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ABSTRACT: We employed salt-dependent differential scanning calorimetric measurements to characterize
the stability of six oligomeric DNA duplexes '@ CCGGAXTGCCGG-3/5'-CCGGCAYTCCGGC-3)

that contain in the centr&XY position the GC, AT, GG, CC, AA, or TT base pair. The heat-induced
helix-to-coil transitions of all the duplexes are associated with positive changes in heat cap@sity,
ranging from 0.43 to 0.53 kcal/mol. Positive valuesAdE, result in strong temperature dependences of
changes in enthalpy\H°, and entropyAS’, accompanying duplex melting and cause melting free energies,
AG?°, to exhibit characteristically curved shapes. These observations suggestCiiraeds to be carefully

taken into account when the parameters of duplex stability are extrapolated to temperatures distant from
the transition temperaturdyu. Comparison of the calorimetric and van't Hoff enthalpies revealed that
none of the duplexes studied in this work exhibits two-state melting. Within the context of the central
AXT/TYA triplet, the thermal and thermodynamic stabilities of the duplexes in question change in the
following order: GC> AT > GG > AA ~ TT > CC. Our estimates revealed that the thermodynamic
impact of the GG, AA, and TT mismatches is confined within the central triplet. In contrast, the
thermodynamic impact of the CC mismatch propagates into the adjacent helix domains and may involve
7—9 bp. We discuss implications of our results for understanding the origins of initial recognition of
mismatched DNA sites by enzymes of the DNA repair machinery.

