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DNA Replication

-The process of copying one DNA molecule into two
identical molecules is called DNA replication.
‘DNA has to be copied before a cell divides

‘DNA is copied during the S or synthesis phase of
interphase

‘New cells will need identical DNA strands

DNA replication takes
place in the S phase.

interphase




The four standard phases of a eucaryotic cell
DNA replication occurring at S Phase (DNA synthesis phase)
G1 and G2, gap between S and M
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DNA Replication

In the mid-1950s, three
competing models of DNA
replication were proposed:

- conservative model
e« semi-conservative model
- dispersive model

The conservative model results in one
new molecule and conserves the old. The
semi-conservative replication model
results in two hybrid molecules of old
and new strands. The dispersive model
results in hybrid molecules with each
strand being a mixture of old and new
strands.
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Semiconservative Model of
Replication

* Idea presented by Watson & Crick

« The two strands of the parental molecule separate,
and each acts as a template for a new complementary
strand

New DNA consists of 1 PARENTAL (original)
and 1 NEW strand of DNA

DNA TemEIaTe

Parental DNA / New DIA
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Parental DNA ==

DNA replication is semi conservative:

Sugar-phosphate
backbone

1. Parental DNA strands are used
as a template for the newly
replicated strands

Base pair (joined by
hydrogen bonding)

2. Daughter DNA duplexes consist
of one strand of parental DNA
base paired to the newly
replicated strand

Qld strands

Nucleotide
about to be
added to a
new strand

Newly replicated DNA
strands -




The mechanism of DNA replication

* Tightly controlled process,

- occurs at specific times during the cell cycle.
- Requires:

- a set of proteins and enzymes,

- and requires energy in the form of ATP.

* Two basic steps:

- Initiation

- Elongation.
» Two basic components:

- template

- primer



Replication of Strands
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DNA Replication

origin of
/ replication
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DNA strands unwind, resulting in the
formation of a replication bubble.

v

1

WA RRRIRNNINRNY

2 = DNA replication begins outward
from two replication forks.
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directions.
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Semi-conservative replication
has three phases: initiation,
elongation, and termination.



DNA Replication

Topoisomerase - unwinds DNA
Helicase - enzyme that breaks H-bonds

DNA Polymerase - enzyme that catalyzes connection of nucleotides to form
complementary DNA strand in 5' to 3' direction (reads template in 3’ to 5’ direction)

Leading Strand - transcribed continuously in 5" to 3’ direction
Lagging Strand - transcribed in segments in 5" to 3’ direction (Okazaki fragments)

DNA P)r'imase - enzyme that catalyzes formation of RNA starting segment (RNA
primer

DNA Ligase - enzyme that catalyzes connection of two Okazaki fragments

DNA primase
RMA primer

DMA ligase
DMA Polymerase (Pola)

3 .
= NI %, A ...
g Okazaki fragment /',"IIIII Ill‘ l‘ll"‘ \‘I
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s KO [ l® ..

DMA Polymerase (Pold)
Helicase

Single strand,
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Supercoiled DNA relaxed by gyrase & unwound by helicase + proteins:

5’ SSB Proteins
Okazaki Fragments
TP
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Initiator Proteins

Polymerase ITI
Lagging strand
37
base pairs
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primase
Polymerase IIT

RNA primer replaced by polymerase I
& gap is sealed by ligase

RNA Primer Leading strand



Replication

Helicase protein binds to DNA sequences cglied origins and unwinds DNA
strands.

Binding proteins prevent single strands from rewinding.

Primase protein makes a short segment of RNA complementary to the DNA,
a primer.



DNA Replication

Initiation

* Primase (a gpe of RNA polymerase) builds an RNA
primer (5-10 ribonucleotides long)

- DNA polymerase attaches onto the 3' end of the RNA
primer

RNA Pr|mer Primase
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Initiation of DNA replication
« Step 1 - opening the helix
— Proteins bind to specific DNA sequences
known as origins of replication
* Bacteria have one
« Eukaryotes have thousands
« AT rich regions
— - Why?
* Helicases aid in the opening of the helix
Helicase enzymes cleave the

hydrogen bonds that link the
complementary base pairs.

