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ABSTRACT. An N-bromoacetyl electrophile attached to tHegphosphate group of a purine-rich oligonucle-
otide affords sequence-specific alkylation of duplex DNA (at'@7 pH 7.4) through the formation of a
specific purinepurinepyrimidine triple-helical complex. In a 645 bp restriction fragment containing three
consecutive guanine bases adjacent to then8 of an oligonucleotide binding site, the yield of single-
strand cleavage after piperidine treatment is 80% at the guanine base directly adjacent to the binding site
and 88% overall. In an 837 bp restriction fragment containing two adjacent inverted repeats of the third
strand binding site and a singlé@uanine base, yields of single-strand cleavage are 87% on each strand
at the 3-guanine base. Double-strand cleavage was obtained in 61% yield at a single site in a 6.6 kbp
plasmid containing the 837 bp fragment. Extension of triple helix mediated DNA alkylation from the
pyrimidine to purine motif formally extends the number of sites in duplex DNA that can be cleaved in a
sequence-specific and nucleotide-specific manner in good vyields.

Oligodeoxyribonucleotide-directed triple helix formation proach, termed Achilles heel cleavage, involves transient
is a general method for the sequence-specific recognition of protection of an oligonucleotide binding site on duplex DNA
double-helical DNA (Moser & Dervan, 1987; Le Doan et by triple helix formation. Methylation of the protected
al., 1987). Oligodeoxyribonucleotides bind to a broad range duplex, followed by deprotection, and then treatment with a
of sequences in duplex DNA to form stable triple-helical restriction endonuclease afford cleavage of the duplex DNA
complexes which are sensitive to single-base mismatchesat the triplex binding site. The Achilles heel method has
(Singleton & Dervan, 1992; Beal & Dervan, 1992; Best & been used to effect the single-site, double-strand cleavage
Dervan, 1995; Greenberg & Dervan, 1995). Two classes of yeast chromosome Il (340 kbp) in 94% vyield (Strobel &
of triplex DNA are known to exist. In the pyrimidine motif, —Dervan, 1991).
pyrimidine oligodeoxyribonucleotides bind in a parallel For a strictly chemical approach, triple helix forming
orientation to purine tracts of the underlying duplex by oligonucleotides have been tethered to DNA cleaving
forming specific Hoogsteen hydrogen bonds in the major mojeties. Mechanisms of cleavage include (i) oxidation of
groove (Moser & Dervan, 1987, Praseuth et al., 1988; the deoxyribose ring, (ii) covalent photo-cross-linking, and
Rajagopal & Feigon, 1989; de los Santos et al., 1989; (i electrophilic alkylation of the bases. Fe-ED¥Attached
Radhakrishnan et al., 1991a). In this motif, thymine (T) to pyrimidine-rich oligonucleotides produces double-strand
recognizes adenine in an adenine-thymine base pair (AT) t0¢|eavage of duplex DNA by an oxidative mechanism (Moser
form a T-AT triplet, and protonated cytosine'(nthe third g pervan, 1987; Strobel et al., 1988; Strobel & Dervan,
strand forms a GGC triplet. In the purine motif, G-GC, 1990, Beal & Dervan, 1991). Although cleavage is typically
A-AT, and T-AT triplets result from the formation of reverse jnefficient (6-25%), the Fe-EDTA moiety generates a
Hoogsteen hydrogen bonds in the major groove of DNA nonspecific diffusible oxidant that produces multiple cleavage
between an antiparallel purine-rich third strand and the purine sjtes which provide information with regard to issues of
strand of the duplex (Cooney et al., 1988; Beal & Dervan, |igand orientation and groove location (Dervan, 1986, 1991).
1991; Pilch et al., 1991; Durland et al., 1991; Radhakrishnan ynger UV irradiation, 3-azidoproflavine (Le Doan et al.,
etal., 1991b, 1993; Radhakrishnan & Patel, 1993; Svmarchuk1987) andp-azidophenacyl (Praseuth et al., 1988) modified
et al., 1995). _ - oligonucleotides react with duplex DNA to form photo-cross-

