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 I. Introduction

Spectroscopic methods provide sensitive and convenient methods to monitor protein (ligand)-nucleic acid interactions.  In this chapter we discuss the use of spectroscopic probes to monitor non-specific ligand-nucleic acid interactions as well as rigorous methods of analysis to obtain model-independent equilibrium binding isotherms from spectroscopic titrations.1-3  Such isotherms can then be analyzed, using appropriate statistical thermodynamic models, to yield equilibrium binding parameters for the interaction.  Studies of the dependence of these binding parameters on temperature and other solution conditions can then provide thermodynamic information, which is necessary to understand the basis for stability and specificity of these interactions.4  See also Lohman & Mascotti5 (this volume) for further discussion. 


This chapter focuses on the use of steady-state fluorescence techniques to monitor changes in the ligand (protein) that accompany binding, with examples drawn from studies of ligands and proteins that bind non-specifically to nucleic acids.  Spectroscopic methods, such as fluorescence, uv absorbance and circular dichroism, although indirect, offer many advantages for the study of ligand-nucleic acid, as well as other macromolecular interactions.  In the case of steady state fluorescence, one has access to a rapid, non-radioactive method, which can be used at fairly low concentrations of ligand and nucleic acid.  For example, micromolar concentrations of tryptophan can be detected easily, hence binding studies with proteins or peptides containing multiple tryptophans can often be performed at concentrations in the 10 nM range.  A further general advantage of spectroscopic methods is that titrations of a single solution can be monitored continuously, thus increasing the precision and ease of data collection.  These are essential considerations if one is to attempt to investigate systematically the thermodynamics of a protein or ligand-nucleic acid interaction over a wide range of solution variables.  Finally, although assumptions regarding the relationship between the spectroscopic signal and the degree of binding are often made when using spectroscopic techniques, these assumptions are not necessary, since thermodynamic, model-independent methods of analysis are available which enable the determination of absolute binding isotherms.1-3  Therefore, rigorous investigations of the equilibrium binding and thermodynamic properties of ligand (protein)-nucleic acid interactions that rely on convenient spectroscopic probes are possible. 

II. Model-independent Determination of Ligand-Nucleic Acid Binding Isotherms, Using Spectroscopic Approaches to Monitor Binding

A variety of experimental approaches have been described for the study of protein-nucleic acid interactions;6 however, we will focus on the use of spectroscopic approaches, specifically changes in steady-state fluorescence, that accompany formation of the complex.  In order to use a change in a spectroscopic signal that is induced upon formation of a ligand-nucleic acid complex to obtain a true equilibrium binding isotherm, either the relationship between the signal change and the degree of binding must be known, or a method of analysis must be used that does not require knowledge of this relationship.  If some relationship between the signal change and the degree of binding is assumed (e.g., linear), then the resulting binding isotherm and thermodynamic parameters determined from that binding isotherm are only as valid as the assumed relationship.  This major caveat should be kept in mind, since it severely limits the certainty with which quantitative conclusions can be drawn from such data.  


The relationship between the spectroscopic signal change and the degree of binding can be obtained through comparisons of isotherms determined by spectroscopic approaches with those determined using thermodynamically rigorous techniques that measure binding directly (e.g., equilibrium dialysis).  However, model-independent methods of analysis of spectroscopic titrations have also been described that do not require prior knowledge of the relationship between the signal change and the degree of ligand binding and, in fact, can be used to determine these relationships.  We refer to these approaches as "Binding Density Function (BDF) Analyses". The analysis differs depending on whether the signal change is from the macromolecule (MBDF analysis)1 or from the ligand (LBDF analysis)2 and both methods have been reviewed recently.3  In the following sections we discuss these methods briefly, although we focus on the LBDF analysis for ligand-nucleic acid interactions that are monitored by changes in the fluorescence of the ligand, since the experimental examples that we refer to are of this type.  However, it should be noted that these methods of analysis can be used with any signal that reflects binding, independent of its origin (ligand or nucleic acid).  

A. Equilibrium Titrations

We will mainly discuss the non-specific binding of ligands to long linear nucleic acids.  For this case, the nucleic acid can bind multiple ligands (proteins) and therefore is defined as the macromolecule.  However, there are cases involving the interaction of oligonucleotides with multisubunit proteins, in which case the protein is defined as the macromolecule.7-9  This designation is not simply semantic, since the type of BDF analysis that is applied depends on this identification.2,3  Based on this nomenclature, there are two types of titrations; each has its own utility, depending on the circumstances and whether the spectroscopic signal that is used to monitor binding originates from the ligand or the nucleic acid.   


1. Addition of ligand to a constant concentration of nucleic acid ("Normal" titration) 


This is the most common type of titration and the easiest to consider, conceptually, since the binding density (ligands bound per nucleic acid) increases during the course of the titration.  We refer to it as a "normal" titration for this reason.  When spectroscopic probes are used to monitor binding, a normal titration is generally used when the spectroscopic signal is from the nucleic acid, since in this case, any change in the spectroscopic signal is a direct reflection of binding.


2. Addition of nucleic acid to a constant concentration of ligand ("Reverse" titration)   


In this type of titration, the binding density decreases during the course of the titration.  It is generally used when the spectroscopic signal is from the ligand, since in this case, any change in the spectroscopic signal is a direct reflection of binding.  However, the use of a "reverse" titration does not generally enable the entire range of binding densities to be spanned with a single titration, thus placing limitations on their utility.2,3  A normal titration can also be used when the spectroscopic signal is from the ligand,10 thus allowing one to span a wider range of binding densities; however, the data analysis for this case is more complex and the binding isotherms obtained are generally less accurate than when normal titrations are performed with the signal originating from the nucleic acid.

B. Binding Density Function Analysis
1. Ligand Binding Density Function (LBDF) Analysis

Here we review briefly the general case in which binding is accompanied by a change in the signal (fluorescence) of the ligand, which follows the treatment of Bujalowski and Lohman.2  Consider the equilibrium binding of a ligand, L, to a nucleic acid, D, such that there can be "r" states of bound ligand, with each state possessing a different molar fluorescence signal, Fi (i=1 to r).  The experimentally observed signal, Fobs, from a ligand solution (at total concentration, LT (moles per liter)) in the presence of nucleic acid (at total nucleotide concentration, DT (moles per liter)) can then be expressed by eq. (1),



Fobs = FFLF +  Fi Li    
(1)

where FF and LF are the molar fluoresence signal and concentration of free ligand, respectively, and Fi and Li are the molar fluorescence signal and concentration of the ligand bound in state "i", respectively.  The concentrations of free and bound ligand are related to the total ligand concentration by conservation of mass (eq. (2))



LT = LF + DT i           
(2)

where i (= Li/DT ) is the ligand binding density (moles of ligand bound per mole of nucleotide) for the ith state.  


Based on these definitions, it can be shown2,3 that the relationship in eq. (3) holds, 



Qobs(LT/DT) =  Qi i
(3)

where Qobs=(Fobs-FFLT)/FFLT is the experimentally observed quenching of the ligand fluorescence at total ligand and total nucleic acid concentrations, LT and DT, respectively, and Qi=(Fi-FF)/FF is the quenching of the intrinsic fluorescence of the bound ligand in state "i".  [Note that the quantity, FFLT∫F0, is simply the initial fluorescence signal from the free ligand before addition of nucleic acid.]  


Eq. (3) states that the "Ligand Binding Density Function" (LBDF), Qobs(LT/DT), is equal to Qii, the sum of the binding densities for all "i" states of ligand binding, weighted by the intrinsic fluorescence quenching for each bound state.  Since the Qi are molecular quantities that are constant for each binding state "i", under a constant set of solution conditions, then the quantity, Qii, and hence the LBDF, will also be constant for a given equilibrium binding density distribution, i.  Therefore, at equilibrium, the values of LF and i  (and each separate value of i) are constant for a given value of Qobs(LT/DT), independent of the nucleic acid concentration, DT.  As a result, one can obtain model-independent estimates of the average ligand binding density, i, and LF from an analysis of a plot of Qobs(LT/DT) vs. DT for two or more reverse titrations performed at different total ligand concentrations, LT, under identical solution conditions (see section IV.A.1. for details of the analysis).  As discussed previously,2 when reverse titrations are used to obtain the binding data, then multiple titrations (6 to 8) are needed to span the entire binding density range, since each individual reverse titration spans only a part of the binding density range (see Figure 3).  This is a major difference between the use of reverse vs. normal titrations.2,3  We also note that the use of the "Binding Density Function" method of analysis is valid only in the absence of ligand or nucleic acid aggregation (see section IV.A.1.b. for further discussion).

