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Announcements

1. Read Chapters
a. Arabidopsis Seed Development
b. Plant Life Cycle
c. What it Means to Be a Scientist
d. Sanger & Hood Articles

2. Review Last Week's Lecture

3. Think About Research



Recall..... The Structure of DNA

3" end

5" end

1. Double Helix
2. Phosphate-Sugar

Backbone

3. Bases H-Bonded
in Interior

4. Complementary
Base Pairing

5. Anti-Parallel
Chains

6. 10 Bases/Turn
Helix

7. 34A/Turn

3.4A/Base Pair

9. No Sequence
Constraint

10. Synthesis 5" to 3'

@

5" end




Recall........Nucleotides Have Polarity
Based on What is Bonded to the Five-Carbon Sugar
Phosphate on 5°Carbon and OH on 3'Carbon

phosphate Note Polarity
sugar 5 > 3
\n /' : P
’ _'1 + _B:gisn.ni S OH End
sugar base
phosphate nucleotide

The Sugar is the HUB
DNA Sequence Defined By Nucleotide Order

DNA Sequence = Functional Uniqueness = Biology

Figure 1-2a Molecular Biology of the Cell, Fifth Edition (© Garland Science 2008)



Recall..Structure and Polarity of the Deoxyribose Sugar

Phosphate Attaches

OH H

2-Deoxyribose



Recall.... . DNA Replication Occurs Semi-Conservatively

template S strand

S’ strand
parent DNA double helix

template S’ strand

1. DNA Structure Allows DNA Sequence to Be Maintained
by Complementary Base Pairing

2. Each Strand Serves as a Template for the Synthesis of a
Complementary Strand

3. New DNA Molecules are Precise Copies of Parental DNA
- Eacg Containing One Newly Synthesized Complementary
Stran

Meselson & Stahl, PNAS, 1957



Requirements For DNA Synthesis

Template

All Four Nucleotides

Origin of Replication (in vivo)
Short Primer to Initiate Synthesis
DNA Polymerase

YA




DNA Synthesis Is Always in a 5' to 3° Direction-Part Two

Growing strand
5" end 3 end

OH

~

New Base Pair

2. New
Phosphodiester
Bond

3. DNA Elongated

By 1bp
New 3'OH End
Diphosphate
Released
(Pyrophosphate)

oA

&
Pyrophosphate ion

O O 5" end

Phosphate ions



DNA Sequence of One Strand is a Template
for the New Strand

Growing strand Template strand Growing strand
5 end 3’ end 5 end 3" end
. OH . OH

Synthesis
5

Base
The enzyme DNA
polymerase |l adds the
next deoxyribonucleotide, @)
to the —OH group at the
Nucleotides are added 3’ end of the growing
to the 3’ end. strand.

\\\ _OH
': ’

Pyrophosphate ion
©) Bonds linking the
# phosphate groups are

ay

broken, releasing ener 5" end

@ to drive the reaction.

Pnhosphate ions

Sequence is Specified by Complementary Bases ‘

5 to 3’ Polarity

, , Specifies
Note: 5 (P) & 3 Sequence




What Happens to DNA Synthesis if the 3' Carbon
of the Deoxyribose Sugar Does Not
Have an -OH Group?

3" -OH in normal DNA
allows elongation.

Deoxyribose

OH
Dideoxyribose



Maxam-Gilbert Chemical Chain-Breakage DNA Sequencing

1. Chemicals Break The G reaction
Phosphodiester Bonds Molecule to be sequenced
at Specific Bases 3’ Label/End (many copies)
Raﬂdomly ol'l'l'l'!'l'l'l'l'l'l'@l||G.|||G.||||

. Bg.:ief;z:::lcgy l Dimethyl sulfate
Chemical Used To Me
Break DA Into e
Ff'agmenfs o‘l'1'I'I"|'I'|"|'|'1‘I' ' TT'I"\.,"I;I'T RS

