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DNA bases




12 bases of DNA

DNA bases,




The most important
technological advancement
IN biology in 30 years
ability to read DNA

In 2001, most of 3,000,000,000 bases of the Human Genome
have been read!
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11 1TGUAGU ITBAUAAG I BUUUGEL T LAUAGAUU T TAAGAUAT | 1UTUAAALLULULALULUAGL TUUAAUU T UU TEAAUG TEUGAT TEUAU TUAGAL TG
TAGGCCCAAACTGGTGCCTTTCCCCACACACCTCTCCTTGCCGACGGGCAAGGTGTATATTGGGGATCTGTGGACGTCAGGTTTGAGCTTAGCCTG!

GGGAAAAGTGTCTLELGGTCCCTCCACCCACTCTTGGCTCCTATCCCAGGCAAGGATTCCACATGGTTGGGTGGTTTTATA TTATTTTTCAATT,
TGCTCATTGCAA G A AA ﬂ WATtA1wAGfﬁTCTTTGCTTCT<
ACGTGGAGCTGAGAGGHC ﬁm(@mfagca&?vﬁm C c@: TG CcTdCACAAdC GAAAATTACTTA
TTCTCAGTGCCTCAGTTTCTTCATCTACAAAATGGGATAATAGTACTTATCTCAAGGGGTTGCTGTAAGGGTAAAATATTTAAATAATTGGCAAAGAATA/
ATTTAATAAATCATTAGTGATTTTTATTAAACATGGCTTTTAAAATCCAAAATGAGTATTAACACTCTACAGATTGTGTGGCAACTTCCTTTTTCACTTTAC/
TGTTATAGACTTCTTTCCAAGTCTGTACATATGGCACCTTTTAACTGGTTGTGTAGAATTTTATTGGCAGGGATATACTATAATTTATTCATTCAGATGTGA
CACATGGAAATTATTTCCACTTTTTTTTTTTTTTACCATTACAACCAATGTTACACTTTGTGCCTCACATGGTCTTACTAATATTTCTGTAAGATAGAGTTC
AGCAAGATCATAAGATTTTAGGGTATTTGTATTTTAAATTTGATTACATGTTTTACAATTCAACAGCATAAAAAGAAAACCTGTTTCCTCAACCTTCAAGA,
CTGGATTTACTCACTTTACAGCTGTTGGGTTAAAGAAATATCCAAATAACTTCACACAAGATGAAGATATTTATACAGATGGAAGTAAAGTTCTTACTTTA
CATAGATGTGCAGACATGATATAAAAGAAAACAAAAGGCTGTGTGCAGTGGCTCAAGCCTGTAATCCCAGCACTTTGGGAGGCTGAGGTGGGCGGC
CGAGGTCAGGAGTTCGAGACCAGCCTGGCCAGCATGGTGAAACCCCGTCTCTACTAAAAATACAAAAAAATTAGTCAGGCATGGTGGCGTGTGCCT
