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Photochemical probing of the B–A conformational transition in a
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Abstract

We induced the B-to-A conformational transition by ethanol in a linearized pUC19 DNA. A primer extension method was used in combination
with UV light irradiation to follow the transition, based on pausing of DNA synthesis due to the presence of damaged bases in the template. Primer
extension data highly correlated with the results of another method monitoring the B–A transition, i.e. inhibition of restriction endonuclease cleavage
of UV light-irradiated DNA. Primer extension enabled us to locate damaged nucleotides within the region of interest. Most damaged nucleotides
were located in B-form trimers, exclusively containing both pyrimidine bases (TTC, TCT, CTC, and CTT), and in a cytosine tetramer. The amount of
damaged bases decreased in the course of B–A transition. Some of the damage even disappeared in the A-form, which mainly concerns the C4 and C3

blocks. The cleavage was nearly restored in the A-form within this region (Eco88I). On the contrary the decrease of damage was less significant with
thymine dimers, only dropping to 50–60% of the B-form level. Consequently, the cleavage with EcoRI and HindIII remained mostly as before the
transition (75% and 60% of uncleaved DNA preserved). We found significant differences in the B- and A-form pattern of UV light-damaged bases
within the same region (polylinker) of DNA embedded within long (plasmid) or short (127 bp fragment) DNAmolecules. The B–A transition of the
fragment was found less cooperative than with linearized plasmid, which was confirmed by both CD spectroscopy and restriction cleavage inhibition.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

DNA can exist in two most common double helical
architectures, the A-form and the B-form [1]. This was first
observed in oriented fibers [2] and then in solution as well [3,4].
The B-form is adopted by DNA in dilute aqueous solutions or at
high humidities in fibers whereas the A-form is stable at lower
humidities in fibers or in the presence of ethanol and other
substances in solution [5]. The B–A transition is highly
cooperative [4] and the cooperativity originates from repucker-
ing of the deoxyribose rings [6] and/or changes in hydration and
ion binding [7].

The A-form of DNA is biologically very interesting because
it is an almost constitutive conformation of double-stranded
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regions in RNA [8] and because it is induced in DNA by various
polymerases [9–12], other proteins [13–16], polyamines
[17,18], other cations [19] and ligands [20]. DNA can adopt
an A-like double helix even when it contains sugars puckered in
the B-like fashion [21,22]. Such a double helix is stabilized by
Gn·Cn runs [21–26]. This unusual B/A hybrid is interesting from
the evolutionary point of view because it suggests a possible way
of transmission of molecular mechanisms developed on RNA to
DNA during the RNA-to-DNA world transition [21,22]. In
particular, this mainly concerns initiation of transcription and
replication which are probably connected with the B–A
transition of the transcribed or replicated DNA [13,27–30].

The B–A transition has been studied by a number of methods
[2–4,31–34]. CD spectroscopy dominates among them because
both the B-form and the A-form provide characteristic and
substantially different CD spectra [3,4] and because CD samples
can easily be titrated by ethanol or other agents inducing the B–
A transition in DNA. However, CD spectroscopy and other
biophysical methods mostly provide global pictures about the
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isomerizing DNA and they cannot be used to map B–A
transition along genomic molecules of DNA. In addition, these
methods cannot be used in complex biological contexts, e.g. in
cell nuclei.

The only known method overcoming the limitation of the
biophysical methods is the use of UV light to irradiate the
isomerizing DNA and detection of the resulting damage. This
approach was first used by Becker and Wang, who took
advantage of the fact that the A-form is much more resistant to
UV light damage than the B-form [33]. They detected the
damage by chemical sequencing methods to probe the B–A
transition of a part of the 5S ribosomal RNA gene. Recently we
have extended this approach by using restriction endonucleases
to detect the UV light damage of DNA in the B-form and A-form
[35].We have furthermore shown that the UV damage connected
with its detection by restriction endonucleases can be used to
detect B–A transition along the linearized pUC19 plasmid DNA
[36]. Here we further extend our effort by the introduction of a
primer extension detection of the damaged nucleotides in the
isomerizing region of the pUC19 DNA. The present study
reveals nucleotides or nucleotide regions which were most
damaged due to UV light irradiation and reflected the changes in
the course of B–A transition. A comparison with the restriction
endonucleases cleavage pattern enabled us to correlate this
macroscopic manifestation with the damage on the level of
single bases. These results are promising for future studies where
we will study the B–A transition induced by supercoiling in
plasmid DNA, and in selected regions of the human genome.

2. Materials and methods

2.1. Materials

Plasmid pUC19 was bought from MBI Fermentas (Vilnius,
Lithuania). Restriction endonucleases were purchased from
MBI Fermentas, New England Biolabs (NEB; Beverly, MA,
USA) and Promega (Madison, WI, USA). T4 polynucleotide
kinase, the Klenow fragment and Phusion DNA polymerase
were from NEB, Takara Bio Europe (Gennevilliers, France) and
Finnzymes (Espoo, Finland), respectively. The commercial kits
used were from Qiagen (MinElute PCR Purification Kit; Hilden,
Germany), Princeton Separations (Centri.Spin-10; Adelphia,
NJ, USA) and Amersham Life Sciences (Sequenase Version 2.0
DNA Sequencing Kit; Wien, Austria).

