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ABSTRACT. The kinetic mechanism of binding of ATP and ADP fluorescent analogues t& thomli
replicative factor DnaC protein has been studied using the fluorescence stopped-flow technique. The
experiments have been performed under pseudo-first-order conditions with respect to the nucleotide cofactor
or the DnaC concentration. Three relaxation processes are observed at a large excess of the nucleotide,
while only two relaxation processes are detected in the excess of the protein. Such behavior of the kinetic
system is a diagnostic indication of the presence of the protein conformational equilibrium prior to the
ligand binding. The obtained data indicate that the minimum mechanism that describes the observed kinetics
includes the conformational transition of the DnaC protein, prior to nucleotide binding, followed by the
two-step, sequential association of the cofactor to only one of the protein conformations, as defined by

k
(DnaC);lfl’(DnaC)2

k
Nucleotide+ (DnaC) + = (C); - (),

In the examined solution conditions, the conformation of the DnaC protein is shifted toward the state
(DnaCy that binds the nucleotide. The lack of any cofactor binding to the (Dnataje points to the
existence of a stringent locking mechanism of the nucleotide binding-site in the protein. Binding of ATP
and ADP analogues obeys the same mechanism, with similar rate constants, indicating that ATP and
ADP analogues bind to the same protein conformation. Theif@rmediate dominates the distribution

of the DnaC protein population in the presence of cofactors. The formation pfs(@ycompanied by a

low nucleotide fluorescence increase, indicating a hydrophilic environment around the ribose of bound
cofactors. Transition to (G)places the ribose region in a highly hydrophobic environment with relative
molar fluorescence intensity8-fold higher than that of the free cofactor. The significance of these results
for the functioning of the DnaC protein is discussed.

The DnaC protein is an essential replication protein in the 8). In these capacities, the DnaC protein is thought to
Escherichia colicell (1-5). Both fast- and slow-stop  specifically interact, in the presence of ATP, with taecoli
mutations of the protein have been identified, indicating that primary replicative helicase, the DnaB protein, allowing the
the protein is involved in initiation and elongation stages of helicase to recognize specific proteiDNA complexes, most
the chromosomal DNA replication, as well as in the probably through interactions with other replication proteins
replication of phage and plasmid DNA%7). The DnaC (1, 9—-15).

protein parti(_:ipates in the formation of t_he replication fork_ The DnaC protein is not necessary for the DnaB helicase
as well as in the assembly of the primosome, a multi- {5 pind the sSDNA. The helicase can form a complex with
protein-DNA complex which can translocate along the DNA - the nucleic acid with significant affinity without Dna@6—
while synthesizing short oligoribonucleotide primers that are 21). Rather, the binding of DnaC to the DnaB protein allows
used to initiate synthesis of the complementary strdn@,(  the helicase to recognize the proteimucleic acid complex
formed at the replication origin (oriCL{9, 10). The DnaC
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to its highly specific role in “delivering” the replicative
helicase to specific replication complexes and the ATP

Galletto and Bujalowski

DnaC Protein The E. coli DnaC protein was purified as
previously described by u7). The concentration of the

requirement for these reactions, the DnaC protein has beemrotein was spectrophotometrically determined using the

termed the “molecular matchmaker23).

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, which are under ATP contrd@5, 9,

10, 24—26). In contrast, ADP was proposed not to support
these interactions. However, the hydrolysis of ATP is not

extinction coefficientezgo = 23.2 x 10 M~ cm™ (27).
Stopped-Flow KineticsAll fluorescence stopped-flow
kinetics experiments were performed using the SX.18MV
stopped-flow instrument (Applied Photophysics, Leatherhead,
UK) equipped with the FP.1 fluorescence polarization/
anisotropy accessory. The FP.1 dual channel, T-format
fluorescence polarimeter allows the direct determination of

necessary for the complex formation, although this has not the fluorescence total emissidiy, = Ivv + 2lvy, avoiding
been rigorously proven. The DnaC protein does not have any bias of the signal which might originate from changing
intrinsic ATPase activity. These results suggest that ATP actsthe degree of fluorescence polarization of the sample during

as a positive effector, inducing conformational changes in
the DnaC protein and increasing its affinity for the helicase,
while ADP acts as a negative effector.

Recent thermodynamic studies, using fluorescent nucle-

the reaction34, 35). The reactions were monitored following
the fluorescence emission of the MANT group, with =

356 nm, and the emission was monitored through the GG400
cutoff filter (Schott, PA). The excitation monochromator slits

otide analogues and unmodified nucleotides, have providedwere at 1.5 mm (band-pass7 nm). The experiments were

the first insight into the energetics of the DnaC protein
interactions with nucleotide cofactoi®d. The DnaC protein
has a single nucleotide-binding site. The site is highly specific

performed in the “oversampling” mode3&,37). Four to
twelve traces were collected and averaged for each sample.
The relaxation times and amplitudes for each kinetic trace

for the adenine base. Binding of nucleotides containing baseswere determined using the nonlinear, least-squares software
different than adenine has not been detected. However, theprovide by the manufacturer, with the exponential function

structure of the triphosphate group and thiayairoxyl group

of the ribose play important roles in the stabilization of the
formed complex. The most surprising result is that both ATP
and ADP have the same affinity for the nucleotide-binding
site of the DnaC protein yet only ATP is proposed to induce
a high-affinity state for the binding to the DnaB helicaSge (

defined as

n

F(t) = F() + ) A exp(-4it)

1)

10). These data clearly indicate that the efficient association WhereF(t) is the fluorescence intensity at timeF(c) is

of the nucleotides with the DnaC protein is not enough to
trigger specific conformational changes of the entire protein,
leading to an increased affinity toward the DnaB helicase.
Elucidation of nucleotide interactions with the DnaC
protein and their regulatory role is of paramount importance
for our understanding of the activities of this essential
replication factor. In this communication, we quantitatively
examine the kinetic mechanism of the interactions of
nucleotide cofactors with the DnaC protein using the
fluorescent nucleotide analogues MANT-ATP and MANT-
ADP. We provide direct evidence that the DnaC protein
exists in a pre-equilibrium conformational transition prior
to the nucleotide binding. The nucleotide cofactor binds to
only one of the protein conformations. Moreover, both
MANT-ATP and MANT-ADP bind to the same protein

the fluorescence intensity at tinbe= oo, A; is the amplitude
corresponding to théh relaxation process}; is the time
constant (reciprocal relaxation time) characterizing ithe
relaxation process, and 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 computers.

THEORY

Pre-equilibrium Conformational Transition of the Mac-
romolecule Prior to the Ligand Bindingersus Sequential
Binding MechanismKinetic methods are the most sensitive
techniques for detecting the presence of any conformational
transition of the macromolecule prior to the ligand binding
(38—42). Such detection is based on the fact that under

conformation in a two-step sequential process in which the pseudo-first-order conditions with respect to the ligand

bimolecular reaction is followed by a single conformational
transition of the formed protetanucleotide complex.

MATERIALS AND METHODS

Reagents and Bufferall chemicals were reagent grade.
All solutions were made with distilled and deionized 18M
(Milli-Q) water. The standard buffer, T4, is 50 mM Tris
adjusted to pH 8.1 at the appropriate temperature with HCI,
5 mM MgCh, 10% glycerol, and 1 mM DTT. The salt
concentration in the buffer is indicated in the text.