ATCCCAGCTACTCAGGAGGCTGGGACAGGAGAATTGCTTGAACCCGGAGGTAGAGGTTGCAGTGAGCCGAGATCGCGCCACTGCACTCCAGCCTC
TGACAGAGCAAGACTCCGTCTCAAAACAAAAACAAAAACCAAAAAATAAACCCTCCAACCCCACAAAAAAATATGGCAAAAGACATAAAGTCCCTTCA
ACAATTTTGAACTACAGATGAGCGTGTTTAGGGAGCACTCCCAACATTATTTAATCCTTACGACATCTACTCATTGTTACCCCCATTTCAGAGGTGAGA
CTGAGGCATAGAGAGATTAAGTAGTTTGCTTAAGATCATGCAGCTGGTGCATGGCAGAACCTCCCTCATGTCAGGACCTGCTCTCCGGTCAGCCACA
CCTCCCTGTAGAGGTCCACATGTGCTTTGGACTGGAAGAAACTAAAGAGGCTTCAAGGAAGTGGAAACTTCATTAGCTCGAGGTGCAGAGCTCCGA
GTTCCATGCATTCTGCATGGCTTTAGATGATTTTCCCATCTGTGACGCAGAGGGGCTGAGCTGTAATAGGGAATCACTGGGGTGGACAGAGAGCATC
TCCCTCTCTGCGCCTTGGGATGGAGAGACTGGGAGGCAGGCAGCAGGATGGTTCATCTGCAGTTGGACTGCATTAGCATTCCCATATATTTATACAA,
GCCCCCAGCTCCTCTTGTGCTCATTTTCCATACATGCCTATCAGTGTAGTAAATCCTGAACACTTCTGCTTAAAAAAAAAACAAAAACAAAAACAAAAA
AACAAAATAGAATCAGTGCCTTTTGTGTTCAAAAGCTAAGTGTCTATAAATCAGACTCCTTGAATGAGAAGATGTATGTGGATTCATGAAGACAGGGCT
AATTATTTATCAAGAAGTGGTGCTACTTGGAACTTCAGGCACACTCAGCTCCACAACAAAACTGAGTGGCTTCTCAAGATGTCTTTGTGGACTTGATG
GATGACATGGATTTAAAGAATTAATTAGACATGGGGCTTCTTAGCATCTGGTACCTGCCCACATTTCCAATCCCCATATGCCCCAAGCTGCAGCCTCAC
AGGCACTCAGATTCCTGAAACATCACGTTTGCACACACTGTTTTCTCTCCTTGGATGTTCCTCTCTTCTTAGCCACCCTGCATACTCCTATGCATCTGC
AGAGCTAGCCTAAATGTCCCCACCTCTTTTTTTTTTTTTCGGAAATATTTCCTGCCTTCTCTTGTCAGGGTTACTAGCTGCCTTCTCTGTTAAGTCTGTC
ATACAAAATACTTCAAGAGCATAGTTAGTTATGTCTACCTATCTGTCACTAGAACAGTGTCAAGCACATAGTCAAAATTTGGGTTGTCGAATGAGGGGA
[TTGATGTCAGTGAGGAGACAACCCTTCTTGGTCAGCACCACGTGTCTGGCATGCGATGATAATTTAATTTCAAGCACAATGTGTCTAATACTTCTGTG
