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Abstract: The interaction between 13-phenylalkyl and 13-di-
phenylalkyl berberine derivatives (NAX) and human telomer-

ic DNA G4 structures has been investigated by both spectro-

scopic and crystallographic methods. NAX042 and NAX053
are the best compounds improving the performance of the

natural precursor berberine. This finding is in agreement
with the X-ray diffraction result for the NAX053-Tel12

adduct, showing the ligand which interacts via p-stacking,

sandwiched at the interface of two symmetry-related quad-
ruplex units, with its benzhydryl group contributing to the

overall stability of the adduct by means of additional p-

stacking interactions with the DNA residues. The berberine
derivatives were also investigated for their cytotoxic activity

towards a panel of human cancer cell lines. Compounds
NAX042 and NAX053 affect the viability of cancer cell lines

in a dose-dependent manner.

Introduction

G-quadruplex (G4) structures are higher-order nucleic acid ar-
rangements formed by G-rich sequences present at the end of

linear eukaryotic chromosomes and at various promoter re-

gions of oncogenes (e.g. , c-myc and c-kit).[1] G4 are four-strand-
ed, intra- or inter- molecular architectures, characterized by

planes of four guanine residues interacting through Hoogsteen
hydrogen bonds which stack on each other by means of p–p

stacking interactions, giving rise to a variety of foldings. Mono-
valent metal ions, such as Na+ and K+ , are found in the chan-

nel formed by the guanine residues contributing to the result-
ing stability of the structure.[1f]

G4 has become a subject of great interest during the past
decade because of its involvement in genome integrity and

gene expression.[2] The folding of single-stranded telomeric

DNA into a G4 structure inhibits telomerase, an enzyme highly
overexpressed in cancer cells that effectively makes them im-

mortal by preventing telomere shortening and, as a conse-
quence, cell senescence.[3] Moreover, the biological relevance

of G4, supported by the direct visualization of G4 DNAs and
RNAs in human cells,[4] has attracted great interest. Many ef-

forts were addressed to search ligand compounds able to

induce and stabilize telomeric G4[5] and able to selectively
target G-quadruplexes over dsDNA, in order to decrease the
debilitating collateral effects which are normally associated
with classical chemotherapies.[6]

Berberine (BER) (Scheme 1) is a natural isoquinoline quater-
nary alkaloid isolated from many plants of Chinese traditional

medicines, such as Coptis chinensis and Hydrastis canadensis.[7]

The compound shows multiple pharmacological effects,[7–9] in-
cluding anticancer activity, possibly deriving from its ability to

form complexes with nucleic acids, induce DNA damage, and
exert related effects such as telomerase inhibition, topoisomer-

ase poisoning, and inhibition of gene transcription. Recently, it
has been demonstrated that BER binds and stabilizes human

telomeric G4.[10–12]

BER matches the requirements to be a quadruplex binder,
having an extended p-delocalized system along with a positive

charge.[5] Several derivatives have been developed from its
scaffold to enhance the overall DNA binding efficacy through

appropriate functionalizations.[13] Substitutions in 9 and 13 po-
sitions were found to enhance the anticancer activity and the
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G4 stabilizing activity as compared with BER.[14] The present
work is aimed at investigating a set of berberine-related com-

pounds bearing either a phenyl group or a benzhydryl group

linked to position 13 of the berberine skeleton, through a hy-
drocarbon linker of variable length (Scheme 1).

This derivatization might generate a geometric propensity
for additional stacking-type, non-covalent aromatic interactions

with cellular targets. It is well known that aromatic interactions
are ubiquitous in nature and that their geometry plays a central

role in the molecular interaction with biological macromole-

cules.[15] Previous studies dealing with the elucidation of both
dsDNA and RNA interaction modes of these structurally new

derivatives (Scheme 1)[16–19] provided evidence of the contribu-
tion of the (di)phenylalkyl appendage to form stronger com-

plexes with nucleic acids than BER.
Aiming at shedding light on the binding features of the BER

derivatives on the human telomeric DNA G4 structures, we

performed solution and solid-state characterization, using UV/
Vis and CD spectroscopic methods and X-ray crystallography.

