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ABSTRACT: Interactions of theEscherichia coliPriA helicase with nucleotide cofactors have been studied
using the fluorescence titration and analytical ultracentrifugation techniques. Binding of unmodified
cofactors was characterized by the fluorescence competition titration method. The obtained data establish
that at saturation the PriA helicase binds two nucleotide molecules per protein monomer. This result
corroborates with the primary structure of the protein, which contains sequence motifs implicated as putative
nucleotide-binding sites. The intrinsic affinities of the binding sites differ by 2-4 orders of magnitude.
Thus, the PriA helicase has a strong and a weak nucleotide-binding site. The binding sites differ dramatically
in their properties. The strong site is highly specific for adenosine cofactors, while the weak site shows
very modest base specificity. The affinities of the strong and weak binding sites for ATP are lower than
the affinities for ADP, although both sites have similar affinity for the inorganic phosphate group. Unlike
the weak site, the affinity of the strong site profoundly depends on the structure of the phosphate group
of the ATP cofactor. Binding of unmodified nucleotides indicates the presence of positive cooperative
interactions between bound cofactors (i.e., the existence of communication between the two sites).
Magnesium cations are specifically involved in controlling the cofactor affinity for the strong site, while
the affinity of the weak site is predominantly determined by interactions between the phosphate group
and ribose regions of the cofactor and the protein matrix. The significance of these results for the activities
of the PriA helicase is discussed.

The Escherichia coliprimosome is a multi-protein com-
plex that catalyzes the priming of the DNA during the
replication process (1-14). Two helicases in theE. coli cell,
DnaB and PriA proteins, are involved in the functioning of
the primosome, and both enzymes participate in propelling
the translocation of the primosome along DNA during
synthesis of short oligoribonucleotide primers, which are used
to initiate synthesis of the complementary strand. The PriA
protein also plays a fundamental role in the ordered assembly
of the primosome (1, 4, 11, 12). Moreover, the enzyme is
involved in recombination and repair processes in theE. coli
cell (1-18).

The PriA protein displays multiple activities that reflect
complex interactions of the enzyme with different ingredients
of the primosome and the replication fork, including protein-
protein and protein-DNA interactions (1, 2, 4, 15-20).
These activities include ATPase and dATPase activities
strongly stimulated by a specific DNA fragment termed the
primosome assembly site (PAS)1 (1, 2, 4, 7, 9, 19, 20),
nonspecific binding to the ssDNA and specific strong binding
to the PAS-DNA sequence (7-10, 21, 22), and 3′ f 5′

helicase activity that can be specifically stimulated by PAS
(11, 12). The native protein is a monomer with a molecular
weight of 81.7 kDa, and the monomer is the predominant
form of the protein in solution (7-9, 21, 22).

In vivo functions of the PriA protein as a helicase are
related to the ability of the enzyme to interact with both ss
and dsDNA in the duplex DNA unwinding reaction, which
is fueled by the hydrolysis of nucleoside triphosphates
(NTPs) (3, 7, 11-21). A helicase performs a complex free-
energy transduction process, where the binding and/or
hydrolysis of NTPs regulate enzyme activity and affinity
toward different conformations of the DNA (3, 23-25).
Surprisingly, although the importance of interactions of the
PriA helicase with nucleotide cofactors has been recognized,
the nature of these interactions remains completely obscure.
Such fundamental aspects of PriA-cofactor interactions such
as the number of nucleotide-binding sites; intrinsic affinities
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of ATP, ADP, and inorganic phosphate; possible cooperative
interactions among the binding sites; base specificity of the
site(s); and effect of solution conditions, including salt and
magnesium, on intrinsic and cooperative interactions have
never been addressed. Elucidation of nucleotide interactions
with the PriA helicase is of paramount importance for our
understanding of the activities of the enzyme including the
translocation of the helicase on the DNA lattice, duplex DNA
unwinding, formation and translocation of the primosome,
and the involvement of the enzyme in the restarting of stalled
replication forks (1-4, 17-20).

In this paper, we report extensive and quantitative analyses
of the interactions of the PriA helicase with nucleotide
cofactors. This is the first determination of the energetics
and stoichiometry of the nucleotide binding to the enzyme.
We present direct evidence that the PriA helicase has two
nucleotide-binding sites that can engage in interactions with
the cofactors and have dramatically different properties. The
intrinsic affinities of the sites differ by 2-4 orders of
magnitude. The strong binding site is highly specific for
adenosine cofactors, while the weak site shows only modest
base specificity. Nevertheless, the presence of positive
cooperative interactions between bound cofactors indicates
complex communication between the sites. Mg2+ cations are
specifically involved in controlling the cofactor affinity for
the strong nucleotide-binding site of the enzyme.

MATERIALS AND METHODS

Reagents and Buffers.All solutions were made with
distilled and deionized>18 MΩ (Milli-Q Plus) water. All
chemicals were reagent grade. Buffer C is 10 mM sodium
cacodylate adjusted to pH 7.0 with HCl, 1 mM DTT, and
25% glycerol. Selection of 25% glycerol in the buffer results
from the fact that the PriA protein stability is significantly
increased at higher glycerol concentration (21, 22). Tem-
peratures and concentrations of salts in the buffer are
indicated in the text.

PriA Protein. TheE. coli PriA protein has been isolated
and purified as we described before (21, 22). The enzyme
was>98% pure as judged by polyacrylamide electrophoresis
with Coomassie Brilliant Blue staining. The concentration
of the protein was spectrophotometrically determined, with
an extinction coefficientε280 ) 1.06 × 105 cm-1 M-1

(monomer), determined using an approach based on the
Edeldoch method (21, 22, 26-29).

Nucleotides. TNP-ATP and TNP-ADP were from Molec-
ular Probes (Eugene, OR) (30). ATP was from CalBiochem;
ADP, GDP, CDP, and TDP were from Sigma (St. Louis,
MO). All nucleotides used in the binding studies were>95%
pure as judged by TLC on silica (28, 30).

Fluorescence Measurements.All steady-state fluorescence
titrations were performed using the Fluorolog F-11 spec-
trofluorometer (Jobin Yvon). To avoid possible artifacts, due
to the fluorescence anisotropy of the sample, polarizers were
placed in excitation and emission channels and set at 90°
and 55° (magic angle), respectively (21, 22, 31-33). The
cofactor binding was followed by monitoring the PriA protein
fluorescence (λex ) 300 nm,λem ) 340 nm). Computer fits
were performed using Mathematica (Wolfram, IL) and
KaleidaGraph (Synergy Software, PA). All titration points
were corrected for dilution and inner filter effects using the

following formula (28, 34, 35):

whereFicor is the corrected value of the fluorescence intensity
at a given point of titration;Fi is the experimentally measured
fluorescence intensity;Bi is the background;Vi is the volume
of the sample at a given titration point;Vo is the initial
volume of the sample;b is the total length of the optical
path of the sample expressed in cm; andAiλex andAiλem are
the absorbances of the sample at excitation and emission
wavelengths, respectively (34, 35). The relative fluorescence
quenching,∆Fobs, of the PriA protein emission upon binding
of a nucleotide cofactor is defined as∆Fobs ) (Fo - Ficor)/
Fo, whereFi is the fluorescence of the protein at a given
titration point, andFo is the initial value of the fluorescence
of the sample (21, 22, 31-33).

QuantitatiVe Examination of the PriA Helicase-TNP-ADP
and -TNP-ATP Binding Isotherms. In this work, we fol-
lowed the binding of TNP-modified nucleotide cofactors to
the PriA helicase by monitoring the quenching,∆Fobs, of
the protein emission. Quantitative method for quantitatively
estimating the total average degree of binding (ΣΘi; number
of nucleotide molecules bound per PriA monomer) and the
free nucleotide concentration (NF) has been previously
described in detail by us (31-33, 35, 36). Briefly, the
experimentally observed∆Fobshas a contribution from each
of the different possible “i” complexes of the PriA protein
with the cofactor. Thus, the observed fluorescence quenching
is functionally related toΣΘi by

where∆Fimax is the molecular parameter characterizing the
molar fluorescence quenching of the PriA helicase with the
nucleotide cofactor bound in complexi. The same value of
∆Fobsobtained at two different total helicase concentrations,
PT1 andPT2, indicates the same physical state of the protein,
i.e., the degree of binding,ΣΘi, and the free nucleotide
concentration (NF) must be the same. The values ofΣΘi and
NF are then related to the total nucleotide concentrations (NT1

andNT2) and the total protein concentrations (PT1 and PT2)
at the same value of∆Fobs by

wherex ) 1 or 2 (31-33, 35, 36).
Analytical Ultracentrifugation Measurements. Sedimenta-

tion velocity experiments were performed with an Optima
XL-A analytical ultracentrifuge (Beckman Inc., Palo Alto,
CA) using double-sector charcoal-filled 12 mm centerpieces
as described before (37-39). Sedimentation velocity scans
of the TNP-ADP-PriA sample were collected at the absorp-
tion band of the TNP moiety (445 nm).

