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ABSTRACT

The 3’ to 5’ exonuclease Pop2p (Caf1p) is part of the CCR4-NOT deadenylation complex that removes poly(A) tails from
mRNAs in cells. Pop2p is structurally conserved in eukaryotes, but Saccharomyces cerevisiae Pop2p harbors noncanonical
amino acids in its catalytic center. The enzymatic properties of S. cerevisiae Pop2p are not well defined. Here we charac-
terize the RNA exonuclease activity of recombinant S. cerevisiae Pop2p. We find that S. cerevisiae Pop2p degrades RNAs
via two alternative reactions pathways, one generating nucleotides with 5’-phosphates and RNA intermediates with
3’-hydroxyls, and the other generating nucleotides with 3’-phosphates and RNA intermediates with 3’-phosphates.
The enzyme is not able to initiate the reaction on RNAs with a 3’-phosphate, which leads to accumulation of RNAs with
3’-phosphates that can exceed 10 nt and are resistant to further degradation by S. cerevisiae Pop2p. We further demon-
strate that S. cerevisiae Pop2p degrades RNAs in three reaction phases: an initial distributive phase, a second processive
phase and a third phase during which processivity gradually declines. We also show that mutations of subsets of amino
acids in the catalytic center, including those previously thought to inactivate the enzyme, moderately reduce, but not elim-
inate activity. Only mutation of all five amino acids in the catalytic center diminishes activity of Pop2p to background levels.
Collectively, our results reveal robust exonuclease activity of S. cerevisiae Pop2p with unusual enzymatic properties, char-
acterized by alternative degradation pathways, multiple reaction phases and functional redundancy of amino acids in the
catalytic core.
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INTRODUCTION DEDD family (Thore et al. 2003; Jonstrup et al. 2007;
Andersen et al. 2009; Horiuchi et al. 2009; Basquin et al.
2012).

Despite its noncanonical catalytic center, the exonucle-
ase domain of S. cerevisiae Pop2p degrades poly(A) and
other RNAs 3’ to 5’ in vitro, as expected for a DEDD exonu-
clease (Daugeron et al. 2001; Thore et al. 2003) and similar
to Pop2p orthologs (Viswanathan et al. 2004; Jonstrup et al.
2007; Schwede et al. 2008; Andersen et al. 2009; Horiuchi
et al. 2009; Temme et al. 2010; Niinuma et al. 2016). Muta-
tions of critical amino acids in the catalytic center of Pop2p
orthologs inactivate the enzymes and reduce cellular de-
adenylation, indicating that Pop2p activity is critical in the
corresponding organisms (Niinuma et al. 2016; Balagopal
etal. 2017; Webster et al. 2018; Yi et al. 2018). In S. cerevi-
siae Pop2p, however, the link between exonuclease activity

Saccharomyces cerevisiae Pop2p (Caflp) is a 3’ to 5’ exo-
nuclease (Thore et al. 2003). The enzyme is part of the
CCR4-NOT deadenylation complex that removes poly(A)
tails from mRNAs in cells (Daugeron et al. 2001; Parker
2012; Collart and Panasenko 2017; Tang and Passmore
2019). Like other components of the CCR4-NOT deadeny-
lation complex, Pop2p is conserved in eukaryotes (Basquin
et al. 2012; Winkler and Balacco 2013; Collart and
Panasenko 2017). Pop2p belongs to the DEDD family,
which derive their name from a set of characteristic, widely
conserved amino acids in the catalytic center of the en-
zymes (Zuo and Deutscher 2001; Bianchin et al. 2005;
lbrahim et al. 2009). However, in S. cerevisiae Pop2p, three
out of five of these characteristic amino acids are not pre-
sent (5188, Q394, and T389), even though structural data

indicate correct assignment of S. cerevisiae Pop2p to the
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and cellular function is not clear. Mutation of two amino ac-
ids that are presumed to be essential for Pop2p activity
(5188 and E190), based on structural studies and similarities
to canonical DEDD exonucleases, reduced activity in vitro
(Jonstrup et al. 2007; Andersen et al. 2009; Horiuchi et al.
2009; Niinuma et al. 2016; Webster et al. 2018; Yi et al.
2018; Raisch et al. 2019; Tang et al. 2019). Yet, introduction
of these mutations in S. cerevisiae cells had little impact on
deadenylation in cells (Viswanathan et al. 2004; Balagopal
et al. 2017). Deletion of pop2 and interruption of the
Pop2p-Not1p interaction, however, result in slow growth,
which is exacerbated at elevated temperatures (Tucker
et al. 2001, 2002; Basquin et al. 2012; Webster et al.
2018). For these reasons, Pop2p has been thought to play
a predominantly structural role in the CCR4-NOT complex
during mRNA deadenylation in S. cerevisiae (Tucker et al.
2001, 2002; Basquin et al. 2012; Winkler and Balacco
2013). In other organisms, Pop2p is considered a major, if
not the predominant exonuclease of the CCR4-NOT com-
plex (Temme et al. 2004, 2010; Schwede et al. 2008).
Although Pop2p’s RNase domain has been qualitatively
shown to degrade RNA with 3’ to 5’ polarity, the exonucle-
ase activity of S. cerevisiae Pop2p has not been character-
ized in depth. This absence of biochemical data,
combined with the intriguing difference in the presumed
cellular function of the enzyme in S. cerevisiae, compared
with other organisms, motivated us to characterize the exo-
nuclease activity of full-length S. cerevisiae Pop2p in vitro.
We show that S. cerevisiae Pop2p produces terminal
RNA products that are markedly longer than those seen
with other exonucleases. The length of these terminal
products depends on the length of the initial substrate
and can exceed 10 nt for substrates with more than
20 nt. We further find that S. cerevisiae Pop2p produces
both, 5-phosphorylated and 3'-phosphorylated nucleo-
tides during the reaction and RNA intermediates that
contain either 3'-hydroxyls (3’-OH) or 3’-phosphates.
However, the enzyme is not able to initiate the reaction
on RNAs with a 3'-phosphate. We discover that the degra-
dation reaction for RNAs with 24 or more nucleotides oc-
curs in three phases: an initial distributive phase, a
second processive phase and a third phase during which
processivity gradually declines. We also show that S. cere-
visiae Pop2p degrades non-poly(A) substrates efficiently,
but displays a preference for substrates with stretches of
poly(A). Finally, we demonstrate that mutation of amino ac-
ids in the catalytic center that were previously thought to
inactivate the enzyme, diminish, but do not eliminate activ-
ity. Mutations of other subsets of amino acids in the
catalytic center also result in moderate reductions of activ-
ity. Only mutation of all five amino acids in the catalytic
center reduces activity of Pop2p to background levels.
Collectively, the data reveal robust exonuclease activity
of S. cerevisiae Pop2p, but unusual enzymatic properties,
characterized by alternative degradation pathways that
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produce 3'- and 5-phosphorylated nucleotides, and by
functional redundancy of amino acids in the catalytic core.

