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DNA-binding, green and yellow fluorescent probes with excellent brightness and high on/off ratios are reported. The probes are membrane
permeable, live-cell compatible, and optimally matched to 405 nm and 514 nm laser lines, making them attractive alternatives to UV-excited and
blue emissive Hoechst 33342 and DAPI nuclear stains. Their electronic structure was investigated by optical spectroscopy supported by TD-DFT
calculations. DNA binding is accompanied by 27- to 75-fold emission enhancements, and linear dichroism demonstrates that one dye is a groove

binder while the other intercalates into DNA.

Fluorescent nuclear stains are widely employed in cell
life cycle analysis and flow cytometry and as counterstains
in fluorescence microscopy.' Probes possessing well-de-
fined binding modes also find applications in quantifica-
tion of nucleic acids** as well as investigations into the
statistical-mechanical properties,* solution orientation,
and dynamics of DNA.> Despite the availability of several
classes of fluorescent nuclear stains, there remain limitations
to their universal application due to available excitation
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wavelengths,>® membrane permeability,” and toxicity.®’
Indole and benzimide vital dyes, such as DAPI and Hoechst
33342, possess excitation maxima in the UV that are poorly
matched to visible laser lines.>® On the other hand, DNA-
intercalating carbocyanine dyes,'° such as TOTO or YOYO,!
offer long wavelength excitation and emission but require
cell fixation and permeabilization.'?

In this letter, we report two novel fluorescent nuclear
stains: 4,6-bis(4-(4-methylpiperazin-1-yl)phenyl) pyrimidin-
2-ol, 1, and [1,3-bis[4-(4-methylpiperazin-1-yl)phenyl]-1,3-
propandioato-«O, «0'] difluoroboron, 2 (Figure 1). Opti-
cal spectroscopy reveals that they are optimally matched
to available 405 nm (1) and 514 nm (2) laser lines and are
also compatible with standard filter sets. DNA binding
was investigated by fluorescence and flow-aligned linear
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dichroism (flow-LD) spectroscopy. Both dyes exhibit high
on/off ratios with improved brightness over DAPI and
Hoechst dyes. This enables lower dye loadings and/or
illumination intensities, which, coupled to their low cyto-
toxicity, makes 1 and 2 attractive alternatives to existing
nuclear stains.

1 and 2 were designed as DNA-targeting, ‘turn-on’ fluo-
rescent probes and incorporate three key design elements
(Figure 1). First, their optical properties are addressed
through the incorporation of a donor—acceptor—donor
m-system that enables excitation and emission wavelengths
in the visible spectrum as well as high sensitivity toward
their microenvironment.'>'* Second, the pendant aryl arms
control optical switching with emission enhancements ex-
pected when rotation is limited. Finally, recognition units
may be incorporated via 4-amino positions of the arms; for
1 and 2, N-methylpiperazine was chosen, as, at physiolog-
ical pH, protonation will result in a dicationic species
suitable for electrostatic interactions with the phosphate
backbone of DNA. With an aromatic core capable of
interacting with nucleobases and charge spacing well
matched to the interbackbone phosphate distance of 18.3 A,
we anticipated that 1 and 2 were ideally suited as intercalators,
though a groove binding mode is possible as well, due to their
concave shape (Figure 1C, D).

1is the product of the Bignelli reaction of 4-(4-methyl-1-
piperazinyl) benzaldehyde, 4-(4-methyl-1-piperazinyl) aceto-
phenone, and urea, isolated in 22% yield as a bright yellow
solid. Reaction of 1,3-bis(4-fluorophenyl)-1,3-propanedione
with boron trifluoride followed by nucleophilic aromatic
substitution with N-methylpiperazine afforded 2 as a bright
orange solid in an overall yield of 11%. 1 And 2 were char-
acterized by '"H NMR, C NMR, HRMS, and IR (see
Supporting Information).

Absorption and emission spectroscopy demonstrate that 1
and 2 are responsive to their chemical environment (Table 1).
Both probes show moderate absorption enhancements in
methanol and octanol compared to phosphate buffered
saline (PBS). The absorption maximum of 2 is bathochro-
mically shifted by 70 nm relative to 1 in all the solvents
examined. As both dyes possess the same electron-donat-
ing arms, the red shift observed for 2 is the result of a lower
energy LUMO due to the increased electron-withdrawing
ability of the propandionato-difluoroboron core.

