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ABSTRACT. The stable trioxatriangulenium ion (TOTA) has previously been shown to bind to and
photooxidize duplex DNA, leading to cleavage at G residues, particula®@G3 repeats. Telomeric

DNA consists of G-rich sequences that may exist in either duplex or G-quadruplex forms. We have
employed electrospray ionization mass spectrometry (ESI-MS) to investigate the interactions between
TOTA and duplex DNA or G-quadruplex DNA. A variety of duplex decamer oligodeoxynucleotides form
complexes with TOTA that can be detected by ESI-MS, and the stoichiometry and fragmentation patterns
observed are commensurate with an intercalative binding mode. TOTA also forms complexes with four-
stranded and hairpin-dimer G-quadruplex oligodeoxynucleotides that can be detected by ESI-MS. Both
the stoichiometry and the fragmentation patterns observed by ESI-MS are different than those observed
for G-tetrad end-stacking binding ligands. We have carried'BulNMR titrations of a four-stranded
G-quadruplex in the presence of TOTA. Addition of up to 1 equiv of TOTA is accompanied by pronounced
upfield shifts of the G-tetrad imino proton resonances in the NMR, which is similar to the effect observed
for G-tetrad end-stacking ligands. At higher ratios of added TOTA, there is evidence for additional binding
modes. Duplex DNA containing either human telomeric repeat&@g). or the Tetrahymendelomeric

repeats (1G,)4 are readily photooxidized by TOTA, the major sites of oxidation being the central guanine
residues in each telomeric repeat. These telomeric repeats were incorporated into duplex/quadruplex
chimeras in which the repeats adopt a G-quadruplex structure. Analysis by denaturing polyacrylamide
gel electrophoresis reveals significantly less TOTA photocleavage of these quadruplex telomeric repeats
when compared to the duplex repeats.

Oxidative damage to DNA may involve long-range charge It has been proposed that G-rich regions of DNA may
transport, such that the ultimate DNA lesion can be far serve as cathodic protection for intervening DNA sequences;
removed from the original oxidantL{-3). The facility of for example, in humans the intron regions are rich in
charge transport through duplex DNA may be modulated guanosine, and these regions possibly protect the exons from
through structural changes that affect DNA base stacking oxidative damagel). Telomeres are the structures present
(4). Guanine is the DNA base that is most easily oxidized, at the end of chromosomes and are composed of tandem
and within duplex DNA adjacent deoxyguanosines are evenrepeats of short, G-rich DNA sequencds)( It is known
more readily oxidized than base-paired deoxyguanosinethat these structures are essential for chromosome stability
residues flanked by other nucleotidé&. (The radical cation  and the complete replication of the chromosomal terminus
that is generated upon G-residue oxidation in duplex DNA for each cell cycle14). Since telomeric regions are also rich
leads to base-labile sites that can be readily detected byin guanosine, they may also play a role in protecting the
treatment of the DNA with hot piperidine, resulting in DNA genome from oxidative damag#5).
strand cleavages]. The ease with which a given guanosine  G-rich DNA sequences can adopt unusual structures, in
within a run of G-residues in duplex DNA is cleaved as a which Hoogsteen hydrogen bonded G-tetrads stack upon each
result of oxidation is a function of a flanking sequen@g ( other to form four-stranded assemblies called G-quadruplex
Thus far, only limited studies on the effect of higher-order DNA (16). Telomeric DNA (L3, 17, 18) and other G-rich
DNA structure on electron transport and guanosine oxidative DNA sequences 10) have been proposed to form G-
cleavage have been reported-(1). quadruplex DNA structures or other higher-order DNA
structuresZ0). However, the role of the structure of telomeric
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Table 1: DNA Sequences Used in This Paper

TG 5-GCTGCGTCCAACTATGTATAC-(EG4)4sTT-AGCGGCACGCAATTGCTATAGTGAGTCGTATTA-3
TAG 5-GCTGCGTCCAACTATGTATAC-(LAG:)4sTT- AGCGGCACGCAATTGCTATAGTGAGTCGTATTA-3
T6 5-TAATACGACTCACTATAGCAATTGCGTGCCGCT-§-GTATACATAGTTGGACGCAGC-3

