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ABSTRACT

Eukaryotic poly(A)-binding protein (PABP) is a ubiquitous, essential factor involved in mRNA biogenesis,
translation, and turnover. Most eukaryotes examined have only one or a few PABPs. In contrast, eight
expressed PABP genes are present in Arabidopsis thaliana. These genes fall into three distinct classes, based
on highly concordant results of (i) phylogenetic analysis of the amino acid sequences of the encoded
proteins, (ii) analysis of the intron number and placement, and (iii) surveys of gene expression patterns.
Representatives of each of the three classes also exist in the rice genome, suggesting that the diversification
of the plant PABP genes has occurred prior to the split of monocots and dicots =200 MYA. Experiments
with the recombinant PAB3 protein suggest the possibility of a negative feedback regulation, as well as
of cross-regulation between the Arabidopsis PABPs that belong to different classes but are simultaneously
expressed in the same cell type. Such a high complexity of the plant PABPs might enable a very fine
regulation of organismal growth and development at the post-transcriptional level, compared with PABPs

of other eukaryotes.

OLY(A)-binding protein (PABP) is ubiquitous in
eukaryotes, and its function is essential in yeast
(SacHs et al. 1987), Aspergillus (MARHOUL and Apams
1996), Drosophila (S1GRIST et al. 2000), and Caenorhab-
ditis elegans (A. PETCHERSKI and J. KIMBLE, personal
communication). PABP participates in at least three
major post-transcriptional processes: initiation of pro-
tein synthesis, mRNA turnover, and mRNA biogenesis.
The ability of PABP to stimulate translation is largely
due to its interaction with the translation initiation fac-
tor elF4G. Simultaneous interactions of eIF4G with cap-
binding protein elF4E, on the one hand, and PABP,
on the other hand, bring about circularization of the
mRNA, which could facilitate ribosome recycling. How-
ever, the first initiation event is also stimulated by PABP
in vitro (TARUN and SacHs 1995). Yeast PABP-depen-
dent mRNA circularization has been visualized by direct
methods (WELLS et al. 1998). Its functional consequences
have been studied by measuring translation efficiency
of reporter mRNAs that either contain or lack the 5’
cap or 3’ poly(A) in extracts containing or lacking PABP
or containing variants of PABP that are unable to inter-
act with eIF4G (TARUN et al. 1997). The important role
of the PABP/elF4G interaction is also supported by in
vivo experiments in Xenopus oocytes (WAKIYAMA el al.
2000). However, the mechanism of translational stimu-
lation may be more complex than just an interaction
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between PABP and elF4G, since certain mutations un-
couple these two phenomena (KESSLER and SacHs 1998).
Moreover, observations made in yeast strains condition-
ally defective in poly(A) synthesis suggest the possibility
that PABP interacts directly with ribosomes (PROWELLER
and BUTLER 1996). Finally, Chlamydomonas has a form
of PABP (RB47) that is imported into chloroplasts and
acts as a part of a message-specific translational activator
complex (YOHN et al. 1998). Thus, PABP can stimulate
translation in multiple ways.

PABP also plays a complex role in mRNA degradation.
On the one hand, PABP inhibits mRNA deadenylation,
as well as decapping (BERNSTEIN et al. 1989; CAPONIGRO
and PARKER 1995; WiLusz et al. 2001). According to the
deadenylation-dependent decapping model (CaPONI-
GRO and PARKER 1996), dissociation of the last molecule
of PABP disrupts the interaction between the mRNA 5’
and 3’ ends, thus enabling the decapping enzyme to
attack the 5’ cap. However, circularization of the mRNA
via the elF4G/PABP interaction accounts for only a part
of the inhibitory effect of PABP upon decapping, as
partial inhibition can still be observed when elF4E is
prevented from interacting with the 5" cap (WILusz et
al. 2001). In addition, deletion of the elF4G-interacting
domain from the yeast PABP that was tethered to the
mRNA in a poly(A)-independent manner did not affect
its ability to block decapping (COLLER et al. 1998).
Therefore, additional mechanisms of the inhibition of
mRNA decapping by PABP must exist.

Whereas PABP inhibits deadenylation (BERNSTEIN e/
al. 1989), it is also required for the proper rate of dead-
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enylation in vivo (CAPONIGRO and PARKER 1995). A pos-
sible resolution of this paradox can be envisioned if
PABP actually promotes the entry of the mRNA into the
decay pathway rather than accelerates deadenylation per
se. Indeed, yeast strains lacking PABP (but viable due
to bypass suppressor mutations) exhibit a temporal lag
before mRNA decay commences (CAPONIGRO and PAR-
KER 1995). This lag likely reflects a role of PABP in
efficient mRNA biogenesis.

