CHINESE JOURNAL OF CHEMISTRY 2002, 20, 485—491 485
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The spectroscopic properties of benzo[ @ ]phenoxazin-5-one
derivatives (3a—3m) including newly synthesized 3k—3m from
4-nitrosoaniline hydrochlorides and ethyl 1, 3-dihydroxy-2-na-
phthoate were studied. Compound 31 was converted into a co-
valent product with DNA, which had a blue shift of the fluores-
cence maximum. Compounds 3a—3k were found to undergo
interaction with DNA and their complexes with DNA had a red
shift of the fluorescence maximum and showed increasing melt-
ing temperature of DNA. Compound 3m-DNA had a blue shift
of the fluorescence maximum to 3m and showed decreasing
melting temperature of DNA.
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Introduction

There has been substantial interest in DNA modified
by fluorescent compounds applying for detection and se-
quencing. > Currently, the method of four-color DNA se-
quencing fluorescent dye-labeled primers or terminators is
commonly used.®'® However, the sensitivity of DNA fluo-
rescence detection with the use of visible fluorophores re-
mains lower than that which has been achieved with ra-
dioactive labels because of fluorescence background in
studying biological system.!! To eliminate the high fluo-
rescence background encountered in visible fluorescence
analyses, the near-infrared fluorophores labeling
biomolecules have been studied broadly.'*'> The fluores-
cence region of 600—1000 nm is suitable because this re-
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gion is inherently low in biological interferences and thus
allows a reduced background noise. At present, there are
some commercially available dyes having near-infrared
fluorescence such as cyanine derivatives. *°

The Nile red (Scheme 1) derivative!” are available
dyes having near-infrared fluorescence. Although they
have strong fluorescence and high stability and the emis-
sion wavelengths are above 600 nm,®'! their application
of modifying nucleic acids was little reported. To develop
novel near-infrared fluorogenic labels, we prepared a se-
ries of Nile red analogues, benzo[ @ ] phenoxazin-5-one
derivatives, and carried out their interactions with DNA.

Scheme 1

Nile red

Experimental

Melting points were determined with a Yanagimoto
MP-35 melting point apparatus and uncorrected. 'H NMR
spectra were measured with a BRUKER AC-200 spec-
trometer using tetramethylsilane as the internal standard.
Coupling constants are given in Hertz. Mass spectra were
recorded on a 7070E-HE spectrometer operating in elec-
tron impact mode at 70 eV . IR spectra were recorded on a
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Bio-Rad FTS135 spectrophotometer. A YANACO CHN
CORDER MT-3 apparatus was used for elemental analy-
sis. A Shimadzu UV-240A and a 2101PC spectrometers
were used for electronic absorption spectra. Fluorescence
spectra were measured on a Shimadzu RF-540 spectrome-
ter.

Synihesis

The starting materials were all commercially avail-
able. N, N-Disubstituted-4-nitrosoaniline hydmchloride20
and ethyl 1,3-dihydroxy-2-naphthoate®' were prepared ac-
cording to known procedures. Compounds 3a—3j were
synthesized as known reported previously (Scheme 2)%
and compounds 3k—3m were synthesized as shown in

Schemes 2 and 3.

Scheme 2
o
! +
R N . HO
g2 HCl
1
OC,Hs
3
a: R'=CH;, R*=CH3; g: R'=C,Hs, R?>=n-C3H;;

b: R'=CHj;, R?=C,H;
¢: R=CH;, R%=n-C3H,;

h: R'=C,H;, R*=n-C,Hy;
i: R'=n-C3H,, R%=n-C3Hy;

d:R'=CH;, R*=n-C;Hy;  j: R'=CH,, R*-CH,CH,OH;
e:R'=CH;, R*=n-CsH;;; k: R'=CH;, R*=CH,CH,COOH
f: R1=C,Hs, R*=C,Hs;

6-Carbethoxy-9- ( N-methyl-N-carboxyethyl ) - 5 H-benzo-
[a] phenoxazin-5-one (3K)

In 250 mL-three-neck flask, a mixuure of N-methy-
laniline (10.7 g, 0.1 mol) and 3-chloropropionic acid

(10.9 g, 0.1 mol) was heated for 3 h at 120 C in an oil
bath. After cooling to 0 °C, concentrated hydrochloric
acid (30 mL) and water (100 mL) were added. An
aqueous sodium nitrite solution (8.3 g, 0.12 mol, in 40
mL water) was dropwise added during 30 min. The mix-
ture was stirred for 3 h and filtered, and the solid of N-
methyl- N-carboxyethyl-4-nitrosoaniline hydrochloride (16
g) was obtained, which was used for the next reaction
without further purification .

