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Outline

e Brief history of human documentation of living organisms
e Biological information in the genomic era

 New tools for biological information search/discovery



Humans have been documenting living organisms since
paleolithic

Cave paintings of animals from 40,000 years
ago, found in Borneo.

(Aubert et al., 2018, Nature)



https://doi.org/10.1038/s41586-018-0679-9

Invention of writing systems made documenting life
possible

(Papyrus Ebers, digital record from the University of Leipzig library)

Written In hieratic
around 3500 years
ago, Papyrus Ebers
IS one of the earliest
medical documents,

| which described
. extensive anatomical

understanding and

= | surgical practices by
| ancient Egyptians.



https://papyri.uni-leipzig.de/receive/UBLPapyri_fragment_00000510

Invention of writing systems made documenting life
possible

The brutal penalty for medical malpractice
boosted the careful documentation of medical
practice.

If the doctor shall treat a gentleman and shall open an abscess with the
knife and shall preserve the eye of the patient, he shall receive ten shekels
of silver. If the doctor shall open an abscess with a blunt knife and shall
kill the patient or shall destroy the sight of the eye, his hands shall be cut
off or his eye shall be put out.2

(Anthony Serafini, 1993, The Epic History of Biology)

(Code de Hammurabi, 1755—-1750 BC, Babylone, © 2009 RMN / Franck Raux)



https://www.louvre.fr/en/oeuvre-notices/law-code-hammurabi-king-babylon
https://link.springer.com/book/10.1007/978-1-4899-6327-7

Preserved specimens are critical tools for
documenting biological information

e i [ URDUE
ul copyright reserved - -

(Specimen of lily, from Purdue Herbaria)

(Specimen FMNH PR 2081, Field Museum of Natural Hisjcorv)



https://ag.purdue.edu/btny/Herbaria/PublishingImages/Specimens/Eli%20Lilly%20lily.jpg
https://ag.purdue.edu/btny/Herbaria/Pages/default.aspx
https://d1lfxha3ugu3d4.cloudfront.net/assets/system-images/remote/https_d1lfxha3ugu3d4.cloudfront.net/exhibitions/images/Touring_Soulful_Creatures_14.655_428W_horizontal.jpg
https://www.brooklynmuseum.org/exhibitions/touring/animal_mummies
https://www.fieldmuseum.org/blog/sue-t-rex
https://www.fieldmuseum.org/

Text, illustration and preserved specimen remain to be
major methods for documenting biological information

* Biology became a science in ancient Greece ([38io¢ - Aoyia)
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(William Harvey, 1628, De Motu Cordis) (Robert Hooke, 1665, Micrographia)



https://www.britannica.com/topic/Micrographia
http://www.rarebookroom.org/Control/hvyexc/index.html

Text, illustration and preserved specimen remain to be
major methods for documenting biological information

60 LINKAGE
. bH f“ 014 e[ll m“ FH R!ll rl‘i wH ),14 Dl" {H
1A 3T T TN Linie MPERIUM N . o . ;
CARO L.ﬁ_ [ | [%JJ N AT ; i IMEERIUN period, the homologous chromosomes unite in pairs. i 7 T 7 T 7 T X
Equrris | HO'\TU fapiens, creatorum opert There has been much controversy as to how this i / 4 i -
ot | mmum, in Telluris cortice, . . T 7 B Y 7 11 7 T 7
Arcmiatri Recr, : Shdisis @beetlo, cont atus, fce  union takes place, but in some cases at least, the v 1 i | { Y /
S e P i E.‘:?Ecdfij.gl;qﬁ.:.""k" uniting chromosomes twist around each other as —F S I X
i i Progredi fendo per ¢ they come together. This is illustrated to the left i N i/ Vid Vi
g % f" g E_{ in Fig. 24. As a consequence, parts of one chromo- E10 2 20
E X
85 3
X
N A T EI R- \/E Nee pictas adverfus ] r‘;‘( Vi
Prr tur, fine explicatruze N izl e
r T AT ATET
\_Ja("f_\l._. ,".r,’.‘\’../_f INAL \jiir\__rj_;j VI
o UNDUM
s & v
| CLASSES; ORDINES;
GENERA; bPI:L,ILb, v
Cun I
CHARACTERIRUS, DIFFERENTIIIS
STNONYMIS, LGCIS, n
A B o D
1
T~ (U 5 i iy | Fia. 24.—Diagram to represent crossing over. At the level where the
E. OMUS -]L ac /1 * {f CLi C’ black and the white rod cross in A, they fuse and umu as shown in D.
= — The details of the crossing over are shown in B and ( N
A hedling, § _ _ P
nnArs q some will come to lie now on one, now on the other
' | side of the mate. If when the twisted chromosomes [
separate, the parts on lhe same side go to the same : i/
pole the end result will be that shown to the right ' ' /

