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Abstract

With naphthalimide as starting material, a new fluorescent benzothioxanthene dye with application for labeling oli-
godeoxynucleotide was prepared through imidation, deprotection and iodoacetylation. The benzothioanthene deriv-
atives have DNA intercalation action and displayed a large Stokes’ shift in Tris-HCI-H,O buffer. The fluorescence
intensity of the dye-labeled oligodeoxynucleotide, which was obtained through the connection of the dye to the sul-
phydryl functions of phosphate, was found to be sensitive to nucleobase mismatch in DNA sequence during hybridi-
zation, and so could be used as novel heterogeneous hybridization probes.

© 2003 Published by Elsevier Ltd.
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1. Introduction

Fluorescent dyes have been frequently used for
the analysis of nucleic acids through non-covalent
binding (e.g. intercalation, groove binding and
electrostatic attraction) or covalent binding with
DNA. Cyanine dyes became ideal commercial
fluorescent probes for many bioactive targets,
such as antibodies, avidin, and DNA [1]. Recently,
they have been widely used as fluorescent labels in
DNA heterogeneous hybridization (e.g. in gene
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chips). The most famous cyanine dyes are CY3
(absorption: 550 nm, fluorescence: 570 nm in
DNA system) and CYS5 (absorption: 647 nm,
fluorescence: 674 nm in DNA system). However,
although they have high extinction coefficients,
good water-solubility and low aggregation under
labeling conditions, they display only low photo-
stability, and very small Stokes’ shift. In addition,
they are not able to show an obvious response to
one or two nucleobase mismatches in hetero-
geneous hybridization, as they bind with single or
double strands of DNA through electrostatic
attraction.

Naphthalimide is a famous fluorophore [2] and
heterocyclic dyes derived from them are usually
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stable, fluorescent, and easily modified for inter-
action with other biomolecules through their
imide moiety. They have been used as labels or
probes for proteins, cells, lysosomes and other
acidic organelles [2—4]. Benzothioxanthene dyes
derived from naphthalimides, have been used for
protein detection in the range of 10-20 ng, and are
commercial available [2-4]. Up to now, naphtha-
limide dyes with strong fluorescence have not been
used for labeling onto oligodeoxynucleotides or
oligonucleotides. Here, we report the preparation
and application of novel benzothioxanthene dyes
as fluorescent labels for oligodeoxynucleotide
(absorption: 462 nm, fluorescence: 585 nm in DNA
system) derived from 1,8-naphthalimide, which have
large Stokes’ shift, high photochemical stability and
DNA intercalation ability (Scheme 1).
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paration procedure included: the imidation of 1
with N-tert-butoxycarbonyl-polymethlene diamine
in ethanol under reflux for 4 h to give 2 at a yield
of 80-95%, which gave 3 through deprotection
with trifluoroacetic acid in methylene chloride at
room temperature for 45 min and followed acid-
ation with iodoacetic acid to produce dye 4 in pre-
sence of triethylamine and the condensation agent
HBPyU under nitrogen atmosphere. All of these
derivatives were identified via 'H NMR, EI-MS, IR
and elemental analysis.

From Table 1 it is seen that the fluorescence
maxima of the precursor benzothioxanthtne 1, has
an obvious red shift in polar solvent. Its fluores-
cence was strong in a hydrophobic environment,
but very weak in a strong protic solvent or
hydrophilic environment (e.g. ethylene glycol, Iso-
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Scheme 1. The structure of CY3 cyanine and benzoxanthene dicarboximide.

2. Results and discussion
2.1. Preparation

A series of synthetic routes (Scheme 2) have
were used for the preparation of dye 4a, iodoace-
tyl aminohexyl-benzothioxanthene-3,4-dicarbox-
imide, using benzothioxanthene 1 as starting
material. In order to prevent the formation of a
cyclo-byproduct in the imidation of the anhydride
moiety with polymethylene diamine, one of the
amino groups of the imidation agent was protected
using the N-fert-butoxycarbonyl group. The pre-

(CH2)xNHBOC
O _N_,0

O NH,(CH,)xNHBOC
C,HsOH, ref., 4h O
S

Sk

o o_,0

CF3COOH, N,

S
2a: x=2

2b: x=6

O N_ O

CH,Cly, r.t., 45min

propanol/water 2:8), because of the possible for-
mation of hydrogen bonding [6].

Compared with 1, the fluorescence of 2a and 2b
with a substituted amino polymethylene side chain
at the imide group were weak (Table 2). This
quenching was presumably due to the photo-
induced intramolecular electron transfer (PET)
between the excited fluorophore and the sub-
stituted amino group [7]. Therefore, we chose 2a
with relatively strong fluorescence (over 2b) to
synthesize 4a.

