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We have isolated and sequenced cDNA clones encoding the poly(A)-binding protein of Xenopus laevis
oocytes. Polyclonal antiserum was raised against a fusion protein encoding 185 amino acids of the Xenopus
poly(A)-binding protein. This antiserum localizes the poly(A)-binding protein to subcellular sites associated
with protein synthesis; in the retina, immunoreactive protein is detected in the synthetically active inner
segment of the photoreceptor but not in the transductive outer segment. Transcripts encoding the poly(A)-
binding protein are present in oocytes, although no protein is detected on protein blots. In contrast, the levels
of both transcripts and protein increase in development, which correlates with the observed increase in total
poly(A) during Xenopus embryogenesis (N. Sagata, K. Shiokawa, and K. Yamana, Dev. Biol. 77:431-448,
1980).

Most eucaryotic mRNAs are polyadenylated posttran-
scriptionally at their 3' ends. The presence of a poly(A) tail
has been shown to have a positive effect on the stability of
globin mRNA injected into HeLa cells (18), on synthetic
mRNAs injected into Xenoplis oocytes (6), and on newly
synthesized mRNA of HeLa cells in which polyadenylation
has been blocked with cordycepin (34). In contrast, studies
have found no correlation between the relative length of the
poly(A) tail and message stability in Dictyosteliiiin species
(30). In separate experiments, the presence of a poly(A) tail
appears to increase the translational efficiency of adenylated
mRNA relative to deadenylated mRNA in reticulocyte ly-
sates (5, 20) or when the mRNAs are injected into Xenopius
oocytes (6, 9). These studies have left the physiological role
of the poly(A) tail unresolved. An alternative avenue of
investigation is the study of the protein(s) bound to the
poly(A) tail. In vivo, mRNAs are associated with specific
proteins to form RNA-protein complexes known as messen-
ger ribonucleoprotein particles (13, 21). It is likely that these
RNA-binding proteins modulate aspects of mRNA stability
or translation and that an investigation of the protein(s)
bound to the poly(A) tail will contribute to our understanding
of the functional significance of the poly(A) tail itself. The
78-kilodalton (kDa) poly(A)-binding protein (A+BP) was first
described by Blobel (3) and is one of the most highly
conserved and well characterized of the eucaryotic messen-
ger ribonucleoprotein particle proteins. That the poly(A)-
binding protein does indeed bind to the poly(A) tail of
adenylated mRNAs in vivo has been demonstrated by using
the techniques of UV cross-linking (1, 29) and nuclease
protection (2). Its functional role in mRNA metabolism is
unclear, although recent studies have indicated that it is a
positive regulator of translation, as demonstrated by its
ability to rescue translation in rabbit reticulocyte lysates
which had been "poisoned" by poly(A) (14).

In the present study, a rabbit antiserum generated against
the yeast poly(A)-binding protein was used to screen a Agtll
chicken erythroid library (23) and the resulting cDNA clone
was 32p labeled and used to screen a Xeniopiis laesis oocyte
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XgtlO library (25), yielding several overlapping cDNAs.
Sequence analysis of the Xenopus oocyte cDNAs reveals an
open reading frame of 1,899 nucleotides, encoding a 633-
amino-acid polypeptide with a predicted molecular mass of
68.5 kDa (Fig. 1). The predicted amino acid sequence is 96%
identical to that of the human poly(A)-binding protein (12),
and while it is only 42% identical to the deduced yeast
sequence (1, 26), the RNA-binding region (32) is highly
conserved.
A portion of the Xenopius poly(A)-binding protein clone

(underlined in Fig. 1) was ligated in frame into the vector
pRIT2T (Pharmacia, Piscataway, N.J.), which was used to
produce a fusion protein consisting of the immunoglobulin G
binding domain of protein A and 185 amino acids from the
poly(A)-binding protein. This fusion protein was used to
generate the rabbit antiserum designated A+BP-Pst/Ab. To
demonstrate that the antiserum was monospecific for the
poly(A)-binding protein in Xenopius embryos, Freon-ex-
tracted (15) protein from 40 tadpoles was separated by
two-dimensional nonequilibrium gel electrophoresis (24),
transferred to nitrocellulose, and probed with the A+BP-
Pst/Ab antiserum (Fig. 2B) or preimmune serum (Fig. 2C).
The A+BP-Pst/Ab antiserum specifically recognizes a single
polypeptide, and no immunoreactive polypeptides were de-
tected by using the preimmune serum. The immunoreactive
protein is a relatively minor cellular constituent, as evi-
denced by the low intensity of the comigrating spot on the
silver-stained gel (Fig. 2A). Significantly, the immunoreac-
tive protein of Fig. 2B comigrates with the [35S]methionine-
labeled poly(A)-binding protein produced by in vitro trans-
lation of pSP64T-ABP mRNA in a rabbit reticulocyte lysate
(Promega Biotec, Madison, Wis.) (Fig. 2D). These data
demonstrate that A-+BP-Pst/Ab monospecifically recognizes
the poly(A)-binding protein in crude preparations of tadpole
protein.
The availability of cDNA clones and a specific antiserum

