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ABSTRACT: The DNA double helix exhibits local sequence-dependent polymorphism at the level of the single STr'U kTU r'nl rOZhranl
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base pair and dinecleotide step. Curvature of the DNA molecule occurs 18 DNA regions with a specilic 1ype , , ,

of nucleotide sequence periodicities. Negative supercoiling induces in viro local nucleotide sequence-dependent vys ky1' lOkalnlch STr\u kTur\ DNA in vivo
DNA structures such as cruciforms, left-handed DNA, multistranded structures, ¢ Techniques based on

chemical probes have been proposed that make o possible to stady DNA Jocal structures in cells. Recent results

suggest that the Jocal DNA structures observed in vifro exist in the cell, but their occumrence and structural

details are dependent on the DNA superhelical density in the cell and can be related to some cellular processes
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DNA structure in cells

I. INTRODUCTION

Until the end of the 1970s, it was generally
accepted that the DNA double hehix is very reg-
ular and independent of the nucleotide se
quence.'* This conclusion was based mainly on
data obtained by means of the X-ray fiber dil
fraction technique that had been used to study
DNA structure for more than 2 decades. Dunng
the 1960s and 1970s, evidence based chiefly on
the results of empirical techniques gradually
mounted,*'® ¢.g., suggesting that the structure
of the DNA double helix is sequence dependent
and influenced by environmental conditions.™ In
the early 1970s Bram'''* reached a similar con-
clusion based on his studies using X-ray fiber
diffraction. Due to its limited resolution, this
technique yields only an averaged DNA confor-
mation; it cannot detect local vanations in the
double helix induced by the particular nucleotide
sequence.'” Using this technique and DNA sam

ples with extremes of base composition, how
ever, Bram'? was able to predict an almost in-
finite polymorphy of DNA in the B state. At
about the same time, Pohl and Jovin'*"* obtained
circular dichroism (CD) spectra of poly(dG
dC)poly(dG-dC), which suggested that this po-
lynucleotide at high salt concentralions assumes
a structure differing from B-DNA and possibly
left-handed

The untenability of the single DNA structure
conception became obvious 1n the mid-1970s.
Based on results obtained with vanous tech
niques, it was suggested that the DNA double
helix is polymorphic,'™'? depending on the du
plex nucleotide sequence and its anomalies as
well as on environmental conditions. ™ This con
clusion, however, received little attention at the
time of its publication.

The situation changed dramatically by the
end of the 1970s, when the first results from
single-crystal X-ray analysis of short deoxyoli-




POLYMORFIE DVOJITE SROUBOVICE DNA

Az do konce 70. let bylo vSeobecné predpokladano, ze
DVOJITASROUBOVICE DNA (DNADOUBLE HELIX) je
velmi pravidelra a nezavisla na sekvenci nukleotidu.
Tento nazor byl zaloZzen pfedev$im na vysledcich

rtg.-strukturni analyzy VLAKEN - metody, které byla
pouzivana po vice jak 2 desetileti k analyze struktury DNA.

V prab&hu 60. a 70. let se vSak zacaly hromadit vysledky
empirickych metod, nasvédéujici tomu, Ze koncepce jedineéné

(unique) struktury DNA je neudrzZitelna a Ze existuje vztah mezi
sekvenci nukleotidi DNA a jejim prostorovym uspofadanim.

Za&atkem 70. let S. Bram - rtg.-strukturni analyza VLAKEN
DNA s velmi rozdilnym obsahem bazi

F. Pohl a T. Jovin - CD poly(dG)(dC)

EP- elektrochemické analyza DNA
Koncem 70. let rtg.-strukturni analyza KRYSTALU
VISWAMITRI’.’et al. d(pATAT)

d(CGCG) levotociva Z-DNA

A.Rig d(CGCGCG)

R. Dickerson d(CGCGAATTCGCG) pravotcCiva B-DNA

Prokazana

zavislost struktury na sekvenci nukleotidq,
které je velmi vyrazna u B-DNA

Kromé sekvenéni informace je moZno uvazovat
i informaci KONFORMACNI

Polymorphy of the DNA double helix

B. sublilis and B. brevis DNAs have the same
G+C content and different nucleotide sequence
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Premelting Changes in DNA
Conformation

| E Pauntex

6 Povomaruy or DNA Spoospaay Staucrus

On the basis of the peeceding discussion, a schematic picture of the
structure of natural linear DNA in solution under physiological conditions
(eg., a 3°C, moderate lonic strength, and pH 7) can be drivwn. We can
assume that the double-helical stracture of the very kag (A + T)orich
regions differs from the structare of the major past of the molecule and
that some of the (A + T)-rich segments are open (Fig. 20). An open
ds-structure can be assemed in the region of chain termial and/or In the
vicinity of si-breaks and other ancmalies in the DNA primary strocture,
The exact changes in the open ds-regions will depend on the nucleotide

sequence st well as on the chemical natese of the anomaly, Most of the
molecule will exhibit an oCrich Ze W

; A ievaling the lempersture

peemelting region g @ ikevy %o lead to the opening of

other regions and, eventually, to espassion of the existing distorted ds.
regions and to further structural chasges. Tha the course of the con.
formational changes as a function of temperature (premelting) will be
determined by the distribetion of the nucdleotide sequences and asom.
alies in the primary strocture, and may have an almot continuoss
character

