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Plant serine/arginine-rich
proteins: roles in precursor

messenger RNA splicing, plant
development, and stress responses

Anireddy S. N. Reddy* and Gul Shad Ali

Global analyses of splicing of precursor messenger RNAs (pre-mRNAs) have
revealed that alternative splicing (AS) is highly pervasive in plants. Despite the
widespread occurrence of AS in plants, the mechanisms that control splicing
and the roles of splice variants generated from a gene are poorly understood.
Studies on plant serine/arginine-rich (SR) proteins, a family of highly conserved
proteins, suggest their role in both constitutive splicing and AS of pre-mRNAs.
SR proteins have a characteristic domain structure consisting of one or two
RNA recognition motifs at the N-terminus and a C-terminal RS domain rich
in arginine/serine dipeptides. Plants have many more SR proteins compared
to animals including several plant-specific subfamilies. Pre-mRNAs of plant SR
proteins are extensively alternatively spliced to increase the transcript complexity
by about six-fold. Some of this AS is controlled in a tissue- and development-
specific manner. Furthermore, AS of SR pre-mRNAs is altered by various stresses,
raising the possibility of rapid reprogramming of the whole transcriptome by
external signals through regulation of the splicing of these master regulators of
splicing. Most SR splice variants contain a premature termination codon and
are degraded by up-frameshift 3 (UPF3)-mediated nonsense-mediated decay
(NMD), suggesting a link between NMD and regulation of expression of the
functional transcripts of SR proteins. Limited functional studies with plant
SRs suggest key roles in growth and development and plant responses to
the environment. Here, we discuss the current status of research on plant
SRs and some promising approaches to address many unanswered questions
about plant SRs. © 2011 John Wiley & Sons, Ltd. WIREs RNA 2011 2 875-889 DOL
10.1002/wrna.98

INTRODUCTION

majority of protein-coding genes (up to

90%) in photosynthetic eukaryotic organisms
contain noncoding introns."? As the transcriptional
machinery synthesizes precursor messenger RNAs
(pre-mRNAs), the introns are precisely removed
from pre-mRNAs and the coding sequences (exons)
are joined by two transesterification reactions. In
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constitutive splicing (CS), only one set of splice
sites is used in all pre-mRNAs synthesized from
a gene. Alternative splicing (AS), which generates
two or more mature mRNAs from a single gene,
uses different combinations of splice sites resulting in
different pre-mRNAs produced from the same gene.
Recent studies have shown that pre-mRNAs from
about 95% of multiexon genes in humans undergo
AS.3* Similarly, in plants pre-mRNAs of over 40%
of intron-containing genes produce more than one
splice variant by AS.>® AS is considered to play an
important role in increasing transcriptome complexity
and likely proteome diversity in multicellular
eukaryotes.’»”=? Furthermore, AS is thought to play an
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important role in regulating the amount of functional
protein by controlling the levels of functional and
nonfunctional mRNAs through nonsense-mediated
decay (NMD), recruitment of mRNA to ribosomes,
and modulation of the translation efficiency of
transcripts.»1%!! The proteins produced from splice
variants may have an altered function (altered activity,
altered interaction with its partners or ligands),
stability, and/or cellular localization,'? thereby gener-
ating functionally different proteins from the same
gene.

Pre-mRNA splicing takes place in a large
complex called the spliceosome that is made up of
several uridine-rich small nuclear RNAs (UsnRNAs)
and more than 300 proteins.'>!* The core of
the spliceosome consists of five small nuclear
ribonucleoproteins (U1, U2, U4, U5, and U6 snRNPs)
that are highly conserved between plants and
metazoans." In addition to snRNPs, numerous non-
snRNP proteins are also involved in the spliceosome
that play important roles in spliceosome assembly
and regulated splicing. The spliceosome is a highly
dynamic structure, which continually rearranges its
components during various steps of splicing.!* These
rearrangements primarily occur in the five major
snRNPs. Among the non-snRNP proteins, a family
of proteins called serine/arginine-rich (SR) proteins
are the most extensively studied in animals and
to a lesser degree in plants.»®1® SR proteins were
originally identified in metazoans in 1990 as factors
necessary for the splicing of pre-mRNA substrates in
in vitro assays (reviewed in Ref 17). These proteins
are evolutionarily conserved at the structural and
functional level. All SR proteins are characterized
by the presence of one or two RNA recognition
motifs (RRMs) located in the N-terminus and a
domain rich in serine and arginine dipeptides (SR)
in the C-terminus.'®!” In animal systems, it has been
well established that SR proteins bind pre-mRNAs
and function as activators or repressors of both CS
and AS.'® The RRMs bind specific RNA sequences
(cis-acting elements that either enhance or suppress
splicing) in pre-mRNA, whereas the arginine/serine-
rich (RS) domain functions as a protein—protein
interaction module to recruit other proteins and in
some cases contacts the pre-mRNA branch point.'¢20
In addition, the RS domain harbors signals for nuclear
and subnuclear localization and nucleocytoplasmic
shuttling. Although the study of plant SRs is in its
infancy, significant progress has been made in the last
few years. Our goal here is to review the progress
on various aspects of plant SRs, identify critical gaps
in this area, and discuss some directions for future
investigations.
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PLANT SR PROTEINS

