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ABsTRACT: Kinetics of the nucleotide binding to the strong (S) and weak (W) nucleotide-binding site of
the Escherichia coliPriA helicase have been studied using the fluorescence stopped-flow technique.
Experiments were performed with TNP-ADP and TNP-ATP analogues. Binding of the ADP analogue to

K K K
the strong binding site is a four-step sequential reaction: (BHAP < — + (Sh = Sk~ — (©) —
(S)h. Association of TNP-ATP proceeds through an analogous threelstep mechanism. :I'he flrstAtwo steps
and intermediates are similar for both cofactors. However, theili@rmediate is dramatically different
for ADP and ATP analogues. Its emission is close to the emission of the free TNP-ADP, while it is by
a factor of~16 larger than the free TNP-ATP fluorescence. Thus, only the ADP analogue passes through
an intermediate where it leaves the hydrophobic cleft of the site. This behavior corroborates with the fact
that ADP leaves the ATPase site without undergoing a chemical change. The fast bimolecular step and
the sequential mechanism indicate that the site is easily accessible to the cofactor, and it does not undergo
an adjustment prior to binding. The subsequent step is also fast and stabilizes the complex. Magnesium
profoundly affects the population of intermediates. The data indicate that the dominagpégies is a
part of the ATP catalytic cycle. ADP analogue binding to the weak nucleotide-binding site proceeds

kq K,
in a simpler two-step mechanism: (Prip+ D <— (W), <k—> (W), with (W), being a dominant
intermediate both in the presence and in the absence 8&f. M@e results indicate that the weak site is
an allosteric control site in the functioning of the PriA helicase.

The PriA helicase is a key DNA replication enzyme in The intrinsic affinity of the strong binding site is higher by
Escherichia colicell that plays a fundamental role in the 2—4 orders of magnitude than the affinity of the weak site.
ordered assembly of the primosome, a multiple-protein  The strong nucleotide-binding site is also highly specific for
DNA complex formed in the process of priming a DNA adenosine cofactors, while the weak site shows only a modest
strand (—8). Originally, the PriA helicase was discovered base specificity. Moreover, the affinity of the strong site,
as an essential factor during the synthesis of the comple-unlike the affinity of the weak site, profoundly depends on
mentary DNA strand of phag@X174 DNA (9—11). Current the structure of the phosphate group of the ATP cofactor.
data indicate that the enzyme is involved not only in DNA Binding of M¢?* to the cofactor and the protein is specifically
replication but also in recombination and repair processesinvolved in controlling the affinity of the nucleotides for the
in the E. coli cell (12—14). strong site. These properties and available biochemical data

The unwinding of the duplex nucleic acid by a helicase indicate that the strong nucleotide-binding site is the
requires binding and hydrolysis of nucleotide triphosphates dominant ATPase site of the PriA helicas@l( 22).
(NTPs} (15—-20). In a companion paper6{), we have Furthermore, competition studies with unmodified nucle-
described quantitative equilibrium studies of the PriA heli- otides indicate the presence of cooperative interactions
case-nucleotide cofactor interactions. The obtained data between the bound cofactors, providing evidence of the
establish that the PriA helicase has two nucleotide-binding communication between the two nucleotide-binding sites
sites that differ dramatically in their affinities and properties. (67).

Elucidation of the mechanism of binding and the nature
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importance of the PriA helicassucleotide interactions,
kinetic mechanisms of these interactions have never been
addressed.

In this paper, we report the quantitative analyses of the
kinetics of the nucleotide cofactor binding to the strong and

weak nucleotide-binding sites of the PriA helicase using the f

fluorescence stopped-flow technique. Binding of the ADP
analogue to the strong nucleotide-binding sites of the PriA
helicase is a minimum four-step sequential reaction, while
the association of the ATP analogue with the same site

Lucius et al.

constant (reciprocal relaxation time) characterizing ithe
relaxation process, and is the number of relaxation
processes. All further analyses of the data were performed
using Mathematica (Wolfram, Urbana, IL) and KaleidaGraph
(Synergy Software, PA). Kinetic analyses of the stopped-
low data have been performed using the matrix projection
operator technique that has been extensively described by
us before 40—46).

RESULTS

proceeds through a three-step sequential mechanism. The

data indicate that unlike ATP, the ADP analogue passes
through an intermediate where it leaves the hydrophobic cleft
of the site. M@" cations have a profound effect on the
populations and the structure of the intermediates. Contrary
to the strong site, association of the ADP analogue with the
weak site proceeds in a much simpler two-step sequential
mechanism, suggesting that the weak site is an allosteric
control site of the enzymes8).

MATERIALS AND METHODS

Reagents and Bufferall chemicals were reagent grade.
All solutions were made as described in 65t TNP-ATP
and TNP-ADP were from Molecular Probes (Eugene, OR)
(32. ATP was from CalBiochem. ADP, GDP, CDP, and
TDP were from Sigma (St. Louis, MO). THe. coli PriA

Binding of the TNP-ADP Analogue to the PriA Helicase
Followed by Monitoring the Fluorescence Intensity of the
Nucleotide Cofactor in the Presence of Magnesilmthe
studies of the binding of nucleotide analogues, TNP-ADP
and TNP-ATP (described in réf7), we used the quenching
of the protein fluorescence to monitor the interactions. Thus,
the binding process was monitored by the changes of the
spectroscopic signal, originating from the macromolecule and
induced by the nucleotide cofactor bindirgg(49). This is
the most intuitive approach, also referred to as a “normal”
titration, because the total average degree of binditg,
and the degree of saturation of the protein with the nucleotide
are increasing functions of the cofactor concentration in
solution. However, although the observed quenching of the
PriA fluorescence is adequate to study the thermodynamics

protein has been isolated and purified as described previouslyys the analogue interactions with the helicase, it is less

(29-31, 67).

Fluorescence Measurementdl steady-state fluorescence
titrations were performed using the Fluorolog F-11 (Spex
Jobin Yvon) as described previously and in a companion
paper 83—39, 67). Binding of a cofactor to the helicase was
followed by monitoring the fluorescence of TNP-ADP or
TNP-ATP @ex = 408 nmM,Aem = 550 nm). Computer fits
were performed using Mathematica (Wolfram, IL) and
KaleidaGraph (Synergy Software, PA). The relative increase
of intensity,AFps Of the cofactor emission upon binding to
the PriA helicase is defined as~qps = (Fi — Fo)/Fo, where
Fi is the fluorescence of the TNP analogue at a given titration
point, andF, is the initial value of the fluorescence of the
sample 83—39).

Stopped-Flow KineticsAll fluorescence stopped-flow
kinetics experiments were performed using the SX.18MV
stopped-flow instrument (Applied Photophysics, Leatherhead,
UK) as described before using the linear two time-bases
mode @0—46). The reactions were monitored following the
total fluorescence emission of the TNP analogues, with
= 408 nm, and the emission was monitored through the
GG500 cutoff filter (Schott, PA). The excitation monochro-
mator slits were at 1.5 mm (band-pass7 nm). Eight to
fifteen traces were collected and averaged for each sample
The relaxation times and amplitudes for each kinetic trace
were determined using the nonlinear, least-squares software
with the exponential function defined a47j:

n

F(t) = F(o) + ) Aexp-4t)

)

whereF(t) is the fluorescence intensity at tinteF(c) is
the fluorescence intensity at tinhe= o, A; is the amplitude
corresponding to théh relaxation process}; is the time

suitable for examination of the kinetics of the complex
formation, particularly at the strong nucleotide-binding site
where the binding of the cofactor induces only a moderate
relative fluorescence quenchingF; = 0.20+ 0.03 ©7).

On the other hand, binding of the TNP analogues to the PriA
helicase results in a very large increase of the cofactor
fluorescence (see below). Such a large signal change,
originating from the ligand, allows us to examine the kinetics
of the cofactor binding to the strong and weak nucleotide-
binding sites of the PriA helicase with required high
resolution. Moreover, the fluorescence of the TNP moiety
of the nucleotide analogues is very sensitive to the polarity
of the environment of the binding sit8%, 36, 50, 51).
Therefore, determination of the relative changes of the
analogue emissions accompanying the binding to each
binding site of the enzyme provides unique insight into the
nature of the binding site and structure of the formed transient
intermediates40—42, 50, 51) (see below).

Fluorescence titrations of TNP-ADP with PriA helicase
in buffer C (pH 7.0, 20°C) containing 20 mM NaCl and 5
mM MgCl; at three different concentrations of the cofactor
are shown in Figure 1. This type of titration, where the ligand
is titrated with the macromolecule, is referred to as a
“reverse” titration 48). The selected [TNP-ADP] concentra-
tions are 1x 10° M, 5 x 10® M, and 7 x 107° M,
respectively. The titration at the highest applied concentration
of the cofactor (7x 105 M) could only be performed in
limited protein concentration range due to the precipitation
of the complex at high protein and nucleotide concentrations
(67). As the cofactor concentration increases, a given relative
fluorescence increasé\Fops is reached at higher protein
concentrations because more protein is required to saturate
the increased concentration of the nucleoti@8, 39, 48,
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wherePk is the free concentration of the PriA protein. This
is a second-degree polynomial that can be analytically solved
for Lr with the physically acceptable solution as

L=

—(1+ Kg + Kg )Pe + J[l + (Kg, + Kg )Pe]® + 8K Ky oL 1Py
4Kg Kg 0P

“

Thus, the concentration of the free cofactor can be obtained
as a unique function of the known binding parameters and
the known total concentrations of the nucleotide cofactor,

Relative Fluorescence Increase

Log [PriA] Ly, and the free protein concentratid®s. Expression 4 is
FiIGURE 1: (a) Fluorescence titration of TNP-ADP with the PriA  the first required parametric equation. _
helicase in buffer C (pH 7.0, 2TC) containing 20 mM NaCl and The second parametric equation is the expression for the
5 mM MgCl; at three different TNP-ADP concentrationdll)(1.0 total protein concentrationPr, as a function of the free

x 1076 M; (O) 5.0 x 10°° M; (@) 7.0 x 1075 M. The solid lines protein concentratiorPs, that is:

are nonlinear least-squares fits of the titration curves using-€s 2 T ’

with a single set of binding parametefg, = 1.5 x 10° M1, Kg, 2

=1.9x 10°M1, 0 =1, AF,_ = 9.0, andAF,, = 4.3. The lines Pr =Pl + (Kg, + Kg )Lg + Kg Kg oL (5)
(---) and (—---—) are computer simulations of the observed relative

fluorescence increas&F.ps as a function of the logarithm of the . .
total PriA concentrations (eq 6) for the sample containing <.0 Thus, the free nucleotide concentratids, and the total

