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This dissertation is a composite of some of the research that I have conducted 

during the course of my PhD study. The larger goal of this dissertation is to renew the 

interests among the scientific community for an otherwise under-appreciated technique 

called Isothermal Titration Calorimetry. The resurgence of calorimetry in the biophysical 

community and the shift to investigations of more complex biological systems signal a 

real need for more sophisticated analysis techniques.  This dissertation expounds on new 

ITC analysis methods that we have developed as well as results from the study of 

thermodynamic properties of higher order DNA structures. 

In 1978, Peter Privalov described the first use of microcalorimetry to obtain the 

thermodynamic properties for removing calcium from parvalbumin III protein. Fast 

forward 36 years: modern day electronics, highly efficient thermally conductive and 

chemically inert materials, in conjunction with sensitive thermal detectors, has 

transformed the original calorimeter into a device capable of measuring heat changes as 

small as 0.05 nanowatts, which is equivalent to capturing heat from an incandescent light 

bulb a kilometer away. However, analytical methods have not kept pace with this 



 

 

 

 

technology. Commercial ITC instruments are typically supplied with software that only 

includes a number of simple interaction models. As a result, the lack of analysis tools for 

more complex models has become a limiting factor for many researchers. 

We have recently developed new ITC fitting algorithms that we have incorporated 

into a user-friendly program (CHASM©) for the analysis of complex ITC equilibria. In a 

little over a year, CHASM© has been downloaded by over 370 unique users. Several 

chapters in this dissertation demonstrate this software’s power and versatility in the 

thermodynamic investigations of two model systems in both aqueous and non-aqueous 

media. In chapter VI, we assembled a model NHE-III1 : a novel structure of G-

quadruplex in a double stranded form and studied its structural complexity and binding 

interactions with a classical G-quaduplex interactive ligand known as TMPyP4. In 

chapter VII, we reported the thermodynamic properties of a novel PAH system in which 

weak dispersion forces are solely responsible for formation of the supramolecular 

complexes. 

Keywords: CHASM©, G-quadruplex, DNA, c-MYC, Bcl-2, NHE-III1, TMPyP4, 

TMPyP3, TMPyP2, P(5), P(5,10), P(5,15), P(5,10,15), ITC, CD, DSC, Fluorescence, 

ESI-MS, APPI-MS, computational modeling, C60, C70, buckycatcher. 
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CALORIMETRY 

As previously published in eLS. John Wiley & Sons, Ltd: Chichester 
DOI: 10.1002/9780470015902.a0003010.pub3 

1.1 Introduction to Isothermal Titration Calorimetry 

In biology, particularly in studies relating the structure of biopolymers to their 

functions, two of the most important questions are: 1./ how tightly does a small molecule 

bind to a specific interaction site and 2./ if the small molecule is a substrate and is 

converted to a product, how fast does the reaction take place? Since almost any chemical 

reaction or physical change is accompanied by a change in heat or enthalpy, an 

isothermal titration calorimeter (ITC) is an ideal instrument to measure either how much 

of a reaction has taken place or the rate at which a reaction is occurring. In contrast to 

optical methods, calorimetric measurements can be done with reactants that are 

spectroscopically silent (a chromophore or fluorophore tag is not required), can be done 

on opaque, turbid or heterogeneous solutions (e.g. cell suspensions), and can be done 

over a range of biologically relevant conditions (temperature, salt, pH, etc.) 

Key Concepts: 

 Almost all chemical reactions are accompanied by a change in heat or enthalpy. 

 Calorimetry can determine the complete set of thermodynamic parameters that 

characterize binding reactions, e.g. Ka, ΔG°, ΔH°, ΔS°, and ΔCp. 
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 Binding reactions are typically pH, salt and temperature dependent. 

The binding of a small molecule to a biological macromolecule (e.g. a protein or 

nucleic acid) is perhaps the most fundamental reaction in biology. Such diverse processes 

as enzyme catalysis, gene regulation and signal transduction all rely on the binding of one 

molecule, the ligand (L), to another, the macromolecule (M). In biological terms, the 

ligand could be a substrate, inhibitor, drug, cofactor, coenzyme, prosthetic group, metal 

ion, polypeptide, protein, oligonucleotide, nucleic acid or any one of a number of 

molecules thought (or known) to non-covalently interact with a specific site on a second 

molecule (typically a protein or nucleic acid). A fundamental understanding of a binding 

interaction requires at a minimum, knowledge of the equilibrium constant, K, and the 

binding stoichiometry, n (how many ligands are bound to the macromolecule at 

saturation). A richer understanding of the ligand macromolecule interaction is 

established if the heat of the reaction, or enthalpy change (ΔH°) is also known. 

The importance  of having the complete thermodynamic data set (K (or ΔG°), 

ΔH°, -TΔS°, ΔCp) versus having only a value for K (or ΔG°), and the ability to parse the 

free energy change into its enthalpy and entropy change components, is illustrated for the 

binding of TMPyP4 to a G-quadruplex DNA construct (1,2).  Without knowing the 

different ΔG° and ΔH° values observed for binding the four moles of TMPyP4 to the 

DNA, it would be impossible to know the number of different complex species and 

complex structures formed in these systems. In fact, without the ITC data, the complexity 

of this system would be seriously underestimated.  Figure 1.1 presents two different 

complex structures that are proposed to form from the addition of the ligand TMPyP4 to 

a c-MYC promoter sequence G-quadruplex (3).   
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Figure 1.1 Proposed structures are shown for the two 1:1 TMPyP4/c-MYC promoter 
sequence G-quadruplex complexes.  

The ITC binding isotherm indicates that there are at least two binding processes or 
modes, that the saturation stoichiometry is 4:1, and that the heat change data are well fit 
with a binding model that includes two overlapping equilibria, the first being entropy 
driven and the second being enthalpy driven. The higher affinity TMPyP4 binding site 
(Mode 1) is attributed to end-binding whereas the lower affinity-binding site (Mode 2) 
has been attributed to intercalation. Two moles of TMPyP4 are bound via each mode. 

Although both complexes have favorable free energies of formation (ΔG° ≈ -10 

and -8 kcal/mol for the end-stacked and intercalated complexes, respectively), the end 

stacked complex exhibits slightly higher affinity with a K that is 30 times larger than the 

K for the intercalation. The favorable ΔG° for the end-stacking reaction is largely the 

result of a very favorable entropy change for formation (-TΔS° ≈ -8 kcal/mol) while the 

favorable ΔG°  for formation of the intercalated complex is the result of  a very favorable 

enthalpy change (ΔH° ≈ -8.2 kcal/mol).  Parsing the two free energy changes into the 

enthalpy and entropy change components leads to the model presented in Figure 1.1.  It 
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is very clear that two different binding modes with different thermodynamic signatures 

are in play for this ligand DNA interaction. 

1.2 Mathematical and chemical description 

Isothermal titration calorimetry (ITC) is a technique used to measure the heat 

associated with ligand binding. ‘Isothermal’ indicates that the experiments are performed 

at constant temperature, while ‘titration’ indicates that the ligand is added incrementally 

to the macromolecule. To understand how calorimetry can be used to study a binding 

reaction, it is necessary to review the basic thermodynamics of ligand binding (a detailed 

treatment of this topic is found in Wyman and Gill (4).  

The simplest case of ligand binding occurs when the macromolecule can only 

bind to a single ligand. The binding constant, K, is defined as the ratio of the 

concentration of the bound complex, [ML], to the product of the concentrations of the 

unbound ligand, [L] and unbound macromolecule, [M] (eqn (1.1)).  

  (1.1)
 

The value of the binding constant defines the difference in the standard state 

Gibbs energy, ΔG° given by eqn (1.2), where R is the gas constant and T the absolute 

temperature in Kelvin.  

°∆    (1.2) 

The Gibbs energy in turn is expressed in terms of the enthalpy, ΔH°, and entropy, 

ΔS° changes (eqn (1.3)), so that ΔG° depends on temperature through ΔS°. 

° °∆  ∆  ∆  (1.3) 
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One of the driving forces for ligand binding is the hydrophobic effect. A hallmark 

of the hydrophobic effect is a strong temperature dependence of both ΔH° and ΔS°. 

Consequently, a more complete expression of the Gibbs energy is required that reflects 

this (eqn (1.4)).  

° °∆   ∆  ∆      ∆  ∆   (1.4) 

ΔCP is the change in heat capacity, which defines the temperature dependences of 

ΔH° and ΔS° and the subscript R indicates the value of ΔH° and ΔS° at the reference 

temperature, TR. The dependence of K on temperature is given from eqns (1.2) and (1.4) 

as eqn (1.5). 

°
 exp  ∆

 (1.5)
 
	 

Finally, the fraction θ of binding sites that have a ligand bound is given by eqn (1.6).  

  (1.6)
 

The heat of reaction when a ligand binds to a macromolecule is the product of the 

change in θ, the total number of moles of macromolecule and ΔH°. The heat measured 

in the ITC includes the heat of reaction, heat arising from any linked equilibria, and heats 

of dilution for both the titrant (dilute ligand solution) and the macromolecule.  Using ITC, 

we can determine K and ΔH°, and knowing these, can calculate ΔG° and ΔS° for complex 

formation. By performing experiments at different temperatures, we can also determine 

ΔCP. 
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1.3 Detection of heat 

Commercially available ITC instruments are available from GE Healthcare 

(Northampton, MA) and TA Instruments (New Castle, DE).  Instruments are available 

with cell volumes ranging from 0.25 to 1.5 ml, and can be equipped with auto samplers. 

All of the ITC instruments have the same inherent sensitivity in terms of heat 

measurement, so the advantage of the smaller cell volumes is lost since the samples will 

need to be correspondingly more concentrated.  To simplify the following discussion, we 

have used volumes and concentrations that are typically used in instruments having a 

nominal cell volume of 1.5 ml and using a 250 μl buret. 

An isothermal titration calorimeter typically contains two cells: a sample (S) cell 

and a reference (R) cell. A dilute solution of the macromolecule is loaded into S and an 

equal volume of buffer is loaded into R. The dilute ligand solution is loaded into the 

syringe and injected into S by a stepping motor.  A typical ITC sample cell holds 

approximately 1.5 mL of solution.  In the typical ITC experiment from 10 to 50 injections 

of 1–10 L of ligand solution are made at intervals of from 3 to 5 min.  As the ligand 

binds, heat is either generated or absorbed, thus creating a transient temperature 

difference between the sample and reference cells. The difference in temperature results 

in a change in the heating power being supplied to the sample cell (an increase in heating 

power for an endothermic reaction and a decrease in heating power for an exothermic 

reaction) bringing the two cells back to the same temperature. 

After the power signal returns to baseline (the reference power), another injection 

of ligand solution is made. Injections are continued until subsequent injections result in a 

small constant heat effect, indicating that all of the binding sites have ligand bound to 
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them and that only the heat of dilution of the titrant is being detected. In some instances 

the heat of dilution may be large making accurate heat of dilution corrections even more 

important.  In these cases blank titrations are typically required to determine accurate 

values for the heat of dilution and the dependence of the heat of dilution on the ligand 

concentration in the calorimeter cell.  The thermogram generated in an ITC experiment is 

a simple summation of all of the heat-producing reactions that occur as an aliquot of 

titrant is added.  The initial injection heats are larger than the heats for subsequent 

additions since at the beginning of the titration there is a large excess of empty or 

unpopulated binding sites. Initial heats most typically are the result of the almost 

complete reaction of the added ligand. As the titration proceeds, less and less of the 

added ligand is bound, and there are three species existing in solution: free ligand, [L], 

free macromolecule, [M], and the ligand/macromolecule complex, [ML]. 

The results from an ITC experiment present heat as a function of the number of 

injections (or as a function of the number of moles of added ligand), which can be 

analyzed to determine K, ΔH° and n, the number of binding sites on the macromolecule 

The heat produced in the ITC experiment is linearly dependent on the enthalpy change, 

ΔH°, for the binding reaction, and nonlinearly dependent on the equilibrium constant, K. 

1.4 Determination of Binding Constants, Enthalpy Changes and Heat Capacity 
Changes 

The analysis of ITC data has been discussed by Eatough et al. (5), Wiseman et al. 

(6), Freire et al. (7), and Freyer and Lewis (8) among others. When the ligand binds to 

the macromolecule with a high binding constant (>108), approximately all of the ligand 

injected into the cell binds to the macromolecule until all of the ligand binding sites are 
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filled.  In effect when K>108, [L]free <<< [L]bound ≈ [L]total. Under these conditions, called 

stoichiometric binding, the heat evolved for a presaturation injection can be divided by 

the number of moles of ligand injected to obtain the enthalpy of binding, ΔH°; however, 

a binding constant cannot be determined under these conditions. 

When the binding constant is smaller (typically less than approximately 108), 

there will be injections for which both free and bound sites and free ligand are in 

equilibrium. With increasing concentration of the ligand, a higher fraction of the binding 

sites become occupied until they are all filled at some high concentration. The range of 

concentrations required to saturate the binding sites is determined by the binding constant 

and the concentration of the macromolecule. To determine a binding constant accurately, 

the product of the binding constant and the macromolecule concentration should be 

between 10 and 1,000 (6). 

Figure 1.2 shows simulated ITC experiments for ligand binding to a 

macromolecule with K ranging from 104 to 109. In the simulation, it was assumed that the 

concentration of macromolecule was 0.1 mM and the concentration of ligand was 

1.0 mM. The ΔH° of binding was set at –50 kJ/mol, the cell volume was set to 1.5 mL 

and the injection volume was 10 μL. 
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 Figure 1.2 Simulated results from isothermal titration calorimetry experiments 
showing the effect of different binding constants on the heat evolved for an 
injection versus injection number.  

 

In the simulation, it was assumed that the concentration of M was 0.1 M and the 
concentration of L was 1.0 M. The ΔH° of binding was set at -50 kJ, the cell volume was 
set to 1.5mL and the injection volume was 10 μL. The different colors correspond to 
different binding constants as follows: ▬ 104; ▬105; ▬106; ▬107 and ▬108. 

The curves simulated for K of 104 and 105 are too shallow for an accurate estimate 

of the binding constant and do not show saturation of the binding sites over the 

concentrations used. (Accurate estimates of the binding constant would require using 

higher concentrations of the macromolecule.) The curves simulated for K of 106 and 107 

show an initial plateau, good curvature in between, and saturation towards the end of the 

experiment, indicating that the product of the macromolecule concentration and the 

binding constant is good for determining the binding constant accurately. At higher 

values of the K (108 and 109), the experiment is under stoichiometric conditions so there 

is no curvature in the thermogram. Even though K is inaccessible directly, estimates of 
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these large K values may be made in competition or ligand exchange experiments. 

However, even for the case where K is too large, the value of ΔH° for the binding 

reaction is readily determined. 

Note that the heat for the initial injections under stoichiometric conditions is – 

500 μJ. The amount of ligand injected is 10–8 mol (10 μL×1 mM). Thus the ΔH° is 

calculated to be –500 μJ/10–8 mol or –50 kJ mol–1. Sometimes macromolecules have 

more than one binding site for the ligand. If these sites are identical, i.e. have the same 

binding constant and ΔH°, then the curves in Figure 1.2 would be shifted to the right; it 

takes more ligand to saturate the binding sites on the macromolecule. If the sites have 

different values of K and ΔH°, then more complicated results are observed, but the values 

of the binding constant and ΔH° for each site can still be determined.  

Finally, experiments can be performed under different conditions of temperature, 

pH, salt, etc. When the temperature is varied, ΔH° is usually a linear function of 

temperature (eqn (1.7)), where T is the experimental temperature, TR a reference 

temperature and ΔCP the change in heat capacity. 

° °∆  ∆  ∆    (1.7) 

A plot of the experimental ΔH° versus temperature will yield a straight line with a 

slope equal to ΔCP. 

1.5 Calorimetry Case Studies 

As stated earlier, the binding of small molecules to biological macromolecules 

(e.g. a protein or nucleic acid) is a fundamental part of such diverse processes as enzyme 

catalysis, gene regulation and signal transduction. A richer understanding of a ligand 
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macromolecule interaction is established if the enthalpy (ΔH°) and entropy (ΔS°) change 

contributions to the free energy (ΔG°) for formation of the complex are also known.  In 

some cases, ITC seems uniquely suited to deconvolute the complicated or overlapping 

equilibria often seen in biological systems.  In this section we describe the use of ITC in 

discovering a previously unknown process in minor groove binding, and the use of ITC 

in probing the Zn2+ binding site(s) of Carbonic anhydrase. These two case studies 

demonstrate some capabilities of ITC that have been descried in the earlier sections. 

1.5.1 Case study 1: Complexity in the Binding of Minor Groove Agents to a 
Single A2T2 Site: Netropsin Binding to Four Different Hairpin DNA 
Constructs 

Compounds that bind in the minor groove of duplex DNA are of interest for their 

therapeutic potential against diseases from cancer to infectious diseases caused by 

eukaryotic parasites. Minor groove-binders typically have a number of common 

structural features; a curved shape or the ability to adopt such a shape, groups with 

positive charges, H-bond donating ability, and a relatively flat conformation that has 

some flexibility in adjustment of intramolecular dihedral angles.  Many of these 

compounds exhibit a preference for binding to AT sequences of at least four consecutive 

AT base pairs in the binding site. Our knowledge of these small molecule DNA 

interactions has been enhanced by both X-ray and NMR studies.  Crystal structures 

illustrate excellent minor groove recognition in AT sequences.  Minor grove binders form 

H-bonds with acceptors on the base pair edges at the floor of the groove, they effectively 

stack with the walls of the narrow minor groove in AT sequences and they have a 

positive charge to offset the phosphate charges and negative electrostatic potential of the 

groove. The steric bulk of the third H-bond in GC base pair containing sequences, as 
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well as the generally larger width of the minor groove in such sequences, prevents similar 

molecular recognition between the compounds and the minor groove in GC sequences. 

Given the previous success of these structural models for minor-groove complex 

formation, we were surprised to find in high-resolution ITC studies that a classical 

polyamide minor-groove binding agent, netropsin, exhibits two quite different binding 

enthalpies in a 1:1 complex with a single AATT site.  The unexpected and complicated 

binding profile exhibiting two binding equilibria having two different G° values with 

distinctly different and compensating ΔH° and ΔS° values for formation of the netropsin 

AATT complex at a single AATT binding site clearly implies that there are two different 

complexes for netropsin.  We had proposed that this observation was due to netropsin 

bound in different modes in the 1:1 AATT complex but also noted that other models, for 

example, different DNA conformations, could explain the ITC results.  Other groups 

subsequently took up the study of the two-complex observation at a single binding site.  

Petty and co-workers confirmed our two-site observation with netropsin and showed that 

the magnitude of the thermodynamic differences determined in ITC experiments is 

dependent on the GC sequences flanking the AATT binding site (9). It had also been 

proposed that the two observed complexes were not due to netropsin binding modes in 

the hairpin duplex but were due to a conversion from a hairpin duplex to a two-stranded 

duplex with an internal bulge in place of the hairpin loop (10).  

Given the importance of minor-groove binding compounds to our understanding 

of small molecule DNA interactions, we thought it essential to evaluate the different 

proposals for the molecular basis of the two binding modes at a single site in more detail 

and establish an explanation for the observation.  Sequences with G or C bases flanking 
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the AATT binding site were included in the experiments.  In addition to high-resolution 

ITC, the powerful methods of mass spectral (MS) analysis, native polyacrylamide gel 

electrophoresis (PAGE), and 2D NMR were used to investigate netropsin/DNA 

complexes.   

All of the netropsin ITC titrations of the target hairpin DNAs exhibit a prominent 

dip in the titration curve immediately prior to the titration endpoint (see Figure 1.3).  Two 

sets of binding parameters are needed to fit these data within experimental error, a clear 

indication that two unique netropsin complexes are being formed in these experiments. 

Figure 1.3 ITC titrations for the addition of Netropsin to the target hairpin DNAs.  

The data for the titration of the GCG target hairpin are shown in panel (a). The symbols – 
filled circle, filled triangle, filled square and filled inverted triangle indicate data points 
taken in each of the four separate Netropsin titrations of the GCG hairpin. The line is 
calculated from the average of the best-fit parameters (K1, K2, ΔH1, ΔH2, n1 and n2) 
shown for the GCG oligo in Table 1.1. All titrations were conducted at pH 6.5 in 10mM 
cacodylic acid buffer, 100mM NaCl and 1mM EDTA with 25 μM DNA hairpin 
concentration. Typical ITC titrations are shown for each of the four different target 
hairpins in panel (b). The symbols, open circle, filled inverted triangle, filled triangle and 
filled circle are for the GCG, CGC, CG and GC target hairpins, respectively. The line 
through each set of data is calculated from the best-fit parameters (K1, K2, ΔH1, ΔH2, n1 

and n2) for these individual experiments. The average best-fit parameters for each of the 
four target hairpins are listed in Table 1.1. The experimental conditions are the same as 
above. 
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 Table 1.1 Best-fit thermodynamic parameters for a two competing site model for 
binding netropsin to four different hairpin DNAs 

 

  

 

 

The data shown in Figure 1.3A are for four different netropsin titrations of the 

GCG target hairpin. The four data sets were fit independently, and the average fit 

parameters used to produce the line in the figure.  The data shown in Figure 1.3B are for 

a single netropsin titration done on each of the four target hairpins. Obviously all four 

target hairpins exhibit two binding events and all of the titration data are well fit with our 

two overlapping site model with ntotal constrained to a value of 1.0.  The results of the 

netropsin/hairpin ITC titrations are summarized in Table 1.1.   

Three replicate titrations were performed on each oligonucleotide. The error limits in the 
table are the standard deviation of the mean parameters for the three titrations fit 
individually. 

In general, all four target hairpin DNAs behave similarly in that all oligos appear 

to form two unique netropsin/DNA complexes. Subtle differences in binding energetics 

with respect to hairpin length and sequence were observed.  It appears that the shorter 20-

nt hairpins exhibit marginally higher type I binding affinities and less favorable enthalpy 

changes than the longer 24-nt hairpins. Type II binding trends are reversed in that the 

longer hairpins exhibit slightly higher affinities than the shorter hairpins.

 The ITC studies of netropsin binding to the four different AATT containing 

duplexes present a consistent picture in which the thermodynamic signatures for complex 

formation is comprised of two thermodynamically different fractional binding events at a 
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1:1 ratio. In these studies, we confirmed the presence of the two binding modes at a 

single binding site and the dependence of the thermodynamic profile on the sequences of 

the flanking base pairs. ESI-MS and PAGE results clearly showed that the proposed 

netropsin induced hairpin to duplex transition is not correct.   

In this study, ITC and NMR results clearly show that there are at least two 

netropsin complexes present in the 1:1 total complex of netropsin at AATT.  PAGE, MS 

and NMR conclusively show that the two complexes are not due to a hairpin DNA to 

duplex transition.  Imino proton NMR titrations strongly support the presence of two 

different modes of netropsin binding to AATT.  Without the initial ITC results, the 

complexity of the netropsin DNA minor groove interaction would have been overlooked 

(11). 

1.5.2 Case study 2: Zinc binding in human Carbonic anhydrase II 

Approximately one-third of all enzymes contain a metal center that is required for 

structural stability and/or biological reactivity.  A large portion of these enzymes are 

known as hydrolytic enzymes, which activate water molecules to hydrolyze specific 

substrates. Carbonic anhydrases (CAs) are ubiquitous hydrolytic enzymes that use a 

divalent zinc center to reversibly activate water to hydrolyze carbon dioxide using a ping-

pong type mechanism (eqn (1.8)) (12).  

-
 HO-ZnCA  ⇌ HO2CO-ZnCA  H2O-ZnCA   HCO3 (1.8)

H2O 

H2O-ZnCA  ⇌ HO-ZnCA   H  
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This chemistry is catalyzed by a mononuclear Zn2+ center that is coordinated to 

the protein through three protein-derived histidine residues (13).  A fourth metal 

coordination site is occupied by a labile solvent molecule to form a tetrahedral 

coordination as shown in Figure 1.4. 

Figure 1.4 Tetrahedral zinc coordination in the mononuclear metal binding site in 
human carbonic anhydrase II.  

The image shown above is based on the high resolution (0.9 Å) crystallographic structure 
(PDB accession code: 3KS3) 

Beyond the zinc coordination environment, there is thought to be a number of 

other stabilizing interactions, such as a strong hydrogen bonding system and a series of 

hydrophobic interactions that lead to a strong metal association (14). The pKD associated 

for Zn2+ in this system has been estimated to be on the order of 12 (15). However, the 

metal can be easily removed forming the metal-free or apo-CA, and then be reconstituted 

to regenerate a protein with the same reactivity (16,17) This property allowed for the 
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thermodynamics associated with Zn2+ binding to be interrogated using ITC techniques 

(18). 

Zinc ion binds to the apo-enzyme through a complex process; this is most evident 

in PIPES buffer. However this binding event appears to be more consistent with a one-

site binding process in other biological buffers. Upon correcting the data for a number of 

dilution effects with this Zn2+ titration, the Zn2+ binding data can be fit with a one-site 

binding model, where n = ~ 1 and the equilibrium constant (KITC) is measured in the ITC 

to be on the order of 2 x 106 (18). The buffers used in this study have different ionization 

energies, which allows us to assess if the metal binding equilibria are linked proton 

release or absorption event (19). In PIPES, MOPS, ACES, and Tris buffers, the heats 

associated with ΔHobs varies as a function of the ionization energy associated with the 

buffer system. This is indicative of the equilibrium being linked to proton dependent 

processes. When the ΔHobs values are plotted versus the enthalpy of ionization (ΔHion) 

associated with each buffer, there is a clear linear dependence on both observed enthalpy 

terms as observed in Figure 1.5.  
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Figure 1.5 Plot of experimental enthalpies versus enthalpies of ionization for four 
common biological buffers. 

The ΔHobs measured for both processes is linearly dependent on the ΔHion. Eqn 

(1.9) can be used to estimate the thermodynamic parameters associated with the complex 

Zn2+ binding process to CA, where the y-intercepts (y0) are the corrected enthalpy of 

metal binding (ΔH) and slopes (nH
+) of these lines yields the number of protons released 

or absorbed by the respective systems. 

ΔHobs = ΔH* + (nH
+ x ΔHion) (1.9) 

Using the corrected enthalpies of metal binding (ΔH*) with eqns (1.2) and (1.3), 

the changes in free energy (ΔG) and entropy (ΔS) were calculated to yield data in each of 

the buffer systems shown in Table 1.2. The metal binding equilibrium has a favorable ΔG 

value, which are driven by a favorable enthalpy term. Additionally 0.9 protons are 

released as a function of Zn2+ binding to CA. 
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 Table 1.2 Average ITC determined thermodynamic parameters for zinc-binding to 
apo-CA in four buffers 

 

 

 

 

	 				 		 		 			 	

  

Average thermodynamic constants associated with Zn2+ binding to carbonic anhydrase. 
Equilibrium constants (K), changes in enthalpy (ΔH*), change in Gibbs Free energy 
(ΔG), and change in entropy are the average of multiple titrations and corrected for 
proton release or absorption. ITC data were adjusted based on zinc concentrations. 

Clearly these metal binding events are complex systems, where the buffer (a 

Lewis base) is competing with the CA for Zn2+. The equilibrium constant (KITC) 

measured in the ITC is truly the product of the dissociation constant associated with the 

buffer-Zn2+ complexes (K1) and the association constant for Zn2+ with apo-CA (K2) as 

shown in eqn (1.10). 

Zn Buffer   CA ↔ Zn   Buffer + CA ↔  ZnCA 	 Buffer (1.10) 

The equilibria associated with Zn2+ coordination to many biological buffers have 

been well-studied, (these values are listed in NIST Standard Reference Database 46) 

which allow us to estimate the association constant for Zn2+ binding apo-CA (K2) based 

on our ITC data. Zn2+ has an association constant (K2) for CA on the order of 2 x 109, and 

this is an enthalpy driven process (- 16.2 kcal/mol), with only a slight increase in entropy 

(-TΔS = + 3.5 kcal/mol).  

1.6 Summary 

Isothermal titration calorimetry is a powerful technique for studying the 

interactions of macromolecules with ligands. All of the thermodynamic quantities that 
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characterize the binding reaction, including ΔG°, ΔH°, ΔS° and ΔCP, can be determined. 

Additional information regarding changes in protonation, as well as changes in solvation, 

can also be studied using ITC. 

Biologists need to better understand the recognition of small molecules for 

specific interaction sites on larger molecules and the nature of the weak individual 

interactions that can result in very high affinity. Dr. F. Raymond Salemme, chief 

scientific officer of 3-D Pharmaceuticals, was quoted in a C&E News feature article as 

saying, “The initial expectation of structure-based drug design, that you were going to be 

able to design molecules and they were going to work right out of the box, was 

unrealistic. We didn't understand the thermodynamics well enough” (20). The use of ITC 

methods to probe the energetics of biologically relevant binding interactions is somewhat 

underappreciated (21,22). ITC provides a universal approach in determining the 

molecular nature of non-covalent interactions involved in the binding of small molecules 

to biopolymers (and even biopolymers to other biopolymers). In particular, ITC binding 

experiments can yield a complete set of thermodynamic parameters for complex 

formation in a single experiment (5,6,23,24). The parsing of the Gibbs free energy 

change into the enthalpy and entropy contributions can provide new insight into the 

molecular nature of the binding interaction being studied (22,25). The energetic 

information is fundamental not only in understanding naturally occurring binding 

interactions but also is particularly useful in drug discovery studies (1,2,9,22,26-28). 

The remaining chapters in this dissertation were selected to demonstrate the 

power and versatility of ITC technique in the thermodynamic investigations of two model 

systems in aqueous and non-aqueous media. 
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CHAPTER II 

MATERIALS AND METHODS 

Beside ITC being the main technique, five additional techniques were used in this 

dissertation to study the structures and interactions of DNA and small molecules as well 

as fullerenes and their binding partner the buckycatcher. 

2.1 UV-vis spectroscopy 

UV-vis spectroscopy was used to determine and verify the concentrations of all 

samples. UV-vis experiments were performed on an Olis HP-8452 diode array (Olis, 

Bogart, GA). Extinction coefficient for DNA samples were estimated using the nearest 

neighbor calculation for single stranded DNA (1). Samples were prepared from stock 

solutions in appropriate buffer and organic solvent. Job plot analysis (2) is used to 

determine the binding stoichiometry for complex formation. The titrations were carried 

out by changing the amount of each species in the complex yet maintaining the total 

concentration of ([analyte] + [binding partner] ) constant throughout the experiment.  

