Chapter 16

Regulation of Gene
Expression
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Regulatory proteins

» Themselves product of transcription and
translation
* Several regulatory domains

— sequence-specific DNA-binding surface to
recognize DNA docking (target) site

— surface to recognize basal transcription apparatus

— surface to interact with proteins binding to nearby
docking sites (may or may not be present)

— surface to act as sensor of environmental
conditions (may or may not be present)

* Many variations and interactions
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Prokaryotic transcriptional regulation

¢ Promoter

— determines where transcription begins, including
identification of template strand

— binds RNA polymerase
» Operator
— adjacent to or overlapping promoter
— binds activator or repressor proteins
* In positive regulation, binding of activator to
docking site is required for transcription
* In negative regulation, operator must be free
of bound protein for transcription to occur




Table 1
Effect of
Transcription Regulatory Action of
Type of Control Normally Regulator Protein Protein Modulator
Negative inducible off Active repressor Inhibits Substrate makes
transcription repressor inactive
Negative repressible on Inactive repressor Inhibits Product makes
transcription repressor active
Positive inducible off Inactive activator Stimulates Substrate makes
transcription activator active
Positive repressible on Active activator Stimulates Product makes

transcription activator inactive

Positive and negative regulation
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Activator and repressor proteins

» Usually have at least two sites
— DNA-binding domain
— allosteric site
* binds effector molecule

« toggles DNA-binding domain between functional and
nonfunctional

« activator usually has RNA polymerase-binding
domain

* In some cases, effector must be bound to

allosteric site for protein to bind to DNA

+ In other cases, allosteric site must be empty
for protein to bind to DNA

Allosteric effectors
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Regulatory

Activator R
protein

DNA-binding
site

Repressor

Effector present

SINOININGN

The lac operon

* A model of negative and positive regulation
in E. coli

* Nobel prize for Jacob and Monod
» Regulates utilization of lactose sugar
— lactose must be present

— glucose (preferred sugar) must be absent

« repression of /ac operon by glucose is example of
catabolite repression (an example of positive
control)

— example of negative regulation

The lac operon components

lac structural genes
— Z: B-galactosidase
— Y: permease

— A: transacetylase

P,0O,Z Y,and A
components constitute
lac operon. Sometimes
called /acO, lacZ, etc.

— transcribed as single, multigenic mRNA

lac regulatory components

— I encodes lac repressor

— P: promoter site for RNA polymerase binding
— O: operator site to which Lac repressor binds




Lac operon
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Effect of lactose

» Lac repressor has two recognition sites
— exists as tetramer of identical subunits
— single DNA-binding site to dock with O
« binds to O site with high affinity
« only one O site in genome
« prevents transcription when bound to O

— four allosteric sites that bind lactose and its analogs
— in absence of lactose or analog, repressor is tightly
bound to O, repressing transcription of Z, ¥, and 4
« Binding of lactose or analog to allosteric sites
reduces affinity of repressor for O, resulting in its
release from O and permitting transcription

!
mANA = e | ;7 mRNA
Repressor B-Galactosidase Permease Transacetylase
Induction

* lac operon is an example of an inducible
system

* Induction
— relief of repression by action of an inducer

— inducer binds allosterically to repressor,
altering its conformation and binding capacity

* During repression there is no transcription
of structural genes Z, Y, and 4

+ After induction, these genes are transcribed
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Regulation of the lac operon
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Catabolite repression

* Catabolite repression is superimposed on
the /ac and related operons
— glucose is preferred carbon source
— induction occurs only in absence of glucose
* Two components
— cAMP (cyclic AMP)
« when glucose level is low, cAMP concentration
rises because AMP is not converted to ATP
— catabolite activator protein (CAP)
« CAP is activated allosterically by cAMP

« active CAP binds to CAP site of /ac operon,
facilitating binding of RNA polymerase