RESULTS

Pop2p generates long terminal products.

To characterize the exonuclease activity of Pop2p, we mea-
sured RNA degradation in vitro with excess enzyme over an
RNA substrate with 36 adenylates (Azq, Fig. 1A; for all sub-
strate sequences please see Table 1, Materials and Meth-
ods). We observed shortening of the substrate over time
and pronounced accumulation of RNAs with 10-16 nt
(Fig. 1B). RNAs of similar length also accumulated in reac-
tions at a higher ratio of Pop2p to RNA (Fig. 1C) and at dif-
ferent reaction conditions (Supplemental Figs. S1, S2). We
next measured degradation of a substrate with 24 adeny-
lates (A4, Fig. 1D). We detected accumulation RNAs with
8-16 nt (Fig. 1D), including slightly shorter species than
seen with Az, (Fig. 1B). This observation suggested an influ-
ence of the initial substrate length on the length of the ac-
cumulating RNAs.

To further test this notion, we probed degradation of an
RNA with 13 adenylates (A3). We observed accumulation
of RNAs with 6-11 nt (Fig. 1E), markedly shorter species
than seen with Ags and Ay4 (Fig. 1F). Apparent reaction
rate constants at identical enzyme concentrations were
higher for Age, and Ay4, compared with Aq3 (Fig. 1Q). Yet,
Pop2p readily processed all three substrates. The reaction
of Aq3 is notable because RNAs with 13 ntfall into the range
of RNAs that accumulate in reactions of Az, and Ay (Fig.
1B-D). Collectively, these data indicate that RNA degrada-
tion by Pop2p produced terminal products with lengths that
scale with the initial substrate length. However, for all tested
substrates the lengths of these terminal products markedly
exceed the minimal RNA binding site of Pop2p extrapolat-
ed from crystal structures, which covers ~5 nt.

Pop2p generates nucleotides with
3’ and 5’ phosphates

Accumulation of RNAs with lengths that depend on the
length of the starting substrates had not been reported
for RNA exonucleases, to our knowledge. We therefore in-
vestigated the molecular basis for this phenomenon. We
first tested whether inactivation of Pop2p during the reac-
tion or nonproductive binding of Pop2p to the terminal
products accounted for our observations. Nonproductive
RNA binding, which has been demonstrated for the
DEDD RNA exonuclease Rrpép, causes accumulation of
RNAs with 16-19 nt during the degradation reaction
(Axhemi et al. 2020). However, Rrpép eventually degrades
these accumulated RNAs and the lengths of the accumu-
lating RNAs do not scale with the initial substrate length
(Axhemi et al. 2020).
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FIGURE 1. Degradation of poly(A) RNA by S. cerevisiae Pop2p. (A) Reaction scheme for pre-
steady-state exonuclease reaction by Pop2p. (B) Representative PAGE for a pre-steady-state
exonuclease reaction with Aze. Aliquots were removed at 0.5, 2, 5, 10, 15, 20, 25, 30, 35,
40, 45, 50, 60, 70, 80, 90, 100, and 110 min. Numbers indicate the RNA length. (C)
Representative PAGE for a pre-steady-state exonuclease reaction with Az with increased ratio
of Pop2p to RNA. Aliquots were removed at 10, 20, 40 sec, 1, 3, 5, 10, 15, and 20 min. (D)
Representative PAGE for a pre-steady exonuclease reaction with Az4. Aliquots were removed
at 10, 20, 40 sec, 1, 3, 5, 10, 15, and 20 min. (E) Representative PAGE for a pre-steady exonu-
clease reaction with A3. Aliquots were removed at 1, 5, 10, 20, 30, 40, 50, and 60 min. (F)
Distribution of k-mers (length of remaining substrate species) at the 20 min time point for
pre-steady exonuclease reactions (Pop2p: 1200 nM) with indicated RNA substrates. Data
points represent an average of three independent experiments. Error bars show one standard
deviation. (G) Time courses for removal of the 3’ nucleotide of the initial substrate degradation
for the reactions shown in panels C-E. The curves were fitted to integrated rate for an irrevers-
ible first order reaction (kep{™>® =0.71 £ 0.10 min™", kopt**? = 0.47 £ 0.06 min™", kopt'¥=0.16

was not due to nonproductive
Pop2p binding to these RNAs and
not due to inactivation of Pop2p dur-
ing the reaction.