Triple helix formation has been utilized to afford enzyme- |inked species which can be cleaved under alkaline condi-
mediated, site-specific cleavage of duplex DNA. An 0ligo-  tions. Cross-linking occurs at bases adjacent to the oligo-

nucleotide attached to a staphylococcal nuclease adductycleotide binding site to produce single-strand cleavage of
produces double-strand cleavage of plasmid DNA in 75% {he DNA duplex in low yield.

yield (Pei et al., 1990). Cleavage occurs at multiple positions
adjacent to the oligonucleotide binding site, likely due to
conformational flexibility of the nuclease. A second ap-

The most efficient and selective chemical method for site-
specific cleavage of duplex DNA entails the usenohdif-
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fusiblealkylating electrophiles. When attached to oligonu-
cleotides, these electrophiles are nucleotide-specific, targeting
the N-7 position of guanine bases located at discrete sites
adjacent to the triple-helical complex. Oligonucleotides
equipped withN-bromoacetyl (Povsic & Dervan, 1990;
Povsic et al., 1992) and ethano-5-methyldeoxycytidine (Shaw
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etal., 1991) alkylate duplex DNA on one strand in very high
yields (>95%). Quantitative cleavage of the duplex DNA
is effected by treatment with base (e.g., piperidine) at high
temperatures (9095 °C).

An N-bromoacetyl electrophile attached to the 5-position
of a thymine at the 'send of a pyrimidine oligonucleotide
binds in the major groove of duplex DNA and alkylates a
guanine two base pairs to thedide of the oligonucleotide
binding site (Povsic & Dervan, 1990; Povsic et al., 1992).
The oligonucleotide is covalently attached to the target
sequence by the reaction of the electrophilic bromo-
substituted carbon atom dfi-bromoacetyl with the N-7
position of the guanine. Piperidine treatment of alkylated
DNA product results in depurination and strand cleavage.
By reacting theN-bromoacetyloligonucleotide with adjacent
inverted repeats of the oligonucleotide binding site, double-

strand cleavage was obtained at a single site on a 6.7 kbp

linearized plasmid in 85% yield and on a 340 kbp yeast
chromosome in 8590% vyield (Povsic et al., 1992). Ad-
vantages conferred by the use of thébromoacetyl func-
tionality are the nondiffusible and nucleotide-specific nature
of the electrophile, high reactivity toward DNA and low

reactivity toward agueous buffer components under physi-

ologically relevant conditions (37C, pH 7.4), and the
production of 5 and 3-phosphate termini (Baker & Dervan,
1989) which may be ligated to complementary DNA restric-
tion fragments (Povsic et al., 1992).

Methods of triple helix mediated DNA cleavage employing
N-bromoacetyl and other nondiffusible DNA cleaving moi-
eties have so far been limited to pyrimidine motif recognition.
Application of N-bromoacetyl methodology to the purine
motif would greatly extend the number of unique sites in
double-helical DNA that can be cleaved in a nucleotide-
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Ficure 1: Double-strand alkylation of duplex DNA mediated by
triple helix formation. Piperidine treatment results in cleavage of
both DNA strands. (A) Pyrimidine-riciN-bromoacetyl)oligonucle-
otides binding to adjacent inverted purine tracts on duplex DNA
in a pyrimidine motiftriple-helical complex target §pyrimidine),-
(purine)-3'-type sequences on the sense strand. (B) Purinefich (
bromoacetyl)oligonucleotides binding to adjacent inverted purine
tracts on duplex DNA in @urine motiftriple-helical complex target
sequences of the fpurine)(pyrimidine}-3' type.

MATERIALS AND METHODS

Materials and General MethodsNMR spectra were
recorded on a General Electric QE 300 spectrometer operat-
ing at 300 MHz. Chemical shifts were reported using the
isotopic impurity peak of the NMR solvent as an internal
standard. A Hewlett Packard 8452A diode array spectro-
photometer was used for Uwisible spectra. High-resolu-

specific and sequence-specific manner. In the pyrimidine tion FAB mass spectra were recorded by the Mass Spec-

motif, 5'-(pyrimidine)(purine)-3'-type DNA sequences cor-

trometry Facility at the California Institute of Technology

respond to potential sites for double-strand cleavage (Figurewith a VG ProSpec mass spectrometer. MALDI TOF mass

1A). Double-strand cleavage in the purine motif would
afford recognition sequences of the(purine),(pyrimidine}-

spectra were recorded on a Vestec Voyager RP research-
grade instrument by the Protein/Peptide Micro Analytical