Catabolite control

(@) High glucose Inactivate adenylate
cyclase

e

(b) Low glucose
No inactivation

ATP mssssl- cAMP
(c) cAMP
cAMP + el ‘ CAP '
d
@ _ CAMP

CAP
B A

Non-substrate inducer

HOCH, CH,
0 /
HO S—C\—H
OH H CHj
H H

H OH

Isopropyl-B-D-thiogalactoside
(IPTG)

Genetic analysis (1)

* The lac operon was discovered through a
combination of biochemical and genetic
analyses

» Mutations in repressor and operator cause
global misregulation of /ac operon.
— O€ mutations result in constitutive expression
because repressor can not bind
« said to be cis-acting (adjacent sequence)
— I- mutations result in constitutive expression
because no functional repressor is produced
« said to be trans-acting (not adjacent)

Genetic analysis (2)

IS mutations (super-repressors) result in permanent
repression because inducer can not bind to
repressor.

— genetic evidence for allostery
* P region
— between / and O
— region for binding of RNA polymerase
» Repressor and CAP-cAMP binding sites
— differ in nucleotide sequence

— both show rotational twofold symmetry (partial
palindrome)
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Mutations in the lac operon

TABLE_13-1_|[ Synthesis of -Galactosidase and Permease in Haploid and Heterozygous Diploid Operator Mutants

£-GALACTOSIDASE (2) PERMEASE (¥)
Strain Genotype Noninduced Induced Noninduced Induced Condlusions

1 0°Z'Y

2 O'ZYIFOZ Y
0Zy

4 0'Z Y/F 0Z'Y

+ Wild type is inducible
¥ = + 7" is dominant to Z
0¢is con
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Mutations cont.

TABLE 13-2_|| Synthesis of B-Galactosidase and Permease

in Haploid and Heterozygous Diploid Strains Carrying I and I

B-GALACTOSIDASE (2) PERMEASE (¥)
Strain Genotype Noninduced Induced Noninduced Induced Condlusions
1 rzy = + - + I is inducible
2 rzy + + + + I is constitutive
3 FZ Y/F I Z'Y* - + - + I is dominant to I~
4 I'Z Y/FI'Z'Y - + - + I is trans-ac
Note: Bacteria were grown in glycerol (no glucose present) and induced with IPTG. The presence of the maximal level of the enzyme is in
absence or very low level ated by a minus sign. (Al stains are 0°)

I Super repressor
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TABLE 13-3

ynthesis of B-Galactosidase and Permease
by the Wild Type and by Strains Carrying Different Alleles of the I Gene

B-GALACTOSIDASE (2) PERMEASE (Y)
Strain Genotype Noninduced Induced Noninduced Induced Conclusions
1 rzey - + - + I* is inducible
2 FZ'y - - - - ISis always repressed
3 BZY/FIZY 1S is dominant to /
Note: Bacteria were grown in glycerol (no glucose prescnt) with and without the inducer IPTG. Presence of the indicated enzyme is epresenicd by + absence o low
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Upstream of the lac operon

RNA polymerase
I CAP site interaction site

E. coli chromosome

minator
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5" GARAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTAACTTT

CTTTCGCCCGTCACTCGCGTTGCGTTAATTACACTCA

CAP contact
region
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ATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATG

TACGAAGGCCGAGCATACAACACACCTTAACACTCGCCTATTGTTA SCTTTGTCGATACTGGTAC 5

Glucose present-no lactose

(a) Glucose present (CAMP low); no lactose; no lac mRNA
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Repression
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Trp organization

Organization of region:

Transcription

No trp - antitermination

a) Trp-starved: antitermination
In tryptophan starvation or at low levels
of tryptophan, ribosome translating
leader transcript stalls at trp codon
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Point mutations and transcription Eukaryotic transcriptional regulation

