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ABSTRACT: The free solution electrophoretic mobilities and thermal
stabilities of hairpins formed by two complementary 26-nucleotide oligomers
have been measured by capillary electrophoresis. The oligomers are predicted
to form molecular beacon-like hairpins with S bp stems and 16 nucleotides in
the loop. One hairpin, called hairpin2 (hp2), migrates with a relatively fast
free solution mobility and exhibits melting temperatures that are reasonably
well predicted by the popular structure-prediction program Mfold. Its
complement, called hairpinl (hpl), migrates with a slower free solution
mobility and forms a stable hairpin only in solutions containing >200 mM
Na®. The melting temperatures observed for hpl are ~18 °C lower than
those observed for hp2 and ~20 °C lower than those predicted by Mfold.
The greater thermal stability of hp2 is due to the presence of tandem GA
residues on opposite sides of the loop. If the corresponding TC residues in
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the hp1 loop are replaced by tandem GA residues, the melting temperatures of the modified hairpin are close to those observed
for hp2. Eliminating the tandem GA residues in the hp2 loop significantly decreases the thermal stability of hp2. If the loops are
replaced by a loop of 16 thymine residues, the free solution mobilities and thermal stabilities of the T-loop hairpin are equal to
those observed for hpl. Hence, the loop of hpl appears to be relatively unstructured, with few base—base stacking interactions.
Interactions between tandem GA residues on opposite sides of the hp2 loop appear to compact the loop and increase hairpin

stability.

NA hairpins have become indispensible tools in modern

molecular biology and biotechnology. Hairpins with
dangling ends are used as capture probes for microarray
hybridization' and templates for DNA nanodevices (e.g. refs
2—4). DNA hairpins are also used as biosensors, often called
“molecular beacons” because they exploit changes in
fluorescence to monitor substrate—target interactions.’
Molecular beacons usually have relatively short, marginally
stable stems and relatively long loops containing a sequence
complementary to that of a target of interest. Hybridization of
the loop to the target opens the hairpin and leads to a change in
fluorescence, which can be measured. For these and other
applications, it is important to be able to predict the stabilities
of DNA hairpins and duplexes with different sequences under a
variety of experimental conditions.

Current structure-prediction algorithms use the nearest
neighbor model to estimate the melting temperatures of
DNA (and RNA) hairpins and duplexes.” "' The thermal
stabilities of model duplexes have usually been measured in
solutions containing 1 M NaCl and are scaled to other ionic
strengths by using various predictive equations.">™'* The
algorithms work reasonably well to predict the melting
temperatures of DNA duplexes and duplexes with single
mismatches, because the observed melting temperatures usually
agree with the melting temperatures predicted by Mfold within
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~2 °C.!2571% However, the database of nearest neighbor
energy parameters contains relatively few examples of the
sequence-dependent stabilities of DNA oligomers containing
hairpins, bulges, and large internal loops, making the
thermodynamic rules predicting the stabilities of such
oligomers less certain.

DNA thermal stabilities have been measured by a variety of
methods, including UV absorption, fluorescence, and calorim-
etry (e.g., refs 9—21). Another technique that has been used to
monitor DNA conformation is capillary electrophoresis
(CE).**"** The free solution mobility of a small DNA oligomer
is determined by the ratio between its effective charge and its
frictional coefficient.”> When a small DNA hairpin or duplex is
denatured by temperature or chemical reagents, the con-
formation becomes less compact, increasing the frictional
coefficient while the effective charge remains approximately
constant. Hence, the mobility of a hairpin (or duplex) will
decrease with increasing temperature or denaturant concen-
tration until it becomes approximately equal to that of a
random coil containing the same number of nucleotides.”*>*
The decrease in the free solution mobility with increasing
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Table 1. Names and Sequences of Molecular Beacon-like Hairpins Used in This Study, Their Melting Temperatures Observed
in Solutions Containing 225 mM Na*, Their Melting Temperatures Predicted by Mfold” under the Same Conditions, and Their
Mobilities Observed at 20 °C in BGEs Containing 225 mM Na*

d

Acronym Sequence ¢ T obs. T pred.” Mobility, m.u.
ha@pml!hplz CGTAA-AATCTATCAAAATCTA-TTACG 22 40 1.986
hp1-stable-stem GCGAG-AATCTATCAAAATCTA-CTCGC 45 56 2.097
hp1-TT-loop-close CGTAA-TATCTATCAAAATCTT-TTACG 30 38 2.098
MH-GC£wn}d0% CATAG-AATCTATCAAAATCTA-CTATG 32 32 2.024
hpLQGA CGTAA-AAGATATCAAAAGATA-TTACG 44 40 2.149
hleGA, CGTAAAAGAT-ATCAAA-ATCTATTACG 51 52 2.206
han&bemmn GCTAAAATCTATCAAA-ATCTA-TTACG - 9 188f
hmgmn2!hQ22 CGTAA-TAGATTTTGATAGATT-TTACG 40 38 2.142
hp2-AA-loop-close CGTAA-AAGATTTTGATAGATA-TTACG 39 39 2.120
hp2-2TC CGTAATATC-TTTT-GATATCTTTTACG 43 42 2.095
hpZSG CGTAA-TGGGTTTTGATGGGTT-TTACG 31 38 2.046
T-loop CGTAA-TTTTTTTTTTTTTTTT- TTACG 25 38 1.971
T26 TTTTTTTTTTTTTTTTTTTTTTTTTTT - - 1.754