The intercalation-induced fluorescence enhance-
ment was a very important strategy in homogeneous
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Scheme 2. The synthesis of benzothioxanthene derivatives for labeling.
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hybridization [8-10], as the interior (between base
pairs) of duplex DNA is also hydrophobic. We
found that the intensity of fluorescence of 4a was
increased with the concentration of DNA due to
intercalation, when mixed with calf thymus DNA
in buffer. The binding coefficient (K) of 4a was
about 1.11x10°* M~ (excitation at 460 nm, fluo-
rescence emission at 540 nm), while that of 1 was
4.26x103 M1,

2.2. Application

In DNA-sequencing by hybridization the fluor-
escent dye is attached via a spacer either to the 3'-
or 5-end of an oligodeoxynucleotide [11,12],
internucleotidic phosphate [13,14], ribose moiety
[8-10,15,16] or nucleobase [17-19], respectively.
The labeling can be achieved either by their incor-
poration during chemical synthesis [20] or by post-

oligodeoxynucleotide with amino or sulphydryl
linkers. The functional group of iodoacetamides
could be employed to covalently label the phos-
phorothioate diester to produce the corresponding
phosphorothioate triester [22]. Here, we carried
out a direct coupling of the label onto the sulphy-
dryl functions of the phosphate via a polyethylene
bridge to obtain a new type of oligodeoxynucleo-
tide fluorescent probe used for heterogencous
DNA hybridization.

The results for the coupling reaction was pho-
tographed on gel under ultra-violet light at 365 nm
(Fig. 1), we could observe a light fluorescence in
lane (3) which meant that only s-alkylation mod-
ified 14-mers oligodeoxynucleotide was success-
fully labeled. Compared with its precursor, 4a,
labeled oligodeoxynucleotide has a large red shift
and a large Stokes’ shift in fluorescence (absorption
at 462 nm, fluorescence emission at 585 nm) in 10

synthesis  modification  [21]  through an mM Tris—-HCI buffer (pH 7.5). Its fluorescence
Table 1

The spectra data of dye 1 in various solvents

Solvents e uv 2w (log &) FL A1 (¢
Dioxohexane 2.2 450 (4.28) 508 (0.175)
Ethyl ether 4.3 498 (4.25) 502 (0.219)
Acetyl acetate 6 452 (4.27) 509 (0.186)
1,2-Dicholoethane 10 451 (4.29) 519 (0.161)
Acetone 20.7 451 (4.29) 518 (0.182)
Ethylene glycol 38.0 425 (3.78) 525 (0.068)
Iso-propanol/water (8:2) 30.7 451 (3.75) 528 (0.192)
Iso-propanol/water (2:8) 68.9 452 (3.40) 538 (0.020)

4 Ax=460 nm, quantum yield based on quinine sulfate in 1.0 N sulfuric acid.

Table 2

Fluorescence data of some dyes before and after labeling on oligodeoxynucleotides

Compound N /nm(d) =A% (nm) Stokes’ shift (cm™")
1 521(0.21) 65 2736
2a 520(0.160) 53 2182
2b 522(0.088) 60 2488
4a 521(0.161) 59 2451
4a* 540(0.015) 78 3126
Single strand DNA® 585 (0.010) 123 4551
Double strand DNA? 585(0.007) 123 4551

2 2,=460 nm, in 10 mM Tris—-HCI-H,O buffer (pH 7.5) containing DMSO (107*~10~* M). A, =460 nm, in absolute ethanol.
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quantum yield was down to about 0.010, which
might be due to fluorescence quenching from the
strong stacking interactions [8].

The hybridization of the labeled oligodeoxy-
nucleotides on the nylon film with complementary
target oligodeoxynucleotide sequences was photo-
graphed under ultraviolet light at 365 nm, and
analyzed quantitatively by using a fluorescence
spectrometer. It was found that after hybridiza-
tion the fluorescence intensity of the dye-labeled
oligodeoxynucleotide at 585-590 nm increased
with increasing concentration as shown in Fig. 2.

After washing any single strand oligodeoxy-
nucleotide away (similar to the procedure in gene
chips), heterogeneous hybridization on nylon film
(Fig. 3) showed that the different matches
obviously gave different fluorescence intensity
responses on the visualization of nylon hybridiza-
tion film, and the fluorescence was gradually
quenched with the increasing of mismatch sites
corresponding to the revival of stacking interac-
tion from unmatched bases.