2.2 Isothermal Titration Calorimetry 

Isothermal titration calorimetry (ITC) is routinely used to measure the 

thermodynamic properties of biopolymer binding interactions. Advances in sensitivity of 

this instrumentation has enabled ITC users to measure heat change as small as 0.1 μcal 

and binding affinities (Ka) as large as 109 M-1. A schematic of an ITC instrument is 
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shown Figure 2.1. Prior to addition of ligand, a constant power is applied to the reference 

cell. This directs a feedback circuit, activating a heater located on the sample cell. During 

the experiment, ligand is titrated into the calorimeter cell containing the sample, causing 

heat to be either taken up or evolved. Measurements consist of the input of power 

required to maintain equal temperatures between the sample and reference cells. Analysis 

of ITC data involves baseline and concentration corrections, followed by a nonlinear 

regression process that will fit the binding curve to produce values for Ka and ΔH°. Value 

for ΔG is calculate from the relation ΔG° = -RTln(Ka) and –TΔS° term is calculated from 

ΔG° = ΔH° - TΔS°. 

Figure 2.1 Schematic representation of an Isothermal Titration Calorimeter 
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ITC experiments were performed using a Microcal VP-ITC (Microcal, 

Northampton, MA). All titrations were performed by overfilling the cell with 

approximately 1.5 ml of dilute titrate solution. Typical titration involves either of 60 

injections of 5 μL (or 20 injections of 14 μL for simple binding reactions) of a semi dilute 

titrant solution. Both titrate and titrant solutions were extensively degassed to ensure no 

bubbles exist in the calorimeter cell or the injection syringe. Typical experiments are 

carried out at room temperature but can be changed to any desired temperature . ITC 

experiments are routinely performed in triplicates to ensure reproducible data. 

2.3 Differential Scanning Calorimetry 

Differential Scanning Calorimetry (DSC) is a thermoanalytical technique 

frequently used to measure the stability of biomacromolecules and assemblies 

macromolecules. The schematic of a modern DSC instrument is shown in Figure 2.2. The 

DSC measures the amount of power needed to maintain a constant temperature between 

both the sample and reference cells as the temperature rises. As a sample physically 

changes the amount of power used to maintain the constant temperature between the two 

cells is compared to that of the temperature change between the jacket and the cells. The 

melting temperature, Tm, is considered the temperature at which fraction of the folded 

biomolecule is equal to the fraction of unfolded species. Analyzing the melting curve to a 

specific model (e.g. two-state, non-two-state, etc.) yields the more thermodynamic 

properties of the unfolding process. 
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  Figure 2.2 Schematic representation of a Differential Scanning Calorimeter 

 

 

DSC experiments were performed using a Microcal VP-DSC (Microcal, 

Northampton, MA). In a typical DSC experiment, the typical scanning range is for 

biological sample is between 5 and 95 °C with a rate of 60 °C/hour. Samples are prepared 

from stock solutions and at appropriate concentrations  (> 100 μM for DNA samples) to 

produce measureable changes in excess heat capacity. Samples and buffer solution were 

extensively degassed prior to loading into the sample and reference cells. The resulting 

melting thermograms are analyzed using Origin 7.1 software (Northampton, MA) to 

appropriate model. Data analysis involves deconvolution of the melting curve to give the 

melting temperature Tm , integration of the excess ΔCp curve against temperature to give 

calorimetric enthalpy change, ΔHcal, and the fitting the shape of the melting curve to yield 

van’t Hoff enthalpy change, ΔHVH, for the unfolding process. 
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2.4 Circular Dichroism  

Circular Dichroism (CD) measures the differential absorbance of left-circularly 

polarized light and right-circularly polarized light after being absorbed by the sample (see 

Figure 2.3). This technique was used to determine the secondary structure of the DNA as 

well as any conformational change brought about by changes in temperature, addition of 

denaturants, or upon binding to a small molecule or protein. Specifically, in this study, 

CD was able to show changes in the equilibriums between anti-parallel and parallel 

quadruplex as well as the equilibriums between the different folded  species of the G-

quadruplex. 

Figure 2.3 Schematic representation of a Circular Dichroism Spectropolarimeter  

CD experiments were performed using an Olis DSM 20 Spectropolarimeter (Olis, 

Bogart, GA). Samples were prepared from stock solutions to produce a sample solution 

having a nominal absorbance of 0.9 AU. Prior to data collection, the instrument was 
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flushed with at least 10 minutes of Nitrogen gas flowing at a rate of 2 L/min to eliminate 

formation of ozone gas that can interfere with ellipticity measurements in the UV range.  

2.5 Fluorescence spectroscopy 

Fluorescence is yet another powerful technique  to measure changes in the 

chemical environment of biological sample. A schematic of a spectrofluorimeter is shown 

in Figure 2.4. Steady-state fluorescence experiments begin by exciting a sample 

containing the fluorophore at a particular wavelength (usually at the maximum absorption 

wavelength for the fluorophore ) and the emission spectra is recorded. Specifically, in 

this study, steady-state fluorescence was used to monitor the changes in fluorescence 

signal of TMPyP4 upon complexation with G-quadruplex DNA. 

Figure 2.4 Schematic representation of a Spectrofluorimeter  

Typical steady-state fluorescence experiments were performed using an Olis DM 

45 spectrofluorimeter equipped with a 1 cm path length quartz cuvette. The sample turret 
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is temperature regulated using a Quantum Northwest (Liberty Lake, WA) Peltier control. 

Fluorescence is a very sensitive technique in that it can measure the fluorescence signal 

of analyte as low as picoMolar level. Fluorescence signal is also sensitive to thermal 

changes and chemical environment. Performing singular-value-decomposition on 

fluorescence spectra can provide rich information regarding the number of chemical 

species and their distributions, binding equilibrium between the different chemical 

species, the transition temperature, Tm, as well as enthalpy change, ΔH, for the unfolding 

process. 

2.6 Mass spectrometry 

Mass spectrometry has become very widely used for the analysis of  large 

biomolecules ever since the improved ion source development in 2003 . Schematics of a 

mass spectrometer together shown with two types of sample ionization methods are 

shown in Figure 2.5. 
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Figure 2.5 Schematic representation of a modern mass spectrometer. 

Panel A shows the photoionization process for APPI. Panel B shows the electrospray 
ionization process for ESI. Panel C shows the mass analyzers coupled to a TOF detector. 

In this dissertation, ESI-MS was used to determine the binding stoichiometry for 

the complex formation between porphyrin molecules and G-quadruplex DNAs. APPI was 

used to determine the binding stoichiometry for the complexation between buckycatcher 

and fullerenes. 
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CHAPTER III 

MODELING COMPLEX EQUILIBRIA IN ISOTHERMAL TITRATION 

CALORIMETRY EXPERIMENTS:THERMODYNAMIC PARAMETERS 

ESTIMATION FOR A THREE-BINDING-SITE MODEL 

As previously published in Analytical Biochemistry, 2013. 434, pp 233-241 

3.1 Abstract 

Isothermal titration calorimetry (ITC) is a powerful technique that can be used to 

estimate a complete set of thermodynamic parameters (e.g., Keq (or ΔG), ΔH, ΔS, and n) 

for a ligand-binding interaction described by a thermodynamic model. Thermodynamic 

models are constructed by combining equilibrium constant, mass balance, and charge 

balance equations for the system under study. Commercial ITC instruments are supplied 

with software that includes a number of simple interaction models, for example, one 

binding site, two binding sites, sequential sites, and n-independent binding sites. More 

complex models, for example, three or more binding sites, one site with multiple binding 

mechanisms, linked equilibria, or equilibria involving macromolecular conformational 

selection through ligand binding, need to be developed on a case-by-case basis by the 

ITC user. In this paper we provide an algorithm (and a link to our MATLAB program) 

for the nonlinear regression analysis of a multiple-binding-site model with up to four 

overlapping binding equilibria. Error analysis demonstrates that fitting ITC data for 
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multiple parameters (e.g., up to nine parameters in the three-binding-site model) yields 

thermodynamic parameters with acceptable accuracy. 

3.2 Introduction 

Titration calorimetry has been used for the simultaneous determination of K and 

ΔH for more than 40 years (1-4). Isothermal titration calorimetry is now routinely used to 

directly characterize the thermodynamics of biopolymer binding interactions(5-13). 

Knowledge of the thermodynamic profiles for drug–receptor binding interactions greatly 

enhances drug design and development (14-17). Isothermal titration calorimetry (ITC) 

instruments (available from GE Healthcare (Microcal) and TA Instruments (Calorimetry 

Sciences)) have adequate sensitivity to measure heat effects as small as 0.1 μcal, making 

it possible to directly determine binding constants as large as 108 to 109 M-1. Even larger 

values for K may be estimated from competitive binding experiments (18,19).  

To take full advantage of the powerful ITC technique, the user must be able to 

design the optimum experiment, understand the nonlinear fitting process, and appreciate 

the uncertainties in the fitting parameters K, ΔH, and n. ITC experiment design and data 

analysis have been the subject of numerous publications (5,6,14-23). Recent reviews of 

isothermal titration calorimetry describe the ease of use of modern microcalorimeters 

(18,19,24). Several papers have described modern uses of isothermal titration calorimetry 

to study a broad range of chemical equilibria in numerous ways (25-27). For example, 

ITC studies are now being used to identify possible binding mechanisms for ligand–DNA 

complexes based on their thermodynamic signatures (28). ITC experiments exploring 

iron binding to Escherichia coli ferritin were accompanied by a model describing the 

equations for three independent binding sites (29), while ITC studies of histone 
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nucleoplasm interactions were best fit with a site-specific cooperative model including 

four equilibrium constants and four enthalpy changes (30). Examples of the use of ITC 

experiments to unravel the complicated binding equilibria often occurring in biology are 

limited since the analysis tools provided by the ITC industry cover only the simplest 

cases. 

The improved sensitivity of the current ITC instruments has resulted in the ability 

to accurately estimate thermodynamic parameters for multiple overlapping binding 

equilibria. Figure 3.1 shows three unique thermograms that might result from the titration 

of a system exhibiting two overlapping binding processes. 
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 Figure 3.1 Representative two-process ITC titration experiment thermograms.   

In all three cases, the stoichiometry demonstrates that two ligand molecules are binding 
to the receptor molecule.  The top panel represents a system wherein the enthalpy change 
for binding of both ligands are experimentally indistinguishable. The middle panel 
represents a system where the binding process with higher affinity is accompanied by a 
more exothermic enthalpy change.  The bottom panel represents a system where the 
higher binding affinity process demonstrates a less exothermic enthalpy change than the 
lower binding affinity process. 
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Figure 3.1B and C were simulated from a model for a system having two binding 

processes, wherein K1 is much greater than K2 and ΔH1 is not equal to ΔH2. These two 

thermograms show a clear distinction between  the first and the second binding process, 

which can be differentiated when fitting data based on the differences in enthalpy change. 

However, Figure 3.1A also demonstrates a simulation  for a system exhibiting two 

binding sites in which the binding affinities have the same relative magnitude as the 

previous cases, K1≫K2, but with ΔH1 equal to ΔH2. In this case, it is not possible to 

distinguish the two overlapping equilibria and only the weaker binding process (K2) can 

be modeled. The equivalence of the binding enthalpy changes for the two overlapping 

processes causes this system to be modeled as a single binding process with n = 2. 

The three plots shown in Figure 3.1 demonstrate the increased complexity that is 

often seen in ITC thermograms as the number of binding process is increased. ITC 

thermograms must be understood prior to modeling the data. Understanding the binding 

profiles ensures that the models being applied to the data give an accurate representation 

of the chemical equilibria being observed. Furthermore, error analysis of algorithms 

being applied to analyze ITC thermograms ensures best-fit solutions are accurate. Several 

papers have been published on methods for evaluating the error introduced into ITC 

results from either experimental or data fitting considerations (31-38). In general, the 

potential for using ITC to estimate the number of parameters needed to describe more 

complex thermodynamic binding models is underappreciated. 

In this work, we describe the construction of algorithms that can be used to model 

ITC data obtained on systems exhibiting three or more binding sites described with 

overlapping equilibrium constants. We have also used simulated data and Monte Carlo 
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method (31,34,39) to evaluate the uncertainties and cross-correlation in the binding 

parameters (K, ΔH, and n). One- and two-site systems are used to compare our nonlinear 

fitting routines to those in the program commercially available from GE  Healthcare 

(Microcal, Northampton, MA, USA; Origin 7.0). Simulated data are used to evaluate the 

three-binding-site algorithm implemented in MATLAB (version R2012a, 2012; The 

MathWorks, Natick, MA, USA) for the accuracy of multiple parameters (K1–3, ΔH1–3, and 

n1–3) determined in an ITC experiment. The analysis techniques described in this paper 

can be extended to ITC data obtained on other complex systems if the user can construct 

the appropriate thermodynamic model for the binding interactions and/or linked 

equilibria. One novel aspect of this work is that our n-sites program for the analysis of 

systems having up to four binding sites is described in detail in the Supplementary 

material and the fully functional analysis program can be downloaded from our web site 

(http://lewis.chemistry.msstate.edu/download.html). 

3.3 Material and methods 

3.3.1 Multiple-binding-site model 

Algorithms for modeling ITC thermograms demonstrating up to four overlapping 

binding processes were developed using MATLAB software. The algorithms model the 

binding affinity, Kj; the molar enthalpy change, ΔHj; and the total stoichiometric ratio, nj; 

for each of the j = 1 to 4 binding process using nonlinear regression techniques. The mass 

balance and equilibrium equations were manipulated to produce an (n + 1)th degree 

polynomial for the n-binding sites, with free ligand as the indeterminate. 
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3.3.2 General-binding-site model 

The thermodynamic model algorithms were developed from a combination of the 

appropriate mass balance and equilibrium constant expressions. Eqs. (3.1) and (3.2) are 

the generalized mass balance and binding equilibrium equations, respectively. Each 

equation is written in a simplified form that can be expanded to include n-binding site: 

 	   ∑  Θ  (3.1) 

 ⇒ Θ    (3.2)
  

Eq. (1) establishes that at any point in the titration, the total ligand present in the 

reaction vessel (Lt) must be either bound to one of the n-binding sites  ∑  Θ  or 

free in the reaction vessel ([L]). The equilibrium constants in Eq. (3.2) have been 

rewritten to express the fraction of process j bound (Θj) as a function of the binding 

affinity, Kj, and the presence of free ligand. Substitution of Θj into Eq. (3.1) and 

expanding yields a (n + 1)th degree polynomial where [L] is the indeterminate: 

   ⋯   0 (3.3) 

Eq. (3.3) represents a simplified form of this polynomial, where αi represents the 

ith coefficient. The coefficients, αi, are derived from ligand concentration, 

macromolecule concentration, stoichiometric ratios, and binding affinities. Calculating 

the roots of the polynomial shown in Eq. (3.3) determines the concentration of free ligand 

present in the reaction vessel after the ith injection. 
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Once the concentration of free ligand is determined, substitution of [L] into Eq. 

(2) yields the fraction of site n bound after the ith injection. The total heat produced from 

the start of the titration through the ith injection, Qi, can be calculated using Eq. (3.4), 

  ∑  Δ  (3.4) 

where Vo is the active calorimeter cell volume and where  ∑  Θ Δ  is 

the total reaction heat, calculated as the sum of the heat produced in all of the overlapping 

binding reactions from the start of the titration through the ith injection. Eq. (3.5) is then 

used to calculate the differential heat produced during the ith injection, ΔQi 

Δ   (3.5) 

where Qi and Qi-1 represent the total heats produced from the start of the titration 

through injection points i and i-1 ; and Mt is the macromolecule concentration in the 

reaction vessel (calorimeter cell) as corrected for dilution and for displacement from the 

calorimeter cell as titrant is added. Eq. (3.5) assumes that all reaction heat is sensed by 

the calorimeter and that no heat is lost up the fill tube or owing to reactions occurring 

outside of the calorimeter cell and thus incompletely sensed by the calorimeter. ΔQ can 

be changed to include heat produced from reactions occurring outside of the reaction 

vessel. One such assumption is that the heat produced outside of the calorimeter cell (i.e., 

in the fill tube) is measured with only half the efficiency as that inside of the reaction 

vessel. A correction term for the heat being produced outside of the reaction vessel can be 

easily introduced into the fitting algorithms.  

The algorithms used here introduced a correction term for the heat being produced 

outside of the reaction vessel by restricting the concentration of macromolecule (Mt) and 
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the concentration of the ligand (Lt) after each injection. Eqs. (3.6) and (3.7) are the 

iterative functions used to determine the concentrations of macromolecule and ligand 

after the ith injection. Mt,i and Lt,i are the concentrations of macromolecule and ligand, 

respectively, after the ith injection; Li is the concentration of ligand being injected into 

the cell; Vi is the injection volume; Vo is the active cell volume. The initial conditions for 

Mt and Xt are Mt,o = Mi and Xt,o = 0, where Mi is the concentration of macromolecule 

loaded into the cell initially: 

,  ,  , /  (3.6) 

,   , 1  /  (3.7) 

Eqs. (3.6) and (3.7) were constructed to accurately mimic the concentrations of 

ligand and macromolecule present in the active cell volume of the calorimeter. After each 

injection, the macromolecule concentration is lowered by the amount of macromolecule 

leaving the active cell volume. Similarly, the concentration of ligand is increased after 

each injection, but after the initial injection, a correction is also made for the amount of 

ligand that leaves the active cell volume. These equations assume that the stirring rate is 

efficient enough that the ligand is accurately mixed into the active cell volume directly 

after the injection. 

The difference between the heats calculated for ΔQi (Eq. (3.5)) and those 

measured during an ITC experiment was used to determine the goodness of fit. A 

Levenberg–Marquardt nonlinear regression model common to MATLAB was used to 

determine best-fit parameters. (No other minimization routines were tried.) By allowing 

the model to iterate over the parameters (K1, . . ., Kn; n1, . . ., nn; ΔH1, . . ., ΔHn), a 
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solution is found such that the χ2 merit function is minimized by steepest descent and 

quadratic minimization. 

3.3.3 Algorithm comparison 

To compare the MATLAB and Origin 7.0 nonlinear regression analysis programs, 

the same simulated data sets were fit with both programs. Each set of simulated data was 

generated using 25 injections of 5 μl with a ligand concentration of 1 mM and a 

macromolecule concentration of 40 μM at 298 K. Randomly generated normally 

distributed noise, 0.1 μcal, was added to the simulated thermograms prior to fitting with 

either Origin 7.0 or MATLAB routines. 

Solutions resulting from the MATLAB algorithms-developed two-binding-site 

model were compared to solutions obtained using Microcal Origin 7.0 to ensure that the 

resulting best-fit parameters were in agreement between the two nonlinear regression 

analysis programs. Simulated ITC thermograms were created for two different cases: two 

binding sites and three binding sites. 

The parameters used to simulate ITC thermograms and the resulting best-fit 

parameters for the two-binding-site model are given in Table 3.1. The parameters used to 

simulate ITC test data for the three-binding-site case are given in Table 3.2, in which the 

best-fit parameters are listed only for the MATLAB program. (Origin 7.0 is limited to 

solving equilibria for two or fewer reactions although the sequential model in Origin 

could be transformed and used to simulate thermograms for three independent sites.) 
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 Table 3.1 Parameters used for the generation of two-competitive-processes simulated 
ITC titration data. (A) Two-competitive-site model: ITC test data simulation 
parameters. (B) Two competitive- site model: best fit parameters. (C) Case 
2, two-competitive-site model: average Monte Carlo parameters and 
standard deviations.. 

 
Best-fit parameters (K1, ΔH1, n1, K2, ΔH2, and n2 values) are listed for the Origin 7.0 and 
MATLAB solutions for the nonlinear regression analysis of the three two-competitive 
processes test cases. The comparison shows that both programs result in the same best-fit 
parameters. Average best-fit parameters are also listed for 100 Monte Carlo analyses of 
the Case 2 two-site test data using both algorithms. The standard deviations (SD) are also 
listed for the six average parameters for both methods. 
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 Table 3.2 Parameters used for the generation of simulated ITC titration data for the 
three competitive- processes model. (A) Three-competitive-sites model: 
simulation parameters. (B) Three-binding-sites algorithm: Monte Carlo 
analysis ‘‘best-fit’’ parameters. 

 

The simulated data were used in the Monte Carlo analysis of the three-competitive 
processes fitting algorithm. Resulting Monte Carlo mean parameter values and 95% 
confidence intervals were determined for each of the nine parameters (K1–3, ΔH1–3, and 
n1–3) obtained as a solution for the three-competitive-processes model with the MATLAB 
code given in the Supplementary material. The Monte Carlo analysis demonstrates that 
all of the three-competitive-processes model parameters are well defined and have 
acceptable error. A correlation between n and ΔH was observed. The 95% confidence 
intervals show that the equilibrium constants, molar enthalpy changes, and stoichiometric 
ratios are well determined for all three processes. The binding affinities for each process 
are slightly overestimated and the third-process molar enthalpy change, ΔH3, and 
stoichiometry, n3, exhibit the largest uncertainties. 

3.3.4 Monte Carlo analysis 

Monte Carlo analysis (31,34,39) was used to estimate the uncertainties for each of 

the nine parameters (K1–3, ΔH1–3, n1–3) required to fit the three-binding-site model. The 

Monte Carlo analysis involved the creation of a perfect data set with the MATLAB 

algorithm. This perfect data set was then used to create 1000 virtual data sets by adding 
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random normally distributed noise to each data point in the perfect data set. The ITC 

instrument noise was taken to be ±0.1 μcal per injection (18). 

The MATLAB algorithm was then used to fit each of the 1000 virtual ITC 

experiments and to obtain a set of best-fit parameters for each of the virtual experiments. 

The mean value for each of the nine fitting parameters was then calculated from the 1000 

sets of best-fit values obtained in the Monte Carlo procedure.  

3.3.5 Error analysis 

Two-dimensional error plots for each of the nine parameters involved in modeling 

the three binding sites were generated. The error plot for parameter X was established by 

fixing the value of X and allowing all other parameters to be iterated until a best-fit 

solution was found. Fixed values for parameter X were chosen such that Δlog(X) = 

log(X) - log(perfect value) had a range of -3 to 3. The error plot was produced by plotting 

Δlog(parameter) versus log(error). Transformation of the data using logs condenses the 

data and exaggerates the local and global minima being observed. These error plots were 

used to evaluate the interdependence of the parameters and to establish the range of 

acceptable initial parameter guess values required in modeling three binding sites. 

3.4 Results 

3.4.1 Algorithm comparisons 

ITC experiments were simulated for multiple two-site models. These simulated 

data (including random noise) were fit using both Origin 7.0 and the MATLAB 

algorithms. This comparison was done to ensure that our MATLAB algorithms yielded a 

solution that was in agreement with the solution obtained with Origin 7.0. The best-fit 
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parameters obtained with both programs, for all of the simulated ITC experiments, are in 

excellent agreement with one another and returned parameters close to the parameters 

used to create the simulated ITC data sets.  

3.4.2 Monte Carlo analysis 

A Monte Carlo analysis was used to estimate the uncertainty in each of the 

thermodynamic parameters determined in modeling simulated ITC data for a system 

exhibiting three binding sites. Because modeling a three-process system is not currently 

implemented in any of the commercially available ITC data analysis programs, a rigorous 

determination of the uncertainties in the best-fit parameters was conducted in lieu of a 

direct comparison with other approaches or solutions.  

Table 3.2 gives the mean value and 95% confidence interval for each parameter 

estimated by the Monte Carlo method. Comparison of the mean Monte Carlo parameters 

with the test data simulation parameters (shown in Table 3.2) demonstrates that the 

MATLAB algorithm finds a solution minimum in which all nine of the binding 

parameters are well determined. As seen from Table 3.2, each of the binding constants 

(K1, K2, K3) has a 95% confidence interval that is slightly skewed to higher values than 

the values used to simulate the ITC data. Overestimating the binding constants is typical 

for binding algorithms and can be attributed to the number of data points in the slope of 

the thermogram and the interdependence of the binding affinity on the other parameters. 

The molar enthalpy changes and stoichiometric ratios for processes 1 and 2 have 95% 

confidence intervals that are equally distributed around the noiseless values. This 

indicates that ΔH1, n1, ΔH2, and n2 are determined with the greatest accuracy. Because the 

stoichiometric ratios are well determined for the two processes with the higher affinities 
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and larger heats, the algorithms correctly identify the solutions for accurate estimates of 

ΔH1, n1, ΔH2, and n2. However, the 95% confidence interval for ΔH3 (and/or n3) 

demonstrates that these best-fit parameters contain the largest error of the nine model 

parameters. ΔH3 is skewed toward more exothermic values. This error results from the 

inability of the binding algorithm to determine an accurate endpoint for the third process 

where the heat signal and integrated heats between successive injections are small.  

3.4.3 Error surfaces 

A two-dimensional error plot was created for each of the nine parameters required 

to fit the three-binding-sites model. MATLAB was used to fix the value of the parameter 

of interest while allowing all other parameters to be optimized by nonlinear regression. 

The error plots were constructed by plotting Δlog(X) versus log(error), where Δlog(X) = 

log(X) - log(noiseless value). The error plots demonstrate the interdependence of each 

parameter, shown by the presence of multiple local minima in several of the parameters. 

However, the parameters are all found to have global minima at Δlog(X) equal to 0. This 

implies that the algorithm finds the correct minima when the starting parameters are 

adequately set. 

A typical parameter 2-D error plot is shown in Figure 3.2 This figure shows the 

plot of Δlog(K2) versus log(error), where Δlog(K2) = log(K2) - log(1 × 106). 
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Figure 3.2 Error plot produced by holding the value of K2 constant while all other 
three site parameters were optimized using nonlinear regression.  

The value of K2 ranged from 101 to 108 to cover a large enough range of values (i.e.,  -3 
< Δlog(K2) < 2). Error plots were produced for all nine parameters, each showing several 
local minima and a global minimum at Δlog(X) = 0. The error plot shown illustrates the 
interdependence of parameters by the local minimum found at -1.5. Error plots for nk and 
ΔHk show similar local minima due to their interdependence. The error plot demonstrates 
that appropriate starting positions are necessary to determine an optimal best-fit solution. 

As can be seen from the K2 error plot, at least one local minimum exists that 

would result in a solution not corresponding to the global minimum. Local minima may 

be the result of the interdependence of one or more of the fitting parameters. For K2, the 

shallow local minimum occurring at binding affinities 2 orders of magnitude larger than 

the correct value results from the algorithm finding a two-site solution wherein K2 and K3 

are indistinguishable. This indicates the codependence of the binding affinity values. 

Hence, it is up to the individual user applying these algorithms to use an appropriate 

number of binding processes to arrive at an optimal thermodynamic solution that is 

consistent with the ITC thermograms (i.e., fitting the experimental data within the 
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expected or observed experimental error). Furthermore, as seen from Figure 3.3, which 

shows a 3-D error plot for the two parameters ΔH3 and n3, it may be necessary for the 

individual user to enter appropriate starting values for each parameter being evaluated 

and to verify that the minimum solution found corresponds to a global minimum and 

represents a plausible solution for the actual chemical equilibria occurring in the system. 

Figure 3.3 Error plot produced by holding the values of n3 and ΔH3 constant while all 
other three-site parameters were optimized using nonlinear regression.  

The value of ΔH3 ranged from 0 to -10 kcal/mol and the value of n3 ranged from 0 to 2, to 
include the best-fit values for each of these parameters. (A) The error plot for the whole 
range of values for the two parameters. (B) The magnified error surface near the best-fit 
values for the parameters ΔH3 and n3 at the global minimum. 

3.5 Discussion 

3.5.1 Multiple-binding-site models 

The theory used for developing the three-process binding model and fitting 

algorithm can be extended to model multiple-binding-site models of almost any order. 
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The challenge in modeling such complex systems can be attributed to two factors. The 

first is the ability to determine the roots of the polynomial (Eq.(3.3)) used for calculating 

the concentration of free ligand within the reaction vessel. For modeling simpler binding 

models, including one or two binding sites, the polynomial expands only to a quadratic or 

cubic equation, respectively. Although closed-form solutions can be obtained for both 

quadratic and cubic equations, the solution for the cubic equation can be quite 

cumbersome. For more complex cases, such as three or more binding sites, a closed-form 

solution for the polynomial does not exist. Software such as MATLAB can provide 

numerical methods for efficient and accurate means of determining the correct root of Eq. 

(3.3). It is possible to simplify the determination of roots from Eq. (3.3) based on 

chemical restrictions. The restriction that the concentration of free ligand in the cell 

cannot fall below 0 or exceed the injected ligand concentration allows for the root-finding 

processes to efficiently determine the correct root of the polynomial. 

Second, using the smallest correct number of reactions and introducing 

restrictions to the binding algorithm can greatly increase the efficiency of complex 

algorithms. Knowing that the thermodynamic model accurately describes the system 

under study (i.e., includes only chemical equilibria actually observed in the system) 

allows for the minimum number of fitting parameters to be determined by the nonlinear 

regression analysis. Similarly, if any restrictions can be placed on the binding algorithm 

to reduce the number of modeled parameters (e.g., fixing any of the parameters using 

experimentally determined values), the uncertainty in the best-fit parameters can be 

dramatically reduced. In particular, restrictions placed on the binding stoichiometry, n, 

are generally helpful for improving fitting efficiency. 
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The stoichiometric ratio, n, can also greatly influence the enthalpy change, ΔH, of 

the reaction because these two variables are inversely correlated. That is, if the ΔH of the 

reaction is increased by an order of magnitude the stoichiometric ratio will decrease 

proportionally. Caution must be taken when using these complex algorithms to ensure 

that the proper minimum is being approached. Because of the compensation of 

stoichiometries and enthalpy changes, it is possible for the algorithm to enter a local 

minimum at which the enthalpy change becomes increasingly large to compensate for 

underestimated binding affinities and/or stoichiometric ratios. The relationship between 

ΔH and n can be seen in Eq. (3.4), which is the only equation in which ΔH appears. 

Because ΔH enters linearly into the binding models, it is possible to further improve the 

binding algorithms through linearization of the ΔH parameter. 

3.5.2 Monte Carlo evaluation 

Monte Carlo evaluation is a valuable technique for determining the statistical 

uncertainties in best-fit binding parameters. The uncertainties estimated from a Monte 

Carlo analysis for one possible three-binding-site model in which ΔH1 < ΔH2 < ΔH3 is 

discussed below. The Monte Carlo analysis demonstrated a strong correlation between 

ΔH and n when determining best-fit parameters. Other combinations of molar enthalpy 

changes not simulated in this work may result in different parameter uncertainties. 

