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ABSTRACT 

An abstract of the dissertation of Fidelis Man yang a for the Doctor of Philosophy in 

Environmental Sciences and Resources: Chemistry presented January 20, 2009. 

Title: Studies of DNA Hybridization Reactions and Applications in Genetic Assays 

The intent of this study was to investigate two fundamental aspects of short 

DNA duplex stability and how that stability differs for duplex molecules consisting of 

either all perfect match Watson/Crick base pairs or a mixture of perfect match 

Watson/Crick base pairs and mismatch base pairs. Theoretical and experimental 

investigations of the origins of the nucleation term in the free energy of DNA duplex 

formation were revisited. Thermodynamic parameters (11G, 11H, l1S and Tm) of short 

DNA/DNA duplexes ranging in length from 6 to 35 base pairs were systematically 

evaluated by Differential Scanning Calorimetry (DSC) as a function of sodium ion 

concentration. Extrapolation of the /1G versus N plot to zero base pairs gave an 

estimate of the reference state free energy of a 'hypothetical duplex' having no 

hydrogen bonds, but still occupying precisely the same molar volume as the fully base 

paired duplex. This analysis provided a fresh evaluation of the free energy of duplex 

nucleation and new insights into the process of strand annealing. 

The second part involved quantitative evaluation of the influence of tandem 

mismatch base pairs on short DNA duplex stability as a function of Na+. For this 



investigation, DSC melting data were collected for 25 short duplex DNA molecules 

having increasing numbers of mismatches in two different topologies, i.e. on the 'end' 

or 'interspersed' in the duplex among Watson/Crick base pairs. Results revealed there 

is a definite influence of the position of mismatches on short duplex DNA stability. 

This analysis provides evaluation of the perturbation factors of the free energy 

associated with multiple mismatches in different topologies. Results achieved in the 

two phases· of the work were combined to provide a new approach of calculating the 

thermodynamic stability of short DNA duplexes containing multiple mismatches. 

Tests of the new method to predict the free energies of independently characterized 

duplexes containing mismatch base pairs demonstrate that the model can be used to 

predict DNA stability. 
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PREFACE 

Work summarized in this dissertation is presented in five chapters. In Chapter 1, an 

overview of the overall goals and historical perspective leading to this project are 

presented. Chapter 2 contains a detailed description of the materials, experimental and 

theoretical methods used in this study. Simplified yet detailed expressions of the 

modified Schurr statistical mechanical formalism are presented. Experimental results 

are presented separately in Chapters 3 and 4 as follows. (i) In Chapter 3, the origins of 

the "nucleation" free energy in the hybridization thermodynamics of short duplex 
, 

DNA is revisited and explored. A new 'reference state' is proposed for short duplex 

DNA that differs fundamentally from the current interpretations that involve the 

formation of at least one base pair. Conclusions are made based on thermodynamic 

studies of the melting transitions for 19 perfectly matched short DNA duplexes. (ii) In 

Chapter 4, results of melting studies for 25 short duplex DNA duplexes containing 

tandem mismatch base pairs are presented. Finally a reconciliation of the two projects 

is provided in Chapter 5, followed by a general summary consisting potential 

applications, major conclusions and future directions. 

xv 



CHAPTERl 

INTRODUCTION 

1.0 Background and Motivation 

Applications of nucleic acid-based diagnostics have evolved significantly over 

the past few decades. This evolution has been fueled by advances in biophysics, 

providing a better understanding of the thermodynamic behaviors as a function of 

sequence derived from well conceived studies focused on specific nucleic acid 

duplex oligomers. In particular, DNA oligonucleotides have been widely used in 

many applications, ranging from diagnostics to therapeutics (1-3,7-11,15,32). It can 

be convincingly argued that the cornerstone of modern molecular diagnostic 

approaches to gene analysis and genotyping is the sequence-dependent 

hybridization or annealing of two DNA or RNA single strands to form a duplex. 

Emerging biotechnological applications of DNA and RNA hybridization based 

technologies (e.g. DNA microarrays, polymerase chain reaction (PCR), RNA 

interference and molecular beacon assays) have heightened the need to finely tune, 

optimize and standardize the underlying chemical reactions. Design and 

construction of novel DNA oligomers with tunable structural and hybridization 

properties have recently been topics of intense research (2,5, 10, 15,32). 
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The concept of nucleic acid hybridization in terms of the annealing of two 

strands seems to be a straightforward concept whereby a specific DNA/RNA 

sequence will bind to its complementary sequence by virtue of Watson/Crick 

(W IC) base pairing (1-2). However, in a multiplex environment, where many 

different strands and their complements are present, the situation is much more 

complicated (2,15,34). Recently, there have been several studies that take a 

complex systems approach to DNA hybridization (1-2,15,34,46,72,92). Multiplex 

assays (1-2,5,15,34,46) requiring the simultaneous and high fidelity binding of 

many surface-linked probe molecules to a large number of potential target 

molecules, are emerging as attractive high throughput tools for genetic analysis. In 

a multiplex situation, the probability of mismatch duplex formation can be quite 

large (1-2,100), depending on the actual concentrations and types of DNA strands 

present, and their sequences (2;46). A number of fundamental features of the 

multiplex chemical reactions and specific sequences of molecules and their 

interactions involved are not well understood. Unwanted cross-hybridization 

between strands that contain mixtures of mismatch and perfect match base pairs 

represents a major nemesis in hybridization technology (2,32, l 00). Such cross

hybridization can lead to increased noise, lower sensitivity and even false positives 

in DNA assays (2, 15, 79,98). Ultimately, performance and outcome of a multiplex 

hybridization depends on reliable predictions of the melting stability of short DNA 

duplexes. The focus of this thesis work is on explicit characterization of 

fundamental 
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components of the helix-coil transition in short duplex DNAs, with the primary aim 

of improving and optimizing nucleic acid-based molecular diagnostic assays. 

The phenomenon of the helix-coil or melting transition in DNA has been the 

subject of extensive theoretical and experimental investigations for many years 

(6,11-14,18-21,26). The most successful approaches to modeling the helix-coil 

transition in DNA have foundations in the statistical mechanical thermodynamic 

formalism of the Ising model (6,26,33). To· date, the most widely applied and 

reliable thermodynamic calculations underlying the prediction of short DNA 

stability are based on the nearest neighbor (n-n) model (3-14,19,26,97,105). Then

n model pioneered by Zimm and Bragg (14) and further developed by Crothers et 

al. (12) Tinoco et al. (12-13), Wartell et al. (26) and Flory et al. (13,19) has been 

extensively employed to describe the helix-coil transition in DNA. If accurately 

parameterized, the n-n model can provide quite accurate predictions of the 

sequence dependent thermodynamic stability of short duplex DNAs (8-11, 16-1 7). It 

is based on the assumption that the stability of a given base pair depends on the 

identity and orientation of n-n base pairs on either side. According to the n-n 

model, the free-energy change of helix melting can be partitioned into three terms. 

These are: (i) the free energy change for helix initiation or nucleation; (ii) the free 

energy change for helix propagation, which is the sum of the appropriate n-n 

parameters for the particular n-n doublets present in the duplex; and (iii) the free 

energy change associated with the reduced entropy when the duplex is composed of 

two self-complementary single strands. The stability of a DNA double helix is 

3 



estimated as the weighted sum of the stabilities of the combination of the 

appropriate 10 unique W/C n-n base pair doublets that its sequence contains (i.e. 

AA/TT, AT/TA, TA/AT, CA/GT, GT/CA, CT/GA, GA/CT, CG/GC, GC/CG and 

GG/CC). Here, the slash, /, separates strands in anti-parallel orientation, meaning 

that AA/TT represents the sequence 5'-AA-3' paired with complementary sequence 

3 '-TT-5'. Thus the total standard free energy of duplex melting is given by the 

following equation (8-9, 11 ), 

(1. 1) 

where L\Gt is the free energy change for the 10 possible W/C base pairs, ni is the 

number of occurrences of each n-n, i; and L\Gi~itiation is termed the initiation or 

nucleation free-energy for the duplex formation, which is considered unfavorable. 

L\Gi~itiation has been assigned to account for the relative difficulty of forming the 

first W/C base pair and "nucleating" the duplex versus formation subsequently of 

the remaining base pairs. It includes all other sequence independent effects, 

including those associated with counterions (8). The term L\Giymmetry is a 

symmetry correction free energy that accounts for the degeneracy in self

complementary versus non-self complementary sequences. In order to account for 

stability differences between DNA duplexes with terminal A-T versus G-C base 

pairs, two initiation parameters have been introduced. In addition, melting 

4 



temperature, Tm and the relative thermodynamic stability of the DNA duplex 

depend on the salt concentration, pH of the solvent and strand concentrations. 

The thermodynamics of nucleic acids, based on n-n model have been 

studied by many research laboratories (2-17 ,26,31,60,63-64,66, 7 4-75, 77 ,97). 

However, even after over 40 years of work, there are yet concerns with this model 

and some problems still remain. Many fundamental questions remain unanswered 

when considering the n-n model to predict DNA duplex stability, because the 

chemistry is still not well characterized. In particular, even though the common 

theme is the n-n model, different laboratories use different oligonucleotide design 

strategies (6,10,77), different polymers (6-8,10-11), different techniques for data 

analysis and different interpretations of the salt dependence to short DNA 

hybridization (8, 10,56, 77). Further, there still remains some controversy about the 

'length dependency' on the salt concentration (10) and to the best of our 

knowledge, no length dependence parameter currently exists for the n-n parameters. 

For these reasons, differences in thermodynamic trends for DNA oligonucleotides 

have been observed. There is need to refine and improve this model of DNA 

melting. In fact, the current state of n-n predictive models for DNA/RNA 

hybridization is such that researchers can obtain different thermodynamic results, 

depending on the routine applied (31,63-64). For nucleic acid hybridization 

reactions to be quantitative and reproducible, the major drawbacks of the n-n 

predictive algorithms need to be addressed. In order to predict the outcome of 

multiplex hybridization reactions accurately, there is need for n-n to be 
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continuously augmented and parametized by experimental models. This thesis 

work is aimed at improving our quantitative understanding and optimization of the 

DNA multiplex assay design process. In particular, the concept of the initiation free 

energy or nucleated complex, denoted !).Gnuc for short DNA hybridization is 

revisited. Results suggest a new perspective for characterizing in more detail 

thermodynamic descriptions of the nucleated complex during the DNA melting 

process. Both theoretical and empirical treatments that describe the nucleation 

parameter during the helix-coil transition are developed. To do that, two specific 

aspects of the n-n parameters are revisited and examined in detail as summarized 

below. 

1.1 The Nucleation Free Energy 

The primary intent of this project is to improve the concept of duplex 

nucleation in short DNA hybridization. This is approached through melting studies 

of short duplex DNAs as a function of length and sodium ion concentration, Na+. 

The concept of a nucleated or initiation complex in the process of duplex formation 

is not new (10,18-22,43,47,66-67,91). As early as 1963, the duplex nucleation in 

the formation of short DNA duplexes was introduced by Applequist and Damle 

(18). Their theoretical analysis suggested that DNA double helix formation occurs 

in two steps; namely the helix initiation followed by a growth or propagation. It is 

now well established that DNA double helix formation comprises of the following 

steps (10, 12,20,4 7); (i) bringing the single strands into close proximity (largely 

6 



determined by the strand concentration, salt concentration and solvent viscosity); 

(ii) formation of the 'nucleated' complex, which begins with helix initiation 

followed by critical nucleus formation; and lastly (iii) quick 'zippering' of the helix 

also known as the propagation step (18-22). In 1971 Craig et al. (21) showed that 

only after formation of the third base pair does the nucleus become stable enough 

to allow addition of additional base pairs with a significantly higher probability of 

association than dissociation. In addition, quantitative studies of the kinetics of 

DNA duplex formation performed by Wetmur and Davidson (20) and Craig et al. 

(21 ), concluded that the first step is the unfavorable formation of a nucleation 

complex through bimolecular reaction or'two individual single strands, followed by 

the rapid propagation step. In their treatment of helix-coil equilibrium, both strands 

were assumed to be the same and the equilibrium constant for duplex formation 

was given by Keq = fJsN, where fJ is the nucleation parameter and sN is the 

statistical weight of the fully intact base paired duplex containing N base pairs. The 

quantities are related to the standard state free-energy, i.e. AG0 = -kBT In sN, . 

where s = exp(-AG
0 

I bp I ksT) and !::,.G
0 

I bp is the free-energy per base pair, 

which in their case was assumed to be the same for every base pair in the duplex. 

The nucleation parameter is an essential component of models of the helix

coil transition (4-5,8-11,22,43,47). A simplified schematic diagram illustrating the 

presumed mechanism for the association of two single strands, SI and S2, to form a 

duplex, D, is shown in Figure 1. l(a). A bimolecular equilibrium annealing reaction 

between two single strands, designated SJ and S2 results in the formation of a 
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nucleated complex (SI' - S2') followed by the duplex complex formation, D. The 

quantity K' represents the equilibrium dissociation constant for the nucleated 

complex and K1 standard equilibrium constant for the overall reaction. As shown in 
•, 

Figure 1.1 (b ), nucleation free energy accounts for the energetically unfavorable 

interactions between SI and S2 that must be overcome before duplex formation 

occurs. 

(a) 

•••••• , 
K 

+ 

Sf S2 S1' D 

(bl + 

♦ 

N* N (base pairs) 

Figure 1.1: Schematic illustration of the nucleation and propagation steps in DNA double helix 
formation. (a) A bimolecular equilibrium annealing reaction between two single strands, designated 
SJ and S2 results in the formation of a nucleated complex (SJ '-S2') followed by the duplex 
formation, D. (b) Nucleation steps start with a slow and energetically unfavorable helix initiation, 
followed by the critical nucleus formation. A threshold of base pairs (N*) must be nucleated in order 
for helix 'zippering' to occur in a spontaneous propagation step. 

8 



Slightly different n-n values for nucleation parameters have been reported 

and employed by several authors (8-9,22,62,73). The studies by Sugimoto et al. 

(62) and Breslauer et al. (73) assigned helix free energy values, 8.Giuc 
O 

of 2.79 
37 C 

and 6.23 kcal/mol, respectively to DNA duplexes containing A-T and G-C base 

pairs, respectively. In more recent studies, Sugimoto et al. (22) determined the free 

energy of the initiation factor from analysis of melting curves of 50 DNA/DNA 

duplexes and found the 8.Giuc 
O 

to be 3.40 kcal/mol. This was essentially the 
37 C 

same value obtained for RNA/RNA duplexes reported by Freier et al. (62) and only 

slightly different from the value of 3 .10 kcal/mol obtained for the RNA/DNA 

duplexes (74). A number of probe design routines based on the n-n model are 

avail.able (31,63,64,73). There have been reports of clear discrepancies between 

some predicted n-n calculations and experimentally measured thermodynamic 

parameters for some short DNA containing both perfect match and mismatch base 

pairs (2-3, 10,23 ). The current interpretation of precisely what comprises 6.Gnuc is 

not clear. Currently, values of the nucleation free energies reported in the literature 

all include formation of at least one intact base pair (A-Tor G-C), and presumably 

comprise different enthalpic and entropic contributions, depending on the identity 

of the terminal base pair. 

In this study, thermodynamic parameters: enthalpy, 8.Hca1
, entropy, Meal, 

and free energy at 25°C, 8.Gcal , as well as melting tem_perature, Tm of the 
2s 0 c 
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melting transitions for 19 short DNA/DNA duplexes ranging in length from 6 to 35 

base pairs were systematically evaluated by DSC melting experiments carried out , 

at four salt concentrations from 85 to 1000 mM total sodium ion, [Na+]. In essence, 

this analysis suggests an initiation complex, or "reference" state, comprises two 

strands existing in the same volume as in the duplex but without any of the 

favorable interactions that stabilize the duplex, i.e. hydrogen bonding and stacking. 

The standard states and statistical thermodynamic formalism proposed by Schurr 

( 40) and Gilson et al. ( 42) for the association of two strands to form a duplex 

complex accounting for displaced solvent, was utilized to relate Na+ dependent free 

energy values to configuration integrals for the complex. The analysis presented 

here provides a new vantage point to view what has historically been referred to as 

the helix initiation or nucleation parameter and provides an alternate interpretation 

and mechanism for the nucleation complex in duplex formation. 

1.2 Tandem mismatch base pairs 

In another related study, thermodynamic effects of well defined tandem 

mismatches (two or more contiguous non-W/C base pairs) as a function of relative 

location on DNA duplex stability were investigated. As mentioned earlier, 

published thermodynamic parameters for perfect match base pairs, based on the n-n 

model are available (8 -11,31,60,63,66, 70-77). Significant milestones have been 

achieved in evaluating thermodynamic parameters for single base pair mismatches 

(3-4, 7, 10,23-28), although the underlying structural chemistry is still not well 

understood. Different approaches are used to treat tandem mismatches comprised 
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of multiple or contiguous mismatch base pairs. For example in the current 

approach, calculations of the thermodynamic stabilities of some short DNA 

oligomers containing mismatches ignore the potential sequence-dependent 

thermodynamic contributions of tandem mismatches. The standard method assumes 

that tandem mismatches make no favorable contribution to thermodynamic stability 

of the duplex (10). This assumption means that the n-n stacking interactions are 

considered to be fully disrupted by tandem mismatches, and if bounded by W/C 

base pairs the mismatched region is considered to be a disordered loop. In 

thermodynamic calculations, effects of these loops on duplex stability are 

accounted for solely by a loop energy term, !.10° loop (n), which depends on the 

number, n, of contiguous mismatched bases comprising the loop (herein 

abbreviated !.lG 0 
loop (n)). Further, since mismatches on the ends are not assigned 

such loop energies, the n-n model calculations may differ for two duplexes, both 

containing same tandem mismatches except some mismatch base pairs are on the 

'ends' versus in the 'interspersed' in the duplex. 

The quantitative range of stabilities of duplexes containing tandem 

mismatches of different sizes in different orientations have not been investigated. 

In its current rendition, the apparent deficiency of the predictive power of the n-n 

model underscores the need to obtain a more quantitative understanding of the 

thermodynamic contributions of tandem mismatches to duplex stability. In this 

thesis, the experimental repertoire of the sequence-dependent thermodynamic 

melting parameters for short DNA containing tandem mismatches was examined 

11 



via DSC. Results of the studies show that stability of short DNA duplexes 

containing mismatches depends strongly on whether tandem mismatches are 

contiguous on the 'end' or 'interspersed' throughout the duplex. 

In large part, mostly by convention, dependence of short nucleic acid 

hybridization has been traditionally studied in 1.0 M sodium chloride/phoshate 

buffer (3-11,70-77). In the final component, the stabilities of the DNAs were also 

examined as a function of buffered sodium ions, Na+. 

In this thesis, two fundamental questions addressed for a well defined set of 

well resolved DNA molecules were as follows: (i) What is the value of the 

nucleation or initiation free energy of short duplex DNA as a function of sodium 

ion, Na+? (ii) How does the presence and distribution of mismatches in a short 

duplex affect duplex stability? 

The primary experimental technique employed throughout this study is 

DSC. Generally, thermodynamic parameters for DNA hybridization are evaluated 

using either of two standard techniques: (i) Ultraviolet-visible (UV NIS) 

spectrophotometry ( optical absorbance measurements at 260 nm measured as a 

function of temperature); and (ii) DSC which provides a direct measurement of the 

excess heat capacity, !::,.Cpex, versus temperature (111). Thermodynamic parameters 

evaluated by DSC offer a number of advantages over those obtained via optical 

absorbance measurements. Analyses of, !::,.Cp ex, versus temperature curves using 

DSC provide a direct evaluation of the melting thermodynamics. Evaluation of 

thermodynamic parameters from UV-absorbance melting curves inherently 
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assumes a two-state transition. For this reason, conventional UV NIS 

spectrophotometry probably lacks sufficient sensitivity to detect subtle influences 

of the melting buffer (94,97,103-104). In contrast to UV spectrophotometry, DSC 

provides a direct measurement of the melting thermodynamics without invoking a 

model of the transition, (i.e. model-independent parameter evaluation). 
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CHAPTER2 

MATERIALS, EXPERIMENTAL AND THEORETICAL METHODS 

2.0 Reagents, Chemicals and Supplies 

All reagents used to prepare buffers were purchased from Sigma 

Chemical Company (Sigma-Aldrich, St. Louis, MO) and were all molecular 

biology grade. Glassware, pipettes and other chemicals were obtained from Fisher 

Scientific Company (Fisher, Pittsburg, PA), Nalge Nunc International (Nalgene, 

Rochester, NY) and VWR Scientific Corporation (VWR, West Chester, PA). A 

Nanopure 11 ultra-pure water purification system (Barnstead Corporation, Boston, 

MA), having a 0.220 µm filter that produced water with a resistivity of 18.0 Mega 

ohm centimeter (MO-cm) was used in all experiments. All solvents, pipettes, 

microcentrifuge tubes and glassware were autoclaved for twenty minutes at 121 °C 

and 1.41 kg/cm pressure. All chemicals and reagents were used as purchased 

without further purification, unless otherwise specified. 

2.1 Preparation of Buffer Solutions 

The buffer used in all melting experiments was sodium phosphate, Na3P04 

combined with varying amounts of sodium chloride, NaCl. This buffer was chosen 

largely because during the course of a melting experiment, changes in pKa with 
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temperature are known to be small (30). In addition, the enthalpy of ionization, 

tiHion and heat capacity changes for buffer ionization are small, and the pH is 

relatively constant as temperature is varied (12,30,44). Buffers used in all melting 

studies contained 10 mM Na2HPO4, 0.1 mM Na2EDT A and varying amounts of 

NaCl, pH adjusted to 7.40 - 7.50 with 1.0 M NaOH, that resulted in final total 

sodium ion concentration, [Na+] ranging, from 85 to 1000 mM. Disodium 

ethylendiaminetetraacetic acid (Na2EDT A), was added to chelate trace metals and 

multivalent cations that could bind to the DNA and possibly cause influence the 

melting process. The [Na+] of melting buffers were independently verified by 

taking electrical conductivity (K) measurements, made using an Orion 4 Star pH/ 

Conductivity Meter (Thermo Electron Corporation, Beverly, MA) and standard 

values are as summarized in Table 2.1. Generally, conductivities change rapidly 

with temperature and for this reason, the conductivity data was fitted to a standard 

calibration curve ( data not shown). Measured conductivities were in good 

agreement with published conductivities for Na2HPO4 (30). Good reproducibility 

was obtained and melting buffers with conductivity differences greater than 6 % 

were discarded. 
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Table 2.1: Standard buffer conductivities values for sodium ions. 

[Nn+] 1nlVI Conductivity K [1nS/c1n] 

85 10.6 ± 0.92 

300 33.1 ± 1.3 

600 61.0 ± '? '7 ..., • J 

1000 88.3 ± 4.1 

pH= 7.40 - 7.50 at 25 °C, Orion Conductivity standards used were 12.9 milliSiemens 
per centimetre , mS/cm and 1413 microSiemens per centimeter, µSiem. 

