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ABSTRACT: Allosteric interactions between the DNA- and NTP-binding sites of the Escherichia coli DnaB
helicase engaged in the DnaB-DnaC complex and the mechanism of NTP hydrolysis by the complex have
been examined using the fluorescence titration, analytical ultracentrifugation, and rapid quench-flow
technique. Surprisingly, the ssDNA affinity of the DnaB-DnaC complex is independent of the structure
of the phosphate group of the cofactor bound to the helicase. Thus, the DnaC protein eliminates the
antagonistic allosteric effect of NTP and NDP on the ssDNA affinity of the enzyme. The protein changes the
engagement of the DNA-binding subsites of the helicase in interactions with the nucleic acid, depending on
the structure of the phosphate group of the present nucleotide cofactor and profoundly affects the structure of
the bound DNA. Moreover, the ssDNA affinity of the helicase in the DnaB-DnaC complex is under the
control of the nucleotide-binding site of the DnaC protein. The protein does not affect the NTP hydrolysis
mechanism of the helicase. Nevertheless, the rate of the chemical step is diminished in the DnaB-DnaC
complex. In the tertiary DnaB-DnaC-ssDNA complex, the ssDNA changes the internal dynamics between
intermediates of the pyrimidine cofactor, in amanner independent of the base composition of the DNA, while
the hydrolysis step of the purine cofactor is specifically stimulated by the homoadenosine ssDNA. The
significance of these results for functional activities of the DnaB-DnaC complex is discussed.

The double-stranded DNA is the most stable conformation of
the nucleic acid in the cellular environment, in vivo (1-3).
Nevertheless, in processes of DNA replication, recombination,
and repair, the single-stranded conformation is the metabolically
active intermediate, transiently formed in a reaction catalyzed by
a class of enzymes called helicases and fueled by NTP1 hydro-
lysis (3-8). In the Escherichia coli cell, the DnaB protein is the
primary replication helicase, which catalyzes unwinding of the
duplex DNA in front of the replication fork (8-14). Moreover,
the enzyme is a key ingredient of the preprimosome and primo-
some, largemultiple-protein-DNAmolecularmachines, respon-
sible for priming DNA synthesis and restarting the stalled
replication fork (10, 15-18). It is a rule rather than an exception

that a replicative helicase does not act alone, even before engaging
the molecular machines of DNA replication. Highly specific
interactions between theDnaBhelicase and the replication factor,
the DnaC protein, allow the enzyme to recognize the origin of
replication, oriC, or to enter the preprimosome (10, 15-18).
At saturation, sixDnaCmonomers bind to the helicase, although
at physiological concentrations of the DnaC protein the DnaB-
DnaCcomplex exists as a distribution of complexeswith different
numbers of bound DnaC molecules (19). Nevertheless, in the
dominant complex, six DnaC protein molecules assemble into
a hexamer on the helicase and are held through positive
cooperative interactions [companion paper (DOI 10.1021/
bi900050x)] (19).

The DnaB hexamer possesses six nucleotide-binding sites,
and the maximum stoichiometry of the nucleotide cofactor
binding is preserved in its binary complex with the DnaC
protein and the tertiary DnaB-DnaC-ssDNA complex
[companion paper (DOI 10.1021/bi900050x)] (20-25). In sta-
tionary complexes, i.e., in the absence of NTP hydrolysis, the
nucleotide-binding sites accept both NTP and NDP with simi-
lar intrinsic affinities, although only NTP or NTP nonhy-
drolyzable analogues induce the high ssDNA affinity of the
helicase. As a result, the allosteric linkage between the nucleotide-
binding sites and the ssDNA-binding site increases the affinity
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of nucleotide triphosphate by 3-4 orders of magnitude, while
NDP affinity is unaffected [companion paper (DOI 10.1021/
bi900050x)] (26). The nucleotide binding process is effectively
split into two phases, with the first three nucleotides binding in the
high-affinity phase and the remaining three nucleotides binding in
the low-affinity phase (20, 23). Studies of the analogous RepA
hexameric helicase of plasmid RSF1010 indicate that the high-
affinity phase in nucleotide binding is involved in modulating the
interactions of the helicasewith the ssDNA (27-29). On the other
hand, the DnaC protein has a single nucleotide-binding site,
which exclusively binds adenosine nucleotides and does not
possess an intrinsic ATPase activity (30-32). Moreover, the
DnaC protein exists in equilibrium between two conformational
states prior to the nucleotide binding (31, 32). The DnaC protein
preserves its nucleotide binding capability both in the binary
DnaB-DnaC and tertiary DnaB-DnaC-ssDNA complexes
[companion paper (DOI 10.1021/bi900050x)].

The DnaB-DnaC complex is the smallest unit of the specific
multiple protein-protein complexes, which control and regu-
late the DnaB helicase (15-19). The experiments and analyses,
described in the companion papers (DOI 10.1021/bi900050x
and DOI 10.1021/bi9000529) provide the long-awaited data
on interrelationships among the protein-protein, protein-
nucleic acid, and protein-nucleotide interactions of both
protein components of the DnaB-DnaC complex. However,
very little is known about the dynamics of the NTP hydrolysis
by the DnaB-DnaC complex. This is in spite of the fact that
the DnaC protein is involved in both initiation and elongation
stages of the DNA replication, in which the DnaB protein
is engaged (15-18). The kinetic mechanisms of hydrolysis by
the binary DnaB-DnaC and tertiary DnaB-DnaC-ssDNA
complexes are unknown. The effect of the type of cofactor
on interactions of the DnaB-DnaC complex with the ssDNA
and the allosteric role of the nucleic acid in the NTPase acti-
vities of the DnaB-DnaC complex have never been quantita-
tively addressed.

In this paper, we describe direct analyses of the allosteric
interactions between the DNA-binding site and NTP-binding
sites of the E. coli DnaB helicase engaged in the DnaB-DnaC
complex, and the mechanism of the nucleotide binding and
hydrolysis by the DnaB-DnaC complex. Surprisingly, the
ssDNA affinity of the DnaB-DnaC complex is independent of
the structure of the phosphate group of the nucleotide cofactor.
However, the structure of the phosphate group of the nucleotide
cofactor determines the engagement of the strong and weak
DNA-binding subsites of the helicase in interactions with the
nucleic acid. The DnaC protein does not change the major
features of the mechanism of NTP hydrolysis by the helicase.
The effect of the base composition of the ssDNA in the tertiary
DnaB-DnaC-ssDNA complex on the dynamics and energetics
of intermediate formation is different from the analogous effect
observed for the helicase alone.

MATERIALS AND METHODS

Reagents and Buffers.All solutions weremade with distilled
and deionized>18MΩ (Milli-Q Plus) water. All chemicals were
reagent grade. Buffer T4 is 50 mM Tris adjusted to pH 8.1 with
HCl at 20 �C, containing 100 mM NaCl, 5 mM MgCl2, 10%
glycerol, and 1 mM DTT.
DnaB Protein. The E. coli DnaB protein was purified as

previously described by us (20-22).

Nucleotides and Nucleic Acids. Radioactive [R-32P]ATP,
[R-32P]GTP, and [R-32P]CTP were from Amersham. Cold ATP,
GTP, andCTPwere fromSigma (25). All ssDNAoligomers were
from Midland (Midland, TX) [companion paper (DOI 10.1021/
bi9000529)]. The concentrations of the DNA oligomer, labeled
at the 50 end with fluorescein, 50-Fl-dA(pA)19 and 5

0-Fl-dA(pA)9,
have been spectrophotometrically determined (19, 27).
Rapid Quench-Flow Kinetics. The single-turnover time

courses of NTP hydrolyses by the DnaB helicase were deter-
mined using the rapid quench-flow instrument, RQF-3 (KinTek),
aswe described previously (25) and in the companion paper (DOI
10.1021/bi9000529). The kinetic measurements were perfor-
med under single-turnover conditions (DOI 10.1021/bi9000529)
(25, 33). The kinetic curves were fitted to extract relaxation
times and amplitudes using the nonlinear least-squares routine
(Mathematica, Wolfram, IL) with the exponential function
defined as (25)

PðtÞ ¼ Pð¥Þ þ
Xn
i¼1

Ai expð-λitÞ ð1Þ

where P(t) is the [R-32P]NDP concentration at time t, P(¥) is
the [R-32P]NDP concentration at transient equilibrium, Ai is
the amplitude corresponding to the ith relaxation process, λi is the
time constant (reciprocal relaxation time, 1/τi) characterizing
the ith relaxation process, and n is the number of relaxation
processes. All further analyses of the data were performed
using Mathematica and Kaleida Graph (Synergy Software,
Reading, PA) (25).
Fluorescence Measurements. Steady-state fluorescence

titrations were performed using the SLM-AMINCO 8100C
instrument, as described in the companion papers (DOI 10.1021/
bi900050x and DOI 10.1021/bi9000529) (34-40). The relative
fluorescence increase in the ssDNA etheno derivatives, ΔFobs,
upon the binding of the DnaB-DnaC complex, is defined as
ΔFobs=(Fi-Fo)/Fo, where Fi is the fluorescence of the DNA at a
given titration point and Fo is the initial value of the fluorescence
of the sample (34-40).
Quantitative Determination of Binding Isotherms and

Stoichiometries of the DnaB-DnaC-ssDNA Complexes.
Themethod for quantitatively estimating the total average degree
of binding,

P
Θi (number of DnaB-DnaC complexes bound per

ssDNA oligomer) and the free DnaB-DnaC complex concen-
tration have been previously described in detail by us [companion
paper (DOI 10.1021/bi900050x)] (34-40).

Analytical UltracentrifugationMeasurements. Sedimen-
tation velocity experiments were performed with an Optima XL-
A analytical ultracentrifuge (Beckman Inc., Palo Alto, CA),
using double-sector charcoal-filled 12mm centerpieces. Sedimen-
tation velocity scans were collected at the absorption band of the
fluorescein marker (485 nm) [companion paper (DOI 10.1021/
bi9000529)].