59
39



Initiation of DNA replication
* Role of SSBP

— Single stranded binding proteins

— After the helix has opened it is prevented from re-
annealing by the action of these proteins

— These proteins stabilize single stranded DNA

- Single-strand-binding proteins help to stabilize the unwound
strands.

— Topoisomerase IT relieves s’rain on the double helix that is
@

generated from unwinding,
5' mk 3'

\ |
3 < g
DNA can not snap back
together because it is

“ = associated with these proteins




Initiation of DNA replication

« Step 2 - binding of RNA primers
— Primase adds short stretches of RNA primers

— Purpose is to give DNA polymerase a 3'OH group from which
to add new DNA nucleotides

— Two primers are put down as the replication bubble opens

m
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DNA Replication

Elongation

* DNA polymerase uses each strand as a template in the 3' to
5" direction to build a complementary strand in the 5’ to 3
direction




DNA Replication

ngation

- DNA polymerase uses each strand as a template in the 3’ to
5" direction to build a complementary strand in the 5" to 3’
direction

v results in a leading strand and a lagging strand

DNA polymerase IITI catalyzes the addition of new nucleotides to create a
complementary strand to the parent strand. However, it can only attach new nucleotides
to the free 3' hydroxyl end of a pre-existing chain of nucleotides.

DNA polymerase I removes the primers and fills in the space by extending the
neighboring DNA fragment. DNA ligase then joins the Okazaki fragments to cr'eaTe a
complete strand.

DMA primase
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s incoming
: 5" triphosphate deoxyribonucleoside
triphosphate

primer
Incoming strand “thumb”
deoxyribonucleoside -
triphosphate template template
' strand strand
gap in
helix
O = Q+0
pyrophosphate
“fingers”
5-t0-3° “ primer
direction of strand
chain growth
“palm”
(A) (B)

Role of DNA polymerases:

1. Polymerases catalyze the formation of phosphodiester bonds the 3'-OH
group of the deoxyribose on the last nucleotide and the 5'-phosphate of
the dNTP precursor.

2. DNA polymerase finds the correct complement at each step in the
process. 60-90 bases per second in humans.

3. The direction of synthesis is 5" to 3’ only.

The cell, 5th edition



Replication

Overall direction
of replication

—

DNA polymerase enzyme adds DNA nucleotides
to the RNA primer.

DNA polymerase proofreads bases added and
replaces incorrect nucleotides.



Replication

Overall direction
of replication

59 —

39

5,

DNA polymerase enzyme adds DNA nucleotides
to the RNA primer.



Replication

Overall direction

of replication 3
5l
3'
3l
5I

Leading strand synthesis continues in a
5 to 3' direction.



Replication

Overall direction
of replication

Leading strand synthesis continues ina 5' to 3' direction.

Discontinuous synthesis produces 5" to 3' DNA segments called
Okazaki fragments.



Replication

Overall direction
of replication

5l
3 Okazaki fragment
[ 1 - 3l
5I

Leading strand synthesis continues ina 5' to 3' direction.

Discontinuous synthesis produces 5" to 3' DNA segments called Okazaki
fragments.
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Leading strand synthesis continues ina 5' to 3' direction.

Discontinuous synthesis produces 5' to 3' DNA segments called
Okazaki fragments.



Replication
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Leading strand synthesis continues ina 5' to 3' direction.

Discontinuous synthesis produces 5" to 3' DNA segments called
Okazaki fragments.



Replication

Polymerase activity of DNA polymerase I fills the gaps.
Ligase forms bonds between sugar-phosphate backbone.



DNA Replication

Leading Strand
1.
2.
3.

Topisomerase unwinds DNA and then Helicase breaks H-bonds
DNA primase creates a single RNA primer o start the replication
DNA polymerase slides along the leading strand in the 3' to 5’

direction synthesizing the matching strand in the 5’ to 3’ direction

4.

