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ABSTRACT: Interactions of the RepA hexameric helicase with nucleotide cofactors have been examined
using nucleotide analogues, TNP-ADP and TNP-ATP, and unmodified nucleotides. Thermodynamic
parameters for the interactions of modified and unmodified nucleotides have been obtained using quantitative
fluorescence titration and competition titration methods. The intrinsic binding constant of ATP is by a
factor of~10 and~1000 higher than the value observed for ADP and P®he data suggest that helicase
acquires free-energy transducing capabilities when associated with the ssDNA, thus, forming a
“holoenzyme”. ATP binding is characterized by significantly stronger negative cooperativity than ADP.
The cooperative interactions are predominantly induced through the specific interactiong phibephate

and the ribose with the protein. The salt effect on cofactor binding indicates a very different nature of the
intrinsic and cooperative interactions. Surprisingly, binding o?Mdo both the cofactor and helicase,
predominantly controls the ADPRepA interactions. Mg cations seem to play a role in affecting the
distribution of high and low ssDNA-affinity states, through the strong effect on the diphosphate versus
triphosphate binding. The data indicate that®¥bas a dual function in nucleotidédelicase interactions.

At low [Mg?*], NTP binds stronger than NDP and the enzyme is predominantly in the high ssDNA-
affinity state. At higher [M§"], NTP binds weaker than NDP and the helicase subunits can exist in
alternating low- and high-affinity states that facilitate the efficient dssSDNA unwinding. The RepA helicase
shows a preference toward purine nucleotides. The cooperative interactions are independent of the type
of the base.

The RepA protein is a hexameric DNA replicative helicase regulation of the enzyme activity and affinity toward the
that is essential for replication of the RFS1010 plasmid, a nucleic acid are not yet completely understood for any
broad host nonconjugative plasmid that can replicate in mosthelicase. In the accompanying paper 1, we have quantita-
Gram-negative bacteria and confers bacterial resistance taively examined the binding of the analogues of nucleotide
sulfonamides and streptomycin (accompanying paper 1, cofactor, 23)-O-(2,4,6-trinitrophenyl)adenosing-8iphos-
1-8). The protein forms a very stable, ring-like hexameric phate (TNP-ADP},2'(3)-O-(2,4,6-trinitrophenyl)adenosine-
structure in the absence of any cofactors or salt in solution 5'-triphosphate (TNP-ATP), and MANT-ADP to the RepA
(3,5, 6). This property differs the RepA helicase from other hexamer. The analysis has been facilitated by the fact that
well-known hexameric enzymes such as bacteriophage T7pinding of the analogues is accompanied by a large quench-
and T4 helicase but resembles the stable hexamer of thgny of the protein fluorescence, predominantly because of
Eschenchla colDnaB r'epllcat|v.e hexamenp hgllcgse, which  the fluorescence energy transfer from protein tryptophans
requires only magnesium cations to maintain its structure o, e TNP or MANT moiety, indicating that the tryptophans
(10._14)‘ The RepA hexamer has a diameter-e40 A, _ are in close proximity to the nucleotide-binding sites. The
Whlle the diameter of the ceqtral cross channel of the ring- RepA hexamer binds six molecules of TNP-ADP or TNP-
like structure c.)f the enzyme is onfyl? A.(4_5)' ATP; thus, all presumed nucleotide-binding sites of the RepA

