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‘Compare and contrast’
transcription in prokaryotes and eukaryotes

A chromosome is a very long molecule of DNA u:\:

The chromosome
contains many genes

Il
"

Each gene is
part of a continuous
sequence of DNA

NINININININI

Start of gene End of gene

CATATAAGGTGAGGTAGGATCAGTTGCTCCTCACAATGC
GTATATTCCACTCCATCCTAGTCAACGAGGAGTGTTACG

Figure 02.01: Each chromosome has a single long molecule of DNA within which are the
sequences of individual genes.
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2.2 Most Genes Encode Polypeptides

 Ribosomal RNAs, tRNAs and ribosomal proteins are the
most highly-expressed gene products

« The one gene : one enzyme hypothesis summarizes
the basis of modern genetics: that a gene is a stretch of
DNA encoding one or more isoforms of a single
polypeptide chain. (Beadle and Tatum)

 one gene: one polypeptide hypothesis — A modified
version of the not generally correct one gene : one
enzyme hypothesis; the hypothesis that a gene is
responsible for the production of a single polypeptide.
(Vernon Ingram, 1957)
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2.10 Bacterial Genes Are Colinear with
Their Proteins

* Abacterial gene | @@ @
c . Wild-type protem@i The) 1 Ser
consists of a continuous
length of 3N nucleotides I’“m'”°"’°"’ma"°””§§'“ 1[ 11
that enCOdeS N am|no —Distance between mutations

aC|dS \Y/ {Recomblnatlon map&f@en&\_{&/"\l
’\3 Mutant protein Cys J \3 @

P9 ®
The gene is colinear | @ e
with both its mRNA and I
polypeptide product, o same positon ot sas plaino

i e nointrons Figure 02.12: The recombination map of
the tryptophan synthetase gene
corresponds with the amino acid

sequence of the polypeptide.
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2.11 Transcription and translation are Required to
Express the Product of a Gene

Each mRNA consists of a untranslated 5" region (8" UTR
or leader), a coding region, and an untranslated 3' UTR
or trailer. Eukaryotes have introns and pre-mRNA
process ing to make longer-lasting mRNAs.

AININAININININININIS

5'UTR l 3'UTR
5'[\/ ‘\/13' RNA

|
Length of RNA defines region of gene

N

2%’ C Protein
| |

|
Protein defines coding region

Figure 02.14: The gene is usually longer than the sequence encoding the polypeptide.
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26.1 Introduction

« coupled transcription/translation — The phenomena in
bacteria where translation of the mRNA occurs
simultaneously with its transcription (40 nucleotides /sec,
2.4 kb / minute). In eukaryotes transcription and
translation are separated to nucleus and cytoplasm.

« Bacterial mMRNA has the bare 5’ triphosphate from
transcription-initiation and ribonucleases ,5’-> 3’,
exonucleases, rapidly degrade mRNA behind
translating ribosomes
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26.2 Operons, in prokaryotes only, are Structural Gene
Clusters that Are Coordinately Controlled

« (Genes coding for proteins that function in the same
pathway may be located adjacent to one another and
controlled as a single unit that is transcribed into a
polycistronic mRNA.

lacl t PO lacZ lacY lacA t
DNA \!\!\I\I\I\I\I\I\I NINININININININININSL
1040 82 3510 780 825
MRNA
Protein Repressor -galactosidase Permease Transacetylase

Figure 26.05: The lac operon occupies ~6000 bp of DNA.

Copyright © 2013 by Jones & Bartlett Learning, LLC an Ascend Learning Company
www.jblearning.com



Lewin XI

Chapter 19
Prokaryotic Transcription
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19.1 Introduction

« Transcription is 5'to 3' on a template thatis 3'to 5'.

« coding (nontemplate) strand — The DNA strand that
has the same sequence as the mRNA and is related by

the genetic code to the protein sequence that it
represents.

 RNA polymerase — An enzyme that synthesizes RNA

using a DNA template (formally described as a DNA-
dependent RNA polymerase).

ymplate stre
/ /’ 5'TACGCGGTACGGTCAATGCATCTACCT
\‘ \,\ 3'ATGCGCCATGCCAGTTACGTAGATGGA
Template strand
Figure 19.01: The function of RNA
RNA sequence is .
TRANSCRIPTION  complementary to template strand l polymerase is to copy one strand of

identical to coding strand duplex DNA into RNA

RNA transcript
= 5'UACGCGGUACGGUCAAUGCAUCUACCU
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19.1 Introduction

promoter — Aregion of DNA
where RNA polymerase binds to

Initiate transcription.

Start point — The position on
DNA corresponding to the first
base incorporated into RNA.

terminator — A sequence of DNA
that causes RNA polymerase to

terminate transcription.
transcription unit — The

sequence between sites of
Initiation and termination by RNA
polymerase; it may include more

than one gene.

e-&

Start point

1 T

Fi’ronlwote]r Terminator
-35-10-1+1 +10

< =
Upstream  Downstream

Figure 19.02: A transcription unit is a

sequence of DNA transcribed into a

single RNA, starting at the promoter
and ending at the terminator.
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19.2 Transcription Occurs by Base Pairing

ina “Bub

nle” of Unpaired DNA

Ll

i1l

11

Ll

o
DNA is melted l
5" ,( 11 7] P N 3 Enzyme movement
: { <=Transcription bubble-)l
vl / L1 Rewinding point DNA coding strand
RNA synthesis l Coding strand Unwinding point
initiates in bubble | '
M ) 1 1), N/ NV S
RNA =
3/ l / , -J—I.s’
DNA template strand
RNA chain l Temp|ate strand CatalytIC Slte
ie:axtended RNA binding site
PP (][ 11111]1]) N . _ o
1P 5 4 1 Figure 19.05: During transcription, the
8 <’| L1 ] :I ] i | |‘>> o bubble is maintained within bacterial

