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ABSTRACT

Duplex DNA recognition by oligonucleotide-directed
triple helix formation is being explored as a highly
specific approach to artificial gene repression. We
have identified two potential triplex target sequences
in the promoter of the human  bcl-2 gene, whose
product inhibits apoptosis. Oligonucleotides designed
to bind these target sequences were tested for their
binding affinities and specificities under pseudo-
physiological conditions. Electrophoretic mobility shift
and dimethyl sulfate footprinting assays demonstrated
that an oligonucleotide designed for simultaneous
recognition of homopurine domains on alternate duplex
DNA strands had the highest affinity of any oligo-
nucleotide tested. Modifications to render this
oligonucleotide nuclease-resistant did not reduce its
binding affinity or specificity. In additional studies under
various pH conditions, pyrimidine motif complexes at
these target sequences were found to be stable at pH
8.0, despite the presumed requirement for protonation
of oligonucleotide cytidines. In contrast, purine motif
complexes, typically considered to be pH independent,
were highly destabilized at decreasing pH values.
These results indicate that a natural sequence in the
human bcl-2 promoter can form a stable triplex with a
synthetic oligonucleotide under pseudo-physiological
conditions, and suggest that triple helix formation
might provide an approach to the artificial repression
of bcl-2 transcription.

INTRODUCTION

bind parallel to the purine strand of the duplex by Hoogsteen
hydrogen bonding to form T-A-T and C+-G-C base trifiletnthe
purine motif, oligonucleotides bind antiparallel to the purine strand
of the duplex by reverse Hoogsteen hydrogen bonding to form
A-A-T (or T-A-T) and G-G-C base triplettg)( We are interested in
the possibility that triple helix formation might be used to artificially
regulate the expression of disease-related genes.

The product of thebcl-2 proto-oncogene acts as a negative
regulator of programmed cell death (apoptddis]7). Apoptosis
not only provides a termination option for cells that are dangerously
damaged, but also plays a key role in normal T and B cell
development 18-20). In some tissues, the propensity toward
apoptosis appears to be regulated by the ratlucle? and bax
proteins. Increases ibax concentrations counter the apoptotic
suppression bfcl-2 (21). One of the most common cytogenetic
abnormalities in non-Hodgkin B cell ymphomas is the translocation
t(14,18)(q32;921). This translocation placesitie? gene at 14921
under the control of the immunoglobulin heavy-chain gene
enhancer, resulting ibcl-2 overexpression2@,23). Studies of
transgenic mice overexpressbul2 show an increase in both B and
T cell survival, leading to lymphomas derived from both cell types
(22). In contrast,bcl-2 —/~ knockout mice undergo profound
apoptotic deletion of B and T cells shortly after bigth).(

Therapeutic techniques such as radiation and many chemical
agents act by inducing apoptosis. This observation suggests that
approaches to reducing the damage threshold required for
induction of cell death by an apoptotic signal may sensitize tumor
cells to chemotherapeutic agents. One such approach might be to
artificially reducebcl-2 levels in cells by repression btl-2
transcription via triple helix formation targeted to tha-2
promoter region. The huméel-2 gene is transcribed from two
promoters (P1 and P2; Fit). The major promoter (P1) lacks a
TATA box, is GC rich, contains seven consensus Spl binding

Oligonucleotide-directed triple helix formation is a highly specificsites, and displays multiple transcription initiation sit3. \We

strategy for designing potential artificial gene represdefs).(In

have identified two homopurine sequences just upstream of this

vitro experiments provide evidence that triplexes can block DNAnajorbcl-2 promoter that might serve as triplex target sites.

binding proteins@-8) and inhibit transcription initiatior?(9—13).

We wished to design oligonucleotides that might bind¢he

Recognition of homopurine/homopyrimidine sequences involveaarget sequences with high specificity and affinity under physio-
hydrogen bonds between oligonucleotide bases and purine basdegital conditions. Electrophoretic mobility shift titrations were
the major groove of duplex DNA. Triple helix formation occurs inperformed to estimate oligonucleotide affinities, while dimethyl
either of two distinct patterns, termed the pyrimidine (Pyr) motif ansulfate footprinting assays were used to analyze oligonucleotide
purine (Pur) motif 4). In the pyrimidine motif, oligonucleotides recognition and induced changes in the structure of the duplex
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target upon triplex formation. We report that under pseudd-2, 6 mM MgC$; for pH 8.0 (used for both pH 7.4 and 8.0
physiological conditions, an oligonucleotide designed for adjacebinding buffers): 100 mM Tris base, 110 mM boric acid, 2 mM
purine and pyrimidine motif recognition binds homopurine domainEDTA, 8 mM MgCb]. Electrophoresis was performed with
on alternate duplex DNA strands with high affinity. This resultecirculation at 4C overnight (9 V/cm). The resulting gel was
provides an example of a naturally-occurring target sequence foraged and quantified by storage phosphor technology using a
which alternate strand triple helix formation clearly increasellolecular Dynamics Phosphorimager.

