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Nucleic acid binding molecules have been extensively explored for nucleic acid assay, nuclear imaging,
and antitumor and antivirus therapies. Most of these molecules usually bear positive charges to enhance
their binding affinity. However, the in vivo applications of them are limited by poor membrane
permeability and lack of selectivity to nucleic acids. Here we describe the effects of positive charged side
chains (including aminoethyl, dimethylaminopropyl and guanidinoethyl) on the DNA binding ability, cell
permeability, cellular localization and cytotoxicity of 4-aminonaphthalimides, a class of DNA-
intercalating agents and fluorophores. The synthesized 4-aminonaphthalimides have strong binding ability
to duplex DNA, and can be used as pre-staining dyes for gel electrophoresis of DNA and RNA. When
entering into cells, they rapidly concentrate in cell nuclei, especially in nucleoli. The guanidinoethyl side
1s chains increase the binding ability to nucleic acids, but do not favour the cell permeability and

cytotoxicity; dimethylaminopropyl groups enhance the cell permeability and cytotoxicity of 4-

aminonaphthalimides. These results suggest the potential applications of 4-aminonaphthalimides in

nucleic acid assay, nuclear imaging, and provide useful information for the molecular design of DNA-
binding drugs and fluorescent probes.
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good cell permeability and can be used for live cell staining.

» Introduction Among these dyes, DAPI and Hoechst require ultraviolet
excitation, which can result in cellular damage.5 SYTO stains can
be excited by visible and near-infrared radiation, unfortunately
s they have low selectivity to cell nucleus®. The choice of nuclear

imaging, as well as antitumor and antivirus therapies’. A large dye is still a thorny issue, many efforts have been made to design
percentage of the chemotherapeutic anticancer agents currently new nuclear dyes® such as, DRAQ5 (cell-permeant

- - 2 - -
25 used are DNA-binding drugs®. However, the applications of many anthraquinone dye)”; DEAB-TO-3(TO-3 analogue)®, and LIrl

o_f _the DNA-blpdlng molecules in live cell§ 'and in vivo are (iridium(111) complex)e. Usually, the requirements for good
I|m|te_d_by their F_)oor _membrane permeability and lack of ss nuclear probes are: long-wavelength excitation/emission, high
select!vny o nuclelc_ amd_s. Therefore the_QeveIopment (_)f new DNA selectivity, live-cell permeability and significant dynamic
organ!c_molecules with high cell pe_rmeablllty gnd nucleic ac_ld changes of fluorescence properties, such as fluorescence
30 selec_tlv_lty has attracted extensive attention, e.g. bis- enhancement or wavelength shift.
ben2|m|da_zolg b_a sed dyes that are not only cell permeable_, but Naphthalimide derivatives, as a class of DNA-intercalating
can also dlscrlmma;[e betwe_en th? du.plex DNA and other _hlg_her e agents, have been extensively explored as antitumor agents.
O“?G_V DNA forms " The mvestlgatlorl o_n the DNA b_'r_'dmg Several naphthalimides (such as amonafide, mitonafide,bisnafide
ablllty,_cel_l permeability, ce_zllular Ipcallzatlon_and cytqtoxncny of and elinafide) have reached clinical trials® In the family of
35 DNA-blndmg molecules_ W_|II provide useful information for the naphthalimides, 3- and 4-aminonaphthalimides show strong
design of new DNA-binding drug and probe for the cellular absorption and emission in the visible region, with high

imaging. es photostability and large Stokes’ shift. These advantageous optical

bi S;jl_nce DNIA ISI mainly IOC(?"ZEdﬂm cell nucleus,l Some (_)f DN'Z‘ properties are due to the internal charge transfer (ICT) nature,
Inding molecules are used as fluorescent nuclear stains an which is caused by their electronic push—pull structure®.

widely employed in cell life cycle ar]alys_is and nuclear imaging4. Therefore, 4-aminonaphthalimides have been widely developed
The cqmmonly used _nuclear stains - include foIIowmg_ _tWO as fluorescent and colorimetric sensors for ion detection’® and
categgrles: ) TO (thlgzple 9”’!98)' SYTOX‘_ EB (Ethidium 70 cellular imaging of pH and bioactive molecules (thiol, H,0, and
bromide) and PI (_p_ropldlum lodide) dyes, Wh!ch are lack of so on). However, 4-aminonaphthalimides have been rarely
membrane per_mea_lblllty and use_d for dead cell staining; 2_) SYTO, investigated as fluorescent probes for nucleic acid staining in
« DAPI (4, 6-diamino-2-pheny! indole) and Hoechst, which have vitro or cell nucleus staining in vivo. This may due to the small