Consequently, eyen if we do st consider “breathing.” not only the
aschisecture of a4 DNA double-helical molocule, but also ity mechanices or
dypamics can be taken into account
" To determine whether, e.g. oaly the (A 4 T).rich molecule ends
will be open at a certain temperatuse or also long A 4+ T regions in the
center of the molecule, fusther experimental research with bester-deSined
samples of viral and synthetic nudeic acids will be necessary. Further
work will undowbtedly provide new informatica ¢a the details of the
local arrangesent of nucleotide residues i the dowble belix, as well as
on DNA ccaformaticaal motility. Thus a more securate picture of
DNA structure will emerge, whose characteristic featuse will be poly-

of the double belix, in costrast to the classical, Nghly regular

DNA structure models,
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DNA structures from X-ray crystal analysis
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MICROHETEROGENEITY OF THE DNA DOUBLE HELIX FORMS

Studies of the detailed relationships between nucleotide sequence and DNA structure
became feasible by the end of the 70s, when organic synthesis had been developed to the
point where oligodeoxynucleotides (ODN) could be produced in the purity and quantity
necessary for the preparation of single crystals for X-ray diffraction (and NMR) studies.
Three main families of DNA forms were identified by crystallographic analysis of ODN:
right-handed A and B-forms and the left-handed Z-form.

B-, A- and Z-helices

The A-, B- and Z-helices have distinctly different shapes which are due to the specific
positioning and orientation of the bases with respect to the helix axis. In A-DNA, the base
pairs are displaced from the helix axis, the major groove is very deep, and the minor
groove is very shallow. In B-DNA the major and minor grooves are of similar depths and the

helix axis is close to the base pair center. In Z-DNA the minor groove is deep and the
major groove is convex. In A- and B-DNA a single nucleotide can be considered as the
repeat unit, while in Z-DNA the repeat unit is a dinucleotide.

In A-duplexes base pairs are heavily tilted in contrast
to base pairs in B-duplexes which are almost
perpendicular to the helical axis. (Table 1). Many of
the structural differences between the helices arise
from the puckering of the sugar ring; C3'-endo is
typical for A-DNA, while in Z-DNA C3"-endo
alternates with C2'-endo. In B-DNA sugar pucker
tends to favor the C2'-endo or C1'-exo,but the
distribution of conformations is much broader than in
A- and Z-DNA.

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



The right-handed A- and B-forms have the anti glycosidic bond, whereas in the
left-handed the orientation alternates between syn (for purines) and

). In the latter structure the orientation around the C4'-
C5" bond with respect fo the C3" atom alternates between gauche+ and trans
conformations for cytidine and guanosine, respectively. The alternating
features of Z-DNA result in the zig-zag shape of its sugar-phosphate
backbone, from which the name was derived. The changes in the backbone and
glycosidic-bond conformations are accompanied by substantial variations in the
stacking interactions between successive base pairs in Z-DNA. Methylation or

bromination of cyfosines at position 5 (studied mainly in ODNs with alternating
C-G sequence) stabilizes Z-DNA. Under certain conditions even non-alternating
sequences of purines and pyrimidines can assume the conformation of Z-DNA
with thymines in a syn orientation. The outer surface features of such a Z-
helix are different at the non-alternating sites but the backbone is similar to
that observed with alternating sequences.




TABLE 2
Average Helical Parameters for Selected Right-Handed Structures

Groove width

(A)

Rise per

Helix base pair Base pair Propeller Displacement

twist (%) (A) tilt (%) twist () Minor  Major Da (A)

A-form
d(GGTATACC) 32 2.9 13 10 10.2 6.3 4.0
d(GGGCGCCC) 32 3.3 7 12 95 101 3.7
d(CTCTAGAG) 32 3.1 10 11 8.7 8.0 3.6
r(GCG)d(TATACGC) 33 2.D 19 12 10.2 3.2 45
r(UUAUAUAUAUAUAA) 33 2.8 17 19 10.2 < 4 3.6
Fiber A-DNA 33 2.6 22 6 11.0 2.4 44

B-form
d(CGCGAATTCGCG) 36 3.3 2 13 5.3 1.7 -0.2
d(CGCGAATTBrCGCG) 36 3.4 2 18 4.6 12.2 -0.2
Fiber B-DNA 36 34 2 13 6.0 11.4 -0.6

BrC = 5-bromcytosine
Adapted from Kennard, O. and Hunter, W. N., Q. Rev. Biophys., 22, 327, 1989. With permission.




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

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

Base pairs per turn 11 10 10 12 (6 dimers)

Helix twist (°) 32.7 36.0 341,368 -10, —-50

Rise per base pair (A) 2.9 3.4 85 3a 87

Helix pitch (A) 32 34 34

Base pair tilt (°) 13 0 0

P distance from helix axis (A) 9.5 9.3 9.1

Glycosidic orientation anti anti anti anti, syn

Sugar conformation C3'-endo Wide range C2'-endo C2'-endo, C3'-
endo”

Numerical values for each form were obtained by averaging the global parameters of the
corresponding double-helix fragments.
B’-DNA values are for a double helix backbone conformation alternating between conforma-

tional states | and Il

The two values given correspond to CpG and GpC steps for the twist and P distance values,
to cytosine and guanosine for the others.

