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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
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Double-surface technique

Few years ago we proposed a new technique in which (in difference to previous techniques) DNA
hybridization is separated from electrochemical detection. Optimum properties of the
hybridization surface (H) and the detection electrode (DE) are not identical. We used magnetic
beads optimized for hybridization as surface H and chose optimum DE for the given electrode
process.
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With spherical magnetic beads non-specific binding of NAs is minimized. 20 microL of the bead suspension
gives 3 o 7 cm? area. Beads can be incorporated into microfluidic systems and chips



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



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?



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)
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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



600 B0 years of nucleic acid electrochemistry
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- UAMERRCRTEY 1958: Nucleic acid bases, DNA and RNA are electroactive
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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
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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).
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E. Palecek, Fifty years of nucleic acid electrochemistry, Electroanalysis 2009, in press
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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




|

[

1

el ek
|

ba

s o P T et

i . " f
e e A it :
.
+ : -4
] -
1] ]

:
o — —— 85 . I 9
$ :
! i

i
E E £ :
ks

e ERELEACEE R EE S bon el

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.




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
-—
-~ 7 (/':..,.»
0% o am If
aat a If J el 7.0).
| | / |

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.
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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:
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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




: RENATURATION OF RNA
—¢ dsRNA, SSC, 55°C AS DETECTED By DPP
oA ReG At Time dependence

—8—dsRNA, 2.5xS5C, 85°C
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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.



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



Elektrochemie nukleovych kyselin
neni omezena jen na sensory.
MiZe se zabyvat napr.

- strukturnimi prechody DNA
(a) v roztoku
(b) na elektrode

- adsorpci DNA na elektricky nabitych
povrsich

- interakcemi DNA

(a) s nizkomolekularnimi latkami
véetné mutagennich ltek

(b) s bilkovinami (véetné enzymi
(¢) s jinymi makromolekulami

- stanovenim DNA v roztocich

- elektrickymi vlastnostmi DNA (napr-.
vodivost) atd.

S jakymi DNA v soucasnosti zpravidla pracujeme:

DNA molecules

A. GENOMIC (chromosomal)

molecularly polydisparse.
nucleotide sggquence unkpowp

B. PLASMID OR VIRAL
monodisperse, nucleotide sgguence known

ol « = " rms;-:su s
ds usually 3-4 kb I
mw ca 2x10 6 :
= O I PCcR PRODVCTS
—————————

C. BIOSYNTHETIC POLYNUCLEOTIDES

polydisperse, simple repeated sequence motifs or homopolymers

ds ATATATATATATATATATATAT AAAAAAAAAAAAAAAAAAAAA
S TATATATATATATATATATATA IEERRARRRSRSRRRERERRARRERS

ss CCCCCCCCCCCceeceeeececeeccce  average mw 10510 6

D. SYNTHETIC OLIGONUCLEOTIDES
monodisperse, programmed nucleotide sequence

emicall ified bgses and backbope possible
CGCGATATCGCG
GCGCATTTCCGG g - i
CGCGTATAGCGC usual lengths 10-20 nucleotides

ss and ds



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

HERCURY ELECTRODES ARE PARTICULARLY SENSITIVE

[

5
R S
‘l'- l"’

DLETLERMINATION OFF TRACES (< 1%) OF

FH'I.HIth L% pg AMUL A LSO ds DVA

INTRERCALATORS

CARBON ELECTRODES

COVALENT MODIFIIRS

GROOVI DINDIIRS




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.



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 ’

Critical Reviews in Biochemistry and Molecular Biology, 26(2):151==216 {1991)

Local Supercoil-Stabilized DNA Structures

E. Palsdek

Max-Planck Institut fir Biophysikalische Chemie, Gottingen, BRD and Institute of Biophysics,

y of Sci , 81265 Bmo, CSFR

[17] Probing of DNA Structure in Cells with
Osmium Tetroxide—2,2'-Bipyridine

By EMIL PALECEK

opyright © 192 by Academic Preo, Inc
Al rights of reproductien inany form reserved

METHODS IN ENZYMOLOGY, Vo, 2172

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.