The organic molecules that bind to nucleic acids have been
extensively developed for nucleic acid assay, fluorescent cellular

N
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dynamic changes of their optical properties upon binding to 0 0.0 o o i
nucleic acids. R NHz-R,
Usually, the substituents on the naphthalimide ring could othanal 60°C

greatly affect various properties of naphthalimides, such as the B R

s optical properties, the interaction with nucleic acids and cell o
permeability. Most nucleic acid binding molecules usually bear at moybiaoure  MeOH L praneRciowe
least one positive charge to enhance their binding affinity to TEA, HaCly o 120°. 48
nucleic acids. Amino groups and guanidine groups'? are usually oM ‘ L ®
introduced to these molecules to obtain positive charges under | AN S NH, N 2

10 physiological conditions. In this work, we focus on the effect of J b J J H H
amine and guanidine side chains on the DNA binding, membrane o N0 o5 ™° e IS I
permeability, nuclear localization and cytotoxicity of 4- OO OO
aminonaphthalimides. Five 4-aminonaphthalimides attached with N HN HN] HN HN
different amine and/or guanidine groups (DNE, DND, ENE, - Q o INHZ INH

15 DNG and GNG) were synthesized. The optical properties, nucleic ’ - S PN S
acid binding ability, cell permeability, cellular distribution and oNE oD oNG ene NG

cytotoxicity of these molecules were compared.
Scheme 1. Synthetic routes of DNE, DND, DNG, ENE and GNG.

Results and Discussion Because of the amino groups or guanidino side chains, all these

s molecules can be dissolved in neutral aqueous solution at

Synthesis  and ) )
concentrations higher than 100 uM. Among them the molecules

naphthalimides

Optical properties of 4-amino-1,8-

2

S

o

Amine groups carry a positive charge under physiological
conditions, and also can participate in hydrogen bonding with the
bases and backbone of nucleic acids, thus they are usually
covalently attached on nucleic acids binding molecules to
enhance the binding ability'®. Guanidine group exhibits strong
basicity and is positively charged over a wide pH range. The
protonated guanidine group has five potential hydrogen bond

with guanidino groups, GNG and DNG, showed much higher
solubility in water, but exhibited poor solubility in nonpolar
solvent. The absorption spectra of these molecules in PBS all

so exhibited a single broad band with a maximum at 445 nm in

visible region (Figure 1), which is the characteristic absorption of
4-aminonaphthalimide ring structure, suggesting that the side
chains did not much affect their absorption spectra. Four of these
molecules, DND, DNE, ENE and DNG exhibited similar

donors and three hydrogen bond acceptors, capable of forming
both electrostatic and directed hydrogen bond interactions with
nucleic acids*>**. Therefore, in order to investigate the effects of
side chains on the nucleic acid binding, cellular internalization,
cellular localization and cytotoxicity of naphthalimides,
aminoethyl, dimethylaminopropyl and guanidinoethyl groups
were respectively linked to imine group and 4-position amino
group of 4-amino-1,8-naphthalimide. Scheme 1 shows the
synthetic route of the target molecules, named DNE, DND, DNG,
ENE and GNG. 4-bromine-1, 8-naphthalanhydride was used as
the raw material and was reacted directly with ethylenediamine
and 3-dimethylaminopropylamine to obtain DNE, DND and ENE.
40 Guanidine group was derived from amino group by two
methods*?**® to obtain DNG and GNG.