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




Local DNA Structures and Nucleotide Sequence

The significant variations in some of the global parameters (Table 2), dependent on
hucleotide sequence, result in local changes along the DNA double helix. Such
relations have been analyzed in detail by several authors and reviewed by Shakked
and Rabinovich. In A- and B-DNA these variations seem to be determined mainly by
the specific interactions between the stacked base pairs and also to some extent by
neighboring bases. In particular, homopolymer dinucleotide steps show a wide
spectrum of stacking characteristics which are neighbor dependent. On the
other hand pyrimidine-purine steps in A-DNA (especially the C-G steps) often display
a low twist and high slide that are only dependent on neighboring steps. In Z-
DNA the shape of the helix surface changes significantly due to deviations in the
regular alternation of the purine-pyrimidine sequence while the sugar-phosphate
backbone does not change. The effect of the nucleotide sequence on the fine
geometrical features of each DNA form has been clearly demonstrated but not fully
elucidated. The emerging rules should, however, be considered as tentative since
they were based on a relatively small number of examples. The well-known
"Calladine’s rules" are now perceived to be incomplete and to neglect important
factors other than the steric clash of purine rings.




DNA Hydration

Information about the organization of water molecules in DNA forms has been gained
from X-ray diffraction analysis of crystals. Distinct hydration patterns were observed in
the major and minor grooves and around the sugar-phosphate backbone. It was proposed
that in DNA with a mixed nucleotide sequence hydration of the backbone is related to
global conformation. In A- and Z-DNA a chain of water molecules can bridge the
phosphate oxygens along the backbone. There are more water molecules around each
phosphate group in the B-DNA but almost no water bridges between the phosphate
oxygens, as the distances between phosphate oxygens in this DNA form are too great to
be linked with a single water molecule. It appears that specific nucleotide sequences that
create local changes in the DNA double helix may also affect the backbone hydration
pattern. Even greater dependence of the hydration patterns on nucleotide sequence has
been found in the DNA grooves. In A-DNA specific hydration patterns occur in the major
grooves. A string of well ordered water molecules hydrogen bonded to oxygen and
hitrogen atoms in the minor groove has been found in the central AATT sequence of the
B-DNA dodecamer d(CGCGAATTCGCE). This specific hydration of B-DNA, called "spine
of hydration", significantly contributes fo DNA stability. Studies of further B-DNA
helices revealed two ribbons of water molecules along the walls of of the
minor groove while of the minor groove contained an ordered zig-zag spine
of hydration. It appears that the interdependence between nucleic acid structure and the
solvent represents one of the bases for DNA double helix polymorphy.




METHODS OF ANALYSIS OF LOCAL DNA STRUCTURES

Metody analyzy lokadlnich stuktur DNA

1. ANALYSIS OF DNA ELECTROPHORETIC MOBILITY
two-dimensional gel electrophoresis

2. ANTIBODIES recognizing local DNA STRUCTURES
anti-Z-DNA, anti-cruciform, anti-triplex

3. ENZYMATIC PROBES
Nucleases and especially single-strand selective nucleases
nuclease S1, nuclease P1, mung bean nuclease, etc.

4. Ultraviolet radiation

2. CHEMICAL PROBES
3. Probes reacting with double-stranded DNA / FOOTPRINTING

i. Dimethy! sulfate (DMS) / G - N7, A - N3

ii. N-Ethyl-N-nitrosourea (ENU) / phosphates

iii. Probes with nuclease activities: 1,10-phenanthroline copper ion,
methidiumpropyl-EDTA, Fe(ll).EDTA - hydroxyl radical induced chain

cleavage

iv. Photochemical probes: Psoralens, acridines, EtdBr, urany! saits,
tris-phenanthroline transition metal complexes

v. Complementary addressed modification and cleavage of DNA

b. Single-strand tive probes




. L. The Biochemistry of the Nucleic Acids
DNA footprinting

mapping of DNA interactions
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Fig. A.24 Exampie of DNase I footprinting. (2) Partial digestion of a piece of end-labelled DNA (o which a
protein (R) is bound (ii) results in the absence of the end-labelled fragr ients cleave:' in th's region tut fornd in
the digest (i) of the unprotected DNA , (b) the results of separaticn of the products of such an experimenton a
polyacrylamide sequencing gel. The example is with lac operator DNA and the lac repressor (R). 1 s IPTG (0.3
M), which does not prevent the binding of a mutant repressor used in s study. C,1 and G,A represeint the
results of Maxam-Gilbert C + T and A + G reactions on tae undigested end-labelled fragment. Adapted from
[105]), with permission.
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Single-strand selective chemical probes of the DNA structure

CHEMICAL FPROBES of the DNA STRUCTURE
reacting preforentially with
‘single~stranded anmnd mon—-B DNA
regions

Base spepcificity

CAAx®

glyoxal*
N-=hydroxylaminofluorene .

