50 years of nucleic acid electrochemistry
- 1958: Nucleic acid bases, DNA and RNA are electroactive

...part of the guanine ring important for the anodic signal is near o the surface
whereas the the analogous part of cytosine is hidden inside the DNA double helix
- participating in the hydrogen bonding.... (showing a cathodic signal in ssSDNA

* but not in dsDNA) )
E. Palecek, Nature 188 (1960) 656-657 \"'700 papers in 2008
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OSCILLOGRAPHIC POLAROGRAPHY

At controlled alternating current (constant current chronopotentiometry)

dE/dt

cathodic

sparingly soluble
rompounds with Hg
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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




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

POLAROGRAPHY in 1922. the 1960's and 1970's, J Heyrovsky was interested in

After 37 years he was awarded nucleic acids and he greatly stimulated my polarographic
a Nobel Prize studies of DNA

J Heyrovsky S Ochoa A Kornberg Nobel Pr‘izes 1959




D.c. polarography vs. oscillopolarography (OP)

Why d.c. polarography was rather
poor in DNA analysis?

(a) no DNA accumulation at the
electrode
(b) DNA adsorption at negatively

charged DME (~-1.4V) compared to
open current potential in OP
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Fig. 1. de p(.)lumgr:uns of native and denatured calf thymus DNA: (a) native DNA
at a concentration of 500 ug/ml in 0.5)M ammonium formate with 4.l.l.\1/'.<mlium p]i ‘
phate (pH 7.0); (b) denatured DN A at a concentration of 500 g /ml in 0.5M ammonium
formate \\'iith 0.1M sodium phosphate (pH 7.0). DNA was (]l‘.ll:illlr(‘(l by iu-::t --t‘ the
concentration of 666 wg/ml in 0.007M NaCl with 0.7 mM citrate. ‘ i
at 0.0 V, 100 mV /seale unit, capillary I, saturated calomel electrode.
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Both curves start




In 1960 when I published my NATURE paper
on electrochemistry of DNA I 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.

I accepted the invitation by Julius Marmur but for more
than two years I was not allowed to leave Czechoslovakia.
In the meantime JM moved from Harvard to Brandeis Uniyv.
By the end of November 1962 I 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 I sent my OP instrument by
air to Boston. It arrived after 9 months completely broken. I
nstead of OP I had to use ultracentrifuges and
microbiological methods.

Reprinted from CoLo ¥raivo Hanson Syxrosia on QrasTirarive Biotoar

Volume XXVIII, 1963
Printed in US.A,

Julius Marmur discovered DNA
Renaturation/Hybridization and
proposed (in JMB) 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 I did some
OP experiments which I finished in Brno
and published in J. Mol. Biol. in 1965 and 1966.

Specificity of the Complementary RNA Formed by
Bacillus subtilis Infected with Bacteriophage SP8

J. Manuur®, C. M. Greexsray, E. Parxckx, F. M. Kamaxt, J. Levixe, and M. Maxoxr?
Grwlunte Dvpartment of Rivchemistry, Bromieia Univereity, Walthiws, Moaswoeh it
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DNA Premelting and Polymorphy of the DNA Double Helix

Before my departure to the US I 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

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

B. sublilis and B. brevis DNAs have the same
G+C content and different nucleotide sequence

B. subtilis
B. brevis

I Reprinted feom;
1976 MEOCAELS v WOCIDC ACID RESEARON
AND SOUBOULAR NOLOGY, YOL 10
o e
ACADESC MIESS, e
Naw Tork ton Proruie -
Premelting Changes in DNA
Conformation

. st 35°C, moderate iond

assume that the double helical structure

regions difers from the strecture of the =

that some of the (A & T).rich segments are open

de-structure cam be amsumed in the region of chain termini and/or in the
vicinity of ss-breaks and other amomalies in the DNA primary strecture,