The RNA primer is degraded by RNase H and replaced with DNA

hucleotides by DNA polymerase, and then DNA ligase connects the
fragment at the start of the new strand to the end of the new strand

DMA ligase

DMA Polymerase (Pola)
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DNA Replication

Lagglng Strand
1. Topisomerase unwinds DNA and then Helicase breaks H-bonds

2. DNA primase creates RNA primers in spaced intervals

3. DNA polymerase slides along the leading strand in the 3' to 5’
direction synthesizing the matching Okazaki fragments in the 5’ to 3’
direction

4. The RNA primers are degraded by RNase H and replaced with DNA
nucleotides by DNA polymerase

5. DNA ligase connects the Okazaki fragments to one another
(covalently bonds the phosphate in one nucleotide to the deoxyribose
of the adjacent nucleo’rude§ -
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Lagging Strand Segments

« Okazaki Fragments - series of short segments on
the lagging strand

* Must be joined together by an enzyme

DNA
Okazaki Fragment Polymerase

f—A—ﬁ RNA \

Primer

Lagging Strand



Joining of Okazaki Fragments

» The enzyme Ligase joins the Okazaki
fragments together to make one strand

DNA ligase
Okazaki Fragment 1 l Okazaki Fragment 2

T T T T I T T T T T T
IEEEEEEEEEEEEE

5'

Lagging Strand

32



‘Leading strand synthesized 5’ to 3’ in the direction of
the replication fork movement.

continuous

requires a single RNA primer

-Lagging strand synthesized 5" to 3" in the opposite
direction.

discontinuous (i.e., not continuous)

requires many RNA primers , DNA is
synthesized in short fragments.



Model of DNA Replication

RNA DNA polymerase III
primer Lagging
strand

Okazaki fragment

Template %
DNA 5
SSB 2
rotein
T 3 3’ DNA
DNA helicase
Direction of fork movement
5’ >
3 /
Temiplsie / | DNA polymerase III
DNA Leadlng

strand

© 2010 Pearson Education, Inc.



A General Model for DNA Replication

. The DNA molecule is unwound and prepared
for synthesis by the action of DNA gyrase,
DNA helicase and the single-stranded DNA
binding proteins.

. A free 3'OH group is required for
replication, but when the two chains
separate no group of that exists in nature
therefore RNA primers are synthesized, and
the free 3'OH of the primer is used to begin
replication.



3. The replication fork moves in one direction, but
DNA replication only goes in the 5' 1o 3
direction, This paradox is resolved by the use of
Okazaki fragments. These are short,
discontinuous replication products that are
produced of f the lagging strand. This is in
comparison to the continuous strand that is
made off the leading strand.

DMNA primase
RMA primer

DMA ligase

DNA Polymerase (Polo)
-z DQIIIMITITIR 2%,

Okazaki fragment
&

O} (s

DMNA Polymerase (Pola)
Helicase

Single strand,
Binding proteins

O

Topoisomerase

Leading
strand
31’
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4. The final product does not have RNA stretches
in it. These are removed by the 5" to 3°
exonuclease action of Polymerase I.

5. The final product does not have any gaps in

the DNA that result from the removal of the
RNA primer. These are filled in by the 5" to 3’
polymerase action of DNA Polymerase I.

6. DNA polymerase does not have the ability to
form the final bond. This is done by the enzyme
DNA ligase.



DNA polymerases can only synthesize DNA only in the 5’ to 3’ direction and
cannot initiate DNA synthesis

These two features pose a problem at the 3" end of linear chromosomes

l/
N SN ' ‘N . |
/ /’ﬂ"! '..H‘ ! ‘ .’ cannot do this

/ / 3'

y No place
for a primer

5'
DNA polymerase

t/‘

Problem at ends of eukaryotic linear Chromosomes



If this problem is not solved

- The linear chromosome becomes progressively shorter with each round
of DNA replication

The cell solves this problem by adding DNA
sequences to the ends of chromosome:

telomeres
- Small repeated sequences (100-1000's)

Catalyzed by the enzyme telomerase

Telomerase contains protein and RNA

- The RNA functions as the template
- complementary to the DNA sequence found in the telomeric repeat

» This allows the telomerase to bind to the 3' overhang
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Enzymes in DNA replication

Binding proteins
stabilize separate
strands

I

DNA polymerase I
(Exonuclease) removes
RNA primer and inserts
the correct bases

Helicase unwinds
parental double helix

DNA polymerase ITI
binds nucleotides
to form new strands

Primase adds
short primer
to template strand

T

Ligase joins Okazaki
fragments and seals
other nicks in sugar-
phosphate backbone




