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Figure 1.2
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.
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Timeline of DNA

1865: Gregor 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 Kélliker, 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 6riffith 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) fo 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 G.

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 Ppapers

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

- Universal Common Descent - Tree of Life and the role of natural selection in the
origin of species are questioned
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On the evolution of cells
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A theory for the evol of colludar orge s d. The
model is based on the (data supported) conjecture that the dy-
namic of horizontal gene transler (HGT) is primarily determined by
the ocg. of the recpient cell d coll designs are
m.mohu-.b-uma‘-ummnnm
componentry can be altered and or displaced through HGT, mak-
Ing NGT the principal driving Torce in sarly celiviar evolution
hn!M(oh“mwvylllemdu-u

colludar 1. The high level of
Mwmrﬁlomuldﬂthumdm
invention, of the universal HGT lieid, not intralineage variation Rt
s the community 3 a whole, the ecoryrtiem, which evolves. The
individual coll detigns that evolved in ths way are nevertheless
mmﬂ,umm:mowdzmmmh_

the cotity (of state ) represcated by s root. the fount of all extant
Kie. Hetein lies the door to the murky realm of cellular evolution

Expetionce toaches that the comples teods 10 arse from the
smple. and biolognds bave assumed i w0 in the cne of modern
cells. But this sssumption i wsually accompanicd by another not
w0 self-evident one: oamely that the “organism™ represcoted by
the root of the eanvenal tree was equivalent mectabohcally and
in terms of iy information procesing 10 3 modera cell. i effect
was a modern cell. Such an asumption pushes the real ovodunion
of modern cells dack into an carfier era, which makes the
problem oot directly addromable through geoomios. That is oot
» socotifically acceptable maumption. Unles or sotil facts
dictate otherwise. the possibility must be entertained that some
part of cellular evolution could have occurred during the period

are yomewhat ditlersnt. As & ooll design e
u‘m-lmcmwnwwﬁncm

encomp: J by the universal pinlogenetic tree
There is evideoce. pood evidence, 1o sugpest that the basic
o of the coll had oot yet completed its evolution at the

9 wilular orga and
nonhyw“‘onmmw mmm
s called the “Darwinian Thiashold™ for the reasons given.

be evolution of modern cells is arguably the most challeaging

and important problem the fleld of Biology has ever faced (1,
2). In Darwin's day the problem could hardly be imagined. For
much of the b contury it was intractable. In any case, the
problem lay buried i the catch- all rubric “origio of life " —where,
because it s @ biological not a (ho)chemical problem, it was
effectively ignored. Scientific interest i cellular evolution
started to pick up once the universal phylogenetic tree, the
framework withia which the problem had 10 be addressed, wis
detorminod (refs. 3 and 4; Fig. 1), But it was oot until microbial
penomics arrived on the scene that biologists could actually do
much about the problem of cellular evolution.

Initial stteempts to frame the bsue have nypially boes (n the
clwsical Darwinian mode, and the focus 1o dute has boen almost
exchusively on modeling the cvolution of the eukaryotic cell. The
reason, of course, s chear—the appeal of the codosvmbions
concept. Because endosymbionis has given rise 10 the chloroplast
and mitochoodrion, what ebeo could it bave dooe in the more
remote past? Biologists have loag toyed with an eadasymbiotic
(or collular fusion) origin for the cukaryotic sucleus, and even
for the eotire cukaryotic cell (4-10). These clamical explanations
have throe characteristios: they (1) invoke colls that are basically
fully evohved, (4) evolve the owential cukaryotic cell well after ity
srchacal and bacterial counterparts (as has always boen coo.
noted by the term “prokaryote ")k and (@) focus aticotion o
eukaryotic cellular evolution, which implics that the evolutions
of the “prokaryotic™ coll types, the archacal and becterial, are of
» differont character—simpler, and. it would scem. bess nterest
ing. We cannot expect to explain ccllular evolution if we stay
focked into the classical Darwinian mode of thinking

The univenal phvlogenctic tree io ooe wane brought classacal
evolution 1o calmination. Darwin had ssid: “The time will come

when we shall have very fairly true gencalogical wees of each
great kingdom of nature™ (11). A ceotury later the universal
phslogenetic tree hased on molecular (FIRNA) sequence com
parisons did preciscly that and went the further. final sicp 1o
unify all of the “great kingdonn™ into ooe single “empire™ (¥)
The central question posed by the universal tree is the nature of

2R s B 352000 wid s

u.ge represented by the root of the sniversal troe. The best of
this evidence comes from the theoe main cellslar information
processing wystern. Traoslation was highly developed by that
stage: tRNAS (RN A, and the (large) clongation facton were by
then ol basically in oear modern form: hence, their universal
distribatiom. Almost all of the tRNA charging watean were in
modern form as well (12). But, wheress the majority of ribosomal
protelos are universal ia distribution. » minority of them s st
A redstively small cadre (s spocific 10 the bactoria. » somewhat
larger set common and confined 10 the archacs aod cubaryotes
and 3 few othen are uniquely eukarvork

Almost all of the univensal traaslational peodeins (as well »
1hone in trasscription) show what is calied the canonical paern
ie. the bacterial and mchacal versions of the protein are
remarkably different from one asother, so much so that their
dilference b disinguisbed s one of “genre” (12). Excopt for the
aminoacyl tRNA synthetaes ihe cormasponding cukaryotic ver
stons are virtually all of the srchacal geare (12). Why canonical
pattern exists & 3 Maor unsnswered guastion (1) In the overall
it woshd seern that transdation. slthough highly developed at the
root of the univenal tree, subsoquently underwent iiony noratic
modifications ia cach of the ihree major cell rypes.

Tramcription scems 10 have been rather kess developed at the
root of the univenad tree. The two largest (the cataly ti ) subusit
of the DNA-depeoadent RNA polymerase. 8 and ' in hacterial
nomenclature, are univenal in Jatribution. Bet the remaining
bacterial subunit () is only partially so. Bacterial o cvists i mwo
copies in the bacterial polymerme. It archacal/cukaryotic
counterpan comprises fwo Etingt proteias, exh procnt o
single copy o the enryme and (poctions of) exch showiag
bhomology 10 (somewhat dilferent) portions of bacterial & and
vice versa (13). A structural differcace of this magaitede must
represent at Jeast some fuacrional distinction. The srchacal
tramcription apparatus alo contsins sdditonal (vmaller) wub
units. nooc of which are found in bacteria but 3l of which ocour
in cukarvotes (133 [As in the ce of tramdation, the (three)
cukaryotic mechanivn(s) cootain additional cularyotespecil
senall sebumits ] Bacterial tramcnption nitiation Joes st re
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Horizontal gene transfer - cell conglomerate

instead of single cell ancestor
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lar ocganisms. This “tree™ also lacks a cell at the root; the three major domains

dﬁkptobuuymﬁwnamdm primitive cells that differed in their genes.

