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ABSTRACT. The thermodynamics of nine hairpin DNAs were evaluated using UV-monitored melting curves
and differential scanning calorimetry (DSC). Each DNA has the same five-base loop and a stem with
8—10 base pairs. Five of the DNAs have a tandem mismatch in the stem, while four have all base pairs.
The tandem mismatches examined (ga/ga, aal/gc, ca/gc, ta/ac, and tc/tc) spanned the range of stability
observed for this motif in a previous study of 28 tandem mismatches. UV-monitored melting curves were
obtained in 1.0 M Na, 0.1 M Na", and 0.1 M N& with 5 mM Mg?*. DSC studies were conducted in 0.1

M Na*. Transition T, values were unchanged over a 50-fold range of strand concentration. Model-
independent enthalpy changesH®) evaluated by DSC were in good agreemeh8%) with enthalpy
values determined by van’t Hoff analyses of the melting curves in 0.1 M Wae average heat capacity
change AC,) associated with the hairpin to single strands transitions was estimated from ploks°® of
andAS’ with Ty, and InTr, respectively, and from profiles of DSC curves. The averaGg values (113

+ 9 and 42+ 27 catK~*mol™! of bp), were in the range of values reported in previous studies.
Consideration oAC, produced large changes AH° andAS’ extrapolated from the transition region to

37 °C and smaller but significant changes to free energies. The loop free energy of the five tandem
mismatches at 37C varied over a range of4 kcatmol~! for each solvent.

Accurate prediction of the stability of hybridized DNA influenced by their sequence as well as the sequence of
strands is important to a number of molecular biology adjacent base pairs. The DNA transitions were examined in
techniques such as polymerase chain reaction, Southerra gel buffer with 45 mM Tris Borate, formamide, and 2 mM
blotting, and DNA microarray diagnostics involving DNA  Na'. Although the TGGE method enabled the simultaneous
hybridization. In each of these methods, a DNA strand comparison of a number of sequences, the stability param-
hybridizes to a complementary DNA target site in the eters estimated by this method may not be comparable or
presence of a large number of other competing sites. Somescaleable to the 1 M Nasolvent used in most thermody-
of the competing DNA sites will have sequences similar to namic studies. To explore this question, thermodynamic
the target site. To determine conditions that maximize parameters of tandem mismatches in hairpin DNA oligomers
selective hybridization between a probe DNA and its target were evaluated by DNA denaturation in a 1.0 MNalvent
site and minimize hybridization to other sites, it is important and in solvents with 0.1 M Nig and 0.1 M N4 plus 5 mM
to know the influence of mismatches (non-Wats@rick Mg?t.

base pairs) on DNA hybrid stability. Another instance where  The five tandem mismatches examined were selected from
single or tandem mismatches may occur is in folded-back those previously studied by TGGE and spanned the highest
single-stranded sequences, which may occur in éyd . to lowest stabilities evaluate®){ The sequences ga/ga, aa/
Thermodynamic parameters have been evaluated for agc, ca/gc, ta/ac, and tc/tc were embedded in a hairpin DNA
number of sequences with single base pair mismatd®s ( structure with a five-base loop and eight base pairs in the
however, relatively few studies have been published on thestem (Figure 1). Four similar hairpin DNAs with all
thermodynamics of tandem mismatches. Li and Agar®gl ( Watson-Crick base pairs in the stem were also examined.
evaluated thermodynamic parameters for the ga/ga tandenmyv-absorbance monitored melting curves and differential
mismatch surrounded by different closing base pairs. When scanning calorimetry (DSEyvere employed. Two van't Hoff
flanked by a CG and GC this tandem mismatch, CgaG/ methods were used to analyze the optical melting curves.

CgaG, provides a sequence of unusual stabisly Ify this Our results showed that enthalpy values evaluated by DSC

paper lower lcase atcg’ ddes%lgnate mlsmstct:)hed bages an%nd the van't Hoff analyses of optical melting curves in 0.1
upper case letters are used for Wats@imick base pairs. — \; Nat were generally in good agreement with each other

Ke and Wartell §) employed temperature gradient gel (g AH° values evaluated by the two van't Hoff analyses
electrophoresis (TGGE) to explore the relative stabilities of ¢ UV-melting curvesih 1 M Na* were within 6% of each

28 tﬁndemfmfi}smatcf&es in _DNA ?]uplex fragr;:ents. Thbe other except for the hairpin DNAs with GpA steps where
stabilities of the tandem mismatches were shown 10 be e gifference was 12%. The larger deviations may indicate
non-two-state characteristics in the transitions of these DNAs.
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Thermodynamics of DNA Tandem Mismatches
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Ficure 1. Sequence and schematic hairpin structure of the DNA
molecules examined. Each DNA is named according to the
nucleotides of the internal loop. The —/— — molecule contains
only eight base pairs in the hairpin stem. The A/T molecule contains
one Watsonr-Crick bp at the location of the tandem mismatches in
the other molecules.

