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ABSTRACT: Allosteric interactions between the strong and weak nucleotide-binding sites and the total and
proper single-stranded (ss)DNA-binding sites of BEszherichia coliPriA helicase have been analyzed
using the fluorescence titration technique. Binding of the DNA exclusively to the proper DNA-binding
site of the helicase, profoundly affects the intrinsic affinities of both nucleotide-binding sites, indicating
a direct communication between the nucleotide-binding sites and the proper DNA-binding site. The
communication involves conformational changes of the entire protein molecule. Nevertheless, the bound
DNA differently affects the structures of the strong and weak nucleotide-binding sites. While the polarity
of the strong site is moderately diminished, the polarity of the weak site is dramatically increased, indicating
an intimate involvement of the weak site in controlling the helicase interactions with the DNA. The strong
site does not directly control the DNA affinity of the enzyme. Only when the helicase has both nucleotide-
binding sites saturated with ADP but not with ATP analogues does the enzyme have an increased affinity
for the ssDNA, indicating that the control of ssDNA affinity involves a coordinated action of both
nucleotide-binding sites and depends upon the phosphate group of the bound cofactor. A dramatic increase
of the DNA affinity, when the DNA encompasses the total DNA-binding site of the enzyme, with both
nucleotide-binding sites saturated with ADP or NDP, indicates that an additional area of the protein within
the total DNA-binding site becomes engaged in interactions with the DNA. The significance of these
results for the enzyme activities in the DNA unwinding and recognition is discussed.

Major processes of DNA and RNA metabolism, such as ATP cofactor and is controlled by Mg binding to the
replication, recombination, repair, and translation, require that cofactor and to the protein. In contrast, the weak nucleotide-
the duplex regions of the nucleic acid be unwound to form binding site shows very modest base specificity. Its affinity
transiently a metabolically active single-stranded (ss)DNA is minimally affected by the structure of the phosphate group
intermediate 1—7). This reaction is catalyzed by a class of of the ATP cofactor and by the presence of ¥gations.
enzymes called helicases and is fueled by the hydrolysis of Nevertheless, the revealed presence of cooperative interac-
nucleotide triphosphated-{5). The PriA helicase isa DNA  tions between the bound cofactors provides evidence for the
replication enzyme in theEscherichia colicell that is communication between the two nucleotide-binding sites
involved in DNA replication, recombination, and repair (46).

processes—14). The protein plays a key role in the ordered  Both nucleotide-binding sites also differ in their dynamic
assembly of the primosome, as well as in propelling the properties. Binding of the ADP analoguée(®)-0O-(2,4,6-
mechanical translocation of the primosome machine along trinitrophenyl)adenosine &liphosphate (TNP-ADP)to the
the DNA lattice. The enzyme has also been recognized asstrong nucleotide-binding site is a minimum four-step
the factor that initiates the restarting of the stalled replication sequential reaction, while the association of the ATP
fork at the damaged DNA sited4—16). On the basis of  analogue with the same site proceeds through a three-step
the primary structure, the PriA protein is classified as a sequential mechanism 7). Unlike 2(3)-O-(2,4,6-trinitro-
member of the SF2 superfamily of helicaség)( phenyl)adenosine 'Griphosphate (TNP-ATP), the ADP
Equilibrium thermodynamic and stopped-flow kinetic analogue passes through an intermediate, where it leaves the
studies, described in companion papd 47), have shown  hydrophobic cleft of the site, thus, corroborating with the
that the PriA helicase has two nucleotide-binding sites, which notion that the strong site is the high-affinity ATPase site of
dramatically differ in their affinities and structural and the enzyme47). Contrary to the strong site, association of
dynamic properties. The affinity of the strong site profoundly
depends upon the structure of the phosphate group of the— . . _
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5'-triphosphate; TNP-ADP,'@')-0O-(2,4,6-trinitrophenyl)adenosiné-5
T This work was supported by NIH Grant GM-46679 (to W.B.). diphosphate; NTP, ribonucleosidetfiphosphate; NDP, ribonucleoside

A.L.L. was partially supported by J. B. Kempner fellowship. 5'-diphosphate; dNTP, deoxyribonucleosidetriphosphate; dNDP,
* Corresponding author. Tel.: (409)772-5634. Fax: (409)772-1790. deoxyribonucleoside'Sliphosphate; PAS, primosome assembly site;
E-mail.: wbujalow@utmb.edu. EDTA, ethylenediaminetetraacetic acid disodium salt.

10.1021/bi0518287 CCC: $33.50 © 2006 American Chemical Society
Published on Web 05/20/2006



7238 Biochemistry, Vol. 45, No. 23, 2006

Lucius et al.

the ADP analogue with the weak site proceeds in a simpler Reagents (Midland, TX). The etheno derivativeA¢peA)q
two-step sequential mechanism, while ATP analogue binding and dA(peA)1q, of dA(pA)y and dA(pA)s were obtained
is still characterized by three steps. The different dynamics by modification with chloroacetaldehyd2l—24). Concen-

of the ADP analogue in the weak nucleotide-binding site,

trations of all ssDNA oligomers have been spectrophoto-

as compared to the ATP analogue, suggests a differentmetrically determined as described previously by 18—(

function of the nucleoside di- and triphosphates bound to
the weak site47).

Recall, the total DNA-binding site of the PriA helicase
occludes 26t 3 nucleotidesX8—20). However, the enzyme
has a proper ssDNA-binding site, within the total DNA-
binding site, which can efficiently engage in interactions with
only ~6—8 nucleotide residues, significantly less than the
total DNA-binding site. The proper DNA-binding site is

22).

Fluorescence Measurementdl steady-state fluorescence
titrations were performed using the Fluorolog F-11 (Spex
Jobin Yvon) as described previously and in companion
papers {8, 19, 25—27, 46, 47). Binding of the PriA helicase
to etheno derivatives of the ssDNA oligomergA@peA)q
and dA(peA)1o, Was followed by monitoring the fluores-
cence of the etheno derivatives of the nucleic acidg €

located in the central part of the enzyme molecule, on a 325 nm, em = 410 nm) (8, 19, 25-27). The relative

structurally separated domain, with the protein matrix
protruding on both sides of the proper sif{20). Such a

location of the proper DNA-binding site allows the enzyme
to efficiently search and recognize small patches of ssDNA,;

increase of fluorescenc@F,,s Of the cofactor or ssSDNA
emission upon binding to the PriA helicase is defined as
AFops= (Fo — Fi)/Fo, WhereF; is the fluorescence of a TNP
analogue or ssDNA oligomer at a given titration point and

i.e., itis an active, ssDNA gap-searching site of the helicase F, is the initial value of the fluorescence of the samlg, (

(20). In the course of the unwinding reaction of the duplex
DNA, the affinity of a helicase for the DNA changes under
the control of the nucleotide binding and/or hydrolysis-(

4). Therefore, examination of the effect of the nucleotide

19, 25—29).

Stopped-Flow KineticsAll fluorescence stopped-flow
kinetics experiments were performed using the SX.18MV
stopped-flow instrument (Applied Photophysics, Leatherhead,

cofactors, bound to the strong and weak nucleotide-binding U.K.) as described before in re&f0. The reactions were

sites, on the helicase interactions with the ssDNA in the
proper and total DNA-binding sites is of fundamental
importance for elucidation of the mechanism of the enzyme
functioning in replication and recombination processes (
4).

monitored following the total fluorescence emission of the
etheno derivatives of the ssDNAs, with, = 325 nm, and
the emission was monitored through the GG400 cutoff filter
(Schott, PA).

In this paper, we report quantitative analyses of the effect RESULTS

of the nucleotide cofactors bound to the strong and weak

nucleotide-binding sites of the PriA helicase on the interac-
tions of the enzyme with the ssDNA, which can bind

exclusively to the proper DNA-binding site or can encompass
the entire total DNA-binding site of the helicase. The data
indicate a direct communication between the nucleotide-
binding sites and the proper DNA-binding site that involves
conformational changes of the entire protein molecule.
However, the strong site does not directly control the DNA
affinity of the enzyme. Such control involves a coordinated

action of both nucleotide-binding sites and depends upon
the structure of the phosphate group of the bound cofactor.

A dramatic increase of the DNA affinity with both nucle-
otide-binding sites saturated with ADP or ribonucleositde 5

diphosphate (NDP) indicates that an additional area of the

protein, within the total DNA-binding site, become engaged
in interactions with the nucleic acid.

MATERIALS AND METHODS

Reagents and Bufferall chemicals were reagent-grade.

Binding of the ADP and ATP Analogues, TNP-ADP and
TNP-ATP, to the PriA Helicase Associated with the sSDNA
in the Proper and Total DNA-Binding Sites, Monitored by
the Fluorescence Emission of the Enzyfitee PriA helicase
can bind the ssDNA with significant affinity in the absence
of the nucleotide cofactors18—20). In the first set of
experiments, we have utilized this fact to examine the effect
of the ssDNA associated with the enzyme on the binding of
nucleotide analogues, TNP-ATP and TNP-ADP, to the strong
and weak nucleotide-binding sites of the helicase. Association
of these analogues with the PriA helicase is accompanied
by the quenching of the protein fluorescence, which is
different and characteristic for the strong and weak nucle-
otide-binding sites46). The experiments were performed
in the absence of magnesium to avoid precipitation of the
protein—nucleic acid complex at higher nucleotide concen-
trations (8, 19, 46).

Fluorescence titration of the PriAdA(pA)s complex, with
TNP-ADP in buffer C (pH 7.0, 20C), containing 20 mM
NaCl and 0.1 mM ethylenediaminetetraacetic acid disodium

All solutions were made as described in the companion papersalt (EDTA), is shown in Figure 1. For a comparison, the

(46). The NaCl and MgGlconcentrations in the buffer are
indicated in the text46, 47). The E. coli PriA protein has
been isolated and purified as previously descrikdg] {9,
46).

Nucleotide and Nucleic AcidINP-ATP and TNP-ADP
were from Molecular Probes (Eugene, OBR) ATP was
from CalBiochem, and ADP, dADP, GDP, and TDP were
from Sigma (St. Louis, MO). Nucleotides used in the binding
studies were>95% pure as judged by TLC on silica. All
ssDNA oligomers were purchased from Midland Certified

titration of the helicase in the same solution conditions in
the absence of the ssDNA 10-mer is also includé@).(
Recall, the ssDNA 10-mer exclusively binds to the proper
DNA-binding site of the PriA helicasel8—20). At the
applied ssDNA oligomer concentration, the population of
the protein molecules is predominantly in the complex with
the nucleic acid18—20). The analysis of the titration curves
has been performed as described in a companion pé@er (
The solid lines in Figure 1 are nonlinear least-squares fits
of the titration curves using the statistical thermodynamic
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Ficure 1: Fluorescence titration of PriA helicase with TNP-ADP
in buffer C (pH 7.0, 20°C), containing 20 mM NaCl and 0.1 mM
EDTA, in the absencel) and presenceX) of the ssDNA 10-mer,
dA(pA),, or (O) the presence of the ssDNA 20-mer, dA(pA)The
concentrations of the enzyme and nucleic acids are<110-6 and
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Ficure 2: Fluorescence titration of PriA helicase with TNP-ATP
in buffer C (pH 7.0, 20°C), containing 20 mM NaCl and 0.1 mM
EDTA, in the absenceal) and presenceX) of the sSSDNA 10-mer,
dA(pA)e, or (O) in the presence of the ssDNA 20-mer, dA(pd)
The concentrations of the enzyme and nucleic acids are .06

3 x 1075 M, respectively. The solid lines are nonlinear least-squares and 3x 1075 M, respectively. The solid lines are nonlinear least-

fits of the titration curves, according to the model of two different,
discrete, and cooperative binding sitd®)(using a single set of
binding parameterskg, = 5.1 x 10’ M™%, Kg, = 3.7 x 1° M1,

o =1, AF; = 0.2, andAF, = 0.64, in the absence of the ssDNA
10- or 20-merKg, = 2.5 x 16 M7}, Kg, = 1.9 x 10* ML, 0 =

1, AF; = 0.38, andAF, = 0.42, in the presence of the 10-mer;
andKg, = 2.0x 16 M L, Kg,=19x 100 ML, 0 = 1, AF; =
0.28, andAF; = 0.37, in the presence of the ssDNA 20-mer.

model of two discrete binding sites with cooperative interac-
tions between the sites (eqs-@ of ref 46).
The effect of the nucleic acid on the binding of the

squares fits of the titration curves, according to the model of two
different, discrete, and cooperative binding si#8) (ising a single
set of binding parameterKs, = 1 x 18 M1, Kg, = 7.8 x 1(°
M~1 o =1, AF; = 0.18, andAF, = 0.59, in the absence of the
ssDNA 10- or 20-merKg, = 7.5 x 106 M1, Kg, = 4.0 x 10*
M~1, o = 1, AF; = 0.44, andAF, = 0.31, in the presence of the
10-mer; anKg, = 3.5 x 1P M1, Kg,= 3.4 x 100 ML, 0 = 1,
AF; = 0.24, andAF, = 0.42, in the presence of the ssDNA 20-
mer.

