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Abstract: Amino-p-quinacridine compoundsLQs) have been shown to stabilize strongly and specifically
triple-helical DNA. Moreover, these derivatives display photoactive properties that make them efficient DNA
cleavage agents. We exploited these two properties (triplex-specific binding and photoactivity) to selectively
cleave a double-stranded (ds)DNA sequence present in the HIV-1 genome. Cleavage was first carried out on
a linearized plasmid (3300 bp) containing the HIV polypurine tract (PPT) that allowed targeting by a triplex-
forming oligonucleotide (TFO)PQs, the most active compound of the series, efficiently cleaved double-
stranded DNA in the vicinity of the PPT when this sequence had formed a triplex with a 16-mer TFO.
Investigation of the cleavage at the molecular level was addressed on a short DNA fragment (56 bp); the
photoinduced cleavage BQ3z occurred only in the presence of the triple helix. Nevertheless, unusual cleavage
patterns were observed: damage was observed at guanines loe&dip@wayfrom the end of the triple

helical site. This cleavage is very efficient (up to 60%), does not require alkaline treatment, and is observed
on both strands. A quinacridiréel FO conjugate produced the same cleavage pattern. This observation, along
with others, excludes the hypothesis of a triplex-induced allosteric binding $t@oédjacent to the damaged
sequence and indicates tiR(D; preferentially binds in the vicinity of the' Sriplex junction. Irradiation in the
presence of TFO-conjugates with acridine (an intercalative agent) and with the tripeptide lys-tryp-lys led to a
complete inhibition of the photocleavage reaction. These results are interpreted in terms of competitive binding
and of electron-transfer quenching. Together with the findings of simple mechanistic investigations, they led
to the conclusion that the photoinduced damage proceeds through a direct electron transfer between the
quinacridine and the guanines. This study addresses the chemical mechanism leading to strand breakage and
characterizes the particular photosensitivity of the HINA target sequence which could be an oxidative

hot spot for addressed photoinduced strand scission by photosensitizers.

Introduction structural probes or photofootprinting reageht€urrently,
L . . however, there are still several limitations to the application of
Photosensitization of nucleic acids has found successful

applications in several skin disease treatments and is also aphotocleavers as cytotoxic agents. One major limitation is the
ppiica . absence of specificity of the cleavage that prevents targeting of
promising approach for the development of new antitumor and

antiviral therapeutic strategiésA large number of compounds a unique DNA sequence or structure. Indeed, even though

either of synthetic or natural origin have been described for their photoactive compounds can cause selective damage, for ex-
ability to damage DNA upon photochemical activatio@ome ample, at G or T bases and/or can display preferential binding

SO for DNA secondary structuré'sunless they are covalently
of them have proven to be valuable tools in biotechnology as tethered to a DNA-binding ligand, they exhibit little if any
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A very efficient approach to direct the damage to a unique
site is to tether the photoactive molecule to an oligonucleotide
able to recognize the double-stranded DNA sequence via triple
helix formation® However, the various methods to functionalize
oligonucleotides are somewhat tedious and until rec&ulily
not permit preparation of large amounts of the conjugate.
Another severe limitation for the use of photocleavers is the
“damage efficiency” which strongly depends on the mechanism

that initiates the cleavageFurthermore, with regard to cell PQ‘ FE{_CCHH N(CHg),
toxicity, the preference would be given to compounds that are an R= NC,?SHm(plperldmyl)

capable of generating double-strand breaks (DSB) since such
lesions are potentially a catastrophic event which is more
difficult to repair than single-strand breaks (S$Hjinally, a
primordial necessity is that the wavelength used for selective
excitation of the photocleaver must be above 300 nm to avoid
light absorption and damage by nucleic acid or protein
components.

Here we describe the photoinduced DNA cleaving properties
of a family of triple helix specific ligands, the quinacridines
(PQs Figure 1A). These molecules possess a crescent-shaped
dibenzophenanthroline skeleton and strongly stabilize triple
helices with both TAXT and GGxC" base tripletd® The
stabilizing effect ofPQsis highly selective for triplex DNA
By analogy with structurally related triplex-specific ligands such
as benzopyridoindolésit is likely that quinacridines bind triple-
helical DNA via intercalation between base triplets. Indeed,
molecular modeling of the compleRQs/triple helix showed
that the quinacridine ring is stacked between the base triplets
with the positively charged side chain anchored in the minor
groove (Figure 1B¥22 Furthermore,PQs exhibit interesting
photochemical propertiesnot only are they triplex-specific as
previously established by classical melting stutfidmit their
specific interaction with DNA can be monitored by both their
fluorescence (shown qualitatively herein) and by their ability
to initiate direct photocleavage of plasmid DN#&P This
prompted us to investigate the ability of amino-quinacridines
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A Bbsl

Duplex F A 16-mer TFO ¢
5 AAT TAGCCCTT CCAGTCCCCCCTTTTCT TTTARRAAGTGGCT ARGATC TACAGCTCY . i Linearized pfa7
5 TTAAT CGGGAAGGT CAGGGGGGARAAGARRATTT TT CACCGATTC TAGATG TCGAG (3300bp)

¥ TCCCCCCTTTTCTTTTY 16TC PPT
¥ TTTTCTTTTS 9TC < > <
904 bp 2396 bp

B B Duplex Triplex
TFO: - 9TC 16TC aTC 16TC [ ] | |
DNA: duplex triplex  triplex ss ss PQ, (uM) PQ, (uM) DNA

10 3 10 30 ladder
1 2 3 4 5

—

1 2 3 4 5 6 7 8 9

Figure 3. (A) Representation of plasmid pf 47 linearized by the
restriction enzyme Sspl; the arrow indicates the cleavage site of Bbsl.
The fragments are shown below. (B) Agarose gel electrophoresis after
irradiation of linear pf 47 in the presence of 16-TC (M) and
increasing concentrations 8fQs: lane 1, cleavage of pf 47 by Bbsl;
lane 2, pf 47 alone; lanes-%, pf 47 + PQs (3, 10, 30uM); lanes
6—8, pf 47+ 16-TC+ PQs (3, 10, 30uM). Irradiation: 30 minA >

305 nm, 4°C.

Figure 2. (A) sequences of duplex F and of TFOs 16-TC and 9-TC.
(B) Agarose gel electrophoresis of the 56-bp fragment F (QMRin

the presence d?Qs; (30 M) and of TFOs (1Q«M): lane 1, duplex F;
lane 2, duplex F- 9-TC; lane 3, duplex R-16-TC; lane 4, 9-TC alone;
lane 5, 16-TC alone.

triplex-stabilizing ligand of a family of related quinacridines
(AT up to +49 °C)10.12b and thus it was selected for use
throughout the present study. Sin€¥)s are both highly
fluorescent compoun#® and triplex-specific ligands, they could
be used as tools to detect triplex formation. This hypothesis
has been demonstrated by agarose gel electrophoresis in th%f
presence oPQs; and various compositions of duplex and triplex da
DNA. The 56 bp fragment (F) containing the polypurine tract
(PPT) has been used first as the target (Figure 2A). This
fragment was incubated for 12 h with a large excess of TFOs

(triplex-forming oligonucleotides) of two_different lengths, bp. These fragments migrate with an electrophoretic mobility
respectively 9-TC [5(T)4C(T)+-3] and 16-TC [3-(T)aC(T)a- that is virtually identical to that of the fragments generated by