The average heat capacity changecf) associated with
the DNA hairpin to single strand transitions was estimated
from plots of enthalpy and entropy as a functionTgfand
from the DSC transition profiles. Although the two ap-
proaches gave different values fa€C, (113+ 9 and 42+
27 catK~1-mol™* of base pairs), both are in the range of
values determined from previous work on two-stranded DNA
duplexes 2, 4, 11, 16. The loop free energy contribution
of the five tandem mismatches at 3Z in 1 M Na' ranged
from —3.0 kcatmol™* for ga/ga to+1.1 kcatmol™ for ta/
ac. A similar range of values was observed for the other
two solvents.

EXPERIMENTAL PROCEDURES

OligodeoxynucleotidesThe oligodeoxynucleotides used
in this study have the sequence@ATCXYGCTGATC-
TACAGCWZGATC-3, where XZ and YW represent mis-
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molecules in this work are referred to by the bases located
at positions 5,6 and 21,22 (XY/WZ) in the above core
sequence. The DNA hairpin designated—/— — (Figure
1) has no bases in the positions represented by X, Y, W,
and Z. The A/T DNA hairpin DNA contains one-A base
pair at the location of the tandem mismatches (Figure 1).

DNA ConcentrationsThe concentration of each oligo-
nucleotide was determined by degrading the DNA with
Croatalus adamanteusenom phosphodiesterase | (USB
Corp or Worthington Biochemical Co) and measuring the
resultant absorbance at 260 nm. A stock phosphodiesterase
solution was made at a concentration of 1 mg/mL (31 units/
mL) in a buffer containing 110 mM NacCl, 110 mM Tris-
HCI, pH = 8.9, and 15 mM MgGCland stored at 4C. The
oligonucleotides at approximately 0.3 OD/mL were degraded
in the same buffer at a final concentration of 0.5 units/mL
phosphodiesterase. Each reaction was incubated°& aatil
an absorbance plateau was assured4(B). Oligonucleotide
concentrations were determined from &@fvalues and the
extinction coefficients of the mononucleotide®4). Con-
centrations were also estimated using extinction coefficients
calculated for single strands based on dinucleotide frequen-
cies @) and absorbance values of denatured oligomers
measured at 90C. The latter approach produced concentra-
tions similar to those determined by enzyme degradation for
some oligonucleotidesH6%) but not others. For this reason,
only concentration determined by phosphodiesterase degra-
dation was utilized.

UV Melting ExperimentsUV absorbance was employed
to monitor the melting transitions of the hairpin molecules.
The DNA was diluted to a concentration of approximately
0.45 OD/mL at 260 nm (approximately 1.8 strand) in
either 1.0 M NaCl and 0.01 M MOPS (pH 7.0), 0.08 M NaCl
and 0.01 M NaHPQ, (pH 7.0), or the latter buffer with 5
mM MgCls,. Prior to being loaded into the spectrophotometer,
samples were denatured at 96 for 3 min, then slowly
cooled to room temperature to allow annealing. Samples were
placed in 1 cm path length quartz cuvettes. A Cary 100
spectrophotometer (Varian, Inc.) was used to measure
absorbance as a function of temperature at 268 and 280 nm
with a heating rate of 0.5C min % Temperature was
measured with a platinum resistance probe inserted into a
solvent cell adjacent to the sample. Absorbance readings were
taken every 0.2C over a range of 2595 °C or 15-95°C.
Four or more melting transitions were obtained for each
sample. Reverse transitions closely followed forward transi-
tions.

The ga/ga, AA/TT, and- —/— — molecules, predicted to
be among the most stable, were also prepared at concentra-
tions of 0.8 and 4&M in 1.0 M NaCl and 0.01 M MOPS,
and melting curves were obtained. Thei samples were
denatured n a 2 mm path length cell. The midpoint
temperature of the transitions,, for these three molecules

matched or complementary base pairs. In a few cases, onalid not change significantly over the 50-fold concentration
or both of the base pairs were omitted. The oligonucleotides range. For the AA/TT hairpinT, values were 78.54 0.19

were obtained commercially and purified using an Agilent
Technologies Inc. 1100 series HPLC system with a Dionex
DNAPac PA-100 column. A sodium perchlorate gradient was
employed (7.5-145 mM). All oligonucleotides produced a

single band on a 16.5 cx 20 cm 20% polyacrylamide gel.