RESULTS

Binding of the ssDNA 20-mer, dεA(pεA)19, to the Total
DNA-Binding Site of the DnaB Helicase Engaged in the
DnaB-DnaC Complex, in the Presence of ATP Nonhy-
drolyzable Analogue AMP-PNP. The total DNA-binding
site of a protein associatingwith theDNA is an entire fragment of
the nucleic acid, which is blocked (occluded) by the enzyme from
accepting another protein molecule (40-42). In the case of the
DnaB helicase, the total DNA-binding site comprises a fragment
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of 20( 3 nucleotides (35-38, 41-44). To examine the binding of
the ssDNA to the total DNA-binding site of the helicase, engaged
in the complex with the DnaC protein, we used the etheno
derivative of the homoadenosine ssDNA 20-mer, dA(pA)19, i.e.,
dεA(pεA)19, analogously to our previous studies of the DnaB
helicase (35-38). As discussed in the companion paper (DOI
10.1021/bi9000529), the fluorescence of the etheno derivatives is
particularly suitable for examining the ssDNA-protein interac-
tions. This is because the emission intensity of the nucleic acid
predominantly depends on its structure and much less on the
environment of the fluorophore (45-48).

Fluorescence titrations of the ssDNA 20-mer, dεA(pεA)19,
with the DnaB-DnaC complex, at two different nucleic acid
concentrations, 4.9 � 10-7 M and 1.5 � 10-6 M (oligomer),
in buffer T4, containing 1 mM AMP-PNP, are shown in
Figure 1a. At the selected concentrations of the DnaB and DnaC
proteins, the helicase is at least ∼95% saturated with the DnaC
[companion paper (DOI 10.1021/bi900050x)]. A slight excess
of the DnaC protein over the enzyme does not affect the titra-
tion results, as the ssDNA affinity of the DnaC protein is ∼3
orders of magnitude lower than the corresponding affinity of
the helicase [companion paper (DOI 10.1021/bi900050x)].
Binding of the DnaB-DnaC complex to dεA(pεA)19 causes a
strong, ∼6-fold increase in the nucleic acid fluorescence, indicat-
ing a dramatic change in the nucleic acid structure in the
complex (45-48). For the sake of comparison, the relative
fluorescence increase of the same ssDNAoligomer, upon binding
the DnaB helicase alone, is ∼2.6-fold [companion paper (DOI
10.1021/bi900050x)]. The selected nucleic concentrations provide
the separation of the titration curves up to a ΔFobs value of ∼4.
The total average degree of binding,

P
Θi, of the DnaB-DnaC

complex on the ssDNA 20-mer has been obtained using the
quantitative approach described in a companion paper (DOI
10.1021/bi900050x) (40-44, 49).

The dependence of the observed relative fluorescence increase,
ΔFobs, on the total average degree of binding,

P
Θi, is shown

in Figure 1b. The separation of the titration curves allowed us
to obtain the values of

P
Θi up to ∼0.7 of the DnaB-DnaC

complex per 20-mer. The plot in Figure 1b is, within experimental
accuracy, linear. Extrapolation to the maximum fluorescence
increase (ΔFmax=5.9 ( 0.3) provides a

P
Θi of 0.9 ( 0.1, show-

ing that at saturation a single DnaB-DnaC complex binds
to the ssDNA 20-mer. To extract the binding constant, K20, the
plots in Figure 1a have been fitted using a single-site binding
model

ΔFobs ¼ ΔFmax
K20½C�F

1 þ K20½C�F

 !
ð2Þ

where [C]F is the free concentration of the DnaB-DnaC com-
plex, i.e., equal to the total concentration of the DnaB hexamer.
The obtained K20 value was (2 ( 0.7) � 107 M-1. This value is,
within experimental accuracy, the same as the value of the
analogous parameter, obtained for the DnaB helicase alone
[K20=(1.5 ( 0.2) � 107 M-1 (see Discussion)] (35-38).
Binding of the ssDNA 20-mer, dεA(pεA)19, to the Total

DNA-Binding Site of the DnaB Helicase, Engaged in the
DnaB-DnaC Complex, in the Presence of ADP. Fluores-
cence titrations of the ssDNA 20-mer, dεA(pεA)19, with the
DnaB-DnaC complex, at two different nucleic acid concentra-
tions, 4.9 � 10-7 M and 1.5 � 10-6 M (oligomer), in buffer T4,
containing 1 mM ADP, are shown in Figure 2a. Binding of the

DnaB-DnaC complex to the ethenoadenosine ssDNA 20-mer
causes an increase in the nucleic acid fluorescence even la-
rger, ∼12-fold, than that observed in the presence of the ATP
nonhydrolyzable analogue (Figure 1a). The dependence of
the observed relative fluorescence increase, ΔFobs, on the total
average degree of binding,

P
Θi, is shown in Figure 2b. The

separation of the titration curves allowed us to obtain the
values of

P
Θi up to ∼0.6 of the DnaB-DnaC complex per

20-mer. Extrapolation to the maximum fluorescence increase
(ΔFmax=12 ( 0.5) shows that at saturation, a single DnaB-
DnaC complex binds to the ssDNA 20-mer in the presence of
ADP (Figure 2b). The titration curves in Figure 2a have
been analyzed using a single-binding site model (eq 2). The
obtained K20 value of (1.7 ( 0.6) � 107 M-1, for example, is,
within experimental accuracy, the same as the value of the

FIGURE 1: (a) Fluorescence titrations (λex=320 nm; λem=410 nm) of
the etheno derivative of the ssDNA 20-mer, dεA(pεA)19, with the
DnaB-DnaC complex in buffer T4 (pH 8.1 and 10 �C), containing
1mMAMP-PNP, at two different concentrations of the nucleic acid.
The concentrations of the ssDNA oligomer were (9) 4.9 � 10-7 M
and (0) 1.5 � 10-6 M (oligomer). The concentration of the DnaB-
DnaC complexwas equal to the concentration of theDnaBhexamer.
The concentration of the DnaC protein was kept as a minimal
concentration that saturated six DnaC-binding sites on the DnaB
helicase>95%. The solid lines are nonlinear, least-squares fits of the
titration curves to a single-binding site isotherm (eq 2)with two fitting
parameters: K20=2.0� 107M-1, andΔFmax=5.9. (b) Dependence of
the relative fluorescence increase, ΔFobs, on

P
Θi (9). The values

of
P

Θi have been determined using the quantitative method de-
scribed in Materials and Methods. The solid line connects the
experimental points and does not have a theoretical basis. The dashed
line is the extrapolation of the plot to the maximum values of the
observed fluorescence increase (ΔFmax = 5.9), marked by the solid
horizontal line.
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binding constant obtained in the presence of AMP-PNP
(Figure 1a). This result is very surprising. Under the same
solution conditions and in the presence of ADP, the binding
constant of the DnaB helicase for dεA(pεA)19, in the absence of
theDnaC protein, is (3( 0.7)� 104M-1 and the helicase induces
an only ∼2.6-fold increase in nucleic acid emission (data not
shown) (see Discussion).
Binding of the ssDNA 10-mer, dεA(pεA)9, to the Strong

DNA-Binding Subsite of theDnaBHelicase Engaged in the
DnaB-DnaC Complex, in the Presence of ATP Nonhy-
drolyzable Analogue AMP-PNP or ADP. The total DNA-
binding site of the DnaB helicase is built of two DNA-binding
subsites, strong and weak binding areas located sequentially on
the protein molecule, with the strong subsite occluding the 50 end

of the bound nucleic acid (43, 44). To address the effect of the
presence of the DnaC protein on the interactions of the ssDNA
with the strong DNA-binding subsite of the DnaB helicase, we
performed fluorescence titration studies of the binding of the
ssDNA 10-mer, dεA(pεA)9, to the DnaB-DnaC complex. Our
previous studies have shown that the 10-mer binds exclusively
to the strong binding subsite of the enzyme (44). Fluorescence
titrations of the ssDNA 10-mer, dεA(pεA)9, with the DnaB-
DnaC complex, at two different nucleic acid concentrations,
4.9 � 10-7 M and 1.5 � 10-6 M (oligomer), in buffer T4,
containing 1 mM AMP-PNP, are shown in Figure 3a. In the
case of the 10-mer, binding of the DnaB-DnaC complex causes
an ∼10-fold increase in the nucleic acid fluorescence, which is
dramatically larger than the ∼6-fold increase observed in the
presence of the 20-mer, dεA(pεA)9 (Figure 1a). The dependence
of the relative fluorescence increase, ΔFobs, on the total average
degree of binding,

P
Θi, is shown in Figure 3b. Extrapolation

to the maximum fluorescence increase (ΔFmax=10 ( 0.5) gives
a
P

Θi of 0.8 ( 0.1. Thus, at saturation, a single DnaB-DnaC
complex binds to the ssDNA 10-mer. The titration curves in
Figure 3a have been analyzed using the single-binding site model
(eq 2). The obtained K10 value of (2 ( 0.6) � 107 M-1 indicates
that the 10-mer, which exclusively binds to the strong DNA-
binding subsite of the helicase, has the same value for the binding
constant in the presence of AMP-PNP, as obtained for the
ssDNA 20-mer, which engages the total DNA-binding site of
the enzyme (Figure 1a), although the structures of the bound
nucleic acids, as indicated by profoundly different values of
ΔFmax, are different (see Discussion).