Results and Discussion

UV/Vis Absorption Spectroscopy

The presence of interactions between Tel24
d[(T2AG3)4] and berberine analogues was investigated

by absorption measurements. UV/Vis titrations were
performed in order to obtain an estimation of both

the binding strength, as dissociation constant Kd, and
the ligand:quadruplex stoichiometry. Additionally, ti-

trations for the reference compound BER were car-

ried out by applying the same experimental condi-
tions used for the studied compounds. Upon bind-

ing, the absorption peak evidenced hypochromic and
bathochromic effects (Figure 1 and Figure S1), and

the appearance of an isosbestic point in the range of
350–355 nm was observed, suggesting the presence

of a single ligand–quadruplex adduct species over the entire
concentration range investigated. The observed red-shift could

be explained in terms of stabilization of the p* orbital of the li-
gands as a consequence of strong p–p interactions with the

G-quartets of the receptor.[20, 21] These data are in agreement

with those reported in the literature for BER and other low-mo-
lecular-weight ligands interacting with G-quadruplex structur-

es.[10b, 20, 21]

The variation in absorbance at about 340 nm for the ligands

was analyzed as a function of increasing DNA concentration in
order to estimate the dissociation constant Kd and the ligand:-
quadruplex stoichiometric ratio of the resulting adducts, fol-

lowing previously described methods.[20–22] Further details are
reported in the Experimental Section. Results of UV/Vis titra-
tions are summarized in Table 1.

Titrations have been performed also for BER in order to

obtain reference Kd and stoichiometry ratio under the experi-
mental conditions used (Kd = 8.6·10¢6 m ; binding stoichiometry

Scheme 1. Chemical structure of berberine (BER) and the 13-phenylalkyl and
13-diphenylalkyl berberine derivatives studied in this work.

Figure 1. UV/Vis absorption spectra of 3.9 mm NAX053 in the presence of in-
creasing concentrations of Tel24 in 10 mm potassium phosphate buffer con-
taining 150 mm KCl at pH 7 at 25 8C. Curves shown in the plot are relative to
the addition of DNA between 0 and 0.6 equivalents with respect to the
ligand. Inset : binding stoichiometry obtained from the intersection of the
straight lines representing the linear fit of the initial and final data points of
the binding isotherm.

Table 1. Dissociation constants Kd and stoichiometry ratio for the interaction of Tel24
with berberine and its 13-monophenyl and 13-diphenylalkyl derivatives in 10 mm po-
tassium phosphate buffer (pH 7) containing 150 mm KCl. Data were obtained by UV/
Vis absorbance spectroscopy at 25 8C (e.s.d. in parentheses).

Ligand Carbons in the
alkyl chain

Phenyl pendant
groups

Kd

[mm]
Ligand:Quadruplex binding
stoichiometry

BER, ber-
berine

– – 9(1) 1:1

NAX039 3 1 3.2(5) 2:1
NAX042 4 1 1.3(3) 3:2
NAX035 3 2 3.9(6) 1:2
NAX053 4 2 1.1(3) 3:2
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1:1). The data in Table 1 highlight that the interactions be-
tween Tel24 and the derivatives are slightly better than for

BER.
Notably, in the presence of an equal number of phenyl

pendant groups, the Kd values decrease as a consequence of
the length of the alkyl chain pending from the ligands (3.9 vs.

1.1 for NAX035 and NAX053 and 3.2 vs. 1.3 for NAX039 and
NAX042).

On the other hand, the different number of phenyl pendants

seems not to affect substantially the Kd values of derivatives
showing the same length of the alkyl chain (3.2 vs. 3.9 for
NAX039 and NAX035 and 1.3 vs. 1.1 for NAX042 and
NAX053).

As for the binding stoichiometry, different ratios have been
found for almost all the ligands, which in turn differ from the

binding stoichiometry found for BER.