Despite the spectacular advances of structural studies thatuniversally accepted2(), identify local destabilization of
have shed light on the biochemistry of DNA repair, the initial the duplex as the common determinant in the substrate DNA
recognition of lesions and mismatches remains poorly that initially attracts the repair enzyme to the mispaired site
understood and much debatett-@). Structure-based hy-  for primary binding.
potheses attempt to explain the recognition of damaged and To assess the validity of the thermodynamic models of
mismatched sites on the basis of geometric differencesDNA repair, one needs to systematically study correlations
between aberrant sites and standard DISAY). However, between the parameters of duplex destabilization by a
crystallographic and NMR evidence suggests that mispairedparticular mismatch or a lesion and the efficacy of its
duplexes are structurally very similar to canonical DN8A-( recognition and repair by DNA repair enzymes. The rigorous
12). In addition, structural models fail to rationalize the fact way of tackling this problem is to correlate the duplex
that most DNA repair enzymes exhibit a remarkable ability stability parameterdG°, AH°, and AS’ (changes in free
to correctly recognize and repair lesions or mismatches of energy, enthalpy, and entropy, respectively, accompanying
markedly different size, shape, and structure. For example, helix-to-coil transitions) with the respective parameters
Escherichia coli MutS interacts with a wide range of describing the binding of a DNA repair enzyme to the
mismatches and insertietdeletion loops 13). Thus, struc- mismatched DNA site Gy, AHp, andAS,). It is essential
tural considerations alone have not yet provided a sufficient that the physical parameters be compared at a common
basis for understanding the range of mechanisms utilized intemperature; the values &G°, AH®, and AS’® must be
DNA damage and mismatch recognition. It has been extrapolated to the experimental temperature of pretein
hypothesized that the initial recognition of damaged or DNA association. To this end, one needs to account for the
mismatched base pairs operates, in addition to structuraltemperature dependences AH° and AS’ as reflected in
criteria, through detection of more subtle characteristics of changes in heat capacityC, = (JAH®/3T), = T(3AS’/3T),].
damaged and mismatched DN&4( 15). In one hypothesis,  Their correct evaluation and extrapolation to temperatures
a mispaired DNA creates a domain of dynamic and ther- distant from the melting temperatuiBy, require knowledge
modynamic instability that represents a recognition element of changes in heat capacityC,, accompanying helix-to-
for the repair system16—19). In this and related models, coil transitions of duplexes under question. This consideration
repair proteins exploit thermodynamic differences between is important in view of a large body of experimental and
the damaged and canonical sites that are often structurallytheoretical evidence suggesting that helix-to-coil transitions
indistinguishable 1—3, 5). These models, although not of nucleic acids are accompanied by changes in heat capacity
(21-30).
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order—disorder transitions in macromolecular systes higher than~95—96% which corresponds to the upper limit
33). However, a survey of the literature reveals that the of the sensitivity of electrophoretic techniques.
majority but not all of the thermodynamic investigations of  The concentrations of single-stranded oligonucleotides
DNA mismatches have been performed using UV absor- were determined spectrophotometrically using the extinction
bance-monitored melting experiments coupled with the coefficients,ezqo, that had been calculated with an additive
model-dependent van't Hoff approacB4(-36). The van't nearest neighbor procedure as described by R. Owczarzy
Hoff formalism is based on the two-state approximation of (http://www.owczarzy.net/extinct.htm). When developing his
order—disorder transitions and, consequently, may lead to additive procedure and deriving nearest neighbor coefficients,
significant errors should the transition involve intermediates Owczarzy employed previously published experimental data
(37). In this respect, it should be noted that many oligomeric (39—43). We used the following extinction coefficientssg,
duplexes, in particular, those containing non-Wats@mick for single-stranded oligonucleotides at 25: 112 200 M*
base pairs, do not exhibit two-state melting behavi&s).( cm*for 5-CCGGCATTCCGGC-3 122 900 Mt cm? for
In addition, the van't Hoff approach is not well suited to 5-GCCGGAATGCCGG-3 110300 M*! cm™ for 5'-
evaluating changes in heat capaci®Z,. These factors may = CCGGCACTCCGGC-3121 600 M* cm™ for 5-GCCG-
summarily contribute to the fact that current nearest neighbor- GAGTGCCGG-3, 117 100 Mt cm ! for 5-GCCGGACT-
based predictive algorithms are most effective neafG0  GCCGG-3, 119 000 Mt cm ! for 5-GCCGGATTGCCGG-
and become less efficient at lower temperatuds. (This 3, 116 100 Mt cm™? for 5-CCGGCAATCCGGC-3 and
situation is unfortunate; as noted above, to correlate duplex114 800 M* cm™! for 5-CCGGCAGTCCGGC-3
destabilization with the efficacy of DNA repair, one needs  Equimolar amounts of complementary single-stranded
to extrapolate the energetic parameters of duplex stability oligonucleotides were combined in buffer to obtain each
to the experimental temperature of association of a damagedndividual duplex. Specifically, the following double-stranded
DNA with enzyme(s) of DNA repair machinery (usually, oligonucleotides were prepared and studied:GECG-
25 °C). Such extrapolations need to be carried out in a GAGTGCCGG-35-CCGGCACTCCGGC-3(GC), 5-GC-
rigorous, model-independent way. These considerations leadCGGAATGCCGG-3/5'-CCGGCATTCCGGC-3 (AT), 5'-
to the necessity of performing systematic differential scan- GCCGGAGTGCCGG-3/5-CCGGCAGTCCGGC-3(GG),
ning calorimetric investigations on DNA duplexes containing 5-GCCGGACTGCCGG-35-CCGGCACTCCGGC-3(CC),
noncanonical base pairs and accumulating respective calo5-GCCGGAATGCCGG-J5-CCGGCAATCCGGC-3(AA),
rimetric databases on the sequence-specific and damageand 3-GCCGGATTGCCGG-3/5-CCGGCATTCCGGC-3
mismatch-specific duplex thermodynamics. (TT). The stoichiometry of duplex formation was verified
Our ultimate goal is to investigate all 12 possible DNA Py Job plots in 500 mM NaCl at 28C (not shown). These
mismatches as a function of sequence context. As the initial PIOtS were constructed by mixing complementary single
stage of these investigations, we study here the energetics$trands in a spectrophotometric cuvette and recording the
of helix-to-coil transitions of six 13-mer DNA duplexes5  resulting changes in UV absorption at 260 nm. The Job plots
GCCGGAXTGCCGG-35-CCGGCAY TCCGGC-3) which yielded a 1:1 st_0|ch|om_etry for all double-stranded DNA
contain in the centraY position the GC or AT canonical ~ complexes studied in this work. . .
base pair or the GG, CC, AA, or TT homomismatch. Our  Duplex solutions were exhaustively dialyzed against the
choice of the specific parent sequence is based on the criteriPuffer under study using Spectrapor dialysis tubing with a
of adequate thermal stability and low probability of formation 1000 Da molecular mass cutoff (VWR Canada). The
of alternative duplex structures (hairpins, parallel structures, concentration of each double-stranded oligonucleotide was
slipped duplexes, etc.). The centd¥ position is flanked ~ Measured spectrophotometrically before the calorimetric
by AT base pairs to maximize the destabilizing effect of the €xPeriment according to the following procedure. The duplex
mismatches under question. We employ high-precision salt-Was heat-denatured in the spectrophotometer with the melting
dependent DSC measurements to characterize the thermoProfile being monitored by UV absorption at 260 nm. The
dynamic profiles of helix-to-coil transitionaAG®, AH, AS, postdenaturational baseline was linearly extrapolated to 25
and AG,) of these duplexes as a function of temperature. “C With the concentration of the duplex being evaluated by
We compare our results with similar data previously obtained dividing the extrapolated value of absorption by the sum of
from van't Hoff analyses of UV melting profiles. By relating  the extinction coefficients of the two complementary strands.
the values ofAG°, AH°, and AS® for the mismatched Optical SpectroscopyOptical absorbance and circular
duplexes to those measured for their parent duplexes, wedichroism spectra were recorded using an Aviv model 14
quantify duplex destabilization by a particular mismatch. We DS spectrophotometer and model 62 DS spectropolarimeter,
discuss implications of our results for the initial recognition €Spectively (Aviv Associates, Lakewood, NJ). A 10 mm