NaHSO:
hydroxylamine
methoxylamine

* reacts also with Z DNA (purines
sSyn conformation)

*% disturbance oFf Watson=~Crick
pPafring required




Discovery of the cruciform
in sc DNA

D M J LILLEY, 1981




NHCO2 Et
NHCO; Et




|

0804

PYRIDINE |

S1 NUCLEASE
— - ¢

1
CHEM CLEAVAGE

" A

-0
—3—-’_.

TERMINATION

RI _o

4, . CLEAVAGE
INHIBITION

S lMMUN}OASSAY




12.11. - 6. predn.

a. DR. L. HAVRAN: SYNTHESA OLIGONUKLEOTIDU (ca. 10 min)
b. Prof. M. VORLICKOVA: CD DNA (a 40 min)
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A. No structural transition:
Righ (intercalator)

%

B, m structural transition:

high [intercalator) medium [intercalator)

D2

F1G. 2. Scheme to demonstrate the principle of two-dimensional gel clectrophoresis.
(A) Generation of two-dimensional gels from a circular DNA molecule that undergoes no
structural transition. L ¢-dimensio ¢l electrophoresis (comparable to that in Fig. 1);
nyiddle, Wo-dimensional gel using a iy roguige concentration igihe second dimensiop;
rj‘m. two-dimensional gel using a wedivm chlagaguige concentration in the second dimen-
sion. (B) Equivalent to (A), except that we have now introduced a tural 1
leading to "jms“ of the topoisomer spots. See text for further details.




DNA CURVATURE AND BENDING ”
|/ (OHYBY VDNA) |__ gx7. SiLy

CEKVENGE—

KORELACNI ANALYZA NUKLEOTIDOVYCH SEKVENC|I DNA
CHROMATINU (TRIFONOV)

AA a TT se vyskytu|i v pravideinych Intervalech korelujicich se
zdvihem Sroubovice DNA

Snizend pohyblivost fragmentii DNA z kinotoplastli Leishmania
tarantolae vysvétiena ohybem DNA

Osa helixu segmentu DNA miZe byt jednosmérné ohnuta, jestlize se v
ném vyskytuji Gseky adeninovych zbytk( v pravideinych intervalech,
odpovidajich zdvihu Sroubovice (10,5 bp). Max. efekt 4-6 A

Jiné sekvence

e

Wedge model (kiin) Junction model (rozhrani)

N A

ce tvofici ohyby DNA se vyskytuji v rGznych organizmech
ve funkéné ddleZitych oblastech

napf. v blizkosti polatku replikace (origin of replication)

piitomnost ohybu v blizkosti promotoru mize ovlivnit transkripéni aktivitu

nékteré bilkoviny se vaZou specificky na mista ohybu a pfip. ohyb
zvétsuji, jiné svou vazbou ohyby vytvére]i
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. . CRUCIFORM
Negative SUPERCOILING stabilizes  inverted repeat

local DNA structures

TRIPLEX sTr'uc.‘rur'e o B 1Ay L}* o
homopu homopy \

N
- J,ef' CURVATURE
=== 4-6 A's in phase with

- ugtgg{éghe helix turns

-

SINGLE-STRANDED region
AT-rich

HATIRPIN

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

by supercoiling o




—— -
5-AAATGCGCATAATCATGCGCATTT- 3

- TTTACGCGTATTAGTACGCGTAAA-5

INVERTED REPEAT

Palindromes and cruciforms. The arrows indicate the palindromic sequence which can fold back on self to form the
cruciform structure.




cooperative _\-—v—//— intra - strond
°°""~J-/ large bubble ~\ P29

C-type extrusion Ny q—

| ABSENCE OF SRLTS .
TEMNPERATYRE VER

: : e DEP |
inverted repeat YRESENCE OF AT-pisd REGION J

futly-extruded

c,,,,,& S-type extrusion / cruciforin
opening branch

ad migration
intra-str

—— . |

central bubble proto-cruciform

FIGURE 4. Mechanism of cruciferm extrusion. The inverted repeat, repra-
sented by the thicker line, is hown.in the unextruded lorm on the left. C-type
cruciforms (top) initiate the extrusian process with a voordinate opening of many
base pairs to form a large butible. An intrasyand reassociation then forms the
mature cruciform structure. The extrusiop 8) S-type cruciforms (bottom), is
initiated by a smaller opening evenl. Intrastsand pairing generates a smaller
protocruciform, which may urdergo branch migfation. Base pairing is trans-
ferred from unextruded sequence 10 the growing cruciform stem in a multistep
process to form the fully extruded structure. The principal differences betwean
the twoe mechanisms lie In the Initia! opening and the dogree of tertiary folding
in the iransition state. (From Lilley, D. M. J., Chem. Soc. Rev., 18, 53, 19&9.
With permission.)
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Levotociva Z-DNA

Asi 8 let po uverejnéni CD spekter F. Pohla a T. Jovina (1971-72) byla
vyfedena struktura levotodivé Z-DNA tvofené sekvenci (dC-dG)n
pomoci rtg.-strukturni analyzy krystalu.

Z-DNA se stala stiedem zajmu védcl - v kratké dobé stovky publikaci
Zprvu Z-DNA pozorovana pouze za nelfyziologickych podminek, brzy
véak zjisténo, v_negativné superhelikaini DNA se muze Z-DNA

vyskytovat za podminek blizkym fyziologickym in vitro a také in vivo.