2. Macromolecule Binding Density Function (MBDF) Analysis

When the signal is from the macromolecule, i.e., the species that binds multiple ligands, the appropriate Binding Density Function is simpler than when the signal is from the ligand.  If we again consider the signal to be a fluorescence change (increase or decrease), then the BDF for this case is given in eq. (4),1,3

Qobs =  Qi i
(4)

where Qobs=(Fobs-FFMT)/FFMT is the experimentally observed quenching of the macromolecule fluorescence at total ligand and total macromolecule concentrations, LT and MT, and Qi=(Fi-FF)/FF is the quenching of the intrinsic fluorescence of the bound macromolecule in state "i".  This approach involves the analysis of a series of titrations at constant macromolecule concentration, MTx, in a manner similar to that discussed above for the LBDF analysis (see Lohman & Bujalowski3,7 and Bujalowski & Lohman8 for details).
3. Generation of Binding Isotherms from a Single Titration when Qobs/Qmax=LB/LT

The LBDF analysis allows one to rigorously determine a model-independent binding isotherm and the relationship between Qobs and the fraction of bound ligand, LB/LT.  However, the LBDF method requires 6 to 8 titrations to construct a single binding isotherm with good precision over a wide range of binding densities (see Figure 3 and section IV.A.1), although this is necessary if the relationship between Qobs and LB/LT is not known a priori.  However, if it can be determined from the LBDF analysis or by comparisons with isotherms determined from more direct methods, that a linear relationship exists between Qobs and LB/LT over a wide range of binding densities, then one can use this linear relationship to determine the average binding density, , and LF from a single titration curve.2  If a linear relationship exists, then eq. (3) reduces to eq. (5), which leads to eqs. (6) and (7),

                                            
 EQ \F(Qobs,Qmax)   =   EQ \F(LB,LT)  
(5)


                                 
LF = (1 -  EQ \F(Qobs,Qmax) )LT               
(6)


                           
 Q=(  EQ \F(Qobs,Qmax) )(  EQ \F(LT,DT) )
(7)

where Qmax is the fluorescence quenching when all of the ligand is bound (LB/LT=1).  Qmax can be obtained from the plateau value of Qobs if LB/LT=1 can be reached experimentally or it can be obtained from the LBDF analysis as described in section II.B.1 and IV.A.2.  In eq. (7), we have designated the binding density as Q to emphasize that it is calculated based on the relationship in eq. (5).  We emphasize that one  should not assume a priori that eqs. (5)-(7) are valid for a particular ligand-nucleic acid interaction in the absence of direct evidence, since serious errors in the calculated isotherms and binding parameters can result.  On the other hand, if a direct proportionality does not exist between the signal change and the fraction of bound ligand over a wide range of binding densities, the true binding isotherm can still be constructed without any assumptions through use of the LBDF analysis. 

III. Experimental Methods

In this section we describe the experimental methods used to obtain equilibrium reverse titrations for a ligand-nucleic acid interaction, in which a fluorescence signal from the ligand is used to monitor binding.  The examples used to demonstrate these methods are taken from studies from this laboratory on the non-specific binding of the E. coli Single Strand Binding (SSB) protein2,3,8,9,11-13 and synthetic oligolysines to synthetic homopolynucleotides.14  In these cases, the quenching of the tryptophan fluorescence of the peptide or protein is used to monitor binding.  However, the methods of analysis are independent of the signal used to monitor binding and methods are also available when the signal is from the nucleic acid.3  Specific ligand-nucleic acid interactions as well as other ligand-macromolecule interactions can also be examined using these approaches if an appropriate signal is available. 

A. Equipment

Fluorescence experiments were performed with an SLM-Aminco 8000C spectrofluorometer (Urbana, IL) in its ratiometric mode.  The sample temperature is controlled by circulating water from a refrigerated circulating water bath (Lauda RMS-6) through the jacketed cuvette holder.  Typically, 2 ml samples are used in 4 ml quartz cuvettes (10 x 10 x 4.5 cm; Starna Cell Spectrasil (Atascadero, CA)).  The sample within the cuvette is stirred continuously during the experiment using a cylindrical teflon-coated stir-bar (8 x 8 mm; Bel-Art F37150 (Thomas Scientific)); stirring speed is controlled by the magnetic stir plate within the SLM fluorometer.  Although this cuvette requires larger sample volumes (with stir-bar in place, the cuvette has an effective volume of 3 mls), it enables us to use the cylindrical stir-bar, which provides very efficient and continuous but gentle stirring without the need to remove the cuvette during a titration.  We have not found a stirbar that provides adequate stirring within a smaller volume cuvette.  If smaller cuvettes must be used to conserve precious samples, less efficient mixing methods must be used (e.g., inversion or mixing with a teflon stirring rod), which can introduce additional problems due to sample denaturation, sticking of the sample to the stir-rod and difficulty in repositioning the cuvette identically within the sample chamber.


Titrations are performed using a glass capillary pipettor (Drummond Microdispenser, Model 105; Thomas Scientific) or Pipetteman pipettor (Rainin, Woburn, MA) for low viscosity solutions.  The Drummond is used for 1-5 l additions, while the Pipetteman is used for larger volumes.  A Microman positive displacement pipettor (Rainin, Woburn, MA) is used when dispensing solutions with viscosities significantly higher than water (e.g., ≥10% glycerol). 

B. Preliminary Experiments and Considerations:

The following preliminary information should generally be obtained in advance of attempting to generate an equilibrium binding isotherm, using fluorescence techniques.  

1. Extinction Coefficients 


Accurate determination of the ligand and nucleic acid concentrations is essential.  Routine measurements of protein or nucleic acid concentrations are best made by absorbance spectroscopy if sufficient material is available; however, this requires knowledge of the extinction coefficient for the protein and nucleic acid at a particular wavelength.  These extinction coefficients are also needed in order to apply corrections for "inner filter" effects, as described in section III.C.2.  Extinction coefficients for amino acids, homopolynucleotides and duplex DNA have been determined15-17 and methods for the calculation of extinction coefficients for oligonucleotides, which depend on the nucleotide sequence, have been described.18  The latter are based on knowledge of the extinction coefficients for a series of dinucleotides.19  However, extinction coefficients for proteins or peptides, especially nucleic acid binding proteins that have not been previously investigated, must be determined individually.  


An accurate and relatively simple means has been described for determining the extinction coefficients for proteins containing tryptophan and/or tyrosine and whose amino acid content is known or can be calculated from the DNA sequence of its gene.20,21  The extinction coefficient, at wavelength, of a protein in its native form, P, Native (M-1 cm-1), can be obtained by comparing its absorbance in its native form, Abs Native, to its absorbance in its denatured form, which can be obtained in the presence of 6 M Guanidine hydrochloride (Gu.HCl), Abs Gu.HCl, as described in eq. (8),  



P, Native = (Abs Native) (P,Gu.HCl)/ (Abs Gu.HCl)
(8)

where P,Gu.HCl is the extinction coefficient of the denatured protein in 6 M Gu.HCl.  P,Gu.HCl  can be calculated from the known extinction coefficients of tryptophan, tyrosine, cystine and phenylalanine in 6 M Gu.HCl20-22 using eq. (9),


P,Gu.HCl (M-1 cm-1) = aTyr  +  bTrp  +  cCys  + dPhe
(9)

where a, b, c and d are the number of each type of residue per protein molecule.  This method has been shown to be accurate to ±5% for a wide variety of proteins.21
2. Stability of the Fluorescence Signal

The stability of the ligand fluorescence signal (Fobs) should be examined as a function of time (± continuous excitation) over the time period and the range of ligand concentrations to be used in the titrations.  The effect of the rate of sample stirring should also be examined and optimized to maximize signal stability.  If the fluorescence signal changes with time, this may reflect any of the following: 


(i) Photobleaching:  If a decrease in the fluorescence signal is observed only upon continuous excitation, then photobleaching is implicated.  Corrections for photobleaching effects can be made when the effect is small (<5% of the signal) (see section III.C.2.).  Alternatively, the effect can often be diminished or eliminated by reducing the excitation slit widths, which reduces the volume of the sample that is irradiated.  


