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Abstract
The evolutionarily conserved PUF proteins stimulate CCR4 mRNA deadenylation through
binding to 3′ UTR sequences of specific mRNA. We have investigated the mechanisms by which
PUF3 in Saccharomyces cerevisiae accelerates deadenylation of the COX17 mRNA. PUF3 was
shown to affect PAN2 deadenylation of the COX17 mRNA independent of the presence of CCR4,
suggesting that PUF3 acts though a general mechanism to affect deadenylation. Similarly, eIF4E,
the cap-binding translation initiation factor, known to control CCR4 deadenylation, was shown to
affect PAN2 activity in vivo. PUF3 was found to be required for eIF4E effects on COX17
deadenylation. Both eIF4E and PUF3 effects on deadenylation were shown, in turn, to necessitate
a functional poly(A) binding protein (PAB1) in which removal of the RRM1 domain of PAB1
blocked both their effects on deadenylation. While removal of the proline-rich region (P domain)
of PAB1 substantially reduces CCR4 deadenylation at non-PUF3 controlled mRNA and
correspondingly blocked eIF4E effects on deadenylation, PUF3 essentially bypassed this P
domain requirement. These results indicate that the PAB1-mRNP structure is critical for PUF3
action. We also found that multiple components of the CCR4-NOT deadenylase complex but not
PAN2 interacted with PUF3. PUF3 appears, therefore, both to act independently of CCR4 activity,
possibly through effects on PAB1-mRNP structure, and to be capable of retaining the CCR4-NOT
complex.

INTRODUCTION
The principal pathway for mRNA degradation in the yeast Saccharomyces cerevisiae
proceeds through several steps. There is an initial PAN2/PAN3-dependent trimming of
about 15–20 nucleotides (nt) of the poly(A) tail to a default length of about 60–80 nt that is
specific for each mRNA (1,2). This trimming requires PAB1 to which PAN3 binds and the
translation termination factors eRF1/eRF3 (3,4). The major process of deadenylation
requires CCR4 of the CCR4-NOT complex (2,5,6) as it shortens the poly(A) tail down to an
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end-point size of about 8–12 nt (7). A second deadenylase in the CCR4-NOT complex,
CAF1, has been shown to have a much more limited role on deadenylation in yeast (8).
Deletion of PAN2/3 has also been shown not to affect the major part of deadenylation (2,6).
Poly(A) tail shortening down to the oligo(A) species leads, in turn, to the reduced ability of
poly(A) binding protein (PAB1) to bind the poly(A) tail that presumably alters the
translation initiation complex association with the mRNA cap structure (9). The LSM
complex associates with the oligo(A) tail at this time (10,11), perhaps leading to the
cessation of deadenylation of CCR4 (7,8). Changes in the mRNP structure around the cap
lead to decapping by DCP1/DCP2 (12–14) and 5′-3′ degradation of the RNA by the
exonuclease XRN1 (15). The change from deadenylation to decapping and sequestering of
the oligoadenylated mRNA in P-bodies (13,16) may occur at this stage.

Three general models suggest how CCR4 deadenylation may be controlled. In the first
model, RNA binding proteins that contact specific mRNA 3′ UTRs make contacts to the
CCR4-NOT complex (17–22). Retention of CCR4 at certain mRNA would therefore
enhance the rate of deadenylation, as has been additionally verified in yeast by tethering
CAF1 to the 3′ UTR (23). A second model for control of deadenylation indicates that the
PAB1-mRNP structure must be disrupted and PAB1 removal must be expedited prior to
CCR4 action (6,24,25). Factors that control PAB1-mRNP structure would therefore be
expected to control CCR4 access to the mRNA. In this case, in vitro studies have shown that
the CCR4-NOT complex alone cannot overcome repressive PAB1-mRNP structures (24),
suggesting that CCR4-NOT binding to the mRNA may be insufficient by itself to accelerate
deadenylation. A third model describing the control of deadenylation would be that the
sequestering of mRNA away from the deadenylase in stress granules (13,25–27) restricts
deadenylation under certain conditions. However, these models are not mutually exclusive,
and factors may act by multiple means to regulate deadenylase function.

The mRNP complex consists of a mature mRNA, PAB1, and translation initiation factors
(TIFs), such as the 5′ cap binding complex, eIF4E, the bridging protein eIF4G, and
ribosomes. PAB1, being a core component of the mRNP complex, plays a critical role in
mRNA deadenylation (6,12,24,25,28). It is composed of four RNA recognition motifs
(RRM), an unstructured proline and methionine rich region (P domain), and a globular C
terminal domain (C domain). The RRM1 and P domains have been shown to be most
important to CCR4 deadenylation (24,25), suggesting that the PAB1-mRNP could play a
regulatory role in deadenylation.

How RNA binding proteins specifically control mRNA deadenylation has principally
focused on identifying contacts to the CCR4-NOT complex. In yeast, for example, the PUF5
protein has been shown to affect deadenylation by binding of the CCR4-NOT complex
(18,19). Whether this is generally valid for other PUF or RNA binding proteins remains to
be established. The PUF protein family members all share a conserved RNA binding domain
capable of recognizing a consensus repeat consisting of four core ribonucleotides, UGUR
(29). PUF proteins are widely conserved and have very diverse functions ranging from roles
in mitochondrial biogenesis to affecting embryonic development and germline stem cells
(29–32). Despite the wide variety of functions that PUF proteins participate in, they all work
by a similar biochemical means, increased degradation and translational repression of the
target transcript. In yeast, PUF3 has been shown to control COX17 mRNA deadenylation
(33,34), and PUF5 to control HO mRNA deadenylation (18,35).

