously (41), except that the ammonium
sulfate precipitation step was omitted. Proteins were purified according to
the standard TAP procedure (45), separated on an SDS-10% polyacryl-
amide gel, and detected by silver staining. The known CPF subunits were
confirmed by Western blotting. For UV cross-linking experiments, reac-
tion mixtures were assembled in a final volume of 200 �l containing CPF
purified from Pta1-TAP or from Pta1-TAP containing pRS315-Myc-
Mpe1-His6, 2,800,000 cpm of [�-32P]UTP-labeled GAL7-1 prepared as
described above, 50 �g/ml tRNA, 1 mM magnesium acetate, 75 mM po-
tassium acetate, 10 mM Tris-HCl (pH 7.5), and 1.5 mM ATP. After incu-
bation for 15 min at 30°C, samples were returned to ice and were irradi-
ated with 1.2 mJ from a Stratalinker UV cross-linker, model 2400
(Stratagene). One-tenth of the sample was then digested with 2 �g of
RNase A and 40 U of RNase T1 for 1 h at 37°C and was resolved on an
SDS-10% polyacrylamide gel. The gel was dried and was visualized with a
Storm 960 PhosphorImager. Mpe1-His6 from the rest of the sample was
then captured by incubation with 80 �l of Ni-NTA (Qiagen) in 600 �l of
buffer (150 mM NaCl, 20 mM Tris-HCl [pH 7.9]) for 4 h at 4°C. Unbound
proteins were removed by five washes in 600 �l of buffer (150 mM NaCl,
20 mM Tris-HCl [pH 7.9]), followed by two washes in 600 �l of the same
buffer containing 0.1% SDS. Bound proteins were eluted in 150 �l of
elution buffer (100 mM EDTA, 0.1% SDS, 150 mM NaCl, 20 mM Tris-
HCl [pH 7.9]), transferred to another tube, and digested with 20 �g of
proteinase K. The eluted sample was then resolved on a 5% acrylamide–
8.3 M urea gel and was visualized with a Storm 960 PhosphorImager.

Yeast two-hybrid assay. pGBD-MPE1, pGBD-UBL, pGBD-ZK, and
pGBD-RING were constructed by inserting full-length MPE1, the UBL
(amino acids 1 to 173), the zinc knuckle domain and second linker region
(amino acids 174 to 282), or the RING finger domain (amino acids 283 to
441) into vector pGBD-C2. Each of these constructs was transformed into
the yeast two-hybrid selection strain pJ69-4A along with plasmid pGAD-
CFT1. Transformants were selected on complete medium lacking leucine
and tryptophan (CM-LT) to select for both plasmids pGBD and pGAD.
Positive interactions were determined by the ability of the transformed
yeast cells to grow on complete medium lacking leucine, tryptophan, and
histidine (CM-LTH). Cells were plated on CM-LT as a growth control or
on CM-LTH for the determination of positive interactions. Plates were
incubated at 30°C for 3 days.

High-copy-number suppressor screen. High-copy-number suppres-
sors of the mpe1-F9A, mpe1-C182G,C185G, and mpe1-L337A growth de-
fects were isolated by transforming the mutant strain with a 2�m yeast
genomic library (46). Plasmid DNA was transformed into the mutant
strains, and transformants were selected on minimal medium lacking leu-
cine. After 3 days at 30°C, transformants were replica plated onto minimal
medium lacking leucine and were incubated at 37°C for 3 days (mpe1-
F9A) or at 12°C for 18 days (mpe1-C182G,C185G and mpe1-L337A). For
the mpe1-F9A screen, 3 suppressors were identified among �18,000 Leu�
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transformants. DNA sequence analysis revealed that plasmids from these
3 transformants contained MPE1. For the mpe1-C182G,C185G screen, 5
suppressors were isolated from �20,000 Leu� transformants. DNA se-
quence analysis revealed that 2 plasmids contained MPE1 and the other 3
contained the same region of genomic DNA, which included PEX10,
HEL2, CIA1, MSW1, and CCC2. This region was subcloned by cutting out
an insert fragment with restriction enzymes MscI, located at the CIA1
coding sequence, and SmaI, located at the multiple cloning site of
pGP564, and religating the backbone fragment to produce a construct
containing the PEX10 and HEL2 genes that suppressed the mutant phe-
notype. The PEX10 gene (including 900-bp regions upstream and down-
stream of the coding sequence) was further cloned into pGP564 by PCR.
However, PEX10 was unable to suppress the mutant phenotype, and thus,
it was concluded that the HEL2 gene was responsible for the suppression.
For the mpe1-L337A screen, 6 suppressors were isolated among �23,000
Leu� transformants. DNA sequence analysis revealed that 2 of the plas-
mids contained MPE1 and 4 contained the same region of DNA, which
included SAY1, MES1, YGR266W, FOL2, and HUA1. The subcloning of
this region by cutting out a fragment with restriction enzyme HindIII,
located at the multiple cloning site of pGP564 and at the FOL2 coding
sequence, and religating the backbone fragment resulted in a construct
containing only the HUA1 gene, which was sufficient to suppress the
mutant phenotype.

