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The mRNA deadenylation process, catalyzed by the CCR4 deadenylase, is known to be the major factor
controlling mRNA decay rates in Saccharomyces cerevisiae. We have identified the proline-rich region and
RRM1 domains of poly(A) binding protein (PAB1) as necessary for CCR4 deadenylation. Deletion of either of
these regions but not other regions of PAB1 significantly reduced PAB1-PAB1 protein interactions, suggesting
that PAB1 oligomerization is a required step for deadenylation. Moreover, defects in these two regions
inhibited the formation of a novel, circular monomeric PAB1 species that forms in the absence of poly(A).
Removal of the PAB1 RRM3 domain, which promoted PAB1 oligomerization and circularization, correspond-
ingly accelerated CCR4 deadenylation. Circular PAB1 was unable to bind poly(A), and PAB1 multimers were
severely deficient or unable to bind poly(A), implicating the PAB1 RNA binding surface as critical in making
contacts that allow PAB1 self-association. These results support the model that the control of CCR4 dead-
enylation in vivo occurs in part through the removal of PAB1 from the poly(A) tail following its self-association
into multimers and/or a circular species. Known alterations in the P domains of different PAB proteins and
factors and conditions that affect PAB1 self-association would, therefore, be expected to be critical to control-
ling mRNA turnover in the cell.

mRNA degradation is a process involving the interaction
and exchange of multiple multisubunit complexes and RNA
binding proteins (8). Central to mRNA degradation is the
removal of the poly(A) tail (deadenylation) that is controlled
by a number of proteins associating with the mRNA in a
structure termed the mRNP. Principal among these factors
present in the mRNP are the poly(A) binding protein (PAB1),
translation initiation and termination factors, the cytoplasmic
deadenylases, and the factors that bind to the mRNA and elicit
alterations in the mRNA degradative rate. The processes of
mRNA degradation and deadenylation and the protein com-
plexes that are involved are highly evolutionarily conserved
from Saccharomyces cerevisiae to humans.

The principal pathway for mRNA degradation in yeast pro-
ceeds through several steps. First, there is an initial trimming
of about 15 to 20 nucleotides (nt) of the poly(A) tail to a length
of about 60 to 80 nt that is specific for each mRNA and that
appears to be carried out by PAN2/PAN3, presumably a cyto-
plasmic process (2, 19, 48). This trimming requires PAB1 and
the translation termination factors eRF1 and eRF3 (5, 24), and
all these factors are known to associate with each other (10, 23,
24, 29). Second, the major part of deadenylation utilizes the
CCR4-NOT deadenylase complex (16, 48). CCR4 is the cata-
lytic component of this complex (7, 47) and shortens the
poly(A) tail of mRNA to an end point size of about 8 to 12 nt
(14). Poly(A) tail shortening down to an oligo(A) form (8 to 12
A’s) may lead, in turn, to the reduced ability of PAB1 to bind

the poly(A) tail that may alter the translation initiation com-
plex association with the mRNA cap structure (9, 30, 46).
Changes in the mRNP structure around the cap apparently can
lead to decapping by DCP1/DCP2 (5, 45, 46) and 5�-3� degra-
dation of the RNA by the exonuclease XRN1 (34). The tran-
sition from deadenylation to decapping occurs with apparent
sequestering of the oligoadenylated mRNA in P-bodies where
decapping takes place (40).

The rate of deadenylation of the mRNA is therefore critical
to the stability of most mRNA. Analyses of the relative con-
tributions to total mRNA degradation of deadenylation, de-
capping, and 5�-3� degradation clearly indicate that changes in
rates of deadenylation lead to the largest changes in mRNA
degradation (4). Specific and global analysis of mRNA dead-
enylation rates (14, 53) indicated that they vary over a 20-fold
range. CCR4 has been shown to be necessary for both rapid
and slow deadenylation for a number of mRNAs (7, 12, 21, 48,
49, 51, 54), suggesting that it affects deadenylation of most, if
not all, mRNAs in yeast. Moreover, the length of the poly(A)
tail can alter the translatability of the mRNA.

Several factors have previously been shown to control the
deadenylation process. Of the two deadenylases in yeast, de-
fects in PAN2/PAN3 alone do not affect the deadenylation
rate, whereas defects in the CCR4-NOT complex, specifically
CCR4 and CAF1, slow the deadenylation process (12, 48). The
substrate recognition features of CCR4 indicate that its in vivo
activity may be directly controlled by its accessibility to a cer-
tain length of RNA and that mRNP structures involving the
poly(A) tail and its adjacent 3� untranscribed region (UTR)
sequences may limit these interactions and thereby signifi-
cantly affect CCR4 activity (50, 51).