RESULTS

Maximum Stoichiometry of the PriA Helicase-Nucleotide
Cofactor Complex. Formation of the complex between the

Ficor
) (Fi - Bi)(Vi

Vo
)100.5b(Aiλex+Aiλem) (1)

∆Fobs) ΣΘi∆Fimax
(2)

ΣΘi )
NT2 - NT1

PT2 - PT1
(3a)

NF ) NTx - (ΣΘi)PTx (3b)
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unmodified nucleotide cofactors and the PriA helicase is not
accompanied by a change of the protein fluorescence that is
adequate to perform quantitative analysis of the binding
process (data not shown). However, we found that binding
of nucleotide analogues, TNP-ATP and TNP-ADP, where
the TNP moiety has an absorbance band that overlaps with
the tryptophan emission spectrum of the PriA protein, is
accompanied by a strong quenching of the protein fluores-
cence, which provides the required signal to monitor the
complex association process (28, 35, 40). Fluorescence
titrations of the PriA protein with TNP-ADP, at two different
protein concentrations, in buffer C (pH 7.0, 20°C), contain-
ing 20 mM NaCl and 5 mM MgCl2 are shown in Figure 1a.
The maximum quenching of the protein fluorescence at
saturation is 0.75( 0.1. The large error in the determined
maximum quenching value results from the fact that we could
not reach the complete plateau at saturation, due to the
precipitation of the helicase-cofactor complex, which occurs
at very high TNP-ADP concentrations (Figure 1a) (see
below).

A striking feature of the spectroscopic titration curves in
Figure 1a is the clear presence of two binding phases; the
high- and low-affinity binding phase. This is particularly

noticeable for the titration performed at low protein con-
centration, where the total concentration of TNP-ADP, [TNP-
ADP]Total, approaches the concentration of the free cofactor,
[TNP-ADP]Free(28, 35,36, 41). The same two binding phases
are even more pronounced in the case of the PriA-ssDNA
complex (64). The plot indicates that the intermediate plateau
of the titration curve is characterized by a relative quenching
of the protein fluorescence of∼0.20( 0.03; thus, saturation
of the high-affinity phase induces an∼20% quenching of
the protein fluorescence. On the other hand, the low affinity
phase is characterized by an additional protein fluorescence
quenching of∼0.55 ( 0.08. Notice, the heterogeneity of
the binding process is also clearly evident from the fact that
the titration curve at low protein concentration extends over
more than 2 orders of magnitude of [TNP-ADP] (Figure 1a)
(28, 35, 36).

The selected protein concentration provides separation of
the binding isotherms up to a quenching value of∼0.14. To
quantitatively obtain the total average degree of binding,ΣΘi,
within the high-affinity phase, the fluorescence titration
curves, shown in Figure 1a have been analyzed using the
method outlined in Materials and Methods (28, 35, 36). The
dependence of the observed relative fluorescence quenching,
∆Fobs, upon the total average degree of binding,ΣΘi, of TNP-
ADP on the PriA helicase is shown in Figure 1b. The plot
is, within the experimental accuracy, linear. The separation
of the titration curves allows us to obtain the values ofΣΘi

up to∼0.6 TNP-ADP molecules per PriA monomer. Short
extrapolation to the value of the quenching in the high-
affinity binding phase,∆F1 ) 0.20 ( 0.03, provides the
stoichiometry of the complex as 0.9( 0.1. Therefore, the
obtained data show that, in the high-affinity phase, the PriA
monomer binds one molecule of TNP-ADP.

Examination of the low-affinity phase in the same way as
the high-affinity phase would require significantly higher
protein concentrations to obtain adequate separation of the
spectroscopic titration curves (28, 35, 36). However, as
pointed out above, such studies are hindered by the precipita-
tion of the protein-cofactor complex at high [PriA] and high
[TNP-ADP]. Therefore, the stoichiometry of the PriA-TNP-
ADP complex in the low-affinity phase, and by the same
token the maximum stoichiometry of the helicase-nucleotide
cofactor complex, has been examined using an independent
sedimentation velocity approach, as described previously
(37-39). The TNP-ADP analogue has absorption bands
between∼400 and 500 nm, allowing us to monitor the
sedimentation of the cofactor and its complex with the
helicase without any interference from the protein absorption.
The experiments were performed at an elevated salt con-
centration to avoid any precipitation of the sample (see
below).

Sedimentation velocity scans of TNP-ADP (monitored at
445 nm) in the presence of the PriA helicase are shown in
Figure 2. The total concentration of the PriA protein and
TNP-ADP are 5.3× 10-6 M and 7.3× 10-5 M, respectively.
Fluorescence titration curves and the salt effect on the
nucleotide binding to the helicase, discussed below, indicate
that in these solution conditions and at the selected total
concentrations of the nucleotide and the helicase, [TNP-
ADP]T and [PriA]T, we should observe∼80% saturation of
the PriA protein with the cofactor. The fast moving boundary
in Figure 2 corresponds to the TNP-ADP-PriA complex

FIGURE 1: (a) Fluorescence titrations of the PriA protein with TNP-
ADP in buffer C (pH 7.0, 20°C) containing 20 mM NaCl and 5
mM MgCl2 at different enzyme concentrations: (9) 1.0 × 10-6

M; (0) 6.2 × 10-6 M. The solid lines are nonlinear least-squares
fits of the titration curves, according to the model of two different,
discrete, and cooperative binding sites (eqs 4-6) using a single
set of binding parameters:K1 ) 1.5 × 106 M-1, K2 ) 1.9 × 104

M-1, σ ) 1, ∆F1 ) 0.2, and∆F2 ) 0.55. (b) Dependence of the
relative fluorescence quenching,∆Fobs, upon the average degree
of binding of TNP-ADP on the PriA helicase,ΣΘi, in the high-
affinity binding phase (9). The values ofΣΘi have been determined
using the quantitative method described in Materials and Methods.
The solid line follows the experimental points and does not have a
theoretical basis. The dashed line is an extrapolation ofΣΘi to the
value of∆Fobscorresponding to the intermediate plateau of the high-
affinity binding phase (- - -).
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(37). The slow moving boundary corresponds to the sedi-
mentation of the free TNP-ADP. At the applied rotational
speed of 30 000 rpm, the sedimentation boundary of the free
TNP-ADP only slightly moves from the meniscus. From the
total absorption of the initial scans (T), that corresponds to
the total concentration of TNP-ADP, and the absorption of
the slow moving boundary (F), one can directly calculate
the absorption of the TNP-ADP bound to the helicase, asC
) T - F. Thus, the concentration of the cofactor bound to
the PriA protein is (C/T) × [TNP-ADP]T (i.e., a fraction of
the total cofactor concentration). The determined total
average degree of binding is thenΣΘi ) [(C/T) × [TNP-
ADP]T)/[PriA]T] ) 1.7 ( 0.2, which constitutes (85( 12)
% of the maximum saturation, in excellent agreement with
the fluorescence titration data. Thus, the obtained results
indicate that one additional molecule of nucleotide cofactor
binds to the PriA helicase in the low-affinity binding phase.
In other words, these data establish that, at saturation, the
PriA helicase binds two nucleotide molecules.

Heterogeneity in Macroscopic Affinities of the Nucleotide-
Binding Sites of the PriA Helicase. As mentioned above, a
characteristic feature of the fluorescence titration curve at
low PriA concentration, where the [TNP-ADP]Total is close
to the [TNP-ADP]Free, is that the titration curves extend over
more than 2 orders of magnitude of the nucleotide concentra-
tion (i.e., between∼10% and∼90% of the total observed
fluorescence change) (28, 35, 36). If the two nucleotide-
binding sites of the PriA helicase had the same affinity for
the cofactor, then the free cofactor concentration cannot span
more than 2 orders of magnitude between 10% and∼90%
of the entire binding process (35, 36, 41). In other words, a
binding system of two discrete binding sites, without
heterogeneity in their intrinsic affinities, cannot generate such
behavior. Therefore, these results unambiguously show that
the macroscopic affinities of the nucleotide cofactors for the
PriA helicase are a decreasing function of the total degree
of binding, ΣΘi (see the Discussion).

Statistical Thermodynamic Model for the Nucleotide
Cofactor Binding to the PriA Helicase. The thermodynamic
data described above show that the PriA helicase binds two
nucleotide molecules and that the binding is characterized
by a strongly decreasing macroscopic affinity with the
increase of the total average degree of binding. Because of
the heterogeneous structure of a protein molecule, even at
the primary structure level, the two nucleotide-binding sites
must be not only energetically but also structurally different
(see the Discussion). Therefore, the simplest statistical
thermodynamic model (i.e., the model containing the fewest
number of parameters) that can account for the observed
binding process is that the PriA helicase has two distinct
nucleotide-binding sites, characterized by different intrinsic
affinities and described by intrinsic binding constants (KB1

and KB2). However, analyses of the unmodified cofactor
binding indicate that the sites are not completely independent
(i.e., they also exhibit cooperative interactions between them
that depend on the type of the nucleotide) (see below). The
cooperative interactions can phenomenologically be ac-
counted for by the cooperative interaction parameter,σ.