Analogous fluorescence titrations of the PrissDNA 10-
mer and the PriA-ssDNA 20-mer complexes, with the ATP
analogue, TNP-ATP, in buffer C (pH 7.0, 2C), containing

nucleotide analogue to both nucleotide-binding sites, in the 20 mM NaCl and 0.1 mM EDTA, together with the titration
examined solution conditions, is dramatic, although the performed in the absence of the nucleic acids is shown in
ssDNA 10-mer encompasses only the proper DNA-binding Figure 2. Saturation of the proper DNA-binding site with

site of the enzymel8—20). The intrinsic affinities of both

the ssDNA 10-mer decreases the value&KgfandKg, for

the strong and weak nucleotide-binding sites are strongly the ATP analogue by a factor 6f14 and~19, respectively,

decreased by a factor of20 and ~18, respectively.

with respect to the same parameters obtained in the absence

However, the fluorescence quenching accompanying theof DNA, although a more pronounced decrease of the

binding to the strong site is increased frakfr; ~ 0.2 to

affinities is obtained for the ssDNA 20-mer, where the

~0.38, while the analogous parameter for the weak binding corresponding factors are27 and~22. As observed for

site is decreased fromF, ~ 0.64 to~0.42, indicating a

the ADP analogue (Figure 1), the significant difference

different effect of the nucleic acid on the structure of the between the effect of the 10- and 20-mer on the binding of
strong binding site, as compared to the weak nucleotide-the ATP analogue occurs in values of the quenching
binding site (see below and the Discussion). As a result of parameters, where, in the presence of the 10-mE&g, =

the induced changes in both the intrinsic affinities and 0.44 + 0.03 andAF, = 0.31 4+ 0.05, while the same
spectroscopic parameters, the presence of two binding phaseparameters are0.18 and~0.59, respectively, in the absence
corresponding to the association of the nucleotide cofactor of the nucleic acid (Figure 2). In the case of the 20-mer, the
with the strong and weak nucleotide-binding sites, becomesinduced changes of the quenching parameters are less
very prominent for the protein complex with the nucleic acid pronounced, as also observed for the ADP analogue (parts a

(46).

The ssDNA 20-mer encompasses the total DNA-binding
site of the helicase, which has the site size of 203
nucleotide residueslg—20). Fluorescence titration of the
PriA—ssDNA 20-mer [dA(pA)] complex with TNP-ADP

and b of Figure 1), withAF; = 0.24 & 0.03 andAF; =

0.32+ 0.05. It is evident that the ssSDNA, whether bound to
the proper ssDNA-binding site or encompassing the total
ssDNA-binding site, has a similar effect on the binding
affinities of the ADP and ATP analogues to the strong and

is included in Figure 1. The presence of the 20-mer has aweak nucleotide-binding sites of the PriA helicase, although
similar effect on the intrinsic affinities for both nucleotide- the effects of the 10- and 20-mer on the structure of both
binding sites, as observed for the 10-mer, W) andKsg, nucleotide-binding sites are different. Nevertheless, the
decreased by a factor 0f25 and~18, respectively, as  similarity between the effects of the 10- and 20-mer on the
compared to the same parameters obtained in the absencbkinding of the ADP and ATP analogues indicates that the
of DNA (Figure 1). Nevertheless, although the affinities are induced energetic and structural changes of the strong and
affected in a similar way by the 10- and 20-mer, the changesweak nucleotide-binding sites are an intrinsic property of
of the fluorescence quenching, induced by the 20-mer, arethe proteinr-DNA complex independent of the number of
different, as compared to the changes induced by the 10-phosphate groups of the nucleotide cofactor (see the Discus-
mer, with AF; = 0.28 4+ 0.03 andAF, = 0.37 + 0.05. sion).
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Binding of the Nucleotide Analogues, TNP-ADP and TNP-
ATP, to the PriA Helicase Associated with the ssSDNA in the
Proper and Total DNA-Binding Sites, Monitored by the
Fluorescence Emission of the Analogués.the studies
described in the previous section, the effect of the nucleic
acid on nucleotide binding to the strong and weak nucleotide-
binding sites of the PriA helicase has been performed by
monitoring the quenching of the protein fluorescence. Thus,
the binding process was monitored by examining the
spectroscopic signal originating from the side of the protein.
However, as pointed out in ref7, binding of the TNP
analogues to the PriA helicase results in a very large increase
of the cofactor fluorescence. Moreover, the emission of the
TNP moiety is very sensitive to the polarity of the environ-
ment of the binding site30—33). Therefore, to obtain further
insight about the nature of the conformational changes in
the strong and weak nucleotide-binding sites of the PriA
helicase, induced by the nucleic acid, we examined the
binding of the TNP-ADP and TNP-ATP to the PriAsssDNA
complexes, by monitoring the nucleotide cofactor fluores-
cence 47).

Fluorescence titrations of TNP-ADP with PriA helicase
in buffer C (pH 7.0, 20°C), containing 20 mM NacCl, 0.1
mM EDTA, and 3x 1075 M ssDNA 10-mer, dA(pAy, at
three different concentrations of the cofactor, are shown in Total
Figure 3a. The selected concentration of the SSDNA oligomer Ficure 3: (a) Fluorescence titration of TNP-ADP with the PriA
ensures that the protein is saturated with the DNA over the helicase, in buffer C (pH 7.0, 2TC), containing 20 mM NaCl and

; ; ; ; ; 0.1 mM EDTA, in the presence of 8 10> M ssDNA 10-mer,
?P tl;? rangse_zo(f) tT pmtem Tor:j(?entratl(zjn tﬁpptl.ltedt.m tf:e dA(pA),, at three different TNP-ATP concentrationdl)(1.0 x
itrations (L8-20). As previously discussed, the titration at  4°5'; () 5.0 x 106 M, and @) 7.0 x 10-5 M. The solid lines

the highest concentration of the cofactor{7.0~° M) could are nonlinear least-squares fits of the titration curves, using egs
only be performed over a limited protein concentration range, 2—6, with a single set of binding and spectroscopic parameters:
y bep p g
because of the precipitation of the complex at high protein KBHZFZB X 1560’\/'(;)1), 'flaz =19x 10t‘ftM t’,ly o 7Tl|’\1|A3FA1f'nﬁ3= Stllflth
: : : andAF,,_ = 8.0. uorescence titration o -ATP with the
and nucle(_)tlde Concentrzstltlo_n$6f(| 4an. At hlgh_er cofactor PriA helicase, in buffer C (pH 7.0, 2TC), containing 20 mM NaCl
concentrations, a given relative fluorescence increaBgs and 0.1 mM EDTA, in the presence 0fs3 10-> M ssDNA 10-

is reached at a higher concentration of the protesDNA mer, dA(pA), at three different TNP-ATP concentrationd) (1.0
complex, because more protein is required to saturate thex 10 M, (O) 5.0 x 106 M, and @) 7.0 x 10°° M. The solid
cofactor @5—29). lines are nonlinear least-squares fits of the titration curves, using

Analyses of the titration curves in Figure 3a have been egs Z_KG' wit;lsa siTgGIeMs?t }gf bingigg 31”0"; &pﬁctrosci)pAicharam-
. . . . eters: = 1. o = 4. ho=1,
performed in the same way as described in4&f using — 6.3, ;ﬁdAFzm:: o, e X o Lnax

two derived parametric equations, which analytically describe

the titration curves. Briefly, we know the statistical thermo- whereP is the free concentration of the PriA protein. The
dynamic model that describes the observed binding process,q tion of eq 3 provides the first analytical parametric

and the values of all binding parameters in the model (Figure ¢ ation for the free nucleotide cofactor concentratian,
1). Thus, there are two distinct nucleotide-binding sites on 4¢ 5 function oPr and L+, which is

the enzyme characterized by the intrinsic binding constants,

Kg, andKg,, and the cooperativity parameter, for TNP-

ADP (46, 47). The total partition functionZ, and the total Le= (—(1 + Kg. + Kg )Pe +
average degree of bindin§,®;, of the considered system ! z

Relative Fluorescence Increase

Relative Fluorescence Increase

o @O

8 7 6 5 4

Log [PriA]

are
¢ JIL+ (K, + Kg )P+ 8KBlKBzoLTPF)I4KBlKBzoPF
Z=1+ (Kg, + Kg)Lg + Kg Kg 0L (1) (4)
and The second parametric equation is the expression for the total
protein concentratiorPr, as a function of the free protein
(Kg, + Kg )L + 2Kg Kg oL 7 concentrationPx, i.e.,
>0 = Z )
2
Pr=Pe(1 + Kg )Lg + Kg Kg 0L] (5)

The total nucleotide cofactor concentratidn, is related to

its free concentration by the mass conservation equation The observed relative fluorescence increasBys of the

nucleotide analogue, in the presence of the helicase, is then

B 2
Ly = Le[l + (Kg, + Kg )Pl + 2Kg Kg oLePe  (3) described by
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KBlLFPF KBZLFPF N
Lt Zimax Ly

K, Ks,0LEPE 3
L (6)

AF = AF, |

(AF, +AF, )

wherelLy is defined by eq 3. The parameterst; . and
AF,, . are the relative molar fluorescence increases of the
nucleotide cofactor emission bound to the strong and weak
nucleotide-binding sites, respective§j.

