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Hairpin Formation in the Self-Complementary Dodecamer d-GGTACGCGTACC
and Derivatives Containing GA and IA Mispairs
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ABSTRACT: The dodecamer d-GGTACGCGTACC and four derivatives with GA and IA mispairs in the
6,7 and 5,8 positions have been examined in dilute solution and 0.01-0.1 M sodium chloride. Concentration
dependence of T, gel electrophoresis, and equilibrium centrifugation indicate that these self-complementary
oligomers can form hairpins under the present conditions. Thermal transitions measured in the ultraviolet
primarily represent melting of hairpin to coil [cf. Scheffler et al. (1968, 1970)]. The T, values show little
or no depression for 6,7 substitution but rather large depression for 5,8 replacement. We interpret the results
to indicate that the 6,7 sequences have two-base loops and five base pair stems and that the 5,8 sequences
have four-base loops and four base pair stems. A concurrent theoretical modeling study [Raghunathan
et al. (1991) Biochemistry (following paper in this issue)] provides support for this interpretation.

Study of self-complementary DNA segments of defined
sequence provides valuable information on the structure and
energetics of these molecules and on the effect of composition
and sequence on conformation [see, for example, Aboul-ela
et al. (1985), Hilbers et al. (1985), Breslauer et al. (1986),
and Orbons et al. (1986)]. The biological relevance of pal-
indromic sequences is clear from their occurrence at functional
and at recognition sites in DNA. Controlled perturbations,
such as the introduction of nonstandard oppositions at specific
points in the chain, provide insights into the chemistry of
mispairing and are relevant to the occurrence or correction
of biological mutations and to possible effects of mispairing
on hairpin—duplex equilibria. We present here a report of the
basic sequence &-GGTACGCGTACC, which contains rec-
ognition and cleavage sites for the restriction endonucleases
Rsal and FnuDII. The effect of four perturbations of this
basic sequence containing AG and AI' mispairs at the 6,7 and
5,8 positions is examined. In dilute solution and low to
moderate concentrations of sodium chloride, we find that
hairpin structures play a major role in these molecules. Many

! Abbreviation: I, inosine.

sequences used in other model hairpin studies have employed
runs of A, C, or T to force hairpin formation. In contrast,
members of the present series are not prevented by limitations
on pairing specificity from forming paired duplexes. Lower
temperatures and higher concentrations of oligomer and salt
favor the formation of duplex helices. The complex equilibria
governing duplex—hairpin interconversion will be described in
a separate report.

MATERIALS AND METHODS

Each of the five oligomers was prepared by manual synthesis
on a 25-30-umol scale by using cyanoethyl phosphoramidite
chemistry (McBride & Caruthers, 1983; Sinha et al., 1984;
Atkinson & Smith, 1984). They were purified by DEAE-
cellulose chromatography with a 0-0.8 M gradient of am-
monium bicarbonate in 7 M urea. Purity of central fractions
of main peaks was determined by 5’ 3*P labeling followed by
electrophoresis on a 20% polyacrylamide gel in 0.1 M Tris—
borate buffer, pH 8.3, containing 8 M urea. For electro-
phoresis under nondenaturing conditions, 8 M urea was
omitted.

UV spectra were measured with a Cary Model 118 spec-
trophotometer interfaced to an LDACS computer system

This article not subject to U.S. Copyright. Published 1991 by the American Chemical Society
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FIGURE 1: Ultraviolet melting curves of d-GGTACGCGTACC and
oligomers with 6,7 GA, 6,7 A, 5,8 AG, and 5,8 Al mispairs. « is
the fraction of total change in absorbance upon thermal denaturation.
T, values are 55.6, 50.2, 55.6, 35.8 and 40.7 °C, respectively, for
oligomers in the order listed above. Conditions: 4 X 10 M oligomer
P, 0.002 M sodium cacodylate, pH 7.0, and 0.1 M sodium chloride
(0.3 M for 5,8 AG).