The partition function,Z, describing the binding of two
nucleotide cofactors to the PriA helicase is then defined as

whereLF is the free nucleotide cofactor concentration. The
total average degree of binding,ΣΘi, is defined as

The experimentally observed fluorescence quenching,∆Fobs,
expressed in terms of the partial quenching parameters,∆F1

and∆F2, characterizing each individual binding site, and the
binding parameters KB1, KB2, andσ is then

There are five parameters (∆F1, ∆F2, KB1, KB2, andσ) in eq
6. However, some of these parameters can directly be
determined from the titration curves and the plot in Figure
1b, utilizing the fact that the two binding sites differ very
strongly in their affinities (Figure 1a). The value of∆F1 )
0.20( 0.03 is obtained directly from the high-affinity phase
in Figure 1a and the plot of∆Fobsas a function of the average
degree of binding, as∆F1 ) ∂∆Fobs/∂ΣΘi (Figure 1b). The
value of∆F2 ) ∆Fmax - ∆F1, where∆Fmax is the maximum
of the observed fluorescence quenching (∆Fmax ) 0.74 (
0.1). The titration curves in Figure 1a provide∆F2 ) 0.55
( 0.08. The value of the intrinsic binding constant,KB1, can
be obtained from the initial slope of the plot of the average
degree of binding as a function of the free TNP-ADP
concentration that providesKB1 ) (1.5 ( 0.5) × 106 M-1

(data not shown). Thus, there are only two remaining
parameters,KB2 andσ, that must be determined. The obtained
values of all parameters are included in Table 1. The intrinsic
binding constant for the second siteKB2 ) (1.9 ( 0.6) ×
104 M-1; thus, it is 2 orders of magnitude lower than the

FIGURE 2: Sedimentation velocity absorption profiles at 445 nm
of TNP-ADP in the presence of the PriA helicase in buffer C (pH
7.0, 20°C) containing 20 mM NaCl and 5 mM MgCl2. Concentra-
tions of TNP-ADP and the PriA protein are 7.3× 10-5 M and 5.3
× 10-6 M, respectively. The scans were collected at 30 000 rpm.
The short initial parts of the scans correspond to the buffer-air
region above the meniscus. The arrows indicate the absorption of
the total concentration of TNP-ADP (T), the concentration of the
cofactor bound in the complex with the PriA protein (C), and the
concentration of the free TNP-ADP (F). The horizontal lines
indicate the locations of the plateaus corresponding to the zero line,
(- - -), free TNP-ADP concentration (- - -), and total TNP-ADP
concentration (s).

Z ) 1 + (KB1
+ KB2

)LF + KB1
KB2

σLF
2 (4)

ΣΘi )
(KB1

+ KB2
)LF + 2KB1

KB2
σLF

2

Z
(5)

∆Fobs)

(∆F1KB1
+ ∆F2KB2

)LF + (∆F1 + ∆F2)KB1
KB2

σLF
2

Z
(6)
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value ofKB1. Also, in the case of TNP-ADP, the parameter
σ ) 1.0 ( 0.3, indicating that the binding of the cofactor
analogue to two nucleotide-binding sites of the PriA helicase
is virtually independent (see below). We could not extend
the same analysis to TNP-ATP in the presence of Mg2+

because the enzyme slowly hydrolyzes the ATP analogue
on the time scale comparable with the time necessary to
collect the equilibrium titration curve (data not shown).

Binding of the Unmodified ATP and ADP to the PriA
Helicase. To quantitatively determine the interaction param-
eters of the unmodified ATP and ADP with the PriA helicase,
we applied the competition titration method, described
previously by us (28, 32, 33, 42). In this approach, the PriA
protein is titrated with the reference nucleotide analogue (e.g.,
TNP-ADP) in the absence and in the presence of the
unmodified nucleotide (e.g., ADP or ATP). The observed
signal originates only from the binding of the “reference”
cofactor to the enzyme. However, in the presence of
unmodified nucleotide, the titration curve is affected by the
interaction of the unmodified nucleotide with the enzyme,
providing a means to characterize these interactions (28, 42).

Fluorescence titrations of the PriA protein with TNP-ADP
in the absence and in the presence of 1 mM ADP in buffer
C (pH 7.0, 20°C), containing 20 mM NaCl and 5 mM
MgCl2, are shown in Figure 3a. The concentration of the
helicase is 1× 10-6 M. There are two important qualitative
aspects of the presented titration curves. First, the presence
of ADP shifts the titration curve toward a higher TNP-ADP
concentration range in the high-affinity phase, a clear
indication that both nucleotides compete for the same binding
site on the enzyme. Second, in the low-affinity phase, the
curve is not shifted toward a higher TNP-ADP concentration,
as would be expected for a simple competitive binding, but
toward lower [TNP-ADP]. Such an asymmetric shift of the
isotherm in the presence of a competing ligand indicates
positive cooperative interactions between the reference
ligand, TNP-ADP, and the unmodified cofactor, ADP, and/
or between ADP molecules, bound to the PriA helicase (28,-
42). Thus, in terms of cooperative interactions, the unmodi-
fied ADP behaves differently than its TNP-modified analogue
(see the Discussion). Moreover, the maximum quenching of
the protein fluorescence, at saturation, is higher in the
presence of ADP than in the absence of the competing
cofactor (Figure 3a).

In the absence of ssDNA, the PriA helicase does not
hydrolyze unmodified ATP on the time scale of the equi-
librium binding experiment, to any significant extent, in the
applied solution conditions. This property of the enzyme
allowed us to perform the analogous competition binding
analysis using unmodified ATP. Fluorescence titrations of
the PriA helicase with TNP-ADP in the absence and in the
presence of 0.5 mM ATP are shown in Figure 3b. The

behavior of the system in the presence of ATP is similar to
that observed for ADP, indicating the presence of cooperative
interactions (see above) (28, 42). However, in the presence
of ATP, the titration curve is less shifted to a higher
concentration of the reference ligand, TNP-ADP, in the high-
affinity phase than observed in the presence of ADP. Thus,
the data show that, independent of any binding model, ATP
has a lower macroscopic affinity for the strong nucleotide-
binding site than ADP.

Table 1: Maximum Number of Nucleotide-Binding Sites (n), Intrinsic Binding Constants (KB1 andKB2), Cooperativity Parameter (σ), and
Fluorescence Quenching Parameters (∆F1 and∆F2) for Binding of Nucleotide Anaglogues (TNP-ADP and TNP-ATP) to Two Nucleotide Sites
of the E. coli PriA Helicase in Buffer C (pH 7.0, 20°C) Containing 20 mM NaCl in the Presence of 5 mM MgCl2 or 0.1 mM EDTA

cofactor n KB1 (M-1) KB2 (M-1) σ ∆F1 ∆F2

TNP-ADP+ 5 mM MgCl2 2 (1.5( 0.5)× 106 (1.9( 0.6)× 104 1 ( 0.3 0.2( 0.03 0.54( 0.08
TNP-ADP+ 0.1 mM EDTA 2 (5.1( 1.2)× 107 (3.7( 1.1)× 105 1 ( 0.3 0.2( 0.03 0.64( 0.05
TNP-ATP+ 5 mM MgCl2 2 (4.3( 1.5)× 106 a

TNP-ATP+ 0.1 mM EDTA 2 (1.0( 0.3)× 108 (7.8( 1.6)× 105 1 ( 0.3 0.18( 0.03 0.59( 0.05
a Determined in kinetic measurement (see ref63).

FIGURE 3: (a) Fluorescence titrations of the PriA helicase with TNP-
ADP in buffer C (pH 7.0, 20°C) containing 20 mM NaCl and 5
mM MgCl2 in the absence (9) and in the presence of 1 mM ADP
(0). The concentration of PriA helicase is 1× 10-6 M. The solid
lines are nonlinear least-squares fits of the titration curves, according
to the model of two discrete cooperative binding sites for two
competing ligands (eqs 7-10), using binding parameters for ADP
included in Table 2, and with∆F3 ) 0.2 and∆F4 ) 0.84. The
spectroscopic and binding parameters for the reference nucleotide,
TNP-ADP, are the same as in Figure 1a. (b) Fluorescence titration
of the PriA helicase with TNP-ADP in buffer C (pH 7.0, 20°C),
containing 20 mM NaCl and 5 mM MgCl2, in the absence (9) and
in the presence of 0.5 mM ATP (0). The concentration of PriA
helicase is 1× 10-6 M. The solid lines are nonlinear least-squares
fits of the titration curves, according to the model of two discrete
cooperative binding sites for two competing ligands (eqs 7-10),
using binding parameters for ADP included in Table 2, and with
∆F3 ) 0.2 and ∆F4 ) 0.87. The spectroscopic and binding
parameters for the reference nucleotide, TNP-ADP, are the same
as in Figure 1a.
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Analysis of CompetitiVe CooperatiVe Ligand Binding to
Two Discrete CooperatiVe Binding Sites.In the presence of
the reference ligand, TNP-ADP, and competing unmodified
ligand (e.g., ADP or ATP), each nucleotide-binding site of
the PriA helicase can exist in three different states: free,
bound with TNP-ADP, or bound with unmodified nucleotide.
Such complex binding systems can be most efficiently
described using the matrix method to obtain the expressions
for the partition function,ZC, and the total average degree
of binding,ΣΘi, for the reference nucleotide in terms of its
intrinsic binding parameters and the intrinsic binding pa-
rameters of the unmodified, competing cofactor (41,44). The
partition function of the total binding system,ZC, is defined
as

whereM 1 and M 2 are the transfer matrices that correlate
the statistical weights of different states for the first and the
second nucleotide-binding site of the enzyme. These are
three-state matrices, defined individually for each discrete
binding site, as (41, 44)

and

whereKB1, KB2, andσ are the intrinsic binding constants
and cooperative interaction parameter that characterize the
binding of reference nucleotide (TNP-ADP), as discussed
above (eq 4); LR is the free concentration of the reference
nucleotide (TNP-ADP);K1C, K2C, and σC are the intrinsic
binding constants and cooperative interaction parameter that
characterize the binding of the competing cofactor; LC is the
free concentration of the competing cofactor;σC is the
parameter characterizing cooperative interactions between the
bound molecules of the competing cofactor; andσRC is the
parameter that characterizes cooperative interactions between
the reference and the competing nucleotide, respectively (41,
44). The total average degree of binding,ΣΘi, is then

