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In eukaryotes, alternative splicing of pre-mRNAs contributes significantly to the proper expression of the genome. However,
the functions of many auxiliary spliceosomal proteins are still unknown. Here, we functionally characterized plant
homologues of nematode suppressors of mec-8 and unc-52 (smu). We compared transcript profiles of maize (Zea mays) smu2
endosperm with those of wild-type plants and identified pre-mRNA splicing events that depend on the maize SMU2 protein.
Consistent with a conserved role of plant SMU-2 homologues, Arabidopsis (Arabidopsis thaliana) smu2 mutants also show
altered splicing of similar target pre-mRNAs. The Atsmu2 mutants occasionally show developmental phenotypes, including
abnormal cotyledon numbers and higher seed weights. We identified AtSMU1 as one of the SMU2-interacting proteins, and
Atsmu1 mutations cause similar developmental phenotypes with higher penetrance than Atsmu2. The AtSMU2 and AtSMU1
proteins are localized to the nucleus and highly prevalent in actively dividing tissues. Taken together, our data indicated that
the plant SMU-1 and SMU-2 homologues appear to be involved in splicing of specific pre-mRNAs that affect multiple aspects
of development.

Pre-mRNA splicing is an essential process where the
spliceosome removes introns from pre-mRNAs, and it
can lead to more than one splice variant (SV), resulting
in the production of different proteins. Alternative
splicing has been found to be an important regulatory
process in global gene expression, since the splicing
pattern of a pre-mRNA can vary in different cell types
and at different developmental stages as well as in
response to environmental cues (Black, 2003). A model
of combinatorial control for pre-mRNA splicing was
proposed to explain the apparent complexity of splic-

ing, as the protein complex controlling splice site
selection consists of positive- and negative-acting
factors (e.g. Ser/Arg-rich [SR] proteins and heter-
ogeneous nuclear ribonucleoproteins [hnRNPs], re-
spectively, that have synergistic and antagonistic
interactions; Smith and Valcarcel, 2000; Black, 2003).
The balance between splicing factors determines the
pattern of pre-mRNA splicing, but tissue-specific reg-
ulators appear to be crucial for determining alternative
splicing patterns between tissues.

The spliceosome consists of a group of small nuclear
RNAs (snRNAs) and proteins that are recruited to pre-
mRNAs to remove introns (Jurica and Moore, 2003).
Recent proteomic analyses of human spliceosomal
complexes (Neubauer et al., 1998; Hartmuth et al.,
2002; Jurica et al., 2002; Makarov et al., 2002;
Rappsilber et al., 2002; Zhou et al., 2002; Bessonov
et al., 2008) revealed nearly 300 putative spliceosomal
proteins. Only a fraction of these proteins constitute
the catalytic core components for pre-mRNA splicing,
while the others are believed to be auxiliary factors.
Some of these auxiliary proteins appear to be
sequence-specific splicing factors (i.e. recruited to cer-
tain sets of pre-mRNAs) or their associated proteins
and provide communication links between splicing
and other processes in pre-mRNA and mRNA metab-
olism, such as transcription, capping, and 3# end
formation (Jurica and Moore, 2003). However, the
biochemical functions of many such auxiliary factors
still remain unknown.

Mechanisms of pre-mRNA splicing in plants are
assumed to be similar to those in animals, as the
consensus sequences around 5# and 3# splice sites and
branch sites are similar in plants and animals (Brown
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and Simpson, 1998) and components of animal splice-
osomes are conserved in plant genomes (Reddy, 2001).
Likewise, precise control of splice site selection during
alternative splicing appears to be common and essen-
tial in all higher eukaryotes, including plants. The
percentage of Arabidopsis (Arabidopsis thaliana) genes
with alternative splicing is currently estimated to be
about 22% (Wang and Brendel, 2006), a value much
smaller than is found for humans. But the Arabidopsis
genome contains at least 19 genes for SR proteins
(Reddy, 2004), almost twice the number of known
human SR proteins (Graveley, 2000). SR proteins and
some spliceosomal proteins in plants appear to form a
functional complex through their physical interactions
(Reddy, 2004).
Despite conserved cis-elements and trans-acting

factors, the precise function of plant splicing factors
is poorly defined. This is partly because an in vitro
splicing assay using plant cell extracts is currently
unavailable, and a surprisingly small number of mu-
tations in genes encoding putative plant spliceosomal
proteins, such as the supersensitive to ABA and drought1
(sad1) and stabilized1-1 (sta1-1) mutants of Arabidopsis
(Xiong et al., 2001; Lee et al., 2006), have been reported.
SAD1 and STA1 encode proteins similar to a human
Sm-like snRNP and a human U5 snRNP-associated
protein, respectively. Both sad1 and sta1-1 manifest
altered stress responses as well as morphological
defects and reduced growth, indicating that these
mutations have pleiotropic effects on plant develop-
ment. Similarly, developmental defects were obvious
in transgenic plants where the production of SR pro-
teins was deregulated. Overexpression of Arabidopsis
SR proteins led to pleiotropic effects on developmental
programs and influenced splice site selection among
SVs encoding the SR proteins themselves as well as
other splicing factors (Lopato et al., 1999; Kalyna et al.,
2003). More recently, it was found that SR proteins in
rice (Oryza sativa), when overexpressed, also affect
alternative splicing of their own transcripts and those
of other SR protein genes (Isshiki et al., 2006).
We isolated an RNA-splicing maize (Zea mays) mu-

tant with a variety of phenotypes, including a reduced
level of seed storage proteins and defective develop-
ment of embryos and flowers (Chung et al., 2007). The
mutation results from insertion of a transposable ele-
ment in the first exon of a gene encoding maize
ZmSMU2, a homologue of nematode SMU-2 (Spartz
et al., 2004), and a human spliceosomal protein
(Neubauer et al., 1998; Makarov et al., 2002; Rappsilber
et al., 2002; Zhou et al., 2002). Mutations in the nem-
atode smu-2 gene are associated with altered splicing
for unc-52 pre-mRNA, supporting a role for SMU-2 in
pre-mRNA splicing (Spartz et al., 2004). Nevertheless,
it is not clear how SMU-2 homologues regulate pre-
mRNA splicing. The human SMU-2 homologue does
not appear to be a core component of the spliceosome,
since it was not uniformly detected in different
spliceosomal complexes (Jurica and Moore, 2003;
Bessonov et al., 2008). Therefore, it is likely that

SMU-2 homologues are auxiliary factors of spliceo-
somes. Since SMU-2 homologues lack any known
RNA-binding domain, these proteins may participate
in pre-mRNA splicing by interacting with other spli-
ceosomal proteins.

Based on the sequence homology and pleiotropic
nature of the maize mutant, we proposed that ZmSmu2
plays a role in pre-mRNA splicing. One important
prediction from this hypothesis is that one should
observe altered splicing of pre-mRNAs in Zmsmu2
mutants compared with wild-type splicing patterns.
Here, we report data supporting this hypothesis.
Transcript profiling and reverse transcription (RT)-
PCR experiments revealed several potential pre-
mRNA targets for ZmSMU2. We further examined
the role of other plant SMU-2 homologues using Arabi-
dopsis. We characterized the AtSMU2 gene and ob-
tained additional evidence supporting the role of
SMU-2 homologues in pre-mRNA splicing. We found
interactions of ZmSMU2 and AtSMU2 with proteins
that imply a link with pre-mRNA splicing and other
mRNA metabolic processes. We identified an interac-
tion of AtSMU2 with AtSMU1, the homologue of the
nematode SMU-1 protein that was previously shown
to interact with SMU-2 (Spartz et al., 2004). Our data
suggest that SMU-l and SMU-2 homologues cooperate
with other proteins to regulate the splicing of specific
pre-mRNAs.

RESULTS

Altered Pre-mRNA Splicing in Zmsmu2
Mutant Endosperms

To investigate the molecular mechanisms that ac-
count for the phenotypes of Zmsmu2-1 endosperms
(Chung et al., 2007), microarray hybridization of RNA
from homozygous wild-type and Zmsmu2-1 endo-
sperms was performed (Supplemental Protocol S1;
Supplemental Table S1; Supplemental Fig. S1). Data
from this experiment can be summarized as three
major observations (for full description, see Supple-
mental Protocol S1). First, many genes encoding rRNA
processing factors and ribosomal proteins are up-
regulated in the mutant (Supplemental Figs. S1F and
S2), which appears to result from a feedback mecha-
nism that compensates for defective rRNA processing
and inefficient protein synthesis in Zmsmu2 mutant
endosperm (Chung et al., 2007). Second, genes in-
volved in the biosynthesis of seed storage proteins are
mostly down-regulated in the mutant (Supplemental
Figs. S1F and S2), which also explains how the level of
seed storage proteins is reduced in the mutant endo-
sperm (Chung et al., 2007). Lastly, it was revealed that
many probes with differential gene expression values
in the mutant were derived from intronic and alterna-
tive exonic sequences (Supplemental Fig. S1E). Fur-
thermore, about 8% of the probes with significantly
lower gene expression values in the mutant were
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estimated to hybridize with specific SVs, while only
4% of randomly chosen probes appeared to be SV
specific (Supplemental Tables S2–S4; Supplemental
Protocol S1). These results strongly suggested altered
splicing in Zmsmu2-1 endosperm.

