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1. Introduction

Thermodynamic and kinetic studies of the protefucleic
acid interactions provide information that is required to
elucidate the magnitude and nature of forces that drive the
formation of the complexes, the specificity of the interactions,
and the role of key intermediates of the reactibrs.
Knowledge of energetics and mechanisms of the interactions
is also indispensable in revealing and characterizing func-
tionally relevant structural changes of both the protein and
the nucleic acid that accompany the formation of the studied
complexes. Quantitative analyses are designed to provide the
answers to such fundamental questions as: What is the
stoichiometry of the formed complexes? How strong or how
specific are the interactions? Are the binding sites intrinsi-
cally heterogeneous? Are there any cooperative interactions
among the binding sites, the bound ligand molecules, or both?
What is the mechanism of the complex formation? How
many intermediates are involved in the reaction? Is any
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distribution, or both of the formed complex? What are the
effective molecular forces involved in the formation of the
studied complexes, or in other words, how do the equilibrium
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cooperativity parameters, allosteric equilibrium constants,
discrete character of the binding sites or overlap of potential
binding sites, etc. Only then, can one make rational molecular
interpretations of the nature and mechanisms of the observed
phenomena.

In the first part of this review, we describe thermodynami-
cally rigorous analyses of spectroscopic approaches to study
protein—nucleic acid interactions, including multiple-ligand
binding phenomena, to obtain model-independent binding
isotherms. In the second part, we discuss analyses of
spectroscopic stopped-flow kinetic approaches used to
examine mechanisms of proteinucleic acid interactions
with emphasis on the properties of the reaction intermediates
available from amplitude analysis of the observed relaxation
processes. Our discussion focuses on the fundamental
problem of obtaining thermodynamic, spectroscopic, and
kinetic parameters free of assumptions about the relationship
between the observed signal and the degree of protein or
nucleic acid saturation. The molecular interpretation of these
parameters is treated only in an auxiliary manner with
understanding that any further conclusions about any system
are utterly dependent upon the quantitative determination of
the thermodynamic and kinetic parameters, on which such
conclusions are based. Although, in binding or kinetic
studies, one generally monitors some spectroscopic signal
(absorbance, fluorescence, fluorescence anisotropy, circular
dichroism, NMR line width, chemical shift, etc.) from either
the protein or the nucleic acid that changes upon complex
formation, we will discuss the quantitative analyses as
applied to the use of fluorescence as the most widely used
spectroscopic techniqdé.3* However, the derived relation-
ships are general and applicable to any physicochemical
signal used to monitor the ligaranacromolecule interac-
tions.

The discussed approaches allow the experimenter to use
a spectroscopic signal to obtain a thermodynamic binding
isotherm even when direct proportionality between the
monitored spectroscopic signal and the degree of binding
does not exist®910355%0 The only constraint on these
analyses is that they are not valid if the ligand or the
macromolecule undergoes an aggregation of self-assembly
process within the experimental concentration ranges used.
Therefore, as in any case, knowledge of the self-assembly
properties of the ligand and the macromolecule under study

binding and kinetic parameters depend on solution variablesare essential before any rigorous analysis of a binding process
(temperature, pressure, pH, salt concentration, type of salt,can be undertaken. The discussed specific cases are selected

etc.)?

from the works performed in our laboratory because we can

Binding isotherms of a protein association with a nucleic provide unique and hands-on insights into how these data
acid or, in general, of ligand binding to a macromolecule were obtained and analyzed, thus achieving the best illustra-
represent a direct relationship between the degree of bindingtion of the applicability and feasibility of the described
(moles of ligands bound per mole of a macromolecule) and methods. The analyses include such diverse systems as the

the free ligand concentratiéni® Analogously, in the case

Escherichia coliDnaB hexameric helicase, thE. coli

of the protein (ligand) binding to a long one-dimensional monomeric PriA helicase, the RepA hexameric helicase of
nucleic acid lattice, the equilibrium binding isotherm rep- plasmid RSF1010, the isolated 8-kDa domain of the rat

resents the direct relationship between the binding density polymerases, and the intact rat and human polymeraSes
(moles of ligand bound per mole of bases or base pairs) and

the free protein concentratidn® A true thermodynamic
binding isotherm is model-independent and reflects only this
relationship Only then, when such a relationship is available,
can one proceed to extract physically meaningful interaction

2. Direct versus Indirect Methods in Studying
Protein —Nucleic Acid Interactions

As pointed out above, any method used to analyze ligand

parameters that characterize the examined interacting sysbinding to a macromolecule must relate the extent of the
tems. This is accomplished by comparing the experimental complex formation to the free ligand concentration in
isotherms to theoretical predictions based on specific statisti-solution. Numerous techniques have been developed or
cal thermodynamic models that incorporate known molecular applied to study equilibrium properties of specific and
aspects of the system, such as intrinsic binding constants,nonspecific proteifrnucleic acid interactions, in which
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binding is directly monitored, including analytical ultracen- of ligand binding or macromolecule saturation, then the
trifugation, column chromatography, affinity chromatogra- interaction parameters that one obtains will be no more
phy, filter binding assays, and gel electrophoré%. 6t accurate than the accepted assumption. This may cause
Thesedirect methods are straightforward; however, they are particular problems if the titration curve is being used to
usually time-consuming and some, like filter binding or gel differentiate between alternative models for the interaction,
shift assays, are, in general, nonequilibrium techniques, whichsince if one model does or does not “fit” the titration curve,
require many controls before reliable equilibrium binding this may be due either to the failure of the model or to the
data can be obtainéd>3Therefore, these direct methods are failure of the assumptions on which the calculated curve is
usually applied to suitable systems or wherairect based. Therefore, it is imperative that in quantitative studies
spectroscopic approaches cannot be used due to the lack od thermodynamically rigorous binding isotherm is obtained,
an adequate spectroscopic signal change accompanying theaxdependent of any assumptions as to the relationship
formation of the complex. between the degree of binding or the fractional saturation

In the case of indirect methods, the binding of the ligand of the macromolecule and the observed spectroscopic
to a macromolecule is determined by monitoring changes in Signal>®1%3>% Determination of a model-independent,
a physicochemical parameter of the macromoleelitgand thermodynamic isotherm constitutes the first step in a correct
system accompanying the formation of the complex. For the analysis of energetics of protetmucleic interactions or, to
protein—nucleic acid systems, the common techniques usedthat matter, of any liganmacromolecule system. In these
include, for example, absorbance, circular dichroism, NMR analyses, the entity that binds multiple molecules of another
chemical shift, and most often, fluorescence interf&it§? chemical species is treated as a macromolecule. In the context
The Change in the physicochemica| parameter is then of the protelﬁ_nudelc acid Qomplexes, the nucleic acid is
correlated with the concentration of the free and bound ligand usually, although not exclusively, treated as the macromol-
or with the fractional saturation of the macromolecule. The €cule, while the protein is considered as the ligand (see
major advantage of using spectroscopic measurements is thal€low).
they can be performed without perturbing the examined
equilibrium, are available in most laboratories, and are 3. Thermodynamic Bases of Quantitative
relatively easy to apply. Equilibrium Spectroscopic Titrations

However, in indirect methods the functional relationship
between the observed spectroscopic signal and the degre%
of binding or binding density is never a priori kno#fh0.3>50
Often, possibly too often, in analyses of SPECtroscopic \,qjejc acid (macromolecule) is titrated with the protein
titrations, it is assumed that a linear relationship exists

between the fractional ch fih itored A > (ligand). This approach is referred to as a “normal” titration,
etween the fractional change ot th€ monitored SpeClroSCopICginca the total average degree of bindix®; (average
signal and the fractional saturation of the ligand or the

o number of moles of protein boundg, per mole of the
macromolecule. Although this is true for the systems where, nucleic acidNy), YO; =

; : . ) = (Ls/Ny), incr he titration
at saturation, only a single ligand _mole(_:ule bln_ds to the progresse@}o,gs,ga,gg,mOti(ceB/ tr%t thceesf;rsnebsOEs@ti ?StJSZEjO
macromolecule, in the general case, in which multiple ligand ;054 of justo, to describe the total average degree of
molecules can participate in the binding process, the observe

t 9 inding. This is because, in the general case of a multiple
fracgon'al change of the spectroscopic 3|gnal and the extentIigand binding system, the bound ligand molecules can be
of binding may not and most frequently will not have such '

X . . 0.35-50 distributed over I” possible different bound states, all

a simple linear relationshif® contributing to the total average degree of bindii@;.

_There are several reasons why the observed spectroscopic |n the other type of titration, the protein (ligand) is titrated
signal may not change in a linear fashion as a function of wjith the nucleic acid (macromolecule). This type of titration
the degree of binding or fractional saturation of a macro- js referred to as a “reverse” titration, since the degree of
molecule or a ligand. For instance, this may occur if there pinding decreases throughout the titratfgft131417.18,23,24.28
are structurally or functi(_)nally different sites on the macro- Generally, the type of titration that is performed will depend
molecule, each possessing different spectroscopic propertien  whether the signal that is monitored is from the
or differently affecting spectroscopic properties of the ligand. macromolecule (normal) or the ligand (reverse). As pointed
If there are cooperative interactions, they may affect the oyt above, the first task in examining liganthacromolecule
physical state of the bound ligand molecules or binding sites jnteractions is to convert a spectroscopic titration curve, that
and the density of cooperative interactions may not be ajs a change in the monitored signal as a function of the
linear function of the extent of the degree of binding. A concentration of the titrant, into a model-independent,
ligand may bind to the macromolecule forming different thermodynamic binding isotherm, which can then be ana-

binding modes characterized by different spectroscopic |yzed, using an appropriate binding model to extract binding
responses of the monitored spectroscopic signal accompanyparameters.

Analysis of the binding of a protein to a nucleic acid can
e performed using two different types of equilibrium
spectroscopic titratiorfst®.13.14.18.23.24.2T the first type, the

ing the formation of each individual binding mogfe?44.47:48.70 The thermodynamic basis of the method is that the total
More complex situations may include different combinations ayverage degree of bindingg ©;, of the ligand on a
of all mentioned above cases. macromolecule, including all different distributions of ligands

Because the extent of any deviation from the assumed idealbound in all possible different statesis a sole function of
linear behavior of the spectroscopic signal is unknown a the free ligand concentratioty, at equilibrium®10.35-50.71
priori, the magnitude of error introduced into the isotherm In other words, any intensive property of the macromolecule
and the resulting binding parameters is also unknown. In can be used to monitor the binding if this property is affected
other words, if a binding isotherm is obtained by indirect by the state of ligation of the macromolecule. At a given
methods that involve a linear assumption about the relation- free ligand concentration,r, the value ofy ®; will be the
ship between the observed spectroscopic signal and the exterdsame, independent of the concentration of the macro-
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molecule,Ny. The unique values ofr and Y ®; and the
corresponding total ligand,r, and total macromolecule,

Nr, concentrations must satisfy the mass conservation

equation

Ly = (Z®i)NT +Le )

Therefore, if the set of concentrationis (Ny) can be found
for which Y ®; andLr are constant, theR®; andLr can be

determined from the slope and intercept, respectively, of a

plot of Lt vs Nt, on the basis of eq 1. In theory and in
practice, only two sets of concentrationsNf and L+ are
often enough to obtail ®; andLr over~85% of the entire
binding isotherr®*° (see below).

3.1. The Spectroscopic Signal Used to Monitor
Protein —Nucleic Acid Interactions Originates from
the Nucleic Acid (Macromolecule)

Chemical Reviews, 2006, Vol. 106, No. 2 559

relationship for the observed spectroscopic sigBa, as

sl

Subsequently, by rearranging eq 6, one can define the
normalized quantithA S, as

Sops= SNr + (6)

— SN
ASype= —(S“’;E,f " (7a)
nd
A
ASype= Z(TS)(&) (7b)

Notice, ASps = (Sobs — SENT)/(SN7) is the experimentally
determined fractional signal change observed at the total

In this case, the observed signal monitors the progress ofprotein and nucleic acid concentratidnsandNy, and AS/

the saturation of a nucleic acid with a protein and a “normal”
titration (addition of a protein to a sample with a constant
nucleic acid concentration) is performed. As mentioned
above, for the total nucleic acid concentratidd;, the
equilibrium distribution of the nucleic acid among its
different ligation statedy, is determined solely by the free
protein concentratior,,r.81%355 Therefore, at eachr, the
observed spectroscopic sign8lps is the algebraic sum of
the concentrations of the nucleic acid in each stdtegach

i) =[(S — $)/S]/i is the average molar signal change per
bound protein in the complex containingrotein molecules.
The quantityASps = (Sons — SNT)/(SNy) as a function of
the total average degree of binding@;, is referred to as
the macromolecular binding density function (MBO¥)*?
Since AS/i is an intrinsic molecular property of the
protein—nucleic acid complex withi protein molecules
bound, eq 7 indicates th&Sys is only a function of the
degree of binding distributiony ®;. Therefore, the total

weighted by the value of the intensive spectroscopic property average degree of saturation of the nucleic acid and the total

of that stateS. In general, a nucleic acid will have the ability
to bindn ligands; hence the “signal conservation” equation
for the observed signah,,s of a sample containing the ligand
at a total concentratiohr and the nucleic acid at a total
concentratiorNy is given by1042

Sps= SNe+ > SN, (2)

whereS: is the molar signal of the free nucleic acid agd
is the molar signal of the complekl, which represents the
nucleic acid withi bound ligandsi(= 1 ton). The presence

average degree of binding of the proteyfd;, must be the
same for any value dfr andNy for which AS,,sis constant.
Thus, when one performs a spectroscopic titration of a
nucleic acid with a protein, at different total nucleic acid
concentrationd\r, the same value AAS,sindicates the same
physical state of the nucleic acid, that is, the same degree of
the nucleic acid saturation with the protein and the same
> ;. Since}O®; is a unique function of the free protein
concentrationlg, then the value ofr at the same degree of
saturation must also be the same. The above derivation is
rigorous and independent of any binding model and, as such,

of, for example, cooperative interactions or the presence ofcan be applied to any binding system, with or without
different binding modes do not affect eq 2, because it defines cooperative interactions or with overlapping of binding
a general distribution of all bound species of the nucleic acid sjtes8:10.35-50

grouped according to the number of the bound ligand

molecules. The mass conservation equation, which relates3.1.1. Analysis of Spectroscopic Titration Curves When

Ne andN; to Ny, is given by

N; = Ng+ ZN‘ 3)
The partial degree of bindin@; (i moles of protein bound
per mole of nucleic acid), corresponding to all complexes
with a given number of bound protein molecules is given

by

®i NT (4)

Therefore, the expression fax;, the concentration of
macromolecule with protein molecules bound, is

-

()

the Signal Originates from the Nucleic Acid. The Case of
a Single Binding Site

As an example of the quantitative analysis of a simple
system of the protein binding to a nucleic acid, we consider
the data from studies of the binding of tRecoli replicative
helicase DnaB protein to the fluorescent etheno derivative
of the ssDNA 20-mer, €A(peA)10.3>26 The DnaB protein is
a primary replicative helicase of the coli cell, that is, the
factor that is responsible for unwinding duplex DNA in front
of the replication fork?~7# The DnaB monomer is built of
the two domains, a small 12-kDa and a large 31-kDa domain
at the N- and C-terminus of the protefhHydrodynamic
and electron microscopy studies showed that the enzyme
forms a stable ringlike hexamer built of six chemically
identical subunits, as depicted in Figuré®18° The diameter
of the cross channel of the hexamerig0 A. The use of
the etheno derivative of the ssDNA is dictated by the fact
that binding of the helicase to the unmodified ssDNA does

Introducing eqs 4 and 5 into eq 2 provides a general notinduce any adequate changes in the protein fluorescence.
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Relative Fluorescence Increase

Figure 1. Schematic model of thE. coli DnaB hexameric helicase Log[DnaB (Hexamer)]

based on biochemical, hydrodynamic, and electron microscopy data. total

4.0

This is a common problem in various proteinucleic acid
systems, which can be overcome by using a suitable
fluorescent derivative of the nucleic acid lattice. Subse-
quently, interactions with unmodified DNA or RNA can be
addressed in competition experiments with the fluorescent
lattice (see below). Thus, association of the DnaB helicase
with the fluorescent etheno derivative of the ssSDNAs induces
a strong increase of the nucleic acid fluorescence; hence,
this signal, originating from the DNA, can be used to monitor
the complex formatiof®:3¢

Fluorescence titrations of the SSDNA 20-metAfpeA) 1o
(macromolecule), with the DnaB protein (ligand) at three
different 20-mer concentrations are shown in Figuré®2a.
The values 0fASy,s as defined by eq 7, are plotted as a [DnaB (Hexamer)],  /[deA(peA), ], ..
funptlon of the I(_)garlthm Of.the t(_)tal DnaB pro.teln concen- Figure 2. (a) Fluorescence titrations of the ssDNA 20-mer
tration, Lt. At higher rjuclelc acid concentration, a given deA(peA) 1o With the DnaB proteinAex = 325 NM Zem = 410 nm)
relative fluorescence increasASys is reached at higher  jn 50 mM Tris/HCI (pH 8.1, 10°C) containing 50 mM NaCl, 5
protein concentrations. This results from the fact that at mM MgCl,, and 1 mM AMP-PNP at three different nucleic acid
higher DNA concentrations, more protein is required to concentrations: W) 4.9 x 1077 M; (0) 2.2 x 1075 M; (@) 4.6 x
saturate the increased concentration of the nucleic acid andl0® M. The solid lines are nonlinear least-squares fits of the
to reach the same total average degree of bindi®, Also titration curves using the single-binding site isotherm with a single

: - : . binding constant,K,y = 4.8 x 10° M1, and spectroscopic
depicted in Figure 2a is the approach by which a set of ValuesparameterASnaxz 3.4. (b) Dependence of the relative increase of

of (36); and (g); for the selected]” value of (ASg; can the ctA(peA) fluorescence upon the average number of DnaB
be obtained from these data. A horizontal line that intersects hexamers bound per oligomer. The dashed line is the extrapolation
both curves at the same value &%,,9; is drawn. The point  to ASya = 3.4 (). Reprinted with permission from ref 35.

of intersection of this horizontal line with each titration curve Copyright 1995 American Chemical Society.

defines the set of values &f; andNy; for which (Lg); and , ) .
(3©)); are constant, as discussed above. The eJxampIe incan be obtained at any selectedalue of ASJ);, yielding
Figure 2a has three titration curves; hence sets of three value& S€t of values forl); and ¢ ©);. o

of Ly andNy; can be obtained at each selectégy;. On Practically, the accuracy of the determination lof){ and

the other hand, in the considered case, the separation of thd> ©i) Will depend on the used concentrations of the nucleic
titration curves on the DnaB concentration scale is large and@cid (macromolecule). Thus, the most accurate estimates are
only two titration curves can be selected to obtain a obtained in the region of the titration curves where the

quantitative estimate of®; and Lg.35 concentration of a bound protein is comparable to its total
For the two titrations at macromolecular (20-mer) con- concentrationlt. Thus, concentration of the bound protein

centrations, for exampl&r; andNrz (Nr2 > Nr1), two mass must constitute a significant fraction of the total protein

conservation equations can be written in the form of egs 1 concentration in solution. In our practice, this limits the

and 3 for each set dfy; andNy,. These two equations can ~accurate determination of the degree of bindirg();, to
then be solved forY®;); and (¢); as the region of the titration curves where the concentration of

the bound ligand is at least10% of theLy. Therefore, a
(L1, — Lyy) selection of proper concentrations of the macromolecule is
(z®i)i = = (8) crucial for obtaining I(r); and (¢ ©;); over the largest possible
(Nrp = Npp) region of the titration curves, although the accuracy of the
determination of ¥ ®;); is mostly affected in the region of
and the high concentrations of the ligand approaching the
maximum saturation. Such a selection of macromolecule
(L, = (L) — (Z®i)j(NT) 9 concentrations is usually based on preliminary titrations that
provide initial estimates of the expected affinity of the protein
In this manner, model-independent valueslg);(and ¢ O)); for the nucleic acid.

3.01

20|

1.0

0- 1 1 1 L
0 0.2 0.4 0.6 0.8 1

Relative Fluorescence Increase
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In the first step of the analysis, the obtained values of simple thermodynamic analysis of the ssDNA 20-mer
(>©);, corresponding to given values ch&g;, are used binding to the DnaB hexamer, as discussed above, provides
to (1) determine the maximum stoichiometry of the nucleic a profound insight into the functioning of the enzyme. For
acid—protein complex and (2) determine the relationship instance, the fact that an order of magnitude increase of the
between the signal chang&S.,s and the average number concentration of the 20-mer does not change the 1:1
of bound protein molecules, in the considered case, thestoichiometry of the complex (Figure 2a) indicates that the
average number of bound DnaB molecules per ssSDNA 20- hexamer has only a single effective binding site for the
mer. Both objectives can be achieved by plottixg,,s as a ssDNA. The low stoichiometry indicates that only a limited
function of Y ®;. The dependence of the relative increase of number of subunits are engaged in interactions with the
the ssDNA 20-mer fluorescence upon the total average nucleic acid. Subsequent photo-cross-linking experiments
degree of binding of the DnaB protein is shown in Figure showed that only one subunit is engaged in ssDNA bind-
2b. The selected concentrations of the nucleic acid alloweding.353¢ Moreover, in the context of the ringlike hexamer
us to obtain an accuratet6%) estimate of the average structure (Figure 1), the presence of only a single site and
degree of binding up to~0.9 DnaB molecules bound. the very low stoichiometry also suggest that the binding site
Although the maximum value 0} ®; cannot be directly s located inside the ringlike structure of the hexamer where
determined, due to the discussed inaccuracy at the highsteric hindrances would not allow additional 20-mers to bind
protein ligand concentration region, the plateau of the to the enzyme. This suggestion was later directly confirmed
fluorescence quenching\Sqax corresponding to the maxi- by direct and quantitative fluorescence energy transfer
mum saturation, can be determined with the accuracy of studies?*:¢2
+5% (see Figure 2a). Therefore, knowing the maximum
increase of the nucleic acid fluorescent&{.« = 3.4), one 3.1.2. The Case of Two Binding Sites
can perform a short extrapolation of the plaiSpsvs > ©))
to this maximum value. Such extrapolation of the data
presented in Figure 2b shows that, at saturation, one DnaB
protein hexamer binds to the ssDNA 20-mer, establishing
the maximum stoichiometry of one DnaB hexamer per
ssDNA 20-mer in the complek.

Notice that the plot oAS,ys as a function ofy ®;, shown
in Figure 2b, is within experimental accuracy linear. This is
expected for the simple system where only one ligand binds
to the macromolecule (see above). Also, as shown in Figure
2a,b, only two titration curves are needed to obtain reliable
values ofy ©; andLr that cover a very large range of the
total degree of binding. This is possible for the data in Figure
2a, since the signal change o&A{peA)is (fluorescence
increase) is large and the affinity under the solution condi-
tions used is fairly high. However, if necessary, the values
of (3©y); and (g); can be obtained for more than two
titrations, and the data are then graphically analyzed using
eq 1. For a case in whiclp® titrations are performed, then
p sets of values dfr; andNy; will be obtained, one for each
titration curve that is intersected by each horizontal line. A
plot of Lt vs Nt can then be constructed, which will result
in a straight line (eq 1), from which the values &) and
(>©y); can be obtained from the intercept and the slope. If
a plot of Lt vs Ny determined in this manner is not linear,
this may indicate one or more inconsistent sets of titration
data or aggregation phenomena associated with the protei
or the nucleic acid, and these data should be viewed with
caution810:42

Because only one DnaB protein molecule binds to the
ssDNA 20-mer, the dependence of the relative nucleic acid
fluorescenceASy,s is defined in terms of a single binding

A more complex situation, in terms of the stoichiometry
of the formed complex and the nature of the association
process, occurs in the binding of, for example, rat polymerase
B (pol B) to the double-stranded (ds) DNA 10-n¥ér.
Polymerasé (pol ) is one of a number of recognized DNA-
directed polymerases of the eukaryotic nucleus that plays
very specialized functions in the mammalian cell DNA-repair
machinen?* 8 The enzyme possesses two functional do-
mains, a large 31-kDa catalytic domain and a small 8-kDa
domain, and both the 8-kDa and 31-kDa domains have DNA-
binding capability?* However, only the DNA-binding subsite
on the 8-kDa domain of pgl has been found to have similar
and significant affinity for both ss- and dsDN&:4683Thus,
the DNA-binding site on the 8-kDa domain is the primary
DNA-binding site of the enzyme, which serves to initiate
the contact with the DNA and provides the dominant part
of the free energy of interactions of the enzyme with the
nucleic acid. Not surprisingly (see above), binding of the
enzyme to the dsDNA is not accompanied by large enough
changes of the protein fluorescence that would allow an
experimenter to examine the complex binding process.
However, association of the enzyme with a dsDNA oligomer
labeled at the 5end of one of the ssDNA strands with the
coumarin derivative CP is accompanied by a stron$50%)
increase of the nucleic acid fluorescefige&Such a large

mission change provides an excellent signal to perform

igh-resolution measurements of the enzyrdeDNA com-
plex formation. Moreover, competition studies with unmodi-
fied DNA oligomers clearly show that the fluorescent label
does not affect, to any detectable extent, the energetics of
the interactions (see below.

constantK,o, and the free protein concentratidry, as Fluorescence titrations of the CP-labeled dsDNA 10-mer
with rat pol 5 at two different nucleic acid concentrations
AS, Koo e are shown in Figure 3a. The selected DNA concentrations
AS = EETaN (20) provide separation of binding isotherms upA&,,s~ 1.35.
20-F Figure 3b shows the dependence of the observed relative

fluorescence increasASy,s as a function of the total average
whereASyax= 3.4 (see above). The solid lines in Figure 2a degree of bindingy ®;, of rat pol 5. The plot is clearly
are the nonlinear least-squares fits of the fluorescence titrationnonlinear and shows two binding phases. In the first phase,
curves using eq 10 and usiigp as a single fitting parameter.  a single molecule of the polymerase binds with the relative
The interactions of the DnaB hexamer with ssDNA were fluorescence increasASys reaching the value o£0.85 at
very intensively examined over the past dec&des3s 40.77.81.82 >O; ~ 0.9. Extrapolation of the second phase to the
Here, we would like to stress that even such a relatively maximum value of the fluorescence increa&&.x= 1.55
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v v v v is, no specific model of the pg# binding to the dsDNA

oligomer has been assumed. Once this analysis has been

performed, one can postulate, on the bases of the physical

properties of the system, a specific statistical thermodynamic

model, which describes the binding isotherms and allows

the experimenter to obtain intrinsic affinities and parameters

characterizing the cooperative interactions within the system.

Briefly, pol 5 does not possess any significant base or base

pair specificity?34684+87 The reader should consult the

original papers for a full discussion of this aspect of the

enzyme interactions with the nucleic aé¢td?¢:848” The data

0 , in Figure 3b indicate that the site size of the proteisDNA

-8 -7 -6 -5 -4 complex isn = 5 + 1 base pairs and the binding of the first
polymerase molecule induces a larger increase of the labeled

Logl[Rat pol fl,,,, nucleic acid fluorescence than the binding of the second

enzyme molecule. Therefore, the simplest statistical ther-

modynamic model that describes the rat gobinding to

the dsDNA 10-mer is defined by the partition functic,

ags

15| 5

Relative Fluorescence Increase

Zy=1+(N—n+ 1)KL+ o(KL)?  (11)

where K is the intrinsic binding constanty is the total

] number of base pairs in the oligomer (in the considered case,
N = 10), nis the site size of the p@ dsDNA complex,w

is the parameter characterizing the cooperative interactions
between the bound protein molecules, &pds the free pol

p concentration. The factoN(— n + 1) results from the
fact that the first polymerase molecule experiences the

Degree of Binding X6, presence oN — n + 1 potential binding sites on the DNA

Figure 3. (a) Fluorescence fitrations of the dsDNA 10-mer with Oligomer®+°:128The total degree of binding, ®;, is then

the rat polymerasg (lex = 435 nm,Aem = 480 Nm) in 10 mM described by
sodium cacodylate/HCI (pH 7.0, @) containing 100 mM NacCl

Relative Fluorescence Increase

0 1 2

at two different nucleic acid concentrationd)(1.11x 1077 M; [((N—n+ 1)KL+ ZW(KLF)Z]
(O) 2.22 x 1075 M (oligomer). The solid lines are nonlinear least- Z(ai = (12)
squares fits of the titration curves for the cooperative binding of Zy

two ligand molecules to the nucleic acid lattice with the site size

of the complexn = 5 base pairs, the intrinsic binding const&t  The observed relative fluorescence increasg,,s of the
= 7.8 x 10° ML, the cooperative interaction parameter= 2.3, nucleic acid is then

and the relative fluorescence changeS = 0.95 andAS; = 0.6

(see text for details). (b) Dependence of the relative fluorescence
of the dsDNA oligomerAS,,s upon the average number of bound A — A (N=n+ 1)KLF A A

pol 5 molecules M). The solid line follows the experimental points Sops= 7 + (AS, + AS) 7

and has no theoretical basis. The dashed line is the extrapolation N D

of ASpsto the maximum value oAS; .« = 1.55. Reprinted with (13)

ermission from ref 49. Copyright 2003 American Chemical . .
gociety_ Pyng whereAS, andAS; are relative molar fluorescence increases

accompanying the binding of the first and second rat/pol
molecule to the dsDNA 10-mer.

