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NUCLEIC ACIDS

Chemical nature and spatial organization Biological function
STRUCTURE
F. MIESCHER, TUBINGEN G. J. MENDEL, BRNO

1871 1866



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 Kélliker, Eduard Strasburger, and August Weismann independently provide evidence
that the cell's nucleus contains the basis for inheritance.

1889: Richard Altmann renames nuclein fo 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) 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 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.
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Interweaving of the historical tradition of biochemistry, cell biology, and genet-
ies. These three disciplines, which originally were considered to be quite sepa-
rate, have become intertwined to yield a true molecular biology, the subject mart-
ter of present-day biochemistry,



Darwin C. 1858: 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 intfo 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



On the evolution of cells

Carl R, Wossa*

gt t of Ml
Ustara, 1 $1801- Y09
Cosrtritmited by Carl B Worse, Sy 1 2000
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mmvisch shout the probdes of celbular evodution
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clasical Daswinlan mode, and the locu 1o dete has boeo almou
exchusively on modeling 1he cvidution of the aukaryotic ool The
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comwepl. Bovamse endoyrabuinis has given ree 1o the chloroplas
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foor oellaler fasion) origin Jor Uhe cularyotic puclous, and sven
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the cotity {of safc) represcated by fs root. e fount of all extant
lile. Herein Lo the doos to the mrerky reali of ccllulad cvoluton
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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. Ktizenecky 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 Secr'e‘rar'y) 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 o Mendel but also a beginning of rehabilitation of
SCIENCE against the COMMUNIST IDEOLOGY
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Mendel's Medal,
Moravian Museum, Brno

Abbot G. Mendel

G J MENDEL, priest, teacher,

scientist and abbot
in BRNO
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THE STATUE STORY

In 1906 Dr. Hugo lltis, 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 PR Tk T, P T
»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 Smposium 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-HCI a po tfepani s eterem izoloval jadra
jako separovanou vrstvu na dné nadoby. Z tohoto materialu ,,nuklein® -
reagoval kysele, rychle se rozpouste! ve zfed. louhu a obsahoval velks
mnozZstvi P.

Vysoky obsah P byl povazovan za velmi 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 neprovéfil. 5

F.M. se pak vratil do Baselu, kde nalez! vhodnéjsi material k izolaci
nukieinu v hiavickach sperimii iososa - zZ nich nuklein o vysoké m.v.
a zasadity material bilkkovinné povahy, ktery 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 znamy DNA (thymus) a RNA (kKvasnice) i jejich
zakladni siozeni. Ve Ctyficatych ietech - DNA v iédre RNA v
cytoplazmeé a jadre.



A
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. Fhotgraoh of Felix Hoppe-3cyler’s abordory arnund 1E7Y. Prior 12 bocoming the chemdicz] lzhortory of TObingon Lnbversity i 1823, this Dom wae
Tébinger costlce Jeunéry. Hoe Hoppe-Sovior had mmde ground-breakieg discoverics regeréing the propertes of bemoglobin ‘This ackcvement was &
slznificant stcp for lster invest gatioes iote the propertics and functons of this and other proteies. Photogmphy by Peal Sieeer, Thbiegen.



F. Miescher’s laboratory

Fig. 4. The shorkory 1 e oomer kichen ol he asll: o Thbngen @i wea o LE [ wos b this roem Gen Moesches had dircovensd DA L) years sarier.
The scuipenen, xl Gunes avalsbls b Mkscher al e e would heve beon very sirtibe. svith a bowe dEstillstion spoenstos @ the o corcer ol the ma: o
protluce disiils] water sl sovemnl aralle wianils, sach 2@ ghes slonbics end = ghes dslillion cotamm e the side el Fhslogrplny by Paul Sirmes,
Tillenpr
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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. "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-
458C. 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 bnuclear 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,
Germany.



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 1o
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.

DA DhA BRNA

FIGURE 6.9

A comparison of the A, B, and Z forms of DNA. Part (a3} shows side views of afi



21st Anniversary:
The DNA Double Helix
Comes of Age
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No. 4356 Apl.'i.l 25, 1953
MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose MNucleic Acid

E wish to suggest s structure for the salt
Wof deoxyribose nucleic acid (D.N.A.). This
structure has novel features which are of considerable
biological interest.

A structure for nucleic acid has already been

by Pauling and Corey!, They kindly made
their manuscript available to us in advence 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 strueture is unsatisfactory for two reasons :
(1) We believe that the material which gives the
X-ray diagrams is the salt, not the free acid. Without
the acidic hydrogen atoms it is not clear what foroes
would hold the structure together, especially as the
negatively charged phosphates near the axis will
repel each other, (2) SBome of the van der Waals
istances appear to be too small,

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

this reason we ent

»

Al rent gtr utﬁa o

th t DXV uecleio
1 18 stru a8 two
chains each coiled round

same axis (see diagram). We
have made the usual chemical
assumptions, namely, that each
chain consists of phosphate di-
ester groups joining f-p-deoxy-
ribofuranose residues with 37,5
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
‘M#L‘;m“ wrely  the outside. The configuration
tibbons symbolize the of the sugar and the atoms
aips phate—suEAr  near it is closa to Furberg’s
sontal rods the pairs of  ‘standard configuration’, the
e pioldlng the chalns  gugar being roughly perpendi-
llne marks the fibre axts  cular to the attached base., There
is & residue on each chain every 3:4 A, in the z-direc-
tion. We have assumed an angle of 36° between

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
oxpeot the bases to tilt so that the structure could
become more compact.

.

NATURE

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

If it is assumed that the bases only ocour j
structure the most plausible tau
(that is, with the keto rather t

i ding) .

In other words, if 4 ':"'h o forms one member of
i en on these sssimptions

Ry, 7 st be thymine ; similarly for

guanine gm ofine. The sequence of bases on a
ainglg ¢ in/ e appear to be restricted in any
Howbver, % specific pairs of bases can be
, it foll hat if the sequence of basss on

n, then the sequence on the other
tically determined.

m found experimentally®* that the ratio

amounts of adenine to thymine, and the ratio

on“iF: —— feh P; guanine to cytosine, are always very close to unity
ravdi

for deoxyribose nucleic acid.