Jmpensts Dirger. LAURENTIL SALVII,
17 )‘ o

in Fig. 24. Each chromosome has interchanged a

part with its mate. This process has been called (Charles Darwin, 1859, The Origin of Species)
crossing over. It is, of course, also possible that the

! twisted chromosomes do not hreak and reunite where

(Carl Linnaeus, 1758, Systema Naturae)

(Morgan et al., 1915, The Mechanism of
Mendelian Heredity)



https://www.biodiversitylibrary.org/item/10277#page/3/mode/1up
http://www.esp.org/books/morgan/mechanism/facsimile/title3.html

Molecular biology opens an era for biological

Information

MNo. 4356 Al)l.'ll 25, 1953
equiprent, and to Dr. G. E. KR, Deacon and the
captain and officers of R.R.8. Discovery II for their
part in making the observations.

‘Yuuna r B., Gerrard, M., and Jevons, W,, Phil. Mag., 40, 149

1La Ietil lns, M, 8., Mon. Not. Roy. Aetro. Soc., Geoph)
! '?‘25& {Eafm e coptye. Sopp-
Von Arx, W, 5., Woods Hole Papers in Phys. Oceanog. Melear., 11
(3) (1950).
"Fknwn, V. W., Arkie. Mol Adstren. Fysik. (Stockholm), 2 (11) (1808),

MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose Nucleic Acid

E wish to suggest a structure for the salt

of deoxyribose nueleie acid (DUNLAL).  This
structure has novel features which are of considerablo
biological interest.

A structure for nueleie acid has already been
proposed by Pauling and Corey'. They kindly made
their manuseript available to us in advance of
publieation. Their model consists of three inter-
twined chaing, with the phosphates near the fibre
axis, and the bases on the outside. Tn our opinion,
this structure s unsatisfactory for two reasons :
(1) We bolieve that the material which gives the
X-ray diagrams is the salt, not the free aeid. Without
the acidic hydrogen atoms it is not elear what forces
wouhl }I(’J]d Ll\u arnlo!mu togather, especially as the

phosph near the axia will
repal each other. (2) Some of the van der Waals
distances appear to be too small,

Another three-chain structure has also been sug-
gestod by Fraser (in the press). In his model the
phosphates are on the outside and the bases on the
ingide, linked together by hydrogen bonds,  This
structure as described is rather ill-defined, and for

this reason we shall not

NATURE 737

is & residue on each chain every 3-4 A, in the z-diree-
tion. We have assumed an angle of 38° between
adjacent residues in the same chain, so that the
structure repeats after 10 residucs on each ehain, that
is, after 34 A. The distance of o phosphorus atom
from the fibre axis is 10 A. As the phosphates are on
the outside, eations have easy access to them.

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

6 mMoTe compaact.,

The novel feature of the structure is the manner
in which the two chains are held together by the
puring snd pyrimidine bases. The planes of the bases
are perpendicular to the fibro axis. They are joined
together in pairs, s 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 & pyrimidine for bonding to cecur. The
hydrogen bonds are made as follows ; position
1 to pyrimidine position 1: purine position 6 to
pyrimidine position 6.