2.2 Characterization of DNA Samples 

2.2.1 Sample Receipt and Specifications 
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All synthetically prepared and purified single stranded DNA 

oligonucleotides used in various aspects of the melting studies were purchased 

from Integrated DNA Technologies (IDT, Coralville, IA). After their proprietary 

extraction and precipitation protocol (31 ), purity levels were reported by the 

supplier to be greater than 90 %. When received from the supplier, lyophilized 

single stranded DNA oligonucleotides were in 2.0 mL microcentrifuge tubes and 

appeared as a translucent film, white powder or glassy pellet. As noted by the 

supplier, small variations in physical appearances of the oligonucleotides did not 

affect quality of the DNA. Each synthetic single strand DNA oligonucleotide was 

accompanied by a specification sheet listing the sequence, desalting and 

purification procedure, molecular weight, Guanine to Cytosine (G-C) ratio and 

predicted Tm. In addition, secondary structure predictions for the DNA molecules 

done using the OligoAnalyser 3.0™ (IDT, Coralville, IA) server were also 

provided. Oligonucleotides are susceptible to chemical and enzymatic degradation 

by nucleases, introduced during handling. As a precaution, gloves were worn at all 

times and nuclease free conditions were maintained when handling DNA 

oligonucleotides. Upon receipt, oligonucleotides were stored at -20 °C. 

2.2.2 General handling of single stranded DNA oligonucleotides 

Prior to opening the 2.0 mL microcentrifuge tubes, single strand 

synthetic DNA oligonucleotides were equilibrated to room temperature for at least 

one hour. To ensure that oligonucleotides were fully collected at the bottom, 
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microcentrifuge tubes were centrifuged for ten minutes at 3000 revolutions per 

minute (rpm). Each single strand DNA sample was suspended in 2.0 mL buffer 

containing 85 mM Na2HPO4 (pH 7.40 - 7.50). This buffer was made from mixing 

75 mM NaCl, 10.0 mM Na2HPO4 and 0.10 mM Na2EDTA to make for a total of 

85 mM [Na+] in the stock solution. Each dissolved DNA stock solution was mixed 

by vortexing for ten minutes, and incubating at 25 °C for at least five hours. The 

single stranded DNA samples were then briefly vacuum centrifuged on a SpeedVac 

SVCl00 concentrator (Savant Instruments, Holbrook, NY) for ten seconds to 

remove air bubbles. Samples were then allowed to dissolve completely and 

equilibrated overnight at -5 °C. 

It was necessary to spectrophotometrically determine the exact 

concentration of the DNAs used in our preparations. Accurate determination of 

DNA concentration was an essential step required for melting curve analysis and 

downstream _applications. DNA concentrations were determined by measuring the 

UV absorption at 260 nm, denoted A260 . Sample size, purity and integrity was 

determined using vertical polyacrylamide gel electrophoresis (PAGE) at four 

different stages of the study. These steps were: (i) upon initial dissolution of single 

strands in required buffer; (ii) after preparation of duplex DNA molecules; (iii) 

upon completion of the DSC melting experiments; and (iv) immediately after 

buffer exchange. Detailed descriptions of spectral analysis, DNA quantification, 

and electrophoresis are described in the next section. 

18 



2.2.3 UV Nis Absorption Spectroscopy 

UV /Vis Spectroscopy is a common technique used to identify and quantify 

nucleic acids by characteristic absorption spectra (6,12,33). The aromatic ring of 

purine and pyrimidine moieties absorbs UV light and nitrogenous bases in 

nucleotides have an A260 (12-13). The absorption spectra can be used to obtain 

quantitative information about the amount of nucleic acid in a sample (12-13,33). 

The A260 is routinely used to determine the concentration of nucleic acids present 

in a solution. The Optical Density, OD, is the A260 , measured in a 1.0 cm path 

length cell. I t is related to the extinction coefficient and sample concentration 

through the Beer-Lambert law, 

(2.1) 

where A260 is the optical density measured at 260 nm, £ is the molar 

extinction coefficient of the DNA sample ( L / ( mol.cm)) . I
O 

and I are the 

intensities of incident and transmitted light, respectively. The letter L represents the 

path length of the light through the sample ( cm), and [ C] · is the molar 

concentration of the DNA species (mol/L). The molar extinction coefficient is a 

physical constant that is unique for each sequence and describes the A260 of 1.0 

mol/L. 
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2.2.4 Spectral Analysis of DNA on UVNIS Spectrophotometer 

Concentrations of diluted single strand solutions were determined from the 

A260 and the value of molar extinction coefficient provided by the supplier. Spectra 

were recorded on a Hewlett-Packard 8452A Diode Array Spectrophotometer 

(Hewlett~Packard Corporation, Palo Alto, CA) equipped with thermostated cell 

holders. Quartz cuvettes with path lengths of 1.0 cm were used. Before use in 

spectral analysis, cuvettes were thoroughly rinsed at least five times with bench top 

ethanol followed by ten or more rinses with nanopure water. In addition, UV lamps 

were allowed to warm up for at least one hour before taking measurements. 

Afterwards, a single reference wavelength was measured using 1.2 mL of desired 

buffer solution alone before DNA sample spectra were measured. This reference 

buffer measurement was also used to determine the effective dynamic range of the 

instrument, which is a function of the lamp intensity and the absorbance of the 

reference sample. The compatible software used was UV-Visible Chemstation 

(Agilent Technologies, Santa Clara, CA) and it automatically subtracted the blank 

from the subsequent sample spectra. This spectrum was used for background 

correction. 

In order to determine concentrations of single stranded DNA 

oligonucleotides, stock solutions were routinely diluted approximately 100 fold. 

About 20 µL of stock was mixed with 1980 µL of 85 mM [Na+] melting buffer, and 

the absorbance spectrum from 220 to 340 nm were recorded. Single strand DNA 

stock solutions were diluted in aliquots that gave A260 between 0.20 - 0.80 OD 
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units. Between sample runs, cuvettes were thoroughly rinsed twice with bench top 

ethanol followed by ten times with nanopure water. Aqua regia (50 % nitric acid 

and 50 % hydrochloric acid in a 1 :3 ratio) was used to thoroughly clean cuvettes 

after each buffer exchange and at least once a week. 

2.2.5 Preparation of duplex DNA molecules 

After obtaining acceptable characteristic DNA spectra, individual single 

strands were mixed in a 1:1 molar stoichiometric ratio to form desired DNA 

duplexes. To form the duplex DNA exactly 180 nanoMoles, nM, of each single 

strand DNA were mixed in a 2.0 mL microcentrifuge tube. To determine the 

concentrations and volumes of single strand DNAs required in an exact 1: 1 

stoichiometric ratio, the following procedure was used: (i) Molar concentration of 

the stock single strand DNA solutions was determined from the A260 reading 

according to the following procedure: 

[ssDNA]nM 
= [A260 [ssDNA]* Dilution Factor] 

Extinction C oejficient*I 09 (2.2) 

where [ ssDNA]nM is the amount of single strand DNA stock solution containing 

180 nM and 109 is a conversion factor to nM. (ii) Required volumes of each single 

strand sufficient to give exactly 180 nM of DNA were mixed together in exact l: 1 
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stoichiometric ratio to make the duplex DNA. (iii) Exact duplex DNA 

concentration was calculated from the two single strands according to the formula; 

[ DNA] = [180 *10-
9 

* 2-M;;(Sl+S2)*1000] (2_J) 
duplex rrig/mL 

where L Mwt (SI+ S2) is the summation of the molecular weight of single strands , 

SJ and S2 respectively, in grams. VT is the total volume in mL of the duplex DNA 

containing 180 nM of material. 

Duplex solutions were thoroughly mixed by vortexing and let stand at 25 °C for 

approximately five hours to equilibrate. Afterwards, exact concentrations for the 

duplexes formed were evaluated by UV spectroscopy. Samples were then run on 

PAGE to check purity, size and integrity, and stored at -20 °C until use. 

2.3 Polyacrylamide Gel Electrophoresis, PAGE 

2.3.1 Principle of PAGE 

Briefly, PAGE is a high resolution technique used to identify, separate and purify 

low molecular weight nucleic acids and proteins that differ in size, charge and 

conformation (35,37-38). When negatively charged DNA molecules are placed in an 

electric field, they migrate toward the positive pole.· Owing to their uniform shape and 
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charge to mass ratio, DNA molecules are easily separated on the basis of size by gel 

electrophoresis. Their rate of migration is inversely related to the log of the molecular 

weight (35-38). Polyacrylamide is a cross-linked polymer of mono-acrylamide and N, 

N'-methylene bis-acrylamide. The length of the polymer matrix is dictated by the 

concentration of acrylamide used and N ,N' -methylene-bis-acrylamide which is typically 

between 3 and 20 %. In the presence of free radicals, provided by ammonium persulfate, 

APS, and catalyzed by tetramethylenediamine, TEMED, a reaction occurs such that the 

acrylamide monomers polymerize to form chains and the bis-acrylamide molecules 

provide cross-links between the chains. This forms a regular matrix with holes that serve 

as pores in the polyacrylamide gel (35,38). The size of the holes or pores is determined 

by two parameters; (i) the amount of acrylamide used and (ii) the degree of cross 

linkage. The protocol described below has been optimized for the analysis of DNA 

oligonucleotides six to fifty nucleotides in length, which spans size range for 

oligonucleotides typically used in this project. DNA sample size, purity and integrity 

were characterized by PAGE before and after melting analysis. The reagents and gel 

preparations were as described by Maniatis (35), modified to optimize separation and 

resolution required for this project. 

2.3.2 Reagents and Materials 

Materials, reagents, buffers and amounts used in the preparation of PAGE gel are 

summarized in Table 2.2(a) and (b). Electrophoresis was performed in a single and 

compact Hoefer MiniVE™ (Hoefer, Inc, Holliston, MA) vertical electrophoresis system. 
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2.3.3 Preparation of PAGE 

Gel concentrations used were between 12 - 16 %. The recipe for a typical 

12 % gel is given in Table 2.2(b). Typically, 25.0 mL of working polyacrylamide 

gel contained 10.7 mL of 28 % Acrylamide:Bis-Acrylamide (37.5:1), 2.5 mL of 

1 OX tris-borate-EDT A (TBE) buffer (pH 8.1- 8.3), 2.5 mL of glycerol and 1.6 mL 

of freshly prepared 3 % (w/v) APS (see Table 2.2(b)). About 20.0 µL of freshly 

made TEMED in catalytic amounts was added and mixed with other reagents just 

prior to pouring the gel. For optimum results, the gel solution was degassed for at 

least ten minutes before adding TEMED. Care was taken not to introduce air 

bubbles while pouring the gel. After being poured, the gel solution was allowed to 

polymerize for at least one hour. 

2.3.4 Sample Preparation 

For gel analysis, DNA concentrations ranging between 2.5 µg - 5.0 µg were 

mixed with 1.5 µL of 1 OX loading buffer, 1.0 µL of BlueJuice™ (bromophenol 

blue marker dye) indicator solution and nanopure water. Each well was thoroughly 

rinsed with the running buffer. Using a pipette with a long and thin tip, about 10.0 -

15.0 µL of sample containing between 2.5 µg - 5.0 µg of DNA was loaded at the 

bottom of each well submerged in the buffer. About 1.0 - 2.0 µL (0.1 - 0.2 µg) of 

ready to use GeneRuler™ (Fermentas, Glen Burnie, MD) DNA ladder premixed 
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with 6X Orange Loading Dye solution was also loaded in one of the wells in order 

to quantify and track the DNA fragments. 

2.3.5 Running the gel 

Electrophoresis was performed usmg a Hoeffer MiniVE, vertical 

electrophoresis mini gel system. Constant voltage in the range of 100 - 150 V was 

supplied from a POWER-PAC300™ (BIO-RAD Company, Hercules, CA) power 

supply. Gels were subjected to electrophoresis until the Blue Juice™ migrated 

about three quarters down the length of the gel. 
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Table 2.2(a): Detailed list of materials, reagents and recipes used for PAGE preparations. 

Nmnbt'r Reagent 1\mounl/ Notes 

1 10XTHE Buffor 

Trizina@ baSt~ (FW = 121.14) 60.5 g 

Bork acid (FW = 61.83) 30.9 g 

Na2EDTA (FW =372.24) 3.70g 

Nanopure water I.OL 

pH of buffer 8.10- 8.40 

2 J c;,;; Ammnmium Persulfak 

Ammonium Pe.rsulfate 0.30 g 

Nanoptrn;;• wafer 10.0mL 

3 28 % A crylmnidc/Bis-A cryalmidt.' 

Acrytamide 270.0 g 

Bis-Acrylami.dc lO.Og 

Nanopure watt~r 1.0 L 

4 Ulue Juice (Brnnmphcnol Him:) 

· .. 30 % Fico!!® 30.0g 

0.25 Cfo Brornpht~nol Blm.i+ 0.25 %, Xylene Cymiol 0.3 g 

lOXTBE 100.0 mL 

0.2 M EDTA tpH = 8.00) 20.0 mL 

5 6X Loading Dyt•n1 Solution Composition 10.0 mM. Tris-HCI (pH= 7.60). 

0.03 1Jf, Bromophenol Blue, 0.03 '-fo Xylene 
60 1¼, Glyceml and 60.0 mM 
EDTA 

CyanoL 

6 Sh1rngt.• and Loading Huffer I 0.0 mM Tris-HCl (pH= 7.60). 

0.005()',, Bromophenol Blue., 0.005 r,<i, Xylene 
Cyanol, 10 '1<; Glycerol 
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2.3.6 Gel Staining Procedure 

Following electrophoresis, bands were visualized by staining with 3, 3 ' -

diethyl-9-methyl-4, 5, 4', 5'-dibenzothiacarbocyanine dye solution, Stains-All 

(37,38) (Sigma-Aldrich). Stains-All differentiates nucleic acids and proteins as 

follows, DNA (blue, A= 675 nm, RNA (bluish purple) and proteins (red, A= 510 

mn). Stains-All™ stock solution of 0.1 % (w/v) was used to prepare the working 

solution in formamide and buffer, given in Table 2.2(b ). Typically, a 100 mL 

volume comprised 0.005 % (w/v) Stains-All™, 10 % (v/v) formamide, 25 % (v/v) 

isopropanol, 15.0 mL trizma HCI (pH 8.80) and 65 % (v/v) nanopure water. Gels in 

a Pyrex dish were soaked in a staining solution and covered with aluminium foil. 

Then, gels were left in the dark for eight to twelve hours on an Orbital Shaker 

(Mandel Technology Group, Ontario, Canada). 

2.3. 7 Destaining and Visualization 

Bands on gels were detected by gently rinsing and soaking completely in a 

bath of nanopure water for approximately sixty minutes. Gels were exposed to light 

at room temperature until bands were observable. An alternative to destaining by 

water was accomplished by immersing the gel in 40 % (v/v) methanol and 60 % 

(v/v) glacial acetic acid. Gels were then immediately scanned on an HP Scanjet 

4800 series Photo Scanner (Hewlett-Packard Company, Houston, TX) with 

resolution of 3600 dpi. Scanned images of gels were stored for further reference 

and subsequent analysis and reference. 
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Table 2.2(b): Typical recipe used for preparation of 12 % PAGE resolving gel and staining. 

Rt•agents in Uuffori- for 12% Amounl in Redpt! for Amount in 100.0 mt 
PAGE 25.0mL Staining 

28 % Acrylamide/Bis-Acrylamide 
(28.0 g Acrylamidc/l.0 g Bis- i0.7 mL Stains-All 0.005 % (w/v) 
Acryhunide) 

!OX TBE Buffer-
Stock (pH = 8JOJ 2.5ml Formamide. l0%(v/v) 

10 % (v/v) Glyc(~rol (FW = 92. IOJ 2.5 mL Isopropanol 25 % (VIV) 

3 1;r, (w/vl Arnmounium Persulfate L6mL Trizma-HCl 15.0 mM. (pH= 8.80) 
(FW = 228.20) 

0.0:125 % TEMED (F\\i=l 16.21) 30.0 p.L nanopure water 65 %• (v/v) 

Stock stain: 0.1 % (w/v) Stains All™ in Formamide, where w/v denotes weight per volume, v/v 
denotes volume per volume. 

2.4 DNA concentration, Desalting and Recovery 

Generally, desalting of DNA samples was accomplished by first 

concentrating DNA samples by Eppendorf 5804R Table Top Centrifuge 

(Eppendorf, Westbury, NY), then reconstituting the retentate to the original sample 

volume with the appropriate buffer. DNA samples were transferred between buffers 

by concentrating and desalting on Centricon YM-3® Centrifugal cellulose filters 
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(106) or the Amicon® Ultra-4 Centrifugal Filter Devices (Millipore, Bedford, MA) 

with a molecular weight cut off of 3000 Daltons. A centrifugal force drove solvents 

and low molecular weight solutes through the membrane into the filtrate vial. 

Typically, the DNA sample to be concentrated was put into a sample 

reservoir and diluted with the appropriate melting buffer to 2.0 mL. After 

centrifugation at 4000 rpm for ninety nine minutes, volume of the sample solution 

was reduced to about 30 - 60 µL. DNA duplexes were retained above the 

membrane inside the sample reservoir. The sample was washed and centrifuged at 

least two times to remove any extraneous salt and impurities. To collect the 

concentrated DNA solution, the retentate vial was placed over the sample reservoir, 

inverted and centrifuged at 500 g for five minutes. After desalting, the DNA was 

dried down in a concentrator under vacuum. Concentrated samples were brought up 

to an appropriate volume of 2.0 mL of the required melting buffer in 

microcentrifuge tubes. 
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An alternative sample recovery procedure was done using Amicon Ultra 4 

model, made by the same manufacturer. Up to 4.0 mL of sample was added to the 

sample reservoir and spinning was done at maximum 4000 rpm for approximately 

ninety minutes. To recover the concentrated solute, a pipette was inserted into the 

bottom of the filter unit and the sample was withdrawn using a side-to-side sweeping 

motion to ensure total recovery. To minimize losses, concentrated samples were 

immediately removed directly after the centrifuge stopped spinning. Absorbance 

spectra of the duplex DNA samples were recorded and used in data analysis for that 

particular salt environment. 

2.5 Differential Scanning Calorimeter, DSC 

The primary biophysical technique employed in this project was DSC. Some 

of the basic principle underlying this method and instrumentation are briefly 

described in this section. General aspects of the DSC will be described according to 

the following categories: (i) Principle; (ii) Instrumentation; (iii) Sample preparation; 

(iv) Sample loading and controls; (v) Experimental parameters; and (vi) Data 

Analysis. 

2.5.1 Principle 

DSC directly measures the heat energy absorbed or released by the biological 

sample as it is heated or cooled at a defined, constant rate. Sample temperature and 
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heat flow are compared with a reference sample. In the adiabatic heat flux method 

used here, power is determined by measuring the temperature difference across a 

thermal resistance. For a macromolecular sample heated at a constant rate, the heat 

capacity of the sample is compared to that of an exactly equal volume of buffer. DSC 

provides qualitative and quantitative information about physical and chemical 

changes associated with nucleic acid conformational transitions. The heat capacity is 

defined as the energy required to raise the temperature of a sample by one degree. As 

the double stranded DNA macromolecule denatures, there is a sharp increase in heat 

capacity when the sample begins to denature, because the duplex unwinding process 

is endothermic process. Observation of an exotherm upon cooling and a reproducible 

endotherm on re-scanning is evidence of reversibility of the transition. DNA melting 

is a highly cooperative process and DSC melting curves are represented by the height 

and breath the of transition (60,80). Melting curves are generally sharper for perfect 

matches and tend to broaden as the number of mismatches increases. 

The Nano-DSC instrument used in this study is equipped with a pair of gold 

or tantalum cells with semiconductor sensors. Instrument control is through an 

external computer that also provides analysis of data. Cells are designed to minimize 

temperature gradients in the heating and cooling scans and to permit easy washing 

and reloading of the sample without the introduction of air bubbles, which are known 

to interfere with the melting process. A schematic diagram of a DSC is shown in 

Figure 2.3. Briefly, the operating procedure is as follows: (a) The thermal jacket is 

heated and cooled at a constant rate. (b) Using a known reference voltage, the 
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temperature of the jacket is controlled by the computer. (c) The temperature of the 

control circuit then compares the reference voltage to that of the platinum 

thermometer inside the calorimeter. (d) After comparison, the computer controls the 

temperature of the jacket by adjusting the power applied to the heating and cooling 

elements through digital to analog converters to yield the raw melting curves. To 

convert heat flow into excess heat capacity, the following steps are followed. 

_(a) 

Furnace 

Differential Temperature 
Amplifier 

Sample Cell 
(DNA) 

'Reference Cell 
(Buffer) 

Average Temperature Amplifier 

(c) Computer Program -Conversion 

(d) 

j 
Differential Power Signal 
Temperature Signal (Raw Data) 

Figure 2.3: Schematic diagram showing essential features of a DSC. Instrument design, external 
computer control and raw thermograms for data analysis are depicted in the flow diagram above. (a) 
A micro furnace is heated at a constant rate, heat is transferred to the sample and reference cells 
through a thermoelectric disk. (b) Average temperature amplifier increases the signal (c) A computer 
monitors temperature and regulates heat flow (d) Raw data is collected as Power, in microwatt (µW) 
versus Temperature. 
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Heat is supplied at the s~me rate to the two matched cells. The sample cell 

will generally absorb more heat than the reference cell, causing a slight difference in 

the temperature, !::.T i.e. (T1 - T2) between the two cells. A feedback loop monitoring 

temperature supplies a small amount of heat, q, to the solution cell, so as to equalize 

the temperatures. To obtain excess heat capacity, the raw voltages are converted to 

dqp 
power, - , where qP is the heat absorbed at constant pressure. 

dt 

( d:: ) = heat flow 

( ~ ) = heating rate 

(2.4) 

(2.5) 

Heat capacity, !::.CP, refers to the ability of material to store heat. The power data are 

then converted to molar heat capacity, t::.CP, via 

(2.6) 

Finally, !::.CP ex, is determined as follows, 
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/J.C ex = (dqp J(-1) 
P dT aM . 

dT 
where a = scan rate, - and M = number of moles of the sample. 

dt 

2.5.2 DSC Melting Experiments 

(2.7) 

Measurements of the excess heat capacity, /J.CP ex, versus temperature for 

DNA solutions were made using either one of four ultra-sensitive, Nano II or CSC 

Model 6100 Differential Scanning Calorimeters (Calorimetry Sciences Corporation, 

Provo, UT). These DSC instruments consist of a matched pair of sample and 

reference cells with an effective cell volume of approximately 0.5 mL. Cells are 

heated by electric heaters in thermal contact with them, and power to the heaters is 

adjusted by means of a control circuit, which maintains them at equal temperatures. 

Measurements were performed under a constant excess pressure of 3.0 atmospheres 

(atm), which prevents formation of gas bubbles and boiling of aqueous solutions 

above 100 °C. As reported by the supplier, the noise level of the heating and cooling 

power difference signal was relatively low (± 0.015 µ W standard deviation), with a 

response half time of five seconds. In addition, power regulation and noise control 

was done using a Series 800A Commercial Power Purification System (Controlled 

Power Company, Troy, MI). The general specifications for the DSCs are 

summarized in Table 2.3. 
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2.5.3 Sample Preparation 

For each DSC experiment, DNA concentrations were determined from 

absorbance measurements before .and after melting experiments as described in 

Section 2.1.2. Absorbance spectra were measured independently at least twice and 

DNA concentrations were determined from the average of at least two 

measurements. Sample requirements were at least 20 OD/ml in a total volume of 2.0 

mL buffer. To prepare samples for DSC measurements, sample and buffer solutions 

were degassed by bubbling with a fine stream of dry helium gas (Polar Cryogenics, 

Portland, OR) for at least twenty minutes just before use to remove residual air 

bubbles. Air bubbles can interfere with the melting process and lead to excessive 

noise, thermal fluctuations, poor baselines and lack of scan reproducibility. 