Figure 19.03: DNA strands separate to

RNA polymerase.

form a transcription bubble. RNA is
synthesized by complementary base
pairing with one of the DNA strands. Copyright © 2013 by Jones & Bartlett Learning, LLC an Ascend Learning Company
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19.3 The Transcription Reaction Has
Three Stages

 RNA polymerase Initiates transcription (initiation) after
opening the DNA duplex to form a transcription bubble
(the open complex).

* During elongation the transcription bubble moves along
DNA and the RNA chain is extended in the 5' >3’
direction by adding nucleotides to the 3’ end.

« Transcription stops (termination) and the DNA duplex
reforms when RNA polymerase dissociates at a
terminator site.
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19.3 The Transcription Reaction Has

INITIATION
Template recognition: RNA polymerase binds to duplex
DNA

BUA INNININININ
DNA is unwound at promoter

@m&m&m

Very short chains
are synthesized and released

g@?ﬂ&ﬂ?&w\o\

ELONGATION:
Polymerase synthesizes RNA

M?A@?A\?;\o\a\

TERMINATION:
RNA polymerase and RNA are released
BONININININININININ

Three Stages

* Transcription initiation

 RNA polymerase binds to a
promoter site on DNA to form
a closed complex.

* RNA polymerase initiates
transcription (initiation) after
opening the DNA duplex to
form a transcription bubble
(the open complex).

Figure 19.06: Transcription has three stages.
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19.17 Negative Supercoiling facilitates Transcription
and transcription affects supercolling

« Negative supercoiling increases the efficiency of some
promoters by assisting the melting reaction.

« Transcription generates positive supercoils ahead of the
enzyme and negative supercoils behind it, and these
must be removed by gyrase and topoisomerase.

(Negative Transcribing Overwound
supercoils) DNA (Positive supercoils)

<X, W Figure 19.34: Transcription

generates more tightly wound DNA

OpoIEamErIsa Gyrase N ahead of RNA polymerase.
relaxes negative introduces positive
supercoils supercoils

DNONPNPNPNPNY

Duplex DNA (10.4 bp/turn)
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19.4 Bacterial RNA Polymerase Consists of
Multiple Subunits

Gene Product Functions

rpoA 2 a subunits T enzyme assembly
(37 kD each) @ promoter recognition

binds some activators

rpoB B subunit / %
(151 kD)

rpoC B’ subunit ’
(155 kD)

rpoD o subunit
(18-70 kD) 3 promoter specificity

rpoZ  ® subunit
(10 kD)

E. coli enzyme
= 460 kD

— catalytic center

Figure 19.07: Eubacterial RNA
polymerases have five types of
subunits.

holoenzyme — The RNA polymerase form
that is competent to initiate transcription. It
consists of the five subunits of the core
enzyme and o factor.

Bacterial RNA core polymerases are ~400 kD
multisubunit complexes with the general
structure a,BB'w.

Catalysis derives from the 3 and ' subunits.

CTD (C-terminal domain) — The domain of
RNA polymerase that is involved in
stimulating transcription by contact with
regulatory proteins.
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19.4 Bacterial RNA Polymerase Consists of
Multiple Subunits

Main
channel

B

Figure 19.08: The upstream face of the core
RNA polymerase, illustrating the ‘crabclaw’
shape of the enzyme.

Adapted from K. M. Geszvain and R. Landick (ed. N. P.

Figure 19.09: The structure of the RNA
polymerase core enzyme for the
bacterium Thermus aquaticus.

Structure from Protein Data Bank 1IHQM. L.
Minakhin, et al., Proc. Natl. Acad. Sci. USA 98 (2001):
892-897.

Microbiology, 2004.
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19.5 RNA Polymerase Holoenzyme
Consists of the Core Enzyme and
Sigma Factor

Core enzyme binds to any DNA

,';w\x\z\a\m '

Sigma destabilizes nonspecific binding

VIENGENENGENGENGENGENGENGRNS

Holoenzyme binds to promoter
AV A= AVAVAVAVAY

Figure 19.10: Core enzyme binds
indiscriminately to any DNA.

Bacterial RNA polymerase can
be divided into the a,3B'w core
enzyme that catalyzes
transcription and the o subunit
that is required only for
Initiation.

Sigma factor changes the
DNA-binding properties of RNA
polymerase so that its affinity
for general DNA is reduced and
its affinity for promoters is
Increased.
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19.7 The Holoenzyme Goes Through
Transitions in the Process of Recognizing and

Escaping from Promoters

Initiation complex contains sigma
and covers ~75 bp

=50 —-40 -30 =20 =10 1 +10 +20 +30

Initial elongation complex forms at 10 bases, may
lose sigma, and loses contacts from —35 to =55

-50 —40 -30 -20 -10 1 +10 +20 +30

General elongation complex
forms at 15—20 bases and covers 30—40 bp

-50 —40 -30 =20 =10 1 +10 +20 +30
Figure 19.13: RNA polymerase initially contacts the region from —55 to +20.
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19.7 The Holoenzyme Goes Through
Transitions in the Process of Recognizing and
Escaping from Promoters

(a) o region 4 —-35 hexamer

o region 3

Tﬁ —10 hexamer

Upstream Template 1/
DNA strand
Non template
i er® Downstream strand
Mg? =)
o region 3.2 3 9@\ -
chazromel o region 1.1 :
RP RP. L
c ( >
(b) TEC

Figure 19.12: RNA polymerase passes through several steps prior to elongation.

