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ABSTRACT: Nearest-neighbor thermodynamic (NNT) models currently
provide some of the most accurate predictions of melting thermodynamics,
including melting temperature (T},,) values, for short DNA duplexes. Inherent to

- AH(T, )+ AC,(T, - T,,)
" AS(T,)+AC,In(T,, /T, )+ RIn(C,/4)
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all existing NNT models is the assumption that AH® and AS® for the helix-to- >
coil transition are temperature invariant. Here we investigate the impact that this
zero-AC, assumption has on the accuracy of T, predictions for 128 DNA

duplexes. Previous and new melting thermodynamic data are analyzed to establish an estimate of A

base pair, of 42 & 16 cal mol '

Cpbp , the heat capacity change per

K 'bp ', as well as an optimal thermodynamic reference temperature (Tf) of 53 £ 5 °C. These

results were used to modify the unified NNT model to properly account for the temperature dependence of AH® and AS° and
thereby extend the range over which T}, is accurately predicted. This new approach is shown to be especially useful for duplexes that
melt at a T,,, greater than 70 °C. Thermodynamic data collected by differential scanmng calorimetry (DSC) for 16 duglexes designed
to melt over a broad temperature range were used to verify the values of AC, P and T, and to show that AC, is essentially
constant above 37 °C. Additional DSC analysis of 12 duplex sequences contamlng all 10 nearest neighbors allowed for errors
associated with different terminal nearest neighbors to be examined and showed that duplexes containing one or more terminal

S'-TA groups are significantly more stable than predicted by the unified NNT model. A correction to improve prediction of the

hybridization thermodynamics of duplexes with terminal $'-TA groups is provided.

The sequence-based prediction of the melting temperature
(Ty) of short duplex DNA i is critical to the proper design of
oligonucleotides used as primers,' probes,* or antisense agents.

Derived from a statistical thermodynamic theory of the DNA
helix-to-coil transition first proposed by Zimm® and later ex-
tended by Gray and Tinoco, nearest-neighbor thermodynamic
(NNT) models are widely used to predict melting thermody-
namics of nucleic acid duplexes. For short Watson—Crick DNA
duplexes, several versions of the NN'T model,”® each possessing
a set of regressed nearest-neighbor (NN) parameters, have been
reported over the past few decades and have served to improve
the accuracy of predicted T, values and associated changes
in enthalpy (AH®), entropy (AS®), and Gibbs energy (AG®).
These models ignore any heat capacity change (AC,) associated
with hybridization of oligonucleotides, in part because reliable
measurement of AC, is difficult. However, the development of
very sensitive differential scanning calorimetry (DSC) and iso-
thermal titration calorimetry (ITC) instruments has led to an
increasing number of publications reporting accurate non-zero
values of AC,, for the meltmg of short DNA duplexes'®™ '
and polymerlc nucleic acids.'®'” For such sequences, the heat
capacity change per base pair (AC PP) generally lies within the
range of 30—60 cal mol ' K~ bp_1 '® The recognition of the
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non-zero value of ACPbP and the resulting temperature depen-
dence of AH® and AS° have yielded a number of important
insights into the hybridization thermodynamics of complemen-
tary oligonucleotides, including improved molecular interpreta-
tion of the well-known dependence of duplex RNA and DNA
stabilities and conformations on nucleotide sequence.'” It has
also permitted the reconciliation of differences in NNT model
parameters derived from either oligomeric or polymeric DNA."
However, attention has not been given to properly account-
ing for the temperature dependence of AH® and AS° within the
NNT model to improve the prediction of T,, values and
hybridization thermodynamics, particularly at higher temperat-
ures.