NucleotidesMANT-ATP and MANT-ADP were synthe-
sized as previously described&-30). Fluorescent nucle-
otide analogues used in the studies wer@5% pure, as
judged by TLC on silica. The concentrations of the nucle-
otides were determined using the extinction coefficieg
= 5800 Mt cm™.

concentration, the reciprocal relaxation time characterizing
the conformational transition will decrease with the increas-
ing ligand concentratiorB8—40). The sequential mechanism
with the same number of elementary steps cannot generate
analogous behavioB8—40). The underlying assumption of
the approach is that all relaxation processes are decoupled,
i.e., they are well separated on the time scale of the reaction.
However, in a general situation, this may not be the case. If
the experiments are performed only under pseudo-first-order
conditions with respect to the ligand concentration, the pre-
equilibrium mechanism may be very difficult to distinguish
from the sequential one with the same number of elementary
steps, both in the behavior of the relaxation times and in the
amplitudes of the reaction. On the other hand, the combined
application of pseudo-first-order conditions of both ligand
and macromolecule concentrations will allow the experi-
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menter to distinguish these fundamentally different kinetic vectorP, of the initial macromolecular species concentrations

mechanisms36—41).
The kinetic data described in this work indicate that the
DnaC protein exists in two conformations prior to the

nucleotide cofactor binding and that the nucleotide binds only

to one conformation of the protein. As an example, we
consider binding of the fluorescent ligand, N, to the

macromolecule, P, where the macromolecule exists in two

different conformations prior to the ligand binding. The

is then

— PTOt
1+K,

PTOtKl

Po 1+ K,

0 0 (6)

The three normal modes of reaction are characterized by
relaxation timeszy, 7, andts, described by the identities,

ligand binds to only one conformation of the macromolecule 71 = ~1/41, 72 = =1/, andzs = —1/4;. The closed-form
in a sequential, two-step process. The considered mechanisn§XPressions for the three corresponding amplituéesi.,

is defined by eq 2:

()

The reaction is monitored by the fluorescence changes of

the ligand.

In our analysis, we use the matrix projection operator

technique, which is a very powerful method of analyzing
complex kinetics 36, 37, 43—46). The kinetic studies are

performed under pseudo-first-order conditions with respect

to the [ligand], i.e., in the large excess of the ligand,
[N]toe>[Plro. Thus, [N] is approximately constant during
the reaction. The system of differential equations, with

andA; are defined using the matrix projection operators in
Appendix 1.

Under pseudo-first-order conditions with respect to the
ligand concentration, the examination of the relaxation times
as a function of the ligand concentration is the first and
fundamental step in establishing the mechanism of a complex
reaction 86—41). The reciprocal relaxation times for the
reaction, described by eq 2, as a function of the free ligand
concentration, are shown in Figure-1@a Relaxation times
have been obtained by direct, numerical determination of
the eigenvalues}i, 1,, andAs of the matrixM at a given
free ligand concentration. The selected rate constantk, are
7shki1=6sLk=1x1FM1ts?t k,=10s?
ks = 0.05 s%, andk-3 = 0.01 s* Thus, the rate constants
differ to the extent that all three normal modes of the reaction
are virtually decoupled3g).

respect to the macromolecular species, describing the time  The largest reciprocal of relaxation timeyi/increases
course of the reaction (eq 2) in matrix notation is defined as linearly with the [ligand] in the high ligand concentration

I:Dl —ky k. 0 0 P,
Bl [k (s +RING K o [P
Ps 0 KN —(k,tky) ks ||Ps
Paf 10 0 Ks —k_3/\Pa
(3)
and
P=M,P (4)

whereP is the vector of time derivative®; is the coefficient
matrix, andP is the vector of concentrations of all macro-

range. This is typical behavior for the relaxation time
characterizing the bimolecular binding proc€36—-41). The
reciprocal relaxation time, 4, for the reaction described
by eq 2 has its highest values at low ligand concentrations
and decreases with the increasing [ligand]. Such functional
dependence of any of the relaxation times of the examined
reaction presents strong evidence of the existence of a
preequilibrium conformational transition of the macromol-
ecule prior to the ligand binding because a sequential reaction
cannot generate such behavwi86—41). The relaxation time
1/r3 shows characteristic, hyperbolic dependence upon the
[ligand] and reaches plateau values at a higher [ligand], an
indication that it characterizes an intramolecular transition

molecule species. Using the matrix projection operators, theas defined by eq 2.

solution for the system of differential equations, defined by
eq 3, is 86, 37, 44, 45)

P = QuPy + Q1P exp(;t) + Q,P, expl,t) +
Q3P expist) (5)

However, the situation is very different if the rate constants
for the partial steps of the reaction have similar values
resulting in similar values of the relaxation times, at least in
some range of the ligand concentration. The reciprocal
relaxation times for the same reaction, described by eq 2, as
functions of the free ligand concentration, are included in

Thus, there are three normal modes of the examined reactiorFigure 1a-c (dashed lines). The selected rate constants are

(eq 2). The quantities,, 42, and; are eigenvalues of the
coefficient matrixM,, Pq is the column vector of the initial
concentrations of the macromolecule species, @rsl are
the matrix projection operator86, 37, 44).

At the timet = 0 of the reaction, the concentration of the
total macromolecule is equal to the sum of the initial
concentrations of Pand B, while the concentrations of all

kk=7sLki;1=6shk=1x1M1s! k,=3s1

ks = 0.05 s%, andk_3 = 0.01 s. Thus, the value of the
rate constantk,, is lower than the values of the rate
constants characterizing the conformational transition of the
macromolecule. Although the plot of7i/is shifted down

for lower values ofk_,, the behavior of 14, as a function

of the ligand concentration, is unchanged, an indication that

other macromolecule species are zero. Prior to the nucleotidethe relaxation time characterizes the bimolecular binding
binding, the concentrations of the macromolecular states areprocess. On the other hand, the behavior of the reciprocal

P, = PTot/(l + K]_) and P, = PTotK]_/(l + K]_), respectively,
whereKj is the equilibrium constant for the conformational
transition of the macromolecule, i.&; = ki/k_1. The column

relaxation time, 1, is dramatically changed. The plot shows
characteristic, hyperbolic dependence upon the [ligand]
reaching the plateau values at a higher [ligand]. Such
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there is a fundamental difference in the extent of the effect
of the ligand on the protein conformational equilibrium. In
the case discussed above for the large excess of the ligand,
the macromolecule shifts from a completely free state to an
almost completely ligand saturated state. In the situation
where the experiment is performed under pseudo-first-order
conditions with respect to the macromolecule concentration,
even at the initial concentrations, the degree of macromo-
‘ lecular saturation with the ligand is very low and decreases
0 1.5 10" 310 with the [macromolecule]. In other words, under pseudo-
[Ligand], first-order _Condltlon_s with respect to the ma_cromolecule_
ree concentration, the ligand does not affect the internal equi-
librium of the macromolecular conformational transition to

300

(s

200

1k,

100

10| ] any detectable extent. This has a profound, qualitative effect
_ L on the observed kinetics. As a result, the normal mode
o N~—,—— associated with the pre-equilibrium transition of the protein
T and the corresponding relaxation time becomes undetectable.
5‘“ St ] What is experimentally observed is the intrinsic binding of

the ligand to one of the macromolecule conformations, as
described by

0 Py 4 ke ks
0 T.51o 310 N + p2<k:, p3<k:, P, @)
[Ligand]_
009| ¢ ‘ The system of differential equations describing the time
RS 7 course of the reaction in eq 7 is a simple, two-step sequential
P binding mechanism that, in terms of the ligand species, is
2 g0l | defined as
< ; N —k[P;] K, 0 N
0.03 I_Ds =|k[P)] —(k,tky) ks [|IPs (8)
I:)4 0 k3 _k—3 P4
0 .
0 1.510* 310 and
Ligand .
[ igan ]Free N — MZN (9)

