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Abstract

Addition of poly(A) to the 3" ends of cleaved pre-mRNA is essential for MRNA maturation and is
catalyzed by Papl in yeast. We have previously shown that a non-viable Papl mutant lacking the
first 18 amino acids is fully active for polyadenylation of oligoA, but defective for pre-mRNA
polyadenylation, suggesting that interactions at the N-terminus are important for enzyme function
in the processing complex. We have now identified proteins that interact specifically with this
region. Cftl and Ptal are subunits of the cleavage/polyadenylation factor, in which Pap1 resides,
and Nab6 and Sub1 are nucleic-acid binding proteins with known links to 3" end processing. Our
results suggest a novel mechanism for controlling Pap1l activity, and possible models invoking
these newly-discovered interactions are discussed.
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1. Introduction

Polyadenylation of eukaryotic mRNA involves cleavage of precursor and addition of
adenosines onto the new 3’ end, and is catalyzed by a conserved complex of over 20
proteins [1]. Acquisition of the poly(A) tail promotes release from the site of transcription
and efficient mRNA export, and the length affects turnover rate and translation [2,3].

The poly(A) polymerase (PAP) that adds the tail is tightly controlled during a cycle of 3
end processing so that initiation of poly(A) synthesis occurs promptly after cleavage yet
terminates once the tail is sufficiently long. Because of this central role, PAPs have become
targets for regulatory proteins and post-translational modifications such as acetylation,
phosphorylation and sumoylation [1,4] that potentially alter the network of interactions
made by PAP within the processing complex. Mammalian PAP interacts with the CPSF-160
and hFipl subunits, which direct the enzyme to the correct RNA substrates by interacting
with signal sequences that define the poly(A) site [5,6]. Several proteins that are not part of
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the basic processing complex, such U1A, U1-70K and hnRNP H, can regulate
polyadenylation by direct interaction with PAP [7-9].

Less is known about contacts made with yeast Papl. Fipl acts as a flexible tether to
incorporate the enzyme into the cleavage/polyadenylation factor (CPF) [10-12] through a
Fipl binding site in the Pap1 C-terminal domain [13]. Deletion of the first 18 amino acids of
Papl is lethal in yeast and causes defective polyadenylation of pre-mRNA when assayed
using purified factors [14]. Surprisingly, this mutation had no effect on the catalytic activity
of the enzyme when it is separated from CPF [11,14]. The truncated Pap1 was also normal
for interaction with Fipl. The same region of vertebrate enzymes has 56% similarity to this
yeast sequence, but has not been correlated with a particular function. These findings
suggest that contacts between the N-terminus of Pap1 and unknown subunits of the mRNA
3’ end processing complex are critical for its essential function in mMRNA maturation. In this
study, we report the identification of proteins that interact with this part of Papl and
possibly modulate its activity.

2. Materials and methods

2.1. Yeast strains

The yeast strains used in this study were W303 (MATaleu2-3, 112 trp1-1 can1-100 ura3-1
ade2-1 his3-11, 15) and PJ69-4A (MAT a leu2-3, 112 ura3-52 trp1-901 his3-200 gal4A
gal80A GAL-ADE2 lys2::GAL1-HIS3 met2::GAL7-LacZ). KANMX or HIS3 replacements
of the SUB1 and NAB6 genes were made in W303.

2.2. Two-hybrid analysis

Pap1-GBD and AN-Pap1-GBD [15] and gal4 activation domain (GAD)-Ptal constructs [16]
were described previously. Two-hybrid analysis was performed by transforming plasmid
pairs into the PJ69-4A strain [15,16]. Transformants were selected on medium lacking
leucine and tryptophan to ensure that both the GAD and GBD plasmids were present.
Protein—protein interactions were scored by the ability of cells to grow in the absence of
histidine.

2.3. Peptide columns

A Papl peptide, MSSQKVFGITGPVSTVGA, or an Npl3 peptide, RGGYDSPRGGY, was
coupled to column matrix (Pierce UltraLink EDC/DADPA Immobilization Kit), incubated
for 2 h at 25 °C with nuclear extract prepared as described [17] except using IPP-150 buffer
(10 mM Tris, pH 7.9, 150 mM NaCl, 1 mM MgOAc, 2 mM CaCl,, 0.1% NP-40, 1 mM
DTT and the protease inhibitors PMSF, leupeptin, antipain and pepstatin-A), washed using
12 column volumes of IPP-150, and eluted using 100 mM glycine, pH 3. Eluted proteins
were analyzed by mass spectroscopy through the Tufts Core Facility.