ARCHAEA
Euryarchaeota

Other single-
cell eukaryotes

The Author Further Information

W. FORD DOOLITTLE, who holds de- o Tig Usaviasat Axceston. Carl Woese in the Proceedings of the Natiomal Acadermy
grees from Harvard and Scanford universi- Sciemces, Vol. 95, No. 12, pages 6854-6859; June 9, 19;:.' o1y 2 ¥
ties, i professoc of biochemisery and molec- 3 You Ang Wiiar You Ean A Geve Travsrea Racuer Courd ACCOUNT ror BACTERIAL
wlar bealogy at Dalhouse University in Hali- Gaams v Euxazvoric Nuctear Gevosss. W. Foed Doolittle in Tremds in Gemetics, Vol.
fax, Nowa Scodia, 3nd director of the Program 14, No. §, pages J07-31 1; Auguse 1999,
i Evolusionary Biology of the Canadian ln- ¢ Pryrocanemic CLasstncanion axp mee Usiveasas Thze. W Foed Doolittle in Science,
stieuee for Advanced Rescarch. Vol. 254, pages 2124-2128; June 25, 1999,

Upeooting the Tree of Life Scievninic Amaxican  February 2000 77




NATURE Vio 445/25 lanuary 2007

Cn

Biology's next revolution

The emerging picture of microbes as gene-swapping collectives demands a revision of such
concepts as organism, species and evolution itself.

Nigel Goldenfeld and Carl Woese

One of the most fundamental patterns of
scientific discovery is the revolution in
thought that accompanies a new body of
data. Satellite-based astronomy has, dur-
ing the past decde, overthrown our maost
cherished ideus of cosmology, especially
those relating to the size, dyramics and
composition of the Universe,

Sirnilarly, the convergence of fresh Uweo-
retical idews in evolution ard the coming
avalancle of genomic data will profoundly
alter vur understanding af the baasphere —
and is likely to lead 1o revision of concepts
such s species, organism and evolution.
Here we explain why we foresee such a dra-
matic transformation, and why we believe
the melecelar reductionism that dominated
twentieth-century biology will be super-
seded by an interdssciplinary approach that
embraces collective phenomena,

“The place to start 15 harzontal gene trans-
fer (HGT), the non-genealogical transter
ol geretic material from one organism o
another — suchas from one bacterium o
another or from virwses to bacteria. Among
reicrobes, HGT is pervasive and powerful
— forexamnple, in sccelerating the spread of
antibictic resistance., Owing to HG L itis not
a good approximation to regard microbes as
organisos dorinated by individual char-
acteristics. [n fact, their communications
by genetic or guorum-sensing channels
indicate that macrobial bebaviour must be
unterstaod as predominantly cooperative.

In the wild, macrobes form communities,
invade biochemical niches and partake in
biogeachemsal cycles. The available stud-
iex strongly indicate that microbes absoch
and discard genes as needed, in response
to their environment. Rather than discrete
genomes, we see a continuum of genomic
possibilities, which casts doubt on the
validity of the concepl of 2 species’ when
extended into the microbial realm. The use-
lessness of the speces conceptisinherent in
the recent forays into metagenomics — the
study of genormes recovered from natwral
sunples as opposed to clonal cultures. For
exarnple, studies of the spatial distribution
of chadopsin genes in marine microbes
supgest such genes are ‘cosmopalitan, wan-
deringamong bacteria (or archae) as envi-
ronmental pressures dictate.

Equally exciting is the realization that
viruses have s fundamental role in the bio-
sphiere, in both immediate and long-term

memary of s community’s genetsc informa-
tion, contributing to the system’s evalution-
ary dynamics and stability. This is hinted
at, for exarrple, by prophage induction, in
which viruses latent in cells can become
activated by environmental influences.
The ensuing destructian of the cdl and viral
replication is 2 potent mechanism for the
dispersal of host and viral genes.

It is becarning clear that microorgansms
have & remarkable ability to reconstruct
their genomes in the face of dire environ-
mental stresses, and that in some cases their
collective interactions with vireses may be
crucial w this. In such asituation, how valid
s the very concept of an organism in isola-
tion? It seems that there is a continuity of
energy luxand informational transéer fram
the genome up through cells, community,
virosphere and environment. We would
go s far as 1o suggest thit & defining char-
acteristic of life is the strong dependency
on flux from the envirorment — be it of
energy, chemicals, metabolites or genes.

Nowhere are the implications of col-
lective phenomena, mediated by HGL so
pervasive and important as in evolution.
A compulter scientist might term the cells
translational apparatus (used Lo convert
genetic information o prateins) an ‘oper-
ating system, by which all innovation is
communicated and realized. The funda-
mental role of translation, represented in
particular by the genetic code, is shown
by the cleardy documented optimization
al the code. Its special role in any form of
life leads to the striking prediction that

muore pawerful eardy forms of HGT.

Refinement throegl: the horizontal shar-
ing of genetic innovations would have trig-
gered an explosion of genetic novelty, until
the level of complexity required a transi-
tian to the current era of vertical evolution.
Thus, we regard as regrettable the conven-
tiorsa] concatenation of Darwin's name witl
evolution, because other modalities must
also be considered.

‘This sanextraordisary tme for Biology,
becawse the perspective we have indicated
places bivlogy within a context that must
necessarily engage other discplines more
strongly aware of the importance of col-
Lective phenomena. Questions suggested
by the generic energy, information and
gene Dows to which we have alluded wall
probably require resalution in the spiritalf
statistical mechanics and dynamical sys-
tems theory. Intime, the current spproach
of post-hac maodelling will be replaced by
interplay between quantitative prediction
and experimental test, nowadays more
characterstic of the physial sciences.

Sometimes, language expresses ignorance
rather than knowledge, & inthe case of the
word ‘prokiryotel now superseded by the
terms archaen and bacteria, We foresee that
in bivlogy, new concepts will reguire s new
Language, grounded in mathematcs and the
discoveries emnerging from the dats we have
highlighted. During an earlier revolution,
Antoine Lavoisier observed that scientific
progress, like evolution, must overcome a
challenge of communication: “We cannot
improve the larguage ofany science without
at the sarme tirme improvieg the science stself;
neither can we, o the atler hard, improve
ascience without improving the language or
nomenclature which belangs 1o iL” Biology
1s about o meet this challenge. ®
Nigel Goldenfeld is in the Department of
Physics and Institute for Genomic Biology,
University of llEngis st Urbana-Champaign,
1110 Wiest Green Street, Urbana, Binois
61801, USA. Carl Woese is in the
Department of Microbiclogy and Institute
for Genomic Biokogy, 601 South Goodwin
Avenue, Urbana, lllinois 61807, USA.
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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

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




KEY INGREDIENTS
OF THE
HUMAN MIND

The four traits below distinguish
the human mind from those of
animals. Uncovering the origin
of the human mind will require
explaining how these unique
properties came about.

