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Foreword

vii

Regulation of gene expression in eukaryotes is complex and occurs on many
levels, often overlapping each other. In a hierarchical sense, the chromatin
structure itself is the first level influencing gene expression through methyla-
tion of select bases, posttranslational modification of histones, and alterations
in scaffolding. The second level includes transcription and posttranscriptional
processing, including export and turnover of mRNAs. It is with this level 
of gene regulation that the current book is primarily focused. The third level of
regulation involves translation and posttranslational events. As we shall see in
the following chapters, it is sometimes difficult to separate these processes
from each other. Of necessity we have narrowed our emphasis on transcript
expression to the structure and processing of mRNAs and have opted to min-
imize the mechanics of transcription initiation, elongation, and termination.
This is not to say that such processes are not important, only that they have
been amply covered in numerous recent reviews.
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Preface

ix

In almost all of the areas of gene expression control except one, plant
research has lagged considerably behind studies in yeast, insects and verte-
brates. Advances in animal gene expression control have also benefited plant
research, as we continue to find that much of the machinery and mechanisms
controlling gene expression have been preserved in all eukaryotes. However,
there are some interesting differences in gene structure and regulation
between plants and animals. First, vertebrate genes can be quite large, often
spanning tens of thousands of base pairs and usually separated by numerous
large introns, whereas plant genes tend to be much smaller (averaging
between 1–2 kb (kilobases) with fewer and smaller introns. Second, as we
shall see in the following chapters, plant transcripts retain introns more often
than do animal transcripts (30% of all genes in the model plant, Arabidopsis,
compared to 10% in humans). Unfortunately, at this time we have only a few
plant models for gene regulation, and only Arabidopsis, rice and poplar have
been fully sequenced. Since Arabidopsis was the first plant genome to be fully
sequenced, most of our information has come from studies of its transcrip-
tome, and it is not known to what extent it truly represents other members of
the plant kingdom. In addition, as our knowledge of factors influencing gene
expression increases, so too, does our recognition that the current annota-
tions in the gene databases will need to be updated to reflect new information
as it appears in the literature. Finally, compared to animals, plants have
evolved different signaling mechanisms, partly because plant hormones do
not exactly function as do those in animals, and partly because plants must
cope with environmental changes differently than animals, since they cannot
physically escape their environments except possibly through reproduction.
Therefore, plants have evolved very complex, interacting signaling pathways
in response to developmental signals and biotic/abiotic stresses. All of these
observations ultimately reflect some of the differences plants display in regu-
lating gene expression compared to yeasts, insects and vertebrates.

Although we have touched upon some of the differences between animal
and plant control of gene expression here, it is equally important to recognize
and appreciate the common mechanisms they share. For example, the basic
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transcriptional machinery via DNA-dependent RNA Polymerase II is virtu-
ally the same in plants and animals. Furthermore, some transcription factors,
like myb and myc factors are similar in structure and function in both plants
and animals. Plants and animals contain introns separating the coding
regions of most genes and again, they utilize similar machinery to process the
introns and form mature mRNAs. Since translation in all eukaryotes is basi-
cally the same, we see more similarities between plants and animals in this
process, than differences. These mechanisms relate to mRNA structure,
including sequences in the 5′ leader region and those in the 3′ untranslated
region which influence the efficiency and selectivity of translation. It is hoped
that the following chapters will expose the reader to some of the most recent,
novel and fascinating examples of transcriptional and posttranscriptional
control of gene expression in plants and, where appropriate, provide com-
parison to notable examples of animal gene regulation.

x Preface
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1

1
The Regulation of Gene Expression
in Plants and Animals

Robert E. Farrell, Jr.

1.1. Overview of Eukaryotic Transcription

The control of gene expression in all cells involves an elaborate and dynamic
interplay among what might best be described as regulatory molecules. These
molecules include RNA polymerases, myriad transcription factors, the DNA
template, the RNA produced by transcription, and the protein produced by
translation with its attendant processing. To interfere with or in some way
modify any of these critical elements is to potentially cause a profound
change in the phenotypic manifestation of one or more genes or gene relays.
It is clear that transcription is a consequence of a series of well-orchestrated,
ordered events. Contemporary methods that examine this aspect of gene
expression have revealed the dynamic nature of this biochemical process.

The examination of gene expression often revolves around quantifying the
abundance of a particular transcript. This assessment may be performed
using state-of-the-art methods such as high throughput microarrays and real-
time PCR, or by the use of the time-honored methods of Northern analysis,
nuclease protection, or semi-quantitative PCR (described in Farrell, 2005).
While all of these methods provide information about the transcriptional
activity of genes, they measure steady-state levels only, i.e., the final accumu-
lation of RNA in the cell at the moment of lysis; these methods fail to take
into account the stability of the RNA, as well as the rate of transcription at
the specific loci under investigation. In order to describe more completely the
nature of gene expression modulation, it is incumbent upon the investigator
to examine the level of the corresponding protein(s) so as to determine
whether an alteration of transcript levels, protein levels, or both are in some
way associated with a phenotypic change.

1.1.1. Regulation of Gene Expression
The modulation of transcript and protein levels is a nonstatic, on-going
process that governs all cell and tissue function. Experiments performed
using adenovirus and SV40 models were the first to elucidate some of the
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2 Robert E. Farrell, Jr.

biochemical events associated with the synthesis of mRNA. Current research
has demonstrated that the secondary and tertiary structures formed by RNA
and numerous RNA binding proteins influence the posttranscriptional fate
of the transcript. While the number of potential gene regulatory control
points is virtually infinite, in the broadest sense one might consider the fol-
lowing four major headings:

1. Transcriptional regulation
2. Posttranscriptional regulation
3. Translational regulation
4. Posttranslational regulation

Eukaryotic RNA molecules are synthesized by transcription in the nucleus,
in mitochondria, or in chloroplasts. This is transcriptional-level regulation: a
gene either is or is not transcribed. The same subcellular compartment where
transcripts are synthesized is also the location where they are processed to
maturity. Maturation, stability, and export of mRNAs represent posttran-
scriptional levels of gene regulation. With respect to nuclear transcripts,
mature mRNA molecules may be exported into the cytoplasm, usually lacking
the intron sequences that were part of heterogeneous nuclear RNA
(hnRNA). Nucleocytoplasmic transport is an extremely discriminating
mechanism, involving movement to and then through nuclear pore
complexes (for reviews see Piñol-Roma and Dreyfuss, 1993; Maquat, 1997;
Chapter 6). It is very likely that mature mRNA will become translated, but
this is not always the case. The chemical stability of mRNA is itself an impor-
tant posttranscriptional regulatory control point, as is the formation of
nontranslatable mRNA:protein complexes previously known as “informo-
somes” (Preobrazhensky and Spirin, 1978; Bag, 1991). Translation initiation
is another major control point affecting gene expression. mRNAs that bind
eukaryotic initiation factors (eIFs) with low affinity typically do not synthe-
size as much polypeptide product as mRNAs with a higher binding affinity.
This level of control occurs at the translational level and includes the elon-
gation and termination of polypeptide synthesis. If translation of a particular
mRNA does occur, then the translated polypeptide itself is subject to
extensive posttranslational modifications. The magnitude and diverse nature
of these posttranslational modifications is only now coming to light with the
advent of the emerging field of proteomics. Some of the common posttrans-
lational modifications include, but are not limited to, proteolytic cleavage
(with or without ubiquitination), acylation, methylation, prenylation, car-
boxylation, glycosylation, phosphorylation, neddylation, acetylation,
sumoylation, and hydroxylation.

The biochemical status of a cell or tissue sample can be qualitatively and
quantitatively defined as a function of mRNA complexity. For example, one may
investigate whether modulation of gene expression is regulated transcrip-
tionally or by a posttranscriptional event(s). Thus, insightful consideration
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1. The Regulation of Gene Expression in Plants and Animals 3

must be given to the method of cellular disruption and RNA purification
because of the numerous sub-populations of transcripts in the cell (for
protocols, see Farrell, 2005). In order to paint a more complete picture of the
methods by which one or more genes of experimental interest are being
regulated in a model system, the abundance of the corresponding protein(s),
and modulation thereof, should also be scrutinized.

1.1.2. Nature of Transcription
Transcription is that process by which the information residing in a double-
stranded DNA molecule (dsDNA) is transferred to a nascent RNA molecule.
“Transcription” is so-named because the code contained within the sequence
of the DNA is rewritten in the same language, namely, the language of
nucleic acids. RNA polynucleotides are assembled at a rate of about 40
nucleotides (nt)/sec in eukaryotic and in prokaryotic cells. Translation, in
contrast, is that process by which a protein or polypeptide is synthesized from
the information encoded in the RNA; it is so-named because the information
contained within the RNA is rewritten in an entirely different language,
namely, the language of proteins. Proteins are assembled from amino acid
monomers at a rate of about 5–8 amino acids (aa)/sec in eukaryotes and
about twice as fast in bacteria. The mechanics of the processes of transcrip-
tion and translation ensure the requisite colinearity and accuracy of infor-
mation transfer from the DNA to the resulting protein which, in turn, ensures
proper biochemical function. To do otherwise would constitute a mutation,
with potentially serious consequences for both the cell and the organism.

In eukaryotic cells, transcription is compartmentalized within membrane-
bound organelles and, in the case of the nucleus, transcription is both spa-
tially and temporally separated from translation. In both plant and animal
cells, the half-life of a typical mRNA transcript is significantly greater than
the half-life of mRNA molecules in bacteria; prokaryotic transcripts are
often being both translated and degraded from their 5′ ends even while tran-
scription is still on-going at the 3′ ends of the “nascent” transcripts. The
enhanced stability of eukaryotic transcripts clearly facilitates transport
across the nuclear membrane into the cytoplasm where mRNAs may have an
opportunity to engage the protein translation apparatus.

RNA is produced from different loci at different rates. The quantity of a
particular RNA species in a cell is referred to as its abundance. It is common
to classify genes based on the abundance category into which their transcripts
fall and to describe measured changes in the expression of a gene at the RNA
level as a change in the relative abundance of that transcript. This terminol-
ogy is used to describe (1) a change in the quantity of a particular transcript
relative to another transcript, such as a housekeeping gene, or (2) a change in
the quantity of a transcript after experimental manipulation relative to an
untreated control.
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4 Robert E. Farrell, Jr.

1.1.2.1. Important Plant and Animal Models for Studying Transcription

Plants: The genomes of Arabidopsis (Arabidopsis thaliana), rice (Oryza sativa),
and poplar (Populus trichocarpa) have been completely sequenced. Projects to
sequence tomato (Lycopersicon esculentum), Medicago truncatula (a forage
legume) and lotus (Lotus japonica) and many other plants are currently
underway. Because Arabidopsis was the first plant whose genome was
completely sequenced, it has served as a model plant for gene organization
and structure, as well as for transcript processing and regulation.

Models for inheritance and gene mapping studies have historically been
maize (Zea mays) and tomato. More recently wheat and barley, as well as soy-
bean and alfalfa have been the focus of trait mapping, especially QTL (quan-
titative trait loci) identification of disease and stress resistance. Genetic
studies in plants are often complicated by the fact that some of the more
important crops are polyploids or aneuploids. Common plant models for the
study of non-Mendelian inheritance include shoot variegation in the four
o’clock Mirabilis jalapa, cytoplasmic male sterility in corn, and uniparental
inheritance of mating type in the alga, Chlamydomonas reinhardtii.

Animals: Much of the pioneering research in the area of transcription and
transcriptional control of gene expression involved the use of such unassum-
ing animals as Drosophila, sea urchins, Caenorhabditis elegans (nematode), rat,
mouse, and just as importantly, animal cell culture models, such as the CHO-
K1 (Chinese Hamster Ovary) and NIH 3T3 (swiss mouse fibroblast) cell lines.

1.1.2.2. Genome Organization Affects Nuclear Gene Transcription

The eukaryotic genome is both large and quite sophisticated. If the DNA
from a typical eukaryotic cell were stretched end to end it would reach several
feet in length. Organization of the DNA is critically important for packaging
into a microscopic nucleus, which must be done in such a way that specific
DNA sequences (genes) and their regulatory elements (promoters) can be
periodically accessed in order to be transcribed. Supercoiling is the key.

The first level of eukaryotic nuclear DNA organization involves the for-
mation of nucleosome particles. Nucleosomes consist of an association of
146 bp of core DNA wrapped around a group of eight histone proteins, i.e.,
two molecules each of the histones H2A, H2B, H3, and H4. The orderly
assemblage of nucleosomes is often described as beads on a string when
viewed by electron microscopy. A fifth histone protein, H1, is located on the
outside of the nucleosome particle and can be readily removed from the com-
plex under conditions of low ionic strength.

Prior to the initial interaction of the chromatin with the early initiators of
transcription, this three-dimensional nucleosome architecture prevents RNA
polymerase and transcription factor association with the promoter. The 
local unwinding of tightly packaged DNA is a first step needed to provide
transcription factors the opportunity to interact with the regulatory
elements governing expression of a particular gene. Beyond the formation of
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1. The Regulation of Gene Expression in Plants and Animals 5

nucleosomes, subsequent levels of coiling ultimately lead to the characteristic
formation of chromatin which, at the onset of mitosis, further condenses into
recognizable chromosomes.

1.1.2.3. Gene Organization Affects Nuclear Gene Transcription

The typical eukaryotic genome is well-known for its excessive amount of
non-coding, intergenic spacers, as well as the fact that the structural portions
of genes are divided into coding regions, known as exons, and intervening,
noncoding regions known as introns. While the precise origin of interrupted
genes is anyone’s guess, one of the more rational attempts to explain this
phenomenon is that introns are remnants of genome invasion attempts by
primordial prokaryotes. The intron sequences that are observed distributed
throughout plant and animal genes are variable in number, length, and
nucleotide content, and infrequently are found to contain open reading
frames (ORFs). The only predictable feature of introns is the presence of
highly conserved dinucleotide pairs that define the intron boundaries: introns
begin with GU and end with AG. By recognizing these dinucleotides, and the
adjacent bases that are conserved to a lesser extent, introns are excised from
hnRNA transcripts during and shortly after transcription. A considerable
amount of the typical eukaryotic genome does not appear to encode
anything, and these intergenic regions are often impressive in size.

Most animal cells are diploid with the exception of gametes. As such, each
cell has at least two copies of each gene, and there are many genes that exist
in multiple copies. The genome is also subject to change, not only by random
mutation, but also through the orderly duplication of specific genes in response
to external stimuli. For example, the drug methotrexate, which is commonly
used to treat patients with either cancer or arthritis, is known to induce
amplification of the dihydrofolate reductase (DHFR) gene (Schimke, 1981).
Another example of the nonstatic nature of the animal genome occurs in
lymphocytes, in which the immunoglobulin genes are spliced in order to
facilitate the production of a customized antibody in response to exposure 
to a previously unknown antigen (reviewed by Lewin, 2004).

In plants, the parameters governing genome stability are similar to those in
animals, though it is not unusual to find triploid, tetraploid, and octaploid
tissues and organisms in the plant kingdom. In addition, plants seem better
able to tolerate aneuploidy than mammals, and some hybrid progeny from
interspecies crosses in the plant kingdom are fertile, whereas this rarely
happens in higher animals.

1.1.2.4. RNA Polymerases I, II, III, and IV

Genes in plant cells, as in animal cells, are transcribed by enzymes known as
DNA-dependent RNA polymerases. In eukaryotic organisms there are three
nuclear RNA polymerases, designated RNA polymerase I, RNA polymerase
II, and RNA polymerase III. These enzymes, which are composed of
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multiple subunits and are among the largest and most complex enzymes in
the cell, each transcribe a different class of genes. This approach to tran-
scription is markedly different compared to prokaryotic cells where one type
of RNA polymerase is responsible for the transcription of all genes. Each
eukaryotic RNA polymerase is functional only in the presence of DNA,
which acts as a template. These enzymes also exhibit an absolute cofactor
requirement for Mg++ and are dependent upon the presence of myriad
transcription factors to initiate and support transcription.

RNA polymerase I is responsible for the transcription of the ribosomal
genes, and is therefore ultimately responsible for the production of 28S
ribosomal RNA (rRNA), 18S rRNA, and 5.8S rRNA. RNA polymerase II
transcribes genes that encode proteins, first producing hnRNA which can
mature into mRNA molecules that can support translation. RNA polymerase
III transcribes the transfer RNA (tRNA) genes and a small ribosomal rRNA
gene that produces the 5S rRNA. RNA polymerases are also responsible for
the synthesis of small nuclear RNA (snRNA), small nucleolar RNA
(snoRNA), and small cytoplasmic RNA (scRNA). In mammals, a fourth RNA
polymerase (single-polypeptide nuclear RNA polymerase IV [spRNAP-IV])
has recently been described (Kravchenko et al., 2005). This polypeptide is
derived from a nuclear-encoded mitochondrial RNA polymerase by alternative
splicing which results in a truncated polypeptide lacking 262 amino acids near
the amino terminus, including the mitochondrial transit sequence. spRNAP-IV
is located in the nucleus and regulates a subset of nuclear-encoded genes.

Similarly, a novel polymerase, RNA polymerase IV, or simply Pol IV, has
been discovered in plants (Onodera et al., 2005). Pol IV does not appear to
be necessary for viability, nor does its activity overlap with the known func-
tions of RNA polymerases I, II, and III; in contrast, it is used by the cell to
promote methylation-associated higher-order heterochromatin formation
(Kanno et al., 2005; Chapter 5).

As with all nucleic acid polymerases, RNA polynucleotides are assembled
5′ → 3′, and in this case, in a DNA-dependent manner. Mutations notwith-
standing, the products of transcription are identical to the base sequence
found on the DNA coding strand, with the exception of the substitution of
uracil in RNA in place of the thymine found in DNA. Thus, the newly tran-
scribed RNA is likewise complementary to the DNA template strand upon
which it was synthesized directly. Curiously, more than 70% of all transcribed
RNA is subsequently degraded in the nucleus, never maturing into corre-
sponding cytoplasmic species (Soeiro et al., 1968; Jackson et al., 2000). While
this may seem like an inordinate waste of cellular resources, it is nonetheless a
well-documented mode of posttranscriptional regulation of gene expression.

1.1.2.5. Phage-Type RNA Polymerases: The RpoT Genes

Angiosperms possess a small, unique group of nuclear-encoded RNA
polymerases that resemble the well-characterized RNA polymerases associ-
ated with the T7 and T3 bacteriophages. These genes, known as the RpoT
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1. The Regulation of Gene Expression in Plants and Animals 7

polymerase family, are believed to have arisen by duplication from an
ancestral gene encoding the mitochondrial RNA polymerase. At least some
of the genes in this family are found in both monocots and dicots. The RpoT
genes were initially identified and characterized in Arabidopsis thaliana
(Hedtke et al., 1997), Cheopodium album (Weihe et al., 1997), Physcomitella
patens (Richter et al., 2002), maize (Young et al., 1998; Chang et al., 1999),
and wheat (Ikeda and Gray, 1999). In Arabidopsis, the three members of this
family that have been found so far are known as RpoT1, RpoT2, and RpoT3.
RpoT1 is responsible for the transcription of mtDNA (mitochondrial DNA)
while RpoT3 transcribes cpDNA (chloroplast DNA). Particularly interesting
is RpoT2, the N-terminal amino acid composition of which directs RpoT2
into chloroplasts and mitochondria, suggesting a dual transcriptional role
for this enzyme involving two different genomes (Hedtke et al., 2000).
In moss, the RpoT2 mRNA contains two inframe AUG codons near the
5′ terminus (Richter et al., 2002). When translation initiation occurs at the
second AUG codon, the resulting enzyme is directed into the mitochondria.
Translation initiation from the first AUG codon, in contrast, produces
a chloroplast-targeted translation product.

1.1.3. Transcription Factors and Promoter Elements
Initiation of the process of transcription is a complex event, involving far
more components than were appreciated even as recently as five years 
ago. The specific DNA sequences required for the binding of transcription-
associated proteins and enzymes are known generically as regulatory ele-
ments, and these include motifs commonly known as the TATA box, the
CAAT box, enhancers, and the GC-rich elements. The highly variegated
proteins that bind to the DNA and to each other to facilitate the initiation
of transcription are collectively referred to as transcription factors. Those
DNA sequences that are spatially associated with a particular genetic locus
are known as cis-acting elements, while the various RNA polymerases and
all of the transcription factors that are encoded at other genetic loci, are
referred to as trans-acting factors. For example, in plants, the cis-acting
motif, (T)(T)TGAC(C/T), is known as a W box, to which members of the
WRKY superfamily of transcription factors bind in response to wounding
and certain other stresses (Cheong et al., 2002). Before an RNA polymerase
can engage a transcription template, a pre-initiation complex consisting of
several different transcription factors binds to the DNA promoter itself, and
this precedes the binding of RNA polymerase (reviewed by Lewin, 2004).
An overview of transcription and associated processes is illustrated in
Figure 1.1.

The transcription factors associated with genes that encode proteins, as
opposed to genes which encode tRNA and rRNA, appear to be highly
conserved among eukaryotes, as is RNA polymerase II, which transcribes
these genes. Basal transcription factors associated with genes that encode
mRNA are generically referred to as TFIIX, with X representing a specific

Ch01.qxd  29/01/07  12:00 PM  Page 7



8 Robert E. Farrell, Jr.

transcription factor, e.g., TFIID. Table 1.1 lists several representative classes
of transcription factors that have been identified in plants and in animals.

Many promoters exhibit a DNA sequence known as a TATA box, so
named because of the highly conserved sequence, TATAA, or a close variant

FIGURE 1.1. Key features and quality control checkpoints of the ‘mRNA factory’. In
the CTD (C-terminal domain) of RNAP II, the changing phosphorylation of repeat
residues Serine 5 (S5) and Serine 2 (S2) during transcription regulates the dynamic
interactions of the CTD with enzymes of mRNA maturation (capping, splicing and
polyadenylation factors, not shown). The 5′ cap is added early in transcription,
whereas splicing of introns usually occurs cotranscriptionally but can happen later as
well. Splicing leads to a deposition of the exon junction complex (EJC) upstream of
the splice junctions. Numerous hnRNPs and other RNA binding proteins (repre-
sented as green symbols of different shapes and sizes), including cap binding protein
eIF4E and poly(A) binding protein, associate with maturing transcripts; the comple-
ment of these factors is likely to be distinct for different mRNAs. The appropriate
assembly of hnRNP proteins and completion of 3′ end formation is monitored at
quality control checkpoints QC1 and QC2, respectively; messages improperly
matured at these stages are subject to retention at the transcription site and degrada-
tion by the exosome complex. The nuclear pore complex-linked checkpoint, QC3,
ensures that only spliced transcripts are exported from the nucleus and causes mRNA
to be kept at the site of transcription when the nuclear-pore complex-linked export
step is blocked. Reproduced with permission, from Belostotsky and Rose, 2005,
Trends in Plant Science, 10(7), 347–353, © Elsevier Ltd. (See Color Plates)
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TABLE 1.1. Classes of eukaryotic transcription factors1.
Transcription factor categories

Examples of Observed Observed Transcriptional 
Super family major classes in plants in animals factor examples

Basic domains Leucine zippers Yes Yes c-jun (human)
c-fos (mouse)
CPRF-3 (parsley)

Helix-loop-helix Yes Yes Id2 (mouse)
Lc (maize)
NUC-1 (Neurospora)

NF-1 No Yes CTF-3 (human)
NF-1C1 (pig)
NF-1A1 (chick)

Zinc-coordinating Cys4 zinc finger No Yes T3R-α (rat)
DNA binding (nuclear AR (human)
Domains receptor type) CF1 (fruit fly)

Cys2-His2 zinc Yes Yes TFIIIA (ubiquitous TF
finger domain WT1 (human)

GAL4 (yeast)
Diverse Cys4 Yes Yes GATA-1 (frog)

zinc fingers AREA/NIT-2 
(Neurospora)

Helix-turn-helix Homeo domain Yes Yes HOXC6 (zebra fish)
Knox3 (barley)
KN1 (maize)

Heat shock Yes Yes HSF1 (human)
factors HSF3 (chick)

HSF24 (tomato)
Tryptophan Yes Yes c-myb (human)

clusters GL1 (Arabidopsis)
MYB.pH3 (petunia)

β-Scaffold factors STAT No Yes STAT2 (human)
STAT4 (mouse)
STAT5A (sheep)

p53 No Yes p53 (human)
p53as (mouse)

MADS Box Yes Yes GLO (tobacco)
AG (Arabidopsis)
ZEM1 (maize)

TATA-binding Yes Yes TBP (human)
proteins TBP (Arabidopsis)

TBP (yeast)
Other types of Copper fist No No ACE1 (yeast)

transcription proteins AMT1 (yeast)
factors (fungal)

HMGI(Y) No Yes HMG Y (human)
HMGI-C (mouse)

Pocket domain No Yes Rb (mink)
CBP (mouse)
p107 (human)

(Continued)
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thereof. Most often a TATAA box is situated at −25, meaning 25 nts
upstream from the transcription start site (TSS). The TATA box is considered
a fundamental part of transcript initiation, although transcription can also
be initiated from TATA-less promoters. In animals this occurs when the
transcription factor IIB recognition element (TFIIB; Lagrange et al, 1998)
and downstream promoter element (DPE; Burke and Kadonaga, 1996) are
present in place of the TATA box element. An additional motif, known as
an initiator sequence (Inr) is able to promote transcription autonomously or
in conjunction with a TATA or other element (Smale and Baltimore, 1989).
The precise geometry of these elements will determine the TSS. In
Arabidopsis, the TATA box is the primary regulatory element required to
initiate transcription in less than one-third of promoters analyzed (assuming
that full length cDNAs represented the primary transcript; Molina and
Grotewold 2005). This means fully two-thirds of the putative Arabidopsis
promoters are without TATA boxes. It is noteworthy that the DPE and Inr
sequences mentioned above in TATA-less animal promoters were not over-
represented in the TATA-less Arabidopsis promoters, suggesting that there are
fundamental architectural differences between plant and animal promoters.

Tissue-specific expression of particular genes is fundamental to proper
function at the tissue level and beyond. As such, identification of the func-
tional TATA box and its associated regulatory element in a particular tissue
provides a greater understanding of gene regulation in that tissue. Currently
available software is particularly useful for the in silico identification of
potentially functional TATA boxes, especially when the region upstream of
the TSS is AT-rich. While no single software product can predict TATA box
functionality with absolute confidence, merging the results generated through
the use of several different gene analysis programs allows the investigator to
make a more informed judgment. For example, the presence of three opera-
tional TATA boxes was recently reported in the promoter region of the

TABLE 1.1. Classes of eukaryotic transcription factors1. — Cont’d
Transcription factor categories

Examples of Observed Observed Transcriptional 
Super family major classes in plants in animals factor examples

E1A-like factors No No E1A 12S 
(adenovirus) (adenovirus)

E1A 13S 
(adenovirus)

AP2/EREBP- Yes No AP2 (Arabidopsis)
related factors EREBP-1 (tobacco)

ARF1 (Arabidopsis)

1 Some of this information was derived from www.gene-regulation.com/pub/databases/transfac/
cl.html.
Visit this site for a more comprehensive listing of known TFs.
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inrpk1 gene of morning glory using this basic strategy (Bassett et al., 2004).
This gene encodes a leucine-rich repeat receptor kinase, and using 5′ RLM-
RACE with RNA from roots, first leaves, and cotyledons, the selection of
TATA box from within the promoter was confirmed to be tissue-specific. In
addition, through the use of different primer combinations to include, or
exclude, a particular TSS, it was demonstrated that no fewer than nine TSSs
were utilized in a highly tissue-specific manner. While the occurrence of mul-
tiple promoters for a specific gene is common in animal models, it appears to
be considerably rarer in plants.

The overall efficiency of a promoter can be markedly increased by coming
under the influence of an enhancer sequence, which can be located a short
distance upstream or downstream of the promoter or, occasionally, ten or
more kilobases (kb) away from the promoter. These interesting DNA
sequences consist of elements that are similar to those found within the
promoters themselves and appear to function most often in cis. It is widely
believed that enhancer sequences may exert their influence by increasing
the local concentration of transcription activators. Silencers, which might
best be regarded as negative enhancers, can also modulate gene expression by
repressing transcription from a distance of up to 2.5 kb away.

1.1.4. Chromosomal Structure Influences Gene Expression
That a number of diverse elements influence the initiation and progression of
transcription is undisputed. This includes the structure of the chromatin
itself. The formation of the modified base methylcytosine is commonly asso-
ciated with CG doublets (often written as CpG) within genomic DNA, and
methylated promoter sequences very often interfere with transcription factor
binding. CG islands consist of multiple repetitions of this CG dinucleotide
and are found among all vertebrates near the promoters of genes that are
expressed constitutively; CG islands occur with a frequency of 29,000 in the
human genome (Lander et al., 2001; Venter et al., 2001). As with vertebrates,
angiosperm genomes likewise exhibit CG islands (Antequera and Bird,
1988), and more recent research has demonstrated that a majority of CG
clusters are methylated and widespread in plants (Pradhan and Adams,
1995). Higher plants also display cytosine methylation associated with CNG1

and CWG2 trinucleotides, and two different methyltransferases have been
isolated from Pisum sativum which are independently responsible for the
methylation of CNG and CWG clusters (Pradhan and Adams, 1995). While
two different enzymes suggest different regulatory roles for CNG and CWG
methylation, the precise function(s) of these methylation patterns in plants

1 N = A, C, G, or T
2 W = A or T
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remains somewhat obscure. It is clear, however, that promoter methylation
correlates well with transcription suppression.

Transcription necessitates a local, transient disruption of the chromatin in
order for RNA polymerase and all requisite transcription factors to engage
the promoter associated with the gene. Perhaps the most fundamental events
leading to the onset of transcription are the covalent posttranslational
modifications of the histone proteins that permit a local relaxation of supercoiled
chromatin. Interestingly, the sites of these modifications tend to be localized
close to the N-termini of the histones. Histone modifications, particularly of
H3 and H4, include acetylation of lysine, methylation of lysine, histidine, and
arginine, and phosphorylation of histidine and serine. In particular the
methylation of lysine 9 in histone 3 (H3K9me) appears to be a key event
(Nakayama et al., 2001; Tuzon et al., 2004). As suggested above, these
modifications are dynamic, and the exact degree of posttranslational modifica-
tion of these organizing proteins regulates the transcriptional status of the
associated chromatin. In general, histone methylation correlates with gene
silencing, while acetylation tends to correlate with chromatin activation,
though exceptions abound. While protein phosphorylation and dephospho-
rylation are certainly associated with progression through the cell cycle, the
significance of histone modification in this manner remains unclear.

1.1.5. Extranuclear Transcriptionally Active
Compartments: Mitochondria and Chloroplasts
Mitochondria are oblong-shaped, double-membrane-bound organelles found
in the cytoplasm of all aerobic eukaryotic cells. Often referred to as the power-
houses of the cell, mitochondria play a key role in biochemical processes other
than cellular respiration, one noteworthy example of which is apoptosis
(Loeffler and Kroemer, 2000). Chloroplasts are round-to-oval organelles
found only in green plants and photosynthetic protists. Like the mitochondria,
chloroplasts are also double-membrane-bound. It is well established that both
of these common eukaryotic organelles possess a circular, double-stranded
DNA genome that is inherited in a non-Mendelian manner, and each individ-
ual organelle contains multiple copies of its genome. In order to avoid confu-
sion with the nuclear genome, the mitochondrial chromosome is designated
mtDNA and the chloroplast genome is designated cpDNA (and less frequently,
ctDNA). Transcription, therefore, occurs in two compartments in animal cells,
namely the nucleus and the mitochondrion, while in plants, a third transcrip-
tionally active compartment is the chloroplast.

In plants, mtDNA can be as large as 570 kb, which is substantially larger
than mammalian mtDNA (about 17 kb). Because the GC content of mtDNA
is often substantially different from that of genomic DNA, it is possible to
separate these two DNA types by isopycnic centrifugation in CsCl.
Alternatively, the entire organelle can be isolated intact in a step gradient.
The primary difference between mtDNA from plants, animals, and fungi is
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that plant and fungal mitochondrial genomes contain numerous noncoding
regions, while mitochondrial genomes in animals demonstrate an economy of
sequences, nearly all of which appear to encode specific products. In general,
the mitochondrial genes encode many of the enzymes associated with the
oxidative reactions of cellular respiration, including pyruvate dehydrogenase,
electron transport-associated enzymes, the enzymes needed to run the Kreb’s
cycle, and those required for the oxidation of fatty acids.

Genes encoded in mtDNA are found on both strands and, in addition to
the protein-encoding genes, rRNA and tRNA genes are also found in
mtDNA. The identification of genes in several mtDNA genomes was com-
puter aided, in which mitochondrial sequences were searched for start codons
and nonsense (stop) codons in the same reading frame. Such a region is
known as an open reading frame (ORF), and searching for ORFs is a funda-
mental bioinformatics strategy. Gene products produced by expression of
mtDNA remain in the mitochondria, though ancillary proteins such as ribo-
somal proteins are encoded in nuclear DNA and then imported into the mito-
chondria to complete the assembly of these organelles. Following
transcription, pre-mRNA transcripts are subject to processing that includes
shortening and the addition of the commonly observed poly(A) tail to
mRNAs at the 3′ end; newly transcribed tRNAs are modified by the addition
of the trinucleotide motif CAA to the 3′ terminus. In contrast to cytoplasmic
mRNA, mitochondrial mRNAs are not capped at the 5′ end, have small or
nonexistent leader sequences, and exhibit a start codon close to the 5′ end.
With respect to protein synthesis, it appears that the nuclear genetic code gov-
erns mitochondrial translation in plants. In animals and other eukaryotes, for
example, there are multiple noteworthy differences in the genetic code. The
unique character of gene expression (both transcription and translation) in
this eukaryotic organelle has been likened to gene expression in prokaryotes.

cpDNA is similar in organization and content to mtDNA. Chloroplast
genomes often possess more than one hundred genes and range in size from
120 – 200 kb, depending on the species. This is many more genes than are
ordinarily encoded in mtDNA, and the chloroplast chromosome is much
larger. As is the case with mtDNA, the genes encoded in cpDNA are tran-
scribed and then translated entirely within the organelle, though additional
proteins need to be transported into the chloroplast from the cytoplasm to
support chloroplast-localized transcription and translation. Curiously, there
is a similar requirement for the importation of certain proteins needed to
support the photosynthetic pathway. Like nuclear genes, chloroplast genes
are frequently interrupted. Introns found in chloroplast tRNA genes are gen-
erally localized to the anticodon loop, while introns associated with protein-
encoding genes resemble mitochondrial introns.

Through bioinformatics applications involving cpDNA more than 100
ORFs have been identified, most of which correlate nicely with known chloro-
plast proteins. The most noteworthy example of a chloroplast-encoded protein
is the large subunit (LSU) of ribulose-1,5-biphosphate carboxylase/oxygenase
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(RUBISCO), which is the first of several enzymes needed to support pho-
tosynthesis. Because RUBISCO constitutes at least half of all of the pro-
tein in green plant tissue, it is widely acclaimed as the most abundant
protein in the world. The protein itself exhibits quarternary structure, con-
sisting of eight small, nuclear-encoded polypeptides and eight larger,
chloroplast-encoded polypeptides. Hence, RUBISCO is an excellent para-
digm for cooperation and coordination of gene expression between two
subcellular compartments.

1.1.6. Types of Nuclear Transcripts Produced
The major types of transcripts that are produced in a eukaryotic cell are
rRNA, tRNA, and hnRNA. rRNA forms the scaffolding of the ribosome;
ribosomes are non-membrane-bound organelles consisting of rRNA and
approximately 80 ribosome-specific RNA binding proteins. tRNA molecules
function much like shuttles in that they transport amino acids from the cyto-
plasm to the aminoacyl site of the ribosome in order to support translation.
There are only four major types of rRNA and about 20 common tRNAs, and
these do not change as a function of cell state. Other minor transcripts are
confined to the nucleus and have a role in the mechanics of hnRNA splicing.

hnRNA, by comparison, is remarkably diverse, and it is this type of tran-
script that will mature into mRNA after a number of processing steps
described below. Cells respond to external and internal stimuli by altering the
complexity and membership of mRNA in the cytoplasm. Not only are spe-
cific genes up- and downregulated, but alternative processing of transcripts
from a single genetic locus has been observed, as have changes in spatial and
temporal patterns of gene expression.

1.1.6.1. Processing, Structure, and Stability of Nuclear Transcripts

The primary products of transcription require a fair degree of processing and
maturation before they will become functional. This is true of the products
of all three RNA polymerases. RNA polymerase I produces an initial 
large 45S rRNA, containing the 28S, 18S and 5.8S rRNAs; these are liberated
from this common transcript following several splicing events. Subsequent
interaction with rRNA binding proteins and the independently transcribed
5S rRNA will ultimately support the assembly of a functional ribosome.
tRNA genes, when transcribed, render long RNA molecules that contain
concatenated tRNAs that are released from the primary transcript via post-
transcriptional splicing. The transcription products of RNA polymerases I
and III are rather unremarkable, and do not generally change as a function
of cell state. In sharp contrast, the products of RNA polymerase II activity,
namely mRNA and its unspliced precursor hnRNA, are remarkably
variegated. This diversity is not unexpected because mRNAs are translated
into proteins.
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The first modification of mRNA transcripts is the capping of hnRNA, an
event which occurs as soon as the 5′ end of the nascent transcript moves away
from the RNA polymerase. The cap consists of an unusual inverted 5′ − 5′
linkage between the first transcribed nucleotide and the 7-methylguanosine
cap which is then added to it enzymatically. The function of the cap is two-fold
in nature: not only does the cap protect the 5′ end of cytoplasmic mRNAs
from nuclease degradation, it also serves as an identification signal by which
ribosomes are able to distinguish mRNA from non-mRNA transcripts.

The second major type of hnRNA modification is the addition of a tract
of adenosine residues, the so-called poly(A) tail, by the action of nuclear
enzymes known as poly(A) polymerases; transcripts so-endowed are known
collectively as poly(A)+ RNA. Most cytoplasmic eukaryotic mRNAs display
this structure, though there are some naturally occurring non-poly(A)
mRNA species, including the very abundant histone mRNAs. The poly(A)
tail is generally bound by poly(A) binding protein (PABP) and the length of
the tail is usually indicative of how long it will remain stable in the cytoplasm.

The addition of the poly(A) tail is a precisely orchestrated series of events.
The required splicing near the 3′ end of the hnRNA, as well as the efficiency
of polyadenylation itself, are both dependent on the highly conserved hexa-
nucleotide motif AAUAAA, i.e., the polyadenylation signal, and to a lesser
extent upon a GU-rich region located downstream from the polyadenylation
signal. The sequence AAUAAA is not a universal polyadenylation signal,
however, since subtly altered versions such as AUUAAA and AAUAUA have
been observed to direct the placement of a poly(A) tail (Jung et al., 1980;
Ahmed et al., 1982; Tosi et al., 1981). Furthermore, many plant mRNAs do
not have such a motif, and AAUAAA elements located in upstream regions
of the mRNA are ignored by the plant polyadenylation machinery. The
cleavage of hnRNA is mediated, at least in part, by small nuclear ribonucle-
oproteins (snRNPs), resulting in a new −OH group that functions as the sub-
strate for poly(A) polymerase (Birnstiel et al., 1985; Berget and Robberson,
1986; Black and Steitz, 1986, Hashimoto and Steitz, 1986). See Chapter 4 for
further details.

The third type of processing that is observed in the eukaryotic nucleus is
the systematic removal of introns and the joining together of exons. Splicing
is mediated by snRNAs and is associated with several protein complexes (dis-
cussed in Chapter 3). Because introns characteristically begin with a GU
dinucleotide and end with an AG dinucleotide, one may predict the splicing
pattern for each transcript. Further, eukaryotic mRNAs, particularly in animal
cells, are typically monocistronic, meaning that each mRNA encodes a single
polypeptide. This is in contrast to prokaryotic transcripts which are often
polycistronic, usually encoding protein products related to a common meta-
bolic pathway (e.g., the lac operon).

Nuclear RNA is transported through membranes from one compartment
to another in eukaryotic cells (reviewed in Chapter 6). In order to facilitate
efficient transmembrane relocation, transcripts form ribonucleoprotein

Ch01.qxd  29/01/07  12:00 PM  Page 15



16 Robert E. Farrell, Jr.

(RNP) particles by interaction with RNA binding proteins. Nuclear egress in
this manner is probably related to the unfavorable thermodynamic transport
of mRNA with a high negative charge density across the hydrophobic interior
of nuclear membranes. Some RNA molecules are transported into the
cytoplasm and then into the mitochondria; for example, some tRNAs that
are not encoded in mtDNA but yet are required to support the synthesis of
mitochondrial proteins fall into this category.

mRNA has also been shown to travel from one cell to another in plants via
the phloem. This was originally demonstrated in tomato. Briefly, wild type
tomato plants were grafted onto plants exhibiting the Me phenotype, a dom-
inant mutation that affects leaf morphology. mRNA from the mutant root-
stock was able to travel to the grafted wild type plants and alter their
morphology (Kim et al., 2001).

RNA stability in the cytoplasm has a profound impact on the levels of spe-
cific proteins in the cell, as well as homeostasis in general. Plant and animal
mRNAs both exhibit at least two features (5′ cap and poly(A)+ tail) that max-
imize the likelihood that mRNAs will survive long enough in the cytoplasm
to have an opportunity to support the synthesis of a required protein. At the
same time, all transcripts have a natural turnover rate: this ensures that an
mRNA does not persist as an indefinite template for translation, since over-
production of a normal protein can lead to grave consequences for the cell
and for the organism.

1.1.6.2. Monocot vs. Dicot mRNAs

The region of a transcript just downstream from the 5′ cap and prior to the
initiation codon is known as the leader sequence or the 5′ untranslated region
(UTR). The length and base composition of this mRNA region is variable
from one gene to the next. In plants, there are significant differences between
monocot and dicot mRNA leader sequences, including differences in GC
content, length, and context of the start codon used to initiate translation.
This is important because the features of the RNA that precede the initiation
codon are known to affect the efficiency of translation (Pain, 1996). In gen-
eral, mRNAs with longer leader sequences tend to be translated at higher
rates than short-leader sequence mRNAs (Kozak, 1991b; Futterer and
Hohn, 1996), though this is not a hard-and-fast rule. Dicot mRNA leader
sequences also tend to be AU-rich (Joshi, 1987), and many range from 10–120
nt. In contrast the leader sequences associated with monocot mRNAs are
C-rich, ranging from about 40–120 nt long.

1.2. Translation of Nuclear Transcripts

Translational control of gene expression is a fundamental regulatory process
in the cell. All cell function is ultimately governed by the types of proteins that
are synthesized and the abundance of each; therefore failure to produce a
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protein when needed or the overproduction of protein are events likely to alter
the physiology of the cell. The mechanics of translation in the cytoplasm are
detailed in Section 1.2.1. in this chapter. The abundance of a transcript, its
half-life in the cytoplasm, and the degree to which secondary structures form
within the transcript are all important aspects of the regulation of gene
expression at the translational level. It is also known that a particular species
of mRNA can be transiently prevented from associating with the translation
apparatus in response to certain external or internal cues. This is one means
of suppressing the production of a biochemically significant protein.

Proteins are synthesized in the cytoplasm either by membrane-bound
ribosomes, in which the nascent peptide is directed into the endomembrane
system, or by free ribosomes (non-membrane-bound). The latter usually results
in protein localization to another subcellular compartment, such as the nucleus,
chloroplasts, or mitochondria; this accounts for the majority of the protein
found in these organelles. Entry into a chloroplast or a mitochondrion is medi-
ated by sequences at the amino terminus of the protein. The “entry code” for
mitochondrial-targeted proteins is 12 or 13 amino acids that form an amphi-
pathic helix, while the transit sequences of chloroplast-targeted proteins contain
25 or more amino acids and have a net positive charge. These N-terminal
sequences appear to be recognized by organelle-bound surface receptors.

Translation can be divided into three stages. Stage 1 is initiation and
involves the formation of an initiation complex at the mRNA 5′ leader (see
Section 1.2.1., below). The 40S ribosomal subunit is primarily responsible for
recruiting the mRNA and associated initiation factors. Recent evidence indi-
cates that poly(A) binding protein enhances initiation of translation by bind-
ing a component of eIF4F, a multi-protein complex required for association
of the 43S pre-initiation complex, thus forming a bridge between the initia-
tion factors and the mRNA cap (Tarun and Sachs, 1996; Kahvejian et al.,
2005). Following successful initiation, the ribosomes begin and continue
elongation of the polypeptide until a stop codon (UGA, UAA, UAG) is
encountered. The 60S ribosomal subunit directs the elongation process and
subsequent termination of translation. At this point, class 1 and class 2
release factors are required to dissociate the tRNA from the carboxy termi-
nal amino acid of the nascent peptide and then, in turn, the ribosome from
the class 1 release factor, respectively. These events occur while the last
charged tRNA and the nascent protein are within the peptidyl (P) site of the
ribosome. Termination of translation is another point where gene expression
can be affected, as for example, in nonsense-mediated decay (discussed in
Chapter 6). Figure 1.2. provides a summary of eukaryotic translation.

1.2.1. mRNA Sequence and Structure Affect Translation
Translation can be envisioned as a collection of dissimilar mechanisms
acting concertedly to initiate and sustain protein synthesis. The prevailing
understanding of the mechanics of the initiation of translation is widely
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FIGURE 1.2. Summary of Eukaryotic Translation. The small ribosomal subunit (40S)
associates with initiation factors (shown as colored shapes) and binds to the mRNA
(dotted line) via the cap (red circle). This initiation complex then recruits the 60S ribo-
somal subunit to begin translation. A bridge formed between eIF4G and the poly (A)
binding protein (PAB, purple pentagons) is thought to facilitate translation initiation.
Various elongation factors modulate the rate of elongation of the nascent poly-
peptide. Different charged tRNAs (shown with the charged amino acid as a colored
or gray rectangle) alternately bind the A (acceptor) and P (peptidyl) sites to position
the correct amino acid specified by the triplet codon and to form the covalent peptide
linkage. When the stop codon is encountered, release factors dissociate the completed
polypeptide from the ribosomes, and the ribosomal subunits and accessory factors
are recycled. (See Color Plates)

known as the scanning model (Kozak, 1978; 1991b). According to this
model, the first event associated with the process of translation in eukaryotic
cells is the recognition of the 5′ methylated cap (7-methylguanosine joined
5′→5′ to the first transcribed nucleotide) that is associated with virtually all
eukaryotic cytoplasmic mRNAs. The scanning model postulates that the
smaller subunit of the eukaryotic ribosome, i.e., the 40S subunit with
attached initiation factors, binds to the mRNA proximal to the cap, and then
migrates linearly downstream along the mRNA until the initiating AUG
codon is encountered. Migration in this manner is instrumental for melting
any secondary structure associated with the transcript. As a general rule, the
first AUG codon encountered will function as the initiation codon, thereby
directing the start of protein synthesis. This is true for more than 90% of the
known eukaryotic mRNAs. It is abundantly clear, however, that being the first
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AUG codon, meaning proximity to the 5′ end of the transcript, is not suffi-
cient justification to function as the initiation codon.

1.2.1.1. Importance of AUG Codons in “Good Context”

The context of an AUG codon is fundamental to translation initiation con-
trol. “Good context”, which is the key to successful translation, refers to the
most favorable sequence combination(s) of the nucleotides surrounding the
AUG. In vertebrate mRNA, the critical locations are adenine three bases
upstream (−3) of the AUG and guanine four bases downstream (+4), keeping
in mind that the A in AUG is considered nt +1. While other bases in the vicin-
ity may have a secondary role in determining whether an AUG triplet will
support translation initiation, they are of significantly less importance. In
instances when the first AUG is not selected as a functional translation initi-
ation codon for any reason, the phenomenon is known as “leaky scanning”.

The consensus “good context” sequence that has emerged associated with
higher animal genes is GCCGCCPuCCAUGG, and the importance of this
sequence has been demonstrated by site-directed mutagenesis (Kozak, 1986;
Kozak, 1987a, b). Higher plants, in contrast show a slightly different context
consensus sequence of caA(A/C)aAUGGCg; the sequences for dicots and
monocots are aaA(A/C)aAUGGCu and c(a/c)Pu(A/C)cAUGGCG, respec-
tively (Joshi et al., 1997).