A thorough analysis by Allawi and SantaLucia®® permitted the
conversion of existing versions of the NNT model, and their
associated NN parameter sets, to a common thermodynamic
reference state. This led to the welcomed establishment of a
“unified” NNT model®" that currently provides one of the most
accurate methods for the prediction of melting thermodynamics
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for short DNA duplexes.”” The unified NNT model accurately
estimates T, and thermodynamic changes such as AG® at
temperatures near 50 °C but becomes less accurate with an
increasing departure of Ty, from this temperature window.** This
can prove to be problematic, as a number of new techniques
common to molecular biology and clinical laboratories use high-
resolution melting at elevated temperatures to identify subtle
sequence differences, including sin§le—nucleotide polymorph-
isms (SNPs) and somatic mutations.”*** To perform optimally,
these assays require accurate T, predictions for sequence-specific
probes designed to melt at higher temperatures. It would there-
fore be beneficial to extend the range of temperatures over which
NNT models accurately predict T,

In this paper, we first investigate the effect that the zero-AC,
assumption used in the development and application of current
NNT models has on the accuracy of T, predictions for higher-
stability duplexes. We then measure ACpbP and remove the zero-
AC, assumption from the unified NNT model to create a
method that extends the range over which T, is accurately
predicted. By properly accounting for the temperature depen-
dence of AH® and AS®, we also identify a limitation in the unified
NNT model that serves to increase T, prediction errors.
Specifically, duplex sequences with at least one terminal §'-TA
sequence were found to be more stable than those predicted by
the model. We therefore designed a library of sequences with
equal representation of all NNs, but with different terminal base
pairs and/or terminal nearest neighbors, to elucidate the nature
of the stability increase in duplexes with terminal 5'-TA sequences.
A further correction to the unified NNT model for duplexes with
one or two §'-TA termini is proposed and shown to provide a
significantly more accurate prediction of T, for these duplexes.

Bl MATERIALS AND METHODS

DNA Synthesis and Purification. Desalted and high-perfor-
mance liquid chromatography-purified single-strand oligonu-
cleotides were purchased from Integrated DNA Technologies
(Coralville, IA), with the purity of each product determined by
capillary electrophoresis (CE) or calculated from the measured
coupling efficiency to establish the concentration of the full-
length product for each sample analyzed by DSC. The average
purity of oligonucleotides following high-performance liquid
chromatography processing was 97.9% (+1.8%), while the base
coupling efficiency regressed from CE chromatograms was
determined to be 99.3% for the desalted oligonucleotides.

Differential Scanning Calorimetry. Single-strand oligonu-
cleotides were dissolved in 10 mM Na,HPO, buffer (pH 7)
containing 1 M NaCl and 1 mM Na,EDTA. For the three
duplexes for which different salt concentrations were tested, a
NaCl concentration of 50 or 250 mM was used. The concentra-
tion of each single strand was determined using absorbance
readings at 260 nm and 80 °C and extinction coefficients
provided by the manufacturer. Duplex DNA sample solutions,
each containing an equimolar concentration of the two comple-
mentary strands, were then prepared to the desired total molar
concentration (Cr) of 50, 75, or 100 M. Samples were degassed
for 7 min under gentle stirring immediately prior to DSC
analysis. All melting experiments were performed on a VP-
DSC differential scanning calorimeter (Microcal, Inc.,, North-
ampton, MA). The nominal cell volume of the instrument was
0.52811 mL, and the scan rate used to collect data from 1 to
100 °C was 1 °C/min. For each experiment, buffer versus buffer

excess thermal power baselines were measured immediately
before the degassed duplex solution was loaded into the DSC
sample cell and then averaged. The duplex-containing sample
solution was then dynamically loaded on a thermal down scan,
and several denaturation—renaturation scans were performed to
verify the reversibility of the melt transition. Except for occa-
sional instabilities in the first denaturation scan associated with
the sample loading process, repeat denaturation scans for a given
sample were superimposable, indicating that the helix-to-coil
transition was fully reversible. The average of these denaturation
scans was computed, and the average buffer versus buffer baseline
was subtracted from it to produce an excess heat capacity
(AC,%) versus temperature curve for the helix-to-coil transition.
Regression of Melting Thermodynamics Data. Excess heat
capacity data were normalized for concentration and then
analyzed using two different methods to determine melting thermo-
dynamics. The first method is model-independent and computes
the calorimetric enthalpy change for the helix-to-coil transition
(AH®.y) as the area enclosed by the transition peak and the
underlying pretransition-to-posttransition baseline; T, is the
temperature at the area midpoint of the enclosed melting transition.
In the second method, melting transition data were fit to the
nonlinear two-state transition model to determine AC,, AHS ,
and T, described in the following equations:
C;X(T) _ bcal _|_mca]
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where m;f)lst and bf,?,lst are the slope and intercept, respectively, of
the posttransition baseline, which was remarkably stable and
easily fit to provide a reliable reference for regression of thermo-
dynamic changes. 6(T) is the fraction of molecules in the single
strand (random coil) state and K(T) is the equilibrium constant
for the dissociation (helix-to-coil) reaction. A typical melting
transition measured by DSC and the best fit of the two-state
transition model to those data are shown in Figure 1.

