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ABSTRACT: The nature of the intermediates in the binding of MANT-ATP and MANT-ADP to theE. coli
replicative factor DnaC protein (accompanying paper) has been examined using the fluorescence intensity,
anisotropy, and transient dynamic quenching stopped-flow techniques. Using molar fluorescence intensities
of individual intermediates of the reaction, we derived the Stern-Volmer equation that provides a direct
method to quantitatively address the quenching of the fluorescence of a transient intermediate by an external,
neutral quencher. The data indicate that in the first intermediate, (C)1, the solvent has full access to the
MANT group. Thus, the nucleotide-binding site is located on the surface of the protein, fully open to the
solvent. Moreover, formation of the first intermediate does not affect the structure of the binding site. On
the other hand, in the second intermediate, (C)2, the entire binding site changes its conformation, resulting
in diminished access of the solvent to the bound nucleotide. The time course of the fluorescence anisotropy
in the reaction provides direct, unique insight into the mobility of bound nucleotides in each intermediate.
The analysis is facilitated by the fact that the anisotropy can be expressed as a function of the relative
molar intensities and steady-state anisotropies of the individual intermediates. The major decrease of the
nucleotide mobility occurs in the formation of the first intermediate and reflects the fact that the MANT
group is immobilized to a similar extent as the ribose region of the bound nucleotides. Transition to the
second intermediate and closing of the binding site leads to only a moderate, additional decrease of
nucleotide mobility. The temperature effect on the studied interactions indicates that the formation of
individual intermediates is accompanied by very different enthalpy and entropy changes predominantly
generated from the structural changes of the protein. Analysis of the salt effect indicates that the net
release of a single ion, observed in equilibrium studies, occurs in the formation of the first intermediate.
The lack of any salt effect on the (C)1 T (C)2 transition indicates that the closing of the binding site does
not include a net ion release or uptake. Moreover, prior to the nucleotide binding, the conformational
transition of the DnaC protein is exclusively controlled by the nucleotide binding and release.

The DnaC protein is an essential replication factor in the
Escherichia colicell involved in initiation and elongation
stages of the DNA replication (1-6, accompanying paper).
Both, the formation of the replication fork and the assembly
of the primosome absolutely require the presence of the
DnaC protein (1, 7, 8). Current views on the role of the DnaC
protein in DNA replication strictly relate it to the highly
specific interactions of the protein with theE. coli primary
replicative helicase, the DnaB protein (1-5, 7-10). These
crucial protein-protein interactions are thought to be under
specific ATP control. However, even on qualitative level,
the mechanism by which the ATP binding controls the DnaC-
DnaB interactions is not understood.

It has been proposed that, in contrast to ATP, ADP does
not support the DnaC-DnaB interactions (1, 7, 8). Because

the DnaC protein does not have intrinsic ATPase activity,
the hydrolysis of the cofactor bound to the helicase seems
to play role in controlling the DnaC binding and release,
although this has never been proven. The lack of intrinsic
ATPase activity leads to the natural conclusion that binding
of ATP, but not ADP, induces conformational changes in
the DnaC protein and the increasing protein affinity for the
helicase (7, 8).

The energetics of the DnaC protein interactions with the
nucleotide cofactors have been recently reported by us (11).
The protein has a single nucleotide-binding site that is highly
specific for the adenine base. The most surprising result is
that both ATP and ADP have the same affinity for the
nucleotide-binding site of the DnaC protein (11). Thus,
specific and efficient association of the nucleotides with the
DnaC protein is not enough to trigger specific conformational
changes of the protein that lead to an increased affinity
toward the DnaB helicase. Fluorescence stopped-flow studies
of the dynamics of the binding of ATP and ADP fluorescent
analogues, MANT-ATP and MANT-ADP, to the DnaC
protein are described in the accompanying paper. The
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obtained data indicate that prior to the nucleotide binding,
the DnaC protein exists in the equilibrium between the two
conformational states. The intrinsic binding of the nucleotide
to one of the protein conformations is a two-step, sequential
reaction leading to the formation of two protein-nucleotide
intermediates, (C)1 and (C)2 (accompanying paper). Both
MANT-ATP and MANT-ADP bind to the same protein
conformation. The protein-nucleotide intermediates differ
significantly in the physical environment surrounding the
ribose region of the bound nucleotide.

Fundamental aspects of nucleotide interactions with the
DnaC protein are still not well understood, thus hindering
the understanding of the activities of this essential replication
factor. In this communication, we quantitatively examine the
nature of the intermediates in the nucleotide binding to the
DnaC protein. We derived a Stern-Volmer equation that
provides a general and direct way to quantitatively address
the fluorescence quenching of the transient intermediate by
an external, neutral quencher. The obtained data indicate that,
in the (C)1 intermediate, the nucleotide-binding site is located
on the surface of the protein and is open to the solvent. In
the second intermediate, (C)2, the entire binding site changes
its conformation, resulting in diminished access of the solvent
to the bound nucleotide. The time course of the fluorescence
anisotropy in the relaxation process provides evidence that
the major decrease of the nucleotide mobility occurs in the
formation of (C)1. Thermodynamic analysis indicates that
enthalpy and entropy changes, accompanying the formation
of different intermediates, are predominantly generated by
structural changes of the protein. The kinetic studies of the
salt effect indicate that a single ion is released in the
formation of (C)1. The following (C)1 T (C)2 transition, i.e.,
closing of the binding site, does not include net ion release
or uptake. Moreover, prior to the nucleotide binding, the salt
in solution does not affect the conformational transition of
the DnaC protein.

MATERIALS AND METHODS

Reagents and Buffers.All chemicals were reagent grade.
All solutions were made with distilled and deionized 18 MΩ
(Milli-Q) water. The standard buffer, T4, is 50 mM Tris
adjusted to pH 8.1 at appropriate temperatures with HCl, 5
mM MgCl2, 10% glycerol, and 1 mM DTT. The salt
concentration in the buffer is included in the text.

Nucleotides. MANT-ATP and MANT-ADP were synthe-
sized as described (12-16). The concentrations of the
nucleotides were spectrophotometrically determined using
the extinction coefficientε356 ) 5800 M-1 cm-1.

DnaC Protein. TheE. coli DnaC protein was purified as
previously described by us (11). The concentration of the
protein was spectrophotometrically determined using the
extinction coefficientε280 ) 23.2× 104 M-1 cm-1 (11).

Stopped-Flow Kinetics.All fluorescence stopped-flow
kinetic experiments were performed using the SX.18MV
stopped-flow instrument (Applied Photophysics, Leatherhead,
UK) equipped with the FP.1 fluorescence polarization/
anisotropy accessory, as described in the accompanying
paper. The relaxation times and amplitudes for each kinetic
trace were determined using the nonlinear, least-squares
software provided by the manufacturer, with the exponential
function defined as

whereF(t) is the total fluorescence intensity at timet, F(∞)
is the total fluorescence intensity at timet ) ∞, Ai is the
amplitude corresponding to theith relaxation process,λi is
the time constant (reciprocal relaxation time) characterizing
the ith relaxation process, andn is the number of relaxation
processes. All further analyses of the data were performed
using Mathematica (Wolfram, Urbana,IL) and KaleidaGraph
(Synergy Software, PA) on MacIntosh G4 computer.