1.2.1.2. Non-Canonical Initiation Codons

AUG is overwhelmingly the most commonly used translation initiation
codon in eukaryotes, though other non-AUG codons have been demon-
strated to function in this capacity, particularly in animal and viral mRNA
(Hann, 1994; Huang et al., 1993). Sometimes, however, non-AUG initiation
can result in a modified protein, such as murine FGF-3 (Acland et al., 1990)
and human FGF-2 (Bugler et al., 1991), the altered properties of which can
then direct the translation products to different subcellular locations. What is
especially interesting is that these non-AUG start codons differ in sequence
from AUG by a single base, though not always in the same position.
Noteworthy examples include GUG, ACG, and CUG. In spite of the codon
modification, a charged tRNA carrying methionine is still able to base-pair
with this codon, albeit weakly, thereby positioning methionine at the amino
terminus of the nascent polypeptide. How this is tolerated can only be
explained by the “good context” of these non-AUG codons (Kozak, 1989a, b;
Kozak, 1997).

AGAMOUS (AG) is another example of the use of a non-AUG initiator
codon (Reichmann et al., 1999). AG is a floral homeotic gene in Arabidopsis.
Many homeotic genes, including AG, are regulated at the transcriptional
level, in this case by the negative-acting regulator APETALA2 (AP2) and the
positive-acting regulator LEAFY (Busch et al., 1999). Translation of AG
mRNA has been shown to initiate at an ACG codon (Riechman et al., 1999)
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and is believed to do so because the codon (ACG100–102) is situated in good
context. Further sequence analysis of the transcript also revealed the poten-
tial for secondary structure formation that could enhance the interaction of
the 40S ribosomal unit with upstream sequences. These data demonstrated
that non-AUG codons are quite capable of functioning as the only transla-
tion initiation codon for certain plant mRNAs.

1.2.1.3. Upstream ORFs and the Ribosome Scanning Hypothesis

The AUG codon closest to the 5′ end usually functions as the initiation
codon. Initiation at downstream AUG codons is favored, however, when any
of the following occur (Kozak, 1989a): (1) the first AUG codon occurs fewer
than 10 nt downstream from the 5′ cap; (2) the first AUG codon is in an un-
favorable context for initiation; (3) reinitiation occurs following translation of
a minor protein associated with an upstream AUG. Condition (3) presup-
poses that the ribosome has already encountered a stop codon in the same
reading frame as the first AUG and upstream of the second AUG.

One of the most important developments in understanding the control of
protein synthesis was the discovery of multiple AUG codons in the 5′ leader
sequence of many mRNA species. These so-called upstream AUGs (uAUGs)
along with often-associated upstream open reading frames (uORFs) are
regarded as cis-acting elements in the mRNA itself. While something of a rarity
when considering transcripts as a whole, uAUGs are very common in pro-
liferation- and differentiation-associated genes, including several oncogenes
(Kozak, 1987a; 1991a; Morris, 1995). The positional definition of a uAUG is
not always clear, however, given the fact that transcripts are often subjected
to alternative splicing in response to experimental challenge, the resulting
altered TSSs may change the ranking of AUGs found within the transcript.
It appears that the parameters governing uORF translation initiation apply
equally to ORF translation downstream.

Following translation of a uORF, it is possible for the ribosome to continue
scanning the mRNA and reinitiate translation downstream at the next 
initiation codon in good context. While in some cases it does not appear that
the uORF has a negative impact on the efficiency of translation downstream
(Cao and Geballe, 1995; Mize et al., 1998; Damiani and Wessler, 1993; Wang
and Wessler, 1998), there are other examples in which the peptide produced
by uORF translation may cause the ribosome to stall, thereby preventing the
loading of additional ribosomes onto the transcript i.e., polysome formation.
It has further been suggested that the uORF protein may play a role in the
regulation of gene expression by destabilizing the transcript (Ruiz-Echevarria
et al., 1996; Ruiz-Echevarria and Peltz, 2000; Wiese et al., 2005). Other exam-
ples of gene regulation by uORFs include the mammalian gene AdoMetDC,
a key enzyme in the biosynthesis of spermidine and spermine and, in
Neurospora, the small subunit of carbamoyl phosphate synthetase, which is
encoded by the arg-2 gene. When the level of arginine is elevated in the
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growth medium, the uORF causes ribosomes to arrest on the leader
sequence, while at low concentrations the uORF codon is ignored via leaky
scanning, thereby facilitating translation of the major protein (Wang and
Sachs, 1997). Sucrose sensing in Arabidopsis appears to be controlled by
expression of a uORF which is required to translationally repress bZIP-type
transcription factors (Wiese et al., 2005).

1.2.2. Non-Canonical Initiation of Translation
As mentioned in Section 1.2.1.2., the use of non-AUG translation initiation
codons, although somewhat unusual among higher eukaryotes, can influence
gene expression. Another form of non-canonical translation initiation
involves ribosome binding at internal sites on the mRNA. Many eukaryotic
viruses, both plant and animal, synthesize polycistronic mRNAs, and given
the ribosomal scanning hypothesis, it would seem to be an inefficient process
to ensure the survival of these entities. However, many of these viruses have
evolved a mechanism for getting around the restrictions in eukaryotic trans-
lation initiation by using sequence-specific sites within their mRNAs to begin
translating internal exons. These sites, called IRESs (Internal Ribosome
Entry Sites) allow the virus to translate virtually all of the proteins encoded
in the polycistronic mRNA using the host’s machinery. Although there have
been some reports of similar sequences present in eukaryotic mRNAs, very
few have been rigorously tested, and it is uncertain whether they actually
function as IRESs or whether a portion of the initial transcripts originate
from other TSSs within upstream introns, thus appearing to function like
IRES (reviewed in Kozak 2003).

1.2.3. Role of Secondary mRNA Structure on
Translational Control
Translation in the cell results when a ribosome successfully engages a tran-
script, finds an initiation codon in good context, and then travels unencum-
bered until it reaches a stop codon. The variety and abundance of mRNAs in
the cell is impressive, though mRNA abundance does not always show a
direct correlation with protein abundance. Transcripts are competing for a
limited number of ribosomes, and it is clear that some mRNAs are translated
with greater efficiency than others.

In instances where an mRNA forms secondary structure(s) involving the
5′ leader sequence, the scanning of the mRNA can be so severely limited that
translation may not be possible. This phenomenon has been demonstrated in
both plant and animal models (Pain, 1996; Kozak, 1991b; Dinesh-Kumar
and Miller, 1993; Futterer and Hohn, 1996; for review, see Kozak, 1999). The
degree of translation inhibition is dependent upon the thermodynamic
stability of the hairpin and its position. It is possible that translational control
of this nature may well have evolved in order to prevent the over-expression
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of a particular protein. While moderately-to-very stable hairpins upstream of
an AUG codon efficiently suppress translation, a −19 kcal/mol hairpin 14 nts
downstream of an AUG codon can enhance the initiation of translation
(Kozak, 1990). One might well speculate that the downstream hairpin causes
strategic pausing of the ribosomal complex directly over AUG, thereby
enhancing translation initiation.

One of the better characterized paradigms of translational repression by
mRNA secondary structure is the maize (Zea mays) Lc gene (Wang and
Wessler, 2001), the product of which is involved in the anthocyanin bio-
synthetic pathway. A potential RNA hairpin within the 5′ leader sequence of
the Lc transcript has been shown to repress translation in vitro. Very con-
vincing experiments have demonstrated that mutation and deletions that
reduce the stability of the hairpin result in an increase in the amount of protein
encoded downstream (Wang and Wessler, 2001), and proximity of the hairpin
to the 5′ end of a transcript may impact the ability of ribosomes to load onto
the mRNA.

Perhaps more intriguing are the recent reports that the 3′ UTR which, by
definition, is found downstream from the coding region of a transcript, may
have a profound role in the regulation of the initiation of translation. It is
widely known that most, if not all, eukaryotic mRNAs assume a circular or
closed-loop configuration which brings the 3′ end of the transcript (and any
proteins bound to it) into the proximity of the 5′ cap and the 5′-UTR. This
phenomenon is observed in eukaryotic cells and eukaryotic viruses (Tarun
and Sachs, 1996; Wells, et al., 1998; Mazumder et al., 2003, Allen et al., 1999).
It now appears that the association of proteins and/or the formation of sec-
ondary structures within the 3′-UTR is able to influence the efficiency of
translation. This mechanism of translation initiation control appears to be
widespread in animals (Allard et al., 2005; Wax et al., 2005), plants
(Browning, 1996), and among plant viruses, such as Barley yellow dwarf
virus (Guo et al., 2001).

1.3. Mainstream Molecular Techniques to Study RNA 
as a Parameter of Gene Expression

That transcript levels change in cells in response to internal signals and external
cues, including biotic and abiotic stress, is undisputed. One must realize,
however, that an observed modulation of transcript abundance may be the
result of an increase in the rate of transcription from a particular locus
(hnRNA synthesis) or a change in the rate of the subsequent processing,
nucleocytoplasmic transport, or stability of a transcript, i.e. mRNA, follow-
ing the completion of its synthesis. Unfortunately, it is all too commonplace
to find reports in which total cellular RNA (nuclear RNA mixed with cyto-
plasmic RNA) is extracted from the cell for assay: analysis of total RNA does
not allow one to distinguish the individual contributions made by nuclear
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and cytoplasmic RNA species. To do so requires that cells be disrupted gently
so that RNA can be isolated from the cytoplasm independently of the RNA
found in the nucleus; this approach is particularly useful for determining if a
gene is being regulated transcriptionally or at any one of several posttran-
scriptional levels. While the clever design of primers that span an intron may
provide somewhat clearer information about the level at which gene regula-
tion is occurring, it is not a completely accurate or unambiguous approach,
and requires knowledge of the sequence being investigated. It is also recog-
nized that this type of analysis may not be possible in all experimental
settings, and the suggestion of examining various subpopulations of RNA
is proffered only to place the interpretation of data from various forms of
transcriptional assays in “good context”.

1.3.1. Non-PCR Methods: Northern Analysis, Nuclease
Protection, and Nuclear Runoff Assay
Among the traditional methods for transcript assay are the Northern analy-
sis (Alwine et al., 1977, 1979) and the S1- and ribonuclease protection assays
(RPA) (Berk and Sharp, 1977; Casey and Davidson, 1977; Vogt, 1980;
Melton et al., 1984; Quarless and Heinrich, 1986). In each of these methods,
target RNA from one or more samples is hybridized to a labeled DNA or
RNA probe. At the end of the hybridization the goals are to localize and
quantify the probe. These methods measure steady-state RNA, i.e. the final
accumulation of transcripts in the cell, with no regard for the rate at which
these transcripts were synthesized or undergoing degradation. Rate issues can
be addressed by performing the somewhat cumbersome nuclear runoff assay.

In the case of Northern analysis, RNA is electrophoresed under denatur-
ing conditions, most often in the presence of formaldehyde and formamide,
such that all like-species of RNA comigrate. The electrophoresed RNA is
then transferred to a solid support such as a nylon filter to which it is per-
manently crosslinked by UV irradiation. The filter paper is incubated under
moderate-to-high stringency conditions in the presence of a nucleic acid
probe, during which time the probe will hybridize to any complementary RNA
molecules on the nylon filter, and will do so in proportion to the abundance
of that particular transcript. Finally, a piece of x-ray film placed in proximity
to the filter is used to record either radioactive decay in the case of isotopically-
labelled probes or the emission of visible light in the case of detection by
chemiluminescence. Northern analysis is an example of mixed-phased hybridi-
zation because one of the two strands participating in hybrid formation is
fixed in place on the surface of the filter (the RNA target) while the other
strand (the probe) is free-floating. While few would dispute the reputation
that Northern analysis has for lack of sensitivity, the key advantage of using
this technique is that one is able to determine the full length size of the
transcript because the RNA is electrophoresed following isolation from the
biological source and without any prior manipulation. In contrast, PCR
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typically amplifies only a section of a (cDNA) template i.e. that which is
framed by the two primers.

The S1 assay and the RPA were developed in order to address the serious
lack of sensitivity associated with Northern analysis. Succinctly, sample
RNA is mixed directly with and hybridized to a radiolabelled probe under
high-stringency conditions. In this approach, both probe and target are free-
floating (solution hybridization), resulting in complete saturation of all target
molecules. In contrast, the requisite act of crosslinking target transcripts
onto a filter paper for Northern analysis renders some of those transcript
molecules incapable of hybridization, thereby greatly compromising sensitiv-
ity. Following solution hybridization, S1 nuclease or a ribonuclease cocktail
is used to degrade any non-hybridized excess probe as well as any nontarget
transcripts that did not participate in hybridization. These assays are termed
“protection assays” because any hybrid molecules that form between target
(mRNA or cDNA) and probe are resistant or “protected” from post-
hybridization nuclease degradation. The result of the enzymatic digestion of
all remaining single-stranded molecules is a collection of double-stranded
hybrid molecules. In addition, the 5′ and 3′ ends of the hybridized target and
probe molecules will also be removed by the nuclease, thereby trimming the
protected fragment down to the size of the probe or, often, a bit less. The pro-
tected fragment(s) is then electrophoresed on a polyacrylamide gel which is
subsequently dried down so that autoradiography can be performed. As in
the case of x-ray film exposure in the Northern analysis, the signal recorded
on the film is directly proportional to the amount of a particular mRNA
target within a sample. Compared to Northern analysis, however, one may
expect an enormous boost in sensitivity because there is no filter paper or
fixation of molecules involved.

A third approach for the assay of gene expression, albeit a method far less
popular than Northern analysis or nuclease protection, is the nuclear runoff
assay. This method involves the isolation of intact nuclei from cells grown in
culture or from tissue samples followed by radiolabelling nascent transcripts.
Labeling is accomplished by incubating the nuclei in a ribonucleotide cock-
tail that includes 32P-labelled UTP. The incorporation of radiolabel occurs in
proportion to the rate at which transcription is occurring. This technique has
several advantages: (1) the natural geometry of the chromatin is preserved,
(2) the mechanics of the assay do not support the initiation of new tran-
scripts, but only the elongation of transcripts that were initiated prior to
cellular disruption, and (3) because all transcripts will incorporate radiolabel,
one may assay the transcriptional behavior of multiple genes simultaneously.
The nuclear runoff assay, while time-consuming and technically “messy”,
provides information about the relative rate of transcription. Nuclei from
several biological sources can be prepared in advance and stored at −80˚
for up to one year, so as to minimize the number of times that the assay needs
to be run.
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1.3.2. PCR-Based Methods: 5′ RACE
(Rapid Amplification of cDNA Ends)
The polymerase chain reaction3 (PCR) offers unparalleled sensitivity in the
assay of gene expression, as well as in other applications that require the
amplification of small starting masses of either genomic DNA or cDNA.
While PCR is not without its shortcomings, the methodology constitutes a
rapid enzymatic amplification of DNA sequences and does so with high
fidelity. With minimal target sequence information available, one may mass
produce exact or nearly exact copies of starting material in as few as two to
three hours. Many permutations of PCR have been developed to answer very
specific questions. Among the more interesting, contemporary questions with
respect to gene expression is the possibility of identifying alternative tran-
scription start sites coming from a single locus.

A method known as 5′ RACE (rapid amplification of cDNA ends) was
originally developed to facilitate the cloning of sequences found close to the
5′-most end of a transcript by first converting the transcript to cDNA and
then performing a typical PCR amplification. Originally known as anchor
PCR and one-sided PCR, 5′ RACE has been expanded to identify precisely
the first transcribed nucleotide from a locus and concomitantly identify tran-
scripts that result from one or alternative transcription start sites.

1.3.2.1. Classical Race

The original approach to performing RACE was a glorified form of a very
old technique in molecular biology known as homopolymeric tailing. In this
approach, mRNA is converted into first-strand cDNA using any of a variety
of reverse transcriptases and priming strategies. The 3′ end of the newly syn-
thesized, single-stranded cDNA provides the required -OH group for another
enzyme known as terminal deoxynucleotidyl transferase, or simply “terminal
transferase”. This enzyme is an unusual polymerase in that it is able to add
nucleotides in a non-template-dependent manner to protruding 3′ ends of
both single- and double-stranded cDNA. Thus, in the presence of a single
dNTP, for example dATP, a small tract of adenine-containing nucleotides,
four to eight bases long, will be added to the template. This newly added tract
now functions as an anchor, to which an anchor primer can be designed, e.g.
poly dT, and which can support PCR when used in conjunction with a gene
specific primer (Figure 1.3).

3 The PCR process is covered by patents currently owned by Roche Molecular
Systems, Inc. and F. Hoffmann-La Roche Ltd. Use of PCR requires a limited license
under their patents. PCR must also be performed in a licensed thermal cycler. For spe-
cific details, contact the Director of Licensing, Applied Biosystems, 850 Lincoln
Centre Drive, Foster City, CA 94404.
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There are significant disadvantages associated with this traditional form of
RACE and, in the context of a discussion of alternative transcription start
sites, the most severe problem is the fact that any first-strand cDNA, full length
or not, is a candidate for homopolymeric tailing, resulting in a mixed popula-
tion of tailed cDNAs as a consequence of a non-robust reverse transcriptase
reaction. This has the unhappy consequence of obscuring the presence of any
cDNAs that do, in fact, reflect an alternative TSS, as they may be mixed among

FIGURE 1.3. Classical 5′ RACE using homopolymeric tailing. All first-strand cDNA
molecules, regardless of length, are candidate substrates for the addition of a
homopolymeric tract by terminal deoxynucleotidyl transferase. Not only do false pos-
itives abound among the numerous RACE products, PCR is itself inefficient in this
case because of the magnitude of the Tm differential of the primers. From RNA
Methodologies (2005), with permission of Elsevier Academic Press.
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a number of false positives. While rationale primer design and improvements
in commercially available reverse transcriptase formulations lessened some
potential sources of error, the entire approach remained flawed because both
the anchor and the anchor primer were either 100% G+C or 100% A+T. This
creates a severe thermodynamic imbalance between the two primers needed to
support the PCR component of this technique because the Tm of the gene-
specific primer would differ greatly from the Tm of the anchor primer.

1.3.2.2. RLM-Race

The fundamental limitations of classical 5′ RACE led to the development of
a completely new approach known as RNA ligase-mediated RACE, or simply
RLM-RACE. As with classical RACE, the goal of RLM-RACE is to map
precisely the 5′ end of a transcript and detect multiple transcription start
sites, if present. Elimination of the homopolymeric tailing and inclusion of a
mid Tm-range adapter (the anchor) have dramatically improved the precision
of this assay. The entire process, described below, is outlined in Figure 1.4.

Prior to reverse transcription, the RNA sample is incubated in the presence
of calf intestinal phosphatase (CIP) which will remove the 5′ phosphate from
any un-capped transcripts, non-full-length transcripts, and non-mRNAs.
This is important because mRNAs that have been uncapped or experienced
any degree of degradation at or near the 5′ end could be included in the final
PCR amplification. Therefore this first step ensures that only primary, full-
length mRNA transcripts will be supported in the subsequent steps. Next the
RNA sample is incubated with the enzyme, tobacco acid pyrophosphatase
(TAP), which has the unusual ability to remove the two 5′-most phosphates
that constitute the 5′-cap found on the vast majority of eukaryotic mRNAs.
This renders uncapped, full-length mRNAs with a single exposed 5′-phosphate
group. At this point the RNA sample consists of a mixed population of
RNAs with and without 5′ phosphate groups. In the next step, an RNA
oligonucleotide adapter is joined only to full-length mRNAs by the action of
T4 RNA ligase because (1) all non-mRNA molecules and non-full-length
mRNAs are missing a 5′ phosphate required for ligation, and (2) previously
capped, full-length mRNAs have been uncapped, leaving a 5′ phosphate sub-
strate that is required to complete the ligation to the RNA adapter: the
mRNA provides the 5′ phosphate and the RNA adapter provides the 3′-OH
substrate. Finally, the RNA is converted into cDNA using a standard reverse
transcriptase reaction, and cDNAs corresponding to the locus of interest are
then amplified by standard PCR methods. The adapter primer can only
anneal to complementary adapter anchor sequences, which were added exclu-
sively to full-length RNA. The resulting PCR products mirror the transcrip-
tion start site(s), and the gene-specific downstream primer can be moved
closer to or farther away from the adapter primer to not only change the
expected size of the product but also to test for the functionality of different
promoter elements (Bassett et al., 2000, 2004).
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FIGURE 1.4. RLM-RACE. The ligation of an RNA adapter to full-length, uncapped
mRNA ensures the synthesis of cDNA molecules that represent the 5′ end of the tran-
script. This approach is an accurate, highly reproducible method for mapping one or
more transcription start sites associated with a particular species of mRNA. From
RNA Methodologies (2005), with permission of Elsevier Academic Press.
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1.3.3. In Silico Tools
The marriage of information technology and biotechnology, made possible
by high speed computers with remarkably fast processors and impressive
memory capacity, is widely known as bioinformatics. The increase in DNA
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and protein sequencing automation is responsible for the vast amount of new
information that is added daily to databases world-wide. Because of the enor-
mity of information that is already in these databases, software tools have
been developed to facilitate data-mining, and these “search and rescue” tools
undergo continual refinements. In some laboratories, scientists with expertise
in this area have written their own software to perform laboratory-specific
analyses.

The place to begin the assessment of or to search for sequence data is the
National Center for Biotechnology Information (NCBI; Bethesda,
Maryland) web site, located at www.ncbi.nlm.nih.gov. Many web sites
that are related to bio-informatics have direct links to the NCBI web site
(Table 1.2.). Once there, the user may select from any of a number of tools
for performing the desired analysis. Two other popular sites, the European
Molecular Biology Laboratory (EMBL; Heidelberg, Germany), and the
DNA Data Bank of Japan (DDBJ; Mishima, Japan) coordinate their efforts
with NCBI so that investigators can have access to these massive quantities
of data 24 hours per day from virtually any computer terminal in the world
that has internet access. Other specialized databases are also readily available
by accessing The Institute for Genome Research (TIGR) or Swiss-Prot,
which is an annotated protein sequence database.

Sequencing databases are huge, and various computer programs have been
written that simplify the tasks of searching for and identifying DNA or pro-
tein sequences of interest. The best known of these is Basic Local Alignment
Search Tool software, more commonly known as BLAST®. This versatile
software tool, which can be accessed at the NCBI web site, searches databases
for nucleic acid or amino acid sequences that match the input sequence, and
the output shows the sequence alignment. Another favorite software tool is
GRAIL (http://compbio.ornl.gov/public/tools), an analysis tool that identi-
fies entire genes, exons, and other characteristics of input DNA.

The most straightforward method for performing a search is to select
“nucleotide-nucleotide BLAST” (blastn). Users are asked to enter the desired

TABLE 1.2. Select bioinformatics web sites.
Formal name Common name URL

National Center for Biotechnology NCBI www.ncbi.nlm.nih.gov
Information

The Institute for Genomic Research TIGR www.tigr.org
The Arabidopsis Genome Resource TAIR www.arabidopsis.org
European Molecular Biology Laboratory EMBL www.embl.org
DNA Data Bank of Japan DDBJ www.ddbj.nig.ac.jp
Swiss-Prot Protein Knowledgebase Swiss-Prot http://us.expasy.org/sprot
The Proteome Society Proteome Society www.proteome.org
Human Proteome Organization HUPO www.hupo.org
Codon Usage Database Codon Tables www.kazusa.or.jp/codon
Microarray Gene Expression Data Society MGED www.mged.org
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search string (the nucleotide sequence being investigated; lower case letters
only) which can be done manually or by cutting and pasting. The user then
has the option of searching the entire unknown sequence or portions thereof.
It is best for new users to perform a BLAST search using the nonredundant
database “nr” which will perform the most comprehensive search possible.
Depending on a number of variables, the search may require from several
seconds to hours for completion. The results of each search will include two
scores assigned to each sequence: first the S score (bit score), which is a
statistical value associated with the number of matches retrieved from the
data base, and then the second score, the E value (expect value), which is
the number of matches with the same S score that one would expect to find
by chance. Thus, for any BLAST search, the higher the S score and the lower
the E value (ideally much lower than 1.0), the better the match.

1.3.4. In Vitro Translation and Western Analysis
As described above, regulation of gene expression may occur at the transla-
tional level and/or at the posttranslational level. In the case of the former, the
extent to which biologically competent and chemically stable mRNAs
become engaged by the protein translation apparatus determines the extent
of synthesis of the primary amino acid sequence. In the case of the latter,
phenotype alterations at both the cell and organism levels result from
changes in the abundance of functional proteins, meaning proteins that have
experienced a set of appropriate posttranslational modifications that occur
after the protein has been released from the ribosome and which modulate its
activity. It is well known that alterations in the cellular biochemistry or in the
extracellular milieu can have a profound effect on the functionality of cyto-
plasmic transcripts. In the context of the identification and characterization
of alternative transcripts and alternative transcription start sites, it is ulti-
mately of great importance to determine whether the transcripts under inves-
tigation can direct the synthesis of a functional protein.

The methods used for the study of protein synthesis in vitro fall into one of
two major categories. First, mRNAs can be used to direct the synthesis of an
encoded protein in a cell-free system, such as the wheat germ extract or rabbit
reticulocyte systems. Second, transcription and translation can be coupled
by cloning cDNA or genomic DNA into a specialized vector which is then
used to direct the synthesis of the encoded transcript first and then the cor-
responding protein. A third method for studying translation in vitro is the far
less frequently used and far more technically challenging method of mRNA
microinjection. This is a highly specialized technique which, for most investi-
gations, would not be expected to render any data that could not be gleaned
using either of the first two approaches.

With respect to protein synthesis in the cell, a commonly used method for
measuring levels of a specific protein is Western analysis. In this approach,
proteins are isolated from the biological source and then electrophoresed on
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a polyacrylamide gel. At the conclusion of the electrophoresis period, the gel
can either be stained directly with Coomassie blue or silver-stained, or the
protein can be transferred from the gel onto a filter membrane. The transfer
process, known as electroblotting, uses an electrical current to drive the pro-
tein from the gel and onto an adjacent sheet of nylon, nitrocellulose, or
polyvinylidine difluoride (PVDF). This is analogous to the blotting of RNA
in Northern analysis and the blotting of DNA in Southern analysis
(Southern, 1975) though nucleic transfer ordinarily does not require an elec-
trical current. The entire sample, now on the surface of the filter, can then be
stained with Ponceau S and a duplicate filter probed with an antibody to
assay the abundance and size of a particular protein. This method is also
known as immunoblotting.

Another, infrequently used method that can provide clearer definition to
the concept of mRNA translatability is known as polysome purification. This
method determines the extent to which the mRNAs have engaged the trans-
lation apparatus. In this approach, one collects the polysome fraction from
cells in order to look for the presence of a particular mRNA, indicating that
translation of the message is taking place.

1.3.5. Implications for Proteomics
The fluid nature of gene expression is more clearly understood by delving
deeply into the nature of the various products of transcription and, ulti-
mately, of translation. The transcriptome is the full set of mRNA molecules
produced by a particular cell under a particular set of circumstances. The
proteome, in turn, is the full complement of proteins produced by a cell. It is
important to note that these are transitive definitions, meaning that as inter-
nal and external stimuli occur, both the transcriptome and the proteome are
subject to change.

The most remarkable attribute of the proteome is its size and complexity
relative to the DNA and RNA sequences that actually encode the proteins.
As it turns out, each of the various transcripts can produce a number of pro-
tein isoforms. Thus, the 35,000 or so genes in humans may encode 500,000 to
1,000,000 different proteins. Part of the reason for the remarkable diversity
of proteins is the extensive nature of posttranslational modifications that
occur as newly synthesized polypeptides move through the Golgi apparatus
and other components of the endomembrane system.

Proteomics has evolved into a very important discipline for discerning gene
function. In contrast to the older methods for the analysis of proteins one at
a time, some of the newer proteomics technologies efficiently facilitate rapid,
high-through-put studies in a cost-effective manner. Protein informatics is a
formidable subdivision of bioinformatics that examines global patterns of
protein expression at the cell and tissue levels.

Perhaps the premier tool for examining the proteome is two-dimensional 
(2-D) gel electrophoresis. In this method proteins are first separated by
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isoelectric point (pI), and then by molecular weight in a direction perpendicular
to the first dimensional charge separation. The advantage of this method is
that it permits the separation of thousands of proteins simultaneously; each
protein appears as a unique spot upon visualization. Specialized image infor-
matics software can automate the identification and quantification of unique
spots on the gel and provide an electronic means for archiving the image.

Following identification of “spots of interest”, unique proteins are recov-
ered from the gel and broken into significantly smaller peptides by the action
of proteolytic enzymes. The peptides are identified by mass spectrometry,
most often matrix-assisted laser desorption ionization-time of flight
(MALDI-TOF, or simply MALDI) analysis, a method that was developed in
the 1980s. DNA encodes any and all possible proteins, and so MALDI-
derived amino acid sequence information can be used to match the protein
with the nucleotide sequence associated with a specific genetic locus. Other
procedures are necessary, however, to elucidate function, such as through the
use of the yeast two-hybrid system, immunoaffinity capture, nuclear magnetic
resonance (NMR), crystallization, capillary electrophoresis, and high per-
formance liquid chromatography (HPLC). Other more traditional systems for
proteomics investigations are various cell-free transcription-translation sys-
tems, including wheat germ extract, rabbit reticulocyte lysate, canine pancreatic
microsomal membranes, and proteases, alluded to in Section 1.3.4.

A state-of-the-art approach to proteome characterization is innovative
protein microchip technology, also known as protein microarrays, which are
used to detect protein-protein and protein-lipid interactions. Many protein
arrays are “themed”, allowing the investigator to study specific infectious
diseases, cancer, or apoptosis. Peptides, like DNA and RNA oligonucleotides,
can also be made-to-order using amino acids with various posttranslational
modifications. Customized peptides can be used for epitope mapping in
immunology, identification of active peptides for pharmaceutical applications,
identification of substrates for and inhibitors of various enzymes, develop-
ment of novel antibodies for vaccine development, and the characterization
of protein-protein and protein-nucleic acid interactions. Posttranslational
modifications of proteins and methods for the study thereof have been
recently highlighted (Keen and Ashcroft, 1999; Liebler, 2002; Kannicht,
2002; Hamdan and Righetti, 2005). The number of proteomics databases is
increasing rapidly, some of which have been included in Table 1.2. The pro-
fessional organizations related to proteomics are very good starting points
for novices in the discipline.

1.4. Summary

The regulation of gene expression in response to internal and environmental
cues, occurs at many levels in the plant and animal cell. Myriad transcription
factors, particularly those which function in trans, control the efficiency with
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which the transcription apparatus is assembled and the rate at which tran-
scripts are produced from a genetic locus. While transcription is limited to
membrane bound organelles in eukaryotic cells, posttranscriptional process-
ing, transcript export out of the organelle in which synthesis occurred, and
the overall efficiency of translation and posttranslational processing are
equally important for controlling the amount of functional protein that a cell
can produce.

Various classical and novel methods are in use for the study of gene expres-
sion at the RNA level and the protein level. The presence of a certain abun-
dance level of transcript implies that a proportionate level of protein may
likewise be found in the same cell, though this is not always the case.
Northern analysis, quantitative PCR approaches, and various protein assays
are reliable tools for the assay of RNA and protein expression, and bioinfor-
matics-based problem solving methods have an increasingly important role in
a more holistic portrayal of the cellular biochemistry under a defined set of
conditions.

As newer instrumentation is developed that provides previously unimag-
ined levels of sensitivity, more gene sequences and proteins resulting from
novel posttranslational modifications will be catalogued in public databases
such as GenBank®. Likewise, technological improvements associated with
the amplification reaction itself will facilitate identification of specific sub-
sets of genes that respond when a cell is challenged, as well as greater identi-
fication efficiency of global changes in gene expression.
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2
Multiple Transcript Initiation 
as a Mechanism for Regulating 
Gene Expression

Robert E. Farrell, Jr. and Carole L. Bassett

2.1. Nuclear Gene Transcription – An Overview

Transcription is the intermediary process that copies a DNA-encoded gene
into a form which is either functional in its own right (stable RNAs, such as
ribosomal or transfer RNAs) or can be decoded by the translational machin-
ery into a functional protein. Transcripts destined for translation are called
messenger RNAs (mRNAs), since they act as go-betweens from DNA to
protein. Although RNAs are transcribed as single-stranded molecules, most
can assume complicated secondary and tertiary structures that are critical for
proper functioning. As a result, each mRNA contains not only the sequence
information required to synthesize a protein, but also structural components
that can regulate mRNA localization, stability, and translation efficiency.
Thus the initiation of transcription occupies a preeminent place in the
regulation of gene expression.

Since transcription is compartmentalized within a membrane-bound
nucleus in eukaryotic cells, it is both spatially and temporally separated from
translation. In both plant and animal cells, the stability of a typical mRNA
transcript is significantly greater than that of a prokaryotic transcript which
is often being both translated and degraded simultaneously. The enhanced
stability of eukaryotic transcripts has facilitated their isolation and manipu-
lation using molecular techniques.

RNA is produced from different chromosomal loci at different rates. It
is obvious that transcript abundance reflects differences in the rate of RNA
synthesis, stability of the transcript, and/or differences in the rate of RNA
degradation. In this chapter we shall emphasize aspects of RNA synthesis
with a focus on transcription initiation, particularly as it relates to multiple
transcript start sites (TSS). mRNA transport and turnover are discussed in
detail in Chapter 6.

The first level of eukaryotic nuclear gene regulation lies in the structure
and organization of the chromosomal DNA itself. For most of the first half
of the 20th century it was generally accepted that the interphase nucleus was
unorganized, with the DNA and attendant proteins relatively uniformly
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distributed. The discovery that DNA was “packaged” into discrete structures
termed nucleosomes was the first step towards understanding the role of
DNA in regulating transcription. Nucleosomes consist of an association of
DNA wrapped around a group of eight histone proteins which, when viewed
under an electron microscope, resemble “beads on a string”. Prior to the
interaction between chromatin and early initiators of transcription, this
three-dimensional architecture prevents RNA polymerase and associated
transcription factors from interacting with the promoter, a stretch of
sequence upstream of the coding region of an affiliated gene that determines
its expression. Access to a given gene is provided by local unwinding which
was thought to occur via an unwinding enzyme. However, a recent report
documents an unexpected aspect of the unwinding of DNA prior to tran-
scription. Ju et al. (2006) demonstrate that both strands of DNA are broken
prior to active transcription and that specific repair enzymes are recruited to
reverse the damage after transcription is initiated. It appears that transcrip-
tion initiation is a much more “violent” process than was originally thought.

Methylation of the cytosine in CpG doublets is yet another way in which
chromosomal structure affects gene expression, since methylated promoter
sequences very often interfere with transcription factor binding (as in tran-
scriptional silencing). Both plants (Antequera and Bird, 1988) and animals
(Lander et al., 2001; Venter et al., 2001) possess CG islands consisting of
multiple repetitions of the CpG dinucleotide which are found near or within
promoters. The majority of CG clusters are methylated and widespread
(Pradhan and Adams, 1995). Higher plants methylate CpN with a distinct
preference for CpG. In addition plants can also methylate cytosines in CNG,
with a preference for CAG and CTG triplets. For example, two different
methyltransferases have been isolated from Pisum sativum, one of which is
specific for CpG and the other of which is specific for CAG and CTG
(Pradhan and Adams, 1995). Methylation has also been linked to posttran-
scriptional gene silencing in plants (discussed in Chapter 5).

Another level of organization affecting gene expression is the subnuclear
compartmentation of genes, transcripts, and mRNA binding proteins (see
Misteli, 2000). It is well known that the nuclear periphery contains large
amounts of heterochromatin that is for the most part transcriptionally inac-
tive. For example, the yeast mating-type locus is silenced by segregation to the
nuclear periphery where Sir (silent information regulator) proteins mediate
silencing of the locus (Cockell and Gasser, 1999). Another familiar subnu-
clear compartment is that of the nucleolus, the active site of rRNA tran-
scription. Other nuclear compartments include Cajal bodies frequently
associated with transcriptionally active histone loci (Schul et al., 1999) and
“speckles” (Spector, 1993) formed by splice factor complexes.

Coding regions of the DNA contain genes which are comprised of exons
(regions that encode proteins or parts of proteins) and introns (intervening
sequences that are generally noncoding). Introns are distributed throughout
plant and animal genes and are variable in number, length, and nucleotide
content. A salient feature of introns is the presence of highly conserved di-
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nucleotide pairs that define the intron boundaries: introns typically begin with
GU and end with AG. By recognizing these dinucleotides and adjacent or
more distant motifs, the spliceosomal machinery excises introns from hetero-
geneous nuclear (hn) RNA transcripts during transcription in a very precise
manner. It is noteworthy that several human disease states are a direct result
of splicing errors (Cooper and Mattox, 1997). Transgenic expression of animal
genes in plants suggests that plant splicing machinery recognizes somewhat
different motifs, since animal genes are frequently cut into nonfunctional
fragments because of this. It is well known that reporter genes, like green
fluorescent protein derived from animal sources, have to be modified to
remove bases recognized as splicing features by the typical plant spliceosome
(Haseloff et al., 1997). A small number of introns contain open reading
frames (ORFs, i.e., encoded peptides or proteins), and, in a few cases, promoters
and other regulatory sequences have been found in introns, especially those at
the 5′-most region of a gene (discussed in Section 2.2.2.). Alternative processing
of introns, including retention of introns within the transcript, contributes to
differential gene expression by creating multiple proteins from a single transcript
(discussed in detail in Chapter 3).

Genes in plant cells, as in animal cells, are transcribed by enzymes known
as DNA-dependent RNA polymerases. In eukaryotic organisms RNA poly-
merase II (RNA pol II) is the enzyme that transcribes mRNAs. RNA pol II
in both plants and animals is a very large enzyme consisting of a multi-subunit
core with numerous transient interacting polypeptides, including tran-
scription factors and their accessory proteins; it is the interaction of RNA
pol II with other proteins and factors that modulates the activity of genes,
often conferring inducibility/suppression in response to external and internal
signals, as well as tissue and temporal specificity. In mammals and plants, a
new RNA polymerase (RNA polymerase IV) has recently been described
(Onodera et al., 2005; Kanno et al., 2005; Kravchenko et al., 2005). In mam-
mals this polypeptide, single-polypeptide nuclear RNA polymerase IV
(spRNAP-IV), is derived from a nuclear-encoded mitochondrial RNA poly-
merase by alternative splicing which removes the mitochondrial transit
sequence. As a result, spRNAP-IV is relocated to the nucleus where it regu-
lates a subset of nuclear-encoded genes. The plant RNA pol IV appears to be
quite different from spRNAP-IV both in sequence and function. It is associ-
ated with the DNA methylation aspects of gene silencing (Onodera et al.,
2005; Kanno et al., 2005; see also Chapter 5), and one of the subunits,
DDR3, is unique to plants (Kanno et al., 2005).

2.1.1. Initiation of Transcription: Transcription Factors
and Promoter Elements
Initiation of transcription requires at minimum a promoter and one or more
transcription factors to direct RNA pol II to the appropriate gene. Promoters
are usually arranged in a cis configuration upstream of the translation start
codon (Fig. 2.1). All of the essential regulatory components of the promoter
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are typically located within about 300 bp 5′ from the TSS. The core promoter
is the shortest DNA template sequence that can direct transcription. The
primary cis element for RNA pol II recruitment is the TATA box which consists
of the core sequence, TATAA, and is centered around −30 to −60 bases from
the TSS. This element can bind both RNA polymerases II and III to initiate
transcription (Mattaj et al., 1988; Lobo and Hernandez, 1989; Mitchell et al.,
1992). Other cis-elements upstream of the TATA box influence the direc-
tionality of transcription, and it is thought that they determine which poly-
merase dominates by preferentially recruiting one type over the other (Huang
et al., 1996). Additional elements up- and downstream of the TATA box
modulate activity in a sequence-specific manner by binding transcription
factors with their associated accessory factors in response to environmental
and cellular cues.

TATA boxes appear to be required to initiate activated mRNA transcrip-
tion from simple promoters in plants; however, in more complex promoters,
the role of TATA elements may be more supportive (Pan et al., 2000).
Similarly, the TATA box is not an absolute requirement for transcription
initiation in eukaryotes, as a variety of genes utilize TATA-less promoters
(Burke and Kadonaga, 1996; Lagrange et al., 1998). An additional motif,
Py2CAPy5, known as an initiator sequence (Inr) is able to promote transcrip-
tion autonomously or in conjunction with a TATA box or other element
(Smale and Baltimore, 1989). Although some plant promoters have Inr-like
sequences that appear to function with the TATA element, most plant pro-
moters do not have consensus Inr sequences. The precise geometry of these
elements in conjunction with the tertiary and quaternary structure of the pol
II complex plus accessory factors will determine the transcription start site.
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AAGGTATCCAACCAGATTCGGTACTACTCTCTCCCGTAATTAGATTCAAAGATTGAGGCAGGATTCGATCC

TTTTTGCGCGCGCGCGCCCGGAATAAAATCACTACCATGAGTCGATCGAACGTTACGGGCACCCATTCGAG

GGCCTATTTTCAGCCCGCCAGCGCAGGGAATATCCTGACGTGTGATCATGCCATAATGCATCCATTCATAA

AAGAGGAGCCGATTAGTAACTGACGGACTACTGTCGGATACCATGAAGTGATCAATCGATACGGGTACCAT

CGGACTATATAAAGCTACCCGTATTAGCATAATTGACCGGTACCTCAGTCCTTCTAGGCTATGATTCTAAC

CCTAGAACTACATGACGTACCTACCGGTACGGAATTCATTCCGGTACGAATTGGAGCATGGACTTACTTGG

FIGURE 2.1. A typical promoter region of a eukaryotic gene is illustrated. A CpG
island is underlined. The TATA element is outlined by a solid box and an upstream
transcription factor binding site element (potential myb transcription factor binding
site) is outlined by a solid oval. The initiator element is boxed by a dotted line, and the
major transcription start site 37 nts from the center of the TATA element is indicated
by a right-facing solid arrow above the 5′-most nucleotide. Minor TSSs are indicated
by right-facing dotted arrows. Upstream AUGs are overlined and the translation start
site of the encoded polypeptide is shown in gray type. Note that the upstream AUGs
are not in “good” context (explained in Section 2.2.4.1.).
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The position of the TSS determines the sequence and length of the 
5′ leader, also known as the 5′ untranslated region (5′ UTR). Features in the 
5′ leader sequence of the mRNA preceding the coding region are known to
affect the efficiency of translation (Pain, 1996). This is particularly true of
secondary structures, like hairpins and loops, that can positively or negatively
affect translation efficiency depending on their location relative to the
translation start codon. These features are discussed in more detail in Section
2.2.4. Despite these differences among individual mRNAs, there are a few
generalizations that can be made regarding plant leader sequences. For
example, dicot leader sequences tend to be more AU-rich than monocot
leaders (Joshi, 1987). For most plant mRNAs the average length of the 
5′ leader is around 70 bases, although there are some exceptions (see Section
2.2.4.1., below).

2.1.2. Transcription of Cytoplasmic Genomes
The genomes of mitochondria and chloroplasts are covalently closed circles
of double-stranded DNA and are typically present in multiple copies. There
is considerable variation in the size of these organellar genomes. In plants,
mtDNA can be as large as 570 kbp, which is substantially larger than mam-
malian mtDNA (about 17 kbp).

Human mtDNA contains 37 genes which are encoded on both strands,
with some of the genes actually overlapping completely. In mammals there
are no introns found in mtDNA (Anderson et al., 1981; Lewin, 2004), though
introns are observed in the mtDNA of fungi and plants (reviewed in
Saldanha et al., 1993). In plants and lower eukaryotes, mitochondria and
chloroplast structural RNAs and protein-encoding genes are associated
with introns referred to as Group I and II introns. Group I introns can 
also be found in a few nuclear genes, but they differ from nuclear-encoded
introns primarily by the fact that they are self-splicing and require no spliceo-
somal machinery for processing. On the other hand, Group II introns which
appear to be associated exclusively with mtDNA (plants and fungi) and
cpDNA (plants) are spliced in vivo in a manner very similar to that observed
with nuclear introns.

2.1.3. Organellar vs Cytoplasmic mRNAs
The mechanics of transcription and translation within the mitochondrion
and chloroplast are highly conserved. Extranuclear genes residing in the
mtDNA or the cpDNA are transcribed, and later translated, in that same
organelle. When transcribed, mammalian mitochondrial genomes produce a
single large transcript; the smaller individual RNAs are then liberated by the
extensive posttranscriptional processing that occurs in the organelle.
Similarly, cpRNAs have also been found to be polycistronic, likely related to
their postulated blue-green algal ancestry.
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Mitochondrial mRNAs characteristically lack the 5′ cap that is associated
with virtually all mRNAs in the eukaryotic cytoplasm, have small or non-
existent leader sequences, and exhibit a start codon close the 5′ end.
Mitochondrial mRNAs have a poly(A) tail, but it is usually much shorter
compared to the formidable poly(A) tail commonly found on cytoplasmic
messages. In mammals, the addition of the poly(A) tail creates the stop
codon for translation termination of the majority of mitochondrial mRNAs
(Ojala et al., 1981). Chloroplast mRNAs also lack a 5′ cap. Although chloro-
plast mRNAs are also known to possess poly(A) tails, the effect of
polyadenylation on these organellar transcripts is destabilizing (Lisitsky
et al., 1997; Gagliardi and Leaver, 1999; reviewed by Hayes et al., 1999;
Schuster et al., 1999), rather than stabilizing, as is seen with cytoplasmic
polyadenylated mRNAs (Manley and Proudfoot, 1994).

2.2. The Origins of Multiple Transcripts

A recent analysis of alternative transcript initiation using a bioinformatic
approach to compare six different species was reported (Nagakasi et al.,
2005). Using the National Center for Biotechnology Information (NCBI)
UniGene set for Arabidopsis, these authors found a relatively small number
(435) of loci associated with alternative transcript initiation. This number is
probably a significant underestimate given the fact that full length cDNAs
do not necessarily represent the primary (capped) transcript and considering
the fact that some genes in the Arabidopsis genome may be incorrectly
annotated (see, for example, Meyers et al., 2002; also reviewed in Pennisi,
1999 and Mathé et al., 2002). However, the study does support the experi-
mental evidence that alternative transcript initiation is one form of gene
regulation that has been evolutionarily conserved, since it is seen in both
animals and plants.

2.2.1. Multiple Promoters
In vertebrate mitochondrial DNAs, a single promoter governs transcription
from each strand, and multiple products arise as a consequence of extensive
processing and stability differences (reviewed in Tracy and Stern, 1995; Holec
et al., 2006). In contrast, in plants and fungi multiple transcription initiation
is commonly observed in mitochondria (also reviewed in Tracy and Stern,
1995; Binder et al., 1996), and has recently been verified for several different
plant species (Lupold et al., 1999; Kühn and Binder, 2002; Kühn et al., 2005).
Similarly, plant chloroplast-encoded genes with multiple promoters are not
uncommon (Nakazono et al., 1995; Vera et al., 1996).

Nuclear genes with multiple promoters have been reported in animals
(Weitzel et al., 2000; Weitzel et al., 2001). For example, several studies have
reported multiple promoters for a nuclear-encoded rat mitochondrial glycerol-
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3-phosphate dehydrogenase (G3PD). The presence of three different first
exons associated with G3PD transcripts suggested the possibility of different
promoters, and subsequent studies indicating a high level of expression in
certain tissues and a strong response to thyroid hormone supported the
prospect of different regulatory mechanisms (Gong et al., 1998). A more
detailed analysis of the expression of G3PD indicated that it was indeed
governed by three promoters (Weitzel et al., 2000), one of which was responsive
to thyroid and steroid hormones, and the other two of which being tissue-
specific did not respond to these hormones (Weitzel et al., 2001).

A recent, interesting example of how different levels of transcript regula-
tion act together to modulate gene expression is illustrated by the mouse
cationic amino acid transporter 2 (mCAT2) locus. Two RNAs are transcribed
from the locus, the smaller of which (mCAT2 mRNA) is transported to the
cytoplasm and the larger (8 kb) of which (cat2 transcribed nuclear RNA or
CTN-RNA) is retained in the nucleus. Each RNA is transcribed from a dif-
ferent promoter. Both RNAs are polyadenylated, but the CTN-RNA is edited
(adenosine-to-inosine) in the 3′ UTR which contributes to its retention in the
nucleus. mCAT2 mRNA is alternatively spliced in a tissue-specific manner,
giving rise to a high-affinity protein (in stomach, brain and muscle) and a
low-affinity protein translated in the cytoplasm of mouse liver cells (Closs
et al., 1993). However, under stress, the CTN-RNA transcript is cleaved at its 
3′ UTR, producing an additional mCAT2 mRNA with a unique 5′ UTR
which is also translated in the cytoplasm of liver cells (Prasanth et al., 2005).
In this manner, production of CTN-RNA acts as a reservoir for the
transporter protein in liver cells, so that under stress conditions, a relatively
large supply of mCAT2 RNA is rapidly transported into the cytoplasm and
made available for translation.