2.5.4 Loading the buffer and running a baseline 

Prior to melting the sample the buffer base line was first established by 

loading both sample and reference cells with the appropriate buffer. In addition to 

baseline measurements the buffer was also used for rinsing the cells. Additional care 

was taken in loading the DSC cells with buffer solution. It was absolutely critical 

that both cells were filled with precisely the same volume of degassed buffer or 

sample. Further, samples and buffers were loaded without introducing air bubbles. 

Ten buffer versus buffer scans were made over temperature range O - 120 °C. 

Equilibration of the sample and reference cells was required after sample loading. 

The cylindrical cells were pressurized at 3.0 atm over the entire temperature range 
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for all experiments. Data collection began after fluctuations in power leveled off and 

remained steady for at least 5 minutes. 

2.5.5 Sample loading and experimental parameters 

After each DSC experiment the sample and reference cells were exhaustively 

cleaned before loading the new buffer and DNA samples. Generally, each cell was 

flushed with 20.0 mL of ethanol followed by 1.0 L of nanopure water. Any .excess 

solution remaining in the reservoir was removed by gently wiping with Cotton 

Swabs (Eastwest Company, Deerfield, IL) and Kimwipes (Kimberly Clark, 

Waukegan, IL). Depending on the DSC model, filling of the cells was done using a 

1.0 mL Hamilton Syringe with a 20 gauge needle or using a micropipette, fitted with 

a short length of silicone rubber tubing. After loading the sample and before 

pressurizing the DSC cells, equilibration of the sample and reference cells was 

required. Equilibration was deemed complete when the microwatt, µ W, reading 

settled to a constant value. 

A total of five heating and five cooling scans were collected for each DNA 

duplex molecule. The scan rate was 2.0 °C/min, for both heating and cooling. At 

least two complete independent sets of DSC melting curves were collected for each 

DNA sample in each [Na+] environment on different DSC instruments. 
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2.5.6 Data Analysis 

Analysis of DSC data was performed usmg the CpCalc 2.1 (Applied 

Thermodynamics, Middlesex, NY) software package supplied by the manufacturer 

for use with the DSC instrument. The buffer versus buffer baseline was used to 

correct the resultant sample versus buffer scans. Resulting baseline-corrected, 

AC ex t t 1· d .c t t 1 DNA t d o P , versus empera ure curves were norma 1ze 1or o a s ran 

concentration, molecular mass, and cell volume. Values for DNA concentration 

(mg/mL), sample cell volume (0.3269 mL), and partial specific volume of the 

macromolecule (0.55 cm3/g) were input, and the software automatically subtracted 

the buffer versus buffer baseline from the DNA versus buffer curves. For these 

baseline-corrected curves, a progressive polynomial baseline was fit to connect linear 

regions in the lowest and highest temperature portions of the curve. The DSC 

melting curve was then constructed by subtracting the fitted base line. Integrated area 

under the baseline-corrected curve provided a measurement of the calorimetric 

transition enthalpy, Affcal, given by 

f tiC ex dT p 
(2.8) 

and the corresponding DSC entropy, ~scat, was determined by dividing the excess 

heat capacity by the temperature and integrating over temperature, thus 
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( 

L'-.C ex ) 
= J . _T_P dT (2.9) 

For all DSC melting experiments, values of the excess heat capacity, ~CP ex, versus 

temperature were measured from 0 - 100 °C or 0 - 120 °C depending on the nature of 

the sample. For these analyses, it was assumed that overall the difference in excess 

heat capacity from the beginning to the end of the melting transition is small, 

= 0). The calorimetric free energy, ~ocal was determined at T = 
2s 0c' 

298.15 K by 

(2.10) 

It is well known that the melting temperature, Tm of a DNA oligonucleotide 

duplex refers to the temperature at which the oligonucleotide is 50 % annealed to its 

exact complement. The Tm for this particular study was determined as the 

temperature at the peak height maximum on the baseline corrected, ~CP ex , versus 

temperature curve. Finally, Tm is related to enthalpy and entropy through; 
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(2.11) 

For duplexes comprised of two individual strands, the Tm 1s not necessarily 

dependent on strand concentration. 
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Table 2.4: Specifications for DSC melting experiments. 

Parameter Specifkations/U n it(s) 

Temperature Runge 0-120"C 

' 

Tt~mpcralurc Scan Rate (Heating and Cooling) 2.00 °C/minmc 

Cell Pressure ].00 atrn 

Sample volume loaded in DSC 5.50 mL 

Cell Volume for MHC 0.327 mL 

Partial Specific Volume (PSY) 0.550 cm
3/g 

.DNA concentration units for MHC mg/ml 

Molecular Weight KiloDaltons (kDa) 
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2.5. 7 Analysis of DSC Melting Data: Results Acquisition 

Examples of typical normalized DSC plots for DNA molecules in 100 mM 

[Na+] salt are shown in Figure 2.4. The raw buffer versus buffer run is shown in 

Figure 2.4(a). The raw DNA versus buffer run is shown in Figure 2.4(b). As 

illustrated, at least five DNA versus buffer scans were collected for every sample. 

Subtraction of the buffer versus buffer scan yields the melting curve for the heating 

transition, shown in Figure 2.4(c) and the cooling transition shown in Figure 2.4(d). 

As can be observed, the integrated area under the curve yields !:!,.Heal . 

2.5.8 Sample Storage after Melting experiments 

Following complete melting curve analysis, the integrity of the DNA samples 

were affirmed by PAGE. Samples were then centrifuged at 5000 g for ninety nine 

minutes to desalt and concentrate the DNA to a volume of about 50 µL. Afterwards, 

this volume was vacuum dried and DNA was stored as a pellet at -20 °C. 

42 



~ 
w 

,,--, 

~ 
~ ........._.. 
~ 
~ 
> ,,,_ 
C 
0-

t .. ~ :;)~ -"'-- .'>" ; 

(a) 

M-.:>.t f.! fu tit ;-:-:i:-i1:< \f 

J.H><:1< ~.~!> .. (~ k;,::~J,ttti,~i 
,"S:.,. n.1 j,4- ti::!dh_:k· U~'ln 

Tt- ~-.J.:: 

{ \.~) 

(b) 

'1 ~ !t. ~, "" t ~ 1 >,:; £ -·· i ,. -~ 

{d) 

Ten1perature (°C) 
Figure 2.4: Representative Calorimetric me Iring curves (a) Raw huffor versus buffer St'an (b) Raw buffer vcr:-1_1s sample scan. 
(c} R.-prcs,:nlativc DSC melting -:urn:: for h.-ating transiti~lll. (d) Normalized 111clti11g curve for the ,:ooling transition. 



2.6 THEORETICAL METHODS 

2.6.1 Standard State Equilibrium Constant for Short Duplex 

Hybridization: Schurr's Formalism 

Consider a dilute population of DNA single strands comprised of N base 

pairs, in solution, at constant temperature and pressure, in a very large volume V. 

The simple two-state strand annealing reaction can be represented by the following 

equilibrium, 

Sl+ S2 D 
(2.12) 

where SJ and S2, are complementary single strands, D represents the intact duplex, 

( each species in their standard state), and K O is the standard state equilibrium 

constant for forming the duplex. In this approach the DNA molecules and 

associated solvent counterions are jointly considered as the solute, while the 

surrounding water molecules and unassociated ions are collectively treated as the 

solvent. All solute species are assumed to be sufficiently dilute such that Henry's 

Law is applicable ( 40,42). For two single strands forming a duplex as written in 

Equation (2.12), the equilibrium reaction can be represented in terms of the 

corresponding chemical potentials as, 
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0 0 
lp SI+ lp S2 IµOD 

(2.13) 

where 1µ 0 
D, l,u 0 

SJ and 1µ 0 sz are the 'hypothetical' standard state chemical 

potentials for one duplex D formed from one single strand SJ and one single strand 

S2, respectively. The standard state free energy, tJ.G0
, is given in terms of the 

differences of the standard state chemical potentials of the duplex configuration and 

the single strands from which it formed ( 40,42). That is, 

tJ.Go = lµo D - lµo SJ - lµo S2 (2.14) 

Because the solutes are assumed to obey Henry's law, the standard state 

equilibrium constant for the reaction in Equation (2.12) is also given by, 

(2.15) 

where X O ~ X is the mole fraction equilibrium constant and e denotes the 
/Xs1 s2 

base of natural logarithms. The quantity in parenthesis in the exponential function 

is just the standard state free energy change for the reaction in Equation (2.15). The 
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quantity k8 is the Boltzmann's constant and, T, is the absolute temperature. Thus, 

Equation (2.14) can also be writte,n as 

(2.16) 

To obtain an expression for the mechanical standard state equilibrium constant, K 0
, 

the classical statistical mechanical approach (39-42) is employed. Following that 

approach, the chemical potential of a molecule of type}, in its standard state of I .0 

molecule/cm
3 

in a solvent, s, is given by, 

(2.17) 

where Q(l1,Ns,V,T) is the canonical p<ctrtition function for one} molecule plus 

Ns solvent molecules in a volume, V = l.O cm 3, at temperature T, in Kelvin. The 

term Q(Ns,V,T) 1s the corresponding partition function for the Ns solvent 

molecules alone. 

Within this model, consider the arbitrary situation in which the subunits of 

the solvent molecules do not interact with the solute molecules. Consider also that 

the non-covalent association of SJ and S2, is stabilized by relatively weak forces 
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that do not alter the interaction potentials within single strands upon association to 

form duplex D (40,41). Lastly, suppose the fixed subunits of SI and S2 are chosen 

to be those most proximal and strongly interacting and dominating in the complex. 

Now, incorporating .these assumptions, applying the general definition in Equation 

(2.17) for j = D, SI and S2 to the specific reaction given in Equation (2.12 it can be 

shown that Equation (2.15) can be expressed as, 

- Q(ID,Ns,V,T)Q(Ns,V,T)Ns 

Q(18 pN,, V,T)Q(1 82 , Ns, V,T) 
(2.18) 

where Q(l O , N.,·, V, T) is the canonical partition function of the duplex state. 

Quantities Q(l8 1' Ns, V, T) and Q(ls2 , N,., V, T) are the canonical partition functions 

for the single strands SJ and S2, respectively. The effect of Ns is to cancel the 

configurational degeneracy of the ce·nter of the solute molecule, which could 

occupy the same space as the center of any given solvent molecule. Thus, the 

equilibrium constant only depends upon the contributions from solutes in single 

lattice sites, including solvent-solute interactions. The canonical partition function 

can be expressed as ( 40-42), 

(2.19) 
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where, fa
1 

! represents the number of molecules of type j, for every kind of 

molecule or ion in the system for this classical partition function representation. 

3N 

Th . (2n-m isT / )T . 1 . . . c, . e quantity / h2 1s the trans at10nal part1t10n 1unctlon term, and 

Z ( 11, N s, V, T) is the classical configurational integral for a j th molecule, defined 

as (40) 

(2.20) 

where U is the potential energy, /J is the inverse thermal energy, /J(T) = 1 / k8T. 

Now, incorporating Equations (2.19) and (2.20), the mole fraction equilibrium 

constant in Equation (2.18) is expressed as 

(2.21) 

For this classical system; every molecule is assumed to consist of completely rigid 

subunits. Following this assumption, the kinetic energy contribution to the total 

partition function for this system can be expressed in terms of masses and moments 
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of inertia of their rigid subunits, and is always the same, independent of the 

potential energy function ( 40-42). Consequently, the unperturbed solvent 

contributions cancel and the configurational degeneracy of the centers of different 

species is removed in Equation (2.21 ). Moreover, according to the law of 

conservation of matter, a chemical reaction must conserve atoms for each kind j of 

atom, thus 

(2.22) 

1 
Following these assumptions, the term and the kinetic energy terms for the 

NS 

solvent cancel exactly. As a result, the kinetic energy factors of SJ and S2 exactly 

cancel those in D. Equation (2.21) is expressed as 

_ Z(1 0 ,NJZ(N.,)Ns 

Z(ls1 ,N.,)Z(182 , Ns) 
(2.23) 

Thus, from classical statistical mechanics, the equilibrium constant, K 0
, is 

independent of all masses and depends only on the configurational integrals ( 40). 

Standard states for bimolecular association reactions have been discussed by Gilson 

et al. ( 42) but here, the classical statistical mechanics approach of Schurr ( 40-41 ), is 

49 



followed. Following that development, the standard state equilibrium constant, 

K 0 can be represented by, 

(2.24) 

where Vs = ¼s , i.e. the volume divided by the number of solvent molecules, 

Ns, and z;~'n.Jig (T) is a six dimensional integral, 6-D, with having units of spatial 

and Euler volume weighted by exp(-U(R,Q)!k8 T), where U(R,O.) is the 

potential energy which is function with R and Q corresponding to the relative 

translational and Euler coordinates, respectively. For this integral, it is necessary to 

specify an arbitrarily defined domain, Dm of the 6-D (Euler + translational) 

coordinate space occupied by the pair of complexed single strands. Specification of 

this domain is necessary because the duplex complex is defined for predominately 

repulsive forces, which is the case for the N = 0 standard state of the duplex, and it 

is necessary to restrict the integration to this domain. All real potentials, whether 

attractive or repulsive, do not rise indefinitely with increasing separation. Thus, all 

complexes require some definition of their domain in the relative coordinate space. 

In the duplex complex, D, the I-subunit of SI is in the vicinity of the 1- · 

subunit of S2, while all other subunits of SI and S2 in the complex, D, and all 

subunits of the Ns solvent molecules adopt all configurations with weights given 
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by exp [ -U ( R, Q) / k BT]. Separating the potential energy into translational and 

Euler terms, (i.e. U(R,Q)=Ufts 2 (R)V§;;s 2 (n)), two integrals comprising 

z;~~fig (T) emerge. The first integral, weighted by exp[-ufi:s2 I kBT] for all 

other subunits, is the volume available to the I-subunit of SJ in the vicinity of the 

I-subunit of S2 in the complex, D. The first term in the denominator, Vs , is just the 

standard state molecular volume available to the solute for the mole fraction 1.0. 

The second integral, weighted by ( exp [-ufi:s2 / k BT]) for all other subunits, is the 

Euler volume available to the I-subunit of SJ in the vicinity of the I-subunit of S2 

in the complex, D. The second term in the denominator, 8.n-2
, is the Euler volume 

available to the solute in its standard state. 

The standard state equilibrium constant, K 0
, reflects the relative probability 

of finding strands SJ and S2 in their individual standard states compared to finding 

them in the duplex in its standard state. It is determined entirely by weighting the 

integrals over relative translational and Euler coordinates. In essence, the first term 

on the right side of Equation (2.24) contains the relative translational and Euler 

angular orientations of strands (SI and S2) and solvent displaced from both single 

strands during formation of the duplex complex. The exponential argument of the 

second term in Equation (2.24), ( i.e. -~Gi~t I kBT) corresponds to the favorable 

attractive interactions between strands SI and S2 that form the duplex. Such 

interactions are thought to include hydrogen bonding, stacking and sol vent 
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interactions · that may also depend on [Na+]. To make the connection with 

terminology in the literature we define !).Gi~t = !).Gduplex, so that Equation (2.24) 

becomes, 

(2.25) 

The parenthetical expressions on the right sides of Equations (2.24) and (2.25) 

suggest the existence of a "fictitious" reference state, K 0 (N = 0), where the 

complementary single strands (SJ and S2) reside in precisely the same spatial 

configuration and Euler volume as in the duplex complex, D, only without the 

accompanying attractive interactions (i.e. hydrogen bonding, stacking) so that 

!).Gduplex = 0. More generally, Equation (2.25) can be written as, 

(-t:iG
0 I ksr) (-t:iG 0 I ksr) Ko = e reference e duplex (2.26) 

with 

(2.27) 
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Thus, the standard state free energy of the reaction, !':,.G~eaction is given by, 

(2.28) 

Historically, the free-energy of duplex formation has been partitioned into two 

contrasting terms (3-4,7,10,16,20) viz. 

(2.29) 

Comparison of Equations (2.28) and (2.29) reveals that !':,.Ginitiation = !':,.G:eference but 

( as discussed before), our interpretation of !':,.G:eference and the historical 

interpretation of !':,.Ginitiation are fundamentally different. Experimental estimates on 

the values of !':,.G:eference as a function of [Na+] were made in the experimental 

studies described in Chapters 3 and 4. 

2.6.2 Release of sodium from duplex upon melting 

Pioneering experiments on the effects of monovalent cations on DNA were 

carried out by Marmur and Doty (51) and Schildkraut et al. (56), between 1959 and 

1962. The effects of [Na+] and monovalent cations on the stability of DNA have 

been reported by several authors (8-11;29,44,56-62). DNA polyions are 

characterized by an extremely high linear charge density due to the negative charge 
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of phosphate groups and allows for the mobile counterions to surround the double 

helix. In the particular case of the reaction represented in Equation (2.1 ), the 

equilibrium reaction between single strands SJ and S2 and the duplex, D, is 

characterized by release and uptake of Na+, i.e. 

(2.30) 

where /j.n = / -i is the stoichiometric counterion release upon melting the DNA. 

Generally, when DNA duplex strands denatures, there is a net release of Na+ due to 

reduction in the charge density of the single strands and the rearranged solvent 

compared to the double strand (15,54,61). Generally, DNA in an intact, double 

helical form has a higher charge density as compared to the single-stranded, 

random coil form. Because of this differential charge density, more Na+ binds more 

strongly to the duplex form. It is well established that DNA helix formation is 

accompanied by an increase in counterion association with a favorable entropic 

contribution (53-61). An increase in bulk salt concentration stabilizes the duplex 

state with higher charge density compared to the coiled state, resulting in an 

increase in Tm of the melting transition at higher salt concentration. During the 

melting process, the differential number of bound counterions for duplex and single 

stranded states, of DNA remains constant over a certain salt concentration range. 
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In this thesis, the relative contribution of the sodium ions, Na+, to the 

overall DNA hybridization energetics is explored. The dependence of short DNA 

melting was evaluated as a function of duplex length and Na+ through the free 

energy and melting temperature. Generally, if Na+ is changed at constant water 

activity, the equilibrium constant for DNA melting depends on Na+ of the buffer. 

From the plot of Tm - 1 
( K- 1

) versus In [Na+], the release of ions that occurs upon 

melting, fin can be evaluated according to the equation (11,57,60-61) 

(2.31) 

where t::.H 0 is the transition enthalpy of melting per nucleotide, R is the gas 

constant, expressed in [cal/(mol K)], and a= 0.90, is a correlation factor that 

accounts for the changes in the mean ionic activity coefficient of Na+ in the range 

examined. The plot of Tm -I ( K- 1
) versus In[ Na+] yields a slope given by 

d(Tm -I )/ [ ] and is used to estimate the amount of Na+ released upon 
/ din Na+ 

melting of the duplex sequence, !J.n. Alternatively, the value dT;:;;og[ N,+ ]' is a 

characteristic property of a particular a polynucleotide system. A more comparable 
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quantity is the differential counterion release per phosphate group, denoted Cl\j/ is 

given by the following expression (57) 

(2.32) 

For the two-state melting transition of DNA oligonucleotide duplexes, this 

cooperative unit is equal to the entire duplex. The DNA phosphate charge 

neutralized by the monovalent cations can be evaluated by . using the ratio 

( z.3o3RTm/4H
0 
J, and has been found experimentally to be constant (11,57). 

Thus for a DNA molecule with N base pairs, the following expression holds 

(2.33) 

From Equation (2.33), values of ~\j/ and ~n will be calculated from the empirically 

determined Tm values in different salt environments. 
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3.0 

CHAPTER3 

ORIGINS OF THE 'NUCLEATION' FREE ENERGY TERM 

IN PREDICTIONS OF THE THERMODYNAMICS OF 

SHORT DUPLEX DNA HYBRIDIZATION 

INTRODUCTION 

The association and melting of short oligoduplex DNAs and DNA 

fragments has been the subject of considerable investigation over the past 50 years 

(6,8-18,44). Most recently DNA probe hybridization and wide use and application 

of the polymerase chain reaction have sparked great interest in DNA probe design 

and thermodynamics of short duplex DNA stability. The equilibrium formation of 

short DNA oligoduplexes is of central importance in many molecular diagnostics 

and biotechnology applications. Sequence dependent predictions of short duplex 

DNA stability commonly employ the n-n model parameters. For short DNA 

sequences containing perfectly matched or single base pair mismatches, the n-n 

model provides reasonably accurate predictions of their sequence dependent 

thermodynamic stabilities ( 6-7, 15-16,20-22). The n-n model is based on the 

assumption that thermodynamic stability of a given base pair depends on both the 
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identity and orientation of the n-n base pairs. As explained earlier, the n-n model is 

based on the assumption that thermodynamic stability of a given base· pair depends 

on both the identity and orientation of the n-n base pairs. To demonstrate the use of 

n-n model in the calculation of duplex stability, consider the following duplex 

DNA sequence, comprised of five base pairs: 

12345 

51-GTGAC-31 

31-CACTG-51 

This DNA duplex sequence contains four n-n doublets (numbered 1-5 in 

bold), with corresponding free-energies; 11G1,2, 11G2,3, 11G3,4, 11G4,5, where 11G1,2 = 

i1G 0(GTICA); i1G2,3 = i1G 0(TGIAC); 11G3,4 = i1G 0(GAICT), and i1G4,5 = G 0(AC/TG) 

are the n-n doublet parameters. Thus, the calculated n-n free-energy of this 

sequence segment is given by 

i1G 0 
duplex= i1G 0(GTICA) + i1G 0(TGIAC)+ i1G 0(GAICT) + 

i1G0(AC/TG) + L1G0
initiation (3 .1) 

From Equation (2.29) note that the total free energy change for helix melting is 

partitioned into the free energy for helix initiation, the free energy change for base 

pairing in helix propagation. The n-n doublet parameters are available and were 
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recently tabulated (31,89). The purpose of this study is to provide a more 

quantitative, experimentally determined basis for interpreting the nucleated or 

initiation complex in DNA duplex formation. In this work, calorimetric 

thermodynamic parameters, (11Jfa1
, 11~at and !1Gca~ ) as well as Tm were 

25 C 

measured for 19, well ~efined DNA duplexes ranging in length from 6 - 35 base 

pairs. Changes in counter ion release, ( i.e. Na+) , upon melting are evaluated as a 

function of duplex length. 

3.1 EXPERIMENTAL AND THEORETICAL METHODS 

,,,-
A general description of the Experimental and Theoretical Methods has 

already been presented in Chapter 2. However, only methods specific to this project 

will be presented in this chapter. 

3.1.1 DNA Molecules 

Sequences of the 19 DNA duplexes that were studied are listed in Table 3 .1. 

Length of DNA duplexes was varied incrementally from 6 to 35 base pairs and 

sequences were judiciously designed to have representative combinations of the 10 

possible n-n DNA base pair stacks. Sequences were also designed with variable n-n 

doublet base pairs composition to maintain the% GC in the range 36 - 55 %. The 

ten unique n-n doublets appear in the DNA duplexes shown in Table 3.1 with the 

following frequencies; TA/AT [21), GC/CG [17), AA/TT [30), CT/GA [28), 
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CG/GC [19], TG/AC [43], AT/TA [28], AC/TG [46], GG/CC [30], GA/CT [47]. 

