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ABSTRACT: Kinetics of cooperative binding of rat polymeraseâ to a double-stranded DNA has been studied
using the fluorescence stopped-flow techniques. The data have been analyzed by an approach developed
to examine complete kinetics of cooperative large ligand binding to a one-dimensional lattice. The method
is based on using the smallest possible system that preserves key ingredients of cooperative binding; i.e.,
at saturation, the lattice can accept only two ligand molecules. It allows the identification of collective
amplitudes as well as amplitudes describing particular normal modes of the reaction. The mechanism of
the intrinsic binding of polâ to the dsDNA is different from the analogous mechanism for the ssDNA.
The difference originates from different enzyme orientations in the corresponding complexes. Intrinsic
binding to the dsDNA includes only two sequential steps: a very fast bimolecular association followed
by an energetically favorable conformational transition of the complex. The transition following the
bimolecular step does not facilitate the engagement of the enzyme in cooperative interactions. Its role
seems to be reinforcing the affinity of the bimolecular step. Salt and magnesium cations affect both the
bimolecular step and the conformational transition. As a result, the bimolecular step is less sensitive to
the increased salt concentration, allowing the enzyme to preserve its initial dsDNA affinity. The changing
character of cooperative interactions between bound enzyme molecules as a function of NaCl concentration
and MgCl2 concentration does not affect the binding mechanism. The engagement in cooperative interactions
is ∼3-4 orders of magnitude slower than the conformational transition of the DNA-bound polymerase.
The importance of the obtained results for the polâ activities is discussed.

Polymeraseâ (pol â) is one of a number of recognized
DNA-directed polymerases in most eukaryotic cells that plays
very specialized functions in the mammalian cell DNA repair
machinery (1-7). A unique feature of a DNA repair
polymerase including polâ is that the enzyme must recognize
specific structures of damaged DNA sites. Moreover, the
recognition of a damaged DNA site must precede chemical
steps of the DNA synthesis. Among known specific activities
of pol â are gap filling synthesis in mismatch repair, repair
of monofunctional adducts, UV-damaged DNA, and abasic
lesions in DNA (1-7). A DNA repair polymerase must be
capable of specifically recognizing the common feature of
damaged DNA sites, i.e., the presence of the single- and
double-stranded (ss and ds, respectively) conformation of
the nucleic acid. This capability is reflected in the structural
organization of the total DNA-binding site of the enzyme
and in mechanisms of interactions with the DNA (8-12).

The structure of polâ is a paradigm of the structure of
the DNA repair polymerase (7). The enzyme possesses two
functional domains, a large 31-kDa catalytic domain and a

small 8-kDa domain, that constitute the total DNA-binding
site (8-12). Both the 8- and 31-kDa domains have the ability
to bind DNA; thus, the total DNA-binding site has two DNA-
binding subsites (8-12). However, only the DNA-binding
subsite on the 8-kDa domain of polâ has been found to
have similar and significant affinity for both ss- and dsDNA
(12, 13). Thus, the subsite is the primary DNA-binding site
of the enzyme. Moreover, its interactions with the DNA are
specifically controlled by binding of Mg2+ cations to the
domain (12). A similar organization of the enzyme molecule
has been indicated for several other DNA polymerases
engaged in DNA repair, although little is known about their
nucleic acid binding mechanisms (14-17).

Interaction of human and rat polâ with the ssDNA is a
very complex process, as already indicated by quantitative
thermodynamic analyses (8-12). Both enzymes bind the
ssDNA in two binding modes which differ in the number of
occluded nucleotide residues, the (polâ)16 and (pol â)5

binding modes (8-12). In the (polâ)16 binding mode, the
total DNA-binding site of the enzyme is engaged in the
complex; i.e., both the 8- and 31-kDa domains are involved
in interactions with the ssDNA. In the (polâ)5 binding mode,
only the 8-kDa domain is engaged in interactions with the
nucleic acid (8-12). Kinetic studies of interactions of human
and rat polâ with the ssDNA, in the (polâ)16 and (polâ)5

† This work was supported by NIH Grant GM-58565 (to W.B.).
* To whom correspondence should be addressed: Department of

Human Biological Chemistry and Genetics, The University of Texas
Medical Branch at Galveston, 301 University Blvd., Galveston, TX
77555-1053. Telephone: (409) 772-5634. Fax: (409) 772-1790.
E-mail: wbujalow@utmb.edu.

1251Biochemistry2005,44, 1251-1267

10.1021/bi0487037 CCC: $30.25 © 2005 American Chemical Society
Published on Web 01/05/2005



binding modes, show that the binding mechanism is a
complex multistep sequential reaction (18, 19). The associa-
tion is initiated through the very fast engagement of the
DNA-binding subsite, located on the 8-kDa domain, in
interactions with the nucleic acid. Analyses of the dynamics
of gapped DNA recognition by both enzymes clearly indicate
that the binding is also initiated through the 8-kDa domain
(20). The ability of the 8-kDa domain to interact with the
ss- and dsDNA is a key element in anchoring polâ to
template-primer and gapped-DNA substrates (10-12). The
8-kDa domain binds to the ss- and/or dsDNA part of the
gapped DNA downstream from the primer. The association
of the 31-kDa domain with the dsDNA part of the gapped
DNA substrate, containing the primer, follows the initial
binding step.

Recent thermodynamic studies indicate that the binding
of pol â to the dsDNA is very different from its interactions
with the ssDNA or gapped DNA substrates (21). A peculiar
aspect of the interactions of the enzyme with the dsDNA is
the presence of significant cooperative interactions, dramati-
cally controlled by the salt concentration and magnesium in
solution. At low NaCl concentrations, the enzyme binds to
the dsDNA with negative cooperativity, while at elevated
salt concentrations and in the presence of magnesium,
cooperativity is strong and positive. As a result, contrary to
intrinsic affinities that are accompanied by a net ion release,
cooperative interactions are accompanied by a net uptake of
ions (21). Such behavior is very different from the salt effect
on weak cooperative interactions between enzyme molecules
in its binding modes on the ssDNA and gapped DNA, where
little, if any, dependence upon salt has been found (8, 10,
11). Instead of different binding modes, the enzyme binds
the dsDNA by forming a single type of complex with a site
size (p) of 5 ( 1 bp. The small site size is a consequence of
engagement of only the 8-kDa domain in intrinsic interac-
tions with the dsDNA.

Elucidation of the interactions of polâ with the dsDNA
is fundamentally important in understanding the molecular
mechanism of the DNA recognition by the polymerase.
Recall that although the enzyme binds to the specific
structure of the damaged DNA site, it must recognize the
site in the context of an overwhelming concentration of the
dsDNA. Analysis of polâ-dsDNA interactions may also
provide important general insights about the mechanisms of
recognition of DNA substrates by other DNA repair poly-
merases. Despite its paramount importance for understanding
the DNA recognition process, the direct analysis of the
kinetics of the cooperative interactions of polâ with the
dsDNA has not yet been quantitatively addressed.

In this paper, we report fluorescence stopped-flow kinetic
analyses of the cooperative binding of rat polâ to the
dsDNA. The obtained data have been analyzed using an
approach developed to study complete kinetics of coopera-
tive, large ligand binding to a one-dimensional lattice that,
at saturation, can accept only two ligand molecules. Com-
bined application of computer simulations and equilibrium
data with examination of both relaxation times and ampli-
tudes is essential for the approach. Intrinsic binding of pol
â to the dsDNA includes only two sequential steps: very
fast bimolecular association followed by an energetically
favorable conformational transition of the complex. The
transition following the bimolecular step does not facilitate

the engagement in cooperative interactions. The changing
character of cooperative interactions as a function of salt
concentration and Mg2+ does not affect the mechanism of
polymerase-dsDNA interactions. However, engagement in
cooperative interactions is a slow process,∼3-4 orders of
magnitude slower than conformational transition of the bound
polymerase.

MATERIALS AND METHODS

Reagents and Buffers.All solutions were made with
distilled and deionized>18 MΩ (Milli-Q Plus) water. All
chemicals were reagent grade. Buffer C is 10 mM sodium
cacodylate adjusted to pH 7.0 with HCl, 0.1 mM EDTA,1 1
mM DTT, and 10% glycerol. Temperatures and concentra-
tions of salts in the buffer are indicated in the text.

Rat Polâ. Rat polymeraseâ was purified as previously
described (8-12). The concentration of the protein was
spectrophotometrically determined using an extinction coef-
ficient (ε280) of 2.1 × 104 cm-1 M-1 obtained with an
approach based on Edelhoch’s method (8-12, 22, 23).

Nucleic Acids. Modified and unmodified DNA oligomers
were purchased from Midland Certified Reagents (Midland,
TX). The labeled ssDNA oligomer contains a fluorescent
label, 7-(diethylamino)-3-(4′-maleimidylphenyl)-4-methyl-
coumarin (CP), attached to the 5′ end through a six-carbon
linker. Concentrations of all ssDNA oligomers have been
spectrophotometrically determined as described previously
by us (24-26). The dsDNA substrate was obtained by
mixing the ssDNA oligomers at the given concentrations,
warming the mixture for 5 min at 95°C, and slowly cooling
for a period of∼3-4 h (24-26). The melting temperature
of the examined dsDNA oligomer is 54( 0.3 °C. The UV
melting curve of the dsDNA 10-mer, used as a substrate in
these studies, is included in the Supporting Information.

Fluorescence Measurements.Steady-state fluorescence
measurements were performed using an SLM-AMINCO
8100C spectrofluorometer under magic angle conditions
(27-33). Formation of the complex was followed by
monitoring the fluorescence of the CP-labeled DNA (λex )
435 nm,λem ) 480 nm) (21). Computer fits were performed
using KaleidaGraph (Synergy Software, Reading, PA) and
Mathematica (Wolfram Research).