RESULTS

Kinetics of MANT-ATP and MANT-ADP Binding to the
DnaC Protein in the Presence of Acrylamide. Kinetic data
described in the accompanying paper indicate that binding
of MANT-ATP and MANT-ADP to the DnaC protein
proceeds through the mechanism

Thus, the protein exists in two conformational states, and
the nucleotide cofactors bind to one of the protein conforma-
tions in a two-step, sequential reaction. Molar relative
fluorescence intensitiesF2 and F3 characterizing the two
intermediates (C)1 and (C)2, obtained through quantitative
amplitude analyses, provided the first indication that (C)1

and (C)2 differ in the physical environment around the
MANT moiety. To obtain additional information about the
nature of the formed intermediates, we performed stopped-
flow fluorescence studies of the binding of both MANT-
ATP and MANT-ADP to the DnaC protein in the presence
of acrylamide, an efficient, dynamic quencher of the MANT
group fluorescence (14, 15). Although acrylamide is a neutral
molecule with very weak, if any, binding affinity for proteins,
the experiments have been carried out in a limited range of
the quencher concentration in order to avoid any profound
effect of the quencher on the observed rate parameters (17).

Kinetic experiments of the MANT-ATP binding to the
DnaC protein have been performed under pseudo-first-order
conditions with respect to the nucleotide concentration. The
stopped-flow trace of the MANT-ATP fluorescence, after
mixing 2 × 10-6 M DnaC protein with 2.8× 10-5 M
nucleotide (final concentration) in buffer T4 (pH 8.1, 20°C)
containing100 mM NaCl and 20 mM acrylamide, is shown
in Figure 1. The concentration of acrylamide is constant
before and after the mixing. The kinetic traces have been
collected in two time bases, 0.5 and 100 s. The continuous
line in Figure 1 is a nonlinear, least-squares fit of eq 1 to
the experimental kinetic trace, using a three-exponential fit
(accompanying paper). As indicated by the dashed line in
Figure 1 and included residuals, using a two- exponential
fit does not properly represent the experimental data (ac-
companying paper).

The reciprocal relaxation times 1/τ1, 1/τ2, and 1/τ3,
characterizing the three binding steps as a function of the
total MANT-ATP concentration, are shown in Figure 2a-
c. The largest reciprocal time, 1/τ1, shows linear dependence

F(t) ) F(∞) + ∑
i)1

n

Ai exp(-λit) (1)

(DnaC)1 798
k1

k-1
(DnaC)2

N + (DnaC)2 798
k2

k-2
(C)l798

k3

k-3
(C)2 (2)
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upon [MANT-ATP]. The reciprocal relaxation times, 1/τ2

and 1/τ3, show independence of [MANT-ATP] in the
examined range of the nucleotide concentration. The depen-
dence of the relative individual amplitudesA1, A2, andA3

for the three relaxation steps upon the logarithm of the total
MANT-ATP concentration is shown in Figure 3. The
behavior of both relaxation times and amplitudes is, within
experimental accuracy, the same as that observed in the
absence of the quencher (accompanying paper). Thus, the
presence of acrylamide does not change the behavior of the
observed relaxation process and has little effect on the rate
parameters of the reaction. The analyses of the relaxation
data have been performed using the matrix projection
operator method, as described in the accompanying paper.
Analogous experiments have been performed at different
acrylamide concentrations and the obtained data are included
in Table 1.

Inspection of the results in Table 1 shows that the behavior
of the relative molar fluorescence intensitiesF2 and F3,
characterizing the (C)1 and (C)2 intermediates, is different
in response to the presence of the increasing quencher
concentration in solution. In the absence of the quencher,
the value ofF2 ) 2.40( 0.11 is unaffected by the increasing
concentration of acrylamide. On the other hand, the value
of F3 ) 8.64 ( 0.21 increases with the increased [acryla-
mide] reaching the value of 9.91( 0.20 at 50 mM
acrylamide, the highest applied concentration of the quencher
(Table 1). Such diametrically different behavior of both
relative molar fluorescence intensities provides strong evi-
dence that the exposure of the MANT group to the solvent
in both intermediates is significantly different.

Transient, Dynamic Fluorescence Quenching Studies of
IndiVidual Intermediates for the MANT-ATP Binding to the
DnaC Protein. Stern-Volmer Quenching Constant for

IndiVidual Intermediates of the Reaction.Quantitative analy-
sis of the dynamic quenching process requires determination
of the Stern-Volmer quenching constant (17-19). We
previously described both theoretical and experimental
aspects of the steady-state dynamic quenching analysis of
the free and bound fluorescing ligand to a macromolecule
(19). Here, we provide a quantitative description of the
method, as applied to the individual transient intermediates
of a reaction.

The quenching of the fluorescence emission by an external
collisional quencher is conveniently described by the Stern-
Volmer equation as (17-19)

FIGURE 1: Fluorescence stopped-flow kinetic trace (λex ) 356 nm,
λem > 450 nm) recorded in two time bases, 0.5 and 100 s, after
mixing the DnaC with MANT-ATP in buffer T4 (pH 8.1, 20°C)
containing 100 mM NaCl and 20 mM acrylamide. The final
concentrations of the DnaC and the nucleotide are 2× 10-6 and
2.8× 10-5 M, respectively. The solid line is the three-exponential
nonlinear, least-squares fit of the experimental curve using eq 1.
The dashed line is the two-exponential nonlinear, least-squares fit
of the experimental curve using eq 1. The lower panel shows the
residuals of the fit using the two-exponential (---) and three-
exponential (s) functions, respectively.

FIGURE 2: Dependence of the reciprocal of the relaxation times
for the binding of MANT-ATP to the DnaC protein in buffer T4
(pH 8.1, 20°C), containing 100 mM NaCl and 20 mM acrylamide,
upon the total concentration of the nucleotide. The solid lines are
nonlinear, least-squares fits of the experimental data to the
mechanism, defined by eq 2, using rate constantsk1 ) 2 s-1, k-1
) 0.61 s-1, k2 ) 6.3 × 105 M-1 s-1, k-2 ) 1.5 s-1, k3 ) 0.0012
s-1, andk-3 ) 0.024 s-1 (Table 1). (a) 1/τ1, (b) 1/τ2, and (c) 1/τ3.
The error bars are standard deviations obtained from 3-4 inde-
pendent experiments.

FL
o

FL
q

) 1 + kqτo[Q] ) 1 + KSV
o[Q] (3)
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whereFL
o andFL

q are the steady-state fluorescence intensi-
ties of the of the fluorescent ligand in the absence and
presence of the quencher Q,kq is the bimolecular quenching
constant, [Q] is the concentration of the quencher,τo is the
fluorescence lifetime of the ligand, andKSV

o ) kqτo is the
Stern-Volmer quenching constant (17-19).

