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ABSTRACT A series of inserts with oligopurine-oligopy-
rimidine mirror repeat sequences was investigated at the base
pair level with specific chemical probes (OsO, and diethylpy-
rocarbonate) to evaluate the in vitro existence of intramolecular
triplexes. Two parent inserts in recombinant plasmids with
(GAA), and (AG),, sequences and three mutant inserts (con-
taining transitions or transversions) revealed that base pair
changes at one location affected the chemical reactivity 13 base
pairs away. The specificity and nature of these reactions, as
well as the thermal stability of the complexes, provide direct
evidence for the existence of a triplex with a portion of the
pyrimidine-rich strand folded back and Hoogsteen-paired in
the major groove of the Watson—Crick duplex. The biological
implications of this unorthodox DNA structure are discussed.

Recent studies revealed that oligopurine-oligopyrimidine seg-
ments [oligo(R'Y)] in recombinant plasmids are not in the
usual right-handed B conformations (for review, see ref. 1).
The unorthodox but right-handed structures are stabilized by
negative supercoiling and low pH (=5.0) in sequences with
25-100% GC but not in similar lengths of AT (2). The
structures are different from any previously described non-B
conformations (1). The oligo(R'Y) sequences are abundant in
eukaryotic genomes (3) and are frequently located near
regulatory regions and in recombination hotspots (refs. 4-16;
for review, see ref. 17).

Several right-handed models were proposed to explain the
unusual structure of oligo(R'Y) sequences: the two strands
having different backbone conformations (18), a duplex in
which Watson—Crick AT pairs alternate with Hoogsteen
(syn) G-C pairs (19), slipped structures (8-10), and formation
of intramolecular triplex structures (also called H-DNA) (13,
20, 21). Recent two-dimensional gel electrophoretic analyses
(21) as well as fine mapping studies on families of simple
model repeating inserts (2, 22) gave results that were most
consistent with intramolecular triplexes (Fig. 1). However,
direct proof of the triple base interaction was lacking.

Three-stranded complexes (triplexes) were widely inves-
tigated in the 1960s (for reviews, see refs. 23-25) with DNA
and/or RNA polymers. In general, triplexes consisted of one
polypurine strand and two polypyrimidine strands with the
additional Y,, strand Hoogsteen-paired in the major groove
with the R, strand (Fig. 1). Hence, the T-A-T (or U) and C-G-C
arrangements provided substantial specificity for the inter-
actions. Formation of two hydrogen bonds between (G), and
cytosine residues in the third strand requires hemi-proton-
ation of cytosines. However, the pH of deoxycytosine
residues in polynucleotides is above pH 7 (26, 27) and hence
is consistent with physiological conditions.

Herein, we prepared a family of inserts designed specifi-
cally to test the existence of the highly unorthodox triplex
model in plasmids. Certain base pair changes were instituted
to elicit instability in the putative triplex at specific loci some
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Fic. 1. Model for intramolecular triplex (Upper). Watson-Crick
paired duplexes of the vector (Lower). The strand containing the
pyrimidine-rich sequence is shaded, whereas the strand containing
the purine-rich sequences is unshaded. The 3'-half of the purine
strand (termed second strand) of the insert remains Watson-Crick
paired with the 5'-half of the pyrimidine strand. The 3’-half of the
pyrimidine strand (termed third strand), after dissociating from its
Watson—Crick complement, occupies the major groove of the duplex
region described above and is specifically complexed with it through
Hoogsteen base pairs (Lower). The mirror repeat and the
oligopurine-oligopyrimidine nature of these sequences enable this
specific association. The structure of the nonpaired 5'-half of the
purine-rich strand is uncertain.

distance away, due to its folded-back nature. Fine mapping
at the base pair level with chemical probes specific for certain
nucleotides validated the presence of triplexes.