3. Base broken is at the G GG
EndofaDNA o‘l‘l'l'l"l'l'ﬁ'l'l'l'.lll.llln.,llelll
Fragmenf Ol-n-n-n-nﬂgmcfmérrrr

4. Fragments Sized By o
Gel Electrophoresis 1 Piperidine

5. Single-Stranded DNA
Labeled at One End O rrrrerees e
(e‘g" 3’ End) o‘rn-n-n-r'rrrGrrrG ™. T
Providing Direction
For. Sequence OTTI'H'ITI'I'TTGT'I'TQTI'TQ TIT1T

Figure 4.8b Genomes 3 (© Garland Science 2007)



Using Gel Electrophoresis To Separate DNA Fragments
By One Nucleotide Spacings and Read DNA Sequence
After Autoradiography

G A+G

N
N
+
—
N
o
3
h‘
9
—
N
Q
0
=
Q
S

Long Fragments

5’ End of Sequence

\4

SENNNAoa»oaNr—--HanN

Short Fragments 3’ Label/End of Sequence

Figure 4.8c Genomes 3 (© Garland Science 2007)



Recall.... .Sizing DNA Fragments
Gel Electrophoresis

7

{

R
'S

/

Place mixture in the well of
an agarose or polyacrylamide
gel. Apply electric field

\\///

Well
—]\_,— - (Negative electrode)
\\\\’j\;t =— Gel particle
2
%f;’/
N0
1= Pores
/>
+ (Positive electrode)

in gel at a rate inversely

l Molecules move through pores
proportional to their chain length

—

+
1 Subject to autoradiography

or incubate with fluorescent dye

(b)

EE—
Signals
corresponding
y to DNA bands

Figure 5-19
Molecular Cell Biology, Sixth Edition
© 2008 W.H.Freeman and Company

Using



Determining DNA Sizes Relative to the Sizes of Known Standards

DNA size
standard

Unknown
DNA sample

5,430 bp —

3,330 bp —

1,240 bp —
954 bp —

200 bp —

Log (bp)

3.8
3.6
3.4
3.2
3.0
2.8
2.6
2.4

2.2

 Size Standards

1 2 3 4 5
Migration distance (cm)

A DNA size standard and a DNA of unknown size were placed in
the left and right lanes, respectively.



Using Sanger Chain-Terminating DNA Synthesis to Sequence DNA

Dideoxyadenosine Triphosphate (ddATP)
NH,

I
c|)— oF o X, N

Deoxyadenosine Triphosphate (dATP)

N

Sanger Sequencing Requires Requires:

1. Template (specific DNA fragment)
2. All Four dXTPs and ddXTPs
3. Short Primer To Initiate Synthesis

4. DNA Polymerase




What Happens to DNA Synthesis if the Complemetary
Nucleotide is a ddXTP?

Growing strand | Template strand
5" end 3’end
i O

_OH

Phosphate

Recall..The Sugar
is the Hub and
Sets the Polarity
of the DNA
Molecule

5" end



Sanger Chain-Terminating DNA Sequencing-The “Old Way”

(A) Initiation of strand synthesis

(B) A dideoxynucleotide

Primer
Bt .. 13¢

Primer Labeled [

Template DNA ? ? ?
"0—P—0—P—0—P—0—CH;
3 TT TS5 0

Il Il [
0 0 0

I

3 TTTTﬂ

g 1

IIIIIIIIIIIIIIIIIIIII

% Position where the
-OH of a dNTP is

3 TTT S

1. Random Chain
Termination at Base
Complementary to
ddATP

2. Size Fractionate by Gel
Electrophoresis

3. Sequence at End of
Extending Chain is an A

replaced by -H

(C) Strand synthesis terminate&\en addNTP is added \

T A4 ad
T T T
Illlllllllldldlelllllll ddA
T T T
e ddA = ddA
LLLLLLLL LLLL Ll

T T T

\ THE ‘A’ FAMILY j

Size By Gel
Electrophoresis
& Detect Using
Autoradiography



DNA sequencing with chain-terminating
inhibitors enas 74, 5463-5467, 1977

F. Sanger, S. Nicklen, and A. R. Coulson

Nobel Prize For Chemistry in 1958 - Protein Sequencing
Nobel Prize For Chemistry in 1980 - DNA Sequencing




Sanger Chain- Terminating DNA Sequencing Reactions

Labeled Primer 5’ =
Template 3’ 5

DNA polymerase
+ dNTPs (100 .M)

Note: Four Separate Reactions Note:100x Excess of dNTPs

over ddXTPs WHY?

