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Regulation of mRNA decapping is a critical determinant for
gene expression. We demonstrate that the poly(A) tail-
mediated regulation of mRNA decapping observed in hu-
mans can be recapitulated in vitro by the cytoplasmic
poly(A)-binding protein PABP through a direct and specific
binding to the 5’ end of capped mRNA. The specific asso-
ciation of PABP with the cap occurred only within the
context of the RNA whereby a cap attached to an RNA
moiety served as the high-affinity substrate but not the cap
structure or RNA alone. Binding of PABP to the RNA 5’ end
required the presence of the cap and was accentuated by
the N7 methyl moiety of the cap. Interestingly, conditions
that enhanced hDcp2 decapping activity reduced the affi-
nity of PABP for cap association and consequently its ability
to inhibit decapping, suggestive of a regulated association
of PABP with the cap. These observations reveal a novel
direct involvement of human PABP in the stabilization of
mRNA by protecting the 5’ end from decapping.
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Introduction

The regulation of mRNA decay is an important checkpoint in
determining the expression and fate of cellular transcripts.
The initial step in eucaryotic mRNA decay involves removal
of polyadenosine (poly(A)) residues followed by either con-
tinual decay of the mRNA at the 3’ end or a decapping step
preceding 5’ to 3’ exonucleolytic decay (Decker and Parker,
1994; Muhlrad et al, 1995; Beelman et al, 1996; Mitchell et al,
1997; Jacobs et al, 1998; Wang and Kiledjian, 2001).
Following the deadenylation step in yeast, the mRNA can
be decapped by the Dcp2p/Dcplp decapping enzyme com-
plex (Beelman et al, 1996; Dunckley and Parker, 1999; Steiger
et al, 2003) and subsequently degraded progressively by the
5’ to 3’ exoribonuclease Xrnlp enzyme (Hsu and Stevens,
1993). Alternatively, the mRNA can be degraded from the 3’
end by the exosome complex of exoribonucleases (Mitchell
et al, 1997; Anderson and Parker, 1998) following the initial
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deadenylation step and ultimately the resulting cap structure
hydrolyzed by Dsclp (Liu et al, 2002).

The pathways of mRNA decay, as well as many of the
nucleases involved in the decay, are conserved between yeast
and mammals where decay can occur from both the 5 end
(Wang and Kiledjian, 2001; Mukherjee et al, 2002; van Dijk
et al, 2003) and the 3’ end (Ross and Kobs, 1986; Brewer,
1998; Chen et al, 2001; Wang and Kiledjian, 2001; Mukherjee
et al, 2002; Rodgers et al, 2002) of an mRNA. In vitro decay
assay using mammalian extract indicates that decay from the
3’ end is the predominant pathway whereby, following dead-
enylation, the mRNA is degraded primarily by the exosome
complex and the subsequent residual cap structure hydro-
lyzed by the DcpS scavenger decapping enzyme (Wang and
Kiledjian, 2001; Liu et al, 2002; Rodgers et al, 2002).
Preferential utilization of the 3’ decay pathway has also
been demonstrated for an endogenous mRNA in mammalian
cells (Wang and Kiledjian, 2001), indicating that this pathway
might also be prevalent in cells. The alternative and most
likely regulated pathway for mRNA decay in mammals
involves decapping of the mRNA following the initial dead-
enylation step. Decapping is carried out by the yeast homolog
of Dcp2p, human Dcp2 (hDcp2) (Lykke-Andersen, 2002; Van
Dijk et al, 2002; Wang et al, 2002).

A highly regulated and critical step in the 5’ decay pathway
involves removal of the cap structure from the 5’ end. The
intimate association of mRNA translation with mRNA turn-
over and decapping implies that common factors will be
involved in the regulation of both processes (Jacobson and
Peltz, 1996; Mangus et al, 2003). In yeast, mRNA decapping is
inhibited by the elF4E cap-binding protein as well as the
poly(A) tail (Caponigro and Parker, 1995; Schwartz and
Parker, 1999, 2000; Wilusz et al, 200la; Ramirez et al,
2002). A network of interactions between the yeast elF4E,
elF4G and poly(A)-binding protein (PABP) is thought to
circularize the message to augment translation as well as
prevent the access of decapping enzymes to protect the cap
from hydrolysis (Wells et al, 1998; Schwartz and Parker,
2000; Wilusz et al, 2001b). In addition to the inhibitory effect
of the poly(A) tail on decapping in yeast, the poly(A) tail can
also negatively impact decapping in humans (Wang et al,
2002) indicating a mechanistic conservation for the utiliza-
tion of the poly(A) tail to regulate decapping. However, the
mechanism involved in the regulation is not clear.

PABP is generally considered the main mediator of poly(A)
tail functions and is critical for protecting the poly(A) tail
from degradation (Bernstein and Ross, 1989; Ford and
Wilusz, 1999; Wang et al, 1999) Using in vitro decay assay
systems, both yeast and human PABP were also implicated to
exert the poly(A) tail-mediated inhibition of decapping
(Wilusz et al, 2001a; Wang et al, 2002). In humans, PABP is
a 636-amino-acid protein containing four RNA-recognition
motifs (RRM; also referred to as RNP motif), RNA-binding
domains at the amino-terminal half of the protein and a more
evolutionarily divergent carboxyl terminus (Grange et al,
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1987). Although all four RRMs are competent to bind RNA
individually or in combination, the first two RRMs contain
the highest affinity for poly(A) sequences and are the major
contributors of the poly(A)-binding activity (Nietfeld et al,
1990; Burd et al, 1991; Deo et al, 1999).