MATERIALS AND METHODS

Plasmids. pPRW791 was made by filling in the EcoRI site of
pRW790 (15, 28). Oligonucleotides were synthesized and
cloned into the BamHI site of pRW790 (or pRW791 for the
pRW1704 insert) as described (2, 15, 16, 22, 28, 29). The
inserts were synthesized with GATCC on the 5’ end and a
guanine on the 3’ end, except for the pRW1704 insert, which
contained a TTCG on the 3’ end of the purine strand. The
insert in pRW1402 was found when screening transformants
for the insert of pRW1404.

Chemical Modifications. Chemical modifications of the
plasmids were as described (2). For the reactions at elevated
temperatures, the mixtures were preincubated for 15 min at
25°C and then 15 min at the indicated temperatures. The
reactions were stopped by placing the containers on ice, and
the subsequent workup was as described (2).



Biochemistry: Hanvey et al.

A

1 7 19

| | | | |
GAAGAAGAAGAAGAAGAAGAAGAAGAA
(ETTCTTCTTCTT(EZTTCTT‘CTTCTT(‘:TT
|

13 25

PRW1704

PRW1412

PRW1415

1 5 10 15 20 24

| | | | | |
AGAGAGAGAGAGAGAGAGAGAGAG

TCTCTCTCTCTCTCTCTCTCTCTC
| | | I I |

PRW1404

PRW1402

—H P-a

FiG. 2. List of inserts in plasmids. The dashed lines represent
nucleotides identical to the control plasmids pRW1704 and
pRW1404.

RESULTS

Interruptions in the Homopurine-Homopyrimidine Strand
Bias. If an intramolecular triplex (20, 21) (Fig. 1) is formed by
the oligo(R'Y) sequences, any interruptions in the mirror
repeat (except in the center, in the loop of the triplex) should
destabilize or disallow its formation by preventing Hoogsteen
pairing between the second (central) and third (major groove)
strands. An example of a sequence containing an interruption
is pPRW1412 (Fig. 2A), where the symmetrical sequence is
(GAA),GTAGAAGT/AGAAGATG(AAG), [if the first gua-
nine of the BamHI site (position 28) is included in the
sequence]. A disruption in the symmetry occurs only at the
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central two nucleotides, at positions 14 and 15. However, if the
sequence forms an intramolecular triplex (Figs. 1 and 5), the
nucleotides at 8 and 21 could not Hoogsteen hydrogen bond.

Interruptions in Hoogsteen pairing in the triplex could have
three possible effects: (i) the triplex would not form, (ii) the
triplex could form over a shorter region to avoid the inter-
ruption, or (iii) the triplex could form as normal except that
a ‘‘mismatch’’(without Hoogsteen hydrogen bonds) would
exist. The outcome would likely depend on the size and
location of the interruption within the oligo(RY) sequence.

The changes in the strand bias and in the mirror repeat for
pRW1412, pRW1415, and pRW1402 involve A-T pairs.
Therefore, the chemical probes chosen to study the DNA
structure of these inserts were diethyl pyrocarbonate (for
adenine) and OsO, (for thymine). These probes have been
used extensively to study unusual DNA structures (2, 18, 22,
30-37). All experiments discussed below were conducted at
pH 5.0 with plasmids that were at the superhelical density
(=—0.07) as isolated from Escherichia coli. Both OsO, and
diethyl pyrocarbonate gave no hyperreactive sites with any of
the inserts when the plasmids were linearized before the
chemical probing (data not shown).