END-LABELING of DNA and RNA

Electroactive labels such as ferrocene, daunomycin, viologen, thionine, etc. were
covalently bound to DNA to obtain electrochemical signals closer to zero charge and/or to
increase the sensitivity of the analysis. These labels are expensive and can hardly be used
for labeling of longer NAs, such as plasmid or chromosomal DNAs.

Already in 1981 we proposed osmium tetroxide complexes with nitrogeneous ligands
(OsVII L) as DNA electroactive labels. They can be introduced in any DNA in an average
biochemical or biological laboratory without any special equipment. DNA-OsV ! L adducts
produce redox signals at mercury, amalgam, carbon and gold electrodes; in addition,
electrocatalytic signals can be obtained at mercury and amalgam electrodes. Multiple
labels can be easily introduced.

spwﬁiﬁ

Hac\ﬁm
oy 70
Trefulka, M., et al. (2007): Covalent labeling of nucleosides, RNA and DNA with —q
VIII- and VI-valent osmium complexes. Electroanalysis 19 (No.12) 1281-1287. OH

Different reactions of 0z blpy

With six-valent Os(VI)L ribose residue =« os"bipy with fbothymiding),
can be modified /
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We generated mononoclonal antibodies against
DNAGcas.-Os(VIII)bipy and recently also
: - : Palecek E., Scheller F., Wang J., Eds. Electrochemistry of nucleic acids and
GgﬂlﬂST RNASUQ"" OS(VI)blPY proteins.. Towards electrochemical sensors for genomics and proteomics.;

Elsevier: Amsterdam, 2005

B. Yosypchuk, M. Fojta, L. Havran, M. Heyrovsky, E. Palecek,

-— e Electroanalysis 18:186 (2006).
/( /( é Fojta M., Havran L., Kizek R., Billova S., Palecek E.
O_/----H_____r__ﬂ\eg_’l____ o s,L Biosensors & Bioelectronics 20 (5): 985-994 2004

Large number of papers since 1981 L. Havran, M. Fojta, E. Palecek,

reviewed in E. Palecek, Meth. Enzymol.
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Reactions of different Os(VIII)L complexes with DNA
yield peaks at different potentials
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Fojta, M., et al. (2007): ,Multicolor™ electrochemical labeling of DNA hybridization
probes with osmium tetroxide complexes. Anal. Chem. 79, 1022-1029




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



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. Nucleic acids can be labeled; osmium complexes were the
first electroactive labels covalently bound to DNA. At present Os
labels are perhaps the most sensitive DNA end-labels.

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.

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
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Chemie, struktura a interakce nukleovych kyselin
2008-09 3.EP/6. PREDNASKA 22.10.08

Fyzikalni vlastnosti a izolace DNA

Denaturace, renaturace a hybridizace DNA

Biosyntetické polynukleotidy



Fyzikalni vlastnosti DNA

Studium fyz. vlastnosti DNA in vitro vyzaduje jeji izolaci z bunék ¢i
virl do zfed. vodnych roztokl, v nichz nejsou pfitomny ostatni
celularni komponenty. Takto ztracime sice informace o jejich
usporadani in vivo (interakce s RNA, bilkovinami, atd.) - ziskavame
véak mozZnost zodpovédét jiné otazky jako m. v., sekundarni struktura
ap.

lzolace DNA - pokrok v poznani vlastnosti DNA postupoval soubé&zné
s pokrokem izolaénich technik. Napf. zjisténi lamavosti dlouhych
molekul DNA diky plsobeni stfiznych sil (shear degradation) - ¢éim
vétsi molekula, tim snadnéjsi degradace (vyfouknuti 1 ml roztoku
pipetou o priméru 0,25mm za 2 s zlomi DNA T, na poloviny. Pfi
vysoké konce. (500 pg/ml) DNA je moZnost zlomeni mensi. Zagatkem
60 let byl vypracovany metody umoziujici izolaci nedegradované DNA
T,aT, (130.10°). Tyto DNA se pak staly standardem pro kalibraci

metod stanoveni mol. hmotnosti DNA.

