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10.1 INTRODUCTION

Transcription is the process of transcript (RNA) formation which occurs by

complementary base pairing, catalyzed by the enzyme RNA polymerase. Each

transcribed segment of the DNA is termed as transcription unit. In eukaryotes,

each of this unit carries the information of one gene and thus it is called as

monocistronic transcription unit. The eukaryotic transcription unit can be

simple or complex. The transcript produced from a simple transcription unit

yields a single type of MRNA which encodes a single protein. In multicellular 211
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organisms, the transcript can be processed in multiple way which leads to
formation of more than one type of mRNA, generating multiple type of
polypeptides. Transcription starts from start point from which RNA polymerase
moves along the template until terminator sequence. In transcription, only one
strand of transcription unit is transcribed which is known as the coding strand
or the sense (+) strand while the other one is called the template strand or
antisense (-) strand.

Expected Learning Outcomes
After studying this unit, you should be able to:

« define types of RNA polymerases;

+ explain eukaryotic promoter, Upstream and downstream elements;
+ discuss the role enhancers and Transcription factors in transcription;

« steps of Transcription: - Initiation, Elongation, Termination;

% post-transcriptional RNA processing: - Capping, polyadenylation, types
of introns and RNA splicing;

« RNA editing, processing of small RNAs; and

% regulation of pre mRNA processing and transport, cytoplasmic
mechanisms.

10.2 EUKARYOTIC RNA POLYMERASES

Eukaryotic genome is large in size and has tens of thousands of genes,
compared to the few thousand genes that bacteria typically have, that need to
be identified and transcribed. Additionally, eukaryotes have a lot more
noncoding DNA. Therefore, eukaryotes contain more genes than prokaryotes,
but on average, their genes are further distant from one another. In the fruit fly
Drosophila, for instance, the average number of genes per million base pairs
is 110, whereas for humans it is just 9 genes per million base pairs. In
contrast, the average number of genes per length of DNA in E. coli is 900.
Because of its density, transcription is a significantly more complex process—
especially transcription initiation process. To deal with this complexity
eukaryotes have devised a number of strategies of which the first one to divide
the transcription process among three different RNA polymerase, as compared
to a single RNA polymerase in prokaryotes.Eukaryotic cells possess three
distinct nuclear RNA polymerases viz., RNA polymerase |, Il and Ill. These
enzymes transcribe different classes of genes forming different RNAs

. RNA Pol | synthesizes most of the rRNAs (18S rRNA and 28SrRNA)
except 5SrRNA in nucleolus.

. RNA Pol Il is responsible for synthesis of mMRNA, most of snRNA, long
non coding RNAs (IncRNAs) and miRNA in nucleus

. RNA Pol Il transcribes a large number of small stables RNAs like tRNA,
5S rRNA, U6 snRNA in nucleus.
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Fig.10.1: Structure of RNA Polymerase Il. (Image Source: (Genetics:
AConceptual approach; Benjamin Pierce)

Eukaryotic RNA polymerases are very large enzymes complexes having
multiple subunits (8 to 12 subunits and total molecular mass of 500kD or
more). RNA Pol Il has 12 subunits of which the two largest subunits are
homologous to prokaryotic 8 and 8’ subunits. Also the largest subunit has a
series of heptad repeats with consensus sequence Tyr-Ser-Pro-Thr-Ser-Pro-
Ser at the carboxyl terminal (known as Carboxyl Terminal Domain, CTD)
which acts as a substrate for several kinases like the kinase component of
TFIIH as well as a binding site for several proteins.

Plant genomes have two RNA polymerases, RNA Pol IV and RNA Pol V in
addition to the three that we talked about previously. RNA Pol IV has a role in
siRNA biogenesis and Pol V transcribes the transcripts for siRNA directed
DNA methylation pathway. Structural studies have revealed that these
enzymes have evolved from RNA Pol Il.

Additional RNA polymerase is found in mitochondria and chloroplast having
their own small DNA molecule. Mitochondrial RNA pol is a heterodimer of 2
subunits, encoded by nuclear genes. One subunit is similar to monomeric RNA
pol of bacteriophage T7 and the other subunit is related to o-factor of
eubacterial RNA pol. Chloroplast RNA polymerase is a eubacteria-type
multisubunit enzyme whose catalytic core subunits encoded by genome of
chloroplast.

§4Q1

Choose the correct option from parentheses?

i) RNA Pol | makes the (5SrRNA/18S rRNA)

ii) RNA Pol Il synthesize the (rRNA/mMRNA) 213
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iii) RNAPol lll transcribes the (tRNAs/rRNA).
iv)  RNA Pol Il contains (8subunits /12 subunits)

V) Compare the different eukaryotic RNA polymerases.

10.3 UPSTREAM AND INTERNAL
PROMOTERS

The term promoter signifies the region of the genome that is important for
transcription initiation which includes (i) the core promoter (also called the
basal promoter) but (ii) proximal promoter elements. The core promoter is
the site of formation of the initiation complex. Unlike prokaryotes, where the
RNA polymerase itself recognises the promoter, eukaryotes require
transcription factors alongwith the enzyme to recognize the promoter and
initiate the transcription process.

The core promoter consists of cis-acting sequence elements (that affect the
activity only on the same DNA molecule where it is present) that ensure
initiation of transcription at the correct site. The proximal promoter elements
are essential for efficient transcription initiation by the core elements and
according to their position they are of two types (i) upstream elements which
can be found upstream of the start site (ii) internal elements which are found
within the transcribed region, downstream of the start site.

RNA Pol | promoter

The core promoter region of RNA polymerase | spans the transcription start
site between nucleotides -45 and +20 and is G.C-rich having a short A.T —rich
sequence around the startpoint called/nr. The Upstream Control Element
(UCE) is found at 100bp upstream position.

RNA Pol lll promoter

There are three types of promoters used by RNA Polymerase Il which have a
very striking and unusual feature of having internal promoters i.e. presence of
most of the sequence element downstream of the transcription start site, within
the transcribed region.