We conducted RT-PCR analysis of selected gene
transcripts to compare pre-mRNA splicing in wild-
type, Zmsmu2-1, and Zmsmu2-3 endosperms. By an
RT-PCR experiment designed to identify SVs, we
confirmed at least three pre-mRNAs, SVs of which
were differentially accumulated in wild-type and
Zmsmu2-1 endosperm in the microarray experiment.
Gene models corresponding to these SVs were manu-
ally constructed, based on EST evidence, similarity to
conserved protein sequences, and intronic sequence
consensus, as described in Supplemental Protocol S1
and Supplemental Figure S1A. These three genes
encode TRA2 (an SR-like protein similar to Drosophila
Transformer2 [Amrein et al., 1988], encoded by
GRMZM2G073567 and found on the bacterial artificial
chromosome [BAC] clone AC187469.3 at location
124,155–127,755), RSp31B (an SR protein [Gupta
et al., 2005], encoded by GRMZM2G021272 and found
on the BAC clone AC204569.4 at location 146,139–
148,813), and OTUX (an OTU-like protease [Makarova
et al., 2000], encoded by GRMZM2G047838 and found
on the BAC clone AC232266.1 at location 71,091–
75,367). RT-PCR analysis of transcripts for these genes
revealed one or more SVs that are preferentially in-
creased or decreased in Zmsmu2-1 endosperm com-
pared with the wild type (Fig. 1, left panels labeled
Tra2, Rsp31b, and Otux), and the relative abundance of
these SVs was also found to be affected by the
Zmsmu2-3mutation (Fig. 1, right panels). For example,
the ratio of Tra2 SV1 to SV3 is higher in Zmsmu2-1
endosperm than in wild-type or heterozygous sib-
lings (Fig. 1, left panel labeled Tra2). Similarly, the ratio
of Rsp31b SV0 to SV1 is higher in Zmsmu2-1 than in
wild-type or heterozygous siblings (Fig. 1, left panel
labeled Rsp31b). The altered splicing pattern of Tra2
and Rsp31b pre-mRNAs in Zmsmu2-3 is very similar to

that in Zmsmu2-1 (Fig. 1). In contrast, the splicing
pattern of Otux pre-mRNA in Zmsmu2-3 endosperm is
opposite to that in Zmsmu2-1: the ratio of Otux SV1 to
SV2 is lower in Zmsmu2-3 than in the wild type or
a heterozygote, but the ratio is higher in Zmsmu2-1
than in wild-type or heterozygous sibling endosperms
(Fig. 1).

Taken together, the microarray and RT-PCR analyses
clearly demonstrated that ZmSMU2 affects alternative
splicing of specific pre-mRNAs in developing endo-
sperm, supporting the proposed role of ZmSMU2.

Characterization of smu2 Mutants in Arabidopsis

To functionally analyze the Arabidopsis homologue
of ZmSMU2, we searched the SIGnALT-DNA Express
database (http://signal.salk.edu/cgi-bin/tdnaexpress;
Alonso et al., 2003) for mutants with T-DNA in-
sertions in the AtSMU2 gene (At2g26460). Two
putative mutants were identified and designated
Atsmu2-1 and Atsmu2-2, respectively. Analysis of the
T-DNA-flanking sequences revealed that the Atsmu2-1
T-DNAwas in the eighth exon of the gene (Fig. 2A). In
Atsmu2-2, a T-DNA insert was confirmed in the sixth
intron of the gene (Fig. 2A). To investigate the effect of
these mutations on AtSMU2 gene expression, RT-PCR
analysis of RNA from seedlings was performed using
different combinations of primers (for the locations of
the primers, see Fig. 2A). TheAtsmu2-1 (Fig. 2B, lane 2)
and Atsmu2-2 (Fig. 2B, lane 3) homozygous seedlings
did not show significant differences in RNA levels
corresponding to the 5# portion of the AtSMU2 coding
sequence [Fig. 2B, AtSMU2 (1–2)] as compared with
wild-type seedlings (Fig. 2B, lane 1). However, when
primers flanking the T-DNA insertion sites were used,
SMU2 transcripts were not detected in the mutants
[Fig. 2B, AtSMU2 (3–4)], indicating that the T-DNA
insertions disrupted proper transcription, pre-mRNA
splicing, or RNA stability. Thus,Atsmu2-1 andAtsmu2-2
homozygous mutant plants are unlikely to produce a
wild-type AtSMU2 protein. However, RT-PCR analysis

Figure 1. Altered RNA splicing in Zmsmu2-1 and Zmsmu2-3 endosperm. Heterozygous (smu2-1/+ or smu2-3/+) plants were
self-pollinated, and kernels were dissected into embryo and endosperm tissues at 16 d after pollination. Embryo DNAwas used to
genotype the Zmsmu2 locus, and RNA was extracted from homozygous wild-type, heterozygous, and homozygous mutant
endosperms and used for semiquantitative RT-PCR. +/+, Endospermwith a homozygous wild-type embryo; +/2, endospermwith
a heterozygous embryo; 2/2, endosperm with a homozygous smu2-1 mutant embryo. Arrowheads indicate SVs with different
band intensities between the wild type and mutants. Pre-mRNA splicing patterns of SVs are shown at right, with RT-PCR primers
indicated by arrows. Ratios of differentially accumulated SVs are shown below the panels.
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using primers downstream to the T-DNA insertion sites
indicated a low level of detectable RNA in theAtsmu2-2
mutant plants [Fig. 2B, AtSMU2 (5–6)]. This suggests
that the T-DNA insertion in Atsmu2-2 may create a
downstream, cryptic transcription start site that can
lead to the production of a partial AtSMU2 mRNA.
To determine whether the mutant plants lacked a

full-length AtSMU2 protein, an immunoblot analysis
of extracts fromwild-type and Atsmu2-1 and Atsmu2-2
mutant plants was conducted. We previously re-
ported that an AtSMU2 protein with a glutathione-S-
transferase (GST) tag showed strong cross-reaction
with an antiserum prepared against ZmSMU2 (Chung
et al., 2007). Of the three prominent bands detected in
wild-type Arabidopsis seedlings, the largest band cor-
responding to a 100-kD protein was absent in the
mutant extracts (Fig. 2C), indicating that it corresponds
to the AtSMU2 protein. Furthermore, this result
showed that Atsmu2-1 and Atsmu2-2 mutant plants do
not produce a full-length AtSMU2 protein, suggesting
that the two alleles are null for AtSMU2 function.
In order to understand the function of the AtSMU2

gene during development, we analyzed the pheno-
types of the smu2-1 and smu2-2 plants. The first gen-
eration homozygous mutant seedlings appeared to

grow slower than wild-type seedlings, although their
overall architecture was indistinguishable from that of
wild-type plants (data not shown). On the other hand,
we observed the appearance of abnormal phenotypes
after further selfing of the mutant alleles. For example,
the weight of seeds produced in the F4 populations
(self-pollinated three times) of the smu2-1 plants was
not significantly different from that of the wild-type
seeds, while that of the F5 populations (self-pollinated
four times) was considerably greater (Fig. 2D). Homo-
zygous smu2-2 F4 seeds were significantly heavier
than wild-type seeds (Fig. 2D), although the F5 seeds
were similar in weight to wild-type seeds (Fig. 2D). In
addition, smu2-1 and smu2-2 plants produced a low
frequency of abnormal seedlings with one, three, or
more cotyledons in some F3 and F4 populations. For
example, 0.4% of smu2-1 F4 seedlings (n = 744) showed
abnormal cotyledon number as compared with no
abnormal seedlings (n = 1,443) observed from wild-
type ecotype Columbia (Col-0) plants (Table I). How-
ever, these phenotypes were not completely penetrant
and varied depending on the individual parental
plants tested (effectively preventing a genetic comple-
mentation of the mutant). Taken together, the genetic
evidence indicates that the AtSMU2 gene may play a

Figure 2. A, Structure of the AtSMU2 gene. Dark
gray boxes and light gray bars between the boxes
represent exons and introns, respectively. Trian-
gles indicate T-DNA insertion sites in the Atsmu2-1
and Atsmu2-2 mutants. B, RT-PCR analysis of
AtSMU2 transcripts. Four pairs of primers were
used for amplifying different regions of the
AtSMU2 mRNA sequence prepared from wild-
type 14-DAG Col-0 (lane 1), smu2-1 (lane 2), and
smu2-2 (lane 3) seedlings. Numbers in parentheses
indicate the primers used for RT-PCR, and their
positions are shown as arrows in A. AtACT8 tran-
script encoding an actin was used as an internal
control. C, Immunoblot analysis of AtSMU2 using
protein extracts from four 7-DAG Col-0 (lane 1),
smu2-1 (lane 2), smu2-2 (lane 3), smu1-2 (lane 4),
and sta1-1 (lane 5) seedlings as described by
Chung et al. (2007). The arrowhead indicates the
AtSMU2 protein. D, Phenotypic analyses of vari-
ous mutants. Homozygous mutant plants (smu2-1,
smu2-2, smu1-2, and sta1-1) were identified
among segregating populations and were subse-
quently self-pollinated two or three times. Pheno-
typic analysis was conducted as described in
“Materials and Methods.” E, Dry sta1-1 (left),
smu2-1 sta1-1 (middle), and smu2-1 (right) plants.
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subtle role in seed development under certain condi-
tions.

