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Abstract

Ž . Ž .Complex of osmium tetroxide and bipyridine Os,bipy , KMnO , and diethyl pyrocarbonate DEPC were used to4
probe curved DNA at single nucleotide resolution. The DNA was constructed from repeated dA :dT -blocks withn n
dATATA and dAGAGA interblock sequences. The DNA was probed in the linear and supercoiled form at various
salt concentrations. While all purines were available for DEPC attack, the thymines within the blocks were resistant
to chemical probing by KMnO and Os,bipy. Only the 39-flanking dTs were available for modification. The thymines4
within dTC and dTA sequences showed modification indicating that these thymines display an unstacked structure
allowing both probes to attack. Under destabilizing conditions, at low ionic strength and superhelical stress,
considerable unstacking was observed. We found experimental indications that under these destabilizing conditions
unpaired regions might appear, probably within the dATATA sequence. Q 1998 Elsevier Science B.V. All rights
reserved.
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1. Introduction

The structural polymorphism of DNA con-
w xtributes to many regulatory processes 1,2 . The

homogeneous B-form DNA structure is modified

U Corresponding author. Tel.: q420 541 517189; fax: q42
541 211293; e-mail: kane@ibp.cz

by elements of site-directed curvature and flex-
ibility which contribute substantially to the bind-
ing affinity and specificity of some regulatory and
other proteins.

Although the nature of DNA curvature has
been extensively investigated, open questions re-
main. Macroscopic DNA curvature has been pri-
marily associated with the presence of properly

Ž w x.phased stretches of adenines dA -tracts, 3 .n
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Ž .Short 4]9 bp runs of deoxyadenines repeated
Ž .with the helix screw 10.5 bp produce a global

Žcurvature of the DNA double helix for review
w x.see 4]8 . However, also non-dA sequence ele-n

w xments cause DNA curvature 9,10 .
Experimental evidence has been accumulated

to explain the behaviour of dA -tracts. NMRn
studies on double stranded oligomers containing
repeated dA blocks have shown that the DNAn
adopts the B-form, however, local conformational

w xdeviations exist 11,12 . Distinctive properties of
Ž . Ž .poly dA .poly dT indicate that it has an unusual

‘B9-form’ structure slightly different from stan-
dard B-DNA. Its helical repeat 10.0 bp per turn
in solution is smaller than that for standard DNA
Ž w x.10.5 bprturn; 13,14 . The B9-form structure is

w xformed by dA :dT -blocks when nG4 15,16 .n n
Essential for the formation of the B9-form is the

Žabsence of a large exocyclic group e.g. an NH2
. w xgroup at the purine 2 position 17 . The dA:dT

basepairs fold into the minor groove at position 2
of the purine to balance for the NH groups at2

w xpurine position 6 17 . A major feature distin-
guishing this B9-form structure from a common
B-form is a high propeller twist maximizing
purine-purine stacking interactions and nar-

w xrowing the minor groove 18]20 . Structural mod-
Ž . Ž .els for homopolymeric dA . dT sequences haven n

w xbeen developed 21,22 in which the minor groove
contains a spine of hydration bridging bases of

w xthe opposite strands 21 . The presence of bifur-
w xcated hydrogen bonds 20 and pyrimidine methyl

w xgroups 23 are not essential for DNA curvature
w x Ž24 . It is assumed that basepair stacking mainly

.purine-purine is the dominant driving force for
the formation of the B9-form structure
w x17,20,22,24 . The stacking of the dA :dT -blocksn n

w xis rather stable 25 . The B9-form structure is
sufficiently different from B-form DNA that pro-

w xteins recognize the difference 26]28 .
The structure of dA -tracts and the molecularn

origin of their curvature is under intensive discus-
Ž w x.sion for review see ref. 29 . The degree of

curvature is not substantially influenced by the
flanking sequence elements in agreement with

w xthe curvature model of Haran et al. 30 . Also the
unique hydration pattern of dA blocks is inn
agreement with the bending within the dA -tractsn

w x31,32 . On the contrary, crystallographic data did
not reveal bends within dA sequences of studiedn

w xoligomers 33 . Thus these authors attributed the
w xcurvature to non-dA-tract sequences 33 . To

resolve this controversy new experiments are nec-
essary.

