
timately, it may be possible to design re- 
agents that have similar specificity and effi- 
ciency in an intracellular milieu. 
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Sequence-Selective Recognition of DNA by Strand 
Displacement with a Thymine-Substituted Polyamide 

A polyamide nucleic acid (PNA) was designed by detaching the deoxyribose phosphate 
backbone of DNA in a computer model and replacing it with an achiral polyamide 
backbone. On the basis of this model, oligomers consisting of thymine-linked 
arninoethylglycyl units were prepared. These oligomers recognize their complementary 
target in double-stranded DNA by strand displacement. The displacement is made 
possible by the extraordinarily high stability of the PNA-DNA hybrids. The results 
show that the backbone of DNA can be replaced by a polyamide, with the resulting 
oligomer retaining base-specific hybridization. 

R EAGENTS THAT BIND SEQUENCE 

specifically to double-stranded 
DNA are of major interest in mo- 

lecular biology and could form the basis for 
gene-targeted- drugs (1). Sequence-specific 
binding to operator DNA regions is the 
basis for the biological function of a large 
number of gene-regulatory proteins (2). 
Synthetic peptides that contain the approx- 
imately 50 amino acid residues constituting 
the DNA binding domain of such regulato- 
ry proteins can retain the DNA binding 
specificity of the parent protein ( 3 ) ,  but at 
present it is not possible to design peptides 
that bind to desired DNA seauences. How- 
ever, pyrimidine or purine oligonucleotides 
bind sequence specifically to homopurine 
regions of double-stranded DNA by triple 
helix formatihn through T.A-T and C+.G-C 
or G.G-C and A-A-T triplets (4). The triple- 
helix principle has generally been applied to 
homopurine DNA targets. Furthermore, 
oligonucleotides are difficult to prepare in 
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large scale (millimole to mole quantities), 
and introduction of modified nucleobases 
and conjugation to other ligands present 
major obstacles. One way to overcome these 
drawbacks would be to replace the deoxyri- 
bose phosphate backbone of DNA with a 
polyamide backbone that was homomor- 
~hous  to DNA in terms of the number of 
backbone bonds and the distance between 
backbone and nucleobase. 

We wanted to design a polyamide that 
could recognize double-stranded DNA 
through Hoogsteen-like base pairing in the 
major groove by nucleobases or other lig- 
ands- having the proper hydrogen donor- 
acceptor properties. Thymine was initially 
chosen because it can participate in stable 
Hoogsteen triple helices with oligonucleo- 
tides (4) and because it presented the fewest 
synthetic obstacles. The proper distances in 
the backbone were estimated with a com- 
puter model by constructing a normal 
T.A-T triplex, removing the deoxyribose- 
phosphate backbone of the third (the T) 
strand, and building a polyamide backbone 
in its place. Units of 2-aminoethylglycine 
were found to fit when the thymine was 
attached through a methylenecarbonyl 
group (Fig. 1). 

The resulting polyamide nucleic acid (des- 
ignated PNA-1, Fig. 1) was equipped with a 
helix-threading acridine (5 )  for two pur- 
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poses. The DNA-intercalating acridine lig- 
andwasexpeadtoincreasethea6nityfor 
double-stranded DNA as demonstrated for 
analogous oligonucleotide conjugates (6), 
and the nitrobenzamido ligand of the acri- 
dine was expected to make it possible to 
study the DNA biding by &ty photo- 
cleavage (7). Furthermore, the helix-thread- 
ing design of the acridine was expected to 
place the polyarnide moiety in the major 
groove and the nitrobenzamido ligand in 
the minor groove of the DNA helix when 
binding to double-stranded DNA. The ly- 
sine ligand was included to give some elec- 
trostatic attraction and to increase aqueous 
solubility. 

The interaction of PNA-1 with oligonu- 
cleotides was assayed in two ways. Binding 
to a complementary dA,, sequence was 
demonstrated by gel retardation (Fig. 2A), 
which also illustrates lack of biding to the 
noncomplementary dT,, sequence. The 
results also show that PNA-1 is able to 
displace the oligonucleotide T strand in a 
twofold excess of double-stranded oligonu- 
cleotides, indicating that the PNA-DNA 
hybrid is more stable than normal double- 
stranded B-DNA. The PNA-DNA a6nity is 
so high that the duplex is reformed after 
denaturation in 80% fbrmamide (Fig. 2B). 
With conditions under which a normal 
dAlodTl0 hybrid melted at 23°C (8), the 

melting temperature T, (temperature at 
which 50% of double-stranded DNA is de- 
natured) of the hybrid between dA,, and 
PNA-1 was 86°C and that between dA,, 
and PNA-2 (Fig. 1) was 73°C. 

