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ABSTRACT: Thermodynamics of 27 oligonucleotides with internalCAmismatches at two different pHs

were determined from UV absorbance versus temperature melting profiles. The data were combined
with four literature values and used to derive nearest-neighbor parameters for all 16 trimer sequences
with internal AC mismatches at pH 7.0 and 5.0. The results indicate that the contribution of sit@jle A
mismatches to duplex stability is strongly dependent on the solution pH and the nearest-neighbor context.
On average, the protonation of an internaCAmismatch stabilizes the duplex by 1.39 kcal/molAgs°3;

and 7.0°C for the Ty. The nearest-neighbor parameters predi€°s;;, AH®°, AS’, and Ty of
oligonucleotides presented in this study with average deviations of 6.3%, 11.0%, 12.2%, &@j 1.8
respectively, at pH 7.0 and 4.7%, 5.9%, 6.1%, and °C3 respectively, at pH 5.0. At pH 7.0, the
contribution of single AC mismatches to helix stability ranges from 2.25 kcal/mol for TCA/AAT to 1.22
kcal/mol for GCG/CAC. At pH 5.0, however, the contribution of &£ mismatches ranges from 1.09
kcal/mol for TCT/AAA to —0.43 kcal/mol for GCC/CAG. Implications of the results for replication
fidelity and mismatch repair are discussed.

In addition to canonical WatsetCrick base pairs, there  of single-stranded DNA secondary structure prediction
are eight possible single mismatches which occur in DNA algorithms 27, 2§ (N. Peyert, H. T. Allawi, M. Zuker, and
with varying frequencies and stabilities, namelyAAA-C, J. Santalucia, Jr., unpublished experiments; see http://
C-C, CT, GG, GA, GT, and TFT (1, 2). These mis- sun2.science.wayne.edyslsun2/servers/dnal/forml.cgi).

matches occur as a result of errors made during DNA  Adenine-cytosine mismatches have been shown to have
replication @) and genetic recombinatiod)(and also from  yH_dependent thermodynamics and structdri2 29—33).
mutagenic chemicals, ionizing radiation, and spontaneousat neutral pH, an AC mismatch can pair with one hydrogen
deamination 1, 5). Mismatches are also present in the pong involving the cytosine N3 and the adenine 6-amino
secondary structures of several single-stranded DNA virusesygton (Figure 1a), or it may exist in low population in the
(6—8). Efficiency of mismatch recognition and excision by  rare enol tautomeric form with two hydrogen bonds (Figure
postreplication repair enzymes has been shown to dependlb) (5, 29, 30, 33-35). At low pH, A-C mismatches can
on the type of the mismatch and its flanking base p&irs ( pecome protonated at the adenine N1 position and form a
13). Therefore, to understand the origins of various mis- pair stabilized by two hydrogen bonds (Figure 1t3,(29—
match occurrences and to help in our understanding of their31)_ It has been shown that protonation of®mismatches
repair mechanisms, thermodynamics and structures of DNA -5, dramatically increase their stabilia( 36). However,

mismatches need to be determined. the extent of pH stabilization effect on-@& mismatches in
Several molecular biological techniques require accurate all contexts has not been tested.

predictio? of DNA hybridization to "matched” or "mis- We and others showed that the nearest-neighbor model is
matched” sites such as the polymerase chain reaction (PCR)applicable to DNA duplexes with all canonical Watsen

(14), mismatch amplification refractory mutation assay cyjck pase pairs37). We also showed that the nearest-
(ARMS) (15), Kunkel mutagenesislg), antisense oligo-  aighhor model is applicable to single T5(25), G-A (38),

nucleo'tide probeg:L(7—19),sequencing by hybridizatjoﬂ(l)), . and GT mismatches 39) in DNA and derived nearest-
and oligonucleotide chip arrays as means for biochemical \oihinor parameters which make accurate predictions. To
assaysZ1-24). In each of these te_chnlques, knowledge (.)f add to our thermodynamic database and to test the ap-
the context dependence of DNA mismatch thermodynamics jeapijity of the nearest-neighbor model te@mismatches,

will prove helpful in the design of bepter and more efficient e obtained thermodynamic measurements on 27 oligo-
experimental protocols such as choice of optimal sequencey,cjeotides with internal AC mismatches and combined
or temperature, pH, and salt condljuor%,(%). Further- them with four previously reported literature valu&s,(40,
more, knowledge of _thermodynam|cs of all possible base 47). Previously published WatsetrCrick nearest-neighbor
pairings in DNA is an important step toward the development thermodynamics25) and the AC mismatch nearest-neighbor
parameters presented here allow reliable prediction of duplex
* To whom correspondence should be addressed. stability from sequence.
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Ficure 1: Three hydrogen-bonded structures of th&CAnispair
at neutral pH (a and b) and at acidic pH (c).

MATERIALS AND METHODS

DNA Synthesis and PurificationDNA oligonucleotides
were supplied by Hitachi Chemical Research or synthesized
on Cruachem PS 250 DNA/RNA synthesizer using standard
phosphoramidite chemistr##?). Upon completion of syn-
thesis, oligonucleotides were incubated for 12 h in concen-
trated ammonia at 50C to remove solid support and
blocking groups. Each sample was then evaporated to
dryness, and the mixture was dissolved in 2A00f water
and purified on a Si500F TLC plate (Baker) by eluting for
5—6 h with n-propanol/ammonia/water (55:35:10 by volume)
(43). The least mobile band was visualized with a UV lamp,

Allawi and Santalucia

Melting Curves The buffer for thermodynamic studies
was 1.0 M NaCl, 20 mM sodium cacodylate, 0.5 mM
Na&EDTA (disodium ethylenediaminetetraacetate), adjusted
to pH 7.0 or 5.0 with 1 M HCI. Absorbance versus
temperature melting profiles were carried out at 280 and 260
nm on an AVIV 14DS UV-vis spectrophotometer from O
to 85 or 90°C as described previousl¥4). Melting curves
were obtained with a constant heating rate of GC&min.
Extinction coefficients for oligonucleotide strands were
calculated from dinucleoside monophosphates and nucle-
otides @5). Prior to the beginning of each melt, non-self-
complementary strands were mixed in 1:1 concentration
ratios and then annealed by raising the temperature to 85
°C for 5 min and slowly cooling to 0C. While at high
temperature, absorbances were recorded at 260 nm for
calculations of total oligonucleotide strand concentrations
(Cy).

Data Analysis Absorbance versus temperature melting
curves were fit with sloping baselines to a two-state model
using the program MELWIN 3.046). Thermodynamic
parameters for duplex formation were obtained by two
methods: (1) enthalpy and entropy changes from fits of
individual melting curves were averageti’), and (2) plots
of reciprocal melting temperatur@y 1) vs natural logarithm
of the total strand concentration (l@r) were fit to the
equation 48):

Ty - = RIAH® In(C;/N) + AS’/AH® (1)
For self-complementary sequencis= 1, and for non-self-
complementary sequencéé= 4. For the two-state model
to apply, agreement of the parameters obtained using the
two different methods is a necessary, but not sufficient,
condition @5, 49).