If it is assumed that the bases only occur in the
structure in the most plausible tautomerie forms
(that is, with the keto rather than the encl con
figurations} it is found that only specific pairs of
bases ean bond together. These pairs are : adenine
(purine) with thymine (pyrimidine), and guanine
(purine) with cytosine (pyrimidine).

In ather words, if an adenine forms one member of
& pair, on either chain, then on these assumptions
the other member must bo thymine ; similarly for
guanine and cytosine, The sequence of bases on a
single chain does not appear to be restricted in any
way, However, if only specific pairs of bases can be
formed, it follows that if the soquence of bases on
one chain is given, then the sequence on the other
chain is automatically determined,

It has been found e)q\erlmama!ly" “4 that the ratio
of the of to thymine, and the ratio

on it.

We wish to pul forward a
radically different strueture for
the salt of deoxyribose nueleie
acid.  This structure has two
helical chains each coiled muu(l
1he same axis (see diagram).
have made the usual uiwmlwl
assumptions, ane]} that each

of guanine to cytosine, are always vsry close to unity
for deoxyribose nucleie acid.

It is probably impossible to build this strusture
with & ribose sugar in placs of the deoxyriboss, as
the extra oxygen atom would make too close a van
der Waals contact.

The previously published X-ray data®* on deoxy-
ribose nueleic acid ara insufficient for a rigorous test
of our structure. So far as we can tell, it is mughk

chain of p hate di-
vater groups joil |ng B D-deoxy-
ribofuranoss residues with 37,5
linkages, The vwo chains {hub
not their bases) are related by a
dyad perpendicular to the fibre
axis. Both chains follow right-
handed  heliees, hub owing to
the dyad the seduences of the
atoms in the two chains run

ible with the exporimental dats, but it must
be rugardui as unproved until it has been checked
against more exact results. Some of theso are given
in the following communications. We were not aware
of the details of the results presented there when we
devised our structure, which rests mainly though not
entirely on published experimental data and stereo-
chemieal arguments.
It has not esgaped our notice that the specifie
pmrmg we have postulated immediately suggests a

in diree Each
-Imln ]uwel) resc'mblt\s Fur-
berg's* model No. 1; that is,
the bases are on the inside of
the helix and the phosphates on
the outside. The configuration
of the sugar and the atoms
near it is close to Furberg's
‘standard configuration’, the
sugar being roughly porpendi-
cular to the attached base. There

The vertical
fibt

hir.
vk macks tho

ible copying i for the genetic material.

" Full details of tlw structure, including the con-
ditions d in building it, her with & sot
of co-ordinates for the n.t.oms. will be publizhed
elsewherse,

We are much indebied to Dr. Jerry Donchue for
eonstant advice and eriticism, especially on inter-
atomic distances. We have also heen stimulated by
o knowledge of the general nature of the unpublished

experimental results and ideas of Dr,
Wilkins, Dr. R. E. Franklin and their co- wcrlmrs at

'Modern biology is a science
of information."
David Baltimore

NATURE VOL. 227 AUGUST B8 1970
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Central Dogma of Molecular Biology

by

FRANCIS CRICK

MRC rato

s '{.ab: atory of Melecular Biclegy,
Cambrldge CB2IQH

“The central dogma, enunclated by Crick in 1958 and the

keystone of molecular biclagy ever since, is likely to prove a

considerable over-simplification.”
THig quotation is taken from the begine
article! headed “Contral dogma reversed
very important work of Dr Howard Tomin® and others®
showing that an BENA tumour virus can use virsl KNA
as & template for DNA synthesis. This ia not the first
time that the idea of the central dogma has boon mis-
understood, in one way or another. In this article 1
oxplain why the term was originally introduced, its trie
meoning, and state why [ think that, properly under-
stood, it is still an idea of fondamental importance.

