Information Processing. Gene Expression
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Regulating gene expression
The processes of transcription and transla-
tion described so far tell us what steps are in-
volved in the copying of information from a
gene (DNA) into RNA and the synthesis of a
protein directed by the sequence of the tran-
script (Figure 7.102). These steps are re-
quired for gene expression, the process by
which information in DNA directs
the production of the proteins
needed by the cell.
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YouTube Lectures |
by Kevin
HERE & HERE

gene is expressed at a given time? Cells do
not, as we know, express all of their genes all
of the time. Some genes are expressed in par-
ticular cell types but not others, while others
may be expressed at specific stages of develop-
ment. Cells must also be able alter their pat-
terns of gene expression in response to in-
ternal and external cues, controlling the pro-
duction of proteins as needed, to

meet their changing needs. Regu-
lating gene expression is, there-
fore, crucial. Given that there are

But what determines whether a

multiple steps involved in gene ex-
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Figure 7.102 - Multiple levels of control of gene expression

pression, there are several different points at
which the process could be regulated. Not sur-
prisingly, many regulatory mechanisms are
known, each acting at a different stage in the
path from DNA to protein.

Regulation of transcription

The first step in gene expression is tran-
scription, so regulation of transcription is an
obvious way to affect whether a gene is ex-
pressed and to what extent.

What are the molecular switches that turn
transcription on or off? Although there are ad-
ditional factors that affect transcription, such
as the accessibility of a gene to the transcrip-
tional machinery, the basic mechanism by
which transcription is regulated depends
on highly specific interactions between tran-
scription regulating proteins and regulatory
sequences on DNA.

Wikipedia

What are these regu-
latory sequences
and what proteins
bind them? In addi-
tion to the pro-
moter sequences
required for tran-
scription initiation,
genes have addi-
tional cis regula-
tory sequences
(sequences of DNA
on the same DNA

molecule as the gene) that control when a

gene is transcribed. Regulatory sequences

are bound tightly and specifically by transcrip-

tional regulators, proteins that can recognize
DNA sequences and bind to them. The bind-
ing of such proteins to the DNA can regulate

transcription by preventing or increasing

transcription from a particular promoter.

Transcriptional regulation in

prokaryotes

Let us first consider some examples from pro-

karyotes. In bacteria, genes are often clus-

tered in groups, such that genes that need to

be expressed at the same time are next to each

other and all of them are controlled as a single

unit by the same promoter. Groups of genes

that are coordinately regulated by a single pro-

moter are referred to as operons. The entire

set of genes in an operon can be controlled

through the action of DNA binding proteins
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Figure 7.103 - Prokaryotic genes organized in an operon the bacterial cells

that act as either repressors (
transcription of the genes)
or activators (increasing
transcription of the genes).
The binding of these proteins
to their DNA targets is al-
losterically controlled by the

binding of specific small molecules that

signal the state of the cell.

Induction of the lac

operon

The lac operon is one such
group of coordinately regu-
lated genes that encode pro-
teins needed for the uptake
and breakdown of the sugar
lactose. E.coli cells preferen-
tially use glucose for their en-
ergy needs, but if glucose is un-

Wikipedia
need a way to ex-

preventing press the genes of
the lac operon only under those

Interactive Learning conditions. The default state of the

Module
HERE

lac operon is OFF,

Removing a repressor

Transcription of the lac cluster of
genes is primarily controlled by a re-
pressor protein that binds to a region of the

Coding
Start

CAP ) RNA Polymerase lac Rep
-87 -49 3+1 rs +21

Overlapping
binding

Figure 7.104 - Protein binding sites in the lac regulatory

region
Image by Martha Baker
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(Figure

DNA just downstream of the -10 sequence of
the lac promoter (Figure 7.104). Recall
that the promoter is where the RNA po-
lymerase must bind to begin transcrip-

tion. The location on the DNA where the lac

7.107). Allolactose binds to the repressor,
changing its conformation so that it no longer
binds to the operator. When the repressor is
no longer bound to the operator, the "road-

block" in front of the RNA polymerase is re-

repressor is bound is called the operator
(Figure 7.105). When the repressor is bound

at this position, it physically
blocks the RNA polymerase
from transcribing the
genes, just as a vehicle
blocking your driveway
would prevent you from pull-
ing out. Obviously, if you
want to leave, the vehicle
that is blocking your path
must be removed. Likewise,
in order for transcription
to occur, the repressor
must be removed from the
operator to clear the path
for RNA polymerase (Fig-
ure 7.106).

