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ABSTRACT: A new optical strategy to determine the
binding modes (intercalation vs groove binding) of small
fluorescent organic molecules with calf thymus DNA was
developed using two-photon absorption (TPA) spectros-
copy. Two-photon excited emission was utilized to
investigate a series of fluorescent nuclear dyes. The results
show that TPA cross-sections are able to differentiate the
fine details between the DNA binding modes. Groove
binding molecules exhibit an enhanced TPA cross-section
due to the DNA electric field induced enhancement of the
transition dipole moment, while intercalative binding
molecules exhibit a decrease in the TPA cross-section.
Remarkably, the TPA cross-section of 4,6-bis(4-(4-
methylpiperazin-1-yl)phenyl) pyrimidine is significantly
enhanced (13.6-fold) upon binding with DNA. The
sensitivity of our TPA methodology is compared to
circular dichroism spectroscopy. TPA demonstrates
superior sensitivity by more than an order of magnitude
at low DNA concentrations. This methodology can be
utilized to probe DNA interactions with other external
molecules such as proteins, enzymes, and drugs.

luorescent molecular nuclear dyes have been widely used in

cellular biology with potential applications in forensic,
diagnostic, and bioanalytical analysis." Fluorophores that display
enhanced fluorescence upon binding with DNA have been
utilized in fluorescence microscopy as well as quantifying nucleic
acids in gel electrophoresis and flow cytometry.” The binding
interactions of external molecules with DNA often result in a
significant change in their properties, which has an important
impact on physiological functions.® Thus, the binding mode is a
crucial parameter for drugs targeted at DNA. DNA binding
molecules interact with DNA through intercalation or groove
binding as represented in Figure 1A and 1B, respectively.
Common effects of DNA intercalative drugs inhibit cell growth,
cell transformation, and cell death, which have applications as
antitumor, antibacterial, and antiparasitic agents.4 Several DNA
groove binding drugs act by interfering with cellular processes,
which target enzyme and protein access to DNA.> The
mechanism of binding is key to the performance of both DNA-
targeted therapies and fluorescent probes. While basic design
principles are proposed, the binding modes of many dyes cannot
be unambiguously assigned based on either their structure or
through the use of many well-established spectroscopic
techniques. Therefore, distinguishing between an intercalator
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Figure 1. (A) Intercalative and (B) groove binding modes. Orientation
of the S, — S; transition dipole is shown in green. (C) Chemical
structures of 4,6-bis(4-(4-methylpiperazin-1-yl)phenyl) pyrimidine (1),
4,6-bis(4-(4-methylpiperazin-1-yl)phenyl) pyrimidin-2-ol (2), acridine
orange (3), Hoechst 33258 (4), thioflavin t (5), and topotecan (6).

and groove binder is critical for the design of DNA-targeted
drugs and fluorescent probes.

Qualitative methods have been employed to elucidate the
binding modes of external molecules to DNA.?> However, a
combination of select methods must be used to determine the
DNA binding mode with certainty.® New methodologies, such as
two-photon absorption (TPA), can provide a powerful tool to
examine the photophysical properties of fluorescent organic
molecules in biological systems.” TPA is a nonlinear technique
that can be used with high sensitivity to understand the changes
in the chromophore DNA binding environment, charge transfer
character, and excited-dipoles.® We present the first results of
two-photon spectroscopy to diagnose the DNA binding modes
of small fluorescent molecules with calf thymus DNA (ctDNA).
The change in the TPA cross-section (5) was examined to assess
the binding mode based on the DNA electric field induced
perturbation of the dye’s transition dipole. A series of dyes
(Figure 1C) were investigated to demonstrate our methodology.
These fluorophores illustrate a general scaffold for DNA binding
dyes, which include linear, crescent, or planar structural motifs.

Reaction of 4,6-bis(4-fluorophenyl)pyrimidine” with N-
methylpiperazine by nucleophilic aromatic substitution afforded
1 with an overall yield of 41%. The Biginelli reaction of 4-(4-
methyl-1-piperazinyl) benzaldehyde, 4-(4-methyl-1-piperazinyl)
acetophenone, and urea yielded 2.'° The steady-state absorption
spectra, emission spectra, quantum yield, and characterization
data can be found in the Supporting Information.