The central dogma was put forward® at a period when
much of what wa now know in molecular genetics was not
ostablithed. Al we had to work on were certain frag-
mentary experimental results, themselves often rather
uncertain and confused, and a boundless optimism that
the basic concepts mvolved were rather simple and
probably much the same in all living things. In such s
situation well construeted theories can play a really useful
part in stating problems clearly and thus guiding experi-
ment.

The two contral concepls which had been produced,
originally without any explicit statement of the simplifics-
tion being introduced, were thoss of sequontisl information
and of defined alphabots. Nvither of these steps was
trivial. Because it was abundantly clear by that tire
that a protein had a well defined three dimensional struc-
ture, and that its activity depended erucialiy on this
structure, it was nessssary to put the folding-up process
on one side, and postulate tlm{ by and large, the poly-
peptide chain folded itself up. 5 temporarily roduced
the central problem from a three dimensional one to s
one dimensional one, It was also neccssary to arguo
that in #pite of tho miscellancous list of amino-acids
found in proteins (as then given in all biochemical text-
books) some of them, such as phosphoserine, were second.-
wry modifiestions; and that there was probably a universal
sot of twonty used throughout nature. In the samo way
minor modifications Lo the nucleic acid blﬂﬂ’! woore ignored ;
uracil in RNA was considered to

of an unsigned
recounting the

DNA

7 2\

RNA .._____PROTE IN
'\MJ
e arrows show all U jxesible dmple traslfors betweon the

i
|I|r—g r-lu IIII of polymers. They reprosant the ‘“mrhl’xl flow of
detalind sequence Infoemat

The central dogma of molecular biology deals with the detailed
residue-by-residue transfer of sequential information.
that such information cannot be transferred from protein to either
protein or nucleic acid.

It states

anslogous to thymine in DNA, thus giving four standard
symbols for the components of nucleio acid.

The principal problem could then bo stated as the
formulation of the general rules for mformation transfer
from ono polymer with a defined alphabet to anothor.
This could be « ly i by the di of
Fig. | {which was actually drawn at that time, though |
am not sure that it was ever published) jn which all

lo simplo fors ware 1 by arrows.
The arrows do not, of courss, mpre-s.em the flow of matter
but the directional flow of detailed, residue-by-reeidue,
sequence information from one polymer molecule to
another,

Now if all possiblo transfers commonly occurred it
waould have been almost impossiblo to construct usoful
theories. Nevertholess, such thoo ware purt of our
everyday discussions. This was because it was being
tacitly mssumed that certain transfers conld not occur.
It occurred to me that it would be wise to siate thess
preconenptions explicitly.

s
Fa.lj\ —= PROTEIN
¥ig. 2. The arrows show the situation 3 It semed in 1038, Kol
roprosent probable t oited arrows possible 1ransders.

Haent evgws {eompare Toie iransfers
Postalated byt cotral ¢ to possibile arrows

4.
thng from proteis,

A little analysis showed that the transfer could be
divided roughly into threo groups. The first group was
these for which some evidence, direet or indirect, soamed
to exist. These are shown by the solid arrows in Fig, 2,
They wera:

I (a) DNA—DNA
1(b) DNA—RNA
I (¢) RNA +Protein
L) RNA NA

The last of theso transfors was presumed to eccur becanse
of the existence of RNA viruses.