In addition to the deadenylases, a number of components of
the poly(A) mRNP structure have been implicated in control-
ling deadenylation. Notable among these proteins is PAB1.
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PAB1 consists of four RNA binding motifs (RRM domains)
and a C-terminal region comprising the penultimate proline-
rich (P) domain and a terminal structured region (C) (Fig. 1).
The C region binds PAN3, which is required for PAN2 activity,
eRF3, and other proteins (24, 27, 29). The P domain of higher
eukaryotic PAB1 is responsible for PAB1-PAB1 interactions
(26, 31). The RRM domains of PAB1 consist of four �-strands
that form the RNA binding surface backed by two �-helices
(18). While RRM1 and RRM2 of PAB1 appear to bind most
strongly to poly(A), RRM3 and RRM4 can also make critical
contacts and may bind U-rich regions located adjacent to the
poly(A) tail (35, 41). The �-helical side of RRM2 contacts
eukaryotic initiation factor 46 (eIF4G), which is believed to be
important in forming the closed-loop structure between the
mRNA cap, eIF4E, eIF4G, PAB1, and the poly(A) tail (38,
44). The functions of the other RRM domains remain less
clear, although deletion of RRM4 has been shown recently to
reduce by 30% mRNA transport to the cytoplasm (3). RRM1,
RRM2, RRM3, and the P and C regions play no apparent role
in mRNA transport (3; K. Weis, personal communication).
Previous studies concerning the role of PAB1 in deadenylation
indicated that PAB1 is inhibitory to CCR4 in vitro (47). In
contrast, a pab1 deletion strain has been shown to severely
block CCR4 deadenylation in vivo, and it has been suggested
that the lack of PAB1 allows nonspecific RNA binding proteins
to associate with the poly(A) tail and to block deadenylation
(5). A couple of other less comprehensive PAB1 defects have
also been shown to block deadenylation (33), supporting a role
for PAB1 in promoting deadenylation.

In this study, we addressed the role of PAB1 in the dead-
enylation process. Using a set of precise domain deletions in
PAB1, we found that the P and RRM1 domains of PAB1 were
required for deadenylation. PAB1-PAB1 interactions, as well
as the formation of a novel circular species of PAB1, were
blocked by deletions in these two domains, suggesting that
PAB1 self-association is critical to allowing CCR4 deadenyla-
tion. Moreover, PAB1 binding to poly(A) was dramatically
decreased or eliminated by its self-association. These results
indicate that PAB1 removal from the poly(A) tail following its
self-association promotes, in turn, CCR4 deadenylation. Fac-
tors and conditions that control PAB1 self-association would
therefore be expected to control mRNA deadenylation rates
and the turnover of mRNA in the cell.

MATERIALS AND METHODS

Yeast strains. Saccharomyces cerevisiae strain AS319 (MAT� ade2 ura3 leu2
trp1 his3 pab1::HIS3 pAS77 [PAB1-CEN-URA3]) (25) was used for transforming
PAB1 variants expressed under their own promoter on plasmid YC504 (pRS314:
PAB1-CEN-TRP1) as indicated in Fig. 1. Plasmid AS77 was subsequently lost
from each strain following selection on plates containing 5-fluoroorotic acid (25).
Other strains isogenic to AS319 were DB267tL/pAS77 (contains pan3::trp1::LEU2),
1771-1/pAS77 (contains pan2::LEU2), and AS319-1a-uN/pAS77 (contains ccr4::
ura3::Neo). Strain AS319 with the RP485 plasmid was used for quantitating rates of
deadenylation for MFA2pG (48).

Plasmids. PAB1 variants were constructed by PCR techniques and were ex-
pressed in yeast on a pRS314 vector (YC504) as Flag-tagged versions under
control of the PAB1 promoter. The following amino acid residues were removed
with each PAB1 deletion: PAB1-�RRM1, removed 1 to 124; PAB1-�RRM2,
removed 124 to 211; PAB1-�RRM3, removed 211 to 309; PAB1-�RRM4, re-

FIG. 1. PAB1 variants that are discussed in the paper. Residues for each domain are indicated at the top.
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moved 309 to 416; PAB1-�P, removed 416 to 492; and PAB1-�C, removed 492
to 577.

RNA analysis. Steady-state and pulse-chase analyses for GAL1 and MFA2pG
mRNA were conducted as previously described (48, 51) by following the short-
ening of the shortest poly(A) tails. Measuring the rates of shortening of the
average poly(A) tail length gave similar results. Rates of deadenylation were
determined on only those poly(A) tails that were being distributively deadeny-
lated; that is, those that were being shortened as a synchronous pool. S1 analysis
for quantitating CCR4, CAF1, and NOT4 mRNA levels was conducted as de-
scribed previously (10).

Other procedures. In vitro gel shift assays were conducted as described pre-
viously (13) using PAB1 variants expressed in Escherichia coli from a pET28
vector. Recombinant PAB1 variants were purified to greater than 90% purity
using Ni-agarose chromatography (25). Nondenaturing gel electrophoresis was
conducted on purified PAB1 proteins to identify the presence of nonspecific
RNAs that might interfere with the RNA binding measurements. No such in-
teractions were detected. Bovine serum albumin was used as a standard to
determine PAB1 protein abundance, and the Kd values were determined as
described previously (13). Yeast PAB1 variants were purified by Flag immuno-
precipitation as previously described (7) and analyzed by nondenaturing poly-
acrylamide gel electrophoresis (PAGE) as described previously (17), except that
the bisacrylamide/acrylamide ratio was 1:60. Prior to nondenaturing PAGE, the
PAB1 samples were incubated with 0.1 mg/ml RNase A at 23°C for 45 min to
remove any endogenous mRNA attached to the PAB1. Treatment with RNase I
instead of RNase A gave the same results. CAF40 and CCR4 immunoprecipi-
tations were conducted as described previously (6). The rates of in vivo transla-
tion were determined as described previously (39). Far-Western analysis was
conducted on PAB1 transferred to nitrocellulose filters by incubation with 32P-
labeled 7N � 23A RNA substrate (50). Cross-linking with the bis-maleimide
cross-linker, bis-maleimidohexane (BMH), was conducted according to the man-
ufacturer’s directions (Pierce) for 1 h. The mock solution had 100 mM dimethyl
sulfoxide as previously described (43). In vivo BMH cross-linking was conducted
as described previously (43).