Plant SR proteins were first identified in 1996
using monoclonal antibodies to animal SR proteins,
complementation assays with S100 splicing-deficient
HeLa cell extract, and homology-based cloning.?!=23
Some SR proteins were isolated as interacting partners
of U1 snRNP-70K, a U1 snRNP-specific protein.”*?
The completion of the Arabidopsis genome sequence
in 2000 and other plant genome sequences since then
has led to the identification of a complete inventory of
SR proteins in different plants using bioinformatic
analyses.?®?” Our recent analysis of SR proteins
from 27 different sequenced organisms consisting of
plants, animals, and unicellular eukaryotes revealed
that the number of SR proteins varies between
different groups of organisms. However, plant
genomes in general encode many more SR proteins
than animals (Richardson and Reddy, manuscript
in preparation). For instance, Arabidopsis and rice
have 18 and 22 SR proteins, respectively, whereas
humans have 12 SR proteins. Soybean has the most
SRs (25) of any sequenced organism. Phylogenetic
and comparative analyses of plant SRs revealed
six subfamilies (SR, SC, RSZ, SCL, RS2Z, and
RS), and three of these subfamilies (SR, SC,
and RSZ) have orthologs in mammalian systems
while the other three (SCL, RS2Z, and RS) are
specific to plants with some unique domains!’
(Figure 1). Ten of the Arabidopsis SRs fall into plant-
specific subfamilies (Figure 1). The plant-specific SCL
subfamily (SC35-like) has an RRM that is similar
to SRSF2 (formerly called SC35) with a charged
extension at the N-terminus. The plant-specific RS2Z
subfamily members have two Zn-knuckles and an
additional SP-rich region following the RS domain.
The plant-specific RS subfamily members contain
two RRMs but lack a phylogenetically conserved
heptapeptide (SWQDLKD) motif in the second RRM,
a characteristic feature of the SR subfamily. In
addition, the RS domain of this subfamily is rich
in RS dipeptides. The differences between plants
and animals in intron/exon architecture and plant-
specific cis-elements involved in pre-mRNA splicing
could be the reason for plant-specific subfamilies of
SRs.?® Several SRs in plants have paralogs due to
whole-genome and segmental duplications, a common
feature in plants.'®?” Whether the large number
of SRs in flowering plants is simply a reflection
of genome duplication events or if it points to
the importance of AS regulation in plant growth,
development, and responses to stresses remains to be
seen. It is not known if the paralogs are functionally
redundant or have evolved to perform nonredundant
functions. Analysis of the expression of paralogous
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FIGURE 1| Schematic diagram showing different domains and their organization in different subfamilies of plant serine/arginine-rich (SR)

proteins. The Arabidopsis SR proteins in each subfamily and corresponding human orthologs are shown at the right of the schematic diagram. The old
names of mammalian SRs are shown in parenthesis. In addition to the three mammalian SRs that are shown here, there are nine other SRs (SRSF3, 4,
5,6,9,10, 11, and 12)'® that have no orthologs in flowering plants. RRM, RNA recognition motif. (Reprinted with permission from Ref 19. Copyright

2010 American Society of Plant Biologists)

pairs in Arabidopsis and rice in different tissues
and developmental stages indicates that one of the
two paralogs in each pair is preferentially expressed,
suggesting that one of the paralogs in each pair may
be redundant (Richardson and Reddy, manuscript in
preparation).

ALTERNATIVE SPLICING OF SR
pre-mRNAs

Gene ontology analyses of alternatively spliced genes
and targeted studies on genes encoding splicing
regulators have shown that pre-mRNAs of splicing
regulators, especially SR proteins, undergo extensive
AS.129-35 Analysis of AS of all Arabidopsis SR genes
using RT-PCR has revealed that pre-mRNAs from 14
of the 18 genes produce more than 90 transcripts,
suggesting a six-fold increase in transcripts by AS3°
(Figure 2). Only four SRs (RSZ21, RSZ22, RSZ22a,
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and SCL28) showed no AS, three of which belong
to the RSZ family. Interestingly, the mammalian
ortholog of the RSZ family (SRSF7/9G8) undergoes
AS,3637 suggesting AS in this family is not conserved
between plants and animals. Extensive AS in plant
SR genes is not due to a high rate of missplicing of
pre-mRNAs in plants as AS analysis in another gene
family containing 26 genes with multiple introns with
sizes similar to introns in SR genes revealed no AS.3% In
addition, AS of SR pre-mRNAs is regulated in a tissue-
and development-specific manner. Pre-mRNAs from
rice SR genes also undergo extensive AS.%! Analysis of
DNA methylation of SR genes and another gene family
in which no AS is observed indicates that methylation
is linked to AS (Richardson and Reddy, manuscript
in preparation). All types of AS events are observed
with intron retention as the most prevalent and exon
skipping as the least prevalent AS event. AS due to
alternative acceptor motif (NAGNAG) was also found
to occur in Arabidopsis SRs and this appears to be
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FIGURE 2 | Analysis of expression and splicing of Arabidopsis
serine/arginine-rich (SR) genes in root, stem, leaf, inflorescence, and
pollen. An equal amount of cDNA was used in polymerase chain
reaction (PCR) with primers specific to each SR gene. An equal amount
of template in each reaction was verified by amplifying a constitutively
expressed cyclophilin. The name of the SR gene is shown on the left of
each panel. Asterisks indicate the transcripts that encode full-length
proteins. Arrows indicate DNA sizes in bp. (Reprinted with permission
from Ref 30. Copyright 2007 Blackwell Publishing)