3' type, enlarging the sequence repertoire substantially Facility at the Beckman Institute (California Institute of

(Figure 1B).
Here we report that aN-bromoacetyl electrophile attached
to the 3-phosphate group of a thymine at theehd of a

Technology). Reagents used were of the highest available
purity and were obtained from Aldrich Chemical Co. except
for B-(cyanoethyl)N,N-(diisopropylchloro)phosphoramidite

purine-rich oligonucleotide alkylates guanine bases adjacentWhich was obtained from Sigma Chemical Co. Absolute

to the 3-side of an oligonucleotide binding site in a purine
motif triple-helical complex. Control experiments conducted
with a 645 bp restriction fragment containing three contigu-
ous guanine bases to theside of the triple helix binding

ethanol was purchased from Quantum Chemical, and anhy-
drous THF stored over molecular sieves was purchased from
Fluka. Analytical thin-layer chromatography was performed
using 5 cmx 7.5 cm 20Qum silica-coated aluminum sheets

site revealed that the duplex was cleaved on one strand andVith & UV fluorescent indicator (E. Merck). Mesh 230
that the major site of cleavage was at a single guanine base*00 silica gel 60 (E. M. Science) was used for flash
immediately adjacent to the triplex site. Through the design chromatography. All enzymes were used according to the
of a construct containing adjacent inverted repeats of the manufacturers’ instructions in the supplied buffers. Restric-

oligonucleotide binding site and a singleduanine base,
single-strand cleavage was obtained in high yield at the 3

tion endonucleases were obtained from New England Biolabs
or from Boehringer Mannheim. Radioactive nucleotides

guanine base on each strand of an 837 bp restrictionWere obtained from Amersham Life Science.

fragment. Using this approach, double-strand cleavage was N-(Trifluoroacetyl)-5-amino-1-pentanol2.

achieved at a single site in a 6.6 kbp plasmid in good yield.

Commer-
cially available 5-amino-1-pentandl(1.05 mL, 9.69 mmol),
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was dissolved in absolute ethanol (11.85 mL). Ethyl
trifluoroacetate (3.46 mL, 29.1 mmol), dissolved in 1.21 mL
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bromoacetyl)oligonucleotide (eluted from the column in 1
mL of deionized, distilled water) was quantitated by UV

of ethanol, was added by dropwise addition. The reaction visible spectrophotometry and then stored in solution 8
was refluxed under argon for 3 h. The product mixture was °C. Analysis by analytical reverse-phase HPLC (Rainin

concentratedn vacuq redissolved in 4% MeOH in CH
Cl,, and loaded onto a flash column. TheTFA-amino-
pentanol2 was eluted with 6% MeOH in C}l, and was
concentrateth vacuoto a clear, colorless oil (1.50 g, 77.9%
from 1): TLC 6% MeOH, CHCI,, ruddy-brown spot
(ninhydrin), R = 0.26;H NMR (CDCl) 6 6.58 (bs, 1 H),
3.64-3.69 (t, 2H,J= 6.2 Hz), 3.35-3.41 (m, 2 H), 1.56
1.68 (m, 4 H), 1.421.49 (m, 2 H);3C NMR (CDCk) ¢
157.4 (9,J = 36.4 Hz), 115.9 (q) = 287.5 Hz), 62.3, 39.8,
31.7, 28.4, 22.8; high-resolution FAB-MS calculated for C
Fs, Hiz, N1, O, [MH] ™ 200.0898, found 200.0892.
N-TFA-(Aminopentyl)phosphoramidide Phosphoramid-
ite 3 was prepared fromN-(trifluoroacetyl)-5-amino-1-
pentanol (250.0 mg, 1.26 mmol) according to a procedure
reported folN-(trifluoroacetyl)-6-aminohexyp-(cyanoethyl)-
N,N-diisopropylphosphoramidite (Sinha & Striepeke, 1991).
Flash column chromatography (25% EtOAc/5%;NEtin

Microsorb-MV, 5 um C18, 4.6 mmx 250 mm column)
using a gradient of 850% CHCN (1.25%/min) in 100 mM
TEAA, pH 6.5, indicated clean conversion of starting amine
5 to product6 (~89%).