Type | promoter found in 5S rRNA genes have two internal elements, one A-
block located between +50 and +70 and another C-block between +80 and
+90

Type Il promoter consists of two highly conserved sequence block within the
transcribed region- A-block and B-block and is found in the tRNA genes

Type Ill promoter is an upstream promoter which consists of TATA box, located
within -30 and -25 positions, a Proximal Sequence Element (PSE) found
between -66 and -46 and a Distal Sequence Element (DSE) between -244 and
-214.
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RNA Pol Il promoter

These promoters are highly variable in nature and span over several kilobases
upstream of the transcription start site. The core promoter consists of two
segments: (i) the TATA box (consensus sequence 5-TATAXAX-3’ where X
can be A and T) located at -30 position (ii) the initiator (Inr) sequence
(consensus 5'-Py,CAPys-3'); rich in pyrimidines located around +1 site. Only
one of the two components of the core promoter is found in some of the genes
transcribed by RNA Pol Il while some genes have neither and are called null
genes. The TATA box and the Inr sequence serve as specific binding sites for
general transcription factors while there are other cis-acting sequences which
act as binding sites for a wide variety of regulatory factors specific for
regulation of specific genes. For example, in many eukaryotic genes there are
two regulatory sequences CAAT box and GGGCGG (called a GC box) which
can function in either orientation. The CAAT box is recognised by the
activators NF-1 and NF-Y whereas GC box is recognized by Sp1 activator.
The core promoter consensus sequence determines the position of the start
point while the upstream sequence elements determine the frequency of
initiation. The elements vary in number, location and orientation from promoter
to promoter and no element is common to all promoters.

TFIIB ! Downstream
recognition Initiator core-promotor
DNA element (BRE) TATA box element element
( . e = —— gy —
5’ B GlcGicSlcCGCC MM TATAAA NI Y YANTAY Y I RGMCGTG
3’ [ | m | || b ]
-35 -25 +1 +30
N— | L> J
Regulatory Core Transcription
promotor promotor start site

Fig. 10.2 : The promoters of genes transcribed by RNA polymerase Il consist of
a core promoter and a regulatory promoter that contain consensus
sequences. Not all the consensus sequences shown are found in all
promoters.(Genetics: A conceptual approach; Benjamin Pierce)

10.3.1 Enhancers

Enhancers are long range regulatory elements located farther away
(sometimes 10kb) from the transcription start site found in higher eukaryotes.
They are a type of cis acting elements functioning either upstream of
downstream from +1 nucleotide position, generally they are found upstream of
the gene they control and can function independent of its orientation.
Enhancers increase the transcription of a gene to the maximal level by
influencing the promoter region to which the transcription machinery is bound.
Therefore, they increase the efficiency of gene expression but not essential for
transcription. A typical enhancer is 100bp to 200 bp long DNA which consists
of an array of binding sites for the transcription factors. The special feature of
enhancer is that it works in a cell-type specific manner, so the mechanism of
functioning of the transcription factors bound to distant enhancers is similar to 215
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those bound to adjacent ones. Enhancers are negatively regulated by another
specific DNA sequence called insulator which when placed in between a
promoter and an enhancer, prevents the later from activating the promoter.

DNA bending protein Enhancer

Distal control
elements

Transcription
factors and mediator
proteins

Activatars

Promoter Gene A

RNA polymerase

@.jﬂQ '

Gene B

Fig. 10.3: Biology 2e. Provided by: OpenStax. Located

at: http://cnx.org/contents/185cbf87-c72e-48f5-b51e-

f14f21b5eabd@10.8. License: CC BY: Attribution. License Terms: Access for free
at https://openstax.org/books/biology-2e/pages/1-introduction

Promoter recognition is essential to transcription initiation Enhancers increase
the efficiency of gene expression, but are not essential for transcription.

10.3.2 Transcription Factors

Eukaryotic genes require a number of proteins called the general
transcription factors(GTFs) for accurate initiation and regulation of
transcription. Transcription factors are trans-regulatory in nature, produced by
a distant gene from the chromosome area that it affects. There are some
GTFs first bind to the promoter region and then recruit the RNA polymerase to
form a complex. Then other GTFs bind and the transcription process starts.
The nomenclature of the GTFs is done such that the number represents the
RNA polymerase they work for and the alphabet represents the order of
discovery. The types and functions of the transcription factors associated
mainly with RNA Pol Il are enlisted below:

o TFIID (TBP component): The TATA box binding protein which scans the
DNA, identifies the TATA consensus sequence and possibly
Inrsequence, binds to it and initiates transcription.

o TFIID (TAFs): TBP associated proteins aid in recognition of core
promoter and regulation of TBP binding by modifying chromatin structure

o TFIIA: Stabilizes the binding of TBP and TAFs

o TFI1IB: Bridges the TATA bound TBP and the enzyme and also influences
the selection of start site
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. TFIIF: Required for recruitment of RNA Polymerase, TFIIH and TFIIE
. TFIIE: Helps in recruitment and regulation of TFIIF

. TFIIH: The ATP dependent helicase activity is responsible for transition
of the promoter complex from closed to open state. The kinase activity
helps in phosphorylation of the C-terminal domain of the large subunit of
RNA Pol Il for promoter clearance

There are some other types of transcription factors which are also trans-
regulatory but bind to regulatory sequences like enhancers or silencers. These
can be activators like Sp1 which bind to DNA sequences and stimulate
transcription and can be repressors as well. Some examples of regulatory
transcription factors are:

. CBF (CAAT binding factor) and C/EBP (CAAT/enhancer-binding protein)
binds to the CAAT box

° CREB (cAMP response element-binding protein) binds to the cAMP
response elements

° Sp1 (SV40 early and late promoter binding protein 1) bind the GC box

There are some transcription factors which bind to the regulatory sequences
like enhancers or silencers and are also trans-regulatory in nature.

§4Q2

a) Fill in the Blanks:

i) The core promoter is the site of formation of the ....................
initiation complex.

ii) Eukaryotes RNA polymerase require .................... transcription
factors to recognize promoters.

i)  The core promoter consists of two segments ................... (i) the
TATA box (ii) the initiator (Inr) sequence

iv)  NF-1 and NF-Y help in recognition of .........................
v)  GC box is recognized by .............cceiennns Sp1 activator.

vi)  An array of long binding sites of 1000-200bp for the transcription
factorsiscalled ....................... enhancer.

b)  How promoters and enhancer differs?

c) Enlist the different transcription factors along with their functions.