RESULTS
The three conserved domains of Mpe1 are important for normal
growth and mRNA 3=-end processing. In order to investigate the
role of Mpe1 in mRNA 3=-end processing, we carried out site-
directed mutagenesis on amino acid residues that show high con-
servation among Mpe1 homologs. We generated 14 single alanine
substitution mutations across the three conserved domains (F9A,
K31A, K39A, L48A, P78A, T212A, Q268A, C290A, V301A, F311A,
L316A, D324A, P328A, and L337A), one double glycine substitu-
tion mutation located in the zinc knuckle domain (C182G
C185G), and two deletion mutations (�UBL and �RING). The
mpe1-�UBL mutant lacks amino acids 2 to 81, and the mpe1-
�RING mutant lacks amino acids 283 to 441. A wild-type (wt)

copy of the MPE1 gene was replaced with the mutant mpe1 gene by
plasmid shuffling (see Materials and Methods), and strains were
tested for viability and conditional growth defects. Of the single
alanine substitution mutants, one UBL domain mutant (mpe1-
F9A) caused poor growth at 30 and 37°C, and one RING finger
domain mutant (mpe1-L337A) grew poorly at 16°C (Fig. 1B). No
growth defects were observed with the remaining 12 single amino
acid replacements (see Fig. S1A in the supplemental material).
The double glycine substitution mutation located in the zinc
knuckle also resulted in cold-sensitive growth (Fig. 1B). Deletion
of the UBL domain was lethal (see Fig. S1B in the supplemental
material), while deletion of the C-terminal region containing the
RING finger domain caused slow growth at 30 and 37°C and se-
verely compromised growth at 16°C (Fig. 1B).

To check for the expression levels of these mpe1 mutants, ex-
tracts were made from wild-type or mutant cells grown at 30°C or
from cultures shifted for 4 h to 16°C (mpe1-C182G,C185G and
mpe1-L337A) or for 2 h to 37°C (mpe1-F9A) before harvesting.
Western blotting using these extracts showed that the mutant
mpe1-C182G,C185G and mpe1-L337A proteins were expressed
similarly to wild-type mpe1 at the restrictive temperatures (Fig.
1C). The level of the mpe1-F9A mutant was about half that of the
wild type at 37°C, and the level of mpe1-�RING was equivalent to
that of the wild type at 30°C. The mpe1 mutant with a lethal
deletion of the UBL domain was expressed well in the presence of
the wild-type MPE1 gene (Fig. 1C). This analysis shows that all of
the conserved domains of Mpe1 are important for growth.

To see whether the conditional growth defects conferred by the
mpe1-F9A, mpe1-C182G,C185G, and mpe1-L337A mutations might
be due to defects in mRNA 3=-end processing, we performed in vitro
3=-end-processing assays using extracts made from each of these mu-
tants. When a radiolabeled RNA substrate containing the GAL7
poly(A) site was incubated with the wild-type extract and ATP, the
RNA was efficiently cleaved and polyadenylated regardless of the
temperature at which the reactions were performed (Fig. 2A, lanes 2,

FIG 2 MPE1 mutants show impairment of in vitro processing. Processing extracts were prepared from the indicated strains grown at 30°C and then shifted to
37°C for 2 h (F9A) or to 16°C for 4 h (C182G,C185G and L337A). Assays were conducted for 20 min at the indicated temperatures. (A) For the coupled
cleavage-polyadenylation assays, extracts were incubated with ATP and full-length 32P-labeled GAL7-1 RNA. (B) For cleavage-only assays, the reactions were
carried out as described above except that 3=-dATP was used instead of ATP. (C) For poly(A) addition assays, the reactions were carried out as described above
except that precleaved GAL7-9 RNA, ending at the poly(A) site, was used as the precursor. RNA products were resolved on a denaturing 5% polyacrylamide gel
and were visualized with a phosphorimager. The positions of the substrate and products are indicated to the right of panels A and C (partially filled rectangle,
full-length GAL7-1 RNA; open rectangles labeled AAA, polyadenylated product; open rectangles, cleaved product). The lane marked “precursor” indicates the
unreacted substrate for each reaction. The percentage of processed RNA is given under each lane number.
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3, 8, and 10). However, in the mpe1-C182G,C185G and mpe1-L337A
extracts, this activity was lower than that in wild-type extracts at 30°C
and dropped further at 18°C (Fig. 2A, lanes 4 to 7). The defect was
most severe for the mpe1-C182G,C185G mutant, a finding consistent
with its strong cold-sensitive growth phenotype. The activity of the
mpe1-F9A extract was comparable to that of the wild-type extract
when reactions were conducted at 30°C but about half that of the
wild-type extract at 37°C (Fig. 2A, lanes 8 to 11). The cleavage step of
3=-end processing can be studied separately from poly(A) addition by
substituting 3=-dATP for ATP, and the poly(A) addition step can be
isolated from cleavage by using a substrate that ends at the cleavage
site. The activities of the mpe1-C182G,C185G and mpe1-L337A ex-
tracts were compromised for both steps (Fig. 2B and C, lanes 4 to 7),
while the mpe1-F9A mutant was mostly impaired in poly(A) addi-
tion, especially at 37°C (Fig. 2B and C, lanes 9 and 11).

The original mpe1-1 mutant identified by Vo et al. (7) showed
defective polyadenylation in vitro, grew slowly at 24 and 30°C, and
was nonviable at 37°C. It contains four mutations: F9S in the UBL
domain, Q268K in the linker region between the zinc knuckle and
the RING finger domain, L337F in the RING finger domain, and a
stop codon created at L354 just outside the RING finger domain.
A strain with a TAP tag at L354 was viable and gave intact CPF (7).
However, the other mutations were not examined separately. Our
results with the F9A, C182G C185G, and L337A mutants show
that each of three conserved domains of Mpe1 is needed for opti-
mal cell growth and function in mRNA 3=-end processing.

