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ABSTRACT: Quantitative and accurate analyses of proteincleic acid interactions in solution are greatly
facilitated if the formation of the complex is accompanied by a large change of the spectroscopic signal
(e.g., fluorescence) originating from the protein or nucleic acid. However, there are many instances when
protein—nucleic acid interactions do not induce adequate changes in spectroscopic properties of the
interacting macromolecules. We describe the theoretical and experimental aspects of a general method
to analyze such protetmucleic acid interactions. The method is based on quantitative titrations of a
reference nucleic acid with the protein in the presence of a competing nucleic acid whose interaction
parameters with the protein are to be determined. The Macromolecule Competition Titration (MCT)
method allows for the determination of the absolute average binding density and the free protein ligand
concentration over a large binding density range, unavailable by other methods, and construction of a
model-independent true binding isotherm. Moreover, the determination of the absolute binding density
of the ligand on nonfluorescent nucleic acid is independena gifriori knowledge of the binding
characteristics of the protein to the reference fluorescent nucleic acid. Although the MCT method is
applicable to any type of physicochemical signal that can be used to monitor the binding, we discuss the
details of the method as it applies to the analysis monitored by a change in the nucleic acid fluorescence
intensity and anisotropy upon binding a ligand. Moreover, the interaction parameters for a given nucleic
acid can be determined by using as a reference the long polymer nucleic acid as well as short oligomers.
In particular, the analysis is greatly simplified if the short fluorescent nucleic acid fragment, spanning the
exact site-size of the complex and binding with only a 1:1 stoichiometry to the protein, is used as a
reference macromolecule. We have illustrated the MCT method by applying it to the binding of the
Escherichia coliDnaB helicase to unmodified, nonfluorescent single-stranded nucleic acids where the
interactions are not accompanied by any adequate spectroscopic signal changes. In order to analyze
simultaneous binding of a ligand to different competing nucleic acid lattices, we introduced the combined
application of the McGheevon Hippel theory and the Epstein combinatorial approach for the binding of

a large ligand to a linear, homogeneous nucleic acid lattice. Our approach allows one to perform a direct
fit of the entire experimental isotherm for the protein binding to two competing nucleic acid lattices
without resorting to complex numerical calculations.

Protein-nucleic acid interactions play a fundamental role this relationship and does not depend upon any particular
in the transmission of genetic information of the cell from binding models or any particular assumptions.
one generation to the next. In order to understand the forces Many techniques have been developed to study pretein
that drive the interactions between proteins and nucleic acids, ,c|eic acid interactions. Some of these approaches directly
and the functionally relevant conformational changes that monitor the binding (Riggs et al., 1970; Gamer & Revzin
occur in interactions between proteins and nucleic acids, the1981; Fried & Crothers, 1981 Révzin 8:von Hippel, 1977;’

engrgetics of the_complex formatiqn must F’e.detem"?ed- deHaseth et al., 1977; Brenowitz et al., 1986), whereas others
.Th's can be achieved by measuring eqU|I|br|_u_m blndmg indirectly measure the equilibrium distribution of free and
isotherms over a range of pr(.)'tel.n bmdmg densmes (protein bound ligands, utilizing a change of spectroscopic property
bound per nucleotide). Equilibrium binding isotherms for f either th ' tei th lei id iting f th
protein binding to a nucleic acid and, in general, ligand ?orriati?)rn Ofetﬁéocﬁ'r: cl)(rax (ge?]l;(e::'; 35:1 I—:ieSl:allnl%;G?rEelle
binding to a macromoleculg represent the relationship etal., 1976; Boschelrl)i 1982; Kowalcz kovF\jlgki,et al ’1981y'
between the extent of protein binding and free protein b " 2 ' Hiopel '1978'I'_ h &yB o i 1991 '
concentrations. A true thermodynamic isotherm reflects only PfaPer & von HIppel, » Lohman & Bujalowskl, )-
We previously developed a systematic approach to study

: macromolecular binding using spectroscopic signals to

; This work was supported by NIH Grant GM-46679 (to W.B.).  monitor the interactions and to obtain true thermodynamically
Buj;gﬁsxrk 's dedicated to the memory of Dr. Bozena Maria rigorous binding isotherms (Bujalowski & Lohman, 1987;

® Abstract published if\dvance ACS Abstract§ebruary 1, 1996. Lohman & Bujalowski, 1991).
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Spectroscopic methods, particularly fluorescence, are MATERIALS AND METHODS
widely used in studying ligandnucleic acid interactions ) )
(Alma et al., 1983; Revet et al., 1971; Bontemps & Fredericg, . éagents and BuffersAll solutions were made with
1974: Jensen & von Hlppe|, 1976; KeIIy et al., 1976; dlStl”ed and deionized-18 MQ (MI”I-Q P|US) _Water. All .
Boschelli, 1982; Kansy et al., 1986; Porschke & Rauh, 1983; chemicals were reagent grade. Buffer T2 is 50 mM Tris
Bujalowski & Lohman, 1987). This is because the spec- adiusted to pH 8.1 with HCI, 5 mM Mggl and 10%
troscopic methods are relatively easy to perform, do not 9lycerol-
require large quantities of material, allow one to perform  DnaB Protein and Nucleic AcidsThe E. coli DnaB
solution experiments without perturbing the studied equi- Protein was purified as previously described by us (Bu-
librium, and can be applied at very low, submicromolar jalowski & Klonowska, 1993; 1994a). Poly(dA) and dA-
concentrations of interacting macromolecules, thus, eliminat- (PA)1s were purchased from Midland Certified Reagents
ing any correction for nonidea"ty that may be necessary (Mldland, TX) Etheno derivatives of the nucleic acids were
when h|gh concentrations are required, e.g., in transport orobtained by modification with Chloroacetaldehyde (Secrist
Chromatographic methods. et aI., 1972; Bujalowski & Jezewska, 1995)

The primary limitation of spectroscopic methods for Fluorescence Measurementall steady-state fluorescence
studying many proteinnucleic acid interactions is the lack measurements were performed using the SLM-AMINCO
of sufficient spectroscopic signal changes accompanying the48000S spectrofluorimeter as previously described by us and
complex formation. Sometimes, the lack of spectroscopic in the accompanying paper (Bujalowski & Klonowska, 1993,
signals can be overcome by introducing a fluorescence label1994a,b; Bujalowski et al., 1994). Computer fits were
into the nucleic acid or the protein. However, the nonspecific performed using KaleidaGraph software (Synergy Software,
nature of labeling a protein or a polymer nucleic acid limits PA) and Mathematica (Wolfram Research, IL).
these approaches to some specific applications, e.g., use of
short nucleic acidsa priori knowledge of the labeling site  RESULTS AND DISCUSSION
on the protein, and no perturbation of the protein or the
nucleic acid conformation by the fluorescent marker, which
may affect the interactions. Lack of adequate changes in
spectroscopic properties of the interacting macromolecules
in many proteir-nucleic acid systems has hindered the
rigorous quantitative analyses of such systems.

In this communication, we present a Macromolecular
Competition Titration (MCT) method to analyze protein
nucleic acid interactions where the formation of the studied
complexes is not accompanied by any adequate spectroscopi
signal change that can be used to monitor the interactions.