Generative computation enables
humans 1o crease a irtually imithess
vanety of words, concepas and
things. The charactenstic encompass
&5 TWO types of operaton: recursive
anvd combinatorial. Recursion is the
repeated use of a rule to create new
expressions. The combinatoria
operation & the mixing of ducrete

elements to engender new ideas

Promiscuous combination of ideas
allows the mingling of different
domains of knowledge—such as ant
sex, space, causality and fiendship
thereby generating new Lws, socis
redationships and 1echnodoges

Mental symbols encode sensory
expeniences both real and imagined,
formng the basis of a rich and
complex system of commurscation
Such symbols can be kept to

onesel! or expressed 10 others as

words of pictures

Abstract thought permits comtem
‘:'n'll,ll ol hengs !o-y.l"i’ what we can

see, hear, towuch, 1as%e or smedl,

THE MIND

KEY CONCEPTS

s Charles Darwwn argued that a
continuity of mind exists be-
tween humans and other ani
mals, a wew that subsequent
scholars have supported

But mounting evidence indi-

cates that, in fact, a large men-

tal gap separates us from our
fellow creatures. Recently the
author identified four unique
aspects of human cognition

The origin and evolution of
these distinctive mental trasts
remain largely mystenous, but
clues are emerging slowly,

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

LIMITED CLUES

The archaeological record reveals
that humans were routinely
making art and musical instru-
ments by 35,000 years ago, indi-
tating that they were thinking
symbolically by then. But modern
scholars have no way of knowing
what these long-ago people
thought about the symbols they
left behind nor how they com.
posed their music. Such artifacts
are thus of limited use in piecing
together the origins of our unique
mental abilities.

Sci. Amer. , Sept. 2009

Kiler whale tean
5,620 grams

1,350 grams

—

Etruscan sheew brain
0.1 gram

SIZING UP
THE BRAIN

Humans are smarter than
creatures whose brains are
larger than ours in absolute
terms, such as killer whales, as
well as those animals whose
brains are larger than ours in
relative terms (that is, relative to
body size), such as shrews. Thus,
size alone does not explain the
uniqueness of the human mind




JOHANN GREGOR MENDEL

* 1822 in Hyn¢ice (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 warned 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 to Mendel but also a beginning of rehabilitation of
SCIENCE against the COMMUNIST IDEOLOGY




Q.
Q.
o
Z
S
+
o
QO
Q0
<

1860-62

Brno Augustinians




l

.‘.

, pries
tist and abbot

Abbot G. Mendel
G J MENDEL
, scien

teacher

’A._o

fJ

w4 |
%i.&.;ﬂ.&;ﬁ !
e

, Brno

£
—_ 3
S 3
9 3
s =

<
D S

igh School)

Mendel’
Morav

Teachers of Brno gymnasium (H




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 P ey

,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
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F. Miescher F. Hoppe-Seyler A. STRECKER

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 bproteidQ (which later became bproteinQ), 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
aamino 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. Photograph of Felix Hoppe-Seyler’s laboratory around 1879. Prior to becoming the chemical laboratory of Tiibingen University in 1823, this room was
Tiibingen castle’s laundry. Here, Hoppe-Seyler had made ground-breaking discoveries regarding the properties of hemoglobin. This achievement was a
significant step for later investigations into the properties and functions of this and other proteins. Photography by Paul Sinner, Tiibingen.




F. Miescher's laboratory

Fig. 4. The laboratory in the former kitchen of the castle in Tiibingen as it was in 1879. It was in this room that Miescher had discovered DNA 10 years earlier.
The equipment and fixtures available to Miescher at the time would have been very similar, with a large distillation apparatus in the far corner of the room to

produce distilled water and several smaller utensils, such as glass alembics and a glass distillation column on the side board. Photography by Paul Sinner,
Tiibingen.




Tubingen castle

A, in Miescher's time

B, at present




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. "I 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 times 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 trace 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. B. 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 ?

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

FIGURE 6.9

A comparison of the A
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MOLECULAR STRUCTURE OF e novel eaurs of the srsturs is the manser

NUCLEIC ACIDS purine and pyrimidine bases. The planes of the bases
are perpendicular to the fibre axis. They are joined
Structure for Deoxyribose Nucleic Acid together in pairs, a single base from one chain being
e i hydrogen-bonded to & single base from the other
chain, 8o that the two lie side by side with identical
z-co-ordinates. One of the pair must be & purine and
the other a ;:l);rimidino for bonding to occur. The
% : hydrogen bonds are made as follows : purine ition
A structure for mnucleic acid has already been lyw g;rimidim position 1 ; purineppoaitinf:e 6 to
proposed by Pauling and Corey'. They kindly made pyrimidine position 6.
their manuscript available to us in advance of If it is assumed that the bases only ocour j
publication. Their model consists of three inter- structure in the most plausible tautomer;
twined chains, with the phosphates near the fibre (that is, with the keto rather t
axis, and the bases on the outside. In our opinion, figurations) it is found that only
this structure is unsatisfactory for two reasons : can bond together. Th. 3
(1) We believe that the material which gives the (purine) with thymine (pgr
X-ray diagrams is the salt, not the free acid. Without (purine) with cytosine (Ry
the acidie hydrogen atoms it is not clear what forces In other words, if 4
would hold the structure together, especially as the en on these assumptions
negatively charged phosphates near the axis will b st be thymine ; similarly for
repel each other. (2) Some of the van der Waals - fine. The aequonoe.of bases on a
distances appear to be too small. 8 no¢ appear to be restricted in any
Another three-chain structure has also’ been sug- Howgver, i specific pairs of bases can be
gested by Fraser (in the press). In his model the 4y fo& hat if the sequence of bases on
1

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.

phosphates are on the outside and the bases jvbn, then th he oth
mside, linked together by hydrogen bonds. gic,uye:aw:;nm?nce Rl By

structure as describ('d‘ is rather ill-defiffed n found experimentally™ that the ratio
this reason we sl amounts of adenine to thymine, and the ratio
0““','0' Sk P <l .P; " guanine to cytosine, are always very close to unity

O for deoxyribose nucleic acid.

0
. . .
radidglly"gifigrent, st > It is probably impossible to build this structure
thoosRb oY ucleic (ks ribose sugar in place of the deoxyribose, as
dm‘?ﬂ::;; il ed“mrng the extra oxygen atom would make too close & van
> i pa . der Waals contact.

6 © 8ams axis (seo diagram). We o previously published X-ray data*® on deoxy-
have made the usual chemioal . 00 nusleio scid are insufficient for & rigorous test
assumptions, namely, that each ,¢'our strusture. So far as we can tell, it is roughly
chain consists of phosphate di- compatible with the experimental data, but it must
ester groups joining p-n-deoxy- g regarded as unproved until it has been checked
ribofuranose residues with 3.5 against more exact results. Some of these are given
linkages. The two chains (but ;" following communications. We were not aware
not their basos) ard related by & ¢4, details of the results presonted thers when we
dyad perpendicular to the fibre 4o iooq our structure, which rests mainly though not
:::':l Nl}}(;::‘“:;m";u{o"g:i&gh:; entirely on published experimental data and stereo-

] ? 4 chemical arguments.
the dyad ﬂ]‘:’ ”eq.“em;:’“. of the It has not escaped our notice that the specific
SLOmS[in. & od.mo. < “'""Fm: pairing wo have postulated immediately suggests a
I Opposite. direotions, i, Bach - .\ ogih ], copying mechanism for the genetic material.

