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Transcription

Transcription is the process by which the
information contained in DNA is trans-
ferred to a newly assembled RNA.

Quiz
Start this chapter with the quiz to test

for your mastery. You may reattempt the
quiz later to check your progress.
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Quiz 1. Transcription. Click to play - HTML5 or
Flash (opens new window in your standard web
browser).

Overview

Chromosomal DNA is the template for
RNA molecules. All cellular RNA mole-

cules (messenger RNA and non-coding
RNAs) are made on DNA templates.

Transcription is the process whereby
one strand of a DNA molecule is used
as a template for synthesis of a comple-
mentary RNA by RNA polymerase.

Splicing (see page 6) is a modificati-

on of mRNAs after transcription, in which
introns of precursor mRNA (pre-mRNA)
are removed and exons of it are joined.
Splicing only occurs in eukaryotes.

In prokaryotic genomes introns do not
exist.

All proteins are determined by mRNA
templates. The mature mRNA is transla-
ted by a ribosome.

translation

protein

Figure 1. Genetic information directs the
synthesis of proteins. This is the process that
converts a mRNA sequence into a protein. Trans-
lation is necessarily preceded by transcription.

In Translation (see page 15), mRNA

is decoded to produce a polypeptide
according to the rules specified by the
genetic code (Figure 1).

In prokaryotic cells, which have no
nuclear compartment, the processes of
transcription and translation occur in the
cytoplasm and may be linked together.

In eukaryotic cells, the site of transcrip-
tion (the cell nucleus) is separated from
the site of translation (the cytoplasm).
The RNA molecules move to the cyto-
plasm, where they can be bound by
ribosomes.

Fore more details on the difference bet-
ween prokaryotes and eukaryotes see:
S. Clancy (2008) RNA transcription by RNA po-

lymerase: prokaryotes vs eukaryotes. Nature
Education 1: 125

MRNA

A gene is not directly translated into pro-
tein, but is expressed via the production
of a mRNA, a nucleic acid intermediate
actually used to synthesize a protein.

All of the RNA in a cell is made by tran-
scription. mRNA corresponds to one
strand of the DNA double helix (Figure 2).

« The sequence of mMRNA is complemen-
tary with the sequence of one strand
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of DNA and is identical (apart from the
replacement of T with U) with the other
strand of DNA.

« The strand of DNA that directs synthe-
sis of the mRNA via complementary base
pairing is called the template strand or
antisense strand. Antisense is used as a
general term to describe a sequence of
DNA or RNA that is complementary to
mMRNA.

coding strand (sense strand)

DNA

5 3
3 5
| thymine (T)
template strand
adenine (A)
guanine (6) transcription
I cytosine (C)
RNA strand
. (identical with sense strand
| uracil V)

except for U in place of T)

RNA

Figure 2. The coding strand of DNA has the
same sequence as that of the RNA transcript
except for thymine (T) in place of uracil (U).
The RNA sequence is identical with one strand of
the DNA (the coding or sense strand). It is com-
plementary to the other strand, which provides
the template strand for its synthesis.

« The other DNA strand bears the same
sequence as the mRNA (except for pos-
sessing T instead of U), and is called the
coding strand or sense strand.

« The convention for writing DNA se-
qguences is that the top strand is the
coding strand and runs 5’to 3’, with the
sequence that is the same as RNA.

« The entire length of a mRNA is not
translated, but each mRNA contains at
least one coding region that is related
to a protein sequence by the genetic
code: each nucleotide triplet (codon) of
the coding region represents one amino
acid.

Messenger RNA has the same function
in all cells, but there are important diffe-
rences in the details of the synthesis and

structure of prokaryotic and eukaryotic
mRNA.

Bacterial mMRNA

In bacteria, mRNA is transcribed and
translated in the single cellular com-
partment. Transcription and translation
occur simultaneously. As soon as tran-
scription begins, ribosomes attach to the
5’end of the mRNA and start translation,
even before the rest of the message has
been synthesized.

Since ribosomes attach to bacterial
MRNA even before its transcription has
been completed, the ribosomes are li-
kely still to be attached to DNA.

A bunch of ribosomes moves along the
mRNA while it is being synthesized. Po-
lyribosomes (or polysomes) are a cluster
of ribosomes, bound to a mRNA mo-
lecule. Polyribosomes read one strand
of mRNA simultaneously, helping to
synthesize the same protein at different
spots on the mRNA. Bacterial transcrip-
tion and translation take place at similar
rates (~45 nucleotides or ~15 amino
acids per second).

The 3’end of the mRNA is generated
when transcription terminates.

noncoding antisense strand (template for RNA)

51

DNA double helix

@——  growing polypeptide

[ 4
([
[ 4
°
rowing mRNA
9 9 °®
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Figure 3. Transcription, translation, and de-
gradation all occur in the same direction.
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Bacterial mRNA usually is unstable, and
is therefore translated into proteins only
a few minutes. The mRNA is synthesized,
translated by the ribosomes, and degra-
ded, all in rapid succession. The 5’end of
the mRNA starts to decay before the 3’
end has been synthesized or translated.

Structure of bacterial mRNA

Some mRNAs represent only a single
protein: they are monocistronic. Others
(the majority) carry sequences coding
for several proteins: they are polycistro-
nic (Figure 4).

All mRNAs contain two types of region.

The coding region consists of a series of
codons representing the amino acid se-
qguence of the protein, starting with AUG
and ending with a termination codon.

But the mRNA is always longer than the
coding region, extra regions are present
at both ends. An additional sequence
at the 5" end, preceding the start of the
coding region, is described as the leader
or 5"UTR (untranslated region, leader se-
quence). An additional sequence follow-
ing the termination signal, forming the 3’
end, is called the trailer or 3’ UTR. These
sequences are not used to code for pro-
tein.

A polycistronic mRNA also contains in-
tercistronic regions. They vary greatly in
size.

open reading frame 1

intercistronic

Operons

Bacterial genes are organized into ope-
rons. Operons are clusters of coregulated
genes. An operon includes an operator,
a common promoter, and one or more
structural genes that are controlled as a
unit to produce mRNA.

One of the best-studied examples is the
lac operon from the bacterium Escheri-
chia coli.

The lac operon is rapidly induced when E. coli
cells get lactose as the only carbon source. It
comprises three proteins required for lactose
metabolism. In the absence of lactose (and pre-
sence of glucose), these enzymes are not neces-
sary and the expression of the three proteins is
repressed by the lac repressor protein.

For more details on the lac operon see:

J.M. Berg, J.L. Tymoczko, L. Stryer (2002) Pro-
karyotic DNA-binding proteins bind specifically
to regulatory sites in operons. In: Biochemistry,
5th edition. W.H. Freeman: http://www.ncbi.nlm.
nih.gov/books/NBK22512/

H. Lodish, A. Berg, S.L. Zipursky et al. (2000) Mo-
lecular Cell Biology, 4th edition. W.H. Freeman:
http://www.ncbi.nlm.nih.gov/books/NBK21683/

A. Ralston (2008) Operons and prokaryotic gene
regulation. Nature Education 1: 216

open reading frame 2

5'UTR region| 3'UTR
o { I i it |
5’ I 31
RBS| stop codon RBS stop codon
AUG AUG
(start codon) (start codon)
N C N| |c

T T

Figure 4. Structure of a polycistronic bacterial
mRNA.

FROM DNATO PROTEIN | 4


http://www.ncbi.nlm.nih.gov/books/NBK22512/
http://www.ncbi.nlm.nih.gov/books/NBK22512/
http://www.ncbi.nlm.nih.gov/books/NBK21683/
http://www.nature.com/scitable/topicpage/operons-and-prokaryotic-gene-regulation-992

Eukaryotic mRNA

The production of eukaryotic mRNA
involves additional stages after tran-
scription (Figure 5). Both ends of the
transcript are modified by additions of
further nucleotides (involving additional
enzymes).

