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Abstract: Fluorescent methods to detect specific double-stranded DNA sequences without the need for
denaturation may be useful in the field of genetics. Three hairpin pyrrole-imidazole polyamides 2—4 that
target their respective sequences 5-WGGGWW-3', 5'-WGGCCW-3', and 5'-WGWWCW-3' (W = A or T)
were conjugated to thiazole orange dye at the C-termini to examine their fluorescence properties in the
presence and absence of match duplex DNA. The conjugates fluoresce weakly in the absence of DNA but
showed significant enhancement (>1000-fold) upon the addition of 1 equiv of match DNA and only slight
enhancement with the addition of mismatch DNA. The polyamide—dye conjugates bound specific DNA
sequences with high affinity (K, > 108 M~1) and unwound the DNA duplex through intercalation (unwinding
angle, ¢, ~8°). This new class of polyamides provides a method to specifically detect DNA sequences
without denaturation.

Introduction thymus (CT) DNA but were not shown to discriminate different
Interest in the detection of specific nucleic acid sequences in DNA sequenceSFluorescent met.hods to.detect specn‘m double-

. . . stranded DNA sequences require the integration of sequence
homogeneous solution has increased due to major developments~ ~ ... o .
in human genetics. Single nucleotide polymorphisms (SNP's) Specific double strand DNA binding molecules with enhanced

9 ) 9 ude polymorp fluorescent properties of a dye upon DNA complexation.

are the most common form of variation in the human genome Pvrrole-imidazol | id | £ mi
and can be diagnostic of particular genetic predispositions . yrrole-imidazole polyamides are a class of minor groove-
toward diseasé.Most methods of DNA detection involve binding ligands thqt can.b.e' programmeq.tq'recognlze specific
hybridization by an oligonucleotide probe to its complementary DNA sequences V\_”th aff|n|t|e_s and :_;pecmcmes comparab_le 0
single strand nucleic acid target to generate a quorescentDNA binding proteins: I_:’olyamldes with t_etramethyl rhodamine
signal?>~* Examples include the molecular beacons, in which a (TMR) tethered to an internal py_r_role ring have been found to
fluorophore and quencher are conjugated to a DNA hairpin at display modest s.eq.uence-specn‘lc fluorescence enhancement
the 8 and 3 ends, respectively.Fluorescence emission is (zlp-fold) upon binding to match duplex DNMIthqughthesg
detected upon probe hybridization to its target single-stranded conjhugates bound DNA Vé'th srl]lghtly reduced _aff|n|t}/n\r/|ell?atlvE
DNA site by separating the fluorophore from the quencher. ot e parent compounds (t ose not cqntalnlng_ )’.t €
Another class, the “light-up probes’, utilize a peptide nucleic detection method proved useful in probing the interactions

acid (PNA) conjugated to a thiazole orange (TO) cyanine‘dye. \t/)\(/atween pf)lyé:\mides and SOE-Wats%?frick DNAl balsel'piirj
The PNA directs the conjugate to a specific hybridization site, ' ¢ recently demonstrated that acridine covalently linked to a

where emission of the relatively nonfluorescent dye is enhan(:edhf’j““.)In pon§m|de perm|t§ bo’th |nterc'alat|on and minor groove
by approximately 50-fold. In both cases signal enhancement is b'“F"”gz whlle_the polyamide’s capac_lty for sequence discrimi-
only reported upon hybridization to single-stranded DNA, thus nation IS retame_é.T_h(_ase polyam|de|ntercglator conjugat(_es
requiring harsh denaturation conditions for the detection of a were U_tI|I.ZGd to inhibit the binding of major-gro_ove-bmdln_g
DNA sequence. A series of peptidthiazole orange conjugates transcription factors, presumably by an allosteric mechanism

have fluorescence enhancement properties upon binding to cali(hel'x d|st'ort|.on). Ut|||zmg the progr'ammablle nature of aminor-
groove-binding polyamide combined with a DNA-binding

(1) Chan, E. Y.; Goncalves, N. M.; Haeusler, R. A.; Hatch, A. J.; Larson, J.
W.; Maletta, A. M.; Yantz, G. R.; Carstea, E. D.; Fuchs, M.; Wong, G. G; (5) Carreon, J. R.; Mahon, K. P., Jr.; Kelley, S. @rg. Lett.2004 6, 517—

Sullans, S. R.; Gilmanshin, FGenome Re2004 14, 1137-1146. 519.

