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Abstract: Because the influence of the
chemical structure of monomethine cy-
anine—oligo-2'-deoxyribonucleotide

(ODN) conjugates on their binding
and fluorescence properties has re-
mained largely undetermined, we syn-
thesized and studied a wide range of

linker was attached to either the quino-
line or the benzothiazole nucleus. The
influence of the ODN counterpart was
evaluated by linking the cyanines to
the 5-end or to an internucleotidic
phosphate. In the first case, the influ-
ence of neighboring nucleic bases was

studied, whereas in the second, the ste-
reochemical configuration at the phos-
phorus atom bearing the cyanine was
investigated. We report here on rela-
tionships between the structures of the
dyes and conjugates and some of their
properties, such as the stability and

conjugates with various structural pat-
terns. Different cyanine dyes such as

fluorescence changes observed on their
hybridization with the target sequence.
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thiocyanine, quinocyanine, and thiazole This study provides useful information
3 ‘ ments - fluorescent probes - i 3
orange isomers were obtained. In the ] ] towards the design of ODN-cyanine
oligonucleotides

case of unsymmetrical cyanines, the

Introduction

The completion of the Human Genome Project™ has
opened the way to greater progress in various areas such as
the identification of genetic variants for applications in phar-
macogenomics,®*¥ genetic causes of inherited and acquired
diseases,”® and gene organization and function analysis."*!
These studies require detection, with high sensitivity and ex-
cellent specificity, of sequences in different formats in vitro
and in living cells. Most methods are based on base-pairing
properties of nucleic acids. The detection of a specific target
sequence in a complex nucleic acid mixture involves the hy-
bridization of a labeled single-stranded oligonucleotide
(ODN) probe. Hybridization assays can be performed on a
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conjugates.

solid phase or in homogeneous solution. The first method
facilitates the separation of bound from unbound analytes
but faces the problem of nonspecific adsorption,” steric hin-
drance on the microarray surface,'”! and nonspecific hybridi-
zation.'!l The second method requires the separation of hy-
bridized and free probes, which is incompatible with experi-
ments in living cells. The separation step can be eliminated
by a probe whose signal changes on hybridization.">'* The
most commonly used strategies in developing such probes
include quenching/dequenching,™*!* fluorescence resonance
energy transfer,'®!7! Juminescence resonance energy trans-
fer,'¥l and excimer formation.'>*! Another strategy is based
on modification of the signal generated by a single fluores-
cent or luminescent DNA binding agent linked to ODNs on
hybridization with their target sequences. The minor-groove
binder Hoechst 33258**! and intercalating agents such as a
ruthenium complex®2¥ have been covalently tethered to
ODNs and fluorescent or luminescent (in the case of the
ruthenium complex) signal increases were observed on hy-
bridization of these labeled probes. Pyrene-ODN conjugates
have also been successfully used to discriminate perfectly
matched duplexes from mismatched ones.”>!! Another in-
teresting class of compounds is the monomethine cyanine
dyes such as Oxazole yellow (YO) and Thiazole orange
(TO). YO has been linked to ODNsP>* and TO to peptide
nucleic acids (PNA)P** and to ODNs.*'*! In our previous
work, TO was linked to an internucleotidic position on
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phosphodiester homooligonucleotides.[****) These conjugates
exhibited a strong increase in fluorescence on hybridization
with their target sequences. Among them, the oligo-o-thymi-
dylate-TO conjugates were resistant to nucleases and exhib-
ited unprecedented unaided internalization properties in
cultured cells.[*¥) These interesting results incited us to inves-
tigate the possibility of developing ODN probes involving
the four nucleic bases and different monomethine cyanine
dyes, to obtain conjugates that could be detected at different
emission wavelengths. We report here the synthesis and pre-
liminary studies by absorption and fluorescence spectrosco-
py of new ODN-cyanine conjugates.

Results and Discussion

Experimental design: Cyanine dyes consist of two heterocy-
clic nuclei containing nitrogen centers linked through an
odd number of methine bonds in such a way that resonance
occurs through the conjugated system between the tertiary
and quaternary nitrogen atoms. Since the synthesis of the
first “cyanine” in the mid-1800s, thousands have been used
in varied areas.””"" These dyes cover the visible and near-
infrared spectral regions. The interest in using cyanines as
DNA or RNA noncovalent labels”™* comes from the work
of Lee et al.”” However, only a few polymethine (Cy3, CyS5,
Cy5.3, and Cy5.5) and two monomethine cyanines (TO and
YO) have been covalently linked to ODN and PNA
probes.’>*! The interactions of a few other cyanines, includ-
ing thiocyanine and quinocyanines, with nucleic acids have
been investigated and have shown an increase in the fluores-
cence signal.”®¥ Following this information and our previ-
ous results obtained with TO, we chose to synthesize a
series of monomethine cyanines and to attach them to vari-
ous positions on ODNSs involving the four nucleic bases.

Cyanines: Monomethine cyanines were chosen because their
intercalation between the base pairs of the duplex structures
leads to a reduction of rotation around the methine bond,
which has been reported to be one of the parameters re-
sponsible for the strong increase in fluorescence observed
on binding of TO and YO with the DNA duplex.F"! The
series of the nine selected cyanines (Table 1) includes a thio-
cyanine (Th), four thiazole orange analogues (2TO, 4TO,
2TO', and 4TQ’), and four quinocyanines (22'Q, 24'Q, 42'Q,
and 44'Q). 4TO and 4TO’ correspond to the monomethine
cyanines, referred as TO and TO' in the literature, that have
already been linked to peptide nucleic acids®“" and homo-
ODNs.1 We also synthesized them for the purpose of
comparison with the new ODN-cyanine conjugates.

ODN-cyanine conjugates: The fluorescence emission wave-
length and intensity of an ODN-label conjugate are not
only dependent on the intrinsic properties of the label but
also on its different interactions with the environment, in-
cluding solvents, the ODN itself to which it is linked, and
the complex formed between the ODN-label conjugate and
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Table 1. Structures of ODNs and conjugates

ODNs Sequences
1 YCCGCTTAATACTGA?
2 *TTCTCCCCCGCTTA?
3 YGCGTCAGTATTAAGCGGGGGAGAATTA?
4 *p(S)CCGCTTAATACTGA®
5 *p(S)TTCTCCCCCGCTTA?
65y YCCGCTTA(p*-R)ATACTGA”
R =—NHCH,CH,SSCH,CH,NHAc

4y, *Th-p(S)CCGCTTAATACTGA”
40 S2T0’-p(S)CCGCTTAATACTGA®
440 Y4T0’-p(S)CCGCTTAATACTGA®
40 ¥2TO-p(S)CCGCTTAATACTGA®
459 ¥22'Q-p(S)CCGCTTAATACTGA®
450 ¥24'Q-p(S)CCGCTTAATACTGA®
4410 Y4T0-p(S)CCGCTTAATACTGA?
49 ¥42'Q-p(S)CCGCTTAATACTGA®
449 *44'Q-p(S)CCGCTTAATACTGA®
S5m *Th-p(S)TTCTCCCCCGCTTAY
S5m0 ’4T0’-p(S)TTCTCCCCCGCTTAY
510 *2TO-p(S)TTCTCCCCCGCTTA?
510 22'Q-p(S)TTCTCCCCCGCTTA?
Sx0 24'Q-p(S)TTCTCCCCCGCTTA?
5410 Y4TO-p(S)TTCTCCCCCGCTTAY
Gpnr, SCCGCTTA(p*NHCH,CH,S-Th)ATACTGA”
(i SCCGCTTA(p*NHCH,CH,S-Th)ATACTGA”
6410r, YCCGCTTA (p*-NHCH,CH,S-4TO’) ATACTGA”
6s10's, SCCGCTTA(p*NHCH,CH,S-4TO’) ATACTGA®
6410, SCCGCTTA(p*-NHCH,CH,S-4TO)ATACTGA®
64105, *CCGCTTA(p*-NHCH,CH,S-4TO)ATACTGA®
644qr, SCCGCTTA(p*-NHCH,CH,S-44Q)ATACTGA”
64405, SCCGCTTA(p*-NHCH,CH,S-44Q)ATACTGA”

(Cl’(iz)s (C|'[|z)s CH, (C}-liz)s

W ig!
\© ato | ,\? Hs
(CHz)s (CHz ]
CH3
sradiespin
22'Q
(C""z)s (CH)s
N®

its target sequence. Consequently, the fluorescence emission
of a label is dependent on the parameters of its linkage to
the ODN (position of attachment, base-pair neighbor), as
well as the character and length of the linker chosen to con-
nect the two entities. To test the influence of the neighbor-
ing base pair on the fluorescence signal on hybridization,
the cyanines were attached to the 5-end of two 14-mer
ODNs ending with 5-CC or 5-TT sequences (1 and 2,
Figure 1). These ODNs were complementary to different se-
quences present on 27-mer target 3. On the basis of the liter-
ature results indicating that the various interactions of cya-
nines with nucleic acids include intercalation in duplex
structures and that most intercalators efficiently stabilize

www.chemeurj.org — 2271


www.chemeurj.org

CHEMISTRY=

U. Asseline and R. Lartia

A EUROPEAN JOURNAL

3 C-)CGTCAGTATTN?\GC(3(3(3(3(314\(3/-"~»'3\TTA3
1 ¥ AGTCATAATTCGCC® *+—

3 GCGTCAGTATTMGCGGGGGAGMTTAS
2 *ATTCGCCCCCTCTT <+—

3° GCGTCAGTATTMGCGGGGGAGAATTA
1 AGTCATA*ATTCGCC

Figure 1. Structure of the duplexes (143 or 2+3). The arrows indicate
the linkage positions of the cyanines

duplex structures when linked to ODNs by linkers whose
size is at least 5-6 methylene groups,®-®” we used an octa-
methylene linker to attach them to the 5'-ends of the ODNs.
Nine cyanines were attached to ODN 1 and six (Th, 4TO,
2TO, 2TO’, 22'Q, and 24'Q) to ODN 2. Since our previous
work showed that TO cannot withstand the basic conditions
required for deprotection of an ODN involving the four nu-
cleic bases, we chose to link the cyanines to the ODNs by a
reaction between a thiophosphate incorporated at the 5'-end
of ODNs 1 and 2! and a iodoalkyl group present on the
cyanine-linker derivatives.