The exact changes in the open devegions will depend oo the nucleotide

SOQUENCe A5 W | as on the chemical mature of the anomaly. Most of the
molecule will exhibit an auerase Watioo-Croick B-atouctuze with local
desdaticns glaen bo the necloctide sequence, Elevating the temyg
in the premwlbng regiom (Fig. D) is likely to lead to th

ions and, eveataally, to expansion o

s and %0 fusth |

formational changes x a Function «

wd bv the distributio

erature

in the peimary structure, and mav have x

yoently, even if w

aschisecture of a DNA double-belical molecule
] 1ics can be taken into account

o deter
center of the molecule, further ex
samples of viral and symthetic mechelo acids v
work will undoubtedly provide new infoern
local arrangement of nucleotide residues in the double belix, as well as
on DNA cosformational motity, Thus a mere accurate picture of
DNA atructure will emerge, whose characteristic feature will bo poly-
morphy of the double helix, in contrast %o the classical, highly segular
DNA strectare models

Meeting F. Crick in Copenhagen
and Arhus, 1977 (B. Clark)
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polv(dA)-poly(dT)  poly d(A-T)-d(A-T)

Before 1980

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

p unique structure INDEPENDENT

pf the nucleotide SEQUENCE

What the people said

After 1980

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

OF THE DNA DOUBLE HELIX?
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RENATURATION OF RNA
AS DETECTED BY DPP
Time dependence

—>»— dsRNA, SSC, 55°C

—6—dsRNA, SSC, 85°C

—&— dsRNA, 2.5xSSC, 85°C

%o OF SINGLE-STRANDED MATERIAL

—o—peak llIR
—o— peak lIR

—— @

PEAK HEIGHT (DIVISIONS)

80 100
TIME (MINUTES)

S

Fig. 10. Time-course of renaturation of phage 2 dsRNA. (A) Thermally denatured ssRNA
was incubated (o @) at 857°C in 2.5 x sodium saline citrate (SSC) or (o o) 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
3.2pug/mL in 0.3 M ammonium formate with 0.2 M sodium acetate, pH 5.6; PAR 174. (B)
(0—o0) peak IIR. (e—e) peak ITIR. ssRNA (108 pg/mL) in 0.01 x SSC was heated for 6 min
at 100°C. Then 1t 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.




Probing of DNA structure with osmium tetroxide complexes

We developed methods of chemical
probing of the DNA structure based

@@@% ' Bl on osmium tetroxide complexes

0e0 ZRIEeNE (Os,L). Some of the Os,L. complexes
5 s e doclroactive LRE, im o 5rg Lo react with single-stranded DNA but

Folyrucicofides
228 not with the double-stranded B-DNA.
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In the beginning of the 1980°‘s Os,L complexes
were the first electroactive labels covalently
bound to DNA. These complexes produced
catalytic signals at Hg electrodes allowing
determination of DNA at subnanomolar
concentrations
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Criniced Reviews in Buochemistry end Molecsdar Balegy, 520151226 (1991)

Local Supercoil-Stabilized DNA Structures These methods yielded information about the

g distorted and single-stranded regions in the DNA
iy ek g double helix at single-nucleotide resolution. DNA

Crachosiovai Acadenmy of Scences, 61265 Bmo, CSFA

[17] Probing of DNA Structure in Cells with probed both in vitro and directly in cells.
Osmium Tetroxide—2,2'-Bipyridine
By EMIL PALECEK

Copyrghnt & 12 by Acadoms Pres w




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. Nirnberg, 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 METHODS RECOGNIZE
SMALL CHANGES IN DNA STRUCTURE
AND DETERMINE TRACES OF IMPURITIES
IN DNA SAMPLES

MERCURY ELECTRODES ARE PARTICULARLY SENSITIVE

DETERMINATION OF TRACES (< 1%) OF

PROTEINS IN ng AMOUNTS OF ds DNA

CARBON ELECTRODES

——— >

INTERCALATORS / COVALENT MODIFIERS

GROOVE BINDERS




DNA unwinding at negatively charged surfaces

native denatured

o ']‘2

Fi1G. 1

Polarograms of Native and Denatured DNA

Upper curves: current-sampled d.c. pola-
rography; lower curves: normal pulse polaro-
graphy. a, ¢ native DNA 500 pg/ml; b, d
denatured DNA 50 pg/ml. 0-6M ammonium
formate with 0-1M sodium phosphate pH 6-8.
PAR 174.