217
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10.4 STEPS OF TRANSCRIPTION OF
PROTEIN CODING GENES BY RNA
POLYMERASE II

10.4.1 Initiation

The detailed knowdlge about the mechanism of transcription is gained from
the bacterial transcription. The basic transcription process invitation,
elongation and termination are similar to the bacterial transcription. However,
unlike to prokaryotes, eukaryoticcells use different RNA polymerase and
translocation factors for transcription which are discussed in previous section.

Look at Fig. 10.4 shows the process of initiation in transcription. The general
transcription factor TFIID, which is a complex of TATA-Binding Protein (TBP)
and at least 12 TBP-Associated Factors (TAFs), first binds to the gene to be
transcribed. TBP is a sequence-specific protein having a specific domain
which binds to the minor groove in the TATA box region. TBP is also required
by RNA polymerase | and Ill. Once TFIID gets recruited at the core promoter,
there is bending of the DNA molecule almost by -100° due to which all the
other factors work in a coordinated manner. Binding of TFIID attracts the other
GTFS to the region along with RNA Pol Il and thus the pre initiation complex
is formed. The transcription factors get recruited in the following order -TFIIA
and TFIIB aids in stabilizing the complex, TFIIF brings the RNA polymerase |I,
followed by TFIIE and TFIIH.

Promoter melting is brought about by the helicase activity of TFIIH a small
portion of the DNA molecule spanning the start site will unwind forming the
open promoter complex and a short stretch of RNA (2-15 nucleotides long) is
synthesized, known as the primary transcript.

The final step in the formation of the initiation complex is phosphorylation of
the carboxyl terminal domain (CTD) of the B subunit of RNA Pol Il, which is
strategically located at the site where the nascent RNA will emerge from the
enzyme complex. The CTD has a stretch of seven amino acids (Tyr-Ser-Pro-
Thr-Ser-Pro-Ser repeated multiple times. This phosphorylation of CTD
weakens the connection between RNA Pol Il and the other proteins of the pre-
initiation complex thus aiding in the exit of RNA Polymerase Il and marking the
end of the initiation phase and beginning of elongation phase. The majority of
GTFs are broken apart by RNA polymerase Il in order to lengthen the primary
RNA transcript except for TFIIF which remains bound to the complex till the
end of the process. The removal of transcription factors from the promoter site
marks the end of initiation process and beginning of elongation and the
phenomenon is known as promoter clearance.

Transcription in eukaryotes is a complex process as it requires a number of
regulatory proteins known as activators which bind to specific sequences in
DNA and is cell specific in nature and regulates the rate and pattern of
transcription. These factors aid in proper assembly of the components
required for transcription initiation (RNA polymerase, GTFs, chromatin
remodelling complex and mediator). A mediator is a protein complex of 20
protein subunits that allow the activator to communicate properly with RNA Pol
Il and GTFs acting as coactivator of RNA Pol Il mediated transcription.
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Fig: 10.4: Transcription initiation at the promoters of RNA polymerase I
promoters.

(Genetics: A conceptual approach; Benjamin Pierce)

10.4.2 Elongation

Elongation process involves movement of RNA polymerase Il down the DNA
molecule in 3’ to 5’ direction by unwinding the DNA helix to expose a new
segment of the template in a single stranded condition and the RNA chain
keeps on extending. Nucleotides are added at the 3’end of the growing RNA
molecule in the presence of energy and Mg?* as catalyst. During each
nucleotide addition, the B and the y phosphatases are removed from the
incoming nucleotide and the hydroxyl group is removed from the carbon at the
3’-end of the last nucleotide molecule of the chain. As the transcription bubble
progresses along the DNA molecule, unwinding and rewinding occurs, by
generating positive supercoils ahead and leaving behind negative supercoils.
There are several elongation factors which regulate the elongation process.
DSIF (DRB Sensitivity Inducing Factor) is an elongation factor having two
subunits: - hspt4 which prevents dissociation of the elongation complex and
hspt5 which helps to anneal back the upstream DNA. There is another factor

219
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P-TEFb having a CDK9 subunit which phosphorylates CTD of Serine molecule
at position 2 of RNA Pol Il § subunit and also phosphorylates DSIF so that it
no longer binds to negative regulators of transcription. Sll or TFIIS is an
elongation factor that helps RNA Pol Il to bypass the blocks during elongation.

10.4.3 Termination

Termination of transcription in eukaryotes occurs by different processes
depending on the type of polymerase used. RNA Pol Il termination of most
protein coding genes is functionally coupled with cleavage and
polyadenylation of the 3’ end of the nascent RNA molecule. First the
phosphorylation of DSIF is removed by inhibition of P-TEFb, thus allowing the
negative regulator of transcription, NELF to bind to DSIF. Furthermore, the
CTD is dephosphorylated at Serine 5 of RNA Pol Il is removed by a
phosphatase. Next step is to recruit the cleavage and polyadenylation factors
to the site and allow termination of transcription, he mechanism of which is
discussed in detail in the next section.

For Pol | genes, termination is brought about by termination factors through a
mechanism very similar to rho-dependent termination in bacteria. Termination
of transcription of genes transcribed by RNA Pol Il is brought about by a
termination sequence having a polyuracil stretch via a mechanism similar to
rho-independent termination in prokaryotes.

S4Q 3
i) TBP bindstothe .................... in the TATA box region.

i) TFIIDbindstothe ..................... by which all factors intitate to the
preinitiation complex,

iii)  Preinitiation complex is stabilized by ..................
iv)  TFIIH has helicase like activityto .......................
v)  Carboxyl terminal domain (CTD) consist of ......................

vi)  The phenomena in which transcription factors is dissociated from the
promoter site and allowing RNA chain keeps on extending during the
elongation process isknownas ..................... .

10.5 INHIBITORS OF TRANSCRIPTION

RNA polymerases in eukaryotes exhibit differing sensitivities to a toxin called
a-amanitin, a cyclic octapeptide produced by poisonous mushroom Amanita
phalloides which interferes with translocation process during RNA elongation
process. Pol Il has highest sensitivity to the toxin while Pol I is resistant and

Pol Il shows moderate sensitivity and species specificity.

Actinomycin D binds tightly and specifically to DNA double helix thus prevent
unwinding of DNA and formation of single-stranded template for transcription
initiation. The phenoxazone ring of actinomycin D is highly hydrophobic and its
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size permits it to intercalate in between adjacent GC base pairs without much
deformation of the double helix. The mechanism by which actinomycin D
inhibits transcription can be due to deformation of the double helix which does
not allow RNA Polymerase to move along the template or it can be due to
inhibition of topoisomerase activity because the minor groove is occupied by
peptide structures of actinomycin D.