5 35 » No operon structure. Coordinately regulated genes
8 usually are dispersed.
§ 30 . . .
-1 * No (or few) instances of multigenic mRNA
5
5 10 « Critical importance in cell cycle and in development
N « Cis-acting sequences
& — core promoter and promoter-proximal elements
0 — enhancers
ey — e ™~ — silencers
= [/ \ [\ * trans-acting control
GCCACACCC 0 c ATATAA o )
— numerous transcription factors encoded by linked and
unlinked genes
Enhancer Enhancer
GRE MRE TRE MRE TATA Metallothionein gene
1 Pl | Pt 1 +1 1
Response Element Responds to Consensus Sequence =8 & = 5
Heat-shock element Heat and other stress  CNNGAANNTCCNNG f an t tJ t Transcription
start

Glucocorticoid response element Glucocorticoids TGGTACAAATGTTCT Steroid MRE AP1 MRE \RNA

Phorbol ester response element Phorbal esters TGACTCA receptor activator activator polymerase

Serum response element Serum CCATATTAGG protein protein Protein  qanscription

factors
Source: Adapted from B. Lewin, Genes IV (Oxford: Oxford University Press, 1994), p. 880. Basal transcription apparatus

SV40 enhancer - cis acting Eukaryotic transcription complex

Activators
These proteins bind to genes
at sites known as enhancers Repressors
and speed the rate These proteins bind
of transcription. to selected sets of genes
Enhance, at sites known as silencers
i 2 5 and thus slow transcription.
3" TTGGTCGACACCTTACACACAGTCAATCCCACACCTTTCAGGGGTCCGAGGGGTCGT /’[ Jo e,
J %\?‘ @D s
5
5" AACCAGCTGTGGAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGCA (§° Activator §>,5$
Activator ~
. \§ Activator A o
CCGTCTTCATACGTTTCGTACGTAGAGTTAATCAGTCGTTGGTC 5 S
B
GGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCAG 3° .

Coactivators
These “adapter” molecules
integrate signals from activators

Basal transcription factors

In response to injunctions from
and perhaps repressors activators, these factors position
RNA polymerase at the start of




RNA pol II initiation complex
[

TATA box Transcribed region
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TAFs
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TATA binding protein

Dissecting eukaryotic regulatory elements

» Genetic analysis by classical means
» Use of transgenic reporter genes constructed by
recombinant DNA technology
— reporter gene, e.g., -galactosidase fused to weak
eukaryotic promoter
— reporter construct fused to putative enhancer sequence
(or sequences)
— functional enhancer recognized by increased
transcription of reporter gene
» Eventually clone gene encoding enhancer binding
protein

Tissue specific enhancers

VM1 VM2 LE D, ID,

—+

70 75 8 8 90 95 100 105 110 115 120
AV

Detecting enhancers

lacz  Cis-regulatory region +

‘—’ (enﬁmce\rs) ‘“‘

P element Weak promoter P element
Germ-line
transformation
lacZ
Chromosome Chromlosome
| |
P insertion

Blue areas have B-galactosidase
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Mouse embryo with expression marker

Lac repressor

Inducer binding

DNA binding

Lac repressor monomer

[ o
[ o

Lac repressor tetramer

Compact DNA Levels of gene control — 5 G 2
ERTEFELY | WRZN/NNTNTNINTNT NG

« Transcription ‘

\ Alteration of structure
Relaxed DNA

Pre-mRANA (primasy transcript)
VA% .

. "o o | 2 Regulatia
Transcription \ . Lotspp n
TS pro

Pre-mRNA

" Nuceus *| 3. reguiations *
) of transport :

Processed mRNA ‘ J ‘ r ‘

mRNA processing

DNA-binding specificity

» DNA-binding regulatory proteins bind to specific
nucleotide sequences (docking sequence)
» Several categories of DNA recognition motifs
— helix-turn-helix
« helices fit into major groove of DNA
* common structure among regulatory proteins
— zinc-finger protein
« zinc atom is conjugated to two cysteines and two histidines
« usually multiple zinc fingers per protein
— Leucine zipper
» Coordinately regulated genes share promoter-
proximal and/or enhancer sequences