Four cyanines (Th, 4TO, 4TO’, and 44'Q) corresponding
to different combinations of the benzothiazole and lepidine
moieties were also attached to the central phosphate of the
14-mer ODN 1 between two 2'-deoxyadenosines. This link-
age induced the formation of two isomers leading to two dif-
ferent positions on the cyanines on hybridization of the con-
jugates with the complementary sequence. For one isomer
the ligand protrudes into the minor groove of the duplex,
while for the other the ligand is directed towards the major
groove. Because our previous work showed that good stabi-
lization of a duplex by an intercalator linked to an internu-
cleotidic phosphate requires a longer linker (at least eleven
atoms) than when attached to the termini of ODNs, we used
a twelve-atom linker.[*>%]

Synthesis

Synthesis of cyanine-linker derivatives 9-17: Syntheses of cy-
anine-linker derivatives 9-17, adapted from reported proce-
dures,P17%1 were achieved by reaction of two heterocyclic
quaternary salts (Scheme 1, Table 2). One bore a methyl
group (7a—c) which could be deprotonated to give a methyl-
ene derivative acting as a nucleophilic reagent. The other
had a good leaving group, either a thioalkyl group (8a) or
an halogen atom (8b,c). The cyanine-linker derivatives can
be classified into three series. In compounds 9-11, the io-
dooctyl linker is attached to the nitrogen atom of the benzo-
thiazole ring, in compounds 12-14, to the nitrogen atom of
quinaldine, and in compounds 15-17, to the nitrogen atom
of lepidine.

N-(8-Iodooctyl)-2-methylbenzothiazolium iodide (7a) was
obtained by alkylation of the nitrogen atom of 2-methylben-
zothiazole with 1,8-diiodooctane. Compound 7a was then
treated with 8a" to give thiocyanine 9, with 8b to give cya-
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7b R® = 2-Methyl; R* = (8-lodooctyl)
7¢ R = 4-Methyl; R* = (8-lodooctyl)
8b R3=2-lodo; R* = Methyl

8¢ R®=4-Chloro (or lodo) ; R* = Methyl

Scheme 1. Synthesis of heterocyclic quaternary salts bearing an acidic
methyl group 7a—c and those bearing a leaving group 8a-c. A): Benzo-
thiazole-containing compounds. B): Quinoline-containing compounds.
Reagents and conditions: a) I(CH,),I (5 equiv), 150°C; b) CH;I, MeOH,
reflux; ¢) I(CH,)sI (5 equiv), dioxane, reflux (for 7b—c); Mel, MeOH,
50°C (for 8b-c).

Table 2. Preparation of the cyanine-linker derivatives RI (9-17).?

Reagents 8a 8b 8c

7a 9 (Th) 10 (2TO") 11 (4TO")
7b 12 (2TO) 13 (22'Q) 14 (24Q)
Tc 15 (4TO) 16 (42'Q) 17 (44Q)

[a] 8-Iodooctyl-containing cyanines 9-17 were obtained by reaction be-
tween 7a—¢ and 8a-c¢ in MeOH/CH,CIl, or MeOH/CICH,CH,Cl (50/50)
mixture with TEA as basic reagent.

nine 10, and with 8¢ to afford cyanine 11. Other cyanine-
linker derivatives were obtained by following the same syn-
thetic pathway as indicated in Table 1. Pure cyanines were
obtained with yields ranging from 20 to 50% (see Experi-
mental Section) and characterized by 'H NMR, “C NMR,
and mass spectrometric analyses. They can easily be distin-
guished by their characteristic =CH— and N*Me chemical
shifts in the 6.14-7.09 ppm and 4.02-4.42 ppm regions, re-
spectively.

Synthesis of modified ODN conjugates bearing the cyanine
at the 5'-end: The synthesis of the conjugates involving the
cyanines linked to the 5-ends of the ODNs (Scheme 2A)
relies on the incorporation of a thiophosphate group at the
5'-terminal position of the ODN bound to the support by
our previously reported method.” After the deprotection
step, the crude 5'-thiophosphorylated ODNs 4 and 5 were
allowed to react with the iodoalkyl groups of the cyanines in
methanol in the presence of crown ether to solubilize the
ODNs. ODN 4 was treated with the nine cyanines 9 to 17 to
give the ODN-cyanine conjugates 4p,.490- ODN 5 was treat-
ed with six cyanines 9, 10, and 12-15 to give the ODN-cya-
nine conjugates Sy, S;ro. Si20, Ssros Saro, and S, (see
Table 1 for structures). The conjugates were purified by re-
versed-phase chromatography (see Figure 2 and Table 3),

Chem. Eur. J. 2006, 12, 22702281
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Scheme 2. General synthetic procedure for the preparation of conjugates.
A): 5'-labeling; B): internucleotidic labeling. Reagents: a) See ref. [64];
b) Ss, CS,/CsHsN; c¢) NH,OH, overnight, 55°C; d) RI (among 9-17),
[18]crown-6 in MeOH 6 h, RT; e) cystamine, CCl,, CsHsN; f) Ac,0, 4-di-
methylaminopyridine (DMAP), CsHsN, CH;CN; g) chain elongation;
NH,OH, 50°C, overnight; h) purification and isomer separation; i) Ar,
TCEP, RI (9, 11, 15, or 17), DMF, NaHCO; 0.5%, pH 9.

and characterized by electrospray mass spectrometry
(Table 3) and UV/Vis spectroscopy (Figure 3). The visible
absorption bands of the different conjugates span from 429
to 595 nm.

Synthesis of ODN conjugates with cyanines linked to an in-
ternucleotidic phosphate: Modified ODNs 6y, 619, 61¢, and
6440 (Scheme 2B) were synthesized as previously reported
for ODN-TO conjugates.””! This method relies on the incor-
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Figure 2. Reversed-phase HPLC analysis of the coupling reaction be-
tween ODN 4 and cyanine-linker derivative 9 performed on a Lichros-
pher Rp 18 (5 um) column (125 mm x4 mm) from Merck with a linear
gradient of CH;CN (12 to 35% over 30 min) in 0.1 M aqueous triethylam-
monium acetate (TEAA), pH 7, with a flow rate of 1 mLmin~'. Detec-
tion at A =260 nm.

Table 3. Characterizations of conjugates.

Retention time!*! Mass analysis

calcd found
g, 10 min 35 s 4399.02 4399.02
6y, 11 min 14 s 4399.02 4398.64
4, 11 min 28 s 4725.46 4725.39
410 11 min 58 s 4719.46 4719.02
440 12 min 07 s 4719.46 4718.05
410 11 min 22 s 4719.46 4719.11
4,9 13 min 17 s 4713.42 4712.17
40 13 min 26 s 4713.42 4713.17
4410 11 min 28 s 4719.46 4718.84
49 12 min 53 s 4713.42 4712.23
440 12 min 48 s 4713.42 4712.32
Sm 15 min 04 s 4628.38 4628.38
5100 15 min 36 s 4622.38 4622.03
510 15 min 28 s 4622.38 4622.84
5.0 17 min 12 s 4616.34 4615.38
Suq 17 min 21 s 4616.34 4615.74
540 16 min 42 s 4622.38 4622.02
Gpnr, 18 min 09 s 4689.02 4703.93
Grs, 20 min 03 s 4689.02 4687.92
O410°%, 17 min 19 s 4683.55 4698.48
64705, 21 min 18 s 4683.55 4696.32
6410k, 16 min 40 s 4683.55 4699.26
64705, 19 min 20 s 4683.55 4698.56
Gurqr, 18 min 22 s 4677.53 4676.95
6410s, 21 min 43's 4677.53 4676.67

[a] Retention times obtained by reversed-phase HPLC analyses for
ODNSs 64, 65, and ODN—cyanine conjugates performed under the same
column and buffer conditions as in Figure 2 by using a linear gradient of
CH;CN (16 to 40% over 40 min for conjugates 4 and 5, and 8 to 28%
over 25 min for ODNs 6, 65, and their conjugates). Detection at A=
260 nm.

poration, during ODN chain elongation, of a cystamine
group!™ at the position chosen for the linkage of the cya-
nines to give ODN-linker derivative isomers 6z, and 6,
which were separated by reversed-phase chromatography.
Each series of pure conjugates was then obtained by a reac-
tion between N-(8-iodooctyl)-cyanines 9, 11, 15, and 17 and
the thiol function released on cleavage of the disulfide
bridge of the cystamine by treatment with a reducing
agent."!! The conjugate isomers 61y, 6410, 6410» and 6449 Were
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Figure 3. UV/Vis absorption spectra of the nine conjugates of ODN 4 re-
corded between 1=230 and 600 nm in a 10 mm sodium cacodylate, pH 7,
buffer containing 100 mm NaCl.

purified by reversed-phase chromatography and analyzed by
electrospray mass spectrometry (Table 3).

