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Effect of Loop Sequence and Size on DNA Aptamer Stability
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ABSTRACT. The thrombin aptamer is a 15-mer oligodeoxyribonucleotide that folds into a unimolecular
quadruplex consisting of a stack of two guanine quartets connected by two external loops and one central
loop and possesses a high affinity for thrombin. We have undertaken a systematic examination, in KClI,
of the thermodynamic stability of thrombin aptamer analogues containing sequence modifications in one
or more of the loops, as well as in the number of quartets. UV melting studies have been carried out to
obtain the relevant thermodynamic parameters for these aptamers. van’t Hoff analysis of these data, with
a two-state model for unimolecular denaturation, gave excellent fits to the experimental observations.
Thermodynamic analysis indicates that the central loop sequence in the parent aptamer is optimal for
stability. Modifications in this or other loops can effect eitiadd°, AS’, or both. Addition of a single G

at the 5-end decreases stability while additioheoG at the 3-end increases stability. Differential scanning
calorimetry experiments on the thrombin aptamer reveal that a heat capacity change, not detected by UV
measurements, accompanies the unfolding of the aptamer.

DNA and RNA aptamers are oligonucleotides usually H
identified by some selection process to specifically bind to, R 7 H/,L N R
or fit, a desired targetl( 2). Their target affinity usually N Y N
derives from their particular three-dimensional shape, which, — N ‘ N/>
in the case of DNA aptamers, is often based on the guanine N\ == H |
quartet as the fundamental secondary structure unit. In >—l\{ 0 ?
general, guanine quadruplex structures, stabilized by guanine H—N H \
guartets, can be constructed from one, two, or four oligo- \ "\ N—H
nucleotide strands. When four separate strands are involved, H 0 «
a linear quadruplex results, with all deoxyguanosine nucleo- | o o]
sides in the anti conformation about the glycosidic bond. In /N N —
the other two cases, the quadruplexes involve folded strands < l N N N
and there is an alternation between syn and anti conforma- /N N—H R
tions for these residues)( R ,[,

The thrombin-binding aptamer, or TBAwas identified
from a randomized oligonucleotide library as a high-affinity
ligand for the protein thrombin and is one of the first DNA
aptamers to be studied)( The structure of TBA, a 15-mer
with the sequence d(GGTTGGTGTGGTTGG), has been
determined alone in solution by NMEB+8) and complexed
with thrombin by X-ray diffraction 9, 10). The oligonucleo-
tide folds such that it forms two guanine quartets connected
by a central three-base TGT loop and two smaller TT loops,
as illustrated in Figure 1.

Several studies have appeared that involve selection of
aptamers for recognition of a mutant thrombin as well as
wild-type, resulting in similar or slightly different consensus
sequences or modular aptamer structures combining a folded T13 T4 T3
quadruplex and a duplext{—14). Additionally, a three-

Ficure 1. Gunaine quartet (top) and schematic drawing of the
thrombin aptamer structure (bottom). Shaded squares represent
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Table 1: Thermodynamics of Aptamer Formation Determined by van't Hoff Analysis of UV Melting Curves

Tm (°C) AH?® (kcal/mol) AS’ (eu) AG°37(kcal/mol)