The data indicated that Pop2p was
unable to degrade RNAs that had
been produced during the reaction.
In contrast, an unreacted substrate
with 13 adenylates (Aq3) was readily
degraded (Fig. 1E). The difference be-
tween reacted and unreacted RNAs
led us to hypothesize that the RNAs
accumulating during the reaction of
Pop2p differed chemically from
unreacted RNAs. To test this hypothe-
sis, we generated a substrate with in-
ternal 3?P  radiolabels (Fig. 2E,F),
subjected this RNA to a reaction with
Pop2p and analyzed the degradation
products by thin layer chromatography
(TLC) and PAGE (Fig. 2F,G). In parallel,
we analyzed a degradation reaction
with Rrp44p (Fig. 2F,G). For both,
Pop2p and Rrp44p, accumulation of
monophosphates is seen on TLC (Fig.
2G), which correlated with the ob-
served substrate degradation seen on
PAGE (Fig. 2H). This correlation shows
that all reaction products containing a
phosphate are visible on TLC.

ForRrp44p, we observed almost ex-
clusive accumulation of a single nucle-
otide species on TLC (Fig. 2G). Since
Rrp44p produces predominantly 5'-

+0.01 min™").

To probe for nonproductive binding of Pop2p to the ac-
cumulating RNAs and for the possibility that Pop2p became
inactivated during the course of the reaction, we performed
the reaction, followed by heat inactivation of Pop2p and ad-
dition of new Pop2p to the reaction (Fig. 2A,B). We ob-
served no further degradation of the accumulated RNAs
by newly added Pop2p (Fig. 2B). These observations are in-
consistent with nonproductive binding of Pop2p to the ac-
cumulating RNAs during the reaction and rule out Pop2p
inactivation during the course of the reaction.

We next isolated the accumulated RNA species and
added new Pop2p (Fig. 2C,D). Again, we observed no
degradation of the accumulated RNAs (Fig. 2D). In con-
trast, the S. cerevisiae exonuclease Rrp44p readily degrad-
ed the accumulated RNAs (Fig. 2D), indicating that the
substrate isolation procedure did not interfere with exonu-
clease reactions per se. These results further support the
notion that accumulation of RNA with more than 10 nt

AMP during the reaction (Zinder

et al. 2016), we concluded that this

species represents 5'-AMP. Treatment
with Antarctic Phosphatase converted the 5-AMP into
phosphate (Fig. 2G), as expected (Rina et al. 2000). For
Pop2p, we observed accumulation of 5-AMP and an addi-
tional species (Fig. 2G). Both, the 5-AMP and the additional
species were converted to phosphate by Antarctic Phospha-
tase (Fig. 2G), indicating that both species contained a ter-
minal, noncyclic phosphate (Das and Shuman 2013). Since
this terminal phosphate could only be attached to 5
(5-AMP) or 3’ (3'-AMP), we concluded that the additional
species in the Pop2p reaction represents a 3'-AMP. The
data thus revealed that Pop2p generated two distinct phos-
phorylated nucleotide products, a 5-AMP and a 3'-AMP.

Pop2p uses two alternative degradation pathways

The generation of two phosphorylated nucleotide degra-
dation products suggested a scenario where Pop2p de-
grades RNA via two alternative pathways (Fig. 3).

www.rnajournal.org 467



Ye et al.

o
Q
S
S 2
A B c D g
Reacti Pop2p + Pop2p - 288
eacton °p=p op<p EL Y Pop2p Rrp44p
Pop2p Pop2p o =
Reaction Reaction
Reaction Mix Reaction Mix
Heat Isolate accumulated Species
Add Inactivation Pop2p /
Pop2p Rrp44p
STOP STOP Ase]
PAGE 28224a #=="
sssese =7
Sequencing gel sdsate =~
S assste *”
T *e
0 600 60 0 60 B A
Time (min) 0 60 0 60
Time (min)
© © T
E F 25 e 5 60 £ G H
%8 mn & mn 8
S& o — @ °
? + Rrp4dp + + Pop2p ' + E E
© ©
Ag - 260 & 60 &
(5' end label) s Emn 3 mn 8
As l! '_- l;: = ||*A Ls - a7 — &
= == <N « + Rrpddp
Poly(A) a® ATP = = Pop2p + + Rmpddp » + T 1
polymerase 2 0.8
J ' © e
AAAAAAAAAAAAAA*A*AXA*A*A*A. ... ) P . "T1) i Sq 06
Ay internal label 5"-AMP. 1) 8 §( 04
' 3-AMP | fo
Exonuc!ease - | . ' pu 0.2 ‘Oci/gopr
reaction ® 0@
l— STOP ATP{ | 0 02040608 1
- Fraction
3’or 5AMP - ——m—— — ] oy
TLC /PAGE = Substrate doo 3 or 5 AMP(TLC)

FIGURE 2. Distinct reaction products during RNA degradation by Pop2p. (A) Reaction scheme for Pop2p exonuclease reaction with addition of
new Pop2p. (B) Representative PAGE for an exonuclease reaction with Az4 and addition of new Pop2p. Pre-steady-state exonuclease reaction
(Pop2p: 1200 nM, Az4: 1 nM, aliquots were removed at 1, 5, 10, 20, 30, 40, 50, and 60 min), followed by heat inactivation of Pop2p at 60 min
(65°C, 20 min) and addition of fresh Pop2p (1200 nM). Aliquots were removed after addition of fresh Pop2p at 15, 30, 40, 50, and 60 min (middle).
(Right) Control reaction without addition of fresh Pop2p after heat inactivation. (C) Reaction scheme for Pop2p exonuclease reaction with terminal
reaction products. (D) Representative PAGE for an exonuclease reaction of Pop2p (1200 nM) and Rrp44p (1200 nM) with isolated, terminal reac-
tion products (1 nM). Aliquots were removed at 15, 30, 40, 50, and 60 min. (E) Reaction scheme for generation of the internally radiolabeled RNA
and for the Pop2p exonuclease reactions with this substrate. The asterisks represent the radiolabeled 2P linkages between adenosines. (F)
Representative PAGE for exonuclease reactions of Rrp44p (1200 nM) and Pop2p (1200 nM) with internally radiolabeled RNA substrate (aliquots:
15, 30, and 60 min). Products generated after 60 min were treated with Antarctic Phosphatase. (G) Representative TLC for Pop2p and Rrp44p
exonuclease reactions with internally radiolabeled RNA substrate (aliquots: 15, 30, and 60 min). Products generated after 60 min were treated
with Antarctic Phosphatase. (H) Correlation of the fraction monophosphate (5'-AMP + 3'-AMP vs. unreacted product) generated during the reac-
tion (time points: 15, 30, and 60 min) measured by TLC and PAGE.