Ficure 1: Computer simulation of the dependence of the reciprocal
relaxation times for the mechanism of ligand binding to a \yhere [R] can be expressed using the total protein concen-
macromolecule that undergoes a conformational transition prior to .

the ligand binding, followed by the two-step, sequential binding tration, Proy, as

of the ligand to one of the macromolecule conformations (eq 2),

upon the free ligand concentration. Relaxation times have been _ Proky

obtained by numerically determining the eigenvalues of the [P.] = K -+ k. (10)
coefficient matrixM (A1, A2, As) and then using identities &/= -1 1

—A1, 1o = —4,, and 1t3 = —13. The solid lines are simulations

performed using rate constarks=7 s, k1 =61 k= 1 x The system of differential eqs 8 can be analytically solved.
1M 1s L k,=10s71 k= 0.05s1 andk_3 = 0.01 s. The In terms of matrix projection operators, it is expressed as
dashed lines are simulations performed using rate constamtd

shki1=6sLk=1x16M1s1 k,=3s1k=0.0551 N = QoN, + Q;N, exp@,t) + Q,N,exp@,t) (11)

andk_3 = 0.01 s (a) 14, (b) 1k, and (c) 1ta.
) . where the column vector of the initial concentrations of the

functional depender)ce would strong_ly indicate that, contrary ligand, No, is defined as
to the true mechanism of the reaction (eq 2) that includes
macromolecule preequilibrium transition, an intramolecular No=(Ny O 0) (12)
transition following the ligand binding is observed. The value
of k_, has little effect on the functional behavior of the Notice that in the case of a sequential reaction such a
relaxation time 173, i.e., it characterizes an intramolecular profound and easy to detect qualitative difference in the
process in eq 2. number of relaxation times between the two experimental

Pseudo-First-Order Conditions with Respect to the Mac- conditions would never occur. Thus, for the sequential
romolecule ConcentrationThe problem of determining the  reaction, independent of whether the ligand or the macro-
proper mechanism of the reaction described by eq 2 can bemolecule is in excess, the same number of relaxation times,
solved by the combined application of both pseudo-first- i.e., the same number of normal modes of the reaction, will
order conditions, with respect to the ligand and the macro- be always observed®). Performing the kinetic studies in
molecule concentrations. This approach is based on the factwo different experimental environments, in pseudo-first-
that, depending on the pseudo-first-order conditions applied,order conditions with respect to the ligand and to the
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Ficure 2: Fluorescence stopped-flow kinetic trace 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 NaCli¢

= 356 nm,Aem > 400 nm). The final concentrations of the DnaC

and the nucleotide are 1076 and 2.5x 1075 M, respectively. 0 , .
The solid line is the three-exponential nonlinear, least-squares fit 0 210 410°
of the experimental curve using eq 1. The dashed line is the two-

exponential nonlinear, least-squares fit of the experimental trace [MANT-ATP], .,
using eq 1. The lower panel shows the residuals of the fit using 01 K

the two-exponential (---) and three-exponentiat) (functions, c

respectively.

/12
|

(s

macromolecule concentration, provides the experimenter with

a crucial, empirical test for establishing the correct mecha- - 005} ]
nism of the examined reaction. - ++
RESULTS
0 ‘ ‘
Kinetic Mechanism of MANT-ATP Binding to the DnaC 0 210° 410"
Protein. Binding of an unmodified nucleotide, ATP and [MANT-ATPL, .,
QDP’ to the DnﬁC pmte]!r;r:s not Etalc_cofrlnpanled by an adequateFlGURE 3: Dependence of the reciprocal of the relaxation times
uorescence change of the protein fluorescer2ag. (How- for the binding of MANT-ATP to the DnaC protein in buffer T4

ever, our previous studies have shown that binding of the (pH 8.1, 20 °C), containing 100 mM NaCl, upon the total
fluorescent nucleotide analogues, MANT-ATP and MANT- concentration of the nucleotide. The concentration of the DnaC is
ADP, is accompanied by a strong increase of the analogue2 X 1(_)‘6 M. The solid lines are nonlinear, least-squares fits of the
fluorescence, thus, providing an excellent signal to monitor fhxg’?;'tr:igfqasltgﬁ:g t© g_f ;nfck??rlsgé iﬁf'rllgi%yzsfhle&nfﬂ 1, using
the complex kinetics. Moreover, the analogues have ang1 k ,=1.8s% k;=0.0015 s1, andk_; = 0.024 s (Table 1).
affinity very similar to the unmodified nucleotides indicating (a) 1/, (b) 142, and (c) 1#z. The error bars are standard deviations
that the MANT group does not affect the interactions with obtained from 3 to 4 independent experiments.

the protein 27). . . .
) _ o provide an adequate representation of the experimental curve.

In the first set of experiments, the kinetics of MANT-  \joreover, a higher number of exponents does not signifi-
ATP binding to the DnaC protein has been performed under cantly improve the statistics of the fit (data not shown). Thus,
pseudo-first-order conditions with respect to the nucleotide the obtained data indicate that under pseudo-first-order
concentration, i.e., the DnaC protein has been mixed in the conditions with respect to [MANT-ATP], the binding of the
stopped-flow instrument with a large excess of MANT-ATP. nycleotide to the DnaC protein is a process that includes at
The stopped-flow trace of the MANT-ATP fluorescence, |east three steps.
after mixing 2x 10°° M DnaC protein with 2.5< 107> M The reciprocal relaxation times, 71/ 1k, and 1ts,
nucleotide (final concentration) in buffer T4 (pH 8.1, 20), characterizing the three binding steps, as functions of the
containing 100 mM NacCl, is shown in Figure 2. The kinetic total MANT-ATP concentration, are shown in Figure-3a
traces have been collected in two time bases, 0.5 and 100 s¢. The largest reciprocal time, 71/ increases with [MANT-
The visual inspection of the curve already shows a complex ATP] in a linear fashion. Such behavior is typical for the
multiexponential behavior confirmed by nonlinear, least- relaxation time characterizing the bimolecular binding step
squares fit. The continuous line in Figure 2 is a nonlinear, (36—41). On the other hand, within experimental accuracy,
least-squares fit of eq 1 to the experimental kinetic trace using both 1£, and 1#3; show that they are independent of [MANT-
a three-exponential fit. As indicated by the dashed line and ATP] in the examined nucleotide concentration range (see
included residuals, the two-exponential function does not below).
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Ficure 4: Dependence of the individual relaxation amplitudes of § o T 1
the kinetic process of MANT-ATP binding to the DnaC protein in z [ ) ]
buffer T4 (pH 8.1, 20°C), containing 100 mM NaCl, upon the o '20 0'5 1/' 160 200

logarithm of the total concentration of the ATP analogue. The solid .
lines are computer fits according to the mechanism defined by Time (s)