ss emission spectra with maximum approximately at 540 nm in PBS.
But GNG, bearing two guanidino groups exhibited an additional
emission band (with maximum at 460 nm) besides the 540 nm
band (Figure 1). The pH change in the range of 4.0-9.0 did not
significantly influence the fluorescence spectra of these
e0 Naphthalimides (Figure S1).
The fluorescence quantum yields (®5) of these naphthalimides
in different solvents were determined (Table S1) by using N-
butyl-4-butylamine-1,8-naphthalimide (®; = 0.70 in ethanol) as
standard®® It is noteworthy that the ®js of these compounds in
s Phosphate buffered saline (PBS, pH 7.4) were similar (0.29-0.35),
which suggest that we can compare the amount of these
molecules in physiological salt environment by comparing their
fluorescence intensity.
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Nucleic acid binding of 4-amino-1,8-naphthalimides

70 The DNA binding properties of these molecules were
investigated by UV-Vis absorption spectra and emission spectra.
As shown in Figure 1, upon the addition of calf thymus DNA
(CT-DNA), the absorption spectra of these molecules gradually
decreased and accompanied with a slight red shift; and the

75 emission spectra of these molecules gradually decreased and
accompanied with a slight blue shift. These spectral changes were
well consistent with that of other naphthalimides intercalators.'’
Based on the curves of decreasing rate of fluorescence intensity
versus the concentration of CT-DNA, the binding ability of these

g0 4-amino-1,8-naphthalimides to CT-DNA was compared by the
concentration of DNA to induce a 50% of the maximal
fluorescence decrease (DCs pna), i-6. GNG > DNG > DNE >
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DND > ENE (Figure S2). It needs to be noted that the binding of
these molecules to DNA only caused partial decrease (less than
40%) of their absorbance and emission, suggesting that these
molecules can be used as fluorescent dyes for DNA staining.

The well-known nuclear staining dye DAPI can strongly bind
to double-stranded DNA (ds-DNA) and lead to a strong emission
enhancement; it prefers to bind A/T-rich DNA sequences by
inserting into their narrow minor groove®. The fluorescence
emission spectrum of DAPI (maximum at 461 nm) overlaps with
the absorption spectra of naphthalimides, which may result in
fluorescence resonance energy transfer (FRET) if DAPI and
Naphthalimides bind on a DNA strand within a short distance.
Based on this consideration, a FRET experiment was performed
by excitation at 345 nm where naphthalimides showed very weak
absorption and DAPI showed high absorption (Figure S3). As
shown in Figure 2, DAPI exhibited weak fluorescence in the
absence of DNA and exhibited very strong fluorescence upon
binding to DNA, the addition of excess naphthalimides caused
great decrease of the fluorescence of DAPI-DNA complex, and
significant increase of the fluorescence of naphthalimides. There
are two possible reasons for the fluorescence decrease of DAPI,
DNA binding displacement by naphthalimides and FRET from
DAPI to naphthalimides. In this experiment the concentrations of
naphthalimides were much higher than DAPI and DNA, if the
reason was binding displacement, most of DAPI should be
displaced by naphthalimides; above results have shown that the
DNA binding caused the fluorescence decrease of naphthalimides
(Figure 1), the flurescence of naphthalimides should decrease.
Therefore, the binding displacement that caused a substantial
decrease of DNA-bound DAPI could be excluded; and the
fluorescence decrease of DAPI and fluorescence increase of
naphthalimide could be attributed to a FRET signal between
DAPI and napthalimides. The further titration experiments with
naphthalimides showed that the fluorescence of DAPI decreased
with the increase of the concentration of naphthalimides (Figure
S4). The concentration of naphthalimides to induce a 50% of the
maximal fluorescence decrease of DAPI (DCsqqye) Was estimated
by the curves of DAPI fluorescence decrease versus the
concentration of naphthalimides, which also indirectly reflected
the binding ability of them to CT-DNA, i.e. GNG > DNG >
DND > DNE >ENE. (Figure S5) This order of binding ability
was similar with that obtained by fluorometric titrations with CT-
DNA as shown above. This set of results suggests that these
naphthalimides bind to DNA at a different site from DAPI.
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Figure 1. The changes of absorption (left) and emission (right) spectra in
PBS buffer (pH 7.4) upon the addition of DNE, DND, DNG, ENE, GNG.
For absorption spectra, [naphthalimides]: 50 M, [CT-DNA]: 0, 21, 42,
63 pPM (in base pairs); For emission spectra, [naphthalimides]: 2.0 pM,
[CT-DNA]: 0, 4.2, 8.4, 12.6, 16.81uM, exicited at 445 nm.
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Figure 2. The fluorescence spectral change of DAPI and naphthalimides
in the presence of CT-DNA (concentration is in base pairs). All data were
collected in PBS buffer, pH 7.4 with excitation at 345 nm. [DNE], [DND],
[DNG] and [GNG]:15 piM; [ENE]: 25 pM; DAPI: 1 piM.