However, the largest factor when evaluating uncertainties in the ITC method is the size of 

the raw heats produced from the reactions occurring in the calorimeter. Because the 

standard deviation in each injection interval heat, ΔQi, is ±0.1 μcal, larger heats are less 

affected by experimental error in the integrated injection heats. The results given here 

from the Monte Carlo analysis of the fit parameter uncertainties are expected to be typical 
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for modeling a system with three binding sites. The parameters with the most uncertainty 

are typically n3 and ΔH3 because these parameters are sensitive to the endpoint of the 

titration. Thermodynamic parameters obtained from titrations exhibiting a well-defined 

endpoint (i.e., having a large value for Kn) are well determined with the algorithms 

developed here. Furthermore, the above algorithms, if extended beyond three binding 

sites, can be used to evaluate even more complex systems. The Monte Carlo method 

provides a rigorous test of the reliability of the best-fit parameters obtained in the 

nonlinear regression modeling of the three-binding-site system. The Monte Carlo method 

can be used to estimate the uncertainties in parameters obtained in the nonlinear 

regression modeling of experimental data in the same manner as used here for testing the 

nonlinear fitting of simulated data, but should incorporate experimentally determined 

error. 

3.5.3 Error analysis 

The error plots produced for all parameters involved in modeling three binding 

sites clearly demonstrated the interdependence of binding parameters (Figure 3.2). 

Because several local minima are observed for each parameter, stress is placed on the 

user to accurately enter reasonable starting parameters to avoid getting trapped in a local 

minimum. It is clear that several parameters have strong interdependence (i.e., K2 vs K3, 

ΔH3 vs n3) and must be given starting values that will ensure that the true global 

minimum  is found. The user can check the validity of the solution obtained from 

nonlinear regression analysis by entering several starting locations for parameters that 

demonstrate large variability. If the same minimum is reached regardless of starting 

positions, it is more likely that the solution represents a global minimum. The user must 
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take care to ensure that the solution both is descriptive of the system and represents a 

plausible thermodynamic and chemical result. However, it must be remembered that the 

binding model chosen strongly influences the best-fit parameters obtained in the 

nonlinear regression analysis of ITC data, and binding parameters will accurately reflect 

the system only when the correct model is chosen. 

3.5.4 Example systems exhibiting three binding sites 

Biological systems exhibiting multiple overlaps may be more common than 

previously thought. Several ITC studies of these more complex systems have been 

recently reported (29,30,40,41). We present three examples of quadruplex DNA binding 

either a small ligand or a protein that further illustrate the utility of our MATLAB n-

binding sites ITC data analysis program. 

ITC data for the titration of a 27-mer c-MYC promoter sequence G-quadruplex 

construct (having the sequence 50-TGGGGAGGGTGGGGAGGGTGGGGAAGG) at 

low ionic strength, 20 mM K+, with the cationic porphyrin ligand TMPyP4 (5, 10, 15, 20-

meso-tetra-(N-methyl-4-pyridyl) porphine) are shown in Figure 3.4. This wild-type (WT) 

c-MYC promoter sequence quadruplex binds four ligands at saturation. At physiologic 

ionic strength (150 mM KCl), the four binding sites in the model are represented by two 

sets of two sites with each set having a characteristic affinity. In effect, two ligands bind 

to the two high-affinity sites and two ligands bind to the low-affinity sites (40).  
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 Figure 3.4 ITC data for the reaction of a cationic porphyrin, TMPyP4, with the WT c-
MYC 27-mer polypurine P1 promoter sequence G-quadruplex at low ionic 
strength (20 mM K+ in BPES buffer at pH 7.0). 

The lower ionic strength data must be fit to the three-binding-site model. The best-fit 
parameters are K = 3.9 × 108 M-1, K2 = 4.2 × 107 M-1, K3 = 2.9 × 106 M-1, ΔH1 = -0.2 
kcal/mol, ΔH2 = -12.6 kcal/mol, ΔH3 = -5.9 kcal/mol, and n1 = 1, n = 2, n3 = 1. 

We have assigned the high-affinity sites to end stacking on the two ends of the G-

tetrad stack, while the two lower-affinity sites were assigned to the two intercalation sites 

located between the first and second and the second and third G-tetrads. At low ionic 

strength (20 mM KCl), a more complicated model is required, having three sites 

exhibiting three different affinities. We have suggested that at the lower ionic strength the 

two ends of the G-quadruplex are no longer equivalent and the overhanging single strand 

is stiffened because of electrostatic repulsion. Based on the three-binding-site fit of the 

ITC data, the first TMPyP4 binds to one end, the next two ligands bind in the two 

intercalation sites, and the fourth TMPyP4 binds to the sterically hindered low-affinity 
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end of the G-quadruplex. Whether this structural model is correct or not, the ITC 

thermogram observed under low-salt conditions is well fit with the three-binding- site 

model and cannot be fit with any simpler model. 

G-quadruplex ligand studies have typically been limited to single- stranded 

constructs. To better model the G-quadruplex motif in the presence of its complementary 

strand we have constructed capped G-quadruplex constructs in which the C-rich strand 

has been replaced with a shorter partially complementary strand having the ability to 

form short flanking duplex regions on either side of the quadruplex and with a short non-

interaction region of four, five, or six T’s bridging the quadruplex in the capped 

construct. ITC data for the TMPyP4 titration of one such construct are shown in Figure 

3.5. 

55 



 

 

 Figure 3.5 ITC data for the reaction of a cationic porphyrin, TMPyP4, with the 1:6:1 
c-MYC 32-mer polypurine P1 promoter sequence G-quadruplex capped 
with a partially complementary 17-mer 5-T capping oligonucleotide in 100 
mM K+/BPES buffer at pH 7.0. 

 
These ITC data have been corrected for ligand-induced folding and dilution heat effects 
and fit to the three-binding-site model. The best-fit parameters are K1 = 7.4 × 109 M-1, K2 

= 5.2 × 107 M-1, K3 = 7.0 × 105 M-1, ΔH1 = -7.0 kcal/mol, ΔH= = -13.7 kcal/mol, ΔH3 = -
9.9 kcal/mol, and n1 = 1.5, n2 = 1, n3 = 1.5. 

The interaction of TMPyP4 with the ‘‘capped’’ quadruplex is more complicated 

than the interaction with the singled-stranded quadruplex having the same sequence. In 

effect, the cap results in a small amount of unfolding of the G-quadruplex and in the case 

of the WT sequence results in a shift in the equilibrium between the 1:6:1 and the 1:2:1 

foldamers. The TMPyP4 titration of the five-T capped 1:6:1 mutant c-MYC 32-mer 

promoter sequence is fit to a three-binding-site model after the data have been corrected 

for some ligand-induced quadruplex folding and dilution effects. The three binding 

events must be the result of mixed end binding and intercalation interactions. 
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We do not currently understand the stoichiometry 1.5:1.0:1.5; however, we are 

continuing to search for structural models that are consistent with the titration results and 

the best-fit parameters shown in Figure 3.5. (The ITC data shown here for the titration of 

the capped quadruplex with TMPyP4 are unpublished and provided here as an example 

of the need for the analysis of ITC data for systems exhibiting multiple overlapping 

equilibria.) 

Human telomeric DNA contains tandem repeats of the DNA sequence 

(TTAGGG) and is capable of forming G-quadruplexes. Unfolding of the telomeric G-

quadruplex DNA leads to elongation of the telomere by TERT in vitro. UP1 is the 

proteolytic fragment of the hnRNP A1 protein that is responsible for several gene-

regulatory processes at the posttranscriptional level, including mRNA alternative 

splicing, transportation, and pre-miRNA processing. A crystal structure of UP1 

complexed with a partial human telomeric sequence d(TTAGGG)2 revealed that the 

interaction between UP1 and the telomeric DNA is established through three 

nucleobases, TAG. The TAG binding motif located at several corners of G-quartets was 

found to be critical for UP1 binding and initiating unfolding of the G-quadruplex 

structure. ITC experiments, including both forward and reverse titrations, and DSC 

experiments were used to probe how UP1 interacts with human telomeric G-quadruplex 

DNA in Na+ buffer conditions. ITC data and the three binding sites fit from a forward 

titration of Tel-22 with UP1 are shown in Figure 3.6. These studies reveal that UP1 binds 

and unfolds the Tel-22 G-quadruplex DNA at a 2:1 molar ratio. The binding involves 

loop recognition plus unfolding plus single-strand binding for a second UP1 molecule. 

This binding, unfolding, binding process is described by the thermochemical cycle shown 
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 Figure 3.6 Screen capture of the MATLAB user interface showing the three-binding-
sites fit of the ITC data obtained for the addition of UP1 to the human 
telomere quadruplex,Tel-22. 

in Figure 3.7. (The UP1/Tel-22 data are unpublished and are provided by Dr. David 

Graves at the University of Alabama at Birmingham, Department of Chemistry.) 

Experimental parameters, [L], [M], calorimeter cell volume, injection volume, number of 
injections, and temperature, are shown in the upper left quadrant of the screen. Starting 
parameters ni, Ki, and ΔHi are entered in the table shown midleft on the screen capture. 
Best-fit parameters and the standard deviations are shown at the bottom left of the screen. 
The right side of the screen shows the ITC data (corrected for heat of dilution) and the 
best-fit line through the data. The MATLAB program can be downloaded at 
http://lewis.chemistry.msstate.edu/download.html. 
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Figure 3.7 Thermochemical cycle (Hess’ Law diagram) for the binding of 2 mol of 
UP1 to the Tel-22 G-quadruplex. 

The values of ΔH1, ΔH2, and ΔH3 are obtained directly from the three-binding-sites 
model fit to the forward titration data for the addition of UP1 to Tel-22. The value for 
ΔHreverse is obtained from the ‘‘model-free’’ reverse titration. The value of ΔH*

DSC is 
obtained as the difference between ΔH1 and ΔH2 and compared to the ΔHDSC value 
obtained for the thermal denaturation of the naked Tel-22 G-quadruplex. The value of 
ΔH3 is obtained directly from the three-binding-sites model and compared to the 
difference between ΔH2 and ΔHreverse. 

3.5.5 Further models 

The models developed here assume that the only chemical equilibria being 

observed are reactions involving the binding of a ligand molecule to one or more specific 

binding sites in a macromolecule (Eq. (3.2)). In these systems, each type of binding site 

competes with any other binding sites present in the macromolecule and the binding at 

any site occurs with unitary stoichiometry.  
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We have shown that a large number of thermodynamic parameters may be 

accurately estimated from an ITC experiment, e.g., the nine parameters in the three-

binding-site model were all well determined. The larger the number of parameters that 

need to be determined, the more uncertainty will be introduced in parameter 

determination. There will always be some benefit in designing the experiments or in 

combining data from complementary studies to limit the number of parameters that are 

fit. For example the enthalpy change for the strongest binding reaction may be best 

determined in so-called ‘‘model-free’’ experiments (42), while the thermodynamic 

parameters for the weakest binding process may be best determined in additional reverse 

titration experiments in which the low-affinity complexes are more highly populated (30). 

In conclusion, we would like to state that ITC data can be fit with acceptable accuracy to 

complex thermodynamic models having as many as three or more overlapping binding 

equilibria. 
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CHAPTER IV 

BCL-2 PROMOTER SEQUENCE G-QUADRUPLEX INTERACTIONS WITH THREE 

PLANAR AND NON-PLANAR CATIONIC PORPHYRINS:  

TMPYP4, TMPYP3, AND TMPYP2 

As previously published in PLOS ONE, 2013, 8(8), e72462:1-9 

4.1 Abstract 

The interactions of three related cationic porphyrins, TMPyP4, TMPyP3 and 

TMPyP2 with a WT 39-mer Bcl-2 promoter sequence G-quadruplex were studied using 

Circular Dichroism, ESI mass spectrometry, Isothermal Titration Calorimetry, and 

Fluorescence spectroscopy. The planar cationic porphyrin TMPyP4, (5, 10, 15, 20– 

meso-tetra (N-methyl-4-pyridyl) porphine), is shown to bind to a WT Bcl-2 G-

quadruplex via two different binding modes, an end binding mode and a weaker mode 

attributed to intercalation. The related non-planar ligands, TMPyP3 and TMPyP2, are 

shown to bind to the Bcl-2 G-quadruplex by a single mode.  ESI mass spectrometry 

experiments confirmed that the saturation stoichiometry is 4:1 for the TMPyP4 complex 

and 2:1 for the TMPyP2 and TMPyP3 complexes.  ITC experiments determined that the 

equilibrium constant for formation of the (TMPyP4)1/DNA complex (K1 = 3.7 × 106) is 

approximately two orders of magnitude greater than the equilibrium constant for the 

formation of the (TMPyP2)1/DNA complex, (K1 = 7.0 × 104). Porphyrin fluorescence is 
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consistent with intercalation in the case of the (TMPyP4)3/DNA and (TMPyP4)4/DNA 

complexes. The non-planar shape of the TMPyP2 and TMPyP3 molecules results in both 

a reduced affinity for the end binding interaction and the elimination of the intercalation 

binding mode. 

4.2 Introduction 

The promoter region of the B-cell lymphoma-2 (Bcl-2) gene is guanine and 

cytosine rich (1-3). Bcl-2 expression at low levels is required for cell survival; however, 

upregulation of the Bcl-2 gene can lead to formation of many common cancers and has 

been reported to play a role in resistance to conventional cancer treatments (2-4).  A 39 

base pair region, located from19 to 58 base pairs upstream of the Bcl-2 P1 promoter, 

plays a crucial role in the regulation of Bcl-2 transcription (5).  Dai et al. used NMR and 

CD methods to demonstrate that the Bcl-2 39-mer purine rich strand folds into multiple 

intramolecular G-quadruplex structures (6).  

G-quadruplex structures are thought to be generally involved gene regulation, 

with G-rich sequences found upstream from as many as 40% of all human genes (7).  

Small molecules, which specifically interact with quadruplex DNA, have been shown to 

act as selective inhibitors of telomerase thereby demonstrating some potential as anti-

cancer therapeutics (8-11). Cationic porphyrins are known to associate with G-

quadruplex DNA. Proposed binding modes include: groove binding (with or without 

self-stacking along the DNA surface), end- stacking, and intercalation (12-15). The 

exact nature of the interactions between cationic porphyrins and G-quadruplex DNA 

depends on the folding topology and base sequence of the G-quadruplex and on the 

molecular structure of the porphyrin (16).   
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Haq et al. demonstrated that the saturation stoichiometry for porphyrin binding to 

G-quadruplex DNA depends on the number, n, of stacked G-tetrads and the formula 

(n+1) (13). The Lewis group reported that the binding stoichiometry of the cationic 

porphyrin (5, 10, 15, 20–meso-tetra (N-methyl- 4-pyridyl) porphyrin), TMPyP4, to the c-

MYC and Bcl-2 promoter region G-quadruplexes is 4:1 at saturation (17-19).  Their 

microcalorimetric and spectroscopic results were consistent with two TMPyP4 binding 

modes for both the c-MYC and Bcl-2 promoter quadruplexes; external or end binding 

and intercalation (17-19). Wei et al. has similarly suggested that TMPyP4 binds to G-

quadruplex DNA by a combination of binding modes that include external (end) stacking 

within the loop region and intercalation between G-tetrads with complex binding ratios of 

both 2:1 and 4:1 between TMPyP4 and G-quadruplex DNA (20).  In addition, Kumar et 

al.  has reported that the concentration of porphyrin increases the relative concentration 

of quadruplex DNA in equilibrium with duplex DNA in dilute solutions (21).   

The majority of previous studies have focused on the planar cationic porphyrin 

TMPyP4, although, Han et al.  has described the interactions between the related ligands 

(5, 10, 15, 20–meso-tetra (N-methyl- 2-pyridyl) porphyrin), TMPyP2, and (5, 10, 15, 20– 

meso-tetra (N-methyl- 3-pyridyl) porphyrin), TMPyP3, with G-quadruplex forming 

oligonucleotides using gel mobility shift and helicase assays (22).  The structures of the 

three cationic porphyrins differ only in the location of the bulky N+-CH3 substituent 

group in the pyridinium rings.  Steric hindrances force the four substituent pyridinium 

rings in the TMPyP2 and TMPyP3 molecules to be out of plane relative to the porphyrin 

ring. In the present study, we looked at the interaction of three cationic porphyrins 

(TMPyP2, TMPyP3, and TMPyP4) with a WT 39-mer G-quadruplex forming sequence 
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from the Bcl-2 promoter region.  Two of these ligands are non-planar (TMPyP2 and 

TMPyP3) and would be too bulky to thread between the stacked G-tetrads of the Bcl-2 

promoter sequence G-quadruplex.  Absence of a weaker “intercalation” binding mode for 

these non-planar ligands would serve to support our hypothesis that TMPyP4 binds to the 

Bcl-2 G-quadruplex (and other G-quadruplexes) by both end stacking and intercalation.  

The results of this study provide new insight into the origin of porphyrin/G-quadruplex 

DNA interactions, including the influence of ligand geometry and the influence of the 

intramolecular DNA folding topology on the thermodynamics for these interactions. 

4.3 Material and methods 

The WT 39-mer Bcl-2 oligonucleotide sequence used in this study was obtained 

from Oligos Etc (Wilsonville, OR).  The Bcl-2 G-quadruplex forming promoter sequence 

, 5’-AGGGGCGGGC GCGGGAGGAA GGGGGCGGGA GCGGGGCTG – 3’, included 

six runs of three or more guanines. Bcl-2 stock solutions were prepared by dissolution of 

weighed amounts of lyophilized oligonucleotide into KBPES {20 mM K2HPO4/KH2PO4, 

2 mM EDTA} buffer with a supporting electrolyte concentration of 130 mM [KCl] and a 

pH of 7.0 (17). Approximately 1 mL of the oligonucleotide was exhaustively dialyzed 

(1000 molecular-weight cutoff membrane) with two changes of buffer solution (1 L, 24h 

each) at 4°C. The concentrations of all DNA solutions were verified using ultraviolet-

visible spectrophotometry (UV-Vis).  Molar extinction coefficients were determined for 

each of the four oligonucleotides using a nearest-neighbor method for single stranded 

DNA (17,23). The extinction coefficient at 260 nm for the 39-mer WT sequence was 

3.863×105 M-1cm-1. 
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TMPyP2, TMPyP3, and TMPyP4 were obtained from Frontier Scientific (Logan, 

UT). The chemical structures and naming nomenclature for these porphyrin ligands are 

given in Figure 4.1. 

Figure 4.1 The chemical structures for the planar TMPyP4 and non-planar TMPyP3, 
and TMPyP2 porphyrin ligands. 

All cationic porphyrin solutions were prepared by dissolution of a known amount 

of porphyrin into a measured volume of the oligonucleotide dialysate solution.  This 

exact matching of the buffer composition in both the titrate (DNA) and titrant (porphyrin) 

solutions is necessary to minimize any buffer heat of dilution effects in the ITC 

experiments.  The porphyrin solution concentrations were determined from UV-Vis 

absorbance measurements in the 414-424 nm region and the following molar extinction 
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coefficients: TMPyP4, ε424=2.26 × 105 M-1cm-1; TMPyP3, ε417=2.5× 105 M-1cm-1; and 

TMPyP2, ε414=1.82 × 105 M-1cm-1 (13). 

CD analysis was performed using an Olis DSM 20 CD Spectrophotometer (Olis, 

Bogart, GA) equipped with a 1 cm path length quartz cuvette.  All CD measurements and 

titrations were performed at 25oC in KBPES buffer (pH 7.0) with spectra collected over a 

wavelength range of 200-500 nm.  The Bcl-2 promoter DNA concentration was 

nominally 5µM in G-quadruplex and a titration involved the addition of the porphyrin 

ligand to the DNA solution. CD spectra were collected at mole ratios (porphyrin:DNA) 

of 0:1, 0.5:1, 1:1, 2:1, 3:1, 4:1, 5:1 and 6:1 for each of the three porphyrins and each of 

the four Bcl-2 oligonucleotides respectively. 

ESI-MS experiments were performed using a Bruker MicrOTOFQ mass 

spectrometer in negative ion mode.  Oligonucleotide/porphyrin samples were dissolved in 

a 50 mM ammonium acetate buffer (pH≈7) containing 20% methanol for these 

experiments.  The WT-39-mer Bcl-2 was prepared at a concentration of approximately 80 

μM in the ammonium acetate buffer and was exhaustively dialyzed at 4°C against the 50 

mM ammonium acetate {NH4
+/CH3CO2

-} buffer. CD spectra for the oligonucleotide in 

50 mM ammonium acetate were compared to CD spectra for the same samples in 

KBPES. The change to an ammonium acetate buffer did not affect the structure of the G-

quadruplex, at least as determined by CD.  

 Stock solutions of the porphyrins were prepared by dissolution of the compound 

in the final dialysate to obtain a nominal porphyrin concentration of 1.0 mM.  The ESI-

MS samples were prepared by mixing the DNA and ligand stock solutions to prepare a 

mixture containing 4 equivalents of the porphyrin per equivalent of DNA. The MS 
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capillary voltage was set to +4000 V, dry N2 gas flow was adjusted to 2.0 L/min at 

110°C, and the G-quadruplex/porphyrin samples were directly introduced into the MS by 

using a kD Scientific syringe pump set to a flow rate of 108 µL/hour.  Data processing 

was performed by using Bruker Daltonics Data Analysis program.  

Isothermal Titration Calorimetry (ITC) experiments were performed using a 

Microcal VP-ITC (Microcal, Northampton, MA).  All titrations were performed by over 

filling the ITC cell with ~1.5 mL of stock oligonucleotide solution having a concentration 

ranging from ~25-50μM. A titration involved the addition of approximately 55x5μL 

injections of the porphyrin titrant solution.  TMPyP2, TMPyP3, and TMPyP4 titrant 

concentrations were nominally 1×10-3 to 3×10-3 M to obtain a ligand concentration 

approximately twenty times greater than oligonucleotide.  All titrations were done at 

25°C and at a supporting electrolyte concentration of 130 mM [K+]. Three replicate 

titration experiments were typically performed.  The ITC data were fit using an 

independent sites model with either one or two independent sites required to fit the data 

within experimental error. The nonlinear regression fitting was done using CHASM© data 

analysis program developed in our laboratory (24).  The ITC fitting procedures used here 

have been described previously (17,19,24-26).  

Fluorescence emission spectra were collected using a FluoroMax-3 

spectrofluorimeter (Horiba Jobin Yvon, Edison, NJ) equipped with a 1 cm path length 

quartz cuvette. The total concentration of the porphyrin was kept constant throughout the 

titration (900M TMPyP2, or TMPyP3, and 1200 M TMPyP4) while the concentration 

of the G-quadruplex DNA titrant increased from 0 to 300 M over the course of the 

experiment.  The TMPyP2, TMPyP3 and TMPyP4 solutions were excited at 424 nm, 417 
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nm and 433 nm, respectively.  Emission spectra were collected from 600 to 800 nm after 

each injection of DNA into the porphyrin solution.   All fluorescence measurements and 

titrations were performed at 25oC in KBPES buffer (pH 7.0). 

4.4 Results 

The interactions between the three cationic porphyrins (TMPyP2, TMPyP3, and 

TMPyP4) and the 39-mer WT Bcl-2 promoter sequence G-quadruplex motifs were 

probed using CD spectroscopy. The CD spectra for the 39-mer Bcl-2 promoter sequence 

quadruplex in the presence of saturating amounts TMPyP2, TMPyP3, and TMPyP4 are 

shown in Figure 4.2. 

Figure 4.2 CD spectra for complex of the 39-mer Bcl-2 P1promoter G-quadruplex 
saturated with bound TMPyP4,TMPyP3, or TMPyP2. 

The inset shows an expanded view of the CD spectra in the range of the porphyrin 
absorption spectrum. The very small negative CD signals in the 400-450nm range are 
only observed in the presence of excess porphyrin for TMPyP4 and TMPyP3. 

The Bcl-2 39-mer porphyrin free spectrum is typical for a G-quadruplex structure 

with a predominantly parallel folding topology.  Parallel G-quadruplex motifs typically 
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exhibit a positive CD band near 264 nm and a negative CD band near 240 nm (1,6,27).  

The small shoulder at 295 nm is an indication of minor species with anti-parallel folding 

topology in the 39Bcl-2 quadruplex mixture.  The free cationic porphyrins do not possess 

a CD signal and porphyrin ligands bound to the G-quadruplex do not exhibit a significant 

induced CD signal. The obvious point to be made is that whether the porphyrin is self-

stacking, stacked on the terminal G-tetrads in the quadruplex structure, or intercalated 

between G-tetrads in the quadruplex, the porphyrin environment in the complex is not 

asymmetric. The CD spectra for the 39-mer Bcl-2 promoter sequence quadruplex is 

unchanged by the addition of saturating amounts of TMPyP2, TMPyP3, or TMPyP4 

either in CD band intensity or in CD band wavelength.  The very low intensity negative 

bands in the 425 nm region (shown in the inset in Figure 4.2) are the likely result of very 

weakly bound porphyrin sitting in the quadruplex grooves.  Induced CD signals are not 

seen in any of the TMPyP4 containing solutions, even at porphyrin/DNA ratios in excess 

of 4:1. The induced CD signals for the non-planar porphyrins only appear at ligand to 

DNA ratios that greatly exceed the saturation stoichiometry (2:1) for formation of these 

ligand DNA complexes.  Our interpretation of these signals is that the G-quadruplex 

grooves could provide an asymmetric environment for binding excess porphyrin and that 

binding to these grooves might result in the observed CD spectrum.  In the case of the 

planar ligand there are no induced CD signals indicating that neither end-stacking nor 

intercalation yield the required asymmetric environment for the porphyrin to exhibit an 

induced CD signal. 

ESI-mass spectrometry was used to determine the porphyrin/DNA species found 

in WT 39-mer Bcl-2 G-quadruplex solutions with and without saturating amounts of 
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porphyrin ligands. The mass spectrum for free DNA is shown in Figure 4.3A, while the 

mass spectra for (TMPyP4)x/DNA, (TMPyP3)x/DNA and (TMPyP2)x/DNA are shown in 

Figure 4.3B, 2C, and 2D respectively. 

Figure 4.3 Electrospray ionization mass spectra for solutions containing (A) 80 μM 
WT 39-mer Bcl-2 G-Quadruplex and in complexation with (B) 320 μM 
TMPyP4or (C) 320 μM TMPyP3 or (D) 320 μM TMPyP2. 

The mass spectrum for the TMPyP4/Bcl-2 (4:1) solution shows peaks 

corresponding to (TMPyP4)x/DNA complex species with x = 1, 2, 3, and 4, and having 

net charges of -6 to -8. There is no evidence of uncomplexed or free DNA in the 

TMPyP4 solution. The mass spectrum for the TMPyP3/Bcl-2 (4:1) solution shows peaks 
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corresponding to uncomplexed DNA, and (TMPyP3)x/DNA complexes with x = 1 or 2 

and having net charges of -6 to -8. In addition, there is an m/z peak at 1774.7 

corresponding to some free DNA with a net charge of -7.  The mass spectrum for the 

TMPyP2/Bcl-2 (4:1) solution shows peaks corresponding to uncomplexed DNA, and 

(TMPyP2)x/DNA complexes with x = 1 or 2 and having net charges of -6 and -7.  The 

m/z peaks at 1774.7 and 2070.7 in the mass spectrum for the TMPyP2/Bcl-2 (4:1) 

solution correspond to free DNA with a net charge of -7 and -6 respectively. 

Typical ITC data obtained for the titration of the 39Bcl-2 G-quadruplex DNA 

with TMPyP2, TMPyP3, or TMPyP4 at 25OC in 100 mM KBPES (pH 7.0) buffer are 

shown in Figure 4.4. 

75 



 

 

 

 

 Table 4.1 ITC Derived Thermodynamic Parameters for the binding of porphyrin 
ligands (TMPyP2, TMPyP3, and TMPyP4) to the 39Bcl-2 promoter 
sequence G-Quadruplex. 

 

 

Figure 4.4 Typical ITC titration data (points) and nonlinear regression fits (solid lines) 
are shown for three titration experiments in which a dilute solution of 
porphyrin was added to a dilute solution of the annealed oligonucleotide in 
the calorimeter cell. 

The upper panel represents data for the titration of 39-mer Bcl-2 with TMPyP2 (Note the 
Y-axis is scaled from 0 to .3 kcals/mol). The lower panel represents data for the titration 
of 39-mer Bcl-2 with TMPyP3 and TMPyP4. The best fit parameters for the nonlinear 
regression analysis of these ITC data are given in Table 4.1. 

The data points shown in each of the three representative thermograms are the 

corrected integrated heat produced per injection, plotted with respect to the mole ratio of 

porphyrin/DNA at each point in the titration.  It needs to be noted that since the TMPyP2 
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affinity and enthalpy change are much smaller than for the other porphyrins, the TMPyP2 

data in Figure 4.4 are shown on a magnified (10X) scale.  After making corrections for 

blank heat effects and titrant dilution, the corrected heat data were fit to a thermodynamic 

model using a non-linear regression algorithm to obtain best-fit values for the equilibrium 

constant(s), Ki, enthalpy change(s), ∆Hi, and reaction stoichiometry, n, for complex 

formation. The TMPyP2 and TMPyP3 thermograms were fit with a model having a 

single binding mode, with two equivalent binding sites per DNA, and a saturation 

stoichiometry of 2:1.  The TMPyP4 thermograms required a more complicated model 

having two binding modes, with each binding mode having two equivalent sites, and a 

saturation stoichiometry of 4:1. The best-fit values of the thermodynamic parameters 

estimated for the cationic porphyrin interactions with the WT 39-mer Bcl2 G-quadruplex 

DNA are listed in Table 4.1. Parameter values listed for the interactions of TMPyP4 with 

the WT 39-mer Bcl-2 promoter sequence G-quadruplex are very similar to the Ki, ΔGi, 

ΔHi, and –TΔSi values reported previously for the interaction of TMPyP4 with the shorter 

c-MYC and Bcl-2 promoter G-quadruplexes (17,28). 

The interactions between the three cationic porphyrins and the WT 39-mer Bcl-2 

promoter sequence G-quadruplex motif were also probed using fluorescence techniques.  

Emission spectra for the porphyrin ligands were recorded in DNA free solutions and in 

the presence of varying amounts of Bcl-2 promoter sequence quadruplex DNA. The 

fluorescence emission spectra observed for TMPyP4 in a G-quadruplex DNA free 

solution and in solutions containing either 2 moles of TMPyP4/mole of DNA or 4 moles 

of TMPyP4/mole of DNA are shown in Figure 4.5.  
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Figure 4.5 Fluorescence emission spectra obtained for theTMPyP4 in the presence or 
absence of 39-mer Bcl-2 G-quadruplex DNA. 

