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DNA

Transcription

RNA

Translation

Protein

TAC CGTTAGACAAGTGCGTGAGTACACA

ATGCCGCAATCTGTTCACGCACTCATGTGT
B

AUGCCGCAAUCUGUUCACGCACUCAUGUGU
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Met Pro Gin Ser Val His Ala Leu Met Cys
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CCTTGATGCTCCTGGCACAAATGAGCAGAATCTCT

GACATGACTTTGGATTTCCCCAGGAGGAGTTTGAT
THE 20 COMMON AMING ACIDS S0 577 =7 o0 CAGCCATCTCTGTCCTCCATGAGCTGATCCAGCAG

i i H i ] [ ATCTTCAACCTCTTTACCACAAAAGATTCATCTGCTGCTTGGGATGAGGACCTCCTA
GACAAATTCTGCACCGAACTCTACCAGCAGCTGAATGACTTGGAAGCCTGTGTGATG
CAGGAGGAGAGGGTGGGAGAAACTCCCCTGATGAATGCGGACTCCATCTTGGCTGTG
AAGAAATACTTCCGAAGAATCACTCTCTATCTGACAGAGAAGAAATACAGCCCTTGT
GCCTGGGAGGTTGTCAGAGCAGAAATCATGAGATCCTCTCTTTATCAACAAACTTGC
AAGAAAGATTAAGGAGGAAGGAATAA, TGTGATCTCCCTGAGACCCACAGCCTGGA
TAACAGGAGGACCTTGATGCTCCTGGCACAAATGAGCAGAATCTCTCCTITCCTCCTG
TCTGATGGACAGACATGACTTTGGATTTCCCCAGGAGGAGTTTGATGGCAACCAGTT
CCAGAAGGCTCCAGCCATCTCTGTCCTCCATGAGCTGATCCAGCAGATCTTCAACCT
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"The Sequence of the Human Genome"
Science, 2001
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Throughput Building:
More Machines
Efficient Process
Powerful Computing
Versatile Strategies
Systematic Analysis

All other farmed plant sp.

Tough weeds

| Invertebrate ABC | Med. Herds

Vertebrate ABC| Marine species
Garden vari.

Major tree sp.

Maijor crop species

Solanaceae XYZ

Rosaceae XYZ
Leguminosae XYZ
Graminae XYZ

1995 2000 2005 2010

Jun Yu, 2002
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The Emerging “Social Genome” v1.0 Feb 2019
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Project '
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Veritas Promo !
The Harvard uya 1K Genomes
Personal launched <6 hrs
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“CRISPR

Babies”
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® 23andMe Ancestry DNA @ Halix @ ® GP-Write
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Genotyping Genotyping Exome Sl
Saguencing Synthasizing

2021

Rodrigo Martinez

0, Veritas Genetics

@RodrigoATCG

B Consumers
Paying to
Sequence
their Whale
Genome

Consumers
Transacting in
DNA Markets

Humans
Genetically
Edited

W Costof

Whole Genome

Sequencing

(WGs)

2025

Mirza Cifric

G ritas Genetics

@mcgenome

wres ane estimates based
and cor ans.

Some Key

Dimensions
of the Social
Genome Era

+ WGS will cost
approx. $100
+ WGS replacing

genotype-based
tests

+ WGS integrated
into clinical
practice

+ Sequencing of
every newborn

+ More health
company
acquisitions
by Amazon,
Google, Apple

+ Open source
genomic software
widely used

+ Mew products and
services, incuding:
- Insurance
- Gene editing

and enhancing
- Dating/matching
- Al-bazed apps

\V7\/eritas

The Genomie Company
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equipment, and to Dr. G. E. R. Deacon and the
captain and officers of R.R.S. Discovery II for their

part in making the observations.

‘Yulﬁ.\gé 1)" B., Gerrard, H., and Jevons, W., Phil, Mag., 40, 149
0). :

’Lonﬁgu;f_,-}%ig”g'in)s‘ M. 8., Mon. Not. Roy. Astro. Soc., Geophys. Supp.,

* Von Arx, W

(3) (1950
‘Ekman, V. W., Arkiv. Mat. Astron. Fysik. (Stockholm), 2 (11) (1005).

