Transcription

from DNA to RNA




RNA

Difference between RNA & DNA

Three major kinds of RNA: Messenger RNAs (mRNASs),
Transfer RNAs (tRNAs), Ribosomal RNAs (rRNAs)

Other RNAs: small nucleolar RNAs (snoRNAs), microRNAs
(miRNAsSs), short interfering RNAs (siRNAs), long non-coding
RNAs (IncRNA), etc.

RNA 1s the only macromolecule known to have a role both in
the storage and transmission of information and 1n catalysis,

ribozyme.




Transcription: From DNA to mRNA

The enzymatic process whereby the genetic information contained in
one strand of DNA is used to specify a complementary sequence of
bases in an mRNA (messenger RNA) chain.

Central dogma:
DNA->RNA->Protein

Reverse
transcription

Translation

:

Protein @




One of the two strands of DNA serves as template
for certain RNA synthesis

Direction of transcription

DNA strand
Template Nontemplate




Template and nontemplate (coding)
DNA strands

(5) CGCTATAGCGTTT (3') DNA nontemplate (coding) strand
(3') GCGATATCGCAAA (5') DNA template strand

(5') CGCUAUAGCGUUU (3') RNA transcript
e 3.6 X10°bp =

N

RNA transcripts

The coding strand for a particular gene may be located 1n either
strand of a given chromosome.




DNA sequence to protein sequence

DNA 5" ATGGCATGCAA 0 CA? Nontemplate strand
5 TACCGTACGT w}(l] Template strand

G

RNA polymerase
Transcription

RNA transcript 5" @

Translation

N—(aa, - aa, —{faag)— aa; —« « « — C-terminal




Transcription in prokaryotes




The phases of transcription in E. coli

Binding of RNA polymerase
holoenzyme at promoter sites

|

Initiation of polymerization

|

Chain elongation

|

Chain termination




RNA polymerases in prokaryotes

In prokaryotes, there 1s only one kind of DNA-dependent
RNA polymerase.




E. Coli RNA polymerase

5 core subunits
i B8’ W
6th subunit: $

] required for assembly of the enzyme: mteracts with some

3
S regulatory proteins: also mvolved in catalysis

150616 -] involved 1n catalysis: chain mitiation and elongation

binds to the DNA template
directs enzyme to the promoter

] required to restore denatured RNA polymerase i vitro to
its fully functional form




Transcription by RNA polymerase in E. coli

Transcription (a) 5 Polymerase
bubble R . active site

|Nontemplate | Template ol t 0 Thumb
strand L | N\

channel

RNA-DNA
hybrid, Active
~8 bp site

A 3"-Exonuclease
oy . o active site

Direction of transcription S

RNA polymerase DNA polymerase
RNA is synthesized by RNA polymerases
Only one of the two DNA strands serves as a template.

RNA polymerase does not require a primer to initiate synthesis.
RNA polymerases lack a separate proofreading 3’ —5’ exonuclease active site.
RNA pol: error rate 1/10% to 105 ; DNA pol: 2/10°




Mechanism of RNA synthesis by RNA polymerase

Template O
DNA 3~
strand

. . Growing
Incoming NTP 1s RNA

attacked at the o il
phosphate by the
3’ hydroxyl of the
growing RNA
chain

RNA
polymerase




Promoter

A
4 N\

UP element —35Region| Spacer |-10Region| Spacer | RNA start

upstw @eam )

+1 : Transcription start

Promoters: specific sequences in the DNA that the RNA polymerase
holoenzyme can bind and direct the transcription of adjacent
segments of DNA (genes).

The promoter region generally i1s between positions -70 and +30.




$ Subunits in E. coli

1: 18I Tl The Seven o Subunits of Escherichia coli

Holoenzyme

o subunit K, (nm) Molecules/cell* ratio (%)*

Function

0.70

0.54
038
0-32
o.ZB
0.24

0.1 8

0.26
0.30
4.26
1.24
0.74
243
1.73

700
110

<1
<10
370
<10

<1

78
8
0
0

14
0
0

Housekeeping

Modulation of cellular nitrogen levels

Stationary phase genes

Heat shock genes

Flagella and chemotaxis genes

Extracytoplasmic functions; some heat shock functions
Extracytoplasmic functions, including ferric citrate transport

Different § subunits can recognize different promoters.

o’/Y 1s the most common o subunit 1n E.col.