We have investigated the mechanisms by which PUF3 accelerates deadenylation in yeast.
We provide evidence in support of two different models of PUF3-mediated acceleration of
mRNA deadenylation. PUF3 affected both CCR4 and PAN2 deadenylation processes,
suggesting that it was acting by a general mechanism to accelerate deadenylation. Defects in
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the PAB1-mRNP structure also restrict deadenylation by either CCR4 or PAN2 (24,25;
unpubl. observ.). PUF3 acceleration of deadenylation was shown, in turn, to require a
functional PAB1-mRNP structure. In addition, we show that PUF3 is able to co-
immunoprecipitate CCR4 and various components of the CCR4-NOT complex. These
results provide evidence that PUF3 may act both generally through the PAB1-mRNP
structure and specifically through CCR4-NOT complex retention to affect the deadenylation
process.

RESULTS
PUF3 acts to affect both CCR4 and PAN2 deadenylases in vivo

Several factors act to increase the rate of deadenylation of mRNA in yeast, resulting in
increased mRNA turnover (34,38). Most notable among these effects are defects in TIFs,
such as in eIF4E, and the binding of proteins such as PUF3 to specific mRNA 3′ UTR
sequences. In both cases, these effects have been shown to be on CCR4 deadenylation
(6,19,38), and, in the case of PUF5, retention of the CCR4-NOT complex has been
suggested to account for its augmentation of deadenylation rates (18). Because defects in
translation initiation factors most likely affect deadenylation generally through effects on the
mRNP structure, we sought to investigate whether PUF3 acts also by a general mechanism
to affect deadenylation. If PUF3 were acting through a general mechanism to affect poly(A)
removal, then it would be expected to be also required for PAN2 deadenylase activity, the
second of the two known functional deadenylases in yeast (2,6). No other specific PUF3-
induced deadenylase appears to be present in yeast (6). To address this question, we utilized
two pairs of strains containing the following genotypes: wild-type and puf3Δ; ccr4Δ and
ccr4Δ puf3Δ. By comparing the effect of the puf3Δ on COX17 mRNA deadenylation in the
ccr4Δ background when PAN2 is the only deadenylase (2,6) to that of ccr4Δ alone we
would be able to assess whether PUF3 was required for PAN2 activity.

A pulse-chase experiment was utilized to examine COX17 mRNA poly(A) tails in each of
these strain backgrounds. A GAL10-COX17 plasmid was expressed in each strain in which
the COX17 mRNA expression was under the control of the GAL10 promoter (34). Following
the induction of COX17 mRNA expression for a short time (the pulse), mRNA synthesis
was shut off with the addition of glucose (the chase) and the decay of the poly(A) tail was
followed by Northern analysis. As shown in Figure 1A, in the wild-type strain at the zero
time COX17 mRNA contains a poly(A) tail of around 40–75 A’s, in agreement with
previous observations (6,33,34). Within 5 min following the cessation of COX17 mRNA
synthesis, some completely deadenylated COX17 mRNA were detected (see also
densitometric analyses, right panels), indicative of an extremely rapid deadenylation by
CCR4 (6). It should be noted that at 5 min both completely deadenylated COX17 mRNA
poly(A) tails coexist with nearly full-length poly(A) tails, characteristic of extremely rapid
deadenylation processes that could be occurring through a processive means (7,25,34).
Correspondingly, it was observed that COX17 mRNA disappeared rapidly following 5 min
(an SCR1 loading control indicated equivalent levels of RNA had been loaded in all lanes,
Figure 1), consistent with rapid deadenylation causing enhanced decapping and XRN1 5′
exonuclease activity (7,34). In a puf3Δ background, CCR4 deadenylation was slowed
considerably in which it took up to 10 to 15 min before the oligo(A) form was detected in
appreciable amounts (Figure 1B), as previously observed (34). Decapping and subsequent
disappearance of the mRNA was also slowed in the puf3Δ background (34).

In a ccr4Δ background when PAN2 was the only deadenylase, COX17 mRNA
deadenylation was slowed considerably due to the fact that CCR4 is responsible for the vast
majority of mRNA deadenylation in yeast (2,6,25) (Figure 1C). This result is the same as
previously observed (6), and the residual deadenylation that is observed has been shown
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previously to be the result of PAN2 activity (6). Relatedly, in a pan2Δ background,
deadenylation of the COX17 mRNA to the oligo(A) form took between 4 and 6 min,
indicating that a pan2 deletion does not significantly affect COX17 mRNA deadenylation
(Figure 1F). In contrast, in a ccr4Δ puf3Δ background little or no appreciable deadenylation
of the COX17 poly(A) tail by PAN2 was observed (Figure 1D). This last result indicates that
PUF3 is also required for PAN2 deadenylation at the COX17 mRNA. Since no specific
PUF3-induced deadenylase appears to be present in yeast (6), PUF3 may therefore be acting
by a general mechanism to control both CCR4 and PAN2 activities.