5., Woods Hole Papers in Phys. Ocearog. Meteor., 11

MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose Nucleic Acid

E wish to suggest a structure for the salt

of deoxyribose nucleic acid (D.N.A.). This

structure has novel features which are of considerable
biological interest.

A structure for nucleic acid has already been

proposed by Pauling and Corey'. They kindly made

their manuscript available to us in advance of

19534,
BT

phosphates are on the outside and the bases on the
inside, linked together by hydrogen bonds. This
structure as described is rather ill-defined, and for
this reason we shall not comment
on it.

We wish to put forward a
radically different structure for
the salt of deoxyribose nucleic
acid. This structure has two
helical chains each coiled round
the same axis (see diagram). We
have made the usual chemical
assumptions, namely, that each
chain consists of phosphate di-
ester groups joining B-pn-deoxy-
ribofuranose residues with 3’,5"
linkages. The two chains (but
not their bases) are related by a
dyad perpendicular to the fibre
axis. Both chains follow right-
handed helices, but owing to
the dyad the.sequences of the
atoms in the two chains run
in opposite directions. Each
chain loosely resembles Fur-
berg’s® model No. 1; that is,
the bases are on the inside of

EMERL.

This figure is purely
diagrammatic. The two
ribbons symbolize the
two phosphate—sugar
chains, and the hori-

together.
line marks the fibre axis

the helix and the phosphates on
the outside. The configuration
of the sugar and the atoms

“mear it is close to Furberg’s

‘standard configuration’, the
sugar being roughly perpendi-
cular to the attached base. There

URE 737

is & residue on each chain every 3-4 A. in the z-direc-
tion. We have assumed an angle of 36° between
adjacent residues in the same chain, so that the
strueture repeats after 10 residues on each chain, that
is, after 34 A. The distance of a phosphorus atom
from the fibre axis is 10 A. As the phosphates are on
the outside, cations have easy access to them.

The structure is an open. one, and its water content
is rather high. At lower water contents we would
expect the bases to tilt so that the structure could
become more compact.

The novel feature of the structure is the manner
in which the two chains are held together by the
purine and pyrimidine bases. The planes of the bases
are perpendicular to the fibre axis. They are joined
together in pairs, a single base from one chain being
hydrogen-bonded to a single base from the other
chain, so that the two lie side by side with identical
z-co-ordinates. One of the pair must be a purine and
the other a pyrimidine for bonding to occur. The
hydrogen bonds are made as follows : purine position
1 to pyrimidine position 1; purine position 6 to
pyrimidime position 6.

If it is a.ssu.med that the ba.ses only oceur m the

[ L
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King’s College, London. One of us (J.D. W.) has been
aided by a fellowship from the National Foundation
for Infantile Paralysis.
J. D, WaTson
F. H. C. Crick
Medical Research Council Unit for the
Study of the Molecular Structure of
Biological Systems,
Cavendish Laboratory, Cambridge.
April 2.
‘l’au]lng. L,:md Corey, R. B.. Nature, 171, 346 (1958); Proc. U.S.
cad. Sci., 39,81 (1953).
’Furberg. ., dota Chem. Soand., 6, 634 (1952).
‘Chargdﬂ‘ E., for references see Zamenhof, S., Brawerman, G..
Chargaff, B., Biochim. et Biophys. Acta, 9, 402 (1952).
¢ Wyatt. G. R., J. Gen, Physiol., 36, 201 (1952).
© Astbury, W. T., Symp. Soc. Exp. Biol. 1, Nucleic Acid, 66 (Camb.
Univ. Press, 1947).

¢ Wilking, M. H. F.,
10, 192 (1953).
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Molecular Structure of Deoxypentose
Nucleic Acids
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of the effects of the shape and size of the repeat unit
or nucleotide on the diffraction pattern. First, if the
nucleotide consists of a unit having circular symmetry
about an axis parallel to the helix axis, the whole
diffraction pattern is modified by the form factor of
the nucleotide. Second, if the nucleotide consists of
a series of points on a radius at right-angles to the
helix axis, the phases of radiation scattered by the
helices of different diameter passing through each
point are the same. Summation of the corresponding
Bessel functions gives reinforcement for the inner-

