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GEMETICS

Interweaving of the historical tradition of biochemistry, cell biology, and genet-
ics. These three disciplines, which originally were considered to be quite sepa-
rate, have become intertwined to yield a true molecular biology, the subject mat-
ter of present-day biochemistry.



Timeline of DNA

1865: 6regor Mendel discovers through breeding experiments with peas that traits are inherited based on specific laws
(later to be termed “Mendel’s laws”). By mentioning Elements of Heredity he predicts DNA and genes (published 1866)
1866: Ernst Haeckel proposes that the nucleus contains the factors responsible for the transmission of hereditary traits.
1869: Friedrich Miescher isolates DNA/NUCLEIN for the first time.

1871: The first publications describing DNA (nuclein) by F Miescher, Felix Hoppe-Seyler, and P. Plosz are printed.

1882: Walther Flemming describes chromosomes and examines their behavior during cell division.

1884-1885: Oscar Hertwig, Albrecht von Kolliker, Eduard Strasburger, and August Weismann independently provide evidence
that the cell's nucleus contains the basis for inheritance.

1889: Richard Altmann renames nuclein to nucleic acid.

1900: Carl Correns, Hugo de Vries, and Erich von Tschermak rediscover Mendel’s Laws.

1902: T Boveri and W Sutton postulate that the heredity units (called genes as of 1909) are located on chromosomes.
1902-1909: A Garrod proposes that genetic defects result in the loss of enzymes and hereditary metabolic diseases.
1909: Wilhelm Johannsen uses the word gene to describe units of heredity.

1910: T H Morgan uses fruit flies (Drosophila) as a model to study heredity and finds the first mutant with white eyes.
1913: Alfred Sturtevant and Thomas Hunt Morgan produce the first genetic linkage map (for the fruit fly Drosophila).

1928: Frederick Griffith postulates that a transforming principle permits properties from one type of bacteria (heat-
inactivated virulent Streptococcus pneumoniae) to be transferred to another (live nonvirulent Streptococcus pneumoniae).
1929: P Levene identifies the building blocks of DNA, incl. four bases adenine (A), cytosine (C), guanine (G), thymine (T) .
1941: George Beadle and Edward Tatum demonstrate that every gene is responsible for the production of an enzyme.
1944: Oswald T. Avery, Colin MacLeod, and Maclyn McCarty demonstrate that Griffith’s transforming principle is not a
protein, but rather DNA, suggesting that DNA may function as the genetic material



1949: Colette and Roger Vendrely and A Boivin discover that the nuclei of germ cells contain half the amount of DNA
that is found in somatic cells. This parallels the reduction in the number of chromosomes during gametogenesis and
provides further evidence for the fact that DNA is the genetic material.

1949-1950: Erwin Chargaff finds that the DNA base composition varies between species but determines that the bases
in DNA are always present in fixed ratios: the same number of A’s as T's and the same number of C’s as G’s.

1952: Alfred Hershey and Martha Chase use viruses (bacteriophage T2) to confirm DNA as the genetic material by
demonstrating that during infection viral DNA enters the bacteria while the viral proteins do not and that this DNA can
be found in progeny virus particles.

1953: Rosalind Franklin and Maurice Wilkins use X-ray analyses to demonstrate that DNA has a regularly repeating
helical structure.

1953: James Watson and Francis Crick discover the molecular structure of DNA: a double helix in which A always pairs
with T, and C always with 6.

1956: Arthur Kornberg discovers DNA polymerase, an enzyme that replicates DNA.

1957: Francis Crick proposes the central dogma (information in the DNA is translated into proteins through RNA) 1958:
Matthew Meselson and Franklin Stahl describe how DNA replicates (semiconservative replication).

1960-63: Julius Marmur and Paul Doty show separation of DNA strands and reformation of DNA double-helical structure
- DNA renaturation/hybridization

1961-1966: Robert W. Holley, Har Gobind Khorana, Heinrich Matthaei, Marshall W. Nirenberg, and colleagues crack the
genetic code.

1968-1970: Werner Arber, Hamilton Smith, and Daniel Nathans use restriction enzymes to cut DNA in specific places
for the first time.

1972: Paul Berg uses restriction enzymes to create the first piece of recombinant DNA.

1977: Frederick Sanger, Allan Maxam, and Walter Gilbert develop methods to sequence DNA.



1982: The first drug (human insulin), based on recombinant DNA, on the market.
1983: Kary Mullis invents PCR as a method for amplifying DNA in vitro.

1990: Sequencing of the human genome begins.

1995: First complete sequence of the genome of a free-living organism (the
bacterium Haemophilus influenzae) is published.

1996: The complete genome sequence of the first eukaryotic organism—the yeast
S. cerevisiae—is published.