The fluorescence titration of the etheno derivative of the
ssDNA 10-mer, dεA(pεA)9, with the DnaB-DnaC complex in
buffer T4 (pH 8.1 and 10 �C), containing 1mMADP, is shown in
Figure 3c. For the sake of comparison, the fluorescence titration
of the same 10-mer, but in the presence of 1 mM AMP-PNP, is
included in the panel. As observed for the ssDNA 20-mer, the
maximum fluorescence increase for the nucleic acid is larger in the
presence of ADP, as compared to that for the sample containing
the ATP nonhydrolyzable analogue (Figure 2a). The solid line in
Figure 3c is a nonlinear least-squares fit of the titration curve,
using the single-binding site model (eq 2), which provides the
values of the binding constant: K10=(2 ( 0.6) � 107 M-1, and
ΔFmax=11.5 ( 1. This is radically different from the values
[K10=(1.5( 0.6)� 104 M-1, and ΔFmax ∼ 2.3( 0.3] determined
for binding of the 10-mer, dεA(pεA)9, to theDnaB helicase alone,
in the presence of ADP (data not shown). Moreover, it is evident
that the presence of ADP does not affect the affinity of the
DnaB-DnaC complex for the ssDNA, which exclusively binds
to the strong DNA-binding subsite, as compared to the affinity
observed in the presence ofAMP-PNP.Consequently, in terms of
the affinities, the effects of ADP and AMP-PNP on the 10-mer
binding are completely analogous to the effects of both cofactors,
observed in the case of the binding of the 20-mer, which engages
the total DNA-binding site of the helicase, to the binary DnaB-
DnaC complex (Figures 1a and 2a). However, unlike the
behavior of the 20-mer, the structure of the bound 10-mer seems
to be very similar, in the presence of both AMP-PNP and ADP,
as indicated by the similar ΔFmax values (see Discussion).
Binding of the ssDNA 20- and 10-mer, dεA(pεA)19 and

dεA(pεA)9, Respectively, to the DnaB Helicase, Engaged
in the DnaB-DnaC Complex, in the Presence of GDP.
In the binding systems described above, both protein components
of theDnaB-DnaC complex are engaged in interactions with the

FIGURE 2: (a) Fluorescence titrations (λex=320 nm; λem=410 nm)
of the etheno derivative of the ssDNA 20-mer, dεA(pεA)19, with the
DnaB-DnaC complex in buffer T4 (pH 8.1 and 10 �C), containing
1 mM ADP, at two different concentrations of the nucleic acid.
The concentrations of the ssDNA oligomer were (9) 4.9 � 10-7 M
and (0) 1.5 � 10-6 M (oligomer). The concentration of the DnaB-
DnaC complex was equal to the concentration of theDnaBhexamer.
The concentration of the DnaC protein was kept as a minimal
concentration that saturated six DnaC-binding sites on the DnaB
helicase >95%. The solid lines are nonlinear, least-squares fits of
the titration curves to a single-binding site isotherm (eq 2)
with two fitting parameters: K20=1.7 � 107 M-1, and ΔFmax=12.
(b) Dependence of the relative fluorescence increase, ΔFobs, on the
total average degree of binding of the DnaB-DnaC complex on the
ssDNA 20-mer,

P
Θi (9). The values of

P
Θi have been determined

using the quantitative method described in Materials and Methods.
The solid line connects the experimental points and does not have a
theoretical basis. The dashed line is an extrapolation of the plot to the
maximum values of the observed fluorescence increase (ΔFmax=12),
marked by the solid horizontal line.
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nucleotide cofactor. Recall that the nucleotide-binding site of the
DnaCprotein is highly specific for the adenosine nucleotides (30).
The nucleotide-binding sites of the DnaB helicase can accept
nucleotides, in a manner independent of the type of the base,
although with a preference for purine cofactors (20-23). In the
next set of experiments, we address the association of the DnaB-
DnaC complex with the ssDNA 20- and 10-mers in the presence
of GDP, which exclusively binds to the nucleotide-binding sites
of the helicase. In other words, we examine the ssDNA affinity of
the DnaB helicase in the binary DnaB-DnaC complex, where
the nucleotide-binding site of the DnaC protein is not engaged in
interactions with the cofactor.

Fluorescence titrations of the ssDNA 20-mer, dεA(pεA)19, and
10-mer, dεA(pεA)9, with the DnaB-DnaC complex are shown in
Figure 4. The large increase in the fluorescence emission of both
ssDNA oligomers is similar to the analogous large increase in the
emission intensity observed in the presence of the ADP; i.e., it is
significantly larger than the increase in the nucleic acid fluore-
scence observed in the presence of the ATP nonhydrolyzable

analogue AMP-PNP (Figures 2a,b and 3a,c). Thus, both dipho-
sphate nucleosides exert a similar effect on the structure of the
bound nucleic acid in the total DNA-binding site or the strong
DNA-binding subsite. The solid lines in Figure 4 are nonlinear
least-squares fits of the titration curves, which provide the follow-
ing values: K20=(2 ( 0.3) � 108 M-1 and ΔFmax=10.7 ( 1.5 for
the 20-mer and K10=(2( 0.3) � 108 M-1 and ΔFmax=12.4( 1.5
for the 10-mer. The data indicate that, although the values of the
fluorescence intensities are similar to the values observed in the
presence ofADP, the values ofK20 andK10 are considerably higher
in the presence of GDP, which only binds to nucleotide-binding
sites of the DnaB helicase (see Discussion).
Analytical Sedimentation Velocity Studies of the Bind-

ing of the ssDNA to the Total DNA-Binding Site and
the Strong DNA-Binding Subsite of the DnaB Helicase,
Engaged in the DnaB-DnaC Complex, in the Presence
of ADP. The surprisingly high affinity of the DnaB-DnaC
complex for the ssDNA in the presence of diphosphate
nucleosides has been further addressed, using the analytical

FIGURE 3: (a) Fluorescence titrations (λex=320 nm; λem=410 nm) of the etheno derivative of the ssDNA 10-mer, dεA(pεA)9, with the DnaB-
DnaC complex in buffer T4 (pH 8.1 and 10 �C), containing 1 mM AMP-PNP, at two different concentrations of the nucleic acid. The
concentrations of the ssDNAoligomer were (9) 4.9� 10-7M and (0) 1.5� 10-6M (oligomer). The concentration of the DnaB-DnaC complex
was aminimal concentration that saturated sixDnaC-binding sites on theDnaBhelicase>95%.The solid lines are nonlinear, least-squares fits of
the titration curves to a single-binding site isotherm (eq 2) with two fitting parameters:K20=2.0� 107M-1, andΔFmax=10. (b)Dependence of the
relative fluorescence increase, ΔFobs, on the total average degree of binding of the DnaB-DnaC complex on the ssDNA 10-mer,

P
Θi (9). The

values of
P

Θi have been determined using the quantitativemethoddescribed inMaterials andMethods. The solid line connects the extrapolation
of the plot to themaximumvalues of the observed fluorescence increase (ΔFmax=10),markedby the solid horizontal line. (c) Fluorescence titration
(λex=320 nm; λem=410 nm) of the etheno derivative of the ssDNA 10-mer, dεA(pεA)9, with the DnaB-DnaC complex in buffer T4 (pH 8.1
and 10 �C), containing 1mMADP. The concentration of the ssDNAoligomer was 4.9� 10-6M (oligomer) (0). For the sake of comparison, the
fluorescence titration of the same10-mer at the samenucleic acid concentrationbut in the presence of 1mMAMP-PNP is included in the panel (9)
(details in the text).
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sedimentation method (19, 26, 27, 34). We utilized the fact
that the sedimentation coefficients of the ssDNA oligomers,
50-Fl-dA(pA)19 and 50-Fl-dA(pA)9, which contain fluorescein at
their 50 end, are ∼1.3-1.5 S, i.e., much smaller than the
sedimentation coefficient of the binary DnaB-DnaC complex
(∼17 S) (19). Therefore, the sedimentation of the nucleic acids in
the tertiary complex can be exclusively monitored at the fluor-
escein absorption band (485 nm) without any interference
from the free protein and nucleotide cofactor absorbances
[companion papers (DOI 10.1021/bi900050x and DOI 10.1021/
bi9000529)] (19, 26, 27, 34).

Sedimentation velocity profiles of 50-Fl-dA(pA)19, alone
in buffer T4 (pH 8.1 and 10 �C), are shown in Figure 5a. The
profiles have been recorded at a rotational speed of 30000 rpm.
The total nucleic acid concentration was 7� 10-7 M (oligomer).
Clearly, at the applied rotational speed, the sedimentation
boundary of the DNA moves very slowly from the meniscus.
The situation is different in the presence of the binary DnaB-
DnaC complex. Sedimentation velocity profiles of 50-Fl-dA
(pA)19, in the presence of the binary complex in buffer T4
(pH 8.1 and 10 �C), containing 1 mM ADP, are shown in
Figure 5b. The total nucleic acid concentration was 7 � 10-7 M
(oligomer), while the concentration of theDnaB-DnaC complex
was 1.5 � 10-6 M (expressed as the concentration of the DnaB
hexamer). Equilibrium binding data discussed above indicate
that, at these selected concentrations, the nucleic acid should be
almost completely saturated with the binary complex (Figure 2a).
Inspection of the profiles in Figure 5b shows that there is, within
experimental accuracy, a single moving sedimentation boundary
indicating the presence of a single molecular species (19, 26, 27,
34). Thus, as predicted on the basis of the equilibrium titration
data, practically, the entire population of the ssDNA oligomer is
indeed associated with the binary complex. For the selected
concentrations of the macromolecular species involved, the value
of the binding constant, which would provide such behavior,
must be g107 M-1 (Figure 2a,b). The sedimentation velocity

scans have been analyzed using the time-derivative approach,
which provides an s20,w of 16.9 ( 0.3 S, for the tertiary DnaB-
DnaC-20-mer complex [companion paper (DOI 10.1021/
bi900050x)] (19).