Based on ethidium bromide staining sensitivity, they were
estimated to be at least 95% pure. The hairpin DNA

and 78.04+ 0.06°C at 0.8 and 4@M strand concentration,
respectively. For the- —/— — molecule, the values were
78.70+ 0.39 and 78.73 0.38°C, and for the ga/ga hairpin,
the T's were 69.34+ 0.23 and 69.75+ 0.31°C.
Calculation of Thermodynamic Parameters from UV
Denaturation Cure. Absorbance vs temperature data ob-
tained from the denaturation or “melting” curves were
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expressed in terms of the fraction of molecules in the single- 10
stranded state}s, using the following equationl®): 09 -
038 -
Op(T) = [A(T) = Ay MV Aol = AydM] (1) 07 ]
A(T) is the absorbance of the sample at temperatiyiand o) 32 ]
Aore(T) and Apos(T) are the pretransition and posttransition 04 |
linear baselines of the denaturation curves. The derivative 03
melting curve was determined by dividing the increments 02 |
AOg(T) by the temperature incrementdT. SigmaPlot 01 4
software was used to perform a 13-point Lowess smooth on 00
the raw data and an 11-point smooth on the derivative curve. 40

Assuming the helix-coil transitions are two-state transi-
tions, a van't Hoff analysis was used to evaluate the enthalpy
and entropy at thé&, using the following equationY:

Temperature (C)

FicUrRe 2: Normalized melting curves of three DNAs in 1M Na
solvent: (&) the solid line represents the denaturation curve of the
aa/gc DNA, and the dotted line is the renaturation curve; (b) long

o _ 2 . -
AH® = 4RT,, (dHB(T)/dT)Tsz 2 dashed and dastdot—dash lines are the denaturation and rena-
turation curves of the ga/ga DNA, and these two curves are shifted
AS = AH°IT,, (3) five degrees lower to prevent overlap with AA/TT curves; (c) short

dash and the dastdot—dot lines are the denaturation and rena-

AH° and AS® are the enthalpy and entropy changes of the turation curves of the AA/TT DNA.

transition,R is the gas constant (1.987 da.rl-mol"l), and excess heat capacity curve. Standard deviations of the

(dOs(T) /dT)r=r, is the height of the derivative melting curve  enthalpy change were based on multiple scans and runs for

at the Ty, , _each DNA. To estimate the heat capacity change for a DNA
A second van't Hoff method was also used to determine paiinin transition, linear pre- and postbaselines were ex-

AH® and AS’ values averaged over the region of the anojated to thd, value, and the difference between them
transition. In this approach, a nonlinear least-squares regresy,as measured.

sion (SigmaPlot) was employed to evaluael® and AS’ It was noted that the melting temperatures of DNA samples
pairs that best fit the shape of the DNA melting curves. measyred by DSC were always higher than the DNA samples
Assuming a two-state monomolecular transition, the fraction oyamined spectrophotometrically by 210.6°C. This was

of strands in the coiled statés(T), can be related to the  ghown to be due to a difference in calibration of temperature
enthalpy and entropy change through the equatin ( probes. Denaturation of a single DNA hairpin sample was

EUNET _ _ monitored by both DSC and UV absorbance, and The
AH® + TAS = RTIn[(0(T)/(1 = G5(T)] (4) value evaluated by DSC was shown to be Tthigher than
For each transition curveAH° and AS® that best fit eq 4  the Tm determined by the UV melting curve. Since the
were determined. These values were generally very similar l€mperature probe of the Cary 100 was shown to be within
to those evaluated from egs 2 and 3. +0.2°C of a NI_ST-callbrated thermometer from 30 to 80
Differential Scanning CalorimetryCalorimetry experi- C» We Systematically reduced DSG, values by 2.0C and
ments on the hairpin DNAs were conducted with a Nano eport these corrected values in Table 3.
DSC series Il differential scanning calorimeter (Calorimetry RESULTS
Sciences Corporation, American Fork, UT). The buffer used
in the DSC measurements was 0.08 M NaCl and 0.01 M Design of Oligodeoxynucleotide&igure 1 shows the
NaHPQ,, pH 7.0. Stock solutions of the DNA samples were expected structures of the nine DNA molecules examined
diluted approximately 10:1 to a concentration of 100 in this study. The DNA oligomers with tandem mismatches
strand. DNA and reference solutions were degassed for atwere designed to fold into hairpin molecules with a five base
least 30 min and run under three atmospheres of pressurehairpin loop and a stem of eight Watse@rick paired bases
For each run, bufferbuffer scans were made from 15 to 95 interrupted with two tandem mismatches. Control molecules
°C four times to provide baselines for the sampbeiffer had either eight paired bases in the stem, or one or two
scans. The heating rate was@ min—. Each DNA sample  additional WatsorCrick pairs in place of the tandem
was then heated and cooled four times over the same 15 mismatches.
95 °C range and at the same heating rate. A minimum of Thermal Denaturationri 1 M Na'. Figure 2 shows
two separate runs using independent samples were made foexamples of UV monitored melting curves of a control DNA
each DNA. and two tandem mismatch DNAB iL M Nat. Absorbance
The raw data was converted to apparent molar heatchanges were normalized to a0 scale and results are
capacity vs temperature using the CpCalc software (Calo- presented in terms of fraction of molecules in the single-
rimetry Science Corporation). A buffebuffer scan was  stranded coil state. The transitions were highly reversible.
subtracted from each samplbuffer scan, and a quadratic The solid line and overlapping dotted line show the
polynomial baseline was fit to the plot to obtain the excess denaturation and renaturation transitions for the aa/gc hairpin
molar heat capacity curve. The resultant data was exportedDNA (curve “@”). The denaturation and renaturation transi-
to the SigmaPIlot program for plotting. The enthalpy change tions of the ga/ga DNA molecule are shown as curve “b”
of a transition was evaluated by integrating the area underand are shifted 3C lower in the figure to prevent overlap
the curve.T,, values were determined from the peak of the with the transitions of the AA/TT hairpin DNA designated
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Table 1: Thermodynamic Parameters Evaluated from DNA Transitions in 1.0 M Na