Noteworthy, all the berberine derivatives, except NAX039,
are able to bind two G-quadruplex units in solution. Deriva-

tives NAX042 and NAX053 are characterized by the same 3:2
ligand:quadruplex molar ratio as previously reported for other

ligands like ellipticine and chelerythrine. The latter compounds
were supposed to bind to the extremity and to the interface

of two or more contiguous G-quadruplexes.[21, 22]

The small differences between the binding constants and
the stoichiometry ratios found in our experiments with respect

to those previously reported in the literature may be ascribed
to the different experimental conditions and the DNA sequen-

ces used.[1]

Circular Dichroism Spectroscopy

Circular Dichroism (CD) spectroscopy can supply qualitative in-

formation about changes in the G-quadruplex conformation
upon ligand binding. In K+ solutions, the Tel24 sequence folds

into a mixed hybrid-1 and hybrid-2 structure, with the hybrid-

1 conformation being predominant.[24, 25] Room-temperature
CD spectra of Tel24 (Figure 2) show a positive peak at 290 nm,

a shoulder at 268 nm, and a negative peak at 236 nm, in
agreement with previous reports in the literature.[21, 22, 25] The in-

teraction of Tel24 with BER and its semisynthetic derivatives in-
duces changes in the spectral shape, providing different pro-

files in CD spectra.
In the presence of increasing concentration of BER (Fig-

ure 2 A), the intensities of the peak at 290 nm and of the

shoulder at 268 nm decrease. At the same time the negative
band at 236 nm becomes less negative and an induced CD

band appears around 360 nm, as observed also for Tel24 upon
binding by the natural alkaloids chelerythrine and ellipti-

cine.[21, 22] Spectra of the adduct formed with NAX039 resemble
those from the berberine complex, except for a slight increase

in the intensity of the positive band at 290 nm (Figure 2 B). In

the case of NAX035 (Figure 2 D), the recorded spectra showed
only a decrease of the peak intensity at 290 nm and a less evi-

dent lowering of the shoulder at 268 nm thus indicating a dif-
ferent behavior of the ligand in the interaction with G4 with

respect to the other derivatives. NAX042 (Figure 2 C) and
NAX053 (Figure 2 E) induce quite similar variations in the Tel24

CD spectra, which are rather different from those determined

by BER and the other berberine derivatives and significantly
more pronounced. Both compounds induce the appearance of

a wide negative band at around 340 nm, an increase in the in-
tensity of the positive band at 290 nm, a net decrease in the

shoulder at 268 nm, and the disappearance of the negative
band at 236 nm, which is replaced by a positive band with

a maximum around 245 nm. The net change in quadruplex

conformation upon ligand binding suggests that both NAX042
and NAX053 can effectively induce antiparallel G-quadruplex

folding.[26]

Thermal melting curves were recorded using the same ex-

perimental conditions used for the room-temperature spectra.

Figure 2. CD spectra at 25 8C of Tel24 (56.3 mm) in the presence of 1–4 equivalents of berberine (A), NAX039 (B), NAX042 (C), NAX035 (D), and NAX053 (E).
Solutions prepared in 90 mm LiCl, 10 mm KCl and 10 mm lithium cacodylate (pH 7). The concentration of DMSO was kept constant at 3.75 % v/v.
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The melting transition was monitored at l= 290 nm, and the

results are reported in Table 2. Under our experimental condi-
tions, Tel24 shows a single thermal transition at about 49 8C,

which is significantly lower than that reported by other au-
thors.[20–22, 27] In agreement with previously reported data, we

can ascribe the low Tm found for BER to the selected buffer
and DMSO concentration used.[20–22, 27] Upon ligand binding,

the melting temperature of Tel24 increases, thus confirming

the ability of the semisynthetic compounds to form stable ad-
ducts with the monomolecular telomeric G-quadruplex. An in-

crement of about 11–12 8C characterizes all the ligands studied
except NAX035, for which a lower DTm was found (DTm =

6.3 8C).

X-ray Structure of NAX053-Tel12 Adduct

Crystallization experiments were performed for each semisyn-

thetic derivative of berberine by using two different human te-
lomeric sequences, namely, d[TAG3(T2AG3)3] , Tel23, and

d[TAG3(T2AG3)T] , Tel12, which are known to afford monomolec-

ular and bimolecular G-quadruplex structures, respectively.[28]

Only for the NAX053-Tel12 adduct we obtained satisfactory

crystals and were able to solve the structure. As shown in
Figure 3, bimolecular quadruplex units and ligand molecules
alternate along columns with an overall 1:1 stoichiometric
ratio. Each unit consists of parallel-stranded bimolecular quad-

ruplexes featuring three planar stacked G-quartets that are
3.4 æ apart from each other. It is formed by two symmetry-in-

dependent Tel12 chains. Potassium ions are found in the inter-
nal channel between two adjacent guanine tetrads, located on
the crystallographic 4-fold screw axis. Eight guanine carbonyl

oxygen atoms are 2.7–3.0 æ apart from each cation, in an over-
all anti-prismatic coordination environment.