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

The previously published X-ray data** on deoxy-
ribose nueleie acid are insufficient for & rigorous test
of our atructure. BSo 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 argumenta,

It has not escaped our notice that the specific
pairing we have postulated immediately suggests a
possible copying mechanism for the genstio 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 criticism, especially on inter-
atomic distances. We have also been stimulated by
& knowledge of the general nature of the unpublished
oxperimental results and idess of Dr. M. H. F.
Wilkins, Dr. R. E, Franklin and their co-workers at
King’s College, London, One of us (J. 1), ,) Ling been,
aidded by o fellowship from the National Fowulation
for Infantile Paralysis,

J. DL Warson
F. H. €. Crick
Medical Research Council Unit for the
Study of the Molecular Structure of
Biological Systcms,
Cavendish Laboratory, Cambridge.
April 2.
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1953

A paragraph dealing with nucleic acids
from a text book of Organic Chemistry (in Czech) is shown.
Briefly, it says nucleic acids (NA*s) form complexes with
proteins which are the building blocks of plant and animal
viruses and of cell nucleus. Total hydrolysis of NA*s proceeds
according to the following scheme:

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 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 humber 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=6/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 to 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 a-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 provided 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 . .

NS /\%Q/’
I ’

Sugar configuration (PUCKER) . ' Y,
7W txo w/
P B N .2
Angles of the glycosidic bonds \w o \ 7 ?‘
were fixed within certain limits S e

Teaw - 1400

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



rFarameters or DNA sTrucrtures

TABLE 1
Comparison of A-, B-, and Z-DNA

A-DNA* B-DNA* B'-DNA" Z-DN A
Helix sense right-handed right-handed right-handed left-hande
Base pairs per turn 11 10 10 12 (6 dimel
Helix twist (%) 327 36.0 34.1, 36.8 10, —-50
Rise per base pair (A) 29 34 35,345 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'-endgo  C2'-endo, CI
andor

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

¢ B'.DMNA 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, O. and Hunter, W
Q. Rev. Biophys., 22, 3427, 1989. Wilh permission

TABLE 2
Average Helical Parameters for Selected Right-Handed Structures

Rise per
Helix base pair Base pair Propeller (A)

twist (*) (A) tilt () twist ()  Minor

A-farm
d(GGTATACC) az 29 13 10 10.2
d(GGGCGCCC) 3z 33 7 12 9.5
d(CTCTAGAG) 32 31 10 1 8.7
r({GCG)d(TATACGC) 33 2.5 19 1 10.2
nUUAUAUAUAUAUAA) 33 2.8 17 19 10.2
Fibar A-DNA 33 2 22 6 11.0

B-form
diCGCGAATTCGCG) 36 3.3 2 13 53
diCGCGAATTBrCGCG) 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 22, 327

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

Displacement
Major Da (A)
6.3 4.0
101 3.7
B.0 3.6
3.2 4.5
3.7 3.6
2.4 4.4
11.7 0.2
12.2 0.2
11.4 0.6

33
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Negative SUPERCOILING stabilizes imerred ropect

local DNA structures y R
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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
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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

June 13, 2000, Tuesday
SCIENCE DESK

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

Intimations of a Primordial Commune
By By NICHHOLAS 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 [1ades, or at least to what geologists call the
Iladean interval of earth's history. It is reckoned to have lasted
from the planct's formation 4.5 billion years ago until 3.8 billlon

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

The |sua greenstone belt of westem Green and, one of the oldest know: rocks, was
fermed as the Hadeun interval ended, And umazingly, t judge by chemical traces in
the Isuan recks. life on earth was already old.

Everything about the origin of life on earthis a
mystery, and it seems the more that is known,
the meore acule the puzzles gel,

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, rescarchers reported discovering microbes
that lived rear volcanic vents formed 3.2 billion years ago,
confirming that heat-loving organisms were among earth's
carlicst 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 Lo be RNA, or
ribonucleic acid, a close relative of DNA -- might have
constructed themselves from the inorganic chemicals likely to
have been around on (he carly carth. 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 unexpeected roadblock, This is phylogeny, or the
drawing of family trees of the various genes found in
present-day forms of life, The idea is 10 run each gene Lree
backward to the ancestral gene at the root of the tree. The
collection of all these uncestral 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 clucs to how that proccss started.

"It is not so preposterous anymore (0 (hink of the
common ancesfor as a sort of Noah's ark, where
pretty much every protein domain has been

represented,” Dr. Koonin said. The proteins of living
organisms arc 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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1. Uvod

V ttery 13. gervna 2000 vy3el v New York Times clanek ,, Life's Origins Get Murkier
and Messier; Genetic Analysis Yields Intimations of a Primordial Commune “ (,,Puvod
Zivota se stdvd mlhav&jsf a zmaten&jif; genetickd analyza naznatuje prvotni (buné&nou)
komunu® , pfeklad EP) (Wade 2000). Vzhledem k tomu, Z¢ nemdm vZdy dplnou divéru
k novinovym €lankim zabyvajicim se védeckymi problémy, rozhodl jsem se trochu podi-
vat, co se o otdzce vzniku Zivota na Zemi piSe ve védecké literatufe. Nakonec jsem ¢lanku
v New York Times musel dét za pravdu.

Mdm v Zivé paméti pfedndSku, kterou prednesl pfed mnoha lety v Liblicich Harold
Urey o vzniku aminokyselin v laboratornich podminkdch, napodobujicich podminky
pfedpoklddané na Zemi v dobé, kdy pravdépodobné vznikl Zivot. Prednaska byla jedno-
duchd a elegantni a dédvala tusit, Ze béhem nékolika mélo desetileti budou problémy vzni-
ku Zivota vEdecky zcela objasnény. Experimenty Ureyho studenta Stanley Millera vych4-
zely z pfedpokladu, Ze v dobé vzniku Zivota existovala na Zemi silné redukénf atmosféra
(Miller 1953, Ring ef al. 1972, Wolman et al. 1972). Literatura z pozd&j$i doby vak na-
svédcuje tomu, Ze prebiotickd atmosféra nebyla silné redukéni, jak vyZaduji experimenty
zaméiené na prebiotickou syntézu stavebnich kameni bilkovin a nukleovych kyselin, a e
obsahovala kyslik (Florkin 1975, Lumsden a Hall 1975, Towe 1978, 1996, Carver 1981,
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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. Paledek (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?c
nucleic acid building blocks, i.e. (a) synthesis in a reducing atmosphere, (b) input in
meteorites and (c) synthesis on surfaces of metal sulfides in deep sea vents. At present it
is hard to say whether any of these hypotheses is correct. It is particularly Fl1ff1cult
to imagine the prebiotic synthesis of cytosine based on the known chemistry; similarly
the prebiotic synthesis of pyrimidine nucleosides and nucleotidesf represent unsol_ve:d
problems. The progress in RNA chemistry and elucidation of their cataljfrtlc furllctmns
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 PRO BLEM 5 O F LI FE 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 : MI I Ier Clnd H U r‘ey SUbJ eCTed
porated into a relatively small group of I :