Consensus sequence recognized by E. coli $7°

- UP element : qi RNA start

Consensus - AATA - -
-NNAA.A TRTTTTNNAAAANNN
sequence . IT°T

rrnBP1_ |AGAAAATTATTTTAAATTTCCT




Solution of identical DNA fragments

Find Promoters: DNA ARl RS e At s o,

3.‘
DNase |

footprinting to 1dentify ) o
protein binding site Vet Siteof |

under conditions in
which each strand is DNase cut

| B , cut once (on average).
‘ " No cutsare madein \
Uncut DNA — - , the area where RNA

fragment DNA n A\ N polymerase has bound. ; -
'\\f
7

IIate labeled DNA fragments l

n -

iarati
Missing bands indicate migration

where RNA polymerase
was bound to DNA.

and denature. Only labeled strands
are detected in next step.

*

*
ﬂ
ﬂ
ﬂ
ﬂ

Separate fragments by polyacrylamide gel electrophoresis
and visualize radiolabeled bands on x-ray film.




Initiation of transcription

Initiation of transcription contains

two phases: binding and initiation.

Core enzyme (K;88°W] is the basic
transcription machinery, it will lose
specificity and can only transcribe
nicked DNA template but not intact
DNA without ¢ subunit.

Once the first 8 or 9 nucleotides of
a new RNA are synthesized, the §
subunit 1s released and the
polymerase leaves the promoter
and becomes committed to
elongation of the RNA.

oX promoter
sequence

RNA polymerase ,@ {bmdmg

e




Supercoiling of DNA 1n transcription

}i‘l Negativ.e
1 /i“ supercoils

Positive

supercoils [~

Direction of transcription

Movement of an RNA
polymerase along DNA tends
to create positive supercoils
(overwound DNA) ahead of
the transcription bubble and
negative supercoils
(underwound DNA) behind it.
In a cell, topoisomerases
rapidly eliminate the positive
supercoils and regulate the
level of negative supercoiling.




Chain elongation

elongation

ermmator
sequence

Elongation of the RNA transcript is
catalyzed by the core polymerase

o . /
without § subunit.

i




Chain termination

Two types of transcription termination mechanisms
in E. coli:

» independent on p (rho) termination factor

» dependent on p termination factor




i -independent termination
of transcription in E. coli.

Requires a Termination site:

1 Inverted repeats, typically G-C rich
and, forms stable stem-loop;

2 A nonrepeating segment punctuates
the mnverted repeats;

3.Arunof6to 8 Ts

mENA terminus

Direction of transcription
=
>

Inverted repeat Inverted repeat

A-T rich

terminus
Sense Last base

strand transcribed

(a) p-independent termination
RNA

polymerase
D 1 TTTTTT
3 AARA

/m( . AA

sf
RNA synthesis encounters
\ a terminator sequence.

4 D S TTTT

AAAA

An RNA hairpin is formed at a
palindromic sequence, reducing
the length of the RNA-DNA
hybrid.

5 3
The mRNA is released. l




(b) p-dependent termination

p -dependent Z“d%
5’ ’ =

termination in £. coli

rut (rho unilization) site :

a CA-rich sequence that p ATP ADP+P,
protein can associate with The p helicase migrates along the mRNA

to the elongating RNA polymerase.

Z .
é 3
The p helicase separates the \
mRNA from the DNA template.




Transcription in eukaryotes




RNA polymerases 1n eukaryotes

Three classes of RNA polymerase in eukaryotes for synthesis of
different class of RNA:

* RNA polymerase I (Pol I) 1s responsible for the synthesis of
preribosomal RNA (or pre-rRNA), which contains the

precursor for the 18S, 5.8S, and 28S rRNAs. Pol I promoters
vary greatly in sequence from one species to another.

RNA Polymerase II (Pol II) 1s for synthesis of mRNAs and
some specialized RNAs. This enzyme can recognize thousands
of promoters that vary greatly in sequence.

RNA polymerase III (Pol III) makes tRNAs, the 5S rRNA, and
some other small specialized RNAs.




