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Abstract: Tethering the Hoechst 33258 fluorophore to thégsminus of the polypyrimidine third strand of parallel-
stranded DNA triplexes results in complexes with increaggualues that vary with both the pH of the solution and

the sequence of the target DNA. These pH/sequence effects are likely related to the preserie€-6f base

triplets, which can result in either chargeharge effects involving the base triplet and the charged piperazine ring

of the ligand or changes in the nature of the minor groove binding site resulting from the introduction ot the N
exocyclic amino group(s). As with DNA duplexes, sequence targets rich in A-T base pairs are most effective in
taking advantage of such ligand-induced stability. A duplex sequence rich in A-T base pairs adjacent to the triple
helix also appears to permit adjacent ligand binding; that is, the triplex is stabilized by the binding of the tethered
minor groove ligand in an A-T rich duplex adjacent to the site of the triplex. The Hoechst ligand can be very
effective in stabilizing G-T-A base triplets which are generally less effective in triplex formation, presumably as the
result of a single interstrand G-T hydrogen bond. Stabilization may occur in part because the {A#fidrgroove

may offer the ligand a preferred binding site as has been documented for this sequence in DNA duplexes. Binding
to the triplex results in an enhanced quantum yield for the fluorophore, the magnitude of which is dependent upon
sequence effects. Stopped flow experiments have provided some insight into the nature of the process; rapid ligand
binding to the duplex target is followed by a slower process, one interpreted to reflect the third strand binding to
generate the conjugated DNA triplex. Although not conclusive, the experiments suggest that the Hoechst conjugated
polypyrimidine strands bind to the target duplex by two simultaneous sets of interactions: (i) third strand binding in
the major groove and (ii) tethered Hoechst 33258 ligand binding in the minor groove.

Introduction structures and thereby inhibiting transcriptioajthough the
intercalation event appears to be a transient one, and in the
In addition to the interstrand Hoogsteen (or reverse Hoog- presence of long-wave UV irradiation, cross-linking between
steen) hydrogen bonds necessary for the formation of interstrancthe third strand and the target duplex occurs at the site of the
DNA triplexes, additional ligands, particularly those that have psoralen ligand.
been conjugated to the third strand, can be very effective in  Cholesterol conjugates were prepared initially to enhance
providing additional complex stabilization. Attachment of transport across the cell membrane and to provide stability
intercalating agents such as acridifiestrongly stabilized a  against exonuclease digestibrput additional studies have
pyrimidine—purine—pyrimidine DNA triplex as the result of  shown that the cholesterol ligand increases the stability of both
intercalation of the acridine moiety into the duplex. A number duplex and triplex structurés When present in triplexes formed
of intercalating agents have been conjugated to DNA sequencesfrom oligonucleotide “clamps”, the terminal cholesterol ligand
and the triplex-duplex junction at the 'sterminus of the third contributed significantly to the stabilization of such antisense
strand appears to be a preferred site for intercalation by severalcomplexed? The effect of the cholesterol ligand may be to
agents¥* The nonconjugatéd(or conjugatel) intercalating provide enhanced hydrophobic interactions, but the nature of
agent benze@]pyridoindole appears to intercalate directly into  this effect remains to be clarified. In addition to hydrophobic
the triplex to provide enhanced stabilization of DNA triple helix.  effects, polyamines such as spermiri@ are also known to
Psoralen conjugates have also been effective in stabilizing thesestabilize DNA triplexes, presumably by chargeharge interac-
tions that shield the potentially destabilizing phosphate
phosphate interactions. The conjugation of polyamiitiesr
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 Abbreviations: M= 2'-deoxy-5-methylcytidine, C*= 4-amino-1-6- polyamide&®® to the third strand of DNA triplexes results in
2’-de(%yo-)erythr0pentofuranosyl)-5-methy|-2,6(-11,3H)-pyrimidinedi- enhanced stability, and the presence of soluble polyamine or
one OXC . . . . . .
® Abstract published im\dvance ACS Abstractsune 15, 1997. divalent metal in solution is no longer required.
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A number of studies have also examined the ability of residue was purified by chromatography with silica gel using a gradient
nonconjugated ligands to interact with DNA triple helices. Minor  of methanol in ethyl acetate. The product eluted with approximately
groove binding ligands known to interact with duplex DNA can 10% methanql. The solvent was removed by evaporation to yield a
also bind to triplex structures. For example, netropsin binds to Pale yellow oil (1.14 g, 30%). TLC (ethyl acetatmethanol, 9:1):

a pyrimidine-purine—pyrimidine triplex without disruption of 0.40. *H NMR (300 MH?' CDCY: o _3'88 (H, S’_C.HO)’ 7.83
the complex*~16 but the affinity for the triplex appears to be (2H, d,J = 8.7 Hz, ArH); 7.03 (2H, d) = 8.7 Hz, ArH); 4.24 (2H,
piex; y for piex app _,J=5.0 Hz,—CH,—); 3.88 (2H, t,J = 5.0 Hz,—CH,—); 3.46 (20H,
less thar_1 that for the corresponding duplex. I_—|oweve_r, this m, —CH,—); 2.86 (LH, br s—OH) ppm. UV (methanol)Amax= 269,
observation does not completely account for the interactions of 278 nm i, = 231 nm. IR (film, CHCY): 3345, 2873, 1690, 1602,
netropsin with triple helices. Netropsin, as well as DAPI and 1256, 1099 cmt. HRMS (FAB): calcd for GoHs,05 387.2019 (M+
berenil, has also been observed to induce the formation of hybrid H*), found 387.2024.
triplexes involving both DNA and RNA sequencésyhen such 2-{ 4-[2-[Penta(ethylene glycol)]ethoxy]-1-phenyl-6-benzimida-
triplexes are normally not formed. Other minor groove ligands zolyl}-6-(1-methyl-4-piperazinyl)benzimidazole (5). The diamine
including Hoechst 33258 and distamycin appear to destabilize 4% (100 mg, 0.31 mmol) was dissolved in anhydrous methanol (5
DNA triplexes?819at least under the conditions examined, while ML) under dry nitrogen, and then the benzaldehgd@20 mg, 0.31
berenil will stabilize the DNA triplex in the absence of sodium mmol) was added and this mixture stirred at ambient temperature for
chloride?® We have observed that upon tethering Hoechst 1 h. At this time, tBUOOH (4QuL, 0.36 mmol) was added. The

. . mixture was left to react at room temperature under an inert atmosphere
33258 to the Sterminus of the third strand by a hexa(ethylene for five days. TLC analysis showed the complete disappearance of

glycol) linker that enhanced stability of a T-A-T rich tripleX e giamines. The solvent was evaporated, and the residue dissolved
results?* Here we report on additional studies with various in a mixture of dichloromethanemethanol, 9:1, was applied to a