Cordycepin (3’-deoxysdenosine) is an inhibitor of RNA Pol | in eukaryotes. It
interferes with elongation process by preventing RNA chain extension upon
addition to the 3’ end of the growing RNA chain. It readily gets phosphorylated
to its mono, di and triphosphate intracellularly.

10.6 POST TRANSCRIPTIONAL
PROCESSING

Translation and transcription occur simultaneously in bacterial cells; ribosomes
connect to the Shine-Dalgarno sequence near the 5' end of mMRNA and start
translation while the 3' end of the mRNA is undergoing transcription. The
bacterial mRNA has limited opportunity to be altered prior to protein synthesis
due to the coupling of transcription and translation. On the other hand, in
eukaryotic cells, transcription and translation occur at different times and
locations. Since most translation occurs in the cytoplasm while transcription
occurs in the nucleus, eukaryotic RNA can be altered prior to translation
thanks to this division. Indeed, transcription significantly modifies eukaryotic
mMmRNA.The RNA molecule undergoes modifications to its 5’ end, 3’ end, and
protein-coding region. Pre-mRNA is the original transcript of eukaryotic cells'
protein-encoding genes, while mRNA is the mature, processed transcript.
When an RNA molecule is ready for translation after undergoing all necessary
processing, we shall refer to it as mRNA.

Now we would focus to understand processing of Pre-mRNA after
transcription.

10.6.1 Capping

Eukaryotic pre-mRNAs are modified at their 5’ ends by adding a 5’ cap, which
consists of an extra nucleotide and methylation (Fig. 10.5). This occurs rapidly
after transcription initiation and functions in the initiation of translation.
Capbinding proteins recognize the cap and attach to it, allowing a ribosome to
move downstream along the mRNA until the start codon is reached. The
presence of a 5’ cap increases mRNA stability and influences the removal of
introns. The 5" end of pre-mRNA is represented as 5 — pppNpNpN..., where N
represents ribonucleotides and p represents phosphates. After transcription,
one of these phosphates is removed and a guanine nucleotide is added,
attached to the pre-mRNA by a unique 5’ — 5’ phosphodiester bond. One or
more methyl groups are then added to the 5’ end; the first of these methyl
groups is added to position 7 of the base of the terminal guanine nucleotide,
making the base 7- methylguanine. Next, a methyl group may be added to the
2’ position of the sugar in the second and third nucleotides. Rarely, additional
methyl groups may be attached to the bases of the second and third
nucleotides of the pre-mRNA. 221
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Fig: 10.5: Eukaryotic mRNAs typically have a 5’ cap.
(Genetics: A conceptual approach; Benjamin Pierce)

10.6.2 Polyadenylation

Most mature eukaryotic mRNAs have 50 to 250 adenine nucleotides at the 3
end, known as a poly(A) tail (Fig..10.6). These nucleotides are added after
transcription in a process called polyadenylation. Many genes transcribed by
RNA polymerase Il are transcribed beyond the end of the coding sequence,
and the extra material at the 3 end is cleaved and the poly(A) tail is added. In
mammals, 3 cleavage and the addition of the poly(A) tail require a complex
consisting of several proteins: cleavage and polyadenylation specificity factor
(CPSF), cleavage stimulation factor (CstF), at least two cleavage factors (CFI
and CFll), and polyadenylate polymerase (PAP). CPSF binds to the upstream
AAUAAA consensus sequence, while CstF binds to the downstream
sequence. The pre-mRNA is cleaved, and CstF and the cleavage factors leave
the complex, while CFSF and PAP remain bound to the pre-mRNA and carry
out polyadenylation. After adding approximately 10 adenine nucleotides, a
poly(A)-binding protein (PABII) attaches to the poly(A) tail, increasing the rate
of polyadenylation. The poly(A) tail confers stability on many mRNAs,
increasing the time during which the mRNA remains intact and available for
translation before it is degraded by cellular enzymes.
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Conclusion: In pre-mRNA processing, a poly(A) tail
is added through cleavage and polyadenylation.

(Genetics: A conceptual approach; Benjamin Pierce)
Fig.10.6: Most eukaryotic mMRNAs have a 3’ poly(A) tail.

$4Q 4

Outline the steps of Pre-mRNA processing.

After post transcription modification, let us learn how non-coding regions are
removed.

10.7 INTRONS AND RNA SPLICING

Here we would first learn about introns and their types. Eukaryotic genes
contain coding and noncoding regions called exons and introns. Introns are
removed by splicing after transcription, while exons are joined to yield mature
RNA. Introns are longer than exons and contain more noncoding nucleotides
than coding nucleotides. There are four major types of introns: Group | introns,
Group Il introns, and Nuclear pre-mRNA introns. Introns are present in
mitochondrial, chloroplast, and nuclear genes. The size and number of introns
are directly related to increasing organismal complexity. Yeast genes contain
short introns, while Drosophila introns are longer and more numerous. Introns
are a type of gene that can be found in rRNA, tRNA, and proteins. They vary
in size and number, with some having more than 60 and varying in length from
fewer than 200 nucleotides to over 50,000. Introns are generally longer than
exons and contain more noncoding nucleotides than coding nucleotides.

Types of Introns

There are four major types of introns (Table 14.1). Group | introns, found in
some rRNA genes, are self-splicing — they can catalyze their own removal.
Group Il introns are present in some protein-encoding genes of mitochondria,
chloroplasts, and a few eubacteria; they also are self-splicing, but their
mechanism of splicing differs from that of the group I introns. Nuclear pre-
mRNA introns are the best studied; they include introns located in the
proteinencoding genes of the nucleus. The splicing mechanism by which these
introns are removed is similar to that of the group Il introns, but nuclear introns
are not self-splicing; their removal requires snRNAs (discussed later) and a
number of proteins. Transfer RNA introns, found in tRNA genes, utilize yet
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another splicing mechanism that relies on enzymes to cut and reseal the RNA.
In addition to these major groups, there are several other types of introns.