RESULTS

The RRM1 and proline-rich regions of PAB1 are required
for CCR4 deadenylation. To address the roles of PAB1 in
mRNA deadenylation, we deleted each of the known domains
in the protein. This systematic approach would allow us to
determine if individual regions of PAB1 displayed particular
functions. RRM domains 1 through 4, the proline-rich penul-
timate region (PAB1-�P), and the globular, terminal C do-
main (PAB1-�C) were individually deleted (25) (Fig. 1). Each
PAB1 variant was transformed into yeast and allowed for via-
bility following loss of the wild-type PAB1. All PAB1 variants
were expressed in yeast to comparable levels (data not shown).
These six PAB1 variants and wild-type PAB1 (each containing
a Flag tag) were analyzed for in vitro poly(A) binding (Table 1)
and for their effects in vivo on the rate of deadenylation of
MFA2pG and GAL1 mRNA using pulse-chase analysis (Fig.
2A and B; Table 1; data not shown) (48, 51). MFA2pG mRNA,
under GAL1 control, was chosen for analysis because of its
extensive characterization and because it is rapidly turned over
(14). Two GAL1 mRNA species are produced in vivo that
result from differential poly(A) site usage and differ by 110 nt
in their 3� UTR (11, 32). GAL1-L (long) deadenylates more
rapidly than GAL1-S (short) (51). Following a brief induction
of MFA2pG and GAL1 mRNA synthesis with the addition of
galactose to the medium, mRNA synthesis was shut off with
glucose, and the length of MFA2pG and GAL1 mRNA poly(A)
tails was followed as a function of time by Northern analysis.

Several PAB1 deletions significantly affected the deadenyla-
tion rate. PAB1-�RRM1 and PAB1-�P had the most signifi-
cant decreases in deadenylation (Table 1, Fig. 2). In the wild-
type background, the majority of the poly(A) tail was

shortened in a synchronous band for the first 4 to 6 min for
GAL1-L and 2 min for MFA2pG. This band corresponded to
distributive deadenylation by CCR4. However, when the
poly(A) tail length reached about 35 to 40 nt for MFA2pG (at
about 1 to 2 min for wild type) (Fig. 2B) and GAL1-L (at about
6 to 8 min for wild type) (Fig. 2A), deadenylation became more
nonsynchronous: nearly completely deadenylated species (8 to
12 A’s) were present at the same time as partially deadenylated
species (see also Fig. S1 in the supplemental material). Both
PAB1-�RRM1 and PAB1-�P affected both phases of the
deadenylation process for GAL1, reducing the rate of distrib-
utive deadenylation (Table 1) and failing to promote the shift
to nonsynchronous deadenylation, even though the poly(A)
tail lengths reached 30 to 40 A’s at about 20 min (Fig. 2A; see
also Fig. S1 in the supplemental material). For MFA2pG, the
effect of these deletions on the nonsynchronous phase was less
clear. These results indicate that these two regions of PAB1
are necessary for CCR4 action throughout the deadenylation
process.

PAB1-�RRM2 and PAB1-�C also affected the rate of
CCR4 deadenylation, albeit to lesser extents than did deletion
of either RRM1 or the P domain (Table 1). Our PAB1-�C
data are consistent with previous results that showed that the
C-terminal domain of PAB1 interacts with translation termi-
nation factor eRF3 and that blocking this interaction results in
somewhat slower deadenylation in vivo (23). Removing RRM4
had no significant effect on the deadenylation rate or on the
switch to nonsynchronous deadenylation. Importantly, dele-
tion of RRM3, in contrast to the above deletions, accelerated

TABLE 1. PAB1 effects on deadenylation

PAB1 varianta
Poly(A)
binding

Kd (nM)b

Deadenylation
rate for

MFA2pG
(A’s/min)c

Deadenylation
rate for
GAL1-L

(A’s/min)c

Deadenylation
rate for
GAL1-S

(A’s/min)c

PAB1 (wt) 11 11 3.7 2.8
PAB1-Y83V 220 2.6 2.0 1.8
PAB1-�RRM1 29 3.4 2.0 2.0
PAB1-�RRM2 35 4.2 3.2 2.4
PAB1-�RRM3 15 18 6.3 4.6
PAB1-�RRM4 22 11 3.9 2.9
PAB1-�P 7.4 2.1 1.5 1.1
PAB1-�C 18 7.5 3.2 2.1

a PAB1 variants are depicted as in Fig. 1.
b Poly(A) binding was analyzed in vitro using a gel shift assay with a 7N � 23A

radiolabeled RNA (25). These Kd values for PAB1 variants binding to poly(A)
agree very well with published values (13, 25). Our values were within 50% of
published values except for PAB1-�RRM2 (2.1-fold lower) and PAB1-�RRM3
(1.9-fold higher). PAB1-�P, �C was also found to have Kds of binding to poly(A)
of 6.0 nM and to be defective in the GAL1 deadenylation rate (data not shown).

