Electronic Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2012 S1

Supporting I nformation:

Synthesis and Properties of Squaraine-Modified DNA

Larysa I. Markova, *® Vladimir L. Malinovskii, ® Leonid D. Patsenkef and Robert Haner*

*Department of Chemistry and Biochemistry, Univigrsif Bern,
Freiestrasse 3, CH-3012 Bern, Switzerland

TABLE OF CONTENTS

1) General

2) Experimental procedures

3) Synthetic procedures and NMR, MS data (Fig. paf¢ompoundd-4

4) Absorption and fluorescence spectra of the sgoardiol2, Fig. S5

5) MS and HPLC data of the squaraig)(modifiedON1 andON2, Fig. S6-8, Table S1
6) Example of determination of the quantum yielid, 59

7) Tm experiments, Fig. S10, S11, Table S2

8) Influence of the temperature on the absorptimhemission spectra, Fig. S12-14

9) Stability of the squaraine di@lto treatment by 30% N4DH solution, Fig. S15

10) CD spectra, Fig. S16, S17

S2

S3

S5

S12

S13

S15

S16

S18

S19

S20



Electronic Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2012 S2

1) General
Chemical reactions were monitored by TLC (Silicg tacherey-Nagel) or spectrophotometrically.

'H-NMR and*P-NMR spectra were measured oBraker avance300 spectrometer in DMSOgar
CDCl; using signal of remaining non-deuterium solvenaasnternal standard fdH-NMR spectra:
2.50 ppm in DMSO and 7.26 ppm in CRCI

Mass spectrometry was performed with Applied Biosystem$1DS-Sciex QTRAP LC/MS/MS
system and LTQ Orbitrap XL system.

Absorption spectra and extinction coefficient¥ Were recorded in 1-cm quartz cells at 20 °C on
Varian Cary-100 BidJV/VIS spectrophotometer equipped withVarian Caryblock temperature
controller.

Emission spectra and quantum yields)(were measured in 1-cm quartz cells at 20 °Cvanan
Cary Eclipse fluorescence spectrophotometer equipped witlVaaian Caryblock temperature
controller.

CD spectravere recorded on 2ASCO J-715pectropolarimeter using quartz cuvettes with dicalp
path of 1 cm.

HPLC separation and purity determination were peréal with aShimadzu L&ystem equipped with
a Shimadztblock temperature controller.

Reagents and solvents for synthesis of the compoisddwere purchased from Alfa Aesar, Acros
Organics, Fluka and Sigma Aldrich. UltraMILD CE giptvoramidites and other reagents for
synthesis of the modified oligonucleotidedN1 and ON2 were from Glen Research and Profigo

Reagents. Unmodified oligonucleotid®®l3 andON4 were from Microsynth (Balgach, Switzerland).
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2) Experimental procedures.

OligonucleotidesON1 and ON2 were preparediia automated oligonucleotide synthesis on a 394-
DNA/RNA synthesizerApplied BiosystemsUIltraMILD CE phosphoramidites, UltraMILD suppsrt
and special Cap Mix A (THF/Pyridine/R&x) were used for the synthesis. Cleavage from dtid s
support and final deprotection were done by treatnwath fresh 30% NEOH solution at room
temperature for 2 hours. The oligonucleotides wpueified by reverse phase HPLC: column
LiChrospheP 100 RP-18, 250 mm x 4 mm, Merck; mobile phase A&NH)OAc (0.1 M, pH 7.4);
mobile phase B = MeCN; elution at 25 °C; gradient 80% B over 22 min, then 40-100% B over
5 min.

Measurements of spectra in aqueous solutions (excgmtum yield determinations) were performed
at a concentration of 1j8M (10 mM PB, pH = 7.4, 100 mM NaCl) for oligonuctetes and at a
concentration of 1.pM + 1.5uM of each strand (10 mM PB, pH = 7.4, 100 mM N&®Gi)duplexes.
Concentration of oligonucleotides was determinadgumolar absorbtivities af,6o(ON1) = 233,400
M em?, e,6(ON2) = 212,200 M cm?, £,6 ON3) = 231,400 M cm* ande,s(ON4) = 216,500 M
cm?; a value of,e(Sq) = 11,000 M cm™* was applied for calculation efs(ON1) andesso(ON2).

Thermal denaturation experiments were carried oat @ Varian Cary-100 BioJV/VIS
spectrophotometer and data were collected at 260, &d 630 nm for duplexe®N1*ON2,
ON1*ON4 and ON2*ON3 with internal squaraine modifications in the bawhké, and at 260 and
630 nm for the non-modified duplé2N3*ON4 (cooling-heating-cooling cycles in the temperature
range of 20-90 °C, temperature gradient of 0.5 i@/mMelting temperature () values were
determined as the maximum of the first derivati?¢he melting curve. Fluorescence melting curves
and temperature dependent fluorescence curvesalithlexON1*ON2 and oligonucleotide©N1
and ON2 were collected at 645 nm with excitation at 600 fmwoling-heating-cooling cycles in the
temperature range of 20-90 °C, temperature gradierit °C/min). Spectra were not corrected for
temperature induced absorbance changes.