Actual examples of multiple promoters regulating expression of a single
nuclear gene in plants have not been described as yet. An early report on the
regulation of the nuclear-encoded chloroplast ribosomal protein, L21, sug-
gested alternative promoters that were differentially regulated in roots and
leaves (Lagrange et al., 1993). However, analysis of transcript initiation indi-
cates that the two transcripts arise from a single apparently TATA-less promoter
and are initiated only 43 nt apart from each other. This is consistent with
numerous reports of single promoters with multiple TSSs, rather than multiple
promoters per se.

2.2.2. Transcription Start Sites in Introns
An interesting example of an intron containing a promoter in animals is the
case of the chicken type III collagen gene. Two transcripts are detected from
this gene, one that initiates upstream of the primary ATG and one that initi-
ates inside of intron 23 (Zhang et al., 1997). The upstream-initiating tran-
script encodes the canonical collagen protein, whereas the intron-initiating
transcript encodes a protein of unknown function (Cohen et al., 2002). Each
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transcript and protein are expressed in a tissue-specific manner. However, the
biological significance of these observations is not yet clear.

Alternative promoters in the introns of plant nuclear genes are almost
exclusively associated with the first or second intron. In such cases the resulting
mRNA lacks the first exon or may encode a truncated protein (Sheen, 1991;
Tamaoki et al., 1995; Bai et al., 1999). In the case of the maize pyruvate
Pi-dikinase (PPDK) gene, two forms of the enzyme were known to exist.
One form is associated with the cyclic C4 photosynthetic pathway and is
located in mesophyll chloroplasts. The second form is found in plants that use
the standard C3 type of photosynthesis and is associated with the cytoplasmic
reactions comprising the anapleurotic pathway to regenerate phosphoenolpyru-
vate. Both enzymes are derived from a single gene (Sheen, 1991). The C4 form
of the enzyme is encoded by a transcript that initiates upstream of the first
exon. Removal of intron 1 during processing results in a transcript that, when
translated, yields a PPDK isoform with a transit peptide directing it to the
chloroplast. In contrast, a cytoplasmic version of PPDK originates from a
transcript which initiates via a promoter located within the 3′ end of intron 1.
The resulting product is located in the cytoplasm. In addition to governing
changes in intracellular location, the two PPDK promoters also contribute
to the observed differences in abundance reported for PPDK in C4 vs. C3
plants.

2.2.3. Multiple TATA Boxes in a Single Promoter
Improved methods have allowed us to identify more precisely the actual TSSs
for a large number of genes. As mentioned previously, in many cases there is
a primary TSS and several nearby secondary TSSs responding to a single
TATA box (Wray et al., 2003). Although reports of multiple TATA boxes
within the same promoter are comparatively rare, a number of examples of
multiple TATA boxes with multiple TSSs have been described in animals (for
example, see Fra et al., 2000). One recent example is the case of the prolactin-
releasing peptide (PrRP) gene which was shown to produce transcripts in rat
from three different TSSs (Yamada et al., 2001) in conjunction with multiple
TATA boxes within the same promoter region.

Examples of multiple TATA boxes initiating transcripts at different TSSs are
not as common in plants; however, some interesting examples have been
recently reported. RNA ligase-mediated 5′-rapid amplification of cDNA ends
(RLM-5′ RACE) was used to demonstrate that a leucine-rich repeat receptor
kinase gene (inrpk1) in morning glory (Ipomoea [Pharbitis] nil ) produced tran-
scripts from at least nine different TSSs using three different consensus and
non-consensus TATA boxes (Bassett et al., 2004). One of the more remarkable
features of this promoter is the observation that one of the TATA boxes is
selected in a tissue-specific manner. Similarly, the PhyA genes from both
Arabidopsis and tobacco have been shown to initiate transcription at different
TATA elements in the promoter (Dehesh et al., 1994; Adams et al., 1995).
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In tomato, two different TATA motifs direct the synthesis of long and
short mRNAs from the phenylalanine ammonia-lyase gene (PAL5), in which
the TATA elements appear to be differentially responsive to various stresses
(Lee et al., 1994). Also found in tomato is the Ca++-ATPase gene (LCA1)
promoter (Navarro-Avino et al., 1999) in which one mRNA has a 5′ leader
sequence that is more than 900 bp longer than the shorter transcript. Each
transcript appears to be derived from two different TATA boxes, although
the functional significance of this observation is not clear at present. Recent
analysis of LCA1 response to auxin and abscisic acid indicates that 
cis-sequences corresponding to hormone response elements are located
approximately 200 bases upstream of the distal TSS (Navarro-Avino and
Bennett, 2005), suggesting that the significance of dual TATA boxes may lie
in differences in the upstream cis-elements influencing them, i.e., response to
different hormones or environmental factors. Based on all the existing
reports, however, this is a very unusual occurrence.

2.2.4. How Alternative TSSs Influence Gene Expression
2.2.4.1 Upstream AUGs in Different 5′ Transcript Leader Sequences

Once a mature mRNA reaches the cytoplasm, it is very likely that it will be
translated, but this is not guaranteed. Transcripts compete for a limited num-
ber of ribosomes, and it is clear that some mRNAs are translated with greater
efficiency than others (for a review, see Bag, 1991). The prevailing hypothesis
of the mechanics of initiation of eukaryotic translation is widely known as
the ribosome scanning model (Kozak, 1978; 1991b). According to this model,
the first event associated with the process of translation in eukaryotic cells is
recognition of the 5′ methylated cap (7-methylguanosine joined 5′→5′ to the
first transcribed nucleotide) that is associated with virtually all eukaryotic
cytoplasmic mRNAs. The scanning model postulates that the smaller subunit
of the eukaryotic ribosome, i.e., the 40S subunit with attached initiation factors,
binds to the mRNA proximal to the cap, and then migrates linearly
downstream along the mRNA until the first AUG codon in “good context”
is encountered. Migration in this manner is instrumental for melting any
secondary structure associated with the transcript, especially around the 5′
untranslated leader. Although the first AUG codon encountered will usually
function as the initiation codon, simply being the first AUG codon after
the 5′ end of the transcript does not guarantee that it will serve as the initia-
tion codon. “Good context”, which is the key to successful recognition of the
appropriate translation start site, refers to the sequence of nucleotides
surrounding the initiator AUG and is critical to the selection of the appro-
priate AUG for translation initiation. The “good context” consensus sequence
associated with translation initiation in higher animals is GCCGCCPu-
CCAUGG, and the importance of this sequence has been demonstrated
by site-directed mutagenesis (Kozak, 1986; Kozak, 1987b; Kozak 1997).
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Higher plants, in contrast show a slightly different context consensus
sequence of caA(A/C)aAUGGCg; the sequences for dicots and monocots is
aaA(A/C)aAUGGCu and c(a/c)Pu(A/C)cAUGGCG, respectively (Joshi
et al., 1997).

One of the most important developments in understanding the control of
protein synthesis was the discovery of AUG codons in the 5′ leader sequence
of many mRNA species. These so-called upstream AUGs (uAUGs) along
with often-associated up-stream open reading frames (uORFs) are regarded
as cis-acting elements in the mRNA itself. While something of a rarity when
considering transcripts as a whole, uAUGs are very common in regulatory
genes like kinases and transcription factors, including several oncogenes
(Kozak, 1987a; 1991a; Morris, 1995). When multiple AUG codons are con-
tained within a 5′ leader sequence, initiation at downstream AUG codons is
favored when any of the following occur (Kozak, 1989): (1) the first AUG
codon occurs fewer than 10 nt downstream from the 5′ cap; (2) the first
AUG codon is in an unfavorable context for initiation; (3) reinitiation occurs
following translation of a minor protein associated with the upstream AUG,
i.e., inframe stop codons specify termination of translation. In instances
when the first AUG is not selected as a functional translation initiation codon
for any reason, the phenomenon is known as “leaky scanning”.

Following translation of a uORF, it is possible for the ribosome to con-
tinue scanning the mRNA and reinitiate translation downstream at the next
initiation codon in good context. While in some cases it does not appear that
the uORF has a negative impact on the efficiency of translation downstream
(Cao and Geballe, 1995; Mize et al., 1998), there are other examples in which
the peptide produced by uORF translation may cause the ribosome to stall,
thereby preventing the loading of additional ribosomes onto the transcript
i.e., polysome formation. It has further been suggested that the uORF pro-
tein may play its role in the regulation of gene expression by destabilizing the
transcript (Ruiz-Echevarria et al., 1996; 2000). Other examples of gene regu-
lation by uORFs include the mammalian gene AdoMetDC, a key enzyme in
the biosynthesis of spermidine and spermine (Mize et al., 1998) and, in
Neurospora, the small subunit of carbamoyl phosphate synthetase, which is
encoded by the arg-2 gene. When the level of arginine is elevated in the
growth medium, the uORF causes ribosomes to arrest on the leader
sequence, while at low concentrations the uORF codon is ignored via leaky
scanning, thereby facilitating translation of the major protein (Wang and
Sachs, 1997).

Because upstream ORFs are most often associated with regulatory genes
whose mRNAs are typically not very abundant, it is thought that the uORFs
act as an additional “brake” on expression, since translation of the down-
stream ORF is usually reduced. A potential example of this in plants was
reported for inrpk1 from morning glory (Bassett et al., 2004). As previously
mentioned, multiple transcripts were observed to initiate from three TATA
boxes. Transcripts from the first two TATA boxes were found predominantly
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in aerial tissues, whereas transcripts originating from the 3′-most TATA box
were found predominantly in roots. Interestingly, six uAUGs were identified
in the longer transcripts; the two 5′-most uAUGs were in “good” Kozak con-
text and potentially encoded a peptide of 73 amino acids. The root-specific
transcript initiated further downstream and therefore lacked the two distal
uAUGs. Because the root-specific transcripts contained the four proximal
non-contextual uAUGs, the prediction would be that the protein would be
rare in aerial tissues, but comparably abundant in roots. This is consistent
with previous indications of greater RNA abundance in roots and root-specific
processing of a cryptic intron from inrpk1 (Bassett et al., 2000).

2.2.4.2. Avoidance of Secondary Structures

As seen in the previous section, uAUGs can dramatically influence transla-
tion efficiency. Other features in the 5′ untranslated leader can also have pro-
found effects on translation, including the formation of secondary structures
upstream of the start codon (Meijer and Thomas, 2002). In instances where
an mRNA forms secondary structure involving the 5′ leader sequence, ribo-
somal scanning of the mRNA can be so severely limited that translation may
not be possible. This phenomenon has been demonstrated in both plant and
animal models (Kozak, 1991b; Kumar and Dinesh-Miller, 1993; Futterer and
Hohn, 1996; Pain, 1996; for review, see Kozak, 1999) and in some plant viral
mRNAs (Ryabova et al., 2000; Gowda et al., 2003). The degree of translation
inhibition is dependent upon the thermodynamic stability of the hairpin and
its position. It is possible that translational control of this nature may well
have evolved in order to prevent the over expression of a particular protein.
While moderately-to-very stable hairpins upstream of an AUG codon can
efficiently suppress translation, a weak (−19 kcal/mol) hairpin 14 nts down-
stream of an AUG codon can actually enhance the initiation of translation
(Kozak, 1990). One can speculate that the downstream hairpin causes strate-
gic pausing of the ribosomal complex directly over the initiation AUG,
thereby enhancing translation initiation. Thus placement relative to an AUG
codon appears to be a critical factor in determining how secondary structures
affect translation initiation efficiency.

An example of translational repression by plant mRNA secondary struc-
ture is represented by the maize (Zea mays) Lc gene (Wang and Wessler,
2001), which encodes a transcriptional activator involved in the anthocyanin
biosynthetic pathway. The 5′ untranslated leader is unusually long and con-
tains a uORF which itself restricts translation initiation at the usual AUG
(Damiani and Wessler, 1993). However, an additional level of translational
control is achieved by the location of a potential RNA hairpin 18 nt after the
5′ end of the leader sequence of the Lc transcript. Disruption of the second-
ary structure through mutation and deletion of paired bases enhances trans-
lation of the uORF and the downstream gene both in vitro and in vivo (Wang
and Wessler, 2001). Thus the putative hairpin operates to repress downstream

2. Multiple Transcript Initiation 49

Ch02.qxd  29/01/07  12:01 PM  Page 49



translation initiation and does so in a manner that is independent of the
uORF’s effect on translation. In fact the two structures appear to act in an
additive manner on the main AUG codon. The proximity of the hairpin to
the 5′ end of the transcript suggests that the hairpin may impede the ability
of ribosomes to load efficiently onto the mRNA. Despite numerous examples
of secondary structure effects on translation efficiency, there are relatively
few examples in the literature where multiple TSSs have been reported in
which one transcript avoids a region of secondary structure found in the
longer 5′ untranslated leader, e.g., Myers et al. (1998) and Myers et al. (2004),
although this is probably a more common phenomenon than has been
reported so far. No reports of a similar mechanism in plants with multiple
TSSs have been published to date.

2.2.4.3. Changes in the Location of Gene Product

In plants multiple transcripts originating from a single promoter can give rise
to polypeptides potentially located in different intracellular compartments.
For example, Cheng et al., (1994) mapped TSSs for Atrbp33, a gene encoding
an RNA-binding protein (RBP) from Arabidopsis. The transcripts fell into
two major groups corresponding to a 1.2 kb and a 1.0 kb transcript. The
longer transcript is predicted to encode a typical chloroplast RBP containing
a transit peptide, an acidic region and two RNA binding domains. The
shorter transcript begins about 200 bases 3′ of the longer transcript TSS and
therefore lacks the first AUG. Translation initiation at the 3′-most AUG
would yield an amino-terminally-truncated protein containing only the
second RBP which would likely be cytoplasmic. A similar case was observed for
the Arabidopsis threonyl-tRNA and valyl-tRNA synthetase genes (Souciet
et al., 1999). Two transcripts for each gene were identified, one of which ini-
tiated upstream of the first AUG and one of which initiated between the first
and second AUGs. The long transcripts translated mitochondrial forms of
the enzymes, while the shorter transcripts translated cytoplasmic versions.
Interestingly, the mitochondrial forms were translated at reduced levels com-
pared to the cytosolic forms because of differences in the contexts of the
AUGs. In carrot the dihydrofolate reductase-thymidylate synthase gene
promoter contains two consensus TATA elements that direct synthesis of two
transcripts (Luo et al., 1997). The longer transcript has an upstream AUG (in
frame with the main AUG) which encodes a polypeptide with a transit
sequence that directs the enzyme to the plastid.

More recently, a similar example was found involving the dehydrin 2 gene
(PpDhn2) in peach (Wisniewski et al., 2006). This gene initiates from a con-
sensus TATA box approximately 100 bp upstream of the translation start site
in bark tissue sampled in either July or December (Fig. 2.2). Two predomi-
nant TSSs were identified, one 28 bases downstream from the TATA box and
the other 32 bases further downstream. However, in mature fruit, initiation
occurs an additional 125 bp upstream of the conventional ATG from an
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unidentified element which could be a nearby nonconsensus TATA box
(Bassett et al., in press; Fig. 2.2A). The resulting fruit-specific transcript
contains an upstream AUG in good translational context, followed by a typical
intron, which interestingly contains the consensus TATA box used in bark
tissues. Splicing out the intron places the upstream AUG in frame with the
conventional translation start of the protein and would add 34 amino acids
to the N-terminus (Fig. 2.2B and C). Although bioinformatics programs
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Exon 1a Exon 1

A

B
...CGCGTACGTgtaagaata………………………………tttgcagTTTGAAA…

C
MQKQDPIVLSRRRQVSQWLTWLQCMESLFAYVLKMASYEKQYGATPTDEYGNPIRRT

ATCGTCAAACAGGCTCTTGTGCATACGCGGTCAAACTCTCACGAGCTTTTAACACCAAGACAAAGAATAC

TATTATTAACACATGATATACACATCTTATCTTATCTATGATGCAGAAACAAGATCCAATTGTCCTCTCA
ABRE

CGGCGCCGGCAGGTGTCCCAGTGGCTAACGTGGCTGCAGTGCATGGAGTCACTATTCGCGTACGTgtaag
TATA Box

aatatgcatgccttgccaatccaattgcccatatataacccccaaaccccgtttctcatttcaaatacat

caaatcccaaacagatcttaatttaaaattactcaaaagttcagcagctgtttgtgtttgcagTTTGAAA

ATGGCGAGCTATGAGAAGCAGTACGGGGCAACACCGACCGACGAGTACGGGAACCCGATCCGCCGCACCG
M A S Y E K Q Y G A T P T D E Y G N P I R R T

FIGURE 2.2. The promoter region of a peach dehydrin gene is illustrated. A. Sequence
of the 490 bases upstream of the canonical translation start site is shown. The 5′
leader intron is shown in lower case lettering, and the TATA element (in blue) that
regulates expression in bark is outlined by a solid box. Two transcription start sites
identified in bark tissues are indicated by the two right-facing black arrows. The dot-
ted box outlines a possible non-consensus TATA element (in orange), and the TSS
corresponding to fruit transcripts is shown by the right-facing open arrow. Intron
junctions are enclosed in ovals. An abscisic acid response element (ABRE) is enclosed
in horizontal brackets. B. Intron junction sequences and removal of the intron are
illustrated. C. Putative polypeptide generated by the removal of the 5′ leader intron.
Additional amino acids at the N-terminus are underlined. The inverted arrow marks
a potential cleavage site for a putative transit peptide (in orange) directing the protein
into mitochondria. After Bassett et al., in press. (See Color Plates)
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predict that the new protein could be translocated to mitochondria, there is
as yet no direct evidence to support this possibility.

2.3. Bicistronic mRNAs

2.3.1. Moncistronic vs. Polycistronic mRNA
Since much of the early information about transcription regulation came
from studies of bacteria and viruses, it was first assumed that eukaryotic
transcription would be similar, if not identical. In bacteria and archaea, genes
performing different steps in the synthesis of a specific compound are often
clustered into operons which direct synthesis of large transcripts containing
more than one coding sequence.

Translation of individual coding regions in a polycistronic transcript
occurs essentially independently, such that several polypeptides are made
simultaneously. This arrangement insures that groups of genes encoding
proteins in the same pathways are coordinately regulated. Observations that
large mRNAs could also be found in animals suggested that, like their
prokaryote counterpoints, eukaryotes might also synthesize polycistronic
mRNAs. The finding that most of these large RNAs were not polycistronic
at all, but contained introns or multiple poly(A) additions to the 3′ UTR,
eventually convinced most researchers that eukaryotes only synthesized
monocistronic messages. This conclusion was supported by observations that
translation initiation in eukaryotes follows a “ribosomal scanning” type
mechanism which generally precludes translation of AUGs downstream of
the first AUG in “good” context (discussed above).

Many eukaryotic viruses, both plant and animal, synthesize polycistronic
mRNA and, given the ribosomal scanning hypothesis, it would seem to be an
inefficient process to insure their survival. However, many of these viruses
have evolved mechanisms for bypassing the restrictions in eukaryotic trans-
lation initiation (Kozak, 2001). One mechanism uses sequence-specific sites
within the polycistronic mRNAs to begin translating internal exons. These
sites, called IRESs (Internal Ribosome Entry Site) allow the virus to trans-
late virtually all of the proteins encoded in the polycistronic mRNA using
host machinery. Although there have been some reports of similar sequences
present in eukaryotic mRNAs, very few have been rigorously tested, and it is
uncertain whether they actually function as IRESs or whether a portion of
the initial transcripts originate from other TSSs within upstream introns, thus
appearing to function like IRES (reviewed in Kozak, 2002 and Kozak, 2003).
Another mechanism used by eukaryotic viruses is that of translating poly-
cistronic mRNAs into a single, polyprotein which is subsequently cleaved
into individual proteins. Polyproteins are found naturally in yeast, for exam-
ple in the mating factor α pheromone (Kurjan and Herskowitz, 1982), and
animal hormones such as vasopressin and oxytocin (Richter, 1983) among
others. In plants the best example of a polyprotein comes from studies of the
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copia-type retrotransposons which encode a polyprotein consisting of a
protease, integrase, reverse transcriptase and RNase H (Boeke and Corres,
1989). Another polyprotein paradigm is found with the mitochondrial
ribosomal small subunit protein, RPS14. In some plants, e.g., broad bean
and pea, the gene is located in the mitochondrial genome (Wahleithner and
Wolstenholme, 1988; Hoffmann et al., 1999), but in others like Arabidopsis,
maize and rice the gene is encoded in the nucleus (Figueroa et al., 1999; Kubo
et al, 1999). In rice and maize, rps14 has integrated between two exons of
succinate dehydrogenase subunit B (SDHB), and two alternatively spliced
transcripts are generated from this locus. One of the transcripts encodes a full
length SDHB, while the other encodes a chimeric protein consisting of the
RPS14 polypeptide fused to the C-terminus of the SDHB pre-protein,
creating a nearly full-length SDHB which is missing a small portion of its 
C-terminal end (Figueroa et al., 1999; Kubo et al., 1999). The polyprotein 
is processed into a functional RPS14 protein in mitochondria (Figueroa
et al., 2000).

By definition a polycistronic transcript contains more than one coding
sequence or more than one functional RNA, but there are several ways to
render multiple products from a single RNA (Fig. 2.3). For example, mRNAs
which are alternatively processed into two or more derivative polypeptides
could be said in the strictest sense to be dicistronic. In plants a good example
is represented by the chloroplastic ascorbate peroxidase locus (ApxII) in
spinach (Ishikawa et al., 1997). Two isoforms of chloroplastic ascorbate per-
oxidase exist, one encoding a stromal isoform and one encoding a thylakoid
enzyme. Both isoforms are derived from a single 8.5 kb transcript by a mech-
anism of alternative splicing known as exon skipping. In this case the stromal
enzyme contains exons 11 and 12 (predominately noncoding), while exon 12
is deleted from the thylakoid isoform by an alternative 3′ splice site, thus join-
ing exons 11 and 13. The alternative splice event by deleting exon 12 with its
associated poly(A) site allows a second polyadenylation site at the end of
exon 13 to become functional. The biological significance of this example lies
in the altered location of the two isoforms within the chloroplast.

Bacteria and viruses commonly utilize overlapping polypeptides translated
from a single RNA in different frames (also known as re-coding) as a mech-
anism for compressing genetic information (Normark et al., 1983). Although
this type of mechanism technically requires a bicistronic mRNA, it is (very
rarely) seen in eukaryotic nuclear-encoded mRNAs (Dillon, 1987). For example,
in human fibroblasts the anti-enzyme (antizyme) for onithine decarboxylase,
an enzyme involved in polyamine metabolism, is encoded by a single mRNA
containing two overlapping reading frames. A very precise frameshift is
required to move the ribosome from the initiator AUG of the first open reading
frame (ORF) to the second ORF (Rom and Kahana, 1994). The success of
this action depends on the frameshift occurring exactly one base before the
stop codon of the first ORF, and also involves the six codons and a pseudoknot
that follow the stop codon (Ivanov et al., 2000). It is not known at this time
whether or not plant polyamine metabolism utilizes a similar mechanism.
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This contrasts with a more common form of gene overlap where RNAs
are transcribed from both strands of the same gene, although the overlapping
region is usually short (< 300 b). A good example of this type of overlap is
represented by the OTC and AUL1 genes in Arabidopsis (Quesada et al.,
1999).

Another type of multicistronic mRNA is represented by genes that encode
a second polypeptide within an intron which gives rise to a polypeptide
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RBS RBS RBSProtein 1 Protein 2 Protein 3

Exon 1 Exon 2

Normal Protein
Derivative Protein

uAUGs AUG AUGUAA UAA

GK GPR

Fused Protein

Exon 2 Exon 3
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FIGURE 2.3. Different types of polycistronic mRNAs are illustrated. Exons: boxes;
introns and intergenic regions: solid and dotted lines; protein products are shown
below the transcripts. RBS: ribosomal binding site; AUG: initiator codon; UAA:
translation stop codon. A. A typical prokaryotic polycistronic mRNA from an
operon encoding three proteins is shown. B. Alternative acceptor splice sites in the
mRNA generate two related polypeptides. C. An mRNA encoding ORFs within the
yeast (S. cerevisiae) Intron 2 [Group II organellar intron] of the coxI gene. White
boxes: exons of the primary protein; shaded/hatched boxes: intron ORFs. P: protease-
like region; Z: non-long-terminal repeat retroelement; RT: reverse transcriptase
domain; RBP: putative RNA intron binding domain; ZFL: zinc finger-like region. D.
The organization of the putative bicistronic ∆1-pyrroline-5-carboxylate synthetase
mRNA of tomato. GK: γ-glutamyl kinase; GPR: γ-glutamyl phosphate reductase;
uAUG: upstream AUG.
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different from that of the normally processed transcript. The most common
examples of this type of bicistronic mRNA are found in the self-splicing
introns of bacteria and eukaryote organelles, both mitochondria and chloro-
plast. Group I introns encode proteins exhibiting site-specific endoDNase
activity (Lambowitz and Belfort, 1993). Polypeptides encoded within the
Group II introns contain domains homologous to reverse transcriptase and
Zn-finger proteins (Mohr et al., 1993). Both types of polypeptides appear to
be involved with intron movement and/or transfer. Except for the previously
mentioned rps14 gene, no documentation of such polypeptides encoded by
introns in other genes transcribed by RNA pol II has been reported.

Small nucleolar RNAs (snoRNAs) are a class of noncoding RNAs believed
to be of ancient origin with distinct cellular functions, including 2′-O-methy-
lation of various RNAs, processing of rRNA transcripts, and synthesis of
telomeric DNA (reviewed in Kiss, 2002). In vertebrates and yeast, the major-
ity of snoRNAs are encoded individually in introns from which they are
processed by exonucleolytic trimming of linearized snoRNA-containing
intron lariats (Kiss and Filipowicz 1995; Maxwell and Fournier 1995). A few
non-intron located snoRNAs are present in vertebrates, and they are transcribed
from their own promoters using RNA pol II. In contrast, most of the plant
snoRNAs are clustered and are transcribed into single polycistronic RNAs
(reviewed in Brown et al., 2003). The rare individual (non-clustered) plant
snoRNAs, e.g., U3, are transcribed by Pol III (Kiss et al., 1991), but it is not
yet known which RNA polymerase transcribes the clustered snoRNAs.
Polycistronic snoRNA transcripts are processed by a mechanism that is inde-
pendent of splicing (Leader et al., 1997; Leader et al., 1999; Brown et al., 2001;
Kruszka et al., 2003). A novel type of organization of these genes in rice
(Oryza sativa L.) has been recently reported (Liang et al., 2002), where four of
the six identified snoRNA clusters were found in introns. This observation
appears to be unique to plants, and, like their non-intron counterparts, these
clusters were also transcribed as polycistronic RNAs.

2.3.2. Classical Bicistronic mRNA(s) in Plants
2.3.2.1. A prokaryote-like ∆1-pyrroline-5-carboxylate synthase in tomato

Perhaps the earliest report of a bicistronic mRNA in plants was the discovery
of a locus in tomato (tomPro1) encoding a ∆1-pyrroline-5-carboxylate
synthase (P5CS) that was synthesized as a single mRNA separately encoding
the γ-glutamyl kinase (GK) and γ-glutamyl phosphate reductase (GPR)
activities associated with P5CS, normally a bifunctional enzyme catalyzing
the first step in proline synthesis (García-Ríos et al., 1997). The P5CS
enzyme in other plants such as Arabidopsis and Vigna aconitifolia is a hybrid
enzyme with GK activity located at the N-terminal end of the polypeptide
and GPR activity at the carboxy-terminus (Hu et al., 1992; Savouré et al.,
1995; Yoshiba et al., 1995). Unfortunately, only antibody to the GK activity
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was available in the tomato study, and the resulting polypeptide observed in
Western blots was somewhat larger than predicted. It is, therefore, not
known whether two separate polypeptides are synthesized in vivo and only
the GK protein detected, being somewhat larger due to posttranslational
modifications, or whether only a single, hybrid molecule is synthesized
(Fig. 2.3C). These observations are complicated by subsequent studies in
tomato that uncovered a second locus, tomPro2, which, like Arabidopsis and
V. aconitifolia encodes a hybrid enzyme (Fujita et al., 1998). The significance
and relationship between the two tomato loci are not clear, and the possibility
that the tomPro1 transcript is processed to yield two separate RNAs or has
an alternative TSS has not been rigorously excluded. If the tomPro1 locus
encodes a single hybrid polypeptide, it must arise from a mechanism like
translational frame-shifting (a termination codon is present at the end of the
GK coding region just 5 bases upstream of the ATG translation initiation
codon of the GDR coding region); on the other hand, if two separate
polypeptides are synthesized, then a ribosomal re-initiation mechanism
must be operating.

The origin of tomPro1 is also of interest, since it appears to have more
homology to bacterial proA loci, than to plant P5CS genes. If, as the authors
speculate, tomPro1 originated by horizontal gene transfer from a bacterium,
then fusion of the GK-GDR activities seen in the monocistronic tomPro2
and other plant homologs of the hybrid P5CS gene must have occurred
before the monocot-dicot split. It would then appear that the origin of
tomPro1 is a fairly recent event possibly occurring before or right after the
divergence of the Solanaceae. The timing of the origin of tomPro1 will
depend on whether or not homologs can be detected in other dicot species.
BLAST analysis of the tomPro1 nucleotide sequence against the plant EST
and Arabidopsis genome databases with the expected value set to 10 did not
reveal any related genes (Bassett, personal observation), suggesting that
tomPro1 may be a feature restricted to the Solanaceae.

2.3.2.2. Multiple Bicistronic mRNAs in the Arabidopsis Genome

A recent genome-wide survey of Arabidopsis revealed some unexpected
features associated with the cytochrome P450 monooxygenase (P450) gene
family transcript structure (Thimmapuram et al., 2005). Of the 272 individual
P450 genes, transcripts from six of these genes contained more than one gene
locus. Some of these loci represented tandem P450 gene family members,
while others represented known or hypothetical loci lying 5′ of a P450 gene.
In some cases the proteins are predicted to be translated into individual
polypeptides; however, in at least two cases, conceptual translation of the
bicistronic transcript predicts fusion proteins, one containing a P450 protein
fused to an O-methyl transferase, and one containing two P450 proteins
joined to create duplicate heme-binding domains (summarized in Table 2.1.).
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Alignment of over 13,000 full-length cDNA clones with the Arabidopsis
genome further identified 58 loci (almost 0.4% of the annotated genome)
having transcripts containing more than one gene. Nearly three-quarters of
these transcripts originate in cDNA pools from stressed plants.

2.4. Conclusion

Transcript initiation, mRNA biogenesis, and the many aspects of transla-
tional regulation of gene expression are far more complex than anyone
believed in recent years. The ongoing sequencing of the genomes of various
plants and animals has revealed insufficient numbers of genes needed to
encode the observed proteomes in these same organisms. The rapidly grow-
ing knowledge base related to transcriptional, posttranscriptional, transla-
tional, and posttranslational regulation of gene expression has demonstrated
that the observed differences between known genes and their cognate proteins
is attributable, at least in part, to multiple TSSs, alternative transcript pro-
cessing, differences in cytoplasmic/nuclear stability, and functional uORFs.
As refinements in transcription and translation assays are made, the resulting
increase in sensitivity and resolution will reveal further details pertaining to
these critical biochemical events and help us better understand the relation-
ship between gene expression and cellular complexity. Perhaps the greatest
need for biologists in the near future is to develop mechanisms for collating,
processing and extracting usable information from the massive accumulation
of data associated with current and future genomic projects. It is possible that
further developments in the creation of artificial intelligence will lead to ways
in which all this information can be managed. Similarly, creating extensions
of our own intelligence through implanted microchips or nano-processors
may be a better alternative.
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3
Alternative Processing 
as a Mechanism for Regulating 
Gene Expression

Eliezer S. Louzada

3.1. Introduction

Alternative splicing (AS) is widely accepted to play an important role in the
regulation of gene expression in higher organisms and to be responsible for
the protein diversity necessary to maintain the complexity of life. The unex-
pected observation that the number of human genes was not in the hundreds
of thousands, but in the range of ca. 25,000, created an apparent discrepancy
between gene numbers and organismal complexity. It was difficult to explain
how such a simple worm like Caenorhabditis elegans could have almost 20,000
genes compared to the relatively low number in highly complex humans.
Although there are other mechanisms that generate protein diversity, AS is the
most important (Grabowski and Black, 2001) because it can modulate tran-
script expression levels by marking transcripts for degradation via nonsense-
mediated decay (NMD), and modify the structure of gene products by
inserting or deleting protein domains (Stamm et al., 2005). Even though, in
most cases, a direct link between AS and its function in regulating a specific
pathway or process is not known, it is clear that AS is essential for guarantee-
ing the complexity of an organism and for insuring proper organ functioning,
as well. A global analysis of human genes indicates that the majority of AS is
involved in transmission, reception and response to cellular signals, with
prevalence seen in immune and nervous systems which are involved in pro-
cessing a large amount of information (Moderek et al., 2001). Dscam, a gene
involved in brain wiring in Drosophila and homologous to a human gene, can
potentially generate more than 38,000 isoforms (Schumucker et al., 2000),
indicating the importance of AS in gene regulation.

In plants AS is not as well studied as in mammalian systems; however,
recent estimates indicate that 20–25% of Arabidopsis and rice genes are alter-
natively spliced (Wang, 2005). Probably this percentage will increase as further
research uncovers additional examples of AS. AS has been reported in potato
(Bournay et al., 1996), wheat (Mastrangelo et al., 2005), tobacco (Dinesh-
Kumar and Baker, 2000), apple (Zhang et al., 2003), tomato (Snedden and
Blumwald, 2000), maize (Grotewold et al., 1991), and several other plant
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species, indicating that this is also a widespread mechanism for gene regula-
tion in plants. Zhou et al., (2003) performed an extensive literature survey and
found, at that time, 168 genes were reported to be alternatively spliced in
plants across 44 species. The majority of the genes were related to cell growth
and/or maintenance, cell communication, and plant development.

In this review we examine the body of knowledge about AS in plants,
including mechanisms for its regulation, mode of action and possible func-
tional significance, as well as the relation of AS to stress. Additionally, AS in
other organisms will be included for further enlightenment on this important
process. The different types of alternative splicing will be referred to in this
chapter as AS, unless the meaning is compromised by the abbreviation.

3.2. Regulation of Alternative Splicing

The regulation of AS is a very complex process with multiple control mech-
anisms requiring the appropriate positioning of sequence elements, binding
sites for small nuclear ribonucleoproteins (snRNPs), and the participation of
numerous splicing factors. AS is precisely regulated in a tissue-specific 
and developmental stage-specific manner, and, therefore, changes in the rela-
tive levels of alternatively spliced isoforms are expected to affect cellular
functions (Nissim-Rafinia and Kerem, 2002).

3.2.1. Splice Site Recognition
The precise processing of a pre-mRNA, with the removal of intron sequences
is crucial for the synthesis of native proteins and for the transport of the
mature mRNA from the nucleus to the cytoplasm (Müller et al., 1998). The
cellular machinery responsible for this tightly regulated process is called the
supraspliceosome which is composed of four spliceosomes assembled
together by pre-mRNA (Sperling et al., 1997; Müller et al., 1998; Azubel
et al., 2006). It is suggested that the supraspliceosome functions as a “rolling
model” where, in a multi-intronic pre-mRNA after the simultaneous process-
ing of four introns, the RNA rolls, placing a new subset of introns in the
correct position to be processed (Azubel et al., 2006). This proposed single
model supports the hypothesis that in early stages of spliceosome assembly
there is a need for communication between splicing factors binding the 3′ and
5′ splicing sites bordering an exon (Robberson et al., 1990). The complexity
of the splicing mechanism is remarkable, requiring accurate recognition of
consensus sequences in the 5′ (AG/GTAAG) and 3′ (TGCAG/G) splice sites.
Even though sequences with similarity to the consensus might be found at
high frequency in many positions of a pre-mRNA, this alone does not
guarantee that a particular sequence will be chosen for splicing (Miriami
et al., 2002). This in turn suggests that there are mechanisms to prevent the
selection of wrong sites and facilitate the selection of the right one.
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Intron splicing mechanisms are similar in principle among vertebrates;
however, the recognition sequence varies greatly even among closely related
organisms. Plants and animals seem to share some similarities, but the mecha-
nism is not identical. Pre-mRNA of the oat phytochrome type 3 and maize
bronze locus are accurately spliced with moderate efficiency in a human HeLa
cell nuclear extract, while the pre-mRNA of bean phaseolin is not spliced at all
(van Santen and Spritz, 1987). Goodall and Filipowicz (1991) reported that a
mammalian GC-rich intron is efficiently processed in maize but is completely
inactive in N. plumbaginifolia protoplasts. Additionally, a human growth hor-
mone (hGH) RNA precursor could not be spliced in sunflower tissue (Barta
et al., 1986). This difference in the ability of plants to properly process pre-
mRNA substrates from animals and the fact that pre-mRNA from some
plants, but not from others, can be processed in animal systems indicate that
there are differences in the RNA-processing mechanism among organisms. The
monocot, maize, is able to recognize and splice many introns that are poorly or
not spliced at all in the dicot Nicotiana plumbaginifolia, indicating that
substantial differences in splicing requirement exist between plants and that
monocots appear to have a more relaxed splicing system (Goodall and
Filipowicz, 1991). Keith and Chua (1986) reported that a ribulose-1,5-bisphos-
phate carboxylase small subunit gene (rbcS) from wheat is inefficiently processed
in tobacco, while a rbcS from pea is properly processed. The alcohol dehydro-
genase gene (Adh-1) from maize is even more poorly processed in tobacco than
rbcS from wheat. Even among plants from the same taxonomic group, differ-
ences in splice mechanisms can be observed. Most monocots and dicots do not
require a strict branchpoint like the one in yeast or a highly conserved
polypyrimidine tract like that observed with human introns (Goodall and
Filipowicz, 1989, 1991; Wiebauer et al., 1988; Krämer, 1996). However, a
potato invertase gene required a strong branchpoint and a U-rich polypyrimi-
dine tract for inclusion of the 9-nucleotide-long mini-exon in the open reading
frame (ORF) (Simpson et al., 2002, 2004). The same U-rich sequences (U11)
were found to be abundant in both Arabidopsis and maize introns, and to play
a key role in intron splicing in maize (Ko et al., 1968). It was earlier proposed
that the precise recognition of 5′ and 3′ splice sites (SSs) in plant pre-mRNA
requires an AU rich sequence in the introns (Goodall and Filipowicz, 1989) and
a set position of the SS relative to the AU transition point (Lou et al., 1993;
McCullough et al., 1993). This requirement is stricter for dicots than for mono-
cots, where, even though the presence of AU-rich sequences facilitates splicing,
it is not an absolute requirement unless the SS sequences strongly deviate from
the consensus (Goodall and Filipowicz, 1991). Gniadkowski et al., (1996)
reported that insertion of U-rich, but not A-rich, segments could activate splic-
ing in a GC-rich synthetic intron regardless of the site of insertion.
Furthermore, replacement of one or two Us in the sequence UUUUUAU by
A or C had a strong inhibitory effect. The contrast between the U-richness in
the intron and the flanking exons determines splicing efficiency, with U-rich
sequences being much more effective than A-rich sequences (Ko et al., 1968).
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Recognition of the 3′ SS in the Adh1 gene intron expressed in tobacco is
position-dependent in relation to the AU-rich elements. The 3′ (acceptor site)
intron boundary (AG/) is defined by multiple AU elements positioned
between −66 and −6 nucleotides relative to the 3′ SS. Replacement of U by A
residues in these elements activates a cryptic SS upstream in the intron (Lou
et al., 1993). Moreover, studies using the pea rbcS3A intron 1 and the first
and second exons indicate that the strength of the U tract immediately pre-
ceding the 3′ terminal CAG is an important factor in 3′ SS definition.
Replacement of nine U residues by A in the position −4 to −17 upstream from
the 3′ SS activates two cryptic exonic SS in the downstream exon. The pres-
ence of U-rich sequences upstream of SS in plants, animals and yeast has an
important role in 3′ SS selection (Bayton et al., 1996).

At the 5′ (donor) splice site, maintenance of complementarity of the 5′
consensus sequence to the U1-small nuclear RNA (U1-snRNA), is an impor-
tant determinant of 5′ splice site selection (McCullough et al., 1993; Zhuang
and Weiner, 1986). Moreover, the actual splice site is chosen on the basis of
its agreement to the consensus sequence and its position relative to the AU
transition point (McCullough et al., 1993). The intron boundaries are ini-
tially established by recognition of the transition between the AU-moderate
exon and AU-rich intron sequences and subsequently defined by their inter-
action with snRNA and other splicing factors (McCullough and Schuler,
1997). There is also evidence that, as in animals, a strong branchpoint is
required for the recognition of the 5′ SS (Simpson et al., 1996; Simpson et al.,
2002; Simpson et al., 2004). Simpson et al. (1996) suggested that a possible
role of the AU-rich sequence is to stabilize the U1-SnRNP-5′ splice site inter-
action. Undoubtedly, U1 snRNA is closely associated with the 5′ SS selec-
tion. The 5′ end of U1 snRNA recognizes the 5′ splice site in the pre-mRNA
by complementary base pairing (Ko et al., 1998). U1 is part of a variety of
small, nuclear RNAs (U1, U2, U4, U5, U6 have been well characterized) and
nuclear proteins which are intimately associated with the RNA precursor
during the pre-mRNA splicing and spliceosome assembly. There are a multi-
tude of snRNA species in plants with great variation in molecular weight.
For example, dicot plants contain multiple U1 snRNAs that are smaller than
the ones in monocots, while both groups have multiple U5 snRNAs that are
in the same size range. Dicots express only a few U4 snRNAs, while mono-
cots have multiple U4 genes. All plant nuclei contain a single U6 snRNA
(Egeland et al., 1989). Additionally, monocot and dicot U1 and U2 snRNAs
are distinct entities that may associate with specific monocot and dicot
snRNP proteins (Musci et al., 1992). While it is not yet clear how these
snRNAs work on plant pre-mRNA, it is possible that, as in mammals, most
of them are involved in the SS recognition and splicing process in plants. In
the mammalian system, the 5′ splice site and the branchpoint are partially
recognized by base-pairing with U1 and U2 snRNAs, respectively, generating
the pre-spliceosome. U4 mediates the entry of U6, together with its three
snRNP partners and U5, into the spliceosome to replace U1 at the 5′ SS.
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Subsequently, U6 and U2 form a base-pairing interaction that juxtaposes the
5′ SS with the branchpoint, and finally U5, via interaction with its loop,
promotes the binding of the exons (McConnell and Steitz, 2001).

3.2.2. Factors Affecting Canonical and Alternative Splicing
Canonical and AS are tightly regulated by a multitude of splicing factors (SF)
distributed in nuclear domains known as splicing factor compartments or
“speckles” (George-Tellez et al., 2002; Ali et al., 2003; Docquier et al., 2004;
Lorković and Barta, 2004). In mammalian cells the speckles are highly
dynamic structures with splicing factors being rapidly recruited from speckles
to the site of transcription after gene activation (Misteli et al., 1997).
Recruitment of an essential splicing factor, such as a serine/arginine-rich (SR)
protein, from nuclear speckles involves the dissociation of the SF from the
speckles by phosphorylation of the SR domain. Its subsequent association
with the target RNA is mediated by RNA-recognition motifs (RRM) (Misteli
et al., 1998) present in the protein. Tillemans et al. (2005) demonstrated that
the SR and RRM domains in Arabidopsis SR proteins have a conserved role
in targeting the protein to nuclear speckles. Compartmentalization of plant
splicing factors in speckles has been documented by several studies (Ali et al.,
2003; Docquier et al., 2004; Lorković and Barta, 2004). Fang et al. (2004)
demonstrated that protein components from plant speckles rapidly exchange
with the nucleoplasmic population, and over time merge, bud, disassemble, or
reassemble at a new site; however, all these dynamic events ceased when tran-
scription was blocked, indicating the close relationship of speckles’ dynamics
with transcription.

In AS, distinct combinatorial sets of generic pre-mRNA splicing factors
are recruited to sites of alternatively spliced transcripts and contribute to the
splicing outcome. This combinatorial model is valuable because it accounts
for the fact that cells can rapidly adjust the splice outcome in response to
intracellular and extracellular signals by modulating the binding of existing
splicing factors without the need of de novo synthesis (Mabon and Misteli,
2005). Shinozaki et al. (1999) studied the expression of a tyrosine kinase
(trk) during neural differentiation in embryonal carcinoma cells and
observed that the stoichiometric balance of novel and/or general splicing-
associated factors could be associated with AS of trk transcripts during
differentiation.

Park et al. (2004) examined the role of more than 70% of the Drosophila
RNA-binding-proteins in regulating AS and identified 47 as splicing regula-
tors, 26 of which had not been previously implicated in AS. They found that
fluctuation in concentration or activities of core components of the spliceo-
some, such as U1 snRNP, U2 snRNA auxiliary factor (U2AF), a component
of the U2/U6 snRNP, and other proteins, affected AS. Additionally, they
observed that AS of different regions in a single pre-mRNA could be
regulated by overlapping but distinct sets of proteins.
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Wang and Brendel (2004) identified 109 splicing factors and 60 splicing
regulators in Arabidopsis in addition to many other protein-coding genes
related to splicing. Lorković and Barta (2002) previously identified 46 pro-
teins involved in Arabidopsis splicing. Around 50% of the splicing-related
genes were duplicated in Arabidopsis with an even higher percentage for the
splicing regulators, suggesting that, although the splicing mechanism is
generally conserved among plants, the regulation of splicing may be more
variable and flexible (Wang and Brendel, 2004).

SR proteins are by far the most well characterized splicing factors, and
heterogeneous nuclear ribonucleoproteins (hnRNPs) and SR protein kinases
are the most frequently studied splicing regulators. Splicing regulators are
proteins that can either modify splicing factors or compete for their binding
sites (Wang and Brendel, 2004). SR proteins are a highly conserved family of
essential SFs present in all eukaryotes with the exception of budding yeast
(Mabon and Misteli, 2005). They contain one or two RNA-binding domains
(RRM domain) and a variable-length arginine/serine-rich domain (RS
domain). There are other RS-domain-containing proteins distinct from the
SR protein class which are involved in various aspects of pre-mRNA pro-
cessing (Gravely, 2000). SR proteins are the most versatile SFs with multiple
functions reported during the splicing process. For example, one function
involves cooperation with U1snRNP to define the functional 5′ interaction
with U2AF to promote and/or stabilize complex assembly at the 3′ SS; a sec-
ond function is bridging the 5′ and 3′ SS to form stable commitment com-
plexes (Fu, 1995). Furthermore, SR proteins are also involved in mRNA
transport, stability and translation (Huang, et al., 2003; Lin et al., 2005).

At least 19 SR proteins are present in Arabidopsis (Lorković and Barta,
2002; Kalyna and Barta, 2004) and 20 in rice (Isshiki et al., 2006), of which
six display plant-specific characteristics. Most of the SR proteins and other
splicing-related genes are themselves alternatively spliced. Wang and Brendel
(2004) reported that 30.8% of splicing-related genes in Arabidopsis were
themselves alternatively spliced. Alternative splicing in SR-coding genes was
also reported in rice (Isshiki et al., 2006), maize (Gao et al., 2004; Gupta
et al., 2005), and Arabidopsis (Lazar and Goodman, 2000), suggesting that
AS contributes to diversification of splicing factors and to autoregulation of
their expression levels. Two SR-coding genes from maize, zmRSp31A and
zmRSp31B, are alternatively spliced, and most of the spliced transcripts are
predicted to produce small proteins lacking the RS domain. Curiously, the
wild type mRNA, which encodes the SR domain, is present only in the total
RNA pool, while some of the smaller AS transcripts are present only in the
polysomal fraction, suggesting that some of these spliced transcripts are
translated (Gao et al., 2004). Each splicing pattern may be unique to each SR
protein, as different SFs may stimulate splicing in different regions. In vivo
assays in rice protoplasts with plant-specific RSp29 and RSZp23 show that
RSp29 enhances splicing at the distal site, while RSZp23 stimulates splicing at
the proximal site (Isshiki et al., 2006).
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The diversification of function of SR proteins may be a result of both their
structure (one or two RRM domains plus the RS domain) and their alterna-
tive splicing patterns. Variability in amino acid composition in submotifs of
the RRM region in the same SR protein family, as observed in rice (Isshiki
et al., 2006), might further contribute to diversification and specificity.
Recent studies by Liu and Manley (2005) added an extra function for SR pro-
teins beyond their role in splicing. They observed that depletion of the SR
protein ASF/SF2 from chicken cells caused the accumulation of high-
molecular-weight DNA fragments and the formation of R-loop structures,
leading to hypermutation phenotypes. Lack of ASF/SF2 might loosen or
destabilize the pre-messenger ribonucleoprotein particles (pre-mRNPs),
exposing regions of the RNA to template DNA and forming R loops.
Overexpression of RNase H in these cells suppressed the observed genomic
instability. The authors suggest that ASF/SF2 prevents R loop formation by
binding to nascent pre-mRNA, thus preventing the transcripts from associating
with template DNA.