2.2. DNA sample preparation

TheDNA samples used differed not only in their length (2686
and 127 bp) but also in the method of their production. Both of
them had to be pure enough to be used for the B–A transition
studies by CD spectroscopy or by UV light irradiation. The
prerequisites were described previously [36].

2.2.1. Plasmid linearization
Plasmid pUC19 was linearized with an excess of SspI res-

triction endonuclease and purified by phenol and phenol/chloro-
form extraction to remove proteins.
2.2.2. Amplification of 127 bp long DNA fragment
Polymerase chain reaction (PCR) was performed with a

linearized pUC19 plasmid as a template and 15- and 17-nucleo-
tide long primers, selected in a way to have a polylinker about in
the middle of the amplified fragment. High fidelity Phusion
DNA polymerase (Finnzymes) ensured that a homogeneous
fragment was obtained, which was purified with a MinElute
PCR Purification Kit (Qiagen).

All DNA samples were ethanol precipitated, washed twice
with 80% ethanol and dissolved in 1 mM EDTA (pH 7.2) as a
stock solution. The homogeneity of the fragment DNA was
verified by polyacrylamide electrophoresis, most of the frag-
ment was sequenced as well (see further).

2.3. CD spectroscopy

CD spectra measurements in the course of conformational
transitions of all DNAs were performed as described previously
[36]. Briefly, the samples of DNA were complemented with
ethanol to get a 62–63% concentration. Ethanol concentration
was gradually increased by aliquot additions up to about 80%.
After each addition, the CD value of ellipticity at 270 nm was
taken. Usually after the finished B–A transition, 0.27 mM
sodium phosphate buffer was added stepwise to follow the A–B
transition, i.e. the reversibility of the B–A transition. DNA
concentration was kept between 30 and 10 μg/ml in the course of
the conformational transitions.

2.4. UV light irradiation

The conditions of irradiation were described in our previous
paper [36]. DNA samples were irradiated at 5–12 μg/ml con-
centrations, in a final volume of 10 or 20 μl, respectively. The
doses of UV light are indicated.

2.5. Restriction endonuclease cleavage

Irradiated DNA samples were dried out and dissolved in
water. About 250 ng (plasmid) or 50 ng (fragment) of the DNA
samples were complemented with the respective concentrated
buffer and restriction endonuclease (10 units) in a final volume
of 10 μl. After 2 h of cleavage at optimum temperature (37 °C)
the digestion was terminated by addition of EDTA.

2.6. Electrophoresis and densitometry

DNA samples after restriction cleavage were electrophoresed
in either 1.0% agarose (plasmid digestion), or 10% polyacryl-
amide gels (fragment digestion). Further processing and
quantification were described elsewhere [35].

2.7. Primer extension

Primer extension was performed according to Sasse-Dwight
and Gralla [37] with some modifications.

15 to 20 pmol of the primer were labeled in a final volume
of 10μl by 16 pmol of [γ-P32]ATP and 5 units of T4 polynucleotide
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kinase for 20 min at 37 °C. After addition of another 5 units of
the enzyme, the incubation continued for another 20 min. The
enzyme was thermally inactivated (65 °C, 20 min) and the
labeled primer was devoid of unincorporated ATP and other
small molecules by repeated centrifugal gel filtration (Centri.
Spin-10; Princeton Separations) according to the manufacturer's
instructions. The radioactivity of the lyophilized eluate was
measured and set to 0.40–0.45×106 cpm/μl after dissolution.

Primer extension with the linearized plasmid followed the
protocol referred to above [37]. Briefly, sodium hydroxide
denatured template (about 0.14 pmol) and the primer (about
6×105 cpm) were neutralized, hybridized at 53 or 50 °C (upper
and bottom strand primer, respectively) for 3 min, and cooled.
After the addition of deoxynucleoside triphosphates and the
Klenow fragment (1 unit), primer extension proceeded for
10 min at 50 °C. The EDTA terminated samples were pre-
cipitated, washed, and dried. The radioactivity of the samples
was measured and dissolved to a concentration of 1×105 cpm/μl
in a sequencing gel-loading solution.

Hybridization of a fragment (127 bp) with its primer was
performed in a boiling water bath (2min) followed by immediate
cooling down on ice (to prevent hybridization of the comple-
mentary template strands). Further steps of the fragment primer
extension were as above.