Dalezitym krokem pfi izolaci DNA je odstranéni bilkovin: vysokd konc.
soli, detergent, CHCI,- isoamyl, emulsifikace, proteasy a fenolova
extrakce. CHCI;-opakované tfepani, degradace; lepsi je fenol - DNA o
m.v. blizké celému chromosomu E.coli(~10%) - nebezpedi zneé&isténi

fenolu peroxidy (destilace).

Isolace DNA z bakteriofaga

a) purifikace f@ga diferenéni centrifugaci a/nebo v grad CsCl

b) deproteinace (vétSinou fenolem)

Dnes nejéastéji je pouzivana plasmidova DNA.

istoty a volba metody izolace jsou velmi zavislé na uéelu, ke
kterému ma byt DNA pouzita.

V poslednich letech jsou k dispozici
komercné dostupné kolonky vyuzivajici
imobilizaci DNA na pevném podkladu.
K separaci DNA jsou rovnéz pouzivdny
magnetické kulicky (magnetic beads)
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Tissue IZOLACE |
Cold dilute TCA" or PCAT RADOVANYCH NA |

Organic solvents

.

Acid-soluble Nucleic acid
+ +
lipid protein
fraction residue Hot TCA
Alkaline digestion i
Acidification
Y /
Soluble extract Residue Soluble extract Residue
containing conhaining containing (protein)
RNA DNA RNA + DNA

Extraction and fractionation of nucleic
acids from tissues. *TCA - trichloroacetic acid,
"PCA - perchloric acid.

1IZOL INTAKTNI A
J. Marmur

a. z virh a bakteriofagi
b. z bakterii
€. z eukaryotnich bunék

Chromosomal —s
DNA

Plasmid

DNA

Plasmidova DNA

RNA ————————p

Separation of closed-circular DNA of
plasmid pBR322 from E. coli chromosomal DNA by
isopycnic ultracentrifugation in a Cs( i

radieqt in the presence of gthidi . The
band marked ‘chromosomal DNA" may also contain
nicked plasmid DNA molecules.



J. MARMUR, Harvard Univ./Brandeis Univ., Boston, Mass.

lzolace DNA z bakterii: 1. lysa bunék
a) mechanicky
b) enzymaticky (lysozym)
c) detergenty (SDS)

2. deproteinace
a) CHCI,
b) fenol
c) enzymaticky
d) ultracentrifugace v grad CsCI

3. odstranéni RNA
a) enzymaticky ( RNasa)
b) diferenéni srazeni
¢) ulracentrifugace v grad CsCi

Jednotlivé kroky pfi izolaci DNA jsou ¢asto kombinovany se srazenim
etanolem
4. dialysa

Dnes jsou k dispozici komeréné dostupné pfipravky (vétSinou rizné
druhy kolonek) pro izolaci DNA z prokaryotnich | eukaryotnich bunék,

které jsou vhodné zejména pro rutinni, seriové izolace DNA



A Procedure for the Isolation of Deoxyribonucleic Acid
from Micro-organisms T

J. MARMURT
Department of Chemastry, Harvard Uniwversity, Cambridge, Massachusetts, U.S.4.

(Recesved 6 December 1960)

A method has been described for the isolation of DNA from micro-organisms
which yields stable, biologically active, highly polymerized preparations relatively
free from protein and RNA. Alternative methods of cell disruption and DNA
isolation have been described and compared. DNA capable of transforming
homologous strains has been used to test various steps in the procedure and
preparations have been obtained possessing high specific activities. Representative
samples have been characterized for their thermal stability and sedimentation

behaviour.