Design and Choice of Sequencdo get an accurate
representation of all possible -8 mismatch contexts,
sequences were designed such that all different 16 trimer
sequences with an internal@ mismatch are represented.
Since the free energy changes reported in this work are at
37 °C (AG°37), duplexes were designed to have melting
temperatures between 30 and’&5to minimize extrapolation
of errors to 37°C. Furthermore, sequences were designed
to minimize the potential of forming alternative competing
secondary structures besides the desired duplex (e.g., hairpins
or “slipped” duplexes) thus maximizing the likelihood of
observing two-state transitions. In addition, duplexes were
designed to have terminal G base pairs to minimize duplex
“fraying”. Throughout this work dimer and trimer nearest-
neighbor sequences are represented with a slash separating
the two strands in antiparallel orientation and an underline
indicating the position of AC mismatches. For example,
the sequence AA/TC mear’AA3ATCS and AAC/ITCG
means®AAC3/ATCG®. In this study, the eight different

cut out. and eluted three times with 3 mL of distiled A*C mismatch containing dimers occur with the following

deionized water. The sample was then evaporated to drynes
Oligonucleotides were further purified and desalted using a
Sep-pak C-18 cartridge (Waters). The DNA was eluted with
30% acetonitrile buffered with 10 mM ammonium bicarbon-
ate, pH 7.0. Purities were checked by analytical C-8 HPLC
and were greater than 95%.

Jdrequencies: AA/TC= 9, AC/TA = 10, CA/GC = 12,

CCIGA = 9, GAICC = 11, GCICA= 8, TA/IAC = 7,
TC/AA = 12.

Determination of AC Mismatch Contribution.To obtain
the contribution of an AC mismatch AG°s/(mismatch), to
duplex formation, the contributions from Watse@rick pairs
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and helix initiation are subtracted from the measured 5'-GGACCGACG-3 = initiation + GG+ GA + AC +
AG°s;. For example, the mismatch contribution to the 3-CCTGACTGC-5 cC CT TG
GGACCGACGCGTCAGTCC duplex is given by: CCC + CAC — GCC + GA + AC + CG (4)

S GAG GCG CAG CT TG GC
CC + CA =5-GGACCGACG-3 — initiation — GG — - - -

GA GC 3-CCTGACTGC-3 cC The trimer sequence GCC/CAG was subtracted to account
GA — AC — GA — AC — CG (2) for the extra CC/IAGH+ QC/QG Wh!Ch are not found in the
CT TG CT TG GC duplex but were added in by the trimer sequences CCC/GAG

and CAC/GCG. Note that the linearly independent trimer
sequences can also be derived by adding appropriate pairs
of the eight AC nearest-neighbor dimer terms.

Linear Regression Analysis of-@ Mismatch Nearest
Neighbors. The AG°s;;(mismatch), AH°(mismatch), and
AS(mismatch) calculated from all duplexes in this study

Using DNA Watson-Crick nearest-neighbor numbegg|
and the measured total free energy chany@°g;) for the
duplex above (see Table 2), eq 2 gives:

CC+ CA = —6.08— (1.96)— (—1.84)— (—1.30)—

GA GC formed a system of 28 equations (at pH 7.0) and 24 (at pH
- - 5.0) equations with seven unknown@ mismatch nearest-
(—1.44)— (—1.30)— (—1.44)— (—2.17)= neighbor parameters. The least-squares solution to these

equations was determined by performing multiple linear
regression using singular value decomposition (SVD) analy-
sis (63) using the program MATHEMATICA v3.0 (Wolfram
Thus, the two nearest-neighbors CC/GA and CA/GC desta- research) as describe2i( 44). The data in the SVD analysis
bilize the free energy of the duplex by 1.45 kcal/mol. Similar were weighted by their errors (see abovég)( SVD
calculations foAH® andAS’ are carried out to obtaiAH°- calculations were performed f&¢G°s7, AH®, andAS’. To
(mismatch) andAS’(mismatch). verify our results, the SVD solution obtained for entropy
Error Analysis. Thermodynamic parameters obtained hearest-neighbor values was in agreement with those calcu-
from averages of the fits of individual melting curves and lated fromAG®s; and AH®, _
from the Ty~ vs In Cy plots are equally reliable2p, 44, Resampling Analysis of the Datalo assess the quality
50); thus their averages are considered to be the experimentafnd confidence level of all experimental measurements
values. The uncertainty in the experimental thermodynamics ©tained in this study and to point out any sequences that

1.45 kcal/mol= AG°;(mismatch) (3)

is assumed to be 4%, 8%, 8%, and@ in AG°s;, AH®, are either outliers in the fit or that substantially perturb the
AS, andTy, respectively. The small error inG®s; (4%) solution obtained by SVD, we performed a resampling
compared toAH° and AS is due the high correlation analysis of the dat&p). Since there are more measurements
observed betweenH® andAS® (R > 99%) @5, 47, 51). than unknowns, the solution obtained by performing SVD

The errors in each #&C-containing dimer or trimer contribu- ~ &n&lysis is overdetermined. In this study, we performed 30
tion were calculated by propagating the experimental un- fésampling trials forAG®s;, AH®, andAS’ in which nine
certainties in the duplex formation and Watsddrick  (for PH7.0) and eight (for pH 5.0) sequences were randomly

nearest-neighbor dimer errors using standard error propaga—r?mO\I’ed' Iln each resaT.pllngdt?alt,) the numberdof nor:z;a.ro
tion methods %2) as described previousi2s). singular values was confirmed to be seven, and a solution

_ ) _ was obtained. For each-8& mismatch nearest neighbor, the
Uniqueversus Nonunigue Representations of Internal A

i : ; average solution of all 30 resampling trials was computed
C Mismatches In DNA, internal mismatches are less stable anq standard deviations were determined. The averaged
than terminal mismatche®2%, 38 (S. Varma, G. Jenkins,