TATTATCATCACAGAATAATACTTGATCTTATGATCAAGATGCTGAGGAAGATGCTTTACTGACTGCAGGTAATGCAAACCTGGAAGTGATAATAAACAC
GAATGGCTATTCGGTATTTTAAAAAATGTGGATAGTTTGGCACACTTGACTGAAATTAACAAGATGCCACTGAATATGGATACAGTGGAGGTGTTACCA/
\AAGGTCTATGAATCAATGGCAGTTGGTGGCTGGTGTGAGGGAGAAGATTCACAGGTGACCAGGGTATTAAATAGTCCTCCACATATGCCACGGTCT
ATACCCATTGGTGAGGGGAAGCTTAGGGTTTTGTCTGGGAAAAAGCAGGAATAGGTAGAGTTTGAGTCACTGAATCCTCTGTGTTTGTAATAATGCCT
ACTTAGTAGGTTCACAATAAATATTTGTTGAATTATGAATGAATACTCTAGTCACTTTGCATTTACTTTCTGCTTGCAGTATCCTATGCCTCCAAATTTTTT
TGAGACCCTCTGTTGCCCAGGCTGCAGTGCAGTGGCACGATCTCAGCTCACTGCAACCTCCACCTCCTGGGTTCAAGTGATTCTCCTGCCTCAGCC
TGACTGGGATTACTGGCACCCGCCACCACACCTGGCTAATTTTTGTATTTTTTAGTAGAGACGGGGTTTCACCATATTGGCCAGGCTGGTCTTGAACT
TACCTCCGGTGATCTGCCTGCCTTGGCCTCCCAGAAGTGCTGGAATTATAGGCGTGAGCCACTGTGTCCAGCCCAAATTCTTACTAGTTCTTCAAAAT
AACTCAGAAGTTAACCAACTGTAGGGCACTTTCTCTAGTGGCTACTTCCCCACTGGGCTATTATAATACTCTCATTTAAAACATAGGACTTAATACACTG
GAATGCTATTTGTTTATAGCATTCACACAGTATAATATGTGTGATATATAGTATGGATCCCCCATAAAACTGAGAGCTTGGCAAAAGCAGGGGCTGGATT
TCTCTAATCAACCAGTGAACTCCATATCATTGGTGCTCAATCAATGTTTGTGGACTGAATGACTGAGAAGCTCTGGCACATAATTTCCCTCAGAGCTCA
GTCTGAGAATTAGAGACAGGTCAAAGGACAAGGTCTTTGTCTATAGAGGACAAGACTGTAGGGCATGGGTTCAAGGGATCTCAGGGTGTCACTAAG!
AGCACTTGGTCCAGAATTTGTAGGGAGATGAGTCTCACTCTATCGCCCACGCTGGAGTACAGTTGTGCGATCTCAGCTCACTGCAACCTCCTCCTCC
GGTTCAAGTGATTCTCCCGCCTCAGCCTCCAGAGTAGCTGGGACTACAGGTGCACGCCACCATGCCTGGCTAATTTTTGTATTTTTAGTAGAGATGG(
TTCACTATGTTGGCCAGGTTGGTCTCAAATTCCTGACCTCAGGTGATCCACCCGCCTTGGCCTCCCGAAGTGCTGGGATTATAGGCGTGAGCCACC!




