Gene Mutations
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Major types of mutations and their distinguishing features

Basis of classification
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Maijor features

{ » Origin Spontaneous Occurs in absence of known mutagen
Induced Occurs in presence of known mutagen
&L » Cell type Somatic Occurs in nonreproductive cells )
Germ-line Occurs in reproductive cells
3~ Expression Conditional Expressed only under restrictive conditions (such as high temperature)
Unconditional Expressed under permissive conditions as well as restrictive conditions

4 « Effect on function

Loss-of-function (knockout, null)
Hypomorphic (leaky)

Hypermorphic

Gain-of-function (ectopic expression)

Eliminates normal function

Reduces normal function

Increases normal function

Expressed at incorrect time or in inappropriate cell types

€~ Molecular change

Base substitution
Transition
Transversion
Insertion
Deletion

One base pair in duplex DNA replaced with a different base pair
Pyrimidine (T or C) to pyrimidine, or purine (A or G) to purine
Pyrimidine (T or C) to purine, or purine (A or G) to pyrimidine
One or more extra nucleotides present

One or more missing nucleotides

& . Effect on translation

Synonymous (silent)
Missense {nonsynonymous)
Nonsense (termination)
Frameshift

No change in amino acid encoded

Change in amino acid encoded

Creates translational termination codon (UAA, UAG, or UGA)
Shifts triplet reading of codons out of correct phase
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FIGURE 16.4 The effects of germ-line versus
somatic mutations.
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Example of an Intra

Nucleotide in the S

\/

genic Suppressor Mutation Altering a

ame Codon as the Original Mutation

DNA mRNA Copon AMINO AcD
SEQUENCE SPECIFIED CODED FOR
Wild-—type 5-CGT-3' 5-CGU-3 Arg
condition 3-GCA-5
Original 5-AGT-3 5-AGU-3 Ser
mutation 3-TCA-5'
After suppressor 5-AGA-3'  5-AGA-3' Arg

mutation

3-TCT-5'
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No Mutation

First Mutation

Second Mutation

Description

Intragenic

Intergenic
Redundant function

Common pathway

Multimeric protein

Transcription factor

(T

il 1!

Transport Transport Transport
can occur inhibited can occur
X X
Enzymatic Loss of
function enzymatic
function
Gain of a new
enzymatic
function
Precursor Precursor Precursor
Fast Slow | X Slow | x
swwl@ swl@ Fastl@
Product Little Product
product
X X
Active Inactive Active
: x x
Normal Loss of Loss of
function function function
Mutant transcription factor
turns on a gene that com-
T ipti for the loss of function
g factor Q
} Causes
expression
Compensates for :
nactive profein of this protein.

A first mutation disrupts normal protein
function and a suppressor mutation affecting
the same protein restores function. In this
example, the first mutation inhibits lactose
transport function, and the second mutation
restores lactose transport.

A first mutation inhibits the function of a
protein, and a second mutation alters a
different protein to carry out that function. In
this example, the proteins function as enzymes.

Two or more different proteins may be involved
in a commen pathway. A mutation that causes
a defect in one protein may be compensated
for by a mutation that alters the function of a
different protein in the same pathway.

A mutation in a gene encoding one protein
subunit that inhibits function may be
suppressed by a mutation in a gene that
encodes a different subunit. The double mutant
has restored function.

A first mutation causes loss of function of a
particular protein. A second mutation may alter
a transcription factor and cause it to activate
the expression of another gene. This other gene
encodes a protein that can compensate for the
loss of function caused by the first mutation.
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(1) S aaly Agayda

Mechanism for action of an intergenic nonsense suppressor mutation that results from mutat

ion of a t(RNA gene. In this
example, a tRNA.Tyr gene has mutated so that the tRNA’s anticodon is changed from 3'-AU

G-5' to 3-AUC-5', which can
read a UAG nonsense codon, inserting tyrosine in the polypeptide chain at that codon.
Normal structural gene

X Mutated gene
Mutational event
DNA 3 Neidurinriibulsl sl
template
sthand Transcription
mRNA 5 g3
s Suppres Altered codon {now a
ense sor -
codon Translation tRNA -\ nonsense codon}
Altered anticodon in
EER LY mutant tRNA gene
Lys
Pt
Growing Translation of mRNA
' polypeptide with nonsense codon