Pies toto velké usili jeji funkce neni dosud zcela objasnéna
Zde se dotkneme pouze nékolika problému, studovanych v posiednich

10-15 letech

1. Sekvence nukieotidy - levotociva DNA v (C-G) x (A-T)
Max. 6 AT par( d(A-T)3 v Z-DNA tvofené (dC-dG)n

Specificky vliv iontd Ni*

2. Strukturni_rozhrani_ mezi B a Z-DNA (B-Z junction)
g 8
9\/\/\/(\} =

[

Strukturni rozhrani

(baze vice dostupné pro interakce s okolim)

3. Existence Z-DNA in vivo



PROBING OF DNA STRUCTURE IN CELLS BY IMMUNOFLUORESCENCE

A.USUAL WAY : DNA PROBING AFTER FIXATION (M.ROBERT—NICOUD )
— T. JOVIN,GOTTINGEN

FIXATION PROBING SECOND
FIRST Ab Ab-FITC MICROSCOPY

ceus T T @~

SQUASH

/ e / - FIXATION
SALIVARY GLAND T T

5 NEW APPROACH JDNA PROBING PRIOR 10 FIXATION
——

CHEMICAL PROBING Ab RE COGNIZING
(0s, bipy) CHEMICALLY MOD-
IFIED DNA

CELLS 7% 'ﬁ'"f’\
/@/-’f—, - - ,——1’

SALIVARY GLAND
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B-Z Junctions in Supercoiled DNA

DNA B-Z junction

Strukturni rozhrani mezi B- a Z-DNA
detekce pomoci chemické strukturni sondy
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INTRAmolecular

" DNA triplexes

their identification by chemical probes

pu

INTERmolecular

FIGURES5. Structure of H-DNA. (A) Schematic representation
of H-DNA in (TC-AG),,, with 3"-half of the pyrimidine (dT-dC)
repcat donated to the triplex, forming the H-y3 conformer. The
5'-half of this repeat, plus the complementary 3"-half of the (dA-
dG),, polyurine repeat, act as the acceptor helix in this confor-
mation. The two halves of the polypyrimidine strand in the triplex
( and -~ ~~) are antiparal'el. Watson-Crick base pairs
are shown as lines, Hoogsteen base pairs as dols.

D) |
GCCNCANCGGGG GOOGGANGAGGGAN.

R-y3 B-y5

3's J'S*
Figure 5 Two isoforms of H-DNA (91). Watson-Crick hydrogen boads are labeled by

points, monprotonated Hoogsteen hydrogen bonds are shown by squares, and protonated
Hoogsteea hydrogen bonds are shown by plus symbols.




THE TRIPLEX STORY

Since 1982 (Larsen & Weintraub: Hentschel) hypersensitiviey 1990 existence of triplex H-DNA in cells
to nuclease Sl(associated with homopurine homopyrimidine was demostrated in Palecek’s laboratory
sequences) has been reported in active chromatin (mainly

within the regulatory regions) and in supercoiled plasmids.

Various structures were proposed to explain the S1 sensitivity

1986: M. Frank-Kamenetskii et al. showed by 2-D gel
electrophoresis of pEJ4 plasmid containing d(GA),.d(CT),,

sequence that the structure is stabilized by hydrogen ions and
proposed a model of H-DNA triplex

1987: VojtiSkova and Palecek applied for the first time single-
strand selective chemical probes to study at low resolution the
H-DNA in pEJ4 and confirmed the Frank-Kamentskii model

1988: Several laboratories (Dahlberg, Frank-Kamenetskii,

Johnston, Paleek, Wells) applied this approach at single-
nucleotide resolution bringing a convi ncing evidence of the

H-DNA structure
; e 1T T I F TR
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In the same year Kohwi and Kohwi-Shi gematsu used CAA to?v::'
demonstrate pu.pu.py triplex in (dG),.. (dC),, at neutral pH
stabilized by Mg ions. This was later called *H-DNA.

“snm

1989: Azorin et al. showed *H-DNA in d(GA),.d(CT), at
neutral pH stabilized by Zn>. Later it has been shown that
*H-DNA can be formed in various sequences and can be
stabilized by various bivalent ions




Homopurine.homopyrimidine mirror repeat sequence

(H palindrome) is necessary for the formation of H-DNA.

r t alindr
AAGGGAGAAGGGGG TATA GGGGG AAGAGGGAA
TTCCC TCTTCCCCC A YAY CCCCCTTCT CCCTT

LR - - L

H-DNA: CG*C* and TA*T

*H-DNA is more versatile as compared to H-DNA with
respect sequence requirements.