1. Introduction

To facilitate the study of the biological, chemical and physical properties of DNA it is
necessary to obtain the material in a native, highly polymerized state. Several pro-
cedures have described the isolation of DNA from selected groups of micro-organisms
(Hotehkiss, 1957; Zamenhof, Reiner, DeGiovanni & Rich, 1956; Chargaff, 1955).
However, no detailed account is available for the isolation of DNA from a diverse
group of micro-organisms. The reason for this is that micro-organisms vary greatly
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Characterize your DNA sample:
ds x ss, circular x linear

circular: nicked, oc; covalently closed, cc, cd

linear: cohesive or blunt ends
humber of base pairs,

purity: protein, RNA .... content
analytical methods

pBR322; 2, fragments of DNA (lengths indicated in kbp) derived from plasmid pBR322 by double-digestion with
restriction endonuclease Bam HI and Bgl I; (b) Plot of length of DNA fragment (log scale) against distance of
migration (linear scale) of data from (a) 2, illustrating linear relationship.

\e)

(b) (c) {d)

centrifuge i

Construct Apply layer of RNA zones
grodient RMNA to top of ofter Collect
grodient centrifugation i fractions
- L]
285 :
185
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~ 45
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Bottom of Top of
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grodient

Rate zonal centrifugation of RNA through a sucrose density gradient. A sucrose density gradient is
constructed in a centrifuge tube (a) and the RNA solution applied as a layer on top (b). During
ultracentrifugation the main components of the RNA separate into zones, primarily on the basis of molecular
weight (c). These zones may be recovered by puncturing the bottom of the tube and collecting different fractions
in separate tubes (d). The separated RNAs may be visualized and quantitated by measurement of the absorbance
at 260 nm (e). Steps (d) and () may be conveniently combined by pumping the gradient through the flow-cellof a

recording spectrophotometer.



ily ovliviiujici konformaci DNA

a) Elektrostatické sily podminéné ionizaci.

V rozmezi pH 5-9, kdy nedochézi ve v&tsim stupni k ionizaci bazi je, DNA
aniontovym polyelektrolytem - polyaniontem, diky zapornym
nabojum, které nesou fosfatové skupiny). V roztocich soli jsou zaporné naboje
vystinény kladnymi naboji kationtd (napf. Na*), které vytvareji kolem kazdého
zaporného naboje iontovou atmosféru. Jestlize je koncentrace kationtd nizka,
nabyva na vyznamu odpuzovani fosfatovych skupin. U dvousroubovicové DNA
se toto odpuzovani stava faktorem ovliviiujicim vyznamné viastnosti molekul teprve
pfi iontovych silach niz§ich nez 0,1. Pfi velmi nizkych iontovych silach

(kolem 10- 10°5) jsou odpudivé sily jiz tak velké, Ze mohou zapfiginit zhrouceni
dvousroubovicové struktury (denaturaci). Jednofetézcova DNA (a podobné
i RNA) je velmi citliva ke zménam v koncentraci iontu jiz pfi iontovych silach
nizsich jak 1,0; snizovani iontové sily vede ke zvétSovani prostoru zaujimaného
polynukleotidovym Fetézcem.

b) Sily plynouci z vertikalniho usporadani bazi
(vrstveni bazi, stacking). Sily pisobici mezi bazemi pravidelné usporadanymi ve
dvojité Sroubovici jsou zejména interakce typu dipdl - dipdl, dipdl - indukovany
dipél a Londonovy sily. Existuji teoreticky odvozené dikazy, Ze tyto sily jsou
postaéujici pro stabilizaci Sroubovice; jejich volna energie odpovida asi

-7 keal na mél paru bazi. Naproti tomu volné energie vodikovych mustkd &ini asi
-3 keal pro (G.C) a -2 kcal pro (A.T) pér (na mél pard bazi).