A specific B9 structure of dA :dT -blocks asn n
well as distortions at the boundaries to common
B-DNA can be detected by chemical structural

Žprobes. Chemical probing KMnO , osmium4
Ž .tetroxide, pyridine complex Os,py , hydroxyl radi-

.cal and DEPC of dA :dT -tracts has shown an n
characteristic pattern of modification on a single-
nucleotide level within plasmid and kinetoplast

w xDNA 34]38 .
In this paper we have used thymine-specific

Ž . Ž .Os,bipy and KMnO and purine-specific DEPC4
chemical probes to study the structure of curved

Ž .DNA segment due to repeated dA :dT -blocksn n
at single nucleotide resolution. In linear DNA we
could see substantial Os,bipy and KMnO modi-4
fication of thymines within dATATA, dTATAT
and dTCTCT sequences and the majority of 39-
terminal thymines of dT -tracts, while all othern
dT -block thymines resisted this probing attack.n
On the contrary, DEPC modification of dATATAs
was weak compared to the strong reactivity with

ŽdA -block adenines with the exception of then
.39-terminal dA and dAGAGA purines. In super-

coiled DNA we observed increased intensity of
the probing pattern without major qualitative de-
viations from the pattern found in linear DNA.
Substantial change has been noticed in superheli-
cal DNA at low ionic strength. Under these con-
ditions we found increased signals from dTATAT

Ž . Žpurines by DEPC and all dT -tract thymines byn
.KMnO only .4

2. Materials and methods

2.1. Plasmid DNA

pK5r6T217 is a recombinant 2328 bp deriva-
tive of pJW200 which contains an 80-bp insert at

w xthe ClaI site 15,39 . The plasmid pJW200 was
constructed out of pBR322 by the deletion of the
sequence in between two HaeII sites at 236 bp

w xand 2352 bp 40 . The 80-bp insert is composed of
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a repeated 21-bp-long dATATAT AGAGAT6 5
w xsegment 41 . All together it contains seven

Ž .dA :dT -tracts alternating ns5 and ns6 re-n n
peating with the turn of the double helix. The
plasmid was isolated from chloramphenicol-
amplified Escherichia coli K12 HB101 cells by

w xdetergent lysis 42 and two rounds of isopycnic
centrifugation in CsCl in the presence of ethid-
ium bromide. Recovered DNA was multiply ex-
tracted with cold butan-1-ol and extensively dial-

Ž .ysed against 10 mM Tris ?HCl buffer pH 7.8 , 0.1
mM EDTA. The DNA was sequenced as de-

w xscribed in ref. 43 . We have found that an extra
Žbase pair appeared within the insert see Fig. 2,

.27th base pair from the left , probably due to
recombination events that occurred in the host
cells.

Samples of DNA of defined superhelical den-
Ž .sity s were generated according to Singleton

w xand Wells 44 .
Linear DNA was prepared by cleavage of the

Ž .plasmid with either HaeIII upper strand probing
Ž .or Sau96I bottom strand probing . DNAs were

purified by phenol plus phenolrchloroform ex-
traction and ethanol precipitation.

2.2. Chemical probing reactions

Ž .Either supercoiled or linear DNAs 3 mg were
reacted in 100 ml total volume in either sodium

Ž . Žcacodylate buffer pH 7.4 , EDTA for probing by
. Ž . ŽKMnO or Tris ?HCl buffer pH 7.8 , EDTA for4

.probing by either Os,bipy or DEPC plus NaCl in
indicated concentrations.

2.2.1. OsO reactions4
Chemical modification was performed by adding

OsO and 2,29-bipyridine to a final concentration4
Ž .of 1.0 mMr1.5 mM supercoiled DNA or 2.0

Ž .mMr3.0 mM linear DNA for 1 h at 268C. After
reaction OsO was removed by CCl extraction,4 4
ethanol precipitation and repeated pellet rinsing
with 80% ethanol.

2.2.2. KMnO reactions4
Reaction proceeded after addition of KMnO4

Žsolution to a final concentration of 0.5 mM su-
. Ž .percoiled DNA or 1.0 mM linear DNA for 10

min at room temperature. The reaction was
terminated by addition of 10 ml of 1.4 M 2-
mercaptoethanol. The DNA was ethanol precipi-
tated and rinsed with 80% ethanol repeatedly.

2.2.3. DEPC reactions
Ž .DNA was reacted with 3 ml of DEPC Serva at

room temperature for 30 min, with occasional
mixing. Reaction was stopped by a quick ethanol
precipitation and repeated 80% ethanol rinsing.