The fluorescence intensities were in the order: no
mismatch > one mismatch > two mismatch
(Table 3). For one nucleobase mismatch, the
extent of fluorescence quenching for the mismatch
near the 5-terminus of the labeled strand was less
than that of a mismatch at the 3'-terminus. The

1 @ 6 @ O
(1) fluorescent label lane, no mobilization on
the original pot;
(2) unmodified oligo.;
(3) modified oligo. with fluorescence label;
(4) fluorescent label and unmodified oligo.;
(5) modified oligo..

Fig. 1. The PAGE photo of oligo-label conjugate under light at

365 nm.

reason is that the fluorescence decrease with a
mismatch near the 5'-terminus, where intercala-
tion was likely, was strongly balanced by inter-
molecular  intercalation-induced  fluorescence
increasing. The fluorescence was decreased to a
smaller extent with a mismatch at the 3’-terminus,
as the intercalation effect would not occur at the
3'-end.

40004

3000 -/.
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1000+
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Fig. 2. Fluorescence integration area on hybridization nylon
film verses concentration of duplex DNA after hybridization
(Ax=460 nm).

(1) (2

(3 4)

(1) no mismatch base; (2) a mismatch
base near 5’-end of target DNA
sequence; (3) a mismatch base near
3’-end of target DNA sequence; (4) two
mismatch bases in the middle of target
DNA sequence.

Fig 3. hybridization results of labeled oligodeoxynucleotides

(at 2.36 nM) with target DNA sequence having base mismatch
on nylon hybridization film (4, =365 nm).
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3. Experimental

Melting points were taken on a digital melting
point apparatus WRS-1 made in Shanghai and it
was uncorrected. Infrared spectra were recorded
on a Nicolet FT IR-20SX, mass spectra on a
Hitachi M80, 'H NMR on a Bruker AM-300 or
AM-500 using TMS as an internal standard.
Combustion analysis for elemental composition
was done on an Italy MOD.1106 analyzer.
Absorption spectra were measured on Shimadzu
UV-265; fluorescence spectra on a Perkin Elmer
LS50 with quinine sulfate in sulfuric acid as the
quantum yield standard. Commercial reagents and
solvents were purchased from a standard chemical
supplier and used without further purification.

3.1. Preparation of benzothioxanthene-3,4-
dicarboxylic anhydride (1)

The synthesis was done according to literature
[5]. 1: m.p. >300 °C, '"H NMR (d-DMSO, 300
MHz): 6 8.55 (m, 3H, 2-H, 6-H, 7-H), 8.36 (d,
J=8.0 Hz, 1H, 2-H), 7.83 (d, J=8.1 Hz, 9-H),
7.56-7.70 (m, 3H, 10-H, 11-H, 12-H); EIMS (m/
z%): 306([M +2]", 8.7), 304(M *, 100).

3.2. Preparation of N-tert-butoxycarbonyl-
aminoethyl-Benzoxanthene-3 4-dicarboximide (2a)

A solution of di-fert-butyl bicarbonate (2.45 g,
0.011 mol) in dioxane (30 ml) was added over a
period of 2.5 h to a solution of 1,2-diaminoethane
(5.25 g, 0.087 mol) in dioxane (30 ml). The mixture
was allowed to stir for 22 h and the solvent was
removed using a rotary evaporator. Water (50 ml)
was added to the residue and the insoluble bis-
substituted product was filtrated. The filtrate was
extracted with methylene chloride (3x50 ml) and
then washed with water. The methylene chloride
was evaporated to yield N-tert-butoxycarbonyl-1,
2-ethylenediamine as a yellow oil.

Then, compound 1 (0.1 g, 0.33 mol) was stirred
under reflux in anhydrous ethanol (5 ml) with N-
tert-butoxycarbonyl-1, 2-ethanediamine (0.07 g,
0.40 mol) for 4 h. The liquor was cooled, filtered
and the residue was dissolved in CH,Cl, and then
purified on column chromatography, using petro-
leum—dichloromethane (4:1) as eluant. The
orange—yellow product was collected at a yield of
95%. mp. 232 °C, Upax (KBr)/cm™!: 3380, 2960,
2930, 1710, 1690, 1645, 1585, 1380, 760; 'H NMR
(500 Hz, CDCls): 6 8.62 (d, J=8.0 Hz, 1H, 2-H),

Table 3

Relative fluorescence intensity of labeled oligodeoxynucleotides with DNA having base-pair mismatch®

Hybrid Mismatch number FL.c
5'-dCTG GAT GTT CCT GC-3 0 0
3-dGAC CTA CAA GGA C)G-5