2.8. Sequencing electrophoresis and its quantification

The primer extension samples (1×105 cpm per slot) were
separated on a denaturing sequencing gel (8% polyacrylamide
containing 7 M urea) loaded on the gel next to the enzymatic
sequencing reactions generated by primer extension of nonirra-
diated template DNA in the presence of the respective dideo-
xynucleoside triphosphate. Sequencing dideoxy reactions were
performed according to the manufacturer's instructions (Amer-
sham Life Sciences). Radioactive DNA fragments were ob-
served by autoradiography at −70 °C with an intensifier screens
and quantified by laser densitometry of autoradiograms [35].
Baselines were calculated from the graphs, peak integrals (base-
line subtracted) were calculated and used for analysis. Because
Klenow fragment terminated DNA synthesis just before the UV
light-induced damage [38] while the terminating dideoxynu-
cleoside triphosphates were incorporated, the latter migrated as
if they were 1 bp longer.

3. Results and discussion

In our recent paper [36] we studied the B–A conformational
transition in pUC19 plasmid by means of UV light irradiation
followed by cleavage via a set of restriction endonucleases. We
were able to detect the B–A transition with 16 tested restriction
enzymes, because the A-form DNAwas much more resistant to
UV light damage than its B-form [33,35]. As the changes in
cleavability with restriction endonucleases reflect UV light-
induced damage within the whole recognition sequences (at least
6 bp) plus flanking nucleotides, we wanted to analyze the
damage inmore detail. The best resolution is at the level of single
nucleotides, which allows comparing the site-localized mani-
festation of UV light induced damage in DNA (i.e. restriction
cleavage inhibition) with its very basic cause, i.e. induction of
covalent photoproducts. Another important point is that recog-
nition sequences of restriction enzymes are not always available
in the region of interest. The sequence fulfilling demands for an
acceptable primer can be found much more easily.

For the single nucleotide resolution studies we utilized a
method of primer extension, i.e. synthesis of a new DNA strand
according to UV light-damaged DNA. In principle, the move-
ment of DNA polymerase (Klenow fragment) along a template
strand is halted by mono- or bifunctional photoproducts, which
sterically prevent its further progress [39]. It does not matter of
which nature the photoproduct is, either cyclobutane pyrimidine
dimer or {6–4} photoproduct. In fact, it can also be a mono-
functional photoproduct of an isolated pyrimidine base. We
focused our attention mainly on the polylinker of pUC19
plasmid, because this 57 bp long DNA segment is a continual
row of recognition sequences of ten restriction endonucleases
and because it was exploited in our previous studies [35,36].

3.1. Conformational B–A transition of a linearized pUC19
plasmid

3.1.1. Primer extension of the UV light-irradiated plasmid DNA
Fig. 1 shows a typical sequencing gel of a pUC19 upper

strand primer extension; the 57 bp long polylinker is indicated
with a thick line. All the bands within the sample lanes are
termination fragments, detecting the presence of photoproducts
at the respective positions in the template (i.e. bottom) strand.
The positions of damaged bases were identified, and the
intensity of the respective termination fragments was quantified.

We performed an analysis of the occurrence and intensity of
termination fragments in the B-form DNA in dependence on UV
light dose in a range of 0.3–19.0 kJm−2 (not shown).We noticed
that, except for low doses (up to 1.0 kJ m−2), there were
relatively few qualitative differences between the various doses.
The main difference was the quantitative one, the amount of
termination fragments steeply increasing up to about 7.5 kJ m−2.
Further increasing of the doses slowed down the increase of
intensity of the fragments, suggesting that it would reach a
plateau. In contrast to the experiments with restriction enzyme
cleavage, it was necessary to use lower doses of UV light
irradiation to secure reasonable levels of termination fragments
within the whole length of the polylinker. That is whywe usually
applied UV light doses of 2.5 and 5.0 kJ m−2 in our experiments.

Fig. 1 documents that the samples irradiated in both 80% and
85% ethanol differed significantly in the amount of termination
fragments from the samples irradiated at lower ethanol
concentrations. This agreed with CD spectroscopy results,
showing that DNAwas in the A-form at both 80% and 85% and
in the B-form at 65% and lower ethanol concentration [36].
Fig. 2 summarizes the locations and semiquantitative represen-
tation of UV light-induced termination fragments within both
strands of the pUC19 polylinker, in both B- and A-form of DNA.
We found most B-form damaged bases within 5′-TTC-3′, 5′-
TCT-3′, and 5′-CTC-3′ trimers in the upper strand and 3′-CTT-5′,
3′-CCCC-5′, 3′-TCT-5′, 3′-TTC-5′, and 3′-CTC-5′ in the bottom



Fig. 1. Primer extension of a pUC19 plasmid upper strand, in the course of B–A
transition, probed by UV light irradiation (2.0 kJ m−2). Samples of linearized
plasmid (SspI) were irradiated in the presence of 50%, 60%, 65%, 70%, 75%,
80%, and 85% ethanol (lanes 2–8), respectively. An unirradiated sample (lane 1)
was incubated with 50% ethanol. All samples were used as templates for primer
extension; radioactively labeled (T4 polynucleotide kinase and [γ-P32] ATP) 17-
mer was used as a primer. The purified samples were lyophilized, diluted in a
sequencing gel-loading solution, and resolved on a sequencing gel together with
A, G, C, and T dideoxy sequencing reactions. The dried gel was subjected to
autoradiography. The thick line indicates the 57 bp long polylinker.
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one. The C4 tract was hit by UV light at all four bases, though at
two of them much less, while the 5′-TCCTCT-3′ segment was
only damaged in its 3′-end two bases.