Scheme 1, using eq A8 (Appendix 1), with the relative fluorescence Figure 5: Fluorescence stopped-flow kinetic trace recorded in two

intenSitieS,Fz =24 andF3 = 8.64. The ﬂuorescence intensity of time basesy 1 and 200 S, after mixing MANT-ATP with the DnaC
the free MANT-ATP is taken aB; = 1. The maximum fluorescence protein in buffer T4 (pH 8.1, ZOC)' Containing 100 mM NacCl,

increase of the nucleotide has been determined in the equilibrium (3, = 356 nm, /ey > 400 nm). The final concentrations of the
fluorescence titration a&Fmax = 1.8 (27). The rate constants are  pycleotide and the protein are 6 107 and 1.74x 1075 M,
the same as those obtained from the relaxation time analysis (Figurerespectively. The solid line is the two-exponential nonlinear, least-
4, Table 1);A, (W), A; (), andAg (a). squares fit of the experimental curve using eq 1. The lower panel
shows the residuals of the fit using the single-exponential (---) and
Figure 4 shows the dependence of the individual ampli- two-exponential ) functions, respectively.
tudesAs, A;, andA; for the three relaxation steps upon the ) o
logarithm of the total MANT-ATP concentration. The _ The reciprocal relaxation times,zl/and 1t,, character-
individual amplitudes are expressed as fractions of the total iZing the two binding steps, as functions of the total DnaC
amplitude A/3 A. In the examined nucleotide concentration €oncentration, are shown in Figure 6a,b. The corresponding
range, the amplitudéy of the first relaxation step slightly ~ relative amplitudes as functions of the logarithm of the total
increases with the cofactor concentration and dominates the[Pn@C] are shown in Figure 6c. The largest reciprocal
relaxation process. On the other hand, the value of the '€laxation time, 1, linearly increases with [DnaC] and has,
amplitude A, decreases with the increasing nucleotide Within experimental accuracy, the same values as the
concentration, while Ais independent of [MANT-ATP]. corresponding relaxation time obtained in the excess of the
Such behavior of the relaxation times and amplitudes nucleotide (Figure 3a). The values ofdghow independence

. . of [MANT-ATP] and are the same as the values of3lih
would S”O’.‘Q'Y indicate that the m_ec_hanlsm of t_he ATP Figure 3c. Thus, the obtained data show that under pseudo-
analogue binding to the DnaC protein is a sequential, three-

‘ " here the initial binding is foll d bv t first-order conditions, with respect to the DnaC protein
Step reaction, wnhere the initial binding 1S followed by two concentration, the intermediate relaxation time observed in
isomerizations of the formed complex &8)

the excess of the ligand is absent in the relaxation process.
k, K K Such behavipr exclude; t.he sequer_1tia|l three-step process as
N+ P <= P,—P;<—P, (13) the mechanism describing the kinetics of MANT-ATP
t 2 3 binding to the DnaC protein. Moreover, in the context of
o . our previous discussion (see above), it provides direct
However, the examination of the same reaction under gjgence of the presence of the conformational transition of
pseudo-first-order conditions, with respect to the protein {he protein prior to the cofactor binding. Therefore, the
concentrations, shows that this is not the case. minimum mechanism that describes MANT-ATP binding to
The stopped-flow trace of the MANT-ATP fluorescence, the DnaC protein includes the conformational transition of
after mixing 5x 1077 M nucleotide with 1.74x 105 M the protein prior to the cofactor binding, followed by the
DnaC protein (final concentration) in buffer T4 (pH 8.1, 20 two-step, sequential association of the nucleotide to one of
°C), containing 100 mM NacCl, is shown in Figure 5. The the protein conformations defined by Scheme 1.
kinetic trace has been collected in two time bases, 1 and The determination of the rate constants of the particular
200 s. The continuous line in Figure 5 is a nonlinear, least- steps and molar fluorescence parameters characterizing each
squares fit of the experimental curve using a two-exponential intermediate requires the simultaneous analysis of both
fit. It is evident from included residuals that the two- relaxation times and amplitudes. We applied the following
exponential fit provides an excellent description of the strategy to obtain all rates and spectroscopic parameters
experimental kinetic trace. A higher number of exponents of the system 36, 37, 44, 45). First, the analysis was
does not significantly improve the statistics of the fit (data performed by numerically fitting the individual relaxa-
not shown). Thus, the same reaction that in the large excesdgion times. Here we utilized the fact that we know the
of the nucleotide proceeds in three steps, under pseudo-firstvalue of the macroscopic or overall binding constant,
order conditions with respect to the [DnaC], proceeds in only Kyant-ate = (3 £ 0.4) x 10° M™%, independently obtained
two steps (see above). in the same solution conditions by the equilibrium fluores-
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Scheme 1
a kl
(DnaC), & (DnaC),

20} . k,

30

k2 k3
Nucleotide + (DnaC), kH (©), kH (©O),

-2 -3

1, (")

equilibrium steps by

‘ ‘ KiKy(1+ Ky)
0 110° 210° 310° KATP=T
1

[DnaC]
whereK; = ky/k—1, Ky = ko/k—,, andK3z = kg/k_3. Introducing
0.1 : ‘ the above relationship reduces to five the number of
b independent parameters in fitting the relaxation times.

The obtained rate constants were used as starting values
in the fitting of the three individual amplitudes using the
matrix projection operators technique described in Appendix
1. This method allows us to determine the molar fluorescence
intensities characterizing each intermediate of the reaction,
i.e., to assess the conformational state of the pretein
,__ﬁ_#_#ﬂ—i——*T— nucleotide complex in each intermediate. The determination

) ’ , is facilitated by the fact that the maximum fractional increase
of the MANT-ATP fluorescenceAFm.x = 1.8 + 0.1, is
known from the equilibrium titration2(). Moreover AFmax
Total can be analytically expressed as

1 ‘ \r AR KR
‘ max T T K, 1+ K

- where AF, = (Fz - Fl)/Fl and AF; = (F3 — Fl)/Fl are
L B Sha fractional fluorescence intensities of each intermediate in the
0.5} 1 association reaction of MANT-ATP with the DnaC protein,
o5 relative to the molar fluorescence intensity of the free
nucleotideF;. Notice, contrary to thé\F;’s, the fluorescence
parameter§, andF; are relative molar fluorescence intensi-
‘ ‘ ‘ ties, but not fractional intensities, with respect to the free
5.4 5.2 5 4.8 4.6 nucleic acid fluorescence. Equation 15 provides an additional

Lo relationship between the fluorescence parameters. In the final

g[DnaCl,,, - e :
step of the analysis, global fitting that simultaneously

Ficure 6: Dependence of the reciprocal of the relaxation times includes all relaxation times and amplitudes refines the values
for the binding of MANT-ATP to the DnaC protein in buffer T4 ¢ the rate constants and molar fluorescence parameters.