10°5 M TNP-ADP, using the same binding parameters as above, Protein concentratiorfr, are described as unique functions
but different values of the relative fluorescence increase ac- Of the free protein concentratioBg, which is the independent
companying the binding to the weak nucleotide -binding #ife; variable. The observed relative fluorescence increaBeg,s

=0 (), AF,, = 9.0 (=) of the nucleotide analogue in the presence of the helicase is

then described b
49). The same value of the relative fluorescence increase at en described by
KBlLFPF KBZLFPF
—|+AF, |—/——|+
LT max LT

the plateaus for the two lower total TNP-ADP concentrations,
at saturation, results from the fact that, although the titrations 5 = AF
start at different degrees of binding, they end up at the same ~ °® Tma

X

complete cofactor saturation by the protein. K. K. oL.2P
In the absence of any knowledge about the examined (AF, +AF w) By "By F " F ©)
interacting system, quantitative analysis of the data in Figure Tmax Zm L

1 would require the ligand binding density function approach
to construct the thermodynamic binding isother38, (48). wherelLy is defined by eq 3. The parametetd=, , and
On the other hand, in the considered case of TNP-ADP AF,, are the maximum relative fluorescence increase of
binding to the PriA protein, we know the statistical thermo- the nucleotide cofactor emission bound to the strong and
dynamic model that describes the observed binding processweak nucleotide-binding sites, respectively. Computer simu-
and the values of all binding parameters in the mo@#).( lation and/or fitting are performed by first calculating the
Notice, although the physical nature of the observed spec-free cofactor concentratioby, for a given set of the binding
troscopic signal is different, the binding process and the parameterg,, Kg,, ando and the selected value Bt using
intrinsic binding parameters must be the same. Thus, thereeq 4. The total average degree of binding®;, and
are two discrete nucleotide-binding sites on the enzyme corresponding total protein concentratiéh, are calculated
characterized by the intrinsic binding constaifig, andKe,, for the same values ¢¥= and obtained.r, using eqgs 2b and
and the cooperativity parameter= 1, for TNP-ADP 7). 5. Subsequently, botRr and L¢ are introduced to eq 6 to
The binding process is complex and the binding isotherm obtain AFgps
cannot be analytically described by a single equation. The Binding of TNP-ADP to the strong and weak nucleotide
total partition function,Z, and the total average degree of binding site of the PriA helicase is characterizedkyy =
binding, =0;, of the considered system are described as in (1.5+ 0.5) x 16 M1, Kg, = (1.9+ 0.6) x 10* M1, and
a companion pape6y), by (52) o = 1 + 0.3, determined independently using protein
fluorescence quenching to monitor the bindi6@)( For such
Z=1+ (Kg +Kg)Lr+ K Kg oLFZ (2a) a large difference in affinities between the binding sites, eq
! z v 6 indicates that, at saturating protein concentrations, only
the first term contributes to the observed fluorescence (i.e.,
(2b) _aII titration curves tend to the maximum fluoresc_ence
increaseAF,, ). Analogously, at [TNP-ADP] concentrations
< 5 x 10°% M, predominantly, the binding to the strong
The total nucleotide cofactor concentratias, is related to site will occur. In such a situation, eq 6 reduces to
its free concentration by a mass conservation equation
KBlLFPF)

Ly

(Kg, + Kg )Lg + 2Kg Kg oL 2
30, = >

Ly = Lel1 + (Kg, + Kg )Pl + 2Kg Kg 0L 2P: (3) AFops= AFy ) Y
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Thus, the relative fluorescence increases of the titration
curves obtained for the two low concentrations of TNP-ADP
tend to the plateasr AF,, .

The situation is different for the titrations of TNP-ADP
with the PriA helicase performed at [TNP-ADR]7 x 10°°
M, shown in Figure 1. At this concentration of the cofactor,
the weak nucleotide-binding site, characterizedKby~ 1.9
x 10* M1, becomes significantly saturated with the nucle-
otide 67). The solid lines in Figure 1 are nonlinear least-
squares fits of the experimental titration curves, using eq 6,
with Kg, =1.5x 10° M™%, Kg,= 1.9 x 10* M1, ando =1
(67), and only two fitting parameterg\F, . and AF,__, :
which provideAF,,, = 9.0 + 0.3 andAF;,, = 4.3+ 1, -3 -2 -1 ] 1
respectively. The single set of the spectroscopic and binding Log [Time] (s)
parameters gives an excellent representation of the binding __
system over the entire studied range of the nucleotide ' ' ' '
concentration. For comparison, the theoretical titration curves
with different values oAF,,__ for the titration performed at
the highest examined cofactor concentration are also included
in Figure 1. Notice, the values dff,,smay exceed the value
of AF,,, at intermediate protein concentrations, although
return to the plateau at saturation (Figure 1). This results
from the contribution of the PriAcofactor complex contain-
ing two nucleotide molecules at intermediate protein con-

Fluorescence Intensity (Volts)

Fluorescence Intensity (Volts

centrations (third term in eq 6). It is evident that, in the 05} iy
presence of magnesium, the binding of TNP-ADP to the e A ANAARIA—

weak nucleotide-binding site is accompanied by substantial, L L L L

~4-fold increase of the cofactor fluorescence. Nevertheless, -3 2 -1 0 1
this value is still significantly lower than the relative increase Log [Time] (s)

of the cofactor fluorescencehF,,, = 9.0 + 0.3, ac- FicUre 2: (a) Fluorescence stopped-flow kinetic trace, after mixing
companying the binding to the strong nucleotide-binding site TNP-ADP with the PriA helicase in buffer C (pH 7.0,2)
(see the Discussion). containing 20 mM NaCl and 5 mM Mggl(Aex = 408 nm,Aem >

Kinetics of the TNP-ADP Binding to the Strong Nucle- 500 nm). The final concentrations of the cofactor and the helicase

. L . . - . are 1x 1008 M and 1.8x 107> M, respectively. The experimental
otlde—B|pd|ng Site of the PriA HeI_lcase 'n the Presence of kinetic trace is shown in logarithmic scale with respect to time.
MagnesiumThe 2 orders of magnitude difference between The initial horizontal part of the trace is the steady-state value of
the affinities of the two nucleotide-binding sites of the the fluorescence of the sample recorded+¥@ms before the flow
enzyme that allows us to examine the nucleotide binding to stopped (Materials and Methods). The solid red line is the three-
each site, independent from each other (Figure 1), allows useéxponential, nonlinear least-squares fit of the experimental curve

| . he Kineti fthe bindi t 2 i using eq 1. The dashed blue line is the nonlinear least-squares fit
also to examine the kinetics of the binding process at a given using the two-exponential function (eq 1). (b) The same fluores-

site, independent of the cofactor binding to the other site cence stopped-flow trace as in panel a together with the zero line
(see below). In the first set of experiments, we addressedtrace (lower green trace), which is obtained after mixing TNP-ADP

the dynamics of the ADP analogue, TNP-ADP, binding only Witft‘_ tlhe b:%ﬁer- lThetsoIid redf't“n?this the s_amet tlhree-
exclusively to the strong nucleotide-binding site of the PriA :)s(psohnoevcr:ailri E%”u'rgeg;. east-squares Tit of the experimental curve
helicase.

The fluorescence stopped-flow kinetic trace after mixing with the buffer (zero line) is shown in Figure 2b. The total
1 x 105 M TNP-ADP with 1.8 x 10°° M PriA (final amplitude of the trace is the difference between the zero line
concentrations) in buffer C (pH 7.0, Z@€) containing 20 and the fluorescence intensity at tintes= o« (40—46, 53,
mM NaCl and 5 mM MgC] is shown in Figure 2a. To 54). As we discussed before, comparison between the
increase the resolution, the plot is shown in logarithmic scale resolved relaxation amplitudes and the total amplitude of the
with respect to time. The initial horizontal part of the trace kinetic trace is crucial in establishing that the resolved
corresponds to the steady-state fluorescence intensity of therelaxation processes account for the total observed signal
sample, recorded for2 ms in our instrument, before the (40—46). The three-exponential fit provides an excellent
flow stops @4—46). The solid line in Figure 2ais a nonlinear  description of the observed kinetic process. However, it
least-squares fit of the experimental trace, using a three-clearly does not account for the total amplitude of the overall
exponential fit, as defined by eq 1. The included two- relaxation process. These data indicate that an additional fast
exponential function does not provide an adequate descriptionprocess, which is beyond the time-resolution of the stopped
of the observed kinetics (dashed line). Using a larger numberflow technique, precedes the observed relaxation processes.
of exponents in the fitting function (eq 1) does not improve Thus, the binding of TNP-ADP to the strong nucleotide-
the statistics of the fit (data not shown). binding site of the PriA helicase occurs in at least four steps.

The stopped-flow kinetic trace, together with the trace The reciprocal relaxation times %/ 1/rs, and 1t,4) extracted
corresponding to the TNP-ADP alone, at the same concen-from the experimental trace as a function of the total PriA
tration of the cofactor as used with the protein but only mixed concentration are shown in paneis@of Figure 3. The value
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Scheme 1 the relative molar fluorescence intensities using the matrix
k, k, k, k, projection operator technique, which allows us to determine

(PriA);+ D < (S), < (8), < (5), > (S), the molar fluorescence intensities characterizing each inter-

k, "k, “k; "k, mediate of the reaction (i.e., to assess the conformational

state of the cofacterPriA complex in each intermediate in
the strong nucleotide-binding site). Here, we utilize the fact
that the maximum, fractional increase of the cofactor
fluorescence,AF,,, = 9.0 £ 0.3, is known from the
equilibrium titrations (Figure 1). The value ofF,_, can be
analytically expressed in terms of the partial steps4ds-(

of 1/t shows a slight dependence upon [PriA] while both
1/r3 and 1t4 are, within experimental accuracy, independent
of the helicase concentration. Such behavior indicates that
all three relaxation times characterize the intramolecular
transitions of the formed compleXd@—46, 53, 54). There-
fore, the simplest minimum mechanism, which can account

oo 46)
for the observed dependence of the relaxation times upon
the PriA concentration and the presence of the unresolved AR+ KAF, + KKAR; + K KK,AFR,
process is a four-step, sequential binding reaction in which Loax Zy,
a bimolecular association is followed by three isomerization (10)

of the formed complex, as described by Scheme 1.
Although the relaxation timer;, for the fast normal mode

of the reaction cannot be determined, the amplitude of this

mode,A;, can be obtained from the known amplitudes of

the second, third, and fourth normal mod@és, As, andA,)