(ii) Ligand adsorption to the cuvette walls:  This effect should be independent of sample irradiation.  It can sometimes be eliminated by altering solution conditions or by siliconizing the cuvette walls (5% Dimethyldichlorosilane in anhydrous benzene, Sigma, St. Louis, MO).  However, if this can not be eliminated, quantitative analysis of the data is not possible.  


(iii) Change in conformational or assembly state of the ligand (protein):  This can occur if a protein is stored under conditions (buffer, temperature) that are very different than those used in the fluorescence experiment and which favor a different conformational or assembly state of the ligand.  In this case, the signal should stabilize when the system has reached equilibrium at the new solution conditions.  These effects can be minimized by dialyzing the protein vs. the identical buffer to be used in the experiment.  However, if the conformation or assembly state of the ligand is affected by solution conditions, this should be examined in detail.  Knowledge of the quaternary structure of the ligand (protein), both free in solution and in complex with the nucleic acid, is essential for determining quantitative equilibrium binding and thermodynamic parameters.  Use of a different range of ligand concentrations and different solution conditions should be examined as well as slower rates or shorter periods of stirring.   In some cases, the use of small amounts of detergents can limit aggregation phenomena; however, caution should be exercised with this approach since this clearly perturbs the system under study.   

3.  Relationship between Fobs and the free ligand concentration

The relationship between the fluorescence intensity (after applying the appropriate correction factors; see section III.C.2.) and the free ligand concentration should be determined over the range of salt concentrations, pH, and temperature that are planned for investigation.  A linear response is necessary in order for the fluorescence signal to be useful as a quantitative measure of ligand concentration.  A non-linear response could result for the following reasons:


(i) Ligand adsorption to the cuvette walls:  If the ligand adsorbs to the cuvette walls, a plot of the total fluorescence signal vs. total ligand concentration will usually display a lag phase at low ligand concentrations followed by a linear signal response above a critical ligand concentration.  The lower signal at low ligand concentrations results from adsorption of ligand to "sites" on the cuvette walls and the linear signal response occurs after the cuvette walls have been saturated with ligand.  As stated above, this can sometimes be eliminated by altering solution conditions ([MX], pH, temperature).  Raising the salt concentration is also effective in the case of highly charged ligands.  


(ii) Another potential cause for a non-linear response, in either direction, is ligand aggregation or self-assembly, if the change in assembly state affects the fluorescence properties.  Such aggregation equilibria must be characterized before attempting to interpret binding equilibria quantitatively, since the aggregation will generally affect binding and neglect of this will result in incorrect equilibrium binding parameters.  If, the aggregation or self-assembly equilibria are well-characterized, then it may be possible to perform nucleic acid binding studies under conditions such that only one aggregation state is favored.  However, even in this case, one must determine whether the aggregation state is affected by nucleic acid binding.  In general, any potential ligand aggregation phenomena should be examined in advance of undertaking quantitative binding studies.  Once the ligand aggregation is characterized quantitatively, it can be incorporated into any model used for analysis of the ligand-nucleic acid titration.  

4.  Dependence of the free ligand fluorescence on salt concentration


As a prelude to studies of the dependence of Kobs on salt concentration ([MX]), it is important to determine the salt concentration dependence of the free ligand fluorescence, Fobs.  If Fobs is independent of [MX], then it may be possible to determine the quantitative dependence of Kobs on [MX] with much greater ease using an approach commonly referred to as a "salt-back" titration as described in section III.B.7.  However, if Fobs is dependent on [MX], then the salt dependence of Kobs can only be examined by determining individual isotherms at each [MX].  A salt-dependent Fobs could result from salt-dependent changes in the conformational or aggregation state of the ligand.  Some salts, containing anions such as bromide or iodide or cations such as cesium, will quench the fluorescence of accessible groups on both the free and bound ligand, hence fluorescence studies with salts containing these ions usually must be performed at constant salt concentration.12  On the other hand, one may still be able to obtain important qualitative information from performing salt-back titrations, even when the above complications exist.  For example, one can determine the general range of salt concentrations over which the ligand-nucleic acid complex dissociates, which is useful for determining the appropriate salt concentration to be used in an individual titration.  Changes in Fobs as a function of [MX] can also have more trivial origins (although not from an experimental viewpoint) such as ligand adsorption to the cuvette walls at low salt concentration, with subsequent release upon raising the salt concentration.

5.  Light Scattering 


Another potential complication that must be considered in performing titrations of DNA with some ligands is possible interference with the fluorescence signal due to light scattering that can result from collapse or aggregation of the complexes.   This can be a problem for highly positively charged ligands (e.g., polyamines, oligolysines, histones), when the ligand binding density increases beyond a critical value (~30% saturation for oligolysine-single stranded polynucleotides).14  Similar observations have been reported for other highly positively charged ligands binding to nucleic acids.23  When this occurs, such interactions can only be investigated at low binding densities if meaningful quantitative binding parameters are to be obtained.  Light scattering can be detected by performing the titration as usual in the fluorometer; however, an excitation wavelength is used that is not absorbed by the sample and emission is monitored at the same wavelength (e.g., 350 nm for proteins or peptides).  
 6. Ligand Site Size Determination

An independent determination of the site size, n, of the ligand when bound to the nucleic acid is important for the analysis of non-specific ligand-nucleic acid interactions.  In principle, the site size can be determined from an analysis of the binding isotherm; however, it is very useful to obtain an independent estimate, since this will eliminate one parameter from the model-dependent analysis of a non-specificc ligand-nucleic acid binding isotherm11,24,25.  Elimination of the site size from these expressions is especially important when investigating a ligand that binds cooperatively, since three parameters (n, K and ) are required to describe these isotherms.  The equations and definitions of the binding parameters n, K and , for two models that describe the non-specific binding of large ligands to infinitely long linear nucleic acids are given in Lohman & Mascotti5 (this volume; eqs (6)-(8)).


A site size determination should be made under high affinity conditions (generally Kobs >108 M-1), so that a distinct stoichiometric point is observed.  Of course, for this very reason, these conditions can not be used to determine accurately a value for Kobs.  For ligand (protein)-nucleic acid interactions, a sufficiently high binding constant is most easily achieved by lowering the salt concentration, since the value of Kobs generally increases as the salt concentration decreases.5  To be certain that one is measuring a true site size, uninfluenced by the ligand affinity, at least two titrations should be performed at very different ligand or nucleic acid concentrations.  If the apparent stoichiometric points do not agree, then the affinity may not be high enough under these conditions.  In this case, if the affinity can not be raised further by changing solution conditions, then a series of measurements can still be made at different ligand concentrations and an estimate of the site size can be obtained from an extrapolation of the apparent site size to infinite ligand concentration.  Figure 1 shows an example of a site size determination for the binding of the E. coli SSB protein to poly(dT) under conditions such that the ss DNA interacts with all four subunits of the SSB homotetramer.26  The linear, non-hyperbolic nature of the titration is generally indicative of the tight binding conditions that are necessary for the accurate determination of a site size.


In certain cases, a site size that is determined under one set of conditions (e.g., low salt concentrations) may not reflect the site size under other conditions, hence the following caveats should be considered.


1) The mode of binding of the ligand (protein) in the high affinity condition (e.g., low salt concentration) used to determine the site size may differ from the mode of binding that exists in the conditions that will be used to determine the equilibrium binding parameters (e.g., higher salt concentration).  This has been shown to be the case with the E. coli SSB protein, which can bind to ss nucleic acids in at least four different binding modes, depending on the solution conditions.26,27

2) Differences may exist in the ligand (protein) conformation or quaternary structure (assembly state) under the different solution conditions used to measure site size vs. equilibrium binding parameters, thus making the site size determined under one set of conditions inapplicable for use under the other conditions.  The existence of such complications can sometimes be detected by measuring the site size over a range of solution conditions in order to determine whether the apparent site size varies as a function of solution conditions.  One should also check whether the site size determined at low salt conditions is consistent with the equilibrium binding isotherm determined under weaker binding conditions, as well as with any other independent information.  