(pH 8.1, 20 °C), containing 100 mM NacCl, upon the total s - .
concentration of the DnaC, i.e., the experiments have been The solid lines in Figures 3&c and 4 are computer fits

performed under pseudo-first-order conditions with respect to the Of the relaxation times and amplitudes according to the
DnaC protein concentration. The concentration of MANT-ATP is mechanism defined by Scheme 1, using a single set of the
5 x 107 M. The solid lines are nonlinear, least-squares fits parameters. The obtained rate constants and relative molar
according to the mechanism, defined by Scheme 1, with the rate ) grescence intensities are included in Table 1. Analysis of
constantk; =2.4s1, k ;=06s k,=69x 1°PM1s1 k., th | . . d litud btained und d

= 1.5 s k; = 0.0015 s?, andk_3 = 0.014 s. (a) 1k, and (b) ! e relaxation t[mes a.n. amplitudes obtained under pseg O-
1/r,. The error bars are standard deviations obtained from 3 to 4 first-order conditions with respect to the DnaC concentration
independent experiments. (c) The dependence of the individual has been analogously performed, using the same mechanism
relaxation amplitudes of the kinetic process of MANT-ATP binding  as that described by Scheme 1, with the concentration of P

to the DnaC protein in buffer T4 (pH 8.1, 2C), containing 100 : P ; ; 6
mM NaCl, upon the logarithm of the total DnaC concentration. defined by_ eq 10. The S.Olld. lines in F'gufe arg
The solid lines are computer fits according to the mechanism COMPputer fits of the relaxation times and amplitudes using a

defined by Scheme 1, using eq A11 (Appendix 1), with the relative Single set of parameters (Table 1). As expected, both sets of
fluorescence intensitie§;, = 2.1 andF; = 9. The fluorescence  data provide similar values of rate constants and relative
intensity of the free MANT-ATP is taken @5 = 1. The maximum  mgolar fluorescence intensities of all intermediates.

fluorescence increase of the nucleotide has been determined in the : - :
equilibrium fluorescence titration a8Fna = 1.8 (27). The rate The partial equilibrium constants for each step in Scheme

constants are the same as those obtained from the relaxation time- ar€Ki = ki/k-1, Kz = ko/k—2, andKs = ky/k—s. Introducing
analysis (Figure 7a,b, Table 1); Al) and A (O). the values of the rate constants obtained under pseudo-first-

order conditions, with respect to [MANT-ATP], provid&s
cence titration method?{). For the considered mechanism =4+ 1.5, K, = (4 4+ 1.8) x 10° M™%, andK; = 0.063+
described by Scheme Kyant-atp is related to the partial  0.020. The value dK; indicates that the equilibrium between

(14)

Total

(s™

0.05| ]

1/1:2

0 110° 210°
[DnaC]

(15)

Relative Amplitudes
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Table 1: Kinetic, Thermodynamic, and Spectroscopic Parameters Characterizing the Binding of MANT-ATP to the DnaC Protein in Buffer T4 (@), &&@aining 100 MM NacCl, Obtained under

Two Different Pseudo-First-Order Conditions

pseudo-first-order

a
)
LL

Fp
(3£ 0.4) 2.40+0.11

x 10°

Ko? (M™1)

Ks
0.063+ 0.02

K2 (M 41)

4+ 1.8)
x 10°

Ka

44+ 1.5

k-z(s™)

0.024+ 0.005

ks(s™)
0.0015+ 0.0005

ko2(s™)

1.8+0.2

k2 (s7Y)
(7.2+ 1.5)

k_1 (Sgl)
x 10P

ki(s™)

24405

conditions
MANT-ATP

8.64+ 0.21

0.6+0.1

9+ 0.21

(3£ 0.4) 2.10+0.12

(4.64+15) 0.107+ 0.041
x 1P x 1P

44+ 1.5

0.014+ 0.003

0.0015E 0.0005

15+0.3

(6.9+ 1.4)

x 10°

aThe overall macroscopic binding constakit,, has been determined in independent equilibrium titrati@a P Values relative to the fluorescende, = 1 of the free MANT-ATP (details in text).

0.6+ 0.1

2.4+ 0.5

DnaC

Galletto and Bujalowski

the two DnaC protein conformations, in absence of the
nucleotide cofactor, is shifted toward the state that binds
MANT-ATP. The bimolecular step makes a dominant
contribution to the free energy of the nucleotide binding.
Notice that the value oK; is larger than the value of the
overall binding constantK = (3 + 0.4) x 10° M},
determined in independent fluorescence titratid@W. (This
results from the fact that part of the free energy of binding
of the first step is used to shift the protein conformation
toward the state that binds the nucleotide. The second binding
step is energetically unfavorable.

MANT fluorescence is very sensitive to the polarity of
the molecular environment3{, 47). Amplitude analysis
indicates only a moderate increase of the MANT-ATP
emission accompanying the formation of the,(iDyermedi-
ate. This result suggests that in the first intermediate the
MANT group is placed in a rather hydrophilic environment,
possibly, still having access to the solvent (accompanying
paper). However, a large increase of fluorescence intensity
accompanying the (€)y> (C), transition provides a strong
indication that the fluorophore is being shifted into a strong
hydrophobic region of the binding site in (Gyith limited,
if any, access to the solvent (accompanying paper).

Kinetic Mechanism of MANT-ADP Binding to the DnaC
Protein. The analysis of the kinetic mechanism of MANT-
ADP binding to the DnaC protein has been performed in an
analogous way, as described for MANT-ATP. The experi-
ments have been performed under pseudo-first-order condi-
tions with respect to both the nucleotide and the protein
concentrations. The obtained results show that under pseudo-
first-order conditions with respect to [MANT-ADP], the
kinetic traces required a three-exponential function (eq 1)
to adequately represent the experimental curve indicating that
binding of the nucleotide to the DnaC protein is a process
that includes at least three steps (data not shown).

The reciprocal relaxation times, 71/ 1/t;, and 1fs,
characterizing the three binding steps, as functions of the
total MANT-ADP concentration, are shown in Figure—7a
c. The behavior of the largest reciprocal timer; lis typical
for the relaxation time characterizing the bimolecular binding
step B6—38, see above). On the other hand, both, Bhd
1/t3 show independence of [MANT-ADP], suggesting that
they characterize intramolecular transitions. The dependence
of the corresponding relative individual amplitudés, A,
and As, of all three relaxation steps upon the logarithm of
the total MANT-ADP concentration is shown in Figure 8.
As we pointed out, such behavior of the relaxation times
and amplitudes could be interpreted as a sequential, three-
step reaction36,37). However, the relaxation process under
pseudo-first-order conditions with respect to the protein
concentration shows only two relaxation processes, as
observed in the case of MANT-ATP (see above).

The reciprocal relaxation timeszl/and 1t, characterizing
the two binding steps in the case of MANT-ADP, as
functions of the total DnaC concentration, are shown in
Figure 9a,b. The corresponding relative amplitudes as
functions of the logarithm of the total [DnaC] are shown in
Figure 9c. It is evident that under pseudo-first-order condi-
tions, with respect to the DnaC protein concentration, the
intermediate relaxation time observed in the excess of
MANT-ADP is absent in the relaxation process. Such
behavior excludes the three-step sequential process as the
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Ficure 8: Dependence of the individual relaxation amplitudes of
the kinetic process of MANT-ADP binding to the DnaC protein in
buffer T4 (pH 8.1, 20°C) containing 100 mM NacCl, upon the
logarithm of the total concentration of the ADP analogue. The solid
lines are computer fits according to the mechanism defined by
+ Scheme 1, using eq A8 (Appendix 1), with the relative fluorescence
intensitiesF, = 2.13 andF3 = 7.25. The fluorescence intensity of
\iHT#m "X the free MANT-ADP is taken ak; = 1. The maximum fluores-
cence increase of the nucleotide has been determined in the
' equilibrium fluorescence titration aSFmax = 1.5 27). The rate
0 210° 410° constants are the same as those obtained from the relaxation time
[MANT-ADP] analysis (Figure 8, Table 2, (W), A; (O), andAs (a).