DNA—Hoechst conjugates. preparative TLC plate, which was developed in a mixture of dichlo-
romethane methanot-triethylamine, 85:15:2. The portion of the plate
Experimental Section that contained the product was removed, and the product was recovered

. ) ) ) by washing the silica with dichloromethanmethanot-triethylamine,

Materials. HPLC grade solvents were obtained from either Aldrich  90:10:1 (50 mL). This solution was then evaporated to dryness, and
(Milwaukee, WI) or Fisher Scientific (Fair Lawn, NJ)."-Bimethoxy- the residue was precipitated after dissolving in hot acetonitrile (2 mL)
trityl nucleoside phosphoramidite monomers as well as all ancillary py cooling first at ambient temperature, and then 8€4to obtain the
reagents for nucleic acid synthesis were obtained from Cruachem first fraction of solid product. Reduction of the supernatant yielded
through Fisher Scientific or from Applied Biosystems, Inc. (Foster City, aqditional product (combined total 135 mg, 63%). Mp: +120°C
CA). Oligonucleotides were synthesized using nucleoside phosphoram-gec, R (dichloromethane methanok-triethylamine, 85:15:2): 0.45 (in
idite derivatives and an Applied Biosystems 381A DNA synthesizer. {he same system, the diamiishowed arR = 0.20, and the aldehyde
High-performance liquid chromatography (HPLC) was carried out on 3 R = 0.90). IH NMR (300 MHz, CQOD): & = 8.21 (1H, d,J =
an ODS-Hypersil column (0.4& 25 cm, Shandon Southern, England), 1.5 Hz, ArH); 7.99 (2H, dJ = 9.0 Hz, Af'H); 7.92 (1H, dd,J = 1.5,
using a Beckman HPLC systentH NMR spectra were obtained at 8.4 Hz, ArH); 7.65 (1H, dJ = 8.4 Hz, ArH); 7.48 (1H, dJ = 9.0 Hz,
300 or 500 MHz on a Varian XL-300 or 500 multinuclear spectrometer. ar'y)- 7.10 (1H, d,J = 2.1 Hz, ArH): 7.03 (3H, m, 2AfH, ArH);
Absorption spectra were recorded using an AVIV 14DS UVNis 416 (2H, m,—CH,— ethylene); 3.79 (2H, tJ = 4.8 Hz, —CH,—
spectrophotometer. Emission spectra were collected on a Shimadzugthylene); 3.56 (20H, m;-CH,— ethylene); 3.21 (4H, m-CHy—
RF5000U fluorescence spectrophotometer containing a Shimadzu DR-piperazine); 2.79 (4H, m-CH,— piperazine); 2.42 (3H, s, GH) ppm.
15 microprocessor and graphics display terminal. Mass spectra Wereyy (water): Ama= 220, 264, 339 NMimin = 245, 295 nm. IR (film,
obtained from the Mass Spectrometry Laboratory, School of Chemical methanol): 36063300, 3256-3000, 2880, 1620, 1615, 1470, 1256,
Sciences, University of lllinois, Urbana, IL. Stopped flow experiments 1105 cnrl. HRMS (FAB): calcd for GiHasNeO; 689.3663 (MH H*),
were carried out in a Kintek Instruments System Model SF2001 with t5,nd 689.3659.
atempgrature-gontrolled reaction chamber and a two-syringe pneumati- A Synthesis. The 15-mers were synthesized using standard
cally driven delivery system. phosphoramidite protocof4. To attach the Hoechst derivative to the

Methods. 4-[2-[Penta(ethylene glycol)lethoxy]benzaldehyde (3).  15.mers through the hexa(ethylene glycol) linker, the following
A mixture of 4-hydroxybenzaldehydel)( (1.2 g, 10 mmol) and procedure was employed: After the final nucleoside coupling on the
triphenylphosphine (3.9 g, 15 mmol) was suspended under nitrogen, so|ig support, the DMT group was removed using 3% trichloroacetic
in anhydrous dichloromethane (10 mL). When most of the solid was aciq in dichloroethane. After the support was washed with anhydrous
dissolved, hexa(ethylene glycoB)((3.7 mL, 15 mmol) was then added.  gcetonitrile, a solution fol M (2-cyanoethoxy)(diisopropylamino)-
The flask was cooled in an ice bath for-50 min, and then diethyl  chiorophosphine and 1 MN,N-diisopropylethylamine in anhydrous
diazodicarboxylate was slowly added in three portions (total 1.8 mL, acetonitrile was added to the support. After a reaction period of 30
15 mmol). The mixture was left to reactrfts h with ice cooling, after  in, the support was washed with anhydrous acetonitrile, and this
which time TLC analysis showed the complete disappearance of pnosphitylation step was repeated a second time. To complete the
hydroxybenzaldehyde. The solvent was then evaporated, and thecoupling, equal volumes of 0.5 M tetrazole/acetonitrile and a 0.1 M
residue dissolved in ethyl acetate (50 mL) and washed with agueousso|ytion of the Hoechst derivative tethering the hexa(ethylene glycol)
5% sodium bicarbonate 2 and water. The organic phase was dried  |inker dissolved in anhydrous DMF were added to the support and the
over anhydrous N&OQ,, filtered, and evaporated to dryness. The yeaction was continued for 16 h. After the support was washed with
acetonitrile, the acetylation and oxidation steps were performed in the

(14) Durand, M.; Thuong, N. T.; Maurizot, J. G. Biol. Chem.1992

267, 24394-24399. usual manner. The conjugate was deprotected and removed from the
(15) Park, Y. W.; Breslauer, K. Proc. Natl. Acad. Sci. U.S.A992 support by treatment with concentrated aqueous ammonia‘& 5

89, 6653-6657. 16 h.
(16) Wilson, W. D.; Tanious, F. A; Mizan, S.; Yao, S.; Kiselyov, A. HPLC using a 9.4x 250 mm column of ODS-Hypersil was used to

S.; Zon, G.; Strekowski, LBiochemistry1993 32 10614-10621. purify the conjugated oligonucleotides using a linear gradient ef 10
(17) Pilch, D. S.; Breslauer, K. Proc. Natl. Acad. Sci. U.S.A994 40% buffer B 30 mi - .

