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We previously identified a sequence-specific erythroid cell-enriched endoribonuclease (ErEN) activity in-
volved in the turnover of the stable a-globin mRNA. We now demonstrate that ErEN activity is regulated by
the poly(A) tail. The unadenylated a-globin 3* untranslated region (3*UTR) was an efficient substrate for ErEN
cleavage, while the polyadenylated 3*UTR was inefficiently cleaved in an in vitro decay assay. The influence of
the poly(A) tail was mediated through the poly(A)-binding protein (PABP) bound to the poly(A) tail, which can
inhibit ErEN activity. ErEN cleavage of an adenylated a-globin 3*UTR was accentuated upon depletion of
PABP from the cytosolic extract, while addition of recombinant PABP reestablished the inhibition of endori-
bonuclease cleavage. PABP inhibited ErEN activity indirectly through an interaction with the aCP mRNA
stability protein. Sequestration of aCP resulted in an increase of ErEN cleavage activity, regardless of the
polyadenylation state of the RNA. Using electrophoretic mobility shift assays, PABP was shown to enhance the
binding efficiency of aCP to the a-globin 3*UTR, which in turn protected the ErEN target sequence. Conversely,
the binding of PABP to the poly(A) tail was also augmented by aCP, implying that a stable higher-order
structural network is involved in stabilization of the a-globin mRNA. Upon deadenylation, the interaction of
PABP with aCP would be disrupted, rendering the a-globin 3*UTR more susceptible to endoribonuclease
cleavage. The data demonstrated a specific role for PABP in protecting the body of an mRNA in addition to
demonstrating PABP’s well-characterized effect of stabilizing the poly(A) tail.

The stability of mRNA is dictated by both general and spe-
cific stability determinants. Eukaryotic mRNAs have an m7G
cap at the 59 terminus and a poly(A) tail at the 39 end. Both of
these elements, along with the cap-binding proteins and the
poly(A)-binding protein (PABP), are critical for mRNA sta-
bility and function. They provide a basal level of stability for an
mRNA by preventing exoribonucleolytic degradation. Despite
the presence of these elements on almost all RNA polymerase
II transcripts, mRNA stabilities vary from several minutes to
several days, indicating that elements inherent to a given
mRNA also contribute to half-lives. Differential stability is
determined by distinct cis elements which may either promote
rapid degradation or confer increased stability onto an mRNA
(40). These elements are thought to exert their influence
through RNA-binding proteins that may either directly or in-
directly influence the activities of ribonucleases.

A major regulatory component of eukaryotic mRNA turn-
over involves the interaction between PABP and the 39 poly(A)
tail (8, 41). Deadenylation has been most extensively charac-
terized for Saccharomyces cerevisiae, where it appears to be the
first rate-limiting step in the turnover of mRNA (2, 8, 15).
Deadenylation also seems to be a critical first step in mamma-
lian mRNA turnover as well (13, 45, 55). PABP functions to
prevent access of a 39-to-59 poly(A)-specific exoribonuclease
activity to an mRNA in mammalian cells (3, 17, 51) as well as
to inhibit decapping in yeast (9). A gene encoding a poly(A)-
specific exoribonuclease (PARN; referred to as deadenylating
nuclease [25]) was recently cloned and may constitute the
predominant deadenylating cellular enzyme. PABP consists of
five domains, specifically, four highly conserved RNP motif
RNA-binding domains at the amino half of the protein and a

divergent carboxyl terminus (18). The first two RNP motifs of
PABP are necessary and sufficient for specific poly(A) binding
(7, 35). The recent cocrystalization of this domain with poly(A)
RNA demonstrates that the RNA-binding domains are bound
antiparallel to the RNA, in which the first RNP motif binds a
segment of the poly(A) tail that is 39 to the region bound by the
second RNP motif (16).

Specific ribonucleases which target a particular mRNA for
degradation by endoribonucleolytic cleavage are also involved
in RNA turnover. Several mRNAs have been either implicated
in targeting or directly demonstrated to be targeted by an
endoribonuclease activity. These include mRNAs encoding al-
bumin (37), apolipoprotein II (4), c-myc (39), Groa (46), in-
sulin-like growth factor 2 (12, 42), transferrin receptor (5),
Xlhbox 2B (6), 9E3 (47), b-globin (1, 30), and a-globin (52).
Specific candidate nucleases which cleave the c-myc (27) and
the Xlhbox 2B (6) mRNAs have been identified, and the gene
encoding polysomal RNase 1, which cleaves the albumin
mRNA, was recently cloned (10). Interestingly, the removal of
the poly(A) tail does not seem to be a prerequisite for cleavage
by the endoribonuclease activities characterized thus far (2, 40,
43). The significance of poly(A) tail-independent cleavage
would be to allow a rapid response which circumvents the
normal deadenylation pathway and initiates specific decay.