+ 0.1, gives the maximum value 3f®; = 2.2+ 0.1. Thus, The determination of all interaction and spectroscopic
the data indicate that at saturation, two rat figholecules parameters of this binding system can be achieved by
bind to the dsDNA 10-mer. Analogous data using dsDNA applying the following strategy, which relies on the fact that
oligomers containing an extra 5 and 10 bp (15- and 20-mer) two sets of data, original fluorescence titration curves, and
indicate consistent and corresponding increases of thethe plot ofASsas a function of the total average degree of
maximum number of the polymerase molecules bound to binding, y ©;, are available and the maximum stoichiometry
the nucleic acid?® Such consistency would not be observed of the complex is known. The value &fS; can be obtained
if the enzyme formed different binding modes with the as the slopeAS; = 0ASLI(3 ©)), of the initial part of the
dsDNA with a different number of occluded base pairs by plot in Figure 3b, which provideAS, = 0.95+ 0.05% The
the protein in each mode (see below). Therefore, these resultgletermination ofAS, is based on the fact that the final
indicate that the polymerase forms a single binding mode in complex, at saturation, must contain two rat foholecules
the complex with the dsDNA,; that is, it forms a single type bound to the dsDNA, that iSnax= AS + AS.. Therefore,
of complex with a site size oh = 5 + 1 base pairs  the determined value akS;.x = 1.554+ 0.1 providesAS;
independent of the available length of the nucleic &id. = = 0.6 4 0.05. Thus, there are only two remaining binding

3.1.2.1. Application of a Binding Model To Analyze the parameters that must be determin€dndw. The solid lines
Binding Isotherm. The analysis of the maximum stoichi- in Figure 3a are the nonlinear least-squares fits of the
ometry of the po|3—dsDNA 10-mer complex described in  experimental titration curves to eq 13 with intrinsic binding
the previous section is completely model-independent; that constantK and cooperativity parametep as the fitting

w(KLp)?




Analyses of Protein—Nucleic Acid Interactions Chemical Reviews, 2006, Vol. 106, No. 2 563

3 DNA-binding site is involved in direct interactions with the
nucleic acid¥’

Further analysis requires the evaluation of the number of
nucleotides directly engaged in interactions with the proper
ssDNA-binding site of the PriA helicase. Recall that a single
molecule of the enzyme binds to 26-, 14-, 10-, and 8-mers
(Figure 4). Moreover, the binding to these oligomers is
characterized by very similar intrinsic affinities, that is, the
1L ] macroscopic affinities corrected for the statistical effect,
resulting from the presence of the potential binding sites on
the DNA#748 A very dramatic drop in the intrinsic affinity
occurs when the number of nucleotides is lower than eight
with the affinity of the 6-mer being undetectable. These data
indicate that the number of nucleotides directly involved in
interactions with the proper ssDNA-binding site of the PriA

Oligomer Length (Nucleotides) helicase _Within the total site size of the proteisssDNA

Figure 4. The maximum number of bound PriA molecules as a comple>_( is & 1. Moreover, the faqt that the helicase binds

fugction bf the length of the ssDNA oligomer in 10 mM sodium only a single 8-mer molecule also |nd|.cat_es th_at the enzyme

cacodylate/HCI (pH 7.0, 16C) containing 100 mM NaCl. The ~ POSsesses only one proper ssDNA-binding site.

solid lines follow the experimental points and have no theoretical  With these data, we can address the structure of the total

bases. The number of the bound PriA molecules has beensspNA-binding site of the PriA protein. If the proper ssDNA-

geter.mlned using the quantitative approach described in the text.\yiqing site of the protein is located on one side of the
eprinted with permission from ref 47. Copyright 2000 American . .

Society for Biochemistry and Molecular Biology. molecule, \.N'th apart of the enzyme p.mt“%d'”g over the extra
seven residues, and the total site size is 15 residues, then
the 26- and 40-mer would be able to accommodate two and

parameters. It is clear that the model (eqs-13) provides three PriA molecules, respectively, as depicted in Figure 5.

an excellent description of the experimentally observed This is not what is experimentally observed. One PriA

N
T
!

0 L I L L
0 10 20 30 40 50

binding proces& molecule binds to the 26-mer, and only two enzyme
) o molecules bind to the 40-mer (Figure 4). Therefore, the

3.1.3. Two Different Binding Modes of the model in Figure 5 cannot represent the PrigsDNA
Protein—Nucleic Acid Complex complex. Next, we consider an alternative model where the
3.1.3.1. Anatomy of the Total DNA-Binding Site.The proper ssD.NA-binding site, which engages eight nuclgotidgs,
total site size of a large protein ligar®NA complex is located in the central part of the protein, as depicted in

corresponds to the DNA fragment, which includes nucleo- Figure 6. Also, the protein molecule now has two parts that
tides directly involved in interactions with the protein, its are protruding over six nucleotides on both sides of the

proper DNA-binding site, and, in general, nucleotides that Proper ssDNA-binding site. In this model, only one PriA

differently with the protein matrig1%.11124745The |atter are  the first bound molecule can now block at least 14 nucleo-

prevented from interacting with another protein molecule by tides. For efficient binding, the second protein molecule also
the protruding protein matrix of the previously bound protein N€eds a fragment of at least 14 nucleotides, which is larger
molecule over nucleotides adjacent to the proper DNA- than the remaining 11 and 12 residues of the 24- and 26-
binding site. Binding of the monomerie. coli PriA helicase ~ Mers, respectively. The two bound PriA molecules require
to the ssDNA provides an example of such a complex at least 28 nucleotides of the ssDNA. On the other hand,
structure of the total ssDNA-binding site of the protein this allows two molecules of the enzyme to bind to the 30-,
interacting with the nucleic acifl:*® Quantitative analysis ~ 3°- and 40-mers (Figure 4). In the case of the 40-mer, the
of the maximum stoichiometry of PriAssDNA complexes remaining f_ragment of eight r(_aS|due_s_|s Six nucle_otldes too
has been performed for a series of etheno derivatives ofShort, that is, it does not provide efficient interacting space
ssDNA oligomers. The dependence of the maximum numberto ?.||QW the third PrlA.proteln to associate with the o!lgomer.
of bound PriA molecules per ssDNA oligomer, determined This is exactly what is experimentally observed (Figure 4).
using the quantitative approach discussed above, upon thef herefore, the model of the total ssDNA-binding site in
length of the oligomer is shown in Figure 4. Oligomers from Figure 6 adequately describes all experimentally determined
8 to 26 nucleotides bind a single PriA molecule. Transition Stoichiometries of the PriA with the series of ssDNA
from a single enzyme bound per oligomer to two bound oligomers. Moreover, these data and the analyses indicate
protein molecules per ssDNA occurs between 26- and 30-that the actual total site size of the PriAsDNA complex
mers. However, a further increase in the length of the IS 20+ 3 nucleotides and the complex mclpdgs elght residues
oligomer, up to 40 residues, does not lead to an increasegeNcompassed by the proper ssDNA-binding site of the
number of bound PriA molecules per ssDNA oligomer. €NZyme, as \_NeII r_:l&lZ residues occluded by the protruding
These results provide the first indication that the total site Protein matrix (Figure 6374

size of the PriA-ssDNA complex is less than 24 nucleotides,  3.1.3.2. Determination of the Binding Parameters for

but it must contain at least 15 nucleotides per bound proteinthe PriA Protein —ssDNA Complex The major aspect of
molecule (see below). Also, the fact that both 8- and 26- the experimental strategy described above is the application
mers can bind only a single enzyme molecule yet the length of the large series of ssDNA oligomers of well-defined
of the 26-mer is more than three times longer than the lengthlength. Oligomers range from a length shorter than the
of the 8-mer clearly indicates that only a part of the total number of nucleotides encompassed by the proper ssDNA-
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Figure 5. Schematic model for the binding of the PriA helicase to the ssDNA based on the minimum total site size of the-puzteic

acid complexn = 15, and the size of the binding site engaged in protein ssSDNA interactioas8. The helicase binds the ssDNA in a

single orientation with respect to the polarity of the sugainosphate backbone of the ssDNA. The proper ssDNA-binding site, which
encompasses eight nucleotides, is located on one side of the enzyme molecule with the rest of the protein matrix protruding over the extra
seven nucleotides without engaging in thermodynamically significant interactions with the DNA (black ribbon) (a). When bound at the
ends of the nucleic acid, or in its center, the protein can occlude 8 or 15 nucleotides (b). This model would allow the binding of two
molecules of the PriA helicase to the ssDNA 24-mer and three molecules of the enzyme to the 40-mer (c). This is not experimentally
observed. Reprinted with permission from ref 47. Copyright 2000 American Society for Biochemistry and Molecular Biology.

binding site of the enzyme to ssDNA oligomers that can 1 nucleotides on both sides of the binding site (Figure 6).
accommodate two PriA molecules. Such an approach dra-Therefore, the partial degree of binding that involves only
matically increases the resolution of the binding experiments the first PriA molecule bound to the ssDNA 40-mer is
and allows the experimenter to determine not only the total described by
site size of the proteinssDNA complex,n, but also the
number of nucleotides directly engaged in interactions with (N—m+ 1)K,oLe
the proper ssDNA-binding site of the protem, Only when > 6= T (N=mF DKL (14)
these two parameters are known can the correct statistical ( m Kao-r
thermodynamic model be formulated and the intrinsic binding
parameters extracted.

Fluorescence titrations of the 40-meeAqpeA)sq, With

whereN = 40, m = 8, and Ky is the intrinsic binding
constant for the 40-mer. The factbr — m + 1 indicates
the PriA helicase at two different oligomer concentrations, that the first single PriA molecule experiences the presence

are shown in Figure 7a. The dependence of the observed® 33 potential binding sites on the 40-mer. As the protein
relative fluorescence increase as a function of the total CONcentration increases, this complex is replaced by the

average degree of bindin§©;, of the PriA helicase on the complex with two PriA molecules bound to the nucleic acid,
A0-mer is shown in Figure’ 7'[)_ The value $6; could be and there are several different possible configurations of the

determined up te-1.5. Short extrapolation to the maximum WO proteins on the 40-mer (Figures 4 and 6). To derive the
value of the fluorescence increagdd;n.x= 3.5+ 0.2, gives part of th_e partition function correspondmg to Fhe b|nd|n.g
the maximum value of ©; = 2.0+ 0.2. The plot is linear of two PriA molecules, we apply a combinatorial analysis
over the entire binding process, indicating that the binding for'thelzgéazgperatlve binding of a large ligand to a finite
of the first and second protein molecules induce the same/attice:****The complete partition function for the PrA
fluorescence increase of the sSDNA 40-mer. 40-mer systemZao, is then

Quantitative analysis of the two PriA molecules binding k=1

to the 40-mer must, in general, include intrinsic affinity, _ . : K j
possible cooperative interactions between bound protein Zip=1+ (N=m+ DKyole + J;S'\‘(k’J)(K“OLF) @

molecules, and the overlap between potential binding sites (15)
on the nucleic acid lattic®!%'112We know that the total
site size of the PriAssDNA complex isn = 20 £+ 3. wherek = 2 andj is the number of cooperative contacts

However, the number of nucleotides engaged in interactionsbetween the bound PriA molecules in a particular configu-
with the proper ssDNA-binding site of the enzyme is only ration on the lattice, and is the parameter characterizing
m= 8 + 1, and the protein protrudes over a distance &¢f 6  the cooperative interactions. The fac&ik,j) is the number
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Figure 6. Schematic model for the binding of the PriA helicase to the ssDNA based on the total site size of the-pnattdic acid

complex,n = 20, and the size of the ssSDNA-binding site engaged in protesDNA interactionsm = 8. The helicase binds the sSDNA

in a single orientation with respect to the polarity of the sugarosphate backbone of the ssDNA. The ssDNA-binding site of the PriA
helicase, which encompasses only eight nucleotides, is located in the center of the enzyme molecule (a). The protein matrix protrudes over
six nucleotides on both sides of the ssDNA-binding site without engaging in interactions with the nucleic acid (black ribbon). When bound
at the 5 or the 3 end of the nucleic acid, the protein always occludes 14 nucleotides, while in the complex in the center of the sSDNA
oligomer, 20 nucleotides are occluded (b). This model would allow the binding of only one molecule of the PriA helicase to the 24-mer
and only two molecules of the enzyme to the 30-, 35-, and 40-mers (c). This is in agreement with all of the experimental data on stoichiometries
of the protein complexes with various ssDNA oligomers. Reprinted with permission from ref 47. Copyright 2000 American Society for
Biochemistry and Molecular Biology.

of distinct ways that two protein ligands bind to a lattice that there are only two unknown parametéfs andw, in

with j cooperative contacts and is definedy egs 14-18. The solid lines in Figure 7a are the nonlinear
least-squares fits of the spectroscopic titration curves ac-
Sukij) = cording to the considered model.
[(N—(m+6)k+ 1)I(k— 1) It should be pointed out that the binding of the PriA protein
[(N— (m+6)k — k+j+ 1)k — )ik —j — 1)1 to the ssDNA constitutes an example, albeit very specific
(16) one, of a protein binding to a nucleic acid in two binding
modes differing by the number of the occluded nucleo-
The total average degree of b|nd|@®“ is defined as tides.28’30’31’70|n one mode, the pl’Otein forms a CompleX with
the site size of 26t 3, that is, the total ssDNA-binding site
k-1 , is occluding the nucleic acid lattice, and in the other binding
[(N—m+ 1)KL+ Z)S,\,(k,j)k(KmLF)ka)'] mode, the protein can associate with the DNA using only
= its proper ssDNA-binding site with the site size 081
z@)i = Z residues, with an additional six residues occluded by the
40

(17) protruding protein matrix (Figure 6). The “specific” nature
of the PriA helicase is that on the polymer ssDNA lattices
The observed relative fluorescence increase of the nucleicPnly @ single binding mode with the site size of 203
acid, AS,. is then residues wll[ belobserved due to the location Qf the proper
ssDNA-binding in the central part of the protein molecule
AS = (Figure 6). Moreover, in this mode, only the proper sSDNA-
ko1 binding site engages in interactions with the DNA, that is,
Suki)(K, LF)kwj no additional areas of interactiqns' are'bei.ng engageq, as
(N—m+ 1)K, oL J; 0 compared to the proper ssDNA-binding site, in the examined
AS + AS, solution conditions. In other words, the detection of the PriA
Zyo Zao binding modes was only possible through the experi-
(1 mental strategy of examining the stoichiometry of the
protein—ssDNA complex using an extensive series of the
where AS, and ASnax are relative molar fluorescence ssDNA oligomers?48 We will return to the problem
parameters that characterize the complexes with one and twaf different binding modes in subsequent sections of this
PriA molecules bound to the 40-mer, respectively. Notice review.
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- T - T binding density,y v;, that is, the total average number of
protein molecules bound per monomer of the long lattice.
. The intrinsic binding constank, characterizes the intrinsic
interactions with the site size of the complex. Moreover, the
bound protein molecules can engage in cooperative interac-
_ tions characterized by the cooperativity parameter,

The simplest and paradigm statistical thermodynamic
model that describes the binding of a large protein ligand,
which occludes a number of nucleotides or base pairs in
the complex, to an infinite, homogeneous lattice is the
McGhee-von Hippel model! Although, originally, two
0 . . . implicit equations were obtained for the noncooperative and

7 -6 5 -4 cooperative binding cases, these two expressions can be
\ unified in one general equation that describes both coopera-
Log[PriA],, tive and noncooperative bindir§.Besides its theoretical
value, by virtue of eliminating the necessity of using multiple
4 T equations, the generalized McGhan Hippel equation is
b particularly useful in any computer fitting or simulation of
large ligand binding to the nucleic acid forOw < co. The
31 e binding density vi, and the free protein concentrations are
’ described, using the generalized equation, as

Zvi =K1 - nZvi){ [2w(1 - nZvi)]/
nl ] [Qo — )@ —nYv)+ Yy + R}
{[L—(n+ DY +RIR2Q -3 w)}Le (193)

a

Relative Fluorescence Increase

Relative Fluorescence Increase
N
T
1

o L
0 1 2 L= ZVi/[K(l — nzvi){ [2w(l — nzvi)]/
Degree of Binding zei [(2w — 1)(1— nzVi) + zvi + R]}(n—n
Figure 7. (a) Fluorescence titrations of the 40-metA¢pcA) _ _ 112
with the PriA protein fex = 325 nm,Aem = 410 nm) in 10 msl?/I {1 =+ 1)ZV +RI2(1 nzv')]} ] (19b)

sodium cacodylate/HCI (pH 7.0, @) containing 100 mM NacCl
at two different nucleic acid concentrationssl)(4.6 x 1077 M; whereR = {[1 — (n + 1)3¥]? + 4o3 (Ll — nyv)}O5,

(0) 4 x 107¢ M. The solid lines are nonlinear least-squares fits of g first step in the analysis of the spectroscopic titration

the titration curves using the statistical thermodynamic model for f tein binding t | lei id is t
the binding of two PriA molecules to the 40-mer (see text for curves of a protein binding to polymer nucieic acid 1s to
details). The intrinsic binding constantkg = 6 x 10* M1, the determine the site size of the formed complexthat is, the

cooperativity parameter i» = 0.8, and the relative fluorescence maximum stoichiometry of the formed complex and the
changes aréd\S, = 1.7 andASy. = 3.5. (b) Dependence of the  relationship between the observed signal and the binding
relative fluorescence i_ncrease_of the 4O-m£$,k?9 upon the average density, Y v;. Once the site size, of the complex and the
number of bloun_d P”Adpk':"te'“s-% The_solhg line _fror:lov&/s tk?ed ine€lationship between the observed signal anis known,
e randmton Shae e rsmem aloe Rene "She paradigm statistical thermodynamic bindingmodel
3.5. Reprinted with permission from ref 47. Copyright 2000 defined by eqs 19a and 19b, allows one to extract an intrinsic
American Society for Biochemistry and Molecular Biology. binding constani and the parameten, and takes into
account the overlap among potential binding sites.
n Bindi . onal Here we consider the binding of the isolated 8-kDa domain
ignfo ;gggggsBL”; ttlilgg fg 2 gﬁg’g’gﬁ'&?@nﬁ/’o de of the rat polymerasg to an e'gheno Qerivative of pon(dA),
poly(deA), where the binding is monitored by following the
Quantitative analyses to obtain the total average degreefluorescence increase of poly@).*® Recall, the DNA-
of binding described above are fully applicable to the binding subsite on the 8-kDa domain is the primary DNA-
cooperative binding of a protein ligand to an infinite binding site of the enzyme, which provides the dominant
homogeneous lattice1035364This type of binding process  part of the free energy of interactions of the polymerase with
is of great significance for elucidation the physiological role both the ss- and dsDN#& ¢ Fluorescence titrations of
played by single-strand binding proteins (SSB), histones, andpoly(deA) with the rat pols 8-kDa domain at two different
histone-like proteins in DNA and RNA metabolism, as well nucleic acid concentrations are shown in Figure 8a. The
as, the role of cooperative interactions in various proteins relative increase of the nucleic acid fluorescence reaches the
involved in interactions with the nucleic acid. The large value of AS.« = 1.4 + 0.1. At higher nucleic acid
protein ligand occludes a number of nucleotides or base pairs,concentrations, a given fluorescence increase is reached at
n (site size), in the complex with the nucleic acid. Each base higher enzyme concentrations, due to the binding of the
or base pair can be an initial point of the binding site, that domain to the extra nucleic acid in the solution. The selected
is, the binding sites overlap and the number of potential nucleic acid concentrations provide a separation of the
binding sites is a nonlinear function of the fractional titration curves up to the relative fluorescence increase of
saturation of the long nucleic acid lattice. Therefore, instead ASps~ 1, that is, up to~75% of the relative observed signal
of the total degree of binding, ®;, one considers the total change.
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Figure 8. (a) Fluorescence titrationdd = 325 nm,Aem = 410
nm) of poly(ctA) with the 8-kDa domain of rat pgh in sodium
cacodylate/HCI (pH 7.0, 10C) containing 50 mM NaCl and 1
mM MgCl, at two different concentrations of the nucleic acid
(nucleotide): @) 2 x 1075 M; (O) 1.94 x 10~* M. The solid lines
are nonlinear least-squares fits of the fluorescence isotherms usin
the generalized McGhesson Hippel model as defined by eq 19a
using a single set of parametel&:=3 x 1 ML, n=9,w =
1.5, and ASnax = 1.4. (b) The dependence of the relative
fluorescence increasASy,s upon the total average binding density,
>vj, of the 8-kDa domain on poly¢d) (M). The solid straight line
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isotherms using eq 19a. The theoretical lines provide an
excellent fit to the experimental isotherms wkh= (3 +
0.5)x 1® M tandw = 1.5+ 0.5%°

3.1.5. Protein Binding to a One-Dimensional
Homogeneous Lattice in Two Binding Modes Differing in
the Number of Occluded Nucleotides

3.1.5.1. Statistical Thermodynamic ModelA much more
complex situation than that considered above arises when
the protein binds the nucleic acid using various binding
modes that differ by the number of the occluded nucleo-
tides or base pairs in the complex. This is more frequent
behavior than previously thought and has been, for the first
time, extensively and quantitatively characterized for the
E. coli SSB proteirf.28:3031.7089\We have also already
encountered similar behavior in the case of thecoli
PriA helicase (see above). Striking examples of the protein
binding to the DNA in two different binding modes are the
interactions of the human and rat polymergbavith the
sSDNAA748

We initiate our discussion with the heuristic derivation of
the general closed-form parametric equations, which describe
the binding of a large protein ligand to a one-dimensional
homogeneous lattice in two binding modes, differing in the
number of occluded nucleotides. Notice that in the McGhee
von Hippel model described above, a nucleic acid lattice site
can only exist in two states, free and bound with the ligand
in a single type of the complex, that is, a single binding mode.
However, if the protein binds the ssDNA in two binding
modes, differing by the number of occluded nucleotides, such
interactions introduce multiple lattice-site states, that is, a
site can be free, bound to the protein in one binding mode,
or bound to the protein in another binding mode. This is a
three-state lattice-binding mod®&l.Such complex binding

gsystems can be approached by a “brute” force of nhumerical

fitting.?® On the other hand, it turns out that a general
analytical solution in terms of implicit, closed-form para-
metric expressions describing the binding isotherm for the
ligand binding in two cooperative binding modes differing

follows the points and does not have a theoretical basis. The dasheqin the number of occluded nucleotides can be obtafRét.

line is an extrapolation of the binding density to the maximum value
of the relative fluorescence chang&Sn.x = 1.4, which provides
>v; = 0.115+ 0.005, corresponding to the site size of the domain
ssDNA complexn = 9 £ 0.6. Reprinted with permission from ref
49. Copyright 2001 American Chemical Society.

This can be accomplished in the most convenient way by
using the sequence generating function method (SGF) that,
in the case of a three-state lattice, requires only a 3
matrix to derive statistical thermodynamic expressions for
the entire binding systef§:%0.91.92

Figure 8b shows the dependence of the observed relative Let the site size of the first and the second blndlng modes

fluorescence increasASy,s as a function of the total average
binding density,Yv;. The plot is linear and shows the

be n andm residues long, respectively. Then, lgtbe the
statistical weight ofj, the contiguous, empty lattice site.

existence of only a single binding phase. This linear behavior Because there are two lattice-site states with a bound protein,
indicates that any possible cooperative interactions do notwe assigrg as the statistical weight of a sequencg jofotein

affect the spectroscopic properties of the protddiNA
complex$1942 Extrapolation of the binding density to the
maximum fluorescence increase at saturation provjdes

= 0.1154+ 0.005, which shows that in the examined solution
conditions the isolated 8-kDa domain occluaes 9 + 0.6
nucleotides in the complex with the ssDNA. As mentioned

molecules bound to the lattice in the first binding mode and
by as the statistical weight of a sequence joprotein
molecules bound to the lattice in the second binding mode.
Since the values of the statistical weights are relative, we
designatey; 1. Consequently,g = (KiLp)wd™t =
(L/w1)(aw1)l, whereK, is the intrinsic binding constant for

above, because the site size of the complex is determinedan isolated protein in the first binding mods; is the free

and the domain binds to the ssDNA in a single phase with
AFmax = 1.4+ 0.1, we can use the generalized McGhee
von Hippel isotherm to extract the remaining two interaction
parameters, the intrinsic binding constamt, and the
cooperativity parametesy (eq 19a). The solid lines in Figure

protein concentrationy; is the nearest-neighbor cooperat-
ivity parameter for the protein bound to the lattice site in
the first binding mode, and = K,Lg. Analogously, for the
protein bound to the lattice site in the second binding mode,
b = (KnLe)wd ™t = (Llw2)(bw,). The sequence generating

8a are nonlinear least-squares fits of the experimentalfunctions for these three states of infinite lattice sites are
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then defined in a standard way*&s? acceptable analytical solution as
U = S 0971 = lel (20) L= {[—p - (p;q— 4qr)°'5]}x 29)
P09 = ()T @07 = s @) yated an, where
RO) = (wiz)z(bwz)i(x”)"' - m @2 PTNlesm DA wlx:; :](:2 W 0x™ (308

To describe the appropriate alternations of the different q =K K [(w,0, — w)x +

possible sequences of states P, R), the following matrix, mn ,

M, can be formed, where the elements\bfare the SGFs, (0, + @, — 203 — 0,0, + 057)] (30b)
defined a&%°

and
0P R
M=I|Uuo wsR (23) p = "ML ntm (30¢)
U (,()3P 0

. . . For a given set of interaction parameters (site sizes,
where w3 is the cooperativity parameter characterizing intrinsic binding constants, and cooperativity parameters),
interactions on the boundary between sequeRc@nd P | . in eq 29 is a sole function of. Also, substituting eq 29
sequences, that is, between the first and second bindinginto eq 27 render§ v; as a sole function ofy. Thus, eq 27
mode. This parameter appears as a multiplicgtion fact_or in (with L replaced by eq 29) and eq 29 constitute a set of
the matrix and not in the sequence generating functions, yo parametric equations that completely define the consid-
because the SGF is a sequence partition function constructeged binding process with a single variable parameter,
independently of any influence of other types of sequences, Both parametric equations provide an easy way to perform
whereas the matrix equation serves to construct the grandgomputer simulations or fittings of the binding isotherms by

partition function of the whole system. treatingx; as an independent variable.

For latticesN nucleotides in length, whend approaches The physical nature and the range of values;ofan be
infinity, the grand partition function of the proteimucleic  gptained by inspection of eq 24, which shows that in the
acid lattice system can be written®as limit of an infinite lattice,x, is aneffectie partition function

N of a single monomer of the lattid@ucleotide). Therefore,
Z=x (24) X1, as an effective partition function, can only assume real

. ) ~ values from (1,), wherex; = 1 corresponds to the free
wherex, is the largest root of the following secular matrix |attice, that is, wherLs = 0. Thus, computer simulations
equation: can be performed by first introducing from (1, «) into eq

. _ 29 and then calculating the corresponding valukoNext,
f=1=M=0 (25) one can introduce; and the corresponding: into eq 27
and, thus, obtain the required the value of the total average
binding density,y vi. In general, introducingy andLg into
eq 26 provides any average property of the lattitgand
system,W, in which the lattice residues can exist in three

wherel is the identity matrix. To obtain the average fraction
of a lattice site in any statél, it is only necessary to treat
eg 25 as an implicit function so th&8t is

of(x) | In f(x) different state$? _ _ _ _
W=- alns ) (26) To illustrate the behavior of a ligardattice system in
dInx "l which the large protein ligand can bind the nucleic acid lattice

. . , . , ) in two binding modes differing in the number of occluded
where s is a statistical weight associated with a given cleotides, a series of theoretical binding isotherms for
particular state. Subscripi indicates that the derivative is  jifferent values of the intrinsic binding constants in both
evaluated ak = x, the largest root of eq 25. Analogously,  pinding modes is shown in Figure 9a. The binding isotherms
the total average binding densityy;, is then defined as have been generated using eqs 27 and 29 in the manner
described above. The protein is assumed to have the site size

ZV' = _ & M (27) of the first binding moden = 16, and the site size of the

' dInLe|ainx 1y second binding moden = 5 (see below). The binding is
characterized by weak positive cooperativity with = 3,

After expansion, secular eq 25 takes the form wy = 3, andwz = 5. The value oKy, = 10° M~* andK,
assumes different values. The plots show that the high site

LAK K (0,0, — 02X+ (0, + 0, — 2045 — 0,0, + size binding mode dominates the binding process at low

2 n n+1 rotein concentrations, even when its intrinsic bindin
@3 )]} + Le{Kyl(wp = 1)X7 = wpx ] + gonstant,Kn, is close to or lower than the intrinsic bindingg
K [(w; — IX" — 0, xX™ 1} + X1 —x™™=0 (28)  constant of the low site size binding mode. As a result, the
plot has clear biphasic character. When the intrinsic binding

This is a second-degree polynomial with respect to the constant for the high site size binding mode is higher than
free protein concentrationl.r, which has a physically the intrinsic binding constant for the low site size mode the
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[5_ Figure 10. Theoretical dependence of the observed relative
0.15 fluorescence changé\Ss upon the total binding density); v,
E‘ for the binding of a large ligand in two cooperative binding modes
2 differing by the number of the occluded nucleotides to an infinite
[ 0.1 homogeneous nucleic acid. Binding of the ligand in the first mode
Q . is characterized by the site sine= 16, cooperativity parameter
E’ w1 = 3, and different values of the intrinsic binding constkmg:
:E (— "') Kig = 108 Mil; (— - _) Kie=5 x 108 Mil; (_ - _) Kig
,E 0.05 =10° M_l; (_ . _) Kie= 3 x 100 M_l; (_ - _) Kig= 10 M_l;
o (++*) K1s = 10* M1, Binding of the ligand in the second mode is
characterized by the site size,= 5, intrinsic binding constaris
0 = 10° M1, and cooperativity parameter, = 10. The cooperativity

parameter characterizing the interactions between the ligand
molecules bound in different binding modesus = 5. The solid

line corresponds to the binding of the ligand exclusively in the low

site size binding mode. Reprinted with permission from ref 43.