binding affinity relative to recognition of a single homopurine

domain. Modifications to render this high-affinity oligonucleotideAnalysis of DNA gel mobility shift titrations

nuclease-resistant did not reduce its binding affinity. While man ) _

pyrimidine motif oligonucleotides require an acidic pH to protonatéhe apparent fractios, of target duplex bound by oligonucleo-
cytidine residues for tight binding to duplex DNA, the pyrimidinetide was calculated for each gel lane using the definition:
motif complexes in this study were remarkably stable at pH 8.0. In 08 = Striplex / (Srriplex + Sduplex 1

contrast, the stabilities of purine motif complexes, often ConSider%ereS{rimex andSyyplexrepresent the storage phosphor signal for
to be pH independent, were in this study highly reduced g§plex and duplex complexes respectively. Values of the apparent

cjecreasing pH vaI_ues. Together, these results identify oIigonuchﬁmex dissociation constarig, were obtained by least squares
tides that bind tightly to the humahbcl-2 promoter under fitiing of the data to the binding isotherm:

pseudo-physiological conditions. These results suggest a possible 8= ([O]"/ Kg" / (1 + [OP/ Kg 2

strategy for artificial repression bél-2 transcription. where [O] is the concentration of oligonucleotide, risdhe Hill
coefficient @5).

MATERIALS AND METHODS

Oligonucleotides Dimethyl sulfate footprinting

Purl and Pur2 duplexes were each ligated into plasmid pG5E4T that
d been cleaved WyanHI and Pst (11). Clones bearing the
sired insertions were confirmed by sequencing. A 356 bp

Oligonucleotide sequences are shown in Fi@BreOligonucleo-
tides were synthesized by phosphoramidite chemistry on an A
Model 380B DNA synthgszer, puriied by denatunng IOOIyaCryl'HindIII—Sact restriction fragment from the Purl-containing plasmid
gm'dg ?(eglectrto%hores;ls, eIutted frow gg/lvsltmes), %‘Id desalltedé% a 361 bplindlll-Sad restriction fragment from the Pur2-con-
ep-Pal cartridge chromatography (Waters). Oligonucleo_. . : :

tides were quaitated by absorbance at 260 nm using molatammg plasmid were then prepared and dephosphorylated with calf
extinction coefficients (Mt cnmd) of 15 400 (dA), 11 700 (dG),
7300 (dC), 5700 (dMe5C) and 8800 (dT), assuming no hyp
chromicity. Oligonucleotidesomprisingthe target duplexes were
annealed as follows: 500 pmol each of oligonucleottdaadB

for the Purl duplex or oligonucleotid€sandD for the Pur2

duplex were mixed with Al 5 M NaCl and brought to a total

volume of 42ul with H»O. This annealing reaction mixture was | ul of 1 mg/ml yeast tRNA, il of 10 M oligonucleotide, and

mc_ubated at 7C for 12 min and then gradually cooled 16@5 H>0 in a final volume of 1Ql. Binding reactions were incubated
Thirty pmol of the resulting oligonucleotide duplexes were

radiolabeled using the Klenow fragment of DNA polymeras,eﬁ%‘vernight at 22C. Dimethyl sulfate [ of a 4% (v/v) aqueous

Intestinal alkaline phosphatase. The Purl and Pur2 fragments were
uniquely end-labeled on stran@s and D respectively, using
%blynucleotide kinase (see Fig. For some experiments, the Pur2
fragment was uniquely end-labeled on stri@nasing the Klenow
fragment of DNA polymerase | (see Fig. Labeled fragment

(50 000 c.p.m.;D.1 pmol) was incubated with eithenllof 10x

pH 8.0 binding buffer or @l of 5x nuclear extract buffer (NEB),

; lution] was added to each reaction mixture and allowed to
and p-32P]dATP in the presence of 0.1 mM dGTP, dTTP an@° . - - :
dCTP. The resulting labeled duptgigonucleotides were purified cubate for 30 min ar*€. Reactions were terminated withl

L . . f stop mix [1.5 M NaOAc, 7% (v/v3-mercaptoethanol and
by precipitation from ethanol in the presence of ammonium acet : .
and resuspended in@. aﬁ%o pg/ml yeast tRNA]. For formic acid treatment, @b of

formic acid was allowed to incubate with reaction mixture for
) = ) 2 min at 22C, then the reaction was terminated with iB6f
Electrophoretic DNA mobility shift assays HZ stop mix (0.3 M NaOAc, 0.1 mM EDTA, 2&/ml tRNA).