Eukaryotic promoters

—30 +1

Various TATA box Inr
regulatory
sequences

_ TATA-binding protein (TBP)
TATA box: the major assembly

point for the proteins of the
preinitiation complexes of Pol II.

Initiator sequence (Inr): Pol II

binding site and the transcription .
start site 1s usually within or very ‘.’
near this sequence. >




RNA polymerase II requires many other
protein factors for its activity

17118 W I Br B Proteins Required for Initiation of Transcription at the RNA Polymerase Il (Pol 1l) Promoters of Eukaryotes

Transcription Number of
protein subunits Subunit(s) M, Function(s)

Initiation
Pol Il 12 10,000-220,000 Catalyzes RNA synthesis
TBP (TATA-binding protein) 1 38,000 Specifically recognizes the TATA box

TFIIA 3 12,000, 19,000, 35,000 Stabilizes binding of TFIIB and TBP to the
promoter

TFIIB 35,000 Binds to TBP; recruits Pol lI-TFIIF complex
TFIIE 34,000, 57,000 Recruits TFlIH; has ATPase and helicase
activities
TFIIF 30,000, 74,000 Binds tightly to Pol II; binds to TFIIB and
prevents binding of Pol Il to nonspecific DNA sequences

TFIIH 35,000-89,000 Unwinds DNA at promoter (helicase
activity); phosphorylates Pol Il (within the CTD); recruits nucleotide-
excision repair proteins

Elongation*

ELLY 80,000

pTEFb 43,000, 124,000 Phosphorylates Pol Il (within the CTD)
Sl (TFIIS) 38,000

Elongin (SIII) 15,000, 18,000, 110,000

*The function of all elongation factors is to suppress the pausing or arrest of transcription by the Pol II-TFIIF complex.
*Name derived from eleven-nineteen lysine-rich leukemia. The gene for ELL is the site of chromosomal recombination events frequently associated with acute myeloid leukemia.




Structure of Pol 11 core enzyme

Entering DNA
(downstream)

Transcribed DNA
(upstream)

RNA polymerase Il

Actinomycin D & Acridine can selectively inhibit
DNA-dependent RNA polymerase in both bacteria
and eukaryotes by inserting into the double-helical
DNA between successive G=C base pairs to prevent
movement of the polymerase along the template.




—30 +1
ASSGIIIbly ()f pre_ 3/ [ TATA | [inr |

o« e e . TBP (and/or TFIIA)
initiation complex v

TFIIB
v

There are more than 30 TFIIF-Pol Il

v

proteins for this minimal TFIIE

active assembly. y

TFIIH v
1enE~ / Closed complex

v

TFIA ~~ TFIIB it
=) TFIIE)

Initiation " TFIIH
Polll Catalyzes RNA synthesis i —
TBP (TATA-binding protein) Specifically recognizes the TATA box
TFIIA Stabilizes binding of TFIIB and TBP to the
promoter
TFIIB Binds to TBP; recruits Pol lI-TFIIF complex
TFIIE Recruits TFIIH; has ATPase and helicase
activities
TFIIF Binds tightly to Pol II; binds to TFIIB and
prevents binding of Pol Il to nonspecific DNA sequences

TFIIH Unwinds DNA at promoter (helicase
activity); phosphorylates Pol Il (within the CTD); recruits nucleotide-
excision repair proteins




RNA strand 1nitiation and
promoter clearance

DNA 1s unwound at the Inr (initiator
sequence) region by the helicase
activity of TFIIH, creating an open
complex.

The carboxyl-terminal domain (CTD)
of the largest Pol II subunit is
phosphorylated, and the polymerase
then escapes the promoter and begins
transcription.

Elongation 1s accompanied by the
release of many transcription factors
and 1s also enhanced by elongation
factors.

/ Closed complex

DNA unwinding
to produce
open complex

Unwound DNA

phosphorylation of
Pol 11, initiation,
and promoter escape

TFIIB

< [inr]




Elongation,
termination, &
release

The elongation factors bound to
Pol IT (some to the phosphorylated
CTD), suppress pausing during
transcription therefore greatly
enhance the polymerase activity.
They also coordinate interactions
between protein complexes
involved in the posttranscriptional
processing of mRNAs. Once the
RNA transcript is completed,
transcription is terminated. Pol II
is dephosphorylated and recycled,
ready to initiate another transcript.

