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Thermodynamics of internal C-T mismatches in DNA
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ABSTRACT derived nearest-neighbor thermodynamic parameters for internal
G- T and G-A mismatches and showed that, when combined with
the thermodynamics of Watson—Crick pairs, accurate predictions
of thermodynamics of duplexes with G-T and G-A mismatches
can be determined with average standard deviatiorsG6s7,

AH°, AS® and T, of 5%, 8%, 8%, and 1°& respectively
(17,21). To add to our mismatch pareter database and to test
whether the nearest-neighbor model is applicable to unstable
mismatches, such as C-T mismatches (22—-24), we obtained
thermodynamic measurements of 28 DNA duplexes containing
internal C-T mismatches and combined them with three literature
values (24,25) to derive nearestgtdor parameters for internal
C-T mismatches in DNA. The availability of internal C-T

Thermodynamics of 23 oligonucleotides with internal
single C-T mismatches were obtained by measuring
UV absorbance as a function of temperature. Results
from these 23 duplexes were combined with three
measurements from the literature to derive nearest-
neighbor thermodynamic parameters for seven linearly
independent trimer sequences with internal C-T mis-
matches. The data show that the nearest-neighbor model
is adequate for predicting thermodynamics of oligo-
nucleotides with internal C-T with average deviations for
AG°37, AH°, AS° and T, of 6.4%, 9.9%, 10.6%, and 1.9 °C

respectively. C-T mismatches destabilize the duplex in
all sequence contexts. The thermodynamic contribution
of C-T mismatches to duplex stability varies weakly
depending on the orientation of the mismatch and its
context and ranges from +1.02 kcal/mol for GC _G/CTC

mismatch nearest-neighbor parameters along with Watson—Crick
nearest-neighbors allows reliable prediction of duplex stability
from sequence.

MATERIALS AND METHODS

and CCG/GTC to +1.95 kcal/mol for TC_C/ATG.
Absorbance versus temperature melting curves

INTRODUCTION Oligonucleotides were synthesized on solid supports using standard

(2) an_d m_utagenic chv_amicals and ionizing radia_tion or spontaneqysy, 4 heating rate of 02€/min as described previoug(ys).
deamination (3). Mismatches also occur in the secondagyjigonycleotides were dissolved in 1.0 M NaCl, 20 mM sodium
structures of single-stranded DNA virugds6). In aldition to cacodylate and 0.5 mM MEDTA, adjusted to pH 7.0 or 5.0 with
s;aEIe can_obr?lcal _\Nat_son—fCrlck_ base %‘i‘l'.rs (GaC and A-T) there g.@ M HCIL. Prior to the beginning of each melt, the samples were
eight possible mispairs of varying stability and structure, namely, o a1eq and degassed by raising the temperaturg@d@s5 min

A-A, A-C, CC, CT, GG, G-A GT and T-T. In order 1Qn then slowly cooling the samples to 2C5While at high

understand the origins of various mismatch occurrences andtfa%perature oligonucleotide absorbances at 260 nm were
help in our interpretation of mismatch recognition and repai;tig ;

hani h d - i f i . ecorded and used to calculate single-strand total concentrations
mechanisms, thermodynamics and structures of these mismatcpes) sing extinction coefficients calculated for dinucleoside
need to be determined.

: . _ . monophosphates and nucleosid@s). Absorbance niting
Several molecular biological techniques require accura

o . accuralg,yes for each duplex were measured at 260 and 280 nm from
predictions of matched versus mismatched hybridizatio 1, g5 or 99C at 8-10 different concentrations.

thermodynamics, such as PCR (7), sequencing by hybridization
(8), gene diagnostic®) and atisense oligonucleotide probes Data analysis
(9-11). In ddition, recent developments of oligonucleotide chip
arrays as means for biochemical assays and DNA sequencifigermodynamic parameters for duplex formation were obtained
requires accurate knowledge of hybridization thermodynamidsom UV melting curves using the program MELTWIN vE2B)
and population ratios at matched and mismatched target sissuming a two-state transition (i.e. duplex and random coil) by
(8,12,13). two methods: (i) averages AH° andAS° from fits of 8-10

We and others showed that a nearest-neighbor model rigelting curves at different concentrations as descr{B&;
sufficient to accurately predict the stability and thermodynamicgi) plots of reciprocal melting temperatur&{1) versus I€t
of DNAs with Watson—Crick pairg14—20). Thereafter, we according to the equatidB0)
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Tm™ = RIAH® In(C/N) + AS°/AH® 1 calculations are also performed fiH° andAS° to determine

AH° (mismatch) and\S° (mismatch).
For self-complementary sequencés,= 1 and for non-self-

complementary sequenchis: 4. For the two-state model to apply, o . : .
agreement of the parameters obtained using the two differddgtermination r?f(;thTermodynamcs of linearly independent
methods is a necessary, but not sufficient, conditid;B31). sequences with C-T mismatches

The contribution of a mismatch to DNA duplex stability depends on
Sequences design and rationale the location of the mismatch, its nearest neighbors and its orientation