CTA 5'-TAATACGACTCACTATAGCAATTGCGTGCCGCT-AA(GTA,)--GTATACATAGTTGGACGCAGC-3
CA 5'-TAATACGACTCACTATAGCAATTGCGTGCCGCT-AA(CA,)+-GTATACATAGTTGGACGCAGC-3
G3 5-TTAGGGTTAGGGTTAGGGTTAGGG-3

G4 5-TTGGGGTTGGGGTTGGGGTTGGGG-3

D12 5-CGCGAATTCGCG-3

D10A1 5-GCGCATGCGC-3

D10A2 5-GCGATATCGC-3

D10A3 5-GCATATATCG-3

G5 5-TTGGGGGT-3

G2 5-TTAGGGTTAGGG-3

G1 5-TAGGGTTA-3

Table 2: Summary of CAD Results

duplex/TOTA complexes duplex/TOTA complexes quadruplex/TOTA complexes
(-4 (=5, —6) (=6, —7y
major fragmentation pathway base lbss strand separatién strand separatién
moderate fragmentation pathway strand separation N/A fragmentation of ss backbohe
minor fragmentation pathway fragmentation of ss backbone N/A base loss{GH)

2Values in parentheses indicate charge st&tbwlicates loss of nucleobase(s) from parent comgl&azipping of duplex or quadruplex to
produce single strand (ss) ODNsProduction ofw and @ — B) ions.

5'-Gs in B-GG-3 dinucleotide steps after piperidine heat be gently lifted to the gas phase while maintaining many of
treatment, and the equal photochemical cleavage efficiencythe binding interactions. The preservation of these non-

in H,O and DO, have been cited as evidence for the
formation of guanine radical cations by electron transfer from
DNA to photoexcited TOTA Z4). Subsequently, Schuster
and co-workers reported the X-ray structure of TOTA
intercalated into duplex DNA and confirmed the ability of
the photochemically excited TOTA to undergo electron
transfer leading to guanine radical catio@8)( The ability

of TOTA to photooxidize duplex DNA, and its structural
similarity to known polycyclic quadruplex DNA binding
agents 26), led to the current investigation of the interaction
of this stable cation with duplex and quadruplex DNA

covalent complexes allows information about binding stoi-
chiometry and selectivity to be elucidated from the mass
spectra. Additionally, collisional activated dissociation (CAD)
(29) experiments can be performed on selected complexes
to evaluate their stabilities and binding modes as a function
of characteristic fragmentation patter&9(33).

The majority of past ESI-MS studies of DNA/drug
complexes have examined the binding of well-studied
duplex-interactive drugs, including the minor groove bind-
ing distamycins and intercalating anthracyclin@g, (28).
There is significant evidence from these studies that the

structures. DNA binding and photocleavage by TOTA is behavior of the complexes in the gas-phase can be correlated
revealed by PAGE, UV/vis spectrophotometit, NMR, and to that of solution 84). Recently, studies by our group and
electrospray ionization mass spectrometry (ESI-MS). The others have extended the use of ESI-MS to investigate
investigation of the ability of duplex and quadruplex DNA complexes formed between G-quadruplex DNA and drug

to undergo photochemical oxidation by TOTA may shed light
on the effect of higher order telomeric DNA structures on

molecules 85—39).
Here, we investigate the complexation and photooxidation

the potential cathodic protection afforded by these sequencesof duplex and G-quadruplex DNA with TOTA. ESI-MS is

used to probe the selectivity and binding mode of TOTA
with duplex and quadruplex DNA. Although TOTA does not
display any selectivity for binding to duplex versus quadru-
plex DNA, the photochemical cleavage of these two DNA
structures by TOTA is remarkably different. We show that
5'-GGG-3 triads and 5GGGG-3 tetrads in duplex DNA
consisting of telomeric ZAG; or T,G,4 repeats are prefer-
entially photocleaved with a characteristic pattern, in agree-

ESI-MS has emerged as a useful technique to examinement with previous observations of guanine radical cation
interactions between small molecules and nucleic acids as drapping. The pattern and extent of photocleavage, however,

result of its low sample consumption and fast analysis time,

changes when these’-6GG-3 triads and 5GGGG-3

making it adaptable to high throughput screening techniquestetrads form G-quadruplex structures.