Binding of PNA-1 to double-stranded 
DNA was studied with a 32P-end-labeled 
DNA fragment containing the dAlo-dT,, 
target sequence (9). After irradiation and 
subsequent piperidine treatment, preferen- 
tial DNA-nicking was observed in the dA,, 
sequence, with the highest aciency at A1 
(numbered from the 5' end) and at T2 of 
the complementary strand (Fig. 3, A and B, 
and Fig. 4). These nicking results are con- 
sistent with the binding of PNA-1 along the 
a,,-dT,, tract that is preferentially orient- 
ed with the acridine ligand at the 5' end of 
the CIA,,,. However, the minor cleavage at 
A13 and T10 indicates that binding also 
occurs with the opposite orientation. 

Footprinting experiments were condua- 
ed to support the sequence-preferential 
binding indicated by the photo-niclung ex- 
periments. Oligo dA-dT tracts are poor sub- 
strates for both deoxyribonudease I and the 
chemical fbotprinting reagent methidium 
propyl EDTAsFe(I1); therefore staphylm- 
cus nudease and a photo-nicking diazo- 
linked acridine derivative (10) were used. 
Photofbotprinting of the PNA-DNA com- 
plex with the diazo-linked acridine showed 

Flg. 1. Chemical structures of PNA-1 and PNA-2 (B = thyminyl) (17). m e  structure of DNA is shown 
for comparison. 

significant protection of the A,, target se- 
quence (Fig. 3A), whereas no protection 
was observed on the T strand. Contrary to 
these results, increased cleavage of the T 
strand of the target sequence by smphylo- 
coccus nuclease was seen in the presence of 
PNA-1 (Fig. 3B), whereas there was no 
increased cleavage of the A strand. Staphy- 
lococcus nuclease cleaves single-stranded 
DNA [at least in DNA loops ( 1  I)] in pref- 
erence to double-stranded DNA. Thus, this 
result and the very strong binding of PNA-1 
to dA,, (Fig. 2) surprisingly indicate that 
the biding of PNA-1 to a double-stranded 
DNA target results in biding (presumably 
by Watson-Crick hydrogen bonding) to the 
complementary strand (the A strand) and 
displacement of the noncomplementary 
strand (the T strand). This displacement 
should render the T strand sensitive to di- 

a ".'J" 

oligo 2 
PNA-1 

PNA-DNA 

PNA-DNA 
complex 

Fig. 2. Binding of PNA-1 to dAlo (ssDNA, 
single-stranded DNA, &DNA, double-suanded 
DNA). 5'-32P-labdcd oligonuclwtidc 1 (5'- 
GATCCAloG) (16) (lanes 1 to 6) was incubated 
in the absence (lanes 1 and 4) or presence of 
PNA-1 (lanes 2 and 5,25 pmol; lams 3 and 6,75 
pmol), and in the a k e  (lams 1 to 3) or 
prfxncc (lanes 4 to 6 of oligonudcotide 2 
(5 -GATCCTloG). 51-3'P-lah1cd oligonuclee 
tide 2 (lanes 7 to 9) was incubated in the abxncc 
(lane 7) or in the prcscnce of PNA-1 (lane 8,25 
pmol; lane 9, 75 pmol). The samples were ana- 
lyzed by PAGE and autoradiography under native 
conditions (A) or denaturing conditions (B). 'Ihe 
prexncc of PNA-1 and oligo 2 is indicated by 
(+); absence is indicated by (-). 
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A B - + + -  + +  - -  + +  PNA-1 
C 

