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The intermolecular cross-linking of DNA with a rigid
bisintercalator, 1,4-bis((N-methylquinolinium-4-yl)vi-
nyl)benzene (pMQVB) has been studied using fluor-
escence resonance energy transfer (FRET), fluorescence
anisotropy measurements, and dynamic fluorescence
microscopy. Short DNA duplexes, single-labeled with
fluorescein (donor) and x-rhodamine (acceptor), were
used as energy transfer partners. Due to the quenching
effect of pMQVB on the emission of both fluorescein and
x-thodamine, the energy transfer was monitored using
the corrected Stern—Volmer plots. The cross-linking
ability of pMQVB depended on the ligand structure; the
planar E,E isomer cross-linked DNA contrary to the non-
planar E,Z isomer. Dynamic fluorescence microscopy
observation also demonstrated the ability of pMQVB to
cross-link large T4 DNA molecules.

Keywords: Bisintercalators; Cross-linking; DNA; Fluorescence
energy transfer

INTRODUCTION

Most experimental data reported on the interaction
of DNA with bisintercalators have been discussed in
terms of the intramolecular binding (intercalation
sites on the same DNA duplex) [1-3]. Generally, it is
explained by the structural properties of the
common bisintercalators featured by two intercalat-
ing moieties linked by a flexible connector. However,
there are a few examples of intercalating ligands
reported to exhibit the interstrand cross-linking
abilities. Luzopeptin, an antitumor antibiotic
containing two substituted quinoline rings linked
by a cyclic peptide spacer is the first example in

which interstrand bisintercalation has been evi-
denced [4]. Lowe et al. reported the cross-linking of
DNA by the ligands containing intercalating units
(phenanthridinium and acridinium) linked by a rigid
connector [5,6]. Using ligation assay with linearized
plasmid DNA, they separated ligation products:
catenates and molecular knots, thus providing
evidence for DNA cross-linking. Experiments
showed extremely low efficiency of knot production,
but the authors observed a significant unwinding of
DNA by the ligands. Although DNA binding
properties of these ligands had not been studied
yet, the authors concluded that undoubtedly ligands
interact with DNA by intercalation.

Development of a facile assay able to prove
intermolecular bisintercalation is a special problem.
Formal proof could be obtained using X-ray crystal-
lography or NMR spectroscopy; other techniques,
including analysis of mobility of DNA-bisinterca-
lator products [4] or ligation assay [5,6] have been
proved difficult and affected by many limitations
(e.g. inhibition of ligase action at higher ligand
concentration). Therefore, we decided to develop an
alternative assay that exploits the fluorescence
resonance energy transfer (FRET), the method that
has been successfully applied to study structural and
dynamic properties of nucleic acids [7-10]. The idea
behind our assay is to apply two single-labeled DNA
duplexes, one labeled with a donor, and the other
with an acceptor molecule. In the absence of the
cross-linking ligand, no FRET signal occurs since
both duplexes are randomly distributed in solution,
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FIGURE 1 = Structures of bis(arylvinyl)benzene ligands.

with the separation distance between donor and
acceptor far exceeding the Forster critical radius (Ry).
Addition of a bisintercalator causes the interstrand
cross-linking of duplexes with different labels
introducing a spatial organization of the labels. The
separation distance of energy transfer partners
depends on the length of DNA duplexes and the
site of intercalation on particular duplexes. The FRET
efficiency depends on the inverse of the sixth power
of the distance between the dyes, therefore, the
acceptor must be within 10-75 A from the donor to
get a reasonable energy transfer signal; the exact
range depending on the spectral properties of the
dyes used. The extent of FRET can be measured
because the fluorescence of the donor decreases and
that of the acceptor increases or becomes “sensi-
tized” with the energy transfer. The addition of the
third component (cross-linking ligand) to the donor/
acceptor system may cause, however, some pro-
blems. Intercalators are commonly featured with
extended aromatic systems and exhibit specific
spectral characteristics in the visible range. Thus,
the cross-linking ligand bands may overlap those of
the donor and acceptor. For example, Lowe’s
bisintercalator pMPhVB (Fig. 1), proved to be a
cross-linking ligand [5], appears to be of less utility
for the FRET study because of a significant overlap of
its fluorescence band with the emission spectra of
fluorescein and x-rhodamine.