AnAaA
Noclear Nuclear
RNA stability membrane pore
Translation e bt et
- 4. Degradation
Protein Cytoplasm of MANA
(inactive)
Translation 5. Translational
requlation
l Posttranslational modification
o Protein 2N\ 6. Activity
Modified protein % product 7y »,\>—> of protein
(active)
¢
(@ Helix-turn-helix (b) Zinc fingers (0) Steroid receptor

Helix T*rn Helix

—— —_—

RN Pavas S

Dr Turn  Dimer-
binding helix binding helix Finger Zinc ions
(d) Leucine zipper (e) Helix-loop-helix (f) Homeodomain
- S e — Helix
- §Z 3= —Loop
Leucine — =1 Ss —_——
:5‘ Zipper zs
S
oo & %, 4
%o 8\ % @ o )
o L0 5%
DNA-binding ~ Minor Major
helix groove groove

Helix turn helix
N

Nonpolar contacts
between these helices
stabilize the motif.

TUF”C Recognition helix - — ¢

"\ Residues on this side
form hydrogen bonds with
bases in the major groove.
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(a) Helix-turn-helix

Helix ~ Turn Helix

Y 4 (( \¢
0N
S i‘\?)\ o'
N\

DNA- Turn Dimer-
binding helix binding helix

Lac repressor

Zinc finger

0

(
A A
COOH \/(ZHO /

CoHo zinc finger

NHp

(b) Zinc fingers

0%
’ /‘ f'

V2

/X\\/
& )

Finger Zinc ions

(c) Steroid receptor

Leucine zipper

(@ HOOC ~ COOH (b)
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(d) Leucine zipper

e oo oo e oo
—

Zipper

0 N
?33‘;\"?36‘\‘0
AW 4 Vv 4 P

(e) Helix-loop-helix

—

‘\ k Helix
(] —Loop

%3?3 ‘%,,\4\

DNA-binding Minor Major
helix groove groove

(f) Homeodomain

——

4SS

Motif

Helix-turn-helix

Zincfinger

Steroid receptor

Leucine-zipper

Helix-loop-helix

Homeodomain

Characteristics
Bacterial regulatory
proteins; related motifs
in eukaryotic proteins

Two alpha helices

Eukaryotic regulatory
and other proteins

Loop of amino acids
with zinc at base

Two perpendicular alpha
helices with zinc
surrounded by four

cysteine residues

Eukaryotic Helix of leucine residues and
transcription factors a basic arm; two leucine
residues interdigitate

Eukaryotic proteins

Eukaryotic proteins Two alpha helices separated
by a loop of amino acids
Eukaryotic regulatory Three alpha helices

proteins

Binding Site in DNA

Major groove

Major groove

Major groove
and DNA
backbone

Two adjacent
major grooves

Major groove

Major groove

(a) Regulatory sites
/

enhancers

Promoter ) Transcr}bed region

I~ Enhanceosome

|

= == =3

mRNA

Endocrine system

Pineal

Hypothalamus. :
Pituitary ,7 >3
'rhyroldjm ;

Parathyroids

(ocatedonthe [

back of the thyroid
alnsl the vaw
| Thymus
Adrenals

Q‘/Tesﬁs 4
|87 W 4

Y | B/

N

et lug) \9)
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Steroids

Ol
a) Hydrocortisone | b) Aldosterone
=0
OH . CHsl o SHaOH
O\ “c=o
CH, OH CH
CHj,
o
o
OH
¢) Testosterone d) Progesterone
CH,
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CH,

(HRE enhancer)

Promoter Start site

Inactive
gene

Active

1 —
\ ‘ complex

Hormone-
receptor

Promoter
—

\—j
mRNA synthesis

Steroid verses peptide

Figure 17.9
Mechanisms of action of polypeptide hormones and steroid hormones.
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J
Polypeptide ~ / Steroid
rmone \_ homone Steroid
M hormone
& receptor
X

o
N
Toet

cells

Hormone diffuses freely across
the cell membrane, binds to
receptor, and activates it; the
‘complex binds to the genome
and alters gene expression

actvates celluiar events

l v
Acton

Action

New model for steroid action

gene
Activated  Activation of
enhancer  transcription
Steroid action
Hormone binds to lucocorticoid-receptor Figure 17.11
o sird SR ot R o e
Glucocorticoid Sctivates ",ansmp"m glucocorticoid in mammalian cells.
o hormone Y. Z
- .