and the total amplitudeA§) as

WhereZm =1+ Ko+ KoKz + KoKzKy, AFL = (Fs1 - FF)/
Fr, AF> = (Fs2 - FF)/FF, AF3 = (Fs3 - FF)/FF, andAF4 =
(Fs, — Fe)/Fe are fractional fluorescence intensities of each
intermediate in the binding of TNP-ADP to the strong
nucleotide-binding site of the PriA helicase relative to the
molar fluorescence intensity of the free cofactor in solution,
A=A —A—A— A, (8) Fr. Notice, contrary ta\F;, the fluorescence parametéis,
Fs, Fs, andFs, are relative molar fluorescence intensities
The dependence of the individual amplitudesA,, As, and with respect to the fluorescence of the free cofactor. Equation
A, of the four relaxation modes upon the PriA concentration 10 provides an additional relationship between the fluores-
is shown in Figure 3d. The individual amplitudes are cence parameters, withF,  playing the role of a scaling
expressed as fractions of the total amplitudgsA;. In the factor. In the final step of the analysis, global fitting that
examined [enzyme] range, all four amplitudes contribute to simultaneously includes all relaxation times and amplitudes
Ar, even at the lowest [enzyme]. The amplitullds always refined the values of the rate constants and spectroscopic
positive and dominates the observed relaxation process oveparameters. The solid lines in Figure 3 are nonlinear least-
the entire examined range of the applied protein concentra-squares fits of the relaxation times and amplitudes, according
tion. The amplitudes is negative and is independent of the to the mechanism defined by Scheme 1, using a single set
PriA concentration. Amplitudé\, is positive and has very  of the parameters. The obtained rate constants and relative
small values. On the other hand, initiallfy; has a small ~ molar fluorescence parameters are included in Table 1.
positive value and as the concentration of the helicase The value ofK; = (1.0 + 0.3) x 10° M~* indicate that
increases, the values Af increase and become comparable the bimolecular step has a dominant contribution to the free
to the values of the dominant amplitude. energy,AG°, of the cofactor binding. It is a very fast step
Because only three relaxation times are available from the and must proceed in the time range belowt ms. The
experiment, determination of rate constants of particular stepstransition, (S) <> (S, with forward rate constark = 300
and molar fluorescence parameters characterizing eacht 50 s is also fast and proceeds in a few millisecond time
intermediate requires the simultaneous analyses of both the/ange. The value of the partial equilibrium constais=
relaxation times and the amplitudes. We applied the follow- 15 & 8, indicates that the second step in the mechanism
ing strategy to obtain the rate and spectroscopic parameteréScheme 1) contributes significantly and favorably to the
of the system40—46). We utilized the fact that we know  overall free energy of binding. However, the final two steps,
the value of the intrinsic binding constag, = (1.5 0.5) (S <> (Sk and (S} <> (S, are dramatically slower than
x 10 M~ for the TNP-ADP binding to the strong nucle- the first two steps with the forward rate constdatandk,
otide-binding site, independently obtained in the same being approximately 2 and 3 orders of magnitude lower than
solution conditions by the equilibrium fluorescence titration Kz (Table 1). Moreover, these two final steps have negative
method 67). The intrinsic binding constas, is related to ~ contributions to the overall free energy of binding with
the partial equilibrium constants characterizing partial equi- = 0.13 + 0.07 andK, = 0.5+ 0.2 (Table 1). Amplitude

librium steps in the binding to the strong site by analysis indicates that the first intermediate (&) charac-
terized by the relative molar fluorescence intensity 5-fold
Kg, = Ky (14 K; + KpKg + KKgK,) 9) larger than the emission of the free TNP-ADR (= 5.1+

0.3). The transition to the (g)htermediate induces a further,

whereK; = ki/k—1, Ko = kolk—, K3 = ka/k—_3, andK4 = ko/ ~100%, increase of the cofactor fluorescence over{&h
k-s. Expression 9 reduces by one the number of the Fs, = 11.1 £+ 0.3. Strikingly, transitions to the (&)
independent parameters in numerical fitting of the three intermediate is accompanied by a very strong decrease of
individual relaxation times. Because the unresolved step isthe bound cofactor fluorescences( = 1.3 £ 0.1), which
very fast, the fits are performed with this step characterized becomes comparable to the fluorescence intensity of the free
by the partial equilibrium constank;. cofactor, while the relative molar fluorescence intensity of

The obtained equilibrium and rate constants were then usedthe (S) intermediate, has the highest value of all intermedi-
in the fitting of the four individual amplitudes that include ates (see the Discussion).
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Ficure 3: Dependence of the reciprocal relaxation times for the TNP-ADP binding to the strong nucleotide-binding site of the PriA
helicase in buffer C (pH 7.0, 20C) containing 20 mM NaCl and 5 mM Mggupon the total concentration of the enzyme. The solid lines

are nonlinear least-squares fits according to the four-step sequential mechanism, defined by Scheme 1, with the equilibrium and rate
constants:K; =1.0x 1P ML k,=300s1, k ,=20s  ks=2st k3=15s" ky=0.27 s, and k4 = 0.54 s (details in text).

(a) 1f,. (b) 1f3. (¢) 1h4 The error bars are standard deviations obtained from 3 to 4 independent experiments. (d) The dependence of the
normalized relaxation amplitudés, A, As, andA, for the binding of TNP-ADP to the PriA helicase in buffer C (pH 7.0,°2Y) containing

20 mM NaCl and 5 mM MgGl upon the logarithm of the total enzyme concentration. The solid lines are nonlinear least-squares fits
according to the four-step sequential mechanism, defined by Scheme 1, with the relative fluorescence ifignrsitiel, Fs, = 11.1,Fs,

= 1.3, andFg, = 16. The maximum nucleotide fluorescence increase is taken from the equilibrium fluorescence titration in the same
solution conditions aaF;,_, = 9.1 (details in text). The rate constants are the same as in panels(®) A, (O) A2, (@) A, and O) As.

Kinetics of the TNP-ATP Binding to the Strong Nucleotide- by the enzyme in the presence of magnesi6).(Kinetics
Binding Site of the PriA Helicase in the Presence of of the ATP analogue binding to the strong nucleotide-binding
Magnesiumin the case of the ATP analogue TNP-ATP, we site of the PriA helicase is different from the kinetics of the
could not perform the same equilibrium fluorescence titra- ADP analogue binding. The solid line in Figure 4a is a
tions as described for the ADP analogue TNP-ADP (Figure nonlinear least-squares fit of the experimental trace using a
1) because the PriA helicase hydrolyzes the TNP-ATP on two-exponential function (eq 1). The single-exponential
the time scale of the binding experimemst60 min ©7). On function does not describe the observed relaxation process
the other hand, this behavior indicates that the ATP analogue(dashed line). In addition, using a larger number of exponents
is in the proper orientation in the binding site to enter the in the fitting function (eq 1) does not improve the statistics
catalytic step (see the Discussion). Nevertheless, we couldof the fit (data not shown). The stopped-flow kinetic trace
determine the fractional increase of the TNP-ATP fluores- together with the zero line is shown in Figure 4b. It is evident
cenceAF,, , upon the binding to the strong site by recording that the two-exponential fit does not account for the total
its fluorescence withir-10 s after mixing with the saturating  amplitude of the overall relaxation process. Therefore, similar
concentration of the enzyme where the extent of the analogueto the ADP analogue, there must be an additional fast
hydrolysis is negligibly small (i.e., below1% of the total process, characterized by a relaxation time, which
TNP-ATP concentration; data not shown). The obtained precedes the observed relaxation steps and is too short to be
value ofAF, = 8.7+ 0.3. Thus, association with the strong resolved in the stopped-flow experimen#4{46). The
site induces a large increase of the ATP analogue fluores-reciprocal relaxation times of the resolved normal modes of

cence, similar to the ADP analoguaK,,, = 9.0 + 0.3). the reaction X, and 13 extracted from the stopped-flow
The fluorescence stopped-flow kinetic trace after mixing traces as a function of the total PriA concentration are shown
1 x 108 M TNP-ATP with 1.8 x 105 M PriA (final in panels a and b of Figure 5. The value of;1$hows a

concentrations) in buffer C (pH 7.0, 2&€) containing 20 hyperbolic dependence upon [PriA] while the values @t 1/
mM NaCl and 5 mM Mg(] is shown in Figure 4a. In the  are independent of the helicase concentration, indicating that
examined protein concentration range, the equilibrium state both relaxation times characterize the intramolecular transi-
of the association process was reached withib s. tions of the formed complex (see abovéX{46, 53, 54).
Therefore, the stopped-flow traces were recorded over a timeThe simplest mechanism that can account for such behavior
period d 5 s to avoid any slow hydrolysis of the cofactor of the relaxation times is a three-step, sequential binding
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[= as o Ficure 4: (a) Fluorescence stopped-flow kinetic trace, after mixing
G 12 ;‘“«‘3 g ;‘é TNP-ATP with the PriA helicase in buffer C (pH 7.0, 2Z@)
> T a &% 45 x containing 20 mM NaCl and 5 mM Mg&l(Aex = 408 nm,Aerm >
S =3 Fom Eolm 500 nm). The final concentrations of the cofactor and the helicase
o 4 : 4 are 1x 108 M and 1.8x 107> M, respectively. The experimental
o a8 33 kinetic trace is shown in logarithmic scale with respect to time.
s © The initial horizontal part of the trace is the steady-state value of
2 | 88 the fluorescence of the sample recorde® ms before the flow
N Tw co stopped (Materials and Methods). The solid red line is the two-
% <| 48 exponential, nonlinear least-squares fit of the experimental curve
8 < ~ 2 S using eq 1. The dashed blue line is the nonlinear least-squares fit
S 5 © using the single-exponential function. (b) The same fluorescence
O 0w & stopped-flow trace as in panel a together with the zero line trace
g s = g g (lower green trace), which is obtained after mixing TNP-ATP only
3 E o 44 with the buffer. The solid red line is the same three-exponential,
% g I N N nonlinear least-squares fit of the experimental trace as shown in
= o -
T = oS panel a.
a Q
@Y ©
—~ 0 m n O . . . . . .
§§ Tm mo oo reaction in which a bimolecular association is followed by
32 S| 48 &4 two isomerization steps, as described by Scheme 2. In other
%m <~ &7 43 words, these data indicate that, unlike the ADP analogue,
2 ~ Qn o binding of the nucleotide triphosphate analogue TNP-ATP
g c ol 44 H 4 to the strong nucleotide-binding site of the PriA helicase
— . .
c9Q 2 I a< includes only three sequential steps.
_gé o - T The dependence of the normalized individual amplitudes
£E o HH  HH Aq, Az, and As of the four relaxation steps upon the PriA
%g J ke <22 concentration is shown in Figure 5c. The amplitude of the
g2 | oo 8o fast unresolved mode; has been obtained in an analogous
g£ " ﬂé’ R way as described for the TNP-ADP case from the known
= o 8 5 28 amplitudes of the second and third normal mod&sand
g0 < Y As, and the total amplitude of the reactioh;, as
g9 85 8h
¥ e — _ _
Sg] g5 Ss Av=Ar— A= A (11)
: Q 2| = =E
ST Eq Edg Unlike the behavior of the ADP analogue (Figures 2a and
£e oo oo 3d), all amplitudes of the relaxation modes for the ATP
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of the fast bimolecular step strongly increase as the concen-
tration of the helicase increases, approaching the values of
600 L ) the amplitudeA; at high [PriA].

