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ABSTRACT: Kinetics of cooperative binding of rat polymeragsto 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 pofs 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 MgC} 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 palctivities is discussed.

Polymerases (pol ) is one of a number of recognized small 8-kDa domain, that constitute the total DNA-binding
DNA-directed polymerases in most eukaryotic cells that plays site 8—12). Both the 8- and 31-kDa domains have the ability
very specialized functions in the mammalian cell DNA repair to bind DNA,; thus, the total DNA-binding site has two DNA-
machinery {—7). A unique feature of a DNA repair binding subsites§—12). However, only the DNA-binding
polymerase including pl is that the enzyme must recognize  subsite on the 8-kDa domain of p@l has been found to
specific structures of damaged DNA sites. Moreover, the have similar and significant affinity for both ss- and dsDNA
recognition of a damaged DNA site must precede chemical (12, 13). Thus, the subsite is the primary DNA-binding site
steps of the DNA synthesis. Among known specific activities of the enzyme. Moreover, its interactions with the DNA are
of pol § are gap filling synthesis in mismatch repair, repair specifically controlled by binding of Mg cations to the
of monofunctional adducts, UV-damaged DNA, and abasic gomain (2). A similar organization of the enzyme molecule
lesions in DNA (—7). A DNA repair polymerase mustbe  pas peen indicated for several other DNA polymerases

capable of specifically recognizing the common feature of engaged in DNA repair, although little is known about their
damaged DNA sites, i.e., the presence of the single- and, ;cjeic acid binding mechanisms4—17).

double-stranded (ss and ds, respectively) conformation of

the nucleic acid. This capability is reflected in the structural - o
organization of the total DNA-binding site of the enzyme VerY complex process, as already indicated by quantitative

and in mechanisms of interactions with the DN&—(12). thermodynamic analyse$<12). Both enzymes bind the

The structure of pop is a paradigm of the structure of ssDNA in two binding modes which differ in the number of
the DNA repair polymerase7). The enzyme possesses two 0ccluded nucleotide residues, the (pike and (pol f)s
functional domains, a large 31-kDa catalytic domain and a Pinding modes &-12). In the (pol5)s binding mode, the
total DNA-binding site of the enzyme is engaged in the
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binding modes, show that the binding mechanism is a the engagement in cooperative interactions. The changing
complex multistep sequential reactidlB(19). The associa-  character of cooperative interactions as a function of salt
tion is initiated through the very fast engagement of the concentration and Mg does not affect the mechanism of
DNA-binding subsite, located on the 8-kDa domain, in polymerase-dsDNA interactions. However, engagement in
interactions with the nucleic acid. Analyses of the dynamics cooperative interactions is a slow proces8—4 orders of
of gapped DNA recognition by both enzymes clearly indicate magnitude slower than conformational transition of the bound
that the binding is also initiated through the 8-kDa domain polymerase.
(20). The ability of the 8-kDa domain to interact with the
ss- and dsDNA is a key element in anchoring poko MATERIALS AND METHODS
template-primer and gapped-DNA substrate3-(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
ngnzusggéte’ containing the primer, follows the initial mM DTT, and 10% glycerol. Temperatures and concentra-
Recent thermodynamic studies indicate that the binding tions of salts in the buffer are |nd|cate.q in the text:
of pol 8 to the dsDNA is very different from its interactions Rat_ Pol 5. Rat polymerasg was purified as preVI_oust
with the ssDNA or gapped DNA substrate). A peculiar ~ described §-12). The concentration of the protein was
aspect of the interactions of the enzyme with the dsDNA is SPectrophotometrically determined using an extinction coef-
the presence of significant cooperative interactions, dramati-ficient (ezs0) of 2.1 x 10* cm™ M~ obtained with an
cally controlled by the salt concentration and magnesium in @Pproach based on Edelhoch’s meth8et 12, 22, 23).
solution. At low NaCl concentrations, the enzyme binds to  Nucleic Acids Modified and unmodified DNA oligomers
the dsDNA with negative cooperativity, while at elevated were purchased from Midland Certified Reagents (Midland,
salt concentrations and in the presence of magnesium,TX). The labeled ssDNA oligomer contains a fluorescent
cooperativity is strong and positive. As a result, contrary to label, 7-(diethylamino)-3-(4maleimidylphenyl)-4-methyl-
intrinsic affinities that are accompanied by a net ion release, coumarin (CP), attached to théénd through a six-carbon
cooperative interactions are accompanied by a net uptake ofinker. Concentrations of all ssDNA oligomers have been
ions 21). Such behavior is very different from the salt effect spectrophotometrically determined as described previously
on weak cooperative interactions between enzyme moleculedy us @4—26). The dsDNA substrate was obtained by
in its binding modes on the ssDNA and gapped DNA, where mixing the ssDNA oligomers at the given concentrations,
little, if any, dependence upon salt has been fousdLQ, warming the mixture for 5 min at 98C, and slowly cooling
11). Instead of different binding modes, the enzyme binds for a period of~3—4 h (24—26). The melting temperature
the dsDNA by forming a single type of complex with a site of the examined dsDNA oligomer is 54 0.3 °C. The UV
size () of 5+ 1 bp. The small site size is a consequence of melting curve of the dsDNA 10-mer, used as a substrate in
engagement of only the 8-kDa domain in intrinsic interac- these studies, is included in the Supporting Information.
tions with the dsDNA. Fluorescence MeasurementSteady-state fluorescence
Elucidation of the interactions of p@ with the dsDNA measurements were performed using an SLM-AMINCO
is fundamentally important in understanding the molecular 8100C spectrofluorometer under magic angle conditions
mechanism of the DNA recognition by the polymerase. (27—33). Formation of the complex was followed by
Recall that although the enzyme binds to the specific monitoring the fluorescence of the CP-labeled DN &
structure of the damaged DNA site, it must recognize the 435 nm,Aem = 480 nm) @1). Computer fits were performed
site in the context of an overwhelming concentration of the using KaleidaGraph (Synergy Software, Reading, PA) and
dsDNA. Analysis of pols—dsDNA interactions may also  Mathematica (Wolfram Research).

provide important general insights about the mechanisms of Stopped-Flow KineticsAll fluorescence stopped-flow

recognition of DNA substrates by other DNA repair poly- inetic experiments were performed using an SX.18MV

merases. Despite its paramount importance for understandin%topped_ﬂow instrument (Applied Photophysics Ltd., Leather-

the DNA recognition process, the direct analysis of the peaq, U.K.). The reactions were monitored by the dsDNA

kinetics of the cooperative interactions of p®lwith the fluorescence, with ale, of 435 nm. The emission was

dsDNA has not yet been quantitatively addressed. observed through a GG455 cutoff filter (Schott). Usually,
In this paper, we report fluorescence stopped-flow kinetic five to eight traces were collected and averaged for each

analyses of the cooperative binding of rat gblto the  sample. The kinetic curves were fitted to extract relaxation

dsDNA. The obtained data have been analyzed using antimes and amplitudes using the nonlinear least-squares

approach developed to study complete kinetics of coopera-software provided by the manufacturer, with the exponential

tive, large ligand binding to a one-dimensional lattice that, fynction defined as

at saturation, can accept only two ligand molecules. Com-

bined application of computer simulations and equilibrium n

data with examination of both relaxation times and ampli- F(t) = F(eo) + ) A exp(=At) (D)

tudes is essential for the approach. Intrinsic binding of pol =

f to the dsDNA includes only two sequential steps: very

fast bimolecular association followed by an energetically ! Abbreviations: DTT, dithiothreitol; EDTA, ethylenediaminetet-

favorable conformational transition of the complex. The raacetic acid, disodium salt; CP, 7-(diethylamino)-3rt@leimidylphe-

transition following the bimolecular step does not facilitate nyl)-4-methylcoumarin.