Nearly all termination fragments decreased in their amount
after the B–A transition was completed. Some of them even
disappeared, suggesting that the corresponding bases in the
template strand were not damaged at all. This is best demon-
strated with the C4 block in the bottom strand and with the C3

tract in the upper one (Fig. 2). A similar, though less intense,
effect was detected with cytosine dimers in the bottom and upper
strands. On the other hand, the termination fragments
Fig. 2. The positions and semiquantitative representation of primer extension termi
pUC19 DNA both strands in the B-and A-form, respectively (50% and 80% ethanol)
i.e. the respective UV light damaged bases are in the complementary template strands
0.6), ○ (0.6–2.0), ●(2.0–6.0), and ▪ (above 6.0). The recognition sequences of the
corresponding to thymine dimers fell to about 50–60% of the
B-form only. This different pyrimidine homodimer sensitivity to
UV light was probably behind the different response to the B–A
transition of the restriction cleavage by EcoRI and HindIII in
comparison to KpnI and Eco88I. In other words, when in the A-
form, the recognition sequences of the latter enzymes became
resistant to UV light damage, while the former remained mostly
sensitive. A similar behavior as with EcoRI and HindIII was
observed with restriction endonuclease XmnI [36], containing a
thymine tetramer in its pUC19 recognition sequence.

The last interesting point was the only one new damaged base
in the A-form, i.e. thymine adjoining the 5′-end of the cytosine
tetramer.

3.1.2. The primer extension pattern in the course of plasmid B–
A transition correlates with restriction endonuclease cleavage
changes

The results of primer extensionmentioned above (Fig. 2 plus
results not shown) allowed us to align all polylinker enzymes
according to the decreasing extent of damage of bases in the
respective recognition sequences, after plasmid irradiation in the
B-form: EcoRINXbaIN SacINHindIIINEco88INBamHIN
KpnINPstINSalINPaeI. From the results in Table 1, summa-
rizing the restriction cleavage parameters after UV irradiation,
we could make a similar row of polylinker enzymes according to
the decreasing portion of uncleaved DNA after irradiation of the
plasmid in the B-form: EcoRINXbaIN SacINHindIIIN
Eco88INBamHINKpnINSalINPstINPaeI. Though the data
used for the construction of the former row were semiquanti-
tative only and we did not include the effect of the damaged
flanking bases, both rows were nearly identical.

When we inspect Fig. 2 with respect to the occurrence and
amount of termination fragments within the recognition
sequences of the respective restriction enzymes after irradiation
in the A-form, we can notice three recognition sequences that
were not significantly hit at any nucleotide: Eco88I, PstI, and
PaeI. A comparison with the data in Table 1 shows that cleavage
with Eco88I of the plasmid UV light-irradiated in the A-form
was practically not inhibited; the other two enzymes resumed
their cleavage to a very high extent: about 90% of the uncleaved
portion of DNA irradiated in the B-form was cleaved after the
transition. On the contrary, we can see two recognition
sequences (EcoRI and HindIII) that were still significantly UV
nation fragments induced by UV light irradiation (5.0 kJ m−2) of the template
. The positions of termination fragments are adjoined to the synthesized strands,
. The amount of termination fragments in absorbance units is marked as: ● (0.3–
restriction enzymes are marked off by the respective rectangles.



Table 1
Parameters of B- and A-form of linearized pUC19 plasmid as detected by
restriction cleavage resistance upon UV irradiation

Restriction
endonuclease

Uncleaved DNAa Fraction of uncleaved DNA
after B–A transition (%) c

In B-form (%)b In A-form (%)b

EcoRI 33.4±2.9 25.0±3.0 74.8±9.0
SacI 22.3±4.8 3.8±0.1 17.0±0.5
KpnI 13.2±1.8 −1.0±0.9 −7.3±6.6
Eco88I 19.2±3.0 0.4±0.4 2.1±2.1
BamHI 13.8±1.1 1.9±1.2 13.8±8.7
XbaI 25.9±0.8 4.7±0.6 18.1±2.3
SalI 6.2±1.2 1.0±0.7 16.1±11.3
PstI 4.5±1.7 0.5±1.8 11.1±40.0
PaeI 4.3±0.5 0.5±1.1 11.6±25.6
HindIII 22.0±0.1 12.9±2.1 58.6±9.5
a Average±SD of 3–5 independent experiments, each performed at ethanol

concentrations ranging from 50% to 85%.
b 0% stands for cleavage of control, non-irradiated samples.
c Percentage of uncleaved DNA in A-form, in respect to amount of uncleaved

DNA in B-form.
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light-damaged in the A-form. As can be seen in Table 1, the
majority of DNA not cleaved in the B-form was not cleaved in
the A-form, either (75% and 59%, respectively). The recognition
sequences of the five remaining enzymes preserved some UV
light-induced damaged bases and their respective portion of
uncleaved DNA in the A-form varied between 14% and 18% of
the respective part in the B-form.