Hspo0.

Glucocorticoid
receptor

Glucocorticoid
receptor complex

mANA
Translation
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Nucleosomes inhibit transcription
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I — Rl
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Preinitiation complex
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@ 4 $efit
General factors Transcription
and Pol. Il elongation
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Histone protein DNA

- I
H1
Acetylation D
_
\b”‘g

[/ A
Positively \, \
charged tail

DNAse sensitivity

Figure 17.4

Relationship of gene expression and sensitivity to DNase. (a) In erythroblasts,
which make globin, globin DNA is sensitive to DNase. (b) In erythroblasts, which do
not make ovalbumin, ovalbumin DNA is resistant to DNase

) DNA from 14-day erythroblasts b) DNA from 14-day erythroblasts

making globin and probed with ‘making globin and probed with

the f-globin gene the ovalbumin gene
D820, [T e iyt DNase ————————————
(ugm) 0 00100501 05 1.0 (ug/m) 0 001 005 0.1 05 1.0

ko
Kb

Ovalbumin 20 —

Adult
B-globin

Methylation

Figure 17.5 y o
Production of 5 hylcytosine from cytosine in DNA by the
action of the enzyme DNA methylase.

b 1 '.'H H
H\ /H U/
N N
i DNA methylase .
. 4
N 5| NS 5| CHy
) 1 . 1
OJ\N M cHy o N H
| thyl 2
Deoxyribose (megian) Deoxyribose
Cytosine (in DNA) 5-Methylcytosine (5mC)

Methylation
(a) Hpall
W SE2E VIIRYRY, gggg VRIRIRYL SE2E Rt
L Hpall
WEe CMNRLESSEVINRGE EE
| | |

N sites N;

sites are cleaved are not cleaved sites are cleaved

(b) Mspl
\W7 SSE VRVRVAY, SSES MRYRVAY. SSSS Ry
l Mspl
WEE SCARRVRES SSYRYRVASS SSyr
| | |

All sites are cleaved

Methylation

16
of 5-methylcytosine on cleavage of DNA with Hpall and Mspl. (2) Unmethylaied (CCGG) sequence. (b) Methylted (CCGG)
gucnce (the methyl group is on the second C).

) Unmethylated b) Methylated

NA tragment, no methylated CCGG sequences; 'DNA fragment with one methylated C™CGG site that can
) sies can b cleaved with Hpull and Mspl be cleaved by Mspl butnot by Hipall

Hpall Mspl 5 : % HTII Mepl
B8 e ™

Hpall Ml Hpall Mspl
s, e e — o
blotting to
membrane fier, —
e Pattens different
autora i ms differer
diographing for the two enzymes
since Hpall was unable
1o cut the C"CGG
il and M resuts - - - -
ientical
= s -

Alternate splicing

XX genotype

X:A = 1.0
Tra-2 protein

}» dsx pre-mRNA — Dsx @ protein —»
EIPTEX] — Sx! protein — tra pre-mRNA —»Tra protein

XY genotype
X:A = 0.5

—x%— NoSX| g pre-mRNA —»-Nonfunctional dsx pre-mRNA — (Bsxd protein —»
protein Tra protein

Female Fly

Male Fly
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Alternative 3" splice sites
A +B{C
tra pre-mRNA 5 N