; S ; . llowing ethanol precipitation, 1@ of 10% piperidine was
) I hese stules:Efe, an he samples were ncubaied for 30 min G 50
(100 mM MOPS, pH 7.2, 6 mM Mgg)! pH 7.4 [also termed Piperidine wasemoved _by repeated I)_/oph|l|zat|(_)n. The DNA
nuclear extract buffer, NEB: 20 mM Hepes, pH 7.4, 5 mM MgCl wais then resuspended inubof formamide dye.mlx, heated_ to
100 mM KCI, 10% (v/v) glycerol]; and pH 8.0 (25 mM Tris—Hcl, 90°C. electrophoresed on an 8% polyacrylamide sequencing gel
pH 8.0, 6 mM MgGJ). Binding reaction mixtures contained [19:1(acrylam|de:b|sqcrylam|de)] containing 7.5 M urea i 0.5
labeled dUpleX (50 000 CanD:L mel), either :ul of 10x TBE.bUﬁer (50 mM Tris base, 55 mM boric acid, 1 mM EDTA),
binding buffer or 21l of 5x binding buffer, 11l of 1 mg/ml yeast nd imaged by storage phosphor technology.
tRNA, 1 pl of oligonucleotide (to yield the indicated final
concentration) and 40 in a final volume of 1Qul. Reacton RESULTS
mixtures were incubated at X2 for 5 h and were then : :
supplemented with {ul of an 80% glycerol solution containing Experimental design
bromophenol blue. Reactions were analyzed by electrophoreSisidies of triple helix formation often employ non-physiological
through 20% native polyacrylamide gels (19:1 acrylamide:bisacrytonditions such as acidic pH and/or low monovalent cation
amide) prepared in electrophoresis buffer [for pH 5.0: 100 mMoncentrations. We wished to study triple helix formation under
NaOAc, pH 5.0, 1 mM MgG] for pH 7.2: 100 mM MOPS, pH physiological conditions at a hatural target sequencécHagene,
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A, -3z recognizes only 19 bases of the target, was designed to avoid two of
g P2 the three interrupting pyrimidines of the target sequencelfBjg.
”F[—.;__ Fl ORF It has previously been shown that oligonucleotides utilizing
| -/‘ consecutive pyr|m|d|n(=T motlf.and purine motif sequences can
ez parl TAA ame o simultaneously recognize purine domains on opposite strands of
-1568 1464 -88 “ntron duplex DNA, such as those in the Pur2 target sequéiied ).

Target recognition is accomplished by switching triplex motifs, and
thus relative strand polarities, as the oligonucleotide crosses between
purine domains. The pyrimidine triple helix motif, appropriate for an
adenine-rich target site, was used to design oligonucleotide
Pur2-Pyr to recognize the 19 base domain of the Pur2 target
sequence (Fid.B). Pur2-Pur was designed to recognize the nine
base domain of the Pur2 target using the purine motif 1Bijg.
These two oligonucleotides were then combined in the design of
Pur2-Cross intended to simultaneously recognize both purine
domains of the Pur2 target sequence (. Using the strategy
devised by Beal and Derva?7j, a cytidine residue was removed
from the 5-pyr motif:pur motif-3 junction ofPur2-Crossto allow
_ o the oligonucleotide to more smoothly cross the major groove
T PR t i between the alternate strand homopurine regions. In addition, all
cytidines in oligonucleotides for triple helix formation were
maodified to 5-methylcytidines to enhance binding at physiological
pH (32). Electrophoretic mobility shift titrations allowed estimation
Pur2-Cross 3 TGTGETEEE TSTTISTTICITITTITNT of oligonucleotide binding affinities fdacl-2 duplex targets, while
dimethyl sulfate (DMS) footprinting assays were used to study

B.

Purl Duplex i;

Purt-Long

Purl-Short R C E ey (R S Sy W E R E

Purl Duplex

Tar2-Pur 3 -TGTOCTCES

Par2-Mve ERE e o Ol W S U Sl

Pur2-ModilGed {ross 3 TETEETGEE DI000C0SCE00I 0000000 . . . . .
details of oligonucleotide binding.
Figure 1. Experimental design.A) Schematic illustration obcl-2 gene Table 1. Triplex Kq value$
structure. Sites of the major TATA-less promoter (P1) and the minor promoter
(P2) are indicated. Locations of the Purl and Pur2 homopurine target sequenci ¥ :
are shown B) The Purl and Pur2 duplex DNA targets are formed by annealingeéDN PH M Ka (M) Rfil;??vg
complementary oligonucleotidés+ B andC + D respectively. The Purl and affinity
Pur2 homopurine sequences from tioé2 gene are boxed. Triplex oligo- Purl-Long 50 — >>2 5x 10-6 <<0.02
nucleotides bind in the major groove of the target duplexes at the indicated 72 _ 1.3 10-6 0.05
positions. Graphical representations of triple-helical complexes are shown above 8' 0 2' X107 0' 27
sequences, with black ribbons denoting bound oligonucleotides. The diagrams : - : 5 :
depict intended molecular interactions. High resolution structural characterizationPurl-Short 50 - >>2.5¢ 10  <<0.02
of these complexes is not undertaken in this report. The motif switch for 72 - 1.0< 106 0.06
Pur2-Cross and Pur2-Modified Cross was executed by deletion of a cytidine 80 - 4.7 1077 0.13
residue at the junction. Underlined C residues represent 5-methylcytidine. Boldpr2-pyr 50 - >>25x 106  <<0.02
letters indicate a phosphorothioate backbone. O residues repté3enethyl- 79 _ >>25x 106 <<0.02
thymidine. ’ ’ '
80 - >>2.5¢ 106  <<0.02
Pur2-Pyr 50 - 4.4x 1078 1.4
72 - 1.1x 1077 0.55

whose product inhibits apoptosis, contains two potential triplex 74 100mMK L1107 0.55
target sequences just upstream of the predominant promoter, _ 80 - é'g 108 2'21
P1 (Fig.1A; 26). One target sequence, termed Purl, is located!"2-C10ss ?g - oo 1&3 o6
32 bp upstream of thé-Bost major transcription start site (position 7'4 Ioo M K 5 1 X 106 1‘0
—1432; FiglA,; 23) and consists of a 25 base purine-rich sequence : ' 8 ‘
with three pyrimidine interruptions (FigB). The second target ” 80 - 7010 0.87