(17). A mismatch located in the middle of the duplex is less stable
Sequences were designed to have a melting temperature betwggin a mismatch located at the termini (17). For C-T mismatches,
30 and 58C and to minimize the potential of forming alternativeimposing a restriction on the location of the mismatch, such as
competing secondary structures (i.e. hairpins or ‘slipped’ duplexesdrming all internal C-T mismatches, reduces the number of
which maximizes the likelihood of observing two-state transitiongndependent parameters that can be derived from the data set from
Throughout this paper nearest-neighbors are represented ingight to seven (17,33). Instead of the usual dimer sequences format
antiparallel fashion with a slash separating the two stands andfan nearest-neighbor parameters, internal mismatches should be
underline indicating the position of C-T mismatches. Fofepresented in terms of trimer sequences with the mismatch being
example, the sequence AT means 5AC-3' paired with in the middle position. There are 16 unique possibilities for such
3-TT-5'. In this study, the eight different C-T mismatch-containingrimer duplexes with internal C-T mismatches and, according to the
dimers are evenly represented and occur with the followingearest-neighbor model, seven of them are linearly independent.
frequencies: AT = 6, ATC = 9, CCGT =9, CTGC =8, Note that the trimer sequences reported here do not account for
GCOCT =10, GTCC=9, TOAT =9, TTAC = 8. In addition, all  next-nearest-neighbor interactions. To derive the seven linearly
16 possible Watson—Crick surrounding contexts are represenig@ependent trimer sequences one simply adds an arbitrary base pai

at least once in the data set. to the end of all of the eight dimer nearest-neighbors (in this study
we arbitrarily chose to add a C-G pair to thergl of all of the dimer

Determination of C-T mismatch contribution to duplex sequences). Upon adding the third base pair, two of the trimer

stability sequences will be the same (GCTG and GTC/CGG), therefore

reducing the number of unique independent trimer sequences to
Van't Hoff analysis of melting curves provides tai&@°37, AH°  seven. Duplexes with internal C-T mismatches are expressed as &
andAS° for the duplex to random coil transition. Applying the linear combination of Watson—Crick dimer nearest-neighbors and
nearest-neighbor model to each duplex allows determination ofismatch trimers. Thus, equatidrcan be written as
the internal C-T mismatch contribution to duplex stability. For
example, the internal C-T mismatch contribution to the duplex 9'-GGACGACG-3

GGACOGACG-CGTCIGTCC [which has aAG°37expt) of 3'-CCTGTCTGC-5 —

—6.58 kcal/mol] is the sum of initiation and nearest-neighbor ) GG GA AC C@G GA AC CG

propagation terms Init. + CC+CT+TG+GIC+CT+TG+GC 9
5'-GGACEGACG-3 where the trimer sequence GTC is accounted for using
8'-CCTGICTGC-5 — CaG CX  CIC G@

. GG, GA,AC,CC CIT GA, AC,C GIC = GIG + GG5—CTG 6
Inlt.+CC+CT+TG+G:r+G‘_CwLCT+TG+G%2

Note that for self-complementary sequences a symmetry pen
is also included in the calculatiof82). The C-T mismatch
contribution, AG°37(mismatch), is calculated by rearranging

af_%ear regression analysis of C-T mismatch
nearest-neighbors

equation? to give Thermodynamic parameters derived from averages of the fits and
, Tl versus I€7 are equally reliable (16,17,20), thus their
CC + CT 5'-GGACGACG-3 averages were used to determine C-T mismatch contributions to
GT* GC= 3-CCTGICTGC-5 ~ the totalAG° 37, AH® andAS® of all 26 duplexes (see equatidn
. GG GA AC GA AC CG above). The solution to these 26 equations for seven unknowns
Init.— CC-CT-TG-CT-TG-GC 3 was determined by carrying out multiple linear regression by

ingular value decomposition (SVD) analy§8!) using the

— : S
Substitution of nearest-neighbor parameters for Watson—Cri ogram MATHEMATICA v2.1 (Wolfram research) as described
and initiation terms, which have been previously determineg g 17). The data in the SVD analysis werégnted by their

(17), into equion 3 gives errors (see below). A similar SVD calculation was performed to

cc cT determineAH® values for the seven trimers. The solutions
GT+ GC= obtained were used to calcul&®°® using the equation
—6.58 — (1.96) — (—1.84) — (—1.30) — (1.44) — (-1.30) — (-1.44) — (-2.17) AS° = (AH® — AG®37)/310.15 7

AG° 37 mismatch) =AG°3ACAGT + CT_/GC) = + 0.95 kcal/mol4 . .
To verify our results, we performed SVD analysisA& and

Therefore, the C-T mismatch in the context3IETC destabilizes obtained nearest-neighbor parameters that are in agreement with
the free energy of duplex formation by 0.95 kcal/mol. Similathose obtained using equation
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Error analysis of the data broadening exponential function and Fourier transformed with a
] ) ) ) . Silicon Graphics IndigéExtreme computer with Varian VNMR
To determine the error associated with C-T mismatch contributioggfiyare. No baseline correction or solvent subtraction was applied.