- + + - - + PNA-1 
5 50 500 F '̂  '- - 300 nm KMnO, c staph AIl; S1 

3 0 ~  3 4 5  6 7 8 9 1 0 1 1  PNA-1 

Flg. 3. Chemical, photochemical, and enzymatic probing of the &DNA-PNA-1 complex. Either the A 
strand (A) or the T strand (B and C) was probed. Complexes between PNA-1 and a 32P-end-labeled 
DNA fragment containing a dAlo-dTlo target sequence (9) were probed by &ty photackavage (A 
and B, lanes 1 to 3; 0,40, and 120 pmol of PNA-1, respestively); photofootprinting (A, lanes 5 and 
6,0 or 120 pmol of PNA-1, respectively); potassium permanganate probing (B, lanes 4 to 6,0,40, and 
120 pmol of PNA-1, respectively); or probing by staphylococcus nudease (B, lanes 8 to 10,0,40, or 
120 pmol of PNA-1, respdvely) or by nudeax Sl (C, lanes 1 to 3, no reagent; lanes 4 to 6,120 pmol 
of PNA-1; lanes 1 and 4,0.005 U/ml S1 concentration, shown at 1000~  in figure; lanes 2 and 5,0.05 
U/d, lanes 3 and 6,0.5 U/ml). For lane 4 in (A), the photocleavage was performed with the free 
acridine carboxylate alone. In (B), lane 7 served as no-treatment control. The A+G sequence reactions 
are shown in (A) lane 7, (B) lane 11, and (C) lane 7. 

gestion with single strand-speci6c nuclease 
S,, and the thymines of this strand should be 
susceptible to oxidation by potassium per- 
manganate. 

Indeed, after binding of PNA-1, all thy- 
mines of the target sequence could be oxi- 
dized by potassium permanganate (Fig. 3B), 
and the noncomplementary strand of the 
target sequence was specifically attacked by 
nudease S1 and showed a symmetrical dis- 
tribution of the band intensities centered at 
T5 (Fig. 3C), whereas no increased cleavage 
of the complementary A strand was seen. 
These observations are consistent with the 

proposed strand-displacement binding 
mode, and we are not aware of any other 
biding mechanism that would account for 
them. The acridine ligand is suspendible, 
but the T, values show that it increases 
PNA-DNA stability (12). Furthermore, the 
observed preferred polarity of the binding 
may be due to the presence of the acridine. 

Although strand displacement must be 
thermodynamically favored because of the 
higher stability of the PNA-DNA hybrid 
compared to normal double-stranded DNA, 
it is surprising that it takes place so readily. 
We believe that the acridine ligand and the 

5'-GATCCAAARAAAAAAGGATC 
3'-CTAGGTTTTTTTTTTCCTRG 

S,-nuclee#, T cleavage 

Flg. 4. (A) Schematic rcprrscntation of the prob- 
ing results. The length of the arrows signifies 
cleavage intensity. The quanatation was per- 
formed by densitomemc m i n g  of the auton- 
diograms in Fig. 3 and by subtracting the com- 
sponding background controls. For 300-nm 
photocleavage, lanes 2 in (A) and 2 in (B) were 
used with lanes 1 in (A) and 1 in (B) as back- 
ground. Lanes 5 in (A) and 6 in (B) were used for 
DNA photofootprinting. Lane 5 in (B), with lane 
4 in (B) as background, was used for KMnO, 
enhancement. Lane 9 in (B), with lane 8 in (B) as 
background, was used for staphylococcus nuclease 
enhancement, and lane 5 in (C), with lane 2 in 
(C) as background, was used for nuclease S, 
enhancement. The bracket indicates the region 
protected from photoc1eavage by the diazo- 
Linked-acridine. (6) Cartoon of the PNA-14s- 
DNA strand-displacement complex. 

positively charged lysine increase nonspecif- 
ic DNA &ty and ensure a high local 
concentration of the PNA close to the 
DNA. Thus, strand displacement can be 
initiated through inherent DNA breathing 
(13) and proceed in a zipperlike fashion. 
This mechanism is supported by the obser- 
vation that strand-displacement binding of 
PNA-1 to the target sequence, as probed by 
potassium pennanganate hyperreactivity, is 
a slow process in which maximum reactivity 
is only observed after more than 20 min. 

We believe that the high stability of the 
PNA-DNA hybrids is due to the lack of 
electrostatic repulsion between the two 
strands c o m b i  with the constrained flex- 
ibility of the polyamide backbone of the 
PNA. Although this backbone has a limited 
number of energetically favorable conforma- 
tions because of the presence of planar 
amido groups, it has high tlexibility at the 
arninaethyl linkers. 