c Deadenylation rates were determined in strain AS319 with the indicated
PAB1 variant expressed from a pRS314 vector (TRP1-PAB1) replacing that of
pAS77 by measuring the lengths of the shortest poly(A) tail as a function of time
after transcriptional shutoff (48). All rates of deadenylation were determined for
the synchronous pool of distributively deadenylated mRNA. GAL1-L (long) and
GAL1-S (short) refer to the two GAL1 mRNAs that result from differential
poly(A) site usage and differ by about 110 nt in their 3� UTR ends (11). Poly(A)
binding assays are the average of 2 to 3 determinations with standard errors of
the means (SEMs) of less than 20%. Deadenylation rates are the averages of two
to three determinations, and the SEMs were less than 10%, with the exception
of the following: for MFA2pG PAB1-�RRM4, it was 25%; for PAB1-�P, it was
21%; for PAB1-�C, it was 19%; for GAL1-L PAB1-�RRM4, it was 12%; and for
GAL1-S PAB1-�C, it was 12%. The SEMs for the deadenylation rates for
wild-type PAB1 were less than 4% for MFA2pG and GAL1-L and less than 2%
for GAL1-S. Deadenylation rate values in bold differ significantly from wild type.
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deadenylation for GAL1-L, GAL1-S, and MFA2pG by 1.6- to
1.7-fold (Fig. 2 and Table 1; see also Fig. S1 in the supplemen-
tal material). All of the above-described effects on deadenylation
were attributable to effects on CCR4, since deleting PAN2 has no
effect on the in vivo deadenylation rate (48; data not shown), and
in a pan2 background, when CCR4 was the only deadenylase,
each of these PAB1 defects still affected deadenylation (data not

shown). In addition, no correlation was observed between the
ability of PAB1 to bind poly(A) in vitro and its ability to affect
deadenylation in vivo (Table 1). This is expected, given the nM Kd

of PAB1 binding to RNA, the �M concentration of PAB1 in the
cell, and the excess concentration of PAB1 relative to that of total
mRNA (20, 53) (see Discussion).

We also addressed whether these PAB1 defects on deadeny-

FIG. 2. Multiple PAB1 defects affect CCR4 deadenylation. Pulse-chase analysis was used for determination of rates of mRNA deadenylation.
All analyses utilized strain AS319 as indicated in Table 1. Northern analysis of GAL1 and MFA2pG mRNA was conducted following induction of
synthesis with galactose for 8 min and shutting off of synthesis at time zero with glucose. Times are in min. The poly(A) tail lengths are indicated
on the left and were determined from the known sizes of the deadenylated species: GAL1-L, 290 nt; GAL1-S, 183 nt; MFA2pG, 366 nt; pG, 188
nt; and partially deadenylated GAL1-L, 314 nt, and MFA2pG, 390 nt, as indicated in the figure. dT lanes represent the RNA sample, which had
been pretreated with oligo(dT) and RNase H to remove the poly(A) tail prior to Northern analysis. (A) GAL-L; (B) MFA2pG. The asterisks in
PAB1-WT for panels A and B indicate the presence of the oligonucleotide poly(A) species present at the same time as the longer poly(A) species.
It should be mentioned that the GAL1 and MFA2pG mRNA syntheses are incompletely turned off by glucose, as previously observed (14), and
that at the 30-min time point, it is often observed that newly synthesized mRNA with long poly(A) tails becomes present. This new mRNA does
not significantly obscure the data for the original pulse of mRNA synthesis.
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lation were likely due to secondary effects on in vivo transla-
tion, mRNA export, or the concentration of CCR4 in the cell.
First, it is unlikely that these defects in deadenylation were due
to secondary effects on mRNA export. Previously, it has been
shown that deleting RRM1, RRM2, or the P and C terminus of
PAB1 does not affect the transport of mRNA into the cyto-
plasm (3; K. Weis, personal communication), and deleting
RRM4, which reduces mRNA export by 30%, did not affect
the deadenylation rate. Second, the rate of in vivo protein
synthesis for all of our PAB1 variants was monitored, and in
most cases there was 10% or less effect on the rate of protein
synthesis (36; data not shown). The most severe effect was for
PAB1-�RRM1, in which the rate of protein synthesis com-
pared to wild-type PAB1 was reduced by 28% (36). However,
PAB1-�P, which even more severely blocked deadenylation
than did PAB1-�RRM1, had a negligible effect on the rate of
protein synthesis (6%). In contrast, translation initiation de-
fects reduce the rate of translation by greater than 50% (36, 39;
data not shown) and accelerate, but do not slow, deadenyla-
tion. It is therefore unlikely that the slowing of deadenylation
is resulting specifically from defects in translation. In addition,
deleting RRM3, which accelerated deadenylation, had no ef-
fect on the rate of in vivo translation. Third, except for deleting
RRM2, none of the PAB1 deletions affected the abundance of
the CCR4-NOT complex in vivo as ascertained by immuno-
precipitating it with either CCR4- or CAF40-specific antibod-
ies (data not shown). Deleting RRM2 reduced the abundance
of the CCR4-NOT complex in the cell by about fourfold, which
therefore appeared to be a primary cause of the reduced rates
of deadenylation observed in vivo with this PAB1 variant.