(27, 28). ESI allows noncovalent complexes in solution to

! Abbreviations: CAD, collisional activated dissociation; DMS,
dimethyl sulfate; ESI-MS, electrospray ionization mass spectrometry;
ODN, oligodeoxynucleotide; PAGE, polyacrylamide gel electrophoresis;
Tris, N,N,N-tris(hydroxymethyl)aminomethane; TOTA, trioxatriangu-
lenium ion.

EXPERIMENTAL PROCEDURES

OligonucleotidesSTAG, TG, T6, CTA, CA, G3, G4, and
D12 (Table 1) were synthesized in-house on an automated
DNA synthesizer using standard phosphoramidite coupling
and purified by denaturing polyacrylamide gel electrophore-
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sis. Ammonium salts of self-complementary oligonucleotides (T,AG),
D10A1, D10A2, and D10A3 (Table 1) and G-quadruplex Té6 ]. or
forming oligonucleotidesG2 and G5 (Table 1) were 100 mM KCI (T:Gy)q 3
purchased from TriLink Biotechnologies Inc. (San Diego, e 5
CA) and custom synthesized on the Lol scale with #57s
purification by reversed-phase HPLC. The perchlorate salt sion TG 3 e G
of TOTA (23) was a gift from Karickal Gopidas (CSIR, s
Trivandrum, India). e [(TAAGy), * (C;TA,),]
Preparation off?P-Radiolabeled Duplex and Quadruplex or
OligonucleotidesThe DNA strandsTAG andTG were 3- [(T2Ge° (CeAz)
labeled with {-32P]-ATP (Amersham) using T4 poly- ﬂ*s:—mm -3
nucleotide kinase (New England Biolabs). For G-quadruplex CTA or CT o Duplex (D) r

constructs, these labeled DNA strands were denatured by .
being heated to 95C for 5 min in a buffer consisting of 10 ~ FIGURE 1. Structures of Slabeled duplex telomeric DNA (D,

mM Tris HCI (pH 8.0) and 100 mM KCI. The samples were ?uorggnalgé ?E'tmhgivgﬁflex'quadmplex telomeric (DQ, top) struc-
then allowed to cool slowly to room temperature, then kept

at 4°C overnight. The complementary stranbs( 3-fold at 40 and 10 arbitrary units, respectively, were used to aid
molar excess) was then added, and the mixture was incubategl, qesolvation. Each spectrum was acquired using an
at 55 °C for 1 h and allowed to cool slowly to room jonization time of 108-250 ms, and an acquisition of 300
temperature. For duplex substrates, labeled G-rich DNA gcqng was averaged. The base pressure of the trap was set at
strands TAG or TG) were mixed with the complementary 3 . 105 Torr. Collisional activated dissociation (CAD)
strands CTA or CA, 3-fold molar excess) at 95C for 5 experiments were performed on selected DNA/TOTA com-

min in the Tris-KCl buffer. The samples were allowed 0 exes by isolating the desired precursor ion in the trap using
cool to room temperature overnight. All DNA substrates were oconance ejection, followed by increasing the collision

further purified by 8% nondenaturing PAGE and subse- energy applied to the trap to produce fragmentation.

quently stored at 4C in Tris-KClI buffer. DMS footprinting UV/Vis Spectroscopythe buffer used for this study was
of the G-quadruplex and duplex substrates was carried out10 mM sodium phosphate (pH 7) containing 100 mM KCl
to confirm the formation of the indicated DNA structures, The DNA concentration for all the samples wag!d. Al

both in the presence and in the absence of added TOTAthe DNA samples were dissolved in sodium phosphate buffer