The observed relative fluorescence quenching,∆Fobs, is
generated only from the complexes containing the reference
ligand (TNP-ADP) and is defined as

where∆F3 and∆F4 are the relative fluorescence quenching
values characterizing the complexes of the PriA helicase with
two different cofactors bound at different sites. Notice, this
is an extremely complex system, and there are 11 parameterss
∆F1, ∆F2, ∆F3, ∆F4, KB1, KB2, σ, K1C, K2C, σC, andσRCsin
eqs 7-10 that characterize the observed binding process.
However, ∆F1, ∆F2, KB1, KB2, and σ are independently
determined from fluorescence titration of the PriA protein
with TNP-ADP in the absence of the competing cofactor.
Therefore, there are six remaining parameterss∆F3, ∆F4,
K1C, K2C, σC, andσRCsthat have to be determined. This is
still a formidable number of parameters, and some reasonable
approximations are necessary.

The titration curves in panels a and b of Figure 3 indicate
that the value of∆F3 is not strongly affected, if at all, by
the presence of ADP or ATP (i.e., binding of the unmodified
cofactor to the weak site does not affect the fluorescence
quenching induced by the TNP-ADP bound at the strong
site). Therefore, the value of∆F3 can be approximated as
equal to∆F1. The value of∆F4 cannot be lower than the
highest value of the observed fluorescence quenching (e.g.,
in Figure 3a,∆Fobs≈ 0.76, but cannot be larger than 1, which
is the maximum physically possible value of the relative
fluorescence quenching). This imposes a very limited range
(( 15%) on the values of∆F4, which is taken as the average
between the maximum observed quenching for a particular
cofactor and 1. The final simplifying assumption is that the
values of the cooperativity parameters,σC, andσRC, are the
same between unmodified cofactor molecules and between
the reference and the unmodified cofactor. This is justified
by the fact that the shift of the isotherm toward lower TNP-
ADP concentrations (Figure 3), in the low-affinity phase of
the titration curves, is only moderate indicating that the
values of bothσC andσRC are not much higher than 1 (see
below). The solid lines in panels a and b of Figure 3 are
nonlinear least-squares fits of the spectroscopic binding
curves using eqs 7-10 andK1C, K2C, andσRC ) σC as fitting
parameters. The obtained binding parameters for ADP and
ATP are included in Table 2.

The data indicate that the intrinsic affinity of ATP for the
strong nucleotide-binding site of the PriA helicase is
characterized byK1C ) (7 ( 4) × 104 M-1, which is by a
factor of ∼30 lower thanK1C ) (2.0 ( 0.8) × 106 M-1

obtained for ADP in the examined solution conditions. The
intrinsic affinity for the weak binding site is∼2 and∼4
orders of magnitude lower for both ATP and ADP as
compared to the strong binding site. On the other hand, the
weak site shows much less preference for ADP as compared
to ATP, with the value ofK2C being only a factor of∼2
higher for ADP than the value obtained for ATP (Table 2).
Unlike the TNP-ADP analogue, where the binding process
is essentially noncooperative (Figure 1a, Table 1), binding
of both ATP and ADP is characterized by a moderate positive
cooperativity withσC ≈ 3.3-3.8 (see the Discussion).

Base Specificity of the Two Nucleotide-Binding Sites of
the PriA Helicase. Analogous ligand competition studies

ZC ) (1 0 0)M1 M2 (111) (7)

M1 ) (1 KB1
LR K1CLC
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have been performed with various nucleotide cofactors,
differing by the type of base, to evaluate the base specificity
of the strong and weak nucleotide-binding site of the PriA
helicase (28, 29, 42-44). Fluorescence titrations of the PriA
protein with TNP-ADP in the presence of 1 mM GDP are
shown in Figure 4a. For comparison, the titration of the
enzyme with TNP-ADP, in the absence of GDP, is also
included. The titration curve is little affected in the high-
affinity phase by the presence of 1 mM GDP, indicating that
the cofactor has a much lower affinity for the strong binding
site than does ADP (Figure 3a). However, the shift of the
titration curve in the low-affinity phase is more pronounced
than the same shift in the case of ADP, indicating a higher
value for the cooperativity parameter,σC, than observed for
ADP. Fluorescence titrations of the PriA protein with TNP-
ADP in the presence of 1 mM CDP, in the same solution
conditions, is shown in Figure 4b. The data indicate that CDP
has the affinity for the strong binding site similar to GDP;
however, only a slight shift of the low-affinity phase toward
lower [TNP-ADP] indicates that the value ofσC must be
lower than observed for GDP. Analyses of the titration curves
in panels a and b of Figure 4 have been performed in the
same way as described above for the competition studies of
unmodified ADP and ATP. The solid lines in panels a and
b of Figure 4 are nonlinear least-squares fits of the
fluorescence titration curves using eqs 7-10 andK1C, K2C,
andσRC ) σC as fitting parameters. Analogous titrations and
analyses have been performed for a series of nucleotide
cofactors and inorganic phosphate, and the corresponding
binding parameters for all examined cofactors are included
in Table 2. It is evident that ADP has an intrinsic affinity
for the strong nucleotide-binding site of the PriA helicase
that is∼2-3 orders of magnitude higher when compared to
all other cofactors with a different base. However, there is
little preference for the adenosine base at the weak nucle-
otide-binding site where the affinities are within a factor of
∼10 among different cofactors (see the Discussion). Also,
although the cooperativity parameterσC is the highest for
GDP, its value differs only by a factor of∼2 among different
unmodified cofactors. The intrinsic affinities of the inorganic
phosphate group, PO4-, is the same for both binding sites
with K1C ) K2C ≈ 100 M-1 and is the lowest among all
studied ligands (see the Discussion).

Role of the ATP Phosphate Groups and Ribose in
Interactions of Nucleotide Cofactors with the Two Nucle-
otide-Binding Sites of the PriA Helicase. The fact that in
the case of some helicases only nucleotide triphosphates can
induce a high-affinity state of the protein for the ssDNA
indicates that theγ-phosphate is involved in complex
allosteric interactions that extend beyond the nucleotide-
binding site(s) (23-25, 28). To address the question of the
effect of the specific structure of the ATP phosphate group
on the cofactor binding to the PriA helicase, we performed
competition titration studies using various ATP analogues,
differing in the structure of the phosphate group.

Fluorescence titrations of the PriA helicase with TNP-
ADP in the presence of two different ATPγS concentrations
in buffer C (pH 7.0, 20°C) containing 20 mM NaCl and 5
mM MgCl2 are shown in Figure 5. Inspection of the plots
clearly shows a different behavior as compared to ATP or
unmodified nucleoside diphosphates (Figures 3b, 4a, and 4b).
As the ATP analogue concentration increases, the entire
titration curve shifts toward higher TNP-ADP concentrations,

Table 2: Maximum Number of Binding Sites (n), Intrinsic Binding
Constants (K1C andK2C), and Cooperativity Parameter (σC) for the
Binding of Different Nucleotide Cofactors and Inorganic Phosphate
Group (PO4-) to two Nucleotide-Binding Sites of theE. coli PriA
Helicase in Buffer C (pH 7.0, 20°C), Containing 20 mM NaCl and
5 mM MgCl2a

cofactor n K1C (M-1) K2C (M-1) σC

ATP 2 (7.0( 2.5)× 104 (0.8( 0.4)× 102 3.3( 1.2
ADP 2 (2.0( 0.8)× 106 (1.5( 0.6)× 102 3.8( 1.4
dATP 2 (9.0( 2.9)× 105 (3.5( 1.4)× 102 3.8( 1.4
dADP 2 (1.0( 0.4)× 106 (5.0( 1.8)× 102 3.5( 1.
PO4- (1.0( 0.4)× 102 (1.0( 0.4)× 102 0.5( 0.3
GDP 2 (6.5( 2.5)× 103 (0.4( 0.2)× 102 5.0( 2.6
CDP 2 (2.0( 0.8)× 103 (0.3( 0.12)× 102 2.3( 1.1
TDP 2 (3.0( 1.1)× 103 (0.2( 0.1)× 102 4.0( 1.9
UDP 2 (7.0( 2.5)× 103 (0.2( 0.1)× 102 4.1( 1.9
ATPγS 2 (9.0( 3.5)× 103 (2.8( 1.1)× 102 1.0( 0.4
AMP-PNP 2 (4.0( 1.3)× 103 (0.3( 0.12)× 102 3.0( 1.5
AMP-PCP 2 (3.0( 1.1)× 103 (0.2( 0.1)× 102 4.0( 1.9

a See the text for details.

