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Unlike the canonical base pairs AT and GC, the molecular properties of mismatches such as hydrogen

bonding and stacking interactions are strongly dependent on the identity of the neighbouring base pairs.

As a result, due to the sheer number of possible combinations of mismatches and anking base pairs,

only a fraction of these have been studied in varying experiments or theoretical models. Here, we report

on the melting temperature measurement and mesoscopic analysis of contiguous DNA mismatches in

nearest-neighbours and next-nearest neighbour contexts. A total of 4032 dierent mismatch

combinations, including single, double and triple mismatches were covered. These were compared with

64 sequences containing all combinations of canonical base pairs in the same location under the same

conditions. For a substantial number of single mismatch congurations, 15%, the measured melting

temperatures were higher than the least stable AT base pair. The mesoscopic calculation, using the

Peyrard–Bishop model, was performed on the set of 4096 sequences, and resulted in estimates of on-

site and nearest-neighbour interactions that can be correlated to hydrogen bonding and base stacking.

Our results conrm many of the known properties of mismatches, including the peculiar sheared

stacking of tandem GA mismatches. More intriguingly, it also reveals that a number of mismatches

present strong hydrogen bonding when anked on both sites by other mismatches. To highlight the

applicability of our results, we discuss a number of practical situations such as enzyme binding anities,

thymine DNA glycosylase repair activity, and trinucleotide repeat expansions.

Introduction

The hydrogen bonding strength of canonical AT and GC base

pairs in duplex DNA is essentially independent of the anking

base pairs. The stacking interaction strength between nearest-

neighbours is also largely independent of next-nearest-

neighbours. As a consequence, the number of dierent interac-

tions of canonical base pairs is fairly small and it is relatively

simple to construct ecient thermodynamic models. In contrast,

there are eight additional mismatched base-pair combinations,

namely AA, AC, AG, CC, CT, GG, GT and TT and, unlike canonical

base pairs, their properties depend strongly on their nearest-

neighbour congurations.1 As a result, the number of congu-

ration dependent properties is very large and to date only a few of

these have been analysed experimentally or theoretically. The

situation with two or three consecutive mismatches becomes

even more complicated and even fewer of these possible cong-

urations have been studied. The properties of mismatches are

very sensitive to experimental conditions such as pH and salt

concentrations, which further complicates comparative studies.

To date there is still no study that considers all mismatch

congurations under the same conditions.

Mismatches can occur in genomic DNA and are produced by

a range of factors, such as replication errors,2 misincorporation3

and cytosine methylation.4 When they do occur, they are checked

and corrected by an extensive array of repair mechanisms.5

However, if le uncorrected they give rise to mutations. A central

aspect for repairing a mismatch defect is its recognition by

specialized enzymes such as MutS,6–8 Msh2–Msh6,9,10 and Rad4/
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XPC.11 Mismatch recognition is also known to be important for

base pair substitution in Cas9-induced DNA breaks.12 Further-

more, mismatch recognition can be performed by a substantial

number of small organic molecules and metal complexes with

the potential for acting as drugs.13 In most cases, the eciency of

mismatch recognition depends strongly on the type of mismatch

as well as on its neighbouring base pairs.14,15 Similarly, mismatch

repair may depend on the type of anking base pair. For instance,

the thymine excision eciency of GT mismatches, due to

thymine-DNA glycosylase, has a well known dependency on the

type of base-pairs neighbouring GT.16–18

Evaluating the dependence of the thermal and structural

properties of mismatches with nearly all possible nearest neigh-

bours, which we will refer to as the context, is a challenging

problem. Few theoretical models can deal simultaneously with

the large amount of sequences that would cover that many

mismatch contexts. These models need to be computationally

ecient which requires a considerable level of simplication. For

instance the nearest-neighbour (NN) model is simple enough to

be numerically ecient, but does not provide the desired level of

structural information. However, mesoscopic models have

a comparable numerical eciency to NNmodels, yet can provide

details on intramolecular interactions.19,20

In the NN model, the parameters for single mismatches can

be derived from a relatively small set of melting tempera-

tures21–24 and are generally sucient for melting temperature

prediction. However, in general, NN models provide little

insight into the detailed intramolecular interactions. More

elaborate models, such as mesoscopic models,19,20 can provide

some information about intramolecular interactions, but they

require a much more complete and diverse set of melting

temperatures. Therefore, the existing set of published melting

temperatures has been insucient for applying mesoscopic

models to the task of providing information on hydrogen bonds

and stacking interactions. Larger sets for specic conditions do

exist as for instance, a microarray probe set by Hooyberghs

et al.25 with single mismatches. However, hybridization to

immobilized probes in microarrays can aect the melting

temperatures,26 and to date there are no validated mesoscopic

models for this experimental situation.

Early studies on melting temperatures established that

guanine mismatches (GT, GG, and AG) are the most stable and

cytosine (AC, CC) the least stable base pair.27–29 Werntges et al.,30

using melting temperatures, classied mismatched base pairs

as wobble pairs (GT, GG, AC, AA and AG), open pairs (TT, CT, TC

and CC) and weak base pairs (GT, AC, and AG). Tandem AG

mismatches were found to be particularly stable,31 and the

inuence of anking base pairs and the terminal position is

also well established.32–35 In an important work, a larger set of

melting temperatures was published21–24 covering all eight

single mismatch types, including a few sequences from

previous studies.28,36 Further thermodynamic studies focused

on terminal mismatched base pairs,37 changes in buer

conditions,38–41 and the use of scanning dierential calorimetry

(DSC).42–44

While melting temperatures are mostly calculated with NN-

type models,21–24 it is possible to use more elaborate statistical

physics approaches such as the Peyrard–Bishop (PB) model.19

The PB models use simple potentials for the basic intra-

molecular interactions. Specically, a Morse potential is used to

describe base-pair dependent interactions, which are mostly

hydrogen bonds, and an elastic potential that mimics the

stacking interactions. Both are eective potentials, that is, they

cover all interactions that are either base-pair or nearest-

neighbour dependent. The model Hamiltonian describes the

energy contributions of these two potentials and is used to

evaluate the classical partition function over all possible DNA

congurations.45 We showed that it is possible, with suitable

parameters, to derive an index from the partition function

which can be used to calculate melting temperatures.19 We

demonstrated that it is also possible to run the procedure in

reverse, starting from melting temperatures to calculate model

parameters.20 The parameters obtained from melting tempera-

tures in this way were shown to be consistent with existing

knowledge of hydrogen bonds and stacking interactions in

a number of situations: RNA,46 GU mismatches in RNA,47

deoxyinosine,48 and more recently DNA–RNA hybrids.49 In all

cases the temperature-derived parameters reproduced all the

main characteristics of these nucleic acids.