(Supporting Information). (10 i
. . . mM, pH 7) containing 100 mM KCI. Samples were
DNA Photocleaage ReactionsReaction mixtures (0L heated to 95C for 5 min, cooled to room temperature, and

total volume) containing 'Slabeled DNA substrate (30 000 ke o ; ;
pt at 4°C overnight. DNA samples were then incubated
cpm,~300 fmol), 10uM TOTA perchlorate, and 100 mM with 10 uM TOTA perchlorate, and the spectra were

.KCI _in 50 mM sodium phosphz_ite bufer (pH 7.0) were recorded on a Cary 100 spectrophotometer in-3380 nm
irradiated at room temperature in an LZC-4 photo reactor range

(Luzchem) equipped with UVA lamps (350 nm) for 30 min. NMR SpectroscopyODN G1 was synthesized in-house

Immediately after irradiation, the reaction mixtures were on an automated DNA svnthesizer usina standard phos-
treated with stop buffer consisting of 0.1 M thiourea, 0.3 M . . yntn g P
phoramidite coupling and purified by reversed-phase HPLC.

sodium acetate (pH 5.2), and k@ of tRNA. The samples L : A o
: L After dialysis against deionized water and lyophilization, the
were then subjected to ethanol precipitation. After the DNA G1 sample was dissolved (3.23 mM strand) in 90%0OH

was pelleted, samples were washed with 70% ethanol and,” L .
dried. These samples were then subjected to piperidine hea}ggg %;ecg?]?'?'r;?MlggTrRM( EC;) ir?dnr]]gatggt?s"sé%m
treatment (1 M piperidine, 90C, 15 min). The cleaved phosp ' P

products were finally resolved on 12% denaturing PAGE ];ggrSnTé':ﬁngg’r\ler‘j'/cg;JtA'%nhvvt%nglrlr?]vvtii tou(;%%s”oev)\("éﬁ A
and visualized and quantified using a phosphorimager. b q P

! L
Mass Spectometngoluons conaning he quachupexc SS°0 [N SPEcieLEre econiet S0 I
forming ODNs G5 and G2) were prepared in 150 mM jump P d PP

ammonium acetate and annealed by being heated f6€90 (40) with a relaxation delay of 2 s. These spectra indicated
. y 9 . the ODN had formed a parallel-strand G-quadruplex struc-
and slowly cooling to room temperature during a period of . . L
. ture, as evidenced by the diagnostic imino proton resonances
7—8 h. The self-complementary duplex-forming ODNs . . X X
. at 10-12 ppm. This sample was then titrated with a solution
(D10A1, D10A2, andD10A3) were annealed in a 250 mM of TOTA perchlorate in DMSO (60 mM), anéH NMR
ammonium acetate solution by being heated ta>G@0and P o
. . . spectra were recorded after each addition.
slowly cooling to room temperature during a period ef2
h. Analytical solutions were prepared containing the qua- pegyLTS
druplex or duplex DNA and TOTA perchlorate, each at equal
10 uM concentrations in 3:1 25 mM ammonium acetate/  Table 1 shows the sequences of the various oligodeoxy-
methanol. The solutions were directly infused into a Ther- nucleotide (ODN) sequences used in this work. We have
moFinnigan LCQ Duo mass spectrometer (San Jose, CA)previously demonstrated that theénd-labeled ODNSAG
using a Harvard syringe pump (Holliston, MA) set a3y and TG can each be hybridized to the unlabled oligomer
min. The ESI source was operated in the negative ion modeT6 in 100 mM KCl-containing buffer to form stable chimeras
with an electrospray voltage of 3.5 kV and a heated capillary consisting of a duplex structure with a G-quadruplex structure
temperature of 90C. Nitrogen sheath and auxiliary gas set near the center of the duplex (Figure 2)YY. Gel mobility
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Ficure 2: Phosphorimage of the DNA photocleavage product for