to eachAG®37, AH® andAS® measurement, we used standard3 Trimethylsilyl propionic-2,2,3,34lacid (TSP) was used as the
error propagation method85). The uncertaty in measured jnternal standard for chemical shift reference. One-dimensional
AG°37,AH® andAS® parameters were assumed to be 4%, 8% andoE difference spectra were acquired as described above, but
8% respectively. The measurement errors, in combination withth selective decoupling of individual resonances during the 1 s
reported errors for Watson-Crick nearest-neighbry, were  recycle delay. Each resonance was decoupled with a power
propagated to obtain an error estimate for C-T mismatch trimgyificient to saturate <80% of the signal intensity, so that spillover
contributions using the equation artifacts would be minimized. The spectra were acquired in an
interleaved fashion in blocks of 16 scans to minimize subtraction
[Oacey mismatell” = [Oaco, measurel * + > (Oac-,)® 8 errors due to long term instrument drift. 3200-6400 scans were
NN collected for each FID.

where Oace, mismatch IS the propagated error associated with

AG°37(mismatch), “acegmeasurey iS the uncertainty in the RESULTS

measured free energy for the duplex (4%) @wlAGUg?)Z is the
NN

i i Thermodynamics of DNA duplexes with C-T mismatches
squared sum of errors for the Watson—Crick nearest-neighbors

represented in the dupled7). The error in thenitiation  Plots of Ty versus I€t for all the duplexes in this study were
parameter is negligible due to large correlation te(®. linear (correlation coefficient >0.99; not shown). Thermodynamic
Similar calculations were carried out to obt@iKw-mismarch and  parameters for helix to coil transitions for 28 sequences using
Oas(mismaich. The SVD analysis propagates the mismatch errors @verages of the fits of melting curves a1 versus I€t plots

the determined nearest-neighbor parameters in the variancsre listed in Table 1. A widely used method for determining

covariance matrix in a rigorous fashi(s%). applicability of the two-state model to melting curves is
comparison of thAH° values obtained from the averages of the
Resampling analysis of the data fits and theT,~1 versus I€y plots. If theAH® parameters from

both methods agree within 15%, the duplex to random coil
To independently evaluate the error in the obtained C-T mismattfansition is assumed to be two-sité,17,20). However, melts
nearest-neighbors and to point out sequences that are eittt exhibit agreement AH° values of 15% do not necessarily rule
outliers in the fit or that have a substantial effect on the solutioput non-two-state behavior (17,31). Twenty three of the sequences
obtained by SVD analysis, we performed a resampling analydis Table 1 have AH° agreement from the two methods=46%
of the data. The solution obtained by performing SVD analysis omnd showed monophasic transitions, indicating bimolecular two-
all 26 sequences is over-determined (i.e. 26 equations with sewatate behavior. Five duplexes in Table 1 melt with non-two-state
unknowns). This resampling analysis has the advantage that it deansitions. The non-two-state behavior of these duplexes is
determine the uncertainties of C-T mismatch nearest-neighbdr@nifested in the >15% disagreemendlitf values derived by the
separate of any previous assumption made about the errors infive methods. These non-two-state sequences may have the ability
measurementd 7,36). The resapling analysis was performed to form alternative conformations, such as hairpins or slipped
for AG°37, AH® andAS°. We performed 30 resampling trials in duplexes, during the duplex to random coil transition. For duplexes
which eight randomly selected sequences were removed. Fgith two-state transitions, the thermodynamics obtained from the
each resampling trial, the number of non-zero singular values wiits and the T;™! versus I€r plots are equally reliable
confirmed to be seven. For each nearest-neighbor, the 30 resampl(ib@,17,20,21) and thus their averages are the experimental values
trials were averaged and standard deviations determined. Thg$ed in Table 2.
averaged nearest-neighbors from resampling trials were within
round-off error of the values obtained for an SVD analysis Wmf\learest—
all 26 sequences. The standard deviations from resampling ag
with the errors propagated in SVD.

neighbor thermodynamics of unique trimer
Eee?quences with internal C-T mismatches

Table 3 lists thermodynamic parameters obtained using SVD
1H-NMR spectroscopy analysis for all 16 unique trimer sequences with internal C-T

mismatches. According to the nearest-neighbor model, seven of
Oligomers were dissolved in 90%® and 10% BO with 1 M these trimer sequences are linearly independent and can be usec
NaCl, 10 mM disodium phosphate and 0.1 mMBRTA at pH 7.0  in linear combination to obtain parameters for the other nine
or 5.0. Duplex concentrations were between 0.2 and 1.0 mNfimer sequences. The errors listed in Table 3 are the standard
1H-NMR spectra were recorded using a Varian Unity 500 MHzleviations from resampling analysis of the data (see Materials and
NMR spectrometer. One-dimensional exchangeable proton NMRethods). These errors are the same as the errors obtained by
spectra were recorded at°T0 using the WATERGATE pulse propagating the experimental and Watson—Crick nearest-neighbor
sequence with ‘flip-back’ pulse to suppress the water (33B88).  errors in the SVD analysis. The parameters listed in Table 3, along
Spectra were recorded with the carrier placed at the solvewnith Watson—Crick nearest-neighbor and initiation parameters
frequency and with high power and low power pulse widths of 10.(17), predict the therodynamics of all 26 duplexes with
and 180Qus, a sweep width of 12 kHz and a gradient field strengttwo-state thermodynamics (Table 2) with average deviations for
of 10.0 G/cm and duration of 1 ms. 512-1024 transients wefsG°37, AH®, AS° and Ty, of 0.45 kcal/mol, 5.9 kcal/mol,
collected for each spectrum. Data were multiplied by a 4.0 Hz linE8.0 e.u., and 1°€ respectively.
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Table 1. Thermodynamics of duplex formation of oligonucleotides with internal C-T mismé&tches