The found parallel folding is in agreement with all the previ-
ously reported data obtained by single-crystal X-ray diffraction

experiments.[28] On the other hand, it is well known that differ-

ent kinds of foldings, other than propeller-type, are more
easily found in diluted solutions for telomeric DNA, and conse-

quently, the propeller arrangement has been for some time
considered to be distinctive of the solid state and to be in-

duced by the crystal packing forces.[29] Nevertheless, this se-
quence is highly polymorphic in nature, being the obtained

folding strongly dependent on the experimental conditions

used.[24, 30] In particular, some literature reports suggested that,

under crowding conditions, telomeric sequences might co-
exist as an equilibrium mixture of different kinds of arrange-

ments, including also the parallel one;[30, 31] in the absence of
clear and conclusive evidence about the real form of the telo-

meric DNA sequence in vivo, different arrangements may be
taken into account in order to evaluate the possible quadru-

plex/ligand binding mode.

Among the foldings reported to date, the all parallel one is
the only one featuring two external tetrads which are not hin-

dered by adenine and thymine residues.[32] As a matter of fact,
in this structure the TTA sequence connecting the guanine

tracts in each Tel12 polymer forms a propeller loop which pro-
trudes outwards with respect to the quadruplex core.

The 5’-end thymine and adenine residues from the two

chains interact via hydrogen bonds forming an additional
tetrad which stacks on the 5’-end G-quartet. The binding site
of NAX053 is defined by the 3’-end G-quartet and the 5’-end
TATA platform of two different quadruplex units. The ligand is

sandwiched between the two quartets approximately 3.9 æ
apart from them (Figures 3 and 4).

NAX053 interacts via p–p stacking with all the G-tetrad gua-
nines and the TATA platform bases. The berberine core appears
quite planar (248 dihedral angle between the A ring, adjacent

to the cyclic acetal, and the isoquinoline group of the mole-
cule—C and D rings, Scheme 1), whereas the two phenyl

groups of the pendant benzhydryl alkyl moiety are not copla-
nar, giving rise to a dihedral angle of about 468, and the alkyl

chain is directed toward the G-quartet. Most likely, that induces

a steric hindrance which determines the deviation from planar-
ity observed for both the 3’-end G-quartet and the TATA plat-

form at the 5’-end.
In fact, the TATA platform is characterized by dihedral angles

in the range 7–148 between each adenine and the adjacent
thymine residues, whereas similar angular values can be mea-

Table 2. Analysis of thermal melting curves observed by CD spectroscopy
of Tel24 (56.3 mm) in the presence of saturating concentration of berber-
ine and its 13-phenyl and 13-diphenylalkyl derivatives at constant quad-
ruplex:ligand stoichiometric ratio of 1:4. Solutions were prepared in
10 mm lithium cacodylate (pH 7) containing 90 mm LiCl and 10 mm KCl.
The concentration of DMSO was kept constant at 3.75 % (v/v).

Tm [8C] DTm [8C]

DNA alone 49.9 0
BER, Berberine 61.2 11.3
NAX039 61.8 11.9
NAX042 61.2 11.3
NAX035 56.2 6.3
NAX053 61.4 11.5

Figure 3. Crystal structure of the adduct formed by NAX053 and the human
telomeric sequence Tel12 (1:1 stoichiometric ratio): bimolecular quadruplex
units and ligand molecules alternate along parallel columns growing along
the [001] direction.
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sured for the guanines at the 5’-end quartet, falling in the

range 14–198.