1998: Complete genome sequence of the first multicellular organism—the
nematode worm Caenorhabditis elegans—is published.

1999: Sequence of the first human chromosome (22) is published.

2000: The complete sequences of the genomes of the fruit fly Drosophila and the
first plant—Arabidopsis—are published.

2001: The complete sequence of the human genome is published.

2002: The complete genome sequence of the first mammalian model organism—the
mouse—is published.



Darwin C. 1859: Book - On the Origin of Species by Means of Natural Selection
Mendel G. 1866
Miescher F. 1871 papers

Charles Darwin - Important claims:

A. Universal Common Descent - Tree of Life - the first one-celled organism,
representing the root or trunk of the Tree, gradually developed and changed over
many generations into new and more complex forms, representing the branches

B. Natural Selection as a mechanism responsible for the branching pattern
Variations in living forms arise at random

Nature selects the adaptive ones

Adaptive organism survive and reproduce

Inherited adaptations may cause population changes

Darwin understand neither how genetic traits were passed to the progeny nor how
the variations arose. He is a founder of Evolution Biology

At present: - Natural Selection as a mechanism for relatively simple processes is
fully confirmed but also cooperation played a significant role

- Universal Common Descent - Tree of Life and the role of natural selection in the
origin of species are questioned



For decades biologists have fretted over cooperation, scram-
bling to make sense of it in light of the dominant view of evolu-
tion as “red in tooth and claw,” as Alfred, Lord Tennyson so viv-
idly described it. Charles Darwin, in making his case for evolu-
tion by natural selection—wherein individuals with desirable
traits reproduce more often than their peers and thus contrib-
ute more to the next generation—called this competition the
“struggle for life most severe.” Taken to its logical extreme, the
argument quickly leads to the conclusion that one should never
ever help a rival and that an individual might in fact do well to
lie and cheat to get ahead. Winning the game of life—by hook or

. by crook—is all that matters.

s The .
Evolution

| Coopération

Competition is not the only
force that shaped life on earth

July 2012
ScientificAmerican.com

Far from being a nagging exception to the rule of evolution,
cooperation has been one of its primary architects
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L People tend to think of evolution as a strictly dog-  There are five mechanisms by which cooperation ~ Humans are especially helpful because of the mech-

:'| eat-dog struggle for survival. In fact, cooperation has  may arise in organisms ranging from bacteria to hu-  anism of indirect reciprocity, which is based on repu-

~ been adriving force in evolution. man beings. tation and leads us to help those who help others,

BASICS

Natural Defection

Martin A. Nowak is a professor of biology and math-
ematics at Harvard University and director of the Pro-
gram for Evolutionary Dynamics. His research focuses

on the mathematical underpinnings of evolution. A game theory paradox called the Prisoner’s Dilemma illustrates

! . R A why the existence of cooperation in nature is unexpected. Two
MClTh & B'OIOQYl Vienna Univ. F / people face jail sentences for conspiring to commit a crime.

Their sentences depend on whether they elect to cooperate and
remain silent or defect and confess to the crime [see payoff table
below). Because neither knows what the other will do, the rational
choice—the one that always offers the better payoff—is to defect.

1 FIRST BECAME INTERESTED in cooperation back in 1987, as a grad-
uate student studying mathematics and biology at the Univer-
sity of Vienna. While on a retreat with some fellow students
and professors in the Alps, I learned about a game theory para-

dox called the Prisoner’s Dilemma that elegantly illustrates

why cooperation has so flummoxed evolutionary biologists. m
The dilemma goes like this: Imagine that two people have been COOPERATE DEFECT
arrested and are facing jail sentences for having conspired to
commit a crime. The prosecutor questions each one privately
and lays out the terms of a deal. If one person rats on the other
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E -g 2 years in jail 4 years in jail
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(o) E 2 years in jail 1 year in jail
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The Prisoner’s Dilemma seduced me immediately with its
power to probe the relation between conflict and cooperatioh.
Eventually my Ph.D. adviser, Karl Sigmund, and I developed
techniques to run computer simulations of the dilemma using
large communities rather than limiting ourselves to two prison-
ers. Taking these approaches, we could watch as the strategies of
the individuals in these communities evolved from defection to
cooperation and back to defection through cycles of growth and
decline. Through thel simulations, we identified a mechanism
that could overcome natural selection’s predilection for selfish
behavior, leading would-be defectors to instead lend helping
hands.

We started with a random distribution of defectors and coop-

erators, and after each round of the game the winners would go
on to produce offspring who would participate in the next round.
The offspring mostly followed their parents’ strategy, although
random mutations could shift their strategy. As the simulation
ran, we found that within just a few generations all the individu-
als in the population were defecting in every round of the game.
Then, after some time, a new strategy suddenly emerged: players
would start by cooperating and then mirror their opponents’
moves, tit for tat. The change quickly led to communities domi-
nated by cooperators.