“Melting temperature predicted by Mfold.*>*"

The estimated accuracy is +2

oCIZb

Changes from the sequences of the parent hpl and hp2 hairpins

are indicated in bold. “The hairpin loops in the most stable structure predicted by Mfold for each hairpin are enclosed between hyphens. The Mfold-
predicted structures of all hairpins are illustrated in Figure S1 of the Supporting Information. “The estimated uncertainty in the observed melting
temperatures is <1 °C. “The estimated uncertainty of the mobilities is £0.003 mobility unit. /Estimated from mobilities measured in BGEs

containing 150 and 300 mM Na* ions.

temperature or denaturant concentration is therefore a direct
measure of the helix—coil transition. Gel electrophoresis can be
used to monitor DNA denaturation in a similar manner.>%*”
However, CE measurements are not complicated by possible
DNA-matrix interactions”*® that might perturb the con-
formational equilibrium. In addition, the CE measurements are
relatively fast, and each experiment requires very little sample.

We have previously measured the free solution mobilities and
melting temperatures of single-stranded DNA oligomers
containing 26-nucleotides and found that the free solution
mobilities observed at 20 °C were correlated with hairpin
formation.”® Oligomers that exhibited relatively slow mobilities
at 20 °C were random coils that did not undergo a
conformational transition with increasing temperature. By
contrast, oligomers that exhibited intermediate or fast
mobilities at 20 °C exhibited mobilities that decreased
sigmoidally with increasing temperature, indicating that they
were hairpins that became denatured at high temperatures. In
many cases, oligomers with complementary sequences
exhibited similar mobilities at 20 °C and similar melting
temperatures, especially if the oligomers were GC-rich.
However, if two complementary oligomers were AT-rich,
they often exhibited very different free solution mobilities and
thermal stabilities, suggesting that one complement formed a
stable hairpin while the other strand was a random coil under
the same conditions.*®

In this report, we describe a detailed study of two
complementary oligomers containing 73% A+T, called hairpinl
(hpl) and hairpin2 (hp2) for the sake of brevity. The two
oligomers have palindromic ends and exhibit significantly
different mobilities in 40 mM Tris buffers at 20 °C, suggesting
that one forms a hairpin under these conditions while the other
does not. The popular structure-prediction program Mfold>>*'
predicts that hpl and hp2 form similar molecular beacon-like
hairpins with S bp in the stem and 16 nucleotides (nt) in the
loop. Mfold also predicts that hpl should be slightly more
stable than hp2. However, the results indicate that the melting
temperature of hpl is ~18 °C lower than that observed for hp2
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and ~20 °C lower than that predicted by Mfold. The melting
transitions observed for sequence variants of the two hairpins
suggest that the difference in stability is due primarily to the
fact that the hpl loop is relatively unstructured while the hp2
loop is compacted by interactions between tandem GA residues
located on opposite sides of the loop. Loop compaction
therefore appears to be an implicit assumption in the Mfold
algorithm.

B MATERIALS AND METHODS

DNA Samples. All DNA oligomers were synthesized by
Integrated DNA Technologies (Coralville, IA), purified by
denaturing polyacrylamide gel electrophoresis, and character-
ized by mass spectrometry. The acronyms and sequences used
for hpl, hp2, and their sequence variants are given in the first
two columns of Table 1. Modified nucleotides in the hpl and
hp2 sequence variants are indicated in bold. The most stable
hairpin structure predicted for each oligomer by Mfold***" is
indicated by hyphens separating the stem and loop residues.
The most stable structures predicted by Mfold for the various
hairpins are also illustrated in Figure S1 of the Supporting
Information. An oligomer containing 26 thymine residues,
called T26, was used as an unstructured random coil control.
Stock solutions containing each DNA at 1 pug/uL were
prepared in 10 mM Tris-acetate buffer (pH 8.0) and stored
at —20 °C until they were needed. Aliquots of the stock
solutions were mixed as desired and diluted 10-fold with
deionized water for the CE measurements. Unless otherwise
indicated, the hairpin concentration used in the melting
experiments was 1.2 X 107> M. The concentration of Tris*
ions in the injected solutions was 0.5 mM, negligible in
comparison to the concentration of Na* in the background
electrolytes (BGEs) used for electrophoresis.