The MCT method is based on quantitative tirations of the molecule to a linear nucleic acid, withnucleotides occluded

reference fluorescent nucleic acid with a protein in the by the protein in the complex. different binding states ma
presence of a competing, nonfluorescent nucleic acid whose y P pex, 9 y

interaction parameters with the protein are to be determined.reSUIt. from different con_formauonal_ states Qf t_he bound
This approach allows the determination of the absolute protein molecules, the existence of different binding modes,

average binding density and the free protein ligand COncen_cooperatlve interactions between bound protein molecules,

tration over a large binding density range, unavailable by ete.

other methods, and construction of a model-independent, true 1€ observed fluorescence of the nucleic acid in the
binding isotherm. Moreover, the determination of the Presence of the ligand will have contributions from each

absolute binding density is independent of taepriori possible N complex_as well as from free nucleic acid, gnd.

knowledge of the binding characteristics of the protein to In the absence of ligand or macromolecule aggregation it

the reference fluorescent nucleic acid. We illustrate the ¢@n be formally described by the signal conservation equation

method by applying it to the binding of tl&scherichia coli

primary replicative helicase DnaB protein to unmodified, F=FN:+ zFiNbi 1)

nonfluorescent single-stranded nucleic acid where the inter-

actions are not accompanied by adequate spectroscopic sign@{hereF: and N are the molar fluorescence and concentra-

changes. _ . _ tion (Nucleotide) of the free nucleic acid, aRdandN,, are
Existing theoretical analyses of nonspecific protein  mojar fluorescence and concentration of the nucleic acid,

nucleic acid interactions have primarily focused on the regpectively, in a giveni* state. The binding density;,
interactions of the protein with a single type of nucleic acid of the protein in a giveni” state is defined as

(Crothers, 1968; McGhee & von Hippel, 1974; Epstein, 1978,

Determination of the Thermodynamically Rigorous Bind-
ing Isotherm for Ligand Binding to the Macromolecule Using
the Macromolecular Competition Titration MethodCon-
sider the multiple-equilibrium binding of a ligand to a
macromolecule, such as protein binding to a long polymer
nucleic acid, which is accompanied by a fluorescence
change of the macromolecule. In general, the ligamatleic
acid complexes can exist in differerit ‘states, and in each

tate the fluorescence properties of the complex may be
ifferent from each other as well as from the free macro-
molecule. In the cooperative binding of a large protein

Bujalowski et al., 1989). We introduced the combined L,
application of the McGheevon Hippel theory and the v, = )
Epstein combinatorial approach for the binding of a large Ny

ligand to a linear, homogeneous nucleic acid lattice, which

enabled us to analyze the simultaneous ligand binding to whereLy, is the concentration of the protein bound in state
different competing nucleic acids, using the entire experi- “i” and Ny is the total nucleic acid concentration. Therefore,
mental isotherm and without resorting to complex numerical the fraction of the nucleic acid with the protein bound in an
calculations. “i” state can be defined as
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Nbi
and
N, = Nynw, (3b)
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. (PT2 - PTl) 7
e (NT2 - NTl) (72)
and
=P — zvi(NT) (7b)

wheren; is the number of nucleotides occluded by the protein wherex = 1 or 2 (Bujalowski & Klonowska, 1993, 1994a,b).

bound in statei”. Introducing eq 3b into eq 1 gives

Fobs= FeNe + NTZ Finw; 4

Thus, if the ligand binding to a macromolecule is ac-
companied by a spectroscopic signal change originating from
the macromolecule, then the analysis of the titration curves
obtained for two or more different concentrations of the

The quantity that is usually experimentally determined in macromolecule using egs 7a and 7b allows one to generate

fluorescence titrations is the relative changé,,s of the

a thermodynamically rigorous isotherm free of any assump-

monitored fluorescence upon the increasing protein ligand tion about the relationship between the observed signal and
concentration in solution with respect to the initial fluores- the absolute degree of binding (Bujalowski & Klonowska,

cence of the samplé;Ny, defined as

(Fobs - FFNT)

AFobs= N~ Q)

Rearranging eq 4 and dividing BNy provides

(Fobs F NT)

AFgps=—F z

n-v- (6a)

and furthermore,

AI:obs zAle ivi (6b)

whereAFy, = (F —
of the nucleic acid fluorescence in the giveii Eomplex.

Fr)/Fg is the maximum relative change

1994a,b; Bujalowski & Jezewska, 1995).

We would like to stress thathe same thermodynamic
argument leading to egs 7a,b applies to situations where
titration of a fluorescent nucleic acid with a ligand is
performed in the presence of the second competing, non-
fluorescent nucleic acid latticeHere, the ligand binds to
two different nucleic acids present in solution, but the
observed signal originates only from the fluorescent “refer-
ence” lattice. As the titration progresses, the saturation of
both nucleic acid lattices increases as the free ligand
concentration increases in the sample. In order to illustrate
the general behavior of such isotherms, a series of theoretical
titration curves of a reference fluorescent nucleic acid with
the ligand at a constant reference fluorescent nucleic acid
concentration but in the presence of different concentrations
of a nonfluorescent, competing nucleic acid is shown in
Figure 1. The binding isotherms of the protein to both
nucleic acid lattices have been generated using the combined

Equation 6b shows that the observed fluorescence changepplication of the generalized McGhegon Hippel approach

AFonsis equal toy AFyinv;, the sum of the fractional nucleic
acid lattice saturation in alli* states with the bound ligand

weighted by the maximum fluorescence chandds,
characterizing a giveni™ state.

and the Epstein combinatorial theory for large ligand binding
to a linear, homogeneous nucleic acid described below
(McGhee & von Hippel, 1974; Bujalowski et al., 1989;
Epstein, 1978). For simplicity, the proteifattice complexes

The AF,; parameters are molecular quantities, constant for both nucleic acids have been assumed to have a site-size
in a given set of solution conditions. Thus, the observed of n = 20, a cooperativity parameter of= 1, and intrinsic

AFqps strictly reflects changes imyv; which result from

binding constants df = 10° and 16 M~ for the fluorescent

changes in the ligand concentration during titration. Becausereference nucleic acid and the nonfluorescent, competing

the fractional nucleic acid lattice saturation in a giveh “
state nyv; is a sole, unigue function of the free ligand concen-
tration, P, AF.psmust be the same at a givep independent
of fluorescent nucleic acid concentration (Bujalowski &
Stated in other words, if the

Klonowska, 1993, 1994a).

lattice, respectively; however, the analysis is independent of
any particular binding model for both the reference and the
studied nucleic acid. Because the measured relative fluo-
rescence increasAF, monitors exclusively ligand binding

to the reference fluorescence nucleic acid, all curves span

binding of a protein to a nucleic acid is accompanied by the the same range of the fluorescence change and reach the

spectroscopic signal change (e.g., fluorescence) originatingsame plateau valueAFmax =
from the nucleic acid, then the same valueAét,, reached

3.5). On the other hand, at
higher concentrations of the competing nucleic acid the

at different fluorescent nucleic acid concentrations in identi- titration curves are shifted toward higher total ligand
cal solution conditions, indicates the same free protein ligand concentrations resulting from the excess of the ligand
concentrationPg, in the samples, the same ligand binding required to saturate the competing, nonfluorescent nucleic

density, v, and the degree of nucleic acid lattice saturation, acid lattice.
>nwi. Therefore, for the same value afF,s obtained at

two different total nucleic acid concentratiomé;, andNr,,

the degree of bindind} v;, and the free protein ligand con-

centration Pg, must be the same. The valuesiaf; andPx

Recall that the same value of the relative
fluorescence change of the reference lattice in the presence
of the ligand means the same degree of lattice saturation,
> v, and the same ligand binding densif;, (eq 6b, see
above) on the lattice and the same free ligand concentration,

are then related to the known total protein concentrations, Pr. Therefore, in the presence of different concentrations