Plasmid Construction.The plasmid pPB19AG was pre-
pared previously (Beal & Dervan, 1991). Plasmid
pUCLEU2DS6 was prepared by ligating a duplex containing
the sequence'8l(AGGGAGGGGAGGGGAGAATTCTC-
CCCTCCCCTCCCT)-3into Xhd-digested pUCLEU2 (Pov-
sic etal., 1992). DNA was purified using a Quiagen plasmid
mega kit. The sequence of the inserted duplex was con-
firmed by dideoxy sequencing using a Sequenase Version
2.0 DNA kit (United States Biochemical). Other biochemical
manipulations including the transformation of competent
coli cells (Stratagene, XL-1 blue) were performed according
to established laboratory protocol (Sambrook et al., 1989).

Alkylation and Cleaage of Duplex DNA at Nucleotide

hexane) afforded a clear, colorless oil (319.2 mg, 63.7% from Resolution. Hidlll-linearized pPB19AG was'&nd-labeled

2): TLC 25% EtOAc/5% EIN in hexane, bright yellow spot
(ninhydrin), Rs = 0.38;*H NMR (CDCl) 6 6.79 (bs, 1 H),
3.70-3.88 (m, 2 H), 3.52-3.69 (m, 4 H), 3.3+3.38 (m, 2
H), 2.61-2.65 (t, 2 H,J = 6.2 Hz), 1.56-1.65 (m, 4 H),
1.38-1.48 (m, 2 H), 1.151.17 (d, 12 HJ = 6.6 Hz); high-
resolution FAB-MS calculated for g Fs, Hzo, N3, Os, P1
[MH]* 400.1977, found 400.1990.
Oligodeoxyribonucleotide Amire The oligodeoxyribo-
nucleotide 5d(TGGGGTGGGGTGGGT)-3was synthe-
sized by standard automated solid-supgb(tyanoethyl)-
phosphoramidite chemistry using an Applied Biosystem
Model 394 DNA synthesizer N-TFA-(Aminopentyl)phos-
phoramidite3 was directly incorporated onto theéterminus

using Sequenase Version 2.0 (United States Biochemical)
and p-3?P]ddATP. Unincorporated nucleotides were re-
moved with a G-50 Sephadex spun column (Boehringer
Mannheim). The DNA was then digested wisp to
produce restriction fragments 645 and 2054 bp in length
which were resolved on a 1% agarose gel. The 645 bp
fragment containing the target site was excised, and DNA
was eluted by spinning the gel slice through siliconized glass
wool. DNA was precipitated from the eluate with 0.3 M
sodium acetate, pH 5.2, in 3 volumes of EtOH, washed with
70% EtOH, dissolved in deionized, distilled water, and then
desalted on a NICK column (Pharmacia Biotech). The
purified DNA was diluted to a concentration of 1200 cpm/

by automated synthesis. The TFA protecting group was uL with deionized, distilled water and was stored-af8
removed during the ammonium hydroxide deprotection step °C until use.

(30% aqueous ammonium hydroxide, 45 24 h) to produce
oligodeoxyribonucleotide amirte The coupling efficiency
of theN-TFA-(aminopentyl)phosphoramidite was estimated
to be ~95% by UV-shadowing of crude oligodeoxyribo-
nucleotide 5 resolved on an analytical 20% denaturing
polyacrylamide gel (19:1 monomer/bis). Oligodeoxyribo-
nucleotide amines was then purified by two rounds of

Plasmid pUCLEU2DS6 was digested wittarl to produce
5466 and 1134 bp fragments. An aliquot of the DNA was
labeled using a DNA send-labeling kit (Boehringer Man-
nheim) and {-3?P]JATP according to the manufacturer's
instructions. A second aliquot was labeled at ther®d with
Sequenase Version 2.0 anat{?P]dCTP. For both the'3
and B3-end-labeling reactions, unincorporated nucleotides

preparative polyacrylamide gel electrophoresis. DNA was were removed with a G-50 Sephadex spun column. Labeled
eluted from an excised gel band by the crush and soakDNA was digested witlPst to produce restriction fragments

method (100 mM NaCl in TE, pH 7.5, 3T, 14 h), filtered
through a 0.45:m Centrex filter (Schleicher & Schuell), and

