Big Idea 3: Living
systems store, retrieve,
transmit and respond
to information essential
to life processes.
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Enduring understanding 3.B:
Expression of genetic information
involves cellular and molecular
mechanisms.
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Essential knowledge 3.B.1: Gene regulation results in
differential gene expression, leading to cell specialization.

a. Both DNA regulatory sequences, regulatory genes, and small
regulatory RNAs are involved 1in gene expression.

Evidence of student learning 1s a demonstrated understanding of
each of the following:

1. Regulatory sequences are stretches of DNA that interact with

regulatory proteins to control transcription.

To foster student understanding of this concept, instructors can choose an
illustrative example such as:
* Promoters ® Terminators ® Enhancers

2. Aregulatory gene 1s a sequence of DNA encoding a
regulatory protein or RNA.
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Essential knowledge 3.B.1: Gene regulation results in
differential gene expression, leading to cell specialization.

b. Both positive and negative control mechanisms regulate gene
expression in bacteria and viruses.

Evidence of student learning is a demonstrated understanding of each of the following:

1. The expression of specific genes can be turned on by the presence of an inducer.

2. The expression of specific genes can be inhibited by the presence of a repressor.

3. Inducers and repressors are small molecules that interact with regulatory proteins and/or
regulatory sequences.

4. Regulatory proteins inhibit gene expression by binding to DNA and blocking transcription
(negative control).

5. Regulatory proteins stimulate gene expression by binding to DNA and stimulating transcription
(positive control) or binding to repressors to inactivate repressor function.

6. Certain genes are continuously expressed; that is, they are always turned “on,” e.g., the ribosomal
genes.
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Molecular Basis of Inheritance

|.Main Idea: Bacteria often respond to
environmental change by regulating
transcription.
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Regulating Gene Expression

* A cell’s genome consists of all its genes.
* NOT ALL genes need to be expressed at ALL times.

* ONLY certain genes are expressed at certain times.

* Bacteria turn on and turn off genes in
response to the environmental conditions.

* As environmental conditions change so to
does gene expression.
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Regulating Gene Expression

* A bacteria that can turn its genes on and off in
response to environmental changes will save both
resources and energy over time.

e Natural selection has favored these bacteria over those
which have less control.

* Consider E-coli that live in a human colon, if human meal
includes a particular nutrient then they need not produce it
(save energy ) BUT if human meal does not include a particular
nutrient then they need produce it.

e This fundamentally requires that the E-coli turn on/ off
certain genes depending on the presence/absence of a
particular nutrient.
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How are bacterial genes controlled?
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“two general ways of eliciting a cellular response”
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Bacterial Operon Concept

A single ON/OFf Consists of three
switch for the parts: promoter,
entire operon operator and genes
{< - lac Operon -

|<—- Regulatory sequences ———>‘ <«— Structural genes ——
|
[)\I A { } R T:--,..\f~ﬁl-1 SRR = A 1

SRR ;

oy Operator (o \
Promoter for / Il Structural gene
regulatory gene

Promoter for Structural gene for B-galactoside
(pi) structural genes (p;,.)  for B-galactosidase transacetylase

Regulatory gene
(1) codes for
repressor protein
Genes that make
protein that binds

Structural gene
for B-galactoside
permease

to operator, The genes
essentially it turns involved the
operon on/off entire metabolic
pathway
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Inducible Operons “turn-on-able”

Negative Gene Regulation

Promoter
Regulatory O Operator o
gene
No
RNA
made
RNA -
BNA ﬁ polymerase
¢ Normally
Turned OFF
Protein repressor

Lactose absent, repressor active, operon off. The /ac repressor is innately active,
and in the absence of lactose it switches off the operon by binding to the operator.
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Inducible Operons “turn-on-able”

Negative Gene Regulation

lac operon
A
-~ N
DNA/ P U 1] facz acY | lacA ¥

¢ RNA /

3 polymerase

'
Protein '\* — ”

Allolactose Inactive
(inducer) repressor

_

mRNA 5¢§ mRNA 5 555

|

f-Galactosidase

‘ Permease

Transacetylase

Lactose present, repressor inactive, operon on. Allolactose, an isomer of
lactose, derepresses the operon by inactivating the repressor. In this way, the
enzymes for lactose utilization are induced.