simple organic molecules and that several mixture Of me’rhane, qmmoma Cll"ld
of the naturally occurring amino acids - hydrogen to an electric dischar‘ge
were prominent among these products. .

This was a surprising result; organic and led the pf‘OdUCT into water ...

chemists would have expected a much-
less-tractable product mixture. The
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 conditi
primitive Ear"rhym TRe laboratory, aFr>\d synthesized some of%‘hécabuﬁ%?néfé?gcs:l?sfonhﬁfe

but geologists showed that prebiotic atmosphere
was not strongly reducing and not oxygen-free,
differring from that expected by Miller and Urey
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Prebiotic cytosine synthesis: A critical analysis and implications

for the origin of life

ROBERT SHAPIRO®

Department of Chemisiry, New York University, 100 Wushington Square East, New York, NY 1000y
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 hypolheses presume that the Walson-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 prebiolic syntheses of cytosine involve the reaction of
cyanoacetylene (or its hydrolysis product, cyanoacetalde-
hyde), with cyanate, cyanogen, or ures. 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 lLife.
Theorles that involve replicators that function without the
Watson—Crick pairs, or no replicator at all, remain as viable
alternatives.

Cytosine s§ﬂ’rhesus 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 scientific inquiry”. DNA, RNA and PROTEINS must then be set aside as
participants in the origin of life.

= Theories of how life first originated from nonliving matter fall into two broad
classes— replicatnrf:rst in which a large molecule capable of rePittatmg [such
as RNA] formed by chance, and metabolism first, in which small molecules
- formed an evolving network of reactions driven by an energy source.
" Rﬂpilcatﬂl‘*ﬂrst theorists must explain how such a complicated molecule
: ~ could have formed before the process of evolution was under way.
~ = 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:replicatorfirst
and metabolism first. Both models must start from malecules formed by nonbiologi-
cal chemical pracesses, represented here by balls labeled with symbols (1).

In the replicator-first model, some of these compounds join together in a chain,
by chance forming a molecule—perhaps some kind of RNA—capable of reproducing
itself (2). The molecule makes many copies of itself 2], sometimes forming mutant
versions that are also capable of replicating (4). Mutant replicators that are better
adapted to the conditions supplantearlierversions [5). Eventually this evolutionary
process must lead to the development of compartments (like cells] and metabolism,
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must drive a chemical reaction [3). Anetwork ofchemicgl
reactions must form and increase in complexity to permit :
adaptation and evolution (4]. Finally, the network ofrea.ctsons
must draw material into itself faster thanitloses ma.terlal, a.nd
the compartments must reproduce [5]. No infurnlwatfon—storlrrg
molecule [such as RNAor DNAJ is required;heredlfg isstoredin
the identity and concentration of the compounds in the network.

At least five processes must occur for small mo1.ecules'cu
achieve a kind of life—here defined as the creat.lon of greater
order in localized regions by chemical cycles driven by an energy
flow. First, something must create a boundary to separate the
living region from the nonliving env.ironment [IA]. Asource of
energy mustbe available, here dep}cted asamineral [zfue]
undergoing a heat-producing reaction (2]. The released energy
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What Readers Want to Know

In Scientific American’s blog, Robert Shapiro answered questions raised by
readers of the Web version of this article. An edited selection follows.

Does the metabolism-first hypothesis point to a single origin or
multiple independent origins of life? —Jr

A: Multiple origins seem more viable with the metabolism-first scenario. Gerald
Feinberg and | discussed the possibility of alien life life not based on RNA, DNA and
other biochemistry familiar to us) in our 1980 book, Life beyond Earth. Researchers
ataconference hosted by Paul Davies at Arizona State University in December 2006
concluded that alien life may even exist, undetected, on this planet. The great
majority of microorganisms that can be observed under a microscope cannot be
grown in conventional culture media and remain uncharacterized. Alien microbes
may also exist in habitats on the earth that are too extreme for even the hardiest
forms of our familiar life.

Why do we have to demonstrate metabolism firstin areaction

vessel? Can’t we simulate it in software ? —Dave Evanoff

A: Stuart Kauffman, Doron Lancet and others have used computer simulations to
illustrate the feasibility of self-sustaining reaction cycles. Such simulations have not
specified the exact chemical mixtures and reaction conditions needed to establish
self-sustaining chemical networks. We do not yetknow all the reaction pathways
open to mixtures of simple organic compounds, let alone their thermodynamic
constants. Even if such data were available, most chemists would not be convinced by
a computer simulation but would demand an experimental demonstration,

The fact that all biological molecules are of one handedness needs

some explanation. —John Holt

A: If the mineral transformation that powered the reaction cycle | discuss in my
article were selective foronly one mirror-image form of chemical A, then the product
B and other members of the cycle might also occurin only one mirror-image form.
Control of handedness, or chirality, becomes crucial when small chiral molecules are
linked together to form larger ones. A modern enzyme may contain 100 linked amino
acids, all of the same handedness [so-called L-amino acids]. If a D-amino acid were
substituted forits mirror-image L-form at a sensitive site within the enzyme, then
the enzyme’s shape would change and its function might be lost.

An RNA-First Researcher Replies

Steven A. Benner of the Westheimer Institute for Science and Technology
in Gainesville, Fla., argues that RNA-first models are alive and well.

Even as some declare that the RNA-first model of life’s origin is dead because RNA arising

spontaneouslyis fantastically improbable, researchis lending support to the model.