As a consequence of this loss of planarity, the p–p stacking
interactions are optimized despite the evident steric hindrance

relative to the alkyl moiety. The crystal structure of the adduct
formed by berberine and the human telomeric sequence

d[TAG3(T2AG3)3] (Tel23) is the most significant to be compared
with the structure obtained in this work.[11]

This adduct shows the presence of two different binding

sites, one defined by two 5’-end G-quartets and the other one
by the 3’-end G-quartet and a TA base pair from a symmetry-

related quadruplex. Both binding sites are filled by two copla-
nar berberine molecules stacked on the quartets in such way

that they define an approximate four-sided polygon which
leaves a free central channel, just above the potassium ions. It

is noteworthy that in the NAX053-Tel12 adduct, the berberine

core is placed on the 3’-end quartet in a strictly similar way
with respect to that seen in the adduct of BER with Tel23

(Figure 5). Actually, the alkaloid skeleton of NAX053 gives rise
to p–p stacking interactions with only two guanine residues in

the 3’-end quartet, and points its cationic nitrogen toward one
of the lateral TTA loops, far from the negative charges on the

carbonyl oxygens in the central channel.

Cytotoxic Activity on Cancer Cells

The effect of NAX derivatives on cell proliferation was evaluat-

ed by using the MTT metabolic assay, which measures mito-
chondrial activity providing a rapid and sensitive way to quan-

titatively measure cell proliferation and drug cytotoxicity.[33] By

applying this test, we have recently demonstrated that the BER
derivative NAX053 has a strong impact on the viability of

human colon cancer cells, leading to a well-defined type of cell
death.[33] Remarkably, we have observed that the lead com-

pound BER significantly decreases cell viability only at very
high concentrations, being less effective than all derivatives on

the different cancer cell lines.[33] Here, we extended our analysis
to two additional human cancer cell lines, that is, HeLa (de-
rived from uterine cervix carcinoma) and MCF-7 (from breast

carcinoma), previously used by other investigators to test ef-
fects of BER.[9d, 34]

The results illustrated in Figure 6 (upper part) highlight the
property of NAX053 to affect the viability of both cancer cell

lines in a dose-dependent manner and more efficiently than
the lead compound BER (not shown). In particular, the IC50

values of NAX053 are 2.56�0.098 mm and 2.27�0.015 mm for

HeLa and MCF-7 cells, respectively, compared to 18.82�
1.267 mm and 11.75�1.138 of BER. These promising data

prompted us to analyze also the cytotoxic effect of NAX042
on a panel of human cancer cell lines, including MCF-7, mela-

noma A375 and two colon carcinoma cells (SW613-B3 and
HCT116). As shown in Figure 6 (lower part), NAX042 exerts

a dose-dependent effect on the viability of all the tested

cancer cell lines, which are characterized by telomerase reacti-
vation, having an epithelial origin like HeLa cells. Further ex-

periments could be planned to address the impact of BER de-
rivatives NAX042 and NAX053 on cancer mesenchymal cells,

such as sarcomas, where mainly the alternative lengthening of
telomeres (ALT) mechanism is mainly responsible for telomere

elongation.[35] On the whole, our results support the possible

use of NAX042 and NAX053, which are even more potent
than BER, as anticancer drugs.

Figure 4. The binding site of NAX053 is defined by the 3’-end G-quartet and
the 5’-end TATA platform whose bases interact via p–p stacking with the
ligand molecule at an average distance of 3.9 æ.

Figure 5. The binding site on the 3’-end G-quartet of NAX053 (A) and of
berberine (B) in their respective crystal structures with Tel12 and Tel23.

Figure 6. Effect of NAX053 and NAX042 on cancer cell viability. Four in-
creasing concentrations of NAX053 (upper panel) and 1 mm/10 mm of
NAX042 (lower panel) were used for 24 h treatments in quadruplicate (three
independent MTT experiments were carried out). Data obtained from un-
treated control cells were considered as 100 % to normalize the absorbance
of treated samples and are expressed as mean�SD. **P<0.01; ***P<0.001.
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Conclusions

In summary, the interaction between 13-phenylalkyl and 13-di-
phenylalkyl berberine derivatives and human telomeric se-

quences folded into G-quadruplexes has been confirmed by
both spectroscopic and crystallographic data. All of them

somewhat improve the performance of the natural precursor
berberine with regard to G-quadruplex binding. NAX042 and

NAX053 have shown the strongest interactions with human

telomeric G-quadruplexes, inducing strong changes in the CD
spectral profile.