Pur2-Modified Cross 8.0 - 9.9x 1078 0.62

sequence, termed Pur2, is located 136 bp upstream of the first majer

transcription start site and consists of two adjacent homopuriagues oy were calculated from equatipas described in Materials and Methods.

sequences; nine purines on one strand of the duplex directly adjatetative affinity =K refKg, whereKg refindicates the affinity oPur2-Cross

to 21 purines on the opposite strand (HiB). To facilitate  binding at pH 7.4 in the presence of 100 mi K

electrophoretic mobility analyses of oligonucleotide binding and to

simplify cloning procedures, synthetic duplexes were designes); ; sl i

containing the Purl and Pur2 sequences (Purl duplex and P‘?L?rllzqonucleotlde binding affinities

duplex respectively; Fid.B). Equilibrium dissociation constant&{s) were measured for
The purine triple helix motif, most appropriate for guanine-rictiriplexes in thebcl-2 promoter at various pH values in the range

target sites, was used to design triplex oligonucleotides to recognz6-8.0. Typically, pyrimidine motif triplexes require cytidine

the Purl target sequence. Oligonucledtidie -Long was designed protonation and are stabilized by acidic pH, while the stabilities of

to span the entire Purl region, with thymidine residues used to crpsgine motif triplexes are thought to be intrinsically pH independent.

interrupting pyrimidines in the target (Fid3). Purl-Short, which ~ Figure2A and B presents examples of binding experiments at pH
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A. Purl Duplex pH 5.0 Pur? Duplex
| e |
£ Purllong PurlShert =  Purl-Par Purl-Pyr  Purl-Cross

e
-

o
e —————————
- S . |

P T T PP e Mo Moy My Mg Py g ¥y By 37

|
e

B. Furl Duplex I_}H 8.0 Fur? Daplex
I I
% Purl-Long Purl-Short E Pur2-Far Puri-Pyr Pur-Cross
- e .

T o —

D - i

1 3 3 i 5 & T-E 'Il"li““-“ Ml?lﬁ “.ﬂzlHHHEH:IHH}HMJIHLM"SH]T

C. pH 5.0 D. pH 8.0
1+ it
0.8+
0.8
0.6 7]
g 0.6
041
; 0.4:-
0.2+ J—
_ o —~+Puri-L
)= ._-_..-.'". -4~ Purl-Short ' 0.2r -'-PE:I :Sl?:rgl
= -Pur2-Pyr = -Pur2-Pyr
—&—Pur2-Cross —@-Pur2-Cross
10* 107 10 10° 10* 107 e 104
[ODN], M [ODN], M

Figure 2.Determination of tripleXq. (A andB) Electrophoretic mobility shift assays at pH 5.0 (A) or pH 8.0 (B). Increasing micromolar concentrations (0.025, 0.05,
0.1, 0.2, 0.5, 1, 2.5) d?url-Long (lanes 2—-8)Purl-Short (lanes 9-15)Pur2-Pur (lanes 17-23)Pur2-Pyr (lanes 24-30)Pur2-Cross (lanes 31-37) or no
oligonucleotide (lanes 1 and 16) were added to labeled target Purl duplex (lanes 1-15) or Pur2 duplex (lanes 16-37). Mobilities of free duplex (D) and triple>
are indicated.¢ andD) Binding curves foPurl-Long ([J), Purl-Short (l), Pur2-Pyr ((Q) andPur2-Cross (@) with respective target duplex were fitted using

data from electrophoretic mobility shift titrations at pH 5.0 (C) or pH 8.0 (D). The fraction of duplex in triple®)oves (calculated from equatidrand fitted to
equatior?2 as described in Materials and Methods to provide estimalkgs(déble 1).

5.0 and 8.0 respectively, in which labeled Purl and Pur2 duplexést triple helix formation in the purine motif is pH independent.
were incubated in the presence of increasing oligonuclectititowever, the basis for suppression of purine motif triplexes at
concentrations. FigurdC and D depicts quantitative results fromlow pH remains unclear.

these experiments. Values kf were calculated as described in  Purine motif oligonucleotid®ur2-Pur did not detectably bind
Materials and Methods and are listed in Tabl&t pH 5.0, purine  the Pur2 duplex under any pH condition tested, perhaps due to its
motif oligonucleotidePurl-Long andPurl-Short bound the short length. BothPur2-Pyr and Pur2-Cross bound the Pur2
Purl duplex target weakly wiky values >>2.% 10M (Fig.2A  duplex with high affinity at pH 5.0 values of 4.4 108 M and

and C). As the pH was increased, oligonucleotide binding in tfe3x 108 M respectively; Fig2A and C). Surprisingly, the affinities
purine motif increased, witkq values of 2.3« 10" M and  of these oligonucleotides decreased only slightly at higher pH values
4.7x 10°" M for Purl-Long andPurl-Short respectively, at pH (Kq4 values of 1.0< 107 M and 7.0x 108 M for Pur2-Pyr and

8.0 (Fig.2B and D). This result contradicts the conventional viewPur2-Crossrespectively at pH 8.0; FigB and D). The impressive
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A, Purl Duplex involving Purl-Long andPurl-Short are unstable at pH 5.0

I = I (Fig. 2A).