Continued

No premature termination
translation of translation

Complete Complete protein

protein formed formed with one
incorrect amino
acid
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Consequences of point mutations within genes

Types of mutations
at the DNA level

Results at the molecular level

No mutation

Thr Lys

Codon 1 Codon 2
—

Arg Gly
Codon 3 Codon 4
=

Codons specify

v 4

Thr Lys Arg Gly
= O —— Altered codon
e o ACAAAGAGC GGG T speciiesthe
same amino acid.
Thr Lys Lys Gly
Missense Altered codon specifies
mutation ACAAAGAAAGGT a chemically similar
Transition or (conservative) amino acid.
transversion
Thr Lys lle Gly
Missense Altered codon specifies
mutation ACAAAGATAG G T achemically dissimilar
(nonconservative) amino acid.
Thr STOP
Nonsense Altered codon signals
mutation il Bl il Gl ‘chain tormination.
Indel Thid (Glub Glud (A
Base insertion Frameshift
mutation ACAGAAGAGAGGT :-.
Thr Arg Glu Val
Base deletion Frameshift
mutation ACAAGAGAGGT -
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Consequences of point mutations on gene products

Missense mutation Nonsense mutation Frameshift mutation Regulatory-region

Wild-type gene
(e.g., G-C—=A-T) (e.g., CAA—TAA) (e.g., +A) mutation

NONINTNIN

v | A A v

mRNA ARNAARNAN AAAAAAAAAN AAAAARANN, ANANANNY No mRNA

| v v v v v
PrOteln S00DO0EDEVN080008080 $08002509000800800800 No pI'Otein
N W N W N W N W N W

— Mutational site N = Northern blot W = Western blot ! = Unpredictable migration
(RNA) (protein)

FIGURE 15-4 Point mutations in coding regions can alter protein structure with or without
altering mRNA size. Point mutations in regulatory regions can prevent the synthesis of mMRNA

(and protein). (\/) SS 1
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Possible Consequences of Gene Mutations Outside

of the Coding Sequence
Sequence Effect of Mutation
Promoter May increase or decrease the rate of

transcription

Regulatory element/operator site  May disrupt the ability of the gene to be
properly regulated

5'-UTR/3'-UTR May alter the ability of mRNA to be
translated; may alter mRNA stability
Splice recognition sequence May alter the ability of pre-mRNA to be

properly spliced
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(SBMA) Spinal and bulbar atrophy -

— — T —r —

(HD) Huntington disease -Y

>

(SCAI) Spinocerebellar ataxia -¥
Fragile-x Syndromes (FRAXA s FRAXE) -¢
(DM) Myotonic muscular dystrophy -°
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TNRE Disorders

Disease
Repeat Sequence

Location of Repeat

Number of Repeats in Unaffected Individuals
Number of Repeats in Affected Individuals

Pattern of Inheritance
Disease Symptoms

Anticipation *

SBMA
CAG

Coding
seguence

11-33
36-62
X linked

Neuro-
degenerative

None

HD
CAG

Coding
sequence

6-37
27-121

Autosomal
dominant

Neuro-
degenerative

Male

SCA1
CAG
:Coding
sequence
6-44
43-81

Autosomal
dominant

Neuro-
degenerative

Male

FRAXA

CGG
5'-UTR

6-53
>200
X linked

Mental
impairment

Female

FRAXE
GCC
5'-UTR

6-35
>200
X linked

Mental
impairment

None

DM
e
3-UTR

5-37
>200

Autosomal
dominant

Muscle
disease

Female

*Indicates the parent in which anticipation occurs most prevalently.
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(A)

i

Expanded
trinucleotide repeats

igure /.5 Model of replication slippage. (A) A tri-

nucleotide repeat in the act of replication. (B) The 3' end
of the growing strand momentarily “breathes” (detaches
from the template) and reanneals to the template at a
point upstream from its original location. (C) Continued
replication duplicates the region between the points of
detachment and reannealing. (D) Mismatch repair of
the shorter strand creates a duplex with a trinucleotide
e€xpansion.