Copyright © 2013 by Jones & Bartlett Learning, LLC an Ascend Learning Company
Adapted from S. P. Haugen, W. Ross, and R. L. Gourse, www.jblearning.com
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19.7 The Holoenzyme Goes Through
Transitions in the Process of Recognizing
and Escaping from Promoters

« ternary complex — The complex in initiation of
transcription that consists of RNA polymerase and DNA
as well as a dinucleotide that represents the first two
bases in the RNA product.

 There may be a cycle of abortive initiations before the
enzyme moves to the next phase.

« Sigma factor is usually released from RNA polymerase
when the nascent RNA chain reaches ~10 bases in
length.
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19.8 Sigma Factor Controls Binding to DNA
by Recognizing Specific Sequences Iin
Promoters

e conserved sequence — Sequences in which many
examples of a particular nucleic acid or protein are
compared and the same individual bases or amino acids
are always found at particular locations.

« A promoter is defined by the presence of short
consensus sequences at specific locations.
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19.8 Sigma Factor Controls Binding to DNA
by Recognizing Specific Sequences Iin
Promoters
* The promoter consensus sequences usually consist of a

purine at the start point, a hexamer with a sequence
close to TATAAT centered at ~ —10 (10 element or

Pribnow box), and another hexamer with a sequence
similar to TTGACA centered at ~—35 (-35 element).

 Individual promoters usually differ from the consensus at
one or more positions.
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19.8 Sigma Factor Controls Binding to DNA by
Recognizing Specific Sequences in Promoters

 The a subunit also contributes to promoter recognition.
« Promoter efficiency can be affected by additional elements as well.

« UP element — A sequence in bacteria adjacent to the promoter,
upstream of the —35 element, that enhances transcription.

o region o region o region o region
o«CTD oCTD 4.2 3.0 2.3-2.4 1.2

DNA =—

UP element -35 Ext -10 Dis +1

Figure 19.14: DNA elements and RNA polymerase modules that contribute to promoter
recognition by sigma factor.

Adapted from S. P. Haugen, W. Ross, and R. L. Gourse, Nat. Rev. Copyright © 2013 by Jones & Bartlett Learning, LLC an Ascend Learning Company
Microbiol. 6 (2008): 507-519. www.jblearning.com



19.9 Promoter Efficiencies Can Be
Increased or Decreased by Mutation

« Down mutations to decrease promoter efficiency
usually decrease conformance to the consensus
sequences, whereas up mutations have the opposite
effect.

« Mutations in the —35 sequence can affect initial binding
of RNA polymerase.

« Mutations in the —10 sequence can affect binding or the
melting reaction that converts a closed to an open

complex.
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19.10 Multiple Regions in RNA Polymerase
Directly Contact Promoter DNA

» The structure of 67% changes when it associates with core enzyme, allowing
its DNA-binding regions to interact with the promoter.

* Multiple regions in 070 interact with the promoter.
« The a subunit also contributes to promoter recognition.

DNA-binding domains \ :
AAA -
N-terminal region binds 1 l / 9 ,C Protein
Ar‘ j‘

DNA-binding domains
in free sigma

N-terminal region

DNA displaces N-terminus
when complex forms

with DNA \,/,\I,\/,\{,’ Position -13-12-11-10-9-8-7

Figure 19.17: Amino acids in the 2.4
N-terminal region -helix of 070 contact specific bases in
Figure 19.18: The N-terminus of sigma blocks the coding strand of the —10
the DNA-binding regions from binding to DNA. promoter sequence.
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Much greater discrimination between base pairs is possible
from the major groove side.

major groove major groove

N_.—o—'—
A / A
H

D

minor groove

minor groove

major groove major groove

D A M M A D
H H
\N e H ||||||| O}f@an C H3 LLITTITY H""——N/
N 5 5 4
7 & \\ / T
[5 N T T N—_ ]
N /BA:\N """ " >]2_,N N‘i{ H'""'N’:Aa\ N
Nf’< \ / #N AN
/ . L
A H A A H A

minor groove minor groove

FIGURE 6-10 cChemical groups exposed
in the major and minor grooves from the
edges of the base pairs. The |etters in red
identify hydrogen bond acceptors (A), hydrogen
bond donors (DY), nonpclar hydrogens (H), and
methyl groups (V).

)any
:om



19.10 Multiple Regions in RNA Polymerase
Directly Contact Promoter DNA

I Il [l | l

1 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420

IR ST VS I N (G S (O ([ ) V| A [ S (O ) ) ) () () [N S S [ I N O | N [ N [ _L |

N - — C
1.1 1.2 2.1 |[22 |28 24 25 ’ -!- w

(YA "y //

> \
LA

¢

HtH4

_((

> 2 K > ,
/ .\.‘l_ >M%- ' { {\\‘\ ' B

2N
'/

G. Vassylyey, et al., Nature 417 (2002): 712-

Structure from Protein Data Bank 1IW7. D.
719.