(C)eT-3]; PQs was then added to the duplex, triplex, and also gjq| gigestion given the resolving power of a 0.8% agarose
smgle-stra_nded TFQS (ss). Fo_IIowmg mcubatn_)n for a few hours, gel (a unique site Bbsl is found 33 bp downstream from the
the analysis of the_ different mixtures was ca_rned out by agarose PPT) (Figure 3A). The samples were incubated with increasing
gel electrophoresis. As can be seen from Figure 2B, the dupleX qncentrations oPQs (3-30 «M) and then irradiated for 30
alone is not labeled (lane 1), whereas a bright fluorescent bandyin at 4°C (320 nm). As shown from Figure 3, the duplex

is detected for the triplex DNA formed with 16-TC (lane 3). A 3ione remained intact (lanes-8) except for some nonspecific
band of diminished luminescence is also seen in lane 2 yegradation that appeared at the highest concentration in ligand
corresponding to the triplex formed with the shorter oligonucle- (jane 5). In the presence of the triplex 16-TC, a concentration-
otide 9-TC. In this case, the weaker staining of the 9-TC triplex gependent double-strand cleavage of the plasmid was observed
can be attributed either to the lower stability of the short triplex (lanes 6-8). The photoinduced cleavage produced mainly two
that may partially dissociate during migration or to a decrease pands that migrated very similarly to the products of the Bbsl
in the number of triplet sites available for the fixation of the digest (compare lane 1 and lanes&. This result clearly
ligand. The 9-TC and 16-TC single-stranded TFOs have beenjngicates that the double-stranded, direct photocleavage induced
loaded as controls in lanes 4 and 5; 9-TC alone is not revealedby PQ; occurs in the vicinity of the PPT as would be expected
(lane 4) whereas a weak fluorescent smeared band is observegom specific-triplex intercalation of the compound. Therefore,

for 16-TC (lane 5). The weak intensity of the smeared e decided to investigate the DNA cleavageR®;s at single
fluorescence in lane 5 indicates that the cationic quinacridine nycleotide resolution to further confirm this hypothesis.

forms stable associations with the 16-mer oligonucleotide that Investigation of the Cleavage with Nucleotide Resolution
is present at a high concentration. Qualitatively, it is clear that 5 the 56 bp Fragment F.To characterize the cleavage, the
the fluorescent staining of the mixture 16-RQ; is much 56 pp fragment F previously used in the fluorescent visualization
weaker than that observed in lane 3 and thus should contribute\yas 5 end-radiolabeled on each strand alternatively (Figure
weakly to the bright fluorescence detected for the trigfex.
These observations confirm that there is a poor bindingQ@§ h(15))Tge Fame fan?plels were aLS,g,trug ]gln a10% acrylalrgidte 9};'1 (data n?t
H H H shown). Only the triplex lanes exnioite uorescence, alpeit with a greal
on du_plex [.)NA at0.12M Where‘i‘s the I_|g_and is retained When degree of quenching which was due to the acrylamide matrix. The weak
the triplex is formed. The selective staining of the DNA in the  fiyorescence observed in the acrylamide gel could be positioned over an
presence of the TFO highlights the selectivity of this interaction autoradiogram that revealed where the radiolabeled duplex migrated.

itati Although the gel was not run sufficiently long to resolve duplex from triplex,
and suggests th&tQ could be used qualitatively for fluorescent a 10% acrylamide gel does resolve the free TFO from the duplex/triplex

detection of stable triple helices in agarose gels and that this syryctures. No fluorescence was observed in the lanes that contained only
technique may be used for rapid screening of other triplex- the TFO in the absence of the duplex target.

specific ligands. In contrast, DNA staining by ethidium bromide
under these conditions showed little selectivity for duplexes vs
triplexes.

Cleavage of Double-Stranded Plasmid pf 47 in the Vicinity
the PPT. We first investigated the ability d?Qs to induce
mage in triplex DNA using a plasmid linearized with Sspl,
engineered to contain the PPT tract for binding the simple TFO
16-TCH (Figure 3A). Triplex-directed specific cleavage of the
linear plasmid should produce two fragments of 904 and 2396
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single G. The R strand was cleaved less efficiently with maximal
cleavage, attaining a fraction as high as 40% (range409%6)
¥ ARTTAGCCCTTCCAGTCCCCCCTTTTCTTTTAARAAGTGECTARGATCTACAGCTCY ¥ strand (in the cases of both the, RandY straqu, ranges are reported
3 TTARTCGGGARGGTCAGGGGGGARARGARAATTT TTCACCGRTTCTAGRTGTCGAG,, R strand from at least four experiments). The simultaneous lesions of
3 TECCCCCTTTTCTTTT 1‘ the R and Y strands at G bases almost facing each other could
also explain the double strand break observed on the linear
plasmid (Figure 3).
C Variation of the excitation wavelength confirmed that the
cleavage was induced by excitation of the ligand as there was
no cleavage when irradiation was performed above 400 nm, a
wavelength above which quinacridine does not absorb light. The
intensity of the cleavage was dose-dependent and was slightly
enhanced when the concentratiorPiQs; increased from 0.5 to
5 uM (data not shown). This concentration seems to correspond
to the saturation level and was used for further experiments.
Beyond 5uM, no significant increase in triplex-dependent
cleavage was observed and by comparison more general
degradation of the duplex was observed. Increasing ligand
concentration (up to 3QM) only diminished the triplex-
selectivity as cleavage was detected on the duplex and even
within the PPT (data not shown).
... However, the weak cleavage of the duplex observed.dil 5
x in ligand (Figure 4, lane D) requires some comments. First, this
o cleavage which results likely from a nonspecific association of
PQ; to the duplex was not systematically observed throughout
the experiments (see gels included in the Supporting Information
section). Second, it is observed at the GG doublet of the GTGG
sequence, which could indicate a particular sensitivity of this
region resulting from local sequence-specific redox potential
(see discussion). However, this activity, when detected, is
* extremely weak (+2%) and cannot contribute significantly to
Figure 4. PAGE analysis of the photocleavage of the 56-bp fragment the strong cleavage observed when the TFO is present.
F by PQs. (A) Positions of the photocleavage sites inducedP@s on Furthermore, this is not entirely surprising as any ligand that
the two strands of duplex F. (B) Cleavage pattern when the oligo- intercalates with triplexes will necessarily have some affinity
pyrimidine-containing strand (Y strand) was Eadiolabeled. (C)  for the duplex as the duplex contributes 66% of therbital
Cleav_age pattern when the ollgopurlne-contam!ng s_trand _(R strand) wasg rface.
5' radiolabeled. In both cases the duplex was irradiated in the absence Therefore, the photocleavage of DNA BY; at the specific

(lane D) or in the presence of 16-TC (lane T).16A sequences are . . . b
shown on the left and right sides of the autoradiograms in B and C site seen on Figure 4A seems to be predominantly induced by