= s

(1) J&



) ppatl) o i e guuga S S 5 (8 ) il A

s 4l 957 (Translocation or Inversion) «aY| o JEEW & Y aale -
Position effect adsall il e mal g i al ()5S 8 Aima S 8 431 YY)

¢ S
JAL dhaas (Breakpoint) e}u}aﬂ\ ‘; e\aﬂ‘)ﬂj Sl dasy (YA | pany @ Y

- it
Cpal) LLas S
() Al Q513 s cpall et 1 copall LDl e B Y (A e A -G
Cndl o juad 8 jud < o punge KU 8 20s s
el el e ad el cl il A1 e gy (5301 (9) JSEN aal

Yo




W’ Coding

* sequence
B

— Core

% promoter Gene B

for gene Ais

Regulatory

: moved nextto
*A tﬁ\'sequence—- Inversion regulatory |

i % Goding 3 sequence of
|\ sequence geneE k
{ ] Gene A :
1 Core |
promoter {

R ER—— s R

(a) Position effect due to regulatory sequences

Active
gene

Translocation
—_
X Heterochromatic Translocated .
. chromosome heterochromatic
i (more compacted) chromosome :
Euchromatic Shortened euchromatic

(b) Position effect due to translocation to a heterochromatic
chromosome

FIGURE 16.2 Causes of position effects. (a) A chromosomal
inversion has repositioned the core promoter of gene A next to the
regulatory sequences for gene B. Because regulatory sequences are often
bidirectional, the regulatory sequences for gene B may regulate the
transcription of gene A. (b) A translocation has moved a gene from a
euchromatic to a heterochromatic chromosome. This type of position
effect prevents the expression of the relocated gene.

Core promoter

chromosome chromosome P
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(A) Normal B-globin

DNA duplex /
5 6 i 8

Normal codon is GAG, o
codes for amino acid Glu Transcription

>

mRNA 5 3
CCUGAGGAGAAG
L -

Glutamic acid is
normal at position 6.

Figure 7.3 Molecular basis of sickle-cell anemia. (A) Part
of the DNA in the normal 8-globin gene. (B) Mutation of

(B) Mutant form

Number of codon in DNA duple
DNA coding for f-globin ™—____ 5 " u;; §

of B-globin

Mutant codon is GUG, —
codes for amino acid Val Transcription

Number of amino
acid in B-globin chain

i Translatiin’/A

>

CCUGUGGAGAAG
GGA
CA

Valine present at position
6 instead of glutamic acid

the normal A—T base pair to a T—A base pair results in the
codon GUG (valine) instead of GAG (glutamic acid).

© Scoti Adiken, www.scottpix.com

FIGURE 16.5 Example of a somatic mutation.

Genes—Traits This person has a patch of white hair because a somatic mutation
ocnmdhaslngkcellwmembvymkdwebpmemmatpmemedwmﬁm
of the hair. This cell continued to divide to produce a patch of white hair.
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Causes of Mutations

Common Causes

of Mutations Description
Spontaneous
b recombinati Ab i crossing over may cause deletions,

duplications, translocations, and inversions (see
Chapter 8).

Al s ) segregation may
aneuploidy or polyploidy (see Chapter 8).

Errors in DNA replication A mistake by DNA polymerase may cause a point
mutation {see Chapter 11).

Tause

Toxic metabolic products The products of normal metabolic processes may
be chemically reactive agents that can alter the

structure of DNA,
- i of posable ¢l cani insert themselésiab 'L d J;j\
: the sequence of a gene (see Chapter 17), j .
Depurination On rare occasions, the linkage between purines

{i.e., adenine and guanine) and deoxyribose can
spontaneously break. If not repaired, it can lead

o mutation.

Deamination Cytosine and 5-methylcytosi can
deaminate to create uracil or thymine.