Recently, we have studied the DNA binding
properties of bis(vinylpyridinium)benzene ligands
belonging to the same series as some Lowe’s cross-
linking ligands [11]. Our study revealed that pMPVB
(Fig. 1) preferred groove binding at AT steps,
however, intercalation was observed for GC-rich
sequences, and the binding affinity in the latter case
was much lower [11]. Another interesting feature of
bis(arylvinyl)benzene ligands is their feasibility to
undergo photoisomerization. The planar E,E isomer,
dominant (>95%) in the non-irradiated solution of a

free dye, can be reversibly converted into the non-
planar E,Z form when exposed to visible light as
evidenced by HPLC, NMR, and UV spectroscopies
[11,12]. The model of interaction of both the isomers
with DNA has been proposed, where only a part of
the dye molecule including one of the vinylpyridi-
nium arms was assumed to interact strongly with
DNA (minor groove at AT sequences or intercalation
pocket at GC steps). The other vinylpyridinium arm
sticking out from the DNA groove could undergo
trans—cis isomerization without any dramatic effects
on the binding equilibria [11]. If one assumes that
this free arm can intercalate into another DNA
molecule only in the case of E,E isomer, thus
producing cross-linked species, E,Z isomer can
serve as an excellent reference ligand in the cross-
linking studies. Pyridinium rings in pMPVB seem to
be, however, too small to provide efficient bisinter-
calation, i.e. cross-linking of DNA. One can expect
that their replacement with quinolinium moieties
can change the binding preferences of this new
ligand, probably enhancing the intercalative binding.
Indeed, the quinolinium derivative (pMQVB in Fig.
1) is a potent DNA ligand that binds by intercalation
to both GC and AT sites, with binding constants of
47x10° and 24x10°M', respectively [13].
A preliminary FRET study revealed that pMQVB is
able to cross-link DNA [14].

In this work, we report detailed results of the FRET
study of the DNA interstrand cross-linking ability of
1,4-bis((N-methylquinolinium-4-yl)vinyl)benzene
using 8-mer DNA duplexes labeled at the 5 end with
fluorescein (donor) or x-rhodamine (acceptor). Steady-
state fluorescence and anisotropy measurements have
been carried out. Fluorescence microscopy obser-
vations of single T4 DNA molecules also have been
performed.

RESULTS AND DISCUSSION

Spectral Properties of Energy Transfer Components

Both labeled oligonucleotides were able to bind to
their complementary sequence. Thermal melting
temperatures (T,,) were insensitive to the label
properties. Both dsONF and dsONXR duplexes gave
very similar melting profiles and were marginally
less stable (T, =37°C) when compared to the
corresponding unlabeled DNA (Ty, = 39°C). To
avoid dissociation of duplexes, all energy transfer
measurements were performed at 10°C. The spectral
characteristics of the labels were slightly affected by
conjugation to oligonucleotides. The maxima of the
absorption bands were red shifted ca. 3-5nm and
molar absorptivities were slightly lower when
compared to the free labels (e.g. &*7 =6.2x10*
and £*® =7x10*M 'cm™! for ONF and free dye,
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FIGURE 2 Spectral characteristics of the energy transfer
components: dsONF (spectra 1A and 1E), dsONXR (spectra 2A
and 2E), pMQVB (spectra 3A and 3E). The absorption (A: solid
line) and fluorescence spectra (E: broken line) were normalized for
display purposes.

respectively). The spectroscopic properties of these
dyes are usually influenced by conjugation to
oligonucleotides, and dependent on experimental
conditions, such as pH, ionic strength, and tempera-
ture [7-9]. Figure 2 shows the absorption and
fluorescence spectra of ONF and ONXR duplexes as
well as the spectra of the cross-linking ligand E,E
pPMQVB. Fluorescein can be nearly selectively
excited at 490nm giving emission centered around
520nm with a minor contribution from rhodamine
emission at 600nm. Energy transfer should be
manifested by quenching of the fluorescein band at
520nm accompanied by a sensitized emission of
rhodamine around 600 nm. The cross-linking ligand
PMQVB possesses an absorption band at 440nm,
whose long-wavelength shoulder is supposed to
absorb some light (Aex = 490nm), which can lead to
the appearance of residual fluorescence signal
overlapping the fluorescein emission band at
520nm. This effect can disturb the detection of
spectral changes caused by the energy transfer
phenomenon and needs to be taken into account.