peak height  curve fit peak height  curvefit  AC,-corrected
Tn(°C)  Tm(°C) —AH —AH peak height curve fit —AGj, —AG3, —AGS,

DNA mfold (expt) (kcakmol™)  (kcaktmol™)  —AS(eu) —AS(eu) (kcaktmol™) (kcaFmol )  (kcalFmol™?)
- —/—= 81.4 77.7£04 52.6+ 0.4 52.7+ 2.6 150+ 3 150+ 8 6.11+0.15 6.22+-0.44 4.65+ 0.50
AIT 80.7 78.1+ 0.4 59.9+ 1.7 58.6+ 4.4 175+ 14 167+ 13  7.21+0.63 6.68+ 0.51 452+ 0.43
AATT 80.9 79.2+0.2 64.0+ 1.1 590.7+ 2.8 182+ 3 170+ 8 7.66+0.12 6.95+0.38 5.29+ 0.57
GA/TC 84.3 82.6+ 0.2 65.0+ 1.6 56.4+ 2.7 183+ 5 159+ 7 8.33+0.22  7.05+0.46 5.37£ 0.64
galga 62.3 77.40.2 66.9+ 1.4 58.8+ 3.1 191+ 4 168+ 9 7.77£0.17 6.57+0.43 5.33£ 0.63
aa/gc 61.7 68.5% 0.3 472+ 2.4 46.7+ 4.1 138+ 7 137+ 12 4.35+0.21 419+ 0.44 3.18+ 0.35
ca/gc 60.0 62.% 0.3 39.6+1.4 414+ 2.0 118+ 4 123+ 5 3.05+0.13  3.32+:0.56 2.36£ 0.24
ta/ac 62.3 58. & 1.1 32.6+ 0.3 33.0+1.2 99+ 1 100+ 4 2.14+0.09 1.93+0.13 1.40+ 0.15
te/tc 60.0 54,9t 0.4 41.4+ 0.8 41.5+1.4 126+ 3 127+ 4 2.25+£0.05 2.19+0.12 1.84+0.21

a AG3, was calculated after extrapolating the averadé and AS transition values to 37C usingAC, as described in text.

Table 2: Thermodynamic Parameters Evaluated from DNA Transitions in 5 mkft &igd 0.1 M N&

peak height curve fit peak height curve fit AC,-corrected
—AH —AH peak height  curve fit —AG}, —AG}, —AG,

DNA Tm (°C) (kcalmol™) (kcalmol™) —AS(eu) —AS(eu) (kcakmol™) (kcakmol™) (kcalmol™)
- —/== 72.3+0.1 56.0+ 1.3 53.9+ 2.9 162+ 4 157+ 8 5.73+£0.13 5.40+ 0.31 4.36+ 0.5
AIT a a a a a a a a
AAITT 71.4+0.1 66.5+ 1.7 63.4+ 3.5 193+ 5 184+ 10 6.64+ 0.17 6.27+ 0.36 5.15+ 0.55
GA/TC 77.1+ 0.2 67.8+ 1.5 62.4+ 1.9 194+ 4 179+ 5 7.76+ 0.17 7.014+0.23 5.474+ 0.63
ga/ga 71.5- 0.3 65.3+ 2.0 62.0+ 4.7 190+ 6 181+ 14 6.54+ 0.17 6.01+ 0.50 4.78+ 0.53
aal/gc 63.6t 0.5 53.4+ 1.0 53.2+£ 2.0 161+ 6 159+ 6 4.30+ 0.24 4.08+ 0.18 2.87+0.27
calgc 57.5+£ 0.3 418+ 1.4 42.8+ 2.4 127+ 4 130+ 8 2.59+ 0.09 2.58+ 0.15 1.964+ 0.20
ta/ac 53.4+ 0.8 35.6+ 1.3 36.3£ 1.3 109+ 4 112+ 4 1.78+0.11 1.704+ 0.06 1.36+0.18
tclte 478+ 0.4 38.2+1.4 38.1+ 2.5 119+ 5 119+ 8 1.294+ 0.02 1.27+0.11 1.104+0.13