Replication Fork Overview
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Replication
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Risks To DNA Replication

* DNA polymerase inserts the incorrect
base once in every 100,000 bases
— Error rate of 1 x 10
— At this rate your genome would be riddle
with mutations
* But as it turns out DNA polymerase can
proofread



Mistakes during Replication

* Base pairing rules must be maintained

— Mistake = genome mutation, may have
consequence on daughter cells

* Only correct pairings fit in the polymerase
active site

 If wrong nucleotide is included

— Polymerase uses its proofreading ability to
cleave the phosphodiester bond of improper
nucleotide

* Activity 3> 5

— And then adds correct nucleotide and proceeds

down the chain again in the 5" > 3’ direction



Proofreading and Repairing DNA

» DNA polymerases
proofread newly made
DNA, replacing any
incorrect nucleotides

e Mismatch repair: 'wrong
inserted base can be
removed

e Excision repair: DNA may
be damaged by chemicals,
radiation, etc. Mechanism
to cut out and replace with
correct bases

© 2011 Pearson Education, Inc.
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l Nuclease

X y
x 5
DNA
polymerase
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A thymine dimer
distorts the DNA molecule.

A nuclease enzyme cuts
the damaged DNA strand
at two points and the
damaged section is
removed

Repair synthesis by
a DNA polymerase
fills in the missing
nucleotides

DNA ligase seals the
free end of the new DNA
to the old DNA, making the
strand complete,



(a) Mismatched bases

(b) DNA polymerase Ill can repair mismatches.
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Errors During DNA Replication

A human cell can copy its entire DNA in a few
hours, with an error rate of about one per 1
billion nucleotide pairs. "«

H / T N—H sescssssosasdsasdaaddiass () N

* Errors naturally occur >:N
during replication. H—N,

"
*Mispairing of bases and | H\N_H
strand slippage are two ’
types of errors that cause /S50 N Her o\
either additions or N« N
omissions of nucleotides. /" N eeesssnsnennnenssnns g\ NG

N
H

Incorrect pairing (mispairing) of bases
is thought to occur as a result of
flexibility in DNA structure.
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Replication errors and
their repair
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Factors Influencing the Rate
of Spontaneous Mutations

» Accuracy of the DNA replication
machinery

Efficiency of the mechanisms for the
repair of damaged DNA

 Degree of exposure to mutagenic
agents in the environment



Types of Chemical Mutagens

* Chemicals that are mutagenic to both
replicating and nonreplicating DNA
(e.g., alkylating agents and nitrous
acid)

* Chemicals that are mutagenic only to
replicating DNA (e.g., base analogs
and acridine dyes)



Chemical Mutagens

Alkylating agents
CH3—CH,—0—S0,—CHj3

Ethyl methane sulfonate

Cl—CHy;—CH;—S—CHy,—CHy—Cl
Di-(2-chloroethyl) sulfide

(Mustard gas) (EMS)
(a)
Base analogs
(o] H
H{ /2\ ~Br 4é\ ~N
C NN\
I Il I I C—H
O¢C\N/C\H HzN/c%N/C\N/
! !
5-Bromouracil 2-Aminopurine
(5-BU) (2-AP)
(b)
Deaminating agent Hydroxylating agent
HNO, NH,OH
Nitrous acid Hydroxylamine
(d) (e)

© 2012 John Wiley & Sons, Inc. All rights reserved.

CH3—CH,—0—50,—CH,—CH;
Ethyl ethane sulfonate

(EES)
Acridines
(R
H C C C H
Nz ~
= \c/ QC/ %c
B
C + +
H,NT ¢ ONF c¢? N,

2,8-Diamino acridine
(Proflavin)

(c)



A Base Analog:
H-Bromouracil

5-Bromouracil : adenine base pair.

// _‘\\C
.
—N

Sugar

/H
N
Sugar

5-Bromouracil Adenine

(keto form)

(a)

© 2012 John Wiley & Sons, Inc. All rights reserved.

5-Bromouracil : guanine base pair.