Error Analysis. Independent experiments were performed in
triplicate for duplexes C1 and T1 to determine repeatability and
to obtain an estimate of experimental error. Standard deviations
for each thermodynamic parameter were determined from these
repeat runs and are reported in Table 2. Experimental errors for
the remaining duplexes, each studied by independent runs
performed in duplicate, were estimated from errors for C1 and
T1 to be +33%, £3%, £3%, and +0.5 °C for the thermo-
dynamic parameters AC,, AH®, AS°, and T, respectively.

B RESULTS AND DISCUSSION

Our initial study focused on comparing T, values predicted by
available NNT models to published data for 128 cDNA duplexes,”***
with the aim of determining if the zero-AC, assumption in
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Figure 1. Differential scanning calorimetry data (@) and two-state
model fit for the helix-to-coil transition of duplex sequence T1
(TTCATAGCCGT/ACGGCTATGAA). Sample preparation and pro-
perties are as reported in Materials and Methods.

current NNT models results in any prediction bias or systematic
error. The duplexes included in the study have lengths ranging
from 8 to 30 bases and were selected on the basis of a number of
criteria, including data quality and demonstration of two-state
melting behavior,””*® and the fact that they were not used for
regression of the reported NN'T model parameters.”” > Also,
for each sequence, the true T,,, rather than the value of T’
was available at 1 M Na', and therefore, no salt correction was
required for comparison with model predictions. For each
sequence, the experimental melting temperature (T,,,"%) was
subtracted from the predicted melting temperature (T,) to
determine the model error (AT,,). Predictions from several
available NN'T models for short DNA duplexes were evaluated.”
The NNT model employing the unified parameter set,”**'
previously and hereafter termed the unified NNT model, was
found to provide the lowest average AT,, and was therefore
chosen as the reference (i.e., zero ACP) model used for all
subsequent NN'T model predictions of melting thermodynamics
reported in this paper.

Figure 2 shows AT, values for the 128 duplexes within our
study set. The T,,,”* ranged from 33.6 to 88.6 °C and therefore
provided a good test of unified NNT model predictions at
temperatures different from 50 °C. The average AT, for the
128 sequences was 0.7 &= 1.8 °C, indicating that the unified NNT
model typically provides good estimates of T, However, for
sequences with a T, " above 70 °C, the unified NNT model
systematically overpredicts T}, such that AT, =1.6 £ 1.8 °C. We
observed similar trends in AT, error when analyzing other NNT
models in the same manner, and these results suggest that model
improvement could be realized by properly defining the tem-
perature dependence of the sequence-specific AH® and AS°
values computed by the model and used to predict T,,,. Similarly,
at lower temperatures, accounting for AC, might serve to
improve structural prediction algorithms for short DNA du-
plexes, which has recently been discussed.'®

Introduction of AC, into the Unified NNT Model Improves
Tm Predictions. All previously published NNT parameter sets,
including that used in the unified NNT model, have been
determined with the assumption that AC, is zero for DNA
hybridization. An obvious benefit of this simplifying assumption
is that it allows NNT parameters for AH®, AS°, and AG® to be

ATn (°C)

30 40 50 60 70 80 90
Experimental T, (°C)

Figure 2. AT, values for 128 test sequences with (M) and without ()
S'-TA groups. For each duplex, the predicted T,, was determined by the
unified NNT model.>**!

regressed directly from experimental data without the need to
correct for differences in T, within the data set. In principal,
correcting a NNT model for a non-zero AC, would require
(re)collection of melting thermodynamics data, including the
AC, value, for a large set of duplex sequences to permit accurate
regression of NNT parameters following correction of the data
set to a common reference temperature (Tyf). The regressed
NNT parameters are then specific to T, and the T, for a given
sequence is predicted using eq 4