Finally, in the absence of independent structural information, the molecular meaning of an apparent site size determined from a titration can be ambiguous, since it will depend on the mode of binding.  This is particularly true for ligands that bind to duplex nucleic acids.  For example, a site size of 3 base pairs may actually represent the interaction of the ligand with 6 nucleotides on each strand of the duplex.28
7.  "Salt-Back" Titrations

Most methods used to determine equilibrium binding constants are applicable only over a limited range of binding constants.  For the nonspecific binding of ligands to nucleic acids using fluorescence, one is typically limited to the range of Kobs between 103-106 M-1.  A major variable that can be used to bring the observed binding constant into this range is the salt concentration, since most protein-nucleic acid interactions have a significant electrostatic component as discussed above.29-31  A "salt-back" titration is a useful preliminary experiment to determine the salt concentration range within which one can measure equilibrium binding constants accurately (at constant temperature and pH).  In this experiment, a ligand-nucleic acid complex is preformed under high affinity conditions, usually low salt concentration, followed by titration with a concentrated salt solution, which will generally cause dissociation of the complex over some salt concentration range, resulting in recovery of the fluorescence signal (e.g., see Figure 9).  The salt concentration range over which one observes ~80% of the signal change roughly defines the useful range of salt concentrations that can be used to accurately measure an equilibrium binding isotherm.  Of course, this range can also be extended somewhat by changing the ligand or DNA concentration.  


Such "salt-back" titrations can also provide a test of whether the ligand-nucleic acid interaction is fully reversible.  For example, if the initial fluorescence signal of the free ligand is not recovered at high salt concentration (after applying the appropriate corrections for dilution, photobleaching, etc., see section III.C.2.), then this may indicate the presence of some irreversible binding phenomenon (e.g., due to aggregation of the ligand-DNA complex or the presence of a subset of high affinity binding modes).  This is useful preliminary information before one attempts to examine any system quantitatively.  It is possible, in some cases, that the ligand-nucleic acid complex will not dissociate upon raising the salt concentration, even into the molar range.  This could indicate that the binding constant of the complex, although decreasing with salt, is still high enough under these conditions (Kobs>108 M-1) so that the complex is stable or that Kobs is insensitive to changes in salt concentration.  Another possibility is that an irreversible complex was formed at low salt concentration and has become trapped kinetically so that dissociation of the complex is very slow (e.g., an aggregate has formed).  This latter case can be differentiated from the former two by performing a ligand-DNA titration directly at the high salt concentration; if a complex does not form, then irreversible complex formation at low salt is indicated.   


However, if a high affinity complex does form at the high salt concentration, then one needs to differentiate between the following possibilities: (i) the interaction is salt-sensitive, but Kobs>108 M-1 even at the high salt concentration, or (ii) the binding interaction is not salt-sensitive (i.e., mainly non-electrostatic in nature).  These two possibilities can sometimes be differentiated by performing salt-back titrations with divalent cations, since these will often dissociate the complex over a lower range of salt concentrations due to the higher affinity of divalent cations for nucleic acids.  The interaction of the E. coli Rho protein with poly(C) appears to be insensitive to the bulk salt concentration,32 whereas the E. coli SSB protein-poly(dT) interaction, although stable in 5 M NaCl, can be dissociated at high concentrations of NaBr or MgCl2.12  If the fluorescence intensity observed upon dissociating the complex at high salt concentration is higher than that of the free ligand at low salt concentration, this may indicate that either (i) some ligand had adsorbed to the cuvette walls at the low salt concentration and was subsequently released upon raising the salt concentration or (ii) the fluorescence of the free ligand increases with increasing salt concentration.  However, these effects should have been noted in preliminary experiments that examined the free ligand fluorescence as a function of salt concentration (see section III.B.2.).


If it can be demonstrated that the observed ligand fluorescence quenching (Qobs), the ligand site size (n), and other binding parameters such as cooperativity () are independent of [MX], then salt-back titrations such as these can be analyzed quantitatively to determine the salt dependence of the equilibrium binding constant (see section IV.B.).

C. Titration Protocols

1. Excitation and emission wavelengths

The choice of the fluorescence excitation and emission wavelengths to be used will depend on the fluorophore that is being monitored, the number of fluorophores per ligand and the extent to which "inner filter" absorbance effects occur (see below).  The majority of our studies have involved proteins or ligands which contain the fluorescent amino acids tryptophan and tyrosine.  The intrinsic tryptophan fluorescence of the E. coli SSB protein (16 Trp and 16 Tyr per SSB tetramer) undergoes a substantial quenching upon complexation with single stranded nucleic acids.26  A substantial quenching of the tryptophan fluorescence also occurs upon binding the oligopeptides, (L-Lys)-(L-Trp)-(L-Lys)p-NH2 (KWKp-NH2) (p=1 to 8) to either single or double stranded nucleic acids.14,33  


The tryptophan fluorescence excitation spectrum has its maximum near 280 nm; however, excitation can still be achieved near 300 nm.34  If maximum sensitivity is required, an excitation wavelength near 280 nm is used; however, this wavelength also overlaps the nucleic acid absorption spectrum, resulting in the need for  "inner filter" corrections (see below).  Therefore, if sensitivity is not an issue, then an excitation wavelength near 295-300 nm should be used to minimize "inner filter" corrections.  The emission wavelength for tryptophan is generally in the range from 340 - 350 nm, sufficiently removed from the nucleic acid absorption spectrum.  Unfortunately, the excitation spectrum for tyrosine occurs at relatively lower wavelengths (ex, max = 274 nm), hence one is always faced with significant "inner filter" corrections in studies of ligands that contain only tyrosine.  Generally, when proteins contain both tyrosine and tryptophan, the fluorescence emission spectrum that is observed is that due to tryptophan as a result of energy transfer from tyrosine to tryptophan.

2. Correction Factors
a. Ligand and Nucleic Acid Concentrations

The concentrations of total ligand and nucleic acid at each point in a titration are determined after accounting for dilution.  The total ligand concentration, LT,i, at each point "i" in a titration is calculated using eq. (10), 



LT,i =  EQ \F( Lo Vo , \(Vo+Ni\)) 
(10)

where Lo is the initial total ligand concentration in the cuvette, Vo is the initial sample volume and Ni is the total volume of nucleic acid titrant added up to point "i" in the titration.  The total nucleic acid concentration, DT,i, at each point "i" in the titration is calculated using eq. (11),



DT,i =  EQ \F( Do Ni , \(Vo+Ni\)) 
(11)

where Do is the stock concentration of the nucleic acid titrant.


b. Fluorescence Signal Corrections

The fluorescence intensity at each point "i" in a titration is obtained after corrections for dilution, photobleaching and inner filter effects.  Photobleaching is an excitation-dependent loss of fluorescence intensity.  "Inner filter" effects can result when the absorbance spectrum of the sample overlaps either the excitation or emission wavelength, such that some of the excitation or emission intensity is "filtered" by the sample, resulting in attenuation of the fluorescence signal.34,35  These three correction factors are multiplicative and the relationship between the corrected fluorescence intensity, Fi, cor, and the observed fluorescence intensity, Fi,obs, is given in eq. (12).


Fi, cor = Fi, obs ( EQ \F (Vo + Ni , Vo) )( EQ \F(fo,fi) )( EQ \F(1,Ci) )
(12)

The dilution correction is (Vo + Ni)/Vo, where Vo is the initial volume of the sample and (Vo+Ni) is the volume at point "i" in the titration.  The photobleaching correction is (fo/fi), where fo is the ligand fluorescence intensity before the titration is started and fi is the fluorescence of a ligand sample that has not been titrated, but has been irradiated for the same time period as the actual sample. 


The "inner filter" correction, Ci, requires knowledge of the molar extinction coefficient for both the ligand, l, and nucleic acid, d, at both the excitation and emission wavelengths.  These are defined in eqs. (13a) and (13b),  



l = l, ex + l, em
(13a)



d = d, ex + d, em
(13b)

where l, ex and l, em are the extinction coefficients of the ligand at the excitation and emission wavelengths, respectively, and d, ex and d, em are those for the nucleic acid.  The values of  l, ex , 

l, emd, ex and d, em are most readily obtained from the absorbance spectra of the ligand and nucleic acid, respectively, if the extinction coefficient at one wavelength is known (see section III.B.1.)  