ANy R c}‘“'",‘, loosely _resembles Fur- Full details of the structure, including the con-

( I berg's* model No. 1; that is, gt:one assumed in building it, together with a set

S "’x :::l’ }ma:::iot)?: Ptl]‘l‘; p';::':‘t :: of co-ordinates for the atoms, will be published

- i ) ey . ok elsewhere.

ngrammaiio. The sy the outside. The configuration We are much indebted to Dr. Jerry Donohue for

ibbons symbolize the of the sugar and th‘,’ 8toms ., nstant advice and criticism, especially on inter-

: . Dear it in close to Furberg’s ooy distances. Wo have also been stimulated by

it Eo o s?xtg:rr‘dl::i(ll\;o;:g:i‘ll\r\?tg:p; rtlelie- a knowledge of the general nature of the unpublished

{)gether. The vertical lor to tho uttachipd basd  Thare oxperimental results and ideas of Dr. M. H. F.

line W*‘.:ih’ fibre axis h "lf::r o A b il Wilkins, Dr. R. E. Franklin and their co-workers at

ol MI“,“:: el ler:ievary 1 'fm36° obze rec King's College, London. One of us (). . \W.) has been

::io.n‘ 9 .dve wh o nngho;'o h:weg" aided by a fellowship from the National Foundation

um npeAMI l::.afI;r “loemsmi:i"l:’escon?a'c}nh:mf t.:m(; for Infantile Paralysis.

is, after 3¢ A. The distance of a phosphorus atom J. D. \\. ATSON

from the fibre axis is 10 A. As the phosphates are on . v o . F.H. C. Crick

the outside, cations have easy access to them. M'edlcal Research Council _l nit for the
The structure is an open one, and its water content Study of the Molecular Structure of

is rather high. At lower water contents we would ) Biological Systems,

expeot the bases to tilt so that the structure could ~ Cavendish Laboratory, Cambridge.

become more compact. April 2.
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I ! ’E ; ukleinové kyselinye
Tyt k} ) ny jeou lAtky sloZité,vysokomolelkildr
yjet ve voifi vané nukleoprotel

A paragraph dealing with nucleic acids L

kreatu,z bih
jték o 8

from a text book of Organic Chemistry (in Czech) is shown. et °:z“::“;“-

tedy sloule 1 ou klédjii

Briefly, it says nucleic acids (NA°‘s) form complexes with | BEERL A
proteins which are the building blocks of plant and animal ;
viruses and of cell nucleus. Total hydrolysis of NA‘s proceeds - = =

Kyly\:iﬁ

according to the following scheme: | ﬁm‘c‘ oo |_55" ‘

P¥{padnd mo¥no mukleinové kysel

alkaline hydrolysis enzym. digestion v nar,
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 burgeous reactionary pseudoscientist.
Interestingly there was not a single chemist among us who believed it.

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




Chargaff's Rules
Tetranucleotide hypothesis originated in 1906: DNA is a "statistical tetranucleotide”.
During the 1950° s E. Chargaff showed a number of DNAs, which differ in their base content.
Chargaff’s rules: 1. 6-amino residues = 6-keto-residues; in another expression A+C = G+T;
2.py=pu; C+T=6+A 3. A/T=6G/C=1 (consequence of combining equations 1 and 2)

Watson and Crick (1953) proposed their famous double-helical structure of B-form of DNA on the
ground of Chargaff”s rules
X-ray diffraction of DNA fibers obtained by Maurice Wilkins and Rosalind Franklin
Construction of molecular models
This structure consists of two antiparallel helical strands. One turn contains 10 residues in every
strand, the distance between bases is 3.4 A, the bases are almost perpendicular fo the axis, the
phosphate group is 9 A from the axis. Bases are specifically paired through hydrogen bonds - AT and
GC. The strands are complementary - hydrogen bonds between two strands, the bases are inside the
structure. Difference from «-helix in polypeptides. Further forms A and C (besides B): dependence
on humidity. The differences are principally in the tilt of bases and in the number of residues per turn,
strands are commonly antiparallel, bases are stacked and base pairs located in one plane. It seems that
the B-form is the prevalent one in solution as well as in cells and viral particles.
Crick, Watson and Wilkins: Nobel Prize 1962
“The structure is produced like a rabbit out of a hat, with no indication as to how we arrived at it"
F. Crick, NATURE 248(1974) 766- on the occasion of the 21st anniversary of the discovery
(commenting their first paper in NATURE). What experimental evidence was available to W+C in 19532




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
ext

G

Sugar configuration (PUCKER) \ / y,
7ﬁv Ixo ?N KT

> v :,-,_,_ NG .
Angles of the glycosidic bonds \Q \< »—%.

were fixed within certain limits \

A

Tgaw = 150"

Handedness of the helix
The direction of rotation was guessed
and then subjected to testing
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\, C in phosphate-sster chain

Base pair

Sugar
phosphate
backbone

Minor groove
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replaces Thymine in RNA

RNA

3 Nitrogenous ) o ) o Nitrogenous
Minar groave Bases Ribonucleic acid Deoxyribonucleic acid Bases

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




e Parameters of DNA structures

Comparison of A-, B-, and Z-DNA

A-DNA* B-DNA* B'-DNA® Z-DNA:-
Helix sense right-handed right-handed right-handed left-hande

Base pairs per turn 1 10 10 12 (6 dime

Helix twist (°) 32.7 36.0 34.1, 36.8 10, —50

Rise per base pair (A) 2.9 3.4 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, C:
enao

* Numerical values for each form were obtained by averaging the global parameters of

corresponding double-helix fragments

B’-DNA 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

Two values correspond to the two conformational states. From Kennard, O. and Hunter, W

Q. Rev. Biophys., 22, 3427, 1989. With permission

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

TABLE 2
Average Helical Parameters for Selected Right-Handed Structures

Rise per Groove width

Helix base pair Base pair Propeller (A) Displacement
twist (°) (A) tilt (%) twist ()  Minor  Major Da (A)

A-form
d(GGTATACC)
d(GGGCGCCC)
d(CTCTAGAG)
r(GCG)d(TATACGC)
rlUUAUAUAUAUAUAA)
Fiber A-DNA
B-form
d(CGCGAATTCGCG)
d(CGCGAATTBICGCG)
Fiber B-DNA

BrC 5-bronecytosimo
Adaoted from Kennard, O. and Hunter, W ). Rev. Biophys., 22, 327, 1989. With permission




| . CRUCIFORM
Negative SUPERCOILING stabilizes  inverted repeat

local DNA structures RN
w:,,.m i LEFT-HANDED Z-DNA
. . f , ,' ' m al’rer'ncn‘mg pu-py

UPERCOIL-%

TRIPLEX sTr'uc.‘rur'e A EE ;:: ~ _ g 3
homopuhomopy™,  (§ 18 S o R 5 Jﬁ‘ CURVATURE
E == 4-6 A's in phase with

~: : ;,“_’- Uth?éghe helix turns

mv

SINGLE-STRANDED region
AT-rich

HATIRPIN

Physical methods such as NMR and X-ray analysis indispensable in the research of
linear DNA structures are of limited use in studies of local structures stabilized

by supercoiling .