Nucleic acid staining in agarose gel electrophoresis

In order to further demonstrate that the binding of DNE, DNG,
ENE and GNG is strong enough for the nucleic acid staining, the
gel electrophoresis experiments were performed. Different kinds
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of nucleic acid sequences including ds-DNA, RNA and single-
stranded DNA (ss-DNA) were premixed with these
naphthalimides respectively; and the widely used fluorescent
stains, EB and DAPI were chosen for positive control. As shown
in Figure 3, green fluorescent bands of ds-DNA ladders (L1 and
L2) and RNA stained by DNE, DNG, ENE and GNG were
visualized under UV-light. But ss-DNA (A4) could not be
stained by these compounds. The resolution of the stained DNA
ladders was similar or better than that stained by EB (red bands)
10 or DAPI (blue bands). These results suggest that the high affinity
complexes of ds-DNA and RNA with naphthalimides are stable
enough and did not dissociate in the agarose gels during
electrophoresis (pH 8.05). Although the fluorescence of these
naphthalimides does not improve upon binding to DNA or RNA,
15 the retention of ligand’s most of the fluorescence intensity even
after certain amount of quenching due to DNA interaction clearly
demonstrates that they can be used as dyes for ds-DNA and RNA
staining in gel electrophoresis.

3

> ~
2 >
(a) & &

(c)

Figure 3. Gel electrophoresis analysis of different nucleic acids pre-
20 stained by DNE, DNG, ENE and GNG. (a) long nucleic acids stained by
DNG and GNG in 1% agarose gel. (b) long nucleic acids stained by DNE
and ENE in1% agarose gel. (c) short nucleic acids stained by DNG in 2%
agarose gel. (d) short nucleic acids stained by DNE, ENE and GNG in
2% agarose gel. The concentration of compounds, EB: 50 piM; DAPI,
25 DNG, GNG, DNE, ENE: 40 pM. L1: 1X DNA ladderl (100-6000bp);
L2: 1 X DNA ladder 2 (20-500bp). RNA: 2 mg/mL. A40: 10 pM.
Loading volume 10 pL. Fluorescent bands were photographed under UV
light.

30 Cell permeability of Naphthalimides

To compare the cell permeability of these dyes, they were
incubated with MCF-7 cells at 37 °C and 4 °C, as well as with

65

fixed cells for different time respectively. After washing with
PBS, the fluorescence of cells was measured on flow cytometer
35 (Figure S6), which represents the amount of dyes in cells. The
median fluorescence intensities of cells are summarized in table 2.
Because the membrane of fixed cells was penetrated by Triton X-
100, dyes could freely enter cells. Therefore the fluorescence of
fixed cells stained by dyes was much stronger than that of living
w0 cells except for that stained by DND. The order of the
fluorescence intensity in fixed cells was GNG > DNG > DNE >
DND > ENE, which is consistent with that of the binding ability
of these dyes to DNA, suggesting that the binding to nucleic acid
determine the amount of these dyes in fixed cells. For live cells,
a5 the fluorescence intensities of cells stained by DND and DNE at
37 °C were much higher than that of by other dyes. This result
suggests that the dimethylaminopropyl (tertiary amino groups)
favour the internalization of the naphthalimides. The fluorescence
intensities of live cells stained by DND at 4 °C were much
stronger than that by other dyes, even much stronger than that by
DND incubated at 37 °C, suggesting that DND appear to cross the
plasma membrane of cells through free diffusion. GNG and DNG
has stronger binding ability to DNA than other dyes, but the
fluorescence intensities of live cells stained by these two dyes
ss were much weaker than that of by DND and DNE, suggesting
that the guanidino group do not favour the internalization of
naphthalimides. ENE has the lowest binding ability to DNA and
also has weak cell permeability. It is worth to note that even the
lowest fluorescence in the stained cells was several-fold higher
than the background fluorescence of cells, suggesting that all the
naphthalimides could enter live cells in certain extent.