Given l and d, and the total concentrations of ligand and nucleic acid at each point in the titration, the total absorbance at each point in the titration, Ai, is calculated using eq. (14).


Ai = (l LT,i) + (d DT,i)
(14)

The inner filter correction factor, Ci, at each point "i" in the titration can then be calculated as follows.  If the efficiency of detection is uniform across the observation window, then Ci is given by eq. (15),35


Ci =  EQ \F(10-AiW1 - 10-AiW2 , 2.303 Ai \(W2 - W1\)) 
(15)

where W1 and W2 are geometric factors that depend on the geometry of the fluorescence cell compartment and the pathlength through the sample.  The method for determining W1 and W2 for an individual spectrofluorometer is described by Birdsall et al.35  For low absorbances (A<0.3), eq (15) simplifies to eq. (16).



Ci =  EQ \F(1 - 10-Ai,2.303 Ai) 
(16)

For absorbances in the range A≤ 0.1, eq. (15) can be further simplified to eq. (17).34


Ci = 10-Ai/2
(17)

Other, empirical inner filter corrections have also been described.35
 
In many cases, neither the ligand nor the nucleic acid absorb at the emission wavelength, hence only inner filter corrections are necessary due to absorbance at the excitation wavelength.  If there is an absorbance change upon complex formation, then this needs to be considered in calculating the inner filter corrections, unless an isosbestic wavelength can be used for the excitation or emission wavelength.  The "inner filter" correction should also be applied to the initial free ligand fluorescence, Finit, to yield the corrected initial fluorescence, Fo.  Due to the obvious complications that "inner filter" corrections can introduce, experiments should be designed to use wavelengths and concentrations that will minimize these "inner filter" effects.    

3. Stock Solutions
a.  Buffers

All concentrated buffers and solutions (e.g., 5 M NaCl, 1 M cacodylic acid, etc.) are filtered through 0.22 m Nalgene filters (115 ml Nalgene type S, catalogue #120-0020).  A small aliquot (~50-100 mls) is first filtered and then discarded in order to avoid any contaminants that might be leached from the filter.  The solutions to be used in the fluorescence experiments are then prepared by diluting the concentrated stocks with distilled water that has also been passed through a Milli-Q purification system (Continental, Bedford, MA), and filtered through a Millipore 0.22 m filter.  Filtering the buffers eliminates dust, which can cause light scattering, thus increasing the background signal. 


 In order to discuss some of the details of the titration methods, we use our studies of the interaction of the positively charged oligopeptide, L-Lys-L-Trp-(L-Lys)2-NH2 (KWK2-NH2) with poly(U)14 as an example.  The final conditions are 37 mM Na+, pH 6.0, 26˚C and the ligand and nucleic acid stocks used correspond to curve LT3 in Figure 3 (2.6 M KWK2-NH2).   



- "Low salt" buffer stock (LS buffer): 1.0 mM NaCl,  0.2 mM Na3EDTA, 10 mM Cacodylic acid, titrated to pH 6.0 with 5 N NaOH.  The total [Na+] in this buffer is 5.3 mM.


- "High salt" buffer stock (HS buffer):  1.00 M NaCl,  0.2 mM Na3EDTA, 10 mM Cacodylic acid, titrated to pH 6.0 with 5 N HCl. The total [Na+] in this buffer is 1.00 M.


We note that the pH of buffers containing high concentrations of salts of weak acids (e.g., 2 M KCH3CO2), will decrease upon dilution, therefore, the pH of the HS buffer should be adjusted appropriately.  (For example, a 2 M KCH3CO2 stock is titrated to pH 6.4 so that upon dilution to within the range from 10 mM to 0.5 M, it will have a final pH of 6.0±0.03 over the entire salt range).  Note also that the final concentrations of all species that affect the equilibrium should be stated explicitly, since the final concentrations of Na+ and Cl- may not be equal due to the presence of buffer and chelating agents such as ethylene-diamine-tetraacetic acid (EDTA), which contribute Na+.   

b. Ligand and Nucleic Acid Stock Solutions:


The following stock concentrations are typical of those used for a reverse titration of the oligopeptide, KWK2-NH2 with the synthetic homopolynucleotide, poly(U) (37 mM Na+, 10 mM cacodylic acid, pH 6.0, 25˚C ).

 
- Ligand master stock : Concentrated stock of 0.1 mM peptide, KWK2-NH2, dialyzed vs. LS buffer.   


- Nucleic acid master stock: Concentrated stock of poly(U) (7 mM in nucleotide), dialyzed vs. LS buffer. 


- Nucleic acid titrant stock: Concentrated stock of poly(U) that has been adjusted to 37 mM Na+, by diluting the nucleic acid master stock with HS buffer.  In our example, 3.3 l  HS buffer is added to 100.0 ml of nucleic acid master stock.  Note that the resulting poly(U) concentration of the nucleic acid titrant stock is now 6.776 mM (nucleotide).

4. Reverse Titrations 

In this section we describe the experimental procedures for performing "reverse" titrations (addition of polynucleotide to ligand) to be used to estimate ligand site sizes under high affinity conditions, or to obtain equilibrium binding isotherms under lower affinity conditions.  The information available from and interpretation of these titrations varies depending on whether Kobs is in the low or high affinity range.  Titrations performed under high affinity conditions (Kobs>108 M-1) are used to determine binding stoichiometries (site sizes); however, due to the extremely low free ligand concentration under these conditions, accurate values of Kobs can not be measured.  Titrations designed to obtain accurate binding affinities must be performed under lower affinity conditions (Kobs~103 to 106 M-1), so that LT≤ (Kobs)-1.  However, the protocol for the reverse titration is nearly the same for each case, differing only in the solution conditions and the number of data points collected (fewer points are needed for a site size determination).


In order to illustrate the mechanics of a reverse titration, we describe an experiment in which we titrate a fluorescent oligopeptide, KWK2-NH2, with the synthetic homopolynucleotide, poly(U), and monitor the quenching of the oligopeptide tryptophan fluorescence that accompanies binding.  For this case, we use the LS and HS buffer stocks described in section III.C.3.a. and the ligand master stock and nucleic acid titrant stock described in section III.C.3.b.  The nucleic acid titrant stock is brought to room temperature, independent of the temperature of the solution in the cuvette, since this reduces inaccuracies in pipetting that can result from temperature differences between the pipette tip and the titrant stock.    
Titration Protocol:  The solution conditions for the titration are 10 mM cacodylate (pH 6.0), 37 mM Na+ and 2.6 M KWK2-NH2. 

1) The following components are added, in order, to a 4 ml fluorescence cuvette, containing a teflon-coated magnetic stir-bar (3 ml effective volume):



LS buffer (2.0 ml)

 

ligand master stock (56.0 l )



HS buffer (68.0 l )

This mixture is placed in the thermostatted cell holder and stirred using the magnetic stirring mechanism of the SLM-Aminco fluorometer.  A reference solution is also made in an identical cuvette by substituting 56.0 l of LS buffer for the ligand master stock and this is placed in the reference position of the thermostatted cell holder.    


2) The solution is allowed to equilibrate at the designated temperature, which is controlled by  a refrigerated circulating water bath.  The time required for the sample to equilibrate can be determined by measuring the observed fluorescence intensity at various time intervals until a stable value is reached.  If longer than 20 minutes is required to obtain a stable signal or if a constant fluorescence intensity is not achieved, problems such as ligand adsorption to the cuvette or ligand instability, Fobs, should be considered (see section III.B.). The initial voltage settings that are used for the photomultiplier tubes (PMT) will depend on whether the fluorescence intensity will decrease or increase upon addition of the nucleic acid.  Once equilibrium has been reached, initial readings of both the sample, Fsamp,o, and reference cuvettes, Fref,o, are taken and the difference is defined as Fo(= Fsamp,o- Fref,o).