the top strands of the TAG and TG duplex (D) and quadruplex D

(DQ) substrates in the presence of 48 TOTA, 100 mM KCI

phosphate buffer pH 7.0, after irradiation (350 hm, 30 min). Lanes

2,4, 6, and 8 are DNA photocleavage mixtures following piperidine 57"-GGGGTTGGGGTTGGGGTTGGGGTTAGCG =37
heat treatment. Lanes 1, 3, 5, and 7 are DNA photocleavage
mixtures without subsequent piperidine heat treatment. Lanes AG TG (DQ)
and G are Maxam and Gilbert sequencing lanes.

shifts and DMS footprinting demonstrate that the human
telomere repeat sequencgAG; (in the case ofTAG«T6)

or theTetrahymeneteIome_re repeat sequenceCk, (in the Ficure 3: Histogram of the denaturing polyacrylamide gel shown
case offGeT6) in these chimeras form quadruplex structures iy Figure 2. (a) Lane 2, the duplex form of theAlG; repeat. (b)
(ref 41 and Supporting Information). In both cases, the Lane 4, the quadruplex form of theAG; repeat. (c) Lane 6, the
bottomT6 strand contains six unpaired T-residues that bridge duplex form of the 3G, repeat. (d) Lane 8, the quadruplex form
the G-quadruplex region. DMS footprinting of these two ©f the TG4 repeat.

chimeras carried out in the presence of TOTA demonstrates

that the TAG; and T,G,4 repeats remain in a quadruplex form with cleavage occurring primarily at G-residues. Control
(Supporting Information). One advantage of this type of reactions indicate that neither light nor TOTA alone causes
construct is that one can study DNA cleavage chemistry of appreciable DNA strand scission, either before or after
both duplex and G-quadruplex DNA structures within the piperidine heat treatment (Supporting Information). The
same substratetl). However, to study the photochemical extent of photochemical DNA cleavage by TOTA is not
cleavage of these telomeric repeats in a duplex DNA context, uniform. In the duplex substrate containing the human

388238388
E

we carried out the hybridization of &nd-labeledTAG or telomeric repeat JAGg, the central guanosine in theAG;
TG with their complementary strand§;TA or CA, respec- repeat is cleaved preferentially. This is more evident in Figure
tively (Figure 1). 3A, which shows the quantification of the DNA cleavage of

Evaluation of Photochemical Cleage.The 3-end labeled lane 2 in Figure 2. The photochemical oxidation 6fB5G-
chimeric duplex/quadruplex and the duplex substrates (Figure3' repeats is reported to be dependent on the flanking
1) were irradiated in a photochemical reactor with UVA light sequencel, 42). Previous studies of the photochemical
(~350 nm) for 30 min in the presence of 1M TOTA. oxidation of duplex FAG; repeats with riboflavin also
Denaturing polyacrylamide gel electrophoresis of the DNA demonstrated preferential cleavage of the central guanosine
products before and after piperidine heat treatment (Figureresidue {b). The TOTA photochemical cleavage of the
2) demonstrates that TOTA produces significant photochemi- duplex DNA substrate containing tietrahymenaelomeric
cal cleavage of the DNA only after piperidine heat treatment, repeat TG, results in slight preferential cleavage of the
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0.30 vis spectra of TOTA in the 318380 nm region undergoes
a hypochromic effect and slight bathochromic shift in the
presence of th®12 duplex, in accord with previous results
employing calf thymus DNA Z5). Both the G3 and G4
quadruplex structures also induce a hypochromic effect on
the TOTA spectrum, and the bathochromic shift in the
presence of these quadruplex structures is more pronounced
than that produced in the presence of the duplex DNA. These
results are also in accord with equilibrium dialysis binding
studies that demonstrate TOTA binds to duplex DNA, as well
as to other DNA structures such as triplex and parallel-
310 320 330 340 350 360 370 380 stranded G-quadruplex DNA29).