N N . 2
5 Al A
s NN 7 8

P [ N

T~ > B B

= 4 ) =

Tig. 2. Diffraction pattern of system of helices corresponding to
atructure of deoxypentose nucle!c acid. The squares of Bessel
functions are 'r)l()bted about 0 on the equator and on the first,
second, third and fifth layer, “nes for half of the nucleotide mass
a8t 20 A. diameter and remainder digtributed along a radius, the
mase at a given radius being proportional to the radins. About
C on the tenth layer lme similar functions are plotted for an outer
diameter of 12 A,
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The Amide Groups of Insulin

By F. SANGER,* E. O. P, THOMPSONt anp RUTH KITAI
Department of Biochemistry, University of Cambridge

(Received 6 September 1954)
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orohydride Chibnall & Rees (1952)
e three aspartic acids, one of which is

15 +  Fraction, Pep R: value (phenol)
0-4 06 08 10
10} f//// ¢ Val .Glu.Ala (
_ o
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Fig. 1. Ionophoresis of peptic hydroly

0-06M ammonium acetate. 2_. ., —. ...

Frederick Sanger

of mould protease hydrolysate of
. ixpt. 4m) (see Table 1).
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Proc. Natl. Acad. Sci. USA
Vol. 74, No. 12, pp. 5463-5467, December 1977
Biochemistry

19776, REWBFRRMNREERmLILE, NE
X174 %5

Medical Kesearch Louncll Laboratory ot Molec!

Contributed by F. Sanger, October 3, 197

ABSTRACT A new method for det
quences in DNA is described. It is s
minus” method [Sanger, F. & Coulson,
94, 44]-448lbut makes use of the 2',3"
cleoside analogues of the normal deo:
which act as specific chain-terminat
olymerase. The technique has been
Eacteriopha e $X174 and is more rapid
either the pfus or the minus method.

of ribose in which the 3’-hydroxyl group is ori-
position with respect to the 2’-hydroxyl group.
1 (ara) nucleotides act as chain terminating in-
herichia coli DNA polymerase I in a manner
ddT (4), although synthesized chains ending in
> further extended by some mammalian DNA
5). In order to obtain a suitable pattern of bands
) extensive sequence can be read it is necessary
of terminating triphosphate to normal triphos-
it only partial incorporation of the terminator
> dideoxy derivatives this ratio is about 100, and
psyl derivatives about 5000.

The “plus and minus” method (1) is
simple technique that has made possik;
the sequence of the genome of bacte
depends on the use of DNA polymeral
regions of the DNA under controlled ¢
method is considerably more rapid 3 METHODS

available techniques, neither the “f o . | 1 of the Triphosphate Analogues. The prepa-
method is completely accurate, and ir Frederick SANQEr, *phas been deseribod (6, 7). sud the material i

quence both must be used together, an . sall ilable. ddA h d b
sially available. as been prepared by
L(:y ata alre dneccissarﬁ. Wh N:i Barrll:es agal n! {. (8). We essentially followed their procedure
s recently developed a third methoG, SESEving Fiow Saoa and used the methods of Tener (9) and of Hoard and Ott (10)

tutiﬁm. 35 h 1ch ‘h_as.certaip adYantage§ over tl‘ne plu.s ‘%F‘d.mi““S to convert it to the triphosphate, which was then purified on
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A Turning Point in
Cancer Research:
Sequencing the Human
Genome

ReNaTO DULBECCO

NE OF THE GOALS OF CANCER RESEARCH 1S TO ASCERTAIN
the mechanisms of cancer. Efforts in this direction have
been made by using model systems of limited complexity,

such as cancer cells in vitro and oncogenic viruses. The use of cell

cultures avoided the complexity of the whole animal but not the
complexity of the animal genome. The use of oncogenic viruses
scemed to circumvent this complexity by replacing it with the
extraordinary simplicity of the viral genome. This simplicity made
the study of viruses very productive. The persistence of the trans-
formed state in a cell clone could be explained by the persistence of
the viral genome in cells (1); genetic and molecular results showed

that is the ] of the of one or a

few viral genes. Finally, the viral transforming genes, or “onco-

genes,” and the pmmns they specify were identified. The crowning

was the d that in the onco-
genes are picked up from the cellular genome during the viruses®
most recent history (2). As a result of these studies, cancer seemed to

be locked to the expression of some viral gene; the possibility of a

“hit-and-run” mechanism, in which the virus alters the cell and then

vanishes, scemed excluded. Two types of oncogenes were identified:

some which immortalize cells, and others which make them tumori-
genic (3). In most cases oncogenes of both types are needed to cause

a continuously growing tumor.