oligonucleotide (+1) (£1.4) (+4) (£0.1)
5-d(GGTTGETGTGGTTGG) I 46.4 —40.3 —126 —-1.19
5-d(GGTTGGETTGGTTGG) I 39.6 —37.6 —120 —0.31
5-d(GGTTGATGGGTTGG) 1} 40.2 —42.5 —136 —0.44
5-d(GGTTGGTAT GGTTGG) Y 40.2 —37.6 —120 —0.385
5-d(GGTTGATT GGTTGG) \Y 42.2 —40.9 —130 —0.67
5-d(GGTTGGTGGTTGG) \ 21.0 —30.5 —103.6 +1.67
5-d(GGTTGATTT GGTTGG) Vi 34.0 —40.7 —132.5 +0.40
5-d(GGTTGETTGGGTTGG) VI 45.2 -37 —116 —0.95
5-d(GGTTGGETAAGGTTGG) IX 45.4 —35.3 —-111 —0.93
5-d(GGTGGTGTGGTGG) X nd? nd nd nd
5-d(GGTTTGGTGTGGTTT GG) Xl 46.4 —47.3 —148 -1.4
5'-d(GGCTGGTGTGGTTGG) Xl 46.8 —39.4 —123 -1.2
5-d(GGTCGGTGTGGTTGG) Xl 40.9 —38.1 —121 —0.47
5-d(GGTTGGATGTGGCTGG) XV 47.1 —40.6 —127 —1.28
5-d(GGTTGETGTGGTCGQG) XV 39.5 —37 —118.5 -0.3
5-d(GGTTTT GGTTTT GGTTTT GG) XVI 314 —-41.0 —-134 +0.75
5-d(GGGTTGGIGTGGTTGG) XVl 43.1 —-39.1 —123 —0.75
5-d(GGTTGEAGTGGTTGGG) XV 50.5 —41.6 —128.5 —-1.75
5-d(GGTTGGTGTGGTTG) XIX <10 nd nd nd
5-d(GGGTTGGGTGTGGGTTGGG) XX 64.5 —55 —165 —4.55

and, not determined.

DNA aptamers other than TBA that possess potential nation @5), and obtained a value fapgoin water of 1.46x
therapeutic or biological activity have recently been de- 1P, which agrees within 2% of the value found by the nearest
scribed. For example, a quadruplex-based aptamer has beeneighbor calculation.
shown to have inhibitory activity against HIV integradé,( UV Melting. Temperature-dependent melting curves were
17). Other aptamers have been shown to be inhibitors of measured at 295 nm on a Cary 3A spectrophotometer, using
neutrophil elastaselg), to possess anti-HIV activity based a heating/cooling rate of 0.5 or 0°Z/min. Experiments
on its binding to the Rev proteinl®) or to inhibit DNA included both heating and cooling curves. Analysis of these
polymerases20). Catalytic DNA aptamers have also been curves was carried out by fitting the melting curves (absor-
described Z1) and a DNA aptamer that binds arginine has bance as a function of temperature) to the following equation:
been identified by in vitro selection methods and likely
involves a quadruplex-based structug®)( Thus, there is A(T) = (1 — HAL(T) + fAL(T)
an increasing pool of biologically active aptamers about
which relatively little is known concerning their structure whereA(T) is the absorbance of the solution at temperature
and stability and their relationship to function. T, Ay(T), and Ac(T) are the absorbances of the helical

The ability of a given sequence to survive the in vitro (structured) and coil (unstructured) forms, respectively, and
selection process depends on two requirements, thermaf is the fraction of oligonucleotide strands in the melted or
stability and target affinity, both of which need to be fulfilled. ~unstructured state. Following the development of Jovin and
In the work presented here, we examine the thermodynamicco-workers 26), we represenfy(T) and A(T) as linear
stability of a series of aptamer sequences as a function offunctions of the absolute temperatuie,i.e., Ay(T) = bu[1
modifications in the various loop domains of the aptamer, + Mu(T — 273.15)] andAc(T) = bc[1 + me(T — 273.15)].
as well as the effect of adding an additional quartet. Our The fraction of melted strandd, satisfies the following
results indicate that changes in loop sequences can have gduation:
significant impact on the aptamer stability, consistent with

our recent report on single base changes in the loop region AL f__1 =

of a hairpin dimer quadruplex2@). 2"l 2"IE

MATERIALS AND METHODS for self-complementary-mers, where
Oligonucleotidesl —XX (see Table 1) were purchased K(T.)

from either Genset Corp. (La Jolla., CA) or Genosys = — AHRAT1/Tr)