This mechanism for the evolution of cooperation among in-
dividuals who encounter one another repeatedly is known as di-
rect recinrocitv. Vampire bats offer a striking examnle. If a bat

In addition to direct reciprocity, I later identified four more
mechanisms for the evolution of cooperation. In the several
thousand papers scientists have published on how cooperators

A second means by which cooperation may find a foothold in
a population is if cooperators and defectors are not uniformly
distributed in a population—a mechanism termed spatial selec-
tion. Neighbors (or friends in a social network) tend to help one
another, so in a population with patches of cooperators, these
helpful individuals can form clusters that can then grow and
thus prevail in competition with defectors. Spatial selection also
operates among simpler organisms. Among yeast cells, coopera-
tors make an enzyme used to digest sugar. They do this at a cost
to themselves. Defector yeast, meanwhile, mooch off the cooper-
ators’ enzymes instead of making their own, Studies conducted
by Jeff Gore of the Massachusetts Institute of Technology and, in-
dependently, by Andrew Murray of Harvard University have
found that among yeast grown in well-mixed populations; the
defectors prevailed. In populations with clumps of cooperators
and defectors, in contrast, the cooperators won out.

DIRECT RECIPROCITY
Random distribution vs. non-uniform distribution
of defectors and cooperators



HELPING OUT: Leaf-cutter ants work together to carry
foliage back to their nest (2). Cells regulate their own division
to avoid causing cancer (2). Lionesses cooperatively rear their
young (3). Japanese macaques groom each other and thus
burnish their reputations in their social group ().

MORE TO EXPLORE

Five Rules for the Evolution of Cooperation. Martin A. Nowak in Science, Vol. 314, pages

-~ 1560-1563; December 8,2006.

Super Cooperators: Altruism, Evolution, and Why We Need Each Other to Succeed.
Martin A. Nowak, with Roger Highfield. Free Press, 2012.
SCIENTIFIC AMERICAN ONLINE

View a slide show of cooperative species at
ScientificAmerican.com/jul2012/cooperation



On the evolution of cells
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Further Information

» Thin Uspvamsar Axcavron, Cad Woese in the of the National Acadermy of
Sciemers, Wol. 33, No. 11, pagry 6854-6859; June 9, 1998,
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14, No. 8, pages 307=31 1; August 1999,

Boology of the Canadian ln-  # PryLocaNaTIC CLASHNCATION AND THE Univansan Taze. W, Ford Doolittle in Science,

Vil, 254, pages 2124=2128; June 25, 1999

Uprootimg the Tree of Life Scisnme Asinicay  February 2000 77
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Biology's next revolution
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Thus we regard as regrettable
the conventional concatenation of
Darwin’s name with evolution,
because other modalities must
also be considered

THE MIND

BY MARC HAUSER

The first step in figuring out
how the human mind arose is
determining what distinguishes
our mental processes from
those of other creatures

13



EVOLUCNI BIOLOGIE
- rychle se vyvijejici védecka disciplina

vedle ni existuje IDEOLOGIE EVOLUCIONISMU
PODLE DARWINISTY M. RUSE NENI

BOJ EVOLUCIONISMU S KREACIONISMEM
BOJEM VEDY S NABOZENSTVIM ALE

BOJEM NABOZENSTVI s NABOZENSTVIM

M. Ruse, The Evolution-Creation Struggle
HARVARD UNIVERSITY PRESS , 2005



JOHANN GREGOR MENDEL

* 1822 in Hyngice (Moravia, Austro-Hungarian Empire)
+ 1884 in Brno (buried at Central Cemetery in Brno)

discovered through breeding experiments with peas that traits are inherited based
on specific laws (later to be termed “Mendel’s laws”). By mentioning Elements of
Heredity he predicted DNA and genes (published 1866, lecture in Brno 1965)

In the 1950°s Mendelism declared to be a reactionary teaching (LYSENKO, LEPESHINSKAYA)

Mendel statue removed and its destruction ordered
Brno geneticist J. Kiizenecky jailed
His pupil V. Orel forced to work manually in industry

1964 attempts to rehabilitate Mendel

Academicians B. Némec (biologist) and F. SORM (biochemist, President of the Czechoslovak Academy of Sciences)
backed by Soviet Academicians. Dealing between N. Khrushtchov, A. Novotny (President of Czechoslovakia), F. Sorm
and biologist J. Pospisil (later the Party Secretary) resulted in the decision to organize an international conference
in 1968 (100 anniversary of publication of Mendel’s paper) in Brno (F. Sorm warhed by Novotny that his attempts
may result in the end of his career if the action will get out of control). Beginning of Mendel’s Museum in Brno