FiG. 2

Derivative Pulse Polarograms of Native and
Denatured DNA

a Native DNA 500 ug/ml; b denatured
DNA 50 pg/ml. Other conditions as in Fig. 1.

1974




FI1G. 4

Dependence of the Normal Pulse-Polaro-
graphic Wave Height of DNA on Starting
Potential

1 Native DNA 500 ng/ml; 2 denatured
DNA 50 pg/ml. The wave heights of native
and denatured DNA at a starting potential
of —0:2V were taken as 1009%;. Scan range
1-5 'V, other conditions as in Fig. 1.

In native DNA its NPP responses depended
on the initial potential, Ei
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Effect of pH on DNA unwinding

X‘ ACID pH
(protonation of bases)

F
— e dsDNA pH S

—@— dsDNApH 5.3

ety dSDNA pH 6.0

—8— dsDNA pH8.7
ALKALINE pH —O— GsDNA pHO.8
(deprotonation of bases)
iy GSONA pH10.8
A— 0SDNA pH12.0
i SSONA pHB. 7

A
= 5

Fig. 17. Dependence of the height of the DNA voltammetric peak 3 on initial potential £, (A)
at acid pHs. dsDNA at concentration of 420 ug/mL: A—A, pH 6.0; B— M. pH 5.3; xx,
pH 5.1. The graphical indication of the region T and U is valid only for the curve of dsDNA
at pH 6.0. (B) at alkaline pH’s. dsDNA: B—B, pH 8.7; 00, pH 9.8;: A—A, pH 10.8;
A—4, pH 12.0. ssDNA: x—x, pH 8.7. PAR 174, DME, LSV, scan rate 5 V/s, waiting time
60s. Potentials were measured against SCE. Adapted from Brabec and Palecek (1976b) and
Palecek (1983). Copyright 1976, with permission from John Wiley and Sons Ltd.



Effect of nucleotide sequence on DNA unwinding

Dependence of the
UAC S

equence

{A-dl

extracted from Palecek and Kwee (| pcak height ¢ sed 1n percen

peak of thermally denatured DNA. DNA
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ADSORPTIVE STRIPPING ADSORPTIVE TRANSFER sTRIPPING

NA-modified
electrode

WASHING

= -

NA is in the electrolytic cell and accumulates at the NA i1s attached to the electrode NA is at the electrode but the
electrode surface during waiting from a small drop of solution (3-10 electrolytic cell contains only blank
ul) 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.




Conventional CV

Eoe (-0.1 10 -1.55 V)