Cells use specific mechanism called RNA splicing by which introns are
removed. Eukaryotic cells process pre-mRNAs through three primary
processes.

o Capping (for mRNA) at 5' end

o Polyadenylationat 3' end (addition of polyA tail)

. Splicing to noncoding regions (Removal to Introns)
Splicing involves two steps:

1. The pre-mRNA cuts first at 5' splice site (the 5' exon-intron junction).
Connecting the intron's 5' end to its branch point. This creates the lariat-
shaped molecule of splicing.

2. Second, the 3' splice site is severed, the exons are linked, and the intron
is freed.

10.7.2 RNA Splicing

The other major type of modification that takes place in eukaryotic pre-mRNA
is the removal of introns by RNA splicing. This occurs in the nucleus following
transcription but before the RNA moves to the cytoplasm.

Splicing in pre-mRNA involves three sequences: the 5 splice site and the 3
splice site, which have short consensus sequences. Most introns in pre-mRNA
begin with GU and end with AG, and changing a single nucleotide at either site
prevents splicing. Some introns begin with AU and end with AC, and splicing
involves a process similar to GU (Fig. 10.7). The branch point, an adenine
nucleotide 18-40 nucleotides upstream of the 3 splice site, is another crucial
sequence. The sequence surrounding the branch point usually takes the form
YNYYRAY, and deletion or mutation of the adenine nucleotide at the branch
point prevents splicing. Splicing occurs within a large complex called the
spliceosome, which consists of several RNA molecules and many proteins.
The RNA components are small nuclear RNAs that associate with proteins to
form small ribonucleoprotein particles. Each snRNP contains a single snRNA
molecule and multiple proteins. The spliceosome is composed of five snRNPs,
named for the snRNAs they contain, and some proteins not associated with an
snRNA.

Primary RNA transcript
Exon 1 Intron Exon 2 Intron Exon 3

¢ RNA processing

Spliced RNA

O ) Exon 1 Exon 2 Exon 3 AAAL A
5 cap Poly-A tail
5" untranslated 3" untranslated
region region

Fig. 10.7: Introns and exons in Pre-mRNA transcript Image source
Biology 2e. Provided by: OpenStax. Located at:
https://openstax.org/details/books/biology-2e. License: CC BY: Attribution.
License Terms: Download for free at http://cnx.org/contents/8d50a0af-948b-
4204-a71d-4826¢cba765b8@8.19.
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10.7.2 Process of Splicing

The process of RNA splicing involves two distinct steps: cutting at the 5’ splice
site and splicing at the 3’ splice site. In the first step, the pre-mRNA is cut at
the 5’ splice site, freeing exon 1 from the intron and forming a lariat. This
bonding occurs through transesterification, where the OH group on the 2-
carbon atom of the adenine nucleotide at the branch point attacks the 5’
phosphodiester bond of the guanine nucleotide at the 5’ splice site, cleaving it
and forming a new 5’ — 2’ phosphodiester bond between the guanine and
adenine nucleotides.

In the second step, a cut is made at the 3’ splice site, and the 3 end of exon 1
becomes covalently attached to the 5 end of exon 2. This bond also forms
through a transesterification reaction, cleaving the phosphodiester bond at the
3’ splice site and forming a new phosphodiester bond between the 3’ end of
exon 1 and the 5’ end of exon 2. The intron becomes linear when the bond
breaks at the branch point and is rapidly degraded by nuclear enzymes
(Fig.10.8).

The mature mRNA, consisting of the exons spliced together, is exported to the
cytoplasm for translation. A key feature of the spliceosome is a series of
interactions between the mRNA and snRNAs and different snRNAs, which
depend on complementary base pairing between different RNA molecules.
The spliceosome is assembled on the pre-mRNA transcript in a step-by-step
fashion, with the 5’ splice site, 3’ splice site, and branch point in close
proximity.

(Genetics: A conceptual approach; Benjamin Pierce)

5" splice site 3’ splice site
t }
Transcription Pre-mRNA Intron

|
The 5’ end of the A cut is made at
intron attaches to the 3’ splice site.
the branch point.

The mRNA is cut at
the 5' splice site.

.§ The intron is released
asa lariat,...

!

Lariat mRNA

The bond holding the l
lariat is broken, and the

linear intron is degraded. ; and translated.

The spliced mRNA is

exported to the cytoplasm

Fig.10.8: The splicing of nuclear introns requires a two-step process. First,
cleavage takes place at the 5’ splice site, and a lariat is formed by the
attachment of the 5’ end of the intron to the branch point. Second,
cleavage takes place at the 3’ splice site, and two exons are spliced
together.
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10.7.3 Trans-splicing

A unique type of RNA processing known as trans-splicing involves joining and
ligating the exons of two distinct primary RNA transcripts end to end.
Spliceosomes facilitate it, and it is primarily present in eukaryotes. However,
some bacteria and archaea also contain "half-genes" for tRNAs.

Genic trans-splicing

Trans-splicing creates a single RNA transcript from several distinct pre-
mRNAs, whereas "normal" (cis-)splicing processes a single molecule. This
phenomenon can be used to target altered gene products through molecular
treatment. Genenic trans-splicing enhances proteome complexity and permits
variation in RNA diversity.

SL trans-splicing

Some microbes, most notably protists belonging to the Kinetoplastea class,
use spliced leader (SL) trans-splicing to express their genes. These creatures
transcribe a capped splice leader RNA and genes in lengthy polycistrons at
the same time. To produce monocistronic capped and
polyadenylatedtranscripts, the capped splice leader is trans-spliced onto each
gene. Few introns are used by these early-diverging eukaryotes, and their
spliceosome exhibits some peculiar structural assembly changes. They also
have different elF4E isoforms, each of which plays a specific role in
capping.Lower species that experience trans-splicing have a highly conserved
spliced leader sequence. For example, trypanosomes. Although the function of
the spliced leader within the cell is unknown, it is believed to be associated
with translation initiation. The sequence leader in C.elegans splices adjacent
to the initiation codon. Additionally, some scientists contend that the sequence
is necessary for cell survival. The spliced leader sequence is required for the
transcription of the RNA gene in Ascaris. Translation start or inhibition, mRNA
location, and initiation may all be attributed to the spliced leader sequence.