A duplex F

D G+A

b
ER

4
s

e s Tn e ke k]
3
§ 1

B

o

x*mre=m-

x*mro—Dn-

respectively. The triple helix site is indicated. [L6-FEJL0xM; [PQ;]  triplex formation. This observation is in accordance with the
= 5 uM; cacodylate buffer 10 mM (pH= 6.0); NaCl (10 mM); triplex-selective binding of the ligand, and it is likely that the
irradiationA > 305 nm, 10 min, 4C; no piperidine treatment. formation of the triplex considerably increases the local

concentration in bound ligand, resulting in the strong activity
4A: Y, pyrimidine strand; R, purine strand), and irradiation gpserved in these conditions.
experiments were carried out on the duplex and triplex  Finally, it is striking that the cleavage was observed-a86
conformations. When the Y strand was labeled, examination base pairg_upstreamof the TFO recognition sequence (PPT),
of the autoradiogram (Figure 4B) revealed that DNA was which is the presumed binding site of the ligafidPreferential
cleaved strongly when 16-TC was present whereas only a minorcleavage at particular sequences could be due either to prefer-
background cut was detected on the duplex alone (compare lanegntial binding or to preferential reactivity, and consequently our
D and T). Surprisingly, the cleavage was observed at guaninesppservations raise interesting structural and mechanistic ques-
located at 6, 8, and 9 base pairs away from the triple-helical tjgns.
region. A similar cleavage pattern was observed when labeling  Question Relating to the Ligand Position on the DNA
the R strand: prominent cleavage was seen 10 bp upstream ofrarget. Answering questions regarding this preferential cleavage
the 3 triple-helical junction at a single G facing the GTGG s paramount to addressing other questions related to mechanism.
sequence damaged on the Y strand (Figure 4C). Neither thejndeed, despite the fact that there are several independent
guanines located downstream of the triple helix nor those within indications for triplex-specific binding, the data presented here
the triple helix (G) were modified, and little if any cleavage  thys far afford no definite proof as to the exact position of the
was observed at these sites (Figure 4C). Remarkably, piperidingligand. First, it is likely thatPQs is not uniformly distributed
treatment did not significantly enhance the cleavage, although g)| along the triplex due to the high content inGXC" triplets
there was more general degradation observed throughoutpositively charged at pH 6.8 The fixation of PQs; might
making this assertion difficult to quantify (data not shown).  thus be confined to the “AxT triplet tracts due to a strong

The quantitative analysis of the gels indicates a high yield electrostatic repulsion between thé-skle of the triplex
for direct (piperidine independent) cleavage on the Y strand

(up to 60% for the sum of the 3 G bands related to the total __(16) The ability ofPQs to selectively photocleave triplex HVDNA =~
was also examined on a radiolabeled 105bp, plasmid-derived restriction

radioaCti\{ity in the well) .With the GG base pair Cl?aved fragment and similarly, a unique cleavage at the GTGG site was induced
preferentially (5G predominantly) compared to the adjacent in the presence of 16-TC.
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Scheme 1. Synthesis of the Conjugate 16-T€quinacridine (T-quin)

(T-quin) &

a) HpN(CHy)gNH,, CHoClo/MeOH , 60°C, 1h. b) BICH,COOH, DCC, CHClj, r.t. 2h. ¢) TCEP, ET;N, DMSO/H,0,
12h, r.t., oligo= 16TC™®.

(C-GxC" triplets) and the polyammonium side chain of the Duplex HDF

quinacridine. This might explain why cleavage occurs quite o N
predominantly on the'Sside of the triple helix and also why ’;2;:;*@ggggggiif\igggggﬁ;ﬁgﬂﬁ?ﬁ“mT“GMCTACAGCTC’
the guanines inside the triplex are protected. Second, the 5 ’ , . ’ 16TC

triplex junction was previously shown to be the preferential
binding site of several intercalatdfd® and minor groove
binderd’ due to alleged local distortion induced by the
hybr|d|z_at|on_of the th_|rd s;rand. The're_f_ore, bindingRs at UV-shadowing. The quinacridine-derivatized product T-quin is
the 3-triplex J_unctpn ISa I_|kely p055|b|I|Fy. fluorescent and migrates more slowly than the free oligonucle-
In addressing this question, we especially wanted to exclude gtige, two features that allowed an easy separation from the
the possibility that triplex formation resulted in a localized |,yreacted material. The hybrid T-quin was then used without
deformation of the DNA which in turn provided for an allosteric  f,rther purification Irradiation was performed on duplex F in
ligand binding site 69 base pairs away. Such localized triplex pe presence of the hybrid T-quin. It appears from this
distortion that would consequently result in altered chemical experimens that the cleavage occurs similarly when the quina-
reactivity of upstream bases has been previously obséfted. cyigine is covalently linked to the TFO or added free to the
It was thus crucial to obtain more information on the binding gq|ytion where the triplex is formed with the unmodified TFO.
site of PQs, and we carried out a series of experiments designed s tends to demonstrate that the bindingP&3; might take
to resolve this question. place in the vicinity of the Striplex junction rather that at a
(a) Coupling the Quinacridine to the TFO. The quinacri-  supposed allosteric site that we have nevertheless considered.
dine ring was covalently attached to thet&rminus of 16-TC The distance between tHeQ; ligand and the damaged sites
so as to restrict the binding to a well-defined site. To ensure can thus be estimated to be approximately6base pairs, a
proper stacking in the proximity of the triplex junction, a short  distance that is too great to be spanned by the short linker arm
linker was chosen. The synthesis was achieved according toysed in the experiment.
the strategy depicted on Scheme 1. The (3-aminopropyl)- (p) Changing the Conformation of the GTGG Site.To test
aminomethyl-substituted quinacridi®ewas prepared by sub-  the hypothesis of a triplex-induced allosteric binding site in the
stitution of the bromomethyl _derivati\zbby 1,3-diaminopr_opane vicinity of the damaged site, the conformation of the GTGG
(step 1).2 was then activated by bromoacetylation and gsequence was altered from double-stranded to single-stranded.
condensed on the phosphorothioate-terminated oligonucleotiderq this end, the R strand was shortened in order to leave the
16-TC™ to give T-quin, according to a procedure already GTGG sequence in a single-stranded conformation (Figure 5).
described'8(16-TC" corresponds to 16-TCBubstituted by rragdiation of the resulting heteroduplex HDF in the presence
a terminal phosphorothioate and wheré°@efers to 5-meth-  f 16-TC andPQ; revealed that the cleavage was still triggered
ylcytosine which has been introduced to provide added triplex by triplex formation and that it occurred at the same position
stability).lg The modified product was purified by a 15% (Figure 5)20 Although the reaction is less efficient than with
denaturing PAGE, and the oligonucleotides were detected by ihe regular duplex F (10% cleavage), this result supports the
(17) (a) Perrouault, L.; Asseline, U.; Rivalle, C.; Thuong, N. T.; Bisagni, ConCIUS.I.On that the SpeC|fIC|ty of the Cleavagm.m rglated to
E.; Giovannangeli, C.; Le Doan, T.;'Kee, C.Nature 1990 344, 358 recognition of a particular dsDNA conformation induced by
360. (b) Collier, D. A.; Mergny, J.-L.; Thuong, N. T.;'Kme, C.Nucleic triplex formation as the target Gs in the heteroduplex are
égrd:s?eerﬂﬁght]é?{:zégla_iéiﬁghsgtﬁggéSé4A'1;e!>_|7el?ti§7'2'\f(;Sun'J'-s'; rendered flexible and will not suffer distortion from local
(18) Gallagher, J..’; Chen, C.-H. B.; Pan, C.Q.: Perrin, D. M.; Cho, Y.- unwinding at Fhe PPT. Clearl.y, the single-stranded nature qf
M.; Sigman, D. SBioconjugate Chenil996 7, 413-420. the target Gs influences the yield of cleavage but not the basic

(19) Lee, J. S.; Woodworth, M. L.; Latimer, L. J. P.; Morgan, A. R.
Nucleic Acids Resl984 12, 6603-6614. (20) PAGE analysis is included in the Supporting Information section.