(2) (a) Tyagi, S.; Kramer, F. RNat. Biotechnol1996 14, 303-308. (b) Tyagi, (6) (a) Dervan, P. B.; Edelson, B. Surr. Opin. Stuct. Biol2003 13, 283—
S.; Bratu, D. P.; Kramer, F. RNat. Biotechnol.1998 16, 49-53. (c) 299. (b) Swalley, S. E.; Baird, E. E.; Dervan, P. B.Am. Chem. Soc.
Kostrikis, L. G.; Tyagi, S.; Mhlanga, M. M.; Ho, D. D.; Kramer, F. R. 1996 118 8198-8206. (c) Swalley, S. E.; Baird, E. E.; Dervan, P.B.
Sciencel998 279, 1228-1229. Am. Chem. Sod 997 119 6953-6961. (d) Trauger, J. W.; Baird, E. E;

(3) (a) Whitcombe, D.; Theaker, J.; Guy, S. P.; Brown, T.; Little,N&t. Dervan, P. BNature 1996 382 559-561.

Biotechnol.1999 17, 804-807. (b) Thelwell, N.; Millington, S.; Solinas, (7) Rucker, V. C.; Foister, S.; Melander, C.; Dervan, PJBAm. Chem. Soc.
A.; Booth, J.; Brown, T.Nucleic Acids Res200Q 28, 3752-3761. (c) 2003 125, 1195-1202.
Jenkins, Y.; Barton, J. KJ. Am. Chem. S0d.992 114, 8736-8738. (8) (a) Fechter, E. J.; Dervan, P. B. Am. Chem. So®003 125 8476~

(4) Svanvik, N.; Westman, G.; Wang, D.; Kubista, Knal. Biochem200Q 8485. (b) Fechter, E. J.; Olenyuk, B.; Dervan, P.Aligew. Chem., Int.
281, 26-35. Ed. 2004 43, 3591-3594.
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Figure 1. DNA binding model for the eight-ring hairpin polyamide
conjugate ImPyPyPy-PyPyPylmg—PEG—TO bound to the minor groove o
of 5'-TGTACAT-3'. (Left) Circles with dots represent lone pairs of N3 of h',
purines and O2 of pyrimidines. Circles containing an H represent the N2 I 9 ) N
hydrogens of guanine. Putative hydrogen bonds are illustrated by dotted | © \N/ N
. . . . . . H H
lines. (Right) Solid circles represent imidazoles (Im), open circles represent QN/ | o SD)LN N=eN
pyrroles (Py), and diamonds dengtelanine (3). The shaded bar depicts s A N’)L N\ /' H nﬁ_g o
the thiazole orange intercalator. Fluorescence emission from the corjugate (\_;‘ N ROV 'I‘
DNA complex is represented in green. According to the pairing rules, Im/ 4 Z Ho Y N
Py codes for G-C, Py/Py for A-T or T-A, Py/Im for C-G, afiehlanine for N N © '

:N H H I\
RN N~
fluorophore such as TQOL) that enhances upon DNA binding ° ©

(intercalation) may provide a highly specific and sensitive Figure 2. Structures of TG-PRO-11 and hairpin polyamideTO
method for the detection of specific sequences of double helical c0MUgateL—4.

DNA without the need for denaturation (Figure 1). absorption and emission profilésOn the basis of previous
Three eight-ring hairpin pyrrole-imidazole polyamides that polyamide-intercalator desigfshe polyamide C-terminus was
target their respective sequencesWBGGGGWW-3, 5-WG- linked using poly(ethylene glycol) (PEG). Solution-structure data

GCCW-3, and S-WGWWCW-3 were chosen for this case of a thiazole orange dimer (TOT®) directed the linker