To gain more insight into the DNA binding characteristics
of TOTA, we employed ESI-MS techniques. Past studies

Ficure 4: UV/vis absorption spectra of TOTA (M) in 10 mM _ i dicti ichi
sodium phosphate buffer (pH 7) containing 100 mM KCI alone have proven ESI-MS to be successful in distinguishing drugs

(TOTA) or in the presence of M duplex d(CGCGAATTCGCG) that select?vely bind to _either (_juplex or quadru_plex DNA
(D12), quadruplex d(TTAGGGTTAGGGTTAGGGTTAGGG) (G3),  (36). For this study, a series of side-by-side experiments were
or quadruplex d(TTGGGGTTGGGGTTGGGGTTGGGG) (G4).  undertaken in which solutions with equimolar concentrations

of TOTA and either the duplex or quadruplex DNA were

central two guanosine residues of tHeB5GG-3 sequence  prepared and evaluated by ESI-MS using identical solution
(Figure 3C). and instrument conditions. For the experiments involving

TOTA-induced photochemical cleavage of the two chi- TOTA binding to duplex oligodeoxynucleotides (ODNSs), a
meric duplex/quadruplex DNA substrates demonstrates thatseries of three self-complementary sequences were chosen
the T,AG3z and T,G, repeat sequences in a quadruplex context with varying amounts of AT and G-C base pair composi-
display a different distribution of cleavage sites when tion (D10A1, D10A2 andD10A3, Table 1) so that sequence
compared to their duplex counterparts. In the case of theselectivity could also be examined. Figure 5 demonstrates
quadruplex form of the FAG; repeats, there is a general that TOTA formed complexes with all three ODNSs, with
preference for cleavage of thé-guanosine in each of the the most extensive number of complexes being formed with
individual 5-GGG-3 repeats (Figure 2, lane 4 and Figure the duplex DNA containing greater GC content (Figure
3B). In addition to this change in preferential photocleavage 5A,B). These results confirm past solution studies suggesting
sites, the 5GGG-3 repeats in the FAG; quadruplex form TOTA prefers binding at GC site24, 25). Overall, TOTA
are less susceptible to photochemical cleavage when com+eadily formed complexes with the duplex DNA with duplex/
pared to the same repeats in a duplex context (compareTOTA binding stoichiometries ranging from 1:1 to 1:4.
Figure 2, lanes 2 and 4 and also Figure 3A,B). This resistance Complexes formed between TOTA and quadruplex DNA
of quadruplex DNA to photochemical cleavage by TOTA is were also observed in the ESI-mass spectra, as shown in
also clearly demonstrated in the case of th&Trepeat Figure 6. When compared to the spectra in Figure 5 (TOTA
sequence. As shown in lane 8 of Figure 2 and also Figurewith duplex DNA), fewer complexes are observed in the
3D, the guanosine residues within thgs] repeat quadruplex  mass spectrum of the four-stranded quadruplex DI&A)(
are resistant to photochemical cleavage. We also examinedvith TOTA due to the high molecular weight of the
the effect of buffer salt concentration on the resistance of complexes and the mass range limitations of the analyzer
guanosine residues within G-quadruplex DNA toward pho- (Figure 6A). However, the range of binding stoichiometries
tochemical cleavage by TOTA. Photochemical cleavage (1:1 to 1:4) is the same in both cases. The binding of TOTA
reactions performed in the presence of 10 mM KCI gave to the two-stranded quadruplex with the human telomeric
similar results to the cleavage reactions discussed previously sequence G2) was also analyzed by ESI-MS. Figure 6B
which were carried out in the presence of 100 mM KCI shows that TOTA also formed complexes with this quadru-
(Supporting Information). DMS footprinting experiments plex structure, with binding stoichiometries that range from
demonstrated that the G-quadruplex structures were formedl:1 to 1:3. These results are consistent with what was
under both low- and high-salt conditions (Supporting Infor- observed for the duplex ar@5 structures.
mation). Control experiments involving chromomycin were per-