Subsequent work, however, blurred the distinction between
immortalizing and transforming oncogenes by showing that their
effects differ in primary cultures or permanent lines and in cells of
different species (4). These findings suggested that the state of the
cell

lular genes is important for the effect of oncogenes, in agreement |

with the great differences in cancer incidence and in the effects of
chemical or viral carcinogens in different specics.

These studies dealt with the initial cancer events. But natural
cancers evolve slowly toward maliy ancy through many definable
stages in a process called “progression” (5), which is the least
undcrstood but probably the most crucial phase in the generation of

y. P g the marked h g of
cancers (6) and their many chromosomal abnormalities (7); it must
be differentiated from the initial action of oncogenes (8). Progres-
sion is observed in cells transformed by viruses. This is the case, for
instance, of bursal lymphomas induced by avian leukosis v1ruscs (9),

EMERL.
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containing myc and simian virus 40 (SV40) scquences, although
expressing SV40 T antigen, were normal but became gradually
transformed upon cultivation (13). In all these cases cellular changes
ocecurring during culture growth determined full transformation.

The “hit-and-run” hyp of viral ion must be

reconsidered.
A clue as to what these changes are is obtained by examu'ung the
of chemically induced rat Y with

respect to several well-characterized markers. The expression of the
markers is altered in different ways in different parts of the same
cancer; the alterations seem to be clonal, being uniform in small
parts of a tumor but different in adjacent parts (14). The closeness of
the parts makes it unlikely that the differences are due to the
environment; it is more likely that they are caused by structural
changes of the genes, as is also suggested by the chromosomal
rearrangements observed in cancers (15) and by the finding that
cach chemically or radiation-induced mouse sarcoma expresses a
different class I major histocompatibility antigen, probably pro-
duced through gene rearrangement (I6).

A major gap in our understanding of cancer is how the activity of
an oncogene is related to the events of progression. Bur the first task
is to ascertain whether the DNA of an advanced cancer is as
heterogeneous as the phenotype of its cells. If it is so, a new field of
cancer research opens up, possibly leading to the discovery of the
genes whose activity or inactivity is responsible for infiltration and
metastasis.

We are at a turning point in the study of tumor virology and
cancer in general. If we wish to learn more about cancer, we must
now concentrate on the cellular genome. We are back to where
cancer research started, but the situation is drastically different
because we have new I:now]ndgc and crucial tools, such as DNA
cloning. We havc two options: either to try to discover the genes

in by a pi | approach, or to sequence
the whole genome - of a selected animal spacn:s ‘The former approach
scems less formidable, but it will still require a vast investment of
research, especially if the important genes differ in cancers of
different organs and if they encode regulatory proteins. A major
difficulty for conventional approaches is the heterogeneity of tumors
and the lack of cultures representative of the various cell types
present in a cancer. I think that it will be far more useful to begin by
sequencing the cellular genome. The sequence will make it possible
to prepare probes for all the genes and to classify them for their
expression in various cell types at the level of individual cells by
means of cytological hybridization. The classification of the genes
will facilitate the identification of those involved in progression.

In which species should this cffort be made? If we wish to
understand human cancer, it should be made in humans because the
genetic control of cancer seems to be different in different species.
Research on human cancer would receive a major boost from the
detailed knowledge of DNA. Humans would become the preferred
experimental species for cancer rescarch with cells in culture or in
immunodeficient mice. Because cancer could be defined in molecu-
lar terms, the agents capable of inducing cancer in humans could be
identified by the combination of in vitro and epidemiological
studies. Knowledge of the genes involved in progression would
open new therapeutic approaches, which might lead to a general
cancer cure if progression has common features in all cancers.