allowed us to investigate the levels of poly(A)-binding pro-
tein mRNA and protein during Xenopius development. Total
RNA isolated from oocytes and developing embryos was
resolved by formaldehyde-agarose gel electrophoresis,
transferred onto nitrocellulose, and hybridized (11) with a
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GAAAAAAAAA TCCGGTAAAG AGAAGAGTGA AGAGAAGTCG CGCTGAGGAG 50

M N P S A P S

GCAACGCGTG AGTGATTTGA ATCTCCATAA AATGAATCCC AGTGCTCCCA 100

Y P M A S L Y V G D L H Q D V T (23)
GCTACCCAAT GGCTTCCCTG TACGTTGGAG ACCTTCATCA AGATGTAACG

E A M L Y E K F S P A G P I L S I
GAGGCCATGC TTTATGAGAA GTTTAGCCCA GCTGGTCCCA 7TT=TTCAAT 200

R V C R D M I T R R S L G Y A Y V

CCGAGTTTGC AGAGATATGA TTACACGACG CTCACTTGGA TATGCATATG
(57)

N F Q Q P A D A E R A L D T M N
TCAACTTCCA GCAACCAGCT GATGCTGAAC GTGCTTTGGA TACAATGAAC 300

F D V I K G R P V R I M W S Q R D (90)
TTTGATGTCA TAAAGGGCAG GCCCGTGCGG ATTATGTGGT CTCAGCGTGA

P S L R S G V G N IF K N L D
CCCTTCTCTG CGTAAGAGTG GAGTTGGTAA CATTTTCATC AAAAACCTGG 400

K S I D N K A L Y D T F S A F G (123)
ACAAGTCTAT TGATAACAAA GCCTTGTACG ATACATTTTC TGCAT1TGGA

N I L S C K V V C D E N G S K G Y
AACATTCTTT CCTGTAAGGT GGTTTGTGAT GAAAATGGAT CCAAGGGCTA 500

G F V H F E T Q E A A E R A I D K (157)
TGGTTTTGTT CACTTTIAGA CACAAGAGGC TGCTGAGAGG GCTATTGATA

M N G M L L N D R K V F V G R F
AAATGAATGG CATGCTTCTC AATGACCGCA AAGTATTTGT TGGGCGCTTT 600

K S R K E R E A E L G A R A K E F (190)
AAGTCCCGCA AAGAGCGTGA AGCTGAGCTT GGTGCCAGAG CTAAGGAATT

T N V Y I K F N G D D M N D E R L
TACAAATGTT TACATCAAAA ATTT'TGGAGA CGACATGAAT GACGAGAGGC 700

K E M F G K Y G P A L S V K V M (223)
TCAAAGAAAT GTTIGGCAAA TATGGGCCAG CTCTTAGTGT TAAAGTTATG

T D D N G K S K G F G F V S F E R
ACTGATGACA ATGGAAAGTC AAAAGGCT GGCTTTGTCA GCTTTGAAAG 800

H E D A Q K A V D E M Y G K D M N (257)
ACATGAAGAT GCACAAAAGG CTGTTGATGA AATGTATGGC AAGGATATGA

G K S M F V G R A Q K K V E R Q
ATGGGAAGTC CATGTITGTG GGCCGTGCAC AGAAAAAGGT GGAAAGGCAA 900

T E L K R K F E Q M N Q D R I T R (290)
ACTGAGCTTA AGCGCAAGTT TGAACAAATG AATCAGGACC GAATCACCAG

Y Q G V N L Y V K N L D D G I D D
ATACCAGGGT GTTAACCTCT ATGTTAAAAA CCTTGATGAT GGTATTGATG 1000

E R L R K E F L P F G T I T S A (323)
ATGAACGACT GCGCAAAiA5 TTCTTACCTT TTGGTACAAT CACCAGTICT

K V M M E GG R S K G R G R V C F