Biotechnologies, Inc. (The Woodlands, TX). Purity was K(T)

estimated to be in the range of 90% or greater by denaturing
PAGE (polyacrylamide gel electrophoresis). Samples were
suspended in 10 mM Tris, pH 7.4 and dialyzed extensively
against this buffer, and then KCI was added as indicated.
Following dialysis and each subsequent addition of salt,
samples were annealed by heating t¢8tand slow cooling

to room temperature. Extinction coefficients were estimated . o C\n-1
by nearest neighbor method&4j. In the case of, we also AS = AH + RINK(T,) = AH + RIn’n(—O) ]
measured the extinction coefficient by phosphate determi- Tm " Tm 2

andT, is the temperature at whidh= 1/2. The best fitting
values ofAH° and T, were determined by nonlinear curve
fitting. In this model, botlrAH® andAS’ are assumed to be
constant, i.e.ACp = 0 for the melting transition. Entropy
changes were then calculated from




1464 Biochemistry, Vol. 39, No. 6, 2000 Smirnov and Shafer

where Cy is the total strand concentration. Note that, for
unimolecular systems,= 1 and determination ckH°, AS’,
andAG?®° does not require knowledge of the oligonucleotide
concentrationCo.

Calculation of AG® (310) was made via the following
relationship, valid for constamiH®:

310AH°( 1 1
R

AG°(310) 310 T,
All systems were tested for reversibility by running heating
and cooling curves at the same heating rate (either 0.5 or
0.2 °C/min). The heating and cooling curves superimposed

very closely, matching the behavior observed for DNA
duplexes run under the same conditions. The thermodynamic
parameters in Table 1 represent averages from heating and
cooling curves from 2 to 3 experiments. Experimental
uncertainties in these parameters were determined from an . . .
analysis of a large number of melting experiments carried 220 240 260 280 300 320
out on TBA, I, and are listed at the top of Table 1. Wavelength (nm)
Microcalorimetry. Diﬁerential Scanning_calorim_etry (DSC.:) FIGURE 2: CD spectra at 18C of I, V, andVIl (concentratiorr
was carried out on a MicroCal MC-2 differential scanning g M strand) in 10 mM Tris, pH, 6.8 aloned( O, and <,
calorimeter. The thrombin aptamer sample was resuspendedespectively) and with 25 mM KCI@, B, and #, respectively.
in 100 mM potassium phosphate buffer, pH 6.1, and dialyzed
against the same buffer. The dialysate was used as thenm increased in amplitude while that at 290 nm decreased.
reference buffer in the calorimetry scans. The excess heatThe equilibrium solution is probably a mixture of both folded
capacity curve was constructed by subtraction of the buffer and linear quadruplexes. A similar mixture of linear and
versus buffer scan from the sample versus buffer. The folded species was observed for the sequence d(GGGTT-
resulting curve was fitted by nonlinear regression, using the TTGGG) in KCI (27). This behavior was not observed in
manufacturer-supplied Origin software, with a variety of the other sequences studied here containing runs of at most
models (either supplied by the software or developed by us) two guanines.
as described in the text below. UV Melting. Due to the extremely slow kinetics of forming
linear, four-stranded quadruplexes, it is very difficult to carry
RESULTS out thermodynamic measurements, such as melting, which
CD of OligonucleotidesThe set of oligonucleotides we  typically require the system to be constantly in equilibrium
examined is described in Table 1. The modifications can be (28, 29). Dimeric hairpin quadruplexes, such as [d(@3s)]2,
classified according to changes in the central loop altine ( associate at a considerably faster rate, leading to a slight