Interactions with CPF require more than one region of
Mpe1. MPE1 was originally discovered as a suppressor of a muta-
tion in PCF11, which encodes a component of CF IA (7). To test
whether Mpe1 functions as a bridge between CPF and CF IA, we
performed pulldown assays from cell extracts by using nickel af-
finity beads to capture versions of Mpe1 that had been doubly
tagged with the His6 and Myc epitopes. Extracts were prepared
from wild-type (MPE1) cells and from the mpe1-�UBL or mpe1-
�RING mutant. For the mpe1-�UBL mutant, which is not viable,
the cells were grown in the presence of a plasmid containing un-
tagged wild-type MPE1. The composition of proteins in the pull-
down assays was assessed by Western blotting with antibodies
against the Rna14 and Rna15 subunits of CF IA (Fig. 3A). Both
Rna14 and Rna15 associated with Mpe1 in wild-type and mpe1-
�RING extracts but were not pulled down in mpe1-�UBL ex-
tracts, where only background levels were detectable (Fig. 3A).

To sample the association of the mpe1 mutants with CPF sub-
units, the pulled-down proteins were also probed with antibodies
against Pap1, Pta1, and Ysh1. These subunits could not be pulled
down with mpe1-�UBL, and these interactions were weakened
but still present upon deletion of the RING finger domain (Fig.
3A). Pulldowns of Mpe1 in the presence of RNase did not change
the amounts of associated proteins (see Fig. S2A in the supple-
mental material), indicating that the interactions observed are
mediated by protein-protein contacts and not by RNA binding.

To further investigate Mpe1 interactions, we performed yeast
two-hybrid analysis using MPE1 fused to the GAL4 DNA binding
domain (GBD) and paired with GAL4 activation domain (GAD)
fusion constructs, which included CFT1, PTA1, PCF11, SSU72,
and HRP1. These fusion constructs represented each of the known
polyadenylation factors: Cft1, Pta1, and Ssu72 are subunits of
CPF; Pcf11 is a subunit of CF IA; and Hrp1 is CF IB. These GBD
and GAD fusion plasmids were cotransformed into a reporter
strain containing a copy of HIS3 controlled by the GAL1 pro-

moter. Positive two-hybrid interactions activate the GAL1-HIS3
reporter gene and enable yeast to grow on a medium lacking his-
tidine. Little growth was observed when GBD-MPE1 was com-
bined with the GAD vector or with the GAD fused to PTA1,
PCF11, SSU72, or HRP1 (Fig. 3B; see also Fig. S2B in the supple-
mental material). However, when GBD-MPE1 was paired with
GAD-CFT1, cells were able to grow in the absence of histidine at a
level comparable to that seen with the known two-hybrid interac-
tion of PTA1 and SSU72 (47) (Fig. 3B). Little growth was observed
when GAD-CFT1 was combined with the GBD vector, indicating
that the two-hybrid signal required MPE1. This interaction may
be direct, since a recombinant GST-Mpe1 fusion protein pulled
down twice as much in vitro-translated Cft1 as did GST alone
(Fig. 3E).

Given the pulldown analysis shown in Fig. 3A, it was surprising
not to see a two-hybrid interaction between Mpe1 and the CPF
subunit Pta1 or Ssu72 or between Mpe1 and the CF IA subunit
Pcf11. However, as we have observed previously (48), two-hybrid
analysis will not always detect interactions that have been demon-
strated biochemically, perhaps because of conformational con-
straints when the fusions are incorporated into the complexes
being tested. Nevertheless, two-hybrid signals, when detected, can
be helpful in further dissection of critical interaction domains.
With this goal in mind, we tested the GAD-CFT1 construct against
GBD constructs fused to the different Mpe1 regions diagramed
in Fig. 3C. By this in vivo assay, only the fragment containing
the zinc knuckle domain and the linker between the zinc
knuckle and the RING finger scored positive (Fig. 3D).

In conclusion, the pulldown experiments show that the UBL
domain of Mpe1 is essential for the association of Mpe1 with CPF
and CF IA and that the RING finger contributes to the interaction
with CPF but not to that with CF IA. The two-hybrid analysis
suggests that the zinc knuckle of Mpe1 or the second linker region
also makes contact with other CPF subunits, perhaps through a
direct Cft1 interaction.

Mpe1 binds to RNA. Mpe1 contains a zinc knuckle domain
(CX2CX4HX4C) that in other proteins has been implicated in pro-
tein-protein interactions and RNA binding (14–20, 49). To test
whether Mpe1 binds directly to RNA, we performed an RNA gel
mobility shift assay with purified recombinant wild-type protein
(Fig. 4A). Radiolabeled GAL7-1 precursor RNA was incubated
with increasing concentrations of Mpe1, and the samples were
subjected to gel electrophoresis under native conditions. Mpe1
shifted the position of RNA in a concentration-dependent man-
ner (Fig. 4B, lanes 2 to 4). Higher concentrations of Mpe1 caused
a supershift of the Mpe1-RNA complexes, perhaps due to the
presence of more than one binding site on the GAL7 RNA.

To determine which domains of Mpe1 are involved in binding to
RNA, purified recombinant mpe1-�UBL, mpe1-C182G,C185G,
and mpe1-�RING proteins (Fig. 4A) were used in the mobility
shift assay. mpe1-�UBL behaved like wt protein in this assay (Fig.
4B, lanes 5 to 7). In contrast, the mpe1-C182G,C185G mutant
showed a lower affinity for the GAL7 RNA, with protein-RNA
complexes observed only at the highest concentration (Fig. 4B,
lanes 8 to 10). The RING finger domain deletion mutant failed to
interact with RNA (Fig. 4B, lanes 11 to 13). These results show that
both the zinc knuckle and RING finger domains are essential for
efficient binding of Mpe1 to RNA.