The current understanding of how specific mRNA stabiliza-
tion is conferred to an mRNA is limited. One well-character-
ized example involves the cytosine-rich element (CRE) in the
a-globin 39 untranslated region (39UTR). Mutations within the
CRE were shown to decrease a-globin mRNA stability in
mammalian cells (53) and prevent formation of an RNP com-
plex termed the a-complex, which includes a poly(C)-binding
protein, aCP (23, 24, 50). More recently, it was shown that
aCP can directly interact with the CRE and constitute the
a-complex (11). There are at least two aCP genes, aCP1 and
aCP2 (also referred to as PCBP or hnRNP E), which are over
80% identical at the protein level and contain three hnRNP K
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homology RNA-binding domains (24, 28). The gene encoding
aCP1 consists of an intronless structure, while the aCP2 gene
contains a multiexon structure (31, 49). We have developed an
in vitro decay assay system which faithfully recapitulates the
differential stability of the a-globin mRNA in vitro with cyto-
solic S130 extract and demonstrated a functional role for the
aCP proteins in stabilizing this mRNA (51). The a-globin
39UTR containing a CRE deletion was less stable than the
wild-type a-globin 39UTR (awt) in this system. Similarly, incu-
bation of the awt RNA with extract in which aCP had been
sequestered, or extract depleted of aCP, rendered the RNA
less stable. We have previously demonstrated that the aCP
proteins confer a CRE-mediated mRNA stability by at least
two mechanisms. First, aCP can interact with PABP to lower
the rate of deadenylation (51), and second, it protects the awt

RNA from cleavage by a sequence specific erythroid cell-en-
riched endoribonuclease (ErEN) activity (52). We now report
that unlike previously characterized mRNA-specific endoribo-
nuclease activities which are poly(A) tail independent, ErEN
activity is inhibited by the poly(A) tail and indirectly regulated
by PABP.

MATERIALS AND METHODS

Plasmid constructs and protein preparations. The human PABP expression
plasmid pET28-PABP (51) and the human a2-globin expression plasmid
pSV2Aneo-a2 (53) have previously been reported. The plasmid expressing the
N-terminal segment of PABP (pET28-PABP-NT) was derived from pET28-
PABP. The carboxyl-terminal (C-terminal) coding sequences were removed by
deleting the cDNA from the MscI site to the HindIII site within the vector
polylinker sequence. The resulting plasmid bears DNA that encodes a His tag at
the amino terminus followed by the first 355 amino acids of PABP, which
includes all four RNA-binding domains. The pET28-PABP-CT plasmid which
expresses the C-terminal auxiliary domain of PABP (amino acids 352 to 631) was
constructed by deleting the 59 segment of PABP cDNA in pET28-PABP from the
NdeI site to the MscI site. The NdeI site was filled in to reconstitute the trans-
lation start codon and ligated to the MscI-cut fragment, which maintains the
correct frame. The human aCP1 expression plasmid (pET28a-aCP1) was con-
structed by inserting a PCR-generated aCP1 coding region with primers that
introduce an EcoRI restriction site to both ends of the amplified DNA. The
aCP1 fragment was inserted into the EcoRI site of pET28a (Novagen) such that
the open reading frame was maintained with the histidine tag. Expression and
purification of His-tagged PABP, PABP-NT, PABP-CT, and a-CP were con-
ducted according to the instructions of the manufacturer (Novagen).

Extract preparation. Mouse erythroleukemia (MEL) cell S130 extract was
prepared as previously described (22). Cells were washed twice with phosphate-
buffered saline, collected, and resuspended in buffer A (10 mM Tris [pH 7.5], 1
mM potassium acetate, 1.5 mM magnesium acetate, 2 mM dithiothreitol) at a
density of 108 cells/ml of buffer. Cells were lysed by Dounce homogenization.
Following removal of the nuclei by low-speed centrifugation (2,000 3 g, 10 min),
the supernatant was layered over a sucrose cushion (buffer A containing 30%
[wt/vol] sucrose) and centrifuged at 130,000 3 g for 1.5 h. The supernatant (S130
extract) was adjusted to 7 to 8 mg of protein/ml, supplemented with glycerol to a
final concentration of 5% (vol/vol) and frozen in aliquots at 270°C. Poly(A)-
depleted or poly(C)-depleted S130 extract was prepared as described by Wang et
al. (51). Following depletion, the extract was repeatedly diluted and concentrated
with a centricon filter (Amicon) to convert the buffer to buffer A and subse-
quently concentrated to the initial S130 protein concentration.