2.4. In vitro protein—protein interaction assays

For protein expression in Escherichia coli Rosetta (DE3), the Papl-GST, AN-Papl-GST,
and Nab6-V5-Hisg plasmids were made by modifying pJPAP1 [14]. Other expression
plasmids were described previously: Papl-Hisg and AN-Papl-Hisg [14], Fip1(1-206) [11],
Subl1-V5-Hisg [18], Ptal and Ptal truncations [16], and Cft1-GST [19]. Expression and
purification was performed as described [14]. GST pull-downs followed a modification of a
previous protocol [16], using 50 pl glutathione-Sepharose beads in 200 pl of IP-150 for 2 h
at 4 °C with gentle shaking, followed by four washes with IP-150, and elution with 1P-150
containing 50 mM glutathione at 4 °C for 1 h with gentle shaking. Protein—protein
interactions were analyzed by resolving proteins on an SDS-10% polyacrylamide gel,
followed by Western blotting with the following antibodies: monoclonal Papl antibody at
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1:100 dilution, V5 antibody (Invitrogen) at 1:5000 dilution, and polyclonal Fip1 antibody at
1:7500 dilution.

2.5. In vitro 3" end processing

Yeast extract was prepared and used for processing assays as described [11,16], except that
the final dialysis was twice against 2 | of buffer D for 2 h, and then overnight.

3. Results

3.1. The Papl N-terminus interacts with the first 300 amino acids of Ptal and with Cft1

Ptal has been shown to interact with in vitro translated Pap1 [16]. We used two-hybrid
analysis to confirm this interaction in vivo and identify interaction domains by pairing full-
length and truncations of Ptal (Fig. 1A) with full-length Papl or Papl lacking the N-
terminus (AN-Pap1l). The Ptal constructs have been previously shown to express protein
and interact with other proteins [16]. Consistent with the known C-terminal Fip1 binding
site, both Papl and AN-Papl interact with Fip1, but no interaction was seen between Papl
and full-length Ptal (Fig. 1B). Analysis using Ptal truncations revealed an interaction
between Ptal (A300-785) and full-length Pap1 that was lost with AN-Papl or when another
25 amino acids of Ptal were removed (A275-785). The lack of interaction between full-
length Ptal and Papl may be due to steric constraints that prevent a two-hybrid signal when
both proteins are part of CPF.

We also assessed physical contact using recombinant GST-Ptal and Hisg-tagged Papl or
AN-Papl. Papl interacted with full-length Ptal and the 1-300 amino acid fragment of Ptal,
but not with the 1-275 fragment of Ptal (Fig. 2A). AN-Pap1 did not interact with any forms
of Ptal, but bound to Fipl (Fig. 2B), indicating that unfolding of the protein does not
explain a lack of interaction. These findings extend the two-hybrid results by showing a
direct interaction between Papl and Ptal mediated by amino acids 1-300 of Ptal and the N-
terminus of Papl.

To study the function of the Ptal/Pap1 interaction in 3" end processing, the 1-300 Ptal
fragment was added to a poly(A) addition assay using yeast extract and radiolabeled GAL7
RNA substrate ending at the poly(A) site. Extract supplemented with the Ptal fragment
showed reduced accumulation of polyadenylated product compared to extract receiving an
equal amount of GST (Fig. 2C), suggesting a role for this Ptal domain in regulating Papl
activity.

To ask if the interaction of CPSF160, the mammalian Cft1 homologue, with poly(A)
polymerase [6] is conserved in yeast, pull-downs were performed using GST-Cft1 and Hisg-
tagged Papl or AN-Papl. Cftl bound full-length Papl, but not Papl lacking the N-terminus
(Fig. 3). Thus, like its mammalian homologue, Cft1 interacts with Papl, but in yeast, this
interaction is localized to the Papl N-terminus.

3.2. Sub1 and Nab6 interact with the Pap1 N-terminus

To find other proteins that interact with the Pap1l N-terminus, a column coupled to a peptide
comprising the first 18 amino acids of Papl was used to pull down proteins from yeast
nuclear extract. Subl, a protein implicated in both transcription and 3" end processing [20],
and references therein), was one of the proteins identified from mass spectroscopy analysis
of bound proteins. Sub1 was not found on a control column using a peptide from a different
yeast protein, Npl3. Pull-downs showed that Subl interacts directly with full-length Pap1-
GST, and this interaction is lost in the absence of the Pap1l N-terminus (Fig. 4A).
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We extensively screened a yeast two-hybrid library with Papl as bait and only identified
two proteins, the known Papl-interactor Fipl, and a fragment containing the last 210 amino
acids of Nab6, a protein that crosslinks to nuclear poly(A)+ mRNA [21]. The Nab6
interaction was lost in the absence of the Papl N-terminus (Fig. 4B). Pull-downs using
Pap1-GST and the C-terminal region of Nab6 confirmed that the interaction is direct and
requires the Papl N-terminus (Fig. 4C).