It should also be noted that a puf3 deletion resulted in significantly shorter initial COX17
poly(A) tail lengths following the short burst of mRNA synthesis than that which was
observed in the wild-type background (compare 0 min time points for Figure 1A with 1B
and also see Figure 1E, lanes 2 and 3, in which samples were analyzed on the same gel).
These observations of effects on the default poly(A) tail length of COX17 mRNA are
consistent with analyses by previous researchers, although it has not previously been
remarked upon (6, 34). The puf3 defect does not generally affect the initial poly(A) tail
length of mRNA to which it does not bind, for example, GAL1 mRNA (Figure 1E, lane 5
compared to lane 9). Since the initial default poly(A) tail length is determined by PAN2 and
by poly(A) polymerase, PUF3 could be affecting either of these enzymatic processes for
mRNA to which it binds, independently of its effects on the cytoplasmic deadenylation of
the poly(A) tail once the default poly(A) tail length is obtained (6, 24).

A defect in eIF4E also affects both CCR4 and PAN2 deadenylation activity
If TIFs affect deadenylation by a general mechanism, it would be expected that defects in
TIFs, in addition to affecting deadenylation by CCR4 (38), should be able to accelerate
deadenylation of mRNA by PAN2. To examine this model we used the cdc33-1 allele (a
temperature sensitive mutation in eIF4E blocking its ability to bind the mRNA cap, 39) that
accelerates deadenylation at the restrictive temperature of 37°C (38). At the restrictive
temperature the cdc33-1 allele reduces protein synthesis by about 70% (36,38). We first
tested the effect of the cdc33-1 allele on general deadenylation using the GAL1 mRNA that
is not controlled by PUF3 (Figure 1E, compare lanes 5 and 6 (PUF3) to that of lanes 9 and
10 (puf3Δ); data not shown). Following a pulse-chase analysis of GAL1 conducted at the
restrictive temperature, in the wild-type strain the poly(A) tail just began to be shortened to
the oligo(A) form in about 3–5 min (Figure 2A, top panel) in which at 5 min a significant
portion of the mRNA species still contained about 25 A’s (see densitometric scans). In
contrast, in the isogenic cdc33-1-containing strain, GAL1 poly(A) tails appeared in the
oligo(A) species within 2 min after cessation of transcription, with a sizeable amount of the
mRNA existing in the oligo(A) form by 3 min and almost all of it in the oligo(A) form by 5
min (Figure 2B, cdc33-1, left top panel, see also densitometric scans). These results are very
similar to what was previously observed for cdc33-1 effects on the deadenylation of the non-
PUF3 controlled MFA2pG and PGK1pG mRNAs (38). In the ccr4Δ cdc33-1 background
when PAN2 is the only deadenylase, GAL1 deadenylation was also very fast (Figure 2B,
right panel as compared to ccr4Δ in the CDC33 wild-type control strain, Figure 2A, bottom
panel), indicating that a defect in the translation initiation complex can alter the rate of
deadenylation even when CCR4 is not present. These results indicate that both PUF3 and
defects in TIFs can affect deadenylation independently of CCR4 presence.

PUF3 acts downstream of eIF4E in affecting deadenylation
Since both PUF3 and defects in TIFs accelerate deadenylation, we examined the epistasis of
these factors on poly(A) removal by assessing whether PUF3 was required for the
acceleration of deadenylation caused by the cdc33-1 allele at the COX17 mRNA. In the
cdc33-1 background at the restrictive temperature, COX17 mRNA deadenylation is faster
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than in the wild-type background, as the oligo(A) form of COX17 mRNA appeared in the
first 2 min following synthesis of the mRNA (Figure 3, left panel) as compared to about 5
min in the wild-type strain (see Figure 1A). However, in a puf3Δ background, cdc33-1 was
incapable of accelerating deadenylation (Figure 3, right panel, cdc33-1 puf3Δ, as compared
to Figure 3, left panel, cdc33-1) in which the oligo(A) form did not appear until at least 10–
15 min or later after the turning off of mRNA synthesis. PUF3 is therefore required for the
cdc33-1 defect to enhance the deadenylation process at the COX17 mRNA. It should also be
noted that deletion of PUF3 also blocked the rapid decapping and degradation of the COX17
mRNA that occurred as a result of a defect in eIF4E, suggesting that the enhancement of
both deadenylation and decapping by the eIF4E defect (38) are mechanistically linked
processes.

