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’ INTRODUCTION

G-rich oligonucleotides (GROs) are able to form higher-ordered
noncanonical DNA structures, known as G-quadruplexes1�3

(herein Qs), on the basis of reverse Hoogsteen-like pairing of
four guanines (G-tetrad). Qs currently are among the most
studied DNA structures since they are supposed to be involved
in important biological functions4,5 such as telomere mainte-
nance,6,7 DNA�protein recognition,8 and protein inhibition.9

Furthermore, they represent promising models in biotechnolo-
gical applications10,11 including biosensors12,13 and nanomecha-
nical devices.14 The use of DNA Qs in nanomechanics is
encouraged by the stability of Qs in a large variety of experi-
mental conditions. GROs can be chemically modified by covalent
linkage to suitable molecules15�24 in order to investigate their
structural and biological properties. The conjugation has a wide
range of advantages, including the thermodynamic stabilization
of derived structures17,23 and the induction of fluorescence and/
or electron transfer properties.24 Typically, conjugatedmolecules
are characterized by the presence of a large aromatic core,

(e.g porphyrine, pyrene, acridine, and pyrene), capable of inter-
acting with G-tetrads by π�π forces.

Among the great number of molecules potentially suitable for
conjugation to GROs, perylene bisimide and its derivatives are of
particular interest because their presence could add desired
features such as chemical resistance and the propensity to form
higher-ordered aggregates, as well as favorable fluorescence and
electronic properties.25,29,30 Furthermore, a member of this
family, PIPER (N,N0-bis-[2-(1-piperidino)ethyl]-3,4,9,10-pery-
lenetetracarboxylic bisimide) demonstrated the ability to drive
the association of G-rich strands into Qs.27 This mechanism,
known as “threading intercalation”, has been extensively studied
because of its potential involvement in the inhibition of human
telomere elongation by telomerase.26�28 Although a variety
of DNA structures formed by linked perylene-oligonucleotides
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ABSTRACT: Previous studies indicate that some perylene
bisimide derivatives can drive the assembly of DNA G-quad-
ruplexes, thus suggesting the possible advantage in the adoption
of perylene-conjugated G-rich oligonucleotides in biological
and biotechnological applications. Nevertheless, the typical
poor solubility of perylene bisimides strongly limits the number
of suitable chemical strategies to prepare perylene-conjugated
oligonucleotides. In order to overcome these difficulties, we employed the earlier described core twisted perylene derivatives
possessing unique optical and electronic properties, besides good solubility in common solvents. As a first result, the large-scale
synthesis of a new dibromoperylene derivative (PEOEBr) phosphoramidite building block is herein reported. Furthermore, the
structural behavior of the conjugated PEOEBr-GGGTTAGGG (HTRp2) human telomeric repeat was investigated by using CD,
UV, fluorescence, and gel electrophoresis techniques in desalted water and in K+- and Na+-containing buffers. We observed that the
peculiar property of PEOEBrmoieties to form dimers instead of extended aggregates drives theHTRp2 strands toward dimerization
and mainly promotes the formation of quadruplex species having both the 50-ends located at the same side of the structures.
However, the counterions present in solutions (K+ or Na+) as well as the strand concentration, also contribute to influence the
topology and the stoichiometry of formed structures. Furthermore, unlike the unmodified sequence GGGTTAGGG (HTR2),
HTRp2 strands quickly associate into G-quadruplexes even in desalted water, as assessed by CD experiments.
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(-ONs), including duplexes,31�33 triplexes,34 hairpins, and capped
hairpins,35�38 have been discussed extensively inmany papers, to
the best of our knowledge only one perylene bisimide-conju-
gated GRO has been reported to date.39 For this reason, in this
work we explore the properties of DNA Qs formed by perylene-
conjugated GROs. To achieve this goal, the synthesis of a
perylene bisimide phosphoramidite building block, suitable for
subsequent solid-phase functionalization, was required. Despite
the poor water solubility of perylene derivatives, some successful
conjugations of duplex-forming ONs have been reported
in aqueous solutions,32,34,37 as the water solubility of perylene
moieties significantly improves after association with the target ON.
This behavior could probably be ascribed to the presence of the
negatively charged phosphate groups on the ON backbone.31

However, we did not expect to observe a similar behavior
for GROs conjugation, as even unmodified GRO(s) can
result in insoluble aggregates,40 hence, the importance of
developing a newmethodology for the synthesis of conjugated
perylene-GROs.

The starting point of the synthesis was the formation of a new
bromine-substituted perylene bisimide phosphoramidite build-
ing block (DMT-PEOEBr-Phoshoramidite, Figure 1), that was
incorporated at the 50-end of the selected GGGTTAGGG
(HTR2) human telomeric repeat sequence. The choice of the
PEOEBr moiety was due to our previous observation41,42 that
perylene bisimide derivatives containing suitable groups on the
carbocyclic scaffold (known as “bay-area”) exhibited greater
solubility in aqueous solution. UV, CD, fluorescence, and gel
electrophoresis techniques were used in order to investigate the
self-assembly properties of the resulting molecule, in which two
types of association forces, i.e., strand organization in Qs and
perylene derivative aggregation, are potentially involved.