Binding of TNP-ADP to the strong and weak nucleotide-
binding site of the PriA helicase is characterizedy =
(254 0.5) x 10° M, Kg, = (1.9+ 0.6) x 10* M1, and
o =1+ 0.3, determined independently, using the quenching
of the protein fluorescence to monitor the binding (Figure
1). The solid lines in Figure 3a are nonlinear least-squares
fits of the experimental titration curves, using eq 6, with the
above values of the binding parameters and only two fitting
parametersAF, . and AF,__, which provideAF; = 8.3
+ 0.3 andAF,,, = 8.0+ 2, respectively. The values of the
same molar fluorescence increases accompanying the binding
of the ADP analogue bhinding to the strong and weak
nucleotide-binding site of the PriA helicase, obtained in the
absence of the nucleic acid, afd;, _, = 12.0+ 0.3 and Log [PriAl .,

AF; .= 0.3+ 0.1 @47). Thus, in the presence of the sSDNA  Ficure 4: (a) Fluorescence titrations of the sSDNA 10-meA-d
10-mer, the value oAF,, _, is decreased by30%. However, (peA)q, with the PriA helicase in buffer C (pH 7.0, 2€C),
the effect of the nucleic acid ofF,,_ is dramatic, with the ~ containing 20 mM NaCl and 15 mM Mgglin the absence and

; presence of different ADP concentration®) 0 M, (O0) 1 x 10°°
value of the parameter increased by a factora¥ (see the M, and @) 5 x 1073 M. The concentration of the sSDNA oligomer

Discussion). o is 1 x 107 M. The solid lines are nonlinear least-squares fits of
Analogous fluorescence titrations of the ATP analogue, the titration curves, to the single-site binding isotherm (eq 7), using

TNP-ATP, with PriA helicase in buffer C (pH 7.0, 2C), Eilnding and Spectrosco?iﬁ pafgmeAtzfg inC|AUd90A| in Ta?eh 1. (b)
ini uorescence titrations of the ss -med’ € with the
containing 20 mM NaCl, 0.1 mM E.DTA’ and 8 10°° M PriA helicase in buffer C (pH 7.0, 2TC), conta’irﬁ;g %l(?’mM NacCl
sSDNA 10-mer, dA(pAy, at three different concentrations 5,415 my MgC}, in the absence and presence of different ADP
of the cofactor, are shown in Figure 3b. The solid lines in concentrations: ) 0 M, (@) 1 x 105 M, and @) 5 x 103 M.
Figure 3b are nonlinear least-squares fits of the experimentalThe concentration of the ssDNA oligomer isx1 10-¢ M. The
titration curves, using eq 6, with only two fitting parameters, solid lines are nonlinear least-squares fits of the titration curves, to
AFy, andAF,,_, and withKg, = (7.5 £0.5) x 10° M1, the single-site Itolndl_ng Ilsgtf:je_rm_r(egl 7)i using binding and spectro-
Kg, = (4.0+ 0.6) x 10* M2, ando = 1 + 0.3, determined SCOpic parameters Incilided in Table ~.
independently using protein fluorescence quenching to moni- energetics and kinetics of the helicassDNA interactions
tor the binding (Figure 2). The fit providesF, = 6.3+ (18—20). The effect of ADP bound in the strong nucleotide-
0.3 andAF,,,, = 10.0 £ 2.0, respectively. The values of binding site, as well as in both the strong and weak
the same molar fluorescence increases accompanying thewucleotide-binding sites of the PriA helicase on the interac-
binding of the ATP analogue, obtained in the absence of tions of the enzyme with the ssDNA, bound in the proper
the nucleic acid, araF,; = 12.44+ 0.3 andAF,,, = 0.3 DNA-binding site, has been examined using the SSDNA 10-
+ 0.1 @7). Thus, as observed for the ADP analogue, in the mer, dA(peA)s, which exclusively binds to the proper DNA-
presence of the ssDNA 10-mer, the value &F;  is binding site (8—20). Correspondingly, the effect of ADP
significantly decreased, while the valueAF,__ is dramati- on the interactions within the total DNA-binding site has
cally increased. Clearly, the nucleic acid, bound to the properbeen addressed using the ssDNA 20-mef\(deA) 10, Which
DNA-binding site of the PriA helicase, profoundly affects encompasses the total DNA-binding site of the PriA helicase
the polarity of the environment of the bound nucleotide (18—20). Because substantial binding of ADP to the weak
analogues in both nucleotide-binding sites, and the inducednucleotide-binding site requires high concentrations of the
changes in the structure of both binding sites are independentofactor, the experiments have been performed at an elevated
of the number of phosphate groups of the cofactor (see theMg?" concentration to examine the interactions with the
Discussion). DNA at a high ADP concentration in the presence of
Association of the ssDNA 10- and 20-mer with the Proper saturating [Mg"].
and Total DNA-Binding Sites of the PriA Helicase in the  Fluorescence titrations of the SSDNA 10-metAfpeA)o,
Presence of ADP Bound to the Strong and Weak Nucleotide-with the PriA helicase in buffer C (pH 7.0, 2C), containing
Binding Sites of the Enzymlateractions of the PriA helicase 20 mM NaCl and 15 mM MgG] in the absence and presence
with etheno derivatives of the homo-adenosine ssDNAs areof ADP, at two different concentrations of the nucleotide
accompanied by a strong fluorescence increase of the nucleicofactor, are shown in Figure 4a. Because of moderate
acid, which has previously allowed us to examine the affinity of the 10-mer and propensity of the proteibNA

Relative Fluorescence Increase

Relative Fluorescence Increase

-8 -7 -6 -5 -4
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Table 1: Binding and Spectroscopic Parameters for the Association &:.tbeli PriA Helicase with the ssSDNA 10- and 20-megAdpeA)s
and &¢tA(peA)1q, in the Absence and Presence of ADP or ABR with Cofactor Concentrations Saturating Only the Strong or Both the Strong
and Weak Nucleotide-Binding Sites of the Helicase, in Buffer C (pH 7.0°@0Containing 20 mM NaCl and 15 mM Mgg£l

cofactor Kio (M~ AF10 Kzo (MY AF20
none (L.1£0.3) x 10° 21+0.3 (2.3+ 0.8) x 1P 0.83+0.15
[ADP] (1.1+0.3)x 10F 1.9+0.3 (2.3% 0.8) x 10F 0.73+0.15
1x10°M
[ADP] (1.0+ 0.3) x 10° 1.8+0.3 (3.0+ 1.1) x 10/ 0.87+0.15
5x 103M
[ATPyS] (9.0+ 2.8) x 10¢ 2.0+ 0.3 (1.6+ 0.6) x 10F 0.87+0.15
1x104M
[ATPyS] (5.7+ 1.9)x 10¢ 1.8+0.3 (1.2+ 0.4) x 106 0.87+0.15
5x 103M
[ADP], (9.0+ 2.8) x 10° 1.3+0.2 (2.1+ 0.4) x 10F 0.6+ 0.12
[ATPyS]
1.5x 107*M,
5x 103M

complex to precipitate at high [ADP], the plateaus could not mer for the total DNA-binding site, with the valuF .

be reached in a single titration experiment. However, becausebeing slightly lower in the presence of ADP. On the other
these are simple 1:1 complexes of the enzyme and nucleichand, the presence of ADP in both the strong and weak
acids, determination of the inflection point of the titration nucleotide-binding sites has a dramatic effect on the nucleic
curve provides sufficing information about the location of acid binding. The affinity increases by a factor-e130 as

the plateau, because of the symmetry of the 1:1 isothermcompared to only 1 order of magnitude increase observed
(34). Nevertheless, the estimates of the relative maximum for the 10-mer in the proper DNA-binding site (Table 1).
fluorescence increasAFmax Were additionally obtained by ~ Moreover, unlike the case of the 10-mer (Figure 4a), the
directly adding the nucleic acid, in a series of very low value of AFaxis larger thamAF .« Obtained in the absence
concentrations, to a sample containing a high concentrationof ADP (Figure 4b) (see the Discussion).

of the helicase ADP complex (data not shown)§ 19, 35). Association of the ssDNA 10- and 20-mer, with the Proper
The same approach has been used for all titrations discusse@ng Total DNA-Binding Sites of the PriA Helicase in the
in this paper where the plateau could not be reached in apresence of the ATP Analogue, A5 Bound to the Strong
single titration experiment (see below). The solid lines in ang weak Nucleotide-Binding Sites of the EnzyBeeause
Figure 4a are nonlinear least-squares fits of the fluorescencepyia helicase is a potent ATPase in the presence of the
titration curves, using the single-site binding isothefi8, (  sspNA, the effect of the nucleoside triphosphate on the

19) ssDNA binding to the enzyme has been performed in the
presence of the ATP nonhydrolyzable analogue, ASP
AF. = AF K( KnPe ) ) which has the highest affinity, among all examined ATP
obs M1 + K\Pe analogues, for both the strong and weak nucleotide-binding

sites of the enzyme4g). Fluorescence titrations of the

whereKy (in the considered cash,= 10) is the macroscopic ~ SSDNA 10-mer, éA(peA)o, with the PriA helicase in buffer
binding constant of the ssSDNA 10-mer atd . is the € (PH 7.0, 20°C), containing 20 mM NaCl and 15 mM
maximum relative fluorescence change of the nucleic acid M3Clz, in the absence and presence of ABP at two
at saturation. The obtained binding and spectroscopic pa-different concentrations of the nucleotide cofactor, are shown
rameters are included in Table 1. The presence of ADP In Figure 5a. The estimates of the maximum fluorescence
exclusively in the strong nucleotide-binding site has a INcreaseAFma, were obtained by directly adding the nucleic
minimal, if any, effect on the 10-mer binding to the proper &cid, at very low concentrations, to a sample containing a
DNA-binding site, with AFa being slightly lower in the ~ high concentration of the proteiATPyS complex (see
presence of the cofactor (Figure 4a and Table 1). However,@P0ve). The solid lines in Figure 5a are nonlinear least-
when ADP is bound to both the strong and weak nucleotide- Squares fits of the fluorescence fitration curves, using a
binding sites, the affinity of the nucleic acid is increased by Single-sité binding isotherm defined by eq 7. The obtained
an order of magnitude with a concomitant further decrease Pinding and spectroscopic parameters are included in Table
of AFmax 1. The effect of the nucleoside triphosphate is very different
Fluorescence titrations of the sSDNA 20-metA(peA) s, from the effect 'ob_served in the case of ADP (parts a and b
with the PriA helicase in buffer C (pH 7.0, 2@), containing ~ ©f Figure 4). Binding of ATRS to the strong nucleotide-
20 mM NaCl and 15 mM MgGl in the absence and presence binding site sllght_ly o_lecre_ases the aff_lnlty of the 10-mer for
of ADP, at two different concentrations of the nucleotide the proper DNA-binding site of the helicase and the observed
cofactor, are shown in Figure 4b. The solid lines in Figure AFmax(Figure 5a and Table 1). However, binding of the ATP
4b are nonlinear least-squares fits of the fluorescence titration@nalogue to both the strong and weak nucleotide-binding
curves, using a single-site binding isotherm as defined by Sites, instead of strongly increasing the affinity, further
eq 7. The obtained binding and spectroscopic parameters arélecreases the value of the binding constépnf and also
included in Table 1. Similar to the ssDNA 10-mer (Figure AFmax
4a), binding of ADP to the strong nucleotide-binding site A similar dramatic difference between the effect of AB?
has a very minimal effect on the affinity of the sSDNA 20- and ADP is observed in the case of the ssDNA 20-mer.
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Ficure 5: (a) Fluorescence titrations of the sSDNA 10-mehd
(peA)o, with the PriA helicase in buffer C (pH 7.0, 2€C),
containing 20 mM NaCl and 15 mM Mgglin the absence and
presence of different ATFS concentrations:l) 0 M, (O) 5 x
10“ M, and @) 5 x 1073 M. The concentration of the sSDNA
oligomer is 1x 10-¢ M. The solid lines are nonlinear least-squares
fits of the titration curves, to the single-site binding isotherm (eq
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FIGURE 6: (@) Fluorescence titrations of the ssDNA 10-mei\d
(peA)o, with the PriA helicase in buffer C (pH 7.0, 2€C),
containing 20 mM NaCl and 15 mM Mgg&lin the absencel)
and presence) of ADP and ATP'S at concentrations of 1.5
10“4and 5x 1073 M, respectively. The concentration of the sSDNA
oligomer is 1x 1078 M. The solid lines are nonlinear least-squares

7), using binding and spectroscopic parameters included in Tablefits of the titration curves, to the single-site binding isotherm (eq

1. (b) Fluorescence titrations of the sSDNA 20-metA@heA) o,
with the PriA helicase in buffer C (pH 7.0, 2€), containing 20
mM NaCl and 15 mM Mgd], in the absence and presence of
different ATP/S concentrations:l) 0 M, (O) 5 x 1074 M, and

(®) 5 x 1072 M. The concentration of the ssDNA oligomer is<l
1078 M. The solid lines are nonlinear least-squares fits of the
titration curves, to the single-site binding isotherm (eq 7), using
binding and spectroscopic parameters included in Table 1.