Tautomeric shifts Spontaneous changes in base structure can caise
mutations if they occur immediately prior to DA
replication.

induced

Chemical agents Chemical substances may cause changes in the
stucture of DNA,

Physical agants Physical phenomena such as UV fight and X-ray
can damage the DNA,

Mdio_r-&sjénls of mutation and their mechanisms of action

Agent of mutation Examples Principal mechanism of mutagenesis

Water Hydrolysis Depurination (A or G detached from its deoxyribose sugar)

Oxidizing agent Nitrous acid Deamination (—NH, — =0):C—TU, 5-MeC - T, A— Hypoxanthine
Base analog 5-Bromodeoxyuridine Increased rate of base mispairing

Alkylating agent Ethylmethane sulfonate Bulky attachments made 1o side groups on bases ( \/ )d}‘l.;j\
Nitrogen mustard

Intercalating agent Proflavin

Causes topoisomerase II to leave a nick in DNA strand; misrepair

results in the insertion or deletion of one or a few nucleotides
Ultraviolet light Natural sunlight

Forms pyrimidine dimers (covalent bonds between adjacent
UV lamps pyrimidines, primarily T) present in the same DNA strand
Ionizing radiation X rays
Radon gas
Radioactive materials

Single- and double-stranded breaks in DNA; damage to nudcleotides
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Bulk flask

Individual cultures
ol o
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i by 3 %
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%
@
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i 5

B A B

P = S B

11 12 13 14 19

Remove 10 samples. lPlate each tube.

Relatively even distribution of ton’ colonies

18
Great “fluctuation” in the number of ton” colonies

FIGURE 16.6 The Luria-Delbriick fluctuation test.
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Master plate containing
many colonies that were
grown in the absence of
T1 phage

A velvet cloth (wrapped over a
cylinder) is pressed gently onto the
master plate and then lifted. A little
bit of each bacterial colony adheres
to the velvet cloth, thereby creating
a replica of the arrangement of
colonies on the master plate.

Velvet cloth

The replica is then gently pressed
onto 2 secondary plates that
contain T1 phage.

Petri plate :
with T1 phage i

Incubate overnight to
allow bacterial growth.

PR
(3 %

§

FIGURE 16.7 Replica plating. Bacteria were first plated on a
master plate under nonselective conditions. A sterile velvet cloth was used
to make a replica of the master plate. This replica was gently pressed onto
two secondary plates that contained a selective agent. In this case, the two
secondary plates contained T1 bacteriophage. Only those mutant cells
that are fon” (resistant to T1) could grow to form visible colonies. Note;
The black x indicates the alignment of the velvet and the plates.
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Thymine (keto) Adenine (amino)

Rare enol
tautomeric
form of guanine

e 200 S B v A T
ACGTG i
e TEGCAG Widtype
FETAG = <
PR S N N N B A

TETAG Mutant
PR I .. LU LAV

DNA

replication DNA

replication ACGTC
TETAG
PR T DA S e

T L . T
ACGTG
TGCAC

PR T T
Parental DNA
¥ i
TGCAG AC_C;'TC

First-generation TGCAG
progeny. Second-generation progeny

(c) (d)

Wild type

Wild type

FIGURE 15-9 A tautomeric shift creates a mutation in some of the progeny after DNA
replication. (a) In the example diagrammed, a guanine residue undergoes a tautomeric shift to its
rare enol form (G*) at the time of replication. (b) In its enol form, it pairs with thymine. (c and d) In
the next replication, the guanine residue shifts back to its more stable keto form. The thymine
residue incorporated opposite the enol form of guanine, seen in part b, directs the incorporation
of adenine in the subsequent replication, shown in parts ¢ and d. The netresultisaG*C—>A"T
mutation. [From E. J. Gardner and D. P Snustad, Principles of Genetics, 5th ed. (c) 1984 by John Wiley &
Sons, New York.]
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Rare Common
o
. i H
Tautomeric shift SN
-
G e go
Guanine

| ) Sl

Sugar Sugar Sugar

Keto form Enol form Keto form

Tautomeric shift
_
Adenine

|
Sugar
Imino form

|2
Sugar
Amino form

|
Sugar
Amino form

(a) Tautomeric shifts that occur in the 4 bases found in DNA

HC O—H~0Q e M
R o
Sugar

»— .

sugar  O-H—N

H
Thymine (enol) Guanine (keto)

Cytosine (imino)

Adenine (amino)

(b) Mis-base pairing due to tautomeric shifts

Base
mismatch

A thymine base
undergoes a
tautomeric shift prior
to DNA replication.