Ea| AATSCV/A transfer

washing
#N A IN SOLUTION| NO DNA IN SOLUTION

Eg=—0.1V

AJTSCV/B

Eqx

AdTSCV/C

EO! - [:bx Ebl

t,=100s t, =100 s

TIME

Fig. 1. Schematic diagram of HMDE polarization in (a) conventional (adsorptive stripping) CV and
(b-d) variants A, B and C of AdTSCV. (b) AdTSCV variant A: the HMDE charged to a potential
E = —0.1 V was immersed in a DNA solution for a time 7 = 100 s, the electrode was then washed and
transferred to the background electrolyte (0.3 M ammonium formate with 50 mM sodium phosphate,
pH 6.9 not containing DNA, medium 0). A potential E (varying in the range between —0.1 V and
—1.55 V) was then applied to the HMDE for ¢ = 100 s followed by a triangular voltage sweep in the
cathodic direction from E to — 1.85 V and back in the anodic direction to —0.1 V. (¢) AdTSCV variant
B: this variant differs from variant A in that DNA is adsorbed at potentials E (varving between —0.1 V
and —1.55 V) and kept in medium 0 at £ = —0.1 V. (d) AdTSCV variant C: in contrast to variant B
both potentials £, and E,  were variable but they were always the same in a given experiment. This
variant thus resembles conventional CV (a) where the HMDE was kept for r, = 200 s at the potential
E,, followed by CV measurements during which the electrode was immersed in the DNA solution.
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Fig. 5. The dependence of the relative peak heights of (a) the anodic peak G and (b) the cathodic peak
AC of native (a N, ® ®) and denatured (< M o ©) DNA on the HMDE
potential obtained by conventional CV (a 80O ©) and by AdTSCV variant A (e L 2
X x) (for details see Figs. 1 and 2). The relative peak heights are expressed in per cent: the
height of the peak of thermally denatured DNA obtained by conventional CV at E, = —0.1 V was
taken as 100% Region U is shown for AATSCV variant A.
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denatured DNA
native DNA
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1
150 0

TIME /s

Fig. 6. The dependence of the relative heights of (a) the AdTSCV anodic peak G and (b) the cathodic
peak AC on time ¢, at potentials E, = —1.2 V (O O),and E,=—-13V (e ®) for native
DNA and for denatured DNA (X ——— X ). The HMDE charged to a potential £, = —0.25 V was
immersed into the solution of native DNA (at a concentration of 292 wg ml ') or into the solution of
denatured DNA (140 wg ml ') for a time ¢, = 100 s; the electrode was then washed and transferred to
the background electrolyte not containing DNA. In this medium the HMDE (with the adsorbed DNA
layer) was exposed to the potentials £, = —1.2 V or — 1.3 V for the time ¢,, given in the graph followed
by CV measurement (for details see Figs. 1 and 2). The relative peak heights are expressed in per cent;
the heights of peaks AC and G of the denatured DNA at zero time were taken as 100%.




Scheme 1

Potential region T

Potential region U (around -1.2 V)
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Figure 19

DNA unwinding at negatively charged Au surfaces was recently
observed by R. Georgiadis et al. and applied in DNA sensors
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Heaton RJ, Peterson AW, Georgiadis RM, PNAS 98 (2001) 3701




IFFY stories

On this day 50 years ago, Watson and Crick published their double-helix theory. BUT P WhClT 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




CHEMISTRY: PAULING AND COREY Proc. N. A. S.

A PROPOSED STRUCTURE FOR THE NUCLEIC ACIDS

By LiNus PAULING AND ROBERT B. COREY

GATES AND CRELLIN LABORATORIES OF CHEMISTRY,* CALIFORNIA INSTITUTE OF
TECHNOLOGY .

Communicated December 31, 1952

92 CHEMISTRY: PAULING AND COREY Proc. N. A. S.

which are involved in ester linkages. This distortion of the phosphate
group from the regular tetrahedral configuration is not supported by direct
experimental evidence; unfortunately no precise structure determinations
have been made of any phosphate di-esters. The distortion, which cor-
responds to a larger amount of double bond character for the inner oxygen
atoms than for the oxygen atoms involved in the ester linkages, is a reason-

FIGURE 6

Plan of the nucleic acid structure, showing several nucleotide’ residues.

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 be 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;

microlL 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.




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

Fyzikdlni vlastnosti a izolace DNA

Denaturace, renaturace a hybridizace DNA

Biosyntetické polynukleotidy




Fyzikalni vlastnosti DNA

Studium fyz. viastnosti DNA in vitro vyzaduje jeji izolaci z bunék ¢i
virt do zfed. vodnych roztokld, v nichZ nejsou pfitomny ostatni
celularni komponenty. Takto ztracime sice informace o jejich
uspofadani in vivo (interakce s RNA, bilkovinami, atd.) - ziskavame
véak moznost zodpovédét jiné otazky jako m. v., sekundarni struktura

ap.