Genome as we know it in 1D

Wellcome Collection, London

Printed in font size 5 (!)

About the size of Encyclopedia Britannica
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11 1TGUAGU ITBAUAAG I BUUUGEL T LAUAGAUU T TAAGAUAT | 1UTUAAALLULULALULUAGL TUUAAUU T UU TEAAUG TEUGAT TEUAU TUAGAL TG
TAGGCCCAAACTGGTGCCTTTCCCCACACACCTCTCCTTGCCGACGGGCAAGGTGTATATTGGGGATCTGTGGACGTCAGGTTTGAGCTTAGCCTG!

GGGAAAAGTGTCTLELGGTCCCTCCACCCACTCTTGGCTCCTATCCCAGGCAAGGATTCCACATGGTTGGGTGGTTTTATA TTATTTTTCAATT,
TGCTCATTGCAA G A AA ﬂ WATtA1wAGfﬁTCTTTGCTTCT<
ACGTGGAGCTGAGAGGHC ﬁm(@mfagca&?vﬁm C c@: TG CcTdCACAAdC GAAAATTACTTA
TTCTCAGTGCCTCAGTTTCTTCATCTACAAAATGGGATAATAGTACTTATCTCAAGGGGTTGCTGTAAGGGTAAAATATTTAAATAATTGGCAAAGAATA/
ATTTAATAAATCATTAGTGATTTTTATTAAACATGGCTTTTAAAATCCAAAATGAGTATTAACACTCTACAGATTGTGTGGCAACTTCCTTTTTCACTTTAC/
TGTTATAGACTTCTTTCCAAGTCTGTACATATGGCACCTTTTAACTGGTTGTGTAGAATTTTATTGGCAGGGATATACTATAATTTATTCATTCAGATGTGA
CACATGGAAATTATTTCCACTTTTTTTTTTTTTTACCATTACAACCAATGTTACACTTTGTGCCTCACATGGTCTTACTAATATTTCTGTAAGATAGAGTTC
AGCAAGATCATAAGATTTTAGGGTATTTGTATTTTAAATTTGATTACATGTTTTACAATTCAACAGCATAAAAAGAAAACCTGTTTCCTCAACCTTCAAGA,
CTGGATTTACTCACTTTACAGCTGTTGGGTTAAAGAAATATCCAAATAACTTCACACAAGATGAAGATATTTATACAGATGGAAGTAAAGTTCTTACTTTA
CATAGATGTGCAGACATGATATAAAAGAAAACAAAAGGCTGTGTGCAGTGGCTCAAGCCTGTAATCCCAGCACTTTGGGAGGCTGAGGTGGGCGGC
CGAGGTCAGGAGTTCGAGACCAGCCTGGCCAGCATGGTGAAACCCCGTCTCTACTAAAAATACAAAAAAATTAGTCAGGCATGGTGGCGTGTGCCT
ATCCCAGCTACTCAGGAGGCTGGGACAGGAGAATTGCTTGAACCCGGAGGTAGAGGTTGCAGTGAGCCGAGATCGCGCCACTGCACTCCAGCCTC
TGACAGAGCAAGACTCCGTCTCAAAACAAAAACAAAAACCAAAAAATAAACCCTCCAACCCCACAAAAAAATATGGCAAAAGACATAAAGTCCCTTCA
ACAATTTTGAACTACAGATGAGCGTGTTTAGGGAGCACTCCCAACATTATTTAATCCTTACGACATCTACTCATTGTTACCCCCATTTCAGAGGTGAGA
CTGAGGCATAGAGAGATTAAGTAGTTTGCTTAAGATCATGCAGCTGGTGCATGGCAGAACCTCCCTCATGTCAGGACCTGCTCTCCGGTCAGCCACA
CCTCCCTGTAGAGGTCCACATGTGCTTTGGACTGGAAGAAACTAAAGAGGCTTCAAGGAAGTGGAAACTTCATTAGCTCGAGGTGCAGAGCTCCGA
GTTCCATGCATTCTGCATGGCTTTAGATGATTTTCCCATCTGTGACGCAGAGGGGCTGAGCTGTAATAGGGAATCACTGGGGTGGACAGAGAGCATC
TCCCTCTCTGCGCCTTGGGATGGAGAGACTGGGAGGCAGGCAGCAGGATGGTTCATCTGCAGTTGGACTGCATTAGCATTCCCATATATTTATACAA,
GCCCCCAGCTCCTCTTGTGCTCATTTTCCATACATGCCTATCAGTGTAGTAAATCCTGAACACTTCTGCTTAAAAAAAAAACAAAAACAAAAACAAAAA