! ) nearest-neighbor parameters calculated from all resampling
and J. Santalucia, Jr., unpublished results). Therefore,jais were the same as the solution obtained with all
different sets of nearest-neighbor parameters are needed tQequences included. The standard deviation among nearest-
describe internal versus terminal mismatch2s).( In this neighbor solutions for all trials was considered to be the
study, all AC mismatches are located in the interior of the uncertainty in each nearest-neighbor term. The advantage
duplex, and thus, nearest-neighbor parameters derived frompf ysing resampling analysis to determine uncertainties in
the data are applicable only to internatG\mismatches.  the nearest neighbors is that these uncertainties require no
Imposing a restriction on the data set (i.e., all mismatches assumptions about the magnitude of the experimental errors
must be internal) reduces the number of nearest-neighbor(25 54). The standard deviations for the solution obtained
parameters that can be uniquely derived from the data fromfor all 30 resampling trials at both pH 7.0 and 5.0 are within
eight to seven25, 52). Instead of the usual format for  round-off of the error obtained from propagation of errors
nearest neighbors as dimer sequences, intern@l mis- in the variance-covariance matrix of the SVD analysis.
matches can be represented as trimer sequences with the 1H NMR SpectroscopyOligomers were dissolved in 90%
mismatch in the middle position. Of the 16 trimer sequences H,O and 10% BO with 1 M NaCl, 10 mM disodium
with an internal AC mismatch, seven of them can be phosphate, and 0.1 mM BEDTA at pH 7.0 or 5.0. Strand
arbitrarily chosen as “linearly independent” and the other concentrations were between 0.2 and 1.0 mM NMR

nine contexts can be derived from these seven within the spectra were recorded using a Varian Unity 500-MHz NMR
limits if the nearest-neighbor model. For this study, we spectrometer. One-dimensional exchangeable proton NMR
arbitrarily chose seven trimers with a closingC3G pair as spectra were recorded at 2C using the WATERGATE

our linearly independent set, which can be used to predict pulse sequence with “flip-back” pulse to suppress the water
any sequence. For instance, eq 2 can be rewritten as: peak 65, 56). Spectra were recorded with the carrier placed
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at the solvent frequency and with high-power and low-power trimer sequences with &£ mismatches at pH 7.0 obtained
pulse widths of 10 and 1850s, sweep width of 12 kHz,  using multiple linear regression analysis of the data (see
gradient field strength of 10.0 G/cm, and duration of 1 ms; Materials and Methods). The other nine possible unique
512-1024 transients were collected for each spectrum. Datatrimer contexts are also listed in Table 3 and are linear
were multiplied by a 4.0-Hz line-broadening exponential combinations of the seven uniquely determined trimers. For
function and Fourier transformed by a Silicon Graphics example, thermodynamic parameters for the trimer sequence
Indigc®Extreme computer with Varian VNMR software. No  AAA/TCT can be obtained using linear combinations of the
baseline correction or solvent subtraction was applied. parameters of AAC/TCG, GAA/CCT, and GAC/CCG (AAA/
3-(Trimethylsilyl)propionic2,2,3,3-d, acid (TSP) was used TCT = AAC/TCG + GAA/CCT — GAC/CCG). Table 4

as the internal standard for chemical shift reference. 1D- lists nonunique parameters for eight@ dimer nearest-
NOE difference spectra were acquired as described aboveneighbor sequences. These parameters are the solutions
but with selective decoupling of individual resonances during obtained by performing SVD analysis of 27 equations fitted
the 1-s recycle delay. Each resonance was decoupled withto eight unknowns. The singular matrix obtained in this
a power sufficient to saturate80% of the signal intensity  eight-parameter fit was rank-deficient (rank of 7) indicating
so that spillover artifacts would be minimized. The spectra that the solution obtained is nonunique and that the data can
were acquired in an interleaved fashion in blocks of 16 scansbe described using only seven parameters (see Table 3).
to minimize subtraction errors due to long-term instrument However, linear combinations of the parameters in Table 4

drift; 3200-6400 scans were collected for each FID. can be used to derive the parameters in Table 3, but not vice
versa unless an eighth parameter is given. The SVD fit to
RESULTS eight unknowns assumes this eighth parameter to be zero

(25, 37). Nevertheless, both sets of parameters are equivalent
keeping in mind that they both apply only to internalG\
mismatches. In fact, the parameters in Table 4 give
predictions that are the same as those obtained using the
parameters listed in Table 3.

Thermodynamic Data.Plots of Ty~ vs In Cy for all
duplexes with two-state transition were linear (correlation
coefficient > 99%) over the entire 80100-fold range in
concentration (see Supporting Information). Thermodynamic

pe(tjr.a%etelrs el‘t. pH 7.0 andd5f.0 der:ive_(i frolm thel fits of Nearest-Neighbor Parameters of@ Mismatches at pH
individua 'metmg curves and from t E“‘ Vs in Cr plots 5.0. Tables 3 and 4 also list nearest-neighbor parameters
are listed in Table 1. The model used in this study assumes¢ . internal AC mismatches obtained at pH 5.0 using SVD
that the transition from duplex to random coil is two-state 4, average, the pH 5.0 nearest-neighbor numbers are more
andAG,’ is ZET0. Typically, agreement W'”"F‘ 15% of the stable than pH 7.0 parameters by 1.39 kcal/mol. Note that
parameters derived from.thg averages of the fits anq,\ﬁhé the stabilization effect of protonation of an@ mismatch

vs In Cr is assumed to indicate a two-state transitiéd ( \aries with context. For example, the largest protonation
57). However, this agreement does not necessarily rule outggoc i ohserved for the trimer ACC/TAG (1.70 kcal/mol

hon-two-state behavior2p, 49), and caution is in order ¢4 AG°3;) and the smallest protonation effect is for CCT/
whenever a two-state approximation is invoked. In this GAA (1.05 kcal/mol forAG®s). -

study, since the seven unknown nearest-neighbor parameters 1, \ R of Internal AC and A~C Mismatches. To test
are overdetermined, the validity of two-state approximation . oftact of pH change on the overall base paifing in DNA
is confirmed by comparing thermodynamic contributions of duplexes presented in this study, one-dimensional exchange-
trimer sequences in different duplexes. For duplexes with able 'H NMR spectra for six dublexes containing internal
two-state thermodynamics, the data obtained from the A-C mismatches were acquired at pH 7.0 and 5.0. Figures
averages of the fits and thig,~* vs In C_:T plots are equally 2 and 3 show representative imino 1D-NMR—(®5 ppm)
rehabl_e @5, 44, 50), . and _thus their averages are the region of two DNA duplexes with internal &£ mismatches
experimental values listed in Table 2. at pH 7.0 and 5.0. Unfortunately, there are no imino protons
Molecules with Non-Two-State Transitionst pH 7.0, in either the adenine or cytosine in@ mismatches in the
three duplexeS listed in Table 1 exhibitadH® differences keto form (Figure 1a), and thUS, exchangeab|e 1D-NMR does
between averages of the fits alig~* vs InCr plots greater ot give any resonances that indicate the formation of an
than 15%. At pH 5.0, however, four dUplexeS exhibited non- A-C mispair_ However, 1D-NMR gives a qua"tative indica-
two-state transitions (Table 1). Note that some duplexes tion of the effect that internal &L mismatches have on the
which had two-state transitions at pH 7.0 are not two-state entire duplex. Previous structural studies o€Anismatches
at pH 5.0 and vice versa. At pH 7.0,@ mismatches are  have suggested that at neutral pH internaCAmispairs
destabilizing (see below), and thus it is possible that hydrogen-bond with only one hydrogen bond involving the
molecules with non-two-state behavior at pH 7.0 form cytosine N3 and the adenine 6-amino proton (Figure 1a). At
alternative structures. There is also the possibility, sin€® A |ower pH, At-C mismatches form two hydrogen bonds
mismatches are so unstable, that an intermediate internal loophetween the adenine NH(L)and NH(6) to the cytosine
is formed within the duplex. TheKy of N1 of adenine in carbonyl 02 and N31(2, 29, 30, 32, 33, 59). In this study,
an A-C mismatch has been estimated to range between 7.5he imino proton NMR spectra do not provide direct evidence
and 6.6 29, 58). Thus depending on the context, at pH 7.0 for hydrogen-bonded AC mispairs (see Figures 2 and 3).
or 5.0 there is a competition between duplexes where theowever, all GC and AT imino proton pairs can be
mismatch is protonated or not which may also result in non- ghserved in the regions between 12 and 13 ppm and 13 and
two-state behavior. 15 ppm, respectively (see Figures 2 and 3). At pH 5.0, A
Nearest-Neighbor Parameters of@Mismatches at pH  C mismatches neighboring:G and AT imino resonances
7.0. Table 3 lists parameters for seven uniquely determined become more resolved and sharper (Figures 2B and 3B)
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Table 1: Thermodynamics of Duplex Formation of Oligonucleotides with Intern@l Mismatche%

