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Biogenesis of most eukaryotic mRNAs involves the addition of an untemplated polyadenosine (pA) tail by the
cleavage and polyadenylationmachinery. The pA tail, and its exact length, impacts mRNA stability, nuclear export,
and translation. To define howpolyadenylation is controlled in S. cerevisiae, we have used an in vivo assay capable of
assessing nuclear pA tail synthesis, analyzed tail length distributions by direct RNA sequencing, and reconstituted
polyadenylation reactions with purified components. This revealed three control mechanisms for pA tail length.
First, we found that the pA binding protein (PABP) Nab2p is the primary regulator of pA tail length. Second, when
Nab2p is limiting, the nuclear pool of Pab1p, the secondmajor PABP in yeast, controls the process. Third, when both
PABPs are absent, the cleavage and polyadenylation factor (CPF) limits pA tail synthesis. Thus, Pab1p and CPF
provide fail-safe mechanisms to a primary Nab2p-dependent pathway, thereby preventing uncontrolled polyade-
nylation and allowing mRNA export and translation.
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Eukaryotic genes are transcribed into precursor mRNAs
(pre-mRNAs) that mature through cotranscriptional
processing. The cleavage and polyadenylation (CPA) ma-
chinery cleaves and releases the pre-mRNA from the tran-
scribing RNA polymerase II (RNAPII). Subsequent
addition of the pA tail to the mRNA 3′ end contributes
to the assembly of a messenger ribonucleoprotein com-
plex (mRNP) through the recruitment of PABPs. The
PABP-bound pA tail protects the transcript from nuclear
degradation and aids inmRNP export (for review, see Oef-
finger and Zenklusen 2012; Stewart 2019). Once the
mRNP reaches the cytoplasm, the PABP-bound pA tail
stimulates translation initiation through its interaction
with cap-binding proteins (Brambilla et al. 2019). Finally,
shortening of the pA tails by cytoplasmic deadenylases
controlsmRNAhalf-life (Eisen et al. 2020). Deadenylation
is the first step in the degradation of most mRNAs and is
regulated by cis-elements, trans-acting factors, and trans-

lation (Parker 2012; Webster et al. 2018). Studies have
shown that the lengths of CPA-synthesized pA tails are
narrowly distributed and in a species-specific manner
(Groner and Phillips 1975; Brown and Sachs 1998; Kühn
et al. 2017), ranging from ∼60 to 80 adenosines (As) in S.
cerevisiae and Schizosaccharomyces pombe (Lackner
et al. 2007; Stewart 2019); to ∼150 As inDanio rerio, Xen-
opus laevis, and Arabidobsis thaliana; to ∼250 As in hu-
mans, Drosophila melanogaster, and Caenorhabditis
elegans (Kelly et al. 2014; Subtelny et al. 2014; Azoubel
Lima et al. 2017; Kühn et al. 2017; Eisen et al. 2020).
The exact molecular mechanisms behind pA tail length
control are unclear, but they have been suggested to in-
volve the combined actions of CPA machineries and
PABPs (Kühn et al. 2009; Stewart 2019). The pA tail is syn-
thesized by the poly(A) polymerase (Pap1p in S. cerevisiae,
and PAP in mammals) subunit of CPA complexes (cleav-
age and polyadenylation factor [CPF] in S. cerevisiae,
and cleavage and polyadenylation specificity factor
[CPSF] in mammals). However, CPF/CPSF complexes
have distributive polyadenylation activities, and accesso-
ry factors are required for efficient polyadenylation (Kühn
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et al. 2009; Stewart 2019). In mammalian cells, an impor-
tant accessory factor here is the nuclear PABP PABPN1. In
a current model, the first∼12 As, which are added in a dis-
tributive manner, allow binding of PABPN1 to the pA tail
and facilitate the transformation of CPSF into a processive
enzyme. Successive binding of additional PABPN1 mole-
cules to the growing pA tail occurs until it reaches ∼250
As, after which an elusive structural rearrangement with-
in the pA RNA:PABPN1:CPSF complex is thought to ter-
minate adenosine addition (Kühn et al. 2009). In S.
cerevisiae, processive polyadenylation does not appear
to require PABPs but is instead dependent on cleavage fac-
tor IA (CF IA) (Casañal et al. 2017), a complex consisting of
the protein subunits Rna15p, Rna14p, Clp1p, and Pcf11p,
which interacts with the “polymerase module” of CPF as
well as with the RNA substrate. These interactions are be-
lieved to keep the RNA substrate closely tethered to CPF,
thereby increasing Pap1p processivity (Casañal et al.
2017).
Although S. cerevisiae PABPs are not required for proc-

essive polyadenylation, control of pA tail length still de-
pends on PABP-pA tail association (Stewart 2019). S.
cerevisiae harbors two major PABPs, Pab1p and Nab2p,
which are essential for cell viability and, during steady
state, localize primarily to the cytoplasm and the nucleus,
respectively (Brambilla et al. 2019; Fasken et al. 2019).
While this localization would intuitively suggest that
Nab2p is involved in nuclear pAbiogenesis, the high abun-
dance and nuclear–cytoplasmic shuttling behavior of
Pab1p (Brune et al. 2005; Dunn et al. 2005) make it an
equally relevant candidate. This potential role of Pab1p
is in agreement with the fact that Pab1p not only plays a
role in controlling cytoplasmicmRNAdeadenylation (Par-
ker 2012; Brambilla et al. 2019) but also has been shown to
physically interact with the CF IA complex (Amrani et al.
1997;Minvielle-Sebastia et al. 1997). Furthermore, recom-
binant Pab1p can terminate the polyadenylation reaction
in vitro (Minvielle-Sebastia et al. 1997; Hector et al.
2002; Dheur et al. 2005; Viphakone et al. 2008; Schmid
et al. 2012), and Δpab1 cells, harboring bypass suppressor
mutations that restore viability, exhibit longer pA tails
(Caponigro and Parker 1995; Dunn et al. 2005). However,
nuclear depletion of Nab2p, or the introduction of point
mutations that disrupt its binding to pA tails, also triggers
pA tail lengthening in vivo (Kelly et al. 2010; Brockmann
et al. 2012; Schmid et al. 2015). Moreover, similar to
Pab1p, Nab2p can limit pA tail length in vitro (Hector
et al. 2002; Viphakone et al. 2008; Schmid et al. 2012).
Therefore, the relative contribution of Nab2p and Pab1p
to pA tail length control in vivo remains unknown. Still,
it is noteworthy that maximal pA tail lengths only differ
modestlyuponcompromising eitherNab2porPab1p func-
tion (Caponigro and Parker 1995; Brown and Sachs 1998;
Hector et al. 2002; Dunn et al. 2005; Brockmann et al.
2012), which suggests functional redundancy or the in-
volvement of additional mechanisms.
A long-standing challenge in determining nuclear pA

tail lengths in vivo has been that deadenylation ensues
as soon as the polyadenylated transcript enters the cyto-
plasm, which obscures any information about the initial

length control process. Additionally, cytoplasmic and nu-
clear constituents are readily mixed in cellular extract
preparations used for in vitro polyadenylation reactions,
rendering ex cellulo experiments inconclusive. Here, we
circumvent these problems by using two complementary
approaches. First, we effectively uncouple nuclear polya-
denylation from nuclear export—and, consequently, cyto-
plasmic deadenylation—to study the length determinants
of newly synthesized pA tails. Second, we reconstitute the
polyadenylation reaction in vitro using recombinant com-
ponents. Together, our results suggest that Nab2p, Pab1p,
and the CPF-cleavage factor complex exercise a three-lay-
ered control of nuclear pA tail length.

