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Abstract: A new G-quadruplex (G-4)-directing alkylating

agent BMVC-C3M was designed and synthesized to integrate
3,6-bis(1-methyl-4-vinylpyridinium iodide)carbazole (BMVC)
with aniline mustard. Various telomeric G-4 structures

(hybrid-2 type and antiparallel) and an oncogene promoter,
c-MYC (parallel), were constructed to react with BMVC-C3M,

yielding 35 % alkylation yield toward G-4 DNA over other
DNA categories (<6 %) and high specificity under competi-
tion conditions. Analysis of the intact alkylation adducts by
electrospray ionization mass spectroscopy (ESI-MS) revealed
the stepwise DNA alkylation mechanism of aniline mustard

for the first time. Furthermore, the monoalkylation sites and

intrastrand cross-linking sites were determined and found to

be dependent on G-4 topology based on the results of foot-
printing analysis in combination with mass spectroscopic

techniques and in silico modeling. The results indicated that

BMVC-C3M preferentially alkylated at A15 (H26), G12 (H24),
and G2 (c-MYC), respectively, as monoalkylated adducts and

formed A15–C3M–A21 (H26), G12–C3M–G4 (H24), and G2–
C3M–G4/G17 (c-MYC), respectively, as cross-linked dialkylat-

ed adducts. Collectively, the stability and site-selective cross-
linking capacity of BMVC-C3M provides a credible tool for
the structural and functional characterization of G-4 DNAs in

biological systems.

Introduction

Guanine-rich nucleic acid sequences are capable of folding

into polymorphic G-quadruplex (G-4) structures with four-
stranded supramolecular architectures stabilized by Hoogsteen
hydrogen-bonding of G-tracts and coordination with monova-
lent cations such as potassium or sodium.[1] The quadruplex-

forming sequences can fold into different structures, depend-

ing on strand orientation and glycosidic conformation. The

equilibrium of these various structures might regulate cell
cycle-synchronized DNA replication and environmentally regu-

lated gene expression.[2] G-4 DNAs are involved in telomere
maintenance,[3] DNA recombination,[4] and splicing,[5] and have
thus been the focus of intense research into their function as
regulatory elements and therapeutic targets in oncology.[6]

A variety of small synthetic molecules have been designed
and synthesized to stabilize secondary structures of G-4 DNA
through noncovalent interactions. Many of them possess high
affinity and good selectivity for G-4 structures and have potent
antiproliferative effects on various immortalized cell lines.[6b, 7]

Although these small molecules hold great promise for the de-
velopment of new anticancer therapies, reversible binding to

G-4 DNA makes it possible for them to elude targeted thera-

peutics. To augment G-4 binding affinity, it is possible to cova-
lently tether the G-4 binders to G-4 DNA. Various reactive

agents equipped with G-4-directing ligands synchronously im-
prove DNA cross-linking specificity and promote antiprolifera-

tive activity. For example, a series of G-4-targeting agents teth-
ered with platinum complexes were developed to metalate
the purine N7 in d[AG3(T2AG3)3] (H22)-quadruplexes.[8] Naphtha-

lene diimides equipped with either activatable quinone-me-
thide precursors or reactive oxirane were shown to alkylate

H22 with 10 and 16 % yields, respectively.[9] The alkylation sites
were identified at the adenines on the loop with an oxirane

warhead. A photoinduced cross-linking agent was recently de-
veloped by conjugating photoreactive groups to a G-4-binding
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motif to provide G-4-topology-
dependent photoreactions and

high cross-linking efficiency.[10] To
protect DNA from UVA

damage,[11] a visible light stimu-
lus was used to activate G-4 se-

lective alkylation.[12] A green
light stimulus-triggered G-4
ligand displayed an alkylating ef-

ficiency of up to 64 % and selec-
tively targeted loop T residues in

H22.[12c] In an attempt to over-
come the low reactivity and gen-

erate highly stable hybridized
adducts under mild conditions,

a novel G-4 alkylator was synthe-

sized by integrating pyridostatin
(PDS) with a therapeutic alkylat-

ing warhead, chlorambucil (Chl),
and was so-named PDS-Chl.[13]

PDS-Chl could alkylate both h-
Telo (H22) and c-MYC, located at

the promoter region responsible

for cell-cycle control,[14] at low
concentration (0.2–5 mm) with

higher reactivity compared with
other categories of DNA. The al-

kylation sites are highly dependent on G-4-forming sequences.
Adenine was alkylated in H22, whereas guanine (G) and ade-

nine (A) were alkylated in c-MYC. Furthermore, PDS-Chl selec-

tively impairs growth of cells with deficiencies in nucleotide ex-
cision repair (NER) but shows no sensitivity for the repair gene

BRCA2, suggesting it preferentially generates intrastrand cross-
links through selective G-4 recognition. This result provides

new insight into potential therapeutic treatments for genetical-
ly impaired NER cancers.

Nonetheless, the characteristics and specificities of G-4-di-

recting alkylating agents are determined by various factors
such as the nature of the alkylating warheads, the choice of G-

4-directing ligands, and the spacers. Alkylating reactivity, spe-
cificity, and topology-dependent site-selectivity could be great-
ly modulated by adjusting how these three crucial structural
parameters are integrated in the alkylating probe design. One
of the many reported telomere stabilizers, 3,6-bis(1-methyl-4-

vinylpyridinium iodide)carbazole (BMVC), binds the human te-
lomeric quadruplex with a nanomolar dissociation constant[15]

and selectively enters cancerous nuclei.[16] In addition, bifunc-
tional alkylating warheads could improve alkylation efficiency

and may provide a therapeutic benefit. In this study, we used
BMVC as the G-4-directing ligand for integration with aniline

mustard to search for optimized G-4 alkylating agents. To pre-

serve the binding ability of BMVC, an alkylating warhead was
incorporated at the N9-position of BMVC.[17] The BMVC-C3M

(also abbreviated as C3M in some figures) were designed and
synthesized by integrating aniline mustard with BMVC through

flexible linkers (CH2)3 to provide a suitable reaction trajectory
toward polymorphic G-4 DNAs (Scheme 1). The elaborated in-

vestigation of the BMVC-C3M alkylation reaction profiles, and
its mechanism of action on several different G-4-forming se-

quences and DNA structures in vitro, is anticipated to inform

the effective design of G-4-directing alkylation agents.