The multiplicity of the cellular functions of PABP
raises the question as to which of them is essential for
viability. Using cross-species complementation of the
yeast pabl null mutant by the Arabidopsis PAB3 cDNA,
it was shown that rescue of viability required neither
the restoration of poly(A)-dependent translation nor
the protection of the 5’ cap from premature removal
(CHEKRANOVA et al. 2001). However, plant PABP elimi-
nated or at least significantly reduced the lag prior to
mRNA decay in yeast cells (CHEKANOVA et al. 2001).
These data show that the function of PABP in mRNA
biogenesis is conserved between yeast and plants and
that this function alone can be sufficient for viability in
yeast. However, it is also possible that PABP’s functions
in translation and in the control of mRNA decapping,
alone or in combination, could be sufficient as well.

With the exception of these cross-species complemen-
tation studies, the function of plant PABPs in vivo has
not been demonstrated. While the Arabidopsis PAB3
protein could protect polyadenylated RNA from 3’ —
5" exonuclease activity in vitro (CHEKANOVA et al. 2000),
the in vivo relevance of this finding could be evaluated
only after the relative contributions of the 5" — 3’ and
3" — b’ pathways to overall mRNA decay in plants are
better understood. Early observations that poly(A) tails
can enhance expression of reporter mRNAs electropor-
ated into plant protoplasts were interpreted as evidence
for the role of poly(A) tails in translation in plants (GAL-
LIE 1991). However, it has recently become clear that
electroporation experiments may not faithfully reflect
translational stimulation (BRowN and Jounson 2001).
Moreover, yeast pabl null mutant strains exhibit poly
(A)-dependent stimulation of expression of the electro-
porated reporter mRNAs similar in magnitude to that
of the PABI strains (BROwN and JoHNsoN 2001).

Most eukaryotes examined appear to have only one
(Saccharomyces cerevisiae, Drosophila melanogaster), two (C.
elegans, Xenopus laevis), or three (Homo sapiens) func-
tional PABP genes. In contrast, eight expressed PABP
genes are found in Arabidopsis. Moreover, individual
members of the Arabidopsis PABP gene family exhibit
a degree of sequence divergence that is unusually high
for this generally well-conserved protein. Furthermore,
various Arabidopsis PABPs are differentially expressed.
This multiplicity, high sequence divergence, and differ-
ential expression present a broader functional potential
to affect organismal growth and development than that
apparent for PABPs in other eukaryotes.

MATERIALS AND METHODS

Sources of data: Arabidopsis DNA sequences were from
MIPS (http:/mips.gsf.de/proj/thal/db/index.html). Exon
boundaries in PABI, -2, -3, and -5 were experimentally verified
(BELOSTOTSKY and MEAGHER 1993, 1996; CHEKANOVA el al.
2001; D. A. BELosTOTSKY, unpublished data). PAB4 and -8
cDNA sequences (generated by SPP Consortium and RIKEN)
were retrieved from GenBank via SIGnAL database links
(http:/signal.salk.edu). Exon predictions in the PAB6 and
-7genes are supported by colinearity of amino acid sequences.
Exon 1 and a portion of exon 2 of PABI are missing in the MIPS
database, whereas PABS sequence is erroneously extended.
Corrected PABI and PABS gene models were constructed us-
ing alignments with respective 5’ and 3’ end expressed se-
quence tags (ESTs). EST frequency data were compiled from
TAIR Locus Reports and cross-checked with TIGR, SIGnAL,
and GenBank databases. mRNA decay data (GUTIERREZ el
al. 2002) were obtained from Stanford microarray database
(http:/afgc.stanford.edu/afgc_html/expression.html).

Phylogenetic analyses: Amino acid sequence alignments
were produced with PileUp and edited with LineUp (Genetics
Computer Group, Madison, WI). Phylogenetic analysis was
performed using the PAUP package (SwOrrorp 1993) v. 4.0b8
for Macintosh. Gaps were treated as “missing data.” A PRO-
TPARS matrix was used to produce a maximum parsimony
phylogenetic tree from the alignable amino acid sequences.
Bootstrap analysis (10,000 replicates) was run in branch-and-
bound mode.