To investigate whether Mpe1 had any sequence specificity in its
interaction with RNA, we employed a method previously used by

Mpe1 Function in mRNA Polyadenylation

November 2014 Volume 34 Number 21 mcb.asm.org 3959

http://mcb.asm.org


the Keller laboratory to examine the specific binding of CPF (44,
50, 51). Radioactive RNA containing the CYC1 poly(A) site and
flanking sequences is challenged with the indicated cDNA oligo-
nucleotides (Fig. 4C, top) and RNase H, with or without preincu-
bation with recombinant Mpe1. Binding of Mpe1 to specific re-
gions would block hybridization of the oligonucleotide and
prevent digestion of the RNA, which is detected by the appearance
of smaller RNA fragments. We used the two concentrations of
Mpe1 (600 nM and 1.8 �M) that gave complexes in the gel mo-
bility shift assay for which results are shown in Fig. 4B. Protection
was observed in the regions corresponding to oligonucleotides 7
and 8 at both Mpe1 concentrations (Fig. 4C, bottom). At the
higher concentration of Mpe1, there was protection in the region
of oligonucleotide 6. Although cleavage in the region of oligonu-

cleotide 2 in the absence of Mpe1 was very low, there may also
have been protection in this area. The section of the transcript
complementary to oligonucleotides 7 and 8 matches the cleavage
site and the U-rich tracts that flank this site, which are known to
constitute part of the signal sequences that define yeast poly(A)
sites (52). This observation suggests that Mpe1 contributes to the
recognition of this region of the polyadenylation precursor.

Although the mobility shift and RNase H protection assays
showed that recombinant Mpe1 binds directly to RNA, the ques-
tion remained whether Mpe1 binds to RNA when it is part of CPF.
To address this issue, we used UV light to photochemically cross-
link proteins that are in proximity to nucleotides (53). Extracts
were prepared from yeast expressing a TAP-tagged version of the
Pta1 subunit (54) and either a His6-tagged or an untagged version

FIG 3 Interactions with CPF involve more than one region of Mpe1. (A) Pulldown assays with extracts prepared from cells expressing Myc-His6-tagged forms
of mpe1, mpe1-�RING, or mpe1-�UBL. Cells were grown at 30°C. Pulldown assays were performed using nickel affinity beads, and the eluates were analyzed
by Western blotting with antibodies against CF IA and CPF subunits. Mpe1 was detected with the anti-Myc antibody. The control lane shows a pulldown with
an extract from cells expressing only untagged Mpe1. The asterisk indicates a nonspecific band detected with the anti-Myc antibody. The amount of protein
pulled down in the mutant relative to wild-type Mpe1 is given under each lane. (B) Yeast two-hybrid analysis reveals an interaction between GBD-Mpe1 and
GAD-Cft1. A positive two-hybrid interaction was detected by transcription activation of the HIS3 reporter gene, which allowed for growth on a medium lacking
histidine. Pta1 and Ssu72, which have been shown previously to interact with each other (47), were used as a positive control. The pairings of two-hybrid
constructs are as follows: lane 1, pGBD-PTA1 plus pGAD-SSU72; lane 2, pGBD-MPE1 plus pGAD; lane 3, pGBD plus pGAD-CFT1; lane 4, pGBD-MPE1 plus
pGAD-CFT1. (C) Schematic representation of the different Mpe1 regions encoded by pGBD plasmids. Numbers indicate the amino acid boundaries of each
Mpe1 fragment. UBL, ubiquitin-like; ZK, zinc knuckle. (D) The region containing the zinc knuckle domain of Mpe1 and the second linker mediates the
two-hybrid interaction with Cft1. Yeast two-hybrid analyses were performed as described for panel B. The pairings of two-hybrid constructs are as follows: lane
1, pGBD-PTA1 plus pGAD-SSU72; lane 2, pGBD-ZK plus pGAD; lane 3, pGBD plus pGAD-CFT1; lane 4, pGBD-UBL plus pGAD-CFT1; lane 5, pGBD-ZK plus
pGAD-CFT1; lane 6, pGBD-RING plus pGAD-CFT1. (E) Mpe1 interacts with Cft1 in vitro. GST pulldown assays were performed with purified recombinant GST
or GST-Mpe1 and 35S-labeled in vitro-translated Cft1. The input lane represents 1/5 of the in vitro-translated Cft1 used for binding.
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of Mpe1, and CPF was purified from extracts by using the TAP tag
(Fig. 5A). CPF was mixed with radiolabeled GAL7 RNA precursor,
and the mixture was subjected to photochemical cross-linking.
Subsequently, RNA was digested, and cross-linked proteins
were resolved by SDS-PAGE and were identified by the radio-
active RNA tag. Several proteins in CPF are cross-linked to the
RNA (Fig. 5B). To see if one of the cross-linked proteins is
Mpe1, RNA was cross-linked to CPF, but the RNase digestion
step was omitted. His6-Mpe1 was then purified from cross-
linked CPF by nickel affinity chromatography, using a bead
wash buffer containing 0.1% SDS to disrupt the CPF complex.
The samples were then digested with proteinase K, and the

released RNA was resolved on a denaturing gel. The RNA signal
was significantly increased above background only if the CPF
was obtained from the strain expressing His6-Mpe1, not if CPF
came from the strain lacking this tagged Mpe1 (Fig. 5C). This
experiment demonstrates that Mpe1 can contact polyadenyla-
tion precursor RNA when it is part of CPF.