’EXPERIMENTAL PROCEDURES

Reagents and Equipment. Chemicals and anhydrous sol-
vents were purchased from Fluka-Sigma-Aldrich. TLCs were run
onMerck silica gel 60 F254 plates. Silica gel chromatography was
performed by using Merck silica gel 60 (0.063�0.200 mm). API
2000 (Applied Biosystem) and the Micromass Q-TOF MICRO
electrospray mass spectrometers were used to acquire the mass
data of the intermediates and the monomer. NMR experiments
were recorded using Varian NMR spectrometers running at 400
(Mercury Plus) and 500 (UnityINOVA)MHz. Elemental analyses
(C, H, N) were carried out on a CE instrument EA1110 CHNS-
O (Thermo-Fischer). Reagents and phosphoramidites for DNA
synthesis were purchased from Glenn Research. ON syntheses

were performed on a PerSeptive Biosystem Expedite DNA syn-
thesizer. HPLC analyses and purifications were carried out using
a JASCO PU-2089 Plus HPLC pump equipped with a JASCO
BS-997-01 UV detector. A Purospher-STAR RP-18 end-capped
(5-μm) HPLC column was used to purify the sequences. Both
conjugated and unmodified ONs were dialyzed using Slide-A-
Lyzer Dialysis Cassettes, with a 3500 molecular weight cutoff,
manufactured by Thermo-Scientific. MALDI-TOF experiments
were performed on a Bruker Autoflex Imass spectrometer using a
picolinic/3-hydroxypicolinic acid mixture as the matrix. The UV
thermal experiments were carried out using a JASCO 530
spectrophotometer equipped with ETC-505 T temperature
controller. CD experiments were performed on a JASCO 715
spectropolarimeter equipped with a PTC-348 temperature con-
troller. Fluorescence emission spectra were recorded using a
Varian Cary Eclipse Fluorescence spectrophotometer (fluorescence
data are reported in the Supporting Information). EMSA studies
were performed at 4 �C in a Biorad apparatus equipped with
Power Pack 3000.
General Procedures for 3a�d. Starting material 2 (500 mg,

0.91 mmol), synthesized as previously described42 as a mixture
of the two possible isomers, was dissolved in anhydrous N,
N-dimethylacetamide (10 mL) and 1,4-dioxane (10 mL). The
appropriate commercially available amino-alcohol (2 mmol) was
added, and the reaction mixture was stirred at 120 �C under
argon, for 2 h (2-aminoethanol and 3-amino-1-propanol), 30min
(5-amino-1-pentanol), or 15 min (2-(2-aminoethoxy)ethanol).
Upon cooling and water addition, the red solid was washed
repeatedly with water, separated by filtration, and dried. To
remove the 1,6- from 1,7-dibromo-perylene derivatives, each
product 3a�d was first converted into the corresponding acetyl-
derivative, by treatment with acetic anhydride in dry pyridine.
The resulting mixtures were dried under vacuum, dissolved in
DCM, and washed three times with water. Each organic layer was
dried and the residue dissolved in DCM/MeOH (9:1; v/v), from
which the 1,7-dibromo-perylene derivatives were selectively
precipitated.43,44 After three reprecipitations, the desired pro-
ducts were obtained as pure solids, as ascertained by 1H and 13C
NMR (Figures 2 and S1�S2 (Supporting Information)). Finally,
the acetyl groups were removed by treatment with a mixture of
aqueous NH3 (33%) and MeOH (1:1 v/v, 2 h, r.t.) to give the
pure bisimides 3a�d (Scheme 1).
N,N0-Bis(2-hydroxyethyl)-1,7-dibromoperylene-3,4:9,10-

tetracarboxylic bisimide (3a). Reaction yield was 82% (70%
after purification of the 1,7 regioisomer). Anal. found C 52.6%,
H 2.6%, N 4.3% (calcd for C28H16Br2N2O6: C 52.8%, H 2.5%,
N 4.4%). In order to achieve an affordableNMR characterization,

Figure 1. a, b, and c: some previously reported perylene derivative building blocks.32,34,37 DMT-PEOEBr-Phosphoramidite: new building block
synthesized starting from dibromo-perylene diimide derivative 3d.
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acetylation of a portion of 3awas performed (pyridine, 20 h, rt,
acetic anhydride) with a yield of 100%. 1H NMR (400 MHz,
CDCl3): δ 9.46 (d, J = 8.1 Hz, 2H, aromatic H), 8.91 (s, 2H,
aromatic H), 8.69 (d, J = 8.1 Hz, 2H, aromatic H), 4.50
(m, 8H, N�CH2-CH2�O), 2.03 (s, 6H, acetyl) ppm. MS
(ESI)m/z: 740.9466 [M+Na]+ (Calcd for C32H20

79Br2N2O8-
Na: 740.9484).

N,N0-Bis(3-hydroxypropyl)-1,7-dibromoperylene-3,4:9,
10-tetracarboxylic diimide (3b). Reaction yield was 89% (75%
after purification of 1,7 regioisomer). 1H NMR (400 MHz,
CDCl3/CD3OD 9:1): δ 9.42 (d, J = 8.1 Hz, 2H, aromatic H),
8.83 (s, 2H, aromatic H), 8.61 (d, J = 8.1 Hz, 2H, aromatic H),
4.24 (t, J = 6.7 Hz, 4H, Nimidic-CH2), 3.60 (t, J = 6.7 Hz, 4H,
CH2�OH), 1.90 (m, 4H, CH2�CH2-CH2�OH) ppm. 13C
NMR (100 MHz, 8:2 CDCl3:CD3OD): δ (referred to CDCl3)
163.2, 162.8, 138.3, 133.0, 132.8, 130.3, 129.1, 128.5, 127.1, 123.1,
122.0, 121.0, 59.5, 37.7, 30.8 ppm. MS (ESI) m/z: 684.9589
[M+Na]+ (calcd for C30H20Br2N2O6Na: 684.9586).
N,N0-Bis(5-hydroxypentyl)-1,7-dibromoperylene-3,4:9,

10-tetracarboxylic diimide (3c). Reaction yield was 92% (80%
after purification of 1,7 regioisomer). 1HNMR(400MHz,CDCl3):
δ 9.47 (d, J = 8.1 Hz, 2H, aromatic H), 8.91 (s, 2H, aromatic H),
8.69 (d, J = 8.1Hz, 2H, aromatic H), 4.23 (t, J = 7.4Hz, 4H, Nimidic-
CH2), 3.69 (t, J = 6.3 Hz, 4H, CH2�OH), 1.8�1.2 (m, 12H,
CH2�CH2�CH2) ppm.