Let me first acknowledge that most organic molecules when hit with energy
(such aslightning or heat from volcanoes) become something resembling asphalt,
more suitable for paving roads than sparking life. But metabolism-first models, to the
extent that they have been supported with any real chemicals, must also deal with
this paradox: molecules reactive enough to participate in metabolism are also reac-
tive enough to decompose. There are no easy solutions. :

Like many others, my research group has returned to the scientific imperative:
actually do laboratory research to learn about how RNA might have arisen on the earth.

The sugarribose, the “R" in RNA, provides an object lesson in how a problem
declared “unsolvable” may instead merely be “not yet solved.” Ribose long remained
“impossible” to make by prebiotic synthesis [reactions among mixture? of molecules
that could plausibly have existed on a prebiotic earth] because it contains a carbonyl
group—a carbon atom twice bonded to an oxygen atom. The carbonyl group t_:o‘nfers
both good reactivity (the ability to participate in metabolism) and bad reaActmtt_.! Fthe
ability to form asphalt]. A decade ago Stanley L. Miller concluded that the instability
of ribose stemming from its carbonyl group “preclude[s] the use of ribose and other
sugarsas prebioticreagents.... It follows thatribose and other sugars were not
components of the first genetic material.”

But prebiotic soups need soup bowls made of appropriate minerals, not Pyrex beake_rs.
One attractive “bowl” is found today in Death Valley. In a primordial Death Valley, the envi-
ronment was alternately wetand dry, rich in organic molecules from planetary accretion
and [mostimportant] full of minerals containing boron. Why care about boron? Because

boron stabilizes carbohydrates such as ribose. Further, if borate [an oxide of boron] and’
organic compounds abundant in meteorites are mixed and hit with lightning, good quanti-
ties of ribose are formed from formaldehyde and the ribose does not decompose.

The fact that such a simple solution can be found for a problem declared “unsolv-
able” does not mean that the first form of life definitely used RNA to do genetics. But
it should give us pause when advised to discard avenues of research simply because
some of their problematic pieces have not yet been solved.



OLUTION OF CHEMICAL NETWORKS

The metabolism-first hypothesis requires the formation of a network of chemical
reactions thatincreases in complexity and adapts to changes in the environment.

CYCLE FORMATION: An energy source (here the so-called redox reaction converting mineral
Xtomineral Y] couples to areaction that converts the organic molecule A to molecule B.
Furtherreactions [BtoC,CtoD....) form a cycle back to A. Reactions involving molecular
species outside the cycle [E] will tend to draw more material into the cycle.

INCREASING COMPLEXITY: If achange in conditions inhibits a reaction in the cycle (for
example, Cto D], then other paths can be explored. Here a bypass has been found by which C
is converted to D through intermediates F, G and H. Another solution would be the
incorporationinto the reaction network of a catalyst () whose action (dotted line) unblocks
the C to D transformation. To survive, the evolving network must draw in carbon-containing
materials from the environment more rapidly than it loses them by diffusion and side
reactions, such as the formation of tars that settle out of the solution.

CYCLE FORMATION INCREASING COMPLEXITY
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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
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STRAND SEPARATION AND SPECIFIC RECOMBINATION IN
DEOXYRIBONUCLEIC ACIDS: BIOLOGICAL STUDIES

By J. MAarMUR AND D. LANE

CONANT LABORATORY, DEPARTMENT OF CHEMISTRY, HARVARD UNIVERSITY

Communicated by Paul Doly, 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.

J. Marmur and P. Doty
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Microbiologist, biochemist and molecular biologist

\TLlllUS MC(r'mur' - discovered renaturation of DNA
22 March, 1926 Bialystok (Poland) - 20 May, 1996 New York, NY

Oswald AVCr'Y 1944 - DNA is a genetic material
l (Rockefeller Institute, New York, NY)

Rollin D. Hotchkiss

l

Julius Marmur

1993




The double helix: a personal view

Francis Crick

Medical Research Council Laboratory for Molecular Biology, Hills Road, Cambridge, UK
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Nothing was said about the possibility that the two chains

might be melted apart and then annealed together again,
correctly lined up. The discovery of this by Marmur and
Doty has provided one of the essential tools of molecular
biology. I can still remember the excitement I felt when

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

in New

Nature 248(1974) 766




DNA electrochemistry



DNA and RNA are Electroactive Species

producing faradaic and other signals on interaction with electrodes

Cytosine (C)
Adenine (A) A, C, 6 are reduced at MERCURY electrodes
Guanine (6) reduction product of guanine is oxidized back to G

All bases (A, C, 6, T, U) yield sparingly soluble compounds with the mercury and can be
determined at concentration down to 10-1M.
Solid amalgam electrodes can be used instead of the mercury drop electrodes.

A and G as well as € and T are oxidized at CARBON electrodes

PEPTIDE NUCLEIC ACID (PNA) BEHAVES SIMILARLY TO DNA AND RNA

Microliter volumes of the analyte are sufficient for analysis

Electroactive Labels can be Introduced in DNA



Progress in genomics affects electroanalysis

Many areas of science are influenced by the fast

development of the genomics and by the success of the

Human Genome Project.

Classical sequencing of individual human genomes with

3x10° base pairs is too difficult.

Sequencing by DNA hybridization is gaining importance

Relatively expensive DNA hybridization ARRAYS wi:r&/

optical detection are currently applied in research4abs
It is believed that electrochemistry can complement the
optical detection providing new LESS EXPENSIVE
hybridization detection for decentralized DNA analysis

in many areas of practical life

N

LOW DENSITY CHIPS

FEEfErEE Rt F
frsa g g g

DNA
isolation

PCR

electro-
chemical
detection

LAB-ON-A-CHIP




600 B0 years of nucleic acid electrochemistry

ERDRUCK 2

DIE

- UAMERRCRTEY 1958: Nucleic acid bases, DNA and RNA are electroactive

Thlliographise

e Palurmgraphie der Nuclel
tite

ine ring i ic signal is near to the surface
..part of the guanine ring important for the ano.dlc signal '
o "wﬁz:e:s the ‘rghe analogous part of cytosine is hidden inside the DNA doubl: helix
N v participating in the hydrogen bonding.... (showing a cathodic signal in ssDN
-.\ ~but not in dsDNA)
+~ E.Palecek, Nature 188 (1960) 656-657