Reagents and BufferdAll solutions were made with
distilled and deionized>18 MQx (Milli-Q Plus) water. All
chemicals were reagent grade. Buffer C is 10 mM sodium
cacodylate adjusted to pH 7.0 with HCI, 0.1 mM EDTA,
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N T previously to analyze the binding of rat pdko the dsDNA
1 10-mer, but includes an additional conformational transition
of the bound ligand. The first ligand molecule can associate
e with the nucleic acid lattice, N forming two types of
complexes, B and N, characterized by the same partial
N equilibrium constantK;. There are two complexes of the
2 e — N type that can still accept another ligand molecule with a
site size ) of 5. On the other hand, there are fousr-type
complexes, where the location of the bound ligand sterically
G prevents association of the second enzyme molecule. This
e — is a characteristic situation in the case of the large ligand
N binding to a one-dimensional lattice, where instead of discrete
3 c_— Do sites, potential binding sites must be consider@4-38).
Both N; and N, undergo the same conformational transi-
tion to Ns and N; complexes, respectively, described by the
N [ — partial equilibrium constari,. The second ligand molecule
4 can bind to the Mand Ny complexes, forming the Nand
N-; complexes, respectively. These complexes differ in the
N LS G N conformational states of the two bound ligand molecules.
5 Moreover, bound molecules are now engaged in cooperative
interactions characterized by the cooperativity parameter,
N [ 1 I 1 (34—38). Cooperative interactions between the enzyme
6 molecules in different conformational states are taken to be
identical. This assumption is justified by the equilibrium
C ) I ] studies indicating that a single value af characterizes
"t cooperative binding of rat pg@ to the dsDNA 21). In the
N7 N7 complexes, the enzyme molecules undergo a conforma-
I 1 D tional transition to form the B complex. The partition
Crrrrrrrm— function, Z,,, describing the considered binding systendi3 (
21, 34-39)
C ) D

N8 o o o i — —— — - Zm=1+(m_p+1)K1(l+K2)PF+

FicURe 1: Schematic model of the cooperative large ligand binding [K (14 Ky)]?wPZ (2)
to the one-dimensional lattice that, at saturation, can accept only

two ligand molecules. The lattice contains 10 monomeric um)s (- \wherem is the total number of base pairs in the oligomer

and the site sizepj of the ligand-lattice complex is 5 monomers. . . : .
Due to the existence of potential binding sites, the first ligand can (10), p is the site size of the pgf—dsDNA complex (5),

form complexes, M that can still accept another ligand molecule, @ndPr is the free poJs concentration. Comparison with the
and complexes, N where binding of another ligand is sterically ~ Statistical thermodynamic model, used to analyze equilibrium
prevented. There are four possible, omplexes initiated at  binding isotherms of rat pg# to the same dsDNA oligomer
different lattice sites. The dashed line symbolizes the range of theselattice, indicates that the intrinsic binding constdf,

different locations. In states Nand N, the ligand undergoes a . ey . . . .
conformational transition following the binding step to form the obtained from equilibrium studies, is defined, in terms of

N; and Ns complexes, respectively. Association of the second the partial equilibrium constants, a1

molecule with N and N; leads to the B and N species,

respectively, that differ in the conformational states of the bound Kine = Ky(1 + Kyp) 3)
ligands; in these states, the ligand molecules are now engaged in

cooperative interactions. In thesdomplex, the bound molecules  The average degree of binding©;, the number of popf

are in the final conformational state. molecules bound per DNA oligomer, is then

whereF(t) is the fluorescence intensity at tinigF(c) is (m—p+ DK, (14 K,)P: + 2[K (1 + Kz)]szﬁ
the fluorescence intensity a& time, A is the amplitude ZG)‘ =

corresponding to théh relaxation process}; is the time Z,

constant (reciprocal relaxation time) characterizihg ith (4)

relaxation process, and is the number of relaxation ) o )

processes. Analysis of Stopped-Flow Kinetic Experiments of the
Cooperatve Large Ligand Binding to a Two-Site One-

RESULTS Dimensional LatticeThe kinetic mechanism corresponding

to the considered statistical thermodynamic model, depicted
Statistical Thermodynamic Model of Binding of Rat Pol in Figure 1, is shown in Scheme 1. Despite applied
B to the dsDNA 10-merThe simplest extension of the simplifications in the formulation of the binding model, the
statistical thermodynamic model of cooperative binding of kinetic mechanism is very complex. There are six rate
a large ligand to a one-dimensional lattice that can accom- parameters that describe the considered cooperative bind-
modate, at saturation, only two ligand molecules is shown ing: ki andk-,, characterizing the bimolecular stdgp;and
in Figure 1 @1). This model is analogous to the one used k-, characterizing the conformational transition of bound
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Scheme 1 N; i.e., P is equal to the total concentration of the enzyme
2k, k, and is constant during the time course of the reaction. In
N, +P ? N, ? N, matrix notation, system 5 is defined as
1 2
a Lk, + + a,
P P dt -6k,P k., 0 k, 0 0 0 0
N4 d—ﬂ'ﬁ 2%,P _(11:' “1‘;”) K, 0 0 %0, 0 N,
dN 12
kzl K, kwwtlT2k-1w»1 k'u)1lTk.1w_1 T 0 k, —(k,oP+ 0 0 0 k0, 0 N,
dN, 2) N,
2k, o || P 0 0 —(k,+ky) K, 0 0 0 |n, ©
N, N, —(k_') N, N [T o 0 0 K, &k, 0 0 0 ||n,
> dt —(2k 0, + N
0 k,oP 0 0 0 7 k 0
k I 2. L “ ) N,
a0 0 K oP 0 0 x, kot g N
N dt kytky)
8 ANy 0 0 0 0 0 0 k, -2k,
dt

enzyme molecules; an@d; and w-,;, association and dis-
sociation cooperativity factors, respectively, resulting from and
the engagement in cooperative interactions. These rate N = MN 7
parameters are related to the equilibrium binding parameters

as follows: Ky = ky/k-1, Kz = ko/k -5, andw = wi/w-1. There whereN is a vector of time derivatived/ is the coefficient
are eight possible states of the dsDNA and eight steps inmatrix, andN, is the vector of initial concentrations of

the mechanism. The same number of states and reaction stepgifferent dsDNA species. To obtain the solution of system
results from the presence of the cyclic pathway, including g we expand matriMt using its eigenvalues;, and the

N5, N3, Ng, and N intermediates (SCheme Eq_42) projection Operatorg;)i, as 68—40)
Quantitative analysis of spectroscopic stopped-flow mea-
surements requires the examination of both the relaxation 8
times and the amplitudes of the observed processes. In our expMt) = Z)Qiexp@it) (8)

studies, we used the matrix projection operator technique as 1=
we described previously0—43). This powerful method is
particularly useful for providing closed-form explicit expres-
sions for amplitudes of the studied reactict®{42). The
kinetics of cooperative binding of pgl to the dsDNA is
followed by changes in the fluorescence intensity of the
nucleic acid 21). Differential equations describing the time

The projection operatorsQ;, can easily be analytically
defined using the original coefficient matrid and its
eigenvaluesi;, by Sylvester’s theoremd0—43). A general
formula for a projection operatof);, corresponding to an
eigenvaluej;, is

course of the reaction described by Scheme 1, in terms of n
different dsDNA species, are |_|(M —A4l)
JZ
d—tl = —6K,PN, + k_;N, + k_;N, (5a) Q= ®)

N J|;|(/1. A)
d_t2 = 2K,PN, — (Kyo,P + K_; + k)N, -+ K_,Ng + . . o
wheren is the number of eigenvalues ahds the identity
2k_y0_1Ng (Sb) matrix that is the same size &4.
dN, In the considered mechanism depicted in Scheme 1 (eqs
— =N, — (k;o,P + k_,)N; + k_;w_;N, (5¢) 5 and 6), there are eight eigenvalués-(17). One eigenvalue
dt (Ao = 0) requires that at very long times—> ) the system
dN, approach equilibrium. Application of the matrix projection
o = PN (kg QN +kNs (5d) operators provides the solution, for the system of differential
equations (eq 6), as

dNg
o reNa T ke (5€) N =QuN,+ QN expy) +QyN, exp,t) +
N, Qq"No €Xpli) + Qu N, €Xplit) + Qs N, eXplit) +
o kiw,PN, — (2k_ o0 _; + 2k;)Ng + k_,N, (5f) Qe N, explgt) + QN, exp@,t) (10)
dN, whereQ; values are defined by eq 9.
at kyw1PN; + 2KNg — There are seven normal modes of the reaction correspond-

ing to relaxation timeg; = (—1/41), 12 = (—1/4y), 13 =
(k71w71 + k2 + k72)N7 * 2k72N8 (59) (—1//13), Tq = (_1//14), Ts = (—1//15), T — (_1//16), andr7 =
dNg (—=1/7) and seven amplitudesA{—A;). Each individual
g N7 T 2k oNg (5h) amplitude contains a contribution from fluorescence intensi-
ties characterizing all dsDNA intermediates. In general, each
Experiments described in this work were performed in a intermediate may have different fluorescence properties.
large excess of the polymerase over the nucleic deieh Therefore, there are eight molar fluorescence intensities
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(F1—Fsg) characterizing the N-Ng states of the dsDNA a
oligomer, respectively, free and in complexes with the 600
polymerase. Using projection operators, the numerical analy-
sis of the complex multistep reaction is reduced to finding
only the eigenvalues of the original coefficient mathk
(40—42).