Equation 3 describes the effect of the collisional quencher
on the fluorescence of the free ligand molecule in solution.
An analogous equation can be derived for any intermediate
of the reaction in terms of the relative molar fluorescence
intensities obtained from the amplitude analyses of the
relaxation process. The relative molar fluorescence intensity
of an ith intermediate,Fi, in the absence of the quencher, is

where Ii is the absolute fluorescence intensity of the
intermediate. The amplitude analysis directly provides this
ratio (20-23). In the presence of the quencher, the absolute
molar fluorescence intensity of theith intermediate,Ii

q, is
defined as

whereKSVi is the Stern-Volmer quenching constant of an
ith intermediate. Therefore, the relative molar fluorescence
intensity of the intermediate,Fq, directly determined from
the amplitude analysis of kinetic data obtained in the presence
of the quencher, is

FIGURE 3: Dependence of the individual relaxation amplitudes of
the kinetic process of MANT-ATP binding to the DnaC protein in
buffer T4 (pH 8.1, 20°C), containing 100 mM NaCl and 20 mM
acrylamide, upon the logarithm of the total concentration of the
ATP analogue. The solid lines are computer fits according to the
mechanism defined by eq 2, using eq A8 (accompanying paper,
Appendix 1), with the relative fluorescence intensitiesF2 ) 2.4
andF3 ) 9.2. The fluorescence intensity of the free MANT-ATP
is taken asF1 ) 1. The maximum fluorescence increase of the
nucleotide has been determined in the equilibrium fluorescence
titration as∆Fmax ) 1.73 (data not shown). The rate constants are
the same as those obtained from the relaxation time analysis (Figure
2, Table 1);A1 (9), A2 (0), andA3 (b).
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and

Rearranging eq 7 provides the required relationship, analo-
gous to the Stern-Volmer eq 3, in terms of the experimen-
tally determined relative molar fluorescence of the interme-
diate obtained in the absence and presence of the quencher,
Fi andFq, respectively, as

Expression 8 is a parametric equation where all quantities,
with the exception ofKSVi, are known. The plot of the left
side of eq 8, as a function of [Q], is a straight line with the
intercept equal to 1 and the slope that is equal to the Stern-
Volmer quenching constant,KSVi, specific for a givenith
intermediate.

Figure 4a shows plots of eq 8 for the two intermediates,
(C)1 and (C)2, in the binding of MANT-ATP to the DnaC
protein, using the relative molar fluorescence intensities from

Table 1. The Stern-Volmer quenching constant,KSVi ) 3.12
( 0.07 M-1, for free MANT-ATP has been determined in
independent quenching experiments, under the same buffer
conditions as those of the kinetic measurements (data not
shown). In the case of (C)1, the plot is linear in the examined
acrylamide concentration range and providesKSV1 ) 3.2 (
0.4 M-1. The slope of the plot for the (C)2 intermediate gives
KSV2 ) 0.21( 0.1. Thus, the obtained data indicate that in
the (C)1 intermediate acrylamide has access to the MANT
group virtually the same as to the free MANT-ATP in
solution. Transition to (C)2 completely shields the MANT
moiety of the bound MANT-ATP from the solvent (see
Discussion).

Transient, Dynamic Quenching Studies of MANT-ADP
Binding to the DnaC Protein. MANT-ADP binds to the
DnaC protein with the same mechanism as MANT-ATP
(accompanying paper). Analogous, dynamic quenching ex-
periments of the reaction intermediates, as described above
for MANT-ATP, have been performed for MANT-ADP
binding to the DnaC protein (data not shown). The obtained
results are included in Table 2. Similar to MANT-ATP, the
relative molar fluorescence intensitiesF2 andF3, character-
izing the intermediates (C)1 and (C)2 in MANT-ADP binding,
differ significantly in their response to the presence of the
dynamic quencher, acrylamide, in solution. The increasing
concentration of acrylamide has little effect on the value of
F2 ) 2.16( 0.15. However,F3 steadily increases with the
increased [acrylamide] from the value of 7.25( 0.21,
obtained in the absence of acrylamide, to the value of 8.3(
0.2, obtained in the presence of 50 mM acrylamide (Table
2). Stern-Volmer plots (eq 8) for the two intermediates, (C)1

and (C)2, in the binding of MANT-ADP to the DnaC protein
are shown in Figure 4b. The Stern-Volmer quenching
constant,KSV

o ) 2.96( 0.07 M-1, for free MANT-ADP has
been determined in independent quenching experiments (data
not shown). The linear plot of the quenching of the (C)1

intermediate fluorescence is characterized byKSV1 ) 2.7 (
0.5 M-1, which is very close to the value of the Stern-
Volmer quenching constant obtained for the free nucleotide,
as previously observed for MANT-ATP. These data indicate
that in the (C)1 intermediate acrylamide has access to the
MANT group, similar to the free MANT-ADP in solution.
On the other hand,KSV2 ≈ 0 for the (C)2 intermediate
indicates that, in the final intermediate, the MANT moiety
of the bound MANT-ADP has no access to the solvent (see
Discussion).

Fluorescence Anisotropy, Stopped-Flow Studies of the
Nucleotide Cofactor Dynamics in the DnaC Protein Nucle-
otide-Binding Site.In the stopped-flow kinetic experiments
described above and in the accompanying paper, the dynam-
ics of the time-dependent population distribution of different
fluorescing ligand species was followed by monitoring the
total emission of the sample (Materials & Methods). This
has been accomplished by exciting the sample with the
vertically polarized light and monitoring the time develop-
ment of the function

wereIVV is the fluorescence intensity and the first and second
subscripts refer to vertical (V) polarization of the excitation
and vertical (V) or horizontal (H) polarization of the emitted

FIGURE 4: (a) Stern-Volmer plots of fluorescence quenching (λex
) 356 nm,λem > 400 nm) for the first (C)1 (9) and the second
(C)2 (0) intermediate in the intrinsic binding of MANT-ATP to
the DnaC protein in buffer T4 (pH 8.1, 20°C) containing 100 mM
NaCl. The relative molar fluorescence intensities of the intermedi-
ates at different acrylamide concentrations are from Table 1. The
solid lines are linear, least-squares fits of the intermediate Stern-
Volmer equation (eq 8 in text) to the data points usingKSV1 ) 3.2
M-1 (9) and KSV2 ) 0.21 M-1 (0). (b) Stern-Volmer plots of
fluorescence quenching (λex ) 356 nm,λem > 450 nm) for the first
(C)1 (9) and the second (C)2 (0) intermediate in the intrinsic binding
of MANT-ADP to the DnaC protein in buffer T4 (pH 8.1, 20°C)
containing 100 mM NaCl. The relative molar fluorescence intensi-
ties of the intermediates at different acrylamide concentrations are
from Table 2. The solid lines are linear, least-squares fits of the
intermediate Stern-Volmer equation (eq 8 in text) to the data points
usingKSV1 ) 2.7 M-1 (9) andKSV2 ≈ 0 (0).

Fq )
Fi(1 + KSV

o [Q])

(1 + KSVi
[Q])

(7)

(Fi

Fq
)(1 + KSV

o [Q]) ) 1 + KSVi
[Q] (8)

FTot(t) ) IVV(t) + 2GIVH(t) (9)
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light. The factor G ) IHV/IHH corrects for the different
sensitivity of the emission monochromator for vertically and
horizontally polarized light (18). Examination of the time-
dependence ofFTot allowed us to determine the mechanism
of the nucleotide binding (accompanying paper). Amplitude
analysis, using the matrix projection operator method,
provided relative molar intensities characterizing each indi-
vidual intermediate of the reaction (accompanying paper,
20-23). For the stopped-flow experiments, performed under
pseudo-first-order conditions with respect to the DnaC
protein concentration, the total emission is defined in terms
of the original coefficient matrix of the reaction,M2, and
the relative molar fluorescence intensities of each individual
intermediate,F1, F2, andF3 (20-24) as

Expanding the matrix eM2t using its projection operators
provides the total emission as a function of the molar
fluorescence intensities of each individual intermediate and
the eigenvalues of the coefficient matrix,M2, as (ac-
companying paper)

The relaxation times of the observed kinetic process are
thenτ1 ) -1/λ1 andτ2 ) -1/λ2, respectively (20-24). Molar
fluorescence intensities provide information about the physi-
cal environment surrounding the fluorophore (accompanying
paper) (25, 26). Information about the mobility of the
fluorescing ligand, during the fluorescence lifetime of the
individual intermediates, can be obtained by examining the
time dependence of the fluorescence anisotropy in the
stopped-flow experiments (18, 27). The fluorescence lifetime
of the MANT group is∼3.9 ns (14). Because the lifetime
of the fluorescing ligand is orders of magnitude shorter than
the lifetime of any intermediate formed in the kinetic
reaction, the fluorescence anisotropy stopped-flow studies
provide the steady-state anisotropy of the ligand molecule
in each intermediate.