A milestone not only in the approach of Party and State o Mendel but also a beginning of rehabilitation of
SCIENCE against the COMMUNIST IDEOLOGY



Brno Augustinians 1860-62 Abbot C. Napp




Mendel's Medal,
Moravian Museum, Brno

Abbot G. Mendel

G J MENDEL, priest, teacher,

scientist and abbot
in BRNO
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Teachers of Brno gymnasium (High School)



THE STATUE STORY

In 1906 Dr. Hugo Iltis, the gymnasium professor in Brno organized an international
collection to build the Mendel‘s Statue in Brno. Created by a French sculpturer
T. Charlemont the Statue was errected at the Mendel Square in 1910

In 1956 Mendel's Statue was ordered by the Regional Authorities to be destroyed.
The workers who were supposed to the job decided not to do it because they believed
that the statue was nice. Moreover it would be difficult to destroy it.

After February 1948 Soviet ,,Lysenkism“ (T. D. Lysenko 1896-1974) strongly
affected biology in Czechoslovakia. After Stalin death (1953) attempts were made -
by soviet scientists (particularly by physists and chemists) to substitute Lysenko's o~ amem s Fo sy
,materialistic biology“ for normal science and by the end of 1950’s plans were made to organize in Brno International Mendel
Memorial Symposium. In 1962 Lysenko's work was criticized by the Soviet Academy but

still in September 1964 N.S. Khrushtchov raised objections against the Mendel Symposium in 1965 in Brno. During his visit
in Prague he dealt with the President A. Novotny who finally agreed with the meeting organization after the President of the
Academy F. Sorm personally guaranteed that the Symposium will not be politically misused. (F. Sorm was well informed about
the activities of the influential Soviet scientist to rehabilitate fully the genetics - Soon after his visit of this country N.S.
Khrushtchov was removed from his position).

Before the Symposium the Director of the Institute of Biophysics prof. F. Hercik was entrusted by the Academy
to help with the organization of the Mendel International Meeting in Brno. To fulfill his duties he turned

to the City Authorities asking to move the Mendel's Statue to the Abbey garden. As his request was ignored

he asked his graduate students J. Koudelka and B. Janik to move the Statue from the Abbey yard to the garden.
Both fellows were quite strong young men but they found the marble Statue too heavy.



1844 - 1895 Friedrich MIESCHER

1.sdeleni vr. 1871

Z&k Hoppe-Seylera v Tiibingen se zabyval izolaci jadernych
komponent (z hnisajicich bunek, ktere ziskaval z tamnejsi chirurgie).
Bunky hydrolyzoval pepsinem-HCl a po tfepani s eterem izoloval jadra
jako separovanou vrstvu na dné nadoby. Z tohoto materialu ,nuklein® -

reaﬁh\vr':ﬂ ].(U'S.ﬂlﬂ risehila ca Fﬁ?ﬂﬁlléi’ﬂl V- Bria=Tal |n ;hl o nhc_w_‘:h v:ﬂ '..r.r'_'i.llfé
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Vysoky obsah P byl povazovan za veimi pozoruhodny - jedina tehdy
znama organicka latka obsazena v tkani - lecitin. Kdyz F.M. pfedloZil
praci k publ. shledal ji H.S. tak pfekvapujici, Zze ji odmitl uvefejnit, dokud

ji sam neprovefil. ;

F.M. se pak vratil do Baselu, kde nalezl vhodnéjSi material k izolac
nukieinu v hiaviCkach s sperm iii lososa - Z nich nuklein o vysoke m.v.
a zasadity materiai bilkovinne povahy, kiery nazval protamin; obsah P

v nukleinu 9,59 %.

Purinové base (A,G) objevili Piccard a Kossel (1874-85) U 1885,
Altman nazval nuklein poprvé nukleova kyselina, NK (nukleinsaure)
(1889); koncem 19. stoleti identifikovan T a vzapéti C.

Koiem roku 1930 jiZ znarry DNA urnyuu.jb; a ANA (Kvasnice)
zakiadni siozeni. Ve Ctyficatych ietech - DNA v jadre, RNA v
cytoplazmeé a jadre.
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W. His F. Hoppe-Seyler
(FM’s uncle) (supervisor) A. STRECKER

F. Miescher

Fig. 1. Friedrich Miescher and his mentors. (A) Friedrich Miescher (1844-1895) as a young man. (B) Wilhelm His (1831-1904), Miescher’s uncle. His still is
famous for his work on the fate of cells and tissues during embryonic development and for his insights into neuroembryology. He, for example, discovered
neuroblasts and coined the term bdendriteQ (Finger, 1994; Shepherd, 1991). (C) Felix Hoppe-Seyler (1825-1895), one of the pioneers of physiological
chemistry (now biochemistry). Hoppe-Seyler performed seminal work on the properties of proteins, most notably hemoglobin (which he named), introduced

the term proteid (which later became protein), and worked extensively on fermentation and oxidation processes as well as lipid metabolism (Perutz, 1995).