Scheme 3
HOOCH,CH,C._ @: :‘ Q -OH
CH3
K OCZHS
0
_bcc QN—-—O C— HyCH,C_ /@
o}
HOOCH,CH,C._ @[ :(
NaOH
al OOCHZCHZC /@ :(
m OCZHS

A mixture of N-methyl- N-carboxyethyl-4-nitrosoani-
line hydrochlorides (1.04 g, 4.25 mmol) and ethyl 1,3-
dihydroxy-2-naphthoate (0.80 g, 3.45 mmol) in 60 mL
of acetonitrile was refluxed for 6 h. After evaporation of
the solvent, the residue was purified by column chro-
matography on silica gel (eluent, acetone: petroleum ether
=1:2, V:V) to give 3k (0.64 g, 45%) as a brown
solid. m.p. 230—232 °C; 'H NMR (DMSO-dg, 200
MHz) 8: 1.35 (t, J=7.3 Hz, 3H, CH,CH;), 2.62
(t, J=6.2 Hz, 2H, NCH;), 3.10 (s, 3H, NCH3),
3.78 (t, J=6.2 Hz, 2H, HOOCCH,), 4.37 (q, J =
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7.3 Hz, 2H, OCH,CH;), 6.69 (d, J=2.4 Hz, 1H,
8-H), 7.02 (dd, J =9.3, 2.3 Hz, 1H, 10-H,),
7.70—7.90 (m, 3H, 11-H, 2-H, 3-H), 8.13 (d, J
=7.3 Hz, 1H, 4-H), 8.61 (d, J=7.2 Hz, 1H, I-
H); IR (KBr) v; 3060, 2960 (OH), 1726,1612 (C =
0) em’; EISMS m/z (%) 420 (M*, 66). Anal.
caled for Cy3HpN,0: C 65.71, H 4.79, N 6.66;
found C 65.69, H4.75, N 6.69.

6-Carbethoxy-9- [ N-methyl- ( N-succinimidyl propionate )-
yl ]-5H-benzo [ a ] phenoxazin-S-one (31)

A mixture of 3k (0.42 g, 1 mmol), N-hydroxysuc-
cinimide (0.15 g, 1.5 mmol) and DCC (dicyclohexyl-
carbodiimide, 0.26 g, 1.5 mmol) in 10 mL of dimethyl
formamide was stirred for 24 h at room temperature. After
filtration and evaporation of the filtrate in vacuo, the
residue was dissolved in ethyl acetate, washed with a sat-
urated NaHCO; solution and then with water, purified by
column chromatograph on silica gel (eluent, acetone:
petroleum ether = 1:4, V: V) to give 31 (0.43 g, 89%)
as a violet solid. m.p. 165—166 °C; 'H NMR (DMSO-
ds, 200 MHz) o: 1.36 (t, J = 7.6 Hz, 3H,
CH,CH;), 2.66 (t, J=7.2 Hz, 2H, NCH,), 2.87
(s, 4H, CH,), 3.12 (s, 3H, NCH;), 3.85 (t, J=
6.4 Hz, 2H, OOCCH,), 4.37 (q, J=7.2 Hz, 2H,
OCH,CH;), 6.71 (d, J=2.4 Hz, 1H, 8-H), 7.05
(dd, J=9.3, 2.3 Hz, 1H, 10-H), 7.74—7.90 (m,
3H, 11-H, 2-H, 3H), 8.16 (d, J=7.4 Hz, 1H, 4-
H), 8.62 (d, J=7.4 Hz, 1H, 1-H); IR (KBr) v:
1815, 1779, 1732, 1630 (C=0) cm; Anal. caled for
CyyHxN;0g: C 62.67, H 4.45, N 8.12; found: C
62.61, H4.51, N 8.18.

6- Carbethoxy-9- ( N-methyl-N-carboxyethyl ) - 5 H-benzo-
[ a ] phenoxazin-5-one sodium salt (3m)

A mixture of 3k (0.064 g, 0.15 mmol) and NaOH
(0.006 g, 0.15 mmol) in 40 mL of ethanol was stirred
for 2 h at room temperature. After filtration and evapora-
tion of the filtrate, 3m (0.066 g) was yielded as a green
solid. "H NMR (D,0, 200 MHz) &: 1.31 (t, J=6.6
Hz, 3H, CH,CH;), 2.17 (t, J = 6.8 Hz, 2H,
NCH,), 2.45 (s, 3H, NCH;), 3.78 (t, J=6.6 Hz,
2H, OOCCH,), 4.34 (q, J = 7.2 Hz, 2H,
OCH,CH;), 5.37 (s, 1H, 8-H), 5.85 (d, J=9.3

Hz, 1H, 10-H), 6.60 (d, J =9.2 Hz, 1H, 11-H),
7.20—7.85 (m, 4H, 1-H, 2-H, 3-H, 4-H); IR
(KBr) 8: 1625, 1405 (COO™) em™.