—30
[ TATA |

+1
| Inr |

lTBP (and/or TFIIA)

lTFIIB

v

v

A 4

TFIA~ TFIIB
TBP

to produce

DNA unwinding
open complex

|

TFIIB
il

TFIIF-Pol Il

TFIIE

TFIIH

TEIF / Closed complex

Polll ' Pol Il

TFIE release and
dephosphorylation
TFIIH

A,

RNA \

/ Open complex A

termination

elongation

Elongation /|
factors

“Unwound DNA
phosphorylation of

Pol I, initiation,
and promoter escape







Outline of mRNA processing

transcription
and 5' capping

Exon Intron

5'Cap
completion of
primary transcript

Primary
transcript
5’
\ \
% \ \

Y cleavage,
polyadenylation,
and splicing

Noncoding

end sequence
] 3’

-AAA(A),, 3'




The 5° cap of mRNA

5'End of RNA
with triphosphate group  The cap provides:

Ba .
PPPNP 1. protection of the mRNA;

phosphohydrolase 2. transport of the mRNA

+ T out of the nucleus;

N
s p/ GS€$ GTP 3. proper

guanylyltransferase

" PP;

GpppNp

/‘ adoMet
Sometimes guanine-7-

methylated methyltransferase \’
$ “>adoHcy

m’GpppNp

adoMet

— 2'-0-methyltransferase Pyrimidine

methylated adoHcy

m’GpppmNp
5'End of RNA with cap




Pol II CTD and 5’ cap synthesis

] _. Synthesis of the cap 1s carried
. P out by enzymes tethered to the
CTD of Pol II. The cap remains
tethered to the CTD through an
association with the cap-
binding complex (CBC).




End of the primary RNA transcription in
eukaryotes: forming polyA tail

Direction of

transcription q

( [ AAUAAA  |PaP

G/U rich |

, Polyadenylation . CPSF binds AAUAAA

factors

. CstF binds G/U rich
gﬁ sequence

sneipmee: | - . Attract cleavage factor

Y CFs

AAUAAA 0H(3 )

polymerase

polyA 80-250 nt

. Cleavage
polyadenylate E . PolyA polymerase: add
.

AAUAAA}-—AAA(A),—OH(3")




Exon & Intron

Ovalbumin gene
7,700 bp

5 6
E F

transcription and
5' capping

M 1.L12345 6 7
ature .

mRNA
|<— 1,872 o

nucleotides

cDNA (complementary DNA ) is DNA synthesized from a messenger RNA
(mRNA) template in a reaction catalyzed by the enzymes reverse transcriptase
and DNA polymerase.




Four classes of introns

* Group I and group II introns: —no protein enzymes
are involved and does not require a high energy cofactor (such as ATP) for
splicing.

Group I introns are found in some nuclear, mitochondrial, and chloroplast
genes coding for rRNAs, mRNAs, and tRNAs.

Group II introns are generally found in the primary transcripts of
mitochondrial or chloroplast mRNAs in fungi, algae, and plants.

Spliceosomal introns the largest class of introns includes those found in
nuclear mRNA primary transcripts. Need spliceosome (a large protein
complex) for splicing.

The fourth class of introns: found in certain tRNAs, splicing requires ATP
and an endonuclease. The splicing endonuclease cleaves the
phosphodiester bonds at both ends of the intron, and the two exons are
joined by a mechanism similar to the DNA ligase reaction.




Splicing mechanism of group I introns

Intron

Primary
transcript

. 5’ Exon UpA GpU 3' Exon 3 Guanosine _

OH OH
/ The 3’ OH of guanosine
- acts as a nucleophile,
PG—OH attacking the phosphate o

at the 5’ splice site.

Intermediate

5' GpU 3
.-\_/'
The 3’ OH of the 5' exon

becomes the nucleophile,
completing the reaction.

The Nobel Prize in
\5' pGpA Chemistry 1989

Spliced RNA y

5! UpU 3’ Thomas Cech

Found in Tetrahymena thermophila (V4% H), 1982




Splicing mechanism
of group II introns

Forming a branched
lariat (%) structure as
an intermediate through
a 2°,5’-phosphodiester
bond.