Ubiquitination plays a role in mRNA 3=-end processing. One
role of ubiquitination is to target proteins for degradation by the
proteasome (55). To determine if inactivation of the proteasome
might affect mRNA 3=-end processing, extracts were prepared
from the proteasome-defective �ump1 and pre1-1 pre4-1 strains
(33, 56) grown at the nonpermissive temperature of 37°C. These

FIG 4 Mpe1 binds to RNA with sequence specificity. (A) Coomassie blue-stained gel of purified recombinant Mpe1 proteins used for RNA gel mobility shift
assays. (B) RNA gel mobility shift assays were performed with the indicated recombinant proteins as described in Materials and Methods. Concentrations of 300
nM, 600 nM, and 1.8 �M were used for each protein and are indicated by the wedges above the gel. (C) Mapping the binding site of Mpe1 on CYC1 precursor.
(Top) Sequence of the CYC1 transcript and positions of signal sequences and the poly(A) site. The locations of sequences complementary to DNA oligonucle-
otides 1 to 8 are indicated. (Bottom) RNase H protection profile of Mpe1 on 32P-labeled CYC1 RNA, which was first incubated with binding buffer (no protein
[lanes 1 to 9]) or Mpe1 (600 nM [lanes 10 to 18] or 1.8 �M [lanes 19 to 27]) and then cleaved by the addition of RNase H and oligonucleotides as indicated. As
a control, oligonucleotides were omitted in lanes 1, 10, and 19. The amounts of digested product were determined for lanes using DNA oligonucleotides 6 to 8
and are indicated under the lane numbers.
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extracts were deficient in polyadenylation in vitro (Fig. 6A), sug-
gesting that failure to degrade certain proteins is detrimental to
processing.

However, because of the pleiotropic influence of ubiquitin on
many cellular activities, the defects in processing observed with
the proteasome mutants may be indirect. To address this concern,
we next asked whether ubiquitin modifications already present in
the extract are important for mRNA 3=-end processing. In addi-
tion to directing proteins for degradation, ubiquitination can
modulate a protein’s activity through conformational changes or
by creating or obstructing binding sites for interacting partners.

This type of regulation often involves interactions of ubiquiti-
nated proteins with other proteins harboring ubiquitin-binding
domains (UBDs) (11, 57). The consequences of blocking such
interactions can be assessed in vitro by using ubistatin A, an inhib-
itor that binds in the vicinity of the hydrophobic patch on the
surface of ubiquitin that interacts with UBDs (28, 58). When ubi-
statin A was included in an assay that measures coupled cleavage
and poly(A) addition, 3=-end processing in vitro was inhibited
(Fig. 6B, lanes 4 to 7). Similar concentrations of ubistatin A inhib-
ited mRNA splicing in vitro (28). When the two steps of processing
were examined separately, we observed that ubistatin A inhibited
only the cleavage step and did not affect poly(A) addition when
this reaction was uncoupled from cleavage (Fig. 6B, lanes 10 to 13
and 17 to 20). Ubistatin A also inhibited the processing of RNA
containing the CYC1 poly(A) site (Fig. 6C), which differs from the
GAL7 site by having longer U-rich tracts flanking the cleavage site
but a poorer match to the UA-rich efficiency element (44), sug-
gesting that ubistatin A inhibition is not specific to the GAL7 pre-
cursor.

To confirm that the inhibitory effect of ubistatin A on in vitro
processing is due to the drug itself and not to any contaminants in
drug preparation, ubistatin A was preincubated with an excess of
K48-linked polyubiquitin chains before it was added to the in vitro
processing reaction mixture. Because of the high affinity of ubi-
statin A for K48-linked polyubiquitin chains (58), this treatment
should block ubistatin A from interacting with ubiquitins in the
extract. The inclusion of this step completely restored in vitro
processing activity (Fig. 6D), suggesting that the inhibitory effect
was indeed due to ubistatin A itself.

Ubistatins also block the binding of ubiquitinated proteins to
the proteasome (58). While the inhibitory effect of ubistatin A on
mRNA 3= processing could reflect a nonproteolytic function of
ubiquitin, it could also indicate that ubistatin A is preventing the
proteasomal degradation of an inhibitor of mRNA 3= processing
that is present in yeast extract. To test more directly whether pro-
teasomal activity is important for processing in vitro, we added the
proteasomal inhibitor MG132 to our processing reaction mix-
tures. Approximately half as much precursor was processed in the
presence of 100 �M and 1 mM MG132 as in the presence of the
dimethyl sulfoxide (DMSO) control (Fig. 6E). The effective con-
centration of MG132 is similar to the concentration applied to
yeast cells to inhibit the proteasome in vivo (50 �M) (59) or to cell
extracts to inhibit the proteasome in vitro (132 �M) (60) but is
much higher than that reported to inhibit purified proteasomes (5
�M) (61). The effect of MG132 on polyadenylation suggests that
active protein degradation contributes directly to efficient pro-
cessing in vitro.

Mpe1 is needed for the association of ubiquitin with Pap1.
Taken together, our findings support a role for ubiquitination in
modulating mRNA 3=-end processing. We have previously shown
evidence that the yeast poly(A) polymerase Pap1 could be ubiq-
uitinated (62), and we looked for effects of Mpe1 mutation on this
modification. For this purpose, a plasmid harboring HA-tagged
ubiquitin under the control of a copper-inducible promoter was
used to overexpress ubiquitin (40). After extract preparation, im-
munoprecipitation was performed using an antibody against
Pap1 and 0.1% SDS in the wash buffer to remove Pap1-interacting
proteins. We have shown previously that this treatment disrupts
protein-protein interactions within the Pap1-containing CPF
complex (34). The immunoprecipitated Pap1 was then subjected