Results

Preventing mRNA export reveals a major role for Nab2p
in nuclear pA tail length control

Analysis of nuclear RNA pA tail biogenesis is confounded
by the opposing process of cytoplasmic deadenylation. To
circumvent this, we used the anchor-away (AA) system
(Haruki et al. 2008) to deplete themainmRNA export fac-
tor Mex67p from yeast nuclei (Tudek et al. 2018), thereby
facilitating examination of newly formed pA tails before
they encounter cytoplasmic deadenylases. To focus our
analysis on transcripts produced during the nuclear export
block, the expression of heat shock RNAs (hsRNAs) was
induced by shifting MEX67-AA cultures from 25°C to
38°C 5 min after rapamycin-stimulated depletion of nu-
clearMex67p (Fig. 1A). High-resolutionNorthern blotting
analysis of RNA from control cells, subjected to a 15-min
heat shock, revealed a strong increase in the levels of
HSP104 transcripts with pA tails ranging between zero
and ∼60 As (Fig. 1B, cf. lanes 1 and 5; Supplemental Fig.
S1A, left panel, cf. lanes 5 and 6), suggesting that many
of these transcripts had undergone cytoplasmic deadeny-
lation.Nuclear depletion ofMex67p caused the disappear-
ance of a large fraction of HSP104 transcripts, and
consistent with previous observations (Hilleren and Par-
ker 2001; Jensen et al. 2001; Tudeket al. 2018), the remain-
ing RNAs were either unadenylated or carried longer
“hyperadenylated” pA tails of >70 As (Fig. 1B, lanes 2–
4,6). HSP104 RNAs were nuclear-confined in rapamycin-
treated cells, whereas in untreated cells, HSP104 tran-
scripts were localized throughout the nucleus and cyto-
plasm (Supplemental Fig. S1B, top row panels).
Collectively, these results indicated that regular nuclear
pA tail length control was compromised when Mex67p
was depleted from the nucleus.
Our earlier work showed that reduced levels of newly

synthesizedmRNA, followingMex67p nuclear depletion,
result from their destabilization due to decreased avail-
ability of Nab2p, which becomes sequestered on the accu-
mulating nuclear pA RNAs (Tudek et al. 2018).
Consistently, nuclear depletion of Nab2p caused a similar
hyperadenylation of HSP104 RNA (Schmid et al. 2015).
Moreover, nuclear codepletion of Mex67p and Nab2p
did not exacerbate the observed hyperadenylation pheno-
type (Supplemental Fig. S1C, cf. lanes 2 and 3), suggesting
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Figure 1. Nab2p controls nuclear mRNA pA tail length. (A) Experimental scheme to measure nuclear mRNA pA tail lengths. mRNA
export was conditionally blocked in MEX67-AA cells, overexpressing Nab2p or not, 5 min before transferring cells to 38°C (dark line
on top) or initiating 4tU labeling (dashed dark line). RNA samples were collected at the indicated times after heat treatment or initiation
of 4tU labeling. (B) RNase H/Northern analysis ofHSP104 RNA 3′ ends fromMEX67-AA cells subjected to different 38°C incubation pe-
riods, conditionally depleted of nuclear Mex67p (rapamycin −/+) and expressing endogenous levels of Nab2p (“pPgal-empty”) or overex-
pressingNab2p froma plasmid under control of a galactose inducible promoter (“pPgal-NAB2”) as indicated. (Bottom right panel)HSP104
RNAwas detected using an oligonucleotide probe close to the pA site and, to increase resolution, transcripts were internally cleavedwith
RNase H targeted by the DL163 DNA antisense oligo, annealing 230 nt upstream of the pA site. A subset of RNase H treatments further
included a dT18 oligo (dT −/+) to trim away pA tails. SCR1 RNA was probed as a loading control. Migration of HSP104 RNA harboring
normal (pA+, 0–70 As) and hyperadenylated (pA++, >70 As) pA tails are indicated. Pixel intensities have been linearly enhanced to empha-
size the hyperadenylated RNA. The top right panel inset shows the same exposure in full pixel intensity range. (C ) Quantification of
hsRNA pA tail lengths by direct RNA sequencing. Polyadenylated RNA was extracted from MEX67-AA cells shifted for 15 min to 38°
C without (“−”) or with (“+”) a 5-min pretreatment with rapamycin, and without (gray shaded violins) or with (green violins) ectopic
Nab2p expression as in B. pA tail lengths are shown for five individual hsRNAs and a meta-analysis of the top 48 most heat-induced
mRNAs. pA tails >70 As (orange-shaded area above the red dashed line) were defined as hyperadenylated. The number of sequence reads
in each group is denoted below the violins. Bar plots below the graphs display themean percentage of reads from shown transcripts within
the sequenced DRS libraries. Individual values from two independent replicates are shown as dots. (D) pA tail length distributions of 4tU
RNAs. Reads from each RNAwere grouped based on their pA tail lengths in 10-A bins, and bin values were then normalized to the total
number of reads for each transcript. The resulting fraction of reads in each bin is represented using the indicated color gradient. Only tran-
scripts containing >20 reads in the “pPgal-NAB2+ rapamycin” sample were included in the analysis (n=821). Transcripts were sorted by
their median pA tail length in the right panel.
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that the individual depletions impact the same cellular
process. Based on these considerations, we hypothesized
that the failure to control pA tail length inMex67p-deplet-
ed nuclei was caused by the insufficient availability of
Nab2p. Indeed, sixfold overexpression of Nab2p, under
Mex67p depletion conditions (Supplemental Fig. S1A,
right panel; Supplemental Fig. S1B), partially recovered
HSP104 transcript levels and reduced their pA tail lengths
(Fig. 1B, lanes 8–10; Supplemental Fig. S1A, lanes 1–4).
Such “Nab2p-induced” pA tail length of ∼50–60 As
matched the upper length ofHSP104RNApA tails in cells
supporting normal mRNA biogenesis (Fig. 1B, cf. lane 5
and lanes 9,10; Supplemental Fig. S1A, cf. lanes 3 and 5),
demonstrating a direct role of Nab2p in nuclear HSP104
RNA pA tail length control.
To interrogate Nab2p-dependent nuclear pA tail length