DNA duplex Ty, versus i€t parameters Curve fit parameters
—AG°37 —AH° -AS° Tm -AG°37 —AH°® -AS®
(kcal/mol) (kcal/mol) (eu) (& (kcal/mol) (kcal/mol) (eu)
Molecules with two-state transitions
CGTCGGTCC 6.73+ 0.32 56.5+ 1.3 160.4+ 3.1 42.9 6.68 0.11 60.1+ 1.6 172.3 54
CGTGACTCC 6.75+ 0.15 57.1+ 0.6 162.2£ 1.5 43.0 6.75 0.04 59.1+ 1.0 168.6+ 3.2
(6.28+ 0.22) (53.6£ 0.9) (152.5: 2.1) (40.7) (6.31 0.03) (53.3t 1.4) (151.4+ 4.7)
GGACCCTCG 6.23+ 0.21 53.2: 0.9 151.4+ 2.1 40.3 6.2 0.03 55.a: 1.1 157.3+ 3.4
GGACGGACG 6.60+ 0.51 54.5- 2.0 154.3+ 4.8 42.4 6.5 0.10 59.1+ 1.0 169.4+ 3.1
GGAGQCACG 6.59+ 0.24 57.0£ 1.0 162.5: 2.5 42.0 6.58 0.04 59.0t 1.6 169.0£ 5.1
CACAGCAGGTC 7.74+ 0.22 65.6t 1.0 186.6+ 2.4 47.0 7.75% 0.04 62.6t 3.9 176.8:12.4
CATGACGCTAC 8.44+ 0.86 73.8£ 4.0 210.#10.1 49.1 8.6%+0.18 85.9 4.3 249.3+ 13,5
(7.93+0.33)  (67.5:1.5) (192.2£3.7)  (47.5) (8.1@0.23)  (80.% 3.6) (234.0+ 10.9)
CATGATGCTAC 8.00+ 0.46 719t 2.1 206.1+ 5.4 47.3 8.0k 0.07 73.1x1.9 209.8+ 6.0
CATGTCACTAC 6.98+0.10 66.0£ 0.5 190.3 1.3 43.3 6.9% 0.03 66.6+ 2.6 192.2+ 8.3
CATGTIACTAC 6.91+0.15 65.5+ 0.7 188.8+ 1.7 43.0 6.92 0.02 65.6 1.8 189.1+ 6.0
GAACGCTGTCC 8.29+ 0.41 62.6- 1.6 175.1x 4.0 50.5 8.45 0.13 64.8- 4.6 181.7+ 14.4
GACCTCCTGTG 7.56+ 0.23 66.5- 1.0 190.0x 2.6 46.1 7.5% 0.05 61.7+ 2.5 174.6+ 8.2
GATCATTGTAC 7.04+ 0.44 67.2£ 2.0 194.0+ 5.0 43.4 7.0k 0.09 72.9 3.2 212.5+10.1
GATGTCTGTAC 6.61+ 0.29 65.5+ 1.4 189.8+ 3.5 415 6.58 0.04 69.8t 2.4 203.8t 7.6
GCTAGCAATCC 7.27+£0.17 67.3: 0.8 193.4+ 2.0 44.8 7.25%0.10 59.8t 2.2 169.6+ 7.0
CGCCAGAGCCGG 6.73+ 0.61 437+ 1.9 119.0+ 4.2 447 6.68 0.13 49.9+ 3.0 139.3t 9.4
CGCIAGAGICGG 6.44+ 0.29 46.7+ 1.0 129.8+ 2.3 42.2 6.43 0.05 48.6£ 2.0 136.1+ 6.5
GGCGGAGACCGC 7.56+ 0.59 65.2+ 2.6 186.0+ 6.5 46.2 7.56 0.06 63.1+ 3.1 179.2£9.9
GGCIGAGAICGC 7.34+ 0.47 60.9t 2.0 172.6:£ 4.8 45.7 7.34 0.06 56.3t 1.4 157.9+ 4.6
CGACCATATGTITCG 6.29+ 0.32 53.1+ 1.3 151.0+ 3.2 40.6 6.3% 0.07 51.1+ 5.6 1441+ 10.1
CGTCTCATGATACG 7.28+0.29 79.1+ 1.6 231.5:4.4 43.4 7.230.09 69.5+ 3.3 200.6+ 10.9
(6.59+0.37)  (73.5:2.0) (215.7+5.4)  (41.0) (6.66:0.17)  (61.2+ 4.6) (176.0¢ 15.3)
CTCCACATGTIGAG 6.80+ 0.34 72,1+ 3.5 210.5:9.2 41.9 6.78 0.15 61.9t 4.1 177.8t 135
(6.39+ 0.51) (59.8t 2.3) (172.2+ 5.8) (40.8) (6.48 0.11) (54.6t 5.8) (155.4+ 18.9)
CTCICATATGCGAG 6.49+ 0.33 71.1+1.8 208.3: 4.7 40.6 6.5 0.12 60.4- 4.1 173.6+ 13.7