We further quantified the amount of the respective termina-
tion fragments in dependence on B–A transition. By way of
illustration, we analyzed the results with EcoRI and XbaI
(Fig. 3)— the enzymes that exerted a different sensitivity to UV
light after B–A transition. With EcoRI, the majority of
uncleaved DNA remained uncleaved after the transition (75%
of the B-form level). Here we found five primer extension
fragments, whose amount changed during the B–A transition.
The strongest termination fragment had 62% of the B-form level
(Fig. 3, left part, top strand) after the transition. The four weaker
fragments (2/3–1/5 of the former) kept a smaller fraction of their
B-form levels after the transition — 31%, 56%, 58%, and 57%
(Fig. 3, left part), but their influence on the final macroscopic
manifestation (i.e. EcoRI cleavage) was smaller (due to their
lower proportion).

With the XbaI enzyme, the great majority of the DNA
uncleaved after irradiation in the B-form became cleavable in the
A-form (only 18% of the B-form level left uncleaved). The two
strongest termination fragments within its recognition sequence
(Fig. 3, right part) kept 23% and 35% of the B-form level,
respectively, when irradiated in the A-form and mostly deter-
mined the final cleavage outcome. The three weaker fragments
(1/2–1/5 of the former) kept 16%, 27%, and 44% of their
counterparts in the B-form (%, right part) and had a moderate
effect on XbaI cleavage.

The results with Eco88I showed a better correlation between
the cleavage and amount of termination fragments within the B–
A transition. All five fragments steeply disappeared due to the
B–A transition (Fig. 2), which was accompanied by a nearly full
(98%) recovery of the Eco88I restriction cleavage (Table 1).
These results proved a good correlation between the
restriction cleavage of the respective sequence and the level of
damage of the sensitive bases within the sequence, in the course
of the UV light detected B–A transition. Besides, we could see a
significantly higher resistance to UV light damage in the A-form
of CC and TC blocks in comparison to thymine dimers.

We performed a similar quantification of termination frag-
ments within the remaining recognition sequences.Most of them
displayed a good correlation between the decrease of fraction of
noncleaved DNA when UV-irradiated in the A-form (in com-
parison to the B-form) and the decrease of the amount of the
most intensive termination fragments within the respective
recognition sequences. The fraction of termination fragments
within the recognition sequence of HindIII dropped to 43%
(strong), 48%, and 60% (medium), respectively, of the B-form
level; in comparison to the decrease of uncleaved DNA to 59%.
Similarly with SacI, two strong termination fragments fell to
22% and 18% of the B-form level, which well agreed with the
17% level of uncleaved DNA. An acceptable correlation was
also attained with BamHI (6.4% versus 14%) and PstI
recognition sequences (28% and 0% versus 11%). PaeI, which
left only about 12% of uncleaved DNA in the A-form, did not
show the presence of any termination fragment (in any noticeable
amount) within its recognition sequence in either B- orA-form. Its
uncleaved DNA portion was probably due to damage at the
flanking sequences. A significant effect of flanking sequences
should also be considered for the recognition sequence of SalI,
when its decrease of the noncleaved DNA fraction (16% of the B-
form level) was larger than the decrease of the amount of its
termination fragments (to 37% and 38%).We shouldmention that
with the enzymes that were less sensitive to UV light, we could
expect a significant influence of the damaged flanking bases on
the restriction cleavage inhibition. With all the three least UV
light-sensitive enzymes (SalI, PstI, and PaeI) we should be aware
that we are dealing with really small values. Consequently, these
results were burdened with a greater uncertainty (see Table 1, SD
in the third and fourth columns).

The most surprising results were obtained with the restriction
sequence of KpnI. Though its cleavability was entirely restored
when irradiated in the A-form, the strongest termination fragment
was preserved in as much as 54% of the B-form level. We
analyzed the results of nine independent experiments and found
that the termination fragment in question did not finish at the same
position in the recognition sequence, but could be found at any
one of the three adjoining nucleotides in different experiments. In
the template strand, there was no pyrimidine dimer in the res-
pective positions, whereas the presence of a pyrimidine dimer was
an important condition for a UV light-induced photoproduct. We
conclude that there was no photoproduct induced within the
respective part of the recognition sequence.We suppose the effect
of another anomaly, perhaps a bend that did not prevent restriction
cleavage but was recognized by DNA polymerase.