/

_ whereas deoxyeytidylic acid bound in its maoleculs

N ATOR Sovember 19, 1960 - 18 inactive. This phenomenon may be perhaps inter-

a e preted in the following mammer : one part of the

1 rinsiisgpegnel L x l '.-" \/‘ . guanine purine ring, which is of greal importance for

ol / W the formation of the anodic indentation (apparently

I I.’ \ Iz i .-nninr---.fra-‘-][n in position 2 is mvolved?), is found

| =3 m the molecule near the sur face, whereas the analog

'l\ e I.'I ‘ ous part of the pyrimidine ring of eytosine (appar-

\ / ently the 6 aming-group®) is hidden inside the

300 o ke . 10 4 Nl \ molecule where it participates in the formation of
e -.I 1 - e Amlwrlive 17 4 — + | .

al structure is completely destroyed,
vlie acid is not blocked sterically in any

way so that ita oscillo-polarographic activity may
| manifest itself, Free deoxyadenylic acid and deoxy-

thymidylic acid do not show the characteristic
| indentation in ammonium formate as medinm, and
consequently no indentations due to these nueleotides
ean be expected if they are bound in the moleeule
of deoxyribonueleie ncid

I have also studied deoxyribonucleis
Apurinic acid in 2 M sodium chloride
both substances yield

't 1 bond.  TIn apurinic acid, where the

arography of Highly
Osciliographic Polarograp !
Palyrarited Deoxyribonutleic Acid

200 —

acid  and
as medinm ;

oscillograms that differ only
slightly. In 1 M sodium hydroxide, the oseillograms
of deoxyribonucleic acid differ eonsiderably
those of apurinic acid

from

In cobalt and nickel solutions’, proteins give an
indentation even at a vory low concentration®. Since
the deoxyribonucleic acid indentation is produced in
this medium at a different potential, T was able
to use the rm'i]lupnnJm-u-_'l'uTﬁnir- reaction for detecting
deoxyribonueleie acid and proteins in the presence of
sach other. In this manner, proteing can be detected
wen in the presence of an abundance of deoxyribo-
N tueleie acid (Fig, 4).

Number of publications

100 -

Eyin. PALedEk

1960 1970 1980 1990 2000

year .
E. Palecek, Fifty years of nucleic acid electrochemistry, Electroanalysis 2009, in press



The results of the DNA electrochemistry studies and
development of the electrochemical DNA hybridization
sensors in the last decade suggest that these sensors can
complement DNA sensors with optical detection

How and when the DNA electrochemistry begun?



OSCILLOGRAPHIC POLAROGRAPHY

At controlled alternating current (constant current chronopotentiometry)

dE/dt

A

dsDNA ssDNA

cathodic C A

AN

I '

sparingly soluble
rompounds with Hg QO O

L

T
6

anodic

- E

LITERATURE in 1958: Adenine is polarographically reducible at strongly acid pH
while other NA bases as well as DNA are inactive

J.N.Davidson and E.Chargraff: The Nucleic Acids, Vol. 1, Academic Press, New York 1955

Palecek E.: Oszillographiche Polarographie der Nucleinsauren und ihrer Bestandteile; Naturwiss. 45 (1958), 186
Palecek E.: Oscillographic polarography of highly polymerized deoxyribonucleic acid; Nature 188 (1960), 656



Firsts in Electrochemistry of Nucleic Acids during the initial three decades

1958 DNA and RNA and all free bases are electrotractive

1960-61 assignment of DNA electrochemical signals to bases, relation between the DNA structure
and electrochemical responses

1961 adsorption (ac impedance) studies of DNA (IR Miller, Rehovot)

1962-66 DNA premelting, denaturation, renaturation/hybridization detected electrochemically,
traces of single stranded DNA determined in native dsDNA. Nucleotide sequence affects dsDNA
responses

1965 Association of bases at the electrode surface (V. Vetterl)

1966 application of pulse polarography to DNA studies

1967 detection of DNA damage

1967-68 Weak interactions of low m.w. compounds with DNA (P.J. Hilsson, M.J. Simons, Harrow, UK
and H. Berg, Jena)

1974 DNA is unwound at the electrode surface under certain conditions (EP and H.W. Niirnberg,
Jilich, independently)

1976 Evidence for polymorphy of the DNA double-helical structure

For two decades only mercury electrodes were used in NA electrochemistry

1978 Solid (carbon) electrodes introduced in nucleic acid research (V. Brabec and G. Dryhurst,
Norman)

1980 Determination of bases at nanomolar concentrations by cathodic stripping

1981-83 Electroactive markers covalently bound to DNA

1986-88 DNA-modified electrodes

Results obtained at: IBP, Brno or elsewhere (author's name is given); the results which have been
utilized in the DNA sensor development are in blue



Electrochemical sensors/detectors for DNA hybridization
Single-Surface Technologies:

Ful vyt Ful gt
FROBE : GCTTATGCTGGAAT A Ful'p2 Ful'h =
GCTTATGCTGGAAT

_h' P L - .
TARGET - CGAATACGACCTTA CERATATERTETTX
(COMPLEMENTARY) JUPLEX FORMATIOM

FROBE : GCTTATGCTGGAAT
— NO DUPLEX (HYBRID NOT FORMED)
TARGET : ACAATACGATTCC

(NON-COMPLEMENTARY) g § }r J K Barton

DNA HYBRIDIZATION ANDELECTROCHEMICAL DETECTION B
AT THE SAME SURFACE Surface-attached molecular beacons
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In the last decade nucleic acid electrochemistry was oriented predominantly o DNA
sensors for (a) DNA hybridization and (b) DNA damage.

This trend has been accompanied not only by interesting discoveries but also by a number
of poor papers lacking the necessary control experiments,claiming sequence detection
without PCR amplification but using synthetic oligos as target DNA, etc.




Electrochemical sensors for DNA hybridization

At present both single- and double-surface techniques can be
used for DNA sequencing of longer oligonucleotides and PCR
products.

Electrochemical detection of point mutations is also possible.

Optimization of the procedures are now necessary to develop
commercially successful devices.