Expression analyses: Arabidopsis plants (cv. Columbia)
were transformed (CLoucH and BeNT 1998) with pDB414,
made by subcloning the Bcll fragment that includes ~2000
bp of the 5’ flanking sequence and the first 16 codons of
PAB3 open reading frame (ORF), into pBI101.2 (JEFFERSON
et al. 1987). Histochemical assays (AN et al. 1996) were per-
formed on 10 independent transgenic lines. In situ hybridiza-
tion was done according to the protocol developed by G.
Drews and J. Okamuro (http://godot.ncgr.org/cshl-course/
5-in_situ.html). Antibodies against the unique C-terminal frag-
ment of PAB3 and immunoblotting conditions were described
previously (CHEKANOVA et al. 2001). This antibody is specific
for PAB3. Reverse transcriptase (RT)-PCR assays were con-
ducted as in CHERANOVA et al. (2000).

Electrophoretic mobility shift assays: The C-terminally His-
tagged recombinant PAB3 protein, lacking its first 41 amino
acids, was described previously (CHEKANOVA et al. 2000). Gel
mobility shift assays (Kunn and PIELER 1996) were conducted
with 2 pg/ml tRNA and 0.25 mg/ml heparin included in all
binding reactions. RNA probes were generated by PCR of
portions of 5’-untranslated regions (5-UTRs) that included
the A-rich segments indicated in the text, using T7 promoter
sequence encoded in the sense primer, followed by in vitro
transcription and gel purification. Bands were quantitated on
a Phospholmager. K; values were obtained by fitting the data
to the equation y = 1/(1 + K;/x) with KaleidaGraph, where
yis the fraction of the RNA probe bound and xis total protein
concentration. For the PAB5 probe, the K; was assumed to be
equal to the protein concentration that gave 50% binding.

RESULTS

Evolutionary relationships among the Arabidopsis
and rice PABP amino acid sequences suggest the exis-
tence of three ancient plant PABP gene lineages that
are at least 200 million years old: A distinctive feature
of PABP is four highly conserved, tandemly arranged
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TABLE 1
Arabidopsis PABP gene expression data summary
Distribution of ESTs
Chr.

Gene  MIPS entry no. Expression AG R RL L SQ SD w O F = Class
PABI Atlg34140 1 Low, tissue sp. 1° 1 Orphan
PAB2  At4g34110 4 Broad, high 3 16 2 22 3 3 49 I
PAB3  Atlg22760 1 Reprod. 1¢ 1 1
PAB4  At2g23350 2 Broad, high 3 10 1 2 1 4 21 II
PAB5  Atlg71770 1 Reprod. 1 1 2 1
PAB6 At3g16380 3 Low, tissue sp. 1° 1 11T
PAB7  At2g36660 2 Low, tissue sp. 1 1 III
PABS  Atlg49760 1 Broad, high 2 6 3 3 3 1 18 1II

Chr., chromosome; AG, above ground organs (pooled); R, roots; RL, rosette leaves; L, leaves; SQ, siliques; SD, seeds; W, whole

plant; O, other tissues; F, flowers; X, total ESTs; sp., specific.
“ (BELOsTOTSKY and MEAGHER 1996).
"Two ESTs from etiolated seedlings, one from suspension
*This work.

RNA recognition motifs (RRMs) in the N-terminal part
of the protein. The RRMs have been individually con-
served during evolution; that is, each is more similar to
the corresponding RRM in a PABP from a distant species
than to another RRM within the same protein. By
applying these criteria, eight bona fide PABP genes were
identified in Arabidopsis using BLAST (ALTSCHUL et al.
1997) searches (Table 1). All of the Arabidopsis PABP
genes are widely dispersed in the genome. All of them,
except PABI and PAB6, also contain a conserved C-ter-
minal non-RRM motif. Even though they lack this motif,
PAB1 and PAB6 are most likely functional PABPs. The
conserved C-terminal motif of PABP is involved in nu-
merous interactions, e.g., with eRF3 (Cosson et al. 2001),
Paipl (Roy etal. 2002), and Paip2 in humans (KHALEGH-
POUR et al. 2001) and eRF3 and Pbplp in yeast (MANGUS
et al. 1998; HosHINO et al. 1999). Nevertheless, it is
dispensable in vivo (SacHS et al. 1987). Furthermore,
just the first two RRMs of PABP are sufficient for high-
affinity binding to oligo(A) RNA (BuUrD et al. 1991;
KunnN and P1eLER 1996; DEO et al. 1999), as well as for
reconstitution of protein synthesis in vitro (KESSLER and
Sacnas 1998), and support the interactions with elF4G
(IMATAKA et al. 1998; KesSLER and SAcHS 1998). As shown
in Figure 1, the RNP II and RNP I sequence motifs of

culture cells.