Because the value of the overall intrinsic binding constant
Kg, for the TNP-ATP binding in the presence of magnesium
is not available from the equilibrium data, the determination
of the rate constants of individual steps and molar fluores-
cence parameters, characterizing each intermediate, must
exclusively rely on the simultaneous analyses of both the
relaxation times and the amplitudes. This does not cause a
significant problem in the considered case because the
Total relaxation times of the reaction are strongly separated on
b ' ' the time scale by a factor of at leastlO (i.e., they are
40 i practically “decoupled”) 83, 54). The analysis has been
initiated by numerical fitting of the two individual relaxation
times, with the partial equilibrium constal and the rate
™ constantsk,, k-, ks, and k_3 as fitting parameters. The
20 + + i obtained equilibrium and rate constants were then used in

+ + + the fitting of the three individual amplitudes. Here, we can
utilize the fact that the maximum, fractional increase of the
ATP analogue fluorescencAF,, = 8.7 £ 0.3, is known
0 ' : from the independent experiment (see above). In the case of
the TNP-ATP, the value oAF,,_ is analytically defined in
Total terms of the partial steps ad(0—46)
0 | | AR+ KAF, + KK AR,
! : A= >
Tl
06| - = i
=] Wherele =1+ K, + K2K3, AFl = (Fgl - FF)/FF, AFZ =
03l - 1 (Fs, — Fe)/[Fg, andAF; = (Fs, — Fg)/Fe. In the final step of
' u u the analysis, global fitting that simultaneously includes all
8 - s relaxation times and amplitudes refined the values of the rate
0 " ] constants and spectroscopic parameters. The solid lines in
5.4 5.1 4.8 Figure 5 are nonlinear least-squares fits of the relaxation
times and amplitudes according to the mechanism defined
Total by Scheme 2, using a single set of the parameters. The
Ficure 5: Dependence of the reciprocal relaxation times for the ghtained rate constants and relative molar fluorescence
binding of TNP-ATP to the strong nucleotide-binding site of the parameters are included in Table 1.

PriA helicase in buffer C (pH 7.0, 2TC) containing 20 mM NacCl - o .
and 5 mM MgCh upon the total concentration of the enzyme. The | Ne obtained data indicate that the bimolecular step has a
solid lines are nonlinear least-squares fits according to the three-dominant contribution to the overall free energy of the
step sequential mechanism, defined by Scheme 2, with the nucleotide triphosphate binding and its value is the same as
gglwll(IbnEnISan Eti iosrl?t?a?wtgil =_11-(1) ;11(82&};"']‘1;058(2) obtained for the ADP analogue. However, the following

y R—2 — ’ - ’ —3 — . it P 1 =
1/z,. (b) 1f3. The error bars are standard deviations obtained from transmoln_ (S1 = (S) with forward rate constark; = 580
3 to 4 independent experiments. (c) The dependence of the® 50 st is faster than observed for the ADP analogue. On
normalized relaxation amplitudesl{ A;, (O0) Az, and Q) Ag] for the other hand, the values of the backward rate constant k
the binding of TNP-ATP to the PriA helicase in buffer C (pH 7.0, are very similar for both the nucleoside di- and triphosphate.
20 °C) containing 20 mM NaCl and 5 mM Mgglupon the As a result, the partial equilibrium constarits,= 39 + 10,

logarithm of the total enzyme concentration. The solid lines are .
nonlinear least-squares fits according to the three-step sequentia'S larger for the ATP analogue than for the ADP analogue,

mechanism, defined by Scheme 2, with the relative fluorescence With the second step (Scheme 2) contributing strongly and
intensitiesFs, = 5.8, Fs, = 9.2, andFs, = 15.6 (details in text). favorably to the overall free energy of binding. Contrary to

the (S) < (S) transition, the following step (8} (Sk is
dramatically slower and contributes negatively to the free
) k, kK energy of binding (Table 1). The data indicate that the overall
(Prid)s + T ‘E’(S)l OO binding constantsg,, for the ATP analogue is slightly larger
! 2 N than the same parameter obtained for the ADP analogue,
analogue binding to the strong nucleotide-binding site are predominantly, due to the large value I§f. The relative
positive. However, as observed for the ADP analogue, the molar fluorescence intensities characterizing the €8 (S)
amplitudeA, dominates the observed relaxation process over intermediates in the binding of the tri- and diphosphate
the entire examined range of the protein concentration, nucleosides to the strong nucleotide-binding site of the PriA
although it significantly decreases with the increasing [PriA]. helicase are similar for both cofactors (Table 1). On the other
The amplitudeA; is small and only slightly dependent on hand, the (S)intermediates are dramatically different for
the enzyme concentration. The values of the amplithde  the nucleoside di- versus triphosphate, with the molar

a
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Ficure 6: Dependence of the reciprocal relaxation times for the TNP-ADP binding to the strong nucleotide-binding site of the PriA
helicase in buffer C (pH 7.0, 28C) containing 20 mM NaCl and 0.1 mM EDTA upon the total concentration of the enzyme. The solid
lines are nonlinear least-squares fits according to the four-step sequential mechanism, defined by Scheme 1, with the equilibrium and rate
constants:K; =5.0x 1ML k,=170st, k , =40s1, ks =515t k 3=1.3s? ks =0.125 s, andk_4 = 0.025 s (details in

text). (&) 1f,. (b) 1f3. (€) 1k The error bars are standard deviations obtained from 3 to 4 independent experiments. (d) The dependence
of the normalized relaxation amplitudés, A;, As, andA, for the binding of TNP-ADP to the PriA helicase in buffer C (pH 7.0, °Z)

containing 20 mM NaCl and 0.1 mM EDTA upon the logarithm of the total enzyme concentration. The solid lines are nonlinear least-
squares fits according to the four-step sequential mechanism, defined by Scheme 1, with the relative fluorescence fjensitefs,

= 21.6,Fs, = 11.8, andFs, = 14.0 (details in text). The rate constants are the same as in paneis[) A, (O) Az, (@) A, and O) A

fluorescence intensity being a factor ofl2 larger for the in the presence of magnesium (Figure 3). Therefore, in the
ATP as compared to the ADP analogue (see the Discussion).absence of magnesium, the binding of the ADP analogue is

Kinetics of the TNP-ADP Binding to the Strong Nucle- described by the same four-step sequential mechanism as
otide-Binding Site of the PriA Helicase in the Absence of depicted in Scheme 1. In other words, the absence df Mg
MagnesiumMagnesium has a profound effect on the ADP in solution does not affect the mechanism of the ADP
and ATP analogue binding, particularly to the strong analogue binding to the strong nucleotide-binding site,
nucleotide binding sites of the PriA helicagd) To address  although it dramatically changes the dynamics and energetics
the role of magnesium in the dynamic of the cofactor binding ©of the partial reactions (see below). The dependence of the
to the strong nucleotide-binding site of the enzyme, we normalized amplitudeg\y, A, As, and A, upon the PriA
performed the analogous stopped-flow kinetic studies, asconcentration is shown in Figure 6d. Although amplitude
described above, in the absence of magnesium. A; still has the largest value, the amplitude of the fast

In the case of TNP-ADP, the fluorescence stopped-flow Unrésolved process is comparable Ap and has a large
kinetic traces require three-exponential function to provide ontribution to the observed relaxation process over the entire
an adequate description of the experimental curves (data nof@nge of the protein concentrations. Also, the amplitage
shown). Nevertheless, the amplitude of the resolved normal"©W has much larger negative values as compared to the

modes of the reaction do not account for the total amplitude S&Me parameter obtained in the presence of"Mgigure.
of the observed kinetics; that is, there is an additional fast 39)- Only amplitudeA, of the slowest relaxation mode is
process, characterized by a relaxation timetoo short to similar to the amplitude of the same normal mode determined

be resolved in stopped-flow experiments, which precedes thel the presence of Mg.

observed normal modes of the reaction (see above). The The analysis of the relaxation times and amplitudes has
reciprocal relaxation times of the resolved normal modes 1/ been performed in an analogous way as described above
1/r3, and 14 as a function of the total PriA concentration (Figure 3). Here we used the fact that the intrinsic binding
are shown in panels-& of Figure 6. The plots indicate that  constantKg, = 5.1 x 10 M~! (67) and the maximum,

all three relaxation times show little dependence on the fractional increase of the ADP analogue fluorescends, .,
protein concentration; thus, they characterize first-order = 12.0+ 0.3, are known from the independent equilibrium
transitions of the formed compleXd@-46, 53, 54). The titration experiment similar to the ones performed in the
presence of the fast, unresolved process and the behavior opresence of magnesium (Figure 1) (data not shown). More-
the relaxation times are analogous to the behavior observedover, these quantities are analytically defined in terms of
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the partial equilibrium, rate, and spectroscopic parameters 400
by egs 9 and 10. The obtained rate, equilibrium, and relative
molar fluorescence parameters are included in Table 1.

In the absence of magnesium, the formation of the (S)
intermediate in the nucleoside diphosphate binding to the
strong nucleotide-binding site of the PriA helicase becomes
energetically more favorable, with the partial equilibrium
constantK; increased by a factor of5. However, the 100
forward rate constark, for the following transition (S)<
(S). decreases from 30& 50 s to 170+ 30 s, while 0
the backward rate constakt, increases by a factor of 2.

As a result, the value df; decreases from 1% 5 to 4.3+

1.5. The most dramatic effect is observed for the; E&)d

(S) intermediates. The partial equilibrium constakitsand b
K, increase by a factor of30 and~10, from 0.13+ 0.04 —
and 0.50+ 0.15 to 3.9+ 0.9 and 5.0+ 1.4, respectively, )
predominantly through the large decrease of the backward =
rate constant&_; and k_,. The absence of magnesium in
solution destabilizes the (S)ntermediate and strongly
stabilizes the (S)and (S) intermediates (Table 1). Therefore,

in the absence of Mg, all first-order transitions in the ADP
analogue binding to the strong nucleotide-binding site are
energetically favorable, resulting in the overall binding
constantKg,, increased by a factor 6¥33. Changes in the
energetics of the formed intermediates are also accompanied
by changes in their relative molar fluorescence intensities.
Both Fs, andFs,, characterizing the ($and (S) intermedi-

ates, increase by a factor ef2, while the relative molar
intensity of the (S intermediate undergoes the largest
increase from 1.3t 0.3 to 20.2+ 0.4 (Table 1). On the
other hand, the molar fluorescence intensity of the (§)
decreased in the absence of magnesium (see the Discussion).