Stopped-Flow Kinetics.All fluorescence stopped-flow
kinetic experiments were performed using an SX.18MV
stopped-flow instrument (Applied Photophysics Ltd., Leather-
head, U.K.). The reactions were monitored by the dsDNA
fluorescence, with aλex of 435 nm. The emission was
observed through a GG455 cutoff filter (Schott). Usually,
five to eight traces were collected and averaged for each
sample. The kinetic curves were fitted to extract relaxation
times and amplitudes using the nonlinear least-squares
software provided by the manufacturer, with the exponential
function defined as

1 Abbreviations: DTT, dithiothreitol; EDTA, ethylenediaminetet-
raacetic acid, disodium salt; CP, 7-(diethylamino)-3-(4′-maleimidylphe-
nyl)-4-methylcoumarin.

F(t) ) F(∞) + ∑
i)1

n

Ai exp(-λit) (1)
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whereF(t) is the fluorescence intensity at timet, F(∞) is
the fluorescence intensity at∞ time, Ai is the amplitude
corresponding to theith relaxation process,λi is the time
constant (reciprocal relaxation time) characterizingthe ith
relaxation process, andn is the number of relaxation
processes.

RESULTS

Statistical Thermodynamic Model of Binding of Rat Pol
â to the dsDNA 10-mer.The simplest extension of the
statistical thermodynamic model of cooperative binding of
a large ligand to a one-dimensional lattice that can accom-
modate, at saturation, only two ligand molecules is shown
in Figure 1 (21). This model is analogous to the one used

previously to analyze the binding of rat polâ to the dsDNA
10-mer, but includes an additional conformational transition
of the bound ligand. The first ligand molecule can associate
with the nucleic acid lattice, N1, forming two types of
complexes, N2 and N4, characterized by the same partial
equilibrium constant,K1. There are two complexes of the
N2 type that can still accept another ligand molecule with a
site size (p) of 5. On the other hand, there are four N4-type
complexes, where the location of the bound ligand sterically
prevents association of the second enzyme molecule. This
is a characteristic situation in the case of the large ligand
binding to a one-dimensional lattice, where instead of discrete
sites, potential binding sites must be considered (34-38).

Both N2 and N4 undergo the same conformational transi-
tion to N3 and N5 complexes, respectively, described by the
partial equilibrium constantK2. The second ligand molecule
can bind to the N2 and N3 complexes, forming the N6 and
N7 complexes, respectively. These complexes differ in the
conformational states of the two bound ligand molecules.
Moreover, bound molecules are now engaged in cooperative
interactions characterized by the cooperativity parameter,ω
(34-38). Cooperative interactions between the enzyme
molecules in different conformational states are taken to be
identical. This assumption is justified by the equilibrium
studies indicating that a single value ofω characterizes
cooperative binding of rat polâ to the dsDNA (21). In the
N7 complexes, the enzyme molecules undergo a conforma-
tional transition to form the N8 complex. The partition
function,Zm, describing the considered binding system is (10,
21, 34-38)

wherem is the total number of base pairs in the oligomer
(10), p is the site size of the polâ-dsDNA complex (5),
andPF is the free polâ concentration. Comparison with the
statistical thermodynamic model, used to analyze equilibrium
binding isotherms of rat polâ to the same dsDNA oligomer
lattice, indicates that the intrinsic binding constantKint,
obtained from equilibrium studies, is defined, in terms of
the partial equilibrium constants, as (21)

The average degree of binding,∑Θi, the number of polâ
molecules bound per DNA oligomer, is then

Analysis of Stopped-Flow Kinetic Experiments of the
CooperatiVe Large Ligand Binding to a Two-Site One-
Dimensional Lattice. The kinetic mechanism corresponding
to the considered statistical thermodynamic model, depicted
in Figure 1, is shown in Scheme 1. Despite applied
simplifications in the formulation of the binding model, the
kinetic mechanism is very complex. There are six rate
parameters that describe the considered cooperative bind-
ing: k1 andk-1, characterizing the bimolecular step;k2 and
k-2, characterizing the conformational transition of bound

FIGURE 1: Schematic model of the cooperative large ligand binding
to the one-dimensional lattice that, at saturation, can accept only
two ligand molecules. The lattice contains 10 monomeric units (m),
and the site size (p) of the ligand-lattice complex is 5 monomers.
Due to the existence of potential binding sites, the first ligand can
form complexes, N2, that can still accept another ligand molecule,
and complexes, N4, where binding of another ligand is sterically
prevented. There are four possible N4 complexes initiated at
different lattice sites. The dashed line symbolizes the range of these
different locations. In states N2 and N4, the ligand undergoes a
conformational transition following the binding step to form the
N3 and N5 complexes, respectively. Association of the second
molecule with N2 and N3 leads to the N6 and N7 species,
respectively, that differ in the conformational states of the bound
ligands; in these states, the ligand molecules are now engaged in
cooperative interactions. In the N8 complex, the bound molecules
are in the final conformational state.

Zm ) 1 + (m - p + 1)K1(1 + K2)PF +

[K1(1 + K2)]
2ωPF

2 (2)

Kint ) K1(1 + K2) (3)

∑Θi )
(m - p + 1)K1(1 + K2)PF + 2[K1(1 + K2)]

2ωPF
2

Zm

(4)
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enzyme molecules; andω1 and ω-1, association and dis-
sociation cooperativity factors, respectively, resulting from
the engagement in cooperative interactions. These rate
parameters are related to the equilibrium binding parameters
as follows: K1 ) k1/k-1, K2 ) k2/k-2, andω ) ω1/ω-1. There
are eight possible states of the dsDNA and eight steps in
the mechanism. The same number of states and reaction steps
results from the presence of the cyclic pathway, including
N2, N3, N6, and N7 intermediates (Scheme 1) (39-42).

Quantitative analysis of spectroscopic stopped-flow mea-
surements requires the examination of both the relaxation
times and the amplitudes of the observed processes. In our
studies, we used the matrix projection operator technique as
we described previously (40-43). This powerful method is
particularly useful for providing closed-form explicit expres-
sions for amplitudes of the studied reaction (40-42). The
kinetics of cooperative binding of polâ to the dsDNA is
followed by changes in the fluorescence intensity of the
nucleic acid (21). Differential equations describing the time
course of the reaction described by Scheme 1, in terms of
different dsDNA species, are

Experiments described in this work were performed in a
large excess of the polymerase over the nucleic acid,P .

N; i.e., P is equal to the total concentration of the enzyme
and is constant during the time course of the reaction. In
matrix notation, system 5 is defined as

and

whereN4 is a vector of time derivatives,M is the coefficient
matrix, andN0 is the vector of initial concentrations of
different dsDNA species. To obtain the solution of system
6, we expand matrixM t using its eigenvalues,λi, and the
projection operators,Qi, as (38-40)

The projection operators,Qi, can easily be analytically
defined using the original coefficient matrixM and its
eigenvalues,λi, by Sylvester’s theorem (40-43). A general
formula for a projection operator,Qi, corresponding to an
eigenvalue,λi, is

wheren is the number of eigenvalues andI is the identity
matrix that is the same size asM .

In the considered mechanism depicted in Scheme 1 (eqs
5 and 6), there are eight eigenvalues (λ0-λ7). One eigenvalue
(λ0 ) 0) requires that at very long times (t f ∞) the system
approach equilibrium. Application of the matrix projection
operators provides the solution, for the system of differential
equations (eq 6), as

whereQi values are defined by eq 9.
There are seven normal modes of the reaction correspond-

ing to relaxation timesτ1 ) (-1/λ1), τ2 ) (-1/λ2), τ3 )
(-1/λ3), τ4 ) (-1/λ4), τ5 ) (-1/λ5), τ6 ) (-1/λ6), andτ7 )
(-1/λ7) and seven amplitudes (A1-A7). Each individual
amplitude contains a contribution from fluorescence intensi-
ties characterizing all dsDNA intermediates. In general, each
intermediate may have different fluorescence properties.
Therefore, there are eight molar fluorescence intensities

Scheme 1

dN1

dt
) -6k1PN1 + k-1N2 + k-1N4 (5a)

dN2

dt
) 2k1PN1 - (k1ω1P + k-1 + k2)N2 + k-2N3 +

2k-1ω-1N6 (5b)

dN3

dt
) k2N2 - (k1ω1P + k-2)N3 + k-1ω-1N7 (5c)

dN4

dt
) 4k1PN1 - (k-1 + k2)N4 + k-2N5 (5d)

dN5

dt
) k2N4 - k-2N5 (5e)

dN6

dt
) k1ω1PN2 - (2k-1ω-1 + 2k2)N6 + k-2N7 (5f)

dN7

dt
) k1ω1PN3 + 2k2N6 -

(k-1ω-1 + k2 + k-2)N7 + 2k-2N8 (5g)

dN8

dt
) k2N7 - 2k-2N8 (5h)

N4 ) MN (7)

exp(M t) ) ∑
i)0

8

Qiexp(λit) (8)

Qi )

∏
j*i

n

(M - λjI )

∏
j*i

n

(λi - λj)

(9)

N ) Q0‚No + Q1‚No exp(λ1t) + Q2‚No exp(λ2t) +
Q3‚No exp(λ3t) + Q4‚No exp(λ4t) + Q5‚No exp(λ5t) +

Q6‚No exp(λ6t) + Q7‚No exp(λ7t) (10)
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(F1-F8) characterizing the N1-N8 states of the dsDNA
oligomer, respectively, free and in complexes with the
polymerase. Using projection operators, the numerical analy-
sis of the complex multistep reaction is reduced to finding
only the eigenvalues of the original coefficient matrixM
(40-42).

Relaxation Times.Examination of the relaxation times of
the kinetic process, as a function of ligand concentration,
constitutes the first and fundamental step in establishing the
mechanism of the complex reaction and obtaining rate
constants of particular elementary processes (39-42). The
considered mechanism has seven relaxation times. Although
quantitative analyses of such a complex mechanism would
be prohibitively difficult, the behavior of the polâ-dsDNA
system discussed below indicates general underlying prin-
ciples and methodology that can be applied to simplify the
analysis and quantitatively address the kinetics of the system.
This is particularly true if the bimolecular steps, conforma-
tional transition of the bound enzyme and association
accompanied by cooperative interactions, are largely sepa-
rated on the time scale (see below).