Challenges:
1) Sequencing eukaryotic DNA without amplification (by PCR).
Great sensitivity and specificity of the analysis is required

2) Development of electrochemical sensors for DNA-protein
protein-protein interactions for proteomics and biomedicine



Science in Czechoslovakia after the IInd World War

After February 1948 life in Czechoslovakia was
increasingly affected by the stalinist ideology and heavily
controlled by the Party and Government.

Many scientists and scholars were fired from Universities
but some of them got employment in the Institutes of the
Czechoslovak Academy of Sciences established in 1952.
This was possible particularly at the Institutes whose
Directors were influential Party members but serious
scientists.



PRAHA/PRAGUE

F Institute of Organic Chemistry and Biochemistry/

_. Director: F. Sorm
# Chemistry and Biochemistry of Proteins and Nucleic Acids

7 B. Keil, B. Meloun, O. Mikes, J. Doskocil, D. Grunberger, A. Holy,
& 1. Rychlik, J. Riman, J. Sponar, V. Paces, Z. Sormova, S. Zadrazil

For many years Czech scientists were efficiently isolated from the West
In this respect the situation in Brno was much worse than in Prague

Institute of Biophysics, Brno
Director: F. Hercik

Founded in 1955 for radiobiological research it gradually turned into
an institute devoted mainly to DNA

For a long time we received 50 - 100 US $ for materials/chemicals
per year and Department. The orders of materials from the West
had to be planned 1-2 years ahead

Taking part in meetings in western countries was difficult not only
because of currency problems




OSCILLOGRAPHIC POLAROGRAPHY

At controlled alternating current (constant current chronopotentiometry)

dE/dt

A

dsDNA ssDNA

cathodic C A

AN

I '

sparingly soluble
rompounds with Hg QO O

L

T
6

anodic

- E

LITERATURE in 1958: Adenine is polarographically reducible at strongly acid pH
while other NA bases as well as DNA are inactive

J.N.Davidson and E.Chargraff: The Nucleic Acids, Vol. 1, Academic Press, New York 1955

Palecek E.: Oszillographiche Polarographie der Nucleinsauren und ihrer Bestandteile; Naturwiss. 45 (1958), 186
Palecek E.: Oscillographic polarography of highly polymerized deoxyribonucleic acid; Nature 188 (1960), 656



J. Heyr'ovsky invented In difference to most of the electrochemists I met

POLAROGRAPHY in 1922. in the 1960's and 1970's, J Heyrovsky was interested
After 37 years he was awarded in nucleic acids and he greatly stimulated my polarographic
a Nobel Prize studies of DNA

J Heyrovsky S Ochoa A Kornberg NObel Pr'izes 1959
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Fig. 1. de polarograms of native and denatured calf thymus DNA: (a) native DNA

at a concentration of 500 ug/ml in 0.5M ammonium formate with 0.1 sodium phos-

phate (pH 7.0); (b) denatured DNA at a concentration of 500 pg/ml in 0.5M ammonium

formate with 0.1M sodium phosphate (pH 7.0). DNA was denatured by heat at the

concentration of 666 ug/ml in 0.007M NaCl with 0.7 mM citrate. Both curves start
at 0.0 V, 100 mV /scale unit, capillary I, saturated calomel electrode.




DNA molecules

A. GENOMIC (chromosomal)

molecularly polydisparse.
nucleotide sgguence unkpowp

[ sm— <
——

Ex - e

B. PLASMID OR VIRAL

monodisperse, nucleotide sgguence known . FRAGHEN TS
rel sc oe lin i
usually 3-4 kb I
ds mw ca 2x10 6 :

SS

PCR ‘bRoDUcTs
——

C. BIOSYNTHETIC POLYNUCLEOTIDES

polydisperse, simple repeated sequence motifs or homopolymers

ATATATATATATATATATATAT AAAAAAAAAAAAAAAAAAAAA
dS T ATATATATATATATATATATA TTTTTTI I TITTTTI T T ITToT

ss CCCCCcceeeeeecececceccccee  average mw 10510 6

D. SYNTHETIC OLIGONUCLEOTIDES
monodisperse, programmed nucleotide sequence

chemically meodified bases and backbone possible
CGCGATATCGCG .
e _
GCGCATTTCCGG CGCGTATAGCGC usual lengths 10-20 nucleolides

ss and ds



In 1960 when I published my NATURE paper
on electrochemistry of DNA | obtained invitations
from 3 emminent US scientists:

J. Marmur - Harvard Univ.

L. Grossman - Brandeis Univ.

J. Fresco - Princeton Univ.

To work in their laboratories as a postdoc

In 1960 new techniques were sought to study DNA
Denaturation and Renaturation. To those working with
DNA Oscillographic Polarography (OP) appeared as a
very attractive tool. Invented by J. Heyrovsky, it was fast
and simple, showing large differences between the signals
of native and denatured DNA. The instrument for OP was
produced only in Czechoslovakia.

| accepted the invitation by Julius Marmur but for more
than two years | was not allowed to leave Czechoslovakia.

In the meantime JM moved from Harvard to Brandeis Univ.

By the end of November 1962 | finally got my exit visa and
with Heyrovsky Letter of Reccommendation in my pocket

I went to the plane just 24 hours before expiration of my
US visa. Before my departure | sent my OP instrument by
air to Boston. It arrived after 9 months completely broken. |
nstead of OP | had to use ultracentrifuges and
microbiological methods.

Julius Marmur discovered DNA
Renaturation/Hybridization and
proposed (in JIMB) a new method of
DNA isolation which was widely applied.
His paper was quoted > 9000x.

J M at the 40th Anniversary of the
Discovery of the DNA Double Helix

At the end of my stay at Brandeis | did some

Reprinted from Covo Sraixe Haxsos Sysposts o Quexrrarive Browoor OP experiments which I finished in Brno

Voluma XXVIIL 1963
Printed in US.A.

Specificity of the Complementary RNA Formed by

nd published in J. Mol. Biol. in 1965 and 1966.