5

o
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Table 1. The median fluorescence of MCF-7 cells after stained by
different naphthalimides (10 pM) under different conditions

Condition Cell
ramo [ Tims | anly | PNE | DND | DNG | ENE | GNG
15 min 218 | 320 | 387 | 174 | 297
37°C[30min| 25 | 671 | 869 | 526 | 60.6 | 462
45 min 682 | 887 | 64 | 928 | 527
15 min 548 | 1071 | 122 | 432 | 251
4°c [30min|353| 901 | 1484 | 165 | 671 | 283
45 min 114 | 13%6 | 210 | 107 | 358
10 min 885 | 589 | 2103 | 260 | 3955
Fclé(lfsd 20min|206| 926 | 874 | 2488 | 309 | 4596
30 min 1167 | 950 | 2502 | 367 | 5047
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The cellular localization of naphthalimides

Unlike the nucleic acid probes that almost do not emit
fluorescence until they interact with nucleic acids, the
naphthalimides always emit fluorescence whether they bind to
nucleic acids or not. Therefore the distribution of these molecules
in cells can be observed by fluorescent imaging. In order to test
whether these dyes can be used for nuclear imaging, DNG was
first chosen to stain live cells and fixed cells. A popular cell-
permeant nuclear stain, DAPI was chosen for co-staining. As
shown in Figure 4a, after incubation at 37 °C for 30 min, both
DAPI and DNG had entered living cells. The strong green
fluorescence of DNG was observed in nuclei, and some weak
green fluorescent spots were observed scattered in other regions,
suggesting that DNG was concentrated in nuclei. The blue
fluorescence of DAPI was mainly found in nuclei, that may due
to the fluorescence turn-on property of DAPI upon binding to
DNA. Similar results were also observed in cells stained by DNG
at 4 °C for 30 min (Figure 4b). Although DNG showed much
weaker cell permeability than DND, these results suggest that
DNG has similar cell permeability with DAPI. The double
staining by DAPI and DNG was also performed in fixed cells.
The strong fluorescence from DNG and DAPI was observed in
entire nuclei, only weak fluorescence from DNG was observed
dispersed in other region of cells (Figure 4c). An interesting
phenomenon was found in the double stained nuclei, i.e. some
strongest stained regions by DNG (seen as green spots in Figure 4)
were not stained by DAPI. These regions are considered as
nucleoli, organelles that are responsible for the transcription and
assembly of ribosomal RNA (rRNA) and made up of DNA, RNA
and proteins.’® This phenomenon also suggests that DAPI and
DNG may bind to different sites of nucleic acids and DNG
preferentially stain nucleoli.

To further investigate the cellular localization of these
naphthalimides, all of them were incubated with live MCF-7 cells
at 37°C and 4 °C, and with fixed cells respectively. Considering
the potential interference of DAPI on the binding or optical
behaviour of naphthalimides, DAPI was not used this time.
Because of the different cell permeability of these molecules, the
images were collected at different PMT voltages to obtain
optimal images. As shown in Figure 5, the fluorescence of all
these dyes could be observed in cells, and mainly located in
nuclei and especially in nucleoli, which are similar to the above
results of double staining by DNG and DAPI. Among the stained
live cells, the contrast between nuclei and cytoplasm stained by
ENE was much weaker than that stained by other dyes, but the
fluorescence in nucleoli was still strong enough to produce good
contrast. Because dyes can freely enter the fixed cells, the
fluorescence in nuclei of fixed cells was much stronger than that
in live cells, but the fluorescence in cytoplasm was also bright,
which reduced the contrast between nuclei and other regions.
However, the fluorescence in nucleoli was still very strong. These
results suggest that all these dyes mainly located in nuclei
wherever in living or fixed cells. In addition, the further stronger
ss fluorescence in nucleoli than other regions of nuclei suggests that

Organic & Biomolecular Chemistry

all these naphthalimides can be used for nucleoli visualization
when imaging the nuclei.