Isomer identification: Isomers
were identified on the basis of

anine conjugates coming from the Rp isomer of the ODN-
linker derivative 6 eluted earlier than the corresponding
ODN-cyanine conjugates from the S, isomer. Therefore, for
each pair of ODN-cyanine conjugates, the compound eluted
first has the Rp configuration. This result is in agreement
with the literature that, in ODNs involving an internucleoti-
dic group appended via a phosphoramidate linkage, the
faster eluting isomer in reversed-phase chromatography
shows the R, configuration. ™!

UV/Vis absorption spectroscopy

Free probes: The spectra of the nine conjugates derived
from ODN 4 are shown in Figure 3. In all cases, the spectra
contain an absorption band in the UV range corresponding
to the absorbance of the ODN and the cyanine, while the
absorption band in the visible range corresponds to only
that of the cyanine. The 4., values of the UV and visible
absorption bands are given in Table 4. The intensity ratios
of the UV/Vis bands also depend on the cyanine considered
(Figure 3). A comparison of the three series of conjugates
derived from ODNSs 4, 5, and 6 showed that for each cya-
nine, the visible 1,,,, was slightly different, depending on the
ODN sequence. The 4,,, of conjugates 5 were blue-shifted
compared to A, of the conjugates of 4 involving the same
cyanine. This reflects the stronger interaction of the dye
with its ODN counterpart due to a higher purine/pyrimidine

our previous results*) When Table 4. Spectroscopic data for conjugates.?!

subjected to nuclease degrada- ODN AUvmax Avismax £l T, AT,
tion by endonuclease P1 (or S1) [nm] [~ em™] [nm] [M~'em™] [°C] (£0.5°C)
and alkaline phosphatase, each 1 261 435
isomer of ODN 6 gave the four ir ;gz 149100 40 0000 ;; .
: h . +7.
mononucleosides dC, dG, dT, = 259 147000 492 34500 505 +7.0
dA and the dmucleotlde—l}nker diror 259 170000 514 51700 51.0 175
derivative  isomer  d- Ap*- 4,5 259 173800 495 57100 54.0 +10.5
[N(H)(CH,),SS- 4120 259 136100 528 56200 53.0 +95
(CHZ)ZN(H)C(O)OCH3]-dASV. 40 258 137100 563 60000 52.0 +8.5
Th lati luti d 4410 262 143100 515 73500 48.0 +4.5
¢ relative elution order was 4 259 135900 563 67000 490 +55
the same for both isomers of 4, 259 136800 595 46000 415 +4.0
ODN 6 and the corresponding S, 268 131200 429 57.0 +55
dinucleotide isomers. In our o 268 129100 488 56.0 +45
revious work, we demonstrat- >71© 267 155900 490 8.0 +65
p ' Y 5 266 118200 525 56.5 450
ed that the Ry isomer of the di- 520 266 119200 562 57.0 +55
nucleotide linker derivative 5., 267 125200 511 55.5 +4.0
d-* Ap*[N(H)(CH,),-SS- 61z, 261 149100 430 445 +1.0
(CHz)zN(H)C(O)OCH';]-dAy 6Th_gp 261 149100 430 46.5 +3.0
1 d h he S 6410r, 259 170000 512 44.0 +0.5
was eluted laster than the Sp ¢ - 258 170000 512 50.0 +65
isomer. We can conclude that 64t0r, 261 143100 512 475 +4.0
oligonucleotide-linker conju-  6y0s, 261 143100 514 45.0 +1.5
gate 6 eluted first has the R, Owox, 255 136800 595 475 +4.0
6440, 258 136800 595 43.5 0

configuration. After coupling of
the various cyanines with each
pure ODN-linker isomer 6,
and 65, reversed-phase analysis
confirmed that all the ODN-cy-

[a] The experiments were performed with 1um concentration in ODN (each strand) in a 10 mum sodium cacody-
late buffer pH 7 containing 100 mm NaCl. [b] € values were determined experimentally for conjugates 444y
The same values were used for the corresponding conjugates 6 involving the same sequence. For conjugates §
the & values at A=260 nm were the approximate sum of the & values of the ODN and of cyanines deducted

from those of conjugates 4.
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ratio in conjugates 4, as previously reported in the case of
PNA—4TO’ conjugates.’”’l ODNs 4 and 6 not only have the
same base composition and sequence but also a very similar
Amax- The covalent attachment of the cyanines in conjugates
4 is adjacent to two cytosine residues whereas it is adjacent
to two adenine residues for conjugates 6. This result suggests
that in the free conjugates, the cyanines not only interact
with bases adjacent to their attachment position on the
ODN sequence but also with different bases throughout the
sequence due to the flexibility of the ODN chain.

Determination of the molar extinction coefficients: The
molar extinction coefficients & for conjugates 4y,—44,o Were
determined by titration of their solutions with complementa-
ry DNA target 3 (Table 4 and Experimental Section). The
&0 value for ODN 3 was determined by using the nearest-
neighbor model.™ A comparison of the ¢ values at A,,, for
each pair of isomers 4,10/4210, 4410/4410» aNd 4y4¢/4429 shows
the influence of the structure on the spectroscopic proper-
ties. For a given dye, depending on the heterocyclic nucleus
bearing the linker arm, different ¢ values were observed.
The highest values were obtained when the linker was at-
tached to the 4-position of the quinoline nucleus. This also
reflects the different interactions of the cyanines with the
ODN sequence to which they are attached as a function of
the cyanine structure and the anchoring position of the
linker on the cyanine. The same values were used for the
corresponding conjugates 6 involving the same sequence
and the same cyanines. For conjugates 5, the ¢ values at
260 nm were approximated as the sum of the & values of
ODN 2, determined by using the nearest-neighbor model,["
and of the cyanines deducted from those of conjugates 4.

Hybridized probes: Since a DNA duplex is more rigid than
a single-stranded sequence, it is likely that on hybridization
of the conjugate series 4 and 5 with target sequence 3, the
cyanines will be able to interact with only the end of the
duplex and a few bases on the overhanging single-stranded
target adjacent to the duplex on the side of the cyanine at-
tachment. Due to the choice of target sequences (Figure 1),
the cyanines are located in an environment containing only
G and C bases for conjugates 4, and only A and T bases for
conjugates 5. On hybridization of conjugates 6 with target
sequence 3, the cyanines can only interact with a duplex in
the vicinity of their attachment position in an environment
containing only A and T bases. Mixing equimolar amounts
of the conjugates and target 3 at 3°C induces modifications
of their absorption spectra that are reversed on increasing
the temperature to 65°C. In any case, except for the Sp
isomer of conjugate 6444, the presence of the cyanines stabil-
izes the duplexes as compared to the unmodified references
(Table 4). However, the difference in stabilization observed
depends on many parameters such as the position of their
attachment to the ODN, the neighboring base pairs, and the
cyanines. More specifically, the following observations have
been made.
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5'-conjugated ODNs: For conjugates derived from ODN 4,
the main changes observed were hypochromism (6-19%,
except in the case of 4449, for which 50 % hypochromism
was observed) with a very weak blue shift (data not shown).
This strong hypochromism could be due to hydrogen-bond
formation between the uncharged nitrogen atom of the cya-
nine and a hydrogen atom of the duplex. Thermal denatura-
tion experiments indicated that the greatest stabilization
was obtained with the cyanines attached via the quinaldine
ring (AT,=+10.5, +9.5, and +8.5°C, respectively; See
Table 4 and Figure 4). Stabilization was moderate when the

Absorbance —p

10 20 30 40 50 60 70 80
e —»>

Figure 4. UV/melting curves (normalized) for duplexes 4+3 (O), 440 +3
(2), 410+3 (m), and 4,;0+3 (A), recorded at =260 nm. See Table 4
for conditions.

cyanines were attached through the benzothiazole ring
(AT,=+77, +7, and +7.5°C, respectively), and lowest
when the cyanines were linked through the lepidine ring
(AT,=4+4.5, +5.5, and +4°C, respectively).