He was instrumental in founding Germany’s first independent institute for physiological chemistry (in 1884) and in 1877 founded and edited the first journal of
biochemistry, the Zeitschrift fu-r Physiologische Chemie, which still exists today as Biological Chemistry. (D) Adolf Strecker (1822-1871), a leading figure in
chemistry in the mid-19th century and professor at the University of Tubingen from 1860 to 1870. Among other achievements, he was the first to synthesize
amino acid (alanine from acetaldehyde via its condensation product with ammonia and hydrogen cyanide) in a reaction known today as Strecker synthesis
(Strecker, 1850). (E) Carl Ludwig (1816-1895), a protagonist in the field of physiology in the second half of the 19th century. His focus was the physiology of
the nervous system and its sensory organs. In 1869, he founded Leipzig’s Physiological Institute.



Hoppe-Seyler’s laboratory around 1879

Fig 2 Phonpph of Foliv Hoppe-Soylec's Inhorsiory srosssd 1§72, Pricr to beonsing e pbvesival lnpbosstery of Tibingeo Linbeesity in 1§23, ks roeen wey
Tibiogeo cagpils’y Teondry Frore, Hoppe-Soyler hal sl groond-bemking disepworios rogerding e propecioy of hosoglobin. Tiis sohiessooot wes &
signifiot wiep for later inoromt petiooy ioio e proporties eod feotions of iy sl other proteioe. Thotogepir by Pal Siones, Tibiogon.



F. Miescher’s laboratory

Fig 4. The ebsumivery i they e Litelesy off the payils in Tribingrn ey i wes in TE73. Tt wes i thi room St Afiosober b Ssocrrenpd TONA. T youry sarfier:
The squipment aad fioiees svaiivbie o Milscher of b Seoe woolkd ke been very sinsillar, with a tage distiilation sppacsbes in e e Somer of th room in
prochncs Alsbiiled watar snd sewers] moaller ubanalls, soch gl alenebics and & plass distillaiion column oo e alts board Pleapraphy by Paul Sinodr,

Tokbingea.
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FIRST PROTOCOL

Before attempting the isolation of cells from the pus on surgical bandages, Miescher took great care to ensure that his
source material was fresh and not contaminated. He painstakingly examined it and discarded everything that showed signs
of decomposition, either in terms of smell, appearance under the microscope, or by having turned acidic. A great deal of the
material he could obtain did not meet these strict requirements (Miescher, 1871d). Those samples that did were
subsequently used to isolate leucocytes.

In a first step, Miescher separated the leucocytes from the bandaging material and the serum (Miescher, 1869a,

1871d). This separation posed a problem for Miescher. Solutions of NaCl or a variety of alkaline or alkaline earth salt
solutions used to wash the pus resulted in a “slimy swelling” of the cells, which was impossible to process further

(His, 1897b). (This “slimy swelling” of the cells was presumably due to high-molecular-weight DNA, which had been
extracted from cells that had been damaged.) Only when Miescher tried a dilute solution of sodium sulfate [a mixture

of one part cold saturated Glauber’s salt (Na2S0O4d 10 H20) solution and nine parts water] to wash the bandages did he
manage to successfully isolate distinct leucocytes, which could be filtered out through a sheet to remove the cotton
fibers of the bandaging. Miescher subsequently let the washing solution stand for 1-2 h to allow the cells to sediment
and inspected the leucocytes microscopically to confirm that they did not show any signs of damage.

Having isolated the cells, Miescher next had to separate the nuclei from the cytoplasm. This had never been

achieved before and Miescher had to develop new protocols. He washed the cells by rinsing them several (6—10) times
with fresh solutions of diluted (1:1000) hydrochloric acid over a period of several weeks at “wintry temperatures”

(which were important to avoid degradation). This procedure removed most of the cells’ bprotoplasm,Q leaving behind
the nuclei. The residue from this treatment consisted in part of isolated nuclei and of nuclei with only little fragments of
cytoplasm left attached. Miescher showed that these nuclei could no longer be stained yellow by iodine solutions, a
method commonly used at the time for detecting cytoplasm (Arnold, 1898; Kiernan, 2001).

