BCMB 3100 - Chapter 21
Transcription & RNA Processing

« Definition of gene

*RNA Polymerase

«Gene coding vs template strand
*Promoter

*Transcription in E. coli
*Transcription factors

*mRNA processing

. - a DNA sequence that is
transcribed (includes genes that do not
encode proteins)

o ” encode
proteins or RNA essential for normal
activities of the cell (e.g. enzymes in basic
metabolic pathways, tRNAs and rRNAS)

Biological information flow

( > Replication

DNA
Transcription
RNA

Translation

Protein

Four Classes of RNA in living organisms (review)

Messenger RNA (MRNA) - linear “copies” of DNA that encode
genetic information. Encode primary structure of protein. ~1-3%
of total RNA, relatively unstable (discovered by Jacob & Monod).

Non-coding RNA

Ribosomal RNA (rRNA) - ~80% of total RNA, part of ribosomes
(translation machinery)

Transfer RNA (tRNA) - ~15% of total RNA, 73-95 nucleotides
long, carry activated amino acids to ribosomes during translation

(Small RNA) - may have catalytic activity and/or associate with
proteins to enhance activity, some involved with RNA processing
(includes snRNA and microRNA, the latter involved in mMRNA
degradation, translation inhibition and chromatin remodeling),
(long non-coding RNAs (long ncRNAs)): functions being
determined.




RNA Synthesis (E.coli)

Transcription
DNA 5>—>——>—>—>—>—>—> RNA

RNA Polymerase (450 kd) (1960, Hurwitz; Weiss)
(recognizes promoter &
(binds DNA template)\ & initiates synthesis)

OLZBB'(DG (holoenzyme)

forms phosphodies’ter bond Table 212
binds rNTPs fii?g_azé) '

a2PBP’® (core enzyme)

Transcription in E.coli

1) RNA polymerase searches for initiation sites (~2000 in
4,000,000 bp)

2) Unwinds DNA to produce single-stranded template

3) Selects correct ribonucleotide and catalyzes the
formation of phosphodiester bonds (totally processive)

4) Detects termination signals

5) Interacts with activators & repressor proteins

RNA Synthesis

1) Intiation RNA polymerase is
responsible for these
function in RNA

3) Termination synthesis

2) Elongation

E. coli RNA polymerase synthesizes all
major types of RNA:

MRNA, tRNA, rRNA, small RNA

Requirements for Transcription
DNA template
Note: RNA
Polymerase does
NOT require a
primer. RNA chains

NTPs (ATP,CTP,GTP,UTP) can be initiated de
novo.
Mg++

RNA polymerase

Transcription factors

Mechanism of elongation is the same as for DNA
Polymerase: nucleophilic attack by 3’-OH on a-
phosphate of NTP
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Fig 21.5 Orientation of a gene
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Ls rﬂi Coding strand
[ . //i_ DA ATTCCGATATACGCA
H =B g ‘I H; e ATCGGACCTAGGAGC T G Sccaa Annar ¥
Ribonscleoside  1NL___ /0 H ¥ TAGCCTGGATCC CGGTE T s
triphosphate A : S INA A
Template strand
of IINA
2P, —— PR+ /i Diivectbon of wanseription
H.0 =
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Fig 21.3 (cont) Fig 21.6 Promoter sequences for housekeeping genes from 10
5 RNA H ill bacteriophage and bacterial genes (coding strand)
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||\_/|| § Strong promoters correspond to consensus sequence (once in 2 sec)
OH OH 5" DNA

Weak promoters have substitutions (~ once in 10 minutes)




subunit of RNA polymerase is
responsible for specific initiation of transcription

G recognizes promoter sequences
G, recognizes promoters of house keeping genes

In eukaryotes, transcription factors are required
for formation of transcription complex

o,pp’ oo
_ RNA polymerase holoenzyme binds DNA

holoenzyme

- w (3) RNA polymerase holoenzyme hinds
AL

momspecifically w DN/

Promoter Gene

Searches for promoter by sliding

# DNA .
:\J along DNA (670 bp/ sec)
(b} The bolocnryme conducts a onc-dimensional
i ) search for a promoter.

G

Based on o finds correct promoter

(€} When o promater is found, the holoenzyme
and the promoter form a closed comples,

Fig 21.7 Initiation of transcription in E. coli

Table 21.3

TABLE 21.3 E. coli o subunits

Subunit Gene Genes transcribed Consensus
=35 =10
" rpold Many TTGACA TATAAT
o™ rpoN Nitrogen metabolism None CTGGCACNNNNNTTGCA®
a® ol Stationary phase ? TATAAT
o fal Flagellar synthesis TAAA GCCGATAA
and chemataxis
at rpoH Heat shock CTTGAA COCATNTA
o gene 55 Bacteriophage T4 None TATAAATA

‘N represenis any nuclestide.