In the case of conjugates §, the main changes in the ab-
sorption spectra also concerned the intensities (a 4-8 % de-
crease, data not shown). Considering the same cyanines, the
stabilities observed with conjugates 5 were lower than those
obtained with conjugates 4, and the greatest stabilization
was obtained with conjugates 5,10, 55,0, and 5,4, in which
the cyanines are attached to the ODN via the quinaldine
ring (Table 4; AT, =+6.5, +5, and +5.5°C, respectively).
These stabilization values are only slightly superior to those
observed with the other conjugates 5.

For each of the three series of cyanines, the values of the
dihedral angle along the chromophore chain were different
(see Figure 5). Of the cyanines, those in which the second
heterocyclic nucleus is attached at the 2-position of the

~._N N N

2TO (60.5 °) Th (71°) 4TO (170.7°)
22'Q (58.1°%) 2TO' (68.4°) 42'Q (170.7°)
24'Q (59.7°) 4TO' (69.0°) 44Q (170.7°)

Figure 5. Schematic representation of the different dihedral angles (in
bold lines) for the three series of cyanines, and values obtained by MM2
calculations.

www.chemeurj.org — 2275


www.chemeurj.org

CHEMISTRY=

U. Asseline and R. Lartia

A EUROPEAN JOURNAL

quinoline bearing the linker (2TO, 22'Q, and 24'Q) provide
the strongest stability and have smaller dihedral angles
(60.5, 58.1, and 59.7°) probably due to a better stacking with
the neighboring base pairs. However, the strongest stabiliza-
tion was observed with conjugates 4 in which the cyanines
were forced to interact with a neighboring CG base pair on
duplex formation. Since AT base pairs at the end of a
duplex are less tightly bound than terminal GC pairs, more
efficient stacking is likely to occur with the latter.

Conjugates 6 with cyanines attached to an internucleotidic
phosphate: On binding of conjugates 6 with target sequence
3, the main spectral change observed was hypochromism
ranging from 7 to 20 % and reaching 44 % in the case of the
Sp isomer of conjugate 6,4. Comparison of the T, values in-
dicated that when the cyanines were attached via the benzo-
thiazole ring (Th and 4TQ’) the strongest stabilization was
obtained with the Sp isomers (AT,=+3 and +6.5°C, re-
spectively) in which the label is directed towards the major
groove, while the greatest stabilization was observed with
the Rp isomers (AT,=+ 4°C and+4°C, respectively) in
which the label is directed towards the minor groove, when
the cyanines are attached via the lepidine ring (4TO and
44'Q) (Figure 6).

These results agree with an NMR study indicating that
the TO dimer TOTO intercalated in duplex DNA through
the minor groove with the lepidine ring located between
two purines.” They are also consistent with our previous
result® indicating that in the S, isomer of the oligo-2'-deox-
yadenylates, the linker points towards the major groove and
probably folds back in the direc-
tion of the minor groove be-

Minor groove(

Maior groove

Figure 6. Schematic representation of the duplexes formed between
ODN 3 and conjugates 6410z, (left) and 6459, (right). The black rectan-
gles stand for the cyanines.

depend on cyanine composition. The thiocyanines were the
most fluorescent followed by the conjugates linked to 4TO,
and the conjugates involving quinocyanines were the least
fluorescent. A comparison of the results obtained with the
two series of conjugates 4 and 5 indicated that Th, 2TO’,
and 2TO were more fluorescent when linked to the purine-
rich sequence 4, while cyanine 4TO was more fluorescent
when linked to the pyrimidine-rich sequence. Conjugates 4
contain 8 pyrimidines and 6 purines (including two gua-
nines), and conjugates 5 contain 12 pyrimidines and 2 pu-
rines (including one guanine). However, the two terminal
bases at the 5’-end of conjugates 4 and 5 are pyrimidines.
Since both C and T have similar reduction potentials,”®"")
the differences observed could be due to interaction of the
cyanines with the other nucleic bases of the sequences.

Table 5. Fluorescence data for conjugates.!”!

cause it does not prevent bind-

. . . ODN Free conjugate Duplex I(Duplex)/
mg. of a third strand in the Jex [nm] Jem [NM] Stokes shift I Aem [nm] JA I(conjugate)
major groove of the duplex.
4, 431 453 22 59.1 455 33 0.56
. 40 493 523 30 6.6 (el 22 0.33
Fluorescence studies on ODN- 4o 517 532 15 38 530 8.4 0.95
cyanine conjugates: Steady- 4y 497 521 24 13.7 523 6.28 0.45
state fluorescence experiments :zz'o 22; [Sd]69 nd (1)2 [SC]O 0‘3‘; ?Zg
Y 7 . 7 1. ).
24Q
were‘p’erformed under the sa}me e 516 529 13 232 s 10 043
conditions (COncentratIOn, 4420 560 370 10 21 571 0.96 0.45
buffer) as for the T,, measure- 4, 595 610 15 12 6083 117 0.97
ments (see Experimental Sec- 5m 430 ??2 32 419 4[6]6 282 0.67
. d] d]
tion and Table 5). S0 492 nd 3.8 - 27 0.71
S0 494 524 30 7.9 528 4.4 0.55
. Sxq nd nd nd nd nd nd nd
Free conjugates 4 and 5: As can 5.0 562 573 1 5.4 573 4.4 0.82
be seen from Table 5, A, for S0 513 528 15 37.6 528 27.0 0.74
conjugates 4 and 5 ranges from gTth g‘l) 322 ;i 5Z-Z 321 gg-;‘ 12?
ThS, 71. 7 R .
453nm for 4g, to 610nm for 6eror, 514 532 18 10.6 527 14.1 133
4uq with little difference be- ¢ 516 533 17 173 526 46.9 271
tween the two series. Compari- 6,4y, 513 531 18 327 521 79.2 242
son of the fluorescence intensi-  6aros, 516 531 15 512 523 40.2 0.79
ties observed for conjugates 4 Ouqr, 594 611 1 5.0 601 25 0.50
6440, 595 614 19 13.8 605 3.0 0.22

and 5 (taking into account the

difference in absorbance at A
for each conjugate; data not
shown) indicated that they
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[a] The experiments were performed with 1um concentration in ODN (each strand) in a 10 mum sodium cacody-
late buffer pH7 containing 100 mm NaCl. [b] Arbitrary units (x10%. Studies were performed at 5°C.
[c] Values were corrected for the changes in absorbance observed on duplex formation. [d] Because of a too-
broad band, the determination of 4., was difficult. nd=not determined.
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Free conjugates 6 with cyanines attached to an internucleoti-
dic phosphate: The 1., are nearly identical for each pair of
conjugates 6, and nearly identical to those of conjugates 4
involving the same cyanine (Table 5). However, internally
labeled ODN isomers 6 were more fluorescent than the con-
jugates 4 sharing the same base sequence, and the Sp iso-
mers were more fluorescent than the Rp ones. This increase
in fluorescence intensity could be due to several parameters.
First, the cyanine was linked between two A, and our previ-
ous results on homo-ODN-thiazole orange conjugates
showed that linkage of the label at the internucleotidic posi-
tion of oligo-2'-deoxyriboadenylates gave more fluorescent
conjugates than did the linkage at the internucleotidic posi-
tion of oligothymidylates.***! Secondly, the size of the
linker was larger than that used to connect the cyanines at
the 5’-end of the ODNS. Finally, it can be assumed that rota-
tion around the methine bond was more restricted when the
cyanine dyes were linked to the central phosphate of a 14-
mer ODN, rather than to its terminal phosphate. The largest
Stoke shift values were obtained for the cyanines involving
one or two benzothiazole rings.

Hybridized conjugate ODNs 4 and 5: On hybridization of
conjugates 4 and 5 with the target sequence there were
either no changes or a very slight shift of 4., together with a
decrease in the fluorescence signal (Table 5). The decrease
was greater for conjugates 4 than for conjugates 5. We
assume that such differences could be explained by different
quenching rates of the cyanine dyes by the neighboring nu-
cleobases (dGdG in 4 and dAdT in 5)."” Since the increase
in thermal stability of the duplexes formed with the conju-
gates was substantial compared to that of the parent duplex,
it cannot be explained only by the charge neutralization due
to the positive charge present on the cyanines. It is likely
that, if not perfectly intercalated, the cyanines were stacked
at the end of the duplex at the duplex/single strand junction.
Efficient stacking of the cyanines with the neighboring base
pairs is also consistent with the strong quenching of fluores-
cence observed for the conjugates 4 and 5.