Molecules with non-two-state transitions

CGAGGGTCC 6.20+ 0.63 65.8: 3.1 192.1+ 8.1 39.5 6.38 0.17 51.0+ 2.0 143.8: 6.2
GAACGCAGTCC 6.59+ 0.96 26.3+ 1.8 63.6+ 2.9 48.2 6.5 0.30 38.3 7.9 102.6= 24.8
GATCTITGTAC 7.14+ 0.26 67.3:1.2 1941+ 3.1 43.9 7.1%0.15 81.0+t3.4 238.3: 10.6
CTCIATGGTACTGC 7.50+ 0.59 88.8+ 3.6 262.3: 9.6 43.5 7.4%0.15 68.3t 1.4 196.3+ 4.8
GCAICTGCGGOAG 10.28+ 2.10 46.7£5.6 117.4+11.3 71.0 9.78+0.44 39.1+5.1 94.4+15.1

4 isted in alphabetical order and by oligomer length. For each DNA duplex only the top strand is shown. Underlined resata¢lénubsition of a C-T mismatch.
Molecules listed as two-state hald° agreement within 15% by two different methods. Molecules listed as non-two-statd hdidagreement of >15%. Solutions

are 1 M NaCl, 20 mM sodium cacodylate, 0.5 mMBIATA, pH 7.0. Values reported in parentheses were obtained under the same solution conditions as aboy
except at pH 5.0. Errors are standard deviations from the regression analysis of the melting data. Extra significaneedigens®allow accurate calculation

of AG°37 andT,.

bCalculated for 16* M oligomer concentration for self-complementary sequences arid#* M for non-self-complementary sequences.



2698 Nucleic Acids Research, 1998, Vol. 26, No. 11

Table 2.Experimental and predicted thermodynamics of oligonucleotides with C-T misnfatches

DNA duplex Refb —A\G°37 (kcal/molf -AH° (kcal/moly AS° (e.uf T (°C)d
Expt. Predicted Expt. Predicted Expt. Predicted Expt. Predicted
Molecules with two-state transitions
CAAACAAAG (24) 3.27 3.38 53.2 46.0 161.0 137.2 23.6 22.7
CAAATAAAG (24) 3.17 3.07 50.0 47.7 151.0 143.6 22.2 215
CGTCQGTCC 6.70 6.51 58.3 53.9 166.4 152.5 42.6 42.4
CGTGACTCC 6.75 5.92 58.1 43.8 165.4 122.1 42.9 38.8
GGACCCTCG 6.22 5.77 54.1 46.6 154.4 1315 40.2 37.9
GGACGCGACG 6.58 6.51 56.8 53.9 161.8 152.5 42.0 42.4
GGAGQCCACG 6.58 5.92 58.0 43.8 165.7 122.1 41.9 38.8
CACAGCAGGTC 7.74 8.15 64.1 62.1 181.7 173.8 47.3 50.1
CATGACGCTAC 8.52 7.62 79.9 66.2 230.0 188.6 48.5 46.8
CATGATGCTAC 8.01 7.31 725 67.4 207.9 193.4 47.3 45.2
CATGTCACTAC 6.99 6.28 66.3 62.0 191.2 179.5 433 40.3
CATGTIACTAC 6.92 6.28 65.5 62.0 189.0 179.5 43.0 40.3
GAACGCTGTCC 8.37 8.63 63.7 66.9 178.4 187.6 50.7 51.8
GACCTCCTGTG 7.56 7.57 64.1 59.0 182.3 165.7 46.4 47.5
GATCATTGTAC 7.03 6.51 70.1 64.9 203.2 187.9 43.1 41.6
GATCTCTGTAC 6.59 6.01 67.6 63.7 196.8 185.7 41.3 39.1
GCTAGCAATCC 7.26 7.07 63.5 60.4 181.5 171.9 44.9 44.4
CGCCAGAGCCGG 6.71 7.35 46.8 54.9 129.1 153.4 44.0 46.6
CGCIAGAGICGG 6.44 7.35 47.7 55.4 132.9 155.0 42.0 46.5
GGCGGAGACCGC 7.56 7.77 64.2 58.6 182.6 163.8 46.4 48.6
GGCIGAGATCGC 7.34 8.04 58.6 63.4 165.3 178.3 46.1 49.3
CGACCATATGTITCG 6.33 6.58 52.1 64.2 147.5 185.9 40.9 41.2
CGTCTCATGATACG 7.25 7.84 74.3 78.4 216.0 227.4 43.7 459
CTCCACATGTIGAG 6.78 6.72 67.0 72.4 194.2 211.6 42.2 41.8
CTCICATATGCGAG 6.51 6.00 65.7 68.8 190.9 202.3 41.0 38.7
CAACTTGATATTAATA (25) 9.70 10.13 98.4 99.4 286.0 287.4 50.2 52.0
Molecules with non-two-state transitions