Evaluation of DNA Binding Seleclity by UV/Vis Spec-  formed to demonstrate that binding selectivity can be
trophotometry and ESI-MSTo probe more deeply the assessed by using ESI-MS. Chromomycin is a well-
properties that give TOTA its unusual reactivity, the binding characterized anticancer drug that binds to the minor groove
selectivity of TOTA to duplex versus quadruplex DNA was of duplex DNA with GC base pair specificity with the
evaluated by UV/vis spectrophotometry and ESI-MS. These requirement for a divalent metal ion. Solutions containing
experiments were aimed at assessing whether the apparerthromomycin, MgGJ, and either duplex§10Al) or qua-
resistance of G-quadruplex DNA to photoinduced oxidation druplex G5) DNA at equimolar concentrations in 3:1 25
is simply the result of a different mode of binding of TOTA mM ammonium acetate/methanol were prepared. The full-
to the quadruplex as compared to duplex DNA. We also scan mass spectra revealed that chromomycin formed
carried out spectrophotometric titrations of TOTA with extensive complexes with the duplex DNA, but no complexes
various short DNA oligonucleotides including the dodecamer were observed between the drug and the quadruplex DNA
duplexD12 and the intramolecular quadruplexes formed by (spectra not shown). These results confirm that ESI-MS can
the T,AG; (G3) and T,G, (G4) repeats (Figure 4). The UV/  be used to screen selectivity for duplex versus quadruplex

Absorbance

Wavelength (nm)
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Ficure 5: ESI-mass spectra of solutions containing TOTA with oligodeoxynucleotides (ODNP1@)\1 [5'-GCGCATGCGC-3, (b)
D10A2 [5'-GCGATATCGC-3], and (c)D10A3 [5'-GCATATATGC-3]. In each spectrum, double-stranded ODN is labeled ds, single-
stranded ODN is labeled ss, and TOTA is labeled D.

DNA. Unlike chromomycin, TOTA does not exhibit such For the lower charge states (i.e., -4), the dominant product
selectivity. ions are formed by losses of the G, A, and C nucleobases
Evaluation of Binding Mode by ESI-MSAfter the from the duplex/TOTA complexes, with less abundant ions
identification of TOTA/DNA complexes in solution by ESI- formed by strand se_paration and f_ragmentation of the single
MS, collisional activated dissociation (CAD) experiments Strand backbone (Figure 7A). This mode of fragmentation
were undertaken on the complexes to evaluate the bindinghas been observed in previous studies of well-studied

modes of TOTA. Collisional activated dissociation, in which intércalating drugs31). Uncomplexed duplex DNA in the
selected gas-phase ions are energized through inelastic# charge state typically dissociates by base losses of G, A,
collisions to promote fragmentation, has been used previouslyC: and covalent cleavages along the single strand backbone
to evaluate structures and relative binding energies of but does not demonstrate strand separation (spectra not
noncovalent complexe<7, 28, 32—36). Figure 7 shows shown). Compared to the CAD spec_tra of the duplex DNA
examples of the characteristic fragmentation patterns ob-Without bound drug, the fragmentation pattern of TOTA/
served for all of the duplex/TOTA complexes, regardless of duplex complexes suggests the drug is bound to the duplex
the sequence of the ODN or the binding stoichiometry. in @ way that weakens the Watse@rick base pair inter-
Dissociation of the higher charge states (i.e., -5, -6) reveals actions.

that the principal fragmentation route is an unzipping of the  The CAD spectra of the quadruplex'/TOTA complexes
duplex, producing single strand species both with and without suggest a somewhat different binding mode than the duplex/
retention of the TOTA molecules (Figure 7B). Strand TOTA complexes (Table 2). Consistent fragmentation pat-
separation is also observed in the CAD spectra of uncom-terns were observed for all quadruplex TOTA complexes,
plexed duplex DNA (composed of the same sequences useds illustrated in Figure 8. These complexes dissociate via
in this study) in the -5 charge state (spectra not shown). strand separation of all four strands of the quadruplex, leaving
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Ficure 6: ESI-mass spectrum of a solution containing TOTA with (a) quadruplex for@5H(TTGGGGGT)] and (b) quadruplex form

of G2 [d(TTAGGGTTAGGG})]. In each spectrum, the single

strand ODN is labeled ss, and TOTA is labeled D.
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Ficure 7: CAD product ion spectra of complexes containing
(a) CAD of [ds+ 3TOTA]“ and (b) CAD of [ds+ 3TOTA] .