Covalent linking of 31 and DNA

Calf thymus DNA (ct-DNA) was transaminated with
1, 6-hexanediamine essentially as described previously.?
The transaminated solution (1 mol/L NaHSO;, 3 mol/L
1, 6-hexanediamine, 5 mmol/L hydroquinone) was ad-
justed to pH 6 by adding concentrated hydrochloric acid.
Prior to the transamination reaction, ct-DNA (1 pg/uL,
40 pL ) was denatured at 98 °C for 10 min. After denat-
uration 360 pL of transaminated solution was added, the
reaction was allowed to proceed at 42 °C for 3 h. After
overnight dialysis against four exchanges of 5 mmol/L
sodium phosphate (pH 7.5), the DNA solution was cen-
trifuged, purified by ethanol precipitation and dissolved in
400 pL water.

A mixture of 370 pL of transaminated DNA solution,
45 pL of 1 mol/L NaHCO; and 35 pL of 31 (in DMSO,
10 mg/mL) was reacted for 3 h at room temperature. Af-
ter precipitation by ethanol, the precipitate was separated
by centrifugation, washed with 70% of ethanol and anhy-
drous ethanol and dried to give 31-DNA as a pale violet
solid.

Imtercalation of 3a—3k and 3m with DNA

A mixture of 50 pL of ct-DNA solution (in water, 1
pg/uL), 50 pL of 3a solution (in DMSO, 10* mol/L)
and 250 uL of DMSO was reacted for 24 h at 37 C. Af-
ter precipitation by ethanol, the precipitate was separated
by centrifugation, washed with 70% of ethanol and anhy-
drous ethanol and dried to give 3a-DNA as a pale red sol-
id. The reactions of ct-DNA and compounds 3b—3k
were done by a similar process to that for 3a.

A mixture of S0 pL of ct-DNA solution (in water, 1
pg/uL), 50 pL of 3m solution (in H,0, 10* mol/L)
and 250 pL of H,O was reacted for 24 h at 37 °C. After
precipitation by ethanol, the product was centrifuged,
washed with 70% of ethanol and anhydrous ethanol to
give 3m-DNA.

Absorption and fluorescence spectra

All absorption and fluorescence spectra of com-



488 Nile red analogues

~ ZHANG et al.

pounds 3a—3m and their products after reaction with
DNA were measured under the same conditions in DMSO-
H,0 (V:V=5:1) containing 20 mmol/L NaCl. The flu-
orescent excitation wavelength (A.,) was 580 nm. Their
fluorescence quantum yields ( gy) were obtained accord-
ing to the literatures method which used the quinoline sul-
fate as reference compound (Ay = 336 nm, py =
0.56)%% Absorbencies of ct-DNA, 3a-DNA, 3k-DNA,
3m-DNA at different temperatures were measured (Fig.
1) and their melting points (t,) were estimated from ab-
sorbance changes with temperatures. The effect of alterna-
tions in the ionic and acidic concentrations on the interac-
tion of DNA with the substrate was measured by increasing
the ionic strength of Na* (5, 12, 20, 25, 30 and 35
mmol/L) and changing pH (pH=4, 5, 6, 7, 8and 9).
The result is given in Table 1.

1.60
_+e 3m-DNA
1.50 /,;:M 3k-DNA
1.40 Ny -“*7'3a-DNA
407 s /f-aa-e ct-DNA
8 !
£ 1.30 ‘//,
£ .
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< l:ﬂ:&iﬂ"‘//
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Fig. 1 Changes of absorbance (260 nm) at different tempera-
tures for ct-DNA, 3a-DNA, 3k-DNA and 3m-DNA.