He then vigorously shook the nuclei for an extended period of time with a mixture of water and ether. This caused

the lipids to dissolve in the ether while those nuclei, still attached to cytoplasm, collected at the water/ether interface.

By contrast, the clean nuclei without contaminating cytoplasm were retained in the water phase. Miescher filtered these
nuclei and examined them under a microscope. He noticed that in this way he could obtain completely pure nuclei

with a smooth contour, homogeneous content, sharply defined nucleolus, somewhat smaller in comparison to their
original volumes (Miescher, 1871d).

Miescher subsequently extracted the isolated nuclei with alkaline solutions. When adding highly diluted (1:100,000)
sodium carbonate to the nuclei, he noticed that they would swell significantly and become translucent. Miescher then
isolated a yellow solution of a substance from these nuclei. By adding acetic acid or hydrochloric acid in excess, he
could obtain an insoluble, flocculent precipitate (DNA). Miescher noted that he could dissolve the precipitate again by
adding alkaline solutions.

Although this protocol allowed Miescher for the first time to isolate nuclein in appreciable purity and quantities, it was

still too little and not pure enough for his subsequent analyses. He consequently improved on this protocol until he
established the protocol detailed in Box 2, which enabled him to purify sufficient amounts of nuclein for his first set of

experiments on its elementary composition.
Box 1



M. SECOND PROTOCOL TO ISOLATE DNA

A key concern of Miescher’s was to get rid of contaminating proteins, which would have
skewed his analyses of the novel substance. “T therefore turned to an agent that was
already being used in chemistry with albumin molecules on account of its strong protein-
dissolving action, namely, pepsin solutions (Miescher, 1871d). Pepsin is a proteolytic enzyme
present in the stomach for digesting proteins. Miescher used it to separate the DNA from
the proteins of the cells’ cytoplasm. He extracted the pepsin for his experiments from pig
stomachs by washing the stomachs with a mixture of 10 cc of fuming hydrochloric acid
and one liter of water and filtering the resulting solution until it was clear. In contrast to
his earlier protocol, Miescher first washed the pus cells (leucocytes) three or four times
with warm alcohol to remove lipids. He then let the residual material digest with the
pepsin solution between 18 and 24 h at 37-45 C. After only a few hours, a fine gray
powdery sediment of isolated nuclei separated from a yellow liquid. Miescher continued
the digestion process, changing the pepsin solution twice. After this procedure, a
precipitate of nuclei without any attached cytoplasm formed. He shook the sediment
several fimes with ether in order to remove the remaining lipids. Afterwards, he filtered
the nuclei and washed them with water until there was no longer any ftrace of proteins. He
described the nuclei isolated in this way as naked. The contours were smooth in some
cases or slightly eaten away in others (Miescher, 1871d). Miescher washed the nuclei again
several times with warm alcohol and noted that the nuclear mass cleaned in this way
exhibited the same chemical behavior as the nuclei isolated with hydrochloric acid.
Miescher subsequently extracted the isolated nuclei using the same alkaline extraction
protocol he had previously employed on the intact cells (see Box 1) and, when adding an
excess of acetic acid or hydrochloric acid to the solution, again obtained a precipitate of
nuclein.



Fig. 5. Glass vial containing nuclein isolated from salmon sperm by
Friedrich Miescher while working at the University of Basel. The faded
label reads Nuclein aus Lachssperma, F. Miescher (Nuclein from salmon
sperm, F. Miescher). Possession of the Interfakult-res Institut fqr
Biochemie (Interfacultary Institute for Biochemistry), University of
Tubingen, Germany; photography by Alfons Renz, University of
Tubingen.



Fig. 6. This picture of Friedrich Miescher in his later years is the
frontispiece on the inside cover of the two volume collection of Miescher’s
scientific publications, his letters, lecture manuscripts, and papers published
posthumously by Wilhelm His and others (His et al., 1897a,b).
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Crucial experiments that demonstrated
DNA as the genetic substance. (a) The
experiment of Avery et al. showing that
nonpathogenic pneumococci could be
made pathogenic by transfer of DNA
from a pathogenic strain. (b) The experi-
ment of Hershey and Chase showing that
it is transfer of the DNA from a bacterio-
phage to a bacterium that gives rise to
new bacteriophages.
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(a) 1944: Oswald T. Avery, Colin MacLeod,
and Maclyn McCarty demonstrate that
Griffith’s transforming principle is not a
protein, but rather DNA, suggesting that
DNA may function as the genetic material

(b) 1952: Alfred Hershey and Martha Chase
use viruses (bacteriophage T2) to confirm
DNA as the genetic material by
demonstrating that during infection viral
DNA enters the bacteria while the viral
proteins do not and that this DNA can be
found in progeny virus particles.