91, 9332-9336. % buffer B over 30 min (buffer A, 50 mM triethylammonium acetate,
(18) Durand, M.; Thuong, N. T.; Maurizot, J. ®Biochimie 1994 76, pH 7.0; buffer B, 50 mM triethylammonium acetate, pH 7.0, containing
181-186. 70% acetonitrile). The conjugates eluted between 15 and 18 min under

(19) Umemoto, K.; Sarma, M. H.; Gupta, G.; Luo, J.; Sarma, RJH.
Am. Chem. Sod99Q 112, 4539-4545. (22) Loewe, H.; Urbanietz, Arzneim.1974 27, 1927-1933.
(20) Durand, R. H.; Thuong, N. T.; Maurizot, J. @. Biomol. Struct. (23) Harapanhalli, R. S.; McLaughlin, L. W.; Howell, R. W.; Rao, D.
Dyn. 1994 11, 1191-1202. V.; Adelstein, S. J.; Kassis, A. 1. Med. Chem1997, 39, 4804-4809.
(21) Robles, J.; Rajur, S. B.; McLaughlin, L. \W.Am. Chem. So2996 (24) Matteucci, M. D.; Caruthers, M. H. Am. Chem. S0d.981, 103

118 5820-5821. 3185-3191.
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these conditions. An estimation of the efficiency of the final coupling the higher melting complexes, it was necessary to generate difference

step could be determined by comparing the ratio of the free 15-mer plots, in which the duplex component of the transition had been

(failed coupling product) to the conjugated 15-mer during the HPLC subtracted.

isolation procedures. This final coupling step generally occurred with Fluorescence Studies.Fluorescence measurements were made in

yields between 50% and 75%. 10 mM PIPES, pH 6.4 or 7.0, 10 mM HEPES, pH 7.5 or 8.0, 10 mM
Nucleoside Analyses.To 0.5 Ay unit of oligonucleotide in 100 magnesium chloride, and 50 mM sodium chloride (with or without 0.5

uL of 50 mM Tris'HCI, pH 8.0, containing 100 mM Mgglvere added mM spermine) at triplex concentrations of approximatelyM. All

0.003 unit of snake venom phoshodiesterase and 1 unit of alkaline measurements were performed with the following list of parameters:

phosphatase and the mixture was incubated fo8 B at 37°C. The slit width, EXEm = 5 nm/5 nm; high sensitivity; medium speed.

digestion products (approximately 0&so unit) were analyzed by Samples were introduced into a 1.25 mL cell thermally isolated with

reversed phase HPLC using a 4&50 mm column of ODS-Hypersil a water jacket. Temperature was controlled with a recirculating water

and a gradient of 5% buffer B for 10 min, followed by a linear gradient bath at 10°C. Emission spectra were recorded witly = 354 nm.

from 5% to 100% buffer B over 10 min (buffer A and buffer B were Stopped Flow Analyses. Experiments were carried out in the

as described above). Under these conditions, the following retention stopped flow apparatus containing a temperature-controlled reaction

times were observed (min): C, 3.1; G, 7.5; T, 8.0; A, 9.2Cm5.2; chamber at 10C using two solutions: Solution A contained 201

and Hoechst derivativs, 17.5 min. target duplex in PIPES, pH 6.4, 7.0, or 8.0, 10 mM magnesium chloride,
Oligonucleotide Extinction Coefficients. Extinction coefficients and 50 mM sodium chloride. Solution B containedM conjugate in

at 260 nm were determined according to the method of Cantor and the same buffer. Equal volumes of each solution were mixed in the
Warshaw?® and for the conjugates, the extinction coefficient forHO  reaction chamber (approximately 0.1 mL) by a pneumatic system. After
(egk—Hoechst 33258 at 260 nm (20 8880 units MM ™) was added  the flow of solutions had stopped, the fluorescence emission (450 nm)
to the calculated value. Concentrations of sequences containing C, M,was recorded as a function of timee{ = 354 nm). Different

or C* were determined using the same extinction coefficient. The error experiments were performed to monitor the change in fluorescence over

in these extinction coefficients is estimated to-b20%. varying time periods. The fitted curves were the average of at least
five experiments, with each experiment involving 400 data points. The
Sequence: £(A260 units mM-) averaged data were fitted to exponential curves from which kinetic
53 constants were obtained.
TTTTTTTTXTXTXTT X : C,M,C* 119,400
Hoechst- {eg) g-TTTTTTTTXTXTXTT X : C,M,C* 140,200 ) )
CGCCGCGCGCGCCAAAAAAAAGAGAGAACCCGGCGCGCGT 385,400 ReSU'tS and DISCUSSIOn
GCGCGCGCCGGGTTCTCTCTTTTTTT TCGCGCGCGCGGCG 336,600
YTTTTTTTXTXTXTT KoMTan 17,800 DNA triplexes formed with the pyrimidinepurine—pyrimi-
Hoechst - {eg) 6 -YTTTTTTTXTXTXTT X : MY : M 139,600 dine recognition motif typically contain a large number of
X:MY : C* 139,600 : i
CGCCGCGCGCGCGGAAAAAAAGAGAGAACCCGGCGCGLGC 383,500 neUtra:I T_A_T bas_e tnplets' In these Complexes the thlrd Stra:nd
GCGCGCGCCGGETTCTCTCTTTTTTTCCGCGCGCGCGGLG 335,700 occup|es the major groove Of the target dup'ex’ and major
RPTTTTRTSTETT ¥ .M 116, 900 groove binding ligands such as methyl green are excluded from
Hoechst - (eg) 6~ XXTTTTTTATLTXTT X : M 137,700 binding to such DNA triplexe3$® However, in these three-
CGCCGCGCGCGCGGGARARAAGAGAGAACCCGGCGCGCGT 381,600 . .
GCGCGCGCCGGEET TCTCTCTTTTTTCCCGCGCGIGCGGLG 334,800 stranded complexes the minor groove remains largely unen-
STRTTTTTR TS TXTT 5 u 116,900 cumbered, and a variety of studies have shown that minor groove
Hoechst- (eg) g-XTXTTTTTXTXTXTT X : M 137,700 indi i i i 16,18-20
CGCCGCECGCGCGGAGAAAAAGAGAGAACCCGGCGCGCGE 382, 800 ,bmdmg Ilgands can targe_t DNA trlple hellcé’s, althoth
GUGCGCGCCGGETTCTCTCTTTTTCTCCGCECGCGOGGCE 334, 800 in many cases the affinity of the minor groove agent for the
TTTTXTKTETETXTT XM 117,600 triplex is often less than that observed for the corresponding
Hoechst - (eqg) g-TTTTXTXTXTXTXTT X : M 138,400 H H H
CGCCGCGCGCGCGAARAGAGAGAGAGAACCCGACGCGOGE 384, 000 duplex. .HOEChST 33258 is known .'[O blrld .tO the minor groove
GCGCGCGCCGECTTCTCTCTCTCTTTTCGCGOGCGOGGCE 334, 800 of A-T rich duplexes and could, in principle, bind to DNA
TTGGTTTTXTLTRTT XM 124, 000 triplexes that are rich in T-A-T base triplets. By tethering the
Hoechst- (eg) §-TTGGTTTTXTXTXTT X : M 144,800 H H H H HR
OGO A AT T AAAAGAGAGAACCOAGECEG0GC 319, £00 Hoechst derivative to the third strand, enhanced triplex stability
GCGCGCGCCGEETTCTCTCTTTTGGTTCGCGCGCGCGGCE 341,200 could then occur. The third strand would be located in the major
TTTCGTTTXTXTXTT XM 124,000 groove of the target duplex, and the Hoechst ligand would
Hoechst - {( ) 6-TTTGGTTTXTXTXTT X : M 144,800 H .
nggGgGCGﬁgCSAAATTAAAGAGAGAACCCGGCGCGCGC 379,600 OCCUpy the minor groo_ve_' In Orde_r for SUCh a Complex tO b_eneflt
CCGLGCECCOGETTCTCTCTPTEGTTTCECOCG000GECG 341,200 from both modes of binding, the linker used to tether the ligand
CGCCGCGCAAARAGAGAAAAAGAGAGAACCCGGCGCGCGE 400,100 to the DNA sequence must be long enough to have one end in