3073, 2393, 837, and 297 bp in size. The digest was resolved
on a 1% agarose gel, and the 837 bp fragment containing

desalted on a Sep-Pak Plus C18 cartridge (Waters). Thethe target sequence was excised from the gel and purified

recovery of purified oligodeoxyribonucleotidewas deter-
mined by UV~visible spectrophotometry. The DNA was
lyophilized and stored at-20 °C: UV(H;0) Amax = 254
nm, €260 = 145 900 Mt cm™%; MALDI TOF-MS calculated
for [M-H] ~ 4940.2, found 4940.6.
(N-Bromoacetyl)oligonucleotid@ Oligodeoxyribonucle-
otide amine5 (10 nmol in 10uL of 200 mM sodium
tetraborate buffer, pH 8.5) was treated with 250 mM
N-hydroxysuccinimidyl bromoacetate in DMF (1£.) at
room temperature for 5 min. TheéN{bromoacetyl)oligo-
nucleotide product was precipitated with 0.3 M sodium
acetate, pH 5.2, in 3 volumes of EtOH, washed with 70%
EtOH, and then dissolved in water. The solution was
desalted on a NAP 5 column (Pharmacia Biotech). THhe (

as described above.

Typical reaction conditions for alkylation experiments
were 1 uM (N-bromoacetyl)oligonucleotides, 20 mM
HEPES, pH 7.4, 0.8 mM Co(N4%Cls, and 9600 cpm of
DNA in a total volume of 2QuL. Reactions were incubated
at 37°C for 24 h, precipitated with 4@g of glycogen and
0.3 M sodium acetate, pH 5.2, in 2.5 volumes of EtOH, and
washed with 70% EtOH. The DNA was dissolved in 100
uL of 1.0% piperidine, heated at 9C for 30 min, and then
lyophilized to dryness. Cleavage products were separated
on denaturing polyacrylamide gels (8.0% for pPB19AG and
6% for pUCLEU2DS6). To determine cleavage yields, the
gels were scanned with a Molecular Dynamics 400S Phos-
phorlmager. The storage-phospor autoradiograms were
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quantitated using Image Quant v. 3.22 software (Molecular H
Dynamics). Chemical DNA sequencing reactions were HN A~~~ OH a PN~
performed as described (lverson & Dervan, 1987; Williamson 1 o 2
& Celander, 1990).

Double-Strand Alkylation and Cleage of Plasmid DNA.
Sal-linearized pUCLEU2DS6 was'#nd-labeled with Se- \ b

guenase Version 2.0 and-f?P]JTTP. Unincorporated nucle-
otides were removed with a G-50 Sephadex spun column. Q
The eluate was extracted 3 times with phenol/chloroform/ R"“\/\/\/o'_g'°\c?/ J
isoamyl alcohol (25:24:1) and once with chloroform/isoamyl c

alcohol (24:1). DNA was precipitated in 0.3 M sodium

|
3-TGGGTGGGGTGGGG

acetate, pH 5.2, in 3 volumes of EtOH, washed with 70% Y 3
EtOH, and then desalted on a NICK column. The DNA was
diluted to a final concentration of 1200 cpe/ with R
deionized, distilled water. Oligonucieotide 4 TFA
Alkylation reactions were M (N-bromoacetyl)oligo- d
nucleotide6, 20 mM HEPES, pH 7.4, 0.8 mM Co(Nd#- o [°"9°"“°'°°“"°5 H
Cls, and 12 000 cpm of DNA in a total volume of 20.. Oligonucleotide 6 )‘L/B
After incubation at 37C for 24 h, the DNA was precipitated § '

with 40 ug of glycogen and 0.3 M sodium acetate, pH 5.2, Fgyre2: Synthesis of{-bromoacetyl)oligonucleotidé (a) CF-
in 2.5 volumes of EtOH, washed with 70% EtOH, and CO,C,Hs, EtOH, reflux, 78%; (b) (i) diisopropylethylamine, THF,
dissolved in 5QuL of 0.25% piperidine, 100 mM NaCl, 10  0°C; (ii) -(cyanoethyl)N,N-(diisopropylchloro)phosphoramidite,

mM Tris-HCI pH 8, and 10 mM EDTA. The reactions were f00m temperature, 64%; (c) standard automated DNA synthesis;