aNot determined.

as “c”. TheT, of the AA/TT DNA was 79.2°C, while the experimentally observed. A comparison of the thermody-
Tm of the ga/ga DNA was 77.7C. namic parameters used by this program for tandem mis-
Table 1 lists thermodynamic parameters of the nine DNAs matches with those determined from the current work is
evaluated from tb 1 M Na melting curves using the two  discussed later.
van't Hoff methods described earlier. Th&G}, values DNA Transitions in 0.1 M Naand 5 mM Mg*. Although
represent free energies calculated atGassuming thahH°® melting experiments are conventionally conducted in 1.0 M
andAS’ evaluated in the transition region are independent Na", intracellular monovalent cation concentration under
of temperature. The\Gg, column lists the free energies common physiological conditions is generally lowerQ(2
assuming temperature depend&ht® andAS’. The enthalpy M), and magnesium is preser)(To compare DNA stability
and entropy change at 37C were calculated from the parameters evaluatetd BM Na* with parameters evaluated
averageAH° and AS’ values evaluated at thE,'s by the under more physiological conditions, the DNA hairpin
two van't Hoff methods using the estimated heat capacity transitions were examined in 0.1 M NaCl and 5 mM MgCl
change of 75 caK~*-mol~! bp (described below). Table 2 shows the enthalpy and entropy parameters for DNA
AH° values obtained by the two van't Hoff methods were hairpin formation evaluated by the peak height and the curve
generally very similarl; however, two larger than expected fit methods.
differences were observed. The GA/TC and ga/ga hairpin  The two methods gave very similar results4%). The
DNAs gave the largest difference i\H® using the two largest difference was seen for the GA/TC DNA (8%). The
methods (12.5%) compared to 6% or less for the other DNAs. AH® values determined for the 0.1 M Nand 5 mM Mg*
A characteristic distinguishing these two molecules from the buffer were within 12% of thé\H® values measured in 1.0
others is a GpA step at positions 5 and 6. The presence ofM Na* for each of the DNAs studied. As in Table 1, free
this dinucleotide step may contribute to intermediate melting energy values at 37C without and with temperature-
states in this solvent. We note that the average standardcorrectedAH® andAS’ values are given bG;, andAGS,
deviation for the peak height method was smaller than the respectively.
average deviation for the curve fit method (1.2 vs 2.7  DNA Transition Thermodynamics in 0.1 M Nalable 3
kcalmol™). Thermodynamic parameters were not obtained lists the results of the analysis of UV-monitored denaturation
by differential scanning calorimetrynil M Na" since the curves as well as DSC data in 0.1 M Narhe two van't
transitions occurred at a relatively high temperature and it Hoff methods for determining thermodynamic parameters
was difficult to define posttransition baselines and obtain produced results that were close to each other. The largest

reliable parameters. difference observed, for the A/T molecule, was still within
Table 1 listsT,, values of the hairpin DNAs calculated experimental error.
using the Mfold program1@) in 1 M Na'. Values predicted Figure 3 shows examples of the molar heat capacity curves

by Mfold for the five tandem mismatch DNA hairpin from DSC experiments in 0.1 M NaShown are curves for
molecules vary over a range significantly smaller than that one duplex molecule (A) and three mismatch molecules (B
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Table 3: Thermodynamic Parameters Evaluated from DNA Transitions in 0.1 MDégermined by Analysis of UV Denaturation Curves and
by DSC