control on awider set of heat-induced transcripts, we next
subjected polyadenylated RNA from these samples to Ox-
ford Nanopore Technologies direct RNA sequencing
(DRS), estimating pA tail lengths of individual mRNAs
using the Nanopolish software (Workman et al. 2019;
Tudek et al. 2021). We identified 48 hsRNAs whose ex-
pression was up-regulated greater than threefold upon
heat treatment (Supplemental Table S2). Again, nuclear
depletion of Mex67p resulted in increases of both the
mean pA tail lengths and the fractions of hyperadenylated
tails, which was evident for individual transcripts and in a
combined analysis of the 48 hsRNAs (Fig. 1C, gray violin
plots). Note that DRS RNA pA tail length estimates dis-
play considerable variance, especially for long pA tails
(Krause et al. 2019). Mex67p depletion had largely no ef-
fect or led to pA tail shortening on noninducedRNAs, pre-
sumably because their pA profiles were dominated by
transcripts already transported to the cytoplasm prior to
Mex67p depletion and deadenylated outside the nucleus
during the export block (Supplemental Fig. S1D, violins
13,14,17,18). Nonetheless, even among genes whose ex-
pression was not strongly affected by heat exposure, a
few highly expressed transcripts were identified that dis-
played hyperadenylation in response toMex67p depletion
(Supplemental Fig. S1D, gray violins for HHF1 and
TMA10), demonstrating that disruption of nuclear pA
tail length control was not restricted to bona fide hsRNAs.
Notably, all instances of Mex67p depletion-induced
hyperadenylation were largely suppressed by Nab2p over-
expression, decreasing pA tail lengths to ∼60 As (Fig. 1C;
Supplemental Fig. S1D). Corrected tail lengths were gen-
erally accompanied by increased mRNA levels (Fig. 1C,
bottom row bar graphs). As a corollary, we noticed that
Nab2p overexpression in control cells tended to favor pA
tail lengths to be enriched at ∼60 As (Fig. 1B, cf. lanes 5
and 11; Supplemental Fig. S1D, green violins without
rapamycin). We attribute this to possible interference of
excess cellular Nab2p with Pab1p-mediated deadenyla-
tion in the cytoplasm since Nab2p overexpression did
not affect the mainly cytoplasmic localization of
HSP104 RNAs in control cells (Supplemental Fig. S1B,
cf. panels 4 and 9).
To further interrogate pA tail lengths of non-hsRNAs,

we metabolically labeled MEX67-AA cells, grown at

25°C, with 4-thio-uracil (4tU) for 15 min and DRS-se-
quenced the isolated 4tU-incorporated RNAs (Fig. 1A).
These contained longer pA tails, ranging down from ∼70
As, as compared with those of a control sample not sub-
jected to 4tU (Supplemental Fig. S1E, cf. violins 1 and 2).
pA tail length distributions of individual transcripts
showed similar maximal lengths across the majority of
the 821 examined transcripts (Fig. 1D, left panel). Nuclear
pA tails were again inspected by depleting Mex67p from
the nucleus with rapamycin for 5 min before the start of
the 4tU labeling. This resulted in two opposing effects:
pA tails generally underwent shortening while hyperade-
nylated transcripts became relatively more frequent (Fig.
1D, cf. left and middle panels), which was exemplified by
the often-studied model mRNA CYC1 pA tail distribu-
tion, where the fraction of both short and long tails in-
creased upon nuclear Mex67p depletion (Supplemental
Fig. S1E, violins 7,8). We suspect that the reduced bulk
pA tail length can be attributed to the rapid degradation
of mRNAs that are confined to the nucleus (Tudek et al.
2018). On the other hand, the increased hyperadenylation
indicated a general defect in pA tail length control, which
Nab2p overexpression was again able to counteract (Fig.
1D; right panel; Supplemental Fig. S1E).
All of our results together suggest that Nab2p directly

controls the length of nuclear pA tails in S. cerevisiae.

Sustained control of nuclear pA tail length in the absence
of Nab2p

Like Nab2p, Pab1p has been linked to nuclear pA tail
length control (Amrani et al. 1997; Minvielle-Sebastia
et al. 1997; Schmid et al. 2012), although its in vivo rele-
vance has been questioned (Hector et al. 2002; Dheur
et al. 2005; Viphakone et al. 2008). To investigate this is-
sue using our in vivo assay, we used a mutant variant of
Pab1p that is not imported into the nucleus due to dele-
tion of its nuclear localization signal (NLS)-containing
RRM4 domain (Brune et al. 2005; Dunn et al. 2005). The
mutant protein maintains its RNA and eIF4G binding ca-
pacities and supports pA-dependent translation (Kessler
and Sachs 1998), and the growth of cells expressing
pab1ΔRRM4 as their sole copy of Pab1p was only margin-
ally impaired (Supplemental Fig. S2A). In the absence
of rapamycin, MEX67-AA/pab1ΔRRM4 cells displayed
slightly longerHSP104 pA tails, possibly due to slowed cy-
toplasmic deadenylation. Still, themaximal pA tail length
remained largely unchanged (Fig. 2A, cf. lanes 2 and 4).
Further analysis by DRS recapitulated this finding (Fig.
2B; Supplemental Fig. S2B); i.e., the fraction of the tran-
scripts examined carrying pA tails >100 As remained
low in MEX67-AA/pab1ΔRRM4 cells (Supplemental Fig.
S2C, cf. bars 3 and 9). This implied that Nab2p normally
limits nuclear pA tail synthesis, and Pab1p has little effect
on nuclear pA tail length control whenNab2p is available.
As expected, rapamycin treatment of MEX67-AA/

pab1ΔRRM4 cells resulted in the hyperadenylation of
HSP104 RNA (Fig. 2A, cf. lanes 3 and 4). Interestingly,
closer inspection of the Northern blot revealed that these
tails were slightly longer than those of HSP104 RNAs in
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cells expressingWTPab1p (Fig. 2A, cf. lanes 1 and 3). Con-
sistently, pA tails of hsRNAs, as measured by DRS, dis-
played longer tails (Fig. 2B; Supplemental Fig. S2B) with
an approximately twofold increase in the fraction of tran-
scripts with pA tails >100 As in MEX67-AA/pab1ΔRRM4
compared withMEX67-AA cells (Supplemental Fig. S2C).
Taken together, this indicates that Pab1p can restrict nu-
clear pA tail length, and this can be observed whenNab2p
is not available.

To corroborate this idea, we overexpressedWTPab1p in
Mex67p nuclear-depleted cells (Supplemental Fig. S2D),
which resulted in the shortening of the hyperadenylated
HSP104 RNA pA tails in both MEX67-AA/pab1ΔRRM4
(Fig. 2C, cf. lanes 1 and 3) and MEX67-AA (Supplemental
Fig. S2E, cf. lanes 1 and 3) cells. However, these tails, pre-
sumably controlled by Pab1p, were still noticeably longer
than their Nab2p-controlled counterparts (Fig. 2C, cf.
lanes 2 and 3; Supplemental Fig. S2E cf. lanes 2 and 3,
and lanes 5 and 6). This was in agreement with the DRS
reads of individual and pooled hsRNAs (Fig. 2D,E). To fo-
cus our analysis of DRS reads on the newly synthesized
RNA fraction, we fitted the pA tail distributions to a
bimodal model (Supplemental Fig. S2F; see Supplemental
Material). This suggested that the de novo lengths of long
pA tails in cells overexpressing Nab2p and Pab1p were 61
As and 87As, respectively (Fig. 2E,F). These are both clear-

ly shorter than the 111 As in cells without PABP overex-
pression, and it therefore appears that Pab1p can control
nuclear pA tails and that this activity partially limits pA
tail lengths in Mex67p nuclear-depleted cells. Important-
ly, such Pab1p-dependent tail length control is only ex-
posed when nuclear levels of Nab2p are limiting. A
further noteworthy aspect of these results is that deple-
tion of Mex67p in pab1ΔRRM4 cells, where neither
Nab2p nor Pab1p would be available to control nuclear
pA tail length, still created a situationwith controlled pol-
yadenylation; i.e., hyperadenylatedHSP104 RNA pA tails
exhibited a rather narrow length distribution of 100–150
As (Fig. 2C, lane 1, note quantification at the right of the
gel image), which was also evident in the DRS data of
hsRNAs (Fig. 2E,F). This suggests that an additional and
PABP-independentmechanism is in place to limit nuclear
pA tail length.