AACAAAATAGAATCAGTGCCTTTTGTGTTCAAAAGCTAAGTGTCTATAAATCAGACTCCTTGAATGAGAAGATGTATGTGGATTCATGAAGACAGGGCT
AATTATTTATCAAGAAGTGGTGCTACTTGGAACTTCAGGCACACTCAGCTCCACAACAAAACTGAGTGGCTTCTCAAGATGTCTTTGTGGACTTGATG
GATGACATGGATTTAAAGAATTAATTAGACATGGGGCTTCTTAGCATCTGGTACCTGCCCACATTTCCAATCCCCATATGCCCCAAGCTGCAGCCTCAC
AGGCACTCAGATTCCTGAAACATCACGTTTGCACACACTGTTTTCTCTCCTTGGATGTTCCTCTCTTCTTAGCCACCCTGCATACTCCTATGCATCTGC
AGAGCTAGCCTAAATGTCCCCACCTCTTTTTTTTTTTTTCGGAAATATTTCCTGCCTTCTCTTGTCAGGGTTACTAGCTGCCTTCTCTGTTAAGTCTGTC
ATACAAAATACTTCAAGAGCATAGTTAGTTATGTCTACCTATCTGTCACTAGAACAGTGTCAAGCACATAGTCAAAATTTGGGTTGTCGAATGAGGGGA
[TTGATGTCAGTGAGGAGACAACCCTTCTTGGTCAGCACCACGTGTCTGGCATGCGATGATAATTTAATTTCAAGCACAATGTGTCTAATACTTCTGTG
TATTATCATCACAGAATAATACTTGATCTTATGATCAAGATGCTGAGGAAGATGCTTTACTGACTGCAGGTAATGCAAACCTGGAAGTGATAATAAACAC
GAATGGCTATTCGGTATTTTAAAAAATGTGGATAGTTTGGCACACTTGACTGAAATTAACAAGATGCCACTGAATATGGATACAGTGGAGGTGTTACCA/
\AAGGTCTATGAATCAATGGCAGTTGGTGGCTGGTGTGAGGGAGAAGATTCACAGGTGACCAGGGTATTAAATAGTCCTCCACATATGCCACGGTCT
ATACCCATTGGTGAGGGGAAGCTTAGGGTTTTGTCTGGGAAAAAGCAGGAATAGGTAGAGTTTGAGTCACTGAATCCTCTGTGTTTGTAATAATGCCT
ACTTAGTAGGTTCACAATAAATATTTGTTGAATTATGAATGAATACTCTAGTCACTTTGCATTTACTTTCTGCTTGCAGTATCCTATGCCTCCAAATTTTTT
TGAGACCCTCTGTTGCCCAGGCTGCAGTGCAGTGGCACGATCTCAGCTCACTGCAACCTCCACCTCCTGGGTTCAAGTGATTCTCCTGCCTCAGCC
TGACTGGGATTACTGGCACCCGCCACCACACCTGGCTAATTTTTGTATTTTTTAGTAGAGACGGGGTTTCACCATATTGGCCAGGCTGGTCTTGAACT
TACCTCCGGTGATCTGCCTGCCTTGGCCTCCCAGAAGTGCTGGAATTATAGGCGTGAGCCACTGTGTCCAGCCCAAATTCTTACTAGTTCTTCAAAAT
AACTCAGAAGTTAACCAACTGTAGGGCACTTTCTCTAGTGGCTACTTCCCCACTGGGCTATTATAATACTCTCATTTAAAACATAGGACTTAATACACTG
GAATGCTATTTGTTTATAGCATTCACACAGTATAATATGTGTGATATATAGTATGGATCCCCCATAAAACTGAGAGCTTGGCAAAAGCAGGGGCTGGATT
TCTCTAATCAACCAGTGAACTCCATATCATTGGTGCTCAATCAATGTTTGTGGACTGAATGACTGAGAAGCTCTGGCACATAATTTCCCTCAGAGCTCA
GTCTGAGAATTAGAGACAGGTCAAAGGACAAGGTCTTTGTCTATAGAGGACAAGACTGTAGGGCATGGGTTCAAGGGATCTCAGGGTGTCACTAAG!
AGCACTTGGTCCAGAATTTGTAGGGAGATGAGTCTCACTCTATCGCCCACGCTGGAGTACAGTTGTGCGATCTCAGCTCACTGCAACCTCCTCCTCC
GGTTCAAGTGATTCTCCCGCCTCAGCCTCCAGAGTAGCTGGGACTACAGGTGCACGCCACCATGCCTGGCTAATTTTTGTATTTTTAGTAGAGATGG(
TTCACTATGTTGGCCAGGTTGGTCTCAAATTCCTGACCTCAGGTGATCCACCCGCCTTGGCCTCCCGAAGTGCTGGGATTATAGGCGTGAGCCACC!