Contrary to the total emission, the time-dependent fluo-
rescence anisotropy in a chemical reaction is not a simple
sum of exponential functions (18, 27). An excellent discus-
sion of the application of the fluorescence anisotropy to
examine the reaction mechanism has been previously de-
scribed (27). However, our approach is different. We know
the mechanism of MANT-ATP and MANT-ADP binding
to the DnaC protein from the total emission studies (ac-
companying paper). Our task is to extract the steady-state
anisotropies of the ligand molecule (MANT-ATP and
MANT-ADP) in each intermediate of the reaction with the
macromolecule (DnaC) from the fluorescence anisotropy
stopped-flow data. This can be conveniently accomplished
by using the matrix projection operator formalism (20-23).

The time course of the fluorescence anisotropy of a
fluorescing sample examined in stopped-flow experiments
is a more complex function than the total emission and, in
general, is defined asT
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where the denominator is the total emission defined by eq
9. Algebraic manipulations of eq 12 provide

wherefi(t) is the time-dependent fractional contribution of
ith fluorescing species to the total emission of the sample
andri is its corresponding steady-state fluorescence anisot-
ropy.

For the specific mechanism of MANT-nucleotide binding
to the DnaC protein, defined by eq 2, relationship 13 takes
form as

whererN, rC1, andrC2 are steady-state anisotropies of the free
MANT-nucleotide and (C)1 and (C)2 intermediates. Using
the original coefficient matrix of the reaction,M2, the time
course of the anisotropy in eq 14 is defined as

Expanding the eM2t matrix and using its projection operators
provides (accompanying paper,20-23)

Equation 16 describes the experimentally observed time
dependence of the fluorescence anisotropy in the binding of
MANT-ATP or MANT-ADP to the DnaC protein under
pseudo-first-order conditions with respect to the protein
concentration. The anisotropy is expressed using the relative
molar fluorescence intensities and anisotropies of individual
intermediates of the reaction and the eigenvalues (reciprocal
relaxation times) of the coefficient matrix. Notice that, in
general, once the coefficient matrixM for a given reaction
mechanism is obtained, the projection operators are defined
using Sylvester’s theorem (20-23, 28). The total emission
and anisotropy can then be defined without the determination
of the eigenvectors ofM . For complex mechanisms, the
numerical analysis is limited to the determination of only
the eigenvalues ofM (20-23). The generalization of this
expression to any kinetic mechanism is straightforward.

The stopped-flow traces of MANT-ADP fluorescence
anisotropy, after mixing 5× 10-7 M nucleotide with different
DnaC protein concentrations in buffer T4 (pH 8.1, 20°C)

containing 100 mM NaCl, are shown in Figure 5. The kinetic
trace has been collected in two time bases, 1 and 200 s. The
anisotropy rises from the value corresponding to the free
MANT-ADP at time t ≈ 0 of the reaction to the value
corresponding to the anisotropy of the completely bound
nucleotide (r ) 0.183( 0.005), weighted by the degree of
cofactor saturation at an applied protein concentration. The
anisotropy kinetic trace seems to be the sum of the
exponential functions; however, as we discussed above, it
is, in fact, described by a more complex expression, defined
by eq 16.

The analysis of the experimental kinetic traces in Figure
5 is significantly facilitated by the fact thatF1, F2, F3, and
the rate constants that define the eigenvalues of the coef-
ficient matrix are known from the total emission studies (see
above and accompanying paper). From our previous studies,
we know that the free MANT-ATP anisotropy isrN ) 0.015
( 0.005 (14). Thus, there are two parameters that must be
determined,rC1 and rC2. The solid lines in Figure 5 are
nonlinear, least-squares fits of the experimental fluorescence
anisotropy curves, using eq 16, with anisotropies of the
intermediates C1 and C2 as fitting parameters. The values of
rC1 andrC2, obtained at different protein concentrations, are
very close (Figure 5). This is an expected result because at
any protein concentration the same intermediates, character-
ized by the same fluorescence anisotropy, are observed. The
obtained values ofrC1 and rC2 for MANT-ADP-DnaC
intermediates averaged over all protein concentrations applied
are rC1 ) 0.151( 0.005 andrC2 ) 0.183( 0.005.

Analogous stopped-flow fluorescence anisotropy experi-
ments have been performed for the MANT-ATP-DnaC
system (data not shown). To extract steady-state anisotropies
of the reaction intermediates, we have analyzed the experi-
mental kinetic curves in the same way as described above
for MANT-ADP. Here we also utilize the fact thatF1, F2,
F3, and the rate constants for MANT-ATP binding to the
DnaC protein are known from the total emission studies (see

FIGURE 5: Fluorescence anisotropy stopped-flow kinetic traces (λex
) 356 nm,λem > 400 nm) recorded in two time bases, 1 and 200
s, after mixing MANT-ADP with the DnaC protein in buffer T4
(pH 8.1, 20°C) containing 100 NaCl. The final concentration of
the nucleotide is 5× 10-7 M. The final concentrations of the
protein, from bottom to top, are 1.1× 10-5, 1.47× 10-5, and 2.02
× 10-5 M. The solid lines are the nonlinear, least-squares fits of
the experimental curve to eq 16 usingrC1 ) 0.1491 andrC2 )
0.1775,rC1 ) 0.1506 andrC2 ) 0.1872, andrC1 ) 0.1533 andrC2

) 0.1856. The value of steady-state anisotropy of the free MANT-
ADP is rN ) 0.015 (14). The rate constants and relative molar
fluorescence intensities are the same as included in Table 4 for the
same solution conditions.

r(t) )
IVV(t) - IVH(t)

IVV(t) + 2GIVH(t)
(12)

r(t) ) ∑
i)1

n

fi(t)ri (13)

r(t) ) fN(t)rN + fC1
(t)rC1

+ fC2
(t)rC2

(14)

r(t) )

(rNF1 rC1
F2 rC2

F3) eM2t(NTot

0
0 )

(F1 F2 F3)e
M2t(NTot

0
0 )

(15)

r(t) )

(rNF1 rC1
F2 rC2

F3)(S01 S11 S21

S02 S12 S22

S03 S13 S23
)(1exp(λ1t)

exp(λ2t)
)

(F1 F2 F3)(S01 S11 S21

S02 S12 S22

S03 S13 S23
)(1exp(λ1t)

exp(λ2t)
)

(16)
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above and accompanying paper). The determined values for
MANT-ATP are rC1 ) 0.150( 0.005 andrC2 ) 0.190(
0.005.

The obtained results strongly indicate that the formation
of the (C)1 intermediate is already accompanied by a
significant immobilization of both MANT-ADP and MANT-
ATP in the nucleotide-binding site of the DnaC protein. The
values of the fluorescence anisotropy of the intermediate
indicate that the mobility of both ATP and ADP analogues
is similarly restricted. Further increase of the anisotropy in
the formation of (C)2 suggests a further restriction of both
MANT-ATP and MANT-ADP mobility (see Discussion).