Here we report the measurement and mesoscopic analysis of

4096 xed length sequences where the central three base pairs

cover all possible combinations of the bases A, C, G and T.

Therefore, as well as the 64 sequences that only contain the

canonical base pairs AT and CG, we include 576 single, 1728

double and 1728 triple mismatches. Single and double

mismatches are covered in all nearest-neighbour contexts,

except for terminal mismatches which are not considered here.

The mesoscopic analysis is performed with the Peyrard–Bishop

(PB) statistical physics model using microscopic potentials,

taking into account the eective hydrogen bonding and stack-

ing interactions.45 Despite the computational eciency of the

PB model calculation,46 the large number of context dependent

nucleotide congurations, the large number of sequences and

the large number of parameters to evaluate has required

a considerable computational eort. The nal parameters, are

comprised of 440 Morse potentials and 3084 elastic constants

which can be related to hydrogen bonds and stacking interac-

tions, respectively. The analysis of these parameters has

conrmed several well-known properties of DNA mismatches,

but has also yielded numerous unknown results, of which

perhaps the most intriguing one is the surprising stability of

several mismatch triplets. In terms of stacking parameters we

observed very large interactions for the well-known GA–AG

mismatches in a sheared stacking conformation. To exemplify

some possible applications of the new parameters we evaluated

triplet mismatches related to enzyme binding, trinucleotide

repeats, and thymine DNA glycosylase, and found positive

correlations with experimental results.

Materials and methods
The mesoscopic model

We used the model proposed by Peyrard and Bishop45 with

harmonic stacking interactions which has provided good results
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in a variety of situations.20,46,48 The model starts from a Hamilto-

nian where two potentials describe the hydrogen bonding and

stacking interactions. From this Hamiltonian, we calculate the

classical partition function for heterogeneous DNA sequences

using the method developed by Zhang et al.50 This partition

function can then be used to derive an index, which can be

correlated to the experimental melting temperatures.19 In the

following, we will describe the main components of the Hamil-

tonian that are relevant for understanding the results of this work.

The main components of this model are the hydrogen bond

represented by a Morse potential,

V(yi) ¼ Di (e
yi/li

 1)2 (1)

where D and l are the potential depth and width, respectively. y

is the relative displacement between the bases, see Fig. 1. The

stacking interaction is

w


yi; yiþ1



¼
ki;iþ1

2



yi
2
 2yiyiþ1 cos qþ yiþ1

2


; (2)

where k is the elastic constant. Unlike the Morse potential of

eqn (1), which only depends on the base pair of index i, the

stacking potential depends on consecutive base pairs i and i + 1.

The small angle (0.01 rad) q was introduced to avoid numerical

problems in the partition function integral.19

The two potentials, eqn (1) and (2), are combined into the

congurational part of the Hamiltonian

U(yi,yi+1) ¼ w(yi,yi+1) + V(yi). (3)

The two main model parameters are the Morse potential

depth D and the stacking constant k. Fig. 1 shows an example of

these interactions, represented by their main parameters, for

the case of a double mismatch CC and CT. Eqn (3) is summed

over all base pairs N in the partition function

Zy ¼

ðymax

ymin

dy1

ðymax

ymin

dy2.

ðymax

ymin

dyN
Y

N

i¼1

ebUðyi ;yiþ1Þ (4)

where b ¼ 1/(kBT), kB is the Boltzmann constant and T the

absolute temperature. The boundary condition is represented

by U(yN,y1) where we set w(yN,y1)¼ 0 to represent an open ended

duplex. The integral of eqn (4) is carried out over all possible

congurations of base pair displacements yi. Therefore, all

Morse potentials and stacking interactions, of all base pairs, are

considered simultaneously in the evaluation of eqn (4).

The partition function, eqn (4), is used to calculate an adi-

mensional index s which can be correlated to experimental

melting temperatures, as described in the next section. For the

integration of the partition function (see for instance eqn (14) of

ref. 51) we used 400 points over the interval ymin ¼ 0.1 nm to

ymax ¼ 20.0 nm, and a cut-o of P ¼ 10 from eqn (22) of ref. 51.

The calculation of the thermal index s is carried out at 370 K.

Please note that this temperature is unrelated to the tempera-

tures obtained from the regression method. For further details

on the model implementation please see ref. 20,51 and 52.

For the analysis of some particular sequences we calculated

the average displacement hymi, at the mth position in the

sequence which is obtained from

hymi ¼
1

Zy

ðymax

ymin

dy1

ðymax

ymin

dy2.

ðymax

ymin

dyNym
Y

N

i¼1

ebUðyi ;yiþ1Þ (5)

as for the partition function, eqn (4), its calculation is carried

out at an absolute temperature T which is not related to the

melting temperatures obtained from the regression method.

For details on this type of calculation see ref. 52.

Melting temperature prediction

Given a set of tentative model parameters P ¼ {p1, p2.pL}

consisting of Morse potentials D and stacking parameters k, we

calculated an adimensional melting index si(P) for each

sequence i from the partition function, eqn (4), of the Peyrard–

Bishop Hamiltonian.19 Themelting temperature T
0

i ðPÞ, resulting

from the tentative set of parameters P, is then obtained from the

following linear equation,

T
0

i ðPÞ ¼ a0 þ a1siðPÞ; (6)

Experimental data used

4096 sequences were melted under buer conditions of 50 mM

sodium chloride and 10 mM sodium phosphate pH 7.4, total

strand concentration 1.0 mM. All melting analyses were per-

formed using a Roche LightCycler™ as previously described,53

and the melting temperatures were estimated from the maxima

in the rst derivative. All sequences and their respective

measured melting temperatures are shown in ESI Table S1.†

Oligonucleotides were prepared by standard phosphoramidite

chemistry and were labelled with 50-uorescein on one strand

and 30-dabcyl on the complementary strand.

Sequence decomposition and notation

All 4096 sequences are of type

50-CGACGTGCN1N3N5ATGTGCTG-30

30-GCTGCACGN2N4N6TACACGAC-50

where Ni is A, C, G or T. We will refer to the variable part

N1N3N5/N2N4N6 as the central trimer.

Fig. 1 Schematic diagram of the intramolecular interactions in the PB

model, exemplied for a double mismatch (shaded area). The

hydrogen bonds are represented here by the Morse potential depth D

for each base pair (coils) and the stacking interactions are represented

by the elastic constant k for each nearest neighbour (zigzag lines).