"

1/1:2

Total
0.1

solution conditions by the equilibrium fluorescence titration
method R7). Kuant-app IS also defined in terms of equi-
librium constants characterizing partial reactions by eq 14.
Moreover, the amplitude analysis is facilitated by the fact
0.05| . that the maximum, fractional increase of the MANT-ADP
fluorescence, AFmax = 1.5 £ 0.1, is known from the
,—++-§—+—H—§—+—+—+—+—§—§— equilibrium titrations 27). Knowledge of the value of the
Kapp and AFmax reduces the number of independent param-
0 , eters in the fitting procedures. The solid lines in Figures@a
0 210° 410° and 8 are computer fits of the relaxation times and
[MANT-ADP], amplitudes,_according to the mechanism de_fin_ed by Sc_heme
Ficure 7: Dependence of the reciprocal of the relaxation times é,alizlg(g)mapSI?éng?tzetS(_);g ?g:@-iﬁ;sé;h; ;g:,lgnlqlgt?rsmogtlg-unrsd
s e uter fits usi i i
Eghthg.f’lngggcc;f, ,\gﬁ\rll\lt-ari-rﬁr?gp ;%ghem?ﬂnaﬁargﬁtﬂgéﬂ Eﬁgeioﬁl from the independent analysis of Fhe kinetic mgghanism
concentration of the nucleotide, i.e., the experiments have beendefined by Scheme 1 under pseudo-first-order conditions with
performed in pseudo-first-order conditions with respect to the respect to the DnaC protein. Both sets of obtained rate

nucleotide concentration. The concentration of DnaC protein is 2 constants and relative molar fluorescence intensities are
x 1078 M. The solid lines are nonlinear, least-squares fits of the included in Table 2

tthé) ?;'Qigfsltgﬁﬁg ti g‘g rgnle fg?rlsg? 6 gﬁﬁnkfi bl)fls: hleoren 'z\a/l }i USING " Njotice that the rate constarks andk_; are the same as

51k, =357 k=0.002 s, andk s = 0.027 s (Table 2). (a) those determined for MANT-ATP binding (Tables 1 and 2).
1/r,, (b) 1k, and (c) 14s. The error bars are standard deviations This is expected because these parameters characterize the
obtained from 3 to 4 independent experiments. dynamics between the two protein conformations prior to
the nucleotide binding. Also, the partial equilibrium constant
mechanism describing the kinetics of MANT-ADP binding K, = 4 4 1.5 is the same for both ATP and ADP analogues,
to the DnaC protein (see above). Thus, the minimum which indicates that both nucleotide cofactors bind to the
mechanism that describes MANT-ADP binding to the DnaC same conformation of the protein (see Discussion). As
protein is the same as that determined for MANT-ATP and opserved for the ATP analogue, the bimolecular step makes
defined by Scheme 1. It includes the conformational transi- 3 dominant contribution to the free energy of the nucleotide
tion of the DnaC protein, prior to cofactor binding, followed  pinding. The value oK is larger than the value of the overall
by the two-step, sequential association of the nucleotide to hinding constantk, resulting from the fact that part of the
one of the protein conformations. free energy of binding of the first step is used to shift the
The analysis of the relaxation times and amplitudes to protein conformation toward the state that binds the nucle-
extract rate constants of particular steps and molar fluores-otide. The second binding step is energetically unfavorable
cence parameters characterizing each intermediate has beeand is characterized by rate constaktandk_; which are
performed in the same way as that described above forvery similar to the values of the same parameters obtained
MANT-ATP. Here, we also utilize the fact that we know for MANT-ATP. Thus, the protein complexes with both
the value of the macroscopic binding constdQianT -aop nucleotide cofactors undergo a very similar transition fol-
= (34 0.4) x 10° M1, independently obtained in the same lowing the binding step. Also, the amplitude analysis

(s7)

1/’c3
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Ficure 9: Dependence of the reciprocal of the relaxation times
for the binding of MANT-ADP to the DnaC protein in buffer T4
(pH 8.1, 20 °C), containing 100 mM NacCl, upon the total
concentration of the DnaC, i.e., the experiments have been
performed under pseudo-first-order conditions, with respect to the
DnaC protein concentration. The concentration of MANT-ADP is
5 x 1077 M. The solid lines are nonlinear, least-squares fits
according to the mechanism defined by Scheme 1, with the rate
constantk; =2.4s1 k 1=06s1 k, =1.33x 10°M1s1 k.,

= 3 s, ks = 0.0016 s, andk_3 = 0.016 s?. (a) 1f; and (b)

1/t5. The error bars are standard deviations obtained from 3 to 4
independent experiments. (c) The dependence of the individual
relaxation amplitudes of the kinetic process of MANT-ADP binding
to the DnaC protein in buffer T4 (pH 8.1, 2C), containing 100
mM NacCl, upon the logarithm of the total DnaC concentration.
The solid lines are computer fits according to the mechanism
defined by Scheme 1, using eq A11 (Appendix 1) with the relative
fluorescence intensitids, = 1.91 andF; = 8.6. The fluorescence
intensity of the free MANT-ADP is taken &5 = 1. The maximum
fluorescence increase of the nucleotide has been determined in the
equilibrium fluorescence titration aSFy.x = 1.5 7). The rate
constants are the same as those obtained from the relaxation time
analysis (Figure 10a,b, Table 2); A#) and A, (O).

Table 2: Kinetic, Thermodynamic, and Spectroscopic Parameters Characterizing the Binding of MANT-ADP to the DnaC Protein in Buffer T4 (&), &@&@aining 100 MM NaCl, Obtained under

Two Different Pseudo-First-Order Conditions

pseudo-first-order

K1 Ko (M 41) Ks Ko? (M 41) l:Zb FSb
2.134+0.11 7.25+0.21

k-s(s™)

ka(s™)
0.002+ 0.0005 0.027-0.005 4.2+1.8 (3.7+1.5)x10F 0.074+0.04 (3+0.4x 10°

ko2(s™)

ko (s7Y)

(1.1+£0.3)x 1 3+0.3
(1.33£0.3)x 10°  3+0.3 0.0016+ 0.0004 0.016+ 0.003
aThe overall macroscopic binding constaldt,, has been determined in independent equilibrium titrati@s £ Values relative to the fluorescende, = 1 of the free MANT-ADP (details in text).

ko1(s™)

ki(s™)

24+05 06+0.1

conditions

Galletto and Bujalowski

0.1+0.04 (3+04)x 10 191+0.11 8.6+0.2

4+18 (4.4+1.8)x 10°

24+ 05 0.6+£0.1

MANT-ADP
DnaC
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indicates that in the first intermediate, (C)he molar there is no stringent requirement for the nucleotide binding
fluorescence of MANT-ADP is increased only by a factor to the DnaC, e.g., in the formation of the primosongg (

of ~ 2, similar to the value observed for the ATP analogue  Two-Step Sequential Mechanism of the Intrinsic Nucleotide
(Tables 1 and 2). However, the values of the relative molar Binding to the “Open” Conformation of the DnaC Protein
fluorescence intensities of the final state, {@re systemati-  The results obtained in this work indicate that the mechanism
cally lower for MANT-ADP than for MANT-ATP, suggest- of MANT-ATP and MANT-ADP binding to the DnaC
ing different orientations of the ribose region of both *“open” conformational state, (Dnag£)is a minimum two-

analogues in the (@)ntermediate. step, sequential process (see Scheme 1). Thus, the protein-
nucleotide complex undergoes at least one conformational
DISCUSSION transition following the initial formation of the complex. The