A Perfect GAA Repeat. pRW1704 contains (GAA),TTC
cloned between BamHI sites in the polylinker of pRW791.
This insert serves as a control because it contains a perfect
R-Y repeat. When the sites modified by OsO, were mapped
to the base pair level, thymines in the center and at the 3’ end
(at position —4) of the (TTC), stretch were reactive (Fig. 34).
The strongest sites within this stretch occur at the fifth (or
central) TTC repeat (positions 14 and 15). When the purine
strand was examined for OsO, reactive sites, the thymine at
the BamHI site at position —3 was reactive (data not shown).
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Fic. 3. Mapping of OsO, sites at the base pair level. Nucleotides at left of each map are in zig-zag sequence; 3’ — 5’ is lower to upper. (A)
0s0, site in the pyrimidine strand of the inserts for pPRW1704, pRW1412, and pRW1415. (B) OsO sites in the purine strand of the inserts for
PRW1412 and pRW1415. (C) OsO, sites in the pyrimidine strands of pRW1404 and pRW1402. In A, several strong bands that were detected
at nonthymine nucleotides (at the BamHI sites and in the center of the insert) were found only when the pyrimidine strands were end-labeled
at the Eco0109 site. When the pyrimidine strands of pRW1412 and pRW1415 were labeled at the EcoRI site, only thymine residues were modified
(Fig. 5). The pyrimidine strand of pRW1704 cannot be end-labeled at the EcoRI site (which had been filled in). However, from the results with
PRW1412 and pRW1415 and the analysis of the purine strand of pRW1704, probably only thymines in the pyrimidine strand of pRW1704 were

modified by OsO, (Fig. 5).
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When pRW1704 was treated with diethyl pyrocarbonate,
the adenines wnthm the 5’ half of the (GAA), stretch (posi-
tions 2-15), but not in the 3’ half, were hyperreactive (Fig.
4A). These results are similar to those reported previously for
a (GAA)g(TTC)g insert (pRW1406) (2).

A GAA Insert with Three Interruptions in the Strand Bias.
pRW1412 contains three interruptions in the R-Y stretch, at
positions 8, 14, and 21 (Fig. 2A). At each location, an A-T pair
was changed to a T-A pair. The interruptions were placed
such that, if the insert forms an intramolecular triplex, there
would be only orie unpaired AT between strands two and
three (Fig. 5).

Wthien pRW1412 was treated with OsO,, thymines at the
center of the homopyrimidine stretch (positions 12, 15, and
17) and at the BamHI site (position —4) were modified (Fig.
3A). The pattern of reactivity was similar to that seen for the
control insert (GAA)o(TTC), (Fig. 3A) and other R'Y se-
quences (2). This indicates that the three pyrimidines in the
purine stretch of pRW1412 including two not in the center,
did rot change the region over which the structure formed.

The homopurine strand of pRW1412 contains three thy-
mines. OsO, reactivity was seen for the thymines at positions
8 and 14 and the thymine in the BamHI site (location — 3) (Fig.
3B). However, the thymine within the 3’ half of the purine
strand (number 21) was not reactive to OsO, (Fig. 3B). If these
interruptions do not s1gmf|cantly alter the structure, then the
reactivity of the three thymines in the purine stretch to OsO,
was exactly as expected for the triplex model (Fig. 5).

The 5'-half of the purine strand of pRW1412 was hyper-
reactive to diethyl pyrocarbonate (Fig. 44). The length of the
hyperreactivity was similar to that for the insert without the
interruptions (pPRW1704) (positions 2-15) and that seen for
other R-Y sequences (Fig. 44 and ref. 2). Agam this is a good
indication that the three thymines in the purine strand do not
greatly interfere with the unusual structure.

The adenines in the center and in the 3'-half of the
pyrimidine strand of pRW1412 (positions 8 and 14), but not
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the adenine within the 5’-half (location 21), were hyperreac-
tive to diethyl pyrocarbonate (Fig. 4B). The hyperreactivity
of the central adenine was expected, based on the known
reactivity of the center of both strands of R-Y sequences (Fig.
3 and ref. 2). Also, the lack of hyperreactivity of the adenine
at position 21 was expected because, overall, no reactivity
has been seen previously for thymines at this position (ref. 2
and Fig. 3A).

However, the hyperreactivity of the adenine at position 8
to diethyl pyrocarbonate revealed its accessibility, consistent
with its inability to Hoogsteen pair with the thymine at
position 21 in a triplex (Fig. 5). Because the thymines flanking
this adenine were not reactive to OsO, (Fig. 3A), the distorted
region in pPRW1412 may be as little as one nucleotide.