study®The parent hairpins were previously well characterized attachment to the TO at the minor-groove-residing quinoline
by quantitative footprinting titration with regard to affinity and  nitrogen. We find that the conjugatés-4 bind specifically to
sequence SE_edC'ﬂC'ty (i.e. sensitivity to single base pair target match site double helical DNA without any compromise
m!smatches9. From prior studies, we anticipate that polya- ith regard to affinity and specificity. In addition, these hybrid
mides2 and3 with the larger number of Im/Py pairs (which  pNA binding molecules unwind closed circular DNA (ccDNA),
distinguish G-C from C-G, A-T, and T-A) versus Py/Py pairs sypporting the intercalation model of thiazole orange within this
(which do not distinguish A-T from T-A) would be the more  construct. As anticipated, the probes are relatively nonfluorescent
specific in the series. Our usual experience is that attachmentjn the absence of DNA and display a substantial increase in
of dyes to polyamid€slecreases the overall affinity by a factor
of 10. It was of interest to examine whether the thiazole orange (9) (a) Armitage, B. ATop. Curr. Chem2005 253 55-76. (b) Lee, L. G;
. . . . Chen, C. H.; Chiu, L. ACytometry1986 7, 508-517. (c) Rye, H. S.;
dye, a putative intercalator, will restore that energetic penalty. Quesada, M. A.; Peck, K. Mathies, R. A’; Glazer, A. Nucleic Acids
We report here the synthesis and fluorescence properties of =~ Res. 1991 19, 327-333. (d) Nygren, J.; Svanvik, N.; Kubista, M.
Lo . . . S Biopolymers1998 46, 39-51. (e) Rye, H. S.; Yue, S.; Wemmer, D. E;
three hairpin polyamideTO conjugate2—4 and their abilities Quesada, M. A.; Haugland, R. P.; Mathies, R. A.; Glazer, ANNCleic

to detect specific sequences of double helical DNA in homo- Acids Res1997 20, 2803-2812. (f) Privat, E.; Melvin, T.; Merola, F.;
i . . . Schweizer, G.; Prodhomme, S.; Asseline, U.; Vigny, Fhotochem.

geneous solution (Figure 2). The polyamide provides a sequence-  photobiol. 2002 75, 201-210. (g) Privat, E.; Melvin, T.; Asseline, U.;

i i i H Vigny, P. Photochem. Photobiol2001, 74, 532-541. (h) Privat, E.;
specmp sgaffold t(? deliver a TO intercalator to a predetermined Asseline. U Bioconjugate Cheng001. 12, 757769,
DNA site in the minor groove. The TO fluorophore was chosen (10) Benson, S. C.; Singh, P.; Glazer, A.Nucleic Acids Re<.993 21, 5727~

; ; ; ; 5735.

for its fI_u_orescence e,nhancement properties upon mterca%m(_)n. (11) Spielmann, H. P.: Wemmer, D. E.: Jacobsen, Biethemistryl995 34,
In addition, the dye’s structure can be modified to tune its 8542-8553.
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Figure 3. Synthesis of polyamideTO conjugates. Ji1 M LiOH, MeOH, THF, 37°C, 2 h. (ii) 2-(2-Boc-aminoethoxy)ethanol, DTBMP, Ag&CF;, CCls,
12 h. (iii) DPPA, TEA, DMSO, 2 h.

fluorescence ¥1000-fold) upon addition of duplex DNA  same affinities (4« 10° M1, 4 x 10° M1, and 2x 101°M~1,
containing a match binding site. respectively):® Because polyamides conjugated to noninterca-
lating moieties (such as fluorescent dyes and peptides) generally
display decreased binding affinities relative to their parent
Each polyamide TO conjugate2—4 was synthesized by  polyamidesy® it appears that the conjugated TO moieiyn-
linking a sequence-specific DNA binding domain of a hairpin tributesto the DNA binding affinity. Additionally, tethering TO
polyamide to a nonspecific thiazole orange dye that fluorescesto these polyamides does not diminish their sequence specifici-
upon intercalation. DNA binding affinites and sequence ties, as conjugate®—4 display strong binding to their targeted
specificities were characterized by quantitative DNase foot- match sites and only weak binding to mismatch sites at the
printing 12 Evidence for DNA unwinding caused by sequence- highest concentrations measured (Figure 4b). Given the similar
specific intercalation was examined using the Croth@eseman binding properties of conjugatez—4 to the parent hairpin
helical unwinding assal? The three conjugates were then polyamides, we would anticipate that conjugafs4 have
investigated for fluorescence properties in the presence of matchcomparable specificities for single base pair mismaitch sites. The
and mismatch hairpin oligomers to determine specific enhance-apparent increased binding site size is likely a combined result