Bacillus subtilis Infccted with Bacteriophage SP8

J. MaRMUR®, C. M. GREENsPAN, E. Parxcek, F. M. Kanant, J. Leviye, and M. MaxpEL]
Qruluate Department of Riochemistry, Brondeiz University, Wolthim, Moewiohuseits
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DNA Premelting and Polymorphy of the DNA Double Helix

B. sublilis and B. brevis DNAs have the same

Before my departure to the US | observed
Changes in the polarographic behavior of
DNA far below the denaturation
temperature. These changes were

later called DNA Premelting

J. Mol. Biol.
20 (1966) 263-281

= E. FALECER
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-~ 7 (/':..,.»
0% o am If
aat a If J el 7.0).
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Dupth of the ndpstition C1-2 (ma]

escillopolarograph., first

real
nt takes from Marmar & Doty (1963) and Mmoo, Sesman

POLAROGRAPHIC BEHAVIOR OF dsDNA
At roomand premeltig temperaturse depended on
DNA nucleotide SEQUENCE

polydA rpak{dT}

— 80— @—, B. subltilis 108; = X w3 ==, B. natio;
— f—— A—, B. rubtilis var. alerrimus; ——C1—, B.
F 524 polaroscopo, dropping mercury electron polarized with repeated cycles of a.c. The
measurements wers oarried out in the Inbaratory of Prof. J. Marmur, Department of Biochemistry,
Brandsls University, Waltham, Mass., U.5.A.

Depth of the indentation CI=2 lam}

30, ‘,&

B. brevis i

" i " L s
40 50 50 70 &0 50
Temperature ("C)

G+C content and different nucleotide sequence

B. subtilis

Fro. 12, Thormal transition of DNA'S isolated from bacteris of the genus Bacillua. DNA at o
concentration of 100 pg/ml. in 026 M-ammonium formate plas 0-025 u-sodium phosphate (pH

O—, B. sublitic var. niger;
TCC 9999).

| Reprinted trom:

TR
i976 PROGCRESS IN NUCLEIC ACID RESEARCH

AND MOLECULAR BIOLOGY, YOL. 18

Premelting Changes in DNA
Conformation

| E. Paiecex

6, Povxarorriy _oF DNA Secoxpany STRUCTURE

On the basis of the preceding discussion, a schematic picture of the
structure of natural linear DNA in solution under physiological conditions
(e.g., at 36°C, moderate ionic strength, and pH 7) can be drawn. We can
assume that the double-helical structure of the very long (A 4+ T)-rich
regions differs from the structure of the major part of the molecule and
that some of the (A 4 T)-rich segments are open (Fig. 20). An open
ds-structure can be assumed in the region of chain termini and/or in the
vicinity of ss-breaks and other anomalies in the DNA primary structure,
The exact changes in the open ds-regions will depend on the nucleotide

sequence as well as on the chemical nature of the anomaly. Most of the
molecule will exhibit an ayerage Watson-Crick B.structure with local
dewiations. given by the nucleol equence, Elevating the temperature
in the premelting region (Fig. 20) is likely to lead to the opening of
other regions and, eventually, to expansion of the existing distorted ds-
regions and to further structural changes. Thus the course of the con-
formational changes as a function of temperature (premelting) will be
determined by the distribution of the nucleotide sequences and anom-
alies in the primary structure, and may have an almost continuous
character.

Consequently, even if we do not consider “breathing,” not only the
architecture of a DNA double-helical molecule, but also its mechanics or
dynamics can be taken into account

To determine whether, e.g., only the (A + T)-rich molecule ends
will be open at a certain temperature or also lon;

g A+ T regions in the
center of the molecule, further experimental research with better-defined
samples of viral and synthetic nucleic acids will be necessary. Further
work will undoubtedly provide new information on the details of the
local arrangement of nucleotide residues in the double helix, as well as
on DNA conformational motility. Thus a more accurate picture of
DNA structure will emerge, whose characteristic feature will be poly-
morphy of the double helix, in contrast to the classical, highly regular
DNA structure models.

Meeting F. Crick in Copenhagen
and Arhus, 1977 (B. Clark)

\

poly d{A-Trd{A-T)

What the people said

Before 1980

No doubt that this electrochemistry
must produce artifacts because we know
well that the DNA double helix has

a unique structure INDEPENDENT

pf the nucleotide SEQUENCE

After 1980
Is not it strange that such an obscure technique
can recognize POLYMORPHY

OF THE DNA DOUBLE HELIX?

becember 3, 1976

Professor Emil Palecek
Institute of Biophysics
Czechoslovak Academy of Sciences
Brno 12, Kralovopolska 135
Czechoslovakia

Dear Professor Palecek,

I do apologise for taking so long to reply to your
letter of September 29 and the very interesting review
you sent with it. Unfortunately I myself will not be
able to attend the Symposium you plan for September, 1977
and my Cambridge colleague Aaron Klug tells me that he
too is unable to be present. Had you considered the
possibility of asking Dr. Hank Sobell? He has just pub-
lished in PUAS an account of the other (base-paired) kink
and has ideas about premelting conformations. I have no
idea whether he would be able to come but should you wish
to invite him his address is: Department of Chemistry,
The University of Rochester, River Station, Rochester,
New York 14627.

flwse &

F. H. C. Crick
Ferkauf Foundation Visiting Professor

FHCC:1t




ADSORPTIVE STRIPPING ADSORPTIVE TRANSFER sTRIPPING

I

NA-modified

electrode

we— |

WASHING -
NA is in the electrolytic cell and accumulates NA is attached to the electrode NA is at the electrode but the
at the electrode surface during waiting from a small drop of solution  electrolytic cell contains only blank

(3-10 (1) electrolyte

In 1986 we proposed Adsorptive Transfer Stripping Voltammetry (AdTSV) based on easy preparation of
DNA-modified electrodes

AdTSV has many advatages over conventional voltammetry of NAs:

1) Volumes of the analyte can be reduced to few microliters

2) NAs can be immobilized at the electrode surface from media not suitable for the voltammetric analysis

3) Low m.w. compounds (interfering with conventional electrochemical analysis of NAs) can be washed
away

4) Interactions of NAs immobilized at the surface with proteins and other substances in solution and
influence of the surface charge on NA properties and interactions can be studied, etc.
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: RENATURATION OF RNA
—¢ dsRNA, SSC, 55°C AS DETECTED By DPP
oA ReG At Time dependence