FIG 5 Mpe1 binds RNA when it is a subunit of CPF. (A) Silver-stained gel of
CPF TAP-purified from a strain expressing His6-Mpe1, showing the expected
subunits (54). The positions of size markers (in kilodaltons) are indicated on
the right, and the positions of CPF subunits are noted on the left. (B) Cross-
linking of CPF proteins to RNA, using CPF from a strain expressing His6-
Mpe1 or from a strain expressing untagged Mpe1. The two CPF preparations
were cross-linked to GAL7-1 polyadenylation precursor. After digestion of the
RNA, proteins were resolved by SDS-PAGE (10% acrylamide), and radioac-
tively tagged proteins were visualized by phosphorimager analysis. The two
CPF preparations gave identical cross-linking patterns. The samples were
loaded onto the same gel, and the intervening lanes were removed as demarked
by the line between Mpe1 and the Mpe1-His6. (C) Mpe1 binds to RNA when
it is part of the CPF complex. After cross-linking of CPF and RNA, His6-tagged
Mpe1 was purified by Ni-NTA, followed by digestion with proteinase K. The
samples were then resolved on a 5% acrylamide– 8.3 M urea gel, and RNAs
were visualized by phosphorimager analysis. The “no protein” lanes in panels
B and C show results for samples that included RNA but no CPF.
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to Western blotting using an antibody against ubiquitin to detect
ubiquitinated species. This revealed a smear of high-molecular-
weight bands, which were not observed in the control pulldown
assay with no antibody and thus could correspond to polyubiq-

uitinated forms of Pap1 (Fig. 7A, left). However, these high-mo-
lecular-weight bands were not detected when the precipitate was
blotted with an anti-Pap1 antibody (Fig. 7A, right), suggesting
that they are not abundant Pap1 species but are seen with the

FIG 6 Role of ubiquitination in mRNA 3=-end processing. (A) Processing extracts were prepared from wild-type, �ump1, and pre1-1 pre4-1 strains that had been
grown at 30°C and then shifted to 37°C for 2 h. Processing reactions used GAL7-1 RNA, and RNAs were detected as described for Fig. 2. (B) Disruption of
ubiquitin interactions inhibits 3=-end processing activity and, in particular, the cleavage step, in vitro. Whole-cell extracts were incubated with increasing
amounts of ubistatin A in DMSO (5 �M, 20 �M, 100 �M, and 1 mM; indicated by the wedges above lanes 4 to 7, 10 to 12, and 17 to 20) or with (lanes 3, 9, and
16) or without (lanes 2, 8, and 15) DMSO for 10 min at room temperature before the addition of GAL7-1 RNA precursor to initiate the 3=-end processing assay,
using the reaction conditions and the procedure for detection and quantitation of RNAs that are described in the legend to Fig. 2. (C) Ubistatin A inhibits the
processing of the precursor containing the CYC1 poly(A) site. The coupled cleavage and poly(A) addition reaction was performed using ATP and radioactive
precursor containing the CYC1 poly(A) site. (D) Ubistatin A inhibition is rescued by polyubiquitin. Seventy micromolar ubistatin A was preincubated with 100
�M K48-linked tetraubiquitin for 10 min at room temperature and then incubated with the whole-cell extract for an additional 10 min before the addition of the
GAL7-1 RNA. (E) MG132 inhibits 3=-end processing activity. The processing extract was incubated with MG132 in DMSO (1 �M, 10 �M, 100 �M, and 1 mM)
or with DMSO alone for 10 min at room temperature before the addition of GAL7-1 RNA precursor to initiate the 3=-end processing assay, using the reaction
conditions and the procedure for detection and quantitation of RNAs that are described in the legend to Fig. 2. The samples were loaded onto the same gel, and
the intervening lane was removed as demarked by the line between lanes 1 and 2.

FIG 7 Mpe1 and ubiquitination. (A) Association of ubiquitinated species with Pap1 requires Mpe1. A plasmid harboring HA-tagged ubiquitin under the control of a
copper-inducible promoter was introduced into the wild-type and mpe1-1 strains. Yeast cells were grown at 30°C and were shifted to 37°C for 4 h in the presence of 0.15
mM CuSO4. Whole-cell extracts were used for immunoprecipitation with an anti-Pap1 antibody or a no-antibody (no Ab) control, and the precipitated proteins were
subjected to Western blotting against the indicated antibodies. The positions of molecular mass markers (in kilodaltons) are indicated on the left. (B) Suppressors of mpe1
mutants have links to ubiquitination. (Top) HEL2 is a high-copy-number suppressor of the cold sensitivity of mpe1-C182G,C185G. (Bottom) HUA1 is a suppressor of
the mpe1-L337A growth defect. Yeast cells were grown on a YPD plate and were incubated for 20 days at 12°C or for 4 days at 25 or 30°C.
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antibody against ubiquitin because of the multiple ubiquitin moi-
eties in these forms of Pap1. Alternatively, the ubiquitinated spe-
cies could represent a protein that is so tightly associated with
Pap1 that it is retained in the immunoprecipitate even after the
0.1% SDS washes.

The experiments described above show that ubiquitin-medi-
ated interactions are important for mRNA 3=-end processing and
that one recipient of this modification is likely to be Pap1. Given
that the mammalian homolog of Mpe1, RBBP6, promotes ubiq-
uitination (26, 27), we next asked whether the appearance of the
ubiquitinated proteins in the Pap1 immunoprecipitate was de-
pendent on Mpe1. These species disappeared in the mpe1-1 strain
(Fig. 7A, left), suggesting a role for Mpe1 in their formation. Cu-
riously, a single ubiquitin-containing band of �90 kDa persisted
in the Pap1 immunoprecipitated from the mpe1-1 extract (Fig.
7A). Pap1 migrates at around 60 kDa, suggesting that this species
might contain 1 to 2 ubiquitin moieties whose addition to Pap1
would not be dependent on Mpe1.