To begin addressing the mechanism by which the poly(A)
tail can negatively influence decapping, we utilized a mam-
malian in vitro decapping assay to reconstitute the regulation.
We demonstrate that human cytoplasmic PABP can inhibit
decapping independent of additional factors by a direct and
specific association with the 5’ cap structure of an RNA.

Results

PABP inhibits hDcp2 decapping activity

To determine whether the poly(A) tail-dependent inhibition
of hDcp2 decapping can be mediated by PABP, we carried out
decapping assays in the presence of this protein. For this
purpose, RNA substrate consisting of the polylinker sequence
of pcDNA3 with 60 adenosines (pcP-Ago) exclusively >2P-
labeled at the 5’ cap was used along with bacterially ex-
pressed recombinant PABP protein containing a histidine tag
at the amino terminus. As shown in Figure 1A, hDcp2
decapping activity as detected by the appearance of the
m’GDP product (lane 3) was reduced to undetectable levels
with the addition of PABP (lanes 4-7) but was unaffected by
an unrelated RRM containing RNA-binding protein, Deleted
in Azoospermia (DAZL, lane 10) (Jiao et al, 2002).
Interestingly, the PABP-mediated inhibition was insensitive
to cap analog competition (lanes 8 and 9). The inhibition by
PABP was comparable to inhibition observed with eIF4E cap-
binding protein, which as expected was sensitive to cap
analog competition (Figure 1B). These results indicated that
the regulation of hDcp2 decapping by the poly(A) tail can be
a direct consequence of PABP, independent of any other cap-
binding or adapter proteins, and unlike the inhibition by

A hDcp2
T 1
PABP
T o] 1
g o
> S g N
c - o <
© o £ ©o O
zQ + o+ M
o o 5 10 20 30 30 30 30 pmol

<—m7GDP —»

PABP regulation of mRNA decapping
R Khanna and M Kiledjian

elF4E the PABP-mediated inhibition is insensitive to cap
analog competition.

PABP specifically associates with the 5 end of capped
RNA
The inhibition of decapping by PABP could result from a
direct protein-protein interaction or an association with the
cap structure. We have been unable to detect an interaction of
hDcp2 and PABP by either co-immunopurification or co-
purification assays (data not shown). However, as shown in
Figure 2A, PABP was ultraviolet light (UV) crosslinked to >*P-
cap-labeled adenylated RNA (lanes 1-6) while multiple other
unrelated RNA-binding proteins were not (lane 7; also see
Figure 3). Surprisingly, PABP also crosslinked to the cap
structure of unadenylated RNA although higher concentra-
tions were required relative to adenylated RNA substrate
(lanes 8-13). Similar to the inability of cap analog to compete
PABP in the decapping assays, addition of cap analog also
had no influence on the crosslinking of PABP to the cap
(Figure 2A, lanes 14 and 15). The crosslinking of PABP
however was not restricted to recombinant protein. Lysate
from cells expressing myc epitope-tagged PABP was cross-
linked to cap-labeled RNA and immunoprecipitated with o-
myc-tag antibody (Figure 2B, lane 1) but not with control
antisera (lane 2). These data demonstrate that cellular PABP
can also gain direct access to the cap of an mRNA and this is
not a unique feature of the recombinant protein.
Furthermore, PABP association with the cap is not restricted
to the particular substrate RNA used in these assays. PABP
crosslinking to generic as well as endogenous mRNA se-
quences including c-myc, B-globin and a-globin could be
detected (Figure 2C). PABP association with different cap-
labeled RNAs demonstrates that the binding detected above is
not due to a fortuitous PABP-binding site at the 5" end of the
RNA substrate.

To address whether the 5 cap association of PABP was a
general property of other RNA-binding proteins, several dif-
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Figure 1 PABP can inhibit hDcp2 decapping activity. (A) In vitro decapping assays were carried out with 10 pmol recombinant histidine-tagged
hDcp2 and 3?P-cap-labeled pcP-Agy RNA in the presence of the indicated amounts of recombinant histidine-tagged PABP (lanes 4-9) or the
control GST-tagged DAZL RNA-binding protein (lane 10). Lanes 8 and 9 also contain 100 uM of the indicated competitor cap analog. Reaction
products were resolved by polyethyleneimine-TLC developed in 0.75M LiCl. Migration of the input RNA designated as ‘origin’ and m’GDP
standard is shown with an arrow. A schematic denoting the cap-labeled RNA substrate containing a 60-nucleotide poly(A) tail is indicated
below the figure. The asterisk denotes the labeled phosphate. (B) Labeling is as in (A) except that the indicated amount of eIF4E instead of
PABP was used.
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Figure 2 PABP can UV crosslink to the cap structure of an RNA. (A)
32p.cap-labeled RNA (5pmol) with or without poly(A) tail as
indicated was UV crosslinked to the denoted amount of PABP
(lanes 1-6 and 8-13) or control DAZL protein (lane 7). Where
indicated, 100pM of the cap analog competitor was used.
Crosslinked proteins were resolved on 12.5% SDS-PAGE and de-
tected by autoradiography. Migration of 70kDa PABP protein fol-
lowing RNase digestion of the RNA is shown with an arrow and
molecular weight markers are indicated on the left. (B) Extract from
human 293T cells (75pg) expressing myc-tagged PABP was UV
crosslinked to 10 pmol of cap-labeled pcP-Agy RNA and PABP was
immunoprecipitated with the 9E10, a-myc (lane 1) or the SP2/0
control antibody (lane 2). (C) PABP crosslinks to the cap of generic
as well as endogenous RNAs. PABP (10 pmol) was UV crosslinked to
the following 32p_cap-labeled and adenylated RNAs: pcP anti-sense
RNA (lane 1), c-myc (lane 2), B-globin (lane 3) and a-globin (lane 4)
sequences.