Figure 5. Sequence of heteroduplex HDF and position of the cleavages
(indicated by arrows).
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Chart 1. Structure of the TF©Acridine Conjugate (T-acr)
al
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features of the damage. The relatively lower yield of the
cleavage might be attributed to the lower stability of the
heteroduplex It also can be interpreted in terms of weaker

Teulade-Fichou et al.

(a) The Argument Against Singlet OxygenWe began the
investigation by supposing that singlet oxygen might be
operative. Singlet oxygen could be generated by photoexcitation
of the quinacridine excited either in the unbound state given its
large excess in the bulk media or by the quinacridine associated
at the triple helix junction. In both cases, the singlet oxygen
would have to be diffusible in order to reach the GTGG site.
Therefore, the yield of cleavage should be significantly increased
by changing HO to D,O since the lifetime ofO, is greatly
enhanced in BO (from 4 us in HO to 60 us in D;0).%
Photocleavage of duplex and triplex DNA BQ; was carried
out in the presence of JO. It appeared from the experiment

stacking of the dangling G bases resulting in a less favorable that the yield of cleavage of triplex DNA in D is identical to

electron transfét (see discussion).

(c) Competition Experiment between PQ and a 16 TC—
Acridine Conjugate (T-acr). In order to gain more information
regarding the binding oPQs, an acridine-TFO conjugate
(T-acr) was examined as the third strand for triplex formation.
Acridine-modified oligonucleotides are commercially available
and have been widely used for enhancing triplex stalfity.

that observed in 1D.2° The absence of a solvent isotope effect
can be interpreted in two wayithersinglet oxygen is simply

not involved in the reactiolr singlet oxygenis nevertheless
operative but is not diffusible. In this latter case, one must accept
the condition thaPQs; and the GTGG sequence are positioned
in close contact and that the singlet oxygen reacted in the solvent
cage around the quinacridine. This latter hypothesis has been

Numerous studies have demonstrated that the acridine ringruled out by the data presented above where we have excluded

intercalates at the triplex-junction above the first base triplet
when the linker is properly chos@&®rradiation of duplex F
was carried out in the presence of T-acr (Chart 1) RiG3.
When the triplex was formed with the conjugated oligonucle-

a triplex-induced allosteric site and it can be concluded that
cleavage is most likelyot mediated by singlet oxygen.

These considerations provide a useful starting point for the
implication of a direct electron transfer from guanineRQs.

otide T-acr, a quasi-total inhibition of the cleavage was |ndeed, a first examination of the cleavage profile would suggest
observed? These results are consistent with a strong competitive that the GG vs G selectivity of the cleavage is consistent with
binding between the acridine introduced by the triplex-forming  the formation of a guanine radical rather than singlet oxygen
0||gonuc|e0t|de and the free qunaCf|d|ne. The data Suggest thatattack?,zg Two Comp|ementary experiments were designed in

the acridine competes witRQs for binding at the junctionit an attempt to demonstrate the implication of an electron transfer.
is interesting to note that the acridine nucleus itself is unable to

induce damage although it strongly absorbs light in our

(b) Photocleavage by P@ in the Presence of a 16-TC/
Peptide Conjugate (T-KWK). Irradiation was conducted in

experimental conditions and although the same acridine deriva-the presence d?Q; and with a TFO conjugated to the tripeptide

tive (9-amino-6-chloro-2-methoxyacridine) has been used re-

cently for photooxidation of DNA2 These results further
underscore the novelty of the quinacridine family of triplex-
specific ligands.

Question Relating to Cleavage Mechanismrhis question

concerns the primary process responsible for the G selectivity

lysine-tryptophane-lysine (KWK). The tripeptide KWK has been
widely used as a model compound for DNA-binding proteins,
and it is known to bind duplex DNA via partial intercalation of
the aromatic tryptophan ring coupled with electrostatic interac-

(25) For propositions of mechanisms of charge transport in DNA, see:
Bixon, M.; Giese, B. Wessely, S.; Langenbacher, T.; Michel-Beyerle,

of the damage. It is well established that guanine bases are &y’ £ Jorner IProe. Natl. Acad. Sei U.S.4999 96 11713-11716.

target for oxidative damage in DNA which can be initiated by
one-electron oxidation or by reaction of singlet oxygéhThese

two pathways should thus be taken into account to explain the

G selectivity of the quinacridine-induced cleavage. Recently,

(b) Henderson, P. T.; Jones, D.; Hampikian, G.; Kan, Y.; Schuster, G. B.
Proc. Natl. Acad. Sci. U.S.A999 96, 8353-8358. (c) Torsten, C. W.; O.
Kelley, S.; Treadway, C. R.; Barton, J. K.; Zewail, A. Piroc. Natl. Acad.

Sci. U.S.A1999 96, 6014-6019. (d) Lewis, D. F.; Liu, X.; Liu, J.; Miller,

S. E.; Hayes, R. T.; Wasielewski, M. Rlature 200Q 406, 51—-53. (e)

long-range charge transport in DNA has attracted considerableSchuster, G. BAcc. Chem. Re200Q 33, 253-260. (f) Giese, BAcc.
attentio?>27 and it has been established from several studies Chém. Res200Q 33, 631-636 and references therein.

(26) For commentaries on electron transfer in DNA, see: (a) Dieder-

that oxidative damage can occur at G bases that are far awaycpgen, U.;Angew. Chem., Int. Ed. Engll997 36, 2317-2319. (b)

from the oxidan®8 If PQsis indeed associated within the triple
helix or at the 5junction, charge migration within the duplex
from the excited ligand to the Gs would explain how damage
could occur outside the immediate vicinity of the binding site
of the quinacridine.

(21) Kan, Y.; Schuster, G. Bl. Am. Chem. Sod999 121, 10857
10864.

(22) (a) Sun, J.-S.; Frants, J.-C.; Montenay-Garestier, T.; Saison-
Behmoaras, T.; Roig, V.; Chassignol, M.; Thuong, N. Tjére, C.Proc.
Natl. Acad. Sci. U.S.AL989 86, 9198-9202. (b) Montenay-Garestier, T.;
Sun, J.-S.; Chomilier, J.; Mergny, J.-L.; Takasugi, M.; Asseline, U.; Thuong,
N. T.; Roude, M.; Hdéne, C.Molecular Basis of Specificity in Nucleic
Acid-Drug InteractionsKluwer: London, 1990; pp 275290.

(23) (a) Fukui, K.; Tanaka, KAngew. Chem., Int. EA.998 37, 158—
161. (b) Davis, W. B.; Naydzenova, |.; Haselsberger, R.; Ogrodnik, A.;
Giese, B.; Michel-Beyerle, M. EAngew. Chem., Int. EQ00Q 39, 3649—
3652.

(24) (a) Steenken, hem. Re. 1989 89, 503-519 (b) Candeias, L.
P.; Steenken, SI. Am. Chem. Sod.993 115 2437-244Q (c) Burrows,

C. J,; Muller, J. G.Chem. Re. 1998 98, 1109-1151. (d) Meunier, B.;
Pratviel, G.; Bernadou, Bull. Soc. Chim. Fr1994 131, 933-943.

Harriman, A.Angew. Chem., Int. EA.999 38, 945-949. (c) Grinstaff, M.
W. Angew. Chem., Int. EAL999 38, 3629-3635. (d) Ratner, MNature
1999 397, 480-481.