To further probe the role of Nab6 and Subl, strains containing single and double deletions
of these two genes were analyzed for effects on growth. At 40 °C, the Anabé strain is
thermosensitive and the A subl strain is not viable (Fig. 5A). Deletion of both genes caused
cold-sensitivity, suggesting that Nab6 and Subl play a redundant role in yeast survival at 18
°C. Polyadenylation assays using extracts from the wild-type and deletion strains showed no
changes in the processing efficiency or the length of poly(A) tails (data not shown),
indicating that Nab6 and Subl do not have strong activating or inhibitory effects on poly(A)
addition under optimal growth conditions.

4. Discussion

We have discovered novel interactions with a region at the N-terminus of the yeast poly(A)
polymerase that is critical for this enzyme’s function in mMRNA 3" end maturation. Two of
these contacts are made through Ptal and Cftl, essential proteins that are conserved in the
processing machinery of other eukaryotes as symplekin and CPSF-160, respectively. As part
of CPF, Ptal and Cftl are needed for pre-mRNA cleavage and poly(A) addition, and most
likely function as scaffolds to organize the processing complex and appropriately position
the nuclease and poly(A) polymerase to act on the RNA [1,16,19]. Based on published work
and on the new findings presented here, we propose a model in which Ptal and Cftl exert
opposing regulatory effects on Papl while it is tethered to the processing complex through
Fipl interacting at its C-terminus (Fig. 6). As might be expected for regulatory functions,
these interactions are normally not sufficient to hold Papl in the CPF complex, as disruption
of the Fip1/Ythl interaction results in loss of Papl from CPF [12].

We show that addition of a fragment containing the essential 1-300 amino acids of Ptal
suppresses polyadenylation in wild type extract. This effect could be due to the Ptal
fragment out-competing a positive interaction provided by full-length Ptal. However, our
earlier work [22] showed that phosphorylation of Ptal inhibited poly(A) addition.
Furthermore, phosphorylation of CPF releases Fipl without affecting Papl association [22],
implying the formation of stable interactions with other subunits that hold Papl in the
complex. We propose that Ptal phosphorylation strengthens its interaction with Pap1 and
inhibits the enzyme.

Because deletion of the Pap1 N-terminus prevents specific poly(A) addition and is lethal in
yeast cells [14], interactions with this part of Pap1 may also stimulate polyadenylation.
Contact with Cftl could provide this activity. However, an inhibitory role for Cft1 cannot be
ruled out, as the mammalian homologue, CPSF-160, also interacts with mammalian poly(A)
polymerase (PAP), and inhibits both specific and non-specific polyadenylation [6]. This
interaction may not be comparable to the one observed in yeast, as it involves the C-terminal
domain of PAP [5,6] and not its N-terminus, as is the case with Pap1 and Cft1.

We also report an interaction between the Papl N-terminus and Sub1 and Nab6. Subl is a
transcriptional co-activator and modulates 3" end processing and termination through its
interaction with Rnal5, a subunit of the CF I cleavage/polyadenylation factor [20], and
references therein). Sub1l also interacts with Ptal, and its over-expression suppresses the
processing defects of a ptaZ mutant [18].
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Nab6 is a poly(A)+ RNA-binding protein that preferentially associates with mRNAs
encoding cell wall proteins [23]. Its over-expression suppresses growth defects caused by
loss of Rrp6 [21], an exonuclease involved in the degradation of improperly processed
RNAs, non-coding RNAs, and byproducts of RNA processing in the nucleus [24]. Deletion
of RRP6also relieves the inhibition of polyadenylation caused by defects in mRNP
assembly [25], promotes the polyadenylation of GALZ RNA [26], and causes longer
poly(A) tails in vivo and in vitro [27]. Over-expression of Nab6 in the r7p6A strain might
suppress the growth defect by inhibiting Papl activity, thereby promoting normal poly(A)
tail synthesis. A role for Nab6 in down-regulating polyadenylation is further supported by
the observation that NAB6 deletion partially rescues growth defects due to mutations in CF |
subunits [21].

We show that deletions of NAB6and SUBI causes growth defects at extreme temperatures,
suggesting a role for these proteins in Papl regulation in suboptimal growth conditions.
Involvement of cleavage/polyadenylation factors in coping with stress is not unprecedented,;
the orthologue of the CPF subunit Yth1 plays a role in the plant response to oxidative stress
[28]. A redundant role for Nab6 and Subl in controlling poly(A) activity under certain
conditions is consistent with the observation that both proteins interact genetically with
components of the osmotic stress response pathway [29,30].