Fluorescence Energy Transfer Studies

The fluorescein/rhodamine pair has been widely
applied as a donor/acceptor system in energy
transfer studies. Both fluorophores have been
reported to have a high molar absorptivity and a
large quantum yield. This donor/acceptor pair has
an appreciable spectral overlap between the emis-
sion and absorption spectra of fluorescein and
x-thodamine, respectively. Additionally, there are
no reports suggesting their interaction with DNA by

dsONXR w

FIGURE 3 A CPK model of 8-mer DNA duplexes single-labeled
with fluorescein (dsONF) and x-rhodamine (dsONXR) cross-
linked by E,E pMQVB. Fluorescein and x-rhodamine serve as a
donor /acceptor pair for the resonance energy transfer.

intercalation, groove binding, or other mechanisms,
although some quenching effects of DNA have been
reported [9]. The Forster critical radius, (Ryg = 50 A)
has been calculated assuming a value of 2/3 for the
orientation factor k2, n = 1.36, and ¢pNF = 0.5 [89].
The limiting distance value between donor and

E,E pMQVB

Fluor. Intemsity / a.u.
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FIGURE 4 Fluorescence titration of dsONF/dsONXR mixture
(1:1) with E,E pMQVB. Experimental emission spectra (panel A)
and after normalization at the maximum of emission of fluorescein
(panel B). The inset shows a magnified fragment of the spectrum in
which the enhancement of Xx-rhodamine emission proves the
occurrence of the energy transfer process. Conditions: [dsONF] =
[dsONXR] = 0.5 pM, [pMQVB] = 0-9 uM, [NaCl] = 200mM, TE
buffer (10 mM, pH 7.8). Excitation wavelength = 490 nm.
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TABLE I Values of quenching constants (Ksy) and association
constants (K,) of labeled DNA 8-mers/pMQVB systems (mean
values * s.d. of three determinations)

200 mM NaCl
(E,E pMQVB)

Kgy x107°
M™1), 50mM NaCl*

Ksy x107° K, x107°

DNA ™Y M E,EpMQVB EZ pMQVB
dsONXR 3.1 +05 13+03 14+3 6.7+ 15
dsONF 14 +2 26+07 36*5 24 * 4

ssONF 59 +0.8 - - -

* Kgy values obtained from the linear parts of upward curved Stern—Volmer
plots.

acceptor after cross-linking of two duplexes has been
estimated to be ca. 51 A using computer modeling
with the 8-mer duplex corresponding to an idealized
B-form helix. An assumption was made that pMQVB
cross-links both duplexes by intercalation of its
quinolinium rings at the unlabeled terminal GC
sequences of duplexes (Fig. 3). The intercalation can
also take place at other sites, but then it leads to an
even smaller separation distance and higher energy
transfer efficiency.

The set of emission spectra obtained during the
titration of 1:1 molar mixture of dSONF and dsONXR
with bisintercalator E,E pMQVB is shown in Fig. 4
(panel A). The observed quenching of the donor
emission is too large to be accounted for by the energy
transfer process exclusively. Moreover, the expected
sensitized emission of the acceptor at about 600 nm
cannot be clearly detected. An explanation of the
observed spectral changes should take into regard the
quenching properties of pMQVB and the fact that it
can quench both fluorescein and x-rhodamine
emission. Normalization of the spectra at the
maximum of the donor band eliminates the quench-
ing effect of pMQVB, and the sensitized emission of
the acceptor can be observed as shown in Fig. 4B
(inset). A small enhancement of the x-rhodamine
fluorescence intensity evidences the energy transfer
process between the donor/acceptor pair, thus
indicating that the interstrand cross-linking of DNA
duplexes takes place. The cross-linking efficiency was
already reported to be very low [4-6], therefore, the
very small spectral changes caused by energy transfer
are in accordance with the expectation. Further
discussion of the energy transfer data requires,
however, examination of the quenching effect of
PMQVB on the dsONF and dsONXR spectra.

Titration of single-component systems (ssONE,
dsONF, dsONXR) with pMQVB under the same
experimental conditions produced a quenching
similar to that observed for the ONF/ONXR
mixture. The Stern—Volmer plots were linear for all
titrations and the calculated Stern—Volmer constants
(Kgy values) are displayed in Table I. Very high
values of Kgy can be explained by a local

0.06
E,E pMQVB

0.04 ! 0
Q
Q
=1
<
<
2 -\
S \
< 0.02 4

0.00 -

T T T T
500 550 600 650 700
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FIGURE 5 Spectrophotometric titration of dsONXR with EE
pMQVB. Conditions: [dsONXR] = 0.5 uM, [pMQVB] = 0-9 uM,
[NaCl] = 200mM, TE buffer (10mM, pH 7.8).