*H-DNA: CG*G and TA*A butalso TA*T. CGA*
and less stable TA*C and GC*T

¢ o
\""('\ I“'
U™

therefore *H-DNA can be formed by sequences that are
neither homopurine.homopvrimidine NOr mirror repeat

Homopy.homopy sekvence se
zrcadlovou symetrii je potrebnd

pro vznik triplexu H-DNA

*H-DNA muize vzniknout i v jinych sekvencich

E. Trifonov, Weizmann Inst, Rehovot
M. Frank-Kamenetskii, Boston Univ
S. Mirkin, Univ. Illinois, Chicago
D. Lyamichev S. Lazurkin

vsichni piivodné v Moskvé
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G-quartet

This structure (Figure 11a) can be formed by direct repeats
containing tandemly arranged runs of guanines. The
building elements are stacked G4 runs that are stabilized
by certain monovalent cations (Figure 11b). This structure s
definitely formed by single-stranded G-rich direct tandem
repeats (such as telomeric repeats in eukaryotes) and 1s
extensively characterized at atomic resolution. However,
there are only fragmentary indications that it exists in
superhehical DNA.

DOPLNEK k pfedn. prof. M.Vorli¢kové

G' 6 PAIRS I
NO 8C.

FIG_URE 6. (a) Scheme for the formation of G,-DNA. The for-
mation of the dimer structure G, must be rate-limiting, and it must ] '

be rgptdty converted into G,. Only three possible structures (in-

cluding K and G;) of fold-back intermediates are shown, but other \
slructu;: mg‘ 'also be formed. (b) Structures of product K most

compal o with its mu‘m'bn‘pfo‘ect‘on pattern. The meth ion- . « a erad overveew. The Black e i the | ard and the rectangies are the sached ( o) At e
cnham gumane Is drc|0d.Thea"°ws Nm'e ‘he 5'-3' droa;ioonn m'll Coquatet () Generd The black v he DINA wtrand and the purple wanghes the wacked G guartets (h) Struct of a G

of the sugar- ate backbone. (Reprinted by
. permission from
Sen, D. and 1, Wi Nalure, 244, 410, 1990.)

TELOMERS ~ REPLICRTION ALD NAINTENANCE
O FCHRoMpSOMF L ENDS




[Base unpaired (unwound) regions]

v sekvencich bohatych pary AT, stabilizovany superhelicitou
(supercoil-stabilized)

r v o
Paralelni retézce (parallel-stranded, ps) DNA

pripraveny synteticky jako napr. viasenkové struktury (hairpin)
v nichz smy¢ky (loops) smy¢ky s fosfodiesterickymi vazbami 5'-
5'nebo 3'-3’ stabilizovali paralelni orientaci Fetézcu

triplexy, kvadruplexy

Unusual structures - jsou opravdu neobvyklé?

Spoleénym rysem lokalni struktur stabilizovanych
superhelicitou je jejich spojeni s otevienymi oblastmi - baze
dostupné pro interakci s okolim “open DNA structures”.

Vskvt ik ialal arnirar o o

Nékteré sekvence potrebné pro vznik téchto struktur jsou
abundantni

Metodické prostredky pro analyzu struktur DNA in vivo jsou
omezené (ve srovnani s analyzou in vitro)

Prokazana existence krizovych forem, Z-DNA i triplexu in vivo.




ZAVERY

R i DNA JE ZAVISLE NA SEKVENCI
NUKLEOTIDU, PODMINKACH PROSTREDI A HUSTOTE

NADSROUBOVICOVEHO VINUTI

CHEMICKE SONDY JSOU V POSLEDNICH LETECH STALE VICE
POUZIVANY PRI _STUDIU LOKALNICH STRUKTUR DNA

S TABILIZOVANYCH NADSROUBOVICOVYM_ VINUTIM (na pi. KRIZOVE
FORMY, TRIPLEXY A SEGMENTY LEVOTOCIVE DNA)

KOMPLEXY OXIDU_ OSMICELEHO PATRI K NEJCASTEJI POUZIVANYM
CHEMICKYM SONDAM STRUKTURY DNA X

K JEJICH VYHODAM PATRI:

1. SNADNA DETEKCE MISTA VAZBY SONDY V
POLYNUKLEOTIDOVEM RETEZCI NA_UROVNI ROZLISENI

JEDNOTLIVYCH NUKLEOTIDU

2. JEDNODUCHA PRIPRAVA SOND S RUZNYMI VLASTNOSTMI,
ZAMENOU DUSIKATYCH LIGANDU

3. DOSTUPNOST POLYKLONALNICH A MONOKLONALNICH

PROTILATEK S VYSOKOU SPECIFICITOU VUCI ADUKTUM SOND S
DNA

4.P IT T_KE STUDIU STRUKTURY DNA in_vivo (PRIMO V
PROKARYOTNICH A EUKARYOTNICH BUNKACH)

VYZKUM STRUKTURY DNA PRIMO V BUNKACH (POMOCI CHEMICKYCH
SOND) OTEVIRA NOVE MOZNOSTI STUDIU VZTAHU MEZI
SEKUNDARNI A TERCIARNI STRUKTUROU DNA na strané jedné
a_JEJI FUNKCIi na strané druhé




Vyskyt lokdlnich struktur DNA
v prokaryotnich a eukaryotnich burikach




Superhelical torsion in cellular DNA responds directly to
environmental and genetic factors

(DNA supercoiling / cellular DNA topology / cruciform /topoisomerase / osmium tetroxide)

JAMES A. MCCLELLAN®, PAVLA BOUBLIKOVAT, EMIL PALECEKT, AND DAvVID M. J. LitLEy*!