We first consider the case in which there are negative
cooperative interactions between the bound polâ molecules,
i.e., ω ) ω1/ω-1 < 1. For instance, such a situation occurs
at low salt concentrations and in the absence of magnesium
cations (21). Relaxation times are obtained by direct,
numerical determination of eigenvaluesλ1-λ7 of matrix M
at a given total protein ligand concentration, using the
following identities: 1/τ1 ) -λ1, 1/τ2 ) -λ2, 1/τ3 ) -λ3,
1/τ4 ) -λ4, 1/τ5 ) -λ5, 1/τ6 ) -λ6, and 1/τ7 ) -λ7. The
selected rate constants are as follows:k1 ) 1 × 109 M-1,
k-1 ) 1 × 104 s-1, k2 ) 800 s-1, k-2 ) 80 s-1, ω1 ) 0.002,
andω-1 ) 0.01 (ω ) 0.2). The concentration of the DNA
lattice is selected to be 2× 10-8 M, a typical value in a
stopped-flow experiment with fluorescence detection (18, 19,
40-42, 44, 45).

For the selected value ofk1, the bimolecular step is close
to being a diffusion-controlled one. However, both rate
constants,k1 andk-1, are at least 1 order of magnitude larger
than rate constantsk2 and k-2, respectively, characterizing
the following conformational transitions which, in turn, are
orders of magnitude larger thanω1 andω-1. As a result, the
values of the four largest reciprocal relaxation times (1/τ1-
1/τ4) are well above∼1000 s-1; i.e., these relaxation
processes are beyond the resolution of a typical stopped-
flow experiment (data not shown). They characterize three
different bimolecular steps, with and without the preceding
conformational transition, and the fastest intramolecular
transition in the association reactions of two ligand mol-
ecules, as depicted in Scheme 1. The remaining three
reciprocal relaxation times (1/τ5-1/τ7) for the considered
mechanism (Scheme 1) are shown in Figure 2a. Because of
large differences between values of selected rate constants
among elementary steps, the relaxation times differ signifi-
cantly at any concentration of the ligand; i.e., the normal
modes of the reaction are close to the “uncoupled” ones (39-
42). The plots reach plateau values at high ligand concentra-
tions. As a result, 1/τ5-1/τ7 become independent of the
ligand concentration at high ligand concentrations. Such
behavior is characteristic for normal modes describing
intramolecular transitions (39-42). In the considered ex-
ample, it indicates that the three slower relaxation times

characterize the normal modes of intramolecular transitions,
directly following the bimolecular step (τ5) or occurring in
a sequence of intramolecular steps (τ6 andτ7) (see below).

The situation is different for the case in which there are
significant positive cooperative interactions. The selected rate
constants are as follows:k1 ) 1 × 109 M-1, k-1 ) 1 × 104

s-1, k2 ) 600 s-1, and k-2 ) 60 s-1. Thus, the transition
following the bimolecular step is only slightly slower than
in the previously considered case (Figure 2a). The coopera-
tive interaction factors are nowω1 ) 0.06 andω-1 ) 0.001,
giving ω ) 60; i.e., there are strong positive cooperative
interactions between bound ligand molecules. A large change
in the cooperative interactions, by a factor of 300, has little
effect on the largest reciprocal relaxation times (1/τ1-1/τ4)
of the system (data not shown). This behavior is a simple
consequence of the large separation of the relaxation
processes on the time scale. Reciprocal relaxation times
1/τ5-1/τ7, as a function of the total ligand concentration,
are shown in Figure 2b. Comparison between computer
simulations in panels a and b of Figure 2 shows that, contrary
to the negative cooperativity case, relaxation timeτ6,

FIGURE 2: (a) Computer simulation of the dependence of individual
reciprocal relaxation times [1/τ5 (s), 1/τ6 (- - -), and 1/τ7 (‚‚‚)]
characterizing slow normal modes of the cooperative binding
reaction, defined by Scheme 1, upon the total ligand concentration,
for the case where there are negative cooperative interactions
between bound ligand molecules. The simulations were performed
with the following rate constants and cooperativity factors:k1 ) 1
× 109 M-1 s-1, k-1 ) 1 × 104 s-1, k2 ) 800 s-1, andk-2 ) 80 s-1

andω1 ) 0.002 andω-1 ) 0.01 (ω ) 0.2). (b) Computer simulation
of the dependence of individual reciprocal relaxation times [1/τ5
(s), 1/τ6 (- - -), and 1/τ7 (‚‚‚)] characterizing slow normal modes
of the cooperative binding reaction, defined by Scheme 1, upon
the total ligand concentration, for the case where there are positive
cooperative interactions between bound ligand molecules. The
simulations were performed with the following rate constants and
cooperativity factors:k1 ) 1 × 109 M-1 s-1, k-1 ) 1 × 104 s-1,
k2 ) 600 s-1, andk-2 ) 60 s-1 andω1 ) 0.06 andω-1 ) 0.001
(ω ) 60). The concentration of the lattice in both panels is taken
to be 2× 10-8 M.
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characterizing one of the slow normal modes related to the
conformational transitions of the bound ligand, becomes
much shorter and close toτ5. Both relaxation times do not
differ by more than a factor of∼2 over the examined ligand
concentration range. In fact, for slightly larger values ofω1

andω-1, the values of both relaxation times would be even
closer (data not shown).

Amplitudes.Amplitudes of the spectroscopic relaxation
process provide an additional test of the examined mecha-
nism (39-42). Moreover, amplitudes determine which
normal modes are observed and how they are observed in a
stopped-flow experiment. The computer simulations have
been performed using the molar fluorescence intensities
selected:F1 ) 1, F2 ) 2, F3 ) 2.3,F4 ) 2, F5 ) 2.3,F6 )
3, F7 ) 3, andF8 ) 3. Thus, the fluorescence intensity of
the free nucleic acid is taken to be 1 (F1). Complexes with
a single bound ligand molecule are characterized by the same
intensity (F2 ) F4 ) 2). The conformational transition is
accompanied by an extra fluorescence change (F3 ) F5 )
2.3). Complexes with two ligand molecules are characterized
by the same fluorescence intensity (F6 ) F7 ) F8 ) 3). The
rate constants are the same as in Figure 2a.

The dependence of amplitudes upon the logarithm of the
total ligand concentration, for the mechanism depicted by
Scheme 1, where there are negative cooperative interactions
(ω ) 0.2), is shown in Figure 3a. The amplitudes are
expressed as fractions of the total amplitudeAtot ) ∑Ai, (Ai/
∑Ai) (39-42). First, for a given set of fluorescence and rate
parameters, of four amplitudes characterizing the fast bi-
molecular steps,A1-A4, only the fastest process, character-
ized byA1, contributes in a detectable way to the observed
signal, although all intermediates contribute to the observed
fluorescence (data not shown). Recall that all relaxation times
of the fast normal modes are beyond the resolution of the
stopped-flow measurement (see above). Therefore, in a
stopped-flow experiment, all four amplitudes of the fast
modes will appear as a single collective amplitude of the
unresolved fast step,AF. The observed collective amplitude
of all fast steps is then defined as

The collective amplitudeAF, as defined by eq 11, is shown
in Figure 3a. It increases with an increase in ligand
concentration. Second, the major contribution to the observed
signal comes from amplitudeA5, characterizing one of the
slow normal modes corresponding to the conformational
transitions of the bound ligand molecules (Figure 3a).
Because, for the considered negative cooperativity case, the
relaxation times differ strongly in their values, the observed
amplitude of the slow relaxation process in a stopped-flow
experiment,A5, will correspond to a given normal mode of
the reaction; i.e., it will not be a collective amplitude. The
amplitude,A5, makes the major contribution to the observed
signal. Notice that for the negative cooperative case (ω )
0.2), the amplitude,A6, is practically undetectable. The
amplitude of the slowest mode,A7, is barely visible; i.e., at
most only two relaxation steps will be observed in the
experiment (see below).

Similar to the behavior of the relaxation times, the behavior
of amplitudes is different in the case of positive cooperative
interactions. The dependence of fractional amplitudes upon

the ligand concentration, for the considered mechanism, is
shown in Figure 3b. The computer simulations have been
performed using the same rate constants as in Figure 2b,
i.e., ω1 ) 0.06, ω-1 ) 0.001, andω ) 60, and the same
molar fluorescence intensities. As discussed above, four
amplitudes characterizing the fast bimolecular steps are
affected little by large positive cooperative interactions, with
only the fastest process contributing significantly to the
observed signal (data not shown). All these amplitudes will
appear in a stopped-flow experiment as single collective

FIGURE 3: (a) Computer simulation of the dependence of relaxation
amplitudes, for the cooperative binding reaction, defined by Scheme
1, upon the logarithm of the total ligand concentration, for the case
where there are negative cooperative interactions between bound
ligand molecules. The simulations were performed with the
following rate constants and cooperativity factors:k1 ) 1 × 109

M-1 s-1, k-1 ) 1 × 104 s-1, k2 ) 800 s-1, andk-2 ) 80 s-1 and
ω1 ) 0.002 andω-1 ) 0.01 (ω ) 0.2). The relative fluorescence
intensities (F2 ) 2, F3 ) 2.3, F4 ) 2, F5 ) 2.3, F6 ) 3, F7 ) 3,
andF8 ) 3) characterize the corresponding intermediates (N2-N8,
respectively). The molar fluorescence intensity of the free lattice,
F1, is taken to be 1, and the individual amplitudes are expressed as
fractions of the total amplitudeATot. The collective amplitude that
includes four fast normal modes of the reactionAF ) A1 + A2 +
A3 + A4 (s), A5 (- - -), A6 (- - -), or A7 (‚‚‚). (b) Computer
simulation of the dependence of relaxation amplitudes, for the
cooperative binding reaction, defined by Scheme 1, upon the
logarithm of the total ligand concentration, for the case where there
are positive cooperative interactions between bound ligand mol-
ecules. The simulations were performed with the following rate
constants and cooperativity factors:k1 ) 1 × 109 M-1 s-1, k-1 )
1 × 104 s-1, k2 ) 600 s-1, andk-2 ) 60 s-1 andω1 ) 0.06 and
ω-1 ) 0.001 (ω ) 60). The relative fluorescence intensities (F2 )
2, F3 ) 2.3, F4 ) 2, F5 ) 2.3, F6 ) 3, F7 ) 3, andF8 ) 3)
characterize the corresponding intermediates (N2-N8, respectively).
The molar fluorescence intensity of the free lattice,F1, is taken to
be 1, and the individual amplitudes are expressed as fractions of
the total amplitudeATot. The collective amplitude that includes four
fast normal modes of the reactionAF ) A1 + A2 + A3 + A4 (s),
A5 (- - -), A6 (- - -), or A7 (‚‚‚). AS2 ) A5 + A6 (- - -). The
concentration of the lattice in both panels is taken to be 2× 10-8

M.