A GAA Insert with One Interruption in the Strand Bias.
pRW1415 contains a (GAA)y(TTC), insert, except that one
AT pair was replaced by a T-A pair. The AT to T-A
transversion is at position 21 (Fig. 2A). This insert was
constructed to specifically test the intramolecular triplex
model. The interruption is positioned such that a thymine
located 13 base pairs (bp) away (at position 8), which is
normally not modified by OsO,, would be unpaired and thus
reactive to OsQ, if an intramolecular triplex forms (Fig. 5).

Fig. 3A shows the pattern of reactivity on the pyrimidine
strand, and Fig. 3B shows that on the purine strand, when
pRW1415 was probed with OsO,. The central thymines
(positions 11-17) were reactive to OsQ,, as seen for the
perfect repeat in pRW1704. In addition, two thymines at
posmons 8 and 9 were also reactive (Fig. 3A4); the thymine at
position 8 was twice as reactive. These two thymines are 12
and 13 bp away from the interruption.

If an intramolecular triplex as shown in Fig. 5 is formed for
pRW1415, the thymine at position 8 would lie directly across
from the thymine in the purine strand and could not Hoog-
steen pair.

Also, as seen for all other R'Y sequences (2), the thymines
within the BamHI site proximal to position 1 of pRW1415
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Fi16. 5. Possible intramolecular triplexes formed by the inserts in the plasmids. The triplexes were drawn in accord with the experimental
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were reactive to OsO, (Fig. 3). As predicted by the intramo-
lecular triplex model, the thymine (which is the actual
interruption within the homopurine strand of pRW1415) (at
position 21), was not reactive to OsO,. This result was
expected since the thymine was Watson—Crick-paired to the
adenine at 21 in the stem of the triplex.

The adenine residues within the 5'-half of the purine strand
of pRW1415 (positions 2-15) were hyperreactive to DEPC
(data not shown), similar to the results with all other R'Y
sequences. Also, the adenine within the homopyrimidine
stretch of pRW1415 (position 21) was not hyperreactive to
diethyl pyrocarbonate (Fig. 4B), as expected and similar to
the adenine in the same location of pRW1412.

In summary, the composite results with pRW1412 and
pRW1415 compared to the control pPRW1704 strongly support
the triplex model because a change of an A-T to a T-A pair at
position 21 alters the reactivity at the precise expected
location (position 8), which is 13 bp away. These data are not
consistent with the other models.

A Perfect AG Repeat. pPRW1404 contains an (AG),, insert
in the BamHI site of pRW790. Previously, OsO, reactivity
was seen at the center and 3’ end of the pyrimidine strand of

pRW1404 and at the thymines of the BamHI site proximal to
position 1 (ref. 2 and Fig. 3C). Also, adenine residues within
the 5’ half of the purine stretch of (AG),, (positions 1-13)
were hyperreactive to diethyl pyrocarbonate (Fig. 4C and ref.
2). These data supported the triplex model (2).

An AG Repeat Containing One G — A Mutation. pRW1402
is identical to pRW1404 except that it has an adenine instead
of a guanine at position 4 (Fig. 2B). The position of the
mutation is such that, if the sequence forms an intramolecular
triplex identical to that for pRW1404, a G'T Hoogsteen
mismatch would occur three nucleotides from the end of the
triplex.

The G-C to A-T transition in pPRW1402 does not prevent the
formation of an unusual DNA structure by the R-Y insert, as
demonstrated by the OsO, reactivity (Fig. 3C). However, the
location of the thymine residues within the TC repeat that
were modified by OsO, was changed significantly. Reactivity
within the pyrimidine stretch was shifted toward position 24
[away from the center and away from the mutation (upward
on the gel in Fig. 3C)] by one CT repeat. In addition, the
thymines in positions 3-5 were strongly reactive to OsO,
(Fig. 3C), whereas only a weak reaction was seen previously



6296 Biochemistry: Hanvey et al.

for pRW1404 (Fig. 3C and ref. 2). Furthermore, the strong
reactivity at the BamHI site proximal to location 1 of
pRW1404 was reduced in pRW1402 (Fig. 3C).