Normally Turned OFF

/AN
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lac Operons “turn-on-able”




Repressible Operons “turn-off-able”

Negative Gene Regulation Normally Turned ON

l A _

Protein > H Active
A Gyl repressor

. n~_Tryptophan
(corepressor)

DNA

No RNA made

MRNA

Tryptophan present, repressor active, operon off. As tryptophan
accumulates, it inhibits its own production by activating the repressor protein.
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Repressible Operons “turn-off-able”

Negative Gene Regulation  Normally Turned ON

trp operon
A
Promoter ~ —~~
Promoter
.  Genes of operon
DNA 7 ‘ //// = ] troE | trpD | trpC ] troB  trpA / // /
| | | 4 o~
Operator ‘
Regulatory /, \
gene RNA Start codon Stop codon ,‘, . \
5 3" polymeras YW \
= mRNA "7 S R \ |
mRNA </ ¢ ¢ ¢ |
Y '
E D - - B
: i \— /)
Protein Inactive ~
repressor .

Polypeptides that make up
enzymes for tryptophan synthesis

Tryptophan absent, repressor inactive, operon on. RNA polymerase attaches
to the DNA at the promoter and transcribes the operon’s genes.
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Let’s Review so far

* Inducible Operons (“turn-on-able”)

* inducer binds to innately active repressor there by
inactivating the repressor and turning operon on

 usually operates in catabolic pathways
* Repressible Operons (“turn-off-able”)

* repressor binds to innately inactive repressor there by
activating the repressor and turning operon off

* usually operates in anabolic pathways
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Essential knowledge 3.B.1: Gene regulation results in
differential gene expression, leading to cell specialization.

c. In eukaryotes, gene expression 1s complex and control involves
regulatory genes, regulatory elements and transcription factors that
act 1n concert.

Evidence of student learning 1s a demonstrated understanding of
each of the following:

1. Transcription tactors bind to specific DNA sequences and/or
other regulatory proteins.

2. Some of these transcription factors are activators (increase
expression), while others are repressors (decrease expression).
3. The combination of transcription factors binding to the
regulatory regions at any one time determines how much, if any,
of the gene product will be produced.
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Molecular Basis of Inheritance

Main ldea: Regulating gene expression is
also important for eukaryotic cells,
especially those that make up a
multicellular organism.
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* Typical human cells expresses ~20%of its genes at
any given time

* highly differentiated cells like nerve cells even less

* Almost all cells have an identical genome

* Immune cells are an exception

e The difference between cell types are not due to
different genes present but to differential gene
expression, each cell using its own unigque
combination of genes.
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* The function of any cell depends on the appropriate
set of genes being expressed.

* Transcription factors must locate the “right genes”
at the “right time”.

e |f this does not occur imbalances and disease can result

Self-renewal T

‘ Stem cell

Differentiation / \
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* The next and most common place to regulate genes
occurs at initiation step of transcription.

* This is true in both prokaryotes and eukaryotes!

* Since eukaryotic transcription is more complicated we

should start by reviewing the structure of a eukaryotic
gene.
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* Organization of a Typical Eukaryotic Gene

Proximal Poly-A signal  Termination
control elements sequence region
Upstream
y/4 Intron Intron /
N N |~ /)
NS 4 ‘Downstream
Enhancer Promoter lTranscription Poly-A
(distal control elements) signal
Primary RNA | Cleared 3' end
transcript 5y = — WEXSH W of primary
(pre-mRNA) transport
RNA processing:
Control Elements- Cap and tail added;
. Intron RNA< introns excised and
segments of noncoding exons spliced together
DNA that serve as
AT . Coding segment
binding sites for 9508
ranscription tactors mRNA (-7 | | . |
5 Cap . " Start Stop ¥ Poly-A
5" UTR codon codon 3'UTR tail
(untranslated (untranslated
region) region)
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* Roles of Transcription Factors

e Eukaryotes have a sort of volume control when
comes to gene expression.