(27) For direct measurement of electrical conduction through DNA,
see: (a) Parath D.; Bezryadin, A.; de Vries, S.; Dekker:N&ture 200Q
403 635-638. (b) Fink, H.-W.; Schaenberger, ONature1999 398 407—
410.

(28) For experiments using various donor/acceptor systems, see: (a)
Holmlin, R. E.; Dandliker, P. J.; Barton, J. Kngew. Chem., Int. Ed. Engl
1996 36, 2714-2730. (b) O.Kelley, S.; Holmlin, R. E.; Stemp, E. D. A.;
Barton, J. K.J. Am. Chem. S0d.997, 119, 9861-9870. (c) Williams, T.

T.; Odom, D. T.; Barton, J. KJ. Am. Chem. So00Q 122, 9048-9049.

(d) Ly, D.; Kan, Y.; Armitage, B.; Schuster, G. B. Am. Chem. S04996
118 8747-8748. (e) Ly, D.; Sanii, L.; Schuster, G. B. Am. Chem. Soc.
1999 121, 9400-9410. (f) Meggers, E.; Michel-Beyerle, M. E.; Giese, B.
J. Am. Chem. S0d.998 120 12950-12955. (g) Meggers, E.; Dussy, A.;
Schder, T.; Giese, B.Chem. Eur. J.200Q 6, 485-492. (h) Saito, I.;
Nakamura, T.; Nakatani, K.; Yoshioka, Y.; Yamaguchi, K.; Sugiyama, H.
J. Am. Chem. S0d.998 120, 12686-12687. (i) Nakatani, K.; Dhono, C.;
Saito, I.J. Am. Chem. Sod999 121, 10854-10855. (j) Meade, T. J.;
Kayyem, J. FAngew. Chem., Int. EEngl. 1995 34, 352-354.

(29) Saito, I.; Takayama, M.; Sugiyama, H.; Nakatani, K.; Tsuchida, A.;
Yamamoto, M.J. Am. Chem. Sod.995 117, 6406.
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Scheme 2. Synthesis of the Conjugate 16-T€&tripeptide (T-KWK)
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tions of the cationic lysine with the phosphate groéfpBarton

and co-workers demonstrated that the radical cation of guanine
was able to oxidize tryptophan due to the low oxidation potential
of this amino acicfl2Moreover, the KWK peptide has recently
been used as a quencher for radical cation formation/migration
in DNA.31b The possibility of positioning the KWK peptide at
the triplex junction so as to interfere with a potential charge
transfer between the quinacridine and the GTGG site was thus
an attractive idea. To this end, the tripeptide was linked to the
16-TC TFO following a reaction scheme adapted from standard
coupling methods recently optimiZ&dScheme 2). The cou-
pling was achieved with the 16-mer oligonucleotide 16TFC
which is identical in sequence to the oligonucleotide previously
used for the synthesis of the conjugate T-quin. The activation
of the 8 terminal phosphate of the oligonucleotide 16" F@as
carried out with Mukaiyama reagents, and then condensation
with cystamine was performed. The resulting product was then
submitted to reduction with DTT followed by protection/
activation of the free thiol with dipyridyl disulfide. Subsequent
coupling with the tretrapeptide Lys-Tryp-Lys-Cys* (Cys* is
amidocysteine chosen as the linker) afforded the derivatized
compound T-KWK which was then desalted on HPLC. The
conjugate T-KWK was tested by nondenaturing gel retardation
to confirm its ability to complex with the target duplex (data
not shown). Subsequently, the conjugate was used in irradiation
experiments withPQs. The experiment was analyzed by
denaturing PAGE, and it revealed that #@s-induced photo-
cleavage was completely inhibited when T-KWK was hybrid-
ized to the duplexX® This result can be interpreted from two
points: (1) the indole ring simply intercalates at tHetriplex
junction to compete with the quinacridine provided that the
activity of the quinacridine is localized to the junction or (2)
the tryptophan intercalatesdis oxidized preferentially by the
photoexcited quinacridine which prevents reaction at guaihe.
Certainly, further investigations will be required to prove that
the tryptophan residue is indeed oxidized by the quinacridine.

L,LysTrpLysCysCONH,, 1h, r.t., Oligo= 16TC™®

G+A T T-8oxo0

— -

.!4—8—0)(0 G

B
-
o
——
5w
W

Figure 6. PAGE analysis of the photocleavage of duplex F containing
8-0x0-G by PQs (5uM): lane T, duplex F+ 16-TC (10uM); lane
T-8oxo0, duplex F containing 8-oxo-& 16-TC (10xM). Irradiation
was carried out in the same conditions as those of Figure 4.

(c) Inhibition of the Cleavage by 8-Oxoguanine.A last
control experiment was conducted in order to confirm the G
radical cation formation. The radical cation might be trapped
by 8-oxoguanine, a highly oxidizable resick#.Thus, when
8-0x0-G is placed before a GG step and if the radical cation
must pass through the trap, inhibition of the cleavage at GG is
seen. Therefore, the first single G of the damaged sequence
GTGG was substituted by 8-oxo-G and irradiation performed
in the presence oPQs;. Examination of the autoradiogram
(Figure 6) shows that the cleavage at GG step is strongly
diminished when the 8-0x0-G is present (compare lanes 2 and
3) and mainly focused on the modified base. This result
demonstrates unambiguously that the cleavage is initiated by

However, these results, along with recent observations that thee formation of a radical cation and that the charge migration

tripeptide will protect Gs from damadé? might implicate a
direct redox process between the quinacridine and the guanine

(30) (a) Behmoaras, T.; Toulme, J.-J.’létee, C.Proc. Natl. Acad. Sci.
U.S.A.1981, 78, 926-930. (b) Rajeswari, M. R.; Montenay-Garestier, T.;
Héléne, C.Biochemistryl987, 26, 6825-6831.

(31) (a) Jovanovic, S. V.; Simic, M. @iochim. Biophys. Actd989
1008 39-44. (b) Wagenknecht, H.-A.; Stemp, E. A.; Barton, J.JKAm.
Chem. Soc200Q 122 1-7.

proceeds from the quinacridine toward the GG step.
In summary, several conclusions can be drawn from the above
experiments:

(1) Binding Site of the Quinacridine and Triplex Specific-
ity of the Damage.We demonstrated that cleavage PQs is
triggered by triplex formation and is both site and sequence
specific. The similar behaviors of the quinacridine whether it
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is free or linked to the"%end of the TFO along with examination in the case of 16-TC, increased positive charge due to cytosine
of the heteroduplex conclusively exclude the hypothesis that protonation in the triplex may also impact the process with the
the triplex and the associat®; provokes an allosteric sitein ~ C-GxC" triplet acting as an electrostatic barrier to charge
the vicinity of the damaged sequence GTGG or that a transfer. It thus would be informative to test triple helices with
particularly altered double-stranded conformation is recognized C-GxG triplets instead of €&xC* to avoid the creation of a
by PQs. The “regioselectivity” of the cleavage and the competi- region containing a high concentration in positive charges. Also,
tive binding with the TFG-acridine further corroborate the a more comprehensive examination of numerous triplex targets
assertion thaP Qs binds in the vicinity of the 5triplex junction. and vicinal duplex sequences will help further substantiate the
The triplex-duplex junction has been a reliable locus for full sequence determinants of this cleavage. Finally, sequence
targeting DNA damaging ligands of numerous types. Site- modifications such as the positioning of GG steps regularly on
selective photocleavage of triplex DNA was observed with the dsDNA can be pertinent to further probe the ability of
riboflavin and anthraquinone derivatives when conjugated to quinacridine to induce electron transfer at long distziéeé.
the B-terminus of TFO$233In both cases, preferential reaction (3) Mechanism of Strand ScissionThe insensitivity to the
at a GG step upstream of the intercalation site (i.e., tB@ex alkaline treatment is also a surprising feature of the photoinduced
junction) was observed and the authors suggested that the siteleavage by quinacridines. Generally, oxidative damage of
selectivity may be controlled by local structural changes of the nucleic bases does not lead to spontaneous strand scission in
DNA such as unwinding at the triplexduplex junction. The the absence of piperidine treatméhbirect strand breakage is
report about the riboflavinTFO hybric? was particularly thus a hallmark of H-abstraction from deoxyribose that occurs
stimulating during our investigation since it was conducted on generally in the immediate vicinity of the ligand insertion site.
the same HIV-DNA/PPT system as the one used in this work. However, studies on sequencing gels are subject to caveats
However, in contrast with the triplex-specific quinacridine, concerning the molecular events that occur between the initial
neither free riboflavin nor amino-anthraquinones induce sequence-step and the realization of strand scissions since samples are
selective damage since they bind randomly to DNA. The only submitted to heating in concentrated urea or formamide before
antecedent photocleavage by a triplex-specific ligand has beenloading, a drastic treatment that can be deleterious for oxidized
demonstrated with ellipticin&?2 DNA. The mechanistic investigations described here are not
(2) Cleavage Initiation and ProcessThe absence of solvent  sufficient to determine the exact nature of the cleavage products.
isotope effect indicates that singlet oxygen is not sensitized by However, the direct strand breaks observed on the linear plasmid
the quinacridine excited state. In addition, the possible inhibition which did not suffer heat treatment just prior to analysis would
by tryptophan and especially the trapping by 8-oxoguanine are exclude the argument that scission is occurring following
arguments in favor of an electron transfer from guanine to workup and prior to gel loading.
quinacridine. In this hypothesis, we have to assume that the Though direct photolesions at G bases have been already
elementary process of electron transfer operates via oxidationdescribed in the literatu?® there is currently no firm
of an adenine adjacent to the photoexcited quinacridine which mechanistic evidence available for the occurrence of such a
is then followed by charge migration to the first G. The A-tract proces$437 Direct strand breaks of DNA have been described
bridging the binding site and the GTGG site might be a structural in some cases with photosensitiz&?&or after photoionization
characteristic favorable to the redox exchange since repetitiveby laser3637 They have also been observed after irradiation of
AA regions have been described to provide a better electronic RNA substrated’? Generally, however, the factors that deter-
coupling than do TT and AT sequencé%28cThis is furthermore mine whether the break will occur prior to or following
in accordance with the recent finding that both G and A bases piperidine treatment are not clearly understood. Also, the
are able to act as charge carriers and that the radical cation camlecomposition of the guanine radical cation”@rmed from
travel through quite long AT stretches (up to 8 base pairs) via one-electron oxidation of DNA might take two competitive
an “A hopping” mechanisr® The distance between the pathways: deprotonation followed by reaction with€ading
quinacridine (electron acceptor) and the first G (electron donor) to alkali-labile products (imidazolone, oxazolo##f or hydra-
was estimated to lie within 1821 A (5—-6 AT bp), and it is tion leading to 8-oxo-G, the latter being less efficiently cleaved
compatible with such a mechanism. In addition, the high by hot piperidine®®37aThe relative probability of hydration vs
efficiency of the damage could be related to the particular deprotonation of the radical cation is modulated by the local
structure/sequence of the dsDNA taf§edr to the formation helical conformation and dynamics variations of DRA.
of the triplex that is known to cause a significant rigidification However, none of these two reactions are likely to give rise to
of the template duplex, which in turn can be favorable to charge direct strand break®'. Alternative degradation pathways have
transpor£® However, further experimental measurements are been proposed to explain direct strand scissions, for example,
required to elucidate this point and in particular the photochemi- the possibility for the neutral G radical to abstract a proton from
cal properties of amino-quinacridines should be studied in more the neighboring sugar resid&®:¢ Radical transfer from base
detail to understan_d the mechanism and_ t_he high efficiency of (36) (a) Leteurtre, F.; Fesen, M.; Kolhagen, G.; Kohn, W. K.; Pommier,
the cleavag@é?®28dFinally, the “side selectivity” of the damage Y. Biochemistryl993 32, 8955-8962. (b) Blazek, E. R.; Peak, J. G.; Peak,
addresses the question of the triplex influence on the ET processM. J. Photochem. Photobioll989 49, 607-613. (c) Devasagayam, T. P.
This point has been thoroughly discussed in photooxidation ?ggslt%%n'g‘z”éas_'égsb;ndorf' M. S. W.; Schultz, W. A.; SiesBlochemistry
studies by anthraquinoné%and it was shown that the particular (37) (a) Cullis, P. M.; Malone, M. E.; Merson-Davis, L. A.Am. Chem.
triplex conformation which displays an important distortion from Soc.1996 118 2775-2781. (b) Melvin, T.; Botchway, S. W.; Parker, A.

_ ; ; W.; O'Neill, P.J. Am. Chem. S0d.995 118 10031-10036. (c) Schulte-
the B-form helix could lower the reaction of ET. Furthermore, Frohiinde, D.: Simic, M. G.: Gener. H. Photochem. Photobiol99 52,

(32) Frier, C.; Mouscadet, J.-F.;'Beut, J.-L.; Auclair, C.; Fontecave, 1137-1151.

M. J. Chem. Soc., Chem. Commu®98 2457-2458. (38) (a) Cadet, J.; Berger, M.; Buchko, W.; Joshi, P. C.; Raoul, S;
(33) Kan, Y.; Schuster, G. Bl. Am. Chem. Sod999 121, 11607 Ravanant, J.-LJ. Am. Chem. S0d.994 116, 7403-7404. (b) Raoul, S.;
11614. Berger, M.; Buchko, G. M.; Prakash, C. J.; Morin, B.; Weinfeld, M.; Cadet,
(34) Giese, B.; Spichty, MChemPhysChen200Q 1, 195-198. J.J. Chem. Soc., Perkin Trans.1®96 371-381. (c) Kino, K.; Saito, I.;

(35) Sanii, L.; Schuster, G. Bl. Am. Chem. SoQ00Q 122 11545~ Sugiyama, HJ. Am. Chem. S0d.998 120, 7373-7374.