The PAB1 RRM1 domain is required for PUF3 acceleration of deadenylation
We have previously shown that specific domains of PAB1 are required for deadenylation
(25), indicating that the PAB1-mRNP structure is critical to the process of poly(A) removal
(24). The RRM1 and P domains of PAB1, when deleted, severely block deadenylation and
appear to do so by affecting the PAB1-mRNP structure (24,25). Strains with RRM1 or P
domain deletions are viable, grow nearly like wild-type (25), do not affect mRNA transport
(24,40), and display normal polysomal RNA profiles, although deleting RRM1 causes a
28% decrease in the rate of protein synthesis (in contrast, the cdc33-1 allele causes a 70%
drop in protein synthesis) (25,36). We consequently first examined whether the ability of a
defect in eIF4E to allow rapid deadenylation was dependent on PAB1. For this analysis we
studied the deadenylation rate of GAL1 mRNA in a cdc33-1 background in strains carrying
PAB1-ΔRRM1 or PAB1-ΔP. As shown in Figure 2C, in a cdc33-1 background when either
the RRM1 or P domain of PAB1 was deleted, GAL1 mRNA deadenylation was slowed
considerably and the oligo(A) form did not appear until around 10 min. In contrast, in a
PAB1 wild-type background cdc33-1 allowed rapid deadenylation of GAL1 mRNA in that
the oligo(A) form of the mRNA appeared within 2 min after cessation of transcription
Figure 2B, top left panel. These results indicate that alterations in PAB1 mRNP structure are
critical to deadenylation even in the presence of a defect in eIF4E. It should be noted,
however, that removal of either the RRM1 domain or the P domain of PAB1 normally
causes a very significant blockage in GAL1 mRNA deadenylation in which the oligo(A)
form does not appear until at least 20 min (25). Therefore, removal of either the RRM1 or P
domain of PAB1 significantly reduces the accelerated deadenylation caused by the cdc33-1
allele, but this blockage is not complete, suggesting that some of the effects of the cdc33-1
allele on deadenylation may be independent of PAB1.

We subsequently assessed using pulse-chase analysis whether PAB1 acts downstream of
PUF3 in the control of COX17 mRNA deadenylation by determining if PAB1 was required
for PUF3-dependent deadenylation of COX17. In a wild-type PAB1 background, COX17
mRNA was rapidly deadenylated (Figure 4A, top panel) and within 5 minutes of
transcriptional shut off some completely deadenylated species were observed, as described
above, and by 10 min the completely deadenylated species are the predominate product (see
densitometric scans). Deletion of PUF3 slowed this rapid deadenylation (Figure 4B, top
panel) as previously mentioned (34; Figure 1B). In contrast, when COX17 mRNA
deadenylation was analyzed in a PAB1-ΔRRM1 background, COX17 displayed extremely
slow deadenylation (Figure 4A, middle panel). In the wild-type PUF3 background, oligo(A)
mRNA did not appear even after 30 min. These observations indicate that the RRM1 domain
of PAB1 is necessary for deadenylation of the COX17 poly(A) tail and that the resultant
PAB1-ΔRRM1 mRNP structure substantially blocks the ability of PUF3 to accelerate
deadenylation. Enhanced decapping by PUF3 was also blocked by removal of the RRM1
domain. Deletion of other domains of PAB1, such as RRM3, RRM4, or the C domain had
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no major effect on PUF3 acceleration of COX17 mRNA deadenylation (data not shown),
although deleting the C domain appeared to result in a slight slowing of COX17 mRNA
deadenylation, consistent with its effects on GAL1 and MFA2pG deadenylation (25).

In contrast to the effects of the RRM1 deletion, in the PAB1-ΔP background, COX17
deadenylation was rapid. At ten minutes some nearly completely deadenylated poly(A) tails
were observed along with much longer poly(A) tails (Figure 4A, bottom panel).
Deadenylation was slightly slower with PAB1-ΔP than in wild-type PAB1 in which at 5
minutes the nearly completely deadenylated species were first observed. Significantly
decreased total levels of mRNA were observed by fifteen minutes (Figure 4A, bottom
panel), indicative of rapid decapping and degradation that follows upon deadenylation. The
SCR1 control indicated that nearly identical levels of total RNA had been loaded in each
lane. These data confirm that PAB1-ΔP does not block PUF3-enhanced deadenylation,
whereas PAB1-ΔRRM1 does. Therefore, the mRNP structure created by deleting the PAB1
RRM1 domain, unlike that of deleting the P domain, is resistant to PUF3 action.

In the puf3Δ background, both PAB1-ΔRRM1 and PAB1-ΔP showed a block in
deadenylation more severe than that observed for wild-type PAB1 (Figure 4B). For
example, after 30 minutes little deadenylation has occurred in the PAB1-ΔP puf3Δ strain.
These observations suggest that in the absence of PUF3 the deadenylation of COX17 is
blocked by removing either the PAB1 RRM1 or the P domain, as previously observed for
the non-PUF3 controlled MFA2pG and GAL1 mRNA (25). However, in the presence of
PUF3, the P domain of PAB1 is not essential for deadenylation. This PAB1 allele-specific
effect on PUF3 deadenylation of COX17 mRNA but not on the deadenylation of other
mRNA, including that of COX17 when PUF3 is not functional, suggests that PUF3 acts
redundantly with the P domain of PAB1, either in conjunction with it or at the site of the
PAB1-mRNP structure, to affect deadenylation.

One model consistent with these results is that PUF3 interacts directly with PAB1 to
rearrange the PAB1-mRNP structure. However, experiments to identify possible PUF3
physical interactions with PAB1, either when PAB1 was bound to poly(A) or when it was
by itself, did not demonstrate any specific interactions between the two proteins (data not
shown).