UV Denaturation

peak height curve fit peak height curve fit Cp-corrected
—AH —AH peak height  curve fit —AGj, —AGj, —AG,
DNA Tm (°C) (kcakmol™1) (kcakmol™) —AS(eu) —AS(eu)  (kcakmol™) (kcakmol™1) (kcakmol™1)
——/-= 71.0£0.2 62.7+ 1.7 61.7+1.4 182+ 5 180+ 4 6.2+ 0.18 6.6t 0.15 5.0+ 0.16
AIT 69.1+ 0.2 63.8+ 1.6 57.8+£ 4.7 187+ 5 170+ 14 6.0+ 0.14 5.2+ 0.47 4.4+ 0.24
AATT 68.3+0.3 69.4+ 1.8 68.3+ 3.2 204+ 5 200+ 10 6.4+ 0.17 6.20+ 0.30 5.1+ 0.22
GA/TC 73.6+£ 0.3 75.6+ 3.3 75.7+£ 4.7 218+ 10 219+ 14 8.0+ 0.36 7.9+ 0.52 6.4+ 0.41
galga 68.9- 0.2 69.5+ 0.9 66.7+ 2.9 203+ 3 196+ 9 6.5+ 0.06 6.1+ 0.30 5.1+ 0.15
aalgc 58.0t 0.2 56.6+ 1.6 56.0+ 3.2 171+ 5 169+ 10 3.6+ 0.12 3.5+ 0.17 3.1+ 0.14
ca/gc 50.8£ 0.4 43.8+£ 2.0 46.6+ 2.7 135+ 6 144+ 8 1.8£0.14 2.1+ 0.15 1.7+0.14
ta/ac 45.4+ 0.4 39.1+ 1.6 40.4+ 2.9 120+ 5 127+ 9 1.0+ 0.08 1.2+ 0.13 1.4+ 0.10
tc/tc 454+ 0.2 49.2+ 0.5 48.6+ 1.2 155+ 2 153+ 4 1.3+ 0.08 1.3+ 0.05 1.1+ 0.04
DSC
C,-corrected
—AH —~AG}, —~AGS,
DNA Tm(°C) (kcalF-mol™1) —AS(eu) (kcalF-mol™) (kcalF-mol™1)
--f-- 714+ 0.5 55.5+£ 2.3 160+ 7 5.88+ 0.20 4.81+ 0.49
AIT 68.7+ 0.1 67.2+1.1 196+ 3 6.53+0.13 5.40+ 0.56
AAITT 69.4+0.1 64.3t 2.1 187+ 6 6.42+ 0.20 5.11+ 0.53
GA/TC 73.5+ 0.2 75.1+4.8 215+ 14 8.35+ 0.48 6.92+ 0.69
ga/ga 68.3: 0.2 62.2+ 4.4 181+ 13 6.04+ 0.38 4.98+ 0.50
aalgc 58.2£ 0.1 54.0+ 1.9 162+ 6 3.76+ 0.17 3.24+ 0.32
cal/gc 51.6£ 0.1 43.3+ 1.5 133+ 4 2.26+£0.16 1.80+ 0.18
ta/ac 46.2:0.5 36.2+ 3.2 113+ 10 1.22+0.16 1.07+ 0.09
tcltc 449+ 0.4 39.6£1.4 124+ 4 1.20£ 0.15 1.06+ 0.10

D). The area under each curve was determined after fitting calorimetricAH data vsTy, for the DNA hairpins with 10

a quadratic polynomial baseline (dashed lines). This areapaired bases. The slope of the linear regression is 1214
along with the temperature value at the curve peak was used36 catK —*-mol! of oligomer with anR? of 0.97. A plot of

to obtain calorimetric thermodynamic parameters listed in the entropy data produces a linear regression slope of 1040
Table 3. Figure 4 illustrates the difference between the van't 4+- 98 catk ~X-mol~! of oligomer with a similafR2. Rouzina

Hoff and calorimetric enthalpies determined for the DNA and Bloomfield (1) derived equations relating the two slopes
molecules in 0.1 M Na The van't Hoff values are to AC, and the average transition entrogys

represented by solid circles, while the calorimetric enthalpies

are open circles. Gray shading shows a 15% range on either dAH(T.)/dT., = pAS+ AC (5a)
side of the van't Hoff values. Except for the tc/tc DNA, the .
calorimetric enthalpies fall well within 15% of the van't Hoff AT, )0In T, =—(1— p)AS+ ACp (5b)

enthalpies. For the tc/tc molecule, the difference is 20%.
Estimating Heat Capacity Change from DNA Hairpin
Transitions.Figure 3B shows linear baselines to the pre- and
posttransition regions for a DSC curve of thétdacDNA : " g —

hairpin and the extrapolated difference in heat capaaiG, gsngz_;l\_rzgoieij (lloeiwpe)znGenthalpy and entropy = pAG,