Kinetics of the TNP-ATP Binding to the Strong Nucleotide-
Binding Site of the PriA Helicase in the Absence of
Magnesium.To address the role of magnesium in the s s s
dynamics and energetics of the nucleoside triphosphate -5.4 -5.2 -5 -4.8 -4.6
binding to the strong nucleotide-binding site of the PriA Log [PriA]
helicase, corresponding fluorescence stopped-flow studies

. : Ficure 7: Dependence of the reciprocal relaxation times for the
have been performed with TNP-ATP. As observed in the binding of TNP-ATP to the strong nucleotide-binding site of the

presence of MY, kinetic traces are described by two-  pria helicase in buffer C (pH 7.0, 20C) containing 20 mM NaCl
exponential function and an additional fast process character-and 0.1 mM EDTA upon the total concentration of the enzyme.
ized by a relaxation time;, which is too short to be resolved Tthe solid |ine?_glre ngﬂgi?égaség?#:ée% fits Sfﬁé’;?éngzto wi?hth;ﬁg-
; ; step sequenti
n Fhe StOpped_ﬂ.OW 'experlments44—46, 53, 5.4)' The equl)iIibril?m and rate constants‘k(l =50x 1)65 ML k= 88 s,
reC|proc_aI relaxation t_|mes idand 1t3 asa function of the Ko=55% k=451 andk_s = 0.3 s (details in text). (a) Ib.
total PriA concentration are shown in panels a and b of (b) 1/;. The error bars are standard deviations obtained from 3 to
Figure 7. The behavior of the relaxation times indicates that 4 independent experiments. (c) The dependence of the normalized
they characterize first-order transitions of the formed complex {g'ﬁ]xeag?&%rgﬁg;geiﬁlb lfj‘fo,e?'éd(Ast%féhggngci)g?aicgigNgdﬂ '\';
(see abqve)44_46.’ 5.3’ 54). Therefore, I.n the.absence Of. NaCl and 0.1 mM EDTA upon trr)le Io'gérithm of the to%al enzyme
magnesium, the binding of the nucleoside tri-phosphate is ¢oncentration. The solid lines are nonlinear least-squares fits
described by the same three-step sequential mechanism agccording to the three-step sequential mechanism, defined by
depicted in Scheme 2. Scheme 2, with the relative fluorescence intensifigs= 6.3, Fs,

The dependence of the normalized amplitudes\,, and = 16.8, andFs, = 10.1 (details in text): M) Ay, (00) Az, and @)
As upon the PriA concentration is shown in Figure 7c. The ™%
dominant contribution of the amplitud&, to the observed  lines in Figure 7 are nonlinear least-squares fits of the
relaxation process is preserved (Figure 5c); however, therelaxation times and amplitudes according to the mechanism
amplitudeA; of the fast, unresolved process has a very large defined by Scheme 2, using a single set of rate and
contribution to the total amplitude. Moreover, it shows a spectroscopic parameters, performed in an analogous way
much less pronounced dependence upon the protein conas described above. This analysis is facilitated by the
centration over the examined [PriA] range as compared to determination of the intrinsic binding constagg, = 1 x
its behavior in the presence of Mg(Figure 5c). Also, the  10° M~ (67) and the maximum, fractional increase of the
amplitude Ag shows little dependence upon the enzyme ATP analogue fluorescenc@dF, = 12.4+ 0.3, in the
concentration, and it has large and negative values. The solidindependent equilibrium titration experiment (data not shown).
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The obtained rate, equilibrium, and relative molar fluores-
cence parameters are included in Table 1.

Similar to the nucleoside diphosphate binding in the
absence of magnesium the formation of the (®ermediate
in the triphosphate analogue binding becomes energetically
more favorable (Table 1). In contrast, the forward rate
constank; of the following transition, (S)<> (S), decreases
significantly from 5804 70 s' to 88 & 20 s! while the
backward rate constakt , decreases only by a factor of 3,
resulting in a decreased value K by a factor of ~2.
However, the most dramatic effect is observed for the
formation of the (S intermediate. The partial equilibrium
constant¥; increases by a factor 6150 from 0.09+ 0.04
to 13.3+ 4.3, predominantly through the decrease of the
backward rate constants s. Therefore, the absence of Log [Time] (s)
magnesium stabilizes the (Shtermediate, slightly desta-
bilizes the following (S) intermediate but very strongly
stabilizes the (S)intermediates (Table 1). Nevertheless, all
first-order transitions in the nucleoside triphosphate binding
to the strong nucleotide-binding site are energetically favor-
able, resulting in the overall binding consta,, increased
by a factor of~23. Unlike the magnesium effect on the
relative fluorescence intensities of the nucleoside di-
phosphate intermediates, the relative molar fluorescence
intensities of the intermediates of the ATP analogue are less &
affected by the absence of Ffg(see the Discussion).

Kinetics of Binding of the TNP-ADP and TNP-ATP
Analogue to the Weak Nucleotide-Binding Site of the PriA 3 P » 0
Helicase.The kinetic studies discussed so far focused on
the dynamics of the nucleotide cofactor binding to the strong Log [Time] (s)
nucleotide-binding site of the PriA helicase. In the subsequent Ficure 8: (a) Fluorescence stopped-flow kinetic trace after mixing
set of experiments, we examined the kinetics of the analoguethe solution of TNP-ADP (1 10~° M) with the solution containing
binding to the weak nucleotide-binding site of the PriA PriA helicase and the same concentration of the cofactor in buffer

. . . . C (pH 7.0, 20°C) containing 20 mM NaCl and 5 mM Mg€&(Aex
helicase. Recall, we could examine exclusively the interac- = ;g NMAem > 500 nm). The final concentrations of the cofactor

tions with the strong binding site because its affinity is and the helicase ares2 106 M and 1x 105 M, respectively. (b)
approximately 2 orders of magnitude higher than the affinity Fluorescence stopped-flow kinetic trace after mixing the solution
of the weak site§7). The same difference in affinities allows ~0f TNP-ADP (9 x 10> M) with the solution containing PriA

A hindi o elicase and the cofactor (2 107> M), in buffer C (pH 7.0, 20
ufs tho access Fhehweak nuchog_de binding site mdependenﬁ,‘c), containing 20 mM NaCl and 5 MM MgElie. = 408 nm,
of the events in the strong binding site. . Jem > 500 nm). The final concentrations of the helicase and the
To accomplish that, we used the following experimental cofactor are 2x 106 M and 5 x 105 M, respectively. The

design. The PriA helicase is premixed with the nucleotide experimental kinetic trace is shown in logarithmic scale with respect
analogue at a concentration of the cofactor, high enough tot© time. The horizontal part of the trace is the steady-state value of

f P . the fluorescence of the sample recorded 2 ms before the flow
exclusively saturate only the strong binding site, for example, stopped (Materials and Methods). The solid line is the single-

[nucleo'giple'analog]s. 1 x 1.0_5 M, and alloyved to rgach exponential, nonlinear least-squares fit of the experimental curve
the equilibrium. If this premixed system, which contains the using eq 1.

helicase having only weak binding site still available for the

cofactor, is subsequently mixed with the identical concentra- flow kinetic trace after mixing the same solution containing

tion of the cofactor (Ix 10-°> M) no relaxation effect should  PriA and TNP-ADP, 2x 10 M and 1 x 10°° M,

be observed because the strong site is saturated with theespectively, with 5x 10~ M TNP-ADP (final concentra-

cofactor and the affinity of the weak site is too low to tions) is shown in Figure 8b. The concentration of the

detectably engage in interactions with the cofactor. However, cofactor is now high enough to engage in interaction a

if the premixed system is mixed with the nucleotide analogue significant fraction of the weak nucleotide-binding si&&);

at a concentration of the cofactor that is high enough to bind A relaxation process is observed that reflects the binding of

to the weak site, the relaxation process of the cofactor bindingthe nucleoside diphosphate to the weak site of the PriA

to the weak nucleotide-binding site should be observed. helicase. The solid line in Figure 8b is a nonlinear least-
The fluorescence stopped-flow kinetic trace after mixing squares fit of the experimental curve using a one-exponential

a solution containing 2 107% M PriA and 1 x 10° M function (eq 1). Using a larger number of exponents in the

TNP-ADP with 1x 10~>M TNP-ADP (final concentrations) fitting function does not improve the statistics of the fit (data

in buffer C (pH 7.0, 20°C) containing 20 mM NaCl and 5 not shown). The zero line, which in this case is a sum of the

mM MgCl; is shown in Figure 8a. The experimental trace fluorescence intensity of the premixed PHANP-ADP

is a straight line indicating, as expected, the absence of anycomplex and the TNP-ADP solution containing>510-°

relaxation process (see above). The fluorescence stoppedM of the cofactor (i.e., the same sample in the absence of
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Ficure 9: (a) Dependence of the reciprocal relaxation time,, ¥br the binding of TNP-ADP to the weak nucleotide-binding site of the

PriA helicase in buffer C (pH 7.0, 2TC) containing 20 mM NaCl and 5 mM Mggupon the total concentration of the cofactor. The solid

line is the nonlinear least-squares fits according to the two-step sequential mechanism, defined by Scheme 3, with the equilibrium and rate
constants:K; = 1.4 x 10* M1, k, = 4 s, andk_, = 11.5 s (details in text). (b) The dependence of the normalized relaxation amplitudes

A; andA; for the binding of TNP-ADP to the weak nucleotide-binding sites of the PriA helicase in buffer C (pH 7°Q,) 2@ntaining 20

mM NaCl and 5 mM MgC] upon the logarithm of the total enzyme concentration. The solid lines are nonlinear least-squares fits according
to the two-step sequential mechanism, defined by Scheme 3, with the relative fluorescence intepsite8.1 andFy, = 10.6. The

maximum cofactor fluorescence increase is taken from the equilibrium fluorescence titration in the same solution condifieps=as

4.3 (details in text): M) A; and () A.. (c) The dependence of the reciprocal relaxation time, Idr the binding TNP-ADP to the weak
nucleotide-binding site of the PriA helicase in buffer C (pH 7.0,°#) containing 20 mM NaCl and 0.1 mM EDTA upon the total
concentration of the cofactor. The solid line is the nonlinear least-squares fit according to the two-step sequential mechanism, defined by
Scheme 3, with the equilibrium and rate constamts= 1.4 x 10* M1, k, = 4 s71, andk_, = 11.5 s1 (details in text). (d) The dependence

of the normalized relaxation amplitud@s and A, for the binding of TNP-ADP to the weak nucleotide-binding sites of the PriA helicase

in buffer C (pH 7.0, 20°C) containing 20 mM NaCl and 0.1 mM EDTA upon the logarithm of the total enzyme concentration. The solid
lines are nonlinear least-squares fits according to the two-step sequential mechanism, defined by Scheme 3, with the relative fluorescence
intensitiesFy, = 1.3 andFw, = 1.4. The maximum cofactor fluorescence increase is taken from the equilibrium fluorescence titration in
the same solution conditions &d=, _ = 0.3 (details in text): M) A; and @) Aq.