AAGGTAAT A TGGAAGGTGG TCGCAGTAAA GICTTGOTT TTGTATGCTT 1100

S S P E E A T K A V P E M N G R I (357)
TITCTTCACCT AAT GICTArIAA

V A T K P L Y V A L A Q R K E E
TTITTICCAC AAAACCCCTI TATITTICAT TIICCCAAAG AAAAGAAGAG 1200

R Q A H L T N Q Y M Q R M A S V R (390)
CGTCAGGCTC ACTTGACCAA CCAGTACATG CAGAGGATGG CAAGTGTTCG

V P N P V I N P Y Q P P P S S Y F
TITACCAAAT CCTITIATCA AICCATACCA CCACCACCA TCCA=CTATT 1300

M A A I P P A 0 N R A A Y Y P P (423)
TCAT GCACC TATCCCACCG ICTCAAAACC GTICTGCITA CTACCCACCT

G Q I A Q L R P S P R W T A Q G A

GGGCAGATTG CACAGCTCAG GCCCAGCCCC CGTTGGACT CACAGGGTGC 1400

R P H P F Q N M P G A I R P T A P (457)
CAI,ACCTCAT CCATTCCAGA ACATGCCCGG ArCAATCCIC CCTACTGCTC

R P P T F S T M R P A S N Q V P

CAA.ACCAIC AACATTCAGT ACA T TATACCIICY-CTAA TCAAITCCCI 1500

R V M S A Q R V A N T S T Q T M G (490)
CGTGTCATGT CAGCTCAACG TGTTGCCAAT ACATCAACCC AGACTATGG

P R P T T A A AAA A S A V R A V

TCCTCITCCAACCACTrCT ITICAICOC AGCATCTGCT GTCAGGGCTG 1600

P Q Y K Y A A G V R N Q Q H L N (523)
TTCCTCAGTA TAAATATGCG GCGGGTGTAC GTAATCAGCA GCATCTTAAT

T Q P Q V A M Q Q P A V H V Q G Q
ACACAGCCCC AAGTGGCTAT GCAGCAGCCT GCTGTCCATG TACAAGGCCA 1700

E P L T A S M L A A A P P Q E Q K (557)
GGAACCTCTG ACGGCTTCCA TGCTGGCAGC TGCTCCACCT CAAGAGCAGA

Q M L G E P L F P L I Q A M H P

AACAAATGCT AGGTGAGCGG CTCTTCCCAC TTATCCAAGC AATGCACCCA 1800

T L A G K I T G M L L E I D N S E (590)

ACTCTGGCTG GCAAAATTAC TGGAATGCTT CTGGAGATTG ACAACTCGGA

L L H M L E S P E S L R L K V D E

GCTTCTCCAT ATGCTTGAAT CACCCGAGTC ACTGCGCTTA AAGGTTGATG 1900

A V A V L Q A H Q A K E A A Q K (623)
AAGCTGTTGC TGTGCTTCAA GCCCATCAGG CTAAGGAAGC TGCTCAGAAG

V V N A T G V P T A I
GTTGTTAATG CAACTGGAGT GCCAACTGCT TAAGATGCAT GCAAATGGGA 2000

ACTTCAGCGC GAACTTCACT TCACCAGAGA AAACTATCAA AACATCGAAA
AATTGAAATG TTGCAAAAAC ACTGCAAAAC ATAAAATCAA ATAAAAAAGG 2100
AAAGGAAACG TTAATGCCTA CGTACAGAGC AAATGCCAGG GCTGGCACAA
CATTGCTGGT CCTAGATATT TAAAAAAAAA AAGTACAAAA AATAGTAAAA
TATAAAACTG AAACTAATTT TTTGrTTTTA GACCCGGGGA AAGGCATTTG
AACACAGTAC GAGAAGTTAA GCATTCCTTT CTTTGATTTT GTAATTCTTT 2300
ACTGTGGAAA AGCTCAGAAT TTCACCACTG TTATAGCAGT TTGTGGGAAA
TGAACGCTGA GCACAAACAT AATTTGGATT ATAAAAGTCT TGCTTTAATA
AAAATTACTT TAAAACAAAA AAAAAAAAAA ATTTCCATTC AGAGCCTTTT
AAGGGACCTG CTTCTTCAGT GCTGTCCCCT AAGAAAAGTG AGGCTGTTTT 2500
CACTTTGCCT ACCAACACAA CCGTTGACAT GGAAATAACA AATCG