RNA substrate generation. The a-globin 39UTR template was PCR amplified
from the pSV2Aneo-a2 plasmid with a T7 bacteriophage promoter added to the
59 end as previously reported (52). RNAs for in vitro decay assays were generated
with T7 RNA polymerase (Promega) using 200 ng of purified template and
polyadenylated as described previously (51, 52). Uniformly labeled riboprobes
were transcribed with [a-32P]UTP and the m7G(59)ppp(59)G cap analog accord-
ing to the instructions of the manufacturer (Promega). 59-end-labeled RNAs
were generated by capping unlabeled and uncapped RNA with vaccinia virus
capping enzyme and [a-32P]GTP as previously described (52). 39-end-labeled
RNA was generated with capped and unlabeled RNA ligated with [59-32P]pCp
using T4 RNA ligase for 16 h at 4°C. All labeled RNAs used in these studies were
gel purified and resuspended as described by Wang et al. (51).

RNAs for electrophoretic mobility shift assays (EMSA) were produced as
described by Kiledjian et al. (22) with slight modifications. The template for the
awt RNA containing 60 adenosine residues (awtA60) was generated by PCR using
a 39 primer containing 60 thymidine nucleotides (nt) at the 59 end. Uniformly
labeled awtA60 RNA was synthesized with T7 RNA polymerase as described
above except that the nucleotide mixture consisted of 2 ml of [a-32P]UTP (3,000
Ci/mmol) and 0.4 mM (each) rATP, rGTP, and rCTP and 7 mM UTP. To

generate RNAs containing a labeled poly(A) tail, approximately 20 pmol of
unlabeled awt RNA was polyadenylated with bovine poly(A) polymerase, 1.2
nmol of ATP, and 1 ml of [a-32P]ATP (3,000 Ci/mmol). All RNAs were gel
purified prior to use in the assays.

In vitro mRNA decay assays. All in vitro decay reactions were carried out at
25°C as described by Wang et al. (51). For each reaction, 0.1 pmol (2 3 104 cpm)
of labeled RNA was incubated with 75 mg of MEL cell S130 extract or poly(A)-
depleted S130 extract in a 20-ml total volume. Where indicated in the figures, 5
mM EDTA was added to inhibit exoribonuclease and deadenylase activity. Ten
picomoles of a thioated oligonucleotide competitor consisting of 20 cytosine
nucleotides, oligo(dC), was used to sequester aCP in the in vitro decay reactions
as indicated in the figures. The use of a thioated oligonucleotide ensures minimal
nonspecific degradation of the competitor and is an efficient competitor for aCP
(51, 52).

EMSA. EMSA of uniformly labeled awtA60 RNA and aCP1 protein were
carried out as detailed by Kiledjian et al. (51). Briefly, 2 3 105 cpm of RNA (;0.1
pmol per reaction mixture) was incubated in RNA-binding buffer with aCP1
protein at room temperature for 30 min, followed by RNase T1 (20 U) digestion
for 10 min. The reaction mixture was incubated with heparin (5 mg/ml) for an
additional 10 min at room temperature to minimize nonspecific RNA-protein
interaction. The RNA-protein complex was resolved on a 5% native gel and
visualized by autoradiography. The intensities of the bound complexes were
quantitated using a Molecular Dynamics PhosphorImager with Image Quant
software. For Fig. 4, the values are presented as the intensity of the aCP1
complex in the presence of PABP relative to the intensity of aCP1 alone.
Similarly, the values in Fig. 5 are presented as the intensity of the PABP complex
in the presence of aCP1 relative to the binding intensity of PABP alone. Values
for both figures were derived from three independent experiments. EMSA of
awtA60 RNA containing a 32P-labeled poly(A) tail (2 3 105 cpm, 1 pmol) were
carried out similarly except that 10 ng of RNase A instead of RNase T1 was used
in each reaction mixture.