Salt Effect on the Dynamics of the MANT-ATP and MANT-
ADP Binding to the DnaC Protein.Recent equilibrium
studies indicate that the binding of MANT-ATP and MANT-
ADP to the DnaC protein is affected by the salt concentration
in solution (11). As the salt concentration increases, the
affinity of the nucleotide cofactors decreases. The depen-
dence of the logarithm of the overall equilibrium constants,
KMANT-ATP and KMANT-ADP, upon the logarithm of [NaCl]
(log-log plot, (29)) is characterized by the slopes
∂logKMANT-ATP/∂log[NaCl] ) -0.7( 0.1 and∂logKMANT-ADP/
∂log[NaCl] ) -1 ( 0.1 and indicates that the net release of
∼1 ion accompanies the formation of both complexes (29).

Further insight into the nature of the observed conforma-
tional transitions and formed intermediates can be obtained
by examining the salt effect on the kinetics of the binding
of the nucleotide cofactors to the DnaC protein. The stopped-
flow kinetic experiments were performed in the same salt
concentration range as the equilibrium titration studies (11).
To access all relaxation processes characterizing DnaC
preequilibrium transition and intrinsic nucleotide-binding
steps, we conducted the experiments under pseudo-first-order
conditions with respect to the nucleotide concentration
(accompanying paper). The kinetic data were analogously
analyzed, as described in the accompanying paper. The
obtained rate constants, partial equilibrium constants, and
spectroscopic parameters are included in Tables 3 and 4 for
MANT-ATP and MANT-ADP, respectively.

The data in Tables 3 and 4 indicate that the rate constants
k1 and k-1, characterizing the conformational transition of
the DnaC protein prior to the nucleotide binding, are affected
very little by the salt in solution. Similar behavior of rate
constantsk1 and k-1, observed for both MANT-ATP and
MANT-ADP, results from the fact that the same protein
conformational transition is observed. However, for both
cofactors, the changing salt concentration significantly affects
the dynamics of the formation of the (C)1 intermediate. In
the case of MANT-ADP, the rate constantk2 decreases from
(1.8( 0.3)× 106 M-1 s-1 in 25 mM NaCl to (7.2( 1.5)×
105 M-1 s-1 in the presence of 200 mM NaCl. Also, the rate
constantk-2, characterizing the release of the nucleotide from
the (C)1 intermediate back to the solution, increases for both
cofactors with the increasing salt concentration. On the other
hand, the dynamics of the slowest step, characterized byk3

andk-3, is only slightly affected by the salt with both rate
constants increasing with the increased [NaCl].

The dependence of the logarithm of the partial equilibrium
constantK1, characterizing the conformational transition of
the DnaC protein prior to MANT-ADP binding, upon the
logarithm of [NaCl] (log-log plot) is shown in Figure 6a.
The slope of the plot∂logK1/∂log[NaCl] ) -0.02 ( 0.2 T
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indicates that no net release of ions accompanies the
transition (DnaC)1 T (DnaC)2. The dependence of the
logarithm of the partial equilibrium constantK3, which
characterizes the (C)1 T (C)2 step, upon the logarithm of
[NaCl] (log-log plot) is also included in Figure 6a. The slope
of the plot is∂logK3/∂log[NaCl] ) 0.08( 0.2. Thus, no net
release of ions accompanies the formation of (C)1 T (C)2.
However, contrary toK1 andK3, the value ofK2, character-
izing the formation of the first intermediate in MANT-ADP
binding to the DnaC protein, (C)1, shows a significant
dependence on salt. The log-log plot for equilibrium
constantK2 is shown in Figure 6b. The plot is characterized
by the slope∂logK2/∂log[NaCl] ) -0.84( 0.25, indicating
a net release of∼1 ions in the formation of the (C)1

intermediate. The analogous analysis of the salt effect on
the partial equilibrium constants characterizing the DnaC
protein conformational transition and the intrinsic nucleotide
binding has been performed for MANT-ATP-DnaC interac-
tions. The corresponding log-log plots are shown in Figure
6c,d. The obtained slopes of the plots are∂logK1/∂log[NaCl]
) 0.02 ( 0.2, 0.∂logK2/∂log[NaCl] ) -0.87 ( 0.25, and
∂logK3/∂log[NaCl] ) -0.05 ( 0.2. Thus, it is evident that
the ion release accompanying MANT-ADP and MANT-ATP
binding to the DnaC protein predominantly occurs in the
formation of the first nucleotide intermediate (C)1.

The almost identical values of the net ion release, obtained
from the salt dependence of the overall binding constants,
KMANT-ATP or KMANT-ADP, and the corresponding partial
equilibrium constants,K1, K2, andK3, suggest that the overall
net ion release is a simple sum of the ion release in partial
reactions. However, it should be pointed out that this is
generally not the case (23, 29). For the considered mechanism
of MANT-ATP and MANT-ADP binding to the DnaC
protein, defined by eq 2, the value of the overall equilibrium,
KN, is related to the partial equilibrium constants by
(accompanying paper)

The derivative of the logarithm ofKN, with respect to the
logarithm of [NaCl], is then

wheren1 ) ∂logK1/∂log[NaCl], n2 ) ∂logK2/∂log[NaCl], and
n3 ) ∂logK3/∂log[NaCl] are the numbers of ions released in
the partial reaction for the formation of (DnaC)1, (C)1, and
(C)2 intermediates. Because for the DnaC-nucleotide system
n1 andn3 both equal∼0, the value ofn is ∼n2, i.e., the net
ion release in the formation of the first intermediate in the
intrinsic nucleotide binding to the DnaC protein.

Comparison of the relative molar fluorescence intensities
for MANT-ATP and MANT-ADP binding to the DnaC
protein, obtained at different salt concentrations, indicates
that for both cofactors the value ofF2 that characterizes the
(C)1 intermediate is not affected by the increasing salt
concentration in solution (Tables 3 and 4). However, there
is clear difference between the ATP and ADP cofactor in
the salt effect on theF3. While in the case of MANT-ADP
the relative molar fluorescence intensity of the (C)2 inter-T
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mediate is not affected by salt, the same parameter signifi-
cantly decreases with the increasing [NaCl] for MANT-ATP
(Tables 3 and 4). Thus, although the salt effect on the
energetics of the overall binding process and the partial steps
in MANT-ATP and MANT-ADP association with the DnaC
protein are very similar, the structural environments of
MANT-ATP and MANT-ADP are affected differently in the
(C)2 intermediates for both cofactors (see Discussion).

Temperature Effect on MANT-ATP and MANT-ADP Bind-
ing to the DnaC Protein. Fluorescence titration of MANT-
ATP with the DnaC protein at two different temperatures,
10 and 25°C, in buffer T4 (pH 8.1) containing 100 mM
NaCl, are shown in Figure 7. The solid lines are computer
fits of the isotherms to the single binding-site isotherm,∆F
) ∆Fmax{KMANT-ATP [DnaC]/(1 + KMANT-ATP [DnaC]}
(Figure 7) (11). It is evident that temperature has a very
moderate effect on the overall binding process. The overall
binding constant decreases from (3.5( 0.4) × 105 M-1 to
(2.7( 0.4)× 105 M-1. The maximum observed fluorescence
increase at saturation of the nucleotide with the protein
increases from 1.44( 0.12 at 10°C to 1.72( 0.15 at 25
°C. The dependence of the overall binding constant,
KMANT-ATP, upon the temperature is shown in Figure 8a.
Using the van’t Hoff equation∂lnK/∂(1/T) ) -∆H/R, where
∆H is the enthalpy of the reaction andR is the gas constant,
the slope of the plot provides∆Hov ) - 2.9 ( 1 kcal/mol.