For measurement of the extinction coefficieg)tdf squaraine, the did (~ 10 mg) was dissolved in
50 mL of methanol or chloroform, the stock solut{®0 L) was diluted (1:1000) and the absorbance
was measured in a 1-cm standard quartz cell. Tleecdyncentrations were in the range of 3.0 to
4.0x10" M. The extinction coefficients were calculated @ding to the Beer-Lambert law. Tlaeof

the dye was independently measured several timek the average value was taken. The
reproducibility for determining the extinction ciefents was + 2,000 Mcm™.

For the determination of the quantum yields, thegrated relative intensities of the samples were
measured again§ly5 (quantum yield, Q¥,s = 27% in water [1]) as the reference. Absorbarfda®
solutions at the excitation wavelength (600 nmtfa squaraine did@2, ON1 andON2 and 615 nm

for the duplexON1*ON2) was between 0.04—-0.06, measured in a 1-cm dedl.emission spectra of
the solutions were recorded and the quantum yieldee samples were determined as described in
[2] according to formula:

QY = QYCyS' (F/FCyS) ' (ACydA) : (r?/nCy52),

1 R.B. Mujumdar, L.A. Ernst, S.R. Mujumdar, C.Jwig, A.S. Waggoner, Cyanine dye labeling
reagents: sulfoindocyanine succinimidyl esterscBigugate Chem., Vol. 4, No. 2, 1993, 105-111.
2 C.A. Parker, Photoluminescence of Solutions,\Esd?ublishing Company, Amsterdam, 1968.
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whereF andFcys are the integrated areas of the fluorescencerspécandAcysare the absorbance at
the excitation wavelength andand ncys are the refraction indices of solvents used for ghmple
under examination and Cy5, respectively.

Stability of the squaraine diol 2 to treatment by ® % NH,OH at room temperature and at

55 °C.

Stock solution of the squaraine dibin MeOH was added to 30 % NEIH until the absorbance at the
maximum reached 0.9. The solution was shaken at temperature for 6 h. Absorption spectra were
measured before the beginning of shaking) @d after 2 and 6 h ¢A To examine the stability at
55 °C, 5 solutions (A-E) with absorbance at the imaxn of 0.8-1.1 were treated in the same manner
as described above. These solutions were shakem &: A — 10 min, B — 30 min, C — 60 min, D —
120 min and E — 180 minutes. Absorption spectreeweseasured before the beginning of shaking
(Ao) and after treatment ¢ Values of the XA ratio were used for analysis.
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3) Synthetic procedures

| Synthesis of 1-(6-hydroxyhexyl)-2,3,3-trimethyl-Bl-indolium bromide (1):

/ — > /
N MeCN ®N

O
reflux, 30 h Br ((,3H2)6

1 OH

A mixture of 2,3,3-trimethylindolenine (1.01 g, 8.&hmol), 6-bromo-1-hexanol (1.70 g, 9.39 mmol)
and acetonitrile (10 ml) was refluxed under argtmasphere for 30 h. The solvent was removed
under reduced pressure and the residue was didsmlvaethanol. The product was precipitated by
diethyl ether and the solution was removed by det@am. A deep red resin was obtained after
drying. Amax (Abs) = 279 nm (MeOH). Yield: 1.51 g (65%).

'H-NMR (300 MHz, DMSO-¢, ppm): & 8.03-7.94 (1H, m, arom H), 7.89-7.81 (1H, m, afd)n
7.66-7.59 (2H, m, arom H), 4.46 (2HJt= 7.72 Hz, NCH), 3.38 (2H, tJ = 5.93 Hz, CHOH), 2.85
(3H, s, 2-CH), 1.91-1.72 (2H, m, C}}, 1.54 (6H, s, [3-ChH]2), 1.49-1.29 (6H, m, C}).

ESI-MS LR (pos, MeCN): MS(calc. exact;B2NO") = 260.2014; MS(found) = 260.2007.

Synthesis of the squaraine diol (2):

@él\% BuOH, Py ‘ £®/ ‘ Qﬁ@

|
Br (CHp)s  110°C,5h (CH2)6 Og (CH2)6
1 OH

Compound 1 (0.370 g, 1.10 mmol) was dissolved in pyridinen{J. Then 3,4-dihydroxy-3-
cyclobutene-1,2-dione (50.01 mg, 0.438 mmol) arnautenol (7 ml) were added. The mixture was
stirred at 110 °C for 5 hours. The solvent was needounder reduced pressure and residue was
purified by column chromatography (Silica gel 687% MeOH in CHCI,) to give the diol as a blue
powder. R=0.23 (Silica gel 60, 5% MeOH in Ci&l,). Yield: 121 mg (46%).