Mutation

A second round
of DNA replication
oceurs.

DNA molecules found
in 4 daughter cells

(c) Tautomeric shifts and DNA replication can cause mutation

CH,

L

n L u

S

A i e u 1 . LA

T

Rare
OH ‘
Tautomeric shift NZ CHg
— J\ | = &
Thymine o N H
)
Sugar

Enol form

C

Tautomeric shift
—_— - A
Cytosine
|
‘Sugar

Imino form

CA

FIGURE 16.10 Tautomeric shifts
and their ability to cause mutation. (a) The
common forms of the bases are shown on
the left, and the rare forms produced by a
tautomeric shift are shown on the right.

(b) On the left, the rare enol form of thymine
pairs with the common keto form of guanine
(instead of adenine); on the right, the

rare imino form of cytosine pairs with the
common amino form of adenine (instead

of guanine). (c) A tautomeric shift occurred
in a thymine base just prior to replication,
causing the formation of a TG base pair. If
not repaired, a second round of replication
will lead to the formation of a permanent CG
mutation. Note: A tautomeric shift is a very
temporary situation. During the second round
of replication, the thymine base that shifted
prior to the first round of DNA replication

is likely to have shifted back to its normal
form. Therefore, during the second round

of replication, an adenine base will be found
opposite this thymine.
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Indel mutations result in frameshifts

Addition
Direction of DNA synthesis

5' —CGTTTT
3' —GCAAAAACGTAC—

Newly synthesized strand slips
Extra base loops out

Molecular mechanism

W A ANIMATED ART| of mutation

T
5' —CG FIEE
3' —GC AAAAACGTAC—

Loop stabilized by
repetitive sequences

T
5'—CG TTTTTGCATG
3' —GC AAAAACGTAC—

Next round of
replication

5 —CGTITTTTTGCATG— 5' —CGTTTTTGCATG—
3' —GCAAAAAACGTAC— 3' —GCAAAAACGTAC—
A T base pair added

Deletion
Direction of DNA synthesis

5' —CTGAGAGA
3' —GACTCTCTCTCTGCA—

Template strand slips
Extra bases loop out

5' —CT GAGAGA

3'—GA CTCTCTCTGCA—
cT

Loop stabilized by
repetitive sequences

5' —CT GAGAGAGACGT
3'—GA CTCTCTCTGCA—

CT
Next round of
replication
5' —CTGAGAGAGACGT — 5' —CTGAGAGAGAGACGT —
3' —GACTCTCTCTGCA— 3' —GACTCTCTCTCTGCA—

GeC qnd A * T base pairs deleted

FIGURE 15-10 Base additions and
deletions (indel mutations) cause
frameshift mutations through the slipped
mispairing of repeated sequences in the
course of replication.
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Depurination Apurinic site

(a) Depurination

DNA replication /
N

X could be
AT G orC

(b) Replication over an apurinic site

FIGURE 16.8 Spontaneous depurination. (a) The bond
between guanine and deoxyribose is broken, thereby releasing the base.
This leaves an apurinic site in the DNA. (b) If an apurinic site remains
in the DNA as it is being replicated, any of the four nucleotides can be
added to the newly made strand. Because three out of four (A, T, and
G) are the incorrect base, the chance of causing a mutation is 75%.
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c—cC
/. \
H—C N

/

N—C

\

Cytosine
H
H
L 4
C—
7\
€,
N /4
/N
O
Adenine Hypoxanthine Cytosine

FIGURE 15-4 Deamination of cytosine and adenine, leading to
new base pairing and mutation. Cytosine is converted to uracil,
which base pairs with adenine. Adenine is converted to

hypoxanthine, which base pairs with cytosine.

Deamination of 5-methyleytosine (5™C) to thymine.