The temperature effect on the partial steps in MANT-ATP
binding to the DnaC protein has been examined in stopped-
flow experiments. The kinetic data have been obtained at
the same temperatures as the equilibrium studies. The
dependence of the partial equilibrium constant,K2, character-
izing the bimolecular step upon the temperature is included
in Figure 8a. The slope of the plot provides∆H2 ) 3.1 (

FIGURE 6: (a) Dependence of the partial equilibrium constantsK1 (9) andK3 (0), characterizing the conformational transition of the DnaC
protein prior to the nucleotide binding and the second step in the intrinsic MANT-ADP binding (eq 2), upon the log[NaCl] (log-log plots).
The plots are characterized by the slopes∂logK1/∂log[NaCl] ) -0.02 ( 0.2 and∂logK3/∂log[NaCl] ) 0.08 ( 0.2, respectively. (b) The
dependence of the partial equilibrium constantK2 (9), characterizing the bimolecular step in the intrinsic MANT-ADP binding (eq 2), upon
the log[NaCl] (log-log plots). The plot is described by the slope∂logK2/∂log[NaCl] ) -0.84 ( 0.25. (c) The dependence of the partial
equilibrium constantsK1 (9) andK3 (0), characterizing the conformational transition of the DnaC protein prior to the nucleotide binding
and the second step in the intrinsic MANT-ATP binding (eq 2), upon the log[NaCl] (log-log plots). The plots are characterized by the
slopes∂logK1/∂log[NaCl] ) 0.02( 0.2 and∂logK3/∂log[NaCl] ) -0.05( 0.2, respectively. (d) The dependence of the partial equilibrium
constantK2 (9), characterizing the bimolecular step in the intrinsic MANT-ATP binding (eq 2), upon the log[NaCl] (log-log plots). The
plot is described by the slope∂logK2/∂log[NaCl] ) -0.87 ( 0.25.

FIGURE 7: Fluorescence titration of MANT-ATP with the DnaC
protein in buffer T4 (pH 8.1), containing 100 mM NaCl, at two
different temperatures, 10°C (O) and 25°C (b). The solid lines
are computer fits of the isotherms to the single binding-site isotherm
(11), ∆F ) ∆Fmax{KMANT-ATP[DnaC]/(1+ KMANT-ATP[DnaC]} with
∆Fmax ) 1.44,KMANT-ATP ) 3.5× 105 M-1 (10°C) and with∆Fmax
) 1.72,KMANT-ATP ) 2.7 × 105 M-1 (25 °C), respectively.
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1.5 kcal/mol. Thus, the bimolecular step behaves very
differently from the overall binding process and is character-
ized by a positive enthalpy change. The dependence of the
natural logarithm of the partial equilibrium constant,K1,
characterizing the preequilibrium conformational transition
of the DnaC protein and the partial equilibrium constant,
K3, characterizing the (C)1 T (C)2 transition upon the
temperature is shown in Figure 8b. The slopes of the plots
provide∆H1 ) - 4.5 ( 2 kcal/mol and∆H3 ) - 34 ( 15
kcal/mol. Although the errors are inherently large for these
parameters, the obtained results indicate that both steps are
described by a negative enthalpy change, with the value of
∆H3 being significantly larger. Analogous experiments have
been performed for MANT-ADP. The corresponding plots
are shown in Figure 8c,d. The obtained apparent thermody-
namic parameters characterizing the overall binding step and
the partial steps in the binding of both analogues to the DnaC
protein are included in Table 5.

The overall enthalpy and entropy changes,∆Hov and∆Sov,
have favorable contributions to the∆G° ov for MANT-ATP
and MANT-ADP binding to the DnaC protein. However,
the data indicate that the values of both parameters result
from a complex effect of the thermodynamic characteristics
of the partial steps. The pre-equilibrium conformational
transition of the DnaC protein is accompanied by apparent
negative enthalpy and entropy changes in the examined
solution conditions (Table 5). Thus, the process is apparently
driven by enthalpy. The bimolecular binding step is ac-
companied by an unfavorable, positive enthalpy change,
particularly for MANT-ATP. On the other hand, for both
cofactors, the step is characterized by a large and positive
entropy contribution, indicating that the apparent entropy
change drives the bimolecular step. The transition (C)1 T
(C)2 is very different. It is characterized by an apparent large
favorable enthalpy change and a very unfavorable large
entropy change (see Discussion).

FIGURE 8: (a) Dependence of the natural logarithm ofKMANT-ATP (9) and the natural logarithm of the partial equilibrium constant,K2 (0),
characterizing the bimolecular step upon the reciprocal temperature (K). (b) The dependence of the natural logarithm of the partial equilibrium
constantK1 (b), characterizing the preequilibrium conformational transition of the DnaC protein, and the natural logarithm of the partial
equilibrium constantK3 (O), characterizing the (C)1 T (C)2 transition upon the reciprocal temperature (K). (c) The dependence of the
natural logarithm ofKMANT-ADP (9) and the natural logarithm of the partial equilibrium constantK2 (0), characterizing the bimolecular
step, upon the reciprocal temperature (K). (d) The dependence of the natural logarithm of the partial equilibrium constantK1 (b), characterizing
the pre-equilibrium conformational transition of the DnaC protein, and the natural logarithm of the partial equilibrium constantK3 (O),
characterizing the (C)1 T (C)2 transition in the binding of MANT-ADP to the DnaC protein, upon the reciprocal temperature (K).

Table 5: Thermodynamic Parameters Characterizing the Overall Binding and Individual Steps in the Binding of MANT-ATP and MANT-ADP
Cofactors to the DnaC Protein, According to the Mechanism Defined by Eq 2 (see text) in Buffer T4 (pH 8.1) Containing 100 MM NaCla

cofactor
∆Hb

ov

(kcal/mol)
∆Sb

ov

(cal/deg)
∆H1

(kcal/mol)
∆S1

(cal/deg)
∆H2

(kcal/mol)
∆S2

(cal/mol)
∆H3

(kcal/mol)
∆S3

(cal/deg)

MANT-ATP -2.9( 1 15.2( 4.5 -4.5( 2 -12.5( 6 3.1( 1.5 36( 12 -34 ( 15 -121( 60
MANT-ADP -2.8( 1 15.2( 4.5 -6.8( 3 -26 ( 12 0.7( 1 28( 14 -28 ( 14 -90 ( 45
a The errors are standard deviation determined using 3-4 independent experiments.b Determined in independent equilibrium titrations.
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As in the case of the salt effect discussed above, the overall
enthalpy and entropy changes are not simple sums of the
apparent enthalpy and entropy changes accompanying the
partial steps in MANT-ATP and MANT-ADP binding to the
DnaC protein. This is evident by comparison of the overall
enthalpy and entropy with the corresponding partial param-
eters (Table 5). Using eq 17, which defined the overall
binding constant,KN, for the cofactor binding to the DnaC
protein, we can derive the van’t Hoff equation for the overall
enthalpy change in the reaction, described by eq 2 as

and

These expressions are analogous to eq 18, with∆H1 )
-R[∂lnK1/∂(1/T)], ∆H2 ) -R[∂lnK2/∂(1/T)], and ∆H3 )
-R[∂lnK3/∂(1/T)]. Introducing the values of the∆H1, ∆H2,
and∆H3 from Table 5 for MANT-ADP and taking the values
of the partial equilibrium constants,K1, K2, andK3, at 20°C
as a reference, we obtain∆Hov ≈ -2.6 kcal/mol. Analogous
calculations for MANT-ATP provide∆Hov ≈ -0.3 kcal/
mol. These values are lower than the same parameters
obtained from independent equilibrium titrations, reflecting
the fact that errors on the determination of partial equilibrium
constants, and the corresponding enthalpy changes, can be
as high as∼50% (Table 5). Nevertheless, they clearly
indicate that the overall binding process, composed of three
steps with very different enthalpy changes, is only moderately
affected by the temperature and is characterized by a low
negative enthalpy change, as experimentally determined.