Figure 9. (a) Theoretical binding isotherms of a large ligand in Copyright 1998 Elsevier.

two cooperative binding modes differing by the number of the

occluded nucleotides to an infinite homogeneous nucleic acid the low site size binding mode will always predominate at

enerated using eqgs 27 and 29 in the text. Binding of the ligand in |_. . . . .
?he first mode isgch%lracterized by the site size 16, gooperati\?ity high protein concentration, independently of the ratio of the

parameterw; = 3, and different values of the intrinsic binding Intrinsic binding constants.
constantKig (—) Kig=1B ML (— — =) Kig =100 ML (---) It is enlightening to examine the theoretical dependence
Kig = 10° M™% (= - =) Kig = 10°P MY (++0) Ky = 10° M2 of the observed fluorescence change accompanying the
B'I';d'r?gecr’; thes"g.i?gn'r!gh;nsd‘?gongognc;gﬁés chaigc't\c/alnlzegntéy the pinding of a protein in two different binding modes to the
Sl SIZ = 9, INtriNsi nai S = - : : :
cooperativity parametetw, = 3.g The coopserativity parameter ssDNA, that is, the fractional signal gerjerf’:\ted from the
characterizing the interactions between the ligand molecules boungMacromolecule, upon the total average binding derfsity
in different binding modes ims = 5. (b) The dependence of the  Of the protein on the nucleic acid. Such dependence is shown
high site size and low site size binding modes upon the increasingin Figure 10. The protein is assumed to bind in two weakly
free concentration of the ligand in solution using the same intrinsic cooperative binding modes with site sizesnof 16 andm
binding constants and cooperativity parameters as in panel a.— 5 and with different intrinsic affinities of high site size
Reprinted with permission from ref 43. Copyright 1998 Elsevier. binding modes. The selected maximum fluorescence change
for the high site size binding modAS,, is 2, and the change
protein initially binds predominantly in the high site size for the low site size modeAS,, is 2.5. The plots show
binding mode. characteristic nonlinear behavior. All curves are composed
The dependence of the partial binding densities corre- of two binding phases, particularly for the higher intrinsic
sponding to each binding mode upon the logarithm of the affinities of the high site size binding mode, where the
free protein concentration for the different values of intrinsic inflection point between the two phases occurs at the binding
binding constants is shown in Figure 9b. It is evident that, density value corresponding to the site size of the high site
as the protein concentration increases, the high site sizeSize binding mode, that i$,v; ~ 0.07. In fact, the inflection
binding mode is gradually replaced by the low site size mode, point is still clearly visible, allowing for an estimate of the
independent of the value of the intrinsic binding constant approximate stoichiometry of the high site size mode, even
for the high site size mode. This results from the large When the intrinsic binding constant of the high site size mode
negative entropy factor, which increases with the degree ofis only higher by a factor of-3 than the binding constant
saturation of the lattice with the ligand and is associated with Of the low site size mode (Figure 10). This can be achieved
the difficulty of saturating the lattice with the ligand that by determining the intersection of the line tangent to the slope
has the larger number of occluded nucleotides within its site Of the high site size mode with the line tangent to the slope
sizell12|n other words, in the system where a protein can Of the low site size mode.
bind the nucleic acid lattice in two different binding modes  On the other hand, extrapolation of the high binding
with a different number of occluded nucleotides at saturation, density region of the plots in Figure 10 provides the
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Figure 11. Fluorescence titrationdd = 325 nm,Aem = 410 nm)

of poly(deA) with rat pol 3 in sodium cacodylate/HCI (pH 7.0, 10
°C) containing 50 mM NaCl and 1 mM Mgght two different
concentrations of the nucleic acid (nucleotidelll) @ x 1075 M;

(O) 1.92x 1074 M. The solid lines are nonlinear least-squares fits
of the experimental fluorescence binding isotherms, according to
the model in which rat pg# binds the ssDNA in two binding modes
differing in the number of nucleotides occluded in the protein
nucleic acid complex using the approach described in the text with
N=16m=5K;=2x 100 ML, Ks=35x 1P ML, w; =

1, w, = 2.5, andws = 3 (eqs 27 and 29 in the text). Reprinted
with permission from ref 43. Copyright 1998 Elsevier.

stoichiometry of the low site size binding mode. Notice that

in the considered case, the slope of the plot corresponding

to this mode is not strictly linear, due to the differences in
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Figure 12. (a) The dependence of the relative fluorescence change

the relative fluorescence changes induced upon the complexupon the total average binding densityy;, of rat pol § on

formation in both binding modes with the nucleic acid.
However, the obtained estimate of the site size is witthi%
of its true value. In the case of the experimental isotherms,

such an error is completely absorbed by the inherent error =

poly(deA) in sodium cacodylate/HCI (pH 7.0, 1TC) containing

0 mM NaCl and 1 mM MgGl (m). The solid lines are tangent to
the slopes corresponding to both the low and high binding density
phases of the isotherm. The intersection of the lines occuys;at
0.06 + 0.005 and indicates the stoichiometry of the high site

of the data, which allows the number of occluded residues size binding mode, (pg8):e. The dashed line is an extrapolation

in the low site size binding mode to be determined within
+20% of its true value (see below).

3.1.5.2. Binding of Rat Polymerasés to the ssSDNA in
Two Binding Modes Differing in the Number of Occluded
Nucleotides.Fluorescence titrations of poly(d) with rat
pol 5 at two different nucleic acid concentrations are shown
in Figure 11. In these solution conditions, the relative
maximum increase of the nucleic acid fluorescence reache
the value of 2.6+ 0.2. The selected nucleic acid concentra-
tions (nucleotides) provide a clear separation of the binding
isotherms up to the relative fluorescence increase 213,
that is, ~85% of the total observed fluorescence change.

S

of the low affinity binding density phase to the maximum value of
the relative fluorescence change, which provides the stoichiometry
of the low site size binding mode, (p@)s (3vi = 0.22+ 0.005).

(b) The dependence of the total average binding dengity, of

pol 3 on poly(cA) as a function of the logarithm of the total
enzyme concentratiorl). The solid line is the nonlinear least-
squares fit of the isotherm obtained by applying the theory and
methodology described in the text using the model of two
cooperative binding modes, (p8)1s and (polp)s, (egs 27 and 29)
with Kie = 2 x 107 Mil, Kg = 3.5x 1® Mil, w1=1,w,= 2.5,
andwz = 3. The dashed line is the computer fit of the initial part
of the binding isotherm corresponding to the (8dls mode using
the generalized McGheeron Hippel model (eq 19a) witK;s =

2 x 10/ M~ andw; = 1. Reprinted with permission from ref 43.

Figure 12a shows the dependence of the observed relativeCopyright 1998 Elsevier.
fluorescence increase as a function of the total average

binding densityy v, of rat pol. Unlike the binding of the

These data and analogous studies with the ssDNA oligo-

isolated 8-kDa domain of the enzyme (see above), the plotmers clearly show that rat p@ binds the ssDNA in two
is nonlinear and shows two well-separated binding phases.binding modes, which differ in the affinities and the number

In the first phase, occurring at low protein concentrations,
the binding density reaches the value of 0406.005, which
corresponds to the site size of the enzyraeDNA complex
of 16 + 2 nucleotides per bound polymerase molecule. In

of occluded nucleotide§:*We designate the higher site size
mode as the (pagb)is and the lower site size mode as the
(pol f)s binding mode. Additional direct evidence of the
presence of two binding modes comes from the thermody-

the second phase, at higher protein concentrations, thenamic binding isotherm, that is, from the plot of the total

binding density extrapolated over the remainir@5% of
the fluorescence change to its maximum valug,.x = 2.6
+ 0.2 (dashed line), reaches a value of 04220.03, which
corresponds to the site size of451 nucleotides occluded
by the protein in the complex.

binding density,> vi, as a function of the logarithm of the
total pol 5 concentration, shown in Figure 12b. The data
points are more scattered than in the original fluorescence
titration curves due to an error in the determinatiorpof.
However, there is a discrete intermediate plateau in the
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isotherm aroung v; ~ 0.07, indicating heterogeneity of the quantitative analysis of the original spectroscopic titrations,
binding process and reflecting the formation of the (Pab leading to the thermodynamic data shown in Figure 12.
binding mode. As the total protein concentration increases, Further studies using thermodynamic, kinetic, and fluores-
the (polS)1s mode is replaced by the lower site size binding cence energy transfer approaches provided additional con-
mode, (polf)s (see below). firmation and characterization of the two binding moéfe8’

To estimate the intrinsic affinities and cooperativities of ~ The origin of the different binding modes is based in the
rat pol 5 binding to the ssDNA in different binding modes, complex structure of the nucleic acid binding site of the
the titration curves have been analyzed using the statisticalprotein?®3%3.70In the case of po, the existence of the
thermodynamic model described above (eqs29). There two binding modes is a result of the spatial separation of
are nine independent parameters in the maget, K6, Ks, the two DNA-binding subsites of the polymerase with
w1, W2, 03, ASnaxis aNdASmaxs the determination of which ~ different DNA binding capabilities, located on the two
from the fluorescence titration curves alone is a hopelessdifferent structural domains of the protein and forming the
task. The power of the approaches discussed here results frontotal DNA-binding site of the enzynf&:#84Thus, in the (pol
the fact that we have available not only the original /)isbinding mode, the total DNA-binding site of the enzyme
fluorescence titration curves (Figure 11) but also the iS engaged in the complex, that is, both the 8-kDa and the
thermodynamic binding isotherm (Figure 12b). Moreover, 31-kDa domains are involved in interactions with the ssDNA.
the site sizes of the two binding modes of the felssDNA In the (pol B)s binding mode, only the 8-kDa domain is
complexesn andm, are also independently estimated (Figure engaged in interactions with the nucleic atid! The
12a), leaving the interaction parameters, intrinsic binding structure of pop3 is a paradigm of the structure of the DNA-
constantsK;s andKs, the cooperativity parameters;, w,, repair polymeras& Similar organization of the enzyme
and w3, and the fluorescence changes accompanying themolecule has been indicated for several other DNA poly-
binding in two different modesASnaxis and ASnaxs t0 be merases engaged in DNA repair, although little is known
determined. This is still a formidable number of parameters, about their nucleic acid binding mechanistfs:
which precludes any attempt to obtain all these quantities in  Notice that the site size of the (pf)s binding mode is
a single fitting procedure of the binding isotherms. rather surprising particularly in the context of the site size,

The following strategy can be applied to determine all " = 9 £ 0.6, of the complex of the isolated 8-kDa domain
interaction and spectroscopic parameters for this very With the sSSDNA where also only the 8-kDa domain engages
complex binding system. Inspection of the thermodynamic N interactions with the DNA, although the |ntr|n§|c_aﬁ|n|t|es
isotherm in Figure 12a,b shows that the (Bls binding of both complexes are S|mllé?_v.44vf‘9Thgs¢ quantitative data
mode is, due to its higher affinity, significantly separated ©n the stoichiometry and intrinsic affinity of the examined
from the (pol B)s mode with respect to the free protein complexes indicate that the orientation of the domain in the
concentration scale. Such separation of the binding modescomplex of the intact enzyme with the ssDNA is different
allows us to independently obtain estimates<ef and w1, f_rom.th(_e orientation qf the isolated domain, prowd_mg. the
because initially binding in the high site size binding mode first indication of the intricate nature of the DNA binding
completely dominates the association process (see also Figuréit€ located on the domain. In other words, they indicate that
9a,b). This is achieved by analyzing the initial part of the e 8-kDa domain can engage different regions of its DNA-
thermodynamic isotherm, such as in Figure 12b, where therebinding site without affecting the intrinsic affinity of the
is an exclusive binding in the (pgh)is mode, using the ~ complex:®
generalized McGheevon Hippel isotherm, as defined by . o
eq 19a. The dashed line in Figure 12b is the nonlinear least-3-2. Macromolecular Competition Titration Method
squares fit of the initial part of the binding isotherm using
the McGhee-von Hippel model withn = 16 andK;s and 321 Th d cB
w1 as fitting parameters (eq 19a). To increase the accuracy,” =~ ermoaynamic bases
the fitting analysis can be performed using several different  So far we considered the methods of analysis of the
isotherms obtained at several different nucleic acid concen-titration curves that allow the experimenter to generate a
trations for the same set of solution conditidAsVith the thermodynamic binding isotherm free of any assumption
estimates oKy andws, the isotherm in Figure 12b is further  about the relationship between the observed signal and the
subjected to a nonlinear least-squares fit to obtain the total average degree of binding or the total average binding
estimates of the only three remaining interaction parameters,density. However, these analyses require that ligand binding
Ks, w2, and ws, with the determined;s and w; kept as  be accompanied by significant changes in the spectroscopic
constants. Once all interaction parameters are determinedsignal originating from the macromolecule. On the other
the spectroscopic parameters are then obtained by directlyhand, many examined systems may not and, as pointed out
fitting the fluorescence titration curves withSnaas and  above, most often do not have a convenient signal to monitor
ASnaxs as the only remaining fitting parameters. The solid the binding. For instance, the fluorescence intensity of most
lines in Figure 11 are the nonlinear least-squares fits of the of naturally occurring nucleic acids is too low to be useful
fluorescence titration curves using the interaction parametersin conventional measurements. Although proteins usually
obtained from the analysis of the thermodynamic isotherm possess strong tryptophan or tyrosine emissions or both,
described above and witAShaaes and ASnaxs as fitting binding of the nucleic acid may not induce an adequate
parameters. change of the protein emission to examine complex binding

Although an experienced experimenter would possibly or kinetic mechanisms as occurred in the discussed examples
notice that the fluorescence titration curves in Figure 11 (see above).
already hint at the presence of two binding phases, the One way to overcome this problem is to use a fluorescent
existence of the two binding modes of polymergsand derivative of one of the interacting species, for example, the
their site sizes could only be firmly established through the nucleic acid or protein, as discussed above for the DnaB,
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PriA, and polymerasg interactions with the ss- and dsDNA.
Yet, this may not be feasible in all cases. For instance, there
is always a concern that modification introduced on a protein
may affect its activity. Modifications on the short fragments
of a nucleic acid may create additional, undesirable interac-
tion areas. However, once the interactions with a modified

fluorescent system have been characterized (see above), the

examination of interactions with unmodified ingredients of
the reaction can be performed using competition stu@ies.
In this context, interactions with unmodified polymer nucleic
acids are of particular concern. For instance, while modifica-
tion of homo-adenosine polymers to obtain fluorescent etheno
derivative is a relatively easy reaction, obtaining a homo-
geneously labeled fluorescent derivative of, for example,
poly(dT), is nott®2103For this purpose, the macromolecular
competition titration method (MCT) provides a way to
quantitatively examine binding of multiple protein ligands
to unmodified polymer nucleic acid lattices and, in general,

to any unmodified macromolecule with multiple binding
Site3(_§6,43,44,47,48,49,501101

The approach is based on the fact ttret same thermo-
dynamic argument leading to eqs-9 applies to situations
where titration of a fluorescent nucleic acid with a protein

ligand is performed in the presence of the second competing,

nonfluorescent nucleic acid lattic&he protein binds to two
different nucleic acids present in solution, but the observed
signal originates only from the fluorescent “reference” lattice.
As the titration progresses, the saturation of both nucleic acid

lattices increases with the increasing free protein concentra-
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Figure 13. Theoretical fluorescence titration curves of a reference
fluorescent nucleic acid with the ligand in the presence of different
concentrations of a competing unmodified nucleic acid lattice.
Binding of the ligand to the reference lattice is described by the
generalized McGheevon Hippel model for large ligand binding

to a linear, homogeneous nucleic acid using intrinsic binding
constantk = 10° M1, cooperativity parametap = 1, and site
sizen = 20. The maximum increase of the nucleic acid fluorescence
intensity upon saturation with the ligand A5,.x = 3.5. Binding

of the ligand to competing, nonfluorescent nucleic acid is described
by the combinatorial theory using intrinsic binding constent

10° M1, cooperativity parametes = 1, and site size = 20. The
selected length of the unmodified nucleic acid is 1600 nucleotides.
The concentration of the competing nucleic acid (nucleotide) is (0)
0,(A)2x 10°M, (B)4 x 10°M, (C) 1.2x 10*M, or (D) 2.4

tion in the sample. To illustrate the general behavior of such x 1074 M. The concentration of the reference fluorescent nucleic
titrations, a series of theoretical titration curves of a reference acid is 2x 105 M (nucleotide). The horizontal dashed line connects
fluorescent nucleic acid with the ligand at a constant Points on all titration curves characterized by the same value of

reference fluorescent nucleic acid concentration but in the
presence of different concentrations of a nonfluorescent,
competing nucleic acid is shown in Figure 13. The binding
isotherms of the protein to both nucleic acid lattices have
been generated using the combined application of the
generalized McGheevon Hippel approach and the combi-
natorial theory for large ligand binding to a linear, homo-
geneous nucleic acid, described beldw-°'For simplicity,

the protein-lattice complexes for both nucleic acids have
been assumed to have a site sizencf 20, cooperativity
parameter ofv = 1, and intrinsic binding constants Kf=

1P Mt andK = 10 M~? for the fluorescent reference
nucleic acid and the nonfluorescent, competing lattice,
respectively; however, the analysis is independent of any
particular binding model for both the reference and the
unmodified nucleic acid.

Because the measured relative fluorescence incra&sg,
monitors exclusively ligand binding to the reference fluo-
rescent nucleic acid, all curves span the same range of th

at selectedAS,.x = 3.5. At higher concentrations of the
competing unmodified nucleic acid, the titration curves are
shifted toward higher total protein ligand concentrations,
resulting from the excess of the protein required to saturate
the competing nucleic acid lattice. At very high protein ligand

the relative fluorescence increades,,s Reprinted with permission
from ref 101. Copyright 1996 American Chemical Society.

same protein binding densityj ¢i)r, on the reference lattice,
and the same free protein ligand concentratignTherefore,
in the presence of different concentrations of a competing
nucleic acid and a constant concentration of the reference
fluorescent lattice at the same value &% (€.9., dashed
line in Figure 13), the concentration of the free protein ligand,
Lr, must be the same and independent of the competing,
nonfluorescent nucleic acid concentration. Because the
binding density of the protein on the nonfluorescent compet-
ing nucleic acid, § v)s, is also a unique function dfs, at a
given value ofASys corresponding with the same value of
Lr, the binding density, Xv)s, must be the same and
independent of the total concentration of the competing
lattice, Nts. Hence, one can obtain rigorous measurements
of the protein total average binding density,()s, on the
unmodified competing nucleic acid and the free protein

. 8igand concentratiorl,, from titrations of samples containin
relative fluorescence change and reach the same plateau valu J e, P 9

Eonstant concentrations of the reference fluorescent nucleic
acid, Nrg, with the protein in the presence of two or more
concentrations of the nonfluorescent, competing nucleic acid
lattice 10t

This can be accomplished by solving a set of mass

concentrations, all curves are superimposed because th&onservation equations for the total protein ligand concentra-
excess of the protein bound to the competing lattice becomestion in solution. In the presence of two different competing

negligibly small when compared to the total ligand concen-
tration, L.

Recall that the same value of the relative fluorescence

change of the reference lattice in the presence of the protein
means the same degree of reference lattice saturation, the

nucleic acid concentrationblrs; andNrs,, the total protein
concentrationsLt; and Lt,, at which the same relative
fluorescence chang&Ss is observed are defined as

Lry = (ZVi)RNTR + (zvi)SNT81+ Le (31a)
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and

Ly, = (zvi)RNTR + (zvi)SNTSZ +Le (31b)

Because the binding density} %;)r, of the protein on the
reference fluorescent nucleic acid, at any valua8fy,s can

be independently determined, subtracting eq 31a from eq 31b
and rearranging provides the expression for the true binding
density on the competing, unmodified latticgy()s, and the

free protein concentratiohy, in terms of known quantities,
(>vi)r, total protein, and nucleic acid concentration§®as

(1] ’,.I_——-—"l L I I

Relative Fluorescence Increase

(L — L)
OMWs= "~ (32a) 0 001 002 003 004 005
Z I (Nrsz2 = Nrgy) ) ) ) ) )
(Zv)
and i'S
Figure 14. Computer simulation of the dependence of the relative
L.=L. — 1) Nee, — )N 32b fluorescence increase of the reference fluorescent nucleic/sjd,
B (z sNrs (z JeNre  (32D) upon the total average binding densitys()s, of the ligand on the
. competing, nonfluorescent lattice where the competing, nonfluo-
wherex'is 1 or 2. o . rescent lattice has higher(— —) and lower ) affinity toward
Notice that although determination b requires § vi)g, the protein ligand. The binding of the protein to the reference lattice

the values of ¥w)s are independent of any a priori is described by the generalized McGhe®n Hippel model of large
knowledge of the nature of the binding process and the ligand binding to a linear, homogeneous nucleic acid using intrinsic
degree of binding of the protein to the reference fluorescent b'”é"”% C‘?”Stasz o Tlr?s M™%, cooperativity pafrat‘ﬂ”ete” o 1 J
nucleic acid (eq 32a). Plotting the observed fluoresqenceﬁﬂorg'sseﬂég“imens'ity u%g:]a;(;%‘ﬁg]tiémcﬁ?ﬁhg ”ggn%éniczac'
changeASys as a function of ¥ vi)s, allows one to obtain 35 Binding of the ligand to competing, nonfluorescent nucleic
the StO|Ch|0metry Of the prOtefmonfluorescent nUC|e|C aC|d acid is described by the combinatorial theory uglng: 1 andn=
complex (see below). Calculations o} i)s and, subse-  20; K = 10* and 16 M~ for lower and higher affinity cases,
quently,Lr can be performed at any value of the observed respectively. The selected length of the unmodified nucleic acid is
fluorescence changASys along the titration curves (Figure 1600 nucleotides. Reprinted with permission from ref 101. Copy-
13) generating a thermodynamic binding isotherm for protein "9ht 1996 American Chemical Society.
binding to the competing unmodified nucleic acid. The . , ) )
approach is demonstrated in the next section using the@Pproaching the maximum possible value &,s This
experimental data for the binding d&. coli replicative behavior results from the fact thatS,s solely reflects the
helicase DnaB protein to nonfluorescent poly(dA) in the Pinding density on the reference latticg,{)s, which, due
presence of the reference fluorescent etheno derivative,t0 the higher affinity of the reference lattice for the ligand,
poly(deA). saturates with _the ligand in adyan_ce of the saturation of the
It should be noted that if the ligand affinities for the Competing lattice. The plots in Figure 14 indicate that to
reference fluorescent nucleic acid and the competing, non-obtain the most accurate estimation of the stoichiometry of
fluorescent lattice are different, the total average binding Protein—competing nucleic acid complex, the affinity of the
densities will be different for both nucleic acids at the same competing nonfluorescent lattice for the protein should be
value of the measured relative fluorescence chan@g,s similar to or higher than that of the reference lattice.
Figure 14 shows the theoretical dependence of the observed . o
ASys Upon the total average binding density of the protein 3.2.2. Specific Application of the MCT Method
on the competing unmodified lattice for two different intrinsic
affinities of the protein for the competing unmodified nucleic
acid. Protein binding to the reference fluorescent nucleic acid
is characterized bi = 1° M™%, w = 1, andASyax = 3.5;
the ligand binding to the competing lattice is characterized
by K=1FM"1, w =1 andK = 10* M, v = 1 for high
and low affinity cases, respectively. For simplicity, the
dependence oAS),s upon (g for the reference lattice
was selected to be strictly proportional (straight dashed line).
In the case where the macroscopic ligand affinity is higher
for the competing lattice than for the reference lattice, the
total average binding density} ¢i)s, of the ligand on the
competing,gnonﬂuoregscent Ia)%c(/e) is higher, \Q/]vhen compared COMPIex:*% Thus, poly(@A) can serve as a reference
to the reference fluorescent lattice at any value of the fluorescent nucleic acid in the MCT method.
observed relative fluorescence chang&y,s and the plot Figure 15 shows the fluorescence titration curves of
is concave down. The opposite is true in the case where thepoly(deA) with the DnaB protein in the absence and presence
protein ligand affinity is lower for the competing lattice as of two different concentrations of poly(dA). A strong shift
compared to the reference fluorescent nucleic acid. The plotof the titration curves toward higher total DnaB concentra-
rises sharply at the initial values of the binding density and tion, [DnaB}r, in the presence of poly(dA) indicates efficient
levels off at the intermediate range of «j)s, gradually competition between the two nucleic acids for the helicase.

To illustrate the MCT method for studying the interactions
between proteins and nucleic acids, we analyze the binding
of the E. coli DnaB helicase to unmodified poly(dA). As
mentioned above, binding of poly(dA) and other polydeoxy-
nucleotides to the DnaB helicase does not cause any
significant change in the protein fluorescerd®e&! On the
other hand, binding of the DnaB helicase to the fluorescent
etheno derivative of poly(dA), polyéd\), induces a strong,
~3.5-fold, relative fluorescence increase of the nucleic acid,
which allows the precise estimation of the stoichiometry and
interaction parameters of the DnaB protepoly(deA)
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Figure 16. The dependence of the relative fluorescence increase
of poly(deA) upon the total average binding density,iX)s, of the
DnaB helicase on competing poly(dA). The dependence of the

0.03 0.04 0.05

Log [DnaB (Hexamer)]Totall

Figure 15. Fluorescence titrationddx = 325 nm,Aem = 410 nm)

of poly(deA) with the DnaB helicase in 50 mM Tris/HCI (pH 8.1,
10 °C) containing 50 mM NaCl, 5 mM MgGJ and 1 mM AMP-
PNP in the presence of different concentrations of poly(dA)
(nucleotide): ) 0; (@) 2.50x 107> M; (M) 2.22 x 1074 M. The relative fluorescence increase of polgfd upon the total average
concentration of the polyéd) is 2.0 x 10~ M (nucleotide). The binding density, ¥ vi)r, of the DnaB helicase on poly4) in the
horizontal dashed line connects points on all titration curves same buffer conditions is also included (dashed, straight line). Solid
characterized by the same value of the relative fluorescence increasejne is the nonlinear least-squares fit using an approach based on
ASps The intersection points of the dashed horizontal line with the combined McGheevon Hippel model and the combinatorial
the titration curves in the presence of poly(dA) define the total DnaB theory for binding a large ligand to two different competing

concentrationsPr; and Pr,, at which the binding density on
poly(deA), (> vi)r, the binding density on poly(dA)>i)s, and the
free helicase concentratiohg, are constant (details in text). The

homogeneous lattices for the simultaneous binding of the DnaB
helicase to poly(éA) and poly(dA) (details in text). The binding
of the helicase to the reference polyfd is described by the

solid lines are nonlinear least-squares fits of the titration curves McGhee-von Hippel model, using the independently determined
using the following models. Binding of the helicase to the reference intrinsic binding constanK = 1.2 x 10° M~1, cooperativity

nucleic acid, poly(eld), is described by the McGheeron Hippel

parametew = 3, and site sizen = 20. Binding the enzyme to the

model, using the independently determined intrinsic binding competing poly(dA) is described by the combinatorial theory using

constanK = 1.2 x 10°P M1, cooperativity parameter = 3, and
site sizen = 20 (eq 19a in text). Binding the enzyme to the

cooperativity parametap = 4.8, site sizen = 20, and intrinsic
binding constanK = 1.4 x 10 M~1. Reprinted with permission

competing poly(dA) is described by the combinatorial theory using from ref 101. Copyright 1996 American Chemical Society.

cooperativity parametety = 6, site sizen = 20, and intrinsic
binding constanK = 1.4 x 10° M~1 (eqgs 33 and 34 in text). The

selected length of the nucleic acid is 1600 nucleotides. Reprinted

with permission from ref 101. Copyright 1996 American Chemical
Society.

independent determination of this quantity in our discus-
sion3%191 The estimation of the site size of the complex of

the proteir-nonfluorescent competing lattice can be achieved
by plotting the observed relative fluorescence increASe,s

Recall that at the same value of the relative fluorescence@s a function of the total average binding densifyi)s, of

increase, the total average binding densifyyi)s, on the

the DnaB protein on poly(dA). Figure 16 shows the

competing lattice, poly(dA), and the free DnaB concentration, dependence of the observed _rela_ltive quo_rescence change,
[DnaBJs, must be the same, independent of the concentration2Ss Upon the total average binding densitys(s, of the
of poly(dA) (egs 31 and 32). Therefore, from this set of DnaB helicase on poly(dA). For comparison, the dependence

titration curves, one can obtain a set of total DnaB concen- Of ASws upon the total average binding density,»()r, of

trations,Lt; andLr,, which are determined by the intersection
of the horizontal line with either titration curve at which the

the DnaB helicase on the reference lattice, palpdis also
included (dashed straight lin&)°*The quantity § v)s could

value of the observed relative fluorescence increase is theP€ determined up to the value©0.044, which corresponds
same (e.g., horizontal line in Figure 15). Since the total With ASps ~ 2.6. Extrapolation to the maximum possible
concentrations of poly(dA) are known, one can calculate the Value of ASnax = 3.6 & 0.3 gives the maximum value of

true binding density,Xv;)s, of the DnaB protein on poly(dA)
and the free DnaB concentration, [DnaBJsing eqgs 31 and

(>vi)s = 0.05+ 0.005 and the estimation of the site size of
the poly(dA)-DnaB helicase complexa = 20 + 3. As

32. This procedure is then repeated over the entire range oféXPected, this value is the same as the estimated20 +

ASys for selected intervals oAS,,s providing ¢ vi)s as a
function of [DnaB}, thus, enabling the construction of a
thermodynamically binding isotherm for DnaB helicase

3 in identical solution conditions for the poly@)—DnaB
complex36.101

3.2.3. Direct Analysis of the Experimental Isotherm of

binding to poly(dA), although the signal used to monitor the
binding originates exclusively from the reference fluorescen
lattice, poly(&A).