Other eukaryotes that use the SL trans-splicing more or less commonly
include dinoflagellates, sponges, nematodes, cnidarians, ctenophores,
flatworms, crustaceans, chaetognaths, rotifers, and tunicates.Rather than
using the binary and traditional classification of trans-spliced and non-trans-
spliced genes, a quantitative perspective that recognises frequently and
infrequently trans-spliced genes better describes the degree of SL trans-
splicing in the tunicate Cionaintestinalis. The process of SL trans-splicing
converts polycistronic operon transcripts into distinct 5'-capped mRNAs. When
the outrons are trans-spliced to unpaired, downstream acceptor sites next to
cistron open reading frames, this processing is accomplished.

Mechanism

The merging of two distinct exons transcribed RNAs is known as trans-
splicing. When there isn't a functioning ' splice site upstream, the outron at
the 5' end of the mRNA serves as the signal for this splicing. The 5' splice site
of the spliced leader RNA branches to the outron during the 5' outron splice,
forming an intermediate.After this stage, a free spliced leader exon is
produced. The intermediate is then released once the exon is spliced to the
pre-mRNA's first exon. Trans-splicing is distinct from cis-splicing in that the
pre-mRNA lacks a &' splice site. Rather, the SL sequence.
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Trans-splicng between sense and anti-sense strand

A pre-mRNA that complements the sense strand is created as a result of
transcription of the sense strand. A complementary pre-mRNA strand is

produced by the transcription of the anti-sense strand as well. A chimeric
mRNA is created by splicing together the exons from the two transcripts.

Alternative trans-splicing

Both intragenic and intergenic trans-splicing are examples of alternative trans-
splicing. Exon duplication occurs during intragenic trans-splicing of the pre-
MmRNA. When exons from the pre-mRNA of two distinct genes are spliced
together, intergenic trans-splicing occurs, producing trans-genic mRNA.

SAQS

i) Name the mechanism by which cells removes introns from mRNA.

i)  What are exons and introns?

i)  Give example of alternative trans-splicing.

10.8 RNA EDITING

The principle of molecular genetics states that genetic information is primarily
located in the nucleotide sequence of DNA, except in RNA viruses. This
information is then transcribed into mRNA, which is then translated into a
protein. However, RNA editing violates this assumption by altering the coding
sequence of an mRNA molecule after transcription, resulting in a protein with
an amino acid sequence that differs from that encoded by the gene. RNA
editing was first detected in 1986 when comparing the coding sequences of
mRNAs with those of the DNAs from which they had been transcribed.
Discrepancies were found for some nuclear genes in mammalian cells and
mitochondrial genes in plant cells, with substitutions occurring in some of the
nucleotides of the mRNA. More extensive RNA editing has been found in the
mRNA for some mitochondrial genes in trypanosome parasites, where more
than 60% of the sequence is determined by RNA editing. Different types of
RNA editing have been observed in mRNAs, tRNAs, and rRNAs from various
organisms, including the insertion and deletion of nucleotides and the
conversion of one base into another.

If the modified sequence in edited RNA molecules does not come from a DNA
template, it can be specified through various mechanisms. In some cases,
guide RNAs (gRNAs) play a crucial role, containing sequences that are partly
complementary to segments of the preedited RNA. After anchoring to the
gRNA, the mRNA undergoes cleavage and nucleotides are added, deleted, or
altered according to the template provided by gRNA. In transcription, all
nucleotides between the transcription start and stop sites are transcribed into
pre-mRNA, including exons, introns, and a long 3’ end that is later cleaved
from the transcript. The 5’ end of the first exon contains the sequence for the 5’

untranslated region, while the 3 end of the last exon codes for the 3’ 097
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untranslated region. The pre-mRNA is processed to yield a mature mRNA,
which includes a cap, cleaved 3’ end at a site downstream of the AUAAA
consensus sequence in the last exon, added a poly(A) tail, and removed
introns to yield the mature mRNA. The mRNA contains 5’ and 3’ untranslated
regions, which are not translated into amino acids, and the nucleotides
carrying the protein-coding sequences (Fig.10.9).

Pre-edited
mRNA 5] AAAAGGGCUUUAACUUCA ] 3’
The pre-edited mRNA
pairs with guide RNA
Pre-edited
mRNA 5/ AAAAGGGCUUUAACUUCA I
UUUUUUUGAAAUUGAAGU
Guide 3’ (AAAYAAAA 5
mRNA @

The guide RNA serves
as a template for the
addition, deletion, or
alteration of bases.

5] AAAUUUAUGUGUUGUCUUUUAACUUCA ] 3/

; UUUAAAUAUAUAAUAGAAAAUUGAAGU :

3 5

The mature mRNA
is then released.

Mature
mRNA 5'[_AAAUUUAUGUGUUGUCUUUUAACUUCA | 3’

Fig.10.9: RNA editing is carried out by guide RNAs.

(Genetics: A conceptual approach; Benjamin Pierce)

10.8.1 Processing of Small RNA

Small RNAs, a class of noncoding RNAs less than 200 nucleotides in length,
are widely present in various cell types and tissues. They are classified based
on their size and structural characteristics, including traditional small RNAs,
structural small RNAs, and derived small RNAs (also called non-canonical
small RNAs).

Traditional small RNA species, such as microRNA (miRNA), PIWI-interacting
RNA (piRNA), and small interfering RNA (siRNA), interact with Argonaute
proteins to mediate RNA-silencing effects. Structural small RNAs, including
tRNA, rRNA, snoRNA, snRNA, yRNA, and viRNA, are essential components
within cells that regulate physiological homeostasis. Non-canonical small
RNAs represent structural RNAs of poorly characterized functions
independent of Argonaute proteins and are generated following enzymatic
cleavage by evolutionarily ancient RNases. New evidence suggests that small
RNAs can be modified in various ways, significantly influencing their functions
across various biological processes.
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N6-methyladenosine (m6A)

N6-methyladenosine (m6A) is a methylation modification of the sixth nitrogen
atom of adenine, one of the most abundant types of modification to messenger
RNAs (mMRNAs) in the biological world. It can be catalyzed by S-
adenosylmethionine binding proteins methyltransferase-like 3 (METTL3) and
methyltransferase-like 14 (METTL14). Other cofactors, such as Wilms tumor-
associating protein (WTAP), methyltransferase-like 16 (METTL16), RNA-
binding motif protein 15 (RBM15), KIAA1429 (also called VIRMA), and zinc
finger CCCH domain-containing protein 13 (ZC3H13), are essential for
catalyzing the function of m6A methyltransferases.

