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RNA transcription is actively regulated
• Not all DNA is transcribed in a given cell (less than 50% even 
in prokaryotes)
•For example, E. coli only produces the enzymes needed for 
lactose utilization when lactose is in the growth media
•François Jacob and Jacques Monod noted mutants of E.coli
which had errors in regulating the production of β-galactosidase
and proposed a macromolecular repressor regulated the level of 
enzyme production
•They hypothesized the repressor binds to a specific operator         
sequence in DNA (1961)
•This is now known as the operon model



Transcription: RNA Synthesis
Requirements

1. Enzyme: RNA Polymerase

2. DNA Template (3’ to 5’ strand)

3. No primer required

4. Nucleoside triphosphates: ATP, GTP, CTP, UTP

5. Synthesis is 5’ to 3’



Summary of gene readout in eukaryotes and prokaryotes

Transcription and 
translation in 
eukaryotic cells are 
separated in space and 
time.

Extensive processing of 
primary RNA transcripts 
in eukaryotic cells.

mRNA transcription 
and translation are 
coupled in 
prokaryotic cells



Prokaryotic Transcription
• bacteria have operons–

groups of related genes 
w/ same promoter that are 

transcribed polycistronically

• polycistronic RNA –
multiple genes transcribed 
as ONE TRANSCRIPT

• no nucleus, so 
transcription and translation 
can occur simultaneously 



Eukaryotic Transcription

• no operons – groups of 
related genes can be on 
different chromosomes

• each gene has its own
RNA transcript 

(monocistronic)

• transcription and 
translation separated by

nucleus and RNA        
processing





Transcription - an overview

1.  Requires DNA template, four 
ribonucleotide 5’ triphosphates, Mg+2.

2.  De novo synthesis: does not require a 
primer.
Low fidelity (1 error/104-105 nts) compared 
to DNA polymerase (~1/109).

3.  rNTP occurs at the 5’ end of an RNA 
strand; all subsequent nucleotides release 
pyrophosphate (PPi) when added to the chain 
and retain only the a phosphate (red). 

4.  The released PPi is subsequently 
hydrolyzed by pyrophosphatase to Pi, 
driving the equilibrium toward chain 
elongation. 

5. The transcript grows in the 5’-to-3’ 
direction.

Template (non
-coding) strand

Non-template 
(coding) strand



RNA polymerization in contrast with DNA replication

Similarities

• Requires DNA template

• Chain growth 5’    3’

• High fidelity (although not
as high)

Differences

• No primer required for
chain initiation
• Unwinds only a local
region (~ 10 bp) of DNA
• RNA is displaced as DNA
rewinds
• Copies only one strand of
DNA
• Disengages from DNA
template at specific
termination sequences



Prokaryotic Transcription



E. coli RNA polymerase holoenzyme subunit composition

ω

Structure of RNA polymerase holoenzyme
α2ββ’σω
α2          Chain initiation,                                  2 x 36,500mw

interacts with regulatory proteins
β            Chain initiation                                   151,000

and elongation
β’           DNA binding                                        155,000
σ            Promoter recognition                               70,000

and binding; loosely bound;
has many different forms

ω          Unknown                                             11,000



Sigma subunit mediates promoter 
specificity

α
α β’

β α
α β’

βσσ+

ω ωNo polymerase 
activity

HoloenzymeCore enzyme
• No specific promoter binding.

•Weak polymerase activity from 
various start sites

• Binds specific promoters. 

•Finds promoter 10,000     x   
faster.

• High polymerase activity.





Transcription initiation by bacterial RNA polymerase
Holoenzyme

α
α β’

βσ

Promoter
-35 -10

“sliding and scanning”

σ

Core 
enzymeOpen complex; initiation

α
α β’

βσ
Closed complex

Sigma 
separates 
from the 
core once a 
few 
phosphodiest
er bonds are 
formed

α
α β’

β

5’pppA
mRNA

rNTPs

PPi



THE FOUR STEPS OF
TRANSCRIPTION INITATION

WEAVER: FIG. 6.11



Typical E.coli promoters recognized by an RNA 
polymerase holoenzyme containing σ70

Strong promoters: close to consensus sequences and spacing
Weak promoters: contain multiple substitutions at the -35 and -10 regions



Different E. coli sigma factors bind the core polymerase 
to form holoenzymes with different promoter-binding 

specificity

Sigma
Factor Promoters Recognized Promoter Consensus

-35 Region -10 Region
σ70 Most genes TTGACAT TATAAT
σ32 Genes induced by heat shock TCTCNCCCTTGAA CCCCATNTA
σ28 Genes for motility and chemotaxis CTAAA CCGATAT
σ38 Genes for stationary phase and stress response ? ?