B iuCom . e If high affinity triplex binding to the promoter regioroi-2were

L] B . . .
_ considered for the therapeutic enhancement of apoptosis, it would
B presumably be beneficial to reduce degradation by nucleases. We
o - - wished to study whether modifications previously shown to confer

i e LT o e TR oy nuclease resistance might be tolerated indh2triplexes. Because
e L Pur2-Cross had the highest affinity of any oligonucleotide studied

under pseudo-physiological conditions, we used its sequence to
design nuclease-resistadPtir2-Modified Cross (Fig. 1B). The

B. pH 8.0 purine motif portion of the sequence was modified using a
nuclease-resistant phosphorothioate backifeHlowever, such
modifications are not permissive for triplex formation in the
pyrimidine motif @5). Therefore, the pyrimidine motif portion of
Pur2-Modified Crosswas made nuclease-resistant by substituting
2'-O-methylthymidine for all thymidines36). Stabilities of triple-

xes involving Pur2-Cross versus Pur2-Modified Cross were
determined by incubation of the labeled Pur2 duplex with increasing
oligonucleotide concentrations at pH 8.0 (B.and B). TheKqy
value ofPur2-Modified Cross(9.9x 108 M) was not substantially
lower than that oPur2-Cross (7.0 x 108 M).

0.8+

0.6}

0.4+

Details of oligonucleotide specificity and duplex

020 structure

—@—Pur2-Cross ) o ) )
wmr Pur2-Modified Cross To verify specificity and monitor any changes in target structure

0 o e upon oligonucleotide binding to the Purl and Pur2 duplexes, a

10 167 e 10°% DMS footprinting analysis was performed. Protection of guanine

[ODN], M N7 from DMS modification is conferred by triple helix formation.
After cloning into plasmids, targeted guanines in the Purl sequence

Figure 3. Kq comparison ofur2-Cross with Pur2-Modified Cross were specifically, (though weakly) protected buNl of both

(A) Electrophoretic mobility shift assay. Increasing micromolar concentrationsPurl-Long andPurl-Short in pH 8.0 binding buffer (FigdA,

(0.025, 0.05, 0.1, 0.2, 0.5, 1, 2.5)Rafr2-Cross (lanes 2-8)Pur2-Modified lanes 3 and 4 respectively). Although this weak footprint indicates

Cross(lanes 9-15) or no oligonucleotide (lane 1) were added to labeled targe; . R . .
Pur2 duplex. Mobilities of free duplex (D) and triplex (T) are indicated. é relativelylow binding affinity, the high level of background

(B) Binding curves foPur2-Cross (@) andPur2-Modified Cross (<) with cleavqge of this sequence (Fa, |an_e 1) _5h0U|d also be noted.
Pur-2 duplex were fitted using data from electrophoretic mobility shift The slight hypermethylation of guanines justf3hePurl-Short