. AH®(Tye) + ACy (T — Tret)
" AS(Teet) + AC, In(Tim/Tef) + R In(Cr /4)

(4)

where AC, is assumed to be non-zero and temperature-inde-
pendent. Although this approach arguably provides the most
rigorous strategy for addressing the observed bias in the universal
NNT model at high temperatures, its implementation is trouble-
some, as the large existing set of thermodynamic data for duplex
DNA sequences that undergo the helix-to-coil transition accord-
ing to two-state thermodynamics does not include accurate AC
values for the sequences and therefore could not be utilized for
parameter regression. What remains is a rather limited set of
AC,-inclusive melting thermodynamics data that is not suffi-
ciently large to permit accurate regression of the required set
of new NNT parameters needed to compute AH®(T,) and
AS®(Tyef) in eq 4.

An alternative but less rigorous approach is to introduce a non-
zero AC, estimate into eq 4 such that it and the existing unified
NNT model (and associated NN parameter set) can then be
used to more accurately predict T, values and helix-to-coil
thermodynamics for duplexes that melt at temperatures different
from T Existing thermodynamic data and the many advantages
of the unified NNT model are thereby fully exploited.

As noted previously, SantaLucia®® found that the unified NNT
model most accurately predicts AG® at temperatures near 50 °C,
which suggests that model estimates of AH® and AS® are also
most reliable near this temperature. This result, which supports a
T, of S0 °C in eq 4, is not surprising, as it is very close to the
average T,“F (47 £ 11 °C) for the 108 duzplexes originally used
to regress the unified NNT parameter set.”’

The value of ACpbp could likewise be drawn from existing
literature. However, it is possible to estimate the values of ACpbP
and Trusing the T,,,** data for the 128 duplex sequences within
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Figure 3. AT, values for 128 test sequences with (M) and without ((I)
S'-TA groups For each duplex, the predicted T,,, was determined by eq 4
with a AC,™ of 42 cal mol 'K™! bp71 and a T, of 53 °C.

our test set. Regression of the required AC, PP and T, para-
meters is then achieved by minimizing the error of the residual
(") between T, predicted by eq 4 and T, as shown in eq $

7= X (T = T,)’ (s)

An average AC, PP of42 4 16 cal mol 'K~ "bp 'anda Tref of
53 £ 5 °C were thereby obtained. Uncertainties in AC, P and

T,ef parameters were estimated from regression ana1y51s and
correspond to the upper and lower limits that result in a 10%
increase in the value of X We note that the regressed Teris quite
close to 50 °C. Moreover, the value of AC, PP falls well within the
consensus range of previously reported experlmental values'®
and is also in excellent agreement with the intrinsic AC, P value
of 48 & 10 cal mol ' K~ bp that has been reported on the
basis of theoretical arguments.'>

As demonstrated in Figure 3, the application of eq 4, where
AH®(T,ef) and AS°(T,) are computed using the unified NNT
model and AC, is given by nprC P (nyp is the number of base
pairs in the duplex) , results in an improvement in both the overall
accuracy and precision of Ty, predictions, with the average AT,
now decreased from 0.7 £ 1.8 to —0.2 & 1.4 °C for the 128
duplexes in the test set. This improvement can be attributed to
better T, predictions for duplexes melting above 70 °C, with the
average AT, for these duplexes improving to —0.2 £ 1.1 °C, as
compared to 1.6 & 1.8 °C when AC, is assumed to be zero.
There was no significant improvement in the average AT, for
duplexes with a T,,"" between 40 and 70 °C, as errors were
—0.1 £ 1.6 °C using eq 4 and 0.1 £ 1.6 °C using the existing
unified NNT model.

Finally, we note that for a number of duplex sequences that
melt at <40 °C, T,,, is not predicted well by either method (zero
or non-zero AC, models). For many or all of these sequences,
this is likely due to significant single-stranded ordering at lower
temperatures that is not included in the unified NN thermo-
dynamic parameters. This phenomenon has been carefully
studied by others''™'****" and is not the focus of our investiga-
tion.