2.3. Mapping of chemically modified nucleotide
residues

Linear DNAs were cleaved with a second re-
strictase, the supercoiled DNA was digested with
a pair of restrictases selected to obtain fragments
with one protruding and one blunt end. Frag-
ments were separated by gel electrophoresis and

w 32 xradioactively 39- P labelled with Klenow frag-
Ž .ment Promega . Purified labelled fragments were

backbone cleaved at sites of chemical modifica-
Ž .tion by reaction with 1 M piperidine Sigma at

908C. After extensive lyophilisation the products
were separated on a denaturing sequencing gel
containing 7 M urea, loaded on the gel next to

w xthe chemical sequencing reactions 43 derived
from unmodified DNA fragment. Radioactive
DNA fragments were observed by autoradiogra-
phy at y708C with intensifier screens and quanti-

Ž .fied by laser densitometry Molecular Dynamics
Ž .of autoradiograms see Fig. 1A . Baselines were

Ž .calculated from the graphs see Fig. 1B . Peak
Ž .integrals baseline subtracted were calculated and

used for analysis. For presentation, peak integrals
were normalized to the peak of largest intensity

Žin the given lane and sequence set to 100%; see
.Fig. 2 and Fig. 4 .

Each experiment was carried out several times
Ž .3]5 times . It is indicated in the figure legend
when the data of several experiments were aver-
aged.

3. Results

The strongly curved double-stranded DNA se-
Žquence 59-d ATATAT AGAGAAT ATATAT6 5 6

AGAGAT ATATAT AGAGAT ATATAT AGA5 6 5 6
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.GA -39 was cloned in the vector pJW200 yielding
vector pK5r6T217. DNA fragments containing
this sequence had been experimentally analyzed
extensively in polyacrylamide gel electrophoresis
w x w x15 as well as by circularization 41 . The dT and5

ŽdT blocks phase well with the helical repeat 10.56
. w xbp resulting in strong curvature 15,39,41 . This

sequence has been sensitive to chemical probing
Ž . w xOs,py under superhelical stress 25 . Its arrange-

Ž .ment repeated 21 bp long sequence offers the
particular advantage that the local chemical reac-
tivity can be verified in the following repeats
under identical sequence context conditions. This
excludes local artefacts and increases consider-
ably the data quality. This sequence arrangement
allows us to study the properties of the dA :dT -n n
blocks as well as of sequences of particular inter-
est: alternating dAT and dAG stretches.

Ž .The DNA fragment is very AT-rich 90% and
easily destabilized by external conditions like low
salt concentrations and superhelical stress. Thus,
structural variations due to destabilizing condi-
tions will appear in this insert first before other
vector DNA is affected. This allows us to work at
low chemical probe concentrations under single
hit conditions. This is of importance when super-
helical DNA is studied. The chemical probes give
us direct access to nucleotide resolution which is
required for the understanding of the sequence
properties. The chemical probes we picked have
the following properties.

Both KMnO and complexes of osmium tetrox-4
ide attack the 5]6 double bond of thymine from
above and below the base plane, hence reactivity
does not require unpairing of the dA:dT base-

w xpairs 45,46 and is probably reporting the degree
w xof base stacking 47,48 . KMnO and complexes4

of osmium tetroxide differ in the chemistry of
their reaction with thymine and in the charge,

Ž ysize and shape of the molecule the MnO anion4
is smaller than the bulky neutral Os,bipy com-

.plex . In our hands, KMnO and Os,bipy were4
both strictly thymine-reactive in contrast to obser-
vations that these two compounds also react with

w xcytosine or even guanine 34]37,49 . Instead of
OsO complexed with pyridine, we used Os,bipy4
and thus avoided modification bubble propaga-
tion which is observed in the presence of uncom-

w xplexed pyridine 50 . DEPC is the smallest probe
and does not react very efficiently with double-

w xstranded B-DNA 51 . In double-stranded DNA
DEPC attacks both single-stranded and un-
stacked purines at the N position of the purine7

w xring 52]54 in contrast to DNA triple strands
w xwhere the N and N atoms are attacked 55 .1 3

3.1. Specific base reactï ity in linear DNA

The plasmid pK5r6T217 was linearized by re-
striction digest. The linear fragments were re-
acted with chemical probes under different buffer
conditions and salt concentrations.

3.1.1. Os,bipy
The pattern of modification with Os,bipy did

not depend on ionic strength from 5 mM Tris ?HCl
Ž .buffer pH 7.8 up to 25 mM Tris ?HCl buffer plus

Ž .0.1 M NaCl see Fig. 1A or even plus 0.5 M NaCl
Ž .data not shown . We did not detect modification
of any cytosine or another base but thymine.
Os,bipy preferentially attacked thymines of the

Ž .dATATA, dTATAT and dTCTCT ‘interblock’
sequences in both DNA strands but hardly of the

Ž .dTs within the dT -blocks see Fig. 2 . Within alln
interblock sequences of the bottom strand we
noticed stronger modification of the first two 39-
end thymines and a weak modification of the
third interblock thymine. In the upper strand we
observed strong modification of both dATATA
interblock thymines and a mild modification of
the 39-terminal thymine of the dT and dT blocks5 6
Ž .see Fig. 2 . In both strands some thymines in the
vector regions 59-adjoining the 80-bp insert were
considerably modified.