CGAGGGTCC 6.29 6.35 58.4 50.2 168.0 141.2 40.3 41.6
GAACGCAGTCC 7.12 6.32 74.2 62.0 216.2 179.3 43.2 40.6
GATCTITGTAC 6.56 8.44 32.3 64.0 83.1 179.0 45.7 51.2
CTCIATGGTACTGC 7.48 7.76 78.6 74.2 229.3 214.0 44.3 46.3
GCATCTGCGGOAG 10.03 9.87 42.9 75.6 105.9 211.8 72.1 55.4

4 isted in alphabetical order and by oligomer length. For each DNA duplex only the top strand is shown. Underlined resatadbérnaiisition

of a C-T mismatch. Experimental values are the averages Bf;theersus '€ and the curve fit parameter given in Table 1.
bSequences without a literature reference are from Table 1 of this work.

CStandard errors for experimenteb°37, AH° andAS° are assumed to be 4, 8 and 8% respectively.

dCalculated for 16* M oligomer concentration for self-complementary sequences ari#* M for non-self-complementary sequences.

eight parameters. The eight dimer parameters listed in Table 4 are
an alternative representation of the seven trimer parameters listed
As stated previously, analysis of internal C-T mismatches in ternrs Table 3. However, in the SVD analysis of eight dimer

of dimer sequences results in eight nearest-neighbors that are sequences, the number of non-zero singular values is seven,
a unique solution. The non-uniqueness of these dimer sequenielicating that the stacking matrix is rank deficient and that the
results from having all C-T mismatches located internallparameters are non-unique. To clarify the non-uniqueness of the
(17,33). Table 4 lists nearestigigbor parameters for dimer parameters in Table 4 one could show that a linear combination
sequences with C:-T mismatches obtained by fitting the data @bthe parameters in Table 4 can be used to derive parameters for

Non-unique C-T mismatch nearest-neighbor thermodynamics
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the seven linearly independent trimer sequences in Table 3, Attermodynamics of C-T mismatches at pH 5.0
notvice versaunless an eighth parameter is given (SVD assum

the eighth parameter is zef@}). Nonetheless, the paneters in o test the thermodynamic_effects of protonation of a C-T

Tables 3 and 4 result in the same predictions and, thus, one coﬁ@matCh (ie. GT versus C-T) thermodynamic measurements

: ; L de on four duplexes with C-T mismatches at pH 5.0 and
use either representation of the data, keeping in mind that bd?ﬁre ma : L
apply only to internal C-T mismatches. pH 7.0. The g5 of protonation for cytosine in the contextofaC-T

mismatch has been reported ta be¥ (39), thus, at pH 5.066%

Table 3.Nearest-neighbor thermodynamic parameters for of C-T mismatches should be protonated. Four sequences were
16 trimer sequences with internal C-T mismatches in 1 M selected to represent different C-T mismatch nearest-neighbor
NaCR contexts. On average, for the four C-T mismatch-containing
sequences tested for pH effects, changing the pH from 7.0 to 5.0
Propagation AH® AS° AG°37 decreased the stability of the duplex by 0.3 kcal/mol{af 37
sequence (kcal/mol)  (e.u) (kcal/mol) and 1.2C for theTy,,. The data obtained for these four sequences
Seven linearly independent trimers suggest that the thermodynamics of C-T mismatches at pH 5.0 are
ACC/TTG  59+13 13.8:2.6 1.62+0.10 slightly less stable than at pH 7.0.
CCCIGTG ~ 4.4%1.2 9.0£2.5 1.60+0.13 . o )
GCAICTT 33+11 62¢22 1374012 NMR and pairing geometry of C-T and C-T mismatches
GCC/CTG  75+15 19.0£3.0 1.60+0.13 C-T mismatches have been proposed to form at least four different
GCG/ICTC  08+1.2  —07+25 1.02+0.11 structures depending on sequence context and solution conditions
GCTICTA 11413 _08:2.0 1355012 (Fig. 1; 39-42). To determine the pairing geometry for C-T

mismatches in this study, one-dimensional exchangeable proton

TCCIATG 6.4+ 1.3 14.3:29 1.95:0.14 NMR spectra of five DNA duplexes with different C-T mismatch

The nine other trimer contekts contexts were acquired at pH 7.0 and 5.0. Figures 2 and 3 show
ACAITIT  1.7t14 1.0£2.0 1.39t0.11 a representative imino region (9—15 ppm) of two of the duplexes
ACG/TTC —08+1.7 _5.0+30 1.04+0.14 studied containing C-T mismatches at pH 7.0 and 5.0. Resonances
ACT/TTA  —05+1.3 60+28 1.37+0.15 between 12-13 and 13-15 ppm are usually the imino protons of

