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U2AF (U2 small nuclear ribonucleoprotein auxiliary factor) is an essential splicing factor with critical roles in recognition of the
3#-splice site. In animals, the U2AF small subunit (U2AF35) can bind to the 3#-AG intron border and promote U2 small nuclear
RNP binding to the branch-point sequences of introns through interaction with the U2AF large subunit. Two copies of U2AF35-
encoding genes were identified in Arabidopsis (Arabidopsis thaliana; atU2AF35a and atU2AF35b). Both are expressed in all
tissues inspected, with atU2AF35a expressed at a higher level than atU2AF35b in most tissues. Differences in the expression
patterns of atU2AF35a and atU2AF35b in roots were revealed by a promoter::b-glucuronidase assay, with atU2AF35b expressed
strongly in whole young roots and root tips and atU2AF35a limited to root vascular regions. Altered expression levels of
atU2AF35a or atU2AF35b cause pleiotropic phenotypes (including flowering time, leaf morphology, and flower and silique
shape). Novel slicing isoforms were generated from FCA pre-mRNA by splicing of noncanonical introns in plants with altered
expression levels of atU2AF35. U2AF35 homologs were also identified from maize (Zea mays) and other plants with large-scale
expressed sequence tag projects. A C-terminal motif (named SERE) is highly conserved in all seed plant protein homologs,
suggesting it may have an important function specific to higher plants.

Splicing is an essential process in eukaryotic gene
expression. The precise excision of introns from pre-
mRNA requires a dynamically assembled RNA pro-
tein complex (spliceosome). Many proteins participate
in intron and exon definition prior to the assembly of
U1 and U2 small nuclear RNP (snRNP). U2AF is such
a splicing factor. Before spliceosome assembly, U2AF
binds to the polypyrimidine (Py) tract between the
intron branch-point and the 3#-AG dinucleotide intron
boundary to recruit U2 snRNP to the branch-point
sequence. The U2AF protein is composed of a large
subunit (U2AF65) and a small subunit (U2AF35; Za-
more and Green, 1989), with U2AF65 binding directly
to the Py tract (Zamore et al., 1992) and U2AF35

binding to the 3#-AG boundary (Merendino et al.,
1999; Wu et al., 1999; Zorio and Blumenthal, 1999).
U2AF35 can promote binding of U2AF65 to the Py tract
by interacting simultaneously with the U2AF65 and
arginine-serine (SR) proteins (Zuo and Maniatis, 1996).

It was also shown that the binding of U2AF35 can
trigger events in spliceosome assembly in addition to
stabilizing U2AF65 binding (Guth et al., 2001). In vivo
studies in Drosophila revealed that U2AF38 is an
essential factor because mutations in U2AF38 caused
lethality and development defects (Rudner et al.,
1996). In vitro studies, however, suggested that some
pre-mRNAs, including human b-globin pre-mRNA
and adenovirus major late pre-mRNA, do not require
U2AF35 in splicing (Guth et al., 1999). These seemingly
conflicting results indicate that U2AF35 may function in
a substrate-specific manner.

Genes encoding U2AF35 were designated U2AF1.
Single to multiple copies of U2AF1 were identified in
fission yeast (Schizosaccharomyces pombe; Wentz-
Hunter and Potashkin, 1996), worm (Zorio and Blu-
menthal, 1999), fly (Rudner et al., 1996), fish (Tassone
et al., 1999), chicken (Pacheco et al., 2004), and mam-
mals (Zhang et al., 1992; Tupler et al., 2001; Shepard
et al., 2002). U2AF35 contains a pseudo-RNA recogni-
tion motif (cRRM) flanked by two highly conserved
C8C5C3H zinc fingers (Kielkopf et al., 2001, 2004). The
cRRM and two zinc fingers are essential for U2AF35