However, two alternative degradation pathways could not We set out to test these two characteristics. We first ex-

explain the inability of Pop2p to degrade RNAs produced
in the reaction, while degrading unreacted RNA substrates
of identical length. The 3'-AMP produced during the reac-
tion indicated that Pop2p could degrade RNA with 3'-
phosphates (Fig. 2G). However, formation of 3'-~AMP and
inability to process reacted substrates could be reconciled
if Pop2p was unable to initiate a reaction on RNA with 3'-
phosphates, but degraded these RNAs after initiating
the reaction on an RNA with a 3'-OH. A degradation reac-
tion with these features would have to rely on two charac-
teristics: first, an inability of Pop2p to initiate a reaction on
RNAs with 3'-phosphates, and second, a degree of proces-
sivity, that is, the ability of the enzyme to perform multiple
degradation steps without dissociating from the RNA
(Kelman et al. 1998; Jankowsky et al. 2000; Fairman-
Williams and Jankowsky 2012).
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amined the ability of Pop2p to initiate a degradation reac-
tion on an As3 substrate with a 3'-phosphate (Fig. 4A,B).
We did not observe significant degradation of the sub-
strate with the 3’-phosphate, while identical RNAs with
3’-OH were readily degraded (Fig. 4C). Identical observa-
tions were made with an Ay4 substrate (Fig. 4C). These re-
sults show that Pop2p is not able to initiate the reaction on
RNAs with a 3’-phosphate.

Pop2p degrades RNA processively in a multiphasic
reaction

We next tested whether Pop2p degrades RNAs proces-
sively. To this end we performed pulse-chase experiments,
where scavenger RNA was added after the reaction start
(Fig. 5A). The scavenger prevents Pop2p that dissociates
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FIGURE 3. Alternative RNA degradation pathways by Pop2p. Model of the two simultaneous degradation pathways of the Pop2p. Spheres rep-
resent the nucleoside, P the phosphodiester linkage between nucleotides.

from the substrate after scavenger addition to rebind
the substrate (Jia et al. 2011; Axhemi et al. 2020).
Continuation of the reaction past scavenger addition indi-
cates processivity (Jia et al. 2011; Axhemi et al. 2020). We
observed continuation after scavenger addition (Fig. 5B;
Supplemental Fig. S3), indicating processive degradation
by Pop2p. Quantification of the pulse-chase reactions for
Az and Ay, revealed a gradual increase in processivity, fol-
lowed by a gradual decrease (Fig. 5C). On Asze, Pop2p is
more likely to dissociate from the RNA than to continue for
the first three steps (P < 0.5), although processivity increased
from steps 1 to 3 (Fig. 5C). For the next

nine steps, processivity increased to a

ing a processive mode, similar to other enzymes that act
processively on nucleic acids (Kelman et al. 1998;
Jankowsky et al. 2000; Fairman-Williams and Jankowsky
2012). However, Pop2p maintains processivity only for sev-
eral steps. The number of highly processive steps (P>0.5)
appears to decrease for a substrate with shorter starting
length, suggesting that Pop2p can sense either the length
of the remaining RNA, the substrate starting length, or both.

The gradual decrease in processivity after several steps
coincides with the emergence of reaction intermediates
with 3’-phosphates that are resistant to further Pop2p

value of P=0.88+0.09, indicating A B 3-0H 3-PO,>> C 3.0H 3-PO2

up to approximately 8 degradation
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length reveal multiple phases of the
Pop2p reaction. Pop2p traverses an
initial distributive phase before enter-

FIGURE 4. Inability of Pop2p to degrade RNA with 3’ phosphate. (A) Reaction scheme for the
Pop2p exonuclease reaction on poly(A) substrates containing either 3'-PO,4 or 3'-OH. (B)
Representative PAGE for an exonuclease reaction of Pop2p (1200 nM) with Aq3 (1 nM) with ei-
ther 3'-PO, or 3’-OH. Aliquots were removed at 5, 15, and 60 min. (C) Representative PAGE for
an exonuclease reaction of Pop2p (1200 nM) with Az4 (1 nM) with either 3'-POy4 or 3'-OH.
Aliquots were removed at 5, 15, and 60 min.

www.rnajournal.org 469


http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.078006.120/-/DC1

Ye et al.

degradation (Figs. 1, 2). This correlation is consistent with
the notion that Pop2p can degrade RNAs with 3'-phos-
phates in the processive mode. The data further suggest
that the alternative cleavage pathways (Fig. 3) are not
evenly populated for each reaction step, otherwise the ac-
cumulation of the 3’-phosphate RNAs would roughly mir-
ror the processivity plot and intermediates with 3'-
phosphates would accumulate at the reaction start, which
is not observed (Fig. 1). The data suggest that intermedi-
ates with 3’-phosphates are formed either during the proc-
essive phase, during the phase where processivity
decreases, or during both phases, with potentially differ-
ing frequencies. A scenario with multiple reaction phases,
but no formation of reaction intermediates with 3'-phos-
phates during the initial phase is supported by observations
made with A3, for which Pop2p removes only a few nucle-
otides (Fig. 1). The processivity of Pop2p and its inability to
initiate the reaction on substrates with 3'-phosphates recon-
ciles the ability of Pop2p to generate 3" and 5 AMP and the
accumulation of terminal reaction products that scale in
length with the initial substrate length.