Figure 19.16: The structure of sigma factor in the context of the holoenzyme:-10 and -35

interactions.

lllustration adapted from D. G. Vassylyey, et al., Copyright © 2013 by Jones & Bartlett Learning, LLC an Ascend Learning Company
Nature 417 (2002): 712-719. www.jblearning.com



19.11 RNA Polymerase—Promoter and DNA-
Protein Interactions Are the Same for Promoter
Recognition and DNA Melting

RNA polymerase-promoter complex Isolate DNA and

il ¢+  Gabik - footprinting — A technique
j i — for identifying the site on |
,@\N{‘_, . DNA bound by some p_roteln
P ) by virtue of the protection of

o bonds in this region against
5?\'@\?\1’\ — VAVAYAYA ‘\,..
attack by nucleases.

\@\,_}7

DNA labeled at
one end of one strand

’
@

ELECTROPHORESIS

__ Farthest from
labeled end

EXPERIMENTAL
GEL

CONTROL
GEL

DNA not bound
to polymerase

nasbandsat  Figure 19.21: Footprinting identifies DNA-binding sites

Missing bands
identify

R ) positions . . . . . .
Cndnpie corresponding for proteins by their protection against nicking.
to breakage of
e every bond
— i — Copyright © 2013 by Jones & Bartlett Learning, LLC an Ascend Learning Company

labeled end www.jblearning.com



19.11 RNA Polymerase—Promoter and DNA-
Protein Interactions Are the Same for Promoter
Recognition and DNA Melting

The consensus sequences at —35 and —10 provide most
of the contact points for RNA polymerase in the promoter.

The points of contact lie primarily on one face of the DNA.

Melting the double helix begins with base flipping within
the promoter.

—35 sequence -10 sequence Start point

} borbbbl b
R 122222 | W L AA'TXXXXé !

TTGACA TAT. Coding strand

IIIIII I IMIII IUnwmdmg

AACTGT ATA Template strand

ft Pt rraxxxx& .
i K Figure 19.22: One face of the promoter

Most points of contact lie on one face of DNA (on the nontemplate strand)

SINNININGN\

i Modifications that prevent RNA polymerase from binding

contains the contact points for RNA.

l Sites where RNA polymerase protects against modification
right © 2013 by Jones & Bartlett Learning, LLC an Ascend Learning Company

i Mutations that abolish or reduce promoter activity bl :
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19.12 Interactions
Between Sigma Factor
and Core RNA
Polymerase Change
During Promoter
Escape

= Core enzyme
* stored on DNA

-

* Sigma factor
= associates

= with

: core enzyme

H

= Holoenzyme
* moves to

« promoters

-

E Core enzyme
= synthesizes
* RNA

VANGENGENVENGRNG 7o

= and is
* released
seuua®

Figure 19.24: Sigma factor and core
enzyme recycle at different points in
transcription.
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19.12 Interactions Between Sigma Factor
and Core RNA Polymerase Change During
Promoter Escape

« Adomain in sigma occupies the RNA exit channel and
must be displaced to accommodate RNA synthesis.

« Abortive initiations usually occur before the enzyme
forms a true elongation complex.

« Sigma factor is usually released from RNA polymerase
by the time the nascent RNA chain reaches ~10 nt in

length.

Copyright © 2013 by Jones & Bartlett Learning, LLC an Ascend Learning Company
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19.7 The Holoenzyme Goes Through
Transitions in the Process of Recognizing and
Escaping from Promoters

(a) o region 4 —-35 hexamer

o region 3

Tﬁ —10 hexamer

Upstream Template 1/
DNA strand
Non template
i er® Downstream strand
Mg? =)
o region 3.2 3 9@\ -
chazromel o region 1.1 :
RP RP. L
c ( >
(b) TEC

Figure 19.12: RNA polymerase passes through several steps prior to elongation.

Copyright © 2013 by Jones & Bartlett Learning, LLC an Ascend Learning Company
Adapted from S. P. Haugen, W. Ross, and R. L. Gourse, www.jblearning.com
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26.8 lac Repressor Binding to the Operator
represses transcription simply by blocking
RNA polymerase binding to the lac promoter

 |ac repressor protein binds to the double-stranded DNA
sequence of the operator.

 The operator is a palindromic sequence of 26 bp.

« Each inverted repeat of the operator binds to the DNA-
binding site of one repressor subunit.

mRBNA

TGTTGRGHEGGC AATTGAGAGEGGGATAACAATTTCACACA
ACAACACACCTTAACACTCGCETATT GRFAAAGTEGTERGT

-10 -5 +1 +5 +10 +15 +20 +25

|

Axis of symmetry

Figure 26.17: The lac operator has a symmetrical sequence.
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19.19 Replacement of/Competition for
Sigma Factors Can Regulate Initiation

Holoenzyme with o’ recognizes
one set of promoters

« E. coli has seven sigma
factors, each of which causes
RNA polymerase to initiate at a
set of promoters defined by
specific =35 and -10
sequences.

Substitution of sigma factor
causes enzyme to recognize
a different set of promoters Figure 19.36: The sigma factor associated with

core enzyme determines the set of promoters
at which transcription is initiated.

Copyright © 2013 by Jones & Bartlett Learning, LLC an Ascend Learning Company
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19.19 Replacement of/ Competition for
Sigma Factors Can Regulate Initiation

* The activities of the different sigma factors are regulated
by different mechanisms.

e anti-sigma factor — A protein that binds to a sigma
factor to inhibit its ability to utilize specific promoters.