RESULTS

ErEN activity is influenced by the poly(A) tail. We have
recently demonstrated that a sequence-specific erythroid cell-
enriched endoribonuclease activity termed ErEN is involved in
the turnover of the a-globin mRNA in vitro (52). The detec-
tion of the same ErEN-specific intermediate products in ery-
throid cells also suggested that this activity is involved in the
natural turnover of a-globin mRNA (52). The majority of
eukaryotic mRNA turnover pathways initiate with deadenyla-
tion. However, many of the mRNAs known to be targeted by
endoribonucleases are cleaved independently of the polyade-
nylation state of the mRNA (2, 40, 43). To begin addressing
whether ErEN is influenced by the poly(A) tail, we compared
the ErEN activity on unadenylated awt RNA to that on adeny-
lated awt (awtA1) RNA. Cleavage of awt by ErEN produces
two intermediates, a 63-nt 59 fragment and a 47-nt 39 fragment,
which are subsequently cleared by a 39-to-59 exoribonucle-
ase(s) (52). Capped and 59-end-labeled awt RNAs which either
contain or lack a poly(A) tail were incubated with S130 extract
for up to 1 h. As seen in Fig. 1, the 59 intermediate (59-Int)
(same as Int-1 in reference 52) was detected using the unade-
nylated RNA as well as subsequent smaller decay products
which appeared with longer incubation times (lanes 2 to 6).
Surprisingly, under identical conditions, ErEN’s ability to
cleave the awtA1 RNA was reproducibly and significantly re-
duced (compare lanes 2 to 6 with lanes 8 to 12). These data
demonstrate that the poly(A) tail can influence the cleavage of
awt by ErEN.

PABP inhibits ErEN activity. We next addressed whether
the poly(A) tail effect on ErEN activity was a result of the
adenosine residues or mediated through a trans-acting factor.
To address this issue we used extract depleted of poly(A)-
binding activity by incubation with poly(A) agarose beads. In-
cubation of a 39-end-labeled awtA1 RNA for 15 min with the
poly(A)-depleted extract readily generated the ErEN cleavage
product compared to what occurred in reactions with complete
S130 extract (Fig. 2, compare lanes 3 to 2). Incubation of
polyadenylated awt with complete S130 extract even up to 1 h
also failed to generate significant ErEN cleavage products
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(Fig. 1). PABP, which is most likely the predominant cytoplas-
mic poly(A)-binding activity, was tested to determine whether
it can reconstitute the poly(A) tail-mediated inhibition of
ErEN activity. Addition of recombinant PABP to the depleted
extract restored resistance of the RNA to ErEN cleavage
(compare lanes 4 to 3), while addition of a control RNA-
binding protein consisting of the hnRNP U RNA-binding do-
main had no effect (lane 5). As expected, no difference in
ErEN activity was observed between complete S130 extract
and poly(A)-depleted S130 extract when the RNA substrate
was not polyadenylated (data not shown). We conclude that
the inhibitory role of the poly(A) tail on ErEN activity is
mediated through PABP.

The influence of PABP on ErEN activity is mediated
through the binding of aCP. We next addressed how PABP
could function to regulate ErEN activity. In our initial identi-
fication of ErEN we demonstrated that the binding of aCP to
unadenylated awt RNA prevented access of ErEN to the RNA
(52). Sequestration of the aCP proteins with an oligo(dC)
oligonucleotide competitor exposed the ErEN target sequence
within the 39UTR and enabled more efficient cleavage (51, 52).
The effect of aCP on awtA1 was tested in an in vitro decay
reaction identical to that described for Fig. 1, except that
oligo(dC) was included as a competitor to sequester aCP. As

seen in Fig. 3A, ErEN activity was detected on the awtA1

RNA when oligo(dC) was included despite the fact that the
59-end-labeled RNA was polyadenylated (lanes 2 to 5). Similar
results were obtained when poly(C)-depleted extract, which
removes the aCP proteins (51), was used (lanes 6 to 9). Incu-
bation of complete S130 extract in the absence of competitor
resulted in inappreciable ErEN activity (lane 10) similar to that
observed in Fig. 1. Therefore, it appears that upon the removal
of the aCP proteins, ErEN was able to cleave even a polyad-
enylated RNA. However, the formal possibility existed that the
RNA was rapidly deadenylated and subsequently cleaved by
ErEN. To rule out this possibility, the reactions were repeated
with uniformly labeled or 39-end-labeled awtA1 RNAs con-
taining approximately 90 adenosine residues. EDTA was in-
cluded in the reaction mixtures to minimize both deadenyla-
tion and exonucleolytic degradation to more readily detect the
ErEN intermediates. ErEN activity is not sensitive to, or al-
tered by, low levels of EDTA (52). As shown in Fig. 3B, both
the 59-Int as well as the ;130-nt polyadenylated 39-Int were
detected with uniformly labeled awtA1 (lanes 2 to 5). Further
confirmation that the 39-Int is indeed polyadenylated was pro-
vided with the use of a 39-end-labeled awtA1 RNA containing
;90 adenosines. Again, the ;130-nt 39-Int was detected (lanes
6 to 10), illustrating that the RNA can remain adenylated and
be cleaved by ErEN. These data demonstrate that influence of
the poly(A) tail on ErEN activity is mediated through the aCP
protein and that sequestration of aCP off of the a-globin
39UTR bypasses the inhibitory role of the poly(A) tail.