double-stranded (ds) foDh@AT [d(GCGATATCGC}] and TOTA (D):

the intact single strand ODN, both with and without one cleavage of covalent bonds along the backbone of the ODN
bound TOTA molecule. However, unlike the dissociation of leading to the formation of ther, and @, — B) ions @3).

the duplex/TOTA complexes, the CAD spectra of

the Product ions corresponding to a base loss of G are also

quadruplex/TOTA complexes also indicate more extensive observed but with much lower abundances than in the CAD
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Ficure 9: H NMR titration of the parallel-stranded G-quadruplex form of OGN [d(TAG3G*G°TTA)] 4 with TOTA. The imino proton
region of the 500 MHz spectra is shown atZZ. The G, G* and @ labels indicate the imino proton G-tetrad resonances of the G-quadruplex
prior to TOTA addition. With the introduction of TOTA, the imino proton resonances shift upfielt, &*, G*). The resonance labeled

T is due to free TOTA.

spectra of the quadruplex DNA without bound TOTA. Our accompanied by a distinctive upfield shift of the imino proton
past study of quadruplex/ligand complexes bound by end- resonance for the'$roximal G-tetrad 26, 44).
stacking interactions indicated that dissociation involved  Titrating a solution of TOTA into the quadruplex form of
ejection of the drug molecule, leaving the intact quadruplex G1 results in a pronounced broadening and upfield shift of
ions (36). The dissociation pathways of the quadruplex/ the imino proton resonance of thé-@oximal G-tetrad
TOTA complexes in the present study differ greatly from (Figure 9). The imino proton resonances of the central and
the prior reported results3¢). 5'-proximal G-tetrads undergo more modest upfield shifts.
Evaluation of Binding Mode byH NMR. To gain more The direction and magnitude of these chemical shifts is very
insight into the difference in quadruplex interaction between similar to those observed in thé-8nd stacking of perylene
TOTA and previously studied end-stacking ligands, we diimides to this quadruplexX2g, 44). However, the free and
carried out NMR studies of the complex formed between perylene diimide-bound forms of the quadruplex can be
TOTA and the parallel-stranded G-quadruplex formed from clearly distinguished in the NMR, indicative of slow
ODN G1 (Table 1). We have previously reported NMR- exchange between these forms, whereas only a single set of
derived structural models for the interaction of perylene imino proton resonances are apparent upon addition of up
diimides with the quadruplex form o1 (26, 44). The to 1 equiv of TOTA to the quadruplex. The apparent fast
perylene diimides stack upon the@@oximal G-tetrad of the ~ exchange between the free and the TOTA-bound forms of
G1 quadruplex, and the formation of these complexes is the quadruplex may be due to the somewhat weaker binding
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of TOTA, relative to the perylene diimides. This relatively these DNA structures in modulating oxidative DNA damage
weak binding is also evident by the resonance arising from at telomeric or other DNA regions.

free TOTA that can be seen even after the addition of less

than 1 equiv of TOTA to the quadruplex (marked T in Figure SUPPORTING INFORMATION AVAILABLE

9). Quantifying the TOTA-induced chemical shifts using the
method of Correia and co-workerdH), we calculate a
G-quadruplex association constant for TOTA of £30.3

x 10* M~L. This relative weak binding is similar to that
reported for TOTA binding to double-stranded calf thymus
DNA (25). The addition of excess TOTA to the quadruplex REFERENCES
results in further upfield shifts in the imino proton reso-
nances, and the appearance of additional imino resonances

Experimental procedures and data for DMS footprinting
and salt-dependent photochemical cleavage reactions. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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