DISCUSSION

Transient Dynamic Quenching of Reaction Intermediates.
Fluorescence dynamic quenching is one of the methods most
often used to experimentally determine the solvent acces-
sibility of a fluorophore (17, 18). The approach is based on
adding a quencher to the solution that, as a result of a simple
collision, efficiently depletes the excited state of the fluoresc-
ing molecule. This is a unique property of fluorescence and
results from the fact that an extra radiationless process can
be introduced without affecting, to any significant degree,
the thermodynamic equilibrium and kinetic properties of the
interacting system (17-19). Previously, we described the
theoretical and experimental bases of the method to study
equilibrium binding of a ligand to a macromolecule on the
basis of induced differential collisional quenching of the
intrinsic fluorescence of a ligand or a macromolecule by the
presence of an efficient, preferably nonionic, collisional
quencher (19). In this work we extended the method to
examine the dynamics of the interacting system, particularly
the solvent accessibility, i.e., the structure of the individual
transient intermediates of the reaction.

A prerequisite for the quantitative determination of the
quenching efficiency is the amplitude analysis of the
relaxation process that provides relative molar fluorescence
intensities of all intermediates of the reaction (accompanying

paper,20-23). The relative molar fluorescence intensities
are the ratios of the fluorescence intensity of the intermediates
to the fluorescence intensity of the free ligand (eq 4). This
provides a direct method to quantitatively address the
fluorescence quenching of a transient intermediate. In the
presence of the quencher, the fluorescence of the free ligand
is described by the Stern-Volmer equation that can be
determined in independent, fluorescence quenching titrations.
The relative molar fluorescence intensity of an intermediate
is a function of the quencher concentration, described by eq
8, with a single unknown parameter, the Stern-Volmer
quenching constant,KSVi, specific for the intermediate.

In the First Intermediate in the Nucleotide Association with
the DnaC Protein, the Binding Site is Exposed to the SolVent.
The first step in the intrinsic binding of nucleotide cofactors
to the DnaC protein provides the major part of the free energy
of binding (accompanying paper, see above). Recall, the
binding site is highly specific for the adenine nucleotides
(11). The cofactors containing another type of the base have
an undetectable affinity. Moreover, the 2′OH group of the
ribose is involved in direct interactions in the binding site,
as indicated by a 2-3 orders of magnitude lower affinity of
dATP and dADP as compared to that for ATP and ADP.
Thus, these results indicate that formation of the (C)1

intermediate must include interactions of the adenosine and
ribose with the binding site (accompanying paper). However,
the Stern-Volmer quenching constant for (C)1 is very close
to the value obtained for the free MANT-ATP and MANT-
ADP, indicating that the solvent has free access to the MANT
group located on the ribose of the bound nucleotide, although
the ribose is involved in interactions with the protein. The
simplest explanation of these results is that the nucleotide-
binding site of the DnaC protein is located on the surface of
the protein, completely open to the solvent. Moreover, the
formation of the (C)1 intermediate does not affect the
conformation of the binding site. The lack of a strong
increase of the MANT group fluorescence accompanying the
formation of (C)1 also suggests that the fluorophore has little
contact with the hydrophobic areas of the binding site
although it is strongly immobilized, as indicated by the strong
increase of the MANT group fluorescence anisotropy (see
below).

In the Second Intermediate the Bound Nucleotide Is
Completely Isolated from the SolVent. The Stern-Volmer
quenching constant, KSV2, for MANT-ATP and MANT-ADP
in the second intermediate in the intrinsic nucleotide binding
process, (C)2, is 0.21( 0.1 and∼0, respectively. Such low,
if any, quenching efficiency contrasts the behavior observed
for the (C)1 intermediate and indicates that in the (C)2

intermediate the bound nucleotide is completely isolated from
the solvent. Notice that the ribose moiety of the bound
nucleotide is in contact with the binding site (see above).
Thus, one possible explanation of these results could be that
the transition (C)1 T (C)2 results from the movement of the
MANT group to a closed, hydrophobic pocket inside the
nucleotide binding site. However, inspection of the rate
constants characterizing the transition indicates that it is a
very slow process (Tables 1 and 2, accompanying paper).
Moreover, the process is energetically very unfavorable. This
is rather surprising, if the transition results from interactions
between the hydrophobic MANT moiety and a hydrophobic
pocket in the binding site. Although, a simple placement of

∂ ln KN

∂ (1T)
) -( 1

1 + K1
)∆H1

R
-

∆H2

R
- ( K3

1 + K3
)∆H3

R
(19)

∆Hov ) ( 1
1 + K1

)∆H1 + ∆H2 + ( K3

1 + K3
)∆H3 (20)
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the MANT group in a hydrophobic pocket cannot be
excluded, it is very improbable that a movement of the small
group would be such a slow and energetically unfavorable
process. Rather, the obtained data suggest that the entire
nucleotide-binding site of the DnaC protein changes its
conformation and forms a state where the solvent is ef-
fectively excluded from accessing the bound nucleotide. A
very strong increase of the MANT fluorescence accompany-
ing the formation of the (C)2 intermediate supports this
conclusion.

Significant Immobilization of the Bound Nucleotide Al-
ready Occurs in the Formation of the First Intermediate (C)1.
Because the fluorescence intensity is strictly proportional to
the concentration of a fluorophore, the time dependence of
the emission intensity in a relaxation process is described
by the same exponential functions as the concentrations of
the reactants, with amplitudes weighted by the molar
fluorescence intensities of all fluorescing species (20-23).
Therefore, the correct mechanism of the reaction and relative
molar fluorescence intensities, characterizing each individual
intermediate of the reaction, can be determined by exclu-
sively using the fluorescence emission (accompanying paper).
As we pointed out above, relative molar intensities provide
information about the physical environment of the fluoro-
phore. On the other hand, the anisotropy provides a unique
insight into the mobility of the bound ligand in each identified
intermediate of the reaction.

Analysis of the time courses of anisotropy for MANT-
ATP and MANT-ADP binding to the DnaC protein reveals
a very intriguing result. The major mobility decrease of the
MANT group occurs in the formation of the first intermediate
(C)1. This is despite the fact that the formation of (C)1 is
accompanied by large, positive entropy change (Table 5, see
below). The observed anisotropy,r, increases from the value
of r ≈ 0.015, a characteristic of the free MANT-nucleotide
in solution (14), tor ≈ 0.15 in (C)1 (Figure 6a,b). Subsequent
transition to (C)2 induces a moderate increase ofr to ∼0.19.