regulated by the developmental stage of plants as well
as stresses.>” Much of AS in SRs is confined to introns
in the coding region. The extent of AS in plant SRs is
much higher than in humans.*’
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Sequence analysis of all splice variants has
revealed that more than 50 putative proteins,
many of which lack one or more domains, can
be produced by AS (Figure 3). As SRs have
modular domains it is possible that proteins
produced from splice variants may have different
functions including potential dominant-negative roles
of truncated proteins. However, currently there
is little experimental evidence showing that splice
variants produce proteins in vivo.*! Analyses of
recruitment of splice variants to ribosomes could
provide some insights into this. However, the presence
of a splice variant in polysomes does not provide
conclusive evidence that they are translated as most
of the NMD targets go through pioneering round of
translation. Hence, studies with predicted isoform-
specific antibodies or expression of individual splice
variants in knockout background as fluorescently
tagged proteins at the C-terminus of splice variants
are needed. A large number of splice variants (about
55) contain a premature termination codon (PTC) at
more than 50 nucleotides upstream of an exon—exon
junction. In animals, transcripts with a PTC located
>50 nucleotides upstream of an exon—exon junction
are targeted for degradation through NMD, an mRNA
surveillance and destruction system that detects
aberrant mRNAs and degrades them,***? suggesting
that PTC-containing SRs are likely degraded by the
NMD pathway. Furthermore, studies in mammalian
systems suggest that PTC-containingtranscripts of
SRs may regulate the level of functional transcripts
through a mechanism called regulated unproductive
splicing and translation (RUST).*%** Analysis of
all splice variants for each alternatively spliced
Arabidopsis SR pre-mRNA in a mutant that lacked up-
frameshift 3 (UPF3), one of the core components of the
NMD machinery, has revealed that about half of the
53 splice variants with a PTC produced in seedlings
are the targets of degradation by NMD (Figure 4),
suggesting that in plants, as in animals, RUST may
play a role in regulating the level of functional
transcripts of SRs.*%*5 Interestingly, the accumulation
of PTC-containing transcripts resulted in concomitant
reduction in the amount of functional transcript,
suggesting a strong coupling between the level of
PTC-containing transcripts and functional mRNA
encoding the full-length protein. Wild-type seedlings
treated with cycloheximide, a known inhibitor of
NMD,*0:46:47 showed accumulation of the same PTC-
containing transcripts that were increased in the
upf3 mutant,® indicating that the pioneering round
of translation is necessary for degradation of these
transcripts. The PTC-containing transcripts that were
accumulated in the #pf3 mutant are detectable in the

Volume 2, November/December 2011



25 WIREs RNA

(a)

SA30  eesatiisEma— ==

T
Isoform 1 L

g *
Isoform 2 EE-HEE-HEE—— 3.
g

1 s
Isoform 3 EE-E--E——H-H-E—————-.

1018
Isoform 4

1 .
Isoform 5 h—l-l—l-l—l-l-.—_—-

1190

Isoform 1

SA34 wEssmirrermm—+emm

Isoform 2
960
Isoform 3

1197
Isoform 4

Isoform 6

Plant SR-rich proteins

()

RS31 u-h—--—‘

lsoform1 HE— sesasas TN T NN 255
RRM il
ral

@
2 o
SR
3
N

7
72

Isoform 4

1086 i
Isoform 5

1200
72
72
72

Isoform 8  IHENEEEGE——EE-—
1491

I 303 "

“— 27 RS31a wi——ammmin

7 Isoform 1 e smsasia T EE o
255 Isoform2 |-—.--ﬂ (T T - 241
25

%
2

tsoorm s TR ——— B
1267 -
S

1313
Isoform 7
1619

Isoform 4 I—I—I—I-'I-I-I-I-—-I-
Isoform e = = T TTREY W I

Isoform 7 I"'I-I-I-H-l-l-—l-—I-
Isoform 8 I--l'-'ll-l-l-—-—'—-

Isoform 3 !—I—-—I---

[l= |
1

Isoform4 (GET

Isoform5 e

42

53
53

o .
|SOfODI'°I'|'|6 '-_'_- . 53
Isoform 7 - —-— TN 53

T BT I 300 lsoformB l——— [ 53

ETTH NN S 207 |soform9 HnsssT——— 53

T WIS NS 300 = .