Hybridized conjugates 6 with cyanines attached to an inter-
nucleotidic phosphate group: For the series of ODN isomers
6, various intensity changes of the fluorescence signal were
obtained, ranging from a moderate increase to an pro-
nounced decrease, depending on the isomer and the cyanine
used. It is particularly interesting to compare the fluores-
cence intensities of the duplexes involving ODNs 64, and
6410 For the 645 derivatives, hybridization of the R} isomer
led to a moderate increase (2.4-fold), while that of the Sp
isomer induced a moderate decrease (20%). Even though
the change in intensity was weaker than that of the oligo-2'-
desoxyriboadenylate-TO conjugates,*! an increase was ob-
served for the Rp isomer. In these conjugates, the cyanine
was connected to the ODN through its quinoline ring. In
contrast, for the 6, derivatives, hybridization of the R,
isomer led to a weak increase (33 %), while that of the Sp
isomer induced a greater increase (twofold). This corre-
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sponds to linkage of the cyanine to the ODN chain through
the benzothiazole ring. Our results are consistent with NMR
studies showing that TO intercalates through the minor
groove between two purines and with literature results, pub-
lished during the course of this work, showing that 4TO’ is
able to thread an attached peptide into the major groove,
whereas the other groove can be targeted by 4TO-appended
peptides.™ Other recent reports showed that when 4TO
and 4TO’ are used as base surrogates in PNA probes, the
fluorescence changes observed on hybridization depend on
the position of attachment of the linker to the cyanines.[*"!
For conjugates 6y, the cyanine was attached to the ODN
via the benzothiazole ring as for the conjugates 6,o. A
slightly more stable duplex was obtained with the Sp isomer
than with the Rp isomer. A moderate increase in fluores-
cence intensity was observed for both isomers. For conju-
gates 6, contrary to what was observed with the other
pairs of isomer conjugates, a large difference in 4., was ob-
served between both isomers on duplex formation as com-
pared to A, of the corresponding free probes (Table 5). For
conjugates 644, the cyanine is linked to the ODN via a
quinoline ring as for conjugates 6,50, and a decrease in the
fluorescence intensity was observed for both isomers of 6,4¢.

Conclusion

This work reports the synthesis and properties of new
ODN-cyanine conjugates. Nine monomethine cyanines dis-
playing either different ring compositions or relative posi-
tions on the heterocyclic nuclei and exhibiting different
shapes and emission wavelengths have been synthesized (9-
17). These cyanines were covalently linked, via an octa-
methylene linker, to the 5-end of 14-mer ODN 4 involving
the four nucleic bases and ending at the 5'-terminus with
two cytosines. Until now only cyanines 11 and 15 have been
covalently linked to PNA and cyanine 15 to ODNs. They
were used for the purposes of comparison. Six out of nine
cyanines (9, 10 and 12-15) were also linked to the 5-end of
another 14-mer ODN § ending at the 5'-terminus with two
thymines. To study the influence of the attachment position
of the cyanines to the ODN chain, four of them (9, 11, 15,
17) were attached to the central phosphate of the 14-mer
ODN 6 involving the same sequence as ODN 4. The linker
was attached to the central phosphate located between two
2'-deoxyadenosines. This linkage induced the formation of
two isomers and thus two different positions of the cyanines
on hybridization of the conjugates with the complementary
sequence. For one isomer, the ligand protruded into the
minor groove of the duplex, while it was directed towards
the major groove for the second isomer. Two series of ODN
conjugate isomers 6 were obtained as pure isomers. For all
the conjugates, except for the Sp isomer of 6,4, duplex sta-
bilization due to the presence of the cyanines was observed.
This stabilization greatly depended on the shape of the cya-
nines and on the parameters of their linkage to the ODNs.
Steady-state fluorescence studies indicated that these cya-
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nines exhibited emission signals ranging from 450 to 610 nm.
In all cases, a change in the intensity of the fluorescence
signal was observed upon hybridization of the conjugates
with the complementary sequence. When linked to the 5'-
end of the ODNs, decreased changes were observed in all
cases. When attached at the internal position of the ODN,
there was either an increase or a decrease in the signal, de-
pending on the cyanine and isomer used. Altogether, these
results not only provide useful information on the prepara-
tion of ODN-cyanine conjugates involving the four nucleic
bases but they also confirm the importance of the structural
parameters in the design of fluorescent ODN probes.

Experimental Section

General methods: All solvents used were of the highest purity and did
not contain more than 10 ppm H,O. All chemicals were used as obtained
unless otherwise stated. Cystamine dihydrochloride, 3-methylbenzothia-
zole-2-thione, 2-methylbenzothiazole, methyl iodide, lepidine, quinoline,
quinaldine, 2-chloroquinoline, 4-chloroquinoline, 1,8-diiodooctane, acetic
anhydride, pivaloyl chloride, tris(2-carboxyethyl)phosphane, and dioxane
were purchased from Aldrich. Triethylamine and sodium sulfate were
purchased from Merck, pyridine and dichloromethane from SDS, and
acetonitrile and methanol from Labo-Standa. Analytical TLC was per-
formed on precoated alumina plates (Merck silica gel 60F 254, ref. 5554),
and preparative TLC on glass-backed silica plates (60F 254, ref. 5717).
For flash chromatography, Merck silica gel 60 (70-230 mesh, ref. 7734)
was used. Cyanine-containing compounds were directly visualized on the
plates as colored spots. MM2 calculations were performed with Chem 3D
Ultra 8.0.3 (Cambridge Soft Corporation). ODN syntheses were per-
formed on an Expedite Nucleic Acid Synthesis system 8909 from Persep-
tive Biosystems. Reversed-phase chromatography was performed on a
600E (System Controller) equipped with a photodiode array detector
(Waters 990) using a Lichrospher 100 RP 18 (5 um) column (125 mm x
4 mm) from Merck with a linear gradient of CH;CN in 0.1M aqueous
triethylammonium acetate, pH 7, with a flow rate of 1 mLmin'. Mass-
analysis ion-molecular weights of the ODNs were obtained by electro-
spray mass spectroscopy on a Quattro II (Micromas) instrument. 'H and
BCNMR spectra were recorded on a Varian Unity 500 Spectrometer.
Absorption spectra were recorded with a Uvikon 860 spectrophotometer.
Samples of cyanines 9-17 were prepared at a concentration of 1x10°m
in MeOH. Fluorescence excitation and emission spectra were recorded
on a Fluoromax 2 (ISA-Jobin-Yvon) spectrofluorimeter in 0.5 cm path
length Suprasil quartz cuvettes (Hellma) with slits set at 0.5 mm (band
pass=2nm). The spectra were corrected for the different output of the
excitation lamp at the different wavelengths used for the experiment. To
avoid inner filter effects and light reabsorption, solutions with maximal
absorbance at the excitation wavelength of less than 0.1 were used.
Synthesis of cyanine-linker derivatives 9-17 (Scheme 1 and Table 1)
Synthesis of N-(8-iodooctyl)-2-methylbenzothiazolium iodide (7a): A
mixture of 1,8-diiodooctane (1 mL, 1.85 g, 4.79 mmol) and 2-methylben-
zothiazole (130 pL, 152 mg, 1 mmol) was heated at 150°C. The reaction,
monitored by TLC (CH,Cl,/MeOH 90/10), was stopped when the bis-al-
kylated product (R;=0.10) exceeded the mono-alkylated product (R;=
0.32). After cooling to 0°C, the obtained red oil was purified on a silica
column with a gradient of MeOH (0 to 8%) in CH,Cl,. After evapora-
tion of the solvents, the residue was washed with cyclohexane and dried
to give a light gray powder (164 mg, 32%). 'HNMR (500 MHz,
[Dg]DMSO): 6=843 (d, /=9.6 Hz, 1H; H,,), 833 (d, /=9.6 Hz, 1H;
H,,), 7.88 (t, J=9.6 Hz, 1H; H,,), 7.80 (t, J=9.0 Hz, 1H; H,,), 4.69 (t,
J=84Hz, 2H; N*CH,), 3.25 (t, J=84Hz, 2H; CH,l), 3.20 (s, 3H;
CHs;), 1.83 (q, J=7.8Hz, 2H; CH,N"), 1.73 (q, /=7.8 Hz, 2H; CH,),
1.42 (q, J=7.8 Hz, 2H; CH,), 1.22-1.36 ppm (m, 6H; CH,); ESI-MS: m/z
caled for C¢HpINS: 388.2, found: 388.2 [M+H™].
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Synthesis of 2-methylthio-3-methylbenzothiazolium iodide (8a): The syn-
thesis was performed as previously reported.!!

Synthesis of 3-(8-iodooctyl)-2-[(2,3-dihydro-3-methylbenzothiazol-2-ylide-
ne)methyl]benzothiazolium iodide (9): A mixture of 7a (96.9 mg,
188 umol), 8a (62.6 mg, 194 umol), 1,2-dichloroethane (2 mL), and trie-
thylamine (TEA) (8 pL, 57 umol) was agitated to produce a dark yellow
solution. After 2 h, the crude mixture was concentrated and purified on a
silica column (CH,Cl,/MeOH 95/5) to give a dark yellow powder (60 mg,
47%). R;=0.48 (CH,Cl,/MeOH 90/10). 'HNMR (500 MHz, CDCI,,
TMS): =791 (t, J=10.8 Hz, 1H; H,,), 7.50 (m, 1H; H,,), 7.36 (m, 1H;
H,,), 7.08 (s, 1H; —CH=), 4.91 (t, J=7.84 Hz, 2H; N*CH,), 4.29 (s, 3H;
CH;N*), 3.14 (t, J=7.8 Hz, 2H; CH,I), 1.90 (q, /=7.8 Hz, 2H; CH,CN*
), 1.75 (g, J=7.8 Hz, 2H; CH,I), 1.26~1.36 ppm (m, 8H; CH,); *C NMR
(500 MHz, CDCl;): 6=162.48, 161.99, 140.76, 140.49, 128.73, 128.70,
125.55, 125.37, 125.19, 125.14, 123.35, 123.22, 113.26, 113.07, 84.58, 48.53,
37.30, 33.53, 30.43, 29.42, 28.38, 27.71, 26.96, 7.66 ppm; ESI-MS: m/z
caled for CoyHyIN,S,: 535.5, found: 535.1 [M+H™]; UV/Vis (MeOH):
Amax(€) =423 nm (85200 mol 'cm™).