FIG. 1. ErEN cleavage activity is poly(A) tail dependent. An in vitro decay
assay was carried out with the 59-end-32P-labeled and capped a-globin 39UTR
(awt) and incubated with MEL cell S130 cytosolic extract. Reactions were carried
out at room temperature for 5 to 60 min as indicated above the lanes with the
unadenylated (awt) or adenylated (awtA1) 39UTR. The location of the 59 inter-
mediate fragment (59-Int) generated by the initial ErEN cleavage is shown. The
smaller bands which accumulate with increasing incubation time in lanes 5 and
6 are a consequence of subsequent 39-to-59 exoribonuclease activities present
within the extract (51). The RNA substrates used are shown schematically at the
bottom of the figure. The filled circle denotes the 59 m7G cap, the asterisks
represent the position of the 32P labeling, and A80–90 signifies the 80 to 90
adenosine residues in the poly(A) tail. The relative position and size of the 59-Int
are shown. Single-stranded DNA size markers are shown on the right in nucle-
otides.

FIG. 2. ErEN activity is inhibited by PABP bound to the poly(A) tail. 39-
end-labeled awtA1 RNA containing 80 to 90 adenosines (A80–90) was incubated
for 15 min with either MEL cell S130 extract (lane 2) or with S130 depleted with
poly(A) agarose beads (lanes 3 to 5) in an in vitro decay assay. One microgram
of PABP or the hnRNP U RNA-binding domain (RBD) was included as indi-
cated (lane 4 or 5, respectively). The schematic of the RNA is shown at the
bottom and is as described in the legend to Fig. 1, as are the size markers. The
migration of the 39 intermediate fragment is indicated on the left and shown
schematically on the bottom.
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The observations that both aCP and PABP can influence
ErEN activity and that removal of aCP circumvents the signif-
icance of the poly(A) tail suggests that PABP exerts its effect
through aCP. One way PABP may influence aCP is by increas-
ing its binding affinity to the awtA1 RNA, which in turn would
protect the RNA from degradation by ErEN. The aCP pro-
teins were recently shown to bind directly to the awt RNA
39UTR (11). Therefore, we were able to test this hypothesis
with an EMSA using a reconstituted system with recombinant
aCP1 and PABP proteins in the absence of extract. An uni-
formly labeled awtA1 RNA containing an unlabeled poly(A)
tail was incubated with recombinant aCP1 in the presence of
increasing amounts of PABP. Following a 20-min incubation,
the reaction mixtures were treated with RNase T1 to resolve
the RNase-resistant aCP-RNA ribonucleoprotein complex
(Fig. 4A, lane 3). Addition of recombinant PABP to the reac-
tion mixture reproducibly increased the formation of the aCP1
complex (Fig. 4A, lanes 4 to 7). Similar results were obtained
when aCP2 was used instead of aCP1 (data not shown). An
increase in the binding of aCP1 was not detected with an
unrelated RNA-binding domain (lanes 8 to 11). Relative aCP1
binding intensities in the presence of PABP or the control
protein are plotted in Fig. 4B. The increase in the intensity of
the aCP complex signal was not due to an increase in the size
of the labeled RNA within the bound complex when PABP was
included, since the RNA fragments in both complexes are the
same size (data not shown). These results are consistent with
our previous demonstration that aCP and PABP can interact
with one another both in vitro and in vivo (51).