—8—dsRNA, 2.5xS5C, 85°C

—8—peak IR
—5—peak IR
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Fig. 10. Time-course of renaturation of phage 2 dsRNA. (A) Thermally denatured ssRNA

was incubated (e

®) at §5°C in 2.5 x sodium saline citrate (SSC) or (o-—o0) at 85°C in SSC,

and (x-—x) at 55°C. Samples were withdrawn in time intervals given in the graph and quickly
cooled. DPP measurements were performed at room temperature at a RNA concentration of
3.2pg/mL in 0.3M ammonium formate with 0.2 M sodium acetate, pH 5.6; PAR 174. (B)
(o—o0) peak IIR. (e—e) peak IIIR. ssRNA (108 pg/mL) in 0.01 x SSC was heated for 6 min
at 100°C. Then it was placed into a thermostated polarographic vessel with the same volume
of 0.6 M ammonium formate with 0.2 M sodium phosphate, pH 7, preheated to 58°C. The
pulse polarograms were measured at 58°C in times given in the graph. Southern-Harwell A
3100, amplifier sensitivity 1/8. Adapted from Palecek and Doskocil (1974). Copyright 1974,
with permission from Academic Press.



IFFY stories

On this day 50 years ago, Watson and Crick published their double-helix theory. BUT p WhGT lf coe
By Steve Mirsky (2003)

"T am now astonished that I began work on the triple helix structure, rather than on the
double helix,"” wrote Linus Pauling in the April 26, 1974 issue of Nature.

In February 1953, Pauling proposed a triple helix structure for DNA in the Proceedings of
the National Academy of Sciences (PNAS). He had been working with only a few blurry X-
ray crystallographic images from the 1930s and one from 1947.

If history’s helix had turned slightly differently, however, perhaps the following timeline
might be more than mere musing...

August 15, 1952: Linus Pauling (finally allowed to travel to England by a US State
Department that thinks the words "chemist” and "communist” are too close for comfort)
visits King”s College London and sees Rosalind Franklin”s X-ray crystallographs. He
immediately rules out a triple helical structure for DNA and concentrates on determining
the nature of what is undoubtedly a double helix.

February 1953: Pauling and Corey describes the DNA double helix structure in PNAS .....
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Triple helix

with bases on the outside and
sugar-phosphate backbone in
the interior of the molecule

My IFFY story:

If L. PAULING had in his lab an
oscillopolarograph in 1952 he would never
proposed this structure. Polarography clearly
showed that bases must be hidden in the
interior of native DNA molecule and become
accessible when DNA is denatured



RLICTROCTIEMEC AL MITTIEODYS RICOCGNLAL
SMALL CIHANGES IN DNA STRLOTURIL
AND DIETIRMINE TRACES OF IMPL'RITIES
IN DNA SAMPLI

HERCURY ELECTRODES ARE PARTICULARLY SENSITIVE
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Probing of DNA structure with osmium tetroxide complexes

We developed methods of chemical

ﬁ“ﬂ.&*@ _ T _ probing of the DNA structure based
o O . [2) @‘é‘é% @q&® T e on osmium tetroxide complexes
',,”i”f et R f—gﬁm/ ) (Os,L). Some of the Os,L complexes
- ""”"”‘f‘f""”"f‘ L ’ react with single-stranded DNA but
O : M ACugtowt not with the double-stranded B-DNA.
y : : _a«?mawc cy.?p&;f
CH, LT T - :
CH3 . CRUCIFORH = P2
B FD ' / I
H, - 1 ;\ > &
-w - | . -—2%2 E_l: / ( ; — ' )\ ;:rg:
In the beginning of the 1980°s Os,L complexes o i
were the first electroactive labels covalently o o
bound to DNA. These complexes produced N H i e
catalytic signals at Hg electrodes allowing | B =
determination of DNA at subnanomolar L B :
concentrations ’
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These methods yielded information about the
distorted and single-stranded regions in the DNA
double helix at single-nucleotide resolution. DNA
probed both in vitro and directly in cells.



ADSORPTIVE STRIPPING ADSORPTIVE TRANSFER sTRIPPING

I

NA-modified

electrode

we— |

WASHING -
NA is in the electrolytic cell and accumulates NA is attached to the electrode NA is at the electrode but the
at the electrode surface during waiting from a small drop of solution  electrolytic cell contains only blank

(3-10 (1) electrolyte

In 1986 we proposed Adsorptive Transfer Stripping Voltammetry (AdTSV) based on easy preparation of
DNA-modified electrodes

AdTSV has many advatages over conventional voltammetry of NAs:

1) Volumes of the analyte can be reduced to few microliters

2) NAs can be immobilized at the electrode surface from media not suitable for the voltammetric analysis

3) Low m.w. compounds (interfering with conventional electrochemical analysis of NAs) can be washed
away

4) Interactions of NAs immobilized at the surface with proteins and other substances in solution and
influence of the surface charge on NA properties and interactions can be studied, etc.



Foundations of nucleic acid electrochemistry
were laid down in 1960-1980's using mercury and carbon electrodes

After the discovery of the DNA electroactivity | T was shown that:

Signals of ds and ss DNIA and RNA greatly differ |, This made it possible

o follow the course of : DNA denaturation/melting, renaturation/hybridization

to detect: traces of ssDNA in dsDNA samples, DNA damage, single-strand breaks,
chem. modification, depurination...

Important findings :

DNA premelting : beginning of the 1960's

DNA unwinding at the electrode surface : middle of 1970's

Polymorphy of the DNA double helix : middle of 1970's

New approaches later utilized in DNA sensors :

First covalently bound electrooctive DINA lobels : beginning of the 1980's
First DNA-modified electrodes : middie of the 1980's




SUMMARY

Electroactivity of nucleic acids was discovered about 50 years ago
Reduction of bases at Hg electrodes is particularly sensitive to
changes in DNA structure. The course of DNA and RNA
denaturation and renaturation can easily traced by electrochemical
methods

At present electrochemistry of nucleic acids is a booming field,
particularly because it is expected that sensors for DNA
hybridization and for DNA damage will become important tools in
biomedicine and other regions of practical life in the 21st century

DNA-modified electrodes can be easily prepared;

microL volumes of DNA are sufficient of its analysis but
miniaturization of electrodes decreases these volumes to nL.
Sensitivity of the analysis has greatly increased in recent years.
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