Pr, and Pr,, and the total nucleic acid concentratioh,

andNry,, at which the samaAFsis obtained, by the formulae

of a competing nucleic acid and a constant concentration of
the reference fluorescence lattice, at the same valud-of
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Ficure 2: Computer simulation of the dependence of the relative
fluorescence increase of the reference fluorescent nucleic/s€jd,
upon the binding density >(;)s, of the ligand on the competing,
nonfluorescent lattice where the competing, nonfluorescent lattice
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Ficure 1: Theoretical fluorescence titration curves of the reference 154 higher (- - -) and lower—) affinity toward the ligand. The
fluorescent nucleic acid with the protein ligand in the presence of pinging of the ligand to the reference lattice is described by the
different concentrations of the competing, nonfluorescent nucleic pjeghee-von Hippel model of large ligand binding to a linear
acid lattice. Binding of the ligand to the reference lattice is described homogeneous nucleic acid, using the intrinsic binding consi(anf

by the McGhee-von Hippel model for large ligand binding to a

linear, homogeneous nucleic acid using the intrinsic binding

constanK = 10° M™%, the cooperativity parameter= 1, and the
site-sizen = 20. The maximum increase of the nucleic acid
fluorescence intensity upon saturation with the ligandnax =

3.5. Binding of the ligand to competing, nonfluorescent nucleic
acid is described by the Epstein combinatorial theory using the

intrinsic binding constarit = 1(° M~1, the cooperativity parameter
o =1, and the site-size = 20. The selected length of the nucleic

acid is 1600 nucleotides. The concentration of the competing nucleic

acid (Nucleotide) is@ O; (A) 2 x 1075 M; (B) 4 x 10°° M; (C)
1.2x 10 M; (D) 2.4 x 10~* M. The concentration of the reference
fluorescent nucleic acid is 2 107> M (Nucleotide). The horizontal

= 10° M™%, the cooperativity parameter = 1, and the site-size

= 20. The maximum increase of the nucleic acid fluorescence
intensity upon saturation with the ligand Ad=p.x = 3.5. Binding

of the ligand to competing, nonfluorescent nucleic acid is described
by the Epstein combinatorial theory usimg= 1 and n= 20, with

K = 10* and 16 M~ for lower and higher affinity cases,
respectively. The selected length of the nucleic acid is 1600
nucleotides.

determined, subtracting eq 8a from eq 8b and rearranging
provides the expression for the absolute binding density on
the competing, nonfluorescent latticg,1{)s, and the free

dashed line connects points on all titration curves characterized byprotein concentrationPr, in terms of known quantities,

the same value of the relative fluorescence increAse,

the concentration of the free liganBy, must be the same

and independent of the competing nucleic acid concentration.
Because the binding density of the ligand on the nonfluo-

rescent, competing nucleic acidy s, is also a unique
function of P¢, at a given value ofAF corresponding with
the same value oPr the binding density, Xvi)s, must be

(>vir, total ligand, and nucleic acid concentrations (Bu-
jalowski & Jezewska, 1995)

(PT2 - PTl)

QO vs= N —Np) (9a)

and

the same and independent of the total concentration of the

competing lattice,N;. Hence, one can obtain absolute
measurements of the ligand binding densifyyijs, on the

Pe=Pr — (zVi)sNTx - (ZVi)RNTR (9b)

nonfluorescent, competing nucleic acid and of the free protein \yherex is 1 or 2.

ligand concentratiorPr, from titrations of samples contain-

Although determination oPr requires § vi)r, notice that

ing constant concentrations of reference fluorescent nucleic(zvi)S is independent of any priori knowledge of the
acid, Nr,, with the ligand in the presence of two or more mechanism and the degree of protein binding to the ref-
concentrations of the nonfluorescent, competing nucleic acid grence fluorescent nucleic acid. Plotting the observed
lattice (Figure 1). This can be accomplished by solving a fyorescence changaF, as a function of ¥ »)s allows one
set of mass conservation equations for the total ligand {5 ghtain the absolute stoichiometry of the proteiron-
concentration in solution. In the presence of two different fyorescent nucleic acid complex (see below). Calcula-

competing nucleic acid concentratioh, andNr,, the total
ligand concentration®r, andPr,, at which the same relative
fluorescence chang@F, is observed, are defined as

Pr, = (Zva)an T (zvi)RNTR +Pe (82)
and
Pr, = (Zvi)SNTz + (ZV‘)RNTR + P (8b)

where ( v))r is the ligand binding density on the fluorescent
reference lattice andyi)s is the ligand binding density on

tions of §vi)s and subsequentlr can be performed at
any value of the observed fluorescence change along the
titration curves (Figure 1), generating a thermodynamically
rigorous, model-independent binding isotherm for ligand
binding to the competing nucleic acid. These procedures
are demonstrated in the next section, using the experimental
data for the binding oE. coli replicative helicase DnaB
protein to nonfluorescent poly(dA) in the presence of the
reference fluorescent etheno derivative pohd

It should be noted that if the ligand affinity for the
reference fluorescent nucleic acid and the competing, non-
fluorescent lattice is different, then the binding density,,

the nonfluorescent, competing lattice. Because the bindingwill be different for both nucleic acids at the same value of

density, { vi)r, Of the protein on the reference nucleic acid
at any value of AF can be easily and independently

the measured relative fluorescence chang&ff Figure 2
shows the theoretical dependence of the obsenfedipon
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the binding density of the ligand on the competing lattice,
for two different intrinsic affinities of the ligand for the
competing nucleic acid. Ligand binding to the reference
fluorescent nucleic acid is characterizedoy 10° M1, w

= 1, andAFnyax = 3.5; the ligand binding to the competing
lattice is characterized b = 10° M™%, w = 1 and byK =

10* M1, w = 1, for high- and low-affinity cases, respec-
tively. For simplicity, the dependence &fF upon ¢ vi)r

for the reference lattice was selected to be strictly propor
tional (straight, dotted line).

In the case where the macroscopic ligand affinity is
higher for the competing lattice than for the reference
lattice (dashed line), the ligand binding densityy{)s, on
the competing, nonfluorescent lattice is higher when com-
pared to the reference lattice at any value of the observed
relative fluorescence changAF. The opposite is true in
the case where the ligand affinity is lower for the com-
peting lattice when compared to the reference fluorescent
nucleic acid (solid line). The plot rises sharply at the initial
values of the the binding density and levels off at the
intermediate range of}(vi)s, slowly approaching the maxi-
mum possible value oAF. This behavior results from the
fact that AF solely reflects the binding density on the
reference lattice,Yvi)r, which, due to the higher affinity of
the reference lattice for the ligand, saturates with the ligand
in advance of the competing lattice. The plots in Figure 2
indicate that, in order to obtain the most accurate estima-
tion of the stoichiometry of a proteircompeting nucleic
acid complex, the affinity of the competing lattice for the
protein should be similar to or higher than that of the
reference lattice.