function (Webb and Wise, 2004). U2AF35 also contains
a C-terminal RS domain (Zhang et al., 1992), which
was found to be dispensable in vivo (Rudner et al.,
1998). In mammals, a recently duplicated copy of
U2AF1 encodes a 26-kD protein (U2AF26; Shepard
et al., 2002). U2AF26 lacks the C-terminal RS domain,
but is still able to functionally substitute for U2AF35 in
splicing (Shepard et al., 2002). An alternatively spliced
isoform of the U2AF1 pre-mRNA is conserved from
fish to human (Pacheco et al., 2004). The encoded
protein has seven amino acid differences in the cRRM,
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but is still able to bind to U2AF65 and promote U2AF
splicing activity in vitro (Pacheco et al., 2004). Multiple
copies and isoforms of U2AF1 may contribute to the
fine-tuned control of pre-mRNA splicing in verte-
brates (Pacheco et al., 2004). In yeast (Saccharomyces
cerevisiae), however, no ortholog of U2AF35 exists, al-
though a functional ortholog of U2AF65 was identified
(Mud2p; Abovich et al., 1994). No SR proteins were
found either, possibly because the conserved branch
consensus sequence eliminates the requirements for
these factors in yeast.
Mammalian introns can be classified into AG-

dependent and AG-independent types (Reed, 1989).
In the AG-dependent introns, the Py tract is short
(weak) and the adjacent 3#-AG boundary is essential
for splicing (Reed, 1989). The function of U2AF35 is
important in these introns because it stabilizes the
binding of U2AF65 with the weak Py tract (Zuo and
Maniatis, 1996). AG-independent introns, however,
have a long (strong) Py tract and the AG is not re-
quired for splicing (Reed, 1989). U2AF65 alone is suf-
ficient for recruiting the U2 snRNP to the branch-point
sequence (Wu et al., 1999). Plant introns have neither
conserved branch-point sequences nor a Py tract. Two
U2AF65 homologs isolated from wild tobacco (Nicoti-
ana plumbaginifolia) can complement the in vitro splic-
ing of adenovirus pre-mRNA in HeLa cell extracts
depleted of U2AF factor (Domon et al., 1998). Previous
results revealed that Arabidopsis (Arabidopsis thaliana)
has three copies of genes encoding the U2AF large
subunit and one possible pseudogene (Wang and
Brendel, 2004). These results suggest that the mecha-
nism of 3#-splice site (ss) recognition is conserved in
plants. Because plant introns lack strong branch-point
and Py-tract motifs, it is very likely that 3#-ss recog-
nition in plants relies more on U2AF35 to stabilize
binding of the U2AF large subunit to pre-mRNA and
to provide a bridge between the U2AF large subunit
and the SR proteins.
Currently, very little is known about the detailed

splicing mechanism in plants. Our recent survey
revealed that most metazoan splicing factors are con-
served and more than half of them are duplicated in
plants (Wang and Brendel, 2004).We proposed that
plants share the general splicing mechanism with
metazoans but have distinct regulatory mechanisms
(Wang and Brendel, 2004). Compared with nine SR
proteins in humans, a total of 19 SR proteins were
identified from Arabidopsis, including four families of
novel SR proteins (Lazar et al., 1995; Lopato et al.,
1996a, 1996b, 1999a, 1999b, 2002; Golovkin and Reddy,
1998, 1999; Kalyna and Barta, 2004; Wang and Brendel,
2004). Some novel SR proteins were found to be con-
served in maize (Zea mays; Gupta et al., 2005), sug-
gesting that these genes are possibly conserved in the
plant kingdom. Recent studies using fluorescent pro-
tein tags revealed that SR proteins are dynamically
distributed in nuclear speckles (Ali et al., 2003; Docquier
et al., 2004; Fang et al., 2004; Lorkovic et al., 2004;
Tillemans et al., 2005). The overall nuclear localization

of Arabidopsis SR proteins is similar to each other and
to animal homologs, although differences also exist
(Tillemans et al., 2005). Overexpression of atSRp30 and
atRSZ33 changes the alternative splicing pattern of
some endogenous genes and causes morphological
and developmental abnormalities (Lopato et al.,
1999b; Kalyna et al., 2003). It is likely that atSRp30 and
atRSZ33 may have important roles in ss selection.
Because SR proteins function in 3#-ss recognition by
binding to exonic splicing enhancers (Tian and Mania-
tis, 1993) and U2AF35 bridges SR protein binding to
exonic splicing enhancers, with U2AF65 binding to the
Py tract to stabilize the interactions (Zuo and Maniatis,
1996), it is of great interest to characterize the U2AF35

homologs to understand the mechanism of 3#-ss recog-
nition in plants.

No U2AF35 homolog has been identified experimen-
tally in plants. Database searches revealed two copies
of potential U2AF35 genes in Arabidopsis (Domon
et al., 1998; Lorkovic and Barta, 2002; Wang and
Brendel, 2004). These two genes are highly conserved
with their metazoan counterparts on the sequence level,
indicating that their functions may also be similar. In
this study, we report the experimental characterization
of the two genes. Expression pattern differences and
functional divergences were found to distinguish the
genes. Computational identification of U2AF35 homo-
logs in other plants revealed a highly conserved
C-terminal motif specific to the plant clade of U2AF35

homologs.