Results and discussion
Synthesis of benzo[ a ] phenoxazin-5-ones (3a—3m)

Compounds 3a—3j were synthesized as described
report previously.? Compound 3k was synthesized from
N-methyl- N-carboxyethyl-4-nitrosoaniline hydrochloride
and ethyl 1,3-dihydroxy-2-naphthoate by refluxing in ace-
tonitrile, and 3K was derived into 31 and 3m as Scheme
2. It is a classical reaction that 31 was synthesized by re-
acting 3k and N-hydroxysuccinimide with DCC. The suc-
cinimidyl ester of 31 is a reactive group and can be used

for modifying DNA.,
Absorption spectra of 3a—3m

The absorption and fluorescence maxima of 3a—3m

are listed in Table 2. In general, these compounds have
5%—10% decrease in fluorescence intensity in compari-
son with that of Nile Red. The shift in the wavelength of
absorption and emission maxima due to their structural
change are summarized as follows. When an N-alkyl
group on the 9-substituent was methyl or ethyl group
(3a—3h), the increase in the carbon number of another
alkyl group caused the absorption maximum to shift to a
longer wavelength. When both of the N-alkyl groups in
the 9-substituent are lengthened symmetrically (3i), the
absorption maximum red shifted toward the region in a-
greement with the higher electron-releasing inductive ef-
fect of longer chains. If the alkyl groups in the 9-sub-
stituent were replaced with 2-hydroxyethyl (3j) or 2-car-
boxyethyl (3k) group, the maximum shifted to the blue
region because of their electron-withdrawing inductive ef-
fect. In comparison of 31 with 3k, when a heterocyclic
group was introduced to the 9-position, the absorption
maximum of 31 shified to the red region. The absorption
maximum of sodium salt 3m shifted to the red region
markedly .

Fluorescence spectra of 3a—3m

The maxima of emission wavelength of 3a—3m are
also listed in Table 2. There is the same substituent effect
on their emission wavelengths. The emission wavelengths
had a red shift from 3a to 3j. When 9-substituent was re-
placed with 2-hydroxyethyl (3j) or 2-carboxyethyl (3k)
group, the maximum shifted to the blue region. The max-
imum of 3m has the red shift to 3k markedly, but there is
no change of emission wavelength between 3k and 31.
Their fluorescence quantum yields (¢y) are also shown in
Table 2. They were obtained by the method of quinoline
sulfate as reference compound.?® The fluorescence
quantum yields had an increase from 3a to 3i. When 9-
substituent was replaced with 2-hydroxyethyl (3j) or 2-
carboxyethyl (3k) group, the fluorescence quantum
yields had a decrease.

Fluorescence shift of 3a—3k and 3m in the presence of
ct-DNA

A spectroscopic analysis is often used for a study on
interaction of a compound with DNA. The electronic ab-

sorption and fluorescence spectra are changed after it in-
teracts with DNA.% DNA had an absorption peak at 260
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nm in its electronic absorption spectrum. Compound 3a-
DNA had a red-shifted absorption at 270 nm. Medified
DNA by 3b—3m had also similar red-shifted absorptions
to 270—276 nm in electronic absorption spectra. The
spectroscopic change suggested that there were some inter-
actions between compounds 3a—3m and DNA.

Table 2 shows the maxima of the emission wave-
lengths of DNA modified by 3a—3k. Modified DNA with
3a—3k had longer emission wavelengths and higher fluo-
rescence quantum yields than that of parent compounds.
Figs. 2 and 3 show the emission spectra of 3a, 3k, 3a-
DNA and 3k-DNA.
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Fluorescence spectra of 3a and 3a-DNA.
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Fig. 3 Fluorescence specira of 3k and 3k-DNA.

The change in fluorescence spectra resulted from in-
teractions of 3a—3k with DNA. After interaction with
DNA, modified DNA might separate from their parents.
The excess of parent compounds was removed with

ethanol. A specific rangeof acidity and ionic concentra-
tions did not affect the fluorescence intensity of modified
DNA. Table 1 shows the relative fluorescence intensity of
3a-DNA and 3k-DNA in different pH values and ionic
strength. The acidity range of pH 4—9 and ionic strength
range of 5—35 mmol/L NaCl are suitable, which do not
markedly affect the fluorescent intensity. The suitable
acidity is propitious to DNA interaction, but DNA will be
denatured under the stronger acidity. Besides, specified
concentration of NaCl can eliminate electrostatic influence
of phosphate so that the modified DNA is more stable .

Compound 3m has electrostatic interaction with
DNA. The fluorescent maxima of 3m-DNA had blue shift
15 nm relative to 3m (Table 2). Fig. 4 shows the fluo-
rescence spectra of 3m and 3m-DNA.

80.0

60.0

40.0 4

20.0

Relative fluorcscence intensity
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600 620 640 660 680 700
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Fig. 4 Fluorescence spectra of 3m and 3m-DNA.