ferent classes of RNA-binding proteins were tested. Since
PABP is a multiple RRM-containing protein, we tested an-
other multiple RRM-containing protein, HuR. HuR is an ELAV
family member RNA-binding protein in humans with three
RRMs (Ma et al, 1997). Although PABP efficiently crosslinked
to the **P-cap-labeled RNA, crosslinking of HuR could not be
detected (Figure 3A, lane 2). Similarly, the RGG-box RNA-
binding domain of hnRNP U (RBD; Kiledjian and Dreyfuss,
1992) or the KH domain containing «CP1 protein (Kiledjian
et al, 1995) also did not crosslink to the cap-labeled RNA
(lanes 3 and 4, respectively). The inability of these proteins to
associate with the cap is not a unique feature of the crosslink
assay as they also failed to associate with the cap and inhibit
decapping in a functional decapping assay (Figure 3B, lanes
4-6).
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Figure 3 Cap association is not a general feature of all RNA- and
poly(A)-binding proteins. (A) UV crosslinking of 10pmol of the
indicated proteins with 3*P-cap-labeled adenylated RNA is shown.
The RRM protein, His-HuR (36kDa), is shown in lane 2 and the
RGG box RNA-binding domain of hnRNP U (GST-RBD; 39 kDa) is in
lane 3 and the KH domain protein, His-aCP1 (40 kDa), is in lane 4.
Human nuclear PABP His-PABPN1 (35kDa) and yeast His-Pablp
(64kDa) are shown in lanes 5 and 6, respectively. The histidine-
tagged mouse PABP (70kDa) is shown in lane 7. Only human and
mouse PABP molecules can crosslink to the 5" end of cap-labeled
RNA. (B) In vitro decapping assays were carried out as above with
10 pmol of the indicated proteins incubated with hDcp2 and *2P-
cap-labeled pcP-Agg RNA. Whereas the human and mouse PABP
efficiently inhibited hDcp2 decapping (lanes 3 and 9), other RNA-
binding proteins could not (lanes 4-8). (C) Not all PABPs are
capable of binding the 5’ end of capped RNA. A 20 pmol portion
of the indicated proteins was incubated with 20 pmol of **P-cap-
labeled pcP-Ago RNA followed by digestion with RNase A as
described above. Lane 1 contains the RNA only, lanes 2-4 contain
RNA bound with his-PABP, his-Pablp and his-PABPN1 respectively,
lane 5 contains RNA digested with RNase A and lanes 6-8 contain
the digested RNA bound to the proteins. All three PABPs can bind
polyadenylated RNA.

The association of PABP to the cap is not a general feature
of all PABPs. The human nuclear PABP (PABPN1) and the
yeast PABP (Pablp) were neither able to crosslink to cap-
labeled RNA (Figure 3A, lanes 5 and 6) nor inhibit decapping
(Figure 3B, lanes 7 and 8). The inability of these two PABPs to
associate with the 5’ cap was not due to their inability to bind
poly(A) RNA but rather their inability to associate with the 5’
cap. All three PABPs can bind the 3*P-cap-labeled polyade-
nylated RNA as shown by an electrophoretic mobility shift
assay (Figure 3C, lanes 2-4). However, consistent with the
crosslinking data, only PABP can remain stably associated
with the labeled 5’ cap following RNase digestion (lane 6)
while PABPN1, which has no obvious homology with PABP,
did not (lane 7) and neither did Pablp (lane 8), which shares
44% identity with the human PABP. However, the highly
conserved mouse cytoplasmic PABP (mPABP) was able to
bind to the 5 cap of an RNA (Figure 3A, lane 7) and
consequently inhibit decapping (Figure 3B, lane 9). These
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data demonstrate that the 5’ cap association and inhibition of
decapping is not a general feature of all mRNA-binding
proteins or PABPs but is also not a unique property of
human PABP and is conserved at least in mouse, suggesting
that the inhibition could be conserved in mammals.

Specific cap association of PABP requires a cap linked to
an RNA moiety

To determine the specificity of PABP association with the cap,
crosslinking of PABP to capped (*2P-5'-cap-labeled) or un-
capped (*?P-5'-triphosphate-labeled) RNAs containing a
poly(A) tail was carried out. As shown in Figure 4A, PABP
crosslinking required the cap structure since it did not cross-
link to the uncapped RNA (Figure 4A, lane 2). A similar result
was also obtained with an electrophoretic mobility shift assay
using the same two RNAs (Figure 4B). PABP was incubated
with excess labeled RNA to enable binding and the RNA body
subsequently digested with RNase A. The RNase-resistant
RNA-protein complex at the 5’ end was detected by native gel
electrophoresis (Figure 4B). A PABP cap complex was ob-
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Figure 4 Specificity of PABP crosslinking to methylated capped
RNA. (A) Crosslinking of 2.5 pmol PABP to 5’-capped or -uncapped
adenylated RNA as described in the legend to Figure 2A is shown. A
schematic of the RNA used is shown above each lane with lane 1
containing and lane 2 lacking a cap, and the asterisk denotes the
32p-labeled phosphate. PABP crosslinking to only the capped RNA
was detected (lane 1). (B) Electrophoretic mobility shift assays were
carried out by incubation of the indicated amount of PABP with
capped and uncapped RNAs at room temperature. Following RNase
digestion, the complex was resolved by a native polyacrylamide gel.
Binding of PABP to only the 5" end of capped RNA was detected
(lanes 3 and 4). (C) UV crosslinking of 10 pmol of 47 kDa GST-elF4E
(lane 1) or His-PABP (lane 2) to **P-labeled methylated cap analog
(m’GpppG) is shown. PABP did not crosslink to the cap structure
devoid of RNA (lane 2). (D) PABP UV crosslinking to 32p_cap-
labeled and adenylated RNA containing or lacking a methyl group
(lanes 1-3 and 4-6, respectively) is shown. The PABP cap associa-
tion was enhanced by the presence of N7 methylated moiety.
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served only with capped RNA (lanes 3 and 4) and not with
uncapped RNA (lanes 7 and 8). This is consistent with the UV
crosslinking data where PABP association with the 5 end
required the presence of the cap. Interestingly, unlike the
ability of eIF4E to associate with the cap structure lacking an
RNA moiety, binding of PABP was not detected (Figure 4C),
indicating that the cap structure in conjunction with the RNA
is the substrate recognized by PABP and neither is recognized
efficiently alone. PABP association with the cap was also
dependent on the N7 methyl moiety. Crosslinking of PABP
was carried out with capped RNA substrates either containing
or lacking the methyl group. The presence of the N7 methyl
moiety on the cap structure significantly enhanced the asso-
ciation of PABP to the 5 cap (Figure 4D). Collectively, the
results in Figures 2-4 demonstrate that human cytoplasmic
PABP is capable of associating directly with or adjacent to the
cap structure in the absence of translation initiation factors
and that the extent of its cap binding is significantly enhanced
in the presence of the poly(A) tail and methylated cap.