The 5’end of the RNA is modified by
addition of a “cap” virtually as soon as it
appears. This replaces the triphosphate
of the initial transcript with a nucleotide
in reverse (3'to 5’) orientation, thus “seal-
ing” the end.

« A5’ capisformed by adding a G to

the terminal base of the transcript via a
5'to 5'link (Figure 6). The new G residue
added to the end of the RNA is in the
reverse orientation from all the other
nucleotides.

« One to three methyl groups are added.
From yeast to human, this modification
is necessary for efficient gene expression
and cell viability.

The 5’ cap is required for the translation

It stabilizes mRNA against attack by ex-
onucleases and promotes transcription,
splicing, polyadenylation and nuclear
export of mMRNA

The 3’end is modified by addition of a
series of adenylic acid nucleotides, po-
lyadenylic acid or poly(A).

« Polyadenylation of mRNA precursors is
a two-step process. An endonucleolytic
cleavage first generates a free hydroxyl
group at the 3’end of the pre-mRNA. The
second step is the addition of a poly(A)
tail to the 3’end of the nascent tran-
script.

« The average poly(A) tail is species-spe-
cific (e.g. yeast 70 and humans 250 ad-
enosyl residues). The poly(A) sequence

is not coded in the DNA. The poly(A)

tail of both nuclear RNA and mRNA is
associated with a protein called the
poly(A)-binding protein (PABP).

 Only after the completion of all modi-
fications and processing events can the
mMRNA be exported from the nucleus to
the cytoplasm. Once the mRNA has en-
tered the cytoplasm, it is recognized by
ribosomes and translated.

of the majority of mRNAs.
exon 1 exon 2
intron
promoter 5'UTR 3'UTR
[ ! I Il il i {
— 1 r |
¢transcription
pre-mRNA 5 3
¢addition of 5" cap, 3' poly(A), and splicing
3'UTR poly(A)
s {
5 cap I — 3
mRNA
AUG stop codon
(start codon) ltranslation
protein N| | |c

Figure 5. Structure of eukaryotic gene and
production of mRNA. The pre-mRNA comprises
introns and exons. Exons comprise untranlated
region (UTRs) and coding sequences. The 5’ cap
and 3’ poly(A) tail are added to the mRNA. The
mature mRNA is transported into the cytoplasma
and translated into protein. In contrast to bacte-
rial MRNA, eukaryotic mRNA is relatively stable.
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Splicing of eukaryotic mRNA

Most eukaryotic genes have the coding
sequences (exons) interrupted by non-
coding sequences (introns) (Figure 7).
The primary transcript has the same or-
ganization as the gene, and is called the
pre-mRNA.

Removal of the introns from pre-mRNA
is called RNA splicing. Splicing occurs
in the nucleus, together with other mo-
difications (i.e. capping and addition of
poly(A) tail) that are made to newly syn-
thesized RNAs.

Each intron contains a few nucleotides
that act as cues for its removal. The
splice sites are the sequences imme-
diately surrounding the exon-intron
boundaries.

The splice sites have well conserved,
though rather short, consensus sequen-
ces. The 5’ splice site at the 5’ (left) end
of the intron includes the consensus
sequence GU.The 3’splice site at the
3’(right) end of the intron includes the
consensus sequence AG. Splicing de-
pends on recognition of these pairs of
splice junctions.

The intron starts with the dinucleotide GU and
ends with the dinucleotide AG (therefore, the
junctions are often described as conforming

to the GT-AG rule). The two sites have different
sequences and so they define the ends of the
intron directionally. The 5" splice site is called the

left or donor site, the 3’ splice site is called the
right or acceptor site.

In addition, a short sequence (including
an invariant A) at the branch site is es-

splicing apparatus that
assemble to form a large complex. The
splicing apparatus contains both pro-
teins and non-coding RNAs (in addition
to the pre-mRNA).

The RNAs (termed small nuclear RNAs or
snRNAs) exist as ribonucleoprotein par-
ticles (small nuclear ribonucleoproteins
or snurps).

The snRNPs involved in splicing, togeth-
er with many additional proteins, form a
large complex called the spliceosome.

branch point adenine (A)

1 5'exon intron 3’ exon
| I | i I |

5' I AG—GU_II*_AGVG K

w

H
5' I AG-OH A | Faow K3
G
lariat structure

mature mRNA
5' I AGG I 3

Figure 7. Splicing of eukaryotic pre-mRNA.
Step 1: The branch point adenine (A) attacks

the 3’ end of the 5’ exon. Step 2: The bond that
forms the lariat structure goes from the 5’ posi-
tion of the G that was at the 5’ end (donor site)
of the intron to the 2’ position of the invariant A
in the branch site. The left (upstream or 5°) exon
takes the form of a linear molecule. The right
intron-exon molecule forms a lariat, in which the
5'terminus generated at the end of the intron
becomes linked by a 5’-2'bond to the conserved
A of the branch site. Step 3: The free 3' OH group
of the 5’ exon attacks the 5’ end of the downstre-
am (3") exon. The exons are joined and the intron

is released as lariat. The lariat is rapidly degraded.
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Alternative splicing: increasing
protein diversity

The number of proteins in the proteome
is not equivalent to the number of ge-
nes, but can exceed it by orders of mag-
nitude.

Alternative splicing can generate more
transcripts from a single gene than the
number of genes in an entire genome.

In addition, the intron-exon structure
may have speeded up the evolution of
new proteins, because the introns make
genetic recombination between diffe-
rent genes more likely.

Different alternative splicing mecha-
nisms exist.

« Alternative donor or acceptor splice
sites: Exons can have multiple 5'or 3’
splice sites that are alternatively used.

» Exon skipping: Single exons can reside
between two constitutive exons such
that the alternative exon is either includ-
ed or skipped.

« Multiple cassette exons (mutually
exclusive exons): One of two exons is
retained in mRNAs after splicing, but not
both.

« Intron retention: Introns can be re-
tained in the mRNA and become trans-
lated. This is distinguished from exon
skipping because the retained sequence
is not flanked by introns.

For more information on splicing see:

B. Alberts, A. Johnson, J. Lewis et al. (2002) Post-
transcription controls. In: Molecular Biology of
the Cell. 4. edition. Garland Science. http://www.
ncbi.nlm.nih.gov/books/NBK26890/#A1366

S. Clancy (2008) RNA Splicing: Introns, Exons and
Spliceosome. Nature Education 1: 31
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Noncoding RNA

Non-coding RNA is RNA that does not
encode protein (Video 1).

7 Vorschau

POl M e e Flielff Omm———— 2 Q

Noncoding RNA

Video 1. Noncoding RNA. Click to play - HTML5
or Flash (opens new window in your standard
web browser).

tRNA

Transfer RNAs (tRNA) are small RNAs that
are used to provide amino acids corre-
sponding to each particular codon in
mRNA. A tRNA has a sequence of 74-95
bases that folds into a cloverleaf se-
condary structure (Figure 8).

Figure 8. Yeast phenylalanine tRNA. The an-
ticodon loop is at the bottom of the structure
(drawn from TEHZ.pdb with YASARA) (Shi and
Moore, 2000).
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There is at least one tRNA (usually more)
for each amino acid. A tRNA represents a
single amino acid, to which it is covalent-
ly linked. When a tRNA is charged with
the amino acid corresponding to its anti-
codon, it is called aminoacyl-tRNA.

The amino acid is linked by an ester
bond from its carboxyl group to the 2’

or 3"hydroxyl group of the ribose of the
3'terminal base of the tRNA (which is
always adenine). The process of charging
a tRNA is catalyzed by a specific enzyme,
aminoacyl-tRNA-synthetase.

tRNA contains a trinucleotide sequence,
the anticodon, which is complementary
to the codon representing its amino
acid. The anticodon enables the tRNA to
recognize the codon via complementary
base pairing.

rRNA

Ribosomal RNAs (rRNA) are components
of the ribosome, a large ribonucleopro-
tein complex that contains many pro-
teins as well as its RNA components, and
which provides the apparatus for poly-
merizing amino acids into a polypeptide
chain.