Genetic Interaction between Atsmu2 and sta1

To investigate any role for SMU2 in pre-mRNA
splicing in Arabidopsis, we created double-mutant
combinations between Atsmu2 alleles and a mutation
in the STA1 gene, which encodes a conserved protein
with high similarity to the humanU5 snRNP-associated
102-kD protein and the yeast proteins PRP1p and
Prp6p (Lee et al., 2006). The sta1-1mutant used here is
likely a partial loss-of-function allele, because it con-
tains a two-codon deletion in the coding region. Ho-
mozygous sta1-1 plants exhibit mild developmental
defects, including delayed growth and serrated leaf
margins (Lee et al., 2006). We observed that although
the size of the mutant plants was typically smaller
than that of wild-type plants, they often showed more
shoots per plant and produced a comparable number
of seeds as wild-type plants (Fig. 2E). The weight of
the seeds obtained from sta1-1 mutants was not sig-
nificantly different from that of wild-type plants (Fig.
2D). The sta1-1 mutant plants also showed several
additional phenotypes, including an abnormal num-
ber of cotyledons (n = 984; Table I).

No double mutants were identified among 114 F2
plants analyzed from a cross of homozygous Atsmu2-1
and sta1-1 plants. Further genotyping of 52 F3 plants
that were homozygous for smu2-1 and segregating for
sta1-1 and STA1 resulted in the identification of four
smu2-1 sta1-1 double mutant plants, three of which
produced three cotyledons while one produced two
cotyledons of different sizes. Three of the double
mutant plants died before flowering, but one with
three cotyledons developed numerous small leaves
and short inflorescences bearing only one or two short
siliques (Fig. 2E) with one or two seeds per silique.

None of the 15 seeds obtained from this plant germi-
nated. Similar results were obtained using the smu2-2
allele in combination with sta1-1. No double mutant
plants were obtained from F2 plants segregating for
smu2-2 and sta1-1, while three double mutants were
identified from F3 populations. All three smu2-2 sta1-1
double mutant seedlings ceased to grow at the
cotyledon stage or before flowering. Plants that are
either homozygous for sta1-1 and heterozygous for
smu2-2 or heterozygous for sta1-1 and homozygous for
smu2-2 produced partially filled siliques, suggesting
that most of the double mutants are aborted in early
seed development. Thus, compared with the single
mutant parental plants (Fig. 2E), the smu2 sta1 double
mutant plants exhibited a more severe set of develop-
mental defects. Together with the observation that
smu2 single mutants are phenotypically distinct from
sta1-1, this genetic interaction indicated that AtSMU2
has at least some nonoverlapping functions with
STA1.

The Atsmu2 Mutations Cause Pre-mRNA

Splicing Defects

To investigate whether AtSMU2 functions in pre-
mRNA splicing, we analyzed Atsmu2 mutant seed-
lings for genes previously known to produce SVs.
Using RT-PCR, we detected three previously de-
scribed SVs (mRNA1, -2, and -3) for the At1g09140
(AtSRp30) gene (Lopato et al., 1999) in both wild-type
and mutant plants (Fig. 3). However, the ratio of
mRNA1 to mRNA3 was higher in the two mutants
than in wild-type seedlings (Fig. 3). Furthermore, an
additional SV candidate was detected specifically in
the mutant seedlings (Fig. 3, asterisks). Analysis of
other genes known to undergo alternative splicing,
however, did not indicate any differential accumula-
tion of their SVs in the mutant seedlings (data not

Table I. Arabidopsis mutant phenotypes in seedling development

Values are presented as means 6 SD.

Genotype Generation
Abnormal Cotyledon

Numbera
Germination Failure or

Arrested Growtha

% %

Col-0 F4 0 6 0 0.2 6 0.3
F5 0 6 0 0.1 6 0.2

smu2-1 F4 0.4 6 0.5 0.8 6 1.0
F5 0 6 0 0.1 6 0.3

smu2-2 F4 0.3 6 0.4 0.6 6 0.4
F5 0.2 6 0.3 0.8 6 0.7

smu1-2 F4 45.8 6 4.8 13.9 6 8.6
F5 10.0 6 2.0 10.5 6 8.8

SMU1Bar/_ ; smu1-2 T2 0.4 6 0.5 0 6 0
SMU1-GFPBar/_ ; smu1-2 T2 2.3 6 1.4 0.3 6 0.8
sta1-1 F4 2.8 6 1.0 0.5 6 0.7

F5 0.3 6 0.3 0.2 6 0.3

aPhenotypes were scored as described in “Materials and Methods.”
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shown), suggesting that only a certain number of
alternative splicing events were affected by the
Atsmu2-1 mutation.
Interestingly, AtSRp30 encodes a protein showing

sequence similarity to ZmRSp31B. Based on this, we
speculated that Zmsmu2-dependent alternative splic-
ing events might be evolutionarily conserved if they
are functionally significant for the two species. A
search of the Arabidopsis protein sequence database
identified At5g04250 (OTUX-like) and At1g07350
(AtTRA2) as putative homologues of OTUX and TRA2,
respectively. Analysis of the AtTRA2 mRNA from
wild-type plants indicated the presence of four SVs
(Fig. 3), two of which (SV1 and -2) were previously
annotated in The Arabidopsis Information Resource
(http://www.arabidopsis.org). As shown in Figure 3,
the accumulation of SV1 relative to SV2 was elevated
in Atsmu2-1 and Atsmu2-2 seedlings as compared
with wild-type seedlings. These data indicate that the
Atsmu2mutations affect alternative splicing of specific
pre-mRNAs. Thus, AtSMU2 may function as a pre-
mRNA splicing factor, similar to the role played by its
homologues in nematodes and maize.

Expression of AtSMU2 during Development

Involvement of AtSMU2 in pre-mRNA splicing
would suggest that the protein is localized to the
nucleus. To test this, we generated transgenic Arabi-
dopsis plants that produced an AtSMU2-GFP fusion
product under the control of a modified cauliflower

mosaic virus 35S gene promoter/enhancer sequence.
As shown in Figure 4C, the AtSMU2-GFP fusion
protein was localized exclusively to the root cell nu-
clei. In contrast, a nonconjugated GFP protein control
was detected in both cytoplasm and the nucleus (Fig.
4A) and a GUS-GFP fusion protein control was de-
tected exclusively in the cytoplasm (Fig. 4B). There-
fore, the nuclear localization of AtSMU2 corresponds
to its putative function in pre-mRNA splicing.

Immunoblot analysis of ZmSMU2 in various maize
tissues indicated the highest levels of expression in
rapidly developing tissues or organs, such as the
developing endosperm, embryo, shoot apex, and
flower (Chung et al., 2007). To identify the highest
levels of protein accumulation for AtSMU2 during
development, we extracted proteins from various
Arabidopsis organs and performed immunoblot anal-
ysis using anti-ZmSMU2 antibodies. As shown in
Figure 5, the highest levels of AtSMU2 protein was
detected in seedlings at 7 d after germination (DAG;
lane 1), young flowers before anthesis (lane 6), and
developing siliques less than 5 mm in length (lane 8).
Lower levels of AtSMU2 accumulation were detected
in roots (lane 2), expanding cauline leaves (lane 4),
open flowers (lane 7), and dry seeds (lane 9), while the
inflorescence (lane 5) contained only a trace amount
of the protein, which was only detectable when the
immunoblot was overexposed. No protein was de-
tected in senescing rosette leaves (lane 3). Thus, the
AtSMU2 protein, like ZmSMU2 (Chung et al., 2007),
appears to be present throughout the plant, although

Figure 3. RT-PCR detection of SVs in Atsmu2-1 and Atsmu2-2. RT-PCR was performed using total RNA from 14-DAG Col-0 (lane
1), smu2-1 (lane 2), and smu2-2 (lane 3) seedlings. Arrowheads indicate the positions of known SVs of At1g09140 (AtSRp30) and
At1g07350 (AtTRA2), while asterisks correspond to putative SVs first observed here. Pre-mRNA splicing patterns are shown on
the right side, with dark gray boxes and light gray bars between the boxes representing exons and introns, respectively. Arrows
depict primers used in each reaction. Ratios of differentially accumulated SVs are shown below the panels.

Figure 4. Subcellular localization of AtSMU2
fusion protein. A, Arabidopsis root cells overex-
pressing GFP showed a diffused localization pat-
tern in the cytosol and the nuclei. B, GUS-GFP in
Arabidopsis root cells was exclusively localized
in the cytosol. C, Arabidopsis root cells over-
expressing AtSMU2-GFP exhibited nucleus-
specific localization.
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its abundance varied, with the highest level of accu-
mulation in mitotically active tissues and organs.

ZmSMU2 and AtSMU2 Interact with AtSMU1

To gain additional insight into the molecular func-
tions of plant SMU-2 homologues, we used the yeast
two-hybrid (Y2H) system to identify proteins that
interacted with ZmSMU2. Transformants containing
a GAL4 binding domain fused to a full-length
ZmSMU2 protein exhibited self-activation (Fig. 6A).
Removal of the N terminus (residues 1–374, construct
IV) or C terminus (residues 360–565, construct V)
substantially reduced the self-activation (Fig. 6A),
allowing us to create a fusion protein bait to screen
two maize libraries and one Arabidopsis library. In a

screen of a maize endosperm library using construct
IV as a bait, six colonies were obtained, all of which
encoded a full-length histone H4 cDNA. To expand the
repertoire of ZmSMU2-interacting proteins, we used
construct Vas a bait to screen a cDNA library prepared
from young maize ears. This analysis resulted in the
identification of six ZmSMU2-interacting proteins
represented by 38 clones (Table II, clone identifiers
starting with Zm), including an SMU-1-like protein
containing WD40 repeats (Spartz et al., 2004). Three
additional putative ZmSMU2-interacting proteins
were identified from a screen of an Arabidopsis library
of 3-DAG seedlings using construct V as a bait (Table
II, clone identifiers starting with At).