Fluorescence titrations of the sSDNA 20-metA¢peA) 1,
with the PriA helicase in buffer C (pH 7.0, 2€), containing

20 mM NacCl and 15 mM MgGl in the absence and presence
of ATPyS, at two different concentrations of the nucleoside
triphosphate, are shown in Figure 5b. The solid lines in

7), using binding and spectroscopic parameters included in Table
1. (b) Fluorescence titrations of the sSDNA 20-metA@heA) 1o,

with the PriA helicase in buffer C (pH 7.0, 2@), containing 20

mM NaCl and 15 mM Mg, in the absencdl() and presenceX)

of ADP and ATP'S at concentrations of 1.6 104 and 5x 103

M, respectively. The concentration of the sSDNA oligomer ig 1
106 M. The solid lines are nonlinear least-squares fits of the
titration curves, to the single-site binding isotherm (eq 7), using
binding and spectroscopic parameters included in Table 1.

nucleotide-binding site predominantly saturated with ADP
and the weak site predominantly saturated with the ATP
analogue, on the interactions of the helicase with the ssSDNA.
This can be achieved by selecting appropriate concentrations

Figure 5b are nonlinear least-squares fits of the fluorescenceof both cofactors. Thus, in a solution containing 5 mM
titration curves, using a single-site binding isotherm as ATPyS and 1.5x 104 M ADP, the strong binding site of
defined by eq 7. The obtained binding and spectroscopic the enzyme is~90% saturated with ADP, while the weak
parameters are included in Table 1. Unlike the behavior site is~70% saturated with ATFS (46).

observed in the case of ADP, binding of AJf® exclusively

Fluorescence titration of the ssSDNA 10-meeAdpeA)o,

to the strong nucleotide-binding site decreases the affinity with the PriA helicase in buffer C (pH 7.0, 2C), containing

of the 20-mer for the total DNA-binding site of the helicase.

20 mM NacCl and 15 mM MgGl in the presence of 5 mM

Moreover, saturation of both the strong and weak nucleotide- ATPyS and 1.5x 104 M ADP, is shown in Figure 6a. An
binding sites of the enzyme with the ATP analogue further analogous fluorescence titration of the sSDNA 20-me#-d

decreases the binding constaf,, without significantly
affecting the value ofAF. (see the Discussion).

(peA)1q, is shown in Figure 6b. For a comparison, titrations
of corresponding ssDNA oligomers, in the same solution

Association of the ssDNA 10- and 20-mer, with the Proper conditions but in the absence of the nucleotide cofactors,

and Total DNA-Binding Sites of the PriA Helicase with the
ADP Bound to the Strong and A¥B Bound to the Weak
Nucleotide-Binding Sites of the Enzyrdsing independently

are also included. The solid lines in parts a and b of Figure
6 are nonlinear least-squares fits of the fluorescence titration
curve, performed as described above, using the single-site

obtained binding parameters characterizing the binding of binding isotherm defined by eq 7. The obtained binding and

ADP and ATP'S to the strong and weak nucleotide-binding
sites of the PriA helicaself), we can examine the effect of

spectroscopic parameters are included in Table 1. The
behavior of the mixed-cofactor system, where the strong

the mixed nucleotide state of the enzyme, i.e., with the strong nucleotide-binding site predominantly saturated with ADP
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Ficure 7: (@) Fluorescence titrations of the sSDNA 10-met\@ecA)o, with the PriA helicase in buffer C (pH 7.0, 2€), containing 20

mM NaCl and 15 mM Mg, in the absence and presence of different GDP concentrati@®<0 ¥, (O) 3 x 104 M, and @) 10 x 1073

M. The concentration of the ssDNA oligomer isx1107% M. The solid lines are nonlinear least-squares fits of the titration curves, to the
single-site binding isotherm (eq 7), using binding and spectroscopic parameters included in Table 1. (b) Fluorescence titrations of the
ssDNA 20-mer, dA(peA) 1, With the PriA helicase in buffer C (pH 7.0, 2C), containing 20 mM NaCl and 15 mM Mg£lin the absence

and presence of different A/ concentrations: ) 0 M, (d0) 3 x 104 M, and @) 10 x 103 M. The concentration of the ssDNA
oligomer is 1x 107% M. The solid lines are nonlinear least-squares fits of the titration curves, to the single-site binding isotherm (eq 7),
using binding and spectroscopic parameters included in Table 1. (c) Fluorescence titrations of the sSDNA &8{meX)4l with the

PriA helicase in buffer C (pH 7.0, 28C), containing 20 mM NaCl and 15 mM Mgglin the absence and presence of different TDP
concentrations: W) O M, (O0) 1 x 103 M, and @) 10 x 103 M. The concentration of the ssDNA oligomer isx110-¢ M. The solid lines

are nonlinear least-squares fits of the titration curves, to the single-site binding isotherm (eq 7), using binding and spectroscopic parameters
included in Table 1. (d) Fluorescence titrations of the ssSDNA 20-ma&X(mtA)1o, With the PriA helicase in buffer C (pH 7.0, ZT),
containing 20 mM NaCl and 15 mM Mgglin the absence and presence of different TDP concentrati@jsd ¥, (O) 1 x 1073 M, and

(®) 10 x 1073 M. The concentration of the ssDNA oligomer isx110-8 M. The solid lines are nonlinear least-squares fits of the titration
curves, to the single-site binding isotherm (eq 7), using binding and spectroscopic parameters included in Table 1.

and the weak site contains A¥B, is different from the (46). Therefore, to address the effect of the type of base of
behavior observed in the presence of the ADP or AP  the cofactor, bound in the strong and in both nucleotide-
alone, bound in corresponding nucleotide-binding sites binding sites, on the PriA helicase interactions with the
(Figures 4a and 5a). The values of the binding constants,ssDNA, we examined ssDNA binding to the proper and total
KipandKgo, are similar to the values of the same parameters DNA-binding sites of the enzyme in the presence of different
observed in the presence of ADP exclusively in the strong cofactors. Fluorescence titrations of the ssDNA 10-mek; d
nucleotide-binding site. On the other hand, the valuds; gf (peA)sq, with the PriA helicase in buffer C (pH 7.0, 2@),
andKyo are detectably higher than their values observed whencontaining 20 mM NaCl, 15 mM MgGlin the absence and
the ATPyS is occupying the weak site of the enzyme (Table presence of 3x 104 M, and 10 mM GDP, are shown in
1). Moreover, the observed relative maximum fluorescence Figure 7a. The higher concentrations of GDP used in these
increase AFmax is significantly lower for both the 10- and  experiments are dictated by the lower affinities of this
20-mer as compared to the value of the same parametercofactor for the nucleotide-binding sites of the helicase, as
obtained in the absence of the nucleotide cofactors or in thecompared to ADP46). Corresponding fluorescence titrations
presence of ADP or ATFS bound in the corresponding of the sSDNA 20-mer, €éA(peA)1q, are shown in Figure 7b.
binding site (see the Discussion). The solid lines in parts a and b of Figure 7 are nonlinear
Base Specificity of the Nucleoside Diphosphate Binding least-squares fits of the fluorescence titration curves, per-
to the Strong and Weak Nucleotide-Binding Sites of the PriA formed as described above, using the single-site binding
Helicase on the Association of the ssSDNA 10- and 20-mer, isotherm (eq 7).
with the Proper and Total DNA-Binding Sites of the Enzyme.  The affinity of the proper DNA-binding site of the enzyme
Unlike the weak nucleotide-binding site, the strong binding for the ssDNA is slightly lower, with the binding constant
site shows a dominant preference for the adenosine cofactors;, decreasing from (1.3 0.2) x 10° M2, in the absence
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of the GDP, to (8.7 2.2) x 10* M™%, with the strong
nucleotide-binding site saturated with GDP. The observed
maximum fluorescence increaseésmax = 2.1+ 0.3, and
remains within the experimental accuracy, unaffected by the
presence of the cofactor. This is similar to the effect of ADP
bound in the strong nucleotide-binding site (Figure 4a).
However, saturation of both the strong and weak nucleotide-
binding sites with GDP increases the affinity onlyKeg, =
(2.940.5) x 1® M1, as compared t&;o= (1.0£ 0.2) x

10° M™%, observed for ADP (Table 1). Moreover, the value
of AFmax = 1.6 £ 0.1 is lower than the value of the same
parameter observed in the absence of GDP £2(.2) and

in the case where both nucleotide-binding sites are saturated
with ADP (Figure 4a). Thus, GDP exerts an effect of similar
nature on the interactions with the ssDNA in the proper
DNA-binding site as observed for ADP, although to a
significantly lesser extent. The same is true for the effect of
GDP on the interactions of the ssSDNA with the total DNA-
binding site of the enzyme (Figure 7b), wiky, = (2.0 +

0.4) x 10° M~%, while the same binding constant for ADP
is (3.0+ 0.5) x 10° M~ (Figure 4b).

Fluorescence titrations of the ssSDNA 10- and 20-me#-d
(peA)o and dA(peA)1g, With the PriA helicase in the absence
and presence of 1 and 10 mM TDP, are shown in parts ¢
and d of Figure 7. The solid lines in parts ¢ and d of Figure Log [PriAl .,

7 are nonlinear least-squares fits of the fluorescence titrationFcure 8: (a) Fluorescence titrations of the sSSDNA 10-meA-d
curves, performed as described above, using the single-sitgpeA)s, with the PriA helicase in buffer C (pH 7.0, 2€C),
blnd|ng |Sotherm (eq 7) The presence Of the pyr|m|d|ne Containing 20 mM NaCl and 15 mM Mgg“n the absence and

. presence of different JADP concentration) 0 M, (O0) 1 x 10°°
cofactor has a stronger effect on the ssDNA affinity for the M, and @) 10 x 10-% M. The concentration of the SSDNA oligomer

proper DNA-binding site than GDP, witkio = (3.8+ 0.9) is 1 x 10°® M. The solid lines are nonlinear least-squares fits of
x 1P M1 (see above). However, the value/®fF .« = 1.8 the titration curves, to the single-site binding isotherm (eq 7), using
+ 0.1 is higher than observed in the presence of the purinebinding and spectroscopic parameters included in Table 1. (b)

cofactor. TDP also induces a higher affinity of the total DNA-  Fluorescence titrations of the SSDNA 20-mesi(peA)1, with the

o . . _ PriA helicase in buffer C (pH 7.0, 2TC), containing 20 mM NaCl
binding site for the sSDNA than GDP, witzo = (3.3 &+ and 15 mM MgC}, in the absence and presence of different dADP
0.8) x 10° M~ (Figure 7d). Nevertheless, as observed for cgoncentrations: M)OM, @) 1x 105M, and @) 10 x 102 M.

GDP, the effect of the pyrimidine cofactor, TDP, on the PriA The concentration of the ssDNA oligomer isx1 1076 M. The

interactions with the ssSDNA, in the proper and total DNA- solid lines are nonlinear least-squares fits of the titration curves, to

binding sites, is much less pronounced than the effect induced€ Single-site binding isotherm (eq 7), using binding and spectro-
. . scopic parameters included in Table 1.

by ADP (see the Discussion).