GCOCGCGCCGGGTTCTCTCTTTTTC TCFITTGCGCGECE 334,100 the major groove-at the terminus of the third strand; it must

then traverse the phosphoribose backbone, and finally penetrate
deeply within the minor groove to permit binding by the Hoechst
ligand. Model building studies indicated that a hexa(ethylene

or without 0.5 mM spermine) at concentrations aED.20uM. (note, g_choI) linker WO.UId span the dl_stance hecessary to_permit
spermine-containing buffers were made fresh daily). Slight variations Slmultaneous maJo'f groove and minor groove binding. Toward
in concentrations arise due to the imprecision in determining extinction this end, we have incorporated hexa(ethylene glycol) into the
coefficients for oligonucleotide sequences. Absorbance (260 nm) and terminal phenoxy ring of Hoechst 33258. In addition to the
temperature values were measured with an AVIV 14DS UV/vis requisite length, this glycol-based linker is hydrophilic, and may
spectrophotometer equipped with digital temperature control. The tend to adopt a more extended form in aqueous solutions, rather

temperature of the cell compartment was increased ifiCL fleps (from than to fold back on itself as might happen with a more
0 to 95°C), and when thermal equilibrium was reached, temperature hydrophobic carbon-based linker.

and absorbance data were collectélg, values were determined both Synthesis of the Conjugated OligonucleotidesWe were

from first-order derivatives and by graphical analysis to determine the unable to incorporate the glycol-based linker directly into the

midpoint of the transition directly from the absorbance vs temperature .
plots. Both techniques gave values that were within the experimental Hoechst 33258 fluorophore, but could prepare the desired

error (£1 °C) for the analysis. If unclear, the graphical analysis to compound byzgynthes_izing the bisbenzimidazole ring system
determine the midpoint of the transition was relied upon. For some of as describe@?® and simply altering the nature of the last

Thermal Denaturation Studies. Thermal denaturation studies were
performed in 10 mM PIPES, pH 6.4 or 7.0, 10 mM HEPES, pH 7.5 or
8.0, 10 mM magnesium chloride, and 50 mM sodium chloride (with

(25) Cantor, C.; Warshaw, Biopolymers197Q 9, 1059-1069. (26) Kim, S. K.; Norden, BFEBS Lett.1993 315 61-64.
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cyclization step. Thus, hexa(ethylene glycd) (vas used to
alkylate p-hydroxybenzaldehydel) to generate the aldehyde
derivative3. Preparation of the aldehydes allowed us to use
an oxidative coupling procedure with the diamino derivadve
(prepared using the described procedi#&€% Under oxidative
conditions we obtained the Hoechst derivatigés higher yields

than with previously described procedures using the correspond-

ing imidates?’

Fluorophores and other reporter groups can often be tethered

to the B-terminus of oligonucleotides simply by preparing the

agent as the corresponding phosphoramidites and coupling them

to the DNA sequence as the last step of the synti#ésis.
Unfortunately, we could not prepafe as the corresponding
phosphoramidite. However, this derivative could be success-
fully tethered to the terminus of the desired oligonucleotides
by reversing the nature of the coupling stépin this procedure,

the DNA 15-mer was synthesized using standard protocols, and

the final DMT-protecting group was removed in the normal
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Figure 1. Absorbance vs temperature plots for the native (dotted line)

fashion. The 15-mer was then phosphitylated to generate a@"d conjugated (solid line) triplexes at pH 6.4:

phosphoramidite at the-ferminus of the 15-mer. The extent
of this reaction could not be effectively quantified, so it was
repeated in order to enhance the yield of the support-bound
phosphoramidite. The Hoechst derivatbevas then introduced

to the support-bound phosphoramidite in the presence of
tetrazole. Similar procedures were described previously for
phosphotriester-based procedufesAfter an extended reaction
period (~18 h) the sequence was deprotected (concentrated
ammonia) and isolated (HPLC).

The extent of the final coupling reaction was determined by
HPLC analysis. In these analyses two major species were
typically present. The earliest eluting material corresponded
to the nonconjugated 15-mer. It often appeared with a
companion peak due to the variation in the terminal residue (

a terminal phosphate). The second peak was the major product

and corresponded to the conjugated species, while the final
minor peak represented the free fluorophore/linker. It is possible
that this latter material represents some cleavage from the
conjugated oligonucleotide during deprotection procedures.
Alternatively, much of this material may simply be residual

fluorophore that was nonspecifically bound to the solid support

Hoechst - (eg) T TTTTTTTMTMTMTT
CGCCGCGCGCGCAAAAAAAAGAGAGAACCCGGCGCGCGE
GCGGCGCGCGCETTTTTTTTCTCTCTTGGGCCGCGCGCG

Table 1. T Values for MiC- and nf®*C-Containing DNA
Triplexes by a Tethered Hoechst Derivatite

Hoechst-(eg)s T TTTTTTTXTXTXTT
CGCCGCGCGCGCGAAARAAARAGAGAGAACCCGGCGLGLGL
GCGGCGCGCGCGCTTTTTTTTC TCTCTTGGGCCGCGCGLG

pH Value?
3

Entry |, XTXTXT... Third Spermine 6.4 7.0 7.5 8.0
Strand

T TEmer 33 73 (K 10

2 - MTMIMT . Hoechst- 48 38 29 18
15mer

3 ISmer 0.5 mM 48 34 25 18

4 -MIMIMT- .- poechst- 0.5 mM 62 53 47 30
15mer

5 15mer 25 25 24 23

“xx

6 - +CTCTCT. « - Hoechst- 33 30 30 31
15mer

7 s 1Smer 0.5 mM 29 29 28 27

8 -+ -CTCTCT.-.  Hoechst- 05 mM 40 40 39 40

15mer

2 The superscript numbers are used to denote the following. (1)

and subsequently released upon treatment with ammonia. Theyajyes are listed iiC + 1 °C. (2) Thermal denaturation studies were

extent of conjugation using this procedure varied from 50% to
75%. Treatment of the major product with snake venom

performed in 10 mM PIPES, pH 6.4, or 7.0, 10 mM HEPES pH 7.5,
or 8.0, 10 mM MgC}4, and 50 mM NacCl (with or without 0.5 mM

phosphodiesterase and alkaline phosphatase resulted in thépermi”e) at 1:1:1 strand ratios at approximatelyM. (3) M =

correct ratios of nucleosides and the fluorophore linker derivative
5 (data not shown).