+ ddATP + ddGTP + ddTTP + ddCTP
(1 uM) (1 M) (1 pM) (1 M)
A — G e § w— C
Note:
Random
- S T - Chain
Termination
A — w— T C
etc. etc. etc. etc.

S SR S

l Denature and separate daughter strands by electrophoresis ]

b
Molecular Cell Biology, Sixth Edition
© 2008 W.H.Freeman and Company




Sanger Chain-Terminating DNA Sequencing

55" TAGCTGACTC 3" Primer-Template

3'ATCGACTGAGTCAAGAACTATTGGGCTTAA ...

DNA polymerase

+ dATP, dGTP, dCTP,dTTP
4 ddGTP in low concentration

Y

5'TAGCTGACTCAC@
3'ATCGACTGAGTC GAACTATTGGGCTTAA ...
+

5 TAGCTGACTCAGTTCTTG 3

3'ATCGACTGAGTCAAGAACTATTGGGCTTAA ...

+
55 TAGCTGACTCAGTTCTTGATAACCCG 3’

3'ATCGACTGAGTCAAGAACTATTGGGCTTAA ...

Note: Random Chain Termination




Problems With Maxam-Gilbert and "Old Time”
Sanger Sequencing for Genome Sequencing

* Manual Process That is Labor Intensive

- Gels

* Base Detection

* Chemical Reactions & DNA Synthesis

* Low Throughput (i.e.,thousands of base sequences)
* Slow

* Use of Radioactivity & Autoradiography to Detect Gel
Fragments

+ Separate Reactions or Synthesis For Each Base

* Need Specific Cloned DNA Fragments

 Cannot Automate

- Expensive ($5-$10 per base or more!)




Using Fluorescent ddXTPs to Visualize DNA Sequence
And Size of DNA Fragments on a Gel Continuously

Template strand|

Primer (20 bp) J

ddG ddA ddT ddC

Synthesis continues until dideoxynucleotide
(G,A,T, or C) is incorporated

ooy

Mix contents of tubes together and then electrophoresis
of combined products in downward direction

N

Length of @ Termination by
fragment dideoxy- 3
30 =] GACGCTGCGA
29 L GACGCTGCG
28 =] GACGCTGC
27 - GACGCTG
26 ] GACGCT
25 - GACGC
24 L GACG
231 o GAC \ThIS sequence
22 . G is complementary|
21| ==l G to the DNA
5 template strand.




What Was the "Game Changer” That Allowed Genomes

To Be Sequenced For the First Time?

ﬂ (Ll)e New ﬂnrk Cimes

By orcernyg Pw Date Ula sowntals hope
Dosle the Qenes and dedormre Fad Anciors

L R

2 Rivals’ Announcem
Marks New Medici
Era, Risks and All




Automated Sanger Dideoxy DNA Sequencing

Fluorescence detection in automated
DNA sequence analysis

Lloyd M. Smith, Jane Z. Sanders, Robert J. Kaiser, Peter Hughes, Chris Dodd,
Charles R. Connell’, Cheryl Heiner’, Stephen B. H. Kent & Leroy E. Hood

Division of Biology, California Institute of Technology, Pasadena, California 91125, USA
* Applied Biosystems, Inc., Foster City, California 94404, USA

Base

@ A T,G,orC)
(o} 0 o] o] o]
[ [ I Il Il Il
‘o—rI’—O—P—O—P—o—CH, 'O—P—o—rl’—o—rl’—o—ow
o o o O og (a5
Deoxyribonucleoside Dideoxyribonucleoside H N\
triphosphate (dNTP) triphosphate (ddNTP) o OH
{normal) {chemically modified) \
Absence of OH at the 3’ position means
® that additional nucleotides cannot be added.