T TR S 300 RS40 '—i—"-_'-

Isoform1 l—h——.-—h | Aav B Aev B KGN

Isoform2 I-I—I-—I-_- (ICTI T I 50

Isoform 3 I——-I—-—I-—- e |

178 1612

T T 178 1420 %

Isoform 2 i i ———

Isoform 3

@
Q

Isoform 4 l—_—l-—- .
Isoform 5 -—fui——-—— T

38
60

60

37 |soform6 - - 60
97
- .
mm 168 RS41 l—h—.-—!
5
178 |50form1 .—b—..-._- (NETTE TV . 356

76

TV T . C54

e Isoform 4 l—.—-—.-_- 50
R B e =]
,So‘fgm 9 [T T 178 ol s - —— 50
Isoform 6 i —-—— 55
o
® PSK
SCL33
— e e —— RS2z32 -__h_ﬁ_“..__
—
Isoform 2 . E—— 257 Isoform 1 -—h—l-*l--l—_ OO I — 254
Isoform 1 - PR S 2c foform?  m———minam s s O 8
Isoform 3 e ‘ st Isoform 3 m—ie—dw-a e — T 54
Isoform 4 . 5 ogm 4 m—d-iam-aaa—— ”
1180 &
- 8 — -
Isoform 5 = 84 Isofnoursm 5 - E 54
Isoform 6 - 74 Isoform 6 T T m— m™ 36
I 3 S e
Isoform 7 74 Isof?gl;m 7 CEET 54
oot
: RS2733 §—la———t-m-m-m i
SCL30 wis———— =+ smem —
Isoform 1 r [ o Isoform 1 ————S- - — T [0 S 290
. T !
Soﬁg‘rm * I 202 |SOE%I;m 2 —i——E-E-E-E 55
Ioform 2 - - - 104 Isoform 3 '_._*ﬁ...-..__ m 60
1o Isoform 4 —E—OnE-Ea-E-E—— . 60

SCL30a  E—im—s——m——
=1

lsoform2 M - —
or h "

Isoform 1
or

Isoform3 - —
or p

Isoform 4 - —— - —
or -

Isoform 5 ——— - —
o

SC35  |[i-aui—mam b e—

280

18aa insertion after 761h aa

262
85

85
75

Isoform 1 - - N [ R S 003
006

*

Isoform 2 h—l—l—l—-—-_ L
119

Isoform 3 _ | RAv ]
1989

FIGURE 3| Schematic diagrams of alternatively spliced transcripts and predicted proteins from splice variants of Arabidopsis serine/arginine-rich
(SR) genes. Genes encoding SR subfamily (a), SC35 and SCL subfamilies (b), plant-specific arginine/serine-rich (RS) subfamily (c), and plant-specific
RS2Z family SRs (d). The name of the SR gene is shown on the left of each panel. The schematic diagram for each gene shows the gene structure and
its splice variants. (Numbers below each isoform indicate the length of transcript in nucleotides.) Isoforms are numbered in ascending order according
to the size (isoform 1 represents the smallest transcript). In all cases, except SR34b, SCL33, and SCL30a, the smallest transcript (isoform 1) encodes a
full-length protein. Predicted proteins from splice variants are shown to the right of each isoform. Exons are filled rectangles and introns are thin
lines. Black rectangles represent constitutively spliced exons, whereas the red rectangles indicate the included regions in splice variants. Vertical
arrowhead and "*" show start and stop codons, respectively. Horizontal green and red arrowheads above and below gene structures indicate the
position of forward and reverse primers, respectively. In the schematics of predicted proteins, numbers to the right are the number of amino acids in
the protein. PSK, a domain rich in proline, serine, and lysine; RRM, RNA recognition motif. Blue rectangle indicates a stretch of amino acids that are
not present in functional SR proteins. (Reprinted with permission from Ref 30. Copyright 2007 Blackwell Publishing)
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FIGURE 4| Splice variants generated from serine/arginine-rich (SR)
genes in Arabidopsis wild-type and upf3 mutant plants. Forward and
reverse primers corresponding to first and last exons, respectively, were
used in RT-PCR. The name of the gene is shown on the left of each gel.
A constitutively expressed cyclophilin was used to verify an equal
amount of template. Asterisks indicate the transcript(s) for each gene
that encodes a full-length protein. Splice variants with a premature
termination codon (PTC) that are accumulated in the mutant are
denoted with arrows. (Reprinted with permission from Ref 45.
Copyright 2010 Blackwell Publishing)

wild type, suggesting that NMD does not remove
the PTC-containing transcripts entirely. It may be
that the PTC-containing transcripts perform some
function, hence are not degraded completely. The
fact that half of the PTC-containing transcripts are
not accumulated in the UPF3 mutant suggests that
not all transcripts with a PTC are degraded by the
UPF3 pathway. There may be other pathways that
degrade these transcripts. For example, in plants and
yeast there are other mechanisms of degradation of
PTC-containing transcripts that are independent of the
exon—exon junction complex.*$-52 It is also possible
that some PTC-containing transcripts evade NMD
and produce proteins with altered functions. As SR
proteins are highly modular with multiple functional
domains, it may be that the truncated versions that
lack one or more domains may have altered functions.
Dominant-negative effects of truncated SR proteins
on splice-site choice have been well documented.>3-*
It is interesting that AS location and events are quite
conserved from algae to flowering plants in some SR

880 © 2011 John Wiley & Sons, Ltd.
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genes, suggesting the functional significance of those
events (reviewed by Barta et al.>’).