RRMI1 and RRM2 of all Arabidopsis PABPs, including
PAB1 and PABG6, contain all of the conserved residues
(or conservative replacements thereof) that were shown
by X-ray crystallographic analysis to directly contact oli-
go(A) in human PABP (Do et al. 1999). The only excep-
tion is a nonconservative change from histidine in hu-
man PABP to glutamine in Arabidopsis PABPs in the
RNP I of RRM2. Importantly, however, this glutamine
is conserved in all plant PABPs sequenced to date. Further-
more, the in vitro translated PAB1 protein was able to bind
to poly(A) Sepharose with specificity (not shown).
Ahigh amount of sequence divergence suggested that
amino acid sequences rather than DNA sequences
should be used in phylogenetic analysis of this protein
family. To minimize noise, all nonhomologous regions,
as well as the C-terminal domain (which is absent from
PABI and PAB6), were excluded from the sequence
alignment (see supporting information at http:/www.
genetics.org/supplemental /). This alignment was used
in a maximum-parsimony analysis. The branching order
of the resulting unrooted tree (Figure 2A) allows the
placement of the eight Arabidopsis PABP genes into
three classes: class I composed of PAB3 and PAB5; class
II containing PAB2, PAB4, and PABS; and class III con-
taining PAB6 and PAB7. Trees with identical topology

RNP I RNP | RNP II RNP |

hPABP ASLYVGDL SLGYAYVNEQ GNIFIKNL KGYGFVHFE .

PAB3 SSLYAGDL SLGYAYINFS GNIFIKN KGYGFVQFE FIGURE 1.—Comparlson. of the RNP II
PAB5 SSLYVGDL SLGYAYVNFA N kevervorg  and RNP I'sequence motifs of RRMs 1
PAB2 TSLYVGDL SLGYGYVNET GNIFIKNL kevervoya  and 2in Arabidopsis and human PABPs.
PABS TSLYVGDL SLGYGYVNYA GNIFIKNL KGvGFVOYD — Amino acids that contact RNA via side
PAB4 CSLYVGDL SLGYGYVNYS GNLEFVKNL RGYGEVOFD  chains in the human PABP (Dko ef al.
PAB1 HTLYIGDL GNVEVEN KGYGFVQFY 1999) are highlighted in red, and those
PAB7 ASLYVGDL } GNVFVENL RGYGFVQFE that contact RNA via the main chain are
PAB6 GSLYVGDL SMCYAYINED ANLYVKNL KGrGevorp  highlighted in blue.

“ J \ J
RRM 1 RRM 2
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F1GURE 2.—Evolutionary relationships of the plant PABP amino acid sequences. Maximum-parsimony trees are based on the
alignment of the central portion of the Arabidopsis (A) and Arabidopsis and rice (B) PABP amino acid sequences. Bootstrap
values are shown next to the respective branches (10,000 replicates). Circled branch points in B represent speciation events

rather than gene duplication events.

were obtained using UPGMA and neighbor-joining
methods (data notshown). Moreover, bootstrap analysis
(10,000 replicates) lends strong support to many aspects
of this branching order. While rooting the tree by mid-
point suggests that class III is basal to the class I and II
sister groups (data not shown), attempts to root the tree
using either metazoan or fungal PABPs as outgroups
proved fruitless, since the degree of sequence diver-
gence between most of the Arabidopsis PABPs was com-
parable or even exceeded the degree of divergence be-
tween a given Arabidopsis PABP and other PABPs used
as outgroups. As a consequence, the relationship of
PABI to the rest of the Arabidopsis PABP genes remains
uncertain. Deep branching suggests that it should be
classified as an orphan gene.

To gain insight into when these plant PABP gene
classes arose in evolution, the genome of rice, a mono-
cot, was also examined. A total of five rice PABP genes
were identified through BLAST searches (at http://por-
tal.tmri.org/rice/) and the most conserved 317-amino-
acid segment of their encoded products (see supporting
information at http:/www.genetics.org/supplemental/)
was subjected to PAUP analysis as above. The only
change in the topology of the Arabidopsis PABP gene
tree upon adding the rice sequences to the data set
concerns the PABI gene, which moved over by one node
(Figure 2B). More importantly, the resulting tree reveals
that the rice genome has representatives of each of the
three PABP gene classes identified in Arabidopsis: The
OsPAB184 gene is a member of class I, OsPAB718.97 is
a member of class III, and OsPAB179, OsPAB104, and

OsPABS84.96 are members of class II. Thus, the duplica-
tion events that gave rise to the three classes of the
PABP genes in flowering plants must have occurred
prior to the divergence of monocots and dicots =200
MYA (WOLFE et al. 1989).