Ribosomal RNA is coded by a large num-
ber of identical genes that are tandemly
repeated to form one or more clusters.
Ribosomal RNA is the predominant pro-
duct of transcription, constituting some
80-90% of the total mass of cellular RNA
in both eukaryotes and prokaryotes.

Additional classes of ncRNA

Several additional classes of non-coding
RNAs with essential functions in gene
expression exist (Table 1).

snRNAs (splicecosomal RNAs): Interac-
tions between pre-mRNA and snRNA
are responsible for splice-site (U1) and
branch-site (U2) recognition.

snoRNAs (small nucleolar RNAs): snoR-
NAs direct the site-specific modification
of ribosomal RNAs and other ncRNAs in

Eukaryota and Archaea. The RNAs act as
guides, base pairing with complemen-

tary regions of the target RNA, while the
catalytic function resides with proteins
in the snoRNP complex.

miRNAs (microRNAs): miRNAs are short
(~22 nt) sequences that inhibit the ex-
pression of target genes by binding to
complementary regions of transcripts,
triggering translational repression or
transcript degradation.

The mature miRNA is excised from a
stem loop called the precursor miRNA
(pre-miRNA) by the ribonuclease enzy-
me DICER (see page 26).

Small regulatory RNAs (siRNAs): In-
cludes miRNAs, Piwi-interacting RNAs,
and small interfering or silencing RNAs.
siRNAs are derived from double-stran-
ded RNAs that use the RNA interference
(RNAI) pathway to regulate a specific
gene containing a complementary se-
quence.

Table 1. Non-coding RNAs.

Type of RNA | Function

rRNA Part of a ribosome
Involved in the processing

SNRNA (splicing) of mMRNA

snoRNA Involved in the modification
of non-coding RNA

miRNA Typically 21 or 22 bp |n.Iength,
regulates gene expression
21 to 25 bp in length, Includes

siRNA miRNA and other small
regulatory RNAs

tRNA Transfers amino acids to the
ribosome

For more details on the structure of
RNAs see:

S. Clancy (2008) Chemical structure of RNA. Na-
ture Education 7: 60
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Regulatory DNA
sequences

Iterminator

'
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RNA synthesis is catalyzed by a large en-
zyme called RNA polymerase. Transcrip-
tion starts when RNA polymerase binds

to a special region, the promoter, at the
start of the gene.

The promoter surrounds the first base
pair that is transcribed into RNA, the
transcription startpoint. From this point,
RNA polymerase moves along the tem-
plate, synthesizing RNA, until it reaches a
terminator sequence.

Sequences prior to the startpoint are
described as upstream of it; those after
the startpoint (within the transcribed se-
quence) are downstream of it (Figure 9).

Sequences are conventionally written
so that transcription proceeds from left
(upstream) to right (downstream). This
corresponds to writing the mRNA in the
usual 5'->3'direction.

Base positions are numbered in both
directions away from the startpoint,
which is assigned the value +1. Numbers
are increased going downstream, and
the negative numbers increase going
upstream. There is no base assigned the
number 0.

RNA synthesis, like nearly all biological
polymerisation reactions, takes place in
three stages: initiation, elongation, and
termination.

The initiation of transcription is a critical
process because here the cell selects
which RNAs and proteins are synthesi-
zed.

To begin transcription, RNA polymerase
must be able to recognize the startpoint.
A DNA sequence termed promoter
contains specific nucleotide sequences
which indicate the starting point for RNA
synthesis. Promoters are sequences of
DNA that direct the RNA polymerase to
the proper initiation site for transcripti-
on. This is a classic example of a cis-ac-
ting site.

romoter

S LIS B

i ——— =.--

1
"
1
\ upstream<¢ -4 - - - p downstream
1
1
1

gene

\ 4

d
)

Figure 9. Transcription - terms and definitions.

One DNA strand is the template. Elonga-
tion than occurs until the RNA polymera-
se encounters the terminator (stop) site.
At the terminator site, the DNA template
and RNA are released.

Prokaryotic tran-
scription

Transcription starts at promoters on the
DNA template. In prokaryotes, the pro-
moter consists of two short sequences
at-10 and -35 positions upstream from
the transcription start site. These two
common motifs are known as the -10
sequence and the -35 sequence. These
sequences are each 6 bp long.

The sequence at -10 is also called the
Pribnow box, or -10 element, and usual-
ly consists of the six nucleotides TATAAT.
The Pribnow box is absolutely essential
to start transcription in prokaryotes. The
other sequence at -35 (the -35 element)
usually consists of the six nucleotides
TTGACA. Its presence allows a very high
transcription rate.

6 subunit

Transcription starts when RNA polyme-
rase binds to a special region, the pro-
moter. The complete RNA polymerase
holoenzyme includes a & subunit which
is essential for initiation at the correct
start site.

The & subunit contributes to specific ini-
tiation in two ways. First, it decreases the
affinity of RNA polymerase for general
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regions of DNA by a factor of 10% In its
absence, the core enzyme binds DNA
indiscriminately and tightly.

The holoenzyme binds to duplex DNA
and moves along the double helix in
search of a promoter, forming transient
hydrogen bonds (Figure 10).

The search is rapid because RNA po-
lymerase slides along DNA instead of
repeatedly binding and dissociating
from it. In other words, the promoter site
is encountered by a random walk in one
dimension rather than in three dimensi-
ons.

Second, the 6 subunit enables RNA po-
lymerase to recognize promotes sites.
The holoenzyme binds to promoters and
confers ability to recognize specific bin-
ding sites.

1. RNA polymerase start site

promoter

scent RNA chain reaches nine or ten
nucleotides in length. After its release, it
can assist initiation by another core en-
zyme. E.coli contains multiple & factors
to recognize several types of promoter
sequences.

Initiation

Initiation begins with the binding of RNA
polymerase to the double-stranded DNA
at a promoter. In contrast with DNA syn-
thesis, RNA synthesis can start de novo,
without the requirement for a primer.

Then the strands of DNA are separated
to form the open complex that makes
the template strand available for base
pairing with ribonucleotides. The 6 fac-
tor is involved in the melting reaction.
Initiation is accomplished if and when
the enzyme manages to move along the
template.

Elongation

sigma factor start site

During elongation the
RNA polymerase mo-
ves along the DNA and

extends the growing

3 start site

]
i

RNA chain. The elonga-
tion phase of RNA syn-
thesis begins after the

stop site
terminator

formation of the first

4 start site

phosphodiester bond.

. Nucleotides are co-
stop site
~ | valently added to the
———— 3’end of the growing

Figure 10. Bacterial transcription. 1. Bacterial
RNA polymerase contains a sigma factor and
slides along the double helix. 2. RNA polymerase
reaches the promoter, binds tightly to the DNA,
and initiates transcription (initiation). 3. The sig-
ma factor is released and transcription continues
(elongation). 4. RNA polymerase stops transcrip-
tion at a termination signal (termination). 5. The
new RNA strand and RNA polymerase are relea-
sed. 5. Sigma factor rebinds RNA polymerase. The
process begins again at another promoter.

The 6 subunit is released when the na-

3*  RNA chain. An import-
ant change is the loss
of & (recall the core en-
zyme without 6 binds
more strongly to the

DNA template). RNA polymerase stays
bound to its template until a termination
signal is reached.

Termination

The termination of transcription is as
precisely controlled as its initiation. Ter-
mination involves the recognition of the
point at which no further bases should
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be added to the chain.

When the last base is added to the RNA
chain, the transcription bubble collapses
as the RNA-DNA hybrid is disrupted, the
DNA reforms in duplex state, and the
RNA polymerase and RNA are both relea-
sed.

The sequence of DNA required for the-
se reactions defines the terminator.
Terminators are distinguished in E. coli
according to whether RNA polymerase
requires any additional factors to termi-
nate in vitro.