of mismatched DNA sites by DNA repair enzymes. path length cell was used for all UV absorbance measure-
ments. A cell with a path length of 1. mm was used for the
EXPERIMENTAL PROCEDURES CD measurements. For CD spectroscopic experiments, the

oligonucleotide concentrations were on the order60 uM.
Materials. All oligonucleotides were synthesized and Differential Scanning CalorimetryCalorimetric melting

cartridge purified by ACGT, Inc. (Toronto, ON). The purity experiments with the duplexes were performed at a scan rate
of the DNA oligomers was additionally tested with native of 1 °C/min using a Calorimetry Sciences Corp. (Provo, UT)
and denaturing 20% PAGE and native 3% agarose electro-model 6100 NanoDSCII differential scanning calorimeter
phoresis. The samples were stained with ethidium bromide.with a nominal cell volume of 0.3 mL. All measurements
For all oligomers, the purity with respect to the presence of were performed in a 10 mM cacodylic acid/sodium cacody-
shorter or longer oligonucleotide strands was found to be late buffer adjusted to pH 6.7 and containing 1 mM Na
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Ficure 1: Representative differential scanning calorimetric melting Ficure 2: Circular dichroism spectra of the GC (red), AT (black),
profiles of the GC (red), AT (black), GG (magenta), CC (orange), GG (magenta), CC (orange), AA (blue), and TT (green) duplexes
AA (blue), and TT (green) duplexes & M Na'. The inset shows at 1 M Na" and 25°C.

the DSC melting profiles of the AT duplex with outlined pre- and

postdenaturational baselines. 0 L AL m A |

EDTA and 10, 50, 100, 200, 500, or 1000 mM NaCl. DNA
concentrations were on the order of 280 (~2 mg/mL). & 7
Appropriate buffer versus buffer baselines were determined
prior to and immediately after the oligomer versus buffer
scan and averaged. After subtraction of the buffer scan, the
oligomer scan was normalized for concentration and analyzed °s
as follows. A change in heat capacityC,, was determined [
from the difference in the pre- and post-transition baselines
both extrapolated to the midpoint of the transition (see the
inset of Figure 1). The predenaturational baseline was drawn s0 |
as a straight line outlined by the initial linear portion of the
melting profile at the lowest possible temperature range. At
higher temperatures, the shape of predenaturational baselines 40 L 1 L
may deviate from linearity due to the heat-induced, nonco- 183 001 04 1 10
operative fraying of terminal base pairs. For all duplexes [NaCl], M
studied in this work, the postdenaturational baselines wereFiGure 3: Dependences of melting temperatures of the GC (red),
essentially flat. Therefore, the postdenaturational baselinesAT (Plack), GG (magenta), CC (orange), AA (blue), and TT (green)
were drawn as horizontal lines coinciding with the single- duplexes on sodium concentration.
stranded po_rtlons of the melting profiles. Figure 1 |IIust_rate§ duplexes (see below) are not paralleled by equivalent
representative DSC thermograms recorded for the six oli- .

) o : alterations of structure.
gomeric duplexes studied in this work at 1 M Narhe . , ,
calorimetric enthalpyAHca, was determined by integration Flgurg 3 shows_ the salt dependences of the_ calorimetrically
of the area enclosed by the transition curve and the pre- andd€términed melting temperaturéy, for the six duplexes
post-transition baselines, and the melting temperatlje, studied in this work. The values @f; increase as the solution

was determined as the temperature corresponding to thdonic strength increases. Interestingly, for the mismatched

; Al GG, AA, and CC duplexesly changes linearly with log-
maximal heat capacit 33, 44). ; .
pacitysl ) [Nat], while the canonical GC and AT duplexes and the
RESULTS mismatched TT duplex exhibit nonlinear salt dependences.