Results and Discussion

ment effects. of DNase | enzyme cleaving characteristics and additional
Synthesis of Polyamide-Thiazole Orange Conjugates.  protection from the thiazole orange.
Resin-bound eight-ring hairpin polyamid&s—5c were syn- Helical Unwinding Angle Determination. The DNA-

thesized in a stepwise manner on Bdelanine phenylaceta-  unwinding properties of the commercially available ¥BRO-1
midomethyl (PAM) resin according to established Boc-chemistry 1 and polyamide-TO conjugate3 were determined from a
protocols (Figure 334 The corresponding carboxylate-containing helical unwinding assay, developed by Crothers and Zeeman,
polyamides6a—6c were cleaved from PAM resin through capable of providing an unwinding angle)(from sequence-
overnight treatment with LiOH in methanol. The iodopropyl- specific interaction$® A series of relaxation reactions were
linked thiazole orange7 was lengthened using 2-(2-Boc- carried out using topoisomerase | (Topo I) on closed-circular
aminoethoxy)ethanol to generaeFollowing purification, the pUC19 DNA preequilibrated with varying concentrations of
polyamide carboxylate was coupled to the free amine of- TO polyamides. Plasmids were extracted from the polyamide
PEG 8 with diphenylphosphoryl azide (DPPA) and TEA in conjugates with phenol-chloroform and separated by two-
DMSO for 2 h. Crude conjugates-4 were each purified by  dimensional (2D) agarose gel electrophoresis to differentiate
preparatory reverse phase HPLC and stored as dry aliquots athe resulting distribution of topoisomers. Increased DNA
—80 °C. unwinding shifts the final topoisomer distribution toward a more
Binding Energetics and Sequence SpecificitpNA-binding negatively supercoiled population. Each reaction containing dye
properties of2—4 were investigated by quantitative DNase | 1 or conjugate3 resulted in a negative distribution of topoiso-
footprinting titration assays (Figure #).The 3-32P-labeled mers, whereas control experiments lacking added intercalators
PCR-amplified fragment of pEF15 (Figure 4a) contains one resulted in a primarily positive distribution of topoisomers
match site for each of the three polyami€lEO conjugates. The (Figure 5a). Mathematical analysis of the topoisomer distribu-
equilibrium association constants at their target match sites  tions showed decreasing apparent unwinding anghgg for
are 3x 18 M1, 4 x 10° M1, and 1x 109 M~1, for 2, 3, simultaneously decreasing conjugate and plasmid concentrations
and 4, respectively. By comparison, the parent polyamides of (Figure 5b). The actual average unwinding angfgsdr binding
2—4 (those containingN,N-dimethylaminopropylamine in lieu
of 8 at the C-terminus) bound DNA with approximately the (15) (a) Swalley, S. E.; Baird, E. E.; Dervan, P..B.Am. Chem. S0d.997

119 6953-6961. (b) Swalley, S. E.; Baird, E. E.; Dervan, P. B.Am.
Chem. Soc1996 118 8198-8206. (c) Dickinson, L. A.; Gulizia, R. J.;

(12) Trauger, J. W.; Dervan, P. Blethods EnzymoR001, 340, 450-466. Trauger, J. W.; Baird, E. E.; Moiser, D. E.; Gottesfeld, J. M.; Dervan, P.
(13) Zeeman, S. M.; Crothers, D. Mlethods EnzymoR001, 340, 51—-68. B. Proc. Natl. Acad. Sci1998 95, 12890-12895.
(14) Baird, E. E.; Dervan, P. Bl. Am. Chem. S0d.996 118 6141-6146. (16) Dervan, P. B.; Edelson, B. Surr. Opin. Stuct. Biol2003 13, 283—-299.
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Figure 4. (a) Sequence of the synthesized insert from the pEF15 plasmid containing the boxed 7-bp target sites match A, match B, and match C for
conjugates?, 3, and4, respectively. (b) Quantitative DNase | footprint titration experim@&ntsth conjugates? (left), 3 (middle), and4 (right) on the
PCR-amplified 53%P-labeled fragment from pEF15. Lane 1, intact DNA,; lanes 2 and 3, sequencing reactions; lane 4, DNase | standard;Jabaéadse

| digestion products in the presence of 10, 30, 100, and 300 pM, 1, 3, 10, 30, 100, and 300 niyMmblyamide, respectively.

to pUC19 were determined from the ordinate intercepts—=TO absorbance~310 nm) and the fluorophore alone%10 nm).
PRO-11 unwinds DNA~17°, whereas polyamideTO con- The fluorescence of 100 nM solutions of polyamideO
jugate3 unwinds pUC19 an average of8° per binding event. conjugates in aqueous solutionx{ITKMC) without DNA is