Regressed AC,°® and T, Values Are Supported by DSC
Data. The accuracy of our method, embodied in eq 4, for
predicting melting thermodynamics of short DNA duplexes
depends on the validity of three key model assumptions. (1) A
T can be identified at which the unified NNT model provides

AHpreq | AH exp
o =9
© o e
- -]
T
a8t
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[ AN E—
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Figure 4. Relationship between predicted (unified NNT model) and
experimental AH® values as a function of T, for 16 duplexes with DSC
data collected at 1 M NaCl (®). Duplexes with DSC data collected at
various salt concentrations are also shown (). The trend in the data
(—=—=) is also shown.

accurate estimates of AH®(Tyer) and AS°(Te). (2) A value of
AC, PP can be established and used to estimate the AC, required
in eq 4. (3) The said value of AC, PP i temperature- mdependent
over the temperature range where estimates of T, are typically
required for primer and probe design.

To address the validity of these assumptions, we collected
DSC data on 16 duplexes at 1022 mM Na' with Tj, values
ranging from 40.6 to 77.8 °C. DSC data were also collected at two
additional total salt concentrations, 272 and 72 mM Na ™, for a
subset of these sequences consisting of three 12-mers with a GC
content of 25, 50, or 75%. For each sample, the ratio of the
predicted enthalpy (AH®,..q) to the experimental enthalpy
(AH®,y,) was determined and plotted against the corresponding
T (Figure 4). The results show that AH®,,.q agrees reason-
ably well with AH®..,, between 50 and 60 °C when experimental
errors are taken into account. The trend line suggests a T,.f near
55 °C is optimal, which is in good agreement with our previously
regressed value for T, of 53 £ 5 °C. It also supports our
assumption that the unified model can provide reliable estimates
of AH®(T,) and AS°(T,) at our chosen T, of 53 °C.

In accordance with previous experimental studies,'”'>'*'¢1732
our data also show that AH® is temperature dependent. DSC
analysis of the 16 duplexes at 1022 mM Na* yielded an avera%e
AC,™ of 43 £ 9 cal mol ' K bp , while an average AC,?
value of 47 £ 6 cal mol ' K~ ' bp ' was obtained for the three
duplexes studied at various salt concentrations. Both of these
values are in good a%reement with our average AC, PP value of 42
+ 16 calmol 'K regressed from a much larger data set.
In addition, Figure 5 shows, at least for the 16 sequences
examined here, that there is no statistically significant tempera-
ture dependence for AC, P over the temperature range of
38.5—77.8 °C. We recognize that this assumption is likely not
valid for all duplexes, especially those exhibiting a T, lower than
40 °C or significant ordering (i.e., preorganization) of the single
strands, including simple single- stranded base stacking or more
sequence-specific structures such as hairpins or homodimers.*
As noted previously, the contribution of significant single-
stranded structure to AC, and other thermodynamic values such
as AH® and AS° for the helix-to-coil transition has been well
documented and is not generally well predicted by current
NNT models."'"**" Although it has been suggested that the
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Figure 5. Measured ACpbP values as a function of T, for 16 duplexes
with DSC data collected at 1 M NaCl (®). Duplexes with DSC data
collected at various salt concentrations are also shown (0). The average
ACpbP value of 45 cal mol ' K ' bp ' (—) for the complete set of
duplexes is also shown.

introduction of a temperature-dependent AC, into the modeling
of duplexes with a low T, may improve predictions,"* there
are currently insufficient data available for this concept to be
properly implemented.

Duplexes Terminating in a 5'-TA Group Have Statistically
Significant AT, Errors. The results in Figure 3 show that the
application of eq 4 and its associated use of a non-zero AC,
significantly reduce the average error in predicted T, values.
However, a number of duplex sequences within the test set
remain considerably more stable than predicted by eq 4, with
some showing AT, errors greater than —2 °C. A common trait
for all of these duplexes is that the sequences contain at least one
terminal §'-TA group. To investigate this further, we conducted a
complete analysis of AT, errors as a function of duplex terminus
chemistry, and the results are listed in Table 1. The 128 reference
duplexes were categorized by their terminal base pairs, terminal
base pair direction, and terminal nearest neighbors to determine
if ATy, errors associated with a certain terminal sequence were
significant. Of the 16 possible terminal nearest neighbors, only
duplexes ending in a NN containing a S'-TA group had an
average AT, prediction error (—1.8 £ 1.2 °C) greater than the
standard deviation of £1.4 °C for the entire set of 128 duplexes,
indicating that the presence of a terminal 5'-TA sequence has a
statistically significant stabilizing effect that is not included in
current NNT models.