Analogous sedimentation velocity profiles of the ssDNA
10-mer, 50-Fl-dA(pA)9, alone in buffer T4 (pH 8.1 and 10 �C),
containing 1 mMADP, are shown in Figure 5c. The total nucleic
acid concentration was 3 � 10-6 M (oligomer). As observed
for the 20-mer, the sedimentation boundary of the 10-mer
moves very slowly from the meniscus. Sedimentation velocity
profiles of 50-Fl-dA(pA)9, in the presence of the binary complex
in buffer T4 (pH 8.1 and 10 �C), containing 1 mM ADP,
are shown in Figure 5d. The concentration of the DnaB-DnaC
complex was 1.5 � 10-6 M (expressed as the concentration of
the DnaB hexamer). The value of the binding constant, ∼1.7 �
10-7 M-1, obtained in equilibrium studies, indicates that, at
the selected total concentrations, the binary complex should
be saturated with the 10-mer. In other words,∼50% of the total
nucleic acid population should comigrate with the binary
complex (Figure 2a,b). The fast-moving boundary in Figure
5d corresponds to the nucleic acid bound in the tertiary complex,
and as predicted, it constitutes ∼50% of the total absor-
bance of the DNA. Analysis of the sedimentation velocity
scans in Figure 5d, using the time-derivative approach, pro-
vides an s20,w of 16.8 ( 0.3 S, for the tertiary DnaB-
DnaC-10-mer complex [companion paper (DOI 10.1021/
bi900050x)] (19).
Mechanism of DNA-Independent NTP Binding and

Hydrolysis at a Single, Noninteracting Site on the DnaB
Helicase Engaged in the DnaB-DnaC Complex. Both the
DnaB helicase and the DnaC protein bind adenosine cofac-
tors (20-25, 30-32). Thus, to avoid any possibility of a trivial
competitive effect of the DnaC protein on the observed kinetics,
the mechanism of the NTP hydrolysis by a single noninteracting
site of theDnaB helicase, with the enzyme engaged in theDnaB-
DnaC complex, has been examined using CTP and GTP
cofactors. A rapid quench-flow kinetic curve of [R-32P]CTP
hydrolysis after 1.9 � 10-7 M CTP had been mixed with the
DnaB-DnaC complex in buffer T4 is shown in Figure 6a.
The concentrations of the DnaB helicase and the DnaC protein
were 8 � 10-6 M (hexamer) and 2 � 10-5 M, respectively
(final concentrations); i.e., the DnaB protein is >95% saturated
with the DnaC protein [companion paper (DOI 10.1021/
bi900050x)]. The product formation, [R-32P]CDP, is shown as
a molar fraction of the total concentration of [R-32P]CTP. For
the sake of comparison, the analogous kinetic curve, obtained
for the DnaB protein alone, at the same enzyme concentration,
is included in Figure 6a. The two important qualitative aspects
of the kinetic curve, already illustrated in the case of the DnaB
helicase alone, are even more pronounced for the DnaB-DnaC
complex [companion paper (DOI 10.1021/bi9000529)] (25).
First, the plateau is significantly lower than the maximum
possible value of 1 and is also lower than the corresponding
plateau observed for the helicase alone. Thus, the system reaches
an effective, transient equilibrium in the active site, which
is different from the transient equilibriumobserved in the absence
of the DnaC protein (25). Second, there is clearly no detect-
able time lag in the CDP production, which indicates that
one simultaneously observes at least two species containing
[R-32P]CDP (25).

The plot in Figure 6a is clearly biphasic. The solid line in
Figure 6a is a nonlinear least-squares fit of the experimental curve

FIGURE 4: Fluorescence titration (λex=320 nm; λem=410 nm) of the
etheno derivative of the ssDNA 20-mer, dεA(pεA)19 (9), and the 10-
mer, dεA(pεA)9 (0),with theDnaB-DnaCcomplex inbufferT4 (pH
8.1 and 10 �C), containing 1 mM GDP. The concentrations of both
ssDNA oligomers were 4.9� 10-7 M (oligomer). The concentration
of the DnaB-DnaC complex was equal to the total concentration of
the DnaB hexamer (detail in the text). The solid lines are nonlinear,
least-squares fits of the titration curves to a single-binding site
isotherm (eq 2) with two fitting parameters: for the 20-mer, K20=
2� 108M-1 andΔFmax=10.7, and for the 10-mer,K10=2� 108M-1

and ΔFmax=12.4.
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using eq 1 with a double-exponential function. The reciprocal
relaxation times, 1/τ1 and 1/τ2, as functions of the DnaB-DnaC
complex concentration, are shown in panels b and c of Figure 6,
respectively (24, 25, 31, 32, 40, 54). The concentration of the
complex is expressed as DnaB protomers [companion paper
(DOI 10.1021/bi9000529)]. The values of 1/τ1 are considerably
higher than those observed for the DnaB helicase alone [compa-
nion paper (DOI 10.1021/bi9000529)]. Nevertheless, 1/τ1 is
not significantly dependent upon the DnaB concentration,
while the values of 1/τ2 show only a slight dependence upon
the concentration of the DnaB-DnaC complex. The lack of
a time lag and the observed behavior of the relaxation times
indicate that both relaxation processes are intramolecular iso-
merization transitions (25). The dependencies of the individual
amplitudes, A1 and A2, of the observed relaxation steps on the
concentration of the DnaB-DnaC complex, expressed as the
DnaB protomers, are shown in Figure 6d. The absolute values
of individual amplitudes are normalized, i.e., expressed as
fractions of the total amplitude, Ai/

P
Ai. The total amplitude

is normalized to the total concentration of the CTP in the sample.
The behavior of the amplitudes is analogous to the behavior
of the same parameters observed for the DnaB helicase alone
[companion paper (DOI 10.1021/bi9000529)]. The slowest relaxa-
tion process (amplitude A2) dominates the observed kinetic
process at low concentrations of the DnaB-DnaC complex.

Both the total amplitude, AT, and the amplitude of the faster
normal mode, A1, slowly increase with the concentration of
the complex. Such behavior of the relaxation amplitudes confirms
that both relaxation processes reflect intramolecular transi-
tions (24, 25, 31, 32, 40, 54).

The behavior of the purine cofactor, GTP, is different. A
rapid quench-flow kinetic curve of [R-32P]GTP hydrolysis,
after 1.9 � 10-7 M CTP had been mixed with the DnaB-DnaC
complex in buffer T4, is shown in Figure 7a. The concen-
trations of the DnaB helicase and the DnaC protein were 5 �
10-6 M (hexamer) and 2 � 10-5 M, respectively (final concen-
trations), which ensure that the helicase is predominantly in
the complex with the DnaC protein [see above and a companion
paper (DOI 10.1021/bi900050x)]. The kinetic curve, obtained
for the helicase protein alone, at the same enzyme concen-
tration, is also included in Figure 7a. The plateau of the plot
is lower than the maximum possible value of 1 and is also
lower than the plateau observed for the enzyme alone (see
above). Nevertheless, the plateau reaches the value of ∼0.72,
as compared to only∼0.54 in the case of the pyrimidine cofactor
(Figure 7a). The two phases of product formation are clearly seen
in the plot in Figure 7a, although they are less pro-
nounced as observed for CTP. Nevertheless, the absence of
a time lag in the appearance of GDP indicates that simu-
ltaneously at least two species containing [R-32P]GDP are

FIGURE 5: (a) Absorption profiles, recorded at 485 nm, of analytical sedimentation velocity runs of the ssDNA 20-mer, 50-Fl-dA)(pA)19 alone, in
buffer T4 (pH 8.1 and 10 �C), containing 1 mMADP. The total nucleic acid concentration was 7� 10-7 M (oligomer). (b) Absorption profiles,
recorded at 485 nm, of the analytical sedimentation velocity runs of the ssDNA 20-mer, 50-Fl-dA(pA)19, in the presence of the binary DnaB-
DnaC complex, in buffer T4 (pH 8.1 and 10 �C), containing 1 mM ADP. The total nucleic acid and protein concentrations were 7 � 10-7 M
(oligomer) DnaB, 1.5 � 10-6 M (hexamer), and 9 � 10-6 M DnaC. (c) Absorption profiles, recorded at 485 nm, of analytical sedimentation
velocity runs of the ssDNA 10-mer, 50-Fl-dA(pA)9 alone, in buffer T4 (pH 8.1 and 10 �C), containing 1 mM ADP. The total nucleic acid
concentration was 3 � 10-6 M (oligomer). (d) Absorption profiles, recorded at 485 nm, of analytical sedimentation velocity runs of the ssDNA
10-mer, 50-Fl-dA(pA)9 in the presence of the binary DnaB-DnaC complex, in buffer T4 (pH 8.1 and 10 �C), containing 1 mMADP. The total
nucleic acid and protein concentrations were 3 � 10-6 M (oligomer) DnaB, 1.5 � 10-6 M (hexamer), and 9 � 10-6 M DnaC. All scans were
collected at 30000 rpm.
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observed in the experiment [companion paper (DOI 10.1021/
bi9000529)] (25). The solid line in Figure 7a is a nonlinear
least-squares fit of the experimental curve using eq 1 with
a double-exponential function, which provides an excellent
description of the experimental curve.

The reciprocal relaxation times, 1/τ1 and 1/τ2, as functions
of the concentration of the DnaB-DnaC complex, expressed
as DnaB protomers, are shown in panels b and c of Figure 7,
respectively (see above). The behavior of the relaxation times
is analogous to the behavior observed for the CTP cofactor,
indicating that both relaxation processes are isomerization
steps (24, 25, 31, 32, 40, 54). This is further confirmed by the
dependence of the normalized total, AT, and individual ampli-
tudes, A1 and A2, of the observed relaxation processes on the
concentration of the DnaB-DnaC complex, expressed as the
DnaB protomers, shown in Figure 7d (see above). The slowest
relaxation process (amplitudeA2) dominates the observed kinetic
process over a much smaller range of concentrations of the

DnaB-DnaC complex, as compared to CTP. As a result, the
amplitude of the fast relaxation process, A1, approaches the
amplitude of the low process,A2, at a higher concentration of the
DnaB-DnaC complex. The behavior of the amplitudes indicates
that internal equilibria among the intermediates of the reaction
are different from the analogous equilibria in the CTP hydrolysis
reaction (Figure 6d).