Plant PABP gene structures and their evolution: In-
trons were observed in a total of 19 positions in the
Arabidopsis PABP genes (Figure 3). Introns 14 (in PAB3
and PAB5), 15 (in PAB7), and 16 (in PAB2, PAB4, and
PABS) occur in close, but notidentical, positions relative
to the coding sequence. The amino acid sequence align-
ment is less certain in this segment than in the RRM
region. Furthermore, all of these introns occur in phase
zero. Intron phase refers to its position within a codon,
and phase zero introns are those that occur between
codons. Phase zero introns are about twice as likely to
be ancient than to result from recent insertion events
(pE Souza et al. 1998). Thus, introns 14, 15, and 16
could be related by common descent and therefore are
referred to as 14-16 in the ancestral gene model (Figure
3). On the other hand, introns 6 and 7, as well as introns
8 and 9, which also occur in close positions, differ in
phase and therefore are considered distinct.

Although many of the introns are conserved, the dif-
ferences between the intron numbers and locations
allow several inferences about the evolutionary history
of the Arabidopsis PABP gene family. First, the struc-
tures of the class I PABP genes (PAB3 and PABS) are
identical, as are the class I PABP gene structures (PAB2,
PAB4, and PABS), and these two groups differ from one
another by the absence of introns 2 and 12 from the



Poly(A)-Binding Protein Gene Families 315

1 7T 8
rPABT [ S| E

Loss of #2 - 6, gain of #7 \
C-terminal reshuffling
1 6 8 10 14 18
PAB3, 5 [ N () () () () (N
Rice 184 OC——1COCOD

Loss of #2, 12

1 2 GTS 101216 18
PAB2, 4, 5 [T (1] (] (] [ () () [ [
Rice 179, 84.96, 104 OO 11D

| Loss of#3,4,5,9 | ?

B T e I | ket
'l 2 3456 89'101214-16 {8 |

Ancestral PAS IS RN 1 1 I -
! 4RRMs ! iICt)

Loss of #6, 8, C-terminal #
reshuffling

1 2 345 9 15 17 19
PAE7 DD DO S EEO
Rice 718.97 AACIOOICID

Loss of #2, 5, ¢
C-terminal reshuffling

1 34 9 llﬁ
PABs [ DO =10

F1GURE 3.—Arabidopsis and rice PABP gene structures and
a proposed model of their evolution. Exons are represented
by light gray (rice), dark gray (Arabidopsis), or black (ances-
tral gene model) boxes. Only the central portions of the rice
genes that could be unambiguously reconstructed are shown.
The model assumes that introns in positions 14, 15, and 16
are related by ancestry. Regions corresponding to the four
RRMs and the conserved C-terminal domain are indicated by
dashed boxes in the ancestral gene model.

former. Second, class III genes, PAB6 and PAB7, share
in common introns 3, 4, and 9, which are absent from
all other PABP genes. Intron 5 is unique to PAB7. In-
trons 11, 13, 15, 17, and 19 in the C-terminal portion
of the PAB6 and PAB7 ORFs are not conserved between
these two genes, and their amino acid sequences differ
significantly as well. The orphan PABI gene lacks all
but introns 1, 7 (which is unique to PABI), and 8, and
it also lacks the C-terminal domain.

The following minimum-evolution model can be pro-
posed for the Arabidopsis PABP gene structures. The
ancestral PABP gene (Figure 3) contained introns 1, 2,
3,4,5,6,8,9, 10, 12, 14-16, and 18. The hypothetical
common progenitor of the class I and class II PABP
genes was derived from this ancestral gene via a loss of
introns 3, 4, 5, and 9. Subsequent loss of introns 2 and
12 marked the separation of the class I lineage. The
PAB6 and PAB7 genes (class III) were derived from the
ancestral gene independently from the above lineages,
by a loss of introns 6 and 8 and a reshuffling of the
distal portion of the gene. The reshufflings must have
occurred independently in PAB6 and PAB7, resulting
in unique intron positioning (introns 11 and 13 in PAB6
and introns 17 and 19 in PAB7) and a loss of the con-
served C-terminal domain in PAB6, but not in PAB7.
The loss of introns 2 and 5 also marked the separation

of PAB6 from PAB7. The PABI gene arose from the
ancestral gene independently of others, via a loss of all
but introns 1 and 8, gain of intron 7, and an additional
rearrangement that resulted in a loss of the conserved
C-terminal domain. While assuming an independent
evolution of the PABI gene increases the total number
of events in the model, it agrees best with the deep
branching order obtained for PABI in PAUP analysis
(Figure 2).