2'-O-methylation (Nm)

2'-O-methylation (Nm) is a conserved RNA modification that replaces
hydrogen atoms in ribose fractions. It is found in transfer RNAs, ribosomal
RNAs, small nuclear RNAs, and messenger RNAs. Nm modifications are
detected on 3'-ends of small RNAs in plants, flies, and animals.

5-Methylcytidine (m5C)

RNA modification, 5-Methylcytidine (m5C), involves methylating the fifth
carbon atom of cytosine within RNAs. Enzymes like NSUN and DNMT2
catalyze this process.

§4Q6

i) What is role of guide RNA in RNA editing?

ii) Differentiate between Pre-mRNA and mature RNA.

iii)  Enlist the ways for modification of RNA.

10.9 REGULATION OF PRE mRNA
PROCESSING AND TRANSPORT

The regulation of pre-mRNA processing is a highly intricate and tightly
controlled process that ensures the proper maturation of mRNA. There are
some cis-acting elements (specific sequences ) within the pre-mRNA molecule
that serve as binding sites for regulatory proteins like the 5' cap structure, 3'
polyadenylation signal, and splice sites. Other factors are trans-acting in
nature, which include splicing factors, polyadenylation factors, and cap-binding
proteins. These are proteins or complexes that bind to cis-acting elements and
regulate pre-mRNA processing. Also, the phosphorylation of CTD of RNA
Polymerase Il is essential for recruiting factors involved in pre-mRNA
processing.RNA-binding proteins interact with specific sequences or structures
in the pre-mRNA and regulate processing events. There are some cellular
signaling cascades, including those activated by extracellular stimuli, which
can influence pre-mRNA processing.For example, changes in cell growth,

differentiation, or response to stress can modulate the activity of regulatory
229



Block 3

Transcription and Translation

230

proteins involved in pre-mRNA processing. Understanding the regulation of
pre-mRNA processing is crucial for deciphering the complexity of gene
expression and its modulation in various cellular contexts. Dysregulation of
these processes can have significant implications for cellular function and may
contribute to diseases such as cancer and neurodegenerative disorders.The &'
cap and 3' polyadenylation are important for mRNA stability, transport, and
translation initiation.

RNA regulation is ultimately controlled by the source from which it travels or is
exported and delivered at the appropriate subcellular location. Complementary
eukaryotic mRNA is produced in the nucleus and transported to the cytoplasm
for translation. In order for RNA to be exported through nuclear pores, the
process necessitates the limitation of RNA processing complexes to certain
loci in the nucleus. Although it is known that there is selective transport of
MRNPs and that this transport is dependent on ATP hydrolysis, the precise
mechanism of such export is only partially understood. Nuclear export is
largely regulated by the5' capping at mMRNA, whereas the spliceosome's
components prevent the export.Nuclear export is primarily mediated by the &'
capping at mMRNA, whereas the components of spliceosomes block the export.
Prior to export, some hnRNP proteins are removed from the transcript, and the
remaining ones dissociate after transport and return to the nucleus to be
utilised once more. The processed mMRNA almost immediately attaches itself to
ribosomes upon its exit from the nucleus for further processing during
translation, where they can either be freely diffusing or possibly targeted to a
specific area of the cell. Subsequent processing of such partially translated
transcripts that encode secreted protein is primarily transported to the rough
endoplasmic reticulum membrane using signal polypeptides of the encoded
protein, however in other situations signal is carried by the RNA itself (RNA
targeting).

The movement of mMRNAs from the nucleus to the cytoplasm is a complex
process that requires active transport. Most mature mRNAs carry a set of
proteins that identify them as destined for transport, while others lack the
necessary signature collection or have alternative proteins that actively block
transport. Many mature RNAs also contain residual SR proteins and proteins
that bind specifically to exon-exon junctions. Some mRNAs also contain
hnRNPs, but fewer than those bound to introns. Export occurs through the
nuclear pore complex, which can be unaided for small molecules under about
50 Kd. Larger molecules and complexes, including mRNAs and their
associated proteins, require active transport. Some proteins associated with
the RNA carry nuclear export signals recognized by receptors. Once in the
cytoplasm, the proteins are discarded and recognized for import back into the
nucleus. Energy is provided by the hydrolysis of GTP by GTPase protein Ran,
which exists in two conformations depending on whether complexed with GTP
or GDP. For a variety of organisms, the precise details of the spatiotemporal
coordination of gene activity and regulation of the molecular activities related
to mRNA processing and regulation are being unravelled. These imply the
integration of external and internal signals that co-regulate gene expression for
the essential, full operation of all biological processes, including translation,
protein involvement, mRNA half-life management, and mRNA processing,
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transport, and translocation. The methylation at 5' end (which can occur at first
or second nucleotides), splicing (selection of specific exons), the role of SR/
hnRNPs for splice site selection, splice inhibitors and activators, self-cleaving
ribozymes, RNA folding coordinated furnishing of cis-regulatory elements,
sequestration of trans-acting proteins, regulation by miRNAs, degradation of
poly-A-tails, and metabolite binding riboswitches are just a few examples of
the structured control by mRNA elements.

10.10 SUMMARY

. Transcription is the process for regulation of gene expression which is
also crucial for protein translation. Eukaryotic transcription is associated
with chromatin remodelling, RNA processing, nuclear export of RNA
which ensures proper gene expression and formation of functional RNA
molecules. Eukaryotic transcription involves three types of polymerases.

° RNA Pol Il transcribes protein-coding genes, RNA Pol | transcribes rRNA
genes and RNA Pol Il transcribes rRNA, tRNA and small nuclear RNA
genes. RNA polymerase | and lll terminate transcription by RNA hairpin-
dependent mechanisms whereas RNA Pol Il cleaves off the extra
nucleotides during pre-mRNA processing.

° During transcription initiation, the universal transcription factor TFIID, a
complex of TATA-Binding Protein (TBP) and at least 12 TBP-Associated
Factors (TAFs), binds to the gene to be transcribed. The minor groove in
the TATA box region is bound by a sequence-specific protein called TBP.
RNA polymerase | and Ill need TBP. TFIID recruitment at the central
promoter recruits the other GTFS and RNA Pol |l to form the pre-
initiation complex. TFIIA and TFIIB stabilize the complex, TFIIF brings
RNA polymerase I, TFIIE, and TFIIH recruit transcription factors.