Figure 19.37: In addition

induced by particular
environmental
conditions.

Gene Factor Use

oD ¢’ most required functions

rpoS o stationary phase/some stress responses  to 70, E. coli has several
rpoH — ¢32 heat shock sigma factors that are
rpoE ot periplasmic/extracellular proteins

rpoN o4 nitrogen assimilation

rpoF o flagellar synthesis/chemotaxis

fecl g'ec iron metabolism/transport

Copyright © 2013 by Jones & Bartlett Learning, LLC an Ascend Learning Company
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19.19 Replacement of/ Competition for
Sigma Factors Can Regulate Initiation

 Heat-shock response — A set of loci that Is
activated in response to an increase In
temperature that causes proteins to denature
(and other abuses to the cell).
— All organisms have this response.

— The gene products usually include chaperones that
act on denatured proteins.

Copyright © 2013 by Jones & Bartlett Learning, LLC an Ascend Learning Company
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19.15 Bacterial RNA Polymerase
Terminates at Discrete Sites

« There are two classes of terminators: Those
recognized solely by RNA polymerase itself
without the requirement for any cellular factors
are usually referred to as “intrinsic
terminators.”

— Others require a cellular protein called rho and are
referred to as “rho-dependent terminators.”

Copyright © 2013 by Jones & Bartlett Learning, LLC an Ascend Learning Company
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19.15 Bacterial RNA Polymerase
Terminates at Discrete Sites

Almost all
sequences required
for termination

are in transcribed

region
| ! |
kmm@
Figure 19.28: The DNA sequences required
Hairpm\m RNA for termination are located upstream of the
may be required terminator sequence.

RNA polymerase and RNA are released

PAVAVAVAVAVAVAVAVAVAV

Copyright © 2013 by Jones & Bartlett Learning, LLC an Ascend Learning Company
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19.15 Bacterial RNA Polymerase
Terminates at Discrete Sites

G U
A U
Intrinsic termination requires recognition u 3
. . G G
of a terminator sequence in DNA that D A

codes for a hairpin structure in the
RNA product. The highly-transcribed
rRNA transcripts (rrn operon) and tRNA
operons terminate this way too.

The signals for termination lie mostly
within sequences already transcribed
by RNA polymerase, and thus
termination relies on scrutiny of the
template and/or the RNA product that
the polymerase is transcribing.

May require NUsA protein that contacts

G-C-rich region in stem

Single-stranded U-run

PPC 0000 OCCO 000C
CCPOONOCCCOH O OO0

GC uuuuuuu

alpha subunit replacing replacing F-igure 19.29: Intr|n§|c te.rmlnators
sigma. NusA is the only other factor include palindromic regions that
conserved in eukaryotes. form hairpins varying in length

from 7 to 20 bp.
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19.15 Bacterial RNA Polymerase
Terminates at Discrete Sites

e readthrough — It occurs at transcription or translation
when RNA polymerase or the ribosome, respectively,
Ignores a termination signal because of a mutation of the
template or the behavior of an accessory factor.

e antitermination — A mechanism of transcriptional control
In which termination is prevented at a specific terminator
site, allowing RNA polymerase to read into the genes
beyond it. Lambda phage N and Q proteins.

Copyright © 2013 by Jones & Bartlett Learning, LLC an Ascend Learning Company
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19.16 How Does Rho Factor Work?

RNA polymerase transcribes DNA

Rho attaches 1o rutite on RNA * Rho factor is a protein that binds to

,gmm@v{@@w\@ nascent RNA and tracks along the RNA
| to interact with RNA polymerase and

release it from the elongation complex.

* rut — An acronym for rho utilization site,
f% — the sequence of RNA that is recognized
RNA polymerase pauses at hairpin and by the rhO termlnatlon faCtor

rho catches up
DUAVAVAVAVAY A i N

Rho translocates along RNA

PVAVAVAVAVAV § N

Rho unwinds DNA—RNA hybrid

’&\‘5\4\‘\4\‘%\/\“ Figure 19.30: Rho factor binds to RNA at a rut
site and translocates along RNA until it reaches

the RNA-DNA hybrid in RNA polymerase.

Termination: all components released

PAVAVAVAVAVAVAVAVAVAY L

@ e Copyright © 2013 by Jones & Bartlett Learning, LLC an Ascend Learning Company
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19.16 How Does Rho Factor Work?

« Mutation polarity — The effect of a mutation in one gene
In influencing the expression (at transcription or
translation) of subsequent genes in the same transcription

unit.

WILD-TYPE

NONSENSE MUTANT

Ribosomes
mﬂ impede rho

attachment

and/or

movement

w Rho attaches

N but ribosomes
impede its
movement

A‘Zﬁ

w77 lranscription
RV { continues

Ribosomes
dissociate
at mutation

S

=
e

Rho obtains —
access to t\ﬁ

RNA
Transcription NN

polymerase

terminates

prematurely J—— .
:-5—':::’ \i'\\‘: $

Figure 19.33: The action of rho factor
may create a link between transcription
and translation.
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Molecular Genetics 3 Lecture 5 4.10.11

Transcription in eukaryotes.

Eukaryotes, RNA polymerases and RNA pol. Il promoters.
Transcription initiation by RNA pol. Il.

Liam Keegan
MRC Human Genetics Unit, Western General Hospital, Edinburgh
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Eukaryotic total RNA.
Ribosomal RNAs and tRNAs are major bands, mRNA is a
smear on denaturing gel stained with Ethidium Bromide.