The decreased propensity of unwinding ®is not surprising, almost negligible, indicative of free rotation between the
as slight linker modifications have been shown to significantly benzothiazole and quinoline rings (causing nonradiative energy
alter the binding properties of TO derivativEslt is also loss)!! as well as minimal back-bonding of the fluorophore to

noteworthy that the negative inverses of the slopes from this the polyamide coré? Addition of match DNA to the conjugates
assay are proportional to the average binding affinities for each increases their fluorescence intensities (Figure 6b). Fluorescence
dye to pUC19. In accord with the higher affinity of conjugate enhancements of all three conjugates in the presence of their
3 found by DNase | footprinting, the slope shown fis less match oligomers are~1000-fold at 1:1 DNA-polyamide
negative than the slope &f The evidence of intercalation and  stoichiometry.

the high binding affinity of3 suggest that polyamid€erO The ability of each conjugat2—4 to distinguish its match
conjugates are likely good candidates for fluorescence enhancesite from nonmatch DNA was examined by direct laser
ment upon DNA binding. excitation scanning through the bottom of polystyrene plates.
Detection of Specific Double-Stranded DNA Sequences. The emission data for polyamigd O conjugates in the presence
The fluorescence properties of polyamitEO conjugate2—4 of each hairpin oligomer at 1:1 DNA:polyamide stoichiometry

were examined in the presence and absence of three differenand 100 nM are presented in Figure 7. The increased fluores-
hairpin-forming DNA oligomers (Figures6 and 7). Each syn- cence enhancement of each conjugate when bound to its
thetic 37-mer was designed with a match site for one of three corresponding match DNA oligomer relative to mismatch and
polyamide-TO conjugates?, 3, and4 are programmed to bind ~ control mixtures can be seen visually in Figure 7b. The
oligo A, oligo B, and oligo C, respectively; Figure 7a). Figure normalized fluorescence data collected by direct excitation at
6a shows the absorption spectra of TBRO-1 (), unconju- 532 nm for conjugate®—4 bound to each oligomer are shown
gated polyamide5b), and polyamide conjugated to thiazole in Figure 7c. Conjugate and 3, containing three and four
orange B) free in water at room temperature. The polyamide  Im/Py pairs, respectively, showed the highest selectivity for
TO absorption pattern overlays both the unconjugated polyamidefluorescence emission with little enhancement in the presence
of mismatch oligos. Conjugaté, containing only two Im/Py

(17) (a) Bondensgaard, K.; Jacobsen, BiBconjugate Chen999 10, 735—
744. (b) Staerk, D.; Hamed, A. A.; Pedersen, E. B.; Jacobsen, J. P. (18) Svanvik, N.; Nygren, J.; Westman, G.; Kubista, 8.Am. Chem. Soc.
Bioconjugate Cheml997, 8, 869-877. 2001, 123 803—-809.

16688 J. AM. CHEM. SOC. = VOL. 127, NO. 47, 2005



Sequence-Specific Fluorescence Detection of DNA ARTICLES

a D1 a 110°—
) 1 0 . 4 0 ) 1
+1
.o% |-
+2 2
¥ N ® o B 610t
. - _'+3 g“_E
-4. - 3 ; )
. - <L .
S . "o W, 5§ 410
B <]
| - : J Y S sl | =
D2 >
u-
Pap 250 300 350 400 450 500 550 600
b) [Cx - @n-1)Cql Wavelength (nm)
16 1.2 0.8 04 0 L
I e R b)1.210_
] 4 + Oligo C
&
. -:--5 110 T — 100nM
o a s—0 50nM
TTteeo I-10 — a1 L 10nM
ol ] g8 I —?nm
ni
9 e F:1s Pap §5 No DNA
- 2 5‘ 6 10°
--e-- 1 “+-20 R [
= 3 ] 282 L
1 o5 ECAPRTLN
=30 210°4,
Figure 5. (a) Images of topoisomer bands from reactions containing and i
lacking polyamide-TO conjugate3 (left and right, respectively). The P
directions of electrophoresis anslLk values are shown. (b) Unwinding 0 T t f
plots for TO-Pro-11 (O) and polyamide-TO conjugate3 (0I) on pUC19. 520 540 560 580 8O0 620 840
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from reactions containing polyamide compared to a control distribution
lacking polyamide. Interception of the ordinate yields the unwinding angle
(¢) per polyamide-TO conjugate.