Nab2p and Pab1p control CPF-mediated
polyadenylation in vitro but with distinct properties

Having established that three independent mechanisms
limit pA tail length in vivo, we tested whether they could
also be reconstituted in vitro. For this, we expressed and
purified a 14-subunit recombinant S. cerevisiaeCPF com-
plex, as well as CF IA, CF IB, Nab2p, and Pab1p (Fig. 3A;

E

F
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C

D

Figure 2. Nab2p-independent mechanisms
for terminating nuclear polyadenylation. (A)
RNase H/Northern blot analysis of HSP104
RNA 3′ ends as in Figure 1B, but for MEX67-
AA and MEX67-AA/pab1ΔRRM4 cells with
orwithout nuclear depletion ofMex67p as in-
dicated. (B) DRS-derived pA tail length distri-
butions of hsRNAs (n=48) from MEX67-AA
(gray density) or MEX67-AA/pab1ΔRRM4
(yellow density) cells. Individual transcript
examples are shown in Supplemental Figure
S2B. (C ) RNase H/Northern analysis of
HSP104 RNA 3′ ends as in Figure 1B, but for
MEX67-AA/pab1ΔRRM4 cells expressing en-
dogenous levels of PABPs (pPgal “empty”) or
overexpressing Nab2p or Pab1p from plas-
mid-borne copies (pPgal-NAB2 or pPgal-
PAB1) (Supplemental Fig. S2D). Phosphorim-
ager lane scans are shown at the rightwith ar-
rows marking the main RNA pA tail length
peaks of different samples. (D,E) DRS-derived
pA tail length distributions of SSA4 and
HSP104 RNAs (D) or of hsRNAs (n =48; E)
displaying individual reads for the samples
described inC, with bimodal distributions fit-
ted as detailed in Supplemental Figure S2F.
Peak centers of the long pA tail distributions
(black lines) are reported. Note that the larger
variance of the DRS estimates for the long pA
tails flatten their distribution compared with
the short pA tails. (F ) Quantification of DRS
long pA tail distribution centers among indi-
vidual heat-induced transcripts (connected
dots) in rapamycin-treated samples. Box plot
displays mean± SD of plotted values.
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Kumar et al. 2021). To perform polyadenylation assays
with the recombinant components, we used a 5′-FAM-la-
beled, 120-nt synthetic pre-mRNA, consisting of the 3′

UTR of the CYC1 gene ending at the cleavage site
(pcCYC1). CPF, CF IA, and CF IB were incubated with
pcCYC1 and Nab2p in a time-course polyadenylation ex-
periment, showing that ∼60 As were added onto the RNA

(Fig. 3B, left). Such pA tail length control, comparablewith
the one previously seen in vivo, was observed at Nab2p
concentrations of ≥200 nM, two times the concentration
of RNA in the assay (Supplemental Fig. S3A). This is con-
sistent with a requirement for a Nab2p dimer to bind each
RNAmolecule (Aibara et al. 2017). In contrast, incubation
with the CPF complex alone resulted in pA tails of >1000

B

A

C

D

Figure 3. Nab2p and Pab1p control pA tail length in a reconstituted polyadenylation system. (A, left) Size exclusion chromatogram of
recombinant CPF reconstitution from the polymerase module (mint) and combined phosphatase (orange) and nuclease (magenta) mod-
ules. Tagged proteins are indicated with a star. (Right) Coomassie-stained SDS-PAGE analysis of purified proteins and complexes used
for the polyadenylation assays. (B–D) Denaturing RNA gels of polyadenylation assays using a fluorescently labeled 120-nt pcCYC1
RNA substrate (final concentration 100 nM). Adenylated and nonadenylated forms of the substrate are indicated as gray rectangles. All
assays were repeated at least three times, and representative gels are shown. (B) Time course analysis of polyadenylation by CPF in the
presence or absence of Nab2p (600 nM) and cleavage factors CF IA and CF IB, as indicated above the gel panels. (C ) Time-course analysis
of polyadenylation by CPF in the presence of Pab1p (1 µM) and the cleavage factors CF IA and CF IB. (D) Effect of Pab1p (left panel) and
Nab2p (right panel) concentrations on CPF/CF IA/CF IB-synthesized pA tail lengths. Polyadenylation reactions were initiated by the ad-
dition of ATP and stopped after 8 min. First gel lanes at the left show reactions in the absence of ATP. Time courses for corresponding
reactions are displayed in Supplemental Figure S3, A and D.
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nt (Fig. 3B, right). Similar resultswere obtained on a 180-nt
pcCYC1pre-mRNA3′ UTRusing endogenousCPF (native
CPF) purified from yeast (Supplemental Fig. S3B), validat-
ing the recombinant CPF complex activity. In the absence
of any cleavage factors, Nab2p inhibited CPF-mediated
polyadenylation (Supplemental Fig. S3C). This may be a
consequence of nonspecific RNA binding by Nab2p that
blocks CPF access to the RNA substrate and that is nor-
mally outcompeted by specific (presumably higher affini-
ty) RNA binding by CF IA and/or CF IB. Taken together,
these in vitro assays showed that Nab2p limits the addi-
tionof adenosines to∼60AsduringRNA3′ endpolyadeny-
lation in a reconstituted system.

We next investigated whether Pab1p might also limit
polyadenylation in vitro. Indeed, in the presence of
Pab1p, the CPF/CF IA/CF IB-mediated reaction resulted
in the addition of ∼60 As to the substrate RNA (Fig. 3C).
As the Pab1p-controlled pA tails were slightly shorter
than observed in vivo, we investigated the concentration
dependence of this Pab1p activity. This included Pab1p
concentrations that were both sub- and superstoichiomet-
ric compared with the 100 nM concentration of the RNA
substrate. Notably, at 60 or 250 nM Pab1p, pA tails of
∼90Aswere added to the substrate (Fig. 3D; Supplemental
Fig. S3D),while at higher Pab1pconcentrations (500 nMor
1 µM), the pA tails were distinctively shorter and of a sim-
ilar length to those observed in the presence of Nab2p (Fig.
3D, cf. Pab1p and Nab2p panels). Similar results were ob-
tained using native CPF (Supplemental Fig. S3E). Thus,
Pab1p limits the length of the pA tails synthesized by
CPF/CF IA/CF IB in vitro, and the exact length is depen-
dent on the Pab1p concentration. The concentration de-
pendence can be reconciled as a competition between
polyadenylation and Pab1p association, with higher

Pab1p concentration favoring earlier association and ter-
mination of polyadenylation. Notably, the Pab1p-con-
trolled pA tails are ∼60 or ∼90 As, consistent with two or
three Pab1p molecules bound to pA (Baer and Kornberg
1980).