'H-NMR (300 MHz, DMSO-¢, ppm):5 7.53 (2H, d, 7.35 Hz, arom H), 7.37-7.29 (4H, mona H),

7.16 (2H, t,J = 6.87 Hz, arom H), 5.79 (2H, s, CH), 4.35 (2H] & 5.18 Hz, OH), 4.07 (4H, § =

6.5 Hz, NCH), 3.38 (4H, t,J = 5.56 Hz, CHOH), 1.77-1.62 (4H, m, Chl, 1.68 (12H, s, 3-C}),
1.53-1.28 (12H, m, C}).

ESI-MS LR (pos, MeOH): MS calc. exactzgdH4sBrN.O,) = 596.3614; MS(found) = 596.3605.
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Synthesis of the mono(dimethoxytrityl)-protected davative (3):

Oy~ =22 I~

/
(CHz)e e (CHz)e (?Hz)e 0o (CHz)e
2 OH
QOO 0

_O

4,4'-Dimethoxytrityl chloride (0.101 g, 0.307 mmelas added to a solution of the squaraine #iol
(0.230 g, 0.385 mmol) in dry pyridine (10 ml). Thexture was stirred at room temperature under
argon for 4 h. An additional portion of 4,4'-dimexytrityl chloride (65 mg, 0.192 mmol) was added
after 2 h. The solvent was removed under reducesspre and the residue was purified by column
chromatography (Silica gel 60, 0-5% MeOH in CH/EtOAC/NES, 49/49/2, viviv). R = 0.51
(Silica gel 60, 5% MeOH in C}CI,/EtOAC/NESg, 49/49/2, viviv).Yield: 134 mg (39%).

'H-NMR (300 MHz, DMSO-g, ppm):5 7.52 (2H, dJ = 7.53 Hz, arom H), 7.40-7.11 (15H, m, arom
H), 6.87 (4H, dJ = 9.04 Hz arom H), 5.80 (1H, s, CH), 5.78 (1HC#]), 4.35 (1H, tJ = 5.18 Hz,
OH), 4.13-3.98 (4H, m, NCH)l, 3.72 (6H, s, OC¥J, 3.37 (2H, tJ = 5.84 Hz, CHOH), 2.93 (2H, t,]

= 6.21 Hz, CHDMT), 1.76-1.59 (4H, m, C}), 1.67 (6H, s, 3-Ch}, 1.66 (6H, s, 3-CkJ, 1.58-1.47
(2H, m, CH), 1.46-1.27 (10H, m, CH\.

ESI-MS LR (pos, MeCN): MS (calc. exactsgHssN20s) = 898.4921; MS(found) = 898.49.

Synthesis of the squaraine phosphoramidite (4):

©6§7 Qﬁ@ CI-PAM, EtN(iPr), ©6§7 gﬁ©
®/ CH2C|2 rt 1h ®/

(CHz)e 0o (CHz)e (CHz)e 0o (CHz)e

OH )\ (ID
3
OO *H OO
CN
Y Sqg 0

2-CyanoethyIN,N-diisopropylchlorophosphoramidite (38 pL, 0.170 mihweas added under argon to
a solution of compoun8 (0.134 g, 0.149 mmol) and diisopropylethylamin8 (i, 0.447 mmol) in
dry dichloromethane (7 ml). The mixture was stiregdoom temperature for 1 h. The mixture was
partially concentrated under reduced pressure anlgal by column chromatography (Silica gel 60,
CH.CI,/JEtOAC/EgN, 49/49/2, viviv). The first blue fraction yieldedompound 4. R= 0.76
(Silica gel 60, 5% MeOH in C¥I,/EtOAC/EEN, 49/49/2, viviv). Yield: 100 mg (61%).