Although it is rather obvious that the site size of the DnaB  For binding to a single type of nucleic acid lattice, the
protein—unmodified nucleic acid is the same as the site size generalized McGheevon Hippel model (eqs 19a and 19b)
of the protein complex with reference fluorescent nucleic is the simplest statistical thermodynamic description for
acid, due to the same physical nature of both nucleic acidscooperative binding of a large ligand to an infinite one-
(ssDNA homopolymers), for completeness, we include the dimensional, homogeneous lattice with overlapping potential

t Protein Ligand Binding to Two Competing Nucleic Acid
Lattices
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binding sites and in one binding mo#e® In the case of mental accuracy, indistinguishable from the isotherm gener-
protein binding to two competing nucleic acid lattices, the ated using the generalized eq 19a for binding the large ligand
ligand interactions with each nucleic acid are described by to the infinite lattice. We found that in the case of a protein
an equation in the form of expression 19a, that is, the entire like the DnaB helicasen(= 20), a lattice that can accom-
binding system is described by two independent isotherms. modate>40 protein molecules (800 nucleotides) represents
Any attempt to simultaneously use two isotherms of the type an “infinite” lattice for any practical purpose. Contrary to
given by eq 19a is hindered by the fact that they are complexthe generalized McGheeszon Hippel model (eq 19a),
polynomial implicit functions of the total average binding expression 34 is an explicit function of the free ligand
density,> v, and free ligand concentration. Thus, to simulate, concentration, which allows us to calculate the binding
or fit, the competition titration curves of a large ligand density directly for the knowiK, w, n, andLg. Because free
binding to two competing nucleic acid lattices, complex and protein ligand concentrations can be explicitly calculated
cumbersome numerical calculations are required. using an infinite lattice model through eq 19a, combining

To overcome this problem and to obtain a general method both equations offers a simple way of fitting the simultaneous
to analyze simultaneous binding of a protein ligand to two binding of a large ligand to two (or more) competing,
or more polymer nucleic acids without resorting to complex different linear lattices, for example, a reference fluorescent
numerical calculations, an approach based on the combinechucleic acid in the presence of a competing, unmodified
application of the generalized McGheeon Hippel model, nucleic acid.

as defined by eq 19a, and the combinatorial theory for Iarge This is accomp"shed by first app|y|ng eqg 19a to the
ligand binding to a linear, homogeneous lattice has beenreference fluorescent nucleic acid, calculating the free ligand
deveIoped.l'lzv%"‘g's&m’rt should be stressed that the McGhee concentrationlg, for gi\/en values of the parametd{s w,
von Hippel model is equivalent to the combinatorial model andn with (3 1) as the independent variable. Subsequently,
as the length of the homogeneous lattice approaches infinity.the obtained value df is introduced into eq 34, which is
In the approach, the binding of the protein to the reference ysed to describe the protein binding to a competing,
fluorescent nucleic acid is described by the McGheen  nonfluorescent nucleic acid, and the binding densfy; s,
Hippel model. Binding of the protein to the competing is calculated for the giveKs, ws, andns, which characterize
nonfluorescent Iat_tlce is _descrlbed by_ the comblnatorlal the binding of the protein to the competing nonfluorescent
theory for cooperative binding of a large ligand, which covers [attice. The calculations are repeated for the entire range of
n nucleotides, to a linear finite homogeneous nucleic acid. the (Yv;), generating the required ¢;)s for the competing
In the combinatorial model, the partition function of the nycleic acid lattice as a function df-. The experimental
protein ligand-nucleic acid systen¥s, is defined by binding isotherm, which is the observed relative fluorescence
changeASys as a function of the total protein concentration,

. K i Ly, is then obtained by calculating for each valueAfh,s
Zs= Z)Z)SN(KJ)(KSLF) wg (33a) the total protein concentratiobr by introducing §v)s,

K=01= (3¥)r, andLe into eq 31a or 31b.

whereg is the maximum number of ligand molecules that _ The solid lines in Figure 15 are nonlinear least-squares
may bind to the finite nucleic acid lattice (for the nucleic fits of the simultaneous binding of the DnaB helicase to two
acid latticeN residues longy = M/n),?2 Ks is the intrinsic competing nucleic acids, using th_e procedure outlined above.
binding constant characterizing interactions with the unmodi- The binding of the DnaB helicase to the fluorescent
fied lattice, ws is the corresponding cooperative interaction POly(deA) has been independently determined and described
parameterk is the number of ligand molecules bound, and DY using the generalized McGheeon Hippel (eq 19a)°*

j is the number of cooperative contacts betwéepound  The binding of the protein to competing poly(dA) has been
ligand molecules in a particular configuration on the lattice. described using the combinatorial theory (egs 33 and 34).
The combinatorial factoBy(k,j) is the number of distinct ~ Because the site size of the Dnapoly(deA) complex,n =

ways thatk ligands bind to a lattice witj cooperative ~ 20+ 3, has been independently estimated (see above), there

g k-1

contacts and is defined by are only two parameters, the intrinsic binding constét,
and the cooperativity parametebgs, to be determined. It
) [(M — nk+ 1)!I(k — 1) should be pointed out that the analysis of the simultaneous
Sukj) = [(M—nk+j+ Dlk— k=] — D1 binding of a large ligand to competing nucleic acid lattices
J ' ) J .(33b) could also be performed by applying eqs 33 and 34 of the

combinatorial theory to both the reference and the competing
The total average binding densityi)s, is then obtained ~ NUCI€IC acids. This approach is completely equivalent to the
by using the standard statistical thermodynamic expression,comMbinéd application of the McGheeon Hippel and

Yo=a1In ZJd In Ly, ad? combinatorial .models described above. However, the ad-
(2vi)s nZddinLr a vantage of using the combined McGheen Hippel and
g k-1 _ the combinatorial theories lies in the tremendously decreased
ZZkS\l(k-j)(KsLF)kwsJ computational time, particularly if a very long lattice is used.
k=1j= .. o . .
(Zvi)S = (34) 3.2.4. Competition Titration Method Using a Single
g k71 Concentration of a Nonfluorescent Nucleic Acid

The method described above allows the determination of
thermodynamic binding parameters for ligand binding to a

Expressions 33 and 34 describe the binding of a large nonfluorescent nucleic acid by performing fluorescence
ligand to a finite, linear homogeneous lattice. For a long titrations of a reference fluorescent nucleic acid with the
enough lattice, the obtained isotherm will be, within experi- protein at a constant reference nucleic acid concentration in

I(;J;S\l(k,j)(KSLF)kwsj
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the presence of two or more concentrations of the competing
nucleic acid. However, the thermodynamic binding density,
(>vi)s, and the free ligand concentratiobs, can also be
obtained by using a single titration of the fluorescent nucleic
acid at a single concentration of a competing nonfluorescent
nucleic acid in direct reference to the titration curve of the
fluorescent reference nucleic acid aldfé®! This results
from the fact that, independently of the presence of a
competing nonfluorescent nucleic acid, the same value of
the relative fluorescent changkQy,s reflects the same value
of the ligand binding density on the fluorescent reference
lattice, ¢ vi)r, and, in turn, the same free ligand concentra-
tion, L. Thus, in Figure 15, the same fluorescence increase
of poly(deA) upon binding the DnaB helicase corresponds
to the same helicase binding density on pobHlin the
presence and absence of the competing poly(dA). Therefore
one can obtain Xv)s and [DnaB} by simultaneously
analyzing titration curves 1 and 2 or 1 and 3, instead of 2
and 3 in Figure 15. This approach can be particularly useful
if the amount of the competing nonfluorescent nucleic acid
is limited 10t

For the analysis using a single concentration of the
nonfluorescent nucleic acid, the total protein concentrations
at which the same value of the relative fluorescence increase
ASys Of the reference fluorescent nucleic acid is observed
in the absence and presence of competing nonfluorescen
lattice, Ltgr, andLrs,, respectively, are defined as

Lir= (ZVi)RNTR +Le
Lrsc= (Zvi)RNTR + (Zni)SNTS( +Le

wherex can be 1 or 2 (Figure 15). Solving the set of eqs
35a and 35b forYv)s provides

(35a)

(35h)

i (LT& o LTR)
(Zvi)s - (NTS() (36a)
and
Le=Lrs— (zVi)sNR - (Z%)RNS( (36b)

3.2.5. Competition Fluorescence Titrations of Short
Fluorescent Oligonucleotides in the Presence of a
Competing Polymer Nucleic Acid

The MCT analysis does not have to be confined to a
polymer reference lattice, and in some cases it can be
simplified in terms of mathematics necessary to analyze the

isotherms, as well as experimental procedures, by using short
fragments of nucleic acid as a reference lattice, as long as

both nucleic acids compete for the same binding site on the
protein. A short nucleic acid fragment optimal for such
analysis would be an oligomer that forms a simple 1:1
complex with the protein. The obvious choice for a short
reference fluorescent nucleic acid lattice is a nucleic acid
fragment long enough to exactly span the total site size of
the proteir-nucleic acid complex. Such an oligomer binds
to the same binding site as a polymer lattice and occupies
the entire total binding site. A selection of the length of the
fluorescent reference fragment can be based on the initial
estimation of the stoichiometry of the proteinucleic acid
complex obtained using a modified fluorescent polymer
nucleic acid or a series of oligomers (see above).

Bujalowski

In such studies, the degree of saturation of the nucleic acid
oligomer with the protein ligand; ®r, and the fluorescence
change, A0, accompanying the formation of the complex
are described BY*

KoLe

DX e (37)
and
B K Le
(ASyp9o = (AShaxo A+ KL (37b)

where ASha)o is the maximum observed fluorescence
change of the short nucleic acid lattice upon saturation with

the protein and{, is the macroscopic binding constant of

the oligomer to the protein.

In the presence of a competing polymer nucleic acid, the
observed fluorescence change of the short nucleic acid
fragment is thermodynamically linked with the protein total
average binding density} §;)s, on the competing polymer
through the free protein ligand concentratiba, However,
as in the case of the reference polymer nucleic acid, the same
value of ASwgo (g 37b) at different competing unmodified

ucleic acid concentrations corresponds with the same degree

f saturation of the short nucleic acid fragment and the same
free concentration of the proteihg, that is, also the same
(3v)s. Therefore, performing two fluorescence titrations of
a short oligomer nucleic acid with the protein at the same
total concentration of the reference oligoméxg, but in
the presence of two different total concentrations of the
competing nucleic acid\ts; andNrs,, allows the determi-
nation of the total average binding densityy()s, and free
protein concentratiorLg, by applying the same method as
described above for a polymer reference lattice. In the case
of the short reference lattice, eqs 31a and 31b take the form
0f101

L= (Z®R)OTR + (zvi)SNTSl +L (38a)

L, = (z@R)OTR + (zvi)sNTsz T Le

and the total average binding density,()s, is described

by eq 32a. Analogously, if a single fluorescence titration of
a reference oligomer with the protein in the presence of a
competing polymer lattice at the concentratify, is used

in direct reference to the fluorescence titration of the
reference oligomer alone with the protein, eqs 38a and 38b
becomé®?

(38b)

Lir = (Z®R)OTR +Le

L= (ZQ)ROTR + (Zvi)SNTSX + L

and the total average binding density,»()s, is described
by eq 36a.

(39a)

(39h)

3.3. Signal Used to Monitor the Interactions
Originates from the Ligand

3.3.1. Thermodynamic Bases

Analyses and examples described so far dealt with the
experimental design where the binding processes were
monitored by following the signal from the macromolecule
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(nucleic acid), that is, “normal” titrations were per- L,

formed®1942|n the case, where some spectroscopic property ASdi] = > (A6, (45)

(e.g., fluorescence intensity) of the ligand changes upon T

binding to the macromolecule and hence the signal changes

monitor the apparent degree of saturation of the ligand with Notice that although we used the total average degree of

the macromolecule, a ‘reverse” titration (addition of a Pinding, >©;, to arrive at eq 45, an identical relationship

macromolecule to a constant ligand concentration) is gener-¢an be obtained for the total average binding den3ity,

ally performed. Several proteimucleic acid systems have for the ligand binding to a long homogeneous polymer

been analyzed by examining the changes of the fluorescencdattice®? It should be pointed out tha#¥Sps = (Sops — SLr)/

of a protein ligand titrated with a nucleic adig131417.23.24 (SLy) is the expenmentally obseryed fract'lonal change in

In fact, a similar approach that allowed us to transform the spectroscopic signal from the ligand (with respect to the

spectroscopic titration curves into thermodynamic binding Signal of the free ligand at the same total concentragry)

isotherms for the “normal” titration method has been N the presence of the ligand and the macromolecule at total

developed for the “reverse” titration method in studies of concentrationsr andNr. The quantity AS)i = (S — S)/S

the binding of E. coli SSB protein to the single-stranded IS the molar signal change characterizing the ligand when it

nucleic acid$. is bound in a statel. Expression 45 is general and
Consider the general case of multiple-ligand binding to a independent of the spectroscopic method used to monitor

macromolecule where there can bstates of the bound  the interactions: o

ligand with each state possessing a different molar signal, 1he relationship expressed by eq 45 indicates that the

S. The observed signal\Sys from the ligand solution, at ~ guantity ASdL+/Nr) is equal t03 (AS)®;, the sum of the

the total concentration of the liganty, in the presence of ~ Partial degrees of binding for all states of the ligand

the macromolecule at the total concentratidd;, has macromolecule system weighted by _the_|ntr|n5|c signal

contributions from the free ligand and the ligand bound to change for each bound state. The weighting factaS)(

the macromolecule in any of iispossible bound states as aré molecular intensive quantities, which are constant for a
particular binding staté under a given set of experimental

_ conditions (temperature, buffer, etc.). Therefore, the quantity
Sobs = SLe ZSLi (40) > (A9);0; is constant for a given distribution of the ligand

_ _ among different possible states, that is, the total average
whereS: andLr are the molar signal and concentration of gegree of bindingy @;, in the case of the binding to a set

the free ligand, respectively, aandL, are the molar signal  of giscrete binding sites and the total binding densgy,,
and concentration of the ligand bound in stat@spectively. i, the case of the protein ligand binding to a polymer nucleic
Expression 40 is valid when the molar signal of each speciesggiq. Therefore, at equilibrium, the values lof and 5 ©
is independent of concentration (i.e., in the absence of ligand e constant for a given value &{L+/Ny), independent
and macromolecule aggregation). The concentrations of thegf the macromolecule concentratioll;. Hence, under
free and bound ligand are related to the total ligand jgentical solution conditions, one can obtain thermodynami-
concentration by the conservation of mass equation cally rigorous measurements §©; and Lr from plots of
ASp{L1/Nr) vs Ny for two or more titrations performed at
L=Lg+ ZLi (41a) different total ligand concentrations. This is accomplished
by obtaining the set of concentrationsr( Nt) from each
where titration for which the quantity oASdL1/Nr) is constant
and solving for>®; and Lg. The procedure is therefore
L; = O,N; (41b) analogous to the case in which a signal from the macro-
molecule is monitored during the “normal” titration (see

The quantity®;, is the partial degree of binding of the ligand 2P0Ve). The quantithSy{Lr/Nr) isgﬁffz"ed to as the ligand
in theith state. Substituting eqs 41a and 41b into eq 40 and Pinding density function (LBDFj:2

rearranging provides 3.3.2. Analysis of Spectroscopic Titration Curves When
the Signal Used to Monitor the Interactions Originates
Sobs~ SHr =N ) (S — )6, (42)  from the Ligand
Binding of the fluorescent analogue of ADBADP, to

Notice that the produckLy is the initial signal from the o gy icleotide-binding sites of the coli DnaB protein

protein ligand solution before titration with the macro- o, amer can serve as an example of the analysis of a
molepu[e. Dividing both 'S|des of eq 42 Ly and next complex multiple-ligand binding system where the interac-
multiplying by ((L+/Nr)) yields tions are followed by monitoring the signal from the ligaffd.
Thus, in these studies, the fluorescent nucleotide analogue,
(Sobs — Stbo) ﬁ _ §-9) o (43) €¢ADP, is the ligand, the DnaB helicase is a macromolecule,
s, =2 s )

and the fluorescence of the analogue is used to monitor the

binding. However, the fluorescence of #%DP is increased
This relationship can be rewritten as only by ~21% upon binding to the DnaB helica¥eTo

increase this signal change and, in turn, to obtain a higher

(Sype— S-L)[L resolution of the titration experiments, acrylamide has been
%(N_T) = Z(As)i@i (44) added to the solution. Acrylamide is a very efficient dynamic
T T

qguencher of several biologically relevant chromophores
including the etheno derivative of adenosifE!%This extra
and dynamic quenching process, which does not affect the
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Figure 17. Fluorescence titrations (“reverse titrations”)eDP
at different concentrations of the nucleotide with the DnaB helicase Log [DnaB (hexamer)]
in 50 mM Tris/HCI (pH 8.1, 10°C) containing 100 mM NaCl and Total
100 mM acrylamide Aex = 325 nm, Aem = 410 nm). The Figure 18. Dependence of the binding density functidtS,{L1/
concentrations of the nucleotide am) (4 x 10°5, () 6 x 10°5, (My), on the logarithm of the total DnaB protein concentration at
(©)1x 107 (0)2x 1075 () 3 x 10° and @) 4 x 107> M. different concentrations afADP: (M) 4 x 1076 M; (O) 6 x 10°¢

Solid lines are nonlinear least-squares fits of the experimental M; (@) 1 x 1075 M; (0O) 2 x 1075 M; (4) 3 x 1075 M; (#) 4 x
binding isotherms according to the hexagon model using a single 10-5 M. Solid lines separate different data sets and do not have

set of binding parameters = 4 x 10° M1, o = 0.4, andASqax theoretical basis. The horizontal dashed line connects points at the
= 2.35. Reprinted with permission from ref 41. Copyright 1997 selected, same value of the binding density function at different
Elsevier. €ADP concentrations at whickADP]Jq.. and the degree of binding,

. . . . . > ©;, of the nucleotide on the DnaB hexamer are the same (details
thermodynamics of the nucleotigtenzyme interactions, is  in text). Reprinted with permission from ref 41. Copyright 1997
much less efficient for the nucleotide bound to the DnaB Elsevier.
protein than for the free nucleotide, leading to a much larger
change in the nucleotide fluorescence upon formation of the horizontal line that intersects the LBDF curves is drawn,
complex with the protein, thus, increasing the resolution of defining a constant value @S,,{L1/Nr) (horizontal dashed
the titration curved! The application of the differential  line in Figure 18). The points of intersection of the horizontal
dynamic quenching of the ligand or the macromolecule line with each LBDF curve determine the set of valus,
fluorescence to increase the resolution of the binding Lt) for which Lr and  ®; are constant, as shown in Figure
experiments is thoroughly discussed in ref 41. 18 for one constant value of the LBDF. Based on eq 1, the

A series of fluorescence titration curvese#DP with the average degree of bindingy®;, and Lg can then be
DnaB protein at different nucleotide concentrations is shown determined from the slope and intercept of a plotefvs
in Figure 17. At higher nucleotide concentrations, the curves Ny at each constant value &fS{L1/Nt). By repetition of
are shifted toward higher concentrations of the DnaB this procedure for a series of horizontal lines that span the
helicase, because more of the enzyme is necessary to saturatange of values oAS,,dL1/Nr) as a function ot ¢, the values
the increased amount eADP in solution. All curves reach  of Y®; can be obtained and the thermodynamic binding
the same plateau of the relative fluorescence incre®sSgs isotherm can be determin&d?
at saturating concentrations of the protein. As we pointed In the construction of a series of LBDF plots, as shown
out above, in general, the fractional change of the ligand in Figure 18, one should cover as wide a range of ligand
fluorescence upon the macromolecule concentration does notoncentrations as possible; however, care should be taken
necessarily strictly correspond to the fractional ligand satura- to avoid large changes in the total ligand concentration
tion. This is never a priori known for any multiple ligand between two successive titrations, since this may bias the
binding system. However, the estimate of the degree of determination of.r andy ©;.%4%42In our experience, six to
binding and the free ligand concentrations can be obtainedeight titrations using successive total ligand concentrations
by using the LBDF approact?41:42 that differ by a factor of 1.52 will generate an accurate set

Figure 18 shows the plot &S,{L+/Nt) as a function of of data.
the DnaB protein concentration obtained using the fluores- The model-independent binding isotherm constructed from
cence titrations presented in Figure 17. For the different total the full analysis of the data in Figures 17 and 18 for the
concentrations otADP at the same value of the binding binding of eADP to the DnaB protein is plotted in Figure
density functionASpdL1/Nr), the total degree of binding, 19. Recall that the DnaB helicase is a homohexamer that
> @®;, and the freeeADP concentrations must be the same, has six nucleotide binding sité%.2° The plot in Figure 19
thus, allowing for their determination (eq 45). Notice that shows that in the examined concentration rangeADP
even though all of the “reverse” titrations shown in Figure the total average degree of bindirg®;, could be reliably
17 span the same full range @DP fluorescence increase, determined from~0.5 to up to the value of-4.5, that is,
they do not span the same range of the degree of binding afrom ~10% to~80% of the entire range of the degree of
seen from the LBDF plot in Figure 18. Therefore, multiple binding of the DnaB hexameimucleotide comple&! The
titrations at different values dfr are always required to span  solid line is a theoretical isotherm, according to the hexagon
the full range of the total average degree of binding. This is model, which describes the binding of six ligands to a short
very different from the “normal” titrations where, in favorable circular lattice of six discrete sites, characterized by the
conditions, often only two titration curves are sufficient to intrinsic binding constantK, and cooperativity parameter,
obtain~90% of the binding isotherm (e.g., Figure 2a,b). A o (see below}/*11%The obtained intrinsic binding constant
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Figure 19. Thermodynamic binding isotherm for te@DP—DnaB Figure 20. Dependence of the relative fluorescence increase upon

binding system, that is, the dependence of the total average degreéhe fractional saturation of the nucleotide ##DP binding to the
of binding of éADP on the DnaB helicase hexamer upon the DnaB helicase. The selected concentratiorADP is 2 x 1075

logarithm of the free nucleotide concentratioR#DP]iee The solid M. The concentration of the bound nucleotide has been calculated
line is the theoretical binding isotherm according to the hexagon from [éADP]g = (3©;)[DnaB}r. Reprinted with permission from
model using intrinsic binding constatt = 4 x 106 M~! and ref 41. Copyright 1997 Elsevier.
cooperativity parameter = 0.4. Reprinted with permission from
ref 41. Copyright 1997 Elsevier.

due to the low affinity of the ligand. In fact, whehSys is

directly proportional tolLg/Ly, one can determine the
K =4 x 10° M~ and the cooperativity parameter= 0.4 maximum extent of the observed sign&&na,, from a linear
are, within experimental accuracy, the same as the valuesextrapolation of a plot 0AS,psVs Lg/Lt to Lg/Lt = 1, which
that have been independently obtained using the quantitativethe theoretical limiting value of the ligand concentration ratio
fluorescence titration method in which the quenching of the as shown in Figure 20. Short extrapolationliglLs = 1
protein fluorescence has been used to monitor the interac-provides the value of the maximum relative increas8;ax

tions3741 = 2.35, of the relative increase of thkéDP fluorescence

upon saturation with the DnaB protein in studied solution
3.3.3. Correlation between the Fractional Signal Change, conditions in excellent agreement with the observed value
ASs, and the Average Degree of Binding, > ©; of ASys (Figure 17)4

Measurements of the total average degree of bingity,
as a function of the free ligand concentration enable one to
determine the relationship between the observed signal
change and the fraction of the bound ligand. Them\ S
is found to be directly proportional to the fraction of the
bound ligandI(g/Ly), the binding parameters can be obtained
with much greater ease from a titration at a single ligand
concentration. The fractional fluorescence increase\&fP
as a function of the fraction ofADP bound to the DnaB
protein, Ce/Lt) = [(( 3 ®Oi)Nr)/L7)], is shown in Figure 20.
It is clear that in the examined range of the total average

degrge .Of binding, there is a strict linearity between the known a priori. However, if it is determined from the LBDF
relative increase of theADP fluorescenceASys and the analysis that a linear relationship exists betweeg,s and

fraction of the bound nucleotidd,s/Ly. However, it is : L
important to check the relationship between the observed bzltlé;m?xgg iﬁ t;,]védfas?g??lae(\)lgpigﬁgéegro?{air? ?;;?egm)(as
fluorescence change (or any signal used to monitor thethen one can use this relationship to determine the average

b?nd_ing) and LB/LT_over a wide range of the degree of egree of binding and the free ligand concentration from a
binding, since the signal change can, in general, be depepden ingle titration curvé! For such a simple case, eq 45
upon Y ®; (see above). In the case of the DnaB protein reduces to '

€¢ADP interactions, this direct proportionality holds fp©O);

up to~5.3% Therefore, in this particular case, the fractional A L
fluorescence increase is indeed equal to the fraction of the Shos —_B (46a)
bound nucleotide, that i8S/ ASnax = Le/Lt. Although in AS;.x Lt

the consideredcADP—DnaB system we determined the
maximum value of the relative fluorescence chang8ax Then
(Figure 17), the value ofAS,.x was not necessary for
determining the thermodynamic isotherm. For some systems, AS, — AS,
this may be an important aspect of the quantitative analyses L= ( x bS)LT
where the accurate determination &&nax is not possible ASnax

3.3.4. Analysis of a Binding Isotherm Using a Single
Titration Curve When ASyps/ASmax = Le/Lt

The analysis using ligand binding density function allows
one to rigorously determine a model-independent binding
isotherm and to determine the relationship between the values
of ASyps and the fraction of the bound ligantlg/Ly. The
LBDF approach is time-consuming, since six to eight
titrations are required to construct a single precise binding
isotherm over a wide range of binding densities, which is
necessary if the relationship betwe&&,s andLg/Lt is not

(46b)



580 Chemical Reviews, 2006, Vol. 106, No. 2 Bujalowski

and

so-ffs) e A

Thus, a single titration can be used to obtai®; or Y v; as

a function ofLg. However, once again, we stress that one
should not simply assume that the fractional signal change
is equal to the fraction of the bound ligand since, if it is not
true, this could lead to significant errors. On the other hand,
if direct proportionality does not exist between the signal
change and the fraction of the bound ligand over a wide range
of binding densities or degrees of binding, the thermody-
namic binding isotherm can still be constructed without any
assumptions using the LBDF analysis as depicted in Figure
19.