In summary, both Nab2p and Pab1p control pA tail
length in vitro in a similar manner to their roles in vivo.

CPF with CF IA and CF IB harbors an intrinsic capacity
to control pA tail length

As pA tail lengths remained restricted in vivo even in the
absence of both Nab2p and Pab1p (Fig. 2), we also per-
formed in vitro CPF/CF IA/CF IB-mediated polyadenyla-
tion assays in the absence of any PABPs. Surprisingly,
these assays showed that polyadenylation ceased after
the addition of ∼100–300 As to the substrate RNA (Fig.
4A). This was in stark contrast to the very long tails
(>1000 As) synthesized by CPF in the absence of CF IA
and CF IB (Fig. 3B), or shorter tails synthesized when ei-
ther Nab2p or Pab1p was present (Fig. 4B). Similar results
were observed when polyadenylation was coupled to the
cleavage of a 56-nt CYC1 pre-mRNA substrate (Supple-
mental Fig. S4A) or when polyadenylation assays were
carried out with the native CPF complex and pcCYC1–
180 nt (Supplemental Fig. S4B).

It therefore appeared that CPF/CF IA/CF IB possesses an
inherent capacity to restrict pA tail length in vitro, in the
absence of other cellular factors. To determine which
components contribute to such “intrinsic” pA tail length
control, we performed polyadenylation assays in the pres-
ence of only one of each of the cleavage factors. In the pres-
ence of CF IA alone, CPF initially added pA tails of 70–120
As, which over time were elongated to >1000 As (Fig. 4C,

BA

C

Figure 4. CPF/CF IA/CF IB harbors an intrinsic
mechanism for controlling pA tail length. (A)
Time-course analysis of polyadenylation as in
Figure 3B, but by CPF in the presence of both
cleavage factors CF IA and CF IB. (B) CPF-synthe-
sized pA tails in the presence of CF IA and CF IB
(CFs) and either low (“+”; 250 nM) or high (“++”; 1
µM) concentrations of Pab1p or Nab2p (600 nM).
Assayswere performed as in Figure 3D. (C ) Time-
course analysis of polyadenylation by CPF in the
presence of either CF IA (left panel) or CF IB (right
panel).
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left panel). In the presence of only CF IB, CPF added sever-
al hundreds of As (Fig. 4C, right panel). In both cases, the
RNA substrate was polyadenylated more slowly than
when CPF was assembled with both CF IA and CF IB.
We therefore conclude that the fully assembled 3′ endma-
chinery, including CPF, CF IA, and CF IB, contains an al-
ternative mechanism for pA tail length control, which is
intrinsic to the complex. More generally, our in vitro
and in vivo data together show that three different path-
ways control nuclear pA tail length: Nab2p, Pab1p, and
CPF/CF IA/CF IB.

PABP-independent termination of pA tail synthesis
produces functional mRNA

Given the role of the pA tail and PABPs in mRNA export
and translation (Brambilla et al. 2019; Stewart 2019), we
wanted to determine whether functional mRNAs can be
produced by all three mechanisms for terminating pA
tail synthesis. To address this question, we treated cells
with [35S]-methionine to label and detect newly synthe-
sized proteins before and after heat shock (Stutz et al.
1997; Kallehauge et al. 2012). As expected, heat shock pro-
teins (Hsp104p, Hsp82p, Hsp70p) were translated in heat-
induced MEX67-AA cells but were not detectable in cells
grown at 25°C or if mRNA export was blocked by the ad-
dition of rapamycin (Fig. 5A, lanes 1–5; see full gel image

in Supplemental Fig. S5A). We then used the AA-system
to deplete Nab2p from the nucleus (Supplemental Fig.
S5B; Schmid et al. 2015) so that polyadenylation would
be terminated solely by the Pab1p-dependent and/or
CPF/CF IA/CF IB-dependent mechanisms. Notably, heat
shock proteins were produced in cells depleted of nuclear
Nab2p, although at lower levels (Fig. 5A, lanes 6–10). This
∼50% reduction of Hsp104p production mirrored the
decrease of HSP104 mRNA levels in this condition (Fig.
5B,C; Supplemental Fig. S5C; Schmid et al. 2015; Tudek
et al. 2018). Examination of HSP104 mRNA pA tails ver-
ified the loss of normal pA tail length control (Fig. 5C;
Supplemental Fig. S5C), demonstrating that Nab2p was
absent at the time of termination of pA tail synthesis of
these transcripts and making it unlikely that residual nu-
clearNab2pwould (solely) explain heat shock protein pro-
duction in this condition. Thus, we conclude thatmRNPs
resulting from Nab2p-independent pA tail termination
are export- and translation-competent.
This raised the question of whether nuclear Pab1p and

CPF/CF IA/CF IB can both compensate for the absence
of Nab2p. To address this issue, we constructed NAB2-
AA cells expressing as their sole source of Pab1p the cyto-
plasmic ΔRRM4mutant variant. Again, robust heat shock
protein production was detected both in the absence and
presence of rapamycin, showing that functional mRNAs
are produced in the absence of both Nab2p and Pab1p in

B

A

C

Figure 5. hsRNAs expressed in the ab-
sence of nuclear PABPs still direct protein
synthesis. (A) [35S]-Met protein labeling
analysis of the indicated cell cultures
(SDS-PAGE; bottom) following the experi-
mental scheme displayed at the top. Rapa-
mycin, or DMSO (−rapamycin), was added
20 min before heat induction, followed by
[35S]-Met labeling for one of three indicat-
ed time periods (gray horizontal arrows):
(1) at 25°C for 5–15 min before the tem-
perature shift (−15′–5′), or (2) for 5–15
min (5′–15′) or (3) for 15–25 min (15′–25′)
after the 38°C shift. Markers for heat
shock proteins are indicated on the right.
(B) Quantification of Hsp104p expression
from A. Incorporation of [35S]-Met into
Hsp104p in each gel lane was normalized
to the total [35S]-Met signal from proteins
<50 kDa (see Supplemental Fig. S5A). Bars
display averaged values normalized to the
“MEX67-AA,− rapamycin, 38°C 5′–15′”
samples. Individual values from two inde-
pendent replicates are shown as dots. (C )
RNase H/Northern blotting analysis of
HSP104 mRNA 3′ ends as in Figure 1B,
but in conditions used for [35S]-Met pro-
tein labeling. RNA samples were from
cells harvested 15 min after transfer to
38°C. Additional time points are shown
in Supplemental Figure S5C. Note the

loss of HSP104 RNA signal and the appearance of hyperadenylated transcripts following nuclear depletions of Mex67p and
Nab2p.
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the nucleus (Fig. 5A, lanes 11–15). Notably, pab1ΔRRM4
cells displayed a delay in heat shock protein production
(Fig. 5B), in line with the proposed role of Pab1p in
mRNA biogenesis, export, and translation (Caponigro
and Parker 1995; Brune et al. 2005; Dunn et al. 2005;
Brambilla et al. 2019). Interestingly, the majority of
detectableHSP104mRNA remained hyperadenylated de-
spite ongoing export (Fig. 5C, lane 6), which is at least par-
tially explained by the cytoplasmic deadenylation defect
in pab1ΔRRM4 cells (Supplemental Fig. S5C). We ob-
tained similar results after depletion of nuclear Nab2p
in a Δpab1 strain containing the spb2-1 bypass suppressor
mutation that restores the viability of the PAB1 deletion
(Supplemental Fig. S5D–F; Brambilla et al. 2019). We con-
clude that export- and translation-proficient mRNA can
be produced in the absence of nuclear PABPs despite a
marked decrease inmRNA levels and pA tail lengthening.