The emission of 1 is enhanced 80-fold in octanol com-
pared to PBS, while, for 2, a 30-fold enhancement was
observed. The emission maxima of 1 range from 475 nm in
octanol to 511 nm in ethylene glycol, and the emission
maxima of 2 vary from 523 nm in methanol to 553 nm in
ethylene glycol. The solvent-dependent emission enhance-
ment is likely the result of the donor—acceptor s-system
that yields an excited state with charge transfer (CT) char-
acter, while the rotational freedom of the pendant aryl
arms may contribute to a twisted intramolecular CT (TICT)
excited state. @, appears to correlate with solvent polarity
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Figure 1. (A) Design strategy for DNA-binding, turn-on probes
includes a donor-s-acceptor core, rotatable arms that control
emission, and N-methylpiperazine recognition units to interact
with the phosphate backbone. (B) Chemical structures of 1 and
2. Possible modes of interaction of the protonated species with
DNA include (C) groove binding or (D) intercalation.

Table 1. Optical Data for 1 and 2

Amax, abs € Anmas, em Av Dy
nm M' cm'  nm cm’
PBS
1 388 35,000 502 5850 0.003
2 469 40,000 535 2600 0.006
ethylene glycol
1 410 33,000 511 4800 0.03
2 492 44,000 553 2200 0.05
MeOH
1 392 39,000 493 5230 0.04
2 455 50,000 523 2860 0.07
octanol
1 399 42,000 475 4010 0.24
2 464 51,000 527 2600 0.18
ctDNA®
1 392 28,000 504 4200 0.11
2 472 38,000 556 3200 0.06
DAPI 350 22,000 451 6400 0.57
Hoechst® 350 47,000 452 6400 0.82

“[ctDNA] = 50 4M in PBS, [dye] = 1.0 4M in PBS. ” Hoechst 33342.

and is higher in less polar solvents (octanol > methanol >
ethylene glycol > PBS).

TD-DFT calculations (B3LYP 6-31G(d)) provide in-
sights into the electronic structure responsible for the ob-
served optical properties. 1 And 2 are largely isoelectronic
with respect to their frontier molecular orbitals and related
electronic transitions which is not surprising given their
similar architecture (Figure 2). The relevant excited states
with significant oscillator strength (f > 0.10) are shown in
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Figure 2. (A) Excited state manifold with relevant contributing
molecular orbitals indicated TD-DFT B3LYP/6-31G(d) in
MeOH using the SMD solvent model. (B) Frontier (1) mole-
cular orbitals; 4-methylpiperazine is truncated to dimethyl
amino groups. (C) Excitation and emission of 1 and 2 compared
to Hoechst 33342 and DAPI bound to ctDNA; the 405 nm and
514 nm laser lines are indicated.

Figure 2A. The calculated transition Sy—S; energies of
394 nm for 1 and 467 nm for 2 are in very good agreement
with the experimentally observed values (Table 1). Both
the HOMO and HOMO ™' exhibit greater orbital con-
tributions from the pendant aryl arms, while the LUMO
shows a greater contribution from the electron-withdraw-
ing core. The polarization of the HOMO and LUMO
confirms the notion of an excited state with CT character!?
which has been previously described for structurally re-
lated 4,6-diaryl-pyrimidones.'*'* This CT state should be
stabilized in polar solvents leading to the observed fluores-
cence quenching.

We next examined the optical response of 1 and 2 upon
exposure to calf thymus DNA (ctDNA). It was anticipated
that probes interacting with DNA, either in a groove-binding
mode or as intercalators, would experience a less polar and/or
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more restrictive environment in which quenching processes
would be limited.'®'*!¢ In the presence of ctDNA, emission
of the probes increases substantially: a 40-fold increase was
found for 1 and a 10-fold increase for 2 (Table 1) based on
quantum yields. Interestingly, the excitation spectra of the
bound probes were bathochromically shifted relative to the
absorption maxima; in the case of 1, Aax, abs = 392 nm
and Apax, ex = 415 nm, while, for 2, A,.x. aps = 472 nm
and Amax, ex = 501 nm. The bathochromic shift effectively
increases the on/off ratios of the probes when exciting at
the longer wavelengths; for 1 an on/off ratio of 75 is
obtained with 405 nm excitation, and for 2 a ratio of 27
is obtained with 514 nm excitation.