TQS&??J;??Q‘S’;‘JE{;JIEZQ’E T

isolated and serves as the template. J

P] Each of the ddNTPs -
is bound toa
fluorescent dye.
A sample of the unknown DNA is combine(ﬂ\
with primer, DNA polymerase, dNTPs, and
the fluorescent ddNTPs. Synthesis begins.

Template strand
5 I EERERNEIREEEA 3 primer
3 OGNS
B3 The results are ilustrated ELeOo K

here by what binds to a T | . A o
3 5

ddCTP ddGTP ddTTP ddATP
A

Nature 321, 674-679
(1986)

EJ The newly synthesized fragments
of various lengths are separated
by electrophoresis.

in the unknown template.

Electrophoresis 3
If ddATP A is added,

synthesis stops. A series A Longest
of fragments of different ¢ fragment
lengths is made, each , v 2 OO A (—
s ey 5 TI22222222222222CGCA & - |
3 5 cm— T
-— G
-— G
-— G
— C
e 7 Detector
Each fragment fluoresces a color Laser A 23

that identifies the ddNTP that
terminated the fragment. The color
at the end of each fragment is

i
|

detected by a laser beam. == | G Shortest
m— G fragment
- 5
Ed The sequence of the DNA ‘

can now be deduced from
the colors of each fragment...

3] ...and converted to
the sequence of the e FAATCTGGGCTATTCGG &

template strand. .
5 TTAGACCCGATAAGCCCGCA 3’




The Breakthroughs......

RESEARCH METHOD

* Fluorescent ddXTPs

- Computer Automation

- Size DNA

+ Detect Specific Bases
+ Bioinformatic Analyses

- BLAST

* GenBank

Template strand
3_~Primer
=

Electrophoresis
.

3
5

3 /

5

& TEEEERRRRRIPPREECCCN
3’ AATCTGGGCTATTCGGGCGT =
A Longest fragment
5 TT227222222222277CGCA
3’ ATCTGGGCTATTCGGGCGT

Detector

Laser

)

mo—|£>—|oc>c>m—|o—|>

T TN

& Shortest fragment

/

=
=

[—

@
QIR =
>
=
(@]
-
@
@
@
(e}
—
-
-
(@]
o
C 0]
a

However: Still Need Genome Libraries, Cloned
DNA Fragments, Manual DNA Synthesis, & Lots
of $$$. DNA Sequencing Reads ~500 Bases.




Applied Biosystems DNA Sequencer

A DNA Sequencing "Factory”
100 lanes/machine

- 500 bp/reaction/lane

* 3 hour run time

*+ ~ 50 kb/run

- ~ 400 kb/machine/day

Need Lots of Machines to
Sequence a Genomel!




Using Fluorescent ddXTPs to Visualize DNA Sequence
And Size of DNA Fragments on a Gel Continuously

ddA @ ddC @ {dNTPs - each with a
ddT ‘ ddG different fluorescent label

Sequencing reactions,
fractionation of products

ddT @
ddA @
ddA @
adG : Imaging system
s ddC ()
== ddC@) Detector

— [

Fluorescent bands
move past the detector

Figure 4.3a Genomes 3 (© Garland Science 2007)



TOOLS FOR INVESTIGATING LIFE

(A) Base Base
(ﬁ (ﬁ (|)| (A, T, G, or Q) (|)| (ﬁ (|)| (A, T, G, or O)

-o—llo—o—llv—o—F|>—o—cH2 o -o—llv—o—lla—o—Fl>—o—cH2 o
OF o o o7 o OF

H H " H
Deoxyribonucleoside +Ho H Dideoxyribonucleoside
triphosphate (ANTP) triphosphate (ddNTP)
(normal) (chemically modified)

(B)




Need Precise Base-Calling Software

OO O HIPAOOOHOH-HOAE B>

AATCTGGGCTATTCGG
TTAGACCCGATAAGCCCGCA




Reading the DNA Sequence

150 130

C T G AT TTTULCAAATAHALCATIGCL G A




Using Bioinformatics to Identify a Gene

(A) reading direction for sequence of top DNA strand —

. 3 N- ile leu phe arg val ile arg pro [l thr arg asn phe thr [l arg -C
reading |, N- tyr phe ile ser ser asn ser thr leu asn ala lys leu his leu thr -C
frames |1 N- leu phe tyr phe glu ] phe asp leu lys arg glu thr ser leu asn -C
DNA 5’ TTATTTTATTTCGAGTAATTCGACCTTAAACGCGAAACTTCACTTAAC 3’

3’ AATAAAATAAAGCTCATTAAGCTGGAATTTGCGCTTTGAAGTGAATTG 5!