Br\c_ O—H""O\\c_c N\I/H
N— 78 ""H—N/.\C/ \
(\N— C/ \C=N/ Sugar
/ N\ /
Sugar O-*H—N
\H

5-Bromouracil Guanine

(enol form)

(b)



Effect of enol form of 5-bromouracil during:

Incorporation Replication after
incorporation
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{ | |

Replication |
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Nitrous Acid Causes Oxidative
Deamination of Bases

\
He ¢N\ /N—H H\c ¢N\ //O----H—N/ H
W ™ W N
/G A s \R. N—H:N C—H
Sugar \ =C/ Sugar N=C/ \C—N/
\ N / \
H H (o] Sugar
Adenine Hypoxanthine Cytosine
(a)
H H
"
N N—H
C—C/
VA \\N HNO,
TR >
/N
Sugar (o]
Cytosine
(b)
H
0 4 H
/N\ //.\N—H HNO, /N\ 4 N—-H""N// \\C—H
Sugar \N=C/ Sugar —C/ \C— /
\ 7\
rl‘l—H H (o) (o] Sugar
. H . .
(©) Guanine Xanthine Cytosine

© 2012 John Wiley & Sons, Inc. All rights reserved.



Alkylating Agents

 chemicals that donate alkyl groups to other molecules.

 induce transitions, transversions, frameshifts, and
chromosome aberrations.

« Alkylating agents of bases can change base-pairing
properties.

* can also activate error-prone DNA repair processes.

Alkylating agents
Cl—CHy—CHy—S—CHy—CHy—Cl  CH3—CH;—0—50,—CH;  CH3—CHy—0—50,—CH,—CHs
Di-(2-chloroethyl) sulfide Ethyl methane sulfonate Ethyl ethane sulfonate

(Mustard gas) (EMS) (EES)

©2012 John Wiley & Sons, Inc. All rights reserved.



Hydroxylamine

» Hydroxylamine is a hydroxylating
agent.

« Hydroxylamine hydroxylates the
amino group of cytosine and leads to
G.:C 2 A.T transitions.



5 Methyl Cytosine
Deamination
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Intercalation of an Acridine
Dye Causes Frameshift
Mutations

Proflavin
molecules




Mutagenesis by Ultraviolet

Irradiation
i " * Hydrolysis of cytosine
2O M 2\
R Dene z/ " toa hydm‘re may cause
oSN N, mispairing during
; " replication
(@ Cytosine Cytosine hydrate . .
* Cross-linking of
. b 0, Twwl  adjacent thymine
- T T i @ forms thymidine
O/C\T/C\H O/C\T/C\H O/C\T/E_I\T/C\o dimerns' W.hiCh. block
Thy:ﬁne Thy:1ine 'I':Ihyminedim:r DN.A FZPIICGTIOH and
O activate error-prone

DNA repair
mechanisms.



Mutation Generation passed on to mutated

daughter DNAs old strand
Q_ QO O 0O ¢
Al LT
deaminated C A A
l 1 new strand
:TS@EAOT a G has been
changed to an A
A G [ A
TTB 0 DNA
REPLICATION new strand
A T
Q0 0O O O
old strand
(A) unchanged

Figure 5-49 part 1 of 2. Molecular Biology of the Cell, 4th Edition.



Mutation Generation passed on to
daughter DNAs

mutated
old strand

depurinated A

|

)=
=

2 Q Q

f new strand

an A-T nucleotide

) c o e
E —< pair has been deleted
m-o o DNA

REPLICATION new strand

A
QO O QO O
old strand
(B) unchanged

Figure 5-49 part 2 of 2. Molecular Biology of the Cell, 4th Edition.



Somatic Mutations

» Occur in cells of the body, excluding the
germline

» Affects subsequent somatic cell descendants
* Not transmitted to of fspring

Germline Mutations

* Mutations that occur in the germline cells
* Possibility of tfransmission to offspring



Gene mutation (alteri AA GCA CGT

Glu Ala Gly

Point mutation: chang
of the following 3 res

e mRNA can lead to any

AA GCA cCGT

i- Silent mutation: i.e. the codon containg the changed base may code for the
same amino acid. For example, in serine codon UCA, if A is changed to U giving
the codon UCU, it still code for serine. See table.

ii- Missense mutation: the codon containing the changed base may code for a
different amino acid. For example, if the serine codon UCA is changed to be
CCA (U is replaced by C), it will code for proline not serine leading to insertion
of incorrect amino acid into polypeptide chain.