To determine what region of PABP was responsible for
enhancing aCP1 binding activity, the N-terminal and C-termi-
nal halves of PABP were individually tested. Similar to the
full-length PABP, the N-terminal segment of PABP stimulated
binding of aCP1 (Fig. 4C, lane 5). This truncated form of
PABP contains the first 355 amino acids of the protein and
includes the four RNA-binding domains. Addition of the C-

terminal auxiliary domain had no effect (lane 6). As shown in
lanes 8 through 11, neither PABP, its truncated derivatives, nor
the control protein can form an RNase-resistant complex with
the labeled RNA on its own. Any binding of PABP to the
unlabeled poly(A) tail would not be detected, since the RNA is
cleaved with RNase T1 following complex formation, which
separates the unlabeled poly(A) tail from the labeled 39UTR.
The observed increase in aCP1 binding by PABP required a
polyadenylated substrate since aCP1 binding to the 39UTR
lacking a poly(A) tail was not stimulated by PABP in trans (Fig.
4D). These data show that PABP once bound to the poly(A)
tail can then stimulate the binding of aCP1 to the a-globin
39UTR. Furthermore, the effector domain is contained within
the first four RNA-binding domains of PABP.

aCP enhances the binding of PABP to the poly(A) tail. Our
findings that PABP can stabilize the binding of aCP to awtA1

RNA (Fig. 4) and that aCP can interact with PABP to impede
deadenylation (51) suggests that aCP may also stabilize the
binding of PABP to the poly(A) tail. Such an interaction might
provide a mutual stabilization of aCP to the CRE and of PABP
to the poly(A) tail and in turn constitute a higher-order com-
plex to protect the mRNA. EMSA were used to test whether
the binding of PABP is enhanced by aCP1. An awtA1 RNA
containing an unlabeled 39 UTR and a 32P-labeled poly(A) tail
was used to enable the detection of PABP binding. Treatment
of the RNA with RNase A, which selectively cleaves after
pyrimidines, degrades the 39UTR but leaves the poly(A) tail
intact (Fig. 5A, lane 2). It therefore can be used to specifically
detect the binding of PABP to the poly(A) tail. Incubation of
recombinant PABP with the awtA1 probe generated an RNase
A-resistant PABP complex as shown in Fig. 5A (lane 3). As
shown in Fig. 5B, formation of the PABP complex increased
upon addition of an increasing amount of recombinant aCP1
but not upon addition of an unrelated RNA-binding domain.
Similar results were also detected with aCP2 (data not shown).
Consistent with the interaction domain of PABP to aCP1

FIG. 3. ErEN can cleave polyadenylated awt upon sequestration of aCP. ErEN activity on polyadenylated awt RNA was determined in the in vitro decay assays by
using oligo(dC), which is an efficient competitor for the sequestration of aCP, or by using poly(C)-depleted extract, which is devoid of aCP (51). (A) An in vitro RNA
decay reaction was carried out with 59-end-labeled awt containing a poly(A) tail of approximately 80 to 90 residues as described in the legend to Fig. 1, except that 10
pmol of an oligo(dC) competitor was included in lanes 2 to 5 or poly(C)-depleted extract was used in lanes 6 to 9 for the indicated times. The reaction with complete
S130 extract at the 60-min time point is shown in lane 10. (B) In vitro decay reactions were carried out as described for panel A except 5 mM EDTA was included in
the reaction mixtures to minimize deadenylation and exoribonuclease activity. awtA1 uniformly labeled with 32P was used in lanes 1 to 5, and 39-end-labeled awtA1

was used in lanes 6 to 10. Labeling is as described in the legend to Fig. 1.
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being contained in its amino terminus, Fig. 5A demonstrates
that the binding of the N-terminal segment of PABP to the
poly(A) tail (lane 6) was also increased with the addition of
aCP1 (lane 7). We conclude that there is a synergistic inter-
action between aCP and PABP which increases the binding
affinity of each protein to its respective substrate, thus provid-
ing a higher-order network which stabilizes the a-globin
mRNA.