We primarily focused on the interaction of AtSMU2
and ZmSMU2 with the SMU-1-like protein, because
previous findings indicated that SMU-1 and SMU-2
homologues are likely partners in the formation of a
functional spliceosome complex. The Caenorhabditis
elegans SMU-1, which also contains WD40 repeat mo-
tifs, interacts with SMU-2 (Spartz et al., 2004), and the
human SMU1 and SMU2 proteins were found within
human spliceosomal complexes (Jurica and Moore,
2003). Therefore, we used in vitro pull-down assays to
confirm the Y2H interactions indicated above. As
shown in Figure 6B, the GST-AtSMU2 and GST-
ZmSMU2 recombinant proteins when used as baits
were capable of pulling down His-tagged AtSMU2
and histone H4 proteins in vitro. No interaction was
detected when GST alone was used to pull down the

Figure 6. Interactions of ZmSMU2 and AtSMU2 with other proteins. A, Y2H bait constructs were tested for self-activation and
the corresponding b-GAL assays. A construct containing the full-length ZmSMU2 protein (pBD-GAL4-ZmSMU2; top) exhibited
strong self-activation of the b-GAL reporter gene when introduced into Y190 cells. N-terminal deletions of ZmSMU2 (bait
constructs I–IV) also showed self-activation, albeit at lower levels than for the full-length protein. Only a C-terminal deletion (bait
construct V) and a negative control (pBD-GAL4; bottom) did not activate the reporter gene. Black bars represent the ZmSMU2
polypeptides. Numbers above the bars indicate amino acid residues corresponding to the full-length ZmSMU2 polypeptide. B,
Confirmation of Y2H screen by in vitro pull-down assay using GST or GST fusion protein as a bait. GST (lane 2), GST-AtSMU2
(lane 3), or GST-ZmSMU2 (lane 4) bound to glutathione-agarose beads was used to pull down 6XHis-histone H4, 6XHis-
AtSMU1, or 6XHis-AtMEC8. Lane 1, Ten percent input; lanes 2, 3, and 4, 30% pull-down by GST, GST-AtSMU2, and GST-
ZmSMU2, respectively.

Figure 5. Immunoblot analysis of AtSMU2 showing accumulation of
AtSMU2 protein in various organs and structures of Arabidopsis. Each
lane contained approximately 10 mg of proteins from reproductive and
vegetative organs of Col-0 plants. Lane 1, Seedlings at 7 DAG; lane 2,
roots of 30-DAG plants; lane 3, senescing rosette leaves; lane 4, young
cauline leaves; lane 5, inflorescence; lane 6, immature flowers; lane 7,
open flowers; lane 8, developing siliques (less than 5 mm in length);
lane 9, dry seeds.
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target proteins (Fig. 6B, lane 2). In addition, a His-
tagged AtMEC8 used as a control also did not show
interaction with the GST-AtSMU2 and GST-ZmSMU2
proteins. The AtMEC8 protein is an Arabidopsis coun-
terpart of the nematode MEC-8 that contains two RNA
recognition motifs and has been shown to regulate al-
ternative splicing of the unc-52 transcripts (Lundquist
et al., 1996). Taken together, these data indicate that
the AtSMU2 and ZmSMU2 proteins interact with
SMU1, a highly conserved component of the eukary-
otic spliceosome.

Expression of AtSMU1 during Development

To examine the expression of AtSMU1 during devel-
opment, we generated a GFP fusion construct under
the control of the endogenous promoter (AtSMU1-
GFPKan) and introduced it into Arabidopsis plants. The
AtSMU1-GFP fusion protein was detected mainly in
actively dividing cells, such as the newly emerged leaf
and the root tip of seedlings (Fig. 7, A–C). A close
examination of these structures using confocal micros-
copy revealed that the fusion protein was likely nu-
cleus localized (Fig. 7, D and E). This was further
confirmed in the root hair cells using colocalization of
4#,6-diamino-phenylindole (DAPI) and GFP signals
(Fig. 7, F–H). GFP expression was detected during
embryogenesis including the heart stage of embryo
development (Fig. 7, L–N). The AtSMU1-GFP fusion
product was also detected in the nuclei of all cell types
within the female gametophyte, including egg cell,
central cell, synergid cells (Fig. 7J), and the antipodal
cells (data not shown). Within the mature pollen, GFP
signal was localized to both vegetative and generative
nuclei (Fig. 7K). These results indicate that the subcel-
lular localization and distribution of AtSMU1 protein
are similar to those of AtSMU2.

Molecular and Genetic Characterization of AtSMU1

Identification of ZmSMU1 and AtSMU1 proteins as
interacting partners for ZmSMU2 and AtSMU2

prompted us to investigate the phenotype of smu1
loss-of-function alleles. LikeAtSMU2, SMU1 appeared
to be a single-copy gene in the Arabidopsis genome.
We identified three putative T-DNA insertional mu-
tant alleles in the AtSMU1 gene (At1g73720) and
designated them smu1-1 (SALK_123852), smu1-2
(SALK_051163), and smu1-3 (SAIL_95_E04). Sequenc-
ing of the genomic DNA flanking these insertions
revealed that the T-DNAs in the smu1-1 and smu1-2
alleles were located within exon 11 and intron 15,
respectively (Fig. 8A). By contrast, the smu1-3 allele
contained a T-DNA insertion in the promoter region.
Analysis of the individual segregants from selfing
populations of heterozygous smu1-1/+, smu1-2/+, or
smu1-3/+ plants indicated that AtSMU1 may be re-
quired for plant viability. Homozygous smu1-1 seed-
lings could not be maintained under normal growth
conditions, as they were extremely dwarfed (1–5 mm
in diameter), developed many small leaves, and did
not produce any flowers (data not shown). This
suggested that in comparison with the smu1-2 allele
(see below), smu1-1 is likely a complete loss-of-function
allele. On the other hand, homozygous smu1-2
plants were generally more viable and reached the
flowering stage despite exhibiting a syndrome of
developmental abnormalities including (but not lim-
ited to) abnormal cotyledon number (Table I; Fig. 8B),
increased seed weight (Fig. 2D), abnormal flower
positions (node spacing; Fig. 8B), and seed germina-
tion defects (Table I). However, some of these pheno-
types were associated with a reduced penetrance that
varied significantly from generation to generation
(Table I). The reduced severity of the phenotypes
observed in smu1-2 plants was consistent with the
intronic T-DNA insertion site in this allele, indicating
that smu1-2 is a weaker allele than smu1-1. Finally, in
contrast to the smu1-1 and smu1-2 alleles, smu1-3 did
not exhibit any phenotypic changes, indicating that the
upstream T-DNA insertion in this allele did not affect
AtSMU1 gene expression.

To see if the smu1-2 phenotypes are caused by
T-DNA insertion in the corresponding gene, we per-

Table II. Summary of a Y2H screen for proteins interacting with ZmSMU2

Clone

Identifier
TopBLASTNa Percentage

Identityb
Predicted Proteinc

Zm6-1 DV495718.1 100 Rasputin-like protein (Pazman et al., 2000)
Zm8-1 BU051217.1 98 Histone H4
Zm17-3 DN226990.1 97 SMU-1-like protein (Spike et al., 2001)
Zm31-7 DN218694.1 96 VOZ-like protein (Mitsuda et al., 2004)
Zm33-8 CA404370.1 97 EF-1b
Zm59-20 DT654009.1 96 Glycerol kinase-like protein
At1-1 NM_103009.3 97 TAFII250-like HAF01, partial (Bertrand et al., 2005)
At2-3 NM_118947.2 98 TPR protein, partial
At3-3 NM_117736.2 99 DUF751-containing protein

aGenBank accession numbers with the highest nucleotide sequence similarity to the Y2H clone shown
in the left column. bThe percentage of nucleotide sequence identity based on BLASTN analysis.
cBased on the BLASTX result for the TopBLASTN sequences.
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formed complementation of the mutant with the wild-
type AtSMU1 gene. In addition to construct AtSMU1-
GFPKan, we also generated construct AtSMU1-GFPBar

and AtSMU1Bar and transformed smu1-2 heterozygous
plants. For construct AtSMU1-GFPBar, we obtained 41
T1 transformants, and five of them were homozygous
for the smu1-2 mutant allele. The GFP expression
pattern of AtSMU1-GFPBar was similar to that of
AtSMU1-GFPKan. For construct AtSMU1Bar, we ob-
tained 21 T1 transformants, and seven of them were
homozygous for the smu1-2 mutant allele. The T1
transformants homozygous for smu1-2 germinated
and grew normally, developed two cotyledons, and
showed normal node spacing in the inflorescence. The
T2 populations segregating for the transgenes dis-

played close to normal germination rates and cotyle-
don morphology (Table I). This phenotypic rescue by
the transgenes clearly demonstrates that the Atsmu1-2
phenotypes are caused by the T-DNA insertion in the
AtSMU1 gene.