Intron
CPAp
9/'T\

Primary
transcript
sl

The 2' OH of a specific adenosine
in the intron acts as a nucleophile,
attacking the 5'splice site to form
a lariat structure.

Intermediate
5'

The 3'OH of the 5'exon acts
as a nucleophile, completing
the reaction.

Spliced RNA
5|'

U—E:/p

CIG A cD
BEp

A

u

Adenosine in the lariat
structure has three
phosphodiester bonds.

N

v CpaApC
P
A

3'
OH(3')




Spliceosomal introns,
which needs spliceosome for the splicing

Consensus sequences at the splicing sites

U2

snRNA: small nuclear RNAs, 100-200 nucleotides

snRNA Ul binds to 5’-splice site binds. T is pseudouridine.

snRNA U2 binds to 3’-splice site. The A residue (shaded pink)
becomes the nucleophile during the splicing reaction.




Splicing mechanism in mRNA primary transcripts

5' GU| A —{AG]| 3'

l( U1 snRNP
Active

@ - U2 snRNP :
ADP + P; :i/ —/A spliceosome
AG 3"

U2

Inactive
spliceosome

Intron release

spliceosome 3!

Catalytic steps

Assembly of spliceosomes



Coordination of splicing
with transcription

Some components of the splicing
apparatus bind are tethered to the
CTD of Pol II, suggesting a
coordinated mechanism for the
splicing reaction and transcription.

Spliced (J/”

intron




Overview of the processing of a eukaryotic mRNA

Ovalbumin gene
7,700 bp 3

7

5 6
E | |F[ ] G ]

transcription and . .
5' capping ExtraRNa P YIMAry transcript:
4 5 6 7 \ newly synthesized RNA
3'
I molecule

Cap .
splicing, cleavage, Exon: COdlIlg segment
and polyadenylation
Intron: noncodin
Seven introns . Extra RNA 0 oncod g

L
Primary _,
wanseript S’I A IBII c I ol e [[F]]

sequence
L123456

Mat
miwa LTI 7|2 I anna,
nucI;otides

» The 5’ cap is added before synthesis of the primary transcript is complete.

» The 3’ end is cleaved, and 80 to 250 A residues are added to create a poly(A)
“tail.”

» Splicing can occur either before or after the cleavage and polyadenylation steps.




Alternative splicing: a gene can give rise to multiple
products by differential RNA processing

Poly(A) sites
A, A;

J' ‘-.'.-.'...'.'

/

Primary A, A,
transcript

v
V.77

Cap

cleavage and | cleavage and
polyadenylation | polyadenylation
atA, | atA,

N

Wz, Wi

Mature
mRNA

—AAA(A),

(a)
Alternative cleavage and
polyadenylation patterns

5' Splice site 3’ Splice sites  Poly(A) site

DNA y JV A

T i——

Primary
transcript

! ESSSSSSS 0 O OOE
\ (o] [o]
o0 %o

Cap
j cleavage and

polyadenylation

WL NS5 —Ana),

splicing

L] N
TN ed-anam, WSS annm,

Mature
mRNA

(b)
Alternative splicing patterns




Alternative processing of the calcitonin gene transcript

Exon Intron

2 3
Primary e/ pe
transcript e E

cleavage and
polyadenylation

4

splicing

Mature mRNA

translation

protease
action

Y

-

Calcitonin

Poly(A) site Poly(A) site
Calcitonin CGRP
5 6

cleavage and
polyadenylation

B ),

AAA(A),

translation

protease
action

Y
—
CGRP

CGRP (calcitonin-gene-related peptide)




Different
splicing patterns

Alternative exon

—AAA(A),,

ORAAN —< |

—AAA(A),

Alternative 5’ splice sites

‘—AAA(A),,

OIORA —<

—AAA(A),

Alternative 3’ splice sites

—AAA(A),

s O —< §

—AAA(A),

Intron retention

' —AAA(A),,

A ACKY —<

—AAA(A),

Mutually exclusive alternative exon

S
KK —<

Alternative promoter and first exon

—AAA(A),
—AAA(A),

E N[ [[FAAA®),
LT —< s,

Alternative poly(A) site and terminal exon

]]—AAA(A)

KA —<

_ —AAA(A)




Processing of pre-rRNA transcripts 1n bacteria

Pre—rRI\.IA
transcript 1) Before cleavage, the

(305)
238 > 30S RNA precursor is

methylation and pseudouridine or methylated at Speciﬁc
dihydrouridine conversion
¥ bases.