In order to investigate the binding mode of 1 and 2 in
more detail, we used flow aligned linear dichroism (flow-
LD)"” in which DNA is aligned in a shear flow and the
absorption is measured parallel and perpendicular to the
flow direction. The DNA bases will be oriented perpendi-
cular to the flow and thus have a strong negative LD signal
centered around 260 nm. Any molecule that is bound to
DNA will also be aligned and give rise to an LD signal, and
the sign and amplitude of the LD signal is related to the
angle between its transition dipole moments and the DNA
long-axis. The LD spectra for 1 and 2 are quite different with
respect to each other in shape and magnitude (Figure 3A),
and they also differ from their correspdonding isotro-
pic absorption spectra (Figure 3B—C). For 2 the magni-
tude of the peak at 475 nm, corresponding to the S4—S;
transition, indicates that the transition dipole is aligned
roughly parallel with the DNA base pairs, an orientation
that is consistent with an intercalated binding, as the
So—S; transition dipole of 2 lies within the plane of the
molecule. To assign the peak to a binding mode in a
quantitative manner, we calculated the reduced linear
dichroism (LD"). The LD" is directly related to the angle
between the transition moment and the orientation axis
through the following equation:

LD" = LD/4i, = 3/2*S*(3 costx — 1) (1)

where a is the angle between the orientation axis and the
transition dipole moment and S is an orientation factor
thatisidentical for DNA and ligands bound to DNA in the
same sample. The LD" for the 475 nm peak of 2 has a value
thatis very similar to the DNA band, confirming a binding
angle close to 90° (Figure 3A).

The LD spectrum of 1 is most readily explained by a
dominant groove-binding mode since the main transition
at 410 nm gives rise to a very weak LD signal and an LD*
value close to 0. Interestingly we observe a distinct negative
peak at 360 nm that is barely visible in the isotropic
absorption and corresponds to the weak Sy—S, transition
(f = 0.11). This transition dipole is oriented perpendicular to
the S¢—S; transition dipole (Figure 3D), and its stronger
negative LD suggests that it is nearly perpendicular to the
DNA helix axis. This is in good agreement with groove
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Figure 3. (A) LD and LD" spectra for 1 and 2 bound to ct-DNA,
normalized at 260 nm. Comparison of the normalized LD and
isotropic absorption spectra of (B) 1 and (C) 2. (D) Possible
orientation of the S¢—S; (red) and Sy—S, (black) transition
dipoles of groove-bound 1 based on the LD" spectra.

binding, since such a binding geometry would position the
S¢S, tranistion parallel to the DNA bases (Figure 3D). The
LD" for the Sy—S, transition corresponds to an angle of 57°,
and while this is slightly larger than that for typical groove
binders such as DAPL'® it may be the result of major groove
binding where a slightly larger binding angle is possible.

The performance of 1 and 2 as nuclear stains was
evaluated using two common cell lines, HEK 293 and
MCF-7. Representative images of 1 (1., = 405 nm) with
HEK 293 cells and 2 (1cx = 514 nm) with MCF-7 cells are
shown in Figure 4. Both 1 and 2 were found to illuminate
cell nuclei in a manner consistent with DAPI and Hoechst
33342 staining. For all imaging experiments cells were not
fixed, no antifade reagent was used, and no rinsing was
necessary to remove nonfluorescent unbound probe; opti-
mum probe concentration was found to be in the range of
1 to 10 uM. The higher molar absorptivity of 1 at 405 nm
makes it 6 to 10 times brighter than either DAPI or
Hoechst 33342 at identical dye loadings and optical set-
tings. The improved brightness of the probes allows for
lower illumination intensities and/or dye loading, which is
useful for prolonged imaging experiments using live cells or
tissue. Both 1 and 2 exhibit low cytotoxicity: cells cultured in
media with probe concentrations of 1.0 uM or less do not
differ from untreated cells in time to confluence, while higher
probe concentrations, between 2.5 and 10 uM, are tolerated
for up to 24 h. Longer exposure to 2 does lead to vesicular
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Figure 4. Comparison of nuclei stained with 1 and 2 (top) versus
Hoechst 33342 and DAPI (bottom): (A) 1 with HEK?293 cells,
(B) 2 with MCF7 cells, (C) Hoechst 33342 with HEK293 cells,
and (D) DAPI with HEK?293 cells; CellMask Deep Red (Life
Technologies) is the membrane stain; scale bar = 20 um.

accumulation in cells that otherwise appear healthy and con-
tinue to grow normally; no such accumulation was found for 1.

In conclusion, we have designed and synthesized two
DNA-binding, turn-on fluorescent probes that function as
live cell compatible nuclear stains. Optical spectroscopy
shows that 1 and 2 exhibit emission enhancements upon
exposure to nonpolar solvents and ctDNA. Linear dichro-
ism studies reveal that, despite their isoelectronic struc-
tures, 1 is predominantly a groove binder while 2 is an
intercalator. We have demonstrated their use in live cells,
and both probes were found to be membrane permeable,
exhibit low toxicity, and selectively stain cell nuclei. Overall
the dyes compare favorably to widely employed vital nucle-
ar stains DAPI and Hoechst 33342 in terms of brightness,
photostability, and compatibility with common laser lines.
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