Closed promoter complex shifts to open complex, 18bp DNA
is unwound, RNA chain is initiated with pppA (or pppG) at 5
terminus :

{d) A conformational change from the closcd comples
- 10 an open complex produces 3 transeription bubble at
T "'I"I‘“""P'""' the initation site. A short stretch of RNA is then

j bubble synthesized

= ~10 ribonucleotides are added in
5’—3’ direction. o falls off to —
core enzyme. NusA binds core
enzyme — elongation mode

(@) The o subunit dissociates from the core eniyme,
oy

and RNA polvmerase clears the promoter. Accessory
predeins, meluding NusA, bind to the polymerase.

pna Transcription pauses at poly G/C’s & is
stopped at termination signals: RNA
hairpin followed by several U’s; or Rho
protein

Fig 21.7 (continued)




Fig 21.8 Formation of an RNA hairpin

Dyvad
SYMImCIry
.
ACCT T C

1'-wv-_\!! TGGCT

AGCACACTwey
i 1 s 0 ) B U DNA
VorTGGACCGAGTCCTOGGAAGGACTCGTGTGAWS

Prokaryote RNA Polymerase synthesizes

MRNA, tRNA and rRNA

« Rho-dependent

. Eukaryotes have three RNA Polymerases
5w A CCUG ACCUU ACACUw3 RNA
RNA Pol I:  18S, 5.8S, 28S rRNA
PeeArll, LA RNA Pol Il: mRNA
- RNA Pol lll: tRNA, 5SrRNA, small RNA
G—C (see Table 21.4)
Fig 21.9 o R Housekeeping genes:

termination
of transcription (E. coli)

* RNA pol is stalled at

pause site \;{:} /' S | Aneer
 Rho binds to new RNA, _5%{ A

destabilizes RNA-DNA \ i

hybrid (1)

e

* encode proteins required for basic metabolism
* have strong or weak promoters depending upon level of
protein required

Regulated (differentially expressed) genes:
* often regulated at level of transcription

Activators: regulatory proteins that bind DNA & increase
rate of transcription of weak promoters.

* Often interact with RNA polymerase — increase RNA
polymerase binding or increase rate of transcription bubble
formation (opening) or increase rate of primer formation

activators can be allosterically regulated




Repressors: regulatory proteins that bind DNA and repress
transcription

Repressors have many mechanisms for repressing
transcription.

These include:
* preventing RNA polymerase from binding promoter

* inhibition of initiation reactions (e.g. transition bubble
formation, primer synthesis, promoter clearance)

Repressors are allosterically regulated**
**inducer: ligands that bind to, and inactivate, repressors

**corepressor: ligands that bind to, and activate, repressors

Activator

Ligand )
inactivation :
@ Ligand
of an Q k
Activator N\

(b} An activator stimulates transcription. In
the presence of ligand. the activator is
inhibited.

RNA polymerase

i Activator
Fig. 21.14
Ligand _
activation Sy, Pomoter - Gene
of an \/='~
Activator

y @ Ligand
Strategies for

regulating 1] A

transcription / *
mRNA -hv
5

initiation by
regulatory proteins

(@) Anactivator with bound ligand
stimulates transcription,

/ﬁ-ﬂ/ o

inactivated P @ Ligand
by binding % N\ .‘/

of an /z. 2

inducer

A repressor
is

(€} A repressor prevents transcription.
Binding of ligand (inducer) 1o the
repressor inactivates the repressor and
allows transcription,




Rcun:s{ Fig 21.17 Binding of lac repressor
z to the lac operon

A « Tetrameric lac repressor
corepressor = interacts simultaneously with :@ )
allows a @ Ligand two sites near the lac promoter 4 o
\__g‘ y

= e
Tepressor

repressor to & k » DNA loop forms
repress / v « RNA pol can still bind to the M. :
transcription promoter T~

« Binding of the lac repressor to
the lac operon is inhibited by

{d) In the absence of ligand, the repressor the inducer allolactose

does not bind to DNA. Repression
oceurs only when ligand {(corepressor)
is present.