In the reaction of the dsDNA unwinding catalyzed by heli . o ;

elicase can actively engage in binding of nucleotide

helicases, the enzymes perform a complex free-energy . o A
transduction procesd§—17). However, the mechanism of cofactors. However, the macroscopic affinity of the binding

the binding and/or hydrolysis of NTPs, as well as the
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process decreases with the increase of the average degreRepA hexamer), and the free nucleotide concentratgn,

of binding of the cofactors. Such behavior indicates, inde- were obtained as described in accompanying pap&et (

pendently of any binding model, the existence of significant 23). The analysis of a single binding isotherm, without the

heterogeneity in the affinity among the nucleotide-binding necessity of determining all fluorescence parameters for

sites of the RepA hexamer. The observed heterogeneity indifferent complexes, has been performed using the empirical

affinity reflects the negative cooperative interactions between function method (accompanying paper 28,30). For the

the binding sites. A statistical thermodynamic model, the empirical function that relates the experimentally determined

hexagon model, provides an excellent description of the dependence of the RepA protein fluorescence quenching,

binding isotherms and the dependence of the observedAF,s to the average degree of bindirjg®;, a polynomial

fluorescence quenching as a function of the average degredunction has been selected as

of binding, using only two interaction parameters, the

intrinsic binding constank, and the cooperativity parameter, n ,

o AI:obs= Z aj(z(ai)J 1)
The obtained data and analyses of the nucleotide binding =

to the RepA hexamer exclude the alternative model of two .

independent classes of independent binding sites, oftenWherea values are fitting constant2g 30).

invoked in interpretation of the nucleotide binding to the RESULTS

hexameric helicase$8,(18). The model of two independent

classes of independent binding sites cannot account for both, Binding of Unmodified ATP, ADP, and Inorganic Phos-

the binding isotherm and the dependence of the fluorescencephate to the RepA Hexaméys pointed out in accompanying

guenching upon the average degree of binding. This inability paper 1, the binding of ATP and ADP to the RepA protein

results from the fact that the model imposes a strict is not accompanied by a protein fluorescence change

requirement of additivity of the partial spectroscopic param- adequate to quantitatively determine the energetics of the

eters (fluorescence quenching), characterizing the nucleotidenteractions. On the other hand, interactions of the unmodi-

binding to the sites in each class of binding sites, in all fied ATP and ADP with the RepA hexamer can be

possible complexes of a cofactor with the hexamer. On the quantitatively determined using a competition titration

other hand, the hexagon model is not limited by any strict method, described before by u0( 21). In this approach,

requirement for the additivity of the partial spectroscopic the protein is titrated with the reference nucleotide analogue,

parameters. e.g., TNP-ADP, in the absence and presence of the unmodi-
In this paper, which is a logical continuation of the first fied nucleotide. The observed signal originates only from

paper in this series, we describe extensive analyses of thethe binding of the “reference” cofactor; however, the titration

RepA hexamer interactions with several modified and curve, in the presence of unmodified nucleotide, is shifted

unmodified nucleotide cofactors, inorganic phosphate, and to higher reference nucleotide concentrations, because of the

the role of salt and magnesium in these interactions, usingcompetition with the unmodified cofacto2@, 21, 23).
the guantitative fluorescence titration technique (accompany-
ing paper 1) and the competition titration methoti3{23).

MATERIALS AND METHODS

Reagents and Bufferall chemicals were reagent-grade.
All solutions were made with distilled and deionized .8
MQ (Milli-Q Plus) water as described in accompanying
paper 1. The temperature and concentrations of NaCl and
MgCl; in the buffer are indicated in the text.

RepA Helicase of Plasmid RSF1018olation and puri-
fication of the RepA protein was performed, as described in
accompanying paper B). The concentration of the protein
was spectrophotometrically determined using the extinction
coefficientezgo = 1.66 x 10° cm™t M1, obtained with the
approach based on Edelhoch’s methad, 5).

NucleotidesTNP-ATP and TNP-ADP were from Molec-
ular Probes (Eugene, OR). ATP was from CalBiochem.
Adenosine-5diphosphate (ADP), dATP, dADP, guanosine-
5'-diphosphate (GDP), thymidiné-Biphosphate (TDP), cy-
tosine-5-diphosphate (CDP), and UDP were from Sigma.

Fluorescence Measurementd| steady-state fluorescence
titrations were performed using the SLM-AMINCO 8100C
as described in accompanying paperR0-29).