W

— = NNW AU O
Lt

o
n

Figure 1. Intact vs. Degraded RNA. Two pg of degraded total RMNA and intact total RNA were
run beside Ambion's RMA Millennium Markers™ on a 1,.5% denaturing agarose gel, The 185

and 285 ribosomal RNA bands are clearly visible in the intact RNA sample. The degraded RNA
appears as a lower molecular weight smear,
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* Eukaryotic RNA Polymerases

Three nuclear RNA polymerases (E. coli has only one).

RNA pol T (in nucleolus)
transcribes rRNA genes — 50 - 70 % cell's RNA synthesis
resistant to > 500 ug/ml a-amanitin, an octapeptide from
Amanita phalloides (Death Cap Mushroom) that grows near Oak trees.

RNA pol IT (in nucleoplasm)
transcribes all protein-encoding genes & most small nuclear RNAs
— 20 - 40% cell's RNA synthesis
inhibited by low ~ 0.03 pg/ml a-amanitin

RNA pol IIT (in nucleoplasm)
transcribes 5S, tRNA genes & some small nuclear RNAs
— < 10% cell's RNA synthesis
inhibited by 20 ug/ml a-amanitin in animal cells

resistant to o-amanitin in yeast and insects
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Eukaryotic RNA polymerases are similar to that of E. coli
but have 12 subunits.

E. colicore Eukaryotic
RNA polymerase RNA polymerases
(3 ')

| I I W
' ' ‘ [}' and
[EIB f f-like subunits
~CTD

|
’—\ - ‘ 'Ik
@ P> = <P ol

L

® o o
® & ©
A, ¢

<> i\ /\A/\ . Common

P ™ @D ~ subunits

H B B

HE B B |
3 Additional

+5 +4 +7 r enzyme-specific
/' subunits
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20.2 Eukaryotic RNA Polymerases Consist
of Many Subunits

kD Related to bacterial subunit 3’
2001 Sl Binds DNA
Has CTD = (YSPTSPS)n
[yeast n = 26; mouse n = 52]
2 8
100 \ Related to bacterial subunit B
Binds nucleotides

50
- - Related to bacterial subunit «
s
Common to all three polymerases
o5 Common to all three polymerases
- Common to all three polymerases
-
-

Figure 20.02: Some subunits are
common to all classes of eukaryotic RNA
polymerases and some are related to
bacterial RNA polymerase.

All eukaryotic RNA
polymerases have ~12

subunits and are complexes
of ~500 kD.

Some subunits are common
to all three RNA
polymerases.

The largest subunit in RNA
polymerase Il has a CTD
(carboxy-terminal domain)
consisting of multiple repeats
of a heptamer.
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Archaebacteria have RNA polymerase with
eukaryote-like subunits.

fechags Fukaya — Baclera Of the Eukaryotic genes that can be

CRUAPT RNAPIT RNAP traced back to such ancient origins
- 70% come from Eubacteria and 30%
<> = come from Archaea.

127.0

The 30% that are most related to

Archaea include proteins involved in
. 5 nuclear processes.
:  Rebd

Eukaryotic RNA polymerase subunits,

tn
‘x il ‘ . y . .°

TATA _blndlng protein (TBP), TFIIB
Rpid and histones have Archaeal

11.1 Rpb11

9.3 homologs.

8.2 Reb12

6.0 ' & J Biol Chem. 2006 Oct 13;281(41):30581-92. Epub 2006 Aug 1.

5.8 Protein-protein interactions in the archaeal transcriptional machinery: binding
FIGURE 1. Homologous subunits of RNAP from the three domains of life. studies of isolated RNA polymerase subunits and transcription factors.
The subunit pattern of the RNAP from P. furiosus, pol Il of S. cerevisiae and of Goede B, Naii S, von Kampen O, ”q K, Thomm M.

the E coli enzyme are shown. ldentical colors indicate homology. Note that
subunit Rpb1 of eukaryotes is split in Archaea into the two polypeptides, A’
and A". Subunit « of the E. coli RNAP is homologous to a part of subunit D of
Archaea and of Rpb3 of yeast and to subunits L and Rpb11. The molecular
mass of the subunits of Pyrococcus RNAP is indicated to the Jeft.
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20.3 RNA Polymerase | Has a Bipartite
Promoter

G-C—rich A-T—rich nowartpoint

Upstream promoter element Core promoter
-170 -160 -150 -140 -130 -120 -110 —-40 -30 -20 -10 +10 +20

UBF binds to upstream promoter element

ANIAINININININININININI

RNA polymerase | holoenzyme includes core binding factor (SL1)
that binds to core promoter

| TBP
AN 2 w@A\&M

Figure 20.03: Transcription units for_-RNA polymerase | have a core promoter separated by

~70 bp from the upstream promoter element.
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20.3 RNA Polymerase | Has a Bipartite
Promoter

« SL1 includes the factor TATA-binding protein (TBP)
that is involved in initiation by all three RNA
polymerases.

 RNA polymerase | binds to the UBF1-SL1 complex at the
core promoter, or arrives already associated with it.
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20.4 RNA Polymerase Ill Uses Downstream
and Upstream Promoters

 RNA polymerase lll has two types of promoters.

* Internal promoters have short consensus sequences
located within the transcription unit and cause Initiation
to occur at a fixed distance upstream.