Stoichiometry ratios derived from spectrophotometric titra-
tions suggest that NAX042, NAX035 and NAX053 can bind

multiple G4 structures in solution as previously reported for
other similar alkaloids supposed to bind to the extremity and
to the interface of two or more contiguous G-quadruplexes.

This hypothesis is supported by the crystal structure of the
NAX053-Tel12 adduct, despite the apparently different stoichi-
ometry ratio. As a matter of fact, the crystal structure shows
the ligand interacting via p-stacking, sandwiched at the inter-

face of two symmetry-related quadruplex units. As a conse-
quence, the binding modes pointed out by our solid-state and

solution study results seem to converge toward the hypothesis

of a ligand molecule sandwiched between guanine quartets
belonging to different quadruplex units. Noteworthy, the ber-

berine core of compound NAX053 interacts with the 3’-end G-
quartet strictly resembling the binding mode of berberine in

its adduct with Tel23 in the solid state. The benzhydryl group
contributes to the overall stability of the adduct, as it gives ad-

ditional p-stacking interactions with the DNA residues.

In agreement with these findings, measurements of the cy-
totoxic activity of the semisynthetic derivatives towards

a panel of human cancer cell lines highlighted that NAX042
and NAX053 affect the viability of several cancer cell lines

characterized by telomerase reactivation, which is a hallmark
of most cancer cells, thus suggesting their possible use as anti-

cancer drugs. Remarkably, we found that NAX042 and

NAX053 are more cytotoxic than the lead compound BER.

Experimental Section

Experimental Details

Synthesis and characterization of the 13-(di)arylalkyl derivatives.
The 13-(di)arylalkyl berberine derivatives are proprietary com-
pounds,[19] and were synthesized starting from commercial berber-
ine chloride and the appropriate (di)arylalkylcarboxaldehydes via
a modification of an unusual enamine–aldehyde condensation per-
formed on 7,8-dihydroberberine (Scheme 2).[36]

The aldehydes were prepared starting from commercial (di)arylalkyl
alcohols following usual oxidation methods and, when required,
homologation procedures known in organic chemistry. The purity
(>95 %) of the derivatives was assessed by HPLC on a Jasco
system LC- 2000 series (Jasco, Europe) with an Agilent Eclipse XDB-
C18 (4.6 mm x 150 mm Õ 3.5 mm) column (Agilent Technologies,
USA). The flow rate of the mobile phase (50 % water, 50 % acetoni-
trile plus 0.1 % trifluoroacetic acid) was maintained at 1 mL min¢1.
The absorbance was measured at 235, 265, 340, and 420 nm, and

retention times (rt) were measured in minutes. The structures of
the derivatives were confirmed by 1H NMR spectra recorded on
a Varian Mercury 200 MHz spectrometer (Varian, Inc. , Palo Alto,
USA) from [D6]DMSO solutions or on a Bruker Advance 400 MHz
spectrometter (Bruker BioSpin GmbH, Karlsruhe, Germany) from
CDCl3 solutions. 13C NMR spectra were recorded in [D6]DMSO using
a Bruker Advance III 400 MHz spectrometer. After 20-fold dilution
with H2O/CH3CN (1/1) of the 20 mm DMSO solutions, ESI-HRMS
spectra were recorded by direct introduction of the samples at
a flow rate of 5 mL min¢1 in an Orbitrap high-resolution mass spec-
trometer (Thermo, San Jose, CA, USA). The instrument was calibrat-
ed just before analyses (external calibration). The working condi-
tions were the following: positive polarity, spray voltage 5 kV, capil-
lary voltage 35 V, capillary temperature 275 8C, tube lens voltage
110 V. The sheath and the auxiliary gases were set, respectively, at
8 (arbitrary units) and 3 (arbitrary units). Xcalibur 2.0. software
(Thermo) was used for spectra acquisition and a nominal resolution
(at m/z 400) of 100 000 was used.