The obtained data indicate that the simplest mechanism of the
CTP and GTP hydrolysis by the DnaB-DnaC complex is
described by the general kinetic equation [companion paper
(DOI 10.1021/bi9000529)] as

DnaB-DnaC

þNTP a
k1

k-1

ðH-NTPÞ ak2
k-2

ðH-NDP 3PiÞ1 a
k3

k-3

ðH-NDP 3PiÞ2 ð3Þ

This is a sequential three-step mechanism in which the bimole-
cular association of the cofactor with the active site of one of the

FIGURE 6: (a) Time course of CTP hydrolysis by a single, noninteracting site of theDnaBhelicase, engaged in the complexwith theDnaCprotein
(0), in single-turnover experiments, in buffer T4. The produced CDP is shown as a fraction of the total concentration of total concentration of
the CTP in the sample. The total concentration of the cofactor was 1.9� 10-7M. The concentrations of theDnaB andDnaC proteins were 6.0�
10-6M (protomer) and 2.0� 10-5M, respectively. For the sake of comparison, the time course of CTP hydrolysis by a single, noninteracting site
of the DnaB helicase is included in the panel, obtained at the same cofactor and enzyme concentration (9). The solid line is the nonlinear, least-
squares fit of the double-exponential function (eq 1) to the experimental curve. (b)Dependence of the reciprocal of the relaxation time, 1/τ1, for the
CTP hydrolysis by the single, noninteracting site of the DnaB helicase, engaged in the complex with the DnaC protein, on the total concentration
of theDnaB-DnaCcomplex, expressed as the concentration of theDnaBprotomers. (c)Dependence of the reciprocal of the relaxation time, 1/τ2,
for the CTP hydrolysis by the single, noninteracting site of theDnaBhelicase, engaged in the complex with theDnaCprotein, in buffer T4, on the
total concentration of the DnaB-DnaC complex, expressed as the concentration of the DnaB protomers. The error bars in panels b and c are
standard deviations determined in three or four independent experiments. (d) Dependence of the normalized total and individual relaxation
amplitudes, AT (2),A1 (9), and A2 (0), of CTP hydrolysis by a single, noninteracting site of the DnaB helicase, engaged in the complex with the
DnaC protein, on the total concentration of the DnaB-DnaC complex expressed as the concentration of the DnaB protomers. The solid lines in
panels b-d are nonlinear, least-squares fits according to the three-step sequential mechanism (eq 3). The rate constants, obtained from the fits of
the relaxation times, and the amplitudes are included in Table 1.
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DnaB subunits (H + NTP T H-NTP) is followed by two
reversible first-order transitions, NTP hydrolysis [H-NTP T
(H-NDP 3Pi)1] and isomerization of the helicase-product com-
plex [(H-NDP 3Pi)1 T (H-NDP 3Pi)2] (25). In other words, the
NTP hydrolysis by the DnaB helicase engaged in the DnaB-
DnaC complex proceeds by the same kinetic mechanism that was
observed for the helicase alone [companion paper (DOI 10.1021/
bi9000529)]. Moreover, the kinetic mechanism is the same for
hydrolysis of the purine and pyrimidine cofactors by the DnaB-
DnaC complex. The solid lines in Figures 6b-d and 7b-d are
nonlinear least-squares fits of the relaxation times and amplitudes
according to the proposed mechanism (eq 3). The fits were
initiated by numerical, nonlinear least-squares fitting of the
individual relaxation times and amplitudes, using the matrix
projection operator approach (24, 25, 31, 32, 40, 54). Simulta-
neous global fitting of both the relaxation times and the
amplitudes further refined the obtained values of the equilibrium
and rate constants included in Table 1.

In the case of the pyrimidine cofactor, CTP, the presence of
the DnaC protein strongly increases the value of K1 to ≈7.5 �
104 M-1, which characterizes the binding step and formation of
the first intermediate, H-NTP, as compared to the K1 of ≈9.1 �
103 M-1, observed for the free helicase [companion paper (DOI
10.1021/bi9000529)]. In fact, in the presence of theDnaC protein,
the affinity of the pyrimidine cofactor is considerably higher than
that observed for the purine cofactor, GTP, while in the absence
of the replication factor, the corresponding affinities are very
similar [companion paper (DOI 10.1021/bi9000529)]. On the
other hand, the K2 value of ≈0.5, characterizing the chemical
hydrolysis step [H-CTPT (H-CDP 3Pi)1] is significantly lower for
the DnaB-DnaC complex than the K2 of ≈8.4 observed in the
absence of the DnaC protein [companion paper (DOI 10.1021/
bi9000529)]. In the presence of the DnaC protein, the K2 value
of≈5.6 for the purine cofactor, GTP, is also lower than the value
of ∼12.2 determined for the DnaB helicase alone [companion
paper (DOI 10.1021/bi9000529)]. Nevertheless, the values of K2

FIGURE 7: (a) Time course ofGTP hydrolysis by a single, noninteracting site of theDnaBhelicase, engaged in the complexwith theDnaCprotein
(0), in single-turnover experiments, in buffer T4. The produced GDP is shown as a fraction of the total concentration of the GTP in the sample.
The total concentration of the cofactorwas 1.9� 10-7M.The concentrations of theDnaB andDnaCproteinswere 5.0� 10-6M (protomer) and
2.0� 10-5M, respectively. For the sake of comparison, the time course of GTP hydrolysis by a single, noninteracting site of the DnaB helicase is
included in the panel, obtained at the same cofactor and enzyme concentration (9). The solid line is a nonlinear, least-squares fit of the double-
exponential function (eq 1) to the experimental curve. (b) Dependence of the reciprocal of the relaxation time, 1/τ1, for the GTP hydrolysis by the
single, noninteracting site of the DnaB helicase, engaged in the complex with the DnaC protein, in buffer T4, on the total concentration of the
DnaB-DnaC complex, expressed as the concentration of the DnaB protomers. (c) Dependence of the reciprocal of the relaxation time, 1/τ2, for
theGTPhydrolysis by the single, noninteracting site of theDnaBhelicase, engaged in the complexwith theDnaCprotein, inbufferT4, on the total
concentration of theDnaB-DnaC complex, expressed as the concentration of theDnaBprotomers. The error bars in panels b and c are standard
deviations determined in three or four independent experiments. (d)Dependence of the normalized total and individual relaxation amplitudes,AT

(b),A1 (9), andA2 (0), ofGTP hydrolysis by a single, noninteracting site of theDnaBhelicase, engaged in the complexwith theDnaCprotein, in
buffer T4, on the total concentration of theDnaB-DnaCcomplex,which is expressed as the total concentrationof theDnaBprotomers.The solid
lines in panels b-d are nonlinear, least-squares fits according to the three-step sequentialmechanism (eq 3). The rate constants, obtained from the
fits of the relaxation times, and amplitudes are included in Table 1.
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for both cofactors indicate that there is no significant release
of the free energy of the nucleotide hydrolysis in the chemical
step by the DnaB-DnaC complex (55-57). The forward rate
constant, k2, characterizing the hydrolysis step, is smaller for
both cofactors than that observed for the helicase alone, indicat-
ing that the presence of the DnaC protein slows the rate of NTP
hydrolysis by the enzyme. Nonetheless, the faster forward rate of
hydrolysis of the purine cofactor, as compared to that of the
pyrimidine cofactor, is preserved in the DnaB-DnaC complex
(Table 1). The presence of the DnaC protein significantly slows
the dynamics and lowers the partial equilibrium constant, K3, of
the intramolecular transition [(H-NDP 3Pi)1T (H-NDP 3Pi)2] for
the pyrimidine cofactor, CTP, while it does not affect the same
transition in the case of the purine nucleotide, GTP, as compared
to the free enzyme (see Discussion).
Nucleic Acid Specificity in the NTP Hydrolysis Reaction

Catalyzed by the Tertiary DnaB-DnaC-ssDNAComplex.
Examination of the NTP hydrolysis by the DnaB helicase-
ssDNA complex required a high nucleic acid concentration in the
sample, because the enzyme has a low ssDNA affinity in the
absence of ATP or ATP nonhydrolyzable analogues (35-38,
41-44). On the other hand, as we described above, the DnaB-
DnaC complex has the affinity for the ssDNA 20-mer character-
ized by aK20 binding constant of∼1-2� 107M-1, unaffected by
the type of cofactor or even the absence of the nucleotides. At the
concentration of the ssDNA 20-mers, 6.5 � 10-5 M (oligomer),
used in the studies of the DnaB helicase alone, the enzyme
engaged in the DnaB-DnaC complex is almost completely
saturated with the DNA. Although such a high concentration
of the nucleic acid is not necessary in the case of theDnaB-DnaC
complex, for direct comparisons, we used the same concentration
of various ssDNA 20-mers in the analyses described below, as
applied in the studies of the helicase alone [companion paper
(DOI 10.1021/bi9000529)].

A rapid quench-flow kinetic curve of [R-32P]CTP hydrolysis,
after 1.9 � 10-7 M CTP had been mixed with the DnaB-DnaC
complex in buffer T4, in the presence of the ssDNA 20-mer,
dA(pA)19, is shown in Figure 8a. The final concentrations of
the DnaB helicase, the DnaC protein, and the 20-mer were 7 �
10-6 M (hexamer), 2 � 10-5 M, and 6.5 � 10-5 M (oligomer),
respectively. The kinetic curve, obtained in the absence of the
nucleic acid, at the same helicase and DnaC protein concen-
trations, is also included in Figure 8a. Unlike the dramatic effect
of the ssDNA on the DnaB helicase alone [companion paper

(DOI 10.1021/bi9000529)], the presence of dA(pA)19 only mod-
erately affects the kinetics of the NTP hydrolysis by the DnaB-
DnaC complex. The total amplitude, AT, of the product forma-
tion is increased, as compared to the binary complex. None-
theless, the total amplitude is much lower than the maximum
value of 1, indicating the presence of the rapid equilibria in the
active site of the enzyme (25). As previously observed for all
examined systems, there is no time lag in the product formation.
The solid line in Figure 8a is a nonlinear least-squares fit of
the experimental curve using eq 1 with a double-exponential
function, to extract the relaxation times and amplitudes of
the examined relaxation process. The dependencies of the reci-
procal of the relaxation times, 1/τ1 and 1/τ2, on the tertiary
complex concentration are shown in panels b and c of Figure 8,
respectively.

The values of 1/τ1 and 1/τ2 are similar to the analogous values
observed for the binary complex (Figure 6b,c). However, the
plots obtained for the tertiary complex do not show any hyper-
bolic behavior, indicating that the affinity of the nucleotide
binding step is significantly lower than that determined for the
binary complex (see below). The dependence of the normalized
total, AT, and individual amplitudes, A1 and A2, of the observed
relaxation processes on the logarithm of the tertiary complex
concentration, expressed as the DnaB protomers, is shown in
Figure 8d. The plots are analogous to the behavior of the
amplitudes shown in Figure 6d for the binary complex. The
behavior of the amplitudes, together with the lack of a time lag in
observed kinetics, indicates that both relaxation processes reflect
intramolecular transitions of the formed complex, and eq 3
describes the simplest mechanism of the observed reaction
[companion paper (DOI 10.1021/bi9000529)] (25). The solid lines
in Figure 8b-d are nonlinear least-squares fits of the relaxation
times and amplitudes according to the mechanism defined by
eq 3. Analogous experiments have been performed for different
ssDNA 20-mers, dC(pC)19 and dT(pT)19, and the purine co-
factor,GTP (data not shown). The obtained rate and equilibrium
constants, for all examined systems, are included in Table 1.