3.2. B–A transition within the 127 bp long DNA fragment

The promising results with the pUC19 plasmid described
above led us to the analysis of a shorter segment of DNA,



Fig. 3. Dependences of the amount of primer extension termination fragments induced by UV light irradiation (2.5 kJ m−2) within the recognition sequences of EcoRI
(left) and XbaI (right) in the course of B–A transition of linearized pUC19 plasmid (shown as ethanol concentration present when irradiated). The upper and bottom
strand dependences are above and under the recognition sequences, respectively. These dependences are marked with the same symbols (closed circle, square, triangle,
and diamond) as are the positions of the termination fragments within the EcoRI and XbaI recognition sequences, respectively. The numbers adjoining the respective
nucleotides within recognition sequences denote fractions (%) of termination fragments after B–A transition, with respect to those in the B-form (average of four
independent experiments). One of the experiments is shown, so the termination fragment intensity (in absorbance units) is mutually comparable within the figure.
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composed mostly of recognition sequences of the previously
studied restriction endonucleases (see above). We were in-
terested whether it could be possible to detect any changes in the
pattern of the B–A transition within a short fragment devoid of
long flanking sequences. Nevertheless, the fact that in such a
short molecule we could not analyze the whole polylinker via
primer extension forced us to use a somewhat longer DNA
molecule. Hence, we synthesized a 127 bp long PCR fragment
whose polylinker core was flanked by 37 and 33 bp long
segments, long enough for primer extension and subsequent
sequencing gel analysis. This DNA underwent ethanol induced
B–A transition as detected by CD spectroscopy, which was
complete at about 76% of ethanol (Fig. 4). The midpoint of the
transition was at about 73%, which agreed with the 72%
obtained for seven fragments 80 to 301 bp long [40]. The
transition was less cooperative in comparison to the transition of
the pUC19 plasmid (Fig. 4), but it was significantly steeper
(width about 6%) than with a shorter, 69 bp long fragment
(Fig. 4).

3.2.1. Detection of B–A transition via UV light irradiation and
restriction endonuclease cleavage of the fragment DNA

With a 127 bp long fragment we performed a similar analysis
of B–A transition as we did with the linearized plasmid [36], i.e.
DNA samples were UV light-irradiated at varying concentra-
tions of ethanol and, consequently, they were digested by a set
of 10 polylinker restriction endonucleases.

The dependences of the amount of restriction endonuclease
resistant DNA on ethanol concentration generally showed ab-
rupt decrease above 65% ethanol concentration (Fig. 5),
corresponding to the B–A transition detected by CD spectros-
copy (Fig. 4). These dependences looked similar to those ob-
tained with the linearized plasmid [36]. In the fragment, this
transition took a 5–10% ethanol concentration change for



Fig. 4. CD spectroscopy of the B–A transitions of the DNAs analyzed in this
study. Ethanol concentration dependences of the ellipticity at 270 nm with:
69 bp long synthetic fragment (open circles); PCR amplified, 127 bp long
fragment (closed circles); and SspI-linearized pUC19 DNA (2686 bp; open
squares).

Fig. 5. Dependences of the amount of UV-irradiated DNA fragment, resistant to
the indicated restriction endonuclease cleavage (%), on the concentration of
ethanol present when the DNA was irradiated. The 127 bp fragment DNA
samples were irradiated (concentration of about 12 μg/ml) in the presence of
0.1 mM EDTA with a dose of 15 kJ m−2.
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BamHI and about a 10% change for the majority of other
enzymes (EcoRI, SacI, Eco88I, XbaI, HindIII, SalI, PstI). With
KpnI, it even reached about a 15% ethanol concentration change
(Fig. 5).

Besides, there were significant quantitative differences with
some restriction enzyme cleavage patterns.We found themwhen
comparing the data in Table 2 (fragment) and Table 1 (plasmid).
First of all, it concerned both terminal polylinker restriction
endonucleases (EcoRI and HindIII), whose fractions of
noncleaved DNA did not decrease much after the B–A transition
in the plasmid: the fraction of uncleaved DNA only dropped to
75% and 59% of the values in the B-form, respectively (Table 1).
This decrease became significantly larger with the fragment
(Table 2): it dropped to about 50% (EcoRI) and 28% (HindIII),
respectively. Similarly a significant decrease in the fraction of
uncleaved DNA in the A-form fragment was found with two
other restriction enzymes (compare Tables 2 and 1): 8% against
17% (SacI) and 6% against 18% (XbaI). The KpnI and Eco88I
uncleaved DNA fractions fell to zero as it was observed with
pUC19 DNA, while the four remaining enzymes showed a
similar considerable decrease below 20% of the uncleaved DNA
fraction in the A-form as observed with the plasmid.