Predicted thermodynamic stabilities for perfect match duplexes, potential hairpin 

and dimer complexes were obtained using publicly available methods, most notably 

HYTHER (63), OligoAnalyser (31) and MFOLD (64). DNA oligonucleotides were 

purchased from Integrated DNA Technologies. As received from the supplier, 

lyophilized single stranded DNA appeared as a translucent film or white powder. 

Upon receipt, DNA oligonucleotides were stored at -20 °C. 

3.1.2 Preparation of Buffer Solutions 

Buffers were prepared as described in Materials and Methods section. 
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Table 3.1: Perfectly matched DNA sequences ranging in length from 6 - 35 base pairs. 
N corresponds to the number of W/C base pairs in the DNA sequence and% GC corresponds 
to the percentage of guanine and cytosine present in the duplex. 

N sample ID DNA sequence %GC 

6 DNA6PM 5 -GGATGT-3 50.0 
3'-CCTACA-5' 

8 DNASPM S -GGATGTTA-3 46.0 
3' -CCTACAAT-5' 

9 DNA9PM 5 -GGATGTTAG-3 48.0 
3' -CCTACAATC-5' 

10 DNA10PM S -GGATGTTAGC-3 50.0 
3'-CCTACAATCG-5' 

11 ONAllPM 5 -GGATGTTAGCG-3 ~4.5 
3'-CCTACAATCGC-5' 

12 DNA12PM 5 -GGATGTTAGCGA-3 50.0 
3' -CCTACAATCGCT-5' 

13 DNA13PM S -GGATGTTAGCGAC-3 5.::1.8 
3'-CCTACAATCGCTG-5' 

14 ONA14PM 5 -GGATGTTAGCGACA-.::1 so.o 
3'-CCTACAATCGCTGT-5' 

15 DNA15PM 5 -GGATGTTAGCGACAA-3 4b.7 
3'-CCTACAATCGCTGTT-5' 

16 DNA16PM 5 -GGATGTTAGCGACAAG-3 50.0 
3'-CCTACAATCGCTGTTC-5' 

17 ONA17PM 5 -GGATGTTAGCGACAAGG-3 52.9 
3'-CCTACAATCGCTGTTCC-5' 

18 DNA18PM 5 -GGATGTTAGCGACAAGGT-3 so.a 
3'-CCTACAATCGCTGTTCCA-5' 

19 ONA19PM 5 -GGATGTTAGCGACAAGGTC-j 52.6 
3•~ccTACAATCGCTGTTCCAG-S' 

20 DNA20PM 5 -GGATGTTAGCGACAAGGTCA-3 50.0 
3'-CCTACAATCGCTGTTCCAGT-5' 

23 DNA23PM 5 -GGATGTTAGCGACAAGGTCATTG-3 47.8 
3'-CCTACAATCGCTGTTCCAGTAAC-5' 

25 DNA25PM 5 -GGATGTTAGCGACAAGGTCATGTCG-3 52.0 
3'-CCTACAATCGCTGTTCCAGTACAGC-5' 

27 DNA27PM 5'-GGATGTTAGCGACAAGGTCATGTCGAT-3 48.l 
3'-CCTACAATCGCTGTTCCAGTACAGCTA-5' 

30 DNA30PM 5 -GGATGTTAGCGACAAGGTCATGTCGATACC-3 46.7 
3'-CCTACAATCGCTGTTCCAGTACAGCTATGG-5' 

35 DNA35PM 5 -GGATGTTAGCGACAAGGTCATGTCGATACCTATGC-3 48.6 
3'-CCTACAATCGCTGTTCCAGTACAGCTATGGATACG-5' 

3.1.3 Preparation of DNA molecules 

Specifically for this project, DNA duplex concentration [ DNAduple:x] 

was calculated from the two single strands using the following equation; 
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(3.2) 

where [ DNAduplex] is given m mg/mL, L Mwt ( S1 + S2) is the sum of the 

molecular weights of single strands SJ and S2 in grams per mole, and Vr is the 

total volume in mL of the duplex DNA solution containing 180 nM of material. 

Duplex concentrations ranged from 0.46 to 1.54 mg/mL. 

3.1.4 Analytical Polyacrylamide Gel Electrophoresis 

Details of PAGE have been described in Chapter 2. 

3.1.5 DSC Melting Experiments, Data Analysis 

Four Ultra-sensitive, CSC Model 6100, Nano II-Differential Scanning 

Calorimeters were employed to measure excess heat capacity, .6.CP ex, versus 

temperature curves for DNA solutions. Details of data analysis were as described in 

Chapter 2. Desalting of DNA samples was done using strictly Amicon® Ultra-4 

Centrifugal Filter Devices. 
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3.2 RESULTS 

3.2.1 Analysis of DSC melting curves 

For all DSC melting curve experiments, values of the excess heat capacity, 

tic ex 
P , versus temperature thermograms were measured from O - 120 °C. Over 740 

DSC melting curves were measured. In the analysis of DSC melting data, it was 

assumed the overall ~hange in excess heat capacity from the beginning to the end of 

the melting transition is nil, (i.e. /:iCP ex = 0). In all cases, multiplex scans were 

recorded and the first heating transition was discarded largely because of higher 

noise due to sample degassing. 

That the melting and cooling transition overlapped indicated the measured 

transitions occur under equilibrium conditions. Examples of the normalized, /:iCP ex 

, versus temperature plots for DNA molecules in all Na+ concentrations are shown 

in Figure 3 .1. The integrated area under the curve yields /lH cal . The DSC melting 

curves are displayed in two ways. The normalized differential melting curves for 

the 9, 11, 20, 27 and 35 base pairs DNA molecules in 1.0 M [Na+]. At lower N, 

melting curves are broader and less symmetric with lower peak height (i.e. as 

illustrated by the 9 and 11 base pairs DNA molecules). At higher N, the DSC 

melting curves get sharper and more symmetric. DSC melting curves for some of 

the DNAs were also plotted as a function [Na+] (data not shown). Melting 

transitions were very sensitive to Na+ concentrations. As expected, thermodynamic 

stabilities of the DNA duplexes increased with length and increasing [Na+]. 
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Figure 3.2: Representative DSC melting curves plotted together on the same scale. Normalized 
DSC plots as a function ofN for 9, I I, 20, 27 and 35 base pairs DNAs respectively in 1.0 M [Na+]. 

64 



Table 3.2: Experimentally measured DSC thennodynamic data for DNA duplexes with 6 - 35 base 
pairs in all [Na+]. 

DSC -1 M [Na+) Mfold 

ID N t.H 
tis e.u. t1G25 TmoC tiH 

tiS e.u. tiG2s Tm °C 
kcal/mol 

a a 
kcal/mol 

a a 
kcal/mol kcal/mol 

DNA6PM 6 -72.1 5.6 -219.0 18.1 -6.8, 0.4 25.4 0.7 -42.4 -121.2 -6.3 15.7 
DNA8PM 8 -92.4 3.8 -280.8 10.1 -8.7 0.8 43.7 1.03 -53.4 -149.3 -8.9 32.1 
DNA9PM 9 -94.1 5.2 -282.6 14.9 -9.8 0.8 51.6 0.6 -63.0 -177.9 -9.9 36.3 

DNA10PM 10 -117.0 9.2 -352.5 27.4 -11.9 1.1 56.7 0.5 -72.8 -202.3 -12.5 46.2 
DNA11PM 11 -121.3 6.7 -360.0 25.7 -13.9 1.0 62.2 0.4 -83.4 -229.5 -15.0 53.7 
DNA12PM 12 -122.2 9.2 -360.2 28.9 -14.8 0.7 66.3 0.2 -89.5 -244.3 -16.7 58.4 
DNA13PM 13 -130.4 7.8 -376.3 15.8 -18.2 3.1 69.6 0.3 -100.0 -274.2 -18.2 60.4 
DNA14PM 14 -139.0 3.2 -403.0 9.7 -18.8 0.4 71.1 0.4 -110.8 -304.4 -20.0 62.6 
DNA15PM 15 -145.3 1.9 -422.7 5.8 -19.3 0.2 73.8 0.1 -114.2 -312.2 -21.1 64.9 
DNA16PM 16 -157.9 5.5 -456.0 16.9 -21.9 0.5 74.3 0.2 -124.2 -340.2 -22.8 66.4 
DNA17PM 17 -158.3 4.3 -446.2 12.2 -25.3 0.7 75.3 0.2 -132.2 -360.1 -24.9 69.6 
DNA18PM 18 -163.2 6.6 -457.7 19.0 -26.8 1.0 77.5 0.4 -142.9 -390.3 -26.5 70.4 
DNA19PM 19 -165 3 12.1 -460.3 32.9 -28.0 2.4 78.6 0.2 -148.8 -404.7 -28.1 72.6 
DNA20PM 20 -182.4 6.5 -513.3 18.4 -29.3 1.0 80.2 0.1 -159.6 -435.0 -29.9 73.4 
DNA23PM 23 -215.6 6.4 -609.1 16.3 -34.0 1.5 80.9 0.1 -180.9 -492.8 -34.0 75.8 
DNA25PM 25 -247.3 6.4 -703.8 16.3 -37.5' 1.5 83.7 0.4 -200.2 -542.4 -38.5 79.3 
DNA27PM 27 -256.5 4.7 -716.1 13.3 -43.0 0.8 85.5 0.2 -213.4 -578.1 -41.0 80.3 
DNA30PM 30 -275.8 9.3 -770.4 26.8 -46.1 1.4 85.9 0.5 -239.2 -648.7 -45.8 81.6 
DNA35PM 35 -290.0 12.9 -807.0 34.9 -49.4 2.5 87.0 0.3 -279.7 -758.6 -53.5 83.5 

DSC - 600 mM [Na+] Mfold 

ID N 
- t.H 

tiS e.u. 
t1G2s T,,, °C t.H 

t.S e.u. 
tiG2s Tm °C 

kcal/mol 
a a 

kcal/mol 
a a 

kcal/mol kcal/mol 

DNA6PM 6 -63.7 3.8 -198.2 11.0 -4.6 1.0 25.1 0.7 -42.4 -122.1 -6.0 13.8 
DNA8PM 8 -73.4 2.9 -224.9 8.5 -6.3 0.7 42.5 0.25 -53.4 -150.6 -8.5 29.8 
DNA9PM 9 -82.9 0.6 -251.0 1.8 -8.0 0.1 47.6 0.2 -63.0 -179.4 -9.5 34.0 

DNA10PM 10 -106.7 3.7 -324.0 12.7 -10.1 0.9 54.3 0.3 -72.8 -204.0 -12.0 43.9 
DNA11PM 11 -103.6 3.1 -307.3 9.6 -12.0 0.8 64.2 0.1 -83.4 -231.4 -14.4 51.3 

DNA12PM 12 -111.0 10.1 -328.9 29.9 -13.0 2.5 64.8 0.2 -89.5 -246.4 -16.0 55.9 
DNA13PM 13 -120.6 1.9 -344.5 4.8 -17.9 0.6 67.5 0.4 -100.0 -276.4 -17.6 57.9 
DNA14PM 14 -131.4 1.4 -378.8 4.1 -18.5 0.4 73.6 0.1 -110.8 -306.8 -19.3 60.1 
DNA15PM 15 -134.0 4.3 -387.0 12.4 -18.6 1.1 73.2 0.0 -114.2 -314.9 -20.3 62.2 
DNA16PM 16 -144.7 4.5 -418.5 13.1 -19.9 1.1 72.5 0.3 -124.2 -343.0 -21.9 63.8 
DNA17PM 17 -144.8 7.2 -413.7 20.7 -21.4 1.9 76.8 0.1 -132.2 -363.1 -24.0 67.0 
DNA18PM 18 -163.4 4.6 -466.7 13.3 -24.2 1.2 77.1 0.3 -142.9 -393.5 -25.6 67.8 
DNA19PM 19 -164.3 9.5 -466.6 27.2 -25.2 2.4 79.3 0.3 -148.8 -408.1 -27.1 69.9 
DNA20PM 20 -178.1 4.4 -506.1 12.6 -27.1 1.1 78.3 0.5 -159.6 -438.5 -28.9 70.7 

DNA23PM 23 -199.3 8.2 -560.8 23.3 -32.1 2.2 82.4 0.1 -180.9 -497.0 -32.7 73.0 

DNA25PM 25 -226.2 4.6 -637.0 12.4 -36.3 1.3 82.0 0.1 -200.2 -547.0 -37.1 76.5 
DNA27PM 27 -250.9 6.7 -708.8 17.9 -39.5 1.9 84.0 0.2 -213.4 -583.0 -39.6 77.5 

DNA30PM 30 -265.9 7.5 -743.4 28.0 -44.2 2.0 84.5 0.5 -239.2 -654.2 -44.2 78.7 
DNA35PM 35 -279.0 8.0 -772.3 22.3 -48.7 2.1 86.0 0.1 -279.7 -765.0 -51.6 80.6 
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DSC· 300 mM [Na+] Mfold 

ID N 
t.H t.S e.u. t.G2s Tm"C t.H t.S e.u. t.G2s Tm"C 

kcal/mol 
a a 

kcal/mo! 
(J a 

kcal/mo! kcal/mol 

DNA6PM 6 -55.2 1.4 -180.8 3.4 -1.3 0.4 24.7 1.2 -42.4 -123.4 -5.6 11.4 
DNABPM 8 -61.0 2.7 -194.8 8.3 -3.0 0.3 38.7 1.25 .53.4 -152.4 -8.0 26.8 
DNA9PM 9 -80.0 5.8 -250.1 18.5 .5.4 0.3 44.7 0.1 -63.0 -181.5 -8.9 31.0 

DNA10PM 10 -99.8 9.2 -301.5 27.7 -9.9 1.0 55.4 0.2 -72.8 -206.3 -11.3 40.7 
DNA11PM 11 -101.6 8.9 -307.2 26.5 -10.0 1.1 61.7 0.2 -83.4 -233.9 -13.7 48.2 
DNA12PM 12 -104.4 2.8 -311.3 8.3 -11.6 0.3 62.5 0,3 -89.5 -249.2 -15.2 52,5 
DNA13PM 13 -110.1 3.9 -324.5 9.2 -13.4 1.1 66.0 0.2 -100.0 -279.5 -16.7 54.6 
DNA14PM 14 -125.2 6.7 -364.5 18.1 -16.5 1.3 68.4 0.2 -110.8 -310.2 -18.3 56.8 
DNA15PM 15 -129.9 8.3 -378.0 24.0 -17.2 1.1 70.7 0.2 -114.2 -318.4 -19.3 58.8 
DNA16PM 16 -137.6 9.4 -403.2 27.3 -17.3 1.3 69.7 0.0 -124.2 -346.8 -20.8 60.3 
DNA17PM 17 -151.7 4.6 -436.8 13.1 -21.5 0.7 70.1 0.1 -132.2 -367.1 -22.7 63.4 
DNA18PM 18 -158.2 8.4 -453.8 24.3 -22.9 1.2 74.6 0.0 -142.9 -397.9 -24.3 64.3 
DNA19PM 19 -164.3 8.5 -471.3 24.3 -23.8 1.2 75.4 0.0 -148.8 -412.7 -25.8 66.3 
DNA20PM 20 -176.6 5.4 -504.3 15.4 -26.2 0.8 77.0 0.1 -159.6 -443.4 -27.4 67.2 
DNA23PM 23 -197.9 1.8 -557.8 5.1 -31.6 0.3 78.5 0.3_ -180.9 -502.6 -31.1 69.3 
DNA25PM 25 -222.5 9.2 -629.8 25.9 -34.7 1.5 79.9 0.1 -200.2 -553.1 -35.3 72.8 
DNA27PM 27 -251.4 4.2 -714.0 12.0 -38.5 0.7 79.8 0.5 -213.4 -589.6 -37.6 73.7 
DNA30PM 30 -265.9 6.1 -746.0 1.5.6 -43.5 1.4 81.2 0.3 -239.2 -661.6 -42.0 74.9 
DNA35PM 35 -274.5 9.7 -771.3 35.0 -44.5 0.7 84.0 0.4 -279.7 -773.6 -49.0 76.8 

DSC - 85 rnM (Na+] Mfold 

ID N t.H t.S !iG,a Tm 11H <'.S 1G,s Tm 
kcaVmol c:r (l 

kcalimol 
(J 'C (T 

kcal/mo! kcaVmol 'C e.u. e.u. 

DNA6PM 6 -40.8 1.1 -134.3 4.2 ,a.a 0.2 22.2 1.3 -42.4 -125.7 -4.9 7.0 
DNA8PM 8 -63.2 3.9 -208.8 8.1 -0.9 1.5 30.8 0.85 .53.4 -155.7 -7.0 21.4 
DNA9PM 9 -79.8 5.0 -251.0 15.4 ·4.9 0.5 40.8 0.5 -63.0 -185.2 -7.8 25.7 
DNA10PM 10 -79.2 2.6 -240.8 5.3 -7.4 1.1 47.9 0.5 -72.8 -210.5 -10.0 35.2 
DNA11PM 11 -102.3 0.3 -311.0 4.3 -9.6 1.0 55.3 0.1 -83.4 -238.6 -12.3 42.5 
DNA12PM 12 -88.8 2.8 -267.3 5.8 -9.1 1.1 57.3 0.1 -89.5 -254.3 -13.7 46.6 
DNA13PM 13 -91.7 1.9 ·274.5 4.9 -9.9 0.5 61.3 0.2 -100.0 -285.1 -15.0 48.7 
DNA14PM 14 ·110.0 1.5 -322.8 4.2 -13.8 0.3 63.0 0.1 -110.8 -316.2 -16.5 51.0 
DNA15PM 15 -115.2 4.7 -337.3 12.5 -14.6 1.0 63.7 0.2 -114.2 -324.9 -17.3 52.6 
DNA16PM 16 ·118.3 2.9 -348.6 14.2 -14.4 1.3 66,2 1.1 -124.2 -353.8 -18.7 54.2 
DNA17PM 17 ·132.4 4.8 -393.1 13.8 ·15.2 0.8 67.3 0.1 -132.2 -374.5 -20.5 57.2 
DNA18PM 18 -139.0 2.6 -406.4 11.9 -17.9 1.0 67.5 0.3 -142.9 -405.7 -21 9 58.1 
DNA19PM 19 -123.9 0.6 -344.5 0.6 -21.2 0.4 65.8 0.0 -148.8 -421.0 -23.3 60.0 
DNA20PM 20 ·143.7 3.9 -402.8 11.0 -23.6 0.7 73.5 0.3 -159.6 -452.2 -24.8 60.9 
DNA23PM 23 -159.6 2.3 -451.3 2.4 -25.0 1.6 73.9 0.0 -180.9 -512.8 -28.0 62.9 
DNA25PM 25 -221.0 4.6 -639.0 10.7 -30.5 1.5 74.2 0.2 -200.2 -564.2 -32.0 66.3 
DNA27PM 27 -249.3 7.0 -717.0 25.5 -35.5 0.7 74.9 0.3 -213.4 -601.7 -34.0 67.0 
DNA30PM 30 -255.8 2.4 -735.0 11.9 -36.7 1.2 74.9 0.2 -239.2 -675.0 -38.0 68.3 
DNA35PM 35 -271.7 9.9 -771.0 31.2 -41.8 0.8 76.1 0.3 -279.7 -789.4 -44.3 70.0 

3.2.2 DSC Melting Data Error Propagation 

Experimentally determined thermodynamic parameters, for the 19 short (6 

to 35 base pairs) DNA duplexes, evaluated at four different [Na+], namely 85, 300, 

600 and I 000 mM are summarized in Table 3.2. Reported !':lHcal, Meal and Tm 
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values are averages of at least eight forward and reverse scans of the excess heat 

capacity versus temperature. Experimental errors on !1Heal , Meal and Tm 

reported in Table 3.2 are the standard deviations from at least two independent 

melting experiments. Errors from !),.Heal and !),.Seal were propagated to !),.G;;~c 

and determined using established methods (65). That is, 

where the <Y 's are the standard deviations in the measurements of at least eight 

melting curve experiments, (J' Mien/ and (J' !:.Seal are the standard deviations in the DSC 

calorimetric enthalpy and entropy changes, respectively. The term R1:,.w"'t:.Se"' is the 

correlation coefficient for !),.Heal versus T !),.Seal . 

As shown in Figure 3.3, the plot of !),.Heal versus T!),.Scal for all [Na+] was 

fitted by a linear regression function, with mean correlation coefficient, R2 = 0.997. 

Several groups have reported either a similar linear or rectangular hyperbolic 

relationship between enthalpy and entropy (67-70,83,104). Favorable (i.e. negative 

!),.Gea~ ) values demonstrate the enthalpy and entropy terms were almost equal in 
25 C 

magnitude for all DNA duplexes studied, although more favorable enthalpic factors 

were able to offset unfavorable dissociation entropies. Overall, data reveal that 

compensating increases in enthalpic stabilization were larger than increases in 
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entropic destabilization, resulting in favorable 11c;;~c values. Similar analysis 

was performed for !)J[cal, Meal and t1Gcal versus Tm (results not shown). 
25°C 

Results also support the assumption that for these molecules, 11CP ex= 0. However 

results in the lowest [Na+] show a slightly stronger dependence of !)J[eal, Meal 

and 11c;;~c on melting temperature. Inspection of thermodynamic data presented 

in Tables 3.2 reveals an increase in !)J[eal and Meal with increasing [Na+]. 
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Figure 3.3: Correlation between !'!..Heal and T!'!..Scal (T= 298.15 K) for DNA duplexes with 6 to 
35 base pairs in four Na+ environments. Error bars denote experimental reproducibility between 8 
measurements. 

As shown in Figure 3.3, the plot of !'!..Heal versus T !'!..Seal for all [Na+] was 

fit to a straight line, with mean correlation coefficient, R2 = 0.997. Evaluated 

negative and favorable !'!..Gca~ values demonstrated that the enthalpy and entropy 
25 C 

terms were almost equal in magnitude for all DNA duplexes studied, although more 

favorable enthalpic factors were able to offset unfavorable dissociation enthalpies. 

Overall, data reveal that compensating increases in enthalpic stabilization were 

larger than entropic destabilization, resulting in favorable !'!..a;;~c values. Several 
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different groups have reported either a rectangular hyperbola or straight 

relationship between enthalpy and entropy plots (59,67-70). 

Inspection of thermodynamic data presented in Table 3 .2 reveals that DNA 

in high [Na+] exhibited the highest magnitude of enthalpic stability, !::.Heal and 

entropic destabilization, !::.Scat_ Clearly, the experimentally derived !::.Gca~ values 
25 C 

vary significantly from one salt concentration to another. 

Thermodynamic parameters per base pair were deduced for DNA duplexes 

m all salt environments. Table 3.3 summarizes the mean thermodynamic 

parameters per base pair (bp). Values of thermodynamic parameters per base pair 

determined in each [Na+] from the data in Tables 3 .1 and 3 .2 are summarized in 

Table 3.3. These values are in reasonable agreement with those reported by Fritz 

(43). · For the formation of (dG-dC) oligoduplexes, in 1.0 M NaCl values of 

!::.G
0 

I bp, !::.H
0 

I bp and !::.S
0 

I bp were found to be -2.2 kcal/mol, -11.1 ± 0.5 

kcal/mo! and -27.9 ± 1.0 e.u. at 25 °C, respectively. The free energy for the 

formation of the first base pair (duplex nucleation) was reported to be 2.22 ± 0.1 

kcal/mol ( 43). 
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Table 3.3: Mean thennodynamic transition parameters per base pair for duplexes in all 

[Na+] concentrations. 