3.1.2. KMnO4
The pattern of KMnO probing had similar4

features as that of Os,bipy but it differed in a few
Ž .important points see Fig. 2 . First of all, the

modification was strongly dependent on ionic
strength. It gradually increased from no modifi-

Žcation at 5 mM cacodylate buffer, pH 7.4 data
.not shown to the degree of modification similar

to that with Os,bipy at 25 mM cacodylate buffer
Ž .plus 0.5 M NaCl see Fig. 2 . We observed further

increase in chemical modification with increasing
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Fig. 1. The effect of ionic strength on the pattern of Os,bipy probing of curved DNA sequence in a linear fragment of pK5r6T217
Ž . Ž .plasmid. Bottom strand. A DNA was linearized with Sau96I, modified with Os,bipy in 1 mM EDTA and Tris ?HCl pH 7.8 buffer,

Ž . Ž . Ž . Ž .plus NaCl in indicated concentrations: 5 mM lane 1 , 10 mM lane 2 , 25 mM lane 3 , 25 mM plus 25 mM lane 4 , and 25 mM
Ž .plus 0.1 M lane 5 , respectively. Modified DNA was cleaved with RsaI, the purified fragment was radioactively end-labelled,

w xcleaved with hot piperidine and resolved on a sequencing gel together with AqG, and CqT sequencing reactions 43 ,
respectively. The dried gel was subjected to autoradiography. The rectangle indicates the extent of the curvature-inducing segment.
Ž .B Working laser densitometric tracing of the CqT sequencing reaction and lane 2, respectively, as used in further processing.
The intensity peaks are numbered.

Ž .NaCl concentration up to 3.9 M data not shown .
The ionic strength dependence of KMnO modi-4
fication is documented in Fig. 3. This figure dis-
plays the modification of the 39-end thymines of
all dT -blocks in the ionic strength range from 56

Ž .mM cacodylate buffer pH 7.4 up to 25 mM
cacodylate buffer plus 0.5 M NaCl.

In the upper strand 39-end thymine modifica-
tion of the dT -blocks was similar to that of5
thymines in dATATA interblock. This similarity
is in contrast to the Os,bipy modification pattern.
However in contrast to the dT -blocks, the 39-end5

Žthymines in all dT -blocks in front of the purine6
.dAGAGA interblock were very strongly modified

Ž4]5 times more than any other thymine, see Fig.
.2 .

In the bottom strand there was nearly homoge-
neous modification within all interblock se-
quences with the exception of the bordering se-
quences, which exerted substantially higher modi-
fication than the more internal dTATAT and
dTCTCT motifs. This modification pattern agrees
with that of Os,bipy. In general, we observed
remarkable resistance of four and five 59-thymines
of the dT - and dT -blocks against the chemical5 6
attack by KMnO and Os,bipy indicating stable4
stacking within the blocks.

3.1.3. DEPC
The purine-specific probe DEPC modified all

Ž .adenines in the bottom strand see Fig. 2 . The
insert does not contain dGs in the bottom strand.
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Ž . Ž . Ž .Fig. 2. Quantitative comparison of Os,bipy OT , KMnO PP , and diethyl pyrocarbonate DP modification of linear DNA4
Ž . Žfragments 275 and 274 bp, respectively of pK5r6T217 plasmid within its curved DNA sequence in 25 mM buffer Tris]HCl for

. Ž . ŽOT and DP, cacodylate for PP , 1 mM EDTA, 0.5 M NaCl. DNA was linearized with HaeIII upper strand , or Sau96I bottom
. Ž . Ž .strand ; modified with the probe of choice and cleaved with BanI upper strand and RsaI bottom strand , respectively. Purified

fragments were radioactively end-labelled, cleaved with hot piperidine and resolved on sequencing gels. The dried gels were
Ž .subjected to autoradiography and quantified by laser densitometry. The baseline was determined see Fig. 1B and subtracted.