PUF3 co-immunoprecipitates the CCR4-NOT complex
Because it has been previously shown that PUF5 can associate with the CCR4-NOT
complex, we also examined whether PUF3 could contact components of the CCR4-NOT
complex in vitro. Using a GST-PUF3 fusion bound to glutathione agarose beads, we tested
whether components of the purified the CCR4-NOT complex isolated from yeast could be
retained by GST-PUF3. As shown in Figure 5A, NOT1, CCR4, and CAF1 could be retained
on the glutathione agarose beads containing GST-PUF3 (lane 5), but were not able to bind to
GST alone (lane 6). We subsequently investigated if PUF3 could co-immunoprecipitate the
CCR4-NOT complex from yeast crude extracts. A full-length PUF3 tagged with the FLAG
epitope was expressed in yeast (Figure 5B, top panel, lane 2) and immunoprecipitated with
FLAG beads. Multiple components of the CCR4-NOT complex were found to co-
immunoprecipitate with FLAG-PUF3 as identified by Western analysis, including NOT1,
NOT3, CCR4, and CAF40 (Figure 5B, lower panel, lane 5), but not in the control lacking
FLAG-PUF3 (lane 4). NOT4 and CAF1 were also faintly visualized in the original Western
for the FLAG-PUF3 immunoprecipitation (see darker exposure, Figure 5B, lower panel,
lanes 7–9) and in other experiments, suggesting that the whole CCR4-NOT complex was
capable of interacting with PUF3 from yeast crude extracts. We also analyzed the ability of
just the C-terminal region of PUF3 in interacting with the CCR4-NOT complex. PUF3C,
containing the C-terminal region of PUF3, has been shown previously to be sufficient for
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recapitulating the ability of PUF3 to control the deadenylation of COX17 mRNA (33). Our
results indicated PUF3C was able to immunoprecipitate all CCR4-NOT components tested
(Figure 5B, lower panel, lane 6). Using FLAG-PUF3C we were also able to show that the
PUF3 contacts to CCR4 and CAF1 were essentially RNA independent, as the treatment with
RNase A, which destroys the PAB1-mRNP structure (unpubl. observ.), did not interfere
with their interactions (data not shown). We also assessed whether PUF3C could interact
with PAN2. In this case, however, PUF3C was unable to specifically immunoprecipitate
PAN2 (data not shown). It should be noted, however, that extensive immunoprecipitation
analysis using various components of the CCR4-NOT components as the primary baits have
not demonstrated any specific interaction with PUF3 or other PUFs (42–45).

DISCUSSION
In this study we addressed the mechanisms by which PUF3 accelerates the deadenylation
process. Two general models were examined: 1) retention of the deadenylases at the mRNA
through PUF3 binding to the mRNA and 2) effects on the mRNP structure. We provide
evidence that PUF3 may act by both mechanisms. We showed that PUF3 is capable of
immunoprecipitating multiple components of the CCR4-NOT complex, consistent with its
ability to retain CCR4 at the mRNA. Since it has been previously shown that PUF5 is able
to physically interact with CAF1 of the CCR4-NOT complex and to accelerate
deadenylation by binding of CCR4, it is likely that PUF3 can act by a similar mechanism
(18).

However, several observations support the model that PUF3 is also affecting the mRNP
structure. We showed that PUF3 was responsible for accelerating the rate of deadenylation
when PAN2 was the only deadenylase, as no PUF3-induced deadenylase appears to exist in
yeast (6). While it is possible that PUF3 retains both CCR4 and PAN2 at the mRNA, either
separately or together in a larger complex, no specific physical interaction was observed
between PUF3 and PAN2 and a number of studies have demonstrated no interactions
between PAN2 and the CCR4-NOT complex (42–45; unpublished observations). An
alternative view is that since a pan2 defect can block mRNA transport out of the nucleus in
50% of the cells observed (46), the combination of a ccr4 deletion and this transport defect
is the cause for the lack of COX17 mRNA deadenylation in the ccr4 pan2 strain
background. However, this possibility also seems unlikely in that combining a defect that
blocks nuclear transport by 30% (as in a PAB1 RRM4 deletion) (40) with that of a ccr4
deletion has no additive effect over that of ccr4 alone on deadenylation (25; unpubl. results).
The simpler model is that PUF3 acts to affect a step common to both the CCR4 and PAN2
deadenylation processes. Such a common point of action could be affecting the mRNP
structure that is known to influence mRNA deadenylation rates (12,25,38). A defect in
eIF4E also allowed increased deadenylation by either CCR4 or PAN2, suggesting that PUF3
in controlling deadenylation is acting either similarly to eIF4E or at a step affected by
eIF4E. Because in a puf3 deletion background, COX17 mRNA deadenylation remained slow
even in the presence of a defect in eIF4E, PUF3 action at COX17 appears to be downstream
of eIF4E. We believe that the site of PUF3 function is in the vicinity of PAB1 in that the
RRM1 domain of PAB1 was required for PUF3 action at the COX17 mRNA. Since other
domains of PAB1 were not similarly required for PUF3 function, these results are consistent
with the model that rearrangements of the PAB1-mRNP structure, as dictated by RRM1 of
PAB1, mediate the ability of PUF3 to enhance deadenylation.