Synthesis of N-methyl-2-iodoquinolinium iodide (8b): A mixture of 2-
chloroquinoline (200 mg, 1.22 mmol), dry CH;CN (3mL), and Mel
(0.37 mL, 6.1 mmol) was heated at 55°C in a sealed vial. After 10 h, TLC
analysis (CH,Cl,/MeOH 90/10) indicated the formation of a new dark
yellow product (R;=0.18). The mixture was concentrated and the residue
washed with ethyl acetate (3x3 mL) to remove unconsumed 2-chloroqui-
noline, then 8¢ was extracted with CH,Cl, (3x3 mL). The solution was
concentrated to give a dark yellow solid, used in the next synthesis step
without any further purification (197 mg, 60%). ESI-MS: m/z caled for
C,,H,CIN: 178.6, found: 269.7 [M+H*]. This corresponds to exchange of
the chlorine atom by an iodine atom.

Synthesis of 3-(8-iodooctyl)-2-[(1,2-dihydro-1-methylquinolin-2-ylidene)-
methyl]benzothiazolium iodide (10): A mixture of 7a (91.5mg,
178 umol), 8b (71.4 mg, 180 umol), 1,2-dichloroethane(l mL), MeOH
(1 mL), and TEA (136 uL, 990 umol) was agitated to produce a dark
orange solution. After 24 h, the crude mixture was concentrated and pu-
rified on a silica column with a gradient of MeOH in CH,Cl, (0 to 2%)
and then on preparative TLC plates (CH,Cl,/acetone/MeOH 75/22/3) to
give an orange powder (93 mg, 80% ). '"H NMR (500 MHz, CDCl,, TMS):
0=8.07 (t, J=10.8 Hz, 1H; H,,), 8.05 (t, /=10.8 Hz, 1H; H,,), 7.84 (d,
J=84Hz, 1H; H,,), 7.80 (d, J=8.4 Hz, 1H; H,,), 7.74 (d, J=8.4Hz,
1H; Hy,), 7.68 (d, J=8.4 Hz, 1H; H,,), 7.51 (t, /=87 Hz, 1H; H,,), 7.48
(t, 1H; Hy,), 7.34 (m, 2H; H,,), 6.53 (s, 1H; =CH-), 4.74 (t, J=8.4 Hz,
2H; CH,N%), 4.42 (s, 3H; N*CH,), 3.15 (t, J=8.4 Hz, 2H; CH,I), 1.93
(q, J=10.8 Hz, 2H; H,,), 1.77 (q, /=84 Hz, 2H; H,,), 1.20-1.68 ppm
(m, J=10.8 Hz, 8H; H,,); "C NMR (500 MHz, CDCl;, TMS): 6 =161.21,
154.39, 140.59, 140.24, 139.46, 133.64, 129.34, 128.30, 125.91, 125.08,
124.38, 123.82, 122.46, 118.98, 117.07, 112.67, 87.77, 48.03, 40.90, 33.42,
30.34, 29.32, 28.30, 27.45, 26.93, 7.60 ppm; ESI-MS: m/z caled for
CoH3IN,S: 529.5, found: 529.1 [M+H?*]; UV/Vis (MeOH): A,.(¢)=
482 nm (38600 mol 'cm ™).

Synthesis of N-methyl-4-chloroquinolinium iodide (8c): Starting from 4-
chloroquinoline compound 8¢ was obtained as reported for the prepara-
tion of 8b. The iodinated derivative was obtained as a byproduct. ESI-
MS: m/z caled for C(HyCIN: 178.6, found: 177.9 [M+H™*] (65%), 269.9
(CpHuIN, 35%).

Synthesis of 3-(8-iodooctyl)-2-[(1,4-dihydro-1-methylquinolin-4-ylidene)-
methyl]benzothiazolium iodide (11): A mixture of 7a (50 mg, 97 umol),
8¢ (33.5mg, 97 umol), 1,2-dichloroethane (1 mL), MeOH (1 mL), and
TEA (68 pL, 495 umol) was agitated to produce a dark red solution.
After 4 h, the crude mixture was concentrated and purified on a silica
column (CH,ClL,/MeOH 97.5/2.5) and then on preparative TLC plates
(CH,Cl,/acetone/MeOH 75/22/3) to give a red powder (40 mg, 30%).
'HNMR (500 MHz, CDCl;, TMS): 6=8.73 (d, J=10.8 Hz, 1H; H,,),
8.61 (d, J=8.4Hz, 1H; Hy,), 8.05 (m, 3H; Hy,,), 7.76 (d, J=9.0 Hz, 2H;
H,,), 7.60 (t, J=8.7 Hz, 1H; Hy,), 7.40 (m, 2H; Hy,), 6.94 (s, 1H; =CH—
), 4.63 (t, J=84Hz, 2H; CH,N"), 417 (s, 3H; N*CH,), 3.19 (t, /=
8.4 Hz, 2H; CH,l), 1.79 (q, /=10.8 Hz, 2H; CH,), 1.66 (q, /=84 Hz,
2H; CH,), 1.44 (m, 2H; CH,), 1.21-1.34 ppm (m, 6H; CH,); "C NMR
(500 MHz, CDCl;, TMS): 6=159.73, 149.26, 145.65, 140.05, 138.22,
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133.20, 128.29, 127.48, 12591, 124.83, 124.76, 124.57, 122.88, 117.17,
112.20, 109.29, 88.06, 47.36, 43.10, 33.44, 30.43, 29.35, 28.41, 27.56, 27.07,
7.46 ppm; ESI-MS: m/z caled for C,qH3IN,S: 529.5, found: 529.1 [M+H*
1; UV/Vis (MeOH): 4a () =503 nm (58900 mol~' cm™").

Synthesis of N-(8-iodooctyl)quinaldinium iodide 7b: A solution of diio-
dooctane (2.33 mL, 11.7 mmol) in dry dioxane (6 mL) was heated to
80°C, and quinaldine (315 pL, 2.33 mmol) was added slowly over 45 min
producing a brown solution. After 5h, the solution was concentrated,
and pentane (20 mL) added to give a black solid, which was collected by
filtration, washed with pentane several times, and purified on a silica gel
column with a MeOH gradient (0 to 4%) in CH,Cl, to give a brown
solid (120 mg, 10%). '"H NMR (500 MHz, CDCl;, TMS): 6=9.01 (d, /=
8.5Hz, 1H; H,,), 839 (d, J=9.0Hz, 1H; H,,), 831 (d, /=8 Hz, 1H;
H,,), 8.19 (t, J=8 Hz, 1H; H,,), 8.13 (d, J=825Hz, 1H; H,,), 7.90 (d,
J=7.5Hz, 1H; H,,), 5.08 (t, J=84Hz, 2H; CH,N), 3.34 (s, 3H; N*
CH,), 3.18 (t, J=7.0 Hz, 2H; CH,I), 2.0 (q, /=8.0 Hz, 2H; CH,), 1.80 (q,
J=7.0Hz, 2H; CH,I), 1.65 (q, 2H; J=7.5 Hz, CH,), 1.47-1.33 ppm (m,
6H; 3CH,); ESI-MS: m/z caled for CgHysIN: 382.3, found: 382.1 [M+H™
].

Synthesis of 1-(8-iodooctyl)-2-[(2,3-dihydro-3-methylbenzothiazol-2-ylide-
ne)methyl]quinolinium iodide (12): A mixture of 8a (29 mg, 90 umol),
7b (40 mg, 79 umol), CH,Cl, (1 mL), MeOH (1 mL), and TEA (24 pL,
170 umol) was agitated to produce a dark orange solution. After 24 h,
the mixture was concentrated and purified on a silica column with a
MeOH gradient (0 to 3%) in CH,Cl, and then on preparative TLC
plates (CH,Cly/acetone/MeOH 75/22/3) to give an orange powder
(18.5mg, 36%). 'HNMR (500 MHz, CDCl;, TMS): 6=8.11 (d, J=
9.5Hz, 1H; Hy,), 8.00 (d, /=9.0 Hz, 1H; H,,), 7.78 (m, 3H; H,,), 7.69
(d, J=8.0Hz, 1H; H,,), 7. 52 (t, J=8 Hz, 1H; H,,), 7.50 (t, J=7.5 Hz,
1H; H,,), 7.45 (d, J=85Hz, 1H; H,,), 7.34 (t, /=8.0 Hz, 1H; H,,), 6.34
(s, 1H; =CH), 4.18 (s, 3H; N*CH,), 3.77 (t, J=7.5 Hz, 2H; CH,N), 3.18
(t, J=7.0Hz, 2H; CH,I), 1.98 (m, 2H; CH,), 1.80 (q, /J=7.0Hz, 2H;
CH,), 1.45-1.65 ppm (m, 8H; 4CH,); *C NMR (500 MHz,CDCl,): 6=
162.37, 152.87, 140.86, 140.00, 139.45, 133.76, 129.94, 128.47, 125.96,
125.24, 124.69, 123.88, 122.58, 119.15, 116.57, 112.86, 86.90, 50.16, 36.58,
33.56, 30.49, 29.51, 28.49, 27.51, 27.00, 7.77 ppm; ESI-MS calcd for
CyH3IN,S: 529.5, found: 529.1 [M+H*]; UV/Vis (MeOH): ,..(¢)=
484 nm (69400 mol'cm™).