The primordial status of introns 1, 3, 5, and 6 is
supported by their presence in the same location and
phase in the human PABP gene (HORNSTEIN et al. 1999).
Introns 2, 8, 10, 14-16, and 18 are also considered pri-
mordial because they occur in more than one PABP
gene class and are all in phase zero. Of the remaining
introns presumed to be ancestral, intron 12 is also in
phase zero, while introns 4 and 9 are not. Assuming the
presence of intron 12 in the ancestral gene allows the
model to be constructed with fewer events. On the other
hand, introns 4 and 9 could have equally likely resulted
from recent intron gains in the class III lineage.

Gene models for the central regions of the five rice
PABP genes were also reconstructed and compared with
the Arabidopsis PABP gene models (poor sequence con-
servation beyond the four RRMs precluded full recon-
structions). This analysis revealed that the structure of
the central segment of the OsPABI84 gene is identical
to those of the class I Arabidopsis PABP genes; the
structures of the OsPABI179, OsPAB104, and OsPAB84.96
rice PABP genes are identical to those of the class II
Arabidopsis PABP genes; and the structure of Os-
PAB718.97is identical to that of the Arabidopsis PAB7,
a member of class III. These findings further support
the notion of the three ancient classes of the PABP
genes in flowering plants.

Expression of the plant PABP genes: Expression of
the Arabidopsis PABP genes was analyzed by examining
the EST databases, as well as experimentally in cases
where no evidence for expression existed. Numerous
ESTs were found for PAB2, PAB4, and PABS, suggesting
that these genes are expressed highly and in a broad
range of cell types (Table 1; frequency distributions may
not proportionally reflect relative expression in tissues,
since EST data were compiled from more than one
c¢DNA library). In contrast, expression of PAB5 and
PAB3 is restricted to reproductive tissues. PAB5 is ex-
pressed in tapetum, pollen, ovules, and developing
seeds (BELOSTOTSKY and MEAGHER 1996), whereas
PAB3 is restricted to tapetum and pollen (Figure 4,
C-G). PABIis expressed in roots, most likely at a very low
level and/or in restricted cell types since the transcript
could be detected only by RT-PCR, and expression of
PABI is even weaker in flowers (BELOsSTOTSKY and
MEAGHER 1993). No ESTs were found for PAB6 and
PAB7. However, both transcripts were detectable by RT-
PCR, although not by Northern blotting, which proba-
bly reflects their low expression and/or restricted ex-
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pression domains. PAB6 mRNA was detected in leaves
and young seedlings. PAB7 was found predominantly
in siliques, although trace amounts of RT-PCR signal
could be seen in all tissues tested except roots (Figure
4, A and B).

Thus, all eight Arabidopsis PABP genes are transcrip-
tionally active and can be grouped into three classes on
the basis of similarity in their expression patterns. The
broadly and highly expressed class is composed of PAB2,
PAB4, and PABS. The reproductive tissue-specific class
is represented by PAB3and PAB5. The third class, whose
expression is weak and/or restricted to a small subset
of cell types, includes the PAB6 and PAB7 genes. PABI
appears to be an orphan gene, whose expression is weak
and spatially restricted and may include reproductive
tissues. Remarkably, this expression-based classification
is in complete agreement with the ones derived from
the analyses of Arabidopsis PABP amino acid sequences
(Figure 2A) and their gene structures (Figure 3). More-
over, BLAST searches for the rice PABP ESTs produced
no matches for OsPAB718.97, multiple matches for Os-
PABI179, OsPAB104, and OsPAB84.96 that were derived
from a broad range of tissues, and a single match for
OsPAB184, derived from the endosperm cDNA. This
distribution is fully consistent with the expression pat-
terns found for the Arabidopsis PABP gene classes III,
II, and I, respectively.

Possible autoregulation and cross-regulation of plant
PABP genes: A notable feature of fungal and metazoan
PABP genes is the presence of the A-rich segments in
their 5'-untranslated regions that could serve as PABP-
binding sites (SAcHsS et al. 1986; NIETFELD ef al. 1990;

Ec '.. -.

FIGURE 4.—Expression of the
« Arabidopsis PABP genes. (A and
B) Results of the RT-PCR analyses
of the expression of PABP6 (A)
and PAB7 (B) in roots, stems (ST),
leaves (L), cauline leaves (CL),
whole 10-day-old seedlings (SG),
and siliques (SQ). MW, molecular
weight marker (100-bp ladder).
(C-G) Analysis of the PAB3 gene
expression pattern using (C-E)
1 the PAB3 upstream control region
translational fusion to B-glucu-
ronidase in transgenic Arabidop-
sis (tapetum expression is high-
lighted in D; E shows mature
pollen that was first isolated from
anther and then stained); (F) in
situhybridization to the transverse
section through the wild-type
flower; and (G) Western blotting
of the pollen and leaf total extracts

ey with antibody specific for PAB3.