11 1TGUAGU ITBAUAAG I BUUUGEL T LAUAGAUU T TAAGAUAT | 1UTUAAALLULULALULUAGL TUUAAUU T UU TEAAUG TEUGAT TEUAU TUAGAL TG
TAGGCCCAAACTGGTGCCTTTCCCCACACACCTCTCCTTGCCGACGGGCAAGGTGTATATTGGGGATCTGTGGACGTCAGGTTTGAGCTTAGCCTG!

GGGAAAAGTGTCTLELGGTCCCTCCACCCACTCTTGGCTCCTATCCCAGGCAAGGATTCCACATGGTTGGGTGGTTTTATA TTATTTTTCAATT,
TGCTCATTGCAA G A AA (rT WAT%AACITTAGfﬁTCTTTGCTTCT(
ACGTGGAGCTGAGAGGHC ﬁm(@e.:&ge%c C c@: TG CcTdCACAAdC GAAAATTACTTA
TTCTCAGTGCCTCAGTTTCTTCATCTACAAAATGGGATAATAGTACTTATCTCAAGGGGTTGCTGTAAGGGTAAAATATTTAAATAATTGGCAAAGAATA/
ATTTAATAAATCATTAGTGATTTTTATTAAACATGGCTTTTAAAATCCAAAATGAGTATTAACACTCTACAGATTGTGTGGCAACTTCCTTTTTCACTTTAC/
TGTTATAGACTTCTTTCCAAGTCTGTACATATGGCACCTTTTAACTGGTTGTGTAGAATTTTATTGGCAGGGATATACTATAATTTATTCATTCAGATGTGA
CACATGGAAATTATTTCCACTTTTTTTTTTTTTTACCATTACAACCAATGTTACACTTTGTGCCTCACATGGTCTTACTAATATTTCTGTAAGATAGAGTTC
AGCAAGATCATAAGATTTTAGGGTATTTGTATTTTAAATTLGATTACATGTTTTACAATTCAACAGCATAAAAAGAAAACCTGTTTCCTCAACCTTCAAGA,
CTGGATTTACTCACTTTACAGCTGTTGGGTTAAAGAAAT \TCUAAATAAGTEGACAGAAGATGAAGATATTTATACAGATGGAAGTAAAGTTCTTACTTTA
CATAGATGTGCAGACATGATATAAAAGAAAACAAAAGG TAMIITT &2 57 5G Tl A4 ZC TG TAATCCCAGCACTTTGGGAGGCTGAGGTGGGCGGC
CGAGGTCAGGAGTTCGAGACCAGCCTGGCCAGCATGUERSA AGSHT( TC CLAGTAmAL. ATACAAAAAAATTAGTCAGGCATGGTGGCGTGTGCCT
ATCCCAGCTACTCAGGAGGCTGGGACAGGAGAATTGCTTGAACCCGGAGGTAGAGGTTGCAGTGAGCCGAGATCGCGCCACTGCACTCCAGCCTC
TGACAGAGCAAGACTCCGTCTCAAAACAAAAACAAAAACCAAAAAATAAACCCTCCAACCCCACAAAAAAATATGGCAAAAGACATAAAGTCCCTTCA
ACAATTTTGAACTACAGATGAGCGTGTTTAGGGAGCACTCCCAACATTATTTAATCCTTACGACATCTACTCATTGTTACCCCCATTTCAGAGGTGAGA
CTGAGGCATAGAGAGATTAAGTAGTTTGCTTAAGATC

GTTTTCTCTCCTTGGATGTTCCTCTCTTCTTAGCCACCCTGCATACTCCTATGCATCTGC
AGAGCTAGCCTAAATGTCCCCACCTCTTTTTTTTTTTTTCGGAAATATTTCCTGCCTTCTCTTGTCAGGGTTACTAGCTGCCTTCTCTGTTAAGTCTGTC
ATACAAAATACTTCAAGAGCATAGTTAGTTATGTCTACCTATCTGTCACTAGAACAGTGTCAAGCACATAGTCAAAATTTGGGTTGTCGAATGAGGGGA
TTTGATGTCAGTGAGGAGACAACCCTTCTTGGTCAGCACCACGTGTCTGGCATGCGATGATAATTTAATTTCAAGCACAATGTGTCTAATACTTCTGTG
TATTATCATCACAGAATAATACTTGATCTTATGATCAAGATGCTGAGGAAGATGCTTTACTGACTGCAGGTAATGCAAACCTGGAAGTGATAATAAACAC
GAATGGCTATTCGGTATTTTAAAAAATGTGGATAGTTTGGCACACTTGACTGAAATTAACAAGATGCCACTGAATATGGATACAGTGGAGGTGTTACCA!/
AAAGGTCTATGAATCAATGGCAGTTGG