Application of the MCT Method to the Binding of the E.
coli Replicatve Helicase DnaB Protein to Single-Stranded
Polynucleotides In order to illustrate the MCT method for

studying the interactions between proteins and nucleic acids,

we applied this method to the binding of tHe coli
replicative helicase DnaB protein with ss polydeoxynucle-
otide, poly(dA). Binding of poly(dA) and other polydeoxy-

Biochemistry, Vol. 35, No. 7, 199121
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Ficure 3: Fluorescence titrationdds = 325 nm,lem = 410 nm)

of poly(deA) with the DnaB helicase in buffer T2 (pH 8.1, 2Q)
containing 50 mM NaCl and 1 mM AMP-PNP, in the presence of
different concentrations of poly(dA) (Nucleotide)m)O; (®) 2 x

105 M; (®) 1.2 x 10~* M. The concentration of the polyéd) is

2 x 1075 M (Nucleotide). Solid lines separate the sets of data points
and do not have theoretical bases. The horizontal solid line connects
points on all titration curves characterized by the same value of
the relative fluorescence increager;. The intersection points of
the solid horizontal line with the titration curves, in the presence
of poly(dA), define the total DnaB concentratiof%, andPr,, at
which the binding density on poly¢d), (3 vi)r, the binding density

on poly(dA), ¢ vj)s, and the free helicase concentratié, are
constant (see eq 8). The total concentrations of nucleic acids at
each titration are included in the figure (see text for details).

concentration, [DnaR] must be the same, independent of
the concentration of poly(dA) (eq 9a,b). Therefore, from
this set of titration curves, one can obtain a set of total DnaB
concentrationsPr, and Pr,, which are determined by the
intersection of the horizontal line with either titration curve
at which the value of the observed relative fluorescence
increase is the same (Figure 3). Since the total concentrations
of poly(dA) are known, one can calculate the absolute

nucleotides to the DnaB helicase does not cause anybinding density, ¥ vi)s, of the DnaB protein on poly(dA)

significant change in the protein fluorescence (M. J. Jeze-
wska, U.-S. Kim, and W. M. Bujalowski, accompanying
paper). On the other hand, we recently discovered that
binding of the DnaB helicase to the fluorescent etheno
derivative of poly(dA), poly(dA), 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)
complex (Bujalowski & Jezewska, 1995). Thus, pobAdl

and the free DnaB concentration, [DnaBilising eq 9a,b.
This procedure is then repeated over the entire rangd-of
providing ¢ vi)s as a function of [DnaBjand thus enabling
the construction of a thermodynamically rigorous binding
isotherm for DnaB helicase interactions with poly(dA),
although the signal used to monitor the binding origi-
nates from the reference fluorescent lattice, palfjd(see
below).

Figure 4 shows the dependence of the observed relative

can serve as a reference fluorescent nucleic acid in the MCTfluorescence chang@F, upon the binding density3 ¢i)s,

method.

Figure 3 shows the fluorescence titration curves of poly-
(deA) with the DnaB protein in buffer T2 (pH 8.1, 1TC)
containing 50 mM NaCl and 1 mM AMP-PNAn the

absence and presence of two different concentrations of poly-

(dA). A strong shift of the titration curves toward higher
[DnaBlrota at higher poly(dA) concentrations indicates
significant competition between the two nucleic acids for
the protein. Recall that at the same value of relative
fluorescence increase the average binding density,)4,

on the competing lattice, poly(dA), and the free DnaB

1 Abbreviations: AMP-PNP 3,y-imidoadenosine 'Sriphosphate;
Tris, tris(hydroxymethyl)aminomethane.

of the DnaB helicase on poly(dA). For comparison, the
dependence oAF upon the binding density >()gr, of the
DnaB helicase on the reference lattice, pobl] is also
included (straight dashed line; Bujalowski & Jezewska,
1995). The binding density}()s, could be determined up
to the value 0f~0.044, which corresponds withF ~ 2.6.
Extrapolation to the maximum possible valueAf = 3.6

+ 0.3 gives the maximum value o ¢;)s = 0.054+ 0.005
and the estimation of the site-size poly(dA)naB helicase
complex,n = 20 + 3. This value is the same as the
estimatedn = 20 + 3 in identical solution conditions for
the poly(¢A)—DnaB complex (Bujalowski & Jezewska,
1995; M. Jezewska, U.-S. Kim, and W. Bujalowski,
accompanying paper).
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Ficure 4: The dependence of the relative fluorescence increase 0.06 . . .
of poly(deA) upon the binding density 3(i)s, of the DnaB helicase b

on competing poly(dA) in buffer T2 (pH 8.1, 1) containing 50
mM NaCl and 1 mM AMP-PNP. The dependence of the relative
fluorescence increase of poly@s) upon the binding density Y(vi)r,
of the DnaB helicase on poly§4), in the same buffer conditions,
is also included (dashed, straight line). The solid line is the com-
puter fit, using an approach based on the combined McG&hee
Hippel model and the Epstein combinatorial theory for binding a
large ligand to two different, competing homogeneous lat-
tices (see below) for the simultaneous binding of the DnaB helicase
to poly(dA) and poly(dA). The binding of the helicase to the R . , .
reference poly(dh) is described by the McGheevon Hippel .9 8 7 6 .5
model, using the independently determined intrinsic binding
constantK = 1.2 x 10° M1, cooperativity parametes = 3, and Log[DnaB (Hexamer)].
site-sizen = 20 (Bujalowski & Jezewska, 1995). Binding of the roc 5 5 Scatchard plot of the binding of the DnaB helicase to
enzyme to the competing poly(dA) is described by the Epstein v (qa) in buffer T2 (pH 8.1, 1°C) containing 50 mM NaCl
combinatorial 2theory,d using 900593'?‘“"“3’ pararT{etfr—l :"8* and 1 mM AMP-PNP. The plot was constructed using the absolute
i'&?'la'ie n= 20, and intrinsic binding constark = 1.4 x binding density, § vj)s, and the free DnaB concentration, [Dnag]
' obtained by applying the MCT method to the titration curves shown
: TR : in Figure 3. The solid line is the computer fit of the isotherm using
Figure Sa shows the binding isotherm in the form O,f 2 the generalized McGheearon Hippel equation (eq 11a,b) for large

Scatchard plot (Scatchard, 1949) constructed as describedtigand binding to the linear, homogeneous lattice, with intrinsic
above (using the titrations shown in Figure 3) for binding binding constanK = 1.8 x 10° M1, cooperativity parameten
the DnaB helicase to poly(dA) in buffer T2 (pH 8.1, 10) = 6, and site-size@ = 20. The computer simulations of the binding
containing 50 mM NaCl and 1 mM AMP-PNP. The same isotherms using the same intrinsic binding constant 1.8 x 1¢¢

o . . M~1 but different values ofv are also included: (---p = 10;
binding isotherm in the form of a direct plot of {;)s versus () w = 1. b. Dependence of the average bindi(ng d&énsity of the

log[DnaB is shown in Figure 5b. Because the site-size of DnaB helicase on poly(dA) upon free enzyme concentration in
the DnaB-poly(dA) complex has been independently esti- buffer T2 (pH 8.1, 10C) containing 50 mM NaCl and 1 mM AMP-
mated @ = 20, Figure 4), the intrinsic binding constait PNP. The solid line is the computer fit of the binding isotherm,
and the cooperativity parameterare the only two param- ~ according to the McGheevon Hippel model, using intrinsic

. - L binding constanK = 1.8 x 10° M1, cooperativity parameten
eters left to be determined. The solid lines in Figure 5a,b — 4 g ‘and site-siza = 20. The computer simulations of the binding
are computer fits using the generalized McGheen Hippel isotherms using the same intrinsic binding conskart 1.8 x 106
equation (see below) witk = 1.8+ 0.8 x 10° M~ andw M~1 but with different values of» are also included: (---p =
=6+ 3. The Scatchard plot (Figure 5a) is concave down 10; (+) @ = 1.
because the effect of a positive but very low valueuois ) ) ) ) )
overwhelmed by the entropy factor, resulting from the Nhucleic acid at a single concentration of a competing
difficulty in finding a gap for free sites which is long nonfluorescent nucleic acid in ghrec_t reference.to the titration
enough to accommodate the DnaB protein with the curve of the fluorescent nucleic acid alone (Figure 3). This
site-size of 20 nucleotides at higher binding densities results from the fact that, independently of the presence of
(McGhee & von Hippel, 1974; Bujalowski et al., 1989). For & competing, nonfluorescent nucleic acid, the same value of
comparison, theoretical binding isotherms with the same the relative fluorescent chang@yF, reflects the same
intrinsic binding constant but with different valuesofare ~ value of the ligand binding density on the fluorescent