Buffers. Melting experiments were conducted in BGEs
containing diethylmalonate (DM) as the buffering anion and
Na" as the cation. Stock solutions containing 0.5 M
diethylmalonic acid [(CH;CH,),C(COOH), (Sigma-Aldrich,
St. Louis, MO)] were titrated to pH 7.3, the pK, of the second
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carboxyl group, with a concentrated solution of NaOH. The
ionic strength of the buffer stock solution was 1.0 M; the Na*
concentration was 0.75 M, because the second carboxyl group
of diethylmalonic acid is half-ionized at pH 7.3. Aliquots of the
buffer stock solution were diluted to the desired concentration
before each CE measurement. To avoid confusion in the
following text, the cation concentration in each BGE refers to
the concentration of Na* ions, not the concentration of the
buffering anion.

Capillary Electrophoresis. Capillary zone electrophoresis
measurements were taken with a Beckman Coulter (Fullerton,
CA) P/ACE System MDQ _capillary electrophoresis system run
in reverse polarity mode (anode on the detector side) with UV
detection at 254 nm, using procedures described previ-
ously.”***3? The capillaries (Polymicro Technologies, Phoenix,
AZ) were 30.9 + 0.2 cm in length (20.6 + 0.2 cm to the
detector) and 75 ym in internal diameter, coated internally with
linear polyacrylamide to minimize the electroosmotic flow
(EOF) of the solvent. Previous studies have shown that internal
polyacrylamide coatings do not affect the observed mobilities.>*
The capillaries were mounted in a liquid-cooled cassette for
good thermal control.

The electric fields used for the experiments ranged from 25
to 175 V/cm, depending on the temperature and conductivity
of the BGE; the current in the capillary was generally less than
60 pA. The DNA samples were injected hydrodynamically at a
low pressure (0.5 psi, 0.0035 MPa) for 3 s. The injection
volume was ~22 nL, giving a sample plug that occupied ~2.6%
of the capillary length. Control experiments have shown that
the mobilities measured under these conditions are independ-
ent of DNA concentration, the length of the sample plug, and
the electric field strength.>*

The free solution mobility of an analyte, 4, is determined by
the ratio between its effective charge, Q, and its frictional
coefficient, f, as shown in eq 1:*°

p=Q/f (1)

The mobilities are calculated from the migration times and the
applied electric field strength, according to eq 2:

Hbs = Ld/Et ()

where y , is the observed mobility, L is the distance from the
inlet to the detector (in centimeters), E is the electric field
strength (in volts per centimeter) and t is the time required for
the sample to migrate from the inlet to the detector (in
seconds).

The observed mobility is the algebraic sum of the true
mobility of the hairpin, y#, and the mobility caused by the
electroosmotic flow (EOF) of the solvent, yi o, as shown in eq

3:
Hbs = M+ Hgor (3)

Because the residual EOF in coated capillaries is very small,
corrections for fipop are not needed for melting experiments.
However, the residual EOF can vary slightly from one capillary
to another. Therefore, to compare the mobilities measured in
different capillaries, it is necessary to correct the observed
mobilities for small differences in the residual p g of different
capillaries. As described previously,” when the mobilities of a
DNA hairpin and a marker (here T26) are measured in the
same capillary at the same time, the difference in mobility
between the two oligomers, Ay, is independent of y pop. The

9150

mobility of each hairpin is then calculated from eq 4:
= (K + AR (4)

where (p1,6) is the average mobility of the marker under a
given set of experimental conditions. Replicate experiments
showed that the average standard deviation of the mobilities
observed for the same sample on any given day varied by less
than +0.1%. The average day-to-day variation of the mobilities
was less than +0.3%. Such small variations in mobility are
within the sizes of the symbols in the mobility plots illustrated
below. For the sake of convenience, all mobilities are given in
mobility units, m.u. (1 mu. = 1 X 107* em? V7' s71).

Thermal Melting Studies. Thermal melting studies were
conducted by measuring the mobilities of the target hairpin and
T26 (co-injected into the capillary in the same solution) at
temperatures ranging from 15 to 60 °C, the available range of
the CE instrument. The capillary was allowed to equilibrate at
each temperature for 3 min before the sample was injected;
previous studies have shown that 3 min is adequate for
temperature equilibration.”>*® Mobility ratios were calculated
by dividing the mobility of the hairpin by the mobility of T26 at
each temperature, as described in more detail below. Plots of
the mobility ratios as a function of temperature, called melting
curves for the sake of brevity, were analyzed by global fits of the
melting curves obtained at different Na* concentrations to a
four-parameter Hill equation, using the algorithms given in
SigmaPlot. The Hill equation is given in eq 5:

4 ax?
T s
where y is the mobility ratio observed at temperature T, y, is
the extrapolated mobility ratio at high temperatures, a is a
constant that when added to y, is equal to the extrapolated
mobility ratio at low temperatures, x is the temperature, c is the
temperature at the midpoint of the transition, called the melting
temperature, T, for the sake of brevity, and b describes the
sigmoidal character of the transition. The melting curves of all
hairpins were assumed to represent two-state conformational
transitions that converged to a common limit, independent of
Na® concentration, at high temperatures. To illustrate the
precision of the analysis, the fitting parameters obtained from
the global fits of the melting curves of the various hairpins in
BGEs containing 225 mM Na* jons are given in Table S1 of the
Supporting Information. The standard deviations of the melting
temperatures are shown as error bars in the figures below when
the uncertainties are larger than the sizes of the symbols.

cb+xb

Bl RESULTS AND DISCUSSION

Measurement of Melting Curves. A typical electro-
pherogram observed for a sample containing hp2 and T26,
electrophoresed at 20 °C in a background electrolyte (BGE)
containing 300 mM Na, is illustrated in Figure 1. The peaks
are well-separated and approximately Gaussian in shape, with
no significant molecular weight heterogeneity. The hairpins and
T26 were added in different molar ratios so that the peaks
could be identified by inspection. Similar electropherograms
were observed for the other hairpins studied here (not shown).

No significant concentrations of homodimers were observed
for any of the hairpins at any Na* concentration. Homodimer
formation would be indicated by the presence of a second peak
migrating faster than the hairpin peak, because duplex DNAs
containing 26 bp have faster mobilities than hairpins or random
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Figure 1. Typical electropherogram observed for hp2 and T26 at 20
°C in a BGE containing 300 mM Na®. The absorbance, in arbitrary
units, is plotted as a function of time after injection of the sample into
the capillary. The electric field was 71 V/cm.

coils containing 26 nucleotides.”> None of the electrophero-
grams observed for hpl, hp2, or any of the sequence variants
exhibited two peaks in addition to the marker peak. In addition,
no significant variations in peak shape were observed when the
hairpin concentration was varied by a factor of 2, again
suggesting that significant concentrations of homodimers were
not present in the solutions.

The mobilities observed for hp2 and T26 are plotted in
Figure 2A as a function of temperature in a BGE containing
225 mM Na*. The mobility of T26 (/\) increases linearly with
increasing temperature because of changes in the viscosity and
dielectric constant of water with increasing temper-
ature.*>***>% Because these values are known, the mobility
of T26 at any temperature, T, can be predicted from the
mobility measured at another temperature, e.g., 20 °C, using eq

6:
Hr = Hoofrel/ Nyl (6)

where y 1 is the mobility at temperature T, p,, is the mobility
observed at 20 °C, and €, and 7, are the ratios of the
dielectric constant and the viscosity of water, respectively, at T
and 20 °C. The temperature dependence of the mobility of T26
predicted by eq 3 is indicated by the solid line in Figure 2A.
The good correspondence between the predicted and measured
mobilities indicates that T26 does not undergo a conforma-
tional transition within the investigated temperature range.
Hence, T26 is an unstructured random coil in solution, in
agreement with other results in the literature.**¢~

By contrast, the mobility of hp2 (@ in Figure 2A) increases
linearly with an increasing temperature only at temperatures
between 15 and 30 °C. At higher temperatures, the mobility of
hp2 gradually becomes lower than expected from the changes
in the physical properties of water with increasing temperature,
indicated by the dashed line. Hence, hp2 undergoes a
conformational transition at high temperatures, most likely
the denaturation of the hairpin to form a random coil.

To eliminate the effect of changes in the bulk properties of
water on the observed mobilities and illustrate the melting
transition more clearly, the ratio of the mobilities of hp2 and
T26 can be plotted as a function of temperature, as shown in
Figure 2B. The curved line corresponds to the fit of the
mobility ratios to a four-parameter Hill equation. The midpoint
of the transition, called the melting temperature, Ty, is 39.7 +
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Figure 2. (A) Dependence of the mobility of hp2 (@) and T26 (/\)
on temperature in a BGE containing 225 mM Na*. The solid and
dashed lines indicate the expected increase in the mobility of each
oligomer because of changes in the bulk properties of water with an
increasing temperature. The mobilities are given in mobility units, m.u.
(I mu =1xX107* cm? V™' s7"). (B) Melting curve calculated for hp2
in the same BGE. The mobility ratio, y(hp2)/u(T26), is plotted as a
function of temperature. The curved line corresponds to the fit
obtained with a four-parameter Hill equation; the midpoint of the
transition occurs at 39.7 + 0.3 °C.

0.3 °C. Similar results are obtained if the melting curves are
plotted as the fractional hairpin concentration at each
temperature,*® using the solid and dashed lines in Figure 2A
as the coil and hairpin baselines, respectively.”* The resulting
melting curve (not shown), analyzed with a four-parameter Hill
equation, has a midpoint at 40.1 + 0.5 °C, within experimental
error of the value determined by the mobility ratio method.
Hence, for the sake of simplicity, all thermal transitions were
analyzed by the mobility ratio method.