FIGURE 4: (a) Fluorescence titration of the PriA helicase with TNP-
ADP in buffer C (pH 7.0, 20°C), containing 20 mM NaCl and 5
mM MgCl2, in the absence (9) and in the presence of 1 mM GDP
(0). The concentration of PriA helicase is 1× 10-6 M. The solid
lines are nonlinear least-squares fits of the titration curves, according
to the model of two discrete cooperative binding sites for two
competing ligands (eqs 7-10), using binding parameters for GDP
included in Table 2, and with∆F3 ) 0.2 and∆F4 ) 0.95. The
spectroscopic and binding parameters for the reference nucleotide,
TNP-ADP, are the same as in Figure 1a. (b) Fluorescence titration
of the PriA helicase with TNP-ADP in buffer C (pH 7.0, 20°C),
containing 20 mM NaCl and 5 mM MgCl2, in the absence (9) and
in the presence of 2 mM CDP (0). The concentration of PriA
helicase is 1× 10-6 M. The solid lines are nonlinear least-squares
fits of the titration curves, according to the model of two discrete
cooperative binding sites for two competing ligands (eqs 7-10),
using binding parameters for CDP included in Table 2, and with
∆F3 ) 0.2 and ∆F4 ) 0.90. The spectroscopic and binding
parameters for the reference nucleotide, TNP-ADP, are the same
as in Figure 1a.
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indicating that ATPγS efficiently competes with TNP-ADP
at selected ATP analogue concentrations for both nucleotide-
binding sites of the helicase. The solid lines in Figure 5 are
nonlinear least-squares fits of the experimental titration
curves according to the model of two competing, coopera-
tively binding ligands (eqs 7-10) using a single set of
binding and spectroscopic parameters with the same quench-
ing parameters,∆F1 and∆F2, as obtained for the titrations
with TNP-ADP in the absence of cofactor. Similar studies
have been performed with AMP-PNP and AMP-PCP, and
the obtained binding parameters are included in Table 2.

Although ATPγS has the highest affinity for the strong
nucleotide-binding site among all examined ATP analogues,
the values of the intrinsic binding constant,K1C, for all
examined ATP analogues are significantly lower than the
value of K1C obtained for ATP (Table 2). The situation is
different for the weak binding site where ATPγS has an
affinity higher by a factor of∼3.5 than ATP, while AMP-
PNP and AMP-PCP have significantly lower affinities than
ATP. On the other hand, there are clear differences in the
value of the cooperative interaction parameter,σC, among
the ATP analogues. While the binding of the ATPγS is
noncooperative withσC ) 1.0 ( 0.3, the binding of the
AMP-PNP and AMP-PCP is characterized byσC values of
3.0 ( 1.5 and 4.0( 1.9, much closer to the value of the
same parameter obtained for ATP (see the Discussion).

Competition studies with dATP and dADP have been
performed in an analogous way, and the obtained binding
parameters are included in Table 2. Both cofactors bind to
the two nucleotide-binding sites of the PriA helicase with
moderate positive cooperativity (Table 2). Binding of dATP
to the strong site is characterized by the intrinsic binding
constantK1C ≈ 9 × 105 M-1 (i.e., significantly larger than
the value ofK1C ∼7 × 104 M-1 observed for ATP). On the
other hand, dADP binds to the strong site with the affinity
similar to ADP. Nevertheless, both adenosine deoxyribo-
nucleotides have affinity for the strong site higher by∼2-3
orders of magnitude than the affinities of the cofactors with
different bases. The affinities of dATP and dADP for the
weak binding site are higher than the corresponding affinities

of ATP and ADP, nonetheless, lower by 3-4 orders of
magnitude than the affinities of the same cofactors for the
strong binding site.

Salt Effect on the Nucleotide Cofactor Binding to the
Strong and Weak Nucleotide-Binding Sites of the PriA
Helicase. To gain insight into the nature of the two
nucleotide-binding sites, we examined the salt effect on the
energetics of the nucleotide cofactor binding to both binding
sites of the PriA helicase. These studies have been performed
using the TNP-ADP analogue. Fluorescence titrations of PriA
protein with TNP-ADP in buffer C (pH 7.0, 20°C)
containing 5 mM MgCl2 and different NaCl concentrations
are shown in Figure 6a. The effect is complex and includes
both changes in the fluorescence quenching parameters,∆F1

and ∆F2, and the binding parameters,KB1, KB2, and σ.
Analyses of the titration curves, in the same way as described
above (Figure 1a), indicate that the apparent shift of the
titration curves at lower salt concentration, up to 60 mM
NaCl, results exclusively from the increased values of∆F1

and ∆F2 (data not shown). Further increase of the salt
concentration shifts the titration curves toward the higher
TNP-ADP concentration range, clearly indicating a decreas-
ing macroscopic affinity of the cofactor.

Figure 6b shows the dependence of the logarithm of the
intrinsic binding constants,KB1 and KB2, of the TNP-ADP
binding to the PriA helicase upon the logarithm of the NaCl
concentration (log-log plot) (45, 46). Within the experi-

FIGURE 5: (a) Fluorescence titration of the PriA helicase with TNP-
ADP in buffer C (pH 7.0, 20°C), containing 20 mM NaCl and 5
mM MgCl2, in the absence and in the presence of different ATPγS
concentrations: (9) 0 mM, (0) 1 mM, (b) 3 mM. The concentration
of PriA helicase is 1× 10-6 M. The solid lines are nonlinear least-
squares fits of the titration curves, according to the model of two
discrete cooperative binding sites for two competing ligands (eqs
7-10), using binding parameters for ATPγS included in Table 2.
The spectroscopic and binding parameters for the reference nucle-
otide, TNP-ADP, are the same as in Figure 1a.

FIGURE 6: (a) Fluorescence titrations of the PriA helicase with TNP-
ADP in buffer C (pH 7.0, 20°C), containing 5 mM MgCl2 and
different concentrations of NaCl: (9) 20 mM, (4) 40 mM, (0) 60
mM, (O) 120 mM, and (b) 150 mM. The concentration of the PriA
helicase is 1× 10-6 M. The solid lines are nonlinear least-squares
fits of the titration curves, according to the model of two different,
discrete, and cooperative binding sites, defined by eqs 4-6. (b)
The dependence of the logarithm of the intrinsic binding constant,
K1 (9) andK2 (0), for the TNP-ADP binding to the PriA helicase
upon the logarithm of [NaCl]. The solid lines indicate the slopes
of the plots,∂ log K1/∂ log [NaCl] ) -1.1 and∂ log K2/∂ log [NaCl]
) -0.3, respectively (see the text for details).
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mental accuracy, the plots are linear in the examined salt
concentration range. Furthermore, both binding constants
decrease with increasing salt concentration. However, the
slope∂ log KB1/∂ log [NaCl] ) -1.1 ( 0.3, while the slope
∂ log KB2/∂ log [NaCl] ) -0.3 ( 0.1. These data indicate
that, in examined solution conditions, a net release of∼1
ion accompanies nucleotide binding to the strong site, while
the association of the cofactor with the weak binding site is
accompanied by a much lower net ion release from the
complex. The increase of salt concentration in solution does
not affect to any detectable extent the cooperative interactions
(data not shown). Within experimental accuracy, the value
of σ ) 1.0 ( 0.3 in all of the examined [NaCl] (see the
Discussion).

Effect of Magnesium on the Binding of Nucleotide Co-
factors to the Two Nucleotide-Binding Sites on the PriA
Helicase.Fluorescence titrations of PriA protein with TNP-
ATP at two different protein concentrations in buffer C (pH
7.0, 20°C) containing 20 mM NaCl and 0.1 mM EDTA are
shown in Figure 7a. The maximum fluorescence quenching
observed at saturation,∆Fmax ) 0.77 ( 0.05. Notice, the
high-affinity phase is not directly obvious in the titration
curves. However, its presence is clearly detectable in the
dependence of the observed relative fluorescence quenching,

∆Fobs, upon the total average degree of binding,ΣΘi, of the
TNP-ATP on the PriA helicase, shown in Figure 7b. The
selected protein concentrations provide separation of the
binding isotherms up to a fluorescence quenching value of
∼0.28. The separation of the binding isotherms allows us to
obtain the values ofΣΘi up to ∼1.2 TNP-ATP molecules
per PriA monomer. Extrapolation of the initial slope of the
plot to ΣΘi ) 1 provides the quenching parameter,∆F1 )
0.18 ( 0.03. Thus, binding of the TNP-ATP molecule to
the strong binding site induces only∼18% of the maximum
quenching of the protein emission. The solid lines in Figure
7a are nonlinear least-squares fits of the spectroscopic
titration curves using eqs 4-7 with a single set of parameters,
KB1 ) (1.0 ( 0.3) × 108 M-1, KB2 ) (7.8 ( 1.6) × 105