Quantitatve Determination of Binding Isotherms and
Stoichiometries of the RepA Hexamétucleotide Cofactor
ComplexesQuantitative estimates of the average degree of
binding, > ®; (number of nucleotide molecules bound per

Fluorescence titrations of RepA helicase with the TNP-
ADP in the absence and presence of 3 mM ADP in buffer
T5 (at pH 7.6 and 10C), containing 10 mM NaCl and 5
mM MgCl,, are shown in Figure 1a. The concentration of
the RepA protein is Ix 1076 M (hexamer). The presence
of ADP shifts the titration curves toward a higher TNP-ADP
concentration range, clearly indicating that both nucleotides
compete for the same binding sites on the RepA hexamer.
There are two important qualitative aspects of these data.
First, despite the large concentration of ADP (3 mM), the
shift of the isotherm to the higher TNP-ADP concentration
range is only moderate, as compared to the isotherm recorded
in the absence of ADP, indicating that ADP has a much lower
affinity than TNP-ADP for the nucleotide-binding sites of
the RepA hexamer. Second, inspection of the plot shows that
the shift of the isotherm is not symmetric; i.e., it is larger at
higher [TNP-ADP]. Such an asymmetric shift of the isotherm
in the presence of the competing ligand indicates that
cooperative interactions between TNP-ADP and ADP and/
or between ADP molecules bound to the RepA hexamer are
different from cooperative interactions between the reference
TNP-ADP moleculesZ0, 21, 23) (see below).

The RepA helicase alone does not hydrolyze ATP on the
time scale of the binding experiment, to any significant
extent, in the applied solution conditions (buffer T5 at pH
7.6 and 10°C). Such behavior allowed us to perform the
same competition binding analysis using unmodified ATP.
Fluorescence titration of RepA helicase with the TNP-ADP
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Ficure 1. (a) Fluorescence titration of the RepA helicase with
TNP-ADP in buffer T5 (at pH 7.6 and 1TC), containing 10 mM
NaCl and 5 mM MgC], in the absencel() and the presenc&l

of 3 mM ADP. The solid lines are nonlinear least-square fits of
the titration curves, according to the hexagon model for two
competing ligands (eqs-24) and the empirical function defined
by eq 5, using binding parameters for ADP included in Table 1.
The intrinsic binding constant of the reference nucleotide, TNP-
ADP, isK = 1 x 10/ M~1 and cooperativity parameter= 0.3.

(b) Fluorescence titration of the RepA helicase with TNP-ADP in
buffer T5 (at pH 7.6 and 10C), containing 10 mM NaCl and 5
mM MgCl,, in the absencel) and presence{) of 3 mM ATP.

The solid lines are nonlinear least-square fits of the titration curves,
according to the hexagon model for two competing ligands (eqs
2—4) and the empirical function defined by eq 5, using binding
parameters for ATP included in Table 1. (c) Fluorescence titration
of the RepA helicase with TNP-ADP in the same solution condition
as the titration performed in the presence of ADP and ATP in a
and b, in the absenc@) and presence{) of 50 mM K;HPQ,.

The solid lines are nonlinear least-square fits of the titration curves,
according to the hexagon model for two competing ligands (eqs
2—4) and the empirical function defined by eq 5, using binding
parameters for the inorganic phosphate included in Table :-tn a
the concentration of the RepA helicase ix110°% M (hexamer).

in the presence of 3 mM ATP in buffer T5 (at pH 7.6 and
10°C), containing 10 mM NaCl and 5 mM Mggltogether
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Ficure 2: Schematic model of the hexagon lattice of the RepA
hexamer (A) with the three, possible different states of each lattice
site: free ), bound with a reference ligantlg (O0), and bound
with the competing ligand,c (2). Three different types of possible
cooperative interactions (B) between the ligand molecules, bound
to neighboring sites of the hexamer and characterized by corre-
sponding cooperativity parameters; reference ligand molecules, L1,
characterized by cooperativity parametet, competing ligand
molecules (L2) characterized by cooperativity parametey,
reference and competing ligand molecules (L1 and L2) characterized
by cooperativity parametetrc.