Results and Discussion

Synthetic strategies and synthesis

Two strategies may be used to synthesize BMVC-C3M. One is

a concise modular process of synthesizing BMVC, linkers, and
aniline mustard derivatives, followed by final assembly. Howev-

er, target synthesis by using this method was hampered by
the rather inert reactivity of the phenolic group of aniline mus-

tard toward nucleophilic substitution as well as in the Mitsuno-
bu reaction that is used to incorporate the linker. Therefore,

the consecutive synthetic strategy shown in Scheme 1 was
adopted. First, carbazole was diiodinated at the 3,6-position as
described previously[18] to provide 1 for implementation of a vi-

nylpyridine group through Heck coupling at a later stage.
Commercially available 1,3-dibromopropane reacted with p-ni-

trophenol to give monosubstituted p-nitrophenyl ether, leav-
ing another bromo group free to incorporate 1 through nucle-

ophilic substitution to afford 3. Reduction of the nitro group

on 3 followed by alkylation with chloroethanol resulted in the
formation of diethanolaniline derivative 5. The hydroxyl groups

were protected as the tert-butyldimethylsilyl ether before the
compound was submitted to Heck coupling conditions with 4-

vinylpyridine to afford 7. Without protection, the Heck cou-
pling reaction was sluggish. Subsequent deprotection with

Scheme 1. Reagents and conditions: i) 4-nitrophenol, K2CO3, acetone, reflux, 12 h, 38 %; ii) 1, K2CO3, acetone, reflux,
12 h, 62 %; iii) SnCl2, ethanol, reflux, 9 h, 52 %; iv) 10 % aq. NaOH, 2-chloroethanol, 90 8C, 12 h, 69 %; v) TBSCl, imida-
zole, CH2Cl2, RT, 8 h, 74 %; vi) 4-vinylpyridine, Pd(OAc)2, P(o-tol)3, K2CO3, DMF, 80 8C, 9 h, 58 %; vii) TBAF, THF, RT, 6 h,
85 %; viii) PPh3 resin, CCl4, CH2Cl2, 0 8C to RT 2 h, then reflux 2 h, 66 %; ix) CH3I, acetone, RT, 12 h, 98 %.
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tetra-n-butylammonium fluoride (TBAF), followed by chlorina-
tion of the resultant hydroxyl groups with polystyrene-bound

triphenylphosphine, and methylation of the pyridine moiety
with methyl iodide, afforded the target compound BMVC-C3M

in 55 % yield in three steps. Detailed synthetic procedures and
structural characterization are provided in the Supporting In-

formation.

G-4 DNAs used to evaluate the alkylation profile of BMVC-
C3M

A diverse array of structures can be formed by G-4 DNAs;[19]

however, no rules have been developed to predict the folding

propensity or topology of G-4 structures based only on their
sequence.[20] Given that each G-4 topology adopts a unique
three-dimensional spatial arrangement, small molecules may

selectively recognize one form over others or even convert
one form into another. For instance, telomestatin induces the

formation of basket-type G-4 structures from hybrid-type G-4
in the telomeric region.[21] The human telomeric sequence H22

is commonly used to evaluate the behavior of alkylation

probes. This sequence folds into an antiparallel basket-type G-
4 structure in solution in the presence of Na+ , as revealed by

NMR spectroscopic analysis,[22] and forms a parallel propeller
structure in crystals in the presence of K+ .[23] The co-existence

of multiple topological isomers complicates the structural
analysis of H22 in K+-containing buffer.[24] The

[T2A(G3T2A)3G3T2](H26) sequence adopts a definite hybrid-2 G-4
structure in the presence of K+ in 75 % of the population, as

revealed by high-field solution NMR spectroscopy;[25] the re-

maining 25 % consists of other undetermined topological
forms.

We chose H26 in K+-containing buffer to investigate the al-
kylation profiles of BMVC-C3M. To test the G-4 structure-dis-

criminating ability of BMVC-C3M, [T2AG3(T2AG3)3](H24) in Na+

-containing buffer sharing the same sequence with H22 with

two extra thymine bases at the 5’-end, was used for validation

as well as for comparison. Besides telomeric G-4-forming se-
quences, the c-MYC silencer element [TGAG3TG3TAG3TG3TA2] ,

adopting a parallel G-4 topology in K+-containing buffer,[26]

was also used to profile the alkylation pattern of BMVC-C3M.
By investigating the alkylation profiles of all three distinct G-4
topological structures, we hope to facilitate the design of alky-

lating agents that effectively stabilize telomeric sequences, pre-
venting over-proliferation and advancing anticancer drug de-
velopment to rectify genetic malfunctions. Hence, H26 and c-
MYC were folded into a hybrid-2-type and parallel G-4 struc-
ture in K+-containing buffer, respectively, whereas H24 was

folded into an anti-parallel G-4 structure in Na+-containing
buffer.

Probing structural changes and stability of G-4s in the pres-
ence of BMVC-C3M based on circular dichroism and melting
point measurements

Circular dichroism (CD) spectra and melting point determina-
tions are commonly used to probe structural changes and to

evaluate the stability of G-4 upon ligand treatment. Thus, CD
and the melting temperature were used to evaluate binding of

BMVC-C3M and G-4. Two representative G-4-forming sequen-
ces were chosen, including the human telomeric sequence

H26 and the gene promoter c-MYC. H26 produced a character-
istic hybrid-2 structure with positive signals at 265 and 290 nm

in the CD spectra (see the Supporting Information, Fig-
ure S1 a),[27] whereas c-MYC produced a positive signal at
265 nm and a negative signal at 245 nm, corresponding to

a parallel structure (Figure S1 b). BMVC and BMVC-C3M were
then incubated with DNA at 37 8C for 20 h, followed by CD
measurement. In the presence of H26, BMVC-C3M exhibited
a similar CD response, with a significant increase at 265 nm
and a decrease at both 245 and 295 nm (Figure S1 a). The ob-
served CD profile is similar to that induced by BMVC, but with

a smaller amplitude, suggesting that G-4 undergoes a confor-
mational adjustment in the presence of BMVC-C3M, similar to
that of BMVC.[28] In contrast to the remarkable signal transition

observed in H26, minor spectral variations were detected
when BMVC or BMVC-C3M was incubated with c-MYC (Fig-

ure S1 b). As expected, the structural modification at the N9-
position of BMVC seems to create a minor perturbation of the

interactions with H26 and c-MYC.

The quadruplex melting curves monitored at 265 nm
showed an approximate 20 8C increase in the melting tempera-

ture of the folded H26, suggesting that BMVC-C3M is able to
stabilize the G-4 structure but to a lesser extent than BMVC,

representing a nearly 30 8C increase (Figure S1 c). This result in-
dicates that the structural modification of BMVC influences the

stabilization ability towards H26. Given that c-MYC quadruplex

is a relatively stable parallel structure, with a melting tempera-
ture of 90.8 8C in 150 mm KCl solution, more than 95 8C melt-

ing temperature was observed in the presence of either BMVC
or BMVC-C3M (Figure S1 d).

Photophysical behavior and the intracellular localization of
BMVC-C3M

Photophysical spectroscopy is a useful tool to delineate the

modes of binding based on spectral changes. Thus, the photo-
physical features of BMVC-C3M were examined to investigate

how the structural modification influences absorption, fluores-
cence, and binding behavior upon incubation with H26, H24,
and c-MYC (Figure S2). The absorption spectra showed a batho-

chromic shift and hypochromic effect upon addition of either
H26, H24, or c-MYC to BMVC-C3M at a 1:1 ratio. The absorption

profiles are very similar to that of BMVC, indicating that BMVC-
C3M acts in a similar fashion, possibly by external stacking
with the G-4 structure.[29]

BMVC is a turn-on G-4 fluorescent probe upon binding.[29–30]

BMVC-C3M exhibited a similar fluorescence profile but with

smaller amplitude in the presence of H26, H24, or c-MYC; the
fluorescence color of the solution changes from orange-red to

yellow with a green tint, accordingly. No particular specificity
towards three different G-4-forming sequences was observed.