Association of the ssDNA 10- and 20-mer with the Proper ADP, dADP bound to the strong site minimally affects the
and Total DNA-Binding Sites of the PriA Helicase in the ssDNA binding to the proper DNA-binding site. However,
Presence of dADP Bound to the Strong and Weak Nucle-saturation of both the strong and weak nucleotide-binding
otide-Binding Sites of the Enzyniecause PriA helicase is  sites with dADP increases the binding constant fidm=
a potent dATPase and dATP can support the dsDNA (1.1 £ 0.2) x 10° M1 to only K;p = (2.0 & 0.4) x 1C°
unwinding reaction catalyzed by the enzyme, we examine M1, as compared t&;o = (1.0+ 0.2) x 1(° M1, observed
the effect of dJADP on the ssDNA binding to the proper and in the case of ADP (Table 1). This is even a lower increase
total DNA-binding sites of the PriA helicasel§—20). of the affinity than obtained for GDP or TDP, saturating both
Moreover, unlike any other nucleoside diphosphate, dADP nucleotide-binding sites (parts a and c of Figure 7). More-
binds to the strong and weak nucleotide-binding sites of the over, the value oAFy.x = 1.5+ 0.1 is significantly lower
enzyme with an affinity and cooperativity very similar to than the value of the same parameter observed in the absence
ADP (46). Fluorescence titrations of the ssDNA 10-mer, of the cofactor (2.2 0.2) and where both nucleotide-binding
deA(peA)sg, with the PriA helicase in buffer C (pH 7.0, 20  sites are saturated with ADRAFm.x = 1.8 &+ 0.1) (Figure
°C), containing 20 mM NaCl and 15 mM Mg£lin the 4a). In the case of the total DNA-binding site, dADP bound
absence and presence 0fx110°® M and 10 mM dADP, exclusively to the strong nucleotide-binding site slightly
are shown in Figure 8a. The corresponding titrations of the diminishes the ssDNA affinity with a minimal effect on the
20-mer, @éA(peA)1, are shown in Figure 8b. The solid lines  value of AFnax This is similar to both ADP and the other
in parts a and b of Figure 8 are nonlinear least-squares fitsnucleoside diphosphates (Figure 4a and parts b and d of
of the fluorescence titration curves, performed as describedFigure 7). However, unlike ADP, saturation of both nucle-
above, using the single-site binding isotherm (eq 7). otide-binding sites with dADP increases the valuéeaf to

The effect of dADP on ssDNA binding to the proper DNA- only (6.0 + 1) x 10° M™%, a factor of~5 lower than the
binding site is significantly different from the behavior value observed for ADP (Figure 4b and Table 1). Moreover,
observed in the presence of ADP (Figure 4a). Similar to instead of an increase dfFnay as obtained for ADP (Figure

Relative Fluorescence Increase

Relative Fluorescence Increase
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4b), a decrease dfFnaxis observed, witl\Fnax = 0.61+ the ssDNA binding to the proper DNA-binding site of the
0.05 (Figure 8b). Thus, the effect of JADP resembles more PriA helicase is of the same sequential nature, as observed
the effect of GDP or TDP on the ssDNA interactions with before, in the absence of Mg although one less intramo-
the proper and total DNA-binding sites than that of ADP. lecular transition is observe@Q).

This is despite the fact that dJADP has the same base as ADP The analysis of the relaxation data in parts a and b of
and binds with the affinity very close to the affinity of ADP, Figure 9 is initiated by numerical nonlinear, least-squares
i.e., significantly higher than the affinities of GDP or TDP fitting of the relaxation time (Figure 9a). Because of the fast

(46) (see the Discussion). rate, the bimolecular step equilibrates before the transition
Kinetics of ssDNA Binding to the Proper DNA-Binding to the next intermediate takes place, allowing us to use the
Site of the PriA Helicase in the Presence of ADFhe overall partial equilibrium constank; = ki/k_;, as a fitting

dynamics of the dramatic effect of saturating both nucleotide- parameter (Scheme 1). The analysis is facilitated by the fact
binding sites of the PriA helicase with ADP on the enzyme that we also know the value of the overall macroscopic
interactions with the ssDNA has further been addressed usingbinding constantK;o = (1.1 &+ 0.3) x 10® M™%, for the
the fluorescence stopped-flow technique, by monitoring the enzyme binding to the ssDNA 10-mer (Table 1). The
fluorescence of the nucleic acidi§—20). In the first set of macroscopic binding constari;,, is related to the bimo-
experiments, we examined the kinetics of the interactions lecular partial equilibrium constant;, and the partial
of the proper DNA-binding site of the helicase with the equilibrium constantK,, characterizing the intramolecular
ssDNA by examining the mechanism of binding ssDNA 10- transition, by
mer, ckA(peA), to the enzyme18—20).

The fluorescence stopped-flow kinetic traces of the sSSDNA Kio=Ky(1+Kp) (8)
10-mer, dA(peA)q, after mixing dA(peA)y with a large
excess of PriA helicase (pseudo-first-order conditions with Where Ko = ki/k—, (Scheme 1). The above relationship
respect to the DNA) in buffer C (pH 7.0, PC), containing reduces the number of independent parameters, in the
20 mM NaCl and 15 mM MgG| are described by a single-  relaxation time analysis, from three to two. Subsequently,
exponential function, at all examined concentrations of the the obtained rate constants are used as starting values in the
protein (data not shown). This is different from the kinetics fitting of the amplitude and extracting relative molar
of the ssDNA binding in the absence or presence of a low fluorescence parameters; and F,, of (Px and (P)
magnesium concentration (2 104 M), examined by us intermediates, respectively. This is accomplished using the
previously, where two relaxation processes were observedmatrix projection operator techniqueQ 37—41, 47. This
(20). These data indicate that the elevated magnesiumpart of the analysis uses the value of the maximum relative
concentration eliminates one of the normal modes of the increase of the ssDNA fluorescence accompanying the
reaction 20). On the other hand, the observed amplitude complex formationAFmax= 2.1+ 0.3, that is known from
accounts for the total amplitude of the overall relaxation independent equilibrium fluorescence titrations (Table 1). The
process, as also previously observed, indicating that there isAFmax parameter can be analytically expressed24s §7—

no loss of the signal in the instrument dead tir26, @47). 41)

The dependence of the reciprocal relaxation time, Lipon

the total concentration of PriA is shown in Figure 9a. The AE._ = AR, 1 KAF, 9)
plot could, within experimental accuracy, suggest that a max 1+K,

single bimolecular step is observed. However, Figure 9b
shows the normalized amplitude of the observed relaxationwhere AF; = (F; — Fo)/F, and AF, = (F, — Fo)/F, are
step, as a function of the logarithm of the PriA concentration fractional fluorescence intensities of each intermediate in the
(47). It is evident that the amplitude experiences minimal, formation of the complex, relative to the molar fluorescence
if any, dependence upon the protein concentration. Suchintensity of the free DNA oligomerE, (20, 37—-41, 47).
behavior of the amplitude is incompatible with a single-step Equation 9 provides an additional relationship among the
association, in examined conditiorZ0( 37—41). Moreover, fitted parameters, thus, decreasing the number of independent
the value of the equilibrium binding constamt,~ 3.3 x variables and providing a scaling fact@0( 37—41). The
10’ M1, obtained from the plot in Figure 9a,1s2 order of solid lines in parts a and b of Figure 9 are nonlinear least-
magnitude larger than the value directly determined in the squares fits of the relaxation time and amplitude, according
equilibrium titration,K = (1.1 4+ 0.3) x 1® M1, clearly to the mechanism defined by Scheme 1, using a single set
indicating that a more complex binding mechanism is of rates and spectroscopic parameters. The obtained rate
occurring. constants and relative molar fluorescence intensities are
The simplest mechanism that can describe the observedncluded in Table 2.
dependence of the relaxation time and the amplitude upon A comparison between the value of the partial equilibrium
the PriA concentration and the equilibrium thermodynamic constant,K; = (2.1 £ 0.7) x 10* M™%, with the overall
data is a sequential reaction in which the PriA helicase binds equilibrium constanK;o = (1.1+ 0.3) x 1®* Mt indicates
the ssDNA in a very fast bimolecular step, followed by one that the fast, bimolecular step provides the major part of the
first-order transition of the formed protettssDNA complex, free energy of bindingAG®, of the enzyme to the ssSDNA.
as described by Scheme 20( 37—41). Because the rate of  Nevertheless, a very low, if any, fluorescence change of the
the bimolecular step is very fast, the relaxation time, nucleic acid in this step strongly suggests the lack of any
characterizing the first normal mode of the reaction, is significant conformational changes of the nucleic acid
beyond the resolution of the stopped-flow technique. There- structure accompanying the formation of the, (Rjermediate
fore, at the elevated Mg concentration, the mechanism of (Table 2) @0, 37—41). The transition to the second inter-
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Ficure 9: (a) Dependence of the reciprocal relaxation timez, ¥br the binding of the sSSDNA 10-mergA(peA)s, to the proper DNA-

binding site of the PriA helicase in buffer C (pH 7.0, 20), containing 20 mM NaCl and 15 mM Mgg&lupon the total concentration of

the enzyme. The solid line is the nonlinear least-squares fit according to the two-step sequential mechanism, defined by Scheme 1, with the
equilibrium and rate constant{; = 2.08 x 10* M1, k, = 1100 s%, andk_, = 250 s! (details in the text). The error bars are standard
deviations obtained from three to four independent experiments. (b) Dependence of the normalized relaxation amplitude, for the binding of
the ssDNA 10-mer, éA(peA)s, to the proper DNA-binding site of the PriA helicase in buffer C (pH 7.07@J containing 20 mM NaCl

and 15 mM MgC}, upon the logarithm of the total enzyme concentration. The solid line is the nonlinear least-squares fit according to the
two-step sequential mechanism, defined by Scheme 1, with the relative fluorescence intEpsiti#sl8 andF, = 3.54. The maximum

nucleic acid fluorescence increase is taken from the equilibrium fluorescence titration in the same solution conditieéns as2.1

(details in the text). The rate constants are the same as in a. (c) Dependence of the reciprocal relaxatian, iareh&/binding of the

ssDNA 10-mer, dA(peA)o, to the proper DNA-binding site of the PriA helicase in buffer C (pH 7.07@), containing 20 mM NacCl, 15

mM MgCl,, and 5 mM ADP, upon the total concentration of the enzyme. The solid line is the nonlinear least-squares fit according to the
two-step sequential mechanism, defined by Scheme 1, with the equilibrium and rate constant&.06 x 10° M~1, k, = 700 s'%, and

k_, = 175 s (details in the text). The error bars are standard deviations obtained from three to four independent experiments. (d) Dependence
of the normalized relaxation amplitudes, for the binding of the sSDNA 10-mé(pdA),, to the proper DNA-binding site of the PriA

helicase in buffer C (pH 7.0, 28C), containing 20 mM NacCl, 15 mM Mggland 5 mM ADP, upon the logarithm of the total enzyme
concentration. The solid line is the nonlinear least-squares fit according to the two-step sequential mechanism, defined by Scheme 1, with
the relative fluorescence intensitiEs= 1.08 and, = 3.24. The maximum nucleic acid fluorescence increase is taken from the equilibrium
fluorescence titration in the same solution condition:\&.x = 1.8 (details in the text). The rate constants are the same as in c. The
nucleic acid concentration, 8 107 M, is the same in &ad.

Scheme 1 Analogous fluorescence stopped-flow kinetic traces of the
k, k, ssDNA 10-mer, dA(peA)s, after mixing ¢dA(peA)o with a

PriA +ssDNA <l:>(P)1 g ®), large excess of PriA helicase, in the presence of 5 mM ADP,

-1 -2 are also described by a single-exponential function, at all

mediate, (P) is also a fast process with the forward rate examined concentrations of the protei_n, and the observed
constantk, ~ 1100 s (Table 2). However, contrary to the ~amplitude accounts for the total amplitude of the overall
(P), intermediate, there is a large molar fluorescence increase'€laxation process (data not shown). At this ADP concentra-
(F, = 3.5 + 0.2) accompanying the formation of ¢Pjn tion, both nucleotide-binding sites of the helicase are engaged
indication of a large conformational change of the DNA, as in interactions with the cofactord6). The dependence of
compared to the free nucleic acid, in the compl2®+24, the reciprocal relaxation time, 7/ upon the total concentra-
37—41). Nevertheless, the value &f, ~ 250 st indicates tion of PriA is shown in Figure 9c. Similarly to the behavior
that the enzyme can quickly return to the (Ptermediate. observed in the absence of ADP, the plot would suggest a
The obtained rate constants for the second step provide thesingle bimolecular step. However, the normalized amplitude
partial equilibrium constari{, ~ 4.4. Thus, the second step of the observed relaxation step, as a function of the logarithm
contributes favorably, although modestly, to th&°. of the PriA concentration, included in Figure 9d, shows a
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Table 2: Kinetic, Thermodynamic, and Spectroscopic Papameters for PriA Helicase Binding to SsSDNA OligedgrsA)d and dA(peA) 1o,
in Buffer C (pH 7.0, 20°C), Containing 20 mM NaCl and 15 mM Mgglin the Absence and Presence of ADP