RESULTS

Identification of Arabidopsis U2AF Small

Subunit Homologs

We recently performed a genome-scale survey of
splicing-related genes in Arabidopsis and identified
two U2AF35 homologs (At1g27650 and At5g42820;
Wang and Brendel, 2004). At1g27650 maps to the short
arm of chromosome 1 and encodes a predicted poly-
peptide of 296 amino acids. At5g42820 maps to the
long arm of chromosome 5 and encodes a predicted
polypeptide of 283 amino acids. A third gene
(At1g10320) shows significant similarity to human
U2AF35 but is presumably the ortholog of a mamma-
lian U2AF35-related sequence, U2AF1-RS1 (Kitagawa
et al., 1995). The gene nomenclature conventions of
previous genome-scale studies were followed and
atU2AF35a and atU2AF35b were used to represent
At1g27650 and At5g42820, respectively. At the time
of this study, 16 expressed sequence tag (EST)
sequences and eight cDNA sequences could be
aligned to the atU2AF35a region (see displays at
http://www.plantgdb.org/AtGDB). Spliced alignment
of the full-length cDNAs reveals a 402-nucleotide
(nt) intron in the 5#-untranslated region (UTR) of
atU2AF35a. Two ESTs (gi2757034 and gi5839839) indi-
cate that the 5#-UTR intron may be retained in some
tissues. For atU2AF35b, only three ESTs were available,
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and all matched to the 3#-end of the gene. One of the
EST clones (accession no. AI997531) was ordered (Ge-
nome Systems) and sequenced from both directions.
The full-length sequence identified the 5#-end of the
atU2AF35b gene, which includes a 277-nt intron in the
5#-UTR region. It also revealed a poly(A) tail at the 3#-
end (which was missing in the original EST sequence).
The sequence was deposited to GenBank (accession
no. AF409140). As shown in Supplemental Figure 1,
the atU2AF35a and atU2AF35b proteins contain most of
the conserved domains of hsU2AF35, including the
cRRM, one RS domain, two zinc fingers, and the two
regions for interacting with the U2AF large subunit
(Kielkopf et al., 2001). Both proteins lack the stretch of
Glys present in hsU2AF35. The sequences are overall
83% identical and each Arabidopsis homolog shows
approximately 70% similarity to hsU2AF35 (BLAST2
alignments using default parameters).

Expression Patterns and Alternative
Splicing of atU2AF35

To verify the gene structure and check the expres-
sion patterns of the atU2AF35a and atU2AF35b genes,
specific primers were designed from the 5#- and
3#-UTRs of both genes. Reverse transcription (RT)-
PCR was conducted using RNAs extracted from
Arabidopsis 7-d seedlings, leaf before flowering
(LeafBF), leaf after flowering (LeafAF), meristem after
flowering (MeriAF), root after flowering (RootAF),
stem, flower, and silique tissues. As shown in Figure
1A, both atU2AF35a and atU2AF35b genes express in all
these tissues. No clear intron retention product can be
identified for either atU2AF35a or atU2AF35b, indicat-
ing that the 5#-UTR intron is spliced efficiently. In-
triguingly, atU2AF35a seems to have noncanonical
introns in addition to the 5#-UTR intron. Several
smaller bands in addition to the main product were
observed in the RT-PCR for atU2AF35a. Sequencing
results revealed that two additional segments in the
3#-end could be removed from the main transcript.
These additional segments are possible introns and
named alternative intron (AltIntron) 1 and AltIntron2.
AltIntron1 (287 nt) and AltIntron2 (345 nt) overlap
with each other. The position of these introns is shown
in Figure 1B. Neither of the AltIntrons is canonical;
both have a repeat region flanking the intron-exon
junction (AltIntron1, AGGAGCA;AltIntron2, AAAAC).
Thus their real borders are difficult to determine. In-
dependent RT-PCRs using different transcriptase and
RNA preparations confirmed the existence of addi-
tional products. Splicing of AltIntron1 and AltIntron2
removes the coding sequences for the C terminus of
atU2AF35a protein. The truncated Arabidopsis U2AF35a
proteins retain the conserved N-terminal domains and
a shortened SR domain. This domain structure is sim-
ilar to U2AF26, a duplicated copy of U2AF35 in human
and mouse (Shepard et al., 2002). Whether the trun-
cated atU2AF35a proteins have physiological roles is
unknown.