Synthesis of 1-(8-iodooctyl)-2-[(1,2-dihydro-1-methylquinolin-2-ylidene)-
methyl]quinolinium iodide (13): A mixture of 8b (71 mg, 180 umol), 7b
(91 mg, 147 pmol), CH,Cl, (1 mL), MeOH (1 mL), and TEA (140 pL,
1 mmol) was agitated to produce a dark red solution. After 24 h, the mix-
ture was concentrated and purified on a silica column with a MeOH gra-
dient (0 to 2%) in CH,Cl, to give an oil, which was further purified on a
preparative TLC plate with CH,Cl,/MeOH (99/1, 3x), CH,Cl,/MeOH
(98/2, 2x), and CH,Cl,/MeOH (96/42x) to give a purple-red paste
(18 mg, 19%). 'HNMR (500 MHz, CDCl;, TMS): 6=7.40~7.95 (m,
12H; H,,), 5.85 (s, 1H; CH), 4.58 (m, 2H; CH,N), 4.21 (s, 3H; NCH,),
3.18 (t, J=7.0 Hz, 2H; CH,l), 1.96 (q, /=7.5 Hz, 2H; NCH,CH,), 1.81
(g, J=7.0 Hz, 2H; CH,CH,I), 1.20-1.40 ppm (m, 8H; 4CH,); *C NMR
(500 MHz, CDCl;): 0=154.91, 153.11, 140.26, 139.24, 138.70, 138.55,
132.94, 129.64, 129.20, 125.44, 12528, 125.02, 124.88, 121.83, 121.64,
116.76, 115.93, 91.28, 49.79, 39.96, 33.37, 30.28, 29.19, 28.35, 27.22, 26.80,
7.63 ppm; ESI-MS: m/z calcd for C,gH3,IN,: 523.5, found: 523.1 [M+H*
1; UV/Vis (MeOH): A.(£) =522 nm (69900 mol ' cm ™).

Synthesis of 1-(8-iodooctyl)-2-[(1,4-dihydro-1-methylquinolin-4-ylidene)-
methyl]quinolinium iodide (14): A mixture of 8¢ (29 mg, 85 pmol), 7b
(40 mg, 79 pmol), CH,Cl, (1mL), MeOH (1 mL), and TEA (23 uL,
170 pmol) was agitated to produce a dark purple solution. After 24 h, the
crude mixture was concentrated and purified on a silica column using a
MeOH gradient (0 to 3%) in CH,Cl, to give a purple paste (21 mg,
45%). 'HNMR (500 MHz, CDCl;, TMS): 6=38.68 (d, J=7.5Hz, 1H;
H,,), 8.15 (d, J=8.5Hz, 1H; Hy,), 8.06 (d, /=9.5Hz, 1H; Hy,), 7.87 (d,
J=9.0Hz, 1H; H,,), 7.84 (t, J=7.5Hz, 1H; H,,), 7.70 (m, 4H; H,,),
7.61 (m, 1H; H,,), 7.53 (d, J=9.0Hz, 1H; H,,), 7.40 (t, J=7.5Hz, 1H;
H,,), 6.14 (s, 1H; =CH-), 4.34 (t, J=7.5 Hz, CH,N), 4.20 (s, 3H; NCHS,),
353 (t, J=70Hz, 2H; CH,), 3.18 (t, /J=7,0Hz, 2H; CH,I), 1.40~
1.60 ppm (m, 10H; CH,); *C NMR (500 MHz,CDCl,): 6 =153.76, 151.04,
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144.98, 139.84, 139.26, 138.42, 133.50, 132.98, 129.89, 127.04, 125.63,
125.54, 125.48, 125.44, 122.23, 117.60, 115.91, 110.39, 92.72, 49.80, 43.08,
33.68, 30.68, 29.52, 28.80, 27.48, 27.22, 7.61 ppm; ESI-MS: m/z calcd for
CyHpIN,: 523.5, found: 523.1 [M+H*]; UV/Vis (MeOH): A,.(¢)=
557 nm (97000 mol 'cm ).

Synthesis of 1-(8-iodooctyl)-4-[ (2,3-dihydro-3-methylbenzothiazol-2-ylide-
ne)methyl]quinolinium iodide (15): The synthesis was performed as pre-
viously reported for 8a and 7¢.™ BCNMR (500 MHz,CDCLy): 6=
160.02, 149.07, 144.83, 140.28, 137.05, 132.99, 128.27, 127.27, 126.95,
124.80, 124.69, 124.54, 122.64, 116.78, 112.14, 109.25, 88.70, 55.10, 35.61,
33.51, 30.43, 29.50, 29.11, 28.42, 26.62, 7.54; ESI-MS: m/z calcd for
CoH3IN,S: 529.5, found: 529 [M+H?*]; UV/Vis (MeOH): A,.(e)=
503 nm (86400 mol'cm™).

Synthesis of 1-(8-iodooctyl)-4-[(1,2-dihydro-1-methylquinolin-2-ylidene)-
methyl]quinolinium iodide (16): A mixture of 8b (71 mg, 180 umol), 7¢
(90 mg, 172 pmol CH,Cl, (1 mL), MeOH (1 mL), and TEA (140 pL,
1 mol) was agitated to produce a dark purple solution. After 24 h, the
mixture was concentrated and purified on a silica column with a MeOH
gradient (0 to 2%) in CH,Cl, to give a purple paste (43 mg, 38%).
"H NMR (500 MHz, CDCl;, TMS): 0=8.65 (d, /=7.5 Hz, 1H; H,,), 8.34
(d, J=85Hz, 1H; H,,), 8.02 (d, /=10.0 Hz, 1H; H,,), 7.87(d, /=9.0 Hz,
1H; Hy,), 7.79 (t, J=7.7Hz, 1H; H,,), 7.67 (m, 4H; H,,), 7.59 (m, 2H;
H,,), 7.40 (t, J=7.5Hz, 1H; H,,), 6.24 (s, 1H; =CH-), 4.51(t, J=7.5 Hz,
2H; CH,N), 4.02 (s, 3H; N*CH,), 3.17 (t, J=7.0 Hz, 2H; CH,I), 1.94 (q,
J=175Hz, 2H; NCH,CH,), 1.79 (q, J=7.0Hz, 2H; CH,CH,I), 1.20-
1.60 ppm (m, 8H; 4CH,); "CNMR (500 MHz, CDCl,): 6=154.55,
150.32, 143.77, 140.53, 137.87, 137.77, 133.06, 132.67, 129.21, 126.71,
126.66, 125.32, 125.25, 125.00, 122.12, 116.89, 116.34, 110.14, 94.77, 54.82,
39.14, 33.52, 30.45, 29.46, 29.15, 28.43, 26.68, 7.60 ppm; ESI-MS calcd for
CyHpIN,: 5235, found: 523.1 [M+H*]; UV/Vis (MeOH): A,.(¢)=
556 nm (98000 mol~'cm™).

Synthesis of 1-(8-iodooctyl)-4-[(1,4-dihydro-1-methylquinolin-4-ylidene)-
methyl]quinolinium iodide (17): A mixture of 7¢ (100 mg, 196 umol), 8¢
(67 mg, 200 pmol), CH,Cl, (1 mL), MeOH (1 mL), and TEA (25.3 uL,
1.1 mmol) was agitated to produce a dark blue solution. After 24 h, the
mixture was concentrated and purified on a silica column (CH,CL/
MeOH 98/2) to give an intensely blue paste (35mg, 39%). 'HNMR
(500 MHz, CDCl;, TMS): 6=7.51~8.34 (m, 12H; H,,), 7.03 (s, 1 H; CH),
4.36 (t, J=7,5Hz, 2H; CH,N), 4.07 (s, 3H; NCHj;), 3.16 (t, J=7.0 Hz,
2H; CH,I), 1.92 (q, J=7.5 Hz, 2H; NCH,CH,), 1.78 (q, J=7.0 Hz, 2H;
CH,CH,I), 1.20-1.40 ppm (m, 8H 4CH,); “"C NMR (500 MHz,CDCl;)
0=149.43, 149.35, 143.31, 142.62, 138.69, 137.76, 132.68, 132.58, 126.30,
126.14, 125.77, 125.48, 125.41, 116.83, 116.76, 109.87, 109.73, 97.22, 54.61,
42.58, 33.34, 30.26, 29.18, 28.96, 28.25, 26.53, 7.43 ppm. ESI-MS: m/z
caled for C,HyIN,: 523.5, found: 5232 [M+H*]; UV/Vis (MeOH):
Amax(€) =589 nm (70470 mol ' cm ™).