A filter binding assay was next used to assess the efficiency
of PABP binding to the 5’ cap. A titration binding of PABP to
5’-end-labeled polyadenylated pcP-Agy RNA with and without
a cap was carried out as described above for the electro-
phoretic mobility shift assays. An increasing titration of
recombinant PABP was used in the binding reactions until
concentrations of protein were obtained to saturate the limit-
ing RNA substrate. Following the binding reaction, the RNA-
protein complex that remained after digestion of the RNA
with RNase A was trapped by vacuum filtration through
nitrocellulose filters. A graph of RNA bound relative to
PABP concentration was plotted to derive dissociation con-
stants. The apparent dissociation constant (K3) was deter-
mined as the concentration of PABP at which 50% of the
labeled RNA substrate was bound (Wilson and Brewer,
1999). Consistent with the data presented in the above
figures, efficiency of PABP binding to the 5’ end of capped
polyadenylated RNA was greater than that to uncapped
polyadenylated RNA (Table I). The apparent K4 of PABP to
the capped RNA was 1.5 x10~"M, which is 14-fold lower
than that to uncapped RNA (2.1 x107°). No appreciable
binding to the 5’ end of unadenylated RNA was detected
under these assay conditions (data not shown) underscoring
the requirement of the poly(A) tail to recruit PABP onto the 5’
cap. These data confirm the UV crosslinking and functional
inhibition of decapping and demonstrate that PABP can
specifically bind the 5’ cap of a polyadenylated RNA in vitro.

elF4E can displace PABP from the cap
The above data demonstrate that PABP has the potential to
associate with the cap of an mRNA and hinder decapping. To

Table I Binding affinity of PABP

Binding of PABP to Ky (uM)?
5" end of capped and polyadenylated RNAP 0.15
5" end of uncapped and polyadenylated RNAP 2.1
Poly(A) RNA® 0.03

“Dissociation constant determined as the concentration of protein at
which 50% of His-PABP was bound to the substrate. Average of
three independent experiments.

PpcP-Ag RNA containing or lacking a cap.

‘Poly(A) homopolymer with an average of 60 adenosines.
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Figure 5 PABP association with the cap is competed by eIF4E. The
ability of 1 pmol of His-PABP to bind the 5’ cap of 3*P-cap-labeled
pcP-A60 RNA in the presence of competitor proteins is shown in
lanes 1-7. The indicated amounts of GST-eIF4E, GST-eIF4G and His-
HuR proteins were used as competitors. Binding was detected by
UV crosslinking, and cap-associated PABP remaining after RNase
digestion was resolved by SDS-PAGE. Crosslinking of 2.5 pmol His-
PABP was tested in the presence of 25 pg of human erythroleukemia
K562 cell extract in the absence or presence of 100 uM m’GpppG cap
analog. Migration of the recombinant PABP is denoted by the
arrows, and molecular weight markers and a schematic of the
RNA substrate are indicated.

determine whether PABP can gain access to the cap in the
presence of the elF4E cap-binding protein, the ability of eIF4E
to displace PABP was tested. Crosslinking of recombinant
PABP to cap-labeled polyadenylated RNA in the presence of
glutathione S-transferase (GST) eIF4E fusion protein was
tested. Although direct UV crosslinking of eIF4E is not
detected with these assay conditions, PABP was efficiently
displaced by eIF4E from the cap (compare lane 1 to 2 and 3).
Binding of PABP however was unaffected by the HuR RNA-
binding protein (lanes 6 and 7). Interestingly, a GST fusion of
elF4G adaptor protein containing the N-terminal 401-amino-
acid fragment of elF4G, which retains the PABP interaction
region, did not interfere with the binding of PABP to the cap
(lanes 4 and 5). On the contrary, a subtle enhancement of
PABP cap binding was detected in the presence of elF4G, but
a corresponding functional increase in the ability of PABP to
inhibit hDcp2 decapping was not detected (data not shown).
These data indicate that e[F4E has a higher affinity to the cap
than PABP and the presence of eIF4AG does not preclude the
ability of PABP to associate with the cap. Further indications
that the association of PABP with the cap must occur follow-
ing removal of elF4E was obtained with binding analysis in
the presence of cellular extract. Using a concentration of
recombinant PABP where binding could not be detected in
the presence of extract, addition of cap analog competitor,
which would sequester elF4E, resulted in detectable PABP
binding to the cap (Figure 5, lanes 8 and 9). These data
suggest that PABP association with the cap can occur follow-
ing removal of elF4E from the cap.