13C NMR (100 MHz, CDCl3): δ 163.2,
162.5, 138.4, 133.2, 131.3, 130.9, 128.8, 128.5, 123.2, 122.4, 121.9,
121.0, 63.0, 40.5, 33.2, 28.0, 23.2. MS (ESI) m/z: 741.0234 [M
+Na]+ (calcd for C34H28

79Br2N2O6Na: 741.0212).
N,N0-Bis(5-hydroxy-3-oxapentyl)-1,7-dibromoperylene-3,

4:9,10-tetracarboxylic diimide (3d). Reaction yield was 95%
(75% after purification of 1,7 regioisomer). 1H NMR (400 MHz,
CDCl3): δ 9.38 (d, J = 8.1 Hz, 2H, aromatic H), 8.84 (s, 2H,
aromaticH), 8.62 (d, J= 8.1Hz, 2H, aromaticH), 4.49 (t, J= 5.5Hz,
4H, N�CH2), 3.91 (t, J = 5.5 Hz, 4H, O�CH2), 3.72 (m, 8H,
O�CH2) ppm. 13C NMR (100 MHz, CDCl3): δ 163.2, 162.8,
138.3, 133.0, 132.2, 130.3, 129.2, 128.6, 127.1, 123.1, 122.7,
121.0, 72.6, 68.5, 62.0, 40.2 ppm. MS (ESI) m/z: 744.9830
[M+Na]+ (calcd for C32H24

79Br2N2O8Na: 744.9797) . Anal.
found C 53.3%, H 3.2%, N 3.8% (calcd for C32H24Br2N2O8:
C 53.1%, H 3.3%, N 3.9%). UV (CHCl3) λmax, nm (ε �
10�4, M�1cm�1): 492 (3.2), 528 (4.7); UV (DMSO)
λmax, nm (ε � 10�4, M�1cm�1): 492 (3.2), 527 (4.6).
General Procedures for 4a�d. Compounds 3a�d were

dried on anhydrous MgCl2 under vacuum (three days). To each
compound (0.5mmol, 1 equiv), 0.280mmol of 4,40-dimethoxytrityl

Figure 2. expanded aromatic regions of 1H NMR spectra in CDCl3 of (a) a mixture 6:1 of 1,7 and 1,6 regioisomers of acetylated 3d; (b) mother liquor
enriched with the 1,6 regioisomer after precipitation; (c) 1,7 regioisomer of acetylated 3d. All spectra were registered after two precipitation steps.

Scheme 1. Synthesis of DMT-PEOEBr-Phosphoramiditea

aReagents and conditions: (i) 1 (1 mmol), H2SO4 conc. 2 h; I2 80 �C;
Br2, 4 h, 100 �C; (ii) 2 (0.91 mmol), HORNH2 (2 mmol), DMA
(10 mL), dioxane (10 mL), under argon, using different reaction times
(from 300 up to 2 h) depending on the amine used (see Experimental
Procedures section); (iii) 3a�d (0.5 mmol, 1 equiv), DMT-Cl, (0.280
mmol, 0.6 equiv), DMAP, (0.024 mmol, 0.05 equiv) Py/ACN (3:1 V:V,
5 mL), 1 h 300; (iv) 4d (0.241 mmol), (iPr)2NP(OCH2CH2CN)Cl
(0.380 mmol, 90 μL, 1.5 equiv), DIPEA (1 mmol, 180 μL, 4 equiv) in
DCM (6 mL), 300. Only substrate 3d gave rise to satisfactory yields in
DMT-O-derivative 4d, which, in turn, was converted in the correspond-
ing phosphoramidite building block 5d.
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chloride (0.6 equiv) and 0.024 mmol of 4-dimethylaminopyr-
idine (0.05 equiv) were added. The corresponding 5 mL of the
desiredmixture of solvents (Py/ACN 3:1 v/v) was added and the
solution stirred at room temperature under argon for 1 h. The
residual of reactant was then disrupted by the addition of dry
methanol. After 10 min, the solvents were removed by vacuum
and the crude product dissolved in DCM/TEA (99:1, v/v) and
chromatographed on a silica gel column eluted with DCM/
MeOH/TEA (99:1:0.5, v/v/v). The resulting yields for each
reaction are reported in Table S1 (Supporting Information).
N-2-[(2-O-4,4-Dimethoxytrytilethoxy)ethyl]-N0-2-(2-ethoxy)-

ethyl-1,7-dibromoperylene-3,4:9,10-tetracarboxylic Diimide (4d).
Yield = 48%. Rf = 0.4 (92:8 DCM/MeOH). 1HNMR (400MHz,
CDCl3): δ 9.43 (d, J = 8.0 Hz, 2H), 8.89 (s, 2H), 8,67 (d, J =
8.0 Hz, 2H), 7.27 (5H overlapped by solvent signal), 7.16 (d, J =
8.8 Hz, 4H), 6.82 (d, J = 8.8 Hz, 4H), 4.48 (t, J = 5.5 Hz, 4H),
3.89 (t, J = 5.5 Hz, 4H), 3.80 (s, 6H), 3.70 and 3.68 (m, 8H) ppm.
13C NMR (100 MHz, CDCl3): δ 163.0, 162.6, 158.5, 147.0,
139.4, 138.0, 133.0, 132.8, 130.2, 130.0, 129.1, 128.5, 128.0, 127.7,
127.0, 122.8, 122.4, 120.8, 113.1, 72.2, 68.2, 61.8, 55.2, 45.7, 39.9
ppm. ESI MS m/z: 1063.1 [M+K]+ (calcd for C53H42