[Na"'"]' mM ~H (kcaf/moJ) per AS (e.u.) per 8G2s (kcal/mo!:) 
base pair base pair per base pair 

1000 -9.98 ± 1.02 -28.90 ± 3.84 -1.37 ± 0.17 

600 -9.16 ± 0.62 -26.60 ± 2.63 -1.22 ± 0.22 

300 -8.75 ± 0.54 -25.76 ± 2.06 -1.07 ± 0.34 

85 -7 .83 ± 0.80 -23.50 ± 2.72 -0.90 ± 0.34 

3.2.3 Free-Energy versus Duplex Length, N 

Values of !).Gca~ are plotted versus duplex length, N, in Figure 3.4. Linear fits 
25 C 

of the plots of !).Gcal versus N, extrapolated to N = 0, yielded values for 
25°c 

intercepts, henceforth referred to as 11Gca~ (N = 0), slopes and correlation 
25 C 

coefficients. These parameters are summarized in Table 3.4. Values of the 
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extrapolated intercepts are interpreted as the free energy for the 'hypothetical 

duplex' having zero base pairs, but occupying the same volume with the same 

amount of displaced solvent as a duplex with base pairs intact. Values for 

!::..Gca~ (N = 0) were found to be 3.69, 5.59, 7.86 and 8.68 kcal/mol in 1000, 600, 
25 C 

300 and 85 mM [Na+], respectively. The mean slope describing all data points was 

1.61 ± 0.06. The average correlation coefficient for all linear fits was 0.986 ± 0.01. 

Linear extrapolations of !::..Gcal versus N plots reveal several interesting 
25°C 

results. First, the values of !::..Gca~ (N = 0) are always positive. Second, slopes of 
25 C 

the plots are very similar in all [Na+]; in fact, the higher the [Na+], the lower (less 

positive) the value of !::..Gca~ (N = 0). Values of !::..Gca~ (N = 0) are plotted versus 
25 C 25 C 

[Na+] in Figure 3.4 and reveal a linear relationship between the variables. 
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Figure 3.4: Plots of Measured !iGca~ versus N for DNA molecules ranging in size from 6 to 36 
25 C 

base pairs in four buffered [Na+] environments. Error bars are standard deviations, cr, calculated 
using Equation (3.1) and indicate experimental reproducibility. 
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Table 3.4: Summary of the linear fit parameters for the plots of !:J.Gca~ versus N as a function of 
25 C 

.[Na+]. Slopes, intercepts and regression correlation coefficients are given for the linear equations of 
the individual fits. 

[Na+] ml\if Slopt· Intercept R2 

1000 - J .63 3.69 0.988 

600 -1.63 5.59 0.992 

300 -1.65 7.86 0.98 

85 -1.52 8.68 0.982 

1-\vcragc in all -1.61 6.46 0.983 

[N:/] 
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Figure 3.5: Plot of free-energies at the intercepts obtained from the unconstrained fit and 
summarized in Table 4. The linear fit gives Intercept= -5.70 * 10"3[Na+] + 9.2677, R2 = 0.988 

3.2.4 Validity of the n-n model 

A direct comparison of the thermodynamic transition parameters measured by 

DSC versus values calculated using the MFOLD n-n routine was made. Parameters 

predicted and measured were compared for all molecules in the four [Na+] 

environments. Plots of !1Mcat versus N were constructed were X = H, Sand G, 

and f1t0{cat = (Meat - MMFOLD). These plots are shown in Figures 3.6 (a) and 

(b). 
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Figure 3.6: Comparative plots of the experimental enthalpy and entropy difference from 

MFOLD™. (a) Plot of l:J.l:J.lfal (l:J.lfal -f:J.J!MFOLD) versus N .(b) Plot of D.D.Scal (l:J.SCal -
~sMF0L°) versus N. 

Generally, the experimental values, t:-.Hcal and t:-.SCa1
, determined in this study were 

systematically higher than predicted by MFOLD™ values. Even though predicted 

76 



and experimental values of the enthalpies and entropies were not in agreement, 

much better agreement was obtained in 85 mM [Na+]. Plots of ti tiGcat versus N 

were also prepared as shown in Figure 3.7. Generally, values of tiG° predicted by 

MFOLD vary significantly over a larger range than experimentally observed. As 

seen in Figure 3.7, differences in tijj,Gcal values fall within a range of ± 3.0 

kcal/mol for 600 and 1000 mM [Na+]. In contrast, poor agreements between 

predicted and measured values were obtained in 85 and 300 mM [Na+]. The greater 

differences between ti tiGcal and predictions for DNA molecules in 85 mM Na+ 

underscore the need for improve parameters in low salt ( < 100 Mm). 
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Figure 3.7: Comparative plots of calorimetric t!,.t!,.Gcal ( t!,.Gcal - t!,.GMFOLD) versus N in all 
2s 0 c 

[Na+] environments. 

3.2.5 Analysis of melting temperature (Tm) 

Behaviors of DNA melting temperature are an much studied property and 

several empirical correlations have been suggested by different authors ( 6, 11,56-

60,66,70). Measured Tm values for each DNA duplex, obtained from DSC and 

predicted using MFOLD™. Recall that the Tm of these transitions were determined 

. from the temperature at peak height maximum of the normalized, t!,.CP ex, versus 

temperature profiles. These Tm values were measured for DNA samples at strand 

concentrations ranging from 0.424 - 1.56 mg/mL. Results indicate that .Tm was 
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essentially over a less than four fold range in strand concentrations. The plot of Tm 

versus N is shown in Figure 3.8 which clearly shows that the DNAs are 

increasingly destabilized with decreases in [Na+] and Tm . 
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Figure 3.8: Plot of Tm versus N for the 19 DNA duplexes of this study. A quadratic polynomial 

was fitted to each set of data points. 

Several general observations can be made. (i) Values for Tm increased with 

increasing DNA length, N, from 6 to 35 base pairs in regardless of the [Na+] 

concentration; Tm seem to level off at higher N (> 20 base pairs). Recent results 

obtained by Chen et al. (71) revealed that at low [Na+] and N, binding 

thermodynamic parameters for short DNAs were very weak and phosphate

phosphate repulsive forces dominate the electrostatic interactions. In addition, this 

repulsive, destabilizing effect was stronger for double stranded than for single 
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stranded DNAs. In our case, the duplexes that were studied were more enthalpically 

stable in 1000 mM [Na+] than at lower salt concentration, but any further increase 

in ionic strength concentration could have resulted in of helix destabilization. In 

addition, the electronic component of the free energy was weakly dependent on 

both the electrostatics and N. (ii) There was destabilization of the DNA duplexes 

in low salt, as indicated by their significantly lower Tm values in 85 mM [Na+]. 

This destabilization of transition parameters in low salt ( < 100 mM [Na+]) is 

consistent with findings of Chen et al. (71, 75) who attributed it to a large decrease 

in entropy, weak charge neutralization and fewer bound ions in lower ionic strength 

environments. 

The plot in Figure 3.9 shows results of a direct comparison between the 

DSC measured Tm and values predicted using MFOLD™. Generally, predictions 

and measured Tm values differ significantly. However, as N increases, better 

agreement was observed between measured and predicted values. These findings 

indicate some shortcomings of the current predictive algorithms, where most 

experimental measurements for helix-coil equilibrium are evaluated in 1000 mM 

[Na+]. Further, most of the experiments reported in the n-n model have been done 

using the UV visible spectrophotometer which assumes a two state model (8-l l ,22-

24,31,48,56,60). 

80 



16 

~1M 
-tr-600mM 

14 
-B-300mM 

---85mM 

12 · 

(.) 10 
0 

E 
I-
<I 8 

6 

4 

6 8 9 10 11 12 13 14 15 16 17 18 19 20 23 25 27 30 35 

N 

Figure 3.9: Plot of the direct comparison between predicted and measured melting temperature i.e. 

t1.T = T 'DSC -T MFOLD 
m m m 

81 



3.2.6 Dependence of the melting transitions on [Na+] and evaluation of 

the counterion release upon DNA melting, An 

Analysis of melting transition parameters evaluated as a function of [Na+] 

provided a means of quantitatively estimating the counterion release/association 

upon melting for the short DNAs as a function of length. According to the Equation 

(2.31), the plot of Tm-I (K1
) versus In[ Na+] for each of the 19 duplex DNAs 

provided an estimate of the release of Na+ ions upon melting, /).n, as a function of 

duplex length. Average linear fits of Tm versus In [Na+] and Tm -I versus 

In[ Na+] generated from the melting transitions obtained for each DNA molecule 

were made (data not shown). Generally slopes (given by given by 

[
dTm -I ( K-I )/ ] gradually increased with increasing length up to about 12 

/ din[ Na+] 

base pairs and then increase less with lengths greater than 12 base pairs. The 

observed linear dependence of Tm versus In[ Na+] and Tm -I ( x-1
) versus 

In [Na+] is best explained in Equation (2.31). 

Similarly, estimates of the fractional number of counterion released per 

phosphate group, !).\Jf, were also determined and summarized in Table 3.4 and 

Figure 3.11. The differences in !).n, evaluated for these DNAs reveal differential 

[Na+] release as a function of length. Generally, /).n increases with (i) increasing 

length of oligomers and (ii) increasing Na+ from 6 - 35 base pairs. In some cases, 
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observed differences can be attributed to differences in% G-C which influences the 

both enthalpy and Tm from which tin is evaluated. Greatest differences are 

observed at N > 20 base pairs. Clear differences in tin, evaluated for these 

sequences reveal differential [Na+] release for these DNA molecules with 

increasing N. 

Table 3.5: Release of [Na+] upon DNA melting, t:i.n and differential cation release per phosphate 
group, /:i.\Jf for 19 DNA molecules. 

t:,n !'l/1 Au b.f/ /:,\jl flljl b.ljl tnv 

N tOOO ml'II <l041 mM :\OOmM 85mM IOUOmM 600mM 300mM 85mM 
INa+I !Na+I [Na+I INa+J INa+I !Na+] [Na•] [Na+I 

6 0.67 0.59 0.51 0.38 0.1 l 0.10 0.09 0.06 
8 0.94 0.88 0.73 0.76 0.12 0.11 0.09 0. 10 
9 1.22 1.07 1.04 1.03 0.14 0.12 0.12 0.11 
lO l.41 1.28 1.20 0.95 0.14 0.13 0.12 0.10 
11 1.57 1.34 1.32 1.33 0.14 0.12 0J2 0.12 
12 1.70 1.54 1.45 L23 0.14 0.13 0.1.2 0.10 
13 1.81 J.67 1.53 1.27 0.14 0.13 0.12 0. 10 
14 1.93 l.83 1.74 1.53 0.14 0.13 0.12 0.1 J 
15 1.87 l.86 l.66 1.60 0.12 0.12 0.11 0.11 
16 2.19 2.01 1.91 l.64 0.14 0.13 0.12 0.10 
17 2.35 2.14 2.25 1.96 OJ4 0.13 0.13 0.12 
18 2.52 2.45 2.41 2.25 0.14 0.14 0.13 0. 13 
19 2.65 2.61 2.56 2.07 0.14 0.14 0.13 0.11 
20 2.62 2.47 2.45 2.00 0.13 0.12 0.12 0.10 
23 2.93 2.77 2.75 1 ')·1 

L.,iu.lL.- 0.13 0.12 0.12 O.IO 
25 3.44 3.14 3.09 3.07 0.14 0.13 0.12 0.12 
27 3.79 3.72 3.72 3.69 0.14 0.14 0.1.4 0.14 
30 4.85 4.68 4.68 4.50 0.16 0.16 0.16 0.15 
35 5.40 5.17 5.08 5.03 0.15 0.15 0.15 0.14 

NB: t:i.n refers to the Release of, Na+ upon DNA melting. /:i.\Jf refers to the fractional number of 
counterions released per phosphate group. 
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Figure 3.10: Histogram for !:,n versus N DNA duplexes ranging in length from 6-35 base pairs. 

However, values for L1\jf are essentially constant (Figure 3.12 and 3.13) indicating 

that except for perhaps the shortest DNAs, they behave in essentially the same 

manner as regards to their Na+ binding properties. These results validate our 

assumption regarding evaluations of the "nucleation volume" by extrapolation to 

zero length. 
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Figure 3.11: Plot of the average values of /J.n versus N DNA duplexes ranging in length from 6-35 
base pairs in all four [Na+] environments. 
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Figure 3.12: Histogram for 11\j/ versus N for the DNA duplexes ranging in length from 6-35 
base pairs. 
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Figure 3.13: Plot of the average values of 11\j/ versus N DNA duplexes ranging in length from 6-35 
base pairs in all four [Na+] environments. 
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3.3 DISCUSSION 

The experimental design was aimed at evaluations of the standard state free 

energies for the 'hypothetical duplex' having zero base pairs, (i.e. 

t:,.Gca~ (N = 0) ), in different [Na+] environments. The nucleation free energy was 
25 C 

presented without the partitioning of enthalpic and entropic components. As 

discussed by Amzel et al. (39), the nucleation process must surely have an 

unfavorable entropic cost due to the loss of translational and rotational freedom of 

the reacting single strand. The actual enthalpic and entropic components of the 

nucleation free energy is beyond the scope of this study. 

Values of 13.Gca~ (N = 0) were obtained by extrapolation of the plots in Figure 
25 C 

3.4. These values, 3.69, 5.59, 7.86 and 8.68 kcal/mo! are plotted versus [Na+] in 

Figure 3.5. From Equation (2,24), if t:.Gca~ (N = 0) then K 0 = canfig 
2 ( 

zrel (T)J 
25 C Vs87l' 

depends only on the configurational integrals for the single strands and the duplex 

in the same Euler volume. As stated earlier, K 0 is the relative probably of two 

single strands in their standard states compared to the duplex in its standard state. 

The fact that 13.Gca~ (N = 0) increases with decreasing [Na+] indicates that the 
25 C . . 

value of the configuration integral ( z;~~fig (T)) is greater in higher [Na+]. An 

electrostatic argument provides an obvious explanation. Recall from the discussion 

following Equation (2.27), 
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(3.4) 

where Dm is the domain of the 6-D relative (Euler plus translational) coordinate 

space, within which the pair of neighboring strands is considered to be complexed. 

This 'arbitrary' domain is introduced because the complex is defined for 

predominantly repulsive forces (as is the case for N= 0 standard state of the 

duplex). The integration is restricted over the relative coordinates, defined that 

domain only, still with the same weighing that was described before. 

Naturally, at lower [Na+] greater electrostatic repulsion between phosphate 

groups would be expected, which in tum likely affects values of the potential 

energy arguments of both integrals. Apparently this relatively greater phosphate 

repulsion leads to larger values of Uf1:s2 and u.fi:s2 , resulting in smaller values of 

z;~~fig (T). Overall, the consequence is greater values of ~c;;~c(N = 0) with 

decreasing [Na+]. 

3.3.1 Double Helix Formation 

The concept of duplex nucleation or initiation was introduced over 45 years 

ago (18,20-21). In 1963 Applequist and Damle reported results from theoretical 

statistical thermodynamic analysis of melting curves of oligo-dA DNA strands at 

low pH (18). From their analysis they proposed that short DNA double helix 
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formation occurs in two steps, (i.e. unfavorable) nucleation followed by (favorable) 

helix zippering. In their treatment both strands were assumed to be the same and 

the equilibrium constant for duplex formation was given by the product of two 

terms, ( i.e. Keq = fJsN ), where /J is the nucleation parameter or association factor, 

with units of volume per mole (M1
) and sN is the statistical weight of the fully 

intact duplex, which is the product of the N base pair stability constants, s, one for 

each base pair. Since then values of the initiation parameter, /J, and base pair 

stability constant have been shown to be critical for obtaining reasonable agreement 

with measurements or prediction of experimental results (18,43). It has been 

universally assumed the part of the equilibrium constant denoted by /J corresponds 

to the more difficult formation of the first base pair from single strands compared 

to zippering formation of the remaining base pairs. In this manner, the /J parameter 

corresponds to the free-energy of duplex nucleation, !),.G = -kaT In /J,. 

From analysis of their melting curves of duplexes ranging from 8 to 11 base 

paus, depending on whether staggered or non-staggered zipper models were 

employed, Applequist and Damle reported mean values of /J ranging from 2.20 x 

10-3 to 7.50 x 10-3
, corresponding to !),.Gnuc values of 3.70 and 2.90 kcal/mol, 

respectively. Over a decade later, Fritz (43) reported formation of the first base 

pair in short (dG-dC) duplex DNA oligomers involved a nucleation parameter, /J = 

1.60 x 10-4 
M

1
, corresponding to !),.Gnuc = 5.20 kcal/mol at 25°C. The free-energy of 

base pairing is defined by the base pair stability constants, s = exp(-jj.Gbp I kBT), 
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where, b.Gbp, is the free-energy per base pair, which in these cases was assumed to 

be the same for every base pair in the duplex. The total free energy of duplex 

formation is given by !J.G0 = -kBT ln sN. The nearest-neighbor parameters and 

recipes for calculating thermodynamic stability of short duplex DNA/DNAs, 

DNA/RN As and RNA/RN As from their sequences have been reported ( 4,8-

11,22,43,56,64,66,70-71,73-76). For these studies, !J.Gnuc was varied as a fitting 

parameter in evaluation of the nearest-neighbor parameters, and even assigned a 

sequence dependence (4,8-9,73-74,77). Values of /J.Gnui ranging from 1.80 to 
37 C 

6.00 kcal/mol have been reported (4,8,l l,22,43,66,73-74). 
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Table 3.6: Evaluated values for the helix initiation free energy DNA and RNA duplexes, obtained 
from different laboratories. The total salt environment was 1.0 M NaCl. 

DNA DNA 
Research Gnmp ,~G,,,,, !A-T] ,'.\Gm'.~· fG-Cl t.\G,.,, 

kcal/mo) 
.~7 C 

kcal/mol 

Bresluuer et ul. (1986) 6.23 (at 2s
0
C) 5.21 (at 25°C) -

Sugimoto n al.(1996) 2. 79 (at 37°C) L83 (at 37°C) -

SantaLllcht et al. (1997) 1.03 (at 37°C) 0.98 (at 37°C) -

Sugimoto er al. (1995) 3.39 (at 37°C) 2.7 - 2.90(al 37°C) -

RNA 
Fritz ( 1973) 3.40 (at 37°C) 5.2 (at 25°C) -

Appkquest and Damle (1963) 3. 10 (at 2s0q 2.39 (at 2s0q -

RNA 
Freier er al. (1986) 3.10 (at 37°C) - -

Manyanga et al. {2009) - - 6.46± 2.3 
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CHAPTER4 

MELTING STUDIES OF TANDEM MISMATCH BASE 

PAIRS IN SHORT DUPLEX DNA: INFLUENCE OF 

MISMATCH SIZE, LOCATION, AND SODIUM ION 

CONCENTRATION 

INTRODUCTION 

Characterization of mismatches via their thermodynamic parameters of 

provides a foundation for analysis of effects of these structures in a 

variety of biological and biotechnological applications. An examination of the 

current literature reveals a renewed interest in the structural characterization of 

mismatches with focus on biological applications, especially regulation of gene 

expression (1-3,15,47). Published structural and experimental data suggests that in 

a manner similar to DNA binding ligands, tandem mismatches can cause 

significant structural perturbations in DNA helical structure (5,16,81). These 

perturbed structures have been shown to be minor variants of B-form or A-form 

DNA and may play a role in the regulation of gene expression (16,46,48, 78). 

In addition, mismatches are fundamental to any assay design process, 

especially multiplex hybridization and model simulations of the inherent reactions. 

Specifically, perturbations of the duplex DNA thermodynamic stability associated 
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with mismatches have been shown to be important in probe sequence design 

processes (50). The n-n theory has been expanded to include single base pair 

mismatches with some degree of accuracy (3-11 ). However, calculations of the 

thermodynamic stabilities of short DNA oligomers containing mismatches ignore 

the potential sequence-dependent contributions of two or more contiguous 

mismatches. Neither has the range of stabilities of tandem mismatches in different 

sequence contexts established. Thermodynamic studies of systematically designed 

mismatches provide deeper insight into various forces that govern relative affinity 

of DNA strands in hybridization reactions. 

Previously, results obtained in the Benight laboratory have demonstrated that 

depending on the sequence, stabilities of some tandem mismatches can be from 30 

to 70 % as stable as a W/C base pair doublet (1-2,15,89). In addition, explicit for 

thermodynamic stability parameters for a few of the tandem mismatch sequences 

have been shown to affect the accuracy of model simulations of multiplex 

hybridization reactions (2). To further characterize tandem mismatch states, 

calorimetrically derived thermodynamic transition parameters of 25 designed DNA 

molecules were evaluated by DSC in differ_ent buffered salt environments ranging 

from 85 to 1000 mM [Na+]. The molecules were designed to systematically address 

the following questions; (i) How does the presence and distribution of tandem 

mismatches in a short duplex DNAs affect thermodynamic ,stability?; (ii) Is the 

nearest-neighbor model accurate in predicting measured thermodynamic stabilities 

of short duplexes containing contiguous mismatch base pairs?; (iii) How does the 
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stability of short duplex DNA containing contiguous tandem mismatches vary with 

[Na+]? 

4.1 MATERIALS AND METHODS 

Details of the sample preparation, instrumentation, procedures for data 

acquisition, analysis routines for obtaining DSC melting curves for DNA have been 

described in Chapter 2. Only specific methods employed for this present study are 

presented here. 

4.1.1 Rationale and Design of DNA Molecules 

Sequences of duplex DNA molecules that were analyzed by DSC melting 

are listed in Table 4.l(a) and (b). Two uniquely distinguishable sets of DNA 

molecules consisting of tandem mismatches in various configurations were 

designed and prepared for DSC melting analysis. As depicted in Tables 4.1 (a) and 

(b ), each set contained increasing numbers of tandem mismatch base pairs in the 

different sequence contexts. Set A: includes molecules, 20 base pairs in length with 

mismatches incrementally introduced contiguously from one 'end' of the duplex. 

Set B: includes molecules, 20 base pairs in length with mismatches incrementally 

introduced at different positions in the middle of the duplex and 'interspersed' 

amongst the remaining W IC base pairs. In table 4.1 ( a) and (b) and throughout this 

study, all mismatched bases in Sets A and B duplexes are indicated by bold lower 
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case letters that are underlined. Sequences of control molecules are shown in Table 

4.l(c). 

Depending on the degree of self-complementarity in their sequences, single 

strand DNA molecules have the potential to form cruciform, triplex, tetraplex and 

hairpin complexes (5,9-14,36,73). For this reason, single strands used to prepare 
\ 

the duplexes comprising Sets A and B were designed to discourage undesired 

secondary structure formation in them. During the design process of the sequences, 

the possibility of hairpin formation in the resident single strands was assessed by 

estimates of thermodynamic parameters for possible intramolecular structures that 

might form in their sequences. For these estimates the available parameters were 

employed (31,63-64 ). All the designed strands consisted of base composition 

varying from 40 and 60 % G-C. Any single strand suspected of forming a hairpin 

with predicted Tm above 50 °C or melting free energy lower than -5.0 kcal/mol was 

excluded and re-designed. 