with the titration of the RepA protein with TNP-ADP in the
absence of ATP, are shown in Figure 1b. The concentration
of the RepA protein is the same as applied in ADP binding
experiments (Figure 1a). In the presence of ATP, the titration
curve is shifted to a higher concentration range of TNP-ADP
than that observed in the presence of ADP, indicating that
ATP has a higher macroscopic affinity for the nucleotide-
binding site of the helicase than adenosine diphosphate.
Analogous fluorescence titration of the RepA helicase with
TNP-ADP in the presence of 50 mM3;RQO, is shown in
Figure 1c. The concentration ob,RO, has been selected on
the basis of the fact that the increase of the salt concentration
up to~100 mM NaCl does not significantly affect the TNP-
ADP affinity of the RepA helicase (see below). It is evident
that the presence of 50 mM;R0O, induces only a modest
shift of the titration curve toward higher [TNP-ADP],
indicating a substantially lower macroscopic affinity of the
phosphate group for the nucleotide-binding site than observed
for ADP and ATP (see the Discussion).

Statistical Thermodynamic Analysis of the Competiti
Cooperatie Ligand Binding to a Circular Latticdn general,
in the presence of the reference ligand, TNP-ADP, and
competing unmodified ligand, e.g., ADP, each nucleotide-
binding site of the RepA hexamer can exist in three different
states, free, bound with TNP-ADP, or bound with the
unmodified nucleotide. The schematic representation of the
different types of states and interactions in the competitive
binding of two ligands to a circular lattice with six binding
sites, according to the hexagon model for both ligands, is
shown in Figure 2.

Analytical extension of the hexagon model to such a
complex system (accompanying paper 1) can be most
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Table 1: Maximum Number of Binding Sites, Intrinsic Binding Constanti,, Cooperativity Parametew, for the Binding of the Ribose and
Deoxyribose Nucleoside Tri- and Diphosphates and Inorganic Phosphate to the RSF1010 RepA Hexameric Helicase in Buffer T2 (at pH 7.6
and 10°C) Containing 10 mM NaCl and 5 mM Mggl

parameter ATP dATP ADP dADP RO

n 6 6 6 6 6

Kc (MY (1.94+0.5) x 1P 9.8+ 1.5)x 10* (1.43+0.8) x 10* 3.7+ 1) x 10* (2.54+0.5) x 107
oc 0.003+ 0.0005 0.085t 0.021 0.17+ 0.03 0.12+0.04 0.15+ 0.09

ORC 0.11+0.02 0.16+ 0.02 0.25+ 0.05 0.23+0.05 0.25+ 0.04

efficiently handled by the matrix method to obtain the 1—4 and the empirical function (eq 1) that describes the
expressions for the partition functiod,, and the average experimentally obtained dependenceAdf,,s as a function
degree of bindingy ©;, of the reference nucleotide, in terms of > ©; (accompanying paper 1). In the applied solution
of its intrinsic binding parameters and the intrinsic binding conditions, this function is defined as

parameters of the unmodified competing nucleotie 81).

The transfer matrix M, that correlates the statistical weights Af b= 2.6054x 101(29_) —1.9224x 102(29.)2

of different states of the nucleotigdiexamer complex, is a o ' ' (5)
three-state matrix, defined a21]

The intrinsic binding constant<, and the cooperativity

1 Klg Kele parameterg, for the TNP-ADP binding to the RepA helicase,
M= (1 oKLz  orcKcle 2 in the same solution conditions, arex110’ M~ and 0.3,
1 0rcKlg oKl respectively (see below). The binding parameters for ADP,

ATP, and inorganic phosphate are included in Table 1.

whereK is the intrinsic binding constant of the reference The obtained data show that ATP h intrinsic affinit
modified nucleotide (TNP-ADP),r is the free concentration € obtainéd data show tha nas an intrinsic afhinity
of approximately an order of magnitude higher than ADP.