Gene for

lac repressor i

i st IR | 0 | ez |
Binding site for Binding site for
RNA Polymerase repressor

When lactose is absent

[ | _ CAP site

When lactose is present Pk a .
Transcription
d z
| I | _CAP site | o lacZ J

Figure 7.106 - Lac operon in the absence (middle) and
presence (bottom) of inducer

Image by Martha Baker
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Figure 7.108 - CAP (blue)
bound to the DNA adjacent
to the lac promoter
(orange). cAMP shown in
pink.

els affect the expression of the lac
genes? We noted earlier that if glu-
cose was present, lactose would not
be used. A second level of control is
exerted by a protein called Catabolite
Activator Protein (CAP - Figure
7.108)). CAP (also sometimes called
CBP or cAMP binding protein) binds
to a site adjacent to the promoter
and is necessary to recruit RNA po-

moved, permitting the transcription of the

genes of the lac operon

What makes this an especially effective con-
trol system is that the genes of the lac operon
encode proteins that enable the break down

of lactose. Turning on
these genes requires lac-
tose to be present. Once
the lactose has been bro-
ken down, the lac re-
pressor binds to the op-
erator once more and
the lac genes are no
longer expressed. This
allows the genes to be
expressed only when
they are needed.

Recruiting RNA

polymerase
But how do glucose lev-

e lymerase to bind the lac pro-
Wikipedia
moter.
CAMP binding

CAP binds to its site only when glucose lev-
els are low. Low glucose levels are linked to
the activation of an enzyme, adenylate cy-
clase, that makes the molecule cyclic AMP

Regulatory
sequences | [ CAP site I Promoie Opevator

of the
fac operon 1 T
Binding site for Rgpr_essor
RANA polymerase pinding site

e Z ]
B Gal gene

When glucose levels are depleted

+ —
CAP cAMP

CAP-cAMP complex

IONNTPOTOE OperatorlacZ |

CAP-cAMP RNA

bound at gglymerase

CAP site und at
promoter

Figure 7.109 - Lac operon in the presence (top) and absence

(bottom) of glucose
Image by Martha Baker
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(cAMP). The binding of cAMP to the CAP For these genes, the default state is ON.

causes a conformational change in CAP that
allows it to bind to the CAP-binding An example of this is the trp operon,

site. When CAP is bound at this which encodes enzymes necessary
YouTube Lectures for the synthesis of the amino

by Kevin
HERE & HERE

site, it is able to recruit RNA po-

lymerase to bind at the pro- acid tryptophan. These genes

moter, and begin transcription. are constitutively expressed (al-

ways on), except when tryptophan is

The combination of CAP binding and the lac available from the cell's surroundings, making
repressor dissociating from the operator its synthesis unnecessary. Under conditions
when lactose levels are high ensures tran- where tryptophan is abundant in the envi-
scription of the lac operon just when it is ronment, the trp genes can be turned off.
most needed. The binding of CAP may be This is achieved by a repressor protein that
thought of as a green light for the RNA po- will bind to the operator only in the pres-
lymerase, while the removal of lac re- ence of tryptophan (Figure 7.110). Binding
pressor is like the lifting of a barricade in of tryptophan to the repressor causes bind-
front of it. When both conditions are met, the ing of the repressor to the operator. Be-

RNA polymerase
transcribes the down-

stream genes. trp repressor T‘rp
Control of the trp “'J ¢
Operon by 1Ihigh [Trp]: repression occurs
: VY.V o\
repression 1 @ —eader—
A attenuator

The lac operon we have

just described is a set of |trpE trpD trpC trpB trpA |

genes that are ex- ————regulatory region f structural genes—

pressed only under the
2 i high [Trp] low [Trp]
specific conditions of

glucose depletion and
attenuated mRNA VAANA\NANANANNY

lactose availability. v
tro MRNA AAVMVAVVV VoV VoV VA VoV, V VoV VAV, V VLV, Y,V Vs

Other genes may be ex-

pressed unless a particu-

Figure 7.110 - Structure and regulation of the trp operon

lar condition is met. Wikipedia
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Figure 7.111 - Attenuation in regulation of the trp operon
Wikipedia

cause it acts together with the repressor to
turn off the trp genes, tryptophan is called a

CO-repressor.

stem loop:
transcription
continues

Uuuuu 3'
RNA pol
trp regulated genes
/z-f
e

Attenuation

Another mechanism that
regulates the expression
of the trp operon is at-
tenuation. Attenua-
tion is a process by
which the expression of
an operon is controlled
by termination of
transcription before
the first gene of the
operon (Figure 7.111).