IX), outer loops only X—XV), all loops &VI), termini degree of hysteresis at a heating/cooling rate o’ G/nin
(XVII =XIX), and in the number of quartetXX). The (data not shown). Unimolecular quadruplexes, however, often
conformation of each oligonucleotide was examined both in exhibit much faster kinetics such that these measurements
the absence and presence of 25 mM KCI. For all sequencescan be readily performed3(). UV heating and cooling
the CD spectra, measured at°I% showed characteristically ~ curves for each sequence were superimposable, indicating
low amplitude peaks, indicating little or no structure in the rapid kinetics, and were fitted by models corresponding to
absence of added salt. In the presence of salt, however, mostienaturation of one-, two-, three-, or four-stranded structures,
sequences exhibited a spectrum characterized by positiveas indicated above. In all cases excé¥pand XIX, which
maxima near 293 and 247 nm and a negative minimum nearwere not analyzed for thermodynamic parameters, the best
265 nm, as illustrated for three sequences in Figure 2. Thesdit was obtained for the model corresponding to melting of
features are typical of folded quadruplexes involving deoxy- @ unimolecular structure. Furthermore, several sequences
guanosines alternating between syn and anti conformationswere melted at varying strand concentrations and no changes
about the glycosidic bondJ. in melting temperature were observed. Thus, for the most
The principal exception to this behavior ws$, which part, the sequence modifications imposed on the thrombin
showed very low amplitude bands in the presence of KCI, aptamer did not alter the overall molecularity of the resulting
indicating a partially structured oligonucleoticé, where quadruplexes.
the CD spectrum in the presence of 25 mM KCI showed a Sample melting curves are displayed in Figure 3, along
broad maximum at 275 nm, axX, which showed different  with the best fit, and the resulting thermodynamic parameters
features depending on how the sample was prepared. Forare included in Table 1. The difference between the high-
example, if KCl was added after annealid¥ in Tris alone, and low-temperature UV spectra of is also included,
its CD spectrum consisted of a maximum at 293 nm, showing that the largest change upon melting is the decrease
characteristic of folded quadruplexes. If the sample then wasin absorbance at 295 nm. With several notable exceptions,
annealed again, a small peak appeared at 265 nm, typical oimost modified sequences possess lower melting temperatures,
linear, four-stranded quadruplexes, in addition to the one at T, than the original aptamer, and a correspondingly less
293 nm. Over the period of several days, the peak at 265favorable AG® at 37 °C. Further examination of Table 1
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effects involved in such a short loop. We note that results
0.27¢ e 004 /\ on VI are less reliable than on the other sequences due to
o 0001/ our inability to obtain a low-temperature baseline.
E 0.24f 004 \/ \/ We have examined several oligonucleotides with a modi-
8 008 fied central loop consisting of a sequence identified as
N ool Y 22 20 Zo 20 30 s forming an unusually stable tetraloof1j (VIII andIX).
$ Here, it can be seen that these oligonucleotides are substan-
2 018l tially more stable than the 4-T central loop sequendg,
g ' although they are not quite as stablelaRelative toVIl
) the increase in stability for both sequences arises from a more
< 015 favorable entropy of formation that is partially compensated
A N by a less favorable enthalpy of formation. Thus, it appears
0.12— L A - that these tetraloop sequences are more stable than a 4-T