[ < lys ile glu leu leu glu val lys phe ala phe ser [l lys val -N
reading | > ¢ e lys asn arg thr ile arg gly W val arg phe lys val [l arg -N
frames -3 C- asn [ lys ser thr asn ser arg leu arg ser val glu ser leu ser -N

-<— reading direction for sequence of bottom DNA strand
(B) _ reading direction for sequence of top DNA strand —
. 3 [l e s ) [ 1 | | | e R |
reading
S e
frames 2| | | I [TTIT 17 W7 T [ T T |
aEEEss. ___=n
’ 3'
DNA 3| = 4
reading -1 | | Bl [ 07 ] = | B
franias -2 1 0 B A | | | B2 BN B0 B 0 ) R R [ W | |

Figure 8-52 Molecular Biology of the Cell (© Garland Science 2008)

3[[T T NI I D b/ v s |
<— reading direction for sequence of bottom DNA strand | ]
500 base pairs

|BLAST]|




DNA Sequencing Throughput Has Exploded!

Growith of GenBank
(a) 1e + 11
1le + 10 —
o 1e + 09 —
g
o 1e+08 -
(/9]
0
1le + 07 —
1e + 06 —
100,000 I I I I I I I I
1/82 1/85 1/88 1/91 1/94 1/97 1/00 1/03 1/06 1/09
Date (mm/yy)




Cost of Sequencing is Going Down Precipitously!

P: R -1 :Z E*®

29 0

GOING DOWN

An exponential decrease in the cost of
sequencing DNA could soonresultina
$1.000 genome.,

Cost of sequencing a human genome

Ek\\ $1 billion
\\‘~
\\\
\\
\\\» $1 million
-‘u\\
h~\\

0
' $1.000

03 07 09 '10

M

ACt

e ¢
CGTAATTTACK
T ACOGTTAC

TAATTTACCGC!

.“ ‘\"—.»,C

G
hel
T2
. 1V

Al
A

>
e

BRANBES %




NextGen Sequencing Has Lead To An Explosion
of Whole Genome Sequencing

TOOLS FOR INVESTIGATING LIFE e No Cloning

* Random Shearing of DNA

* Attachment to Microbeads

* One DNA Sequence per Microbead
* PCR Amplification

* Sequencing By DNA Synthesis

* Fluorescent Nucleotides

* Sequence Millions of Unique DNA
* Fragments at Same Time
* (Massively Parallel DNA Sequencing)

* Sequence By DNA Synthesis One
Nucleotide at a Time
* Uses Nanotechnology & Robotics

* One "Lane” Can Sequence 20 Gb or
160 Gb per Sequencing Run or ~50X
the Human Genome (2 hours)




New Sequencing Technologies Have Lead To An
Explosion of Whole Genome Sequencing

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Number of Species with Finished Whole-Genome Sequences Deposited at the

I TABLE 10.1

National Center for Biotechnology Information as of February 1, 2010 (2/9/11)

Whole In
Organism Genome Progress Total
Prokaryotes 1058 2354 3412
Mammals 56 69 125
Birds 2 12 14
Fishes 15 17 32
Insects 36 7 43
Flatworms 3 2] 5
Roundworms 12 14 26
Amphibians 1 0 1
Reptiles 1 0 1
Other animals 11 18 29
Plants 25 88 113
Fungi 129 91 220
Protists 54 58 112
Total 1403 1581 2730 9640 11,221 4133

http://www.genomesonline.org/cgi-bin/GOLD/bin/gold.cgi