To the best of our knowledge, mismatched duplexes have

The CD spectra of the oligonucleotideslaM Na* are not been investigated with respect to salt dependences of
shown in Figure 2. Despite some differences that exist amongTu in any systematic way. Therefore, it is difficult to judge
the duplexes, the spectra suggest that the six duplexes aréhe nature of the lineafy versus log[Na] dependences of
primarily in the B-form. Slight spectral differences between the GG, AA, and CC duplexes. For the moment, we take
the duplexes are not unexpected given the fact that the cDnotice of this observation as a basis for future discussions.
spectrum of a duplex is a function of its nucleotide  Our measured nonlinedy, versus log[Nd] dependences
composition, sequence, and conformatiatp, (46). The for the AT and GC duplexes are in qualitative agreement
absence of significant conformational differences between with similar data reported by Owczarzy et &7) for a large
the mismatched and canonical duplexes is in agreement withnumber of canonical DNA duplexes. At 0.1 M Nathe
previous reports]2). We thus conclude that the thermody- average value oATy/Alog[Na'] for the oligonucleotides
namic differences between the canonical and mismatchedstudied here is~10.5. This number is within the range of
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Ficure 4: Dependences of the transition enthalpies of the GC (red),
AT (black), GG (magenta), CC (orange), AA (blue), and TT (green)
duplexes on melting temperature.

Table 1: Heat Capacity Changes Accompanying Helix-to-Call
Transitions of the Oligonucleotides Determined as the Slopes of the
Temperature Dependences of Transition Enthalpls,(slope)] and

as the Average Differences in the Pre- and Postdenaturation
Baselines of the DSC Thermograms Recorded at Various Salt
Concentrations4AC,(DSC)]

DNA  ACy(slope) (kcal mot! K~2)

ACy(DSC) (kcal moft K—1)

GC 0.43+0.02 0.344+0.05
AT 0.50+ 0.02 0.544-0.05
GG 0.45+0.03 0.394+0.09
CcC 0.53+0.01 0.32+0.08
AA 0.48+0.03 0.39+0.09
TT 0.444+0.02 0.404+ 0.09

ATw/Alog[Nat] values reported for short DNA duplexe&r
but significantly smaller than those observed for polymeric
duplexes (between 16.7 and 21.2p)

Figure 4 plots transition enthalpieAH°, of the oligo-
nucleotides against their melting temperatufigs,As is seen
from Figure 4, the transition enthalpies exhibited by the
canonical GC and AT duplexes are markedly higher than
those exhibited by the four mismatch-containing duplexes.
This observation is consistent with a picture in which a
mismatch-containing duplex is enthalpically destabilized. For
all duplexes AH° changes linearly witiy with the AH®/
ATy slopes reflecting changes in heat capacityC,,
associated with the helix-to-coil transitions. Table 1 lists the
values ofAC, determined adAH°/ATy as well as the average

Tikhomirova et al.

Table 2: Melting Temperatured,;) and Calorimetric AHca) and
van't Hoff (AH,y) Enthalpies for a Family of DNA Duplexes with
and without Mismatched Base PairslaM [Na']

DNA pair Tu (°C) AHca (kcal/mol)  AHyy (kcal/mol)
GC 83.2+ 0.4 108.7+ 1.9 94.2+ 2.0
AT 79.1+0.4 106.3+ 1.8 92.7+ 1.7
GG 74.7£ 0.4 101.5+2.4 89.3+ 2.3
cC 67.0£0.4 83.9+ 3.9 705t 4.1
AA 70.2+ 0.4 93.4+ 2.1 76.5+ 2.2
TT 70.5+ 0.4 91.2+ 2.4 80.1+ 1.5

variation ofAC,. Further studies leading to the development
of more extensive heat capacity databases on oligonucleotides
will enable us to assess the relative importance of the
sequence-dependent componenii@,.

The value of 36+ 3 cal (mol of base pairs} K™1is in
qualitative but not quantitative agreement with £48 cal
(mol of base pairs}t K2, the average\C, for helix-to-coil
transitions of polymeric nucleic acid21, 22). Despite its
seemingly small magnitud&\C, strongly affects the ther-
modynamic properties of helix-to-coil transitions of the
duplexes. As discussed below, failure to accountAa,
leads to significant errors in determination of the transition
enthalpy, entropy, and free energy, in particular, when these
parameters are extrapolated to low and moderate tempera-
tures.