(Powell et al., 1980). Data were analyzed with a Digital
Equipment Corporation Model 11/84 computer. Molar ex-
tinction coefficients were determined by the method described
previously (Muraoka et al., 1980), with a 5-fold reduction in
amount of material used. Molar extinction coefficients (six
determinations each) for d-GGTACGCGTACC and oligomers
with 6,7 GA, 6,7 1A, 5,8 AG, and 5,8 Al mispairs were 8850
+ 50, 8620 + 60, 9260 £ 70, 9910 £ 120 and 8990 + 120
per oligomer phosphorus, respectively, for oligomers in 0.002
M sodium cacodylate, pH 7.0, and 0.1 M sodium chloride
buffer at 20.0 °C.

UV melting curves were measured automatically with a
Cary Model 210 spectrophotometer, the spectrophotometer
and accessory equipment operating in a closed-loop mode with
the local LDACS computer system on line to a remote DEC
11/84 computer [cf. Howard et al. (1977)].

Equilibrium ultracentrifugation measurements were carried
out with a Beckman Model E ultracentrifuge using scanning
optics at 280 nm at oligomer concentrations comparable to
those used in measurements of UV melting curves and are part
of an extensive ultracentrifugal study of these oligonucleotides
(P. D. Ross, F. B. Howard, and M. S. Lewis, manuscript in
preparation).

RESULTS

Thermal Transitions. Ultraviolet melting curves of the five
oligomers have broad cooperative transitions (Figure 1), but
the dependence of T, on oligomer concentration is unusual:
in all cases the slope of the 1/T,, vs In C curve is much smaller
than values reported for a number of other oligonucleotides
[cf. Breslauer et al. (1986), Aboul-ela et al. (1985), and Xodo
et al. (1988)], and in two cases the T, actually decreases
slightly with oligomer concentration (Figure 2). A nonde-
naturing polyacrylamide gel electrophoretogram of the three
higher melting oligomers is shown in Figure 3. In each case,
the bulk of the material (>80%) runs at the same rate as a
single stranded dodecamer marker. UV melting curves run
in the same nondenaturing Tris-borate buffer used in the gel
electrophoresis are very similar to those in 0.1 M NaCl and
have essentially the same transition temperatures (53 °C £
0.5 °C for the three oligomers). In a denaturing gel, each of
the oligomers runs as an essentially homogeneous dodecamer.
Equilibrium ultracentrifugation measurements on the 6,7 A
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FIGURE 2: Dependence of 1/T,, upon In C for d-GGTACGCGTACC,
6,7 GA, and 6,7 IA (left, top to bottom) and for 5,8 Al and 5,8 AG
(right, top to bottom). C is concentration in oligomer single strands.
Linear regression lines are fitted to each set of data. The near
independence of T}, upon oligomer concentration indicates that melting
curves mostly monitor thermal denaturation of hairpins. Conditions:
0.002 M sodium cacodylate, pH 7.0, and 0.1 M sodium chloride.
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FIGURE 3: Gel electrophoresis of P-labeled (dA),, 5 (lane 1),
d-GGTACGCGTACC (lane 2), 6,7 GA (lane 3), and 6,7 1A (lane
4) in 0.125 M Tris—borate buffer pH 8.3, at 1800 V and at room
temperature. Samples were heated at 90 °C for 3 min and then
allowed to cool to room temperature before being loaded on the gel.

oligomer (Figure 4) show that, in 0.1 M NaCl at 20 °C below
the thermal transition, the DNA is almost entirely monomeric
with a molecular weight equal to that calculated for the mo-
nomer. This result is consistent with a hairpin structure but
not with a duplex.