REGULATION OF AS OF SR pre-mRNAs
BY STRESSES

Abiotic and biotic stresses are some of the key
determinants of plant growth and development and
productivity. It is well established that plants adapt to
various stresses by reprogramming their transcriptome
by inducing specific genes and repressing others.’¢8
Most of the stress-regulated genes were analyzed for
steady-state mRNA accumulation. It is likely that
some of the effects of stresses on gene expression
could be due to regulation of different splice variants.
Gene ontology analysis of all alternatively spliced
genes has shown that the genes involved in stress
responses are overly represented.>2?? Interestingly,
AS of plant SR pre-mRNAs is dramatically altered in
response to various abiotic stresses, whereas hormones
affected splicing of a few genes.3®3* New splice
variants have appeared in response to some stresses. In
addition, some splicing products are either increased
or decreased by abiotic stresses. Figure 5 shows
changes in splicing patterns of Arabidopsis SR genes
in response to cold and heat stress. These observations
suggest that altered ratios of splice variants in response
to stresses may have a role in adaptation of plants to
these stresses. The changes in the levels of master
regulators of splicing in response to stresses may alter
the splicing of many other pre-mRNAs, including
auto- and cross-regulation of splicing of SR pre-
mRNAs.'®0 Pre-mRNAs of several genes involved
in biotic and abiotic stresses are also alternatively
spliced (reviewed by Reddy!; Ali and Reddy®?). From
the list of SRs affected by stresses, it is clear that
AS of some SRs is affected specifically by one and
not the other stresses, whereas AS of some SRs is
affected by multiple stresses.> Cold and other stresses
have been shown to affect AS profiles of Arabidopsis
genes.>® There is also evidence for auto- and cross-
regulation of splicing of SR genes in plants.32:3341
How stresses regulate AS of SR pre-mRNAs is
unknown. One possibility is that stress-regulated
protein kinases and phosphatases may control the
phosphorylation status of SRs and other spliceosomal
proteins, which in turn regulate AS. In animals,
heat shock represses splicing by dephosphorylating
SRSF10 (formerly called SRp38).6! Interestingly, the
intranuclear distribution of several SR proteins is
regulated by phosphorylation and stresses such as heat
and cold (see section on Spatiotemporal Organization
of Plant SR Proteins).
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FIGURE 5| Effect of heat and cold on serine/arginine-rich (SR) genes’ expression and alternative splicing. Two-week-old seedlings were treated
with cold at 4°C for 24 h and heat at 38°C for 6 h. RNA from control and treated samples was used for RT-PCR. (Reprinted with permission from Ref

30. Copyright 2007 Blackwell Publishing)

INTERACTIONS AMONG PLANT SRs
AND BETWEEN SRs AND OTHER
PROTEINS

Yeast two-hybrid (Y2H) screens/assays and in vitro
pull-down studies have revealed extensive interaction
among SR proteins and between SRs and many
spliceosomal proteins involved in major and minor
spliceosomes, proteins involved in transcription, as
well as protein kinases that phosphorylate SR
proteins,!2425:95:62-65 guggesting that the functions
of SR proteins depend on their interaction with
numerous other proteins. U1-70K, a Ul snRNP-
specific protein, interacts with several plant SRs
(SR34, RSZ21, RSZ22, and SCL33) indicating that
these SRs may bind to splicing regulatory cis-elements
and recruit U1 snRNP to the 5’ splice site.”*?5¢5 Some
SRs interact with U2AF subunits suggesting that they
can bind pre-mRNAs and recruit U2AF to the 3’
splice site.®? The interaction of plant SRs with U11-
35K, a U11 snRNP-specific protein, suggests that SRs
can recruit UT1 snRNP to the 5’ splice site during
the assembly of the minor spliceosome.®> Some of
these interactions are confirmed in plants whereas
others are yet to be confirmed. Also, the physiological
significance of most of these interactions is not
known.

Volume 2, November/December 2011

FUNCTION OF PLANT SR PROTEINS
IN SPLICING

On the basis of what is known in animals, it is
thought that SR proteins bind to cis-acting regulatory
sequences in exons (exonic splicing regulators, ESRs)
and/or introns (intronic splicing regulators, ISRs) and
recruit Ul snRNP to the 5" splice site and U2AF
to the 3’ splice site and/or bridge the interaction
between components bound to the 5" and 3’ splice
sites (Figure 6). The biochemical characterization
of plant SR proteins, especially the identification
of cis-elements involved in splice-site choice using
in vitro assays, is hindered by the lack of a
plant-derived in vitro splicing system. Nevertheless,
using the splicing-deficient HeLa cell S100 extract
and model pre-mRNA substrates, it was shown
that several plant SR proteins are functional in
splicing alluding to their functional conservation
across eukaryotes,2122:33:66.67 Using a variety of
approaches, several reports have shown that plant SRs
are involved in regulating splice-site choice3!:32:3%41
(reviewed by Reddy!). However, very little is known
about the sequence elements in pre-mRNA that bind
to specific SR proteins. Experimentally very few
sequences that are responsible for AS were identified
in plants.®70 Using gel shift assays with probes
containing cis-elements for different animal SRs, it