Intensity of modification within each strand with any probe has been normalized against the most intensively modified base per lane
Žand the results of at least three normalized experiments have been averaged and illustrated standard error within the values is

.F10% . dA -tracts within the sequence are highlighted in bold.n

Ž . Ž .The first three for dA or four for dA 59-end5 6
adenines in the dA -blocks were modified aboutn
3- to 4-fold stronger than the following two
adenines in the blocks. These two 39-end adenines
were as weakly modified as the interblock dAs in
dTATAT. All purines were modified in the upper
strand. The modification pattern showed roughly

homogeneous adenine modification in dATATA
interblocks and heterogeneous modification of
purines in dAGAGA. In dAGAGA strong modi-
fication was observed for the 59-end adenine with
a significant decrease towards the 39-end dAs.

DEPC modification of both strands was inde-
pendent of ionic strength in the range from 5 mM
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Fig. 3. Ionic strength dependence of the KMnO modification4
Ž .intensity of the curved DNA sequence upper strand as part

Ž .of a linear DNA fragment 275 bp of the pK5r6T217 plasmid.
DNA was linearized with HaeIII, modified with KMnO in 14

ŽmM EDTA and 5 mM, 10 mM, 25 mM cacodylate buffer pH
.7.4 , or 25 mM cacodylate buffer plus 25 mM, 0.1 M, 0.5 M

NaCl, respectively, and cleaved with BanI. Purified fragments
were radioactively end-labelled, cleaved with hot piperidine
and resolved on a sequencing gel. The dried gels were sub-
jected to autoradiography and quantified by laser densitome-
try. The baseline was determined and subtracted. Modification
of 39-terminal thymines of all four dT blocks has been nor-6
malized against the modification at the highest ionic strength
Ž .25 mM buffer plus 0.5 M NaCl; 100% in each dT -stretch.6
These thymines are depicted as B, v, I, `, from 59 to 39 end
Ž . Ž .see Fig. 2 , the ionic strength I is expressed in logarithmicc
scale.

Tris ?HCl buffer up to 25 mM Tris ?HCl buffer
Ž .plus 0.5 M NaCl data not shown .

3.2. The influence of superhelicity

To analyze the influence of superhelicity on the
chemical modification we performed experiments

Žwith plasmids of native superhelicity i.e. ss
.y0.055 as well as more and less negative super-

Ž .helicity. While the increase ssy0.08 of nega-
Žtive s amplified modification, its decrease ss

.y0.03 suppressed modification quite substan-
Ž .tially data not shown . The intensity of the

Žchemical modification of supercoiled DNA at
.native s was substantially higher than that of

the same DNA in the linearized state with both,
Os,bipy and KMnO . Therefore, for experiments4
with supercoiled DNA we reduced the concentra-
tion of the chemical reagents Os,bipy and KMnO .4

As for linear DNA, Os,bipy modification was

nearly ionic strength independent within the mid-
Ždle and higher concentration range i.e. from 25

Ž .mM Tris ?HCl buffer pH 7.8 , 2.5 mM EDTA up
Ž .to 25 mM Tris ?HCl buffer pH 7.8 , 2.5 mM

.EDTA plus 0.5 M NaCl; data not shown . Only at
Ž Žlow ionic strength 5 and 10 mM TE buffer pH

..7.8 the intensity of modification was increased
by up to one third.

In the whole concentration range measured the
pattern of modification was very similar to that of

Ž .linear DNA see Fig. 4 . The only difference
appeared for the 39-end thymines of the dT -6
blocks: a new modification appeared for the sec-

Ž .ond to last 39-end thymine see Fig. 4 . However,
the intensity of the 39-end thymines modification
was substantially smaller compared to that of the
dATATA stretches.

KMnO probing showed a bimodal pattern of4
Žmodification. At low ionic strength 5 and 10 mM

Ž ..cacodylate buffer pH 7.4 we observed strong
Žmodification of all thymines with decreasing in-

tensity from the 39- to the 59-end; Fig. 5, lanes 2,
. Ž3 . With increasing buffer concentration 25 mM

.cacodylate; lane 4 the chemical modification de-
creased steeply, but at higher salt concentration
Ž .25 mM buffer plus 0.1 M NaCl the modification
gradually started to increase with ionic strength
Ž .Fig. 5, lane 6 . Above 0.1 M NaCl the reactivity
for the first 39-thymine of the dT -tract became6

Ž .dominant lane 7 . The modification intensity was
about constant from the 39- to the 59-end of the
insert. The modification pattern at higher salt
concentrations was similar to that of linear DNA.