This journal is © The Royal Society of Chemistry 2020 Chem. Sci., 2020, 11, 8273–8287 | 8275
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Context dependent base-pair notation

The properties of mismatched base pairs are known to be

dependent on their immediate neighbours, that is, on their

context. Consider for instance a base pair BP in the following

context

50-N1BN3-3
0

30-N2PN4-5
0

The context represented by the anking base pairs N1N2 and

N3N4 will be given by an index, say a, such that BPa means a BP

base pair in this particular context, and its Morse potential will

be represented by DBPa. For example, in the three base pair

sequence 50-ATG-30/30-TGT-50, the central GT mismatch will be

labelled as GTav (BP ¼ GT, a ¼ av), according to the rules laid

out in the ESI Table S2.†

Base pair context groups

The data set of 4096 sequences contains a total of 2082 unique

context trimers of type N1BN3/N2PN4 which therefore would

result in an equal number of dierent base pair Morse param-

eters. However, as will be discussed in the following sections,

this also implies 8768 stacking parameters, that is a total of

10 850 parameters would be required, exceeding by far the

number of available sequences. To reduce this excessive

number of parameters, while still considering context-

dependence in broader sense, we regroup similar context base

pairs into a single index as follows

N1BN3/N2PN4, N2BN3/N1PN4, N2BN4/N1PN3, N1BN4/N2PN3,

N1PN3/N2BN4, N2PN3/N1BN4, N2PN4/N1BN3, N1PN4/N2BN3

in other words, we group all context trimers in terms of similar

base-pairs. This set of contexts will be collectively referred to as

{N1BN3/N2PN4}, with the central base pair underlined for clarity.

To exemplify, all the context trimers of base pair GTah (BP¼ GT)

are grouped together as

{Cca/Gtg} ¼ Cca/Gtg, Cta/Gcg, Gca/Ctg, acC/gtG, acG/gtC,

atC/gcG, atG/gcC, gcC/atG

In this way, we need to consider only 440 Morse potentials

each in their specic context. Due to symmetry consider-

ations, context groups may contain less than 8 trimer

contexts, or even just one as for instance aaa/aaa (AAa). The

complete set of context dependence groups is shown in ESI

Table S2.†

Canonical and mismatch notation

We generally represent a trimer by uppercase letters for canon-

ical base pairs (AT, CG) and lowercase for mismatches. For

instance, 50-ATG-30/30-TGT-50 will be shown as Atg/Tgt, a canon-

ical AT, a mismatch TG followed by another mismatch GT.

Context dependent nearest-neighbour notation

Adapting the typical intra-strand notation, say 50-ATa-30/30-TAb-

50 to the notation above would rapidly become impractical.

Instead we keep a base-pair oriented notation ATa
–TAb, that is,

a base pair AT in context a followed by another TA in context b,

and drop the 50 and 30 notation. The stacking parameter in this

example will be kATa
–TAb.

Nearest neighbour context groups

The stacking interaction involves two nearest neighbour (NN)

base pairs, by considering also the anking base pairs to each

side of the NN, this results in 8768 possible context combina-

tions present in this dataset. Using the BP context groups, this

number can be reduced by introducing NN context groups

formed by the intersection of BP groups sharing the same

sequence steps, which we describe as follows. For two consecu-

tive mismatch base pairs B1P1 and B2P2, each in its own trimer

context, we need eectively to consider tetramer contexts such as

N1B1B2N3/N2P1P2N4

In a similar way as for BP context groups, we will combine all

possible NN contexts into a group
h

N1B1B2 N3

.

N2P1P2 N4

i

which is formed by the intersection of groups fN1B1 B2=N2P1 P2g

and fB1B2 N3=P1P2 N4g. In this way, the 440 dierent BP groups

result in 3084 NN context groups. The NN groups will be repre-

sented in square brackets, underlining two base pairs to distin-

guish them from the BP group notation. For example,

½AccC=Tct G refers to the intersection of the {Acc/Tct} and {Ccc/

Gtc} trimer groups related to CCy
–CTe nearest neighbours, see

Fig. 2. Note that in some cases, when one of the base pairs is

canonical, without its own trimer context, the NN context reduces

to a group of trimers, as for instance ½Tc g=Aa g for ACau
–AT. Note

that the group ½Tc g=Aa g does not contain all trimer of ACau {Aag/

Tcg} but only the ones where the nearest neighbour is AC–TA. The

NN context groups are given in ESI Table S3.†

Fig. 2 Schematic diagram of context groups, exemplied for the same

double mismatch of Fig. 1. BP context groups are shown in the upper

part and respective Morse potentials are displayed in the same colour.

Similarly, NN context groups are shown in the lower part and their

associated stacking potential constants k are colour coded

accordingly.

8276 | Chem. Sci., 2020, 11, 8273–8287 This journal is © The Royal Society of Chemistry 2020
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Notation for transitions and transversions patterns

Transition mismatched base pairs,54 sometimes also called

transduction base pairs,55 are formed by purine–pyrimidine

base pairs AC and GT and we will refer to them by a lowercase t.

The non-mismatched purine–pyrimidine base pairs AT and CG

will be referred to by an uppercase T although they are strictly

speaking not involved in mutations. Transversion base pairs are

formed either by purine–purine or pyrimidine–pyrimidine

pairs,54 and we will refer to them as v, always lowercase. For

instance, Aga/Ttg in the transition/transversion notation will be

represented as Ttv, similarly the cgg/tgg trimer will be repre-

sented as vvv. Note that within a BP context group all trimers

will share the same transition–transversion pattern. The

transition/transversion patterns for all BP contexts are shown in

ESI Table S2.†

Minimization procedure

Optimization method. Here, we briey outline the optimi-

zation method used to obtain the model parameters, which is

described in detail in ref. 19 and 20.

For each tentative set of model parameters Pj we calculated

the predicted melting temperatures T
0

i ðPjÞ, eqn (6), and

compared them to the experimental temperatures Ti. Themodel

parameters (Pj) were then varied until we minimized the

squared dierences

cj
2 ¼

X

N

i¼1



T
0

i



Pj



 Ti

2
: (7)

The minimization was implemented numerically by the

Nelder–Mead or downhill simplex method,20 using eqn (7) as

objective function and nding its minimum in the multidi-

mensional space represented by the model parameters Pj. Due

to the large number of possible mismatch contexts the mini-

mization procedure of eqn (7) was carried out in several sepa-

rate minimization rounds, as will be discussed in the next

sections.

We also refer in this work to an average melting temperature

deviation

hDTi ¼
1

N

X

N

i¼1

|T
0

i  Ti |: (8)

Seed parameters. In all optimizations we varied the ith initial

parameters pi randomly in an interval

pi ˛ [(1  f)si, (1 + f)si] (9)

that is, within a fractionf of a seed value si. For instance f¼ 0.2

would result in an interval [0.8si, 1.2si].