In summary, we have discovered four proteins that interact with the Papl N-terminus. Two
belong to the cleavage/polyadenylation complex, and these interactions probably explain
why the Papl N-terminus is dispensable for catalytic activity but essential for the enzyme to
function as part of the processing complex. The most likely role of these contacts would be
to ensure proper timing of polyadenylation during a cycle of mMRNA 3’ end processing. We
have also identified two proteins whose interactions with the Papl N-terminus may
modulate polyadenylation during unfavorable growth conditions. These findings expand the
ways in which the cell can control the quality and functionality of the mRNA that it
produces. Given the conserved nature of the Papl N-terminus, it will be interesting in future
work to see if the mammalian enzyme is regulated by similar interactions.
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Abbreviations

CF1 cleavage factor |

CPF cleavage/polyadenylation factor

CPSF cleavage/polyadenylation specificity factor
DTT dithiothreitol

GAD gal activation domain

GBD gal binding domain

GST glutathione S-transferase

PAP poly(A) polymerase

PM SF phenylmethylsulfonyl fluoride

SDS sodium dodecyl sulfate
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Fig. 1.

Two-hybrid analysis of interactions between Ptal and Papl. (A) Full-length Ptal and Ptal
truncations used for two-hybrid analysis [16]. (B) The first 300 amino acids of Ptal interact
with the Papl N-terminus. Ptal truncations were fused to GAD, while Papl and ANPapl
were fused to GBD. The GAD-Fipl interaction confirms that ANPap1 is expressed. Tenfold
serial dilutions of liquid cultures were spotted onto medium lacking leucine and tryptophan
(CM-LT) to select for the two-hybrid plasmids. Activation of H/S3expression (indicative of
protein interaction) was tested by spotting the same strains onto medium lacking leucine,
tryptophan and histidine (CM-LTH), followed by incubation for 2-3 days at 30 °C.
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Fig. 2.

Ptal interacts directly with the Papl N-terminus. (A) Western blot showing the amount of
Papl-Hisg or AN-Papl-Hisg pulled down with full-length GST-Ptal or the indicated Ptal
fragments. (B) Western blot showing that full-length Pap1 and ANPapl interact with amino
acids 1-206 of Fipl [11]. Left panel: Fipl pull-downs with the Pap1-GST, ANPapl1-GST, or
GST proteins used in Figs. 2A and 4. Right panel: co-immunoprecipitations of Fipl using
Papl-Hisg or ANPapl1-Hisg immobilized on protein A beads by Pap1l antibody, or using
beads and antibody without Papl. (C) Addition of the 1-300 amino-acid fragment of Ptal
inhibits poly(A) addition performed with yeast extract and radioactive GAL 7RNA substrate
ending at the poly(A) site. Lane 1, unreacted precursor (Pre); lane 2, extract alone; lane 3,
extract plus GST; lane 4, extract plus GST-Ptal (1-300). Positions of precursor and
polyadenylated RNAs are indicated on the right.
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Fig. 3.

Cftl interacts directly with the Papl N-terminus. Pull-downs showing interaction between
GST-Cftl and Papl1-Hisg but not with GST-Cftl and ANPapl-Hisg. Papl was detected
using Papl antibody. Pap1-Hisg and DNPapl-Hisg both interact with Fipl (Fig. 2B).
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Fig. 4.

Subl and Nabé6 interact with the Papl N-terminus. (A) Western blot of pull-downs using
Subl1-V5-Hisg and Papl-GST or AN-Pap1-GST, and detecting Subl with V5 antibody. (B)
Two-hybrid analysis between the indicated proteins and a C-terminal Nab6 fragment. (C)
Western blot of pull-downs using Nab6-V5-Hisg (the last 210 amino acids) and Pap1-GST
or AN-Pap1-GST and detecting Nab6 with V5 antibody.

FEBS Lett. Author manuscript; available in PMC 2013 April 24.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Ezeokonkwo et al. Page 13

18°C 25°C 30°C 37°C 40°C

Anab6

Asubl

Anab6/
Asubl

Fig. 5.

Effects of deleting the MAB6and SUBI genes on cell growth. Serial dilutions of cultures of
wild-type (WT) cells or strains with the indicated deletions were spotted on YPD medium
and incubated at different temperatures for up to 120 h.
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Fig. 6.

Model of Papl regulation through interactions at the Pap1l N-terminus. Only the Cft1, Fip1,
Papl, Ptal, and Yth1 subunits of CPF are depicted to emphasize how interactions with Papl
might shift during a cycle of processing. We propose that phosphorylation of Ptal before
and during the cleavage step strengthens its interaction with Papl and inhibits poly(A)
addition. Dephosphorylation following cleavage relieves the inhibition of Papl, allowing
Pap1 to bind Cft1, which helps position Pap1 at the new 3" end to initiate poly(A) addition.
Fipl, acting as a flexible tether, facilitates these transitions [10]. Rephosphorylation of Ptal
may help terminate poly(A) addition. Dashed lines indicate the entire CPF and CF |
complexes.
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