Spectrum 1 labeled TMPyP4 is for the free porphyrin (in the absence of DNA). Spectrum 
2 is for TMPyP4in the (TMPyP4)2•39-mer Bcl-2 complex. Spectrum 3 is forTMPyP4 in 
the (TMPyP4)4•39-mer Bcl-2 complex. 

In dilute solution, each of the three porphyrins exhibit complex emission spectra.  

TMPyP2 exhibits an emission spectrum with emission maxima at 640, 660, and 705 nm, 

while TMPyP3 exhibits emission maxima at 660 and 705 nm, and TMPyP4 exhibits 

emission maxima at 660 and in the range of 720 to 730 nm.  In all instances, the total 

fluorescence emission is quenched in the presence of quadruplex DNA.  This is a clear 

indication of porphyrin binding to G-quadruplex DNA.  It is obvious, from the 

fluorescence spectra shown in Figure 4.5, that TMPyP4 fluorescence is changed on 

formation of the TMPyP4/39Bcl-2 complex.  At low mole ratios of TMPyP4 to DNA 

(e.g. ratio ≤ 2.0), the TMPyP4 fluorescence is attenuated across the entire wavelength 

range of 625 to 775 nm.  At higher mole ratios (e.g. TMPyP4/DNA ≈ 4:1), the TMPyP4 
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fluorescence emission spectrum changes dramatically, exhibiting a significant increase in 

fluorescence in the 660 nm region, a nonlinear attenuation near 700 nm, and a red shift in 

the λmax for the 730 nm peak in the emission spectrum.  Although in essence we are only 

showing two points in a DNA titration of TMPyP4 (Figure 4.5), the spectra shown 

represent the end points for formation of the 2:1 complex (with only end binding) and for 

the formation of the 4:1 complex with two different binding modes evident.    

Changes in the emission spectra for TMPyP2 and TMPyP3 (data not shown) are 

linear with increasing DNA up to the point of saturation (2:1) porphyrin to DNA.  The 

TMPyP2 and TMPyP3 fluorescence is quenched proportionally over the emission 

wavelength range (600 to 800 nm) by the DNA interaction.  The results are consistent 

with bound TMPyP4 occupying two different environments in the saturated (4:1) 

TMPyP4/Bcl-2 promoter sequence quadruplexes while bound TMPyP2 and TMPyP3 

appear to occupy a single environment in the saturated (2:1) complexes.  The 

fluorescence experiments reported here for the interactions of all three porphyrin ligands 

with the WT 39-mer Bcl-2 promoter sequence agree in general with the CD, UV-Vis and 

ITC results reported previously for interaction of TMPyP4 with shorter c-MYC and Bcl-2 

promoter sequence quadruplexes (17,19,28). 

4.5 Discussion 

The WT 39-mer Bcl-2 oligonucleotide used in this study contains six contiguous 

runs having three or more consecutive guanines.  The WT 39nt sequence has one run 

with five consecutive guanines, two runs containing four consecutive guanines, and three 

runs having three consecutive guanines. The Hurley group has reported that the WT 39-

mer Bcl-2 P1 promoter sequence forms a mixture of three distinct intramolecular G-
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quadruplex structures in the presence of K+ ions (1,6).  Numerous others have shown that 

cationic porphyrins can bind to G-quadruplex DNA and stabilize the DNA structure 

through π-π stacking interactions between the aromatic porphyrin core and a G-tetrad or 

through electrostatic interactions between positively charged nitrogen atoms of the 

pyridyl rings and negatively charged phosphate oxygen atoms of DNA (1,13,14,22,29-

31). 

The CD results for the WT 39-mer Bcl-2 sequence used in this study agree with 

previously published data obtained for shorter Bcl-2 and c-MYC promoter sequence 

quadruplexes (17,19,28).  Specifically, each of the Bcl-2 promoter sequence G-

quadruplexes (i.e. 23-mer, 27-mer, 30-mer and 39-mer) are best described as 

predominantly parallel structures exhibiting a large positive molar ellipticity in the 260 

nm region with a smaller percentage of anti-parallel character (indicated by a small 

shoulder in the 295 nm region).  In addition, the CD spectra for the Bcl-2 promoter 

quadruplexes is unchanged by the addition of the three porphyrin ligands up to saturation 

(2:1 for TMPyP2 or TMPyP3, and 4:1 for TMPyP4) and there is little or no evidence of 

an induced CD signal for the bound porphyrin (See Figure 4.2).  It appears that bound 

porphyrin, either end-stacked or intercalated, has almost no effect on the CD spectra for 

the G-quadruplex structure or on the equilibrium between the ensemble of Bcl-2 G-

quadruplex species. 

The ESI-MS results provide spectroscopic evidence for the saturation 

stoichiometry of the ligand DNA binding. There is no detectable peak for free DNA in 

the TMPyP4/Bcl-2 mass spectrum.  This is the obvious result of the large equilibrium 

constant for formation of the (TMPyP4)x/DNA complex species (K1 ≈ 4×106 and K2 ≈ 
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7×104).  There are however, detectable peaks for free DNA in the mass spectra for both 

the (TMPyP3)x/Bcl-2 and (TMPyP2)x/Bcl-2 solutions.  The TMPyP4/Bcl-2 spectrum 

(Figure 4.3B) clearly exhibits m/z peaks corresponding to TMPyP4/DNA species having 

2:1, 3:1, and 4:1 complex stoichiometry.  To the best of our knowledge, this is the first 

ESI-MS evidence for a G-quadruplex species having four porphyrin ligands bound to an 

intramolecular G-quadruplex.  To demonstrate that observation of G-Quadruplex species 

and formation of porphyrin/G4 complexes are independent of the G4 length, we provide 

ESI mass spectra obtained in similar experiments performed on a shorter 27-mer Bcl-2 

G-Quadruplex construct (see Figure 4.6). 
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Figure 4.6 Electrospray ionization mass spectra for solutions containing (A) 80 µM 
WT 27-mer Bcl-2 G-Quadruplex and in complexation with (B) 320 µM 
TMPyP4 or (C) 320 µM TMPyP3 or (D) 320 µM TMPyP2. 

The 39-mer Bcl-2 and 27-mer Bcl-2 ESI-MS results taken together suggest that 

the saturation stoichiometry of the G-quadruplex DNA/porphyrin ligand complexes is 

independent of the oligonucleotide length, eliminating the possibility of non-specific 

binding of porphyrin molecules to either the 5’ or the 3’ single stranded ends.   
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The ITC results present a consistent picture regarding the binding of the three 

porphyrin ligands to the WT 39-mer Bcl-2 promoter sequence quadruplex.  We had 

previously reported on the site and mode of TMPyP4 interactions with the WT 27-mer 

Bcl-2 quadruplex and two mutant 27nt sequences designed to fold into 3:7:1 and 3:5:3 

loop isomer quadruplexes (19).  In this previous work, we found that both mutant 

sequence quadruplexes exhibited lower affinity for TMPyP4 than the WT sequence and 

that the isomer with the largest (7 Base) unstructured loop showed an approximate 40-

fold decrease in TMPyP4 binding affinity.  The energetic profile reported here for the 

interaction of TMPyP4 with the WT 39-mer Bcl-2 sequence is similar to the energetic 

profiles reported previously for TMPyP4 binding to the WT Bcl-2 27mer, Bcl-2 (3:7:1) 

23-mer loop isomer, and the Bcl-2 3:5:3 23mer loop isomer G-quadruplexes (19). All of 

these quadruplex motifs exhibited two binding modes for TMPyP4 and a saturation 

stoichiometry of 4:1 in the ITC titration experiments.  The higher affinity binding mode 

combines a favorable enthalpy contribution (-1.8 to -4.6 kcal/mol) with a more significant 

favorable entropy contribution of -4 to -9 kcal/mole in terms of (-TΔS). The lower 

affinity mode combines a more significant enthalpy contribution (-6 to -12 kcal/mol) with 

a smaller entropy term ranging from  -3 to +5 kcal/mol.  The energetic profiles reported 

here for the interactions of TMPyP3 and TMPyP2 exhibit only one binding mode that is 

most similar to the higher affinity TMPyP4 binding mode, at least in terms of the relative 

entropy and enthalpy contributions to the overall binding free energy change.  Mode 1 

binding affinity of the non-planar porphyrin molecules is reduced by a factor of 10 for 

TMPyP3 and more than 60 for TMPyP2 in comparison to TMPyP4 external binding or 
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end stacking. Neither TMPyP3 nor TMPyP2 show Mode 2 binding, presumably the 

result of the non-planar molecules inability to intercalate. 

We speculate here that the entropy-driven energetics for Mode 1 binding, typical 

for the binding of a hydrophobic ligand to the exterior of duplex DNA, can be used as a 

model for the exterior or end binding interactions of the TMPyP4, TMPyP3, and 

TMPyP2 ligands to the top or bottom of the G-quadruplex structure.  The relative mode 1 

affinities, TMPyP4 > TMPyP3 >> TMPyP2 are the result of the non-planar TMPyP3 and 

TMPyP2 molecules being unable to stack effectively on the flat or planar terminal G-

tetrads.   The energetic profile for the second TMPyP4 binding mode is best described as 

an enthalpy driven process. In the case of the insertion of planar aromatic ligands 

between the stacked bases in duplex DNA, the typical exothermic enthalpy change is 

largely the result of increased π-π stacking interactions between the DNA bases and the 

intercalated aromatic ligand (32-36).  We speculate here that the enthalpy driven 

energetics for Mode 2 binding, typical for the intercalation of a planar aromatic ligand 

into duplex DNA, can be used as a model for the stacking of the TMPyP4 ligand between 

two G-tetrads in the G-quadruplex structure. One subtle difference would be that in 

duplex intercalation there are additional consequences of intercalation, i.e. some 

unwinding of the DNA duplex.   

Although the intercalation binding mode remains hypothetical, there continue to 

be reports that intercalation of planar ligands, like TMPyP4, can occur into G-quadruplex 

DNA structures (37-41). Wei et al. reported a change in the G-quadruplex DNA 

conformation on intercalation of TMPyP4 using spectroscopic methods (20).  Scheidt et 

al. has shown by X-ray crystallography that the four 4-N-methyl pyridinium rings in a 
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nitrosyl-Co II- TMPyP4  complex are nearly perpendicular to the plane of the core 

porphyrin ring system (42).  The interaction of TMPyP4 with G-quadruplex DNA in the 

(TMPyP4)4/DNA complex are maximized by rotation of the pyridinium rings to attain a 

planar TMPyP4 geometry favoring both end stacking on the terminal G-tetrads and 

intercalation between stacked G-tetrads in the G-quadruplex structure.  The small change 

in G-quadruplex structure observed by Wei (43) can be attributed to the separation of two 

stacked G-tetrads required for intercalation to occur.   

Gavathiotis et al. reported an NMR structure (PDB accession code: 1NZM) 

having a spacing of 6.9 Å between a G- tetrad and a plane of four Adenines in a parallel 

stranded DNA quadruplex d(TTAGGGT)4 containing the human telomere repeat 

sequence and intercalated quinoacridinium ligands (37).  Keating and Szalai reported 

EPR data consistent with the intercalation of CuTMPyP4 into a d(T4G8T4)4 G-quadruplex 

(38). Hounsou et al. reported an NMR structure (PDB accession code: 2JWQ) having a 

spacing of 5.8 Å between a G- tetrad and a plane of four Adenines, with quinacridine 

based ligands (MMQs) intercalated between two G and A planes (39).  Cavallari et al. 

have reported on an MD simulation study in which they found that TMPyP4 can stack 

with G-tetrads in the absence of interplane cations (41). They report TMPyP4 G-tetrad 

stacking distances of 4.3-4.7 Å and that TMPyP4 intercalation depends on the length of 

the quadruplex, the stoichiometric ratio, and the edge termination motif.  Although none 

of these previous reports directly demonstrates TMPyP4 intercalation between G-tetrads 

in an intramolecular G-quadruplex, we believe that intercalation of the more weakly 

bound porphyrin ligands remains a viable model for the (TMPyP4)4/DNA complex at this 

time.  
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The TMPyP2, TMPyP3, and TMPyP4 total fluorescence is attenuated on binding 

to the WT 39-mer Bcl-2 promoter sequence quadruplex.  The attenuation of the porphyrin 

fluorescence on binding exhibits an irregular trend in that the percent fluorescence 

hypochromicity is largest for TMPyP3, followed by TMPyP4, and then TMPyP2. 

Porphyrin bound to the WT 39-mer Bcl-2 exhibits hypochromicity in total fluorescence 

of 53%, 29% and 13% for TMPyP3, TMPyP4, and TMPyP2 respectively at saturation 

(either 2:1 for TMPyP2 and TMPyP3 or 4:1 for TMPyP4).  Whereas TMPyP2 and 

TMPyP3 exhibit attenuation of their emission spectra over the wavelength range of 600 

to 800 nm when bound to quadruplex DNA, TMPyP4 fluorescence changes in a more 

complex manner on binding to the Bcl-2 quadruplexes.  The decrease in fluorescence 

intensity for either TMPyP2 or TMPyP3 and for TMPyP4, at mole ratios of less than 2:1, 

is due to binding of the porphyrin externally or to the end of the G-tetrad core structure.  

The externally bound porphyrin remains exposed to solvent and its fluorescence 

quenched by water surrounding the externally bound ligand.  The increase in the 

TMPyP4 fluorescence emission intensity, at mole ratios between 2:1 and 4:1 

ligand/DNA, results from TMPyP4 intercalating between two G-tetrads resulting in 

energy transfer between the intercalated porphyrin and the eight guanines located in the 

two G-tetrads stacked on the TMPyP4. The same argument can be used to explain the 

apparent lower hypochromicity of bound TMPyP4 in comparison to bound TMPyP3 at 

low mole ratios (< 2:1). In effect, the increase in fluorescence emission for even a small 

amount of intercalated TMPyP4 (at low mole ratios) partially compensates for the 

attenuation of the externally bound TMPyP4 resulting in TMPyP4 exhibiting decreased 

hypochromicity in comparison to TMPyP3. 
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The results of the spectroscopic and microcalorimetric experiments described here 

clearly demonstrate that the planar cationic porphyrin, TMPyP4, binds with high affinity 

to the WT 39-mer Bcl-2 promoter sequence G-quadruplex by two distinctly different 

binding modes.  We speculate that the two binding modes are an external or end stacking 

mode and an intercalation mode.  The intercalation mode is eliminated when the bulky 

N+-CH3 pyridinium substituent groups (in TMPyP3 and TMPyP2) force the ligand to 

become non-planar, requiring a greater G-tetrad spacing for intercalation to occur.  The 

fluorescence emission spectra can only be explained by the placement of the four bound 

TMPyP4 ligands in two completely different chemical environments in the saturated 

complex.  The non-planar structure of the TMPyP2 and TMPyP3 ligands results not only 

in the loss of mode 2 binding but also in decreased affinity for the end binding 

interaction. The TMPyP2 ligand can only weakly stack on the terminal G-tetrads, while 

the TMPyP3 molecule can apparently partially rotate the pyridinium rings out of the way 

to gain a better π-π overlap between the aromatic porphyrin core and the terminal G-

tetrads. The favorable binding interaction, that is inevitably lost in both the TMPyP2 and 

TMPyP3 quadruplex interactions, is any loop or terminal base sequence overlap with the 

end-stacked ligand. 

The binding of the two non-planar porphyrins (TMPyP3 and TMPyP2) to the 39-

mer Bcl-2 promoter sequence G-quadruplex is clearly different from the binding of the 

planar TMPyP4 ligand to the same DNA construct.  The Structure Activity Relationships 

in these porphyrin binding interactions are the result of differences in the ligands solvent 

accessible surface area (SASA), charge location, and planarity.  The weaker interactions 

for the non-planar ligands were anticipated in that all of these factors are working against 
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the binding of the TMPyP2 and TMPyP3 molecules. Both TMPyP2 and TMPyP3 have 

somewhat smaller SASA values, both have reduced favorable charge/charge interactions 

as the positively charged pyridinium groups are moved further away from the negative 

charges in the DNA backbone in these complexes, and both have weaker π-π stacking 

interactions with the planar receptor G-tetrad. The non-planar ligands simply cannot stack 

as closely to an end tetrad or even fit between two stacked tetrads to intercalate.  Even 

though these structure activity effects could have been predicted, their measurement 

removes any ambiguity relative to the placement of the bound porphyrins and is 

consistent with the two binding modes observed for TMPyP4, end-stacking and 

intercalation. The significance of this study is that it may be possible to design drug 

molecules that specifically target either the end-stacking site or the intercalation site in 

G-quadruplex motifs.  If our binding model is correct, there are two unique opportunities 

for the future development of G-quadruplex structure-selective drugs.  
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CHAPTER V 

THE EFFECT OF PYRIDYL SUBSTITUENTS ON THE THERMODYNAMICS OF 

PORPHYRIN BINDING TO G-QUADRUPLEX DNA 

As previously published in Bioorganic & Medicinal Chemistry, 2013, 21,7515-7522. 

5.1 Abstract 

Most of the G-quadruplex interactive molecules reported to date contain extended 

aromatic flat ring systems and are believed to bind principally by π-π stacking on the end 

G-tetrads of the quadruplex structure.  One such molecule, TMPyP4, (5,10,15,20-

tetra(N-methyl-4-pyridyl)porphyrin), exhibits high affinity and some selectivity for G-

quadruplex DNA over duplex DNA.  Although not a realistic drug candidate, TMPyP4 is 

used in many nucleic acid research laboratories as a model ligand for the study of small 

molecule G-quadruplex interactions. Here we report on the synthesis and G-quadruplex 

interactions of four new cationic porphyrin ligands having only1, 2, or 3 (N-methyl-4-

pyridyl) substituents.  The four new ligands are: P(5) (5-(N-methyl-4-pyridyl)porphyrin),  

P(5,10) (5,10-di(N-methyl-4-pyridyl)porphyrin), P(5,15) (5,15-di(N-methyl-4-

pyridyl)porphyrin), and P(5,10,15) (5,10,15-tri(N-methyl-4-pyridyl)porphyrin).  Even 

though these compounds have been previously synthesized, we report alternative 

synthetic routes that are more efficient and that result in higher yields.  We have used 

ITC, CD, and ESI-MS to explore the effects of the number of N-methyl-4-pyridyl 
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substituents and the substituent position on the porphyrin on the G-quadruplex binding 

energetics.  The relative affinities for binding these ligands to the WT Bcl-2 promoter 

sequence G-quadruplex are: KTMPyP4 ≈ KP(5,15) > KP(5,10,15) >>> KP(5,10), KP(5). The 

saturation stoichiometry is 2:1 for both P(5,15) and P(5,10,15), while neither P(5) nor 

P(5,10) exhibit significant complex formation with the WT Bcl-2 promoter sequence G-

quadruplex. Additionally, binding of P(5,15) appears to interact by an “intercalation 

mode” while P(5,10,15) appears to interact by an “end-stacking mode”. 

5.2 Introduction 

Over expression of Bcl-2 has been observed in a number of cancers including: 

breast, prostate, cervical, colorectal, and lung carcinoma (1). The human Bcl-2 P1 

promoter region is GC-rich and the G-rich strand is known to form a stable G-quadruplex 

structure (2). The stabilization of oncogene promoter sequence G-quadruplexes and 

telomere overhang repeat sequence G-quadruplexes by binding small molecules (e.g. 

ligands or drugs) is a subject of interest in cancer drug discovery.  Ligands exhibiting 

structural recognition (selectivity) and high affinity for G-quadruplex DNA including 

several porphyrin based compounds have been explored for their potential as anti-cancer 

drugs (3-6). The porphyrin-based ligands have shown the ability to inhibit telomerase and 

they typically exhibit low cyto-toxicity (5,6).  TMPyP4, (5,10,15,20- (N-methyl-4-

pyridyl) porphyrin), while not a serious drug candidate, has been used extensively as a 

model ligand in the characterization of the structure, stability, and ligand binding 

properties of oncogene promoter sequence G-quadruplexes (5-14). 

We have published several studies on the interactions of TMPyP4 with several 

oncogene promoter sequence G-quadruplexes including c-MYC, Bcl-2, and K-ras (7-11).   
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We have shown that that TMPyP4 binding to these G-quadruplexes results in a complex 

having 4 moles of TMPyP4 per mole of quadruplex and that the complex is stabilized 

significantly over the naked G-quadruplex. TMPyP4 binds to these G-quadruplexes by 

two distinctly different binding modes, a higher affinity mode which is driven by a 

favorable entropy change and a weaker mode which is accompanied by an unfavorable 

entropy change. We believe that these two modes represent first the end-binding of two 

moles of TMPyP4 followed by the intercalation of another two moles of TMPyP4 so that 

every G-tetrad is sandwiched between two planar porphyrin molecules.  We recently 

reported on a study of the interactions of three related porphyrins, (TMPyP2, TMPyP3, 

and TMPyP4), with a WT 39-mer Bcl-2 promoter sequence G-quadruplex (7).  Using 

CD, Fluorescence, ITC, and ESI-MS, we were able to shown that as the substituted 

porphyrin becomes non-planar, the intercalation binding mode is eliminated so that the 

saturation stoichiometry for binding TMPyP2 or TMPyP3 becomes 2:1 (15).  In addition, 

the end-stacking mode is also weakened as the porphyrin ligand becomes increasingly 

less planar with the binding of TMPyP2 << TMPyP3.  TMPyP4 like many other G-

quadruplex interactive ligands reported to date are planar heterocyclic aromatic ring 

systems(16-25).  The porphyrin ligand charge (e.g. +1, +2, +3, or +4), size (e.g. SASA), 

shape (e.g. planarity) and symmetry (e.g. substitution pattern), may all play a role in 

establishing the selectivity and affinity for G-quadruplex complex formation.  In this 

study, we have begun to explore each of these effects by synthesizing new ligands that 

are systematically reduced in size, charge, and symmetry in comparison to TMPyP4.  The 

new ligands differ from the model TMPyP4 quadruplex interactive compound by having 

only one, two, or three (N-methyl-4-pyridyl) substituents. 
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We used ITC, CD, and ESI-MS to study the interactions of these new porphyrin 

ligands with a 27-mer WT Bcl-2 P1 promoter sequence G-quadruplex.  Although 

Goncalves et al. has already reported the synthesis for the P(5) (5-(N-methyl-4-

pyridyl)porphyrin), P(5,10) (5,10-di(N-methyl-4-pyridyl)porphyrin), P(5,15) (5,15-di(N-

methyl-4-pyridyl)porphyrin), and P(5,10,15) (5,10,15-tri(N-methyl-4-pyridyl)porphyrin) 

compounds (26), we present here alternative synthetic routes that are more efficient and 

that result in higher yields. Goncalves et al. also reported SPR experiments from which 

they estimated the binding affinities for these same four ligands with a human telomere 

repeat sequence G-quadruplex (26). In our experiments, the G-quadruplex is different, 

but even more importantly we have determined the complete set of thermodynamic 

parameters for the formation of these four porphyrin ligand complexes with a typical 

oncogene promoter sequence  G-quadruplex.  The ITC, CD, and ESI-MS data reported 

here have been analyzed to yield values for the free energy changes (ΔG), the enthalpy 

changes (ΔH), the entropy changes (-TΔS), and the saturation stoichiometry (n) for the 

formation of the WT Bcl-2 27-mer P1promoter sequence G-quadruplex complexes with 

P(5), P(5,10), P(5, 15) and P(5,10,15). 

5.3 Material and methods 

5.3.1 Binding studies 

The WT 27-mer Bcl-2 oligonucleotide used in this study was obtained from 

Midland oligos (Midland, TX). The oligonucleotide has the following sequence 5’- 

CGG GCG CGG GAG GAA GGG GGC GGG AGC -3’. DNA stock solution was 

prepared by reconstituting the lyophilized oligonucleotide into KBPES buffer with a salt 

concentration of 130 mM [KCl] and a pH of 7.0.  Approximately 2 mL of the 
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oligonucleotide was dialyzed (1000 Mw cutoff membrane) against three changes of 

buffer solution (1 L, 24h each) at 4°C. The concentrations of stock DNA solution were 

verified using UV-Vis. DNA was annealed by quickly heating  the sample to 100°C, 

holding at 100°C for ten minutes then slowly cooling to 5°C over a three hour period.  

The molar extinction coefficient of the DNA was determined using a nearest-neighbor 

method for single stranded DNA (27).  The extinction coefficient at 260 nm for the WT 

27-mer Bcl-2 sequence was: 2.26×105 M-1cm-1. 

CD experiments were performed with an Olis DSM-20 spectropolarimeter 

(Bogart, GA). All measurements were done at 25°C using a 1 cm quartz cuvette and 

covering a spectral range of 225 - 325 nm. All CD samples were prepared such that they 

had a nominal absorbance of less than 1.0 at 260 nm. 

ITC experiments were performed using a VP-ITC calorimeter (GE-Heathcare). A 

typical ITC experiment involved the addition of 28 (10μL) injections of a dilute (115 

μM) WT 27-mer Bcl-2 DNA solution into ~ 1.5 mL of a dilute porphyrin solution (5 

μM). Reverse titrations were employed because of the low solubility of the substituted 

porphyrins. Three replicate experiments were done for each of the four porphyrins.  

Blank titrations were done by injecting the titrant (115 μM) G-quadruplex) into buffer 

solution. Corrected titration curves were achieved by subtracting the blank titration data 

from the ITC-data for the porphyrin-DNA titrations.  Corrected ITC titrations were fit 

with a nonlinear regression algorithm again using the CHASM© ITC data analysis 

program developed in our laboratory (28). 

ESI-MS experiments on Bcl-2 and the Bcl-2 porphyrin complexes were carried 

out on a Bruker MicrOTOFQ mass spectrometer. Data acquisition was set to operate in 
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negative ion mode.  All experiments were performed in 50 mM ammonium acetate buffer 

(pH=7.0) containing 20% HPLC grade methanol.  The WT Bcl-2 27-mer G-quadruplex 

sample was prepared at a concentration of approximately 25 μM in the ammonium 

acetate buffer and was dialyzed against three changes of buffer 12 hours each at 4°C. 

Stock solutions of the porphyrin ligands were prepared in the final dialysate buffer at 

concentration as high as 50 μM. The ESI-MS samples were prepared by mixing the 

DNA and ligand stock solutions to yield a mixture containing 4 equivalents of each 

porphyrin ligand per equivalent of DNA. The MS capillary voltage was set to +3500 V, 

dry N2 gas flow was adjusted to 0.5 L/min at 110°C, and the G-quadruplex/porphyrin  

samples were directly infused into the MS by using a kD Scientific syringe pump set to a 

flow rate of 200 µL/hour. Data processing was performed by using Bruker Daltonics 

Data Analysis program. 

5.3.2 Porphyrin ligand synthesis 

The overall synthesis for the four porphyrin ligands studied here is shown in 

Figure 5.1. We began our synthesis of the substituted porphyrins by synthesizing the 

key dipyrromethane building blocks 1 and 4 by condensation of the respective aldehydes 

with pyrrole (29,30).  Formylation of 1 utilizing a Vilsmeier reaction gave compound 2 in 

45% yield (26). Functionalized dipyrromethane 5 was synthesized by the diformylation 

of pyridyl dipyrromethane 4 also utilizing a Vilsmeier reaction in 28% yield (26).  The 

reduction of formylated dipyrromethane 5 with sodium borohydride provided compound 

6, which was used in subsequent steps without purification (26). 
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 Figure 5.1 Synthetic routes for the four cationic porphyrin ligands used in this study. 
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With the key building in hand, we focused on the synthesis of the desired 

porphyrin analogues. The synthesis of P(5) was accomplished by the condensation of 

dipyrromethanes 1 and 6 in the presence of trifluoracetic acid.  The resulting mixture was 

allowed to stir for one hour, oxidized with DDQ, and treated with triethylamine to 

provide porphyrin 7 in 8% yield. Methylation of 7 with iodomethane followed by 

washing with ether provided P(5) in 16% yield (26). 

The synthesis of P(5,10) was accomplished by deprotonation of compound 6 with 

ethyl magnesium bromide followed by the addition of Mukiyama reagent 8 resulted in 

the formation of compound 9 in 41% yield (31). The condensation of compounds 2 and 9 

resulted in the formation of porphyrin 10 in 35% yield (32). Methylation of 14 provided 

the P(5,10) in 6% yield (26). 

Porphyrin P(5,15) was synthesized by the condensation of compound 4 with 

trimethylorthoformate 11 followed by methylation provided P(5,15) in 2% overall yield. 

Condensation of compounds 3, 4, and 11 followed by methylation resulted in the 

formation of porphyrin P(5,10,15) (26). 

5.3.2.1 Dipyrromethane 1 (30): 

Paraformaldehyde (1.73g, 57.7mmol) and pyrrole (100mL, 1.44 mol) were added 

to a 250mL two-necked round-bottom flask equipped with a condenser and an internal 

thermometer. The mixture was brought to an internal temperature of 65C. The flask was 

removed from the heat and TFA (444 μL, 5.77 mmol) was added. The mixture was 

purified via flash chromatography eluting at 8-10% EtOAc in hexanes affording 3.17g of 

1 as a white solid in 37% yield. 1H NMR (300MHz, DMSO-d6): δ=3.807 (s, 2H), 5.744 

(s, 2H), 5.884-5.893 (d, 2H), 6.583 (s, 2H), 10.502 (br s, 2H). 
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5.3.2.2 1-formyl dipyrromethane 2 (26): 

DMF (24.2 mmol, 1.9 mL) was added to a dry RBF and cooled to 0 0C. POCl3 

(0.3 mL, 3.01 mmol) was added drop wise and stirred for 10 min to yield the Vilsmeier 

reagent. In another dry RBF, dipyrromethane 1 (0.500 g, 3.42 mmol) was dissolved in 

DMF (7.5 mL) under argon and cooled to 0 0C. To the reaction mixture, the freshly 

prepared Vilsmeier reagent (1.9 mL, 3.36 mmol,) was added drop wise and stirred at 0 0C 

for 2 h. After 2 h, a biphasic solution of Ethyl acetate (50 mL) and saturated aqueous 

sodium acetate (50 mL) was added and stirred at room temperature for 4 h. Ethyl acetate 

was separated and the aqueous layer was extracted three times with ethyl acetate and the 

combined organic layer was washed with brine and water, dried over anhydrous Na2SO4 

and evaporated in vacuo to get crude product. The desired compound was isolated using 

automated flash chromatography, eluting at 20% EtOAc in DCM and evaporate in vacuo 

to yield 2 as a pale yellow solid (270 mg, 45.2%). 1HNMR (300 MHz, DMSO-d6): δ 

=11.93 (br s, 1H), 10.606 (br s, 1H), 9.328 (s, 1H), 6.867-6.887 (m, 1H), 6.602-6.607 (m, 

1H), 5.98-5.999 (m, 1H), 5.866-5.892 (m, 1H), 5.765 (br s, 1H), 3.868 (s, 2H) ppm. 