Figure 6. (a) Absorption spectra of free polyamid&O conjugate3 (—),

free unconjugated polyamidéb (——), and free TG-Pro-11 (----). (b)
Fluorescence emission profile for polyamidEO conjugate4 at 100 nM
concentration in the presence of increasing concentrations of olige-C (1
pairs, showed slightly decreased specificity by the fluorescence100 nM).

assay. Polyamides typically have higher specificity with in-

creased imidazole contettyhich may account for the different ~ Experimental Section

specificities of2—4 in the presence of the nanomolar concentra-  Materials. TO—PRO-1 () was purchased from Molecular Probes.
tions of DNA required for these experiments. Nonetheless, with Lepidine (4-methylquinoline) and 3-methyl-2-(methylthio)benzothizo-
each oligomer, the fluorescence enhancement is relatively smallium p-toluenesulfonate were purchased from Aldrich. Restriction
for conjugates not programmed to bind the sequence andendonucleases were purchased from New England Biolabs and used

significantly increased for the conjugate containing the match @S noted in the manufacturer's protocl-¥P]-Adenosine-5triphos-
pyrrole-imidazole polyamide phate £6000 Ci/mmol) was obtained from ICN. Purified pUC19 DNA

) ~ for unwinding angle determination was isolated from transformed
These data support a model where the polyamide moiety jv109Escherichia coliusing the Qiagen protocol. EDTA, dithiothreitol
directs the nonfluorescent conjugate to a specific site of the DNA (DTT), ultrapure agarose, and calf thymus Topo | were purchased from
duplex and delivers the tethered thiazole orange fluorophore to Gibco/BRL. Micron 50 microconcentrators were purchased from
an adjacent site. Upon polyamide binding, the thiazole orange Amicon. Microcolumns were purchased from Amersham Pharmacia

likely intercalates the DNA and the conformation of the Biotech, Inc. Water (18 ) was obtained from a Millipore MilliQ

normally free rotating fluorophore is restricted, resulting in Water purification system, and all buffers were Qin filtered.
substantial fluorescence emission following excitation Polystyrene plates (##6246968) were from VWR Scientific. Reagent-
) grade chemicals were used as received, unless otherwise stated.

Polyamide-TO conjugates represent a new class of DNA- v spectra were measured in water on a Beckman model DU 7400
binding molecules that detect specific sequences of double-diode array spectrophotometer. Fluorescence spectrophotometer mea-
stranded DNA. The conjugates bind specifically and with high surements were obtained at room temperature on an ISS K2 spectro-
affinity to target match site double-helical DNA and unwind photometer employing 5 nm emission and excitation slits in conjunction
DNA, presumably by intercalation. The generally nonfluorescent With a Hg lamp. TO fluorescence was measured in polystyrene plates
conjugates also show significant fluorescent enhancement only®" @ Molecular Dynamics Typhoon, employing a 532-nm excitation

Upon excitation in the presence of DNA containing the match laser and a 526-nm short-pass emission filter. HPLC analysis was
P P 9 erformed on a Beckman Gold system using a RAINKY, ®licrosorb

site tested. These conjugates show promise as probes fO'f\)/lv, 5 um, 300x 4.6 mm reversed-phased column in 0.1% (v/v) TFA
biologically important sequences, such as t”p!et repeats anc_iwith acetonitrile as eluent and a flow rate of 1.0 mL/min. Preparatory
transposable elements, and as chromosome paints for telomeri¢eversed-phase HPLC was performed on a Beckman HPLC using a
and centromeric repeats. Waters DeltaPak 25 100 mm, 10um C18 column equipped with a

J. AM. CHEM. SOC. = VOL. 127, NO. 47, 2005 16689
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Figure 7. (&) Design of hairpin-forming duplex oligonucleotides oligo A,
oligo B, and oligo C containing match sites (shown in bold) for polymides
2, 3, and 4, respectively. (b) Plate experiment conducted at 100 nM
polyamide-TO in the presence of 100 nM of three different oligonucle-
otides. Each conjugate preferentially binds and shows fluorescence enhanc
ment at the designed DNA match site. The fluorescence intensity correlates
with the darkness of the well. (c) Normalized data for the plate experiment
using the buffer well as the background fluorescence. The fluorescence
intensities of the polyamides without DNA arel000-fold lower than the
maximum intensities and are not shown on the bar graph.