of the reference nucleotide,is the parameter characterizing L .
cooperative interactions between bound reference nucleotide"'ogiverr’] binding of ATP to the RepA ge(;(g?ero%gggracter—
molecules, K¢ is the intrinsic binding constant of the '2€ ytde cogp(;arla;wng ggrfamitglzr):. : ?: Cof. ?S
unmodified competing nucleotideg is the free concentration compare _tm.— 17+ 0.03for \DF, 1.€., a actor : 5 .
lower, indicating that the adenosine triphosphate binds with

of the unmodified competing nucleotide; is the parameter . ; o Lo
characterizing cooperative interactions between unmodified ch_h hlgher negative cooperativity than ADP' The intrinsic
affinity of inorganic phosphate is characterizedkoy (2.5

competing nucleotide molecules, angc is the parameter ) )
characterizing cooperative interactions between the reference™ 0'5_) x 102 M, appr_om_mgtely 3. and 2 orders .Of
magnitude lower than the intrinsic binding constant obtained

and the unmodified competing nucleotide, respectively. The .
partition function of the entire binding system is then for ATP and ADP respectively (Table 1.)' On th? other hand,
the cooperativity parameter for the inorganic phosphate

1 0 0 binding,o = 0.15+ 0.05, is very similar to the value of the
Z,=(100) MPlO [+ (01 0) M| 1|+ (00 1) MEO] (3) same parameter obtained for ADP (see the Discussion).
0 0 1 Base Specificity of the Nucleotide-Binding Site of the RepA

o ~ Helicase Ligand competition studies can provide direct
The average degree of binding of the reference nucleotideqyantitative estimates of the base specificity of the nucleo-
(TNP-ADP),5 ©;, is defined by the standard thermodynamic  tjge-pinding site of the RepA helicasq( 21, 32). Fluo-

relationship,d Ln Z/ 9 Ln Lg, which provides 21) rescence titrations of the RepA protein with TNP-ADP in
. the presence of 3 mM GTP or 3 mM TDP, in buffer T5 (at
Z®i o pH 7.6 and 10°C), containing 10 mM NaCl and 5 mM

aM® 1 MgCl,, are shown in Figure 3. For comparison, the titration

(1 OO)M o]+ of the RepA protein with TNP-ADP, in the absence of

R\O competing cofactors, is also included. The titration curve is
1[0 s 1[0 @) shifted to higher conc_enf[rati_ons of TN_P-ADP in the presence

(010) IM” 1414 001) IM” |4 of GDP than TDP, indicating that, independently of any

dInLg 0 dInLg 1 binding model, GDP competes more efficiently with TNP-

ADP for the nucleotide-binding sites of the RepA hexamer

Z, than TDP. The solid lines in Figure 3 are nonlinear least-
squares fits of the experimental titration curves according

Notice, there are five parameters in egs4l K, o, Kc, oc, to the hexagon model of two competing, cooperatively

and orc. However,K and o are independently determined  binding ligands, using eqs—# and the empirical function
from fluorescence titration of the RepA hexamer with TNP- defined by eq 5. Analogous titrations and analyses have been
ADP in the absence of the competing unmodified nucleotide performed for a series of nucleotide cofactors, and the
(accompanying paper 1). Therefore, there are only threecorresponding binding parameters for all examined nucle-
parametersKc, oc, andorc, which can be determined by otides are included in Table 2. The affinity of UDP is too
nonlinear least-squares fitting of the experimental titration low to reliably estimate its cooperativity parameter. Never-
curves. theless, the obtained data clearly indicate that the nucleotide-
The solid lines in parts-ac of Figure 1 are nonlinear least-  binding site of the RepA helicase has a preference for the
square fits of the spectroscopic binding curves using eqspurine nucleotides, with the affinities of the ADP and GDP
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Table 2: Maximum Number of Binding Sites, Intrinsic Binding Constantki,, Cooperativity Parametew, for the Binding of the Nucleoside