Discussion

The exact requirements for nuclear pA tail length control
have remained elusive. Data presented here suggest that,
in yeast, nuclear polyadenylation carried out by the CPF
complex can be terminated by at least three distinct
mechanisms, each giving rise to a different length of de
novo synthesized pA tails (Fig. 6). Nab2p is the main reg-
ulator of polyadenylation, controlling the length of pA
tails to ∼60 As. When Nab2p levels are insufficient, two
fail-safe mechanisms, possibly acting in parallel, prevent
uncontrolled polyadenylation. The first relies on the nu-
clear pool of Pab1p and results in pA tails of 60–90 As in
length. The second mechanism is carried out by the
CPF-cleavage factor complex terminating pA tail synthe-
sis after the addition of 100–200 As.

Nuclear pA tail length is primarily controlled by Nab2p
and backed by Pab1p

The in vivo Nab2p-dependent pA tails of ∼60 As are also
observed when Nab2p is added to CPF/CF IA/CF IB-di-
rected in vitro polyadenylation reactions, indicating that
Nab2p alone is sufficient to terminate polyadenylation
by the CPF. This is in line with previous in vitro studies
(Viphakone et al. 2008) and with the finding that Nab2p
restricts bulk pA tails in vivo (Hector et al. 2002; Kelly
et al. 2010).

Our results showing Pab1p-dependent termination of
polyadenylation are also consistent with previous studies
(Brown and Sachs 1998; Dunn et al. 2005; Viphakone et al.
2008). However, Pab1pmediates the production of ∼90-nt
pA tails, which are longer than the maximal pA tails in
unperturbed cells, indicating that Pab1p does not normal-
ly control this process.Moreover, we found that impairing
Pab1p function inhibits pA tail deadenylation globally,
which is in line with a major role for Pab1p in the stimu-
lation of cytoplasmic deadenylation activities (Webster
et al. 2018; Yi et al. 2018; Brambilla et al. 2019; Schäfer
et al. 2019). Together, these data argue that Nab2p and
Pab1p play distinct primary roles in controlling pA tail
lengths in the nuclear and cytoplasmic stages of the
mRNA life cycle, respectively. This division of activities
is consistent with the steady-state localization of Nab2p
and Pab1p, and with the model that active remodeling of
mRNPs at the cytoplasmic face of the nuclear pore com-
plex facilitates the exchange of Nab2p with Pab1p (Tran
et al. 2007). Still, the nuclear–cytoplasmic shuttling
behavior of Pab1p will allow the protein to compensate
for any imbalances in nuclear Nab2p levels, providing
an auxiliary fail-safe mechanism.

Estimated concentrations ofNab2p andmRNA in S. cer-
evisiae nuclei are within the same range (∼2.8 µM and
∼0.7–2.9 µM, respectively) (see the Supplemental Materi-
al). Furthermore, a major share of nuclear polyadenylated
RNA is expected to be associated with Nab2p, leaving
the freely available pool of Nab2p substantially smaller.
This supports the idea that fluctuations in the rates of
mRNAproduction and traffickingmay lead to a temporary
depletion of solubleNab2p,whichwouldwarrant buffering
by fail-safe termination mechanisms. Moreover, instances
of aberrant Nab2p localization, or availability, have been
reported during severe heat stress (Carmody et al. 2010)
or when nuclear RNA processing pathways are disrupted
(Paul and Montpetit 2016; Aguilar et al. 2020). Interesting-
ly, phenotypes associated with limiting Nab2p levels are
partially restored by overexpression of Pab1p (Hector
et al. 2002; Aguilar et al. 2020), lending further support to
the idea that Pab1p and Nab2p have redundant nuclear
functions. On the other hand, decreasing cytoplasmic
mRNA abundance has been shown to drive nuclear local-
ization of mammalian PABPC (Kumar et al. 2011; Gilbert-
son et al. 2018), so it is possible that global changes inRNA
metabolism determine which pA termination pathway is
primarily used. Finally, our data do not rule out the possi-
bility that Pab1p could be recruited to specific transcripts
in the nucleus to affect their processing.

Figure 6. Model: three-layered control of pA tail length in S. cer-
evisiae. Polyadenylation carried out by the CPF/CF IA/CF IB
complex (dark gray) is primarily terminated by Nab2p (green),
whose association with the mRNP (dark line and light-gray
shapes depicting proteins and RNA, respectively) produces ∼60-
A-long pA tails (light yellow). If Nab2p is not available, either
the nuclear pool of Pab1p (blue) or the CPF complex, together
with the cleavage factors CF IA andCF IB (highlighted in dark yel-
low at this step), provides a fail-safe termination of polyadenyla-
tion, producing longer pA tails.
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Since similar pA tail lengths are observed in vivo and in
vitro, we suggest that PABPs determine tail lengths by ter-
minating the polyadenylation process. The finding that
two nonhomologous PABPs can control pA tail length im-
plies that the mere association of a PABP with the pA tail
suffices to terminate CPF-instructed polyadenylation.
How the association of Nab2p or Pab1p to pA tails termi-
nates polyadenylation and how PABPs “measure” the pA
tail length are important topics of future research and like-
ly depend on the formation of multimeric PABP assem-
blies on the pA tail (Aibara et al. 2017; Schäfer et al. 2019).

Intrinsic pA tail length control by the CPF complex

Our data also revealed a surprising PABP-independent
mechanism of nuclear pA tail length control. While we
cannot formally exclude that other PABP-likeprotein(s) af-
fect the polyadenylation reaction in vivo, our demonstra-
tion that such length control can be reconstituted with
fully purified components strongly argues that the CPF
complex with CF IA and CF IB harbors a built-in activity
to limit pA tail length. Moreover, this capacity of CPF ap-
pears to be relevant in vivo when nuclear PABP levels are
limiting. What might be the mechanism underlying such
pA tail length control? Efficient polyadenylation requires
the maintenance of tripartite interactions between the
RNA-binding subunits of CPF, Pap1p, and RNA (Zhelkov-
sky et al. 1998; Ezeokonkwo et al. 2011). Disruption of any
of these interactions would be expected to reduce the effi-
ciency of polyadenylation and facilitate termination. As
cleavage factors interact directly with the substrate RNA
and the CPF complex (Ezeokonkwo et al. 2011; Holbein
et al. 2011; Casañal et al. 2017), they likely help to main-
tain CPF:substrate interactions in an active polyadenylat-
ing complex. In the absence of any PABPs, the interaction
of the cleavage factors and the productRNAmaysterically
disfavor a long pA tail from accessing the active site of
Pap1p and thereby lead to termination. Such a model
would explain how cleavage factors can regulate the poly-
adenylation activity ofCPF.Another possibility is that the
pA tail competes for binding to CPF or CF IB (Hill et al.
2019), displacing them from the 3′ UTR sequences. We
can also speculate that intrinsic length control represents
a case of product inhibition on Pap1p inwhich the product
(the pA tail) acts in cis to inhibit its own polymerization in
a length-dependent manner.
Interestingly, similar to this study in yeast, nuclear pA

tails converge to a length of 100–200 As when nuclear
PABP is depleted in human cells (Kühn et al. 2017), which
indicates a potentially conserved pA tail length control
mechanism in eukaryotes. We anticipate that pA tail syn-
thesis is controlled by multiple pathways also in other
organisms.