PAB1-PAB1 protein interactions are mediated by the P and
RRM1 domains, implicating this contact in the control of
CCR4 deadenylation. As the P domain is known to be required
for interactions among higher eukaryotic PAB1 molecules (26,
31), its effects on deadenylation might be occurring through a
required contact among PAB1 molecules. We subsequently
tested the model that the effects on the rates of deadenylation
caused by deletion of certain PAB1 domains were the result of
alterations in PAB1 interactions with itself. We first examined
yeast PAB1 self-association following nondenaturing gel elec-
trophoresis. Purified PAB1 was found, as analyzed by sodium
dodecyl sulfate (SDS)-PAGE, to migrate as a single band of
the expected molecular weight (Fig. 3A), but under nondena-
turing gel conditions, PAB1-wt was found to form a series of
slower migrating species (Fig. 3B, lane 1). Western analysis
with antibody specific to PAB1 identified 6 distinct species of
PAB1, although in other experiments up to 13 distinct species
could be detected (data not shown). The same results were
obtained following nondenaturing PAGE when the PAB1 pro-
teins were identified by Coomassie staining (data not shown).
These slower migrating species are indicative of the formation
of multimeric PAB1 species, possibly in some type of a con-
catemer arrangement (see Fig. 6B). Four additional observa-
tions support the identification of these species as multimers of
PAB1: (i) the different identified species of PAB1 migrate
relatively linearly in relation to the expected logarithmic value
of their molecular weights (data not shown), (ii) the original
PAB1 samples were 95% pure, (iii) PAB1 migrates as a single,
cohesive species following SDS-PAGE that is inconsistent with
multiple phosphorylation of PAB1 (49), and (iv) other exper-

iments indicate that posttranslational modifications such as
acetylation do not result in the multiple species displayed by
PAB1 that were observed following nondenaturing gel electro-
phoresis (15, 17).

We analyzed whether PAB1-PAB1 association was important
for deadenylation by determining whether deletions in PAB1 that
affected deadenylation were defective in PAB1-PAB1 interac-
tions. As shown in Fig. 3B, lanes 3 and 7, PAB1-�P failed to form
the many multimeric species that PAB1 did and formed the di-
meric and trimeric forms in reduced amounts compared to PAB1
(densitometric analysis indicated that PAB1-�P dimeric species
was reduced twofold compared to that of PAB1, and the trimeric
species was reduced by sixfold) (Fig. 3C). Surprisingly, deleting
the RRM1 domain also blocked the formation of multimeric
species (Fig. 3B, lane 5; summarized in Fig. 3C). As PAB1-�P
and PAB1-�RRM1 had the most severe effects on deadenylation,
we interpret these results to suggest that PAB1-PAB1 self-asso-
ciation is one factor required for CCR4 function. Further support
for this model is derived from the observation that deleting the
RRM3 domain, which accelerates deadenylation in vivo (Table 1
and Fig. 2), consistently resulted in increased multimer formation
(Fig. 3B, lanes 2 and 6 compared to wild type, lanes 1 and 4; Fig.
3C).

PAB1 effects on deadenylation correlate with the formation
of a novel circular PAB1 species. In order to seek independent
evidence of PAB1-PAB1 interactions, we conducted in vitro
protein cross-linking of the purified PAB1 variants. Chemical
cross-linking was conducted with the agent BMH (44), which
links cysteine residues that are 13 angstroms apart. Similar
results were also obtained with the chemical agents bis-male-
imidoethane and 1,4-bis-maleimidobutane, which cross-link
Cys residues that are 8.0 and 10.9 angstroms apart, respectively
(data not shown). PAB1 has three Cys residues, C70 and C109
in the RRM1 domain and C368 in the RRM4 domain (Fig. 1).
All three residues are expected to be on the �-strand-side,
exterior surface of PAB1 and thus available for cross-linking to
other Cys residues (18). Following treatment of PAB1 with
BMH or with a mock solution and separation of the proteins by
SDS-PAGE, we observed dimeric and trimeric species of
PAB1, consistent with PAB1-PAB1 self-association (Fig. 4A,
lane 1). These data confirm that PAB1 can form multimers
that can be readily stabilized by the addition of a chemical
cross-linker. Moreover, these results indicate that multimer
formation involves the �-strand RNA-binding, exterior surface
of PAB1, consistent with a recent demonstration that the
RRM domain of Nup35 can dimerize through this region (22).

However, much of the PAB1, following BMH treatment, ran
as a novel species of 83 kDa. Since this species is too small to
be dimeric PAB1, and since no other small contaminating
fragment of PAB1 or other protein was observed in our protein
preparations (data not shown), we deduce that this new species
of PAB1 results from an internal cross-link between two Cys
residues 8 to 13 angstroms apart, most likely between Cys
residues located on RRM4 and RRM1. Such an internal cross-
link would produce a circular PAB1 (see Fig. 6A for a model)
and would be expected to slightly slow the migration of PAB1
following SDS-PAGE. Consistent with this identification of a
circular PAB1 that can be cross-linked with BMH, deleting
either RRM1 or RRM4, thereby removing one or the other of
the donor Cys residues, completely blocked the formation of
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FIG. 3. Yeast PAB1 can form multimers. (A) Coomassie-stained PAB1 proteins following SDS-PAGE. The PAB1 proteins (7 �g each)
following purification by Flag immunoprecipitation were subjected to SDS-PAGE and were derived from strain AS319. (B) Western analysis of
the PAB1-purified proteins (6 �g each) using Flag antibody following nondenaturing PAGE. PAB1 variants are shown in Fig. 1. Samples were
treated with RNase A prior to separation by PAGE. Treatment with RNase I gave the same results. Other experiments indicate that RNase
treatment eliminates the mRNA-PAB1 interactions that under nondenaturing conditions partially obscure the individual PAB1 multimeric species.
The multimeric species are also not the result of disulfide formation between PAB1 monomers, as treatment with different reducing agents did
not affect PAB1 multimerization. In lane 5, the monomeric species for PAB1-�RRM1 is the species second from the bottom, and its C-terminal
degradation product (37) is the bottom species (see also panel A, lane 2). Numbers refer to the different oligomeric species identified for wild-type
PAB1. For lane 8, PAB1 following native PAGE was incubated with radioactive 7N � 23A. Similar results as that observed in lane 8 were obtained
for all other deletions in that dimers were deficient in binding poly(A), and trimers and larger oligomers were nearly entirely deficient in binding.
(C) Densitometric analysis of the relative abundance of the different oligomeric species. Monomeric PAB1 was set at 1.0. The values represent
the averages of the results from two different experiments, and the standard errors of the means were less than 10% in all cases.
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the circular form (Fig. 4A, lanes 3 and 7). A C368S change also
completely blocked the ability of BMH to cross-link the circu-
lar form (Fig. 4A, lane 17), as did combining C70S with C109V
(lane 15). These results indicate that much of PAB1, in the
absence of RNA, exists in a form that involves close proximity
of the �-strand surfaces of RRM1 and RRM4, creating a
circular species that can be detected following BMH cross-
linking. These observations agree with atomic force spectro-
scopic analysis of PAB1 that showed that PAB1 in the absence
of RNA exists essentially as a globular protein, and only in the
presence of RNA does it adopt a more linear structure (42), as
previously proposed, based on the crystallographic analysis of
PAB1 bound to RNA (18) (see also Fig. 6A).