Tri- and Diphosphates to the RSF1010 RepA Hexameric Helicase in
MgCIz

Buffer T2 (at pH 7.6 a&) O@ntaining 10 mM NaCl and 5 mM

parameter ATPS AMP-PNP AMP-PCP GDP TDP CDP UDP

n 6 6 6 6 6 6 6

Kc(M™) (8.8+21)x 10 (224+0.7)x 10" (1+£0.3)x 10° (3.0+1)x 10' (5+1.3)x 10° (45+1.2)x 10° (2.3+0.8)x 10°
oc 0.074 0.02 0.013+ 0.005 ND 0.06-0.04  0.07+0.03 0.11+ 0.04 ND

Ore 0.16- 0.04 0.024 0.007 ND 0.17 0.11 0.15 ND

being approximately a factor of 5 higher than the corre-
sponding affinities of the pyrimidine nucleotides (Tables 1
and 2). However, the values of parameteis and orc,
characterizing cooperative interactions, are very similar for
all examined cofactors (see the Discussion).

binding parameters are included in Table 2. The values of
intrinsic binding constants of all examined ATP analogues
are lower than the values of the corresponding parameter
obtained for ATP. This is particularly evident in the case of
B,y-methylenadenosing-friphosphate (AMP-PCP), whose

Role of the Phosphate Group and Ribose in Interactions intrinsic binding constant is approximately 2 orders of

of Nucleotide Cofactors with the RepA Helicabethe case

magnitude lower than the intrinsic binding constant obtained

of most helicases, only nucleoside triphosphates can inducefor ATP. Notice, there is also a dramatic difference in the

a high-affinity state of the protein for the sSDNA3-38).
Such an effect indicates that threphosphate is involved in
allosteric interactions, extending beyond the nucleotide-
binding site of the enzyme8, 29). To address the question

shape of the titration curves obtained in the presence of
AMP-PNP and ATRS, reflecting large differences in the
values of the cooperativity parametet, andorc between
both analogues (Figure 4a and Table 2). Thus, binding of

as to what extent the specific structure of the ATP phosphateAMP-PNP is characterized by a much lower valueoef
group affects the energetics of the nucleotide binding to the i.e., much stronger negative cooperative interactions than the

RepA helicase, we performed competition titration studies
using various ATP analogues differing by the structure of
the phosphate group.

Fluorescence titrations of the RepA helicase with TNP-

binding of ATPyS; however, its value is similar to the values
of oc obtained for ATP (Tables 1 and 2). Also, cooperative
interactions between the reference nucleotide, TNP-ADP, and
AMP-PNP, are characterized byrc = 0.02 + 0.007,

ADP in the presence of two different adenosine triphosphates,significantly lower than observed for AS (Table 2) (see

B,y-imodoadenosine‘8riphosphate (AMP-PNP) and ad-
enosine-50-(3-thiotriphosphate) (ATFS), in buffer T5 (at
pH 7.6 and 10°C), containing 10 mM NaCl and 5 mM
MgCl,, are shown in Figure 4a. Analogous titration of the
RepA protein with TNP-ADP in the presence of 3 mM

AMP—PCP is shown in Figure 4b. The selected concentra-

tions of all ATP analogues are 3 mM. The solid lines in

the Discussion).