RNA sequence impacts Pop2p activity

Having established that Pop2p utilizes an unusual exonu-
clease mechanism that combines alternative degradation
pathways in a multiphasic reaction, we next examined
the impact of RNA sequence on the activity of Pop2p. By
virtue of its association with the CCR4-NOT complex,
Pop2p is thought to primarily act on poly(A) RNA.
However, recombinant Pop2p was qualitatively shown to
also degrade other RNA sequences (Daugeron et al.
2001; Thore et al. 2003).

To obtain a more detailed picture of possible sequence
preferences of Pop2p activity, we first characterized degra-
dation of homopolymeric U3¢ and Czq substrates under the
pre-steady-state conditions used to examine poly(A) sub-
strates (Fig. 6A). A homopolymeric G substrate was not test-
ed because of the propensity to form G-quadruplex
structures (Sengar et al. 2014). Pop2p readily degraded
Use and Czq4 substrates (Fig. 6A), as well as a substrate
with mixed A/U sequence (Supplemental Fig. S4).
Terminal products similar to those seen with Az, were de-
tected, although their distribution for U, and C34 was shift-
ed to slightly longer species, compared to Az (Fig. 6A). At
identical enzyme concentrations, Pop2p degraded the Uz,
and Czq4 substrates slower than Az, (Fig. 6B). These data
suggest either weaker functional binding of Pop2p or
slower degradation rate at enzyme saturation for Uz and
Cs6, compared to Az.. We were unable to further distin-
guish between these two possibilities, because saturating
enzyme concentrations could not be experimentally real-
ized. Nevertheless, our data indicate an inherent preference
of Pop2p for adenylate RNA over other, homopolymeric
RNAs.
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FIGURE 5. Processive RNA degradation by Pop2p. (A) Reaction
scheme for pulse-chase experiments. (B) Representative PAGE for a
pulse-chase reaction of Pop2p (1200 nM) with Az, (1 nM) and scav-
enger RNA (5 pM). (t;: reaction time after addition of labeled sub-
strate. tp: incubation time after addition of scavenger RNA).
(C) Processivity values of Pop2p for Az, and Ay, RNA substrates.
Data points represent the average of three independent experiments,
error bars show one standard deviation. The average number of steps
(right axis) was calculated according to P= (N — NN~ (P: processivity
value, N: average number of steps) (Axhemi et al. 2020).

We also measured the processivity of Pop2p on C34 and
Use (Fig. 6C). The data revealed multiple reactions phases,
as seen for Az¢. However, the first phase, wherein proces-
sivity increases over several reaction steps is markedly lon-
ger for Uz, and Cze, compared to Ags. The second
"processive” phase is shorter and maximal processivity is
lower for Uz, and Cse than for Aze. The third phase, where
processivity gradually declines, is similar for all three sub-
strates (Fig. 6C).

The data collectively indicate that Pop2p can degrade
nonadenylate RNA with functional characteristics similar
to poly(A) substrates. Higher degradation rates at identical
enzyme concentrations and higher processivity for poly(A)
substrates, compared with poly(C) and poly(U) substrates
suggests an inherent preference of Pop2p for poly(A)
over other homopolymeric RNA.

We next characterized Pop2p activity on 36 nt substrates
consisting of fused C and A homopolymers (5-Cz¢A10-3/,
5'-A26C10-3', Fig. 6D). Pop2p readily degraded both sub-
strates (Fig. 6D). Characteristic long terminal products
were again detected, although their length distribution
differed (Fig. 6D). At identical enzyme concentrations,
the substrate with 3'-terminal adenylates (5'-C¢A10-3') re-
acted faster than the substrate with 3’-terminal cytidines
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FIGURE 6. Sequence effects on exonuclease activity of Pop2p. (A) Representative PAGE for
an exonuclease reaction of Pop2p (1000 nM) with U3 and Cz4 (1 nM). Aliquots were removed
at 10, 20, 40 sec, 1, 5, 10, 15, 20, and 25 min. (B) Observed rate constants (removal of first nu-
cleotide) for degradation of C34 and Uz as a function of Pop2p concentration. Data for Az are
given for comparison. Error bar represents the standard error from fitting time courses to rate
equations. (C) Processivity values of Pop2p for U3¢ and Cs, (data for Az, are given for compar-
ison). Data points represent an average of three independent experiments, error bars show
one standard deviation. Numbers indicate the average number of steps. (D) Representative
PAGE for an exonuclease reaction of Pop2p (1000 nM) with Az6C1o and CzeAqo. Aliquots
were removed at 10, 20, 40 sec, 1, 5, 10, 15, 20, and 25 min. (E) Observed rate constants (re-
moval of first nucleotide) for degradation of Ay¢C1g and C6A1 as a function of Pop2p concen-
tration. Error bar represents the standard error from fitting time courses to rate equations. (F)
Processivity values of Pop2p for Ay¢C1o and Cp6A10. Data points represent an average of three
independent experiments, error bars show one standard deviation. Numbers indicate the av-

erage number of steps.