Intron Intron

-

protein

B
[ 4

Use of downstream
3" splice site

A B C D A C D
MRNA 5 I S I N 3* 5 I

Premature stop codon’

[Translation]|

Nonfunctional 3 P

Tra protein S

Male Female
phenotype  phenotype

Tra protein

Alternative splicing

Female Male
oy e
Transcriptional
ntrol
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W
AUG UAG uGA AUG UAG UGA

AUG  JUGA UAG AUG  UGA  UAG

modw --\)n-
poly A
? CHER
)

'
ed

o Di
target qenes control target qenes

Alternative
splicing

Pty

mRNA stability

5 ¥
114 = KAAAA

°
Alpha tubulin
009 (

-

o0
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Epigenetic inheritance

* Heritable alterations in gene expression in which DNA
sequence is unchanged
» Paramutation in plants
« Parental imprinting
— genes rendered inactive depending upon parental source
— Polydactlyly, Prader-Willi syndrome,
— imprinted genes usually methylated by special methylases,

demethylated by demethylases
« active genes less methylated (hypomethylated)

— Male genes -placenta development
— Female genes - embryo development
» X-chromosome inactivation
— random X chromosome inactivation in placental females
— inactivation hereditary through cell division

Paramutation in plants (one gene prevents the
,expression of others)

A
N, N
N
' |

:

(Colored) X (Coloriess)
7 B78

!

Fy (Colorless)
BB

Seit-cross (X)

[ All plants colorless

Selt-cross (X

3 All plants colorless
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Prader-Willi syndrome nondisjunction

(a) Male Parent Female Parent

Nondisjunction of
chromosome 15

at meiosis
0
Chromosome 15 Maternal PWS
absent gene inactivated
by imprinting

Fertilization

Both copies
Zygote = |\ of PWS
== | gene

inactive

Prader-Willi syndrome imprinting

(b) Male Parent Female Parent
Meiosis
Paternal Paternal PWS gene Maternal PWS gene
PWS gene inactivated by mutation  inactivated by imprinting
(active) o
Fertilization
Both copies
2 -l \ of PWS
Yoote | gem=Co | gene
inactive

Methylation and acetylation

(@ Four-cell X-inactivation in
embryo inner cell mass
Paternal X coated Unstable Xist RNA
with Xist RNA expressed from

paternal or maternal X

| |

Morula Xist RNA coating of
paternal or maternal X

|

Histone
hypoacetylation
Blastocyst ‘
Methylation of
~_ Inner promoters
cell mass ‘
‘ Inactive paternal
Extraembryonic or maternal X in
tissues: Paternal embryonic tissues

X-inactivation

Xist RNA inactivation

Xist RNA coating
in cis

AYAN M\
WMAWN QM AA VMW
VAW WAV WA \AA

Establishment of
the inactive state

WVIWVAWV VAV VN

Overview

Response to environmental signals may alter

transcription rates of genes (signal transduction).
In prokaryotes, coordinately regulated genes are
clustered and transcribed as multigenic mRNAs.

The lac system is a model of negative regulation.

Positive regulation requires protein factors to
activate transcription.

Regulatory proteins share common features.
In eukaryotes, regulatory sites may be at
considerable distance from regulated gene.
Some regulation is epigenetic, modulated by
parentage or cell division history.
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(a) Abd-Bgene \ ~5,000,000 bp DNA / srgene

—
G pa—

! !

lTab inversion
28,000
bp DNA

\

(@

A B O .
_A— Gene 2
—_———————————— Gene3
—.4— Gene 4
_.4— Gene 5
— O @ @0 cenes
— B Gener
+ Gene 8

Gene 9
Gene 10
Human-mouse conserved noncoding sequence

‘ Find coregulated genes

3¢V 5 Thoracic
Abd-B enhancers
of srgene
(b) Sequences common to a

subset of coregulated genes

L./ ' \ Gene 1
. '— Gene 4

! Gene 6

. Gene 7

Gene 10

Common sequence that is
also conserved across species
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