« RNA polymerase can terminate in vitro
at certain sites in the absence of any oth-
er factor. These sites are called intrinsic
terminators.

» Rho-dependent terminators are de-
fined by the need for addition of rho (p)
factor in vitro.

For more information on bacterial tran-
scription see:

B. Alberts, A. Johnson, J. Lewis et al. (2002) From
DNA to RNA. In: Molecular Biology of the Cell. 4.

edition. Garland Science. http://www.ncbi.nlm.
nih.gov/books/NBK26887/

S. Clancy (2008) DNA transcription. Nature
Education 1: 41

H. Lodish, A. Berk, S.L. Zipursky et al. (2000) Tran-
scription termination. In: Molecular Cell Biology.
4. edition. W.H. Freeman. http://www.ncbi.nlm.
nih.gov/books/NBK21601/

Eukaryotic tran-
scription

In eukaryotes, initiation of transcription
requires the enzyme RNA polymerase
and transcription factors. Any protein
that is needed for the initiation of tran-
scription but which is not itself part of
RNA polymerase is defined as a tran-
scription factor.

A significant difference between tran-
scription of eukaryotic and prokaryotic
mMRNA:s is that initiation at eukaryotic
promoters involves a large number of
factors that bind to a variety of cis-acting

elements. The promoter contains all the-
se binding sites.

Transcription factors are needed for initi-
ation, but are not required subsequently.
For the eukaryotic RNA polymerases,

the transcription factors, rather than the
RNA polymerase itself, are principally re-
sponsible for recognizing the promoter.
For all eukaryotic RNA polymerases, the
transcription factors create a structure at
the promoter to provide the target that
is recognized by the enzyme.

This is different from bacterial RNA poly-
merase, where it is the polymerase and
sigma factor that recognize the promo-
ter sequences.

Transcription in eukaryotic cells is divi-
ded into three classes. Each class is tran-
scribed by a different RNA polymerase.
RNA polymerase | transcribes rRNA. RNA
polymerase Il transcribes mRNA (Korn-
berg, 2007) (Figure 11). RNA polymerase
Il transcribes tRNA and other small
RNAs.

Figure 11. Yeast RNA polymerase Il tran-
scribing complex. RNA polymerase Il (ribbon
model) forms specific structures that bind DNA
(coloured double helix) and mediate recognition
of correct nucleoside triphosphates (NTPs) and
formation of phosphodiester bonds (drawn from
2E2l.pdb with YASARA; Wang et al., 2006).

FROM DNATO PROTEIN | 11


http://www.ncbi.nlm.nih.gov/books/NBK26887/
http://www.ncbi.nlm.nih.gov/books/NBK26887/
http://www.nature.com/scitable/topicpage/dna-transcription-426
http://www.ncbi.nlm.nih.gov/books/NBK21601/
http://www.ncbi.nlm.nih.gov/books/NBK21601/
http://www.pnas.org/content/104/32/12955.full.pdf+html
http://www.pnas.org/content/104/32/12955.full.pdf+html
http://www.rcsb.org/pdb/explore/explore.do?structureId=2e2i
http://www.yasara.org/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1876690/

Figure 12. Human TBP (grey) binds TATA-ele-
ment. During transcription initiation, TBP re-
cognizes the TATA box in a directional manner,
unwinds DNA and attracts the transcription
machinery (drawn from 1CDW.pdb with YASARA)
(Nikolov et al., 1996).

For more details on eukaryotic transcrip-
tion see:

J.M. Berg, J.L. Tymoczko, L. Stryer (2002) Eu-
karyotic transcription and translation are sepa-
rated in space and time. In: Biochemistry, 5th

edition, W.H. Freeman. http://www.ncbi.nlm.nih.
gov/books/NBK22433/

G.M. Cooper (2000) Eukaryotic RNA polymerases
and general transcription factors. In: The Cell: A
Molecular Approach. 2nd edition. Sinauer Ac-
cociates. http://www.ncbi.nlm.nih.gov/books/
NBK9935/

Scitable by Nature Education (2014) The informa-
tion in DNA is decoded by transcription.

Eukaryotic promoters

Promoters utilized by RNA polymerase Il
have a modular organization. Short se-
qguence elements that are recognized by
transcription factors lie upstream of the
startpoint.

Some examples are the following ele-
ments: TATA, GC boxes, CAAT boxes, and
the octamer (an 8 bp element). Some

of these elements and the factors that
recognize them are common. They are
found in a variety of promoters and are
used constitutively.

Others are specific: they identify particu-
lar classes of genes and their use is re-
gulated. The elements occur in different

combinations in individual promoters.

Initiation requires the transcription fac-
tors to act in a defined order to build a
complex that is joined by RNA polyme-
rase. The eukaryotic RNA polymerase Il
can bind to the promoter only after se-
parate transcription factors have bound.
The basal elements of the promoter (the
TATA box and Inr) primarily determine
the location of the startpoint.

The basal apparatus (several transcrip-
tion factors) assembles at the promoter.
In TATA-box promoters, the initial event
is binding of the TATA-binding protein
(TBP) to the TATA-box (Figure 12). Other
transcription factors bind to the complex
in a defined order. When RNA polyme-
rase Il binds to the comple, it initiates
transcription (Figure 13).

1. start site
TATA-box coding strand
| ! !
promoter antisense strand
& TBP
2. start site

0000

tart sit
3. panste RNA polymerase |l

0000

start site

ee
4.

";LNA-@:

Figure 13. Initiation of eukaryotic transcrip-
tion. 1. Promoters are located on the 5 side of
the transcription start site. 2. The TATA box is
recognized by the TATA-box binding protein,
which is bound to the transcription factor TFIID.
3. Additional general transcription factors (TFIIB,
E, F, and H) and RNA polymerase Il are attracted
to the promoter. 4. TFIIH opens the DNA double
helix and phosphorylates the carboxyl-terminal
domain of RNA polymerase Il. After the release
of general transcription factors, transcription
begins.

i
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For more details on promoters and tools
to analyze them see:

Weizmann Institute of Science (2014) Toolbox>-
Sequence Analysis>Promoters

Enhancers

We have considered the promoter as an
isolated region responsible for binding
RNA polymerase. But eukaryotic promo-
ters do not necessarily function alone. In
some cases, the activity of a promoter is
enormously increased by the presence
of an enhancer, which consists of ano-
ther group of elements, but is located at
a variable distance from the promoter.

Enhancers work much like promoters,
except for their ability to function in eit-
her orientation and at variable distances
from the startpoint. The position of the
enhancer relative to the promoter can
vary substantially.

It can be either upstream or downstre-
am. An enhancer can stimulate any pro-
moter placed in its vicinity.

Enhancers can be located within genes.
However, enhancers work only in cis con-
figuration (on the same DNA molecule)
with a target promoter. The organization
of DNA must be flexible enough to allow
the enhancer and promoter to be closely
located. This requires the intervening
DNA to be extruded as a large loop.

Elements analogous to enhancers, called
upstream activator sequences (UAS),
are found in yeast.

For more details on enhancers see:

B. Alberts, A. Johnson, J. Lewis (2002) How ge-
netic switches work. Molecular Biology of the
cell, 4th edition, Garland Science: http://www.
ncbi.nlm.nih.gov/books/NBK26872/#A1283

J.M. Berg, J.L. Tymoczko, L. Stryer (2002) Enhan-
cers. Biochemistry, 5th edition, W.H. Freeman:
http://www.ncbi.nlm.nih.gov/books/NB-
K22433/#A3994

RNA transport

Since all RNA is synthesized in the
nucleus, the entire cytoplasmic comple-

ment of RNA (mRNA, rRNA, tRNA, and
other small RNAs) must be derived by
export from the nucleus.

mRNA is transported as a ribonucleo-
protein (MRNP), which forms on the RNA
transcript in the nucleus.

The nuclear pores are used for both im-
port and export of material. All pores are
identical. Since all proteins are synthesi-
zed in the cytosol, any proteins required
in the nucleus must be transported the-
re.