M-1, σ ) 1.0 ( 0.3, ∆F1 ) 0.18( 0.03, and∆F2 ) 0.59
( 0.05 (Table 1). The solid line in Figure 7b is the theoretical
dependence of the observed fluorescence quenching upon
ΣΘi, obtained using the same binding and spectroscopic
parameters as in Figure 7a. Analogous titration curves for
TNP-ADP binding PriA helicase are shown in Figure 8a.
The solid lines in Figure 8a are nonlinear least-squares fits
of the spectroscopic titration curves using eqs 4-7 with a
single set of parameters,KB1 ) (5.1 ( 1.2) × 107 M-1, KB2

) (3.7 ( 1.1) × 105 M-1, σ ) 1.0 ( 0.3, ∆F1 ) 0.20 (
0.03, and∆F2 ) 0.64( 0.05 (Table 1). Thus, in the absence
of magnesium, the intrinsic affinities of the ADP analogue

FIGURE 7: (a) Fluorescence titration of the PriA protein with TNP-
ATP in buffer C (pH 7.0, 20°C), containing 20 mM NaCl and 0.1
mM EDTA at different enzyme concentrations: (9) 1.0 × 10-6

M, (0) 1.5 × 10-6 M. The solid lines are nonlinear least-squares
fits of the titration curves, according to the model of two different,
discrete and cooperative binding sites (eqs 4-6) using a single set
of binding parameters:K1 ) 1.0× 108 M-1, K2 ) 7.8× 105 M-1,
σ ) 1, ∆F1 ) 0.18, and∆F2 ) 0.59. (b) Dependence of the relative
fluorescence quenching,∆Fobs, upon the average degree of binding
of TNP-ADP on the PriA helicase,ΣΘi (9). The values ofΣΘi
have been determined using the quantitative method described in
Materials and Methods. The solid line is the theoretical dependence
of ∆Fobs, uponΣΘi, generated using the spectroscopic and binding
parameters included in panel a. The dashed line is extrapolation of
∆Fobs to the value ofΣΘi ) 1 (see the text for details).

FIGURE 8: (a) Fluorescence titration of the PriA protein with TNP-
ADP in buffer C (pH 7.0, 20°C), containing 20 mM NaCl and 0.1
mM EDTA at different enzyme concentrations: (9) 1.0 × 10-6

M, (0) 1.5 × 10-6 M. The solid lines are nonlinear least-squares
fits of the titration curves, according to the model of two different,
discrete and cooperative binding sites (eqs 4-6) using a single set
of binding parameters:K1 ) 5.1× 107 M-1, K2 ) 3.7× 105 M-1,
σ ) 1, ∆F1 ) 0.20, and∆F2 ) 0.64. (b) Fluorescence titration of
the PriA helicase with TNP-ADP in buffer C (pH 7.0, 20°C),
containing 20 mM NaCl and different concentrations of MgCl2:
(2) 0 mM, (4) 0.05 mM, (b) 0.1 mM, ([) 0.3 mM, (O) 1 mM,
and (9) 5 mM. The concentration of the PriA helicase is 1× 10-6

M. The solid lines are nonlinear least-squares fits of the titration
curves, according to the model of two different, discrete, and
cooperative binding sites, defined by eqs 4-6 with the spectroscopic
and binding parameters included in Table 3.
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strongly increase for both binding sites, by approximately a
factor of 34 and 19, respectively, as compared to the intrinsic
affinity in the presence of 5 mM MgCl2 (Figure 1a).
However, the cooperative interactions are not affected by
the absence of magnesium.

Fluorescence titrations of the PriA helicase with TNP-
ADP in buffer C (pH 7.0, 20°C) containing 20 mM NaCl
and different concentrations of MgCl2 are shown in Figure
8b. The titration obtained in the absence of magnesium is
also included. As the magnesium concentration increases,
the curves are shifted toward higher TNP-ADP concentra-
tions, indicating a decrease in the macroscopic affinity of
the cofactor. The solid lines in Figure 8b are nonlinear least-
squares fits of the spectroscopic titration curves using eqs
4-7. The obtained binding and spectroscopic parameters are
included in Table 3. The two binding sites differ in their
response to the presence of magnesium in solution. Interest-
ingly, the most dramatic drop of the cofactor affinity, by a
factor of ∼23, occurs at the strong nucleotide-binding site
already at the lowest concentration of MgCl2 ) 5 × 10-5 M
(see the Discussion). Also, the structure of the complex must
be different at low [MgCl2], as indicated by a higher value
of ∆F1, as compared to the value of the same parameter
determined in the absence of magnesium and in the presence
of a saturating concentration of magnesium (Table 3). Further
increase in the magnesium concentration has little effect on
the intrinsic affinity of the strong binding site. On the other
hand, no dramatic change of the intrinsic affinity at low
[MgCl2] occurs at the weak site, where the value of the
intrinsic binding constant,KB2, decreases by a factor of∼3
at the lowest [MgCl2] ) 5 × 10-5 M and then gradually
decreases with increasing magnesium concentration. How-
ever, similar to the strong binding site, magnesium affects
the structure of the PriA-cofactor complex in the weak
nucleotide-binding site, as indicated by the different∆F2

values (Table 3).

DISCUSSION

The PriA Helicase Has Two Nucleotide-Binding Sites. In
this work, we describe extensive quantitative studies of the
stoichiometry of the complex and the character of the binding
process, including the intrinsic free energy of binding and
cooperative interactions, in the nucleotide cofactor binding
to theE. coli PriA helicase (1-4, 28, 35). The thermody-
namic studies of the nucleotide binding to the PriA helicase
have been greatly facilitated by the finding that the associa-
tion of the nucleotide analogues, TNP-ADP and TNP-ATP,
with the enzyme is accompanied by a strong quenching of
the fluorescence of the enzyme (17). The TNP analogues of
nucleotide cofactors prove to be very useful in examining
the nucleotide cofactor interactions with different helicases

(28, 31, 40, 47-49). For instance, a similar strong quenching
of the protein emission has been previously found in the case
of theE. coli DnaB and the plasmid RSF1010 RepA protein
hexameric helicases and was used by us to quantitatively
examine the structure, thermodynamics, and kinetics of the
DnaB helicase and RepA protein interactions with the
nucleotide cofactors (28, 31, 40, 48, 49). The analogues bind
strongly to the enzymes and allow the experimenter to detect
the presence of the binding sites with intrinsic affinities
characterized by binding constants of∼102 M-1 (28, 35).
Competition studies are then used to examine the binding
of unmodified nucleotides with the enzyme (28, 35, 42-44,
48, 49).

Independent of any interaction models, binding of the
TNP-ADP to the PriA helicase in applied solution conditions
is clearly a biphasic process with strong and weak affinity
binding phases (Figure 1a). As pointed out above, even more
a pronounced biphasic character of the binding process is
observed in the nucleotide association with the PriA-ssDNA
complex (64). Examination of the high-affinity phase, using
the quantitative fluorescence titration approach, reveals that
in this phase a single TNP-ADP molecule binds to the
enzyme (Figure 1b). However, this binding phase is char-
acterized by an intermediate plateau at only 0.20( 0.03 of
the quenching of the protein fluorescence. Independent
analysis using the sedimentation velocity technique shows
that ∼80% of the maximum saturation of the total binding
process, 1.7( 0.2 TNP-ADP molecules, are associated with
the PriA helicase (Figure 2). Thus, we have established that
at saturation the PriA helicase binds two molecules of
nucleotide cofactors.

The Primary Structure of the PriA Helicase Contains
Three PutatiVe Nucleotide-Binding Motifs. On the basis of
the primary structure, the PriA protein contains seven
“helicase motifs”, and the enzyme is classified as a member
of the SF2 super-family of helicases (50). Original analyses
of the primary sequence of the gene product for the PriA
helicase identified three sets of sequences that are putative
nucleotide-binding motifs (13, 14, 51-55). The first motif
is located at amino acid 224-231 at the N-terminus of the
protein and contains a signature sequence, GX4GKT, of the
Walker motif A or phosphate binding loop (P-loop) in the
N-terminus of the protein (13, 14). The second sequence, of
only partial match to the Walker motif B, RX3GX3-
(hydrophobic amino acid)4-D, through the sequence of
-(hydrophobic amino acid)4-D, includes amino acids 316-
320 in the central region of the primary structure (14).
However, the PriA helicase also contains a third sequence
with a partial match to the Walker A motif as GX5GKQ that
includes amino acids 583-591 in the C-terminus of the

Table 3: Thermodynamic Parameters, Intrinsic Binding Constants (K1 andK2), Cooperativity Parameter (σ), and Fluorescence Quenching
Parameters (∆F1 and∆F2) for the Binding of TNP-ADP to Two Nucleotide Binding Sites of theE. coli PriA Helicase in Buffer C (pH 7.0, 20
°C), Containing 20 mM NaCl and Different MgCl2 Concentrations

MgCl2 (mM) n KB1 (M-1) KB2 (M-1) σ ∆F1 ∆F2

0 2 (5.1( 1.2)× 107 (3.7( 1.1)× 105 1 ( 0.3 0.20( 0.03 0.64( 0.05
0.05 2 (2.2( 0.7)× 106 (1.2( 0.4)× 105 1 ( 0.3 0.40( 0.03 0.45( 0.04
0.1 2 (2.5( 0.9)× 106 (1.3( 0.4)× 105 1 ( 0.3 0.33( 0.03 0.52( 0.06
0.3 2 (2.6( 0.9)× 106 (9.9( 3.5)× 104 1 ( 0.3 0.30( 0.03 0.55( 0.07
1 2 (2.0( 0.7)× 106 (5.0( 1.5)× 104 1 ( 0.3 0.27( 0.03 0.58( 0.07
5 2 (1.5( 0.5)× 106 (1.9( 0.6)× 104 1 ( 0.3 0.20( 0.03 0.54( 0.08
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protein and is considered as a part of the helicase motif VI
(13, 50).