3) The titration is started by adding a small aliquot of the nucleic acid titrant stock to both the sample and reference cuvettes with the shutters closed and time is allowed for the system to reach equilibrium.  The fluorescence intensity is measured for each cuvette and the difference between these readings is defined as the observed fluorescence for titration point "i", Fobs,i:


Fobs,i = Fsamp,i - Fref,i
(18)

This definition of Fobs,i corrects for fluorescence or light scattering contributions from the nucleic acid or the buffer.  Normally, the value of Fref at the end of a titration is <5% of the highest value of the sample fluorescence, Fsamp; however, if it is >10%, this may indicate that the nucleic acid stock is contaminated and such data should be treated with caution or discarded.  


The titration is continued in this manner until saturation of the ligand is achieved, although this is not always possible under conditions such that the ligand-nucleic acid affinity is weak.  However, even under such weak affinity conditions where a titration end-point can not be achieved directly, model-independent binding isotherms can still be determined through application of the "Binding Density Function" method, although these methods require multiple titrations at different ligand concentrations2,3 (see section II.B.1).  


Upon completion of the titration, corrections for dilution, photobleaching and "inner filter" effects should be applied to Fo and each Fobs,i  as described in section III.C.2 in order to obtain the corrected fluorescence intensities, Fcor,o and Fcor,i.  Since there is no absolute scale of fluorescence, they are normalized by calculating the observed ligand fluorescence quenching at each point "i" in the titration as in eq. (19).


Qobs,i = (Fcor,i - Fcor,o)/Fcor,o)
(19)


The amount of nucleic acid titrant added in each aliquot will depend on the total ligand concentration, the ligand-nucleic acid affinity and whether a site size or an equilibrium isotherm is to be determined from the titration.  A titration to determine a site size should be designed so that approximately 10-15 points are obtained (7-10 before the saturation plateau is reached).  Titrations to be used for the determination of an equilibrium binding isotherm should be designed so that ~20-30 points are obtained before saturation is reached.  For these latter titrations, attempts should be made to obtain data points over the greatest binding density range possible.  For purposes of analysis of binding isotherms, it is best to plot the signal, Qobs, vs. the logarithm of the titrant concentration (DT), a Bjerrum plot as in Figure 2, rather than on a linear scale.  This allows one to easily determine whether saturation of the ligand has been reached.  Therefore, the amount of nucleic acid added to the ligand at each point in the titration should not be constant, but rather should increase throughout the titration in order to obtain roughly evenly spaced points after the data is plotted on a logarithmic scale.   

5. Salt-Back Titrations

Once a ligand solution has been titrated with nucleic acid as in the previous step, a "salt-back" titration can be performed.  The general aspects of this type of titration were discussed in section III.B.7.  If a number of constraints hold (e.g., Qobs/Qmax=LB/LT; see section IV.A.2.), then the value of Qobs at each point in the "salt-back" titration can be used to calculate the bound and free ligand concentration, thus enabling a value of Kobs to be determined at each salt concentration.  The primary advantage of salt-back titrations over repetitive reverse titrations at several salt concentrations is that the dependence of Kobs on salt concentration can be obtained with a single stock of reagents in one experiment.  Combined with the fact that many more points can be obtained through a continuous titration with salt, the use of a salt-back titration increases the precision with which the salt dependence of Kobs can be determined.  However, this approach can only be used to calculate Kobs, at each salt concentration if Qobs is directly proportional to the fraction of bound ligand, LB/LT, and the free and bound ligand fluorescences are independent of salt concentration.12 

"Salt-back" Titration Protocol:  Small aliquots of the HS buffer are added to the pre-formed ligand-nucleic acid complex until the original Fobs is approached (see Figure 9).  We note that dilution effects may give the appearance that the value of Fobs reaches a premature plateau.  An assessment of whether the fluorescence intensity corresponding to fully dissociated ligand has been recovered can only be made accurately after the appropriate corrections have been applied to the values of Fobs,i (see section III.C.2.).  The results of a salt-back titration of an oligopeptide-poly(U) complex are given in Figure 9, where both the corrected and uncorrected data are shown to demonstrate the magnitude of the dilution corrections.  If full recovery of the initial fluorescence intensity, Fcor,o is obtained after the salt-back titration, this indicates that the ligand-nucleic acid interaction is fully reversible.  If a discrepancy exists (i.e., a lower or higher fluorescence intensity is recovered), then this may indicate some irreversibility in the system or possibly that the correction factors are in error.  In this case, the correction factors (section III.C.2.) should be redetermined before concluding that irreversibility is a problem; however, any such discrepancies should not be ignored.  

IV. Analysis of Titration Curves
A. Obtaining Equilibrium Binding Isotherms
1. Ligand Binding Density Function Analysis


For this analysis, a series of "reverse" titrations are performed at different ligand concentrations, LTx (x=1 to i), and the binding density function plot formed from these titrations is analyzed to obtain model-independent equilibrium binding isotherms.2,3  Since the Binding Density Function analysis requires a comparison of the fluorescence quenching from a number of different titrations, the analysis can be complicated by the fact that each ligand concentration within a given titration does not remain constant throughout a titration due to dilution.  Therefore, in order to determine the set of concentrations, (LTx, DTx), corresponding to a constant value of the binding density function, Qobs(LT/DT), one must interpolate between data points of known diluted ligand concentration to obtain the correct value of LT (DT is plotted as its final concentration). 


A simple modification of the experimental design of the reverse titration can facilitate the BDF analysis.  By including ligand in the nucleic acid titrant stock at the same total concentration, LTx, as in the cuvette, the total ligand concentration will remain constant within an individual titration.  Furthermore, if the nucleic acid titrant is "doped" with ligand, it is no longer necessary to apply dilution correction factors to either the total ligand concentration or Fobs,i (see section III.C.2).   Note that the reference cuvette should still be titrated with "undoped" nucleic acid titrant stock (replacing the ligand with LS buffer).  Therefore, if reverse titrations with ligand-doped nucleic acid are performed, one can determine each pair of LTx and DTx directly from the binding density function plot without the need to interpolate.  

a.  Data Analysis

Data obtained for the equilibrium binding of the fluorescent oligopeptide, KWK2-NH2, to poly(U) will be used to describe the Ligand Binding Density Function (LBDF) analysis.


1.) The series of reverse titrations performed at different total ligand concentrations, LTx, (e.g., see Figure 2) is replotted in the form of a Ligand Binding Density Function (LBDF) plot, according to eq. (3) as in Figure 3.  Qobs(LT/DT) should be plotted as a function of the logarithm of DT so that all of the curves can be compared on a single graph.  


2.) Smooth curves are drawn empirically through the data points for each titration in order to allow interpolation between points.  This can be done either by hand as for the data in Figure 3 or by using a least-squares polynomial to describe each titration.  



3.) A horizontal line is drawn to intersect each of the smooth curves.  Since the Binding Density Function, Qobs(LT/DT), is constant for a given horizontal line, it follows from eq. (3) that the average binding density, i, and the free ligand concentration, LF, are also constant at the point where each titration curve intersects that horizontal line (constant Qobs(LT/DT)).  Therefore, each horizontal line can be analyzed to obtain one set of values of i, and LF, as described in step 4 (see Figure 3).


4.) Each point of intersection of a single horizontal line with each binding density function curve yields a pair of values of LTx and DTx .  An example of this procedure is shown for one horizontal line in Figure 3.  DTx is determined from the value of the abscissa at the intersection point and LTx corresponds to the value of LT used for that titration.  If the reverse titrations were performed with nucleic acid titrant stocks that were "doped" with ligand at concentration LTx, then LTx is constant throughout each titration curve.  However, if the nucleic acid stocks were not doped with ligand, the value of LTx at the intersection will vary slightly along each curve due to dilution effects and therefore must be obtained by interpolation.  


5.) If a  horizontal line intersects "r" titration curves, then "r" pairs of values of LTx, DTx will be obtained and used to obtain the values of i, and LF for that particular value of the Binding Density Function (one horizontal line).  A plot of LT vs. DT is made using the "r" pairs of LTx, DTx obtained from each horizontal line drawn through the binding density function plot in Figure 8.  The resulting plot should be linear, with slope equal to i and ordinate-intercept equal to LF, as indicated by conservation of mass (eq. (2)).  A series of such plots to determine i and LF are shown in Figure 4.   