AF ) A1 + A2 + A3 + A4 (11)
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amplitude,AF, of the fast, unresolved process, shown in
Figure 3b. The major contribution to the observed signal
comes from amplitudesA5-A7 of the slow normal modes
related to the conformational transitions. However, now the
values of the relaxation time,τ6, are close toτ5 (Figures 2b
and 3b). Therefore, in practice, a fitting routine will record
these two normal modes as a single relaxation process. As
a result, in a stopped-flow experiment, both normal modes,
characterized byA5 andA6, will appear as a single normal
mode with the amplitudeAS1 ()A5 + A6). The collective
amplitudeAS1 is included in Figure 3b. On the other hand,
amplitudeA7 describes the process with relaxation timeτ7

that is still much longer than any other relaxation time. In
other words,A7 corresponds strictly to the slowest normal
mode of the reaction. However, contrary to the negative
cooperativity case,A7 will make a large contribution to the
observed total relaxation process (Figure 3b). The increased
contribution of the slowest relaxation process becomes a
signature of the enhanced positive cooperative interaction
in the examined system (see below).

NegatiVe CooperatiVity Case for Kinetics of the Coopera-
tiVe Binding of Rat Polâ to the dsDNA. Equilibrium
thermodynamic studies showed that binding of rat polâ to
the dsDNA is characterized by significant cooperative
interactions (21). As pointed out above, a peculiar aspect of
these cooperative interactions is their very strong dependence
upon the salt concentration and magnesium cations in
solution. At low salt concentrations ([NaCl]< 100 mM),
the cooperativity parameterω is less than 1, indicating
negative cooperative interactions. Conversely, at higher salt
concentrations,ω becomes significantly larger than 1,
particularly in the presence of magnesium cations, indicating
strong positive cooperative interactions between the bound
polymerase molecules (21).

To address the kinetics of the cooperative binding of pol
â to the dsDNA, we first examined the enzyme binding at
low salt concentrations and in the absence of Mg2+, where
cooperative interactions are negative, i.e.,ω < 1. Binding
of rat polâ to the dsDNA is not accompanied by changes in
protein fluorescence that are sufficiently large to allow us
to examine complex binding or kinetic processes. However,
we have found that association of the enzyme with a dsDNA
oligomer labeled at the 5′ end of one of the ssDNA strands
with the coumarin derivative, CP, is accompanied by a strong
(∼150%) increase in nucleic acid fluorescence, providing
an excellent signal for monitoring the polymerase-dsDNA
interactions (21). Moreover, the introduced label does not
affect to any detectable extent the energetics of enzyme
binding (21). As in our thermodynamic analyses of the
polymerase interactions with the dsDNA, we selected the
same dsDNA 10-mer, containing random sequences of bases,
for the kinetic studies. The selected DNA substrate is
depicted in Figure 4. Because the site size (p) of the
enzyme-dsDNA complex is 5 bp, the selected oligomer can
accept only two polâ molecules (21). Moreover, the dsDNA
oligomer allows us to perform studies over large DNA and
protein concentration ranges, avoiding the precipitation of
the sample (21).

The stopped-flow kinetic traces of the dsDNA oligomer
fluorescence, after mixing 1.5× 10-8 M oligomer with
several rat polâ concentrations in buffer C (pH 7.0, 10°C),
containing 50 mM NaCl, are shown in Figure 5. The initial

∼2 ms horizontal part of the traces corresponds to the steady-
state fluorescence intensity recorded for 2 ms before the flow
stops. The observed kinetics is complex. At lower enzyme
concentrations, the two-exponential function (eq 1) provides
an excellent description of the experimental traces. At higher
enzyme concentrations, the traces are described by a one-
exponential function. Including additional exponents does
not improve the statistics of the fit (data not shown). The
solid lines in Figure 5 are nonlinear least-squares fits with
the indicated number of exponents. It should be pointed out
that experiments performed under reversed pseudo-first-order
conditions, i.e., in excess nucleic acid, showed the same
number of relaxation times (data not shown). As we
previously discussed, such behavior provides very strong
evidence that the protein does not undergo any detectable
conformational transition prior to the nucleic acid binding
(42). The kinetics of binding of polâ to the dsDNA is very
fast (18-20). The entire kinetic process takes less than∼200
ms to reach equilibrium, even at low enzyme concentrations.

The trace at the bottom in Figure 5 corresponds to the
nucleic acid alone at the same concentration used with the
protein but mixed with only the buffer (zero line). It is
evident that the theoretical fits, although providing an

FIGURE 4: Primary structure of the dsDNA 10-mer used to examine
the dynamics of interactions of rat polâ with the dsDNA. The
nucleic acid has a coumarin derivative, CP, attached to the 5′ end
of one of the ssDNA strands that provides the signal for monitoring
the polymerase binding (21).

FIGURE 5: Set of fluorescence stopped-flow kinetic traces, after
mixing the dsDNA 10-mer with rat polâ in buffer C (pH 7.0, 10
°C), containing 50 mM NaCl (λex ) 435 nm,λem > 455 nm). The
final concentration of the nucleic acid 10-mer is 1.5× 10-8 M
oligomer, and the polymerase concentrations are 0, 7.6× 10-8,
1.2 × 10-7, 6 × 10-7, and 1.2× 10-6 M from the bottom to the
top. The solid brown and red lines are the one- and two-exponential,
nonlinear least-squares fits of the experimental curves, respectively,
using eq 1. The horizontal, initial part of each trace is the steady-
state value of the fluorescence of the sample recorded 2 ms before
the flow stopped. The trace at the bottom of the panel is the zero
line obtained after mixing the nucleic acid, at the same concentration
that was used with the enzyme, but with only the buffer.
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excellent description of the observed traces, do not account
for the total fluorescence increase resulting from complex
formation. The difference between the fluorescence intensity
of the end point of the kinetic trace and the zero line recorded
for the nucleic acid alone is the total amplitude of the
reaction,ATot (18-20). Thus, regardless of any reaction
mechanism, the stopped-flow data indicate that there is at
least one additional fast step(s) preceding the observed kinetic
processes, characterized by the relaxation time(s), which is
too short to be extracted in the stopped-flow experiment. In
other words, the cooperative association of rat polâ with
the dsDNA is a process that includes at least three steps.

The two resolved reciprocal relaxation times, 1/τS2 and
1/τS3, obtained from the experimental traces, as a function
of the total rat polâ concentration, are shown in Figure 6a.
The values of 1/τS2 show a hyperbolic dependence upon the
rat pol â concentration tending toward a plateau at high
enzyme concentrations. The value 1/τS3 is detectable only
in a limited concentration range (see above). Nevertheless,
the value of 1/τS3 is very low compared to 1/τS2 and shows
little dependence upon enzyme concentration, in the exam-
ined concentration range (Figure 6a). Such behavior indicates
that both relaxation times must characterize intramolecular
transitions of the formed complexes (39-42). In other words,
the behavior of both slow relaxation times provides evidence
that the enzyme-dsDNA complex undergoes an intra-
molecular conformational change following the binding step.

Equilibrium data show that under the solution conditions
that were examined and in the polâ concentration range
that was examined two polymerase molecules associate with
the dsDNA (21). As discussed above, the simplest and
minimum mechanism of cooperative binding of a large ligand
to a one-dimensional lattice containing two binding sites,
which can account for the observed unresolved fast process-
(s) and slow intramolecular transitions, is defined in Figure
1 and Scheme 1. Because the kinetic data clearly show that
the bimolecular step is very fast, it must equilibrate well
before the intramolecular conformational transitions proceed.
Thus, the observed unresolved process contains all four fast
normal modes characterized byτ1-τ4 (Figures 2 and 3).
Therefore, the bimolecular step can be characterized by only
its partial equilibrium constant,K1. There are still five
parameters in Scheme 1 that have to be determined.
However, we can utilize the fact that we know the intrinsic
binding constantKint, from the equilibrium studies, which is
related to partial equilibrium constantsK1 andK2 by eq 3.
Using the value ofKint reduces the number of parameters to
four.

We applied the following strategy for the data analysis.
The analysis is started by first simultaneously fitting both
individual relaxation times 1/τS2 and 1/τS3 to obtain initial
values ofK1, k2, k-2, ω1, andω-1. Then, the behavior of the
reciprocal relaxation times, 1/τ5-1/τ7, is simulated using the
obtained rate parameters. The corresponding computer
simulations are shown in Figure 6b, indicating that relaxation
times τ5-τ7 of the slow normal modes differ significantly
in their values. Also, these data indicate that the experimen-
tally observed relaxation times,τS2 and τS3, correspond to
relaxation timesτ5 and τ7 of the normal modes of the
reaction, respectively. Thus, the normal mode characterized
by τ6 must be undetectable in the stopped-flow data; i.e., it

FIGURE 6: (a) Dependence of the reciprocal relaxation times, 1/τS2
(9) and 1/τS3 (0), for the binding of rat polâ to the dsDNA 10-
mer, in buffer C (pH 7.0, 10°C), containing 50 mM NaCl, upon
the total concentration of the enzyme. The solid lines are nonlinear
least-squares fits according to the mechanism, defined by Scheme
1, with the following rate constants and cooperativity factors:K1
) 1.06 × 106 M-1, k2 ) 838 s-1, and k-2 ) 44 s-1 and ω1 )
0.004 andω-1 ) 0.014 (details in the text). The error bars are
standard deviations obtained from three to four independent
experiments. (b) Computer simulation of the reciprocal relaxation
times, 1/τ5-1/τ7, corresponding to slow normal modes of the
reaction defined by Scheme 1, using kinetic parameters obtained
from the fit of experimental relaxation times, 1/τS2 and 1/τS3 (details
in the text): 1/τ5 (s), 1/τ6 (- - -), and 1/τ7 (‚‚‚). (c) Dependence
of experimental relaxation amplitudes, for the binding of rat polâ
to the dsDNA 10-mer in buffer C (pH 7.0, 10°C), containing 50
mM NaCl, upon the total concentration of the enzyme. The solid
lines are computer fits according to the cooperative binding
mechanism, defined by Scheme 1, with the following relative
fluorescence intensities:F2 ) 1.5,F3 ) 2.5,F4 ) 2.35,F5 ) 2.5,
F6 ) 2.6, F7 ) 2.6, andF8 ) 2.6. The maximum fluorescence
increase of the nucleic acid is taken from the equilibrium
fluorescence titration under the same solution conditions as the
∆Fmax of 1.6( 0.15 (details in the text). The rate constants are the
same as in panel a. The collective amplitude that includes four fast
normal modes of the reactionAF ) A1 + A2 + A3 + A4 (0), A5
(9), or A7 (O). The dashed line is the theoretical dependence of
amplitudeA6 upon the rat polâ concentration, obtained for the
determined rate and spectroscopic parameters (Table 1).
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must be characterized by a very low, if any, amplitude (see
below).