We subsequently examined whether defects in PAB1 that
affected deadenylation also affected the formation of the PAB1
circular species as detected with BMH cross-linking. Several
observations were made from this analysis. First, deleting the P
domain of PAB1 significantly reduced the abundance of the
PAB1 circular species that could be formed following BMH
cross-linking (Fig. 4A, lane 9, fivefold-less circular form than
wild type, lane 1), implying that PAB1 does not readily form
internal contacts between RRM4 and RRM1 in the absence of
the P domain. Second, deleting RRM3 actually enhanced the
abundance of circular forms that could be detected: about
1.6-fold-more circular species compared to monomeric species
were observed for PAB1-�RRM3 (Fig. 4, lane 5) than for wild

FIG. 4. (A) BMH cross-linking of PAB1 variants. Equivalent amounts of PAB1 variants were cross-linked in vitro with and without BMH and
were detected with anti-Flag antibody following SDS-PAGE. *PAB1 represents an in vivo C-terminal truncation of PAB1 as was previously
observed (37). (B) Far-Western analysis of in vitro cross-linked PAB1. Cross-linked PAB1 proteins, as depicted in Fig. 4A, lanes 1 to 12, following
SDS-PAGE and transfer to nitrocellulose, were incubated with radioactive 7N � 23A RNA. (C) BMH cross-linking was conducted in vivo (43),
after which PAB1 was isolated and identified by Western analysis with anti-Flag antibody. Analysis of the circular PAB1 species indicates that it
consists of two related bands. These two species presumably arise from cross-linking of either C70 or C109 to C368 to generate two very similar
forms. PAB1-C368S failed to form both species, and PAB1-C70S formed only one species (data not shown).
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type (Fig. 4, lane 1). These correlations suggest that the ability
of PAB1 to self-associate to form the circular and multimeric
species correlates inversely with its ability to allow CCR4 dead-
enylation. Third, as we could not determine whether deleting
the RRM1 domain affected the formation of the circular spe-
cies, as such a deletion also would remove the Cys residues, we
examined instead the effect of the Y83V alteration on PAB1
circular formation: this mutation was shown to reduce CCR4
deadenylation (Table 1) and is on the exterior RNA binding
surface of RRM1 that might be expected to be in close contact
with RRM4. PAB1-Y83V was found to reduce by twofold the
ability of the circular species to be detected following BMH
cross-linking (Fig. 4A, lane 11). The PAB1-Y83V effect on the
formation of the circular species was less than was observed for
deleting the P domain and, correspondingly, had less of an
effect on deadenylation. This result suggests that the Y83V
alteration blocks PAB1 circularization and reduces CCR4
deadenylation. However, PAB1-Y83V did not affect the ability
of PAB1 to form oligomers (Fig. 4A; data not shown).

PAB1 self-association competes with PAB1 binding to
poly(A). The ability of PAB1 to form a circular species in which
the �-strand surfaces of RRM1 and RRM4 domains are in
close contact (at most 8 angstroms apart) would be expected to
prohibit PAB1 from binding poly(A). Similarly, PAB1 multi-
mer association would be expected to reduce PAB1 binding to
RNA, as we have shown that multimer association occurs at
least in part between the �-strand surfaces of two PAB1 mol-
ecules, as observed following BMH cross-linking (Fig. 4A, lane
1). These observations support the model that PAB1 regula-
tion of mRNA deadenylation occurs through PAB1 binding to
poly(A), which serves as an impediment to CCR4 progression
(47). The ability of PAB1 to self-associate would conversely aid
in removing PAB1 from the RNA, thereby allowing deadeny-
lation to occur. We first tested this model by assaying whether
multimeric forms of PAB1 could bind poly(A) as well as mo-
nomeric PAB1. Following separation of PAB1 by native gel
electrophoresis (Fig. 3B, lane 1), we incubated the resultant
forms of PAB1 with radioactive 7N � 23A substrate. Mono-
meric PAB1 was capable of binding the poly(A) substrate well,
but the dimeric PAB1 species was reduced fivefold in its ability
to bind RNA (Fig. 3B, lane 8). The trimeric species was much
more substantially reduced (at least 20-fold) in binding the
poly(A) RNA and binding of the larger multimers to RNA was
not detected, even after very long exposures. Similar results
were obtained for the other PAB1 variants (data not shown).
These data confirm that the multimerization of PAB1 occurs
primarily through the RNA binding surfaces of PAB1 (see
model, Fig. 6B), and that multimerization would compete with
PAB1 contacts to its poly(A) substrate.