The closed loop structure, involving eIF4E, eIF4G and PAB1 contacts linking the 5′ cap to
the poly(A) tail, could be one site of action for PUF3. However, we do not believe it is
simply the closed loop structure that PUF3 interferes with, thereby accelerating
deadenylation. Because removal of the P domain of PAB1 substantially blocked the
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enhanced deadenylation caused by a defect in eIF4E (cdc33-1 allele) but not the
deadenylation enhanced by PUF3, it appears that PUF3 does not act in the same manner as a
defect in eIF4E. Therefore, while such a relaxation of closed loop contacts would be
expected to accelerate deadenylation, as previously observed (38), PUF3 does not appear to
act solely by this method.

In contrast, because of the differential effects of removing the RRM1 and P domains on
PUF3 action, it appears that PUF3 acts redundantly with the P domain of PAB1. This
redundant action may be at a step involving rearrangement of the PAB1 mRNP structure.
We have previously established that the RRM1 and P domains of PAB1 are critical to
deadenylation of several mRNA (25), and the rearrangement of the PAB1-mRNP appears to
represent a key step in allowing CCR4 deadenylation (24,25). More recent data has
indicated that removal of the RRM1 domain of PAB1 alters the PAB1-mRNP structure (47).
Most critically, this effect is of such a nature that addition of exogenous PAB1 could not
rectify the resultant structure (47), perhaps because PAB1-ΔRRM1 is unable to dissociate
from the mRNA (25). These results imply a PAB1-ΔRRM1 mRNP configuration that is
resistant to rearrangement and, therefore, understandably, resistant to deadenylation.

While PAB1-ΔP generally blocks non-PUF3-controlled deadenylation as severely as does
PAB1-ΔRRM1 (Figure 4B; 25), PUF3 is able to specifically bypass this P domain defect.
The PAB1-ΔP-mRNP structure must be of a significantly different nature than that of the
PAB1-ΔRRM1 mRNP structure to allow PUF3 to allow deadenylation. These results
suggest that PUF3 acts in a manner similar to that or redundant with the PAB1 P domain in
terms of effects on mRNP structure and deadenylation.

Another possible model for PUF3 effects on both CCR4 and PAN2 deadenylation would be
that PUF3 binds the CCR4-NOT complex and then components of this complex, even in the
absence of CCR4 enzyme activity, bind additional factors that rearrange the PAB1-mRNP
structure and augment PAN2-induced poly(A) removal. However, two published
experiments do not support this model. First, it has been shown that recruitment of CAF1
and the corresponding CCR4-NOT complex to an mRNA 3′UTR in vivo greatly accelerates
deadenylation in a manner similar to the PUF3 augmentation of deadenylation at COX17
(23). This increased deadenylation is completely dependent on CCR4 enzyme activity,
indicating that simply recruiting the CCR4-NOT complex is insufficient to rearrange the
PAB1-mRNP and allow PAN2 deadenylase function to be augmented. That is, CCR4-NOT
recruitment either by itself or in conjunction with some other protein bound to the complex
cannot simply augment deadenylation without CCR4 enzyme activity being present. Second,
it has been shown in vitro that CCR4-NOT deadenylation in the presence of only PAB1
bound to the mRNA requires the P domain of PAB1 (24). The CCR4-NOT complex by
itself is unable to rearrange the PAB1-mRNA structure without the P domain of PAB1. In
contrast, PUF3 in vivo can accelerate deadenylation when the P domain of PAB1 is
removed. Therefore, whatever effect PUF3 is having in vivo, it is not simply that of
delivering CCR4-NOT to the mRNA. PUF3 presence is required for some interaction,
whether it be the rearrangement of the PAB1-mRNP structure or the binding of some other
protein to the RNA that in turn affects the PAB1-mRNP structure.

Our results also indicate that the enhancement of both deadenylation and decapping by
PUF3 and the eIF4E defect are mechanistically linked. This conclusion is supported by the
observation that in every situation that deadenylation was accelerated or blocked, decapping
was correspondingly accelerated or blocked. The PAB1-mRNP structure appears to be the
critical factor in controlling both these processes.
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We additionally observed that PUF3 affected the initial default length of the COX17 mRNA
poly(A) tails: removing PUF3 shortened this default length. We ascribe this phenomenon to
PUF3 binding the mRNA, as a similar effect on the default length of GAL1 poly(A) tails was
not observed. PUF3, through its mRNA contacts, could be either required for proper PAN2
trimming of the poly(A) tail or for proper polyadenylation by the poly(A) polymerase.
Although the poly(A) trimming process has not been extensively studied for individual
mRNA, it is quite possible that the wide array of RNA binding proteins in the cell, specific
to different subsets of mRNA, are critical in regulating this process and causing the well
known differences in this default length. Since poly(A) tail lengths play such an important
role in PAB1 binding and ultimately affect the rates of mRNA degradation and protein
translation, it can be envisaged that specific RNA binding proteins are involved more
globally than previously considered to control these lengths both at the first step of forming
the mature mRNA and at the later more commonly analyzed mRNA metabolic steps of
translation and deadenylation. Close scrutiny of in vivo deadenylation analysis of HO
mRNA poly(A) tail lengths indicates that puf5Δ also results in significantly shorter default
poly(A) tail lengths for HO mRNA (18).