Transition Temperaturesnspection of Figure 3 reveals
that, between 0.01 @l M Na', the GC duplex exhibits
the highest thermal stability followed by the AT, GG, TT,
AA, and CC duplexes. Between 0.05¢ah M Na“, the AA
duplex is characterized by @y which is intermediate
between those corresponding to the TT and CC duplexes.
However, due to a steeper salt dependence of thef the
AA duplex, theTy of the AA duplex exceeds that of the TT
duplex at=1 M Na' and becomes smaller than that of the
CC duplex at<0.05 M Na. At 1 M Nat, the transition
temperaturesTy, for the GC, AT, GG, AA, TT, and CC
duplexes are equal to 832 0.2, 79.1+ 0.2, 74.7+ 0.2,
70.2 4+ 0.2, 70.5+ 0.2, and 67.0+ 0.2 °C, respectively
(see Table 2). This hierarchy is in qualitative agreement with
previous reports on the relative thermal stabilities of the GG,
CC, AA, and TT mismatches34, 48).

Nature of Helix-to-Coil Transitions of the Oligonucleo-
tides. Comparison of the model-independent calorimetric,
AHc,, and model-dependent van't Hof\H,4, enthalpies
represents a robust way of examining the nature of a duplex
melting process. If the process is two-state, the ratiitéfy
to AH,y is equal to unity 49). The AHc/AH,y ratio of >1

AC, determined as the differences between the pre- andgjgnifies the presence of intermediates between the pure
postdenaturational DSC baselines. The two modes of heatyople-stranded and pure single-stranded conformations and,

capacity determination yield comparable values.

DISCUSSION

Heat Capacity Changednspection of data in Table 1
reveals that the average valueX€E, is 470+ 35 cal mof?
K~1 or 36 + 3 cal (mol of base pairs} K~ Interestingly,
the canonical AT and GC duplexes exhibit the lowest and
highest values oAC,, respectively, while the mismatched
duplexes are characterized by intermediate valueA@f

These observations may suggest the existence of a sequence-

dependent component iAC,. Currently, it is difficult to

consequently, deviation of the melting process from two-
state. On the other hand,f&H:./AH,4 of <1 is indicative
of a process which involves aggregated double-stranded
species.

We calculated the van't Hoff transition enthalpies from
the shape of the calorimetric profiles using the relationship
(31, 49

AHy = (M + DT { RIIT, [ — AC (Y + 1)]}(11’2)

judge the significance of the observed sequence-dependentvheren is the molecularity of the transition which, for duplex
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Ficure 5: Temperature dependences of the transition entropies of

the GC (red), AT (black), GG (magenta), CC (orange), AA (blue),
and TT (green) duplexes.
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melting, equals 2 andC,lhax iS the maximal excess heat
capacity atTy.

Table 2 lists the melting temperaturds,, along with the
calorimetric,AHca, and van't Hoff, AH4, transition enthal-
pies @ 1 M Na'. Inspection of data in Table 2 reveals that,
for all duplexes, the calorimetric enthalp&Hca, is higher
than the van't Hoff enthalpyAHu, with the AHca/AHH
ratio being within a range of 1.141.22. It should be noted
that AHc/AH\4 tends to increase with a decrease in salt
concentration. For example, at 10 mM Nahe values of
AHc/AHy range from 1.20 to 1.40. The observed deviation
of AH:./AH,4 from unity suggests that, for the oligonucleo-
tides studied in this work, the helix-to-coil transitions
investigated in this work are not strictly two-state and involve
intermediates. Consequently, the van't Hoff analysis of the
stability characteristics of these duplexes may lead to errors
in the determination of transition enthalpies, entropies, and
free energies.

The observation that our duplexes do not display a two-
state melting behavior is in agreement with results reported
by the Breslauer and Privalov grouds/( 24, 50, 51). Two-
state melting is typically observed for canonical duplexes
containing eight or fewer base pairs. For longer duplexes,
the calorimetric and van't Hoff enthalpies may be signifi-
cantly different §0). Duplexes containing lesions and adducts
predominantly exhibit non-two-state melting transitiohg, (
51).

Changes in Enthalpy, Entropy, and Free Energigures
5 and 6 present the temperature dependences of changes i
entropy AS’ = AH®/Ty + AGC, In(T/Tw) + RIn(Cy/4)] and
free energf{ AG®° = AH°(1 — T/Ty) + ACJ[T — Tw — T
In(T/Tm)] — RTIn(C+/4)} accompanying helix-to-coil transi-
tions of the oligonucleotidestal M Na' (AH° is the
calorimetric enthalpyAC, was determined as theH°/ATy
slopes in Figure 4).

Inspection of Figures46 reveals that the values 6iH°,

AS’, andAG® are strongly temperature-dependent. TNG&®

versusT functions exhibit characteristically curved, parabolic- t
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FicurRe 6: Temperature dependences of the transition free energies

of the GC (red), AT (black), GG (magenta), CC (orange), AA
(blue), and TT (green) duplexes.