The major decrease of the MANT mobility in (C)1 occurs
despite the fact that transient dynamic quenching studies
indicate that the binding site in (C)1 has an open conformation
and the solvent has full access to the bound nucleotide (see
above). Recall, adenine and the ribose are involved in very
energetically favorable interactions with the binding site in
(C)1. These interactions are very specific, indicating that they
include short-range bonds, e.g., hydrogen bonding. Thus,
both base and ribose regions of the bound nucleotide are
immobilized in the first intermediate. Moreover, the anisot-
ropy of∼0.015 for the free MANT-nucleotide in solution is
larger than that predicted for the free rotating MANT moiety
(r ≈ 0.0003) (18, 14, 21). Therefore, these data strongly
suggest significant stiffness of the covalent bond between
the MANT group and the ribose, most probably resulting
from the possible formation of the partial double-bond (12).
In other words, the anisotropy of MANT-ATP and MANT-
ADP reflects to a large extent the mobility of the entire
nucleotide molecule in solution or in the binding site. A
significant increase of the MANT group anisotropy in the
first intermediate would simply reflect the fact that the
MANT group is immobilized to a similar extent as the ribose
region of the bound MANT-ATP or MANT-ADP. Transition
to the (C)2 intermediate closes the binding site leading to
the diminished solvent accessibility and, possibly, the

decreased mobility of the bound nucleotide through interac-
tions with the hydrophobic areas of the binding site, as
indicated by the large increase of the MANT fluorescence
in (C)2 (see above).

Salt Effect on the Nucleotide Binding Originates from the
Formation of the First Intermediate (C)1. Equilibrium studies
clearly show that binding of MANT-ATP and MANT-ADP
to the DnaC protein is accompanied by the net release of
the ∼1 ion from the binding site (11). The analysis of the
dynamics described in this work is in excellent agreement
with the equilibrium data. Moreover, the kinetic data show
that a single ion is released in the formation of the first
intermediate, (C)1, in the intrinsic nucleotide binding process.
Notice that the formation of (C)1 for MANT-ATP and
MANT-ADP, differing by the number of the phosphate
groups, is accompanied by the same number of ions released.
This result provides support for the conclusion that the
nucleotide binding process is predominantly initiated through
adenine and ribose regions of the cofactor. However, the fact
that both ATP and ADP analogues are characterized by the
same affinity while the affinity of AMP (Galletto, unpub-
lished data) is barely detectable indicates that theâ-phosphate
group may also participate in the stabilization of (C)1 (11).

The lack of any salt effect on the (C)1 T (C)2 transition
in both MANT-ATP and MANT-ADP complexes with the
DnaC protein indicates that closing the binding site and
shielding the nucleotide from the solvent does not include a
net ion release or uptake. Nevertheless, the increasing salt
concentration in solution has a different effect on the structure
of the (C)2 intermediate formed by ATP and ADP analogues.
While in the case of MANT-ADP the relative molar intensity
of (C)2 is not changed, the value ofF3 is higher at lower
[NaCl] for MANT-ATP (Tables 3 and 4). Higher values of
theF3 observed for MANT-ATP than for the ADP analogue
indicate that the ribose region of MANT-ATP is in a more
hydrophobic environment, i.e., differently oriented in the (C)2

intermediate than the ribose region of the ADP cofactor
(accompanying paper). As the salt concentration decreases,
the ribose region of MANT-ATP, but not MANT-ADP, is
placed in an even more hydrophobic environment in the
closed conformation of the (C)2 intermediate.

The DnaC Conformational Transition Prior to the Nucle-
otide Binding Is Not Affected by the Salt in Solution. A very
important aspect of the salt effect on the dynamics of the
nucleotide binding to the DnaC protein is the discovery that
the DnaC conformational transition, prior to MANT-ATP
or MANT-ADP binding, is not affected by the salt in
solution. The rate constants,k1 and k-1, and the resulting
partial equilibrium constant,K1, are affected very little by a
1 order of magnitude increase of the salt concentration. The
same salt concentration change significantly affects the
energetics and dynamics of the nucleotide binding (Tables
3 and 4) (11). In other words, binding of ions to the
nucleotide-binding site does not affect the conformational
transition of the protein prior to the nucleotide binding.
Rather, the data indicate that the nucleotide binding and
release exclusively control the equilibrium between the two
conformations of the DnaC protein.

Formation of Different Intermediates in the Nucleotide
Cofactor Binding to the DnaC Protein is Characterized by
Very Different, Apparent Enthalpy and Entropy Changes.
The temperature effect on partial equilibrium constants,
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characterizing individual steps of the reaction, reveals large
differences in the energetics of transitions between different
intermediates. The pre-equilibrium conformational transition
of the DnaC protein is apparently an enthalpy-driven process
with an unfavorable entropy contribution. Favorable enthalpy
and the lack of any net salt effect on this step strongly suggest
that the process encompasses structural changes of the protein
that do not include significant changes in the protein-solvent
interactions. At present, it is not known whether the structural
changes are global, i.e., whether they include large structural
rearrangements of the protein or are local in nature and
limited to the nucleotide-binding site. Our laboratory is
currently studying these structural changes.

In the intrinsic nucleotide binding process, the formation
of the first intermediate, (C)1, is characterized by an
unfavorable, positive enthalpy change and a large favorable
entropy change (Table 5). The positive enthalpy change
suggests that the cofactor binding imposes significant stress
in the binding site that is overcome at the expense of a
favorable entropy change. However, as we pointed out above,
direct examination of the mobility of the nucleotide cofactors
in the binding site, using fluorescence anisotropy, indicate
that the mobility of the cofactor is strongly hindered in (C)1

(Figure 6). Such limited mobility would suggest that an
unfavorable entropy change should accompany the formation
of (C)1; however, this is not experimentally observed. Notice
that the obtained entropy changes are apparent quantities that
include all molecular events in the formation of (C)1.
Although the cofactor is being immobilized in the complex,
the large observed positive entropy change strongly suggests
that a significant number of solvents and/or solute molecules
are released in the formation of (C)1, although the solvent is
still accessible to the bound nucleotide (see above). This
conclusion is supported by the fact that, in this step, the net
release of∼1 ion occurs and provides an additional positive
contribution to the apparent positive entropy change (29).

Dynamic quenching of the transient intermediates indicates
that in (C)2 the nucleotide becomes shielded from the solvent
(see above). The data indicate that the protein undergoes a
structural transition resulting in a closed conformation of the
nucleotide binding-site. A large negative enthalpy change
accompanying the (C)1 T (C)2 transition supports the
conclusion that the transition includes protein conformational
changes. Thus, these results strongly suggest that once the
(C)1 is formed the stress in the binding site can be released
and the site and the cofactor assume an energetically more
favorable orientation. However, the process is characterized
by an apparent large negative entropy change (Table 5). This
is despite the fact that the fluorescence anisotropy data
indicate only moderate, additional immobilization of the
cofactor in the binding site. In other words, the large entropy
changes do not result from the immobilization of the bound
cofactor but are most probably generated by the changes in
the protein structure and/or its interactions with the solvent.

The discussed data also indicate an important caveat in
the exclusive interpretation of thermodynamic or structural
parameters in terms of the structure or nature of the formed
complexes. Though large positive entropy changes would
suggest significant mobility of the nucleotide in the (C)1

intermediate, large negative entropy changes would suggest
strong additional immobilization of the cofactor in (C)2. On
the other hand, direct fluorescence anisotropy studies indicate

that this is not the case. The cofactor is strongly immobilized
in (C)1 and shows only a slight increase in the restriction of
the movement in (C)2. The entropy changes seem to be
predominantly generated by the protein structural changes,
and/or changes in the protein interactions with the solvent,
accompanying the complex formation. Thus, a parallel
application of the structural and thermodynamic analyses
provides a deeper insight into the nature of the formed
intermediates.
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