canonical Watson—Crick G-C and A-T pairs. At pH 7.0, an imino

COVGIT  0.2+11 —38&22 13010 peak is observed around 11.5 ppm (Figs 2a and 3a) which
COG/GIC -2.3+14 -10A22 1.02+0.13 broadens out at pH 5.0 (Figs 2b and 3b). Irradiation of this
CCT/GIA  -20+15 -10.823 135:0.14 resonance did not show any observable NOEs (not shown),
TCAIATT 22+13 15+2.1 1.72£0.13 probably due to rapid chemical exchange with water. Previous
TCGIATC  -0.3+1.3 _5.4+3.0 1.37+0.12 structural studies on C-T and C-U mismatches in DNA and RNA
TCT/ATA 00+15 _55+29 1.70+015 showed that at neutral pH these mismatches can pair with two

hydrogen bonds, one of which, due to the repulsion of the

aErrors are resampling standard deviations (see text). carbonyl groups of the cytosine and thym(A8), is posibly

bThese other contexts can be derived from linear combinations of mediated via a water molecule (Fig. 38;-42). Our data are most
the seven linearly independent trimer sequences (see text). consistent with NMR observations on C-T mismatches at neutral pH
These parameters are not applicable to terminal or penultimate and, thus, we tentatively assign the resonance at 11.5 ppm as the
C+T mismatches. imino proton of thymine hydrogen bonded to N3 of cytosine via

a water molecule (39,40,42). At pH 5.0, thetpnation of N3 of
Table 4.Nearest-neighbor thermodynamics of C-T cytosine results in a change in the pairing geometry of the C-T
mismatches in 1 M Na€l mismatch which broadens the imino resonance of the thymine in

the C-T mismatch (11.5 ppm). This broadening of the imino

E;’;‘j;nce A'(*kcal/mol) AS(‘; Y AG(ki;I/mol) resonance might be a result of chemical exchange between
: protonated and non-protonated C-T mispairs. Previous structural

ACTT 0.7 0.2 0.64 studies of C-T mismatches under acidic conditions suggest that the

AT/TC -1.2 -6.2 0.73 imino proton of thymine becomes hydrogen bonded to the carbonyl

CCIGT -0.8 -4.5 0.62 group of cytosine, possibly via a water molecule, making it

CTIGC 15 6.1 0.40 exchange faster with water (Fig. 1¢c an@%;40). In contrast, C-C

GoCT 23 54 0.62 and A-C in RNA (44) and in DNA (I—_I_.T.AIIaWi a_nd J.Santal ucia Jr,

eT/cC 5o 135 0.98 unpublished results) are often stabilized at acidic pH.

TQ/AI 1.2 0.7 0.97 DISCUSSION

TT/AC 1.0 0.7 0.75

Applicability of the nearest-neighbor model to internal C-T

aThese parameters are a linear least squares fit of the data for mismatches

a singular matrix with a rank of 7. These parameters make . . )
predictions that are the same as those made by the parameters Table 2 compares experimental results of 26 duplexes with C.-T

listed in Table 3. Linear combinations of the parameters in this mismatches with predlctlons mad,e by the parameters listed in
table give the parameters in Table 3. Table 3 (or Table 4) and Watson—Crick nearest-neighbor parameters
These parameters are not applicable to terminal or penultimate (17). For sgle m'$matChes in DNA, we have prewou;ly shown
C+T mismatches. that a nearest-neighbor model can accurately predict duplexes
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Figure 1. Four hydrogen bonded structures of the C-T mispair at neutral pH

(aandb) and at acidic pHo(andd). Figure 2. 500 MHz 1H-NMR spectra of the exchangeable imino region

(9-15 ppm) in 1 M NacCl, 10 mM disodium phosphate and 0.1 mpENSA

I . . at 10°C in 90% HO/10% DO of CATGTIACTAC*GTACTCACATG at
with internal G-A and G-T with average deviations£@°37, (@) pH 7.0 andif) EH 5.0. &

AH°, AS° andTy, of 5.0%, 8.0%, 8.0%, and 6 respectively

(17,212). In this wdy, we find that analysis of C-T mismatch A
contributions to duplex stability in terms of a nearest-neighbor N
model results in parameters that predict the thermodynamics of |

sequences with two-state transitions with an average deviation for I

AG°37, AH°, AS® and Ty, of 6.4%, 9.9%, 10.6% and 1O W “

respectively. These average deviations are slightly higher than i j 1

what was observed for G-A and G:T mismatches (17,21). f\ | U\ ﬁ\ /\
Nonetheless, considering how unstable C-T mismatches are, one o W/ iAWY, (WA
might expect that C-T mismatches are capable of disrupting

double-helical DNA in a fashion that may extend to next-nearest-

neighboring Watson—Crick pairs. However, results from this

study suggest that if there are any next-nearest-neighbor effects

for C-T mismatches they are very small and can be neglected.