at theTp,. The value ofAC, is 280 calK~1-mol~%. Similar ) ! o

analyses of other DNA DSC curves produced small and !fthe changes in the DNA hairpin sequence produce purely
positive AC, values ranging from 250 to 960 ei-L-mol-* enthalpic perturbationg,= 1, and the slope evaluated from
of oligomer. The value obtained for any given DNA was the entropy data equalsC, . If p is uncertain, one may
not, however, highly reproducible. Slight differences in buffer estimateAC, as the arithmetic mean of the two slop&s)(
scans and the strong influence of subtracting buffer scansAssuming the latter and dividing the heat capacity change
from sample scans on the pre- and posttransition slopes mad®y the 10 paired bases in the stem, one obtai@s = 113
accurate evaluation &C, difficult. Figure 3A, for example, =+ 9 catK™*mol~* of bp. This value and the one determined
illustrates a DSC curve of the AA/TT DNA where the heat from the DSC curves are in the range of values obtained in
capacity change between helix and coil states appears to bgrevious studies on duplex DNA2,(11, 1. Given the
zero. Other DSC curves for this DNA gaveC, values experimental uncertainties in evaluating, the average of
ranging from 190 to 550 ced ~:mol~* of oligomer. Averag-  these two valuesAC, ~ 75 catK :mol™* of bp, was

ing theAC, values determined from 20 transitions of hairpin employed to calculate the temperature-dependent enthalpy
DNAs with 10 paired bases in the stem produced an averageand entropy changes from thg, values toT = 310 K in

where p is the proportion (0O< p < 1) by which the
perturbation giving rise to the change in enthalpy and entropy

value of AC, = 42 £ 27 catK~1-mol™! of bp. Tables 1-3 using the equations
Another method for estimatindC, from the data is to
plot the enthalpy and entropy changes of the DNA hairpin AH(T,)) = AH(T) + AC(T,, — T) (6a)

transitions as a function of thd@, and In T, values,
respectively 2, 11). Figure 5 shows the plot of the AS(Tm)zAS(T)"‘ACp In(T/T) (6b)



Thermodynamics of DNA Tandem Mismatches Biochemistry, Vol. 43, No. 30, 20048923

B te/ee
A)' By BA/TT )
- St
41
9 6 g |
E b
¢ 3
. 'E' [
£ i =
5 4 = -
— o 3IrF
=% ) L
L&) B o
2+ 2|
N T T N A A B O N T
a 24 40 (31} 80 100 a 20 40 E.g 80
Temperature [DC] Temperature [ C)
[ ga/ga D) M aa/gc
©)
ér L
L — &
3 El:
g af =
b ¥ ogl
i —~
o oo
o &)
3 v
= ozt — ar
& [ - &t
Gl 3 N
0_ -
I T T O I O | {2 N T T T T T T T Y I I |
0 20 a0 &0 80 100 o 20 490 &0 a0 100
[u] [u]
Temperature | C) Temperature | C)
Ficure 3: Representative molar heat capacity curves with baselines for the DNAs: (A) AA/TT; (B) tc/tc; (C) ga/ga; (D) aa/gc.
100 80 -
*
70
£ _ 60 4
g 80 % 2507
g 3
= . & £ 40+ *
c -
S % @ & T 30
@ 60 <
0 '
g ¢ 8 201
8 L] 10 A
s 8
T 40 5] 0 ; ; )
' 310 320 330 340 350
Tm
Ficure 5: Plot of enthalpy change measured by DSC of DNA

20 T T T T T T T

GAITC galga AATT AT - aslge calge falac  tolc hairpins with 10 paired bases in stem vs thBjrvalues.

Hairpin DNA molecules

FIGURE 4: Comparison of measured van't Hoff and calorimetric AG Subtracts the ener et|C Cont“butlon of the
enthalpy values for transitions in 0.1 M Naolvent. Filled circles ntertupied base palr g

represent the van't Hoff values, while open circles represent the parts of the DNA molecule not involved in the Ioop.' The
calorimetric data. Gray boxes show a 15% range on either side of ffée energy of the-/— DNA molecule represents the “hairpin
each of the van't Hoff values, not including error bars. without the loop” and previously measured stacking free
energy of the CG/CG doubletl?) was used for the
interrupted base pair. The first column in Table 4 lists loop
free energiesﬁ(Gj‘;op) calculated from free energies that
assumed temperature-independent enthalpy and entropy
changes. The second column lists loop free energles (
loop) Calculated from enthalpy and entropy changes evalu-
ated at 37°C using eq 6 and the estimated heat capacity

The last term of the equationAGnaimpin without loop —

Determination of Internal Loop Contributiofable 4 lists
the free energy of the tandem mismatch loops at@7The
values were calculated using the equation

AG"Ioop = AG"hairpin with loop (AGhairpin without loop ™
AGinterrupted base pa}r (7)
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Table 4: Loop Free Energies of Tandem Mismatches Evaluated for sequence CAAG/CTTG. Th&(AG) value for the tandem