In the case of the pyrimidine cofactor, CTP, the value of the
partial equilibrium constant,K1, is considerably decreased for all
ssDNA oligomers, as compared to that of the DnaB-DnaC
complex in the absence of the nucleic acid. On the other hand, the
decrease in the values of K1 is compensated by a considerable
increase of the partial equilibrium constants, K2, characterizing
the hydrolysis step, which is also similar for all examined tertiary

Table 1: Thermodynamic and Kinetic Parameters of the NTP Hydrolysis by the DnaB-DnaC Complex, in a Single Turnover, in the Absence of Various

ssDNA Oligomers, in Buffer T4 (pH 8.1 and 20 �C) (see the text for details)a

NTP complex K1 (M
-1) K2 K3 k2 (s

-1) k-2 (s
-1) k3 (s

-1) k-3 (s
-1)

CTP

DanB-DanC (7.5( 2.3)� 104 0.5( 0.1 3.8( 1.3 36( 5 80( 12 13.2( 2 3.5( 0.5

DanB-DanC-dA(pA)19 (9.1( 3.0)� 103 3.1( 1.1 5.8( 1.9 190( 37 60( 12 10.0( 1.5 1.8( 0.3

DanB-DanC-dC(pC)19 (6.0( 2.0)� 103 4.0( 1.3 18.6( 6 300( 45 75( 11 13.0( 2.1 0.7( 0.1

DanB-DanC-dT(pa)19 (3.1( 1.0)� 103 6.4( 2.1 4.3( 1.4 380( 57 59( 9 9.0( 1.4 2.1( 0.4

GTP

DanB-DanC (1.7( 0.5)� 104 5.6( 1.8 5.5( 1.7 150( 23 27( 5 6.0( 0.9 1.1( 0.1

DanB-DanC-dA(pA)19 (9.3( 3.1)� 103 9.6( 0.7 5.1( 1.3 1200( 180 125( 19 5.6( 0.8 1.1( 0.1

DanB-DanC-dC(pC)19 (2.9( 0.9)� 104 2.0( 0.7 22.5( 7.1 180( 27 90( 14 18.0( 2.9 0.8( 0.1

DanB-DanC-dT(pT)19 (2.7( 0.8)� 104 2.5( 0.8 15.0( 5 130( 20 53( 8 10.5( 1.6 0.7( 0.1

aErrors are standard deviations determined using three or four independent experiments.
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complexes (Table 1). Nevertheless, K2 remains small, indicating
that CTP hydrolysis in the active site is accompanied by a small
change in free energy (see Discussion). The values of K3 are
significantly increased, as compared to that of the binaryDnaB-
DnaC complex, only in the case of dC(pC)19. The presence of the
nucleic acids dramatically increases the forward rate constant, k2,
of the CTP hydrolysis by the DnaB-DnaC complex. However,
the strong stimulatory effect of dA(pA)19 on the CTP hydrolysis
step, observed in the case of the DnaB helicase alone [companion
paper (DOI 10.1021/bi9000529)], is absent in the case of the
DnaB-DnaC complex. In fact, the values of k2 are higher for dC
(pC)19 and dT(pT)19 than for the homoadenosine, ssDNA
20-mer (Table 1). Also, the presence of the DNA has little effect
on the dynamics of the transition [(H-CDP 3Pi)1T (H-CDP 3Pi)2]
following the hydrolysis step.

In the case of the purine cofactor, GTP, the values of the
partial equilibrium constants, K1 and K2, for the tertiary

DnaB-DnaC-ssDNA complex remain similar to the values
observed for the binary DnaB-DnaC complex (Table 1). As a
result, there is a free energy change, accompanying the binding of
the purine cofactor to the tertiary complex, significantly larger
than that observed for the pyrimidine cofactor (see Discussion).
Also, unlike the case of the pyrimidine cofactor, the values of K3

are significantly increased, as compared to that of the DnaB-
DnaC complex in the absence of the nucleic acid, both for dC
(pC)19 and for dT(pT)19. However, the difference between CTP
and GTP is particularly striking in the effect of different nucleic
acids on the dynamics of the hydrolysis step. In the case of dA
(pA)19, the forward rate constant, k2, is increased by a factor
of∼8, as compared to that of the binary complex, reaching values
of ∼1200 s-1, while k2 remains little changed in the case of
dC(pC)19 and dT(pT)19 (Table 1). Thus, the strong stimulatory
effect of the homoadenosine oligomer on the hydrolysis step,
observed before for the DnaB helicase-dA(pA)19 complex

FIGURE 8: (a) Time course of CTP hydrolysis by a single, noninteracting site of theDnaBhelicase, engaged in the complexwith theDnaCprotein
(9), in single-turnover experiments, in buffer T4, in the presence of the ssDNA 20-mer, dA(pA)19. The total concentration of the cofactor was
1.9� 10-7M. The concentrations of the DnaB helicase and the DnaC protein were 7.0� 10-6M (hexamer) and 2.0� 10-5M, respectively. The
concentration of the ssDNA 20-mer was 6.5 � 10-5 M (oligomer). For the sake of comparison, the time course of CTP hydrolysis by a single,
noninteracting site of theDnaB helicase engaged in theDnaB-DnaC complex is included in the panel, obtained at the same cofactor and protein
concentrations (0). The solid line is a nonlinear, least-squares fit of the double-exponential function (eq 1) to the experimental curve.
(b) Dependence of the reciprocal of the relaxation time, 1/τ1, for the CTP hydrolysis by the single, noninteracting site of the DnaB helicase,
engaged in the tertiary DnaB-DnaC-ssDNA complex on the total concentration of the tertiary complex, expressed as the concentration of the
DnaB protomers. (c) Dependence of the reciprocal of the relaxation time, 1/τ2, for the CTP hydrolysis by the single, noninteracting site of the
DnaB helicase, engaged in the tertiary DnaB-DnaC-ssDNA complex, on the total concentration of the tertiary complex, expressed as
the concentration of the DnaB protomers. The error bars in panels b and c are standard deviations determined in three or four independent
experiments. (d) Dependence of the normalized, total, and individual relaxation amplitudes, AT (2),A1 (9), and A2 (0), of CTP hydrolysis by a
single, noninteracting site of the DnaB helicase, engaged in the tertiaryDnaB-DnaC-ssDNA complex on the total concentration of the tertiary
complex, which is expressed as the total concentration of the DnaB protomers. The solid lines in panels b-d are nonlinear least-squares fits
according to the three-step sequentialmechanism (eq 3). The rate constants, obtained fromthe fits of relaxation times, andamplitudes are included
in Table 1.



6758 Biochemistry, Vol. 48, No. 29, 2009 Roychowdhury et al.

[companion paper (DOI 10.1021/bi9000529)], is preserved for the
purine cofactor in the tertiary DnaB-DnaC-dA(pA)19 complex
(see Discussion). Nevertheless, only the presence of dC(pC)19
significantly affects the dynamics of the step following the
hydrolysis [(H-GDP 3Pi)1 T (H-GDP 3Pi)2], with the forward
rate constant, k3, increased by a factor of∼3, as compared to that
of the binary complex (see Discussion).

DISCUSSION

The ssDNA Affinity of the DnaB Helicase, Engaged in
theDnaB-DnaCComplex, Is Independent of the Structure
of the Phosphate Group of the Cofactor. A common rule in
interactions of a replicative helicase with the ssDNA is that the
enzyme acquires the high ssDNA affinity only in the presence of
NTP or the NTP nonhydrolyzable analogues (4-6, 58). The
DnaB helicase is not an exception to this rule. In the presence of
NTP nonhydrolyzable analogues, the affinity of the enzyme for
the ssDNA increases by∼3-4 orders ofmagnitude, as compared
to the ssDNA affinity in the absence of the cofactor (26, 35-38,
41-44). The effect of ADP ismuchmoremodest with the affinity
of the enzyme increased by only ∼1 order of magnitude. Never-
theless, in the E. coli cell, the DnaB helicase enters its physiolo-
gical activities associated with the replication factor, the DnaC
protein. A striking result obtained in this work is that the ssDNA
affinity of the total DNA-binding site and the strong DNA-
binding subsite of the helicase, engaged in the DnaB-DnaC
complex, is independent of the structure of the phosphate group
of the cofactor bound to the helicase and the replication factor
(Figures 1 and 2). In the presence of AMP-PNP or ADP, the
values of the obtained binding constants (K20∼ 2� 107M-1, and
K10 ∼ 2 � 107 M-1) are, within experimental accuracy, the same
and are similar to the values of the corresponding parameters
observed for the helicase alone in the presence of AMP-
PNP (35-37).

There are several major functional aspects of these results.
Recall that the binary DnaB-DnaC complex is the entity that
must recognize the ssDNA conformation at the replication
origin, oriC, and in the formation of the preprimosome (15-
18, 59). The obtained data show that the DnaB-DnaC complex
can efficiently recognize the single-stranded conformation of the
nucleic acid in a manner independent of the structure of the
phosphate group of the cofactor. Thus, the DnaC protein
eliminates, to a great extent, the dependence of the DnaB helicase
on the type of nucleotide cofactors for the association with
ssDNA. By the same token, the protein diminishes the compe-
titive effect of the negative allosteric effector, NDP, on the
interactions of the helicase with the ssDNA, while leaving the
positive allosteric effect of NTP unaffected. The DnaB helicase
alone is only a moderately processive enzyme in the dsDNA
unwinding reaction (60, 61). This is due to the increased
propensity of the helicase to dissociate from the nucleic acid
during NTP hydrolysis (60, 61). Because the replication of the
chromosomal DNA is a very processive reaction, this result
indicates that the processivity of the helicase must be controlled
by the interactions of the helicase with other protein ingredients
of the replication apparatus (6, 59). Elimination of the negative
allosteric effect of NDP on the enzyme-ssDNA affinity by the
DnaC protein indicates that DnaC can be one of those protein
factors.