We reasoned that if Mpe1 is involved in ubiquitination, then
the suppressors of the growth defects of mpe1 mutants might be
other yeast genes involved in this posttranslational modification.
To identify such genes, we searched for high-copy-number sup-
pressors of mpe1 conditional mutants. We transformed each of
three mpe1 mutants (mpe1-F9A, mpe1-C182G,C185G, and mpe1-
L337A) with a high-copy-number yeast genomic library and
screened for genes that suppressed the growth defects of these
mutants at nonpermissive temperatures. For each mutant, three
to six suppressors were isolated. When plasmids were recovered
from yeast and were reintroduced into the mutant strains, the
growth defects were again suppressed. DNA sequencing revealed
that at least one of the plasmids recovered from each suppressor
screen contained MPE1. In addition to MPE1, the HUA1 and
HEL2 genes were able to suppress mpe1-L337A and mpe1-
C182G,C185G, respectively (Fig. 7B). Interestingly, HEL2 encodes
a RING finger ubiquitin ligase that functions in ubiquitination
and degradation of excess histones (63). Hua1 has been shown to
physically interact with the Rsp5 E3 ubiquitin ligase and with
ubiquitin (64–67). The identification of these two suppressors
suggests that the growth defects of the mpe1 mutants may be due
to defective ubiquitination.

DISCUSSION

Mpe1 is an essential subunit of CPF needed for both the cleavage
and poly(A) addition steps of mRNA 3=-end processing (7). It
possesses a tripartite domain structure consisting of a UBL, a zinc
knuckle, and a RING finger. In this study, we have investigated the
role of each of these highly conserved domains in promoting effi-
cient 3=-end processing of mRNA precursor. As might be expected
from this domain architecture, this work has revealed that Mpe1 is
a multifunctional protein, contributing to protein-protein inter-
actions within the complex, to interaction with the RNA substrate,
and to possible modification of the poly(A) polymerase by ubiq-
uitination.

A role for ubiquitination in mRNA polyadenylation. Several
studies have indicated that posttranslational modification by
SUMO, a ubiquitin-like molecule, can modulate the activity of the
polyadenylation machinery (68–70). Other studies, described in
more detail below, have implicated ubiquitination and proteolytic
degradation in regulating mRNA 3=-end processing, especially
under conditions in which mRNA synthesis or mRNP assembly is

perturbed (2, 71). However, no direct role for ubiquitination in
the mRNA 3=-end processing reaction has been demonstrated.
Our work reported here indicates that this modification has im-
portant functions in polyadenylation.

Examples of ubiquitin-regulated assembly of protein com-
plexes have been documented in events closely linked to polyad-
enylation, such as the formation of gene loops between the 5= and
3= ends of genes, mRNP assembly, and mRNA export. The release
of export-competent mRNPs from transcription sites is facilitated
not only by polyadenylation but also by polyubiquitination and
proteasomal degradation of Hpr1, a subunit of the THO tran-
scription complex (72, 73). Cotranscriptional recruitment of the
Yra1 protein is an important part of this maturation process and
may facilitate the assembly of the 3=-end processing complex at
the poly(A) site (74). Yra1 must then be ubiquitinated to remove
it from the mRNP before export (75). A recent study has added a
further dimension to this ubiquitin-regulated network (76),
showing that histone H2B ubiquitination stimulates the ubiquiti-
nation of the Swd2 subunit of CPF. This Swd2 modification, in
turn, facilitates the recruitment of Yra1 and the assembly of gene
loops, thus helping to coordinate events at the beginning and ends
of genes.

The studies described above show that ubiquitin is clearly a key
player in coordinating mRNA transactions that are coupled with
polyadenylation. We have found that ubiquitination also has a
direct impact on the polyadenylation reaction (Fig. 6). Blocking of
the interactions between ubiquitin and ubiquitin-binding pro-
teins by ubistatin A inhibits the cleavage step of mRNA 3=-end
processing. Prevention of proteasomal activity by mutation in vivo
or by the inclusion of a proteasomal inhibitor, MG132, in process-
ing reactions also leads to defective processing. Mpe1 may play a
role in this ubiquitination, since the mpe1-1 mutation prevents the
association of ubiquitinated species with Pap1. The identification
of HUA1 and HEL2 as suppressors of mpe1 mutants suggests that
Mpe1 may function as an E3 ligase, an E4 conjugating factor (25)
that helps the E3 ligase polyubiquitinate its substrates, or a scaffold
protein that helps an E3 ligase identify its substrates.

Ubiquitination could promote important shifts in protein-
protein interactions as the processing complex proceeds through a
cycle of assembly, cleavage, poly(A) addition, and release from the
mature mRNA. Alternatively, ubiquitin-mediated degradation
could reduce the level of an inhibitor of processing or help main-
tain appropriate stoichiometry of the subunits that make up the
processing complex. For example, our earlier work has indicated
that the cell carefully balances the levels of Pta1 and Ssu72 (34, 54).
The binding of Ssu72 to the N-terminal domain of Pta1 appears to
block a negative effect of this domain on cleavage (47). Our studies
have also shown that certain types of stress can cause a decline in
the level of specific subunits of the processing complex. In one
case, accumulation of immature mRNPs in the nucleus caused by
defects in the THO complex induces degradation of Fip1, a pro-
tein needed to recruit Pap1 to CPF (71). Loss of Fip1 is proposed
to enhance cell survival by allowing more-rapid exosome-medi-
ated destruction of poorly formed mRNPs because they are not
polyadenylated. In another recent example, UV-type DNA dam-
age inhibits mRNA 3=-end processing and causes the depletion of
several CPF subunits but not of the mRNAs encoding them, sug-
gesting that targeted protein degradation could limit the polyad-
enylation of truncated or damaged RNAs (2). A low level of polyu-
biquitination of Pap1 may occur as cells move from G2 to M in the
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cell cycle (62). However, the significance of this timing is un-
known, and details about the contribution of ubiquitination to the
events described above remain to be established.