PABP association with the cap resides in the second
RRM

In an effort to define the regions of PABP required for the cap
binding, fragments of PABP were tested for their ability to
crosslink to cap-labeled RNA. The first 350 amino acids of the
protein containing the four RRMs (PABP 1-4) were able to
crosslink the cap of both adenylated and unadenylated RNA
(Figure 6A, lanes 2 and 6), while the remaining C-terminal
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half of the protein (PABP CT) did not (lanes 4 and 8). A
smaller N-terminal fragment containing the first two RRMs
and linker region between the second and third RRMs (PABP
1-2), which are the essential poly(A)-binding domains of the
protein (Nietfeld et al, 1990; Burd et al, 1991), did not
crosslink to the unadenylated RNA (lane 3) but crosslinked
only to the adenylated RNA (lane 7). These results further
support a role of the poly(A) tail to recruit PABP to the RNA
and facilitate association with the 5’ cap. We hypothesize that
the truncated minimal protein is compromised in its ability to
detect the cap structure relative to the full-length proteins and
is therefore more dependent on the poly(A) tail to recruit and
position the protein to the cap. The N-terminal truncation
removing only the first RRM (PABP 2-CT) was still capable of
crosslinking to the cap (Figure 6A, lane 9), while removal of
the first two RRMs (PABP 3-CT) was not (lane 10).
Collectively, these data indicate that PABP crosslinking to
the cap is mediated through the second RRM (amino acids
99-190).

To determine whether a functional correlation existed
between binding of the truncated PABP proteins and regula-
tion of decapping, decapping assays were carried out with
hDcp2 in the presence of the truncated PABP proteins. As
expected, inhibition of decapping occurred when the wild
type and N-terminal half of PABP proteins were used with
adenylated as well as unadenylated RNA (Figure 6B, lanes 3,
4, 10 and 11), although the extent of inhibition of decapping
was greater with the adenylated RNA. Consistent with the
crosslinking data, the minimal PABP 1-2 protein had an
inhibitory effect on the decapping of adenylated RNA (lane
5) but minimal effect on unadenylated RNA (lane 12). The C-
terminal fragment of PABP or DAZL did not inhibit hDcp2
decapping activity (lanes 6, 7 and 13, 14). These results
demonstrate a correlation between the crosslinking of PABP
and its truncated derivatives to the cap structure and their
ability to prevent hDcp2 decapping activity. Therefore, at
least one function of PABP association with the cap of an
mRNA could be to regulate decapping.

Association of PABP with the cap is regulated by Mn?*
We recently demonstrated that the hydrolysis activity of
hDcp2 is significantly enhanced when Mn* " was the divalent
cation source (Piccirillo et al, 2003). Since all the reactions
reported above were carried out exclusively with Mg* ™", we
determined what the consequence of Mn?> " would be on the
PABP-mediated regulation of decapping. Contrary to the
inhibition of decapping by PABP and its N-terminal fragments
when Mn?* was omitted from the reactions (Figure 6B),
neither the wild type nor the truncated PABP proteins could
inhibit decapping when Mn? " was included in the decapping
reactions (Figure 6C). The lack of competition for decapping
directly correlated with the inability of PABP to bind the cap,
as the crosslinking of PABP to the cap was significantly and
reproducibly reduced in the presence of Mn?* (Figure 6D,
lane 2). However crosslinking of hDcp2 was detected with
both divalent cations (lanes 5 and 6). The effect of Mn?> " on
PABP crosslinking appears to be an active inhibition, since
divalent cations were not required for the crosslinking to
occur (lane 7) and addition of Mg2+ did not affect the
interaction (lane 1). However, the inclusion of Mn?* inhib-
ited the crosslinking of PABP to the cap (lanes 2, 8 and 9).
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Figure 6 Crosslinking of PABP is confined to the second RRM and regulated by Mn®*. (A) The upper panel shows a schematic of PABP with its
domain organization. The numbers denote the individual RRM, and RNA-binding domains and the carboxyl terminus are also indicated. The
lower panel shows the crosslinking of 10 pmol PABP or PABP truncation proteins as indicated to unadenylated (lanes 1-4) or adenylated (lanes
5-10) RNA substrate *?P-labeled at the cap. (B) In vitro decapping assays were carried out with 10 pmol of hDcp2 and either cap-labeled
adenylated (lanes 1-7) or unadenylated (lanes 8-14) RNA in the absence (lanes 2 and 9) or presence of PABP and its derived truncation
proteins as indicated. The DAZL control protein is shown in lanes 7 and 14. Inhibition by PABP 1-2 was only seen with the adenylated RNA
substrate (lane 4). The % decapping is shown below each respective lane. (C) PABP is unable to inhibit decapping in the presence of Mn* . In
vitro decapping assays were carried out as in B above, except 0.5mM Mn?* was included in the reaction buffer. (D) PABP crosslinking to the
cap is inhibited by Mn? *. UV crosslinking of 5 pmol of the indicated proteins was carried out with 3*P-cap-labeled pcP-Agy RNA in the presence
or absence of the indicated cation. The 70 kDa His-PABP only crosslinked when Mn?* was omitted from the buffer (lanes 1, 2 and 7-9).
Crosslinking of the 48 kDa His-hDcp2 protein to the 5’ cap was unaffected by Mn?* (lanes 5 and 6) while the 57 kDa GST-DAZL protein failed to
crosslink (lanes 3 and 4). (E) Binding of PABP to the poly(A) tail is not affected by Mn?*. PABP (10 pmol) was incubated with pcP RNA
containing a **P-labeled poly(A) tail as described previously (Wang et al, 1999) in the presence or absence of Mn* " . Lanes 1 and 4 contain the
RNA only while lanes 2 and 5 contain RNA treated with RNase. Binding of PABP to the poly(A) sequence is shown in lanes 3 and 6 where the
complex is treated with RNase A to hydrolyze the RNA body and leave the **P-labeled poly(A) tail intact. The binding of PABP to poly(A) tail is
unaffected by the presence of Mn?*. The RNAs corresponding to the detected bands are shown on the right as is the PABP-labeled poly(A)
complex. The asterisks denote the **P labeling.