79Br2-
N2O10K: 1063.1).
N-2-[(2-O-4,40-Dimethoxytrytilethoxy)ethyl]-N0-2-{[ (2-cyano-

ethyldiisopropylphosphino)ethoxy]ethyl}-1,7-dibromoperylene-
3,4:9,10-tetracarboxylic Diimide (5d). Perylene derivative 4d
(0.270 g, 0.241 mmol) was dried in vacuo overnight before being
dissolved in anhydrous CH2Cl2 (6 mL) and 180 μL of diisopro-
pylethylamine (1 mmol, 4 equiv). To this solution, 90 μL
(0.380 mmol, 1.5 equiv) of 2-cyanoethyl diisopropylchloropho-
sphoramidite was added. After 30 min, the reaction mixture was
quenched by the addition of dry methanol, diluted with ethyl
acetate (10mL), and washed with 10% sodium carbonate solution
(10 mL) and brine (10 mL). The organic layer was dried on
magnesium sulfate and concentrated in vacuo. The residue was
purified on a silica gel column elutedwith 80:10:10 v/v/vCH2Cl2/
ethyl acetate/TEA. Yield = 95%. Rf = 0.8 (80:10:10 in v/v/v
CH2Cl2/ethyl acetate/triethylamine). The presence of two
PEOEBr atropisomers leads the broadening of signals, principally
in the aromatic region of 1HNMR spectra and the splitting of some
signals in the 13C NMR spectra. 1H NMR (400 MHz, CDCl3) δ
9.47 (br. d, 2H), 8.90 (br. d, 2H), 8,69 (br. d, 2H), 7.31�7.27
(broad, 5H), 7.17 (4H), 6.83 (4H), 4.47 (4H), 4.33�4.23 (m, 2H,
OCH2CH2CN), 3.89 (m, 4H), 3.63 (s, 6H, OCH3), 3.62�3.58
(8H), 3.40 [m, J = 6.60 Hz, 1H, CH(CH3)2], 3.12 (m, 1H,
CH2CH2CN), 2.80 (m, 1H, CH2CH2CN), 1.28 (d, J = 6.60 Hz,
6H, CH(CH3)2).

13C NMR (100 MHz, CDCl3): δ 162.9, 162.5,
158.5, 145.2, 144.9, 139.4, 138.1, 138.0, 137.7, 135.5, 135.4, 131.0,
130.2, 130.1, 129.6, 129.2, 129.1, 129.0, 128.5, 127.9, 127.8, 127.7,
127.6, 127.0, 126.9, 123.0, 122.5, 120.8, 116.1, 113.1, 112.9, 72.2,
69.5, 68.2, 67.9, 65.4, 63.5, 61.8, 59.6, 55.3, 55.2. 53.0, 45.8, 39.8,
39.5, 29.6, 22.5, 22.3, 20.0, ppm. 31P NMR (200 MHz, CDCl3,
referenced toward H3PO4 85%) δ 147.56, 146.45 (two signals
resulting from the splitting of the phosphite signal due to the
presence of the dibromoperylene atropisomers45,46 (Figure S8,
Supporting Information). ESI MSm/z 1225.8 [M+H]+ (calcd for
C62H59

79Br2N2O11PH: 1225.2).
Synthesis of Oligomers. The ON sequences were synthe-

sized with the above cited automated DNA synthesizer using a
controlled pore glass support (100 mg, IcaaCPG high loading,
loaded with G nucleotide) following the standard β-cyanoethyl
phosphoramidite method (DMT-on protocol). After the elonga-
tion of the sequence, the solid support was charged in a small

column supplied with a stopcock and a glass filter on the bottom,
washed with dry ACN, fluxed by argon (5 min), and finally
treated with three cycles of deblock solution (a solution of
dichloroacetic acid in ACN; 5 mL of each cycle) to detach the
4,40-dimethoxytrityl groups. All of the acidic washing solutions
were collected, and the quantitative spectrophotometric 4,40-
dimetoxytrityl cation test47 was used to evaluate the yields of each
conjugation step. The solid support was washed three times with
anhydrous ACN, fluxed by argon (5 min), and then reacted for
20 min with a solution of 5d in dry DCM, in the presence of the
activator solution (5-ethylthio-1H-tetrazole in ACN). After five
washing cycles with a 1:1 mixture of dry ACN/DCM, the solid
support was dried by argon (5 min) and submitted to the second
coupling cycle. The support was washed from the residual excess
of reactants by using four swelling cycles in dry solvents under
argon flow (2 mL each, for 2 min). The subsequent capping and
oxidation cycles were performed manually by using the same
conditions of a standard automated synthesis. Finally, the solid
support was treated with the deblock solution (five cycles, 5 mL
each) to detach the 4,40-dimethoxytrityl groups. The solid
support was then washed with ACN, dried under argon, charged
in a vial supplied with a cap, and treated with aqueous ammonia
(33%) at room temperature for 24 h to detach the ON. The
combined filtrates and washings were concentrated under re-
duced pressure, dissolved in a basic aqueous solution (2% NH3),
and purified by HPLC by using a C18 reverse phase column
[H2O/ACN 98:2 v/v for 10 min and then by a gradient of ACN
in H2O (from 2 to 20% in 30min)]. The peaks were identified by
setting the UV detector at 260 and 540 nm in two different
courses (the conjugated sequence produced a peak at 540 nm).
To remove undesired ions, the ON aqueous solutions were
subjected to three dialysis treatments (3500 MW cutoff). The
concentration of samples used in CD, UV, fluorescence, and
electrophoreses experiments were determined by measuring the
UV absorbance (at 260 nm, 80 �C) of the aqueous ON solutions,
using the extinction coefficient calculated according to the
method of Gray et al..48 The absorbance contribution of the
dibromo-perylene moiety was calculated by using the molar
extinction coefficient measured in CHCl3 (29,500 for the band
at 265 nm).
UV and CD Experiments. UV and CD experiments were

carried out on DNA samples at concentrations of 2, 4, and/or
10 μM. The buffers used contained 100 mM NaCl and 10 mM
NaH2PO4 at pH 7.4, or 100 mMKCl and 10mMKH2PO4 at pH
7.4. The samples were annealed by heating at 90 �C for 5min and
then slow cooling at room temperature (12 h). The UV and CD
spectra were registered at increasing temperatures, from 10 to
90 �C with heating steps of 10 �C, from 200 to 700 nm. Before
each spectrum, the sample was equilibrated for 20 or 30 min,
respectively, at the specific temperature. The samples used for
the CDmeasurements of ONs in desalted water (HPLC-grade
water, Merck) were not submitted to the annealing procedure.
Each reported spectrum is the background-subtracted average
of three scans. The spectra were collected with the follow-
ing conditions: response, 16 s; bandwidth, 1 nm; speed,
100 nm/min.
CD melting curves were obtained by following the changes in