Problems of life origin

What was first - DNA, RNA or protein?

Well-known Oxford zoologist Professor Richard Dawkins (who declares himself
to be passionate fighter for the truth) writes in his book River out of Eden:

"At the beginning of Life Explosion there was no mind, no creativity, no intent,
there was only chemistry”

Let us try to summarize what chemistry it was




New York Times
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SCIEN(E DESK

Life's Origins Get Murkier and
Messier; Genetic Analysis Yields

Intimations of a Primordial Commune
By By NICHOLAS WADE (NYT) 2179 words

The surface of the earth is molten rock. The oceans are steam or
superheated water. Every so often a wandering asteroid slams in
with such energy that any incipient crust of hardened rock is
melted again and the oceans are reboiled to an incandescent
mist. Welcome to Hades, or at least to what geologists call the
Hadean interval of earth's history. It is reckoned to have lasted
from the planet's formation 4.6 billion years ago until 3.8 billion

years ago, when the rain of ocean-boiling asteroids ended.

The Isua greenstone belt of western Greenland, one of the oldest known rocks, was
formed as the Hadean interval ended. And amazingly, to judge by chemical traces in
the Isuan rocks, life on earth was already old.

Everything about the origin of life on earth is a
mystery, and it seems the more that is known,
the more acute the puzzles get.

The dates have become increasingly awkward. Instead
of there being a billion or so years for the first cells to
emerge from a warm broth of chemicals, life seems to
pop up almost instantly after the last of the titanic
asteroid impacts that routinely sterilized the infant

planet. Last week, researchers reported discovering microbes
that lived near volcanic vents formed 3.2 billion years ago,
confirming that heat-loving organisms were among earth's
earliest inhabitants.

The chemistry of the first life is a nightmare to
explain. No one has yet devised a plausible explanation to
show how the earliest chemicals of life -- thought to be RNA, or
ribonucleic acid, a close relative of DNA -- might have
constructed themselves from the inorganic chemicals likely to
have been around on the early earth. The spontaneous
assembly of small RNA molecules on the primitive
earth ""'would have been a near miracle,' two experts in
the subject helpfully declared last year.

A third line of inquiry into the beginnings of life has now
also hit an unexpected roadblock. This is phylogeny, or the
drawing of family trees of the various genes found in
present-day forms of life. The idea is to run each gene tree
backward to the ancestral gene at the root of the tree. The
collection of all these ancestral genes should define the nature of
the assumed universal ancestor, the living cell from which all
the planet's life is descended. The universal ancestor would lie
some distance away from life's origin from chemicals, but might
at least give clues to how that process started.

"It is not so preposterous anymore t0 think of the
common ancestor as a sort of Noah's ark, where
pretty much every protein domain has been

represented," Dr. Koonin said. The proteins of living
organisms are composed of mix-and-match functional units
known as domains.

Still, this idea is a disturbing concept. Evolutionists are
accustomed to portraying the evolutionary
process in terms of neatly branching trees, not
Noah's arks.
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Problémy vzniku Zivota na Zemi

EMIL PALECEK

Biofyzikélni dstav Akademie véd Ceské republiky, Kréalovopolskd 135, 61265 Brno

Prijato do tisku

Pivod prebiotickych molekul (biomonomerti)

2.1. Abiotickd syntéza v redukéni atmosféie

2.2. Import biomonomert z vesmiru

2.3. Podmofskd syntéza na povrsich minerala

Organizované systémy schopné replikace

3.1. Svét RNA

3.2.,,Svéty “ pied svétem RNA?

3.3. Metabolismus pfed pfenosem genetické informace?
Problém spole¢ného piedka a konstrukce genealogického stromu
4.1. Novy strom Zivota bez spole¢ného predka?

4.2. Horizontdlni pfenos gent a organizace primitivnich bunék

1. Uvod

V dtery 13. Cervna 2000 vySel v New York Times ¢lanek ,, Life's Origins Get Murkier
and Messier; Genetic Analysis Yields Intimations of a Primordial Commune “ (,, Paivod
Zivota se stdvd mlhavéjsi a zmatengjsi; genetickd analyza naznaGuje prvotni (bun&&nou)
komunu* , preklad EP) (Wade 2000). Vzhledem k tomu, Ze nemam vZdy tplnou davéru
k novinovym ¢ldnkim zabyvajicim se védeckymi problémy, rozhodl jsem se trochu podi-
vat, co se o otdzce vzniku Zivota na Zemi pise ve védecké literature. Nakonec jsem &lanku
v New York Times musel dat za pravdu.

Mdm v Zivé paméti pfednasku, kterou prednesl pfed mnoha lety v Liblicich Harold
Urey o vzniku aminokyselin v laboratornich podminkéch, napodobujicich podminky
predpoklddané na Zemi v dobé, kdy pravdépodobné vznikl Zivot. Pfednaska byla jedno-
duchd a elegantni a ddvala tusit, 7e béhem nékolika mélo desetileti budou problémy vzni-
ku Zivota védecky zcela objasnény. Experimenty Ureyho studenta Stanley Millera vycha-
zely z predpokladu, ze v dob¢ vzniku Zivota existovala na Zemi silné redukéni atmosféra
(Miller 1953, Ring et al. 1972, Wolman et al. 1972). Literatura z pozd&jsi doby vSak na-
svédCuje tomu, Ze prebiotickd atmosféra nebyla siln¢ redukéni, jak vyZzaduji experimenty
zaméfené na prebiotickou syntézu stavebnich kament bilkovin a nukleovych kyselin, a 7e
obsahovala kyslik (Florkin 1975, Lumsden a Hall 1975, Towe 1978, 1996, Carver 1981,

E. PALECEK

Wolman, Y., Haverland, W.J., Miller, S.L.
1972. - Proc. Nat. Acad. Sci. USA 69:
809.

Woese, C.R. 2002. - Proc. Natl. Acad. Sci.
USA 99: 8742.

E. Pale¢ek (Institute of Biophysics, Academy of Sciences of the Czech Republic, Brno,
Czech Republic) Problems of life origin on the Earth

There are three popular hypotheses attempting to explain the origin of prcbiot_ic
nucleic acid building blocks, i.e. (a) synthesis in a reducing atmosphere, (b) input in
meteorites and (¢) synthesis on surfaces of metal sulfides in deep sea vents. At prc?se.nt it
is hard to say whether any of these hypotheses is correct. It is particglarly fhfflcult
to imagine the prebiotic synthesis of cytosine based on the known chemistry; similarly
the prebiotic synthesis of pyrimidine nucleosides and nucleotides represent unso!vcd
problems. The progress in RNA chemistry and elucidation of their catal)_'tlc fupctxons
offer an interesting system that might play an important role in the origin of life but
it appears highly impro-bable that such a complicated molecule as RNA could have
appeared de novo on the primitive Earth. Unfortunately, it is unclear'v\{hether the RNA
world was preceded by some simpler world. Darwin’s idea th‘at all living species have
a single cell common ancestor is questionable. Recently Woese has suggested that the
universal ancestor was probably not a single-celled organism but a commune — a loosely
built conglomerate of diverse cells in which the horizontal transfer of genes played
a critical role. New important discoveries are necessary for better understanding of the
origin of life on Earth.