40 60

Temperature (°C)
FIGURE 3: UV melting curves in 10 mM Tris, pH 6.8, 25 mM OligonucleotidesX and XI possess modified external
KCI for I (O), XVIII (O), and Il (©) at ~ 8 uM strand loops, the former having external loops composed of a single
concentration. Smooth curve represents best fit for a unimolecular T, while the latter has three Ts in its external loops. Sixce
all-or-none melting process. Only every 9th to 14th experimental oyhipits an unusual CD spectrum and multiple bands on
point is plotted for clarity. Inset: UV difference spectrum (spectrum . .
at 80°C minus spectrum at 15C). native PAGE. (data npt shown), we. did no_t carry out
thermodynamic analysis of its UV melting profile. Clearly,
reveals that some modifications affect mainly the enthalpy reducing the size of these loops to one nucleotide has a major
change whereas others affect mainly the entropy change. Foimpact on the folding. Changing the two external loops from
example, bothl andlll possess lowet, values, by 6-7 2 Ts to 3 Ts results in a structurk¥l() with the sameTl,, as
°C, thanl. However AH® is about 3 kcal/mol less favorable |, but with increased enthalpic stability compensated by
for forming Il compared td, whereasAH° for forming Il entropic destabilization. This continues the trend observed
is about 2 kcal/mol more favorable thanCompensating  above with increasing the size of the central, all-T loop.
effects can be seen fakS® of formation, which is more The effect of dangling bases was exploredXiill and
favorable forll, and less favorable fdtl , thanl. XVIII , which contain an additional G nucleotide at tHe 5
It is difficult to interpret these results unambiguously in or 3-end, respectively. The presence of an extra G at the
terms of differences in the structure of the folded quadru- 3'-end led to increased stability fotVIIl compared to the
plexes, as sequence modifications may also affect theparent aptamet, with a highefT, and an increased enthalpic
unfolded state, which still may harbor a small amount of stabilization, accompanied by a slightly less favorable
structure via base stacking; we assume here that this effecentropy change. In contrast, an additional G at therfs of
is small. We note thahS’ for folding Ill is the most negative ~ XVII yielded an oligonucleotide with lower stability, with
of all 15-mer sequences. Oligonucleotidiesndlll are also both a lowerT, and a less favorablaH°, accompanied by
unique in that they are the only ones, other théf, that a slightly more favorabldS’. This is just the opposite effect
possess an internal run of three guanines. @hlyhowever, observed inXVIIl . We also investigated the effect of
has a particularly unfavorableS’. One interpretation isthat  deleting the 3terminal G inl, to yield oligonucleotideXIX,
this particular sequence leads to a highly stabilized centralwhich had a very lowT, (<13 °C) and which was not
loop, perhaps with additional stacking between the last G in analyzed further. Such a dramatic loss of stability is
that loop and the adjacent quartet. This enthalpic stabilization consistent with an incomplete stack of guanine quartets.
may be compensated by the entropic cost of additional Furthermore, this result suggests that any failed sequences
ordering in that region. Similar interactions involving the presentin our samples would melt at a very low temperature,
first G in the loop apparently do not occur. and thus have a negligible influence on our results.
The all-T central loop iV leads to a very similar value Interloop Hydrogen BondingThe high-resolution NMR
for AH° as that ofl, accompanied by a slightly less favorable structures revealed evidence for hydrogen bonding between
AS, resulting in aTp, that is~4 °C lower than that of. If the two external loops8]. In particular, hydrogen bonds
that loop is increased to four T¥| ), again theAH° term between T4 and T13 were indicated, although it was difficult
is very close to that ofl, but the AS’ term is more to assess whether they involved thymine O2 or O4 acceptor
destabilizing, leading to a considerably lowky of 34 °C. atoms. We probed these interactions by examining the
If, in addition to four T's in the central loop, the external stability of a series of oligonucleotides|l —XV, containing
loops also consist of 4 TsX{/I), then this trend continues one C in each of the four possible positions in the external
with a AH° term that is barely more favorable than that of loops. We expected that substituting C for 7AI() or T12
VIl and a still more unfavorabldS’. Thus, a trend is  (XIV) to have little effect on the stability of the resulting
apparent with increasing the loop length, in both the central sequence, while substituting C for TAI{l ) or T13 XV),
and the external loops, involving slightly more favorable would lead to decreased stability due to loss of hydrogen
enthalpic effects accompanied by substantially less favorablebonding.
entropic effects such that tAg, gradually decreases, as does  The results summarized in Table 1 are consistent with

loop in the context of a folded quadruplex as well as a hairpin
duplex.

the stability at 37°C. The unusually low stability o¥I, and XV show reduced
possessing aTT— central loop, arises from a significantly

these expectations. BotkXlll
thermodynamic stability, whilXIl andXIV have stabilities

less favorable enthalpy change which may reflect the stericvery close to that of. When examined at pH 5, TBA as



1466 Biochemistry, Vol. 39, No. 6, 2000 Smirnov and Shafer

~ 500
S 0.18-
£
= 04
\g; 0.16-
2 500 0.14
.g 500 144
a £
S -1000 w0121
—— (2]
o N
o g 0.
£ 1500 4 8 0.10
? 8
9 5]
£ 2000+ 8 0184
ul <