As we pointed out above, relaxation times for the fast
normal modes are beyond the resolution of the stopped-flow
experiment. Therefore, all four amplitudes of the fast normal
modes appear in a stopped-flow experiment as a single
collective amplitude of the unresolved fast process (Figure
3a,b). This collective amplitude of all fast normal modes,
AF, can be obtained from the known amplitudes of the
observed processes,AS2 andAS3, and the total amplitude of
the reaction as

Because we already know thatAS2 ) A5 andAS3 ) A7, the
collective fast amplitude is, in the considered case, defined
as

The dependence of the normalized amplitudes (AF, A5, and
A7) upon the rat polâ concentration is shown in Figure 6c.
At a low pol â concentration, amplitudeA5 dominates the
observed signal, and it decreases with the increase in polâ
concentration. As the polâ concentration increases, the
collective amplitude of the fast processes,AF, increases and
becomes a dominant relaxation effect at high enzyme
concentrations. Values of amplitudeA7 are low and only
available over a limited enzyme concentration range.

There are eight possible different states of the dsDNA in
the considered kinetic mechanism (Scheme 1). Because only
two relaxation times and three amplitudes are available from
the experiment, estimation of molar fluorescence parameters
characterizing each intermediate requires additional, extra-
kinetic information, which is provided by the equilibrium
studies (21). First, the equilibrium data indicate that binding
of a single pol â molecule to the dsDNA oligomer is
accompanied by a factor of∼2 average increase in the
nucleic acid fluorescence, while association of the second
molecule induces a further factor of∼1.6 average fluores-
cence increase. Second, the initial dependence of the relative
fluorescence increase of the nucleic acid,∆F, upon the
average degree of binding,∑Θi, is very close to a linear
function, indicating that complexes N2-N5 are characterized
by similar molar fluorescence intensities (21). The depen-
dence of the relative fluorescence increase of the nucleic acid,
∆F, upon the average degree of binding,∑Θi, for ∑Θi values
between 1 and 2 is also a linear function, strongly suggesting
that protein-nucleic acid complexes containing two poly-
merase molecules are characterized by similar molar fluo-
rescence intensities. Third, estimation of the molar fluores-
cence intensities of different intermediates is further facilitated
by the fact that the maximum, fractional increase in the
nucleic acid fluorescence (∆Fmax ) 1.6( 0.15) is also known
from equilibrium titrations (21). The value of∆Fmax can be
analytically expressed as

where∆F6 [)(F6 - F1)/F1], ∆F7 [)(F7 - F1)/F1], and∆F8

[)(F8 - F1)/F1] are fractional fluorescence intensities of each

intermediate in the association reaction of rat polâ with the
dsDNA, relative to the molar fluorescence intensity of the
free nucleic acid,F1. Equation 12 provides an additional
relationship among the fluorescence parameters, with the
value of∆Fmax being a scaling parameter.

Therefore, the amplitude analysis begins with assignment
of the initial values of the molar fluorescence intensities to
the complexes as follows:F1 ) 1, F2 ) 2, F3 ) 2.3,F4 )
2, F5 ) 2.3,F6 ) 2.6,F7 ) 2.6, andF8 ) 2.6. The computer
simulations are then initiated by allowing the molar fluo-
rescence intensities to float within(30% of the initial values.
In the final step of the analysis, global fitting, which
simultaneously includes relaxation times and amplitudes,
refines the values of the rate constants and molar fluorescence
parameters. The solid lines in panels a and c of Figure 6 are
computer fits of the relaxation times and amplitudes,
according to the mechanism depicted in Scheme 1. These
fits were performed using the optimal single set of spectro-
scopic and rate parameters that describe both the relaxation
times and the amplitudes (39-42). A computer simulation
of amplitudeA6 is also included in Figure 6c (dashed line).
Its values are very low in the range of∼1% of the observed
signal in the examined enzyme concentration range, making
the process practically undetectable in the stopped-flow
experiment, as pointed out above. The obtained rate constants
and relative molar fluorescence intensities of all intermediates
for the mechanism, defined by Scheme 1, are included in
Table 1.

The partial equilibrium binding constant for the bi-
molecular step isK1 [(1.1 ( 0.3) × 106 M-1], indicating
that the bimolecular step makes a predominant contribution
to the free energy of the enzyme binding to the dsDNA. The
forward and backward rate constants for the conformation
transition, in the examined solution conditions, are as
follows: k2 ) 838( 65 s-1 andk-2 ) 44( 12 s-1, providing
K2 ) 18.9 ( 9. Thus, the conformational transition of the
bound polâ leads to a significantly increased affinity of the
enzyme for the dsDNA. On the other hand, the cooperativity
factors are (ω1 ) 0.004( 0.001 andω-1 ) 0.014( 0.003)
dramatically lower than the rate parameters characterizing
the conformational transition. The obtained value ofω )
ω1/ω-1 ) 0.29( 0.14. This value is in good agreement with
theω value of 0.31( 0.06 obtained in equilibrium studies,
indicating that binding of polâ to the dsDNA, at low salt
concentrations ([NaCl]< 0.1 M), is characterized by negative
cooperativity (21).

Under the studied solution conditions, the molar fluores-
cence intensities of all intermediates are within approximately
e30% of their initial values, based on the analysis of
equilibrium data (see above). Thus, the obtained results
indicate that the conformational transition following the
binding of the enzyme to the dsDNA is, with the exception
of the N2 intermediate, accompanied by a moderate additional
fluorescence change of the complex, as reflected in similar
values ofF3-F5 characterizing the N3-N5 intermediates,
respectively (Figure 1). Such effects on the nucleic acid
fluorescence strongly suggest that the transition is, predomi-
nantly, a conformational change in the bound enzyme,
including only a slight change in the structure of the nucleic
acid. By the same token, similar values of the fluorescence
intensities of intermediates containing two bound enzyme
molecules indicate that cooperative interactions have little

AF ) ATot - AS2 - AS3 (11a)

AF ) ATot - A5 - A7 (11b)

∆Fmax )
∆F6 + ∆F7 × 2K2 + ∆F8K2

2

1 + 2K2 + K2
2

(12)
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effect on the conformation of the nucleic acid (Table 1).
These data strongly suggest that cooperative interactions
reflect, predominantly, protein-protein interactions between
the bound polymerase molecules (see the Discussion).

PositiVe CooperatiVity Case for Kinetics of the Coopera-
tiVe Binding of Rat Polâ to the dsDNA. At higher salt
concentrations, the cooperativity parameter,ω, becomes
significantly larger than 1, particularly in the presence of
Mg2+ cations, indicating strong positive cooperative interac-
tions between the bound polymerase molecules (21). To
address the kinetics of the binding of polâ to the dsDNA
characterized by strong positive cooperative interactions, we
examined the enzyme binding at elevated salt concentrations
and in the presence of magnesium. The stopped-flow kinetic
traces of the dsDNA oligomer fluorescence, after mixing 1.5
× 10-8 M DNA oligomer with several rat polâ concentra-
tions in buffer C (pH 7.0, 10°C), containing 100 mM NaCl
and 1 mM MgCl2, are shown in Figure 7. Under these
solution conditions, equilibrium studies showed that the
enzyme binding to the dsDNA is characterized by a largeω
value of 35( 7 (21). A two-exponential fit provides an
adequate description of the observed kinetics in the entire
examined enzyme concentration range. Thus, the presence
of positive cooperative interactions does not affect the
number of observed normal modes of the reaction. As is
evident from the trace corresponding to the nucleic acid alone
(zero line), obtained at the same DNA concentration used
with the protein but mixed with only the buffer, the two-
exponential fit does not account for the total amplitude of
the reaction,ATot. The data indicate that there is at least one
additional fast step preceding the observed kinetic processes,
with a relaxation time(s), too short to be extracted in the
stopped-flow experiment.