1/Tw vs In Cr parameters curve fit parameters
DNA duplex —AG®37 (kcal/mol) —AH° (kcal/mol) —AS (eu) Tw (°C)> —AG°37 (kcal/mol) —AH° (kcal/mol) —AS (eu)
CGAGCGTCC 6.98+ 0.01 50.5+ 1.2 140.4+ 3.7 45.2 6.98t 0.14 57.7+1.4 163.7+ 4.2
8.67+0.44 67.6+ 1.9 190.0+4.6 514 8.7G+ 0.07 67.1+ 1.3 188.3+ 4.3
CGTCCGTCC 6.59+ 0.38 55.7+ 1.6 158.4+ 3.9 422 6.57 0.07 59.9+ 1.7 171.9+5.3
7.80+ 0.57 60.4+ 2.3 169.6+ 5.6 483 7.73: 0.06 61.7+ 0.9 174.0+ 2.9
CGTGCCTCC *7.07+0.32 44.0+ 1.0 119.0£ 2.2 47.1 7.040.34 63.1+ 3.3 180.5+ 9.5
8.26+ 0.55 60.3+ 2.1 167.8£5.1  50.9 8.3740.11 64.2+ 2.3 180.0+ 7.2
GGACCCTCG 6.12+ 0.53 458+ 1.8 1279+ 42 401 5.99+0.11 52.4+ 1.9 149.7+ 6.0
7.33+0.84 474+ 2.6 129.2+£5.7 482 7.24+0.04 54.1+ 2.5 151.1+8.1
GGACCGACG 6.12+ 0.31 483+ 1.1 135.9£ 2.7 39.9 6.05t 0.08 52.4+ 1.6 149.4+ 5.0
7.42+0.36 61.0+ 1.5 172.8+£3.7 46.1 7.39:0.07 56.7+ 1.6 159.0+ 4.9
GGAGCCACG 6.98+ 0.19 52.6+ 0.7 147.0£1.6 449 6.94+ 0.10 59.5+ 1.7 169.3+ 5.1
8.56+ 0.50 64.6+ 2.0 180.7+4.9 515 8.64+0.12 67.1+ 3.6 188.5+11.3
CATGAAGCTAC 7.25+0.24 65.0+ 1.1 186.2+ 2.7 44.7 7.24+ 0.09 70.7£ 2.0 204.6+ 6.2
8.50+ 0.09 727+ 0.4 207.0+1.0 495 8.5H-0.10 77.7£ 25 223.1+ 7.6
CCACACCAGAG 8.44+0.24 68.1+ 1.0 192.3t25 50.1 8.54+ 0.09 729+ 1.9 207.5+5.8
9.67+0.27 81.5+ 1.3 231.7+3.4 53.0 9.53+ 0.05 76.8+£ 1.5 217.0+ 4.7
CCACACGAGAG 7.86+0.20 63.9+ 0.9 180.7£2.1  48.0 7.93t 0.09 67.7+ 2.8 192.8+ 8.6
9.07+ 0.23 72.9+1.0 205.8+ 2.5 52.1 9.13t 0.07 4.7+ 1.7 211.4+5.1
GAGAGCACACC 8.11+ 0.67 64.6+ 2.8 182.3£ 6.8 49.2 8.1A# 0.12 67.3+ 2.9 190.6+ 9.0
9.39+ 0.30 69.9+ 1.3 195.1+3.1 544 9.48+ 0.10 725+ 2.2 203.2+ 6.6
GATCAATGTAC 6.62+ 0.38 61.7+ 1.7 1775+ 41 418 6.5H-0.13 71.0+£ 2.9 208.0+ 9.4
7.47+0.31 66.8+ 1.5 191.3+ 3.5 45.6 7.49t 0.09 71.0+5.2 204.6+ 16.5
GATCTATGTAC 6.20+ 0.55 57.0+ 2.3 163.7£5.6  39.9 6.03+ 0.09 66.2+ 4.4 194.0+ 13.9
7.144+ 0.36 66.1+ 1.6 190.1+ 4.0 44.0 7.1# 0.04 68.3+ 2.7 197.1+ 8.7
GTACAAAGATC 5.93+0.17 55.4+ 0.7 159.4+1.7 385 5.76+ 0.09 63.7+ 3.9 186.8+ 12.5
6.96+ 0.24 63.0+£ 1.0 180.6£ 2.6 434 6.95+ 0.06 68.7+ 3.7 199.1+ 11.8
GTAGCATCATG 7.75+0.22 65.3+ 0.9 185.6+ 2.3 47.2 7.79:0.09 70.9+ 3.1 203.5+9.7
9.68+ 0.44 812+ 2.1 230.6£5.4 53.1 10.02 0.19 93.9+ 2.6 270.3£ 7.9
GTAGTAACATG *6.42+ 0.25 53.2+ 1.0 150.7£2.3 414 6.25+0.13 67.9+ 4.9 198.7+ 15.3
- 7.42+ 0.36 65.5+ 1.7 187.1+ 4.2 455 7.46t 0.04 66.2+ 1.5 189.4+ 4.7
GTAGTCACATG 6.24+0.84 53.9+ 3.3 153.5+8.0 40.3 6.18- 0.10 57.2+£2.4 164.4+ 7.8
- 7.61+0.21 67.8+£ 1.0 1941+ 2.4 46.1 7.7Qk 0.09 72.9+ 4.8 210.1+15.2
CCGACTCTAGCG 6.76+ 0.41 494+ 15 137.4+£ 3.4 440 6.74+0.10 54.8+ 2.4 155.0+ 7.4
9.42+ 0.56 70.8+ 2.4 197.9£5.9 54.3 9.5# 0.13 73.4+ 25 205.9+ 7.6
CGCAAGAGACGG 6.33+ 0.52 49.1+ 1.9 138.0+4.3 41.2 6.28+ 0.09 51.6+ 1.3 146.2+ 4.3
9.35+0.24 65.1+ 1.0 179.8£23 555 9.38: 0.10 66.0+ 3.5 182.5+ 10.9
GCGCTCTCCGCC 7.00+0.21 47.0+£ 0.7 129.1+1.6 46.0 6.96+ 0.08 54.1+ 1.1 152.0+ 3.4
9.72+0.25 728+ 1.1 203.3:2.6 553 9.63+ 0.09 69.5+ 2.5 193.1+ 7.7
GGCCGAGACCGC 7.15+0.21 49.3+ 0.7 136.0+1.6 46.4 7.19+0.08 54.3+ 3.8 151.9+12.2
9.99+ 0.50 75.3£ 2.2 2104+ 55 5538 9.98+ 0.10 74.6+ 2.2 208.5+ 6.9
CGTCGAGGACAACC 7.18+ 0.46 425+ 1.4 113.9+£ 2.9 48.4 7.2 0.05 42.8+ 2.1 114.7+ 6.8
10.46+ 0.24 80.8+ 1.1 226.8-2.8 56.5 10.02: 0.03 69.1+ 3.3 190.5+ 10.7
CGACCATATGATCG 6.21+ 0.90 36.7+ 2.7 98.3+57 416 6.35-0.14 415+9.9 113.3+20.0
*6.15+ 0.31 464+ 1.1 129.7£2.6  40.2 6.36+ 0.25 37.4+ 7.6 100.0+ 25.2
CGTCTCATGAAACG 5.89+ 0.37 64.4+ 1.9 188.7£5.0 38.0 5.95£ 0.11 58.2+ 2.1 168.6+ 7.0
*8.67+ 0.30 92.6+ 1.8 270.6+4.7 474 8.16+ 0.14 71.9+ 2.6 205.5+ 8.3
CTCACATATGCGAG *7.70+ 0.26 83.9+£ 1.5 2457+ 4.1 44.7 7.53t 0.09 70.3+ 3.7 202.2+12.1
*10.57+ 0.99 89.6+ 5.2 254.8+9.7 549 9.99+ 0.26 75.0+ 8.7 209.6+ 27.2
CTCCACATGTAGAG 592+ 0.41 61.9+ 2.0 180.5£ 5.2 38.2 6.02t 0.12 56.2+ 3.9 161.9+12.8
*8.07 + 0.47 85.3+ 2.8 249.0+7.4  46.0 7.82:0.10 66.1+ 6.2 187.9+ 20.1
GAGAAGCGGTCCAG 8.97+0.77 60.3+ 2.8 165.5£ 6.7 54.9 8.9Qt 0.10 57.8+ 1.7 157.6£5.1
11.68+ 0.24 87.6+ 1.1 244.8+2.8 59.8 11.14+0.10 78.1+ 1.7 215.9+5.1
GCAACTCCGGCTAG 9.47+0.29 69.2+ 1.2 192.6£2.8 55.0 9.36+ 0.07 64.6+ 3.0 178.0+£ 9.5
11.73+ 0.46 88.9+ 2.2 248.8+5.6 59.7 11.19-0.11 775+ 2.1 213.8+ 6.6