3.2.2.1. Splicing Factors and Phosphorylation

Individual SR proteins, in addition to functioning as essential splicing fac-
tors, interact with splicing regulators to control alternative splicing (Tian and
Maniatis, 1993). Early studies demonstrated that the association of SR proteins
with the splicing regulators Tra and Tra2, products of transformer and
transformer 2 genes, were essential to direct the alternative splicing process
responsible for sex determination in Drosophila (Du et al., 1998). Tra and
Tra2 act by recruiting SR proteins to regulatory elements located down-
stream of a female-specific 3′ splicing site (forming a splicing enhancer com-
plex) in the doublesex (dxs) pre-mRNA; binding of these proteins promotes
female-specific splicing of dxs (Tian and Maniatis, 1993). Phosphorylation of
the SR protein by SR protein kinase is required for normal dsx splicing.
Reduction of the activity of the kinase induces the production of male- and
female-specific forms of dsx mRNA (Du et al., 1998). The state of phospho-
rylation of the SR protein splicing factor is intimately associated with its
function and is closely tied to its ability to coordinate gene expression.
Overexpression of two members of the Clk mammalian kinase family, hClk2
and hClk3, causes the redistribution of SR proteins in the nucleus, and may
increase the nucleoplasmic concentration of splicing factors, thus changing
the balance of factors available to modify SS selection at a particular pre-
mRNA (Duncan et al., 1998). Dephosphorylation of SRp38, a conserved SR
protein in vertebrates, has a crucial role in HeLa cell survival under heat
stress by promoting interaction of SRp38 with the U1 snRNP protein and
interfering with 5′-splice site recognition. As a result, alternative splicing is
suppressed. SRp38 probably represses AS after heat shock, in part, to prevent
the possible accumulation of inaccurately spliced mRNA (Shin et al., 2004).
It is clear that changes in the phosphorylation state will interfere with gene
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expression via SR proteins. Mutation in a gene encoding protein kinase Akt2
in humans is associated with severe insulin resistance and diabetes (George
et al., 2004). Akt2 directly phosphorylates SRp40 and promotes the inclusion
of an exon in a gene encoding the protein kinase CβII (PKCβII), which
affects its subcellular localization and substrate specificity. Insulin increases
phosphorylation of Akt2 by 3-fold and is an activator of Akt2 and other SR
kinases (Patel et al., 2001; Patel et al., 2005). Mutation of the Akt2
phosphorylation site in SRp40 attenuated PKCβII exon inclusion (Patel
et al., 2005).

The cyclic phosphorylation/dephosphorylation of SR proteins is vital during
mRNA processing and export. Hyperphosphorylated SR proteins are
recruited to pre-mRNA where they take part in splicing. After splicing they
are dephosphorylated and, as hypophosphorylated forms, they participate in
the transport of the mRNP to the cytoplasm. Upon completion of transla-
tion they are re-phosphorylated by SR kinase and transported to the nucleus
(Huang and Steitz, 2005). Endogenous SR protein kinases are mainly local-
ized in the cytoplasm which is critical for nuclear import of SR proteins. The
bipartite SR protein kinase catalytic core is separated by a spacer sequence
which guarantees its location in the cytoplasm. Removal of the spacer
induces the translocation of the kinase to nuclei, causing aggregation of
splicing factors and general inhibition of gene expression due to excessive SR
kinase activity (Ding et al., 2006).

3.2.2.2. Interactions Define Splicing Outcome

The splice outcome of a particular precursor mRNA is the result of complex
protein-protein and protein-RNA interactions, with proteins binding to spe-
cific regulatory sequences in the pre-mRNA, followed by recruitment of
splicing factors and splicing regulators to the sites of transcription.
Alternative splicing is regulated in a combinatorial fashion by the action of
auxiliary signals and factors. The auxiliary signals can be classified according
to their location in the pre-mRNA (intron or exons) and their function
(inducers or repressors), for example as exonic splicing enhancers (ESE, usu-
ally purine-rich sequences), exonic splicing silencers (ESS), intronic splicing
enhancers (ISE), and intronic splicing silencers (ISS) (Hui and Bindereif,
2005). These signals are sequence elements containing binding sites for splic-
ing factor and regulator proteins (Fig. 3.1). The binding sites are sometimes
very peculiar with overlapping sites having positive or negative effects
depending on which proteins bind to them. This creates a system of regula-
tion that can respond to a small variation in the relative concentration of a
single regulatory factor (Expert-Bezançon et al., 2004). Antagonism between
splicing factors that recognize the negative and positive elements, in conjunc-
tion with the strength of the association of the proteins/signals and the
strength of the SS, will affect SS choice (Zhu and Krainer, 2001). Canonical
exons usually have strong SSs, eliminating the need of other cis elements for
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splicing; however, alternatively spliced exons are frequently weak, leading to
exon exclusion. A weak SS on one side of an exon can adversely affect the
removal of an intron on the other side; alternatively, a strong SS on one side
of a exon can promote the removal of the intron on the other side. In the case
of a suboptimal SS, ESEs play an important role in upstream and down-
stream intron removal (Selvakumar and Helfman, 1999). Additionally, the
relative strength of SR protein-mediated association with alternative and
canonical exons will also contribute to defining an alternative splicing pattern
(Starks et al., 1999). The strength of an ESE depends on the relative activi-
ties of the bound SR splicing factor, the number of SR proteins within the
ESE complex, and the distance between the enhancer and the intron.
Moreover, different SR domains in the SR protein have different potency in
activating the 3′ SS from a downstream binding site, depending on the num-
ber of alternating arginine and serine residues and, to some degree, on the
length of the RS domain (Graveley et al., 1998). Some exons contain multi-
ple ESEs; however, only one ESE complex at a time is able to interact with
the spliceosome. The function of multiple ESEs is to increase the probability
of interaction between the ESE complex and the splicing machinery (Hertel
and Maniatis, 1998). Humphrey et al. (1995) studied the effect of a 32-
nucleotide ESE on the regulation of alternative splicing of a large exon from
a human gene containing two 5′ splicing sites separated by 687 nucleotides.
They found that the presence of the ESE was necessary for activation of the
internal SS only in the presence of a competing SS and that the ESE had no
effect on 5′ SS usage when placed downstream of both SSs. In the absence of
the internal SS, the ESE activated a normally silent cryptic SS near the natu-
ral internal 5′ SS. This indicates that ESE stimulates upstream 5′ SS selection.
When two ESEs, the 32-nucleotide and a similar 30-nucleotide ESE, were
positioned between the two competing 5′ SSs, the 32-nucleotide ESE
stimulated the upstream 5′ SS, while the smaller ESE activated the
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downstream 5′ SS. The difference between the two ESEs responsible for the
specificity for one SS or the other was a simple GAG/A repeat at the 3′ end
of the ESE. This indicates that small differences in ESE sequences can
significantly affect splicing choices (Elrick et al., 1998). The ESE/SR protein
complex can also function as a barrier to prevent exon skipping and may play
a role in guaranteeing the correct 5′→3′ linear order of exons in spliced
mRNAs (Ibrahim et al., 2005).

hnRNPs are a large family of RNA binding proteins with several members
participating in alternative splicing regulation. Although a few members have
been described in plants (Lambermon et al., 2000; 2002; Lorković et al.,
2000; Landsberger et al., 2002), there have been no reports as yet of the
involvement of plant hnRNPs in splicing regulation. While most SR proteins
recognize ESEs and promote exon inclusion, some hnRNPs bind to ESSs and
block exon recognition (Zhu and Krainer, 2001); however, many other
members stimulate AS. In the human CD45 gene, exon 4 usage is suppressed
by hnRNP L, and mediated by an ESS (Rothrock et al., 2005). Exon 3 of the
HIV1 tat gene contains several elements with positive and negative effects on
splicing, and this juxtaposition of ESE and ESS elements in the same exon
seems to be a common phenomenon. hnRNP A1 mediates repression of
exon 3 by binding to an ESS. The presence of SF2/ASF and SC35 SR pro-
teins had differential effects. SF2/ASF seems to be able to displace hnRNP
A1 and promote the splicing of the exon, while SC35 complemented splicing
only after depletion of hnRNP or mutation of the hnRNP A1 site in the ESS
(Zhu and Krainer, 2001). The relative concentration of hnRNP A1 and the
SF2 SR protein precisely determines which 5′ SS is selected in a pre-mRNA
containing duplicated 5′ or 3′ SS: an excess of hnRNP favors distal 5′ SSs,
while an excess of SF2 promotes the use of a proximal 5′ SS. This antago-
nistic activity may play a role in tissue-specific and developmental control of
gene expression by AS (Mayeda and Krainer, 1992). The in vivo mechanism
for the precise removal of large introns from pre-mRNA is not very clear
because introns larger than 1kb are not efficiently spliced in vitro. Intronic
binding sites for hnRNP A/B (A/B binding sites [ABS]) and hnRNP F/H (F
binding sites [FBS]) can stimulate in vitro pre-mRNA splicing of large introns
by bringing the two ends of the intron together via association with hnRNP
A/B or hnRNP F/H proteins in a looping model. For some pre-mRNAs, the
splicing enhancing of the ABS or FBS elements requires their position in
both ends of the intron (Martinez-Contreras et al., 2006). Several other
exonic and intronic sequence elements serve as binding sites for splicing 
factors and regulators, and many others are still unknown. Short repeats 
of AC and GT are predicted to function as ISE in fish (Yeo et al., 2004).
Intronic CA repeats and CA-rich elements can function in the human
endothelial nitric oxide synthase (eNOS) gene as ISE or ISS depending on
their proximity to the 5′ SS. Short distances from the CA-sequence to the
alternative 5′ SS correlate with the silencer mode, while longer distances cor-
relate with the enhancer activity. These elements are recognized by hnRNP
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and activate 5′ SSs located upstream of the CA repeat (Hui et al., 2003; Hui
et al., 2005). Additional elements reported are groups of intronic G3s regu-
lating AS in human GH pre-mRNA (McCarthy and Phillips, 1998), intronic
UGG repeats coordinating splicing of CD44 alternative exons v8 and v9
(Galiana-Arnoux et al., 2005), and the exonic UAGG and the 5′-SS-proximal
GGGG motifs functioning cooperatively to silence the brain-region-specific
CI exon (Han et al., 2005). In rice, all cultivars with more than 18% amylose
have the sequence AGGTATA at the leader intron 5′ SS of the gene encod-
ing granule-bound starch synthase (GBSS), while all cultivars with lower
amylose content have the sequence AGTTATA. This single nucleotide sub-
stitution reduces splicing efficiency, resulting in alternative splicing at multi-
ple sites. The cultivar with multiple isoforms has a substantial increase in
mature GBSS transcripts at 18 ˚C compared to 25 or 32 ˚C. The difference in
amylose content of the two cultivars at 18 ˚C is much less pronounced than
at higher temperatures (Larkin and Park 1999). No association of this
sequence with RNA binding proteins has been reported to date.

3.3. Mode of Action of Alternative Splicing

Splicing of introns from precursor mRNA is a vital step for gene expression
and involves the recognition of 5′ and 3′ consensus sequences. Considering
the limited number of genes in highly complex organisms to carry on the
multitude of biochemical tasks and produce the large numbers of proteins
needed for life, diversification created by alternative splicing is critical for sur-
vival. Alternative splicing can result in skipping of exons, the retention of a
whole or part of an intron, the use of alternative 5′ or 3′ splicing sites, and
removal of internal fragments of exons, all of which significantly affect gene
expression.

Two common types of AS are recognized and two unusual types have also
been reported. The most common type of AS is the use of alternative donor
or acceptor splice sites (Fig. 3.2). Depending on whether an alternative donor
or acceptor site is used, either the 5′-most or 3′-most exon is extended, pro-
vided the splice does not change the reading frame. If the reading frame
changes, in most cases an in-frame stop codon is encountered and the protein
product is truncated at that point. The second most common type of AS
involves multiple introns and results in the skipping of one or more exons
(Fig. 3.3). In this manner proteins with altered domains or functional
regions/motifs can be generated. Of the two unusual modes of AS, intron
retention has been most often reported in plants. In general intron retention
results in the addition of a few amino acids due to translational read-through
at the exon-intron junction. Since for most proteins a stop codon is encoun-
tered somewhere within the retained intron, the protein is usually terminated
some distance from the 5′ end of the retained intron. The other exceptional
type of AS involves the removal of coding sequence as if it were an intron
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(Fig. 3.4) and, although rarely reported, has been described in both plants
and animals. This mode of AS may become more commonly recognized as
we develop a better understanding of how splice sites are identified and how
they are regulated.

3.3.1. Exon Skipping
The proper recognition of 5′ and 3′ SSs in a pre-mRNA is a crucial step for
splicing and for the production of mature translatable mRNA. Two main
recognition mechanisms have been proposed: exon definition and intron def-
inition. In the exon definition model, the exons are recognized as a unit as a
first step in spliceosome assembly, without the participation of introns. This
model requires a combined recognition of 3′ and 5′ SSs by recognition factors
and that the SSs are located 300 nucleotides or less apart (Fig. 3.3). If
no acceptable 5′ SS is found within 300 nucleotides upstream of the 3′ SS, no
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FIGURE 3.2. Illustration of the use of alternative donor and acceptor sites to generate
extended or truncated proteins. The mRNAs are shown with the donor and acceptor
sites indicated. Exons are shown as rectangles and the intron is shown as a hatched
bar. DS1 and DS2: alternative donor sites; AS1 and AS2: alternative acceptor sites.
Predicted products are shown below the mRNA. Amino acids added from the intron
are shown as a hatched square.
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recognition occurs and the result is exon skipping. This system only applies
to internal exons; the first and last exons may be recognized by additional
factors (Robberson et al., 1990). The majority of vertebrate exons are in the
limited size of 300 or less nucleotides (Hawkins, 1998); however, this size
requirement creates a problem for the recognition of vertebrate exons that are
larger than 300 nucleotides. Chen and Chasin (1994), studied the in vivo splic-
ing of several exons, ranging from 50 to 1,500 nucleotides and observed that
exons as large as 1,400 nucleotides were spliced. They concluded that exon
size is not a limitation for the exon definition mechanism and suggested that
factors bound to the two ends of an exon could promote communication
across the exon by looping. The intron definition model proposes that the SSs
are recognized as pairs across introns, independent of exons, before spliceo-
some assembly. In this case the intron is the unit of recognition, but the deci-
sion to use one system or the other will depend on the relative size of intron
and exons. The SSs can be recognized as pairs either across exons or introns,
whichever distance is shorter, and a pyrimidine-rich region upstream of the
3′ SS facilitates the exon mode. This system is proposed for small introns, and
intron/exon definition could operate in a single pre-mRNA (Telerico and
Berget, 1994). Large introns may be spliced by the formation of looping,
mediated by hnRNP, which bring the 5′ and 3′ SSs close together (Martinez-
Contreras et al., 2006). Miriami et al. (2003), studied 54 skipped exons and
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FIGURE 3.3. Mechanism of exon definition during splicing. (A) Exon definition
requires the simultaneous recognition of 5′ and 3′ SS across exon. After exon defini-
tion, mechanisms at the intron assure that the 3′ end of one exon is joined to the 5′
end of the next exon. (B) Disturbance in the interaction between any components of
the splicing machinery (shown in red) can induce exon skipping. (See Color Plates)
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identified two motifs, both in upstream and downstream introns of skipped
exons, which could promote base pairing intra- and inter-introns. They spec-
ulated that the exon-skipping decision from ‘on’ to ‘off’ could be by shifting
from base-pairing inter-intron to intra-intron base pairing. Howe and Ares
(1997) identified sequences in introns from yeast pre-mRNA that through
complementarity enforced exon inclusion and functioned as an internal
intron identity mechanism to promote correct pairing of SSs. Fox-Walsh
et al. (2005) demonstrated that in Drosophila and humans recognition of SSs
across introns ceases when the intron sizes are between 200 and 250
nucleotides. Beyond this limit the mechanism switches to recognition across
exons. Moreover, the length of the upstream intron is more influential than
the downstream intron in inducing alternative splicing. Furthermore, splicing
site recognition across introns is more efficient than across exons, stimulating
enhanced inclusion of exons with weak SSs.

It is important to realize that exon and intron definitions are basically
frameworks where a variety of different factors and sequence elements pres-
ent in exons and introns work cooperatively to promote recognition of the 
5′ and 3′ SSs. In a previous section of this chapter (3.2.2.2.) interactions
involving the recognition process and the importance of ESEs, ESSs, ISEs,
and ISSs were emphasized. These elements play an important role in splicing
of pre-mRNAs containing suboptimal SS. ESEs are recognized by SR pro-
teins and function as a barrier to prevent exon skipping (Ibrahim et al., 2005),
while ESSs are recognized by certain hnRNPs and block exon recognition
(Zhu et al., 2001). The presence of ESEs and ESSs together in the same exon
may be important for modulation of AS (Asai et al., 2003). Additionally,
some ESEs can take part in enhancing the second catalytic step of splicing
together with SR proteins in a proofreading role to ensure that the correct
order of exons is canonically or alternatively spliced (Crew et al., 1999).
There are fewer reports on ISEs and ISSs; however, they can promote,
suppress, or modulate pre-mRNA splicing by associating with different RNA
binding proteins (Swanson and Dreyfuss, 1988; Haut and Pintel, 1999;
Miyaso et al., 2003).

Splice site recognition in plant introns requires AU-rich sequence elements
with U residues contributing more than A, and the transition of AU-rich
introns to GC-rich exons to function as a SS recognition signal (Bayton et al.,
1996; Simpson et al., 1996; Ko et al., 1998). Additionally, in plants U-rich
intron elements can function as either a general U-rich signal or as a
polypyrimidine tract. Some plants require a branchpoint and a polypyrimi-
dine tract (Simpson et al., 1996; Simpson et al., 2002; Simpson et al., 2004).
In some plants, SS selection occurs primarily across introns (intron defini-
tion) and secondarily across exons (exon definition), in a combinatorial
process (McCullough et al., 1996; McCullough and Schuler, 1997; Carle-
Urioste et al., 1997). The combinatorial model for plant intron recognition
establishes that SSs, as well as intron and exon sequences contribute to SS
selection and splicing efficiency (Latijnhouwers et al., 1999). However, there
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is evidence for the operation of exon definition and intron definition mecha-
nisms in plants. The Arabidopsis floral organ identity gene APETALA3 (AP3)
is required for proper development of petals and stamens in the flower. A
flower mutant for the temperature sensitive ap3-1 allele presents a splicing
defect that causes skipping of exon 5 at 23 and 29 ˚C, inducing the petals and
stamens to become partially converted to sepals and carpels, respectively. An
intronic enhancer has been isolated that suppresses the splicing defect when
the plants are grown at 16 ˚C by creating a novel branchpoint sequence that
promotes better recognition of exon 5. Exon 5 skipping may be caused by its
short length (42 bases) (Yi and Jack, 1998). Small exons (below 50 nucleotides)
can induce exon skipping, but the skipping can be reversed by replacing
single purines in the polypyrimidine tracts of the upstream intron with
pyrimidines (Dominski and Kole, 1991). Exon skipping was also reported in
three mutants of the constitutive photomorphogenic locus1 (COP1) gene
from Arabidopsis. A change from G to A in the forth nucleotide upstream
from the 3′ SS on intron 5 of the mutant cop1-1 and G to A in the first
nucleotide of intron 6 of cop1-2 abolished the conserved G within the 5′
consensus and induced skipping of exon 6. In the third mutant, cop1-8, a
change from G to A in the final nucleotide of intron 10 eliminated the
conserved G in the 3′ SS, leading to skipping of exon 11. This suggests that
an exon definition mechanism is operating in plants (Simpson et al., 1998).
On the other hand, intron definition has been reported in maize (Ko et al.,
1998), tobacco (McCullough et al., 1996), potato (Gniadkowski et al., 1996;
McCullough and Schuler, 1997; Simpson et al., 2004), and many other plant
species. A synergistic interaction between exon and intron definition was
suggested (Carle-Urioste et al., 1997).

3.3.2. Intron Retention
Intron retention (IR) is an important phenomenon in humans and plants. In
a study comprising more than 21,000 human genes it was observed that
almost 15% of them had evidence of IR, with most of the events located in
the 3′ untranslated region (3′UTR) (Galante et al., 2004). In Arabidopsis,
more than 30% of AS is reported to be IR, with 17.5% of them appearing as
part of coding sequences (CDS) or bridging both CDS and UTRs, while 29%
are located at the 5′ or 3′ UTR. Ten percent of the transcripts with IR were
related to stress or other stimuli input (Ner-Gaon et al., 2004). Low temper-
ature promotes intron retention in wheat (Mastrangelo et al., 2005).

In mammals, intron and exon sequences function cooperatively to decide
between splicing or non-splicing. Deletion of 115 base pairs from exon 5 of
the bovine growth hormone pre-mRNA induces almost complete retention
of the up-stream intron (Hampson et al., 1989). Insertion of the purine-rich
element, GGAAG, which is part of the deleted exon sequence, activates
intron splicing. Introduction of several repeats of GGAAG restores splicing
to nearly wild type levels. Moreover, mutation of the 5′ SS to conform with
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the complementarity needed for U1 snRNA, eliminates the dependence of
the intron on the downstream exon (Dirksen et al., 1994), indicating that
suboptimal 5′ and 3′ SSs are required for IR, and in this case, for splicing to
take place there is a need for an ESE (Dirksen et al., 1995). Reinforcing the
need for interaction between intron/exon, Yue and Akusjärvi (1999) showed
that even strong, constitutively active introns are dependent on downstream
splicing enhancers. SR proteins binding to ESE or U1 snRNP binding to a
downstream 5′ SS can function as splicing-enhancer factors promoting the
removal of upstream introns.

In plants, the elevated AU content in introns is well known to be important
for their processing (Wiebauer et al., 1988). Moreover, U-rich elements, but
not A-rich sequences, in introns have a stimulatory effect on splicing, while
G residues are strongly inhibitory (Gniadkowski et al., 1996). In maize, the
presence of U-rich motifs in introns is a key element for their splicing (Ko
et al., 1998). The presence of U-rich elements in some plant introns can func-
tion as a splicing signal or as a polypyrimidine tract (Simpson et al., 2004);
however, for other plants, rather than a general U- or AU-rich element, the
presence of a U11 element (i.e., polypyrimidine tract) is required in addition
to a branchpoint (Simpson et al., 1996; Simpson et al., 2002). As in other sys-
tems, exons and introns function cooperatively to promote intron splicing.
Sequences in introns primarily define SS choice in cooperation with weak
interactions across exons (McCullough et al., 1996). The contrast in base
composition between an intron and its flanking exons modulates splicing
efficiency. In maize splicing of a GC-rich intron, which still contained a
higher percentage of Us than the flanking exons, was increased when GC
content was increased in the exons, demonstrating that intron and exons
together, cooperate for intron splicing in plants (Carle-Urioste et al., 1997).

Intron retention can have profound effects on gene expression, and
depending on the location where IR occurs, different results may be observed.
Retention at the 5′ UTR may influence tissue specificity, expression levels,
and translation efficiency of a gene (Gauss et al., 2006), while retention at the
3′ UTR may have drastic effects on mRNA stability (Chan and Yu, 1998;
Chen et al., 1999). Retention of introns in the open reading frame, i.e., ORF,
may also result in different effects. In rats, IR in the Id3 gene, a key regulator
of cell proliferation, generates a new functional protein isoform that is absent
in normal vessel walls, but is highly expressed following vascular injury and
inhibits vascular lesion formation (Forrest et al., 2004). Phenyl-ethanolamine
N-methyltransferase, an enzyme that is differentially regulated in adrenergic
neurons in the brain and in adrenal chromaffin cells, is coded by a gene that
is alternatively spliced in the prenatal developing rat brainstem, producing
two transcripts, one of which retains an intron. The intronless transcript
is downregulated postnatally, while the intron-retained transcript is consti-
tutively expressed through adulthood. On the other hand, in the adrenals,
only the intronless mRNA is expressed. The intron-retained transcript seems
to code for a truncated protein that enzymatically functions to control
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expression of the intronlesss transcript (Unsworth et al., 1999). Transcripts
with a retained intron in the ORF that introduce nonsense stop codons may
be a target for nonsense-mediated decay (NMD). Truncated transcripts may
also have biological function. Zhang and Gassmann (2003), reported that the
function of the Arabidopsis RPS4 gene, which belongs to the Toll/interleukin-
1 receptor(TIR)-nucleotide binding site (NBS)-Leu-rich repeat (LRR) class
of disease resistance genes, requires the presence of the full-length and trun-
cated open reading frames. The truncated transcript retains intron 2 or
introns 2 and 3. Removal of one or both introns abolishes the function of
RPS4, even though expression is not affected. The RPS4 gene confers disease
resistance to Pseudomonas syringae pv tomato strain DC3000.

3.3.3. Cryptic Introns
An unusual class of alternatively processed genes resulting in the creation of
two related polypeptides from the same gene was first described for a human
fibronectin gene (Vibe-Pedersen et al., 1986). A small section (93 bp) of the
coding sequence of the IIICS region of the gene was removed, resulting in the
deletion of 21 amino acids in-frame from the fibronectin polypeptide.
Removal of this “cryptic” intron was not 100% efficient, and both spliced and
unspliced forms coexisted in the same cell. The biological function of the
deleted region is not apparent as yet. Two recent examples of similar cryptic
introns have been reported in plants, both involving protein kinases. In
Arabidopsis cANP1 encodes a protein with homology to mitogen-activated
protein kinase kinase kinases (MAPKKKs) (Nishihama et al., 1997). Two
transcripts are observed, the shorter one (cANP1S) being derived from the
longer by removal of 127 bases of coding sequence. Deletion of this sequence
results in a frame shift at the point of removal which gives rise to a truncated
kinase with greater activity than the full-length polypeptide. The other exam-
ple (Bassett et al., 2000) involves the removal of approximately 1.5 kbp of
sequence encoding leucine-rich repeats from inrpk1, a putative leucine-rich
repeat receptor protein kinase from morning glory. Two transcripts result
from this processing event that differ in acceptor site. Like the case with
cANP1S, the shorter inrpk1b transcript is frame-shifted and would result in
synthesis of a truncated polypeptide. The longer inrpk1 processed transcript
(inrpk1a) maintains the original frame and would therefore encode a
polypeptide identical to the predicted protein except in the number of
leucine-rich repeats which would be reduced from 26 to 5. This type of “cryp-
tic” intron processing is so named because the coding sequences that are
removed only resemble introns by their use of similar donor/acceptor recog-
nition sequences; they do not appear to have obvious branching sequences
nor are they highly enriched for adenine and/or thymine. Although the few
examples illustrated here suggest that cryptic introns occur infrequently, it is
likely that such sequences are easily overlooked by most bioinformatics pro-
grams. In fact it is hypothesized that this type of processing may be much
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more common, allowing even greater flexibility in conservation of genetic
information and encouraging more subtle levels of control than previously
thought possible (Bassett, C.L., personal observation).

3.4. Functional Significance of Alternative Splicing

Alternative Splicing is one of the most important mechanisms for generating
protein diversity. A genome wide detection of AS in humans indicates that
74% of AS events occur in the coding sequence, modifying the protein prod-
ucts, while 22% are located at the 5′ UTR and 4% at the 3′ UTR (Moderek
et al., 2001). A similar tendency was reported by Nagasaki et al. (2005). In
rice and Arabidopsis, the 5′ UTR is more preferred than the 3′ UTR for AS,
except in the case of intron retention, which is mostly located near the 
3′ UTR and is the predominant alternative splicing type for plants 
(Ner-Gaon et al., 2004; Nagasaki et al., 2005). Most of the AS in plants is
related to cell growth and/or maintenance, cell communication, development
and physiological processes (Zhou et al., 2003). Alternative splicing partici-
pates in the regulation of binding properties, intracellular localization, enzy-
matic activity, stability, and posttranslational modification of many proteins
(Stamm et al., 2005).

3.4.1. Nonsense-Mediated mRNA Decay
In general, AS has a strong tendency to preserve the ORF (Moderek et al.,
2001; Nagasaki et al., 2005). Preservation of the ORF seems to be a check-
ing mechanism by which the splicing machinery scans the pre-mRNA to
reduce the inclusion of pre-mature translation termination codons (PTC)
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FIGURE 3.4. Cryptic intron processing involves the removal of coding sequence using
consensus donor and acceptor sites. Two products can result depending on whether or
not removal of the cryptic intron shifts the reading frame. If the frame remains the
same, the resulting product is a shortened version of the canonical polypeptide.
Cryptic consensus splice sites are shown in lower case letters with a dotted line
indicating the portion of the ORF that is removed after splicing.
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(Dietz and Kendzoir, 1994; Li et al., 2002; Miriami et al., 2002; Wachtel et al.,
2004). Miriami et al. (2002) studied 446 protein-coding human genes encom-
passing 2,311 introns, in which 10,490 latent 5′ SSs were present. The major-
ity of the latent SSs (95.8%), if utilized for splicing, would have introduced
PTCs in the resultant mRNA. They suggest a scanning mechanism exists that
selects SSs in the pre-mRNA which will maintain the ORF. A latent 5′ SS
present in a pre-mRNA from a hamster gene, which conforms better to the
consensus sequence than the normal SS (better complementarity to U1, U5,
or U6 snRNAs) was not used for splicing in normal growth conditions, but
under stress conditions was utilized. The pre-mRNA contains in-frame stop
codons upstream of the latent SS (Miriami et al., 1994). Elimination of the
in-frame stop codons by replacing them with sense codons, promoted the use
of the latent SS (Dietz and Kendzoir, 1994).

Besides all the controls to prevent PTCs, still a good percentage of AS
results in PTC; however, to prevent the production of truncated polypeptides
that could be harmful, a surveillance mechanism called nonsense-mediated
mRNA decay (NMD) operates in the cell, degrading mRNPs containing
PTCs. Not all mRNPs containing PTCs are degraded by NMD, but only
those located more than 50–55 nucleotides upstream of the 3′-most exon-
exon junction complex (EJC), measured after splicing (Nagy and Maquat,
1998). The EJC is composed of a group of proteins that is deposited on the
pre-mRNA by the splicing machinery and functions as a marker for degra-
dation by NMD (Tange et al., 2004). Human EJCs are composed of a series
of proteins, such as the up-frameshift, Upfs (hUpf1, hUpf2, hUpf3a, and
hUpf3b) proteins involved in pre-mRNA splicing and export, Y14, the mago
nashi protein (Magoh), and others (Tange et al., 2004; Lejeune and Maquat,
2005). The hUpf proteins assemble a dynamic complex in the nucleus at the
mRNA EJC that triggers NMD in the cytoplasm when recognized down-
stream of a translation termination site (Lykke-Andersen et al., 2000).
AtUPF3, an Arabidopsis analog of human Upf proteins, is required for the
plant NMD system (Hori and Watanabe, 2005; reviewed in Hilleren and
Parker, 1999, Drefuss et al., 2002, and Tange et al., 2004). The NMD mech-
anism is, therefore, closely linked to the splicing process. Two mutants of the
waxy rice mRNA containing a PTC at the same position were differentially
degraded by NMD. The fully spliced transcript degraded much faster than
the partially spliced, indicating that splicing and NMD are also connected
processes in plants (Isshiki et al., 2001). Mendell et al. (2004), studied the
expression of several human genes by microarrays after the suppression of
NMD to determine the ones which would be up-regulated, and, therefore,
predicted to be substrates for NMD. Among the up-regulated genes, they
found transcripts with upstream ORFs in the 5′ UTR, alternatively spliced
transcripts with nonsense codons or frameshifts, transcripts containing
introns in the 3′ UTR or seleno-cysteine codons, transcripts with ancient
transposons, and endogenous retroviruses. All the up-regulated genes had in
common the presence of a spliced intron at least 50 nucleotides downstream
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of a termination codon. The coupling of AS and NMD provides an efficient
mechanism to fine tune gene expression by using the complex AS machinery,
while avoiding the potential deleterious consequences associated with the
expression of truncated proteins.

NMD is still a mechanism under study, and many nuances are yet to be
discovered. Since AS is widespread in basically all organisms, and a large pro-
portion of the alternatively spliced transcripts are candidates for NMD
(Green et al., 2003), a question remains: why would the cell produce so many
transcripts to later degrade them? In addition to getting rid of “harmful”
truncated polypeptides, NMD might be a mechanism to rapidly switch “off”
gene expression. Furthermore, NMD usually does not completely down-reg-
ulate a transcript. Commonly, 10–30% of the PTC-containing transcripts
survive and may produce low levels of physiologically active truncated pro-
teins (Neu-Yilik et al., 2004).

As mentioned previously, the function of the Arabidopsis RPS4 gene,
requires the presence of the full-length and the truncated open reading
frames to confer disease resistance to Pseudomonas syringae pv tomato strain
DC3000 (Zhang and Gassmann, 2003). A similar gene from tobacco (N gene),
which confers resistance to Tobacco Mosaic Virus (TMV), produces two
transcripts by AS, one short (NS) and the other long (NL). The N S transcript
is more prevalent 3h after infection, while NL, which putatively encodes a
truncated protein and lacks 13 of the 14 repeats of the LRR, is prevalent 4–8
h after infection. Only plants containing both forms are completely resistant
to TMV (Dinesh-Kumar and Baker, 2000).

3.4.2. Control of Gene Expression
Alternative splicing has the potential to generate a variety of different tran-
scripts from a single gene. Exons can be added or skipped, which could
remove a domain or motif or even add a domain. AS at the 3′ or 5′ SS can
shorten or increase the length of an exon. Introns can be retained in the 5′ or
3′ UTR modifying the location or stability of the mature mRNA while main-
taining the sequence of the cognate protein. Removal of cryptic introns can
generate shorter versions of the cognate protein by removing domains or
motifs that can affect function. Alternative initiation often changes the pro-
tein’s N-terminus, while alternative termination can modify the C-terminus of
a protein. Furthermore, AS can truncate a protein by inducing a frameshift.
Additionally, single or multiple splicing can occur in a single gene, producing
a number of different transcripts (Lee and Irizarry, 2003). A study in the
human genome identified several genes containing very short segments (< 50
nts) which were products of the retention of introns, and alternative 3′ and 5′
SSs. These segments have secondary structures (non-looping) different from
the flanking regions, which change the 3-D structure of the protein, poten-
tially influencing protein function (Wen et al., 2004). Xing et al. (2003) stud-
ied the effect of AS on transcripts encoding membrane proteins in 1001
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human genes. Out of 464 spliced genes encoding transmembrane proteins
(TM domain-containing proteins), 188 had their TM domain removed,
producing membrane-anchored, ubiquitous, and soluble proteins. The solu-
ble isoforms, in most cases, were localized to a specific tissue.

All these possibilities have great potential to regulate positively or negatively
the function of genes in an organism. It is well known that AS is the cause of
several diseases in mammals (Cáceres and Kornblihtt, 2002; Green et al., 2003;
Ghadge et al., 2006), but it can also be beneficial (Forrest et al., 2004). The
power of AS in the regulation of developmental processes is best exemplified
by the elaborate controls exercised by the doublesex (dsx) gene in Drosophila.
The dsx gene produces two differentially spliced transcripts in somatic cells,
one specific for males and the other for females. They both encode proteins,
which are transcription factors, with DNA binding regions and gender-specific
carboxy termini: DSXM and DSXF. DSXM suppresses a group of female-
specific genes involved in differentiation, while DSXF suppress male-specific
differentiation genes. Additionally, dsx AS is controlled by the products of
transformer (tra), and transformer-2 (tra-2) genes. In males, tra is alternatively
spliced but produces no functional products; however, in females, tra produces
a female functional RNA binding protein that associates with the tra-2 RNA
binding protein to direct dxs female-specific splicing (MacDougall et al., 1995).

Alternative splicing seems to play an important role in disease resistance in
plants. Two examples of the involvement of alternatively spliced transcripts in
plant disease resistance were provided in previous sections. To further support
this idea, in barley, the powdery mildew resistance gene (Mla 13) confers resist-
ance to the pathogen, Blumeria graminis f. sp. hordei (Bgh). Mla 13 expression
is dependent on the powdery mildew resistance signaling gene, Rar1, and is
alternatively spliced to produce five different transcript leader regions, two
demonstrating intron retention, and up to three upstream ORFs (uORFs). Mla
13 transcripts accumulate in much higher levels in incompatible versus
compatible interaction with Bgh. Moreover, the timing of transcript induction
coincides with the attempted penetration of the fungal appressoria in powdery
mildew resistant plants. The level of each transcript varied depending on
the incubation time with the fungus, indicating that these transcripts show
differential response to the recognition stimulus (Halterman et al., 2003).

Systemin and its precursor protein, prosystemin, play an important role in
the systemic wound response of tomato. Utilization of different 3′ SSs by AS
produces prosysA and prosysB, with prosysB accumulating about twice as
much as prosysA in all tissues that express the prosystemin gene. The tran-
script prosysB differs from prosysA by replacement of the residue Arg-57
with Thr-Gly in the non-systemin portion of the protein. Over-expression of
prosysB in transgenic tomato plants is accompanied by the constitutive expres-
sion of defensive genes that are regulated by wounding and systemin. This
indicates that the alternatively spliced form is a major prosystemin-encoding
transcript in tomato, and active as a signal in the wounding response process
(Li and Howe, 2001).
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The power of alternative splicing to control gene expression is just
beginning to be appreciated in plants. As more studies are carried out, we will
continue to document that AS is involved in many different processes that reg-
ulate gene expression and guarantee the proper functioning of plant cells. The
maize mitochondrial genome does not contain the gene for the ribosomal S14
protein (rps14); instead, this gene is integrated into a nuclear gene encoding
the iron-sulphur subunit of the respiratory complex II (Sdh2). Sdh2 exon 1
and rps14 are separated by an intron that is spliced to produce a chimeric sdh2
(truncated)-rps14 polypeptide targeted to the mitochondria. In the mitochon-
dria the chimeric protein is subjected to proteolytic digestion and produces
a functional rps14 and a truncated, nonfunctional sdh2. Functional sdh2 is
produced by splicing, using the same 5′ SS and a different 3′ SS (Figueroa et al.,
1999; Figueroa et al., 2000). The rice mitochondrial genome does not contain
the sdhB gene, and has a truncated, nonfunctional rps14 gene. A single nuclear
gene is produced by AS, creating functional rps14 and sdhB genes with mito-
chondrial signals to localize them in mitochondria (Kubo et al., 1999). These
examples show how AS in the nucleus can produce two mitochondrial pro-
teins with different functions from the same gene.

Alternative splicing is also a tool that the cell utilizes to promote the regu-
lation of genes in a tissue-specific and developmental manner. A glutamine
synthetase gene (GS) from spine dog-fish produces two transcripts by AS,
one expressed in liver and the other in neural tissue. The liver isoform con-
tains an additional 95 nucleotides, not present in the neural one, that leads to
the formation of a mitochondrial target signal, directing the transcript to the
mitochondria. The neural isoform, lacking the 95 bp is maintained in the
cytoplasm (Matthews et al., 2005). The chloroplast of higher plants produces
H2O2 scavenger enzymes, ascorbate peroxidases, in two forms, stromal solu-
ble and thylakoid bound. In spinach and tobacco, these enzymes are encoded
by the same gene, ApxII, which produces four isoforms, one thylakoid bound,
and three stromal soluble. The tissue specific splicing is controlled by a splic-
ing enhancer present in exon 12 (Ishikawa et al., 1997; Yoshimura et al.,
2002). All of these examples reinforce the importance of AS as a major point
of control of gene expression in living cells.

3.4.3. Alternative Splicing and Stress
The involvement of AS with different kind of stress has been of general inter-
est, and it has been reported to be regulated by major depression in humans
(Shimizu et al., 1996), by fear (Nijholt et al., 2004), subordination (McCobb
et al., 2003), and psychophysiological stress (Murata et al., 2005) in mouse,
and mainly by low temperature (Bournay et al., 1996) and salt (Shi et al.,
2002) exposure in plants. There are several reports on low temperature
inducing an AS response in plants. Two potato invertase genes, which contain
two mini-exons (9 nts long) are correctly spliced under normal conditions,
but under cold stress this exon is skipped in leaves and stem. The level of
expression of the exon-skipped transcript increases with time of exposure to
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cold and is not detected after returning to normal temperature. Wounding
does not affect splicing of this gene (Bournay et al., 1996). In wheat, expo-
sure to low temperature induces intron retention in two cold up-regulated
genes. 7H8 produces four products, the correctly spliced transcript plus three
with retained introns, and 6G2 produces the correctly spliced transcript plus
a second with intron retention. The cold-dependent splicing is drastically
reduced in albino barley, while the wild type barley expresses the additional
transcripts as in wheat (Mastrangelo et al., 2005). Intron retention promoted
by cold stress was also observed in tomatoes (Fung et al., in press) and citrus
(Robbins and Louzada, 2005). A genome wide analysis in Arabidopsis, corre-
lating splicing events with environmental stress shows that AS profiles change
with environmental stress, primarily with cold (Lida et al., 2004). Besides
cold, other stresses that affect alternative splicing in plants include pathogen
challenge, water stress, heavy metals, oxidative stress, light, and others
(Kazan, 2003). The Bronze2 (Bz2) gene encodes a glutathione S transferase
in maize, which is involved in anthocyanin biosynthesis. Expression of this
gene is induced by cold, ABA, auxin, and heavy metals, particularly
cadmium. Treatment of seedlings with cadmium induced a 20-fold increase
in the normally spliced transcript, and a 50-fold increase in an intron-containing
transcript. Increased expression of the intron-retained transcript does not
increase the activity of glutathione S transferase, and may be used to
sequester heavy metals (Marrs and Walbot, 1997). Superoxide dismutases are
important enzymes involved in protection of the organism against reactive
oxygen species. An iron-superoxide dismutase gene (OsFe-SOD) from rice
produces two isoforms, (OsFe-SOD and OsFe-SODb). The OsFe-SODb
transcript retains an intron that cause a frameshift mutation, changing
completely the amino acid sequence down-stream of the point of insertion
and producing a premature stop codon; however, it still maintains SOD
activity. OsFe-SODb expression was affected by temperature, with strong
inhibition after 4 hours at 4 ˚C (Feng et al., 2005). Apetala2/ethylene-respon-
sive factor (AP2/ERF) proteins are AP2 domain-transcription factors and
are part of the second largest transcription factor class in plants. A dehydra-
tion-responsive factor1 (HvDRF1) from barley produces three forms of
HvDRF1 transcripts by AS, and two of them produce AP2 protein. Both
transcripts containing the AP2 domain are able to transactivate the expres-
sion of a reporter gene driven by a drought inducible promoter, probably
mediated by ABA. Expression of HvDRF1 is up-regulated in vegetative
organs by drought, salt and ABA treatment (Xue and Loveridge, 2004).

3.5. Conclusion and Prospectus

As results of new research become available, it is certain that we will continue
to see the remarkable contribution of alternative splicing to the regulation
of gene expression in plants. The future is wide open, and as we become
more knowledgeable about the regulation mechanisms and the regulators
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involved in AS in plants we will be able to find potential practical applica-
tions for this important process. An area that I believe will became of major
interest very soon is the regulation of AS by temperature or other external
inducers. The fact that someone can induce a gene to produce two or more
different products by changing the environmental temperature or applying
certain products may allow us to engineer a plant or suspension cells to pro-
duce two kinds of pharmaceutical products, or to have one gene targeting a
protein to the roots and another to the fruits, using a non-tissue specific
promoter. This is just one example of possible applications among many
that surely will come. I recently discovered that a cold responsive gene from
citrus produces three additional transcripts when acclimated to low temper-
ature. The transcripts are very unstable at room temperature (unpublished
data). Sorting out the biological significance of these observations as they
relate to woody plant cold responsiveness will be an exciting challenge for
the immediate future.
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4.1. Introduction and An Overview of Polyadenylation

Posttranscriptional control is important in the overall regulation of gene
expression in plants. Such control may be manifested through numerous
mechanisms such as RNA turnover, transport and/or sequestration, and
differential translation. Many of these processes involve, in some manner, the
3′-untranslated region (or UTR) and polyadenylation signal of the gene. It
follows that the nature of the 3′-UTR, and choice of polyadenylation site in
genes with multiple sites, may play a role in the expression of a gene, with
important physiological consequences. Consequently, the processes involved
in alternative and regulated RNA polyadenylation, as well as generating 
3′-UTR and 3′-end heterogeneity, are of considerable importance in terms of
defining the expression profile of the plant genome.

Messenger RNA 3′ end formation and polyadenylation is a ubiquitous fea-
ture of gene expression in eukaryotes, and is mediated by an evolutionarily-
conserved protein complex of more than 15 subunits (Wahle and Ruegsegger,
1999; Zhao et al., 1999; Proudfoot, 2004). In mammals and yeast, this
complex recognizes sequence elements in the 3′ regions of the nascent pri-
mary transcript (the polyadenylation signal) and subsequently processes and
polyadenylates the RNA. RNA recognition involves a number of RNA-pro-
tein interactions and at least three RNA sequence elements. Thus, in mam-
mals, the polyadenylation signal AAUAAA is recognized by the 160 kD
subunit of the cleavage and polyadenylation specificity factor (or CPSF160;
Murthy and Manley, 1995), the U-rich downstream element by the 64 kD
subunit of the cleavage stimulatory factor (or CstF64; MacDonald et al.,
1994), and sequences 5′ of AAUAAA by the mammalian cleavage factor I
(CFIm; Venkataraman et al., 2005). The human Fip1 protein also has the
capacity to bind U-rich RNAs (Kaufmann et al., 2004), and Drosophila
CPSF30 has a sequence preference for GC-rich RNA (Bai and Tolias, 1998);
the relationship of these preferences to the polyadenylation reaction itself is
unclear. In yeast, Rna15p (the yeast homolog of CstF64) binds the so-called
A-rich positioning element (Gross and Moore, 2001), Hrp1p binds the
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efficiency element situated 5′ of the positioning element (Valentini et al.,
1999), and any of three different CPSF subunit homologs (Yhh1p, Ydh1p,
and Yth1p) binds to sequences near or at the cleavage site (Barabino et al.,
2000; Dichtl and Keller, 2001; Dichtl et al., 2002).

Messenger RNA 3′ end formation does not occur apart from other
processes; rather, it is coordinated, and possibly occurs in concert, with many
other steps in the course of gene expression. Several polyadenylation factor
subunits interact with components of the transcription initiation machinery
(Calvo and Manley, 2003; Bentley, 2005), and “load” onto the transcribed
gene at or near the transcription initiation site (Licatalosi et al., 2002;
Venkataraman et al., 2005). The process of mRNA capping has been linked
to mRNA 3′ end formation (Flaherty et al., 1997). Other subunits interact
with components of the splicing apparatus, and the interplay between splic-
ing and polyadenylation is important for determining (or defining) the 
3′-terminal exon in mammalian genes (Niwa et al., 1990; Gunderson et al., 1994;
Gunderson et al., 1997; Millevoi et al., 2002). Yet another set of interactions
links polyadenylation with transcription termination (Hammell et al., 2002;
Buratowski, 2005). Polyadenylation factor subunits also interact with, or play
direct roles in, the maturation of cell-cycle-regulated histone mRNAs and
snRNAs (Morlando et al., 2002; Nedea et al., 2003; Baillat et al., 2005;
Dominski et al., 2005; Kolev and Steitz, 2005). They have been associated
with transport of mRNA from the nucleus to the cytoplasm (Brodsky and
Silver, 2000; Hammell et al., 2002). Finally, biochemical or genetic associa-
tions with DNA repair and chromosome segregation have been reported
(Kleiman and Manley, 2001; Wang et al., 2005). These various observations,
made in yeast and mammalian systems, reveal both an extensive inter-
connection between the polyadenylation apparatus and other processes, and
a considerable potential for rearrangement and “donation” of parts of the
polyadenylation complex to other processes.