95 



Table 4. t(a): The 20 base pair DNA Molecules comprising Sets A duplexes. 

Sample ID n N Set A DNA Sequences-20 base p:iirs 

5'-GTGACAGCACAATGGTGACG-3 
DNA-pm 0 20 3'~cACTGTCGTGTTACCACTGc-s' 

5'-CTGACAGCACAATGGTGACG-3' 
DNAlmm 1 19 3'-aACTGTCGTGTTACCACTGC-5' 

5 -ctGACAGCACAATGGTGACG-3 
DNA2nun 2 18 3 1 -M{CTGTCGTGTTACCACTGC-5' 

5 -ctaACAGCACAATGGTGACG-3 
DNA3nun 3 17 3'~agaTGTCGTGTTACCACTGC-S 1 

DNA4mm 4 16 
s'-ctagCAGCACAATGGTGACG-3' 
3'-agatGTCGTGTTACCACTGC-5

1 

DNA5mm 5 15 
S'-ctagcAGCACAATGGTGACG-3' 

t 5 I 3 -agatcTCGTGTTACCACTGC-
s'-ctagctGCACAATGGTGACG-3' 

DNA6nun 6 14 3'-agatccCGTGTTACCACTGc-s' 
' 3' 5 -ctagcttCACAATGGTGACG-

DNA7mm 7 13 3'-agatcctGTGTTACCACTGc-5' 
s'-ctagcttaACAATGGTGACG-3' 

I 5 I DNA8mm 8 12 3 -agatcctcTGTTACCACTGC-
I 3' 5 -ctagcttagCAATGGTGACG-

DNA9mm 9 11 3'-agatcctctGTTACCACTGC-5
1 

DNAlOmm 10 IO 
s'-ctagcttagaAATGGTGACG-3' 
3'-agatcctctaTTACCACTGC-5' 
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Table 4.J(b): The 20 base pair DNA Molecules comprising Sets B. 

Sample ID ll N Set B DNA Sequeuces-20 base pairs 

5 -GTGACAGCACAATGGTGACG-3 
DNA-pm 0 20 3'-cACTGTCGTGTTACCACTGc-s' 

5 -GTCACAGCACAATGGTGACG-3 
DNAlnun 1 19 3'-cAaTGTCGTGTTACCACTGC-5' 

5'-GTCtCAGCACAATGGTGACG-3 
DNA2mrn 2 18 3'-cA_ag_GTCGTGTTACCACTGc-5' 

5 -GTctaAGCACAATGGTGACG-3 
DNA3rnm 3 17 3'-cAagaTCGTGTTACCACTGC-5' 

4 16 
5'-GTctagGCACAATGGTGACG-3' 

DNA4mm 3'-cAagatCGTGTTACCACTGC-5 1 

5 -GTctagGCA~AATGGTGACG-3 
DNASmm 5 15 3'-cAagatCGTCTTACCACTGc-s' 

DNA6mm 6 14 
5'-GTctagGCACtATGGTGACG-3' 
3'-cAagatCGTccTACCACTGc-s' 

7 13 
s'-GTctagGCActtTGGTGACG-3' 

DNA7mm 3'-cAagatCGTcctACCACTGc-s' 

8 12 
s'-GTctagGCActtaGGTGACG-3

1 

DNASmrn 3'-cAagatCGTcctcCCACTGc-s' 

DNA9nun 9 11 
5 1 -GTctagGCActtaGGTgACG-3' 
3'-cAagatCGTcctcCCAtTGC-5' 

DNAlOmm 10 10 
5 1 -GTctagGCActtaGGT.ru!,CG-3' 
3'-cAagatCGTcctcccAtaGc-5' 

DNA-pm refers to the perfect match duplex sequence. n refers to the number of mismatch base 
pairs in the DNA. Duplex sequences for Set A and Set B (all listed 5'-3' for the top strand and 

3'-5' for the bottom strand) are shown in column, 4 and 5, respectively. All mismatches are shown 
as bold, lower case and underlined. Each single strand DNA was hybridized to complementary 
single strand to form the duplex. 
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Table 4.I(c): Control Duplexes. 

sample ID n N control DNA sequences 

DNA-pmC 0 20 5 1 -CAGTGAGACAGCAATGGTCG-3 1 

3'-GTCACTCTGTCGTTACCAGC-5' 

DNA7mmC 7 13 5'-ctagctgCACAATGGTGACG-3' 
3'-agatccaGTGTTACCACTGC-5' 

DNAllC 8 12 5'-GTctCAMACctTGtaGACG-3' 
3'-CAagGTatTGccACtCCTGC-5' 

DNA25C 2 14 5'-CTCtCATATGCGAG-3' 
3' -:-GAGcGTATACtCTC-5 ·' 

DNA-pmC refers to the 20 base pair DNA duplex of reference (57). DNA 11 C has four loops 
separated by W/C base pairs. DNA25C has two single base pair mismatches separated by six W/C 
base pairs and was characterized elsewhere (23). 

Molecules used as control are shown in Table 4.l(c). DNA-pmC is a perfectly 

matched 20 base pair DNA duplex that has been characterized by Owczarzy et al. (57). 

DNA25C contains 14 base pairs and has two single base pair mismatches that has been 

characterized by Allawi et al. (23). DNA7mmC is nearly identical to DNA7mm in Set A 

(Table 4. l(a)), except that the !/! mismatch has been replaced by a gll!, mismatch. The 

molecule DNAl lC has four interspersed tandem mismatches, corresponding to eight 

tandem mismatches. 
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4.1.2 DNA Molecules 

Synthetically prepared and purified DNA single strands used in melting studies 

were obtained from Integrated DNA Technologies. Purity levels reported by the supplier 

were greater than 90 %. As received, the dry powdered single strand synthetic DNA 

oligonucleotides were centrifuged for ten minutes at 3000 rpm. Single strands were then 

dissolved in 1.0 - 2.0 mL of 85 mM [Na+] buffer (pH 7.40 - 7.50). Dissolved DNA stock 

solutions were thoroughly mixed by vortexing and incubated at 25 °C for at least five 

hours to equilibrate. Briefly, equimolar amounts of complementary single strand 

oligonucleotides were combined to form individual duplexes with A260 varying from 0.20 

- 0.80 OD/mL. 

4.1.3 DNA Recovery 

DNA samples this particular study were transferred between different [Na+] solvents by 

concentrating and desalting using strictly the Centricon YM-3 Centrifugal cellulose 

filters with a molecular weight cut off of 3000 Daltons. In these filters, a centrifugal 

force drives solvents (salts) but not solute (DNA) through the membrane into a filtrate 

vial. Concentrated samples were brought up in a volume of the desired melting buffer 

such that the A260 was within the 0.20 - 0.80 OD/mL range. Absorbance spectra of the 

duplex DNA samples were recorded and used in data analysis. This process was repeated 

to prepare samples for each [Na+] buffer solvent. 
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4.1.4 Analytical Gel Electrophoresis 

Procedures for PAGE were essentially those described in Chapter 2. In addition, 

purity of single strand DNAs was also characterized by denaturing PAGE (8 %) analysis. 

Typically, denaturing gels contained 7.0 M urea (98 %), 20 µL TEMED, 10 % TBE, 10 

% APS, 10 % acrylamide/bis acrylamide (38 %/2 %) and nanopure water. 

4.2 THEORETICAL METHODS 

A detailed account of theoretical methods employed was presented in Chapter 2. Here, 

only methods specific to this project are presented. 

4.2.1 Single base pair mismatches 

Within the nearest-neighbor model, thermodynamic parameters for single base pair 

mismatches have been evaluated and tabulated in the literature (3-11,28,45,48,73). To 

see how the n-n model parameters can be utilized to predict the thermodynamic 

contributions of single base pair mismatches to duplex stability, consider the following 

sequences, labeled (A) and (B), each containing a single base pair mismatch 

(A): s·-GTGAC!-3, 

3'-CACTG!-5 
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(B): 5'-GTG!CA-3' 

3'-CAC!GT-5' 

For sequence (A), containing a single base pair mismatch on the 'end' of the 

duplex, the free-energy is given by, 

11G 0
duplex= [l1G 0(GTICA) + l1G 0(TGIAC)+ 11G0(GA/CT) + 

l1G 0(AC/TG) + l1G 0(C!!fG!!)] + 11G 0
iniliation (4.1) 

where the first four terms in brackets on the right hand side of Equation ( 4.1) 

correspond to the resident n-n doublets comprised of W/C base pairs. The last term 

in brackets, ~G 0(C!!f G!!), is the free energy parameter for an !1! single base pair 

mismatch bounded on the 5' side by an intact C-G base pair. For sequence (B) with 

an internal !!f ! single base mismatch pair bounded by a G-C and C-G base pair, the 

free-energy is given by, 

11G 0
duplex = [l1G 0(GT/CA) + l1G 0(TGI AC)+ l1G 0(G!!fC!!) + 

l1G 0(!!Cl!G) + l1G 0(CAIGT)] + 11G 0
initiatio~ (4.2) 

where ~G0(G!!fC!) is the free-energy parameter for an !I! single base pair 

mismatch bounded by ari intact G-C base pair on the 5' side, and ~G 0(!Cl!G) is the 

free-energy parameter for an !1! single base pair mismatch bounded on the 3' side 

by and intact C-G base pair. Due to symmetry and the anti-parallel nature of 
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duplex DNA structure, note that t:iG 0 (G,~/C!!) = !:iG0(!!Cl!!G). As described before, 

thermodynamic stability parameters for most of the n-n sequence dependent 

interactions for single base pair mismatches (i.e. flanked by intact W/C base pairs) 

have been evaluated. 

4.2.2 Tandem Mismatches 

Although the n-n thermodynamic parameters for W/C perfect match base 

pair doublets, doublets containing single base pair mismatches and doublets 

containing single base pair dangling ends are available in the published literature 

(3-5 ,7-13, 1 7 ,22-25 ,27-28,48,60-63) sequence-dependent stability parameters for 

the stability of tandem mismatches have not been detem1ined (2, 10, 15). Even so, 

several approximate strategies applying the n-n model have been developed to 

approximate thermodynamic stability of tandem mismatches in duplexes. As 

explained earlier, the most commonly employed approximate method assumes that 

tandem mismatches make no favorable contribution to duplex stability (10, 15). For 

example, consider the following duplex DNA sequences, denoted (C) and (D), both 

containing tandem mismatches; 

(C): 5'-GTA~CA-3" 

3 ·-CATtatGT -5' 
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(D): 5'-GTGA™-3' 

3'-CACTtat -5· 

Duplex sequence denoted (C) contains three tandem mismatch base pairs 

'interspersed' in the middle of the duplex, while sequence (D) is comprised of 

tandem mismatches on the 'end' of the duplex. In the current n-n model method, 

the calculated n-n free energy of sequence (C) is given by, 

!1G 0 
duplex= !1G 0(GTICA) + !1G 0(TAI AT) +/1G 0(Ag/T!) + 

11G 0
toop(n = 3) + /1G 0(gC/!G) + /1G 0(CA/GT) +11G 0

initiation (4.3) 

Notice that the tandem mismatch loop (™/!!,!) is assigned a loop parameter, !1G 0
toap 

(n = 3), where n denotes the number of mismatches comprising the loop. In 

comparison the n-n calculated free energy of segment (D) is given by, 

/'J.G 0 
duplex= /'J.G 0(GT/CA) + /'J.G 0(TG/ AC)+ /'J.G 0(GA/CT) + 

/'J.G 0(Ag/T!) + /'J.G 0
tnitiation (4.4) 

where /1G0 (Ag/T!) is the free energy parameter for a single base pair g/! mismatch 

bounded on the 5' side by an intact A-T base pair. In the current n-n method, 

tandem mismatches on the ultimate 'end' of the DNA duplex are not assigned a 

particular free-energy parameter, and their potential effects are essentially ignored. 
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Herein may be a deficiency of the n-n model in accurately predicting 

thermodynamic stability of short duplex DNAs containing tandem mismatches. In 

contrast, for tandem mismatches in the middle of the DNA duplex, some loop 

energy terms have been published (10) and these were employed in our predictive 

calculations. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Analysis of Melting Curves 

Experimental DSC melting curves of the excess heat capacity, ~CP ex, 

versus temperature (DSC melts) were measured over the range from 0 to 120 °C. 

Typical baseline-corrected DSC curves obtained for the DNAs are shown in Figure 

4.1. Recall that in Set A, mismatches occur on the 'end' while Set B has 

mismatches 'internal' to the DNA duplex. Following are some general 

observations; DSC melting curves are relatively sharper for the perfectly matched 

duplexes than for duplexes containing mismatched bases. Data shown in Figure 4.2 

reveal that increasing the number of mismatches causes Tm to shift progressively to 

lower temperatures. Essentially, as the number of mismatches increases, melting 

profiles become broader. For some sequences (especially those containing tandem 

mismatches (i.e. at least a !:I! or !I.£)), heating and cooling transitions were not 

exactly equivalent, suggesting some hysteresis in the experiments. Subtle 
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differences in the shapes of the DSC melting curves were observed in Sets A and B 

duplexes. Generally, more DSC melting curves could be reliably acquired for 

duplexes in Set A than in Set B molecules. This is indicative of mismatch base 

pairs better tolerated when they are towards the 'ends' of the duplex. For Set A 

duplexes, DSC melting curves were monophasic in all cases and DSC melting 

. curves for duplexes containing up to ten mismatches were collected and analyzed .. 

For Set B, DSC melting curves were collected for duplexes containing up to six 

mismatches. This is indicative of higher stability associated with contiguous 

mismatches introduced from the 'end' of the DNA duplex. In contrast, for Set B 

duplexes, there seems to be a threshold number of mismatches above which 

thermodynamic transition parameters suddenly plummet. This was evidenced by 

DSC curves becoming increasingly broad and evaluated thermodynamic parameters 

were generally smaller than for the Set A duplexes. In addition, shapes of 

progressive baselines differed for the duplexes in Sets A and B. Baselines depended 

on the linearity of the low and high temperature regions of the acquired curves. For 

Sets B duplexes, pre and post-melting transition baselines were difficult to fit after 

addition of some types of mismatches which were apparently highly destabilizing. 

4.3.2 Evaluation of Thermodynamic Parameters 

Thermodynamic parameters of thermally induced melting transitions evaluated 

by DSC measurements carried out in four [Na+] environments are listed in Tables 4.2(a) 
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Figure 4.1: Representative DSC Melting Curves evaluated in 600 mM [Na+]. Normalized DSC 
melting curve profiles shown correspond to fifteen samples (illustrated in different colors). As 
shown on the legend the numbers and letters correspond to the mismatches and systems studied, 
respectively. Note the three highest peaks correspond to Set A duplexes (i.e. DNA-PM, 
DNAlmmA, DNA2mmA. Broad curves had peaks shifted to lower melting temperatures, and these 
correspond to DNAmm6B, DNAmm7B that contain destabilizing ff£ and fl! mismatches. 

and (b). These results show that the range of evaluated thermodynamic parameters were 

higher in for Set A than Set B duplexes. It is also clear from Table 4.2(a) that the extent 

of helix stabilization associated with tandem mismatches seems to be greater for Set A 

molecules in all [Na+] environments. This is consistent with previous results obtained by 

Allawi et al. (4,24) of DNA duplexes containing only~ and!£ mismatches. In these 

studies, 'terminal' mismatches were generally more stable than 'internal' mismatches. 
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Further, duplexes were stabilized in higher [Na+] and mismatches were destabilizing in 

all sequence contexts. This observation is consistent with previous studies that have 

shown that increased concentrations of Na+ ions leads to the stabilization of a duplex 

structure (10,12-13,44,56). 

Table 4.2(a): Measured Thennodynamic Parameters for Set A and Set B duplexes in buffered 85 -
1000 mM [Na+]. 

1000mM ~aj 
-M-l(kca!lmol) -!S(e.u) -',lG~krallmol} Tm('C) 

Samete!D N ~A a Set8 a Set A IJ Seta a SetA IJ Set8 IJ Set A cr Se!B iJ 

DNA-pm 20 183.0 5.8 183.0 5.8 515.8 1'6.2 515.8 16.2 29.2 1.7 :W.2 2.7 8t5 0.5 BU 0.5 
DNA1mm 19 163] 4.5 161.4 9,3 457.5 10.6 457.1 18.3 27.3 0.7 25.! 3J 80.6 U.3 78.4 O.J 
ONA2mm 18 159.8 OJ 1522 5.7 45t5 2.1 439.5 22.3 25.2 p ... 21.2 2JJ 7£A 0.2 80.0 0.5 
D!Wmm '17 133.9' 2 .. 3 122.4 8.3 381l.6 6.5 37U 3.4 20.4 3.5 i8.8 t7 78.4 0.1 77.9 02 
DNA4mm 16 134.4 4.5 11fl.l 21.l 384.0 3.5 334.1 12.4 19.9 t.3 16.5 2.0 75.6 U.1 76.8 0.3 

DNA5mm t5 1311 16.9 70.8 12.9 376.3 OA 202.9 8.9 19-1 2.4 i0.3 4.2 75.6 UJJ 75.3 0.1 
DNA6mm 14 95.7 9.9 65.3 11.6 268.3 13.1 100.5 2.5 15.1 22 8.5 4J 72.7 0.1 73.8 □.2 
DNA7mm 13 88.5 4A 55,9 4.2 251.8 t1.3 164.1 121 13.5 1.4 7.0 1.9 68.5 !l.1 51t9 0.7 
DN.A.Bmm 12 82.6 4.6 52J/ 0.6 242.5 16.3 158.3 2.5 10.3 2.4 5.4 1.5 65.2 0.1 64} OJ 
DNA9mm 11 78.7 8.2 4U t7 239.7 0.4 m.a 51 7.2 3.2 4.8 1.8 64.4 !l.1 652 0.2 
DNAHlmm 'fO 68.7 '17.8 39.8 a.o 210.4 15.3 123.6 82 8J) 1.2 2.9 t2 64.5 0.1 58.6 0.6 

GOOmM[~:a°l 
-.iH(kc!!lfmoQ -lS(u1) -W~(krolJmcl) Tm('C) 

Sam,£!elD N Set A (J SeiB a Set A <r SetB a SeiA !J SetB a Se!A G Sei8 Q" 

DNA,pm 20 188.0 10.2 1ea.o 10.2 47!i8 ll" ... 475.6 61 281 2Jl 26.2 2-a &'),(] 0.2 8D.O 02 
ONA1mm 19 150.4 4.4 13'6.7 Wl 430.0 6.Q 300.4 3t3 122 2.0 :m.a tB 78.4 0.2 7HI, 0.4 
DNA2mm 18 148 .. 0 3.5 127.9 12.Q 421.3 g_g 366.3 36.8 22.4 t.5 18.7 2.9 790 OJ 1e.:2 Ct4 

DNA3mm 17 131.4 4.5 rnn 12.7 376-6 12..7 335.5 35.4 1'JJ 1" ... 16.2 t2 76 .. 2 0.2 74.5 DJ 
ONMmm 16 114.7 t2 m .. 5 2.2 33Hl '9.0 331.9 6.2 16.0 0.7 14,5 :rn 74.3 0.1 74.6 a.a 
ONA5mm 15 110.1 0.6 68.5 a.a 32Ul 9.0 rn,3.4 24.2 14.1 2.3 Q,4 2.1 75.6 0.1 73 .. 3 rn 
ONA8mm 14 96,5 2.1 64.3 4.4 278.6 5.5 187.0 13.0 13.4 2.1 8.5 4.B 73.0 111 67.4 Q.1 
DNA7mm 13 93.0 14.0 61.1 0,9 269.5 7JJ ISS.8 3.0 12.6 3.3 5] 0.7 67.2 0.1 562 ru 
DNA8mm 12 i'!LB 3.7 51.8 2.3 247.5 7.t 156.7 3.8 6.1 f.5 5.1 11 63.1 CU 622 0.1 
DNAgmm 11 il!li.4 1.9 48.2 0.6 19'7.3 5.5 i4V 2.5 7.6 to 3.6 1.6 M.5 0.2 582 0.4 

DNA10mm ta 55.7 4, -~ +u 10.0 1711 6.2 142.9 21.3 4,6 1.2 2.ll OJ3 61.S 0.2 57.9 0,() 
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300 mM[Na) 

-AHlkcal!moO -&S(t.ll) -'.H3151kcalimol} Tm('C) 

Sam!)lie ID N Set A a: SelB a Set A lli SetB (J SelA (r Set B cr SelA 1l Se-f B a: 
DNA-pm 20 155.6 15,6 1§5.6 15.6 439.3 22.9 439.3 22.Q 24.6 2.3 24.6 2.3 71.3 0.2 77.3 0.2 
DNA1mm 19 150.4 2.0 146.6 21.7 430.3 6.8 429.6 22.1 22.1 1.7 18.5 2.9 75.8 112 74.7 0.2 
DNA2mm 18 144.9 16 145,9 13.9 418.0 7.3 42P.1 21.5 201 3,.7 18-0 t4 77.D 0.1 731 0.3 
DNA3mm l7 124.3 3.6 !16.0 16A 359.3 10.6 345.5 5.0 f'., t- 1.6 13J} 2.0 72.8 0.0 70.7 (JD 

DNA4rnm 16 115.0 2.3 88.9 8.4 331.8 8.6 26t.O 3.~ 16.!l 0.5 1t1 lO 73.2 tA 67.1 0.0 
DNA&nm t5 115.4 4.5 00.8 14:4 338.0 31.4 2&U 1.4 10 t.5 10.f 2.6 70.8 0.0 67.5 O.t 
D~IA6mm 14 99.6 1.4 85.3 6.1 292.0 4.2 254.7 25.5 12.5 1.6 9.4 2.0 68.4 0.0 67.4 0.0 
DNA7rnm 13 87.9 1.0 57.7 6.9 26to 2.9 1~.0 19.6 10J 11 7.3 t4 ~8J 0.1 87.e CtB 
DNA8mm 12 62.2 0] 49.4 12.3 185.0 2.2 151.4 H.4 7.1 l.4 4.3 0.9 6'17 0.1 60.4 01 
ONAQmm t1 52.5 3.1 38.2 7.11 158.D u 122.3 23.5 5.4 2.2 t7 t3 58.9 0.0 5S.8 01 

DNAlOmm m 41.8 0.3 24.7 6.8 124.6 OJ 117.2 9.0 4} ts -0.2 0.2 57.:J (1.3 

35 mMjNa'J 
-Ml(kcal/molJ -AS(e.u} -AG25{kcal/mol) T j°C} m. , 

Sm£le ID N Set A Ii SetB fj SetA IJ Sef B cr Se!A IJ ~!B iJ SelA 0: Sets O' 

DNA-pm 211 146.6 5.3 146.6 5J 423.6 1H 423.6 14.Y 21B 1.8 20.3 u 72,5 0.2 72.5 RO 
ONA1mm 19 14U 5.i 142.4 01 410.8 11.7 4ita a.a 1g2 1.7 19.7 2.4 701 0.1 72.5 OJ 
DNA2mm 18 1261 2.8 125.5 2.& 36D.5 15.0 368.3 82 fU 0.3 15.7 0.8 70.2 1.3 67.8, OJ 
ONA3mm 17 108.1 5.8 00.9 7.0 318.5 15.9 270.l 20.6 13.1 3.4 10.3 rn 6~.9 0,0 63J 0.2 
DNA4mm 16 ge.1 QJ 85.8 10.6 282.9 15.7 252.8 30.6 12.3 1.3 11.4 0.8 67J 0" .;. 611-,, \jl,,., 0.1 
DNA5mm 15 78.3 31.2 50.3 w 233.0 5.7 144.1 H 8.8 1.2 H 2.0 67.3 0.1 6tB 0.0 

DNA6mm 14 67.7 t2 4U 2.9 ~3.0 3.5 134.0 9.9 7.2 1.2 4.4 1.9 00.7 0.1 eto 0.3 
DNA7mm 13 6Q.6 0.3 49.1 2;5 210.5 0.7 152.0 14.a a~ .0 0.8 3.8 0.5 00.2 0.2 59.4 0.4 

DNA8mm 12 52.3 1.3 50.l 14.3 162.3 15.6 158.0 !D.5 3.9 0.1 3.0 1.3 58.8 0..2 58.3 0.0 
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Table 4.2(b): Measured thermodynamic data for control molecules used in this study. 