It should be stressed that the presence or absence of these
motifs does not automatically imply the presence or absence
of an actual nucleotide-binding site. Several proteins, known
to bind nucleotide cofactors, do not possess even the
canonical P-loop sequence (52-54). Nevertheless, such
analysis is warranted, particularly,in the context of the direct
binding studies, as discussed here. Thus, the discovery of
two nucleotide-binding sites on the PriA helicase that can
engage in interactions with the cofactor is consistent with
the primary structure of the protein. The Walker A and B
motifs have been found in several proteins to be two
structural parts of a single nucleotide-binding site (54-56).
Thus, the motif responsible for phosphate binding (Walker
A) is placed in close spatial vicinity of the Walker B motif,
which forms a hydrophobic pocket that can accommodate
the base, preferably, adenine (54-56). It is then very
probable that these two motifs form the strong nucleotide-
binding site of the PriA helicase, highly specific for the
adenosine nucleotides, as experimentally observed (Figure
1a, Table 2) (see below). The third motif, in the C-terminus
of the protein, is a clear candidate for the location of the
second, weak nucleotide-binding site (13). It is separated
from the first two motifs by more than 250 amino acids and
can easily form a discrete binding entity. Moreover, its
sequence differs from the canonical Walker A motif,
indicating that its properties and intrinsic affinity for the
nucleotide cofactor should be different from the canonical
Walker A motif, as also experimentally observed (Table 2)
(63).

The Strong Nucleotide-Binding Site of the PriA Helicase
Exhibits Dominant Preference for Adenosine Nucleotides,
While the Weak Nucleotide-Binding Site Shows a Much Less
Pronounced Base Specificity. The simplest statistical ther-
modynamic model that can describe the binding of the
nucleotide cofactors to the PriA helicase is described by eqs
4-6. The model includes two discrete binding sites char-
acterized by different intrinsic binding constants,KB1 and
KB2 (see above). Any possible cooperative interactions
between sites are characterized by the cooperative interaction
parameter,σ. The dependence of the total average degree
of binding,ΣΘi, upon the logarithm of the free concentration
of different nucleotide cofactors, shown in Figure 9, provides

a direct comparison of the macroscopic affinities of the two
nucleotide-binding sites of the PriA helicase. The plots have
been obtained using the binding parameters from Table 2.
Despite the presence of cooperative interactions, the differ-
ence in the behavior of the two nucleotide-binding sites is
dramatic. The macroscopic affinity of ADP for the strong
binding site is∼2 and∼3 orders of magnitude higher than
the corresponding affinities for GDP and pyrimidine nucle-
otides, respectively. On the other hand, the weak nucleotide-
binding site shows only a factor of∼3 preference for ADP
over GDP and less than an order of magnitude higher
macroscopic affinity over other cofactors (Figure 9).

Such behavior would be expected if, as discussed above,
the strong site is built of the Walker A and B motifs that
provide both affinity and specificity for adenine nucleotides,
while a much less specific version of the P-loop in the weak
binding site responds predominantly to the phosphate groups
and ribose region of the cofactor (see below). In a companion
paper (63), we show that the nucleotide cofactor binding to
the weak binding site of the PriA helicase is described by a
simpler kinetic mechanism as compared with the complex
multistep mechanism observed for the strong site, thus
supporting this conclusion. Moreover, a much lower increase
of the fluorescence from the TNP moiety in the intermediates
of the association process with the weak nucleotide-binding
site, as compared to the strong site, indicates a much less
hydrophobic character of the site. This behavior is very
different from theE. coli primary replicative helicase, the
DnaB protein, which shows a much less pronounced prefer-
ence for the purine nucleotide cofactors, both ADP and GDP,
over the pyrimidine cofactors (28, 44). Notice, the primary
structure of the DnaB helicase does not contain the Walker
B motif and the affinity of its nucleotide-binding site,
containing only a partial match to the Walker A motif, is
little dependent on the type of the base of the cofactor (28,
44). Current data indicate that the PriA helicase can
hydrolyze NTPs independently of the type of base, although
with very different specific activities (9, 19). The equilibrium
studies, reported here, point out an important caveat in such
studies. Quantitative comparison between different NTPase
activities should by performed at the saturation of one or
both nucleotide-binding sites of the enzyme rather than at
the same concentration of the cofactors. Otherwise, instead
of different specific activities, the activities of the enzyme
differently saturated with the cofactors will be observed.

The Intrinsic Affinities of the Two Nucleotide-Binding Sites
of the PriA Helicase Are Affected Differently by the Structure
of the Phosphate and Ribose Regions of the ATP Cofactor.
The obtained data indicate that the intrinsic affinity of various
ATP analogues for the strong nucleotide-binding site of the
PriA helicase is much more dependent on the structure of
the phosphate groups than the intrinsic affinity of the weak
nucleotide-binding site (Table 2). Thus, ATP binds to the
strong nucleotide-binding site with an intrinsic affinity that
is a factor of∼8 higher than ATPγS and a factor of∼23
higher than AMP-PCP. However, in the case of the weak
binding site, ATPγS has an intrinsic affinity even higher than
ATP, while the intrinsic affinity of AMP-PNP and AMP-
PCP are only a factor of∼4 lower than ATP. Because the
type of base is identical for all examined cofactors, these
findings strongly suggest that the phosphate binding regions
of the two binding sites are different. In other words, these

FIGURE 9: Theoretical dependence of the average degree of binding,
ΣΘi, for different nucleotide cofactors on the PriA helicase as a
function of the logarithm of the free concentration of a nucleotide
cofactor, using binding parameters obtained in this work (Table
2): (- - -) ADP, (s) ATP, (---) GDP, (- ----) CDP, (- - -)
TDP.
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data corroborate well with the conclusion that different
nucleotide-binding motifs are involved in the structures of
the two binding sites of the enzyme (see above). The strong
binding site with its canonical P-loop and adenine-specific
hydrophobic pocket should be more restrictive in acceptance
of triphosphate group differing from ATP (54, 55). In the
case of dATP, the structure of the phosphate group is the
same as in ATP, but the dATP affinities are higher for both
binding sites than that of ATP, indicating that the strong site
responds to all three major regions (base, phosphate group,
sugar) of the cofactor while the weak site senses mainly the
phosphate group and sugar of the bound nucleotide.

The Presence of CooperatiVe Interactions Indicate Com-
munication between the Two Nucleotide-Binding Sites of the
PriA Helicase. Although the TNP-ADP and TNP-ATP
analogues can detect the presence of the weak nucleotide-
binding site, in the concentration range of the cofactor that
is amenable for quantitative studies (Figure 1a), their binding
process is characterized by a cooperative interaction param-
eter,σ ) 1.0( 0.3, indicating an apparent lack of significant
cooperative interactions between the two nucleotide-binding
sites (Table 1). However, clear shift of the competition
titration curves toward lower reference ligand (TNP-ADP)
concentration in the presence of unmodified nucleotides,
independent of any binding model, indicates the presence
of positive cooperative interactions between the cofactor
molecules bound to the helicase (Figure 4) (42, 43). In the
examined solution conditions, the value ofσ for different
nucleotides is in the range of∼3.3-5.0. Thus, although the
values of the cooperativity parameter,σ, are moderate, they
clearly indicate the presence of communication between the
two nucleotide-binding sites of the PriA helicase.

The CooperatiVe Interactions Are Not Dependent on the
Type of Base and Structure of the Phosphate Region of the
Nucleotide Cofactor. Unlike the intrinsic affinities, the type
of the base of the nucleotide cofactor and the structure of
the phosphate group of the ATP analogues do not signifi-
cantly affect the cooperative interactions between the two
nucleotide-binding sites of the PriA helicase (Table 2). With
the exception of ATPγS, the value ofσC changes from 3.0
( 1.5 for AMP-PNP to 5.0( 2.6 for GDP. Such results
indicate that the cooperative interactions are predominantly
generated through the phosphate binding motifs of the
nucleotide-binding sites. However, the fact that TNP ana-
logues, where the TNP group is located on the ribose, are
both characterized byσ ) 1.0 ( 0.3 strongly suggest that
the ribose region of the cofactor is also involved. Similar
behavior has been previously observed for the DnaB helicase
where the negative cooperative interactions between the
nucleotide-binding sites of the hexamer were independent
of the type of base but dependent upon the structure of the
phosphate and ribose region of the bound nucleotide (28,44).