The two resolved reciprocal relaxation times, 1/τS2 and
1/τS3, obtained from the experimental traces, as a function
of the total rat polâ concentration, are shown in Figure 8a.T
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FIGURE 7: Set of fluorescence stopped-flow kinetic traces, after
mixing the dsDNA 10-mer with rat polâ in buffer C (pH 7.0, 10
°C), containing 100 mM NaCl and 1 mM MgCl2 (λex ) 435 nm,
λem > 455 nm). The final concentration of the nucleic acid 10-mer
is 1.5× 10-8 M oligomer, and the polymerase concentrations are
0, 1.14× 10-7, 2.27 × 10-7, 3.79 × 10-7, 5.3 × 10-7, 7.57 ×
10-7, 1.14× 10-6, 1.89× 10-6, and 3.6× 10-6 M from the bottom
to the top. The solid lines are the two-exponential, nonlinear least-
squares fits of the experimental curves, using eq 1. The horizontal,
initial part of each trace is the steady-state value of the fluorescence
of the sample recorded 2 ms before the flow stopped. The trace at
the bottom is the zero line obtained after mixing the nucleic acid,
at the same concentration that was used with the enzyme, but with
only the buffer.
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The values of 1/τS2 show a significant dependence upon
polymerase concentration, approaching the plateau at high
enzyme concentrations, while the values of 1/τS3 show little
dependence upon enzyme concentration. Such behavior
indicates that both relaxation times characterize intra-
molecular transitions of the formed complexes (39-42).
Notice thatτS3can be detected over the entire examined range
of polymerase concentrations. The analysis of the observed
kinetics has been performed using the same strategy de-
scribed above for the negative cooperative case (Figure 6).
There are four independent parameters,k2, k-2, ω1, andω-1,
that have to be determined. Simultaneous fitting of both
individual relaxation times, 1/τS2 and 1/τS3, provides the
initial values of K1, k2, k-2, ω1, and ω-1. The computer
simulations of the reciprocal relaxation times, 1/τ5-1/τ7,
using estimated equilibrium and rate parameters, are shown
in Figure 8b. Relaxation timeτ7 is significantly longer than
τ5 and τ6, indicating that the experimentally obtainedτS3

corresponds directly toτ7, the slowest normal mode of the
reaction. However, the values of relaxation timesτ5 andτ6

differ by a factor of only∼2, making them practically
indistinguishable in the fitting process, particularly if the
amplitudes are of the same sign or if one amplitude
dominates the observed kinetic process (see below) (39). In
other words, what is observed in the experiment asτS2 is, in
fact, an average of two relaxation processes characterized
by relaxation timesτ5 andτ6, which are very close in value.
This result indicates that rate parametersk2 and k-2 and
cooperativity factorsω1 andω-1 can only be approximated,
with the approximation being better if the the difference
betweenτ5 and τ6 is smaller and the contribution of the
amplitudeA6 to the observed signal is smaller.

The collective amplitude of all fast normal modes,AF, can
be obtained from the known amplitudes of the observed
processes,AS2 andAS3, and the total amplitude of the reaction
using eq 11. However, in the case of strong cooperative
interactions,AS2 is also the collective amplitude defined as

Thus

The dependence of the normalized amplitudes,AF, AS2,
andAS3, upon the rat polâ concentration is shown in Figure
8c. The behavior is complex. At a low enzyme concentration,
the collective amplitude of the fast processes,AF, has negative
values. As the concentration of the polymerase increases,
AF becomes positive. Values of theAS2 amplitude dominate
the kinetic process at lower polymerase concentrations and
decrease at higher enzyme concentrations. However, contrary
to the low-cooperativity case, amplitudeAS3 has significant
and clearly detectable values over the entire examined
enzyme concentration range. Because the values of 1/τS3 are
very low as compared to 1/τ5 and 1/τ6, the slowest normal
mode is effectively decoupled andAS3 ) A7.

Amplitude analysis has been performed using the approach
analogous to the one described above for the negative
cooperativity case, using equilibrium data (21). Therefore,
fitting of the amplitudes begins by assigning the initial values
of the molar fluorescence intensities to the complexes as
follows: F1 ) 1, F2 ) 2.2,F3 ) 2.2,F4 ) 2.2,F5 ) 2.2,F6

AS2 ) A5 + A6 (13)

AF ) ATot - A5 - A6 - AS3 (14)

FIGURE 8: (a) Dependence of the reciprocal relaxation times, 1/τS2
(9) and 1/τS3 (0), for the binding of rat polâ to the dsDNA 10-
mer, in buffer C (pH 7.0, 10°C), containing 100 mM NaCl and 1
mM MgCl2, upon the total concentration of the enzyme. The solid
lines are nonlinear least-squares fits according to the mechanism,
defined by Scheme 1, with a partial equilibrium association constant
K1 of 4.1 × 105 M-1 and the following rate constants and
cooperativity factors:k2 ) 375 s-1 andk-2 ) 150 s-1 andω1 )
0.15 andω-1 ) 0.004 (details in the text). The error bars are
standard deviations obtained from three to four independent
experiments. (b) Computer simulation of the reciprocal relaxation
times, 1/τ5 (s), 1/τ6 (- - -), and 1/τ7 (‚‚‚), corresponding to slow
normal modes of the reaction defined by Scheme 1, using kinetic
parameters obtained in the fit of experimental relaxation times, 1/τS2
and 1/τS3 (details in the text). (c) Dependence of experimental
relaxation amplitudes, for the binding of rat polâ to the dsDNA
10-mer in buffer C (pH 7.0, 10°C), containing 100 mM NaCl and
1 mM MgCl2, upon the total concentration of the enzyme. The solid
lines are nonlinear least-squares fits according to the cooperative
binding mechanism, defined by Scheme 1, with the following
relative fluorescence intensities:F2 ) 0.8,F3 ) 3.1,F4 ) 1.1,F5
) 2.7, F6 ) 2.7, F7 ) 2.5, and F8 ) 2.3. The maximum
fluorescence increase of the nucleic acid is taken from the
equilibrium fluorescence titration under the same solution conditions
as the∆Fmax of 1.45 ( 0.1 (details in the text) (21). The rate
constants are the same as in Figure 7a. The collective amplitude
that includes four fast normal modes of the reactionAF ) A1 + A2
+ A3 + A4 (0). The collective amplitudeAS2 ) A5 + A6 (9) or A7
(O). The dashed line is the theoretical dependence of amplitudeA6
upon the rat polâ concentration, obtained for the determined rate
and spectroscopic parameters (Table 2).
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) 2.5, F7 ) 2.5, andF8 ) 2.5 (21). In the final step of the
analysis, global fitting that simultaneously includes relaxation
times and amplitudes refines the values of the rate constants
and molar fluorescence parameters. The solid lines in panels
a and c of Figure 8 are computer fits of the relaxation times
and amplitudes, according to the mechanism depicted in
Scheme 1, using a single set of spectroscopic and rate
parameters. Contrary to the data obtained in the absence of
magnesium, the molar fluorescence intensities characterizing
N2 and N4 intermediates are significantly lower than observed
in the absence of Mg2+ (Tables 1 and 2), indicating that
magnesium affects the structure of these intermediates (see
the Discussion). We also included the computer simulation
of amplitudeA6 in Figure 8c. Its values contribute to the
observed collective amplitudeAS2 at only high enzyme
concentrations. The obtained rate and fluorescence param-
eters are included in Table 2.

Effect of Salt on the Dynamics of the CooperatiVe Binding
of Rat Polâ to the dsDNA in the Absence and Presence of
Magnesium Cations. The stopped-flow kinetic experiments
with the binding of rat polâ to the dsDNA as a function of
salt concentration in the absence of magnesium cations have
been performed in an analogous way as described above.
The obtained rate constants, partial equilibrium constants,
and spectroscopic parameters are included in Table 1. As
can be seen, the increased salt concentration in solution does
not affect the mechanism of the reaction; however, it does
affect the dynamics of the partial steps. The forward and
backward rate constants of the conformational transition of
the bound polymerase are differently affected by the increase
in the salt concentration in solution. The value ofk2 is
affected little by the salt, whilek-2 increases at higher NaCl
concentrations. As a result, at increased salt concentrations,
the conformational transition becomes less energetically
favorable. An opposite effect is observed in the case of the
cooperative interactions. There is a clear increase inω1 and
a significant decrease inω-1, resulting in a strong increase
in the cooperativity parameterω at elevated NaCl concentra-
tions (Table 1).

The dependence of the logarithm of the intrinsic binding
constant,Kint, upon the logarithm of the NaCl concentration
is shown in Figure 9a (log-log plot) (46, 47). The plot is
linear in the examined salt concentration range and charac-
terized by the slope∂(log Kint)/∂(log[NaCl]) of -3.6 ( 0.5,
indicating that the release of∼3.6 ions accompanies the
intrinsic binding of the enzyme to the nucleic acid. The
analogous∂(log Kint)/∂(log[NaCl]) value of-4.0 ( 0.5 has
been previously obtained for the same system in equilibrium
studies (21). The dependence of the logarithm of the
equilibrium constant,K1, characterizing the bimolecular step,
upon the logarithm of NaCl concentration (log-log plot), is
included in Figure 9a. The slope of the linear plot,∂(log
K1)/∂(log[NaCl]), is -2.4 ( 0.4, indicating that the net
release of ∼2.4 ions occurs in the bimolecular step.
Nevertheless, the salt dependence ofK1 cannot account for
the observed total net∼3.6 ions released upon the enzyme
binding to the dsDNA. A log-log plot for the equilibrium
constant,K2, describing the conformational transition of the
bound polymerase molecule, is also included in Figure 9a.
The plot is characterized by the slope∂(log K2)/∂(log[NaCl])
of -1.7 ( 0.3 indicating a net release of∼1.7 ions that
accompanies the conformational transition of the bound T
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enzyme molecule. Thus, the total ion release accompanying
the intrinsic binding of rat polâ to the dsDNA occurs in
both the initial binding step and the conformational transition
of the bound enzyme.

The dependence of the cooperativity parameterω upon
the salt concentration is shown in Figure 9a. Contrary to the
partial equilibrium constants characterizing the intrinsic
binding, the linear log-log plot is characterized by a positive
slope [∂(log ω)/∂(log[NaCl]) ) 3.2 ( 0.5] indicating that a
net uptake of∼ 3.2 ions accompanies the engagement of
the enzyme in cooperative interactions. The obtained net
uptake of ions is, within experimental accuracy, identical to
the value of the corresponding parameter determined in
equilibrium studies (21) (see the Discussion).