guard, 0.1% (wt/v) TFA, 0.25% acetonitrile/min. Matrix-assisted laser
desorption/ionization time-of-flight mass spectrophotometry (MALDI-
TOF) was performed using an Applied Biosystems Voyager DE-Pro.
ImImImPy- y-PyPyPyPy#-PEG,—TO (2). Hairpin polyamideta
(1 umol aliquot) was dissolved in 500L of DMSO and treated with
8 (3.5umol), diphenylphosphoryl azide (DPPA,4&), and TEA (20
uL), and the mixture stirred at room temperature for 2 h. The mixture
was diluted with 0.1% (w/v) TFA (8 mL) and DMF (2 mL), and the
resulting solution was purified by reversed-phase HPLC. Lyophilization
provided ImimimPyy-PyPyPyPys-PEG2-TO R) as a red powder
(0.65 mg, 42% recovery). MALDI-TOF-MS (monoisotopic): calcd for
C77H86N230125 (M + H) 1557.7, found 1557.7.
ImImPyPy-y-ImimPyPy--PEG,—TO (3) was synthesized as
described for2 starting from 1umol of 6b (0.75 mg, 48% recovery).
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MALDI-TOF-MS (monoisotopic): calcd for &HgsN24012S (M + H)
1558.7, found 1558.9.

ImPyPyPy-y-ImPyPyPy--PEG,-TO (4) was synthesized as de-
scribed for2 starting from 1umol of 6c (0.69 mg, 44% recovery).
MALDI-TOF-MS (monoisotopic): calcd for ¢Hg/N22012S (M + H)
1556.7, found 1557.0.

ImimIimPy- y-PyPyPyPy#-OH (6a). A sample of ImimImPyy-
PyPyPyPyj5-resin (200 mg, 0.38 mmol/da was suspended in 6 mL
of THF, 1.5 mL of methanol, and 1.5 mL of LiOH (1M) and heated at
37 °C for 12 h. The reaction mixture was filtered to remove resin,
concentrated in vacuo, and diluted with 0.1% (w/v) TFA (8 mL) and
DMF (2 mL). The resulting solution was purified by reversed-phase
HPLC. Lyophilization provided ImimimPy-PyPyPyPys-OH (6a) as
a white powder (5.6 mg, 7% recovery). MALDI-TOF-MS (monoiso-
topic): calcd for GaHsgN20O11 (M + H) 1139.5, found 1139.4.

ImImPyPy-y-ImImPyPy-f-OH (6b) was synthesized as described
for 6ausing ImImPyPyy-ImimPyPy#-resin5b (6.8 mg, 8% recovery).
MALDI-TOF-MS (monoisotopic): calcd for §Hs/N210:1 (M + H)
1140.5, found 1140.6.

ImPyPyPy-y-ImPyPyPy-f-OH (6¢) was synthesized as described
for 6a using ImPyPyPy»-ImPyPyPyg-resin5c (9.7 mg, 12% recov-
ery). MALDI-TOF-MS (monoisotopic): calcd for £HsgN19011 (M +
Na) 1160.5, found 1160.8.

1{3-[2-Aminoethoxy)ethoxy]propyl} -4-(3-methyl-3H-benzothia-
zol-2-ylidenemethyl)quinolinium (8). 1'-(3'-lodopropyl)-3-methyl-oxa-
4'-cyanine iodide 7°91° (200 mg, 0.340 mmol) and 2-(2-Boc-
aminoethoxy)ethan#l (697 mg, 3.4 mmol) were dissolved in 50 mL
of chloroform. To this were added 2,6-tdirt-butyl-4-methylpyridine
(DTBMP, 140 mg, 0.68 mmol) and AgSCF; (175 mg, 0.68 mmol),
and the reaction was stirred overnight at room temperature under Ar.
The solvent was filtered and removed in vacuo, and the remaining
residue was dissolved in 200 mL of 15% TFA/DCM and allowed to
stir for 4 h. The mixture was concentrated in vacuo and 50 mg of crude
residue was dissolved in 0.1% (wt/v) TFA (8 mL) and DMF (2 mL)
and purified by reversed-phase HPLC. Lyophilization provi@ex a
red powder (3.7 mg, 10% overall recoveryfi NMR (DMSO-dg):
08.80 (d, 1H), 8.56 (d, 1H), 8.05 (m, 2H), 7.78 (m, 2H), 7.62 (m, 1H),
7.40 (m, 2H), 6.93 (s, 1H), 6.51 (s, 1H), 4.63 (t, 2H), 4.02 (s, 3H),
3.50 (m, 6H), 3.26 (m, 4H), 2.95 (m, 2H), 2.08 (m, 2H). MALDI-
TOF-MS (monoisotopic): calcd for gH3N30.S 436.2, found 436.0.