L . . (d) NH4,OH/H,0, 45°C; (e)N-hydroxysuccinimidyl bromoacetate,
topped with light mineral oil and then heated at 85 for DMF/100 mM sodium tetraborate buffer, pH 8.5, room temperature.
12 h. Cleavage products were resolved on a 0.8% agarose

gel. Yields were determined by Molecular Dynamics i nroduce oligodeoxyribonucleotide amifie The coupling
Phosphorimager technology as described above. A mOIeC'efficiency of the N-TFA-aminophosphoramidite was esti-

ular weight marker comprised of r_estriction fragments 6634, mated to be~95% by analytical polyacrylamide gel elec-

4634, 3500, 3134, and 2000 bp in length was obtained by y4phoresis. The amino-modified oligonucleotide was then

partial digestion of the labeled DNA witNarl. reacted witiN-hydroxysuccinimidyl bromoacetate to produce
Kinetics. Alkylation reactions were performed as de- (N-bromoacetyl)oligonucleotids.

scribed above. Individual reactions were quenched by EtOH Single-Strand Alkylation and Cleage of Duplex DNA.

precipitation after 2, 3, 4, 6, 8, 10, 22, and 46 h. Piperidine p o jiminary studies were conducted using plasmid pPB19AG
treatment, electrophoresis, and gel quantitation were per-gea| g Dervan, 1991) which contains the well-characterized
formed as described. A plot of In ([DNAL/[DNAlwa) — pyrine motif triple helix binding site 'Sd(AGGGAGGG-
asa funct|or_1 of time was linear over two half-ll\_/es, indicating GAGGGGA)-3 (Greenberg & Dervan, 1995) as well as three
flrst_-order kmgncs. Rate cc_)nstants and half-lives were then guanine bases in the duplex directly adjacent to theng
derived from linear regression curve fits< —slope,t, = of the site. These initial experiments would indicate the
0.693K). efficiency and specificity of single-stand alkylation of duplex
DNA by (N-bromoacetyl)oligonucleotides. Plasmid
RESULTS AND DISCUSSION pPB19AG was linearized witHindlll, 3'-end-labeled with
Synthesis of (N-Bromoacetyl)oligonucleotgle The de-  [0-**P]ddATP, and then cut witSsp to produce a 645 bp
sign of (N-bromoacetyl)oligonucleotidé was based on  restriction fragment containing the sequence of interest. The
model building studies of a purine motif triple-helical radiolabeled DNA (9600 cpm) was treated with-Ifro-
complex. These studies suggested that alkylation of amoacetyl)oligonucleotidé at 1M concentration [20 mM
guanine base adjacent to thes&le of the triple helix binding ~ HEPES, pH 7.4, 0.8 mM Co(NijCls]. The alkylation
site could be achieved by using an aminopenty| linker to reactions were incubated at 3C for 24 h. Treatment with
tether theN-bromoacetyl moiety to the'fphosphate group ~ 1.0% piperidine (90°C, 30 min) effected single-strand
of the oligonucleotide. The scheme used to synthedize (  cleavage of the alkylated duplex DNA. Cleavage efficiencies
bromoacetyl)oligonucleotidé is outlined in Figure 2. - were determined by storage-phosphor autoradiography of
Trifluoroacetamidgs-(cyanoethyl)N,N-diisopropylphosphor-  reaction products separated on an 8.0% denaturing poly-
amidite3 was synthesized in two steps from known starting acrylamide gel. The analysis revealed that the 645 bp

material. Treatment of 5-amino-1-pentanblwith ethyl restriction fragment was cleaved in 802% yield (averaged
trifluoroacetate afforded the correspondgrifluoroaceta- ~ OVer two trials) at the guanine base immediately adjacent to
mido alcohol2 which was reacted witfi-(cyanoethyl)N,N- the triplex site. Minor cleavage was observed at the guanines

(diisopropylchloro)phosphoramidite to give phosphoramidite one and two bases removed (7% and 1% yield, respectively).
3. TheN-trifluoroacetamido-modified oligodeoxyribonucle- Alkylation experiments conducted witt-8nd-labeled DNA
otide4 was synthesized by standard automated solid-supportdemonstrated that no modification occurred on the opposite
S-(cyanoethyl)phosphoramidite chemistry with phosphor- strand of the duplex.