Relaxation Times€xamination 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 proces$-@2). The
considered mechanism has seven relaxation times. Although
guantitative analyses of such a complex mechanism would b
be prohibitively difficult, the behavior of the pgl-dsDNA 600 | 1
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 0 21'0-6 41|0'°
cooperative interactions between the boundfwiolecules, .

i.e.,w = wilw—1 < 1. For instance, such a situation occurs [Ligand]
at low salt concentrations and in the absence of magnesiumFicure 2: (a) Computer simulation of the dependence of individual
cations R1). Relaxation times are obtained by direct, reciprocal relaxation times [g (—), 1/z6 (— — —), and 1f7 (--)]
numerical determination of eigenvalugs-1; of matrix M chara_lcterlzmg slow normal modes of the cooperative blndl_ng
. . . . reaction, defined by Scheme 1, upon the total ligand concentration,
at a given total protein ligand concentration, using the ¢, the case where there are negative cooperative interactions

1IrN (s

300

0 210 410

Log[Ligand].I.‘Jtal

300

1IrN (s

Total

following identities: 1t; = —Ai, 1/to = =4z, 13 = —4s, between bound ligand molecules. The simulations were performed
1ty = —A4, Lhs = —1s, 1hts = —A6, and 1t7; = —17. The with the following rate constants and cooperativity factdks= 1
selected rate constants are as follows:= 1 x 10° M1, x 1IPMTst k1 =1x10st k=800s", andk ,=80s"

— 1 L — 1 — 1 — andw; = 0.002 andv—; = 0.01 @ = 0.2). (b) Computer simulation
ki=1x10's" k;=800s", k»=80s" w, =0.002, of the dependence of individual reciprocal relaxation timess[1/

and (Uf} = 001 @ = 02) The Concentrat|0n Of the DNA (_), 1/7:6 (_ — _), and 1t7 (...)] Characterizing slow normal modes

lattice is selected to be 2 1078 M, a typical value in a of the cooperative binding reaction, defined by Scheme 1, upon
stopped-flow experiment with fluorescence detectits) {9, the total ligand concentration, for the case where there are positive
4042, 44, 45). cooperative interactions between bound ligand molecules. The

. . simulations were performed with the following rate constants and
For the selected value &f, the bimolecular step is close cooperativity factors:ks = 1 x 1° M-1sL k ;=1 x 10°s L,

to being a diffusion-controlled one. However, both rate g, = 600 s, andk_, = 60 s* andw; = 0.06 andw_; = 0.001
constantsk; andk-,, are at least 1 order of magnitude larger (o = 60). The concentration of the lattice in both panels is taken
than rate constants andk_, respectively, characterizing to be 2x 1078 M.

the following conformational transitions which, in turn, are

orders of magnitude larger than andw_;. As aresult, the ~ characterize the normal modes of intramolecular transitions,
values of the four largest reciprocal relaxation times,3/  directly following the bimolecular stepr€) or occurring in
1/t;) are well above~1000 s%; ie., these relaxation @ sequence of intramolecular steps §ndz7) (see below).
processes are beyond the resolution of a typical stopped- The situation is different for the case in which there are
flow experiment (data not shown). They characterize three significant positive cooperative interactions. The selected rate
different bimolecular steps, with and without the preceding constants are as followsg =1 x 1° M1, k. =1 x 10*
conformational transition, and the fastest intramolecular s, k, = 600 s, andk-, = 60 s% Thus, the transition
transition in the association reactions of two ligand mol- following the bimolecular step is only slightly slower than
ecules, as depicted in Scheme 1. The remaining threein the previously considered case (Figure 2a). The coopera-
reciprocal relaxation times (d4—1/r;) for the considered tive interaction factors are now; = 0.06 andw_; = 0.001,
mechanism (Scheme 1) are shown in Figure 2a. Because ofjiving w = 60; i.e., there are strong positive cooperative
large differences between values of selected rate constantinteractions between bound ligand molecules. A large change
among elementary steps, the relaxation times differ signifi- in the cooperative interactions, by a factor of 300, has little
cantly at any concentration of the ligand; i.e., the normal effect on the largest reciprocal relaxation times{*//z,)
modes of the reaction are close to the “uncoupled” 08@s ( of the system (data not shown). This behavior is a simple
42). The plots reach plateau values at high ligand concentra-consequence of the large separation of the relaxation
tions. As a result, ¥t—1/r; become independent of the processes on the time scale. Reciprocal relaxation times
ligand concentration at high ligand concentrations. Such 1/ts—1/17, as a function of the total ligand concentration,
behavior is characteristic for normal modes describing are shown in Figure 2b. Comparison between computer
intramolecular transitions3@—42). In the considered ex-  simulations in panels a and b of Figure 2 shows that, contrary
ample, it indicates that the three slower relaxation times to the negative cooperativity case, relaxation timg



1256 Biochemistry, Vol. 44, No. 4, 2005 Galletto et al.

characterizing one of the slow normal modes related to the i[a
conformational transitions of the bound ligand, becomes
much shorter and close tg. Both relaxation times do not
differ by more than a factor of2 over the examined ligand
concentration range. In fact, for slightly larger valuesuaf
andw-,, 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 @9—-42). Moreover, amplitudes determine which , , ,
normal modes are observed and how they are observed in a 7 6.5 - 5.5 5
stopped-flow experiment. The computer simulations have Log]Ligand]
been performed using the molar fluorescence intensities T
selected:F; = 1,F, = 2,F3 = 2.3,F; = 2,Fs = 2.3,Fs = b
3, F7 = 3, andFg = 3. Thus, the fluorescence intensity of
the free nucleic acid is taken to be B;). Complexes with
a single bound ligand molecule are characterized by the same
intensity &, = F4 = 2). The conformational transition is
accompanied by an extra fluorescence chamgex Fs =
2.3). Complexes with two ligand molecules are characterized
by the same fluorescence intensifg & F7 = Fg = 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
(w = 0.2), is shown in Figure 3a. The amplitudes are FiGURE3: (a) Computer simulation of the dependence of relaxation
expressed as fractions of the total amplitéde= S A, (A/ amplitudes, for the cooperative binding reaction, defined by Scheme

] : . 1, upon the logarithm of the total ligand concentration, for the case
2A) (39-42). First, for a given set of fluorescence and rate where there are negative cooperative interactions between bound

parameters, of four amplitudes characterizing the fast bi- igand molecules. The simulations were performed with the

molecular stepshu—As, only the fastest process, character- following rate constants and cooperativity factokg:= 1 x 10°

ized byA;, contributes in a detectable way to the observed M™* s, k-1 =1 x 10*s%, k; = 800 s, andk—, = 80 s'* and

signal, although all intermediates contribute to the observed i“r’&;]s?t-iggziza“_d‘éﬂ;_o-g%@": =_0-22)|-: Tﬂezrg'aé"’e_ﬂé‘olzres_c%me
PR 2— &4 PFP3— o, F4—4,F5— 4£.0,Fg— O, F7— 9,

fluorescence (data not shown). Recall that all relaxa_tlon times andFs = 3) characterize the corresponding intermediates-(W,

of the fast normal modes are beyond the resolution of the respectively). The molar fluorescence intensity of the free lattice,

stopped-flow measurement (see above). Therefore, in aF, is taken to be 1, and the individual amplitudes are expressed as

stopped-flow experiment, all four amplitudes of the fast fractions of the total amplitud8re. The coIIecti_ve amplitude that

modes will appear as a single collective amplitude of the includes four fast normal modes of the reactign= A + A, +

- - Az + As(7), As (—— ), As (---), or A7 (-++). (b) Computer
unresolved fast stepy-. The observed collective amplitude g jation of the dependence of relaxation amplitudes, for the

Normalized Amplitudes

Total

Normalized Amplitudes

Log[Ligand]

Total

of all fast steps is then defined as cooperative binding reaction, defined by Scheme 1, upon the
logarithm of the total ligand concentration, for the case where there
A=A +A+A+A, (11) are positive cooperative interactions between bound ligand mol-

ecules. The simulations were performed with the following rate

. . . . constants and cooperativity factorg; =1 x 1° M~1s% k; =
The collective amplitudéy, as defined by eq 11, is shown 1 » 10¢ s, k, = 600 s¢, andk_, = 60 s andw; = 0.06 and

in Figure 3a. It increases with an increase in ligand w-;=0.001 (» = 60). The relative fluorescence intensiti€s &
concentration. Second, the major contribution to the observed2, Fs = 2.3, F4 = 2, Fs = 2.3, Fg = 3, F; = 3, andFg = 3)
signal comes from amplitudas, characterizing one of the characterize the corresponding intermediates-(N, respectively).