To confirm that the T-DNA insertion in smu1-2
affected the expression of AtSMU1, we used RT-PCR
to amplify AtSMU1 RNA in wild-type and mutant
plants. As shown in Figure 8C, the RT-PCR product
obtained with AtSMU1-specific primers indicated that
the transcript in smu1-2 seedlings lacked the 3# termi-
nal region of the coding sequence. The RT-PCR prod-
uct with another pair of AtSMU1-specific primers
[Fig. 8C, AtSMU1 (3–4)] showed that the mutant
seedlings accumulated reduced levels of AtSMU1

Figure 7. Expression of SMU1-GFPkan during
plant development. A to C, Dark-field, epifluo-
rescence GFP, andmerged images of a kanamycin-
resistant seedling. The arrow points to a
newly emerged leaf. The arrowhead points to
the root tip. D, Confocal image of the area
indicated by the arrow in B. E, Confocal image
of the area indicated by the arrowhead in B. F to
H, Bright-field, epifluorescence DAPI, and GFP
images of a root hair. I and J, Bright-field and
epifluorescence GFP images of a flower stage 13
ovule. K, Epifluorescence GFP image of mature
pollen. L to N, Bright-field, epifluorescence GFP,
and fluorescein isothiocyanate images of a heart-
stage embryo. ccn, Central cell nucleus; en, egg
cell nucleus; gn, generative nuclei; rn, root hair
nucleus; sn, synergid nuclei; vn, vegetative nu-
cleus. Bars = 1 mm in A to C and 50 mm in D to N.
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transcript compared with the wild type. The smu1-2
mutation did not appear to affect AtSMU2 mRNA
levels (Fig. 8C, AtSMU2). Nevertheless, AtSMU2 pro-
tein was not detected in smu1-2 mutant extract (Fig.
2C, lane 4), whereas its level in the sta1-1 mutant was
comparable to that of the wild type (Fig. 2C, lanes
1 and 5). These data indicate that the expression of
AtSMU1 is required for proper accumulation of the
AtSMU2 protein in the cell.
Protein interaction studies (see above) indicated that

AtSMU1 may function in pre-mRNA splicing in a
complex with AtSMU2. Therefore, we predicted that
the smu1-2 mutant would manifest altered splicing of
AtTRA2 and SRp30 pre-mRNAs, as was observed in
Atsmu2-1 and Atsmu2-2 mutant plants. As shown in
Figure 8C, the relative abundance of AtTRA2 and
SRp30 SVs in smu1-2 resembled those seen in smu2-1
and smu2-2 mutant plants (Fig. 3). These data indicate
that AtSMU1 and AtSMU2 are involved in the alter-
native splicing of common pre-mRNAs.

DISCUSSION

We hypothesized that ZmSMU2 is a pre-mRNA
splicing factor (Chung et al., 2007), and data presented
in this paper provide additional evidence supporting
this hypothesis. We found an evolutionarily conserved
protein interaction between SMU-1 and SMU-2 homo-
logues (Fig. 6) and nuclear localization of AtSMU2-
GFP (Fig. 4) and AtSMU1-GFP (Fig. 7). Intriguingly,
Zmsmu2, Atsmu2, and Atsmu1 mutants showed an
altered pattern of pre-mRNA splicing (Figs. 1, 3, and
8). It is known that overexpression of splicing regula-
tors in plants and animals, including SR proteins, often

leads to altered splicing of their own RNAs and that of
other splicing regulators (Bell et al., 1991; Jumaa and
Nielsen, 1997; Lopato et al., 1999; Kalyna et al., 2003;
Isshiki et al., 2006). In this regard, the altered splicing
patterns of Rsp31b and Tra2 in Zmsmu2-1 and Zmsmu2-3
endosperm (Fig. 1) are particularly interesting, be-
cause these genes encode an SR and an SR-related
protein, respectively. The altered splicing that occurs
when splicing regulators are overexpressed may be
due to an autoregulatory mechanism of the splicing
regulatory network. This mechanism, although not
understood, is being actively investigated (Wollerton
et al., 2004; Kumar and Lopez, 2005). Altered splicing
of Tra2 and Rsp31b pre-mRNAs in Zmsmu2-1 could
also be a secondary consequence of the Zmsmu2-1 and
Zmsmu2-3 mutations (i.e. Tra2 and Rsp31b might not
normally be primary targets of the ZmSMU2 protein).
Consistent with this, the microarray data indicated
that expression of genes encoding splicing regulators
was down- or up-regulated in Zmsmu2-1 endosperm
(Supplemental Table S1). Among these putative splic-
ing regulators are an SRp75-like protein, a KH domain-
containing protein, a TIA-1-like oligouridylate-binding
protein, and a hnRNP A2/B1-like protein (Supple-
mental Table S1).

In contrast to SVs for Tra2 and Rsp31b genes,
Zmsmu2-1 and Zmsmu2-3 endosperms showed oppo-
site effects on the splicing pattern in Otux pre-mRNA
(Fig. 1). Importantly, the ZmSMU2 protein level is
higher in smu2-1 mutant endosperm than in its wild-
type sibling, while it is lower in smu2-3 than in the
corresponding wild type (Chung et al., 2007). There-
fore, if the action of ZmSMU2 as a splicing factor
follows a model of combinatorial control for pre-

Figure 8. Analysis of Atsmu1 mutant alleles. A, Structure of the AtSMU1 gene and the T-DNA insertions in the Atsmu1-1 and
Atsmu1-2mutants (triangles). B, Phenotypes of Col-0 wild-type, Atsmu2-1 (F4), and Atsmu1-2 (F3) plants. Seedlings of smu1-2 at
7 DAG often showed an abnormal number of cotyledons (left panels; see Table I) and arrangement of flowers/siliques in the
primary inflorescence (right panels). C, RT-PCR comparison of AtSMU2, AtSMU1, AtSRp30, and AtTRA2 transcripts in Col-0 and
smu1-2. Two pairs of primers were used to amplify different regions of the AtSMU1 cDNA prepared from 14-DAG seedlings of
Col-0 (lane 1) and smu1-2 (lane 2) plants. Numbers in parentheses indicate the primers used for the RT-PCR; the positions of the
primers are shown as arrowheads in A. Arrowheads indicate the positions of known SVs of SRp30 and TRA2, while asterisks
correspond to the potentially novel SVs. Ratios of differentially accumulated SVs are shown below the panels. [See online article
for color version of this figure.]
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mRNA splicing (Smith and Valcarcel, 2000; Black,
2003), Otux pre-mRNA may represent a true target of
the ZmSMU2 splicing factor, since its splicing depends
on the concentration of ZmSMU2 protein.

Our genetic data also indicate that AtSMU1 and
AtSMU2 function in a similar pathway to control pre-
mRNA splicing in Arabidopsis. Similar to Zmsmu2
mutants, Atsmu2-1, Atsmu2-2, and Atsmu1-2 showed
alterations in AtTRA2 and SRp30 splicing patterns
(Figs. 3 and 8C). Consistent with the proposed role of
the plant SMU-2 homologues in pre-mRNA splicing,
the Zmsmu2, Atsmu2, and Atsmu1 mutants are all
pleiotropic. The Zmsmu2-1 mutant embryos often pro-
duce twin shoots and roots (Chung et al., 2007).
Similarly, the Atsmu1-2 mutation is associated with
an abnormal number of cotyledons and irregular
inflorescence architecture (Fig. 8), indicating an abnor-
mal meristematic function. Multiple developmental
phenotypes are also associated with Atsmu2 muta-
tions, albeit low in penetrance. In addition, the Atsmu1
and Atsmu2 mutants showed similar phenotypes, in-
cluding increased seed weight (Fig. 2D) and abnormal
cotyledon number (Table I). Increased seedweight was
not associated with a mutation in the STA1 gene,
which presumably encodes a core spliceosomal pro-
tein, although sta1-1 mutant seedlings have similar
defects in germination and cotyledon development.
Furthermore, Atsmu2 sta1 double mutants showed
very severe developmental defects (Fig. 2E), suggest-
ing that the targets of STA1may not overlap with those
of the AtSMU2 gene in the main.

It remains to be seen what pre-mRNA targets for
plant SMU-2 homologues are responsible for the de-
velopmental phenotypes of Zmsmu and Atsmu mu-
tants, although our microarray analysis of Zmsmu2
endosperm suggested extensive changes in the ex-
pression of genes controlling the biosynthesis and
perception of plant hormones (Supplemental Table
S1). Notably, an abnormal number of cotyledons and
twin embryos were also caused by ectopic expression
of AtRSZ33, which encodes an Arabidopsis SR protein
(Kalyna et al., 2003). Spartz et al. (2004) proposed that
SMU-2 may act similarly to SR-related proteins, which
also lack RNA-binding motifs. In fact, we observed
several features shared by ZmSMU2 and SR proteins.
First, Zmsmu2 mutations are associated with altered
splicing patterns in multiple pre-mRNAs, including
those encoding SR proteins (Fig. 1). This effect has
been observed in plant and animal cells overexpress-
ing SR proteins (Mizzen et al., 1996; Jumaa and
Nielsen, 1997; Lopato et al., 1999; Kalyna et al., 2003;
Kumar and Lopez, 2005). In addition, expression of
Arabidopsis SR protein genes appeared to be tissue
specific and particularly high in pollen and in actively
dividing cells (Lopato et al., 1999, 2002; Kalyna et al.,
2003). This pattern of expression is very similar to
that observed in AtSMU2 and AtSMU1 genes (Figs. 5
and 7).