5.3.2.3 5-(4-pyridyl)dipyrromethane 4 (29): 

4-pyridylcarboxaldehyde 3 (1.5mL, 16.4 mmol) and pyrrole (16mL, 230 mmol) 

were added to a microwave vial. The vial was sealed under argon and stirred for 20 min 

at 150C. The reaction mixture was cooled and concentrated under reduced pressure to 

yield a dark red liquid which was left on high vacuum overnight to yield a dark oil.  The 

oil was dissolved in minimal DCM and wet-loaded onto a Biotage 50G column, packed 

with alumina oxide and purified via flash chromatography with DCM:EtOAc. Fractions 

containing product were collected and concentrated under vacuum. Minimal DCM was 
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added to the resulting solid to create a slurry. Excess hexanes were added and the mixture 

was filtered, collecting 4 as a pale grey solid (645.1mg, 18.9% yield).  1H NMR 

(300MHz, CDCl3): δ= 5.541 (s, 1H), 5.874 (s, 2H), 6.168-6.197 (q, 2H), 6.738-6.761 (q, 

2H), 7.313-7.340 (d, 2H), 7.599-7.627 (d, 2H), 7.973 (br s, 2H). 

5.3.2.4 1,9-Diformyl-5-(4-pyridyl)dipyrromethane 5 (26): 

The procedure of 1-formyldipyrromethane 2 was followed with DMF (6 mL, 58 

mmol), POCl3 (0.9 mL, 9.66 mmol) and replacing the dipyrromethane with 5-(4-

pyridyl)dipyrromethane 11 (0.300 g, 1.34 mmol).  The desired compound was isolated 

using automated flash chromatography, eluting at 9% MeOH in DCM and concentrated  

in vacuo to yield 5 as a brown oil (0.103 g, 28%). 1HNMR (300 MHz, CDCl3), δ =10.96 

(br s, 2H), 9.24 (s, 2H), 8.58 (d, J = 5.1 Hz, 2H), 7.28 (d, J = 5.1 Hz, 2H), 6.91 (s, 2H), 

6.09 (s, 2H) and 5.60 (s, 1H) ppm. 

5.3.2.5 (5,5’-(pyridine-4-ylmethylene)bis(1H-Pyrrole-5,2-diyl)dimethanol  6 (26): 

In a dry RBF under argon, 1,9-Diformyl-5-(4-pyridyl)dipyrromethane 5 (0.103 g, 

0.365 mmol) was dissolved in THF-Methanol (10:1 , 20 mL) and cooled to 0 0C. NaBH4 

(0.29 g, 7.66 mmol) was added in roughly 50 mg portions every 2 min under a stream of 

argon. The reaction mixture was stirred at room temperature for 1 h and poured into a 

biphasic mixture of saturated aqueous ammonium chloride and DCM (1:1, 50 mL). The 

organic layer was washed with water twice and dried over anhydrous Na2SO4 and 

evaporated in vacuo to get crude 6 (100 mg) which was used directly in the next step. 
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5.3.2.6 4-Pyridylporphyrin 7 (26): 

The above 11 stirred at room temperature for 5 min, then TFA (0.33 mL, 4.39 

mmol) was added and the mixture was stirred for 1 h. DDQ (0.247 g, 1.09 mmol) in 

toluene (6 mL) was added and stirred for1 h. Triethylamine (0.6 mL, 4.39 mmol) was 

added and stirred for 10 min. The reaction mixture was evaporated in vacuo. Crude 7 was 

isolated at 2-10% MeOH in DCM as a purple solid (150 mg) using flash chromatography 

and purified by preparative TLC (eluted by 5% MeOH in DCM). The purple band was 

collected and extracted from the silica with MeOH. Evaporation of the solvent in vacuo 

gave 12 as a purple-red solid (6 mg, 8%). 1HNMR (600 MHz, DMSO-d6): δ=10.70 (s, 

2H), 10.64 (s, 1H), 9.74-9.72 (m, J = 4.4 Hz, 6H), 9.33 (d, J = 5.9 Hz, 2H), 9.27 (d, J = 

4.4 Hz, 2H), 8.92 (d, J = 5.9 Hz, 2H) and -3.57 (br s, 2H, NH) ppm.  

5.3.2.7 S-2-Pyridyl isonicotinothioate 8 (31,32): 

An oven dried flask was charged with 2-mercaptopyridine (1.000 g, 8.99 mmol) 

and purged with argon. The solid was dissolved in anhydrous THF (20 mL) with stirring. 

The solution was treated with isonicotinoyl chloride hydrochloride (1.600 g, 8.99 mmol). 

The resulting slurry was stirred overnight. The reaction mixture was filtered. The filtrate 

was washed with hexanes. The resulting orange solid was added to a biphasic solution of 

diethyl ether and saturated sodium bicarbonate and stirred until it no longer bubbled.  The 

organic layer was collected and the aqueous layer was washed with diethyl ether (3 X 50 

mL). The organic layers were combined and dried with Na2SO4 and concentrated in 

vacuo to yield a yellow solid. Minimal THF was added to the solid to form a slurry which 

was filtered and washed with hexanes to yield 8 (0.8 g, 45%). 1HNMR (300 MHz, 
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DMSO-d6): δ= 8.65 (m, 2H), 8.719 (m, 1H), 7.820-7.854 (m, 3H), 7.749 (d, J = 7.8 Hz, 

1H), 7.40 (m, 1H). 

5.3.2.8 1-Isonicotinoyl-5-(4-pyridyl)dipyrromethane 9 (31,32): 

To a solution of 9 (0.844 g, 3.77822 mmol) in THF (15 mL) under argon was 

added dropwise 1.0 M EtMgBr (9.6 mL, 9.6 mmol) at room temperature.  The flask was 

stirred for 10 min and cooled to -78 °C.  S-2-pyridyl isonicotinothioate in THF (15 mL) 

was added dropwise over 10 min and stirred for an additional 10 min before warming to 

RT and stirring for 4 h. The reaction was quenched at RT with 25 mL saturated aqueous 

NH4Cl. The slurry was extracted with EtOAc (3x25 mL).  The organic layer was washed 

with DI water (3x20 mL), brine (3x20mL), dried with Na2SO4 and evaporated in vacuo to 

yield a yellow-brown solid. Flash chromatography gave 9 (0.506, 1.54 mmols) as a light 

brown solid in 41% yield eluting at 12% MeOH in DCM. 1HNMR (300 MHz, DMSO-

d6): δ= 12.290 (br s, 1H), 10.809 (br s, 1H), 8.738 (d, J = 4.8, 2H), 8.493 (d, J = 4.8), 

7.650 (d, J = 4.8), 7.159 (d, J = 4.8, 2H), 6.774 (m, 1H), 6.693 (m, 1H), 6.067 (m, 1H), 

5.942 (m, 1H), 5.761 (m, 1H), 5.601 (s, 1H). 

5.3.2.9 5,10-Di(4-pyridyl)porphyrin 10 (32): 

To a stirred solution of 1-formyldiprromethane 7(0.018 g, 0.103 mmol) and 1-

isonicotinoyl-5-(4-pyridyl)dipyrromethane 13  (0.035 g, 0.106 mmol) in 2.4 mL toluene 

in a microwave reactor vial was added DBU (0.35 ml, 2.3 mmol) and stirred for 10 min.  

MgBr2 (0.125 g, 0.67mmol) was added to the vial, which was then capped in atmosphere 

and heated to 115 °C for 90 min in the microwave reactor with magnetic stirring.  The 

vial was emptied and rinsed with THF into a pear-shaped flask and evaporated.  The 
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crude solid was dissolved in DCM (15 mL) and washed with DI water (2x30 mL) and 

brine (2x30mL) dried with Na2SO4 and evaporated. The solid was dissolved in 4 mL 

DCM and demetallated with trifluoroacetic acid (0.050 mL) and neutralized with 

triethylamine (0.040 ml).  After 5 min the mixture was washed with DI water (1x10 mL) 

and brine (2x10 mL), dried with Na2SO4 and evaporated to dryness. The crude product 

was then purified by column chromatography eluting at 45-50% MeOH in EtOAc. 

Evaporation of the solvent gave 10 (0.017g) in 35% yield. 1H NMR (300 MHz, CDCl3): 

δ=10.341 (s, 2H), 9.519 (s, 2H), 9.439 (m, 2H), 9.079 (m, 4H), 9.012 (m, 2H), 8.936 (s, 

2H), 8.206 (m, 4H), -3.422 (s, 2H). 

5.3.2.10 5, 15-Di-4-pyridylporphyrin 12 (26): 

5-(4-pyridyl)dipyrromethane 9 (1.000 g, 4.51 mmol), trimethyl orthoformate 11 

(36 mL, 329 mmol) and DCM (700 mL) were added to a flask covered with aluminum 

foil, stirred and degassed by bubbling with Argon for 30 min. A solution of TCA (17.6 g, 

108 mmol) in DCM (300 mL) was added drop wise to the flask over 15 min.  The 

reaction stirred under argon for 4 h. The mixture was quenched with pyridine (31.2 mL) 

and stirred for18 h. The reaction mixture was bubbled with air for 10 min. The aluminum 

foil was removed and the reaction was stirred under ambient light for 4 h. The solvent 

was removed in vacuo to yield a black solid. The solid was filtered through a silica pad, 

and washed with DCM and 0.5% MeOH in DCM. The fraction collected was 

concentrated in vacuo and dissolved in DCM and filtered through a Buchner funnel to 

eliminate some black solid. The filtrate was concentrated to 3 mL and wet loaded onto a 

flash chromatography column. Automated flash chromatography gave pure fractions at 

1% MeOH in DCM. Fractions were collected and concentrated in vacuo to afford 12 as a 
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purple solid (80 mg, 4%). 1H NMR (300 MHz, CDCl3): δ=10.416 (s, 2H), 9.485 (d, 

J=4.65, 4H), 9.11 (m, 4H), 9.075 (d, J=4.67, 4H), 8.260 (m, 4H). 

5.3.2.11 5, 10, 15-Tri-4-pyridylporphyrin 13 (26): 

5-(4-pyridyl)dipyrromethane 4 (500 mg, 2.25 mmol), trimethyl orthoformate 1 (9 

mL, 82.5 mmol), 4-pyridylcarboxaldehyde 3 (0.4 mL, 4.1 mmol) and anhydrous DCM 

(400 mL) were added to a flask and degassed by bubbling with argon for 30 min. In a 

separate flask, TCA (8.83 g, 54 mmol) was dissolved in anhydrous DCM (100 mL). The 

solution was added to the reaction mixture slowly over 15 min and stirred for 4 h. The 

reaction mixture was quenched with pyridine (15.6 mL) and stirred for 2 h. DDQ (0.3 g, 

1.3 mmol) was added and stirred for 15 min. The aluminum foil was removed and the 

solvent was evaporated in vacuo to yield a black solid, which was left on high vacuum 

overnight. The black solid was preadsorbed onto silica and purified twice via automated 

flash chromatography using 5% MeOH in DCM. Preparative TLC, run in 8% MeOH in 

DCM gave 12 as a purple band, isolated as a purple solid (15 mg, 1.3%).  1H NMR (300 

MHz, CDCl3): δ=10.355 (s, 1H), 9.436 (d, J=4.7 Hz, 2H), 9.081 (m, 6H), 9.032 (d, J=4.7 

Hz, 2H), 8.923 (m, 4H), 8.218 (m, 6H), -3.118 (s, 2H). Exact mass: calculated: 542.21; 

found: 542.2071 (M+H+) 

5.3.2.12 General procedure for the quaternization of porphyrin pyridyl groups 
with methyl iodide (26): 

To an oven dried flask cooled under vacuum porphyrin (0.044 mmol) was added 

and purged with 3x with argon. 32 mL dry CHCl3 followed by 8 mL dry DMF was 

added via syringe. 3.5 mL (excess) CH3I was added and the solution was stirred for 12 

hours at RT. The solution was concentrated under vacuum to 1/4 the original volume.   
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To the solution was then added 60 mL Et2O several times with subsequent decanting.   

The solid was then triturated with CH3CN, decanted and dried in vacuo to yield product. 

5.3.2.12.1 5-(N-methylpyridynium-4-yl)porphyrin P(5):   

Trituration yielded 0.002 g P(5). Exact mass: calculated: 402.1713 ; found: 

402.1771 

5.3.2.12.2 5,10-Di(N-methylpyridinium-4-yl)porphyrin P(5,10):  

Note that P(5,10) was soluble in CH3CN, so the last wash was filtered and 

evaporated to dryness to yield 0.001 g P(5,10). Exact mass: calculated: 494.22 ; found: 

494.2140 (M) 

5.3.2.12.3 5,15-Di(N-methylpyridinium-4-yl)porphyrin P(5,15):  

Trituration yielded 0.012 g P(5,15). 1H NMR (300 MHz, DMSO-d6): δ = 10.849 

(s, 2H), 9.859 (d, J=4.7, 4H), 9.516 (d, J=5.91, 4H), 9.245 (d, J=4.7, 4H), 9.083 (d, 

J=5.92, 4H), 4.745 (s, 6H), -3.333 (br s, 2H). Exact mass: calculated 494.22; found: 

494.2228. 

5.3.2.12.4 5,10,15-tri(N-methyl pyridinium-4-yl)porphyrin P(5,10,15):  

Trituration yielded 0.008 g P(5,10,15) 1H NMR (300 MHz, CDCl3): δ = 10.866 

(s, 1H), 9.860 (br s, 2H), 9.518 (m, 6H), 9.210 (m, 4H), 9.183 (m, 2H), 9.030 (m, 4H), 

8.970 (m, 2H), 4.981 (s, 9H), -3.660 (s, 2H). Exact mass: calculated: 195.42; found: 

195.4242 
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  5.4 Results 

The CD spectra shown in Figure 5.2 indicate that the WT Bcl-2 27-mer P1 

promoter sequence exists as a mixed parallel/anti-parallel G-quadruplex in the KBPES 

buffer in the absence of any added porphyrin ligand.  The naked Bcl-2 27-mer CD 

spectrum shown in the Figure 5.2, (P/DNA = 0), exhibits typical G-quadruplex 

characteristic peaks and troughs at 245 nm, 265 nm and a shoulder at 290 nm (8).  The 

dashed line shown along the x-axis in Figure 5.2 is the measured ellipticity of the 

porphyrin in a DNA free solution. The CD spectra for the P(5,10,15)/Bcl-2 complexes 

having porphyrin to DNA ratios of 1, 2, 3, or 4 show that the CD signal for the G-

quadruplex is largely the same for the complexes and the naked DNA although there is 

some attenuation of the characteristic peaks and troughs in the complex spectra.  It is 

obvious that binding P(5,10,15) to the WT Bcl-2 27-mer P1 promoter sequence G-

quadruplex does not perturb the folding of the DNA in the G-quadruplex.  The CD 

spectra shown in Figure 5.3 are for the 2:1 complexes of the Bcl-2 G-quadruplex with 

P(5,15), P(5,10,15) and TMPyP4 (P(5,10,15,20)). The CD spectra shown in Figure 5.3 

indicate that there is no change in the G-quadruplex structure upon complex formation 

with theses ligands. 
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Figure 5.2 CD spectra of WT 27-mer Bcl-2 G-quadruplex in the absence and presence 
of the P(5,10,15) ligand. The ellipticity at 265 nm is attenuated 
progressively as the porphyrin to DNA ratio is increased from 0 to 4. The 
dashed line near y = 0 is the ellipticity for the P(5,10,15) in a DNA free 
solution. 
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 Figure 5.3 CD spectra are shown for the Bcl-2 G-quadruplex and its 2:1 complexes 
with P(5,15), P(5,10,15) and TMPyP4. The ellipticities at 265 nm and 295 
nm are essentially the same for all three ligands and the free Bcl-2 G-
quadruplex. 

The ESI mass spectrum for the WT Bcl-2 27-mer P1 promoter sequence G-

quadruplex, and the spectra for the saturated complexes of the WT Bcl-2 27-mer P1 

promoter sequence G-quadruplex with  P(5), P(5,10), P(5, 15) and P(5,10,15) are shown 

in Figure 5.4. 
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Figure 5.4 Electrospray ionization mass spectra for WT 27-mer Bcl-2 G-quadruplex 
and its complexes with P(5), P(5,10), P(5,15), and P(5,15,20). 

Panel A shows the mass spectrum obtained for a solution containing only the Bcl-2 
oligonucleotide at a concentration of 10 μM. Panels B–E show the mass spectra for the 
Bcl-2 oligonucleotide and its porphyrin complexes obtained in solutions containing 40 
μM P(5), 40 μM P(5,10), 40 μM P(5,15) and 40 μM P(5,15,20), respectively. 

The ESI mass spectra for the solutions containing P(5) or P(5,10) along with the 

Bcl-2 G-quadruplex, shown in Figure 5.4B and C respectively, provide no evidence for 

Bcl-2 complex formation with these ligands.  The only peaks in the mass spectra shown 
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in Panel B and Panel C of Figure 5.4 are for the parent DNA with a charge of -5 or -4, 

exactly the same as the spectrum shown in Panel A for the naked DNA.  The ESI mass 

spectrum for the solution containing P(5,15) along with the Bcl-2 G-quadruplex is shown 

in Panel D of Figure 5.4. The spectrum for this solution which contains four moles of 

P(5,15) per mole of Bcl-2 G-quadruplex is consistent with significant complex formation.  

The new peaks with m/z values of 1908.3 and 2385.6 are attributed to a P(5,15)/Bcl-2 

complex having a molar ratio of 2:1 and a charge of  -5 or -4 respectively.  It should also 

be noted that no free or uncomplexed Bcl-2 is present in this solution.  This result is 

consistent with a very large Ka for formation of the 2:1 P(5,15)/Bcl-2 complex. The ESI 

mass spectrum for the solution containing P(5,10,15) and the Bcl-2 G-quadruplex is 

shown in Panel E of Figure 5.4. The spectrum for this solution, which contains four 

moles of P(5,10,15) per mole of Bcl-2 G-quadruplex, is consistent with weaker complex 

formation. The new peaks with m/z values of 1947.4 and 2436.2 are attributed to a 

P(5,10,15)/Bcl-2 complex having a molar ratio of 2:1 and a charge of -5 or -4.  In this 

spectrum we also see a peak with an m/z value of 1711.2 which corresponds to 

uncomplexed G-quadruplex with a charge of -5.  The same peak (m/z = 1711.2) is also 

seen as the predominant peak in the spectrum obtained for DNA in the ligand free 

solutions (Figure 5.4 Panel A). The ESI-MS spectra were obtained using ammonium 

acetate as the buffer and supporting electrolyte (in place of either Na+ or K+). The greater 

lability of the ammonium ion in comparison to either sodium or potassium ions reduces 

DNA counterion adduction yields a cleaner mass spectrum.  Under these conditions, the 

observation of the loss of the two NH4
+  ions from between the stacked G-tetrads in the 

quadruplex is problematic.   
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 Figure 5.5 Panel A shows the thermogram for the addition of the 115 μM WT-27mer 
Bcl-2 titrant into 5 μM P(5,15). Panel B shows the thermogram for heat of 
dilution of the porphyrin solution, that is, the addition of buffer into 5 μM 
P(5,15). Panel C shows the corrected enthalpogram for titration DNA into 
porphyrin ligand along with the model fit (▬) and best fit parameters for 
formation of the 2:1 complex. 

 

 

Due to the limited solubility of the P(5), P(5,10), P(5,15) and P(5,10,15) 

porphyrin ligands, the ITC experiments were all done as reverse titrations in which a 

dilute solution of the DNA was added to a dilute solution of the porphyrin in the 

calorimeter cell (see Figure 5.5). 

Reverse titration is a common practice for systems with low solubility and yields 

thermograms that are easily fit to an independent site model with our CHASM© program 

(28) (see ITC data in Figure 5.5 panel C).  Typical ITC data for the titration of the 
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P(5,15) porphyrin ligand with the Bcl-2 G-quadruplex are shown in Figure 5.5 panel A.  

The data shown in Figure 5.5 panel B are for the dilution of P(5,15), i.e. the curve shown 

is for the addition of buffer to the P(5,15) porphyrin titrate. The heats of dilution for 

these porphyrins were significant, a sign that the porphyrins in solution are undergoing 

some self- association.  The data shown in Figure 5.5 panel C are the integrated heat data 

corrected for the heat of dilution.  The best fit parameters and associated uncertainties for 

the non-linear regression fit of the ITC heat data are shown in the box in Figure 4C.  The 

expected value of n would be 0.5 for a complex having two ligands per mole of DNA 

since these data are for the reverse titration.  The ITC data for the P(5,15) and P(5,10,15) 

titrations were similar in that these two ligands bind with similar stoichiometry (2:1) and 

similar affinity (Ka≈1×107). The ITC data for the P(5) and P(5,10) titrations were 

similar in that these two ligands were not observed to bind and the titrations were almost 

identical to the blank titrations. The corrected data for the P(5,15) and P(5,10,15) 

titrations were fit with CHASM© to yield best fit values for K, ΔH, and n. Values of ΔG 

and -TΔS were calculated from the best fit parameters and are reported in Table 5.1.  The 

relative affinities for binding the four new porphyrin ligands and TMPyP4 to the WT Bcl-

2 promoter sequence G-quadruplex are: KTMPyP4 ≈ KP(5,15) > KP(5,10,15) >>> KP(5,10), KP(5). 

The ITC and ESI-MS data are in agreement with respect to the relative affinities. 
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 Table 5.1 A Comparison of the thermodynamic parameters for binding the porphyrin 
ligands P(5), P(5,10), P(5,15), P(5,10,15) and TMPyP4 to G-quadruplex 
DNA 

 

 

  

 

 

a The SPR data are for the interaction of the porphyrin ligands with a 26-mer human 
telomere G-quadruplex having the sequence: 5’-GGA TTG GGA TTG GGA TTG GGA 
TTG GG-3’ (26)
b The ITC data reported here are for the interaction of the porphyrin ligands with a 27-
mer Bcl-2 G-Quadruplex having the sequence: 5’-CGG GCG CGG GAG GAA GGG 
GGC GGG AGC-30. The data for the binding of TMPyP4 to the same G-quadruplex are 
from Nagesh et al. (9) 

5.5 Discussion 

The synthetic routes for all four model porphyrin ligands are shown in Figure 5.1 

and all previous synthesis and synthetic methods are referenced. The synthesis of 

porphyrins P(5), P(5,15), and P(5,10,15) was accomplished utilizing the route reported 

by Goncalves et al. (26). This route provided these porphyrins in good yield.  The 

synthesis of P(5,10) was accomplished by the modification of a synthetic route reported 

by Dogutan et al. (32). This synthetic route provided us with a more efficient means for 

the synthesis of the P(5,10) analogue as compared to the Goncalves route.   

The binding of the new porphyrin ligands is compared to TMPyP4 for the purpose 

of determining the effects of the ligand’s solvent accessible surface area (SASA), charge, 

symmetry, and geometry on the thermodynamics of their interactions with G-quadruplex 

DNA. The thermodynamic data given in Table 5.1 yield a couple of surprises.  The 

binding of the P(5,15) and to a lesser degree the P(5,10,15) compounds seems to be 

tighter than expected, while the binding of the P(5,10) compound appears to be weaker 
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than expected. We have previously suggested that the two binding modes observed for 

the interaction of TMPyP4 with G-quadruplexes in general and more specifically with c-

MYC, Bcl-2, and K-ras promoter sequence G-quadruplexes are 1) and “end binding” 

mode, and 2) an “intercalation mode” (7,8,10).  The end-binding mode is generally 

accepted in the literature and is not controversial in that stacking of the planar porphyrin 

ligand, TMPyP4, on a terminal G-tetrad is consistent with simple  π-π stacking and 

similar to guanine self-association.  On the other hand, the proposed intercalation mode is 

neither proven nor does it resemble simple self-association or the π-π stacking of the end 

binding interaction. However, we as well as others have published numerous  studies that 

suggest that intercalation is plausible, not only from the saturation stoichiometry which 

varies as the number of stacked tetrads plus one (12), but also from the reduction in 

bound ligands from 4 to 2 as the ligand becomes non-planar (15).  Modeling studies show 

that TMPyP4 can intercalate between the G-tetrads and that the structure of the G-

quadruplex is not affected (33).  All of these results are also supported by CD data that 

indicate no change in the G-quadruplex CD spectrum on formation of the 4:1 

TMPyP4/DNA complex.  There is also no induced CD signal for bound TMPyP4 until 

excess ligand is present, with excess ligand more weakly bound to the exterior of the G-

quadruplex (15), possibly in the grooves. The thermodynamic signatures for these two 

modes are characteristic in that the “end binding” mode is accompanied by a small 

favorable ΔH and a large favorable -TΔS term which drives the complex formation, while 

the “intercalation” mode is driven by a large favorable ΔH and a negligible change in 

entropy (7). Using these same arguments, we describe the binding of the P(5,15) ligand 

as “intercalation” and the binding of the P(5,10,15) ligand as “end binding”. In 
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comparison to TMPyP4 which forms G-quadruplex complexes having a saturation 

stoichiometry of 4:1, the P(5,15) and P(5,10,15) only form 2:1 complexes with the Bcl-2 

promoter sequence G-quadruplex. 

The affinities we report in Table 5.1 for binding P(5,15) and P(5,10,15) to the 

Bcl-2 G-quadruplex are in general agreement with the affinities reported by Goncalves et 

al. (26) for binding these same ligands to a human telomere G-quadruplex.  In 

comparison to our ITC results for G-quadruplex complex formation with these ligands, 

the SPR experiments of Goncalves et al. (26) yield a smaller ΔG° value for the 

interaction of P(5,15) (-8.3 kcal/mol vs. -9.4 kcal/mol by ITC), a similar ΔG value for the 

interaction of P(5,10,15) (-7.1 kcal/mol vs. -6.7 kcal/mol by ITC), and a smaller ΔG° 

value for the interaction of TMPyP4 (-8.4 kcal/mol vs. -9.0 kcal/mol, the average ΔG° for 

the mode 1 and mode 2 reactions as determined by ITC).  All of these values are in good 

agreement particularly since the Goncalves results are for binding to a human telomere 

G-quadruplex instead of the Bcl-2 G-quadruplex used in our study which exists as an 

ensemble of at least three folded isomers.  The biggest differences are that Goncalves et 

al. (26) reports a significant affinity for binding the P(5,10) ligand to a human telomere 

G-quadruplex while we did not observe any complex formation between the P(5,10) 

ligand and the Bcl-2 promoter sequence G-quadruplex in either our ITC or ESI-MS 

experiments.  Additionally Goncalves et al. (26) failed to find the expected 4:1 

stoichiometry for the TMPyP4 complex with the human telomere (34).  The SPR study of 

Federici et al. (35) reports two binding modes and a saturation stoichiometry of 4:1 for 

the binding of TMPyP4 to the c-MYC promoter sequence G-quadruplex.  Their two 

reported affinities are: K1 ≈ 1.3×108 (ΔG = -11.0 kcal/mol) and K2 ≈ 7.7×105 (ΔG° = -8.0 
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kcal/mol).  These are in excellent agreement with our previously reported values for the 

interaction of TMPyP4 with the c-MYC, Bcl-2, and K-ras promoter sequence G-

quadruplexes (7,8,10). 

Whether the binding of P(5,15) is through end-binding, intercalation, or binding 

in a G-quadruplex groove, its apparent high affinity points us in a new direction with 

respect to designing G-quadruplex interactive ligands.  In comparison to TMPyP4, the 

P(5,15) ligand has a smaller SASA, and has a charge of only +2.  However, P(5,15) binds 

to the Bcl-2 G-quadruplex with almost the same affinity as TMPyP4, ΔG° = -9.4 

kcal/mol vs. -10.4 kcal/mol for TMPyP4 (for binding the first two moles of TMPyP4).  It 

also appears to bind by what we are calling the “intercalation mode” vs. the mode 1 

interaction for TMPyP4 which has been assigned to “end binding”.  Perhaps even better 

G-quadruplex ligands could be synthesized to take advantage of the trans (5,15) 

substitution pattern on the core porphyrin, but with changes in the substituent charge or 

shape to produce stronger interactions with either the G-tetrad(s), loops, or grooves of the 

G-quadruplex (36-38). The weaker affinity of the P(5,10,15) ligand in comparison to 

TMPyP4 and its apparent end binding are more difficult to explain.  For example, why 

does the removal of a single pyridinium substituent from TMPyP4 result in the loss of 

almost 3.5 kcal in the binding energy?  Perhaps the explanation is that the substituent 

pyridinium groups in TMPyP4 are interacting with the loops, grooves and or tail residues 

in the G-quadruplex and the loss of one interaction is destabilizing.  The Arya group has 

begun to exploit dual recognition with conjugated ligands incorporating both a planar 

moiety to base stack with an aminoglycoside to bind in the quadruplex groove (36,37).  A 

better understanding of the G-quadruplex interactions with model porphyrin ligands used 
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in this study as well as other new ligands will most certainly lead to better G-quadruplex 

stabilizing drugs. 
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CHAPTER VI 

CAPPED G-QUADRUPLEXES FLANKED BY DUPLEX DNA:  

A MODEL FOR HUMAN C-MYC NHE-III1 

6.1 Abstract 

In vitro studies of intramolecular G-quadruplex structure and function have 

typically been restricted to studies of single strand G-rich DNA constructs.  We report 

here on the biophysical characterization of double stranded intramolecular G-

quadruplexes that model the human c-MYC NHE-III1. The model NHE-III1 was 

assembled by annealing a 17-mer oligonucleotide (short polypyrimidine strand) having a 

mid-sequence run of 5T’s (or C’s) and tail sequences of 3’-AAATTT and TTTAAA-5’, 

to a 32-mer oligonucleotide (polypurine strand) having a 20-mer c-MYC G-quadruplex 

forming core and complimentary tail sequences of 5’-TTTAAA and AAATTT-3’.  CD 

spectra for the model NHE-III1 motifs exhibit a shoulder at 290 nm indicative of 

increased anti-parallel character in these double stranded G-quadruplex structures.  The 

single stranded c-MYC and model NHE-III1 contain at least two folded G-quadruplex 

conformations (e.g. 1:2:1 and 1:6:1 isomers).  In the model NHE-III1, this conformational 

equilibrium is shifted, with the 1:6:1 loop isomer becoming the predominant G-

quadruplex species. The model NHE-III1 exhibits a significant increase in TMPyP4 

binding affinity over the single stranded construct (δΔGi ≈ 2 kcal/mol). Although this 

NHE-III1 model may still be too simple, it appears to provide a new perspective for drug 
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targeting G-quadruplexes formed in the c-MYC NHE-III1 or G-Quadruplexes formed in 

other oncogene promoters.. 