titratio_ns. The f_raction of dL!pIeX in tl‘ipl(_éX fo_rn@)(wa; calculated from bmdmg domainis a phenomenon often seen at sequences adjacen
equationl and fitted to equatio as described in Materials and Methods to to triplex binding sites and may reflect structural changes in the
provide estimates &€y (Table 1). . . .
duplex at the duplex—triplex junction.
In contrast with results at the Purl site, guanines within the 21 base
homopurine domain on the bottom strand of the Pur2 duplex are
ability of these oligonucleotides to bind with high affinity at pHstrongly protected bf?ur2-Pyr, Pur2-Cross and Pur2-Modified
values <8.0 emphasizes the sequence-dependence of tripl€xossunder pseudo-physiological conditions (Fi4, lanes 7, 8
affinity. Particularly favorable features of these oligonucleotideand 9). Again, significant hypermethylation of the®st guanine
may be their thymidine-richness, and absence of the requiremenbfahe target sequence is observed in the preseriéar®Pyr.
protonate any consecutive cytidine residues. Binding affinities dfypermethylation of this guanine is increased further when the
Pur2-Pyr and Pur2-Cross were also tested in the presence of darget sequence is boundfiyr2-CrossandPur2-Modified Cross
pseudo-physiological pH 7.4 buffer containing 100 mM K (Fig.4B). Note that in an attempt to optimize traversal of the major
(intracellular [K] is thought to be[100-200 mM;33). The groove to the alternate strand, these oligonucleotides have been
observed binding affinity fdPur2-Cross(Kq = 6.1x 108 M) was  designed with deletion of the cytidine residue that would normally
nearly 2-fold higher than fdPur2-Pyr (Kq = 1.1x 10/ M). The  bind this 3 guanine. Some characteristic of the oligonucleotide
Pur2 sequence therefore provides an example of a duplex tafgensition between alternate strands may increase the perturbation of
where alternate-strand triple helix formation increases oligonuclethte duplex structure at this sequence.
tide binding affinity under pseudo-physiological conditions, relative As evidence of the simultaneous recognition of alternate DNA
to the binding of oligonucleotides to either individual domain.  strands, it is noteworthy that guanines within the nine base
It is interesting to note that triplexes contairftug2-Crosshave  homopurine domain on the top strand of the Pur2 duplex are also
a slightly lower electrophoretic mobility at pH 5.0 than at 8.Gstrongly protected byPur2-Cross and Pur2-Modified Cross
(compare lanes 31-37 of F&A and B). This decrease in mobility under pseudo-physiological conditions (M4, lanes 14 and
at low pH may indicate a less compact structure consistent witlv). The 3most guanine in this domain is also hypermethylated
partial release of the purine motif portion of the com@éx (This  in the presence ¢fur2-CrossandPur2-Modified Cross, most
result is in accord with the observation that purine motif triplexdgkely due to duplex structural changes at this junction 48Y.
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Fori |RIEIBIE 13). However, this oligonucleotide does induce hypermethylation of
Ford BRI RIE ARG two guanines within the homopurine region of this strand, again
!"!' E"E su_ggesting structural changes _induced by triple>_<_f_o_rmation
L j £1515 Pl [ (Fig. 4B). These data confirm oligonucleotide specificities and
AR =T ald s aldls provide strong evidence for the ability ®fur2-Cross and
— £\ £ | 2 A Pur2-Modified Cross to simultaneously bind to alternate DNA
MER + |+ |+ |+ ]|* *FiF|Ti+|T|T Stl‘andS.
pHAD [+ 1+ |+ |+
[E] e b w4 # ||+ |+ F +]+]+]+]
t"j. B T DISCUSSION
L . :
- We have used the purine and pyrimidine triple helix motifs to design
several oligonucleotides to recognize two target sequences in the
3 i = bcl-2P1 promoter. At physiological pH, oligonucleotites2-Pyr
o —_ - andPur2-Crossbound the Pur2 target sequence ¥itlvalues near
- ;‘-' r - 1x 107 M, affinities[110-fold higher than observed for oligonucleo-
| c = tides Purl-Long and Purl-Short binding to the Purl target
g oo e sequencePur2-Cross designed to bind alternate strand homo-
'-a: I o purine domains, had the highest affinity of all oligonucleotides tested
A at under pseudo-physiological conditioig € 6.1x 108 M).
o = i 2 In the course of binding studies under various pH conditions, we
& a were surprised that purine motif oligonucleotifesl-Long and
s - o o Purl-Short bound the Purl duplex very weakly at low pH.
e s " Although there is no intrinsic pH requirement for reverse Hoogsteen
",, - & hydrogen bonding in the purine motif, this study clearly demon-
a = I strates a strong pH dependence for triplexes at this sequence.
o e A Triplexes involvingPurl-Long andPurl-Short were also seen to
A : b - gy be inhibited by physiological levels of monovalent cations,
I} — " S — . .. . .
a - : o=ty parﬂpularly K" (data not shown). This is in agreement with previous
g - e " i studies that demonstrate purine motif triplex inhibition by mono-
€ - T valent cations37-39). Such inhibition is most likely caused by
e © competing equilibria wherein the guanine-rich oligonucleotides
& 5 m become sequestered into guanine quartet aggrega®es (
¥ —— Incorporation of 6-thioguanine into a limited number of positions of
—— —— purine motif oligonucleotides has been shown to alleviate ion
S I . P T T inhibition of triplexes 40,41) and could potentially be used as a
274 e N s strategy to permiPurl-Long and Purl-Short to form triplexes
under pseudo-physiological conditions.
B. In contrast with the purine motif oligonucleotides, pyrimidine
3" -TGTGGTEGG, motif oligonucleotide®ur2-Pyr andPur2-Crossnot only tolerated
5"%?92%???‘3&1 o Tgmgmggggﬁggﬁgmﬂ physiological ion concentrations, but were remarkably pH

B S G G € 1 independent, being stable at pH 8.0. This result is notable in light of
the requirement for cytidine protonation in the pyrimidine motif. The
presence of 5-methylcytidine (RE) in Pur2-Pyr andPur2-Cross

Figure 4.Dimethyl sulfate footprinting assaA)X The Purl and Pur2 duplexes IS likely to be a large contributor to this pH independence. Previous
were subcloned into a recombinant plasmid that was then linearized, labeled astudies have indicated that e substitution allows certain

the top or bottom strand, and subjected to DMS maodification in the absence qx: ; ; >

presence of iM oligonucleotide (ODN) and the indicated binding buffer [pH ‘ﬁl}lgonuclﬁot{d e SG?U?T):_?S t:.) for.m mplleexae; alt_lpH Valuef’h 7, E;OUgh
8.0 or nuclear extraction buffer (NEB)] as described in Materials and Methods; € mechanism or stabilizaton Is unc )( owever, the p