Our study of protein interactions with ZmSMU2
and AtSMU2 suggests that plant SMU-2 homologues

work in a protein complex to regulate not only pre-
mRNA splicing but also other aspects of mRNA me-
tabolism. No ZmSMU2-interacting proteins, except
ZmSMU1, have human homologues that were previ-
ously identified as spliceosomal proteins or are known
to function in pre-mRNA splicing (Table II). However,
this does not mean that the observed protein interac-
tions conflict with the proposed function of ZmSMU2
in pre-mRNA splicing. Rather, these interactions sug-
gest that ZmSMU2 could also serve as a link to related
processes in mRNA metabolism, such as transcription
initiation and chromatinmodification. Splicing factors,
especially SR proteins, were shown to interact with the
preinitiation complex, transcription elongation factors,
5# and 3# processing factors, and the mRNA export
complex (Maniatis and Reed, 2002). In this regard, it is
not surprising that ZmSMU2-interacting proteins
include proteins that are found in preinitiation com-
plexes. For instance, a Y2H screen for ZmSMU2-
interacting proteins identified a partial HAF01 clone
(Bertrand et al., 2005) showing a high degree of se-
quence identity to human TAFII250, the largest poly-
peptide in the TFIID complex. Notably, animal
homologues of TAFII250 can acetylate histone H4,
another ZmSMU2-interacting protein (Mizzen et al.,
1996), although it is still unclear whether histone H4 is
a genuine in vivo substrate for the histone acetyltrans-
ferase activity of TAFII250. One intriguing possibility is
that SMU2 may mediate coupling of pre-mRNA splic-
ing with chromatin modification. For example, SMU2
could recruit a chromatin modification complex to an
alternative exon. Alternatively, SMU2 could help rec-
ognize a specific histone code during pre-mRNA
splicing and affect alternative splicing of transcripts
from genes with a particular chromatin modification
(e.g. preferentially include/exclude introns containing
a repetitive sequence).

In addition to interacting with a histone or a histone
modification factor, ZmSMU2 might also interact
with sequence-specific transcription factors in vivo.
One of the ZmSMU2-interacting proteins identified in
our Y2H screen encodes a protein containing a zinc-
coordinating motif and a conserved basic region with
high sequence similarity to the Arabidopsis sequence-
specific transcription factors AtVOZ1 and AtVOZ2
(Mitsuda et al., 2004). Taken together, protein interac-
tions identified from the Y2H screen suggest a role for
ZmSMU2 in connecting pre-mRNA splicing and tran-
scription initiation.

More recently, a biochemical role for animal and
plant SMU-1 homologues has been proposed. The
human SMU-1 homologue was identified from immu-
nopurified CUL4B-DDB1 ubiquitin ligase complexes
(Higa et al., 2006), along with other proteins with a
similar type of WD40 motif or DWD (DDB1 binding
WD40) motif. These DWD proteins were found to be
specific substrate receptors for the corresponding
ubiquitin ligase complex. In addition, a subset of
Arabidopsis and rice proteins containing a DWDmotif
was shown to interact with DDB1 in vitro and in vivo
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(Lee et al., 2008), although an interaction for AtSMU1
was not tested in this study. Considering the highly
conserved interactions of animal and plant DWD
proteins with DDB1, plant SMU-1 homologues are
most likely involved in the recognition of specific
target proteins for ubiquitination. If the proposed
CUL4-DDB1-SMU1 ubiquitin ligase complex is in-
volved in proteasome-dependent proteolysis, what
can be the target? Probably it is not AtSMU2, since
AtSMU2 is unstable in smu1-2 rather than stabilized
(Fig. 2C). Alternatively, the CUL4-DDB1-SMU1 com-
plex may be involved in a nonproteolytic function. No
matter what biochemical activity SMU-1 homologues
have, their target proteins for ubiquitination are most
likely to include spliceosomal proteins.
Comparison of the C. elegans smu-1 and smu-2 mu-

tants, the Atsmu1 and Atsmu2 mutants, and the
Zmsmu2 mutant indicates that SMU orthologues vary
in terms of their dispensability. In the nematode, smu-1
and smu-2 null mutants are viable and do not show a
highly penetrant phenotype (Spike et al., 2001; Spartz
et al., 2004), indicating that both loci are dispensable.
Genetic interaction between smu-1 and smu-2 was also
found in C. elegans, where these two loci were origi-
nally identified from a genetic screen for recessive,
loss-of-function suppressors of mec-8 unc-52 synthetic
lethality (Lundquist and Herman, 1994). In the nem-
atode, smu-1 smu-2 double mutants were phenotypi-
cally indistinguishable from the single mutants (Spartz
et al., 2004). In Arabidopsis, smu2 null mutants are
viable, while a strong smu1-1 allele is lethal, and a
weak smu1-2 allele has several developmental defects.
In contrast, the maize smu2 mutants, which are not
null, show severe developmental defects and are ster-
ile (Chung et al., 2007), indicating that Zmsmu2 is an
essential gene. Three models could explain the varia-
tion among the three species. First, although AtSMU2
and SMU-2 are encoded by single-copy genes, the
Arabidopsis and C. elegans genomesmay encode genes
that function in a partially redundant manner to the
SMU-2 homologues. Second, although the amino acid
sequences of SMU-1 and SMU-2 homologues are
highly conserved, these proteins may have diverged
to gain additional functions in various eukaryotic
organisms. Third, the SMU-1 and SMU-2 homologues
may have a similar biochemical role, but their target
pre-mRNAs (and proteins if SMU-1 homologues are
involved in ubiquitination of target proteins) may
differ among various species.
In the last model, ZmSMU2-dependent pre-mRNA

targets would be critical for viability, while AtSMU2-
and SMU-2-dependent targets may not be as critical
for cellular functions to cause early developmental
defects. Alternatively, ZmSMU2 may be required for
processing of a larger set of pre-mRNA targets than
AtSMU2 and SMU-2, and this could result from dif-
ferences in the respective genomes. For example, the
average size of Arabidopsis, rice, and maize introns is
estimated to be 167, 413, and 607 bp, respectively
(Haberer et al., 2005). This variation in average intron

size is probably due to the frequency of transposon
insertions in each genome (Haberer et al., 2005). The
higher frequency of transposon-related sequences in
maize introns could be responsible for the indispens-
ability of ZmSMU2. Consistent with this, transcript
profiling of Zmsmu2-1 endosperm revealed several
transposon-like sequences that were differentially ex-
pressed in wild-type and smu2-1 mutant endosperm
(Supplemental Table S1). In this regard, it would be
interesting to know if ZmSmu2 is the endosperm
splicing regulator that was proposed to be responsible
for differential splicing ofwaxy pre-mRNA for thewxG
allele, which contains a retrotransposon in an intron
(Marillonnet and Wessler, 1997). There have been
several reports in maize describing similar alternative
splicing events that were triggered by insertion of
different transposon types, and at least some of the
alternative splicing events were found to be tissue
specific (Ortiz and Strommer, 1990; Marillonnet and
Wessler, 1997; Lal and Hannah, 1999).

MATERIALS AND METHODS

Arabidopsis Mutants

The T-DNA insertional Arabidopsis (Arabidopsis thaliana) mutants smu2-1

(stock identifier SALK_039202), smu2-2 (stock identifier WiscDsLox320H09),

smu1-1 (stock identifier SALK_123852), smu1-2 (stock identifier SALK_

051163), and smu1-3 (stock identifier SAIL_95_E04) were obtained from

the Arabidopsis Biological Resource Center. The ethyl methanesulfonate

mutant sta1-1 (Lee et al., 2006) was obtained from Dr. Jian-Kang Zhu

(University of California, Riverside). smu2-1 and smu2-2 were crossed to the

Col-0 ecotype twice and smu1-2 was crossed once before any phenotypic

analyses were carried out. Homozygous mutant plants were identified using

PCR analysis of genomic DNA isolated from individual plants (Edwards et al.,

1991) with a combination of the following primers: for the AtSMU2-1 allele,

2646Ex7_F_In7 (5#-CCGGTGCCCGAGGTATGTATACTT-3#) and AtMTO_R2

(5#-CTTGGCTCCAAACTGTAAGACCAG-3#); for Atsmu2-1, 2646Ex7_F_In7

and T-DNA_LB_b1 (5#-GCGTGGACCGCTTGCTGCAACT-3#); for AtSMU2-2,

AtMTO_F3 (5#-CCAGTGGATTGTTAAGCCTCAGAC-3#) and 2646In7_R_Ex7

(5#-AAGTATACATACCTCGGGCACCGGGCAG-3#); for Atsmu2-2, AtMTO_

F3 and pDS-Lox_LB (5#-AACGTCCGCAATGTGTTATTAAGTTGTC-3#); for
AtSMU1-2, either AtSMU-1_F3 (5#-AGAGTTTCTCATCCGGTAATAGG-

GAAG-3#) and AtSMU-1_R1 (5#-TCAGGGCTTCCATAACTTCATAGTG-3#)
or SMU-4f (5#-TAAATTTCCAGCAACGGTCTCC-3#) and atsmu1-2r (5#-GAC-

ATGGCAATAGTCTGGCTAGTACA-3#); for Atsmu1-2, either AtSMU-1_F3

and T-DNA_LB_b1 or SMU-4f and LBa1 (5#-TGGTTCACGTAGTGGGC-

CATCG-3#); for STA1-1, AtPRP6_R2 (5#-CCAACTCTCTCACATGCCT-

CAGCC-3#) and AtPRP6_F2 (5#-AGGGGCTGCGAAGAGTGCCCG-3#); and
for sta1-1, AtPRP6_R2 and AtPRP6_F2hc (5#-AGAGGGGCTGCGAAGA-

GAAAAAT-3#).