TGGCTAATTTTTGTATTTTTTAGTAGAGACGGGGTTTCACCATATTGGCCAGGCTGGTCTTGAACT
TACCTCCGGTGATCTGCCTGCCTTGGCCTCCCAGAAGTGCTGGAATTATAGGCGTGAGCCACTGTGTCCAGCCCAAATTCTTACTAGTTCTTCAAAAT
AACTCAGAAGTTAACCAACTGTAGGGCACTTTCTCTAGTGGCTACTTCCCCACTGGGCTATTATAATACTCTCATTTAAAACATAGGACTTAATACACTG
GAATGCTATTTGTTTATAGCATTCACACAGTATAATATGT s TGATATATAC ATGGATICCCCCATA \AACTGAGAGCTTL GOALANGCAGGGGCTGGATT
TCTCTAATCAACCAGTGAACTCCATATCATTGGTGCTCA AT AL GT [TF TGGL CTCAL Gl CT 53A BA \GCTGRSGCAL \TART JTCCCTCAGAGCTCA
GTCTGAGAATTAGAGACAGGTCAAAGGACAAGGTCTT GT UTE TA AC GACA G/ 21 5TA 5C 5CHT GGGT ramAGHGATCTLA 30 GTGTCACTAAG!
AGCACTTGGTCCAGAATTTGTAGGGAGATGAGTCTCACTCTATCGCCCACGCTGGAGTACAGTTG 'GCGATCTCAGCTCACTGCAACCTCCTCCTCC
GGTTCAAGTGATTCTCCCGCCTCAGCCTCCAGAGTAGCTGGGACTACAGGTGCACGCCACCATGCCTGGCTAATTTTTGTATTTTTAGTAGAGATGG(
TTCACTATGTTGGCCAGGTTGGTCTCAAATTCCTGACCTCAGGTGATCCACCCGCCTTGGCCTCCCGAAGTGCTGGGATTATAGGCGTGAGCCACC/




Genome as we know it in 1D
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Genome as we know it in 1D

e DNA

genes (<2%)
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Genome as we know it in 1D

e DNA

genes (<2%)

Genome

consists of 23 chromosomes



Genome as we know it in 1D

e DNA

Genome

genes (<2%)
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consists of 23 chromosomes



Genome as we know it in 1D

e DNA

Genome

genes (<2%)

|
chromosome 1 chromosome 2

consists of 23 chromosomes

e —l
2m (6 feet) !



THE PROBLEM
How is 6 ft of DNA packed inside a cell?
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THE PROBLEM

DNA

cell nucleus is 200,0(
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DNA of people in this room = One Light Year!



How Is human genome

(23 chromosomes)
folded in 3D?

and how is it folded
to allow genome function



oz, ‘.5/(
oo At
?i':‘}] /4(?-‘

Walther Flemming in 1882

Kern und Zelltheilung (1882) von Walther Flemming



Nelson. Julius

The American Naturalist
Vol. 21, No. 3. Mar., 1887

PLATE VI.
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What do we know?

During most of cell life chromosomes are unpacked

10 um

During cell division chromosomes are packed
to be given to two daughter cells




Chromosomes are deformed in cancer !

Normal Breast cancer
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3D folding is important _g4ra
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Genes can be on or off
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(Genes can be or off

(Genomic switches
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3D foldi?\g controls gene activity!



New technigues
allow us to examine chromosome
folding inside the cell!



Chromosome Conformation Capture
“paparazzi” technology

= & First — Capture a photo
then — Identify who were together in the shot

& }" E:> E:> Read DNA to identify
;< s -
regions that were together

B 2
Hi-C B
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Do this billions of times in one experiment!