Next thers were two transfers (shown in Fig. 2 as dotted
arrows) for which there was neither any experimental
ovidenco nor any strong theorctical regquirenient.  Thoy
were

1T (a) RNA--DNA (soo the reforence to
II (b)) DNA—-Protein

wn's work?)


https://doi-org.ezproxy.lib.purdue.edu/10.1038/227561a0
https://doi-org.ezproxy.lib.purdue.edu/10.1038/171737a0

The flow of genetic information

DNA

>NM_000518.5 Homo sapiens hemoglobin subunit beta (HBB), mRNA
ACATTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACCATGGTGCATCTGACTCCTGA

DNA svnthesis GGAGAAGTCTGCCGTTACTGCCCTGTGGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGC
y AGGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTGTCCACTCCTGATG
REPLICATION DNA CTGTTATGGGCAACCCTAAGGTGAAGGCTCATGGCAAGAAAGTGCTCGGTGCCTTTAGTGATGGCCTGGE

TCACCTGGACAACCTCAAGGGCACCTTTGCCACACTGAGTGAGCTGCACTGTGACAAGCTGCACGTGGAT
CCTGAGAACTTCAGGCTCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTTTGGCAAAGAATTCA
CCCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGGCCCACAAGTATCA
' " i o ‘ ‘ i " ! " i o ! ! i 1. CTAAGCTCGCTTTCTTGCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAAGTCCAACTACTAAACT

GGGGGATATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTTCATTGCAA

RNA synthesis
nucleotides TRANSCRIPTION

RNA

protein synthesis
TRANSLATION

>NP_000509.1 hemoglobin subunit beta [Homo sapiens] -
- — — = - - - - — — —— — — MVHLTPEEKSAVTALWGKVNVDEVGGEALGRLLVVYPWTQRFFESFGDLSTPDAVMGNPKVKAHGKKVLG ;'5 lntel
\ / AFSDGLAHLDNLKGTFATLSELHCDKLHVDPENFRLLGNVLVCVLAHHFGKEFTPPVQAAYQKVVAGVAN
ALAHKYH - -
amino acids 4§ COREI9

X-series

(Alberts et al., 2014, Molecular Biology of the Cell)


https://images.idgesg.net/images/article/2017/05/intel-core-i9-x-series-skylake-100724075-orig.jpg
https://tuanphong.vn/pictures/full/2020/05/1589975370-453-ram-ddr4-laptop-16gb-kingston-3200mhz-2.jpg
https://www.recordnations.com/articles/external-hard-drive/

Databases for molecular biology information

NIH)J NIH ) INRY

National Institutes
of Health

EMBL-EBI
GenBank 4

“GenBank is the NIH genetic sequence
database, an annotated collection of all
publicly available DNA sequences.” (link)



https://www.ncbi.nlm.nih.gov/genbank/

Genomic information took off with the initiation of
the Human Genome Project

g

Manhattan rOject (194 -
Atomic bomb

Apollo Program (1960s) Human Genome Project (1990s)
Landing on the moon

Sequenced >3 billion base pairs of
human genome DNA

» Cost ~3 billion dollars of US
taxpayers’ money
» Took 13 years to finish (1990~2003)



BLAST: the “Google” of Biological Research

e Basic Local Alignment Search Tool: BLAST is a tool for searching
similar DNA or protein sequences given a query sequence.

m blastp blastx tblastn tblastx - DNA

BLASTN programs search nucleotide dat: using a query. more... ' 1} i mmu ! ' i i ! 11} i W W ' ' i n o
Enter Query Sequence i
Enter accession number(s), gi(s), or FASTA sequence(s) © ciear Query subrange (2]
. ; DNA synthesis
From | _ REPLICATION DNA
o[ ] -
o load fil ' L i wom !! i (1 ' ' i o M ! '“ (11
heitns L Browse... No file selected. (7} o
Job Title |
Enter a descriptive title for your BLAST search @ . RNA SynthESiS
[ Align two or more sequences @ nucleotides TRANSCRIPTION
]
Choose Search Set RNA
Database @ Standard databases (nr etc.): (O IRNAJITS databases () Genomic + transcript databases () Betacoronavirus T
Nucleotide collection (nr/nt) v |@
Organism _ 0 : protein synthesis
optional - - ugg exclude TRANSLATION
Enter organism common name, binomial, or tax id. Only 20 top taxa will be shown e
2o ) 1 ] PROTEIN
Exclude (] Models (XM/XP) L Uncultured/environmental sample sequences
Optional ot . L - - — A —
Limit to ] Sequences from type material N\ /
Optional - : . .
Entrez Query _ | YoulRlE) Create custom database amino acids
Qptional Enter an Entrez query to limit search (7]