DiIscUSSION

An interesting result of the present study is the marked
dependence of stability of the ordered structures, as judged
by transition temperature, on the position of mispairs in the
sequence. Thus, at concentrations used in the UV experiments,
the T,, of 6,7 AG is depressed only 5 °C from that of the basic
sequence d-GGTACGCGTACC (T,, 55 °C in 0.1 NaCl), and
6,7 1A is not depressed at all. These appear to be remarkably
small effects, since in both cases two very stable GC pairs were
replaced, by GA mispairs in the first case and by IA pairs in
the second. In contrast, when each mispair is displaced one
base from the center to the 5,8 positions, much larger changes
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FIGURE 4: Equilibrium ultracentrifugation of 6,7 1A in 0.1 M NaCl
at 20 °C. Treating these results as a reversible monomer—dimer
equilibrium, the nearly linear fitted line indicates that this dodecamer
is almost entirely monomeric under these conditions. In this repre-
sentation the absorbance is plotted as a quadratic function of the
variable, u, where u = [AM,(r* - r,)]. The term A is (dp/dc)-
pw?/2RT, where dp/dc is the density increment at constant chemical
potential of solvent components, w is the angular velocity, R is the
gas constant, and T is the absolute temperature. The radial position
is r, and the subscript b refers to the bottom of the cell. The line is
generated by assuming a value of 3900 for the monomer molecular
weight.

are observed. Thus the T, of sequence 5,8 GA is depressed
27 °C and that of 5,8 IA is depressed 17 °C, as measured by
UV. In these cases, two of the central four GC pairs remain,
and two are replaced. It therefore appears that the stability
differences here depend primarily upon position of the mispair
rather than upon compositional changes.

Experiments presented above indicate that we are not
dealing with simple helix—coil transitions in the present series.
The unusually small slopes of the concentration dependence
curves (Figure 2) and the independence of concentration in
two cases indicate that hairpin formation is involved to varying
extents. Gel electrophoresis in nondenaturing buffer shows
that the major portion (over 80%) of the basic sequence, of
6,7 GA, and of 6,7 IA all run at the same rate as a dA,,
marker, indicating that under the conditions of electrophoresis
they must be monomers rather than duplexes. The melting
curves show that the monomers have ordered structures and
hence must be hairpins with ordered stems. Gels of the 5,8
substituted oligomers were not run because of their low melting
temperatures. The ultracentrifuge results for 6,7 IA in 0.1
M NacCl at 30 °C (data not shown) demonstrate that this
oligomer has a molecular weight precisely half that calculated
for the duplex, a result consistent with an ordered from that
is entirely a hairpin under these conditions.

We propose the following explanation of the dependence of
transition temperature on position of mispairs in the chain.
In the first three cases (d-GGTACGCGTACC, 6,7 GA, and
6,7 IA), it is probable that the loop of the hairpin would
contain the mispaired bases 6 and 7. If the loop contained
only these two bases, the remaining structure would have a
five-base-pair stem of three GC and two AT pairs. Since this
GGTAC stem is common to these three oligomers, we expect
their T,’s to be about the same, provided the loops are of
similar energy. The latter issue is addressed below. In con-
trast, while the last two members of the series, 5,8 Al and 5,8
GA, would presumably also have the 5,8 mispair bases in a
hairpin loop, in this case the loop would also contain an un-
paired GC (Figure 5). The remaining four-base-pair stem
with two GC and two AT pairs would then be less stable than
the previous five-base-pair stem, again assuming the very
similar four-base loops are of comparable stability. This leaves
the question of whether a two-base loop is likely to be stable,
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FIGURE 5: Schematic representation of hairpin structures proposed
for the oligomers in this study. The three sequences above form
two-base loops and have identical five-base-pair GGTAC stems. The
two below have four-base loops with identical four-base-pair GGTA
stems.

since it has been reported that a two-base loop cannot exist
in the ribonucleotide series (Tinoco et al., 1971). It has been
suggested that four or five nucleotides are optimal to form a
DNA loop (Hilbers et al., 1985; Haasnoot et al., 1986). Other
reports on deoxyoligomers suggest that if two-base hairpin
loops exist, they contain elements of instability and that such
a loop could not contain two purines (Haasnoot et al., 1987,
Orbons et al., 1987). Raghunathan et al. (1991) have carried
out a modeling study of the 6,7 IA mispair sequences described
above. Their conclusion that a two-purine loop is stereo-
chemically possible and energetically favorable is reported in
the following paper. Though the evidence is not definitive,
the two studies provide mutual support for the hypothesis
presented here.