32P-labeled cDNA probe specific for the poly(A)-binding
protein mRNA, revealing a single hybridizing band of ap-
proximately 3.7 kilobases (Fig. 3A). Stage VI oocytes con-

tain detectable levels of poly(A)-binding protein transcripts
(Fig. 3A, lane 1), which decrease shortly after fertilization

(lane 2). Transcript levels rise during the blastula (lane 4),

gastrula (lane 5), neurula (lane 6), tailbud (lane 7), and

tadpole (lane 8) stages. Northern (RNA) blot analysis of

poly(A)+ RNA demonstrates that the same pattern of post-
fertilization transcript decrease and postblastula increase is

observed (data not shown). To demonstrate that equivalent
amounts of RNA were loaded into each lane, the Northern

blots were rehybridized with a 32P-labeled DNA probe
specific for Xenopius 27S ribosomal RNA (data not shown).
We next assayed the levels of poly(A)-binding protein

present during development to determine whether the pat-
tern of protein expression paralleled that observed for the

mRNA. Protein isolated from oocytes, fertilized eggs, and

gastrula, neurula, and tadpole stage embryos was used in a

Western blot (immunoblot) analysis by using the A+BP-
Pst/Ab antiserum (Fig. 3B). Immunodetectable poly(A)-
binding protein (approximate molecular mass, 70 kDa) is

only seen in neurula (lane 5) and tadpole (lane 6) stage
embryos. The presence of immunodetectable a-fodrin (Fig.
3C) and total protein (Fig. 3D) indicates that comparable
amounts of protein were loaded onto the gel for each

developmental stage. While Western blot analyses did not

detect the poly(A)-binding protein in oocytes or early em-

bryos (Fig. 3B), both whole-mount immunocytochemistry of

oocytes (R. Stambuk and R. T. Moon, unpublished data) and

direct analysis of oocyte messenger ribonucleoprotein parti-
cles (33) reveal that this protein is present. Taken together,
the data from the Northern and Western analyses indicate

that the expression of the poly(A)-binding protein is not

constitutive but is instead modulated in oocytes and the

developing embryo. Significantly, the time course for the

accumulation of poly(A)-binding protein transcripts and

polypeptides correlates with the observed increase in the

steady-state amount of poly(A) (27). In contrast, the overall

rate of mRNA synthesis is declining at this time (31),

indicating that there is no positive correlation between

mRNA synthesis and the levels of the poly(A)-binding
protein. This suggests that embryos may actively regulate
the expression of the poly(A)-binding protein in response to

changes in the level of its binding site [i.e., poly(A)].
The antiserum was next used in an attempt to determine

the localization of the poly(A)-binding protein within a given
cell or cell population. To this end, tadpoles were processed
for immunocytochemistry as described previously (17, 19)

and incubated with either affinity-purified (10) A+BP-Pst/Ab
or preimmune serum as the primary antiserum. Specific
staining was visualized by the use of a biotinylated goat
anti-rabbit secondary antiserum, followed by incubation

with a streptavidin-horseradish peroxidase conjugate. Spe-
cific staining was observed in the cell layers of the retina, in

the epithelial and fiber cells of the lens, and in the epithelial

FIG. 1. The 2.55-kilobase Xenopius poly(A)-binding protein
cDNA. Xen ABP-EF. Three overlapping cDNA clones were iso-

lated from an oocyte XgtlO library (25) and sequenced by using the

dideoxy-chain termination method (28). The nucleotides are num-

bered on the right. and the amino acid position is given in parenthe-
ses. The sequence and corresponding amino acids used in the