Thermal Stability of Hoechst-Conjugated DNA Triplexes.

We initially examined a 15-mer triplex containing eight T-A-T
base triplets at the'Serminus of the third strand, adjacent to
the site of attachment of the poly(ethylene glycol) tether. The
three G-C base pairs in the duplex region were targeted using
5-methylcytosine (M). As we have reported in an earlier
paper?! the triplexes containing the tethered Hoechst dye
exhibited significant increases Ty, values (see Figure 1), both
with and without spermine present in the buffer (Table 1). But
in all cases, due to the requirement for protonation of the M

(27) Rajur, S. B.; Robles, J.; Wiederholt, K.; Kuimelis, R. W.; McLaugh-
lin, L. W. J. Org. Chem1997, 62, 523-529.

(28) Alves, A. M.; Holland, D.; Edge, M. DTetrahedron Lett1989
30, 6227-6245.

(29) Cocuzza, A. JTetrahedron Lett1989 30, 6287-6290.

(30) Asseline, U.; Bonfils, E.; Kurfist, R.; Chassignol, M.; Roig, V.;
Thuong, N. T.Tetrahedron1992 48, 1233-1254.

(31) Mori, K.; Subasinghe, C.; Stein, C. A.; Cohen, J.Nbicleosides
Nucleotides1989 8, 649-647.

(32) Kempe, T.; Sundquist, W. I.; Chow, F.; Hu, S.Mucleic Acids
Res.1985 13, 45-57.

-methyl-2-deoxycytidine, C*= 4-amino-1-(3-2'-deoxyp-erythro-
pentofuranosyl)-5-methyl-2,6€1,3H)-pyrimidinedione (n*C).33

G-C base triplets, th&y, values were observed to be dependent
upon the pH values of the solution (see Figure 2). These pH
effects can be eliminated by using an appropriate nucleoside
analogue in which the protonation event is not required for base
triplet formation (see Figure 2). We have previously descfbed
such an analogue of C, which contains a carbonyl for C6 and
a methyl group at C5. Triplexes formed from this C-analogue
(C*; Table 1, Figure 2) do not exhibit the pH dependence of
the M-containing triplexes. The stability of these triplexes can
also be increased in the presence of spermine, but the combina-
tion of the tethered Hoechst dye and spermine results in roughly
a 28 °C increase in triplexT,, at pH 6.4 relative to the
nonconjugated duplex in the absence of spermine (Table 1).
Effects of G-C Base Pairs. Although it is necessary for the
tether between the third stand and the minor groove binding
agent to traverse the phosphoribose backbone, it was unclear
as to the nature of the minimum acceptable minor groove

(33) Xiang, G.; Soussou, W.; McLaughlin, L. W. Am. Chem. Soc.
1994 116, 11155-11156.
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Figure 2. Comparison of thd, values vs pH for the nonconjugated
triplexes, entries 3M) and 7 @) of Table 1, with the corresponding
conjugated triplexes, entries @) and 8 @) of Table 1.

Table 2. Tn, Values for DNA Triplexes Tethering a Hoechst
Derivative: Effects of Target Sequenée

Hoechst - (eg) s~ XXX XXX XTMTMTMTT
CGCCGCGCGCGCYYYYYYYAGAGAGAACCCGGCGCGCGE
GCGGCGCGCGCGZZZZ22Z2ZTCTCTCTTGGGCCGCGCGCG

pH Value2

—XXXXXXX ., ..
.. JYYYYYYY. ..
... Z222ZZ2%. ..

Third 8.0

Strand

Entry 6.4 7.0 7.5

I5mer 34 24 10

1 -TTTTTTT. ..
2 < .ARRARRA... oo
...TTTTTTT. .. 1Smer

48 38

3 ~MTTTTTT. .. 15mer 38 28 ot

e 15
.. .CTTTTIT...

Hoechst-
15mer

40 32

.

s ...CTTTTIT... 25 10
Hoechst-

6 LLLCTTTTIT... amen

32
42

15mer

32 15

15mer 38 26 nt

7 -MMTTTTT. ..
3 ...GGARAAA...
...CCTTTTT. ..

Hoechst-
15mer

41 29 nt

15mer 38 26 nt

-MIMTTTT. ..
-..CICTTTT...

Hoechst- 29

15mer

41 nt

15mer 47 35 26 nt

-TTTTMTM. . .
... AARAGAG. ..
.. . TTTTCTC. ..

2 The superscript numbers are used to denote the following. (1)
Values are listed iiC £+ 1 °C. (2) Buffer conditions (in the absence
of spermine) as described in footnote 1 of Table 1.

Hoechst- 52 41 32 15

15mer

binding site. Studies with DNA duplexes have indicated that a
four base pair A-T rich minor groove site is required for effective
binding by Hoechst 3325838 Hybridization studies with

Robles and McLaughlin

A-T base pairs to seven, and moved it one base pair from the
site of the tether. The addition of the additional #-C base
triplet to this sequence increased thgfor the nonconjugated
triplex by 4°C at pH 6.4 (entry 3, Table 2) relative to the triplex
containing eight contiguous T-A-T base triplets, and this
complex also exhibits the expected pH dependence. The
incorporation of the tethered ligand to this triplex had relatively
little stabilizing effect at pH 6.4, but was more effective at pH
8. The addition of the G-C base pair to the terminus of the
duplex target site alters the nature of the minor groove (by the
introduction of theN?-amino group from the G residue).
Additionally, third strand binding with the formation of a
terminal M*-G-C base triplet introduces an additional positive
charge to the complex. In an attempt to separate these effects,
we prepared a third strand sequence with a terminal C* residue,
a neutral analogue of protonated cytosifhawith this sequence
the minor groove still contains thif?-amino group from the
terminal G-C base pair, but no additional positive charge results
at this site upon triplex formation. The triplex formed in this
case (at pH 6.4) exhibits a 1UC increase in thel, value
(compare entries 5 and 6, Table 2), similar to the’C4value
observed for the complex containing an A-T rich terminal
sequence (entry 2, Table 2). Two additional complexes (entries
7 and 9, Table 2) further shortened the A-T rich binding site,
and moved it two and then three base pairs, respectively, from
the site of the tether. The addition of the tethered ligand (entries
8 and 10, Table 2) increases théggvalues only marginally.

A final sequence alteration is present with entry 11 (Table 2)
in which the eight-residue A-T base pair binding site has been
reduced to four (the minimum required for binding to duplex
DNA), but it is located adjacent to the site of the tether. The
6 °C increase iy, is more significant than that observed with
corresponding complexes containing™¥5-C base triplets
within the putative binding site.