Optimization of canonical base pairs (CBP). We started with

separating 64 sequences and their corresponding melting

temperatures that contained no mismatches and optimized

their parameters separately. Here we used as seed values the

DNA parameters at 69 mM [Na+] obtained previously.20 We will

refer to this as the canonical base pair (CBP) optimization round

and a total of 500 minimizations with dierent initial parame-

ters were performed, chosen according to eqn (9) with f ¼ 0.2.

For the unoptimized parameters we had c
2 ¼ 29.3 C2 which

decreased to c
2 ¼ 20.4 C2 aer optimization, corresponding to

a hDTi of 0.510 C reduced to 0.444 C. In the following opti-

mization steps the parameters of the canonical base pairs AT

and CG were kept xed.

Context independent (CI) mismatch optimization. Before

trying to optimize the large number of context-dependent

parameters, we rst optimized a smaller number of mismatch

parameters without taking into account the context. In other

words, we considered all mismatches as independent from their

anking base-pairs, we will refer to this as the context inde-

pendent (CI) parameter optimization. A total of 134 parameters

were optimized in this step, 8 being Morse potential parameters

and the remaining 126 are stacking parameters. We used f¼ 0.4

as an interval for randomly selecting initial parameters, the

seed parameters were 32.4 meV for the Morse potential D and

2.5 eV nm2 for the stacking parameter k. Non-mismatched

parameters were kept xed at the values obtained in the CBP

optimization. Before optimization, the quality parameter of eqn

(7) was c2 ¼ 37 600 C2, corresponding to hDTi ¼ 2.35 C. Aer

optimization we obtained c
2 ¼ 11 000 C2 and hDTi ¼ 1.20 C.

Here we performed 400 minimization rounds, in parallel, which

required a total of 4.3 years single-processor equivalent

computing time operating at 2.6 GHz.

Context dependent (CD) mismatch optimization. Consid-

ering context dependence we calculated 3084 stacking param-

eters and 440 Morse potentials. The seed parameters were those

of the CI optimization, described in the previous paragraph,

chosen randomly in an interval of f ¼ 0.2. For this we could

perform only 40 individual rounds, due to limited computa-

tional resources, which required a total of 0.5 year per round. In

total, 1.8 108 dierent parameter sets Pj were evaluated in this

process. Convergence was considered sucient if D(c2) between

two full local minimizations was less than 0.1 C2. Aer the

optimization we obtained the quality parameters c2 ¼ 7350 C2

and hDTi ¼ 0.984 C. The complete procedure of parameter

optimizations, CBP, CI and CD, is summarized as a schematic

work-ow in Fig. 3.

Availability

All sequences, their respective melting temperatures and all

calculated parameters are included in our updated soware

package TfReg52 and are freely available. All results presented

here can be veried with this soware. A simplied web site for

searching through the large number of parameters is accessible

at https://bioinf.sica.ufmg.br/app/search-mismatch.pl.

Results
Melting temperature measurements

All measured melting temperatures are shown in ESI Table S1,†

in decreasing order i of the temperature Ti. The data set

contains 576 sequences with single, 1728 with double and 1728

with triple mismatches. Only the triple mismatches are not fully

This journal is © The Royal Society of Chemistry 2020 Chem. Sci., 2020, 11, 8273–8287 | 8277
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covered in all possible nearest neighbour congurations. First,

we will analyse the thermal stability trend for single

mismatches. For this we evaluated the overall logarithmic rank

R over all i belonging to the central base pair N3N4

R ¼ ln

 

X

i

i; if i˛N3N4

!

(10)

The logarithmic rank, shown in Table 1, provides a simple

measure to evaluate the thermal stability trend

GA z GT > GG > AG > TG > AA z TT > AC z TC > CA >

CT > CC

which correlates well with established trends, such as GG > TT

z AA > CC by Peyret et al.,24 and GT $ GA > CT > AC by Allawi

and SantaLucia.22 Unfortunately, summarizing the mismatch

stabilities in this way, while being common practice, can be

misleading. For instance, there is a clear overlap if one

considers the average melting temperature hTi and the standard

deviation std(T) as shown in Table 1, though it still suggests an

ordered sequence of mismatch stability. However, the notion of

a stability trend breaks down when we inspect all mismatches

with higher melting temperatures than that of the canonical

trimer ATT/TAA, which has a melting temperature of 60.7 C

and ranks lowest of all canonical trimers at position 159. There

are 88 single, 4 double and one triple mismatches with higher

melting temperatures than ATT/TAA. The single mismatch

trimer with highest melting temperature is GGC/CGG, ranking

28 with 65.9 C, which is higher than 37 canonical trimers. This

implies that less than half of the all-canonical sequences have

higher temperatures than any other sequence containing

mismatches.

Having 15% of all possible single mismatches with higher

melting temperatures than the canonical ATT/TAA has impor-

tant consequences for applications such as SNP detection,

which rely critically on the ability to distinguish mismatches

and canonical base pairs.56,57

Mesoscopic calculations

The calculations were conducted in three parts, rst we sepa-

rated out the sequences without any mismatches, that is, only

Fig. 3 Work-ow of the optimization procedure.

Table 1 Stability trends calculated according to logarithmic rank of

canonical base pairs and single mismatches. Also shown are the

average melting temperatures hTi and their standard deviations std(T)

given in C

BP R hTi  std(T) BP R hTi  std(T)

GC 6.1 66.1  1.9 CG 6.3 65.8  2.2
AT 6.8 64.1  1.8 TA 7.0 63.8  1.8
GA 8.3 60.2  2.4 GT 8.3 59.9  2.2
GG 8.5 59.9  3.0 AG 8.6 59.7  3.0
TG 8.7 59.2  2.8 AA 8.9 57.8  1.9
TT 8.9 57.9  2.0 AC 9.2 57.1  2.2
TC 9.2 56.8  1.8 CA 9.3 56.7  2.7
CT 9.4 56.4  2.2 CC 9.8 54.7  2.6
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with canonical base pairs (CBP) AT and CG. The second step was

to use the CBP parameters as seed parameters for all sequences,

but without considering the mismatch context, which we called

context independent (CI) calculation. The nal step was to use

the results of the CI calculation as input for the context

dependent (CD) calculations. This procedure was necessary to

reduce the computational eort, especially for the CD part. The

complete workow is outlined in the Methods section. The

resulting CBP parameters are overall very similar to the

parameters we had obtained previously for DNA at low salt

concentrations20 and are summarized in ESI Tables S4 and S5.†

Note that we have not considered explicitly the inuence of the

uorescent markers, however the overall similarity of the new

canonical parameters with those of ref. 20 indicates that those

had little inuence over the thermal stability and these are

identical for all sequences that we have examined.