CH.OH

Fig 21.15 Organization of the genes for proteins Fig 21.18
required to metabolize lactose: the Lac Operon

« Three coding regions of lac operon are cotranscribed from the P,,. promoter « Formation of allolactose
from lactose H OH

« lacl Is under the control of the P promoter

Laelose

Lac repressor lae operon (-1 Galactopy 11— 4)-f-t- glacopy )
I ! » NOTE: B-galactosidase
facl lacd. lacY lacA [3 9
r 1 T 1T 1 T 1 CatalyZeS bOth B Calactosidass
S T [T [ [ o hydrolysis of lactose <
\Uu . Lactose y and formation of some cinon
permease Thiogalactoside allolactose

P P, ‘B-galactosidase transacetylase

Operators: repressor binding sites
Recall lactose = Gal-B-1,4-Glc

The Lac operon encodes a poycistronic mRNA Allolactose
(-0-Galactopy ¥4 1 6




Carbon
Source

Relative transcription
from lac Operon

Reason?

Escape synthesis
(very low level)

50

Fig 21.20 (b) RNA polymerase holoenzyme binds to
the promoter and also contacts the bound
(Cont) activator, which increases the rate of
transeription initiation.
CAMP is
produced in
when =
glucose is » —— Promoter
limiting

o S

CRP-cAMP

Fig 21.20

« Transcription from the
Lac promoter occurs
in the presence of the
inducer allolactose

* However,
transcription is further
activated by binding of
CcAMP to the activator
CRP-cAMP which
converts relatively
weak promoter to a
strong promoter

(@) CRP-cAMP binds to a site near the
promoler,

RNA
polymerase
holoenzyme

oot

" Promoter

CRP-cAMP

CRP = cAMP Regulatory Protein

Fig 21.21 CAMP production

Plasma
* In the absence of Tietibrias
glucose, enzyme 111
(E1N) transfers a
phosphate group to
adenylate cyclase
leading to CRP-

A \ Addenylae

evelose

ATP

& 5 ey
Cytosol s AMP + PP,
-~
HPr e —= Pyruvale -
¥ CRP
/ “ I?/

CAMP increases Bm [7]
¢« CRP-cAMP
activates Phosphoenolpyruvate \
transcription of In the e i
other genes presence of
glucose the
* SeeFig.21.21 & phosphate is @
2122 &21.23 transferred
to glucose @

CRIMcAMP

Phosphoenolpyruvate-dependent sugar phosphotransferase system




Fig 21.21

w helix ~ ™ i helin

« Conformational changes in CRP
caused by cAMP binding |

« o-Helices of each monomer of the | camp
CAMP-CRP dimer fit into major binding
groove of DNA

¢ .\\ng_Q _CAMP

whelis _.ahelix

OO0O0

Many primary transcripts must be further
processed to be active. Such transcripts include:
tRNA, rRNA and mRNA in eukaryotes

Types of transcript processing
1. removal of nucleotides
2. addition of nucleotides
3. covalent modification of nucleotides

Thus, in some cases the mature transcript
includes different bases or modifications NOT
encoded by the corresponding gene!!

Fig 21.22 Structure of CRP-cAMP
and DNA complex

« Both subunits have a
CAMP bound at the
allosteric site

« Each subunit has an a-
helix in DNA major
groove

mRNA Processing

Prokaryote mRNA is NOT further processed. 1° transcript is
directly translated

Eukaryote mRNA IS processed: cleavage, covalent
modification, addition of nucleotides & splicing

MRNA processing steps:
5’capping; 3’ polyadenylation; splicing

Covalent modification of the ends of the transcript increases
RNA stability.




Formation of 5’cap on eukaryotic nRNA

Fig 21.27

5’ capping (7-methylguanylate-5'ppp-5'- gt e cont
MRNA) HE NG (cont)
Itransf g M ) o
o® guanyitrans erase\‘ 7 » Guanylate base is i)
T e e W methylated at N-7, Step (3) i
‘I‘ 8 ! ! * 2- Hydroxyl groups of last n—p=o
Erl Wb [y " two riboses may also be
| 7 | . ! methylated e 0. P Ly
0 (8] ~ \.\J
| m | noond
“o- "I’—“ phosphohydrolaseol" 'PI‘—U - " "
] o T &
wle ol m I Go—p=o
Fig 21.27 ' . “I\; ! d “I\; | 0
H H H ' H Il"' T
o OH o ol p'.\“ I'{I 1
FmRNA FmRNA ‘; “\ "
" mRNA
@ F -
Flg 3’ polyadenylylation of eukaryotic mRNA:
21.27 ( o OH OH * cleavage 10-20 nucleotides downstream from polyadenylation site
(cont) H N H Wi N H (AAUAAA) (CPSF binds consensus & endonuclease binds CPSF)
I'H H ™ " . . .
- - - g olyadenylation (< 250 As) by poly A polymerase — poly A tail
i .:/‘ N NH --.\”/\_. - poly y ( ) by poly A poly poly
¢ a4 NE o o {a) Polyadenylation begins when RNA polymerase 1 transeription complex synthesizes a polyadenylation
N signal a1 the 3" end of an mENA precursor.
—P=0 ) G—P=0 ‘
t', o DNA
| 3 | - template
(next slide) Ho—F=0 — Sp—p=n RNA polymerase [1 \
l methylation {l,
4 |
F—p=0
|
5] )
sy 0. Do Fig 21.28
1
H H L i
H Y H Consensus
o OH 0o sequence
(AAUAAA)
I mRNA I mENA
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CPSF = cleavage & polyadenylation
specificity factor