Fail-safe termination of polyadenylation

Efficient nuclear export relies on propermRNA3′ end pro-
cessing (for review, see Oeffinger and Zenklusen 2012;
Stewart 2019). One aspect of this connection is exempli-
fied by Nab2p, which binds to polyadenylated mRNA as

well as to the nuclear export factor Mex67p (Hector
et al. 2002; Stewart 2019). Nab2p binding not only im-
pacts the pA tail length of the mRNA but is also required
for its nuclear stability (Schmid et al. 2015; Tudek et al.
2018). Tight coupling of mRNA 3′ end processing and nu-
clear export may therefore facilitate a one-way system for
rapid delivery of Nab2p-associated transcripts with ∼60-
nt-long pA tails to the cytoplasm. However, a consider-
able portion of transcripts is still being exported and trans-
lated in Nab2p-depleted cells, indicating that the Pab1p-
dependent and CPF-cleavage factor complex-dependent
“fail-safe” mechanisms also facilitate gene expression.
How might 3′ end processing and export cooperate in
these cases? Nuclear export of Pab1p can be mediated by
its direct interaction with Crm1p (Brune et al. 2005;
Dunn et al. 2005), but clearly this pathway does not pro-
vide an alternative export route for hsRNAs in Mex67p-
depleted cells. Thus, fail-safe-terminated transcripts are
likely to be exported in a Mex67p-dependent manner,
and Pab1p associationmight serve to protect them against
degradation. It is less obvious how CPF-cleavage factor
complex-terminated transcripts may evade degradation,
but their hyperadenylated pA tails could potentially equip
them with a longer survival time in the nucleus.
Before a polyadenylated transcript is able to exit the nu-

cleus, it must detach from the CPF complex. It has been
speculated that the association of PABPs would trigger
this release step (Dunn et al. 2005; Fasken et al. 2019;
Stewart 2019). Our observation that mRNAs can be ex-
ported and translated in cells with nuclear-depleted
PABPs indicates that such release can also be achieved
by other factors, although PABPs may, of course, speed
up the process. Nonetheless, termination of polyadenyla-
tion must precede or coincide with the release of RNA
from the CPF:substrate complex (Qu et al. 2009; Stewart
2019), suggesting that fail-safe termination mechanisms
will allow transcript release and facilitate the recycling
of the polyadenylationmachinery to newRNA substrates.
In this way, a three-layered control of the polyadenylation
process ensures that the production of mRNA and its ex-
port to the cytoplasm does not come to a halt if one factor
is temporarily unavailable. Overall, this mechanism will
help to ensure the robustness of gene expression.

Materials and methods

Yeast strains and cultures

Yeast strains and plasmids are listed in Supplemental Tables S3
and S4. For most experiments, cells were cultured in synthetic
complete minimalmedium lacking uracil and containing 2% raf-
finose and 0.1% glucose (SC-ura). Three hours before heat shock,
2% galactose was added to the cell cultures, which had an optical
density (OD600) ∼0.5 to induce the protein expression from pPgal
plasmids. For heat shock experiments, cultures kept at 25°Cwere
heat-shocked by rapidly mixing an equal volume of media pre-
heated to 51°C and transferring the cultures to a 38°C water
bath. In metabolic labeling experiments, cultures were main-
tained at 25°C throughout the 4tU-labeling period (final 100
µM; ACROS Organics). Rapamycin (final 1 µg/mL; Life Technol-
ogies) was added to cultures before heat shock or addition of 4tU
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at time points specified in the figures. Cells for RNA analysis
were harvested by mixing equal volumes of culture with ethanol
precooled on dry ice and centrifuging at 3000g for 3 min at 4°C.
Pellets were washed twice with ice-cold water and stored at
−80°C. Endogenous CPF was purified from Ref2-TAPS strain
grown at 30°C in YPD media and harvested at an OD600 of 6–7.

RNase H Northern blotting

Twenty micrograms of total RNA, extracted with the hot phenol
method detailed in the Supplemental Material, was combined
with 2µMRNaseH targetingoligonucleotides (sequences are list-
ed inSupplementalTableS1) in annealingbuffer (50mMTris-HCl
at pH 8.3, 50mMKCl) in a total volume of 12 µL. Themixwas in-
cubated for 2 min at 85°C and slowly cooled to 37°C. Subse-
quently, 8 µL of a mix preheated to 37°C and containing 2.5 U of
RNase H (New England Biolabs), 2.5× RNase H reaction buffer
(1× buffer: 50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl2, 10 mM
DTT at pH 8.3), 25 mMDTT, and 4U RiboLock RNase inhibitor
(Thermo Scientific) was added and incubated for 30 min at 37°C.
Next, RNAwas precipitated by the addition of 100 µL of absolute
ethanol and 20 µL of solution containing 600mMNaAc (pH 5.3),
10mMEDTA, 5 µg of tRNA (Roche 28473522), and 5 µg of glyco-
gen and incubated at−20°C.Thepelletwaswashedwith 70%eth-
anol and resuspended in RNA loading buffer (formamide, 10 mM
Tris-HCl at pH 8.0, 5 mM EDTA, 0.02% xylene cyanol). Samples
were separated on 6% urea-polyacrylamide gels by electrophore-
sis andprobedbyNorthernblotting, as detailed in the Supplemen-
tal Material. Phosphorimager scans were processed and
quantitated with ImageJ software. The indicated pA tail lengths
were approximated from DNA size markers.

Biotinylation and purification of 4tU-labeled RNA

Biotinylation and purification of newly synthesized RNA were
based on the protocol by Barrass and Beggs (2019) with minor
modifications detailed in the Supplemental Material.

[35S]-labeling of proteins

The [35S]-methionine labeling protocol was modified from Stutz
et al. (1997) and Kallehauge et al. (2012) and is detailed in the Sup-
plemental Material. Briefly, cells grown at 25°C in a synthetic
complete minimal medium lacking methionine and containing
2% glucose (SC-met) were heat-shocked by adding an equal vol-
ume of medium preheated to 51°C and transferring to a 38°C wa-
ter bath. For samplesmaintained at25°C, an equal volumeof 25°C
medium was added. Rapamycin (final concentration 1 µg/mL) or
DMSO (final 0.5%) was added to cell cultures before heat shock,
as well as to the preheated medium, at a time point specified in
the figure legends. Aliquot of cell suspension (0.6 OD units) was
transferred at the indicated times to a new microfuge tube con-
taining 50 µCi of [35S]-methionine (43.3 mCi/mL:1175 Ci/
mmol; PerkinElmerNEG009C) to label the proteins in a total vol-
ume of 400 µL, and transferred to ice at the end of the labeling pe-
riod. Cells were collected by centrifugation and washed twice
with ice-cool water, and the cell pellets were stored at −20°C.
The pellets were resuspended and boiled for 5 min in 30 µL of
Laemmli buffer (60 mM Tris-Cl at pH 7.0, 2% SDS, 10% glycer-
ol, 5% β-mercaptoethanol, 0.01% bromophenol blue), before
running 15 µL of the supernatant on SDS-PAGE. Dried gel
was exposed to a phosphorimager screen and quantitated using
ImageJ software.