amidite 3 directly incorporated onto the'ferminus during Time course experiments were conducted in order to
the synthesis. The base-labile TFA protecting group was determine rate constants for alkylation of the 6453Hapd111/
removed during the ammonium hydroxide deprotection step Ssp pPB19AG restriction fragment byNcbromoacetyl)-
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l é 3 ; : : ; : 1% ;g 1; lane Table 1: First-Order Rate Constant§ and Half-Lives {.) for
AL Single-Strand Alkylation Reactions at 3T for the 645 bp
Fragment, pPB19AG
site? K(s ) tua (N)°
G1 3.5 (0.1) x 105 5.5 (+£0.2)
G2 1.7 €0.1)x 10 115.8 (3.6)
G3 1.1 60.2)x 107 1744.0 (£258.0)

aData are averaged over 3 tria’sSite of alkylation. G1 is the
guanine base adjacent to theedd of the triplex binding site; G2 and
G3 are one and two bases removed, respectiyéyrors are given as
standard deviation.
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Ficure 3: (Left) 645 bpHindlIll/ Ssp restriction fragment derived
from pPB19AG (Beal & Dervan, 1991) showing the location and
sequence of the triple-helical complex. The major position of
alkylation is indicated with an arrow. (Right) Autoradiogram of an
8.0% denaturing polyacrylamide gel of a time course experiment
involving the reaction of -bromoacetyl)oligonucleotidé with
the32P 3-end-labeled 645 bp fragment. Lane 1: A-specific chemical
sequencing reaction (lverson & Dervan, 1987). Lane 2: G-specific
chemical sequencing reaction (Williamson & Celander, 1990). Lane
3: 645 bp restriction fragment incubated in the absenceNef (
bromoacetyl)oligonucleotidé and treated with piperidine. Lanes
4—11: same restriction fragment incubated in the presenci-of (
bromoacetyl)oligonucleotidé for 2, 3, 4, 6, 8, 10, 22, and 46 h
and then treated with piperidine.

Ficure 4: Double-strand cleavage of duplex DNA mediated by a
purine motif triple-helical complex. IdenticalN¢bromoacetyl)-

. . . . . oligonucleotides binding to adjacent inverted purine tracts on the
oligonucleotides. Alkylation reactions performed in parallel 4 pjex alkylate one guanine base to tHesigle of each binding

were incubated at 37C. After 2, 3, 4, 6, 8, 10, 22, and 46  site. Depurination and strand cleavage are effected by warming in
h time intervals, individual reactions were quenched by EtOH the presence of piperidine.

precipitation. Following piperidine treatment, reaction prod-

ucts were resolved on a denaturing polyacrylamide gel Double-Strand Cleeage of Duplex DNA at Nucleotide
(Figure 3). Values for [DNA}ict and [DNA}ow Were Resolution. Incorporation of two adjacent inverted triplex
derived from analyses of the storage-phosphor autoradio-binding sites into duplex DNA would afford cleavage of both
grams. First-order kinetics were indicated by linear plots DNA strands. The specificity of the single-strand cleavage
of In ([DNA]inac/[DNA] 0a) VS time. Rate constants and experiments indicated that an optimal design would entail
half-lives are summarized in Table 1. Within the purine placement of a single guanine base immediately adjacent to
motif triple-helical complex, the half-life for alkylation is  the 3-side of each triplex binding site (Figure 4). Based on
5.5 h at the guanine immediately adjacent to thersd of these considerations, pUCLEU2DS6 was prepared by ligating
the triplex binding site. Rates of alkylation at the guanines a duplex containing the sequencelllAGGGAGGGGAGGG-
one and two bases removed are 20 and 333 times slowelGAGAATTCTCCCCTCCCCTCCCT)-3nto Xhd-digested
than that of the major site of reaction. For comparison, the pUCLEU2 (Povsic et al., 1992). Restriction fragments from
half-life reported for site-specific alkylation by arN{ a Narl digest of pUCLEU2DS6 were'f&end-labeled with
bromoacetyl)oligonucleotide in a pyrimidine motif triple- [y-*2P]JATP or 3-end-labeled withd-3?P]JdCTP. The labeled
helical complex is 6.2 h at the major site of alkylation (Povsic DNA was digested withPst to produce restriction fragments