Melting Curves Observed for hpl and hp2 at
Different Na* Concentrations. Representative melting
curves measured for hp2 as a function of temperature in
BGEs containing 45—450 mM Na* are illustrated in Figure 3A.
The melting curves are relatively sharp, with reasonably well-
defined plateaus at both high and low temperatures. Differences
in the low-temperature plateau values can be attributed to
differences in the fractional hairpin population in the
conformational ensemble at various salt concentrations. The
melting curves appear to converge to the same limit at high
temperatures, as expected if the random coil conformation is
essentially independent of Na® concentration. The melting
curves were therefore analyzed by a global fit of the data
obtained at various Na* concentrations to a four-parameter Hill

dx.doi.org/10.1021/bi201263n | Biochemistry 2011, 50, 9148—-9157
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Figure 3. (A) Representative melting curves observed for hp2, where
the mobility ratios, u(hp2)/u(T26), are plotted as a function of
temperature for BGEs containing (<{>) 450, (@) 300, (&) 225, (O)
150, (W) 112, () 75, and (/\) 45 mM Na*. (B) Representative
melting curves observed for hpl in BGEs containing (O) 600, (/\)
450, () 375, (@) 300, and (V) 225 mM Na*. The curved lines in
panels A and B were calculated from global fits of each set of melting
curves to a four-parameter Hill equation, assuming that the mobility
ratios extrapolate to a common value at high temperatures. The
goodness of fit, r?, is 0.998 for panel A and 0.997 for panel B.

equation, assuming that the limiting mobility ratio at high
temperatures was independent of Na* concentration. The
curved lines were calculated from the global fit.

Typical melting curves observed for hpl in BGEs ranging
from 225 to 600 mM Na" are illustrated in Figure 3B. The
melting curves are broader than observed for hp2 and do not
reach well-defined plateaus at low temperatures. The melting
curves were analyzed by a global fit of the data to a four-
parameter Hill equation, assuming that the mobility ratios
reached a common limit at high temperatures. The curved lines
were calculated from the global fit. To facilitate the comparison
of the melting temperatures of hpl, hp2, and their sequence
variants under a common set of conditions, the melting
temperatures observed in BGEs containing 225 mM Na* are
compiled in the third column of Table 1; the fitting parameters
obtained at the same Na* concentration are given in Table S1
of the Supporting Information. The melting temperatures
predicted by Mfold at the same Na* concentration are given in
the fourth column of Table 1.

Attempts were made to measure melting curves for hpl in
BGEs containing <200 mM Na*. However, the mobility ratios
exhibited only a gradual decrease with an increasing temper-
ature, instead of a sigmoidal transition. Similar gradual
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decreases in the mobility ratio were also observed for a
sequence variant of hpl in which the first two residues in the
sequence were interchanged, preventing the formation of a
stable S bp stem (hpl-no-beacon). The combined results
indicate that hpl does not form a stable hairpin in solutions
containing less than ~200 mM Na'.

The limiting mobility ratios observed for hp1 and hp2 at high
temperatures were 1.028 and 1.030, respectively. The average
mobility ratio observed at high temperatures for all sequence
variants studied here was 1.028 + 0.003. Because the limiting
mobility ratios were greater than 1.00, the mobilities of the
denatured hairpins at high temperatures were ~3% greater than
the mobility of T26 at the same temperature. The results are
consistent with previous studies indicating that small single-
stranded thymine oligomers have somewhat lower electro-
phoretic mobilities than other single-stranded DNAs containing
the same number of nucleotides.”

Dependence of the Melting Temperatures of hp1 and
hp2 on Na* Concentration. The melting temperatures (T,,)
observed for hpl and hp2 increased approximately linearly with
the logarithm of the Na* ion concentration, as shown in Figure
4A. Similar results have been observed for other DNA
hairpins.*>**™* The melting temperatures observed for hp2
(/\) are reasonably close to the values predicted by Mfold,>**'
as shown by comparing the empty triangles with the dashed
line. However, the melting temperatures observed for hpl (O)
are ~18 °C lower than those observed for hp2 at all Na*
concentrations for which a stable hairpin is formed and ~20 °C
lower than those predicted by Mfold (—-—). Hence, despite the
similarity of the melting temperatures predicted by Mfold, hpl
is significantly less stable than hp2.

Increasing the GC Content of the hp1 Stem. To
improve our understanding of the anomalously low melting
temperature of hpl, the stability of the stem was increased by
increasing the GC content, creating hp1-stable-stem (Table 1).
Melting curves similar to those in Figure 3 were obtained for
hpl-stable-stem (not shown); the dependence of the melting
temperature on the logarithm of the Na' ion concentration is
illustrated by the empty squares in Figure 4B. Not surprisingly,
hp1-stable-stem forms a stable hairpin at Na* concentrations
much lower than those observed for hpl. Although the melting
temperatures of hpl-stable-stem ([]) are ~20 °C higher than
those observed for hpl (O), they are ~10 °C lower than those
predicted by Mfold, as shown by comparing the empty squares
with the dashed line. Hence, the loop sequence of hpl and/or
the nucleotides in the stem—loop junction must be responsible
for the anomalously low stability of hpl.