. . The molar fluorescence intensity of the free lattiEg, is taken to
slow .r)ormal modes correspondmg to the confprmatlonal be 1, and the individual amplitudes are expressed as fractions of
transitions of the bound ligand molecules (Figure 3a). the total amplitudéry. The collective amplitude that includes four
Because, for the considered negative cooperativity case, thefast normal modes of the reactids = A + A, + As + Aq (—),
relaxation times differ strongly in their values, the observed As (— — =), As (---), Or A7 (). Aso = As + A (—- ). The
amplitude of the slow relaxation process in a stopped-flow concentration of the lattice in both panels is taken to be 2078
experimentAs, will correspond to a given normal mode of '
the reaction; i.e., it will not be a collective amplitude. The the ligand concentration, for the considered mechanism, is
amplitude As, makes the major contribution to the observed shown in Figure 3b. The computer simulations have been
signal. Notice that for the negative cooperative case— performed using the same rate constants as in Figure 2b,
0.2), the amplitudeAs, is practically undetectable. The i.e., w; = 0.06,w-; = 0.001, andw = 60, and the same
amplitude of the slowest modéy, is barely visible; i.e., at  molar fluorescence intensities. As discussed above, four
most only two relaxation steps will be observed in the amplitudes characterizing the fast bimolecular steps are
experiment (see below). affected little by large positive cooperative interactions, with

Similar to the behavior of the relaxation times, the behavior only the fastest process contributing significantly to the
of amplitudes is different in the case of positive cooperative observed signal (data not shown). All these amplitudes will
interactions. The dependence of fractional amplitudes uponappear in a stopped-flow experiment as single collective
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amplitude, A, of the fast, unresolved process, shown in
Figure 3b. The major contribution to the observed signal
comes from amplitudeds—A; of the slow normal modes
related to the conformational transitions. However, now the
values of the relaxation timesg, are close tas (Figures 2b
and 3b). Therefore, in practice, a fitting routine will record
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these tW(_) normal modes as a Sl.ngle relaxation process. ASFiGURE 4: Primary structure of the dsDNA 10-mer used to examine
a result, in a stopped-flow experiment, both normal modes, the dynamics of interactions of rat pgl with the dsDNA. The

characterized byAs and As, will appear as a single normal
mode with the amplitudé\s; (=As + As). The collective
amplitudeAg; is included in Figure 3b. On the other hand,
amplitudeA; describes the process with relaxation time
that is still much longer than any other relaxation time. In
other words A; corresponds strictly to the slowest normal
mode of the reaction. However, contrary to the negative
cooperativity casel; will make a large contribution to the
observed total relaxation process (Figure 3b). The increase
contribution of the slowest relaxation process becomes
signature of the enhanced positive cooperative interactio
in the examined system (see below).

Negatve Cooperatiity Case for Kinetics of the Coopera-
tive Binding of Rat Pols to the dsDNA Equilibrium
thermodynamic studies showed that binding of rat/pod
the dsDNA is characterized by significant cooperative
interactions 21). As pointed out above, a peculiar aspect of

S5 Q
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nucleic acid has a coumarin derivative, CP, attached to 'tead
of one of the ssSDNA strands that provides the signal for monitoring
the polymerase binding2Q).
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these cooperative interactions is their very strong dependence

upon the salt concentration and magnesium cations in
solution. At low salt concentrations ([NaC 100 mM),
the cooperativity parametap is less than 1, indicating

Time (s)

Ficure 5: Set of fluorescence stopped-flow kinetic traces, after
mixing the dsDNA 10-mer with rat pg# in buffer C (pH 7.0, 10

negative cooperative interactions. Conversely, at higher salt’C), containing 50 MM NaCliex = 435 nm,Jen > 455 nm). The

concentrations,w becomes significantly larger than 1,
particularly in the presence of magnesium cations, indicating
strong positive cooperative interactions between the bound
polymerase molecule).

To address the kinetics of the cooperative binding of pol
f to the dsDNA, we first examined the enzyme binding at
low salt concentrations and in the absence ofMavhere
cooperative interactions are negative, ie.< 1. Binding
of rat pol 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,

final concentration of the nucleic acid 10-mer is 51078 M
oligomer, and the polymerase concentrations are 0,x7 8078,

1.2x 107, 6 x 107, and 1.2x 10°¢ 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.

~2 ms horizontal part of the traces corresponds to the steady-
state fluorescence intensity recorded for 2 ms before the flow

we have found that association of the enzyme with a dsDNA stops. The observed kinetics is complex. At lower enzyme
oligomer labeled at the' ®nd of one of the ssDNA strands concentrations, the two-exponential function (eq 1) provides
with the coumarin derivative, CP, is accompanied by a strong an excellent description of the experimental traces. At higher
(~150%) increase in nucleic acid fluorescence, providing enzyme concentrations, the traces are described by a one-
an excellent signal for monitoring the polymerasisDNA exponential function. Including additional exponents does
interactions 21). Moreover, the introduced label does not not improve the statistics of the fit (data not shown). The
affect to any detectable extent the energetics of enzymesolid lines in Figure 5 are nonlinear least-squares fits with
binding @1). As in our thermodynamic analyses of the the indicated number of exponents. It should be pointed out
polymerase interactions with the dsDNA, we selected the that experiments performed under reversed pseudo-first-order
same dsDNA 10-mer, containing random sequences of basesgonditions, i.e., in excess nucleic acid, showed the same
for the kinetic studies. The selected DNA substrate is humber of relaxation times (data not shown). As we
depicted in Figure 4. Because the site sipg ¢f the previously discussed, such behavior provides very strong
enzyme-dsDNA complex is 5 bp, the selected oligomer can evidence that the protein does not undergo any detectable
accept only two pob molecules 21). Moreover, the dsDNA  conformational transition prior to the nucleic acid binding
oligomer allows us to perform studies over large DNA and (42). The kinetics of binding of pgb to the dsDNA is very
protein concentration ranges, avoiding the precipitation of fast (L8—20). The entire kinetic process takes less th&00

the sample Z1).

The stopped-flow kinetic traces of the dsDNA oligomer
fluorescence, after mixing 1.5 108 M oligomer with
several rat pob concentrations in buffer C (pH 7.0, 2C),
containing 50 mM NacCl, are shown in Figure 5. The initial

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
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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, Aro: (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

kg, (s

too short to be extracted in the stopped-flow experiment. In olSne _ 0
other words, the cooperative association of rat patith 0 110°® 210
the dsDNA is a process that includes at least three steps. [Rat pol 8],

The two resolved reciprocal relaxation timesgst/and Y
1/ts3 obtained from the experimental traces, as a function
of the total rat pojs concentration, are shown in Figure 6a.
The values of Ms, show a hyperbolic dependence upon the
rat pol § concentration tending toward a plateau at high
enzyme concentrations. The valuest/is detectable only
in a limited concentration range (see above). Nevertheless,
the value of 1#ssis very low compared to 14, 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 0 110°® 210°°
transitions of the formed complexe3X-42). In other words, [Rat pol f]
the behavior of both slow relaxation times provides evidence Total
that the enzymedsDNA 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 pBlconcentration range
that was examined two polymerase molecules associate with
the dsDNA @1). 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 Log(Rat pol B,
before the intramolecular conformational transitions proceed. pigyre 6: (a) Dependence of the reciprocal relaxation timess1/
Thus, the observed unresolved process contains all four fastm) and 1<z (0O), for the binding of rat pop to the dsDNA 10-
normal modes characterized by—z, (Figures 2 and 3).  mer, in buffer C (pH 7.0, 10C), containing 50 mM NacCl, upon

Therefore, the bimolecular step can be characterized by onlythe total concentration of the enzyme. The solid lines are nonlinear
it ti I' ilibri tant,. Th till i least-squares fits according to the mechanism, defined by Scheme
Its partial equilibrium constants,. There are stll five 1, with the following rate constants and cooperativity factdfs:
parameters in Scheme 1 that have to be determined.= 1,06 x 106 M1, k, = 838 s, andk_, = 44 s andw; =

However, we can utilize the fact that we know the intrinsic 0.004 andw-; = 0.014 (details in the text). The error bars are
binding constankiy, from the equilibrium studies, which is  standard deviations obtained from three to four independent

; lihr experiments. (b) Computer simulation of the reciprocal relaxation
related to partial equilibrium constarks andK, by eq 3. times, 1lts—1/t;, corresponding to slow normal modes of the

Using the value oKiy reduces the number of parameters t0 reaction defined by Scheme 1, using kinetic parameters obtained
four. from the fit of experimental relaxation timeszdjfand 1£s; (details

; ; i« Inthetext): 1ts(—), 1k (— — —), and 17 (--+). (c) Dependence
We applied the following strategy for the data analysis. of experimental relaxation amplitudes, for the binding of rat/pol

Th(_a _anaIyS|s is s_tarte_d by first S|multaneously_f|tt_|n_g both 5 the dsSDNA 10-mer in buffer C (pH 7.0, TT), containing 50
individual relaxation times 1, and 1ts3 to obtain initial mM NacCl, upon the total concentration of the enzyme. The solid
values ofKy, ko, k-5, w1, andw—_1. Then, the behavior of the lines are computer fits according to the cooperative binding
reciprocal relaxation times, &/ 1/17, is simulated using the Tﬁzzgfnrzé ?nﬁgﬂzgieg chesmg 1, %leth':the ;%”;VI\:,mg Zfeslatlve

H H 2 L. P33T £.9,F4 — £.99,I'5 — £.9,
o_btalne_d rate paramgter_s. The (_:orr_espondmg Comp_Ute'er = 2.6, F; = 2.6, andFg = 2.6. The maximum fluorescence
simulations are shown in Figure 6b, indicating that relaxation jhcrease of the nucleic acid is taken from the equilibrium
times 7s—17 of the slow normal modes differ significantly  fluorescence titration under the same solution conditions as the
in their values. Also, these data indicate that the experimen-AFmax0f 1.6 + 0.15 (details in the text). The rate constants are the

tally observed relaxation timess, andrs; correspond to same as in panel a. The collective amplitude that includes four fast
. . normal modes of the reactiofy: = Ay + A, + Az + A, (O), As

relaxation timeszs and 77 of the normal modes of the (g "o A, (0). The dashed line is the theoretical dependence of

reaCt|0n, reSpeCt|Ve|y. Thus, the normal mode Character|zedamp|itudeA6 upon the rat poB Concentration, obtained for the

by 7 must be undetectable in the stopped-flow data; i.e., it determined rate and spectroscopic parameters (Table 1).