Scheme 3 as compared to the binding to the strong nucleotide-binding
Kk Kk site that occurs in four sequential steps (Scheme 1). The
1 2 . . .. .
(PriA)y, + D < (W), & (W), dependence of the normalized individual amplitudesnd
k, k, A; is shown in Figure 9b. The amplitude of the fast

unresolved moded,, has been obtained in an analogous way
'as described for the TNP-ADP case from the known
amplitude of the second normal modk;, and the total
e%mplitude of the reaction, A as

the relaxation process) is also shown in Figure 8b. Clearly
the single-exponential fit does not account for the total
amplitude of the reaction, indicating that an additional fast
step precedes the observed relaxation processes (see abov
The dependence of the reciprocal relaxation time reaction A=A —A, (13)
1/7, extracted from the stopped-flow traces as a function of
the total TNP-ADP concentration is shown in Figure 9a. The The amplitudeA; of the resolved normal mode has larger
values of 17, only slightly depend on the cofactor concen- values than the amplitud&,; of the fast bimolecular step,
tration, indicating that the relaxation time characterizes an althoughA, does not have a dominant contribution to the
intramolecular transition. The simplest mechanism that can overall relaxation process, as observed for the binding of
account for the observed behavior of the relaxation times the ADP cofactor to the strong nucleotide-binding site (Figure
and the presence of the fast, unresolved step is a two-steBd). Both amplitudes show little dependence upon the
sequential reaction described by Scheme 3. In other words,cofactor concentration, in the examined [TNP-ADP] range.
binding of nucleoside diphosphate to the weak nucleotide- The solid lines in Figure 9 are nonlinear least-squares fits
binding site of the PriA helicase, in the presence of of the relaxation times and amplitudes according to the
magnesium, is described by a simpler two-step mechanismmechanism defined by Scheme 3, using a single set of the
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binding and rate parameters;, k;, and k., and spectro-
scopic parameterssw, and Fw,. The parametergy, and
Fw, are the relative molar fluorescence intensities of the
nucleoside diphosphate cofactor in the first, (Véhd second,
(W),, intermediate in the association reaction with the weak
nucleotide-binding site of the PriA helicase. The fitting has
been facilitated by the fact that the intrinsic binding constant
Kg, = (1.9+ 0.6) x 10* M~* and the maximum, fractional
increase of the ADP analogue fluorescentE, , = 4.3+

0.3, are known from the independent equilibrium titration
experiment (Figure 1). These quantities are analytically
defined in terms of the partial equilibrium, rate, and
spectroscopic parameters by

KBZ =K1+ K (14)
and
AFW1 + KZAFW2
AF, = — (15)
max D2

where K; = ky/k-; is the partial equilibrium constant
characterizing the fast bimolecular stép,= ki/k_,, Zp, =
1+ K2, AFW1 = (le - FF)/FF, andAFWZ = (FW2 - FF)/FF

The bimolecular step in the ADP analogue binding to the
weak site (Scheme 3) is very fast, similar to the same step
in the binding to the strong site (Tables 1 and 2). The low
affinity of the weak nucleotide-binding site is already
generated at the bimolecular step (Scheme 3), which is
characterized b¥; ~ 1.4 x 10* M~ (i.e., approximately 1
order of magnitude lower value than the corresponding
parameter for the strong binding site). If the forward rate
constant; were similar for both sites, then such a low value
of K; would indicate a much larger value lof! and, in turn,

a much shorter lifetime of the (Was compared to the (S)
intermediate. The formation of the (Wintermediate with

ko =4 4+ 1.1 stis dramatically slower as compared to the
formation of (S) (k. &~ 300 s'1), although the backward rate
constantk , = 11.5+ 3 is similar (Table 1). As a result,
the transition (W) < (W), has the partial equilibrium
constantK, ~ 0.35 and contributes negatively to the total
free energy of binding. The value of the relative molar
fluorescence intensitfw, of the (W) intermediate (3.1
0.5) is significantly lower than the value (541 0.3) of Fs,
that characterizes the corresponding intermediate, i(&he
binding of the ADP analogue to the strong binding site
(Tables 1 and 2). However, the value of the relative molar
fluorescence intensitykw,, of the subsequent (Wnter-
mediate is very similar to the molar fluorescence intensity
determined for the (@)species (see the Discussion).

The absence of magnesium does not affect the mechanism
of the ADP analogue binding to the weak nucleotide-binding
site, which is still described by the two-step mechanism
defined by Scheme 3 (data not shown). The dependence of
the reciprocal relaxation time reactiorrdénd the amplitudes
extracted from the stopped-flow traces upon the total TNP-
ADP concentration are shown in Figure 9, panels ¢ and d.
The solid lines in panels ¢ and d of Figure 9 are nonlinear
least-squares fits of the relaxation times and amplitudes, with
a single set of the binding and rate parametiis k,, and
k—,, and spectroscopic parametefs,, and Fy,, and using
the intrinsic binding constarig, = (3.7 + 1.1) x 1° M
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Scheme 4 Kg, = Ky(1 + K; + KKy) (16)
kl k2 k3
(PriA), + T © (W), < (W), < (W), and
k, k, k,
ARy, + KAF,, + K;AF,
(67) and the maximum fractional increase of the ADP AF, = ! 2 : (17)
analogue fluorescencéF,, . = 0.3+ 0.1, obtained from e Z,

an independent equilibrium titration experiment (data not

shown). These quantities are analytically defined in terms WhereZr, = 1 + K; + KzKs, and the remaining parameters

of the partial equilibrium, rate, and spectroscopic parametershave the same meaning as discussed for egs 14 and 15. The
by egs 14 and 15. plots in panels &c of Figure 10 are generated using a single

. . set of the binding, rate, and spectroscopic paramekérs (
In the absence of magnesium, the value of the partial ko, K2, Fuy, Fw, andFy) included in Table 2.

equilibrium constanK; characterizing the bimolecular step Similar to the ADP analogue, the bimolecular step in the

(SCheF“e 3) increases by a factor-el9. This IS a much ATP analogue binding to the weak nucleotide-binding site
larger increase than observed for the corresponding parameter

. S ) with the partial equilibrium constank; ~ 7.1 x 10° M1,
in the ADP analogue binding to the strong site (Tables 1 . ol
and 2). In fact, the entire increase of the overall binding completely dominates the overall free energy of bindiG;

) . . (Kg, ~ 7.8 x 1P M71). The (W) < (W), and (W} <> (W)3
constantKg,, in the absence of magnesium, is generated at; _7_. . . . S i
the bimolecular step through the increaseKaf while the transition are characterized by the partial equilibrium con

value of K, = 0.42 + 0.18 remains within experimental stantsKy ~ 0.08 andK; ~ 0.47, respectively (i.e., they

contribute negatively taG®). Also, the values of the relative
accuracy pnaffected (Table 2). Nevertheless, the second stef, 5 orescence intensities of all intermediates are only
still contributes negatively to the overall free energy of

- . i slightly higher than the emission intensity of the free cofactor
binding to the weak site. The absence of W¥gations also (Table 2). As observed for TNP-ADP, the low values of

significantly affects the structure of the formed complex at g qrescence intensities of the intermediates reflect the very
the weak nucleotide-binding site. The relative molar fluo- |5, yajue ofAF, ~ 0.3 characterizing the binding of the

rescence intensit_ies of the (Wand (\_N)Z inte_rmediates ATP analogue to the weak nucleotide-binding site of the PriA
decrease dramatically and are only slightly higher than the 4jicase (see the Discussion).

emission of the free cofactor (Table 2). Such low values of
the emission of the intermediates reflect the very low value DISCUSSION
of AF, . ~ 0.3, characterizing the binding of the ADP
analogue to the weak site, in the absence ofMgee above
and the Discussion).

Multiple-Step Kinetic Mechanisms of Nucleotide Binding
to the Strong Nucleotide-Binding Site of the PriA Helicase
o o in the Presence of Magnesiuihe results obtained in this

The kinetics of the ATP analogue binding to the weak 4k indicate that the mechanisms of the nucleoside di- and
nucleotide-binding site of the PriA helicase could only be {inhosphate to the strong nucleotide-binding site of the PriA
examined in the absence of magnesium, which hinders thebinding to the ssDNA are complex sequential processes
efficient hydrolysis of the cofactor by the enzym@7y. described by Schemes 1 and 2. Thus, the enzycoéactor
Stopped-flow data indicate that the association reaction with complexes undergo a series of conformational transitions
the weak binding site is described by a fast, unresolved stepfo|iowing the initial bimolecular step. In the case of the ATP
followed by two relaxat!on processes.(datg not shown). The analogue, the bimolecular step is very fast beyond the
dependence of the reciprocal relaxation times ahd 1ts resolution of the stopped-flow measurements. Such fast
extracted from the stopped-flow traces upon the total TNP- pimolecular step and the sequential nature of the mechanism
ATP concentration is shown in panels a and b of Figure 10. indicate that the strong nucleotide-binding site is easily
Both relaxation times are, within experimental accuracy, accessible to the cofactor and the site does not undergo any
independent of the cofactor concentration, indicating that they conformational adjustment prior to the nucleotide binding.
characterize an intramolecular transitiof0¢46, 53, 54). On the other hand, the relative fluorescence increbge,
The simplest mechanism, which can account for the observedof the first intermediate, ($)is ~5-fold larger than the
behavior, is that, unlike the ADP analogue binding, the fluorescence of the free cofactor in solution (Table 1). This
association reaction of TNP-ATP proceeds in a three-stepsignificant increase of the analogue fluorescence, as com-
sequential mechanism as defined by Scheme 4. The depenpared to the free cofactor, accompanying the formation of
dence of the normalized individual amplitudas A, and the (S) intermediate, argues against the notion that it is a
As upon the cofactor concentration is shown in Figure 10c. simple collision complexg5, 56). Rather, it must include a
The solid lines in Figure 10 are nonlinear least-squares fits fast conformational change of the proteitofactor complex
of the relaxation times and amplitudes according to the occurring in the formation of (3that places the entire TNP
mechanism defined by Scheme 4, performed as describedmoiety in a nonpolar environmen83, 35, 36, 50, 51).
above and utilizing the fact that the intrinsic binding constant  The step following the bimolecular association (Schemes
Ke, ~ (7.8 £ 0.8) x 10° M (67) and the maximum, 1 and 2) is also fast and characterized by the forward rate
fractional increase of the TNP-ATP fluorescence in the weak constantk, ~ 580 s. This value is higher thak, ~300
binding site,AF,, ., = 0.3+ 0.1, has been obtained in an s! determined for the ADP analogue and strongly suggests
independent equilibrium titration experiments (data not that the interactions of the phosphate group is involved in
shown). These quantities are related to the partial reactionsthe transition to ($) This conclusion is further supported
by by the effect of magnesium on the kinetics of both ATP and
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indicates that the ($)ntermediate is a part of the catalytic

cycle of the ATP hydrolysis. The valueslefandk_, indicate

that, while the formation of the (§)ntermediate occurs in

a couple of milliseconds, the lifetime of the intermediate is

+ in the range of tens of milliseconds. Such a long lifetime

would allow the intermediate to engage in different stages

- of catalysis in interactions with the DNA3{). The final

. L] transition, in the case of the triphosphate analogue,<S)