Zv;

also included. reference lattice, Xv)r, and in turn the same free ligand
Competition Titration Method Using a Single Concentra- concentrationPe. Thus, in Figure 3, the same fluorescence
tion of Nonfluorescent, Competing Nucleic Acidrhe increase of poly(éA) upon binding the DnaB helicase

method described above allows the determination of absolutecOrresponds with the same helicase binding density on poly-
binding parameters for ligand binding to nonfluorescent (deA) in the presence and absence of the competing poly-
nucleic acid by performing fluorescence titrations of refer- (dA). Therefore, one can obtairy ¢;)s and [DnaB} by
ence nucleic acid solutions with the ligand at constant Simultaneously analyzing titration curves 1 and 2 or 1 and 3
reference nucleic acid concentrations in the presence of twoinstéad of 2 and 3 (Figure 3). This approach can be
or more concentrations of the competing nucleic acid. It Particularly useful if the amount of the competing nucleic
should be noted that the same absolute value of theacid is limited.

binding density, }1i)s, and the free ligand concentration, The total DnaB concentrations at which the same value
Pr, can be obtained by using a single titration of fluorescent of the relative fluorescence increagef, of poly(dA) is



Competitive Macromolecular Binding Biochemistry, Vol. 35, No. 7, 1996123

observed in the absence of poly(dR),, and in the presence  and
of poly(dA), Pr,, are defined as

Pr. = (3 m)eNr +Pe (10a) Pe= Zvi’[ KL =n)»)
_ (n—1)
Pr = (I mNr, + (I wsNy +P. (10b) [20(1 —n} w)]
[Cw — 1)(1— nZVi) + ZVi + R]
wherex can be 1 or 2 (Figure 3). [1—(n+ 1)21}_ +R] 2
Solving the set of equations (10a,b) fdri{)s provides { x Z ; ] (11b)
n— Vi
(ZV') — (PTx _ PTR) (10¢) whereK is the intrinsic binding constant, n is the number of
V'S (NT) nucleotides covered by the protein in the complex (site-size),

w is the cooperativity parameter, aRd= {[1 — (n+ 1)>v{]?
and + 4wy vi(l — nyvi)}os
In the case of ligand binding to two competing nucleic
P.=P, — )N~ — )N 10d acid lattices, the ligand interactions with each nucleic acid
F T (z )s Tr (z e Tx (10d) are described by an equation in the form of expressions 11a
The isotherm for the DnaB binding to poly(dA) generated and 11b; thus the whole interacting system is described by
by using the titration at a single poly(dA) concentration in W0 independent isotherms. Any attempt to simultaneously
reference to the titration of polyéd) (curves 1 and 3 in ~ USe two isotherms of the type given by 1la is hindered by
Figure 3) is shown in Figure 5a in the form of a Scatchard the fact that they are complex, polynomial, implicit functions
plot (open circles). of the binding density) », and free ligand concentration,
Direct Analysis of the Experimental Isotherm of Large 2¥[F(>¥i,Pe)].  Thus, in order to simulate or fit the
Ligand Binding to Two Competing Nucleic Acid Lattices. Competition titration isotherms of large ligand binding to two
The Scatchard analysis provides a way to obtain all interac- €OMPeting nucleic acid lattices, complex and cumbersome
tion parameters for cooperative binding of a large protein Numerical calculations are required (Kowalczykowski et al.,
ligand to nucleic acid. However, this approach, although 1986; McSwingen et al., 1988). To overcome this problem
very useful, can be applied only to a limited region of the @nd to obtain a general method to analyze simultaneous
experimental binding isotherm for which absolute binding Pinding of a ligand to two or more nucleic acids, without
density and free ligand concentration can be determinedesorting to complex numerical calculations we develop here
(Figure 5). Moreover, the required major transformation of n approach based on the combined application of the
the data may lead to the amplification of errors, particularly 9eneralized McGheevon Hippel theory, as defined by eq
at the high and low binding density regions. Therefore, an 11a, and the exact combinatorial theory of Epstein for large
approach which would allow a direct fit of the experimental ligand binding to a linear, homogeneous lattice (Epstein,
binding isotherm using an appropriate physical binding model 1978). In the Epstein combinatorial approach for binding a
is of great advantage and provides a method of estimating!arge ligand which covers n nucleotide residues to a linear
the binding parameters using all points of the experimental nucleic acid, the partition function of the liganducleic acid
isotherm. system,Z, is defined by eq 12a
For binding to a single type of nucleic acid lattice, McGhee
and von Hippel (1974) derived two equations for noncoop- 7 - P (k VKPP |
erative and cooperative binding of a large ligand to an infinite o kZ)Zo m(k (KPe) @
one-dimensional, homogeneous lattice with overlapping =
potential binding sites. Using the sequence-generation
function approach (Lifson, 1964), we previously derived a
single, generalized equation for the McGhe®n Hippel
binding model that can be applied to both cooperative and
noncooperative binding (Bujalowski et al., 1989). By virtue
of eliminating the necessity of using multiple equations, the
generalized McGheevon Hippel equation is particularly
useful in any computer fitting or simulation of large ligand
binding to nucleic acid for 0< w < . Using the ¢ yistinct ways thatk ligands bind to a lattice witk]

generalized equation, the binding densjy;, and free ligand ti tact . fi 12b (Epstei
concentrationsPr, are described by the following expres- (l:gc;gtira lve contacts and is defined by eq 12b (Epstein,

g k=1
(12a)

whereg is the maximum number of ligand molecules that
may bind to the finite nucleic acid lattice (for the nucleic
acid latticeM residues longg = M/n; Epstein, 1978)K is
the intrinsic binding constanty is the cooperative interac-
tion parameterk is the number of ligand molecules bound,
and j is the number of cooperative contacts betwden
bound ligand molecules in a particular configuration on
the lattice. The combinatorial factéhy(k,j) is the number

sions:
zvi =K(1 - nzvi) Pulk.]) =
[2w(1 — nzvi)] (n—-1) (M — nk+' 1)'(k|— 1)!]. ' (12b)
(2o — 1)L —nY¥) + S v +R] [(M = nk+j + Dk = )ik = = 1)1]

2 The binding density,>v;, is then obtained by using the
Pe (11a) standard statistical thermodynamic expressyan= a InZ/3
In Pe (Hill, 1985).