The fluorescence enhancement can be attributed to restriction
of the linker segmental mobility and intercalation of the BMVC
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fluorophore.[31] BMVC-C3M exhibited the fluorescence with 10-
fold enhancement for H26, 14-fold for H24, and 12-fold for c-

MYC. The smaller increase in BMVC-C3M versus BMVC fluores-
cence may be due to the change in G-4 stacking caused by

the reactive groups. Attempts to use UV/Vis or fluorescence
changes to determine the binding constant for BMVC-C3M

failed because alkylation reactions occur during the course of
the titration, thus complicating the absorption and fluores-

cence spectra.

Another remarkable trait of BMVC is its nuclear permeability
and strong fluorescence.[32] To investigate whether BMVC-C3M
retains its nuclear-penetrating ability, confocal fluorescence mi-
croscopy was used to observe MCF7 cells incubated with

BMVC and BMVC-C3M and co-stained with nuclear-specific
DAPI. The fluorescence images showed much higher fluores-

cence in the nuclei than in the cytoplasm (Figure S3). The re-

sults suggest that appreciable amounts of BMVC-C3M enter
the nucleus and may react with G-4 DNAs, although they may

also react with other cellular nucleophilic components such as
proteins and low-molecular-weight thiols.

Alkylating reactivity, selectivity,
and specificity toward different
types of DNA

After confirming that the direct-
ing and stabilizing abilities of

the BMVC-C3M agents toward
telomeric G-4 DNA (H26) and c-

MYC were preserved based on

CD analysis and on quadruplex-
melting estimation, we evaluat-

ed the ability of BMVC-C3M to
alkylate G-4. To this end, the al-

kylating reactivity of the recogni-
tion unit of BMVC and the alky-

lating warhead Chl toward H26

were assessed and compared
with the alkylating ability of

BMVC-C3M (Figure S4). The cova-
lently hybridized adducts were

resolved by high-resolution de-
naturing polyacrylamide gel

electrophoresis (PAGE). The

slower migrating bands corresponding to the alkylated ad-
ducts (ALK) were separated from non-reacted DNA (NR). The

results showed that the formation of retarded bands was ob-
served in the reaction of BMVC-C3M (Lanes 2). This preliminary

result suggests that BMVC-C3M would indeed alkylate G-4
DNAs. In contrast, no alkylated adducts were detected in the

presence of 2 mm BMVC or Chl (Lanes 3 and 4), even when the

concentration of Chl was increased to 50 mm (Lane 5). The re-
sults suggest either that Chl could not effectively alkylate the

G-4 sequence or that the lack of a positive charge on Chl may
prohibit the resolution of Chl-alkylated adducts from non-re-

acted DNA by PAGE. If the latter is the case, hydrolysis of the
Chl-DNA mixture would facilitate the identification of Chl-DNA

adducts. Accordingly, hydrolysis of the mixture was attempted
and the results are described in the footprinting analysis sec-

tion. Furthermore, dose-dependence experiments indicated
that a 2:1 ratio of BMVC-C3M and H26 resulted in saturated

conversion (Figure S5). Increasing amounts of BMVC-C3M
beyond two equivalents did not produce a higher alkylation

yield, perhaps because the G-4 structure had reached its ca-
pacity and could not accommodate more BMVC-C3M. There-

fore, initial assessment of the ability of BMVC-C3M to alkylate

fluorescein (FAM)-labeled DNA was achieved by variously
timed reactions at a fixed 2:1 ratio.

The alkylating reactivity and selectivity of BMVC-C3M were
then examined against different DNA structures adopted by

scrambled single-stranded R26 (ss), and double-stranded H26
sequences (ds), in addition to the folded H26 (G-4). As revealed

in Figure 1 a, the use of BMVC-C3M led to highly selective DNA

alkylation. In the case of G-4 DNA, the alkylated product could
be detected after 20 min in 7 % alkylation yield after the addi-

tion of BMVC-C3M (Lane 1). A single alkylated band was ob-
served even after longer incubation times. In contrast, obscure

alkylated bands in less than 6 % alkylation yield were obtained

in the case of ss and ds DNA. BMVC-C3M displayed higher re-
activity (34 % in 4 h) toward G-4 DNA than the other types of

DNA (<6 %). These results indicate that the reactivity of BMVC-
C3M is regulated by the structure of the target DNA. H24 and

c-MYC were also employed to react with BMVC-C3M. In the
case of H24, BMVC-C3M showed a high alkylation yield of 45 %

(Figure S6), whereas BMVC-C3M/c-MYC adducts were unstable

under the denaturing PAGE experimental conditions, resulting
in the fragmentations and rendering the identification of the

alkylation sites infeasible.[33]

To further investigate the alkylating specificities of BMVC-

C3M in the presence of various types of DNA, competition ex-
periments were conducted. A constant amount of BMVC-C3M

Figure 1. Evaluation of BMVC-C3M-mediated DNA alkylation. a) BMVC-C3M (2 mm) was incubated with 5’-FAM H26
(1 mm), scrambled ssR26 (1 mm), or dsH26 (1 mm) DNA for varying time intervals. DNA alkylation yield was calculat-
ed by integrating the fluorescence intensities of the corresponding bands. b) BMVC-C3M (2 mm) was incubated
with 5’-FAM H26 (G-4*; 1 mm) in the presence of different molar ratios (0, 0.5, 1, 2, 5, and 10) of unlabeled H26 (G-
4), scrambled ssR26 (ss), or dsH26 (ds) for 20 h at 37 8C. Alkylated DNA (ALK) and nonreacted DNA (NR) were re-
solved by using 20 % denaturing PAGE. Three runs were performed for each alkylation experiment. Relative yields
were calculated; adduct formation in the absence of competitors was considered 100 % in each experiment.
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(2 mm) was incubated with a fixed amount (1 mm) of 5’-FAM
H26 in the presence of various concentrations of unlabeled G-

4, scrambled ssDNA, and dsDNA for 20 h at 37 8C. The experi-
mental results obtained for BMVC-C3M are shown in Figure 1 b.

Only unlabeled G-4 DNA could effectively compete with la-
beled G-4 DNA for adduct formation with BMVC-C3M. The al-

kylated band faded in the presence of higher concentrations
of cold G-4 DNA (Lanes 1–6). In the presence of a 10-fold

excess of the G-4 competitor, the alkylated band was barely

detectable (15 % relative alkylation yield; Lane 6), but the for-
mation of alkylated products was only slightly affected upon

addition of ssR26 (Lanes 7–12) and was moderately affected
upon addition of dsH26 (Lanes 13–18), indicating that BMVC-

C3M exhibited definitive directing ability with structural specif-
icity. Notably, at a 1:1 molar ratio of G-4 competitor to labeled
G-4 DNA (Lane 3), the relative alkylation yield was approxi-

mately 50 %, with no preference for unlabeled G-4 or 5’-FAM-
labeled G-4 DNA, indicating that the FAM label does not inter-

fere with BMVC-C3M alkylation.

ESI-MS analysis of alkylated adducts

Chl is a bifunctional alkylating agent that is known to form co-
valent adducts with double-helical DNA, especially with the N7
of guanines, through nucleophilic reaction either within the

same strand (intrastrand) or between the two opposite DNA
strands (interstrand).[34] However, the Balasubramanian group

recently demonstrated that tethering Chl with a G4-targeting

ligand exhibited a new mechanism of action that preferentially
formed intrastrand cross-links with c-MYC in vitro as well as in

vivo through G4 structural recognition.[13] Their finding paves
the way for new interventions in diseases associated with ge-

netically impaired NER. It is thus important to exploit the
nature of G-4-alkylated adducts formed by BMVC-C3M.