5'-dCTG GAT GTT CCT GC-3 0 1
3-dGAC CTA CAA GGA Cs)G-5-dye

5-dCTG GAT GTT CCTA® C-3' 1 0.77
3-dGAC CTA CAA GGA C)G-5-dye

5'-dCTC GAT GIT CCT GC-3 1 0.70
3-dGAC CTA CAA GGA C)G-5-dye

5'-dCTG GAAGTACCT GC-3 2 0.50

3-dGAC CT A CA A GGA C5)G-5-dye

2 Fluorescence measurements were carried out on hybridization nylon films by solid-phase with the concentration of labeled oli-
godeoxynucleotides at 2.36 nM: the target DNA sequences are shown by italic.

b The mismatch base is underlined.
¢ Relative fluorescence intensity, 4, =460 nm.
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8.42 (d, J=8.0 Hz, 1H, 6-H), 8.21 (m, 2H, 1-H, 7-
H), 7.50 (d, /=8.0 Hz, 1H, 9-H), 7.40 (m, 3H, 10—
12-H), 4.36 (t, J=5.7 Hz, 2H, 1’-H), 3.54 (m, 2H,
2’-H), 1.33 (s, 9H,-C(CHs);); EI-MS (m/z,%): 372
(M +H-Bu‘O]*, 19.9), 328 (M—NHCOBu‘O]",
50.9), 317(IM + H—CH,NHCOBu'O]*, 31.5), 303
(IM +H-CH,CH,NHCOBu'O] *, 56.5) (Found:
C, 67.26, H, 4.9, N, 6.28; requires: C, 67.41, H,
5.39, N, 5.82%).

3.3. Preparation of N-tert-butoxycarbonyl-
aminohexyl-benzoxanthene-3,4-dicarboximide (2b)

The synthesis of N-tert-butoxycarbonyl-1, 6-
hexylenediamine was similar to the above, 1,6-
hexylenediamine was used instead of 1,2-ethylene-
diamine.

The synthesis of 2b was similar to the above,
with  N-tert-butoxycarbonyl-1,6-hexylenediamine
was used instead of N-tert-butoxycarbonyl-1,2-
ethanediamine. The orange—red product was col-
lected in a yield of 80%. 2b mp. >300 °C, vpnax
(KBr/em™1): 3360, 2960, 2925, 1690, 1650, 1590,
790, 760; EI-MS (m/z,%): 503((M +H] ™", 3.58), 429
(M—COBu'O]*, 4.51), 318 ([M—(CH,)s-
NHCOBO]*, 27.2), 303 ([M—(CH,)sNH-
NHCOBu'O] ", 86.5); 'H NMR (CDCl5): & 8.62
(d, J=8.0 Hz, 1H, 2-H), 8.42 (d, J=28.0 Hz, 1H, 6-
H), 8.21 (m, 2H, 1-H&7-H), 7.51 (d, J=8.0Hz,
1H, 9-H), 7.40 (m, 3H, 10-12H), 4.18 (¢, J=17.4
Hz, 2H, 1’-H), 3.11 (t, J=7.4 Hz, 2H, 6¢'-H), 1.74
(m, 2H, 2'-H), 1.60 (m, 6H, 3-5H), 1.44 (s, 9H-
C(CHj3)3) (Found: C, 69.42, H, 6.26, N, 5.38
requires: C,69.32, H,5.98, N,5.04).

3.4. Preparation of lodoacetyl aminohexyl-
Benzoxanthene-3,4-dicarboximide (4a)

Compound 2a (300 mg, 0.67 mmol) was stirred
under nitrogen in CH,Cl, (5 ml) with tri-
fluoroacetic acid (5 ml) at room temperature for
45 min. The solvent was removed using a rotary
evaporator and the residue was dissolved in
CH,Cl, and removed again. This was repeated
several times, then vacuum dried for 2 h until a
violet-red solid was collected as intermediate 3a.