-2500 T T T T T T T T T ! 0.16

10 20 30 40 50 6 70 80 90 100
Temperature (°C) 0.14-

Ficure 4: Excess heat capacity curve for(300 uM strand
concentration) in 100 mM potassium phosphate buffer, pH 6.1. 0.121
Smooth curve is best fit to an all-or-none melting process %
accompanied by a change in heat capacity between initial and final 0.104— ——T—T r ——T— T

states. Only every other experimental point is plotted for clarity.
Temperature (°C)

well as all four modified oligonucleotidesX(l —XV) had Ficure 5: UV melting curve forl (6.5uM strand concentration

similar thermodynamic stabilities and were more stable than in 100 mM potassium phosphate buffer, pH 6.1. Smooth curve is
XIll andXV at neutral pH (data not shown). This latter result Dest fgatoag:gorc'ﬂgseeu”a'lrsnczj'ggg'r?ge%e?nat#]rgt't%r)‘(tpfrgf%s\i with o
suggests thab(!ll and XV are (.:apable of restoring the analysisp(bottom) orgwith inclusion of a heat capacity change an%
hydrogen bonding at low pH, indicating that these hydrogen ysing the thermodynamic parameters from the fit in Figure 4,
bonds involve the pyrimidine O2 atom. This conclusion was optimizing only the absorbance baseline terms (top). Only every

also suggested, but not proved, in NMR studi@s ( 10th point is displayed for clarity.
Effect of Adding a Third Quarteffhe longest sequence \ith a calorimetric enthalpy changAHca,°, ranging from
examined in this study iXX, which allows for formation —28 to —33.2 kcal/mol (the range of values is due to

of a unimolecular quadruplex composed of three quartets, gitferences in baseline construction). WhiRy° exceeds
rather thgn two. As can be seen in Tablle. 1, this results in aAHcaL°, however, the usual explanation involves dimeriza-
§ubstant|gl increase i an'd. stablllty, arising from alarge tion or higher order aggregatio83 34). Several observa-
increase in enthalpic stability, again partially compensated tjons argue against this interpretation. First, the calorimetri-
by a corresponding increase in the entropy of folding. The ¢qjly determined melting temperature, as measured by the
enthalpy per quartet, however, is somewhat lower for this aximum in the excess heat capacity curve, is very close to
three-quartet quadruplex compared to the two-quartet struc-that gbserved in the UV melting studies carried out at much
tures. This difference may reflect the influence of the 100ps |ower DNA concentrations. This is consistent with a uni-
on the overall folding energetics. molecular, not associated, melting system. Second, results
Calorimetry. We carried out differential scanning calo-  from equilibrium ultracentrifugation experiments were also
rimetry (DSC) onl in an effort to confirm the two-state  consistent with a single unimolecular species present at both
nature of the melting transition for this folded aptamer. In high and low DNA concentrations (data not shown).
addition, we also wanted to clarify the apparent discrepancy  The next approach to analyzing the calorimetry data was
between the previously reported DSC and UV melting results to allow for a change in heat capacity to accompany the
for this aptamer. In the former, a value of 22 kcal/mol was unfolding transition, i.e.ACr = 0. The most general case

reported forAH® in 100 mM potassium buffer, pH 6.7, in this instance was to allow both folded and unfolded forms
while in the latter it is was found to be in the range 0f39  to have temperature-dependent heat capacities that vary
46 kcal/mol in 20 mM LiPQ, buffer, pH 7, containing 550 linearly in T. This analysis gave excellent fits to the data, as
mM KCI (32) or 43.5 kcal/mol in 100 KCIZ0). shown by the solid line in Figure 4, with a resultingd® of

Results from our DSC experiments, carried out in 100 MM —41.6 kcal/mol and\Cp = —0.155 kcal/mol K ail, = 51.6
potassium phosphate, pH 6.1, are shown in Figure 4. The°C. Similarly, a very good fit was obtained with a constant
simplest analysis assumes a two-state transition with ACp (—0.192 kcal/mol K) in the transition region, but
ACp = 0, neglecting any difference ing®etween the two  somewhat less good in the baseline regions, with a compa-
baseline regions. Application of this model involves smoothly rable enthalpy changé\H® = —42.9 kcal/mol at afl,,, =
connecting the low- and high-temperature segments of the51.5°C.
excess heat capacity curve and subtracting the resulting UV melting studies were then carried out under the same
baseline. The result of this analysis, using several different solution conditions as the calorimetry experiments, except
baseline constructions, led to an unacceptably poor fit of the at lower DNA concentrations, and the melting profiles are
resulting heat capacity curve. Extension to a non-two-state shown in Figure 5. Analysis of these data was carried out
model yielded a very good fit, but with a van't Hoff enthalpy three different ways. First, we fit these UV data as described
change AHy°, ranging from—41 to —46 kcal/mol along above, for the other UV melting experiments, using the
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simple, two-state model for melting of a unimolecular present when all residues are T in the external loops. This
species. This led to &, of 52.0°C and an enthalpy change, pH-induced stabilization is also consistent with the Tr
AH°, of —42.6 kcal/mol (Figure 5, bottom), in good hydrogen bonding in TBA involving the O2 carbonyls as
agreement with that obtained in the calorimetry experiments. acceptor groups. Reduction of the external loops to a single
Second, we fit these data to the sax@ = 0 model used T, as inX, led to a completely different CD spectrum and