Also with DEPC we observed a strong depen-
dence of the modification on ionic strength when
the DNA was supercoiled. We noticed intensive
modification of all purines of the bottom strand.
The highest modification was observed for dAs
within the dTATAT interblocks and 59-end
adenines of dA -blocks at very low ionic strength5,6
Ž Ž .up to 10 mM TE buffer pH 7.8 ; see Fig. 6,

.lanes 2, 3 . The intensity of the modification
within dA -blocks decreased from the 59- to the5,6

Ž39-end. With increasing ionic strength at and
Ž ..above 25 mM TE buffer pH 7.4 the intensity of

the modification dropped substantially and re-
sumed the pattern typical for linear DNA ] i.e.
low modification within dTATATs, negligible
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Ž . Ž .Fig. 4. Quantitative comparison of Os,bipy modification of linear LIN and native supercoiled SC pK5r6T217 plasmid within the
Ž .curved DNA sequence. Results are shown only for the upper strand. Linearized obtained by digestion with HaeIII and

Ž .supercoiled DNA were modified with Os,bipy in 25 mM Tris ?HCl buffer pH 7.8 , 2.5 mM EDTA plus 0.5 M NaCl. Modified
Žsupercoiled DNA was cleaved with HaeIII and BanI and further dealt with as in Fig. 1A normalization and processing of the

. Ž . Ž .results as in Fig. 2 . The results have been averaged of six LIN and four SC experiments, respectively. dA :dT -tracts within then n
sequence are highlighted in bold. Intensity of modification is expressed in relative values for each DNA form, with 100% for the
most intensively modified base within the insert.

modification of the 39-dAs and increasing modi-
fication towards the 59-end of the dA -blocks5,6
Ž .Fig. 6, lane 4 . Further increase of the ionic

Žstrength up to 25 mM TE buffer plus 0.5 M
.NaCl exerted no significant effect on the pattern

Žor the intensity of the chemical modification see
.Fig. 6, lanes 5]7 . The upper strand modification

pattern showed a similar dependence on ionic
Žstrength, though less pronounced data not

.shown .
The results obtained with KMnO and DEPC4

Žat low ionic strength suggest the presence partly
.andror transiently of single-stranded structures

formed due to the high dAT content and negative
supercoiling stress.

4. Discussion

Ž .Tracts of dA :dT nG4 adopt a B9-formn n
structure different from standard B-DNA.
dA :dT -tracts had been probed with chemicaln n

Žstructural probes KMnO , Os,py, DEPC, hy-4
.droxyl radical within common B-DNA sequences

w xin plasmids 34]36,38 or as a sequence element
w xin kinetoplast DNAs 37 . Differences in nu-

cleotide composition of flanking sequences con-

ferred different sensitivity of the bases in
dA :dT -tracts to the attack by chemical probesn n
w x34]37 . We analyzed a DNA sequence with two

Ž .sequence motifs dATATA and dAGAGA
flanking regularly repeated dA :dT - and5 5

w xdA :dT -blocks 15,41 . This sequence arrange-6 6
ment allowed us to compare the properties of
dA :dT -blocks with those of other sequences ofn n
particular interest.

In the following we discuss and explain the
observed modification pattern by the properties
of both the DNA sequence and the chemical
probes.

4.1. Linear DNA

In the linear plasmid analyzed here we observed
strong KMnO modification of the 39-terminal4
thymines of dT blocks when followed by then

Ž .39-flanking polypurine sequence dAGAGA and
a low modification for the 39-flanking dATATA
motif. In both cases the Os,bipy modification of

Ž .39-end thymine was small see Fig. 2 . The other
dTs of dT -stretches showed considerable resis-n
tance to modification. The 59-terminal dTs of the
dT -blocks remained unmodified by both probes.5,6
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Fig. 5. The effect of ionic strength on the pattern of KMnO4
probing of the curvature-prone sequence in the native super-
coiled plasmid pK5r6T217. Upper strand. DNA was modified

Ž .with DEPC in 1 mM EDTA and cacodylate buffer pH 7.4
Ž .plus NaCl in concentrations as indicated: 5 mM lane 2 , 10

Ž . Ž . Ž .mM lane 3 , 25 mM lane 4 , 25 mM plus 25 mM lane 5 , 25
Ž . Ž .mM plus 0.1 M lane 6 , and 25 mM plus 0.5 M lane 7 ,

Ž . Ž .respectively. Control unmodified sample lane 1 was in-
cubated at the same ionic conditions as in lane 6. DNA was
cleaved with Sau96I and RsaI, and further dealt with as in
Fig. 1A. The rectangle indicates the extent of the curvature-
inducing segment.