11546. (39) Spassky, A.; Angelov, CBiochemistryl997 36, 6571-6576.
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to sugar was previously shown to occur with pyrimidine Experimental Section
nucleosideg?¢4%but there is no experimental evidence for this

type of mechanism naturally occurring in DNA sequences. purchased from Sigma-Aldrich-Fluka and used without further purifica-

Furthermore, the_ influence of he_atlng required before sequencing; - [y-P]JATP was purchased from ICN. Oligonucleotides 56-mer
gel on the various degradation pathways has never beeny ang R strands (duplex F), 36-mer R strand (duplex HDF), 56-mer
systematically evaluated; thus during treatment one chemicaly_goxo-G, 16TC, 9TC, 16T and T-acr were synthesized by
reaction could be favored over the others whereas others mayeurogentec and were used after ethanol precipitation and G-10 (BioRad)
be obscured by secondary processes ensuing during electrofiltration (sequences are shown on figures and scheme®hdspho-
phoresis workup. Finally, although most of the photosensitizers rylation was carried out with T4 polynucleotide kinase purchased from
cleave DNA via a predominant mechanism, one must consider Biolabs.*H and*3C NMR spectra were recorded on a Bruker AC 200
that several mechanisms might be operative at the same time_spectrometer. Electrospray mass spectra were recordeq on an E_squire
which significantly complicates interpretation of the experi- 10 trap (Bruker-Franzen Analytic Gmbh) at the Laboratoire de Chimie
mental dat&2436%In particular, the probability to induce over- Structurale Organique et Biologique, Univerditierre & Marie Curie,

oxidation which may generate heat-labile products should be Paris. The microanalyses were performed at the Service Regional de

to taken int t wh hot idation i forrfsd Microanalyse de I'Universite Pierre & Marie Curie.
0 taken Into account when photooxidation IS pertor ’ Synthesis of Conjugate T-quin. 6-Bromomethyldibenzdj,j][4,7]-

Elucidation of the cleavage mechanism is the next step of phenanthroline (1) was synthesized as previously describ:[(3-
this study which is currently under investigation through the Aminopropyl)aminomethylldibenzo[b,j][4,7]phenanthroline (2). A

Materials and Methods. All the reagents and solvents were

identification of end products. solution of1 (100 mg, 0.27 mmol) in CkCl,/CH3;0H (1/1) was added
dropwise to a large excess of 1,3-diaminopropane (2 g, 27 mmol)
Conclusion dissolved in CHCI,/CH3;OH (50 mL). The mixture was then stirred at

60 °C for 2 h. The mixture was cooled and the solvent evaporated.
This high-yielding, site-specific scission is the result of a The crude residue was dissolved in CkiGhashed with water, and
photodynamic process ensuing from a synergistic interaction dried on NaSQ.. After evaporation of the solvent under vacuum, the
between duplex B-DNA, a pyrimidine triplex-forming oligo- oily residue was triturated in ether and filtered, yielding 45 mg (45%)

. . . s . of a yellow brown powder: mp-260°C.*H NMR (200 MHz, DMSO-
tnhucleotldﬁ, and ac?tlotnlc (Oqlume}crl.dlnea_Trtl.e dlr_eﬁt clegvag%fandda): 5 = 1.75 (dt, 2H): 2.70 (m, 4H): 4.47 (s, 2H): 7.6 (t, 2H). 7.9 (&,
e mechanism of strand scission distinguish quinacridine 5. g 55 (m 5H): 9.89 (s, 1H); 9.98 (s, 1H). MS (electrospraysCH

compoundsPQs as a new class of DNA photoclea\_/ers that OH) Mz 367.3 ([GoHaaN4 + HJ™).
probaply operate via direct electron trans_f(_ar from guanines _bf_;l_ses. 6- [3-((Bromoacetyl)aminopropyl)aminomethyl]dibenzopj][4,7]-
The high yield of cleavage, the G selectivity, and the possibility phenanthroline (3). 2(20 mg, 0.05 mmol), bromoacetic acid (9.8 mg,
to trigger the damage via triplex formatiovithout necessarily 0.08 mmol), and DCC (18 mg, 0.06 mmol) were mixed in 4 mL of
coupling the ligand to the TFO make these compounds very CDCl; and stirred in the dark at room temperature for 3 h. Completion
attractive tools for inducing site-directed double-strand breaks of the reaction was controlled by direct NMR analysis of the reaction
at DNA. The ability of amino-quinacridines to induce efficient mixture. The solution was filtered to eliminate dicyclohexylurea, washed
strand scission in other DNA targets is currently under With a solution of NaCO; in D0, and dried.'H NMR (200 MHz,
investigation and particularly in G-rich sequences of double-, ng'HB)):_ ?7:11(-;“2;_5"';? 93i3(§t' ;;?]g-g; Ersn 12;'))_? g-fg ((fi 22"3);_%3??0
triple-, or quadruple-stranged Conf_orma.tl(.)ns. (m, 2H); 9.50 (d, 2H). The product is stable for 2 weeks in chloroform
. The ﬂuorescent properties of quinacridines represent a Very gojution if stored at—20 °C. MS (electrospray, C#OH) miz 488
interesting feature that beckons further study given that fluo- ([C,eH,N.OBr + H]*).
rescent probes for noncanonical B-DNA structures will likely Coupling of 3 to 16-TC™ Oligonucleotide; Obtention of the
find increased use in understanding the intricacies of the Conjugate T-quin (4). A total of 5uL of triethylcarboxyethylphosphine
chromatin-DNA structure. Regarding the fluorescent detection (TCEP) (10 mM in water adjusted to pH 7 with triethylamine) was
of triple-helical regions by amino-quinacridines, it might be added to 2QiL of a 1 mM solution of 5 thiophosphorylated 16-TC
interesting to test these compounds for detection of intramo- oligonucleotide and incubated for 20 min prior to addition of&0of
lecular triplexes either of synthetic or native origin (H-DNA). 3 (6 mM) and triethylamine (69 mM) in DMSO. The alkylation was
In addition, chemical substitutions at quinacridine ring (chlo- cqntlnued overnlghtlnthg dark,_and the oligonucleotide was precipitated
rination, nitration) are potentially feasibleith the goal of red- ~ W/th 2.5 mL of 3% LICIQ in acetone, washed with ethanol,
o - . : . resuspended in formamide, heated briefly at65 and loaded into a
shifting their optical absorption and/or to modulate their

: o . 20% 7 M urea 29-1 monomer:bispolyacrylamide gel. The bromophenol
photochemical characteristics and hence their DNA cleavage e dye was migrated 90%. The conjugate was localized by UV

ability. shadowing at low wavelength (265 nm) (estimate2D% conversion)
Finally, the present results address the question of the and by UV fluorescence (brilliant light-blue) at high wavelength (315
particular sensitivity of the HIV-1 DNA target that has been nm). The conjugate migrated approximately 2 cm more slowly than
used. Does this DNA fragment inherently exhibit a high the parentthiophosphorylated 16-TCIt was eluted from the gel into
sensitivity to irradiation due to its particular primary sequence 2 * 1 mL of 1% LICIO, in aqueous 10 mM Tris-HCI pH 7.9,
and/or local helical conformation? Or does the hybridization 'YOPNilized, precipitated with Z 1 mL of ethanol, resuspended in 10
of the third strand in the PPT region emphasize or create this mM Tris-HCI pH 7.9, and desalted on a G10 spin column (BioRad).

o . . . L The concentration was measured by ©W¥s (Amax 265 nm,e = 2 x
sensitivity by inducing structural or dynamic variations of the ;511 cmY).

duplex template? The unique damaged site GTGG COUI(‘j‘ thus  synthesis of Conjugate T-KWK. The oligonucleotide 16-TGwas
display a relatively low redox potential and might be a “hot pecipitated by an aqueous solution of hexadecyltrimethylammonium

spot” for oxidative damage by photosensitizers. bromide (CTAB, 8%) until oligonucleotide charge neutralization was
. . . achieved and dried. The resulting salt was solubilized in DMSO (50
) (|40) (a) Lemaire, D. G.tI)E.; Bothet,)E.; Schulte-Frohlindelrd. J. Rad||i1t. uL), and a solution containing 5 mg (4@mol) of (dimethylamino)-
plol. 1984 43 331;35&;2;'?“3 e Vo e e G+ pyridine (DMAP), 6.6 mg (3qimol) of dipyridy! disulfide, and 7.9
Chem. Soc19§7, 119: 1828-1839. T mg (30umol) of triphenylphosphine in DMSO in a total volume of 50