© 2011 John Wiley & Sons, Ltd. 881
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FIGURE 6| Roles of plant serine/arginine-rich (SR) proteins in precursor messenger RNAs (pre-mRNAs) splicing. SR proteins bind to sequences in
exons, called exonic splicing regulators (ESRs), and then recruit and stabilize U1 small nuclear ribonucleoprotein (snRNP) on the 5’ splice site (5’ ss)
and the heterodimeric U2AF complex to the 3’ splice site (3’ ss) and U2 snRNP to the adjacent branch point. They also mediate interaction between
the U2AF complex and U1 snRNP across an exon or by binding to RNA sequences called intronic splicing regulators (ISRs) in introns to mediate

interaction between the U2AF complex and U1 snRNP across introns.

was shown that RSZ22 binds to sequences that
are known to bind animals SRs 9G8 and SR20.%°
Using a computational approach to identify exonic
splicing enhancers (ESEs) in Arabidopsis, Pertea
et al.”! identified 35 hexamers in exons, which have
been shown to cause exon inclusion. However, it is
not known if any of the Arabidopsis SRs bind to
these ESEs. As described earlier, the protein—protein
interaction data strongly suggest that SRs play an
important role in recruiting U1l snRNP and U2AF to
the 5" and 3’ splice sites, respectively.

REGULATION OF SR PROTEIN
ACTIVITY

The serine residues in the RS domain of animal
SR proteins are extensively phosphorylated and the
phosphorylation status of the SRs is highly regulated.
This post-translational modification has an important
regulatory role in subcellular localization of SRs and
their interaction with other proteins and pre-mRNA
targets.!® Proteins kinases that belong to the SRPK
(SR protein kinase) and the Clk/Sty family and long
nuclear-retained regulatory RNA (nrRNA) have been
shown to regulate the phosphorylation of animal SR
proteins.'®’2 As plant SRs, like animal SRs, contain
an RS domain with SR dipeptides and plants have
homologs of protein kinases that phosphorylate SRs,
it is thought phosphorylation of plant SRs is likely
to regulate their activities. Using phosphoproteomic
analysis, it was found that many Arabidopsis SR
proteins are phosphorylated in vivo.”37* However,
with the exception of a few biochemical analyses
of some SR proteins,>>’> the regulation of SR
proteins by phosphorylation remains to be explored
in plants. A Clk/Sty protein kinase, arabidopsis fus3-
complementing gene 2 (AFC2), has been shown to
interact with and phosphorylate several SR proteins
and the interaction between SRs and AFC2 is
modulated by phosphorylation.?® Interestingly, one
of the kinases, the tobacco LAMMER type PK12

882 © 2011 John Wiley & Sons, Ltd.

that interacts with and phosphorylates SR34, has
been shown to be induced by ethylene, suggesting
that this hormone through PK12 might regulate
splicing. Beyond showing that these kinases were
localized to the nucleus,”® nothing is known about
their regulation. The mitogen-activated protein (MAP)
kinases MPK6 and/or MPK3, which are activated
by many stresses, also phosphorylate several SR
proteins,”* providing a possible link between stresses
and the regulation of splicing. As several plant stresses
are mediated through MAP kinases, it is likely that
they fine tune specificity to stress responses.

SPATIOTEMPORAL ORGANIZATION
OF PLANT SR PROTEINS

It is now widely accepted that animal and plant
nuclei are compartmentalized into structurally and
functionally distinct nonmembranous subnuclear
domains.”®"”® Recently, in vivo approaches using
fluorescent protein-tagged SR proteins have been
used to investigate the subcellular localization and
dynamics of SR proteins and the regulation of
these processes in plant cells.””%” The availability
of advanced fluorescence microscopes equipped with
laser scanning modules that can monitor protein
mobility in living cells together with the development
of mathematical models to analyze the kinetics of
mobility has provided insights into how plant SR
proteins are functionally linked to transcription,
splicing, and other cellular processes. Among
various approaches used, fluorescence recovery after
photobleaching (FRAP) and fluorescence loss in
photobleaching (FLIP) have been widely used in
investigating the dynamics of plant SR proteins.”’
Collectively, these studies show that much like in
animal systems all plant SR proteins, including
the plant-specific ones, are distributed in a
characteristic pattern of concentrated nuclear regions
termed ‘speckles’, and in diffused nucleoplasmic
regions. Consistent with observations in animal
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cells, using transmission electron microscopy (TEM)
some plant SR proteins were also shown to
correspond to interchromatin granule clusters,
reiterating conservation of structural-functional
organization of SR proteins between plants and
animals.®* Nuclear speckles are thought to be storage,
assembly, and/or modification sites of splicing factors.
Surprisingly, coexpression of SRs that belong to
different subfamilies showed distinct population of
speckles with little or no colocalization, indicating the
existence of different types of speckles that differ
in the types of SRs they contain.®® Furthermore,
some SRs that are known to interact in the Y2H
and pull-down assays did not colocalize in plant
cells, suggesting that the results from Y2H and
invitro assays cannot be directly extrapolated to
in vivo situation and that there are other regulatory
mechanisms at play in in planta interactions.