To address this aim, ESI in combination with matrix-assisted

laser desorption ionization-time of flight (MALDI-TOF) MS
were conducted to elucidate the identity of the resulting alky-

lated DNA adducts and possibly unveil the mechanism of alky-
lation at the molecular level. Selected sections of the ESI-MS

spectra of BMVC-C3M reacting with either folded H26, H24, or
c-MYC are shown in Figure 2. The peaks of several alkylated
DNA adducts and unreacted DNAs carrying different numbers
of negative charges were observed. Notably, the intensity of
the peaks corresponding to unreacted DNA was relatively

weak in the case of c-MYC (Figure 2 c), suggesting that BMVC-
C3M possesses extremely good alkylating ability toward

c-MYC.
The most abundant peaks corresponding to [H26–

C3M]7¢, [H24–C3M]7¢, and [c-MYC–C3M]8¢ were fur-
ther analyzed to identify possible adducts. Three sets

corresponding to three plausible BMVC-C3M–DNA

adducts were found, and the calculated m/z values of
these peaks shown in the insets were obtained ac-

cording to the formula: [mass of DNA adducts¢
(number of charge++2)]/number of charge (Figure 2

inset).[35] The peak centered at m/z 1256.80 (H26),
1169.79 (H24), or 950.56 (c-MYC) is attributed to the

adduct with one chloro-group of BMVC-C3M substituted by
DNA and another hydrolyzed (abbreviated as DNA–C3M_OH),
whereas the peak centered at m/z 1259.37 (H26), 1172.36
(H24), or 952.81 (c-MYC) is assigned to the adduct with one
DNA attached and one chloro-group preserved (abbreviated as
DNA–C3M_Cl). The rather small peaks at m/z 1254.37 (H26),

1167.36 (H24), or 948.44 (c-MYC) resulted from the intrastrand
DNA cross-linked by BMVC-C3M (abbreviated as DNA–C3M_

DNA). No higher molecular weight corresponding to the inter-
strand cross-linked DNA adduct was observed. The results of
the intrastrand DNA cross-linking experiment are consistent

with the analysis of the enzymatic digestion product of PDS-
Chl against c-MYC by LC-MS reported by the Balasubramanian

group.[13] To confirm that the observed distribution of adducts
is universal for differently charged species, analysis of signals

for [H24–C3M]9¢ was conducted and a similar distribution of

these three alkylated adducts was observed (Figure S7), indi-
cating that the number of the charge does not affect the

adduct distribution. To our knowledge, this is the first observa-
tion of preserving chloro-group species of aniline mustard

as intact G-4 adducts. We reasoned that the direct analysis of
the intact DNAs after alkylation led to these findings, which

are critical to the interpretation of how BMVC-C3M alkylates

DNAs.
To confirm that no interstrand cross-linked DNA was formed,

higher concentrations of BMVC-C3M (5 mm) were added to H24
(1 mm) and subjected to MALDI-TOF mass measurement. The

results revealed that only over-alkylated DNA adducts were de-
tected and that no interstrand cross-link product was present

(Figure S8). In addition, no products with more than three alky-

lations were found, and the relative intensity declined with in-
creasing number of modifications. Given that we used a 1:1

ratio of DNA/BMVC-C3M for ESI-MS spectroscopic studies, it is
reasonable that we only observed 1:1 adduct formation. On

the basis of mass data, we believe the intrastrand cross-link al-
kylation is the result of a two-step process (Scheme 2). BMVC-

C3M was first directed toward G-4 DNA through the G-4 direct-

ing group and was alkylated by the proximal nucleobase
(DNA–C3M_Cl). Another chloro-group was subsequently either

hydrolyzed by water (DNA–C3M_OH) or substituted by the
other nucleobase on the same G-4 preferentially to yield the
cross-linking of an intramolecular G-4 structure (DNA–C3M_
DNA).

Scheme 2. Proposed mechanism for stepwise DNA dialkylaiton with BMVC-C3M.
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Identification of nucleotides involved in the alkylation by
LC-MS analysis

The nucleotides involved in the alkylation remain to be eluci-

dated. To this end, BMVC-C3M (1 mm) was reacted with H26,
H24, and c-MYC (1 mm), respectively, and the reacted mixtures

(50 mL, 20 ng mL¢1) were digested for 12 h according to a previ-
ously reported protocol[36] to release the monoalkylated and in-

trastrand cross-linking adducts
as nucleoside and dinucleoside
remnants, and subjected to LC-
MS analyses. The results based

on the selected ion chromato-
grams (SICs) of monoalkylated

adducts are summarized in
Table S1. Regardless of the types

of topologies used, only A- or G-
alkylated adducts were evident;
no T-alkylated adduct was ob-

served. The intrinsic low nucleo-
philicity of thymine may account

for these observations. Further
analyses of the adducts showed

that BMVC-C3M reacted prefer-

entially with the A of human te-
lomeric sequences and with the

G of c-MYC. The results indicated
that the topology influences the

site of alkylation.
The most abundant dinucleo-

side adducts of BMVC-C3M were

then examined after screening
all possible dialkylated products

according to previous reports.[37]

The SICs of BMVC-C3M, signaling

the presence of the dinucleoside
adducts, are shown in Figure 3.

Two types of alkylation modes

were possible. BMVC-C3M
bridged two adenines (dA–C3M–

A, one 2’-deoxyribose of 2’- de-
oxyadenosine was eliminated)

(Figure 3 a) in the case of react-
ing with H26, and two guanines

(G–C3M–G, two 2’-deoxyribose

of alkylated 2’-deoxyguanosine
was eliminated) in reacting with

either H24 or c-MYC (Fig-
ure 3 b,c). The four individual
peaks in the given m/z assigned
to the G-nucleosides were
eluted at different times (4.73,

5.54, 6.00, and 6.10 min, respec-
tively), indicating that they origi-
nated from four different G alky-
lation sites. Moreover, the rela-
tively large amount of dialkylat-

ed adducts of c-MYC suggested that the formation of intra-

strand cross-linking adducts is rather easy compared with
other topologies of G-4 (Figure 3 c). In addition, bis-adducts
with both A and G were detected in the digestion of the alky-
lated mixture of BMVC-C3M with c-MYC (Figure S9).