10-mer, dA(peA)og
buffer Ki? (M™1) Ki(M™Y) ko (s7Y) k2(sY) Kz F.° Fa° AFmad

no ADP (1.1£04)x 10°  (2.1+0.7)x 10 1100+ 140 250+ 30 4.4+1.2 1.184+0.08 3.5+ 0.2 2.1+ 0.3
5 mM ADP (1.0+£0.4)x 1° (2.1+0.7)x 1¢° 700+ 80 17520 4.0£1.2 1.08+ 0.08 3.20+:0.2 1.8+0.3

20-mer, dA(peA) 1o
buffer Ko (M™1) Ky (M) ko (s79) koo (sh) K2 F.P Fa AFma

no ADP (2.3+0.8)x 1  (5.04+0.8) x 10 890+100 225+30 4.0+12 102008 2.0+0.1 0.83+0.15
5mMADP  (3.0+£1.5)x 10° (5.5+0.9)x 10° 1080+ 110 20+ 3 54+ 15 1.00+£0.08 1.9+0.1 0.87£0.15

aDetermined in independent fluorescence titrations (details in the texglues are relative to the fluorescenée,= 1, of the free dA(peA)n
(details in the text).

minimal dependence upon the protein concentration, and the(F, = 3.2 £ 0.2) accompanying the formation of ¢P)
overall binding constantio ~ 5.3 x 10’ M1, indicated indicating a large conformational change of the DNA, as
by the plot, is significantly higher thd¢;o = (1.0 + 0.3) x compared to the free nucleic acid0-24, 37—41).
10° M4, obtained from equilibrium titration (Table 1). These Kinetics of ssDNA Binding to the Total DNA-Binding Site
data are incompatible with the single-step associat&h (  of the PriA Helicase in the Presence of ADFhe fluores-
37—41). Therefore, the simplest mechanism that can describecence stopped-flow studies of the ssDNA 20-merA-d
the observed dependence of the relaxation time and amplitudgpeA) 19, binding to the total DNA-binding site of the PriA
upon the PriA concentration in the presence of ADP, helicase have been performed in an analogous way as
saturating both nucleotide-binding sites, is also the sequentialdescribed for the ssDNA 10-mer. In the absence of ADP,
two-step reaction described by Scheme 1. In other words,the time courses are described by a single-exponential
ADP does not change the mechanism of the ssDNA binding function, at all examined concentrations of the protein (data
to the proper DNA-binding site of the PriA helicase, although not shown). The dependence of the reciprocal relaxation time,
it affects the energetics of the intermediates (see below). 1/t,, upon the total concentration of PriA is shown in Figure
The analysis of the relaxation data in parts ¢ and d of 10a. The plot of the normalized amplitude of the observed
Figure 9 has been performed in the same way as describedelaxation step, as a function of the logarithm of the PriA
for the data obtained in the absence of ADP. We utilize the concentration is shown in Figure 10b. Both, the absence of
fact that we know the value of the overall macroscopic a dependence of the amplitude upon [PriA] and the value of
binding constantKyy = (1.0 & 0.3) x 10° M1, for the the equilibrium binding constant{ ~ 3.3 x 10’ M,
enzyme binding to the ssDNA 10-mer in the presence of obtained from the plot in Figure 10&2 orders of magnitude
ADP, which is related to the bimolecular partial equilibrium larger than the value directly determined in equilibrium
constantsK; and Ky, by eq 8. Moreover, the value of the titration, K = (2.3 + 0.8) x 10° M1, indicate that the
maximum relative increase of the ssDNA fluorescence, simplest mechanism that can describe the observed depen-
accompanying the complex formatioFn.x = 1.8 + 0.3, dence of the relaxation time and amplitude upon the PriA
is also known from independent equilibrium fluorescence concentration and the equilibrium thermodynamic data is a
titrations (Table 1) and related to the fractional fluorescence sequential reaction, described by Scheme 1. Analysis of the
intensities of each intermediate, relative to the molar kinetic data has been performed as described above. The solid
fluorescence intensity of the free DNA oligomer, by eq 9. lines in parts a and b of Figure 10 are nonlinear least-squares
The solid lines in parts ¢ and d of Figure 9 are nonlinear fits of the relaxation time and amplitude, according to the
least-squares fits of the relaxation time and amplitude, mechanism defined by Scheme 1, using a single set of rate
according to the mechanism defined by Scheme 1, using aand spectroscopic parameters. The obtained rate constants
single set of rate and spectroscopic parameters, included inand relative molar fluorescence intensities are included in
Table 2. Table 2. It is clear that, in the absence of ADP, the rate and
The obtained data indicate that the major effect of ADP, thermodynamic parameters for the binding of the 20-mer to
bound to both nucleotide-binding sites of the enzyme, on the total DNA-binding site are very similar to the same
the ssDNA binding to the proper DNA-binding site is parameters obtained for the 10-mer binding, exclusively, to
expressed in the value of the partial equilibrium constant, the proper DNA-binding site of the helicase (see the
Ky =(2.1+ 0.7) x 10° M™%, which is an order of magnitude  Discussion) {8—20).
larger thankK; = (2.1 4+ 0.7) x 10* M~%, observed in the The situation is different in the presence of 5 mM ADP,
absence of ADP (Table 2). However, the lack of a fluores- where both nucleotide-binding sites of the helicase are
cence change of the nucleic acid in this step strongly suggestengaged in interactions with the cofactd6). Although the
the lack of conformational changes of the nucleic acid, mechanism remains the same and described by Scheme 1,
accompanying the formation of the {(ftermediate, similar ~ the energetics and dynamics of the reaction intermediates
to the behavior observed in the absence of ARB, 87— are dramatically affected by the presence of ADP. The
41). On the other hand, both dynamics and energetics of thedependence of the reciprocal relaxation timep,dpon the
transition to the second intermediate, (A% not affected total concentration of PriA is shown in Figure 10c, and the
by ADP, with the partial equilibrium constait, ~ 4.0, as normalized amplitude, as a function of the logarithm of the
compared toK, ~ 4.4, observed in the absence of ADP. PriA concentration, is included in Figure 10d. The analysis
Nevertheless, there is a large molar fluorescence increaseof the relaxation data in parts ¢ and d of Figure 10 has been
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Ficure 10: (a) Dependence of the reciprocal relaxation time,, T6r the binding of the sSSDNA 20-mergd(peA)19, to the total DNA-

binding site of the PriA helicase in buffer C (pH 7.0, 20), containing 20 mM NaCl and 15 mM Mg&lupon the total concentration of

the enzyme. The solid line is the nonlinear least-squares fit according to the two-step sequential mechanism, defined by Scheme 1, with the
equilibrium and rate constantds; = 5.0 x 10* M~%, k, = 890 s%, and k, = 225 s! (details in the text). The error bars are standard
deviations obtained from three to four independent experiments. (b) Dependence of the normalized relaxation amplitudes, for the binding
of the ssDNA 20-mer, éA(peA) 1, to the total DNA-binding site of the PriA helicase in buffer C (pH 7.0,°20), containing 20 mM NacCl

and 15 mM MgC}, upon the logarithm of the total enzyme concentration. The solid line is the nonlinear least-squares fit according to the
two-step sequential mechanism, defined by Scheme 1, with the relative fluorescence intEpsiti@€02 andF, = 2.04. The maximum

nucleic acid fluorescence increase is taken from the equilibrium fluorescence titration in the same solution conditieps as0.83

(details in the text). The rate constants are the same as in a. (c) Dependence of the reciprocal relaxatian, ioreh&/binding of the

ssDNA 20-mer, dA(peA)1q, to the total DNA-binding site of the PriA helicase in buffer C (pH 7.0,°8), containing 20 mM NacCl, 15

mM MgCl,, and 5 mM ADP, upon the total concentration of the enzyme. The solid line is the nonlinear least-squares fit according to the
two-step sequential mechanism, defined by Scheme 1, with the equilibrium and rate cori§tants:45 x 10° M1, k, = 1080 s, and

k_, = 20 s! (details in the text). The error bars are standard deviations obtained from three to four independent experiments. (d) Dependence
of the normalized relaxation amplitude, for the binding of the ssDNA 20-mek(@A)1o, to the total DNA-binding site of the PriA

helicase in buffer C (pH 7.0, 28C), containing 20 mM NacCl, 15 mM Mggland 5 mM ADP, upon the logarithm of the total enzyme
concentration. The solid line is the nonlinear least-squares fit according to the two-step sequential mechanism, defined by Scheme 1, with
the relative fluorescence intensities= 0.99 and~, = 1.89. The maximum nucleic acid fluorescence increase is taken from the equilibrium
fluorescence titration in the same solution conditionARg.«x = 0.87 (details in the text). The equilibrium and rate constants are the same

as in c. The nucleic acid concentrationx310~7 M, is the same in &d.

performed in the same way as described above. The solidintermediate, (RB) k. = 1080 s?, is moderately increased,
lines in parts ¢ and d of Figure 10 are nonlinear least-squaresas compared to the same paramekgrs: 890 s, obtained
fits of the relaxation time and amplitude, according to the in the absence of the cofactor. However, the value of the
mechanism defined by Scheme 1, using a single set of ratebackward rate constari,,, is decreased by more than an
and spectroscopic parameters, included in Table 2. order of magnitude, from-225 to~20 s* (Table 2). As a
The obtained data indicate that, unlike in the case of the result, the partial equilibrium constai;, is increased from
ssDNA 10-mer, which exclusively binds to the proper DNA- ~4 to ~54, in the presence of ADP, and in turn, the second
binding site of the helicase, the effect of ADP, bound to both step has a strong and favorable contribution to the overall
nucleotide-binding sites of the enzyme, on the ssDNA free energy of binding (see the Discussion).
binding, which can encompass the total DNA-binding site,
is expressed in the values of both partial equilibrium DISCUSSION
constantsK; andK,. The value ofK; = (5.54+ 0.9) x 10° Direct Communication Between Both Nucleotide-Binding
M~ is an order of magnitude larger th& = (5.0 + 0.8) Sites of the PriA Helicase and the DNA-Binding Site of the
x 10* M1, observed in the absence of ADP (Table 2). The EnzymeStrong quenching of the PriA protein emission upon
forward rate constant of the transition to the second binding of the TNP analogues of nucleotide cofactors to both
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nucleotide-binding sites of the enzyme allows us to accesschanges of the entire protein molecule, induced by the nucleic
the effect of the nucleic acid on the binding affinities and acid binding (see above). However, as such, they do not
also on the structure of the nucleotide-binding sites, as sensedndicate the nature of the structural changes occurring in the
by the protein fluorescence. The ssDNA 10-mer binds nucleotide-binding sites. Fluorescence of the TNP analogues
exclusively to the proper DNA-binding site of the PriA offers a means to directly access the structure of the
helicase {8—20). Nevertheless, the sSDNA 10-mer exerts a nucleotide-binding sites. In a companion pagéf) (we have
very strong effect on the binding of the ADP analogue to determined the relative fluorescence increases accompanying
both the strong and weak nucleotide-binding sites of the the binding of the TNP analogues to the strong and weak
helicase (Figure 1). The affinities of both sites decrease by nucleotide-binding sites of the PriA helicase, in the absence
a similar factor of~20. Such a profound effect on affinities  of the nucleic acid. Both binding sites differ strongly in the
of both nucleotide-binding sites provides, independently of extent of the induced fluorescence increase, and this differ-
any binding models, strong evidence of direct and extensive ence is particularly pronounced in the absence of magnesium.
communications between the nucleotide-binding sites andIn the case of the ADP analogu&af; = 12.0+ 0.3 and
the proper DNA-binding site of the helicase. AR, = 0.3 + 0.1. Thus, the cofactor is placed in an