MANT moiety undergoes slow acyl-migration between the

DnaC Protein Exists in Two Different Conformations Prior - 2 and 3 OH group of the ribose that may affect the observed
to the Nucleotide Bindind=lucidation of the mechanism of  jnetics £8,29). On the basis of chemical studies, MANT-
interactions between nucleotide cofactors and the DnaCaATp and MANT-ADP were originally postulated to exist
protein is of paramount importance for understanding the splely as 3isomers 29). However, NMR studies indicate
crucial role of the cofactors in regulating the physiological that MANT-ATP and MANT-ADP exist as a mixture of 2
activities of the protein{—5, 9, 10). The kinetic data and  and 3 isomers, with the lisomer being predominandT).
analyses described in this work provide direct evidence that Qur fluorescence lifetime and quantum vyield analyses of
the DnaC protein exists in equilibrium between two confor- various MANT analogues also indicate that thés®mer is
mational states, (Dnacy> (DnaC}, prior to the nucleotide 3 predominant form of the nucleotid®1j. Thermodynamic
cofactor binding. Moreover, the obtained data indicate that stydies clearly show that the presence of the ft&@2group
the nucleotide only binds to one of the conformational states, of the ribose is crucial for the nucleotide affinity for the DnaC
(DnaC}. The fact that the (Dnag)state is completely  protein @7). The affinities of dJATP or dADP to the DnaC
incapable of binding the nucleotide cofactors points to the protein are by~2—3 orders of magnitude weaker than
existence of a very strict nucleotide binding site-locking affinities of corresponding ribose analogues. The overall
mechanism. At present, it is unknown whether this mecha- affinity, K, x Ks, of the (C) intermediate is only by a factor
nism of transforming the protein from a “closed” (DnaC)  of ~10—20 lower than the partial equilibrium constaks,
to an “open” (DnaC) conformation includes global confor-  of the (C) formation, arguing against a transition toward
mational changes of the entire protein molecule or relies on the 2 isomer with 2-3 orders of magnitude lower affinity.
the local structural changes around the binding site. BecauseMoreover, there is a very low fluorescence change of the
current data suggest that only the nucleotide-binding stateMANT group accompanying the binding of MANT-dATP.
of the DnaC protein binds to the DnaB helicase, it is most This is contrary to the observed large fluorescence increase
probable that allosteric changes of the protein structure of the MANT moiety in the formation of the (¢)ntermedi-
include areas removed from the nucleotide binding site. ate (Tables 1 and 2). Thus, it is rather unlikely that acyl
Notice that the rate constarits= 2.4+ 0.5 s* andk-; = migration of the MANT moiety between theé and 3 OH
0.6 £ 0.1 s characterizing the (Dna€)< (DnaC) group of the ribose affects the observed kinetics, although
transition indicate that the structural change from the inactive this cannot be completely excluded. In other words, the data
to the active form of the protein occurs in a time range of indicate that the two-step sequential mechanism of the
hundreds of ms. Such a slow transition points to larger nucleotide binding is an intrinsic property of the DnaC
structural changes of the protein than just local opening andnucleotide system (accompanying paper).
closing of the nucleotide-binding site. On the other hand, It should be noted that the highest value of the bimolecular

the value of the partial equilibrium constait, = ki/k-1 = association rate constant observed for MANT-ADRis=

4 + 1.5, characterizing the (DnaCj> (DnaC} transition, (1.334 0.30) x 10° M~t 571, which is significantly lower
indicates that the nucleotide binding state, (Dnra@pmi- than that expected for the diffusion-controlled reacti®d)
nates the conformational distribution. As much~&80% of Analysis analogous to the one previously described by us
the free DnaC protein molecules exist in the (DnaSiate indicates that the diffusion-controlled association rate con-

(see below). This result suggests that the DnaC systemstant for the nucleotideDnaC protein system ik ~ 5 x
overpasses the slow conformational transition by keeping a10° M~ s7* (37). Smaller interaction radii, or the presence
large part of the protein molecule population in the nucle- of some orientation factors, could lower this value by a factor
otide-binding state. Such overpass may be crucial for the of ~100 tokp ~ 5 x 10’ M~ s71, a value which is similar
fast response of the replication cycle of taecolicell, e.g., to that observed for some fast formations of the nucleotide
leading to a fast attachment to the DnaB helicase that is cofactor-protein complexes4@). These values indicate that
absolutely necessary for recognition of the origin of replica- the determined bimolecular rate constdntjs ~2—4 orders
tion, oriC, by the helicased( 10). The presence of a pre- of magnitude lower than thie, predicted by the diffusion-
equilibrium transition of the protein molecule, prior to its controlled collision, suggesting that the bimolecular associa-
interaction with specific ligands, is a well-known phenom- tion step contains an additional conformational transition of
enon in various biological systems3§-39). Such an the DnaC-nucleotide complex.

allosteric transition adds another level of regulation to the  Strong evidence for the presence of the additional transi-
processes in which the protein is involved. The existence of tion following the collision complex comes from the
~20% of the protein molecule population in a state that is amplitude analysis which indicates that an increase of the
not capable of binding the nucleotide cofactor suggests thatnucleotide fluorescence (possible conformational change of
this DnaC protein state may play a role in the reactions wherethe protein-nucleotide complex) occurs in the formation of
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Scheme 2

k
(DnaC)y, < (DnaC),

-1 '

kp k, ks
Nucleotide + (DnaC), < E & (C)y < (C),
Kk p K, K,

the (C) intermediate (Tables 1 and 2). Such conformational
changes of the Dnatnucleotide complex cannot result from
a simple collision 48). Therefore, Scheme 1 should be
enlarged by an extra step following the collision complex,
as described by Scheme 2, whege and k-p are rate
constants for the formation and dissociation of the collision
complex andk'; and k'—, are the rate constants for the

. P Ficure 10: Computer simulation of the time course of the fractional
transition from the collision complex to (C)it should be concentration distribution of different DnaC protein species in the

pointed out that we do not observe an amplitude loss in the pinging of MANT-ATP using the determined rate constakts=
dead time of the instrument-@ ms), an indication thatthe 24s1k ;=065 k=72x 1FM 151 k,=18s1 k=
collision process and the £ (C); transition are very fast,  0.0015 s?, and k-3 = 0.024 s (buffer T4 (pH 8.1, 20°C),

with no fluorescence change accompanying the E formation. containing 100 mM NaCl). The total DnaC and nucleotide
Th . fth fval be obtained concentrations are 2 10-6and 5x 1075 M, respectively. (DnaG)
e estimate of the range of values Korcan be obtained (=) (DnaC, (). (C)r (~), (Ch (- - ).