NH Methyl
2 / group o
N3 Z, - CH3 H\N 4 CH3
| Deamination 3 5|
2,6 _ ¥ ){ 5 18
(0] 'T H o] N H
|
5-methylcytosine (5mC) Thymine (T)

Oxygen radicals can damage DNA

H
N
=
)
dR

Thymidine glycol 8-0xo-7-hydrodeoxyguanosine
(8-oxo dG)

FIGURE 15-11 Products formed after
DNA has been attacked by oxygen

radicals. Abbreviation: dR, deoxyribose.
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Mutagenic effects of the base analog 5-bromouracil (5BU). (a) In its normal state 5BU pairs with adenine. (b) In its
rare state, 5BU (indicated by white letters on magenta) pairs with guanine. (c) The two possible mutation
mechanisms. 5BU induces transition mutations when it incorporates into DNA in one state, then shifts to its
alternate state during the next round of DNA replication.

a) Base-pairing of 5-bromouracil in its normal state b) Base-pairing of 5-bromouracil in its rare state
Br
\ N
/ c5 ( v 7\\ _—~H
H__ 8C
ce 3 o1
N g 2/
N \
/ Attachment
Attachment

of base to sugar
of base to sugar

5-bromouracil Adenine 5-bromouracil (behaves Guanine
(behaves like (normal state) like cytosine; rare state) (normal state)
thymine;

normal state)

c) Mutagenic action of 5BU

AT-to-GC transition mutation

Add 5BU

5BU shifts
A to rare state 5BU shifts back

-
: BU
replication SRR to no:n;nal
5BU incorporated S

in normal state DNA

replication
GC-to-AT transition mutation DNA.‘ :
replication
Add 5BU - _
5BU returns Transition mutation
——=———— tonormal (il]stead of AT,
DNA ———m——‘ state itis GC)
replication =
5BU incorporated
in rare state DNA .
replication
DNA
replication

Transition mutation (Y y )M\

(instead of GC,
itis AT) 23
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Action of three base-modifying agents. (a) Nitrous acid (HNO,) modifies (1) guanine,

(2) cytosine, and (3) adenine. The

cytosine and adenine modifications result in mutations, while the guanine modification does not. (b) Hydroxylamine
(NH,OH) reacts only with cytosine. (c) Methylmethane sulfonate (MMS), an alkylating agent, alkylates guanine. (Note: dr =

deoxyribose.)
Original base Mutagen Modified base Pairing partner Predicted
transition
a)
N
noH P }
¢ H N 0-+-H—N H
N / \ \( C// \C_C/
N—H i i
ar’ / Nitrous acid (HNO,) N A / % Vi \\ B None
— > 2 N—H--:N C—H
N C\ dr /
N—H N— C\ C—N
Guanine | W %o O// ar
Xanthine Cytosine
2)
! i
H N—H H O-+=-H—N N%f”
\ Nitrous acid (HNO,) 74 N
H /1 3N > H‘%—gN-H---N>_\§/ \dr CG—>TA
/N /NA< >:N
dr Y dr o} H
Cytosine Uracil Adenine
3) H /H
N = N Q-+H-N
Hf R=H H\% / \ cH
Nitrous acid (HNO,) \ / \
N S ARTY A AT—>GC
dr 3 dr \
N=—= N=— cC—N
H H o ar
Adenine Hypoxanthine Cytosine
b)
H H-0_ H
H N—H H N H=N N H
Hydroxylamine \f
7\ (NH,0H) /2
H . N > | H 1 3N—H--- dr CG—>TA
/N*( /N —N
dr ¢} dr ¢} H
Cytosine Hydroxylaminocytosine Adenine
c)
N
H = o] Methylmethane
/ B sulfonate (MMS)
(alkylating agent)
o INH B GC—> AT
— 7
N
N—H
H/
Guanine 08-Methylguanine Thymine

(Y1)



Alkylating agents 4S5 Jal 5o - o

AahlA il ) 3 e—lasi IS guill del 8 ey LKL 3 marii Y -
(NG) Nitrosogaunidine/MMS/EMS b -

=¥l e s )Y acl @l 8 sase adl sl Alkyl de sane d8la) ideall A1 -
GC—>AT  bxd T o z 55 53 O - Alkyl G « G g

(Y1) gl TA —>CG b T g

sl a5 4010 e dleld -

(L) Caeliatl Al ilaa gl1) ANTPs A sad of ol sall o2gd Sy -
rohal < APsite < 4il) e GIAS .