iii- Non sense mutation: the codon containing the changed base may become a
termination codon. For example, serine codon UCA becomes UAA if C is changed
to A. UAA is a stop codon leading to termination of ftranslation at that point.
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(A) BASE EXCISION REPAIR

d/eaminated &
. GCTUATCC

HERATRAR ] poce pars
3 base pairs

CGAGTAGG

URACIL DNA
U GLYCOSYLASE

GCT ATCC
DNA helix

DNA Repair I HEARBEFAR  with missing

CGAGTAGG Pase

e AP ENDONUCLEASE AND
- PHOSPHODIESTERASE
REMOVE SUGAR PHOSPHATE
GCT ATCC

DNA helix
SEARTEAR withsingle

CGAGTAGG nucleotide gap
| DNA POLYMERASE ADDS NEW

NUCLEOTIDES, DNA LIGASE

SEALS NICK
GCTCATCC

ittt

CGAGTAGG
Figure 5-50 part 1 of 2. Molecular Biology of the Cell, 4th Edition.




(B) NUCLEOTIDE EXCISION REPAIR
pyrimidine dimer

A
- CTACGGTCTACTATGG

] R R I
GATGCCAGATGEATACC
NUCLEASE l

] hydrogen-bonded
base pairs

cTAGGTCTACTATAG

TRERUERNROL

GATGCCAGATGATACC

DNA Repair IT Py
— CGGTCTACTATG

N
HELICASE HjN [ | bl

A
CTA L3

omoree DNA helix
A% mEm_mm m_E wih 12
GATGCCAGATGATACC nucleotidegap

DNA POLYMERASE
PLUS DNA LIGASE

GATGCCAGATGATACC
Figure 5-50 part 2 of 2. Molecular Biology of the Cell, 4th Edition.



Emergency DNA Repair for Double helix break

ACCIDENTAL
lBREAK

LOSS OF NUCLEOTIDES DUE TO
DEGRADATION FROM ENDS

v

A
region with altered COPYING PROCESS

segment due to I}L\I(;/“C/i(L)\CoNgous
missing nucleotides RECOMBINATION
(A)  NONHOMOLOGOUS —
END-JOINING

complete sequence
restored by copying from
second chromosome

(B) HOMOLOGOUS END-JOINING

Figure 5-53. Molecular Biology of the Cell, 4th Edition.
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cctatggtec

61
121
13l gaggaactgg
24l aaaaaaatca
301 tgggaattga
361 gatttaggca
4Z1 gctataaaga
43l gttgaggagt
54l ctgggtggca
601 ggatgggtaa
661 gattttgttyg
721 caaaaggtga
781 tataatcaag
34l aagggttggc
901 tttaaagaca
961 aagatctggt
10Z1 ggaggcttca
1081 caagggtatg
1141 gtagaagcag
1201 caggagacgt
1261 agagcaaage
1321 tctattgaga
1381 ttacccaatg
1441 gaaaacttga
1501 gataattgte
1561 ataaaggcaa
1621 ttacageett
1681 ttttacaatt
1741 tattcactgt
1301 aagggtaaat
1861 cetteceete
1921 tttgtgaggt
1981 tcaaatgtgt
204l gactaaatac
Z101 tttgtcctet
2161 aatagcatat

cggabttety
Aggetgtagt
tatcatocog
ggtgataaga

grggeggttc
ttaaagagaa

tagagaatcg
agcataatgt
tcaagttgaa
cggtettcag
aacctatcat
ttoctgggcc
catacctggt
ataagtcaat
ctttgtatct
tetttoagga
atgagcatag
tctgggectyg
getetetegg
aggetgecca
ccaccaatcc
ttgataacaa
caattgagge
tgcaacgttc
agatcaaact
ttttggtaac
datcaatttt
tttcttatat
tttattttat
cactttttct
gatagccaca
ctgtccatga
agagetgtgc
tgaagatact
tgtttaggcc
ccatttttct
ttcatccaag