6.2 Introduction 

Putative G-quadruplex forming sequences have been found in the regulatory 

regions of approximately 40% of all human genes and in the promoter regions of several 

oncogenes that are associated with a broad spectrum of cancers (1-7).  Our research 

group has a strong interest in the c-MYC oncogene, which is overexpressed in 60–80% of 

all cancers (8-12). The c-MYC oncogene has been known to associate with a number of 

human cancers, including lung, breast, colon, colorectal, and hematopoietic (4,5,13,14). 

Located at -142 to -115 bp upstream of the P1 promoter of the c-MYC oncogene is a 

region called the nuclease hypersensitivity element, or NHE-III1. As the name suggests, 

this region of DNA is particularly susceptible to DNA degradation by DNase I (15) due 

to the slow equilibrium between the duplex B-DNA form to higher order DNA structures 

known as G-quadruplex and i-motif (16-19). The NHE-III1 controls 80-90% of the 

transcription in the c-MYC gene which makes it a promising anti-cancer drug target for 

down regulating c-MYC expression. Binding small molecules to these DNA secondary 

structures can stabilize the G-quadruplex or i-motif, thereby inhibiting the formation of 

the transcriptionally active DNA/ protein complex (11,12,18,20-22). Understanding the 

structure and stability of the G-quadruplex is key to designing small molecules that can 

specifically target the G-quadruplex with high affinity. 

Previous studies have shown that the typical G-quadruplex forming DNA 

sequence results in an ensemble of folded structures exhibiting a number of folding 

topologies. The ensemble of folded structures result from changes in the specific bases 
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which reside in the end or lateral loops and/or the direction of the backbone at each of the 

four corners of the stacked G-tetrads. The c-MYC WT polypurine P1 promoter sequence 

has been shown to fold into 1:2:1 and/or 1:6:1 loop isomers with a predominantly parallel 

backbone orientation (10,11,20,22). We have shown that a wild type 24-mer c-MYC 

sequence spontaneously folds in solution to yield an equilibrium mixture of two 

independently melting folded conformers having either the 1:2:1 or the 1:6:1 structures 

(20,23) as previously described by Phan et al. (10). These two foldamers are named for 

the number of bases present in the 1st, 2nd, and 3rd lateral loops, hence the two names 

being 1:2:1 or 1:6:1 and having either 1, 2, and 1 bases in the three lateral loops, or 1, 6, 

and 1 bases in the three lateral loops  (23). The 1:6:1 loop isomer is less stable and has 

the larger number of unstructured loop bases in the core region of the G-quadruplex 

forming sequence.  All previous in vitro studies of G-quadruplex structure, stability 

and/or ligand binding have employed relatively short single stranded guanine rich 

oligonucleotides to form the various G-quadruplexes of interest (7,10-12,16,18,20-30). 

These previous studies have been somewhat limited in their physiological relevance since 

these higher order DNA structures are found in a constant equilibrium with their duplex 

form. In order to fully understand the physical interactions between the G-quadruplex and 

small molecules, a better DNA model must be developed.  Currently the procedure to 

create complimentary non-duplex forming purine and pyrimidine rich constructs has not 

been developed. 

We have assembled model NHE-III1 constructs by pairing a c-MYC WT G-rich 

sequence in the longer strand (to form the looped out G-quadruplex) with a shorter strand 

and a partially complimentary “capping” sequence consisting of three distinct regions 1) 
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a complimentary 3’ duplex forming region, 2) a non-bonding/ non complimentary 

loop/bridging region and 3) a second complimentary 5’ duplex forming region.   

Essentially we “capped” the G-quadruplex, allowing the higher order structure to form 

freely while the tail regions (not used in G-quadruplex formation) form flanking duplex 

regions. The length of the loop/bridge has also been investigated to determine its effects 

on G-quadruplex formation. 

Preliminary data were collected in our lab on the original c-MYC 36-mer WT 

with “capping” sequences. Capping constructs consisting of 4 thymines (4T), 5 thymines 

(5T), or 6 thymines (6T) were used to bridge the flanking duplex tail regions of the 36-

mer WT. All constructs showed the same results with the addition of a “capping” 

construct; a shift in the equilibrium between the 1:2:1 and the 1:6:1 conformers.  The 

relative percentages of the two conformers present without the addition of the capping 

construct were 70% and 30% for the 1:2:1 and 1:6:1 respectively.  With the addition of 

the “capping” construct the relative percentages shifted to 30% and 70% for the 1:2:1 and 

1:6:1, respectively. The change in relative percentages or shift in equilibrium observed 

with the “capping” sequence demonstrated that the 1:6:1 became the predominant 

structure observed within the WT rather than the 1:2:1 that is observed when no capping 

sequence is present. 

Current studies are being performed on shorter 32-mer c-MYC sequences which 

consist of sticky, mutant ends. The non-complimentary “capping” sequence consisted of 

the same type of three distinct regions as used in the preliminary studies but simply 

consisting of five thymines within the non-bonding/ non-complimentary bridging region. 

The complimentary duplex forming ends were mutated to ensure proper association 
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between the G-quadruplex forming sequence and the “capping” construct and to prevent 

self-association of the G-quadruplex sequence ends. A shift in the equilibrium of the 

1:2:1 and the 1:6:1 conformers was similarly observed when the “capping” sequence was 

added. The 1:6:1 was observed to be the most predominant conformation when a 

capping sequence was present. There was no significant deviation observed in G-

quadruplex structure or thermal stability with the addition of the “capping” construct.  

The binding of small molecules to G-quadruplexes and i-Motifs, have become a 

focus for new anticancer drug research (31). Previous studies of meso-tetra (N-methyl-4-

pyridyl) porphine (TMPyP4) has shown a high binding affinity for G-quadruplex DNA 

(11,20,32,33). TMPyP4 increases the stability of the quadruplex by inhibiting the 

transcriptional abilities of the c-MYC gene (11,12,18,20,33). With the addition of the 

capping sequences, the CD data support the presence of a mixture of parallel and anti-

parallel folded G-quadruplex structures (23). At physiological pH and conditions (130 

mM K+) the 1:6:1 binds preferentially to TMPyP4 over the WT and 1:2:1.  The shift 

towards the lower-melting 1:6:1 conformer was observed. This may lead to a significant 

change in the targeting of anti-cancer drugs to folded G-quadruplex structures. 

6.3 Material and methods 

In this study five different oligonucleotides were used to model for the double 

stranded c-MYC P1 promoter G-quadruplexes. All oligos were obtained from Oligos Etc. 

(Wilsonville, OR, USA). The 32-mer MWT sequence was designed to have the 20-mer 

wild type c-MYC P1 G-rich promoter sequence flanked by six nucleotides on both the 5’ 

end and the 3’ end making up the 32-mer construct. The 32-mer MWT (modified wild 

type) oligonucleotide serves as the wild-type scaffold having five runs of three or more 
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 Scheme 6.1 Oligonucleotides sequences used for the assemble of the model NHE-III1. 

guanines. Subsequent G→T and G→A mutations were made to create the 1:6:1 and 

1:2:1 mutants having specific folding topology. The sequences for the three different 32-

mer oligonucleotides and the two capping constructs are shown in Scheme 6.1.  The 

flanking duplex sequence regions of the three c-MYC 32-mer sequences were selected to 

provide sticky ends for capping and to prevent unwanted self-association reactions.  The 

capping sequences were prepared by inserting five thymines or five cytosines between 

the complimentary flanking regions. 

Shown at the top is the WT 36-mer c-MYC promoter sequence G-quadruplex. Base 
modifications are shown with color boxes and arrows. Bases in the bridging regions are 
either T’s or C’s and represented as X’s.  

All chemicals used in this study were purchased from Sigma-Aldrich (St. Louis, 

MO, USA) and used without further purification. All oligonucleotide solutions were 
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prepared by dissolution of the oligonucleotide in BPES buffer (30 mM (KH2PO4/ 

K2HPO4) 1 mM EDTA, 100 mM KCl and adjusted to pH 7.0 by addition of KOH). Small 

volumes of the oligonucleotide stock solutions were dialyzed (1000 molecular-weight 

cutoff membrane) against two changes of buffer at 4 ºC (1 L, 24 h each). 1:1 mixtures of 

G-quadruplex strand and capping strand were annealed by heating to 100°C, holding at 

100°C for ten minutes then slowly cooling to 5 °C over a three hour period. DNA 

concentrations were verified using extinction coefficients determined using a nearest-

neighbor calculation for single-stranded DNA (34). The extinction coefficients 

determined at 260 nm for the 32-mer MWT, 32-mer 1:2:1, 32-mer 1:6:1, 17-mer 5T cap, 

17-mer 5C cap are 3.298 x 105 M-1cm-1, 3.240 x 105 M-1cm-1, 3.226 x 105 M-1cm-1, 1.665 

x 105 M-1cm-1, and 1.620 x 105 M-1cm-1 respectively. 

Meso-tetra (N-methyl-4-pyridyl) porphine (TMPyP4) was obtained from Frontier 

Scientific (Logan, UT, USA). Ligand solutions were prepared by dissolving weighed 

amounts of TMPyP4 in 5 to 10 mL of the oligonucleotide final dialysate solution. The 

concentrations of the TMPyP4 solutions were verified with absorbance measurements 

using the published molar extinction coefficient of ε424 = 2.26 x 105 M-1cm-1 (35). 

ESI-MS experiments were performed using a Bruker (Bellirica, MA, USA) 

MicrOTOFQ mass spectrometer in negative ion mode.  DNA samples were dissolved in a 

50 mM ammonium acetate buffer (pH ≈ 7) containing 20% methanol for these 

experiments.  All DNA samples were prepared at a concentration of approximately 80 

μM in the ammonium acetate buffer and were exhaustively dialyzed at 4°C against the 50 

mM ammonium acetate NH4
+/CH3COO- buffer. Samples were directly infused into the 

MS by using a KD Scientific (Holliston, MA, USA) syringe pump set to a flow rate of 
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200 μL/hour. The MS capillary voltage was set to +3500 V, and dry N2 gas flow was 

adjusted to 0.5 L/min at 110°C.  Data processing was performed by using Bruker 

Daltonics Data Analysis program.  

Circular Dichroism (CD) experiments were performed using an Olis DSM 20 CD 

Spectrophotometer (Bogart, GA, USA) equipped with a 1 cm path length quartz cuvette. 

Spectra were collected at 0.25 nm resolution over the wavelength range of 220 to 320 

nm.  All the CD spectra were collected on annealed oligonucleotide solutions having 

nominal a concentration of approximately 3 μM. 

Differential scanning calorimetry (DSC) was performed using a Microcal VP-

DSC (Northampton, MA, USA).  The concentration for all of the oligonucleotide samples 

used in the DSC experiments was nominally 250 μM. Experiments were performed over 

a temperature range from 10 to 95 ºC with a scan rate of 90 ºC/hour.  At least five 

identical scans were obtained to ensure reproducibility. All of the DSC data were fit with 

two overlapping “non-two-state” processes using Origin 7.1 (Microcal, Inc., 

Northampton, MA).    

Isothermal titration calorimetry (ITC) experiments were performed using a 

Microcal VP-ITC (Northampton, MA, USA).  All of the ITC titrations were done by 

overfilling the calorimeter cell with ~1.5 mL of the dilute oligonucleotide solution and 

then injecting up to 50 (5 μL) injections of the dilute ligand solution.  The dilute 

oligonucleotide solution concentration was nominally 50 μM and the TMPyP4 titrant 

concentration was nominally 1.5 mM. All titrations were done at 25 ºC and all 

experiments were done in triplicate. The ITC data were analyzed using our CHASM© 

analysis program (36).  
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Molecular modeling and MD simulations were performed using Accelrys 

Discovery Studio v.3.1 (San Diego, CA, USA). An ensemble of the c-MYC parallel G-

quadruplex structures was generated from the solution NMR structure adapted from the 

Protein Date Bank (PDB accession code 1xav) (22). Using the nucleic acid building 

module, two separate flanking ds B-DNA constructs were built with the sequences in the 

polypurine strand being 5’-TTTAAA and AAATTT-3’. The WT c-MYC 20 base G-

quadruplex core sequence was fused between these two B-DNA constructs to model the 

polypurine strand in the c-MYC NHE-III1 and a short single strand sequence of 4, 5, or 6 

T’s (or C’s) was fused between the two B-DNA constructs to complete the 

polypyrimidine strand in the model NHE-III1. Similar constructs were built using the 

1:2:1 and 1:6:1 mutant 20 base G-quadruplex core sequences. The three resulting 

constructs, each having two duplex tails with a looped out G-quadruplex in the 

polypurine strand and a short unstructured poly-T (or poly-C) loop in the polypyrimidine 

strand, were typed with the CHARMm27 forcefield (37,38) using the Momany-Rone 

partial charge method.  

All NHE-III1 model systems were solvated using an Explicit Periodic Boundary 

to create a solvation shell extending 10 Å away from the boundary of the DNA construct.  

Counterions were added to a concentration of 0.15 M. Each system was subjected to a 

minimization routine involving as many as 8,000 steps using a RMS gradient of less than 

0.1. The Smart Minimizer algorithm was implemented with atom constraints for all 

nucleobase atoms in the G-tetrads. The SHAKE constraint (39) was applied in order to 

preserve the double stranded nature of the flanking duplex regions by retaining the 

hydrogen bonds throughout the simulation. TMPyP4 was manually docked into each 
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binding mode (‘end binding’ and/or ‘intercalation’ modes) and additional minimization 

routines were performed. Minimization was achieved by placing a harmonic restraint 

with a force constant of 10 kcal/mol Å2 on all atoms in the porphyrin ligand and relaxing 

the capped DNA construct. After minimization, the interaction energy between each 

docked ligand and the DNA was calculated. For the 32-mer 1:6:1 capped structure, the 

six-bases-lateral loop was folded-back manually into a position allowing maximum 

overlap with an end bound TMPyP4. 

Molecular dynamics (MD) simulations were initiated with heating dynamics to 

raise the temperature of the system from 50 to 300 K, followed by an equilibration period 

and lastly a production step both executed at 300 K. The heating steps were executed 

with gradual removal of atom constraints on the DNA(40). The total equilibration time 

was simulated for 20 ps at 1fs step followed by an additional of 100 ps of production 

step. NVT production type and the Leapfrog Verlet algorithm was used to integrate the 

dynamics. Structure and Trajectory analysis was performed using the Analyze Trajectory 

protocol in Accelrys DS 3.1. 

6.4 Results 

ESI mass spectrometry was used to provide direct evidence for the formation of a 

1:1 complex between the 32-mer MWT DNA construct and the 17-mer 5-T capping 

construct. Figure 6.1A shows the ESI mass spectrum for the uncapped 32-mer MWT 

oligonucleotide. The three significant peaks that are observed in the mass spectrum 

correspond to m/z values of 1263.2, 1689.6, and 2027.7, and all three are attributed to the 

MWT oligonucleotide having a charge of -8, -6 or -5 respectively.  Figure 6.1B shows the 

ESI mass spectrum for the 17-mer 5-T cap. Two significant m/z peaks are observed at 
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m/z values of 1289.6 and 1719.9.  These peaks correspond to the 17-mer 5-T cap DNA 

species having a charge of -4 or -3 respectively. Figure 6.1C provides mass spectral 

evidence for the formation of the 32-mer MWT•5-T capped complex.  Multiple m/z 

peaks are observed at m/z values of 1176.1, 1273.1, 1392.1, 1702.6, and 1910.1.  These 

peaks are correlated with the 32-mer MWT•5-T capped complex having a net charge 

from -8 to -13. There is no evidence of either the free 32-mer MWT oligonucleotide or 

the free 17-mer 5-T oligonucleotide in these solutions. 

Figure 6.1 Electrospray ionization mass spectra for solutions containing  A) 80 μM 
32-mer MWT construct B) 80 μM 17-mer 5T capping construct and C) 1:1 
mixture solution of 32-mer MWT•5T capped complex. 
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Figure 6.2 CD spectra for the 32-mer MWT construct with and without 5 T’s cap and 
a 12bp dsDNA (panel A). CD spectra for the 32-mer MWT and the 5T 
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CD spectra at 20 °C for the uncapped 32-mer MWT, the 32-mer MWT capped 

with 5 T’s, and the 12bp dsDNA are shown in Figure 6.2 Panel A. For comparison, CD 

spectra at 20 °C for the uncapped 32-mer MWT and the 5T-capped 32-mer MWT after 

removal of 12bp dsDNA CD signal are shown in Figure 6.2 Panel B.  

For comparison, the CD spectra for the uncapped 32-mer MWT and the uncapped 

32-mer 1:2:1 and 32-mer 1:6:1 mutant sequences at 20 °C are shown in Figure A.1.  Each 

of the independent spectra shows distinct positive maximums in the ellipticity at 264 and 

minimums in the ellipticity at 245 nm which are consistent with previous reports on 

parallel intramolecular G-quadruplexes (11). The 20 °C CD spectrum for the uncapped 

MWT (32-mer with sticky ends) shown in Figure 6.2A is essentially unchanged from the 

published CD spectra for the c-MYC WT 24-mer and WT 27-mer G-quadruplexes 

(11,12,20-22). In comparison, the 20 °C CD spectrum for the capped MWT construct 
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 shown in Figure 6.2A, exhibits a pronounced shoulder in the region from approximately 

270 nm to 300 nm.  The longer wavelength shoulder in the CD spectrum for the capped 

MWT G-quadruplex must be either result of additional anti-parallel folding topology or 

contribution from 6bp dsDNA from either side of the G-quadruplex core.  The CD 

spectrum for a 12bp dsDNA is shown in Figure 6.2 Panel A. It can be easily seen that the 

CD spectrum for dsDNA is very distinguished from the CD spectrum for G-Quadruplex 

DNA with almost zero CD signal at characteristic wavelength  (264 nm) for parallel 

quadruplex and pronounced positive peak in the 280 to 290 nm region. Our 12bp dsDNA 

CD spectrum is very similar to the CD spectrum observed for B-DNA reported by 

Miyahara et al. (41). The concentration of the dsDNA for this CD experiment was 

calculated to be approximately equal the amount of duplex presence in the 5T capped 

MWT construct. Figure 6.2 Panel B shows comparison between CD spectra for the 

uncapped 32-mer MWT and the 5T-capped 32-mer MWT after removal of 12bp dsDNA. 

The two spectra are essentially very similar to one another with the exception that the 5T 

capped MWT construct exhibit slight increase in the amount of quadruplex formed. 

A typical DSC thermogram for melting the uncapped 32-mer MWT G-quadruplex 

ensemble is shown in Figure 6.3A.  This thermogram cannot be fit for a single melting 

transition, and the two independent overlapping melting transitions obtained by fitting the 

uncapped MWT thermogram for multiple independent “two-state” melting processes 

having Tm values of 61.1 °C and 66.7 °C are shown as subordinate peaks in panel A of 

Figure 6.3. 
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Figure 6.3 A) Thermal denaturation of the 32-mer MWT G-quadruplex.  B) Thermal 
melting profile of the c-MYC 32-mer MWT•5T capped complex. 

The two independent melting transitions imply that there are at least two different 

G-quadruplex conformations existing simultaneously in these solutions with the lower 

melting transition attributed to a minor species as judged from the relative areas of the 

lower temperature and high temperature subordinate peaks.  The thermogram for thermal 

denaturation of the 5-T capped MWT is shown in Figure 6.3 Panel B. Again using the 

same fitting procedures, this thermogram implies that there is an equilibrium mixture of 

two folded G-quadruplex species for the capped construct.  Both folded isomers in this 

solution exhibit Tm values (63.8 °C, and 69.1 °C) that are increased by approximately 2 

°C over the Tm values exhibited for the uncapped MWT and a dramatic increase in the 

fraction of the lower melting species which is now the predominant species in solution.  

Although it is tempting to attribute the lower melting temperature to the 1:6:1 loop 

conformation and the higher melting temperature to the 1:2:1 loop conformation, the Tm 
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values do not exactly correspond to the expected values, and in all cases the Tm values are 

much lower (δTm’s ≈ -15 to -25 °C) than previously observed for the uncapped 24-mer 

and 27-mer ss c-MYC WT and mutant sequences (20,23).  The DSC melting curves for 

the 32-mer 1:2:1 and 1:6:1 loop isomers are shown in Figure A.2 along with the melting 

curves for their 5-T (and 5-C) capped constructs.  The 1:2:1 and 1:6:1 DSC data have 

been fit for a single two-state process.  The melting transitions for the uncapped and 5-T 

capped 1:2:1 constructs showed melting temperatures of 66.8°C and 67.1 °C respectively, 

while the thermal transitions for the uncapped and 5-T capped 1:6:1 constructs exhibited 

Tm values of 55.2 °C and 56.8 °C respectively. The Tm values exhibited by the 5-C 

capped 1:2:1 and 1:6:1 isomers were similar to the Tm values for 5-T capped constructs. 

The lower values for the Tm’s observed for both ss and capped MWT and mutant MWT 

c-MYC sequences must be attributed to the presence of the sticky ends which place AAA 

sequences immediately before and after the core G-quadruplex forming WT, 1:2:1 and 

1:6:1 sequences. 

Figure 6.4 shows typical ITC titration data for TMPyP4 titrations of the uncapped 

32-mer MWT and the uncapped 1:2:1 and 1:6:1 mutant c-MYC constructs.  All three 

oligonucleotides exhibit a saturation stoichiometry of 4 moles of TMPyP4 bound per 

mole of G-quadruplex DNA. The uncapped MWT and mutant quadruplex titrations were 

corrected for a heat effect attributed to ligand induced folding (the shaded areas in Figure 

6.4) and then fit for two independent binding processes as described in an earlier study of 

the TMPyP4 interactions with ss G-quadruplexes formed by shorter WT or mutant c-

MYC promoter sequences (20). 
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Hatched areas bounded by the best fit lines and the raw data indicate the heats attributed 
to ligand induced restructuring of G-quadruplex DNAs. These integrated areas were 
calculated between 0 and 2.0 Molar Ratio and averaged to be 2.1 ± 0.3 kcal/mol.  

The two binding processes exhibit characteristic thermodynamic signatures in that 

the higher affinity binding process includes a very favorable entropic contribution to the 

free energy while the lower affinity process is almost completely the result of a favorable 

change in enthalpy. The thermodynamic parameters (ΔGi, ΔHi, and –TΔSi, where i=1 or 

2) obtained by fitting the data in Figure 6.4 to the two-process thermodynamic model are 

listed in Table 6.1. Typical corrected ITC data for TMPyP4 titrations of the 5-T capped 

MWT and 5-T capped mutant MWT G-quadruplexes are shown in Figure 6.5 along with 

typical raw ITC data for the TMPyP4 titration of the 5-T capped MWT (MWT•5T).   
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Figure 6.5 Titrations of TMPyP4 into 32-mer MWT•5T capped complex (--), 
1:2:1•5T capped complex (), and 1:6:1•5T capped complex (). 

Heat data between 0 and 2.0 Molar Ratio are attributed to ligand induced refolding of the 
capped DNA construct and therefore excluded from the fit. The solid lines represent the 
non-linear best fits. The right panel shows raw and integrated heats for a typical titration 
of TMPyP4 into 32-mer MWT•5T capped complex. 

The derived thermodynamic parameters for TMPyP4 Mode I and Mode II binding 

to the 5-T capped constructs were obtained by fitting the corrected ITC data in Figure 6.5 

to a three-process thermodynamic model.  The ΔGi, ΔHi, and –TΔSi values for these 

systems are again given in Table 6.1. 
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Table 6.1  Thermodynamic parameters (in kcal/mol) for the titrations of TMPyP4 into 
32-mer MWT, 1:2:1, and 1:6:1 G-quadruplexes in the absence and presence 
of the 5Tcap. 

  

Three significant differences become apparent when comparing the ITC data and 

derived thermodynamic parameters for the MWT constructs and data reported earlier for 

TMPyP4 titrations of ss c-MYC 27-mer WT and mutant promoter sequence G-

quadruplexes (20).  The first difference is that in the MWT titrations (for both uncapped 

and capped constructs), an additional heat producing process is observed in the early part 

of the titration that was not observed in titrations of the unmodified c-MYC sequences.  

This additional heat is attributed to ligand induced G-quadruplex stabilization or 

refolding. The implication is that the presence of modified the tail sequences, TTTAAA 

and AAATTT, located immediately before and immediately after the core G-quadruplex 

forming sequence results in some G-quadruplex unfolding.  The excess heat observed in 

the MWT titrations, corresponds to renaturation of less than 10% of the total G-

quadruplex in these solutions. The second difference is noted when comparing the Mode 

I and Mode II thermodynamic parameters for TMPyP4 binding to the uncapped MWT 

construct vs. TMPyP4 binding to the ss WT 27-mer G-quadruplex.  The uncapped MWT 

constructs exhibit a more favorable free energy change for Mode I TMPyP4 binding 
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(δΔG1 ≈ -1.5 kcal/mol).  In contrast, the free energy change for Mode II TMPyP4 binding 

is unchanged when comparing the capped MWT constructs to the ss WT 27-mer G-

quadruplex. However, in titrations of the capped constructs, the free energy changes for 

both Mode I and Mode II TMPyP4 binding become significantly more favorable (δΔG1 

and δΔG2 ≈ -2.0 kcal/mol). The last difference is that all three capped constructs exhibit a 

saturation stoichiometry of 6 moles of TMPyP4 bound per mole of the capped G-

quadruplex DNA. The two additional binding sites, attributed to TMPyP4 interactions 

with the flanking duplex regions of the capped construct are 102 weaker than the lowest 

affinity G-quadruplex binding sites.  Typical ITC data for TMPyP4 titrations of the 5-C 

capped MWT and mutant MWT constructs are shown in Figure A.3, with the derived 

thermodynamic parameters obtained for these systems give in Table A.1. Overall, the 5-C 

cap data are very similar to the 5-T cap data.  One difference is that the 5-C cap appears 

to be more destabilizing to the G-quadruplex as evident from a larger heat of refolding in 

the early part of these ITC titrations (see Figure A.3).  The excess heat in the 5-C 

titrations is consistent with the ligand induced refolding of as much as 40% of the G-

quadruplex in these solutions. 

Results of the docking studies, i.e. the non-bonded interaction energy scores for 

binding TMPyP4 to both the uncapped and capped MWT 1:2:1 and 1:6:1 G-quadruplex 

constructs are listed in Table 6.2. The calculated interaction energies (given in kcal/mol) 

are the estimated energy of binding (ΔH) for binding one molecule of TMPyP4 per one 

molecule of the specific G-quadruplex. 
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Table 6.2  Calculated interaction energies for binding TMPyP4 to the G-quadruplex 
DNA motif formed in c-MYC MWT mutant 1:2:1 and 1:6:1 sequences.   

These calculations employed the CHARM-27 force field and the TMPyP4 docking was 
done for both the uncapped and capped MWT mutant constructs in an explicit solvent 
environment. 

Several observations can be made from the docking studies. First, docking free 

energies indicate that TMPyP4 interactions with the uncapped 1:2:1 and uncapped 1:6:1 

mutant MWT are very similar to one another (regardless of interaction mode: end-

stacking or intercalation). Second, the total non-bonded interaction energies for TMPyP4 

end-stacking appear to be insensitive to G-quadruplex folding (e.g. 1:2:1 vs. 1:6:1) and to 

the presence of flanking duplex regions (e.g. uncapped vs. capped).  The one exception 

appears to be TMPyP4 binding by the end-stacking mode to the capped 1:6:1 mutant 

MWT construct.  In this case, the six base lateral loop can fold-over the end-stacked 

TMPyP4 increasing the binding affinity by from 45 to 57 kcal/mol.  Third, docking 

scores for TMPyP4 binding via the end-stacking mode with lateral loop folded-back yield 

interaction energies that are similar to TMPyP4 binding by the intercalation mode.  
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Fourth, docking scores predict that TMPyP4 intercalation is more favorable than end-

stacking in all cases and that TMPyP4 intercalation into the capped MWT mutants is 

more favorable than into the uncapped MWT mutants.  Fifth, the docking energies are 

similar for binding TMPyP4 to either the 5-T or 5-C capped MWT mutants. Lastly, 

docking scores for binding TMPyP4 to the flanking duplex regions on either end of the 

capped G-quadruplex are much less favorable than binding TMPyP4 to the G-quadruplex 

DNA itself. 

Molecular dynamics simulations were run to estimate the relative stabilities of the 

NHE-III1 model constructs with and without bound ligand.  Representative stable NHE-

III1 structures for the 5-T capped MWT 1:6:1 mutant construct are shown in Figure 6.6. 

(The structures shown in Figure 6.6 were observed at the end (last 5 ps) of a 100 ps 

production period in a typical MD simulation run.)  Again, several observations can be 

made from these MD simulations.  First, trajectory analysis of the entire 100 ps 

production period reveals that base paring in the flanking B-DNA regions is loosened up 

during the course of the MD simulation.  The flanking duplex regions in the capped 1:2:1 

MWT mutant construct end up having only 4 bases (out of 6 bases) paired in the 5’-tail 

region and 5 bases (out of 6 bases) paired in the 3’-tail region.  In contrast, the flanking 

duplex regions in the capped 1:6:1 MWT mutant construct end up having 5 bases paired 

in both the 5’and 3’-tail regions. Second, the polypurine G-quadruplex forming strand is 

less dynamic than the polypyrimidine strand in all of the constructs. Third, the large six-

base-lateral loop in the capped 1:6:1 mutant MWT is the most dynamic part of the NHE-

III1 model structure.  Lastly, the motion of the six-base lateral loop becomes very 
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restricted only when TMPyP4 is bound to either end of the G-tetrad stack and the six-

base loop is folded back over the end-bound ligand.   

Figure 6.6 Proposed binding mechanism for TMPyP4 interactions with 32-mer 
MWT•5T. 