3.4. Empirical Function Approach \ /

Once the thermodynamic isotherm for the ligand binding
to a macromolecule is determined, it can then be fitted to
extract binding parameters using a statistical thermodynamic_. _ ,
model that is based on the physical properties of the studiedF'gure 21. A schematic representation of the hexagon model of

Thi be d ith i . the RepA hexamer. The subunits of the hexamer are depicted as
system. This can be done without any considerations as 1Ogircjes, The lines connecting each subunit with its two neighbors

the Specific values of molar spectroscopic signals Qriginating symbolize the number of possible cooperative interactions (two in
from various complexey3436.37414449 The analysis and  the hexagon model).

fitting of the original fluorescence titration curves is much . . . . .
more involved because spectroscopic parameters of gJiSituations, the behavior of the system provides information

complexes enter the equations that describe the binding2POUt the values ofASnayi, for example, binding of the
model. The approach discussed in this section allows thePolymerases to the dsDNA 10-mer (Figure 3), where the
experimenter to avoid this difficult or often impossible task WO binding phases are well separated on the ligand
and fit any spectroscopic titration curves, once the binding concentration scale_, allowing an |ndependent_determlnatlon
model is formulatedl1% 1% Moreover, a high-resolution of the spectroscopic parameters (_:hargcterlzmg each com-
spectroscopic titration curve spans close to the entire rangeP!ex* However, obviously, these situations do not apply in
of the degree of binding for a given binding process, while EVery case, as illustrated below for the binding of the ATP
a reliable determination of the total average degree of @n@logue TNP-ATP to the RepA hexameric helicase of the
binding, Y ©,, is usually limited to the range betweeri0%  Plasmid RSF1010. o .
and 85% of the maximum stoichiometry of the complex. The broad host nonconjugative plasmid RSF1010 coonfers
Thus, direct fitting the spectroscopic curve is preferable for Pacterial resistance to sulfonamides and streptom?yei
more accurate estimate of the binding parameters. RSF1010 codes its own replicative helicase, the RepA
We will consider here a case as applied to the “normal” Protéin. The RepA helicase unwinds the duplex DNA in the
titration approach, that is, the binding of the ligand is 5' — 3 direction and is esslelntlal for the RFS1010 plasmid
followed by monitoring the signal from the macromolecule. Feplication in bacterial cellS: As revealed by the crystal-
In analogy to eq 7b, the observed spectroscopic signal that©9raphic studies, the enzyme is a homohexameric helicase
is used to monitor the ligand binding is defined in a general With & ringlike structure and a central cross-channel with
way in terms of the spectroscopic parametaS, character- the diameter of~17 A.112’1_13The schematic ringlike structure
izing each possiblé complex and the partial degree of ©f the RepA hexamer is depicted in Figure 21. From a

binding, ©;, or binding densities as statistical thermodynamic point, the protein is a short circular
Y lattice and can be described using a hexagon model with
AS,,.= (ZASm )0, (47a) only two interaction parameters, the intrinsic binding con-
S ax| I

stant,K, and the nearest-neighbor cooperativity parameter,
037106108 The partition function that describes the nucleotide
binding to the six binding sites of the hexamer, according

ASy = Z(AS}nax)iVi (47b) to the hexagon model, is defined as

— 2 3
Thus, to fit a spectroscopic titration curve all molecular Zy=1+6x+3(3+ 20)x" + 2(1+ 60 + BOZ)X +

spectroscopic parameterA$nay)i in egs 47a and 47b must 3(30% + 263 + 60 + 0%¢ (48a)
be known. In the simplest case, alh$nayi could be the - .

same, that is, the plots adfSys as a function of the total ~ and the total average degree of bindiyd;, is

average degree of binding,0®;, or total average binding _ >

density, > v;, are strictly linear, for example, for the PriA Z®i = [6x+6(3+ ZO)XZ +6(1+60+ 30 )X3 +
helicase or rat poB 8-kDa domain binding to the sSDNA 12(30% + 26%x* + 300" + 60°%)/Z,, (48b)
40-mer and the polymer ssDNA, respectively (Figures 7 and

8). For such systems, the spectroscopic titration curve canwherex = KL, the product of the intrinsic binding constant,
be directly fitted to extract binding parameters. In some K, and the free nucleotide concentratihm,

or, using average binding density as
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Thus, the RepA hexamer with a given number of nucleo-
tide molecules bound, can exist in multiple configurations,
for example, the hexamer with three ligands bound has 20
possible configurations (eq 48). Although some of these
configurations are physically indistinguishable, resulting from
simple statistical effects of binding three molecules to the
initially equivalent and independent six sites, there are
configurations that differ by the number of cooperative
interactions, and they may also differ by the values of the
individual molecular spectroscopic parametefs§(.)i. For
instance, the minimum analytical relationship between the
observed experimental sighAlS,s and the individual molar
spectroscopic parameterd\nayi, and the interaction pa-
rametersK ando, is

1

o
o

Relative Fluorescence Quenching

Log [TNP-ADP]. .,

AS,,c= (BASX + 6(3AS,, + 20AS,,)x* +
6(AS;; + 60AS,, + 30°AS)X° +
12(3°AS,; + 20°AS, )X + 300*'ASX° + 60°ASX0)/Z,,
(49)

1 T

For clarity, the subscript max has been omitted at individual
molar quenching constantd §ay)i. Expression 49 contains

10 optical parameters. Thus, for example, there are three
physically distinguishable configurations of the hexamer with
three ligands bound that have different densities of the
cooperative interactions; therefore, there are three possible ®
different molar spectroscopic parametefsss;, AS;;, and
ASs3, characterizing each configuration with different density -
of cooperative interactions. Notice that, at the saturating 0 1 2 3 4 5 6
concentration of the ligand, the observed experimental Degree of Binding =0,

maximum signal change, &Ss = ASs. Nevertheless, to ) I , .
apply eq 49 to obtain interaction parametrando from Fﬁgfiég'iéﬁoﬂ;’&rﬁgﬂg (tr')that;c_’g 2%2‘)ecsﬁt%ﬁ]i2%|'igs;,\‘;l"'th
a single spectroscopic titration curve, all 10 optical constants, Nac| and 1 mM MgG) at different RepA protein concentrations:
(ASnayi, must be known. In practice, this is a hopeless task, (@) 5 x 107 M; (O0) 1 x 1078 M; (®) 3 x 106 M (hexamer).
even for the simplest possible set of spectroscopic parameterghe solid lines are nonlinear least-squares fits of the titration curves

of the RepA hexamernucleotide system expressed by eq according to the hexagon model (egs 48a and 48b) using a single
49. set of binding parameters with the intrinsic binding constant

- . . 8 x 10° M1 and cooperativity parameter= 0.36. (b) Dependence
Binding of the unmodified nucleotide cofactors to the ¢'ihe relative fluorescence quenchinySys Upon the average

RepA hexamer is not accompanied by a change of the proteingegree of binding of TNP-ADP on the RepA hexamg®; (m).
fluorescence that is adequate to perform quantitative analysisThe solid line is the nonlinear least-squares fit using the second-
of the complex binding process. However, we found that degree polynomial function defined by eq 51. The dashed line is
binding of nucleotide analogues TNP-ATP and TNP-ADP the hypothetical dependence/,,supon ©; that assumes a strict
to the RepA protein is accompanied by a strong quench—gﬂ‘fﬁh;egggsg'%ge&eg?éﬂ%iﬁbsirﬁ’g%gi?%eusnieceﬁ&%Ch'“9
ing of the protein fluor_esc_:ence, providing an e.XCE_”ent signal _ 0.87+ 0.03.gRepri?1ted with perrgfssion from ref 107. Copyright
to monitor the association. Fluorescence titrations of the 005 American Chemical Society.
RepA hexamer with TNP-ADP at three different protein
concentrations are shown in Figure 22a. The maximum exist. Short extrapolation to the maximum quenchifBax
quenching of the protein fluorescence at saturation is 0.87 = 0.874 0.03, shows that at saturation the RSF1010 RepA
+ 0.03. The selected protein concentrations provide the hexamer binds 6.68- 0.3 molecules of TNP-ADR07.108
separation of the binding isotherms up to the quenching value |t is obvious that to directly analyze the spectroscopic
of ~0.83. titration curves, using analytical eqs-489, one would have
The dependence of the observed fluorescence quenchingto know all molar fluorescence intensities of all possible
AFops upon the average degree of binding®i, of TNP- RepA—nucleotide complexes. The plot in Figure 22b does
ADP on the RepA hexamer is shown in Figure 22b. The not provide any information as to what the values of these
values of)y ©; are obtained by averaging the values obtained parameters should be, with the exceptiom\& (see above).
from analyses of three different possible combinations of However, the problem of finding all optical parameters can
the titration curves in Figure 22a. The separation of the be avoided by using the following empirical function
binding isotherms allows us to obtained the value$ 6f; approach. This method can be used for any ligand
up to ~5.1 TNP-ADP molecules per RepA hexamer. The macromolecule systems where the determination of all optical
plot in Figure 22b is clearly nonlinear. For comparison, the constants in an analytical equation is practically impossible.
dashed line represents the hypothetical case when a striclThe approach is based on introducing the representation of
proportionality between the degree of cofactor binding and the observed change in the spectroscopic signal of the
the quenching of the RepA hexamer fluorescence would macromoleculeAS,,s upon the binding of the ligand as a

Fluorescence Quenching
[
o

o

Relativ
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function of the total average degree of bindirjg®;, or 6 . . . .
binding density,> v, via an empirical functioA% For this
approach to succeed, high-resolution, quantitative determi- .- 5| i
nation of the total average degree of binding or binding W
density is absolutely necessary. The empirical function is 2 g4 |
usually a polynomial that accurately relates the experimen- 5
tally determined dependence of the spectroscopic parameterg 3| |
ASops to the experimentally determined total average degree -
of binding, ¥ ©;, defined as °
o 2 ]
S
n . 3
A= 3 3(3 O ) & ' 5* 1
=
0 ! L ! !
whereg; are the fitting constants. This function is then used -9 -8 -7 -6 -5 -4

to generate a theoretical isotherm for a binding model and Log [TNP-ADP]
to extract intrinsic binding parameters for a particular binding Free
model from the experimentally obtained single titration curve. tFk:gUée 22-hThe total averfagetdegrefetk?f ?lndlng of T’?Ipt-'ADPfOtT}
This is accomplished by first calculating the value of the € RE€pA héxamer as a tunction of the Iree concentration or the
total average F:ie ree gf binding.©: fogr a given free cofactor in 50 mM Tris/HCI (pH 7.6, 16C) containing 10 mM
/erag gree LAl 9 ~~.. NaCland 1 mM Mgd. The isotherm has been constructed using
nucleotide concentration and initial estimates of the binding the quantitative method described in text. The solid line is a
parameters for a given statistical thermodynamic model. nonlinear least-squares fit according to the hexagon model (eq 48)
Then, the obtained © is introduced into eq 50 and the value with the intrinsic binding constanK = 7.7 x 106 M~* and
of ASyscorresponding to a given value PiO; is obtained. cooperativity parameter = 0.38. Reprinted with permission from
These calculations are then performed for the entire titration "&f 107- Copyright 2005 American Chemical Society.
Curvel06-108

In the case of TNP-ADP binding to the RepA hexamer,
the plot of the observed relative fluorescence quenching,
ASops as a function of the total average degree of binding,

20, in Figure 22b is described by a second-degree 3571 General Analysis of Relaxation Times and
polynomial function with the coefficients; = 2.6054 x Amplitudes Using the Matrix Projection Operator

3.5. Stopped-Flow Kinetic Studies of
Protein —Nucleic Acid Interactions

10t anda, = —1.9220x 1, respectively, as

ASyps= 0.260 54x 10'(5 ©)) — 0.019 224x
105y ©) (51)

Technique

Spectroscopic stopped-flow kinetic measurements of the
approach to equilibrium of the protetmucleic acid com-
plexes providéwo independensets of data, the relaxation

) o ) _times and amplitudes, characterizing the normal modes of
This function is then used to fit and generate theoretical the ohserved relaxation proces&e$7:114120 |n fact, the

titration curves of the TNP-ADP binding to the RepA characteristic behaviors of the relaxation times and the
helicase, using the hexagon model, and to extract intrinsic gmpjitudes as functions of the ligand or macromolecule
binding constantk, and cooperativity parametsr, in the concentration serve as diagnostics as to what the mechanism

manner described above. The solid lines in Figure 22a areqf the ohserved reaction is. It is rather unfortunate that the
the nonlinear least-squares fits of the experimental 'SOthermSanalysis of the amplitudes of the observed relaxation

for TNP-ADP binding to the RepA hexamer using eqs 48a, processes is often not considered in the literature on the

48b, and 51 with a single set of binding parameters that

provide the intrinsic binding constakt= (8 & 1.5) x 10°
M~ ando = 0.36 + 0.051%7

Because the total average degree of bindpg);, has been
determined over-80% of the spectroscopic titration curves
of RepA with TNP-ADP, one can construct a true thermo-
dynamic binding isotherm for the system, that is, the plot of
> ©; as a function of the logarithm of the free nucleotide
concentration. This plot is shown in Figure 3The solid
line in Figure 23 is the nonlinear least-squares fit of the
thermodynamic isotherm for TNP-ADP binding to the RepA
hexamer using directly eqs 48a and 48b with only two fitting
parametersK and o, without giving any consideration to

the fluorescence changes used to obtain the isotherm. Th

fit provides the intrinsic binding constakt = (7.7 + 1.5)
x 10° Mt and o = 0.38 & 0.05. These values are in

excellent agreement with the same binding parameters

obtained using the empirical function method (Figure
22&).107’108

kinetics of the proteinnucleic acid interactions, and the
conclusions about the behavior of the interacting system are
based exclusively on the analysis of the relaxation times only.
The quantitative studies of the kinetics of the reaction,
including the mechanistic details and the nature of the formed
intermediates, require the examination of both the relaxation
times and the amplitudgé;97.114-120

In our analyses of the stopped-flow kinetics of the
protein—nucleic acid interactions, we use the matrix projec-
tion operator techniqu&! As we show below, the matrix
projection operator technique is extremely useful for the
analysis of complex stopped-flow kinetics, particularly by
éoroviding closed-form expressions for the amplitudes of the
studied reaction. This, in turn, allows the experimenter to
obtain structural information about all identified intermedi-
ates.

To illustrate the approach, as an example, we consider
a complex sequential reaction between a nucleic acid, N,
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and protein, C, of the type whereAo, 41, 42, andis are eigenvalues of matriM, V is a
matrix whose columns are the eigenvectors of malifix
and C, is the vector of the initial concentrations of the
different protein species. In the considered sequential reaction
52, Cyp is a column vector ([¢, 0, 0, 0) where [G] is the
where the initial bimolecular process is followed by two total concentration of the protein. The form of the ved@ar
isomerization reactions of the formed complex and the reflects the fact that at= 0 the concentration of the free
reaction is monitored by the changes of the fluorescence, F,protein is equal to its total concentration, while the concen-
of the nucleic acid. The reaction is characterized by three trations of all other species are zero. To solve system 55,
relaxation times and three amplitudes, that is, there are threethat is, to find relaxation times and amplitudes of the reaction,
normal modes of the reactidf The differential equations  first one has to obtain the eigenvalues of makfixthen the
describing the time course of reaction 52, in terms of different corresponding eigenvectors. For a multistep mechanism, like

I(l k2 k3
Ne+Cis= GGGy (52)

protein species, are

d[Cy]
dt

= —ky[C[4[Ng] + k_4[C)]

the one considered here, this can be achieved only through
cumbersome numerical analyses, particularly for the eigen-
vectors.

However, instead of finding eigenvectors corresponding
to the each eigenvalug;, of matrix M, we expanded the

d[C] _ matrix expMt) using its eigenvalues, expl), and corre-
Tt KlCLINA = (kg QG + k[Cdl sponding projection operatorg;, ag?1122
d[Cy] 3
o el Tl TG TiICd XD = 5 Q expl) (58)
d[C,] -
dt = Kg[Cql =k 4[C4l (53) The projection operatorsQ;, can easily be defined by

To eliminate all higher order terms in differential equations,
the kinetic studies are performed in pseudo-first-order
conditions, that is, in a large excess of the nucleic acidl] [N
> [Cy], that is [N1] is approximately constant during the

reaction. In matrix notation, system 53 is then defined as |_|(M - Ajl)
I
d[Cy] Q=—"— (59)
dt A= A)
d[C;] D Y
da | _ . . . . .
dicy |~ wheren is the number of eigenvalues ahds the identity
—_— matrix of the same size ad. In the considered reaction,
q dt there are four eigenvaluds, 41, 1, andAs; however,dg =
[Cd 0 because of the mass conservation in the reaction system.
dt Therefore, using eq 59, one obtditts
—Ky[N7] kg 0 0 |[[Cd (M — 2,1)(M — A)(M — A3l
k1[NT] _(k—l + k2) k—2 0 [CZ] (54) 0= 2 /’{213 (603)
0 ko —(kp+ky) ks |[[C4l !
0 0 ks ks |[Cdl MM = 2,)M — Ay) 60b)
and ' (g — 24y — 23)
c=MC (55) MM = 4HM = A4)) (600)
where C is a vector of the time derivativesyl is the 2 Aol = ARy — Ag)
coefficient ma.trix, andC is a vector Qf concentrations. In _
standard matrix approach, the solution of the system 55 is MM — 4,)(M — A,1)
3= (60d)
C = expMt)C, (56) As(Ag = A)(A5 = 4))
and The solution of the system of the differential eqs 55,
expressed in terms of matrix projection operators, is then
expiqt) 0 0 0
v 0 exp@,t) 0 0 v-ic C =Q,Cy + Q,Cy expl,t) + Q,Cy exp(,t) +
~Vlo 0 expi,t) 0 0 Q4Co expllst) (61)
0 0 0 exp@t)

(57)

Sylvester’s theore#? using the original coefficient matrix
M and its eigenvalued,. In general, a projection operator,
Qi, corresponding to an eigenvalug, is'?2

n

whereQ; are defined by eqs 66al.
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Therefore, using projection operators the numerical
analysis of the complex multistep reaction is reduced to
finding only the eigenvalues of the original coefficient matrix
M.

Inspection of eqs 66ad and their comparison with eq 61
show that projection operator®;, are matrices of the same
size as the size of the original coefficient mathik Also,
the productsQ;iCo are column vectorsP;, which are the
projections ofCy, on each eigenvector of the matri.
Notice thatP; are obtained without determining the eigen-
vectors ofM. Thus,

C =P, + P, exp@,t) + P, exp @,t) + P; exp @,t)

(62a)
and
[C]l POl Pll
[C]Z P02 I:)12
= + exp@,t) +
[C]3 PO3 I:)13 pal)
[Cly Pos P14
P P31
P22 exp(,t) + Ps2 exp(l4t) (62b)
P23 Pé2 P33 Pés
P, P

wherePj is thejth element of the projection of the vector
of the initial concentration&, on the eigenvector corre-
sponding to théth eigenvalue of matri¥ . In stopped-flow

experiments, the concentrations of all protein species change

from the concentrations at = 0 to the equilibrium
concentrations at t= o, defined by the elements of
vector Po. It should be pointed out that each element of
P; in eq 62b is an algebraic expression in term of eigen-
values, 1;, rate constants of the system, and total ligand

and macromolecule concentrations, defined by the products

QiCo.

There are three normal modes of the reaction and three
amplitudesAy, A;, andAs, corresponding to relaxation times
71 = —1/4, T2 = —1/A,, andtzs = —1/43. In spectroscopic

stopped-flow experiments, concentrations of the reactants and

products are indirectly monitored through some spectroscopic
parameter (e.g., fluorescence) characterizing interacting
species. In general, each intermediate will have different
fluorescence properties. Thus, there are four molar fluores-
cence intensities;, F,, F3, andF,, characterizing N C,,

Cs, and G states of the nucleic acid, free and in the complex
with the protein. The concentrations of all nucleic acid
species, at any time of the reaction, follow the mass
conservation relationship

Ny =Ng+C,+ C;+C, (63)

whereC,, C;, andC, are defined by eq 62b.
The fluorescence of the system at timef the reaction,
F(t), is defined by
F(t) = F,N- + F,C, + F,C;+ F,C, (64)

Introducing eqs 62b and 63 into eq 64, one obtains

Bujalowski
FoPo2 + F3Pos + F4Pos|T[1
. F,P, + F3Pis+ FiPys exp@,t)
FO = FuNr + FoPoy + FaPos + F4Poys | |eXP@LY)
FoP3; + F3Pas + F4Pay| \exp@st)
(65)

where index T indicates the transpose matrix. The observed
total amplitude Ar, of the stopped-flow trace is the sum of
individual amplitudes of all normal modes

A=A+ A+ A, (66a)

Experimentally, the total amplitudéyr is described by
Ar = F(0) — F(e) (66D)

whereF(0) andF(«) are the observed fluorescence intensi-
ties, F(t), of the system at = 0 andt = o, respectively.
Introducing the mass conservation relationship defined by
eq 63 into eq 65t = 0 for F(0) andt = o for F(w), one
obtains

F(0) = FiN; + (Poy + Pyp + Py + P3y Pog + Ppg +
F,—F,;
Pyg+ P33 Poy + Pyt Poy + Pay)|Fs = Fi | (67)
F,—F,;
and
F(o) = F;Ny + (Pyy Pos Pod)|F3 — F1
F,—

(68)

I:1
which define the total amplitude (eq 66b) as
AT = (P12 + P13 + I:)14 I:)22 + P23 + P24 P32 + P33 + P34)

F,—F;
Fs—F1] (69)
F4 - M

The individual amplitudeg\;, A;, and A; for each normal
mode are then

F,—F,

A; = (P, P3Py Fa—F (70)
F,—F,
F,—F,

Ay = (Py Py Pyy)|Fs — F1 (71)
F,—F,

A; = (P3, P33 P3) Fs—Fy (72)
F,—F,

Expressions 6972 are closed-form, explicit relationships
for the total and individual amplitudes for the three-step
reaction mechanism described by eq 52. Thus, once the
matrix operators are formulated in terms of the original
matrix of coefficientdM, the total and individual amplitudes
of the reaction system can be easily defined. Extension of
the analysis to more complex reaction systems is straight-
forward?16:118
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The relationships derived above also provide an important T
intuitive insight into the effect of different values of
spectroscopic properties of the intermediates of the reaction
on observed amplitudes. For instance, even if all intermedi-
ates have the same fluorescence properkes=(Fs; = F,), -
the amplitudes of all normal modes will be observed,
although there are no additional fluorescence changes in all
transitions following G. Expressions 6972 show that the
progressive fluorescence changes in subsequent transitions
impact less on the individual amplitudes than the difference 0 L
between the fluorescence of the free nucleic acid (ligand) 0 510° 110°
and a given intermediate. For some kinetic systems, it may
not be possible to detect all present normal modes of the
reaction. However, this would result from combined effect
of rate constants, relaxation times, and spectroscopic changes
and not from a similar or identical spectroscopic signal
change accompanying the formation of subsequent interme- o
diates, as sometime assumed. The obtained expressions for
the individual amplitudes of the kinetic steps makes it
possible to extract the spectroscopic properties of each
intermediate of the reaction, thus providing information about
the structure of the intermediate unavailable by other
methods. Notice that this can be facilitated by setting the 0 :
fluorescence of the free liganB; = 1. Then, all remaining Y 510° 110°
molar fluorescence intensitieB,, F3, andF,, are uniquely [Ligand]
determined relative to,/by eqs 69-72. Because the quantum 0.02 free
yield for the free ligand can be independently obtained, if c
required, the true quantum yields for all other intermediates
can also be determined.

Examination of the relaxation times of the studied kinetics
as a function of the ligand concentration constitutes the first,
although not exclusive (see above), fundamental step in
establishing the mechanism of the complex reaction and
determining the rate constants of particular elementary
processest* The reciprocal relaxation times for the three- 0 L
step sequential reaction, described by eq 52, as a function 0 510° 110°
of the free ligand concentration are shown in Figure 24. \

Relaxation times have been obtained by direct numerical [Ligand]

determination of the eigenvaluéi, 4,, and/s, of the matrix Figure 24. Computer simulation of the dependence of reciprocal

M at a given free ligand concentration, ;JCusing the relaxation times for the three-step sequential mechanism of the
identities of 1#; = —A4, 1/t = —1,, and 1t3 = —13. The ligand binding to a macromolecule upon free ligand concentra-
selected rate constants ate= 1 x 1P M1 s k., = tion: (a) 1f4; (b) 1k2; (c) 1h3. Relaxation times have been obtained

1 — 1 — 1 — 1 by numerically determining the eigenvalues of the coefficient
2'05_§ ke ?'1 s ke f0h05| S5 k:fj'ff 001 s 'band matrix,M (11, A2, A3), and using identities { = —A4, 1hr, = —1,,
-3 = 0.005 s™. Because of the large differences between ;54 14 = 3 "The simulations have been performed using rate

the values of the selected rate constants among the elemenconstantsg = 1 x 16 M-1s%, k; = 0.05s?, k, = 0.1 'L, k_,

tary steps, the relaxation times differ significantly at any = 0.05 s?, ks = 0.01 st andk_3 = 0.005 s. The selected total
concentration of the nucleic acid, that is, the normal modes ligand, N, and macromoleculezy, concentrations are % 10°°

of the reaction are close to the “uncoupled” of¥sn such M and 1x 1078 M, respectively. Reprinted with permission from

a situation, it could be possible to obtain approximate "€f 116. Copyright 2000 Elsevier.

formulas for each of the relaxation times; however, the the relaxation time plots clearly seen in the computer
numerical approach applied here avoids such approximationssimulations in Figure 24. First, for the selected values of
The largest relaxation time has typical characteristics of the the rate constants, &/reaches the plateau at significantly
bimolecular binding process withzl/increasing linearly with  lower ligand concentrations thanrd/Such behavior results

the ligand concentration in the high ligand concentration from the fact that for the selected values of the rate constants,
ranget!#!1°0n the other hand, at low ligand concentrations, each partial step of the reaction contributes favorably to the
there is clearly a nonlinear region. This region, observed total free energy of binding\G°. In other words, this feature
experimentally (see below), is only evident because no can serve as a diagnostic of favorable free energy changes
approximate expression is used for this relaxation time. Both in the subsequent steps. Second, the hyperbolic dependence
1/, and 1£3 for the considered sequential three-step reaction of 1/r3 upon ligand concentration is often unnoticed when
show hyperbolic dependence upon nucleic acid concentrationthe pseudo-first-order conditions are applied, placing the
reaching the plateau values at high nucleic acid concentration.experimental data already in the plateau.

As a result,7; and 73 become independent of the ligand Analysis of the amplitudes of the spectroscopic relaxation
concentration in the high concentration range. There are alsoprocesses provides an independent test of the kinetic mech-
two features, often unnoticed in experimental practice, of anisms selected on the basis of the behavior of the relaxation

[Ligand]F
0.2 —_—

1k

0.1} i

1/t

0.01 i
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. . . o nm, lem > 400 nm), recorded in two time bases, 10 and 1000 s,
Figure 25. Computer simulation of the dependence of individual, gftar mixing the DnaB helicase with the 20-me#dpeA) 1o in 50
A1, Ao, andAs, and total Ar, relaxation amplitudes for the three- g Tris/HCI (pH 8.1, 10°C), containing 100 mM NaCl, 5 mM
step sequential mechanism of a ligand binding to amacromolecuIeMguz’ and 1 mM AMP-PNP. The final concentrations of the

upon the logarithm of the free ligand concentratioh: (— — —); helicase and the 20-mer are %5L0-7 M (hexamer) and 5 106
A2 (7); As (- --); Ar (— -). The relative fluorescence intensities, \ (oligomer), respectively. The solid line is the three-exponential,
F2, F3 andF,, characterizing corresponding intermediates, @, nonlinear least-squares fit of the experimental curve. Reprinted with

and G, are 3, 3.5, and 3.5, respectively. The fluorescence of the narmission from ref 116. Copyright 2000 Elsevier
free ligand, Fy, is taken as 1. The individual amplitudes are permissi - ©OPYNg vier

expressed as fractions of the total amplituse while the total
amplitude has been normalized to 1 at saturating ligand concentra-reversed, that is, from the dependence of the amplitudes of
tions. The simulations have been performed using closed-form the System upon ||gand (or macromo|ecu|e) concentra-

expressions defined by eqs-6%2 with the rate constantg = 1 ; ; ;
X 1P M-151 k;=0058% ko= 0.15L K= 0055 ks = tions, one can determine the spectroscopic parameters

0.01 s, andk 3 = 0.005 s, Reprinted with permission from ref characterizing all intermediates, as we discuss below for the
116. Copyright 2000 Academic Press. case of the DnaB helicase association with the ssDNA
oligomers.

times. Moreover, it offers a unique opportunity to obtain
information about the structure of the reaction intermediates et T
and the physical nature of the elementary steps. Theﬁgﬁagénetlcs of the ssDNA 20-mer Binding to the DnaB
dependence of individual amplitudegy, A; and Ag, ‘

expressed as fractionsi(y A) of the total amplitude4r = 3.5.2.1. Relaxation Times.The site size of the DnaB

> A) upon the ligand concentration is shown in Figure 25. hexamer in the complex with the ssDNA is 28 3

The total amplitudeAr, normalized to 1 at high ligand nucleotides per hexamé&r361°'The DnaB hexamer binds a
concentrations is also included. The computer simulations single 20-mer molecule, and the oligomer encompasses the
have been performed using eqs62. The selected molar  entire total binding site of the helicase. As discussed above,
fluorescence intensities aFg = 1, F, = 3, F; = 3.5, and binding of the fluorescent etheno derivative of dA(ph)

F4 = 3.5; the rate constants are the same as those in FiguredeA(peA) 19, is accompanied by a strong3-fold, increase

24. 1t is clear that for the selected values of the rate constants,of the nucleic acid fluorescence, providing an excellent signal
at low ligand concentrations only the amplitudes of the to monitor the kinetics of the helicasesDNA complex
second,A;, and third, As, normal modes of the reaction formation (Figure 1a)¢ The stopped-flow experiments have
contribute significantly to the observedlr, although the been performed under pseudo-first-order conditions by
major fluorescence change, as compared to the fluorescencenixing the DnaB helicase with a large excess of the sSDNA
of the free nucleic acid, accompanies the formation gf C 20-mer.