If an identical triplex is formed by pRW1404 and pRW1402,
stronger reactivity of the thymine at position 4 in pRW1402
would be predicted because of a disallowed T-G Hoogsteen
pair. However, the reduced reactivity of the BamHI site near
position 1 and the shifting of reactivity within the central
region of the sequence would not be expected. On the other
hand, if the R-Y sequence of pPRW1402 forms a shorter triplex
than pRW1404, to ‘‘avoid’’ the T-G Hoogsteen mismatch
(Fig. 5), the predicted reactivity would be precisely as
observed. The loop of the triplex would shift toward the 5’
end of the pyrimidine strand, and the TT repeat (positions 4
and 5) would become the end of the triplex.

The mutation at location 4 in pRW1402 did not significantly
affect the diethyl pyrocarbonate reactivity of the insert (Fig.
4C). As predicted by the triplex model (Fig. 5), the diethyl
pyrocarbonate hyperreactive sites in the insert were at posi-
tions 1-15 for pPRW1402. Much less modification by diethyl
pyrocarbonate was found at positions 17-24.

Stability of Intramolecular Triplexes. The triplexes described
herein are stabilized by low pH (=5.0) and by negative
supercoiling. The triplexes of pPRW1412 and pRW1415 contain
one nonpair between the second and third strands in the stem.
It could be expected, therefore, that these triplexes would be
less stable than the triplex formed by the perfect R'Y repeat
(pPRW1704). To test the thermal stability of these triplexes, the
plasmids were probed with OsO, at various temperatures, and
the sites of modification were determined. The pattern of OsO,
reactivity of the control (TTC), insert (pRW1704) was not
changed from 25°C to 55°C, although there was reduced
reactivity at 55°C. By 60°C, all thymines within the insert were
modified to the same extent, indicating that the triplex struc-
ture was lost (data not shown). The inserts in pRW1412 and
pRW1415 maintained their patterns of OsO, reactivity only to
50°C, and by 55°C the triplex structures were lost. Therefore,
the perfect R'Y repeat appears to be more stable by about 5°C
than those containing interruptions.

When a plasmid containing a 3-bp interruption in the center
of the insert [pPRW1702, (GAA),TTC(GAA),] was examined
(data not shown), the thermal stability of its triplex was
similar to that of the perfect repeat, (GAA), (pRW1704). This
is further support for the triplex model because a single
interruption located in the putative stem of the triplex causes
more instability than three interruptions located in its loop.

DISCUSSION

These results with R-Y inserts containing interruptions in the
strand bias or in the mirror repeat provide direct evidence for
triple base interactions in plasmids. Considered along with
our previous studies on perfect R'Y inserts (2, 22) and the
results of Frank-Kamenetskii and coworkers (20, 21), these
data demonstrate the formation of intramolecular triplexes.

Several features of this conformation might be involved in
protein recognition, including the three-stranded segment in
which the Watson-Crick segment is A-form (38), as well as
the nonpaired pyrimidine-rich loop, the junctions, and the
homopurine segment. These unpaired regions would provide
ample sites for specific recognition. Also, these unpaired
regions are possible sites for strand invasion in recombina-
tion. Alternatively, if the duplex R-Y tract were recognized
by a specific ligand, formation of a triplex would likely
prevent such an interaction. Interestingly, E. coli RNA
polymerase-mediated transcription of DNA polymers was
substantially inhibited by formation of specific triplexes with
RNA polymers (24).

Although two isomers of a triplex are possible (20, 21, 35),
our chemical and enzymatic mapping studies (refs. 2 and 22
and references therein) show that only the isomer with the

Proc. Natl. Acad. Sci. USA 85 (1988)

5’-end of the purine strand unpaired (Figs. 1 and 5) does form.
It is conceivable that the two isomers, if formed under
appropriate conditions, would have different biological prop-
erties (i.e., relative to inhibition of transcription).

The recent development of methods for determining the in
vivo existence of non-B DNA (39) enables an evaluation of the
properties and potential functions of triplexes in living cells.

Note Added in Proof. Recent studies (40, 41) agree with the conclu-
sions reported herein.
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