(41) Baudoin, O.; Teulade-Fichou, M.-P.; Vigneron, J.-P.; Lehn, J.-M. uL was added. After 20 min of incubation at rom temperature, the
J. Org. Chem1997, 62, 5458-5470. activated oligonucleotide was precipitated by a solution of LiJIO
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acetone (3%), washed with acetone, and resuspended in an aqueousr in the presence of 20M 16-TC oligonucleotide. The same protocol

solution (50uL) containing 5 mg of cystamine-HCI and 14 of was applied for preparation of triplexes formed with the conjugates
triethylamine. Incubation was carried out for at least 20 min at room (T-quin, T-acr, T-KWK). Samples were incubated wiQ; (5—30
temperature. The cystamine-substituted oligonucleotide 1B+TZst uM) in the dark fo 1 h at 4°C and irradiation was carried out for 10

was precipitated in LiCl@acetone (3%), washed with acetone, dried, min at 4°C; the reaction was stopped by addingl20of a stop solution
and resuspended in water (yield 94%, measured by HPLC). Dithio- (1 mM EDTA, salmon sperm DNA 10 mg/mL). Each sample was
threitol (7 mg) and L of Tris/HCI buffer (2 M, pH 7.5) were added lyophilized and loaded on an acrylamide gel for analysis.

to this solution (9Q:L), and the mixture was incubatedrfb h atroom Replacement of HO by D,O. To ensure that any observed effects
temperature. The reduced oligonucleotide-SH was precipitated twice of D,O could be attributed solely to its effect on photochemistry, all
under an inert atmosphere in a degassed solution of EtOH/sodiumsamples were first lyophilized and then reconstituted with eith€y H
acetate and then washed with degassed EtOH and resuspended in 206r D,O.

uL of degassed Tri$ICl (pH, 7.5). Dipyridyl disulfide (16.5 mg) in Molecular Modeling. A DNA triplex structure was constructed
DMSO (90 uL) were added and the reaction allowed to proceed according to the previously published coordinates that correctly take
overnight at room temperature. The resulting product 189%S-Pyr into account the sugar conformation of (T,C)-motif triple helieBhis

was then precipitated in EtOH and washed. An aqueous solution structure is closer to a B-form DNA consistent with NMR stuéfié$
containing 16-T@&-SS-Pyr (9QuL), the peptide LysTrpLysCysCONH than the structure previously proposed by Arfidised on fiber X-ray
(10 equiv), NaCl (0.15 M), and TrBICI (6 mM, pH 7.5) was incubated diffraction. The JUMNA program permitted construction DNA struc-
for 3 h; then the oligonucleotide was precipitated and washed in EtOH. tures according to their helical parametérs.

The conjugate was analyzed by denaturing gel electrophoresis in 20% An intercalation site was created in the middle of triplex by doubling
polyacrylamide gel/tris-borate-EDTA buffer in the presence of 7 M the rise parameter for two adjacent8kT base triplets (rise= 6.8 A)
urea and visualized by UV shadowindPLC analysis of T-KWK was and subsequently decreasing the twist parameter between these two
carried out on a Lichrosorb C-18 column 2504 mm (system 1010, triplets from 34 to 16° in order to reduce bond distance constraints.
Agilent Technologies). A 30 min linear gradient of acetonitrite®% The ligandPQs; (see Figure 1A) was constructed using the builder
in 0.02 M ammonium acetate was applied for elution. The product was module of the Insight Il package (MSI, San Diego) and energy
analyzed by UV+vis spectrophotometry (Kontron Uvikon 923). Mass minimized using the discover modul®Qs; was docked into the

spectrometry analysis (MALDI-TOF, M- 5493.86, calculategr 5494). intercalation site with the charged side chain in the major or minor
Fluorescent Labeling of Triplex DNA on Agarose Gel.Samples groove of WatsorCrick double helix. Then, energy minimization
of duplex F (0.12uM) were incubated overnight at 4C in 10 mM was performed in order to obtain the complex with the lowest

cacodylate buffer (pH 6.0), 10 mM NacCl, either alone or in the presence conformational energy. Energies were also calculated for the free ligand

of 10uM TFO (16-TC or 9-TC). APQ; solution in water was added  molecules and the triplex structure in the absence of ligand. Solvent

to each sample and incubation continuedIfd at 4°C. Samples were and counterions were not explicitly included in these calculations.

then loaded on agarose gel (4%);@, migration time 15 min (note Instead, a signidal distance-dependent function of dielectric constant

that the 2.5% agarose does not permit distinction of various DNA was used, and each phosphate group was assigned half an electronic

conformations; consequently, a 4% agarose gel was attempted. How-charge.

ever, it suffered from overheating at°€; significant reduction of .

voltage circumvented overheating but resulted in longer migration imes ~ Acknowledgment. The authors are grateful to Fraois

that afforded no increased resolution because of diffusion). Guilloneau from the Laboratoire de Biophysique, NMuse
Plasmid DNA Cleavage AssaySspl cleavage of plasmid DNA  National d’'Histoire Naturelle, France for his help with the

(pf47) was accomplished by cleaving 4@ of plasmid with Sspl at figures.

37 °C overnight. Specific cleavage (position 2855) was verified by

comigration analysis with a molecular weight marker (Sigma). Linear ~ Supporting Information Available: PAGE analysis of the

pf47 was incubated overnight af@ in 10 mM cacodylate buffer (pH.  photocleavage experiments conducted with T-quin, duplex HDF,

6.0), 100 mM NacCl, either alone or in the presence of 16-TC (10 mM). T-acr, DO, and T-KWK. This material is available free of

PQs was added to the samples in order to get the final concentration charge via the Internet at http://pubs.acs.org.

of 3, 10, and 3Q«M, and all cleavage reactions were preequilibrated

for 1 h at 4°C. Irradiation was carried out directly in the tube for 30 JA0109040

min at 4°C, with a cutoff filter ¢ > 305 nm, Xe/Hg Lamp 150 W) (42) Ouali, M.; Letellier, R.; Adnet, F.; Liquier, J.; Sun, J.-S.; Lavery,

and followed immediately by 1% agarose gel electrophoresi€(4n R.; Taillandier, E.Biochemistry1993 32, 2098-2103.

the dark). (43) Macaya, R. F.; Schultze, P.; Feigon, JJAmM. Chem. Sod992
Cleavage Assay on the 56-bp DNA (F), Standard Protocolhe 114, 781-783.

oligopurine- and oligopyrimidine-containing strands (R and Y strands) 11‘(34(15)0Radhakrishnan, I.; Patel, D. Biochemistry1994 33, 11405~

of the duplex were separately-&nd radiolabeled. Samples of the (45) Armott, S.; Bond, P. J.; Selsing, E.; Smith, P. JNDcleic Acids
corresponding duplexes (Y*R and YR*) were incubated overnight at Res.1976 3, 2459-2470.
4°C in 10 mM cacodylate buffer (pH 6.0), 2700 mM NaCl, either alone (46) Lavery, R.; Sklenar, HJ. Biomol. Struct. Dyn1988 6, 63—91.