In the trp operon, this
functions as follows:
Transcription begins
some distance upstream
of the first gene in the
operon, producing what
Istermed a 5’ leader se-
quence. This leader se-
guence contains an in-
trinsic terminator
that can form a hairpin
structure that stops tran-

scription when high levels of tryptophan
are available to the cells. It can also form a dif-

ferent structure that permits continued tran-

XX AUG AAA GCA AUU UUC GUA CUG AAA GGU UGG UGG CGC ACU UCC UGA -XX
MET LYS ALA ILE PHE VAL LEU LYS GLY TRP TRP ARG THR SER STOP

Figure 7.112 - Sequence of the leader region of the trp operon
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scription of the genes in the operon when
tryptophan levels are low. How does the
level of tryptophan influence which of these
two structures are formed?

Recall that the 5’ end of the RNA is the first
part of the transcript to be made and that in
bacteria translation is linked to transcrip-
tion, so the 5’ end of the RNA begins to be
translated before the entire transcript is

made. It turns out that the 5’ leader sequence
of the trp operon MRNA encodes a short pep-
tide that contains two tryptophan codons. If
there is plenty of tryptophan available, the
leader sequence will be easily translated.
Under these conditions, the leader se-
guence is able to form the termination hair-

Unbound
Aptamer

Expression Platform

5" mRNA

Aptamer-Metabolite binding

N4

5" mRNA

Expression Platform

Upon binding, structural
changes occur that turn
off gene expression

Figure 7.113 - Riboswitch features

pin, preventing the transcription of the
downstream trp genes.

If, however, levels of tryptophan are low,
then the ribosome stalls as it attempts to
translate the leader sequence. Under these
conditions, the leader sequence adopts a dif-
ferent conformation that permits continued
transcription of the genes of the trp
operon.

Riboswitches

Similar in concept to the attenuation of the

trp operon described above, but not depend-

ent on translation, is a control mechanism

called a riboswitch (Figure 7.113). RIi-

boswitches are typically found in the 5'UTR
of messenger RNAs (i.e., they are
part of the sequence of the RNA).
These sequences can control transcrip-
tion of the downstream genes based on
the conformation they adopt. One con-
formation allows continued transcrip-
tion, while the other terminates it. So,
what determines which conformation
they adopt?

Features

3 Riboswitches have two characteristic
features that are important for their
function. One is a region of the se-
guence called an aptamer, which
folds into a three-dimensional shape
that can bind a small effector molecule.
The other is an adjacent region of the
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RNA, called the expression platform, that
can fold into different conformations depend-
ing on whether or not the aptamer is bound
to the effector.

An example of a riboswitch found in bacte-
ria is the guanine riboswitch, which controls
the expression of genes required for purine
biosynthesis. The aptamer region of this ri-
boswitch binds to the effector, guanine,
when levels of the base are high. The binding
of the guanine triggers a change in the fold-
ing of the downstream expression plat-
form, causing it to adopt a conformation that
terminates transcription of the genes
needed for the synthesis of guanine. In the ab-
sence of guanine, the expression platform as-
sumes a different conformation that allows

transcription of the purine biosynthesis
genes. Thus, levels of guanine can be sensed
and the genes needed for its synthesis can be
expressed as needed.

Regulation of transcription in

eukaryotes

Transcription in eukaryotes is also regu-
lated by the binding of proteins to specific
DNA sequences, but with some differences
from the simple schemes outlined above.

For most eukaryotic genes, general tran-
scription factors and RNA polymerase
(i.e., the transcription initiation com-
plex) are necessary but not sufficient for high
levels of transcription. Promoter-proximal
DNA sequences like the CAAT box and GC
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Figure 7.115 - DNA looping allows contact between activator bound at a distant
enhancer and the basal transcription complex

box bind proteins that interact with the tran-
scription initiation complex, influencing
its formation (Figure 7.114).

Distant regulatory sequences
Additional regulatory sequences called en-
hancers and the proteins that bind to them
are needed to achieve high levels of tran-
scription. Enhancers are short DNA se-
guences that regulate the transcription of
genes, but may be located at a distance from
the gene they control (although they are on
the same DNA molecule as the gene). Often
enhancers are many kilobases away on the
DNA, either upstream or downstream of the
gene. As the name suggests, enhancers can
enhance (increase) transcription of a particu-
lar gene. How can a DNA sequence far from

Image by Martha Baker

the gene being transcribed affect the level of
transcription?