Plant genomes possess virtually the entire suite of genes encoding the core
polyadenylation apparatus (Belostotsky and Rose, 2005; Q. Q. Li and A. G.
Hunt, unpublished observations summarized at http://www.uky.edu/~
aghunt00/Table1.html). Many of these have been studied to an extent, and
interesting information obtained. The five Arabidopsis CPSF subunits exist in
a complex in the nucleus (Q. Q. Li, personal communication; Delaney et al.,
2006). Moreover, one Arabidopsis CPSF subunit, AtCPSF100, interacts with
at least one poly(A) polymerase (PAP) isoform (Elliott et al., 2003). There
appears to be a requirement for tight control of the expression of some of
AtCPSF subunit-encoding genes during plant development. For example,
plants that carry only one functional allele of the AtCPSF73(II) gene are
deficient in female gametogenesis (Xu et al., 2004), while plants that contain
an additional copy of the AtCPSF73(I) gene (added as a transgene) are male
sterile (Q. Q. Li, personal communication).

Like its mammalian and yeast counterparts, the Arabidopsis CPSF30 is an
RNA-binding protein (Delaney et al., 2006). Interestingly, AtCPSF30 is also
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a calmodulin-binding protein, and calmodulin in the presence of calcium
inhibits the RNA-binding activity of the protein (Delaney et al., 2006).
Moreover, mutants in the Arabidopsis gene that encodes AtCPSF30 have an
oxidative stress-tolerant phenotype (D. F. Falcone, personal communication).
These mutants are T-DNA insertions that produce no AtCPSF30, indicating
that AtCPSF30 is not absolutely essential for growth. This is unexpected
because the yeast counterpart of CPSF30, Yth1p, is an essential protein
(Barabino et al., 1997; Barabino et al., 2000). The fact that the Arabidopsis
CPSF30 gene is not essential suggests that the role of this protein in mRNA
3′ end formation can be fulfilled by other, as yet unidentified proteins.
Moreover, the coincidence of the biochemical properties and the phenotype
of the mutants implicates calmodulin-regulated RNA binding by AtCPSF30
in the responses of plants to oxidative stress.

The Arabidopsis CstF77 and CstF64 proteins also interact, and AtCstF64
is an RNA-binding protein (Yao et al., 2002); both of these properties are
also seen in the mammalian and insect polyadenylation complexes (Hatton
et al., 2000; Takagaki and Manley, 2000). Curiously, however, the Arabidopsis
CstF50 homolog does not interact with AtCstF77. In this sense, the plant
protein differs from its mammalian counterpart that is part of the het-
erotrimeric CstF complex and interacts with CstF77 (Takagaki and Manley,
2000). The significance of this difference is not clear. While it may reflect dif-
ferences in the functioning of CstF50 in polyadenylation, it must be noted
that the Arabidopsis CstF50 has yet to be linked conceptually with any other
polyadenylation factor subunit, and it may be that this protein, while show-
ing a significant degree of sequence similarity to the mammalian CstF50, is
actually not associated with mRNA 3′ end formation.

Arabidopsis possesses a Fip1 homolog (AtFip1(V)) that resembles its
human counterpart in many ways (Forbes et al., 2006). Thus, the plant
protein is an RNA-binding protein and also interacts with PAP. The
Arabidopsis protein engages in a number of interactions with Arabidopsis
homologs of CFIm25, CPSF30, CstF77, and PabN, all involving the 
N-terminus of the ca 130 kD protein. The RNA-binding do-main of the pro-
tein has a decided preference for poly(G) among the four homopolymers and
has a modest but measurable preference for “natural” RNAs that contain a 
far-upstream element (or FUE; see Section 4.3.1. for a discussion of the ele-
ments that make up a plant polyadenylation signal). This suggests that
AtFip1(V) may be the subunit responsible for recognizing the FUE.

Plants possesses a probable homolog of the yeast polyadenylation factor
subunit, Pfs2p. While the relationship of this protein to other plant
polyadenylation factor subunits has not been established, the plant protein
(termed FY) has been found to interact with an RNA-binding protein, FCA,
that is in turn part of the system that controls the timing of flowering in
plants (Simpson et al., 2003). The combination of FY + FCA operates to
promote polyadenylation at a novel site in FCA pre-mRNAs, a site that is
recognized by FCA itself, thereby establishing a feedback regulatory loop
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that yields a balance of full-length and truncated mRNAs. The control of
this balance is one contributing factor to the control of flowering time.

Most of the Arabidopsis polyadenylation factor subunits (indeed, all of
the CPSF and CstF homologs) are encoded by single genes (Q. Q. Li and
A. G. Hunt, unpublished observations). In contrast, Arabidopsis has four
genes whose products are similar to the canonical nuclear PAP of other
eukaryotes (Addepalli et al., 2004), and rice possesses six such genes 
(B. Addepalli et al., unpublished results). All four of the Arabidopsis PAP
genes are expressed, and the recombinant proteins purified from E. coli pos-
sess poly(A) polymerase activity (Addepalli et al., 2004). Interestingly, all
four Arabidopsis genes are essential (Meeks, 2005), suggestive of a degree of
functional specialization in the products of the four genes. One sort of spe-
cialization is apparent from inspection of the amino acid sequences of the
four proteins; one of the four (termed PAP(III)) lacks an extended C-terminal
domain that, in the other three, includes nuclear localization signals
(Addepalli et al., 2004). This is suggestive of a cytoplasmic function for
PAP(III). The other three proteins direct GFP exclusively to the nucleus
(Meeks, 2005), consistent with the presence of nuclear localization signals in
these proteins. Localization studies with PAP(III) were not reported by
Meeks, owing to a probable toxicity, even to single cells, of overexpressed
protein. As stated above, one of the four PAPs, PAP(II), interacts with
AtCPSF100 (Elliott et al., 2003) and another PAP, PAP(IV), interacts with
AtFip1(V) (Forbes et al., 2006). Tests of interactions involving other combi-
nations of Arabidopsis PAPs have not been reported, and the full scope of
interactions between PAPs and other polyadenylation factor subunits is not
known. Nonetheless, the studies that have been published reveal an interesting
and poorly-understood complexity in the PAP gene family in plants.

Clearly, much remains to be learned about the plant polyadenylation
complex. However, the picture that emerges from the studies that have been
performed is interesting and has ramifications for the control of gene expres-
sion at the level of mRNA 3′ end formation. Twelve Arabidopsis polyadeny-
lation factor subunits have been studied to some extent. One of these,
AtFip1(V), interacts with five other subunits and with RNA, suggestive of a
role as an organizing scaffold in the complex. Two others (AtCPSF30 and
AtCstF64) also possess RNA-binding activity. Moreover, AtCPSF160,
AtCPSF100, and AtPabN (of which there are three potential isoforms) may
also bind RNA, since their mammalian and yeast counterparts do (Wahle,
1991; Murthy and Manley, 1995; Kyburz et al., 2003). In addition, recruit-
ment of the RNA-binding protein FCA by FY, as well as consideration of the
nature of the CFIm factor in mammals (which binds RNA and mediates the
functioning of elements upstream of AAUAAA in mammals; Venkataraman
et al., 2005), raises the possibility that at least two additional RNA-binding
activities may participate in 3′ end processing in plants. This plethora of
RNA-binding activities lends itself to models involving remodeling of the
polyadenylation complex in the course of processing and polyadenylation, or
to the existence of different complexes that consist of subsets of the entire
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suite of poly-adenylation factor subunits. In either case, possibilities exist for
differential action and regulation. Along these lines, four of the subunits
(CPSF73(I), CPSF73(II), CPSF30, and FY) have been implicated in regula-
tory aspects of gene expression in plants (Simpson et al., 2003; Xu et al.,
2004; Q. Q. Li, personal communication; D. F. Falcone, personal communi-
cation); this reveals that regulation can be effected through components of
the 3′ end processing machinery.

4.2. Polymorphism in Polyadenylation Sites in Plants

4.2.1. Regulation via mRNA 3′ end Processing
One means by which regulation may be effected through mRNA 3′ end
formation is via the use of alternative polyadenylation sites in a single tran-
scription unit. In hypothetical terms, alternative polyadenylation might affect
gene expression in various ways. The inherent stability of mRNAs arising
from a single transcription unit might depend on the nature of the 3′-UTR,
and alternative polyadenylation might be expected to lead to differences in
mRNA stability (for example, by including or deleting elements that destabi-
lize RNA). Alternative polyadenylation might also alter the nature of the
protein encoded by a gene, due to the inclusion (or not) of different sets of
exons in the mature mRNA. The possible scope of the contribution of alter-
native polyadenylation to the sculpting of the transcriptome is revealed by
the observation that as many as half of all mammalian genes may be subject
to alternative polyadenylation (Tian et al., 2005; Yan and Marr, 2005).

As a general rule, the population of mRNAs arising from single transcription
units in plants is microheterogeneous, with two or more distinct polyadenylation
sites typically clustered within tens or hundreds of nucleotides (Hunt, 1994; this
phenomenon is illustrated in Fig. 4.1A and termed in this paper as “Class A”
alternative polyadenylation). 3′ end microheterogeneity involving as many as 14
different poly(A) sites in a single gene has been reported (Klahre et al., 1995).
Hypothetically, mRNAs with different 3′ ends may possess different stabilities,
owing to generic nucleotide composition differences and/or the differential pres-
ence of specific sequence elements that stabilize or destabilize mRNAs (e.g.,
RNA 3 in Fig. 4.1A). However, it is not clear that the 3′ end microheterogene-
ity that is common in plant genes has an impact on RNA stability. While reports
of multiple poly(A) sites in plant genes are numerous, the relative stabilities of
mRNAs arising from genes that display 3′ end microheterogeneity have not been
explicitly examined. It might be expected that the 3′ end microheterogeneity that
has been observed is not an absolute determinant of expression levels, since the
heterogeneity that is seen could only be detected if the respective mRNAs are
stable and abundant enough to be isolated and characterized. However, it is pos-
sible that poly(A) sites exist that are not manifest in the set of mRNAs that can
be detected in the steady-state population, owing to the inclusion in some RNAs
of elements that have destabilizing effects (as illustrated in Fig. 4.1A). Examples
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of this sort of regulation in plants have not been reported. However, this mode
of regulation has been reported in animal systems (Hansen et al., 1996;
Miyamoto et al., 1996; Touriol et al., 1999; Caballero et al., 2004); this provides
a precedent for the conceptual mode of regulation that is made possible by the
extensive 3′ end microheterogeneity that exists in plants.

3′ end microheterogeneity may have other impacts on the process of gene
expression. In animals, it has been reported that the translational properties
of mRNAs with different poly(A) sites are different (Touriol et al., 2000; Qu
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FIGURE 4.1. Themes of alternative polyadenylation in plants. A. 3′ microheterogene-
ity involving the same 3′-UTR of a gene. A hypothetical gene is shown at the top;
exons are depicted with gray boxes, and introns with thin lines. The 3′-extremity is
magnified beneath the illustration of the hypothetical gene, showing a typical pattern
of microheterogeneity. In this case, 3 possible 3′ ends are shown. RNA 1 is the short-
est and, for convenience sake, is a reference. RNA 2 possesses an element (darker gray
box) that, as an example, acts as a translation regulatory element. RNA 3 possesses
an additional element (black box) that serves as an RNA destabilizing sequence.
These are discussed in the text. B. Alternative polyadenylation that results in different
exon content of the mRNA. Illustrated is a hypothetical case where a pre-mRNA (top
line) can be polyadenylated within an intrn or at the “normal” end of the 3′-terminal
exon. Polyadenylation sites are denoted with small black boxes beneath the pre-
mRNA. The possibility of alternative polyadenylation sites residing within non-
terminal exons is not illustrated, but exists in a formal sense.
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et al., 2002; Simon et al., 2004). Skadsen and Knauer (1995) noted that, in a
barley alpha-amylase gene with three different poly(A) sites, one of the three
mRNAs was overrepresented in membrane-bound polysomes compared with
their overall abundances. This lends credence to the possibility that the trans-
lational properties of a set of mRNAs may be affected by their poly(A) site
profile, perhaps by differential inclusion of sequences that promote or inhibit
translation (illustrated as RNA 2 in Fig. 4.1A).

A more dramatic mode of regulation through 3′ end processing involves
the alternative selection of poly(A) sites separated by hundreds or thousands
of base pairs along the transcription unit (illustrated in Fig. 4.1B and termed
as “Class B”). This form is often accompanied by some type of alternative
splicing (e.g. intron retention illustrated in Fig. 4.1B). The results of alterna-
tive 3′ processing of this sort are different mRNAs that have significantly
different protein-coding capacities. For example, the self-incompatibility 
S locus in Brassica oleracae includes two genes (S-locus glycoprotein or SLG
and S-receptor kinase or SLK), the transcripts of which have been reported
to undergo similar alternative 3′-end processing (Tantikanjana et al., 1993;
Giranton et al., 1995). Thus, mRNAs encoded by the so-called SLG gene are
processed to give two isoforms differing in size by some 200 nts; the smaller
has a 3′ end that lies within an intron that is spliced to produce the larger
mRNA (Tantikanjana et al., 1993). An analogous alternative 3′-end process-
ing occurs in the self-incompatibility-associated SLK gene. In this case, the
smaller of the two mRNAs contains just the first exon (of seven) and has a
3′ end that lies within the first intron that is spliced to yield the larger mRNA
(Giranton et al., 1995). Interestingly, the SLG and SLK genes share substan-
tial nucleotide sequence similarity in their first exons, one that is manifest at
the protein level as well. This similarity apparently extends in a functional
sense to the first part of the corresponding introns, resulting in the similar
patterns of alternative 3′-end processing in the two genes.

In C. elegans, alternative polyadenylation of transcripts that encode the 
so-called DAF-4 receptor kinase (a TGF-beta receptor that is important for
larval development) gives rise to truncated mRNAs whose translation prod-
ucts can serve as antagonists of signaling by the full-sized receptor kinase
(Gunther and Riddle, 2004). This sort of alternative processing is similar to
that seen with the Brassica SLK gene involving intron retention leading to the
creation of a new polyadenylation site, and suggests parallels for control of
signaling in plants. Similarly, a diversity of ethylene receptor-related polypep-
tides may also be derived by alternative 3′-end processing. Bassett et al.
(2002) have reported that transcripts encoded by a peach (Prunus persica)
ethylene receptor (ETR1)-related gene are subject to Class B alternative
polyadenylation. The consequence of this is the production of mRNAs that
would encode ETR1-related polypeptides that lack the bulk of the C-terminal
receiver domain of the receptor. This suggests that, in P. persica, a single gene
can encode polypeptides analogous to both ETR1 and ERS1 (a related
ethylene receptor that lacks the C-terminal receiver domain; Hua et al.,
1998). One report of alternative polyadenylation in Arabidopsis involves a
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gene that encodes a so-called TIR motif-containing protein (Meyers et al.,
2002). This instance was identified by massively parallel signature sequence
(MPSS) analysis, and involves alternative polyadenylation analogous to that
shown in Fig. 4.1B. While the functional significance of these different
instances has not been studied in detail, it is tempting to speculate that plants,
as animals, utilize alternative polyadenylation to generate a range of
receptor-related polypeptides that function together to regulate signaling.

Alternative polyadenylation in plants can involve genes that encode
proteins besides receptors. For example, in cotton, alternative polyadenyla-
tion gives rise to mRNAs that can encode either a monofunctional lysine-
ketoglutarate reductase (LKR) polypeptide or a bifunctional LKR/
saccharopine dehydrogenase (SDH) fusion protein (Tang et al., 2002). The
monofunctional LKR has a much lower Km for one substrate, lysine, than
the bifunctional enzyme, and Tang et al. have proposed that this instance of
intron retention and alternative polyadenylation is important for enabling
efficient flux of lysine catabolism under specific developmental conditions
(Tang et al., 2002). In spinach, both the stromal and thylakoid-localized
forms of ascorbate peroxidase are derived from alternatively-polyadenylated
transcripts from a single gene (Ishikawa et al., 1997) using a form of alternative
splicing known as exon skipping (see Chapter 3). The shorter of the two tran-
scripts lacks the 3′-most exon, and with it amino acid sequences that specify
a thylakoid-targeting domain, while the longer transcript skips the penulti-
mate exon and instead encodes the 3′-most exon. This is thus another example
of the generation of multiple enzyme isoforms from a single gene by a
combination of alternative splicing and polyadenylation.

The timing of flowering is also affected by alternative splicing and poly-
adenylation. Among the regulators of flowering in plants is the RNA-binding
protein FCA; this protein is a negative regulator of the flowering suppressor
FLC and acts in the so-called autonomous pathway of flowering regulation
(Boss et al., 2004). The mRNAs encoded by the FCA gene undergo alternative
polyadenylation, and alternative poly(A) site choice yields mRNAs that may
encode a full-sized FCA polypeptide or truncated mRNAs that encode
smaller, presumably nonfunctional FCA derivatives (Quesada et al., 2003;
Simpson et al., 2003). As stated above, FCA binding to its pre-mRNA is inte-
gral to the alternative polyadenylation; this mechanism thus establishes a
feedback-regulatory loop that helps to control the levels of the FCA.

4.2.2. The Scope of Alternative Polyadenylation in Plants
As indicated in the preceding, alternative poly(A) site choice may play roles
in regulated gene expression in plants, and it has the hypothetical capacity to
impact gene expression via several mechanisms. Consequently, an apprecia-
tion of the possible scope and qualitative nature of alternative polyadenyla-
tion in plants is needed. Genome-wide surveys have the possibility to identify
poly(A) site microheterogeneity on a larger scale, and several studies that
address this issue have been published. In a systematic analysis of full-length
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cDNAs encoded by Arabidopsis chromosome II, Xiao et al. (2005) found that
83 of the 187 genes whose derived cDNAs possessed identifiable poly(A) sites
encoded RNAs with poly(A) site heterogeneity. Interestingly, while the
approach used could have detected alternative poly(A) sites within introns
and non-terminal exons, all of the observed microheterogeneity involved
Class A-type alternative poly(A) site choice. Most of the heterogeneity was
spaced over a region of 10–50 nts of the genomic sequence, but the distance
between alternative sites was as great as 543 nts. The number of poly(A) sites
in the set of 187 genes ranged from one to five. These observations mirror
results obtained in studies of individual plant genes. While analyses of col-
lections of full-length cDNAs may not provide a comprehensive “picture” of
the scope of 3′ end microheterogeneity in a transcriptome, the study by Xiao
et al. provides a lower limit of the percentage (approaching 50%) of
Arabidopsis genes that may possess multiple polyadenylation sites.

A larger, genome-wide study in Arabidopsis suggests that the scope of alter-
native polyadenylation that leads to changes in the exonic content of derived
mRNAs (as in Fig. 4.1B) is substantial (Haas et al. 2003). In this study, more
than 1300 processing variants were identified amongst a set of some 27,000
annotated protein-coding genes; these data were compiled by analyzing and
comparing full-length cDNAs and EST sequences. Among these 1337 genes
were 171 with different 3′ ends; this set of genes does not include those that
display the sort of 3′ end microheterogeneity (Class A) noted above and in
Fig. 4.1A. As is the case with Xiao et al., this study does not reveal the com-
plete scope of alternative polyadenylation in plants, as it is limited by the avail-
ability of EST and full-length cDNA data, and of the coverage (along specific
genes) that EST sequences may provide. However, it indicates that at least
0.5% (roughly) of all Arabidopsis genes, and some 10% of those that are alter-
natively processed, will be subject to Class B alternative polyadenylation.

Similar results have been reported by others (Iida et al., 2004; Nagasaki
et al., 2005). Iida et al. analyzed some 278,000 cDNA sequences and found,
within the 17,130 transcription units that these sequences defined, 458
instances of the use of alternative 3′-terminal exons; this number constituted
21.9% of all instances of alternative RNA processing that were identified,
and 3.0% of all transcription units that were represented by more than one
sequence in the cDNA collections. Interestingly, there was some bias in the
patterns of alternative polyadenylation seen in this study; thus, the alterna-
tive 3′ ends seen in libraries prepared from cold-treated plants had a statisti-
cally significant tendency to truncate the mRNA, compared with the longer
alternative 3′ end. The converse was seen in libraries prepared from siliques
and flowers, as well as from stress and hormone-treated plants; in these cases,
the bias was against the “shorter” form of the possible transcripts. This study
thus suggests that alternative polyadenylation may be regulated globally.

Nagasaki et al. (2005) compared alternative transcription initiation and
splicing patterns in cDNA collections from six organisms, including
Arabidopsis and rice. These authors found, in the 15,516 Arabidopsis loci that
their analysis mapped, 466 instances of alternate poly(A) site usage; this
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amounted to 15.2% of the total instances of alternative RNA processing that
were identified in the analysis, and 3.0% of all mapped loci. In rice, some
25.4% of all instances of alternative processing involved alternative poly(A)
site choice; this corresponded to 3.2% of all mapped loci.

Massively parallel signature sequence studies provide an alternative
approach for studying the scope of alternative polyadenylation. This approach
has the advantage that it is biased to detect those parts of mRNAs near their
3′ extremities, can sample far more genes in an experiment, and has the
potential to detect genes whose expression levels are relatively low. Meyers
et al. (2004) found MPSS tags within upstream introns and non-terminal
exons in approximately 25% of all genes in Arabidopsis, suggesting that alter-
native polyadenylation of the sort that restructures the exonic content of
mRNAs is extensive in plants. The scope of this phenomenon is high (25% of
all genes in Arabidopsis). However, this may be an underestimate; this follows
from the realization that a small percentage of the genes identified by Haas
et al. (2003) as having alternate 3′ ends are not represented in the set of genes
possessing sequence tags classified as “Class 5” by Meyers et al. (“Class 5”
tags are those that map within introns). Given these considerations, it is best
to view these approaches as complementary, and to appreciate that these
studies likely give underestimates of the true scope of alternative polyadeny-
lation. However, they indicate that alternative polyadenylation is probably a
wide-spread feature of gene expression in plants.

Large-scale studies in other plants corroborate the findings obtained with
Arabidopsis. Thus, in the large-scale sequencing of full-length cDNAs in rice,
4.5% of the expressed genes identified were found to have alternative polyadeny-
lation sites (Kikuchi et al., 2003). In this report, the nature of the variation seen
(heterogeneity in 3′-UTRs and terminal exons vs. alternative processing
involving non-terminal introns and exons) was not detailed. This value is
comparable to that obtained in the comparative study of Nagasaki et al.
(2005) and to those reported for Arabidopsis by Iida et al. (2004) and
Nagasaki et al. (2005). However, as discussed in the preceding paragraph, it is
likely that this is an underestimate of the scope of alternative polyadenylation,
be it Class A or Class B. Regardless, it may be concluded that alternative
polyadenylation is a meaningful phenomenon in rice, as well as Arabidopsis,
and is probably relevant to gene expression in all higher plants.

4.3. Regulation of Polyadenylation in Plants

4.3.1. Recent Developments Regarding the Nature of
Polyadenylation Signals in Plants
The widespread occurrence of alternative polyadenylation in plants, and the
hypothetical or known instances whereby such events affect gene expression,
raise questions regarding the means by which alternative polyadenylation
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sites are chosen. Many of these questions are impacted by knowledge of the
nature and functioning of polyadenylation signals in plants. Based on studies of
several genes in a number of systems (tobacco, maize, wheat), a model of a plant
polyadenylation signal was developed (Hunt, 1994; Rothnie, 1996). Briefly, the
polyadenylation signal was proposed to be a tripartite unit, consisting of two
distinct motifs upstream from the actual site of polyadenylation, as well as the
poly(A) site itself (see Fig. 4.2). These motifs, or elements, were termed the
“far-upstream element” (abbreviated in this paper as FUE), “near-upstream
element” (NUE), and the cleavage/polyadenylation site (CS). The FUE
behaved in these experiments as a broad, redundant element whose activity
correlated with the occurrence of UG-rich motifs within the respective
domains (which could be situated as close as 50 and as far as 150 nts from the
poly(A) sites, and may extend over a span of more than 60 nts). The NUE
was an A-rich element situated within 30 nts of the poly(A) site; in cases in
which the gene possessed an appropriately-situated AAUAAA motif, this
motif was found to function as an NUE, leading to the suggestion that the
NUE is the functional equivalent of the canonical poly(A) signal AAUAAA.
The CS was found to consist of the site of polyadenylation itself, which was
noted to correlate with YA sequences embedded within regions of unusually
high U content. For two plant genes, the 3′-end microheterogeneity could be
attributed to the existence of independent NUEs and CSs clustered in the 3′
region of the genes (MacDonald et al., 1991; Mogen et al., 1992; Li and
Hunt, 1995); apparently, many fewer (as few as one) FUEs were able to func-
tion in concert with more than one NUE/CS combination to produce the 3′
end profiles that were observed.

Genome-wide analyses of plant 3′ regions corroborate the model that was
derived from the earlier studies of a handful of plant genes. Graber et al.
(1999) analyzed the 3′-UTRs derived from ESTs from rice and Arabidopsis.
In both organisms, there was a U-richness that extended from the poly(A) site
to 150–175 nts upstream from this site. In rice, the relative contributions of
the other three bases to the composition of the 3′-UTR were roughly equal.
In Arabidopsis, there was a greater tendency towards A over G or C. In both
organisms, however, A content was dramatically higher between 15 and 30
nts upstream from the poly(A) site. Some 6–8% of the EST sequences con-
tained a match to the motif AAUAAA. However, when a subset (625 of the
4069 total sequences analyzed) were matched with genomic sequences, 14%
of the Arabidopsis 3′-regions were found to possess AAUAAA. Between 1
and 15 nts upstream from this site, U content was markedly higher. In this
study, sequences downstream from the poly(A) were not considered, as most
of the plant databases were derived from EST sequences that were not pro-
jected onto corresponding genomic DNA sequences.

Loke et al. (2005) extended this computational approach to a larger
Arabidopsis dataset that included sequences 3′, as well as 5′, of the
polyadenylation site. In terms of overall base composition, Loke et al.
reported results identical to those of Graber et al. – elevated U content
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extending up to 175 nts 5′ of the poly(A) site, elevated A content between 15
and 30 nts 5′ of the poly(A) site, and high U content near the poly(A) site.
The global trend U>A>G≈C noted by Graber et al. was also documented by
Loke et al. Within the A-rich domain, only 10% of the 8160 sequences ana-
lyzed possessed the AAUAAA motif. A number of specific sequence motifs
were over-represented in FUEs and NUEs, but no single motif could be
assigned a function. The database used by Loke et al. included genomic
sequences extending 100 nts 3′ of the corresponding poly(A) site; thus, these
authors were able to determine that the poly(A) site itself was embedded
within what they termed the “cleavage element”. This element consists of a
region extending from some 10 nts 5′ to 10 nts 3′ of the poly(A) site that had
an unusually high U content. Embedded within this U-rich domain is the
typical YA dinucleotide that defines the poly(A) site itself. These large-scale
genomic analyses mirror, in their results, the outcomes of experimental stud-
ies of plant poly(A) signals, and indicate that the model illustrated in Fig. 4.2
is probably applicable to plant genomes as a whole.

4.3.2. Polyadenylation Signals and Alternative 
3′ end Processing
From the preceding considerations, a plant polyadenylation signal may be
defined as a unit that consists of one FUE combined with a characteristic
array of functionally-linked NUEs and CEs. Accordingly, alternative poly(A)
site selection may be accomplished by one of two hypothetical mechanisms.
The array of 3′ ends defined by a single polyadenylation signal might be con-
trolled, and altered, by changes in the relative efficiencies of the NUEs and/or
CEs associated with the signal. Alternatively, different polyadenylation
signals (complete combinations of FUE and associated NUEs and CEs)
themselves might be selected differentially.

FIGURE 4.2. Structure of a canonical plant polyadenylation signal. The actual
cleavage/polyadenylation site is denoted with a thick vertical black line and the
notation “An”. The numbers above the illustration represent characteristic spacings
(in nucleotides) of the respective elements. These features are discussed in the text.
FUE – far-upstream element; NUE – near-upstream element; CE – cleavage element.
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3′ end microheterogeneity is attributable to the presence of multiple NUEs
within a single 3′-UTR that act in concert with a shared FUE (MacDonald
et al., 1991; Mogen et al., 1992; Li and Hunt, 1995). The expectation follows
that differentially-utilized patterns of microheterogeneity should be mediated
by factors that recognize the NUE. The factor responsible for this function has
not been identified in plants, but may be the counterpart of the mammalian CPSF.
This follows from the observations that NUEs, like the mammalian
polyadenylation signal AAUAAA, are A-rich (Loke et al., 2005), and that it
is the 160 kD subunit of CPSF in mammals that recognizes the AAUAAA
element (Murthy and Manley, 1995). However, in yeast, the sub-element that
corresponds to the NUE (termed the positioning element) is recognized by
Rna15p (Gross and Moore, 2001), the yeast homolog of CstF64. This raises
questions as to the identity of the NUE-recognizing factor in plants, and this
issue should be considered to be unanswered. Regardless of this, attendant
with the expectation that the NUE should be the focus for regulated changes
in patterns of 3′ end microheterogeneity is the prospect that different NUEs
should have different interactions with the NUE-recognizing factor. These
differences may reflect variability in the interaction between the NUE-
recognizing subunit and the NUE itself. Alternatively, there may exist differ-
ent NUE-recognizing subunits amongst the suite of plant polyadenylation
factors, each with a somewhat distinctive RNA sequence preference.

Differential selection of polyadenylation signals (as opposed to individual
sites associated with a single signal) could, in principle, involve any of the sub-
units of the polyadenylation apparatus. In animals, alternative polyadenylation
of this sort often involves noncanonical polyadenylation sites that, when
assayed in isolation, are inherently weaker than canonical (AAUAAA-contain-
ing) signals. For example, in the case of the regulated poly(A) site choice that
determines immunoglobulin gene expression in B and T cells, elevated levels of
a single polyadenylation factor subunit, CstF64, have been correlated with usage
of the weaker poly(A) site (Takagaki et al., 1996; Takagaki and Manley, 1998).
Elevated levels of CstF64 have also been implicated in alternative poly(A) site
choice in lipopolysaccharide-stimulated macrophages (Shell et al., 2005), and a
male-specific CstF64 isoform has also been implicated in the functioning of
noncanonical poly(A) signals in the male gamete in mammals (Wallace et al.,
1999; Wallace et al., 2004). Brown and Gilmartin (2003) noted that elevated lev-
els of the polyadenylation factor CFIm can suppress polyadenylation at
AAUAAA-containing signals in vitro, while promoting polyadenylation using
noncanonical polyadenylation signals. Thus, a mechanism as simple as modu-
lating the absolute levels of a polyadenylation factor or subunit is one means by
which alternative polyadenylation is effected in mammals.

Is a similar mechanism operative in plants? The absence in plants of a
strongly conserved polyadenylation signal analogous to AAUAAA suggests
that plant polyadenylation signals in general may be similar to so-called weak
signals in mammals. In this respect, it is possible that regulated alterations in
the levels of strategic subsets of plant polyadenylation factor subunits may
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alter poly(A) site choice. However, this subject has not been approached
experimentally, and the potential mechanisms involved are as many as the
numbers of known plant polyadenylation factor subunits.

4.3.3. Involvement of Proteins Apart from Polyadenylation
Factor Subunits in 3′ end Processing
An alternative mechanism for alternative polyadenylation is portrayed in the
FCA/FY system. In Arabidopsis, transcripts encoded by the FCA gene are
alternatively polyadenylated, and the choice of polyadenylation site deter-
mines whether a full-sized, functional FCA mRNA is produced (Simpson
et al., 2003). This poly(A) site choice is in turn regulated by FCA levels.
Specifically, full-sized FCA protein has the capacity to bind a sequence
located in the third (of 20) intron in the FCA gene. FCA also interacts with
FY, a plant homologue of the yeast polyadenylation factor subunit Pfs2p.
The combination of interactions of FCA with RNA and FY serves to recruit
the polyadenylation apparatus to the third intron, thereby promoting the pro-
duction of a truncated mRNA. This example thus provides a hypothetical
means for alternative polyadenylation in plants, whereby subunits of the
polyadenylation complex interact with sequence-specific RNA-binding
proteins, leading to polyadenylation at sites (such as introns) that are recog-
nized by these RNA-binding proteins. It also provides a paradigm for linking
the polyadenylation apparatus to regulatory signals. In the FCA/FY case,
polyadenylation at the “regulated” site is responsive to levels of full-sized
FCA protein, levels that in turn are determined by signals that control FCA
promoter activity and protein function.

How prevalent might this mode of alternative polyadenylation be in plants?
At the present, this question cannot be answered, since the scope of proteins
other than polyadenylation factor subunits that interact with the plant
polyadenylation apparatus is not known. However, the relatively simple
model portrayed by FY/FCA need not be the only mechanism involving pro-
teins other than polyadenylation factor subunits. The Arabidopsis homolog of
CPSF30 is encoded by a single gene, the transcripts of which are alternatively
polyadenylated to yield a small and a large mRNA (Delaney et al., 2006;
Fig. 4.3). AtCPSF30 itself is encoded by the smaller RNA; purified recom-
binant AtCPSF30 binds RNA (Delaney et al., 2006) and interacts with an
Arabidopsis Fip1 homolog (Forbes et al., 2006), as well as AtCPSF100 (Q. Q.
Li, personal communication). The larger transcript encodes a polypeptide
that contains, at its N-terminus, virtually the entire AtCPSF30 protein. The
larger C-terminal domain, interestingly, is related to a family of mammalian
proteins (typified by the so-called YT521-B protein; (Imai et al., 1998)) that
have been associated with pre-mRNA splicing (Stoilov et al., 2002). Thus, an
RNA-binding activity that is associated with 3′ end formation also occurs in
a potential pre-mRNA splicing factor. This raises the possibility that the
balance between splicing and polyadenylation involving introns containing
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alternative poly(A) sites might be determined by the nature of the form of
CPSF30-containing polypeptides that recognize these introns and bring pre-
mRNA splicing into the process of alternative polyadenylation. It should be
noted, however, that this possibility is largely hypothetical, as no clear role for
YT521-B-related proteins in any process in plants has been established.

4.3.4. Linking Polyadenylation to Environmental 
and Developmental Cues
If it is to be a regulatory mechanism, alternative polyadenylation must be
responsive to developmental and environmental cues. Regulation of poly(A)
site choice may be accomplished by changing the levels and activities of sub-
units of the polyadenylation apparatus itself. The roles of varying CstF64
levels in alternative polyadenylation in mammals provides one precedent for
this sort of regulation. It is conceivable that posttranslational modification
may play a role; various polyadenylation factors have been shown to be
phosphorylated (Colgan et al., 1996; Bond et al., 2000; Mizrahi and Moore,
2000; He and Moore, 2005), ubiquitinated (Mizrahi and Moore, 2000), and
methylated (Valentini et al., 1999; Boisvert et al., 2003). While these modifi-
cations have not been associated with alternative poly(A) site choice, their
impacts on the activities of the respective subunits have been defined, and it
is possible that they might contribute to alternative poly(A) site choice. Such
modifications are often linked with signaling events, thus providing a possi-
ble link to environmental and developmental cues. However, the correspon-
ding plant proteins have not been studied in this regard, and it is not possible
to determine the relevance of these mechanisms to gene expression in plants.

A different means for linking the activity of the polyadenylation complex
to regulatory signals is revealed in studies of AtCPSF30. As mentioned
above, AtCPSF30 interacts with calmodulin, and the RNA binding activity
of the protein is inhibited by calmodulin in a calcium-dependent fashion
(Delaney et al., 2006). This property should render responsive to

FIGURE 4.3. Structure of the Arabidopsis gene that encodes AtCPSF30; exons are
depicted with boxes, introns with thin horizontal lines, and the polyadenylation site
within the second intron with a thin vertical line. The mRNA products of polyadeny-
lation within the second intron (left) and at the end of the 3′-terminal exon (right) are
shown beneath the depiction. AtCPSF30-related exons are shown with white boxes,
and YT521-B-related exons with gray boxes. This illustration summarizes results
described by Delaney et al. (2006).
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calcium/calmodulin polyadenylation signals whose function is mediated by
AtCPSF30. Thus, processes that trigger calmodulin signaling events should
affect the activity of the polyadenylation complex by inhibiting (if even tran-
siently) the activity of AtCPSF30. It is interesting to recall that AtCPSF30 is
not essential. This implies that there are polyadenylation complexes in plants
that can function without AtCPSF30, and thus that can function when
CPSF30 is inhibited by calmodulin. If these different complexes also have
different polyadenylation signal preferences, then the possibility arises that
the effects of calmodulin on AtCPSF30 might be manifest as a shift in
poly(A) site choice in genes whose signals are recognized by AtCPSF30-
containing complexes. These latter points are speculation, of course, since there
are no studies that address these (or other) possibilities. Nonetheless, the inhibi-
tion of AtCPSF30 by calmodulin provides a possible paradigm for regulated
polyadenylation in plants; polyadenylation factor subunits (such as AtCPSF30)
may be directly impacted by signaling molecules in ways that alter the func-
tioning of the polyadenylation apparatus.

The connections between stimuli and 3′-end processing may be less direct,
mediated not by direct modulation of the core polyadenylation apparatus, but
rather by auxiliary factors that act in processing in gene-specific manners. An
example of this sort of mechanism is represented by the differential processing
of FCA-encoded transcripts. This differential processing reflects mechanisms
that control FCA protein levels and activities, and the cues for such alternative
processing are those that serve to alter the activities of the FCA protein. One
such cue is the hormone abscisic acid (ABA). In addition to its interaction with
FY, FCA also binds ABA in a saturable manner with kinetics consistent with
action as a hormone receptor (Razem et al., 2006). In the presence of ABA, the
binding of FCA to FY is inhibited, as is the alternative processing that down-
regulates the production of full-length FCA-encoding mRNAs (Razem 
et al., 2006). Thus, FCA provides a molecular link between ABA-mediated 
signaling, alternative polyadenylation, and the regulation of flowering time.
This example demonstrates that the regulation of poly(A) site choice may 
be accomplished by regulation of the levels or activities of auxiliary, non-
polyadenylation factor subunits that act, as does FCA, to recruit the
polyadenylation machinery to noncanonical poly(A) sites in a transcript. The
scope of this regulatory mechanism in plants is not known, but will be revealed
as a greater understanding of the plant polyadenylation apparatus is attained.
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5.1. Small RNAs: Targets and Mechanisms

For a long time, it was thought that RNA molecules were essential molecules
only for carrying the genetic information from the nucleus to the cytoplasm
and helping in the protein synthesis process. Current studies have shown that
most RNAs do not encode proteins. The role and diversity of these numer-
ous non-coding RNAs is yet to be understood. Recent discoveries have
indicated that RNAs are more than inactive molecules. For example, a class
of small (≈ 21 nucleotides [nt]) RNA molecules is involved in many of the
cell’s controls, from defense mechanisms (against pathogens and other mobile
genetic elements such as transposons) to regulation of the expression of their
own genes during development. Among these 21 nt RNAs, microRNAs
(miRNAs) and short interfering RNAs (siRNAs), are the two major types.
Both diverged from their origin (miRNAs are endogenous small RNAs while
siRNAs derive from exogenous dsRNA) but not from their function (Simard
and Hutvagner, 2005). The finding of such small RNAs adds a “twist” to the
general models of gene regulation and has opened an active field of research.

This mechanism of down-regulation that promotes degradation of the
mRNA target, was first described in plants and named “gene silencing”. The
negative regulation of the target gene arises from either one of two mecha-
nisms: processing by cleavage or translational inhibition of the cognate
mRNA. Such inhibition of protein synthesis, which was later seen in worms,
flies and other organisms, came to be known as RNA interference (RNAi).
To date, all multicellular organisms examined, plants and animals, exhibit
such miRNAs. The production and function of small RNAs require a com-
mon set of proteins. The finding of these important small RNAs resulted in
the release in April 2005 of the miRNA registry, an online database that
coordinates and records miRNAs (http://microrna.sanger.ac.uk/sequences/).
So far, 117 microRNAs have been identified in Arabidopsis thaliana and
grouped in 40 families (miRNAs differing by 3 or less nucleotides). Only one
miRNA (miR402) gene has been identified within an intron (Sunkar and
Zhu, 2004). The remaining endogenous small RNAs cloned from Arabidopsis
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have not yet been classified. It has been shown in plants that small RNAs are
involved in proper cell development and patterning (Rhoades et al., 2002;
Parizotto et al., 2004), as well as in accurate cell division in yeast (Lippman
and Martienssen, 2004), mouse (Bernstein et al., 2003) and fruit fly (Pal-
Bhadra et al., 2004). Further insights are needed to develop an understand-
ing of small RNA-mediated regulation and its importance in plant biology.

5.1.1. Distinguishing Between the Small RNAs: siRNA,
miRNA, and Other Small RNAs
Different classes of small RNAs play an active role in RNAi (Table 5.1).
Although they are similar in size (21–27 nt) and perform interchangeable bio-
chemical functions, small RNAs have distinct characteristics and precursors
and can be separated into two big families, siRNA and miRNA. Individual
siRNAs are typically less conserved than miRNAs, most likely reflecting their
different origins and operational modes.

5.1.1.1. The Origin of Small RNAs

siRNA sequences are rarely conserved, while many miRNAs are conserved
across species, underlining a potential evolutionary preservation of their role
in gene regulation (Carrington and Ambros, 2003). However, there is no
report of any miRNA gene that is conserved between kingdoms, suggesting
that miRNAs are evolutionarily ancient (at least 400 million years old [Floyd
and Bowman, 2004]). Despite the evolutionary origins of miRNAs not being
well understood (Voinnet, 2004), information about their biogenesis, activity
and targets is accruing at a rapid pace.

Most of the miRNAs are predominantly located in intergenic regions, and
exceed by far the numbers that match genes, pseudogenes, transposons and
retrotransposons (Lu et al., 2005). By using computational approaches,
complemented with experimental analysis, these authors have shown that
miRNAs are highly concentrated in the pericentromeric regions of each
chromosome, similar to the long repeats observed previously and inversely
proportional to mRNA abundance distribution. Many regions of the genome
that were before considered as inactive and featureless, like the pericen-
tromeric region which generally corresponds to transposon and retrotrans-
poson loci and is often called a genomic “cemetery”, were found to have

TABLE 5.1. Classification of small RNAs.
Classes Sub-class Length Action mechanism

miRNA miRNA ≈22 (19-25) Translation repression, mRNA cleavage
siRNA siRNA 21 mRNA cleavage

tasiRNA 21-22 mRNA cleavage
rasiRNA 24-26 Histone and DNA modification
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substantial small RNA activity. This cluster organization is usually located
downstream from a canonical TATA box motif and seems to be critical for
the coordinate regulation of miRNA biogenesis (Xie et al., 2005).
Comparison of two small RNA libraries (from Arabidopsis thaliana inflores-
cence and seedlings) indicated preferential accumulation in specific tissue
types, suggesting the existence of a mechanism that regulates miRNA expres-
sion. This may reflect a greater variety or increased use of small RNAs in
specialized cell types.

5.1.1.2. The Precursor Molecule

siRNAs generally derive from exogenous sources (introduced dsRNA, viruses,
transgenes) and recognize targets with perfect complementarity. miRNA typi-
cally derives from the distinct loci that they regulate and show less than perfect
complementarity. In contrast with siRNAs that come from long dsRNA mol-
ecules (100–1000 bp), miRNAs originate from capped and polyadenylated
primary RNA transcripts named pri-miRNA (Jones-Rhoades and Bartel,
2004). Those stem-loops or hairpins (≈70 nt) will successively be processed first
into pre-miRNA and then into miRNA:miRNA* duplexes. Usually only a sin-
gle-stranded stable and active miRNA is liberated from each stem-loop precur-
sor. Only a single mature miRNA is generated from miRNA hairpin precursors
while a multitude of siRNAs accumulate from the dsRNA precursor.

5.1.1.3. The Target

Another difference between miRNA and siRNA is in the target sequence.
siRNA typically specifies “auto-silencing”, with silencing of the same locus
or highly conserved ones, while miRNA can silence very different families of
genes. A mutation in siRNA sequence would change the targeted sequence
and its regulation, while a mutation in miRNA sequence is rarely followed
with a different selection pressure of its target. The putative targets of
miRNAs in plants are predominantly regulatory genes, such as transcription
factors, F-box proteins and ubiquitin-conjugating enzymes (Table 5.2). But
targets that fall into other gene categories imply that miRNA-regulated genes
may be involved in many pathways in plant biology and not just develop-
ment. In mammalian cells, the number of genes coding for miRNA repre-
sents nearly 1% of the predicted genes in those genomes, a fraction similar to
that of other large gene families with regulatory roles.

5.1.1.4. Other Small RNAs

Recently, another type of small RNA has been found in plants and worms,
named endogenous trans-acting siRNA (tasiRNA). These tasiRNAs cleave
mRNA in trans, indicating that the target gene is different from the gene of
origin, however, their role and cellular function remain unclear (Vazquez
et al, 2004a). Like tasiRNA, rasiRNA (repeat-associated siRNA) presumably
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derives from long dsRNA and therefore belongs to the siRNA family 
(Table 5.1). rasiRNA leads to transcriptional silencing by remodeling the
heterochromatin through histone 3 (Lys9) methylation (Volpe et al., 2003).

5.1.2. Two Distinct Stages of RNAi: Initiator 
and Effector Phases
Biogenesis and action of small RNAs is dependant upon the activity of dif-
ferent proteins that have been identified by homology between animals and
plants. The initial synthesis of small RNAs is mediated by DICER, but they
can only be activated, and then recognize and interact with the target when
they are associated with the RISC (RNA inducing silencing complex) protein
complex.

TABLE 5.2. Arabidopsis miRNAs.
miRNA Target gene class References

156 SYB transcription factor 1, 2
159 MYB transcription factor 1, 3, 4
JAW-319 TCP transcription factor 4
160 ARF transcription factor 1, 2
161 PPR transcription factor 1, 5
162 DCL1 RNAi enzyme 6
163 SAMT 5
164 NAC transcription factor 1, 2, 7, 8
165 HD-ZIP III 9, 10
167 ARF transcription factor 1, 2
168 AGO1 RNAi enzyme 1, 11
169 CCAAT transcription factor 12
170-171 SCR transcription factor 1, 13
172 AP2 transcription factor 2, 14, 15
173 TAS1, TAS2 16
390 TAS3 16
393 TIR1/F-box - bHLH transc. factor 12
394 F-box 12
395 ATP sulfurylase, AST 12, 16
396 GRF 12
397 Laccase 12
398 Superoxide dismutase 12
399 transporter E2-UBC 16
403 AGO2 RNAi enzyme 16
406 Spliceosomal protein 17
447 2PGK 16

1: Vazquez et al., 2004b; 2: Kasschau et al. 2003; 3: Achard et al., 2004; 4: Palatnik et al., 2003;
5: Allen et al., 2004; 6: Xie et al., 2003; 7: Mallory et al., 2004; 8: Laufs et al., 2004; 9: Tang
et al., 2003; 10: Emery et al., 2003; 11: Vaucheret et al., 2004; 12: Jones-Rhoades and Bartel, 2004;
13: Llave et al., 2002b; 14: Aukerman and Sakai, 2003; 15: Chen, 2004; 16: Allen et al., 2005; 17:
Sunar et al., 2004.

Ch05.qxd  29/01/07  12:05 PM  Page 126



5.1.2.1. The Dicer Protein and the Initiator Phase

The first report of the presence of small RNAs was made in the plant king-
dom, where plants that showed posttranscriptional gene silencing (PTGS)
activated either by a transgenic or a viral sequence, accumulated specific
small RNA known as siRNA (Hamilton and Baulcombe, 1999). Fire et al.
(1998) showed evidence, in worms, that small double stranded RNAs were
more active by dramatically inhibiting expression of genes displaying enough
similarities with those small RNAs. Similar observations were made in plants
using transformation (Waterhouse et al., 1998). This mechanism was then
thought to be part of the organism’s cell machinery when a protein named
DICER was identified. DICER (Denli and Hannon, 2003), an RNase III
enzyme, is a protein that converts long exogenous dsRNA, by endonu-
cleolytic cleavage, to small RNAs. The sequence and structure of the small
RNAs generated determine both their function and the identity of their
target genes.