Figure 2. ESI-MS spectrum of samples obtained by reacting BMVC-C3M (1 mm) with folded DNA a) H26, b) H24, or
c) c-MYC (1 mm) for 20 h. The insets show the expanded signals for [H26–C3M]7¢, [H24–C3M]7¢, or [c-MYC–C3M]8¢,
which are indicated by the dashed line to the corresponding peaks, respectively. Detected m/z signals related to
calculated m/z values are underlined.
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DNA footprinting analysis of alkylation sites

Given that the initial binding position of the alkylation probes
regulates the alkylation behavior, investigation of the precise

alkylation site on G-4 structures would provide insight into the
recognition region of BMVC-C3M at various G-4 DNAs. To de-

termine the alkylation sites on the various G-4 structures, we
examined the thermal-induced strand breaking of the alkylated

adducts under hot alkaline treatment. Hence, H26, H24, and c-

MYC were folded into one predominant G-4 structure in the
specified cation buffer. Increasing equivalences (0.5, 1, and 2)

of BMVC-C3M were then treated with 5’-FAM H26 and c-MYC
in K+- or H24 in Na+-containing buffers and transferred into

a hot piperidine solution. The hydrolyzed mixtures were re-
solved by using 20 % denaturing PAGE, and the results are
shown in Figure 4. Notably, the chemical stability of BMVC-

C3M–DNA adducts is quite different depending on the DNA
sequences. BMVC-C3M–H26 adducts are more resistant to
chemical hydrolysis, whereas both BMVC-C3M–H24 and BMVC-
C3M–c-MYC adducts are mostly hydrolyzed under hot alkaline

treatment. A detailed discussion of the alkylation sites and pro-
files is provided below.

We had been unable to determine whether Chl lacking a G-

4-directing binder would effectively alkylate G-4s; thus, Chl
was used in control experiments to monitor the hydrolyzed

adduct and identify the alkylated adduct. Footprinting analysis
of reactions with 5’-FAM H26 and 5’-FAM c-MYC in the pres-

ence of increasing concentrations of Chl and BMVC-C3M is
shown for comparison (Figure S10). Neither alkylated bands

nor hydrolyzed products were detected even at higher concen-

trations of Chl up to 100 mm in the case of H26 (Figure S10 a).
In contrast, in the presence of 1 mm BMVC-C3M, strong alkylat-

ed and hydrolyzed bands could be clearly observed (Lane 6). In
the case of c-MYC (Figure S10 b), at least 50 mm of Chl was re-

quired to produce the G2-alkylated band (Lane 4). When the
concentration of Chl was increased to 100 mm, the intensity of

the alkylated band was only one-tenth that displayed by the

addition of 1 mm of BMVC-C3M (Lanes 5 and 6). Given these re-
sults, BMVC-C3M showed much higher reactivity (ca. 1000-fold)

compared with Chl toward G-4 DNA, suggesting that the G-4-
targeting group BMVC is pivotal for the effective G-4 alkylating

reaction.

DNA footprinting analysis of 5’-FAM H26 (1 mm) treated with
BMVC-C3M (0.5, 1, and 2 mm) is shown in Figure 4 a. With in-

creasing number of equivalents of BMVC-C3M, only one major
cleavage product of BMVC-C3M-treated H26 (Lanes 3–5) and

the abasic site is presumably located at the N3 position of the
adenine (A)15, which was proven to be susceptible to thermal-

induced glycosidic bond cleavage.[33, 38] Given that alkylated ad-

ducts were not fully hydrolyzed, an enzymatic assay coupled
with gel electrophoresis was performed to further identify the
alkylation sites of the BMVC-C3M–H26 chemically stable
adduct (Figure 5).

The partial digestion of nonalkylated H26 was obtained by
treatment with low Exo I (0.001 U mL¢1) for 30 min (Figure 5,

Lane 2), and high Exo I (0.08 U mL¢1) was used to digest alkylat-

ed H26 (Lane 4). The alkylation site was identified by monitor-
ing of the pausing site. Given that alkylated products would

partially revert to the starting material after their purification
and enzymatic digestion, nonalkylated bands could still be de-

tected (Lanes 3–4). Partial digestion of nonalkylated H26-pro-
duced fragment ladders was performed, which could serve as

a reference for different lengths of digested products. Further-

more, because the ratio of the probe and DNA was 1:1, based
on the ESI-MS result, the upward shift of bands in the alkylated

sample would correlate well with the nonalkylated sample,
providing a direct indication of the alkylation sites. Two au-

thentic alkylation sites, G18 and A21, were thus identified in
the enzymatic digestion of BMVC-C3M–H26 alkylated adducts.

Figure 3. Selected-ion chromatograms (SICs) of the a) dA–C3M–A cross-link
in the digestion of alkylated mixture of BMVC-C3M with H26 in K+-contain-
ing buffer; b) G–C3M–G cross-link in the digestion of alkylated mixture of
BMVC-C3M with H24 in Na+-containing buffer; c) G–C3M–G cross-link in the
digestion of an alkylated mixture of BMVC-C3M with c-MYC in K+-containing
buffer.

Figure 4. DNA footprinting analysis of a) 5’-FAM H26 (1 mm) in K+-containing
buffer; b) 5’-FAM H24 (1 mm) in Na+-containing buffer; c) 5’-FAM c-MYC
(1 mm) in K+-containing buffer with BMVC-C3M (0.5, 1, and 2 mm). The reac-
tion products were directly hydrolyzed with hot piperidine and separated by
20 % denaturing PAGE. Lane 1: nonalkylated DNA was treated with dimethyl
sulfate; Lane 2: nonalkylated DNA was treated with formic acid and hot pi-
peridine to provide a reference for the G and G++A positions.
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Considering that the product of BMVC-C3M-treated DNA un-
dergoes hydrolysis during purification, the amount of purified

alkylated product was reduced. As a result, the alkylation site
at A15 was undetectable and more stable alkylation sites at

G18 and A21 were detected instead (Lane 4). Notably, the alky-

lation sites of BMVC-C3M were mainly located at the adenine
nucleobases, and not guanine, which possesses the highest in-

trinsic nucleophilicity among the four deoxyribonucleosides.[39]

These results suggest that adenine nucleobases might be

more accessible to the incoming electrophiles.
Footprinting analysis of 5’-FAM H24 (1 mm) treated with

BMVC-C3M is shown in Figure 4 b. Compared with the alkylat-

ed adducts of H26, the alkylated H24 adducts were mostly hy-
drolyzed in a hot alkaline solution. The abasic sites of BMVC-
C3M–H24 adducts were located at the Gs. G12 was the main
alkylation site (Lane 3) at the concentration. Upon increasing

concentration, additional G4- and G6-alkylated adducts were
observed (Lane 5). Compared with H26, H24 in Na+-containing

buffer tended to adopt an antiparallel G-4 structure with
a looser quartet network and relatively naked Gs, rendering
these Gs susceptible to attack by the electrophilic warhead.

Notably, the alkylation profile obtained from our chemical foot-
printing analysis of alkylated H24 is similar to that revealed by

the enzymatic footprinting analysis in the reaction of H22 with
Pt-quinacridine (Pt-MPQ), which displayed three main alkyla-

tion sites on G2, G10, and G22 in H22, corresponding to G4,

G12, and G24 in H24.[8a] G4 and G12 in H24 were detected in
the reaction with BMVC-C3M, whereas G24 was not found in

our study, implying that stacking of the BMVC moiety on the
antiparallel structure prevents the alkylation of G24.