Transcriptional activators
Enhancers work by binding proteins (tran-
scriptional activators) that can, in turn, in-
teract with the proteins bound at the pro-
moter. The enhancer region of the DNA,
with its associated transcriptional activator(s)
can come in contact with the transcription
Initiation complex that is bound at a dis-
tant site by looping of the DNA (Figure
7.115). This allows the protein bound at the
enhancer to make contact with the proteins
in the basal transcription complex. The inter-
action of the activator with the transcrip-
tion initiation complex may be direct, or it
may be through a “middle-man”, a protein
complex called mediator.
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transcription factors

1 Activator proteins bind to pieces of
DNA called enhancers. Their binding
causes the DNA to bend, bringing
them near a gene promoter, even
though they may be thousands of
base pairs away.
Enhancers

Other transcription
factor proteins

Promoter _

3 This protein complex makes it easier
for RNA polymerase to attach to the
promoter and start transcribing
agene.

RNA polymerase o

2 Other transcription factor proteins
join the activator proteins, forming
a protein complex which binds to
the gene promoter.

note
This diagram simplifies the DNA
greatly— promoters, enhancers,
and insulators can be dozens or even
hundreds of base pairs long.

4 Aninsulator can stop the enhancers
from binding to the promoter, if a
protein called CTCF (named for
the sequence CCCTC, which occurs
in allinsulators) binds to it.

it grou’x__’_f ; \— Insulator

5 Methylation, the addition of

» amethyl grouptothe C
nucleotides, prevents CTCF
from attaching to the insulator,
turning it off, allowing the
enhancers to bind to the promoter.

cTcF”
(CCCTC-binding factor)

Figure 7.116 - Transcription factors in regulation of eukaryotic transcription

One effect of this interaction is to assist in re-
cruiting proteins necessary for transcrip-
tion, like the general transcription fac-
tors and RNA polymerase to the pro-
moter, increasing the frequency and effi-
ciency of formation of the transcription initia-
tion complex. There is also evidence that at
some promoters, following assembly of the
transcription initiation complex, the
RNA polymerase remains stalled at the pro-
moter. In such cases, the interaction with the
transcription initiation complex of an activa-
tor bound to an enhancer could play
a role in facilitating the transition

of the RNA polymerase to the
elongation phase of transcrip-

YouTube Lectures
by Kevin
HERE & HERE

Wikipedia

Chromatin remodeling proteins
Another mechanism by which activators
bound at the enhancer can affect transcrip-
tion is by recruiting to the promoter pro-
teins that can modify the structure of that re-
gion of the chromosome. In eukaryotes,
DNA is packaged with proteins to form
chromatin. When the DNA is tightly associ-
ated with these proteins, it is difficult to ac-
cess for transcription. So proteins that can
make the DNA more accessible to the tran-
scription machinery can also play a role in the
extent to which transcription occurs.

Silencers
In addition to enhancers, there

tion.

are also negative regulatory se-
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Figure 7.117 - Binding of c-myc protein to its

target DNA sequence

the part of the protein that stimulates
or represses transcription. The DNA
binding domains of transcrip-
tional activators form characteris-
tic structures that recognize their tar-
get DNA sequences by making con-
tacts with bases, usually in the major
groove of the DNA helix. Itis possi-
ble to engineer hybrid transcription
factors that combine the DNA bind-
iIng domain of one activator with the

s activation domain of another. Such
quences called silencers. Such regulatory se- proteins retain the specificity dictated
quences bind to transcriptional repressor by the DNA binding domain. Truncated tran-
proteins. Like the transcriptional activators,  Scription factors can also be generated that
these repressors work by interacting with the have their DNA binding domain but lack the
transcription initiation complex. In the activation domain. Such transcription fac-
case of repressors, the effect they have on tors can be useful tools in studying transcrip-
the transcription initiation complex is to re- tional regulation because their DNA binding

duce transcription.

DNA binding proteins
Transcriptional activators and
repressors are modular pro-
teins- they have a part that binds
DNA and a part that activates or
represses transcription by interact-
ing with the transcription initia-
tion complex (Figure 7.118).
The DNA binding domain is the
part of the protein that confers
specificity for determining which
gene(s) will be activated or re-
pressed. The activation domain is

domains can compete with the endogenous

DNA bending protein Enhancer
1

Activator binding
sites

General transcription
factors and mediator &
proteins Sl
Activators

e PAANS RN, 4:».,-
i r Y 15
SR 4R e

Figure 7.118 Activators bound at multiple sites can

regulate transcription from a given promoter
OpenStax
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Mechanisms linked to transcriptional activation
Acetylation {HATs)
Lysine methylation (H3K4, H3K6, H3K79)
Lysine de-methylation (H3K3, H3K27, H4K20)
Mono-ubiquination

De-acetylation (HDACs)

Lysine methylation (H3K9, H3K27, H4K20)
Lysine de-methylation (H3K4, H3K6, H3K79)
De-ubiquination (DUBs)

Mechanisms linked to transcriptional repression

Figure 7.119 - Transcriptional activation (right) and deactivation

(left) by histone modification

transcription factors for regulatory bind-
ing sites without increasing transcription
from the target promoters.