The intermediate 3a (100 mg, 0.217 mmol),
iodoacetic acid (44.5 mg, 0.239 mmol) and the

condensation agent HBPyU (117 mg, 0.27 mmol)
were put in a 25 ml flask wrapped with tinfoil.
Dried CH,Cl, (5 ml) was added under nitrogen
and triethylamine (0.11 ml, 0.76 mmol) was slowly
added under the ice-salt bath. After a few min-
utes, the bath was removed and the liquor stirred
for 3 h. The solvent was removed by using a rotary
evaporator and the residue was dissolved in
CH;Cl and purified by preparative thin layer
chromatography on silica gel using petroleum—
acetic ether (3/1, v/v) first and then dichloro-
methane—acetic ether (5/1, v/v) as eluent. The zone
with Ry=0.6 was collected as product and gave a
red solid. mp.>300 °C .Upax (KBr/em™!): 3350,
2960, 2930, 2850, 1690, 1645, 1585, 760, 755; EI-
MS  (m/z,%): 388 (M-+H-I]", 4.93), 373
(IM—CH,I] ", 3.04), 327 (M +2—NHCOCH,I]*,
82.21), 303 (IM+H-CH,CH,NHCOCH.,I]",
71.08); '"H NMR(CDCl;): & 8.60 (d, J=8.0 Hz,
1H, 2-H), 8.40 (d, /J=8.0 Hz, 1H, 6-H), 8.20 (m,
2H, 1-H&7-H), 4.95 (s, 2H,-CH,I), 4.52 (¢, J=5.2
Hz, 2H, 1’-H), 3.83 (dd, /=5.1 Hz, 2H, 2’-H).

3.5. Intercalation of dyes to DNA

Solution (0.1 ml) of a compound in DMSO
(1073-10=* M) mixed with 0.1 M Tris-HCI buffer
(pH 7.4) to 10 ml. Then, two groups of samples
were prepared at a concentration of chemical at
10-5—10=% M, one contained calf thymus DNA
(50 uM), the other contained no DNA but had the
same concentration of chemical as control. The
above solutions were shaken for 1 h at 25 °C.
Fluorescence wavelength and intensity area of
samples were measured under the following
conditions: excitation: 450-460 nm, emission: 470—
650 nm.

3.6. Fluorescent labeling of oligodeoxynucleotide
thiophosphate diester with dye

A coupling reaction was carried out. A mixture
(250 pl) of thiophosphate oligonucleotide salt
(50D), 4a (0.5 mg), DMF (70 ul), and phospho-
rate sodium buffer solution (pH 8.0) (180 pl) was
incubated at 50 °C for 24 h to label the oligo-
deoxynucleotide thiophosphate diester. The reac-
tant was purified on a Sephadex G-50 column with
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4a

3'GACCTACAAGGA§G-5'

\ 0

2N

SK

NaH2P04-Na2HPO4 (pH 80)
H,0-DMF=5:1, 0°C, 24h

3'GACCTACAAGGA%G-5' ije

o HN

Scheme 3. The labeling of 4a to oligodeoxynucleitide.

0.1 M TEAA as eluent. The purified oligo—label
conjugate, formamide and indicator were mixed
and sampled onto urea denatured PAGE (20%)
under 25 V/cm for 1.5 h until the indicator moved
out of the gel. The gel was carefully taken out and
photographed under ultra-violet light at 365 nm
(Scheme 3).

3.7. Hybridization

The target DNA sequences in a buffer (0.1 M
maleic acid, 0.15 M NaCl, pH 7.5, 25 °C) were
denatured at 90 °C, cooled quickly and then spot-
ted on fixed hybridization nylon film by micro-
pipettes. The film was warmed at 80 °C, coiled in a
hybridization tube and 1 ml prehybridization
solution added. The tube was put in a water bath
and prehybridized at 44 °C for 1 h. After that, the
prehybridization solution was taken out. The
fluorescently labeled oligodeoxynucleotide was
dissolved in sterilized ddH»O, denatured at 90 °C
and cooled quickly which was put into, along with
the hybridization solution, hybridization tube and
hybridized at 44 °C for 4 h. Then, the hybridization
solution was taken out, the film was first washed
with 2xSSC and 0.1% SDS solution in hybridiza-
tion tube at 44 °C twice, for 5 and 15 min, respec-
tively. Finally it was washed twice with 0.1xSSC
and 0.1% SDS solution in a petri dish at room
temperature for 5 and 15 min, respectively. The
film was observed under ultraviolet light at 365nm
and could be photographed to observe the results.

4. Conclusions

A new fluorescent dye, iodoacetyl aminohexyl-
benzoxanthene-3,4-dicarboximide, for DNA
hybridization was prepared through imidation,
deprotection and iodoacetylation with ben-

zothioxanthene as starting material. These ben-
zothioanthene derivatives have DNA intercalation
action and showed large Stokes’ shifts in Tris—
HCI-H,O buffer. After condensation with the sul-
phydryl functions of the phosphate, the fluores-
cence intensity of the dye Ilabeled on
oligodeoxynucleotide was found to be sensitive to
nucleobase mismatchs in the DNA sequence dur-
ing hybridization.
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