As previously reported,[40] the sequences of G-4 are not only
expected to influence G-4 topologies but also the alkaline cat-

ions present in the solution. To evaluate whether cations influ-
ence the alkylation profiles of BMVC-C3M, footprinting analyses
of alkylated H26- and H24-adducts of reacting BMVC-C3M
were conducted by swapping the cations present in the two
sequences. The alkylation profiles of H26 in Na+-containing
buffer were similar to those of H24 in the same cation-contain-

ing buffer (G12 for BMVC-C3M, Figure S11 a). Notably, the refer-
ence marker from G17 to G24 (Lanes 1 and 2) became blurred
and the alkylated products were not fully hydrolyzed, indicat-

ing that other minor G-4 topologies complicate the appear-
ance of the bands. These results suggested that H26, with two

additional nucleotides, assumed one major topology similar to
that of H24, but was still capable of assuming other topolo-
gies. In the footprinting analysis of H24 in K+-containing
buffer, the reference marker became very difficult to identify,

rendering the determination of the alkylation sites infeasible

(Figure S11 b). Presumably, H24 adopted dynamic polymorphic
structures in the presence of K+ . These results confirmed that

the topologies and alkylation profiles are highly cation-depen-
dent.

The DNA footprinting analysis of c-MYC (1 mm) treated with
BMVC-C3M (0.5, 1, and 2 mm), shown in Figure 4 c, revealed

that G2 near the 5’-end of the c-MYC sequence is the primary

alkylation site at the various concentrations tested. Presumably,
the relatively exposed nucleophilic functionality of G2, which

does not participate in the hydrogen-bonding network, is sus-
ceptible to attack by the reactive electrophile.

Delineation of the specific alkylation sites in combination
with footprinting and LC-MS data

Based on the results of chemical and enzymatic footprinting,
and on LC-MS data, the recognition and alkylation profile of

BMVC-C3M toward G-4 topological structures can be delineat-

ed with precision. The major alkylated adducts detected by LC-
MS and the authentic alkylation sites determined by footprint-

ing analyses are summarized in Table 1 for convenient compar-
ison. In some cases, when the experimental data were not suf-

ficient to firmly underpin the intrastrand cross-linking sites, in
silico modeling was used to rationally extrapolate the possible
cross-linking site. The model assumed that when one reactive
group of the aniline mustard was alkylated by the first nucleo-

base, the mobility of another reactive warhead was restricted.
The nucleophilicity and accessibility of the nucleobases are not
the only factors that affect the reacted nucleobases in the di-
substituted reaction; the geometric orientation and spatial ar-
rangement are also critical elements that determine whether

the reacting partners form intrastrand cross-linked adducts. To
identify the dialkylation sites, the distance between candidate

nucleobases in the dialkylating reaction was measured accord-
ing to the folded G-4 structures stored at Protein Data Bank
[code 2JPZ (H26), 143D (H24), and 1XAV (c-MYC)] by using Dis-
covery Studio 4.0 Client (Figure S12). We hypothesized that the
major alkylation site would be the first alkylation in the dialky-

lation reaction. To minimize structural perturbation introduced
in the G-4 structure, the ideal distance between the two react-

Figure 5. Alkylation site analysis of 5’-FAM H26 (1 mm) in K+-containing
buffer with BMVC-C3M (1 mm). 3’-Exonuclease digestion of nonalkylated
(Lanes 1 and 2) and alkylated H26 (Lanes 3 and 4) were analyzed by 20 % de-
naturing PAGE. Enzyme units (mL): ¢ for 0; + for 0.001; and + + for 0.08.
Arrows indicate the upward shift of bands in the alkylated sample, which
provided a direct indication of the alkylated position. The hydrolysis band
below 9 was too faint to be detected and no alkylation site was found in
this region.
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ed nucleobases should be within 7.2 æ to match the maximum

stretch of the two reactive chloroethyl groups of Chl.[41]

In the alkylation reaction of BMVC-C3M with H26, the LC-MS

data revealed that A and G are responsible for the alkylation,
and the footprinting results confirmed that the plausible alky-

lation sites were located at A15, A21, and G18. These may be
the product of the monoalkylated or cross-linked dialkylated

adduct. The SICs of the LC-MS data provided a further clue

that BMVC-C3M bridged two adenines (dA–C3M–A), clearly
ruling out the possibility of G18 being involved in the cross-

linking reaction. Examination of hybrid-2-type topology adopt-

ed by H26 revealed that three adenines (A3, A15, and
A21) near the 5’-end are within a reasonable distance

to undergo the intramolecular cross-linking reactions
(Figure 6 a). Given that A15 was the major band that

emerged in the footprinting analysis, it is reasonable
to assume that A15 is the major monoalkylation site

as well as the first alkylation site of the intramolecular
cross-link. The second alkylation may occur either at

A3 or A21, which are within a suitable distance (3.6–

6.8 æ) to undergo the cross-linking reactions (Fig-
ure S12 a). However, only A21 and not A3 was ob-

served in the footprinting analysis. Thus, A21 appears
to be the plausible nucleobase to proceed toward

the second substituted reaction, yielding the A15–
C3M–A21 cross-link. In contrast, the reactivity of sty-
rene oxide towards all four deoxyribonucleosides de-

creased in the order: dG>dC>dA @ dT.[39] The nucle-
ophilicity of dA ranked 3rd among the four nucleo-

sides, and it exhibited greater susceptibility to nucle-
ophilic attack in our experiments. Presumably, the ac-

cessibility of the intrinsically more reactive Gs is
blocked by the hydrogen-bonding network of G-4

DNA in the hybrid-type topology, and thus alkylation occurring

at the loop adenine nucleobases is kinetically favored.[42] Simi-
lar results were also observed for NDI-oxirane and PDS-Chl

when a similar hybrid-type structure of G-4 but a different
DNA sequence was used.[9d, 13] With the alkylation sites deter-

mined precisely, the binding of BMVC-C3M to H26 can be de-
picted. BMVC-C3M seems to stack preferentially on the 5’-side

of the external quartets, allowing the alkylation reactions with

the surrounding nucleobases to occur (Figure 6 a). Given that
A3 is located above the proposed binding position and gained

additional stacking stabilization on BMVC-C3M, its spatial ar-

Table 1. Summary of major monoalkylated and dialkylated adducts detected by foot-
printing and SICs of LC-MS analysis.

H26
(Hybrid-2)

H24
(Antiparallel)

c-MYC
(Parallel)

Alkylation efficiency [%] 35 45 nd[a]

LC-MS results[b]

Monoalkylation A(1)
G(2)

A(1)
G(2)[c]

G

Intrastrand
cross-link

A–A G–G(1)
A–A(2)

G–G(1)
A–G(2)

Footprinting results[d] Alkylation sites A15/G18/A21[e] G4/G6/G12 G2
Comprehensive results Intrastrand

cross-inking sites
A15–A21 G4–G12(1)

A3–A15(2)
G2–G4
G2–G17(1)
G2–A3(2)

[a] No yield is given for c-MYC because of the instability of the alkylation adduct (nd:
not determined). [b] The difference in relative abundance by LC-MS was less than 10-
fold; thus, the major and minor adducts are indicated as 1 or 2 in parentheses, respec-
tively. [c] A-alkylated (area: 6.9 Õ 105) and G-alkylated adducts (area: 4.0 Õ 105) were ob-
served with the same order of magnitude. [d] Bold letters correspond to major alkyla-
tion sites. The other minor alkylation sites are indicated in regular font. [e] Chemical
and enzymatic footprinting results are listed. A15 was determined by chemical foot-
printing; G18 and A21 were determined by enzymatic footprinting.