It is noteworthy that the elimination of the charged base triplet
from the terminus of the three-stranded complex (entries 5 and
6, Table 2) results in a significant increase in thg value,
relative to the complex of identical sequence, but containing a
charged base triplet. One simple explanation for this effect is
that, under the conditions of the assay, the piperazine ring of
the Hoechst ligand also carries a positive charge, and ligand
binding deep in the minor groove, in which the piperazine ring
must approach the charged base pairs, may be modulated by
charge-charge repulsion effects. On the basis of the compari-
son of the values for entries 1 and 2 with those for entries 5
and 6, such effects are clearly present. However, such an
interpretation of the overall stability of the complexes with
respect to pH is too simplistic. With two binding elements

duplexeshave indicated that a tethered Hoechst derivative can present in these complexes, the third strand and the minor groove

locate the requisitedouble-strandedA-T rich site at some
distance from the site of the teth#r.In the present work we
examined the nature of the triplex minor groove binding site

ligand, the AT, values will depend upon both the binding
enthalpy of the third strand and the binding enthalpy of the
ligand. While theTy, values for the third strands can be used

by preparing a series of three-stranded complexes that variedio estimate relative enthalpy values for the nonconjugated

both the length and the position of the A-T rich minor groove.

triplexes, the binding enthalpies of the ligand are more complex.

In the simplest alteration, we placed a G-C base pair at the endTethering the ligand to the triplex may change the sequence

of the A-T rich binding site (entries 3 and 4, Table 2). This

specificity exhibited by the ligand and/or limit its ability to bind

sequence alteration reduced the available binding site from eightto a preferential binding site, or in the preferred binding

(34) Harshman, K. D.; Dervan, P. Blucleic Acids Red.985 13, 4825~
4835.

(35) Portugal, J.; Waring, M. Biochim. Biophys. Act4988 949, 158-
168.

(36) Abu-Daya, A.; Brown, P. M.; Fox, K. RNucleic Acids Resl995
17, 3385-3392.

(37) Fox, K. R.; Waring, M. JNucleic Acids Resl1984 12, 9271-
9285.

(38) van Dyke, M. W.; Hertzberg, R. P.; Dervan, P.Aoc. Natl. Acad.
Sci. U.S.A1982 79, 5470-5474.

orientation. The free energy of binding for these complexes
will ultimately be determined by the competition of the ligand
for its preferred minor groove binding site, and the third strand
for its preferred major groove binding sitboth mediated by
the presence of the tether between the two binding entities.
Nevertheless, chargeharge effects appear to be present
either directly or indirectly in virtually all of the triplexes
containing additional M-G-C base triplets. As the pH of the
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Table 3. Tn Values for DNA Triplexes Containing Two Adjacent Table 4. Tn, Values for DNA Triplexes Containing an A-T Rich

GTA Base Triplets and Tethering a Hoechst Ligkhd Ligand Binding Site Adjacent to the Triplex Target Site
Hoechst - (eg) ¢ T TXXXTTTMTMTMTT Hoechst - {eg) s MTMTTTTTMTMTMTT
CGCCGCGCGCGCGAAYYYAAAGAGAGAACCCGGCGCGCGL CGCCGCGCAAAAAGAGARAAAAGAGAGAACCCGGCGCGCGC
GCGGCGCGCGCGCTTZZZTTTCTCTCTTGGGCCGCGCGLG GCGGCGCGTTTTTCTCTTTTTCTCTCTTGGGCCGCGCGCG
pH Value2 pH Value?
LGXXXLL
Entry ...YYY... Third Strand  Spermine 6.4 7.0 7.5 8.0 Entry  Third Strand 6.4 7.0 7.5 8.0
ZZZ...
1 ..GGT... 15mer - 31 23 15 nt
.. TTA... 1 15mer 39 26 15 nt
2 ...AAT... Hoechst-15mer - 47 35 15 nt
2 Hoechst-15mer 58 45 35 20
3 ..GGT... 15mer 0.5 mM 42 28 22 10 2The superscript numbers are used to denote the following. (1)
o A et lSmer 05 mM 62 45 27 " Values are listed iiC 4+ 1 °C. (2) Buffer conditions (in the absence

2 The superscript numbers are used to denote the following. (1) of spermine) as described in footnote 1 of Table 1.

Values are listed iiC £+ 1 °C. (2) Buffer conditions as described in

footnote 1 of Table 1. most significantly from 12 to 18C at slightly acidic or neutral

pH values. The addition of spermine results in moderate
increases in th@, values of the simple 15-mer triplex (entry
2, Table 3), and more dramatic effects with the tethered ligand
(entry 4, Table 3). The combination of a tethered ligand and
spermine results in triplexes that are significantly more stable
than those prepared solely with T-A-T and'NG-C base triplets
(compare entry 4, Table 3, with entry 4, Table 1). The
combination of the ligand and the polyamine can enhance the
Tm values for the triplexes by 20C or more. These enhanced
tTm effects result from a combination of both ligand binding
and triplex binding preferences and cannot at this time be
detailed at the molecular level. Nevertheless, the use of the
Rethered minor groove ligand appears to enhance the stability
of triplexes containing the less stable G-T-A base triplets.

Effects of an Adjacent, Duplex, A-T Rich Ligand Binding
Site. In the DNA triplexes initially examined, the sequence
was designed such that the only minor groove A-T rich binding
site available to the Hoechst ligand was that contained in the
DNA ftriplex. An additional comparison could be made by
providing a A-T rich binding site in the duplex region of the
complex immediately adjacent to the triple helix (see Table 4).
Two G-C base pairs were placed into the triplex target,
generating a target sequence similar to that of entry 7, Table 2.
This design should inhibit effective ligand binding to the triplex
structure, but provide a five-base pair A-T rich binding site
immediately adjacent in the duplex structure (see Table 4). At
three of the four pH conditions used, the conjugated DNA triplex
resulted in a 1920 °C increase in thel, value over the
nonconjugated complex (compare entries 1 and 2, Table 4). The
magnitude of these increaseg Values are similar to those we
have reported previousffor the stabilization of DNA duplexes

assay solution is increased, some loss of chargedavC base
triplets occurs due to deprotonation effects. At pH 8 the
triplexes are generally destabilized (note the odd-numbered
entries of Table 2), and yet the conjugated triplexes often exhibit
quite impressivel,, values. In all but one complex, the DNA
triplex transition could be observed at pH 8.0 in the presence
of the conjugated strand, while in four of the five complexes,
no transition was observed for the nonconjugated triplex (the
sole exception, entry 1 in Table 2, has the fewest pH-dependen
M*-G-C base triplets). In the conjugated complexes, the ligand
may be more effective in binding to the minor groove structure
at higher pH values; either due to the absence of charged bas
triplets or with the destabilization of the triplex, the minor
groove becomes more duplex in character and the ligand can
locate a preferred binding site. More effective binding by the
ligand in the minor groove, from either effect, could stabilize
the triplex by entropic means in the absence of protonation
effects for base triplet stabilization. The only conjugated triplex
that did not give a transition at pH 8.0 was entry 8 of Table 2.
This complex has the A-T rich binding site moved furthest from
the site of the tether and of the complexes tested is most likely
to experience effects resulting from the ligand “reaching the
end of its tether”.