* General Transcription Factors, bind to DNA, the promoter
and the RNA polymerase (this what you saw in last
powerpoint) = Low Volume

e Specific Transcription Factors, bind to DNA, the
promoter, the RNA polymerase and the control elements
(seen on the last slide) = High Volume
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* Enhancers & Specific Transcription Factors

* Enhancers can greatly affect the rate of
transcription depending upon the type of specific
transcription factors.

* Repressors, bind to the control elements of the enhancer
= turn down the Volume (rate of transcription)

e Activators, bind to the control elements of the enhancer
= turn up the Volume (rate of transcription)
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Enhancers & Specific Transcription Factors

Distal control element

Activator proteins bind to distal 7Activators ﬂmoter
control elements grouped as an _ e T
enhancer in the DNA. This Enhancer ‘ TATA
enhancer has three binding sites. ) Pox 4 ﬁ:::;?ilption
// —\\\1_-:///,//ofact9rs
DNA- Q°
bending @
A DNA-bending protein brings the bound \ protein ﬁ;ﬁ?ﬁtﬁf proteins
activators closer to the promoter. Other i —
transcription factors, mediator proteins, RNA
and RNA polymerase are nearby. Polymerase Il

The activators bind to certain general

transcription factors and mediator proteins,

helping them form an active transcription
initiation complex on the promoter.

_ RNA
=~ Polymerase I
 ——

- ] -——_)
Transcription RNA synthesis
Initiation
complex
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e Combinatorial Control of Gene Activation

* |n eukaryotes precise control of transcription
depends largely on the binding of activators to DNA
control elements.

* With so many genes you might expect a lot of different
activators, ironically the number is small.

* These dozen or so sequences show up again and again in
the control elements for different genes.

* The combination of control elements is the important
factor when regulating gene transcription.
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* Coordinately Controlled Genes in Eukaryotes

* Recall that prokaryotes clustered all the genes in a
metabolic pathway together in one operon so that
they might all be expressed at the same time.

* Eukaryotes need to express multiple genes at the
same time as well BUT their genes are not placed
together, in fact they may not even be found on the
same chromosome.

SO, How do they do it? How do they transcribe all
the genes in a metabolic pathway at the same time?
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* Coordinately Controlled Genes in Eukaryotes

* Co-expressing genes coding for enzymes in a
metabolic pathway depend on the association of a
specific combination of control elements with every
gene in the group.

* Copies of the activators that recognize the control
elements bind to them, promoting the simultaneous
transcription of genes regardless of their position in
the genome.
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Coordinately Controlled Genes
iIn Eukaryotes

Steroid hormone enters cell,
binds to intracellular receptor
which serves as the transcription
activator.

Every gene in the same
metabolic pathway is turned on
by this same hormone receptor
complex.

Estrogen activates all the genes
that stimulate cell division in the
uterus, in preparation for
pregnancy.
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Coordinately Controlled Genes
iIn Eukaryotes

Hormone

EXTRACELLULAR
(testosterone)

FLUID

Steroid hormone enters cell, @ |
binds to intracellular receptor Receptor\ ] membrane
which serves as the transcription Pe" Q\
activator. roceptor

complex

Every gene in the same
metabolic pathway is turned on
by this same hormone receptor
complex.

Estrogen activates all the genes |

that stimulate cell division in the NUCLEUS \ Nevyrotein
uterus, in preparation for 3o
pregnancy. Q@_ﬁg&

CYTOPLASM
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Coordinately Controlled Genes in Eukaryotes

Water soluble hormones
need not enter the cell,
instead they trigger a
sighal transduction
pathway that leads to
the activation of specific
transcription activators
Or repressors.

__— Growth factor

Reception
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D Phosphorylation

\)’\,QA cascade
P 9
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Inactive _—

transcription Active

factor transcription\
(P,

Transduction

factor Response
DNA B | N\ A\ M\ AN
e S e W W Ve N e € W
Gene
* >

NUCLEUS MRNA « -~
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* Nuclear Architecture and Gene Expression

* The organization of chromosomes is not random, each
chromosome has it own unique position, held in place by

attaching to the nuclear envelope and overlapping
certain other chromosomes.

TRENDS in Cell Biology
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* Nuclear Architecture and Gene Expression

* The areas where chromosomes overlap (D) are rich in
RNA polymerases and transcription factors.