*Department of Biochemistry, The University, Dundee DD1 4HN. United Kingdom: and "Institute of Biophysics, Czechoslovak Academy of Sciences,

Kralovopolska 135, 612 65 Brno, Czechoslovakia .
Proc. Natl. Acad. Sci. USA
Communicated by 1. Tinoco, Jr., July 13, 1990 87 (1990) 8373-8377

Chemicka modifikace DNA v buikach
pomoci komplexu OsO4 (Os bipy) a
jeji vyuziti pro testovdni -o DNA

ABSTRACT Superhelical tension of DNA in living bacteria
i believed to be partially constrained by interaction with
proteins. Yet DNA topology is a significant factor in a number
of genetic functions and is apparently affected by both genetic
and environmental influences. We have employed a technique Strukturni prechod DNA duplex -

that allows us to estimate the level of unconstrained superheli-
cal tension inside the cell. We study the formation of cruciform
structures by alternating adenine-thymine sequences in plas-
mid DNA by in situ chemical probing. This structural transition DNA a o jejich zméndch

is driven by superhelical torsion in the DNA and thus reports pisobenych zménami prostiedi hebo
directly on the level of such tension in the cellular DNA. We genetickymi faktory

observe that the effect of osmotic shock is an elevation of

superhelical tension; quantitative comparison with changes in

plasmid linking number indicates that the alteration in DNA

topology is all unconstrained. We also show that the synthesis

of defective topoisomerase leads to increased superhelical ten-

sion in plasmid DNA. These experiments demonstrate that the

effect of environmental and genetic influences is felt directly at

the level of torsional stress in the cellular DNA.

kiizova forma v buiice mize
informovat o superhelikdlni hustoté




- Fig. 1. Chemical modification of a cruciform structure adopted
by (A-T)ss sequence present in E. coli. (A) Map of pXG540 showing
BamHi the (A-T)ys sequence (stippled). In the in situ modification experi-
ments, the plasmid was cleaved with EcoRI and radioactively labeled
at the resulting 3’ termini. For in vitro modification of pX(G540 as a
marker, the DNA was cleaved with EcoRI and BamHI and labeled
at the resulting 3’ termini. (B) In situ modification of pXG540 with
and without salt shock. The DNA in the left-most lane was obtained
by in vitro modification of pXG540 with osmium tetroxide under
conditions where there is uniform reactivity of all thymine bases in
EcoRl the (A-T) tract (43) and can be used to identify the extent of the
HgeEn alternating sequence, indicated by the arrowheads on the left side.
M o i Note the strong modification at the center of the (A-T)y4 tract by
osmium tetroxide, provided that the cells were subjected to the
salt-shock procedure. The middle and right lanes show in situ
iy modification with (+) and without () salt shock. (C) Effect of salt
shock on the linking number of plasmid extracted from E. coli. Cells
were grown as above, with and without salt shock, and pXG540 DNA
was prepared. This was electrophoresed in a 19 agarose gel in 90 mM
Tris-borate (pH 8.3), 10 mM EDTA, and chloroquine (4 ug/ml). Note
that the salt-shocked DNA is more supercoiled than that of the
untreated cells, by approximately six turns.

pXG540 in situ
invitro +

center

(AT}, tract We conclude that these differences reflect different extents

alt shock

Cruciform structures in E. coli cells




IN SITU

IN VITRO , o
pH 50 ‘ 0 TRIPLEX DNA V BUNKACH PROKAZANY POMOCT Os bipy
45 76 GACT C

ﬁ A K 8| P. Karlovsky, P. Pecinka, M. Vojtiskovd, E. Makaturovd, E. Palecek,
g? FEBS Letters 274 (1990)39-42
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‘.. FIGURES5. Structure of H-DNA. (A) Schematic representation

- of H-DNA in (TC-AG),,, with 3'-half of the pyrimidine (dT-dC)

-— - repcat donated to the triplex, forming the H-y3 conformer. The

o , g = _ , ) 5'-half of this repeat, plus the complementary 3"-half of the (dA-
Fig. 2. Osmium binding sites in the homopunnc-homop)‘nm:dmc dG),, polyurine repeat, act as the acceptor helix in this confor-

region of pL153. E. coli IM109 (pL153) treated with Os,bipy at - mation. The two halves of the polypyrimidine strand in the triplex
4.5 (lane 1), pH 5.0 (lane 4) and PH 7.6 (lane 3). pL153 DNA» (——— and "'"l are antiparallel. Watson-Crick base pair
modified in vitro at pH 5.0 (lane 2).
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Fig. 3. Osmium binding sites in the homopurine-homopyrimidine se-
quence of pLI153 present in E. coli cells. (A) pH dependence: cells
were treated with Os, bipy at pH 5.0 (lane 2), pH 5.2 (lane 3) and pH
5.4 (lane 4). Lane 1, unmodified control. (B) Time dependence: cells
w- ¢ treated with Os,bipy at pH 5.0 for 0 (lane 9), S (lane 10), 10 (lane