to analyze the calorimetry data, imposing the nonze@ hence folding pattern, as might be expected due to the
parameters but fitting to th&H° and T, parameters, as well  difficulty of forming a single base loop.

as the UV baseline parameters. Here, we obtaingghalue Finally, the calorimetry results warrant further discussion.

of 51.8°C and aAH° of —42.6 kcal/mol atTy, virtually From the data shown in Figure 4, it is apparent that the low-
identical to the results above from the simplest model. and high-temperature baselines possess different slopes, and

Third, these UV melting curves were fit to the same hence, the folded and unfolded states of TBA possess
ACp = 0 model used to analyze the calorimetry data, different heat capacities. This behavior was observed in all
imposing all the thermodynamic parameters from the calo- of our calorimetry scans. If this difference in heat capacity
rimetry fit, including theAH® and T, parameters, and only  is neglected, the only model that can fit the data is a non-
adjusting the UV absorbance baseline terms. Here again,two-state model that leads to a low estimateAdfica.®,
excellent results were also obtained in that these parametersignificantly smaller tham\Hyy,°. The usual interpretation
produced an excellent fit to the data (see Figure 5, top). Thus,0f such results invokes some type of aggregation, but several
a two-state transition model with a change in heat capacity lines of evidence indicate that no such aggregation occurs.
is able to fit both UV melting and differential scanning Accounting for the differences in heat capacity allows for a

calorimetry data. good fit of the data, and produces/H° value at the
correspondindly, in good agreement with that determined
DISCUSSION by UV melting.

) ) Most thermodynamic studies of DNA denaturation have

We have examined the effect of a variety of sequence peen analyzed with the assumption that there is no difference
changes in the loops of the thrombin aptamer on its i, heat capacity between the initial and final sta®% 86—
thermodynamic stability. Most of the changes in the central 39), although several studies have reported heat capacity
loop lead to a decrease in thermodynamic stability, indicating -hanges associated with denaturation of duplexes and higher
that, at least among the sequences explored, the -TGT-yger structures4Q, 41). The question of heat capacity
sequence of is optimal for stability. These effects may changes accompanying duplex melting has been examined
involve changes in both stacking interactions and cation quantitatively in several recent reports. Breslau) @nd
binding. Interestingly, loop length appears to play an cq.workers have observed an averages of about 65 cal
important role in overall stability as well. This is evident (mol base pair)! for denaturation of a series of polynucleo-
from the significant decrease in stability ¥il compared tide duplexes. Record and co-workerd3) observed a
tol. T_he substantially onveTm for VII arises from.a more  hositive AC» of about 57 cal (mol base paif)accompanying
negative entropy of folding, the enthalpy of folding being yenaturation of a short duplex, in good agreement with the
very similar to that ofl. This implies that there is no gy nucleotide result. This was interpreted in terms of
additional stabilizing interactions within the 4-T loop, but changes in solvent exposure of both polar and nonpolar
there is an entropic cost to forming this loop, relative to a groups. The overall process of duplex formation was
3-T loop. Similarly, the -TT- central loop leads t0 @ gescribed as involving several steps which influence the final
pronounced decrease in stap|llty arising from a sgbgtantlally result: folding of individual stands, partial stacking of strands
lower enthalpy change, possibly reflecting the strain involved ;4 produce a stacked helical structure and docking of two
in decreasing the central loop from three to two nucleotides. ¢,ch stacked helical structures to form a duplex. For the
Additionally, there may be a loss of stacking between the \nimolecular quadruplexes studied here, only the first process
loop and neighboring quarte5{8). is involved. However, the heat capacity differences between