w xThis is consistent with the finding 56 that the
Ž .39-terminal thymine flanked by an adenine was

the most flexible thymine in a dT -tract. Thus,n
most of the dTs in the blocks stack well with no
access for both chemical probes. Obviously, at the
39-end of the block the dT stacks on dA in a way
which allows for the chemical attack by the an-
ionic MnOy and ] to a much lesser extent ] by4
the bulky Os,bipy. This might be an indication for
a B9- to B-form junction structure which is partic-
ularly available for KMnO attack when the po-4
lypyrimidine stretch dT is followed by a poly-6

Fig. 6. The effect of ionic strength on the pattern of DEPC
probing of the curvature-prone sequence in the native super-
coiled plasmid pK5r6T217. Bottom strand. DNA was modi-

Ž .fied with DEPC in 1 mM EDTA and Tris ?HCl buffer pH 7.8
Ž .plus NaCl in concentrations as indicated: 5 mM lane 2 , 10

Ž . Ž . Ž .mM lane 3 , 25 mM lane 4 , 25 mM plus 25 mM lane 5 , 25
Ž . Ž .mM plus 0.1 M lane 6 , and 25 mM plus 0.5 M lane 7 ,

Ž . Ž .respectively. Control unmodified sample lane 1 was in-
cubated at the same ionic conditions as in lane 6. DNA was
cleaved with HaeIII and BanI and further dealt with as in
Fig. 1A. The rectangle indicates the extent of the curvature-
inducing segment.

Ž .purine stretch dAGAGA see Fig. 7A . However,
it might also display the stacking properties of
alternating dTA and dTC sequences. The alter-
nating sequences adopt stacking structures which
allow for a chemical attack of the dTs by both
probes.

The pattern and intensity comparison of the
thymine modification within dAT-sequences out-

Žside and inside the inserted curved segment see
.Figs. 1A, 2 and 4 indicates that the modification

of interblock dATATA sequences is due to the
partial unstacking of the dAT-sequences and that
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Fig. 7. A scheme of chemical probing within a repetitive motif
Ž .of curved sequence in a linear pK5r6T217 plasmid A and

Ž .the changes in the probing pattern due to superhelix stress B
Ž .plus low ionic strength F10 mM buffer; c . Vertical arrows

and oblongs stand for strong and medium modification of the
Ž . Ž .bases, with full Os,bipy and empty DEPC symbols, respec-

Ž .tively. Interrupted bars A denote substantially unstacked or
partly unpaired bases, in contrast to moderately unstacked
Ž < . Ž <. Ž .? , or normally paired bases. A The structure of linear
curved insert does not depend on ionic strength. Within the
flanking dAGAGA and dATATA sequences unstacked re-

Ž w x.gions appear as illustrated by strong Os,bipy see also 58
Ž .and DEPC probing similarly with KMnO , not shown . The4

same is observed for 59-terminal thymines of dT -tracts, welln
manifested at dTs 39-flanked by dAGAGA, probed with

Ž .KMnO Fig. 2 . The rest of dT blocks stand stacked, suggest-4 n
Ž . Ž .ing the presence of B9 to B-DNA junctions B9rB . B This

scheme highlights only nucleotide modifications in addition to
Ž .the probing pattern shown in the scheme A . In supercoiled

DNA at higher ionic strength, the structure is more accessible
to probing attack, as compared to linear DNA but the pattern
hardly changes. The only exception is the 39-penultimate
thymines in dT -tracts which are now moderately accessible ton
Os,bipy attack, suggesting further opening of these tracts at

Ž .the 39-end. C The scheme denotes only substantial increase
Ž .in nucleotide modification in comparison to the scheme B

pattern. Combined action of supercoiling and low ionic strength
Ž .below 10 mM buffer leads to significant unstacking andror

Ž w x.partial unpairing of dATATA sequences see also 59 as
detected by increased accessibility to DEPC attack. The dA n
blocks become more labile as illustrated by increased DEPC
modification of 59-end adenines. The same can be inferred
from KMnO probing of dT -tracts which is detected in all4 n

Ž .thymines see Fig. 5 . These structural changes are not large
enough to be detectable by Os,bipy probing.

the modification is not strongly influenced by the
presence of neighbouring dT -blocks.n

The DEPC modification was strong within the
Ž .dA -blocks of the inserted DNA see Fig. 2 ,5,6

however, becoming weaker towards the 39-ends.

The DEPC modification pattern of dA -tracts inn
Ž .linear DNA see Fig. 2 indicates that the B9-form

structure of the adenines in dA -blocks is suf-5,6
ficiently open to allow for an attack by the smaller

Ž .probe DEPC see Fig. 7A .
DEPC probing of homopurine stretches either

Ž .outside or within the inserted segment see Fig. 2
suggests that the dAGAGA sequences are open
to chemical attack, too.