(5-A26C10-3/, Fig. 6E). Processivity measurements on
these substrates again revealed the three characteristic re-
action phases that were seen for the other substrates (Fig.
6F). The plot of processivity values versus RNA length for
the substrate with 3'-terminal cytidines (5'-A4C10-3') was
highly similar to the plot with the Az¢ substrate (Fig. 6F).
Notably, the plot for the substrate with 3’-terminal adeny-
lates (5'-C6A10-3') showed a shorter first phase, a longer
second phase and higher maximal processivity values,
compared with the Ass and the 5-Ay,Cq0-3" substrates
(Fig. 6F). These data highlight an unexpected interplay be-
tween 3’-terminal and upstream sequences for the degra-
dation reaction. While 3'-terminal adenylates are critical

Length (nt) (3’ > 5)

tion of the enzyme. We generated
four Pop2p constructs with mutations
in the five amino acids in the catalytic
core (Fig. 7A).

Pop2ptT188AEI90A \which had been
previously examined (Tucker et al.
2002; Thore et al. 2003; Viswanathan
et al. 2004; Balagopal et al. 2017), re-
tained significant activity, although at
a reduced level, compared with wild-
type (wt) Pop2p (Fig. 7B,C). We also
observed long terminal products, as
seen for wt Pop2p (Fig. 7B). These re-
sults suggested that substitution of
$188 and E190 with alanines did not
fundamentally alter the degradation
mechanism. Retention of significant activity by
Pop2p®188AEI0 is notable, because this Pop2p variant
has been used in several studies as inactive control
(Viswanathan et al. 2004; Balagopal et al. 2017). The clear
exonuclease activity associated with Pop2p®'884E1904
might require reassessment of conclusions regarding
Pop2p roles in these studies.

Pop2p"3'%* also retained exonuclease activity, but at a
lower level than Pop2p®!8AE190% (Fig. 7C). Long RNAs
accumulated, suggesting that the D310A mutation also
did not fundamentally alter the degradation mechanism
of Pop2p. However, the accumulating RNAs were longer
than for wtPop2p and Pop2p Pop2p®'88AETI0A
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FIGURE 7. Exonuclease activity of mutant Pop2p variants. (A) Structure of the S. cerevisiae Pop2p exonuclease domain (PDB: 1TUOC). Blue
spheres represent the Mg®* ions extrapolated from the S.p. Pop2p exonuclease domain (PDB: 2P51). Amino acids in the catalytic center are
marked red. (B) Representative PAGE for exonuclease reactions of Pop2p variants (as indicated) (1000 nM) with Az, (1 nM). Aliquots were removed
at 1,5, 10, 20, 30, 40, and 50 min. (C). Observed rate constants (removal of first nucleotide) for degradation of Az, with the Pop2p variants in-
dicated. Error bar represents the standard error from fitting time courses to rate equations.

highlighting potential changes in the balance between the
pathways producing RNAs with 3'-phosphate and 3'-OH,
compared with wt Pop2p.

We next replaced four amino acids, 5188,
E190, T389, and Q394 with alanines. The resulting
Pop2p®188AEIPATIBIAQINA) il showed measurable, yet
diminished activity, compared to wt Pop2p and the two var-
iants tested above. (Fig. 7B,C). Accumulation of long RNA
products was still detectable. The data indicate that even
a change of four of the five catalytic residues does not
completely abolish the Pop2p activity. We finally replaced
all five amino acids with alanine. The activity of the resulting
Pop2p (S188AE190ADSIOATSEIAQ94A) \ a6 reduced close to
background level (Fig. 7B,C). Collectively, our data high-
light a remarkable resilience of Pop2p against mutations
of residues in the catalytic core. A drastic change of five ami-
no acids is required to virtually eliminate activity.

DISCUSSION

Our characterization of Pop2p from S. cerevisiae reveals al-
ternative degradation pathways that produce nucleotides
with 3" and 5’ phosphates, a reaction with multiple phases
of differing processivity, and the inability of the enzyme to
initiate the reaction on substrates containing a 3'-phos-
phate. Together, these features cause termination of the
degradation reaction after a limited number of nucleotides
and generate reaction products markedly longer than the
minimal Pop2p binding site on RNA, extrapolated from
crystal structures. Instead, the length of these reaction
products depends on the length of the initial substrate
and the RNA sequence.

We are not aware of reports describing similar character-
istics for other RNA exonucleases. We therefore speculate
that Pop2p from S. cerevisiae has unusual, as of yet un-
known roles during RNA degradation, provided the in vitro
characteristics of Pop2p are not fundamentally altered in
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the CCR4-NOT complex. In cells, the 3'-phosphate on
RNAs might serve as chemical mark on RNAs that Pop2p
has processed, perhaps constituting a fail-safe mechanism
that prevents multiple rounds of degradation of a given
RNA by Pop2p. Alternatively, the chemical mark might
serve as checkpoint for other processing enzymes. Both
scenarios are not mutually exclusive.

In addition to revealing unusual enzymatic features, our
data show pronounced exonuclease activity of Pop2p, in-
cluding processive RNA degradation. These data suggest
that it is unlikely that Pop2p in S. cerevisiae functions solely
as architectural component of the CCR4-NOT complex, al-
though our findings do not rule out such a role. However,
the marked activity of Pop2p(5188A'E19OA), a variant that has
been considered inactive, might require reevaluation of at
least some conclusions from previous studies that assumed
loss of function for Pop2p®'8¥4E190 Collectively, our find-
ings emphasize that further work is required to delineate the
cellular roles of Pop2p from S. cerevisiae.