& Dervan, 1990). 837 bp in size containing the inverted repeats. DNA labeled
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Ficure 5: (Left) 837 bp restriction fragment obtained by digesting
PUCLEU2DS6 withNarl and Pst. The location and sequence of
the adjacent triple-helical complexes and the positions of alkylation
are indicated. (Right) Autoradiogram of a 6% denaturing polyacry-
lamide gel revealing cleavage products at nucleotide resolution
obtained from the reaction dNfbromoacetyl)oligonucleotid@with

the 837 bp restriction fragment. Lanes4 contain 3-end-labeled
DNA. Lanes 5-8 contain 5end-labeled DNA. Lanes 1 and 8:
A-specific chemical sequencing reactions (lverson & Dervan, 1987).
Lanes 2 and 7: G-specific chemical sequencing reactions (Will-
iamson & Celander, 1990). Lanes 3 and 6: 837 bp restriction
fragment incubated in the absence Nflfromoacetyl)oligonucle-
otide 6 and treated with piperidine. Lanes 4 and 5: 837 bp
restriction fragment incubated in the presenceNsbfomoacetyl)-
oligonucleotide6 and treated with piperidine.

on either strand (9600 cpm) was reacted witi-bfo-
moacetyl)oligonucleotidé at 1 «M concentration [20 mM
HEPES, pH 7.4, 0.8 mM Co(N§%Cls] at 37 °C for 24 h.
The alkylated DNA was treated with 1.0% piperidine at 90
°C for 30 min and then resolved on a 6.0% denaturing
polyacrylamide gel (Figure 5). Analysis of the storage-

phosphor autoradiogram confirmed that cleavage occurred

at a single guanine base on each strand at the positio
immediately adjacent to thé-8nd of the triplex binding site.
Cleavage efficiencies calculated over four trials weret87
4% and 87+ 1% for the 3-end-labeled strand and thé 5
end-labeled strand, respectively. DNA controls incubated
in the absence ofN-bromoacetyl)oligonucleotidéwere not
cleaved. The high efficiency of alkylation associated with
the triplex sites suggests that triple helix formation by the
guanine-rich l-bromoacetyl)oligonucleotide was not sig-
nificantly inhibited by self-alkylation or by the formation of

guanine quartet structures (Henderson et al., 1987; William-

Grant and Dervan

1/2

Table 2: First-Order Rate Constanty &nd Half-Lives {y2) for
Double-Strand Alkylation Reactions at 3T for the 837 bp
Fragment, pUCLEU2DS6

labeP sitef k (s~ ta (h)
3 G1 7.7 0.1) x 1075 2.5 (+0.1)
5 G1 6.9 (-0.4) x 1075 2.8 (*0.2)

2Data are averaged over 4 triakPosition of32P end-label€ Site
of alkylation. G1 is the guanine base adjacent to ther@®l of the
triplex binding site.d Errors are given as standard deviation.
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FIGURE 6: (Left) Sal-linearized plasmid pUCLEU2DS6 (6.6 kbp)
with the location and sequence of the adjacent triple-helical
complexes. The positions of alkylation are indicated with arrows.
(Right) Autoradiogram of a 0.8% nondenaturing agarose gel
showing cleavage products from the reactionbfomoacetyl)-
oligonucleotides with Sal-linearized pUCLEU2DS6 labeled with
32P at both 3ends. Lane 1: molecular weight marker consisting
of Sal-linearized pUCLEU2DS6 partially digested witkarl. Lane

2: linearized DNA incubated in the absence Nflfromoacetyl)-
oligonucleotide6 and treated with piperidine. Lane 3: linearized
DNA incubated in the presence di{promoacetyl)oligonucleotide

M6 and treated with piperidine.

son et al., 1989). In addition, the location of the cleavage
shows that theN-bromoacetyl)oligonucleotide was aligned
in the expected antiparallel orientation with respect to the
purine strand of the duplex, consistent with the formation
of a purine motif triple-helical complex.

In order to determine rate constants for alkylation of the
837 bpNarl/Pst pUCLEU2DS6 restriction fragment, indi-
vidual alkylation reactions were quenched by EtOH precipi-
tation after 2, 3, 4, 6, 8, 10, 22, and 46 h time intervals.
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