The rate constants, partial equilibrium constants, and
spectroscopic parameters obtained at different salt concentra-
tions, in the presence of 1 mM MgCl2, are included in Table
2. The response of the partial equilibrium steps of the
cooperative binding of polâ to the dsDNA to the increased
salt concentration, in the presence of magnesium, is more
pronounced than that observed in the absence of Mg2+. The

dependence of the logarithm of the intrinsic binding constant,
Kint, upon the logarithm of the NaCl concentration is shown
in Figure 9b. The slope of the plot,∂(log Kint)/∂(log[NaCl]),
equals-4.4( 0.5, which indicates that the total net release
of ∼4.4 ions accompanies the intrinsic step. This value is in
good agreement with the analogous parameter (-5.1( 0.5)
obtained in equilibrium titrations (21). The log-log plot of
the partial equilibrium constant,K1, for the bimolecular step
is characterized by a slope∂(log K1)/∂(log[NaCl]) of -2.7
( 0.4 which indicates that the release of∼2.7 ions
accompanies the bimolecular step. Thus, the net release of
ions in the bimolecular step is slightly larger than that
observed in the absence of magnesium (Figure 9a). The log-
log plot of the partial equilibrium constant,K2, describing
the conformational transition of the bound polymerase, is
characterized by a slope∂(log K2)/∂(log[NaCl]) of -2.1 (
0.4 and is also slightly larger than the∂(log K2)/∂(log[NaCl])
value of -1.7 ( 0.3 observed in the absence of Mg2+.
Moreover, the slope of the log-log plot of the cooperativity
parameter,ω, ∂(log ω)/∂(log[NaCl]), of 4.4( 0.5 is larger
than the value of 3.2( 0.5 observed in the absence of
magnesium and very close to the value of 4.5( 0.5
determined in equilibrium studies (21).

DISCUSSION

Stopped-Flow Kinetics of CooperatiVe Ligand Binding to
a One-Dimensional Lattice. Thermodynamics and kinetics
of cooperative binding of a large ligand to a one-dimensional
lattice have been the subject of intensive research (48-55).
The interest in this basic problem stems from the fact that
many functional protein-nucleic acid interactions include
binding of a large protein molecule to long stretches of
nucleic acid lattices (48-54). Sophisticated kinetic studies
of such protein-nucleic acid systems focus so far, predomi-
nantly, on analyses of the bimolecular step of the reaction
(48-54). However, complete kinetic analyses of the protein-
nucleic acid binding requires examination of possible con-
formational changes of the bound protein as well as the
dynamics of cooperative interactions between bound protein
molecules.

There are two characteristic features of large ligand-one-
dimensional lattice interactions. First, a large ligand covers
more than one residue of the lattice; i.e., the stoichiometry
of the ligand-lattice system is defined by the site size of
the complex,p, which is the number of lattice monomers
occluded by the ligand. Thus, at saturation, the number of
bound ligand molecules is equal to the total number of lattice
monomers divided by the site size of the complex. Second,
instead of discrete binding sites, the interacting system has
potential binding sites whose number changes in a nonlinear
fashion as a function of the degree of binding (34-38). In
this context, complete kinetic analyses of the cooperative
large ligand binding to a long polymer lattice would be
prohibitively difficult. On the other hand, the smallest
possible system that preserves all necessary ingredients of
cooperative binding includes a lattice that, at saturation, can
accept only two ligand molecules, i.e., a two-binding site
lattice (55). This simplest binding model is depicted in Figure
1 and its kinetic mechanism in Scheme 1. Although it is
still a very complex mechanism, it allows the experimenter
to address most of the major features of the system, including

FIGURE 9: (a) Dependence of the logarithm of the intrinsic
equilibrium binding constant,Kint (9), the partial equilibrium
constant,K1, characterizing the bimolecular step (0), the partial
equilibrium constant,K2, characterizing the conformational transi-
tion of the bound polymerase to the dsDNA (b), and the cooperative
interaction parameter,ω (O), upon log[NaCl] (log-log plots) in
buffer C (pH 7.0, 10°C). The plots are characterized by the
following slopes:∂(log Kint)/∂(log[NaCl]) ) -3.6( 0.5,∂(log K1)/
∂(log[NaCl]) ) -2.4 ( 0.4,∂(log K2/∂(log[NaCl]) ) -1.7 ( 0.3,
and ∂(log ω)/∂(log[NaCl]) ) 3.2 ( 0.5. (b) Dependence of the
logarithm of the intrinsic equilibrium binding constant,Kint (9),
the partial equilibrium constant,K1, characterizing the bimolecular
step (0), the partial equilibrium constant,K2, characterizing the
conformational transition of the bound polymerase to the dsDNA
(b), and the cooperativity interaction parameter,ω (O), upon log-
[NaCl] in buffer C (pH 7.0, 10°C) containing 100 mM NaCl and
1 mM MgCl2. The plots are characterized by the following slopes:
∂(log Kint)/∂(log[NaCl]) ) -4.4 ( 0.5, ∂(log K1)/∂(log[NaCl]) )
-2.7 ( 0.4, ∂(log K2)/∂(log[NaCl]) ) -2.1 ( 0.4, and∂(log ω)/
∂(log[NaCl]) ) 4.4 ( 0.5.
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cooperativity and intramolecular conformational transitions
of the formed complexes.

An assumption in the model depicted in Scheme 1 is that
the bimolecular step is close to the diffusion-controlled limit.
One can test this assumption by examining the resolution of
the first step as a function of the ligand concentration.
Another assumption is that changes in the location of the
bound ligand on the lattice occur through the dissociation
from the lattice, not through a possible translocation along
the lattice (48-55). This is a very reasonable assumption, if
justified by the data. Thus, a very largek1 and, in particular,
the dissociation constant,k-1, strongly suggest that the ligand
leaves the lattice before any translocation, if it occurs, along
the lattice can take place. The data for the kinetics of binding
of pol â to the ssDNA and very fast binding step observed
for the dsDNA indicate that the association rate constants
are very close to the diffusion-controlled ones; thus, for the
partial equilibrium constantK1 × 106 M-1, the dissociation
constant,k-1, must be in the range of∼1 × 103 to 1 × 104

s-1 (Table 1) (18, 19). A simplification introduced into the
model is that cooperative interactions are averaged over
different conformational states of the bound enzyme. How-
ever, this simplification can be tested by comparison between
the cooperativity parameters obtained from kinetic data with
the same parameters obtained directly from equilibrium
studies (see below). There are seven normal modes in the
model depicted in Scheme 1. Extracting all relaxation times
for the mechanism, in practice, is not possible (Figures 6a
and 8a). The analysis presented here provides general
guidelines for examination of the kinetics of such complex
cooperative interactions. An absolutely necessary condition
for this approach is the quantitative analysis of equilibrium
properties of the binding process (18, 19, 40-42).

Intrinsic Binding of Rat Polâ to the dsDNA Includes Two
Sequential Steps. Studies described in this work provide, for
the first time, direct insight into the dynamics and energetics
of interactions of rat polâ with the dsDNA. The intrinsic
binding of the enzyme to the dsDNA includes two steps:
very fast bimolecular association followed by a conforma-
tional transition. Although the bimolecular step provides the
major contribution to the free energy of binding, the second
step is also energetically favorable, particularly at low salt
concentrations and in the absence of magnesium (Tables 1
and 2). The same number of observed relaxation times in
the presence of the excess of the protein or the nucleic acid
strongly indicates that the enzyme does not exist in a pre-
equilibrium conformational transition prior to the dsDNA
binding (18, 19, 39-42). The multistep sequential mecha-
nism of enzyme binding has been found also for interactions
with the ssDNA, in its (polâ)5 and (polâ)16 binding modes,
and gapped DNA substrates, indicating the lack of the pre-
equilibrium conformational transition of the enzyme (18-
20). However, this result need not be automatically applicable
to interactions with the dsDNA. Different DNA conforma-
tions may probe different sets of conformational states of
the enzyme. The sequential mechanism indicates that the
dsDNA does not select between different states of the
polymerase (see above).

Mechanism of Intrinsic Binding of Rat Polâ to the dsDNA
Is Different from the Mechanism of Binding to the ssDNA.
Different Orientations of the Enzyme in Complexes with the
ss- and dsDNA.Although the mechanism of the binding of

the polymerase to the ssDNA and the mechanism of the
intrinsic binding to the dsDNA are both sequential and
initiated by a fast bimolecular step, the similarity between
the binding mechanisms ends there. Interactions with the
ssDNA are characterized by a mechanism that includes at
least three steps, instead of only two steps observed for the
dsDNA. There are significant differences between transitions
following the bimolecular step, indicating a different nature
of both transitions. The rate constantk2 (838 ( 65 s-1) is
significantly larger and the backward rate constantk-2 (44
( 12 s-1) much lower for the binding to the dsDNA as
compared to the corresponding parameters (k2 ) 144 ( 30
s-1 andk-2 ) 300 ( 50 s-1) for the binding to the ssDNA
under the same solution conditions (18). As a result, in the
case of the ssDNA, the conformational transition following
the bimolecular step is energetically unfavorable with the
partial equilibrium constant [K2 ) 0.48 ( 0.16 (50 mM
NaCl)]. The value of the equilibrium constantK2 is 18.9(
9 for the dsDNA; i.e., it is by a factor of∼40 higher than
that observed for the polâ-ssDNA system (Table 1).

Such different behavior occurs, although the enzyme
associates with the DNA, using always its 8-kDa domain,
in a manner that is independent of the conformation of the
nucleic acid (12, 18, 19, 21). As we pointed out before, there
are clear differences between the binding of the isolated
8-kDa domain to the ss- and dsDNA, and between the
isolated domain and the intact enzyme (8-12). Interactions
of the isolated 8-kDa domain with the ssDNA are character-
ized by very weak cooperative interactions with anω of 1.4-
4. However, the domain binds with strong positive coop-
erative interactions to the dsDNA with anω of 90 ( 30
(12). The site size of the intact enzyme in its (polâ)5 binding
mode, where only the 8-kDa domain is engaged in interac-
tions with the nucleic acid, is 5( 2 nucleotides. On the
other hand, in the complexes of the isolated domain with
the ss- and dsDNA, the site size is 9( 0.6 nucleotide
residues and 9( 2 bp, respectively (12). These data were
the first indication that the 8-kDa domain is capable of
binding the ss- and dsDNA in different orientations, resulting
in different site sizes and cooperative interactions.