Pronounced and processive exonuclease activity is seen
for Pop2p orthologs from other organisms, where the en-
zyme is considered a main poly(A) degradation protein
(Daugeron et al. 2001; Viswanathan et al. 2004; Bianchin
et al. 2005; Horiuchi et al. 2009; Niinuma et al. 2016). The
preference of S. cerevisiae Pop2p for poly(A) also mirrors
poly(A) preferences of Pop2p orthologs (Bianchin et al.
2005; Horiuchi et al. 2009; Niinuma et al. 2016). However,
S. cerevisiae Pop2p shows clear activity on non-poly(A)
RNA, indicating that the enzyme is capable of processing
RNAs other than polyadenylated mRNAs. It is possible
that the 3'-phosphate serves to prevent Pop2p from
extensively degrading mRNAs from which the poly(A) tail
has already been removed. Notably, a sizable fraction of
mRNAs without poly(A) tails appears to accumulate in S.
cerevisiae (Daugeron et al. 2001; Tucker et al. 2001,
2002). It is not known whether or not these mRNAs contain
3'-phosphates.
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The multiphasic reaction of S. cerevisiae Pop2p is similar
to reaction characteristics seen for enzymes that act pro-
cessively on nucleic acids, including RNA helicases (Kel-
man et al. 1998; Jankowsky et al. 2000; Fairman-Williams
and Jankowsky 2012). Many, if not all, of these enzymes
start the reaction with one or more distributive steps be-
fore transitioning into a processive mode (Jankowsky
et al. 2000). We speculate that this behavior is caused by
conformational changes in the enzyme, reflecting conver-
sion from a substrate binding mode to the processive
mode where dissociation from the substrate is minimized.

An unusual feature of S. cerevisiae Pop2p, compared with
other enzymes that work processively on RNA, is an impact
of the initial substrate length on the extent of the processive
phase. This observation implies a mechanism by which
Pop2p senses the length of the substrate, although the mo-
lecular basis for this mechanism is not clear. Possible scenar-
ios include rapid, one-dimensional diffusion of the enzyme
prior to productive substrate engagement, transient oligo-
merization, or sensing of substrate length through confor-
mational fluctuations of the unpaired RNA. Focused
biophysical approaches are required to delineate the
length-sensing mechanism(s). While cellular mRNAs are
longer than the substrates tested in vitro, they are also
bound to other proteins, form structures, or both. The ac-
cessible substrate length for cellular RNAs is thus likely to
be considerably shorter than their actual length, and the ob-
served length dependence of the processivity is likely to be
reflected in cells, at least to some extent.

The third reaction phase of S. cerevisiae Pop2p, where
processivity decreases, is not universally seen in other en-
zymes that processively work on RNA. This phase corre-
lates, for some of the tested substrates, with the
accumulation of the long terminal reaction products bear-
ing a 3'-phosphate. It is possible that this correlation re-
flects a link between the alternative degradation
pathways and the degree of processivity.

As noted, the most unusual feature of S. cerevisiae
Pop2p is the ability to use two alternative degradation
pathways—one cleaving 3’ and the other cleaving 5 of
the phosphate. Pop2p orthologs have not been reported
to use alternative degradation pathways, although this
might not have been examined for any of these enzymes.
However, a human and a fly Pop2p ortholog do not pro-
duce the characteristic, long terminal reaction products,
and generate only a single monophosphate (Bianchin
etal. 2005; Niinuma et al. 2016). While it is not clear wheth-
er other Pop2p orthologs or other DEDD exonucleases use
alternative degradation pathways, a unique mode of RNA
degradation by S. cerevisiae Pop2p would be consistent
with the noncanonical catalytic core of the enzyme
(Thore et al. 2003; Winkler and Balacco 2013). Our data
show that catalytic functionalities in the core are redundant
and enzyme variants with one or two mutations show
marked activity. Only substitutions of all five amino acids

in the catalytic center reduce activity to near background.
It is reasonable to assume that the redundancy of the cat-
alytic functionalities contributes to the ability of S. cerevi-
siae Pop2p to use alternative degradation pathways.

In sum, our study reveals unusual features of the exonu-
clease Pop2p from S. cerevisiae. The observations show
that exonucleases can harbor a spectrum of previously un-
appreciated functional diversity. Understanding the bio-
chemical diversity of exonucleases appears important for
developing a nuanced understanding of the cellular func-
tions of these enzymes.

MATERIALS AND METHODS

Protein expression and purification

Full-length S. cerevisiae pop2 was cloned into a pET-22b vector
with an amino-terminal Hiss-Sumo cleavable tag. All mutants
used in this study were generated using the SLIM-PCR mutagen-
esis approach (Chiu et al. 2004). Sequences were verified by DNA
sequencing. Proteins were expressed in E. coli (BL21) cells and in-
duced by 0.5 mM Isopropy! B-b-1-thiogalactopyranoside (IPTG) at
19°C overnight. Cells were resuspended in lysis buffer containing
40 mM Tris (pH 8.0), 250 mM NaCl, T mM phenylmethylsulfonyl
fluoride and 1 tablet of protease inhibitor cocktail (Roche).
Cells were sonicated for 2 min and cellular debris were removed
by ultracentrifugation and 15,000 rpm for 30 min. The cleared ly-
sate was incubated with Ni%* affinity beads at manufacturer’s in-
struction for 2 h (Qiagen). Beads were washed with buffer
containing 40 mM Tris (pH 8.0), 250 mM NaCl and 20 mM imid-
azole and proteins were eluted with 40 mM Tris (pH 8.0), 250
mM NaCl and 350 mM imidazole. Fractions containing Pop2p
protein were then further purified by Mono-Q (GE Healthcare) an-
ion exchange chromatography. Protein was applied to the col-
umn in 40 mM Tris (pH 8.0), 20 mM NaCl, followed by a wash
with 40 mM Tris (pH 8.0), 100 mM NaCl, and eluted with 40
mM Tris (pH 8.0), 400 mM NaCl. Fractions containing Pop2p
were pooled. The Hiss-Sumo tag was then cleaved with Ulp1
sumo-protease at 4°C overnight (Mossessova and Lima 2000).
The cleaved tags were removed from Pop2p by incubating the
solution with Ni?* affinity beads and collecting the flowthrough.
Buffer was exchanged with a NAP-25 column (GE Healthcare) to
40 mM Tris (pH 8.0), 250 mM NaCl, T mM DTT, 20% (v/v) glycerol.
Protein concentrations were determined with a spectrophotome-
ter (280 nm) and further validated by Bradford assays. Aliquots
(20-50 pL) of purified Pop2p were snap-frozen in liquid nitrogen
and stored at —80°C.