1y



Thymine

@)

_N
s

Bvs, o/
/N'-H

H

O-6-Ethylguanine

O-4-Ethylthymine

6\
AN H—

) \

Thymine

Guanine

(YY) JKad

FIGURE 15-16 Treatment with EMS alters
the structure of guanine and thymine and
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FIGURE 15-17 Structures of common
intercalating agents (a) and their interaction
with DNA (b). [From L. S. Lerman, “The
Structure of the DNA-Acridine Complex”

Proc. Natl. Acad. Sci. USA 49, 1963, 94

Intercalating mutations. (a)r Structures of representative intercalating agents, proflavin and
acridine orange: (b) Frameshift mutation by addition,
(c) Frameshift mutation by deletion, when agent inserts into newly synthesizing strand.

a) Representative agents

HsC ;

H N N NH, N N N

QL)
Z =

Proflavin Acridine orange

b) Mutation by addition
Molecule of

Template DNA strand 5'
New DNA strand 3'

A randomly chosen
base is inserted opposite
intercalating agent; here

intercalating agent

3
5

the base is G

Subsequent replication

of new strand

Result: frameshift mutation
due to insertion of
one base pair (CG)

¢) Mutation by deletion

Template DNA strand 5'

New DNA strand 3' TAGTC _ATGA

Intercalating

agent

Replication of new strand after
intercalating agent lost

3" TAGTCATGA

when agent inserts into template strand;

¢
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FIGURE 17.12 Three mechanisms of transposition.
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FIGURE 17.13 Common organizations of transposable
elements. Direct repeats (DRs) are found within the host DNA.
Inverted repeats (IRs) are at the ends of most transposable elements.
Long terminal repeats (LTRs) are regions containing a large number of
tandem repeats.
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TE— A few hundred to several

(Y9) Jsad

Transposition

DNA replication proceeds past the
point where the TE has been
inserted. The top copy of the TE
then transposes ahead of the fork,
where it is copied again.

The bottom copy of DNA has 2 TEs.

FIGURE 17.15 Increasein TE copy number via simple
transposition. In this example, a TE that has already been replicated
transposes to a new site that has not yet replicated. Following the
completion of DNA replication, the TE has increased in number.

thousand base pairs in length
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the transposable element, releasing it
from its original site.
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Examples of Transposable Elements

Copia-like elements

Humans
Aty sequence

L1

Plants
AciDs

P

—/ e
Viral-like réfroelement 5,000-8,000

Nonviral-like retroelement 300

Viral-like retroelement 6,500

Simple transposon 4,500

Approximate
Element Type Length (bp) Description
Bacterial
isi insertion sequence 768 An insertion sequence that is commonly found in 5-8 copies in £ gofi. _ 5
“Mu Replicative transposon 36,000 Atrue virus that can insert itself anywhere in the £, coli chromosome. its name, My, is - :
derived from its ability to insert into genes and mutate them. T
o Composite transposon 2,300 One of many different bacterial transposons that carries antibiotic resistance.
n951 Composite transposon 16,600 A transposon that provides bacteria with genes that allow them to metabolize lactose.
Yeast
Ty elements Viral-like retroelement 6,200 A retroelement found in 5. cerevisize at about 35 copies per genome.
Dresaphila o .
P elements Simple transposon 500-3,000 A transposon that may be found in 30-50 copies in P strains of Drosophila. it is ébsenf 'A _‘

from M strains,

A family of copia-like elements found in Drosophifa, which vary slightly in their lengths

and sequences. Typically, each family member is found at about 5~1 00 capies per genome. .

A SINE that is abundantly interspérséd throughout the human genome. i b
A LINE found n 50,000-100,000 copies in the human genome.

Ac is an autonomous fransposon found in corn and other plant species. It carcies a s
transposase gene. Js is a nonautonomous version that lacks a functional fransposase gene. -
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| Abundance of TEs in the Genomes of Selected Spec:es .