It has been shown that the local electric fields have an influence
on the TPA cross-section.'’ The TPA cross-sections of
triphenylamines with N-methyl benzimidazolium moiety termi-
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nated branched dyes have been investigated, and it was reported
that the TPA cross-section enhances about 10-fold upon groove
binding with DNA.'>'> We also present a TPA cross-section
enhancement for the characterlzatlon of groove binding
molecules similar to Dumat et al.'> However, we attribute the
TPA cross-section change to the DNA electric field influence on
the dipole of the binding molecule. The change in the TPA cross-
section is analyzed to determine the DNA binding mode based
on the orientation of the binding agent relative to the DNA
helical axis. A groove binding molecule will have a dipole oriented
more parallel to the DNA electric field resulting in an enhanced
TPA cross-section upon binding. Contrarily, an intercalating
molecule will have a dipole aligned more perpendicular to the
DNA electric field leading to a decreased TPA cross-section upon
binding. A groove binding molecule will exhibit an increased
induced dipole, while an intercalating molecule will have a
decreased induced dipole due to the DNA electric field
perturbation. It was reported that DNA has the capacity to
accumulate an electric field.'* Additionally, it has been shown
that tethered dsDNA monomers, dimers, and trimers exhibit
dlfferent extenswn lengths when an external electric field is
applied."® This suggests that the electric field (dipole) of DNA
changes with increasing DNA concentration for a given system.
Therefore, we expect a change in the TPA cross-section of the
dye upon binding with DNA.

To demonstrate our methodology, 3 and 4 were used as
standards. It i s important to note that 3 has been reported as a
intercalator,'® and 4 has been reported as a groove binder.'” The
TPA cross-sections were measured utlhzlng the two-photon
excited fluorescence (TPEF) method."® For 3, a decrease in the
TPA cross-section was observed as the DNA concentration was
increased (Figure 2A). This can be rationalized by the
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Figure 2. TPA cross-section of (A) 3 and (B) 4 plotted as a function of
DNA (base pairs) concentration with [dye] = S puM. Inset graph:
enlargement at low DNA concentration. Results are the mean + SD (n =
3). The red line is to guide the eye.

orientation of 3 upon intercalating to DNA. The dipole of 3 is
oriented more perpendicular to the DNA electric field (parallel
to the bases) leading to a reduction in the induced dipole. The
decreasing trend is evident of a DNA intercalative binding mode
resulting in lengthening and unwinding of the DNA helix.®

Important driving factors for intercalation are s-stacking,
dispersive interaction, dipole—dipole interaction, and electro-
static factors with the aromatic nucleobases in DNA.'” The TPA
cross-section was also measured in the presence of [poly(dG-
dC)], (see Supporting Information). The results confirm that
the decreasing TPA cross-section trend is directly related to 3
intercalating at GC base pairs. It was previously reported that 3
intercalates at GC-rich sequences,”® which corresponds with our
results. Interestingly, the TPA cross-section increased from 0.11
to 0.13 GM when the DNA concentration was increased to 4 uM.
This observation can be explained due to the dye—dye
interactions at high dye-to-DNA ratios, which were also observed
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at 7 uM of DNA using circular dichroism (CD). The dyes form
ordered aggregates at the surface of DNA*' resulting in an
enhanced dipole, which influences the TPA cross-section.

4 was investigated to demonstrate our methodology for a well-
known groove binder. An increasing TPA cross-section trend
was observed with increasing DNA concentrations (Figure 2B).
A TPA cross-section enhancement of 6.9-fold was noted upon
binding with DNA. The dipole of 4 is aligned more parallel to the
DNA electric field when bound, resulting in an enhanced TPA
cross-section. The increasing trend indicates a DNA groove
binding mode, which is characterlzed by little to no perturbation
of the DNA structure.”” Groove binding molecules require
conformational flexibility that allows the molecule to fit into the
groove and functional groups that interact with the nucleobases
with minimal steric hindrance.> The TPA cross-section of 4 was
measured in the presence of [poly(dA-dT)], (see Supporting
Information). A TPA cross-section enhancement of 7.4-fold was
observed upon binding at AT base pairs. The findings confirm
that the TPA cross-section enhancement is directly related to 4
groove binding at AT-rich sequences. 4 was reported to groove
bind along AT-rich sequences while occupying four base pairs™
through van der Waals and hydrogen bonding interactions.**

CD measurements were applied to compare with the TPA
analysis. Positive and negative induced circular dichroism (ICD)
signals were observed near 480 and 465 nm, respectively, for 3
(see Supporting Information). The positive band is due to the
interaction between the transition dipoles of two or more
ordered dyes and reduces when DNA concentrations are
increased.*' The negatlve ICD signal near 465 nm is attributed
to the intercalated dye.”> Contrarily, a strong positive ICD signal
was observed at approximately 360 nm for the interaction of 4
with DNA (see Supporting Informatlon) The positive band is
ascribed to 4 groove binding with DNA.*®