the amplitude of CD bands at 263 nm as a function of temper-
ature. ON solutions were heated from 10 to 90 �C, at the rate of
0.5 �C/min.
Electrophoretic Mobility Shift Assay (EMSA). Nondena-

turing polyacrilamide gels were performed at 4 �C. The gels
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(16%, 29:1 monomer/bis ratio, 10� 7.2� 0.1 in size) were run
for 3 h at 150 V in 89 mM TBE buffer supplemented with 0.1 M
KCl or NaCl. The samples, 0.10 mM of ONs dissolved in 10 mM
phosphate buffer containing 100 mM of KCl or NaCl, were
annealed by heating at 90 �C for 5 min, slow cooling at 25 �C,
and finally storing at 25 �C for 10 days. All unmodified ONs
were loaded on gels at the final concentration of 10 μM,
whereas the conjugated HTRp2 sequence was loaded at higher
concentrations (50�100 μM) because of difficulties in stain-
ing. The gels were visualized by Biorad Gel DOCXR after
SYBR-green staining.

’RESULTS

Preparation of Brominated Perylene Bisimide Phosphor-
amidite Building Block 5d. Dibromo-perylenetetracarboxylic
dianhydride (2, Scheme 1), synthesized as previously described,42,49

was reacted with a series of commercially available amino-
alcohols to obtain the bisimides 3a�d. No side products invol-
ving the reaction of hydroxyl groups with the cyclic anhydride
were detected. However, the excess of reactants, the temperature,
and the reaction times were strictly controlled to avoid bromine
substitution with a primary amine (see the Experimental Proce-
dures section).
Each compound 3a�dwas obtained as amixture of 1,7 and 1,6

dibrominated regioisomers, which, similar to previous reports by
Wurthner et al. and Rajasingh et al.,46,47 were resolved by
selective precipitation. The mixtures of regioisomers 3a�d were
first acetylated and then purified by repetitive precipitation from
dichloromethane/methanol (9:1 v/v). The purity of the 1,7
regioisomers was ascertained by 1H and 13C NMR. The 1H
NMR signals of the aromatic portion of the acetylated 3a�d
before and after the purification steps (for an example, see
Figures 2 and S1 (Supporting Information)) indicated that the
mixtures were efficiently resolved. The acetyl groups were then
removed by treatment with a mixture of aqueous NH3 and
MeOH to obtain the 1,7 dibrominated regioisomers 3a�d
(about 90% purity, ascertained by 1H NMR).
The solubility of derivatives 3a�d was properly related to the

length of the side chains, and it was always higher than that for the
corresponding nonbrominated bisimides. The selective intro-
duction of a DMT group was performed by the reaction of 3a�d
with DMT-Cl in the presence of dimethylaminopyridine as a
catalyst and a mixture of pyridine-acetonitrile as solvent. Com-
pounds 4a�d were isolated with yields from 15 to 45%. The
reaction yields (Table S1, Supporting Information) were not
particularly influenced by the length of the side chains of the
perylene bisimides, whereas the presence of an intrachain oxygen
significativelly affected the reactivity of the hydroxyl group, as
suggested by the opposite behavior of 3c and 3d. On the basis of
these results, 4d was selected for the conversion in the corre-
sponding phosphoramidite derivative 5d. The synthesis was
carried out by using the classical procedure (95% yields; see
the Experimental Procedure section).47 The stability of the new
phosphoramidite in the standard chemical conditions found in
each cycle of the automated solid-phase synthesis was verified
prior to its incorporation onto the ON sequence.
Dibromo-Perylene Conjugated ONs. In order to select the

best conditions for the coupling step in ON solid phase
synthesis, building block 5d was manually reacted with the
commercially available IcaaCPG high-loading solid support
functionalized with A, C, G, or T. Upgraded yields were

obtained by increasing the time of each coupling cycle from
2 (standard condition) to 20 min (Table S2, Supporting
Information). No further improvements were observed by
extending the coupling time above 20 min.
The selected sequence HTR2 was first synthesized by auto-

mated solid phase synthesis, then manually coupled with 5d by
using two 20 min coupling cycles (Table S2, Supporting In-
formation), and finally detached from the solid support by
treatment with 33% aqueous ammonia at room temperature
for 48 h (see the Experimental Procedures section). After HPLC
purification (Figure S3, Supporting Information), HTRp2 was
checked for successful conjugation by MALDI-TOF analyses
(Figure S4, Supporting Information).
CD and UV Experiments. The structural behavior of the

truncated human telomeric sequence HTR2 has been previously
well characterized by using UV, CD, gel electrophoresis, NMR,
and X-ray techniques.50�55 In K+-containing buffer (hereafter in
K+), HTR2 can form both parallel and antiparallel G-quadruplex
structures, which differ by the spatial arrangement of lateral TTA
loops (Figure 3). NMR and CD studies52�56 evidenced that the
two structures can coexist and interconvert in solution. It was also
demonstrated that the antiparallel Q arrangement is kinetically
favored, while the parallel one corresponds to the thermodyna-
mical one.52�56 CD spectra of HTR2 in K+ give rise to two
positive dichroic bands centered at 263 and 295 nm, which can be
ascribed to the formation of a mixture of both parallel and
antiparallel Q structures.52 Furthermore, in Na+-containing
solution (hereafter in Na+), only antiparallel Q arrangements
were observed (b1 and b2, Figure 3).52,53 In the latter case,
HTR2, possessing a run of guanines at both ends of the sequence,
can form at high strand concentration the b2 antiparallel
structure (Figure 3), in which the two lateral loops are located
on the same side of the Q. Two of these arrangements can
mutually interact byπ-stacking, forming a dimer of dimers.53 The
two-repeat human telomeric sequence carrying additional bases
at the ends of the sequence can form only the antiparallel Q in
which the two lateral loops TTA are located at opposite sides of
the Q structure (b1, Figure 3).57 In both cases, CD spectra inNa+

give rise to a positive dichroic band centered at 295 nm and a
negative one at about 260 nm.