Figure 6. Major G-4 topological structures of human telomere a) H26 in K+-, b) H24 in Na+-, and oncogene promoter c) c-MYC in K+-containing buffers. Alky-
lation sites determined by footprinting analysis are highlighted in green and labeled in red. Primary alkylated nucleobases are indicated by ball-and-stick
atoms (dark: carbon, blue: nitrogen, red: oxygen, and gray: hydrogen). Other plausible alkylated nucleobases are labeled in black. Backbone and the other
nucleobases are shown in gray. Plausible binding position of the BMVC moiety on BMVC-C3M (purple) is shown as stick atoms.
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rangement might prohibit the alkylation. This experimental ob-
servation is in accordance with the end-binding model of

BMVC towards telomeric G-4 DNA, which was suggested by
the results of a previous molecular simulation.[15]

In the alkylation reaction of BMVC-C3M with H24, which
adopted an antiparallel topology under the experimental con-

ditions, only G-alkylation sites at G4 (minor), G6 (minor), and
G12 (major) were observed by chemical footprinting analyses,
whereas the A and G sites were the primary and secondary al-

kylation sites, respectively, according to the LC-MS data. The
apparent discrepancy might be ascribed to the greater stability

of the A-alkylated adducts compared with the G-alkylated ad-
ducts under chemical hydrolysis, causing only G-alkylated ad-

ducts to be detected in the footprinting experiment. Two intra-
strand cross-linking adducts of BMVC-C3M, G–C3M–G (major)

and A–C3M–A (minor), were detected in SIC monitoring. Given
that G12 is the primary alkylation site, only Gs within 7.2 æ of
G12 can react with G12 to form a cross-link adduct. Examina-
tion of the topology of H24 revealed that G12 is flanked by G4
and G24, located on the same quartet plane. G12–G4 and

G12–G24 were thus candidate cross-link adducts ; however,
only G4 was observed in the footprinting analysis, ruling out

the formation of G12–G24. In addition, G4 with a suitable spa-

tial arrangement (2.8–5.6 æ) readily proceeded to the second
substituted reaction to give the G4–C3M–G12 cross-link after

alkylation at G12 (Figure S12b). Although no abasic sites on A
were detected in the footprinting analysis, A3 and A15 (located

near the upper G-quartet plane) were within reacting distance
as estimated by in silico modeling, and these were speculated

to form the cross-linked adduct A3–C3M–A15 (Figure S12 c).

The alkylation profile suggested that BMVC-C3M tends to stack
over two adjacent guanines (G16 and G24) on the upper quar-

tet near the diagonal loop of the 5’-end (Figure 6 b), which
might mask the alkylating ability of G16 and G24, and thus

allow G4 and G12 to be alkylated effectively.
In the reaction of BMVC-C3M with c-MYC, the LC-MS data

showed that the major monoalkylated adduct is at the G site;

G2 was the only G site observed upon footprinting. Given this
information, the major alkylation site was assigned to G2 of

the 5’-flanking region of the parallel c-MYC (Figure 6 c). Fur-
thermore, dA–C3M–G and G–C3M–G dinucleoside remnants

were detected after analyzing the nuclease-digested products,
and G–C3M–G was present at a higher relative abundance. The

recent NMR structure of a 2:1 complex between monosubsti-

tuted quindoline and the parallel c-MYC quadruplex indicated
that both 5’- and 3’-sides of the external quartets were accessi-

ble and able to accommodate the bound molecule.[43] Accord-
ing to the end-binding model described above, the BMVC

moiety of BMVC-C3M stacked over two adjacent guanines (G8
and G13) on the 5’-side of the external quartets, rendering the

alkylating warhead prone to covalent trapping by the proximal

G2. Another reactive warhead on G2-substituted BMVC-C3M
was allowed to approach the four possible Gs, including G4,

G8, G13, and G17, on the 5’-side of the external quartets to
achieve a G–G cross-link. In silico modeling showed that only

G4 and G17 were within 7.2 æ of G2 and are not involved in
stacking of the BMVC moiety. Thus, the major intrastrand

cross-link might be G2–C3M–G4 and G2–C3M–G17 for the G–G
cross-link, yielding 4.3–7.1 and 4.6–6.7 æ linkages (Figure S12d).

We also examined candidate As (A3, A12, A21, and A22) on c-
MYC to identify which is involved in forming the minor dinu-

cleoside remnant A–C3M–G (Figure S12 e). However, the bridge
lengths between all four adenines and G2 were longer than

7.2 æ. Of these, the shortest bridge was between A3 and G2
(7.9 æ), suggesting that A3 might be the partner to undergo

the second substitution, yielding the A–C3M–G cross-link.

Given that A3 is located on the highly flexible 5’-flanking
region, the longer bridge length (>7.2 æ) between G2 and A3

indicates that adjustment of the 5’-flanking region of the paral-
lel c-MYC was required to achieve the A3–C3M–G2 cross-link.

Notably, both dA–C3M–G (minor) and G–C3M–G (major) dinu-
cleoside remnants were detected in the digested products of
BMVC-C3M treated with c-MYC, which displayed different alky-

lation site selectivity from the PDS-Chl treated with c-MYC. We
reason that different G-4-directing groups might reside at dif-

ferent locations at c-MYC, and thus disposed the alkylation
warhead towards different reaction zones.

Conclusion

We have designed and synthesized a new G-4 alkylator,
namely BMVC-C3M, featuring a bifunctional alkylating warhead

and fluorescent G-4-specific binder with a suitable linker

length. Our results indicate that this probe can alkylate G-4
DNAs with good reactivity and high specificity. Analysis of the

intact alkylation adducts by ESI-MS revealed the stepwise DNA
alkylation mechanism of aniline mustard for the first time.

Based on the results of footprinting analysis in combination
with mass spectroscopic techniques and in silico modeling, the
monoalkylation sites and intrastrand cross-linked sites were de-

termined and found to be dependent on G-4 topology. The al-
kylation profile observed for each G-4 topological structure is

the overall results of the specific recognition of BMVC-C3M to-
wards each G-4 structure as well as the nucleophilicity, accessi-
bility, geometric orientation, and the spatial arrangement of
the nucleobases in the vicinity of the warhead after the recog-
nition. Collectively speaking, our probe could provide a credible

tool for the structural and functional characterization of the
prevalence of G-4 DNAs in biological systems. Furthermore,
this versatile G-4-selective alkylator with fluorescent readout
will be used to explore putative quadruplex sequences by ge-
nomic DNA profiling.

Experimental Section

DNA preparation

DNA oligonucleotides used in the experiments were H24 (5’-TTA
GGG TTA GGG TTA GGG TTA GGG-3’), H26 (5’-TTA GGG TTA GGG
TTA GGG TTA GGG TT-3’), c-MYC (5’-TGA GGG TGG GTA GGG TGG
GTA A-3’), scrambled R26 (5’-TGG GAT TGT GTG AAG TTG GTG AGT
TG-3’), and dsH26 (5’-TTA GGG TTA GGG TTA GGG TTA GGG TT and
the complementary sequence AA CCC TAA CCC TAA CCC TAA CCC
TAA-3’). Oligonucleotides and derivatives labeled at the 5’-end with
fluorescent 6-carboxyfluorescein (FAM) were all purchased from Bio
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Basic Canada Inc. and used without further purification. They were
dissolved in 10 mm Tris-HCl (pH 7.4) buffer in the presence of
150 mm NaCl or KCl. All DNAs were annealed by heating at 95 8C
for 5 min, gradually cooled to RT, and then incubated at 4 8C over-
night before use. Double-stranded DNAs (dsDNA) were annealed
by using the prepared DNA solution with an equal amount of the
complementary oligonucleotide by the same heating-cooling tem-
perature program used for the preparation of DNA mentioned
above.