Interestingly, the influence of Mn?* on PABP is restricted
to the cap-binding activity and not poly(A) tail-binding
activity, as inclusion of Mn®" in the binding buffer did not
adversely affect the binding of PABP to the poly(A) tail
(Figure 6E). These data demonstrate that Mn?* can serve a
reciprocal function on hDcp2 and PABP. The presence of
Mn?* increases the ability of hDcp2 to hydrolyze the cap
(Piccirillo et al, 2003) and simultaneously specifically reduces
the ability of PABP to associate with and protect the cap.

PABP can simultaneously bind the cap and poly(A)
sequence in vitro

The enhanced crosslinking of PABP to the cap in the presence
of the poly(A) tail raises the interesting possibility that PABP
might be able to bind the poly(A) tail and cap simultaneously.
To test this possibility, PABP was crosslinked to the cap of the
cap-labeled pcP-Ags RNA as shown in Figure 2 to trap PABP
onto the cap structure. The RNA was subsequently degraded
with micrococcal nuclease and the cap-bound protein was
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incubated with either poly(A)- or poly(C)-agarose beads. As
shown in Figure 7, the cap-crosslinked (and >2P-labeled)
PABP efficiently bound to poly(A)- (lane 1) but not poly(C)-
agarose beads (lane 2). Similar results were obtained with the
PABP 1-2 minimal protein (lanes 3 and 4). These data
demonstrate that PABP has the capacity to associate with
the poly(A) tail and the 5’ cap simultaneously. It also demon-
strates that the association of PABP with the labeled cap and
poly(A) sequence was not a function of protein-protein
interaction, which requires the C-terminus (Kuhn and
Pieler, 1996).

Discussion

We recently demonstrated that the hDcp2 decapping activity
can be negatively regulated through the poly(A) tail (Wang
et al, 2002). In this report, we demonstrate that the inhibition
of decapping can be directly mediated through PABP. The
mechanism by which PABP can inhibit decapping was de-
monstrated to be through the direct and specific association
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Figure 7 Simultaneous binding of PABP to the cap and poly(A)
sequence. A 10 pmol portion of PABP and PABP 1-2 crosslinked to
32p.cap-labeled pcP-Agy RNA as described in Figure 2A, and bound
after RNA degradation to either poly(A)-agarose or poly(C)-agarose
matrix. Bound protein was eluted and resolved by SDS-PAGE and
detected by autoradiography. Migration of PABP and PABP 1-2 is
shown on the left.

of PABP with the 5’ end of capped RNA. The cap association
of PABP is facilitated by the poly(A) tail (Figures 2 and 6) and
mediated by the second RRM RNA-binding domain (Figure 6),
which is essential for the association with the cap. The
inhibition of decapping by PABP is comparable to the inhibi-
tion observed by the elF4E cap-binding protein (Figure 1B).
However, unlike the eIF4E inhibition of decapping that can be
reversed upon the addition of cap analog to sequester elF4E,
PABP-mediated inhibition was resistant to cap analog com-
petition. These findings are consistent with the endogenous
hDcp2 decapping we previously reported, which was depen-
dent on the poly(A) tail and resistant to cap analog competi-
tion (Wang et al, 2002). Collectively, our data demonstrate
that PABP singularly can be a critical mediator of deadenyla-
tion-dependent decapping.

Binding of PABP to the 5 end of capped RNA was shown
by three independent assays: UV crosslinking, electrophoretic
mobility shift and filter binding. Curiously, PABP can only
associate with the cap within the context of RNA. Unlike
elF4E, which can bind both the cap structure and capped
RNA, PABP was only detected to bind the cap when it was
linked to an RNA moiety and failed to associate stably with
either the cap structure alone or to the 5’ end of an RNA
lacking the cap (Figure 4B and C). Similarly, the ability of
PABP to inhibit decapping or bind capped RNA was not
inhibited by cap analog competition (Figures 1A and 2A,
respectively). The requirement of a dual cap and RNA sub-
strate is not unique to PABP and is analogous to the cap
hydrolysis property of the hDcp2 decapping enzyme. hDcp2
also does not bind the cap analog (Piccirillo et al, 2003),
cannot hydrolyze the cap analog and is not competed by cap
analog (Van Dijk et al, 2002; Wang et al, 2002; Piccirillo et al,
2003) even though it is the decapping enzyme. These data
indicate that similar to hDcp2, PABP association with the 5’
cap is a function of a dual binding requirement for the cap
and RNA.

PABP binding to the cap is accentuated by the presence of
the poly(A) tail. The data presented in this report are con-
sistent with the poly(A) tail serving to recruit PABP onto the
cap as is evident by the crosslinking of the minimal PABP
truncation protein (PABP 1-2) only to the adenylated and not
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unadenylated RNA (Figure 6A). Furthermore, the simulta-
neous association of the minimal PABP 1-2 with the 5 cap
and poly(A) sequences (Figure 7) implies a deposition of
PABP onto the cap following poly(A) tail binding. Our data
suggest that at least one function of a direct association of
PABP with the cap could be to regulate decapping. Whereas
the primary function of PABP is to bind the poly(A) tail and
protect the 3’ end of an mRNA, an alternative function would
be to bind the 5 cap and protect it from hydrolysis. The
apparent dissociation constant of PABP for poly(A) sequence
in our assay conditions was found to be five-fold lower
compared to binding of PABP to the 5 cap of an RNA,
(Table I) which further supports this premise.