C) Vodikové vazby (mustky) - predstavuiji jediny znamy zplusob
zajist'ujici specificitu parovani bazi. Jsou tedy soucasti mechanismu jimz
DNA realizuje svoji biologickou funkci. Zpo&atku se o nich soudilo, Ze jsou
nejdilezitéjsim Einitelem pro stabilitu dvojité Sroubovice; experimentaln i
teoreticky bylo v3ak dokazano, Ze tomu tak neni.

d) Hydrofobni sily - tento termin se tyka stability dvousroubovicové
DNA plynouci z jeji architekrury: polarni skupiny jsou na povrchuy,
zatimco hydrofobni baze jsou uvniti molekuly a maji vétsi tendenci interagovat
mezi sebou nezli s molekulami vody. Toto uspofadani stabilizuje tedy -
dvousroubovicovou molekulu DNA ve vodném prostiedi. Je znamo, ze
molekula DNA je ve vodném roztoku obklopena hydrataéni vrstvou, ktera hraje
vyznamnou Ulohu ve stabilizaci dvojité Sroubovice. Podrobné znalosti o této
hydrata&ni vrstvé jsou nyni ziskdvany zejmena diky vysledkim rtg. strukturni
analyzy krystall DNA.

Denaturation x degradation
aggregation
renaturation/hybridization



DNA DENATURATION and
RENATURATION/HYBRIDIZATION

Native DNA melted DNA
A,B C D
- melti i Kl S ol
I ' + slow cooling
renaturation :
Heat M Cooling )
A260 quick cooling quick cooling
D
Tlenanimtio '} Rematuiration )
C
J’_
premelting }
n < denatured DNA ~ RENATURED DNA J. Marmur and P. Doty
Temperature
- — 21 STRAND SEPARATION AND SPECIFIC RECOMBINATION IN
3 DEOXYRIBONUCLEIC ACIDS: BIOLOGICAL STUDIES
E Pneumococcus (38°5)
e E. coli (52°%) By J. MArRMUR AND D. LANE
— 5. marescens (58°%b)
& M. phiei (65%) CONANT LABORATORY, DEPARTMENT OF CHEMISTRY, HARVARD UNIVERSITY
g:.z- Communicated by Paul Doty, February 25, 1960
E It is clear that the correlation between the structure of deoxyribonucleic acid
2 (DNA) and its function as a genetic determinant could be greatly increased if a
iy - - = means could be found of separating and reforming the two complementary strands.
Temperature (°C) In this and the succeeding paper' some success along these lines is reported. This
raturation by heat of DNAs isolated from different sources. The figures in brackets indicate the paper Will dea’l ‘vit’h t‘he EVidence pl‘OVided by employing t’he tl‘anSforming aCtiVit’y
the DNA in G + C (%) (from Molecular Genetics by G. S. Stent, W. H. Freeman and Co. of DNA from Diplococcus pneumoniae while the succeeding paper! will summarize

| —after [116]).
physical chemical evidence for strand separation and reunion.
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Fig. 2.21 Relationship of density to content of
guanine plus cytosine in DNAs from various sources

[64].

1.74

Source of DNA

Percentage
(GF)

Plasmodium falciparum (malarial parasite) 19

Dictyostelium (slime mould)

M. pyogenes

Vaccinia virus

Bacillus cereus

B. megaterium
Haemophilus influenzae
Saccharomyces cerevisiae
Calf thymus

Rat liver

Bull sperm

Diplococcus pneumoniae
Wheatgerm

Chicken liver

Mouse spleen

Salmon sperm

B. subtlis

T1 phage

E. coli

T7 phage

T3 phage

Neurospora crassa
Pseudomonas aeruginosa
Sarcina lutea
Micrococcus luteus
Herpes simplex virus
Mycobacterium phlei

22
34
36
37
38
39
39
40
40
41
42
43

o N N

51
51
33
54
08
72
72
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Fig.2.20 The rate of reassociation of double-stranded polynucleotides from various sources showing how the
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rate decreases with the complexity of the organism and its genome (from [60]).

DNA renaturation/reassociation depends on the concentration of the DNA molecules and the time
allowed for reassociation. Often imperfect matches may be formed which must again dissociate to
allow the strands to align correctly. Cot value of DNA is defined as the initial concentration Co in
moles nucleotides per Litre multiplied by time t in seconds. Cot reflects complexity of DNA.