Enhancing the Stability of Weakly Bound DNA Base
Triplets. Guanine can function in the parallel-stranded triplex
motif to recognize a T-A base pair by the formation of a G-T-A
base triple® Only a single hydrogen bond has been observed
between the G residue of the third strand and the T-A base
pair0 it has been proposed to involve thB-amino group of
G and theO?*carbonyl of T. With only a single interstrand
gsr/(gg?é_ncbgggét?ﬁpig_ ATbhis?;trr'gf; cljs"lg;f, 5 t:g::rct)giﬂ -2 (;‘LIE by a tethere_d Hoechst c_onjugate. Thg values obtained.for this
be advantageous in cases where less stable base triplets ar omplex, IW'th the Q'T rich seq(l;en'crt]a in the ﬁuplex relglon O.f
involved by providing additional binding interactions to com- the complex, can be compared with two other complexes in

pensate for a weaker binding base triplet. To examine this .th's study. A comparison of thATr, values for the conjugate

Qo . in which the tethered ligand binds to the minor groove of an
po§5|blllty, we prepared a target sequence conta|n!ng tvyo A-T rich DNA triplex (entry 2, Table 1), and the corresponding
adjacent T-A base pairs (entry 1, Table 3). By choosing this lex in which the lioand binds t di t AT rich
target sequence, the triplex minor groove provides a (AATT) complex n which the igand binds to an adjacent, A-1 ricn,
binding site. In DNA duplexes, the (AATF)sequence repre- DNA duplex (entry 1, Table 4), suggests that more effeCt'V?
sents one of the preferred binding sites for Hoechst 33258, g:gg:g%cchsur;'ogs s?xrﬁ)ilfei?::?t, iﬁhtgecodmup:gi (‘:’gﬁgﬁﬁ' t-:—gs
and similar preferences might exist in the minor groove binding . . . 9 mp . 9
sites of the DNA triplexes. The third strand used to form the |dent|ca_l friplex sequence (but no A-T rich target) is used for
DNA triplex contained three M residues (for targeting the G-C comparison (entry 10,.Table 2).
base pairs), ten T residues (for the A-T base pairs), and two G __We note that a previous papehas concluded that Hoechst
residues (for the T-A base pairs). The simple 15-mer triplex 33258, when present in an untethered state, destabilizes DNA
(entry 1, Table 3) exhibited &, value that was reduced from triplexes. The differences in these earlier conclusions and the
that observed for the triplex containing only T-A-T andM present ones may stem in part from variations in the experi-
G-C base triplets (see entry 1, Table 1). Introduction of the mental protocols. We ha}ve used a.smgle molecule of Hoechst
tethered Hoechst ligand results in variable increas@s values, 33258 tethered to an oligonucleotide for each three-stranded

(39) Griffin, L. C.; Dervan, P. BSciencel989 245 967-971. (41) Wiederholt, K.; Rajur, S. B.; Giuliano, J. J.; O’Donnell, M. J.;
(40) Wang, E.; Malek, S.; Feigon, Biochemistryl992 31, 4838-4846. McLaughlin, L. W.J. Am. Chem. S0d.996 118 7055-7062.
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Figure 3. Fluorescence emission spectra for the triplexes described Figure 4. Fluorescence emission spectra for the triplex described in
in Table 2: (a) entry 2, (b) entry 4, (c) entry 6, (d) entry 8, (e) entry entry 2, Table 1, at pH values 6.4, 7.0, 7.5, and 8.0 (upper scans).
10, (f) entry 2, Table 4, (g) single-stranded conjugate of entry 2, Table Spectra for the single-stranded conjugate are illustrated in the lower
2, (h) Hoechst 33258. See the Experimental Section for details. scans.

complex; under these conditions the hybridization process then(entries 4, 6, and 8, Table 2), the ligand must reach across these
limits the ratio of ligand to triplex to 1:1. At this ratio, and residues to locate the T-A-T rich sequence. The reduced
with the dye tethered, we observe significant stabilization of emission effects (Figure 3td) may reflect less than optimal
the DNA triplexes. In the previous study, free untethered binding by the ligand. However, when the ligand was provided
Hoechst 33258 was employed at a ratio of ligand to triplex in an T-A-T rich sequence adjacent to the tether, but only four
excess of 1:1. Since it is known that the Hoechst dyes have residues in length (entry 10, Table 2), a moderate increase in
multiple modes of binding to DNA duplexé3 similar effects quantum yield (relative to entries 4, 6, and 8) was observed
might be expected for the DNA triplex. Additionally, as triplex  (Figure 3e).

dissociation occurs with the conjugate described in this work,  Enhanced quantum yield effects for these bisbenzimidazole
and the minor groove becomes more double-stranded influorophores appear to be related to the absence of nonradiative
character, the ligand portion of the conjugate may remain relaxation processes, largely collisional effects with solvent
effectively bound to the target sequence after dissociation of water molecule$® When bound deep in the minor groove of
the third strand. With the ligand bound to the minor groove, duplex structures, such effects are reduced and radiative
and tethering the third strand, a high local concentration of third relaxation effects predominate. When the tethered Hoechst
strand results and leads to an entropic stabilization of the derivative is directed to the minor groove of the DNA triplex

conjugated triplex. containing eight contiguous T-A-T base triplets, the most
Fluorescence Characteristics of Hoechst-Conjugated DNA  significant quantum yield enhancement was observed, although
Triplexes. Fluorescence StudiesUpon binding of the DNA- this value was still less than that observed with the correspond-

Hoechst conjugate to the target duplexes, enhanced emissioring duplex (see the next section). The various sequence effects
spectra result (Figure 3a). The magnitude of the attendantobserved may again reflect chargeharge interactions between
fluorescence signal, relative to the single-stranded conjugate,the protonated Hoechst dye and the nearbly®4C base triplets,

is not as dramatic as typically observed for double-stranded or the presence in the minor groove of the guafiBeamino
complexes, and is dependent upon the pH value of the solution.group, and such effects may ultimately prevent the ligand from
For example, the fluorescence emission spectra were measuredeaching the desired binding site, or prevent deep penetration
under a variety of pH conditions for both the single-stranded by the dye into the groove structure.