[1-(+1)>r+R)
2(n— zvi)
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g k-1

kP, (K, ) (KP.) ]
k;; (K (KPp) @
Qms=—7 (12c)

k;];PM(k:j)(KPF)kwj

Equations 12ac describe the binding of a large ligand
to a finite, linear homogeneous lattice. For a long enough
lattice, the isotherm obtained will be, within experimental
accuracy, indistinguishable from the isotherm generated using Log [DnaB (Hexamer)] 1,
the generalized equation 11a for binding the large ligand to Ficure 6: Direct computer fit of the fluorescence titrations of poly-
the infinite lattice. We found that in the case of a protein, (deA) with the DnaB helicase in buffer T2 (pH 8.1, 1TC)
like the DnaB helicasen(= 20), a lattice that can accom- containing 50 mM NaCl and 1 mM AMP-PNP, in the presence of

. . different concentrations of poly(dA), (data from Figure 3 included),
modate>40 protein molecules (800 nucleotides) represents using the combined appli(?ati)cl)(n O} t(he McGhe&)% Hippel and )

an “infinite” lattice for any practical purpose (Epstein, 1978). Epstein theories to analyze the binding of a large ligand to two
Contrary to the generalized McGheeon Hippel equation competing linear, homogeneous lattices, as described in the text.
(11a), expression 12c is an explicit function of the free ligand Binding of the helicase to the reference nucleic acid, peldis
concentration which allows us to calculate the binding density described by the McGhee/on Hippel model, using the indepen-
directly for knownK, w, n, andPr. Because free ligand dently determined mtnnsg binding qorjs-taﬂi 12 10 M,

) o . )< ™M  cooperativity parametep = 3, and site-sizen = 20 (Bujalowski
concentrations can be explicitly calculated using an infinite & Jezewska, 1995). Binding the enzyme to the competing poly-
lattice model through eq 11b, combining both equations (dA) is described by the Epstein combinatorial theory using
offers a simple way of fitting the simultaneous binding of a g?nodi?ﬁraggirt])étgg{(ame{ef :136- I?/Iit*el-'stiﬁgns;egeédalgﬂ itnhtrg}stiﬁe

; ; . - =14 x
Iarge ligand to two (or more) competing, dlfferent Il_near nucleig acid is 1600 nucleotides. The concentrationsgof poly(dA)
lattices, e.g., a reference fluorescent nucleic acid in the cleotide) are as follows:[) 0; (@) 2.5 x 10-5 M; (O) 7.5 x
presence of a competing, nonfluorescent nucleic acid. This10-5 M; (m) 2.22 x 107* M.
is accomplished by first applying eq 11a,b to the reference
fluorescent nucleic acid, calculating the free ligand concen- which, within experimental accuracy, are in excellent agree-
tration of P for given values of the parametefs w, andn, ment with the values obtained using the Scatchard analysis
with (3 vi)r as a variable. Subsequently, the obtained value or the direct binding isotherm (Figure 5a,b).
of Pris introduced into eq 12c which is used to describe the It should be pointed out that the analysis of the simulta-
protein binding to a competing, nonfluorescent nucleic acid, neous binding of a large ligand to competing nucleic acid
and the binding density >(i)s, is calculated for the given lattices can also be performed by applying eqs-d2af the
Ks, ws, andns which characterize the binding of the protein combinatorial theory to both the reference and the competing
to the competing lattice. The calculations are repeated for nucleic acids. This approach is completely equivalent to the
the entire range of th& (), generating the required ¢i)s combined application of the McGhegon Hippel and
for the competing nucleic acid lattice, as a functionPpf Epstein models described above. However, the advantage
The experimental binding isotherm, which is the observed of using the combined McGheeon Hippel and the Epstein
fluorescence chang&F as a function of the total protein  combinatorial theories lies in the tremendously decreased
concentratiorPr, is then obtained by calculating for each computational time to model the nucleic acid, particularly
value of AF the total protein concentratid®y, by introducing if a very long lattice is used.

Relative Fluoresence Increase

(Xvi)s, (Xvi)r, andPx into eq 8a or eq 8b. Fluorescence Titrations of Short, Fluorescent Oligonucle-
Figure 6 shows the fluorescence titration curves of poly- otides in the Presence of a Competing Polymer Nucleic Acid.
(deA) with the DnaB helicase in buffer T2 (pH 8.1, IC) In the analysis described above, we have focused on the

containing 50 mM NaCl and 1 mM AMP-PNP in the simultaneous, competitive binding of the protein to two
presence of different concentrations of poly(dA). The solid different nucleic acids with the signal originating from a
lines are computer fits of the simultaneous binding of the single reference polymer nucleic acid. However, the analysis
helicase to two competing nucleic acids using the proceduredoes not have to be confined to a polymer reference lattice,
outlined above for fitting the binding of a large ligand to and in some cases it can be simplified in terms of mathemat-
two competing nucleic acids. The binding of the DnaB ics necessary to analyze the isotherms as well as in terms of
helicase to poly(dA) has been described using the general- experimental procedures by using short fragments of nucleic
ized McGhee-von Hippel equation (eq 11a) for an infinite, acid as a reference lattice. Such an approach may also serve
homogeneous lattice and using independently deternined as an auxiliary test for the interaction parameters of the
=12 x 10 M™%, w = 3, andn = 20 (Bujalowski & ligand—nucleic acid complex which have been previously
Jezewska, 1995). The binding of the helicase to competingdetermined, using a polymer reference lattice.

poly(dA) has been modeled using the Epstein combinatorial A short nucleic acid fragment, optimal for such analysis,
theory as described by eqs ¥2a Because the site-size of would be an oligomer that forms a simple 1:1 complex with
the DnaB-poly(dA) complex,n = 20 + 3, has been the protein. The obvious choice for a short, reference
independently estimated (see above), there are only twofluorescent nucleic acid lattice is a nucleic acid fragment
parameters to be determined: the intrinsic binding constant,long enough to span the site-size of the protaincleic

K, and the cooperativity parameten. The best fit is acid complex. Such an oligomer binds to the same bind-
obtained withK = (1.4 + 0.5) x 1 Mt andw = 6 + 3, ing site as a polymer lattice and occupies the entire site.
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A selection of the length of the fluorescent reference
fragment can be based on the initial estimation of the
stoichiometry of the proteinnucleic acid complex obtained
using a modified fluorescent polymer nucleic acid.

The degree of saturation of the nucleic acid oligomer with
the protein ligandgg, and the fluorescence changiigo,
accompanying the formation of the complex, are described
by equations

K. P
1+ K,Pp)
and
K Pr
AFoIigo = AFmak{(l +OK P ) (l3b)
o F

whereAFnmayis the maximum observed fluorescence change
of the short nucleic acid lattice upon saturation with the
protein andK, is the 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
binding density, § vi)s, on the competing polymer through
the free protein ligand concentratioR;. However, as in
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the case of the reference polymer nucleic acid, the same valug;gure 7: a. Fluorescence titrationde{ = 325 nm, Zem = 410

of AFgigo (€q 13b) at different competing nonfluorescent

nm) of deA(peA)19 With the DnaB helicase in buffer T2 (pH 8.1,

nucleic acid concentrations corresponds with the same degred0 °C) containing 100 mM NaCl and 1 mM AMP-PNP, in the

of saturation of the short nucleic acid fragment and the sam
free concentration of the proteis, i.e., the same)vi)s.
Therefore, performing two fluorescence titrations of a short
oligomer nucleic acid, with the protein at the same total
oligomer concentrationg)y,, but in the presence of two
different total concentrations of the competing nucleic acid,
Nr, andNr,, allows the determination of the binding density,
(>vi)s, and free protein concentratioRg, by applying the

e

presence of different concentrations of poly(dAm) ©; (O) 3.5

x 1078 M (Nucleotide); @) 2.4 x 105> M (Nucleotide). The
concentration of dA(peA)1gis 2 x 105 M (Oligomer). The solid
horizontal line connects points on the titration curves which are
characterized by the same value of the relative fluorescence increase,
AFiigo. The intersection points of the solid horizontal line with the
titration curves in the presence of poly(dA) define the total DnaB
concentrationsPr, andPr,, at which the degree of enzyme binding

on deA(peA)1q, Or, the binding density on poly(dA)>ri)s, and

free helicasePr, concentrations are constant (see egs 13 and 14).

same method as described above for a polymer referencesolid lines are direct computer fits of the binding of the DnaB
lattice. In the case of the short reference lattice, eq 8a andhelicase to dA(peA);q in the presence of a competing, polymer

eq 8b take the form of

Pr, = (3 )N, + GrOr, + Pr (14a)

Pr,= (ZVi)SNTz + 0rOr, + P (14b)
The absolute binding density} ¢))s, is then defined by eq
9a,b with ¢ v)r replaced bygg.