Multiple factors

The description above may suggest that each
gene in eukaryotes is controlled by the bind-
ing of a single transcriptional activator or
repressor to a particular enhancer or si-
lencer site. However, it turns out that the
transcription of any given gene may be si-
multaneously regulated by a combination of
proteins, both activators and repressors,
bound at multiple regulatory sites on the
DNA, all of which interact with the tran-
scription initiation complex. The combi-

natorial nature of
such regulation pro-

vides great versatil-
ity, with different
combinations of
regulatory elements
and proteins work-
ing together in re-
sponse to a wide va-
riety of conditions
and signals.

The mechanisms de-
scribed so far have
focused on the se-
guence elements in
DNA that regulate
e transcription
through the activa-
tor and repressor proteins bound to them.
Following transcription, alternative splic-
Ing (see HERE) and editing of the transcripts
can also modify the proteins that are pro-
duced by the cell. We will now examine some
of the other ways in which gene expression

IS modulated in cells.

First, we will consider some so-called epige-
netic mechanisms that affect gene expression.
The term epigenetics derives from epi (above,
or on top of) and genetic (of genes) and refers
to the fact that these mechanisms act in addi-
tion to, or overlaid on, the information in the
gene sequences. Two such epigenetic mecha-
nisms are the covalent modifications of his-
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Co-activators
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« Silent (condensed) chromatin
» Methylated cytosines
(red circles)
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:

Transcription possible i

Transcription impeded T

Figure 7.120 - Chromatin configuration affects transcription

tones in chromatin and the methylation of
DNA sequences.

Histone modification

As noted earlier, transcription in eukaryo-
tes is complicated by the fact

that the DNA is packaged with
histones to make chromatin.
This means that for a gene to be
transcribed, the relevant regions of
the chromatin must be opened up
to allow access to the RNA po-
lymerase and transcription factors.

This provides another potential point of con-
trol of gene expression. Chromatin remod-
eling factors, mentioned earlier, assist in reor-
ganizing the nucleosome structure at re-
gions that need to be made accessible.

[nteractive Learning
Module
HERE

Wikipedia

But what determines that a given region of the
chromatin will be acted upon by the remod-
eling complexes? Transcriptional activa-
tor proteins bound at enhancers, some-
times work by recruiting histone modifying en-
zymes to the promoter region.

An example of such a modifying
enzyme is histone acetyl trans-
ferase (HAT) that works to acety-
late specific amino acid residues in
the tails of the histones forming
the nucleosome core (Figures
7.119 & 7.120). Acetylation of histones is
thought to be responsible for loosening the in-
teraction between histones and the DNA in
nucleosomes and helps to make the DNA
more readily accessible for transcription.
The opposite effect may be achieved if the en-
zymes recruited are histone deacetylases
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the "writers." The histone
—_— code is interpreted by "read-
p— ers," proteins that bind to
specific combinations of the
modifications and assist in
either silencing the expres-
sion of genes in the vicin-

ity or making the region

more transcriptionally ac-
tive.

Figure 7.121 - Inactivation of transcription by CpG

methylation

Image by Indira Rajagopal

(HDAC) which remove acetyl groups from
the tails of the histones in the nucleosome,
and lead to tighter packing of the chroma-
tin.

Writers, readers and erasers
In addition to the histone acetyl transfe-
rases and the deacetylases, other enzymes
may add or remove methyl groups, phos-
phate groups, and other chemical moieties to
specific amino acid side chains on the his-
tone tails. The patterns of these covalent
modifications, sometimes called the his-
tone code, are established by the
so-called "writers", or enzymes,

YouTube Lectures

DNA methylation
Gene expression can also
be regulated by methyla-
tion of the other component of chromatin -
DNA. Enzymes called DNA methyltransfe-
rases (DNMTSs) catalyze the covalent addi-
tion of a methyl group to Cs of cytosines in
DNA. Patterns of cytosine methylation vary
in different organisms, with methylation con-
centrated in some parts of the genome in
some groups and scattered throughout the ge-
nome in others. In vertebrates, the cytosines
that are methylated are generally next to a
guanine (the CG dinucleotide is commonly
abbreviated as CpG). Methylation of
DNA seems to correlate with gene
silencing while demethylation is

by Kevin

such as histone methyltransfe-

HERE & HERE

associated with increased tran-

rases, that add the chemical

scription (Figure 7.121).

groups on to the histone tails. Yet
other enzymes, like the histone demethy-
lases, may act as "erasers," removing the

How does methylation of the DNA at CpG
sites regulate gene expression? Although the
extent of DNA methylation near promoters

1Y


http://www.davincipress.com/bffa/7/7p7.html
http://www.davincipress.com/bffa/7/7p7.html
http://www.davincipress.com/bffa/7/7p8.html
http://www.davincipress.com/bffa/7/7p8.html

EPIGENETIC MECHANISMS

are affected by these factors and processes:

* Development (in utero, childhood)

* Environmental chemicals o~
* Drugs/Pharmaceuticals !
* Aging < AV

* Diet B v(/~

w

3 METHYL GROUP

DNA methylation

\ |‘ and activate or repress genes.