* These overlapping
regions are called
transcription factories.

Lamina
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Essential knowledge 3.B.1: Gene regulation results in
differential gene expression, leading to cell specialization.

d. Gene regulation accounts for some of the phenotypic
differences between organisms with similar genes.
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* Typical human cells expresses ~20%of its genes at
any given time

* highly differentiated cells like nerve cells even less

* Almost all cells have an identical genome

* Immune cells are an exception

e The difference between cell types are not due to
different genes present but to differential gene
expression, each cell using its own unigque
combination of genes.
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* The function of any cell depends on the appropriate
set of genes being expressed.

* Transcription factors must locate the “right genes”
at the “right time”.

e |f this does not occur imbalances and disease can result

Self-renewal T

‘ Stem cell

Differentiation / \
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Molecular Basis of Inheritance

Main ldea: Gene regulation and expression plays a
critical role in the orchestration of development in

animals.
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* The transformation of a zygote into a multicellular
organism is amazing and relies on three processes:
cell division, cell differentiation & morphogenesis.

o Cell division generates the vast number of cells
required to build say a human.

o Cell differentiation is the process where cells
become specialized in structure and function.

* Morphogenesis organizes and arranges these
specialized cells into a particular 3-dimensional
arrangement that gives it creative form.
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o All three processes: cell division, cell differentiation
& morphogenesis have their basis in cellular
behavior.

e Cellular form and behavior depend on the genes it
expresses and the proteins it produces.

* Remember almost all cells in an organism have the
same genome, thus differential gene expression
results when cells regulate the genes differently
from other cell types.
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Recall

Both cells arose from
the same zygote

through mitosis. So...

How do
different sets of
activators come
to be present in

the two cells?

Enhancer
I_H

Prgmoter

T/

Albumin gene

Control < !
lements By
elem N L/

Liver cell
nucleus

58

Available
activators

&

.

q

Albumin
gene expressed

s/ E
Crystallin gene
not expressed

Liver cell

=

Crystallin gene

Lens cell
nucleus

Available
activators

T/ | W
AIbumln gene
not expressed

(i

Crystallin gene

expressed

(b) Lens cell
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* Two sources of information used by early cells of
the embryo tell a the cell which genes to express
at any given time in development:

* 7. Cytoplasmic determinants- maternal substances
in the egg, RNAs proteins and other substances
play a profound role.

o 2. The environment around the developing cells,

particularly inductive signals that come from other
cells in the vicinity.
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Unfertilized egg cell
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* Determination commits a cell to its final
type
* Determination precedes differentiation

* Cell differentiation is marked by the
production of tissue-specific proteins




Nucleus Master regulato
g "y Other muscle-specific genes

M IR oot e
_ DNA l | —
OFF OFF

Embryonic
precursor cell

3¢: 1 1 ! 1 1
mRNA OFF
a4 : MyoD prot
— yoD protein ° °
Myoblast () ranscription Determination
(determined) factor)

e Myoblasts produce muscle-specific proteins and
form skeletal muscle cells

e MyoD is one of several "master regulatory
genes’ that produce proteins that commit the
cell to becoming skeletal muscle
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® The MyoD protein is a transcription factor that
binds to enhancers of various target genes

, * Differentiation
) Wt
(determined) actor) q - }) }7
:l(,h: I 4N m— (A
y y y v
mRNA mRNA mMRNA mRNA
— l l b

Myosin, other
K J J muscle proteins,
MyoD Another and cell cycle-
Part of a muscle fiber transcription blocking proteins

(fully differentiated cell) factor
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Learning Objectives:

L.O 3.18 The student 1s able to describe the connection between
the regulation of gene expression and observed differences
between ditfferent kinds of organisms. [See SP 7.1]

LO 3.19 The student 1s able to describe the connection between
the regulation of gene expression and observed differences
between individuals 1n a population. [See SP 7.1]

LO 3.20 The student 1s able to explain how the regulation of gene
expression 1s essential for the processes and structures that
support efficient cell function. [See SP 6.2]

LO 3.21 The student can use representations to describe how gene

regulation influences cell products and function.
[See SP 1.4]
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