Izolace DNA - pokrok v poznani viastnosti DNA postupoval soubéiné
s pokrokem izolaénich technik. Napr. zjisténi lamavosti dlouhych
molekul DNA diky pusobeni stfiznych sil (shear degradation) - ¢im
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 ug/ml) DNA je mozZnost zlomeni mensi. Zatatkem
60 let byl vypracovany metody umoznujici 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: vysoka konc.
soli, detergent, CHCI,- isoamyl, emulsifikace, proteasy a fenolova

extrakce. CHCIl,-opakované tfepani, degradace; lepsi je fenol- DNA o

m.v. blizké celému chromosomu E.coli(~10°) - nebezpeéi znedisténi

fenolu peroxidy (destilace).

Isolace DNA z bakteriofaga
a) purifikace faga diferenéni centrifugaci a/nebo v grad CsCI

b) deproteinace (vétinou fenolem) V poslednich letech jsou k dispozici komercné dostupné

e mslkadiill fo: boutitacia Siap ity DRA. kolonky vyuzivajici imobilizaci DNA na pevném podkladu.
K separaci DNA jsou rovnéz pouzivany magnetické kulicky

istoty a volba metody izolace jsou velmi zavislé na Gcelu, ke (magneﬁc beads)
kterému ma byt DNA pouzita.
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IZOLACE
whe TCA® or PCA' DEGRADOVANYCH NA

ic solven's

y

[ 1
Nuclesc acid |

-
E——arohal
residue |

Alkgline digeshion
Acidification

= -

Soluble ex'ract Residue Soluble exiract Residue

containing conhaining contoining (protein)
RNA DNA RNA + DNA

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

IZOLACE INTAKTNI DNA
J. Marmur

a. z virh a bakteriotagl

b. z bakterii
€. Z eukaryotnich bunék

Chromosomal

Plasmidova DNA

Separation of closed-circular DNA of
plasmid pBR322 from E. coli chromosomal DNA by
isopycnic ultracentrifugation in a CsCl density
gradicgt in the presence of gihidium bromuds. The
band marked ‘chromosomal DNA" may also contain
nicked plasmid DNA molecules



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

Izolace 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 CsCl

Jednotlivé kroky pri izolaci DNA jsou ¢asto kombinovany se srazenim
etanolem

4. dialysa

Dnes jsou k dispozici komeréné dostupné pripravky (vétSinou ruzné
druhy kolonek) pro izolaci DNA z prokaryotnich i eukaryotnich bunék,
které jsou vhodné zejména pro rutinni, seriové izolace DNA




A Procedure for the Isolation of Deoxyribonucleic Acid
from Micro-organismsT

J. MARMURE
Department of Chemistry, Harvard University, Cambridge, Massachuseits, U.S.A.

(Received 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




Characterize your DNA sample:

ds x ss, circular x linear
circular: nicked, oc; covalently closed, cc, cd

Nicked
circles
Linears

Supercolls

linear: cohesive or blunt ends
nhumber of base pairs,

Length of fragment (kbp)

purity: protein, RNA ... content
A 5 analytical methods

Disrance of migration (mm)

Agarose gel electrophoresis of DNA. (a) Separation of: 1, different forms of DNA of plasmid
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 lincar relationship

\Q) (b)

- 45 - RNA
centrifuge

s =185 <RNA
e =285 ~RNA

Construct Apply loyer of RNA z0n0es
grodient RNA 10 top of ofter Collect

grodient centrifugotion A froctions

peagEUl

T Froction number )
Bottom of Top of
grodient 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). Duning
ultracentrifugation the main components of the RNA separate into zones, primarily on the basis of molecular
weight (¢). 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 (¢). Steps (d) and (¢) may be conveniently combined by pumping the gradient through the flow-cell of a
recording spectrophotometer




Sily ovliviujici konformaci DNA

a) Elektrostatické sily podminéné ionizaci.