The decamer d-CCAAGATTGG reported by Privé et al.
(1987) has a central AG mispair analogous to those of 6,7 IA
and 6,7 GA in the present series. It is interesting that it forms
a duplex helix rather than a hairpin structure. The modeling
study of Raghunathan et al. (1991) indicates that a two-purine
loop can be readily formed by 6,7 IA but suggests that this
conformation is more favored with a pyrimidine than with a
purine at the 5" end of the stem (i.e., C5 for this molecule).
Formation of a duplex by d-CCAAGATTGG (with A4 at the
5’ end of a hypothetical stem) is consistent with this conclusion
but is not necessarily a test of it. The high concentration used
for crystallization may have forced the equilibrium in the
direction of the duplex to give the observed result.

A recent study by Blommers et al. (1989) with other oli-
gomers is revelant to the present work. They examined the
sequence d-ATCCTATTTTAGGAT and some of its deriva-
tives, in which the central unpaired T’s compel the formation
of a loop. They concluded that the central sequences CTTG
and TTTA could form a loop of two bases but at the cost of
unusual or less stable base pairs at the loop end of the stem:
a Hoogsteen TA pair in the latter case and a buckled CG pair
in the former, pointing to a strained conformation. The GTTC
and ATTT sequences did not form two-base loops. The au-
thors also concluded that replacement of the two central T
residues with the more bulky adenine residues limits the hairpin
to a four-base loop scheme. Though we have not observed the
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sequences they reported, we conclude that for the sequences
described here two purines can exist in a two-base loop without
significant destabilization. More detailed discussion of ster-
eochemistry is given in the following paper by Raghunathan
et al. (1991).

Registry No. GGTACIAGTACC, 130641-68-8;
GGTACGCGTACC, 113341-04-1; GGTAAGCGTACC, 130641-
71-3; GGTAAGCITACC, 130668-56-3; GGTACGAGTACC,
130641-72-4; guanine, 73-40-5; hypoxanthine, 68-94-0; adenine,
73-24-5.
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Conformational Feasibility of a Hairpin with Two Purines in the Loop.
5’-d-GGTACIAGTACC-3
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ABSTRACT: Structural feasibility and conformational requirements for the sequence 5-d-GGTACIAG-
TACC-3" to adopt a hairpin loop with 16 and A7 in the loop are studied. It is shown that a hairpin loop
containing only two nucleotides can readily be formed without any unusual torsional angles. Stacking is
continued on the 5’-side of the loop, with the 16 stacked upon C5. The base A7, on the 3’-side of the loop,
can either be partially stacked with I6 or stick outside without stacking. Loop closure can be achieved for
both syn and anti conformations of the glycosidic torsions for G8 while maintaining the normal Watson—Crick
base pairing with the opposite C5. All torsional angles in the stem fall within the standard B-family of
DNA helical structures. The phosphodiesters of the loop have trans,trans conformations. Loop formation
might require the torsion about the C4’~C5’ bond of G8 to be trans as opposed to the gauche* observed
in B-DNA. These results are discussed in relation to melting temperature studies [Howard et al. (1991)
Biochemistry (preceding paper in this issue)] that suggest the formation of very stable hairpin structures
for this sequence.

’Ee preceding paper (Howard et al., 1991) discussed the
variations in the thermal stabilities of oligonucleotide duplexes

{Laboratory of Mathematical Biology, NCI.

§ Laboratory of Molecular Biology, NIDDK.

I'Scholar-in-Residence, FIC, National Institutes of Health, Bethesda,
MD 20892. Permanent address: Molecular Biophysics Unit, Indian
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due to the change in the positions of the mispairs. In com-
parison with the duplex d-GGTACGCGTACC, small de-
creases in the melting temperatures were observed for the
sequences d-GGTACIAGTACC and d-GGTACGAGTACC
and significantly larger decreases were observed for the se-
quences d-GGTAAGCGTACC and d-GGTAAGCITACC.
These and other observations reported there were interpreted
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