DISCUSSION

This report demonstrates that the poly(A) tail-PABP com-
plex can influence the fate of mRNA turnover by regulating a
process distinct from its well-characterized role of preventing
deadenylation. PABP can interact with a protein bound to the
body of the mRNA and influence the activity of an endoribo-
nuclease. This role of PABP is indirect and exerted through
aCP. Binding of aCP to the awt RNA prevents cleavage of this
RNA by ErEN (52). Therefore, by increasing the binding af-
finity of aCP to the 39UTR, the RNA becomes further refrac-
tory to ErEN cleavage. Collectively, this study along with pre-
vious reports (33, 51, 52) supports the following model for
a-globin mRNA stability and turnover. awtA1 RNA contains
aCP bound to the CRE and PABP bound to the poly(A) tail.
The aCP proteins by an interaction with PABP stabilize the
PABP-poly(A) tail interaction and lower the rate of deadeny-
lation. At the same time, this interaction also improves the
aCP-CRE interaction and more efficiently prevents ErEN
from accessing the mRNA. Upon eventual deadenylation, the
aCP-PABP interaction is disrupted and ErEN is more likely to
displace aCP and cleave the RNA, thus accounting for the
influence of the poly(A) tail on ErEN activity. Since the role of
PABP is exerted through the binding of aCP, sequestration of
aCP should eliminate the poly(A) tail dependence, and this is
indeed what is observed (Fig. 3). The requirement of PABP to
function indirectly through the binding of aCP may provide an
erythroid cell with an override mechanism that is able to bypass
the need for prior deadenylation. The a-globin mRNA can
therefore be degraded by two pathways, one initiated by, and
dependent on, deadenylation and the other being a deaden-
ylation-independent pathway initiated by the removal of aCP,
which exposes an endoribonuclease cleavage site. Further-
more, the aCP-PABP interaction appears to be synergistic and
improves the binding of PABP to the poly(A) tail, which may
account for the observed influence of aCP on deadenylation
(33, 51). It is possible that this is not a unique feature to aCP
and that it is a more general strategy utilized by other mRNA-
stabilizing proteins.

The control of a-globin transcript stability by a regulated
endoribonuclease activity may be critical during two stages of
erythropoiesis. First, it may provide a mechanism to ensure
that excess toxic a-globin does not accumulate relative to the
level of b-globin, which leads to ineffective erythropoiesis and
hemolysis (34, 44). ErEN activity might be influenced by excess
a-globin protein levels in a differentiating erythrocyte and spe-
cifically initiate degradation of a fraction of a-globin mRNA
regardless of its polyadenylation state. A second role for ErEN
activity may be during terminal erythroid differentiation, when
aCP levels decrease (33) and all mRNAs, including a-globin,
are cleared from the erythrocyte (36). At this point ErEN
would be able to access its target site within the 39UTR and
initiate the demise of the a-globin mRNA irrespective of its
polyadenylation state. Identification of the ErEN protein and
the gene encoding this activity will more thoroughly address its
biological role.

Previous studies by us and others (23, 24, 50) were unable to

detect direct binding of aCP to the awt RNA; however, Chk-
heidze et al. (11) recently detected direct binding of recombi-
nant aCP to this RNA. The apparent discrepancy appears to
be due to the assay conditions employed. The earlier studies
used an RNase cocktail containing both RNase A and RNase
T1 to degrade the awt RNA following formation of a RNP

FIG. 4. PABP enhances the binding of aCP1 to the awtA1 RNA. EMSA
were carried out to determine the effect of PABP on the binding of aCP1 to the
awtA1 RNA. (A) Binding of the aCP1 protein to uniformly labeled awtA60 was
carried out in the presence of increasing amounts of PABP as indicated. The
RNase T1-resistant complex was resolved on a 5% native polyacrylamide gel.
Migration of the bound aCP1 complex is shown on the left. Addition of PABP
increases the binding of aCP1 (lanes 4 to 7) to the 39UTR, while addition of an
unrelated protein had no effect (lanes 8 to 11). A schematic of the uniformly
32P-labeled awtA60 is shown at the bottom. (B) Quantitation of the results of the
binding experiments presented in panel A are plotted as the relative levels of
binding of aCP1 in the presence of PABP derived from three independent
experiments. The vertical bars represent standard deviations. (C) An EMSA
reaction mixture with uniformly labeled awtA60 was incubated with 10 pmol of
the indicated proteins. PABP-NT can also stimulate aCP1 binding, while
PABP-CT or the hnRNP U RNA-binding domain (RBD) cannot. The schematic
of the RNA is as described for panel A. (D) An EMSA similar to that described
for panel C was carried out with uniformly 32P-labeled awt RNA lacking a
poly(A) tail. There was no detectable enhancement of aCP1 binding to the awt

RNA upon the addition of PABP when the RNA lacked a poly(A) tail. A
schematic of uniformly 32P-labeled awt is shown at the bottom.
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complex (23, 24, 50), while the later study used only RNase T1
(11). We were unable to detect direct binding of aCP1 or aCP2
to awt RNA when RNase A was included in the assays (un-
published observations), yet complex formation was readily
detected when RNase A was omitted (Fig. 4). Perhaps efficient
RNase A-resistant binding of aCP to awt requires additional
proteins that can associate with the 39UTR as previously pro-
posed (23). This suggests that the interaction of aCP with
PABP is only part of a larger network of protein-protein in-
teractions that are involved in a-globin mRNA stability.