accumulation of the quencher in the vicinity of
DNA, which is consistent with a high value of the
binding constant of E,E pMQVB with DNA (K, =
1x10° [13]. However, the intercalation cannot
exclusively account for the observed quenching
since ssONF is also quenched efficiently by the
ligand; moreover, ONF duplex with the same base
pair sequence as dsSONXR is quenched ca. three times
more efficiently then the latter. Taking into account
the limited electrostatic interactions (high salt
concentration—200 mM NaCl) between the charged
species, one can suppose that the additional specific
interactions between pMQVB and the labels occur.
Stacking interactions of the planar E,E pMQVB with
aromatic rings of the label can perturb their
electronic systems, and thus can lead to static
quenching. Spectrophotometric titrations of the
dsONF and dsONXR with pMQVB have been
carried out in order to evaluate the extent of such
interactions. In both the cases, addition of pMQVB
produced gradual changes in the absorption band of
the label (hypochromicity and red shift of the band
maximum). An example of dsONXR titration spectra
is shown in Fig. 5. Such spectral changes are typical
of stacking interactions of fluorophores that can
result in the formation of non-fluorescent associates
responsible for static quenching. To extract the
values of the association constants of pMQVB/label
complexes, the changes in the absorbance were
analyzed in terms of the Benesi—Hildebrandt
equation and the values of K, are shown in Table L
Higher affinity of the fluorescein for complex
formation with E,E pMQVB seems to be in
accordance with the double negative charge borne
by the fluorescein molecule at pH 7.8. It should be
noted that the values of Kgy are at least three times
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FIGURE 6 The energy transfer between the dsONF/dsONXR
couple evidenced by the difference in Stern—Volmer plots for
duplex mixture (open circles) and single-component systems
(closed circles) titrated with E,E pMQVB. Conditions: [dsONF] =
[dsONXR] = 0.5 uM, [E, E pMQVB] = 0-9 uM, [NaCl] = 200 mM,
TE buffer (10mM, pH 7.8). Excitation and emission wavelengths
were: 490 and 602 nm for duplex mixture, 490 and 516 nm for ONF,
585 and 602 nm for ONXR.

higher than the corresponding K, values. This
suggests the presence of two quenching mechan-
isms, a static and a dynamic one (probably electron
transfer). In conclusion the energy transfer signal is
shielded by a strong quenching effect of pMQVB on
the fluorescence of both fluorescein and x-rhoda-
mine. The observed spectral changes depend on the
magnitude of these two competing processes.

The extent of FRET can be evaluated from a
decrease in the donor emission or from the sensitized
fluorescence of the acceptor. Taking into account a
low Ksy value and a relatively low intensity of the
directly excited x-rhodamine emission, we decided
to follow FRET using x-rhodamine fluorescence.
However, the quenching is much more efficient than
the energy transfer, and shields an increase in the
sensitized fluorescence of Xx-rhodamine. The only
way to get evidence of the energy transfer occurrence
is to compare the experimental quenching depen-
dence with the expected quenching obtained from
separately titrated dsONXR. Additionally, the
energy transfer spectra contain also the fluorescence
of pMQVB and fluorescein that overlap with the
x-thodamine spectrum; therefore, we analyzed the
total emission in order to isolate the x-rhodamine
spectrum using the method described in the
Experimental section. Assuming that there is no
energy transfer in the system, both dependencies
should overlap within experimental error. On the
other hand, the presence of energy transfer adds
sensitized emission to the directly excited spectrum
of x-rhodamine, therefore, the resulting quenching

E,E pMQVB/DNA molar ratio
0,0 0.2 0.4 0.6 0.8 1.0 1,2
A T T T T T
15
5 101 dsONXR
5 -
dsONF/dsONXR
0 C
g4 B
6 -}
dsONF/dsONXR
=47 dsONXR
2 —
O T T T T
0.0 0.4 0.8 1.2 1.6

E,Z pMQVB/DNA molar ratio

FIGURE 7 The effect of the structure of the cross-linking ligand
on the energy transfer between the dsONF/dsONXR couple
evidenced by the quenching effect of E,E pMQVB (panel A) and
E,Z pMQVB (panel B). Open circles represent experimental
quenching of x-rhodamine emission (isolated from total emission)
in duplex mixture and closed circles show quenching of emission
of dsONXR alone. Conditions: [dsONF] = [dsONXR] = 0.5 uM,
[pPMQVB] = 0-9 pM, [NaCl] = 50 mM, TE buffer (10 mM, pH 7.8).
Excitation wavelengths were 490 and 585nm for the
dsONF/dsONXR mixture and dsONXR, respectively.

should be apparently less efficient. Figure 6 shows
the final dependencies of Iy/I vs. pMQVB/DNA
ratio. As follows from Fig. 6, the fluorescence
quenching for dsONXR (plot 1) is significantly
lower than that for dsONF (plot 2) and this difference
can be only accounted for by the contribution from
the energy transfer process.