Expression and purification of recombinant CPF

Detailed methods for protein expression and purification are de-
scribed in the Supplemental Material. Multibac transfer vectors
containing CPF genes were used (Supplemental Table S4), as de-
scribed previously (Kumar et al. 2021). The Pfs2 and Ref2 genes
encoded a C-terminal Strep-II (SII) tag. Vectors carrying the poly-
merase module genes (Cft1, Yth1, Fip1, Pap1, and Pfs2-SII) or
combined phosphatase and nuclease module genes (Pta1, Pti1,
Ssu72, Swd2, Glc7, Ref2-SII, Ysh1, Cft2, and Mpe1) were trans-
formed into chemically competent DH10EmbacY cells, and bac-
mids were isolated. Sf9 cells expressing either the polymerase
module or the combined phosphatase and nuclease modules
were lysed by sonication and protein complexes purified using af-
finity purification in batch (Strep-Tactic Superflow resin, IBA
Lifesciences) followed by anion exchange chromatography
(Mono Q 5/50 GL, Cytiva). Finally, the recombinant CPF com-
plexwas reconstituted bymixing the purified polymerasemodule
and combined phosphatase and nucleasemodules at 1:1molar ra-
tio and applied to a Superose 6 increase 3.2/300 column (Cytiva).
The peak fractions were used directly in the polyadenylation re-
actions. All purifications were performed at 4°C.

Expression and purification of CF IA and Nab2p

Genes encoding CF IA subunits (Rna14, Pcf11, Rna15, and Clp1)
were cloned into Multibac transfer vectors. The CF IA complex
was purified by Strep-Tactin affinity followed by aHiTrapheparin
HP column (Cytiva). The peak fractions were further purified by
size exclusion chromatography, analyzed by SDS-PAGE, and
flash-frozen in liquid nitrogen for storage at −80°C. Full-length
Nab2p was cloned into a pACEBac1 expression vector and was
purified by Strep-Tactin affinity followed by a 5-mL RESOURCE
15S column (Cytiva). The peak fractions were applied to a Super-
dex 200 increase 10/300 column (Cytiva), analyzed by SDS-
PAGE, concentrated to 1 mg/mL, and flash-frozen in liquid nitro-
gen for storage at −80°C.

Expression and purification of CF IB and Pab1p

CF IBwas expressed and purified as described previously (Casañal
et al. 2017). A DNA sequence encoding full-length Pab1p from S.
cerevisiaewas codon-optimized for E. coli (GenScript) and cloned
into a pGEX-6P-1 vector containing an N-terminal GST-tag with
an HRV-3C protease cleavage site. Protein expression in BL21
DE3 was induced using 0.5 mM IPGT, cells harvested by centri-
fugation, and lysed by sonication. The clear supernatant was ap-
plied to a 5-mL GSTrap 4B column (Cytiva) followed by an
overnight incubation at 4°C with a 1:50 molar ratio (protein:en-
zyme) of HRV-3C protease to remove the GST-tag. The peak frac-
tions were pooled and applied to a Superdex 200 increase 10/300
column (Cytiva), analysed by SDS-PAGE, concentrated to 5 mg/
mL, and flash-frozen in liquid nitrogen for storage at −80°C.

In vitro polyadenylation assays

Assays were performed at 30°C in a reaction buffer containing 5
mM HEPES (pH 7.9), 150 mM KAc, 2 mM MgAc, 0.05 mM
EDTA supplemented with RiboLock RNase inhibitor (Thermo
Scientific), and 3mMDTT. Purified CPFwas added to a final con-
centration of 50 nM in the reaction. CF IAwas diluted to 15 µM in
20 mM HEPES (pH 8.0), 250 mM NaCl, and 0.5 mM TCEP and
added to a final concentration of 450 nM. CF IB, Nab2p, and
Pab1p were diluted in 50 mM HEPES (pH 7.9), 150 mM KCl,
0.5 mM MgAc, 1 mM TCEP and added to their final concentra-
tions. CF IB concentration was 450 nM throughout the
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experiments, whereasNab2p and Pab1pwere added to a final con-
centration of 60 nM–1 µM as specified in the figures. RNA sub-
strates were used at a final concentration of 100 nM. RNA
sequences are listed in Supplemental Table S1. Reactions were
initiated by addition of ATP to a final concentration of 2 mM.

Nanopore direct RNA sequencing

Two independent RNA samples were sequenced for each experi-
mental condition, except for 25°C samples, which were se-
quenced only once. One 4tU RNA sample for each
experimental condition was sequenced independently two or
three times. Polyadenylated RNA (pA+ RNA) was purified from
35 µg of total RNA using the Dynabeads oligo dT(25) kit (Invitro-
gen 61005) following the manufacturer’s protocol. Yeast pA+, or
4tU RNA purified as specified in the Supplemental Material,
was mixed with human or murine cap-enriched mRNA, and se-
quencing libraries were prepared from 500 ng of this RNA mix
(of which 50–200 ng consisted of yeast pA+ or 4tU RNA) with
the direct RNA sequencing kit (Oxford Nanopore Technologies
SQK-RNA002) according to the manufacturer’s protocol. RNA
was sequenced using the FLO-MIN106 flow cells and the Min-
ION Mk1B device (Oxford Nanopore Technologies). Base-calling
was performed with the softwareGuppy (Oxford Nanopore Tech-
nologies). Raw sequencing data (fast5 files) were deposited at
ENA. All sequencing runs with their ENA accession numbers
are listed in Supplemental Table S5. DRS libraries for samples
MEX67-AA pPgal-empty at 25°C and at 38°C with or without
rapamycin described by Tudek et al. (2021) were reanalyzed here.

Bioinformatic analyses

Yeast-originating DRS reads were separated from the other sam-
ples by mapping to the respective reference transcriptomes using
Minimap2 (Li 2018), filtering out reads that were unmapped to
the yeast reference, and mapping the remaining reads with Mini-
map 2.17 to a custom annotation of yeast transcriptome reference
(Tudek et al. 2021) described in the Supplemental Material. The
pA tail lengths for each readwere estimated using theNanopolish
0.13.2 polya function (Workman et al. 2019). pA tail length distri-
bution graphs were generated using the ggplot2 package in R
(Wickham 2016). hsRNAs were identified as transcripts with at
least threefold change in expression at “38°C; no rapamycin;
empty” sample compared with “25°C; empty” sample, mean ex-
pression >50 reads, and Benjamini–Hochberg adjusted P-value<
0.05, using binomial test from EdgeR (Robinson et al. 2010).
This set of transcripts is listed in Supplemental Table S2. Full de-
tails of bioinformatic analyses including the procedure of fitting
the pA tail lengths to bimodal distributions are described in the
SupplementalMaterial. Processed data containing pA length esti-
mates for each read, the customcode, and the yeast transcriptome
reference are available at GitHub (https://github.com/THJlab/
Turtola_etal).
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