1/‘CN (s")

Normalized Amplitudes

-7 6.5 - -5.5
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must be characterized by a very low, if any, amplitude (see intermediate in the association reaction of rat paelith the

below). dsDNA, relative to the molar fluorescence intensity of the
As we pointed out above, relaxation times for the fast free nucleic acidf;. Equation 12 provides an additional

normal modes are beyond the resolution of the stopped-flow relationship among the fluorescence parameters, with the

experiment. Therefore, all four amplitudes of the fast normal value of AFqax being a scaling parameter.

modes appear in a stopped-flow experiment as a single Therefore, the amplitude analysis begins with assignment

collective amplitude of the unresolved fast process (Figure of the initial values of the molar fluorescence intensities to

3a,b). This collective amplitude of all fast normal modes, the complexes as followsF; = 1,F, = 2, F3 = 2.3,F; =

A, can be obtained from the known amplitudes of the 2,Fs=2.3,Fs=2.6,F; = 2.6, andFg = 2.6. The computer

observed processeAs, andAss, and the total amplitude of  simulations are then initiated by allowing the molar fluo-

the reaction as rescence intensities to float within30% of the initial values.
In the final step of the analysis, global fitting, which
Ar=Arot — Asy— Ass (11a)  simultaneously includes relaxation times and amplitudes,
refines the values of the rate constants and molar fluorescence
Because we already know thag, = As andAss = A7, the  narameters. The solid lines in panels a and ¢ of Figure 6 are
collective fast amplitude is, in the considered case, defined computer fits of the relaxation times and amplitudes,
as according to the mechanism depicted in Scheme 1. These

(11b) fits were performed using the optimal single set of spectro-
scopic and rate parameters that describe both the relaxation
times and the amplitude89¢—42). A computer simulation
of amplitudeAs is also included in Figure 6¢ (dashed line).
Its values are very low in the range fL% 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.

A=A —As— A

The dependence of the normalized amplitudgs As, and
A7) upon the rat pop concentration is shown in Figure 6c.
At a low pol g concentration, amplitudés dominates the
observed signal, and it decreases with the increase if§ pol
concentration. As the pgB concentration increases, the
collective amplitude of the fast processAs, increases and
becomes a dominant relaxation effect at high enzyme
concentrations. Values of amplitude are low and only
available over a limited enzyme concentration range. . A . .
There are eight possible ci/ifferent states of the ngNA in The partial equilibrium binding constant for the bi-

the considered kinetic mechanism (Scheme 1). Because onl)}tﬂgltetﬁélir.msﬁgc'sgr [s(tlél ia(ligg ;( 1rg6 dg/lm.lr]]'a:qntdég?]tt'rr.]g tion
two relaxation times and three amplitudes are available from o the freel ener u of thepenz me birF:din tolthe dsDNA lfl'lhe
the experiment, estimation of molar fluorescence parametersforwar d and ba%)I/(war d rate >(/:onstants ?or the conforrﬁation
characterizing each intermediate requires additional, extra—transition i1 the examined solution conditions. are as
kinetic information, which is provided by the equilibrium ' ’

. . e L A~ follows: k, =838+ 65 standk_, =44+ 12 s%, providing
studies 21). First, the equilibrium data indicate that binding - . P
of a single pol3 molecule to the dsDNA oligomer is Ko, = 18.9+ 9. Thus, the conformational transition of the

accompanied by a factor of2 average increase in the bound pols leads to a significantly increased affinity of thg
nucleic acid fluorescence, while association of the second?nz,[yrrne fror the_dg[élaljj.zoonotgf O:ITE ha_ng, éqiiog %%rgtlwty
molecule induces a further factor 6f1.6 average fluores- actors a g =0. ' anw-, = . : ). :
cence increase. Second, the initial dependence of the relativ ramatically Iqwer than t_h_e rate parameters characterizing
fluorescence increase (’)f the nucleic ack, upon the he conformational transition. The obtained valuewf=
average degree of binding,®,, is very close to a linear :al/w’\llzl 0'29;‘6 g'llf'o-rgés Vﬁluii |sd|?ngood”%%ire;m(tenctjiwnh
function, indicating that complexes,NNs are characterized ingiw ti?l u?hot Bindin ' f 0 at eth deCBJNA ut I SWU elts
by similar molar fluorescence intensitie8lj. The depen- ca tgt' a N Clg glpl\c/)lﬁ o he St . ,dab 0 Sat‘.
dence of the relative fluorescence increase of the nucleic acid,concen rations ([NaCl 0.1 M), is characterized by negative

A~ cooperativity 21).
AF, upon the average degree of bindij@;, for Y ©; values . . .
between 1 and 2 is also a linear function, strongly suggesting Undgrtthe_t;tudl?d”s.oltutlon g_ort]dmons, 'ttrr]? molar ﬂ_uor(tesl-
that protein-nucleic acid complexes containing two poly- cence intensiies of all ntermediates are within approximately

0 O .
merase molecules are characterized by similar molar fluo- 530.(; .Of th;'rt initial vat!ues, b_ﬁfEd ?hn thgt a'maéyss Olft
rescence intensities. Third, estimation of the molar fluores- equilibrium data (see above). us, the obtained results

cence intensities of different intermediates is further facilitated |r!d|c_ate that the conformational ”af_*s'“o.” following t_he
by the fact that the maximum, fractional increase in the binding (.)f the enzyme to the dSPNA is, with the exception
nucleic acid fluorescencéFm= 1.6+ 0.15) is also known of the N; intermediate, accompanied by a moderate additional
from equilibrium titrations 21). The value ofAFmax can be fluorescence change of th_e_complex, as r_eﬂected In similar
analytically expressed as values ofF;—Fs characterizing the N-Ns intermediates,
respectively (Figure 1). Such effects on the nucleic acid

AFg+ AF, x 2K, + AF8K22 fluorescence strongly suggest that the transition is, predomi-

AF, . = 5 (12) .nantly., a conformanonal chgnge in the bound enzyme,

1+ 2K, +K, including only a slight change in the structure of the nucleic

acid. By the same token, similar values of the fluorescence

whereAFs [=(Fs — F1)/F1], AF7 [=(F7 — F1)/F4], andAFsg intensities of intermediates containing two bound enzyme

[=(Fs — F1)/F4] are fractional fluorescence intensities of each molecules indicate that cooperative interactions have little
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Sooo Ficure 7: Set of fluorescence stopped-flow kinetic traces, after
P14 HHH mixing the dsDNA 10-mer with rat pg# in buffer C (pH 7.0, 10
L <tHANO i
INDRBER °C), containing 100 mM NaCl and 1 mM Mgg{Aex = 435 nm,
daa o Aem > 455 nm). The final concentration of the nucleic acid 10-mer
Sooo is 1.5 x 10°8 M oligomer, and the polymerase concentrations are
:f’ HHHH 0,1.14x 107, 2.27x 107, 3.79x 107, 5.3 x 107, 7.57 x
o : § 3 1077,1.14x 1076, 1.89x 1076, and 3.6x 10°¢ M from the bottom
o to the top. The solid lines are the two-exponential, nonlinear least-
O - squares fits of the experimental curves, using eq 1. The horizontal,
i 3 il’ 3 il’ initial part of each trace is the steady-state value of the fluorescence
il BN o of the sample recorded 2 ms before the flow stopped. The trace at
—o- the bottom is the zero line obtained after mixing the nucleic acid,
Y at the same concentration that was used with the enzyme, but with
;' ? FX' 2 only the buffer.
ISR . o
Zlocdd effect on the conformation of the nucleic acid (Table 1).
Sldddd These data strongly suggest that cooperative interactions
QAN reflect, predominantly, proteirprotein interactions between

the bound polymerase molecules (see the Discussion).

Positive Cooperatiity Case for Kinetics of the Coopera-
tive Binding of Rat Pol3 to the dsDNA At higher salt
concentrations, the cooperativity parameter, becomes
significantly larger than 1, particularly in the presence of
Mg?* cations, indicating strong positive cooperative interac-
tions between the bound polymerase molecus.(To
address the kinetics of the binding of pgdlto 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
x 1078 M DNA oligomer with several rat pgb concentra-
tions in buffer C (pH 7.0, 10C), containing 100 mM NacCl
and 1 mM MgC}, are shown in Figure 7. Under these
solution conditions, equilibrium studies showed that the
enzyme binding to the dsDNA is characterized by a lavge
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 reactionAro. 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 timesgsi/and
1/rs3 obtained from the experimental traces, as a function
of the total rat pojs concentration, are shown in Figure 8a.