Methyl group (an epigenetic factor found
in some dietary sources) can tag DNA

HEALTH ENDPOINTS

—— + Cancer

. + Autoimmune disease
\ + Mental disorders
+ Diabetes
EPIGENETIC
CHROMATIN X
\/_‘,7 FACTOR
1
1

GENE

Histones are proteins around which
DNA can wind for compaction and

DNA inaccessible, gene inactive

HISTONE TAIL

DNA accessible, gene active

Histone modification

The binding of epigenetic factors to histone “tails"
alters the extent to which DNA is wrapped around
histones and the availability of genes in the DNA
to be activated.

gene regulation,

Figure 7.122 - Epigenetic changes through histone and DNA modification

has been observed to correlate with gene si-
lencing, it is not clear how exactly methyla-
tion brings about this effect. It has been sug-
gested that methylation could block the bind-
ing of proteins necessary for transcrip-
tion. Methylation at enhancer sites might
also prevent the binding of transcriptional
activators to them.

Another interesting observation is that certain
proteins that bind to methylated CpG sites
also seem to interact with histone deacety-
lases. As noted above, histones deacetylases

remove acetyl groups from histones, and pro-
mote tighter packing of chromatin and tran-
scriptional silencing. Thus, methylation on
DNA likely works in combination with his-
tone modification to affect gene expres-
sion.

Regulatory RNAs

One of the most unexpected discoveries in the
past few decades has been the role that RNAs
play in regulating gene expression. The
classic view that RNA either encoded proteins
(mRNA) or assisted in their synthesis (rRNA

818



Hairpin pri-microRNA
(primary micro RNA)
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1 A protein called exportin-5 transports
a hairpin primary microRNA (pri-miRNA)
out of the nucleus.

2> Meanwhile, one of the strands joins a
group of proteins, forming an
microRNA-protein complex. The other

ot strand, known as a passenger strand

is usually discarded.

How this all happens is still not

very well understood.
leaving a double stranded microRNA duplex ¢ J L ¥ |"'ii T W’i’"

2 An enzyme called dicer (not shown) trims the
pri-microRNA and removes the hairpin loop,

molecule. g f" ™, '., ,',

r[‘}‘

Base mismatch

microRNA duplex
Passenger strand

— microRNA
(abbreviated miRNA)
about 22 nucleotides long

microRNA-protein complex

31n plant cells, the microRNA is
usually perfectly complementary
to its target mMRNA molecule.
The microRNA will bond with it,
and cause the mRNA to ]
break down.

y“u)ﬂ‘\
0O
o

Endonucleolytic
cleavage

Blocked ribosome

Messenger RNA strands
s?mRNA)

Argonaute proteins

4 In animal cells, the microRNA nucleotides
typically don't pair up with the mRNA
nucleotides as well. Their base pairing often
follows a pattern though.

microRNA

4a8° Nucleotide 1
Has an A across from it

Deadenylation

/@deotides 2-8)

Seed
\ Perfect base pairing

5 The microRNA-protein complex's presence
blocks translation as well as speeding up
deadenylation (breakdown of the Poly-A tail),
which causes the mRNA to be degraded sooner
and translated less.

LAY
/( Nucleotide 9
Hasan A or U across from it

Nucleotides 13-16
Good base pairing

Figure 7.123 - miRNAs function in the regulation of gene expression

and tRNA) is now known to be a vast underes-
timate of the various ways in which RNAs
function in gene expression. Itis now clear
that regulatory RNAs have widespread and sig-
nificant effects on gene expression, a realiza-
tion that has revolutionized our understand-

ing of gene regulation.

Wikipedia

RNAs (siRNASs) are small, non-coding RNAs
that act at the post-transcriptional level to
regulate gene expression (Figure 7.123 &
7.124). These RNAs appear to silence
genes by base-pairing with target mMRNAs
and marking them for degradation, or by

5! C. elegans lin-4 miRNA
Whatare o ol N—ceefecucUlUecclsnsaCeycatoycycaciouncla
Ways In Wthh regulatory /—GGCAGGA GGGCCUCUCGGGUCCACACUU CGUA GU
RNASs function to modu- 2
late the expression of % sGha
: kCCUGCUUGGGAAACAUACUUCUUUAUAUGCCCAUAU <
genes: GGCCGGACUCUAUGUAUGAAGAAAUGUA N GGUAUC &
Gl
3’ Human miR-1 AA

Small regulatory

RNAS
MicroRNAs (MiRNAS)
and Short Interfering

Figure 7.124 Pre-miRNA hairpin structures with the mature
guide miRNAs shown in red

Wikipedia
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blocking their translation. The functional
forms of both miRNAs and siRNAs are from
20-30 nucleotides long and are derived by
processing from longer primary transcripts.
Mature miRNAs and siRNAs work in associa-
tion with a class of proteins called Argo-
naute proteins to form a gene silencing
complex.