Variations in the Stem—Loop Junction. To test the
importance of the nucleotides at the stem—loop junctions in
hpl and hp2, the two adenine residues located at the base of
the hpl loop were replaced with thymine residues (hpl-TT-
loop-close), and the two thymine residues at the base of the
hp2 loop were replaced with adenine residues (hp2-AA-loop-
close). A third construct was also created in which the residues
in the stem of hpl were rearranged so that the closing base pair
in the stem was GC instead of AT (hpl-GC-stem-close).
Melting curves were measured for these constructs at various
Na* concentrations; the melting temperatures increased linearly
with log[Na*] as observed for hpl and hp2 (not shown). The
melting temperature increased by ~10 °C when thymine
residues replaced the adenine residues at the base of the hpl
loop or when the base pair at the top of the hpl stem was
changed from AT to GC, as shown in Table 1 for BGEs

dx.doi.org/10.1021/bi201263n | Biochemistry 2011, 50, 9148—-9157
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Figure 4. (A) Dependence of the melting temperatures observed for
(O) hpl and (A\) hp2 on the logarithm of the Na* concentration. In
this and subsequent figures, error bars are shown if they are larger than
the sizes of the symbols. The solid lines were drawn by linear
regression (r? = 0.958 and 0.976 for hpl and hp2, respectively). The
dotted—dashed and dashed lines correspond to the melting temper-
atures predicted for hpl and hp2, respectively, by Mfold. (B)
Comparison of the melting temperatures observed for (O) hp1, ([7)
hp1-stable-stem, and (@) T-loop hairpin at different Na* concen-
trations. The solid lines were drawn by linear regression (r* = 0.958
and 0.901 for hpl and hp1-stable-stem, respectively). The dashed line
corresponds to the melting temperatures predicted by Mfold for hp1-
stable-stem.

containing 225 mM Na*. The melting temperature of hp2
decreased by ~3 °C when the loop closing residues were
changed from thymine to adenine, as also shown in Table 1.
The results are consistent with other studies showing that
hairpins with loops closed by thymine residues or with stems
closed by GC base pairs are more stable than similar hairpins
with loops closed by adenine residues or stems closed by AT
base pairs.'”***'7>° However, the results also suggest that these
variations in the stem—loop junction are too small to explain
the large difference in stability between hpl and hp2.
Replacing the Loops of hp1 and hp2 with an Equal
Number of Thymine Residues. Melting curves were
measured for an oligomer in which the loops of hpl and hp2
were replaced with an equal number of thymine residues,
keeping the stem residues constant (T-loop hairpin). Within
experimental error, the melting temperatures of the T-loop
hairpin were identical to those of hpl, as shown by comparing
the empty and filled circles in Figure 4B. Because the thymine
loops in molecular beacon-like hairpins are flexible coils,*® the
results suggest that the hp1 loop is unstructured, with relatively
few base—base stacking interactions. By inference, the results
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also suggest that the hp2 loop must be highly structured, with
significant base stacking and/or base pairing interactions.
Placing Tandem GA Residues in the Loop of hp1. One
obvious difference between the loops of hpl and hp2 is the
presence of tandem GA residues on opposite sides of the hp2
loop, relatively close to the stem—loop junction. In principle,
these residues could interact, possibly by forming non-
Watson—Crick GA base pairs across the loop.””~® To test
the importance of the tandem GA residues in the hp2 loop to
hairpin stability, the corresponding TC residues in the hp1 loop
were replaced with tandem GA residues, creating the sequence
variant hpl-2GA. As shown in Figure 5, the melting

60 —

hp1-1GA

[ | 1 1 L

100

111l

1000

0 1 1
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Figure S. Melting temperatures observed for sequence variants of hpl
containing tandem GA residues in the loop: (@) hp1-2GA, (A) hpl-
1GA, and (O) hpl. The lines were drawn by linear regression (r* =
0.969, 0.904, and 0.958 for hp1-2GA, hp1-1GA, and hpl, respectively).
For comparison, the melting temperatures predicted by Mfold for hpl
are indicated by the dashed—dotted line.

temperatures observed for hpl-2GA (@) were ~20 °C higher
than those observed for hpl (O) at all Na* concentrations and
approximately equal to the melting temperatures predicted for
hpl by Mfold (dashed—dotted line).