CD and melting point measurements

CD spectra of the oligonucleotides were collected with a Jasco J-
715 spectropolarimeter (Jasco, Japan). A quartz cuvette with 1 cm
optical path length was used to obtain spectra, which were record-
ed from 210 to 350 nm at 2 nm bandwidth and an instrument
scanning speed of 50 nm min¢1 with 8 s response time. The meas-
urements were the averages of two repetitions recorded at RT.
Spectra were baseline-corrected and the signal contributions of
the buffer were subtracted. Melting points (Tm) of H26 and c-MYC
were measured by monitoring the CD signal at 265 nm, which is
a characteristic peak of the quadruplex, in the absence and pres-
ence of compounds at the indicated ratios. The temperature was
elevated gradually from 10 to 95 8C at a rate of 1.0 8C min¢1.

DNA alkylation, denaturing polyacrylamide gel electropho-
resis, and gel visualization

DNA alkylation experiments were generally conducted at 37 8C for
the given time, and were terminated by the addition of 2-mercap-
toethanol (10 mL), and left for an additional 3 min. To the reaction
mixture was then added Herring sperm DNA (1 mL) (Invitrogen),
and precipitation was induced by the addition of cold ethanol. Pre-
cipitated DNA was then dissolved in gel loading buffer II (Ambion),
denatured at 90 8C for 5 min, and immediately resolved in 20 %
polyacrylamide 7 m urea sequencing gel run at 1500 V constant
Voltage for 3 h. The resulting gels were excited at 488 nm and the
fluorescence of FAM was detected with a Typhoon 9400 (GE
Healthcare, America) imager. The fluorescence intensity signals
were further processed by using ImageQuant 5.2 software. The al-
kylation yield was calculated from the integral area of the alkylated
bands divided by the total integral area of the alkylated bands and
the nonalkylated band. The reported values, which are given as
percentages, are the mean of at least three runs.

Competition experiments using different molar ratios of
cold competitors

5’-FAM labeled H26 (1 mm) and BMVC-C3M (2 mm) were mixed with
various concentrations of respective cold DNA competitors includ-
ing H26, scrambled ssR26, and dsH26 to give the molar ratios of
competitor/labeled H26 as 0.5, 1, 2, 5, and 10. After incubation at
37 8C for 20 h, standard workup, gel running conditions and visuali-
zation described above in the general method were used to obtain
the gel images. The relative yield assuming the adduct formation
in the absence of competitor as 100 % in each experiment, is re-
ported. The reported values, which are given as percentages, are
the mean of at least three runs.

Mass spectroscopic analysis of BMVC-C3M/DNA adduct

Either 1 mm H26, H24, or c-MYC was reacted with 1 mm BMVC-C3M
at 37 8C for 20 h. The respective solution was exchanged by ultrafil-
tration to 150 mm ammonium acetate (pH 7.0) and concentrated

to 30 mm followed by the addition of 10 % volume of 2-propanol. A
linear ion trap-orbitrap mass spectrometer (Orbitrap Elite, Thermo
Fisher Scientific, Bremen, Germany) equipped with a home-built
nanoflow source was used to provide the mass spectra of alkyla-
tion adducts. Infusion with the injected gradient of 80 % acetoni-
trile and 20 % 150 mm ammonium acetate (pH 7.0) was loaded
into quartz emitters pulled in house, which were held at an ioniza-
tion voltage of ca. 1.5 kV and a capillary temperature of 150 8C.

Nuclease digestion and LC-MS monitoring of alkylated ad-
ducts

The reacted mixtures (50 mL, 20 ng mL¢1) were digested for 12 h ac-
cording to a reported protocol.[36] The enzymes were removed by
chloroform extraction at the end of enzymatic digestion. The re-
sulting aqueous layers were dried, reconstituted in doubly distilled
water, and analyzed by LC-MS. A linear ion trap-orbitrap mass
spectrometer (Orbitrap Elite, Thermo Fisher Scientific, Bremen, Ger-
many) coupled online with a UHPLC system (ACQUITY UPLC,
Waters, Millford, MA) was used. The hydrolyzed residuals were sep-
arated by using a BEH-C18 column (Waters). The column tempera-
ture was maintained at 45 8C. Eluting buffers were Buffer A (2 %
acetonitrile and 0.1 % formic acid in ddH2O) and Buffer B (0.1 %
formic acid in acetonitrile) using gradients of 0 min (0.5 % B), 1 min
(1 % B), 4 min (4 % B), 10 min (95 % B). The mass spectrometer was
operated in the positive ion mode and set to one full FT-MS scan
(m/z 200–1200) with 60,000 resolution.

Determination of the alkylation sites by treatment with pi-
peridine

BMVC-C3M (0.5, 1, and 2 mm) was incubated with 5’-FAM labeled
DNA (1 mm) in K+- or Na+-containing buffers for 20 h at 37 8C, re-
spectively. Alkylation was terminated by the addition of 2-mercap-
toethanol (10 mL) and the mixture was left for an additional 3 min.
Maxam-Gilbert dG and dG + dA sequencing conditions were ap-
plied to provide the reference for the fragment migration. Dimeth-
yl sulfate (DMS) (dG lane reference): the nonalkylated DNA was dis-
solved in 4 mL of DMS for 10 s at 37 8C, and terminated by the ad-
dition of 2-mercaptoethanol (10 mL). Formic acid (dG + dA lane ref-
erence): the nonalkylated DNA was dissolved in 50 mL formic acid
for 3 min at 37 8C. Herring sperm DNA (1 mL) (Invitrogen) was then
added. After ethanol precipitation, the resulting residues were di-
rectly incubated with 50 mL of 0.7 m piperidine at 90 8C for 25 min,
which induced cleavage at the depurinated sites. After evaporation
of piperidine, the gel running conditions and visualization de-
scribed above in the general method were used to obtain the gel
images.

Determination of the alkylation sites by 3’-exonuclease di-
gestion

Nonalkylated H26 and alkylated adducts were first resolved by
20 % polyacrylamide 7 m urea gel, then the band of interest was vi-
sualized by UV shadowing, excised, and extracted by using the
crush-and-soak method. The eluted solutions were then concen-
trated by using an Amicon Ultra 0.5 mL 3 kDa centrifugal filter. The
resulting alkylated H26 were incubated in 10 mm Tris-HCl buffer
(pH 8.0) containing 2 mm MgCl2 and 0.5 mg mL¢1 transfer RNA with
the 3’-exonuclease phosphodiesterase I from Crotalus adamanteus
venom (sigma) at 0.08 U mL¢1 for 30 min at 37 8C. The partial diges-
tion of nonalkylated H26 was incubated with 0.001 U mL¢1. The di-
gested fragments were subjected to the gel running conditions
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and visualization described above in the general method to obtain
the gel images.
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