Figure 3. Schematic representation of parallel (a) and antiparallel
(b1 and b2) Q structures formed by unmodified HTR2. Black and
white balls are used to indicate anti and syn conformations of dG
residues, respectively. The exact orientation of dG residues in the
parallel structure has been attributed by X-ray55 and NMR results,54

whereas in the case of antiparallel b1, by NMR experiments.54

The antiparallel form b2 has been determined by biochemical
results.53 The N-glycosidic orientation of dG residues has not been
determined.
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In order to verify the effect of perylene conjugation on Q
typologies formed by HTR2, CD analyses were performed both
in K+ and in Na+. Figure 4 shows the CD profiles obtained from
HTRp2 andHTR2 at 10 �C inK+. Looking at the similarity of the
shape and intensities of dichroic bands observed in the CD
spectra of either HTR2 or HTRp2, it appears that the conjuga-
tion with the perylene moiety does not significantly affect the
topology of resulting Qs. Similarly to HTR2,52 the CD profiles of
HTRp2 also showed different time-dependent contributions of
the two dichroic bands at 262 and 295 nm (Figure 4b), with a
constant increase of the first band associated with a constant
decrease of the second one. However, according to CD melting
experiments (Figure 5a), the conjugation provides a strong
stabilizing effect on the parallel Q structure, allowing an increase
of the melting temperature of about 30 �C.
Furthermore, in K+, HTRp2 exhibits strong long-wavelength

features in CD profiles (Figure 5b) with a Cotton effect centered
at 542 nm (a negative band at 500 nm and a positive band at
565 nm). By increasing the temperature, these CD bands
progressively decrease in intensity, completely disappearing at
90 �C, whereas the corresponding UV band at 542 nm (Figure 5b)
undergoes a strong increase in intensity. The comparison
between CD and UV data suggests the existence of exciton
coupling between dibromo-perylene moieties.56 Interestingly,
the CDprofile of HTRp2 inNa+ changed significantly depending
on the ON concentration (Figure 6a) and on the time elapsed
from annealing (Figure 6b). At low (2 μM) strand concentration,
the CD profile showed a positive band at 295 nm and a negative

one at 260 nm (Figure 6a, blue line), the same as those for the
unmodified HTR2.52 By increasing the strand concentration, a
new band at 263 nm appeared (Figure 6a, green and red lines).
Furthermore, regardless of strand concentration, the band at
295 nm completely disappeared after two days from annealing
(Figure 6b). However, in all cases, no significant visible CD
bands were observed. The CD melting profile (Figure 6c)
obtained by monitoring the intensity of the CD band at 263 nm
(ΔT=0.5 �C/min) showed a strong enhancement in the stability of
quadruplex structures formed by HTRp2.
The long-wavelength region of UV profiles (Figure 6d) showed

twoUV�visible bands produced by the dibromo-perylenemoieties.
By increasing the temperature from 10 up to 90 �C, the band at
542 nm shifted to 538 nm, increasing its intensity. At the same time,
its red-broadening disappeared producing an isosbestic point at
570 nm. These observations suggest the existence of exciton
coupling between chromophores.31�36,56

Furthermore, the ability of HTRp2 to associate in Q structures
in desalted water has also been evaluated. The CD spectra
registered after heating at 80 �C and rapidly cooling at 10 �C
displayed a positive band at 295 and a negative one at 246 nm
(Figure 7a, blue line). At 25 �C, the two bands slowly converted,
leading after 10 days to the disappearance of the band at 295 nm
and to the formation of a new band at 263 nm (Figure 7a,
continuous red line). By increasing the temperature, the intensity
of the new CD band decreased, and CD profiles showed a
mixture of folded and unfolded structures (Figure 7b). These
data strongly suggest the formation of Q structures. It is note-
worthy that HTR2 did not produce significant CD signals
in desalted solution, in agreement with previously reported data
(Figure S5, Supporting Information).52

Finally, the short wavelength UV profiles of HTRp2 (Figure
S6, Supporting Information), in all explored experimental con-
ditions, showed an isosbestic point at 285 nm according to the

Figure 4. (a) CD profiles of HTRp2 (red, 2 μM) and HTR2 (blue,
2 μM) in 10 mM phosphate buffer (pH 7.4) containing 100 mM of KCl.
Both spectra were registered after 12 h from the annealing. (b) Time
dependence of CD spectra of HTRp2 (2 μM) in 10 mM phosphate
buffer (pH 7.4) containing 100 mM KCl. The sample was heated at
90 �C for 5min then slowly cooled (12 h) at room temperature, stored at
25 �C, and the CD spectra registered at 25 �C after 12 h (red), and
3 (blue), 5 (green), 7 (orange), and 10 (black) days.