-24 Region -12 Region
σ54 Genes for nitrogen metabolism & other functions CTGGNA TTGCA

Heat-shock response:
High temperature induces the production of σ32, which binds to the core 
polymerase to form a unique holoenzyme for recognition of the promoters of heat-
shock induced genes.









Transcription elongation: Movement of the 
transcription bubble (17 nt, 1.6 turns of B-DNA)

Speed of movement:
50-90-nt/sec

Supercoiling of DNA during transcription causes a requirement for topoisomerases



RNA polymerase ternary elongation 
complex

Composition: RNAP, DNA & RNA

Nucleotide
addition site

DNA bubble
~12-14 nt

RNA exit 
channel

RNAP defines
duplex length

Direction of
transcription





Termination of transcription
Factor-independent                                                     

The core polymerase 
pauses after synthesizing 
a hairpin. If the hairpin is 
a terminator, RNA will 
dissociate from the DNA 
strand because the A-U 
pairing is unstable. Once 
the RNA is gone, DNA 
duplex reforms and the 
core polymerase 
dissociates.



Rho-dependent transcription termination

Rho-binding Site 
(non-contiguous
structural features
in RNA): Stop 
signals not 
recognized by 
RNAP alone; 
account for 
nearly half of all 
termination 
events in E. coli.

Platt, Ann. Rev. Biochem. 55: 339 (1986).

Rho: It is a ~275kD hexamer of identical 
subunits.The subunit has an N-terminal RNA-
binding domain and a C terminal ATP 
hydrolysis domain.
Forms RNA-dependent hexameric 
helicase/ATPase; translocates along RNA 5’-
to-3’,  

termination





Bacterial RNA polymerase transcription cycle

1. Holoenzyme binds promoter (closed complex) 2. Bubble forms (open 
complex)  3. (Abortive) Initiation  4. σ dissociates  5. Elongation 
6. Hairpin promotes termination 7. RNA & DNA dissociate



Eukaryotic Transcription



Three types of RNA polymerase in eukaryotic nuclei

Type Location RNA synthesized Effect of α-amanitin

I Nucleolus Pre-rRNA for 18, 5.8 and 28S rRNAsInsensitive
II Nucleoplasm Pre-mRNA, some snRNAs Sensitive to 1 µg/ml
III Nucleoplasm Pre-tRNAs, 5S rRNA, some snRNAs Sensitive to 10 µg/ml

(Also- Organelle RNAPs in Mitochondria and Chloroplasts.  Encoded by 
organelle genomes.  Similar to bacterial RNAPs.)

• α-amanitin from Amanita Phalloides binds tightly to RNA Pol II and blocks 
transcriptional elongation.

• RNA Pol I transcribe 1 gene at ~200 copies. The gene for the 45S pre-rRNA is 
present in tandem array.

• RNA Pol II transcribe ~25,000 genes;

• RNA Pol III transcribe 30-50 genes at variable copy numbers.



Subunit composition of eukaryotic RNA polymerases

•RNA polymerases I and III contain the 
same two non-identical a-like subunits, 
whereas polymerase II has two copies of a 
different a-like subunit.

•All three polymerases share five other 
common subunits. In addition, each RNA 
polymerase contains three to seven unique 
smaller subunits.

•The largest subunit (1) of RNA 
polymerase II also contains an essential C-
terminal domain (CTD). 27 (yeast) to 52 
(human) copies of (YSPTSPS).

•All three yeast polymerases have five core 
subunits that exhibit some homology with 
the b, b‘, a and w subunits in E. coli RNA 
polymerase. 

•Phosphorylation of CTD is important for 
transcription and RNA processing.



Core Promoter Elements



LODISH: FIG. 11-70

UBF

UBF



The enzyme -RNA polymerase I is a complex of 13 subunits.  
The promoter

The CORE promoter region is located from -31 to +6 around the transcription 
startpoint. Another sequence further upstream, called the upstream control element
(UCE), located from -187 to -107 is also required for efficient transcription.
Both elements are closely related; there is approximately 85% sequence identity 
between them. These elements are also unusual in that they are GC-rich.