The nuclear pore complex (NPC) is a
very large structure that extends th-
rough the nuclear envelope, providing
a channel for bidirectional transport of
molecules between the nucleus and the
cytosol.

For more details on RNA export from the
nucleus to the cytoplasm see:

A.Koéhler and E. Hurt (2007) Exporting RNA from
the nucleus to the cytoplasm. Nature Rev. Mol.
Cell Biol. 8: 761-773

Further Readings
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Translation

In translation, mRNA is decoded to pro-
duce a specific polypeptide according to
the rules specified by the genetic code.
Protein synthesis falls into the three sta-
ges: initiation, elongation, and termina-
tion.

The ribosome provides the environment
for controlling the interaction between
a codon of mRNA and the anticodon of
aminoacyl-tRNA.

Quiz

Start this chapter with the quiz to test
for your mastery. You may reattempt the
quiz later to check your progress.

W Vorschau ==

BN M 44 ee Riel/ll O g

Quiz ribosome light subt

Translation Q
This quiz com prises eight questions. 5 AC GCAAGCUGA
-on-Met

Thereis no time limit. Your answers
are not tracked.
initiator tRNA

Quiz 1. Translation. Click to play - HTML5 or
Flash (opens new window in your standard web
browser).

Overview

Translation is the process that converts
an mRNA sequence into a chain of ami-
no acids that form a protein. A mRNA
contains a series of codons (nucleotide
triplets) that interact with the anti-
codons of aminoacyl-tRNAs so that a
corresponding series of amino acids is
incorporated into a polypeptide chain.

Protein synthesis falls into the three sta-
ges (Figure 1):

1. Initiation involves the reactions that
precede formation of the first peptide
bond between the first two amino acids

of the protein.

2. Elongation includes all the reactions
from formation of the first peptide bond
to addition of the last amino acid. Amino
acids are added to the chain one at a
time. The ribosome moves along mRNA
(in a process termed translocation) and
the length of the protein chain extends.

3. Termination encompasses the steps
that are needed to release the com-
pleted polypeptide chain; at the same
time, the ribosome dissociates from the
mRNA.

Initiation

Bacteria

Initiation in bacteria needs the riboso-
mal 30S subunit and accessory factors.

A 30 S subunit carrying initiation factors
binds to an initiation site on mRNA (ribo-
some-binding site) to form an initiation
complex.

Ribosome-binding sites include the
upstream Shine-Dalgarno sequence
and the initiation codon. The rRNA of
the 30 S subunit has a complementa-
ry sequence that base pairs with the
Shine-Dalgarno sequence during initia-
tion.

Then a large ribosomal subunit (50 S)
joins the complex to generate a com-
plete ribosome.

Protein synthesis starts with a methioni-
ne amino acid encoded by AUG.

Different methionine tRNAs are involved
in initiation and elongation. The initiator
tRNA has unique structural features that
distinguish it from all other tRNAs.

Eukaryotes

Eukaryotic protein synthesis differs from
prokaryotic protein synthesis primarily
in translation initiation. As in prokaryo-
tes, a special tRNA participates in initiati-
on. The initiating codon in eukaryotes is
always AUG.
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ribosome light subunit INITIATION
GCA AGC UGA 3’ mRNA 5 AUG-GCA CUGA 3’ mRNA
OH Met OH Me
initiator tRNA
rlbosome heavy subunit
ELONGATION

Figure 1. Translation. INITIATION: Initiator tRNA
(loaded with Met) binds to startcodon (AUG).
Ribosome assembles. ELONGATION: 1. Incoming
aminoacyl-tRNA (exemplarily loaded with Ala)
binds to A site. 2. Transfer of Met from tRNA

in P site to Ala of tRNA in A site (peptide bond
formation). 3. Initiator tRNA (or later another
“empty’ tRNA) exists ribosome. 4. tRNA at A site
(loaded with Met-Ala) moves to P site. 5. Next
aminoacyl-tRNA (exemplarily loaded with Lys)
enters A site. 6. Met-Ala peptide is transferred
from tRNA at P site to tRNA at A site, second
peptide bond forms. This process continues until
a termination codon (i.e., UAG, UAA, or UGA) is
recognized by protein release factors. TERMINA-
TION: The tRNA, mRNA, and ribosome dissociate.

However, the order of events is different,
and the number of accessory factors is
greater.

« In eukaryotes, small subunits (40 S)

C

5 mRNA

GU
-on-Ala

aminoacyl-tRNA

TERMINATION

first recognize the 5’end (the cap) of the
MRNA, and then move to the initiation
site, where they are joined by large sub-
units. In prokaryotes, small subunits bind
directly to the initiation site.

« Binding of 40S subunits to mRNA re-
quires several initiation factors, including
proteins that recognize the structure of
the cap.

« The presence of poly(A) on the 3'tail of
an mRNA stimulates the formation of an
initiation complex at the 5’ end.

Ribosomes

The ribosome provides the environment
for controlling the interaction between
a codon of mMRNA and the anticodon of
aminoacyl-tRNA.

Ribosomes are traditionally described
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in terms of their rate of sedimentation
(measured in Svedbergs, in which a
higher S value indicates a greater rate of
sedimentation and a larger mass). Bacte-
rial (70S) ribosomes have subunits that
sediment at 50S and 30S. The subunits of
eukaryotic cytoplasmic (80S) ribosomes
sediment at 60S and 40S.

Each subunit has an RNA component
and many proteins. The two subunits
work together as part of the complete
ribosome. The small subunit mediates
the correct interactions between the
anticodons of the tRNAs and the codons
in the mRNA. The large subunit catalyzes
the formation of peptide bonds.

All ribosomes of a given cell compart-
ment are identical. An mRNA is simulta-
neously translated by several ribosomes.
Each ribosome is at a different stage or
progression along the mRNA.

A mRNA that is simultaneously being
translated by several ribosomes is ter-
med polyribosome or polysome.

A, P, and E sites of ribosomes and
translocation

A protein is assembled by the sequential
addition of amino acids in the direction
from the N-terminus to the C-terminus
as a ribosome moves along the mRNA.

« Aribosome begins translation at the 5’
end of a coding region (initiation at spe-
cific AUG start codon).

« It translates each triplet codon into an
amino acid as it proceeds towards the 3’
end (elongation).

» At each codon, the appropriate amino-
acyl-tRNA associates with the ribosome,
donating its amino acid to the polypep-
tide chain.

« At any given moment, the ribosome
can accommodate the two aminoa-
cyl-tRNAs corresponding to successive
codons, making it possible for a peptide
bond to form between the correspond-
ing amino acids.

Any amino-acyl-tRNA except the initiator
tRNA can enter the A site (Aminoacyl-tR-

NA site) (Figure 2). Its entry is mediated
by an elongation factor. Aminoacyl-tRNA
is loaded into the A site in two stages.
First the anticodon end binds to the A
site of the 30S subunit. Then codon-an-
ticodon recognition triggers a change in
the conformation of the ribosome.

ribosome.light subunit

I mMRNA binding site

Exit site
Peptidyl-tRNA site
Aminoacyl-tRNA site

ribosome heavy subunit

Figure 2. Ribosome structure. Ribosomes con-
tain a small subunit and a large subunit. Each ri-
bosome has a mRNA binding site and three tRNA
binding sites. The three-dimensional structures
show the small (30 S) and large (50 S) subunit of
the Thermus thermophilus ribosome. The small
subunit contains three tRNA molecules (drawn
from 1GIX.pdb and 1GIY.pdb).

The P (Peptidyl-tRNA site) is occupied by
peptidyl-tRNA, a tRNA carrying the na-
scent polypeptide chain. Peptide bond
formation occurs when the polypeptide
carried by the peptidyl-tRNA is trans-
ferred to the amino acid carried by the
aminoacyl-tRNA.