Chromosome Conformation Capture (Hi-C)

Crosslink DNA Cut with Fill ends Ligate Purify and shear DNA;  Sequence using
restriction and mark pull down biotin paired-ends
enzyme with biotin
AAGCT AGCTT
TTCGA TCGAA
[ ¢ LN ’

Job Dekker

UMass Medical School

< Relative Contact Frequency

,_
(e}

Dekker et al. Science 2002
Lieberman-Aiden & van Berkum et al. Science 2009



Genomic interactions

e Lots of interactions between genomic neighbors
more

AR N IR N AR _

chromosome 1 chromosome 2




Genomic interactions

e Rare interactions between regions that are far apart
T on the genome (strangers)

chromosome 1 chromosome 2




Why is this important?



Genomic interactions

e Fences control how switches act on genes

vkl v v v gty g gl
genes
and switches

How does it all work and look in 3D?



If some fences are broken...

Normal
A oY\ |

chromosome 2

developmental
disease

Disease

|

chromosome 2




Cancer: many broken fences
and misplaces switches

Normal Breast cancer
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Genome in 3D

HI-C data __ Genome in 3D
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Chr 14 - 106 Mb _



X-ray data 3D model

easy

HARD

Photograph 51 Rosalind Franklin in 1952 ~
12 bases of DNA

Vichanr! ‘ “Com,

lcntoum':toE m!lnsu“:"“ ' { ’
PHOTOGRAPH 51

a new play by Anna Diegler

We would like to find out

how the whole human genome
of 3,000,000,000 bases is folded!




Genomic interactions

e Fences control how switches act on genes

vkl v v v gty g gl
genes
and switches

How does it all work and look in 3D?



Hypothesis: Loop extrusion with fences

4

John Marko
Northwestern U.

4— time

molecular fence
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Formation of Chromosomal Domains by Loop Extrusion
Fudenberg, Imakaev et al. Cell Reports (2016)




Computer simulations of loop extrusion with fences

3 VouTube search youtube mirnylab

WM

https://www.youtube.com/watch?v=8FWo6qgOx5IPI



It's Just a theory!
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... 3 years later



Single-molecule experiments

Real-time imaging of DNA loop extrusion by condensin

. Mabhipal Ganji,' Indra A. Shaltiel,?* Shveta Bisht,?* Eugene Kim,! Ana Kalichava,'
Science  christian H. Haering,>t Cees Dekker't REPORTS

CeeS De kkel’ Cite as: M. Ganyji et al., Science

10.1126/science.aar7831 (2018).

This video shows how a condensin protein gradually
causes DNA to extrude a DNA loop over time.

Cees Dekker lab, Kavli Institute of Nanoscience
Delft University of Technology
www.ceesdekkerlab.nl

This result Is reported in Science (online, Febr. 15, 2018)
Paper title: Real-time imaging of DNA loop extrusion by condensin
Authors: Mahipal Ganji (1), Indra A. Shalticl (2). Shveta Bisht (2), Eugene Kim (1), Ana Kalichava (1),
Chrnistian H. Haering (2), Cees Dekker (1)
Affiliations: 1 Department of Bionanoscience, Kavli Institute of Nanoscience Delft,
Delft University of Technology, Delft, Netherlands,
2 Cell Biology and Biophysics Unit, Structural and Computational Biology Unit,
European Molecular Biology Laboratory (EMBL.), Heidelberg, Germany.




How is DNA packed inside such
chromosome?
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https://www.voutube.com/watch?v=cJSpWCIlgb7k




Model of mitotic chromosome
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How can chromosomes fold this way?




How can chromosomes fold this way?




PROBLEM 1:

Vv X




Model of chromosome condensation

https://www.youtube.com/watch?v=_Vc7  xinfc



Model of chromosome segregations

https://www.youtube.com/watch?v=stZR5s9n32s




What did we learn?



New molecular motor that packs genome!




New molecular motor that
organizes genome in 3D

and switches



Why is this important?
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Understand how diseases develop

olll . ) i
90 e oh 1

i - Aabla ‘.‘

l(". "‘,'




Thank youl!
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Summary

Genome is very long (6 feet) and its 3D folding is important
In health and disease

. We start understanding of Genome in 3D

. The genome can be folded by
molecular machines!