L

80

100

AA ~ TT, and CC mismatched duplexes. This trend is in
good agreement with previous reports (see38f Com-
parison of Figures 3 and 6 reveals that th&°-derived
hierarchy of thermodynamic stabilities is in line with the
relative order of thermal stabilities as outlined Dy.

The observed thermal and/or thermodynamic stability
hierarchy between the GG, AA, TT, and CC mismatches
has been convincingly rationalized in structural teri3@).(

The purine GG and AA mismatches have higher stacking
propensities relative to the pyrimidine TT and CC mis-
matches. On the other hand, the GG and TT mismatches are
stabilized by two hydrogen bonds between the bases, while
the AA and CC mismatches are stabilized by a single
hydrogen bond34). Consequently, the GG mismatch with

a high stacking propensity and two hydrogen bonds exhibits
the highest thermal and/or thermodynamic stability followed
by the AA (high stacking potential with a single hydrogen
bond) and TT (low stacking potential with two hydrogen
bonds) mismatches. The CC mismatch with a low stacking
potential and a single hydrogen bond exhibits the lowest
stability.

Differential Stability of Canonical and Mismatched Du-
plexes.Figures 79 show the temperature dependences of
the differential enthalpieshAAH, entropies AAS and free
energies,AAG, of the mismatches and their respective
Watson-Crick counterparts (GGGC, CC-GC, AA—AT,
and TT—AT). Table 3 compares two sets of data. The first
get represents our differential mismatch versus parent duplex
as well as GC versus AT values afAH, AAS andAAG
extrapolated to 37C. The second set of data was calculated
at the same temperature using the nearest neighbor param-
eters presented by SantalLucia and co-work&# 85).
Inspection of data in Table 3 reveals a good agreement
between our values and SantalLucia’s values AKG.
However, there are discrepancies between the two sets of
AAH andAASvalues. These discrepancies probably reflect
he AC, = 0 and two-state-ness assumptions about transitions

like shapes typical of the processes that are associated withused by SantalLucia and co-worke8g,(35). Errors related

positive changes in heat capacityC,. Between 0 and 100
°C, GC is the most stable duplex (exhibits the high®&
value) followed by the AT duplex and further by the GG,

to these assumptions appear to offset each othexGf,
probably due to a phenomenon known as enthagmtropy
compensation.
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FiGURE 7: Temperature dependences of the differential transition FIGURE 9: Temperature dependences of the differential transition
enthalpies of the GG (magenta), CC (orange), AA (blue), and TT free energies of the GG (magenta), CC (orange), AA (blue), and

(green) duplexes and their appropriate parent duplexes. TT (green) duplexes and their appropriate parent duplexes.
25 y T y T y T Y T Y Table 3: Comparison between the Differential Transition
Enthalpies, Entropies, and Free Energies of Various Oligonucleotide
Pairs at 37°C from This Work and Calculated Using the Nearest
Neighbor Approach
_ DNA AAH3; AASsy AAGs;
¥ pair (kcal/mol) (cal molrt K1) (kcal/mol)
] GC-AT 40+ 19 8.7+ 6.4 13+1.18
E 1.2 1.5 0.8
§ GGGC —4.7+2.4 —-6.5+8.3 —26+1.2
- -9.8 —24.2 2.5
3 CC-GC —-212+3.% —48.0+ 11.2 —-6.0+ 1.3
-16.0 —38.9 —5.4
AA-AT —7.7+2.1 —149+ 7.5 —-3.2+ 1.2
—-13.2 —45.1 -3.1°
TT-AT —8.7+ 2.4 —179+ 7.6 —-3.2+ 122
—9.4 —20.P -2.8
A N 1 i 1 N 1 " 1 "
?50 20 40 60 80 100 aFrom this work.? Calculated using nearest neighbor parameters

presented in re85.