Peptide bond synthesis generates de-
acylated tRNA in the P site and pep-
tidyl-tRNA in the A site. The activity
responsible for synthesis of the peptide
bond is called peptidyl transferase. As
mentioned above, peptidyl transferase
acivity is a function of the large (50S or
60S) ribosome subunit.

The deacylated tRNA, lacking an amino
acid, lies in the P site, while a new pep-
tidyl-tRNA has been created in the A site.
This peptidyl-tRNA is one amino acid
longer than the peptidyl-tRNA that had
been in the P site.

The ribosome moves one triplet (three
bases) along the messenger. This stage is
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called translocation. Translocation mo-
ves deacylated tRNA into the E site (Exit
site), peptidyl-tRNA into the P-site, and
empties the A site.

« The movement transfers the deacylat-
ed tRNA out of the P site, the deacylated
tRNA leaves the ribosome via the E site.
» The peptidyl-tRNA empties the A site
and moves into the P site.

« The next codon to be translated now
lies in the A site, ready for a new aminoa-
cyl-tRNA to enter.

« A new aminoacyl-tRNA enters the A
site. It receives the polypeptide chain
from peptidyl-tRNA (peptide bond for-
mation occurs), and is transferred into
the P site for the next cycle of elonga-
tion.

The flow of tRNA is into the A site, through
the P site, and out through the E site.

For more details on ribosomes see:

J.M Berg, J.L. Tymoczko, L. Stryer (2002) A ribo-
some is a ribonucleoprotein particle (70S) made
of a small (30S) and a large (50S) subunit. Bio-
chemistry, 5t edition. W.H. Freeman. http://www.
ncbi.nlm.nih.gov/books/NBK22335/

T.A. Brown (2002) Synthesis and processing of
the proteome. Genomes, 2" edition. http://www.
ncbi.nlm.nih.gov/books/NBK21111/

T.A. Steitz (2008) A structural understanding of
the dynamic ribosome machine. Nature Reviews
Molecular Cell Biology 9: 242-253

Termination

Only 61 triplets are assigned to amino
acids. The other three triplets are termi-
nation codons (or stop codons) that end
protein synthesis (see below).

The UAG, UAA, and UGA triplet sequen-
ces are necessary and sufficient to end
protein synthesis.

Termination codons are recognized

by protein release factors (not by
aminoacyl-tRNAs). None of the termina-
tion codons is represented by a tRNA.
They function in an entirely different
manner from other codons, and are re-
cognized directly by protein factors.

The termination reaction involves relea-
se of the protein chain from the last RNA.
Subsequently, the tRNA and mRNA are
released, and the ribosome dissociates
into its subunits.

Genetic code

In translation, messenger RNA (mRNA) is
decoded to produce a specific polypep-
tide according to the rules specified by
the genetic code. The genetic code is the
correspondence between triplets in DNA
(or RNA) and amino acids in protein.

The sequence of a coding strand of DNA,
read in the direction from 5'to 3) con-
sists of nucleotide triplets (codons) cor-
responding to the amino acid sequence
of a protein read from N-terminus to
C-terminus (Figure 3).

N--Met Ala lle Lys Asn Glu Ser -—-C aminoacids
TTTTTTT
5'--- AUG GCA AUA AAA AAU GAA AGC ---3" mRNA

Figure 3. Three nucleotides encode an amino
acid.

The universality of the genetic code indi-
cates that it must have been established
very early in evolution.

There are 64 codons (each of 4 possible
nucleotides can occupy each of the 3
positions of the codon, making 4® =64
possible trinucleotide sequences). Each
of these codons has a specific meaning
in protein synthesis: 61 codons represent
amino acids.

Because there are more codons (61)
than there are amino acids (20), almost
all amino acids are represented by more
than one codon. The only exceptions are
methionine and tryptophan.

The initiation codon is a special codon
(usually AUG) used to start synthesis of a
protein.
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A stop codon (termination codon) is one
of three triplets (UAG, UAA, UGA) that
causes protein synthesis to terminate.

Codons representing the same or re-
lated amino acids tend to be similar in
sequence. Often the base in the third
position of a codon is not significant,
because the four codons differing only in
the third base represent the same amino
acid.

For more details on the genetic code
see:

JM. Berg, J.L. Tymoczko, L. Stryer (2002) Ami-
no acids are encoded by groups of three bases
starting from a fixed point. In: Biochemistry, 5%

edition. W.H. Freeman. http://www.ncbi.nlm.nih.
gov/books/NBK22358/

A.J.F. Griffiths, J.H. Miller, D.T. Suzuki et al. (2000)
Genetic code. In: An Introduction to Genetic Ana-
lysis. 7th edition. W.H. Freeman. http://www.ncbi.
nim.nih.gov/books/NBK21950/#A1864

NCBI Learning Center (2012) Single letter codes
for nucleotides

Mutation

A mutation is a change in a genetic se-
quence. The tendency for similar ami-
no acids to be represented by related
codons minimizes the effects of muta-
tions. It increases the probability that a
single random base change will result in
no amino acid substitution (silent muta-
tion) or in one involving amino acids of
similar character.

For example, a mutation of CUC to CUG
has no effect, since both codons repre-
sent leucine; and a mutation of CUU to
AUU results in replacement of leucine
with isoleucine, a closely related amino
acid.

There are three possible ways of transla-
ting any nucleotide sequence into pro-
tein, depending on the starting point.
These are called reading frames. Usually
only one reading frame is translated and
the other two are blocked by frequent
termination signals (Figure 4).

But a mutation that inserts or deletes a

single base will change the triplet sets
for the entire subsequent sequence. A
change of this sort is called a frameshift.

For more details on mutations see:

DNA from the beginning (2011) Mutations are
changes in genetic information. Cold Spring Har-
bor Laboratory. http://www.dnaftb.org/27/

Scitable by Nature Education (2014) DNA is cons-
tantly changing through the process of mutati-
on.

initiation termination
Met Ala lle Lys Asn Glu Ser *
5--- NNN AUG GCA AUA AAA AAU GAA AGC UAA NNN --- 3 mRNA

3rd frame is blocked
2nd frame is blocked

1st frame is open

Figure 4. Only one reading frame (the open
reading frame) is translated. The other two are
blocked by frequent termination signals.

Wobble

Multiple codons that represent the same
amino acid most often differ at the third
base position (degeneracy of the ge-
netic code). For example, a codon is said
to be fourfold degenerate if any nucleo-
tide at its third position specifies the
same amino acid. The degeneracy of the
genetic code is what accounts for the
existence of silent mutations.

Often one tRNA can recognize more
than one codon. This means that the
base in the first position of the anti-
codon must be able to partner alternati-
ve bases in the corresponding third po-
sition of the codon. Base pairing at this
position cannot be limited to the usual
G-Cand A-U partnerships.

The wobble hypothesis states that the
pairing between codon and anticodon
at the first two codon positions always
follows the usual rules, but that excepti-
onal wobbles occur at the third position.

Wobbling occurs because the conforma-
tion of the tRNA anticodon loop permits
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flexibility at the first base of the anti-
codon.

Wobble reduces the number of tRNAs
needed in a cell by enabling one tRNA to
read two or three codons. For example,
the human genome has 48 tRNAs, and
16 are predicted to decode two codons
each. The remaining 32 tRNAs are speci-
fic for only one codon.

For more details on wobbling see:

Scitable by Nature Education (2014) Wobble may
exist in the pairing of a codon on mRNA with an
anticodon on tRNA

T.A. Brown (2002) Synthesis and Processing of
the Proteome. In: Genomes, 2" edition. http://
www.ncbi.nlm.nih.gov/books/NBK21111/#A7603
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Control of gene ex-
pression

Gene expression is regulated at many
steps in the pathway from DNA to pro-
tein: transcription (in particular initiati-
on), mRNA processing (including alter-
native splicing), export of mature mRNA,
translation (in particular initiation), and
stability (e.g. microRNA-mediated mRNA
degradation) (Figure 1).