Fig 21.28 (cont)

(b) CPSF binds 1o the consensus sequence and forms a complex containing an RNA endonuclease. The
endonuclease catalyzes cleavage of the transcript d tream of the polyadenylation sequence. forming
anew 3 end. Poly A polymerase can then bind to the end of the mRNA precursor,

mRNA

|
Poly A

polymerase

R N N

Fig 21.29 Triose phosphate isomerase gene
(nine exons and eight introns)

Many eukaryote genes have exons &

introns
>3400 bp Site ol "
{a) Triowe phosphate cleavage and
P isomerase gene polyadenylation

L [ e 1
. . . - .
Exoné Exon 7 Exon 8 o 9

I —
Exon 4 Exon 5
Transcription Precursor RNA not
. shown
Processing

AA.-\AAWAAA"

; Translated sequence

5 g
mRENA © mGTe

Spliced mENA N

1050 bp Mature mRNA

Fig 21.28 (cont)

(¢} The endonuclease dissociates and the new 3" end of the RNA is polyadenylated
by the activity of poly A polymerase,

ATP

P.

Poly A
polymerase

Fig 21.30 Consensus sequences at
splice sites in vertebrates
GU A AG

| |
= T

Exon Splice site Intron Exon

' '

'
S A GO USAGL YN AN Y YT EYYYYN A G Gnnr3
——— 10— di nucleatides ——

5" splice site
CONSEnsus sequence

Branch site 3" splice site

CONSCISUS se(uenoe Conscnsus sequence
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Splicing takes place on : complexes of
45 proteins & 5 RNAs called small nuclear RNA
(snRNA): U1, U2, U4, U5, U6

snRNA associates with proteins — small nuclear
ribonucleoproteins (snRNPs).

Fig 21.31 (cont)

(b) The 2’-hydroxyl group is attached to
the 5” end of the intron, and the newly
created 3’-hydroxyl group of the exon
attacks the 3’ splice site.

Fig 21.31 Intron removal in mRNA precursors

(a) The spliceosome positions the adenylate
residue at the branch site near the 5’
splice site. The 2’-hydroxyl group of the
adenylate attacks the 5 splice site.

5’ i 3’
— —Av
5" splice site 3’ splice site

Fig 21.31 (cont)

(c) As aresult, the ends of the exons are
joined, and the intron, a lariat-shaped
molecule, is released.

See also Fig. 21.32
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mMRNA Processing

Prokaryote mRNA is NOT further processed. 1° transcript is
directly translated

Eukaryote mRNA 1S processed: cleavage, covalent modification,
addition of nucleotides & splicing

mMRNA processing steps
1. covalent modification of the ends of the transcript increases
RNA stability.
a) 5'end modification: capping (7-methylguanylate-5'ppp-5'-
mMRNA)
b) 3' end modification :

* cleavage 10-20 nucleotides downstream from polyadenylation
site (AAUAAA) (CPSF binds consensus & endonuclease
binds CPSF)

* polyadenylation (< 250 As) by poly A polymerase — poly A
tail

2. splicing: removal of some internal pieces (introns) of the 1°
transcript and rejoining of the remaining pieces (exons).

Junctions between introns and exons = splice sites.
Splice sites have consensus 5', 3' and branch sequences
required for splicing.

Splicing takes place on spliceosomes: complexes of 45
proteins & 5 RNAs called small nuclear RNA (snRNA): U1,
U2, U4, U5, U6

snRNA associates with proteins — small nuclear
ribonucleoproteins (SNRNPs).

Fig 21.32 Formation of a spliceosome

(a) As soon as the 57 splice site exits the ranseription complex, a Ul snRNP binds 1o it.

————RNA polymerase 11

Sl - i Ul snRNP
mRNA \’
(exon)

13



Fig 21.32 (cont)

{b) Next, a U2 snRNP binds to the branch site within the intron.

U2 snRNP

Ul snRNP

Fig 21.32 (cont)

(c) When the 37 splice site emerges from the transcription complex, a US snRNP hinds,
and the complete spliceosome assembles around a U4/U6 snRNP.

Intron

¥
s 4
5 splice site < mRNA (cxon)
mRNA
{exon)

Ul snRNP
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