(S), is very different from the ()< (S) step. It is slower

by approximately 2 orders of magnitude. Moreover, it is

characterized by a very low partial equilibrium constesg

[TNP-ATP] 0.09 £ 0.04 (i.e., it is energetically unfavorable). In the

1 ‘ context of the current estimates of the rate of the PriA

b helicase translocation on the DNA at abei0 nucleotides

per second, the data strongly suggest that intermediates such

as (S) are not involved in the translocation and the catalysis
of the dsDNA unwinding Z2).

] Amplitude analysis shows that, with each transition in the
" E.— + . . . . strong nucleotide-binding site, the relative molar fluorescence
T " : intensity of the bound TNP-ATP strongly increases with

respect to the emission intensity of the free cofactor (Table

‘ 1). As we pointed out above, the fluorescence properties of

0 310% 610° 910° TNP nucleotide analogues are very sensitive to the solvent

polarity and are suitable to examine the cofactor-binding

properties of nucleotide-binding enzymes as well as reporters

c ‘ ‘ of the physical nature of the binding site 35, 36, 50, 51,

L S 58). We have previously used this property of the TNP

analogue to examine the nature of the nucleotide binding to

the E. coli replicative helicase DnaB protei3g, 36). The
emission intensity of the analogues strongly increases with
the decreasing polarity of the environment and shows a very
good correlation with the Kosower’'s empirical polarify

Ol ooo o 5v o oo . scale 69). In this context, the obtained results indicate that

with each transition, the nucleoside triphosphate is placed

48 25 22 3.9 in a more and more hydrophobic environment (i.e., more

and more separated from the solvent).

Total Kinetic Mechanism of the Nucleoside Diphosphate Binding

Ficure 10: Dependence of the reciprocal relaxation times and for to the Strong Nucleotide-Binding Site of the PriA Helicase

the binding of TNP-ATP to the weak nucleotide-binding site of contains an Additional Intermediate as Compared to the

the PriA helicase in buffer C (pH 7.0, Z&) containing 20 mM . : : . .
NaCl and 0.1 mM EDTA upon the total concentration of the Mechanism of the Nucleoside Triphosphate Bindlirge Exit

cofactor. The solid lines are the nonlinear least-squares fits INtermediate of the Hydrolysis Producurprisingly, the
according to the three-step sequential mechanism, defined bykinetic mechanism of the nucleoside di-phosphate binding
f&h&mle E, WitlhltheleguilibrillJAtnoang lzlte goféstarft‘i;dz-l x to the strong nucleotide-binding site is more complex than
HK=1L1sHKo= .0 s+ = 0. S+, andk_3 = H i+
0.32 s* (details in text). (a) Xb. (b) 1fs. (c) The dependence of olbservted fOSr tr?e ATf al:llalogtjhe land ct(;nt?ln? tan ac:dltlonal
the normalized relaxation amplitudAg A, andA; for the binding S_OV_V step (Scheme 1). _ever eless, the lirst two steps are
of TNP-ATP to the weak nucleotide-binding sites of the PriA Similar for both cofactors in terms of the rate constants and
helicase in buffer C (pH 7.0, 2TC) containing 20 mM NaCl and  relative molar fluorescence intensities characterizing the (S)
0.1 mM EDTA upon the logarithm of the total enzyme concentra- and (S) intermediates, indicating a similar orientation of the

tion. The solid lines are nonlinear least-squares fits according to bound nucleotides and the structure of the formed complexes
the three-step sequential mechanism, defined by Scheme 4, with.

the relative fluorescence intensities, = 1.31, Fy, = 1.63, and  Independent of the number of the phosphate groups. A
Fw, = 0.92. The maximum cofactor fluorescence increase is taken dramatic difference occurs in the case of the (S&ermedi-
from the equilibrium fluorescence titration in the same solution ate. Although the dynamics of its formation is similar to the
conditions asAFy,, = 0.3 (details in text): M) A, () A2, and  ATP analogue, the relative molar fluorescence intensiy,
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(®) As. = 1.3+ 0.1, for example, is more than an order of magnitude
ADP analogues binding (see below). On the other hand, thelower than theFs, = 15.6 + 0.3 determined for TNP-ATP
backward rate constark,», is in the range of+15—-20 s'! (Table 1). Actually, the relative value of1.3 indicate that

for both cofactors. Thus, the transition {S} (S), provides the emission of the (8)intermediate in ADP analogue

a strong additional stabilization of the proteicofactor binding is barely different from the emission intensity of the
complex, albeit larger for the nucleoside triphosphate. Such free cofactor in solution. These results indicate that, unlike
a substantial and positive free energy change makes the (S)the nucleoside triphosphate, the ADP analogue in the strong
intermediate a dominant species (see below) and, in light of binding site passes through an intermediate where it becomes
efficient hydrolysis of the TNP-ATP by the PriA helicase, completely accessible to the solvent (i.e., it leaves the
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hydrophobic environment of the cleft of the binding site). of all three intermediates in the reaction of the triphosphate

Notice, the more complex behavior of the nucleoside analogue binding to the strong site, in the absence of
diphosphate in the strong nucleotide-binding site can be magnesium, upon the logarithm of the free concentration of
understood if one takes into account the fact that it is the the nucleotide. The fractional distribution has been calculated
hydrolysis product of ATP and the strong site is the dominant using the determined partial equilibrium parameters included

ATPase site of the enzymé7). Unlike ATP, the nucleoside

in Table 1. In the [TNP-ATP] range, where the site becomes

diphosphate must leave the binding site without undergoing saturated with the cofactor~@0~" M), the last (S) inter-
any chemical change. In other words, there should be anmediate dominates the distribution, constituting2% of
intermediate(s) where the diphosphate cofactor moves towardthe total population of the bound cofactor. The fractional
the exit of the binding site, while a transition of that nature contribution of the (S)intermediate reaches7% of the total

is not necessary for the triphosphate counterpart. This is whatpopulation, while the (S)intermediate has negligible con-
is experimentally observed here. On the other hand, the (S) tribution (<0.5%). The situation is very different in the

intermediate undergoes an additional transition tos,(S)

presence of magnesium as depicted in Figure 11b. The (S)

apparently not present in the case of the triphosphateintermediate is now a dominating species constituth99%
analogue (Scheme 1 and 2). This intermediate has its molarof the total population, while intermediate {3 reduced to

fluorescence intensity;s, = 16.0+ 0.3, virtually identical,
within experimental accuracy, to the molar intensky, =
15.6+ 0.3, of the final (S) intermediate in the ATP analogue

binding (Table 1). In the context of the discussion above,

we can reassign the intermediates(B)the ATP analogue
binding as physically corresponding to the {Bfermediate

~8% of the total population. The fractional population of
the (S) intermediate remains low, reaching the value of
~2%, in the presence of Mg.

The dependence of the fractional populations of intermedi-
ates in the reaction of the ADP analogue binding to the strong
nucleotide-binding site, in the absence of magnesium, upon

in the ADP analogue binding. Therefore, what is different the logarithm of the free concentration of TNP-ADP is shown
in the mechanism of the ATP analogue binding (Scheme 2) in Figure 11c. At saturation, the (Shtermediate dominates
to the strong nucleotide-binding site as compared to the the distribution constituting~79% of the total population
mechanism of the ADP analogue binding (Scheme 1) is not of the bound cofactor. The fractional contribution of the;(S)

the absence of the (Shtermediate, but rather the absence
of the exit intermediate ($)}that would correspond to the
(S)k intermediate in the ADP binding where the cofactor
becomes exposed to the solvent.

Magnesium Cations Dramatically Affect the Distribution

intermediate reaches16%, while the (S)intermediate has
only ~4% contribution to the total population. The (S)
intermediate constitutes a negligible fraction of the total
population. The presence of magnesium changes diametri-
cally the distribution of the intermediates (Figure 11d). As

of the ATP and ADP Intermediates in the Strong Nucleotide- observed for the ATP analogue, the{Bermediate is now

Binding Site of the PriA Helicasélthough Md?"™ cations

a dominating species constitutingB0% of the total popula-

do not affect the kinetic mechanisms of the ATP and ADP tion, the (S} intermediate is reduced t©10% of the total
analogue binding to the strong nucleotide-binding site of the population, while the (§)and (S) intermediates have very
PriA helicase, as defined by Schemes 1 and 2, magnesiunsimilar, approximately 5%, contributions to the population
has a pronounced effect on rates and energetics of the partiabf the bound ADP analogue.

reactions in both mechanisms. Interestingly, the transition

Thus, for both tri- and diphosphate cofactors, the; (S)

(Sh < (S)is the least affected by magnesium for both the intermediate becomes selected in the presence of magnesium

ATP and ADP analogue. The forward rate constdat,
increases in the presence of Mgparticularly in the case
of nucleoside triphosphate by a factor o6, while the
backward rate constark,,, is affected to a lesser extent.
As a result, the partial equilibrium constaKt, moderately
increases by a factor e¥2—3 for both cofactors (Table 1).

as the dominant species in the strong nucleotide-binding site
of the PriA helicase. Such behavior and the fact that the PriA
helicase hydrolyzes TNP-ATP in the absence of the ssSDNA,
even more efficiently than the unmodified ATP, strongly
support the conclusion that the §®)termediate is the major
species in the ATP-catalytic cycle of the enzyme (see above).