Context independent (CI) parameters

The CI Morse potentials D, eqn (1), are shown in Fig. 4 and for

most mismatches they are very small, with the notable excep-

tion of AG and GG. As we will discuss later, all these Morse

potentials will spread considerably when context dependence is

considered. Nevertheless, it is interesting that we already see

a good agreement with quantum chemical calculations, which

show that GG is much more closely bonded than CC.58 These

results also follow very closely the trend observed by Peyret

et al.24 for similar mismatches.

The CI stacking parameters k, eqn (2), are shown as a heat

map in Fig. 5. The rows and columns were ordered in such a way

that the rows with largest sum of k are displayed towards the

top, and the columns are ordered with the largest sum of k

displayed to the right. In this way, most of the largest k values

are clustered towards the top-right corner of the heat map,

highlighted by the dashed area in Fig. 5. Several of the stacking

parameters are much larger than typically found for non-

mismatched base pairs, but there is also an equally large

amount of very low stacking parameters, as represented by the

many dark-red boxes in Fig. 5. For the larger stacking parame-

ters, one case that stands out is the single blue box in Fig. 5,

which is GA–AG with 17.3 eV nm2. In general, nearest neigh-

bours involving AGmismatches are amongst those with highest

stacking interactions. We will return to this later when we

analyse the context dependent (CD) results. It is interesting to

note that there are very few cases of large stacking parameters

involving canonical base pairs.

Context dependent (CD) parameters

For the CD optimization we had to consider 440 Morse poten-

tials, and even those represent only a subset of all possible

context congurations which were grouped according to base

pair similarity. As the Morse parameters are now discriminated

by anking base pairs, see Fig. 2, we are eectively referring to

trimers, even though they are strictly on-site parameters. The

complete table with all context groups is given in ESI Table S2.†

To better illustrate the main characteristics of the new param-

eters, we also classied each base pair as a transition (t) or

transversion (v), following the notation outlined in the Methods

section. Fig. 6 and 7 highlight the Morse potentials that deviate

by a large amount in comparison to their corresponding CI

parameters. The complete set of Morse potentials is shown in

ESI Table S6 and ESI Fig. S1–S8.†

The majority of the 440 calculated mismatch Morse poten-

tials are quite small, 314 are smaller than 10 meV, of which 209

are less than 5 meV. This is to be expected, given that the

general nature of the mismatches is to destabilize the duplex. In

addition, this low potential is essentially equivalent to a at

Morse potential, giving support to studies using the PB model

which had considered a at potential for mismatches.59,60

The potentials exceeded an AT-like value of 25meV only in 19

cases, of which 5 are in the region of CG-like potentials.

However, the result that stands out very clearly is that almost all

the largest Morse potentials occur for mismatches that are

Fig. 4 Calculated Morse potentials for CI (red bullets) type base pairs.

The dashed grey line is the value of the Morse potential of the

canonical AT base pair. See also ESI Table S4.†

Fig. 5 Heat map of stacking interactions k of CI nearest-neighbours in

form BP1–BP2, that is, rst base pair followed by second base pair.

Lower case letters refer to mismatched base pairs. The matrix was

ordered by row and column such that the highest values are clustered

in the top-right corner of the map, represented by the dashed box.

Note that the matrix is symmetrical towards the antidiagonal (bottom-

right to top-left), for instance aa–gg is the same as gg–aa, therefore

we left the lower part empty for clarity. The actual values are shown in

ESI Table S5.†

This journal is © The Royal Society of Chemistry 2020 Chem. Sci., 2020, 11, 8273–8287 | 8279
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anked on both sides by other mismatches. The single excep-

tion is GT where the largest Morse potential is anked by

canonical base pairs, Fig. 7d.

In Fig. 6 we show the potentials for like-with-like type

mismatches, which are all transversions. For three of these

mismatches the highest potentials are of type vvv, that is

a transversion anked on both sides also by transversions,

and one case of type tvv. In all these cases the Morse potentials

are substantially larger than the seed CI parameters. In

several cases the Morse potentials are very strong, as for

instance in {cgc/cgt} context, Fig. 6c, which exceeds 60 meV

and is almost equivalent in strength to an ordinary CG base

pair. Note that this does not mean that such a cgc/cgt trimer is

particularly stable as a whole, but that a GG mismatch when

surrounded by a CC and CT has by itself a large potential.

Consider for example the duplex ACGCA/TCGTT, the GGaq

mismatch, {cgc/cgt}, with Morse potential depth 65.6 meV,

which is anked by CCag with 0.800 meV and a CTau with 0.620

meV. These results indicate that in many cases, in a trimer

consisting only of mismatches, the central mismatch appears

to have enough freedom to arrange itself in a very stable

conguration when anked by highly unstable mismatches.

Indeed, there is only one case, the {AgC/TgG} context, where

the GGx mismatch has an increased Morse potential of 27.4

meV, while being anked by two canonical base pairs, see

Fig. 6. A very similar conclusion can be drawn from Fig. 7

where we show AC, AG, CT and GT. Here, AC and GT are the

only two transition base pairs. For GT in particular, Fig. 7d, we

nd the only case {AgC/TtG} where the highest potential is not

anked solely by mismatches, though its value of 17.5 meV is

still comparatively small. For the transversions CT and AG,

Fig. 7b and c, we observe again that the vvv patterns have the

highest potentials.

Fig. 6 Context dependent (CD) Morse potentials for (a) AA, (b) CC, (c)

GG and (d) TT mismatches. Shown are only those Morse potentials that

deviate by more than 30% from the seed CI potentials, shown as dashed

grey lines. Also shown are the transition/transversion characteristic and

the BP context group a. Colour coding is as follows: vvv (black); tvv and

vtv (brown); tvt and ttv (blue); Tvt, Tvv and TTv (red to orange); TvT and

TtT (green to lime). The complete set is shown in ESI Fig. S1–S4 and ESI

Table S6, and the full context groups are given in ESI Table S2.†

Fig. 7 Context dependent (CD) Morse potentials for (a) AC, (b) CT, (c)

AG and (d) GTmismatches. Shown are only thoseMorse potentials that

deviate by more than 30% (panels a–c), or 50% for panel (d), from the

seed CI potentials, shown as dashed grey lines. Colour coding for the

transition/transversion characteristic is as follows: vvv (black); tvv and

vtv (brown); tvt and ttv (blue); Tvt, Tvv and TTv (red to orange); TvT and

TtT (green to lime). The complete set is shown in ESI Fig. S5–S8 and ESI

Table S6.†

Fig. 8 Heat map of the average stacking interactions hki of CD

nearest-neighbours in form BP1–BP2. The matrix was ordered by row

and column, such that the highest values are clustered in the top-right

corner of the map, represented by the dashed box. Note that the

matrix is symmetrical towards the antidiagonal, for instance aa–gg is

the same as gg–aa, therefore we left the lower part empty for clarity.