If only one of the tandem TC residues in the hpl loop was
replaced by tandem GA residues, creating hpl-1GA, the
stability of the hairpin was increased even more, as shown by
the filled triangles in Figure S. The melting temperatures of
hp1-1GA are predicted well by Mfold, as shown in Table 1. The
Mfold-predicted structure of hpl-1GA is that of a hairpin with
9 bp in the stem (plus one mismatch) and a loop containing six
residues, as shown in Figure 6A (right-most structure). By
contrast, the structures predicted by Mfold for hp1 and hp2 are
hairpins with identical 5 bp stems and open loops containing 16
nucleotides, as shown in the left and middle structures in Figure
6A. The increased stability of hpl-1GA is thus due to the
increased length of the stem because eight of the residues in the
hp1 loop have formed stable Watson—Crick base pairs in hp1-
1GA.

The marked increase in the stability of hpl when two pairs of
tandem GA residues are incorporated in the loop suggests that
the tandem GA residues in the loops of hpl-2GA, hp2, and
hp2-AA-stem-close interact with each other across the loop,
effectively increasing the length of the stem, as suggested by the
structures shown in Figure 6B. The results also suggest that
loop compaction is implicit in the Mfold algorithm, because the
melting temperatures of hp2, hp2-AA-loop-close, hp1-1GA, and
hpl-2GA are reasonably well predicted by Mfold (Table 1),
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Figure 6. (A) Structures predicted by Mfold for hp1, hp2 and hp1-1GA (from left to right, respectively). The complete set of structures predicted by
Mfold for the hpl and hp2 sequence variants is given in Figure S1 of the Supporting Information. (B) Proposed interactions between tandem GA
residues in the loops of hpl-2GA, hp2, and hp2-AA-loop-close (from left to right, respectively).

while the melting temperatures of hairpins with unstructured
loops, such as hp1l and the T-loop hairpin, are poorly predicted
by Mfold.

Eliminating the Tandem GA Residues in the hp2
Loop. If adding tandem GA residues to the hp1 loop increased
hairpin stability, eliminating the tandem GA residues from the
hp2 loop would be expected to decrease hairpin stability. The
tandem GA residues in the hp2 loop were therefore replaced
with tandem TC residues, creating the sequence variant hp2-
2TC. Surprisingly, however, the melting temperatures of hp2-
2TC were very close to those observed for hp2, as shown in
Table 1. The conformation predicted for hp2-2TC by Mfold is
that of a hairpin with four thymine residues in the loop and a
stem containing 9 bp and a 4 nt bulge, as shown in Figure S1 of
the Supporting Information. The melting temperatures
observed for hpl-2TC agree with the values predicted by
Mfold (Table 1).

A second sequence variant of hp2 was also created in which
the adenine residues near the base of the loop were changed to
guanines, eliminating any possible interactions between tandem
GA residues on opposite sides of the loop. The melting
temperatures of this construct, called hp2-3G, were equal to
those of hpl-TT-loop-close, as shown in Table 1 for BGEs
containing 225 mM Na®. Hence, eliminating the tandem GA
residues on opposite sides of the hp2 loop created a hairpin
with an open loop structure, similar to that of hpl and the T-
loop hairpin. The combined results suggest that the thermal
stability of molecular beacon-type hairpins is determined
primarily by the compactness of the loop. Loop compactness
can be enhanced by having thymine residues at the base of the
loop instead of adenine residues or by interactions between
tandem GA residues located on opposite sides of the loop.

Comparison of the Free Solution Mobility with
Hairpin Stability. If the thermal stability of molecular
beacon-type hairpins is determined by loop compactness,
there should be a correlation between the free solution mobility
observed at 20 °C and the melting temperatures observed
under a given set of experimental conditions. Such a correlation
is shown in Figure 7 for hpl, hp2, and their sequence variants
in BGEs containing 225 mM Na*; the mobilities observed at 20
°C are given in the last column of Table 1. Similar results are
observed at other Na* concentrations (not shown).

The free solution mobilities observed at 20 °C are
determined by three factors: the effective charge of the
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Figure 7. Correlation between the melting temperatures observed for
hp1, hp2, and their sequence variants and the free solution mobilities
observed at 20 °C in BGEs containing 225 mM Na*. The line was
drawn by linear regression (r*> = 0.787).

oligomer, its frictional coefficient, and the relative proportion
of hairpins in the conformational ensemble at that temper-
ature.”>** Because all three factors affect the observed mobility,
the free solution mobility at 20 °C is a good predictor of
hairpin formation.

Stabilization of Molecular Beacon-like Hairpins by
Na*. At a constant temperature, the mobility of DNA
decreases approximately linearly with the logarithm of cation
concentration, as shown in Figure 8A for T26. Similar results
have been observed for other DNA oligomers>¥>#354>4361-63
and are expected theoretically.*>** However, the melting curves
in Figure 3 suggest that the conformational ensembles present
at low temperatures contain different populations of hairpins in
BGEs containing low concentrations of Na'. To analyze the
effect of Na* concentration on hairpin stability, the mobility of
T26 was subtracted from the mobilities of the hairpins to
eliminate the dependence of hairpin mobility on Na*
concentration. The mobility differences observed for hpl,
hp2, hp1-2GA, and hpl-no-beacon are illustrated in Figure 8B.
The mobility differences observed for hpl-no-beacon were
essentially independent of Na® concentration and reflect
differences in the intrinsic mobilities of thymine oligomers
and other DNAs containing the same number of nucleotides.*!