Percentage of the Total Genome
Composed of Transposable |

Elements* i

Specues

7 a1

© Fog (Xenopus laeviy)

f*:qtd’(Zcé mays) S

Human {(Homo sapiens) 5

Mouse {Mes muscuius) 40

f'-_‘Frmt Hy (Drosaphfla melanogaste:} 20

 Nematode (Canorhabaitis elegans) 12

'-.;:'Yeast (Sacchammyces cerews:ae) 4

| '5{ Bactenum (Escherichia coly 0.3

*In some cases, the abundance of TEs may vary somewhat among different strains of the same
species. The values reported here are typical values.
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3 Possible Consequences of Transposition GE2

Consequence Cause

Chromosome Structure

- {hromosome breakage Excision of a TE.
Chromosomal rearrangements - Homologous recombination between
TEs located at different positions in the
genome. :

Gene Expression

Mutation incorrect excision of TEs, .
Gene inactivation : Insertion of a TE into a gene.
Alteration in géne requiation Transposition of a gene next 10

reguiatory sequences or the transposition
of regulatory sequences next to a gene.

Alteration in the exon insertion of exons into the coding

content of a gene sequence of a gene via TEs. This
phenomenon is called exon shuffling.

Gene duplications - Creation of a composite transposon |

' that transposes to another site in the
genome.
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Red-eyed flies carrying
the copia element

iy

On rare occasions, the copia element may
transpose into the X-linked eye color gene
thereby inactivating its function.

Rare white-eyed fly

Isolate chromosomal DNA.

Chromosomal Eye color copia Eye color
DNA gene transposon gene

Chromosomal DNA is isolated from such
white-eyed flies, digested into fragments,
and then inserted into viral vectors to create
a DNA library. Only 4 clones in the library
are shown here.

Each vector is introduced into a bacterial
cell, which produces virus and ultimately
a viral plaque.

,E —"'/j Viral plaque

The plaques are lifted onto a filter, probed
with a radiolabeled DNA fragment that is
complementary to the copia element, and
then exposed to X-ray film.

pr— ey

| - —— Viral plaque with

I i the copia element
‘

X-ray film

FIGURE 17.18 The procedure of transposon tagging.
Genes—Traits A white-eyed fly may occur due to the insertion of a transposable
element into a gene that confers red eye color. As discussed in Chapter 13, the wild-
type eye color gene encodes a protein that is necessary for red pigment production.
When a TE inserts into this gene, it disrupts the coding sequence and thereby causes
the gene to produce a nonfunctional protein. Therefore, no red pigment can be made,

and a white-eye phenotype results. In many cases, transposons affect the phenotypes
of organisms by inactivating individual genes.
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Meiosis is
A crossover occurs completed
between identical to yield 4 wB <p
chromatids. haploid cells. :
2 ' A
YA =g
(a) Sister chromatid exchange vB 2b
‘;A > a
Meiosis is i
A crossover occurs completed {
between homologous to yield 4 J B <p
chromatids. haploid cells. :
> - " :
A w3
(b) Recombination between homologous chromosomes wb ¥B

All 4 with
parental
genotype

Two with
parental
genotype

Two with
recombinant
genotype

FIGURE 17.1 Crossing over between eukaryotic chromosomes. (a) Sister chromatid exchange occurs when genetically identical chromatids
cross over. (b) Homologous recombination can also occur when homologous chromosomes cross over. This form of homologous recombination may

lead to a new combination of alleles, which is called a recombinant (or nonparental) genotype.

Genes—Traits Homologous recombination is particularly important when we consider the relationships between multiple genes and multiple traits. For example, if the X
chromosome in a female fruit fly carried alleles for red eyes and gray body and its homologue carried alleles for white eyes and yellow body, homologous recombination could
produce recombinant chromosomes that carry alleles for red eyes and yellow body, or alleles for white eyes and gray body. Therefore, new combinations of two or more alleles can

arise when homologous recombination takes place.
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Integrase recognizes
the core sequences
and brings them
close together.

Integrase Ry /
aftP core sequence
? y ot

Note: The E. coli
chromosome is
actually much
larger than the

X DNA.

Integrase makes 4 cuts

as indicated by the arrows.
The strands are exchanged
and then ligated together.

1
|
A DNA integrated into
E. coli chromosome

FIGURE 17.8 The integration of 4, DNA into the E. coli
chromosome. The core sequence within a#P in the A DNA attaches

to the core sequence within a#tB in the E. coli chromosome. As noted
here, the core sequences of attP and atfB are identical to each other and
thereby provide recognition sites for site-specific recombination.
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