6.) Repetition of this process for a range of values of Qobs(LT/DT) yields model-independent pairs of i, and LF that can be used to construct the binding isotherm as shown in Figure 10.  This isotherm can then be analyzed to extract equilibrium binding parameters using some appropriate model.  The closed circles in Figure 5 represent data points obtained from the binding density function analysis while the open symbols represent points calculated from each individual titration curve by assuming that Qobs/Qmax=LB/LT; i.e., assuming a linear relationship between quenching and fraction of peptide bound.  The points determined from the individual titrations scatter around the points determined from the binding density function analysis.

    b. Cautions 

1.) The regions of the Binding Density Function Plots that are most appropriate for analysis are those in which Qobs(LT/DT) displays a nearly linear dependence on log DT for each curve that is intersected.  The regions at low nucleic acid concentration, where significant curvature occurs should be avoided since LT ~LF in this region, hence the determinations of i, and LF are not as accurate.   


2.)  The most accurate values of i, and LF will be those obtained from horizontal lines that intersect the maximum number of curves in the binding density function plot (see Figure 3), hence these values should be weighted more in the analysis of any binding isotherm determined by a BDF analysis.  A reflection of this is that slight discontinuities in the values of i, and LF are sometimes obtained from the analysis of two adjacent horizontal lines that differ in the number of titration curves intersected.  The magnitude of these discontinuities will be reduced as more titration curves are included in the BDF plot.  


3.) Behavior of the BDF Plot when Ligand or Ligand-nucleic acid Aggregation Occurs


As pointed out above, eqs. (3) and (4) are valid only when the molar signal of each species is independent of concentration (i.e., in the absence of aggregation of the ligand or the ligand-nucleic acid complex).  In order to emphasize this, we simulate the behavior of the BDF plots for a ligand-macromolecule equilibria in which ligand self-assembly occurs within the concentration range under examination.  In this case, one observes significant deviations in the "Binding Density Function" plots, which are diagnostic of aggregating systems.  Of course, in applying any quantitative analysis of ligand-nucleic acid equilibria it is essential to know if ligand aggregation occurs within the concentration range under study, since if this is neglected, the analysis will yield only apparent binding parameters that can not be related directly to free energy changes.  However, we show these simulations as examples of the possible behavior when such competitive aggregation equilibria occur.  In fact, such deviations can be used to indicate the presence of competing equilibria of this type.  


We consider the case in which a protein monomer, P, is in equilibrium with a dimer form, P2, and all subunits can bind an oligonucleotide, D, but with different equilibrium binding constants as described in eqs. (20)-(23).    
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P2D + D      P2D2
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The protein dimer, P2, binds the oligonucleotides with ten-fold higher affinity than the monomers (i.e., K=10KM).  For this hypothetical case, the protein fluorescence is fully quenched upon binding oligonucleotide, for both P and P2; i.e., the dimerization does not influence the fluorescence quenching.  To treat this case, it is easiest to define the protein as the macromolecule and the oligonucleotide as the ligand, therefore, the macromolecular binding density function (MBDF) given in eq. (4) is used to analyze this system.  Figure 6 shows a set of simulated titrations plotted in the form of a binding density function plot (Qobs vs. log[LT]) for the case in which KD=104 M-1, K=106 M-1 and KM=105 M-1.  For the protein concentrations used in the simulations, the BDF curves are not well-behaved.  Upon increasing the protein concentration in the low protein concentration range, the curves are shifted to lower total ligand concentrations (0.1-1 M), which is opposite to the behavior expected and observed when no ligand aggregation occurs.  At higher protein concentrations (10-50 M), the curves become shifted to higher ligand concentrations, causing some of the curves to intersect.  This type of behavior would clearly suggest the presence of an aggregation phenomenon, which would need to be characterized further if quantitative studies of this interaction were to be pursued.

2. Correlation Between the Signal Change and the Average Binding Density

Once the average binding density, i, is obtained as a function of LF, from the BDF analysis, this information can be used to determine the relationship between the average signal change (Qobs in this case) and the fraction of bound ligand, LB/LT.  This is not necessary in order to obtain a binding isotherm, as discussed above; however, if Qobs is found to be directly proportional to LB/LT, then binding isotherms can be constructed with much greater ease from a single titration (see section II.B.3.).  If it can be demonstrated rigorously that Qobs is directly proportional to LB/LT, one can determine the maximum extent of protein fluorescence quenching, Qmax, from a linear extrapolation of a plot of Qobs vs. LB/LT to LB/LT =1.  An example of such an analysis is shown in Figure 7 for the KWK2-NH2-poly(U) equilibrium.  


For a ligand-nucleic acid interaction, it is possible that the relationship, Qobs/Qmax=LB/LT is valid only over a limited range of binding densities.  A useful check of this relationship can be made over a wide range of binding densities by plotting [(Qobs/Qmax)(LT/DT)∫Q] vs. the true average binding density, i, as obtained from the LBDF analysis.  [(Qobs/Qmax)(LT/DT)] is an apparent binding density, based on the assumption that Qobs/Qmax=LB/LT.  This type of plot is shown in Figure 8 for the KWK2-NH2-poly(U) data presented in Figure 7.  In this case, there is a direct correspondence between these two values over the range from 5 to ~30% coverage of the nucleic acid, hence it can be concluded that Qobs/Qmax=LB/LT in this range.  On the other hand, one should be cautious about concluding that Qobs/Qmax=LB/LT for all solution conditions, based on an analysis under only one set of solution conditions.  


In Figure 5 we compare the binding isotherms obtained from application of the BDF analysis with those determined separately from each individual titration curve using eqs. (5)-(7), which follow from the assumption that Qobs/Qmax=LB/LT.  Note that all of the data in Figure 5 are well-described by the non-cooperative overlap binding isortherm24,25 with a single set of binding parameters, n and K, with  equal to unity (see eq. (8) in Lohman & Mascotti5 (this volume).  Furthermore, the use of the BDF analysis leads to significantly less scatter since this method serves to average the different titrations.

B. Obtaining model-independent intrinsic binding parameters
1. Reverse Titrations

Once a binding isotherm has been determined using the methods described above, the next step is to analyze the isotherm to obtain equilibrium binding parameters.  This is then repeated as a function of solution variables.  For a non-specific ligand-nucleic acid interaction, this requires the use of a statistical thermodynamic model, which provides the most realistic physical description of the binding interaction.  For example, the unlimited24,25 and limited11 nearest-neighbor cooperativity models have been used to analyze the non-specific binding of ligands to a linear nucleic acid (see eqs. (6)-(8) in Mascotti & Lohman5 (this volume)).  For these models, the binding parameters, (K, n and ) are obtained by comparing the experimental binding isotherm to theoretical isotherms generated using the appropriate model.  This is best done by using non-linear regression techniques.37-39  For a ligand that displays cooperative binding (≠1), this requires the determination of three binding parameters; however, as discussed above, if an independent estimate of the site size, n, has been obtained, then the accuracy with which K and  can be determined from the equilibrium binding isotherm is improved significantly.  We note that for the purposes of estimating binding parameters by non-linear regression techniques, it is preferable to represent the isotherm directly in terms of the observable parameters (e.g., LB vs. log [DT]), since this enables a more straightforward error analysis.32,39  Although the Scatchard36 representation of binding isotherms as well as other replotting methods provide certain advantages for visualizing the binding isotherm, these are not generally recommended for use in the determination of binding parameters by non-linear regression methods, since the error analysis is more difficult.40  


A final point is that such analyses yield model-dependent binding parameters.  Therefore, the choice of a particular model should be based on all available data.  If a particular model is used for the purposes of analysis, without independent support, then the binding parameters may not correspond to true interaction parameters and hence may not be directly related to thermodynamic quantities.  

2.  Salt-Back titrations

If and only if the following conditions are fulfilled can salt-back titrations be used to obtain accurate estimates of Kobs as a function of salt concentration:


(i) Qobs/Qmax=LB/LT 


(ii) The fluorescence of the free and bound ligand are independent of salt concentration 


(iii) Cooperativity parameter, , is known and independent of salt concentration.