To confirm this conclusion, we examined the
behavior of the E,Z isomer of pMQVB, for which the
cross-linking ability should be much lower, if any.
One arm of the ligand is in a cis conformation (Fig. 1)
that protects its quinolinium ring from intercalation
to DNA. To ensure a sufficient binding ratio of the
ligand to DNA (E,Z isomer exhibits a lower DNA
binding affinity), titrations were carried out at lower
NaCl concentration (50 mM). For reference purposes,
the effect of the E,E isomer was also studied under
these conditions. The obtained Stern—Volmer plots
(Fig. 7) showed significant positive curvature typical
of quenching by a mixed mechanism of dynamic and
static quenching [15]. The values of quenching
constants determined from their initial run are
displayed in Table I. The lower quenching ability of
E,Z isomer relative to that of E,E form is in good
agreement with the higher DNA binding affinity of
the latter. A decrease in the concentration of NaCl
significantly enhanced the quenching in accordance
with the salt concentration effect on the interaction of
the oppositely charged species. The dependence for
E,E isomer also shows a lower quenching for the
dsONF/dsONXR system (Fig. 7A) that evidences the
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FIGURE 8 Fluorescence anisotropy changes upon titration of
dsONXR with E,E pMQVB. Conditions: [dsONXR] = 0.5pM,
[E, EpMQVB] = 0-4 uM, [NaCl] = 200 mM, TE buffer (10 mM, pH
7.8). Excitation wavelength was 585 nm.

energy transfer contribution to the x-rhodamine
spectrum. On the contrary, in the case of E,Z isomer,
both the plots (for dsONXR alone and dsONE/
dsONXR mixture) show similar quenching -effi-
ciency, which suggests that the ligand in the E,Z
conformation is unable to effectively cross-link DNA
duplexes.

Fluorescence Anisotropy Measurements

The presence of three fluorophores in the energy
transfer system (fluorescein, x-rhodamine, and
PMQVB) causes some difficulties in resolving
particular spectral components from the total emis-
sion collected. The fluorescence energy transfer
originating from cross-linking of DNA can also
occur between like species, e.g. two dsONXR
duplexes, provided that the spectral overlap is
significant (small Stokes shift) and this phenomenon
is called energy migration [16]. Such a process cannot
be detected by conventional steady-state measure-
ments, but fluorescence depolarization of fluoro-
phore emission is affected in such cases. Thus,
fluorescence anisotropy of the label should undergo
particular changes upon titration with the cross-
linking agent. This technique has been successfully
applied to study DNA-dye complexes [17-19]. The
energy transfer (migration) between the bound dyes
was reported to cause a decrease in the fluorescence
anisotropy with the density of bound dye (separation
distance), binding geometry, and unwinding of DNA
[19].

An advantage of this method is a decrease in the
number of spectral components in the system that
simplifies the problem of multicomponent spectra
analysis. x-Rhodamine can be excited at the