However, the ssDNA, exclusively bound to the proper environment of a low polarity in the strong site, but the
DNA-binding site, has a different effect on the structures of environment of the weak site is barely different from the
both binding sites. The relative quenching of the protein bulk solvent 80—33, 47). On the other hand, in the presence
fluorescence accompanying the TNP-ADP binding to the of the ssSDNA 10-mer, the same fluorescence parameters are
strong site increases by90% fromAF;, = 0.2+ 0.03 to AFy,,, = 8.0+ 0.3 andAF;,,, = 8.0+ 2.0, respectively. It
0.38 4+ 0.03, while the analogous parameter for the weak is evident that the bound nucleic acid very differently affects
site decreases by50%, fromAF,,_ = 0.64+ 0.08 to 0.42 the structure of the strong and weak nucleotide-binding sites.
+ 0.08. As aresult, in the presence of the 10-mer, the relative The polarity of the strong site is diminished, as indicated by
fluorescence quenching parametes,  andAF,, , have the ~30% lower value ofAF,,, while the polarity of the
similar values, while in the absence of the nucleic acid, they weak site dramatically increases, with the valueA®t, .,
differ by a factor of~3. Noticeably, the primary structure larger by a factor of+27. As a result, in the presence of the
of the PriA helicase contains 15 tryptophan residues spreadnucleic acid, the value aAF, _ becomes the same as the
over the entire amino acid sequence of the protéin 12). value of AF,,, observed for the strong site; i.e., in the
The values of bottAF,,_, and AF,,_ indicate that a large  presence of the nucleic acid, TNP-ADP experiences, in both
number of tryptophan residues are affected by the binding nucleotide-binding sites, an environment of the same polarity.
of the ADP analogue in the presence of the SSDNA 10-mer, In the absence of the DNA and magnesium, the relative
indicating that the communication between both nucleotide- fluorescence increases accompanying the binding of TNP-
binding sites and the proper DNA-binding site includes ATP to the strong and weak nucleotide-binding sites are
conformational changes that involve the entire protein AF; = 12.44+ 0.3 andAF,,, = 0.3+ 1 (47). In the
molecule. presence of DNA, the same parameters/&lfg, = 6.3+

The effect of the sSDNA 20-mer, which encompasses the 0.3 andAF,,, = 10.0 £ 3.0 (Figure 3b). Thus, the ATP
total DNA-binding site of the helicase, on the TNP-ADP analogue senses the changes of the nucleotide-binding sites
affinities for the strong and weak nucleotide-binding sites is induced by the nucleic acid of a similar nature as observed
similar, although not identical, to the effect exerted by the for the ADP analogue. However, the value &fF, , is
10-mer. This similarity indicates that major conformational diminished even more than in the case of TNP-ADP, while
changes of the protein in the complex with the nucleic acid the value ofAF,,_ is increased by a factor ef33, i.e., larger
that affect both nucleotide-binding sites are already induced than the factor of~27 observed for the ADP analogue.
by the nucleic acid associated with the proper DNA-binding Moreover, in the case of TNP-ATP, the value&dfF,, , =
site. Nevertheless, in the presence of the 20-mer, the valuel0.0 + 3.0 is now larger than the value ofF, = 6.3+
of AF,,, 0.284+ 0.03; i.e., itis increased to a lesser extent, 0.3, indicating that TNP-ATP experiences an environment
as observed for the 10-meAlf,, = 0.38+ 0.03). On the of lower polarity in the weak site than in the strong site.
other hand, the value &F,,, = 0.37+ 0.03 is lower than  There are several important aspects of these findings. First,
the value of the corresponding parameter in the presence ofthey provide additional and independent evidence of the
the 10-mer AF,,,, = 0.42+ 0.08). In other words, the 20- communication between both nucleotide-binding sites and
mer induces conformational changes in the protein moleculethe proper DNA-binding site of the helicase (see above).
of a similar nature as the 10-mer but of a detectable different Second, these data indicate that the observed changes in the
magnitude. This behavior of the relative quenching param- structures of both nucleotide-binding sites are an intrinsic
eters of the protein fluorescence provides the first indication property of the PriA helicase, i.e., the response of the
that the 20-mer engages in additional interactions and/or astructure of the nucleotide-binding sites of the enzyme to
different area of the total DNA-binding site, beyond the the binding of the nucleic acid, independent of the number
proper DNA-binding site (see below). of phosphate groups of the bound nucleotide cofactor.

DNA Induces Dramatic Changes in the Structure of the Nevertheless, the differences between the ADP and ATP
Weak Nucleotide-Binding Site, as Compared to Only Moder- analogues strongly suggest that the cofactors are bound in
ate Structural Changes of the Strong Nucleotide-Binding Site different orientations in both nucleotide-binding sites. Finally,
Induced by the Nucleic Acidhe changes of the tryptophan the particularly dramatic effect of the DNA on the structure
emission quenching, accompanying the binding of the TNP- of the weak nucleotide-binding site strongly indicates that
nucleotide analogues to the PriA helicase in the presence ofthe weak site is intimately involved in regulating the helicase
the ssDNA, provide direct evidence of the conformational interactions with the nucleic acid (see below).
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The Strong Nucleotide-Binding Site of the PriA Helicase observed effects. When the strong site is saturated with ADP
Does Not Directly Affect the Affinity of the Helicase for the and the weak site is occupied by AF®, the enzyme affinity
ssDNA.The control of the affinity of an enzyme for its  for the ssDNA is diminished. Notwithstanding, the observed
substrates by the ATP/ADP binding and/or hydrolysis is a relative fluorescence increastfnay is significantly lower
common feature of the enzymes performing free-energy than observed in the presence of ADP, exclusively bound in
transduction 42, 43). Thermodynamic and kinetic studies the strong binding site, or AT)FS, bound in both the strong
described in refd6 and47, as well as available biochemical and weak sites. As we discussed before, the fluorescence of
data, indicate that the strong nucleotide-binding site is the the etheno derivative of the DNA is predominantly affected
high-affinity ATPase site of the PriA helicasd4, 45). by the structure of the nucleic acid and not the polarity of
Therefore, it seems surprising that neither ABmhor ADP the environmentZ1—24, 35). Thus, such a lower value of
binding to the strong nucleotide-binding site drastically AFmax indicates a different nucleic acid structure in the
affects the affinity of the PriA helicase for the ssDNA. In presence of both cofactors, as compared to the structure
the presence of ADP, the affinity of the DNA is unaffected, observed in the presence of ADP or Aj®alone (Figures
while binding of ATP/S to the strong site even diminishes 4a and 5a)Z1—24, 35, 36). If ADP in the strong site was
the enzyme affinity for the DNA. This is true for both the dominating the interactions with the DNA, one would
proper and total DNA-binding sites of the PriA helicase (parts observe an intact affinity and a much largef., If ATPyS
a and b of Figure 4 and parts a and b of Figure 5). in the weak nucleotide-binding site was dominating the
Nevertheless, the structure of the bound DNA is affected as DNA-binding process, one would observe even more di-
indicated by the lower values of the relative fluorescence minished affinity and a much largexFmax.
increases, observed for the helicase with the strong nucle- First, these data clearly show that the effect of the two
otide-binding site saturated with ADP or AJB. These nucleotide-binding sites on the DNA binding to the PriA
results indicate that the strong nucleotide-binding site doeshelicase is not a simple sum of the effects originated from
not directly control the affinity of the PriA helicase for the each site but depends upon the type of the nucleotide cofactor
DNA, through the ATP or ADP binding, although it affects bound to each site. Second, the nature of the phosphate group
the structures of the bound DNA. Moreover, the fact that of the cofactor in the weak binding site plays a major role
the bound DNA affects dramatically only the structure of in determining the affinity of the enzyme for the nucleic acid.
the weak nucleotide-binding site indicates that the control However, it cannot induce the same affinity and structure
of the enzyme affinity for the nucleic acid must involve both of the nucleic acid, as observed when both sites are saturated,
nucleotide-binding sites of the helicase (see below). with the cofactor having the same phosphate group, if the

PriA Helicase with Both Nucleotide-Binding Sites Satu- strong binding site is associated with a different nucleotide.
rated with ADP but Not with ATP Analogue Has an Thus, ATH'S, bound in the weak site, cannot induce lower
Increased Affinity for the ssDNA Bound in the Proper and ssDNA affinity, when ADP occupies the strong site, to the
Total DNA-Binding Sites of the Enzynunlike the exclusive extent that is observed when the strong site is saturated with
binding of ADP to the strong nucleotide-binding site of the ATPyS. By the same token, ADP bound to the weak
PriA helicase, binding of ADP to both nucleotide-binding nucleotide-binding site will induce a significantly higher
sites of the enzyme increases its affinity for the ssDNA, affinity of the helicase for the ssSDNA and a suitable DNA
bound in the proper DNA-binding site, by an order of structure only if another ADP molecule occupies the strong
magnitude (Figure 4a). Although such an increase of the nucleotide-binding site. The high-affinity state of the PriA
affinity could result solely from the increase of the coopera- helicase for the ssDNA is the state where both nucleotide-
tive interactions between the bound ADP molecules, experi- binding sites of the enzyme are saturated with ADP.
ments with different nucleotide cofactors strongly suggest Similar to ADP, binding of GDP or TDP to the strong
that this is not the case. In the presence of GDP or TDP, thenucleotide-binding site does not affect the PriA helicase
increase of the affinity is also observed (parts a and c of affinity for the ssDNA (Figure 7). On the other hand,
Figure 7). However, the increase of the affinity is signifi- although GDP and TDP, bound to both nucleotide-binding
cantly lower than observed for ADP, although binding of sites of the PriA helicase, can induce a higher DNA affinity
GDP and TDP is characterized by cooperative interactions of the helicase than observed in the absence of cofactors,
that are very similar to the cooperative interactions observedthe effect is very modest as compared to the effect induced
in the binding of ADP 46). In other words, the observed by ADP (Figure 7). Because the base specificity predomi-
increase of the ssDNA affinity does not exclude the effect nantly resides in the strong binding site, these results
of cooperative interactions between the nucleotide-binding reinforce the conclusion of a very intricate interrelationship
sites, but it must include a direct communication between between both nucleotide-binding sites in controlling the
the weak nucleotide-binding site and the proper DNA-binding enzyme affinity for the nucleic acid (see above). Interestingly,
site of the helicase (see above). The fact that ADP bound toalthough dADP has the same base as ADP and it binds to
the weak site induces an order of magnitude increase of theboth nucleotide-binding sites with the affinity and cooper-
partial equilibrium constank,, for the binding of the sSDNA  ativity similar to ADP, nevertheless, it does not induce the
to the proper DNA-binding site strongly supports this same increase of the DNA affinity as ADP (parts a and b of
conclusion (Table 2). Figure 8). In effect, the magnitude of the dADP effect is