A, B and left-handed Z-DNA
as we know them now
How did we arrive to them ?

(b)

Double helical conformations of DNA: (left) A-DNA, (center) B-DNA, (right) Z-DNA.

/ B Z
DNA DNA DNA

FIGURE 6.9

A comparison of the A, B. and Z forms of DNA. Part (a) shows side views nf 211



21st Anniversary:
The DNA Double Helix
Comes of Age
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No. 4356 API"I..I. 25, 1953
MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose Nucleic Acid

E wish to suggest a structure for the salt

of deoxyrihose nucleic acid (D.N.A.). This
strueture 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 manuseript available to us in advance of
publication, Their model consists of three inter-
twined chains, with the phosphates near the fibre
axis, and the bases on the outside. In our opinion,
this structure is unsatisfactory for two reasons :
(1) We believe that the material which gives the
X-ray disgrams is the salt, not the free acid. Without
the acidie hydrogen atoms it is not clear what forces
would hold the structure together, especially as the
negatively charged phosphates near the axis will
repel each other. (2) Some of the van der Waals
distances appear to be too small,

Another three-chain structure has also’ been sug-
gested by Fraser (in the press). TIn his model the
phosphates are on the outside and the bases
mside, linked together by hydrogen bonds.
structure as deseribed is rather ill-defiffed

this reason we ent

11 iffgrent st q{;i‘a or
i ucleic

A stru a3 two
chains each coiled round

8 same axis (sce diagram). We
have made the usual chemical
assumptions, namely, that each
chain consists of phosphate di-
ester groups joining B-p-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
the helix and the phosphates on
Il dgure B purely  the outside. The configuration
tibbons symbolize the ©f the sugar and the atoms
i Jhosphate—sugat  near it is close to Furberg's
¢ , and the horl- | = P
B fieadaed sontguaien ks
- s1 ing ro -
S iy 0 ﬁ{;’ﬁ'} cu‘lg:r to the attached base. There
i & residue on each chain every 34 A, in the z-direc-
tion. We have assumed an angle of 36° between
adjacent residues in the same chain, so that the
structure 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 basss to tilt so that the structure could
become more compact.

_—

NATURE

The novel feature of the structure ia the manner
in which the two chains are held together by the
purine and pyrimidine bases. The planes of the bases
are parpnmﬁr.luiw@m 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-00-ordinates. One of the pair must be & purine and
the other a pyrimidine for bonding to oecur. The
hydrogen bonds are made as follows : purine position
1 to pyrimidine position 1; purine position & to

imidine position 8.

pyrimi
If it is assumed that the bases only ocour j
structure in the most plausible tautomer
(that is, with the keto rather t tl n-
of

figurations) it is found that only.

basea can boand together. are : adenine
(purine) with thymine (pyri . and guanine
(purine) with eytosine ‘;. idine).

il ¢

In other words, if an{atgnide forms one member of
a pair, on ei en on these assumptions
the other ﬁi st be thymine ; similarly for
guanine ardfeyjodine. The sequence of bases on a

singlg chiyin/d%ae appear to be restricted in any
i%v specific pairs of bases can be
, it ‘foﬁ t if the sequence of bases on

n

» then the sequence on the other
tically determined.
n found experimentally** that the ratio
amounts of adenine to thymine, and the ratio
for deoxyribose nucleic acid.

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

The previously published X-ray data®* on deoxy-
ribose nueleic acid are insufficient for a rigorous test
of our structure. So far as we can tell, it is roughly
compatible with the experimental data, but it must
be regarded as unproved until it has been checked
against more exact results. Some of these 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-
chemical arguments.

It has not escaped our notice that the specific
pairing we have postulated immediately suggests a
possible copying mechanism for the genetic material.

Full details of the structure, including the con-
ditions assumed in building it, together with a set
of co-ordinates for the atoms, will be published
elsewhere.

We are much indebted to Dr. Jerry Donohue for
constant advice and eriticism, especially on inter-
atomic distances. We have also been stimulated by
& knowledge of the general nature of the unpublished
experimental results and ideas of Dr. M. H. F.
Wilkins, Dr. R, E. Franklin and their co-workers at
King's College, Lomilon, Une of us (1,10, W, ) hias been
aided by o fellowship from the National Fomulation
for Infantile Paralysis,

on it. = fors IP’ guanine to cytosine, are always very close to unity
&}&U

J. DL Warsos
F. H. (". Crick
Medical Researeh Couneil Unit for the
Study of the Molecular Structure of
Biological Systems,
Cavendish Laboratory, Cambridge.
April 2,
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X-RAY FIBER ANALYSIS OF DNA

represented the main evidence for the Watson-Crick double helix model
This method enabled analysis of high-molecular DNA, but brovided onlv few basic barameters of the helix
such as

distance between base pairs

number of base residues per turn

Further data were derived from model building
considering the laws of structural chemistry