DEPC reactivity of dA -tracts studied beforen
showed that for most dA -blocks DEPC reactedn
significantly with all but the 39-end adenine while
some dA -blocks exerted the highest reactivity atn

w xthe next to 39-end adenine 34 . The observed
decreasing DEPC modification within dA -tractsn
agrees with the hydroxyl radical reactivity results
showing progressive decrease from the 59 to the

w x39 end in dA -blocks 38 . The reduced hydroxyln
radical reactivity within dA -tracts was inter-n
preted as being due to the narrow minor groove
which is a structural property of the B9-form.

Our results obtained with Os,bipy and KMnO4
agree with those found in other sequences. In
naturally occurring dA :dT -tracts a similar pat-n n

Žtern of modification was reported. dT -blocks in-n
.cluding the 39-terminal thymine displayed resis-

Ž .tance while d TA sequences showed hyperreac-n
tivity with the osmium probe in both linear and

w xsupercoiled plasmid 35 . Our KMnO modifica-4
tion results agree with those of McCarthy et al.
w x34,37 . We observed good coincidence for the

Ž .effect of flanking nucleotide s on the modifica-
tion of the 39-terminal thymine in the dT -blocks:n

w xMcCarthy et al. 34,37 found substantial modifi-
Žcation for a 39-flanking polypurine tract dAGA ,n

w x.34 in contrast to no modification with a framing
w xguanine 37 .

The strong chemical accessibility of the 39-end
Ž .thymine in the dT -block dT followed by dAG6
Ž .compared to the dT -block dT followed by dAT5

cannot be explained on a dinucleotide step level.
Obviously, the B9]B-form junction is additionally
influenced by the DNA block structure.

4.2. Ionic strength dependence in linear DNA

In contrast to DEPC and Os,bipy, modification
with KMnO exerted a strong dependence on4
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Ž .ionic strength see Fig. 3 . The relative differ-
ences of base specific KMnO modification re-4
mained. The gradual increase of modification in-

Žtensity from nearly none at low buffer concentra-
. Ž .tion with increasing ionic strength see Fig. 3

can be explained by the electrostatic repulsion
between the polyanionic DNA and the anionic

w xoxidant permanganate 57 . The higher NaCl con-
centration shields the repulsive phosphate groups
Ž .the Debye length is reduced and thus facilitates
an approach of the negatively charged MnOy

4
molecule to its target thymine 5]6 double bond.

The different probing qualities of KMnO and4
Os,bipy make them a helpful couple for the struc-
tural analysis of DNA. The small probe perman-
ganate can detect even minor distortions, how-
ever, since it carries the same charge as DNA,
hardly at low ionic strength. Os,bipy being too
bulky to detect minor distortions, can be used in a
wide range of ionic conditions for a quantitative
analysis, as its reactivity is ionic strength indepen-
dent.

4.3. Supercoiled DNA

Low ionic strength, higher temperatures and
negative supercoiling destabilizes the stacking and
pairing of the bases and increases local distor-
tions of the DNA. Especially at low ionic strength
Ž .5 and 10 mM TE, or cacodylate buffer , due to
superhelix stress the unstacking of thymines within
dT -stretches increased to an amount that all5,6
thymines became accessible to KMnO attack4
Ž .Fig. 5, lanes 2, 3 although this unstacking was
still not detectable for the bulky Os,bipy complex
Ž .see Fig. 4 . Under these conditions the small
DEPC molecule induced a strong modification at
the 59-end adenine in all dA -blocks, decreasing5,6

Žtowards the 39-end of the block see Fig. 6, lanes
.2, 3 . Strong modification of adenines within

ŽdTATAT sequences the amount being similar to
.that of 59-terminal adenine in dA -tracts sug-5,6

gests substantial unstacking within these se-
Žquences due to the destabilizing conditions see

Fig. 7C. While within dTATAT sequences we
assume unstacking, unwinding or even unpairing
of bases under destabilizing conditions, our data
indicate that superhelix stress at low ionic strength

does not open the dA:dT base pairs in
dA :dT -blocks. These tracts, though partly un-5,6 5,6
stacked as indicated by KMnO and DEPC4
probing, remain basepaired since they are resis-

Ž .tant to Os,bipy probing see Fig. 7C .
ŽWith increasing ionic strength at 25 mM buf-

.fer and higher all three probes displayed the
Žbehaviour we observed for linear DNA see e.g.

.Fig. 6, lanes 4]7; Fig. 7B . This result suggests
that the hypersensitive structure is induced due to
the concerted action of superhelix strain and low
ionic strength.
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