maximum of its absorption band to reduce the
background emission and eliminate the excitation of
PMQVB. Moreover, the probability of cross-linking,
and thus the energy migration is expected to be
higher, which is explained as follows. Assuming that
in a three-component system (conventional energy
transfer case) there are four spectroscopically active
duplexes: fluorescent ONF and ONXR, and non-
fluorescent ONFq and ONXRq (q means quenched
by pMQVB), one can expect 10 cross-linking
products (ONFq-ONFq, ONFq-ONXRq, ONFq-
ONF, ONFq-ONXR, ONF-ONF, ONF-ONXRq,
ONXRq-ONXRq, ONXRq-ONXR, ONF-ONXR)
and only ONF-ONXR is responsible for the energy
transfer signal. On the other hand, in a two-
component system (anisotropy case), two different
duplexes are present: ONXR and ONXRgq, thus the
expected number of cross-linked pairs is reduced to
three (ONXRq-ONXRg, ONXRq-ONXR, ONXR-
ONXR) with ONXR-ONXR being responsible for
the anisotropy changes. This simple discussion
shows clearly the advantages of anisotropy measure-
ments. Additionally, the critical radius calculated for
dsONXR was very large, Ry =56 A (for k2 =2/3,
n=136, ¥ =89x10*M 'cm!, and ¢"R=
0.5). The anisotropy changes measured upon
titration with pMQVB are presented in Fig. 8. The
anisotropy slightly decreases at a low ligand
concentration, then increases with the cross-linking
ligand concentration, and finally reaches saturation
ata D/P ratio (dye to DNA phosphate molar ratio) of
about 0.6. Generally, the anisotropy depends on the
rotational diffusion that the excited molecule under-
goes before it emits a photon. Two types of rotation
contribute to the depolarization process, the rotation
of the fluorescent label about the linkage that
connects it with DNA, and the rotation of the
macromolecule as a whole. In the absence of a cross-
linking agent, the anisotropy is quite low (r = 0.09),
which suggests efficient rotational depolarization,
probably due to both processes. The contribution
coming from the free rotation of a relatively short
duplex (8-mer) could be quite high. For example,
McLaughlin et al. reported values of # in the range of
0.26-0.35 for fluorescein- and eosin-labeled 24-mers
[20], which may suggest an increase in the
anisotropy as a result of an increase in molecular
weight of the macromolecule. The cross-linking of
two duplexes may have a two-fold effect on the
anisotropy: on one hand, it can reduce the anisotropy
due to homo energy transfer, and on the other,
anisotropy can increase because of a slower rotation
of a larger cross-linked macromolecule. As the
binding ratio of pMQVB increases, larger aggregates
may be formed (three, four, etc. cross-linked
duplexes) slowing down the rotation. An expla-
nation of the observed dependence should take into
regard the two processes responsible for the
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FIGURE 9 Dynamic fluorescence microscopy freeze frames of Bacteriophage T4 DNA in the absence (panel A), and in the presence of
0.1 uM (panel B) and 1uM of E,E pMQVB (panel C). Conditions: [T4 DNA] = 0.1 uM, [DAPI] = 0.1 pM, TB buffer (10mM, pH 8.0).

Excitation wavelength was 380 nm.

depolarization of fluorescence. The initial decrease
can be interpreted as the depolarization caused by
the energy transfer process and this effect is
overwhelmed next by restriction in the rotational
depolarization of the cross-linked duplexes.

Fluorescence Microscopy Imaging

It has been shown that dynamic information on the
higher-order structure of DNA can be obtained for
individual DNA molecules in aqueous environment
using fluorescence microscopy and an appropriate
fluorescence dye [21,22]. The well known DNA
groove binder, 4,6/-diamidino-2-phenylindole
(DAPI), is widely used for such visualization of
DNA, since it does not affect the contour length of
DNA upon binding, contrary to common intercalat-
ing ligands [22]. We decided to use this technique to
get another solid proof of the cross-linking. Figure 9
shows typical freeze-frame fluorescence images
(converted to black and white pictures) of T4 DNA
molecules obtained in the absence and the
presence of cross-linking ligand pMQVB. The
untreated T4 DNA (Fig. 9A) occurs in the form of a
string-like aggregate with the apparent contour

Long-axis length /um

0 +— . .
0.1 1 10

pMQVB/DNA ratio

FIGURE 10 Changes of the long-axis length of T4DNA
depending on the pMQVB/DNA concentration ratio under the
conditions described in Fig. 9. At least 30 DNA molecules were
analyzed for each pMQVB concentration. Error bars indicate the
standard deviation in the distribution.

length exceeding 5 um. The extended conformation
or coiled state is typical of the DNA molecule that
exhibits translational and intramolecular Brownian
motions. The addition of pMQVB (0.1 M) induces
the formation of globular-type particles (Fig. 9B), a
further increase in pMQVB concentration (1 uM)
causes an increase in the number of globular
particles and a slight compaction of these globules
(Fig. 9C). The explanation of the observed effect
should involve the interaction of the DNA molecule
with the bisintercalator added. The probability of
cross-linking of two T4 DNA molecules seems to be
very low in this system in view of the low DNA
concentration (0.1 uM nucleotides) and unfavorable
entropic factor. Therefore, the effects observed
should be explained by the changes in the higher-
order structure of T4 DNA molecules. Upon addition
of the cross-linking bisintercalator, the coiled T4
DNA molecule is cross-linked through space yield-
ing globular species. Although the ligand interca-
lates to the same DNA molecule (intrastrand), this
process can be regarded as an intermolecular cross-
linking because two remote parts of the DNA
molecule are connected. The compaction of globules
at a higher ligand concentration may suggest
involvement of several bisintercalators in the cross-
linking of the same DNA molecule. The efficiency of
cross-linking can be estimated from Fig. 10 that
shows the effect of pMQVB concentration on the
long-axis length of T4 DNA. At a very low ligand
concentration, DNA molecules remain in the
extended coil state; the size distribution has a mean
value of 7pum and a standard deviation of 0.6 pm,
indicating a fluctuation of the conformation. The
length of the DNA molecule becomes shorter when
the ligand/nucleotide ratio approaches 1 and
decreases with ligand concentration. Finally, the
size distribution reaches saturation at a D/P ratio of
about 10 with a mean value of 4.5 pm and a broader
standard deviation of 1.1 pm.