3.2.2. Comparison of the changes in restriction endonucleases
cleavage and primer extension of UV light-irradiated fragment
due to B–A structural transition

Primer extension of the 127 bp fragment enabled us to study
single nucleotide damage standing behind the changes detected
by restriction endonuclease cleavage. The data summarized in
Table 2 allowed us to align polylinker enzymes according to the
decreasing portion of uncleaved DNA after UV light irradiation
of the fragment in the B-form: EcoRINXbaINSacINEco88IN
HindIIINBamHINKpnINPaeINSalINPstI. This row slightly
differs from that constructed for the plasmid (see the previous
part) in only two mutual exchanges: Eco88I versus HindIII, and
PaeI versus PstI. The correlation of the row assembled ac-
cording to the decreasing extent of damage of the bases within
the recognition sequences after UV irradiation of the fragment
in the B-form (primer extension; Fig. 6): EcoRINXbaINSacIN
BamHINHindIIINEco88INSalINKpnINPstINPaeI with that



Table 2
Parameters of B- and A-form of 127 bp fragment as detected by restriction
cleavage resistance upon UV light irradiation

Restriction
endonuclease

Uncleaved DNAa Fraction of uncleaved DNA
after B–A transition (%) c

In B-form (%)b In A-form (%)b

EcoRI 45.4±1.7 22.8±2.3 50.2±3.7
SacI 28.1±6.8 2.2±0.9 7.6±1.9
KpnI 10.2±2.0 0.1±0.8 1.3±7.5
Eco88I 20.7±2.9 0.2±0.5 1.2±2.3
BamHI 17.5±0.8 3.1±0.9 17.7±4.7
XbaI 34.6±4.1 2.2±0.3 6.2±0.6
SalI 5.9±0.7 0.3±0.6 4.2±7.3
PstI 3.6±1.1 0.6±0.1 20.3±6.4
PaeI 6.4±1.4 1.5±0.6 23.3±4.9
HindIII 19.8±1.0 5.6±1.6 28.3±9.1
a Average±SD of 3–6 independent experiments, each performed at ethanol

concentrations ranging from 50% to 85%.
b 0% stands for cleavage of control, non-irradiated samples.
c Percentage of uncleaved DNA in A-form, in respect to amount of uncleaved

DNA in B-form.
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shown above is significantly worse. Only four enzymes kept the
same position, the rest moving by one or two places.

We tried to correlate the results of primer extension (i.e.
changes in the amount of termination fragments) through the B–
A transition with the changes in the restriction cleavage of the
respective recognition sequences. We evaluated several en-
zymes differing in the manifested changes of the cleavage
pattern after UV light irradiation, due to B–A transition (Fig. 6
and not shown). When the fragment was irradiated in the A-
form, the termination fragments within the recognition se-
quences of KpnI and Eco88I ceased almost completely, which
was accompanied with a resumed restriction cleavage (Fig. 6 and
Table 2). On the other hand, EcoRI and HindIII cleavage of the
fragment irradiated in the A-form left 50% and 28% fractions of
noncleaved DNA in the B-form, respectively (Table 2). With
EcoRI, there was a correlation with the amount of the ter-
mination fragments decrease within its recognition sequence,
which was between 50% and 60% of the B-form level for the
three strongest termination fragments (not shown). Similarly,
with HindIII, the two strongest termination fragments within its
recognition sequence dropped to 24% and 32% of the B-form
equivalents, respectively. A fairly acceptable agreement was
noticed with XbaI as well: the strongest termination fragment
Fig. 6. The positions and semiquantitative representation of primer extension termi
127 bp fragment DNA both strands in the B- and A-form, respectively (50% and 80%
strands, i.e. the respective UV light damaged bases are in the complementary template
● (0.2–0.6), ○ (0.6–2.0), and ● (2.0–6.0). The recognition sequences of restriction
decreased in the A-form to about 15% of the B-form level, two of
three medium fragments dropped to zero, the third to about 40%
(not shown). This agreed quite well with the 6% fraction of
uncleaved DNA (Table 2).

3.3. Differences between the B–A conformational transition of
the polylinker embedded in long and short DNA molecules as
disclosed by UV light probing

The results described above enabled us to compare the
pattern of B–A transition explored within the same sequence
(57 bp) in both long (linearized pUC19 plasmid; 2686 bp) and
short (127 bp) molecules of DNA.

The substantially different length of the DNA molecules
probably stood behind the significant difference in cooperativity
of the B–A transition of the plasmid and the fragment, as
detected by CD spectroscopy (see Fig. 4). Similarly, we detected
a less steep B–A transition by the restriction cleavage of the
irradiated fragment in comparison to the irradiated linearized
plasmid. A careful comparison of Fig. 5 with Fig. 2 of Ref. [36]
showed that the B–A transition, manifested by an abrupt change
of the portion of uncleaved DNA, is significantly steeper with
plasmid DNA than with the fragment. With a good majority of
polylinker enzymes, the transition from the B-form level of
noncleaved DNA to the A-form level was nearly finished within
a 5% ethanol concentration change (EcoRI, SacI, Eco88I,
BamHI, XbaI, HindIII, SalI) in the plasmid. A less cooperative
transition was observed only with KpnI, which needed a 10%
ethanol concentration change [36]. On the contrary, in the
fragment this transition took at least 10% change (EcoRI, SacI,
Eco88I, XbaI, HindIII, SalI, PstI), 5–10% for BamHI. With
KpnI, it was at least a 15% concentration change (Fig. 5). This
agreed with the above-described CD spectroscopy observation
that the B–A transition was more cooperative with the pUC19
plasmid. Nevertheless, these differences are due to the effect of
the whole length and state nothing about possible site-specific
differences between the molecules.