On the other hand, saturation of both nucleotide-binding more similar to the effects on the DNA affinity induced by
sites with ATP’S does not lead to an increased affinity of GDP or TDP, particularly, for the proper DNA-binding site.
the enzyme for the nucleic acid. Contrary, the affinity is Moreover, the structure of the DNA is different in the
diminished (Figure 5a). Experiments with the mixture of presence of the dADP, as indicated by significantly lower
ADP and ATP/'S provide additional insight about the relative fluorescence increases ePgpeA)s and dA(peA)1g
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in the complex with the helicase, as compared to the samedynamic and kinetic studies clearly showed that the overall
parameters observed for ADP. These data strongly suggests well as the partial binding constants of the PriA helicase
that the orientation of the ssDNA in the complex with the for the ssDNA oligomers, in the absence of ADP, contain a
helicase having both nucleotide-binding sites saturated with statistical factor that can completely be accounted for by
dADP is different than in the presence of ADP. This considering only the interactions of the DNA with the proper
corroborates well with the current biochemical data that show DNA-binding site (8—20). Therefore, these data also
less efficient hydrolysis of dATP than ATP by the enzyme strongly suggest that the additional interacting area is not
in the presence of ssDN/AY). Altogether, these data point available to the ssDNA in the absence of ADP associated
out two levels of communication within the PriA molecule, with both nucleotide-binding sites of the helicase.
involving the type of the base, structure of the phosphate A strong indication that an additional area of the total
group, and the ribose of the bound cofactors. They include DNA-binding site becomes involved in interactions with the
the communication among the nucleotide-binding sites as ssDNA comes from the kinetic studies described in this paper
well as the communication between the sites and the DNA- (Figures 9 and 10). In the absence of ADP or when the
binding site in inducing the high-affinity state of the helicase cofactor saturates only the strong nucleotide-binding site,
for the nucleic acid. both, the ssDNA 10- and 20-mer, bind with the same
A Strong Increase of the Affinity of the PriA Helicase, with  mechanism and very similar energetics and dynamics
Both Nucleotide-Binding Sites Saturated with ADP, for the between the intermediates (Table 2). This is in excellent
ssDNA 20-mer that Encompasses the Entire Total DNA- agreement with the conclusion from thermodynamic and
Binding Site of the Enzyme, Indicates that an Additional Area kinetic studies that, in these conditions, only the proper DNA-
of the Protein Is Engaged in Interactions with the Nucleic binding site is engaging in interactions with the nucleic acid
Acid. As observed for the ssDNA 10-mer, the presence of (18—20). When nucleotide-binding sites are both saturated
ADP exclusively in the strong nucleotide-binding site has a with ADP, the partial equilibrium constari,, increases by
minimal effect on the binding of the ssDNA 20-mer that an order of magnitude for both the 10- and 20-mer, as a
encompasses the entire total DNA-binding site of the PriA result of a direct communication between the weak nucle-
helicase (Figure 4b). These data reinforce the conclusion thatotide-binding site and the proper DNA-binding site (see
the strong nucleotide-binding site does not directly affect above). However, while the partial equilibrium constag,
the helicase interactions with the ssDNA both in the proper for the 10-mer remains completely unaffected by the cofactor,
and total DNA-binding sites (see above). However, saturationthe same parameter increases by more than an order of
of both nucleotide-binding sites with ADP induces an even magnitude for the 20-mer. The 20-mer, which encompasses
more pronounced effect on the PriA affinity for the ssDNA the total DNA-binding site, becomes additionally anchored
20-mer than the effect observed for the ssDNA 10-mer in the DNA-binding site, resulting in a strong additional free-
exclusively bound in the proper DNA-binding site. The energy contribution to the overall binding process (Table 2).
binding constantK,o, is larger by an order of magnitude The anchoring process occurs after the first binding step,
thanKjo. As a result, the value dfy is increased by more initiated through the proper DNA-binding site and experi-
than 2 orders of magnitude as compared to the value of theenced by both the 10- and 20-mer. Nevertheless, only the
same parameter in the absence of the cofactor or with ADP 20-mer is long enough to reach the additional interacting
exclusively bound in the strong nucleotide-binding site area of the total DNA-binding site.
(Figure 4b). Moreover, unlike the effect of ADP on th&max The fact that the same transition of the proteagsDNA
of the ssDNA 10-mer, bound exclusively in the proper DNA- complex, (P) < (P), occurs for both the 10- and 20-mer
binding site, the value oAFn.x 0bserved for the 20-mer is  and in the absence and presence of ADP, indicates that the
increased, indicating a different conformation of the bound (P), < (P), transition is independent of the length of the
nucleic acid {8, 19, 21—24, 35, 36). DNA and the presence of the cofactor. In other words, the
Noticeably, such a dramatic increase of the ssDNA 20- transition is an intrinsic property of the PriA helicase. The
mer affinity in the presence of ADP and an accompanying energetics and dynamics of both the 10- and 20-mer are
different conformational change of the 20-merA@eA) 1, similarly affected by the (R)— (P), transition in the absence
as compared to the 10-merA(peA),, exclusively bound of the cofactor or with ADP bound only to the strong
in the proper DNA-binding site, occurred only because of nucleotide-binding site. Noticeably, the transition occurs in
the increased length of the ssDNA that can now encompassthe absence of ADP, yet the 20-mer cannot efficiently engage
the total DNA-binding site. The simplest explanation of such in additional interactions with the protein. This indicates that
a behavior is that in the complex of the PriA helicase, with  ADP binding to both nucleotide-binding sites specifically
both nucleotide-binding sites of the enzyme saturated with opens an additional area of interactions in the formed (P)
ADP, an additional interacting area of the total DNA-binding intermediate. The forward rate constaky, for the 20-mer
site of the protein becomes engaged in interactions with theincreases by only20%, as the (B)intermediate is already
nucleic acid. The fact that the enzyme, saturated with ADP, formed, while the backward rate constdnt,, decreases by
binds only one 10-mer molecule indicates that this additional a factor of ~11, as additional interactions stabilize the
area has a significantly lower affinity for the DNA than the complex. The ssDNA 10-mer, bound at the proper DNA-
proper DNA-binding site and can only engage the DNA that binding site cannot reach the additional interacting area.
is already bound in the proper site, i.e., when the local Consequently, the (Py> (P), transition, with the 10-mer
concentration of the nucleic acid is high. Otherwise, the PriA bound, is minimally affected by the presence of ADP.
helicase would bind two ssDNA 10-mer molecules in the A schematic model of the ADP effect on the PriA helicase
presence of ADP in the examined solution conditions, which interactions with the ssDNA that summarizes the data
is not experimentally observed&—20). Moreover, thermo- obtained in this paper is shown in Figure 11. As indicated
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additional part of the DNA molecule, now suitably oriented
in the proper DNA-binding site and long enough to encom-
pass the total DNA-binding site of the helicase (Figure).

Functional Implications Thus far, the activity of a
helicase, particularly, the effect exerted by the nucleotide
cofactors on the enzyme affinity for the nucleic acid has been
considered in terms of the presence of only a single
nucleotide-binding site on the enzyn#-4). The discovery
of the two nucleotide-binding sites of the PriA helicase
dramatically changes the current thinking regarding the
nature and the mechanism of interplay between the nucleotide
cofactors and the bound nucleic acid in the complex with
the helicase. The obtained results provide profound insight
into the role of each site in the control of the helicase affinity
for the DNA. Such a control by multiple nucleotide-binding
sites is a property of the helicase mechanism, which has never
been observed before.

As we discussed in ref?l6 and 47, very different
energetics, dynamics, and structure of the strong nucleotide-
binding site as compared to the weak nucleotide-binding site,
as well as a different magnesium effect, argue for different

Ficure 11: Schematic model of the ADP effect on the interactions roles of both nucleotide-binding sites in the functioning of

of the PriA helicase with the ssDNA that encompasses the entire the PriA helicase. Although the strong site is the high-affinity
total DNA-binding site of the enzyme, on the basis of the results ATPase site of the PriA protein, it does not affect the

obtained in this paper. The bound enzyme occlug28 nucleotide interactions of the helicase with the ssDNA, independent of
residues, which is the site size of the total DNA-binding site of the \yhether it is associated with ADP or ATP analogues. These

helicase (A) 18—20). The proper DNA-binding site of the PriA S i .
helicase has a site size 6 nucleotide residues and is located on results indicate that ATP hydrolysis in the strong site does

a domain that protrudes from the main body of the enzyme. In the Nt affect the enzyme affinity for the sSDNA, unless the weak
absence of nucleotide cofactors in the strong (S) or weak (W) site is also occupied by an ADP molecule. Thus, the role of
nucleotide-binding site, only the proper DNA-binding site can ATP hydrolysis in the strong binding site, in controlling the
engage dg-bli?\tgirnag(:tgi)tgs th'ltgh ﬁgethisﬁgﬁfmﬁ% ;Tr‘sa;t;‘;ri‘tg o affinity of the enzyme for the nucleic acid, would predomi-
the enzyme activated By the bound ssDNA, is presumably located nantly serve to exchange ATP for ADP throug.h. ATP
adjacent to the proper DNA-binding site. The additional interacting hydrolysis. On the other hand, the control of the affinity for
area of the total DNA-binding site is in a “closed” state and, in the the DNA by the weak nucleotide-binding site could occur
absence of ADP, is not available for the nucleic acid. When ADP through both the exchange of ATP for ADP and the
occupies both strong and weak binding site of the helicase, the enzymatic hydrolysis of ATP [ribonucleosidetfiphosphate
nucleic acid changes its conformational state in the proper DNA- . . . . .
binding site and/or its orientation (B). Moreover, the area of the (NTP)] in the site. Therefore' the_SW'tCh of the PriA helicase
total DNA-binding site assumes an “open” state and is now capable between the low- and high-affinity states for the ssDNA, a
of engaging in interactions in an additional part of the DNA property that plays a fundamental role in the mechanical
molecule, now suitably oriented in the proper DNA-binding site translocation along the nucleic acid lattice and unwinding
ﬁgﬁcfgg (‘;re‘g”t%g tt‘é)i“fg(r’n;ggsig)the total DNA-binding site of the o tion  would rely on the coordinated interplay between

' the ATP hydrolysis in the strong site and nucleotide exchange
by thermodynamic and kinetic studies, the proper DNA- and/or ATP hydrolysis in the weak site.
binding site of the PriA helicase that has a site size df 6 Noticeably, in chromosomal DNA replication, the role of
1 nucleotide residues is located on a domain that protrudesthe PriA helicase seems to be related predominantly to the
from the main body of the enzymé&&—20). In the absence initiation of the restarting of DNA replication after the
of nucleotide cofactors in the strong (S) or weak (W) replication fork stalls, at the damaged DNA sitd%,(16).
nucleotide-binding site or in the presence of nucleoside The enzyme requires short sSDNA gaps to initiate its helicase
triphosphate, only the proper DNA-binding site can engage activity and reassembly of the primosoni&,(16). In other
in interactions with the ssDNA18—20). The total DNA- words, the PriA helicase is able to recognize short ssSDNA
binding site of the enzyme has a site size of 203 gaps. The optimal length of the recognized ssDNA gap is
nucleotide residues, which is much larger than the site size~5 nucleotide residues. The helicase can achieve this through
of the proper DNA-binding site and includes an additional its proper DNA-binding site with the site size of 6 1
area that can engage in interactions with the DNA. However, nucleotide residues, which protrudes from the rest of the
in the absence of ADP, this additional interacting area of protein molecule18—20). The data described here indicate
the total DNA-binding site is in a “closed” state and is not that such a searching mode occurs when the two nucleotide-
available for the nucleic acid. When ADP occupies both binding sites of the enzyme are free, associated with ATP
strong and weak binding sites of the helicase, the nucleic[NTP or deoxyribonucleoside'%riphosphate (dNTP)] or
acid changes its conformational state in the proper DNA- when the weak site is occupied by ADP [NDP or deoxyri-
binding site and/or its orientation. Moreover, the additional bonucleoside sdiphosphate (dNDP)] and the strong site by
area of the total DNA-binding site assumes an “open” state ATP (NTP or dNTP). The lack of ATPase or dATPase
and is now capable of engaging in interactions in an activity in the absence of DNA indicates that the enzyme is
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predominantly in the searching mode in the cell. 10

The PriA helicase is capable of specifically recognizing
the fork structure at the damaged DNA sitekb,(16).
Moreover, the helicase specifically recognizes the primosome
assembly site (PAS) in the formation of the primosome on
phage®174 @—10). This recognition cannot be achieved
through the proper DNA-binding site with the site size of
only 6 &+ 1 nucleotide residues. However, when both
nucleotide-binding sites are saturated with ADP, the total
DNA-binding site switches to the open conformation with
the efficiency dependent upon the type of base of the cofactor
(see above). Thus, the enzyme can engage an additional
interaction area of the total DNA-binding site. Although this
is not necessary for finding a short ssDNA gap, it would be
crucial for the recognition complex structures of the replica-
tion fork or the PAS site. The obtained data also explain
why the monomeric enzyme that can bind the ssDNA with
the site size of Gt 1 nucleotide residues has a total DNA-
binding site with the site size of 2@ 3 residues 18—20).

The total DNA-binding site of the PriA helicase switches
between the closed and open conformations, under ATP/
ADP or dATP/dADP binding and hydrolysis control, allow-
ing the enzyme to engage in interactions with the DNA in
an area that is outside of the proper DNA-binding site (Figure
11). In other words, the same mechanism that is involved in
the power stroke of the helicase in the translocation and
unwinding reaction and relies on the ATP/ADP binding and
or hydrolysis in the strong and weak nucleotide-binding sites
of the enzyme would be operational in the recognition
process of the arrested replication fork structures as well as
the PAS site.
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