Such behavior is the result of the low efficiency of the C The stopped-flow kinetic trace of theA(peA), fluores-
complex formation at low nucleic acid concentration, while cence after mixing 5< 10°® M oligomer with 1.5x 1077

the formed complex still relaxes with the second and third M (hexamer) DnaB helicase (final concentrations) is shown
normal mode. At high ligand concentrations, the amplitude in Figure 26. The curve is shown in two time bases, 10 and
of the first normal modeA;, dominates the relaxation 1000 s. The observed kinetics is complex, clearly showing
process. The computer simulations in Figure 25 show that the presence of multiple steps. The solid line in Figure 26 is
all three amplitudes of the present relaxation modes area nonlinear least-squares fit of the spectroscopic kinetic curve
detectable. This is despite the fact that there is no additionalusing a three-exponential function. The two-exponential
fluorescence change in the transition from t6 C, inter- function provides a much less than adequate description of
mediate. As mentioned above, this is evident from egs 69 the experimentally observed kinetics (data not shown). Thus,
72, which show that individual amplitude for a given normal the three-exponential fit is necessary to represent the
mode of the reaction is mainly affected by the difference observed experimental curve. A higher number of exponents
between the spectroscopic properties of intermediates anddo not significantly improve the statistics of the fit. Therefore,
the free nucleic acid (see above). Computer simulations the association of the ssDNA 20-mer with the total binding
shown in Figure 25 were performed with given values of site of the DnaB helicase is a complex process that includes
the relative fluorescence intensities for all intermediates. In at least three steps. Notice that the observed kinetics of the
experimental studies of a kinetic system, this process is sSDNA 20-mer binding to the DnaB helicase is relatively

3.5.2. Protein—Nucleic Acid System with Slow Bimolecular
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Figure 27. The dependence of the reciprocal of the relaxation times
for the binding of the 20-mered\(peA) 1o to the DnaB helicase in
50 mM Tris/HCI (pH 8.1, 10C) containing 100 mM NacCl, 5 mM
MgCl;, and 1 mM AMP-PNP upon the total concentration of
deA(peA)1g: (a) 1fs; (b) 1fr, (C) k3. The solid lines are nonlinear
least-squares fits according to the three-step sequential mechanis
with the rate constants, = 3.4 x 10* M~1s1 k_; = 0.018 s1,

k; =0.021 s, k., = 0.01 s}, ks = 0.004 s?, andk_3 = 0.0012

s71 (details in text). Reprinted with permission from ref 116.
Copyright 2000 Elsevier.

slow. The entire kinetic process takesl7 min to reach
equilibrium.
The reciprocal relaxation times, 11/ 1/, and 1ts,

Chemical Reviews, 2006, Vol. 106, No. 2 587

steps as described by

k. k,
helicaset sSDNA<— (helicase-ssDNA), <—22>
. ~
. ks .
(hellcasessDNA)Z*[; (helicase-ssDNA), (73)

The solid lines in Figure 27a,b,c are nonlinear least-squares
fits of the relaxation times according to mechanism 73. First,
the analysis was performed by the numerical nonlinear least-
squares fitting of the individual relaxation times; then, the
values of the rate constants were refined by global fitting,
which simultaneously includes all relaxation times. The
obtained rate constants for the considered mechanistif are
ks =(3.44+0.6)x 10 Mt s k; = 0.018+ 0.005 s,
ko = 0.021+ 0.005 s?, k-,= 0.01+ 0.003 s, ks = 0.004
=+ 0.001 s?, andk_3 = 0.00124 0.0005 s*. The partial
equilibrium constants for each step in the mechanism are
K1 = ki/k-1, Kz = ko/k—2, and K3z = kg/k_3. Introducing the
values of the rate constants providés= (1.9 + 0.6) x
18 ML K, = 2.1+ 1; andK; = 3.3 + 1. Thus, the first
step has a predominant contribution to the free energy of
ssDNA binding, although the next two steps also increase
the affinity. The overall binding constary, is related to
the partial equilibrium steps by
K= Ki(1+ K, + K,Ky) (74)

The value oK, = (34 1) x 10" M~ has previously been
independently obtained in the same solution conditions by
the equilibrium fluorescence titration meth8éIntroducing
the values of equilibrium constants for partial equilibrium
steps into eq 74 givelsy = (1.94 0.7) x 10" ML, Within
experimental accuracy, this value of the overall binding
constant is in excellent agreement with g determined
by equilibrium titrations. However, often, the data are not
as extensive as those in Figure 27, although the behavior of
the relaxation times and amplitudes provide a clear indication
about the mechanism. In such situations, one can use the
independently determined overall equilibrium constant to
eliminate one of the kinetic paramet¥rs”123(see below).

3.5.2.2. Individual Amplitudes of Relaxation Steps in
the ssDNA Binding to the DnaB HexamerThe dependence

"f the individual amplitudesis, A,, andAg, of each of the

three relaxation steps upon the sSDNA 20-me&k(peA) 1o
concentration is shown in Figure 28. The individual ampli-
tudes are expressed as fractions of the total amplitdgde,

At a low DNA concentration, only the amplitudés and

A; of the second and third relaxation steps have a detectable
contribution to theAr. The amplitudeA, goes through a
maximum, whileA; steadily decreases with theA(pecA) 9

characterizing the three relaxation steps as a function of theconcentration. As the concentration of the 20-mer increases,

total dkA(peA) 19 concentration are shown in Figure 27. The
largest reciprocal time, 4y, increases with [dA(peA)1¢], and

the amplitude of the first stepy (bimolecular step), increases
and becomes a dominant relaxation effect in the observed

the dependence becomes linear at high 20-mer concentrakinetic process.
tions, although there is a nonlinear phase at the low First, such behavior of the individual amplitudes is in full

[deA(peA)1g] concentration. Such behavior is typical for
the relaxation time characterizing the bimolecular binding
step (see Figure 24a). On the other hand, bothdlrd 1t
show hyperbolic dependence uporAdpeA);¢] and reach
plateaus at high ssDNA concentrations. The minimum

agreement with the proposed mechanism (eq 73) deduced
from the relaxation time analysis (Figure 27). Second, the
amplitude analysis also allows us to determine the relative
molar fluorescence intensities characterizing each intermedi-
ate of the reaction, that is, to assess the conformational state

mechanism that can account for the observed dependencef the proteir-nucleic acid complex in each inter-

of the relaxation times upon thecAl(peA);9 concentra-

mediate?* 97116123 n such analyses, one utilizes the fact that

tion is a three-step, sequential binding process, in which the maximum fractional increase of the nucleic acid fluo-

bimolecular association is followed by two isomerization

rescence is knownAFqax = 3.1, from the equilibrium
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1 . . . . only an~30% additional increase of the 20-mer fluorescence
over F; (Fs = 4.1 £ 0.4), while the transition to the
(helicase-ssDNAY is not accompanied by an additional
fluorescence increase oves (F4 = 4.1+ 0.4)116

3.5.2.3. Effect of the Protein Concentration on the
Measured Relaxation Times of the ssSDNA 20-merDnaB
Protein Association. The fact that the DnaB protein is a
hexamer introduces another aspect of the interactions that is
not present when the interacting protein is a monomer. Thus,
the stability of the hexamer is an important factor in the
examination of the kinetics of the helicasessDNA complex
formation. Any dissociation of the hexamer into lower
oligomers would obscure the kinetic processes and the
possibility of quantitatively interpreting it, unless the kinetics
LogldA(A) ] of such dissociation and its effect on the dynamics of the

Figure 28. The dependence of the individual relaxation amplitudes sSDNA binding is also examined. On the other hand,
for the binding of the 20-mer @h\(peA)so to the DnaB helicase dissociation of the hexamer could be a part of the binding

upon the logarithm of the total concentration @fAdpeA).s Ac mechanism. Figure 29a,b,c shows the determined relaxation
(2); A, (m); As (D). The solid lines are nonlinear least-squares fits times as a function of the DnaB (hexamer) concentration
according to the three-step sequential mechanism with the relativeover an order of magnitude change of the protein concentra-
fluorescence intensitids, = 1, F, = 3.3,F3 = 4.1, andF, = 4.1. tion. The data clearly show that, within experimental
The maximum fluorescence increase of the nucleic acid is taken ccyracy, all three relaxation times are independent of the
I:rgr?:ji;[ir(l)?w Seg:;:':?n:xugg_li'%ees‘;mgz mzﬁtg}l%?sé?gnSfragpner:fc’llultgn helicase concentration, indicating that the observed kinetics
Copyright 2000 Elsevier. are not affected by the proteirprotein interactions. Also,
the lack of a protein concentration on the observed kinetic
titrations116 Moreover,AFax can be analytically expressed process indicates that the DnaB protein hexamer does not
as dissociate prior to binding the ssDNA, but rather the entry
of the ssDNA into the cross-channel of the hexamer occurs
_ AF, KoAF; through a local opening of the hexaniék.
max 1 4 K, + KK, T 1+ K, + KK, T 3.5.2.4. Some Molecular Aspects of the DnaB Protein
K KAF ssDN_A Interactions. It _sh_ould be noticed that the value of
234 (75) the bimolecular association rate constadat= (3.4 & 0.6)
1+ K, + KKy x 10* M1 s71, is dramatically lower than expected for the
diffusion-controlled reactiof?*125The intrinsic association
whereAF; = (F2 — F1)/F1, AFs = (Fs — F1)/F1, andAF, rate constant could be even lower because the six subunits
= (F4 — F1)/F; are fractional fluorescence intensities of each of the DnaB hexamer are chemically identical, that is, there
intermediate in the formation of the complex relative to the could be six entry sites for the ssDNA into the cross channel
molar fluorescence intensity of the free DNA oligomet, of the hexamer. Thus, the determined association rate
Contrary to theAFys, the fluorescence parametefs, Fs, constant may contain a statistical factor as high as 6. In
andF,, are relative molar fluorescence intensities, but not chemical bimolecular reactions in solution, formation of a
fractional intensities, with respect to the free nucleic acid collision/encounter complex, a process that is controlled by
fluorescence. Expression 75 provides an additional relation- diffusion of the reactant®412 precedes formation of the
ship among the fitted spectroscopic parameters, thus decreasproduct. Theoretical values of the maximum rate constant
ing the number of independent variables with the value of for the diffusion-controlled association can be estimated using
AFmax playing a role of a scaling factor. The solid lines in  the Smoluchowski equatiétt
Figure 28 are nonlinear least-squares fits of the experimen-
tally determined fractional individual amplitudes of the 4N, (Dp + Dp)(rp + 1p)
reaction using eqs 7072. The applied fitting procedure was = 1000 (76)
similar to the one used for the relaxation times described
above. Nonlinear least-squares fitting was performed with whereN, is Avogadro’s numberDp and Dy are diffusion
the individual amplitudes using the same rate constants ascoefficients of the protein and the nucleic acid, respectively,
those obtained from the examination of the relaxation times and rp and rp are their interaction radii. The diffusion
or allowing the rate constants to float betweeh5% of the coefficient of the DnaB helicase hexamBg = (2.8 - 0.3)
values determined in the relaxation time analysis. Both x 1077 cmé/s, has been determined using the dynamic light
approaches provide similar values of the relative fluorescencescattering technique® The diffusion coefficient of the
intensities. Finally, global fitting with the simultaneous ssDNA 20-mer can be estimated from the Svedberg equa-
analysis of all three individual amplitudes refined the tion?’
obtained parameters. The fluorescence of the ft&€m@A) 1o
was taken ag; = 1. The results indicate that the largest D. = SRT_ (77)
fluorescence change as compared to the free 20-mer occurs D M,o(1 — 9p)
in the first binding step, that is, in the formation of the
(helicase-ssDNA), (see above). Upon formation of this where s and My, are the sedimentation coefficient and
complex, the fluorescence of the 20-mer increases by factormolecular weight of the 20-meR is the gas constant, is
3.3 F2 = 3.3 £ 0.4) as compared to the free DNA. the temperature (kelvin)} is the ssDNA specific volume,
Conformational transition to (helicasssDNA), induces andr is the solvent density. Using the analytical ultra-

Amplitudes
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Figure 29. The dependence of the reciprocal relaxation times of
the dcA(peA) 19— DnaB helicase system upon the enzyme concentra-
tion (hexamer) in 50 mM Tris/HCI (pH 8.1, 1TC) containing 100
mM NacCl, 5 mM MgCh, and 1 mM AMP-PNP: (a) tf; (b) 1/>;

(c) 1k5. Reprinted with permission from ref 116. Copyright 2000
Elsevier.
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~3—6 orders of magnitude lower than tkeg, predicted by

the diffusion-controlled collision, indicating that the bi-
molecular association step contains an additional conforma-
tional transition of the helicasessDNA complex. This
conclusion is also evident from the amplitude analysis, which
shows that the largest increase of the nucleic acid fluores-
cence in the complex with the DnaB helicase (most probably
largest conformational change) occurs in the formation of
the (helicase ssDNA), (see below). Such dramatic confor-
mational changes cannot take place in a collision complex
because then it would not be a collision compl&h?s
Therefore, the reaction mechanism should be enlarged by
an extra step following the collision complex, E, as described

by
. ko K : K
helicaset ssSDNA<— E -~ (helicase-ssDNA) <—
—D 1 —2
k
(heIicasessDNA)zé (helicase-ssDNA), (78)

wherekp andk_p are rate constants for the formation and
dissociation of the collision complex ak{landk’, are the
rate constants for the transition from the collision complex
to the (helicase ssDNA). The equilibrium constant for the
first step is therKp = kp/k-p. Because the formation of E is

a very fast process and E equilibrates before any significant
transition to the (helicasessDNA) takes place, the observed
apparent bimolecular rate constantkis= Kpk;. Analysis

of the kinetic traces indicates that there is no amplitude lost
in the dead time of the instrument{.4 ms)'6 The lack of
any amplitude corresponding to the formation of the collision
complex results from the fact that the process is very fast
and there is no conformational transition accompanying its
formation.

The estimate of the range of the valueslgfcan be
obtained as follows. Notice that the dependence of the
reciprocal relaxation time for the bimolecular process;,1/
is a linear function of the nucleic acid concentration at the
highest concentrations examinedd x 106 M). This shows
that Kp is much lowet'® than ~2 x 10° M~1. Taking a
conservative valu&p ~ 10* M~ givesk; ~ 3.4 s'1. Thus,
the data indicate that the collision complex E undergoes a
transition to the (helicasessDNAY, which has a forward
rate constant of~2—3 orders of magnitude larger than the
forward rate constants for the subsequent formation of the
(helicase-ssDNA), and (helicase sSSDNA).

The amplitude analysis indicates that the largest fluores-
cence increase accompanies the formation of the (heticase
ssDNA), complex. Notice that at the excitation wavelength
applied gex = 320 nm), predominantly, the etheno-adenosine
is excited. Thus, the observed fluorescence increase results
from a nucleic acid quantum vyield increase in the complex
with the helicase, not through the energy transfer processes.

centrifugation technique, we determined the sedimentation Moreover, tryptophans of the DnaB protein are located far

coefficient of the 20-mersow = 1.4 £ 0.12 S. Using this
value ofsyo andMyo ~ 6400 g/mol,» = 0.505 mL/g, and

r = 1 g/mL, one obtaind® Dp = 1.1 x 10°° cn¥/s.
Correcting this value to our buffer conditions, one obtains
Dp = 6.1 x 107 cn¥/s. The interacting radii have been taken
as equal to the approximate size of the 20-mer rp ~ 68

A. With these values, the diffusion-controlled association rate
constant iso &~ 8.9 x 10° Mt s71. Smaller interaction radii

or orientation factors could lower this value kg ~ 10'—

10®° Mt sl Despite the approximate nature of these
estimates, the determined bimolecular rate conskaris

enough away from the ssDNA-binding site to eliminate any
efficient energy transfeé?® The fluorescence okA is
dramatically quenched {810-fold) in the etheno oligomers
as compared to the fre@MP .102.103.129.13Gtacking interac-
tions among neighboringA bases are similar to stacking
interactions in unmodified adenosine polym&s.The
qguenching of thesA fluorescence has been modeled as a
dynamic phenomenon in which the motion of ## leads

to quenching via intramolecular collision. Fluorescence of
the etheno derivative depends little on solvent condi-
tions102103.1311n other words, changes of the fluorescence
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of the etheno derivative ssDNA oligomers are induced 24
predominantly through conformational changes of the nucleic
acid. This is a particularly useful property of the etheno
derivatives in any studies of the proteinucleic acid
complexes. The observed strong fluorescence increase of the
etheno derivative ssDNA oligomers upon binding to the
DnaB helicase indicates significantly restricted mobility and
separation of the nucleic acid bases in the complex with the
enzyme:® The largest fluorescence increase observed in the
formation of the (helicasessDNA), strongly suggests that . . . . .
these dramatic changes of the nucleic acid conformation -3.5 -3 2.5 -2 -1.5 -1
occur in the formation of this complex and are preserved in Log [Time] (sec)
the (helicase ssDNA) and (helicase sSDNA).

As we pointed out, a large conformational change ac-
companying the formation of the (helicasesDNA), argues
against the possibility that this complex is a result of a simple 25
collision or an encounter. Conformational transitions of the
single-stranded nucleic acid oligomers, particularly base 24
stacking, are very fast processes, which occur in the range:
of microsecond$32133The fact that the transition from the
collision complex E to the (helicasessDNA) is character-
ized by a rate constant in the range~e8 s indicates that
this is not exclusively the change of the nucleic acid structure
upon association, but rather a conformational transition o
the enzyme-ssDNA complex. In other words, the observed
dynamics of the formation of the (helicasesDNAY, is an
intrinsic property of the DnaB helicase in response to the 1.2 z . i - .
nucleic acid binding and not simply an adjustment of the 35 -3 235 -2 15 -
bound ssDNA to the structure of the enzyme binding Sfte. Log Time (sec)

. . . . . Figure 30. (a) The fluorescence stopped-flow kinetic trace after
3.5.3. Protein—Nucleic Acid System with Fast Bimolecular mixing PriA helicase with the ssDNA 20-mekA(peA) g in 10
Step with Undetectable Amplitude. Kinetics of PriA mM sodium cacodylate/HCI (pH 7.0, 1<) containing 100 mM
Helicase—ssDNA Interactions NaCl (lex = 325 nm,Aem > 400 nm). The final concentrations of

o ) ) o the helicase and the 20-mer are %3107 and 3x 1077 M,
3.5.3.1. Kinetics of the PriA Helicase Binding to the respectively. The solid line is the two-exponential, nonlinear least-

ssDNA 20-mer.Analyses of the DnaB protein binding to  squares fit of the experimental curve. The dashed line is the
the ssDNA indicate that the binding is characterized by a nonlinear least-squares fit using the single-exponential function.
slow bimolecular step indicating the presence of some The horizontal, initial part of the trace is the steady-state value of

dditi | first-ord " Such lex behavi flect the fluorescence of the sample recorded 2 ms before the flow
additional first-order step. such complex benhavior refiects, giqnpeq. (b) The same fluorescence stopped-flow trace as in panel

in part, the complex structure of the enzyme built as a g, together with the zero line trace (lower trace), which is obtained
ringlike hexamer of six identical subunits with the sSSDNA-  after mixing the nucleic acid at the same concentration as that used
binding site located inside the cross-channel of the hexdmer with the protein but only with the buffer. The solid line is the same
(see above). A different character of the bimolecular step is tWo-exponential, nonlinear least-squares fit of the experimental
observed in the case of the monomegiccoli PriA helicase curve as thatshown in panel a. Reprinted with permission from ref
interactions with ssDNA?® Recall that thermodynamic 123. Copyright 2003 American Chemical Society.
studies indicate_ that the tOtal site size of the Pﬂ#SDNA (dashed |ine)_ Using a |arger number of exponents in the
complex, that is, the maximum number of nucleotides fitting function (eq 1) does not improve the statistics of the
occluded by the PriA helicase in the complex, is 203 fit, 123
residues per protein monomer, although the proper sSDNA-  The stopped-flow kinetic trace, together with the trace
blndlng site occludes-8 nucleotided’48 To address the Corresponding to the ssDNA 0|igomer a|0ne, at the same
mechanism of the PriA helicase binding to the ssSDNA within  concentration of the nucleic acid as used with the protein
the total site size of the formed complex, the kinetic stopped- put only mixed with the background buffer (zero line), is
flow experiments were first performed with the sSDNA 20-  shown in Figure 30b. It should be stressed that comparison
mer, A(peA)1e. between the determined relaxation amplitudes and the total
The fluorescence stopped-flow kinetic trace of the ssDNA amplitude of the kinetic trace at several enzyme concentra-
20-mer @&A(peA)1o after mixing 3x 107 M nucleic acid tions is crucial in establishing that the resolved relaxation
with 7.3 x 1078 M PriA (final concentrations) is shown in  processes account for the total observed sighél:*>3The
Figure 30a. To increase the resolution, the plot is shown in two-exponential fit provides an excellent description of the
logarithmic scale with respect to time. The initial horizontal observed kinetic process, yielding the sum of amplitudes,
part of the trace corresponds to the steady-state fluorescencahich is the same as the observed total amplitude of the
intensity of the sample, recorded fo2 ms, before the flow  overall relaxation process. Because this behavior is observed
stops!?® The solid line in Figure 30a is a nonlinear, least- at all studied enzyme concentrations, that is, no signal change
squares fit of the experimental curve using a two-exponential is lost in the instrumental dead time, the simplest interpreta-
function. The included single-exponential function does not tion would be that the enzyme binding to the ssDNA is a
provide an adequate description of the observed kineticstwo-step procesS:However, the behavior of the relaxation
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times and amplitudes shows that the binding is characterized
by a more complex mechanisi.

The dependence of the reciprocal relaxation times, 1/
and 1t,, upon the total concentration of PriA is shown in
Figure 31a,b. The functional dependence af Lpon PriA
concentration shows a typical nonlinear hyperbolic depen-
dence upon PriA concentration in the examined enzyme
concentration range. Thus, the shortest observed relaxation
time does not describe the bimolecular reaction, where a
strictly linear dependence upon the enzyme concentration is 1001 1
expected*97:114116123The nonlinear character of the plot
in Figure 31a indicates that characterizes an intramolecular
transition. The values of 4 are independent of the helicase [PriA ]
concentration, clearly indicating that this relaxation time
characterizes another intramolecular transition of the pretein

500} ]

300

1/, (s

0 310°° 610°® 910°®

ssDNA complex. Therefore, the simplest mechanism thatcan -~ 0

describe the observed dependence of the relaxation times '-'m 80 1
upon the PriA concentration is a sequential reaction in which ~

the PriA helicase binds the ssDNA in a very fast bimolecular PN - 1
step, followed by two first-order transitions of the formed ~ {1

protein—ssDNA complex, as described by ~— {3

k

. 1 k2 k3
PriA + SSDNAE (P), o (P, — Py (79)

_ ) 0 310°° 610°° 910°®
Figure 31c shows the dependence of the normalized, \
individual amplitudes,A; and A, of the two observed [PriA ]l ..
relaxation steps upon the logarithm of PriA concentration.
The amplitude of the first relaxation stefs,, dominates the
relaxation process over the entire examined range of PriA
concentration. Also, its values slightly increase with increas-
ing concentrations of the helicase. Values of the amplitude
A, are significantly lower than those o&; and slightly
decrease with the increase of the enzyme concentration. As
mentioned above, the amplitude of the bimolecular step is
undetectable, that is, its values must be bete®® of the
total signal, in the examined protein concentration range. The
observed behavior of the resolved individual amplitudes as 0 ‘
functions of the PriA concentration is in excellent agreement -6 5.5 -5
with the proposed mechanisi. :
The analysis of the relaxation data in Figure 31a,b,c is Log [ PriA 11y,
initiated by numerical nonlinear least-squares fitting of the Figure 31. (a) The dependence of the reciprocal relaxation time
individual relaxation times. Because the rate of the bi- 1/t for the binding of the PriA helicase to the ssSDNA 20-mer
molecular step is very fast and the amplitude of this fast 9€A(P€A)1o in 10 mM sodium cacodylate/HCI (pH 7.0, 1)

- . : containing 100 mM NaCl upon the total concentration of the
normal mode is undetectable, the bimolecular step, in SUChenzyme. The concentration of the nucleic acid is 307 M (final

case, is beyond the resolution of the stopped-flow technique concentration). The solid line is the nonlinear least-squares fit
(see below). On the other hand, because of the fast rate, theccording to the three-step sequential mechanism with the overall
bimolecular step equilibrates before the transition to the next partial equilibrium constari; = 2 x 10> M~ and the rate constants
intermediate takes place, allowing us to use the overall partialkz = 230 s*, k, = 140 s, ks = 1 s°%, andk_3 = 32 s* (details
equilibrium constantK, = k/k_;, as a fitting parameter. N text). (b) The dependence of the reciprocal relaxation tinag 1/

: : for the binding of the PriA helicase to the ssDNA 20-mer
Notice that the overall rate constagdiffers fromk, by a deA(peA) 19 upon the total concentration of the enzyme. The solid

statistical factor resulting from the presence of potential |inesis the nonlinear least-squares fit according to the three-step
binding sites on the DNAZ The analyses are facilitated by  sequential mechanism with the same overall partial equilibrium
the fact that we also know the value of the overall constantK,, and rate constant&, k_,, ks, andk_s, as those in
macroscopic binding constarKy, for the enzyme binding panel a. (c) The dependence of the individual relaxation amplitudes,
to the ssDNA 20-mer. The value Bfois (4.9+ 0.6) x 1P A1 and A,, for the binding of the PriA helicase to the 20-mer
M- and has been independently obtained in the samed€A(PeA)1sin buffer C (pH 7.0, 1°C) containing 100 mM NaCl

. " e S upon the total concentration of the enzymé; (R), A, (O). The
solution conditions by the equilibrium fluorescence titration  gqjiq jines are nonlinear least-squares fits according to the three-

method‘.‘7'48ThQ macroscopic binding constakiy, is related step sequential mechanism with the relative fluorescence intensities
to the overall bimolecular partial equilibrium constéatand F, = 1.02,F; = 2.75, andF, = 7.0. The maximum fluorescence
partial equilibrium constants characterizing the intramolecular increase of the nucleic acid is taken from the equilibrium
transitions by fluorescence titration in the same solution conditionA&g.x =

2.2. The rate constants are the same as those in panel a. Reprinted

B with permission from ref 123. Copyright 2003 American Chemical
Koo = K|(1+ K; + KKy) (80) Society.

08| i
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whereK; = ko/k_, andKs; = ks/k_3 (see below). The above 500
relationship reduces the number of independent parameters

in fitting the relaxation times to four. Subsequently, the ™
obtained rate constants are used as starting values in the~
fitting of the individual amplitudes and extract relative molar r
fluorescence parameters, that is, to assess the conformationak. 300 |
state of the helicasenucleic acid complex in each interme-  v=

diate. This is accomplished using the matrix projection

operator techniqué®123(see above). This part of the analysis

uses the value of the maximum relative increase of the

ssDNA fluorescence accompanying the complex formation, 100
AFmax = 2.2 £ 0.1, which is known from independent

equilibrium fluorescence titratiorf$:* The AFnax parameter

can be analytically expressed by an expression analogous to

eq 75. The refinement of the values of rate constants and s10°l ®
molar fluorescence parameters is accomplished by global |
fitting of all relaxation times and amplitudes. The solid lines = A
in Figure 31a,b,c are nonlinear least-squares fits of the ~
relaxation times and amplitudes, according to the proposed =
mechanism, using a single set of rate and spectroscopicd  310°}
parameters.