Materials

The human telomeric sequences d[(T2AG3)4] (Tel24), d[TAG3(T2AG3)3]
(Tel23) and d[TAG3(T2AG3)T] (Tel12) were purchased from Jena Bio-
science (Jena, Germany) and used without further purification.

Berberine chloride hydrate (ca. 17 % H2O) was purchased from
Shanghai Trust&We, Ltd. (Shanghai, China). The mono- and bi- phe-
nylalkyl berberine derivatives were synthetized as described above.

Preparation of stock solutions

The oligonucleotides were dissolved to a concentration of 1 mm in
50 mm KCl and 20 mm potassium cacodylate buffer (pH 6.5) and
then heated to 90 8C for 15 min. The solutions were left to cool
overnight to room temperature in order to induce quadruplex for-
mation.

The compounds were dissolved in DMSO to a concentration of
20 mm (stock solution). Milli-Q water from Millipore Water System
(Millipore, USA) and analytical grade reagents were used for pre-

Scheme 2. General synthesis of berberine derivatives.
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paring working solutions which were also filtered through Sartorius
Stedim Biotech filters of 0.2 mm.

UV/Vis spectroscopic titration

Absorbance spectral studies were performed on a Thermo Scientif-
ic Evolution 220 UV-vis spectrophotometer (Waltham, MA, USA) at
25 8C. Every experiment was conducted in 150 mm KCl and 10 mm
potassium phosphate buffer at pH 7. Matched quartz cells (Hellma,
Germany) of 1 cm path length were used. The Tel24 concentration
was determined by using e260nm = 244 600 m¢1 cm¢1; for berberine
and its semisynthetic derivatives, e345nm = 22 500 m¢1 cm¢1 and
e341nm = 21 500 m¢1 cm¢1, respectively, were used. These values were
determined under our experimental conditions and are in agree-
ment with previously published data.[16, 17, 20, 22]

Small aliquots of Tel24 solution were added to a solution of ligand
at known concentration (~5 mm) until saturation was reached.
Equal additions were made to a reference cell during each titration.
Readings were noted 5 min after each addition and subsequent
mixing in order to guarantee the homogeneous adduct formation.
The parameters used for recording spectra are listed as follows:
spectral range 400–240 nm, scan speed 100 nm min¢1, bandwidth
1 nm, integration time 0.6 s, data interval 1 nm. The variation in
peak intensity at about 340 nm for the ligands was used to con-
struct the binding isotherm following the method reported by
Ghosh and co-workers.[20–22] Briefly, the isotherms were constructed
by plotting DA/DAmax at the chosen wavelength as a function of in-
creasing quadruplex concentration. The experimental points were
fitted by using Equation (1):

C0ðDA=DAmaxÞ2¢ðC0 þ Cp þ K dÞðDA=DAmaxÞ þ Cp ¼ 0 ð1Þ

where C0 is the concentration of ligand, DA is the variation in ab-
sorbance at the chosen wavelength after each quadruplex addi-
tion, DAmax is the DA value at ligand saturation, and Cp is the quad-
ruplex concentration. The intercept on the abscissa at DA/DAmax =

0.5 gives the dissociation constant Kd. DAmax was obtained from
the plot 1/DA vs. 1/(Cp-C0) using Equation (2):

1=DA ¼ 1=DAmax þ 1=ðCp-C0Þ ð2Þ

The binding stoichiometry was estimated from the interception of
straight lines resulting from fitting of the experimental points be-
longing to the initial and the saturation regions of the isotherm.
The quadruplex concentration at the interception was thus divided
by the concentration of the ligand to yield the binding stoichiome-
try.

Circular Dichroism Spectroscopy

CD spectra were recorded on a Jasco J-810 Spectropolarimeter
(Jasco Cooperation, Tokyo, Japan) equipped with a Peltier tempera-
ture controller (model JWJTC-484). Matched quartz cells (Hellma,
Germany) of 0.1 cm path length were used. Solutions at known
concentration of Tel24 (56.3 mm) were prepared increasing the
ligand concentration up to ligand:quadruplex ratio of 4:1. Solu-
tions were prepared in 90 mm LiCl, 10 mm KCl and 10 mm lithium
cacodylate at pH 7. For each solution, CD spectra at 25 8C and ther-
mal melting curves were recorded. The technical parameters of the
experiments are listed as follows. CD spectra: spectral range 400–
230 nm, scan speed 100 nm min¢1, bandwidth 0.5 nm, data pitch
0.5 nm, time constant 1 s, 6 accumulations. Melting curves: l=

290 nm, temperature slope 90 8C h¢1, bandwidth 0.5 nm, data pitch
0.2 8C, delay time 0 s, time constant 1 s.