Grey boxes refer to canonical base pairs that were not included in the

CD-type optimization. Boxes with black or white border represent the

cases where the standard deviation exceeds 4.0 eV nm2.
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The analysis of 3084 dierent stacking potentials is dicult,

not only because of the large number of parameters, but also for

the complexity introduced by the context dependence, see

Fig. 2. Here we employed a similar analysis as for the CI

parameters, but using the average and standard deviation of

groups of stacking parameters. We collected all parameters

matching the pattern notation BP1a–BP2b as set out in the

Methods section, and then calculated the average hki and

arranged these in a BP1  BP2 matrix as shown in Fig. 8.

Similarly, we calculated the associated standard deviation std(k)

which is shown in Fig. 9. The largest average stacking interac-

tion is for GA–AG of 21.8 eV nm2 shown by a single blue box in

Fig. 8, and its standard deviation is in the region of 6.7 eV nm2

in Fig. 8.

Discussion

Here we will attempt to compare the main characteristics of our

results with measurements from other experimental techniques

such as X-ray diraction and nuclear magnetic resonance

(NMR), as well as with theoretical calculations such as molec-

ular dynamics (MD) and density functional theory (DFT). We

will briey review the existing knowledge for each type of

mismatch and how it relates to our ndings.

AA

AA mismatches in the contexts {CaC/GaG} and {AaC/TaG} were

found to have a single hydrogen bond61,62 which compares to

Morse potentials of 4.66 meV and 7.73 meV, respectively. Other

contexts do not indicate substantial hydrogen bonding, for

instance the context {Aaa/Tag} with 4.70 meV, was found not to

form hydrogen bonds.63 MD of poly-dA duplexes has suggested

several possible congurations for the AA mismatch with either

Watson–Crick or Hoogsteen hydrogen bonds.40 In our case the

AA mismatch anked by other AAs, {aaa/aaa}, resulted in a small

potential of 5.62 meV. The smallest Morse potential found for AA

was 0.989 meV, in the context {Aag/Tag}, which clearly suggests

the absence of any important hydrogen bond or other localized

inter-strand interactions. At the other extreme there are several

situations where two hydrogen bonds would seem plausible, for

example with {cac/cat}, an AA mismatch anked by CC and CT,

with 44.9meV, see also Fig. 7a. We not aware of any experimental

results for an AA mismatch in this particular context.

CC

CC mismatches have been reported to be the least stable

mismatch24,43 and we found that the Morse potentials for this

mismatch are generally very small, see Fig. 6b. For instance, for

{AcC/TcG} we obtained 2.29 meV, which is supported by reports

of negligible bonding.64,65 DFT calculations also suggest weak

hydrogen bonding due to steric repulsion.58 On the other hand,

there are some reports of single24 and double hydrogen bonds66

for {AcC/TcG}, which is in contrast to the other experimental

results. Other contexts, such as {AcA/TcT} (2.26 meV) and {CcC/

GcG} (2.62 meV) were also reported as negligibly bonded.65 In

general the Morse potentials for CC shown in Fig. 6b clearly

show a complete absence of any sizeable hydrogen bond

strength, except for a moderate potential of 19.2 meV {acg/gcg}

and 12.3 meV {gcg/gct}, in both cases anked by a GG

mismatch. Also note the common gcg motif in this case.

GG

GG mismatches were found to have a conguration in anti–syn

or syn–anti with two hydrogen bonds for contexts {CgC/GgG}67,68

corresponding to 18.8 meV and {AgA/TgT}69 with 19.4 meV. For

{AgC/TgG} the experimental ndings are mixed with weak,70

single,71 double72 and bifurcated hydrogen bonds.73,74 In our

case we found 27.4 meV for {AgC/TgG}, which is a strong Morse

potential, comparable to an AT base pair, which would be

consistent with double hydrogen bonding.

TT

TT anked by CG base pairs, {CtC/GtG}, are known, from NMR

measurements, not to be hydrogen bonded,32 or to contain only

a single hydrogen bond.62 This is consistent with the low Morse

potentials 6.80 meV. In {AtC/TtG} a stacked mismatch with

weaker bonding was measured,61,64 for which we obtained 6.47

meV. The stacking interactions found were ½AtG =TtC  with

2.34 eV nm2 and ½CtA =GtT  with 2.64 eV nm2, which are in the

same range as for canonical DNA. On the other hand, for {AtC/

TtG} that has been reported not to show wobble conformations

due to increased CH/p interactions (W2 sequence of ref. 75), we

obtained 6.47 meV and moderately larger stacking interactions

of 3.44 meV nm2 and 3.93 meV nm2, for ½AtA =TtT  and

½TtT =AtA , respectively. Specic TT hydrogen pairing modes

were observed at low temperature for {CtC/GtG}, {AtC/TtG} and

Fig. 9 Heat map of the standard deviation of stacking interactions

std(k) of CD nearest-neighbours in form BP1–BP2. The matrix was

ordered by row and column, such that the highest values are clustered

in the top-right corner of the map, represented by the dashed box.

Note that the matrix is symmetrical towards the antidiagonal, for

instance ca–ct is the same as tc–ac, therefore we left the lower part

empty for clarity. Grey boxes refer to canonical base pairs that were

not included in the CD-type optimization.

This journal is © The Royal Society of Chemistry 2020 Chem. Sci., 2020, 11, 8273–8287 | 8281
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{AtA/TtT},76 however all these contexts resulted in very similar

Morse potentials, 6.80, 6.47 and 6.60 meV, respectively.

AC

AC type mismatches are generally thought to have one77 or even

two hydrogen bonds in anti–anti,27,67,78–83 and DFT calculations

also suggest this.84,85 However, the Morse potentials for AC

shown in Fig. 7a, with few exceptions, do not appear to support

the presence of strong hydrogen bonds. Some AC contexts were

measured by NMR, typically at pH between 4.5 and 5.5: {AaC/

TcG},78,81,83 2.30 meV; {CaC/GcG},67,77,79,80 2.45 meV; {cag/tct},27

2.22 meV; and {AaA/TcT},82 2.82 meV. Some moderate Morse

potentials were observed only for AC when anked by other

mismatches, the largest being 16.9 meV {cac/cct}, see Fig. 7a,

typically in vtv or ttv patterns.