1000 mM [Na·] 

Sam!JleJD -LIH(kcaJ!mol) Q -.iSkul Q .,i.G,,0Ukci!limol} Q ~ Q 

DNA-pmC 175.3 0.2 494-3 0.6 28.0 0.4 81.3 0.3 

DNA7mmC !06.3 0.7 302.3 5.4 16.2 2.3 28.0 0.3 
DNAllC 41.8 3.2 129.5 8.3 3.2 0.9 16.2 0.2 

DNA25C 76.3 2.2 242.1 11.9 4.1 0.1 3.2 0.3 

600mM .;.1a, 
. 

4.1 

Sa1n1J!elD -Atl(kcalimol) Q -.iSie.u) Q -6.G,; 0 C{kcaVmolJ Q I& C'C) ![ 

DNA-pmC 172.6 8.9 487.7 14.3 27.2 2.2 81.3 0.3 

DNA7mmC 101.7 5.l 294.3 15.3 14.0 0.7 27.2 0.2 

DNA!lC 34.8 2.2 ! 11.8 5.8 L5 0.1 14.0 0.8 

DNA25C: 63.0 4.3 196.2 6.4 4.5 0.6 LS 0.1 

300 mM :-.n• 4.5 
Sa!!Jl2leJD -.i!:l:(kcal/mol) Q -4S(e.u) Q -.iG,,°C(kcaVmo!) Q Iruf'C} Q 

DNA-pmC 161.4 B 457.5 21.6 25.9 0.3 81.2 0.1 

DNA7mmC 90.7 1!.7 262.0 8.9 12.6 1.-1 2S.9 0.1 

DNAllC 45.6 4.6 146.4 11.8 1.9 0.4 12.6 0.3 

DNA25C 51.4 2.7 165.2 16.2 3.1 0.8 1.9 0.2 

8~ m.\I i ~a - 3.1 

Sam!Jle 1D -.iH{kcal/mol) Q -.1.Sie.u) Q .:1&,; 0C(kc;il/mQJ} Q Iml•o Q 

DNA-pmC 148.4 7.3 420.0 10.3 23.2 1.2 80.4 0.2 

DNA7mmC 100.3 112 289.0 7.8 14.1 3.1 23.2 0.1 
DNAllC 25.3 6.3 79.0 9.4 !.7 0.4 14.l O.l 

DNA25C 41.9 4.9 133.0 7.3 2.2 0.1 1.7 0.5 

Thermodynamic transition parameters derived from DSC measurements of 

"control" DNA molecules are shown in Table 4.2(c). Results for thermodynamic 

parameters for the 14 base pair sequence, DNA25C containing two ,£1! mismatches 

were also evaluated in this study. Measured values for free energy transitions 

differed from those evaluated by SantaLucia et al. (23) by about 11.2 %. Such 

differences are expected since these values were mostly evaluated using 

spectrophotometry, versus DSC utilized in these studies. As expected, DNA7mmC 

in which the more stable g/! mismatch replaces the !/! mismatch in DNA 7 Amm, 

was found to be more stable and had higher values in magnitude for ( JiHcat , JiScat 
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and t1Gca~ ) as well as Tm· Results for these control molecules are in general 
25 C 

agreement with several investigations in the literature in which the stability of 

duplexes containing various g and or! mismatches. Ebel et al. (7) and Li et al. (88) 

found that DNA duplexes consisting of at least ~/~ mismatch to be more stable 

than some perfect matched AA/TT and AT/TA W/C base pair doublets. As 

expected, the perfectly matched DNA-pmC was the most enthalpically stable 

species (most exothermic), with a compensating increase in entropic stabilization. 

Results for these control molecules provide an independent basis for comparison 

with our findings. 

4.3.3 Entropy-Enthalpy Compensation 

Enthalpy-entropy compensation is a common phenomenon in molecular 

recognition (67-70,84, 104), and is also present in the melting of short duplex DNA 

molecules containing tandem mismatches. As can be seen in Figures 4.2(a) and (b), 

plots of t11fat versus T,1g:at exhibit a linear relationship (R2 > 0.946). Thus, entropy 

changes (i.e. favoring disordered single stranded states) reflect greater increases of 

rotational and translational degrees of freedom upon duplex melting and are 
) 

directly related to enthalpically destabilizing forces of DNA duplex structure 

( 5 9, 67, 104) associated with tandem mismatches. 
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Results shown above indicate that in essence, for duplexes containing tandem 

mismatches, stabilizing enthalpic contributions are counterbalanced by 

destabilizing entropic effects. Error bars in Figures 4.2(a) and (b) denote 

experimental reproducibility. Figures 4.2 (a) and (b) clearly display enthalpy 

dominated stability of the duplexes. 
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4.3.4 Is the n-n model valid for predicting thermodynamic stability of 

short DNA Duplexes containing tandem mismatches? 

In order to test the validity of the n-n model to calculaty the thermodynamics 

of short DNA molecules consisting of tandem mismatches, a direct comparison of 

n-n predicted and experimentally measured melting free energies was made. 

Differences between predicted and measured free energies is given by /1/1G25°C 

(kcal/mol) where /1/1G2s°C = ( 11Gca~ -!1G0
(predicted)) determined for Sets A and 

25 C 25°C 

B. These values are plotted in Figure 4.3 (for all [Na+]). Clearly there are 

considerable differences between predicted and experimentally measured values 

revealing the poor predictive power of the n-n model for these duplexes. In 

particular, very significant differences are observed for molecules of Set A (having 

n > 5), especially in low [Na+] (85 and 300 mM). Apparently n-n predictions are 

not accurate for molecules having mismatches on the 'end'. Conversely, 

predictions for molecules containing 'internal' mismatches made by employing an 

'internal' loop parameter are not as bad. This suggests there is a threshold number 

of mismatches (n ~ 5) in the DNA duplex for which the n-n model is considerably 

worse. Differences in measured and predicted values of the Tm of the two sets of 

molecules in each salt environment are summarized in Figure 4.4. For both sets of 

duplexes, greater differences between n-n based predictions and experimental 

measurements are observed as the number of mismatches increases above five. 
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The experimental error in Tm determination is less than 1.0 °C. Clearly, major 

discrepancies between measured and predicted values of Tm are observed for all 

[Na+] from 85 to 1000 mM. Moreover these differences for Set A and B duplexes 

increase dramatically when the number of mismatches is greater than four. These 

findings reveal, despite the reported n-n parameters and associated empirical 

corrections for the dependence of Tm dependence on [Na+] (24,44,56,60,63,108), 

t-.G0 (22,24,48,63,73) cannot yet be accurately predicted using the n-n model. 

Likely origins of this deficiency is the potential influence beyond n-n of tandem 
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mismatches on the melting of short duplex DNA. Tandem mismatches are not 

currently considered (adequately) predictions of short DNA thermodynamic 

stability (64,90). Inconsistencies of the 11-11 model predictions of melting 

temperatures and free energy values have been reported by Hall et al. (50), 

Breslauer et al. (73) and SantaLucia et al. (8), suggesting the possible presence of 

sequence-dependent interactions beyond nearest neighbors. In addition, salt 

corrections reported in the literature for DNA oligomers are not applicable to ionic 

environments below 100 mM (11,44,56,58,71). These factors contribute to 

inadequacies of the 11-11 model. 

4.3.5 Dependence of short DNAs containing tandem mismatches on 

[Na+] 

Dependence of the thermodynamic stability of short DNA duplexes 

containing tandem mismatches on differential [Na+] was examined and directly 

compared with predictions using the n-n model. The local secondary structure is 

strongly influenced by the binding of solvent (Na+) and water. Thus, the 

dependence of the melting stability on Na+ can provide indications of secondary 

structural perturbations and fidelity. 
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4.3.6 Analysis of Melting temperature 

Recall from Chapter 2 that values for Tm are determined as the temperature 

corresponding to the maximum of the DSC melting curves of, t:,Cpex, versus 

temperature. Experimentally derived Tm values for the 25 duplexes studied in this 

study are presented in Table 4.2. Following are noteworthy observations; (i) As 

expected, data shown in Figure 4.2 reveal that Tm is higher for both types of 

duplexes in higher salt (i.e. values for Tm in 1000 > 600 > 300 > 85 mM [Na+]) and 

decreases progressively as the number of mismatches increases, regardless of [Na+] 

environment. (ii) Values for Tm are consistently higher for Set A duplexes than Set 

B duplexes for duplexes that have the same number of mismatches. 

Next to quantify the dependence of the melting transitions on [Na+], plots of 

Tm -I (K1
) versus ln [Na+] were constructed (plots not shown). As outlined m 

Equation (2.32), the slopes of these plots given by d(Tm -l )/ + provide 
/ dln[Na ] 

estimates on the stoichiometric release of sodium ions, 6n, upon dissociation of 

duplex to single strands. From Equation (2.34) the stoichiometric release of 

sodium ions per phosphate upon melting, 6\/f, is defined. From these equations 

values of 6\/f were determined for every DNA molecule. For comparison the values 

of 6\/f and 6n evaluated for the Sets A and B, using the DSC measured enthalpy at 

each [Na+], are given in Table 4.3. In order to directly compare the relative 

behaviors of the Set A and B molecules, histograms of t:,n and b.\/f were 

constructed. Results are shown in Figures 4.5 and 4.6. Sets A and B are uniquely 

117 



distinguished by either having tandem mismatch pairs on the end versus 

interspersed with W/C base pairs in the duplex. Values of !:J.n and /:J.\j/ are highest 

for the 20 base pair perfect match duplex (DNA-pm) and decrease progressively 

with increased number of mismatches. Initially, values for !:J.n and /:J.\Jf for Set A 

duplexes are systematically lower than those for Set B duplexes and progressively 

fall at a fairly constant rate with increasing number of tandem mismatches. As can 

be observed in Figures 4.5 and 4.6 values of !:J.n for Set B duplexes decrease more 

than the Set A with increased numbers of mismatches, to a final minimum value of 

0.534 and versus 0.963, respectively. 
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Table 4.3 (a). Data tables for calculated values of 11.n and 11.\jf for Set A duplexes in 85 to 1000 mM 
[Na+]. 

t,.n fill .1.Jl illl .1.w 6\jf .6 Ill ,1 \jf 

Set A IOOOmM 600mM 300mM 85 m!\J IOOOml\J 600mM 300 mi\.1 85mM 
Sample ID [Na+) INa+I INa•t [Na+I [Na•J INa+J [Na+) INa+I 

DNA-pm 3.39 3.11 2.88 2.7] 0.17 0.16 0.14 0. 14 

DNAlmm 2.27 2.09 2.09 l.97 0.11 O.IO 0.10 0.10 

DNA2mm 2.22 2.06 2.01 I. 75 0.11 (LIO O.IO 0.09 

DNA3mm LS6 1.83 1.73 1.50 0.09, 0.09 0.09 0.08 

DNA4mm 1.S7 1.59 1.60 1.34 0.()9 0.08 0.08 0.07 

DNA5mm 1.82 1.53 l.60 L09 0.09 0.08 0.08 0.05 

DNA6mm l.77 L79 1.84 1.25 0.09 0.09 0.09 0.06 

DNA7mm 1.23 1.29 l.22 0.97 0.()6 0.06 0.06 0.05 

DNA8mm 1.53 1.48 1.15 0.97 0.08 0.07 0.06 0.05 

DNA9rnm 1.46 1.23 0.97 -............. 0.07 0.06 0.05 _ .. ,.. .. 

DNAIOmm 1.27 1.03 0.77 ----·--- 0.06 0.05 0.04 -----
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Table 4.3(b). Data tables for calculated values of !:i.n and /:i.'lf for Set B duplexes in 85 to 1000 mM 
[Na+]. 

fln D.JI t,11 811 !:i.ljl 6 1jl 6. \J' fl 'I' 

Sein lOOOmM 600mM 300mM 85m\.J lOOOmM <iOOmM 300 ml\1 85 m!\1 
Sample JU fNa+] [Na+] [Na+] INu+J fNn+l INa+J fN:i+] INa+I 

DNA-pm 3.39 3.11 2.88 2.71 0J7 0.16 0.14 0.14 

DNA Imm 2.99 2.53 2.72 2.64 0.15 0.13 0.14 0.13 

DNA2mm 2.82 2.37 2.70 2.32 0.14 0.12 0.14 0.12 

DNA3mm 2.40 2.15 2.15 1.68 0.12 0.10 0.11 0.08 

DNA4mm 2.69 2.63 2.06 2.01 0.13 0.13 0.10 0.10 

' 
DNA5mm 1.64 l.59 2.10 1.17 0.08 0.08 0.10 0.06 

DNA6mm 1.21 1.19 1.58 0.82 0.06 0.06 0.08 0.04 

DNA7mm 0.52 0.57 0.53 0.45 0.03 0.03 0.03 0.02 

DNA8mm 0.98 0.96 0.91 0.93 0.05 0.05 0.05 0.05 

DNA9mm 0.58 0.67 053 .............. -- OJH 0.03 0.03 .. _..,_,__ .. 

DNAIOmm 0.55 0.62 0.48 .,.._.,...,., ...... 0.03 0.03 0.02 . ....... 
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4.3.7 How does the stability of short duplex DNA containing 

contiguous tandem mismatches vary with [Na+]? 

In order to directly compare the relative behaviors of the perfect match 

duplexes studied in Chapter 3 and with those of the Set A and B molecules, plots of 

the average values of f...n versus N and f...,11 versus N were calculated using the 

average value of the DSC measured transition enthalpy ( f...H 0 in Equations (2.31 

and 2.33)) for each of the perfect match duplexes from 6 to 20 base pairs in length 

and the 20 base pair mer molecules comprising Sets A and B. Results are shown in 

Figures 4. 7 and 4.8, respectively. Inspection of this data reveals the following; For 

perfect matches, Set A and Set B duplexes there is a linear relationship between the 

total counterion release, f...n, and the number of W/C base pairs, N (Figure 4.7). 

Likewise, the counterion release per phosphate, /'t..\lf versus N displays a clear linear 

relationship for the perfect match. However, for Set A and Set B the slopes of these 

plots are definitely different. 

Differences are clearer in the plots of /'t..\lf versus N in Figure 4.8. For the 

perfect match duplexes there is a slight decrease in /'t..\lf with decreasing N, except 

for the smallest duplex of six bases which is slightly smaller. Provided, as 

suggested above that values of /'t..\lf are indicative of the fidelity of duplex secondary 

structure and solvent interactions, behavior of the perfect match duplexes indicates 

these molecules maintain essentially the same secondary structure as a function of 

decreasing length, as indicated by the steep slope for the perfect match plot in 

Figure 4.8. In contrast, the slopes of the plots of /'t..\lf versus N for Sets A and B in 
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Figure 4.8 are much steeper than observed for the perfect match duplexes and 

different from one another, revealing the differential effects of tandem mismatches 

and their relative position and number on duplex stability. Interestingly, for the Set 

B molecules with tandem mismatches interspersed with W IC base pairs in the 

duplexes values of ~\j/ are equivalent to the perfect match duplex and much greater 

than for the Set A duplexes until about four mismatches are introduced. Note, the 

slightly higher value for the perfect match 20-mer control for the Set A and B 

molecules compared to the 20 base pairs perfect match studied in Chapter 3, due to 

the difference in the transition enthalpy of the two 20 base pair DNAs. After four 

mismatches the plots of ~\j/ versus N for the Set B molecules decreases with the 

greatest slope with decreasing N. Again, provided our assertions that values of ~\j/ 

correspond to fidelity of duplex structure, the initial behavior of ~\j/ versus N for 

Set B duplexes suggests that the duplex is able to better tolerate the presence of 

tandem mismatches 'interspersed' with W/C base pairs compared to on the 'ends' 

provided there are four or less mismatches. In contrast, on the plot in Figure 4.8 for 

the Set A molecules, there is a dramatic drop in ~\j/ compared to the perfect match 

with introduction of the first tandem mismatch. This contrasting behavior for the 

Set A molecules suggests that the initial perturbative effect on duplex structure 

associated with tandem mismatches is greater when mismatches are on the 'ends'. 

But with increasing numbers of tandem mismatches the structure does not become 

as severally eroded when the tandem mismatches are located contiguously on the 

'end' compared to being interspersed in the duplex. In essence this behavior 
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indicates that greater numbers of mismatch base pairs are better tolerated in duplex 

structure of the Set A compared to Set B duplexes. 
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N 

Figure 4.7: Plot of average values of t:,,n versus N for perfect match (PM), Set A and Set B 
duplexes. Error bars indicate experimental reproducibility. Linear fits are shown. Note the different 
slopes and the dramatic initial decrease for the Set A molecule with a single mismatch on the end. 
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Figure 4.8: Plot of average values of ~\jf versus N for perfect match (PM), Set A and Set B 
duplexes. Error bars indicate experimental reproducibility. Note the different slopes and the 
dramatic decrease for the Set A molecule with a single mismatch on the end. 

The following scenario 1s consistent with the observations. It is well 

established that the linear charge density is higher for the duplex than for the single 

strands. Generally, the higher charge density results in larger amounts of sodium 

ion binding to the duplex compared to the single strands (29, 110). Thus, a net 

counterion release is observed upon melting. Thus, an increase in bulk [Na+] 

stabilizes the (duplex) state with the higher charge density, compared to the coiled 

state resulting in an increased Tm with increasing with increasing [Na+] up to about 

1.3 M (29,44,49,53,56,71). Abundant support for this observation has been 

obtained from a number of melting studies of a variety of short DNAs of varying 
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sequence composition (29,58,66,91). Therefore, it seems plausible that 

perturbations of duplex secondary structure that influence variations (decreases) of 

the linear charge density, structural integrity and order of the duplex associated 

with the presence of tandem matches. This would necessarily result in a reduction 

in the amount of sodium ion binding to the duplex form and therefore result in 

overall fewer counterions released upon melting as reflected in the values of ~'I'- If 

so, then the different behaviors of ~'I' versus N observed for Sets A and B indicate 

different structural behaviors associated with tandem mismatches depending on the 

mismatch topolO$Y, i.e. whether they exist on the ends (Set A) or interspersed in .. 

the duplex (Set B). 

From the relative values ·of 11n versus N plotted in Figure 4. 7 ( or ~\j/ versus 

N in Figure 4.8), it appears as the number of mismatches increase that the Set B 

duplexes tend to behave more like single strands, while the Set A duplexes 

apparently can tolerate more mismatches with less single strand-like behavior. 

4.3.8 Free-Energy versus Duplex Length, N for duplexes with 

mismatch base pairs 

Observed destabilization of the Set B molecules as reflected in their Tm and 

11Gca~ values (Table 4.2 and Figure 4.1) is presumably due to destabilizing 
25 C 
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effects associated with mismatch internal loops as reported in the literature (3-4,9-

10). 
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Figure 4.9: Plots of f...Gca~ (kcal/mo!) versus N for the DNA molecules of Sets A and B 
25 C 

duplexes in four different buffered solvents. As labeled, plots correspond to 1000, 600, 300 and _mM 
[Na+], respectively. 
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Table 4.4: Parameters obtained for the linear fits of the plots of Figure 4.9. Slopes, intercepts 
and linear regression coefficients are listed. 

+ [N~l I 1nlVI System Linear equation R2 

Set A y = -2.36x + 17.7 0.988 

1000 Set B y = -2.66x + 26.3 0.956 

Set A y = -2. lOx + 16.5 0 . .968 

600 SetB y = -2.23x + 23.0 0.964 

Set A V - ? O"'x + 16 5 .,. - --- . _-,. ~ .... 0.992 

300 SetB y = -2.3 lx + 22.8 0.966 

Set A y = -2.17x + 22.4 0.965 

85 Set B V = -2.37X + 27.3 0.950 ., 

Parameters in Table 4.4 are reported as three significant' figures. R2 denotes the linear regression 

Acea/ d . coefficients obtained for the linear fits of the data. Here y = u 
O 

an X = N as in Figure 
25 C 

4.9. 

Data shown in Table 4.4 reveal clear differences between the duplexes containing 

mismatches on the ends (Set A) and in the middle (Set B) of the duplex. In general, 
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values of ~Gca~ are systematically lower for Set A than for Set B duplexes, 
25 C 

indicative of higher stability associated with Set A duplexes. That the extrapolated 

intercept values for the extrapolated for Sets A and Set B sequences differ (Figure 

4.9 and Table 4.4) (i.e. ~Gca~ (N = O)s > ~Gca~ (N = 0) A) suggests stronger 
25 C 25 C · 

duplex destabilizing forces associated with the mismatches in the Set B molecules. 

Considering mismatches to be duplex perturbants, then mismatches in the middle 

induce stronger perturbations than when they are on the ends. Results summarized 

in Table 4.4 for the Set A and Set B molecules, in conjunction with those obtained 

for the perfect match duplexes as summarized in Figure 3.4 and Table 3.4 can be 

used to quantitatively determine the strength of this perturbation depending on the 

mismatch topology, i.e. whether the mismatches reside on the ends or in the middle 

of the duplex. It should be noted that his analysis is based solely on relative 

comparisons of experimentally evaluated thermodynamic parameters only and is 

not dependent or encumbered what-so-ever on the n-n model or .inherent 

assumption thereof. 

4.3.9 The relationship between perfect match duplexes and duplexes 

containing tandem mismatches 

Comparisons of results presented in Chapter 3 for perfect match duplexes of 

increasing length from 6 to 35 base pairs with those obtained here for the Set A and 

Set B mismatch DNAs provide a rigorous means for determining the relationship 
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between perfect match duplexes of a certain length and mismatch duplexes that 

number of tandem mismatches in different topologies (i.e. contiguous on the 

'ends', or 'interspersed' among W/C bas pairs in the duplex). This analysis does 

. not consider the added influence of the specific sequences of the tandem 

mismatches, and their associated effects. Rather, the focus is on the tandem 

mismatch duplex topology. The analysis begins by considering for each sodium ion 

environment there are three linear expressions that describe the behavior of the 

experimental free-energy, AGca~ versus N. Essentially, in each [Na+] equations 
25 C 

for the fitted lines in Figure 4.9 as summarized in Table 4.4 are given by, 

AGset A = mset AN+ AGca~ (N = 0)set A 
25 C 

AGset B = mset sN + AGca~ (N = 0)s B 
25 C et 

(4.5) 

(4.6) 

(4.7) 

Plots of AG (kcal/mol) = AGset A , AGset 8 and AGpM DNA versus N (0 < N < 20 

base pairs) are shown in Figure 4.10 (a) - (d) for each [Na+] environments. From 

these plots, the differences between AGset A ( or AGset 8 ) and AGpM DNA represents 

the free energy penalty associated with the number of tandem mismatches at that 
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N. Now, in Sets A and B there are at each decreasing value of N, and increase in 

the number of mismatches, n. 