Abiotic synthesis of small organic molecules.
Miller, a graduate student who was
working with Harold Urey, began the
modern era in the study of the origin of
life at a time when most people believed
that the atmosphere of the early earth PROBLEMS OF LIFE ORIGINS
was strongly reducing. Miller® subjected
a mixture of methane, ammonia and hy-
drogen to an electric discharge and led
the products into liquid water. He
showed that a substantial percentage of

the carbon in the gas mixture was incor- S. Miller and H. Urey subjecfed

porated into a relatively small group of

simple organic molecules and that several mixture of methane ammonia and

of the naturally occurring amino acids

were prominent among these products. hydr-ogen to an electric discharge

This was a surprising result; organic

chemists would have expected a much- .

less-tractable product mixture. The and Ied The pr‘OdUCT Into water ...
Urey-Miller experiments were widely ac-

cepted as a model of prebiotic synthesis

of amino acids by the action of lightning.

The Miller-Urey experiment attempted to recreate the chemical conditions of the
primitive Earth in the laboratory, and synthesized some of the building blocks of life

but geologists showed that prebiotic atmosphere
was not strongly reducing and not oxygen-free,
differring from that expected by Miller and Urey




Proc. Naitl. Acad. Sci. USA
Vol. %6, pp. 43964401, April 1999
Biochemistry

Prebiotic cytosine synthesis: A critical analysis and implications

for the origin of life

ROBERT SHAPIRO*

Department of Chemistry, New York University, 100 Washington Square East, New York, NY 10003
Communicated by Leslie Orgel, The Salk Institute for Biological Studies, San Diego, CA, January 25, 1999 (received for review November 19, 1998)

ABSTRACT A number of theories propose that RNA, or
an RNA-like substance, played a role in the origin of life.
Usually, such hypotheses presume that the Watson-Crick
bases were readily available on prebiotic Earth, for sponta-
neous incorporation into a replicator. Cytosine, however, has
not been reported in analyses of meteorites nor is it among the
products of electric spark discharge experiments. The re-
ported prebiotic syntheses of cytosine involve the reaction of
cyanoacetylene (or its hydrolysis product, cyanoacetalde-
hyde), with cyanate, cyanogen, or urea. These substances
undergo side reactions with common nucleophiles that appear
to proceed more rapidly than cytosine formation. To favor
cytosine formation, reactant concentrations are required that
are implausible in a natural setting. Furthermore, cytosine is
consumed by deamination (the half-life for deamination at
25°C is ~340 yr) and other reactions. No reactions have been
described thus far that would produce cytosine, even in a
specialized local setting, at a rate sufficient to compensate for
its decomposition. On the basis of this evidence, it appears
quite unlikely that cytosine played a role in the origin of life.
Theorles that involve replicators that function without the
Watson-Crick pairs, or no replicator at all, remain as viable
alternatives.

Cytosine synthesis would not be possible
even strongly in reducing
prebiotic atmosphere.

Similar problems arise with the abiotic -
synthesis of nucleotides

Abiotic synthesis of a complicated
molecule such as RNA is highly improbable
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The sudden appearance of a large self-copying molecule such
as RNA was exceedingly improbable. Energy-driven networks
of small molecules afford better odds as the initiators of life

NOBEL lareate Christian de Duve has called for "a rejection of improbablities so
incomensurably high that they only can be called miracles, phenomena that fall outside
the scope of scienftific inquiry”. DNA, RNA and PROTEINS must then be set aside as
participants in the origin of life.

o
D\ : | | . ,

= Theories of how life first originated from nonliving matter fall into two broad
classes—replicator first, in which a large molecule capable of replicating [such
as RNA] formed by chance, and metabolism first, in which small molecules
formed an evolving network of reactions driven by an energy source.

= Replicator-first theorists must explain how such a complicated molecule
could have formed before the process of evolution was under way.

m Metabolism-first proponents must show that reaction networks capable
of growing and evolving could have formed when the earth was young.




REPLICATOR VS. METABOLISM

Scientific theories of the origin of life largely fall into two rival camps: replicator first
and metabolism first. Both models must start from molecules formed by nonbiologi-
calchemical processes, represented here by balls labeled with symbols (1).

Inthe replicator-first model, some of these compounds join togetherin a chain,
by chance forming a molecule—perhaps some kind of RNA—capable of reproducing
itself (2). The molecule makes many copies of itself (3], sometimes forming mutant
versions that are also capable of replicating (4). Mutant replicators thatare better
adapted to the conditions supplantearlierversions (5). Eventually this evolutionary
process mustlead to the development of compartments (like cells) and metabolism
inwhich smaller molecules use energy to perform useful processes (6).

Metabolism first starts.off with the Spontaneous formation of compartments (7).
Some compartments contain mixtures ofthe starting compounds that undergo
cycles of reactions (8), which overtime become more complicated (9). Finally, the
system mustmake the leap to storing information in polymers (10).

’
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FIVE REQUIREMENTS FOR METABOLISM FIRST

At least five processes must occur for small mo|‘ecu|es to
achieve a kind of life—here defined as the creat'lon of greater
orderin localized regions by chemical cycles driven by an el;ergg
flow. First, something must create aboundary to separate tf e
living region from the nonliving env'ironment [1). A s:)EJt:lcuee?
energymust be available, here dep!cted asaminera e
undergoing a heat-producing reaction (2).Therelease gy

must drive a chemical reaction (3].A network.ofchemlcz-'ll
reactions must form and increase in complexity to permit i
adaptation and evolution (4). Finally, the r.‘-etwork of realcrlonfj
must draw material intoitself faster than lt‘loses ma!tena : a.n
the compartments must reproduce [5.]‘ No mfornlwat!on-stor;r!rg]
molecule (such as RNA or DNA) is required; hereleg is store lrk
the identity and concentration of the compounds in the network.

@ Molecule
@ Mineral




Peptide Nucleic Acid (PNA)

structures with DNA, allowing it to modify the
activity of genes in new ways.
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RNA First

Metabolism first (2007)
PNA First (2008)

RNA First (again/2009)

Panspermia again and again

Panspermia

Or did life come from
another world?

The hypothesis of F. Crick is
discussed in November issue of
Scientific American 2005.

It is concluded that microorganism
could have survived a journey from
Mars to Earth

Recent finding of glycine in the
comet tail might be considered as
support for this alternative

The actual nature of
the first organism and
the exact
circumstances of the
origin of life may be
forever lost for
science.