Hence, the nearest-neighbor parameters in Tables 3 and 4 make ’ \1
predictions that are adequate for most applications. An alternative \ }\

B)

way to test the applicability of the nearest-neighbor model is to A )k }\‘ A

synthesize oligonucleotides with different sequences but the same el N WA Ww g gt

nearest-neighbor compositiqa7,45-47). In thistady, three A
. . 12.0 11.0 10.0 ppm

pairs of duplexes have the same nearest-neighbor composition
(Tables 1 and 2). For example, the duplexes CGIGC
C.C'GGAGIC ACG and GGAQCACG'CGT GICTCC ha\./e Figure 3. 500 MHz 1H-NMR spectra of the exchangeable imino region
different sequences but the same nearest-neighbors adzhejr (915 ppm) in 1 M NaCl, 10 mM disodium phosphate and 0.1 mpENEA

AH°, AS® andT, agree within 0.17 kcal/mol, 0.1 kcal/mol, 0.3 e.u., at 1°C in 90% H0/10% DO of (CGTCTCATGATACG), at @) pH 7.0 and

and 1.0C respectively. The average deviation from the mear(b) pH 5.0.

between the three pairs of duplexes with the same nearest-neighbors

for AG°37, AH®°, AS® and T, are 0.06 kcal/mol, 0.4 kcal/mol, stability of a C-T mismatch. For trimer sequences with the

1.2 e.u., and 0% respectively. cytosine of the C-T mismatch on the top strand, the general trend
for the 3-end closing Watson—Crick pair (with decreasing order
Trends in C-T mismatch thermodynamics of stability) is G-C= C-G > A-T >> T-A. However, when the

thymine of the C-T mismatch is on the top strand (i.e. T-C), the
Trimer mismatch free energdG°37) contributions for internal trend on the Send becomes (with decreasing order of stability)
C-T mismatches vary weakly, depending on the mismatdh-G > A-T=T-A > G-C. Close inspection of these trends reveals
orientation and context (Tables 3 and 4). The most stable triman interesting result. Generally, a G-C base pair (which has three
sequences (Q&/CTC and C@G/GTC) destabilize the duplex by hydrogen bonds) is expected to have a stabilizing effect on
+1.02 kcal/mol and the least stable trimer CTATG) destabilizes duplexes that is larger than an A-T pair (which has two hydrogen
the duplex by +1.95 kcal/mol. This range of 0.93 kcal/mol fobonds). However, G-C pairs stacked on thensl of a T-C
AG°37 indicates that there is a weak stacking contribution tonismatch destabilize the duplex by 0.98 kcal/mol and A-T pairs



stacked on the'fend of a T-C mismatch destabilize the duplex by 6
0.73 kcal/mol. Therefore, in this case, &6 pair stabilizes T-C
mismatches more than does &5C. Thus, stacking interactions,
more than hydrogen bonding, play a major role in the stability of
duplexes with internal C-T mismatches. This is also evident when
a G-C pair stacked on a T-C mismatch/(&J) is compared with

a C-G (CIGQ), which are destabilizing by 0.98 and 0.40 kcal/moft©
respectively (Table 4). 1

Comparison of thermodynamics of C-T mismatches and 12

Watson—Crick pairs 13

No correlation is observed when comparing thermodynamics
trimer sequences with internal C-T mismatches with thes
corresponding trimer sequences with either G-C or A-T Watson—
Crick base pairs (17). Free energies of WfatCrick trimer 16
sequences with a central A-T or G-C pair vary over a range
2.95 kcal/mol, whereas the range of trimer sequences wii%J
internal C-T mismatches vary over 0.93 kcal/mdl@f37. The 19
most stable Watson—Crick trimer sequence is GCG/Q&CH;
= —4.41 kcal/mol) and the least stable is ATA/TAIGC37 = 20
—1.46 kcal/mol)(17). For internal C-T mismatches, the most,;
stable C-T trimer sequence contexts areGEIC and 2o
CCG/GTC (+1.02 kcal/mol) and is the same context as the mogs
stable Watson—Crick sequence (GCG/CGC). However, the trim&+
sequence TC/ATG, which is the least stable C-T context, is -
different than the least stable Watson—Crick sequence (ATA/TAT).
26

Comparison of C-T, G-T and G-A mismatch thermodynamics >7

Comparison of internal C-T mismatches thermodynamics (Table 3)
with previously published parameters for internal @&) and ¢
G-T (17) mismatch therodynamics indicates that C-T mismatchesg
are among the most unstable mismatches in DNA consistent wib
previous observation$23,24). The most stable C-T trimer
sequences are_@&ICTC and CG/GTC (AG°37 of +1.02 kcal/
mol) and the most stable G-A or G-T trimer sequences are
GGC/CAG and CE&/GTG (AG°37 —0.78 and —1.05 kcal/mol
respectively). Moreover, the least stable C-T trimer sequence3is
TCCIATG (AG°37 +1.95 kcal/mol) and the least stable G-A or34
G-T trimer sequences are ABAT and AGNTTT (AG°37 45
+1.16 and +1.05 kcal/mol respectively). The average free energy
contribution of all 16 unique trimer sequences with internal C-36
mismatches is +1.43 kcal/mol. Average internal G-A and G-T
mismatch free energy contributions for all 16 unique trime g
sequences, on the other hand, are +0.17 and +0.05 kcal/mol
respectively. Furthermore, stabilities of G:A and G- T mismatches
are spread over a range of 1.94 and 2.10 kcal/mol respectively,
while C-T mismatch stabilities are spread over a range 6
0.93 kcal/mol indicating that, while contributions of internal C-T,

mismatch thermodynamics depend slightly on the neig;;hborin‘lgl
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