6.5 Discussion 

The first objective of the work described here was to assemble a model NHE-III1 

construct.  The model NHE-III1 was assembled by annealing a 17-mer oligonucleotide 

(short polypyrimidine strand) having a mid-sequence run of 5 T’s (or C’s) and tail 

sequences of 3’-AAATTT and TTTAAA-5’, to a 32-mer oligonucleotide (polypurine 
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strand) having a 20-mer c-MYC G-quadruplex forming core and complimentary tail 

sequences of 5’-TTTAAA and AAATTT-3’. ESI mass spectra for the model NHE-III1 

motif demonstrated the presence of the typical c-MYC promoter sequence G-quadruplex 

in the new double stranded structure.  The addition of sticky ends on both the 5’ and 3’ 

ends of the 20-mer c-MYC WT G-quadruplex forming core was necessary for the 

assembly of our model NHE-III1. Several factors were taken into consideration when 

designing the sticky end sequences.  We elected to eliminate guanines in both the 5’ and 

3’ tails to avoid introducing additional complexity into the ensemble of G-quadruplex 

folded species. The sticky end sequences, 5’-TTTAAA and AAATTT-3’, were selected 

in part to prevent hairpin formation.  Both sticky end sequences included three point 

mutations in comparison to the c-MYC WT 32-mer.  The three mutations in the 5’-tail 

were: C→T, T→A, and G→A, while the three mutations in the 3’-tail were: G→A, and 

two G→T mutations. The minimum number of bases in each of the sticky ends was 

chosen to be at least equal to six bases, the number of unstructured bases in the largest 

bridging loop (e.g. 6 T’s or 6C’s) of the 17-mer capping sequence.  The ESI mass 

spectrum showed that while the un-annealed 17-mer capping and un-annealed 32-mer 

MWT and mutant MWT sequences exhibited some end to end polymerization (see 

unassigned peaks in Figure 6.1A and 6.1B), the annealed NHE-III1 construct exhibited a 

single species with a mass consistent for a 1:1 base paired complex of the 17-mer and 32-

mer constructs, consistent with the correct pairing of the sticky ends.  The ESI-MS 

experiments (taken together with results from the CD, DSC, and ITC experiments 

discussed below) provide direct evidence that a model NHE-III1, containing an ensemble 
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of G-quadruplex conformers and flanked on both the 5’ and 3’ sides by duplex B-DNA 

had been assembled. 

The CD experiments shown in both Figure 6.2 Panel A and B clearly indicate that 

the capping construct has little influence on the G-quadruplex structure of the model 

NHE-III1. However, the DSC results indicates a shift in equilibrium favoring the 1:6:1 

loop isomer over 1:2:1 loop isomer in the model NHE-III1. The challenge is that both 

1:6:1 loop isomer and 1:2:1 loop isomer have the same strand orientation (parallel) 

resulting in a indistinguishable CD spectra. In fact, for the human telomere sequence G-

quadruplex, both the basket form and the chair form share the same CD spectrum for 

anti-parallel G-quadruplex (29). In other word, because CD spectroscopy is not sensitive 

to changes in loop isomerization, the shift in equilibrium  favoring 1:6:1 loop isomer is 

not detected during CD experiment. 

A shift in the predominant folded structure of the c-MYC P1 promoter G-

quadruplex was observed in the 32-mer c-MYC G-quadruplex capped with either the 5-T 

or 5-C capping construct. Previous studies concur that the c-MYC promoter sequence is 

capable of forming multiple conformational isomers  (11,22). The conformational 

isomers were reported by Patel to have the folding patterns of either 1:2:1 bases or 1:6:1 

bases within the connecting loops of the G-quadruplex (11). These structures were 

studied in depth through CD and DSC experiments. The 1:6:1 folding pattern correlates 

with the lower melting transition and the 1:2:1 folding pattern coordinates with the higher 

melting transition (12,20). Although the Tm values for the uncapped 32-mer 1:6:1 and 

1:2:1 mutants MWT (55.2 and 66.8 °C respectively) are much lower than Tm values 

reported previously for the 1:6:1 and 1:2:1 mutants for ss WT c-MYC G-quadruplex 
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(76.4 and 91.2 °C respectively), there is clearly a systematic decrease in melting 

temperature (ΔTm,average ≈ 23°C) for both the uncapped 32-mer 1:6:1 and 1:2:1 mutants 

MWT. As previously mentioned, this systematic destabilization  must be attributed to the 

presence of the sticky ends which place AAA sequences immediately before and after the 

core G-quadruplex. To further support the deleterious effect of placing AAA adjunct to 

the G4 core, we melted another mutant oligonucleotide namely MWT[T6] 32-mer. This 

mutant has the same 20-mer c-MYC G-quadruplex core flaked by 6T’s on both the 5’ end 

and 3’ ends. As shown in Table 6.3, MWT[T6] 32-mer melts at 69 and 83 °C, exactly 

10°C less than the melting temperature for both folded species (1:2:1 and 1:6:1) in the 

WT 24-mer ensemble. 

Table 6.3 DSC determined melting temperatures, Tms, for all c-MYC P1 DNA 
constructs in the presence and absence of capping strands. 

* These Tm values have been reported by Freyer et al. (20)
# These Tm values have been reported by Dettler et al. (23)
‡ These Tm values were obtained from preliminary data which are shown in Figure S4 
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With the addition of a “capping” construct, an obvious change in the relative 

equilibrium of the folded structures in solution is observed.  Deconvolution of the 32-mer 

MWT melting curve suggests that the 1:2:1 folded species contributes 90% of the total 

population while the 1:6:1 only contributed 10%.  However, upon complexation with the 

capping strand, the new relative population distribution is 40% for 1:2:1 and 60% for 

1:6:1. This shift in equilibrium is most likely due to structural rearrangement to release 

strain imposed on the DNA when the capping construct is added. 

There is an important feature that needs to be emphasized from DSC thermograms 

as shown in Figure 6.3. The thermal unfolding of the “capped” vs. the “uncapped” MWT 

are visually distinguishable by the shapes of the melting curves: the melting curve for 

“capped” complex is more narrow than the “uncapped” . The melting of the flanking 

duplex A3T3 regions are not shown for clarity purpose. An important question needs to be 

raised is “Upon melting the flanking duplex regions, why does the equilibrium favoring 

1:6:1 over 1:2:1 not return back to [90%-1:2:1 and 10%-1:6:1] distribution  such as 

observed in the ‘uncapped’ MWT ?”. 

To answer this question, we look at physical changes of the DNA species as the 

temperature changes during the DSC experiments from 10 to 100 °C. At 30 °C, both 

duplex regions on either end of the “capped” MWT are melted, resulting in a “nascent” 

single stranded form of the MWT. However, unlike the “uncapped” MWT-32mer, this 

“nascent” ss MWT predominantly exists in 1:6:1 conformation. One plausible 

explanation for why the 1:6:1 G4 folded population is still accessible well after flanking 

duplex removal is that the unfolding rate of this folded species is slower than the 

scanning rate of the DSC experiment. Based on a scan rate of 90 °C/hour and the melting 
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curve for “capped” MWT as shown in Figure 6.3B, the duration between completely 

melting the duplex ends and thermally unfolding the 1:6:1 foldamer is less than 30 

minutes. The real question now is whether there is any evidence showing the 

interconversion rate of 1:6:1 foldamer to 1:2:1 foldamer on the order of 30 minutes or 

1800 seconds time scale. 

Single molecule FRET is employed by many research groups to measure the 

number of folded and unfolded species of  G-quaduplex in a particular solution condition. 

Lee et al. used smFRET and observed interconversion between three G-quadruplex 

conformations coexist in the human telomere repeat (GGGTTA)3GGG under low [K+] 

solution condition (42). Each observed conformation is further divided into having a 

long-lived and short-lived species. The reported lifetime for some of these long-lived 

intermediate species are in excess of 250 seconds (42). In 2010, Chaires reported a 

thermodynamic and kinetic study on the same telomeric repeat, and reported three 

distinct intermediate species linking two folded structures of the Na+ form and the K+ 

form telomeric quadruplex (43). The third intermediate species has a dwelling time of 

over 600 seconds before rearranging to fold into the K+ form quadruplex structure (43). 

Two years later, Gray et al. used CD and FRET in combination with SVD analysis to 

perform a mechanistic study of the same human telomere. They reported a sequential 

unfolding model with two intermediate species, one of which involves a triple-helical 

structure (44). In the most recent study, the same group demonstrated that intermediate 

species (e.g. I2, I3 ) can take anywhere between 102 to 104 seconds for the rearranging 

process (e.g. I2 → I3 takes 3700 s, I3 → F takes 760 s) (45). 
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Even though there hasn’t been any similar study performed on the c-MYC 

sequence G-quadruplex, it would not be a stretch to imagine c-MYC would behave in 

some way similarly to human telomere quadruplex  in terms of their polymorphism along 

the unfolding pathway. 

The ultimate goal of this study was to develop a double stranded model for c-

MYC P1 promoter G-quadruplexes and the investigation of its structural complexity, 

stability and ligand interactions. This has been accomplished via our model NHE-III1 by 

introducing shorter partial complementary strand to the G-quadruplex forming strand. So 

far, evidences spectroscopic (CD) and the calorimetric (DSC) studies have shown an 

slight increase in the stability of the G-quaduplex as a well as a structural selection in 

favor of a “previously-thought” less stable conformation: the 1:6:1 loop isomer. We 

expected that ligand binding experiment would exhibit some small increases in binding 

affinities (dictated by unanimously increase in entropy contribution due to enhancement 

in stability of the G-quadruplex), yet we found the results of the binding study for the 

capped constructs as a model for NHE-III1 rather interesting and more complex than 

anticipated.  

The first notable difference between the capped constructs ITC thermogram in 

comparison to the uncapped constructs is the presence of some additional heats in the 

early part of the titration which we attributed to ligand induced refolding (LIR). LIR 

process observed in the ITC experiments caused by the 5-T versus the 5-C caps to the 

quadruplex is different depending on how the bridging bases (5-T’s vs. 5-C’s) in the 

capping sequence affect the structural stability of the G-quadruplex. It is very likely that 

the 5-C cap destabilizes the G-quadruplex structure by pulling out structured guanines 
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from the quadruplex core and forming G-C base pairing. A decrease in the concentration 

of the folded G-quadruplex species was observed with the addition of the 5-C capping 

construct in comparison to the 5-T capping construct (see Supplementary Figure A.5).  

The overall concentration of the oligo remains the same; however, the concentration of 

the folded species in solution is decreased in comparison. The decreased concentration of 

folded G-quadruplex species may correspond to the degree of additional heats generated 

by LIR process as seen in the early parts of these ITC thermograms. It is speculated that 

5-C capped oligos without TMPyP4 present show only a small fraction of folded G-

quadruplex which can then be increased with the addition of a G-quaduplex stabilizing 

ligand such as TMPyP4. The presence of TMPyP4 is thought to increase the structural 

order of the G-quadruplex, therefore possibly increasing the binding affinities for those 

capped sequences. This increase in G-quadruplex formation can be seen in the integrated 

heat data as the first peak that is not fit to be a binding site. Therefore the integrated heat 

data for the capped oligos can be described overall as a total of four reactions comprising 

of an initial increased formation of G-quadruplex followed by three binding reactions 

(end binding, intercalation, and duplex binding) as shown in Figure 6.6. The proposed 

binding mechanism as shown in Figure 6.6 provides a plausible explanation for the 

titration data obtained in this study. 

ITC data indicate that again the capped ds G-quadruplex structures exhibits four  

TMPyP4 binding sites for the core G-quaduplex. The four sites are predicted to be two 

end binding sites and two intercalation binding. The affinity for binding TMPyP4 to the 

capped G-quadruplex sites is significantly greater than for binding TMPyP4 to the 

uncapped G-quadruplex sites (i.e. Ki, capped ≈ 102 × Ki, uncapped, where i = 1 or 2). This may 
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be due, at least in part, to an increase in the stability of the G-quadruplex motif in the 

capped constructs as pointed out in previous CD and DSC discussion.  The increase in 

TMPyP4 binding affinity for ‘end-binding’ mode, is solely the result of a more favorable 

entropy change for the Mode I interaction with the capped G-quadruplex. And since the 

enthalpy change for Mode I binding is the same for both the capped and uncapped G-

quadruplexes, we speculate that this may be the result of the entropy lost upon formation 

of the capped construct being returned as a larger entropy change for the release of 

additional waters or some flexibility gained in the DNA upon complex formation. On the 

contrary, the increase in TMPyP4 binding affinity for intercalation is more complicated. 

Mode II affinity is increased for the capped G-quadruplex due to a more favorable 

entropy change in all cases (with -TΔS being more favorable by from 0.8 to 3.7 

kcal/mol).  For capped MWT and capped 1:6:1 TMPyP4 binding experiments, the ΔH 

values for TMPyP4 binding via intercalations are also more favorable by from 0.6 to 1.4 

kcal/mol for binding TMPyP4 to the capped MWT or to the capped 1:6:1 construct in 

comparison to their uncapped counterparts.  However, the enthalpy change is less 

favorable by 1.7 kcal/mol for binding TMPyP4 to the capped 1:2:1 construct.  Is this the 

result of a poorer fit between the ligand and a strained 1:2:1 conformation in the capped 

construct ? 

Results from the docking study and MD simulation are generally in agreement 

with the biophysical results performed in this study. Docking studies showing very 

similar results with the uncapped 1:2:1 and uncapped 1:6:1 are in excellent agreement 

with our previously published ITC binding study (23). In this study, two mutants 1:2:1 

and 1:6:1 were used to represent the two folded species in the 24-mer WT c-MYC 
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sequence G-quadruplex. ITC results performed at 25 °C and in 130 mM [K+] showing 

that binding of TMPyP4 to either 1:2:1 or 1:6:1 loop isomer are very similar binding free 

energy and enthalpy changes for both end-stacked and intercalative sites (23). The 

increases in the interaction energies for TMPyP4 intercalating into “capped” MWT over 

“uncapped” is observed experimentally in the current ITC study. Perhaps, the presence of 

the flanking duplex regions “tighten up” the core quadruplex structure and leads to 

increases in the intercalative interactions. Furthermore, docking energies for binding 

TMPyP4 to the flanking duplex regions also corroborate with result from ITC study. One 

caveat when using docking scores to predict ligand interactions with G-quaduplex is that 

the interaction energy does not include entropy calculation rendering these docking 

scores having limited implications when compared to thermodynamic values determined 

experimentally. 

In 2009, Onyshchenko et al. used a short peptide nucleic acids (PNAs) that bind 

to the complementary C-rich strand leaving the G-rich strand of the Bcl-2 capable of 

forming G-quaduplex structure (46). One caveat for this technique is that due to the 

complementarity between the G-rich and C-rich strand as well as C-rich and PNAs, this 

competition effect that will cause some destabilization of the G-quadruplex. In fact, we 

have performed biophysical analysis on a similar Bcl-2 sequence and reported Tm values 

for at least three folded species for the Bcl-2 sequence ensemble. These Tm values are 

approximately 68, 75, and 90 °C (47). However, using UV melt experiments, 

Onyshchenko et al. only observed a single thermal transition at ~ 60°C (46). Two years 

later, Phan and colleagues reported an NMR structure for RGG peptide bound to a RNA 

duplex-quadruplex junction (48). Although this model is also useful, it has some 
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limitations due to presence of only one duplex-quadruplex junctions as supposed to two 

duplex-quadruplex in our model NHE-III1. Furthermore, binding of G-quadruplex 

interactive ligand is sterically hindered at this duplex-quadruplex junction. To the best of 

our knowledge, this is the first report for successful assembly of a G-quaduplex structure 

in double stranded environment but more importantly the first in-depth biophysical  

characterization of this model NHE-III1. This model NHE-III1 will prove to be useful to 

for designing anti-cancer drugs to folded G-quadruplex structures in its native 

environment. 
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CHAPTER VII 

A CALORIMETRIC INVESTIGATION OF THE HOST-GUEST INTERACTIONS  IN 

FULLERENE BUCKYCATCHER COMPLEXES 

7.1 Abstract 

Reliable thermodynamic data are needed to develop better models for computing 

the energetics of supramolecular assemblies. In this study, we used NMR and isothermal 

titration calorimetry (ITC) to determine the association constants, Ka, for the formation of 

the 1:1 complexes of C60 or C70 buckyballs with C60H28 buckycatcher. NMR 

measurements were done in toluene-d8 and chlorobenzene-d5 at 288, 298, and 308 K. 

ITC measurements were done in toluene, chlorobenzene, o-dichlorobenzene, anisole, and 

1,1,2,2-tetrachloroethane from 278 to 323 K.  Ka values obtained with both techniques are 

in excellent agreement.  Van’t Hoff enthalpy changes were determined from the 

temperature dependence of the NMR Ka values. Ka as well as ΔH, and –TΔS values were 

determined in the ITC experiments. The NMR and ITC ΔH values are also in good 

agreement at the mid-temperature (298 K).  ΔCp values were calculated from the 

temperature dependence of the calorimetric ΔH values. The temperature dependence of 

the thermodynamic data exhibit classical enthalpy/entropy compensation, a phenomena 

that has been widely reported for complexation in aqueous solutions but has only rarely 

been reported in organic solutions. The small favorable ΔG values for 
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buckyball•buckycatcher complexation, result from small differences in the solvation 

energies for the buckyball and buckycatcher. 

7.2 Introduction 

The discovery of fullerenes and other forms of elemental carbon with curved 

surfaces introduced a novel aspect of supramolecular assembly based on the relatively 

weak dispersion forces between the convex surfaces of the conjugated carbon networks 

and the appropriate molecular receptors.  Buckybowls, curved-surface polycyclic 

aromatic hydrocarbons (PAH) structurally related to fullerenes, appear to be good 

candidates for receptors due to the complementarity of their accessible concave surfaces 

with the convex surfaces of the fullerenes.  While supramolecular assemblies of 

fullerenes with the smallest buckybowl corannulene  have not been detected in solution, 

we have shown that molecular receptors for both C60 and C70 can be constructed if at least 

two corannulene pincers are pre-organized on a proper tether(1). The buckycatcher 

C60H28 (referred from hereon as Clip) consisting of two corannulene subunits on a 

tetrabenzocyclooctatetraene tether was shown to form inclusion complexes with 

fullerenes in both solid state and in solution. (1,2)  The chemical structure of the 

buckycatcher is shown in Scheme 7.1, which also labels the seven different types of 

protons in the Clip. 
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Scheme 7.1  Chemical structure for the C60H28 Clip. One of the four equivalent protons 
for each of the seven different Clip protons are labeled (a-g).  The chemical 
shift of proton Hb was monitored in the NMR titration experiments. 

 

 

 

In 2007, Sygula et al. reported the crystallographic structure for the inclusion 

complex C60•Clip.  They also reported an NMR determined association constant for 

formation of the C60•Clip complex at 298 K.(1)  Since that time, the C60•Clip inclusion 

complex has become a prototypical system for large dispersion-driven supramolecular 

systems and, as such, has been the subject of several computational studies performed at 

various levels of theory.(3,4) 

Theoretical gas-phase binding energies for formation of the C60•Clip complex 

vary dramatically thus emphasizing the difficulty of accurately computing the energetics 

of dispersion forces. Hartree-Fock based calculations as well as several commonly 

employed DFT functionals predict either repulsion or negligible binding energies for the 

assembly(5) while the dispersion-sensitive DFT functionals predict strong gas-phase 

binding energies in the range -20 to -44 kcal/mol.(2,3,6)  Several recent studies predict 

binding energies in the range of -30 to -36 kcal/mol.(7)  In 2007, Sygula et al. reported a 

crystal structure for the inclusion complex C60•Clip.1 They also reported both theoretical 
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and experimental ΔG values for a series of inclusion complexes (including C60•Clip and 

C70•Clip).(1,2)  The calculated ΔG values for formation of these complexes in solution 

differed on average by only ± 2 kcal/mol from the experimental data.(1,2) Considering 

the simplicity of the computational model used, the agreement between the computational 

and experimental results was quite impressive.  However, upon closer inspection serious 

limitations of the model were revealed, e.g. Grimme’s model, over-estimated the binding 

energy for both C60 and C70 in toluene by -3.3 and -3.9 kcal/mol respectively.(1,2) These 

differences are significantly larger than the average error for the series of inclusion 

complexes.  Obviously, a larger set of experimental thermodynamic data is needed to 

assess the accuracy of the computational methods and to improve the theoretical models 

used to describe solvation. 

In this work, we have used isothermal titration calorimetry (ITC) to further 

explore the energetics for complex formation between C60 or C70 with the C60H28 Clip. 

The use of the ITC method allowed us to obtain a complete set of thermodynamic 

parameters (Ka (or ΔG), ΔH, and -TΔS) for formation of the C60•Clip and C70•Clip 

complexes in a number of different solvents and at a number of different temperatures.   

We also repeated some of the earlier NMR titrations at lower concentration and at three 

temperatures.  This allowed us to calculate van’t Hoff enthalpy changes from the NMR 

data for comparison with the calorimetric enthalpy changes. The heat capacity changes, 

ΔCp, for formation of the two complexes (C60•Clip and C70•Clip) were obtained from the 

temperature dependence of the calorimetric enthalpy changes.   

In all cases the observed interactions were weak, Ka<104, as expected for systems 

where the assembly is driven entirely through dispersion forces.  Surprisingly for most 
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systems, the enthalpy change, ΔH, appears to be the major contributor to the free energy 

change, ΔG, for complex formation.  While the entropic contribution to the free energy 

change is typically smaller than the contribution from the enthalpy change, the –TΔS 

values are typically negative (favorable).  This result is in sharp contrast to the large 

entropic penalty predicted for the formation of these complexes.12 As expected, the 

binding equilibrium is perturbed by changes in temperature as well as the use of different 

organic solvents. It turned out that the enthalpy term was perfectly compensated by 

entropy term producing a small net change in binding free energy; a well-known 

phenomenon known as enthalpy-entropy compensation. 

7.3 Material and methods 

7.3.1 Sample Preparation 

C60 and C70 were obtained from SES Research (Houston, TX). The buckycatcher 

(i.e. Clip) was synthesized in our laboratory according to the procedure we previously 

reported.(1) Anhydrous toluene, chlorobenzene, and o-dichlorobenzene were obtained 

from Sigma Aldrich (St. Louis, MO). Anhydrous 1,1,2,2-tetrachloroethane and anisole 

were obtained from VWR (Radnor, PA). Toluene-d8 and chlorobenzene-d5 were obtained 

from Cambridge Isotope Laboratories (Tewksbury, MA). Solutions of fullerenes and Clip 

were prepared at varying concentrations ranging from 0.07 to 1.0 mM [fullerene] titrate 

concentration, and from 0.7 to 10 mM for the [Clip] titrant solution. 

7.3.2 NMR titrations 

NMR titrations were performed according to the procedure reported previously(2) 

but at lower concentrations of both fullerenes and Clip. Several proton peaks on the Clip 
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exhibited measureable changes in chemical shift upon complexation with either C60 or 

C70 fullerenes. The association constant Ka was determined from solving the following 

equation (Eq. 7.1): 

(L2(1+KaX+KaX)2-4Ka
2XYL2

∆   
L 1+KaX+KaY  -

(7.1)
2KaY 

where: X = [C60]total ; Y = [Clip]total ; and L = Δδmax  (i.e. Δδ at 100% complexation). 

Values of Ka and L were obtained from the non-linear regression using the curve-fitting 

tools of the Origin v.8.5 (Northampton, MA). 

7.3.3 Isothermal titration calorimetry 

ITC experiments were performed using a Microcal-GE (Northampton, MA) VP-

ITC. Titrations were typically done at temperatures ranging from 278 K to 323 K and 

involved overfilling the ITC cell with ∼1.5 ml of fullerene solution (C60 or C70) and 

adding as many as 20 injections (14 μL each) of the Clip titrant solution. Typically three 

replicate measurements were performed. The raw calorimetric data were corrected for the 

heat of dilution of the Clip and Buckyball by subtracting the heats from the appropriate 

blank titrations. These heats were negligible in comparison to the binding interaction 

heats. Corrected ITC titrations were fit with a nonlinear regression algorithm using the 

CHASM© ITC data analysis program developed in our laboratory (8). 

7.3.4 Atmospheric Pressure Photoionization Mass Spectrometry 

APPI-MS experiments on buckyball and Clip complexes were carried out on a 

Bruker (Billerica, MA) MicrOTOFQ mass spectrometer. Data acquisition was set to 

operate in positive ion mode. All experiments were performed in 99.99% anhydrous 
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toluene. The buckyball solutions were prepared at a concentration of approximately 

100 μM in anhydrous toluene. Solutions of the Clip were prepared at concentration as 

high as 300 μM. The APPI-MS samples were prepared by mixing the clip and buckyball 

solutions to yield a mixture containing an excess of Clip per mole of buckyball. The MS 

capillary voltage was set to +4500 V, dry N2 gas flow was adjusted to 12 L/min at 453 K, 

and the Buckyball/Clip samples were directly infused into the MS by using a kD 

Scientific syringe pump set to a flow rate of 200 μL/h. Data processing was performed by 

using Bruker Daltonics Data Analysis program. 

7.4 Results 

Upon the addition of C60 to a solution of the Clip, several Clip proton NMR peaks 

exhibit measurable changes in their chemical shifts.  Although the NMR signals for 

several of the Clip protons are changed upon fullerene complex formation, we have 

focused on the changes in the NMR signal for Clip proton 1Hb (see Scheme 7.1) to 

construct the Job plot shown in Figure 7.1. Following the changes in chemical shift for 

proton 1Hb and using the method of continuous variation, the maximum change in 

chemical shifts is observed at or near a mole fraction, [Clip]/( [Clip]+[C60]), of 0.5. This 

analysis is consistent with a saturation stoichiometry of 1:1 for formation of the C60•Clip 

complex.   
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Figure 7.1 Job plot constructed from NMR titrations of the Clip with C60 in toluene. 

 

 

Values of the [molar ratio × Δδ] are plotted vs. mol fraction of Clip at three temperatures, 
288 K (●), 298 K (), and 308 K (). The dashed line indicates that the maximum 
change in the chemical shift for 1Hb occurs at a molar ratio of 0.5.  This is consistent with 
a saturation stoichiometry of 1:1. 

Similar results were obtained when signals from the other Clip protons were used 

(data not shown). Using the same analysis method (Job plot), a similar result was 

obtained for the formation of the C70•Clip complex.  To further confirm the saturation 

stoichiometry for the host guest inclusion complexes between the C60 (or C70) and the 

Clip, APPI mass spectrometry experiments were performed.  Figure 7.2 shows the APPI 

mass spectra obtained for each of the following chemical species in toluene: free C60, free 

C70, free Clip (and Clip2), and the C60•Clip and C70•Clip complexes. 
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Figure 7.2 APPI mass spectra for toluene solutions containing C60 (A), Clip (B), C70 

(C), and the two inclusion complexes, C60•Clip (D) and C70•Clip (E). 

Panels A, B, and C show the APPI mass spectra for solutions containing a single 

chemical species, C60, Clip, or C70 respectively. Panels A and C show only a single peak, 

e.g. the C60
-1 and C70

-1 parent fullerene monovalent anion peaks.  Panel B exhibits a 

spectrum with two notable m/z peaks with masses of 748.2 and 1497.5 g/mol. The m/z 

peak at 1497.5 indicates that the Clip undergoes self-association to form a small amount 

of dimer in dilute toluene solutions.  The APPI mass spectrum for a mixture containing 

an excess of Clip (more than 2:1) in addition to C60 is shown Panel D. The four peaks 

observed have m/z values of 720.0, 748.2, 1469.2, and 1497.5 g/mol.  The peaks in order 

are for the free C60 parent anion, the free Clip (monomer), the 1:1 C60•Clip complex and 

the Clip dimer (Clip2). Panel E shows the APPI mass spectrum obtained for a mixture 

containing an excess of Clip (again more than 2:1) in addition to C70. The four peaks 
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observed here have m/z values of 748.2, 840.0, 1497.5 and 1588.2 g/mol.  The peaks in 

order are for the free Clip (monomer), the free C70 parent anion, the free Clip dimer 

(Clip2), and the 1:1 C70•Clip complex. 

Isothermal titration calorimetry experiments were performed, wherein a dilute 

solution of the Clip titrant was added to a dilute solution of the fullerene titrate.  A typical 

ITC thermogram for the addition of Clip to C60 in toluene at 298 K is shown in Figure 

7.3. The solid line through the data points represents a non-linear fit of the data to a 

thermodynamic model for the formation of a 1:1 inclusion complex.  This analysis of the 

ITC data yields a complete set of thermodynamic parameters (Ka (or ΔG), ΔH, and –TΔS) 

for the formation of the fullerene•Clip complexes.    

Figure 7.3 ITC data for the titration of Clip into C60. 

The left panel shows the baseline-corrected raw ITC signal for a typical titration 
experiment in which 20 separate injections of dilute Clip titrant solution ([Clip] = 0.7mM 
in toluene, injection volume = 14 μL) were made into the ITC cell filled with the a dilute 
C60 solution ([C60] = 70 μM in toluene). The right panel shows the ΔH for each injection 
(■) along with the best-fit non-linear regression line (─) for a 1:1 inclusion complex 
model (with n having a fixed value of 1.0). 

169 



 

 

 
 

 
 

 

 

 

The thermodynamic data for the formation of the C60•Clip and C70•Clip 

complexes in toluene, chlorobenzene, and o-dichlorobenzene at 298 K are listed in Table 

7.1. 

Table 7.1 Summary of the thermodynamic parameters obtained from fitting ITC 
titration experiments to a 1:1 inclusion complex model.  Values for ΔG, ΔH, 
and –TΔS have units of kcal/mol. 

toluene chlorobenzene o-dichlorobenzene 
C60  C70  C60  C70  C60  C70 

Ka 3200 ± 150 4600 ± 170 800 ± 10 900 ± 30 200 ± 20 200 ± 10 
ΔG -4.77 ± 0.03 -4.99 ± 0.02 -3.98 ± 0.01 -4.06 ± 0.02 -3.11 ± 0.09 -3.11 ± 0.03 
ΔH -4.61 ± 0.11 -2.95 ± 0.04 -4.03 ± 0.04 -3.76 ± 0.06 -1.87 ± 0.06 -1.97 ± 0.06 

-TΔS -0.16 ± 0.12 -2.04 ± 0.06 0.04 ± 0.04 -0.29 ± 0.07 -1.25 ± 0.15 -1.15 ± 0.06 

Similar thermodynamic data for the formation of the C60•Clip and C70•Clip 

complexes in other solvents and at other temperatures are given in the supplementary 

information.  The association constants are fairly weak for all of these systems (ranging 

from Ka = 4600 for formation of the C70•Clip complex in toluene, to Ka = 200 for 

formation of the C70•Clip complex in o-dichlorobenzene. Two general trends are 

observed in these data. First, the association constant for C70 with Clip is typically 

greater than for C60 with Clip. Second, complex formation becomes less favorable as the 

solvent becomes a better solvent for either the fullerene or the Clip.  In effect, the Ka for 

complexation formation is weaker in solvents where the solubility of the fullerenes and 

Clip is greater (e.g. the Ka in o-dichlorobenzene is weaker than the Ka in toluene).  As 

seen in the data in Table 7.1, at 298 K the favorable free energy change, ΔG, for complex 

formation is principally the result of a favorable change in enthalpy, ΔH. The entropy 

term, -TΔS, for formation of the fullerene Clip complexes is smaller than the enthalpy 
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change in every instance. With the exception of the entropy changes for the formation of 

the C70•Clip complex in toluene and the C60 and C70 Clip complexes in o-

dichlorobenzene, the value of the –TΔS term is approximately zero. 