20 (lane 12), 30 (lane 13) and 60 min (lane 14), R, purine; Y,

@ . "
muorimacdline

A
AGAGAGAGAGAG

{invitro)

sah “l | 1' 1l s

t.\tcwcnooc TCICTCICTCTICTCTCYCTCTCTCTCRCTC Feoooocoo

Konformer H-y5
pravdépodobné
v burikdch prevazuje

||
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Fig. 4. (A) H-y3 and (B) H-yS conformers [23] of the H-DNA triplex
[4] and the Os,bipy modification of bases in the polymyrimidine tract
of the pL153 insert (A), in vitro and (B), in situ. The lengths of the
vertical arrows in the nucleotide sequence represent the relative
intensities of the bands on the sequencing gel (Fig. 2) obtained by
densitometric tracing, (A) after Os,bipy treatment of the supercoiled
plasmid pL153 DNA in vitro (Fig. 2, lane 2) and (B) after treatment
of cells with Os,bipy at external pH 5.0 (Fig. 2, lane 4). The main
clement of both H conformers is a triple helix [4) which includes the
Watson-Crick duplex (.) associated with the homopyrimidine strand
by Hoogsteen base pairing (0, + ) where cytosines are protonated. The
triangle shows the strongest modified base in the triplex and the

asterisks denote the modification at the B-H junctions.




Unconstrained supercoiling in eukaryotic cells

In difference to the prokaryotic genome the
eukaryotic genome was for years believed not

to be under the superhelical stress due to the
accommodation of the DNA writhing around »
histone octamers in nucleosomes (Pearson, 1996, £+
Van Holde, 1994). The actively transcribing |
portion of the eukaryotic genome was,

however, shown to contain unconstrained
supercoiling, part of which can be attributed

to the process of transcription per se.
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Using prokaryotic cells it has been recently
shown that the effects of transcriptionally
driven supercoiling are remarkably large
scale in vivo(in a kbp range). Similarly to the
transcription effects, in DNA replication
intermediates supercoils are formed both
behind and in front of the replication fork
and superhelical stress is distributed
throughout the entire partially replicated
DNA molecule.




Unconstraint negative supercoiling
stabilizes local DNA structures
such as cruciforms, Z-DNA
segments and intramolecular
triplexes. Mounting evidence of the |
existence of these structures in &
vivo both in prokaryotic and
eukaryotic cells has been reviewed.

It appears that alternative DNA
structures are located in

extranucleosomal regions such as
linkers and DNase hypersensitive
site but probably not within the

DNA wrapped around DNA octamer.
EP et al, Oncogene 2004




Transkripce miize byt aktivovdna vazbou specif. proteinu
Recently mechanisms by which the effect of (nap. Z-binding ) posunujici rovnovdhu ve prospéch
supercoil-stabilized non-B DNA structures on lokdlni struktury, ndsledované vznikem pozitivni hadsroubovice
transcription can be exerted in eukaryotic a zfrdtou nukleosomu
cells have been proposed. '

If the promoter region of the gene is blocked
by a nucleosome and sites for transcription
factors are inaccessible, nucleosome
dissociation can result in transcriptional
activation provided transcription factors are
available; such dissociation is accompanied by
formation of negative supercoils capable to
induce alternative structure in a linker.
Similar transcriptional activation may be
produced by binding of a specific protein,
shifting the equilibrium in favor of an
alternative DNA structure, followed by e i, Her o spoihcyve magin s SSmen UM B ool SO 7 i s

le
=cnlinss adjacent linker (suate ). Fither binding of a £ pectein or transicos dussociaion of e rucioosome lead 10 energ vhic
erarmiton states (U pr D) with DINA uader locuian Thas can be redaacd as shown a [11 & state whach could Bhem b
¢ .

formation of positive supercoils and loss of @ i imsosso i o v, “abilzod by s bundey
nucleosome. For this mechanism, denominated o _ o
as conformational compensation, precise Disociace nukleosomu vede k aktivaci transkripce a tvorbé negativni
location or orientation of potential non-B
sequence is not critical.

chicaly uafay

nadsroubovice (supercoil) schopné indukovat lokdlni struktury.




Another mechanism based on binding of proteins
to potential non-B sequences has been proposed
by Hatfield et al.

Supercoiling can locally destabilize B-DNA

structure and drive transitions to other

structures at susceptible sequences.

In principle the supercoil-driven local

structural transitions can be either

inhibited or facilitated by proteins that

bind at or near potential transition sites.

If a DNA segment, susceptible to forming

a supercoil-induced alternative structure,

is stabilized in the B-form by a DNA-

binding protein, the propensity of this IS T A T T
segment for structural transition will be ar i BEii S iusi et oA

a0 be redaacd s shown o 111, & saate whach couhd thom be stabilized by the binding

Fig. 3. Condormutional compemation as a posentaal moded for OO AU MO

of wagscnpticn aston o sacovered suca (state 1V)

within the same DNA domain. Positioning
of this site in the promoter region may
facilitate open complex formation and
activation of gene expression.
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ment inan adjacent linker (state B Either binding of a Z-protgin or t 110, n lead to energetically unfavorable

mmsition.stz?tcs (Ia or LIb) with ign. This can be | as shown in 11, a state which could then be stabilized by the binding

of transcription factors.to uncovered sites (state IV).

Fig. 2. Conformational compensation as a potential model for gene activation. A region of chromatin is constrained by swm‘qu
ini 1 itha [