CT

CT mismatches generally show very low Morse potentials, as

small as 0.199 meV for {Aca/Ttc}, which does not correlate with

quantum mechanical calculations that reported several inter-

strand interactions.86 The {AcC/TtG} context measured by

NMR66 was reported to have two hydrogen bonds, though we

determined a Morse potential of only 1.15 meV with stacking

interactions of 1.24 eV nm2 and 1.45 eV nm2 for, ½AtG =TcC 

and ½CcA =GtT . The only context with larger potential has 34.4

meV for {acg/atg}, see Fig. 7b. Stacking interactions are usually

not very large, with the notable exception of ½ccc A=cat T with

the extreme value of 71.8 eV nm2. CG anked stacking however

can be very small as for instance 0.245 eV nm2 for ½Cc g=Gt g.

The measurements by Tibanyenda et al.27 involve a {cag/tct}

mismatch, for which we obtained 2.22 meV, but the authors

were not conclusive about its hydrogen bonding.

AG

AG mismatches in the context {AaC/TgG}, for which we ob-

tained 18.8 meV, have been previously studied by X-ray

diraction87–89 and were reported to be in an A(syn).G(anti) or

A(anti).G(syn)90 conformation with two hydrogen bonds. In

some circumstances a looped out structure has been shown by

NMR.91 In another context {CaC/GgG}, with a Morse potential of

18.2 meV, a double hydrogen bonded A(anti).G(anti) confor-

mation was observed for neutral pH.92 In both cases, the

calculated Morse potentials are consistent with a double

hydrogen bond. Tandem GA–AG stacking is a very special case,

which we will discuss later.

GT

GT mismatches are the only ones where the largest Morse

potential {AgC/TtG}, 17.5 meV, was found in a context in which it

is anked by canonical bases pairs (TtT). Since most studies on

mismatches have been performed for this type of context, there is

a substantial body of research related to the {AgC/TtG}mismatch,

especially concerning its interaction with mismatch repair

enzymes such as MutS.6,93 X-ray diraction94 and NMR83,95–98

established the existence of two hydrogen bonds which seems

consistent with theMorse potential of 17.5meV found for this GT

context. The {AgC/TtG} context also has some large stacking

interactions depending on its neighbours. For instance for the

step
h

CgT =GtA
i

we found 6.72 eV nm2. This step occurs in the

sequences used by Isaacs and Spielmann97 and the average

displacement prole is shown in Fig. 10 where we also show the

corresponding canonical prole. Fig. 10 bears some qualitative

similarities to the helical parameters calculated from the

molecular dynamics trajectories from Isaacs and Spielmann,97

see Fig. 5 of ref. 97. They also noted that in sequences containing

GT, all base pairs display lower kinetic stability resulting in larger

displacements than their canonical counterparts, which we also

observe in Fig. 10. The large stacking of step
h

CgT =GtA
i

corre-

lates with a larger stacking overlap seen in the structure of this

sequence, shown in Fig. S9.† Apart from {AgC/TtG}, all remaining

contexts showMorse potentials that are in the range of 5–10meV,

though stacking interactions can be as high as 37.6meV nm2 for
h

aat A=acg T
i

. An important occurrence of GT mismatches in

genomic DNA, is the deamination of 5-methylcytosine, which are

repaired by thymine DNA glycosylase (TDG) through base exci-

sion.99 The repair eciency of TDG depends on the 50 base pair

anking GT, which ismuch lower for neighbouring AT base pairs

on the 50 side.16–18 This is the context {AgC/TtG} with highest

Morse potential depth, suggesting that a stronger hydrogen

bonding could play a role in slowing the TDG repair activity.

Double mismatches

There are not many experimental studies concerning the

structure of double mismatches. One of them100 reports on

consecutive GG and CC mismatches in the contexts {Agc/Tgc}

and {Acg/Tcg}, which have Morse potentials of 4.21 meV and

0.800 meV, respectively. For this sequence, the stacking inter-

actions are also very small 0.293 meV nm2 for steps
h

Acg A=Tcg T
i

. The molecular dynamics for this particular case

suggested100 that the mismatched base pairs rearranged to gain

stability through hydrogen bonding and increased stacking. In

particular it was observed that GG base pairs interact with one

of the C bases of the adjacent CC mismatch, in a hydrogen

bonding triad.100 The extremely low Morse and stacking

Fig. 10 Average displacements for sequences with GTal mismatches

{AgC/TtG} (red curves) and corresponding canonical base pairs (dark

grey curves). The calculation was carried out at 180 K, which has no

relation to the melting temperatures. Sequences from ref. 97.
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potentials involving the CC mismatch suggest that there is no

interaction between the two C bases in this situation.

Sheared stacking

Sheared stacking was observed in some tandem mismatches,

especially for GA–AG, for which there are numerous reports of

this type of strong stacking.29,31,33,34,101–106 X-ray diraction

experiments showed that this tandem step involves extensive

intra-strand stacking.104 Thermodynamic analysis using

a continuum electrostatic model, has shown a very favourable

Gibbs free energy in a sheared conguration.107 For the context

independent (CI) calculation we had a large stacking potential

of 17.3 eV nm2 for GA–AG steps. In comparison, values for

canonical steps are in the range of 2–4 eV nm2. This becomes

even larger for the CD calculations, with the largest stacking of

35.2 eV nm2 for
h

aga A=gag T
i

. The Morse potentials in this

case are of moderate intensity, 16.3 meV for both context

groups, see also Fig. 7. A stacking stability of this magnitude

was not observed in our previous work. Until now, the largest

stacking potential found with the mesoscopic model was

12.5 eV nm2 for inosine–guanosine stacked onto CG, which

was correlated to its inosine(syn)–guanosine(anti) congura-

tion.48 A very large stacking potential suggests a correlation with

the sheared G(anti)–A(anti) conguration in which they are

oen observed.108,109 For the
h

CgaC=Gag G
i

context, for which

the sheared stacking has been observed by NMR,102 we obtained

17.3 eV nm2. We determined a value of 25.4 eV nm2 for
h

AgaA=Tag T
i

for which sheared stacking has been observed in

X-ray diraction.110 For
h

CgaA=Gag T
i

the value was 18.3 eV

nm2.111 GA–AA mismatches with sheared stacking have been

observed in quadruple mismatches,112 involving the context
h

aaaC=aag G
i

, with moderately increased stacking of 6.84 eV

nm2. AA–AA mismatches were also reported in this work,112

however these were in a context that is not covered by the CD

type parameters. For the CI parameters we obtained a stacking

parameter of 9.23 eV nm2.

While the stacking potential of the GA–AG double mismatch

is very large, it is not the largest. The largest stacking was

71.8 eV nm2, for ½ccc A=cat T, which suggest that a similar

sheared stacking might be taking place. A considerable number

of double mismatches resulted in a stacking potential of the

magnitude as that of observed for GA–AG. In ESI Table S3† we

highlight all stacking parameters that exceed their average

values by twice the standard deviation, which may be useful as

candidate sequences for further experimental studies. However

we are not aware of any experimental results for this or other

mismatch congurations with large stacking parameters. Note

that there is also a substantial number of very low stacking

potentials as for instance AA–CC, CC–TT and CA–GC.