The localization patterns of SR proteins also
seem to depend on the metabolic/physiological states
of cells. Using heat shock and pharmacological
inhibitors of transcription, it has been shown
that several SR proteins, RSZ22, RS31, SR34,
SR30, and SCL33, accumulate in enlarged and
irregularly shaped speckles.3%-31:8¢ Interestingly, heat
also changed the AS pattern of several SR genes
suggesting that subcellular localization might be one
of the mechanisms that regulate AS.3% As SRs activity
is regulated by their reversible phosphorylation, these
studies show that the inhibition of phosphorylation
led to their accumulation in speckles. Furthermore
using FRAP and FLIP analyses on phosphorylation-
inhibited cells, it has been shown that the
exchange of SR proteins between speckles and
nucleoplasm requires phosphorylation.8? Altogether,
these studies reveal that the mobility of SR proteins
is coupled to transcription and phosphorylation.
These observations suggest that in the absence of
transcription, and hence splicing, SR proteins stay
in the speckles and that the recruitment of SR
proteins to splicing sites, which are thought to be
scattered throughout the nucleoplasm, requires their
phosphorylation. Using these approaches, several
groups have shown that a majority of plant SR
proteins exchange constantly between speckles and
nucleoplasm.8%8¢ In addition, domain deletions and
point mutations combined with pharmacological
inhibitors are also providing clues as to how
the distribution of SR proteins is regulated at
the molecular levels.®” These reports indicate that
the speckle-targeting/retention signals and nuclear
localization signals are most likely located in the RS
domains. Some SRs are localized to the nucleolus
and some shuttle between the nucleus and the
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cytoplasm.$33¢ Nucleolar localization of RSZ-22
was shown to be regulated by stress, ATP, and
phosphorylation.?” It is not known what roles the
nucleolar-localized plant SRs play.

FUNCTIONS OF SR PROTEINS
IN PLANT GROWTH
AND DEVELOPMENT

Extensive genomic analyses in dicots and monocots
have revealed that a majority of genes involved in
almost all biotic and abiotic stress responses and
developmental processes, including vegetative growth,
flowering, fruit and seed development, senescence, and
seed dormancy, possess multiple exons and several
of them produce more than one isoform.>?° Given
the essential role played by SR proteins in both CS
and AS, it is likely that they will be instrumental in
regulating various developmental processes. The use
of loss-of-function mutants as well as overexpression
of SRs in understanding their role in plant growth
and development and stress responses should yield
some useful information. So far, there are only a
few reports on overexpression of SRs.31*! Analyses
of overexpressor lines of two Arabidopsis SRs (SR30
and RSZ33) have revealed pleiotropic phenotypes,
which is consistent with their role as regulators of
splicing.3>*! Analysis of knockout mutants in plant
SRs has not been performed yet. As many plant SRs
have paralogs, it is likely that single mutants may
not show phenotypes, hence it would be necessary to
generate single/double/triple mutants to analyze SRs
function.

In addition to studies on SR proteins, an
SR-related protein (SR45) has been extensively
characterized in plants. SR45 was isolated in a Y2H
screen with U1 snRNP 70K protein.?® Unlike SRs, it
has two RS domains flanking the RRM. A loss-of-
function sr45 mutant displayed multiple phenotypes
including delayed flowering (Figure 7A), reduced root
growth, and abnormal floral organs.?® The AS pattern
of several other SR genes was also changed in the
sr45 mutant (Figure 7B),%® suggesting that a change
in the ratio of AS isoforms of other SR genes likely
affects multiple phenotypes. The Arabidopsis SR45
produces two alternatively spliced isoforms that differ
in 21 nucleotides in the coding region, which are
predicted to produce two distinct proteins that differ
in 8 amino acids.’ Interestingly, the long isoform
complemented the defects in flower petals and not
root growth, whereas the short isoform complemented
the root growth phenotype but not petal defects,
suggesting that each isoform has a specific function.®’
In addition to developmental defects, s¥45 mutant
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FIGURE 7| Role of SR45 in flowering and alternative splicing.

(a) sr45 mutant is late flowering. Left, wild type; right, sr45 mutant. (b)
Expression and alternative splicing of precursor messenger RNA
(pre-mRNA) of one of the serine/arginine-rich (SR) genes (SR30) in
different organs in the mutant. An equal amount of template in each
reaction was verified by amplifying a constitutively expressed
cyclophilin (Cyc). DNA sizes are indicated on the right. Isoform number
is indicated on the left side of the gel. I, inflorescence; L, leaf; R, root; S,
stem. Schematic diagram in the bottom panel of SR30 shows the gene
structure and its alternatively spliced messenger RNA (mRNA) isoforms.
(Numbers below each isoform indicate the number of nucleotides.)
Predicted proteins from splice variants are shown to the right of each
isoform. Exons are filled rectangles and introns are thin lines. Black
rectangles represent constitutively spliced exons, whereas the red
rectangles indicate the included regions in splice variants. Vertical
arrowhead and "*’ show start and stop codons, respectively. Horizontal
green and red arrowheads above and below gene structures indicate
the position of forward and reverse primers, respectively. In the
schematics of predicted proteins, numbers to the right are the number
of amino acids in the protein. RRM, RNA recognition motif; RS,
arginine/serine-rich domain. Blue rectangle indicates a stretch of amino
acids that are not present in functional SR proteins. (Reprinted with
permission from Ref 88. Copyright 2007 PLoS ONE)