TPA was employed to study the binding mode of thioflavin t
(5). It was previously reported that $ intercalates with dsDNA.>’

5 undergoes a twisted internal charge-transfer (TICT), which is
responsible for the quenched fluorescence in the absence of
DNA. When bound with DNA, the internal rotation of the dye is
restricted due to steric hindrance resulting in enhanced
fluorescence.”® Presented in Figure 3A, the decreasing trend is
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Figure 3. TPA cross-section of (A) 5 and (B) 6 plotted as a function of
DNA (base pairs) concentration with [dye] = S yM. Inset graph:
enlargement at low DNA concentration. Results are the mean + SD (n =
3). The red line is to guide the eye.

indicative of an intercalative binding mode. This suggests that the
dipole of § is oriented more perpendicular with the DNA electric
field upon binding. § had a TPA cross-section of 40.0 GM in the
absence of DNA. The TPA cross-section decreased to 11.4 GM
at 624 uM of DNA. The decrease in the TPA cross-section can be
attributed to the DNA electric field induced perturbation of the
dye’s transition dipole rather than the conformational change of
the dye upon intercalation since 1, 2, and 4 undergo a
conformational change upon groove binding. Similar to 3, the
TPA cross-section increased at low DNA concentrations. The
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TPA cross-section increased to 53.7 GM at 4 uM of DNA, which
can be attributed to the formation of dimers that bind at the DNA
grooves under excess dye conditions.”” CD was used to compare
with the TPA experiments. However, an ICD signal was not
detected at our experimental conditions (see Supporting
Information). This demonstrates that TPA is more sensitive at
low dye concentrations as compared to CD. Bathochromic shifts
of 8 and 48 nm were observed in the absorption and emission
spectra, respectively, at 624 uM of DNA, indicating the dye is
bound with DNA (see Supporting Information).

The binding mode of topotecan (6), a clinically approved
anticancer drug, was investigated using TPA. There has been
controversy regarding the binding mode of 6. The binding
mechanism is of interest because therapeutic importance can be
improved. Yang et al.*° reported an intercalating binding mode in
the absence of topoisomerase 1. However, Streltsov et al! and
Joshi et al.** concluded that 6 binds to DNA through a groove
binding mechanism. Our TPA analysis suggests that 6 groove
binds with DNA, as shown in Figure 3B. The TPA cross-section
enhancement can be attributed to 6 groove binding at GC-rich
sequences.”** Quenching in both the steady-state and two-
photon excited emission was observed (see Supporting
Information). This can be ascribed to the photoinduced electron
transfer (PET) between the drug and DNA nucleobases.’” A
TPA cross-section enhancement of 1.5-fold was noted upon
binding with DNA. The low enhancement can be attributed to
the orientation of the binding agent relative to the DNA helical
axis. 6 was reported to be oriented nearly 55° to the DNA helical
axis, which is approximate to a groove binder (<55°) but less than
a classical intercalator (62—76°).>"** Comparatively, 4 had a
TPA cross-section enhancement of 6.9-fold with a 45° angle of
orientation.>® The difference in the TPA cross-section enhance-
ment at low and high DNA concentrations can be ascribed to the
DNA electric field induced enhancement of the dye’s transition
dipole. The low TPA cross-section enhancement suggests that
the binding angle of topotecan is between an intercalator and
groove binder. A larger TPA cross-section enhancement is
expected if the dipole of the binding molecule is oriented more
parallel with the DNA electric field.