V rozmezi pH 5-9, kdy nedochazi ve vétdim 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 kationtl (napi. 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 oviiviiujicim vyznamné viastnosti molekul teprve
pri iontovych silach nizsich nez 0,1. Pri velmi nizkych iontovych silach

(kolem 104 - 10%) jsou odpudivé sily jiZ tak velké, Ze mohou zapfiginit zhrouceni
dvousroubovicové struktury (denaturaci). Jednoretézcova DNA (a podobné
i RNA) je velmi citliva ke zménam v koncentraci iontu jizZ pfi iontovych silach
nizdich jak 1,0; snizovani iontové sily vede ke zvétSovani prostoru zaujimaného
polynukleotidovym fetézcem.

b) Sily plynouci z vertikalniho usporadani bazi
(vrstveni bazi, stacking). Sily plsobici mezi bazemi pravideiné uspoféddanymi ve
dvojité Sroubovici jsou zejména interakce typu dipdl - dipdl, dipdl - indukovany
dipdl a Londonovy sily. Existuji teoreticky odvozené dikazy, ze tyto sily jsou
postacujici pro stabilizaci Sroubovice,; jejich volna energie odpovida asi
-7 keal na mol pard bazi. Naproti tomu volna energie vodikovych mustku &ini asi
-3 kcal pro (G.C) a -2 kcal pro (A.T) par (na mél par( bazi).

c) Vodikové vazby (mustky) - piedstavuii jediny znamy zpisob
zajist'ujici specificitu parovani bazi. Jsou tedy soucasti mechanismu jimz
DNA realizuje svoji biologickou funkci. Zpo¢atku se o nich soudilo, Ze jsou
nejdUlezitéjSim Cinitelem pro stabilitu dvojité Sroubovice; experimentalné i
teoreticky bylo viak dokazano, Ze tomu tak neni.

d) HYdI'OfODI'Ii Sily - tento termin se tyka stability dvousroubovicové
DNA plynouci z jeji architekrury: polarni skupiny jsou na povrchu,
zatimco hydrofobni baze jsou uvnitf molekuly a maji vét3i 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
hydratacni vrstvé jsou nyni ziskavany zejmena diky vysledkum rtg. strukturni
analyzy krystali DNA.

Denaturation x degradation
aggregation
renaturation/hybridization




DNA DENATURATION and RENATURATION/HYBRIDIZATION

Native DN.
A, B

quick coolir

l
]|

Temperatlt

melted DN

slow coolin
renaturatic

quick coolir

2.

denatured DNA RENATURED DNA J. Marmur and P. Doty

alwranon

T L
80 50

Temperature (©

paturation by heat of DNAS isolated from different sources, The figures in brackets indicate the
the DNA G + C (%) (from Maodeciddar Generics by G, S. Stent, W. H. Freeman and Co
siter | 116))

STRAND SEPARATION AND SPECIFIC RECOMBINATION IN
DEOXYRIBONUCLEIC ACIDS: BIOLOGICAL STUDIES

By J. MARMUR AND D. LANE
CONANT LABORATORY, DEPARTMENT OF CHEMISTRY, HARVARD UNIVERSITY
Communicated by Paul Doty, February 25, 1960

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




Percentage
Source of DNA (G+0O)

Plasmodium falciparum (malarial parasite) 19
Dictyostelium (slime mould) 22
M. pyogenes 34
Vaccinia virus 36
Bacillus cereus 37
B. megaterium 38
Haemophilus influenzae 39
Saccharomyces cerevisige 39
Calf thymus 40
Rat liver 40
_ Bull sperm 41
Serratia 18 . Dip[OEOCCUS preumoniae 42

Apaler Wheatgerm 43

= COﬁ/ Chicken liver
Calf thymus \ Mouse spleen

\‘ / Salmon sperm

Salmon B. subtilis
__sSperm \/ Tl phage
E. coli
T7 phage
T3 phage
20 ! ] | | Neurospora crassa |
1.69 1.70 1.7 1,72 1.73 1.74 Pseudomonas aeruginosa
Density Sarcina lutea
Micrococcus luteus

Fig.2.21 Relationship of density to content of Herpes simplex virus
guanine plus cytosine in DNAs from various sources Mycobacterium phlei

[64].