In addition to comparing the values of Kobs determined by the salt-back titration method vs. a full titration at constant salt concentration, another useful check is to compare the values of Kobs determined from two salt-back titrations that differ only in the salt concentration that is used to initially form the complex.  The power of the salt-back titration is that a rapid and very accurate determination of the salt dependence can be obtained for a wide variety of conditions.  An example of data obtained from a "salt-back" titration of a preformed complex between the oligopeptide, KWK2-NH2, and poly(U) is shown in Figure 9.


If the above conditions hold, then the free ligand concentration, LF, and the average binding density, , can be calculated at each salt concentration using eqs. (6) and (7), respectively.  In order to calculate the equilibrium binding constant, Kobs, at each salt concentration, it is necessary to know the relationship between , LF and Kobs, which requires a model.  We have used the non-cooperative overlap binding model of McGhee and von Hippel24 (see eq. (8) in Lohman & Mascotti5 (this volume)) to analyze the salt-back titrations of the equilibrium binding of oligolysines to poly(U).  The dependence of Kobs on [NaCl] for the interaction of the oligopeptide, KWK2-NH2 with poly(U) as calculated from a salt-back titration is shown in the inset to Figure 9.  Values of Kobs determined from individual reverse titrations at constant salt concentration compare quite well to those determined from salt-back titrations for the interaction of poly(U) with both the E. coli SSB protein12 and a series of oligopeptides14 (see Figures 3 and 4A in Mascotti & Lohman5 (this volume)).


When applicable, salt-back titrations can be used as a rapid means to obtain other thermodynamic parameters.  For example, a series of salt-back titrations performed at different temperatures (see Figure 10A) can be used to obtain not only the salt dependence at each temperature, but also the van't Hoff enthalpy change, ∆H˚obs, as a function of salt concentration, as shown in Figure 10B.  Using this approach, a significant amount of data can be obtained in the same day, thus improving the precision of the data so that even small trends in the temperature or salt dependences can be detected.  
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Figure Legends
Figure 1.  Reverse titration of the E. coli SSB tetramer with poly(dT) under high affinity conditions to determine the "site size", n in the (SSB)65 binding mode (25.0˚C, pH 8.1, 0.5 M NaCl).  The SSB tetramer concentration was 8.5 x 10-8 M.  The excitation and emission wavelengths were 280 and 347 nm, respectively.  The site size (n=63 nucleotides/tetramer) was determined from the intersection of the two lines as indicated.  (Data from Lohman & Overman.26)

Figure 2.  Examples of reverse titrations used to construct the binding density plot shown in Figure 3 for the poly(U)-KWK2-NH2 equilibrium (25.0˚C, pH 6.0, 37 mM Na+).  The excitation and emission wavelengths were 292 and 350 nm, respectively.  The smooth curves through the data are based on the McGhee-von Hippel model24 for large ligands binding non-cooperatively to an infinite, homogeneous lattice ((see eq. (8) in Lohman & Mascotti5 (this volume)) using the binding parameters n= 4 nucleotides, Qmax=0.885 and Kobs=5.4 x 104 M-1, which were obtained from the analysis of the binding density function plot in Figure 3.

Figure 3.  A Binding Density Function plot constructed from seven reverse titrations of KWK2-NH2 with poly(U) (25.0˚C, pH 6.0, 37 mM Na+).  Each titration is designated as LTx (x=1 to 7).  The total peptide concentrations (M peptide) for each curve are from top (LT7) to bottom (LT1):  6.0, 5.0, 4.0, 3.2, 2.6, 1.8, and 1.4.  The smooth lines were drawn empirically through each set of data in order to facilitate interpolation between data points.  A horizontal line has been drawn that intersects each of the curves  in order to demonstrate how the pairs of total ligand and total nucleic acid concentrations, LTx and DTx, respectively are obtained from these plots, which result in the estimation of one set of values of i  and LF.  The value of the Binding Density Function, Qobs(LT/DT) and hence the values of i  and LF, are constant along the horizontal line.  Therefore, each point of intersection yields a pair of LTx (constant for each curve) and DTx as indicated (seven total), which can then be plotted as in Figure 10 to determine one set of values of i and LF.  This is then repeated for a number of horizontal lines to obtain i  as a function of LF, from which a model-independent binding isotherm can be constructed.  In actuality, a larger version of this plot was used in order to increase the accuracy with which values of LTx and DTx could be obtained from such a plot. 

Figure 4.  A plot of LT vs. DT for KWK2-NH2 binding to poly(U) (25.0˚C, pH 6.0, 37 mM Na+).  The paired sets (LT, DT) for each line were determined from the binding density function plot shown in Figure 3, based on a single horizontal line similar to the one shown in Figure 3.  The ordinate intercept of each line equals the free peptide concentration, LF, and the slope of each line equals the average ligand binding density, i.

Figure 5.  The equilibrium binding isotherm for KWK2-NH2 binding to poly(U) (25.0˚C, pH 6.0, 37 mM Na+) plotted according to Scatchard36.  The closed symbols represent data obtained from the binding density function analysis of the data shown in Figure 3.  The open symbols represent the data calculated independently from each of the seven reverse titrations shown in the binding density function plot in Figure 3 based on the assumption that Qobs/Qmax=LB/LT, with Qmax=0.885 (as determined from Figure 7). The smooth curve is the simulated binding isotherm based on the best fit binding parameters, n=4 nucleotides, K=5.4 x 104 M-1, and a non-cooperative model24 (see eq. (8) in Lohman & Mascotti5 (this volume)). (Figure modified from Mascotti & Lohman.14)

Figure 6.  Simulated binding density function plots for the hypothetical case in which a protein exists in a monomer-dimer equilibrium and an oligonucleotide can bind to either form, but with different affinities (see eqs. (20)-(23)) in the text).   Equilibrium binding parameters are:  K = 106 M-1,  KM = 105 M-1, and KD = 104 M-1, and it is assumed that Qmax=1 for the bound protein monomer, independent of its actual state of assembly.  The total protein (monomer) concentration (M) is indicated for each curve.

Figure 7.  Determination of the value of Qmax for KWK2-NH2 binding to poly(U) (25.0˚C, pH 6.0, 37 mM Na+) from a plot of the observed quenching, Qobs,  vs. the fraction of bound ligand (LB/LT).  The values of LB/LT were determined from the binding density function analysis shown in Figure 3.  Linear extrapolation to LB/LT = 1 yields the maximal quenching of the peptide. (Figure taken from Mascotti & Lohman.14)

Figure 8.  Comparison between the average binding density, Q, as determined from the assumption that Qobs/Qmax=LB/LT , with Qmax=0.885 (see eq. (7) in text) with that obtained from a rigorous binding density function analysis, i.  Data is for KWK2-NH2 binding to poly(U) (25.0˚C, pH 6.0, 37 mM Na+).  The observed relationship demonstrates that for this interaction under these conditions, Qobs is directly proportional to the fraction of ligand bound, LB/LT.

Figure 9.  Salt-back titration of a pre-formed poly(U)-KWK2-NH2 complex (25.0˚C, pH 6.0), by addition of NaCl.  The excitation and emission wavelengths were 292 and 350 nm, respectively.  Initial peptide and poly(U) concentrations were 1.48 and 100.5 M, respectively in 2096 l solution volume.  (q), raw data based on observed fluorescence quenching.  Circles (m and l), are the same data after correction for dilution and inner filter effects as described in the text.  The inset shows the values of log Kobs as a function of log [Na+], as calculated from the corrected salt-back titration data, using the non-cooperative binding model24 (see eq. (8) in Lohman & Mascotti5 (this volume)).  The data represented by the open circles (m) are not used in the least-squares determination of the salt dependence of Kobs (log Kobs = - 3.42 log[Na+] - 0.26).

Figure 10. (a)-  Dependence of logKobs on log[K+] at a series of different temperatures as determined from salt-back titrations for the equilibrium binding of KWK4-NH2 to poly(U) (25.0˚C, pH 6.0); KCH3CO2 was used to vary the [K+].  Linear least-squares lines are drawn through each data set.

(b)-  van't Hoff plots constructed at three KCH3CO2 concentrations (indicated for each line), from the salt-dependences shown Figure 10a.   The slopes for each line are identical indicating that ∆H˚obs is independent of [KCH3CO2] at pH 6.0 for this interaction.