Isoform 5

showed altered responses to glucose and abscisic acid
(ABA).”° These authors showed that SR45 negatively
regulates glucose-induced growth arrest by repressing
accumulation and signaling of ABA, which plays
important roles in arresting seedling establishment
under unfavorable conditions. In this case, both
isoforms complemented the glucose overly-sensitive
phenotype of the sr45 mutant. These observations

884 © 2011 John Wiley & Sons, Ltd.
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FIGURE 8| Effect of stresses on SR45 localization in root epidermal
cells of GFP-SR45 expressing Arabidopsis seedlings. Cold treatment
relocalized GFP-SR45 mostly to the nucleoplasmic pool, whereas heat
treatment induced redistribution of GFP-SR45 into irregularly shaped
compartments. Controls were incubated at 22°C. (Reprinted with
permission from Ref 91. Copyright 2003 Blackwell Publishing)
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suggest that alternatively spliced isoforms will display
specificity in affecting some processes and play a
general role in others. Like SRs, it localizes to
nuclear speckles and nucleoplasm, and the mobility of
this protein in the nucleus is controlled by stresses
(Figure 8), phosphorylation, and ATP.83%°1 It was
shown that U1-70K and SR45 associate primarily
in speckles and that this interaction is mediated by the
RS1 or RS2 domain of SR457° (Figure 9). Together,
these studies indicate that SR45 is an important
splicing regulator and controls several developmental
and stress responses.

CONCLUSIONS AND FUTURE
PERSPECTIVES

In recent years, some progress has been made in
understanding the roles of plant SR proteins in
plant growth and development. However, much
work still needs to be done to understand the
roles of every plant SR protein. Also, of paramount
importance is elucidation of functions of plant-
specific SR proteins. Such investigations will require
the development of tools and the use of novel
approaches, which combine system-level analyses
with conventional biochemical and genetic analyses.
Because of multiple paralogs with high sequence
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FIGURE 9| Bimolecular fluorescence complementation
(BiFC)-based mapping of SR45 domains involved in its association with
U1-70K. Different domains of SR45 that are fused to YFP¢ (middle) were
introduced into protoplasts along with U1-70K fused to YFP" (right) and
visualized for reconstitution of yellow fluorescent protein (YFP) (right).
RRM, RNA recognition motif; RS1 and RS2, arginine/serine-rich domains
1 and 2. (Reprinted with permission from Ref 79. Copyright 2008 PLoS
ONE)

similarity, it is likely that mutations in single SR
genes may not show phenotypes. Therefore, to under-
stand the function of SR proteins, it is necessary
to generate knockout mutants in single and multi-
ple genes of an SR family (double or triple mutants)
and then perform phenotypic analysis under different
conditions. Important questions pertinent to splice
variants of SRs are Do all splice variants produce
proteins? If they do, what is the role of splice vari-
ants? To determine if they produce proteins, one
can use isoform-specific antibodies or fuse cDNA
of each variant to 5" end of a fluorescent reporter
and express them in a knockout background. Once
the knockouts are analyzed for SR functions, then
each splice variant can be expressed in the knock-
out background to assess the function of individual
isoforms. Deep sequencing of transcriptomes using
next-generation sequencing (RNA-seq)>? in loss-of-
function mutants under normal and stress conditions
will permit global analysis of gene expression and
AS affected by each SR. Data from such studies with
each SR mutant will permit construction of splicing
networks in plants and provide clues in designing
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phenotypic screens. Currently, we know nothing
about the cis-elements in pre-mRNAs that bind to
SRs and this is an area that can be addressed using
global approaches. Recent high-throughput methods
such as RNA immunoprecipitation followed by deep
sequencing (RIP-Seq) and a variation of this (HITS-
CLIP, high-throughput sequencing of UV cross-linked
immunoprecipitated RNA)?>™* offer opportunities
for genome-wide identification of mRNA targets of
a particular Sr. Analysis of splicing reporters in vivo
using transient expression in protoplasts or Agrobac-
terium-infiltrated tissues of wild-type and SR mutants
should also provide some mechanistic understand-
ing of how SRs regulate splicing. The empirical data
obtained from HITS-CLIP can be used for bioinfor-
matic analyses to identify consensus sequences that
bind to each SR protein, which can then be verified by
gel-shift assays. The availability of a large database of
alternatively spliced genes in plants makes it amenable
to use computational tools for identification of cis-
elements associated with different types of AS events
and may pave the way for developing splicing code
for plants as in animals.”> RNA-seq data together
with HITS-CLIP will help differentiate the splicing
events that are regulated directly by SRs binding to
pre-mRNAs and the secondary indirect effects. These
studies should also help determine similarities and
differences in the regulation of pre-mRNA splicing
between plants and animals and identify plant-specific
novel mechanisms that control CS and AS. In animals,
SR proteins are involved in many other aspects of
RNA metabolism and other processes including tran-
scription elongation, translation regulation, genome
stability, microRNA biogenesis, receptors of some
carbohydrates, and NMD.!%2%97 Whether plant SRs
function in any of these other processes remains to
be seen. The next decade is expected to provide many
more new insights into SRs role in regulating CS
and AS as well as their role in plant growth and
development and stress responses.
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