Figure 5. (a) CD melting profiles (at 263 nm) of structures formed by
HTR2 (2 μM) (continuous) and HTRp2 (2 μM) (outlined) in 10 mM
phosphate buffer (pH 7.4) containing 100 mM of KCl. (b) Tempera-
ture-dependent CD and UV profiles in the long wavelength region for
HTRp2 in 10 mM phosphate buffer (pH 7.4) containing 100 mM KCl.
The arrows indicate the changes in UV and CD bands by increases in the
temperature from 10 up to 90 �C with steps of 10 �C.
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presence of Q structures in K+, Na+, and in water solutions, in
agreement with previously reported studies.57

EMSA. Figure 8 shows the electrophoresis shift assay for
HTRp2 obtained in K+. The SYBR-green staining of the bands
on these gels required a higher concentration of conjugated ONs
than unmodified ones, which have been used as internal stan-
dards. This phenomenon could be due to interferences in the
stain caused by conjugation with the perylene bisimidemoiety. In
agreement with CD data, in the presence of K+ ions, both
HTRp2 (lane 4) and HTR2 (lane 3) show a main band. The
band corresponding to HTRp2 migrates faster than the tetra-
molecular Q (TG4T)4, used at two different concentrations as
the internal standard (lanes 1 and 2), and slightly slower than the
bimolecular Q formed from HTR2.52 These results are in
agreement with the association of HTRp2 in a bimolecular Q ,
which has a higher molecular weight than that formed from
HTR2, according to the presence of two dibromoperylene
moieties in the structure. Furthermore, HTRp2 also produced
another weak band that migrates near the principal one, suggest-
ing the presence of minor bimolecular Q species. The same study

did not give significant information in Na+, due to the insolubility
of the aggregates formed by HTRp2, at the high strand concen-
tration required, that affected the results of PAGE experiments.
However, some results (one of these is shown in Figure S7,
Supporting Information) account for the formation of higher
molecular weight structures, most likely involving four HTRp2
strands.

’DISCUSSION AND CONCLUSIONS

Perylene bisimide derivatives show very interesting physical
properties that render them useful for a high number of possible
technical applications.28�30 In order to explore their ability
to interact with different DNA structures (duplex, triplex, and

Figure 7. CD and UV spectra of HTRp2 in desalted water. (a) Time
dependent CD spectra. The sample was heated at 80 �C, rapidly cooled
at room temperature (10 min), and kept at 20 �C. The spectra were than
registered after 1 h (blue line) and 3 days (dashed red line) and 10 days
(red line). In green is reported the CD profile of the same sample heated
at 80 �C. (b) Temperature dependent CD spectra of HTRp2 in water of
a sample kept for 10 days at 10 �C. The spectra were registered at 10
(red), 20 (green), 40 (blue), 50 (violet), and 80 �C (black).

Figure 8. Page experiment on 16% acrylamide gel (acrylamide/bisa-
crylamide 29:1; running buffer, 89 mM TBE containing 0.1 M KCl).
Time course 3 h; 150 V. All samples are annealed in 10 mM phosphate
buffer containing 0.1 M KCl. Samples were loaded on gel 10 days after
annealing. The gel was stained with Sybr-green for 30min and visualized
by Biorad Gel DOC-XR. Lanes 1 and 2, tetraplex (TG4T)4 at 10 and
4 μM, respectively; lane 3, HTR2 (50GGGTTAGGG30) at 10 μM; lane
4, HTRp2 (50PEOEBr-GGGTTAGGG30) at 50 μM. Prior to loading, all
samples were annealed using an ON concentration of 0.1 mM.

Figure 6. (a) CD spectra of HTRp2 in 10 mM phosphate buffer (pH
7.4) containing 100 mM of NaCl, registered by using different strand
concentrations (2, 4, and 10μM). (b) CD spectra registered by using the
same samples after two days. (c) CD melting profiles of structures
formed by HTR2 (10 μM) (continuous) and HTRp2 (10 μM)
(outlined) in 10 mM phosphate buffer (pH 7.4) containing 100 mM
NaCl, registered by positioning the wavelength at 295 and 263 nm,
respectively. (d) Long wavelength portion of UV spectra at different
temperatures (10�90 �C) produced by HTRp2 (4 μM) in 10 mM
phosphate buffer (pH 7.4) containing 100 mM of NaCl. The arrow
indicates the changes in UV bands by raising the temperature from
10 to 90 �C.
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quadruplex), a wide range of perylene conjugatedONs have been
synthesized and studied for their physical properties and struc-
tural behaviors.35�38 Considering the unique structural features
of bay-substituted perylene bisimide derivatives,41,42,58�60 we
have performed the synthesis of a new dibromoperylene phos-
phoramidite building block, suitable for conjugation with quad-
ruplex-forming GROs, to investigate the effect of such conjuga-
tion on the formation of Q species. For this purpose, the
Q assembly properties of the 50-conjugated PEOEBr-HTR2,
namely, HTRp2, were evaluated in different conditions using
UV, CD, EMSA, and fluorescence methods (discussed in Sup-
porting Information).

The CD data in the short wavelength region showed that in K+

HTR2 and HTRp2 give rise to similar profiles having two
dichroic bands, which can be related to the formation of both
parallel and antiparallel Q structures (Figure 4a). We also
observed that in K+ the antiparallel Q formed by HTRp2 slowly
switched to the parallel one (Figure 4a), in agreement with
previously reported data by Vorlikova and co-workers.52 EMSA
results (Figure 8) also confirmed the CD data. HTR2 and
HTRp2 gave a main band attributable to a parallel dimeric Q
structure, which is the predominant conformation present in
solution after 10 days of annealing.52 Furthermore, the CD-
melting behavior in K+ showed that the unfolding of the Q
structures produced by HTRp2 is still incomplete at 90 �C
(Figure 5a), thus suggesting a strong stabilizing effect due to
PEOEBr conjugation. Conversely, in Na+, the shape of CD
profiles displayed strong changes by increasing the ON concen-
tration and the time elapsed from annealing (Figure 6). CD
spectra registered 3 h after annealing at 2 μM HTRp2 concen-
tration showed profiles closely related to the unmodified HTR2,
which could be ascribed to the formation of antiparallel dimeric
species. By increasing the strand concentration, the CD profiles
progressively changed, and the new profiles could be related to
the presence in solution of a mixture of both parallel and
antiparallel species. However, 2 days after annealing all of the
CD spectra profiles, registered using different strand concentra-
tions, showed only the positive band at 263 nm and the negative
one at 243 nm. Furthermore, in desalted water, we observed that
HTRp2 produced a time-dependent CD profile (Figure 7) very
similar to that obtained in Na+, suggesting the higher ability of
HTRp2 to assemble into Q structures than the corresponding
HTR2. The overall CD results obtained in the short wavelength
region suggest that HTRp2 preferentially forms a parallel Q
structure in solution, regardless of the presence of salts. Despite
the fact that all the UV spectra have similar behaviors in the long
wavelength regions, even in different conditions, the CD curves
in the same regions were different, depending on the solvent.
This aspect will be further investigated. Although it is not
possible to explain the nature of these phenomena with only
the use of spectroscopic data, it is possible to point out that core
twisted perylene derivatives preferentially form dimers instead of
extended aggregates.25,58�60 Furthermore, the core twisted
PEOEBr can generate two enantiomers46 that become diastereo-
isomers when a nitrogen atom of the imide functions is sub-
stituted with the ON chain. The low energy of isomerization
makes the diastereoisomers produced by the single strand
HTRp2 indistinguishable so that the visible CD bands must be
attributed to the environment of PEOEBr moieties in the Qs. On
this basis, we could hypothesize that the interaction between
PEOEBr moieties promotes the dimerization of strands and that
the Q typologies formed in solution will be tightly dependent on