)

0.29+0.14
1+04
2+1
10+ 4.2

Kz

11+5

w1
1) of the free dsDNA 10-mer (details in the text).

ka2 (s

ko (s7Y)

878+ 65 80+ 18 0.015+ 0.005 0.015t+ 0.005

Ky (M 41)
(1.1£0.3) x 10° 838+65 44412 0.004+ 0.001 0.014+ 0.003 18.9+-9

(2.7+1) x 106
(8+ 1.6)x 10° 835+ 50 135+25 0.05+0.01 0.005+0.001 6.1+ 2.3

(1.3£0.5)x 10° 770+ 40 112420 0.024+ 0.004 0.012+0.002 6.9+2.5

aValues relative to the fluorescencé (

Table 1: Kinetic, Thermodynamic, and Spectroscopic Parameters Characterizing the Cooperative Binding offRattR®ldsDNA 10-mer, in Buffer C (pH 7, 1TC), Containing Different NaCl

Concentrations

[NaCl]
(mM)
50
75
100
150
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The values of M, show a significant dependence upon
polymerase concentration, approaching the plateau at high
enzyme concentrations, while the values at3show little
dependence upon enzyme concentration. Such behavior
indicates that both relaxation times characterize intra-
molecular transitions of the formed complexe39-{42).
Notice thatrs; can 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 paramet&ssk o, w1, andw-_1, 0
that have to be determined. Simultaneous fitting of both
individual relaxation times, 1§, and 1ltss provides the
initial values of Ky, ky, k—p, w1, and w—;. The computer
simulations of the reciprocal relaxation timeszst/1/z,
using estimated equilibrium and rate parameters, are shown
in Figure 8b. Relaxation time; is significantly longer than
75 and s, indicating that the experimentally obtainegs
corresponds directly to;, the slowest normal mode of the
reaction. However, the values of relaxation timesnd e
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 beld®)) [n
other words, what is observed in the experimentsass, in
fact, an average of two relaxation processes characterized
by relaxation timess andzs, which are very close in value.
This result indicates that rate paramet&ssand k-, and
cooperativity factorg»; andw-; can only be approximated,
with the approximation being better if the the difference
betweenzs and 7 is smaller and the contribution of the
amplitudeAs to the observed signal is smaller.

The collective amplitude of all fast normal modés, can
be obtained from the known amplitudes of the observed
processesis; andAss and the total amplitude of the reaction
using eq 11. However, in the case of strong cooperative
interactionsAs is also the collective amplitude defined as  gyre 8: (a) Dependence of the reciprocal relaxation timess1/
(m) and 1#ss (O), for the binding of rat pop to the dsDNA 10-

1hg, ) (v
(© (9 &y

OW

110
[Ret pol fl,,,,

21

1I1:N (s)

0 110

Normalized Amplitudes

-6.5
Log[Rat pol ly,,,,

-7 5.5

A= As T Ag (13) mer, in buffer C (pH 7.0, 10C), containing 100 mM NaCl and 1
mM MgCl,, upon the total concentration of the enzyme. The solid
Thus lines are nonlinear least-squares fits according to the mechanism,
defined by Scheme 1, with a partial equilibrium association constant
A=A — As— A — Ay (14) Ky of 41 x 10° M~! and the following rate constants and

cooperativity factors:k, = 375 st andk_, = 150 st andw; =

0.15 andw-; = 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

The dependence of the normalized amplitud&s,As,
andAss, upon the rat pob concentration is shown in Figure
8c. The behavior is complex. At a low enzyme concentration, times, 1#s (—), 1/s (— — —), and 1£; (-+), corresponding to slow

the collective amplitude of the fast proces#gshas negative  normal modes of the reaction defined by Scheme 1, using kinetic
values. As the concentration of the polymerase increasesparameters obtained in the fit of experimental relaxation times, 1/

A: becomes positive. Values of tiig, amplitude dominate

the kinetic process at lower polymerase concentrations and

and 1lts; (details in the text). (c) Dependence of experimental
relaxation amplitudes, for the binding of rat gplto the dsDNA
10-mer in buffer C (pH 7.0, 10C), containing 100 mM NaCl and

decrease at higher enzyme concentrations. However, contrarj mm mgCl,, upon the total concentration of the enzyme. The solid

to the low-cooperativity case, amplitudgs; has significant

lines are nonlinear least-squares fits according to the cooperative

and clearly detectable values over the entire examinedbinding mechanism, defined by Scheme 1, with the following

enzyme concentration range. Because the valueg gfdrke
very low as compared to 4f and 1ts, the slowest normal
mode is effectively decoupled afd; = As.

relative fluorescence intensities, = 0.8,F; =3.1,F, = 1.1,F5
= 27, F¢ = 27, F, = 25, andFg = 2.3. The maximum
fluorescence increase of the nucleic acid is taken from the
equilibrium fluorescence titration under the same solution conditions

Amplitude analysis has been performed using the approachas the AFnyay of 1.45 + 0.1 (details in the text)X1). The rate
analogous to the one described above for the negativeconstants are the same as in Figure 7a. The collective amplitude

cooperativity case, using equilibrium datl). Therefore,
fitting of the amplitudes begins by assigning the initial values

that includes four fast normal modes of the reactigr= A; + A>
+ Az + A, (O). The collective amplitudés, = As + As (H) or A7
(O). The dashed line is the theoretical dependence of ampliwde

of the molar fluorescence intensities to the complexes asupon the rat pop concentration, obtained for the determined rate

follows: Fl = 1, F2 = 22, F3 = 22, F4 = 22, F5 = 22, Fe

and spectroscopic parameters (Table 2).
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= 2.5,F; = 2.5, andFg = 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
N and N, intermediates are significantly lower than observed
in the absence of Mg (Tables 1 and 2), indicating that
magnesium affects the structure of these intermediates (see
the Discussion). We also included the computer simulation
of amplitudeAs in Figure 8c. Its values contribute to the
observed collective amplitudds, 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 CooperatBinding
of Rat Polpj to the dsDNA in the Absence and Presence of
Magnesium CationsThe stopped-flow kinetic experiments
with the binding of rat pops 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 lofis
affected little by the salt, whil&_, 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;iand
a significant decrease -1, resulting in a strong increase
in the cooperativity parameter at elevated NaCl concentra-
tions (Table 1).

The dependence of the logarithm of the intrinsic binding
constantKi, upon the logarithm of the NaCl concentration
is shown in Figure 9a (loglog plot) 46, 47). The plot is
linear in the examined salt concentration range and charac-
terized by the slopé(log Kin)/d(log[NaCl]) of —3.6 & 0.5,
indicating that the release 0#3.6 ions accompanies the
intrinsic binding of the enzyme to the nucleic acid. The
analogousi(log Kin)/d(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,, characterizing the bimolecular step,
upon the logarithm of NaCl concentration (letpg plot), is
included in Figure 9a. The slope of the linear plafiog
Ky)/d(log[NaCl]), is —2.4 + 0.4, indicating that the net
release of~2.4 ions occurs in the bimolecular step.
Nevertheless, the salt dependencé&ptannot account for
the observed total net3.6 ions released upon the enzyme
binding to the dsDNA. A log-log plot for the equilibrium
constantKj, describing the conformational transition of the
bound polymerase molecule, is also included in Figure 9a.
The plot is characterized by the slofgog K,)/a(log[NaCl])
of —1.7 £ 0.3 indicating a net release of1.7 ions that
accompanies the conformational transition of the bound

Table 2: Kinetic, Thermodynamic, and Spectroscopic Parameters Characterizing the Cooperative Binding offRattR®ldsDNA 10-mer, in Buffer C (pH 7, 18C), Containing 1 mM MgCl and

Different NaCl Concentrations

[NaCl]

Fa Fa Fs? Fe FA Fe

Fa
0.840.1 3.0£0.1 1.4+0.1 24+0.1 22+0.1 22+0.1 25+0.1

Kint (M_l)
(3.2+ 1) x 107

Kz
12.5+ 3.6

0.1+ 0.01

k_z (S_l) w1

ko (s79)

Ky (M_l)
(2.3£0.7)x 10° 750+ 55 60+ 15 0.14+0.005

(mMm)

(1.4+£05)x 1f 0.840.1 3.1+£0.1 1.14+0.1 2.7+0.1 2.7+£0.1 25+0.1 2.3+0.1

(4.1+£1.5)x 1f 1.5+£0.05 3.0+0.1 1.5+0.1 25+0.1 2.2+0.1 2.2+0.1 2.6+0.1
75+ 21.7 (5.1+15)x 1> 0.7+0.1 5.3+0.1 1.0+0.1 2.5+ 0.1 25+0.1 2.8+0.1 2.2+0.1

1.4+ 04
10+ 35

25+ 0.8 375+ 11

49+ 1.3

0.004+ 0.001

(1.8 0.6) x 1> 370440 200+ 35 0.12+0.01 0.0016+ 0.0003 1.9:0.5
aValues relative to the fluorescenci; (= 1) of the free dsDNA 10-mer (details in the text).