CONCLUSIONS

The rigid intercalator, 1,4-bis((N-methylquinoli-
nium-4-yl)vinyl)benzene, is able to cross-link DNA
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duplexes, which was evidenced by the results of
FRET, fluorescence anisotropy measurements, and
dynamic fluorescence microscopy. The energy trans-
fer takes place only in the presence of the planar E,E
isomer, thus suggesting the importance of bisinter-
calation process in the cross-linking. The E,Z isomer
appeared to be a poor cross-linking agent in
accordance with its non-planar structure (one arm
of the ligand in a cis configuration).

The results presented showed that FRET can be
applied for the investigation of cross-linking of
DNA, and although the quenching properties of the
bisintercalator may shield the sensitized emission of
the acceptor, a careful analysis of the experimental
data can provide some evidence of energy transfer.
The dynamic fluorescence microscopy showed the
ability of the ligand to alter the higher-order
structure of large DNA molecules, thus confirming
the cross-linking abilities of pMQVB. The demon-
stration that the ligand induces a compaction of
DNA suggests that small molecules (bisintercalators)
can be useful to control gene expression through
alteration of the higher-order structure of DNA. Such
ligands could also affect the processes requiring the
presence of two duplexes in a close proximity, e.g.
recombination and replication of DNA, or topoi-
somerase action.

EXPERIMENTAL

Materials

Bacteriophage T4 DNA (166kbs, 57 um contour
length) was purchased from Nippon Gene (Tokyo,
Japan). Three 8-mer deoxyribonucleotides used in
the FRET studies were synthesized and HPLC-
purified by TaKaRa, (Tokyo, Japan). The octamer 5'-
CGTACGGC-3' was single-labeled at the 5’ end with
fluoresceinisothiocyanate (ONF) or x-rhodamineiso-
thiocyanate (ONXR) via a 6-carbon spacer. An
unlabeled oligomer 5-GCCGTACG-3' (ON) was
used as a complementary strand to obtain double-
stranded DNA. Concentrations of oligomers were
determined using molar absorptivities calculated
from the contributions of both DNA and label. The
contribution of label absorbance at 260nm was
assumed to be 19% of the absorbance of long-
wavelength band of the labels. The molar absorptivi-
ties for DNA strands were calculated by the nearest-
neighbor method, from published values of molar
absorptivities for monomer and dimer DNA [23].
The final values of molar absorptivities (¢) used for
quantitation of ON, ONF, and ONXR were 7.5 X 104,
85x10%, and 9.1x10*M 'em™!, respectively.
Fluorescein and x-rhodamine labeled duplexes
(dsONF and dsONXR, respectively) were obtained
by incubation of preliminary heated (65°C) 1:1

mixture of labeled and unlabeled complementary
strands at 10°C for 30 min.

1,4-Bis((N-methylquinolinium-4-yl)vinyl)benzene
ditriflate (E,E pMQVB) was prepared by the reaction
of methyl trifluoromethanesulfonate with 1,4-bis
((quinolin-4-yl)vinyl)benzene that was obtained by
the known procedure [24].

m.p. > 300°C. NMR (250 MHz, DMSO-dg): 615 4.58
(6H, s, N*Me), 8.23 (2H, d, J=16Hz, trans H-
vinylic), 8.51 (2H, d, | = 15.7Hz, trans H- vinylic).
Anal. Found: C, 54.19; H, 3.67; N, 4.15%. Calcd for
C32H26N206F6522 C, 5390, H, 368, N, 3.93%.

The E,Z isomer of pMQVB was prepared by the
HPLC separation of the mixture of E,E and E,Z
isomers obtained under irradiation of the E,E
PMQVB.