atU2AF35a Has Higher Expression Levels Than atU2AF35b

in Most Tissues

To compare the expression level of atU2AF35a and
atU2AF35b in different tissues, real-time RT-PCR was
employed using primers designed from the 5#-UTR
region for both genes. Because the two genes are very
similar to each other at the nt level, it is not feasible
to design gene-specific probes for northern analysis.
To eliminate possible DNA contamination, the reverse
primers were designed from the exon junctions of the
5#-UTR intron for both genes. Avalidation experiment
using different dilutions of cDNAs confirmed that the
primers for the atU2AF35a and atU2AF35b genes have
similar amplification efficiency (data not shown). The
expression of atU2AF35a in LeafBF was arbitrarily se-
lected as a calibrator and the other samples were com-
pared with it to get relative expression levels.

Figure 1. RT-PCR analysis of atU2AF35a and atU2AF35b transcripts. A,
Gel pictures of RT-PCR results. RNA tissues include seedling, LeafBF,
LeafAF, MeriAF, RootAF, stem, flower, and silique. NoRT is the negative
control, where equal amounts of different tissue RNAs were mixed and
used in the RT-PCR reaction without adding reverse transcriptase.
Genomic DNA was used as positive control. The arrows point to
noncanonical alternative splicing isoforms. B, Noncanonical alterna-
tive splicing pattern. Solid boxes represent exons and lines represent
introns. Numbers indicate the sizes of the corresponding introns.
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As shown in Figure 2, real-time RT-PCR revealed
that the atU2AF35a transcript is more abundant than
atU2AF35b in all tissues tested. In flower, stem, silique,
RootAF, and MeriAF, the atU2AF35a transcript level is
significantly higher than the atU2AF35b level (t test,
P , 0.05). atU2AF35a expresses at a level over 2-fold
higher than atU2AF35b in these tissues. In seedlings
and leaf tissues (LeafAF and LeafBF), the difference
between atU2AF35a and atU2AF35b is not statistically
significant. The atU2AF35a level is less than twice that
of atU2AF35b in leaves. It seems that both atU2AF35a
and atU2AF35b express at a relatively stable level in
different tissues. Compared with the expression level
in LeafBF, no significant difference was observed for
atU2AF35b in other tissues. For atU2AF35a, only flower
and MeriAF have significantly higher expression.
From these results, we concluded that atU2AF35a
expresses in a level similar to or a little higher than
atU2AF35b in most tissues before flowering. After
flowering, both genes have an increased level in
leaves. The expression of atU2AF35a increases signif-
icantly in meristem and flower, while expression of
atU2AF35b seems to be decreased in roots.

Promoter::b-Glucuronidase Assays Reveal Similarities

and Differences between the Expression Patterns of
atU2AF35a and atU2AF35b

RT-PCR results only revealed the expression pat-
terns of atU2AF35a and atU2AF35b in major tissues. A
promoter::b-glucuronidase (GUS) assay was em-
ployed to identify the expression patterns in more
detail. For both atU2AF35a and atU2AF35b, three to five
independent lines transformed with two promoter
constructs (the long and short ones, atU2AF35a [876
and 1,358 bp]; atU2AF35b [555 and 982 bp]; see ‘‘Ma-
terials and Methods’’ and Supplemental Fig. 2) all
revealed similar GUS staining patterns, indicating that

the short promoter region is a functional unit. The
strong promoter control (Cauliflower mosaic virus
[CaMV] 35S) showed strong GUS expression through-
out the plants. No GUS activities were detected in the
negative control transgenic plants (data not shown).

As shown in Figure 3, the GUS staining patterns are
consistent with RT-PCR results and demonstrate that
both atU2AF35a and atU2AF35b genes express in most
tissues. The spatial and temporal expression of the two
genes is similar in most tissues. Strong GUS activities
are detected in 2- to 5-d seedlings (Fig. 3, A, F, and G).
Shoot meristem, leaf primordia, and young leaves,
including trichomes, show intense GUS activity (Fig. 3,
B, C, and I–K). In large leaves, GUS expression is
decreased and localized around vascular tissues of
leaves (Fig. 3I). Adult leaf blades show weak GUS
activity, while the vasculature and petioles have stron-
ger GUS expression (Fig. 3, B and I). The most intense
GUS activity is found in flowers. Flower buds, sepals,
stamens, anthers, pollen, stigma, and the basal region
of flowers all show strong GUS activity (Fig. 3, D and
L–N). Petals show weak, but detectable, GUS expres-
sion. In siliques, the placenta and funiculus have strong
GUS expression (Fig. 3E).