Protein-protein interactions made by Mpe1. The work pre-
sented here indicates that at least three regions of Mpe1 contribute
to interactions within the cleavage/polyadenylation complex. The
UBL domain appears most critical for the association of Mpe1
with CPF (Fig. 3A), which may explain the lethal phenotype of
mpe1-�UBL. The RING finger also contributes to interaction be-
tween Mpe1 and CPF (Fig. 3A), and our two-hybrid analysis sug-
gests that the region containing the zinc knuckle and second linker
makes contacts with Cft1, one of the CPF subunits. In agreement
with our findings, Vo et al. (7) showed that the mpe1-1 mutant,
which contains the F9S mutation in the UBL domain and the
L337F mutation in the RING finger domain, is not stably incor-
porated into CPF. Moreover, they found that otherwise intact CPF
can be purified from this mutant, indicating that Mpe1 itself is not
important for CPF integrity.

The genetic interaction between Mpe1 and the Pcf11 subunit
of CF IA (7) suggests that Mpe1 may contact CF IA directly instead
of through other CPF subunits. In our study, the RING finger
deletion mutant was able to pull down an amount of CF IA com-
parable to that seen with wild-type Mpe1, even though this mu-
tant showed reduced interaction with CPF. This supports the idea
of a direct contact with CF IA mediated by a region different from
the RING finger. The UBL deletion mutant showed defective in-
teraction with both CPF and CF IA, suggesting that the UBL do-
main is important for the interaction with both complexes.

Interaction of Mpe1 with RNA. We have found that recombi-
nant Mpe1 binds to polyadenylation precursor in gel shift assays
(Fig. 4B) and prefers to bind in the region around the poly(A) site
of CYC1 RNA (Fig. 4C). Mpe1 also interacts with RNA precursor
when it is part of the CPF complex (Fig. 5), suggesting that Mpe1
cooperates with other subunits of CPF to define where processing
should occur on the RNA substrate. Previous studies have shown
that the Cft1, Cft2, Ysh1, and Yth1 components of CPF also con-
tact the RNA in the region directly around the cleavage site, while
the CF IA and Hrp1 factors recognize elements farther upstream
(reviewed in references 6 and 77). This contact point for CPF
around the cleavage site makes sense given that the endonuclease
Ysh1 and the poly(A) polymerase Pap1 are part of CPF and need
to act at this site on the RNA.

Interestingly, two domains of Mpe1, the zinc knuckle and the
RING finger, are needed for efficient interaction with RNA. Sev-
eral RING-type E3 ubiquitin ligases bind RNA, or are predicted to
bind RNA because of canonical RNA-binding domains (RBDs)
(78, 79). Some have been implicated in regulating the translation
or stability of mRNAs, but the role of ubiquitination in this pro-
cess remains to be elucidated. The zinc knuckle of Mpe1 may be
equivalent to the RBD on the ubiquitin ligases described above.
Zinc knuckles are known to bind RNA and are found in proteins
with diverse functions in RNA transactions, such as the Air1/Air2
subunits of the TRAMP RNA quality control complex, the Lin28
regulator of microRNA (miRNA) biogenesis, and two splicing
factors, 9G8 and the branch point-binding protein BBP (14–19).
Mutations of a zinc knuckle cysteine reduced RNA binding in
Lin28 (16, 19), a finding consistent with the defect we have ob-
served upon the mutation of comparable residues in Mpe1.

The RING finger could facilitate RNA interaction in two ways.
The RING finger in the Mpe1 homolog RBBP6 promotes protein

dimerization (23), and bringing together two zinc knuckles in an
Mpe1 homodimer may be critical for stable RNA interaction. Al-
ternatively, the Mpe1 RING finger could bind RNA directly. In
support of the latter possibility, the Mdm2 E3 ligase, a major reg-
ulator of the p53 tumor suppressor, stimulates the translation or
stability of p53 and some other mRNAs by binding to these RNAs
through its RING finger domain, an interaction that can also sup-
press the known E3 ligase activity of Mdm2 (80, 81). Like Mdm2,
the RING finger of Mpe1 may provide both RNA binding and E3
ligase functions.

In summary, we have shown that all three domains of Mpe1
contribute to efficient mRNA polyadenylation. The UBL domain
is most important for interaction with the rest of CPF but is aided
by the regions containing the zinc knuckle and the RING finger. In
contrast, the UBL domain is not needed for RNA interaction, a
function determined by the RING finger and the zinc knuckle.
Our findings also suggest that like its mammalian homolog
RBBP6, Mpe1 functions in ubiquitination. Consistent with such
an activity residing in the 3=-end processing complex, ubiquitin-
mediated interactions facilitate polyadenylation. Global analysis
of ubiquitinated proteins in yeast has suggested the presence of
ubiquitin on the Cft1, Hrp1, Pta1, Rna14, and Pap1 subunits of
the polyadenylation machinery (65, 82, 83). It will be important in
future work to identify proteins whose interactions or degradation
might be affected by ubiquitination and the biochemical contri-
bution of Mpe1 to such modifications. We also do not know if
Mpe1, acting as a mediator of ubiquitination, a structural protein,
or an RNA-binding protein, is involved in the coordination of
cotranscriptional events, and this will be another avenue for fur-
ther research.
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