As discussed earlier, siRNAs derive from hundred or thousand bp long
dsRNA, whereas miRNAs derive from long, capped and polyadenylated
RNAs transcripts named pri-miRNA that will be processed into pre-miRNA
and then into mi-RNA:miRNA*. In plants, both steps are performed in the
nucleus by a protein named DCL1 (DICER-LIKE 1) (Papp et al., 2003) and
also, based on homology with animal Dicer protein, by HEN1 and HYL1
(Park et al., 2002; Vazquez et al, 2004b). The biogenesis of plant miRNA is
shown in Fig. 5.1. All current evidence suggests that small RNAs (both
siRNA and miRNA) are generated from dsRNA but accumulate in func-
tional complexes as single-stranded RNA. Each miRNA and siRNA duplex
can potentially give rise to two single-stranded active molecules, but only the
mature miRNA and the siRNA “guide strand” accumulate in vivo and enter
the functional complex. miRNA* and the siRNA “passenger strand”, will be
largely destroyed. This idea is well supported by experiments using P19 pro-
tein, a suppressor of the RNA silencing defenses that plants display against
viral infection (see Section 5.1.5. of this chapter). P19 binds and stabilizes
double stranded small RNA, which leads to the accumulation of
miRNA:miRNA* duplexes in plants (Chapman et al., 2004; Dunoyer et al.,
2004). Interestingly, a large fraction of plant miRNA targets are either known
to be, or homologous to, transcription factors involved in cell fate determina-
tion. This strongly supports the idea that miRNAs are important in the proper
regulation of plant development. The role of miRNA in plant development
was demonstrated by the discovery of the dcl1 mutant which displays conver-
sion of the floral meristem to an undetermined meristem and also shows mul-
tiple other defects in plant development, such as delayed flower timing
(Schauer et al., 2002). The dcl1 mutant has reduced levels of miRNA and
shares phenotypic similarities with other mutants like hen1, ago1 or hyl1
(Lu and Fedoroff, 2000; Park et al., 2002; Kidner and Martienssen, 2003).
This data suggests that miRNAs function as posttranscriptional negative
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regulators to control meristem identity and cell proliferation, organ polarity
and separation (e.g., establishment of adaxial-abaxial polarity controlled by
miRNA 165/166-mediated regulation of PHV/PHB genes, Tang et al., 2003),
as well as other developmental process (Bartel 2004, He and Hannon, 2004).
These miRNAs show temporal and tissue-specific expression patterns (Llave
et al., 2002a; Reinhart et al., 2002) and seem to interfere with expression of
mRNA-encoding factors that control developmental timing, stem cell main-
tenance, and other developmental or physical processes. In addition, plants
expressing a viral protein that alters miRNA accumulation have similar
developmental defects (Kasshau et al., 2003).

5.1.2.2. The Argonaute Protein and the Effector Phase

Despite the fact that Argonaute (Ago) and Dicer proteins have been shown
to co-immunoprecipitate by binding through direct interaction between the
RNase-III domain of DICER and the PIWI domain from Ago proteins,

FIGURE 5.1. Plant miRNA biogenesis
pathway. miRNA genes (miR) are transcribed
by RNA polymerase II (Pol II) to generate
the primary transcripts (pri-miRNAs). DCL1
catalyzes the processing of pri-miRNAs to
form the miRNA duplexes. The duplex is
separated, and the mature miRNA is selected
and loaded onto the effector complex
(Ribonucleic Protein, RNP), whereas the
other strand (miRNA*) is degraded.
(See Color Plates)
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dsRNA processing and target-mRNA degradation were found to be
biochemically separable activities (Bern-stein et al., 2001; Hammond et al.,
2001). These activities occur in two distinct phases termed “initiator” and
“effector”. RISC (RNA inducing silencing complex) is part of the “effector”
process. RISC assembly has mainly been studied in vitro for Drosophila S2
cells or embryos and also in HeLa cells. We do not know yet if this data can
be generalized for other organisms. We know that silencing pathways share,
so far, a common set of proteins to produce and amplify such small RNAs.
One of them is a member of the Argonaute family of proteins that seems to
be a key protein in the RNA silencing effector complex (Tabara et al., 1999,
2002; Hammond et al., 2001; Shi et al., 2004). Ago proteins are defined by the
presence of PAZ and PIWI domains. The PAZ domain is thought to bind
single stranded RNA (Lingel et al., 2003; 2004), while the PIWI domain is
structurally similar to the endoribonuclease-H domain that cleaves RNA.
RISC contains single-stranded RNA, and therefore siRNA unwinding must
occur at some point during the RISC assembly pathway. This process seems
to be an energy-consuming procedure and may be catalyzed by an RNA
unwindase enzyme. This event is important in the activation of RISC by the
selection and loading of the functional siRNA (guide strand), while the passen-
ger strand will be discarded and degraded. Two hypotheses on the selection
of the active siRNA have been proposed. A few models envision that the
selection could be largely dictated by the relative thermal stability of base
pairing at the two ends. This “thermodynamic asymmetry” makes sense in
the RISC where the PAZ domain seems to be the best candidate for binding
the 3′ end, while the “seed” sequence (2–8 nt) matches the target sequence
with the 5′ phosphate resting near the PIWI domain. The lack of a 5′ phosphate
on the seed strand prevents stable association of the siRNA with the complex
(RISC), and its presence is required for an siRNA to function. The other
hypothesis comes from the dual roles of DICER that not only generates
siRNAs but also escorts them into RISC. It seems that the selection could be
influenced by the direction that DICER takes to produce siRNA and only
the strand with its 3′ terminus at the processed end enters the RISC (Elbashir
et al., 2001a).

5.1.3. Operational Modes and Functions
To prevent expression of a protein product, two steps are targeted: transla-
tion (through alteration in mRNA stability and through direct translation
repression of protein synthesis) or transcription (through chromatin modifi-
cation). Those mechanisms are explained in Fig. 5.2.

5.1.3.1. mRNA Cleavage

When siRNA or miRNA pairs extensively with its RNA target, the protein
complex cleaves specifically across from nucleotides 10 and 11 of the small

5. An Overview of Small RNAs 129

Ch05.qxd  29/01/07  12:05 PM  Page 129



130 Jean-Michel Hily and Zongrang Liu

RNA guide (Elbashir et al., 2001b). This is actually the dominant mecha-
nism by which plant miRNAs regulate their target genes (Llave et al., 2004b;
Tang et al., 2003). This cleaving process is carefully managed and is the con-
sequence of the way small RNAs are bound to a specific member of the
Argonaute protein family. The multidomain Argonaute proteins contain two
RNA-binding domains: the PIWI and PAZ domains, that seem to affect
their function in controlling gene expression. The 5′ end of an miRNA or
siRNA (named “seed” sequence) contributes disproportionately to target
RNA binding. To perform its task, a high-to-perfect complementarity is
required between the target mRNA and the 5′-half of the miRNA
(Parizotto et al., 2004; Doench and Sharp, 2004). Complementarities
between the small RNA and its target help to determine if the small RNA
directs target cleavage or represses mRNA translation, because an A-form
helix must be formed with the target RNA at the center of an siRNA guide
strand for cleavage to occur. In the absence of such a helix, the central region
of the small RNA cannot pair with the target, and translation repression
may ensue. miRNA cleavage in plants seems to tolerate up to 5 mismatches

FIGURE 5.2. Model for RNA silencing pathways. A: Extensive complementarity of
small RNAs in coding region or UTR induces target mRNA cleavage. B: Partial
match of small RNA for the target, acts as guide molecule in translational control.
C: small RNAs incorporated in RITS complex associate with chromatin and induce
histone/DNA methylation.
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between the miRNA and its target (Palatnik et al., 2003), but additional
mismatches into the miRNA-binding site of the target reduce cleavage
(Llave et al., 2002b). The putative targets are predominantly regulatory
genes, such as transcription factors and F-Box proteins, but recent data
implicates miRNA in many facets of plant biology from ubiquitin machin-
ery to more structural and physiological processes (Lewis et al., 2003; John
et al., 2004; Sunkar and Zhu, 2004). After cleavage of the mRNA, the
miRNA remains intact and can guide the recognition and destruction of
additional messages.

5.1.3.2. Translation Repression

When siRNAs or miRNAs pair only partially with their targets, including
mismatches in the “seed” or central sequence, they cannot direct mRNA cleav-
age. Instead, they block translation of the mRNA into protein (Olsen and
Ambros, 1999; Doench et al., 2003). They do this by either directing degrada-
tion of the polypeptide as it emerges from the ribosome or by “freezing” the
ribosome after initiation so that ribosomal scanning is inhibited (Olsen and
Ambros, 1999). Another possibility that could explain how small RNAs affect
protein synthesis is by altering the stability of the target mRNA, making it
more susceptible to degradation. New studies have proposed a speculative
model for translation repression, whereby small RNAs, when bound to the
Ago 2 protein associated with an enzyme that removes the 5′ 7-methylguano-
sine cap (characteristic of newly synthesized mRNA), can stimulate the move-
ment of the mRNA from the cytosol to sites of mRNA destruction called
“P-bodies” (Liu et al., 2005; Sen and Blau 2005). By sequestrating mRNA in
P-bodies, small RNAs would block mRNA translation. This process would
reduce the translational rate of the mRNA without affecting its steady-state
abundance until the mRNAs were actually degraded in the P-bodies.

The most detailed and well understood example of an miRNA working as
a translational repressor is miRNA172 which regulates APETALA2 (AP2, a
class A gene) and controls floral organ identity and floral stem cell prolifer-
ation. Xuemei Chen (2004) first showed that the AP2 protein level in hen1
and dcl1 mutants defective in miRNA, was approximately 2–3 times lower
than that in wild type, while AP2 mRNA abundance was similar in all geno-
types. This observation suggested that AP2 was regulated at the translational
or posttranslational level by a miRNA(s) absent in hen1 and dcl1. The
MIR172 gene under the double enhancer 35S (cauliflower mosaic virus)
promoter was then introduced into wild type plants to determine the effect of
elevated miRNA172 on AP2 expression. It appeared that transgenic
plants showed a floral homeotic phenotype similar to those of AP2 loss-of-
function mutants, but in addition displayed rosette leaves that curled upward,
suggesting that AGAMOUS (AG, a class C gene) expression was simultane-
ously elevated. This data confirmed that miRNA172 regulated AP2 but also,
influenced other floral patterning genes, like AG in leaves. In untransformed
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plants, miRNA172 appears to be strongly present in the floral primordia
until stage 7 when it accumulates specifically in the inner two floral whorls. As
a result, this accumulation may cause the AP2 protein to be concentrated in the
outer two whorls, where AP2 acts to specify perianth identities. miRNA172
acts like an AP2 regulator and appears to operate at the translation level,
rather than at the level of RNA stability.

Complementarity may not be the only factor that influences the way in
which miRNA regulates its target. Perhaps the context of the miRNA bind-
ing site plays a role in determining its mode of action. Another possibility is
that different mechanisms of regulation may operate in different cell types.
Lu et al. (2005) showed that the number of distinct siRNAs from the inflo-
rescence was at least four times that of those from seedlings, which may
reflect a greater variety of specialized cell types or increased use of small
RNAs in all cell types within the inflorescence. After observing a lack of
accumulation of virus-derived siRNAs in roots versus leaves, Andika et al.
(2005) proposed that RNA silencing pathways may be fundamentally differ-
ent in the aerial parts of the plant compared to the roots. This observation
confirmed that the small RNA world and its regulatory role is broader and
more complex than previously thought.

5.1.3.3. Chromatin Modification

The effect of RNA silencing pathways is not limited to cytoplasmic processes
such as mRNA turnover and protein synthesis. In the last few years, some
groups have shown that small RNA and RNAi participate in a genetic phe-
nomenon known as epigenetic control (Xie et al., 2004), as well as contribute
to the initiation of heterochromatin formation. Small RNAs seem to regulate
and guide nuclear events that adjust the shape of the chromatin, including
histone modification (H3 is modified by methylation at lysine 9) and DNA
methylation. These changes in chromatin shape can result in transcriptional
silencing (Wassenegger et al., 1994; Mette et al., 2000) and lead to gene inac-
tivation (Reinhart and Bartel, 2002; Volpe et al., 2002; Zilberman et al.,
2003). In plants, siRNAs that are needed to methylate cytosine and H3K9 are
“diced” by DCL3 (DICER-LIKE protein 3) from dsRNAs initiated by the
RNA-dependant RNA polymerase (RdRp), RDR2 (Xie et al., 2004). Then,
the siRNA is unwound and the resulting small single-stranded RNA is
loaded onto the RITS complex (RNA-induced transcriptional silencing) that
contains a member of the Argonaute protein family, e.g., AGO4, among
others in plants (Volpe et al., 2002; Zilberman et al., 2004). The RITS
complex apparently recruits histone-modification factors. DNA and chro-
matin-modifying enzymes that bind in a large complex to siRNA, to guide
the assembly of heterochromatin. It is not known whether the RITS-complex
recognizes DNA directly or whether it hybridizes to newly-formed tran-
scripts. It seems that siRNAs interact directly with DNA (Jones et al., 2001)
but only in a short interval during transcription of a sequence when the DNA
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is unpaired; when DNA is paired again behind the polymerase, the site
becomes inaccessible to the siRNA. In plants, “transcriptionally silenced”
DNA seems to be transcribed by a specialized DNA-dependant RNA-poly-
merase, RNA polymerase IV (Herr et al., 2005; Kanno et al., 2005). This
RNA pol IV appears to provide a constant source of template for the RdRp
that is necessary to manufacture siRNAs.

Bao et al., 2004, reported that genes encoding two Arabidopsis miRNA tar-
gets, PHABULOSA and PHAVOLUTA, are heavily methylated, and muta-
tions that disrupt miRNA complementarity correlate with decreased
methylation and presumably increased transcription. Even if the mechanism
involved is not yet clear, these results suggest that miRNA may have direct or
indirect access to transcriptional silencing pathways.

5.1.4. Amplification of the Silencing Triggers
In plants, RNA dependent RNA polymerase enzymes are required for silenc-
ing initiated by single-stranded RNA triggers (Dalmay et al., 2000), but per-
haps not for dsRNA triggers (Waterhouse et al., 1998). One of the first
hypotheses on how the RNA silencing pathway is initiated, was developed
because of the detection of “aberrant” RNAs. A likely candidate for an aber-
rant RNA sensor was a class of RNA silencing proteins that copy single-
stranded RNA into dsRNAs. These RdRps are found in nearly every
eukaryote with a functioning RNA silencing pathway and are thought not
only to trigger RNA silencing, but also amplify and sustain the mechanism.
The model that seems to be the best to date, is that dsRNAs are “diced” into
“primary siRNAs” that will be used as primers by the RdRps to amplify more
dsRNA and create abundant “secondary siRNAs” (Sijen et al., 2001). This
amplification can lead to the spreading of siRNA in both directions (5′ and
3′) along the target gene. siRNA initiation that is locally happening in one cell,
can then be linked to amplification in other cells via plasmodesmata and sys-
temic silencing. This has been observed in worms and plants, in which locally
initiated silencing can be inherited and spread systemically to distant parts of
the organism (Boerjan et al., 1994). The nature of the mobile silencing sys-
temic signal is not yet well defined but due to its specificity, is thought to have
a nucleic acid component that is probably RNA. By observing protein-bound
siRNA flowing through the vascular system (which initiates systemic silenc-
ing), Yoo et al. (2004) have shown that siRNAs function as both intra and
extracellular signaling molecules. This process is thought to provide a systemic
antiviral response that immunizes tissues that are not yet infected.

5.1.5. A Natural Defense Mechanism
It was thought at first that the only purpose of siRNA was to defend plants
against RNA viruses and transposons. It has now been shown that plants use
RNA silencing as a natural antiviral defense (Lecellier and Voinnet, 2004).
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Because plants lack the protein-based adaptive immunity seen in animals,
RNA silencing can be seen as a form of immune system that operates at the
nucleic acid level to fight off invading elements. However, this system is not
triggered by the host but by features and sequences within the pathogen’s
genome. Upon infection of viruses, viral DNA or RNA is used as template to
generate dsRNA that will then be recognized by the silencing machinery.
Mutation in some RNAi key genes, such as DCL2, RDR6/SGS2, increases
susceptibility and sensitivity toward viruses (Mourrain et al., 2000). There is
no clear evidence that animal viruses also induce siRNA, and it seems unlikely
that RNA silencing is a general anti-viral defense mechanism, at least in mam-
mals. The lack of DCL protein diversification in mammals, compared to
plants, supports the hypothesis that progressively more advanced animals lost
this feature in favor of a more elaborate active defense. This hypothesis, how-
ever, does not exclude participation of RNA-silencing in antiviral responses,
and miRNA might just be the molecule involved in such a response. This has
been demonstrated with animal viruses such as Epstein-Barr virus, which
encodes miRNA in its genome (Pfeffer et al., 2004), and regulates viral and
host gene expression to optimize infectivity in host cells. Plant viruses also
have evolved various strategies to counteract the host’s antiviral RNA silenc-
ing (Baulcombe, 2004). The first identified strategy involves suppressor factors
of silencing which are encoded by both DNA and RNA viruses (Voinnet,
2005). For instance, tombusviral p19 protein binds tightly to siRNA duplexes
and prevents them from being incorporated into an active RISC (Lakatos
et al., 2004; Dunoyer et al., 2004, Zamore, 2004). Other viruses use indirect
interference with silencing-effector molecules, illustrated by the potyviral
helper-component proteinase (Hc-Pro). A third option employed by viruses to
counteract silencing is by making themselves inaccessible to RNAi machinery
through protective secondary structure in their RNA or through compart-
mentalization that hides them from the RNA silencing mechanism.

5.2. Using RNAi Technology as a Molecular Tool

RNAi technology has emerged as an effective method in reverse genetics for
silencing gene expression in eukaryotic cells. This technology allows scientists
to observe the effect of the loss or reduction of mRNA level of an individual
gene and therefore to investigate gene function. Compared to other methods
that knock-down the expression of specific genes, e.g., antisense oligodeoxynu-
cleotides, ribozymes, insertional mutagenesis, and chemical mutagenesis),
RNAi seems to be one of the most powerful tools. Many applications have
been found in basic science to help in the characterization of gene function,
signaling pathway analysis and target validation. Nevertheless, the applica-
tion of RNAi technology in medical research to develop therapeutic methods
for controlling human diseases may be its most valuable contribution. In this
part we will discuss different methods used to activate the silencing pathway
and some potential applications.
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5.2.1. Methods of Induction of Gene Silencing
One of the biggest challenges facing research in this area is in the delivery of
the active molecule that will trigger the RNAi pathway. While feeding worms
with Escherichia coli expressing the active molecule may be possible
(Timmons and Fire, 1998), the delivery of dsRNA that activates the RNAi
pathway in plants is much more complex. Synthetic siRNA duplexes (21 nt)
or dsRNAs can be delivered to plant cells in several ways: microprojectile
bombardment, micro-injection, infiltration of plant tissue with
Agrobacterium, or virus induced gene silencing. These various techniques
each have advantages and disadvantages, but the weakest point is the fact that
their effect is transient. The most reliable method to date for increasing the
silencing effect is the stable transformation of constructs with intron spliced
hairpin RNA (ihpRNA)-expressing transgenes; however, this technique
requires efficient transformation techniques.

5.2.1.1. Biolistic, Virus and Agro-infection Delivery

Bombarding cells with particles coated with dsRNA, siRNA, or DNA that
encode hairpin constructs, as well as sense or antisense RNA, activates the gene
silencing pathway. Injection of Agrobacterium carrying similar DNA con-
structs into the intercellular spaces of leaves (known as Agro-inoculation) also
triggers RNA silencing. This latter technique is mainly used in herbaceous
species which led to the discovery and a better understanding of the silencing
signal (Voinnet and Baulcombe, 1997). But the effect of both methods does not
last more than a few days. An alternative to those procedures takes advantage
of the virus genome’s ability to carry and induce RNAi against foreign
sequences and has been introduced as virus-induced gene silencing (VIGS)
technology. Usually, 300–800 nt fragment target gene sequences are used and
cloned into T-DNA (for transfer DNA from A. tumefaciens) plasmids modi-
fied to carry the viral sequences; these plasmids can be stably integrated into
the plant genome (Ratcliff et al., 2001). The major limitation of this technol-
ogy is the scarcity of virus-host systems that can be used. So far, most of the
VIGS systems have been tested on Nicotiana species. Those experiments gave
highly reproducible results using different vectors producing mild virus symp-
toms that do not interfere with or mask the visible effects resulting from
silencing the target gene. In the last couple of years, significant efforts have
been made to find new vectors to generate RNAi in important crop plants;
however, this technology is still in its early development stage.

5.2.1.2. Stable Transformation

Initially, RNA silencing (or “posttranscriptional gene silencing” as it was
named at that time) was generated by stable transformation using sense or
antisense over-expressed constructs. The ratio of plants displaying charac-
teristics of gene silencing was nevertheless really low. Waterhouse et al.
(2000) designed an innovative vector expressing a self-complementary
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hairpin (hpRNA) construct that efficiently produced siRNA and therefore
activated the RNAi pathway in almost 100% of the transformed plants
(Smith et al., 2000). The hpRNAs were composed of a promoter, the tar-
geted gene with two inverted sequences separated by a spacer, and a termi-
nator. Thus, the RNA transcribed from such a transgene will hybridize with
itself to form a hairpin structure, acting as a substrate for the generation of
siRNA. Later work has shown that the use of an intron sequence separating
the two inversely-repeated copies of the target (ihpRNA), efficiently
enhances the capacity of silencing (Wesley et al., 2001). Most of the
ihpRNA constructs have been designed under the control of the constitutive
35S promoter, but tissue-specific or inducible promoters have also been suc-
cessfully adopted to efficiently direct silencing (Byzova et al., 2004;
Wielopolska et al., 2005). Moreover, this ihpRNAi technology could allow
multiple genes to be silenced with a single construct, as suggested by exper-
iments where effective silencing of two genes has been obtained from one
hpRNAi construct (Allen et al., 2004).

5.2.2. Functional Genomic Tools to Understand Essential
Regulation of Key Developmental Processes
RNAi provides an important tool for functional genomics research that
makes it possible to target and shut down any gene. The best example of the
application of this technology is the use of the pHELLSGATE high-
throughput gene silencing vector (Helliwell et al., 2002) currently being used
by the Arabidopsis genome RNAi knock-out line analysis (AGRIKOLA)
consortium to create a collection of silencing vectors for all the available
Arabidopsis genes [GSTs: gene sequence tags] (Hilson et al., 2003). The aim
of this type of study is to identify and assign a function to each gene, because
many gene knockouts in plants do not produce a phenotype under normal
growth conditions.

Nevertheless, many challenges in plant functional genomics are currently
problematic. Most functional genomics research is conducted in model
plants such as Arabidopsis, rice and maize. However, practical application of
this research usually needs to be extended to non-model plants of economic
importance. There are multiple limitations in applying RNAi technology
across different plant species. First, knowledge of the target gene sequence is
required, but only the Arabidopsis thaliana, Oryza sativa and Populus tri-
chocarpa genomes have been completely sequenced, although there are pro-
grams currently sequencing the maize, soybean and tomato genomes which
should be available in the near future. The second weakness is in the delivery
methods of dsRNA, which are not always compatible with the plant species
of choice. So far, Arabidopsis remains the model plant, but recent advances
in VIGS, ihpRNA and siRNA delivery have allowed the development of
other plant systems, including solanaceae (Ryu et al., 2004), barley (Hein
et al., 2005), maize (Cigan et al., 2005), poplar (Naylor et al., 2005) and poten-
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tially any transformable species. It will be possible to target other more recal-
citrant species as improved transformation technology becomes available.

5.2.3. Improvement of Plant Characteristics
RNAi technology may be used to generate improved crop varieties in terms
of disease and insect resistance, enhancing nutritional qualities and other
properties of agronomic or horticultural interest. Table 5.3 displays examples
of genes silenced through ihpRNA and their phenotypes in non-model
plants. Some of these examples are discussed in more detail below.

5.2.3.1. Nutritional Improvement

Kusaba et al., (2003) have recently made an important contribution to agri-
culture by applying RNAi technology to improve rice plants. They were able
to reduce the level of glutenin in rice grains and create a new rice variety
named LGC-1 (Low Glutenin Content-1). Glutenin is a major seed storage
protein accounting for 60% of total endosperm protein in rice, which is
barely digested by the human body. LGC-1 is beginning to be used as a low-
protein rice cultivar in diet therapy for patients with kidney disease who must
restrict protein intake (Mochizuki and Hara, 2000).

Others have attempted to increase tomato fruit nutritional value by sup-
pressing an endogenous photomorphogenesis regulatory gene, DET1 (DE-
ETIOLATED 1). The DET1 transcription factor is a negative regulator of
photomorphogenic responses, including downregulation of pigment forma-
tion. By reducing DET1 using fruit-specific promoters combined with RNA
interference (RNAi) technology, Davuluri et al. (2005) have shown that
DET1 transcripts were indeed specifically degraded in transgenic fruits.
DET1-downregulated tomato fruit showed significant increases in all three

TABLE 5.3. Example of validated performances using ihpRNA technology in non
model plant.
Plant Phenotype References

Potato PLRV resistance 1
Reduced enzymatic browning 2

Barley, wheat BYDV resistance 3
Cotton High stearic and oleic oil 4
Plum PPV resistance 5
Ryegrass Hypo-allergenic 6
Opium poppy Morphine replacement with nonnarcotic alkaloids 7
Tomato Slowed ripening process 8
Apple Hypo-allergenic 9

1: Waterhouse et al., 1998; 2: Wesley et al., 2001; 3: Wang et al., 2000; 4: Liu et al., 2002;
5: Hily et al., in press; 6: Petrovska et al., 2004; 7: Allen et al., 2004; 8: Xiong et al., 2005; 9:
Gilissen et al., 2005.
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classes of photonutrient products (carotenoids, chlorogenic acid and
flavonoids) which are precursors of vitamin A and other antioxidants. Such
results could be beneficial for human health.

An Australian research team genetically modified the fatty acid composi-
tion of cottonseed oil using the hairpin RNA-mediated gene silencing
method to down-regulate expression of two key fatty acid desaturase genes,
ghSAD-1 and ghFAD2-1, in seed (Liu et al., 2002). Silencing ghSAD-1 and/or
ghFAD2-1 to various degrees favors the development of cottonseed oils
having novel combinations of palmitic, stearic, oleic, and linoleic contents
that can be used in margarines and deep frying oils without hydrogenation.
This should make possible the development of cottonseed fats and oils that
satisfy different application requirements, in particular lines with fatty acid
profiles matching those of valuable specialty confectionery fats such as cocoa
(Theobroma cocoa) butter.

5.2.3.2. Agronomical Improvement

One possible application of RNAi involves the down-regulation of key
enzymes in any biosynthetic pathway. This new technology has actually been
tested in various economically important species, and has been associated
with limiting the quantity of lignin in Corchorus to aid in the production of
high quality paper in a more cost-effective manner. Another application of
this technology is to reduce the production of CaMXMT1, an enzyme
involved in the major caffeine synthetic pathway in coffee plants. Preliminary
results indicate that the method can be practically applied to produce decaf-
feinated coffee varieties (Ogita et al., 2004).

5.2.3.3. Disease Resistance

The most successful application of gene silencing for crop improvement so
far has been the engineering of virus resistance, particularly in crops where
resistance genes have not been identified in wild germplasm. This technology
of improving pest resistance is based on a pathogen-derived resistance (PDR)
approach (Sanford and Johnston, 1985). The concept of obtaining resistance
to parasite/virus by transformation with genes derived from the genome of
the pathogen is highly effective and relies on the production of dsRNA
through the transcription of a self-complementary hairpin structure that
interferes with the parasite/virus at the RNA level. Generally, fragments of
300 to 800 nucleotides derived from the target genome efficiently trigger the
RNAi pathway. Nonetheless, fragments as short as 23–60 nucleotides have
been successfully tested (Thomas et al., 2001). Any part of the genome is able
to activate the RNAi defense system. To fight viruses, most of the sequences
used are derived from the viral coat protein (CP). For this technology to be
very effective, Tenllado et al. (2004) estimated that a 500-fold excess of
dsRNA over PMMoV viral RNA would be the threshold required for inter-
ference with virus replication under experimental conditions. This contrasts
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with the few molecules of dsRNA sufficient to trigger RNAi reported in
worms (Fire et al., 1998). This discrepancy could be easily explained by the
counter-defense naturally developed by some viruses (see section 4.1.5.). As
discussed previously, the best way to deliver dsRNA into plant cells is
through stable transformation of an ihpRNA construct. This strategy has
been successfully tested in various organisms against numerous viruses in
herbaceous plants. The technology has also been used to fight viruses in woody
perennial trees. Researchers at the USDA Appalachian Fruit Research
Station and INRA in France were able to transform plum trees (Prunus
domestica L.) with an ihpRNA containing the plum pox virus (PPV ) coat pro-
tein sequence. Two lines were obtained and inoculated with PPV, and no virus
could be detected in either line (Hily et al., unpublished result).

5.2.3.4. Biosafety

Questions concerning the potential ecological impact of transgenic plants
have been raised, and the potential risks include complementation (ability of
the transgene to restore a loss-of-function or to confer a gain-of-function to
the wild-type virus when transgene and virus genome are brought together),
heterologous encapsidation (when using coat protein transgenes), synergy
(ability of the transgene to aid virus survival in trans), and unwanted genetic
flow between organisms. RNAi technology is considered to be a “biosafe”
technology, eliminating certain risks thought to be associated with transgenic
plants carrying first generation constructs (binary vectors and sense or anti-
sense genes). For example, earlier strategies for obtaining viral resistant
plants required expression of the protein product from the transgene of inter-
est and risked heteroencapsidation through protein-protein interactions
between target and non-target viral gene products, as was observed when a
non-aphid transmissible strain of zucchini yellow mosaic potyvirus became
aphid transmissible from a transgene expressing a plum pox potyvirus capsid
protein (Lecoq et al., 1993). Since RNAi triggers the formation of dsRNA
molecules that will target and facilitate the degradation of the gene of inter-
est, as well as the transgene itself, it avoids problems arising from synthesis of
protein products. Furthermore, this technology also allows the use of short
gene sequences, as well as non-coding regions of genes, thus limiting unde-
sirable recombination events.

5.3. Conclusion

RNA interference has added a new dimension to the regulation of gene
expression by different types of RNAs. Recently labeled “Technology of the
Year in 2002” (Couzin, 2002) and by Fortune Magazine’s “Billion Dollar
Breakthrough” (Stipp, 2003), this new field of research has emerged as a
powerful research tool to understand unknown gene function and has also
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been proven to be useful for producing improved crops. In plants, RNAi is
thought to be a way of regulating endogenous genes, but also because plants
lack the protein-based adaptive immunity, it is believed that the sequence-
specific RNA silencing mechanism is an ancient form of defense evolved to
counteract invading pathogens. The common denominator among these dif-
ferent roles is the trigger molecule, a dsRNA that will activate the RNAi
pathway and lead to the degradation of the target mRNA or suppression of
protein translation from the target mRNA. Studies of the pathway have
revealed some interesting mechanistic details regarding physical and func-
tional connections between initiator and effector phases; nevertheless, Ago
family proteins and some tiny RNAs seem to be the core elements of this
pathway. The term “small” RNA, that defines their physical properties, is
somewhat misleading considering the importance of these “riboregulators”
in key developmental and defense pathways. Future studies will likely find
other significant roles for this class of RNA and suggest novel strategies for
regulating gene expression to improve crop traits and to fight human diseases
for which there are currently only limited therapies.
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6.1. Introduction

Newly synthesized mRNA is neither naked nor static. Transcription is cou-
pled to the assembly of mRNPs (messenger ribonucleoprotein particles) so
that RNA-binding factors which are recruited to active transcription sites are
available for immediate construction of the mRNP complex. These factors
specify the processing, export, subcellular location, and stability of the
mRNA. Assembly of the mRNP proceeds in an orderly fashion beginning
with the association of the cap-binding protein complex. This step is followed
by the splicing-dependent assembly of proteins at the exon junctions of
intron-containing genes and the addition of adaptor proteins to facilitate
RNA export. In this way it can be said that transcription is physically and
functionally coupled to the pre-mRNA processing events that lead to the
final, export-competent mRNP. The relationships among these processes are
summarized in Figure 6.1.

6.2. mRNA Transport and Localization

mRNA transport, localization, and translation are dynamic processes,
requiring a constant restructuring of the mRNA-protein complex (reviewed
in Van De Bor and Davis, 2004). These processes, which have been docu-
mented in many eukaryotic cell types (Kindler et al., 2005), share compo-
nents with each other, as well as with other aspects of RNA metabolism,
including transcription, translation and turnover. Sorting out the significance
of interactions between components of the various processes is a monumen-
tal task facing biologists, since many such interactions are transient and rely
on differential posttranslational modification of select proteins. Multiple
genes encoding proteins associated with transport and localization add
another dimension of complexity, as some can act as ‘backup’ genes for more
than one process.
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6.2.1. mRNA Transport
Numerous studies have shown that the transport machinery is loaded onto the
mRNA co-transcriptionally (Lei et al., 2001; Maniatis and Reed, 2002;
Neugebauer, 2002). In addition, although splicing is not a requirement for
mRNA transport per se, it can enhance transport of certain intron-containing
transcripts (Le Hir et al., 2001; Wiegand et al., 2003). Furthermore, some pro-
teins of the EJC (Exon Junction Complex) complex are required for mRNA
transport, but they bind equally to intron-containing and intronless mRNAs
(Linder and Stutz, 2001). The most crucial event for the acquisition of export
competency appears to be 3′ end cleavage and polyadenlyation (Hilleren et al.,
2001; Hammell et al., 2002). Several proteins have been linked to both export
and 3′ processing. Hrp1p and Nab2p are shuttling proteins that have been asso-
ciated with poly(A) tailing (Kessler et al., 1997; Hector et al., 2002). Although
it would seem from these studies that interaction between the poly(A) binding
protein and Hrp1 or Nab2 proteins is a given, the molecular mechanisms
underlying transport and poly(A) tail coupling are poorly understood.

Studies of the Balbiani ring granules (mRNPs) of Chironomus tentans indi-
cate that mRNPs exit the nucleus in a 5′ to 3′ manner (Mehlin et al., 1992).
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FIGURE 6.1. The generic structure of a eukaryotic mRNA, illustrating some
posttranscriptional regulatory elements that affect gene expression. Abbreviations
(from 5′ to 3′): UTR, untranslated region; m7G, 7-methyl-guanosine cap; hairpin,
hairpin-like secondary structures; uORF, upstream open reading frame; IRES, internal
ribosome entry site; CDS, coding sequence; “x” element, zipcode; CPE, cytoplasmic
polyadenylation element; AAUAAA, polyadenylation signal. Reproduced with
permission, from Mignone et al., 2002, Genome Biology, 3(3), 0004.1-0004.10.
© Genome Biology. (See Color Plates)
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Although most transcripts exit the nucleus without selectivity regarding
which nucleopore is used, there are recent examples where such specificity has
been shown to occur. As an example, consider the recent observation that
when β2 tubulin transcripts aggregated at the posterior side of the nucleus in
Chlamydomonas, nuclear pore complexes were also seen to preferentially
accumulate posteriorly (Colon-Ramos et al., 2003).

As stated earlier, the transport particle is dynamic with many protein-RNA
and protein-protein interactions taking place, although certain core proteins
have been linked to general transport (reviewed in Farina and Singer, 2002;
Palacios, 2002; Figure 6.2.). In addition to a “general” export pathway, there
is evidence for specific pathways that facilitate export of subsets of mRNAs.
For example, the eukaryotic initiation factor 5A (eIF5A) was originally
thought to be associated with translation. However, subsequent studies failed
to confirm a direct role in protein synthesis. It seems that eIF5A is not really
an initiation factor at all, but rather has a major role in mRNA transport
(Rosorius et al., 1999). The protein is activated posttranslationally by the con-
version of a specific lysine to the unusual amino acid, hypusine. In Arabidopsis
there are three isoforms, namely AteIF-5A1, AteIF-5A2, and AteIF-5A3.
AteIF-5A1 and 2 are associated with various aspects of cell death, e.g. senes-
cence and wounding, while AteIF-5A3 appears to be involved in cell division
(Thompson et al., 2004). It is thought that eIF5A plays a role in the selective
transport of a particular mRNA or subset of mRNAs (Hanauske-Abel et al.,
1995). eIF-5A isoforms are found in tomato (Wang et al., 2001) and tobacco
(Chamot and Kuhlemeier, 1992), and there is a recent report (Zhou et al.,
2006) of the isolation of three eIF5A genes from Chinese Spring wheat.

The general mRNA export pathway consists of a number of core compo-
nents (illustrated in Figure 6.2). Yra1p/REF/Aly (Yra1p in yeast; REF or Aly
in mammals) is an export adaptor that partners with Sub2p/UAP56, an
ATPase/DEAD-box RNA helicase and associates with mRNA during tran-
scription. UAP56 and REF/Aly are also components of the EJC associated
with splicing. This is consistent with the observation that, although splicing can
enhance mRNA export, it is not required, since intronless mRNAs are as effi-
ciently exported as spliced mRNAs. The Yra1p-Sub2p complex recruits the
heterodimeric Mex67p-Mtr2p protein which releases Sub2p and facilitates
export by mediating interaction of the mRNBP complex with nucleoporins lin-
ing the nucleopore. Interestingly, Yra1p is indispensable in yeast (Strasser and
Hurt, 2000), whereas REF is nonessential in both Drosophila and
Caenorhabditis elegans (Gatfield and Izaurralde, 2002). These observations and
several other lines of evidence suggest that there may be other adaptors in
Drosophila and C. elegans that complement the function of REF. The most
recent evidence links Yra1p and Sub2p with a tetromeric complex called THO
via interaction between Sub2p and one of the THO monomers, Hpr1p. The
Sub2p-Yra1 dimer can be co-purified with THO in a complex called TREX.
THO apparently facilitates the binding of Sub2p-Yra1p to the nascent mRNA.
Another critical component is the heterodimeric Thp1p-Sac3 complex in which
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Sac3 tethers Thp1p to the nuclear periphery. Association with the newly syn-
thesized mRNBP complex is through a recently identified protein called Sus1p
which interacts with Thp1p and Yra1p and the SAGA complex (Figure 6.2).
The SAGA complex is a large intranuclear histone acetylase complex associ-
ated with transcription initiation of a subset of RNA Pol II genes (Lee et al.,
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FIGURE 6.2. Core components of the mRNA export machinery. The TREX and
SAGA complexes couple export to transcription initiation and the early steps of elon-
gation. It is thought that SAGA directs export of a subset of mRNAs. The TREX
complex consists of the THO complex coupled to the Sub2p and Yra1p dimer through
interaction between Yra1p and Hpr1p. Tom1p associates with the SAGA complex, but
does not co-purify with it. Protein components of the general export pathway are iden-
tified under the legend in the figure. DNA strands are shown in black; RNA strands
are shown in dark blue. After Vinciguerra and Stutz, 2004. (See Color Plates)
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2000). Rsp5p and Tom1p are both E3 ubiquitin ligases required for mRNA
export in yeast. Tom1p is physically associated with the SAGA complex, but it
is not clear if Tom1p and Rsp5p are components of the same or different
export pathways. Several other protein components required for or ancillary to
mRNA export have also been identified and the list keeps growing. The reader
is directed to two recent very good reviews (Vinciguerra and Stutz, 2004;
Aguilera, 2005) for more in-depth information.

No homologs of the THO, or Sub2/UAP56 export proteins have been
reported in plants to date. However, several laboratories have identified pro-
tein partners associating with the tomato bushy stunt virus (TBSV) P19
polypeptide that have high homology to Aly proteins (Storozhenko et al.,
2001; Park et al., 2004; Uhrig et al., 2004). One study identified four Aly
homologs in Arabidopsis and two in tobacco (Uhrig et al., 2004).
Interestingly, like their animal counterparts, the plant Aly proteins localized
to the nucleus; however, unlike other eukaryotic Aly proteins, five of the six
plant Aly proteins were also found associated with both the nucleoplasm and
nucleolus. Infection with TBSV altered the location of Aly2 from the nucleus
to the cytoplasm in epidermal leaf cells, but did not affect P19-induced
PTGS. At present it is not clear exactly what role(s) the plant Aly proteins
play in addition to their possible association with selective mRNA transport.

6.2.2. mRNA Localization
Intracellular localization of mRNA is a common mechanism for targeting pro-
teins to specific cellular regions, particularly in polarized cell types. Most often
the localization process occurs via microtubules (tubulin polymers) or microfil-
aments (F-actin) using so-called molecular motors to drive movement along
the cytoskeleton. Based on studies in Drosophila, yeast and cultured mam-
malian cells, three classes of molecular motors responsible for active mRNA
transport have been reported (reviewed in Tekotte and Davis, 2002): myosin V
associated with transport of yeast Ash1 mRNA (Bertrand et al., 1998), Kinesin
I associated with transport of Drosophila oskar mRNA (Brendza et al., 2000),
and Dynein associated with transport of several Drosophila mRNBPs (Wilkie
and Davis, 2001; Januschke et al., 2002). However, there are also examples of
mRNA transport by diffusion (see Forrest and Gavis, 2003, for example).
Furthermore, mRNA localization signals are complex; cis-acting elements that
bind transport factors are probably not truly sequence-specific, but also utilize
aspects of secondary and tertiary structure. This explains why it is difficult to
find consensus sequences associated with such binding sites. Also, subsets of
mRNAs may co-localize, for example Vg1 and VegT, without sharing obvious
sequence or structural features (Bubunenko et al., 2002).

Specific localization of mRNAs in plants has not been as extensively char-
acterized as it has in vertebrates and invertebrates. Nevertheless, the subject
has recently experienced renewed interest as indicated by numerous reviews
related to the plant cytoskeleton and molecular motors (Okita and Choi,
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2002; Klyachko, 2005). In plants intracellular movement appears to depend
more on actin filaments than on microtubules, in contrast to observations in
animal models. As a result, plants may rely more on myosins as the principal
motors for cytoskeletal movement than on kinesins and dyneins.
Interestingly, the Arabidopsis genome contains some 60 kinesin genes, com-
pared to 6 in yeast and 40 in humans (Reddy and Day, 2001; Lee and Liu,
2004). Furthermore, although lower plants apparently have genes encoding
dynein, the Arabidopsis genome has none (Lawrence et al., 2001).

The establishment of polarity in the egg cell and embryo sac of lower and
higher plants has been well documented (reviewed in Souter and Lindsey,
2000). In Arabidopsis thaliana (Mansfield and Briarty, 1991) and Capsella
bursa-pastoris (Schulz and Jensen, 1968) apical-basal polarity is obvious
within the egg cell itself before the first zygotic division takes place. For
example, in Arabidopsis a large vacuole is asymmetrically located toward the
micropyle end of the egg cell with the chalazal (opposite) end being more
cytoplasmic. Additional studies using the brown alga, Fucus, as a model for
fertilization and embryogenesis have provided some insight as to how plant
polarity in early development is initiated and maintained. Correlated with
formation of the zygotic axis is an asymmetric distribution of RNAs, includ-
ing the mRNA for G-actin (F-actin monomer) which accumulates at the
opposite pole from where the F-actin is located (Bouget et al., 1996).
Recently, Han et al. (2006) have used transmission electron microscopy to fol-
low polysome formation in pine egg cells before and after fertilization. Their
studies indicated that upon fertilization, all polysomes were attached to
microtubules until formation of the polarized embryo. At that time the
polysomes became disaggregated and randomly distributed in the cytoplasm.
These observations were associated exclusively with microtubules and no
association of polysomes with microfilaments was observed.

A role for RNA trafficking associated with microtubules has also been sug-
gested by global analysis of tubulin-binding proteins in Arabidopsis (Chuong
et al., 2004). The results of this study identified several types of RNA-
binding proteins and translation factors that are consistent with the existence
of RNA localization and translation machineries operating in association
with the cytoskeleton. Compartmentalization of protein synthesis and stor-
age has long been known for cereal seed storage proteins. Recently, the local-
ization of mRNAs encoding rice seed storage proteins has been studied in
detail (Crofts et al., 2004; Crofts et al., 2005). These studies have led to the
recognition of the key role mRNA localization plays in determining the site
of seed storage protein accumulation.

6.2.3. RNA Granules
Some mRNAs are available for immediate translation after transport into the
cytoplasm. After the mRNA is translated it undergoes deadenylation and the
polysomes are disassembled. The deadenylated mRNA is then either targeted
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for degradation or is stored. Other mRNAs are not translated immediately
after synthesis, but may be stored pre- or post-transport, awaiting develop-
mental or environmental signals to initiate translation. mRNAs that are
translationally silenced are assembled into RNA granules comprising differ-
ent classes based on the composition of protein components making up the
granule (reviewed in Anderson and Kedersha, 2002). Proteins commonly
associated with mRNA granules include helicases, certain ribosomal subunit
proteins, mRNA binding proteins, translation factors, decay enzymes, and
scaffolding proteins. Four classes of mRNA granules are recognized based on
studies in yeast and mammalian cells: germ cell granules, stress granules, neu-
ronal granules, and processing bodies. Although each class has a different
repertoire of proteins, the classes do share some components and may use
similar mechanisms to control mRNA translation and turnover (Table 6.1.).

The class of germ cell granules has been well documented during animal
embryonic development, including Xenopus laevis (germinal granules),
Drosophila melanogaster (called polar granules) and Caenorhabditis elegans
(called P granules). These granules contain maternal mRNAs required for
germ cell specification (Schisa et al., 2001; Leatherman and Jongens, 2003) by
directing the timing of maternal mRNA translation required to promote
germ cell development in the early embryo. Different aspects of mRNA
metabolism are represented in the proteins making up germ cell granules
(Table 6.1.) consistent with the role of these granules in regulating maternal
mRNA expression.
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TABLE 6.1. Protein composition of mRNA granules.
mRNA granule class 

Role of associated Germ cell Stress Neuronal Processing 
proteins granules granules1 granules bodies1 References

TRANSLATION
Ribosomal proteins

40S ND2 + + −3 Kedersha et al. 2002;
Krichevsky and Kosik 

2001
60S ND − + −3 Krichevsky and Kosik 

2001
Eukaryotic initiation factors

eIF2 ND + + −3 Kedersha et al., 2002;
Krichevsky and Kosik,

2001; Anderson and 
Kedersha, 2006

eIF3 ND + ND − Kedersha et al., 2002;
Kedersha et al., 2005

eIF4E1 + + + + Amiri et al., 2001;
Kedersha et al., 2002;
Smart et al., 2003;
Kedersha et al., 2005;

(Continued)
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TABLE 6.1. Protein composition of mRNA granules. — Cont’d
mRNA granule class 

Role of associated Germ cell Stress Neuronal Processing 
proteins granules granules1 granules bodies1 References

eIF5A + ND ND ND Anderson and Kedersha,
2006

eIF4E-T ND ND ND + Ferraiuolo et al., 2005
PABP1 ND + − − Kedersha et al., 1999;

Krichevsky and Kosik,
2001; Kedersha et al.,
2005

DECAY
Decapping enzymes

DCP1 and 21 + − ND + Bashkirov et al., 1997;
Bailey-Serres, 1999;
Ingelfinger et al., 2002;
Kedersha et al., 2005;
Lall et al., 2005

CGH-1 + + ND + Cougot et al., 2004;
Navarro and Blackwell,
2005; Wilczynska et al.,
2005

CAR-1 +4 ND ND ND Anderson and Kedersha,
2006

Exonucleases
XRN1 ND + ND + Bashkirov et al., 1997;

Kedersha et al., 2005
Exosome ND ND ND + Leib et al., 1998; Graham 
Components1 et al., 2006

STABILITY
HuR ND + + +3 Gallouzi et al., 2000;

Atlas et al., 2004
TTP ND + ND + Stoecklin et al., 2004

OTHER
RNA binding proteins

Staufen ND + + +3 Thomas et al., 2005
SMN ND + ND ND Hua and Zhou, 2004
G3BP ND + + − Tourriere et al., 2003,

Atlas et al., 2004;
Kedersha et al., 2005

Si RNAs
GW182 ND − ND + Eystathioy et al., 2003;

Kedersha et al., 2005;
Argonaute ND +3 ND + Liu et al., 2005

Taken from Andersen and Kedersha, 2006.
1 Also found in plants (Bailey-Serres, 1999)
2 ND = not determined
3 From unpublished data cited in Andersen and Kedersha, 2006
4 CAR-1 is related to proteins (Lsm proteins) that regulate mRNA splicing, decapping and decay
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The existence of germ cell granules has not been demonstrated in plants.
Egg and pollen formation are quite distinct from their counterparts in the
animal kingdom. However, since this aspect of mRNA metabolism has not
been as extensively explored in plants, it is possible that such granules exist in
plant germ cells or that homologs of genes whose products make up such
granules exist in plants, but perform divergent functions. Indeed, aubergine, a
PAZ domain protein associated with polar bodies, has a role both in polar
body formation and in gene silencing. The Arabidopsis aubergine-like genes
associated with PTGS, argonaute and zwille, have preserved the gene silencing
function.