Comparison between the value of the overall partial
equilibrium constantk; = (2 & 0.5) x 10° M1, with the

(D)

overall equilibrium constan¥,, = (4.9+ 0.6) x 1®° M1 0 e ' ' '
indicates that the fast bimolecular step provides the major 0 5 10 15 2 %
part of the free energy of bindindhG®, of the enzyme to ssDNA Oligomer Length (Nucleotides)

the ssDNA. Nevertheless, very low, if any, fluorescence

change of the nucleic acid in this step strongly suggests therigure 32. (a) The dependence of the reciprocal relaxation time,
lack of any significant conformational changes of the nucleic 1/r;, for the binding of the PriA helicase to the ssDNA oligomers
acid structure accompanying the formation of the;(P) differing in the number of nucleotides in 10 mM sodium cacodylate

; ; " (pH 7.0, 10°C) containing 100 mM NacCl upon the total concentra-
!n:ermeg!aie (seg bellow). fThte tranSItlon.tft]Oththi Seco(;]d tion of the enzyme: ) 8-mer, dA(peA)7; (O) 12-mer, @A(pPeA)1s;
intermediate, (R) is also a fast process wi e forward (@) 16-mer, @A(peA).s (0) 20-mer, dA(peA)s, (W) 24-mer,

rate constank, = 230 + 40 s*. However, in contrast t0  geA(peA),s The concentration of the nucleic acids is310~" M

(P), there is a large molar fluorescence incredse 2.75 (oligomer). The solid lines are nonlinear least-squares fits according
+ 0.15) accompanying the formation of gPan indication  to the three-step sequential mechanism. (b) The dependence of the
of a large conformational change of the DNA, as compared overall equilibrium constanky (M), and overall partial equilibrium

: 103 _ constant,K, (O), characterizing the bimolecular step for PriA
to the free nucleic acit® Nevertheless, the value &f» binding to ssDNA oligomers with different numbers of nucleotides

140+ 30 st indicates that the enzyme can quickly return ynon the length of the ssDNA oligomer (nucleotides). The solid

to the (P} intermediate. On the other hand, the transition to lines are the linear least-squares fits of the plots (details in text).
(P) is much slower with the forward rate const&ateing The dashed lines are extrapolations of the plots to zero value of
approximately more than 2 orders of magnitude lower than the corresponding e_quilibrium constant. Reprin;ed with _permission
k.. Also, the (P) <= (P) transition is accompanied by a from ref 123. Copyright 2003 American Chemical Society.

dramatically large increase of the nucleic acid fluorescéfice.
The obtained rate constants for the second and third step For all examined ssDNAs, the experimental kinetic traces

provide partial equilibrium constankg = 1.6+ 0.6 andks  yequired a two-exponential fit and the amplitudes of the two
~ 0.031. Thus, only the second step contributes an additionalresplved relaxation processes account for the total amplitude
favorable contribution to thG®, while the (P) < (P) of the kinetic traces. The reciprocal relaxation timeg; 1/
transition is energetically unfavorable. for the association of PriA with various ssDNA oligomers

3.5.3.2. Dependence of the Kinetics of PriAssDNA as a function of the total PriA concentration is shown in
Interactions upon the Length of the ssDNA Substrate. Figure 32a. There are two key aspects of these data. First,
Thermodynamic studies of PriA interactions with ssSDNA the kinetic mechanism is independent of the length of the
showed that although the total site size of the Prs&§DNA ssDNA. Therefore, the association of PriA with all examined
complex is 20+ 3 nucleotides, the proper DNA-binding ssDNA oligomers is described by the same three-step
site of the enzyme occludes onlyd81 nucleotides’*¢ To mechanism (see above). With increasing length of the ssDNA
obtain further insight into the dynamics of the monomeric oligomer, the values of &/ show a more and more
helicase-—ssDNA interactions, stopped-flow kinetic studies pronounced hyperbolic dependence upon PriA concentration
have been performed with a series of ssSDNA oligomers of and higher plateau at saturating concentrations of the helicase
different lengths. The shortest oligome¢AdpeA)+, contains (Figure 32a). Second, the plots intercept the reciprocal
eight residues, that is, it corresponds to the determinedrelaxation time axis at a very similar point, indicating that
maximum size of the proper ssDNA-binding site. The longest the values ok_, are very close for all oligomets3 Contrary
oligomer, ¢A(peA)2s, is three times longer than the proper to 1k, the values of I exhibit little dependence upon the
ssDNA-binding site but can still accept only one PriA length of SSDNA oligomers, that is, the ¢R) (P); transition
molecule?’ 48 is only slightly affected by the length of the ssDNA.
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The analyses of relaxation times and amplitudes indicate Extrapolations of both plots in Figure 31b provide= 6.3
that the increasing hyperbolic dependence of tBsults from + 1 as compared to the maximum valuerof= 8 £+ 1
the increasing values of the overall partial equilibrium obtained in independent thermodynamic anal{/s8qsee
constant,K,, characterizing the bimolecular step in the above).
enzyme binding to the longer ssDNA oligoméféand not Unlike the previously discussed DnaB protein, the bi-
from the increased values of the rate constaatin fact, — molecular step in the mechanism of the PriA helicase is very
both k, and k-, are, within the experimental accuracy, fast, beyond the resolution stopped-flow measurements, and
unaffected by the length of the nucleic atiiThe same is  independent of the length of the ssDNA oligomer. The
true for ks and k_a. Thus,.the entire effect of the.dlfferent amplitude analyses show that there is very little, if any,
length of the ssSDNA oligomers on the dynamics of the change of the nucleic acid fluorescence accompanying the
enzyme interactions with the sSDNA is confined to the formation of the (P)intermediate in the proposed mechanism
bimolecular step of the reaction. Figure 32b shows the overall(See above). As discussed above, interpretation of the
equilibrium constanKy and the overall partial equilibrium  fj,orescence changes of etheno-ssDNA oligomers is facili-
constantK; for PriA binding to ssDNA oligomers with @ 51ed by the fact that dramatic quenching of the nucleic acid
different number of nucleotides as functions of the sSDNA f|,orescence is well understood in terms of intramolecular
oligomer length. A very characteristic feature of these plots gjiisions due to the motion ofA separated by a close
is that they are strictly linear, although their slopes are gistance in the DNA29130Thus, the extent of the fluores-
different. Moreover, extrapolations of the plots to zero value ¢ence increase in the proteinucleic acid complexes reflects
of the corresponding equilibrium constant intercept the DNA {he conformational changes of the nucleic acid (immobiliza-
length axis at very similar points (Figure 31b). Such strictly tion and separation of bases) that limits these quenching
linear behavior of botky andK; as a function of the length processe&13The lack of detectable fluorescence change
of ssDNA oligomers can quantitatively be understood in iy the (P) intermediate indicates that the sSDNA conforma-
terms of the existence of several potential binding sites on 4o in this intermediate is very similar to the conformation
the ssDNA oligomers resulting from the fact that the size of f the free DNA, that is, unaffected by the protein binding.
the proper ssDNA-binding site of the PriA helicase,is This is an expected behavior for a collision compld2
significantly smaller than the total site size of the enzyme  Hoywever, very fast protein/nucleic acid conformational
ssDNA complex, 20k 34748 change occurring in the formation of ¢Prannot be

_ In terms of the potential binqmg sites and partial equilib- completely excluded on the basis of stopped-flow measure-
rium constants, the overall binding constaky, for the ments alone.

helicase binding to the ssDNA oligomer containimg

nucleotides is analytically defined as The step following the bimolecular association is also fast

and provides very modest additional stabilization of the
Ky = K1+ K, + KKy (81a) prot_ein_—ssDNA compl_ex._ Nevertheless, the valu_eﬂm_ﬁnq
k. indicate that the lifetime of the (P)ntermediate is in
Ko=(N—=n-+ DK.(1+ K. + KK 81b the range of several milliseconds. Moreover, amplitude
n = K 2 KKy (81D) analyses show that, contrary to the (jtermediate, the
formation of (P) is accompanied by a strong nucleic acid
fluorescence increase, indicating large changes in the DNA
Ko= NKA(1+ Ko+ KK — (n— DKL+ Ko + KK structure in the comple¥? These data indicate that in the
N i 2T KK —( Ka 2 (%fc)) second step the adjustment of the ssDNA conformation to
the structure of the binding site occurs, that is, it is the

where N is the total length of the ssDNA oligomer in F€cognition step in the binding process. Although the
nucleotides andK, is the partial equilibrium constant Subsequent transition to the ¢Hptermediate is also ac-
characterizing the bimolecular step, thakis= ky/k ;. Thus, ~ companied by a strong conformational change of the nucleic
it is evident thaty must be a linear function dfl with the acid, it is energetically very unfavorable and, as a result,
slopedKn/aN = Ky(1 + K + K-Ks) (Figure 31b). Moreover, contributes very I|tt|¢ to Fhe total populatlon of the hellcase
Ky is equal to 0 foN = n — 1, that is, no binding will be DNA complexes. Kinetics of the r_1uc|eo_t|de h_ydronS|s or
observed for the ssDNA oligomer shorter by one residue than ©f the dSDNA unwinding by the PriA helicase is unknown.
the size of the proper ssDNA-binding site. Thus, the plot of However, the favorable free energy change of the {P)
Ky as a function of the nucleic acid length will intercept the (P) transition, adjustment of the DNA structure to the
N axis at the value oR = n — 1. Analogously, the overall structure _of the DNA-blndmg site, and the lifetime of the
partial equilibrium constantK,, characterizing the bi- cOmplex in the range of milliseconds suggest that the (P)
molecular step is defined in terms of potential binding sites @nd not the (R)intermediate may play an important role in
and partial equilibrium constark;, as the catalytic activities of the enzynié®
Recall, the proper DNA-binding site of the PriA helicase
Ki=(N-—n+ 1)K, (82a) is located in the central part of the helicase molecule and
occludes only 8t 1 residued’#8In other words, the protein
and matrix extends over approximately six residues on both sides
of the binding site without engaging in interactions with the
K, = NK; — (n— 1)K, (82b) DNA (Figure 6). Therefore, if the protein matrix outside the
proper ssDNA-binding site does not engage in interactions
Thus, the plot oK, as a function oN is linear with respect ~ with the DNA, for any ssDNA oligomer longer than8
to N with the slopedK/oN = NK;. The value ofoK,/oN is nucleotides, the overall binding constadtt and the overall
lower thanoKy/oN by a factor of (1+ K; + K; K3). The partial equilibrium constari, characterizing the bimolecular
plot intercepts the nucleic acid axis & = n — 1. step must contain a factdd — n + 1 resulting from the

and
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existence ofN — n + 1 potential binding sites (eqs 81a,
81b, and 81c). On the other hand, the partial equilibrium
constantK, andKjs should be independent of the length of
the ssDNA oligomers. Both thermodynamic and kinetic
analyses clearly show that the dependend&aindK; upon
the length of sSDNA oligomers strictly follows the predicted
linear dependence upoil (Figure 32b), while partial
equilibrium constants characterizing intramolecular steps are,
within experimental accuracy, independent Nf Such
behavior could only be observed if the proper sSSDNA-binding igyre 33. Schematic model of the PriA helicasssDNA
site of the PriA helicase is eXC|US|Ve|y involved in interac- Comp|exl The proper ssDNA_binding site of the enzyme engages
tions with the ssDNA. in interactions with onlyn = 6 + 1 nucleotides. The site is located
The plot ofKy andK; intercept the oligomer length axis >0 2 sepgrated strl#:ur;]ral dton&aunfof th;ahenzyme,_most F;rc.’bab'¥ the
atn=6.3+ 1 indicating that the ssDNA-binding site of elicase domain, wnicn protrudes rom the remaining protein matrix.

; . Only the DNA-binding site engages in strong interactions with the
the helicase encompasses? nucleotides less than that pycleic acid. The domain containing the DNA-binding site is placed
determined in thermodynamic analyses (see abBV&This in the central part of the helicase molecule. The protein matrix
difference should not be surprising. The shortest length of protrudes symmetrically on both sides of the strong ssDNA-binding
the ssDNA oligomer that can be accessed in direct thermo-site without engaging in interactions with the nucleic acid. As a

dynamic studies corresponds to the shortest oligomer whose[ %S(:‘flztags‘ei;?ti' giée j:Sigentlhc?(tact)t[]igeF;riARQSI!:ﬁ?;?I\?v’i\IthA ngﬁ's?on
binding can still be detected, that is, eight nucleotides. ¢ =" 155 Copyright 2003 American Chemical Society.

Combined application of the thermodynamic and kinetic
s.tud|es provides a much more accurate estimate of the SI€,ctions with the sSDNA in the examined nucleic acid and
size of the proper ssDNA-binding site. The linear dependence

£ onlv K Nd t establish the exist ; | protein concentration rangés?*®123 The length depend-
oronly K Uponiv does not establish the eXISIENCE ot a purely on.q of the kinetics of the PriA binding to the ssDNA
statistical effect in the observed increase of the overall

binding constant. On the other hand, the linear dependenceltﬂglcgﬁzi:]hgtngvﬁg IBI:IT gﬁ;'?ﬁggmﬁﬁgﬁ;g@egm
of both Ky and K, and the common interception point on :

: - / not the surrounding protein matrix makes the first and only
the SSDNA oligomer length axis (F|gL_1re 32b) constitutes VeY contact with the nucleic acid. Moreover, the lack of any
strong evidence that the observed increase of both equilib-

rium binding constants with the length of the ssDNA
oligomer results from the statistical effect of the potential
binding sites. It also indicates that a ssDNA patch of

approximately six nucleotides in length is absolutely neces-

sary for the enzyme to form a stable complex with the
ssDNA and confirms the lack of any “end effect” in the PriA
binding to the ssDNA, previously determined in thermody-

length effect on following intermediates gRnd (P) clearly
indicates that the subsequent conformational transitions of
the helicase DNA complex do not engage the protein matrix
outside the proper ssDNA-binding site. This behavior can
be understood in the context of the structural model of the
PriA helicase, as schematically depicted in Figure 33. To
achieve the experimentally observed independence from the
rest of the enzyme molecule, the DNA-binding site must

namic studied i ; :
protrude from the remaining protein matrix. Although the

In this context, it is not surprising that dynamics of the three-dimensional structure of the PriA helicase is still
enzyme binding to various ssDNA oligomers in subsequent unknown, the obtained data strongly suggest that the sSDNA-
steps, (P) <> (P} and (P) <> (P), is independent of the  pinding site is placed on a well-defined structural domain
length of the oligomers. It simply means that, as long as the of the protein, most probably the helicase domain, located
stretch of approximately six nucleotides of the ssDNA is in the central part of the enzyme molectlé8123
available and a stable (P)ntermediate is formed, it In chromosomal DNA replication, the role of the PriA
undergoes similar transitions, little dependent on the sur- pelicase seems to be predominantly related to the initiation
rounding nucleic acid. This is because the protein matrix of the restarting of DNA replication after the replication fork
outside the ssDNA-binding site does not engage in interac- gia|Is at the damaged DNA sit&4.135The helicase activity
tions with the ssDNA. However, amplitude analyses indicate qf the protein would allow the unwinding of the duplex
that molecular fluorescence intensities characterizing inter- conformation of the lagging strand of the fork, preparing it
mediates (R)and (P} are different among different sSSDNA  for the binding of the DnaB helicase and assembling the
oligomerst?3 Recall that the molecular fluorescence intensi- preprimosome complex. Analyses of the enzyme activity on
ties charapterize the relative fluorescence change of the entirgjifferent synthetic DNA substrates strongly suggest that the
ssDNA oligomer with respect to the same free DNA. Because enzyme requires short ssDNA gaps to initiate its helicase
the enzyme associates with the ssDNA using only its Proper activity.134 In other words, the PriA helicase is able to
ssDNA-binding site, these data indicate that the conforma- efficiently search and recognize very short ssDNA gaps in
tional transitions of the nucleic acid generated at the binding the presence of an overwhelmingly large excess of the
site-ssDNA interface extend to the rest of the bound nucleic gspNA conformation. In fact, the optimal length of the
acid molecule, although part of the ssSDNA is not involved acognized ssDNA gap is approximately five nucleotides. It
in direct interactions with the helicase. is clear that the data obtained in this work indicating that

3.5.3.3. Functional Implication of the Kinetic Data for the ssDNA-binding site occludes approximately six nucleo-
the PriA Helicase Activities. It is remarkable that although  tides corroborate very well with these findings. Thus, the
the DNA binding site encompasses only 6:3 nucleotides helicase active site is built to efficiently search small ssDNA
within ~20 nucleotides of the total site size of the PriA  patches, that is, it protrudes from the rest of the protein
ssDNA complex, the surrounding protein matrix does not molecule. Such structure of the active site would be an
enter in thermodynamically and kinetically detectable inter- evolutionary adaptation of the PriA helicase to perform
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specific ssDNA gap searching and recognition. Nevertheless,intermediates of the binding proce$$> Moreover, the
although the DNA-binding capability of the protein matrix discussed analysis allows the experimenter to access the very
that occludes the remaining nucleotides of the total site sizefast bimolecular step that is usually left unresolved in
is not detectable, it may play an important role in orienting standard stopped-flow experiments.

the enzyme within the specific DNA substrate structures, for  3.5.4.1. Kinetics of Human Po}3 Binding to the ssDNA
example, arrested replication fork structures. In such situa- 20-mer in the (Polf):s Binding Mode. Stopped-flow kinetic
tions, when the local concentration of the DNA becomes data indicate that the human pdbinds the sSDNA in both
very high, even low affinity binding sites may begin to play the (pol 5)1s and (pol 5)s binding modes including the

a role in the binding. As we pointed out above, these bimolecular step leading to the formation of the initial
inherently weak interactions with more complex DNA complex, which subsequently undergoes three first-order
structures may be under ATP/ADP binding/hydrolysis con- conformational transition¥.For heuristic purposes, we first
trol. consider the theoretical behavior of the relaxation times and

The very fast bimolecular step and the fast following the amplitudes for such a complex mechanism. This is a
recognition step make PriA binding to the ssDNA very sequenua}l reaction between the polymerase (I!gand), C, and
different from the DnaB hexameric helicase but similar to the nucleic acid (macromolecule),Nand described by
other well-known fast proteianucleic acid recognition « . K
reactions, including aminoacyl-tRNA synthetases, ribosomal C+N;==N,==
proteins, and mammalian DNA repair polymergsé97.136.137 ke K2

A common feature of these systems is that the enzyme/_l_h tion | itored by the fl h f1h
protein recognizes a specific nucleic acid substrate (sequence € reaction Is monitored by the fluorescence change of the

specific nucleic acid structure, or both) among many macromolecule, that is, the nucleic acid (see below). There
substrates or within the context of several nonfunctional '€ Lour. norm?]I mo?eg chi tge :ceacUor; n tthe ipnsmereg
binding sites. Fast association and dissociation reactions inM€canism, characterized by four relaxation times an

the first binding step and fast recognition step provide the amplitude_s. L . .
protein with ag meapns to quickly %xamine tI?]ep structure The reciprocal relaxation times for the reaction described

of the encountered nucleic acid. As mentioned above, the by eq 83 asa fgnction of the freg propein ligand concentrat.ion
PriA helicase is involved in restarting the DNA replication are shown in Figure 34. Relaxation times have been obtained

when the replication fork encounters damaged D35 by direct numerical determination of the eigenvalugsé.,

Thus, very fast binding and recognition steps would allow %3 and;u,tpf the cogafﬁ(ﬂ:an'gdma:'rtl.x at ?jzg|!ei/{rei/pr<)_teln
the enzyme to efficiently recognize the specific ssDNA gap concentra ionCy, using the identities of & = —1,, 1/r, =

. - . —Ao, 13 = —13, and 1t4, = —A4. The selected rate constants
on the lagging strand and initiate the assembling of the _ "2 -3 St i —
preprimosome complex. areki;=3x 10°M1s1 k,=300st k,=600s1 k_,

=250s! ks=50s71 andk3=10s? ks =10 s'%, and

3.5.4. Protein-Nucleic Acid System with Fast Bimolecular kg = 3 s7. Thus the first step is very fast, close to the

Step Having Detectable Amplitude. Kinetics of the Human diffusion controlled one; the second step is also fast and
Pol B Binding to the sSDNA occurs in the few millisecond time range. The remaining two

steps are significantly slower than the first two st&pghe
Human polymerasg is the analogue of the rat pglin three relaxation times, 4, 1/r5, and 1£4, for the considered
human cell$>-87 The enzymes differ by 14 amino acids in  sequential four-step reaction show characteristic hyperbolic
the primary structures and share the same three-dimensionatiependence upon ligand concentration reaching the plateau
structure, which includes the presence of the 8-kDa and 31-values at higher ligand concentrations. Thus, in the high
kDa structural and functional domains. Moreover, they ligand concentration range, the values abl1/r3, and 1,4
possess similar, although not identical, thermodynamic andbecome independent of the ligand concentration. It is also
kinetic properties of interactions with nucleic substréfe¥’ evident that, for the selected values of the rate constants,
Quantitative thermodynamic data have shown that both 1/r3 and 1, reach their plateaus at a lower ligand concentra-
human and rat pg# bind the ssDNA in two binding modes tion than 1#, as a result of the favorable contributions of
that differ in the number of occluded nucleotides, the (pol the subsequent steps to the total free energy of binding (see
B)1s and (polB)s binding modeg¢344 Both binding modes  above). On the other hand, the largest reciprocal of relaxation
differ in affinities and abilities to induce conformational time, 1f;, shows typical behavior for the relaxation time
changes in the nucleic acid. The intrinsic affinity of the characterizing the bimolecular binding procé%s.1¢
enzyme in the (pop)is binding mode is approximately an Notice that with the selected rate constants, the value of
order of magnitude higher than the affinity in the (g 1/, is already above 1000 5and is strongly increasing
binding mode. However, the enzyme induces much more even in the low ligand concentration range. Such a high value
profound structural changes in the ssDNA when bound in of 1/r; makes its accurate determination practically impos-
the (pol B)s binding mode, indicating strong basbkase sible in a standard stopped-flow experiment with a typical
separation and immobilization in the complex. In the (pol dead time of~1—2 ms. If the first fast relaxation process
B)16 binding mode, both the 8-kDa and the 31-kDa domains has a detectable amplitude, it will be hidden in the unresolved
of the enzyme are involved in interactions with the ssDNA, fast change of the observed signal from the tine O to
while in the (polj)s binding mode, the 8-kDa domain is the steady-state value of the signal before the flow stops.
predominately engaged in interactions with the DNA!%497 However, if the amplitude of the fast process can be
Kinetic studies of human pdl interactions with the ssDNA  recovered from the data and the simultaneous analysis of
in the (pol $)1s and (pol 5)s binding modes using the all amplitudes and relaxation times is performed over a large
fluorescence stopped-flow technique and discussed in therange of the enzyme or nucleic acid concentration or both,
next section indicate that both binding modes differ signifi- then the values of rate constants for the bimolecular step
cantly in the energetics and dynamics of the formed can be obtained with adequate accuracy (see below). This is

k4
N3 Na="Ns (83)
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Figure 34. Computer simulation of the dependence of reciprocal relaxation times for the four-step sequential mechanism of ligand binding
to a macromolecule defined by eq 83 upon the free ligand concentration: z{ajtd/1/r5; (c) 1ks; (d) 1/r4. Relaxation times have been
obtained by numerically determining the eigenvalues of the matrix of coeffideit;, 1,, A3, 14) and using identities { = —14, 1/, =

—A2, 13 = —Az and 1, = —A4. The simulations have been performed using rate conskamts3 x 10° M~1 s, k_; = 300 s, k, =

600 st k ,=250s1, ks=50s1 k3=10s7 ks = 10 s%, andk_4 = 3 s1. Reprinted with permission from ref 95. Copyright 2001
American Chemical Society.

because the amplitudes, like relaxation times, constitute anA, shows behavior similar to that @§, but the values ok,
independent set of data and are very sensitive functions ofandk-; affect not only the value and the location of thg
spectroscopic parameters and rate constants of the reacmaximum but also the amplitude shape.
tion 95114 With the selected values of the relative molar fluorescence
The effect of the rate constants characterizing the bi- intensities for the intermediates, the first relaxation mode of
molecular step on the dependence of individual amplitudes, the reaction is characterized by detectable amplitude. The
Aq, Ao, Ag, andAy, of the reaction upon the ligand concentra- amplitude of the first normal modéy;, has very low values
tion is shown in Figure 35. The amplitudes are normalized, at lower ligand concentrations, independent of the values of
that is, they are expressed as fractioAg)A) of the total ki andk-;. However, theA; contribution increases with the
amplitude Ar = YA. The computer simulations were increased values df andk_;. Moreover, at higher ligand
performed for different sets of rate constants for the concentrationA; begins to contribute substantially to the
bimolecular step but the same set of spectroscopic parameterselaxation process. For the selected valueSpfower than
characterizing each intermediate. Also, although the valuesother relative molar fluorescence intensitidsassumes both
of the rate constants are changed, the equilibrium constantnegative and positive values and exhibits the maximum
for the first stepK; = ki/k—1, is held constant, thus preserving depending on the values &f andk_;. Also, the shape and
the same free energy change accompanying the first step othe location of theéd; minimum depend ok, andk—;. Notice
the reaction. The selected molar fluorescence intensities ofthat although the value of equilibrium constalt is
intermediates with respect to the fluorescence intensity of unchanged, all amplitudes are shifted toward high ligand
the free ligand=; = 1 areF, = 1.3,F; = 2, F, = 2, andFs concentrations at lower values kf andk_;.
= 2. The effect of the spectroscopic paraméitgcharacterizing
The plots show several very characteristic features of the the first intermediate Non the behavior of all amplitudes is
behavior of the examined system. At low protein ligand shown in Figure 36. Whether or not, As the major
concentrations mainly the amplitude of the fourth normal fluorescence intensity, the amplitude always dominates
mode of the reaction contributes to the observed kinetic tracethe observed relaxation process at low ligand concentration.
at any value of the rate constamtsandk-;. Such behavior ~ The seemingly small change Bf substantially affects the
is not a result of a dominant fluorescence intensity gfaé remaining amplitudes including the shape of béthand
often suggested, but a low efficiency of the formation of As. Moreover, in the case wheFe is the major fluorescence
N2, N3, and N, The amplitude of the third normal mode, intensity (Figure 36¢)As andA; become negative in the high
A, is always bell-shaped; however, the value of its maximum ligand concentration range. As expectéd,has the most
decreases with increased valuekpandk_;. Notice that if dramatic effect onA;. WhenF; is lower than the molar
the experiments are performed at higher ligand concentra-fluorescence intensities of the remaining intermediates,
tions, only one side of the bell-shaped curvefgfwill be is negative over a large range of the ligand concentration
recorded and the amplitude will appear as continuously and shows a well-pronounced minimum (Figure 36a). When
decaying with the increasing ligand concentration. Amplitude the value ofF; is the same or larger than those e, F,,
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Figure 35. Computer simulation of the dependence of individugl, A;, A3, and A4, relaxation amplitudes for the four-step sequential
mechanism of a ligand binding to a macromolecule defined by eq 83 upon the logarithm of the free ligand concentration for the same set
of relative molar fluorescence intensities but with different values of rate condtaatslk_, characterizing the bimolecular binding step:
@k=3x1M1s Lk ;=30sL(b)k=1x1°M1s k;=100s% (c)k=3x 1PM1s? k;=300s7 (d)k =6

x 1PM1s 1 k1 =600s% Ay (—-—), Az (—), As (— — =), A4 (*++). The relative fluorescence intensities Fs, F4, andFs corresponding

to intermediates Bl N3, Ng, and N; are 1.3, 2, 2, and 2, respectively. The fluorescence of the free macromoleguie tdken ag-; = 1.

The individual amplitudes are expressed as fractions of the total amplAwd€he simulations have been performed with the same set of
remaining rate constants, = 600 s, k-, =250 s, ks=50s1, k 3=10s" ks =10 s%, andk_, = 3 s'%. Reprinted with permission

from ref 95. Copyright 2001 American Chemical Society.

andFs, the amplituded, is always positive and has a typical as a result of the increased binding density (degree of
sigmoidal shape. It becomes a dominant relaxation effect only binding) of the protein on the nucleic acid lattice or as a
at higher ligand concentration. Computer simulations in- result of the limited access to the DNA, as in the case of the
cluded in Figures 35 and 36 show that if individual amplitude short ssDNA oligomers. The difference between the affinities
can be determined from the experimental data over a largeof the (polS)1s and (polB)s binding modes and the resulting
range of the protein or nucleic acid concentration, the analysisseparation of both modes on the protein concentration scale
of the individual amplitudes of the reaction should allow the allow us to study the kinetics of the (p8).s binding mode
extraction the kinetic and spectroscopic properties of eachformation independently of the formation of the (s
step and intermediate of the reaction. This includes the fastbinding mode. Thus, equilibrium titration data are absolutely
bimolecular step, even if the relaxation time for this step is necessary to provide the concentration range of the enzyme
not directly resolved in the experiment but its amplitude is. that can be used to exclusively examine the formation of
A fundamental difficulty in examining the kinetics of the the (polf)is binding mode.
protein—DNA interactions for a protein like pgf is that it The kinetics of the formation of the (pg)1s binding mode
forms two different binding modes in the complex with the by the human pop has been addressed in the experiments
nucleic acid. To examine the kinetics of the protein binding with the ssDNA 20-mer. This oligomer is long enough to
in a particular binding mode, it is imperative to apply interact with the total DNA-binding site of the polymerase,
conditions where exclusively a particular binding mode which occludes 18- 2 nucleotide$? Recall that fluorescence

exists?*% Human polp forms the high-affinity (pol3)is changes of fluorescent etheno derivatives of the ssDNA
binding mode in an excess of ssDNA and low protein accompanying the binding of the human Bdb the nucleic
concentratiort* The transition to the low site size (pf)s acid were previously used to examine the thermodynamics

binding mode occurs only at high enzyme concentrations, of the interactions (see abov&)However, the observed
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: - T Figure 37. Fluorescence titrations of dT(psFpFlu-(pTho (Lex =
1L b . 485 nm,Aem = 520 nm) with human paf in buffer C (pH 7.0, 10
A °C) containing 50 mM NacCl. The solid lines are computer fits of

T Ay 7 1 the binding isotherms to a single-site binding isotheAfi =
AFmax(Kaoenzymeled (1 + Kaglenzymegee)). The concentration of

dT(pT)-pFlu-(pTho is 1 x 108 M (oligomer) (details in text).

Reprinted with permission from ref 95. Copyright 2001 American

Chemical Society.
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hand, binding of the enzyme to a ssDNA 20-mer containing
the fluorescein residue, for example, dT(pPylu-(pT)ho,
is accompanied by a significant fluorescence increase of the
DNA, providing an excellent signal to monitor the kinetics
of the polymerasessDNA complex formation. The fluo-
rescein residue has a high quantum yield that allows us to
. perform experiments at a very low nucleic acid concentration.
Log[Ligand]_ Any contribution of the protein fluorescence to the observed
traces is eliminated by the excitation at 485 nm. Moreover,
the mechanism of binding is independent of the location of
the fluorescein in the ssDNA oligom&.