Knowledge of the genome and availability of probes for any gene
would also be crucial for progress in human physiology and
parhulogy outside cancer; for msmncc‘ for learning abour the

of viral T-cell lymphomas in mice (10), and of leuk

Friend leukemia virus in cultures of mouse bone marrow cells (1).
Stepwise transformation is observed also with DNA viruses (12).
Fibroblastic cells from a variety of organs of a transgenic mouse

7 MARCH 1986

of individual genes in various cell types. Many fields of

The author is in the Monoclonal Anil Lal of the Armand Hammer Cancer
Center, the Salk Institute, La Jolla, Cl:f;ywvbﬂﬂml’y
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Whole-Genome Random
Sequencing and Assembly of

Haemophilus

influenzae Rd

Robert D. Fleischmann, Mark D. Adams, Owen White, Rebecca A. Clayton,
Ewen F. Kirkness, Anthony R. Kerlavage, Carol J. Bult, Jean-Francois Tomb,
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Hamilton O. Smlth . Craig Venter%

An approach for genome analysis based on sequencing and assembly of unselected
pieces of DNA from the whole chromosome has been applied to obtain the complete
nucleotide sequence (1,830,137 base pairs) of the genome from the bacterium Hae-
mophilus influenzae Rd. This approach eliminates the need for initial mapping efforts and
is therefore applicable to the vast array of microbial species for which genome maps are
unavailable. The H. influenzae Rd genome sequence (Genome Sequence DataBase ac-
cession number L42023) represents the only complete genome sequence from a free-

living organism.

A prerequisite to understanding the com-
plete biology of an organism is the deter-
mination of its entire genome sequence.
Several viral and organellar genomes have
1 1 i 1 ™ a

Homo sapiens (11). These projects, as well as
viral genome sequencing, have been based
primarily on the sequencing of clones usually
derived from extensively mapped restriction
Fad . e 3 1 T "

Bioinformatics

natural host is human. Six H. influenzae
serotype strains (a through f) have been
identified on the basis of immunologically
distinct capsular polysaccharide antigens.
Non-typeable strains also exist and are dis-
tinguished by their lack of detectable capsu-
lar polysaccharide. They are commensal res-
idents of the upper respiratory mucosa of
children and adults and cause otitis media
and respiratory tract infections, mostly in

SRS B=S

Al2H: 3 —

ly reduced the incidence of the disease in
Europe and North America.

Genome sequencing. The strategy for a
shotgun approach to whole genome se-
quencing is outlined in Table 1. The theory
follows from the Lander and Waterman
(14) application of the equation for the
Poisson distribution. The probability that a
base is not sequenced is P, = ¢ ™, where m
is the sequence coverage. Thus after 1.83
Mb of sequence has been randomly gener-
ated for the H. influenzae genome (m = 1, 1
X coverage), P, = e~! = 0.37 and approx-
imately 37 percent of the genome is unse-
quenced. Fivefold coverage (approximately
9500 clones sequenced from both insert
ends and an average sequence read length

a1 \ e 11 T N NN . S~ .-
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Initial sequencing and analysis of the

Consortium*

* A partial list of authors appears on the opposite page. Affifiations ave listed at the end of the paper.

The human genome holds an extracrdinary trove of informaticn about human development, physiology, medicine and evol
Here we report the results of an international collaboration m.p(nducs and make freely available a draft sequence of the human

genome. We also present an initial analysis of the data, d

some of the insights that can be gl d from the

The rediscovery o[ Mendel'slaws ofheredity in the oper
the 20th century'™ sparked a scientific quest to un
nature and content of genetic information that h
biology for the last hundred vears. The scientific pr
falls naturally into four main phases, corresponding re
four quarters of the century. The first established the celiwar vasia v
heredity: the chromosomes. The second defined the molecular basis
of heredity: the DNA double helix. The third unlocked the informa-
tional basis of heredity, with the discovery of the biological mechan-
ism by which cells read the information contained in genes and with
the invention of the recombinant DNA technologies of cloning and
sequencing by which scientists can do the same.