Tris—HCl, DAPI, and the antioxidant 2-mercapto-
ethanol (ME) were obtained from Wako Pure
Chemical Industries (Osaka, Japan). All the exper-
iments were conducted in TE buffer pH=7.8
(10mM Tris—HCl, 1TmM EDTA). Sodium chloride
was added to obtain the desired salt concentration
(200 or 50mM). Milli-Q filtered water (Millipore,
Berford, MA) was used throughout.

Methods

'H NMR spectra were recorded on a Bruker
spectrometer operating at 250MHz using tetra-
methylsilane as an internal standard. Absorption
spectra were obtained with a Hitachi U-3300
spectrophotometer equipped with a SPR 10 tem-
perature controller. Steady-state fluorescence
measurements were carried out using a Hitachi
F-4500 spectrofluorimeter with 5nm excitation and
emission slits. The cell compartment was thermo-
stated at 10°C and equipped with a magnetic stirrer.
All measurements were carried out using a 10 mm
quartz cell, the spectra were corrected in 280—-700 nm
range by a microprocessor-operated correction
mode, using Rhodamine B as a photon counter.

Melting Curves

Melting of duplexes was followed by conventional
absorbance measurements at 260 nm with controlled
temperature gradient. Samples in TE buffer (200 mM
NaCl) containing the mixture (0.5 uM each strand) of
labeled (ONF or ONXR) and unlabeled complemen-
tary oligonucleotide (ON) were initially incubated at
5°C for 20 min, slowly heated to 65°C (at 1°C min ")
and next slowly cooled to 10°C. Both cooling and
heating cycles gave almost reproducible runs.

Spectrophotometric Titration

A sample solution containing 0.5uM of duplex
(dsONF or dsONXR), TE buffer (pH 7.8), and
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200mM NaCl was equilibrated at 10°C for 10 min. A
typical titration consisted of successive addition of
small portions (5 ul) of a 50 uM solution of pMQVB
that contained buffer, NaCl, and duplex (at the same
concentration as in the sample), followed by stirring,
thermal equilibration, and recording of the spec-
trum. The absorbance changes at the maximum
wavelength of the absorption band of the label were
analyzed using Benesi-Hildebrand transformation
[25] to obtain the association constant (K,) of the
complex formed, from the following equation:

[DNA] 1 n 1
AA A KyAecy’
where Ag is the difference between molar absorptiv-

ities of free and complexed DNA label, ¢y is the
titrant (pMQVB) concentration.

Fluorescence Titration and Energy Transfer
Measurements

A sample solution containing dsONF and dsONXR
(0.5 uM each), TE buffer, and NaCl (50 or 200 mM)
was equilibrated in a quartz cell at 10°C for 10 min.
After successive additions (5 wl) of a 50 uM solution of
pPMQVB (containing the same components as the
sample including duplexes), stirring, and thermal
equilibration, the fluorescence emission spectra were
recorded in the 500—-700 nm range with an excitation
wavelength of 490nm (dsONF/dsONXR mixture,
dsONF alone) and 580nm (dsONXR). The spectra
were recorded using a set of polarizers aligned at the
“magic angle.” Experimental emission spectra were
resolved using the multicomponent analysis method
to extract the x-rhodamine spectrum. The calculations
were performed using PhotochemCAD software that
allows a quantitative multicomponent analysis of a
spectrum composed of several different components
[26]. Quenching effect and energy transfer efficiency
were evaluated using plots of I/I vs. D/P ratio.

Anisotropy Measurements

A sample solution of dsONXR (0.5 uM) was titrated
with pMQVB similar to other titration procedures.
Emission spectra were recorded over the wavelength
range 585-700nm (excitation wavelength 580 nm)
using a set of polarizing filters. Anisotropy, r, was
calculated from the following equation: » = %
I .. .
where G = ﬁ , Iis integrated fluorescence, subscripts
V and H represent vertical and horizontal settings of
polarizers. The first index denotes excitation, the
second—emission polarizer. G is used for instru-
mental correction.

Fluorescence Microscopy

A sample solution containing T4 DNA (0.1 pM
nucleotides), fluorescence dye DAPI (0.1 uM),

antioxidant ME (4%) in TE buffer pH 7.8 were
mixed with pMQVB and equilibrated at 25°C for
15min. The sample solution was placed between
microscope slides, illuminated with 365 nm UV light,
and fluorescence images of DNA molecules were
observed using a Zeiss Axiovert 135 TV microscope
equipped with a 100 X oil-immersed objective lens,
and recorded on a S-VHS videotape through a high-
sensitivity Hamamatsu SIT TV camera.
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