° DNA transcription always begins on the template strand. The mRNA
molecule complements the template strand and resembles the non-
template DNA strand. In contrast to DNA, RNA contains uracil (U)
instead of thymine (T). Like DNA replication, RNA polymerase moves
along the DNA template and forms base pairs to add nucleotides during
elongation. The generated RNA strand does not stick to the DNA
template. DNA unwinds ahead of the core enzyme and rewinds behind it
during elongation. Transcription flows smoothly with this dynamic
procedure.

. The initiation complex is formed by phosphorylating the carboxyl terminal
domain (CTD) of the B subunit of RNA Pol Il, strategically placed at the
site where the nascent RNA emerges from the enzyme complex.
Promoter clearance occurs when transcription factors are removed from
the promoter site, ending initiation and initiating elongation.

. Elongation occurs when RNA polymerase Il unwinds the DNA helix to
expose a fresh single-stranded template segment and extends the RNA
chain. Unwinding and rewinding occur when the transcription bubble
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moves along the DNA molecule, generating positive supercoils and
leaving negative ones. Elongation is regulated by numerous variables.
DSIF (DRB Sensitivity Inducing Factor) is an elongation factor with two
subunits: hspt4 prevents complex dissociation and hspt5 anneals
upstream DNA.

a-amanitin, a cyclic octapeptide from the mushroom Amanita phalloides
that disrupts RNA elongation. Pol Il is most sensitive to the toxin.
Actinomycin D inhibits transcription by deforming the double helix, which
prevents RNA polymerase from moving along the template, or by
occupying the minor groove with peptide structures. Cordycepin (3'-
deoxysdenosine) inhibits eukaryotic RNA Pol I. It prevents elongation.

Eukaryotic genes have protein-coding exons and noncoding introns. The
process of intron removal and exon reconnection is called splicing. Pre-
mMRNA transcript is process by adding a 5' cap and 3'-poly-A tail, and this
process produce a mature mMRNA molecule that can further move from
the nucleus to the cytoplasm.

Post-transcriptional RNA editing alters RNA sequences, changing the
nucleotide content of the molecule. This process occurs after
transcription but before translation and can produce RNA molecules with
different sequences than the DNA template. Guide RNAs (gRNAs) are
important because they include partially complementary sequences to
preedited RNA. The mRNA is cleaved and nucleotides are inserted,
removed, or changed according to the gRNA template after anchoring.

Pre-mRNA processing is complicated and strictly controlled to mature
mMRNA. Regulatory proteins bind to pre-mRNA molecules' 5' cap
structure, 3' polyadenylation signal, and splice sites. Trans-acting factors
including splicing, polyadenylation, and cap-binding proteins interact with
these cis-acting sites to regulate pre-mRNA processing. RNA-binding
proteins regulate pre-mRNA processing by binding to certain sequences
or structural motifs.

10.11 TERMINAL QUESTIONS

o 0N =

Describe the process of transcription of mMRNA in a eukaryotic cell.
Explain the structure of RNA polymerase.

Describe the promtoers and transcription factors and their roles.
Describe the process of RNA splicing in eukaryotic cells.

Explain the processes of capping and polyadenylation which occur
during transcription in eukaryotes.

How does RNA polymerase identify where to begin transcription?
Explain how base modifications occur during RNA editing in
eukaryotes?

Discuss the regulation of Pre-mRNA processing
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10.13 ANSWER

Self-Assessment Questions

1. ) 18S rRNA ii)
i) tRNAs iv) 12 subunits
v) | RNA Polymerase Cellular Product of
Compartment Transcription
| All rRNAs except
Nucleolus 5S rRNA
Il Nucleus All protein-coding
nuclear pre-
mMRNAs
11 Nucleus 5S rRNA, tRNAs,
and small nuclear
RNAs
2. a) i) Initiation complex ii) Transcription factors

iii)  The TATA box and the initiator (Inr) sequence

iv)  CAAT box

vi)  Enhancer

Sp1 activator

b)  Promoters are essential to initiate the transcription and enhancer

help to speed up the transcription or gene expression.

) TFIID (TBP component) binds to the the TATA box binding protein

. TFIID (TAFs): It aids in recognition of core promoter and regulates

theTBP binding proteins

. TFIIA stabilizes the binding of TBP and TAFs

. TFIIB forms bridges between TATA bound TBP and the enzyme.

. TFIIF helps in assembling the RNA Polymerase, TFIIH and TFIIE

. TFIIE: Helps in recruitment and regulation of TFIIF

. TFIIH helps in unwinding DNA promoter complex

3.

i) minor groove. ii) atthe core promoter

i) TFIIAand TFIIB iv) unwind and forming the open promoter complex

v) seven amino acids (Tyr-Ser-Pro-Thr-Ser-Pro-Ser repeated multiple times

vi) promoter clearance
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4.
Key steps of Pre-mRNA processing

e Capping: It refers to the process of adding a 5' cap to the pre-mRNA
molecule.

e Polyadenylation: It is the process of adding a poly(A) tail to the 3' end
of the pre-mRNA. And

e Splicing It is to the process of eliminating introns, which are non-coding
regions, from the pre-mRNA molecule. This is followed by the merging
of exons, which are coding sequences, to create a continuous coding
sequence.

i) Splicing mechanism

i) Exons are coding region within the gene or mRNA and introns are the
noncoding regions found in the eukaryotic pretranscript mMRNA

ii) intragenic and intergenic trans-splicing are examples of alternative
trans-splicing

i) Guide RNAs (gRNAs) have a vital function in RNA editing since they
include sequences that are partially complementary to regions of the
preedited RNA. Once the mRNA has attached to the gRNA, it is
cleaved and nucleotides are modified, removed, or added based on the
template supplied by the gRNA.

i) Pre-mRNA is the initial mRNA synthesised by RNA polymerase during
the process of transcription. It contains both coding segments (exons)
and non-coding segments (introns).

iii)  The ways for modification of RNA: N6-methyladenosine (m6A)
2'-O-methylation (Nm) and 5-Methylcytidine (m5C)

Terminal Questions

Please refer to section 10.4

Please refer to section 10.2.

Please refer to section 10.3

Please refer to subsection 10.7.2

Please refer to subsection 10.6.1 and 10.6.2
Please refer to subsection 10.4.1

Please refer to subsection 10.8.1

© N o gk wbhd =

Please refer to subsection 10.9
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