Assembly of a transcriptional complex
UBF1is a single polypeptide which binds to the upstream control element (UCE) 
and to the CORE promoter. UBF1 recognizes a GC-rich sequence within these 
elements. UBF1 is an assembly factor.

SL1 binds to UBF1. It consists of 4 proteins, one of which is TATA-box binding 
protein (TBP).
TBP is required for the assembly of a transcriptional complex in all 3 classes of 
eukaryotic transcription unit. SL1 is a positional factor - it targets RNA polymerase 
at the promoter so that it initiates transcription in the correct place.

Once UBF1 and SL1 have formed a complex, RNAP I binds to the CORE promoter 
to initiate transcription:



LODISH: FIG. 11-72

TFIIIC

TFIIIC



TFIIIA
This factor is required only for the transcription of 5S rRNA genes. It contains a 
single polypeptide with a Zn finger DNA-binding motif. It functions as an 
assembly factor for some class III promoters but not for all.

TFIIIA binds to a site within the promoter region.

TFIIIB
This factor contains three subunits, one of which is TBP - TATA-box binding 
protein. TFIIIB is a positional factor.
TFIIB can now bind to its binding site surrounding the startpoint of transcription.

TFIIIC
TFIII consists of 6 subunits. It also functions as an assembly factor and appears 
to be required for all internal class III promoters.
TFIIIC binds to form a stable complex. TFIIIC covers the entire gene.

Finally RNA polymerase III is able to bind and begin transcription of the gene. 



FORMATION OF PRE-
INITIATION COMPLEX
ON A HYPOTHETICAL
tRNA PROMOTER

Note that TFIIIB remains 
in place after after trans-
cription initiation where it
can participate in a new
round of synthesis

WEAVER: FIG. 11.41



class II eukaryotic promoters

The TATA Box located approximately 25 bp upstream of the start-point of 
transcription is found in many promoters. The consenus sequence of this element is 
TATAAAA (so it resembles the TATAAT sequence of the prokaryotic -10 region but 
please do not mix them up). The TATA box appears to be more important for selecting 
the startpoint of transcription (i.e. positioning the enzyme) than for defining the 
promoter.

The Initiator is a sequence that is found in many promoters and defines the startpoint
of transcription.

The GC box is a common element in eukaryotic class II promoters. Its consensus 
sequence is GGGCGG. It may be present in one or more copies which can be located 
between 40 and 100 bp upstream of the startpoint of transcription.  

The CAAT box - consensus sequence CCAAT - is also often found between 40 and 
100 bp upstream of the startpoint of transcription.  



Polymerase II Promoters



In vitro stepwise assembly of 
the RNA Pol II pre-initiation 

complex (PIC) at core promoter 
for basal transcription



Basal (‘General’) Transcription Factors for RNA Polymerase II

Total: 43-44 polypeptides and over 2 million daltons.



TBP (TATA-box binding 
protein)

•Conserved C-terminal domain of 180 
amino acids.
•A monomer with a saddle-shaped 
structure; the two halves show an 
overall dyad symmetry but are not 
identical.
•Binds multiple transcription factors 
(TAFs, TFIIB and TFIIA).
•Binds in the minor groove 
and significantly bends DNA.



Eukaryotic transcription cycle

Only the 
unphosphorylated
RNA Pol II 
enters PIC.

The TFIIH complex 
has both helicase
and kinase activities 
that can unwind 
DNA and 
phosphorylate the 
CTD tail of RNA 
Pol II.

Release of 
TFIIE and then 
IIH during the 
synthesis of the 
initial 60-70nt.





The carboxy terminal domain (CTD) of the largest subunit of 
RNA polymerase II is phosphorylated.

The CTD consists of 52 repeats of the amino acid sequence Y-S-P-T-S-P-S. 
Ser5 is phosphorylated by tthe kinase activity of TFIIH

TFIIH phosphorylates Ser5. This serves to recruit the transcription elongation 
factor DSIF to the complex, which in turn recruits another elongation factor, 
NELF, which arrests transcription.

This pause permits the capping enzymes to join and modify the 5' end of the 
transcript. A third elongation factor P-TEFb (a kinase) joins and phosphorylates
CTD and NELF, neutralising them. P-TEFb phosphorylates CTD at Ser2.



Thank you