However, different results were observed for hpl, hp2, and
hp1-2GA, as also shown in Figure 8B. The mobility differences
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Figure 8. (A) Dependence of the mobility of T26 (O) on the
logarithm of the Na® concentration at 20 °C. The error bars
correspond to the standard deviation of multiple measurements taken
at each Na* concentration. The line was drawn by linear regression (r>
= 0.989). (B) Dependence of the difference in mobility between
representative hairpins and T26, measured at 20 °C in BGEs
containing various Na® concentrations: (@) hpl, (O) hp2, (V)
hp1-2GA, and (/\) hpl-no-beacon. The horizontal dashed line
corresponds to the average mobility difference between T26 and hp1-
no-beacon (0.120 + 0.013 m.u.) and represents the intrinsic mobility
difference between T26 and the unstructured hairpins at 20 °C. The
bottom curved line corresponds to a four-parameter sigmoidal fit of
the hpl data, with a midpoint at 126 + 9 mM Na* (r* = 0.983). The
top curved line corresponds to a three-parameter hyperbolic fit of the
data obtained for hp2 and hp1-2GA, with a midpoint at 44 + 15 mM
Na* (r* = 0.953).

observed for hpl increased sigmoidally with an increasing Na*
concentration, with a transition midpoint at 126 + 9 mM Na".
The mobility differences observed for hp2 and hp1-2GA can be
fitted with a hyperbolic binding curve with a midpoint at 44 +
15 mM. The combined results suggest that the conformations
of molecular beacon-like hairpins are stabilized by binding Na*
ions. The more stable hairpins have a stronger affinity for Na*
ions and reach saturation binding levels at lower Na*
concentrations.

B CONCLUDING REMARKS

These studies have shown that two complementary 16-
nucleotide oligomers, called hpl and hp2, exhibit different
free solution electrophoretic mobilities at 20 °C and very
different thermal stabilities, suggesting that they have different
conformations in solution. The less stable hairpin, hp1, appears
to contain a relatively unstructured loop with very few base—

9155

base stacking interactions. By contrast, the loop of the more
stable hairpin, hp2, appears to be compacted by interactions
between tandem GA residues on opposite sides of the loop that
increase the mobility of this hairpin and increase its stability.
Placing tandem GA residues on opposite sides of the hpl loop
makes the modified hairpin (hpl-2GA) as stable as hp2;
eliminating the tandem GA residues in the hp2 loop decreases
the stability of the modified hairpin (hp2-3G), making it equal
to that of the hpl sequence variant with thymine loop-closing
residues (hpl-TT-loop-close).

Tandem GA base pairs are known to stabilize duplex DNAs
by forming sheared base pairs with extensive cross-strand base
stacking interactions.®”~**%*~% However, it seems unlikely that
the tandem GA base pairs in the loops of hpl-2GA, hp2, and
hp2-AA-loop-close have the sheared conformation, because the
tandem GA residues in the loops are preceded by adenine and
followed by thymine residues. The sheared GA base pairs
previously observed in duplex DNAs have been found only in
the pyrimidine-GA-purine sequence context.*>*>”%*7 Eurther
studies will be needed to determine the precise nature of the
interactions between the tandem GA residues on opposite sides
of the loops in hp1-2GA, hp2, and hp2-AA-loop-close.

The stability of hp2 is reasonably well predicted by the
popular structure-prediction program Mfold.*>*! However, the
Mfold-predicted melting temperatures for hpl are ~20 °C
higher than the observed melting temperatures at all Na*
concentrations for which hpl forms a stable hairpin. The
discrepancy appears to be due to the fact that the hpl loop is
relatively unstructured, with few base—base stacking inter-
actions; base stacking in hairpin loops therefore appears to be
an implicit assumption in the Mfold algorithm. Base pairing
interactions between pairs of nucleotides on opposite sides of
large hairpin loops appear to contribute importantly to loop
compaction and the stability of molecular beacon-like hairpins.

B ASSOCIATED CONTENT

© Supporting Information

Structures predicted by Mfold for hp1, hp2, and their sequence
variants and proposed interactions between the tandem GA
residues on opposite sides of the loops in hp2, hpl-2GA, and
hp2-AA-stem-close (Figure S1) and fitting parameters obtained
from global fits of the melting curves of the various hairpins to a
four-parameter Hill equation in BGEs containing 225 mM Na*
ions (Table S1). This material is available free of charge via the
Internet at http://pubs.acs.org.
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