(a)

Figure 4. Double staining of MCF-7 cells with DNG and DAPI. (a)

60 stained with 10 pM DNG and DAPI at 37 °C for 30 min. (b) stained with

10 pM DNG and DAPI at 4 °C for 30 min. (c) Fixed MCF-7 cells stained
with 1M DAPI and 1.5 pM DNG at 4 °C for 15 min. Images from left to
right: optical image; fluorescence image of DAPI (laser 405 nm);
fluorescence image of DNG (laser 488 nm); overlay.

s Dynamic fluorescent imaging of the internalization of DND

and DNG

Since the green fluorescence of naphthalimides do not change
much in different regions of cells, the cell internalization process
of these dyes can be observed by confocal imaging. The flow

70 cytometry results have shown that DND have good cell

permeability, the internalization process of 10 uM DND was
shown in Figure 6a and video 1 in the Supporting Information.
Weak fluorescence was first observed on the cell membrane at 1
min, then fluorescence appeared in nuclei and continuously

75 increased during 20 minutes; weak fluorescence in cytoplasm was

also observed during this process but the increase was much
slower than that in the nuclei. This suggests that DND
internalized into cells following surface binding and then rapidly
concentrated in nuclei. Since the cell permeability of DNG was

s much weak than DND, a higher concentration of DNG (20 uM)

was used to investigate the internalization process of DNG. As
shown in Figure 6b and video 2 in the Supporting Information,
the green florescence was observed outside the cells at the
beginning of incubation, then the green florescence appeared in

s nuclei at 2 min and became brighter continuously until 20 min,

however, the fluorescence in cytoplasm was very weak in the first
5 minutes, and then became brighter, but was much weaker than
that in nuclei all the time. The set of results suggest that DNG
could internalize into cells, and bound to nuclei rapidly once it

o entered cells. All these results suggest that naphthalimides

located in neuclei more specifically than other regions of cells.
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Figure 5. Fluorescence imaging of MCF-7 cells stained with 10 M naphthalimides. (a) incubated at 37 °C for 30 min; (b) incubated at 4°C for 30 min; (c)
fixed cells incubated with dyes at room temperature for 15 min.

T 1min 0s 172ms T 5min'0s 734ms T 8mins 94ms
T 4min 0s 344ms T 8min 0s 547ms

s Figure 6. Real time fluorescence imaging: MCF-7 cells stained with 10 piM DND and 20 M DNG at room temperature. DND staining was performed in
pH 7.4 PBS buffer and DNG staining was performed in DMEM medium, pictures were collected every two min.

T 14MiA 1s 812ms

T 14min Os 891ms

Cytotoxicity of of Naphthalimides
a) (b) MCF-7

As DNA-intercalating agents, many naphthalimides have been - 11 oNG

10 explored as antitumor agents. Therefore the cytotoxicities of % g o % o ONG
these naphthalimides to MCF-7 cells were tested to evaluate the % oo ‘—;' Z§ i
effect of side chains on their cytotoxicity. As shown in Figure 73, g g iﬂ =
after a 24-h incubation at the concentration of 1 M, only DND = 2z R

showed significant cytotoxicity; at the concentration of 5 M,
15 only DND and DNE showed significant cytotoxicity, which may
due to the much higher cell permeability of DND and DNE than Figure 7. (a) Cytotoxicity of naphthalimides on MCF-7 cells at the
tt of DNG, ENE and GNG. Futher increasing the St o e b O e el concenvaton o
. s - apn 30 ) ’ - 1
Concent_ra_tlon, . DND, DNE and ENE exhibited 5|gn_|flcant naphthalimides:1.0, 5.0, 10, 20, 30 50, 70 and 100 uM; data show the
cytotoxicity (Figure 7b). The 1Cs, values of them were estimated percentage of cell survival after incubated with naphthalimides for 24 h
0 to be 2.0440.02, 10.4140.12 and 56.6240.08 pM. The
cytotoxicities of these molecules were well consistent with their
cell permeability. Although the interaction of these molecules
with nucleic acids may be the direct reason of the cytotoxicity of ~ Above experiments compared the effects of different side chains
these naphthalimides, the side chains of these molecules 3 On the optical properties, DNA binding, cell permeability, cellular
25 significant affect their cellular uptake, and result in very different localization, and cytotoxicity of 4-aminonaphthalimides. Because
cytotoxicity. the amino groups and guanidine group were linked to 4-

0 10 20 30 40 50 60 70 80 90 100
Concentration (uM)