Differences between the expression of atU2AF35a
and atU2AF35b were also discovered in flowers and
young roots. As shown in Figure 3, M to Q, strong GUS
activities were detected on the tops of pistils in control
plants (CaMV 35S). The atU2AF35a transformants
also have detectable GUS expression. atU2AF35b trans-
formants, however, have no clear GUS activities. A
distinct expression pattern was discovered in young
roots. For atU2AF35a, expression in young roots is lim-
ited to vascular regions (Fig. 3P). Root tips and hairs do
not show clear GUS expression (Fig. 3S). The atU2AF35b
and CaMV 35S promoter drive strong GUS activities
on the whole root (Fig. 3, Q and R), with the strongest
expression in root tips (Fig. 3, T and U).

Both atU2AF35a and atU2AF35b Proteins Localize to the
Cell Nucleus

As pre-mRNA splicing takes place in the nucleus,
the atU2AF35a and atU2AF35b gene products should
have nuclear localization if they are indeed splicing
factors. atU2AF35a and atU2AF35b open reading frame
(ORF) sequences were fused in frame downstream of
the green fluorescent protein (GFP) coding sequence
driven by the CaMV 35S promoter in gateway vector
pMDC43 (Curtis and Grossniklaus, 2003). The unmod-
ified pMDC43 was used as a control vector, with
fluorescence detected in both the cell nucleus and the
cytoplasm (Wang, 2005). Both atU2AF35a and
atU2AF35b proteins are clearly enriched in nuclei and
no differences were detected between them. As shown
in Figure 4, strong green fluorescence was detected in
the nuclei of root cells (Fig. 4C), leaf cells, guard cells
(Fig. 4, D and E), and trichomes (Fig. 4F). Detailed
study using confocal microscopy revealed that the
distribution of atU2AF35a and atU2AF35b protein in

Figure 2. Expression levels of atU2AF35a and atU2AF35b. Real-time RT-
PCR was performed to compare the expression levels of atU2AF35a and
atU2AF35b in different tissues. The RNA tissues used are described in
the legend to Figure 1. The level of atU2AF35a in leafBF was arbitrarily
chosen as the calibrator and other expression levels were compared
with it. Relative expression level is indicated by bar heights. The thin
lines above the bars represent the SE among three experimental repeats.
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Figure 3. GUS staining patterns for atU2AF35a
and atU2AF35b promoters. The tentative
atU2AF35a or atU2AF35b promoters were linked
to the GUS gene. A to E, M, P, and S, atU2AF35a.
F to L, N, O, and T, atU2AF35b. O, R, and U,
CaMV 35S promoter control. A, B, F, and G,
Whole seedlings in different stages. C, I, and J,
Leaves and trichomes. D, M to O, Flowers and
inflorescences. E, Silique. K, Leaf primordia and
meristem. L, Anther and pollen. H, P to U,
Primary roots.
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Figure 5. Phenotypes of atU2AF35a mutant and
atU2AF35b transgenic lines. Pleiotropic pheno-
types are observed in atU2AF35a/b mutants. A, All
atU2AF35a and atU2AF35b plants are late flower-
ing. The gene structure and T-DNA insertion of
atU2AF35a are shown above the atU2AF35a mu-
tant. Boxes represent the exons and the thick line
represents the intron. The gray rectangle denotes
the protein coding region. The T-DNA insertion is
indicated by a triangle. The red arrows indicate
the positions of the real-time RT-PCR primers.
Note that the reverse primer is flanking the exon
junction. B, Flower shape changes in atU2AF35a
mutants as well as in atU2AF35b plants. C, Main
stem stops growing in some atU2AF35a mutants.
Some atU2AF35b plants also show the same
phenotype. D and E, Shape of siliques is changed
in atU2AF35a mutants. F, Real-time RT-PCR re-
sults on atU2AF35a/b plants and wild type. The
level of atU2AF35a in wild type was chosen as
a calibrator. Bars indicate relative expression
levels; thin lines above the bars represent SEs.
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