Analogously, if a single fluorescence titration of a refer-
ence oligomer with the protein in the presence of a competing
polymer lattice at the concentratid¥r,, is used in direct
reference to the fluorescence titration of the reference
oligomer alone with the protein, eq 10a and eq 10b become

Pr_ = 0rOr_ + P (15a)

Pr = 0Oy, + (zVi)sNTX +Pe (15b)
The absolute binding density) ¢;)s, and the free protein
ligand concentratiorPg, are then defined by eq 10c and eq
10d with § vi)r replaced bygr. To illustrate this simplified
procedure, we performed competition titrations @A@eA) 19
with the DnaB protein in the presence of the competing poly-
(dA). Figure 7a shows the fluorescence titrations eAd
(peA) 10 with the DnaB protein in buffer T2 (pH 8.1, 1C)

nucleic acid, poly(dA), using a single-site binding isotherm for the
DnaB bhinding to dA(peA)19 (Ko = 3 x 107" ML, AFmax = 3.4)

and the generalized McGhegon Hippel equation to describe
binding of the helicase to poly(dA) (eq 11a,b) with intrinsic binding
constantK = 6.7 x 10° M1, cooperativity parameter = 6, and
site-sizen = 20. b. The dependence of the relative fluorescence
increase of eéA(peA)1o upon the absolute binding density,1()s,

of the DnaB helicase on the competing poly(dA) in buffer T2 (pH
8.1, 10°C) containing 100 mM NaCl and 1 mM AMP-PNP. The
plot is constructed by using the absolute binding density values
obtained by applying the MCT method to the titrations shown in
Figure 7a. The dependence of the relative fluorescence increase of
deA(peA)19 upon the degree of binding of the DnaB helicase on
deA(peA) 19, in the same buffer conditions, is also included (dashed,
straight line). Solid line is the computer simulation of the binding
of the DnaB helicase to et\(peA)qo, in the presence of the
competing poly(dA), using a single-site binding isotherm for the
DnaB binding to dA(peA)19 (Ko = 3 x 10" ML, AFmax = 3.4)

and the generalized McGhegon Hippel equation to describe the
binding of the helicase to poly(dA) (eq 11a,b) with intrinsic binding
constantK = 6.7 x 10° M1, cooperativity parameter = 6, and
site-sizen = 20.

containing 100 mM NaCl and 1 mM AMP-PNP, in the
presence of two different concentrations of poly(dA). The
length of dA(peA)19 corresponds exactly with the length
of the site-size of the DnaBssDNA complex (see ac-
companying paper), and the oligomer forms a 1:1 complex
with the helicase (Bujalowski & Jezewska, 1995).



2126 Biochemistry, Vol. 35, No. 7, 1996

The dependence of the observed relative fluorescence
increase AFqiigo, UpON the absolute binding density,)s,
of DnaB on poly(dA) is shown in Figure 7b. The depen-
dence ofAFig upon the degree of binding of DnaB on
deA(peA)1q, expressed as the DnaB hexamer per nucleotide
of deA(peA)1q, is also included (dashed, straight line; M.
Jezewska, U.-S. Kim, and W. M. Bujalowski, , accompany-
ing paper). The separation of the binding isotherms
allowed us to obtain)v;)s up to the value 0£-0.045 22
nucleotides per the DnaB helicase hexamer) and up to
AFqiigo ~ 3. Extrapolation through the last10% of the
fluorescence change toFn.x = 3.4 provides an estimation
of the stoichiometry of the complex at saturatiofy{)s =
0.0474+ 0.005 6 = 21 + 4). The plot is concave down,
showing that the degree of saturation of poly(dA) exceeds
the degree of éA(peA)1o Saturation with the helicase at the
same value oAFige and indicating a higher macroscopic
affinity of DnaB for the polymer when compared witkhAt
(peA)10. However, the computer simulation (solid line in
Figure 7b) using binding parameters for the Drgidly-
(dA) complex (see below) indicates that at very high values
of (3v)s (>0.046; very close to the maximum saturation of
the lattice), the macroscopic affinity for the poly(dA)
becomes weaker when compared with the oligomer due to
the entropy factor resulting from the difficulty of finding a
free nucleotide gap large enough to accommodate the
helicase. The solid lines in Figure 7a are direct computer
fits of the experimental binding isotherms for the simulta-
neous binding of the protein to the short oligomer (eq
13b) and the polymer nucleic acid (eq 11a,b), udihegr
6.7 x 1°* M™%, w = 6, andn = 20 for poly(dA). The
binding parameters determined for the Dnrgily(dA)

Jezewska and Bujalowski
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Ficure 8: a. Theoretical fluorescence titrations of a fluorescent
nucleic acid oligomer with a protein which form a complex with a
1:1 stoichiometry in the presence of different, competing polymer
nucleic acids at the same concentration of the polymex [B0~°

M (Nucleotide)]. The interactions of the protein with polymer
nucleic acids are characterized by the same intrinsic binding
constantk = 1 x 10° M1, site-sizen = 20, but by a different
cooperativity parametep; nucleic acid oligomer alone<); w =

1 (~-); ® =50 (---); o = 100 (»-+-). The concentration of the
oligomer is 5 x 1077 M, its affinity toward the protein is

system are, within experimental accuracy, the same as thecharacterized by the equilibrium constatt= 1 x 10/ M~L and

parameters obtained using the MCT method with the polymer
reference lattice, poly¢d) (Jezewska et al., accompanying
paper).

An interesting feature of the competition titrations of the
short oligomer, with the protein in the presence of a
competing long polymer nucleic acid, is that it may provide
qualitative information about the cooperativity of the binding
of a protein to the polymer nucleic acid by merely inspecting
the shape of the fluorescence titration curve. Figure 8a
shows computer simulations of the fluorescence titrations
of the oligomer with a protein ligand in the presence of long
polymer nucleic acids which differ by the value of the
cooperativity parametes. The oligomer binds to the protein
with a 1:1 stoichiometry, and its affinity is characterized by
the binding constanK =1 x 10’ M~1. The maximum
fluorescence increase upon bindingA&m.x = 3.5. The
intrinsic binding constant of the protein for the polymer
nucleic acid and the site-size of the complex aré 0!
and 20, respectively. Increasing the valuexdfy two orders
of magnitude (from 1 to 100) at the same intrinsic binding
constant, has little effect on the initial part of the binding
curve. However, asv increases, the upper part of the
titration curve shifts significantly, approaching the stoichio-
metric curve at higlw values (see Figure 8a). This behavior
results from the fact that at a low value of binding density,
(3v)s, with only a few protein molecules bound, the
macroscopic affinity of the protein for polymer lattices is
dominated by the intrinsic binding constaht, with little
influence ofw, while at a high value of binding density the
cooperative interactions become a significant part of the

the maximum fluorescence increase upon protein bindifg.ax

= 3.5. b. Theoretical fluorescence titrations of a fluorescent nucleic
acid oligomer with a protein which form a complex with a 1:1
stoichiometry in the presence of different, competing polymer
nucleic acids at the same concentration of the polymex [B0~>

M (Nucleotide)]. The interactions of the protein with polymer
nucleic acids are characterized by the same cooperativity parameter
w =1, site-sizen = 20, but by different intrinsic binding constants,
K, nucleic acid oligomer alone=); 1 x 1° M1 (-+-); 1 x 1P