Construction of Plasmid DNA. The plasmid pEF15 was constructed
by insertion of the following hybridized inserts into thBam
HI/Hindlll polycloning sites in pUC19: 5GATCG TATAT ATGGG
TATCG GAGCT ATATATGGCC ATCGC AACCT ATATATGTAC
TACAG C-3 and 3-AGCTG CTGTA GTACA TATAT AGGTT
GCGAT GGCCA TATAT AGCTC CGATA CCCAT ATATA C-3.

The insert was obtained by annealing complemeritimgll| restriction
fragments of pUC19 using T4 DNA ligase. The ligated plasmid was
then used to transform JM109 subcompetent cells (Promega). Colonies
were selected fon-complementation on 25-mL Luria-Bertani agar
plates containing 50 mg/mL ampicillin. Cells were harvested after
overnight growth at 37°C. Large-scale plasmid purification was
performed using WizardPlus Midi Preps from Promega. The presence
of the desired insert was determined by dideoxy sequencing.

Preparation of 5-End-Labeled Fragments. Two 21-base-pair
primer oligonucleotides,'SGAATT CGAGC TCGGT ACCCG G-3
(forward) and 5TGGCA CGACA GGTTT CCCGA C-3(reverse),
were constructed for PCR amplification. The forward primer was
radiolabeled using)[-*?P]-dATP and polynucleotide kinase, followed
by purification using MicroSpin G-50 columns. The desired DNA
segment was amplified as previously descrifethe labeled fragment

(19) Brooker, L. G. S.; Keyes, G. H.; Williams, W. W. Am. Chem. Sod942
64, 199-210.

(20) Kim, Y.-S.; Kim, K. M.; Song, R.; Jun, M. J.; Sohn, Y.B.Inorg. Biochem.
2001, 87, 157-163.
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was loaded onto a 7% nondenaturing preparatory polyacrylamide gel Plate Characterization. In the dark, 10Q:L solutions were made
(5% cross-link) and the desired 270-base-pair band was visualized byby titrating together a fixed concentration of 100 nM conjugate against
autoradiography and isolated. Chemical sequencing reactions werel00 nM of each DNA oligo A-C. The solutions were gently swirled

performed according to published protoc8is. and then allowed to sit fo6 h before measurements were made. No
Quantitative DNase | Footprint Titrations. All reactions were changes in fluorescence intensity were observed for longer equilibration
carried out in a volume of 400L according to published protocol3. times. Plates containing—4 were excited at 532 nm and data were

Quantitation by storage phosphor autoradiography and determinationcollected with a 526-short pass filter. ImageQuant software (Molecular
of equilibrium association constants were as previously desctfbed. Dynamics) was used to analyze the fluorescence intensity of each
Unwinding Angle Determination. Relaxation reactions and numeric ~ €xperiment. The normalized data were calculated by using the relation

analyses were carried out as descrifgd. (Fobs — Fmin)/(Fmax — Fmin), WhereFssis the sample fluorescence and
Optical Characterization. All measurements were performed in ~ Fmax@ndFmis are the maximum and minimum fluorescence intensity,

TKMC buffer [L0 mM Tris-HCI (pH 7.0), 10 mM KCI, 10 mM MgG| respectively.

and 5 mM CaGJ. The concentration of polyamie€l'O conjugate was Acknowledgment. We are grateful to the National Institutes
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polyamides2—4 were excited at 490 nm and measured over the interval Award to E.J.F.. and a postdoctoral fellowship to B.O. (F32
from 520 to 650 nm. A 100 nM solution of each conjugate was GM-19788) '

iradiated in the presence of an increasing concentration of the o o
appropriate match DNA (up to 100 nM) to generate the fluorescence ~ Supporting Information Available:  Equlibrium  binding
enhancements reported. Absorption spectra were recorded under thésotherms for 2—4 and unwinding experimental data for
same conditions as emission spectra at higher concentrations. compoundsl and 3. This material is available free of charge
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