alisted in alphabetical order and by oligomer length. For each DNA duplex, only the top stand is shown. Underlined residues indicate the
position of an AC mismatch. Molecules that exhibited an agreememht? with 15% by two different methods are considered to have two-state
transitions. Molecules that exhibited a disagreemerkta? of more than 15% are considered to be non-two-state and are marked with an asterisk.
Solutions ae 1 M NaCl, 20 mM sodium cacodylate, 0.5 mM JEDTA, pH 7.0. Values reported in italics were obtained in the same solution
conditions as above except at pH 5.0. Errors are standard deviations from the regression analysis of the melting data. Extra significant figures are
given to allow accurate calculation &fG°3; and Ty.  Calculated for 16* M oligomer concentration for self-complementary sequences ard 4
10* M for non-self-complementary sequences.

suggesting that the protonation perturbs ring current shifts. DISCUSSION

Since protonation of AC mismatches increases duplex  appicability of the Nearest-Neighbor Model to Internal
stability (Tables 1 and 2), it is expected that this increase in A.C and A-C Mismatches in DNA.Table 2 compares
stability may be reflected in the strength of hydrogen bonds experimental results of £ mismatch-containing duplexes
of Watson-Crick base pairs adjacent to the@mismatch, with those predicted using the parameters listed in Tables 3
and hence reduced exchange broadening is expected. and 4 in conjunction with WatserCrick nearest-neighbor
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Table 2: Experimental and Predicted Thermodynamics of Oligonucleotides wZhVAsmatche%

—AG°37 (kcal/molf —AH? (kcal/moly —AS (euf Tu (°C)d
pH 7.0 pH 5.0 pH 7.0 pH 5.0 pH 7.0 pH 5.0 pH 7.0 pH 5.0