However, the effect on the subsequent transitions is dramatic.Recall, magnesium is catalytically necessary in the ATP

In the case of the ATP analogue, the valuekefdecreases
from ~13.3 in the absence of magnesiunt6.09 (i.e., by
a factor of ~150) in the presence of 5 mM Mg£l

hydrolysis catalyzed by an ATPase in facilitating the transfer
of the y-PO* group to water §9). The results discussed
here indicate that magnesium can also strongly affect the

predominantly due to the large increase of the backward rateefficiency of ATP hydrolysis by profoundly changing the

constantk_s. Analogous effect of magnesium is observed
for the ADP analogue. The values K§ ~ 3.9 andK,; ~
5.0, characterizing transition (S (S and (S} <> (S)in
the absence of magnesium, are reduced by a facte/36f
and ~10, respectively, in the presence of Mgcations,

populations of the different intermediates of the enzyme
cofactor complex. Thus, the population of the active; (S)
intermediate in the TNP-ATP binding to the strong site
increases by a factor of12 in the presence of Mg (Figure
11). By the same token, the population of the nonproductive

predominantly due to increases in the values of the backwardspecies (S) in the ATP analogue binding is strongly
rate constant&_; andk—,. diminished.

Such dramatic effect of magnesium on the rate and Notice, the population of the (S)htermediate in the ADP
energetics of the partial steps in the binding of the ATP and analogue binding in the presence of Mgations is lower
ADP analogues to the strong nucleotide-binding site of the than in the absence of magnesium, nevertheless, it is still
PriA helicase profoundly changes the distribution of popula- the second species in terms of the fractional contribution to
tions of the intermediates. Figure 1la shows computer the intermediate population. Therefore, a significant fraction
simulations of the dependence of the fractional populations of the bound nucleoside di-phosphate reaches the exit
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Ficure 11: (a) Computer simulations of the dependence of fractional contributions of intermediatdSYSand (S} for the mechanism

(Scheme 2) of the ATP analogue 56 binding to the strong nucleotide-binding site of the PriA helicase, upon the logarithm of the free
TNP-ATP concentration in the absence magnesium. The plots have been obtained using equilibrium and rate parameters obtained in the
absence of Mg included in Table 1: (S)(---), (Sk (—), and (S} (— —). (b) Computer simulations of the dependence of fractional
contributions of intermediates in the ATP analogue binding to the strong nucleotide-binding site of the PriA helicase upon the logarithm
of the free TNPATP concentration in the presence of magnesium. (¢) Computer simulations of the dependence of fractional contributions
of intermediates (3) (S), (S), and (S) for the mechanism (Scheme 1) of the ADP analogue binding to the strong nucleotide-binding site

of the PriA helicase upon the logarithm of the free TNP-ADP concentration in the absence of magnesium. The plots have been obtained
using equilibrium and rate parameters obtained in the absence 8f iMgluded in Table 1: (S)(---), (Sk (—), (Sk (— —), and (S)

(=---—). (d) Computer simulations of the dependence of fractional contributions of intermediates in the ADP analogue binding to the
strong nucleotide-binding site of the PriA helicase, upon the logarithm of the free TNP-ADP concentration in the presence of magnesium
(see text for details).

intermediate, although, controlled by Rigbinding. The magnesium, which is barely detectable, while in the same
magnesium effect on the dynamics and energetics of theconditions,AF,,, ~ 12 (Tables 1 and 2). A very similar
formations of the individual intermediates is paralleled by difference between the spectroscopic parameters character-
the changes in their structures. This is particularly evident izing the two binding sites is also observed for the ATP
in the case of the ADP analogue where the relative molar analogue in the absence of magnesium. Thus, in the weak
fluorescence intensities of all first three intermediates,, (S) site, the nucleotide cofactor experiences a much less hydro-
(Sk, and particularly (S)(Scheme 1), are significantly lower  phobic environment than in the strong site, independent of
in the presence of Mg (Table 1). Such behavior of the the number of the phosphate groups (see abd¥®) 36,
fluorescence of the bound TNP analogues indicates that, in50, 51, 59).
the presence of Mg, the cofactors are moved into a less  The kinetic mechanism of the ADP analogue binding to
hydrophobic environment, with the ADP cofactor being the weak nucleotide-binding site of the PriA helicase includes
practically exposed to the solvent in the {$)termediate only two intermediates (Scheme 3) and is remarkably simpler
(35, 36, 50, 51, 59). than the mechanism of the same cofactor binding to the
Intermediates in the Association of the Nucleoside Di- and strong site, which includes four intermediates (Scheme 1).
Triphosphates with the Weak Nucleotide-Binding Site Are Moreover, the energetics and the nature of the formed
of a Very Different Nature as Compared to the Intermediates intermediates are different from the intermediates in the
Formed at the Strong Binding Siteéquilibrium fluorescence  association reaction with the strong site. This is observed
studies provided the first indication that the complex formed both in the presence and absence of magnesium. Noticeably,
at the weak nucleotide-binding site has a very different nature the entire magnesium effect is expressed in the value of the
as compared with the complex formed at the strong binding partial equilibrium constani,, instead of the energetics of
site. Besides an approximately 2 orders of magnitude lower the formation of intermediates following the bimolecular step
affinity, in the presence of magnesium, the relative maximum as observed for the strong site, where magnesium stabilizes
fluorescence increase of the TNP-AINF, = 4.3+ 0.3 the (S) species and destabilizes all remaining intermediates
), that is, it is by a factor of2 lower thanAF;, = 9.0+ (Figure 11, see above). The (W9 (W), transition is not
0.3, observed for the strong binding site (Figure 1). An even shifted toward the (W) species, as observed for the
lower value ofAF,,, ~ 0.3 is observed in the absence of analogous ()< (S), transition in the strong binding site.
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As a result, the bound ADP analogue exists in equilibrium
between two intermediates, (Wand (W), in the presence
or absence of magnesium, with (\§pecies constituting
~30% of the total population of the bound cofactor at
saturation.

Notice, in the case of the weak site, the valuekaf
decreases by a factor 6f19 in the presence of magnesium,
while it decreases only by a factoreb in the strong binding
site. This difference indicates that different regions of the

Lucius et al.

magnesium on the internal energetics of the intermediates
and the absence of an intermediate corresponding to the exit
intermediate (S)in the strong site. Magnesium exerts strong
effect only on the partial equilibrium binding constétin

the TNP-ADP binding to the weak binding site, as opposed
to only a moderate effect on the analogous parameter for
the strong site, strongly suggesting that the initial association
with the weak site occurs through interactions between the
positively charged groups of the site and the phosphate group,

cofactor are engaged in interactions in two sites, even in thepartially neutralized in the presence of MgOn the other

bimolecular binding step (see below and &j. However,
magnesium does affect the structure of the helicaséactor

hand, the internal energetics between the intermediates is
not affected by Mg". These results strongly suggest that

complex in the weak site, as expressed by large increases ofhe weak site participates in different pathways of interactions

the relative molar fluorescence intensitieg, and Fy, in
the presence of Mg (Tables 1 and 2). Nevertheless, the
value of Fy, is significantly lower than the corresponding
value ofFs, indicating that the cofactor is more exposed to
the solvent in the dominant intermediate in the weak site
than in the strong site. In fact, in the absence of?Mdhe
values ofFw, andFy, are barely different from the emission
intensity of the free cofactor, indicating that the nucleotide
is very close to the protein surface, while in the strong site
in the absence of Mg the nucleotide is placed in an even
more hydrophobic environment than in the presence ¢fMg
Unlike the ADP analogue, the kinetic mechanism of the
ATP analogue binding to the weak nucleotide-binding site

as compared to the strong si7( 68).

There are also significant differences between the ADP
and ATP analogue complexes with the weak nucleotide-
binding site, suggesting a different function of the nucleoside
di- and triphosphate bound in the weak sié8)( Thus, the
bound ADP cofactor in the weak site is in equilibrium
between two intermediates, (Wpand (W), with (W),
constituting a large fraction of the population of the bound
cofactor. Binding of the ATP analogue includes three steps,
and the (W) intermediate completely dominates the inter-
mediate distribution with (W)and (W) constituting only
~7% and~4% of the population of the bound cofactor,
respectively. Thus, nucleotide exchange or NTP hydrolysis

is a three-step sequential mechanism, that is, the same as; the weak site would dramatically change the internal
observed for the ATP analogue binding to the strong binding distribution of the intermediates with possible different
site (Schemes 2 and 4). However, the similarity ends here.functions in the helicase functioning, that is, in interactions
Although the kinetics could not be examined in the presence with the DNA (68).

of magnesium, the fact that the Kfgcations little affect Previous biochemical studies indicated that unwinding of
the ADP analogue binding strongly suggests that the behaviorthe dsDNA and the ATP hydrolysis can occur at the ATP
observed in the absence of magnesium, for the TNP-ATP, concentrations where only the strong binding site is engaged
will also be observed in the presence of MdTable 2). in interactions with the cofacto2p). However, the nucle-
The (W) species is the dominant intermediate, while the otide binding to the weak site seems to increase the efficiency
(W), < (W), and (W) < (W)s transitions have both negative  of the unwinding reactior2@). The very different energetics,
contributions to the overall free energy of binding. In dynamics, structure, and magnesium effect of the weak
contrast, in the ATP analogue association with the strong nucleotide-binding site as compared to the strong site argue
binding site, in the absence of magnesium, the correspondingfor a different role of the weak site in the functioning of the
transitions contribute significantly and positively 1%G° PriA helicase as compared to the strong binding site. Rather,
(Tables 1 and 2). The relative molar fluorescence intensitiesthe site that binds fast and releases the nucleotide cofactor
of all intermediates are close to the fluorescence intensity with intermediates little affected by magnesium appears to
of the free cofactor, indicating that the cofactor is located be predominantly an allosteric binding site that functions in
close to the surface of the protein and in significant contact controlling the specific interactions with replication fork or
with the solvent (Table 2). On the other hand, in the strong PAS sit, and the processivity of the enzyme by, for example,
site, all relative molar fluorescence intensities are high, affecting the affinity of the helicaseDNA complex in
indicating a strongly hydrophobic environment with little different states of ligation, achieved through direct nucleotide

contact with the bulk solvent of the ATP analogue in all
intermediates (Table 1).

The Weak Nucleotide-Binding Site of the PriA Helicase
May Have an Allosteric Control Role in the Actties of
the EnzymeThe affinity of the weak nucleotide-binding site

shows only slight dependence on the type of the base,

indicating the lack of specific short range interactions with
the base, predominantly involving interactions with the

variant of the phosphate binding loop, located in the helicase

motif VI of the PriA helicase §6, 67). Such structure of the
weak nucleotide-binding site would corroborate well with
the observed lack of the base specificity, a simpler kinetic

mechanism of ADP analogue binding, and the properties of
the kinetic intermediates. A conspicuous feature of the ADP

analogue binding to the weak site is the effect of the of

exchange and/or ATP hydrolysi&8).
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