A second class of mRNA granules relates to environmental stress
responses which include heat shock, exposure to UV irradiation, hypoxia,
and oxidative stress. Under these conditions the translation of “housekeep-
ing” mRNAs is circumvented in favor of the translation of stress responsive
genes like molecular chaperones and damage repair enzymes. Consistent with
this observation is the discovery that most stress granules contain stalled 48S
preinitiation complexes. For example, cells that have been heat shocked con-
tain most of their mRNAs in stress granules, leaving the heat shock mRNAs
free for translation. Selective recruitment of mRNAs into these granules is
thought to regulate their stability and delay their translation (Anderson and
Kedersha, 2002). Figure 6.3. illustrates differences in translation between
normal cells and cells experiencing stress. Therefore, stress granules appear to
act as staging centers for sorting and/or remodeling specific mRNA
transcripts for reinitiation, decay or packaging into untranslated mRNPs.
Unlike other classes of granules, stress granules are absent from normally
growing cells and are rapidly induced within minutes of exposure to the stress
stimulus.

Stress granules have been described in plants. Their association with heat
shock as heat shock granules or HSGs was first described in tomato leaves
(Nover et al., 1983). In addition to the association of mRNAs with HSGs,
they were also shown to contain small heat-shock proteins (HSPs) (Nover
and Scharf, 1984). Furthermore, recent evidence suggests that a form of
HsfA2, a transcription factor responsive to heat shock, is also associated
with HSGs (Scharf et al., 1998). Analysis of the HSGs indicates that they
contain a distinct subset of proteins that differs from other mRNA binding
proteins, for example, like those seen in prosomes (Nover et al., 1989). This
suggests that the RNA content of plant HSGs is selective, i.e., although they
contain mRNAs encoding housekeeping genes, newly synthesized heat-
shock mRNAs are specifically excluded. However, other studies indicate
that isolated RNPs bind both stress-induced and repressed mRNAs, sug-
gesting that selectivity is not dependent on the proteins (Stuger et al., 1999).
The HSG-associated RNAs were translationally inactive, but could be trans-
lated in vitro, and could also be translated after the cells had recovered from
the stress.
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FIGURE 6.3. Translational initiation in the absence or presence of stress. In the
absence of stress, the eIF2–GTP–tRNAMet ternary complex (green) is available to
form a canonical 48S preinitiation complex at the 5′ end of capped transcripts (green
arrow: normal) and scanning begins. Upon recognition of the initiation codon by the
anticodon of tRNAMet, eIF5 promotes GTP hydrolysis and early initiation factors
are displaced by the 60S ribosomal subunit. As additional ribosomes are added to the
transcript, the mRNA is converted into a polysome (bottom left). In stressed cells,
phosphorylation of eIF2a depletes the stores of eIF2–GTP–tRNAMet, and the cyto-
plasmic amount of TIA-1 (yellow) increases. Under these conditions, TIA-1 is
included in a non-canonical, eIF2/eIF5-deficient preinitiation complex that is trans-
lationally silent. TIA-1 auto-aggregation then promotes the accumulation of these
complexes at discrete cytoplasmic foci known as SGs (composed of all components of
the 48S pre-initiation complex except eIF2 and eIF5). Translational components that
are present in SGs are shown in red; non-translation proteins present in SGs are yel-
low, those absent from SGs are shown in green. Reproduced with permission, from
Kedersha and Anderson, 2002, Biochemical Society Transactions 30:963-969. © The
Biochemical Society. (See Color Plates)
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Neuronal granules comprise the third class of mRNA granules. This class
has evolved to facilitate the long distance transfer of signals from the
cell body to the synaptic junctions to activate protein synthesis near the cell
surface. Neuronal granules contain translationally silenced transcripts that
are transported to the dendritic synapses of neurons where they are released
and translated in response to specific stimuli (Krichevsky and Kosik, 2001;
reviewed in Kosik and Krichevsky, 2002). Although intact ribosomes are
associated with neuronal granules, the transcripts are translationally
repressed until the granules reach the synapse where a stimulus activates
translation (Huttelmaier et al., 2005). Since long distance transfer of signals
in plants operates through a different mechanism(s), it is unlikely that
neuronal-type granules would be found in plants, unless they are performing
a function unrelated to their role in signal transfer between neurons.

The fourth class of granule is called the processing body (P-body) type. It
is a distinct cytoplasmic granule containing components of the 5′→3′ mRNA
decay machinery, the nonsense-mediated decay (NMD) pathway (Sheth and
Parker, 2006) and the RNA-induced silencing complex (Jabri, 2005; Sen and
Blau, 2005; see Section 6.4.2.5 and Chapter 5). There is a nuclear version that
contains the cytoplasmic P-body core proteins, as well as additional compo-
nents exclusively associated with the nucleus (Allmang et al., 1999). These
complexes were hypothesized to represent a discrete type of mRNA decay
focus, and this was confirmed by studies in yeast demonstrating that mRNAs
blocked from 5′→3′ exonuclease attack accumulated at these foci (Sheth and
Parker, 2006). P-bodies are sites of both translational repression and mRNA
turnover (reviewed in Bruno and Wilkinson, 2006), two distinct processes that
may share certain protein components. That these processes are separate is
illustrated by the observation that translatable mRNAs can be released from
P-bodies, indicating that they have not been substantially degraded
(Bhattacharyya et al., 2006). On the other hand, aberrant mRNAs are tar-
geted to P-bodies where they undergo rapid decay (Sheth and Parker, 2006).
Liu et al. (2005) have recently shown that microRNAs direct targeted mRNAs
to P-bodies, although it is not completely clear how the targeted messages are
repressed.

Aside from studies on silencing in plants suggesting the presence of P-
bodies, there is little information regarding this subset of granules in plants.
Since P-bodies are found in a wide variety of eukaryotes and perform a basic
cellular function, it is likely that they also occur in plants. A recent bioinfor-
matic study of the Scd6p family of proteins revealed that certain regions of
the protein were conserved across a wide variety of organisms, including
Arabidopsis (Anantharaman and Aravind, 2004). The authors speculate that
since at least one member of the Scd6p family (Rap55) has been shown to
associate with cytoplasmic RNPs (Lieb et al., 1998), it is possible that other
members of this family associated with mRNA degradation could also be
localized to P-bodies. Another piece of circumstantial evidence suggesting
that plants might have P-bodies comes from studies in Drosophila showing
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that components of the exosome (see Section 6.4.1.) localize to cytoplasmic
foci that may in fact be P-bodies (Graham et al., 2006; see also Table 1).
Since Arabidopsis also has exosome components (Table 6.2, Chekanova et al.,
2000; Chekanova et al., 2002), it is possible that they likewise associate with
P-bodies. Although it seems logical that plants should utilize P-bodies as do
Metazoans, there is as yet no direct evidence that they do.

6.2.4. Nuclear Compartments
Subnuclear compartmentation in the form of “speckles” (also known as
splicing factor compartments or SFCs) has been shown to be a property of
the splicing machinery. In mammalian cells SFCs can occupy as much as 20%
of the total nuclear volume (Misteli, 2000). Splicing takes place concurrently
with transcription and appears to be only tangentially associated with SFCs,
yet both mRNA and splicing factors are found closely coupled with SFCs. It
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TABLE 6.2. Core components of the exosome complex.
Yeast1 proteins Description Drosophila2 Human3 Arabidopsis4

Rrp4p5 Novel distributive hydrolytic dRrp4 hRrp4p AtRrp4
exonuclease [At1g03360]

Rrp40p Novel hydrolytic exonuclease dRrp40 hRrp40p [At4g32175;
At2g25355]

Rrp41p/Ski6p RNase-PH-like6; processive, dRrp41 hRrp41p AtRrp41 
phosphorolytic enzyme [At3g46210]

Rrp42p RNase-PH-like dRrp42 hRrp42p [At3g07750]
Rrp43p RNase-PH-like NF7 [At1g60080]
Rrp44p/Dis3 RNase II-like; processive 

hydrolytic enzyme taz hDis3p NF
Rrp45p RNase-PH-like dRrp45 PM-Scl75 [At3g60500;

At3g12990]
Rrp46p RNase-PH-like dRrp46 hRrp46p NF
Mtr3p RNase-PH-like dMtr3 NF NF
Cs14p S1-type RNA-binding domain dCs14 hCs14p NF
Rrp6p8 E. coli RNaseD-like dRrp6 PM-Sc11003 [At1g54440;

At2g32415]

1 Allmang et al., 1999
2 Cairrao et al., 2005; GenBank
3 Allmang et al., 1999
4 Chekanova et al., 2000; Chekanova et al., 2002; [GenBank – note there are numerous exonu-
cleases annotated in the Arabidopsis genome, some of which may represent the missing yeast
components]
5 Rrp4p: ribosomal RNA processing 4 protein
6 RNase-PH: an E. coli inorganic phosphate-dependent exoribonuclease that releases nucleoside
diphosphates, not monophosphates
7 NF: not found; sequences homologous to yeast mtr3 and Rrp43p were found, but they were
more closely related to Rrp45p.
8 Associates exclusively with nuclear version of exosome

Ch06.qxd  29/01/07  12:05 PM  Page 159



is thought that the SFCs may act as a reservoir for splicing factors that can
be recruited to genes actively being transcribed. However, the role of mRNAs
found in the SFCs is at present unclear.

SFCs (speckles) have also been described in plants. A distinctive speckled
organization of the splicing factor atRSp31 was seen in differentiated
Arabidopsis root cells (Docquier et al., 2004). Although the speckles resem-
bled aspects of mammalian SFCs, it is not clear whether they are structurally
the same. Interestingly, the speckled organization of the atRSp31 protein was
thought to reflect a demand for splicing factors in response to actively tran-
scribed genes, a role also attributed to mammalian SFCs.

Cajal bodies are associated with pre-mRNA splicing, 3′ maturation of
histone mRNAs, biogenesis, modification, and transport of snoRNPs, traf-
ficking of telomerase RNA, and pre-rRNA processing (Shaw and Brown,
2004; Cioce and Lamond, 2005; Fu and Collins, 2006). They contain basal
transcription factors, cell cycle factors, splicing small nuclear ribonucleo-
proteins (snRNPs), and nucleolar factors such as small nucleolar ribonucleo-
proteins (snoRNPs) (Gall et al., 1999; Matera, 1999). Although splicing
snRNPs which are components of the spliceosome can be found in Cajal
bodies, these particles differ from spliceosomes in that they do not contain
non-snRNP splicing factors or nascent pre-mRNA (Dietz, 1998). The
snRNPs in the Cajal body appear to be derived specifically from newly
assembled particles prior to associating with SFCs (Sleeman and Lamond,
1999). This observation suggests that Cajal bodies may be involved in coor-
dinating the assembly of nuclear snRNPs and might be part of an snRNP
maturation pathway involving both types of particles (Sleeman and
Lamond, 1999; Jady et al., 2003).

Cajal bodies have also been described in plants (Moreno Diaz de la Espina
et al., 1980). Their function in plants has been essentially the same as that
proposed from studies in animal cells, although an additional role in the
transport of snoRNA precursors has been suggested (Shaw et al., 1998;
Boudonck et al., 1999). A recent study in maize and Arabidopsis revealed
Cajal bodies (see below) in quiescent cells and germinating embryos of both
species (Docquier et al., 2004). In maize, resumption of mitotic activity in the
meristem is related to a decrease in Cajal body formation. Cajal bodies in
tobacco and Arabidopsis decrease directly after cell division (Boudonck et al.,
1999).

The latest study implicates plant Cajal bodies in RNA-directed DNA
methylation (RdDM), a major mechanism of gene silencing in plants (see
below and Chapter 5). Li et al. (2006) co-localized the Arabidopsis ARG-
ONAUTE4 (AGO4) with proteins known to be associated with Cajal bodies.
They hypothesize that AGO associates with the Cajal body where it complexes
with siRNAs formed by the action of other components of the silencing
machinery. After associating with siRNA, the AGO complex leaves the Cajal
body and can then activate the appropriate DNA methylase to complete gene
silencing by RdDM.
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6.3. mRNA Binding Factors

Throughout their “lives” mRNAs form mRNA particles by association with
numerous proteins and microRNAs (miRNAs), some of which are stably
bound and some of which participate in temporary dynamic combinations
that affect the structure and function of the mRNA (reviewed in Moore,
2005; Wilusz and Wilusz, 2004). Most of these components have multiple
roles and their influence on mRNA stability may be an accessory function. A
few mRNA binding proteins (mRNBPs) are non-sequence specific, like most
of the Y-box proteins, while the rest typically bind select RNAs using specific
sequence targets generally found in the 5′ or 3′ untranslated regions (UTRs).
This selectivity in binding provides a level of control of gene expression
essentially equivalent to more commonly recognized controls on transcrip-
tion itself. In so doing, specific groups of RNAs carrying the same recogni-
tion sequences can be regulated by the same signaling pathways, thus
allowing a rapid and coordinated response to diverse stimuli. On the other
hand, the importance of this aspect of regulation, i.e. posttranscriptional, is
underscored by the frequent observation that RNA and protein levels do not
always correlate, and indicate that changes in RNA levels measured by pop-
ular molecular techniques, such as microarrays, real-time PCR and RNA
blotting, should never be presumed to reflect protein levels or activity.

6.3.1. mRNPs
Proteins are associated with mRNAs from the beginning to the end. Proteins
may associate without any apparent sequence specificity, as do, for example,
the cap forming proteins, or they may bind to discrete sequences within the
RNA, particularly at exon/intron junctions and in the untranslated regions.
Some proteins provide structural stability to the mRNA to delay degradation
or to assist in transport from the nucleus, while others may aid in targeting a
particular mRNA for degradation.

6.3.1.1. mRNA Capping Proteins

Addition of the 7-methylguanylated mRNA cap (m7GpppN) begins when
the nascent mRNA contains around 25 nt, a length that allows it to protrude
from the RNA exit channel of the RNA polymerase II (Pol II) (Moteki and
Price, 2002). Two transcription elongation factors bind to the Pol II causing
a pause in transcription and allowing the 5′ end of the pre-mRNA to be
capped by the sequential action of an RNA 5′ triphosphatase, a guanylyl-
transferase, and a methyltransferase. The capping machinery and elongation
factors are displaced, and a third elongation factor, P-TEFb, associates with
the C-terminal domain of the Pol II. This association which leads to massive
phosphorylation of Ser5 disrupts the interaction between Pol II and N-TEF
(a negative transcription elongation factor complex) and stimulates the
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resumption of transcription (Marshall et al., 1996; Ping and Rana, 2001).
The pause appears to serve as a checkpoint to prevent extension of improp-
erly capped mRNAs. Binding of the cap-binding protein complex (CBC)
occurs when the mRNA cap is in place. CBC is composed of the cap-binding
protein, CBP20, and CBP80 which associates with the carboxyterminus of
the Pol II to ensure high-affinity binding (Lejeune et al., 2002). Once the first
intron is transcribed, the core splicing machinery is recruited to the intron,
and the exon-junction complex assembles onto the exon-exon junction created
by the looping out of the intron.

Capping reactions are essential for cell growth and maintenance, since ini-
tiation of translation generally requires the mRNAs to have a 5′ cap.
Although a cap-independent pathway exists, it is generally associated with
non-capped viral RNAs and utilizes an internal ribosome entry site (IRES)
to by-pass the cap requirement (Pelletier and Sonenberg 1988). In fungi, the
three cap-synthesizing activities are found in separate enzymes, but in ani-
mals and plants the triphosphatase and guanyltransferase functions are
encoded by a single bifunctional enzyme (Shuman, 2000). Null mutations in
any one of the three enzymes in Saccharomyces cerevisiae are lethal; however,
in Candida albicans the triphosphatase and methyltransferase activities can
be eliminated without significantly affecting survival (Dunyak et al. 2002).
Analysis of mRNAs from these mutants indicates the presence of aberrant
cap structures, one in the triphosphatase mutants (GppppN) and one
(GpppN) in the methyltransferase-minus mutants. Apparently the guanine
portion of the cap structure is the critical element for cap recognition in sub-
sequent cap-requiring processes in this species. It has been previously demon-
strated that capping is associated primarily with mRNA stability (protection
at the 5′ end) and translation initiation (interaction with eIF4).

In plants there are three different cap binding proteins, one of which,
eIFiso4E, appears to be unique to plants (reviewed in Bailey-Serres, 1999).
Homologs to the plant eIF4E and cap binding protein (CBP) are also found
in mammals. Wheat eIF4E and eIFiso4E are differentially expressed during
development in Arabidopsis (Rodriguez et al., 1998), raising the possibility
that translation shows selectivity towards certain subsets of mRNAs during
embryogenesis.

6.3.1.2. Structural and Regulatory mRNBPs

Many proteins bind to the noncoding portions of mRNAs and influence
stability or cellular location of the bound mRNA. This binding may be non-
specific or it may be sequence and/or structure specific. Numerous elements
that are implicated in mRNA regulation through the binding of these pro-
teins have been identified in the 5′ and 3′ untranslated regions. A searchable
database listing the various sequence elements identified to date can be found
at http://www.ba.itb.cnr.it/UTR/. It has been predicted that hundreds of
mRNBPs are encoded in a typical eukaryotic genome (Costanzo et al., 2001);

162 Carole L. Bassett

Ch06.qxd  29/01/07  12:05 PM  Page 162



however, only a few of these proteins have been characterized and even fewer
have been assigned specific functions. Some of the better characterized
mRNBPs are discussed below.

At least five RNA binding motifs are recognized in mRNBPs. The RNP
domain is primarily associated with proteins that participate in mRNA splic-
ing (Nagai et al., 1995). The KH motif is found primarily, but not exclusively,
in hnRNP proteins (Siomi et al., 1993). RRM (RNA recognition motif) and
dsRBD (double-stranded RNA-binding domain) proteins interact with
double-stranded RNA and will not bind to either single-stranded RNA or
dsDNA (St. Johnston et al., 1992). The fifth domain is perhaps the oldest rec-
ognized RNA binding domain: the S1 domain named after the ribosomal S1
protein of E. coli (Subramanian, 1983).

6.3.1.3. cis Sequences and Proteins Associated with the 3′ UTR

Perhaps the most well known cis-trans factor combination in the 3′ UTR is
that of the poly(A)-binding protein (PABP) and the poly(A) tail found in
most eukaryotic mRNAs. It has long been recognized that the PABP con-
tributes to the stability of the mRNA and that its absence leads to disassem-
bly of the poly(A) tail, which is the first step in mRNA degradation by the
two major pathways (discussed in Section 6.4.1). It is interesting to note that
in yeast and insects there is only a single gene encoding PABP (Sachs et al.,
1987; Sigrist et al., 2000; Thakurta et al., 2002), whereas two genes are found
in C. elegans and three in humans (Mangus et al., 2003). Surprisingly, eight
genes have been identified in Arabidopsis (Belostotsky, 2003) and they exhibit
a wide range of expression patterns (Hilson et al., 1993; Belostotsky and
Meagher, 1993; Belostotsky and Meagher, 1996; Palanivelu et al., 2000b;
Belostotsky, 2003). Both Arabidopsis PAB2 and PAB5 genes complemented a
yeast pab1 mutant restoring viability, but only PAB2 was able to complement
the poly(A) shortening and defect in translation initiation seen with pab1
mutants (Palanivelu et al., 2000a). Complementation of pab1 with PAB3
suggests a role in mRNA biogenesis and export (Chekanova et al., 2001;
Chekanova and Belostotsky, 2003). The PAB C-terminal domain (PABC) has
been shown to mediate protein-protein interactions and to recruit proteins to
the mRNA-RNP complex. Six of the Arabidopsis PABs have the conserved
PABC domain, and a recent study has identified some of the interacting part-
ners via the yeast two-hybrid system (Bravo et al., 2005), suggesting that the
relatively large number of PABPs and interacting proteins may have evolved
in plants to provide greater flexibility in modulating expression of specific
transcripts. Furthermore, they also demonstrated that PAB2 and PAB5 are
essential for viability.

Another example of the importance of 3′ UTR sequences in mRNA func-
tion is the use of specific “zipcodes” designed to deliver transcripts to differ-
ent cellular compartments (Singer, 1993). The zipcodes consist of short
sequences recognized by specific proteins that direct the flow of information
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in the cell. Disruption of this flow has been associated with human genetic
diseases, such as myotonic dystrophy which results from expansion of a
triplet repeat in the 3′ UTR that causes retention of the mRNA in the nucleus
(Davis et al., 1997).

Some sequence-specific mRNBPs provide increased stability to the mRNA
substrate by binding to certain sequence elements, usually in the 3′ UTR. For
example, enhanced stability of the β-globin mRNA derives from a combina-
tion of factors that include binding of the α-complex, a member of the
hnRNP-E family of mRNA binding proteins, to a specific stem-loop structure
which enhances binding of the poly(A) binding protein and simultaneously
blocks access to the 3′ UTR by an erythroid cell-specific endoribonuclease
(Jiang et al., 2006). Likewise, the Elav-like family of proteins in mammalian
cells binds AU-rich elements (AREs) in the 3′ UTRs of several mRNAs and
increases their stability (Joseph et al., 1998).

AU-rich elements in the 3′ UTR have long been known to regulate addi-
tion of the poly(A) tail and thus stabilize mRNAs. This process was discussed
in detail in Chapter 4. However, some AREs target specific mRNAs or
classes of mRNAs for degradation. AREs are grouped experimentally into
classes. Class I and II AREs have multiple copies of the element, AUUUA.
Class I elements regulate cytoplasmic deadenylation in an organized fashion
resulting in the formation of mRNAs with shorter, (30–60 nucleotides)
poly(A) tails that are subsequently degraded completely. Class II AREs con-
trol an asynchronous process of deadenylation in the cytoplasm which results
in the complete removal of the poly(A) tail. Class III AREs do not have the
consensus AUUUA sequence, but do possess a U-rich region. They govern
kinetics of deadenylation similar to that of the class I elements. Proteins that
bind specifically to these elements include the ARE/poly(U)-binding/degra-
dation factor (AUF1), tristetraprolin (TTP), T-cell internal antigen 1/TIA-1-
related (TIA-1/TIAR); others have also been implicated. There is recent
evidence that ARE-targeted mRNAs are degraded primarily through the
5′→3′ degradation pathway in mammals (Stoecklin et al., 2006).

TTP regulates expression of the tumor necrosis factor alpha (TNF-α)
through its binding to a conserved ARE in the 3′ UTR of the TNF-α
mRNA (Lai et al., 1999). The mechanism through which TTP acts to desta-
bilize TNF-α mRNA is by the recruitment of factors involved in both de-
adenylation and exosome degradation. TTP has also been implicated in the
posttranscriptional regulation of other mRNAs, including COX-2 (Phillips
et al., 2004), interleukin-2 (Raghavan et al., 2001), and inducible nitric oxide
synthase (Fechir et al., 2005).

The PUF (Drosophila Pumilio and Caenorhabditis FBF) family of proteins
suppresses mRNA expression through the regulated localization, translation
and/or degradation of select mRNAs in diverse organisms (Wickens et al.,
2002). In every case examined to date, PUF requires the interaction of
another protein partner to fulfill its regulatory role, and the identity of the
partners varies with the specific mRNA and organism. In addition to yeasts,
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insects, and mammals, PUF proteins have also been found in A. thaliana, rice,
and poplar, indicating that this family of proteins has been well conserved in
eukaryotes (Wickens et al., 2002). The plant sequences have only recently
been deposited in GenBank, and at present there is no information regarding
their substrates or mechanism(s) of action in these plants compared to their
animal homologs.

6.3.1.4. cis Sequences and Proteins Associated with the 5′ Leader

The most common association between the 5′ leader of a given mRNA and
specific proteins is the interaction between the mRNA 5′ leader and ribosome
through its various initiation factors. In eukaryotes this interaction is for the
most part cap-dependent; however, in some viruses and possibly in certain
cellular mRNAs a cap-independent ribosome binding site provides an alter-
native mechanism for translation initiation. This site, known as the internal
ribosome entry site (IRES), has been well documented with respect to viral
mRNAs, but is still somewhat controversial regarding its use in cellular
mRNAs (Kozak, 2005). Several excellent reviews are available covering con-
ventional, alternative, and selective translation initiation (Jackson, 2005;
Pisarev et al., 2005; Jang, 2006; Bailey-Serres, 1999), and therefore the topics
will not be covered here. In addition, upstream AUGs also interact with the
translation machinery and influence translation. mRNAs that contain these
upstream open reading frames (uORFs) generally encode regulatory proteins
such as kinases and transcription factors. Regulation of the translation of
these mRNAs provides a back-up mechanism for keeping their expression at
relatively low levels, since higher expression could interfere with critical
cellular functions. Regulation of translation by these sequences was discussed
in detail in Chapters 1 and 2.

CUG binding proteins (CUGBPs) bind to repeats of CUG found in the 5′
and 3′ UTRs of certain mammalian mRNAs. In one case CUGBP1 has been
shown to regulate translation of the CCAAT enhancer binding protein beta
(C/EBPβ) transcription factor by binding CUG repeats in the 5′ leader of the
C/EBPβ mRNA and influencing the choice of initiation codons which alters
the levels of the three C/EBPβ isoforms (Timchenko et al., 1999). HuR, a
member of the Elav-like protein family that binds AU-rich elements in the
3′ UTRs of select mRNAs, can also bind to a U-rich element within the 
5′ leader of a specific mRNA (p27) and regulate its translation (Millard et al.,
2000).

A recent report of a CAUU-repeat sequence in the 5′ leader of the
tobacco Ferredoxin-1 (Fed-1) mRNA that regulates decline of the mRNA in
the dark might qualify as a potential site for an mRNBP (Bhat et al., 2004).
Evidence that the dark decline is independent of polysomal association
strongly suggests that this event operates through another mechanism, and
not translation per se. Of interest is the observation that a minimum of four
repeats and a maximum of eleven repeats were required for the full dark
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effect. This is similar to the expansion of mammalian CUG repeats which at
some threshold level can cause disease.

6.3.1.5. Other mRNA Binding Proteins and Factors

Serine/arginine rich (SR) proteins are a class of mRNBPs with one or more
highly conserved RRM domains, usually at the N-terminus, and an argi-
nine/serine-rich (RS) domain at the C-terminus. SR proteins in animals func-
tion as essential splicing factors, although some are shuttled between the
nucleus and cytoplasm and thought to be involved with export (Huang and
Steitz, 2001), stability (Lemaire et al., 2002) and/or translation (Sanford,
et al., 2004). In Arabidopsis SR proteins comprise a family of 19 proteins
ranging from 21–45 kDa (Lorković and Barta, 2002; reviewed in Reddy,
2004). Four of these are similar to ASD/SF2 (linked to mRNA stability;
Lemaire et al., 2002) except they have a C-terminal extension unique to
plants. Although one of these SR proteins, SR1, failed to complement HeLa
cells, it did promote splice site switching in HeLa nuclear extracts (Lazar
et al., 1995). Five Arabidopsis SR proteins are similar to SC35, and three are
like 9G8 in humans. The remaining seven are unique to plants. Some of the
Arabidopsis SR proteins have homologs in other plants, and a few of these
have been shown to complement splicing-deficient extracts or alter splicing
in vivo (Lopato et al., 1996; Lopato et al., 1999, Kalyna et al., 2003).

One mechanism prokaryotes utilize to regulate gene expression is through
binding of specific metabolites to certain RNA domains (aka riboswitches).
It is thought that this is an ancient mechanism for regulating gene expres-
sion, possibly predating the emergence of proteins. An example of a well
characterized riboswitch is the thiamine pyrophosphate (TPP) sensor found
in the 5′ leader of E. coli genes, thiM and thiC, that regulate biosynthesis of
thiamine (Winkler et al., 2002). Until recently it was not known whether this
type of regulation was restricted only to prokaryotes. However, Sudarsan
et al. (2003) have shown that this method of genetic control appears to have
been evolutionarily conserved, being found in fungi and plants. They
demonstrated that, like TPP regulation of the thiamine operon in E. coli, the
TPP cofactor can bind the mRNA of a thiamine biosynthetic gene from
Arabidopsis and alter its structure, thus potentially acting as a sensor of
thiamine levels. In contrast to E. coli where the cis-binding sequences are
located in the 5′ leader, the Arabidopsis TPP binding sequences are located
in the 3′ UTR.

6.3.1.6. miRNA

MicroRNAs (miRNAs) are short (ca. 21 nts) noncoding, single-strand RNA
species found in diverse organisms. They are synthesized from primary tran-
scripts that are first processed in the nucleus to produce a hairpin RNA of
ca. 70 nt which is exported to the cytoplasm. In the cytoplasm, DICER, a nucle-
ase associated with silencing, cuts the hairpin, and one of the two resulting
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strands is incorporated into the RNA inducing silencing complex (discussed
in detail in Chapter 5).

miRNAs down-regulate gene expression by one of two mechanisms
depending on the degree of complementarity between a given miRNA and its
target mRNA. If complementarity is weak, miRNAs act by translational
repression (Reinhart et al., 2000); if complementarity is strong, they act by
directing cleavage of the target RNA Yekta et al., 2004). RNAi and miRNA
share some common cellular machinery during their maturation, and the
mechanisms by which they function are similar, i.e. endogenous miRNAs can
cleave mRNAs with perfect complementarity and likewise, introduced
siRNA can translationally repress mRNAs having imperfect complementary
binding sites (Doench et al., 2003; Saxena et al., 2003).

As was discussed previously in Section 6.3.1.3, AU-rich elements in the 3′
UTRs of many mRNAs can regulate the degradation of these transcripts by
binding certain proteins that aid in recruiting polypeptides associated with
decay pathways. Jing et al. (2005) have shown a specific miRNA is also
involved in contributing to the instability of ARE-containing mRNAs in
Drosophila via DICER-activated degradation. On the other hand, repression
of translation at the initiation step is the mechanism utilized by the Let-7
miRNA in human cells (Pillai et al., 2005).

In Arabidopsis there are at least 42 distinct families of miRNAs with a total
of 118 members identified (Jones-Rhoades et al., 2006). Characterization of
miR172 responsible for repression of APETALA2 (AP2) has revealed a dual
mechanism for its effects on flowering. Chen (2004) first showed that a trans-
lational repression mechanism similar to Let-7 was involved with AP2 regula-
tion. However, recent research has shown that RISC-mediated mRNA
degradation also plays a key role in the regulation of AP2 (Schwab et al.,
2005). The best explanation for these observations is a scenario where both
mechanisms contribute significantly to the overall abundance of AP2.
Another report implicates sequences in the 3′ UTR of the soybean glutamine
synthase (GS1) gene in both mRNA turnover and translational repression
(Ortega et al., 2006). Comparison of a construct containing the complete GS1
gene with one where the entire 3′ UTR was deleted revealed that differences in
mRNA turnover were influenced by nitrogen status. In contrast, the effect of
these same constructs on translation repression operated by a mechanism that
was independent of nitrogen status and nodule formation. The possibility that
a miRNA might be involved in the observed translation repression of GS1 has
not yet been tested, but it would seem to be one logical avenue to explore.

6.4. mRNA Turnover

The fact that mRNAs encoding functionally related proteins appear to be
coordinately regulated after transcription is the basis of an hypothesis that
mRNA particles behave like posttranscriptional “operons” (Keene and
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Tenenbaum, 2002). mRNA function, i.e., translatability, is related to mRNA
abundance in the cytoplasm, availability (location) for engaging the transla-
tion machinery, and efficiency in initiating translation. mRNA abundance in
turn depends on transcription, transport and turnover rates. Cytoplasmic
RNA turnover is governed by exonucleases that typically act processively and
endonucleases associated with silencing. RNA turnover is influenced by the
predetermined half life of each RNA and by the presence of premature
stop codons (nonsense mediated decay or NMD) or the absence of any stop
codon (nonstop mRNA decay).

6.4.1. General mRNA Decay
Most of the general mRNA decay machinery is found in P-bodies (discussed
in Section 6.2.3.). These particles surround mRNAs that are not actively
being translated and degrade them. The mechanism(s) of removal of an
mRNA from the translation pool are not currently known, except for that
associated with miRNAs and the RISC complex. Interestingly, mRNAs
found in stress granules that are not actively being translated are not targets
for degradation while associated with these granules (Kedersha et al., 2005).
Indeed, under stress conditions selection of individual RNAs for degradation
may depend on staging through the SGs.

Based primarily on studies in yeast, two pathways of general mRNA
degradation are known in eukaryotic cells. In both pathways mRNA degra-
dation typically begins with deadenylation of the poly(A) tail by poly(A)-
specific 3′→5′ exoribonucleases variously designated as PARN [poly(A)
ribonuclease], DAN [deadenylation nuclease] and PAN [poly(A) nuclease]
(Boeck et al., 1996; Couttet et al., 1997; Korner et al., 1998). This step is the
rate-determining step in general mRNA degradation.

Degradation by the first pathway begins at the 3′ end and may depend on
the presence of A/T-rich elements (AREs) in the 3′ UTR (Mukherjee et al.,
2002), thus exhibiting a type of sequence-specificity. Catalysis continues in a
3′→5′ manner driven by a multi-subunit complex of 3′→5′ exonucleases
termed the exosome. Although the exosome is usually associated with ribo-
somal RNA processing in the nucleus, a subset of exonucleases have been
shown to be important for cytoplasmic mRNA degradation (Anderson and
Parker, 1998). This pathway is also found in the nucleus where it operates in
conjunction with a 5′→3′ exonuclease and competes with splicing (Bousquet-
Antonelli et al., 2000). A comparison of core exosome components is illus-
trated in Table 6.2.

The second pathway (the deadenylation-dependent decapping pathway)
begins with removal of the 7-MeCap by the DCP1-DCP2 complex (Long and
McNally, 2003; Jacobson, 2004), followed by 5′→3′ degradation by XRN1 [in
yeast] (Stevens, 2001). A mutational block in DCP1 or XRN1 is not lethal;
mRNA degradation proceeds via the 3′→5′ pathway, albeit at a slower rate
overall. Likewise, mutations in the genes of proteins associated with the
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3′→5′ pathway are not lethal, but result in the slow accumulation of mRNAs
(Ridley et al., 1984). In contrast, mutation of components in both pathways
simultaneously is lethal (Johnson and Kolodner, 1995), confirming that these
two pathways are primary routes of mRNA degradation.

A third pathway (deadenylation-independent decapping pathway) exists in
which RNAs are initially cleaved by endonucleases such as DICER. This
pathway is associated with nonsense mediated decay and RNAi (see below)
and, in association with subsequent degradation of the RNA fragments gen-
erated by the XRN1 and exosome pathways, is the major vehicle for the sur-
veillance and silencing functions (Gatfield and Izaurralde, 2004; Orban and
Izaurralde, 2005). Other endonucleases also contribute to general mRNA
degradation, although in a minor way. These enzymes often exhibit sequence
specificity towards the 3′ UTR of select messages. Some operate independ-
ently of deadenylation, for example, the transferrin receptor mRNA (Binder
et al., 1994), while others require deadenylation of the mRNA substrate, i.e.
degradation of the α-globin mRNA by ErEN (Rogers et al., 2002).

Regarding deadenylation of mRNAs in yeast and C. elegans, it seems that
at least one of the PARN genes can be reduced or eliminated without obvi-
ous consequences on development or morphology. In Arabidopsis there is one
putative PARN gene and one PARN-like gene that is missing sequence
elements required for activity. When the latter gene was knocked out, no
apparent effect on phenotype was observed (Reverdatto et al., 2006). In con-
trast, when the putative PARN homolog was knocked out, an embryo-lethal
phenotype was obtained, suggesting that this gene is required for some aspect
of development. Interestingly in the absence of the PARN homolog, some,
but not all, of the embryo-specific transcripts became hyperadenylated. This
suggests that deadenylation of a specific subset of mRNAs is the key to
regulating embryonic development in wild type plants.

6.4.2. mRNA Surveillance
Early observations on bacterial gene expression using nonsense mutations to
abolish specific proteins indicated that the lack of protein was due to the
enhanced degradation of the cognate mRNA. Similar observations in
eukaryotes suggested that all organisms possessed a “search and destroy” sys-
tem for recognizing and eliminating faulty mRNAs. The obvious rationale
for such a system is the prevention of the accumulation of truncated polypep-
tides, since it is well documented that truncated polypeptides can interfere in
a dominant manner with the activity of the hetero- or homopolymeric pro-
teins with which they naturally associate. Therefore, some mechanism(s) must
be responsible for recognition and elimination of aberrant mRNAs.

Two types of aberrant mRNAs are typically found, the first being those
RNAs containing one or more premature termination (nonsense) codons and
the second being those RNAs lacking any stop codons. The nonsense-
mediated decay (NMD) pathway removes the former mRNAs, while the
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nonstop-mediated (NSD) pathway eliminates the latter. Another type of sur-
veillance pathway recently discovered is associated with the removal of
mRNAs which cause ribosome stalling. Yet a fourth recently described path-
way relates to the removal of mRNAs whose protein products are unfolded or
misfolded on the endoplasmic reticulum. The processes impacting these path-
ways are summarized in Table 6.3. All of these pathways are designed to
prevent the accumulation of nonfunctional translation machinery or aberrant
polypeptide products.

6.4.2.1. Nonsense-mediated Decay

Probably the first case of nonsense-mediated decay (NMD) reported in the
literature was that of the effect of premature termination codons (PTCs) on
URA-3 mRNAs in yeast (Losson and Lacroute, 1979). Since then, we now
understand that NMD is a decay pathway for a variety of aberrant mRNAs
that arise from either mutation or defects in pre-mRNA splicing which alter
the normal spatial relationship between the termination codon and other
RNA features (Oliveira and McCarthy, 1995; Muhlrad and Parker, 1999).
NMD (reviewed in Maquat, 2004) promotes decay of targeted mRNAs
through both the 5′→3′ and 3′→5′ pathways in mammals and yeast, and in
most cases requires prior deadenylation of the mRNAs (Chen and Shyu,
2003; Lejeune et al., 2003; Mitchell and Tollervey, 2003; Muhlrad and Parker,
1999). In contrast, NMD in Drosophila is initiated by endonucleolytic cleav-
age followed by rapid degradation of the resulting 5′ (exosome degradation)
and 3′ (XRN1 degradation) fragments (Gatfield and Izaurralde, 2004).

Apart from a simple “house cleaning” function, NMD has also been impli-
cated in translation control (for example, Nott et al., 2004), DNA repair
(Brumbaugh et al., 2004) and the regulation of a subset of transcripts encod-
ing transcription factors (Mendell et al., 2004), enzymes associated with
amino acid metabolism (Mendell et al., 2004), and pseudogenes, transposable
elements and retroviruses (Mitrovich and Anderson, 2005). It has also
recently been implicated in X chromosome inactivation via regulation of the
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TABLE 6.3. Processes required for different types of surveillance.
Required biological feature NMD NSD NG IRE1

Translation +a + + +
Splicing +b ND ND ND
Deadenylation + + − ND
Ribosomal Stalling − + + +
cis elements +c − +d +e

a + indicates the feature is required; − indicates the feature is not required; ND indicates the
requirement for the feature has not been determined.
b may be more dependent on splicing in mammalian cells than in fungi, insects or plants
c Includes premature termination codon as a cis-element
d Shown with CGS1 gene in Arabidopsis (Onouchi et al., 2005)
e located in the 3′ UTR
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noncoding Xist RNA (Ciaudo et al., 2006). Although this pathway operates
from yeast to humans, it is non-essential in yeast and C. elegans
(Weischenfeldt, et al., 2005), and has features that are distinct between yeast
and humans. For example, PTC recognition which is dependent on splicing
in mammals, is independent of splicing in yeast and insects. Most mam-
malian systems studied to date suggest that NMD takes place in the nucleus,
although a minority occurrence in the cytoplasm has been noted (Cheng and
Maquat, 1993; Moriarty et al., 1998).

A cis-acting element (DSE) that destabilizes mRNAs when downstream of
a nonsense codon is required to distinguish the normal stop codon from the
PTC in yeast (Zhang et al., 1995), whereas in mammals the PTC is recognized
by its relative position (>50 nucleotides upstream of the last exon-exon junc-
tion) (Zhang et al, 1998). This implies that NMD in mammals requires an
intron to act on the target mRNA; in support of this is the observation that
intronless mRNAs are immune to NMD (Maquat and Li, 2001). Further
suggestion that splicing is required comes from studies that indicate the EJC
deposited some 20–24 nucleotides upstream of the last exon-exon junction
after splicing is complete may be a marker required for NMD recognition (Le
Hir et al., 2000a and 2000b).

Little is known about NMD in plants. In contrast to observations in mam-
malian systems, several reports have suggested that PTC-containing mRNAs
transcribed from intronless genes are degraded in plants, suggesting NMD
could proceed by an EJC-independent mechanism or by more than one
mechanism, one of which is EJC-independent (Voelker et al., 1990; van
Hoof, and Green, 1996; Isshiki et al., 2001). Homologs for most of the genes
encoding proteins associated with the EJC in other organisms have been
found in the Arabidopsis genome (Pendle et al., 2005). Hori and Watanabe
(2005) have shown that one of the key required proteins in mammalian
NMD, UPF3, is also required for NMD in Arabidopsis. Recently, through the
use of mutations in upf1 and upf3, a requirement of these NMD-associated
proteins has also been demonstrated in Arabidopsis (Arciga-Reys et al.,
2006). In the upf1 mutants, NMD of both intron-containing and intron-less
gene mRNAs was inhibited. In addition, phenotypic traits indicative of
developmental problems were seen in both the upf1 and upf3 mutants,
suggesting that both are involved with NMD.

6.4.2.2. Nonstop-mediated Decay

mRNAs lacking stop codons are one of several mechanisms that can cause
ribosomal stalling. Such mRNAs can arise as a consequence of mutation
(probably rare), aberrant processing, as intermediates in mRNA degradation
and possibly through premature polyadenylation (addition of poly(A)
directly to coding sequence). Failure to encounter a termination codon pre-
vents the ribosome from releasing from the mRNA. If this were allowed to
continue, the cell would soon exhaust its supply of free ribosomes, and initi-
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ation of new polypeptides would cease. In addition, if the ribosome were to
release the truncated polypeptides, negative effects on protein activity might
soon follow, as truncated polypeptides often exhibit dominant negative influ-
ence on multi-subunit protein complexes. A recent study using nonstop and
derivative transcripts in yeast and HeLa cells indicates that this process
occurs primarily in the cytoplasm by a mechanism that is distinct from NMD
(Frischmeyer et al., 2002; Inada and Aiba., 2005). In yeast, nonstop mRNAs
are degraded by the exosome in a 3′→5′ manner (van Hoof et al., 2002).

Release of stalled ribosomes in bacteria and eukaryotic DNA-containing
organelles appears to occur by a trans-translation pathway (Keiler et al.,
1996; Williams, 2002; Gueneau de Novoa and Williams, 2004; Jacob et al.,
2004) involving a unique RNA known as tmRNA (transfer messenger RNA).
tmRNA is part tRNA, capable of being charged with alanine, and part mes-
senger RNA, possessing a pseudo-ORF which lacks AUG but possesses a
stop codon. The stalled ribosome transfers its nascent polypeptide to the ala-
nine-charged tmRNA, resulting in ejection of bound mRNA and resumption
of the reading frame within the tmRNA positioned in the ribosome A-site.
Translation then proceeds on the tmRNA to an in-frame stop codon, where-
upon the protein now containing the tmRNA “tag” is released. Interestingly,
the tag directs the newly synthesized peptide for proteolysis, thus the stalled
ribosome is freed and the incomplete polypeptide eliminated. Furthermore,
in addition to directing aberrant polypeptides for proteolysis, tmRNA also
facilitates the degradation of the ribosome-bound mRNA by releasing the
stalled ribosomes (Yamamoto et al., 2003; Sunohara et al., 2004).

6.4.2.3. No-go mediated Decay

This recently discovered pathway (Doma and Parker, 2006) in yeast is associated
with stalled ribosomes. Stalling on polysomes can occur as a result of mRNA
secondary structure, the presence of rare codons, and pseudoknots. The no-go
decay (NGD) pathway is independent of deadenylation, but is dependent on
translation. Products formed by NGD were indicative of endonucleolytic cleav-
age and were not present in cells defective in the Dom34 product similar to other
factors involved in translation termination, suggesting that Dom34 recognizes
the stalled ribosome and triggers mRNA cleavage. This pathway is thought to
provide a mechanism for releasing stalled ribosomes from damaged mRNA.

Consistent with this hypothesis is the recent observation that sequences in
the Arabidopsis CGS1 mRNA not only trigger endonucleolytic cleavage, but
also mediate ribosome stalling (Onouchi et al., 2005). In this case a specific
element, MTO1, when translated in the presence of S-adenosylmethionine
causes the ribosome to pause downstream at the codon for ser-94.
Subsequent cleavage of the protruding 5′ mRNA results in posttranscrip-
tional down-regulation of this gene. This is reported to be the first example
of nascent peptide-mediated translation elongation arrest leading to mRNA
degradation in eukaryotes and may represent yet another mechanism for
dealing with stalled ribosomes.
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6.4.2.4. The IRE1 System

The endoplasmic reticulum (ER) can recover from the accumulation of mis-
folded proteins by increasing its folding capacity via inositol-requiring
enzyme-1 (IRE1) which detects misfolded proteins and activates an X-box-
binding (XBB) transcription factor. Activation of the XBB protein is by
endonucleolytic cleavage of its cognate mRNA. Recently, another function of
IRE1 has been described which operates independently of the XBB protein
and mediates the rapid degradation of a subset of mRNAs based on their
association with the ER membrane and on the sequence of the polypeptides
they encode (Hollien and Weissman, 2006).

Enrichment of prolamine RNAs on prolamine protein bodies of the ER
(PB-ER) has been described in developing seeds of rice plants. This enrich-
ment of prolamine RNAs has been suggested to be an important step for the
efficient folding and assembly of prolamine polypeptides (Okita and Rogers,
1996). Several aspects of this process appear to relate to the IRE1 surveil-
lance system: 1) both require translation of the mRNAs associated with the
ER, 2) neither requires the RNA region encoding the signal peptide of
the cognate polypeptides, and 3) both require an RNA “zipcode” located in the
3′ UTR for localization to the ER (Choi et al., 2000).

6.4.2.5. Other Types of Surveillance

Another type of surveillance mechanism is reflected in the silencing of spe-
cific genes. This form of inspection has been described in plants, animals and
fungi (Fagard et al., 2000) and therefore appears to be an ancient mechanism
in eukaryotes for eliminating foreign nucleic acids. The process is termed
posttranscriptional gene silencing (PTGS) in plants, RNAi (RNA interfer-
ence) in animals, and quelling in fungi. The pathway can operate through
three distinct mechanisms, two of which occur posttranscriptionally, namely
targeted RNA degradation and translation inhibition (Fagard et al., 2000,
Hannon, 2002). The third mechanism acts directly on transcription by his-
tone and/or DNA methylation (Volpe et al., 2002; Chan et al., 2005).
Although these mechanisms are distinct they share numerous components.
Some of these components and mechanisms related to plant PTGS are
discussed in greater detail in Chapter 5. As mentioned earlier, this process is
associated with processing bodies and has recently been linked to Cajal
bodies by the observation that a major component of silencing (ARG-
ONAUTE4) can associate with them (see section 6.2.4). This latter location
correlates with the methylation-dependent aspect of silencing, while asso-
ciation with PBs may be more closely linked to posttranslational mechanisms.

A type of surveillance system unique to plants is the S-locus self-incom-
patibility system that features an S-locus RNase and governs the success or
failure of self-pollination in several plant families (recently reviewed by Kao
and Tsukamoto, 2004). Although actual surveillance is presumably at the
level of protein-protein recognition, the mechanism whereby control is
exerted is through pollen tube RNA degradation, and this degradation
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appears to be non-sequence-specific. A T2-like RNase expressed in the pistil
is the female component of the incompatibility response and is responsible
for the pollen-specific degradation of RNA.

6.5. Summary and Prospectus

At the beginning of this chapter it was stated that transport and localization
of mRNAs is highly complex with considerable overlap between various
processes related to RNA metabolism. There are direct interactions of com-
ponents of RNA transcription with splicing components, as well as with
export factors. In addition splicing factors are also associated with transla-
tional regulation and surveillance pathways. These interactions are further
complicated by the recognition that some, if not most, proteins have multiple
functions and interact with diverse partners representing different metabolic
processes. The implication is that cellular metabolism is directly and indi-
rectly linked to changes in gene expression through a complicated web of
interactions. The challenge will be to understand all these interactions, and
how they determine the state of the cell in response to a variety of internal
and external signals.