* Upstream promoters contain three short consensus
sequences upstream of the start point that are bound by
transcription factors.

Type 1 Start point

/f\’f\’/‘\?\’/‘\’/’T’/"\’I\-’I\’i\
: boxA boxC

Type 2 —— Figure 20.04: Promoters for RNA

SININNGINGNGENENGENGING polymerase Ill. 5S RNA, tRNAs,
boxA boxB

Type 3 SNRNAs
C/AVAYVAVAYVAYVAVAVAVAY AN

Oct PSE TATA
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20.4 RNA Polymerase Il Uses Downstream
and Upstream Promoters

Start point

IENGNGENGINGENGINGINGR

boxA boxB
TF,C TF,C

"/ W i A\

/s VAVAV AV AVAY

Pol Il

o (@B

Figure 20.05: Internal
type 2 pol llI
promoters.

AN

TENEN

Startpoint

ENENGENPNG

boxA boxC
TFyA

ENENG. NG

WAENGNGENGEN.

TF,;B

7
s

7
L7

7
L/

Figure

LY L

NN

QESPNGPNGP N
20.06: Internal

type 1 pol I

e assembly factors —

Proteins that are
required for formation
of a macromolecular
structure but are not
themselves part of
that structure.

TF A and TF;C bind
to the consensus
sequences and
enable TF;B to bind
at the startpoint.

romoters.
P éopyright © 2013 by Jones & Bartlett Learning, LLC an Ascend Learning Company
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20.4 RNA Polymerase Ill Uses Downstream
and Upstream Promoters

 TFuB has TBP as one subunit and enables RNA
polymerase to bind.

« preinitiation complex — The assembly of transcription
factors at the promoter before RNA polymerase binds in
eukaryotic transcription.
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Transcription of protein-coding mRNAs
by RNA polymerase Il.

Defining RNA polymerase Il
promoters.
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Promoters for protein-coding transcripts.

 The TATA box is a common component of RNA polymerase Il promoters
— It consists of an A-T-rich octamer located ~25 bp upstream of the startpoint.

e The DPE is a common component of RNA polymerase |l promoters that do not contain a TATA box.

* A core promoter for RNA polymerase Il includes:
— thelnR
— either a TATA box or a DPE

Startpoint

TATAA .....Nag.oo.. YYCAYYYYY .....Npg...... AGAC

TATA box Inr DREE

Core promoter
containing TATA

h ﬁ

TATA-less
core promoter
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 hnRNA/pre-mRNA processing

A typical eukaryotic mRNA:

OS'COAP i eeeeeeeeeeees AAAAAAAAAN
nonfransiated coding long 3' frailer n =100-200
leader <300nt often >1000nt

7-methyl-Guanosine cap and polyA tail protect eukaryotic mRNA
against exonucleases and make it much more long-lived than
prokaryotic mRNA (Lecture 7).
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polyA+ RNA purification and old fashioned cDNA synthesis

»~
X
mRNA ppaw
p
N

Mixture of cytoplasmic RNAs

Mix under
hybridization

conditions

o

RS0
7SI R

TTTT

TTTT

TTTT

TTTT

QOligo-dT matrix

AAAAAA

O]
TTTT

TTTT

TTTT

Wash away rRNA
and tRNA

Elute column
in low-salt buffer

5" e~ AAAAAA

por®
A

/*

Purified mRNA preparation

HMA y i
o . | -L:-I-,,r[..b.] Lail
AAA A AN A A
TTTT
Viral reversea

transcriptase Oligo{dT) primer

HMA
g
AAAAANAA
TTTT
cOMA
Hairpin loop
MatH
TTTT
DMA polymerase |
cOMA

51 nucleass
[single-strand-specific)

Double-stranded cDMNA

Second strand initiation depended on random hairpin ends on first strand cDNA. Inefficient.
Newer methods of cDNA synthesis use random primers to initiate second strand synthesis.
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Mapping transcripts and transcription
start sites.
PolyA and Cap uses in cDNA cloning.

Especially in the early days cDNA synthesis using oligo-dT primer and reverse
transcriptase allowed cDNA clones to be obtained that covered most of the
transcript sequence but cDNA clones often failed to reach 5’ end of transcript.

Ribo depletion is used instead of poly A + RNA isolation now. Ribodepletion uses
beads with probes homologous to rRNA to remove ribosomal RNA from total
RNA for sequencing. Nowadays, getting full length cDNA is sometimes improved
by using an antibody to Cap to enrich in full length mRNAs first. (Newer Cap-
selected cDNA libraries for genome sequencing projects.)

Next Generation Sequencing is now completing analysis of transcriptomes (total
genome-wide RNA sets). To see where RNA-binding proteins are located RNA
immunoprecipitation seq (Rip Seq, like Chlp Seq for DNA-binding proteins)) is
used.
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General transcription factors are
required by RNA polymerase Il to
recognize promoters.
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24.7 Accurate initiation by RNA Polymerase |l
in S100 nuclear extracts in vitro.

e Purified RNA polymerase would not initiate transcription
correctly at a promoter on a DNA fragment without additional
factors. It would start at the end of a linearized DNA fragment
and transcribe from there. Adding an S100 nuclear extract
allowed accurate initiation at promoters. First nuclei are
purified from cultured human Hela cells on a sucrose density
gradient. Then nuclei are lysed and a clear supernatant
obtained after 100,000 G centrifugation.