Altering the four-base sequence to correspond to one ofthe folded and unfolded state are still expected to depend
the unusually stable tetraloop sequences, as exemplified byon the net changes in solvent exposure of polar and nonpolar
VIII andIX, can compensate for some of this destabilization. groups. Formation and stacking of two guanine quartets likely
Interestingly, in these two cases, the stability is enhancedinyolves sequestration from solvent of a significant nonpolar
by virtue of a less unfavorable entropy of folding, as the surface area and thus melting of such structures may be
enthalpy terms are slightly less favorable thavih. This expected to entail an increase in heat capacity, as observed
contrasts with the observations made in duplex hairpin in our DSC experiments.
tetraloops, indicating that the stabilization derives from a  The similarity in the enthalpy changes fbrdetermined
more favorable enthalpy changé|. by the simple analysis of UV melting curves and by the more

Our results on the impact of replacing single Ts in the complicated analysis of DSC data suggests that the simpler
external loops with Cs provide indirect evidence for hydrogen analysis provides a reasonable estimate of thermodynamic
bond formation between these loops, as observed in the NMReffects of the indicated sequence differences. To explore this
structures §). Feigon and co-workers carried out similar question in greater detail, we reanalyzed the UV melting data
substitutions, although they were unable to detect directly for eight of the sequences included in Table 1, covering the
resonances corresponding to thei@ino proton at low pH range ofT, andAH® values. We applied th&Cp = 0 model,
(8). Nonetheless, the fact that the C-substituted aptamersimposing the heat capacity parameters determined from
exhibited the same stability as TBA at low pH suggests that analysis ofl, but fitting for AH®, T,, and the UV baseline
protonation of the cytosines restored the hydrogen bonding parameters. The resultidgH° values at their respectivie,'s
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agreed to within 1 kcal/mol or less with those in Table 1.

When these enthalpy changes were calculated at a common

temperature of 37C, they differed by 3 kcal/mol or less
from those in Table 1. Finally, when th®G® (37 °C) was
recomputed for these eight sequences, their ranking with
regard to stability was unchanged from that inferred from
Table 1. Therefore, our conclusions concerning the effects
of loop changes on thermodynamic stability are valid even
though they are based on the simpler analysis.

With regard to previously reported data on other quadru-
plexes 44), our values forAH® per quartet range from 15
to 23.5 kcal/mol, with most values falling between 18 and
21 kcal/mol, and are in good agreement. While our value
for AHca,° for |, determined from an analysis that assumes
ACp = 0, is larger than that reported previousk),(they
are both significantly smaller thahH®° determined by van't
Hoff analysis of UV melting curves (our results and 82)
or determined by analysis of calorimetric melting curves with
ACp = 0. These differences il\Hca ® may arise from
differences in baseline construction, which can be significant
when initial and final baselines have different slopes. Finally,
our results indicate a very strong enthalmntropy com-
pensation effect throughout the entire set of oligonucleotides,
as has been reported in other DNA melting studis). (

In summary, the relatively rapid kinetics characteristic of
unimolecular quadruplex formation/dissociation observed in
our studies facilitates the thermodynamic analysis of these
systems. UV melting studies can provide good estimates of
the thermodynamic parameters, although DSC studies may

be necessary to assess the importance of heat capacity,g

changes accompanying the unfolding of these small qua-
druplexes. Changes in loop sequence and composition have 29. Jin, R., Gaffney, B. L., Wang, C., Jones, R. A., and Breslauer,
a significant effect on the stability of the resulting structure,

although the largest increase in stability arises from addition 30-

of a third quartet. Although such a three-quartet sequence
was not identified by the in vitro selection process as a tight

binding ligand for thrombin, it may well possess this property 3o

along with increased thermodynamic stability.
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