Characterizations of Mutant Phenotypes

To measure seed weights, four to six plants of the F3 or F4 generation were

self-pollinated. All of the F4 plants analyzed were obtained from one of the F3

plants. At least 200 F4 or F5 seeds harvested from each self-pollinated plant

were weighed and counted to calculate average seed weights. Seeds were

surface sterilized, placed on solid medium (0.53 Murashige and Skoog salts,

1% [w/v] Suc, and 0.7% [w/v] phytoagar), and stored at 4�C for 3 d.

Percentage of germination failure or arrested growth, and the number of

cotyledons, were analyzed at 7 DAG.

Reporter Constructs and Plant Transformation

For GFP, GUS-GFP, and AtSMU2-GFP fusion proteins, the cDNA for GFP

was amplified by PCR using primers NcoI_gfpF (5#-CTCACCATGGTGAG-

SMU1 and SMU2 in Pre-mRNA Splicing
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CAAGGGCGA-3#) and BamHI_gfpR (5#-TAGGATCCTTACTTGTACA-

GCTCGTC-3#), and the DNA product was digested with NcoI and BamHI

and introduced into pRTL2 (Carrington et al., 1990). pRTL2 contains two

tandem repeats of the cauliflower mosaic virus 35S promoter and the tobacco

etch virus leader sequence upstream of multiple cloning sites. The recombi-

nant expression cassette was transferred into the HindIII site of the binary

vector pBIN19 (Bevan, 1984), and the resulting plasmid, pBIN19-35Sp-GFP,

was used to transform Arabidopsis Col-0 gl1 using the floral dip method

(Clough and Bent, 1998). To create transgenic Arabidopsis plants expressing

GUS-GFP, a GUS cDNA was amplified with primers NcoI_gusF (5#-TCTAC-

CATGGTAGATCTGACTAG-3#) and gusRgfp (5#-TTGCTCACCATGC-

TAGCTTGTTTGCCTC-3#), and the cDNA for GFP was amplified with

primers gusFgfp (5#-AACAAGCTAGCATGGTGAGCAAGGGCGA-3#) and

BamHI_gfpR. A second PCR was performed using NcoI_gusF and BamHI_

gfpR to create the fusion product, GUS-GFP. For a transgenic plant over-

expressing AtSMU2-GFP, the AtSMU2 cDNA was amplified with primers

F+60BspHI (5#-TTTCATGAAACCTTCAAAATCGCATC-3#) and 2646Rgfp

(5#-TTGCTCACCATATGCTTGGATCTCTTAG-3#), and the cDNA for GFP

was amplified with primers 2646Fgfp (5#-GATCCAAGCATATGGTGAG-

CAAGGGCGA-3#) and BamHI_gfpR. A second PCR was performed using F

+60BspHI and BamHI_gfpR to make the fusion product, AtSMU2-GFP. The

fusion PCR products, GUS-GFP and AtSMU2-GFP, were cloned into the NcoI

and BamHI sites of pRTL2, and the expression cassettes were transferred into

the HindIII site of a binary vector, pBIN19. The resulting plasmids, pBIN19-

35Sp-GUS-GFP and pBIN19-35Sp-AtSMU2-GFP, were used to transform

Arabidopsis gl1. Kanamycin-resistant seedlings were rescued, and images of

GFP expressed in roots of the T2 plants at 5 DAG were collected on a Bio-Rad

MRC 1024 confocal laser scanning microscope and processed with NIH Image

software (http://rsb.info.nih.gov/nih-image/) and Adobe Photoshop 6.0 or CS.

For the AtSMU1-GFP translational fusion, a 7.4-kb fragment containing 2.7

kb of 5# flanking sequence and the coding region of SMU1was amplified from

Col-0 genomic DNA by Phusion polymerase (Finnzymes) with primers SUM1

(22700)Hind-f (5#-GCTGAAGCTTGGGACATTGAGGCAGC-3#) and SUM1-

BamStop-r (5#-GAAGGATCCGGGCTTCCATAACTTCATA-3#), restriction di-

gested with HindIII and BamHI, and cloned into the pBN-GFP vector (Wang

et al., 2006), resulting in construct pBN-SMU1-GFP (SMU1-GFPKan). The

HindIII/EcoRI fragment containing SMU1-GFP and the nopaline synthase

polyadenylation sequence (NOS-ter) was subcloned from pBN-SMU1-GFP

into pGPTV-BAR vector (Becker et al., 1992), resulting in construct pGPTV-

SMU1-GFP (SMU1-GFPBar).

For complementation of the Atsmu1-2 mutant, a 7.8-kb fragment contain-

ing 2.7 kb of 5# flanking sequence, the coding region, and 433 bp of 3# flanking
sequence of SMU1 was amplified from Col-0 genomic DNA by Phusion

polymerase with primer SUM1(22700)Hind-f (5#-GCTGAAGCTTGGGA-

CATTGAGGCAGC-3#) and SUM1-Bam-r (5#-CTGCGGATCCCGTTGTAA-

TGGTCTCTA-3#), restriction digested with HindIII and BamHI, and cloned

into a modified pBI101 vector where the NOS-ter and GUS coding regions

were replaced with a synthetic linker (5#-GAATTCGAGCTCGGTACCC-

GGGGATCC-3#), resulting in construct pBI-SMU1 (SMU1Kan). The HindIII/

EcoRI fragment containing SMU1 and NOS-ter was subcloned from pBI-SMU1

into pGPTV-BAR vector (Becker et al., 1992), resulting in construct pGPTV-

SMU1 (SMU1Bar).

The standard flower dip method (Clough and Bent, 1998) was used to

transform Arabidopsis ecotype Col-0 or smu1-2/+ plants with Agrobacterium

tumefaciens strain GV3101 pMP90 (Koncz and Schell, 1986) containing appro-

priate constructs. T1 transformants were selected on Murashige and Skoog

medium (Gibco BRL Life Technologies) containing 35 mg mL21 kanamycin or

50 mg mL21 glufosinate ammonium (Crescent Chemical). Kanamycin- or

BASTA-resistant plants were transferred to soil, and the presence of the

transgene was confirmed by PCR.

Confocal images of the AtSMU1-GFP plants were obtained as described

above. Bright-field and epifluorescence images were obtained using a Zeiss

Axiophot compound epifluorescence microscope (Carl Zeiss) equipped with a

GFP band-pass filter (exciter, 450–490; dichroic, 495; emitter, 500–550 [Chroma

Technology]), a fluorescein isothiocyanate long-pass filter (exciter, 450–490;

dichroic, 510; emitter, 515 [Carl Zeiss]), a DAPI long-pass filter (exciter, 365;

dichroic, 395; emitter, 420 [Carl Zeiss]), and an Optronics MicroFire CCD

camera.

Analysis of RNA and Protein

Arabidopsis plants were grown under a 16/8-h light/dark cycle at 20�C.
RNA samples were prepared from whole Arabidopsis seedlings grown on

solid medium at 14 DAG and roots, leaves, and flowers of Arabidopsis plants

grown on soil at 30 DAG.

RNA was isolated using Trizol according to the manufacturer’s instruc-

tions (Invitrogen). Total RNAwas used in a reverse transcription reaction with

SuperScript II (Invitrogen) and oligo(dT) primers to generate first-strand

cDNA, which was subsequently used to amplify specific cDNAs using

standard techniques. Primers for PCRwere as follows: for AtACT8, AtACT8_F

(5#-TAAACTAAAGAGACATCGTTTCCA-3#) and AtACT8_R (5#-TTT-
TTATCCGAGTTTGAAGAGGCT-3#); for the 5# coding sequence of

AtSMU2, AtSMU2_1 (5#-ATGAAACCTTCAAAATCGCATCACAAG-3#) and
AtSMU2_2 (5#-AGTCTTCCCACCATCACCATC-3#); for the middle region of

the AtSMU2 coding sequence, AtSMU2_3 (5#-CCAGTGGATTGTTAAGCCT-

CAGAC-3#) and AtSMU2_4 (5#-CACAGAAGATCCATTCTCAAT-3#); for the
3# coding sequence of AtSMU2, AtSMU2_5 (5#-GAGAAAGATAGGGGT-

TTGGGA-3#) and AtSMU2_6 (5#-TCAATGCTTGGATCTCTTAGGAGTT-3#);
for AtSRp30, AtSRp30_F1 (5#-ATGAGTAGCCGATGGAATCGTAC-3#) and

AtSRp30_R1 (5#-CAGTTTTCATTTTCAACCAGATATCAC-3#); for AtTRA2,

AtTRA2_F2 (5#-ATGTCTTACTCAAGAAGGTCAAGA-3#) and AtTRA2_R3

(5#-CGGGGAGAGTAGCTAGGAGACTTA-3#); and for AtSMU1, either

AtSMU1_1 (5#-AGAGTTTCTCATCCGGTAATAGGGAAG-3#) and AtSMU1_2

(5#-TCAGGGCTTCCATAACTTCATAGTG-3#) or AtSMU1_3 (5#-ACTGAGTA-

CCTCCTTTGACCAAACTGC-3#) and AtSMU1_4 (5#-ACGGAGGTGGCGG-

CTTGAATGTTTGTA-3#).
For protein extraction, tissues were homogenized in a 23 Laemmli buffer.