the association of PEOEBr cores, rather than on the association
of two single strands. Consequently, the obtained data could be
explained according to the formation of HTRp2 dimers in
solution. In fact, in desalted water strand dimerization promotes
the folding into Qs, and, due to the poor stability of Qs, there are
no forces obstructing the complete conversion of antiparallel into
parallel species.

In K+, the presence of PEOEBr dimers determines a strong
stabilization of Qs, particularly for the parallel bimolecular
species, where the two 50-ends arrange on the same side of the
Q structure. The negative�positive signature of the Cotton
effect observed in the visible region of CD spectra suggests the
presence of a right-handed helical arrangement of PEOEBr units
in the structure. It could be hypothesized that the right-handed
nature of the helix forces the PEOEBr chromophores to interact
with each other following the same helical sense (in Figure 9, a
schematic representation of the hypothesized strand association
for the HTRp2 parallel Q is reported). Conversely, in Na+ the
existence of HTRp2 dimers obstructs the folding into b1 Q
topology (Figure 10), which can only be obtained in solutions
containing low ON strand concentration. The HTRp2 associa-
tion in antiparallel species is a kinetic process. The comparison
of time dependent changes occurring in the amplitudes of the

Figure 9. Schematic representation of the hypothesized mechanism of
strand structuration into parallel Q in K+-containing solution. Red
circles are used to visualize the G residues carrying the perylene moiety.

Figure 10. Schematic representation of the hypothesized mechanism of
strand structuration into parallel Q in Na+-containing solution. At low
strand concentration, the kinetic antiparallel Q (b1) is themain structure
present in the solution after the annealing; it formed from unstacked
dibromoperylene conjugated strands. After reaching equilibrium, the
thermodynamic structure c becomes the main Q structure in the
solution. At high strand concentration, the Q structures b2 and c are
probably formed by the reorganization of dimers of HTRp2. In the latter
case, the kinetic antiparallel Q is most likely represented by b2, which in
turn, evolves in the thermodynamic Q structure c. Red circles are used to
visualize the G residues carrying the perylene moiety.
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two CD bands at 263 and 295 nm in the explored conditions
(Na+, K+, and desalted water) evidenced that the highest rate of
conversion occurs in Na+, suggesting that the antiparallel asso-
ciation of HTRp2 in Qs is particularly unfavorable in the latter
condition. The thermodynamically stable Q species is formed
after about two days from annealing at room temperature, and
it could be most likely based on a parallel tetramolecular Q
arrangement, as previously reported byHamilton and co-workers
for a perylene-conjugated GRO.39 Differently from K+ contain-
ing solutions, in the presence of Na+ ions the long wavelength
region of CD profiles does not display any dichroic band. These
results could be ascribed to compensative effects produced by
the different stacking mode of four dibromoperylene moieties at
the ends of tetramolecular parallel Q species. Interestingly, unlike
the short wavelength region, the long wavelength region of CD
spectra seems to be able to discriminate the two Q topologies
formed from conjugated ON (Figures 9 and 10).

In conclusion, because of the increased solubility of inter-
mediates in organic solvents, the synthetic transformation of the
core twisted PEOEBr derivative into the corresponding phos-
phoramidite building block is a more efficient and simple process
compared to other syntheses involving unsubstitued perylene
derivatives. Furthermore, the structural behavior of HTR2 incor-
porating PEOEBr at its 50-end seems to be responsible for both
the accelerating effect on quadruplex assembly of the resulting
molecule in desalted solution and for the strong stabilizing effect
of Q structures formed both in Na+ and in K+. In the presence of
Na+ ions, as previously described by Hamilton and co-workers
for a perylene-conjugated GRO, the presence of the dibromo-
perylene moiety promotes the structuration in parallel Qs.
However, the decrease in the size of aggregates formed by
dibromoperylene moieties, allows also the formation of antipar-
allel Q species, which have been found to convert into the parallel
one in a time- and concentration-dependent manner. All of the
phenomena are ascribed to the preference of PEOEBr to form
dimers instead of extended aggregates, thus allowing the Q
assembly from HTRp2 dimeric species. In our opinion, the
introduction of tailored substitutions on the perylene bay area
of perylene-conjugated GROs might be a useful tool for the
control of the molecularity of resulting Qs since perylene
substitution greatly influences the size of perylene aggregates.
Moreover, the different CD features shown by PEOEBr moieties
could be used as the starting point for the development of new
CD methods for the discrimination of different Q structures
displaying the same CD profile at short wavelengths. These new
CD methods would be particularly suitable also considering that
theNMR study of perylene-conjugatedGROs in K+ and inNa+ is
precluded by the formation of insoluble aggregates at the con-
centration required by the NMR technique (higher than 100 μM).
Most likely, this drawback will be overcome by the introduction of
tailored substitutions on the perylene bay-area. The synthesis of
several PEOEBr-conjugated GROs is currently underway in our
laboratories in order to verify the latter hypothesis.
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