An intriguing property of PABP is its capacity to bind
simultaneously both a poly(A) sequence and the 5’ end of a
capped RNA in trans (Figure 7). This in vitro demonstration
implies that PABP can singularly juxtapose the two ends of an
mRNA and protect the mRNA from both deadenylation and
decapping. However, whether this can occur in cells remains
to be determined and future studies will begin addressing the
functional link between PABP cap binding and its correlation
to mRNA decapping in cells.

The inability of recombinant PABP to displace recombinant
elF4E from the cap (Figure 5 and data not shown) indicates
that association of PABP with the cap occurs at some point
following the removal of eIF4E. This is further substantiated
by the ability of recombinant PABP to associate with the cap
in the presence of cellular extract upon the inclusion of cap
analog competitor to sequester elF4E. The recent demonstra-
tion that decapping of an mRNA can occur in distinct foci
within the cytoplasm of yeast (Sheth and Parker, 2003) and
the presence of similar foci in mammalian cells (Ingelfinger
et al, 2002; Van Dijk et al, 2002) suggests that the mammalian
foci might also be sites of decapping. This hypothesis implies
that the mRNA would be transported to the foci subsequent to
translational cessation and the cap remains intact during the
transit. Following translation and deadenylation, when the
elF4E-elF4G-PABP association is disrupted, PABP could gain
assess to the cap. Although speculative, deposition of PABP
onto the cap following deadenylation and exit from the
polysomes might serve to protect the 5" end of the mRNA
during its transit to these foci. However, it should be noted
that it is currently not clear how and when elF4E is displaced
from the cap post-translation, but removal of eIF4E from the
cap of an RNA would ensure that a translation initiation
complex does not reform on the RNA. Future experiments
will focus on determining whether PABP could be involved in
the transition between translationally active state of an
mRNA, when it is indirectly associated with the cap through
elF4E and elF4G, and the translationally inactive state, when
it is directly associated with the cap following deadenylation.

Materials and methods

Construction of recombinant plasmids

Plasmids expressing an amino-terminal histidine-tagged recombi-
nant protein of PABP (pET28-PABP), the N-terminus of PABP
containing RRMs 1-4 (pET28-PABP NT) and the C-terminus of
PABP (pET28-PABP CT) have previously been described (Wang et al,
1999). pET28-PABP 1-2 was constructed by digesting the pET28-
PABP plasmid with EcoRI, which cleaves within the PABP cDNA and
polylinker to remove amino acids 185-636. The pET28-PABP 2-CT
plasmid expressing amino acids 99-636 was constructed by PCR
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with primers that introduce BamHI and Xhol sites (5
GCCGTGGATCCATGGATCCATCACTTCGCAAA 3’ and 5 CCCTGA
CTCGAGTTACATATGAAGAAGTTCTGA 3') and inserted into the
same sites of pET 28a (Invitrogen). The pET28-PABP 3-CT plasmid
encoding amino acids 191-636 was similarly constructed with
primers 5 GCCGTGGATCCATGACCAATGTTTACATC 3’ and 5
CCCTGACTCGAGTTACATATGAAGAAGTTCTGA 3'. The expression
and purification of histidine-tagged or GST-tagged proteins were
carried out according to the manufacturer (Novagen and Pharma-
cia, respectively). The pCMV-PABP plasmid expressing myc tag at
the N-terminus of PABP was generated by PCR using 5
GCCGTGGATCCATGAACCCCAGTGCCCCC 3’ and 5 CCCTGACTC
GAGTTACATATGAAGAAGTTCTGA 3', which introduce BamHI and
Xhol sites respectively, and inserted into the same sites of pCMV
vector (Stratagene). The yeast Pablp was PCR-amplified from
reverse-transcribed yeast mRNA and was cloned into the BamHI
and Xhol sites of pET 28a (5" GCCGTGGATCCATGGCTGATATTACT
GATAAG 3’ and 5 CCCTGACTCGAGTTAAGCTTGCTCAGTTTGTTG
3’) to express histidine-tagged Pablp. Likewise, the mouse PABP
was PCR-amplified from murine erythroleukemia MEL cell reverse-
transcribed RNA using the primers 5 GCCGTGCCATGAACCC
CAGCGCCCCCC3' and 5' CCCTGACTCGAGTTACATGTGAAGTAATTC
3/, and inserted into the BamHI and Xhol sites of pET 28a.

RNA production

Template to transcribe the unadenylated RNA substrate correspond-
ing to the pcDNA3 polylinker containing a G,¢ track at the 3’ end
(pcP) was generated by PCR using the SP6 promoter 5 primer and
Cy16T7 3’ primer (CCCCCCCCCCCCCCCCGT AATACGACTCACTA
TAGGG). The template for the adenylated RNA substrate containing
60 adenosine residues at the 3’ end (pcP-Agy) was PCR-amplified
from the pcP template using SP6 promoter 5’ primer and C,4Tsg 3’
primer (16 cytosine followed by 60 thymine nucleotides). Both
templates were transcribed with SP6 RNA polymerase. RNAs
exclusively *2P-labeled at the 5' cap were generated with the
vaccinia virus capping enzyme and gel-purified prior to use as
described previously (Wang et al, 1999) where the label is on the
first phosphate following the methylated guanosine (m’G*pppN).
32p_labeled cap structure lacking an RNA was generated by
hydrolysis of **P-cap-labeled RNA with 1 U of Nuclease P1 (Roche)
for 1h at 37°C as described (Wang and Kiledjian, 2001). Nuclease
P1 cleaves the phosphodiester linkages within the RNA and leaves
the triphosphate cap structure intact. The samples were extracted
once with an equal mixture of phenol:chloroform (1:1) and twice
with chloroform, and the resulting supernatant containing the
labeled cap analog was used as substrate for UV crosslinking assays.