The last quarter of a century has been marked by a relentless drive
to decipher first genes and then entire genomes, spawning the field
of genomics. The fruits of this work already include the genome
sequences of 599 viruses and viroids, 205 naturally occurring
plasmids, 185 organelles, 31 ecubacteria, seven archaca, onc
fungus, two animals and one plant

Here we report the results of a collaboration involving 20 groups
from the United States, the United Kingdom, Japan, France,
Germany and China to produce a draft sequence of the human
genome. The draft genome sequence was generated from a physical
map covering more than 96% of the cuchromatic part of the human
genome and, together with additional sequence in public databases,
it covers about 94% of the human genome. The sequence was
produced over a relatively short period, with coverage rising from
about 10% to more than 90% over roughly fifteen months. The
sequenee data have been made available without restriction and
updated daily throughout the project. The task ahead is to produce a
finished sequence, by closing all gaps and resolving all ambiguities.
Already about one billion bases are in final form and the task of
bringing the vast majority of the sequence to this standard is now
straightforward and should proceed rapidly.

The sequence of the human genome is of interest in several
tespects. [t is the largest genome to be extensively sequenced so far,
being 25 times as large as any previously sequenced genome and
eight times as large as the sum of all such genomes. It is the first
venebrate genome to be extensively sequenced. And, uniquely, it is
the genome of our own species.

Much work remains to be done to produce a complete finished
sequence, but the vast trove of information that has become
available through this collaborative effort allows a global perspective
on the human genome. Although the details will change as the
sequence is finished, many points are already clear.

# The genomic landscape shows marked variation in the distribu-
tion of a number of features, incuding genes, transposable
elements, GC content, CpG islands and recombination rate. This
gives us important clues about function. For example, the devel-
opmentally important HOX gene clusters are the most repeat-poor
tegions of the human genome, probably reflecting the very complex

860 PR © 2001 Macmillan Magazines Ltd
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genome is more complex than those of invertebrates. This is due in
part to the presence of vertebrate-specific protein domains and
matifs {an estimated 7% of the total}, but more to the fact that
vertebrates appear to have arranged pre-existing components into a
richer collection of domain architectures,
@ Hundreds of human genes appear likely to have resulted from
honzontal transfer from bactenia at some point in the vertebrate
lineage. Dozens of genes appear to have been derived from trans-
posable elements.
@ Although about half of the human genome derives from trans-
posable clements, there has been a marked decline in the overall
activity of such elements in the hominid lineage. DNA transposons
appear to have become completely inactive and long-terminal
repeat (LTR} retroposons may also have done so.
# The pericentrometic and subtclomeric regions of chromosomes
are filled with large recent segmental duplications of sequence from
clsewhere in the genome. Segmental duplication is much more
frequent in humans than in yeast, fly or worm
# Analysis of the organization of Alu elements explains the long-
standing mystery of their surprising genomic distribution, and
suggests that there may be strong selection in favour of preferential
retention of Alu dements in GC-rich regions and that these “selfish’
elements may benefit their human hosts.
@ The mutation rate is about twice as high in male as in female
meiosis, showing that most mutation occurs in males.
® Cytogenetic analysis of the sequenced dones confirms sugges-
tions that large GC-poor regions are strongly correlated with ‘dark
G-bands” in karyotypes.
#® Recombination rates tend to be much higher in distal regions
{around 20 megabases (Mb)) of chromesomes and on shorter
chromosome arms in general, in a pattern that promotes the
occurrence of at least one crossover per chromoseme arm in each
meiosis.
@ More than 1.4 million single nudeotide polymorphisms (SNPs)
in the human genome have been identified. This collection should
allow the initiation of genome-wide linkage disequilibrium
mapping of the genes in the human population.

In this paper, we start by presenting background information on
the project and describing the gencration, assembly and cvaluation

of the draft genome sequence. We then focus on an initial analysis of

the sequence itself: the broad chromosomal landscape; the repeat
elements and the rich palacontological record of evolutionary and
biological processes that they provide; the human genes and
proteins and their differences and similaritics with those of other
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The proliferation of large-scale DNA-sequencing projects in recent years has driven a search for alternative methods to
reduce time and cost. Here we describe a scalable, highly parallel sequencing system with raw throughput significantly
greater than that of state-of-the-art capillary electrophoresis instruments. The apparatus uses a novel fibre-optic slide of
individual wells and is able to sequence 25 million bases, at 99% or better accuracy, in one four-hour run. To achieve an
approximately 100-fold increase in throughput over current Sanger sequencing technology, we have developed an
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