The target sites for triplex formation are bracketed and their polarities labeledndependence oPur2-Pyr and Pur2-Cross is also sequence
B, bottom strand labeling; T, top strand labeling; F, formic acid treatment todependent, as triplexes involving other pyrimidine motif oligo-
generate an A+G ladde)(Recognition of Pur2 duplex Bur2-Cross which  nycleotides containing M€ are destabilized at neutral pH (data not

crosses the major groove to bind alternate strand homopurine domain g . .
Potential triplet hydrogen bonds are denoted by dots. Guanines that ar%hown)' Perhaps thymldme rich sequences Iacklng consecutive

hypermethylated by DMS when the Pur2 duplex is bound by Bitih2+Cross C)_/tidines are most faV_Orab|e fo_r triplex stability >pH_7. Together
or Pur2-Modified Cross are boxed. Guanines that are circled indicated With the results of previous studi€s$,8), these data reinforce the

hypermethylation by DMS when the Pur2 duplex is bounBiurg-Pyr. view that conventional purine motif triplexes are stabilized by
profoundly guanine-rich target strands, while conventional pyrimi-
dine motif triplexes are stabilized by adenine-rich target strands

Methylation can be detected at tharervening adenine within punctuated with isolated guanine residues.

the target sequence, and this adenine remains unprotected in thnother key result from these studies is the high affinity binding

presence of eithePur2-Cross or Pur2-Modified Cross. As  of alternate strand homopurine domains inbitie2 promoter by

expected, protection of this domain is not observed in the presef@2-Cross In particular,Pur2-Cross recognizes the nine base

of Pur2-Pyr, which binds only to the alternate strand (##g.lane  homopurine domain of the Pur2 duplex to which oligonucleotide



1764 Nucleic Acids Research, 1996, \ol. 24, No. 9

Pur2-Pur could not detectably bind. Moreover, the simultaneouREFERENCES

recognition of both homopurine domains of the Pur2 duplex

increases the affinity dPur2-Cross almost 2-fold relative to the | i< 1 E and Dervan, P. B. (198Tjence238 645-650.

affinity of Pur2-Pyr under pseudo-physiological conditions. These 2 cooney, M., Czemuszewicz, G., Postel, E. H., Flint, S. J. and Hogan, M.
results support previous studies in which alternate strand triple helix E. (1988)Sciencg241, 456-459.

formation was shown to allow binding of adjacent homopurine3 Helene, C. (1991hnti-Cancer Drug Desigré, 569-584.

; ; ; ; ; Maher, L. J. (1992BioEssaysl4, 807-815.
domains of <10 bases when oligonucleotides could not bind eith Maher. L. J., 1Il. (1996%ancer Invest14, 66-82.

domain individually £7). In addition, the present study provides g \aner. L. .. Wold, B. and Dervan, P. B. (1986jence245, 725-730,
evidence that alternate strand binding can increase the stability of7amaner, L. J., Dervan, P. B. and Wold, B. J. (136hemistry29,

triple helix relative to binding a single domain of >10 bases. A 8820-8826. ,

previous study of alternate strand binding to domains >10 basés Maher, L. J., Ill, Dervan, P. B. and Wold, B. (1991) In Wickstrom, E. (ed.)

; : o . Prospects for Antisense Nucleic Acid Therapy of Cancer and AIDS
demonstrated a modest 1.4-fold increase in affinity relative 0 \yer | ics New York, op. 227-242.