These results should apply to mixed se- 
quences with the other three DNA bases, 
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and thus they may present a novel strategy 
to target double-stranded DNA to achieve 
gene modulation and to construct artificial 
restriction enzymes. Strand displacement 
may be a general principle yet to be demon­
strated for other oligonucleotide analogs 
with a neutral backbone, and such complex­
es may serve as valuable models in studies of 
the DNA structure of transcription com­
plexes in which strand displacement by the 
nascent RNA chain is a central process. The 
strand displacement complexes would also 
be analogous to three-strand DNA complex­
es that can be induced by the DNA recom­
bination protein RecA. 
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coupling membrane-bound recep­
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teins are heterotrimers and are believed to 
dissociate to liberate a nucleotide-bound a 
subunit and a complex of p and 7 subunits 
when the proteins are activated by the bind­
ing of GTT (1). Functional characterization 
provided the first basis for classification of G 
proteins: Gs is the G protein that activates 
adenylyl cyclase, and G t (transducin) is the 

Department of Pharmacology, University of Texas 
Southwestern Medical Center, Dallas, TX 75235. 

*To whom correspondence should be addressed. 

desired amount (0 or 180 pmol) of oligonucleotide 2 
in 20 (xl of 10 mM tris-HCl and 1 mM EDTA at pH 
7.4 (TE buffer). After incubation at 20°C for 30 min 
the desired amount of PNA-1 was added, and the 
samples were incubated for a further 30 min at 20°C 
and 15 min at 0°C. The samples were divided into 
two: (i) to a 10-|xl aliquot was added 1 |xl of glycerol 
and 1 |il of 10 x TBE (1 x TBE = 90 mM 
tris-borate, 1 mM EDTA, pH 8.3), and it was 
analyzed by 15% PAGE in TBE buffer at 4°C; (ii) 
another 10-|xl aliquot was evaporated to dryness, 
redissolved in 10 |xl of 80% formamide in TBE buffer, 
heated to 90°C for 5 min, and analyzed by 15% 
PAGE with 7 M urea. Radioactive bands were visu­
alized by autoradiography (Agfa curix RP1 film, 
—80°C, exposed overnight with intensifying screens). 

17. The thymine monomer was synthesized by allevia­
tion of thymine with methyl bromoacetate, subse­
quent hydrolysis, and conversion to the pentafluo-
rophenyl ester with dicyclohexylcarbodiimide 
(DCC) before attachment to N-(2-Boc-aminoethyl)-
glycine (Boc = butoxycarbonyl). The Boc-protected 
monomer was activated by conversion to the pen-
tafluorophenyl ester. The PNA oligomers were syn­
thesized by standard Merrifield synthesis with the 
Boc-benzyl strategy on a 4-methylbenzhydrylamine 
resin. All couplings but one proceeded with an 
efficiency of >99%, and in a typical synthesis, 24 mg 
of PNA-1 (80% purity) was obtained after HF 
cleavage of 76 mg of PNA resin. The crude product 
was purified by reversed-phase high-pressure liquid 
chromatography (>98% pure) and characterized by 
plasma-desorption mass spectrometry. 
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retinal G protein that activates a guanosine 
3' ,5' -monophosphate-specific phosphodi­
esterase. In each of these cases, the dissociated 
GTP-a subunit complex activates the effector 
enzyme (cyclase or phosphodiesterase). Thus, 
the concept arose that each G protein oligo­
mer contains a functionally specific a subunit 
in association with mixtures of a small num­
ber of different 0 and 7 subunits. Nearly 20 
distinct a subunits have now been described, 
as well as four p subunits and a similar 
number of 7 polypeptides (2). 

Although interest has centered on the idea 
that a subunits are the elements that provide 
specificity in G protein-mediated signal 
transduction systems, it was suggested that 

Type-Specific Regulation of Adenylyl Cyclase by 
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Heterotrimeric guanine nucleotide—binding regulatory proteins (G proteins) dissociate 
into guanosine triphosphate (GTP)-bound a subunits and a complex of 0 and y subunits 
after interaction with receptors. The GTP-c* subunit complex activates appropriate 
effectors, such as adenylyl cyclase, retinal phosphodiesterase, phospholipase C, and ion 
channels. G protein $y subunits have been found to have regulatory effects on certain 
types of adenylyl cyclase. In the presence of GStt, the a subunit of the G protein that 
activates adenylyl cyclase, one form of adenylyl cyclase was inhibited by 0-y, some forms 
were activated by p7, and some forms were not affected by $y. These interactions suggest 
mechanisms for communication between distinct signal-transducing pathways. 
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