Recognizing that the library of published thermodynamic data
used to generate the errors reported in Table 1 was not designed
to isolate the contribution of the termini to duplex stability, we
also created and then characterized by DSC a new library of short
DNA sequences specifically designed to more cleanly segregate
the contributions to duplex stability of internal versus terminal
nearest neighbors. Table 2 lists the twelve 11-mer duplexes we
designed to contain all 10 internal nearest-neighbor base pairs
represented equally while varying the terminal base pairs and
terminal nearest neighbors. Melting thermodynamic data we
collected by DSC are also reported for this library and were used
to determine the thermodynamic contributions of different
terminal groups. For all sequences in the library, there is good
agreement in the thermodynamic parameters determined by the
two-state model and by direct integration of the calorimetric
data. Agreement between these two methods of data analysis is a
necessary but not sufficient condition for indicating that the

Table 1. Average AT,, (°C) Values and Errors Associated
with Terminal Base Pairs and Terminal Nearest Neighbors

terminal base pair terminal base pair direction® terminal NN“

A/T —04415 EA/TE 02414 EAA/TTE —08+£07
EAC/GTE  07+12

EAG/CTE  05+1.7

EAT/ATE —0.7+12
ET/AE/ —0.7+£16 ETA/TAE —18+1.2

ETC/GAE  03+08

ETG/CAE  04+12

ETT/AAE  00+14

G/C 01+14 EC/GF 02+13 ECA/TGE 02+11
ECC/GGE'  02+09

ECG/CGE' 08+12

ECT/AGE —08+13

EG/CFE 00+14 EGA/TCE —01=£17

EGC/GCE' 03413

EGG/CCE' 074+ 1.0

EGT/ACE —0.6+ 12
“E denotes the 5’ end and E’ the 3/ end.

melting transition obeys two-state thermodynamics.>® The aver-
age AC, for the twelve 11-mer duplexes was determined to be
378+ 125 cal K 'mol 'or34 £ 11 calmol 'K 'bp ', which
is consistent with our previously regressed value of ACpbP.

The sequences in Table 2 have been segregated such that those in
agiven cluster (e.g, C1—CS or T1—T7) are predicted by the unified
NNT model to have identical melting thermodynamics because they
share the exact same composition of nearest neighbors and terminal
base pairs. For each cluster, the average T,,, agrees reasonably well
with the average T,,,"*. Average sequence-dependent trends in the
experimental data are also reasonably well predicted by the unified
NNT model. For example, 11-mer sequences with terminal G-C
base pairs on average hybridize with a greater enthalpic driving force
(AAH® = —5.4 4 2.5 keal mol ') and more entropy loss (AAS® =
—161 & 69 cal mol ' K ') compared to those sequences
terminating in A-T base pairs but not containing a terminal $'-TA
sequence. Within experimental error, the unified NNT model
captures this, predicting that AAH® = —4.4 kcal mol ' and AAS® =
—138 calmol ' K.

Several insights can be drawn from comparison of model
predictions with the acquired thermodynamic data, but among
the most important for the purposes of this study is the
confirmation that 5'-TA termini provide a duplex stabilizing
effect that is not included in the unified NNT model*”*! or in
other NNT models.” * In particular, 11-mer sequences in the
T1—T7 cluster having a single $'-TA terminus (TS—T7) exhibit
a T,,,”® that is on average 2.0 & 0.5 °C higher than the average
T for the four sequences devoid of a 5'-TA terminus. This
increase in T, is driven by an average AAS® of 13.5 £ 6.4 cal
mol ' K™ that serves to reduce the entropic penalty accom-
panying duplex formation. That entropy gain is only partially
compensated by a weaker enthalpy of interaction (AAH® =
4.0 £ 2.3 kcal mol ™ ") between the complementary bases of the
S'-TA terminus.