1 M Na*, 0.1 M Na and 5 mM Mg@", and 0.1 M Nd Data Using mismatches ga/ga, aa/gc, ca/gc, ta/ac, and tc/tc wérd,
Eq 7 1.4, 1.9, 2.5, and 3.0, respectively. From Table 1, corre-
1M Na* sponding values fol M Nat are —0.3, 2.3, 3.3, 4.2, and
" . 3.6. Although the range of values is similar, the differences
tandem AGigp AGiggp cannot be reconciled by a scaling factor and may be due to
mismatch (kcalmol™) (kcalmol™)

the different solution conditions employed in the two studies,

gzgg :g'g :8'(7) assumptions made in the TGGE analysis, or both.
calge 0.8 01 Loop free energy values from the current study may be
ta/ac 2.0 1.1 used to improve stability predictions of DNA hybrids
tc/te 18 0.7 involving tandem mismatches in the context CXYG/CWZG.
0.1 M Na and 5 mM Mg+ Since only six of the 78 possible tandem mismatches for
, S this one symmetrical context were evaluated, parameters on
tandem AGp,, AGR,, . .
mismatch (kcatmol ) (kcakmol-3) other tandem mismatch sequences are need_gq. The combined
use of TGGE to determine the relative stabilities of a large
ga/ga -3.0 —2.6 . . .
aalge 07 0.2 set of sequences and a more detailed thermodynamic analysis
cal/ge 1.0 0.6 of a more limited set may provide the best approach. To a
ta/ac 1.8 1.0 first approximation, loop free energies of tandem mismatches
teltc 2.3 13 evaluated only by TGGE may be interpolated from their
0.1 M Na" (DSC Data) stability relative to sequences measured by both TGGE and
tandem AG AGE a more detailed approach. Data on-3®0 tandem mis-
mismatch (kca|.r'r‘,’°0"|f1) (kca|.r'ﬁ°0‘ifl) matches with different closing base pairs can be used to
develop models to predict stabilities of all 1176 tandem
ga/ga —-21 —-21 ;i
aalgc 0.2 —03 mismatchesX7).
ca/gc 1.7 1.1 Li and Agarwal ) evaluated thermodynamic parameters
gﬁ‘f 22-g5 11-8?5 governing the melting transitions of the hexamer DNA

duplexes GCGAGC/GCTCGC and GCgaGC/GCgaGC in 1.0
2 AGj, are values determined assuming temperature-independentM Na‘. The latter DNA contains tandem-@ mismatches

e”tha'pBI’ and e“”r?ply Cha'éges' aﬁl@ﬁmﬂal’e Va'“e%geterm'”ed after  jith the same closing base pairs studied here. From their
extrapolating enthalpy and entropy changes to°B7using average . .
heat capacity change for hairpin to coil transition, the_rmodynamlc data and the stacking free energy of base

pair doublets 12), we evaluated the loop free energy at 37
» . °C for the GgaC/GgaC segment using an equation analogous
change, 75 camol™ of bp. The differences between the 5 oq 7. We note that Li and Agarwal evaluated enthalpy
temperature-dependent and temperature-independent |°°Qhange using a van't Hoff analysis and assumej = 0.
free energies are generally small. The range of values for gjce the transitioff,'s of the duplexes that they examined
the five tandem mismatches narrows after correctind\O§  \yere close to 37C, correction for nonzeraC, will have
# 0. The hierarchy of stability for the tandem mismatches g gma impact on the parameters determined &C3From
based oy, values or loop free energies was similar for the  qir data. one obtains a loop free energy\@:, = —3.8

’ oop .

three solvents. kcalmol-1, 0.8 kcatmol~* more negative than the value
determined in the current study. If we considered only the

DISCUSSION van't Hoff peak height data in evaluating the transition
The results from this study indicate that the free energy enthalpy of the ga/ga DNA hairpin molecule (Table 1), our

contribution of a tandem mismatch sandwiched between GCAG,,, value at 37°C is —3.5 kcatmol™ in close agree-

base pairs depends on sequence and covers a rangé of ment with the Li and Agarwal data.

kcakmol™t. Analysis of UV monitored denaturation curves

and DSC for the 0.1 M Nasolvent indicate a loop free ACKNOWLEDGMENT

energy ranging from-2.1 to+1.9 kcatmol* (Table 4). For

the 1 M Na solvent at 37°C the loop free energies for

ga/ga and aa/gc are stabilizing3.0 and—0.7 kcatmol™2)

while the ca/gc, tc/tc, and ta/ac sequences are destabilizin0REFERENCES

(0.1, 0.7, and 1.1 kcahol™1). We note that loop free energies
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