Crystallization

A search for crystallization conditions was planned based on the
work of Campbell and Parkinson using the sitting drop vapor diffu-
sion method.[37] Crystallization experiments were performed for the
adducts formed by each semisynthetic derivative of berberine and
the human telomeric sequences Tel23 and Tel12, however, only
crystals for NAX053-Tel12 were obtained by mixing 1 mL of
NAX053 and Tel12 solution in 1:2 stoichiometric ratio at concentra-
tion of 1 mm with 1 mL of 1 m (NH4)2SO4, 0.05 m Li2SO4 and 0.05 m
sodium cacodylate at pH 6.5 and equilibration against 100 mL of
2.4 m (NH4)2SO4 solution at T = 23 8C. Yellow prismatic crystals were
observed after two weeks upon drops deposition.

Data collection and structure refinement

Diffraction experiments on the crystals were performed at 100 K,
using as cryoprotectant the crystallization condition supplemented
with 30 % v/v glycerol. Data were collected at the ID23-1 beam-line
(ESRF, Grenoble) up to a maximum resolution of 1.70 æ, using
1.000 æ wavelength X-ray. Data were integrated and scaled using
the program XDS.[38] The structure of the adduct was solved by
molecular replacement using the program Phaser.[39] The crystallo-
graphic coordinates of the Tel12-coptisine adduct were used, as
a search model, after deleting atoms belonging to ligand and sol-
vent molecules (PDB accession number 4P1D). The FO-FC electron
density maps showed a clear density for the drug molecule located
on a 4-fold screw axis. The T18 and T24 thymine residues are disor-
dered and they have been only partially localized in the crystal
structure. The model was refined using the program Refmac5 from
the CCP4 package.[40] Thermal factors were treated as isotropic. The
NAX053 molecule was built by using the program JLigand and
added manually into the electronic density maps.[41] Manual re-
building of the model was performed using the program Coot.[42]

The crystal packing analysis was made by means of the Mercury
program.[43] Final coordinates and structure factors have been de-
posited with the Protein Data Bank (PDB accession number 5CDB).
Statistics of the data collection and refinement are reported in
Table S1 in the Supporting Information.

Evaluation of cytotoxic activity on cancer cells

Human HeLa (uterine cervix carcinoma), A375 (melanoma), SW613-
B3 and HCT116 (colon carcinoma), and MCF-7 (breast carcinoma)
cell lines were grown at 37 8C and 5 % CO2 atmosphere, in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with 10 %
FBS, 0.1 mg mL¢1 penicillin, 100 U mL¢1 streptomycin, 2 mm gluta-
mine and 2 % sodium pyruvate (all reagents were from Celbio,
Milano, Italy). Twenty-four hours after seeding, cells were treated
for 24 h with the BER derivative NAX042 or NAX053 (stock solu-
tions: 10 mm in DMSO) at different concentrations. Cell viability
was analyzed by the MTT metabolic assay, which measures mito-
chondrial activity, by applying a previously reported procedure.[33]

Briefly, 2 Õ 103 cells were seeded in 96-multiwell plates and, 24 h
later, incubated for 24 h with increasing concentrations (1–10 mm)
of NAX053. At the end of the incubation, 20 mL of Cell Titer 96
AQueous One Solution Cell Proliferation Reagent (Promega Italia,
Milano, Italy) were added to each well. The plates were then main-
tained for 4 h at 37 8C; the absorbance of each sample was mea-
sured with a microplate reader (EZ Red 400, Biochrom, Cambridge,
UK) at 492 nm. Experiments were performed in quadruplicate and
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repeated three times. The ANOVA and Dunnett’s multiple compari-
son tests have been applied. Statistical analysis was performed
using GraphPad Prism 5.0.
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