Covalent linking of 31 to ct-DNA

In DNA modification studies, a fluorescent molecule
is normally bound either covalently or noncovalently.?” A
compound having an active group, such as isothio-
cyanide, succinimidyl ester and aldehyde groups, can re-
act covalently with DNA modified with an amine.?'? The
first step for the modification of DNA with 31 is the intro-
duction of reactive amino groups into DNA by transami-
nating in the presence of sodium bisulphate and 1,6-hex-
anediamine. By this reaction (Scheme 4), cytosine bases
in single-strand nucleic acids might be converted to N*-
substituted derivatives as reported.***! The transaminated
DNA was reacted with succinimidyl ester of 31 by the
method described previously.? An excess of 31 was used
to complete the reaction. Prolonging the transamination
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Table 1 Relative fluorescence intensity of 3a-DNA and 3m-DNA in different pH values® and ionic strengthb

pH 4 5 6 7 8 9
3a-DNA 87.9 8.0 83.4 88.6 88.8 88.9
3k-DNA 53.1 54.3 53.8 54.0 53.8 53.6

NaCl (mmol/L) 5 12 20 25 30 35
3a-DNA 88.6 88.8 89.0P 89.1 88.5 88.7
3k-DNA 54.0 54.2 54.5 54.2 53.8 53.8

* Solvent was DMSO-H,0 (V:V=15:1) containing 20 mmol/L NaCl. ® DMSO-H,0 (V:V=5:1).

Table 2 Maxima of the absorption and emission and their fluorescence quantum yields of 3a3—3m and modified DNA®
Compound Amer (nm) Ay (nm) oy Modified DNA Aem (nm) oy
3a 553 619 0.49 3a-DNA 672 0.58
3b 561 621 0.51 3b-DNA 675 0.59
3c 561 622 0.52 3c-DNA 675 0.60
3d 562 622 0.52 3d-DNA 675 0.60
3e 564 623 0.52 3e-DNA 675 0.60
3f 566 622 0.53 3f-DNA 675 0.61
3g 568 623 0.55 3g-DNA 675 0.61
3h 569 624 . 0.55 3h-DNA 676 0.60
3i 569 625 0.56 3i-DNA 676 0.61
3j 558 620 0.45 3j-DNA 678 0.58
3k 556 624 0.41 3k-DNA 680 0.52
31 565 622 0.43 31-DNA 611 0.42
3m 587 640 0.62 3m-DNA 625 0.54
% Aex = 580 nm, solvent was DMSO-H,0 (V:V=5:1) containing 20 mmol/L NaCl.
Scheme 4
100.0
NH, NH(CH,)¢NH,
)j HN(CH)NH, 7 2 8007
o%\ NaHSO, N g
1'2 8 60.0-
2
o) 2
0 0 & 400-
N—O—C—R NH(CH,){NHC-R 2
<
N% & 20.04
0 |
NaHCO, N
R 0.0—— T T
600 650 700 750
A (nm)

did not result in higher labeling degree. Fig. 5 shows the
fluorescence spectra of 31 and 31-DNA. The maximum of
31-DNA had a blue shift 11 nm relative to 31 (Table 2) .
The succinimidyl ester of 31 is a reactive group, it can
form amide bond with the amino group of transaminated
DNA. This method is often used for DNA modification .
The emission wavelength of modified DNA is above 600
nm. The covalent product 31-DNA has been found to be
stable at —20 C or +4 C for at least one year.

Fig. 5 Fluorescence spectra of 31 and 31-DNA..

Melting point estimation of modified DNA with fluorescent
compounds

The effect of several compounds (3a, 3k and 3m)
on the thermal stability of DNA duplexes was studied.
Their melting temperatures (¢,,) were be obtained by the

curves of the absorbencies at 260 nm vs. different tem-
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peratures as described.®® The unmodified ct-DNA was
82.9 C. From Fig. 1, ¢, of 3a-DNA and 3k-DNA were
obtained as 84.0 C and 84.7 °C, increased melting
temperature of DNA by 1.1 °C and 1.8 °C, respectively.
It shows that modified DNA with 3a or 3k can increase
the thermal stability of DNA duplexes and has a higher
melting temperature than pure DNA. The melting temper-
ature of 3m-DNA decreased by 0.8 C compared with
DNA. It resulted from electrostatic interaction and de-
creased the thermal stability of DNA duplexes.

Conclusion

In addition to the previously known 3a—3j, com-
pounds 3k, 31 and 3m were synthesized. Compound 31
could form a covalent product with DNA, and 31-DNA
had a blue shift of fluorescence maximum. Compounds
3a—3k had interactions with DNA and their products
with DNA had a red shift of fluorescence and increased
the melting temperature of DNA. Compound 3m-DNA
had a blue shift of fluorescence maximum relative to that
of 3m and decreased the melting temperature of DNA.
The result provides a new near-infrared fluorescent probe
for DNA modification .
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