Base pairing from physical-chemical measurements

Sugar configuration (PUCKER) X /
?"\"‘;7‘., Exg '$g o

o r':‘\

Angles of the glycosidic bonds @ O 5—‘

were fixed within certain limits -

Handedness of the helix
The direction of rotation was guessed
and then subjected to testing
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DNA is a polyanionic biomacromolecule with bases in its interior and sugar-phosphate

backbone on the surface. At neutral pH it carries one negative charge per nucleotide. Below

pH 5 and and above pH 9 ionization of bases become important



Parameters ot DNA structures

TABLE 1
Comparison of A-, B-, and Z-DNA
A-DNA" B-DNA- B'-DNA™ Z-DMNA-
Helix sense right-handed right-handed right-handed left-hande
Base pairs per turn 11 10 10 12 (6 dime
Helix twist (%) 2.7 36.0 34.1, 36.8 10, =50
Rise per base pair (A) 29 34 35,33 3.7
Helix pitch (A) 32 34 34 45
Base pair tilt (°) 13 0 0 7
P distance from helix axis (A) 9.5 9.3 9.1 6.9, 8.0
Glycosidic orientation anti anti anti anti, syn
Sugar conformation C3'-endo Wide range C2'-endo C2'-endo, C2
endor

= Numerical values for each form were obtained by averaging the global parameters of
corresponding double-helix fragments

© B'-DMA values are for a double helix backbone conformation alternating between conforr
tional states | and Il
The two values given correspond to CpG and GpC steps for the twist and P distance valu
to cytosine and guanosine for the others

1 Two values correspond to the two conformational states. From Kennard, 0. and Hunter, W
Q. Rev. Biophys., 22, 3427, 1989. With permission

TABLE 2
Average Helical Parameters for Selected Right-Handed Structures

Rise per
Helix base pair Base pair Propeller

twist (°) (A) tilt (%) twist ()  Minor

A-form
d(GGTATACC) 32 2.9 13 10 10.2
d(GGGCGCCC) 3z 3.3 7 12 9.5
d(CTCTAGAG) 32 3.1 10 11 a7
rnGCG)d{TATACGC) 33 2.5 19 12 10.2
rUUAUAUAUAUAUAA) 33 2.8 7 19 10.2
Fiber A-DMA 33 2.6 22 B 11.0

B-form
diCGCGAATTCGCG) 36 3.3 2 13 5.3
diCGCGAATTBCGCG) 36 3.4 2 18 4.6
Fiber B-DNA 36 3.4 2 13 6.0

BrC = 5-bronecytosimo

Adapted from Kennard, O. and Hunter, W. N., Q. Rev. Biophys

Double helical conformations of DNA: (left) A-DNA, (center) B-DNA, (right) Z-DNA.

DNA structures from X-ray crystal analysis

DNA double helix is polymorphic
depending on the nucleotide sequence

Groove width
(A)

Displacement
Major Da (A)
6.3 4.0
10.1 a.7
8.0 36
3.2 4.5
3.7 36
24 4.4
11.7 0.2
12.2 0.2
11.4 0.6

34

22, 327, 1989, With permission



I ! ’ S Hukleinové kyselinys
3 fyto kyscliny je 1A] aloZité,vysokomolelil
eoprotel
. a bu.

A paragraph dealing with nucleic acids B e

ich &

kreafu,z rybich sp o
wh = vojtéikovéno semene a

from a text book of Organic Chemistry (in Czech) is shown. R PR T

purinueTyto. nukleosidy .obsahujl prav

J ° ° ° ° l\ ribodesoms & proto-je dBlfme
Briefly, it says nucleic acids (NA's) form complexes with D R Vit i
proteins which are the building blocks of plant and animal I 2 2

| Kyseliny. mk

viruses and of cell nucleus. Total hydrolysis of NA‘s proceeds  © = =% = fagsanred cueuii

3 : 1925y onornkleotidy ‘ Ba-9f (114
according to the following scheme: s |

oukru’ na - "

alkaline hydrolysis enzym. digestion

Polynucleotide —mononucleotide —uracil or purine bases

Considering that uracil and adenine were discovered in 1885 and G in 1844
while C in 1894 and T in 1900, our lectures on NA's were up-todate in 1885
but not in 1894

In courses of Marxism-Leninism (obligatory to all students)

we were tought that G. Mendel was a burgeois reactionary pseudoscientist.
Interestingly there was not a single chemist among us who believed it.

To my surprise there were some biologists who took this nonsense seriously
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