BURD et al. 1991; pE MELO NETO et al. 1995). PABP can
bind to oligo(A) stretches as short as 12 residues (SAcHs
et al. 1987), as well as to nonhomopolymeric A-rich
sequences (GORLACH et al. 1994). The interaction of
PABP with its own 5’-UTR downregulates its own transla-
tion in vivo (BAG 2001). Comparably A-rich stretches
are present in the 5'-UTRs of several Arabidopsis PABP
genes. For instance, sequences A;GGA,;, A;;GGA;, and
A;GTCA(GTTTCGA,TCCA; occur in the 5-UTRs of
PAB3, PAB5, and PAB2, respectively. Thus, a similar
autoregulatory control may operate in plant cells. Fur-
thermore, since any given 5’-UTR can be bound by more
than one PABP and any given PABP could bind to the
5'-UTR of more than one PABP mRNA, yet another
level of complexity might exist in those cell types in
which several PABPs are expressed simultaneously. For
example, PAB2 and PAB5 are coexpressed in pollen
(BELOSTOTSKY and MEAGHER 1996; PALANIVELU et al.
2000b). In addition, since PAB3 is closely related to
PAB5 and its expression in flowers was detected by RT-
PCR (BELOSTOTSKY and MEAGHER 1993), a possibility
that it is also expressed in pollen was also examined.
Results of the analyses employing promoter-reporter
fusions in transgenic plants, in situ hybridization, as well
as immunoblotting of extracts from different Arabi-
dopsis organs showed that the PAB3 gene is expressed
in pollen and tapetum, but not in any other tissue or
cell type (Figure 4, C-G).

A purified recombinant PAB3 was then tested for its
ability to interact with the 5-UTRs of PAB5, PAB2, and
its own, using gel mobility shift assays (Figure 5). Recom-
binant PAB3 interacted with its own 5'-UTRs and with
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FIGURE 5.—Arabidopsis PAB3 protein interacts with the 5'-
UTRs of PAB2, PAB3, and PAB5 mRNAs in vitro. (A) An SDS
PAGE gel was loaded with 2 g of the purified recombinant
His-tagged PAB3. (B-D) Gel mobility shift assays were carried
out using the amounts of PAB3 protein indicated at the top,
with PAB3, PAB5, and PAB2 RNA probes. Oligo(A) was in-
cluded as a competitor (150-fold excess) in the rightmost lanes
of B and D. Free probe and shifted complex are indicated on
the left. (E) Quantitation of the binding data: PAB2 probe,
circled symbols and solid line; PAB3 probe, squared symbols
and dashed line; PAB5 probe, diamond-shaped symbols and
dashed line. All data points are averages of two independent
experiments that varied by <20%.

the 5'-UTR of PAB2 with high and comparable affinity
(Ky ~ 20 nm) and with lower affinity (K; ~ 200 nm)
with the 5’-UTR of PAB5. The lack of perfect correlation
between the length of uninterrupted oligo(A) stretch
and the apparent binding affinity may suggest that
non-A residues of the respective 5'-UTRs make signifi-
cant contributions to binding. These interactions were
specific, since they were observed in the presence of
2 ng/ml tRNA as a nonspecific competitor, but were

abolished by an excess of unlabeled oligo (A). Moreover,
PABP affinity for nonspecific RNA is known to be consid-
erably lower [K; = 0.5 pM for mammalian PABP (Gor-
LACH et al. 1994); K; = 1.5 um for yeast PABP (DEAR-
DORFF and SacHs 1997)]. No binding to any of these
probes was observed with up to 2 wM of nonspecific
protein (glutathione S-transferase, not shown). These
results suggest the possibility of negative feedback regu-
lation, as well as cross-regulation, among the multiple
plant PABPs that are coexpressed in the same cell.