Synthesis of the ODN-cyanines conjugates (Scheme 2)

Synthesis of oligonucleotides 4 and 5: The ODNs were assembled by
classical phosphoramidite chemistry on a controlled pore glass (CPG)
support on a micromole scale. After drying of the supports bearing the
ODNs with a free 5'-hydroxyl group (1 pmol), O-(6-dimethoxytrityloxy-
3,4-dithiahexyl-H-phosphonate (0.025 g, 0.04 mmol) in pyridine/CH;CN
(50/50, 0.4 mL, dried overnight on 3 and 4 A molecular sieves) and a so-
lution of pivaloyl chloride (0.020 g, 0.166 mmol) in CH;CN (0.5 mL, pre-
pared 1 h before use and dried over 3 A molecular sieves) were added si-
multaneously to the ODN chain bound to the support. After 2.5 min, the
solution was removed, and the support washed with anhydrous pyridine/
CH;CN (50/50, 3x1 mL). Then a sulfur solution (50 mg Sg in a CS,/pyri-
dine (2.5 mL, 3/2)) was added. After 20 min, the solution was removed,
and the support washed with pyridine/CH;CN (50/50, 3x1 mL) and then
with acetonitrile (3x1 mL). ODNs 4 and 5 were deprotected and cleaved
from the support by treatment with concentrated aqueous ammonia for
6 h at 50°C. After removal of the ammonia solution, the crude ODNs 4
and 5 were analyzed by reversed-phase chromatography with a linear
gradient of CH;CN (0 to 24 % in 30 min). Detection 4 =260 nm. R(4)=
19 min, 26 s. R,(5)=14 min, 16s.

Synthesis of conjugates of 4 and 5: Before conjugate synthesis, MeOH
was passed over Chelex resin 100 to remove divalent ions. Methanolic
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solutions of the cyanine-linker derivatives (1.5 mg in 400 pL) were added
to vortexed solutions of 4 or 5 (10 opitical density (OD) each) in MeOH
(400 uL) containing [18]crown-6 (10 mg). After 17 h, the coupling effi-
ciency was checked by reversed-phase chromatography with a linear gra-
dient of CH;CN (16 to 40% over 30 min). ODN-cyanine conjugates
were obtained with longer retention times as compared to the starting
ODN-linker derivatives 4 and 5 During the entire workup, ODN mix-
tures were maintained below 50°C and protected from light. The crude
mixture was evaporated to dryness and solubilized with a 1M NaH,PO,
solution containing 10% MeOH (2 mL). Excess dye was extracted with
CH,Cl, (3x3mL). The aqueous phase was passed through a Sephadex
G25 column, and the fast-eluting colored fractions collected and purified
by reversed-phase chromatography under the conditions described
above. (See Table 1 for retention times and mass-analysis data.) Yields:
4, 441> S and Syro (35-40%); drros 4eros Saror Srror (20-25%); and
other conjugates involving the quinocyanines (10-13%).

Synthesis of ODN linker derivative 6: The ODN was assembled by classi-
cal phosphoramidite chemistry on a CPG support on a micromole scale,
except that at the site selected for the introduction of the linker, a cou-
pling step using H-phosphonate chemistry was manually performed as
follows: N°-Benzoyl-5'-O-(4,4'-dimethoxytrityl)-2"-deoxyadenosine-3'-H-
phosphonate (0.033 g, 0.04 mmol) in pyridine/CH;CN (50/50, 0.4 mL) and
pivaloyl chloride (0.02 g, 0.166 mmol) in pyridine/CH;CN (50/50, 0.5 mL)
were added simultaneously to the detritylated ODN bound to the sup-
port. After 2.5 min, the solution was removed and the support washed
with anhydrous pyridine/CH,CN (50/50, 1 mL, 3x). Then cystamine
(0.165 g, 0.87 mmol) in pyridine/CCl, (50/50, 1 mL) was added. After 1h,
the solution was removed and the support washed with anhydrous pyri-
dine/CH;CN (50/50, 1 mL, 3x) and then with anhydrous CH;CN (1 mL,
3x). The support was treated with a mixture of capping solutions used
on the synthesizer (0.5 mL each) for 10 min, washed with CH;CN (1 mL,
4x), and dried. The ODN chain assembly was completed by phosporami-
dite chemistry to give the fully protected 14-mer ODN 6 bound to the
support bearing the linker at its central phosphate. At the end of the
chain assembly an additional detritylation step was performed to deblock
the 5'-terminal hydroxyl function. The deprotection step was completed
by treatment with concentrated aqueous ammonia overnight at 50°C. Re-
versed-phase chromatography was performed with a linear gradient of
CH;CN (8 to 28% over 25 min). Two roughly equivalent peaks with
close retention times, R(16a)=10min 54s and R,(16b)=11min 45s,
corresponding to the isomers of ODN 6 were obtained and separated by
using a linear gradient of CH;CN (5 to 25 % over 60 min).

Coupling reaction between each pure isomer of ODN 6 and cyanine-
linker derivatives 9, 11, 15, and 17: Solutions of 6, and 65, (8 OD each)
in a 0.5% aqueous bicarbonate buffer (pH 9, 400 uL) were degassed by a
stream of argon. Then a tris(2-carboxyethyl)phosphine (TCEP) solution
(20 mg in 300 pL water, 3 pL) was added. After 10 min, a DMF solution
of a cyanine-linker derivative (1.5 mg in 400 pL) was added and vigorous-
ly vortexed. Another 3 pL of a TCEP solution was added. After over-
night reaction, the coupling efficiency was checked by reversed-phase
analysis under the same conditions as described above. Starting from
each pure ODN linker isomer 6z, and 65, ODN—cyanine conjugates were
obtained with increased retention times as compared to the starting
ODN-linker derivatives 6, and 65, During the entire workup, solutions
of conjugates were maintained below 50°C and protected from light.
Mixtures were evaporated to dryness by using xylene/DMF azeotrope.
The residue was dissolved in a 1M solution of NaCl in H,O/MeOH (80/
20, 2 mL) and extracted several times with CH,Cl,. The aqueous phase
was passed over a size-exclusion Sephadex G 25 column with water as
eluant. Fast-eluted colored fractions were purified by reversed-phase
chromatography under the conditions described above (see Table 2 for
retention times and mass-analysis data). Yields: 6z, and 6, (20%),
6410r, and 64105, (15%), b410°r, and b410:5, (13 %), 64s0r, and G4yqs, (5 and
7%, respectively). Electrospray mass analysis confirmed the mass of con-
jugates 65, 64qr, and 645, While for conjugates 6qyg, 64ror, Gsros,
6410'r, and 6415, masses 13-16 units higher were found.

Binding properties of the oligonucleotide—cyanine conjugates
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Determination of the molar extinction coefficients: Concentrations of
target ODN 3 and unmodified ODNs 1 and 2 were calculated from
molar extinction coefficients at 260 nm determined by the nearest-neigh-
bor model™ (ODN 1: &£,=133600M"'cm™, ODN 2: &=
115700m'cm ™, ODN 3: £,,,=278900m ' cm™!). The molar extinction
coefficients ¢ for conjugates 4 were determined by titrating the conjugate
solutions in a 10 mm sodium cacodylate buffer (pH 7) containing 100 mm
NacCl at 5°C with a solution of single-stranded complementary sequence
3. The changes in absorbance observed at 260 nm (corrected for dilution)
on stepwise additions of small volumes (10 pL) of a conjugate 4 (ca. 1 pm
based on the molar extinction coefficient values of cyanines 9-17) were
plotted versus the concentration of ODN 3. The breaks observed in the
titration curves correspond to the equivalence of concentrations for both
ODN 3 and conjugate 4 considered. Because the concentration of ODN
3 was known, it was possible to determine the & values of conjugates 4 by
using the Lambert-Beer law.

T, determination by absorption spectroscopy: All concentrations are
given on a per-strand basis. For the melting studies, 1 uM ODN solutions
(each strand) were used in a 10 mum sodium cacodylate buffer (pH 7) con-
taining 100 mm NaCl. Duplex stabilities were determined by thermal de-
naturation.!’! The uncertainty in the T, values was +0.5°C.

Fluorescence studies: Fluorescence experiments (Table4) were per-
formed with the same concentrations of ODN conjugates or duplex and
the same buffer conditions as used for the binding studies. The excitation
wavelengths used for both the free conjugates and the corresponding du-
plexes were the A, of the excitation spectra recorded for each conju-
gate. The emission spectra of the free conjugates were recorded at 5°C
(between A=450 and 700 nm). A small volume of target sequence 3
(1 equiv) was added, and the mixture allowed to hybridize in the dark at
5°C for 6 h to ensure complete hybridization. The emission spectra of the
duplexes were corrected for the changes in absorbance observed on
duplex formation.
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