DNA duplex reP expt pred expt pred expt pred expt pred expt pred expt pred expt pred expt pred
CAAAAAAAG e 292 256 358 37.8 106.0 113.3 149 141
CAAACAAAG e 3.08 3.08 40.3 39.0 120.0 115.9 18.2 175
CGAGCGTCC 6.98 6.15 8.71 7.68 541 498 674 60.1 1521 1405 189.1 168.8 446 405 51.6 481
CGTC_EGTCC 6.58 5.99 7.77 728 578 491 611 571 165.2 1389 1718 1604 419 39.2 48.0 46.4
CGTGCCTCC (7.07) (6.24) 8.29 7.95 (53.5) (46.8) 62.2 59.5 (149.7) (130. 5) 173.9 166.0 (45.2) (41.4) 50.6 49.7
GGACCCTCG 6.06 5.77 7.27 7.24 49.1 452 50.7 55.6 138.8 127. 140.2 155.7 39.4 379 47.1 46.4
GGACE:GACG 6.08 5.99 7.38 728 50.3 49.1 588 57.1 1426 138.9 165.9 1604 395 39.2 463 464
GGAGCCACG 6.96 6.24 858 795 56.0 46.8 658 595 1582 1305 184.6 166.0 443 414 513 49.7
CATGAAGCTAC 7.24 6.99 8.51 8.04 678 625 752 675 1954 178.8 215.1 1914 443 439 49.1 487
CCACACCAGAG 8.49 7.95 9.60 9.65 705 550 79.2 751 1999 1516 2243 210.7 499 50.6 532 54.8
CCACACGAGAG 7.89 7.86 9.14 9.38 658 58,0 738 757 186.7 161.6 208.6 2135 47.8 49.2 523 534
GAGAG_QACACC 8.14 7.98 9.43 944 660 624 712 721 1864 1753 199.1 201.7 49.0 49.2 543 54.6
GATCAATGTAC 6.56 6.23 747 751 66.3 56.8 689 715 1927 1629 1980 2059 41.2 403 453 4538
GATCTETGTAC 6.11 6.02 7.16 747 616 550 67.2 721 1788 158.0 193.6 208.0 39.2 38.8 44.0 455
GTACAAAGATC 585 550 6.97 6.62 595 538 659 623 173.1 1554 1899 179.2 379 36.6 432 423
GTAGCATCATG 707 7.14 9.85 8.66 68.1 582 875 759 1945 164.6 2505 2165 46.8 451 525 50.1
GTAGTAACATG (6.33) (5.75) 7.43 7.04 (60.5) (53.2) 65.8 64.1 (174.7) (152.9) 188.2 183.7 (40.4) (37.6) 455 44.2
GTAGT§ACATG 6.21 5.75 7.65 7.04 555 532 703 64.1 159.0 1529 202.1 183.7 40.0 37.6 46.0 44.2
CCGACTCTAGCG 6.75 7.33 951 10.26 521 541 721 742 146.2 1509 2019 206.0 435 46.6 544 57.7
CGCAAATTCGCG f 537 518 7.61 790 486 446 67.0 67.6 1394 1272 1915 1926 350 334 46.2 47.4
CGCEAGAG_,_ACGG 6.30 6.96 9.37 10.03 504 486 655 728 1421 134.1 181.1 202.3 40.9 457 555 56.9
GCGCTCTCCGCC 6.98 752 9.68 10.10 506 58.1 71.1 734 1405 163.0 198.2 2039 452 473 555 57.2
GGCCGAGACCGC 7.16 7.29 9.98 1028 51.8 49.2 749 773 1439 1353 2095 2159 46.2 472 559 569
CGACCATATGATCG 6.28 6.66 (6.25) (10.06) 39.1 55.0 (41.9) (95.2) 105.8 156.1 (114.8) (274.3) 41.8 42.2 (41.3) (52.2)
CGTEGAGGACZAACC 720 793 10.22 10.65 426 568 749 798 1143 1574 208.6 222.8 485 50.1 57.0 57.8
CGTCTCATGAAACG 592 6.82 (8.42) (9.06) 61.3 58.6 (82.3) (75.6) 178.6 166.8 (238.1) (214.4) 38.2 43.4 (47.7) (51.7)
CTCACATATGCGAG (7.62) (5.60) (10.30) (8.66) (77.1) (68.0) (82.3) (88.6) (224.0) (200.9) (232.2) (257.5) (45.0) (37.1) (55.3) (48.1)
CTCCACATGTAGAG 597 6.04 (7.94) (8.48) 59.1 64.8 (75.7) (79.6) 171.2 189.8 (218.4) (229.0) 38.5 38.2 (46.6) (48.7)
GAGAAGCGGTCCAG 894 804 1143 11.12 59.1 511 829 789 1616 138.6 2304 2184 551 525 60.1 60.2
GCAACTCCGGCTAG 941 932 1149 1190 669 725 832 87.1 1853 2034 2313 2422 554 539 603 61.2
CAACTTGATATTAATA g 8.71 9.53 90.9 87.9 265.0 2524 47.7 51.6

alisted in alphabetical order and by oligomer length. For each DNA duplex, only the top strand is shown. Underlined residues indicate the
position of an AC mistmatch. Experimental values are the averages dfithevs In Cr and the curve fit parameter given in Table 1. Thermodynamic
parameters listed in parentheses correspond to non-two-state trarfs8inuences without a literature reference are from Table 1 of this work.
¢ Standard errors for experiment®G°s;, AH°, AS’> are assumed to be 4%, 8%, and 8%, respectivaBalculated for 10* M oligomer concentration
for self-complementary sequences ang 404 M for non-self-complementary sequenceéboul-ela, F., Koh, D., Tinoco, I., Jr., and Martin, F.
H. (1985)Nucleic Acids Res. 13811-4824." Leonard, G. A., Booth, E. D.,and Brown, T. (1990)cleic Acids Res. 18617-5623.9 Tibanyenda,
N., De Bruin, S. H., Haasnot, C. A. G., van der Marel, G. A., van Boom, J. H., and Hilbers, C. W. (E884). Biochem. 13919-27.

Table 3: Nearest-Neighbor Thermodynamic Parameters for 16 Trimer Sequences with Int&nallAM NaCl at pH 7 and 5

propagation AH? (kcal/mol) AS’ (eu) AG°37 (kcal/mol)
sequence pH 7.0 pH 5.0 pH 7.0 pH 5.0 pH 7.0 pH 5.0
The 7 Linearly Independent Trimers
ACCITAG 105+1.4 —9.6+1.9 28.8+ 3.0 —30.6+ 2.7 1.58+ 0.09 —0.12+0.12
CCCIGAG 58+1.6 —4.6+15 13.5+£ 2.7 —15.3+ 2.5 1.60+0.13 0.13£ 0.11
GCAICAT 27+15 —-7.0+£13 4.2+ 2.7 —22.3+27 1.39+ 0.15 —0.07+£0.14
GEIC/CZAG 45+1.4 —8.2+1.2 10.4+ 2.7 —25.1+29 1.28+ 0.13 —0.43+0.14
GCG/CAC 12+14 —9.1+138 —-0.1+2.0 —28.3+27 1.22+0.15 —0.31+£0.13
G§T/C_KA 16+1.2 —-57+1.1 0.8+2.8 —18.6+2.4 1.35+£0.13 0.06+ 0.12
TCCIAAG 128+ 1.6 -11+1.2 34.4+ 2.8 —55+21 2.14+0.15 0.60+ 0.11
The 9 Other Trimer Contexts
ACAITAT 8.7+ 15 —84+20 22.6+ 3.2 —27.9+ 3.0 1.69+0.13 0.24+0.15
ACG/TAC 72+ 1.3 —10.5+1.9 18.3+ 3.0 —33.9+ 2.9 1.52+0.13 0.00+ 0.16
ACT/TAA 7.6+ 15 —7.1+£20 19.2+ 3.1 —24.1+ 3.0 1.65+0.14 0.37+0.20
CCA/GAT 40+12 —34+21 7.4+ 2.8 —125+ 3.2 1.71+£0.12 0.49+ 0.19
CCG/GAC 25+14 —55+13 3.1+ 3.0 —18.5+2.7 1.54+0.12 0.25+0.14
CCT/GAA 29+16 —-21+15 4.0+ 26 —8.8+28 1.67+0.14 0.62+ 0.18
TCA/AAT 11.0£1.6 0.1+1.9 28.2+ 2.7 —2.8+28 2.25+0.13 0.96+ 0.14
T§G/AEC 95+15 —-20+17 239+ 2.1 —8.8+2.2 2.08+ 0.09 0.72+ 0.16
TCT/AAA 9.9+ 1.8 14+19 248+ 3.1 1.0t2.8 2.21+0.10 1.09+ 0.12

aErrors are resampling standard deviations (see teff)ese nine other contexts can be derived from linear combinations of the seven linearly
independent trimer sequences (see text). These parameters are not applicable to terminal or pent@imématches2b).