FE Canbiira A =8 AN

cagagtctac ttcagaageg
tatgagtctg agcttgtgag
LEEhgcgata aactacatte
aatctattca ctgtcaaggt
tgtggtagag atgcaaggag
actcattttt coctacgtgg
tgatgccacc aacgaccaag
tggcgtcaaa tgtgccacta
dcaaatgtgg aaatcaccaa
agaagccatt atctgcaaaa
cataggtcgt catgcttatg
tggaaaagta gagataacct
acataacttt gaagaaggtyg
tgaagatttt gcacacagtt
gagcaccaaa aacactattc
gatatatgac aagcagtaca
gctcatcgac gacatggtgg
taaaaactat gatggtgacg
catgatgacc agegtgctgg
cgggactgta acccgtcact
cattgcttoc atttttgoct
taaagagctt gocttotttg
tggcttcatg accaaggact
tgactacttg aatacatttyg
agctcaggec aaactttaag
taggtctaca ggtttacatt
gtaatttgtt tagaagccag
atacagttat tgccaccttt
tttctagtac cagoctagga
catgttctaa ttataaatga
gtattgctcc ctaaaatatg
ccttgggcac agggaagttc
attaaacttg cacatgactyg
gcagtcattt ttgtaaagac
gcaggagagt ttggaatccg
ctttctocte ctggoctgge
tgcaataatg taagctgaat

Mhd ANEOAR « 4 maamantd

gaggcactgy gagtccggvt
cggctgtgge gecccaacts
agttgagtct gcaagactgg
ttattgaagt caaaatgtcc
atgaaatgac acgaatcatt
aattggatct acatagetat
tcaccaagga tgctgcagaa
tcactcctga tgagaagagyg
atggcaccat acgaaatatt
atatcccccg gettgtgagt
gggatcaata cagagcaact
acacaccaag tgacggaacc
grggrgttgc catggggatyg
ccttocaaat ggctetgtet
tgaagaaata tgatgggcgt
agtcccagtt tgaagetcaa
cccaagetat gaaatcagag
tgcagtcgga ctetgtggec
tttgtccaga tggcaagaca
accgcatgta ccagaaagga
ggaccagagg gttagcccac
caaatgcttt ggaagaagtc
tggctgettg cattaaaggt
agttcatgga taaacttgga
thcatacctg agctaagaag
ttctgbatt acactcaagg
agtttatctt ttctataagt
gtgaacatgg caagggactt
attcggttag tactcatttyg
ccaaaatcaa gattgctcaa
cataaagtag aaattcactg
tggtgtcata gatatccogt
gaacgaagta tgagtgcaac
cttgctgaat gtttccaata
gaataaatac tacctggagg
ctgaatatta tactactcta
cttttttgga cttctgctgg
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Jgene="IDHL"
fqene_synorym="IDCD; ITH; IDP; ILPC; PICD"

finference="aligrment: Splign:1.29. 8"
Sroxber=1
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ORIGIN

1l cetgtggtec

61 tgggattgce
121 ttcgeccagea
181 gaggaactgg
24l aaaaaaatca
201 tgggaattga
A gatttaggca
LrAMgctataaaga
LAttt gaggagt
MLt gggtggca
[1RMggat gagqtaa
661 gattttgttyg
T2l caaaaggtga
781 tataatcaag
34l aagggttggc
901 tttaaagaca
961 aagatctggt
1021 ggaggcttca
1081 caagggtatqg
1141 gtagaagcag
1201 caggagacgt
1261 agagcaaage
1321 tctattgaga
1381 ttacccaatg
1441 gaaaacttga
1501 gataattgtc
1561 ataaaggcaa
1621 ttacageett
1661 ttttacaatt
174l tattcactgt
1801 aagggtaaat
1861 cetteoccete
1921 tttgtgaggt

B - B e o

¥ Feature « < 4

recorded"

cgggtttctg cagagtctac
aggetgtggt tatgagtctg
tatcatcccg geaggcgata
ggtgataaga aatctattca
grggcggttc tgtggtagag
ttaaagagaa actcattttt
tagagaatcg tgatgccace
agcataatgt tggcgtcaaa
tcaagttgaa acaaatgtagg
cggtcttcag agaagocatt
aacctatcat cataggtbogt
ttcctgggcc tggaaaagta
catacctggt acataacttt
ataagtcaat tgaagatttt
ctttgtatct gagcaccaaa
tctttcagga gatatatgac
atgagcatag getcatcgac
tctgggectg taaaaactat
gctetetcgg catgatgace
aggctgecca cgggactgta
ccaccaatce cattgettec
ttgataacaa taaagagctt
caattgaggc tggcttcatyq
tgcaacgttc tgactacttg
agatcaaact agctcaggec
ttttggtaac taggtctaca
aatcaatttt ghaatttght
tttcttatat atacagttat
tttattttat tttctagtac
cactttttct catgttctaa
gatagccaca gtattgctec
ctgtccatga cottgggeac
agagctgtgc attaaacttq