RNA substrates

RNA substrates were purchased from Dharmacon and Sigma-
Aldrich. RNA substrates were 5’ radiolabeled using y*?P-ATP
and T4 polynucleotide kinase (NEB). The internally radiolabeled
substrate was generated by extending the A;3 RNA with o2P-
ATP and E. coli poly(A) polymerase (NEB). Radiolabeled RNA sub-
strates were purified with denaturing PAGE (acrylamide:bis 19:1,
7 M urea) and concentrations were quantified by scintillation
counter (Srinivasan et al. 2020).
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TABLE 1. Substrates used in exonuclease reactions

Name Sequence (5’ - 3)

Azg 5’ AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
Css 5'CCCCCCCCCCCCCCCCrrreeeeeeeecceccceccecce
Usg 5’UUUUuVUUVUUUVVUUUUUUUUUUUUUUUUUUUuuu
A26Cio 5’AAAAAAAAAAAAAAAAAAAAAAAAAACCCCCCCCCC
CasA10 5'CCCCCCCCCCCCCCCCCCCCCCCCCCAAAAAAAAAA
AU-rich 5'UUVAUUVAUUAUUUAUUUAUUUAUUAUUUAUUUAUUA
Aoy 5’AAAAAAAAAAAAAAAAAAAAAAAA

Coq 5'CCCCCCCCCCcceeeceececececececece

Uzg 5’UUUUuuuyUVUUUVUUUUUUUUuy

Az 5’AAAAAAAAAAAAA

Exonuclease reactions

Exonuclease activity reactions (20 uL) were conducted in a tem-
perature-controlled aluminum block at 30°C in buffer containing
40 mM Tris (pH 8.0), 100 mM NaCl, 2 mM MgCl;, 5% (v/v)
glycerol, 2 mM DTT, 0.01% (v/v) NP-40, and 0.6 U/mL RNase
Inhibitor (Roche). The reaction mix was incubated with indicated
concentrations of Pop2p for 5 min. Reactions were started by ad-
dition of radiolabeled RNA substrate to final concentrations indi-
cated. Aliquots were removed at specified time points and the
reactions were quenched by addition of an equal volume of dena-
turing loading buffer (80% formamide, 0.025% [w/v] Xylene
Cyanol and Bromophenol Blue). Samples were heated to 95°C,
applied to 20% denaturing PAGE (acrylamide:bis 19:1, 7 M
urea) and resolved to single nucleotide resolution. Gels were
dried; the individual RNA species were visualized with Typhoon
9400 Phosphorlmager (Amersham Biosciences) and quantified
using ImageQuant 5.2 software (GE Healthcare).

Apparent reaction rate constant (kops) for degradation of the
starting substrate at a given Pop2p concentration were calculated
with the integrated rate law for an irreversible first order reaction.

Agy(t) = e korst, M

[As4(t): fraction RNA substrate at time t, kops: apparent reaction
rate constant].

Pulse-chase reactions

Pulse-chase reactions were conducted under conditions identical
to the pre-steady-state exonuclease reactions. Reactions were
performed and allowed to proceed for a specified time (t;), after
which excess of unlabeled scavenger RNAs (same sequence as
RNA substrate) was added to a final concentration of 5 uM.
Control reactions were performed to confirm that the excess scav-
enger substrates completely prevented the rebinding of Pop2p to
the radiolabeled substrates (Supplemental Fig. S2). Following
scavenger addition, samples were allowed to react for another
specified time (t,), after which the reaction was terminated with
denaturing loading buffer (as above). Samples were heated to
95°C, applied to denaturing PAGE (20% acrylamide:bis 19:1,
7 M urea) and resolved to single nucleotide resolution. Gels
were dried, the individual RNA species were visualized with
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Typhoon 9400 Phosphorlmager (Amersham Biosciences) and
quantified using ImageQuant 5.2 software (GE Healthcare).

Processivity values for individual steps were calculated from the
distribution of substrate species before and after pulse-chase, as
previously described (Jia et al. 2011; Axhemi et al. 2020), accord-
ing to:

Ao(ty + t)
py—q ot
1 Ao(tr)
Pi1=1-— /?_igt1+t2) /_ i=1..n @)
Ailt) + > Ait) TT Pp

)
=0 p=j+1

Ao to A;: relative concentrations of substrate species, Py to Pq:
Processivity values of individual steps (P; corresponds to the proc-
essivity of the degradation of the first nucleotide, for example: Az,
— Ass). Processivity values were calculated via a Mathematica 6
script (Jia et al. 2011; Axhemi et al. 2020).

Thin layer chromatography (TLC)

Samples from the exonuclease reaction using internally radiola-
beled RNA substrates at indicated time points were separated
on a TLC cellulose plate (Sorbtech) in 0.1 M sodium phosphate
buffer, pH 6.8/ammonium sulfate/n-propanol (100:60:2, v/w/v)
or in 0.3 M LICl and 0.5 M formic acid (Gu et al. 1997;
Srinivasan et al. 2020). Following separation, TLC plates were
dried and visualized with a Typhoon 9400 Phosphorimager.
Species were quantified using the ImageQuant 5.2 software (GE
Healthcare).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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