On the other hand, the antagonistic allosteric effect of
NTP and NDP on the affinity of the enzyme for the ssDNA

conformation has been invoked as being intimately involved in
the mechanical translocation on the nucleic lattices and the
dsDNA unwinding reaction (4-6). This is because the switch
from NTP to NDP in the nucleotide-binding site of the helicase,
which increases the affinity of the enzyme alone for the ssDNA
conformation by∼3 ormore orders ofmagnitude, would provide
a large part of the free energy necessary to perform the required
mechanical translocation. However, recall that in this work, we
examine the DnaB-DnaC complex, which contains six DnaC
molecules (19). The observed effect of the DnaC protein on the
ssDNA affinity in the presence of nucleoside tri- versus dipho-
sphate strongly suggests that, when six DnaC molecules are
associated with the helicase, the tertiary DnaB-DnaC-ssDNA
complex will have an increased efficiency of ssDNA recognition
but a diminished efficiency of mechanical translocation and
dsDNA unwinding processes (see below).
The Nucleotide-Binding Site of the DnaC Protein Pro-

vides Additional Control of the ssDNA Affinity of the
Helicase in the DnaB-DnaC Complex. Because the DnaC
protein binds only adenosine nucleotides, in the presence of
GDP, only the DnaB helicase is associated with the nucleotide
cofactor (30-32), yet the ssDNA affinities of the total DNA-
binding site and the strong DNA-binding subsite of the enzyme,
engaged in the DnaB-DnaC complex, are higher by 1 order of
magnitude, in the presence of GDP, as compared to that of the
binary complex in which both protein components are saturated
with AMP-PNP or ADP (Figure 4a). Recall that the DnaC
protein exists in equilibrium between two conformational states,
with only one state capable of binding nucleotides (30-32).
DnaB helicase preferentially stabilizes the DnaC conformation,
which does not bind ADP, particularly, in the presence of the
ssDNA [companion paper (DOI 10.1021/bi900050x)]. Thus, in
the presence of GDP, the DnaC protein in the tertiary complex is
predominantly in the conformational state that does not bind
cofactors. The data obtained in this work indicate that, in this
state, theDnaC protein acts as a positive allosteric effector on the
ssDNA affinity of the helicase, both for the total DNA-binding
site and for the strong DNA-binding subsite of the enzyme.
The DnaC Protein Strongly and Differently Affects the

Structure of the DNA Associated with the Total DNA-
Binding Site of the DnaB Helicase in the DnaB-DnaC
Complex, in the Presence of an ATP Nonhydrolyzable
Analogue, As Compared to ADP. Another startling result
is the dramatic effect of the DnaC protein on the structure of
the ssDNA associated with the DnaB helicase in the DnaB-
DnaC complex. In the presence of AMP-PNP, binding of the
DnaB helicase to the ethenoadenosine 20-mer, dεA(pεA)19,
induces an ∼2.6-fold increase in nucleic acid fluorescence [com-
panion paper (DOI 10.1021/bi9000529)] (35-38, 44). Under the
same solution conditions, binding of the DnaB-DnaC complex
induces a much larger, ∼6-fold, increase in 20-mer fluorescence
(Figure 1a). As we pointed out in a companion paper (DOI
10.1021/bi9000529), the fluorescence of ethenoadenosine is
strongly quenched in etheno oligomers, as compared to that of
free εAMP (45-48). A dynamic model, in which the motion of
adjacent ethenoadenosines leads to quenching via intramolecular
collision, has been proposed as the quenching mechanism (47).
Thus, structural separation of the bases and/or increased visco-
sity of the environment lead to a decreased base mobility and a
diminished fluorescence quenching.

Because at the applied excitation wavelength (320 nm)
only ethenoadenosines are excited, the observed increase in the
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emission intensity of dεA(pεA)19 must result from an increase in
the quantum yield of the nucleic acid in the complex with the
DnaB-DnaC complex. Therefore, the dramatic increase in the
fluorescence emission of dεA(pεA)19, upon binding to theDnaB-
DnaC complex in the presence of AMP-PNP, indicates a sig-
nificant increase in the degree of restriction of the base mobility
and/or separation of the adjacent bases of the nucleic acid in the
tertiary complex. An even larger effect is observed in the presence
of ADP, where the fluorescence emission of dεA(pεA)19 is
increased ∼12-fold, i.e., twice as much as observed in the case
of the ATP analogue. The simplest interpretation of this result is
that the same structural changes of the nucleic acid, responsible
for the observed fluorescence increase of dεA(pεA)19, are induced
in the presence AMP-PNP andADP.However, in the presence of
ADP, the total DNA-binding site of the helicase in the DnaB-
DnaC complex becomes engaged in interactions with the nucleic
acid; i.e., both the strong andweakDNA-binding subsites interact
in a similar fashion with the ssDNA and undergo a similar
structural transition.Notice that theDnaCprotein is bound to the
large 33 kDa domain of each of the DnaB subunits where the
weak DNA-binding site is located (19). The data strongly suggest
that the DnaC exerts a specific effect on the weak DNA-binding
subsite, through the structural changes of the large 33 kDa
domain [companion paper (DOI 10.1021/bi900050x)].

On the other hand, in the presence of AMP-PNP, the strong
DNA-binding subsite predominantly interacts with the ssDNA
(22, 24, 25, 37, 38, 44). Thus, only half of the 20-mer, ∼10
nucleotides, is occluded by the strong DNA-binding subsite and
undergoes a major structural transition, i.e., an increase in base
separation and/or a decrease in base mobility (45-48). The
remaining half of the bound 20-mer would only weakly interact
with the weakDNA-binding subsite of the enzyme, which does not
induce any significant conformational changes in the bound
DNA (62). As a result, an ∼2-fold lower relative fluorescence
increase for the nucleic acid should be observed, as compared to
that in the presence of ADP, as experimentally observed. The
tertiary DnaB-DnaC-ssDNA complexes, in the presence of
AMP-PNP or ADP, indicated with a different engagement of
the ssDNA in the interactions with the total ssDNA-binding site,
are schematically shown in Figure 9.

The DnaC Protein Strongly Affects the Structure of
the DNAAssociated with the StrongDNA-Binding Subsite
of the DnaB Helicase in the DnaB-DnaC Complex, in
a Manner Independent of the Structure of the Phosphate
Group of the Nucleotide Cofactor. The behavior of the
ssDNA 10-mer, dεA(pεA)9, associated with the DnaB-DnaC
complex is different from the behavior of the 20-mer discussed
above. Recall that the 10-mer binds exclusively to the strong
DNA-binding subsite of the DnaB helicase (44). Similarly, ∼10-
and ∼11-fold increases in 10-mer fluorescence are observed in
the presence of AMP-PNP and ADP, respectively (Figure 3c).
First, these data indicate that the structure of the ssDNA, bound
to the strong DNA-binding subsite of the helicase, engaged in
the DnaB-DnaC complex, is very different from the analogous
structure of the nucleic acid in the complex with the helicase
alone, where an only ∼2-fold increase in the etheno deri-
vative fluorescence is observed (26). As discussed above, the
data on the binding of the DnaB-DnaC complex to the
20-mer in the presence of AMP-PNP strongly suggest that
the DnaC exerts a specific effect on the weak DNA-
binding subsite. However, the results on the 10-mer binding
indicate that the bound DnaC protein specifically affects
the entire total DNA-binding site, possibly eliminating the
functional distinction between the subsites in the presence
of ADP.

Second, the seemingly different behavior of the bound 10-mer,
as compared to the 20-mer, which engages the total DNA-
binding site, corroborates the conclusions reached in the previous
section (see above). In the presence of bothAMP-PNP andADP,
the same conformational state of the bound nucleic acid in the
strong DNA-binding subsite is induced in the DnaB-DnaC
complex. The 10-mer is completely engaged in interactions with
the helicase in the strong DNA-binding subsite, and this con-
formational state is characterized by∼11-fold increase in 10-mer
fluorescence (see above). On the other hand, in the presence of
AMP-PNP, the 10-mer is too short to engage the weak DNA-
binding subsite. As a result, the fluorescence increase of the
10-mer is similar in the presence of both AMP-PNP and ADP
and is very similar to the fluorescence increase of the 20-mer, fully
engaged in interactions with the total DNA-binding site of the

FIGURE 9: Schematic representation of engagement of ssDNA in interactionswith the total DNA-binding site of theDnaBhelicase in the tertiary
DnaB-DnaC-ssDNA complex in the presence ofAMP-PNP andADP.The total ssDNA-binding site occludes∼20 nucleotides of theDNA. In
the presence ofAMP-PNP (A), the nucleic acid in the tertiary complex predominantly engages the strongDNA-binding subsite, which is located in
the vicinity of the 12 kDa domain and occludes∼10 nucleotides the 50 end of the bound nucleic acid. In the presence of ADP (B), the nucleic acid
engages both the strong and weakDNA-binding subsites, located in the 33 kDa domain of the helicase, to which theDnaC protein is bound. The
green and yellow ovals indicate the location of the NTP-binding site saturated with NTP and ADP, respectively.
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helicase in the DnaB-DnaC complex, in the presence of ADP, as
experimentally observed.
The Single, Noninteracting Site on the DnaBHelicase in

the Binary DnaB-DnaC Complex Hydrolyzes NTP with
the Same Kinetic Mechanism as the DnaB Helicase Alone,
in a Manner Independent of the Type of Base of the
Nucleotide Cofactor. Analyses of the single-turnover experi-
ments of the CTP and GTP hydrolyses by the binary DnaB-
DnaC complex using the relaxation kinetics method have been
based on the same principles that were discussed for the DnaB
helicase alone in a companion paper (DOI 10.1021/bi9000529).
The total amplitude of the kinetic curves of the NTP binding and
hydrolysis by the binary complex is significantly lower than
100% of the total available concentrations of the cofactors,
indicating that in the time range of the single-turnover experi-
ments, the entire relaxation process can be treated as a reversible
reaction (25). The absence of a time lag provides a strong clue that
at least two intermediates containing the product of the reaction,
NDP, are experimentally observed (25). All kinetic curves
required the double-exponential function to represent the time
course of the reaction. Consequently, the kinetic mechanism of
the NTP hydrolysis by a single, noninteracting site on the DnaB
helicase, engaged in the DnaB-DnaC complex, is a three-step
sequential process, described by eq 3, as determined for the
helicase alone [companion paper (DOI 10.1021/bi9000529)].
Moreover, the mechanism is independent of the type of the base
of the nucleotide cofactor, and its sequential nature indicates that
the binary complex is predominantly in a single conformational
state prior to nucleotide binding [companion paper (DOI
10.1021/bi9000529)]. Therefore, the DnaC protein does not
change the major features of the mechanism of the NTP
hydrolysis by the helicase but rather modulates them (see below).
The Binary DnaB-DnaC Complex Has a Diminished