It is interesting to note that although 5'-TA NN sequences
stabilize the duplex, internal TA NN sequences are predicted by
the unified NNT model*' and other NNT models’” to provide
the smallest contribution to duplex stability of all 10 possible
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Table 2. Measured Thermodynamic Data for the Helix-to-Coil Transition of 11-mer DNA Duplexes Used To Study Duplex End

Effects”
two-state model calorimetric model

name sequence AC, (cal mol ' K1) AH®, (kcal/mol) AS° . (cal mol * K1) T2 (°C) AHC (kcal/mol) AS°.; (cal mol ' K1) T, (°C)

C1® CTACGCATTCC 448 + 147 82.5+25 2265+7.3 59.44+0.5 84.5 +4.6 232.3+13.3 59.7+ 0.5

C2 CTAACGGATGC 328 83.8 230.2 59.6 85.3 234.4 59.9

C3 CTATTGGCGAC 386 82.3 225.0 60.5 83.8 229.5 60.5

C4 CGTATTCAGGC 403 87.9 243.4 58.7 88.6 245.0 59.0

C5 CAATACGCCTC 403 78.8 215.7 58.8 77.7 2122 59.2
average (C1—CS) 394 83.1 228.2 59.4 84.0 230.7 59.6

T1® TTCATAGCCGT 356 =74 79.7£1.3 218.1+4.0 594 +£0.1 804+ 1.2 2199+ 3.6 59.6+0.1

T2 TTCCGTAGCAT 280 74.6 202.9 59.2 74.9 203.6 59.4

T3 TGCGGATAAGT 308 79.7 217.9 59.6 79.7 217.7 59.7

T4 TCGGCTATTGT 367 782 214.5 58.2 77.6 2124 58.3
average (T1—T4) 328 78.1 213.3 59.1 78.1 213.4 59.3

TS TACTCCGCATT 478 73.7 199.4 60.5 74.0 199.9 60.9

T6 TAGACCGCAAT 320 744 200.8 61.3 74.1 199.8 614

T7 TATCGTTGCCT 463 74.1 199.8 614 74.0 199.4 61.8
average (T5—T7) 421 74.1 200.0 61.1 74.0 199.7 61.4
average (T1—T7) 368 76.4 207.6 59.9 76.4 207.5 60.2

“DSC data were collected at a Cy of 75 4M for all duplexes. ® Errors for C1 and T1 determined from triplicate repeats. Estimated errors for other

duplexes as stated in Materials and Methods.

unique NN sequences. This indicates that the pairing and
stacking interactions of a TA NN sequence within a duplex are
relatively poor. However, when a S'-TA NN sequence is placed at
a terminal position, that same weakness in base stacking and
pairing energy provides for greater configurational freedom
(entropy) at the S'-TA terminus, resulting in a net stabilization
of the duplex.

Correcting T,,, Predictions for Duplexes Containing 5'-TA
Type Termini. Our proposed model, embodied in eq 4, for
predicting helix-to-coil transition thermodynamics and melting
temperatures for short duplex DNA requires values for
AH®(Tyf) and AS°(T,r), which we compute using the unified
NNT model. In that model, AH® is computed using 10 NN
parameters (AH,;, where i represents the type of NN) and two
additional “chain-initiation/end-effect” parameters (AH}nit,
where j represents the type of end, C-G or A-T) that account
for the terminal base pairs as well as duplex initiation.”**"**
Likewise, a set of 10 NN parameters (AS;), two end-effect
parameters (AS;"™), and one theoretically derived chain symme-
try parameter (ASY™) are used to compute AS°. Given our
findings that terminal $'-TA groups are thermodynamically
distinct from internal TA NN sequences, we therefore sought
to determine enthalpic and entropic corrections, denoted
AAHgra rap’ and AASgra/rar, where E and E’ denote the S
and 3’ ends, respectively, that account for the excess duplex
stabilizing effect of placing a TA type NN at a strand terminus.
Values of AH®(Tyf) and AS®(T,¢) for duplexes with terminal
A-T base pairs, either with or without terminal $'-TA groups,
were computed using the two-state and calorimetric values of
AH® and AS° at T}, (Table 2) and the regressed ACPbP value of
42 cal K" mol ™" bp ', which gives a AC, for each 11-mer
duplex of 462 cal K~ ' mol " These results were then used to
regress the AAHgra/rar and AASgra rap correction para-
meters for a 5'-TA type terminus by subtracting the average
AHP(T,) for duplexes with terminal 5'-TA groups from that for