- A b o

of 10

w NM 005846 :

ttcagaagcg gaggcactgq
agettgtgag cggetgtggc
aactacattc agttgagtct
ctgtcaaggt ttattgaagt
atgcaaggag atgaaatgac
ccetacgtgg aattggatct
aacgaccaag tcaccaagga
tgtgccacta tcactectga
aaatcaccaa atggcaccat

gagtccggtt
gccccaacte
gcaagactgyg
caaaatgtcc
acgaatcatt

atctgcaaaa atatccoccqg g

catgcttatg gggatcaa-tl
gagataacct acacaccaag
gaagaaggtg grggrgttgc
gcacacagtt ccttocaaat
aacactattc tgaagaaata
aagcagtaca agtcccagtt
gacatggtgg cccaagctat
gatggtgacg tgcagtcgga
agcgtgctgg tttgtccaga
acccgtcact accgcatgta
atttttgoct ggaccagagyg
gocttetttg caaatgettt
accaaggact tggctgcttg
aatacatttg agttcatgga
aaactttaag ttcatacctg
ggtttacatt tttobghgtt
tagaagccag agtttatctt
tgccaccttt gtgaacatgg
cagcctagga attcoggttag
ttataaatga ccaaaatcaa
ctaaaatatg cataaagtag
agggaagttc tggtgtcata
cacatgactg gaacgaagta

e b e

1 seqment

cagagcaact
tgacggaacc
catggggatg
ggctetatet
tgatgggegt
tgaagctcaa
gaaatcagag
ctctgtagec
tggcaagaca
ccagaaagga
gttagcccac
ggaagaagtc
cattaaaggt
taaacttgga
agctaagaag
acactcaagy
ttctataagt
caagggactt
tactcatttyg
gattgctcaa
aaattcactqg
gatatcccgt

tgagtgcaac

B T

357, 648
faene="IDHL"
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finference="aligrmert:Splign:1.29.8"
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1 cetgtgotee cggotttetg

aggctgrggt
tatcatccoog

bl tgggattgee
121 ttecgecagea
181 gaggaactgg ggtgataaga
grggcggttc
ttaaagagasa

241 aasaaaaatca
301 tgggaattga
A atttagges
421

451 [pads gt tcaagttgaa
541 wtsfelspalefs

a0l

alaik
721
781
04l aagggttggce

tagagaatcg

agcataatgr

gyatgggtaa Feat

gqattttgtty
caaaaggtga

ttoctgggee
catacctggt
tataatcaag ataagtcaat
CcLttgtatct
Y01 tttaaagaca tctttcagga

Y6l aagatctggt atgagcatag

cagagtctac
tgtgagtcty
geaggegata
aatctattca
tgtggtagaqg
actcattttt
Lgatgccace

Lggcgtcaaa

acaaatgtgg

tggaasaagta
acataacttt
tgaagatttt
gagcaccaaa
gqatatatgac
getcatcgac

ttcagaageg gaggcactgy gagtccggtt
cggctgtgge
agttgagtet
ttattgaagt

atgaaatgac

agcttgtgag gqocccaacte

gactacattc gqeaagactgg
ctgtcaaggt cagaatgtcc

atgcaaggaqg

acgaatcatt

cectacgtgg aattggatet

2acgaccaaq

tgtgccacta

gqettgtgagt

cagagcaact

gqagataace

Jaagaaggtyg
gqeacacagtt

dCacaccdad

gtggrgttge
cottocaaat

tgacggaace

catggggatyg
gqgctctgtet
tgatgggcgt
tgaagctcaa

gacactattc tgaagaaata

aagcagtaca
qacatggtgyg

agtcccagtt

cccaagetat gaaatcagag
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