The extract was centrifuged, and the supernatant was analyzed by SDS-PAGE.

Western-blot analysis was conducted as described by Chung et al. (2007).

RNA and protein analyses using maize (Zea mays) endosperm extracts

were performed as described (Chung et al., 2007). Primers for PCR were as

follows: for rpl15, ZmrpL15_F1 (5#-AGCCGCATCCGCTATGGGTGCGTA-3#)
and ZmrpL15_R2 (5#-CTACCTTTAGGCACAGGCCTCTTCC-3#); for rpl7a,

ZmrpL7a_F2 (5#-ACGGCCTTAACCATGTGACTTACC-3#) and ZmrpL7a_R3

(5#-CTTGATAGCCTCCAGGATTTTGCT-3#); for eEf-1a, ZmEF1a_F2 (5#-TCT-
CCCCCTACAGGATGTGTACAA-3#) and ZmEF1a_R3 (5#-GCAAACACAG-

AACCAGCCAGACAC-3#); for O2 SV1 (major transcript), O2_F1 (5#-ATG-

GAGCACGTCATCTCAATGGAGG-3#) and O2_R3 (5#-TGGATTCCTTTCT-

TTTCCTCACTC-3#); for O2 SV2, O2_F1 and O2_R2a2 (5#-TCCGCTGCT-

ACCCTCCACAT-3#); for tra2, ZmTRA2_F1 (5#-ATGTCTTACTCAAGGGGC-

TCAAGTGA-3#), ZmTRA2_R3 (5#-GATACTTCCCAGGTGTTGGGGTTC-3#),
and ZmTRA2_R2a (5#-CAACCCTTTGGCTGAGGTTGGCAT-3#); for rsp31b,

ZmRSp31B_F2 (5#-AACCCTAGGTCGCCGCCTCTTTTC-3#), ZmRSp31B_R3

(5#-ATGGAAGGAGTTGAAGAGCCCTGG-3#), and ZmRSp31B_R5 (5#-CAT-
CACGTCTACCAGCTTGCTCAC-3#); and for otux, ZmOTUX1_F2 (5#-CTA-

TGATGGATACGTTCCCATGGC-3#) and ZmOTUX1_R1 (5#-AAGAGAGCT-

GAACCCGCCATCAAT-3#).
All RT-PCR and immunoblot analyses were performed with at least three

biological replicates. Representative gel images are shown in the figures.

Detection of ZmSMU2-Interacting Proteins with the
Y2H System

A full-length ZmSmu2 cDNA bait sequence for the Y2H screen was

prepared by PCR using primers E1 (5#-GGAATTCATGTCATCGAAGAA-

GAACTACTATAAG-3#) and S1 (5#-TCCCCCGGGGGATCAGCCACGC-

TGTTTCTTCGAGCT-3#) for insertion between the EcoRI and SmaI sites of

the pBD-GAL4 Cam phagemid vector (Stratagene). Because this construct self-

activated in the Y2H system, a series of deletion clones encoding portions of

the ZmSMU2 protein were made as follows: the ZmSMU2(I) construct

(nucleotides 148–1,698 from the ATG) was created by PCR with primers

38YCONST-I (5#-GGAATTCATGTCGTTTCATGCAGTGGCA-3#) and S1, and

the amplified DNA fragment was cloned into pBD-GAL4 between the EcoRI

and SmaI sites; the ZmSMU2(II) construct was created by PCR using primers

38YCONST-II (5#-GGAATTCATGAAAGAAGATCAGGCAGTC-3#) and S1,

and the amplified DNAwas cloned into pBD-GAL4, as with ZmSMU2(I); the

ZmSMU2(III) construct was created by PCR with primers 38YCONST-III

(5#-GGAATTCATGCCACCACCACCGGCTCCA-3#) and S1, and the ampli-

fied DNAwas cloned into pBD-GAL4, as with ZmSMU2(I); the ZmSMU2(IV)

construct was created by PCR with primers 38YCONST-IV (5#-GGAATT-

CATGGGTTATCCAGAACAGTAT-3#) and S1, and the amplified DNA was

cloned into pBD-GAL4, as with ZmSMU2(I); the ZmSMU2(V) construct was

created by PCR with primers E1 and R4 (5#-CCTGAGTCATGAACCTCG-

GATC-3#), and the amplified DNA was digested with EcoRI and EcoRV and

inserted into pBD-GAL4, as with ZmSMU2(I). Each construct was verified
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using DNA sequencing. The pBD-GAL4-ZmSMU2(IV) construct produced a

detectable 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside product in 2.5

h, and we monitored the yeast colonies for a color reaction that developed

within 30 min. On the other hand, deletion of the COOH-terminal 207 amino

acids of the ZmSMU2 protein dramatically reduced self-activation in the Y2H

system. Consequently, we used the ZmSMU2(V) bait clone to screen maize

and Arabidopsis target libraries. Developing maize endosperm (10–14 d after

pollination) and immature ear libraries (HybriZAP-2.1 Two-Hybrid Predi-

gested Vector Kit; Stratagene) were obtained from Dr. Bob Schmidt (Depart-

ment of Biology, University of California San Diego). The Arabidopsis library

was from the Arabidopsis Biological Resource Center (http://www.

arabidopsis.org/abrc/libraries.jsp; stock no. CD4-22). Yeast transformation

and screening procedures were performed according to the manufacturer’s

instructions. To identify the interacting proteins encoded by Arabidopsis

target DNAs, colony PCRs were carried out with primers pACTForward

(5#-CTATCTATTCGATGATGAAG-3#) and pACTReverse (5#-ACAGTT-

GAAGTGAACTTGCG-3#); for maize target genes, the pACTForward and

PADT7 (5#-TAATACGACTCACTATAGGG-3#) primers were used. The am-

plified PCR product was inserted into the pCR4-TOPO vector (Invitrogen) for

DNA sequencing.

Expression of Recombinant Proteins in Escherichia coli
and in Vitro Pull-Down Assays

The following PCR primers were used to produce target proteins fused

with a 6XHis tag: for histone H4, AtHIS4_F1 (5#-ATGTCAGGAAGAG-

GAAAGGGAGGAA-3#) and AtHIS4_R1 (5#-TTAACCTCCGAAACCGTA-

GAGAGT-3#); for AtSMU1, AtSMU-1_F1 (5#-ATGGCGCTCGAAATCGAA-

GCTC-3#) and AtSMU-1_R1 (5#-TCAGGGCTTCCATAACTTCATAGTG-3#);
and for AtMEC8, AtMEC-8_F1 (5#-ATGGCGTATCACCAACCGTACGA-3#)
and AtMEC-8_R1 (5#-TTACTCTATATGCATGCCGCCTCG-3#). The RT-PCR

products were cloned into pGEMT-Easy (Promega) and subsequently trans-

ferred into the EcoRI site of pRSET (Invitrogen) and used to transform the

BL21(DE3) strain of E. coli. For pull-down experiments where GST fusion

proteins were used as a bait protein, cell lysates containing the fused target

proteins with a 6XHis tag were prepared in lysis buffer (50 mM Tris, pH 8.5,

150 mM NaCl, 1 mM dithiothreitol, 1 mM EDTA, and 0.2 mM phenylmethane-

sulfonyl fluoride) containing 1% (v/v) Triton X-100. Purification of GST and

GST-ZmSMU2was performed as described by Chung et al. (2007). Cell lysates

containing 0.1 to 0.5 mg of target proteins were preincubated with 0.5 mg of

GST and 50 mL of a 50% (v/v) glutathione-agarose slurry (Sigma) at 4�C for

1 h. The cleared cell lysates were added to 50 mL of a 50% (v/v) glutathione-

agarose slurry and 10 mg of GST, GST-AtSMU2, or GST-ZmSMU2 protein. The

mixtures were adjusted to 1 mL with lysis buffer and incubated at 4�C for 2 h.

The beads were then washed four times with lysis buffer containing 0.1%

(v/v) Triton X-100. Proteins were eluted in 13 Laemmli sample buffer

containing 10 mM glutathione, separated by SDS-PAGE, and transferred

onto nitrocellulose membrane. Immunoblot analysis was performed with

mouse HisG antibodies (Sigma) at 1:3,000 dilution and then with goat anti-

mouse IgG antibodies conjugated with horseradish peroxidase (Sigma) at

1:80,000 dilution.

Supplemental Data

The following materials are available in the online version of this

article.

Supplemental Figure S1. Microarray data analysis of Zmsmu2-1 endo-

sperm.

Supplemental Figure S2. Semiquantitative RT-PCR analysis of RNAs

corresponding to coregulated and consistent SP classes of differen-
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Supplemental Table S1. List of DHP-Hs and DHP-Ls (Microsoft Excel

file).

Supplemental Table S2. Correlation of random probes and DHP-L with

the number of SVs in MAGI.

Supplemental Table S3. Identification of hybridization sites for random

probes and DHP-L, according to the ab initio prediction-based exons

and introns in MAGI.

Supplemental Table S4. Identification of hybridization sites for random

probes and DHP-L, according to EST-based gene annotation in MAGI.

Supplemental Protocol S1. Results andmethods for Zmsmu2-1microarray.
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