There were three regions of the polylinker, where we could
notice significant differences between the long plasmid and the
short fragment molecules. Besides the terminal recognition
sequences of the polylinker (EcoRI and HindIII, see Part 3.2.),
the second interesting region was the recognition sequence of
nation fragments induced by UV light irradiation (2.5 kJ m−2) of the template
ethanol). The positions of termination fragments are adjoined to the synthesized
strands. The amount of termination fragments in absorbance units is marked as:
enzymes are marked off by the respective rectangles.
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KpnI restriction endonuclease. We found that the damage
preserved in both B- and A-form of linearized plasmid DNA
(perhaps a bend) did not appear in a short DNA fragment
(Fig. 5). The third region was the cytosine tetramer that is part of
the recognition sequences of both Eco88I and BamHI. The 5′-
terminal cytosine exhibited different behavior with plasmid and
fragment DNA: in the plasmid it became resistant to UV
irradiation in the A-form (as did the rest of the tetramer), while
with the fragment DNA the level of damage even increased in
comparison with the B-form (see Figs. 2 and 6). Contrary to the
KpnI region, we suppose that the damage is of a photoproduct
nature, thus detecting a change in the structure of the fragment in
the course of B–A transition.

Primer extension could hardly find any significant differ-
ences between the short and the long molecules of DNA
irradiated in the B-form. More differences were found in the A-
form. We could not compare the different sequencing experi-
ments quantitatively (i.e., neither Fig. 2 nor 6), but we could
relate the quantities of termination fragments in the B- and A-
form DNAs in each experiment. Thus, the relative decrease in
the intensity of termination fragments within the recognition
sequence of EcoRI was about the same with both forms of
DNA, while with HindIII it was significantly greater in the
127 bp fragment than in plasmid DNA. This explains the
substantial drop of HindIII noncleaved DNA after irradiation in
the A-form of the fragment in comparison to the plasmid.

What is the explanation of the differences between the long
and short DNA molecules summarized above? It cannot be an
effect of fragment ends — within the short molecule the region
studied is more than 30 bp away from both ends. A possible
explanation can be based on an idea of more or less stiff
molecules depending on their length (for review see Ref. [41]).
Our fragment molecule fits within the DNA persistence length,
which is estimated to be around 250 bp, when both static and
dynamic components are taken into account [42]. On the other
hand, a linearized plasmid is long enough to be considered
flexible and under constant thermal agitation. This difference in
the rigidity of the molecules can be reflected in different
sensitivity to UV light-induced damage. We believe that the
significant differences on the level of primer extension
termination fragments (e.g., recognition sequences of KpnI,
EcoRI, HindIII) could be explained in this way. Nevertheless,
more experimental data is necessary to support this idea.

4. Conclusions

Conformational transitions of DNA have been studied for
many years [43]. They include B–A and B–Z transitions, and
transitions to less known non-B conformers of DNA. The non-B
conformers frequently have different numbers of base pairs per
repetitive double helix or other structural unit, which means that
conformational transitions change DNA supercoiling. Thus,
these transitions of DNAmostly involving tens of base pairs can
be transmitted to a global scale of chromosome loops having
about 50 kbp in length, whose supercoiling and the ensuing
compaction can regulate the fundamental molecular biology
phenomena [44–46].
The B–A, B–Z and other conformational transitions of DNA
cannot be monitored by CD spectroscopy or other biophysical
methods along pieces of genomic DNAs or in complex
biological contexts, e.g. in cell nuclei. Success in these situations
has partly been reported only with the use of UV light, which
damages DNA, whereas the damage is sensitive to the physical
state of DNA in the irradiated sample. The damage reflects
contacts between the lac repressor and the operator in E. coli
cells [47], regulatory protein–DNA interactions in mammalian
genomic DNA [39], histone–DNA interaction [38], double-
stranded and single-stranded states of the 5S rRNA gene [48],
DNA arrangements into nucleosome cores [49], unusual
conformation of (dA)n·(dT)n tracts in DNA [50], transcription
factor binding to DNA [51], EcoRI endonuclease binding to
DNA [52], and DNA triplex formation [53–56].

We think that the potential of the photochemical studies of
DNA has not yet been exhausted by the above applications. We
showed in our recent studies that restriction endonucleases can
be used to detect conformation dependent UV damage in DNA
[35] and that this approach can be used to map the B–A tran-
sition along linearized pUC19 DNA [36]. Here we extend our
previous results with primer extension studies of the damage
caused in DNA by UV light in the course of B–A transition. We
were able to compare the B–A transition in the linearized pUC19
DNA and its fragment containing the polylinker region by three
independent methods. The present and previous [36] work
extend the spectrum of methods available to study the B–A
transition along kilobase fragments of genomic DNA with the
use of restriction enzymes as well as detection of the B–A
transition at a single nucleotide resolution by the primer
extension approach, both after UV light irradiation. We expect
that the present results will be helpful in future studies of the
ways in which the B–A transition is involved in transcription
and replication.
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