MATERIALS AND METHODS
Yeast Strains

Saccharomyces cerevisiae strains are listed in Table 1. Yeast strains carrying pAS77 [PAB1-
CEN-URA3]) (25) were used for transforming PAB1 variants expressed under their own
promoter: plasmid YC504 (pRS314: PAB1-CEN-TRP1), plasmid YC505 (contains PAB1-
ΔRRM1), and plasmid YC510 (contains PAB1-ΔP) (25). Plasmid AS77 was subsequently
lost from each strain following selection on plates containing 5-fluororotic acid (25).
Plasmid RP1007 [GAL10-COX17-LEU2], following transformation into yeast, was used for
quantitating rates of deadenylation for COX17 (34). The 6His-Flag-PUF3 plasmid and the
6His-Flag-PUF3C (amino acids 466-589 of PUF3) were expressed from a PGK1 promoter
on plasmids YC430 (TRP1) and YC406 (TRP1), respectively.

Protein analyses
In vivo immunoprecipitations were conducted as previously described (36). RNase A (0.1
mg/mL) treatment of extracts was conducted for 30 min prior to the immunoprecipitation. In
vitro binding analyses with GST-PUF3 were conducted essentially as described (37).
Briefly, GST and GST-PUF3, both expressed from plasmid pGEX-KG, were bound to
glutathione agarose beads. Fifty μL of the Flag-CCR4-NOT complex, isolated as described
following purification on Flag beads (5), was incubated with 15 μL of glutathione agarose
beads containing the designated GST protein. Following four washes with the CCR4-NOT
extraction buffer (50 mM Tris, pH 7.9, 150 mM NaCl, 0.1% NP40, and 1 mM MgCl2) and
two washes with the same buffer containing 1 M NaCl, the bound proteins were eluted by
boiling.