M~ (---); 1 x 10’ M~ (-+---). The concentration of the oligomer

is 5 x 1077 M, its affinity toward the protein is characterized by
equilibrium constantKk = 1 x 10/’ M~ and the maximum
fluorescence increase upon protein bindiN§max = 3.5. Stoichio-
metric binding curves in Figure 8a,b-(— —) have been obtained
usingK = 1 x 10’ M~ andw = 150 for the ligand binding to the
polymer lattice.

ligand macroscopic affinity. Thus, larger separation in the
upper parts of the titration curves of the fluorescent oligomer
with the protein in the presence of competing, nonfluorescent
polymer nucleic acid, indicates significant, positive coop-
erativity in the protein binding to the polymer lattice. The
situation is different if the protein binds noncooperatively
to different nucleic acids with different intrinsic binding
constants (Figure 8b). As the intrinsic binding constant
increases, the whole titration curve is shifted, approaching
the stoichiometric curve at a very high binding affinity. This
results from the fact that, contrary to the cooperative binding,
at any value of the binding density, the macroscopic affinity
of the protein ligand is mainly determined by the intrinsic
binding constant. In this context, inspection of the titration
curves of @A(peA)1s, With DnaB in the presence of poly-
(dA) (Figure 7), qualitatively indicates that the macroscopic
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affinity of the helicase to poly(dA) is dominated by the oral T — —
intrinsic binding constant with very weak or nonexistent I
cooperative interactions, as quantitatively determined by the
rigorous analysis described in this work and in the ac-
companying paper. Similar, simple qualitative evaluations
of the cooperativity in ligand binding to a long, competing
nucleic acid, using a polymer reference lattice, may be
obscured by the effects of the cooperativity and by the
entropy factor resulting from the overlapping nature of the . ‘ . , .
binding sites occuring on both polymers. 7.5 -7 -6.5 -6 5.5
Application of Fluorescence Anisotropy Using the MCT Log[DnaB (Hexamer)]
Method In some proteir-nucleic acid systems, in spite of i _ I _
jchg fact that a Iabe!ed nupleic acid is fluorescent, the.changesiezfg ?{rn)F lé)’foée:(cri%elgawni'tShOttrr?epyDtr']t;aBt'?]Zﬁg(a_sesizrf QS%;F’"JFZ
in its fluorescence intensity upon the complex formation may (pH 8.1, 10°C) containing 100 mM NaCl and 1 mM AMP-PNP,
not be adequate enough to obtain reliable stoichiometry orin the absence and presence of poly(dAl) Q; (O) 2.4 x 1075
interaction parameters, although the affinity can still be high. M (Nucleotide). The concentration okA(peA)igis 5 x 1077 M

; : {Oligomer). Solid lines are the direct computer fit of the binding
In such cases, fluorescence anisotropy of the labeled nuclelcéf the DnaB helicase toch(peA) s in the absence and presence

acid may be used to monitor the binding, provided the ot competing poly(dA), using a single-site binding isotherm for
complex formation leads to a substantial decrease of thethe DnaB binding to @A(peA) 1o (Ko = 3 x 107 ML, rpyin = 0.052,

mobility of the fluorescent marker on the nucleic acid rmax= 0.128) and the generalized McGhemn Hippel equation
(Heyduk & Lee, 1990, 1992; LeTilly & Royer, 1993). The o describe binding of the helicase to poly(dA) (eq 11a,b) with
binding of large protein molecules to a short fragment of 'n;!‘;'gtebging gggs;ﬁgzi;ﬂ 2'726( 10° M™%, cooperativity
labeled nucleic acid will always decrease rotational P ’ '

mobility of the fluorophore and lead to a substantial increase
of the fluorescence anisotropy, providing an adequate

spectroscopic signal to monitor the binding. On the other 10° M1, w = 6, andn = 20, as previously determined and

hand, intere_lctions of the protein with a Iong_ fluorescent using the fluorescence intensity ofA{peA)s to monitor
polymer lattice may not, and most probably will not, cause the binding

significant changes of the nucleic acid fluorescence anisot-
ropy. This is also one of the reasons the use of fluorescencecoNCLUSION
anisotropy of a fluorescent-labeled nucleic acid is usually
limited to studying protein interactions with short oligo- Understanding macromolecular interactions, such as those
mers. However, the binding of the protein to long polymer involving proteins and nucleic acids, requires detailed
nucleic acids can be rigorously determined by using the knowledge of the energetics and kinetics of the formed
MCT method described here when the binding of the complexes. Spectroscopic methods are widely used in
protein to the short fluorescent fragment of nucleic acid is characterizing the energetics (thermodynamics) of ligand
followed by monitoring the increase of its fluorescence macromolecule interactions in solution. However, spectro-
anisotropy in the presence of a competing, nonfluorescentscopic methods can only be applied if a change of spectro-
polymer nucleic acid. This approach is completely analogous scopic property of the macromolecule (or ligand) occurs upon
to the one described in the previous section, the differenceformation of a complex. The approach presented in this
being the type of spectroscopic signal used to monitor the work describes a general method of analysis of macromo-
binding. lecular binding for the proteinnucleic acid systems in
An example of the application of this approach is presented Which there is insufficient spectroscopic signal change
in Figure 9, showing the fluorescence titrations ef\(beA) 10 directly accompanying the binding. This can be achieved
with the DnaB helicase in the absence and presence of poly-through competition titrations of a suitable fluorescent
(dA) and using the fluorescence anisotropy eAfbeA)1o derivative of a nucleic acid with the protein in the presence
to monitor the binding. Binding of the large DnaB hexamer of a competing, nonfluorescent nucleic acid, whose interac-
to the 20-mer causes a significantZ.5-fold) increase of  tion parameters (site-size, intrinsic affinity, cooperativity)
the fluorescence anisotropy of the nucleic acid from 0.05 to with the protein are to be determined. The method enables
0.128. The obtained binding constakt, = (3 &+ 0.5) x one to obtain the absolute binding densityy{)s, and the
10’ M1, is the same (as expected) as the one determinedfree protein ligand concentratioRg, hence, to construct the
by measuring the increase of the fluorescence intensity ofentire, model-independent binding isotherm. Once the
the 20-mer upon binding to the curve. In the presence of thermodynamically rigorous isotherm is obtained, it can be
poly(dA), the titration curve is shifted toward higher DnaB analyzed by using the statistical thermodynamic models that
concentrations, indicating competition for the helicase be- incorporate known molecular aspects of the proteincleic
tween the oligomer and the polymer. Analysis of the titration acid interactions, like cooperativity, overlap of potential
curves, using the method described above for the titrationsbinding sites, etc. (Crothers, 1968; McGhee & von Hippel,
where the binding was followed by the fluorescence intensity 1974; Bujalowski et al., 1989).
of the oligomer (eq 14a,b), yields the estimation of the  We illustrated the application of the MCT method for the
absolute binding density3 (i)s, and the free DnaB concen-  E. colireplicative helicase DnaB protein binding to a single-
tration over a large range of titration curves. Within stranded nucleic acid, poly(dA), using the fluorescent etheno
experimental accuracy, these estimates are identical to thederivative, poly(dA), as the reference fluorescent nucleic acid
ones obtained by using fluorescence intensity to monitor the (Bujalowski & Jezewska, 1995). Fluorescence titrations of

Fluorescence Anisotropy

Total

binding (data not shown). The solid lines in Figure 9 are
computer fits using the same binding parameteérs; 6.7 x
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