* RNA polymerase |l requires general transcription factors (called
TFIIX) to recognize promoters and to initiate transcription at the
correct starting site.
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Radiolabeled runoff transcripts show accurate initiation of
new transcripts at promoter in nuclear extract in vitro.

Lo T ! L,

Initiation site
205 nt

wﬁ*

Hindlll l |
430 nt
Xmmalll l l
580 nt

Smal I {

/N

DMASequence #+»+ G TCCTCACTCTCTTCC G #e9

&' end of mAMNA cap-A CUCUCULUCC G #es
and in vitro BMNA transcripts

Primer extension analysis was also used to check accuracy
of start and levels of transcription in transfected cells in vivo.
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A nuclear extract from Hela cells that gave accurate
initiation at Pol Il promoters was fractionated by ion-
exchange column chromatography.

Increasing salt concentration

v

NUCLEAR EXTRACT

|Phosphocellulose - Charge on column
[ | | |
KCI1(M)O.I 0.3 05 1.0
IA USF B, IIE, IS, Capping o0, I'X
l@f AE DEAE} + charge on column
Sephacel Sephacel
I ) [ 1
oA oD, OX
. + charge on column
Sephacryl Heparin
15200 JHrogelJ‘
[ ) 1
IID X
Sephacryl
S200

ss DNA agarose I

Fig. 3. Schematic representation of purification of Hel.a
cell transcription factors present in 0.1 and 1.0 m KCI phos-
phocellulose fractions. ssDNA, single-standard DNA; USF, Ad2-

‘\]lll) ll ).‘Ir(‘;lll] t;l('l()l (E”. . .
F
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TATA-binding protein (TBP) and 12 TBP associated factors (TAFs) comprise
TFIID.

transcription

start point
-35 -30 = +30
BRE INR DPE
TATA
general
element c:er;ieenns:: trar}sac:;i:rtion

BRE G/ICG/ICG/ACGCC TFIIB
TATA TATAATAAT TBP

INR CTCTANT/ACTC/T TFIID

DPE AIGGATCGTG TFIID

TBP

TATA

Molecular Biology of the Cell, 4th Edition.
By Alheris .
Lopyrignt © Zu13 Dy Jones & Bartiett Learning, LLL an Ascend Learning Company
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TFIIB binds asymmetrically and sets direction of transcription.

TBP

Transcription start.

. Learning Company
Figure 3. (A) Crystal structure (left] and solution structure ww.jblearning.com

[vidrt) ~f TEITRs TEINR- ic chawn in the rihbhon renrecentation.



24.10 The Basal Apparatus Assembles at the
Promoter. General Transcription Factors.

FACTOR TRANSCRIPTION COMPLEX

Startpoint
TATA

e ENGNGENGNENENGES

| -40-30-20-10 | +10 +20

|
TAFs

92\’4&\?\?\?\&\2\

Binding in
minor groove

TF ,A

TF,F

}
e R ae
Polymerase . v
TF,E Wr® — s
> ‘Z|

() e \w.
e Nl

Binding of TF,D to the TATA box is the first step in
initiation.

Other transcription factors bind to the complex in
a defined order

— This extends the length of the protected region
on DNA (by DNAsel footprinting).

When RNA polymerase |l binds to the complex, it
may initiates transcription.

Key step is promoter clearance by pol Il after
initiation
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24.11 Initiation Is Followed by Promoter Clearance of
RNA polymerase Il

¥ - '
-,y\:;wu\ﬂ
CTD l

TF,J & TF,H
;y\ff\y\@';\ﬁwx
l CTD tail is

. / phosphorylated
TENTENTEN 2 y ""l N N
- P . S— -

©[YSPTSPS],

TF,E and TFH are required to melt DNA and
move with polymerase.

Capping and Ser2 and Ser5 Phosphorylation
of the CTD may be required for elongation to
begin.

Many promoters have polymerase Il paused,
waiting for a further signal (e.g. Drosophila
Hsp70 promoters)

The CTD may coordinate processing of RNA
with transcription. Recruit 3’ end processing
and splicing factors.

Figure 24.17 Copyright © 2013 by Jones & Bartlett Learning, LLC an Ascend Learning Company
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‘Compare and contrast’
transcription in prokaryotes and eukaryotes

A chromosome is a very long molecule of DNA u:\:

The chromosome
contains many genes

Il
"

Each gene is
part of a continuous
sequence of DNA

NINININININI

Start of gene End of gene

CATATAAGGTGAGGTAGGATCAGTTGCTCCTCACAATGC
GTATATTCCACTCCATCCTAGTCAACGAGGAGTGTTACG

Figure 02.01: Each chromosome has a single long molecule of DNA within which are the
sequences of individual genes.

Copyright © 2013 by Jones & Bartlett Learning, LLC an Ascend Learning Company
www.jblearning.com



Copyright © 2013 by Jones & Bartlett Learning, LLC an Ascend Learning Company
www.jblearning.com



2.2 Most Genes Encode Polypeptides

* heteromultimer — A molecular complex (such as a
protein) composed of different subunits.

« homomultimer — A molecular complex (such as a
protein) in which the subunits are identical.

« Alphafold2, (Google DeepMind, 2021) is a neural
network type, machine learning algorithm trained on
known protein structures to predict new protein
structures accurately. Multiple sequence alignments
(MSASs) show evolutionary covariation of amino acid
changes and allow a protein sequence to be assigned to
one of over a thousand domain structure families.
Further structure refinement is based on side chain
packing.
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