construction of the poly(A)-binding protein-protein A fusion con-

struct are underlined. The entire coding region (nucleotides 1

through 2053) was ligated into the BgIll site of pSP64T (22), allowing

for the efficient in vitro synthesis of poly(A)-binding protein mRNA.
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FIG. 2. Comigration in two dimensions of the in vitro translation product of pSP64T-ABP mRNA and a tadpole polypeptide recognized
by the A+BP-Pst/Ab antiserum. Freon-extracted proteins were separated by nonequilibrium pH gradient gel electrophoresis (24) in the first
dimension and sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis in the second dimension. All gels were run in parallel, and all
autoradiograms were exposed for 16 h at -80°C with an intensifying screen. The arrows in panels A, B. and D point to comigrating proteins.
(A) Silver-stained (4) two-dimensional gel of protein isolated from three tadpoles. (B) Western blot of the protein from 40 tadpoles, probed
with the A+BP-Pst/Ab antiserum (1:1,000 dilution). (C) Western blot identical to that shown in panel B, except that it was probed with
preimmune serum. (D) Autoradiogram of the [35S]methionine-labeled in vitro translation product of the synthetic poly(A)-binding protein
mRNA, separated on an identical two-dimensional gel.
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and endothelial cells of the cornea (Fig. 4A). Within the
retina, the inner and outer plexiform layers stained weakly
and the outer segments of the photoreceptors did not stain.
From the pattern of staining observed in the photoreceptor
cells, we conclude that the poly(A)-binding protein is present
in subcellular regions associated with protein synthesis (i.e.,
the inner segment) and not found in locations that are not
active in protein synthesis (i.e., the outer segment) (7). It is
interesting that the fiber cells of the lens interior stain less

B _-

C _ _

DjigtJ

FIG. 3. Expression of the poly(A)-binding protein during Xeno-
puis development. (A) Total RNA (15 ,ug) was resolved by using a

formaldehyde-agarose gel, transferred to nitrocellulose, and hybrid-
ized with a 32P-labeled (8) probe consisting of nucleotides 1 through
498 of the Xeniopi.s cDNA clone, Xen ABP-EF. Only the relevant
portion of the autoradiogram is shown; these are the only hybridiz-
ing bands observed and have an estimated size of 3.7 kilobases
(exposed for 16 h). The total RNA was isolated from stage VI
oocytes (lane 1). fertilized eggs (lane 2), cleavage stage embryos
(lane 3), blastula stage embryos (lane 4), gastrula stage embryos
(lane 5), neurula stage embryos (lane 6). tailbud stage embryos (lane
7), and tadpole stage embryos (lane 8). (B) Freon-extracted protein
(equivalent to three oocytes or embryos) was resolved by sodium
dodecyl sulfate-10% polyacrylamide gel electrophoresis, trans-
ferred to nitrocellulose. and probed with preimmune serum (lane 1)
or the A+BP-Pst/Ab antiserum (lanes 2 to 6). Protein was isolated
from stage VI oocytes (lanes 1 and 2). fertilized eggs (lane 3),
gastrula stage embryos (lane 4), neurula stage embryos (lane 5), and
tadpole stage embryos (lane 6). The estimated molecular mass is 70
kDa (exposed 16 hours). (C) An identical control blot probed with
antiserum specific for Xeniopius a-fodrin (molecular mass, 240 kDa)
(11). Only the relevant portion of the autoradiogram is shown, and
lane 1 is again the preimmune control. (D) Coomassie-stained gel
identical to lanes 2 through 6 from panel A, demonstrating that
equivalent amounts of protein were loaded in each lane.

A
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FIG. 4. Immunocytochemical localization of the poly(A)-binding protein in the eye of a Xenoputs laev'is tadpole. The primary antiserum
was either affinity-purified A+BP-Pst/Ab (A) or preimmune serum (B). FC, Lens fiber cells; LE, lens epithelia; OS, photoreceptor outer
segments; ON, outer nuclear layer (photoreceptor inner segments); OP, outer plexiform layer; IN, inner nuclear layer; IP, inner plexiform
layer; G, ganglion layer. Magnification, x250. Please note that in panel A, the central portion of the lens was lost during processing.

intensely than the lens epithelia, indicating that these cells
express different levels of the poly(A)-binding protein. As
these fiber cells have lower levels of protein synthesis than
the lens epithelia (16), the level of poly(A)-binding protein
expression correlates with the level of protein synthesis in a
cell. Examination of the pattern of staining in the remainder
of the tadpole embryos reveals roughly equivalent staining
throughout non-yolk-filled tissue layers (data not shown).
These data demonstrate that levels of the poly(A)-binding

protein and its transcripts increase during development of X.
laevis and that this increase correlates with developmental
increases in levels of its binding site, poly(A) (27). Taken
together with our immunocytochemical data showing the
poly(A)-binding protein to be localized to cell types and
subcellular domains most active in protein synthesis, these

studies provide initial evidence that eucaryotes modulate the
steady-state level and spatial distribution of this conserved
RNA-binding protein relative to the abundance of poly(A)
and to levels of protein synthesis.
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