T,°C
Ficure 8: Temperature dependences of the differential transition
entropies of the GG (magenta), CC (orange), AA (blue), and TT

Table 4: Differential Transition Enthalpies, Entropies, and Free
Energies of a Mismatch and Its Parent Duplex Extrapolated to

(green) duplexes and their appropriate parent duplexes. 25 °C

Table 4 presents the differential mismatch versus parent  DNA AAHzs AAS? _ AAGzs
duplex values ofAAH, AAS and AAG at 25 °C, a par (keal/mol) (cal mo K™ (keal/mol)
commonly used experimental temperature. Inspection of ggg‘g —_zgéi g'g _;;Z)i ?'132 :é'gii'g
thermodynamic data presented in Table 4 reveals that the sa.aT —75+21 —141+75 —33+11
differential transition free energyh\AG, of a mismatched TT-AT —-8.1+24 —155+7.6 —-35+14

duplex and its canonical counterpart is smaller in absolute

magnitude than the respective differential transition enthalpy, kcal/mol more stable than the CC duplex (see Figure 9). As
AAH. For example, the differential values&fAH andAAG seen in Figure 9, the differential GG versus GGG value
for the CC and GC duplexes are equal-td2.2 and—6.6 depends only slightly on temperature. In contrast, the CC
kcal/mol, respectively. This disparity, generally termed yersus GC value oAAG exhibits a strong temperature
enthalpy-entropy compensation, suggests that the free gependence, increasing fron8.0 kcal/mol at °C to —3.6
energy penalty related to duplex destabilization is partly keal/mol at 100°C. Inspection of Figures 7 and 8 reveals
offset by a favorable entropic effect. The latter reflects a that, for the GG and CC mismatches, the thermodynamic
greater conformational flexibility (greater disorder) of mis- npatyre of destabilization is purely enthalpic. From the
matched sequences in their duplex state. It should be notedantropic point, the two mismatches are favored over their
that enthalpy-entropy compensation is a common feature parent GC base pair. This observation is consistent with a
of helix-to-coil transitions of double-stranded nucleic acids, picture in which the mismatched duplexes are characterized
mc_ludlng duplexes containing mismatched or damaged baseby a greater conformational entropy (flexibility) compared
pairs (L8, 38). to the parent duplex. At 2%C, the differentialAAG values
The canonical GC duplex is 2:2.9 kcal/mol more stable  for the GG and CC mismatches are2.7 and—6.6 kcal/
than its mismatched counterpart GG duplex and-8.6 mol, respectively; th\AH values are-4.9 and—22.2 kcal/
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mol, respectively, while thAASvalues are-7.8 and—52.0
cal mol! K1, respectively.

Further inspection of Figure 9 reveals that the AA and
TT duplexes exhibit very similahG versusT dependences.
The differential free energiesAAG, of the AA and TT
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mismatch is delocalized and propagates beyond tK&A
TYC triplet. As a first approximation, one may assume that
each affected base pair is destabilizedb45% (as in the
case of GG, AA, and TT). With this approximation, the
extent of propagation can be estimated by dividing the

duplexes and their parent AT duplex are both increasing absolute values AAH, AAS andAAG for the CC duplex

functions of temperature. The values AAG for the AA
and TT duplexes increase from3.7 kcal/mol at 0°C to
~2.0 kcal/mol at 100C (see Figure 9). Comparison between
Figures 7 and 8 reveals that, like that of GG and CC
mismatches, destabilization of the AA and TT mismatches
is purely enthalpic:AAH (Figure 7) andAAS (Figure 8)
are both negative between 0 and 1UD. At 25 °C, the
differential AAG values for the AA and TT mismatches are
—3.3 and—3.5 kcal/mol, respectively; thAAH values are
—7.5 and—8.1 kcal/mol, respectively, while th®ASvalues

(—22.2 kcal/mol,—52.0 cal mof! K~1, and—6.6 kcal/mol,
respectively) by~45% of AHpp, ASy, andAGy, (2.8 kcal/
mol, 7.1 cal mot* K1, and 0.7 kcal/mol, respectively),
respectively. This rough estimate suggests that the thermo-
dynamic destabilization of the CC duplex involvesd bp.

These estimates have implications for DNA repair and the
mechanisms underlying the initial recognition of noncanoni-
cal sites by mismatch repair proteins, such as MutS. Within
the framework of the thermodynamic hypothesis of DNA
repair, a damaged or mismatched DNA site creates a domain