MicroRNAs are transcribed from specific
genes by RNA polymerase Il. The primary
transcript, known as a pri-miRNA folds on
itself to form double-stranded hairpin struc-
tures that are cleaved by an RNase in the nu-
cleus called Drosha. The products of Dro-
sha cleavage, double-stranded RNAs of
roughly 60-70 nucleo-

tides known as pre-

RNAs, but these may arise from either endoge-
Nous Or exogenous sources (such as viruses).
These double-stranded RNAs are processed in
the cytoplasm by the same enzyme, Dicer,
that generates the mature miRNAS, to pro-
duce the small, 20-30 nucleotide double-
stranded RNAs.

In contrast to mMiRNAs, the mature siRNAs
are perfectly base-paired along their lengths.

RISC assembly

Both miRNAs and siRNAs then are assem-
bled with Argonaute proteins to form a si-
lencing complex called RISC (RNA-induced
silencing complex). Recall that both miRNAs

ds RNA

| I T I e T T T T e T T e T T I e e |

MiRNAS, are exported
to the cytoplasm, where
they are further proc-
essed into the small 20-
30 nucleotide lengths
of mature double-
stranded miRNAs by an
enzyme known as
Dicer. The RNA du-
plexes of mMiRNASs are
not perfectly matched,
and have loops and mis-
matches (Figure

Degradation of passenger strand

| <o

SIRNA & el

Assembly of guide strand
with Argonaute to form
RISC

L _

Guide RNA
binds target

7.124).

SsiIRNAs also derive
from double-stranded

* \
Target MRNA el EERTEE

RISC degrades target RNA

Figure 7.125 - Gene silencing by siRNA

Image by Pehr Jacobson
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Long noncoding RNAs
Long noncoding RNAs

HO-

OH (IncRNAs) are RNAs of

Figure 7.126 - Processed siRNA duplex with perfect
base-pairing, 5’ phosphates and two bases

overhanging at each 3’ end

and siRNAs are, at this point double-
stranded. One strand of the RNA is referred
to as the guide RNA, while the other is called
the passenger RNA.

During the process of loading the RNA onto
the Argonaute protein, the guide strand of
the RNA remains associated with the protein,
while the passenger strand is removed. The
guide RNA associated with the Argonaute
protein is the functional gene silencing com-
plex (Figure 7.125).

Sequence specific base-pairing of the guide
RNA with an mMRNA leads to either the deg-
radation of the mRNA by the Argonaute pro-
tein (in the case of the sSiRNAS) or in suppres-
sion of translation of the mRNA (for miR-
NAS). The extent to which these processes
play a role in regulating gene expression is im-
pressive. The expression of at least a third
of all human genes has already been shown to
be modulated by miRNASs, demonstrating
clearly that these RNAs play a major role in
gene regulation.

d greater than 200 nucleotides
that do not code for proteins.
Some of these RNAs are derived
from intron sequences, while
others, transcribed from inter-
genic regions form a subset of

IncRNAs called lincRNAs (long intergenic non
coding RNASs). Yet other IncRNAs are pro-
duced as antisense transcripts of coding
genes. An astounding 30,000 transcripts in
humans are thought to be IncCRNAs, but little
is known of their function. From the few
IncRNASs that have been intensively studied,
it is evident that they do not all function in the
same way. However, they appear to affect
gene expression in a variety of ways includ-
ing modification of chromatin structure,
regulation of splicing, or serving as struc-
tural scaffolds for the assembly of nucleopro-
tein complexes. Additional mechanisms will
doubtless be uncovered as these fascinating
RNAs are investigated in years to come.