We similarly assayed the ability of the BMH cross-linked
species to bind our poly(A) substrate. As shown in Fig. 4B,
lane 2, monomeric, non-cross-linked PAB1 was capable of
binding poly(A), but the circular, cross-linked form of PAB1
(Fig. 4B, lane 1) was nearly deficient in binding poly(A); fol-
lowing extremely long exposures, at least a 50-fold reduction in
binding to RNA was observed (data not shown). The dimeric
cross-linked PAB1 was also substantially reduced in binding
poly(A), although some binding was observed following long
exposures (data not shown). These data confirm that BMH
cross-linking in the circular species bridges the RNA binding

surfaces of RRM1 and RRM4, thereby prohibiting contact to
poly(A).

The results described above further suggest that the PAB1
circular form, prior to cross-linking it with BMH, would be in
equilibrium with a linear PAB1 capable of binding poly(A). If
this were the case, the addition of increased amounts of
poly(A) substrate would be predicted to favor the RNA-bound
linear form of PAB1 and to reduce the amount able to circu-
larize as detected following BMH treatment. We tested this
prediction by incubating PAB1 with increasing amounts of
poly(A) substrate prior to stabilizing the circular form follow-
ing BMH treatment (Fig. 5, lanes 3 to 6). As a control, we also
incubated PAB1 with an RNA substrate lacking poly(A) se-
quences that would be expected to bind poorly to the linear
PAB1 species (Fig. 5, lanes 7 to 10). Increasing the concentra-
tion of poly(A) substantially decreased the amount of PAB1
capable of being cross-linked by BMH, indicating that there
was less circular form available in the presence of poly(A). The
non-poly(A) RNA substrate had much less effect on the re-
duction in the amount of the circular species available for
cross-linking. These results indicate that there exists a dynamic
interrelationship between PAB1 bound to poly(A) and PAB1
self-associating in a circular structure that can be cross-linked
with BMH. It should also be noted (Fig. 5) that the abundance
of the cross-linked dimer was also reduced with increasing
amounts of poly(A), indicating that there is also an equilibrium
between PAB1 bound to RNA and PAB1 interacting with
other PAB1 molecules.

If PAB1 self-association controls its contacts to the poly(A)
tail, we should be able to detect in vivo PAB1 present in the
circular configuration and/or in the multimer form. To exam-
ine PAB1 self-association in vivo, we incubated yeast cells with
BMH or with a mock solution, isolated PAB1 protein, and
compared the resultant PAB1 species with in vitro BMH cross-
linked PAB1. As shown in Fig. 4C, lane 2, in vivo PAB1
following BMH treatment formed an 83-kDa species that was
not present in the mock-treated cells and that comigrated with
the circular PAB1 species that was detected in vitro (Fig. 4C,
lane 3). Also, a 150-kDa PAB1 species that comigrated with

FIG. 5. PAB1 bound to poly(A) is in equilibrium with PAB1 asso-
ciating with itself. Increasing amounts (�M) of the two RNAs as
indicated were incubated with PAB1 in the presence of BMH (lanes 3
to 10). Lane 1, no BMH and no RNA; lane 2, BMH without RNA.
PAB1 was detected by Western analysis using anti-Flag antibody.

6250 YAO ET AL. MOL. CELL. BIOL.



the dimeric form of PAB1 was detected (Fig. 4C, lane 2 com-
pared to lane 3). These results suggest that the 83- and 150-
kDa species represent self-associated forms of PAB1 that were
cross-linked in vivo.

DISCUSSION

Our deletion analysis of PAB1 has established that two of its
domains are most critical to CCR4 deadenylation: the RRM1
domain and the P region. Both of these domains were also
deficient in forming PAB1 multimers. Removal of the P do-
main or a point mutation in the RRM1 domain also reduced
the formation of a newly described circular species of PAB1. In
addition, PAB1 self-association significantly reduced or elimi-
nated its ability to bind poly(A). These correspondences sug-
gest that the ability of PAB1 to allow CCR4 deadenylation of
the poly(A) tail depends on its ability to dissociate from the
RNA and form multimers and/or the circular form. Interfering
with PAB1 self-association, as with the RRM1 or P defects,
would inhibit PAB1 removal from the poly(A) tail. Conversely,
promoting PAB1 self-association, as with removing the RRM3
domain, would accelerate deadenylation. Several segments of
PAB1 are therefore required for promoting deadenylation by
virtue of their ability to promote PAB1 self-association.

This model describing the regulation of deadenylation by
PAB1 self-association agrees with previous results concerning
PAB1 and CCR4 interactions on the poly(A) tail. PAB1 has
been shown to inhibit the rate of CCR4 deadenylation in vitro
(47). As we have been unable to establish any physical contact
between the CCR4-NOT complex and PAB1, whether PAB1
were bound to poly(A) or not, one interpretation of the PAB1
inhibition of CCR4 action in vitro is that PAB1 is simply
impeding CCR4 progress or association with the RNA. Our
previous observations that CCR4 activity in vitro can be dra-
matically enhanced by its association with longer stretches of
RNA sequence (50, 51) argue that removal of PAB1 from the
poly(A) tail should dramatically enhance CCR4 enzymatic ac-
tivity, shifting it into a processive mode (50). In fact, we and
others have observed that during deadenylation in vivo, CCR4
shifts from a slow distributive rate of deadenylation to a rapid,
nonsynchronous rate of deadenylation once the poly(A) tail
length has been reduced by about 20 or so A’s (Fig. 2) (14, 51).
Removal of 20 A’s would be consistent with the first PAB1
being removed from the poly(A) tail. We suggest that this
removal following either circularization or contacts to other
PAB1 molecules promotes removal of sequential PAB1 mol-
ecules from the RNA. This removal would allow CCR4 to shift
into a processive mode, consistent with the nonsynchronous
phase of deadenylation that is observed in vivo.