Quiz
Start this chapter with the quiz to test

for your mastery. You may reattempt the
quiz later to check your progress.
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Quiz 1. Control of gene expression. Click to
play - HTMLS5 or Flash (opens new window in
your standard web browser).

Overview

All steps involved in expressing a gene
can be regulated. Different levels of con-
trol occur.

« Initiation: The most important point
of control is the initiation of transcrip-
tion. In eukaryotes, the local structure
of chromatin determines accessibility of
promoter regions.

Initiation of transcription requires that
nucleosomes change their structure,
becoming less compact. The chromatin
structure is governed by the epigenetic
code and proteins (transcriptional regu-
lators) that read the code.

— 3 Processing )

W‘

Transcription

Expor

[ —

C \i/

Figure 1. Gene expression is regulated at
many steps in the pathway from DNA to pro-
tein.

Protein

The epigenetic code comprises the his-
tone code (i.e. covalent modifications of
the core histones of the nucleosomes)
and DNA methylation. Transcriptional
regulators locally modify the chromatin
structure of promoter regions.

In addition, transcription regulators can
directly affect the assembly process of
RNA polymerase and the general tran-
scription factors at the promoter.

Since the bacterial chromosome is not
packaged into chromatin, the control of
initiation is simpler than in eukaryotes.
Transcription regulators bind to requ-
latory DNA sequences (promoters) and
activate or repress transcription.

 Elongation: Cells can also regulate
gene expression by controlling events
that occur after initiation of transcrip-
tion.

« Processessing (in eukaryotic cells): The
processes of capping, splicing, polyade-
nylation, and export are interconnected
and controlled.

» Posttranscriptional control: The sta-
bility and translation efficiency of tran-
scripts is controlled. For example, mi-
croRNAs (miRNAs) regulate the stability
of many mRNAs and their translation.
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Control of tran-
scription

Initiation: Promoters and en-
hancers

The prokaryotic promoter consists of
short sequences upstream from the
transcription start site (Figure 2). Initia-
tion begins with the binding of the RNA
polymerase to double-stranded DNA at
a promoter. The strands of DNA are se-
parated to form the “open complex” that
makes the template strand available for
base pairing with ribonucleotides.

Prokaryotic promoters differ in their ef-
ficacy. Strong promoters (with efficient
initiation of transcription) have -10 re-
gion (Pribnow box) and -35 region (-35
element) sequences that correspond
closely to consensus sequences, whereas
weak promoters (with low efficiency of
transcription) have base substitutions at
these sites.

An example for bacterial control of gene
expression is the lac operon (see page
4) in which E. coli cells turn on a suite

of genes that metabolize lactose when
this sugar becomes available.

All eukaryotic cells of an organism con-
tain exactly the same DNA which en-
codes all the RNA and protein molecules
that are needed. However, a typical eu-
karyotic cell expresses only a fraction of
its genes, because cells differentiate into
different cell types in different organs.

Furthermore, cells exposed to hormo-
nes, growth factors and other stimuli
will change substantially in shape, size,
metabolic pathways, and other charac-
teristics. The diverse properties are the
result of differences in gene expression.

In eukaryotic cells, the site of transcrip-
tion (the nucleus) is separated from the
site of translation (the cytoplasm). The
RNA molecules move to the cytoplasm,
where they can be bound by ribosomes.
Translation is necessarily preceded by
transcription.

Pribnow
-35region  17+1bp  box JOE1 bp

3’ : 5/
étranscription
-35 -10 +1

antisense strand (template for RNA)

Figure 2. Promoter sites for transcription in
prokaryotes. The first nucleotide to be tran-
scribed is numbered + 1. The Pribnow box in
bacteria has a function similar to the TATA box in
eukaryotes.

upstrelam eilemlentls |

TATA box Inr

3’ 5/

gtranscriptioé

225 +1 +28

antisense strand (template for RNA)

Figure 3. Promoter sites for RNA polymerase
Il (protein-coding genes) in eukaryotes. TA-
TA-box: Component of many but not all core
promoters. Bound by the TATA box-binding pro-
tein (TBP) subunit of the TFIID complex. Inr: Ini-
tiator motif encompasses the transcription start
site. DPE: Downstream core promoter element,
found in TATA-less promoters (although some
promoters contain both DPE and TATA motifs) (Ju-
ven-Gershon et al., 2008). In addition, various up-
stream promoter elements control gene specifc
expression of genes.

Eukaryotic promoters utilized by RNA po-
lymerase Il have a modular organization
(Figure 3). Short sequence elements that
are recognized by transcription factors lie
upstream of the transcription startpoint.

Some of the promoter elements are
found in many promoters and are used
constitutively. Other elements are spe-
cific and identify particular genes which
are active only in specific tissues or un-
der specific metabolic and environmen-
tal conditions. Promoter elements can
occur in different combinations in indivi-
dual promoters.

The core promoter defines the shortest
sequence at which RNA polymerase Il
can initiate transcription. It comprises
the minimum sequence (of about 40 nt)
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that enables the general transcription
factors to assemble at the transcription
startpoint. Several transcription factors
act in a defined order to build a complex
that is joined by RNA polymerase. The
transcription factors create a local chro-
matin structure at the promoter that is
recognized by RNA polymerases (Figure
4).

However, a core promoter functions at
low transcription efficiency. Other pro-
teins called activators are required for
higher transcription efficiency.

In some cases, the activity of a promoter
is enormously increased by the presence
of an enhancer, which consists of anoth-
er group of elements, but is located at
a variable distance from the promoter.
Enhancers work much like promoters,
except for their ability to function in ei-
ther orientation and at variable distances
from the transcription startpoint.

Transcription in the nucleus is concen-
trated in structures termed transcription
factories. Thus, nascent RNAs and RNA
polymerase Il are not equally distributed
in the nucleus, but are concentrated

in specific nuclear areas. This favours a
more economical utilization of the tran-
scription machinery. The total number
of transcription factories in nuclei of hu-
man (Hela) cells is 2000-4000.

Chromatin remodelling

DNA is packed into nucleosomes which
again are arranged in higher-order
structures. Initiation of transcription in
eukaryotic cells depends on the chroma-
tin structure. The chromatin structure
depends on covalent modifications of
histones and DNA methylation.

For more details on chromosome struc-
ture and gene expression see:
C.L. Woodcock and R.P. Ghosh (2010) Chroma-

tin higher-order structure and dynamics. Cold
Spring Harb. Perspect. Biol. 2: a000596

Chromatin remodelling and gene expression
(MP3 or OGG audio opens in your standard
brower)

TATA box Inr

enhancer

I A

assembly of
transcription initiation complex

activator protein

mediator protein
TBP (TATA-binding protein) and
TAFs (TBP-associated factors)

transcription
start

general transcription factors

RNA polymerase

phosphorylation of CTD
promoter clearance
elongation

Figure 4. Initiation of transcription in eu-
karyotes. Transcriptional regulators such as
activators and mediators aid in the assembly of
the general transcription factors (GTFs, inclu-
ding TBP and TAFs) and RNA polymerase Il at the
promoter. Additional transcriptional regulators
make changes in chromatin or attract other pro-
teins that modulate chromatin structure. Many of
the GTFs don't bind DNA but are part of the large
initiation complex that interacts with RNA poly-
merase Il. After the assembly of the transcription
complex, the C-terminal domain of RNA poly-
merase Il becomes phosphorylated. Contact with
initiation factors is lost and stable association
with the nascent transcript is established in a
process termed promoter clearance and elonga-
tion takes place.

The histone modifications and DNA
methylation represent the epigenetic
code (see definitions in Table 1).

The histone code and DNA meth-
ylation

Histones are integral and dynamic com-
ponents of the machinery responsible
for regulating transcription. The position
of nucleosomes and their components
(in terms of covalent modifications and
histone variants) are highly dynamic.
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Table 1. Definitions.

Term Definition

Epigenetics Study of heritable changes in
genome function that occur
without a change in DNA se-

quence.