The binding mode of 1 was studied utilizing TPA and CD. The
TPA cross-section of the unbound dye was 2.1 GM. Shown in
Figure 4A, the TPA cross-section increased to 28.7 GM at 624
uM of DNA. A significant TPA cross-section enhancement of
13.6-fold was observed upon binding with DNA, which was the
largest enhancement noted. The TPA cross-section enhance-
ment indicates that 1 undergoes a groove binding mechanism in
the presence of DNA. The crescent shape of 1 allows the
molecule to groove bind at AT-rich sequences. CD was used to
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Figure 4. (A) TPA cross-section of 1 (S uM) plotted as a function of
DNA (base pairs) concentration. Inset graph: enlargement at low DNA
concentration. Results are the mean + SD (n = 3). The red line is to
guide the eye. (B) CD spectra at different DNA concentrations. 1 — 10
represents DNA (base pairs) concentrations 0, 2, 4, 7, 14, 32, 63, 125,
250, and 624 uM, respectively.
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investigate the system. 1 exhibits a positive ICD signal near 370
nm in the presence of DNA, which is consistent of a groove
binding mode (Figure 4B). The positive band corresponds to the
So = S transition, which suggests that the transition dipole of 1
is oriented along the groove.>* Interestingly, a weak negative
band is observed near 325 nm at 32 yuM of DNA or greater. The
bisignate ICD signal is attributed to the formation of dimers at
the surface or in the groove of DNA*In agreement with CD, the
TPA cross-section enhancement indicates that the transition
dipole of 1 is oriented more parallel to the DNA electric field.
TPA and CD were employed to investigate the binding mode
of 2. Presented in Figure SA, the TPA cross-section is plotted as a
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Figure S. (A) TPA cross-section of 2 (S uM) plotted as a function of
DNA (base pairs) concentration. Inset graph: enlargement at low DNA
concentration. Results are the mean + SD (n = 3). The red line is to
guide the eye. (B) CD spectra at different DNA concentrations. 1 — 10
represents DNA (base pairs) concentrations 0, 2, 4, 7, 14, 32, 63, 125,
250, and 624 uM, respectively.

function of DNA concentration. The TPA cross-section
increased from 3.4 to 14.0 GM from 0 to 624 uM of DNA. A
TPA cross-section enhancement of 4.1-fold was observed.
Compared with 1, this suggests that a larger TPA cross-section
enhancement is noted when a less electron withdrawing
heterocyclic central core is incorporated into the donor—
acceptor—donor z-system. In addition, the hydroxyl substituent
from 2 may interact with the DNA nucleobases and surrounding
water molecules resulting in a lower TPA cross-section
enhancement.*® The increasing trend indicates that 2 interacts
with DNA though a groove binding mechanism. CD was used to
examine the binding mode of 2 (Figure SB). A positive ICD
signal was recorded in the presence of DNA near 400 nm, which
corresponds to the S; — S, transition. The negative band at
approximately 350 nm corresponds to the Sy — S, transition. 2
was previously reported to groove bind with DNA using linear
dichroism (LD),"® which agrees with the TPA analysis.
Additionally, it was shown that 2 interacts with DNA through
hydrogen bonding interactions at the AT base pairs, occupying
three base pairs. However, the fluorescence is nearly quenched
from GC sequences, which is most likely due to the PET from
guanine to the excited chromophore.>’

A direct comparison of TPA and CD demonstrates superior
sensitivity compared to CD. It is important to note an ICD signal
was not observed for 5 and 6; however, a change was detected
utilizing TPA. This indicates that our method has superior
sensitivity at low dye and DNA concentrations. An ICD signal
was not observed at DNA concentrations less than 7 uM for 1-3.
However, an ICD signal was detected at 4 uM of DNA for 4. TPA
detected a significant environmental change in the presence of 2
UM of DNA for all compounds, which demonstrates that the
methodology has potential use at biologically relevant concen-
trations while avoiding problems with background absorption of
common buffers.*® For example, the TPA cross-section increased
from 2.1 to 6.2 GM when the DNA concentration was increased
to 2 uM for 1. The findings are significant, as it suggests that two-
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photon spectroscopy can provide detailed information at dilute
concentrations of DNA and differentiate between the DNA
binding modes of external molecules, which are inaccessible with
single-photon excited fluorescence. Furthermore, two-photon
excitation microscopy (TPEM) can be used for cellular studies.
Since the TPA process is quadratically intensity dependent,
TPEM can provide superior spatial resolution with reduced
photobleaching and photodamage as well as autofluorescence for
bioimaging at low concentrations.

In conclusion, we developed a new highly sensitive method-
ology to diagnose the DNA binding mode of external molecules.
This report is the first example that applied TPA cross-section
changes to determine the DNA binding mode of fluorescent
nuclear dyes and DNA-targeted drugs. The TPA cross-sections
of intercalating and groove binding dyes are influenced by the
electric field of the DNA backbone upon binding. An increasing
TPA cross-section trend is indicative of a groove binding mode,
while a decreasing TPA cross-section trend suggests an
intercalative binding mode. A comparison of our TPA studies
with CD demonstrates that TPA exhibits superior sensitivity at
DNA concentrations of 4 #M and lower by more than an order of
magnitude. This work may facilitate the biological studies of
DNA interactions with other external molecules as well as
applications for bioimaging.
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Detailed experimental procedures, synthesis of chromophores,
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