Discussion
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aminonaphthalimide core through an alkyl chain with at least two
C-atoms, the side chains did not significantly affect the
absorption spectra of these naphthalimides, and did either not or
only slightly affect their emission spectra except for GNG
bearing two guanidinoethyl groups (Figure 1). The side chains
were found to affect the binding ability of 4-aminonaphthalimides
to nucleic acids. The naphthalimides bearing one or two
guanidinoethyl groups (GNG and DNG) exhibited stronger
binding ability than other naphthalimides bearing aminoethyl
and/or dimethylaminopropyl groups. This can be attributed to
the stronger hydrogen bonding ability to DNA, and the higher
pKaof guanidino group which is fully protonated at pH 7.4 as
compared to amino group.

The flow cytometry assay suggested that the tertiary amine side
chain facilitated the internalization of naphthalimides, and

guanidino group was unfavourable to the internalization (Table 1).

It well known that suitable lipophilicity is necessary for a
molecule to pass through the lipid bilayer of the cell
membrane. For the naphthalimides with tertiary amine side
chain, the alkyl substitution on amino group suppressed the
hydration of the cationic nitrogen and increased the
lipophilicity. For GNG and DNG, the high degree of ionization
of guanidino group made them exhibit low lipophilicity and
hindered them freely pass through the cellular membrane. Cell
imaging showed that all these naphthalimides mainly distributed
in nuclei, suggesting that they have good selectivity to nucleic
acids over proteins and lipids. Although, they did not show
significant fluorescence change upon binding to nucleic acids, the
strong binding ability to nucleic acids, relatively longer
excitation/emission wavelength and good cell permeability make
them alternative nuclear stains for live cell imaging.

Naphthalimides have been reported to possess high antitumour
activity towards various tumour cells®®. The cytotoxicity
experiment showed that the side chains significantly affected the
cytotoxicity of the synthesized naphthalimides. The
naphthalimides that have high cell permeability (DND and DNE)
showed stronger cytotoxicity and the naphthalimides with higher
binding ability to DNA (GNG and DNG) showed very weak
cytotoxicity. It was well known that antitumor activity of one
compound is determined by many factors including cell
permeability, DNA binding ability, selectivity etc.. Although
GNG and DNG had strong binding ability to DNA, the weak cell
permeability greatly reduced their opportunity for the DNA
binding in cells. Our results about the effects of side chains on
these properties of 4-aminonaphthalimides provide useful
information for the design of new antitumor drug.

Conclusion

Five 4-Aminonaphthalimides with aminoethyl,
dimethylaminopropyl and guanidinoethyl side chains were
synthesized. The absorption and emission spectral changes upon
binding to DNA indicate that these naphthalimides bound to
nucleic acids through intercalation between base pairs. The
binding abilities of these naphthalimides were strong enough to
visualize the prestained duplex DNAs and RNA during gel
electrophoresis. The guanidinoethyl side chain was found to
increase the binding ability of these naphthalimides. These
naphthalimides could enter into live cells and mainly located in
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of 4-Aminonaphthalimides but guanidinoethyl side chain was
unfavourable to the cell permeability. The naphthalimides bearing
dimethylaminopropyl side chain exhibited strong cytotoxicity,
but the naphthalimides with guanidinoethyl side chain showed
weak cytotoxicity. These results suggest the possibility of
changing the properties of naphthalimides by simply change their
side chains, and provide useful information for the design of
antitumor regents and fluorescent probes for cell imaging.

Experimental Section

The Synthesis and characterization of ENE, DNA, DNE, GNG,
GND were shown in supporting information

®@;: fluorescence quantum yield

The fluorescence quantum yields of obtained derivatives in
different solvents were determined on the basis of their
absorption and fluorescence spectra. The N-butyl-4-butylamine-
1,8-naphthalimide was used as standard with ®; = 0.70 in ethanol.
Where Aref: Fref: Nref and Asample: Fsample: nsample feFersem the
absorbance at the exited wavelength, the integrated emission
band area and the solvent refractive index of the standard and the
sample, it follows a formula like this:
q)sample: q)ref X(A refo sample)/(A SamplexF ref) %nzsample/nzref)

Optical Measurements

The absorption and fluorescence spectra were recorded in pH
7.4 PBS (phosphate buffered saline) buffer in a 1.0-cm quartz
cuvette. For all the compounds used in the experiment, stoke
solutions (1 mM and 10 mM) were prepared in DMSO, and kept
at 4°C. CT-DNA stock solution was prepared in Tris-HCI buffer
(25 mM, pH 7.6), and kept at -20 °C. Absorption and fluorescence
experiments were measured by titration with DNA into the buffer
solution containing obtained derivatives.