UV crosslinking

UV crosslinking was carried out in a 20 pl reaction volume with >2P-
cap-labeled RNA (10pmol was used in each reaction unless
otherwise stated) and incubated with PABP for 15min at room
temperature in Eppendorf caps in IVDA buffer (10mM Tris (7.5),
100mM KAc, 2mM MgAc, 1mM DTT, 10mM creatine phos-
phate, 1 mM ATP and 0.1 mM spermine). The samples were subse-
quently transferred onto ice and covalently crosslinked by UV
irradiation for 10 min with a 15W germicidal lamp. Following UV
crosslinking, the RNA body was cleaved with RNase buffer (10 mM
Tris (pH 7.5), 400U/ml micrococcal nuclease, 1 mM CaCl,, 1%
aprotinin, 2 pg/ml leupeptin/pepstatin, 100 mM PMSF, 0.1 mg/ml
RNase A and RNase U2) for 30min at 37°C. The proteins were
resolved by a 12.5% SDS-PAGE and visualized by autoradiography.

Immunoprecipitation

293T cells were transfected with 10 ug of pCMV-PABP plasmid using
Lipofectamine (Gibco BRL). The cells were harvested after 24 h,
extract was prepared and immunoprecipitated with the o-myc
(9E10) and SP2/0 antibodies as described (Ishigaki et al, 2001). The
incubation was extended for additional 10 min in 1 mg/ml heparin
at 4°C and washed five times with PBS containing 0.1% NP-40. The
bound protein was eluted in SDS sample buffer, resolved on 12.5%
SDS-PAGE and visualized by autoradiography.
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In vitro RNA decapping assay

In vitro RNA decapping assays were carried out by incubating cap-
labeled pcP and pcP-Agy RNA with recombinant proteins at room
temperature for 10 min in IVDA buffer, followed by the addition of
10pmol of hDcp2 and incubation at 37°C for 20 min. Following
decapping, 5l aliquots were spotted onto polyethyleneimine-TLC
plates (Sigma) and developed in 0.75M LiCl. Cold standards and
2P, were visualized by UV shadowing or autoradiography, respectively.

Poly(A)-agarose bead binding

In all, 10 pmol of PABP or PABP 1-2 was crosslinked to cap-labeled
pcP Ago RNA and RNase treated as described above. The samples
were subsequently bound to poly(A)- or poly(C)-agarose beads in
RNA binding buffer (RBB; 10mM Tris-HCl (7.5), 1.5mM MgCl,,
0.5mM DTT and 0.5% Triton X-100) containing 500 mM KCl and
incubated at 4°C for 1 h with end-over-end rotation. The beads were
subsequently washed once in RBB containing 750mM KCl and
1 mg/ml heparin for 10 min at 4°C, followed by two washes in RBB
with 500 mM KCl followed by a PBS wash. Bound proteins were
eluted by boiling in SDS sample buffer and resolved and detected as
above.

Electrophoretic mobility shift assays

Gel shift assays were carried out in a 20 pl reaction volume at room
temperature for 30 min in RBB (150 mM KCl, 100 mM Tris-HCI (pH
7.5), 1.5mM MgCl, and 5mM DTT) containing capped (**P-5'-cap-
labeled) or uncapped (*P-5'-triophosphate-labeled) adenylated
RNA and the indicated amounts of PABP. The RNA was
subsequently cleaved with 50ng of RNase A for 10min followed
by an additional 10min incubation with 1mg/ml heparin. The
resulting protein-cap complexes were resolved on a 5% native
polyacrylamide gel and visualized by autoradiography.

Filter binding assays

Filter binding assays were carried out as described for the
electrophoretic mobility shift analysis with a limiting concentration
of *?P-labeled polyadenylated pcP-Agy RNA (0.1 pmol;
~10000cpm) and an increasing concentration of recombinant
histidine-tagged PABP. The polyadenylated RNA either contained a
32p_labeled 5 cap or lacked a cap (**P-5'-triphosphate-labeled).
Following a 30 min incubation at room temperature, the reaction
was treated with RNase A to separate proteins that were bound to
the labeled 5’ end from protein bound to other regions of the RNA,
and RNA-protein complexes were captured by retention on 0.2 um
Millipore nitrocellulose filters prewashed with RBB. The unbound
RNA was washed twice with 2 ml ice-cold RBB and the filters dried.
The amount of isotope bound to the filters, which corresponds to
the retained PABP-cap complex, was determined by a liquid
scintillation counter and the values were corrected by subtraction
of background counts obtained with RNA filtered in the absence of
protein. The values for the bound RNA-protein complex were
plotted relative to protein concentration, and apparent dissociation
constants were determined as the concentration of protein at which
50% of RNA was bound (Wilson and Brewer, 1999). An average of
three independent experiments is reported. The dissociation
constant of recombinant PABP for poly(A) sequences was similarly
determined except that the poly(A) substrate was generated with
the bovine poly(A) polymerase using *?P-labeled aATP to poly-
adenylate the unlabeled pcP RNA as described previously (Wang
et al, 1999). Following adenylation, the RNA body was digested
with RNase A as above and the resulting uniformly labeled poly(A)
sequence (60 nucleotides average length) was used as the substrate.
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