But research can at
least help to
understand what is

possible
Sci.Amer., September 2009




DNA DENATURATION and RENATURATION/HYBRIDIZATION

Native DNA melted DNA
A, B C

D
; melti
meltlg‘ }_lﬁ N ;

slow cooling
renaturation

quick cooling

quick cooling J. Marmur and P. Doty
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STRAND SEPARATION AND SPECIFIC RECOMBINATION IN
DEOXYRIBONUCLEIC ACIDS: BIOLOGICAL STUDIES

By J. MARMUR AND D. LANE
CONANT LABORATORY, DEPARTMENT OF CHEMISTRY, HARVARD UNIVERSITY

Communicated by Paul Doty, February 25, 1960

It is clear that the correlation between the structure of deoxyribonucleic acid
(DNA) and its function as a genetic determinant could be greatly increased if a
means could be found of separating and reforming the two complementary strands.
In this and the succeeding paper' some success along these lines is reported. This
paper will deal with the evidence provided by employing the transforming activity
of DNA from Diplococcus pneumoniae while the succeeding paper' will summarize
physical chemical evidence for strand separation and reunion.
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Microbiologist, biochemist and molecular biologist

JUI Ius MC(r'mUI" - dicovered renaturation of DNA

22 March, 1926 Bialystok (Poland) - 20 May, 1996 New York, NY

Oswald Aver‘y 1944 - DNA is a genetic material
l (Rockefeller Institute, New York, NY)

Rollin D. Hotchkiss

l

Julius Marmur




The double helix: a personal view

Francis Crick

Medical Research Council Laboratory for Molecular Biology, Hills Road, Cambridge, UK

crystallme A structure, but onlv brieflv_excent far the claim

Nature Vol. 248 April 26 197}

Molecular Biology 767
Nature Vol. 248 April 26 197}

Molecular Biology

Although a casual reader could easily have overlooked  base pairing. We struggled for several years to produce neat
the significance of the first set of papers, cspecially as they  models for this, all 0 o avail, party because we accepted
e ul of obseure crystallographic jrgon, he coud hardly  copy chaice too easly lso because we were trying to

The double helix: a personal view miss the impact of our second one. The biologically im-  invent & mechanism whieh did ot s aiteor] el

Francis Crick

Medical Research Council Laboratory for Molecular Biology, Hills Road, Cambridge, UK

Francis Crick reviews the papers published 21 years
ago on the structure of DNA and the reaction to them.

Fon this anniversary T thought it might be rpesiinio

look back, in a rather informal way, at the original pay
on the structure of DNA o e how they appear today. i
the light of 21 years of research.

ne the spring and. sammmer of 1963 Jim Wataon and

L wrote four papers on the structure and funetion of DNA
The first appea Nature on April 25 accompanied by
w0 papers from King's Collge London, the it by Wilkins,
Stokes and Wilson, the other by Frankiin and Gosling. Five
el later we pulinhed a seorad paper in Nature, this time
on the genetic implications of the structure. A general dis-

cussion was included in the volume that came from that
year's Cold Spring Harbor Symposium, the subject of i
was viruses. We also published a_detaled ed technial necou
of the stracture, with rough coordinates, in an obscure jo
nalt in the middle of 19:

The first Nature p per was both brief and restrained.
Apart from the structure itself the only feature of the paper
which has excited comment was the short sentence: “It
has not eseaped our notice that the specific pairing we have
postulated immed

pmmm‘ reflecting a_diflerence of opinio
o Piper bou tisrmm 1he pooete e
it. He suffered from per

T yielded to his point of view ™ bt
xmmﬂl that something be put in the paper, otherwise
else would certainly write to make the e
o blind to see it. In short, it was a

Why, then, did we change our minds and, within only
a few weeks, write the more speculative paper
The main reason was that when we sent
our initial paper to King’s College we had not yet seen their
own papers, Consequently we had il dea of bow strongly
their X-ray evidence supported our structure. The famous
v picture of the B form, reproduced by Franiin
and Gosling in their paper, had been shown to Wataon, but he
ertainly had not remembered enough detal (0 consruct the
arguments about Bessel functions and di
experimentalst.gave, 1 myael, at thi

us emboldened,
Watton wae sty permuadod the me o e » o
paper.

The papers in Nature
e two experimental papers of April 25 overlap to a con-
siderable extent. Rosalind Franklin's paper mentions the

erystalline A structure, but only briefly, except for the claim
that the Patterson superpositon piamiil (which was in the
press at the time) supported two chains rather than three.
Both papers stress that there must be more than one chain
in the structure. Indeed Maurice Wilkins had personally
told Chargaf that a year or so earlier. Both present the argu-
ment that the positions of the intensity maxima ruled out two
(parallel) chains related by a i parallel to the fibre axis
Neither gave the neat argument, due to Watson, that their
awn denity racasurement-togeter with by observed change
in length between the two forms, supported two chains rather
rec. Frankin noted that if ther were several chaing
they could not be equally spaced and that ‘equivalence’
Ino\lr«l o ather than three, Tt g ot (-xplmll\ stated,
over, that equivalence implies dyad axes perpendicular
10 tho bre s and that therafo th v ins must run
in oppasite dietions. Nor did she sl that s ‘monoclinic
unit cell of the A form also suggested this, although we had
dodored stk e experimental dat
Both papers correctly coneluded from the intensity posi-
tions that the phosphate-sugar backbone was on the outside
of the structure and that the bases were stacked on the in-
side. Franklin repeated the argument, which she had
to us verbally a year earlier, that the phosphates would be
bydrated (in which she was'perfectly right) and therefore
that they would probably be on the outside of the molecule.
In short, both the groups at King's College had bt
a fairly general idea of the structure but they had done
proper. model buiding. Malaly because of tin they had
ssed the pairing of the bases and they had completely
overlooked the gaiance of Chargafl's rule.

t alone coordinates) except that
pair wert 34 A spars and that the strgee lad 30 b

structure was clear enough, though the tone of the paper
(“it must be regarded as unproved until it has been checked
against more exact results”) was, apart from the short first
paragraph, rather muted.

THE DOUBLE WELIX: A PERSONAL VIEW (F. Crick) . .

MOLECULAR BASIS OF BIOLOGICAL SPECIFICITY

MOLECULAR BIOLOGY IN A LIVING CELL 0. B. Gurder)

BUILDING THE TOWER OF BABBLE (E. Chargat

MOLECULAR BIOLOGY AND METAPHYSICS (. S. Stent)

DNA BEFORE WATSONCRICK (. Oiby) . .

NEW DIRECTIONS IN MOLECULAR BIOLOGY (5. Brenner
ROSALIND FRANKLIN AND THE DOUBLE HELIX (A. Kiug)

MOLECULAR 8I0LOGISTS Co

Joriant fesures of the proposed structure were explicitly
deseribed. The base pairs w

edging sbout tautomerim cale
diagrams. The proposed duplication mechaniam was_ spelt
out in simple terms, unmarred by

spite of the 'hmw.m. of the difficulties of unwinding, the list
of unsolved problems and the reservations about the unproved
mature of the structure, the fnal aragraph leaves itle doubt
ha th sutbors thought they b s guud .

How do they stand today?