(6.9+2) x 10> 490+ 40 100+ 18 0.06+ 0.005 0.006+ 0.001

(4.14+1.3)x 10° 3754+ 40 150+ 20 0.15+0.01

50
75
100
125

Galletto et al.
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8F T T 5 dependence of the logarithm of the intrinsic binding constant,
'\1\. Kint, upon the logarithm of the NaCl concentration is shown
‘l\?\ﬂ\u in Figure 9b. The slope of the pladi(log Ki)/d(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 parametér. + 0.5)
obtained in equilibrium titrations2(1). The log-log plot of
ol W the partial equilibrium constari;, for the bimolecular step
is characterized by a sloglog K;)/a(log[NaCl]) of —2.7
1 . + 0.4 which indicates that the release of2.7 ions
o i accompanies the bimolecular step. Thus, the net release of
Log [NaCl] ions in the bimolecular step is slightly larger than that
b T T observed in the absence of magnesium (Figure 9a). The log
-\.\’\‘ log plot of the partial equilibrium constark,, describing
D\D\L\D the conformational transition of the bound polymerase, is
characterized by a slop#log K)/d(log[NaCl]) of —2.1 +

ar . 0.4 and is also slightly larger than th@og K)/d(log[NaCl])
value of —1.7 + 0.3 observed in the absence of Mg

Moreover, the slope of the legog plot of the cooperativity
;><9<i parameterp, d(log w)/d(log[NacCl]), of 4.4+ 0.5 is larger
o . than the value of 3.2t 0.5 observed in the absence of

L L magnesium and very close to the value of 450.5
determined in equilibrium studie®2).

Log K,
»

Log K,

Log [NaCl]

Ficure 9: (a) Dependence of the logarithm of the intrinsic
equilibrium binding constantKi,, (M), the partial equilibrium DISCUSSION

constant,K,, characterizing the bimolecular stef)( the partial ) . o -
equilibrium constantk,, characterizing the conformational transi- Stopped-Flow Kinetics of Cooperadi Ligand Binding to

tion of the bound polymerase to the dsDN®)( and the cooperative ~ & One-Dimensional LatticeThermodynamics and kinetics

interaction parametery (O), upon log[NaCl] (log-log plots) in of cooperative binding of a large ligand to a one-dimensional

buffer C (pH 7.0, 10°C). The plots are characterized by the |attice have been the subject of intensive resea48h-b5).

g‘z:'o"‘[’l'\z'gcsl']‘)’pegg(ﬁ’gi%nz/%(('log[’;a/%g) :[I\T 3Cf|5])i 0-5‘13(;03 'é%/ The interest in this basic problem stems from the fact that
og[NaCl]) = —2. .4,0(log Kz/a(log[NaCl]) = —1. 3, . . AP : .

and a(log w)/3(log[NaCl]) = 3.2 + 0.5. (b) Dependence of the ~Many functional proteirrnucleic acid interactions include

logarithm of the intrinsic equilibrium binding constar;,, (M), binding of a large protein molecule to long stretches of
the partial equilibrium constark, characterizing the bimolecular nucleic acid lattices48—54). Sophisticated kinetic studies
step (), the partial equilibrium constanks, characterizing the  of such proteir-nucleic acid systems focus so far, predomi-

conformational transition of the bound polymerase to the dsDNA : :
(®), and the cooperativity interaction parameter(), upon log- nantly, on analyses of the bimolecular step of the reaction

[NaCl] in buffer C (pH 7.0, 10°C) containing 100 mM NaCl and ~ (48—54). However, complete kinetic analyses of the protein
1 mM MgCl,. The plots are characterized by the following slopes: Nnucleic acid binding requires examination of possible con-
d(log Kin)/d(log[NaCl]) = —4.4 & 0.5, d(log K,)/d(log[NaCl]) = formational changes of the bound protein as well as the

—2.7 %+ 0.4, 9(log K2)/d(log[NaCl]) = —2.1 + 0.4, andd(log w)/ dynamics of cooperative interactions between bound protein
d(log[NaCl]) = 4.4+ 0.5. molecules.

enzyme molecule. Thus, the total ion release accompanying There are two characteristic features of large ligaode-
the intrinsic binding of rat pops to the dsDNA occurs in  dimensional lattice interactions. First, a large ligand covers
both the initial binding step and the conformational transition more than one residue of the lattice; i.e., the stoichiometry
of the bound enzyme. of the ligand-lattice system is defined by the site size of
The dependence of the cooperativity parameteupon the complex,p, which is the number of lattice monomers
the salt concentration is shown in Figure 9a. Contrary to the occluded by the ligand. Thus, at saturation, the number of
partial equilibrium constants characterizing the intrinsic bound ligand molecules is equal to the total number of lattice
binding, the linear loglog plot is characterized by a positive monomers divided by the site size of the complex. Second,
slope p(log w)/3(log[NaCl]) = 3.2+ 0.5] indicating thata  instead of discrete binding sites, the interacting system has
net uptake of~ 3.2 ions accompanies the engagement of potential binding sites whose number changes in a nonlinear
the enzyme in cooperative interactions. The obtained netfashion as a function of the degree of bindirdg{38). In
uptake of ions is, within experimental accuracy, identical to this context, complete kinetic analyses of the cooperative
the value of the corresponding parameter determined inlarge ligand binding to a long polymer lattice would be
equilibrium studies Z1) (see the Discussion). prohibitively difficult. On the other hand, the smallest
The rate constants, partial equilibrium constants, and possible system that preserves all necessary ingredients of
spectroscopic parameters obtained at different salt concentracooperative binding includes a lattice that, at saturation, can
tions, in the presence of 1 mM Mgghre included in Table  accept only two ligand molecules, i.e., a two-binding site
2. The response of the partial equilibrium steps of the lattice 65). This simplest binding model is depicted in Figure
cooperative binding of pg# to the dsDNA to the increased 1 and its kinetic mechanism in Scheme 1. Although it is
salt concentration, in the presence of magnesium, is morestill a very complex mechanism, it allows the experimenter
pronounced than that observed in the absence &f Miche to address most of the major features of the system, including
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cooperativity and intramolecular conformational transitions the polymerase to the ssDNA and the mechanism of the
of the formed complexes. intrinsic binding to the dsDNA are both sequential and
An assumption in the model depicted in Scheme 1 is that initiated by a fast bimolecular step, the similarity between
the bimolecular step is close to the diffusion-controlled limit. the binding mechanisms ends there. Interactions with the
One can test this assumption by examining the resolution of SSDNA are characterized by a mechanism that includes at
the first step as a function of the ligand concentration. least three steps, instead of only two steps observed for the
Another assumption is that changes in the location of the dsDNA. There are significant differences between transitions
bound ligand on the lattice occur through the dissociation following the bimolecular step, indicating a different nature
from the lattice, not through a possible translocation along of both transitions. The rate constaat(838 + 65 s?) is
the lattice 48—55). This is a very reasonable assumption, if significantly larger and the backward rate constant(44
justified by the data. Thus, a very largeand, in particular, + 12 s') much lower for the binding to the dsDNA as
the dissociation constark, ;, strongly suggest that the ligand compared to the corresponding parametkys< 144+ 30
leaves the lattice before any translocation, if it occurs, along s andk_, = 300 + 50 s?) for the binding to the ssDNA
the lattice can take place. The data for the kinetics of binding under the same solution conditiork8). As a result, in the
of pol 3 to the ssDNA and very fast binding step observed case of the sSDNA, the conformational transition following
for the dsDNA indicate that the association rate constantsthe bimolecular step is energetically unfavorable with the
are very close to the diffusion-controlled ones; thus, for the partial equilibrium constant, = 0.48 + 0.16 (50 mM
partial equilibrium constarit; x 10° M™%, the dissociation NacCl)]. The value of the equilibrium constalk is 18.9+
constantk_;, must be in the range of1 x 10°to 1 x 10* 9 for the dsDNA, i.e., it is by a factor 040 higher than
s1 (Table 1) (8, 19). A simplification introduced into the  that observed for the pgl—ssDNA system (Table 1).
model is that cooperative interactions are averaged over Such different behavior occurs, although the enzyme
different conformational states of the bound enzyme. How- associates with the DNA, using always its 8-kDa domain,
ever, this simplification can be tested by comparison betweenin a manner that is independent of the conformation of the
the cooperativity parameters obtained from kinetic data with nucleic acid 12, 18, 19, 21). As we pointed out before, there
the same parameters obtained directly from equilibrium are clear differences between the binding of the isolated
studies (see below). There are seven normal modes in the8-kDa domain to the ss- and dsDNA, and between the
model depicted in Scheme 1. Extracting all relaxation times isolated domain and the intact enzyn8e-(12). Interactions
for the mechanism, in practice, is not possible (Figures 6a of the isolated 8-kDa domain with the ssDNA are character-
and 8a). The analysis presented here provides generalzed by very weak cooperative interactions withcanf 1.4—
guidelines for examination of the kinetics of such complex 4. However, the domain binds with strong positive coop-
cooperative interactions. An absolutely necessary condition erative interactions to the dsDNA with am of 90 £+ 30
for this approach is the quantitative analysis of equilibrium (12). The site size of the intact enzyme in its (94 binding
properties of the binding proces$g( 19, 40—42). mode, where only the 8-kDa domain is engaged in interac-
Intrinsic Binding of Rat Pop; to the dsDNA Includes Two  tions with the nucleic acid, is & 2 nucleotides. On the
Sequential StepStudies described in this work provide, for other hand, in the complexes of the isolated domain with
the first time, direct insight into the dynamics and energetics the ss- and dsDNA, the site size is#9 0.6 nucleotide
of interactions of rat pop with the dsDNA. The intrinsic residues and & 2 bp, respectivelyl2). These data were
binding of the enzyme to the dsDNA includes two steps: the first indication that the 8-kDa domain is capable of
very fast bimolecular association followed by a conforma- binding the ss- and dsDNA in different orientations, resulting
tional transition. Although the bimolecular step provides the in different site sizes and cooperative interactions.
major contribution to the free energy of binding, the second Kinetic data indicate that multiple conformational transi-
step is also energetically favorable, particularly at low salt tions following the bimolecular step, in complexes with the
concentrations and in the absence of magnesium (Tables 1SSDNA, in the (polS)is and (pol5)s binding mode, are
and 2). The same number of observed relaxation times ingenerated at the interfaces of the 8-kDa domain and the
the presence of the excess of the protein or the nucleic acidnucleic acid 18, 19). Because the enzyme does not engage
strongly indicates that the enzyme does not exist in a pre-its 31-kDa domain in interactions either with dsDNA or with
equilibrium conformational transition prior to the dsDNA the ssDNA in the (poB)s binding mode, the large difference
binding (18, 19, 39—42). The multistep sequential mecha- in the nature of the transition following the bimolecular step,
nism of enzyme binding has been found also for interactions in the complex with the dsDNA as compared to the ssSDNA,
with the ssDNA, in its (po)5)s and (polf3)16 binding modes, strongly suggests that the enzyme forms different complexes,
and gapped DNA substrates, indicating the lack of the pre- even in the first binding step, with both conformations of
equilibrium conformational transition of the enzymi{ the nucleic acid 18, 19, 21). In other words, kinetic data
20). However, this result need not be automatically applicable described in this work strongly support the conclusion that
to interactions with the dsDNA. Different DNA conforma- the orientations of the bound p&Imolecule in the complexes
tions may probe different sets of conformational states of with the ss- and dsDNA are different and imposed at the
the enzyme. The sequential mechanism indicates that theinterface of the 8-kDa domaimucleic acid complex.
dsDNA does not select between different states of the The Transition following the Bimolecular Step Does Not
polymerase (see above). Facilitate the Engagement of the Enzyme in Coopeeati
Mechanism of Intrinsic Binding of Rat PgIto the dsDNA Interactions At low salt concentrations (50 mM NaCl), the
Is Different from the Mechanism of Binding to the ssDNA. conformational transition following the bimolecular complex
Different Orientations of the Enzyme in Complexes with the is energetically most favorable and characterized by values
ss- and dsDNAAIlthough the mechanism of the binding of for partial equilibrium constan; of 18.94+ 9 and 12.5+
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3.6 in the absence and presence of magnesium cationspresence of magnesium also affects the anions released in
respectively. At the same salt concentrations, cooperativethe intact enzymedsDNA interactions Z1). Magnesium
interactions are negative, with anof 0.29+ 0.14, or weakly binding sites participating in the process are characterized
positive, with arnw of 1.4+ 0.4 (Tables 1 and 2). Analogous by a binding constant of10* M1, indicating that, under
parameters obtained in equilibrium studies, under the samethe solution conditions that were examined, the’?Meffect
solution conditions, are 0.3% 0.06 and 1 0.5, respectively  results from the binding of magnesium cations to the domain
(21). Notice that the increasing salt concentration decreasesand/or the enzyme, and not to the ssDNAR)( As mentioned