are—14.1 and—15.5 cal mot* K™%, respectively. of thermodynamic instability that represents a recognition
Extent of Duplex Destabilization and Implications for DNA  element for the repair systerd,(16—19). In this model,
Repair.In this section, we compare the parameters of duplex repair proteins are thought to exploit energetic differences
destabilization by each of the mismatches with the stability petween the mispaired and canonical sites that might be
characteristics of the two canonical duplexes. Such com- gtherwise structurally indistinguishable. Our observation that
parisons enable one to assess the extent of propagation o§ome mismatches are localized while others are delocalized
mismatch-induced duplex destabilization. Data graphically with respect to the extent of their thermodynamic impact
presented in Figures-3 enable one to evaluate the average may additionally challenge and put constraints on the ability
stability parameters of the canonical AT and GC duplexes. of a repair protein to recognize and bind to a damaged DNA
At 25 °C, the average values &Hyp, AS;, and AGy, for site. It should be noted that propagation of thermodynamic
these duplexes normalized per base pair aret6(B2 kcal/  destabilization of a duplex by a mismatched or damaged base
mol, 15.7+ 0.4 cal mot* K™%, and 1.6+ 0.1 kcal/mol,  pair into the adjacent helix domains (as reflected in dispro-
respectively. If normalized per triplet, the values Ay portionally large decreases in the transition enthalpy and free
(3AHpp), ASr (3ASy), and AGr (3AGyy) become equal to  energy) has been reported for DNA duplexes containing GA
18.94+ 0.6 kcal/mol, 47.1+ 1.2 cal mof* K™, and 4.8+ mismatches, abasic lesions, and oxidatively damaged gua-

0.3 kcal/mol, respectively. nosine and exocyclic cytosine adducts,(38, 51).
At 25 °C, the values oAAH, AAS andAAG for the GG

mismatch equat-5.1 kcal/mol,—7.7 cal mot! K=, and
—2.8 kcal/mol, respectively (see Table 4). These values
represent in absolute magnitude 26, 16, and 58%%ldf,
ASr, and AGr, respectively. For the AA mismatcihAH,
AAS and AAG are —7.5 kcal/mol,—14.1 cal mof! K™%,
and—3.3 kcal/mol, respectively, which, in absolute magni-
tude, represent 40, 30, and 69% &Ht, ASr, and AGr,

CLOSING REMARKS

We used salt-dependent differential scanning calorimetric
measurements to characterize destabilization of oligomeric
DNA duplexes due to the presence of the GG, CC, AA, and
TT homomismatches in the central position. The DNA
systems that were studied include six 13-mer duplexes
respectively. For the TT mismatchAH, AAS, andAAG (5-GCCGGAXTGCCGG-3/5-CCGGCAYTCCGGC-3) in
are —8.1 kcal/mol,—15.5 cal mot! K%, and—3.5 kcal/ ~ Which the central positioiXY is occupied by a GC, AT,
mol, respectively, which, in absolute magnitude, represent GG, CC, AA, or TT base pair. Our calorimetric measure-
43,33, and 73% oAHr, ASy, andAGr, respectively. Given ~ ments revealed that all duplexes are characterized by non-
the fact thatAAH, AAS, andAAG are significantly smaller ~ zero changes in heat capaciyCy, ranging from 0.43 to
in magnitude thamAH+, AS;, and AGy, we propose that 0.53 kcal/mol. Positive values OACp lead to Strong
thermodynamic destabilization of the GG, AA, and TT temperature dependences exhibited by &t¢° and AS’
duplexes is effectively localized within the centraX&/ functions and characteristically curved shapes of Al@?
TYC triplet. With this notion, the average duplex destabiliza- functions. Comparison between the calorimetric and van't
tion per base pair within the central triplet (averaged over Hoff enthalpies revealed that the helix-to-coil transitions of
AAH, AAS, andAAG) is 43 + 20% (~45%). both the canonical and the mismatched duplexes are not

In contrast to the GG, AA, and TT mismatches, the CC Strictly two-state and involve intermediates.
mismatch (the least stable mismatch) exhibits values/XiH, Within the context of the central AT/TYA triplet, the
AAS, andAAG which are substantially larger in magnitude thermal and thermodynamic stability of the duplexes studied
thanAH+, ASr, andAGr, respectively. Specifically, for this  in this work decrease in the following order: GEAT >
mismatchAAH, AAS, andAAG are—22.2 kcal/mol,—52.0 GG > AA ~ TT > CC. All mismatches studied in this work
cal mol* K71, and —6.6 kcal/mol, respectively, which, in  are destabilized enthalpically. In contrast, the mismatches
absolute magnitude, represent 117, 110, and 13724 are entropically favored relative to their parent duplexes. Our
ASr, and AGr, respectively. These disparities cannot be estimates suggest that duplex destabilization by the GG, AA,
rationalized within the limits of the centrab#G/TY C triplet. and TT mismatches is predominantly confined within the
In fact, the observed disparities are so large that they suggestentral (AXG/TY A) triplet. In contrast, duplex destabilization
that thermodynamic destabilization of the duplex by the CC by the CC mismatch propagates into the adjacent helix
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domains and may involve 79 bp. These results have
implications for understanding the molecular origins of the
initial recognition of mismatched base pairs by enzymes of

the

DNA repair machinery.
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