How have these early papers stood the test of time? It can
it DNA usually con-

sists of two chains, \muml mzmm And running in opposite

directions. The evidence for this tement

that it would take Im !m\x to q

that normally A p

tablsbed it the detaile we

The G:C pair was never

ROV thie with culy two hydroger

our technical paper' that three w

was made almost certain by tl
P:ulmg and Corey pe
determinations of single erystals of base pairs. Th

year ago when Rich ‘nd his colleagues published two crystal
structures; that of GpC paired with itself® and ApU paired
 cach case was ribose), both 0
only the_expected configura-

el b it highly likely that,

5 we claimed, nuciic scid b ight handed

could form a
e thought we could

“of DNA with an RNA
backbone. The discovery of double-stranded RNA vires
proved, however, that_biological RNA too could form a
double helix, though with slightly different. parameters, The
detailed coordinates we had (tentatively) suggested for DNA

were soon shown to be ineorrect (we had put the backbone
& i) and much more scourate cooninstes
airly

ly by dleerystal studice,
mentoned abave, of Rich nd bis coworken.

Recently, Bram® has put forward evidence that the param-
oo of  DNA double hls may. vary soraewhe with base
composition, though whether this is a trivial variation or has
deep biological implications is at present uncertai

ind I were so impressed with the apparent uniformity of the
double helix from different biological sources and the regu-
larity of the backbone of our model that we had no hesita-
tion in saying that it “seems likely that the precise sequence
of the bases is the code that carries the genetic information”,
an idea which gave me plenty to think about in the next 10
or 12 years

Nohing was s about tho posbity tha the two chains
might be melted apart and then annealed togather again,

correctly i The discovery of this by Marmur and
Dm\' lm~< provid ane of the seeatil toow of mokcains

1 can siill remember the excitement 1 felt when
fold me about it at breskfast one day in New
otel n

almos
remark that recombination would probably depend upon

Thie showed 3 gap in our overall grasp of moleclar biclogy,
impsed in our tentaive suggestion that
ht an_enzyme, a remarl

should cortainly ot make todsy exceps perhaps in the con-

text of the origin of life.

As to DNA replication, our earliest description was mainly
chematie. We ralised hat plan nuceotdes wore not kel
to be the immediate precursor but missed the ra r cbriccs

ca that they were nuclesid riphosphate i o on

ht into biochemisty. We did suggest the so-called ¥

n (in the Cold \;.mz Harbor paper) but did not

tmention the ificulie du - tbe i ot synthesis of
antiparallel chains, though 1 frequently emphasisd it few

years later. Looking back, I think we deserve some eredit

for not being inhibited by y of unwinding which

wo dearly recognised and for oue foruhrght stand againt

p © (s opposed to_plectonemic) coiling. In this i

stance our grasp of X-ray diffraction was in

The functions of DNA
It is, of course, somewhat & matter for surprise at DNA
oyt i not flly understood even today. 1t w
uch space to discuss the complex and rapidly mu\lnz
fd here, Semoonstyative replication in many instances is
iy mamm.hlu-ll The proces cetanly y oceurs as if base
pairing were taking place, but 1 b n asked myself
What ovdeno would make it eertan hat | r.w pairing really
oecurs rather tan some claborste allosiric_mechanim,
ren though the ter key. Perhape anly an Xorm
etermi of the structure of the polymeras wil ol
A the Quatin, Masely (e topics of Okazaki frag-
ments, rolling circle models, RNA . and the exact
roles of the various pobmeracs will ke
busy. Even a
the DNA of 4 o
the den of
suggest that a virus might have single-stranded DNA
Thers 1 owerer vas Temark Wikt ey som ot
Perupincions =, ; we mpse that ths meet. seusoaabic
way to avoid tangling is to have the DNA fold up into a
compact bundle as it is formed”. As we struggle with the
structure of the . coli chromosome and. the even more
A'ommhl problem of the structure of the chromasomes of
o probably the major unsolved problem of
e Tiology todey—t might.be worth remembering
this entative sugeeetion from tho distant pas
he other toric we touched on was mutation This was
o the buse-mubstittion typothere is no hint o £
nte, We totally the possible role of enzymes in
S Cland Rupert’s carly. very el
work on photoreactivation, T later came to realise that DNA
# %o precious that Drobaly many. dininet. Topar Tk
anisms would Nowadays one could hardly  discuss
mutation, without mmuh-nng repar at the e tme.
1o hint in these eq rs that nucleic acid
might form » complex e dimensional siructure such a8
ransfer RNA
hypothetical Gierer loops. Our mes
smple and slone carried the gentie information. Nean
n o complicate it till we had to. For the same rea-
son although we must have drawn a G:U pair we attached
Wobble was still far in the future, but
ese, it seems to me, are forgivable oversights

Reactions to the structure
It is really for the historian of science to decide how our
structure was. received. This is not an easy question to

Francis Crick 21 years after invention of
the DNA double helix structure
about the discovery of DNA
renaturation

Nothing was said about the possibility that the two chains

might be melted apart
correctly lined up. The

Doty has provided one

Paul Doty told me about it at breakfast one da
York in a hotel overlooking Central Park

and then annealed together again,
discovery of this by Marmur and
of the essential tools of molecular
biology. I can still remember the excitement I felt when

in New
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KEY CONCEPTS

- Scientists long assumed
that any DNA mutation
that does not change
the final protein
encoded by a gene is
effectively “silent”.
Mysterious exceptions
to the rule, in which
silent changes seemed to
be exerting a powerful
effect on proteins, have
revealed that such
mutations can affect
health through a
variety of mechanisms.
Understanding the
subtler dynamics of how
genes work and evolve
may reveal further
insights into causes and
cures for disease.

SILENCE IN THE CODE

MMMMmM|MWWM
mmmmm&mauumm
‘m’hmmwuhwduﬁuwshm
mmmmmmmmmmu

¥ TRANSCRIPTION AND EDITING

mm«umuwmwm»m.«mm

of a gene to be made. The resutting transcript s then sdited to remove

WU PARLA) o Pain o e bt e
' inthe ANA

mANA molecule to adopt a folded structure. =

one of 20 amino acids (rable). With an alphabet of four nudeotide bases,
“MM&MBUM&MMMM
same amino acid. A DNA mutation that changes one of these codons to its
synorym should therefore be “silent” in protein terms.

¥ THE CODON-AMINO ACID CODE

Because the four RNA basos (A, €, G, U) yiekd 64 possible triphet combinations
more than one codon can specify 3 particalar amino acid. Often such '
synonymous codons differ only in ther third nuckectide positions

Second ruckeotide position
5 A

v

First nucleotide position

< TRANSLATION TO PROTEIN

In the cellular cytoplasm, ribosomes endold
and read the mANA and produce the encoded
i acid chain with the help of transfer
RNA (1RNA)} molecules. Each tRNA delivers a
sngle amino acid 10 the ribosame, bindng to
the corresponding mRNA codon to condem
that the correct amino acid is being added
The growing amino acid chain begns folding
INto its three-dimensional protein shape oven
asitis still farming




MUEFLED MESSAGE
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MUFFLED MESSAGE

A synonymous mutation was found to affect pain sensitivity by changing the amount of
an important enzyme that cells produced. The difference results from alteration in the
shape of mRNA that can influence how easily ribosomes are able to unpackage and read
the strand. The folded shape is caused by base-pairing of the mRNA" s nucleotides;
therefore, a synonymous mutation can alter the way nucleotides match up.