Regulation of translation

The synthesis of proteins is dependent on
the availability of the mRNAs encoding
them. If an mRNA is blocked at its 5' end, it
cannot be translated. The rate of degradation
of an mMRNA will influence how long it is
around to direct the synthesis of the protein it
codes for. Gene expression can also, there-
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fore, be regulated
by mechanisms
that alter the rate
of MRNA degrada-
tion. Regulation of

YouTube Lectures
by Kevin
HERE & HERE

translation is used to control the production
of many proteins. Two examples, ferritin
and the transferrin receptor, are impor-
tant for iron storage and transport in cells.
Ferritin is an iron-binding protein that seques-
ters iron atoms in cells to keep them from re-
acting. When iron levels are high, there is a
need for more ferritin than when iron levels
are low. How are fer-
ritin levels regulated?
The 5'UTR of the fer-
ritin mMRNA contains
a 28-nucleotide se-
guence called the

Iron Response Ele-

5’ | 3¢
Coding Region

Iron-Response
Element

ment, or IRE (Fig-
ure 7.127). When
iron levels are low, the

Fe IRE-binding protein dissociates when iron
levels are high, permitting translation

IRE is bound by a pro-
tein. The presence of
the IRE-binding
protein at the 5’'UTR
blocks translation of
the ferritin mRNA.
However, if iron levels

Iron-Response
Element

are high, the iron
binds to the IRE-

IRE-binding protein bound when iron
levels are low, blocking translation

Ferritin mRNA not translated

Ferritin mRNA is translated

conformational change and dissociates from
the IRE. This frees up the 5' end of the fer-
ritin mRNA for ribosome assembly and
translation, producing more ferritin.

The other protein involved in iron transport,
the transferrin receptor, is required for up-
take of iron into cells, when intracellular iron
levels are low. In the case of the transferrin
receptor, itis when iron levels are low that
more of it is needed. When iron levels are
high, there is no need to make more transfer-
rin receptor. The mMRNA encoding the trans-
ferrin receptor also
has IRE sequences,
but in this case, the
IRE is situated in the
3'UTR of the tran-
script (Figure
7.128). The IRE is, as
in the case of fer-
ritin, bound by the
IRE-binding pro-
tein. When iron lev-
els in the cell are high,
the iron binds the
IRE-binding protein,
which dissociates
from the IRE. This
3»  leaves the 3'UTR sus-
ceptible to attack by

Coding Region

RNases, leading to

binding protein,
which undergoes a

Figure 7.127 -Regulation of ferritin mRNA

translation
Image by Aleia Kim

degradation of the
transferrin receptor
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Gene expression is
controlled at many

steps
As can be seen from the ex-

When iron levels are low,
IRE-binding protein
stabilizes mRNA

by binding IRE IRE-binding
and protecting protein
the 3'end from

nuclease attack

IREs in 3"UTR

9

amples in this section, regula-

2 00000

®
000 000

tion of gene expression in

eukaryotic cells is a func-

5¢ T e— T 3
Transferrin tion of multiple mechanisms
ECEptarmANA that act at different stages in
the flow of information from

DNA to protein, respond-

Stabilized transferrin mRNA is translated to make more transferrin receptor Ing to the internal state of

the cell as well as external

When iron levels are high, conditions and signals.
IRE-binding protein dissociates,
allowing nuclease degradation

of the transferrin mRNA

Degradation of transferrin mRNA results in less transferrin receptor made

Figure 7.128 -Regulation of transferrin receptor mRNA

translation
Image by Aleia Kim

MRNA. At times when iron levels are low,
the IRE-binding protein remains bound to the
3' UTR of the mRNA, stabilizing it and permit-
ting more transferrin receptor to be made
by translation.
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God Bless These Complexes

To the tune of “God Bless America”
Metabolic Melodies Website HERE

All information in
Cells’ DNA
Just increases
With pieces
Mixed and matched in the mRNAS

Linking exons
All together
Using snurps in
Complex-ES

God bless the spliceosomes
And trans-crip-tomes
(slow and loud) God bless the spliceosomes
And my ge-nome

Your blueprint info is
In DNA
Since you need it
Proofread it
Or you’ll mutate the mRNA

You can translate
All the codons
With the cells’ gen-
et-ic code

God bless the ribosomes
They translate code
(slow and loud) God bless the ribosomes
And proteomes

Recording by David Simmons
Lyrics by Kevin Ahern
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The Book of Life

To the tune of “The Look of Love”
Metabolic Melodies Website HERE

The book of life - the stuff of dreams
Is everywhere, it seems

The book of life, is biochemistry and
Its words fill every day
Just what it says is written in the DNA

I just want to get to know it
How the info’s coded
What are all the secrets?
Ribosomes can read it
Goodness knows it’s needed

And so its alphabet’s
In codon forms
For ribosome bookworms

They read it right
A protein’s function to its sequence corresponds
It's not just randomly created peptide bonds

What a marvel of creation, how they do translation
Of m-R-N-A chains,
Using bits of glycine
Proline and some lysine
Translate the code

Instrumental

I just marvel at the knowledge
That | got in college
To learn all the secrets
Double helix spaces
Complementary bases

Pyrimidines
Paired to purines
The book of life

Recording by Carol Adriane Smith
Lyrics by Kevin Ahern
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