The difference at each N value represents the destabilizing "repulsion" 

associated with the number of mismatch at that particular N value associated with 

the particular mismatch topology. That is, 
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Figure 4. l 0: Plot of N versus 6.G (kcal/mo!) for Perfect match, Set A and Set B DNA 
duplexes. Results are shown for O < N < 20 base pairs in all [Na+] environments labeled 
(a) - (d). 

That is, 

'1GpM (N) - flGset A (N) = 8t1G(N) A (4.8) 

where 8t1G(N)A is the free energy penalty for mismatches in the Set A topology 

when there are N W/C base pairs. Likewise, for the Set B molecules, 

(4.9) 
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where 8!::.G(N)8 is the free energy penalty or 'repulsion' for mismatches in the Set 

B topology when there are N W/C base pairs. Terms of their linear equation 

parameters are summarized in Table 4.5. 

8!::.Gset A (N) = N(mpM - ms t A) + t::.G0 
0 - t::.Gca~ (N = 0)set A ( 4.10) 

e 25 C 25 C 

and, 

8!::.Gset B (N) = N(mpM - ms B) + !::.Go o - t::.Gca~ (N = 0)set B ( 4.11) et 25 C 25 C 

For the 20-mer molecules of Sets A and B, at each N there is a corresponding 

number of mismatches, n = 20 - N. Thus, the values for 8!::.Gset A (N) and 

8!::.Gsets(N)in Equations (4.10) and (4.11) can be redefined in terms of the number 

of mismatches, n (i.e. 8!::.Gset A (n) and 8!::.GsetB (n) which are plotted versus n (in 

each Na+ environment) and mean values are summarized in Figure 4.11 and Table 

4.5. 
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Figure 4.11: Plot of average 811G (kcal/mo]) for Set A and Set B DNA duplexes versus 
number of mismatches n (0 < n < 10) in all [Na+] environment (a)-(d). 

The plots in Figure 4.11 and the corresponding linear equations m Table 4.5 

provide a means for assigning the amount of destabilizing free-energy that should 

be assigned for a duplex DNA containing W IC base pairs and n mismatches in the 

Set A (on the end) or Set B (interspersed) topology. These values can then be used 

to calculate the stability of short duplex DNAs as will demonstrated below. 
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Table 4.5: Summary of the linear fit parameters for the plots of the mismatch perturbation 

8.6.G (kcal/mol) versus n (base mismatches) at each [Na+]. Slopes and intercepts 

provided correspond to the linear equations of the individual fits. Regression coefficients were 

unity for all fitted equations. 

[Na 4
] mM System Linenr e<1ualfon 

Set A. y= 0.73x + 0.59 

1000 

Set B y= l.03x + 2.01 

Set A y = OA7x + LSI 

600 

Set B y= 0.69x + J,56 

Set A y = 0. :,.sx + 1.04 

300 

Set B y= 0.66x + l.74 

SctA y = 0,65x +0.72 

85 

Set B y= 0.73x + 1.88 

Set A y= 0.56x + 0.67 

fvfoan equation in 
all !Na4 j 

Set B y= 0.79x + 2.69 
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A companson of the evaluated free-energies, ~Gset A , ~Gset B and 

~GPM DNA is shown in histogram form in Figure 4.12. This comparison sheds 

some light on the interrelated helix nucleation and propagation and the relationship 

between the number of perfect match W/C base pairs that must be formed in a 

nucleation complex before duplex formation is a favorable process, ~GPM DNA , 

~Gset A or ~Gset B < 0. From the histograms in Figure 4.12 the threshold free

energy for each type of duplex can be clearly seen. 

1(1 

() 

(j 
<J -10 

-.20 

Figure 4.12: Histogram of ~GPM DNA , ~Gset A and ~Gset B versus N versus for Perfect 

match, Set A and Set B DNA duplexes, respectively. 
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The free-energy threshold for W/C base pairs (where the values of b.GPM DNA, 

b.Gset A and b.Gset 8 versus N cross zero) that must be nucleated before duplex 

formation is a favorable and spontaneous process differs for the three types of 

duplexes. Apparently, for the perfect match duplexes, three base pairs are required 

for nucleation. For the Set A and Set B molecules, eight and 10 W/C base pairs, 

respectively, are required for duplex nucleation. Results for perfect match duplex 

are entirely consistent with those reported by Craig et al. (21). From kinetic studies 

of the association of short duplex DNA molecules, they found out that nucleation 

steps start with a slow and energetically unfavorable helix initiation, followed by 

the critical nucleus formation. In addition, they found a minimum threshold of three 

base pairs must be nucleated in order for helix "zippering" or elongation occurs in a 

spontaneous propagation step. 

4.3.10 Applications to probe sequence design 

Results of these studies have direct utility in applications of high

throughput assessments of DNA probe-target sequences that require specific 

DNA/DNA complexes. In the process of designing probes for use in DNA 

diagnostic assays based on multiplex hybridization it is essential to know the 

thermodynamic stabilities of the designed probe-target complexes that will form. 

Perhaps more importantly it is also critical to know the thermodynamic stabilities 

of all the potential mismatch complexes that can form from the constituents single 

strands comprising the designed perfect match complexes. From the experimental 
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results that have been presented and analyzed for the perfect match and mismatch 

duplexes with different mismatch topologies, a novel method emerges for 

quantitative prediction of the contribution of multiple mismatches on the melting 

thermodynamic of short duplex DNAs. For lack of a better term this new method 

is referred to as the 'Modified' method. This method does not rely on the n-n 

model. First, it is demonstrated how the method is applied to explicitly determine 

the free-energy of a mismatch duplex of complex topology. Then the method is 

used to predict measured values reported in the literature for a variety of well 

defined short mismatch duplexes. As will be seen, comparisons between 

predictions and actual experimental values are quite encouraging. 

To demonstrate the 'Modified' method using the relationship derived earlier 

m this chapter, consider the following mismatch duplexes and calculate their 

melting free-energies. First, consider the duplex sequence given below labeled A 

with three mismatches on the end. 

(A): 5' -g!g ACGAGCAATGTACGTAG-3' 

3' -aga TGCTCTGTACCTGCATC-5' 

As seen earlier in this Chapter, this a mismatch duplex like those of Set A. Here the 

number of W IC base pairs is N = 17 and the number of Set A type mismatches 
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nset A = 3. The total free energy of duplex A (in each Na+ environment) is given 

by, 

where N !1Gbp (Na+) is the free-energy of the duplex portion comprised only of 

W IC base pairs, which can be predicted from the explicit sequence using the n-n 

model parameters as described in Chapter 2. The repulsion term due to mismatches, 

a11G;e;;fsion (Na+, nsetA = 3), is a function of Na+. These values were determined 

as a function of n for Set A (and Set B) mismatch topologies and evaluated from 

the plots in Figure 4.11 and depends on the number of mismatches in the Set A-

type topology. Finally, 11ciuc is the duplex nucleation free-energy determined 

from the melting studies in Chapter 2, which was also found to be a function of Na+ 

(see Figure 3.4 and Table 3.4) 

Next, consider mismatch duplexes like those of Set B with mismatch base 

pairs in the duplex flanked on either side by W /C base pairs. For example, the 

following sequence labeled B, 

B: 5'- GTG g!g ACGAGCAA TGTACG-3' 

3'-CAC aga TGCT CGTTACATGC-5' 
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where again the number of W/C base pairs is N = 17 and the number of Set B type 

mismatches is nset 8 = 3. As in Equation ( 4.12) the total free energy of duplex B 

(in each Na+ environment) is given by, 

LlG10ta1 (Na+ ) = NLlGbp (Na+ ) + 8,1.G;~sion (Na+ , nsetB = 3) + LlG~uc (Na+ ) ( 4 .12) 

where again, N L\Gbp (Na+) is the free-energy of the duplex portion comprised only 

of W/C base pairs, in the examples given below assumed to be a contiguous duplex 

stretch for purposes of using the n-n model predicted stability. The repulsion term 

. d . h h S B . h a,\Grepulsion(N + 3) b associate wit t e et mISmatc es, u Set 8 a , nsetB = , can e 

obtained from the plots in Figure 4.11. 

Finally, consider a mismatch duplex containing mismatches on the end (Set 

A-type) and in the interior (Set B-type), for example sequence labeled C below. 

C: 5'- atg ACGA gca ATGTACG-3' 

3'-aga GGCT atg TACATGC-5' 

Now for this particular topology, N = 11, nsetA = 3, nset s = 3, and the total free

energy is given by, 
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The expressions in Equations (4.11) - (4.13) were used to predict the free-energies 

of melting for a few mismatch duplexes whose melting free-energies were 

determined by DSC melting curve analysis and published study (15). The explicit 

duplex sequences that were considered are shown in Table 4.6, along with their 

experimentally measured values. As seen there these molecules are examples of Set 

A and Set B type duplexes as well as mixture of both types. Reported free-energy· 

values (15) were measured in 85 mM Na+ so calculations were performed with 

parameters evaluated in this salt environment. The values summarized in Table 

4.7 are, the experimental values determined in 85 mM Na+ b.Gcal values 
' 25°C' 

calculated from the n-n model via the MFOLD program and the values calculated 

using the expressions in Equations ( 4.11) - ( 4.14) above and appropriate values 

obtained from Figure 4.11, L1G(Modified). In this treatment, sequences of the W/C 

duplex base pairs are not considered, and there is minimal regard to the influence of 

specific sequences of the mismatch pairs and their relative influence on duplex 

stability. The focus is more on the general influence of mismatch topology. Owing 

to the recently discovered strong sequence dependent stability of some tandem 

mismatches (89) neglecting their explicit influence could influence the accuracy of 

the predictions. 

For the perfect match duplexes, denoted 4.1, 5.1, 6.1·, 7.1, 8.1, 9.1, and IO.I 

· (to be consistent with their designation in the publication (15), differences between 
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the measured and predicted free-energies was about 0.45 kca1/mo1 or an average 

deviation of 1.8 %. Examination of the comparisons in Table 4.7 reveals the 

following; For the type A and B mismatches containing a tandem mismatch in the 

duplex, denoted 4.2, 5.2, 6.2, 7.2, 8.2, 9.2, 10.2, the values predicted by the n-n 

model using MFOLD are in slightly better agreement (23 .2 % average percent 

deviation) with measured values than the t1G(Modified) predicted values (16. 6 % 

average deviation). That the results are comparable indicates both methods provide 

less than perfect, but comparable, predictions of experiment results. Finally, results 

for the mismatch molecules containing multiple mismatches, denoted 4·_3, 5.3, 6.3, 

7.3, 8.3, 9.3 and 10.3, reveal predicted values of t1G(Modified)andt1GMFOLD are 

also in comparable agreement with · experiment. Thus for mismatch duplexes 

containing multiplex tandem mismatches the method developed here provides 

promising alternative to the n-n model with comparable predictive power at this 

stage of development. 
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Table 4.6: DNA Duplexes analyzed from Reference (15). 

sample ID DNA Sequence N n 

26 0 
6.1 5' -TTATGAAGCAACGAAATTAATGAGAA 

3'-AATACTTCGTTGCTTTAATTACTCTT 
7.1 5- 'AAGAAAGA TTAGGACA TGAGATTA TG 26 0 

3'-TTCTTTCTAATCCTGTACTCTAATAC · 
8.1 5-TTAGTTAGATACGGAAACTGTTAGTTA 27 0 

3'-AATCAATCTATGCCTTTGACAATCAAT 
9.1 5'-TAGTGTAGTAACGGGAMTCTAAAGTGT 28 0 

3'-ATCACATCATTGCCCTTTAGATTTCACA 
lU . .l 5'-TTATGAAATTATGAAATAGTGTAGAT Lb (J 

3'-AATACTTTAATACTTTATCACATCTA 
6.2 5'-TTATGAAGCAACMAATTAATGAGAA 

3'-AATACTTCGTTGaaTTAATTACTCTT 24 2 
7.2 5'-AAGAAAGATTAGQjlCATGAGATTATG 

3'-TTCTTTCTAATCg,gGTACTCTAATAC 24 2 
8.2 5'-TTAGTTAGATACgggAACTGTTAGTTA 

3 '-AATCAATCTATGMIQ.TTGACAATCAAT 24 3 

9.2 5'-TAGTGTAGTAAC~ATCTAAAGTGT 
3 '-ATCACA TCATTGaaaaTTAGA TTTCACA 24 4 

10.2 5'-TTATGAAATTAT~AATAGTGTAGAT 
3'-AATACTTTAATAg,gTTATCACATCTA 24 2 

6.3 5 '-TT A TGAAGCAACGAAATT AATGAgaa 23 3 
3'-AATACTTCGTTGCTTTAATTACT.ruJg 

7.3 S'-AA!@AA.9.aTTAGgg.CATggGATTATG 
3'-TTg,gTT@AATCQjlGTAi!Q.CTAATAC 18 6 

ll. :1 5'-TTfill.TTAQ!lTACQMAACTGTT,Ag_TTA 
3'-AAoaAATaaATGaaaTTGACAAaaAAT 18 9 

9.3 5'-TAGTGT AGTAACGGGAAATCTaaagTGT 24 4 
3'-ATCACATCATTGCCCTTTAGAIDlIDlACA 

10.3 5'-TTATGAAATTATGAAl!gTgT~T 23 3 
3'-AATACTTTAATACTT@AaAgg,gA 
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Table 4.7: Comparison of experimentally Measured, MFOLD predicted and Modified !!,,.Gca~ 
25 C 

kcal/mo! for duplexes presented in Table 4.6. 

l\le11sured- l'v[e:isurecl-

Sample JD Mcasm·ed /\!FOLD Modifit.>d MFOLD i\fodifaid 

ticrni tiGca~ tiGcal tio•·a/ t:J.Grn! 
2s<'c 25°C 25°C 

. 0 
25 C 25 C 

lm1l/mol kcal/mol kcal/mol kcal/mo! kcal/mo) 

6.2 -17.5 -20.9 -24.5 3.4 7.0 

7.2 -20.4 -20.5 -24.5 0.1 4.1 

8.2 -20.1 -18.7 -23.7 • 1.4 3.6 

9.2 -20.2 -19.5 -23.0 -0.7 2.8 

10.2 -14.5 -17.8 -21.4 3.3 6.9 

6.3 -18.7 -24.4 -22.2 5.7 3.5 

7.3 -8.6 -6.2 -11.0 ·2.4 2.4 

8.3 ·3.2 ·7.0 ·10.2 3.8 7.1 

9.3 ·18.7 ·24.3 ·23.0 5.6 4.3 

10.3 -5.0 -14.6 -16.2 9.6 11.2 

148 



CHAPTERS 

SUMMARY 

In these studies, thermodynamic melting transition parameters of well defined 

DNA molecules containing perfect match base pairs and tandem mismatch pairs 

were evaluated directly from DSC measurements. There were three goals (two 

fundamental and one applied) of this dissertation research. As summarized below 

each of these goals has been achieved. 

1 Evaluation of the influence of length on short DNA duplex stability as 

an function of [Na+] and definition of the 'reference' state and associated the 

free energy of duplex nucleation. 

Theoretical and experimental investigations of the origins of the nucleation 

term in the free-energy of duplex formation have been revisited in DSC melting 

studies of 19 short DNA duplexes ranging in length from 6 to 35 base pairs 

measured at four different buffered [Na+] environments. For this study as presented 

in Chapter 3, over 650 DSC melting curves were collected and analyzed. From 

results of these studies of well defined short duplex DNAs, the nucleation or 

initiation free energy term required for predictions of thermodynamic stability of 

short linear DNA duplex oligomers was evaluated in four different Na+. Following 

Schurr's theoretical approach the 'hypothetical' nucleation state is comprised of 

two single strands residing in the same volume as in the duplex but without the 
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favorable attractive interactions that stabilize the duplex, e.g. hydrogen bonding 

and stacking. Values of the nucleation free energy, !::..Gca~ (N = 0) at each [Na+] 
25 C 

were determined by extrapolating plots of the free-energy values measured by DSC 

versus the number of base pairs, N, back to zero base pairs. Relative differences 

between two single strands in their standard states and the duplex (in its standard 

state) and solvent displaced during the annealing proc~ss was taken into account. 

This 'fictitious' reference state differs fundamentally from current interpretations of 

the nucleation complex that requires formation of at least one base pair. A novel 

view of the nucleation step for DNA duplex formation was presented based on 

information in Figure 3.4. This analysis provided a new view of what has 

historically been referred to as helix initiation or nucleation parameter, which is salt 

dependent and suggests an alternative interpretation and mechanism for the 

nucleation complex in duplex formation. The significance of the formalism 

developed in this work is that it provides quantitatively accurate estimates in 

addition to a new way of thinking about the nucleation process in short duplex 

formation. These results will not only help to improve accuracy of predictions of 

the thermodynamic stability for short duplex DNAs, they also serve as the basis for 

comparisons with short duplex DNAs containing a mixture of W/C base pairs and 

mismatch pairs. As summarized next, determination of the thermodynamic 

stability of DNA duplexes with systematically increased numbers of mismatch 

pairs, as a function of Na+, was the second goal of this dissertation research. 
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2 Determination of the influence of tandem mismatches on short duplex 

DNA stability as a function of [Na+] and how this depends on the relative 

placement of the mismatches in the duplex. 

The second major goal of this work was to quantitatively evaluate the 

thermodynamic melting transition parameters for short duplex DNAs having 

increasing numbers of mismatches in two different topologies; contiguous on the 

'end' of the duplex adjoined by W/C base pairs or; 'interspersed' with W/C base 

pairs in the duplex. Results are described in Chapter 4. DSC melting curves were 

collected for 20 short duplex DNAs comprising two sets of 20 base pairs duplexes 

each containing from one to 10 mismatch pairs in combination with W/C base 

pairs. From collection of over 850 DSC melting curves of these molecules the 

influence of mismatch number and topology on short duplex thermodynamic 

stability was quantitatively determined as a function of Na+. Results demonstrated 

how the presence and distribution of tandem mismatches in short duplexes can 

differentially affect duplex stabilities. In effect, mismatch pairs on the 'end' of the 

duplex do not destabilize the duplex as much as mismatches interspersed within the 

duplex. Dependence of the results on Na+ indicates differences in structural 

perturbations induced by increasing numbers of mismatches, which is strongly 

dependent on the mismatch topology. Comparison of experimental results with 

predictions using the n-n model nearly universally revealed serious deficiencies of 

the n-n to accurately predict the thermodynamic stability short duplex DNAs 

containing multiple mismatches. This must certainly be due to improper 
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consideration of tandem mismatches in the n-n model and/or inappropriate 

application of the n-n model for duplexes containing multiple mismatches because 

in such cases, interactions longer than nearest-neighbors might be present. In the n

n model tandem mismatches are accounted for by a single loop entropy term 

/j.G(laop)(n) that depends only the number of contiguous mismatches that comprising 

the loop, not their relative position or topology or sequence. These results 

underscore the urgent need for alternatives to the n-n model in order to accurately 

account for and evaluate the contributions of tandem mismatches to the 

thermodynamic stability of short duplex DNAs. The results of Chapter 3 for short 

perfect match duplex DNAs and those presented in Chapter 4 for the mismatch 

duplexes can be combined and collectively analyzed to provide quantitative 

evaluations of the relative destabilizing contributions of tandem mismatch 

depending on their relative number and placement in the duplex. This analysis is 

presented at the end of Chapter 4 and provides an alternative to the n-n model for 

calculating the contributions of multiple mismatches to the thermodynamic stability 

of short duplex DNAs, as summarized next. 

3 Application of the results to probe sequence design for multiplex 

hybridization reactions. 

The final goal of the dissertation work was to utilize the product of the 

combined work (Chapter 3 and Chapter 4) performed in achieving the first two 

fundamental goals in the third applied goal. to utilize the result to improve the 
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quantitative accuracy of probe design for multiplex hybridization reactions. In 

multiplex hybridization reactions containing many probes that must hybridize with 

high fidelity and simultaneously to many independent target strands it is critical to 

quantitatively understand the thermodynamic stability of duplexes containing 

multiple mismatches. If stable enough such mismatch duplexes, or so-called cross

hybrids, can contribute significantly to the assay hybridization signal resulting in 

increased noise; or worse, detection of false positives or false negatives and flawed 

diagnoses. 

At the end of Chapter 4, the evaluated "corrections" for mismatch repulsion 

were used to predict results of independent experiments of mismatch duplexes 

reported in the literature (15) with reasonable good success in most cases. 

However, some predictions were better than others and suggested that the influence 

of sequence dependence of the mismatches might be at issue. In has recently been 

shown in DSC studies of short duplexes containing isolated single tandem 

mismatches with different well defined sequences that actual identity of tandem 

mismatches greatly influences their effect on duplex thermodynamic stability. The 

actual range of the effect depends not only on the sequence identity of the 

mismatch but also the W/C base pairs flanking the mismatch (89). Sequences of 

our molecules were not systematically varied to investigate explicit effects of 

sequence. But this should certainly be a topic for future study. Overall, these results 

provide a new basis for an improved treatment and evaluation of the 
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thermodynamic contributions of multiple mismatches to short duplex DNA 

stability. 
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Figure Al: Plot ofN versus mean value Ml (kcal/mo!) for Set A and Set B DNA duplexes in all 
[Na+] environments. Results are shown for O < N < 20 base pairs in all [Na+] environments. 

166 

20 



.......... ~-,------,--·--,--................... , ... --~---,--
' 

500 --------.....--+-i -~1
---------------............... ---;r-

400 

300 · .. 

200 . 
::s 
Cl) 100 

(/) 
<J O+---+ 

I 

-100 

·200 

-300 

o Set A 
.... • Set 8 

-400 +---+----i----+----+-~--+----+----+---+-----+-----; 

0 2 4 6 s N 10 12 

300 

200 -i··········· ...................... ..,. ................................... ,._--+·············· ···+······························+·······:;;,l,!r······ .. ···i-·········:~ . 
::s 
(1)100 

en 
--<I 0 

I 

·100 

·200 

14 16 18 

-300 ...................... -~-············· .. --~········ ............................... , .............................. + ...................................... i···································i·································ll·····I • Set 8 

·400 +---+---+-----+----+---i-----+---+-----+----+-------4 

0 2 4 6 s N 10 12 14 16 18 20 

167 

20 



500 

400 

200 

~ 
(1>100 

en 
-<:1 0 

I 

-100 

-200 

-300 

0 2 4 6 s N 10 12 14 16 18 20 

400 +························· 

. 
=! 
Cl) 100 +--------··-----;-...--+---+----+--------'··--·-····-····->.-C··--···•·--'----+--+-------i 

(f) 
<I 0 

I 

-200 

o Set A 
A Set B 

-400 +---+----+--~+-----...----i+-----i----i---+---+----; 

0 2 4 6 s N 10 12 14 16 18 20 
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