Pneumococcus




Nucleolide pairs

193 +19‘ 195# 196‘197 10° 199* 1p'°

1

|

fraction)

E. coli

Fraction reassociared

1 1 1

10° 10° 10* 10° 10% 04 1 10 100 1000 10000
Cor (mole x s/L)

Fig.2.20 The rate of reassociation of double-stranded polynucleotides from various sources showing how the
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




Microbiologist, biochemist and molecular biologist

JUI Ius Marmur‘ - dicovered renaturation of DNA

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

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

Rollin D. Hotchkiss

l

Julius Marmur




Syntetické oligonukleotidy
Dr. L. Havran, 1. predn.




Driilezité modely vlivu
modely pro vyzkum fyzikélnich a chemickych viastnosti a sekvence nukleotidii
struktury nukieovych kyselin na vlastnosti DNA

POLYRIBONUKLEOTIDY

byly syntetizovany vétdinou pomoci polynukleotid fosforylazy, ktera

polymerizuje nukleotid-5'-difostaty (pfi emZ se uvoifiuje anorganicky fosfat) nUkl eo Sld-dif 0 Sf C"Ty
Po poéateéni syntetické fazi, dochazi k rovnovaze mezi syntézou a nevyzadUJe primer ani matrici
degradaci (fosforolyzou) a vytvarfe]i se polymery s pomérné malym
rozptylem délek

g_glynujleolld tfosforylaza polymerizuje mnoha analoga nukledjid
difostatl Jako 2-O-metyl, 2’-chloro-, 2"-fluoro- a dokonce |
arabinonukleosid-5"-difostaty a nukleatid difosfaty s ruzné

modifikovanymi bazemi.

Nukleozidy maijici konformaci syn- (napfr. 8-bromoguanosin)

polymerizovany nejsou. Enzym vyZaduje konformaci cukru 3’-endo.

Tento enzym nevyzaduje pro svoji funkci matrici (nékdy ocka/primer).

Vhodny zejména pro syntézu homopolynukleotidu.
Heteropolymery maji nahodnou sekvenci nukleotidu.

Pfiprava polynukleotidii s definovanou sekvenci nukleotidi vy'iaduje nUklZOSid-Tf‘ifOSféTy

RNA-polymerazu (zavislou na DNA) nebo
DNA-polymerazu (pro syntézu polydeoxyribonukleotidu)
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Homopolynukleotidy

Poly(U) 2 poly(dT) pil pokojové teploté maji malo vyraznou sekundarni
strukturu, pfl vyssi teploté tuto strukturu ziraceji

Poly(C) v kyselém prostiedi tvofi dvojfetézovou protosizovanou
strukturu s paralelnimi fetézcl. V neutrdlnim prostiedi tvori
jednofetézovou strukturu stabilizovanou vertikdinim vrstvenim bazi
(stacking)

Poly(A) tvofi v kyselém prostiedi dvojfetézovou strukturu s paraleinimi
fetézci (podobné jako poly (C). Parovani bazi je ve strukture paly(A)
zajisténo jinak nez v poly(C). V neutralnim prostredi ma poly(A)
strukturu jednoretézovou.

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




Polynukieotidove komplexy

Smichanim polynukieotidl (za vhodnych iontovych podminek) vznikaji
dvou- a vicefetézové komplexy

Poly(A) paly(U) tato dvojita Sroubovice vznika pfi tyziologické iontové
sile za nepiitomnost Me?* Pfi vysdich iontovych silach mize vzniknout

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

Poly(G)- poly(C). poly(l)- 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 zavislé na iontove sile

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

tm: (F)(rC) > (F}(dC) > (diW(dC) > (di)«(rC)

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