binding a single domai_ﬁ?fl)- ) ) ~ 9 Orson, F. M, Thomas, D. W., McShan, W. M., Kessler, D. J. and Hogan,
DMS hypermethylation of guanines adjacent to duplex—triplex M. E. (1991)Nucleic Acids Resl9, 3435-3441.
junctions is a common observation that presumably reflectd FT"“”%'. Sﬂ- /IK" ﬁrangﬁkéﬁg'}b%agnel%?z'g M. D. and Toole, J. J. (1991)
: H H : H H roc. Na cad. SCl. 3 —. .
p?itzrzbagonslln the du;r)]Iex s;c]ruc_ture upoln _ollghonuck:)leotlde(zj br:ndlrlq Maher, L. J., Dervan, P. B. and Wold, B. (19®@yhemistry31, 70-81.
(31,42). An alternative hypothesis to explain the observed hypet, waner. L. 3. (199Biochemistry31, 7587—7594.
methylation is that the terminal unstacked bases at triplex/dupleX Duval-Valentin, G., Thuong, N. T. and Héléne, C. (1998}. Natl Acad.
junctions creates a hydrophobic microenvironment that increases the Sci. USA89, 504-508. _
local DMS concentration. Binding Burl-Short andPur2-Pyrto 14 E'ea:(' P-bA- a”g Elz/?“’fgé P. BE (1993??”(?;%5%3;360‘1363'
target duplexes in this study promoted hypermethylation of ttﬁ. ockenbery, D. M. (199%)ioEssays17, 631-638.
) . Steller, H. (1995%cience267, 1445-1449.
purine strand '3to the complex. In the case 6ur2-Pyr, 17 Thompson, C. B. (1995cience267, 1456-1462.
hypermethylation of a pair of guanines was also seen on the oppostewnite, E. (1993Fenes Dey7, 2277-2284.
DNA strand at the same end of the complex. Interestingly, bindidg Wiliams, G. T. and Smith, C. A. (199Gl 74, 777-779.
of Pur2-Cross caused an increase in hypermethylation at junctiof® YauX B. L., Weissman, | L. and Kim, S. K. (1992Jence258
guanines on both strands of the target duplex. This suggests a sfairpyaj, 2. N., Miliman, C. L. and Korsmeyer, S. J. (1998), 74,
or distortion in the duplex whdpur2-Cross traverses the major 609-6109.
groove between alternate strands, thus causing the major groové2toKatsumata, M., Siegel, R. M., Louie, D. C., Miyashita, T., Tsujimoto, Y.,
be more accessible to DMS. Such a distortion could reflect an energyﬁg"xeé'é F’iﬁ%?rffggé M. . and Reed, J. C. (189ag. Natl Acad. Sci.
e>_<pense as;ouated with _altemate S”a’.‘d bindii)y (Dpt'mlz_ed 23 Seto, M Jaeger, U., Hockett, R. D., Graninger, W., Bennett, S., Goldman,
oligonucleotide designs mlg_ht reduqe thls apparent distortion. P. and Korsmeyer, S. J. (1988YIBO J.,7, 123-131.
Together, the results of this study indicate that a natural sequenge\eis, D., Sorenson, C., Shutter, J. and Korsmeyer, S. J. @€68pe75,
in the humanbcl-2 promoter can form a stable triplex with a  229-240. _ , , _ .
synthetic oligonucleotide under pseudo-physiological conditiong® Cantor, C. R. and Schimmel, P. R. (19B@@physical Chemistry, Part I
LS . . - . o The Conformation of Biological Macromoleculdsreeman, San
Moreover, it is promising that this oligonucleotide can be modified  £ancisco, p. 864.
to increase nuclease resistance without a significant decreas@gnyoung, R. L. and Korsmeyer, S. J. (1991). Cell. Biol, 13, 3686—3697.
binding affinity. Extension of these studies to intact cells will requiré7 Beal, P. A. and Dervan, P. B. (1992Am. Chem. Sqd14 4976-4982.
attention to several obstacles: oligonucleotide delivery to ﬂ?é; Jayasena, 2 D a”g ‘J]OE”SEO”' o (ﬁg‘g‘.em/f%ﬂé 3522%‘327-
nucleus, availability of DNA target sites within chromatin structure’ e mogg - ondonnsian. . 1 (188gjeic Acids Res20,
and th_e _Unknowr_‘ eﬂeCtS_ of these triplex complexesba;bfz 30 Jayasena, S. D. and Johnston, B. H. (1BR&hemistry32, 2800-2807.
transcription. In vitro studies have shown that occlusion of31 Olivas, W. M. and Maher, L. J., Ill. (19jochemistry33, 983-991.
transcription factor binding sites by triplexes can block transcriptio#? Povsic, T. J. and Dervan, P. B. (1989Am. Chem. Sqd11, 3059-3061.
initiation (11,43,44). Other studies indicate that direct overlap of*3 Alberts, B., Bray, D., Lewis, J., Raff, M., Roberts, K. and Watson, J. D.
. . - . (1983)Molecular Biology of the CellGarland Publishing, Inc., New York,
protein and triplex binding sites may not be necessary for . 286.
transcriptional inactivation by triplexe® 11,13). The latter results 34 Stein, C. A. and Cheng, Y.-C. (198jience261, 1004-1012.
suggest that oligonucleotide binding may alter duplex DNAS Hacia, J. G., Wold, B. J. and Dervan, P. B. (188djhemistry33,
structure in some manner (bending, stiffening) so as to antagoni%e5s367—f3869é Lamond. A 1. Beiier. B.. N b and Rvder. U. (1989
promoter function(1). It is provocative to note that both Purl and® NuGloic Adide Raaly, 3573 8380 e T andEYEen - (1989)
Pur2 target sequences are located on or near consensus Sp1 bingingiiiigan, J. F., Krawczyk, S. H., Wadwani, S. and Matteucci, M. D. (1993)
sites within the Phcl-2 promoter. Further studies will be necessary  Nucleic Acids Res21, 327-333.
to determine if triple-helical complexes identified in the preserit8 Cheng, A.-J. and Van Dyke, M. W. (1998)cleic Acids Res21,

study will offer a feasible approach to transcriptional inhibition of, °0305%%> (19GBipchemisiry34, 276264

thebcl-2 gene in I'V'ng cells. 40 Rao, T. S., Durland, R. H., Seth, D. M., Myrick, M. A., Bodepudi, V. and
Revankar, G. R. (199Biochemistry34, 765-772.

ACKNOWLEDGEMENTS 41 Olivas, W. M. and Maher, L. J., lll. (1998)cleic Acids Res23,
1936-1941.

) ) 42 Collier, D. A., Mergny, J.-L., Thuong, N. T. and Hélene, C. (1B@t)eic
We gratefully acknowledge D. Eicher and C. Mountjoy for their  Acids Res 19, 4219-4224. _ .
excellent technical assistance. This work was supported by Nf3 Grigoriev, M., Praseuth, D., Robin, P., Hemar, Saison-Behmoaras, T,
grant GM 47814 and a Junior Faculty Research Award from The ?agfg'\é%rgr?]t'z’g; Tuang. oI~ Helene, C. and Harel-Bellan, A. (1992)
American Cancer Society to L.J.M. W.M.O. is supported by 2 Grigoriev, M., Praseuth, D., Guieysse, A., Robin, P., Thuong, N. and

University of Nebraska Medical Center Presidential Fellowship. Hélene, C. (1993roc. Natl Acad. Sci. USA0, 3501-3505.