The implication of this model is that specific factors may be
engaged in controlling PAB1 self-association. For example, it
can be envisaged that 3� UTR-binding proteins may regulate
the mRNA deadenylation process and hence the rate of
mRNA turnover through controlling the ability of PAB1 to
self-associate. Moreover, the fact that defects in translation
initiation factors enhance the deadenylation rate may derive
from their direct effects on contacting PAB1. It is therefore
significant that RRM1 plays a role in translation (results herein;
25, 36), suggesting it may be contacting translation initiation
factors. It may be envisaged that the translation initiation com-

plex may stabilize PAB1 contacts to the poly(A) or through
occlusion prevent its self-association, thereby restricting the
deadenylation process.

Another implication of these results is that the proliferation
of multiple PABPC genes at the higher eukaryotic level may be
involved in controlling PABPC self-association and mRNA
turnover. Human iPAB (55) and Xenopus ePAB (embryonic
PABPC) (52) differ predominantly from their normal PABPC
proteins expressed in their respective organisms in that they
contain divergent types of P domains, while their RRM1 to
RRM4 domains are more similar to their PABPC counter-
parts. ePAB is expressed under conditions when the normal
PABPC is not expressed and embryonic cells are defective in
mRNA deadenylation (52). Similarly, iPAB is highly expressed
in T cells under conditions when lymphokine mRNAs are
synthesized and particularly stabilized (28). In both of these
conditions, it is possible that these divergent P domains reduce
P domain contacts that normally aid in PABPC self-associa-
tion, resulting in slowing of the deadenylation rate. Moreover,
humans and other primates possess a PABPC5 gene that com-
pletely lacks the P and C domains (1), suggesting that it would
be inhibitory to deadenylation for those mRNAs it were to
bind. Finally, in yeast, at least 10 to 20% of PAB1 in vivo
consists of a proteolytically cleaved species in which the P
domain has been removed (37) (Fig. 4 to 6; data not shown).
Since there are approximately 200,000 PAB1 molecules per
yeast cell (20), there may be as many as 40,000 proteolytically
cleaved PAB1 molecules that would be quite capable of bind-
ing poly(A) in vivo (Fig. 4B; data not shown) and which would
be expected to block deadenylation of the mRNA to which
they bind in vivo.

The structure of the PAB1 circular form is likely to involve
protein interactions between the �-strand surfaces of RRM4
and RRM1. This model is supported by our observations that
the Cys residues in each of these regions are within 8 ang-
stroms of each other, and that mutating either the Cys residue
in RRM4 or the pair of Cys residues in RRM1 blocked the
formation of the circular species. Based on the crystallographic
analysis of a dimeric form of Nup35 (22), the RRM4 and
RRM1 surfaces may be contacting each other in an antiparallel
fashion. The importance of the P domain for circularization
suggests that it may be making contacts to RRM1 to hold the
circular form in place. The structure and form of the PAB1-
PAB1 multimers is less clear. The number of multimeric spe-
cies that are observed following native PAGE suggests some
type of concatemer arrangement, as depicted in Fig. 6B. The P
domain in this case may also be binding RRM1 from an adja-
cent PAB1 subunit to help stabilize the multimer. Although
the P region is also known to contact PBP1, an inhibitor of
PAN2/PAN3 (29), it is very unlikely that PBP1 is required for
CCR4-NOT function, as defects in PAN2/PAN3 and itself do
not affect the deadenylation rate (48) (data not shown). The
role of the RRM3 domain in either of these structures is not
clear. RRM3 may be making specific protein contacts that
restrict self-association. Alternatively, its effects on PAB1 self-
association may simply derive from its place as a spacer be-
tween the RRM1 and RRM4 domains, in which removing the
spacer allows for easier circularization or multimerization.

One obvious expectation from our results would be that
mutations that reduce the ability of PAB1 to associate with
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poly(A) in vitro would be expected to accelerate deadenylation
in vivo. However, our analysis of PAB1 mutations indicated
that there is no clear correlation between PAB1 association
with poly(A) in vitro and its ability to affect deadenylation in
vivo (Table 1). This result is consistent with PAB1 being sat-
urating in vivo for poly(A) due to the excess of PAB1 relative
to that of mRNA in the cell (4 �M PAB1 to 0.36 �M mRNA)
(20, 53) and the high concentration of PAB1 relative to the 11
nM Kd of PAB1 binding to poly(A). Even in mutants where the
Kd is increased to 0.2 �M, more than 95% of the poly(A) sites
might be expected to be occupied by PAB1. Rather, the pres-
ence of PAB1 on the RNA will be dictated by the relative
ability of PAB1 to self-associate. These observations suggest
that the actual deadenylation rate at a particular mRNA will be
governed by the local PAB1-mRNP structure at that mRNA as
influenced by other factors in the vicinity.
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