13 3

Wy

M B | | O 1 2) Cleavage liberates
cleavage precursors of rRNA and
’ tRNA.

Intermediates

1I;; 1l L RNA LI Ilzlssll L LB L LRI 56 3) The ﬁnal 16S, 23S, and

Olnudeases l Ol““"eases l 5S rRNA products result

from the action of a
variety of specific

Mature RNAs |:|

e n | I LU LU LI

16S rRNA tRNA 23S rRNA ssiRNA  NUClEases.




Nucleolus

90S preribosome

Processing of pre-rRNA —_—
transcripts in vertebrates

5.85 28S

snoRNPs ~. | methylation, pseudouridine
formation, and other
snoRNPs modifications

TITrTTT T TTT 10 1T T

9 initial cleavages
of pre-rRNA

additional

. cleavages,
exonucleo-
lytic
processing,
export

additional
—OH (3) 9 cleavages,
’ export

—
]
—

snoRNAs (small nucleolar RNAs) guide ' v Cytoplasm
necloside modification and some cleavage s ™
reactions in the snoRNA-protein complex

(snoRNPs).




Processing of tRNAs 1n bacteria and eukaryotes

Primary transcript Intermediate Mature tRNA™"
3 3
OH OH

RNase D cut

5' pGUUAUCAGUUAAUUGA

[}

RNase P cut

nNOOOPOAPNAND—
nNQOOPOPNND—

Canncnc
c
N
>
conncncn
11 1e111
conncncn
11 1e1 11

vVe
G ApccG A

1011
G AAGGC
Upyu

(A}

6-n
- PN
a-n
A=0
=N
c

c

(2]

o
>

(2]
>C

base modification
5'cleavage
3'cleavage
CCA addition

G
-
A—-
A—-
G-
A=

N
cncc
k-1
=

c
>

=

e CmEn

> I11e

. AS®Ng
n>

Some modified bases of rRNAs and tRNASs

S
HN | )K/[ p /& 3 N/NH_C:z_CH_C i HN i H
. k >_ Sy CI> )ﬁ rf
ibose Rlbose

|bose
. T 4, i
4-Thiouridine (S"U) Inosine (1) b Methylguanosme(m G) N°- -Isopentenyladenosine (i °A) Ribothymidine (T) Pseudouridine () Dihydrouridine (D)




Synthesis and processing of miRNAs

Nucleus P

| I ~

RNA polymeraselll

oy

complex

1 transcription

pri-miRNA(s)

Nucleus

. —
Cytoplasm

Pri-miRNA

N\

Drosha

DGCR8
AAAAA

cleavage

Pre-miRNA

Exportin 5
and Ran
G

™
-—’,
—
= s =2 =]
export
P;

GDP

Dicer

=
\. -’
pl—T L

Cytoplasm @

GDP

cleavage

helicase

RISC
loading

Mature miRNA

target
selection

Near-perfect
complementarity

Partial
complementarity

AAA(A), == ARA(A),
mRNA
cleavage

Translational
repression




Degradation of mRNAs 1n cells

The rates of degradation vary greatly for mRNAs from different eukaryotic
genes.

Messenger RNA is degraded by ribonucleases present in all cells:

In E. coli, the process begins with one or a few cuts by an
endoribonuclease, followed by 3° -5’ degradation by exoribonucleases.

In lower eukaryotes, the major pathway involves first shortening the
poly(A) tail, then decapping the 5° end and degrading the mRNA in the 5’
—> 3’ direction.

A 3’ -5’ degradative pathway also exists and may be the major path in
higher eukaryotes.

All eukaryotes have a complex of up to 10 conserved 3° -5’
exoribonucleases, called the exosome, which is involved in the processing
of the 3’ end of rRNAs and tRNAs, as well as the degradation of mRNAs.