'H-NMR (300 MHz, CDC4, ppm):5 7.45-7.09 (15H, m, arom H), 6.96 (2H,Jt= 7.82 Hz, arom H),
6.82 (4H, d,J = 8.85 Hz, arom H), 5.94 (2H, s, CH), 4.04-3.98i,(4n, NCH,), 3.89-3.75 (2H, m,
CHCHjy), 3.78 (6H, s, OC}HJ, 3.70-3.51 (4H, m, C¥DOP), 3.03 (2H, tJ = 6.5 HZ, CHODMT), 2.64
(2H, t,J = 6.5 Hz, CHCN), 1.87-1.74 (4H, m, CHl, 1.78 (12H, s, 3-CkJ, 1.68-1.55 (4H, m, CH
superimposed with water), 1.51-1.37 (8H, m,2{;H.17-1.18 (12H, m, CHCHj
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3P.NMR (300 MHz, CDGJ): & = 147.39
ESI-MS LR (pos, MeCN): MS (calc. exactsglgsN4,O;P) = 1098.5999; MS(found) = 1098.60.
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Figure S1 'H-NMR (top) and ESI-MS (bottom) spectra of the campd1
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4) Absorption and fluorescence spectra of the squame diol 2.
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Figure S5.Normalized absorption and fluorescence spectrhestjuaraine did measured in
methanol (left) and chloroform (right) at concetitrac ~ 1x10° M. Excitation at 600 nm.
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5) Mass-spectrometry and HPLC data of the squarainéSq) modified ON1 and ON2.

S13

Table S1 Mass spectrometry data of tB&N1 andON2 (ESI-MS, negative mode, MeCN/B/0.5%

EtsN).

Oligo-
mer

Sequence

Molecular
formula

Calc.
Exact masg

Found
mass

ON1

5" AGCTCGGTCASQCGAGAGTGCA

GadH201N83012P20

6822.3876

6822.385(

Q)

ON2

3’ TCGAGCCAGTSqGCTCTCACGT

G31H293N730126P20

6724.3516

6724.3424

+=
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Figure S6.HR-MS of ON1.
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Figure S8.HPLC data of oligonucleotidé3N1 (left) andON2 (right) recorded at 260 and 630 nm.
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6) Example of determination of the quantum vyield
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Figure S9.Quantum yield measurement of 3@nd oligonucleotide®N1 andON2 in methanol.
Left: absorption spectra of the samples 25@N1 andON2) and referencedy5, in water) with the
absorption at the excitation wavelength (600 nropad 0.05. Right: emission spectra of the above
mentioned solutions.
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7) Tm experiments.
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Figure S10Thermal denaturation-renaturation of hyb@N1* ON4 (top), ON2*ON3 (middle) and
ON3*ON4 (bottom) observed at 260 nm, 590 nm and 630 nmlirgp (-), heating ) and cooling

(---) curves.
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Figure S11.Example of Tm determination procedure: dup@X3“ON4, melting curves at 260 nm
(left) and first derivative curve, Tm = 70T (right).

Table S2. Hybridization data of the squaraine containing ldues ON1JON2, ON1*ON4 and
ON2*ON3 and non-modified analogdN3"ON4 (Sg-Sqvs. A-T base pair).

Oligomer Duplex Tm, °C
ON1 5' AGCTCGGTCASQCGAGAGTGCA 0.4
ONZ2 3 TCGAGCCAGTSQGCTCTCACGT '
ON1 5' AGCTCGGTCASQCGAGAGTGCA 63.4
ON4 3’ TCGAGCCAGTAGCTCTCACGT '
ONZ2 3 TCGAGCCAGTSqGCTCTCACGT 62.7
ON3 5 AGCTCGGTCATCGAGAGTGCA '
ON3 5 AGCTCGGTCATCGAGAGTGCA 70.7
ON4 3’ TCGAGCCAGTAGCTCTCACGT '
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8) Influence of the temperature on the absorption ad emission spectra of Sq compounds.
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Figure S12.Influence of the temperature on the absorption @mdssion spectrum of the squaraine
diol 2 measured in methanol at concentration1.5x10° M in the temperature range 20-60 °C.

Absorbance

t=20 gc
30°C
40°C
50 °C
60 Zc
70°C
80 °C

0.4
t=20°C 500+
30°C
0.3 40°C 400
50 °C S
60 C 8 3001
0.2 70°C 2
80°C 5
S 200+
L
0.11
100
0.0 : T T . 0
200 300 400 500 600 700 550
Wavelength [nm]

650 700 750

Wavelength [nm]

600

800

Figure S13.Influence of the temperature on the absorptionemdsion spectrum of oligonucleotide

ONZ2 in the temperature range 20-80 °C.
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Figure S14.Influence of the temperature on the absorptiontspecof duplexON1®ON2 in the
temperature range 20-80 °C.
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9) Stability of the squaraine diol 2 to treatment ly 30% NH,OH solution
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Figure S15.Decay of the long-wavelength absorption band efduaraine did after treatment by

30% NH,OH solution at 55 °C and at room temperature. Reladbsorbance A/f\ where A is
absorption intensity at starting point, angli&\absorption intensity at time-point.
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10) CD spectra
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Figure S16.CD spectra of hybrid®N1* ON4 (top), ON2*ON3 (middle) andON3* ON4 (bottom).
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Figure S17.CD spectrum 0ON2 (3 uM) at 20 °C and 80 °C (indicated by arrows).