Fluorescence titration of dT(pdjpFlu-(pT)o with human
pol 5 is shown in Figure 37. The titrations have been
performed in the limited protein concentration rangel (5
x 107% M) to avoid the formation of the (pgB)s binding
mode. As we discussed above, this is possible because of
the large difference in affinities between the two ssDNA-
binding mode$344Thus, only the formation of the (p@)1e
binding mode is observed. The solid line in Figure 37
is a computer fit of the experimental isotherm to a single-
site binding isotherm, AF = AFqa{Kalenzymejed
(1 + Kyjenzymejees), Where AFmax and Ky are the
maximum fractional fluorescence increase at saturation and
Free the macroscopic binding constant of the human/pta the
Figure 36. Computer simulation of the dependence of individual, 20-mer in the (pol3)is binding mode, respectively. The
A, Ao, Ag, andAy, relaxation amplitudes for the four-step sequential theoretical curve provides an excellent description of the
mechanism of a ligand binding to a macromolecule defined by eq experimental data confirming the presence of a single binding
83t”pf°” t?e Iogantthr? oLtrmte;(ﬁe Ilgetmd lcc;_ncentraltlonfror the same 546 of the protein on the nucleic acid. Thus, the formation
sel Oof rate constants bu Irerent relative molar tiuorescence : . .
intensity F, corresponding to the intermediate:N(a) F, = 1.3; of the (pol f)s binding mode on dT(pEpFlu-(pTho is
() F=2; (C)Fa= 2.5:A; (— - =), Az (—), As (— — =), Ay (+°). characterized bAFyax = 0.47+ 0.05 andKy = (5 £ 1.2)
The fluorescence of the free macromoleculg, il taken ag=; = x 16 ML,
1. The individual amplitudes are expressed as fractions of the total The kinetic experiments have been performed under
amplitude, Ar. The simulations have been performed with the pseudo-first-order conditions by mixing the 20-mer with an
constant g&g Oflrakte C_Oggtglmifi 3_><5 309 1Mk_ ts 1,11871 fkf(f) excess of the human pgl The stopped-flow kinetic trace
io,si andk,4§=, 372‘1 and vs\;lth tshe conita'mtiget of vgltjesﬁ); of tl7'1e dT(pT)-pFlu-(pTho fluore7scence after mixing k
=2,F, = 2, andFs = 2. Reprinted with permission from ref 95. 10 " M oligomer with 8 x 10" M human pol/ (final
Copyright 2001 American Chemical Society. concentrations) is shown in Figure 38a. To increase the

resolution, the plot is shown in logarithmic scale with respect

signal is not adequate to quantitatively examine the very to the time. There is an initiat2 ms horizontal part of the
complex kinetics of the reaction, partly due to the protein trace (not considered in the fitting procedures) that corre-
fluorescence contribution to the observed signal. On the othersponds to the steady-state fluorescence intensity recorded for

Normalized Amplitudes

Normalized Amplitudes

Log[Ligand]
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2.1 fluorescence increase resulting from the complex formation.
This is very different from the binding of both the DnaB
and PriA helicases to the ssDNA as discussed above. The
difference between the fluorescence intensity at the end point
of the kinetic trace and the zero line recorded for the nucleic
acid alone is the total amplitude of the reactida, Thus,
the data indicate that there is at least one additional fast step
preceding the observed trace, characterized by the relaxation
time 71, which is too short to be determined in the stopped-
flow experiment. Therefore, the association of human/ol
09l i with the ssDNA 20-mer in the (pg#):6 binding mode is a
s s s s s s process that includes at least four normal modes.
-3 25 -2 -1.5 -1 -0.5 The reciprocal relaxation times, 13/ 1k, and 1t
extracted from the experimental trace as a function of the
Log[Time (s)] total human pop concentration are shown in Figure 39. The
: : : : : : value of 1f, shows hyperbolic dependence upon human pol
2L p B concentration, while both &/ and 1f, are, within
experimental accuracy, independent of enzyme concentration.
15 Such behavior indicates that all three relaxation times
characterize the intramolecular transitions of the complex
(Figure 34)%>114116Therefore, the minimum mechanism that
1t | can account for the observed dependence of the relaxation
times upon the human pglconcentration and the presence
05l 1 of the third unresolved process is a four-step, sequential
binding reaction in which bimolecular association is followed
by three isomerization steps, as described by

1.8

1.5

1.2

Fluorescence Intensit (Volts)

Fluorescence Intensity (Volts)

0 v
: : : : ‘ : k K
3 25 2 15 1 05 pol B + SSDNA<—~ (P g—SSDNA) <~
. _
Log[Time (s)] ks K
Figure 38. (a) Fluorescence stopped-flow kinetic trace after mixing (P1s—SSDNA), s (P1g—SSDNA), e (Ps—SSDNA),
human pop3 with the 20-mer dT(pTg-pFlu-(pT)oin 10 MM sodium (84)

cacodylate/HCI (pH 7.0, 10C) containing 50 mM NaClAex =

485 nm,Aem > 495 nm). The final concentrations of the polymerase : ; :
and the 20-mer are & 107 and 1 x 107 M (oligomer), Although one cannot determine the relaxation timg,

respectively. The experimental kinetic trace is shown in logarithmic for the fast Uorma' mode, the amplltude of this moAe,
scale with respect to time. The horizontal part of the trace is the €an be obtained from the known amplitudes of the second,
steady-state value of the fluorescence of the sample recorded 2 mghird, and fourth normal mode#y, As, andA,, and the total
before the flow stopped. The solid line is the three-exponential, amplitude of the reactionr, as

nonlinear least-squares fit of the experimental curve. The dashed

line is the nonlinear least-squares fit using the two-exponential A=A A -A— A (85)
function. (b) The same fluorescence stopped-flow trace as that in

panel a together with the zero line trace (lower trace), which is . S .
obtained after mixing the nucleic acid only with the buffer. The | Ne dependence of the normalized individual amplitudes,

solid line is the same three-exponential, nonlinear least-squares fitAu A2 A andAy, Qf the four rek_ixat'_on steps upon the human
of the experimental curve as shown in panel a. Reprinted with pol 8 concentration is shown in Figure 40. In the examined
permission from ref 95. Copyright 2001 American Chemical enzyme concentration ranges, all four amplitudes contribute
Society. to the Ar, even at the lowest enzyme concentration. The
positive amplitudeA; goes through a maximum, while the
2 ms in the instrument before the flow stops. The observed positive A; steadily decreases with the human pél
kinetics is complex, and even a visual inspection shows the concentration. Amplitudé, has a negative value over the
presence of multiple steps. A slower relaxation process entire polymerase concentration range. On the other hand,
follows a fast initial process, both characterized by positive A; initially has a negative value and shows a minimum at
amplitudes. However, there is also a third process that isintermediate enzyme concentrations. As the concentration
characterized by a negative fluorescence change. The solichbf the polymerase increases, assumes positive values and
line in Figure 38a is a nonlinear least-squares fit of the becomes a dominant relaxation effect. Such behavior of the
experimental curve using a three-exponential function, which individual amplitudes is in full agreement with the proposed
provides an excellent description of the kinetic trace. It is mechanism (eq 84).
evident that the two-exponential fit (dashed line) is not  Because only three relaxation times are available from the
sufficient to describe the observed kinetics. experiment, the determination of rate constants of particular
The same kinetic trace depicted in Figure 38a, together steps and molar fluorescence parameters characterizing each
with the trace corresponding to the nucleic acid alone (zero intermediate requires the simultaneous analyses of both the
line) at the same concentration as that used with the proteinrelaxation times and the amplitudes. We applied the follow-
but mixed only with the buffer, is shown in Figure 38b. The ing strategy to obtain all rate and spectroscopic parameters
striking feature shown by these data is that although the three-of the system. We utilized the fact that we know the value
exponential fit provides an excellent description of the of the macroscopic binding constakto = (5+ 1.2) x 1(¢
recorded trace, it does not account for the observed totalM ™%, independently obtained in the same solution conditions
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100] | Figure 40. The dependence of the individual relaxation amplitudes,
Ay, Ay, As, andA, for the binding of human pgb to the 20-mer
dT(pT)s-pFlu-(pTho in sodium cacodylate/HCI (pH 7.0, 1TC)
containing 50 mM NaCl upon the logarithm of the total enzyme
l L + + concentration:A; (H); A; (O); Az (@); A4 (O). The solid lines are

1/1:3

i nonlinear least-squares fits according to the four-step sequential
60 ﬂf L + I ] mechanism (see text) with the relative fluorescence intendities
= 1.344,F; = 1.456,F, = 1.531, and~5 = 1.375. The maximum
H nucleic acid fluorescence increase is taken from the equilibrium
fluorescence titration in the same solution conditionA\&gax =
0.47. The rate constants are the same as those in Figure 39.

0 . L L Reprinted with permission from ref 95. Copyright 2001 American
0 5107 110° 1.510% Chemical Society.

[Human pol ], ., individual relaxation times. Because the unresolved step is
50 : : : very fast, the fit is first performed with the starting value of
c the rate constari; close to the diffusion-controlled limit,
for example,~5 x 10° M~L. Subsequently, various values
of k; and other rate constants have been tested in these
analyses.

l l L The obtained rate constants were then used in the fitting
| P of the four individual amplitudes that include the relative
f T I 1 | molar fluorescence intensities, using a matrix projection

operator techniquE? This determination is facilitated by the
fact that the maximum, fractional increase of the nucleic acid
fluorescence AFmax = 0.47 £ 0.05, is known from the
0 . . . equilibrium titrations (Figure 37). Moreovef\F.x can be
0 5107 110 1510 analytically expressed &s

[Human pol B, AF, KAF; KKAF, KKK,AFg
Figure 39. The dependence of the reciprocal relaxation times for AFmax= Z T Z T 7 + Z

the binding of human pg# to the 20-mer dT(pTgpFlu-(pTho in

the (polp)16 binding mode in sodium cacodylate/HCI (pH 7.0, 10 — - —

°C) containing 50 mM NaCl upon the total concentration of the VAVEer_eZ(F E-'F_;7|2:+AK|§K3—_'EFK253FK4)’/|§F;nd(AF|ZZ _F(lll/':i’
enzyme: (a) Ib; (b) 1fr3; (C) 1k4. The solid lines are nonlinear s \I's DTl B804 — A4 DL 5— s

least-squares fits according to the four-step sequential mechanisnf 1)/F1 are fractional fluorescence intensities of each inter-
with the rate constants, = 1.8 x 1° M—1 s k_; = 40 s, ky mediate in the binding of human pglto the ssDNA 20-

1k,

25 |

(87)

=570s k,=3505% ks =505 k3=15s", ks =105, mer in the (polB)is binding mode relative to the molar
andk_, = 18 s™~. Reprinted with permission from ref 95. Copyright  fluorescence intensity of the free nucleic adigl, Expression
2001 American Chemical Society. 87 provides an additional relationship between the fluores-

. . ) cence parameters with the value ®F . playing the role
by the equmbrlum flupre_scence tltratlon'method (Figure 37). o a scaling factoP5116In the final step of the analysis, global
The macroscopic binding constal, is related to the fiting that simultaneously includes all relaxation times and
equilibrium constants characterizing partial equilibrium steps gmpjitudes refines the values of the rate constants and relative
by molar fluorescence parameters. The solid lines in Figures
39 and 40 are theoretical plots of the relaxation times and
Koo = Ky(1 + K + KKy + KKgKy) (86) amplitudes as a function of the total polymergseoncentra-
tion according to the above mechanism using a single set of
whereK; = ki/k—1, Kz = ko/k—5, K3 = kalk_3, andK, = ku/ the parameters obtained from the nonlinear least-squares fits.
k_s. This relationship reduces the number of the independent Introducing the obtained values of the rate constants
parameters to five in the numerical fitting of the three (Figure 40) into the partial equilibrium constants for each
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' experimental trace. As observed in the case of the formation
of the (polpB)16 binding mode, although the three-exponential

fit provides an excellent description of the observed kinetics,

it does not account for the entire fluorescence increase that
results from the complex formation. The data indicate that
there is a fast step preceding the observed trace characterized
by a relaxation time too short to be extracted in the stopped-
flow experiment. In other words, the formation of the (pol
B)s binding mode must also include at least four steps.

The reciprocal relaxation times, 13/ 1/s, and 1t,,
characterizing the resolvable three relaxation processes as a
function of the total human pg# concentration are shown
. in Figure 42. All three relaxation times show little depen-

Fluorescence Intensity (Volts)

3 25 2 15 4 dence upon enzyme concentration, indicating that they
) ) characterize isomerizations of the formed complex (Figure
Log[Time (s)] 35) 116 The simplest mechanism of the formation of the (pol

Figure 41. Fluorescence stopped-flow kinetic trace after mixing /£)s binding mode that can account for such behavior of the
human polB with the 10-mer, dT(pT).pFlu-(pT) in sodium relaxation times is a sequential four-step reaction in which

cacodylate/HCI (pH 7.0, 10C), containing 50 mM NaClie, = the bimolecular association is followed by three conforma-
485 nm dem > 495 nm). The final concentrations of the polymerase tional transitions of the formed complex, analogous to eq
and the 10-mer are & 107 M and 1 x 107 M (oligomer), 84, as

respectively. The experimental kinetic trace is shown in logarithmic
scale with respect to time. The initial, horizontal part of the trace
is the steady-state value of the fluorescence of the sample recordegol 3 + SSDNA (P SSDNA)l —
for 2 ms before the flow stopped. The solid line is the three-
exponential, nonlinear least-squares fit of the experimental curve. _ 3o A
The dashed line is the nonlinear least-squares fit using the two- (Ps SSDNA)Z kg (Ps SSDNA% kg (Ps—ssDNA),
exponential function. The lower horizontal trace is the zero line, (88)
which is obtained after only mixing the nucleic acid with the buffer.
Reprinted with permission from ref 95. Copyright 2001 American

Chomical Society. Similar to the kinetics of the (po)is binding mode

formation, the relaxation time; is not available from the
experiment; however, the amplitud®,;, of this mode can
step provideK; = (4.6 £ 1.6) x 10' M1, K, = 1.6 £ 0.5, be obtained from the known amplitudes of the second, third,
K3 =3.3+ 0.7, andK; = 0.6+ 0.3. Thus the first step has and fourth normal modesA;, As, and A;, and the total

a dominant contribution to the free energyG°, of the amplitude of the reaction, as defined by eq 85. The
ssDNA binding. The next two steps also increase the affinity, dependence of the individual amplitudés, A,, As, andA,,
while the fourth step has a negative contributionAG°. of the four normal modes of the reaction upon the human
The data indicate that the first intermediate,s(FsSDNAY), pol 3 concentration is shown in Figure 43. The individual
is characterized by the largest relative molar fluorescence amplitudes are expressed as fractions of the total amplitude.
intensity &, = 1.35+ 0.05) as compared to the free 20- With the exception ofy;, all individual amplitudes signifi-
mer. The conformational transition to,§>ssDNA), induces cantly contribute to the total amplitude over the entire
only an~7% additional increase of the 20-mer fluorescence examined protein concentration range. Wiiile As, andA,

over F, (F; = 1.46 £ 0.05), the transition to the (B are positive,A; assumes negative values at low protein
ssDNAY); is accompanied by an additional increase of the concentration and rises to positive values in the high enzyme
ssDNA fluorescence by 7% as compared tB; (F4 = 1.53 concentration range. Such behavior is in full agreement with
+ 0.05), but transition to the (B-ssDNA), is accompanied  the proposed mechanism (eq 88) and already indicates that
by a nucleic acid fluorescence decrease as compargg to the first intermediate has relative molar fluorescence intensity

(Fs = 1.384 0.05). significantly lower than the corresponding parameters char-
3.5.4.2. Kinetics of Human PoJ3 Binding to the ssDNA acterizing other intermediates (Figures 35 and 36).

10-mer in the (Pol §)s Binding Mode. In the (pol f)s The same strategy, relying on the simultaneous analyses
binding mode, the polymerase associates with onliz 2 of the three relaxation times and the four amplitudes, as
nucleotides, exclusively engaging its 8-kDa domain in the discussed above for the (p@)is binding mode formation
interactions with the DNA244The kinetics of human pg} has been used to determine all rate constants of the particular
binding to the ssDNA in the (pgB)s binding mode has  steps and molar fluorescence parameters characterizing each
been studied with the ssDNA 10-mer dT(gPpFlu-(pT). intermediate in the (pgb)s binding mode formation. The

Thermodynamic studies showed that with the ssDNA oli- macroscopic binding constamt;o= (9.4+ 1.5) x 10° M4,
gomer 10 nucleotides long, the enzyme can only form the and the maximum fractional increase of the nucleic acid
(pol B)s binding mode'344 The stopped-flow kinetic trace  fluorescence AFmax = 0.22 + 0.02, for the human pgb

of the dT(pT}-pFlu-(pT) fluorescence after mixing & 107 molecule binding to dT(pE)Flu-(pT) in the (polS)s binding

M (oligomer) 10-mer with 8x 10~7 M human polg (final mode have been independently obtained in the same solution
concentrations) is shown in Figure 41. Also, the trace conditions by the equilibrium fluorescence titration metfod.
corresponding to the nucleic acid alone (zero line) at the Both quantities are analytically related to the partial equi-
same concentration as that used with the protein but mixedlibrium constants and fractional fluorescence changes of each
only with the buffer is included. The solid line is the three- intermediate by expressions analogous to eqs 84 and 85,
exponential fit of the trace. The two-exponential fit (dashed respectively. The solid lines in Figures 42 and 43 are
line) does not provide an adequate description of the nonlinear least-squares fits of the relaxation times and
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Figure 42. The dependence of the reciprocal relaxation times for
the binding of human pgb to the 10-mer dT(pTB}pFlu-(pT) in
sodium cacodylate/HCI (pH 7.0, 1%C) containing 50 mM NaCl
upon the total concentration of the enzyme: (ap;1(b) 1f3; (c)

1/z4. The solid lines are nonlinear least-squares fits according to
the four-step sequential mechanism with the rate conskants2

x 1P M1 S_l, k-1 = 300 S_l, ko = 90 S_l, k_» = 400 S_l, ks =
30st, k3=48s1 ky=5s1 andk_4 = 19 s'1. Reprinted with
permission from ref 95. Copyright 2001 American Chemical
Society.

Bujalowski

Normalized Amplitudes
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Figure 43. The dependence of the individual relaxation amplitudes,
Ay, Ay, Az, andAy, for the binding of human pgb to the 10-mer
dT(pT)s-pFlu-(pTy in sodium cacodylate/HCI (pH 7.0, 1fC)
containing 50 mM NaCl upon the logarithm of the total concentra-
tion of the enzyme:A; (M); A; (O); As (®); A4 (O). The solid lines

are nonlinear least-squares fits according to the four-step sequential
mechanism with the relative molar fluorescence intenskigs-
1.024,F; = 1.17,F, = 1.482, andFs = 1.22. The maximum
fluorescence increase of the nucleic acid is taken from the
equilibrium fluorescence titration in the same solution conditions
asAFmax= 0.22. The rate constants are the same as those in Figure
41. Reprinted with permission from ref 95. Copyright 2001
American Chemical Society.

cantly lower (factor of~6) rate constant than the analogous
step in the formation of the (pdl),s binding mode (Figure
42). Introducing the values of the rate constants to the
equilibrium constants for each step providgs= (6.7 & 2)

x 1P M1, K; = 0.234+ 0.09,K3 = 0.63+ 0.3, andK, =
0.26+ 0.1. It is evident that, similar to the (pg@).s binding
mode, the first step has a predominant contribution to the
free energy of the ssDNA binding\G°®, in the formation of
the (polp)s binding mode. However, contrary to the results
obtained with the ssDNA 20-mer, where only the last step
contributes negatively ta\G®, all remaining steps in the
formation of the (pop3)s binding mode contribute negatively
to the total free energy of bindirf.

There are also significant differences between the two
ssDNA-binding modes in the structures of the intermediates,
as indicated by their relative molar fluorescence intensities.
The molar fluorescence intensity of the first intermediate in
the (pol B)s binding mode is only~3% larger than the
fluorescence of the free nucleic acid, as compared to the
~35% difference in the case of the (g®he binding mode,
indicating that a much less pronounced conformational
nucleic acid change accompanies the formation of the first
intermediate, (P-ssDNAY), in the (polf)s binding mode.
Significant conformational changes occur in the transition
to (Ps—ssDNA), and particularly to (P—ssDNA); which is
characterized by the relative molar fluorescence intertsity
1.48 + 0.05, comparable to the intermediate;P

amplitudes according to the mechanism defined by eq 88 ssDNA) in the (pol )16 binding mode®®

using a single set of parameters.

The bimolecular step in the formation of the (p8)s
binding mode is similar to the analogous step determined
for the (pol 8)16 binding mode; however, the dissociation
rate constantk_, is larger by a factor of~8 than the

3.5.4.3. Some Mechanistic Implications for pop Bind-
ing to the ssDNA. The Binding-Initiating Role of the
8-kDa Domain and the Complex-Stabilizing Role of the
31-kDa Domain.The formation of the (pg8)s binding mode
is described by the same sequential mechanism as that

corresponding value obtained for the large site size binding observed for the (pgb).s binding mode (eqs 84 and 88).
mode (Figure 43). On the other hand, transition to the secondThe fact that in the (pop)s binding mode exclusively the
intermediate, (P-ssDNA), is characterized by a signifi-  8-kDa domain is involved in interactions with the nucleic
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A

Figure 44. Schematic models of human gdbinding to the ssDNA in the (pgl).1s and (polf)s binding modes based on the thermodynamic

and kinetic data. In both binding modes, the enzyme initially binds the nucleic acid through the small 8-kDa domain. Several conformational
transitions of the nucleic acietenzyme complex are induced at the interface of the 8-kDa domain and the nucleic acid. In the case of the
(pol B)16 binding mode, that is, when the ssDNA is long enough to engage the total DNA-binding site of the polymerase, the formed
intermediates are additionally stabilized through interactions with the DNA-binding subsite located on the large 31-kDa domain of the
enzyme, resulting in the final equilibrium complex with both DNA-binding subsites involved in interactions with the nucleic acid (A). In
the case of the short sSDNA oligomer, the stability of all conformational states and the final equilibrium complex is based solely on the free
energy generated through interactions with the 8-kDa domain, without the involvement of the DNA-binding subsite of the 31-kDa domain
(B). Reprinted with permission from ref 95. Copyright 2001 American Chemical Society.

acid and the formation of both binding modes includes simplest explanation of the kinetic behavior is that in both
kinetically similar steps provides the first indication that the binding modes, the association reactity) occurs through
interactions at the interface between the 8-kDa domain andthe DNA-binding subsite of the 8-kDa domain of the protein.
the nucleic acid play a dominant role in transitions between However, in the (pop):s binding mode, fast engagement of
the intermediates in both binding modes (see below). the DNA-binding subsite on the 31-kDa domain in interac-
However, although the general kinetic mechanism is the tions with the DNA leads to a lower value kf; of the (Re—
same, there are significant differences in the nature of thessDNA), and to more pronounced conformational changes
formed intermediates between the two binding modes, of the nucleic acid. In the (pg#)s binding mode only the
indicating specific roles played by the DNA-binding subsites 8-kDa domain is involved in the formation of the s(P
located on the 8-kDa and 31-kDa domains. ssDNA), without the additional engagement of the 31 kDa

The bimolecular rate constants are very similar in both domain.
binding modes (Figures 39 and 42). On the other hand, the The energetics of the subsequent partial reactions in both
dissociation rate constakt, of the (pol)s binding mode binding modes supports this conclusion and provides further
is higher by a factor of-8 than the value obtained in the mechanistic insight on the nature of the observed intermedi-
(pol B)16 binding mode. These data indicate that there is a ates. The first binding step generates a predominant part of
much higher probability of human pglbeing released back the total free energhG® of binding in both binding modes
into the solution from the -ssDNA), intermediate in the  (see above). However, the much higher valu&ptharac-
(pol B)s binding mode than from the (P-ssDNA) in the terizing the formation of the (B—ssDNA), as compared to
(pol )16 binding mode. The very similar values kifin both the (R—ssDNA), strongly indicates that additional interacting
binding modes and a much higher value of the dissociation areas are involved in the formation of the;dPssDNA),.
rate constank_; in the (pol3)s binding mode result in an ~ Moreover, with the exception of (P-ssDNA), the transi-
~1 order of magnitude lower partial equilibrium constant tions to (Re—SSDNA), and (Re—SsDNA) are accompanied
Ki characterizing the formation of the {PssDNA), as by additional favorableAG® changes. On the other hand,
compared to the formation of the;@>ssDNA).% Also, the all subsequent transitions tos(PssDNA), (Ps—ssDNAY),
amplitude analysis indicates that the transition to the first and (R—ssDNA), are characterized by the negative contri-
intermediate (P-ssDNA), is not associated with a dominant  bution to the total free energy of binding. With the sSSDNA
fluorescence change as observed in the case gf~(P 10-mer, human paB exclusively interacts using its 8-kDa
ssDNA). Thus, contrary to the (pgl).s binding mode, the  domain, that is, it can only form the (p@)s binding mode.
formation of (BR—ssDNA), is not associated with a large The obtained results indicate that in the case of this shorter
nucleic acid conformational change. Recall that equilibrium ssDNA oligomer, the polymerase cannot engage in a stable
studies have shown that in the (g#)ks binding mode both complex beyond the first intermediate. In the (ks
the 8-kDa and 31 kDa domains are engaged in interactionsbinding mode, formed with the ssDNA 20-mer, the nucleic
with the ssDNA, while only the 8-kDa domain interacts with acid is long enough to engage in interactions with the entire
the nucleic acid in the (pof)s binding mode®#* The total DNA-binding site of the polymerase including the
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DNA-binding subsite located on the 31-kDa domain. Thus, enable the experimenter to construct thermodynamically
the data indicate that the favorable free energy changes inrigorous binding isotherms to examine structural changes
transitions between the intermediates of the (@) binding in involved kinetic intermediates. Only when the thermo-
mode result from additional interactions between the DNA dynamically rigorous isotherm is obtained can it be analyzed
and the DNA-binding subsite located on the large 31-kDa by using the thermodynamic models, which incorporate the
domain?® known molecular aspects of the liganthacromolecule
Notice that these intermediates are also present in the casénteractions, cooperativity, allosteric conformational changes,
of the (pol3)s binding mode formed with the ssDNA 10- overlap of potential binding sites, etc., completely indepen-
mer, indicating that they are, in fact, induced by the dentfrom the relationship with the spectroscopic signal used
interactions between the 8-kDa domain and the nucleic acid,to monitor the interactions. In turn, such rigorous thermo-
although the 10-mer is not long enough to stabilize them dynamic data are invaluable in the quantitative analyses of
through interactions with the DNA-binding subsite of the the kinetics of the studied interactions and resulting partial
31-kDa domain. In other words, the data suggest that theequilibria among the kinetic intermediates.
favorable energy changes in the partial steps of the/fpel Spectroscopic stopped-flow measurements provide two
binding mode formation reflect efficient docking of the independent sets of data, the relaxation times and amplitudes
nucleic acid in both DNA-binding subsites of the total DNA- characterizing the normal modes of the reaction. Both sets
binding site of human pg#, following the initial association  of data contain information about the mechanism and rate
through the 8-kDa domain. In this context, the observed constants of the individual kinetic steps. Quantitative studies
different stability of the (poB)s binding mode intermediates  of the kinetics of ligane-macromolecule interactions require
would reflect a lack of the extra interaction areas in the DNA- the determination and analyses of both the relaxation times
binding subsite of the 31-kDa domain. and the amplitudes. Examination of the amplitudes offers
Schematic models of the human p®lbinding to the additional information about the structure and nature of
ssDNA in the (polB)1s and (polp)s binding modes based intermediates, unavailable by any other method. The analysis
on thermodynamic and kinetic data are shown in Figure is greatly facilitated if relaxation times and amplitudes of
44a,b. The initial association of the enzyme with the nucleic all normal modes of the reaction are available from the
acid in both binding modes occurs through the small 8-kDa experiment. Nevertheless, itis common that in stopped-flow
domain. Interactions between the DNA and the polymerase experiments the relaxation time characterizing the bimolecu-
at the interface of the 8-kDa domain induce conformational lar step is too fast to be experimentally accessible. However,
transitions of the nucleic acitenzyme complex. In the case in favorable cases, where all amplitudes are available over
of the short ssDNA oligomer, the stability of these confor- a large range of the ligand or macromolecule concentrations,
mational states (intermediates) is solely based on the freethe rate constants characterizing the bimolecular step can
energy generated through interactions with the 8-kDa domainstill be estimated with adequate accuracy from the amplitude
(Figure 44b). However, in the case of the (s binding analysis. The matrix projection operator method allows the
mode, that is, when the ssDNA is long enough to engage experimenter to avoid the cumbersome numerical analysis
the total DNA-binding site of the polymerase, the formed of the eigenvectors of the coefficient matrix, usually neces-
intermediates are additionally stabilized through interactions sary in amplitude analysis, by turning the eigenvector
with the DNA-binding subsite located on the large 31-kDa problem into a simpler algebraic calculation of the projection

domain of the enzyme (Figure 44a). operators.
As we pointed out above, our discussion mainly focused
4. Summary on the fundamental problem of obtaining thermodynamic,

S _ ) kinetic, and spectroscopic parameters free of assumptions

Understanding liganedmacromolecule interactions, such  apout the relationship between the observed signal and the
as those involving proteins and nucleic acids, requires degree of protein or nucleic acid saturatidh.is self-
detailed knOWIedge of the energetics and klnethS of the understood that any meaningfu] conclusions about the
formed complexes. Spectroscopic methods are widely usedmolecular interpretation of the bebmr of any interacting
in characterlz_lng the Qnerge_tics (thermodynamics) and kinet'system are absolutely dependent upon the quantiati
ics of protein-nucleic acid and, in general, ligard  determination of the thermodynamic, kinetic, and spectro-
macromolecule interactions in solution. These methods dOscopic parameters on which such conclusions are based
not I’equire |arge quantities of material, are very Convenient The methods have been discussed as app“ed to Studying
to use, and, most importantlglo not perturb the studied  protein-nucleic acid interactions using the fluorescence
processesHowever, spectroscopic methods are indirect, that jntensity to monitor the binding. The discussed various
IS, the |nteraCti0'nS are meaSUrEd thl’ough monitoring FhangesHteracting Systems are very different and provided an
of some physicochemical parameter accompanying thegpportunity to address several specific aspects of the
formation of studied complexes. Therefore, in such analyses,protein-nucleic acid interactions frequently encountered in
it is absolutely necessary to determine the relationship research practice. However, these approaches can generally
between the observed signal and the degree of binding tope applied to any ligandmacromolecule system, examined

obtain thermodynamically and kinetically meaningful inter- ysing any spectroscopic signal originating from a ligand or
action and spectroscopic parameters. The methods discusseg macromolecule.

in this review describe general quantitative approaches of
the analyses_ of macromolecular blr_1d|ng and kinetics t_hrough 5. Acknowledgment
spectroscopic measurements, which allow an experimenter
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