One area ripe for exploration is that of predicting mRNA secondary and
tertiary structures, and how they influence gene expression. Prediction pro-
grams are improving, but they have not yet reached a point where empirical
determinations can be eliminated. The interaction of mRNAs or mRNBPs
with small molecules like lipids, metals, etc. could be another source of influ-
ence via RNA-protein interactions or perhaps by effects on secondary/terti-
ary structure. Opportunities for RNA-RNA or DNA-RNA interactions
through secondary structures have not yet been explored.

Identifying and sorting out the large plant gene families encoding small
RNAs is an aspect of gene regulation that needs to be developed further.
Assigning mRNA targets to these microRNAs will be critical to our under-
standing of what processes they control and to determining the mechanism(s)
employed to exert their influence. There may also be more examples of
metabolites that directly bind to mRNAs and provide feedback regarding
their synthesis and/or degradation. One exciting area of needed research is
that of phylogenetic transcriptome analysis emphasizing mRNA turnover
and transport as potential mechanisms where differences among organisms
have evolved. The amount of information derived from genomic studies has
been overwhelming, and it is not expected to diminish, at least in the near
future. Despite the difficulties in dealing with genetic “information over-
load”, our understanding of the complexity of living organisms has increased
exponentially in the past decade, and it will not be long before the agricul-
tural benefits from this new knowledge can be applied to the food and nutri-
tion challenges that are anticipated to occur as the human population
continues to increase.

174 Carole L. Bassett

Ch06.qxd  29/01/07  12:05 PM  Page 174



References
Aguilera, A., 2005, Cotranscriptional mRNP assembly: from the DNA to the nuclear

pore, Curr. Opin. Cell Biol. 17:242-250.
Allmang, C., Petfalski, E., Podtelejnikov, A., Mann, M., Tollervey, D., and Mitchell,

P., 1999, The yeast exosome and human PM-Scl are related complexes of 3′→5′
exonucleases, Genes Dev. 13:2148-2158.

Amiri, A., Keiper, B.D., Kawasaki, I., Fan, Y., Kohara, Y., Rhoads, R.E., and Strome,
S., 2001, An isoform of eIF4E is a component of germ granules and is required for
spermatogenesis in C. elegans, Development 128:3899-3912.

Anantharaman, V., and Aravind, L., 2004, Novel conserved domains in proteins with
predicted roles in eukaryotic cell-cycle regulation, decapping and RNA stability,
BMC Genomics 5:45.

Anderson, P., and Kedersha, N., 2002, Stressful initiations, J. Cell Sci. 115:3227-3234.
Anderson, P., and Kedersha, N., 2006, RNA granules, J. Cell Biol. 172:803-808.
Anderson, J.S.J., and Parker, R., 1998, The 3′ to 5′ degradation of yeast mRNAs is a

general mechanism for mRNA turnover that requires the SKI2 DEVH box protein
and 3′ to 5′ exonucleases of the exosome complex, EMBO J. 17:1497-1506.

Arciga-Reys, L., Wootton, L., Kieffer, M., and Davies, B., 2006, UPF1 is required for
nonsense-mediated mRNA decay (NMD) and RNAi in Arabidopsis, Plant J.
47:480-489.

Atlas, R., Behar, L., Elliott, E., and Ginzburg, I., 2004, The insulin-like growth factor
mRNA binding-protein IMP-1 and the Ras-regulatory protein G3BP associate
with tau mRNA and HuD protein in differentiated P19 neuronal cells,
J. Neurochem. 89:613-626.

Bailey-Serres, J., 1999, Selective translation of cytoplasmic mRNAs in plants.
TRENDS Plant Sci. 4:142-148.

Bashkirov, V.I., Scherthan, H., Solinger, J.A., Buerstedde, J.M., and Heyer, W.D.,
1997, A mouse cytoplasmic exoribonuclease (mXRN1p) with preference for G4
tetraplex substrates, J. Cell Biol. 136:761-773.

Belostotsky, D.A., 2003, Unexpected complexity of poly(A)-binding protein gene
families in flowering plants. Three conserved lineages that are at least 200 million
years old and possible auto- and cross-regulation, Genetics 163:311-319.

Belostotsky, D.A., and Meagher, R.B., 1993, Differential organ-specific expression of
three poly(A)-binding-protein genes from Arabidopsis thaliana, Proc. Natl. Acad.
Sci. USA 90:6686-6690.

Belostotsky, D.A., and Meagher, R.B., 1996, A pollen-, ovule-, and early embryo-
specific poly(A) binding protein from Arabidopsis complements essential function
in yeast, Plant Cell 8:1261-1275.

Bertrand, E., Chartrand, P., Schaefer, M., Shenoy, S.M., Singer, R.H., and Long,
R.M., 1998, Localization of ASH1 mRNA particles in living yeast, Mol. Cell
2:437-445.

Bhat, S., Tang, L., Krueger, A.D., Smith, C.L., Ford, S.R., Dickey, L.F., and Petracek,
M.E., 2004, the Fed-1 (CAUU)4 element is a 5′ UTR dark-responsive mRNA
instability element that functions independently of dark-induced polyribosome
dissociation, Plant Mol. Biol. 56:761-773.

Bhattacharyya, S.N., Habermacher, R., Martine, U., Closs, E., and Filipowicz, W.,
2006, Relief of microRNA-mediated translational repression in human cells
subjected to stress, Cell 125:1111-1124.

6. Control of Gene Expression by mRNA Transport and Turnover 175

Ch06.qxd  29/01/07  12:05 PM  Page 175



Binder, R., Horowitz, J.A., Basilion, J.P., Koeller, D.M., Klausner, R.D., and Harford,
J.B., 1994, Evidence that the pathway of transferrin receptor mRNA degradation
involves an endonucleolytic cleavage within the 3 UTR and does not involve
poly(A) tail shortening, EMBO J. 13:1969-1980.

Boeck, R., Tarun, Jr., S., Rieger, M., Deardorff, J.A., Müller-Auer, S., and Sachs,
A.B., 1996, The yeast Pan2 protein is required for poly(A)-binding protein-
stimulated poly(A)-nuclease activity, J. Biol. Chem., 271:432-438.

Boudonck, K., Dolan, L., and Shaw, P.J., 1999, The movement of coiled bodies
visualized in living plant cells by the green fluorescent protein, Mol. Biol. Cell 10:
2297-2307.

Bouget, F.-Y., Gerttula, S., and Quatrano, R.S., 1996, Localization of actin mRNA
during the establishment of cell polarity and early cell divisions in Fucus embryos,
Plant Cell 8:189-201.

Bousquet-Antonelli, C., Presutti, C., and Tollervey, D., 2000, Identification of a
regulated pathway for nuclear pre-mRNA turnover, Cell 102:765-775.

Bravo, J., Aguilar-Henonin, L., Olmedo, G., and Guzmán, P., 2005, four distinct
classes of proteins as interaction partners of the PABC domain of Arabidopsis
thaliana poly(A)-binding proteins, Mol. Gen. Genomics 272:651-665.

Brendza, R.P., Serbus, L.R., Duffy, J.B., and Saxton, W.M., 2000, A function for
kinesin I in the posterior transport of oskar mRNA and Staufen protein, Science
289:2120-2122.

Brumbaugh, K.M., Otterness, D.M., Geisen, C., Oliveira, V., Brognard, J., Li, X.,
Lejeune, F., Tibbetts, R.S., Maquat, L.E., and Abraham, R.T., 2004, The mRNA
surveillance protein hSMG-1 functions in genotoxic stress response pathways in
mammalian cells, Mol. Cell 14:585-598.

Bruno, I., and Wilkinson, M.F., 2006, P-bodies react to stress and nonsense, Cell
125:1036-1038.

Bubunenko, M., Kress, T.L., Vempati, U.D., Mowry, K.L., and King, M.L., 2002, A
consensus RNA signal that directs germ layer determinants to the vegetal cortex of
Xenopus oocytes, Dev. Biol. 248:82-92.

Cairrao, F., Arraiano, C., and Newbury, S., 2005, Drosophila gene tazman, an ortho-
logue of the yeast exosome component Rrp44p/Dis3, is differentially expressed
during development, Dev. Dyn. 232:733-737.

Chamot, D., and Kuhlemeier, C., 1992, Differential expression of genes encoding the
hypusine-containing translation initiation factor, eIF-5A, in tobacco, Nucl. Acids
Res. 20:665-669.

Chan, S.W., Henderson, I.R., and Jacobsen, S.E., 2005, Gardening the genome: DNA
methylation in Arabidopsis thaliana, Nat. Rev. Genet. 6:351-360.

Chekanova, J.A., and Belostotsky, D.A., 2003, evidence that poly(A) binding protein
has an evolutionarily conserved function in facilitating mRNA biogenesis and
export, RNA 9:1476-1490.

Chekanova, J.A., Dutko, J.A., Mian, I.S., and Belostotsky, D.A., 2002, Arabidopsis
thaliana exosome subunit AtRrp4p is a hydrolytic 3′→5′ exonuclease containing S1
and KH RNA-binding domains, Nucl. Acids Res. 30:695-700.

Chekanova, J.A., Shaw, R.J., and Belostotsky, D.A., 2001, Analysis of an essential
requirement for the poly(A) binding protein function using cross-species comple-
mentation, Curr. Biol. 11:1207-1214.

Chekanova, J.A., Shaw, R.J., wills, M.A., and Belostotsky, D.A., 2000, Poly(A)
tail-dependent exonuclease AtRrp41p from Arabidopsis thaliana rescues 5.8 S

176 Carole L. Bassett

Ch06.qxd  29/01/07  12:05 PM  Page 176



rRNA processing and mRNA decay defects of the yeast ski6 mutant and is
found in an exosome-sized complex in plant and yeast cells, J. Biol. Chem. 275:
33158-33166.

Chen, C.Y., and Shyu, A.B., 2003, Rapid deadenylation triggered by a nonsense codon
precedes decay of the RNA body in a mammalian cytoplasmic nonsense-mediated
decay pathway, Mol. Cell Biol. 23:4805-4813.

Chen, X., 2004, A microRNA as a translational repressor of APETALA2 in
Arabidopsis flower development, Science 303:2022-2025.

Cheng, J., and Maquat, L.E., 1993, Nonsense codons can reduce the abundance of
nuclear mRNA without affecting the abundance of pre-mRNA or the half-life of
cytoplasmic mRNA, Mol. Cell. Biol. 13:1892-1902.

Choi, S.-B., Wang, C., Muench, D.G., Ozawa, K., Franceschi, V.R., Wu, Y., and
Okita, T.W., 2000, Messenger RNA targeting of rice seed storage proteins to spe-
cific ER subdomains, Nature 407:765-767.

Chuong, S.D.X., Good, A.G., Taylor, G.J., Freeman, M.C., Moorhead, G.B.G., and
Muench, D.G., 2004, Large-scale identification of tubulin-binding proteins
provides insight on subcellular trafficking, metabolic channeling, and signaling in
plant cells, Mol. Cell. Proteomics 3:970-983.

Ciaudo, C., Bourdet, A., Cohen-Tannoudji, M., Dietz, H.C., Rougeulle, C., and
Avner, P., 2006, Nuclear mRNA degradation pathway(s) are implicated in Xist
regulation and X chromosome inactivation, PLoS Genet. 2:874-881.

Cioce, M., and Lamond, A.I., 2005, Cajal bodies: a long history of discovery, Annu.
Rev. Cell. Dev. Biol. 21:105-131.

Colon-Ramos, D.A., Salisbury, J.L., Senders, M.A., Shenoy, S.M., Singer, R.H., and
Garcia-Blanco, M.A., 2003, Asymmetric distribution of nuclear pore complexes
and the cytoplasmic localization of beta2-tubulin mRNA in Chlamydomonas rein-
hardtii, Dev. Cell 4:941-952.

Costanzo, M.C., Crawford, M.E., Hirschman, J.E., Kranz, J.E., Olsen, P., et al., 2001,
YPD, PombePD and WormPD: Model organism volumes of the BioKnowledge
library, an integrated resource for protein information, Nucl. Acids Res. 29:75-79.

Cougot, N., Babajko, S., and Seraphin, B., 2004, Cytoplasmic foci are sites of mRNA
decay in human cells, J. Cell Biol. 165:31-40.

Couttet, P., Fromont-Racine, M., Steel, D., Pictet, R., and Grange, T., 1997,
Messenger RNA deadenylation precedes decapping in mammalian cells, Proc. Nat.
Acad. Sci. USA 94:5628-5633.

Crofts, A.J., Washida, H., Okita, T.W., Ogawa, M., Kumamaru, T., and Satoh, H.,
2004, Targeting of proteins to endoplasmic reticulum-derived compartments in
plants: The importance of RNA localization, Plant Physiol. 136:3414-3419.

Crofts, A.J., Washida, H., Okita, T.W., Satoh, M., Ogawa, M., Kumamaru, T., and
Satoh, H., 2005, The role of mRNA and protein sorting in seed storage protein
synthesis, transport, and deposition, Biochem. Cell Biol. 83:728-737.

Davis, B.M., McCurrach, M.E., Taneja, K.L., Singer, R.H., and Housman, D.E.,
1997, Expansion of a CUG trinucleotide repeat in the 3′ untranslated region of
myotonic dystrophy protein kinase transcripts results in nuclear retention of tran-
scripts, Proc. Natl. Acad. Sci USA 94:7388-7393.

Dietz, H., 1998. Polishing the cutting edge of gems. Nat. Genet. 20:321-322.
Docquier, S., Tillemans, V., Deltour, R., and Motte, P., 2004, Nuclear bodies and com-

partmentalization of pre-mRNA splicing factors in higher plants, Chromosoma
112:255-266.

6. Control of Gene Expression by mRNA Transport and Turnover 177

Ch06.qxd  29/01/07  12:05 PM  Page 177



Doench, J.G., Petersen, C.P., and Sharp, P.A., 2003, siRNAs can function as miRNAs,
Genes Dev. 17:438-442.

Doma, M.K., and Parker, R., 2006, Endonucleolytic cleavage of eukaryotic mRNAs
with stalls in translation elongation, Nature 440:561-564.

Dunyak, D.S., Everdeen, D.S., Albanese, J.G., and Quinn, C.L., 2002, Deletion of
individual mRNA capping genes is unexpectedly not lethal to Candida albicans and
results in modified mRNA cap structures, Eukaryotic Cell 1:1010-1020.

Eystathioy, T., Jakymiw, A., Chan, E.K., Seraphin, B., Cougot, N., and Fritzler, M.J.,
2003, The GW182 protein colocalizes with mRNA degradation associated proteins
hDcp1 and hLSm4 in cytoplasmic GW bodies, RNA 9:1171-1173.

Fagard, M., Boutet, S., Morel, J.-B., Bellini, C., and Vaucheret, H., 2000, AGO1,
QDE-2, and RDE-1 are related proteins required for post-transcriptional gene
silencing in plants, quelling in fungi, and RNA interference in animals, Proc. Nat.
Acad. Sci. USA 97:11650-11654.

Farina, K.L., and Singer, R.H., 2002, The nuclear connection in RNA transport and
localization, Trends Cell Biol. 12:466-472.

Fechir, M., Linker, K., Pautz, A., Hubrich, T., Forstermann, U., Rodriguez-Pascual,
F., and Kleinert, H., 2005, Tristetraprolin regulates the expression of the human
inducible nitric-oxide synthase gene, Mol. Pharmacol. 67:2148-2161.

Ferraiuolo, M.A., Basak, S., Dostie, J., Murray, E.L., Schoenberg, D.R., and
Sonenberg, N., 2005, A role for the eIF4E-binding protein 4E-T in P-body forma-
tion and mRNA decay, J. Cell Biol. 170:913-924.

Forrest, K.M., and Gavis, E.R., 2003, Live imaging of endogenous RNA reveals a
diffusion and entrapment mechanism for nanos mRNA localization in Drosophila,
Curr. Biol. 13:1159-1168.

Frischmeyer, P.A., van Hoof, A., O’Donnell, K., Guerrerio, A.L., Parker, R., and
Dietz, H.C., 2002, Mechanism that eliminates transcripts lacking termination
codons, Science 295:2258-2261.

Fu, D., and Collins, K., 2006, Human telomerase and Cajal body ribonucleoproteins
share a unique specificity of Sm protein association, Genes Dev. 20:531-536.

Gall, J.G., Bellini, M., Wu, Z., and Murphy, C., 1999, Assembly of the nuclear tran-
scription and processing machinery: Cajal bodies (coiled bodies) and transcripto-
somes, Mol. Biol. Cell 10:4385-4402.

Gallouzi, I.E., Brennan, C.M., Stenberg, M.G., Swanson, M.S., Eversole, A., Maizels,
N., and Steitz, J.A., 2000, HuR binding to cytoplasmic mRNA is perturbed by heat
shock. Proc. Natl. Acad. Sci. USA 97:3073-3078.

Gatfield, D., and Izaurralde, E., 2002, REF1/Aly and the additional exon junction
complex proteins are dispensable for nuclear mRNA export, J. Cell. Biol. 159:
579-588.

Gatfield, D., and Izaurralde, E., 2004, Nonsense-mediated messenger RNA decay is
initiated by endonucleolytic cleavage in Drosophila, Nature 429:575-578.

Graham, A.C., Kiss, D.L., and Andrulis, E.D., 2006, Differential distribution of
exosome subunits at the nuclear lamina and in cytoplasmic foci, Mol. Biol Cell
17:1399-1409.

Gueneau de Novoa, P., and Williams, K.P., 2004, The tmRNA website: reductive
evolution of tmRNA in plastids and other endosymbionts, Nucl. Acids Res. 32:
D104-D108.

Hammell, C.M., Gross, S., Zenklusen, D., Heath, C.V., Stutz, F., Moore, C., and Cole,
C.N., 2002, Coupling of termination, 3′ processing, and mRNA export, Mol. Cell.
Biol. 22:6441-6457.

178 Carole L. Bassett

Ch06.qxd  29/01/07  12:05 PM  Page 178



Hanauske-Abel, H.M., Slowinska, B., Zagulska, S., Wilson, R.C., Staiano-Coico, L.,
Hanauske, A.-R., McCaffrey, T., and Szabo, P., 1995, Detection of a sub-set of polyso-
mal mRNAs associated with modulation of hypusine formation at the G1-S boundary:
Proposal of a role for eIF-5A in onset of DNA replication, FEBS Lett. 366:92-98.

Han, Y., Yu, J., Guo, F., and Watkins, S.C., 2006, Polysomes are associated with
microtubules in fertilized eggs of Chinese pine (Pinus tabulaeformis), Protoplasma
227:223-227.

Hannon, G.J., 2002, RNA interference. Nature 418:244-251.
Hector, R.E., Nykamp, K.R., Dheur, S., Anderson, J.T., Non, P.J., Urbinati, C.R.,

Wilson, S.M., Minvielle-Sebastiz, L., and Swanson, M.S., 2002, Dual requirement
for yeast hnRNP Nab2p in mRNA poly(A) tail length control and nuclear export,
EMBO J. 21:1800-1810.

Hilleren, P., McCarthy, T., Rosbash, M., Parker, R., and Jensen, T.H., 2001, Quality con-
trol of mRNA 3′ end processing is linked to the nuclear exosome, Nature 413:538-542.

Hilson, P., Carroll, K.L., and Masson, P.H., 1993, Molecular characterization of
PAB2, a member of the multigene family coding for poly(A)-binding proteins in
Arabidopsis thaliana, Plant Physiol. 103:525-533.

Hollien, J., and Weissman, J. S., 2006, Decay of endoplasmic reticulum-localized
mRNAs during the unfolded protein response, Science 313:104-107.

Hori, H., and Watanabe, Y., 2005, UPF3 suppresses aberrant spliced mRNA in
Arabidopsis, Plant J. 43:530-540.

Hua, Y., and Zhou, J., 2004, Survival motor neuron protein facilitates assembly of
stress granules, FEBS Lett. 572:69-74.

Huang, Y., and Steitz, J.A., 2001, Splicing factors SRp20 and 9G8 promote the nucleo-
cytoplasmic export of mRNA, Mol. Cell 7:899-905.

Huttelmaier, S., Zenklusen, D., Lederer, M., Dictenberg, J., Lorenz, M., Meng, X.,
Bassell, G.J., Condeelis, J., and Singer, R.H., 2005, Spatial regulation of beta-actin
translation by Src-dependent phosphorylation of ZBP1, Nature 438:512-515.

Inada, T., and Aiba, H., 2005, Translation of aberrant mRNAs lacking a termination
codon or with a shortened 3′-UTR is repressed after initiation in yeast, EMBO
J. 24:1584-1595.

Ingelfinger, D., Amdt-Jovin, D.J., Luhrmann, R., and Achsel, T., 2002, The human
LSm1-7 proteins colocalize with the mRNA-degrading enzymes Dcp1/2 and Xrn1
in distinct cytoplasmic foci, RNA 8:1489-1501.

Isshiki, M., Yamamoto, Y., Satoh, H., and Shimamoto, K., 2001, Nonsense-mediated
decay of mutant waxy mRNA in rice, Plant Physiol. 125:1388-1395.

Jabri, E., 2005, P-bodies take a RISC. Nat. Struct. Mol. Biol. 12:564.
Jackson, R.J., 2005, Alternative mechanisms of initiating translation of mammalian

mRNAs, Biochem. Soc. Trans. 33:1231-1241.
Jacob, Y., Seif, E., Paquet, P-O., and Lang, B.F., 2004, Loss of the mRNA-like region

in mitochondrial tmRNAs of jakobids, RNA 10:605-614.
Jacobson, A., 2004, Regulation of mRNA decay: decapping goes solo. Mol. Cell. 12:1-2.
Jady, B.E., Darzacq, X., Tucker, K.E., Matera, A.G., Bertrand, E., and Kiss, T., 2003,

Modification of Sm small nuclear RNAs occurs in the nucleoplasmic Cajal body
following import from the cytoplasm, EMBO J. 22:1878-1888.

Jang, S.Y., 2006, Internal initiation: IRES elements of picornaviruses and hepatitis c
virus, Virus Res. 119:2-15.

Januschke, J., Gervais, L., Dass, S., Kaltschmidt, J.A., Lopec-Schier, H., Johnston, D.S.,
Brand, A.H., Roth, S., and Guichet, A., 2002, Polar transport in the Drosophila
oocyte requires dynein and kinesin I cooperation, Curr. Biol. 12:1971-1981.

6. Control of Gene Expression by mRNA Transport and Turnover 179

Ch06.qxd  29/01/07  12:05 PM  Page 179



Jiang, Y., Xu, X-S., and Russell, J.E., 2006, A nucleolin-binding 3′ untranslated region
element stabilizes β-globin mRNA in vivo, Mol. Cell. Biol. 26:2419-2429.

Jing, Q., Huang, S., Guth, S., Zarubin, T., Motoyama, A., Chen, J., Di Padova, F.,
Lin, S-C., Gram, H., and Han, J., 2005, Involvement of microRNA in AU-rich ele-
ment-mediated mRNA instability, Cell 120:623-634.

Johnson, A.W., and Kolodner, R.D., 1995, Synthetic lethality of sep1 (xrn1) ski2 and
sep1 (xrn1) ski3 mutants of Saccharomyces cerevisiae is independent of killer virus
and suggests a general role for these genes in translation control, Mol Cell Biol,
15:2719-2727.

Jones-Rhoades, M.W., Bartel, D.P., and Bartel, B., 2006, MicroRNAs and their regu-
latory roles in plants, Ann. Rev. Plant Biol. 57:19-53.

Joseph, B., Orlian, M., and Furneaux, H., 1998, p21 mRNA contains a conserved ele-
ment in its 3′-untranslated region that is bound by Elav-like mRNA-stabilizing pro-
teins, J. Biol. Chem. 273:20511-20516.

Kalyna, M., Lopato, S., and Barta, A., 2003, Ectopic expression of atRSZ33 reveals
its function in splicing and causes pleiotropic changes in development, Mol. Biol.
Cell 14:3565-3577.

Kao, T.H., and Tsukamoto, T., 2004, The molecular and genetic bases of S-Rnase-
based self-incompatibility, Plant Cell 16:Suppl:S72-S83.

Kedersha, N., and Anderson, P., 2002, Stress granules: sites of mRNA triage that reg-
ulate mRNA stability and translatability, Biochem. Soc. Trans. 30:963-969.

Kedersha, N., Chen, S., Gilks, N., Li, W., Miller, I.J., Stahl, J., and Anderson, P., 2002,
Evidence that ternary complex (eIF2-GTP-tRNA(i)(Met))-deficient preinitiation
complexes are core constituents of mammalian stress granules, Mol. Biol. Cell
13:195-210.

Kedersha, N.L., Gupta, M., Li, W., Miller, I., and Anderson, P., 1999, RNA-binding
proteins TIA-1 and TIAR link the phosphorylation of eIF-2a to the assembly of
mammalian stress granules, J. Cell Biol. 147:1431-1441.

Kedersha, N., Stoecklin, G., Ayodele, M., Yacono, P., Lykke-Andersen, J., Fritzler,
M.J., Scheuner, D., Kaufman, R.J., Golan, D.E., and Anderson, P., 2005, Stress
granules and processing bodies are dynamically linked sites of mRNP remodeling,
J. Cell Biol. 169:871-884.

Keene, J.D., and Tenenbaum, S.A., 2002, Eukaryotic mRNPs may represent post-
transcriptional operons, Mol. Cell 9:1161-1167.

Keiler, K.C., Waller, P.R., and Sauer, R.T., 1996, Role of a peptide tagging system in
degradation of proteins synthesized from damaged messenger RNA, Science
271:990-993.

Kessler, M.M., Henry, M.F., Shen, E., Zhao, J., Gross, S., Silver, P.A., and Moore,
C.L., 1997, Hrp1, a sequence-specific RNA-binding protein that shuttles between
the nucleus and the cytoplasm, is required for mRNA 3′-end formation in yeast,
Genes Dev. 11:2545-2556.

Kindler, S., Wang, H., Richter, D., and Tiedge, H., 2005, RNA transport and local
control of translation, Annu. Rev. Cell Dev. Biol. 21:223-245.

Klyachko, N.L., 2005, The cytoskeleton and intracellular motility in plants, Russian
J. Plant Physiol. 52:786-795.

Korner, C.G., Wormington, M., Muckenthaler, M., Schneider, S., Dehlin, E. and
Wahle, E., 1998, The deadenylating nuclease (DAN) is involved in poly(A) tail
removal during the meiotic maturation of Xenopus oocytes, EMBO J.
17:5427-5437.

180 Carole L. Bassett

Ch06.qxd  29/01/07  12:05 PM  Page 180



Kosik, K.S., and Krichevsky, A.M., 2002, The message and the messenger: delivering
RNA in neurons, Sci. STKE. 126:pe16.

Kozak, M., 2005, A second look at cellular mRNA sequences said to function as
internal ribosome entry sites, Nucl. Acids Res. 33:6593-6602.

Krichevsky, A.M., and Kosik, K.S., 2001, Neuronal RNA granules: a link between
RNA localization and stimulation-dependent translation, Neuron, 32:683-696.

Lai, W.S., Carballo, E., Strum, J.R., Kennington, E.A., Phillips, R.S. and Blackshear,
P.J., 1999, Evidence that tristetraprolin binds to AU-rich elements and promotes the
deadenylation and destabilization of tumor necrosis factor alpha mRNA, Mol.
Cell. Biol. 19:4311-4323.

Lall, S., Piano, F., and Davis, R.E., 2005, Caenorhabditis elegans decapping proteins:
localization and functional analysis of Dcp1, Dcp2, and DcpS during embryogen-
esis, Mol. Biol. Cell 16:5880-5890.

Lawrence, C.J., Morris, N.R., Meagher, R.B., and Dawe, R.K., 2001, Dyneins have
run their course in plant lineage, Traffic, 2:362-363.

Lazar, G., Schaal, T., Maniatis, T., and Goodman, H.M., 1995, Identification of a
plant serine-arginine-rich protein similar to the mammalian splicing factor
SF2/ASF, Proc. Natl. Acad. Sci. USA 92:7672-7676.

Leatherman, J.L., and Jongens, T.A., 2003, Transcriptional silencing and translational
control: key features of early germline development, Bioessays, 25:326-335.

Lee, T.I., Causton, H.C., Holstege, F.C., Shen, W.C., Hannett, N., Jennings, E.G.,
Winston, F., Green, M.R., Young, R.A., 2000, Redundant roles for the TFIID and
SAGA complexes in global transcription, Nature 405:701-704.

Lee, Y.R.J. and Liu, B., 2004, Cytoskeletal motors in Arabidopsis. Sixty-one kinesins
and seventeen myosins, Plant Physiol. 136:3877-3883.

Le Hir, H., Gatfield, D., Izaurralde, E., and Moore, M.J., 2001, The exon-exon junc-
tion complex provides a binding platform for factors involved in mRNA export and
nonsense-mediated mRNA decay, EMBO J. 20:4987-4997.

Le Hir, H., Izaurralde, E., Maquat, L.E., and Moore, M.J., 2000a, The spliceosome
deposits multiple proteins 20-24 nucleotides upstream of mRNA exon-exon junc-
tions, EMBO J. 19:6860-6869.

Le Hir, H., Moore, M.J., and Maquat, L.E., 2000b, Pre-mRNA splicing alters mRNP
composition: evidence for stable association of proteins at exon-exon junctions,
Genes Dev. 14:1098-1108.

Lei, E.P., Krebber, H., and Silver, P.A., 2001, Messenger RNAs are recruited for
nuclear export during transcription, Genes Dev. 15:1771-1782.

Lejeune, F., Ishigaki, Y., Li, X., and Maquat, L.E., 2002, The exon junction complex
is detected on CBP80-bound but not eIF4E-bound mRNA in mammalian cells:
dynamics of mRNP remodeling, EMBO J, 21:3536-3545.

Lejeune, F., Li, X., and Maquat, L.E., 2003, Nonsense-mediated mRNA decay in
mammalian cells involves decapping, deadenylating, and exonucleolytic activities,
Mol. Cell 12: 675-687.

Lemaire, R., Prasad, J., Kashima, T., Gustafson, J., Manley, J.L., and Lafyatis, R.,
2002, Stability of a PKCI-1-related mRNA is controlled by the splicing factor
ASF/SF2: a novel function for SR proteins, Genes Dev. 16:594-607.

Li, C.F., Pontes, O., El-Shami, M., Henderson, I.R., Bematavichute, Y.V., Chan, S. W-
L., Lagrange, T., Pikaard, C.S., and Jacobsen, S.E., 2006, An ARGONAUTE4-con-
taining nuclear processing center colocalized with Cajal bodies in Arabidopsis
thaliana, Cell 126:93-106.

6. Control of Gene Expression by mRNA Transport and Turnover 181

Ch06.qxd  29/01/07  12:05 PM  Page 181



Lieb, B., Carl, M., Hock, R., Gebauer, D., and Scheer, U., 1998, Identification of a
novel mRNA-associated protein in oocytes of Pleurodeles waltl and Xenopus laevis,
Exp. Cell Res. 245:272-281.

Linder, P., and Stutz, F., 2001, mRNA export: traveling with DEAD box proteins,
Curr. Biol. 11:R961-R963.

Liu, J., Valencia-Sanchez, M.A., Hannon, G.J., and Parker, R., 2005, MicroRNA-
dependent localization of targeted mRNAs to mammalian P-bodies, Nat. Cell Biol.
7:719-723.

Long, R.M., and McNally, M.T., 2003, mRNA decay:X (XRN1) marks the spot. Mol.
Cell. 11:1126-1128.

Lopato, S., Gattoni, R., Fabini, G., Stevenin, J., and Barta, A., 1999, A novel family
of plant splicing factors with Zn knuckle motif: examination of RNA binding and
splicing activities, Plant Mol. Biol. 39:761-773.

Lopato, S., Mayeda, A., Krainer, A.R., and Barta, A., 1996, Pre-mRNA splicing in
plants: characterization of Ser/Arg splicing factors, Proc. Natl. Acad. Sci. USA
93:3074-3079.
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N-methyltransferase, 83

Phosphorylation, of SR protein, 73
PHV/PHB genes, 128
PhyA genes, 46
Physcomitella patens, 7
Pisum sativum, 11, 40
PIWI domain, 129–130
32P-labelled UTP, 24
Plant defense mechanism, 133–134
Plant miRNA biogenesis pathway,

128
Plum pox virus (PPV), 137, 139
Poly(A) binding protein (PABP), 15,

163
Polyacrylamide gel, 24, 31
Polyadenylated primary RNA

transcripts (pri-miRNA), 125,
127–128

Polyadenylation, in plants, 108–110
Polyadenylation, overview, 101–105
Polyadenylation factor subunits,

114–115
Polyadenylation signals, 110–114
Polyadenylation sites, polymorphism in,

105–110
Poly(A)+ RNA, 15
Poly(A) sites, 111–113, 115
Poly(A) tail, 44
Polycistronic mRNA vs. moncistronic

mRNA, 52–55
Polymerase chain reaction (PCR) 

methods, 25–28
Polypyrimidine tracts, 80–82
Polysome formation, 20
Polyvinylidine difluoride (PVDF), 31
Populus trichocarpa, 4, 136
Posttranscriptional gene silencing

(PTGS), 127, 173
Potyviral helper-component proteinase

(Hc-Pro), 134
PpDhn2, in peach, 50
PPDK gene, see Pyruvate Pi-dikinase

gene
P19 protein, 127, 134, 152

PPV, see Plum pox virus
Premature termination codons (PTC),

84–85, 170–171
pri-miRNA, see Polyadenylated

primary RNA transcripts
Processing body (P-body) type granule,

158
Prokaryote-like ∆1-pyrroline-5-

carboxylate synthase (P5CS),
55–56

Prolactinreleasing peptide (PrRP) 
gene, 46

Prolamine protein bodies of ER, 173
prosysA, 87
prosysB, 87
Proteomics, implications for, 31–32
PrRP gene, see Prolactinreleasing 

peptide gene
Prunus domestica L., 139
Prunus persica, 107
PTC, see Premature termination

codons
PTGS, see Posttranscriptional gene

silencing
PUF protein family, 164–165
PVDF, see Polyvinylidine difluoride
Py2CAPy5, initiator sequence, 42
Pyruvate dehydrogenase, 13
Pyruvate Pi-dikinase (PPDK) gene, 46

Q
Quantitative trait loci (QTL), 4

R
5′ RACE, see Rapid amplification of

cDNA ends
Rapid amplification of cDNA ends 

(5′ RACE), 25–28
Rar1, 87
rasiRNA, see Repeat-associated siRNA
rbcS3A intron 1, 70
rbcS gene, see Ribulose-1,

5-bisphosphate carboxylase small
subunit gene

RBP, see RNA-binding protein
RdDM, see RNA-directed DNA

methylation
RdRp, see RNA-dependant RNA

polymerase
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RDR6/SGS2 gene, 134
Repeat-associated siRNA (rasiRNA),

124–126
Retrotransposons, copia-type, 53
Ribonuclease protection assays (RPA),

23–24
Ribonucleoprotein (RNP), 15–16
Ribosomal scanning hypothesis,

20–21, 52
Ribosomal S14 protein (rps14),

53–54, 88
Ribosome scanning model, 47
Ribulose-1,5-biphosphate

carboxylase/oxygenase
(RUBISCO), 13–14

Ribulose-1,5-bisphosphate carboxylase
small subunit gene (rbcS), 69

RISC, see RNA inducing silencing
complex

RITS complex, see RNA-induced
transcriptional silencing complex

RNA-binding protein (RBP), 50, 54
RNA-dependant RNA polymerase

(RdRp), 132–133
RNA-directed DNA methylation

(RdDM), 160
RNA-induced transcriptional silencing

complex (RITS complex), 130, 132
RNA inducing silencing complex

(RISC), 126, 129, 134
RNAi technology, 134–139
RNA ligase-mediated RACE 

(RLM-RACE), 27–28
RNA ligase-mediated 5′-rapid

amplification of cDNA ends
(RLM-5′ RACE), 46

Rna15p, 113
RNA polymerase I, 5–6, 14
RNA polymerase II, 5–7, 41–42, 53
RNA polymerase III, 5–6, 14, 55
RNA polymerase IV, 5–6, 41
RNA precursor molecules, 125
RNA-recognition motifs (RRM), 71–73
RNase III enzyme, 127
RNA silencing triggers, 133
RNA target sequences, 125
RNP, see Ribonucleoprotein
RPA, see Ribonuclease protection

assays

RpoT genes, 6–7
RPS14, 53
rps14, see Ribosomal S14 protein
RPS4 gene, 83, 84
RSp29, 72
RSZp23, 72
RUBISCO, see Ribulose-1,

5-biphosphate
carboxylase/oxygenase

S
Saccharomyces cerevisiae, 162
Saccharopine dehydrogenase, 108
S-adenosylmethionine, 172
S1 assay, 23–24
SDHB, see Succinate dehydrogenase

subunit B
sdhB gene, 88
Sdh2 exon 1, 87
Serine/arginine rich (SR) proteins,

71–75, 80, 166
SF, see Splicing factors
SF2/ASF, 76
SFC, see Splicing factor 

compartments
siRNA sequences, 124–125
S-locus glycoprotein, 107
Small nuclear ribonucleoproteins

(snRNPs), 15, 68, 70, 160
Small nucleolar ribonucleoproteins

(snoRNPs), 160
Small RNAs, 123–140
snoRNPs, see small nucleolar

ribonucleoproteins
snRNPs, see Small nuclear

ribonucleoproteins
Solanaceae plant system, 136
Splice outcome, 74–77
Splice site recognition, 68–71
Splicing factor compartments (SFCs),

159–160
Splicing factors (SF), 71–72
S-receptor kinase, 107
SRp38, dephosphorylation of, 73–74
Stress granules, 156
Sub2p/UAP56 enzyme, 150
Succinate dehydrogenase subunit B

(SDHB), 53
Supraspliceosome, 68
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Sus1p protein, 151
SV40 model, 1

T
TAP, see Tobacco acid

pyrophosphatase
tasiRNA, see trans-acting siRNA
TATA box, 7–8, 10–11, 42, 46–47,

50, 125
TBSV, see Tomato bushy stunt virus
T-cell internal antigen 1/TIA-1-related

(TIA-1/TIAR), 164
Terminal deoxynucleotidyl transferase,

25
TFIID, 7–8, 10
3′(TGCAG/G), splice site, 68–69
Theobroma cocoa, 138
Thiamine pyrophosphate (TPP) 

sensor, 166
THO monomers, 150
tmRNA, see Transfer messenger RNA
TMV, see Tobacco mosaic virus
Tobacco acid pyrophosphatase 

(TAP), 27
Tobacco mosaic virus (TMV), 86
Tomato bushy stunt virus (TBSV), 152
tomPro1, 55
TPP sensor, see Thiamine

pyrophosphate sensor
trans-acting siRNA (tasiRNA), 124–125
Transcription, nature of, 3–7
Transcriptional-level regulation, 2
Transcript start sites (TSS), 10–11,

20–21, 39, 42–43, 45–52
Transfer messenger RNA (tmRNA), 172
Translational frame-shifting, 56
Translation repression process, of

mRNA, 131–132
TREX complex, 150
Triphosphatase mutants, 162
Tristetraprolin, 164
TSS, see Transcript start sites
Two-dimensional (2-D) gel

electrophoresis, 31–32
Tyrosine kinase, 71

U
U2AF, see U2 snRNA auxiliary factor
Ubiquitin-conjugating enzymes, 125
3′ untranslated region (3′ UTR), 81, 84,

85–86, 101, 105, 113
5′ untranslated region (5′ UTR), 4, 16,

43, 49, 82, 84, 86
uORFs, see up-stream open reading

frames
up-stream open reading frames

(uORFs), 20, 48, 58, 87, 165
U-rich motifs, 82
U1-small nuclear RNA (U1-snRNA),

70, 82
U1-snRNA, see U1-small nuclear 

RNA
U2 snRNA auxiliary factor (U2AF),

71–72, 79
3′ UTR, see 3′ untranslated region
5′ UTR, see 5′ untranslated region

V
Vigna aconitifolia, 55–56
VIGS, see Virus-induced gene silencing
Virus-induced gene silencing (VIGS),

135–136

W
W box, 7

X
X-box-binding transcription factor, 173
Xenopus laevis, 154

Y
Y-box proteins, 161
Yra1p/REF/Aly enzyme, 150
YT521-B protein, 114

Z
Zea mays, 4, 22, 49
zmRSp31AI, 72
zmRSp31B, 72
Zn-finger proteins, 55
zwille gene, 156
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1

FIGURE 1.1. Key features and quality control checkpoints of the ‘mRNA factory’. In
the CTD (C-terminal domain) of RNAP II, the changing phosphorylation of repeat
residues Serine 5 (S5) and Serine 2 (S2) during transcription regulates the dynamic
interactions of the CTD with enzymes of mRNA maturation (capping, splicing and
polyadenylation factors, not shown). The 5′ cap is added early in transcription,
whereas splicing of introns usually occurs cotranscriptionally but can happen later as
well. Splicing leads to a deposition of the exon junction complex (EJC) upstream of
the splice junctions. Numerous hnRNPs and other RNA binding proteins (repre-
sented as green symbols of different shapes and sizes), including cap binding protein
eIF4E and poly(A) binding protein, associate with maturing transcripts; the comple-
ment of these factors is likely to be distinct for different mRNAs. The appropriate
assembly of hnRNP proteins and completion of 3′ end formation is monitored at
quality control checkpoints QC1 and QC2, respectively; messages improperly
matured at these stages are subject to retention at the transcription site and degrada-
tion by the exosome complex. The nuclear pore complex-linked checkpoint, QC3,
ensures that only spliced transcripts are exported from the nucleus and causes mRNA
to be kept at the site of transcription when the nuclear-pore complex-linked export
step is blocked. Reproduced with permission, from Belostotsky and Rose, 2005,
Trends in Plant Science, 10(7), 347–353, © Elsevier Ltd.



2 Color Plates

FIGURE 1.2. Summary of Eukaryotic Translation. The small ribosomal subunit (40S)
associates with initiation factors (shown as colored shapes) and binds to the mRNA
(dotted line) via the cap (red circle). This initiation complex then recruits the 60S ribo-
somal subunit to begin translation. A bridge formed between eIF4G and the poly (A)
binding protein (purple pentagons) is thought to facilitate translation initiation.
Various elongation factors modulate the rate of elongation of the nascent poly-
peptide. Different charged tRNAs (shown with the charged amino acid as a colored
or gray rectangle) alternately bind the A (acceptor) and P (peptidyl) sites to position
the correct amino acid specified by the triplet codon and to form the covalent peptide
linkage. When the stop codon is encountered, release factors dissociate the completed
polypeptide from the ribosomes, and the ribosomal subunits and accessory factors
are recycled.
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Exon 1a Exon 1

A

B
...CGCGTACGTgtaagaata……………………………… tttgcagTTTGAAA…

C
MQKQDPIVLSRRRQVSQWLTWLQCMESLFAYVLKMASYEKQYGATPTDEYGNPIRRT

ATCGTCAAACAGGCTCTTGTGCATACGCGGTCAAACTCTCACGAGCTTTTAACACCAAGACAAAGAATAC

TATTATTAACACATGATATACACATCTTATCTTATCTATGATGCAGAAACAAGATCCAATTGTCCTCTCA
ABRE

CGGCGCCGGCAGGTGTCCCAGTGGCTAACGTGGCTGCAGTGCATGGAGTCACTATTCGCGTACGTgtaag
TATA Box

aatatgcatgccttgccaatccaattgcccatatataacccccaaaccccgtttctcatttcaaatacat

caaatcccaaacagatcttaatttaaaattactcaaaagttcagcagctgtttgtgtttgcagTTTGAAA

ATGGCGAGCTATGAGAAGCAGTACGGGGCAACACCGACCGACGAGTACGGGAACCCGATCCGCCGCACCG
M A S Y E K Q Y G A T P T D E Y G N P I R R T

FIGURE 2.2. The promoter region of a peach dehydrin gene is illustrated. A. Sequence
of the 490 bases upstream of the canonical translation start site is shown. The 5′
leader intron is shown in lower case lettering, and the TATA element (in blue) that
regulates expression in bark is outlined by a solid box. Two transcription start sites
identified in bark tissues are indicated by the two right-facing black arrows. The dot-
ted box outlines a possible non-consensus TATA element (in orange), and the TSS
corresponding to fruit transcripts is shown by the right-facing open arrow. Intron
junctions are enclosed in ovals. An abscisic acid response element (ABRE) is enclosed
in horizontal brackets. B. Intron junction sequences and removal of the intron are
illustrated. C. Putative polypeptide generated by the removal of the 5′ leader intron.
Additional amino acids at the N-terminus are underlined. The inverted arrow marks
a potential cleavage site for a putative transit peptide (in orange) directing the protein
into mitochondria. After Bassett et al., in press.
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FIGURE 3.1. Enhancer and silencer elements at introns and exons, and splicing conse-
quences. ISE: Intronic splicing enhancer; ESE: Exonic splicing enhancer; ISS: Intronic
splicing silencer; ESS: Exonic splicing silencer.

FIGURE 3.3. Mechanism of exon definition during splicing. (A) Exon definition
requires the simultaneous recognition of 5′ and 3′ SS across exon. After exon defini-
tion, mechanisms at the intron assure that the 3′ end of one exon is joined to the 5′
end of the next exon. (B) Disturbance in the interaction between any components of
the splicing machinery (shown in red) can induce exon skipping.
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FIGURE 5.1. Plant miRNA biogenesis
pathway. miRNA genes (miR) are transcribed
by RNA polymerase II (Pol II) to generate
the primary transcripts (pri-miRNAs). DCL1
catalyzes the processing of pri-miRNAs to
form the miRNA duplexes. The duplex is
separated, and the mature miRNA is selected
and loaded onto the effector complex
(Ribonucleic Protein, RNP), whereas the
other strand (miRNA*) is degraded.
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FIGURE 6.1. The generic structure of a eukaryotic mRNA, illustrating some
posttranscriptional regulatory elements that affect gene expression. Abbreviations
(from 5′ to 3′): UTR, untranslated region; m7G, 7-methyl-guanosine cap; hairpin,
hairpin-like secondary structures; uORF, upstream open reading frame; IRES, internal
ribosome entry site; CDS, coding sequence; “x” element, zipcode; CPE, cytoplasmic
polyadenylation element; AAUAAA, polyadenylation signal. Reproduced with
permission, from Mignone et al., 2002, Genome Biology, 3(3), 0004.1-0004.10.
© Genome Biology.
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FIGURE 6.2. Core components of the mRNA export machinery. The TREX and
SAGA complexes couple export to transcription initiation and the early steps of elon-
gation. It is thought that SAGA directs export of a subset of mRNAs. The TREX
complex consists of the THO complex coupled to the Sub2p and Yra1p dimer
through interaction between Yra1p and Hpr1p. Tom1p associates with the SAGA
complex, but does not co-purify with it. Protein components of the general export
pathway are identified under the legend in the figure. DNA strands are shown in
black; RNA strands are shown in dark blue. After Vinciguerra and Stutz, 2004.
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FIGURE 6.3. Translational initiation in the absence or presence of stress. In the
absence of stress, the eIF2–GTP–tRNAMet ternary complex (green) is available to
form a canonical 48S preinitiation complex at the 5′ end of capped transcripts (green
arrow: normal) and scanning begins. Upon recognition of the initiation codon by the
anticodon of tRNAMet, eIF5 promotes GTP hydrolysis and early initiation factors
are displaced by the 60S ribosomal subunit. As additional ribosomes are added to the
transcript, the mRNA is converted into a polysome (bottom left). In stressed cells,
phosphorylation of eIF2a depletes the stores of eIF2–GTP–tRNAMet, and the cyto-
plasmic amount of TIA-1 (yellow) increases. Under these conditions, TIA-1 is
included in a non-canonical, eIF2/eIF5-deficient preinitiation complex that is trans-
lationally silent. TIA-1 auto-aggregation then promotes the accumulation of these
complexes at discrete cytoplasmic foci known as SGs (composed of all components of
the 48S pre-initiation complex except eIF2 and eIF5). Translational components that
are present in SGs are shown in red; non-translation proteins present in SGs are yel-
low, those absent from SGs are shown in green. Reproduced with permission, from
Kedersha and Anderson, 2002, Biochemical Society Transactions 30:963-969. © The
Biochemical Society.
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