Program Selection
Optimize for ® Highly similar sequences (megablast)
O More dissimilar sequences (discontiguous megablast)
(O Somewhat similar sequences (blastn)
Choose a BLAST algorithm 9


https://blast.ncbi.nlm.nih.gov/Blast.cgi

Genomic data are mostly relational

REPLICATION

( ) GenBank

RNA synthesis
nucleotides TRANSCRIPTION

«_ SIPDB o

PROTEIN DATA BANK
l O g S— Controlled vocabulary for gene functions

protein synthesis
TRANSLATION

PROTEIN

e Function of genes

amino acids



http://www.rcsb.org/structure/1SHR
http://geneontology.org/
http://www.rcsb.org/

Genomic data are mostly relational

Last Universal Common Ancestor

DNA ;:“
I LA L LA L
( DNA synthesis )
REPLICATION DNA
STV LERY EELLY Y @
/ LUCA
l RNA synthesis |
nucleotides TRANSCRIPTION '
RNA
protein synthesis .. .
TRANSLATION Genetic information (genes) could be
RECIE related to each other as they share a
\ / common ancestor.

amino acids


https://itol.embl.de/itol.cgi

Next generation and third generation sequencing
technology introduce new chanllenges

Cost per Human Genome See also o]
$100,000,000 + 1000 Genomes Project — International research effort on genetic variation
« 100,000 Genomes Project = A UK Government project that is sequencing whole genomes from National Health
Service patients

$10,000000 b - —= + Chimpanzee genome project — effort to determine the DNA sequence of the chimpanzee genome

ENCODE - Research consortium investigating functional elements in human and model organism DNA

Moore’s Law

Physiome

$1,000,000 HUGO Gene Nomenclature Committee

Human Brain Project

Human Connectome Project
$100,000

Human Cytome Project

Human Epigenome Project

Human Microbiome Project
$10,000

Human proteome project

National Human Genome . .
Research Institute Human Variome Project

List of biclogical databases

$1,000

MNeanderthal genome project — effort to sequence the Neanderthal genome

enome.gov/sequencingcosts . . . -
g g d geos + Wellcome Sanger Institute — British genomics research institute

$100 « Genographic Project
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

« The development of the next generation and third generation sequencing
technology significantly reduce the cost for collecting biological information.


https://en.wikipedia.org/wiki/Human_Genome_Project

Next generation and third generation sequencing
technology introduce new chanllenges

,23andMe <>y ancestryD)

Anticipating the $1,000 genome
Elaine R Mardis

.
Address: G Seq ing Center, Washington University School of Medicine, 4444 Forest Park Boulevard, St. Louis, MO 63108, USA.
I y Email: emardis@wustl.edu

S L
:g\ Living DNA (O) M H " -
ANCESTR RY e ta e'NA
= ¢ y " g ¢

e Whole Genome And Exome Sequencing Markets - By Research, Clinical, Direct to Consumer,

AgriBio & Tumor with Executive and Consultant Guides 2020 to 2024



https://www.researchandmarkets.com/reports/4850698/whole-genome-and-exome-sequencing-markets-by?utm_source=BW&utm_medium=PressRelease&utm_code=rmv6hw&utm_campaign=1492568+-+Global+Whole+Genome+And+Exome+Sequencing+Markets%2c+2021-2023&utm_exec=chdo54prd

Next generation and third generation sequencing
technology introduce new challenges

e Computation:

e Storage:

e Archive:

* Maintenance:

e Secondary usage:

* Regulations/sensitive data



o
Thank you!
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