Several regions of PABP have been mapped as protein-
protein interaction domains. In the yeast PABP (Pab1), the
second RNP motif is required for the interaction with eIF4G
within the cap-binding complex (21). The carboxyl terminus of
PABP appears to mediate protein-protein interactions with
multiple proteins, including the translational termination re-
lease factor eRF3 (19) and the yeast aCP-like hnRNP K ho-
mology domain-containing protein Pbp2 (32), as well as medi-
ating PABP homotypic interactions for poly(A) binding (26).
We had initially reported that the region required for an in-
teraction of PABP with aCP resides within amino acids 199 to
631 (51). The present study demonstrates that amino acids 1 to
355 contains the region of PABP which can interact with and
enhance the binding of aCP to the CRE. This region does not
include the C-terminal auxiliary domain and eliminates this
region as the potential interaction domain. Taken together,
these data indicate that the interaction domain is contained
within amino acids 199 to 355, which includes part of the third
RNP motif and all of the fourth. Considering that the highly
structured third RNP motif is truncated and is unable to form
the native RNP motif structure, we predict that the interaction
domain for PABP with aCP is contained in the fourth RNP
motif. Further deletional studies will address this hypothesis.

The interaction of PABP with the 59 end of an mRNA has
been demonstrated for yeast and mammalian systems (14, 20,
38, 48, 54). The fact that PABP could also interact with pro-
teins bound to the a-globin 39UTR implies a link between the
39UTR and the 59 cap. Such an interaction may produce a
“pretzel” type of structure where PABP may juxtapose aCP
and other a-globin 39UTR-binding proteins with the 59 cap.

We are currently testing whether aCP, or other proteins which
associate with the a-globin 39UTR (23), can interact with the
59 cap and/or cap-binding proteins to influence events at the 59
end.

Endoribonucleases characterized to date which specifically
target mRNA seem to function in a deadenylation-indepen-
dent manner (2, 40, 43). For example, a specific endoribo-
nuclease cleaves the transferrin receptor 39UTR, releasing a
polyadenylated 39 fragment (5). This is also the case with the
9E3 growth factor mRNA, where a polyadenylated 39 endori-
bonuclease product is detected (47). Similarly, the Xlhbox 2
mRNA is targeted by a specific endoribonuclease that cleaves
the mRNA independently of the state of the poly(A) tail in
vitro (6). In these cases it appears that an endoribonuclease
provides a means to bypass deadenylation and respond quickly
to an environmental stimulus. Endoribonuclease cleavage of
polyadenylated b-globin mRNA has also been reported (30).
In a particular b0 thalassemia variant which contains a prema-
ture translational stop codon, three distinct aberrant b-globin
transcripts that are cleaved within exon 1 or 2 and are missing
the 59 segment of the mRNA are detected (29, 30).

The inhibition of ErEN cleavage by the poly(A) tail is sur-
prising and indicative of a more complex regulatory mecha-
nism involving two modes, one that is poly(A) tail dependent
and one that is not. The ErEN cleavage site has been mapped
to 47 nt upstream of the poly(A) addition site in the a-globin
39UTR (52). A requirement for an endoribonucleolytic cleav-
age 47 nt from the end of the mRNA after deadenylation
seems redundant since the deadenylated mRNA should al-
ready be a target for a 39-to-59 exoribonuclease(s). We there-
fore propose that the terminal 47 nt of the a-globin mRNA
also contribute to the stability of this mRNA. The endoribo-
nuclease would function to remove this region and expose the
mRNA to 39-to-59 exonucleolytic degradation. Detection of
the short 47-nt ErEN cleavage fragment in cells expressing the
a-globin mRNA (52) further underscores the unusual stability
of this RNA segment. Consistent with a role for the terminal
47 nt in mRNA stability, preliminary data indicate that this
region is required to hinder a 39-to-59 exoribonuclease activity
in vitro (N. Rodgers and M. Kiledjian, unpublished observa-

FIG. 4—Continued.
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tions). The stability of the a-globin mRNA appears to be
regulated by a complex network of interactions, only one of
which involves the interaction of aCP with PABP to regulate
deadenylation and cleavage by ErEN. Further studies will ad-
dress the significance of additional a-globin 39UTR-binding
proteins and the terminal 47 nt of this mRNA in the overall
stability of the a-globin message.
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