Gel Electrophoresis

DNA dissolve in the pH 7.4 Tris-HCI buffer and RNA dissolve
in the pH 7.4 Tris-HCI buffer containing DEPC. Prior to being
loaded onto the agarose gel, dyes were incubated with DNA or
RNA for 20 min at room tenperature. The naphthalimides, DAPI
or EB were premixed with DNA or RNA in tris-HCI buffer (pH
7.4) for 20 min at room temperature and the mixed solution were
loaded onto a 1% agarose gel or 2% agarose gel. The running
buffer was 1X trisborate-ethylenediaminetetraacetic acid (TBE,
pH 8.05) buffer. The gel was balanced for 10 min at 110 V, and
then the electrophoresis was performed for about 40 min at 110 V.
The Gels were exposed to UV light and photographed.

Confocal Imaging

MCF-7 (hormone-dependent breast cancer) cells were
purchased from Cell Resource Center of Shanghai Institute for
Biological Sciences (Chinese Academy of Sciences, Shanghai,
China), and incubated in Dulbecco’s Modified Eagle Medium
(DMEM, Gibico) supplemented with 10% fetal bovine serum
(FBS, Gibcio) and 1% penicillin/streptomycin (Hyclone). Cells
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were cultured in a humidified incubator at 37°C with 5% CO,.
For the purpose of staining and imaging, cells were seeded in a
35 mm x 12 mm style cell culture dish (®20 mm glass bottom)
and cultured for 24 h (cell confluence must be over 80%). Cells
fixation was conducted with 4% paraformaldehyde for 15 min
and fixed cells were washed three times with PBS. Then 0.5%
Triton X-100 PBS solution was added to permeabilize cells for 10
min, removed the solution and washed three times with PBS. The
cells were incubated with naphthalimides and/or DAPI for
different time at different temperature as indicated. After washed
with PBS for three times, cells were imaged with an OLYMPUS
FV1000-1X81 confocal laser-scanning microscope (Olympus
Corporation, Japan), The fluorescence of DAPI was excited by
405 nm laser and collected from 425-475 nm; the fluorescence of
naphthalimides was excited by 488 nm laser and collected from
500-600 nm. Florescent images (512 %512 pixels) were observed
using a 100 < objective lens and the images were processed using
the Olympus FV10-ASW 1.6 viewer software.
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a

Flow cytometry assay

2 MCF-7 was seeded in 12-well plates (2 < 10° cells/well), and
cultured for 24-48 h (cell confluence must be over 80%). Then
cells were incubated with 10 pM naphthalimides for 15 min, 30
min and 45 min. Fixed cells treated as the confocal imaging
experiment. After washed with PBS for three times, cells were
detached by trypsin. Detached cells were washed with PBS for
three times, filtrated with 100 pm cell strainer, and analysed with
flow cytometer by counting 10000 events.

2

a

Cytotoxicity Assay

MCF-7 was seeded in 96-well plates (5 x 10° cells/well) and
allowed to attach for 12 h before treatment. Then different
concentrations of DNE, DNG, ENE, DND and GNG (1.0, 5.0, 10,
20, 30, 50, 70 and 100 uM) were added into cells respectively
and further incubated for 24 h. Then the medium was replaced
with 100 pL of fresh medium containing 10 pL of CCK-8 reagent
(without FBS and penicillin/streptomycin). After incubation at
37 T /5% CO, for 1 h, the absorbance at 450 nm was measured
on a Spectra Max M5 (Molecular Devices, CA, USA). The cell
viability rate (VR) was calculated according to the equation: VR
= (A-Ag)/ (As-Ag) > 100%, where A is the absorbance of the
experimental group, As is the absorbance of the control group
and Ay is the absorbance of blank group (no cells).
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