RNA analyses
Pulse-chase analyses for GAL1 and COX17 mRNA were conducted as previously described
(2,8,36). Following growth of cells on non-inducing medium containing 2% raffinose, the
GAL-controlled mRNA were induced for 10–20 min with 2% galactose and mRNA
expression was shut off with 4% glucose. At the indicated time points RNA was isolated and
subjected to Northern analysis. Experiments utilizing the cdc33-1 temperature sensitive
allele were conducted following shifting of cells to 37°C for one hour prior to the pulse-
chase experiment (done at the same temperature). SCR1 mRNA levels were used as a
control for mRNA levels (as determined following initial A260 quantitation) in the analysis
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of COX17 mRNA levels as described (18). All pulse-chase experiments were conducted at
least in triplicate.
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Figure 1. PUF3 affects both PAN2 and CCR4 deadenylation
Transcriptional pulse-chase analyses on COX17 mRNA for panels A–D and F were
conducted as previously described (34). Following induction of the GAL10-COX17 mRNA
(expressed from the pRP1007 plasmid) with galactose, transcription was shut off with
glucose and, at the times (in min) indicated above the Figure, RNA was extracted and
Northern analyses were conducted as described (25). dT refers to the RNA sample probed
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with oligo (dT) followed by RNase H digestion to remove the poly (A) tail. Roughly
equivalent amounts of RNA were loaded into each lane across a panel, as detected by
probing for SCR1 RNA and by A260 spectrophotometric analysis. Panels on the right
represent densitometric scans of each lane represented in the corresponding left panel. The
demarcations on the right of the plot skip every other time point for clarity. The oligo(A)
lengths were determined using the following standards: the size of SCR1, the length of the
completely deadenylated length of COX17 poly(A) tail (dT sample), and the length of the
completely undeadenylated poly(A) tail at time zero based on other experiments using
different GAL1 poly(A) tail lengths as standards. For panel E, poly(A) tail lengths were
determined for COX17 mRNA (lanes 1–3) or for GAL1 mRNA (lanes 4–10) following
twenty min induction of mRNA synthesis (time zero for lanes 2, 3, 5, 7, and 9) or after
shifting to glucose containing medium for 7 min after galactose induction (lanes 6, 8, and
10). GAL1 mRNA analysis was conducted as previously described (25). A. Strain YAS319/
YC504 (wild-type); B. Strain 1738-3/YC504 (puf3Δ); C. Strain RP840-1a (ccr4Δ); D. Strain
RP1241-1a (puf3Δ ccr4Δ); and F. Strain RP1619 (pan2Δ). All strains carried the pRP1007
plasmid. E. Lane 1: strain RP840/pRP1007; lane 2: strain RP1241/pRP1007; lanes 5–6;
strain RP840 (wild-type); lanes 7–8: RP840-1a; and lanes 9–10: RP1241 (puf3Δ).
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Figure 2. A defect in eIF4E affects PAN2 deadenylation
Transcriptional pulse chase analysis was conducted on the GAL1 gene as described in Figure
1, except that all strains (lacking pRP1007) were grown at 37°C for 1 hr prior to the
galactose induction (25). At the times (in min) indicated above the Figure, RNA was
isolated. All lanes had roughly equivalent levels of total RNA as assessed by A260
spectrophotometric readings, which agree well with total RNA levels determined by either
ethidium bromide staining of rRNA levels (25,36,48) or by detection of SCR1 mRNA levels
by Northern analyses (see Figures 1, 3, and 4). A. Top panel- Strain YAS319/YC504
[PAB1-CEN-TRP1]; Bottom panel- Strain YAS319-1a/YC504 (ccr4Δ). Densitometric scans
of these Northerns are presented in the right panel. B. Top left panel- Strain YAS1881/
YC504 (cdc33-1). Top right panel- Strain YAS1881-1a/YC504 (cdc33-1 ccr4Δ).
Densitometric scans of each Northern are presented in the bottom panel. C. Left panel-
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Strain YAS1881/YC505 [PAB1-ΔRRM1-CEN-TRP1]; right panel- Strain YAS1881/YC510
[PAB1-ΔP-CEN-TRP1]. Densitometric scans are presented in the bottom panel.
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Figure 3. PUF3 is required for eIF4E effects on deadenylation at the COX17 mRNA
Transcriptional pulse chase analysis was conducted as described in Figure 1, except that all
strains were grown at 37°C for 1 hr prior to the galactose induction. Similar levels of RNA
were loaded into each lane, as detected by probing for SCR1 RNA. Top left panel- Strain
YAS1881/YC504 (cdc33-1); top right panel- Strain 1777-6/YC504 (cdc33-1 puf3Δ).
Densitometric scans of each Northern are present in the bottom panels.
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Figure 4. The RRM1 region of PAB1 is required for PUF3 acceleration of deadenylation
Transcriptional pulse chase analysis was conducted as described in Figure 1. Roughly
equivalent amounts of RNA were loaded into each of the different panels, as detected by
probing for SCR1 RNA. Therefore, in section A for the PAB1-WT and PAB1-ΔP panels, the
lack of RNA at times after 10 to 15 minutes indicates that complete deadenylation has
occurred followed by decapping and degradation. All strains carried the pRP1007 plasmid.
Strains carried the PAB1 variant as indicated: PAB1-WT (YC504); PAB1-ΔRRM1
(YC505); PAB1-ΔP (YC510), A. Strain YAS319/YC504 (wild-type); B. Strain 1738-3/
YC504 (puf3Δ.). Densitometric scans of each Northern are in the right panels.
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Figure 5. PUF3 can immunoprecipitate the CCR4-NOT complex
A. GST-PUF3 can interact with the CCR4-NOT complex in vitro. Purified GST-PUF3 was
bound to glutathione agarose beads and the purified CCR4-NOT complex was assayed for
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retention to the beads. Equivalent amounts of GST and GST-PUF3 were used. Lanes 1 and
2, respectively- Coomassie stained GST-PUF3 and GST; lane 3- Coomassie stained CCR4-
NOT complex; lanes 4–6- Western analysis using NOT1, CCR4, and CAF1 antibodies, as
indicated. Five μL of the CCR4-NOT complex was used as input (lane 4) and 50 μL was
used to bind the glutathione beads (lanes 5 and 6).
B. PUF3 interacts with CCR4-NOT proteins in crude extracts. Top panel- Flag-PUF3 and
Flag-PUF3C were purified by Flag-bead chromatography. PUF3 proteins were detected with
Flag antibody. Lane 1- yeast strain EGY191 in which a 6His-Flag-PUF3 variant was not
expressed; lane 2- strain EGY191 with 6His-Flag-PUF3; lane 3- strain EGY191 with 6His-
Flag-PUF3C, containing residues 466–589 of PUF3.
Lower panel- Following Flag purification of PUF3 proteins, Western analysis was
conducted with antibodies directed against each of the CCR4-NOT proteins as indicated
(41). Lanes 1 to 3- CCR4-NOT proteins in crude extract (Cr Ex); Lanes 4 to 6- CCR4-NOT
proteins detected in immunoprecipitations with FLAG antibody; Lanes 7 to 9 are duplicative
of lanes 4 to 6 except the exposure is increased. Control, PUF3, and PUF3C are as indicated
in section A, above.
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Table 1

Yeast strains.

RP840 Mata leu2 his4 trp1 ura3 cup1::LEU2/PGK1pG/MFA2pG

RP840-1a Isogenic to RP840 except ccr4::URA3

RP1241 Isogenic to RP840 except puf3::Neo

RP1241-1a Isogenic to RP1241 except puf3::Neo ccr4::URA3

YAS319/YC504 Matα ura3 his3 trp1 leu2 pab1::HIS3 YC504 [PAB1-CEN-TRP1]

YAS1881/YC504 Isogenic to AS319 except cdc33-1

1738-3/YC504 Matα ura3 his3 trp1 leu2 pab1::HIS3 puf3::Neo YC504 [PAB1-CEN-TRP1]

1777-6/YC504 Mata ura3 his3 trp1 leu2 pab1::HIS3 puf3::Neo cdc33-1 YC504 [PAB1-CEN-TRP1]

YAS1881-1a/YC504 Isogenic to AS1881 except ccr4::URA3

YAS319-1a-uN/YC504 Isogenic to YAS319 except ccr4::ura3::Neo

EGY191 Matα ura3 his3 trp1LexA-leu2

RP1619 Isogenic to RP840 except his4-539 pan2::URA3
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