Table 3. Thermodynamic Parameters” for ETA/TAE' NN at
a T,s0f 53 °C

method  AAH°gra/rap (kcal/mol)  AAS°gra rap (cal mol ' K1)
two-state 4.9 16.1
calorimetric 5.0 16.6
average S.0 16.4

“ Reported parameters are for duplex hybridization to be consistent with
the unified NNT model.*'

duplexes with terminal A-T base pairs but no terminal 5'-TA
sequence. A similar calculation was completed with the entropy
data, and the resulting values of AAHgra rap’ and AASgra,Tar’
are listed in Table 3.

For duplex sequences possessing a $'-TA group at one or both
termini, AH®(Tf) and AS°(Tf) are then computed as

10
AHO(Tref) = '21 n,-AH,— + ijAI‘I}mt + IAAHETA/TAE’ (6)
and

10

AS(To) = X mAS; + ZmyAS™ + IAASpra jrap + AST™
i=1
(7)

where 7; is the number of NNs of type i, m; is the number of
terminal base pairs of type j, and [ is the number of $'-TA
sequences.

Equations 4, 6, and 7 were used to recalculate T,,, and AT, for
all duplexes with one or two S'-TA sequences. As shown in
Figure 6, a significant improvement in model predictions is
observed for all such duplexes, with the average AT,,, decreasing
from —1.8 £ 1.2 to —0.6 £ 1.5 °C, an average error that is similar
to those found for all other terminal NN sequences (Table 1).

2647 dx.doi.org/10.1021/bi101653z |Biochemistry 2011, 50, 26422649
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Figure 6. AT,, values for 128 test sequences with (M) and without ((I)
S'-TA groups. For each duplex, the predicted T,,, was determined using
eq 4 witha AC, of 42 cal mol 'K ™! bpﬂ, a Tyer of 53 °C, and values for
AH°(T,) and AS°(T,.s) determined using eqs 6 and 7 and the §'-TA
correction parameters (Table 3).

B CONCLUSIONS

Building on previous calorlmetry studies that show AC,
exhibits positive, non-zero values,'*”'* we have used pubhshed
and new melting thermodynamic data first to show how the
simplifying assumption in current NNT models, that AH® and
AS° are temperature -independent, biases predicted T, values
away from T “Pand then to regress an average value for AC, bp
of 42 cal K~ " mol ' bp ' that can be used to more accurately
compute the temperature dependence of AH® and AS°. These
results were combined with the unified NN'T model to establish a
method, embodied in eqs 4, 6, and 7, that more accurately
predicts, across a broad temperature range, the sequence-depen-
dent T, and associated melting thermodynamics (AH®, AS°,
and AG®) of short complementary duplex DNA. The model
exploits the ability of the unified NNT model to provide good
estimates of the melting enthalpy and entropy at 53 °C, which
was found in our work to be the optimal T, for model
calculations. Key model assumptlons were experimentally vali-
dated, including the finding that AC, PP is, to a first approxima-
tion, invariant over the temperature range within which the T,
values of probes and primers are typically designed.

Results from using the new method to reanalyze the melting
thermodynamics for a large library of duplex DNA sequences
suggested a significant stabilization of duplexes containing one or
more $'-TA termini. DSC data were therefore acquired and
analyzed for duplexes designed to specifically isolate terminal
NN effects. The results revealed that a terminal 5'-TA group
provides excess stability to the duplex through an entropy
increase that is likely related to duplex fraying and is only partially
compensated by the expected enthalpy gain accompanying that
fraying process. The data were also used to determine two
parameters, AAH grp,rar and AAS°gra rar, that can be
incorporated into the model to improve T, predictions for
duplex sequences with a $'-TA group.

B ASSOCIATED CONTENT

(s ) Supporting Information. A table summarizing the DSC
analysis for 16 duplexes used to generate Figures 3 and 4. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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ratures; DSC, differential scanning calorimetry; ITC, isothermal
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