conjugate and the corresponding DNA triplexes (Figure 4). As  We also examined the fluorescence characteristics of the
typified by the triplex corresponding to entry 1 (Table 2), a complex in which the A-T rich binding site was present in the
significant decrease in quantum yield with increasing pH was duplex region adjacent to the DNA triplex (see entry 2, Table
observed (Figure 4). We have therefore compared the emissions). In this complex the tethered Hoechst dye is presented with
spectra of the various conjugated complexes of Table 2 in Figurea minor groove target in thduplex portion of the complex.
3a—e at pH 6.4. In general, the increases in fluorescence The triplex portion of this complex contains two'™5-C base
quantum yield for the binding of the single-stranded conjugate triplets to inhibit binding by the Hoechst derivative to the triplex
to the target duplex was relatively moderate (compare parts gportion of the minor groove. The conjugate of Table 4 exhibited
and a of Figure 3), largely due to the relatively strong emission an enhanced emission spectrum whose magnitude was more
signal from the single-stranded conjugate (compare parts g andpronounced than that of any of the triplex-bound dye conjugates
h of Figure 3). The magnitude of the emission spectra, for (Figure 3f). These differences, illustrated in Figure 3, most
triplexes of varying sequence, appeared to be related to the easéikely reflect variations in minor groove structure for the triplex

in targeting regions of contiguous T-A-T base triplets that define and duplex, and suggest that while minor groove binding by
the minor groove binding site (compare partsesof Figure 3). the Hoechst conjugates to the triplex minor groove does increase
The most fluorescent complex (Figure 3a) was that containing overall stability and enhance the fluorescence emission spectra,
a region of eight T-A-T base triplets (entry 2, Table 2). As the corresponding effects, when the duplex minor groove in
M*-G-C base triplets were located near the site of the tether involved, are more dramatic. It appears that the presence of

(42) Lootiens, F. G.; Regenfuss, P.; Zechel, A.; Dumortier, L.; Clegg, (43) Zimmer, C.; Wanert, U.Prog. Biophys. Mol. Biol1986 47, 31—
R. M. Biochemistry199Q 29, 9029-9039. 112.
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Hoechst dye binds the A-T rich minor groove (prior to triplex
0.6 formation). The second process involved a reduction in the
PH 6.4 magnitude of the fluorescence quantum yield over a period of
at leas 1 h and could be fit to a first-order exponential process
0.4 oH 70 (Figure 5b, pH 6.4). We interpret this slower second process
as reflecting the third strand binding to the DNA duplex to form
pH 8.0 the triplex. To further confirm this interpretation of the binding
order, we repeated the stopped flow analyses at neutral and basic
. : : : , pH values. The first process, illustrated in Figure 5a, remained
0 2 4 6 8 10 largely the same, although the intensity of the fluorescence signal
Time (sec) decreased with increasing pH as expected (see Figure 4).
However, the second process appeared to disappear at higher
0.6 pH values (compare signals at pH values 7.0 and 8.0 with that
of pH 6.4, Figure 5b). This result is consistent with a much
slower rate of triplex formation at higher pH values owing to
the necessity of protonation of the'™5-C base triplets. The
observed reduction in quantum yield as the triplex is formed
(Figure 5b, pH 6.4) suggests that there is a change in the nature
of the minor groove structure as the DNA duplex is converted
to a DNA triplex. The decrease in quantum yield with this
! ) T " ' " U transformation could be the result of the Hoechst ligand not

0 1000 2000 3000 _ . . . . . .
Time (sec) fitting as tightly into the triplex minor groove as it does in the

Figure 5. Stopped flow experiment for the formation of the triplex duplex. A Ioose,r fitting complex may permlt access of water
described in entry 2, Table 1: (a) Initial binding process as measured 10 the dye excited state and result in more of the noted
by an increased fluorescence signal over a 10 s time period, (b) secondionradiative relaxation processes. These stopped flow experi-
process as measured by a decreased fluorescence signal over a 36008ents are not conclusive, but we believe highly suggestive that,
time period. Fitted curves have been added to the experimental dataafter equilibrium is reached, the complex is composed of (i) a
collected at pH 6.4 in both cases. third strand bound in the major groove and (ii) the tethered
Hoechst ligand bound simultaneously in the minor groove.

0.5

0.3+
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o
=
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the third strand in the major groove of the DNA duplex results .

in some modulation of the minor groove structure and reduces Conclusions

the effectiveness of minor groove binding ligands as has been Tethering the Hoechst 33258 fluorophore to theesminus
noted in numerous other studies. of the pyrimidine third strand of parallel-stranded DNA triplexes

The Order of Ligand and Triplex Binding. Formation of results in enhanced stability that is dependent upon both the
the Hoechst-tethered DNA triplexes is likely to occur by one pH of the solution and the sequence of the minor groove. The
of two ordered processes: (i) the DNA triplex is formed first presence of M-G-C base triplets interferes with the enhanced
and ligand binding then proceeds or (i) the ligand binds to the stabilization of the triplex structure by the tethered ligand. The
A-T rich duplex, and this event is followed by DNA triplex Hoechst ligand is very effective in stabilizing G-T-A base
formation. It should be possible to discriminate between the triplets, in part because the (AATZninor groove may offer
order of these two processes on the basis of the nature of thethe ligand a preferred binding site. Binding to the triplex results
fluorescent signal generated. In the first case, the fluorescencein an enhanced quantum yield for the emission spectra, the
signal characteristic of complex formation should increase as magnitude of which is dependent upon the sequence effects.
the result of a first-order unimolecular process, while in the Stopped flow experiments have provided some insight into the
second case, this signal would increase as the result of a secondiature of the process; rapid ligand binding to the A-T rich minor
order bimolecular process. Additionally, with the first process groove of the duplex target is then followed by a slower process,
the fluorescence signal would build up to some maximum value, triplex binding, which can be monitored by a second process
characteristic of the triplex/fluorophore complex, while in the involving a decrease in quantum yield.
second process, the initial signal for the duplex/fluorophore
complex should reach a maximum value, and then on the basis
of the difference in quantum yield for the duplex vs triplex minor
groove complex, the signal should drop off as triplex formation
occurs.

Under stopped flow conditions, we examined complex
formation as a function of fluorescence emission for the triplexes
illustrated in Table 2. All of the complexes exhibited two
emission vs time processes. The first process was complete
with a half-life of between 0.5 and 1.3 s, and this process could : .
be fit to a second-order exponential equation (see Figure 5a)')k; Cultura of the Spanish Government. This work was supported

. ) . : TR . . y a grant from the NIH (GM 37065).

This process is consistent with an initial bimolecular interaction
between the target and the conjugate in which the tetheredJA963694D

Acknowledgment. We thank Dr. Ravi Harapanhalli, Depart-
ment of Radiology, Harvard Medical School, for suggesting the
oxidative condensation procedure, Dr. Guobing Xiang, Depart-
ment of Chemistry, Boston College, for preparation of tH&@
phosphoramidite, Professor Tadhg Begley, Department of
Chemistry, Cornell University, for suggesting the stopped flow
experiments, and Professor Evan Kantrowitz, Department of
dChemistry, Boston College, for the use of his stopped flow
Instrumentation. J.R. is a fellow of the Ministerio de Edutacio