The association constants, Ka, for formation of the C60•Clip complex in deuterated 

toluene and deuterated chlorobenzene at 288, 298, and 308 K, were determined by NMR 

using the Clip proton chemical shift data (e.g. 1Hb), Δδ, and Eq. 7.1.  The NMR derived 

Ka values are listed in Table 7.2 along with the ITC derived Ka values determined in the 

same solvents and at the same temperatures. The association constants , Kas, for the 

formation of the C60•Clip complex in either toluene and chlorobenzene, and as 

determined in either ITC or NMR titration experiments at 288, 298, and 308 K are listed 

in Table 7.2. 

Table 7.2 Comparison of measured Ka values for binding of C60 and CLIP as obtained 
from ITC and NMR titration experiments. 

288 K 298 K 308 K 
toluene chlorobenzene toluene chlorobenzene toluene chlorobenzene 

ITC 4200 ± 340 1060 ± 30 3200 ± 150 800 ± 10 1900 ± 50 720 ± 40 
NMR 4370 ± 230   770 ± 50 2820 ±  75 450 ± 40 2150 ± 50 350 ± 30 

In general, the ITC and NMR derived Ka values for association of C60 and Clip 

are in excellent agreement with one another in toluene, almost overlapping within the 

experimental uncertainties.  The differences in the NMR and ITC reported ΔG values for 

complex formation in toluene are -0.02, +0.07, and -0.07 kcal/mol at 288, 298, and 308 K 

respectively. The ITC and NMR derived Ka values for association of C60 and Clip are in 

good agreement with one another in chlorobenzene with the NMR derived Ka values 

lower in all instances. The differences in the NMR and ITC reported ΔG values for 
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Figure 7.4 The natural log of the Ka values determined in NMR titrations are plotted 
vs. the reciprocal of the measurement temperature in K. The slopes of the 
two linear regression lines are proportional to the van’t Hoff enthalpy 
changes, ΔHVH, for formation of the C60•Clip complex in toluene (●) and 
chlorobenzene (). 

 

 

 

complex formation in chlorobenzene are +0.18, +0.34, and +0.44 kcal/mol at 288, 298, 

and 308 K respectively. 

The NMR Ka data in Table 7.2 were used to estimate the enthalpy change for 

formation of the C60•Clip complex by constructing a van’t Hoff plot shown in Figure 7.4.  

Values for the van’t Hoff enthalpy changes, ΔHVH, for formation of the C60•Clip 

complex in toluene-d8 and in chlorobenzene-d5 are -6.26 ± 0.75 kcal/mol and -6.89 ± 1.29 

kcal/mol respectively.  These data indicate that there is a significant difference between 

the calorimetric enthalpy changes, ΔHcal, from the ITC experiments at 298 K and the 

van’t Hoff enthalpy changes, ΔHVH, calculated from the temperature dependence of the 

NMR derived Kas at the midpoint in temperature (298 K).  The NMR van’t Hoff 
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Figure 7.5 The enthalpy change, ΔH, for formation of the C60•Clip (●) and the 
C70•Clip () complexes are plotted as a function of temperature.  The slope 
of the linear regression lines correspond to values for the change in the heat 
capacity for formation of the two complexes. 

 

 

enthalpy changes are more exothermic by -1.7 and -2.8 kcal/mol in toluene-d8 and 

chlorobenzene-d5 respectively. The differences are outside any expected experimental 

error in either the ΔHVH or ΔHcal values and must reflect real differences in the solvation 

enthalpies for the fullerene and Clip in the deuterated solvents versus the non-deuterated 

solvents. 

ITC experiments, similar to the titration shown in Figure 7.3, were done by 

adding Clip to either C60 or C70 in toluene, anisole, chlorobenzene, 1,1,2,2-

tetrachloroethane, and o-dichlorobenzene at temperatures from 278 to 323 K.  The 

calorimetric enthalpy changes, ΔHcal, for formation of the C60•Clip and C70•Clip  

complexes in toluene at 278, 288, 298, and 308 K were plotted versus temperature to 

yield an estimate of the heat capacity change, ΔCp, for the formation of the two fullerene 

Clip complexes and is shown in Figure 7.5. 
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The enthalpy changes for formation of both the C60 and C70 

buckyball•buckycatcher complexes are linearly dependent on T over the experimental 

temperature range.  The estimated heat capacity changes for formation of the two host-

guest complexes are -45.1 ± 5.2 cal mol-1 K-1 and -28.1 ± 4.9 cal mol-1 K-1  for the 

C60•Clip and C70•Clip  complexes respectively.  It is clear that these two ΔCp values are 

significantly different. 

7.5 Discussion 

In this study we have used ITC methods to develop a complete thermodynamic 

description for the formation of C60 and C70 fullerene buckycatcher complexes.  Where 

possible we have compared our thermodynamic data (Ka, ΔG, ΔH, and –TΔS) with both 

existing experimental and computational data.  In general the ITC values for Ka were in 

agreement with the NMR Ka data and some simple computational results.  However, a 

more careful inspection of the ITC results indicated systematic differences in the ITC 

versus NMR Ka values and even larger differences between the ITC enthalpy change 

data, ΔHcal, and the NMR van’t Hoff enthalpy change, ΔHVH, estimates.  In addition to 

providing values for Ka, ΔG, ΔH, and –TΔS for formation of these dispersion complexes, 

the ITC experiments provided estimates for the ΔCp values for complex formation, and 

unexpected evidence for a general enthalpy entropy compensation in the temperature 

dependence of the free energy change and in the change in free energy with changes in 

the solvent dielectric constant.  It is important to note that the ITC experiments reported 

here were only possible for these weak complexes because the complex stoichiometry 

was determined in complimentary mass spectrometry experiments and because we were 

able to work at reasonably high and accurately known concentrations for both the 
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fullerenes and the Clip. In other words, we were able to design ITC experiments wherein 

we were able to measure the heats for the formation of the complex and able to determine 

the Ka values from the observed curvature in the titration curve.  These conditions were 

met even for systems exhibiting Ka values as low as 200. 

Stoichiometric information obtained from both Job plot analysis of the NMR 

titrations and from the APPI mass spectrometry experiment clearly show a saturation 

stoichiometry of 1:1 for both the C60 and C70 buckyball•buckycatcher complexes.  These 

results are in agreement with the previously reported crystallographic structure for the 1:1 

inclusion complex of C60•Clip.(1) In addition to showing the expected 1:1 species for the 

fullerene and buckycatcher complex, the APPI mass spectra indicate the presence of free 

fullerenes and Clip, and Clip dimers a clear indication of weak complex formation.   

In previous studies, we reported NMR derived Ka values for the association of 

both C60 and C70 with the Clip in toluene at 298 K. The earlier Ka values were 8600 ± 500 

M-1 for formation of C60•Clip complex and 6800 ± 400 M-1 for formation of C70•Clip 

complex.(1,2) In the current study, the NMR titrations were repeated but at lower 

concentrations for both C60 and Clip. The latest NMR derived Ka value for formation of 

C60•Clip complex at 298 K in toluene is 2820 ± 75 M-1 which is in excellent agreement 

with the ITC determined Ka value of 3200 ± 150 M-1. We concluded that Ka values from 

both previous studies had been over-estimated due to some unobserved aggregation of 

either C60, Clip or the C60•Clip complex in solution at the higher concentrations. More 

importantly, we now find as expected that the Clip binds C70 with a higher affinity than 

exhibited for C60 under all of the solution conditions studied here (see Table 7.1 and the 

Supplemental materials).   
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The heat capacity change, ΔCp, for formation of a fullerene Clip complex in 

toluene was determined from the slope of the linear regression line for a plot of ΔHcal 

versus temperature from 278 to 308 K. The ΔCp values for formation of both the C60•Clip 

and C70•Clip complexes were -45 and -28 cal mol-1 K-1. These small negative values for 

ΔCp indicate that the fullerene•Clip complexes are slightly less structured than the free 

fullerene and Clip. The observation of a negative heat capacity change is typically 

attributed to the release of solvent molecules upon complex formation.  In the fullerene 

buckycatcher system, it appears that solvent molecules must be expelled from the 

interacting surfaces of the fullerene and the buckycatcher with the net negative change in 

ΔCp resulting from desolvation of the complex.  The larger negative ΔCp value for 

formation of the C60•Clip complex (-45 cal mol-1 K-1 vs. -28 cal mol-1 K-1) suggests that 

C60 fits better into the Clip pocket and that more solvent is released in the formation of 

the C60 complex than for formation of the C70•Clip complex. The larger Ka measured for 

the formation of the C70•Clip complex would be consistent with a lower desolvation 

penalty for formation of the C70 inclusion complex.   

Thermodynamic data obtained from fitting ITC experiments for the addition of 

Clip into either C60 or C70 solutions performed at several different temperature ranging 

from 278to 308 K in toluene are plotted in Figure 7.6.  
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Figure 7.6 Normalized values for the thermodynamic parameters (ΔG- ΔGave), , 
(ΔH- ΔHave), ●, and (-TΔS+ TΔSave), , for the formation of the fullerene 
Clip complexes in toluene are plotted at four different temperatures 278, 
288, 298, and 308 K. 

 

Panel A shows the thermodynamic data for formation of the C60•Clip complex. Panel B 
shows the thermodynamic data for the formation of the C70•Clip complex. 

The change in the free energy change, δΔG, for fullerene•Clip complex formation 

over the temperature range, 278 to 308 K, is very small.  For example the change in the 

free energy change, δΔG, for formation of the C60•Clip complex is less than 0.1 kcal/mol 

while the change in the free energy change, δΔG, for formation of the C70•Clip complex 

is less than 0.2 kcal/mol.  Variations in the enthalpy and entropy changes for formation 

of the fullerene•Clip complex are much greater over the same temperature range, with the 

changes in ΔH and in –TΔS compensating for each other.  Enthalpy-entropy 

compensation as brought about by changes in temperature has only infrequently been 

observed or reported for reactions taking place in organic solvents.(9-17) Referring to the 

extensive enthalpy-entropy compensation literature for reactions taking place in aqueous 

solution, we are not surprised by this result since its origin is typically attributed to 

changes in solvation.(18-28) The formation of fullerene•Clip complexes must involve 
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solvent removal from the interacting surfaces of the associated fullerene guest and Clip 

host pocket. 

It was noted in the Results section that fullerene•Clip complex formation becomes 

less favorable in solvents where the solubility of the fullerene or the Clip is greater.  To 

further explore the nature of this observation, ITC experiments were done using five 

different solvents, toluene, anisole, chlorobenzene, 1,1,2,2-tetrachloroethane and o-

dichlorobenzene, at 298 K. These thermodynamic data which can be found in Table 7.1 

and in the supplementary materials section are plotted as a function of solvent dielectric 

constant in Figure 7.7. 

Figure 7.7 Panels A and B demonstrate a new type of enthalpy entropy compensation 
for the formation of the C60•Clip and C70•Clip complexes respectively. The 
thermodynamic parameters for fullerene•Clip formation, ΔG (), ΔH (●), 
and –TΔS () are plotted as a function of solvent dielectric constant for 
five different organic solvents at 298 K. 

Again, we observe a new type of enthalpy-entropy compensation in which the 

free energy change for complex formation is less dependent on the solvent properties 
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(e.g. polarity, hydrogen bonding, dielectric constant, etc.) than is either the enthalpy or 

entropy change. In fact the while the free energy change is observed to vary linearly with 

solvent dielectric constant, becoming 1.5 to 2 kcal/mol less favorable in o-

dichlorobenzene than in toluene, both the enthalpy and entropy changes vary 

unpredictably while exhibiting a high degree of compensation.  In effect, every change in 

ΔH is opposed by a compensating change in –TΔS. Again, the explanation for this 

phenomena must reside in the fact that complex formation proceeds with the release of 

solvent from the fullerene•Clip complex. 

7.6 Conclusion 

In conclusion, this work has resulted in the most complete set of thermodynamic 

data obtained to date for the formation of C60•Clip and C70•Clip inclusion complexes.  

The thermodynamic data, including Ka, ΔG, ΔH, and –TΔS, for the formation fullerene 

buckycatcher inclusion complexes are reported over a range of temperatures and in 

several solvents. The thermodynamic data for these prototypical large dispersion-driven 

supramolecular systems will be invaluable to the further development of computational 

methods and models for estimating the energetics of π-π interacting systems in solution.  

These data will be particularly important in predicting dispersion driven complex 

formation in aromatic or π bonding solvents. 

This work has also yielded fundamental insight into the changes in solvation that 

must occur for C60•Clip and C70•Clip inclusion complexes to form.  For example, the ΔCp 

data, as well as the temperature dependent enthalpy-entropy compensation, and the 

solvent dependent enthalpy entropy compensation phenomena that were observed are 

new to the dispersion-driven supramolecular assembly literature.  Lastly, this work has 

179 



 

  

shown the power of the ITC method to investigate these supramolecular assembly 

processes even though the association constants are quite small. 
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CHAPTER VIII 

OVERALL DISCUSSION OF RESULTS AND CONCLUSIONS 

The power and versatility of ITC techniques are demonstrated by the amount of 

ITC data that has been added to the literature in recent years. However, most of the data 

are analyzed using the typical software provided by ITC manufacturers (GE/VP or TA-

instruments), having limited models and functionalities. More complex data are rarely 

encountered in the literature due to two reasons: 1) complex systems are seldom studied 

by calorimetric techniques 2) the absence of analysis software that is user-friendly 

publicly available/searchable, and contains the appropriate model. 

Nevertheless, in the past decade, there has been an increasing emergence of 

complex ITC data in the literature. Interestingly, five different ITC analysis software 

packages (including our recently published program CHASM© ) were introduced in the 

past seven years. SEDPHAT by Schuck, P. (1) was the first software to become available 

besides the commercial software provided by GE/VP and TA-instruments. SEDPHAT 

was then followed by IC-ITC, created by Haq, I. (2). Both programs have front-end user 

interfaces and offer a wide variety of functionalities to the point of being overwhelming 

to users. Open-ITC, developed by Mohanty, S. (3) and suITCase by Piñeiro, A. (4) were 

both introduced in 2011. Open-ITC is written in GSL library functions and does not have 

a front-end interface which requires the users to be familiar with C++ programming and 

Linux. In the same year, suITCase, introduced by Piñeiro, is a web–based program that 
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only offers analysis for “sequential binding sites” models. Overall, all four programs have 

their own unique features and functionalities. While some are more useful than others, 

they all lack the analysis for multiple overlapping equilibria (>2 sites). This is where our 

program fits in. 

In a little over a year, when CHASM© was launched , we tallied over 370 unique 

downloads from over 25 different countries and 31 states. Some of these users included 

Washington University, UC Berkeley, Purdue University, the FDA, the NIH, and 

Harvard University. 

Isothermal titration calorimetry plays a central role throughout this dissertation 

and the course of my PhD training. All chapters in this dissertation contain ITC data in 

addition to other biophysical techniques. The following conclusions for each chapter are 

presented according to the order of the chapter as it appeared in this dissertation. 

In Chapter IV, we studied a Bcl-2 Promoter Sequence G-Quadruplex interactions 

with three planar and non-planar cationic porphyrins: TMPyP4, TMPyP3, and TMPyP2. 

Spectroscopic results (CD and fluorescence) both suggested that TMPyP4 behaved 

differently from TMPyP3 and TMPyP2 upon binding to quaduplex DNA. Whereas 

TMPyP2 and TMPyP3 exhibit gradual attenuation of their emission spectra over the 

wavelength range of 600 to 800 nm when bound to quadruplex DNA, TMPyP4 

fluorescence changes in a more complex manner upon binding to the Bcl-2 quadruplexes: 

first decreased from 0 to 2 moles and then increased from 2 to 4 moles. On the other 

hand, the CD spectra for the Bcl-2 promoter quadruplexes is unchanged by the addition 

of the three porphyrin ligands up to saturation (2:1 for TMPyP2 or TMPyP3, and 4:1 for 

TMPyP4). Only when saturation ratios are exceeded do we begin to observe induced CD 
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signal for the bound porphyrin; again (2:1 for TMPyP2 or TMPyP3, and 4:1 for 

TMPyP4). The ESI-MS results provide spectroscopic evidence for the saturation 

stoichiometry of the ligand DNA binding. The clear indication of a 4:1 ratio peak for 

TMPyP4/Bcl-2 the lack of free/unbound DNA are in excellent agreement with ITC 

binding studies. On the other hand, the absence of the 4:1 peaks and the apparent peaks 

for free DNA in the mass spectra for complexation of both the TMPyP3 and TMPyP2 to 

Bcl-2 solutions suggested both TMPyP3 and TMPyP2  exhibited weaker binding affinity 

to Bcl-2 quadruplex with a maximum stoichiometry of 2:1.  To the best of our 

knowledge, this is the first ESI-MS evidence for a G-quadruplex species having four 

porphyrin ligands bound to an intramolecular G-quadruplex.  The ITC results present a 

consistent picture regarding the binding of the three porphyrin ligands to the WT 39-mer 

Bcl-2 promoter sequence quadruplex. For TMPyP4, the higher affinity binding mode 

combines a favorable enthalpy contribution (-1.8 to -4.6 kcal/mol) with a more significant 

favorable entropy contribution of -4 to -9 kcal/mole in terms of (-TΔS) while the lower 

affinity mode combines a more significant enthalpy contribution (-6 to -12 kcal/mol) with 

a smaller entropy term ranging from -3 to +5 kcal/mol.    

The results of the spectroscopic and microcalorimetric experiments described here 

clearly demonstrate that the planar cationic porphyrin, TMPyP4, binds with high affinity 

to the WT 39-mer Bcl-2 promoter sequence G-quadruplex by two distinctly different 

binding modes. Our interpretation of two binding modes being an external or end 

stacking mode and an intercalation mode can describe the observed ITC data reasonably 

well. The intercalation mode is eliminated when the bulky N+-CH3 pyridinium 

substituent groups (in TMPyP3 and TMPyP2) force the ligand to become non-planar, 

186 



 

requiring a greater G-tetrad spacing for intercalation to occur. Even though the first report 

for TMPyP4 interaction with G-quadruplex dates back to 16 years ago, there is still 

controversy on the site and mode of its interactions with quadruplex DNA. We were 

hoping the data and the careful discussion provided in the study can convince the 

scientific community that TMPyP4 is capable of end-stacking and intercalation. 

In Chapter V, we investigated the effect of Pyridyl substitution on the 

thermodynamics of porphyrin binding to Bcl-2 27-mer G-quadruplex DNA. The initial 

goal of this study was to understand where the high binding affinity of TMPyP4 towards 

quadruplex structure originates from. We took an unconventional approach: we removed 

the arms (N-methyl Pyridyl substituent) from the parent compound TMPyP4 

systematically and reevaluated the binding interactions.  The thermodynamic properties 

for binding these truncated porphyrins to a Bcl-2 G-quaduplex yielded a couple of 

surprises. It was previously suggested that the two binding modes observed for the 

interaction of TMPyP4 with G-quadruplexes in general and more specifically with c-

MYC, Bcl-2, and K-ras promoter sequence G-quadruplexes are 1) an “end binding” 

mode, and 2) an “intercalation mode”.  We described the binding of the P(5,15) ligand as 

“intercalation” and the binding of the P(5,10,15) ligand as “end binding”. In comparison 

to TMPyP4, which forms G-quadruplex complexes having a saturation stoichiometry of 

4:1, the P(5,15) and P(5,10,15) only form 2:1 complexes with the Bcl-2 promoter 

sequence G-quadruplex. The biggest surprise is that Goncalves et al.  reports a significant 

affinity for binding the P(5,10) ligand to a human telomere G-quadruplex while we did 

not observe any complex formation between the P(5,10) ligand and the Bcl-2 promoter 

sequence G-quadruplex. We believe that the finding of P(5,10) in an SPR study reported 
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by Goncalves et al.  is erroneous as they failed to find the expected 4:1 binding 

stoichiometry for the TMPyP4 complex as pointed out by another SPR study by Federici 

et al. on the same human telomere G-quadruplex construct. The apparent high affinity 

intercalation of the P(5,15) ligand points us in a new direction with respect to designing 

G-quadruplex interactive ligands.  In comparison to TMPyP4, the P(5,15) ligand has a 

smaller SASA and a charge of only +2.  However, P(5,15) binds to the Bcl-2 G-

quadruplex with almost the same affinity as TMPyP4. Perhaps even better G-quadruplex 

ligands could be synthesized to take advantage of the trans (5,15) substitution pattern on 

the core porphyrin, but with changes in the substituent charge or shape to produce 

stronger interactions. By no surprise, we have recently encountered examples in the 

literature reporting new G4 interactive ligands combining the planar heterocyclic 

aromatic naphthalene diimide (NDI) ring and the trans substitution pattern, creating a 

new family of ligands exhibiting high binding affinity and better selectivity towards the 

G-quadruplex than duplex DNA. 

In Chapter VI, we reported the assembly of a model NHE-III1 construct and 

reported its structural complexity, stability and ligand interactions with a classical 

quadruplex interactive ligand, namely TMPyP4.  The model NHE-III1 was assembled by 

annealing a 17-mer oligonucleotide (short polypyrimidine strand) having a mid-sequence 

run of 5 T’s (or C’s) and tail sequences of 3’-AAATTT and TTTAAA-5’, to a 32-mer 

oligonucleotide (polypurine strand) having a 20-mer c-MYC G-quadruplex forming core 

and complimentary tail sequences of 5’-TTTAAA and AAATTT-3’.  ESI-MS and CD 

experiments for the model NHE-III1 construct confirmed the presence of the typical c-

MYC promoter sequence G-quadruplex in the new double stranded structure. DSC 
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experiments suggested a change in relative equilibrium of the folded structures in 

solution. Deconvolution of the 32-mer MWT melting curve suggests that the 1:2:1 folded 

species contributes 90% of the total population while the 1:6:1 only contributed 10%. 

However, upon complexation with the capping strand, the new relative population 

distribution is 40% for 1:2:1 and 60% for 1:6:1. We have searched the literature 

extensively in order to fully understand this behavior and have found that our explanation 

is viable. But more importantly, it suggested that the predominant 1:6:1 foldamer maybe 

a better candidate for designing drug targeting c-MYC G-quadruplex. Results of the ITC 

experiments for binding TMPyP4 to our model NHE-III1 construct are more complex 

than we anticipated. The availability of an ITC analysis program (CHASM©) that is 

capable of discerning and fitting multiple overlapping processes has enabled us to extract 

the thermodynamic properties for binding of TMPyP4 to the model NHE-III1. Aside from 

the duplex binding as a byproduct of TMPyP4 binding to the NHE-III1 construct, we 

observed two important features that resulted from the ITC experiments: ligand induced 

refolding (LIR) and an enhancement in the binding affinity. 

Unintentionally, the flanking duplex regions (modeled by runs of Ts and As) 

placed adenines adjacent to the quaduplex core on both ends, causing significant 

destabilization to the c-MYC quadruplex. Addition of TMPyP4, a classical and well-

studied quadruplex-interactive-ligand, to the model NHE-III1 construct initiated the 

ligand-induced-refolding process using TMPyP4 as a scaffold. We did not observe this 

phenomenon when we used the 4T capped WT 36-mer during preliminary study. We 

altered the DNA sequence for a less important reason but this serendipitous result 
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demonstrated that even a well-studied (and on-the-verge of being overlooked) ligand 

such as TMPyP4 can produce surprising yet exciting results. 

We are not the first to contemplate the idea of modelling quadruplex in double 

stranded form. Two other research groups have presented their dsG4 models using PNAs 

and RGG peptide bound to a RNA duplex-quadruplex junction. Both previous models 

have serious limitations as discussed in Chapter VI. Although our model is not perfect, 

the novel aspect of our discovery was that we provided evidence of a conformational 

selection in the ensembles of quaduplex and we also provided evidence for enhanced 

binding capability of ligand to the model NHE-III1 construct. It is important to 

emphasize that without the evidence from the ITC binding study, the remaining 

spectroscopic data seems to be very circumstantial or even conjecture. Our three 

overlapping binding equilibria, proceeded by a ligand-induced-reorganization, is the 

simplest yet most useful explanation to describe the observed ITC data. Famous 

mathematician John von Neumann used to say “… With four parameters I can fit an 

elephant, and with five I can make him wiggle his trunk.” 

In Chapter VII, we reported for the first time calorimetric evidences of 

supramolecular PAH complexes brought about by weak dispersion forces. The 

spectroscopic evidence indicated the interactions of Clip and C60 is dominated by Van der 

Waals interactions through π • • π stacking. Results combined from crystallographic 

structure, Job’s plot analysis, and APPI-MS demonstrated a 1:1 binding stoichiometry for 

formation of the buckyball•buckycatcher complex. Both C60 and C70 fullerenes were used 

to model the concave surfaces and act as receptors for the doubly-convex-corannulene 

rings of the buckycatcher (or Clip). 
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The formation of these complexes is the result of a weak binding event (ΔG° = -

4.0 ± 1.0 kcal/mol). Interestingly, the solubility of the reactants (fullerenes or Clip) and 

the measured association constants follow Le Chatelier’s principle: the more soluble the 

reactants are in a particular solvent, the lower the values of the association constant 

measured in that solvent. The Ka values determined from ITC and NMR titration 

experiments are in excellent agreement with one another. Van’t Hoff plot were 

constructed from variable temperature NMR titrations and yield ΔHVH values that are in 

good agreement with the ΔHcal values determined over similar temperature range. The 

ΔCp accompanying complex formation and Ka values suggested that C70 seems to be a 

better structural fit for this Clip than C60 . By varying the temperature and the solvent of 

the ITC experiments, we observed both a classical phenomenon called enthalpy-entropy 

compensation that is well recognized in aqueous medium. However, our system seems to 

be more regulated with temperature changes than chemical changes that brought about 

variations in solvent dielectrics.  

To the best of our knowledge, this is the first report of a model system exhibiting 

enthalpy-entropy compensation through purely van der Waals' interactions in different 

organic solvents. The ultimate goal of this project was to provide experimental data to 

assess the quality of current computational methods and to construct better solvent 

models for these theoretical studies. We have also demonstrated the richness of data 

collected from just a few ITC experiments. In this study, the thermodynamic data 

obtained from ITC experiments enabled us to better understand the assembling process of 

supramolecular complexes. Understanding these fundamental interactions is of premium 
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importance because they have many implications in chemistry, physics, biology, 

medicine, and material sciences. 
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Table A.1 Thermodynamic parameters (given in kcal/mole) for the titrations of 
TMPyP4 into 32-mer MWT•5C capped construct, 1:2:1•5C capped 
construct, and 1:2:1•5C capped construct. 

Construct ΔG1 ΔH1 -TΔS1 ΔG2 ΔH2 -TΔS2 ΔG3 ΔH3 -TΔS3 

32MWT•5Ccap -13.8±0.5 -7.8±0.1 -6.0 -10.3±0.6 -12.5±0.4 2.2 -7.6±0.1 -10.0±0.3 2.6 
1:2:1•5Ccap -12.6±0.6 -7.5±0.1 -5.1 -10.2±0.2 -12.3±0.2 2.2 -7.6±0.1 -9.4±0.2 1.8 
1:6:1•5Ccap -13.2±0.6 -7.5±0.2 -5.7 -9.2±0.1 -13.0±0.2 3.8 -6.9±0.1 -9.5±0.3 2.6 

Figure A.1 Overlay CD spectra obtained for the uncapped 32-mer MWT (——), 
uncapped 1:2:1 mutant (— —), and uncapped 1:6:1 mutant (- - -). 
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Figure A.2 A) DSC melting profiles for the thermal denaturation of 1:2:1 (▬), 
1:2:1•5T(▬), and 1:2:1•5C (▬)capping construct. B) DSC melting 
profiles for the thermal denatures of 1:6:1(▬), 1:6:1•5T(▬), and 
1:6:1•5C(▬) capping construct. 
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Figure A.3 Titrations of TMPyP4 into 32-mer MWT•5C capped construct (--), 
1:2:1•5C capped construct (--), and 1:6:1•5C capped construct (--) are 
shown in the left panel. 

Heat signatures between 0 and 3.0 Molar Ratio are attributed to ligand induced 
restructuring and excluded from the non-linear fit. The solid lines represent the non-linear 
best fits. Raw and integrated heats for a typical titration of TMPyP4 into 32-mer 
MWT•5C capped DNA complex are shown in the right panel. 
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Figure A.4 A) DSC melting and deconvoluted melting curves for the thermal 
denaturation of 36-mer WT c-MYC.  B) DSC melting for the thermal 
denaturation of the 36-mer WT•4T capping construct.  

 

 

 

 

 

 

 

 

 

 

 

 

Orange curves (▬) represent the deconvoluted melting curves for double stranded 
flanking regions. Blue curves (▬) represent the deconvoluted melting curves for 1:6:1 
quadruplex foldamer. Green curves (▬) represent the deconvoluted melting curves for 
1:2:1 quadruplex foldamer. 
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 Figure A.5 DSC thermograms showing the deleterious effect of the 5-C cap on the 
thermal stability  of the “capped” MWT and “capped” mutant MWT. DSC 
thermograms for 5-T “capped” complexes are shown on the left, DSC 
thermograms for 5-C “capped” complexes are shown on the right. The 5-C 
“capped” complexes exhibited increased amount of duplex melting 
evidenced by the melting peaks centered around 27 °C. 
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Table B.1  Thermodynamic parameters (given in kcal/mol) for the complexation 
formation of C60 and C70 with Clip in toluene  

 

 

 

 

 
 

 

 

 

Table B.2 Thermodynamic parameters (given in kcal/mol) for the complexation 
formation of C60 and C70 with Clip in chlorobenzene 

Table B.3 Thermodynamic parameters (given in kcal/mol) for the complexation 
formation of C60 and C70 with Clip in o-dichlorobenzene 

Table B.4 Thermodynamic parameters (given in kcal/mol) for the complexation 
formation of C60 and C70 with Clip in anisole 

Table B.5 Thermodynamic parameters (given in kcal/mol) for the complexation 
formation of C60 and C70 with Clip in 1,1,2,2-tetrachloroethane  

201 


	The Renaissance of Isothermal Titration Calorimetry
	Recommended Citation

	Microsoft Word - Dissertation Library Edit