numbers 25). We have previously shown that for canonical also showed that the nearest-neighbor model is also ap-
Watson-Crick DNA duplexes the nearest-neighbor model plicable to DNA duplexes containing single-internalfGnd
applies with average deviations faG°s;, AH®, AS’, and G-A mismatches with average standard deviationg\iGf 37,
Tw of 3.9%, 6.4%, 7.5%, and 1&, respectivelyZ5). We AH°, AS’, and Ty of 5.1%, 7.5%, 8.0%, and 1.8C,
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Table 4: Nearest-Neighbor Thermodynamics eCAMismatches in A)
1 M NaCp

dimer AH? (kcal/mol) AS’ (eu) AG°37 (kcal/mol)
sequence pH7.0 pH50 pH70 pH50 pH70 pHS5.0
AAITC 23 0.8 46 38 0.88 0.39

ACITA 53 —6.3 146 —20.2 0.77 —0.02

CAIGC 19 42 3.7 -—136 0.75 0.02

CC/GA 06 —-13 -06 —4.9 0.79 0.23

GAICC 52 —-33 142 -103 081 -0.10
GCICA -07 —49 -38 -147 047 —0.33
TAIAC 34 -21 80 -76 092 0.26
TCIAA 7.6 22 202 48 1.33 0.70

2 These parameters are a linear least-squares fit of the data for a
singular matrix with a rank of 7. These parameters make predictions
that are the same as those made by the parameters listed in Table 3B
Linear combinations of the parameters in this table give the parameters
in Table 3. These parameters are not applicable to terminal or
penultimate AC mismatches2b).

A)

I|Y|]lIIITIY111YI!VI||V7'IT!IY]TTVIIIY‘IIIW||I]V1|I'IIVI'VIVI'
14.0 13.0 12.0 11.0 10.0 ppm
Ficure 3: 500-MHz'H NMR spectra of the exchangeable imino
region (9-15 ppm) h 1 M NaCl, 10 mM disodium phosphate, and
0.1 mM NagEDTA at 10 °C in 90% HO/10% DO of
GCAACTCCGGCTAGCTAACCGGAGCTGC at (a) pH 7.0 and
(b) pH 5.0.

respectively. Consistent with our previous studies of G

B) and GA mismatches, the quality of predictions made by the
parameters listed in Tables 3 and 4 indicates that the nearest-
neighbor model is a good approximation for prediction of

the thermodynamics of oligonucleotides with either internal
A-C or A™-C mismatches.
A-C versus A-C Mismatch Nearest NeighborsAt pH
7.0, the average free energy contributidxx°3;) of trimer
sequences with an internat@ mismatch (Table 3) is 1.68
PN kcal/mol, and they vary over a range of 1.03 kcal/mol. The
T T T e most stable AC mismatch trimer sequence is GCG/CAC
14.0 13.0 12.0 11.0 10.0 ppm (1.22 kcal/mol). The least stable-@ mismatch trimer,

Ficure 2. 500-MHz'H NMR spectra of the exchangeable imino however, is TCA/AAT (2.25 kcal/mol). At pH 5.0, on the
region (9-15 ppm) h 1 M NaCl, 10 mM disodium phosphate, and ~ Other hand, the average contribution of trimer sequences with

0.1 mM NaEDTA at 10 °C in 90% HO/10% DO of an A"-C mismatch (Table 3) is 0.29 kcal/mol, and they vary
GATCAATGTAC-GTACACTGATC at (a) pH 7.0 and (b) pH5.0.  gver a range of 1.52 kcal/mol. The most stablé-@
respectively 25, 38). On the other hand, for internal-T mismatch trimer sequence is GCC/CAG(.43 kcal/mol).
mismatches, agreement between experimental and predicted he least stable AC mismatch trimer is TCT/AAA (1.09
thermodynamics using a nearest-neighbor model is slightly kcal/mol). A plot ofAG°s; of A-C versus A-C mismatches
higher than for GT and GA mismatches 38) (average reveals that the data can be fit to a line with a correlation
deviations forAG°s;, AH°, AS’, and Ty of 6.4%, 9.9%,  coefficient ) of 0.84 (Figure 4). This suggests thatG\
10.6%, and 1.9C, respectively). In this study, we find that ~and A™-C mismatches stack slightly different depending on
at pH 7.0, the AC mismatch parameters listed in Tables 3 the neighboring pairs (see below).

and 4 predict the thermodynamics of all 28 duplexes with  Trends in AC and A-C Mismatch Nearest-Neighbor
two-state transitions listed in Table 2 with average deviations Parameters. At pH 7.0, when the adenine of an-@

for AG°s;, AH®, AS’, andTy of 6.3%, 11.0%, 12.2%, and mismatch is on the top strand, the general trend observed
1.8 °C, respectively. Apparently, non-nearest-neighbor for the 3 Watson-Crick neighboring base (with decreasing
interactions are more apparent in weak mismatches than inorder of stabilities) is Gc G~ A ~ T (Table 4). However,
stable mismatches. At pH 5.0, however, the @ mismatch when the cytosine of the & mismatch is on the top strand,
parameters listed in Tables 3 and 4 predict all 24 two-state the trend for the Sneighboring base becomes>GA ~ C
molecules in this study with average deviations Ad°s, > T. These data suggest adenine stacking with basSe
AH°, AS, and Ty of 4.7%, 5.9%, 6.1%, and 1.3C, pair plays a dominant role in the sequence dependence of
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AG(A+C) pH 7.0

0.00 0.50 1.00 1.50

AG(A*C) pH 5.0
Ficure 4: Plot of AG°37 of 16 unique AC trimer sequences at pH

Allawi and Santalucia
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Ficure 5: Plot of AG°37 of 16 unique AC trimer sequences at pH

7.0 vs pH 5.0. The least-squares regression line follows the equation7.0 @) and pH 5.0 @) vs AG°37 of 16 unique GT trimer sequences

Y =0.687X + 1.48 R2 = 0.84).

A-C mismatch formation. In addition, since G pairs are
inherently more stable than-A pairs (GC have three
hydrogen bonds whereas Phave two), it is not surprising
that 83 G-C or CG stacked on top of AC mismatches are
more stable than'tneighboring AT or T-A. For A*-C
mismatches, however, the trend for a \Watson-Crick
neighboring pair when the protonated adenine of theCA

is on the top strand (with decreasing stabilities) is @ >

T~ A. When cytosine of the @1 is on the top stand, the
trend for a 5 Watson-Crick pair becomes G A > C >

T. The thermodynamic trends at pH 7 and 5 are slightly
different. This suggests that protonation ofCAmismatches
results in slightly different stacking geometries and, thus,
different stability trends.