Triple mismatches

In our results, certain congurations of triple mismatches stand

out with the highest Morse potentials, see Fig. 6 and 7. The sole

exception is for GT where the highest Morse potential is for the

{AgC/TtG}. For six type of mismatches, AA, CC, GG, CT and AG

this corresponds to triplet transversions (vvv), and for TT

a mixed triplet mismatch of type tvv. For AC, a transition

mismatch, the three highest are anked by transversions (vtv).

To our knowledge, this unexpected pattern of triple trans-

versions, presenting such large Morse potentials and hence

a likely strong hydrogen bonding has not previously been re-

ported. We not are aware of any experimental studies with these

triplet mismatches, with which we could cross-correlate our

ndings.

There have been a few experimental studies on binding

anities for some types of triple mismatches where the anity

is dependent on the mismatch stability. Using the average

displacement for specic sequences it is possible to attempt to

correlate those to the reported binding anities. Tests on Rad4

nucleotide excision repair complex, that recognizes diverse DNA

lesions,11,113 is one of very few studies comparing the binding

eciency of dierent triplet mismatches, ccc/ccc, tat/tat and ttt/

ttt. Fig. 11 shows the average displacement proles for these

three mismatches, with higher Rad4 binding specicity corre-

lating to larger opening proles. Triplet mismatches have also

been studied with MutS recognition, for which it was found that

certain types of mismatches are better recognized than others.14

In Fig. 12 we show a few examples containing triplet

mismatches using the sequences from ref. 14. The best recog-

nition was for AC triplets with very low Morse potentials of 1.43

meV, while poorest recognition was for AG triplet mismatches

with moderate Morse potentials around 15.9 meV. Therefore,

similarly to the Rad4 binding anities, better MutS recognition

appears to be correlated to larger hydrogen bond displacements

and lower Morse potentials.

Fig. 11 Average displacements of the sequences with central triple

mismatches, ccc/ccc (red bullets), ttt/ttt (blue squares), tat/tat (green

boxes) and their reported Rad4 binding specicities.11 For comparison,

a sequence without a mismatch is also shown (grey bullets). The

calculation was carried out at 150 K, which has no relation to the

melting temperatures. Sequences are TGACTCGA-

CATCCMMMGCTACAA/ACTGAGCTGTAGGCMMMGATGTT based on

ref. 11 and, only the central part around the mismatched region MMM/

MMM is shown.

This journal is © The Royal Society of Chemistry 2020 Chem. Sci., 2020, 11, 8273–8287 | 8283
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Trinucleotide repeat expansions are an important source of

inherited neurological diseases, mostly formed by repetitions of

type (CNG)n, with N¼ A, C, G or T, whichmay formDNA hairpins

with central NN mismatches.114,115 Interestingly, repeats of

(GNC)5 are less frequent or completely absent in genomic

DNA.115,116 In Fig. 13a we show the average displacement proles

for (CNG)5 which are generally very stable with small strand

displacements at the mismatch positions. The stability trends of

(CNG)n are the same as observed in other melting experi-

ments.117–119 However, for (GNC)5 repeats with N ¼ A, C, or T,

Fig. 13b, the displacements are very large. The exception is

(GGC)5 (N¼ G) with very low displacements, and which is known

to form stable hairpins.120 Another important type of trinucleo-

tide repeat is (GAA)n,
114 shown in Fig. 13c for n ¼ 5, which is

calculated with CI-type parameters, as our CD parameters do not

cover the mismatch context for this particular sequence. In this

case, the central part of the sequence is stabilised by the large

stacking interaction of the AA–AG step with 8.37 eV nm2 (CI),

therefore it is possible that this repeat may form stable hair-

pins.117 Our stability results for the trinucleotide repeats appear

to be consistent with their presence in genomic DNA when the

repeat has low displacements, and its absence in case of highly

unstable mismatches with large displacements.

Conclusion

We have measured and analysed mismatches in all nearest-

neighbour and next-nearest-neighbour congurations under the

same experimental conditions. The melting temperatures were

used in a mesoscopic model which considered simultaneously

4096 sequences and calculated 440 Morse potentials and 3084

stacking interactions. The results allow the comparison of the

properties between any type of mismatch, under the same exper-

imental conditions and within the same theoretical framework.

The majority of the measured melting temperatures

conrmed the destabilizing nature of mismatches, however

Fig. 13 Average displacements of tandem trinucleotide repeats of type (a) (CNG)5 and (b) (GNC)5, with central mismatches AA (blue boxes), CC

(red bullets), GG (green boxes) and TT (black circles). Panel (c) shows repeats of type (GAA)5 formed solely of mismatches calculated with CI

parameters. The calculation was carried out at 150 K, which has no relation to the melting temperatures.

Fig. 12 Average displacements of the sequences with triple mismatches, aaa/ccc (red bullets), aaa/aaa (blue squares), aaa/ggg (green boxes) and

their reportedMutS recognition.14 For comparison, a sequencewithout a mismatch is also shown (grey bullets). The calculation was carried out at

150 K, which has no relation to the melting temperatures. Sequences used are K (red bullets), L (blue squares), M (green boxes) and WT (grey

bullets), from Table 1 of ref. 14.
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a substantial 15% of single mismatches had higher melting

temperatures than the least stable canonical AT base pair,

a nding that has important implications for applications such

as PCR primer and probe design.121 Themesoscopic calculation,

used for interpretation of the measured melting temperatures,

revealed a number of unexpected results. One of these is the

common occurrence of stable mismatches, when they are

anked on both sides by other mismatches. In several tandem

congurations we found very large stacking interaction poten-

tials. This happens for the well known GA–AG tandem

mismatch which presents a sheared stacking conguration.

From our results, we speculate that there may be other tandem

mismatches that possess this unusual stacking conguration.

In most cases, the Morse potentials which represent the

hydrogen bonds in the model, correlate with known hydrogen

bond congurations from NMR or X-ray diraction studies.

However, for CT mismatches we obtained very low Morse

potentials which are at odds with the double hydrogen bond

congurations that were reported elsewhere. The reasons for

the discrepancy with this particular mismatch are unclear. For

triple mismatches we found good correlations with Rad4

binding anities andMutS recognition which suggests that our

results could be used for a more extensive analysis of this kind.

Another potential application is for understanding the stability

of trinucleotide repeats, such as (CNG)n and (GNC)n, which

appears to correlate with its frequency in genomic DNA.
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