Kinetic data indicate that multiple conformational transi-
tions following the bimolecular step, in complexes with the
ssDNA, in the (polâ)16 and (pol â)5 binding mode, are
generated at the interfaces of the 8-kDa domain and the
nucleic acid (18, 19). Because the enzyme does not engage
its 31-kDa domain in interactions either with dsDNA or with
the ssDNA in the (polâ)5 binding mode, the large difference
in the nature of the transition following the bimolecular step,
in the complex with the dsDNA as compared to the ssDNA,
strongly suggests that the enzyme forms different complexes,
even in the first binding step, with both conformations of
the nucleic acid (18, 19, 21). In other words, kinetic data
described in this work strongly support the conclusion that
the orientations of the bound polâ molecule in the complexes
with the ss- and dsDNA are different and imposed at the
interface of the 8-kDa domain-nucleic acid complex.

The Transition following the Bimolecular Step Does Not
Facilitate the Engagement of the Enzyme in CooperatiVe
Interactions. At low salt concentrations (50 mM NaCl), the
conformational transition following the bimolecular complex
is energetically most favorable and characterized by values
for partial equilibrium constantK2 of 18.9( 9 and 12.5(
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3.6 in the absence and presence of magnesium cations,
respectively. At the same salt concentrations, cooperative
interactions are negative, with anω of 0.29( 0.14, or weakly
positive, with anω of 1.4( 0.4 (Tables 1 and 2). Analogous
parameters obtained in equilibrium studies, under the same
solution conditions, are 0.31( 0.06 and 1( 0.5, respectively
(21). Notice that the increasing salt concentration decreases
the partial equilibrium constantK2, making the transition less
energetically favorable. The same NaCl concentration in-
crease leads to significantly stronger positive cooperative
interactions, particularly in the presence of magnesium
(Tables 1 and 2). Such behavior of the system indicates that
the conformational transition following the bimolecular step
is not involved in the formation of cooperative interactions
between bound protein molecules. The excellent agreement
between the values ofω obtained from equilibrium and
kinetic measurements strongly corroborates this conclusion.
Rather, the role of the transition seems to be reinforcing the
moderate affinity for the dsDNA, resulting from the bi-
molecular step.

Salt and Magnesium Affect both Bimolecular and Con-
formational Transitions of the Intrinsic Binding of the Pol
â-dsDNA Complex.In the absence of magnesium, the total
net number of ions released in the intrinsic binding process
equals∂(log Kint)/∂(log[NaCl]) (-3.6( 0.5), indicating that
the release of∼3.6 ions accompanies the intrinsic binding
of the enzyme to the dsDNA (Figure 9a). The analogous
value obtained from equilibrium studies is- 4.0 ( 0.5. As
pointed out above, such good agreement between the kinetic
and equilibrium results provides additional evidence of the
correctness of the kinetic analysis. Kinetic data indicate that
the net ion release is generated in the bimolecular step and
also in the conformational transition following the binding
with corresponding slopes:∂(log K1)/∂(log[NaCl]) ) -2.4
( 0.4 and∂(log K2)/∂(log[NaCl]) ) -1.7( 0.3, respectively
(Figure 9a). It is evident that the bimolecular step does not
dominate the release of the ion from the complex. A similar
salt effect that includes both a bimolecular step and a
following conformational transition has been observed in the
polymerase-ssDNA association (18, 19). These data point
out an important caveat in interpreting the salt effect
exclusively in terms of a single step of the protein binding
to the nucleic acid.

In the presence of magnesium,∂(log Kint)/∂(log[NaCl]) )
-4.4 ( 0.5; thus, the total net number of ions released is
increased. The observed increase originates from both the
bimolecular step, with a∂(log K1)/∂(log[NaCl]) value of-2.7
( 0.4, and the following conformational transition [∂(log
K2)/∂(log[NaCl]) ) -2.1( 0.4]. The analogous increase in
the total net number of ions released in the presence of
magnesium was observed previously in equilibrium studies
(21). The magnesium effect is surprising. A rather strong
decrease in the net number of ions released is always
expected, particularly for the bimolecular step, due to the
competition between Mg2+ and Na+ for the DNA (46, 47).
Recall that polâ associates with the dsDNA using only its
8-kDa domain (21). The specific effect of magnesium on
interactions of the isolated 8-kDa domain with the ssDNA
has been described by us previously (12). The effect includes
changes in the site size of the 8-kDa domain complex with
the ssDNA and the number of anions released from the
domain accompanying association with the nucleic acid. The

presence of magnesium also affects the anions released in
the intact enzyme-dsDNA interactions (21). Magnesium
binding sites participating in the process are characterized
by a binding constant ofg104 M-1, indicating that, under
the solution conditions that were examined, the Mg2+ effect
results from the binding of magnesium cations to the domain
and/or the enzyme, and not to the ssDNA (12). As mentioned
above, particularly surprising is the fact that the presence of
magnesium does not decrease but even slightly increases the
number of ion released in the first bimolecular complex.
Amplitude analysis shows that there is a significant increase
in the nucleic acid fluorescence induced already in the
bimolecular step, indicating that, despite its very fast nature,
it is not a simple encounter complex (18, 19, 56). In the
presence of Mg2+, this fluorescence increase is strongly
diminished (Tables 1 and 2). Thus, the data indicate that
specific Mg2+ cations binding to the polymerase induce a
different conformational state of the enzyme that has a
different thermodynamic response in interactions with the
DNA, including the bimolecular step.

As mentioned above, kinetic data indicate that two partial
binding steps share the salt effect on the intrinsic binding of
the polymerase to the dsDNA. Such sharing may have
important functional and mechanistic implications. It strongly
decreases the sensitivity of the bimolecular step to the
increased salt concentration, allowing the polymerase to
preserve to a large extent its initial binding affinity for the
nucleic acid, residing in the bimolecular step at elevated salt
concentrations. On the other hand, binding to the dsDNA is
an initial stage in the enzyme search for the ssDNA gap in
the damaged DNA (1-6). A decreased affinity and slowing
of the second step would facilitate the detachment of the
polymerase from the ds conformation, once the gapped DNA
is encountered (see below).

Mechanism of the Binding of Rat Polâ to the dsDNA Is
Not Affected by the Changing Character of CooperatiVe
Interactions between Bound Enzyme Molecules as a Function
of Salt and Magnesium Concentration. Cooperative inter-
actions between bound polâ molecules exhibit behavior very
different from the intrinsic binding to the dsDNA (21). Thus,
instead of a release, an uptake of ions accompanies the
engagement in cooperative interactions (Figure 9a,b). It is
interesting that despite the dramatic change in the nature of
cooperative interactions, as a function of salt and magnesium
concentration, the general feature of the kinetic mechanism,
i.e., the number of relaxation steps, is unaffected. As
discussed above, the conformational transition in the intrinsic
binding event is not coupled to the cooperative interactions,
indicating that the orientation of the enzyme that favors the
engagement in cooperative contacts has already been reached
in the bimolecular step. Moreover, equilibrium data indicate
that a significant net uptake of anions occurs in the formation
of cooperative contacts (21). Because the negatively charged
DNA does not bind anions, the large contribution of anions
to the net ion uptake provides evidence that cooperative
interactions result from direct protein-protein interactions.
The independence of the mechanism of enzyme binding with
respect to the nature of cooperative interactions strongly
suggests that protein surfaces that engage in cooperative
contacts are already in the proper orientation after the
bimolecular step, and simply need binding of ions, including
anions, to provide a bridge for efficient contacts. Notice that
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amplitude analysis indicates only moderate changes in
fluorescence intensities of protein-dsDNA complexes, as a
result of engagement in cooperative interactions (Tables 1
and 2). This observation indicates that the interface of the
protein-DNA complex is affected little by cooperative
interactions.

Functional Implications of the Dynamics of CooperatiVe
Binding of Rat Polâ to the dsDNA. Kinetic and thermody-
namic studies indicate that rat polâ preferentially binds to
the dsDNA conformation over the ssDNA, mostly due to
the amplifying effect of cooperative interactions between
bound enzyme molecules. This behavior excludes the pos-
sibility that the intrinsic affinity of the enzyme for the ssDNA
alone plays any significant role in the recognition of the
gapped DNA by the polymerase (8-12). Although the
intrinsic affinity of the gap complex is significantly higher
than the intrinsic affinity for the dsDNA, this is only because
both DNA-binding subsites of the polymerase engage in
interactions with the DNA in the gap complex (10). Recently,
we have proposed a plausible model of the possible role of
cooperative binding to the dsDNA in recognition of a
damaged gapped DNA (21). The enzyme cooperatively binds
to the dsDNA, using exclusively the 8-kDa domain and with
the site size (p) of 5 bp. Cooperative interactions prevent
the enzyme from dissociating. A protein cluster is formed
that allows the enzyme to examine longer patches of the
dsDNA until the damaged DNA, the ssDNA gap, is
encountered. Cooperative interactions with polâ in the
cluster bound to the dsDNA become weak, as observed
experimentally (21). In other words, the enzyme, encounter-
ing the gap, breaks its ties with the protein cluster and forms
a gap complex. The enzyme can now engage the 31-kDa
domain in interactions with the DNA and initiate catalytic
steps.

Kinetic analyses described in this work provide mecha-
nistic information about the events at the moment the gapped
DNA is encountered. The affinity of the enzyme for the
dsDNA is reinforced not only by cooperative interactions
but also by a conformational transition following the bimo-
lecular step. The transition is fast with a forward rate constant
k2 of ∼750-370 s-1, and energetically favorable (Table 2).
The engagement in cooperative interactions is much slower
and characterized by an association cooperativity factorω1

of ∼0.15-0.06. However, a docking step of the enzyme on
the ssDNA gap is even more energetically favorable than
the conformational transition in the intrinsic binding to the
dsDNA, particularly in the presence of magnesium, and very
fast with a forward rate constantk2 of 1100-430 s-1 (20,
57). In other words, at the moment the gap is encountered,
the rate of engagement in the gap complex is by a factor of
∼11 faster than the engagement in cooperative interactions
with pol â molecules bound to the dsDNA. If the polymerase
molecule is already in the cluster on the dsDNA, it will
efficiently transform into the gap complex, due to a much
higher affinity of the gap complex, albeit with the rate
affected by the rate of release from cooperative interactions,
thus breaking its ties with the cluster. However, any incoming
enzyme molecule will not engage in the cooperative interac-
tion with the cluster on the dsDNA because of the large
difference between the rates of the cooperative binding and
the formation of the gap complex. The enzyme will directly
form the gap complex.
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