Rate of Chemical NTP Hydrolysis, Which Deepens the
Difference between the Rate of Hydrolysis of the Purine
andThat of the Pyrimidine Cofactor, As Compared to That
of the Helicase Alone. Unlike the DnaB helicase alone [com-
panion paper (DOI 10.1021/bi9000529)], the binary DnaB-
DnaC complex has a higher affinity for the pyrimidine cofactor,
CTP, than forGTP (Table 1).Nevertheless, the affinity difference
is compensated by a drop of more than 1 order of magnitude in
the value of the partial equilibrium constant, K2, as compared to
that of the helicase alone, in the case of CTP, whileK2, in the case
of GTP, remains similar to the value obtained for the enzyme
alone. The diminished value of K2 for CTP results from a
decrease in the forward rate constant, k2, from ∼83 s-1 in the
case of the enzyme alone to ∼36 s-1 for the DnaB-DnaC
complex and a strongly increased backward rate constant, k-2,
from ∼9.9 s-1, characterizing the free helicase, to ∼80 s-1,
characterizing the binary complex. Analogous values for the
purine cofactor, GTP, are k2 ∼ 220 s-1 and k-2 ∼ 21 s-1 for the
enzyme alone and k2∼ 150 s-1 and k-2∼ 27 s-1 for the enzyme in
the binary complex (Table 1). Thus, the DnaB-DnaC complex
hydrolyzes NTPs, particularly the pyrimidine cofactor, at a
significantly slower rate than the helicase alone. Moreover, in a
manner independent of any kinetic model, the efficiency of the
hydrolysis by the binary complex is clearly diminished, as already
shown by the much lower total amplitude of all kinetic curves, as
compared to the free enzyme (Figures 6a and 7a). Recall that the
binary complex is the entity that recognizes the origin of
replication, oriC, and the preprimosome complex (15-18). Thus,
prior to these processes involving the binary complex, the

intrinsic NTPase activity of the helicase is diminished by the
DnaC protein. Furthermore, the dynamics of the global con-
formational changes, controlled by the NTP-NDP switch in the
nucleotide-binding site of the helicase, already observed for the
analogous RepA hexameric helicase, will be significantly slower
in the case of the binary complex, particularly for the pyrimidine
cofactors, as compared to the helicase alone, indicating that the
role of the DnaC is to preferentially select the state of the DnaB
helicase with less dynamic flexibility, necessary for the ssDNA
recognition, but less efficient in the free energy transduction (see
below) (27).
In the Tertiary Complex, the ssDNA Reverses Most of

the DnaC Effect on the NTPase Activity of the DnaB
Helicase Observed in the Binary Complex and Dramati-
cally Changes the Internal Energetics between Intermedi-
ates, Particularly, for the Pyrimidine Cofactor, As
Compared to the Helicase Alone. The kinetic mechanism
(eq 3) of NTP hydrolysis is preserved in the tertiary DnaB-
DnaC-ssDNA complex. Surprisingly, the affinity of the tertiary
DnaB-DnaC-ssDNA complex for the pyrimidine cofactor is
lower by ∼1 order of magnitude, as compared to that of the
binary DnaB-DnaC complex, for all examined ssDNA oligo-
mers (Table 1). The affinity is also significantly lower than that
observed for the helicase alone [companion paper (DOI 10.1021/
bi9000529)]. This is, in part, compensated by the strong increase
in the partial equilibrium constant,K2, as compared to that of the
binary complex. Thus, the presence of the nucleic acid in the
tertiary complex reverses most of the effect of the DnaC protein
observed in the binary complex.Moreover, the striking difference
between the effect of dA(pA)19 and the effect of dC(pC)19 and dT
(pT)19 on the hydrolysis step [H-NTPT (H-NDP 3Pi)1] observed
for the enzyme alone is missing. In fact, in the presence of the
adenosine homo-oligomer, forward rate constant k2 ∼ 190 s-1,
while in the presence of dT(pT)19, k2 ∼ 380 s-1 (Table 1). The
corresponding parameters for the free enzyme are as follows: k2∼
400 s-1, and k2 ∼ 114 s-1, respectively [companion paper (DOI
10.1021/bi9000529)]. In the case of the purine cofactor, GTP, the
presence of the nucleic acid has an only modest effect on the
partial equilibrium constant, K1. Although the specific stimula-
tory effect of dA(pA)19 on the GTP hydrolysis step is clearly
present, the effect ismuch less pronounced than that observed for
the enzyme alone (Table 1).

Both the binary and the tertiary complexes can contain a
different number of bound DnaC molecules (19). Nevertheless,
the complex containing six DnaC molecules dominates the
population of the complex in the concentration range of the
DnaC protein in vivo (19).While the AT-rich regions of oriC will
dramatically increase the NTP hydrolysis rate of the bound
DnaB helicase alone [companion paper (DOI 10.1021/
bi9000529)], the DnaC protein, bound to the enzyme, will act
antagonistically to diminish the NTPase activity of the helicase,
in terms of both the rate of the process and its efficiency, through
changes in the helicase affinity for the nucleotide cofactors and
their type, and through changes of the stimulatory effect of the
homoadenosine sequences (62, 63). The physiological role of such
control exerted on the helicase is still unknown. Nevertheless, the
data indicate that in the elongation steps of the DNA replication,
the tertiary complex will have different rates of mechanical
translocation, depending on the type of bound cofactor and
the DNA sequence, similar to the case of the DnaB helicase
alone (60, 61). However, the behavior of the tertiary complex will
be different from the analogous behavior of the helicase in the
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absence of the DnaC protein. The helicase alone will accelerate
on sequences containing large fractions of adenosines and slows
on sequences containing cytidines or thymines in the presence of
any nucleotide cofactor (60, 61). The DnaB-DnaC complex will
be faster on sequences containing cytidines or thymines in the
presence of the pyrimidine cofactor and will accelerate on
sequences containing adenosines, but only in the presence of a
purine cofactor.
The Tertiary DnaB-DnaC-ssDNA Complex Has a

Diminished Free Energy Transduction Capability, As
Compared to That of the DnaB Helicase Alone. As pre-
viously mentioned [companion paper (DOI 10.1021/bi9000529)],
one of the fundamental properties of a motor protein is that the
free energy of NTP hydrolysis in the active site must be
significantly lower than the free energy of hydrolysis of free
NTP, i.e., ΔGNTP� ∼ -7.5 kcal/mol, to achieve the required
efficiency of the accumulation of energy in the complex (55-57,
65). In the case of the tertiary complex, the average change in the
free energy of the NTP hydrolysis in the active site (ΔG2�)
approaches -0.9 kcal/mol (20 �C), both for CTP and for GTP
(Table 1). Thus, the tertiary complex fulfills one of the funda-
mental energetic conditions of a motor protein. The value of the
partial equilibrium constant, K1, which characterizes the binding
of the nucleoside triphosphates to the tertiary complex, is
surprisingly low (Table 1). However, the very fast and efficient
dsDNA unwinding reaction, catalyzed by the DnaB helicase
alone, strongly suggests that the ADP affinity for the nucleotide-
binding site of the DnaB helicase during NTP hydrolysis is much
lower, if at all, than that observed in the stationary complex
[companion paper (DOI 10.1021/bi9000529)] (60, 61). The same
should be true for the tertiary complex, if engaged in the same
unwinding reaction.

Taking the above considerations into account, we find the
average free energy change accompanying theCTPbinding to the
DnaB-DnaC-ssDNA complex (20 �C) is then (ΔGCTP)1� ≈
-5.1 kcal/mol (Table 1). The following CTP hydrolysis con-
tributes ΔG2� ≈ -0.9 kcal/mol, and the subsequent conforma-
tional transition releases ΔG3� ≈ -1.3 kcal/mol. Therefore, the
total amount of free energy released in the CTP binding and
hydrolysis by the tertiary complex is ΔGT� ≈ -7.3 kcal/mol, i.e.,
less than ΔGNTP� ≈ - 7.5 kcal/mol, of the free nucleotide
hydrolysis. Therefore, these data strongly suggest that the tertiary
complex, containing six DnaC protein molecules, does not
accumulate enough free energy to performan efficient free energy
transduction in the presence of the pyrimidine cofactor, CTP.
Analogous calculations, using the data for GTP binding and
hydrolysis (Table 1), provide ΔGT� ≈ -8.3 kcal/mol, indicating
that the complex stores approximately -0.8 kcal/mol of the free
energy of the GTP binding and hydrolysis. Although the DnaB
helicase unwinds only a single base pair in a single catalytic event,
the value of approximately -0.8 kcal/mol is still not enough
to unwind a single base pair of the dsDNA, which requires
∼2-2.5 kcal/mol (66). The approximate nature of these calcula-
tions is unavoidable. Nevertheless, they suggest that a capability
free energy transduction by the tertiary complex could exist in the
presence of the purine cofactor.

The results indicate that the tertiary DnaB-DnaC-ssDNA
complex containing six DnaC protein molecules has a much
weaker, if any, free energy transduction capability than theDnaB
helicase alone, particularly in the presence of the pyrimidine
cofactor [companion paper (DOI 10.1021/bi9000529)]. Free
energy transduction should not be necessary for binding to the

oriC or the preprimosome assembly by the DnaB-DnaC com-
plex, as these are recognition processes. Nevertheless, recall that
the excess of the DnaC protein inhibits the dsDNAunwinding by
the DnaB helicase, which can occur only if tertiary complexes
other than the one containing six DnaC molecules participate in
the catalysis (64, 65). Moreover, the NTP hydrolysis analyses of
the tertiary DnaB-DnaC-ssDNA complex corroborate very
well the thermodynamic analyses of the same stationary complex
[(DOI 10.1021/bi900050x)], which already strongly suggest that
the tertiary complex, with six bound DnaC molecules, is not the
major tertiary complex involved in the unwinding reaction.
Rather, the examined tertiary complex, containing six DnaC
molecules, seems to be a part of the transient, control system of
the helicase activity and/or involved in the molecular pump
activity of the DnaB helicase (7, 11, 67). The functional studies
of DnaB-DnaC complexes, containing different numbers of
bound DnaC molecules, are currently being addressed in our
laboratory.
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