Epigenome Refers to the entirety of epi-
genetic features possessed by

an organism.

Epigenetic
code

DNA methylation and histone
modifications (histone code)
represent the epigenetic code.
The epigenetic modifications
do not change the DNA code
itself, but rather, influence the
availability of the code to the
factors that read it and trans-
late it into its product.

An allele that shows heritable
difference in expression as a
consequence of epigenetic
modifications (and not chang-
es in DNA sequence).

Epiallele (epi-
genetic allele)

Allelic interactions that cause
a meiotically heritable change
in the expression of one of the
alleles.

Paramutation

The histone modifications comprise
the attachment of modifying groups

to amino acid residues of core histone
molecules, especially those amino acids
located at their amino (N)-terminal tails.
Several types of covalent modifications
are known, for example:

« Acetyl, methyl-, ubiquityl-, and sumoyl
groups to lysine (Figure 3),

« methyl-group to arginine,

» phosphoryl-group to serine or thre-
onine, and

« ADP ribosyl-group to glutamine.

(0]
\“/NH/\/\/U\QH acetyllysine
o) HoN
|+ 0
_'I‘\/\/\/KOH trimethyllysine
HoN
(0]
\/\/\/U\OH
HoN

HoN lysine

Figure 3. Molecular structure of acetyl and
trimethyl modification of lysine.

Histones can be covalently modified

at different positions simultaneously.
Information arises from combination of
marks (therefore histone code).

Histone modifications are associated
with either active or inactive chromatin
states, as well as with particular cellular
processes such as mitosis and DNA re-
pair (Figure 4).

. nucleosome positionin
histone code _— P 9

oo —— DNA methylation

/ \ chromatin remodeling
DNA repair
higher order organization

pre-mRNA processing of DNA (chromatin
condensation)

Figure 4. Factors that interact with modified
histones to establish the epigenetic regulati-
on of transcription and other processes.

The histone marks can act synergistically
or antagonistically. Some modifications
depend on previous modifications.
Several types of covalent modifications
(such as lysine acetylation and lysine
methylation) are reversible.

Epigenetic modifications of chromatin
recruit chromatin-associated proteins
which decipher the code. Thus, modified
histone residues serve as recognition
marks that facilitate or prevent binding
of proteins and protein complexes.

Activator and repressor proteins exploit
the chromatin structure to turn genes on
and off.

Histone modifications go along with
DNA methylation patterns. In eukary-
otes, only cytosine can become methyl-
ated (5-methylcytosine) (Figure 5).

In contrast, Archae and eubacteria have
a variety of methylated nucleotides in-
cluding N4-methylcytosine, 5-methylcy-
tosine, and N6-methyladenine.

DNA methylation protects the genome
by silencing the expression of transpos-
able elements. In addition, DNA-meth-
ylation patterns have a major impact on
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gene expression. DNA methylation can
be both stable (heritable) and flexible in
time and space.

Chromatin structure can become modi-
fied by

« ATP-dependent chromatin-remodel-
ling complexes which restructure nucle-
osomes and by

« enzymes that covalently modify

the core histones. For example, many
transcription activators recruit histone
acetylases which add an acetyl-group

to lysine residues of the histones. This
modification confers greater accessibility
of transcription factors to the DNA and,
ultimately, helps to attract RNA polyme-
rase.

NH,
B
HO— N)Qo

OH
NH,

H;C

B
HO o N)Qo

OH

Figure 5. 2’-deoxy-cytidine (top) and 2’-de-
oxy-5-methylcytidine (bottom). For more
details on the role of methylation in gene expres-
sion see Philips (2008).

Control of transcription elonga-
tion and termination

Riboswitches are RNA sensors that can
detect changes in metabolites (e.g. ami-
no acids, nucleotides, or metal ions) or
other stimuli. Upon binding a ligand, the
riboswitch undergoes a conformation-
al change. The conformational change
causes transcription termination (or,

in eukaryotes, changes in splicing and
mRNA degradation).

An example in E. coli is the riboswitch

which controls purine biosynthesis (Fig-
ure 4).

For more details on riboswitches see:

A.D. Garst, A.L. Edwards and R.T. Batey (2011)
Riboswitches: Structures and Mechanisms. Cold
Spring Harb. Perspectiv. Biol. doi: 10.1101/csh-
perspect.a003533

D. Goodsell (2010) Riboswitches. RCSB PDB

LOW GUANINE ligand-binding or
aptamer domain
antiterminator stem

mRNA 5 {

& 3¢

ACTIVE TRANSCRIPTION
ligand @i

HIGH GUANINE

terminator stem

5 3

S

==
TERMINATION

Figure 4. The expression of an enzyme needed
for guanine synthesis is controlled by a ribos-
witch in bacteria. When guanine is scarce, the
riboswitch allows active transcription. When gu-
anine is plentiful, guanine binds to the aptamer
domain and causes formation of a terminator
stem. The new structure terminates transcription.

Control of transla-
tion

Translation initiation can be modulated
in bacteria by metabolite-dependent
sequestration of a Shine-Dalgarno se-
quence (e.g. TPP riboswitch).

The Shine-Dalgarno sequence is a short
ribosome-binding sequence located
upstream of the AUG start codon where
translation begins. The sequence posi-
tions the initiating AUG codon within
the ribosome and is essential for transla-
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tion of an mRNA.

The TPP riboswitch controls accessibility
of the Shine-Dalgarno sequence. Bind-
ing of TPP (thiamine pyrophosphate)
masks the Shine-Dalgarno sequence and
prevents ribosome binding.

Protein synthesis in eukaryotes is prin-
cipally regulated at the initiation stage.
Translation initiation is a complex and
highly regulated process that requires
several protein factors.

It involves variable associations of ini-
tiator factors, structural features of
the mRNA (e.g. 5 cap and 3'UTR and
poly (A) tail, see page 5), RNA-bind-
ing proteins (e.g. PABP binding to the
poly(A) tail), intracellular transport and
localization of mRNAs, and small RNAs
(e.g. microRNA-mediated repression of
translation).

There are few clear cases of regulated
elongation. For example, phosphoryla-
tion of elongation factors can affect ribo-
some transit along the mRNA.

Control of mRNA
degradation

miRNA genes are transcribed by RNA
polymerase Il to generate stemloop con-
taining primary miRNA (pri-miRNA). Like
other noncoding RNAs (such as tRNA
and rRNA), the pri-miRNA precursor tran-
script is processed to yield the mature
miRNA.

First, a ~70 nt hairpin precursor miRNA
(termed pre-miRNA) is formed (Figure
5). Next, the pre-miRNA is exported into
the cytoplasm and cleaved to produce
the mature ~22-nt miRNA:miRNA* du-
plex by an RNase called Dicer.

Next, the miRNA is assembled with spe-
cific proteins to form an RNA-induced
silencing complex (RISC). The miRNA
strand is incorporated into RISC, whereas
the miRNA* strand is typically degraded.

Once incorporated into RISC, the miRNA
guides the complex to its RNA targets

by base-paring interactions. In cases of
complementarity to the miRNA, target
mRNAs can be degraded.

Dicer also cleaves double stranded RNA
from viruses and transposable ele-
ments and generates small interfering
RNAs (siRNA). These double-stranded
RNAs are then incorporated into RISC
and used to attack the potentially dan-
gerous sequences by means of the
pathway that also destroys endogenous
MRNA:s.

This targeted RNA degradation mecha-
nism is termed RNA interference (RNAI).

For more details on RNAi see:

Nobelprize.org (2014) The Nobel Prize in Physio-
logy or Medicine 2006

Nature Reviews Genetics (2009) RNAi technique

animation tutorial from Nature Reviews Genetics.

Scitable by Nature Education

G. Ruvkun (2010) What is RNA interference? Scit-
able by Nature Education.
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Dicer cleaves pre-miRNA
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miRNA guides RISC to mRNA
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Figure 5. Biogenesis of a microRNA (miRNA).
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