Comparison of Thermodynamics ofGAMismatches and
Watson-Crick Pairs. The most stable WatserCrick tri-
mers with a central & or T-A pair (GCG/CGC and CAC/
GTG) are—4.41 and—2.89 kcal/mol 25), respectively, and
the most stable AC or A*-C trimer sequences are GCC/
CAG and GCG/CAC (Table 3). In addition, the least stable
Watson-Crick trimers with a central €& or T-A pair are
TCT/AGA and TAT/ATA (AG°37 of —2.58 and—1.46 kcal/
mol, respectively), and the least stableCAor A*-C trimer
sequence is TCT/AAAAG®3; of 2.21 kcal/mol at pH 7.0
and 1.09 kcal/mol at pH 5.0). While in these two instances
the most and least stable @ mismatch contexts are similar
to the corresponding WatseiCrick trimer sequence with a
central GC pair, however, this is not the case for all 16

(25). The data at pH 7.0 can be fit to a straight lif® & 0.48)
using the equatioly = 0.38% + 1.65 and at pH 5.0R? = 0.52)
using the equatioly = 0.542X + 0.25.

the average contribution for all 16 unique trimer sequences
is 0.29 kcal/mol. Overall, the most and least stable trimer
sequences for @, A-C, and A"-C have the same Watsen
Crick sequence context suggesting that a thermodynamic
correlation between @ mismatches and #£ or A*-C
mismatches may exist. However, a plot of all 16 unique
trimer free energies of &C or A-C versus the 16 unique
trimer free energies of @ mismatches reveals that only a
weak correlation is observed (Figure 5). These data suggest
that A:C, A*-C, and GT mismatches stack differently in
subtle ways.

Comparison of Thermodynamics ofCAMismatches with
G-A and CT Mismatches.Previous studies from our lab
(38, 39 have shown that average free energyG(sy)
contributions of 16 unique trimer sequences with single-
internal GA and GT mismatches are 0.17 and 1.41 kcal/
mol, respectively. The most stable trimer sequence with
G+A mismatches is-0.78 kcal/mol for GGC/CAG, and the
most stable trimer context for-T mismatches is 1.02 kcal/
mol for GCG/CTC. For AC and A'-C mismatches, the
most stable contexts are GCC/CAG and GCG/CAG({s,
of 1.22 for A-C mismatches ane-0.43 kcal/mol for A-C
mismatches). The least stable trimer context fotAG
mismatches is TGA/AATAG°3; of 1.16 kcal/mol), and the
least stable trimer context for-T mismatches is 1.95 kcal/
mol for TCC/ATG. The least stable contexts for@and

trimer A-C mismatch sequences, and no obvious correlation A*-C mismatches are TCA/AATAG"s; of 2.25 kcal/mol)

is observed (not shown).

Comparison of Thermodynamics ofCAMismatches with
G-T Mismatches. X-ray crystallography studies of DNA
duplexes with AC mismatches suggest that ant-&
mismatch adopts a wobble structure similar to thel G
mispair (Figure 1c)34). It is thus reasonable to predict that
A*-C and GT mismatches have similar thermodynamics or

and TCT/AAA (AG°3; of 1.09 kcal/mol), respectively. These
comparisons lead us to conclude that, in general, for the most
stable context a'85-C pair is adjacent to the mismatch and
for the least stable context &T5A pair is adjacent to the
mismatch. Our results indicate that, on average, the trend
of stability for internal mismatches in DNA (with decreasing
order of stability) is GT = G-A > A*-C > C-T > A-C and

that there might be a correlation between the sequencethat the more stable mismatchesTGG-A, and A™-C) show

dependence of their thermodynamics. Recently, we deter-

mined thermodynamic parameters for all 16 unique trimer
sequences with single-internatGmismatches in DNAZ5).
Results from that study indicated that free energy contribu-
tions of GT mismatches range between 1.05 kcal/mol for
AGA/TTT and—1.05 kcal/mol for CGC/GTG. Furthermore,
the averageAG°s; for trimer sequences with internal-G
mismatches was found to be 0.10 kcal/mol. In this study,
A*-C mismatch trimer sequences range in stability from 1.09
kcal/mol for TCT/AAA to —0.43 kcal/mol GCC/CAG, and

a larger context dependence than unstable mismatches
(A-C and TC).

Comparison of Mismatch Thermodynamics, Replication
Fidelity, and Mismatch RepairPrevious investigators have
suggested that DNA replication fidelity may or may not be
governed by the thermodynamics of base pairibg60—

62). Others have also suggested that replication fidelity is
influenced by steric interactions at the site of cataly§® (

or due to nearest-neighbor effect8).( Base insertion
experiments of Goodman and co-workeg&l,(64) with
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Escherichia colipol Il indicate that GT, G-A, and A-C
mismatches occur more often than other mismatches (e.g.,
A-A, C-C, CT, GG, and FT). G-T and GA mismatches
are generally thermodynamically stabilizing and occur often
(61), while this work shows that AC mismatches can be
stabilizing or destabilizing depending on the pH and context.
Since AC mismatches are often incorporated, it is possible
that A-C is protonated at the moment of insertion during
polymerization. Our thermodynamic data for these mis-
matches are in general agreement with the pol 11l misinsertion
trend with more thermodynamically stabilizing mismatches
(G-T, G-A, and A*-C) occurring more often than destabiliz-
ing mismatches (87, C-C, and CT). However, thermo-
dynamic data for @G mismatches (Peyret, Seneviratne,
Allawi, and Santal.ucia, unpublished) do not agree with this
trend since GG mismatches are stabilizing yet are not
efficiently incorporated by DNA polymerases. This could
be due to unfavorable steric effects of a puriperrine
mismatch in the polymerase active site. It is also plausible
that thermodynamics plays an important role regulating the
efficiency of mismatch repair enzymes. According to
previous studies on mismatch repa®; (L0, 13, 65—69),
G'T, A-C, A‘A, G:G, and TFT mismatches are well-repaired
in Streptococcus pneumoniaaedE. coli, while G-A, C-T,

and GC mismatches are poorly repairetiO( 65). In this
case, AA and GA mismatch repair efficiencies appear not
to follow the thermodynamic trend. This suggests that
kinetic or steric factors may play important roles in addition
to thermodynamics in mismatch repair efficiency.
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SUPPORTING INFORMATION AVAILABLE

Representative plots of two normalized melting curves at
pH 7.0 and 5.0 for the duplex GAGAGCACACC
GGTGTACTCTC and twoTy* vs In Cr plots at pH 7.0
and 5.0 for four duplexes (3 pages). Ordering information
is given on any current masthead page.
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