as follows. Notice that the dependence of the reciprocal

relaxation time for the bimolecular processrilfor both to be specifically required for the formation of a stable DnaB
MANT-ATP and MANT-ADP is a linear function of the  helicase-DnaC protein complexg( 10). This difference in
nucleotide concentration at the hlghest concentrations eX'affecting the physioiogicai functioning of the protein Strongiy
amined ¢-5 x 107°M). In the context of the Scheme 2, the  suggests a large difference in the protein conformational
value of 1#; should reach plateau at very high nucleotide states when bound to ATP or ADP. Our data indicate that
concentration. The linear dependence results from the factejther the DnaC complexes with ATP and ADP bind the
that the process is observed only in the limited, experimen- pnaB helicase with the same affinity or else the differences
ta”y available nucleotide concentration range. The obtained in the protein structure in these Compiexes are subtle and do
data indicate thaKp must be lower than~2 x 10* M~* not affect the thermodynamics and kinetics of the nucleotide
(36). Taking a conservative valu&p ~ 10° M~ givesk’ cofactor binding. Nevertheless, the relative molar fluores-
~ 1000 s for both nucleotide analogues. ThUS, the obtained cence intensities Characterizing the ](@md (C) intermedi-
data strongly suggest that the collision complex, E, undergoesates are systematically higher for the ATP analogue, as
a transition to (C)with a forward rate constant of more than  compared with MANT-ADP (Tables 1 and 2). Such differ-
~2 orders of magnitude larger than the dissociation constant,ences indicate that despite very similar dynamics and
K-2. energetics of partial steps, the orientation of the MANT
Both ATP and ADP Bind with the Same Mechanism to group, ie., the orientation of the bound cofactor is different
the Same DnaC ConformatiorRecent thermodynamic for ATP as compared to ADP.
studies showed that MANT-ATP and MANT-ADP, as well It is interesting that the formation of the second intermedi-
as unmodified nucleotides ATP and ADP, bind the DnaC ate, (C), is an energetically unfavorable stefis(< 1).
protein with the same affinities2f). Kinetic analyses  Moreover, the formation of the (€)ntermediate is a very
described in this work show that binding of the MANT-ATP  slow reaction that requires minutes for completion (Tables
and MANT-ADP proceeds with the same kinetic mechanism. 1 and 2). The time dependence of the distribution of the

Comparison between the data included in Tables 1 and 2different DnaC species, in the presence of MANT-ATP, is
shows that rate constants characterizing partial steps, as welshown in Figure 10. The plots have been generated using
as the relative molar fluorescence intensities of the interme-the parameters included in Table 1 for pseudo-first-order
diates, are similar for both analogues. Thus, the presence ofonditions, with respect to the nucleotide concentration. At
the extra phosphate group has no affect on the mechanismequilibrium, (C) constitutes~95% of the total protein

or the dynamics of the partial steps. Moreover, the values population. Such fast formation and equilibrium predomi-
of rate constantk; andk-1 as well as the value of the nance of the (G)intermediate makes it the most probable
equilibrium constank; that characterize the conformational substrate for the interaction with the DnaB helicase. Our

transition of the protein are, within experimental accuracy, |aboratory is currently examining these interactions.
the same for both analogues (Tables 1 and 2). As we pointed

out above, this means that both analogues bind to the sameACKNOWLEDGMENT

(DnaC), state of the protein. This is because if, e.g., MANT- _ _ )

ADP binds to the (DnaG)state, then the forward rate We W|sh to thank GI(_)na Drennan Bellard for her help in

constant would correspond to the determined backward ratePréParing the manuscript.

constantk_4, and vice versa. In such a case, the valukof

would be k-i/k; ~ 0.25, but this is not experimentally APPENDIX 1

observed. Closed-Form Formulas for the Relaxation Amplitudes in
These results are rather surprising. Recall that only binding Stopped-Flow Kineticsln spectroscopic stopped-flow ex-

of ATP to the DnaC protein, not ADP, has been proposed periments, concentrations of the reactants and products are

DnaC - MANT-ATP
Fractional Intermediates

Log[Time] (s)
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indirectly monitored through some spectroscopic parameter
(e.g., fluorescence) characterizing interacting species. In
general, each intermediate will have different fluorescence
properties. In the mechanism examined in this work (eq 2),
there are three molar fluorescence intensifigs,, andF;
characterizing the N P, and R states of the ligand, free
and in the complex with the protein. Although the mechanism
described by Scheme 1 cannot be analytically solved,
application of the matrix projection operators reduces the
numerical analysis of the multistep reaction to finding only
the eigenvalues of the original coefficient mathk which
correspond to the relaxation times of the normal modes of
reaction 86, 37, 43—45). The closed-form formulas for the
amplitudes of the different normal modes of the reaction are
obtained in terms of the relaxation times (eigenvalues) and
the spectroscopic properties of each intermediate.

For the experiments conducted under pseudo-first-order
conditions with respect to the fluorescent ligand concentra-
tion, the products oB;Py, eq 5 (see text), are column vectors,
Ri, that are the projections of the vector of the initial
concentrationsP,, on each eigenvector of the coefficient
matrix M ;. Thus, the solution of system 3 is then

P=R,+ R; exp@,t) + R, exp@,t) + R; explst) (Al)

and
Pl R01 R11 R21
P, Roz R, Ry,

= + ex t) + ex ) +
P, Rys Ry pe.t) R, PE.ot)
I:)4 I:204 I:214 R24

31

R

Rs2
Rss
Raa

expist) (A2)

where R is thejth element of the projection d?, on the
eigenvector corresponding to thih eigenvalue of matrix
M.

The three normal modes of reaction characterized by
amplitudesA;, A;, and A; have corresponding relaxation
times 71 = —1/11, Ty = —1//12, and T3 = —1/13. The
concentrations of all ligand species, at any time of the
reaction, follow the mass conservation relationship

Nt =N, +P;+ P, (A3)
whereP; andP, are defined by eq A2. The fluorescence of
the system at time of the reactionf(t), is defined by

F(t) = F,N, + F,P; + F3P, (A4)
The observed total amplitud&s,, of the stopped-flow trace
is the sum of the individual amplitudes of all normal modes

A=A TA+A (A5)
Experimentally, for any stopped-flow trace, the amplitude,
Aro, is described by

Aror = F(0) = F(0) (A6)

whereF(«) andF(0) are the observed fluorescence intensi-

Biochemistry, Vol. 41, No. 28, 2008919

ties, F(t), of the system at = 0 andt = o, respectively.
Introducing the mass conservation relationship defined by
eq A3 into eq A4t = 0 for F(0) andt = o for F(x), one
obtains 86, 37, 43—45)

F,
Fs

(A7)
The individual amplitude®\;, A;, and A; for each normal
mode are then

F —
Arot= (Rizt Ryg t+ Ry3 Rist Ryt R34)(|:1 _

F,—F

A=Ri Ry Fi - F;) (A8a)
F,—F,

A, =Ry Ry F,— Fs (A8b)
F,—F

A3=(Ryz Ry Fi - F;) (A8c)

Equations A7, A8a, A8b, and A8c are closed-form, explicit
expressions for the total and individual amplitudes for the
observed, three-step reaction mechanism, described by eq
2, when the stopped-flow experiments are conducted under
pseudo-first-order conditions with respect to the fluorescing
ligand concentration.

For the stopped-flow experiments conducted under pseudo-
first-order conditions with respect to the protein concentra-
tion, the observed relaxation process reduces to eq 8, and
the solution of the system of differential eqs 9 can be
analytically solved. In terms of matrix projection operators,
it is defined by

P=S,+ S, exp@,t) + S, exp(,t)

where the column vectors, are the productfiNo in eq
11 (see text) which are the projections Nf on each
eigenvector of the coefficient matri¥] ,, providing

(A9)

N\ [Soa| [Su S
Ps |= [Soz |+ [Si2 [exp@qt) + [ Sz [exp@,t)  (A10)
Py| \Sos/ \Sis Sy

Analogous analysis as described above provides the total and
individual amplitudes as

F,.—F
At =(S12t S, Szt Sz:«:)(pi - Fz) (Alla)
and

F,—F
A = (S, Sls)(Fi — Fi) (Allb)

F,—F
A= (S5 Sza)(Fi_ Fj) (Allc)
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