Methods: S1, hydroxyapatite - dsDNA binds more strongly
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Biosyntetické polynukleotidy

Syntetické oligonukleotidy
Dr. L. Havran,



DileZité modely vlivu
modely pro vyzkum fyzikélnich a chemickych viastnosti a sekvence nukleotid
struktury nukleovych kyselin - na vlastnosti DNA

POLYRIBONUKLEOTIDY

byly syntetizovany vétsinou pomoci polynukieotid fosforylazy, ktera
polymerizuje nukleotid-5'-difostaty (pfi emz se uvoifuje anorganicky fosfat) n Ukl e0s | d_ di fO S f d Ty
nevyzaduje pri i ici
Po podéteéni syntetické fazi, dochazi k rovnovaze mezi syntézou a Y Je primer an matrici

degradaci (fosforolyzou) a vytvareji se polymery 8 pomérné malym
rozptylem délek

Polynukieotid fostorylaza polymerizuje mnoha analoga nukledjid
difostatlh Jako 2°-O-metyl, 2’-chloro-, 2-fluoro- a dokonce i
arabinonukleosid-5’-difosfaty a nukleatid difosfaty s ruzné
modifikovanymi bazemi.

Nukleozidy majici konformaci syn- (napi. 8-bromoguanosin)
polymerizovany nejsou. Enzym vyZaduje konformaci cukru 3’-endo.

Tento enzym nevyZzaduje pro svoji funkci matrici (nékdy ocko/primer).
Vhodny zejména pro syntézu homopolynukleotida.
Heteropolymery maji nahodnou sekvenci nukleotidu.

Piiprava polynukleotidis s definovanou sekvenci nukieotidi w,;iadu]e nUkIQOS|d'1’rifOSfGTY
RNA-polymerazu (zavislou na DNA) nebo
DNA-polymerazu (pro syntézu polydeoxyribonukleotidl)



Homopolynukieotidy

Poly(V) a poly(dT) pil pokojové teploté maji malo wyraznou sekundarni
strukturu, pfl vydsi teploté tuto strukturu zirdceji

Poly(C) v kyselém prostiedi tvoii dvojfetézovou protonizovanou
strukturu s paralelnimi fetézcl. V neutrdinim prostiedi tvori
jednoietézovou strukturu stabilizovanou vertikalnim vrstvenim bazi
(stacking)

Poly(A) tvoii v kyselém prostiedi dvojfetézovou strukturu s paralelnimi
fetézci (podobné jako poly (C). Parovani bazi je ve strukture poly(A)

zajisténo jinak nez v poly(C). V neutralnim prostiedi ma poly(A)
strukturu jednoretézovou.

Poly(G) a poly(l) tvori &tyfvlaknové struktury

@ e
5 R‘ E).
\- @ =

poly(A)
poly(rC)
poly(dG)
poly(V)
poly(rT)



Polynukieotidové komplexy

Smichanim polynukieotidh (za vhodnych iontovych podminek) vznikaji
dvou- a vicefelézové komplexy

Poly(A) paly(U) tato dvojita Sroubovice vznika pfi tyziologické iontové
sile za nepfitomnost Me?* Pfi vyssich iontovych silach mizZe vzniknout

trojfetézova struktura poly(A) poly(U) poly(U) [poly(A)2 poly(U)]
(Hoogsteen)

Poly(G)- poly(C), poly(})- poly(C) tyto dvojité Sroubovice vznikaji pri
neutralnim pH. V kyselém prostiedi se tvofi trojfetézové struktury

poly(G)- poly(C) - poly(C*) v nichZ je jeden fetézec
poly(C) protonizovany. Podobné interaguje i poly(C) s poly(l)

Tyto interakce jsou silné zavisié na iontové sile

Studium viastnosti biosyntetickych polynukleotidll pfineslo v minulosti
dilezité informace o vztazich mezi sekvenci nukleotidi a strukturou
DNA a RNA, napr.:

tm: (r)+(rC) > (ri}(dC) > (d)+{dC) > (dl)+(rC)

poly(di-dC) a poly (dG-dC) jsou stabilnéjsi nezli odpovidajici komplexy
homopolynukieotidi

Smésné krivky: -
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