the partial equilibrium constaid,, making the transition less  above, particularly surprising is the fact that the presence of
energetically favorable. The same NaCl concentration in- magnesium does not decrease but even slightly increases the
crease leads to significantly stronger positive cooperative number of ion released in the first bimolecular complex.
interactions, particularly in the presence of magnesium Amplitude analysis shows that there is a significant increase
(Tables 1 and 2). Such behavior of the system indicates thatin the nucleic acid fluorescence induced already in the
the conformational transition following the bimolecular step bimolecular step, indicating that, despite its very fast nature,
is not involved in the formation of cooperative interactions it is not a simple encounter compleg§ 19, 56). In the
between bound protein molecules. The excellent agreementpresence of Mg, this fluorescence increase is strongly
between the values ab obtained from equilibrium and  diminished (Tables 1 and 2). Thus, the data indicate that
kinetic measurements strongly corroborates this conclusion.specific Mg" cations binding to the polymerase induce a
Rather, the role of the transition seems to be reinforcing the different conformational state of the enzyme that has a
moderate affinity for the dsDNA, resulting from the bi- different thermodynamic response in interactions with the
molecular step. DNA, including the bimolecular step.

Salt and Magnesium Affect both Bimolecular and Con-  As mentioned above, kinetic data indicate that two partial
formational Transitions of the Intrinsic Binding of the Pol binding steps share the salt effect on the intrinsic binding of
p—dsDNA Complexn the absence of magnesium, the total the polymerase to the dsDNA. Such sharing may have
net number of ions released in the intrinsic binding process important functional and mechanistic implications. It strongly
equalsi(log Kin)/d(log[NaCl]) (—3.6 £ 0.5), indicating that decreases the sensitivity of the bimolecular step to the
the release 0f-3.6 ions accompanies the intrinsic binding increased salt concentration, allowing the polymerase to
of the enzyme to the dsDNA (Figure 9a). The analogous preserve to a large extent its initial binding affinity for the
value obtained from equilibrium studies+is4.0+ 0.5. As nucleic acid, residing in the bimolecular step at elevated salt
pointed out above, such good agreement between the kineticconcentrations. On the other hand, binding to the dsDNA is
and equilibrium results provides additional evidence of the an initial stage in the enzyme search for the ssDNA gap in
correctness of the kinetic analysis. Kinetic data indicate that the damaged DNAL—6). A decreased affinity and slowing
the net ion release is generated in the bimolecular step andof the second step would facilitate the detachment of the
also in the conformational transition following the binding polymerase from the ds conformation, once the gapped DNA
with corresponding slopesi(log K;)/d(log[NaCl]) = —2.4 is encountered (see below).

+ 0.4 andd(log Ky)/o(log[NaCl]) = —1.7 + 0.3, respectively Mechanism of the Binding of Rat PgIto the dsDNA Is
(Figure 9a). It is evident that the bimolecular step does not Not Affected by the Changing Character of Coopermati
dominate the release of the ion from the complex. A similar Interactions between Bound Enzyme Molecules as a Function
salt effect that includes both a bimolecular step and a of Salt and Magnesium ConcentratioBooperative inter-
following conformational transition has been observed in the actions between bound pgimolecules exhibit behavior very
polymerase-ssDNA associationl@, 19). These data point  different from the intrinsic binding to the dsDNAY). Thus,

out an important caveat in interpreting the salt effect instead of a release, an uptake of ions accompanies the
exclusively in terms of a single step of the protein binding engagement in cooperative interactions (Figure 9a,b). It is
to the nucleic acid. interesting that despite the dramatic change in the nature of

In the presence of magnesiufflog Kin)/d(log[NaCl]) = cooperative interactions, as a function of salt and magnesium
—4.4 4+ 0.5; thus, the total net number of ions released is concentration, the general feature of the kinetic mechanism,
increased. The observed increase originates from both the.e., the number of relaxation steps, is unaffected. As
bimolecular step, with &(log K;)/3(log[NaCl]) value of—2.7 discussed above, the conformational transition in the intrinsic
+ 0.4, and the following conformational transitiof(lpg binding event is not coupled to the cooperative interactions,
K2)/d(log[NaCl]) = —2.1+ 0.4]. The analogous increase in indicating that the orientation of the enzyme that favors the
the total net number of ions released in the presence ofengagement in cooperative contacts has already been reached
magnesium was observed previously in equilibrium studies in the bimolecular step. Moreover, equilibrium data indicate
(21). The magnesium effect is surprising. A rather strong that a significant net uptake of anions occurs in the formation
decrease in the net number of ions released is alwaysof cooperative contact2(). Because the negatively charged
expected, particularly for the bimolecular step, due to the DNA does not bind anions, the large contribution of anions
competition between Mg and Na for the DNA (46, 47). to the net ion uptake provides evidence that cooperative
Recall that pol3 associates with the dsDNA using only its interactions result from direct proteiprotein interactions.
8-kDa domain 21). The specific effect of magnesium on The independence of the mechanism of enzyme binding with
interactions of the isolated 8-kDa domain with the ssDNA respect to the nature of cooperative interactions strongly
has been described by us previoudl®)( The effectincludes  suggests that protein surfaces that engage in cooperative
changes in the site size of the 8-kDa domain complex with contacts are already in the proper orientation after the
the ssDNA and the number of anions released from the bimolecular step, and simply need binding of ions, including
domain accompanying association with the nucleic acid. The anions, to provide a bridge for efficient contacts. Notice that
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