DISCUSSION

In this article, evidence is provided that genomes of
monocot and dicot plants contain at least three ancient
lineages of PABP genes. These findings suggest that
orthologous PABP genes should exist in most monocots
and dicots and possibly even in the clades of the flow-
ering plants basal to the monocot/dicot split. Arabi-
dopsis has eight PABP genes, all of which are expressed
and potentially functional, and at least three of them
(PAB2, PAB3, and PABS) are able to complement the
pabl null mutant of S. cerevisiaie (BELOSTOTSKY and
MEAGHER 1996; PALANIVELU et al. 2000a; CHEKANOVA
et al. 2001). This represents the largest known PABP
multigene family in any species so far, which is particu-
larly striking considering the relatively small size of the
Arabidopsis genome. Phylogenetic analysis of the Arabi-
dopsis PABP amino acid sequences, comparative analy-
sis of their gene structures, and surveys of the available
gene expression data demonstrate that class I is com-
posed of the reproductive tissue-specific PABPs, PAB3
and PAB5 genes, class II of the broadly and strongly
expressed PAB2, PAB4, and PABS genes, and class 111
of the tissue-specific, weakly expressed PAB6 and PAB7
genes. In rice, the OsPABI84 gene has been identified
as a member of class I; OsPABI179, OsPABI104 and Os-
PAB84.96 as members of class II; and OsPAB718.97 as
a member of class III. While detailed expression data
for the rice PABP genes are not yet available, the tissue
distribution and abundance of the reported ESTs are
fully consistent with the prediction that the expression
of class I, I, and III PABP genes in rice follows the same
pattern as it does in Arabidopsis. Experiments showing
that the developmental regulation of the PAB2 pro-
moter in transgenic tobacco is virtually identical to the
one seen in Arabidopsis also support the view that the
expression patterns of the plant PABP genes are evolu-
tionarily conserved (PALANIVELU et al. 2000b). Place-
ment of the Arabidopsis PABI gene is less certain, princi-
pal possibilities being that it either belongs to class I or
is a sole member of a separate class that is present in
Arabidopsis but absent from rice. Alternatively, PABI
might be a gene that is no longer under selective pres-
sure and is on its way to becoming a pseudogene. Se-
quencing of other dicot genomes should help resolve
this issue.
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The potential for interactions of the plant PABPs with
their own 5-UTR and the 5-UTRs of the other PABP
genes expressed in the same cell type represents a level
of complexity not seen in other eukaryotes to date.
Results of binding studies suggest that the PAB3 protein
may regulate the function of its own mRNA, as well as
of mRNAs of the other PABP genes expressed in pollen.
Curiously, PAB3 binds with lower affinity to the 5'-UTR
of the PAB5 transcript than to the 5-UTR of PAB2
and to its own 5-UTR. This could serve to limit the
expression of the class II PAB2 protein in pollen, thus
allowing the reproductive-specific PABP (PABb) to pre-
dominate. In addition, while the binding to the PAB2
and PAB3 probes fit well to a standard equation describ-
ing noncooperative single-site interaction, the binding
curve for the PAB5 probe was steeper; i.e., it deviated
toward positive cooperativity (Figure 5). The possible
significance of this remains to be investigated.

The outcomes of these multiple interactions could be
complex and dependent on the i vivo concentrations of
the respective PABPs, their Kj’s for the various 5'-UTRs,
concentrations and secondary structures of the 5'-UTRs
themselves, and competing RNA-binding proteins. It
should also be noted that PABPs might bind to the 5'-
UTRs of other transcripts containing similarly A-rich
elements, such as the pectinesterase gene (At2g47050),
whose 5'-UTR contains the sequence A;CA,CCA4GACA,,
where the last A is the first base of the initiator codon.

The high degree of amino acid sequence divergence
and vastly different expression patterns of the class I,
II, and III PABPs argue for the existence of functional
differences between the classes and possibly even be-
tween members of the same class. For instance, microar-
ray-based mRNA decay experiments (GUTIERREZ el al.
2002; http://afgc.stanford.edu/afgc_html/expression.
html) have revealed that, while the PABS mRNA is sta-
ble, the two other members of class II, PAB2 and PAB4,
are encoded by unstable mRNAs (77, < 2 hr). This
may indicate that the plant needs to adjust levels of
some, but not all, class II PABPs relatively rapidly, de-
pending on changes in the environment. However, the
potential for functional redundancy must also be taken
into account. Selection for the enhanced quantity of
the encoded gene product, for higher fidelity of the
process, for the emergent function(s), or for the diver-
gent function(s) have all been considered as possible
reasons for maintaining redundant genes (THOMAS
1993). Divergence in gene function could also be driven
by acquisition of novelties in cisregulatory regions controll-
ing the expression patterns of otherwise interchangeable
ORFs (reviewed in PICKETT and MEEKS-WAGNER 1995).
Knockout mutants in all eight Arabidopsis PABP genes
have been recently isolated in this laboratory, enabling
rigorous experimental testing of their functions and
possible mechanisms of redundancy and/or functional
specialization.
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