Salt Effect on the Nucleotide Cofactor Binding to the PriA
Helicase Indicates a Different Nature of the Two Nucleotide-
Binding Sites on the Enzyme. Additional information about
the nature of the two nucleotide-binding sites of the PriA
helicase comes from the examined salt effect on the cofactor
binding (Figure 6). The slope∂ log K1/∂ log [NaCl] ) -1.1
( 0.3, indicating a net release of∼one ion accompanying
the cofactor binding to the strong nucleotide-binding sites
(45, 46). The linear character of the plot would suggest a
simple competition between the phosphate and Cl- anions

for a positively charged site in the binding site. On the other
hand, increasing the salt concentration causes an initial
increase of the relative fluorescence quenching followed by
a decrease of the quenching, accompanying the cofactor
binding to the strong binding site (Figure 6a). Because the
relative quenching of∼0.2-0.3, accompanying the binding
to the strong site, reflects the state of at least 3-5 tryptophan
residues out of 15 tryptophan residues of the helicase, the
observed nonlinear salt effect suggests that binding of ions
to the protein at some distance from the nucleotide-binding
site participates in the ion exchange process (Figure 6a).
Much lower values of the slope,∂ log K2/∂ log [NaCl] )
-0.3 ( 0.1, clearly indicates a very different character of
interactions between the cofactor and the protein matrix in
the weak nucleotide-binding site. Moreover, the nonlinear
effect on the observed relative fluorescence quenching
accompanying the binding to the weak binding site, analo-
gous to the effect observed for the strong binding site, also
indicates that ion binding to the protein is a part of the
thermodynamic response of interactions at the weak site to
the changes in [NaCl] concentration. The lack of any
detectable salt effect on cooperative interactions as compared
to the two intrinsic binding processes is surprising and
suggests compensatory effects comprising both ion release
and uptake (45, 46).

The Intrinsic Affinities of ATP for the Strong and Weak
Binding Sites of the PriA Helicase Are Lower Than the
Intrinsic Affinities of ADP. As mentioned above, because
PriA helicase does not hydrolyze ATP to any detectable
extent in the absence of the DNA, on the time scale of the
binding experiments, we could determine both the intrinsic
affinities for ATP, ADP, and inorganic phosphate for the
enzyme. In the presence of magnesium, the intrinsic binding
constant of ATP for the strong nucleotide binding site is by
a factor of∼29 lower than the value observed for ADP,
although it is higher by approximately 3 orders of magnitude
than the affinity of the PO4- group (Table 2). Lower affinities
of ATP and its hydrolysis product, ADP, is not expected for
an enzyme that performs free energy transduction because
the strong ATP binding as compared to both hydrolysis
products would allow the enzyme to hydrolyze ATP in the
active site with a very low change in the free energy and
store the free energy of ATP hydrolysis (57, 58). In the case
of theE. coli DnaB and plasmid RSF1010 RepA helicases,
the obtained data indicate that the ATP affinity is also lower
than the affinity of ADP (38, 44, 48, 49, 61, 62). However,
the ATP hydrolysis in the active site of the DnaB helicase
is still characterized by a very low equilibrium constant (∼2),
indicating that the reaction in the active site releases much
less free energy than the same reaction in solution (58). The
data on ATP, ADP, and PO4- group binding, now available
for the PriA, DnaB, and RepA helicases, strongly suggest
that the mechanism of storing the energy of ATP hydrolysis
by helicases, which can be used to perform the dsDNA
unwinding and mechanical work of translocation along the
DNA lattice, may be in some aspects different from the
mechanism proposed, for example, myosin (57, 58). By the
same token, the ATPase activities of helicases are addition-
ally activated in the complex with the ssDNA, albeit the
energetics and kinetics of ATP, ADP, and PO4- group
binding to a helicase, bound to the DNA are not currently
known for any helicase. As we proposed before, it is possible
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that a helicase acquires free-energy transducing capabilities,
similar to myosin, when associated with the ssDNA, thus
forming a “holoenzyme” (21, 22, 44). The results on ATP,
ADP, and PO4- group binding, now available for three
different helicases, strongly suggest such a possibility.

Binding of Magnesium Cations to the PriA Helicase Affects
Predominantly the Intrinsic Affinity of the Nucleotide Co-
factor Binding to the Strong Nucleotide-Binding Site of the
Helicase. The magnesium effect on cofactor binding to the
PriA protein is different from the salt effect, discussed above.
In the case of the strong nucleotide-binding site, there is a
large decrease in the intrinsic nucleotide affinity, fromKB1

) 5.1 × 107 M-1 in the absence of MgCl2 to KB1 ) 2.2 ×
106 M-1 at the lowest MgCl2 concentration examined (5×
10-5 M), followed by only a slight, if any, further decrease
of KB1 at saturating [MgCl2] (Table 3). In other words, the
magnesium effect on the strong nucleotide binding site
includes magnesium binding site(s) that must have an affinity
higher than∼105-106 M-1. Similar increases in affinity in
the absence of magnesium are observed for the ATP analogue
(Table 1), although we could not examine the binding of
this cofactor at different [MgCl2] due to efficient hydrolysis
of TNP-ATP in the presence of Mg2+ (see above,63).
Because, in the applied solution conditions, the magnesium
affinity for the nucleotide cofactor is in the range of∼104-
105 M-1, the simplest explanation of the observed effect is
that the large decrease in the value ofKB1 at low [MgCl2]
results from the difference between the affinity of the free
cofactor and its magnesium form (48, 49, 60). In other words,
magnesium-free TNP-ADP associates with the strong binding
site on PriA with an intrinsic binding constant that is a factor
of ∼23 higher than the binding constant for the Mg2+-TNP-
ADP complex. In the case of the weak binding site, the
difference between the intrinsic affinities for the free cofactor
versus its magnesium complex is much less pronounced with
the affinity decreasing only by a factor of∼3 when Mg2+ is
removed (Table 3). Also, contrary to the strong binding site,
further increase of magnesium concentration leads to further
decrease of the intrinsic affinity for the weak site. These
results are unexpected; rather an opposite effect, an increased
intrinsic affinity for both nucleotide-binding sites in the
presence of Mg2+, would be anticipated as the magnesium
cations are necessary for the ATPase activity of the enzyme.
The pronounced effect of magnesium on the intrinsic affinity
of the nucleotide cofactor for the strong nucleotide-binding
site indicates that Mg2+ cations are specifically involved in
controlling the cofactor affinity for the strong site, while the
association with the weak site is predominantly determined
by interactions between the phosphate groups and ribose
region of the cofactor with the protein matrix (see above).
In the context of the fact that magnesium is necessary for
catalysis and the strong nucleotide-binding site has over-
whelming preference for the adenine nucleotides, the specific
effect of magnesium on the strong site also suggests that
the site is the dominant ATPase site of the enzyme (see
below).

Functional Implications. Thermodynamic studies described
in this work shed light on several properties of the PriA
helicase observed in previous biochemical studies (19, 20).
Moreover, comparison of the thermodynamic data with
biochemical activities of the PriA provides additional clues
on the character and role of the two nucleotide-binding sites

of the enzyme. Mutations of the conserved lysine in the
canonical Walker A motif, GX4GKT, located at the N-
terminus of the protein completely abolished the examined
NTPase activity of the protein (19). Furthermore, the
experiments were performed at an ATP concentration where
thermodynamic results, discussed here, indicate that only the
strong nucleotide-binding site engages in interactions with
ATP (Table 2, Figure 9). Although at present it is not clear
whether the catalysis and/or the affinity of ATP is affected
by the mutations, both thermodynamic and biochemical data
convincingly indicate that the strong nucleotide-binding site
is located at the N-terminus of the protein (i.e., Walker A
and B motifs are indeed forming the ATP-specific, strong
nucleotide-binding site). Second, despite the mutations, the
variants preserve their activities in ATP-dependent assembly
of the primosome, suggesting that the weak nucleotide-
binding site of the PriA protein is sufficient for the assembly
activity of the enzyme. Interestingly, the examined variants
of the enzyme, with abolished ATP hydrolysis/binding
capability at the strong nucleotide-binding site, seem to bind
even stronger to the nucleic acid (19).

Thermodynamic data also provide an explanation for
another puzzling result with regard to the PriA helicase (20).
It has been observed that at low ATP concentrations (∼10-4

M), the enzyme can efficiently unwind only short dsDNA
fragments. On the other hand, the helicase is capable of
unwinding long stretches (∼400 bps) of the dsDNA at∼10-
fold higher ATP concentrations. Although the solution
conditions were different from the conditions applied in our
work, these data strongly suggest that at low [ATP], where
predominantly the strong nucleotide-binding site is saturated
with the cofactor, the PriA helicase has a lower unwinding
activity and/or a lower unwinding processivity (61,62). At
increased [ATP], binding of the cofactor to the weak
nucleotide-binding site increases the efficiency of unwinding.
In other words, the weak nucleotide-binding site seems to
play a role of a processivity-control element of the enzyme,
while the strong binding site is the major ATPase site that
provides energy for translocation and dsDNA unwinding.
Quantitative studies of the PriA helicase binding to the
ssDNA encompassing the proper and the total DNA-binding
site of the enzyme strongly support that conclusion (64).
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