To address the role of the sugar moiety in the binding of
the nucleotide cofactors to the RepA helicase, we performed
competition studies with dATP and dADP, using TNP-ADP
as a reference ligand. Fluorescence titrations of the RepA
helicase with the TNP-ADP in the presence of dATP or
dADP in buffer T5 (at pH 7.6 and 16C), containing 10

parts a and b Figure 4 are nonlinear least-square fits of themM NaCl and 5 mM MgCJ, are shown in Figure 4c. The
experimental titration curves according to the hexagon model titration of RepA protein with TNP-ADP, in the absence of

of two competing, cooperatively binding ligands, using eqs
1—4 and the empirical function defined by eq 5. The obtained

1

o
o

Relative Fluorescence QUenching
o

Log [TNP-ADP], .,

Ficure 3: Fluorescence titration of the RepA helicase with TNP-
ADP in buffer T5 (at pH 7.6 and 10C), containing 10 mM NacCl
and 5 mM MgC}, in the absenceal) and presence of 3 mM GDP
(O) or 3 mM TDP ©). The concentration of the RepA helicase is
1 x 1076 M (hexamer). The solid lines are nonlinear least-square
fits of the titration curves, according to the hexagon model for two
competing ligands (eqs-24) and the empirical function defined
by eq 5, using binding parameters for GDP and TDP included in
Table 1. The intrinsic binding constant of the reference nucleotide,
TNP-ADP, isK = 1 x 10" M~ and cooperativity parameter=

0.3.

cofactors, is also included. The deoxyribonucleotide con-
centrations are 3 mM. The solid lines in Figure 4c are
nonlinear least-square fits of the titration curves according
to the hexagon model of two competing, cooperatively
binding ligands (Figure 2), using eqs-4 and the empirical
function defined by eq 5. The obtained binding parameters
are included in Table 1.

The replacement of the ribose by deoxyribose has only a
moderate effect on the nucleotide affinity, although different
for ATP, as compared to the ADP cofactor. The intrinsic
binding constant of dATP is by a factor ef2 lower, while
the intrinsic binding constant for dADP is by a factor-e2
higher than the corresponding parameters obtained for ATP
and ADP, respectively, indicating that the ribos€&™ group
participates in the interactions in the binding site (Table 1).
However, similar to ATP and ADP, the parametersand
Orc, Characterizing the cooperative interactions between the
bound deoxyribose-adenosine cofactors and cooperative
interactions with TNP-ADP, are lower for dATP as compared
to dADP (Table 1).

Salt Effect on the ATP and ADP Analogues Binding to
the RepA HelicaseThe effect of salt on the energetics of
the nucleotide cofactor binding to the RepA hexamer has
been examined using TNP-ADP and TNP-ATP analogues.
Fluorescence titrations of RepA protein with TNP-ADP, in
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Ficure 4: (a) Fluorescence titration of the RepA helicase with
TNP-ADP in buffer T5 (at pH 7.6 and 1TC), containing 10 mM
NaCl and 5 mM MgC}, in the absencel) and presence of 3 mM
ATPyS @) or 3 mM AMP-PNP @). The solid lines are nonlinear
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buffer T5 (at pH 7.6 and 10C), containing 1 mM MgCl

and different NaCl concentrations, are shown in Figure 5a.
Analogous titrations in the presence of NaBr are shown in
Figure 5b. As the salt concentration increases, the titration
curves are shifted toward the higher TNP-ADP concentration
range, indicating a decreasing macroscopic affinity of the
nucleotide. However, the maximum fluorescence increase
at saturationAFnay remains, within experimental accuracy,
unaffected by the increasing [NaCl] or [NaBr], indicating
that the structure of the proteimucleotide complex, is
minimally affected by the increased salt concentration. The
solid lines in parts a and b of Figure 5 are nonlinear least-
square fits of the spectroscopic binding curves according to
the hexagon model (accompanying paper 1) and the empirical
function defined by eq 5.

Figure 5c¢ shows the dependence of the logarithm of the
intrinsic binding constant of TNP-ADP, upon the logarithm
of the NaCl concentration (leglog plot) (40, 41). The plot
is clearly nonlinear. At lower [NaCl], up to 100 mM, the
plot is characterized by the slogelog K/a log [NaCl] =
—0.24 0.1, an indication of a very modest effect of the salt
on the cofactor binding. However, above [Na&ij]L00 mM,
the values of the intrinsic binding constant decrease dramati-
cally with increasing NaCl concentrations in solution. The
plot is linear, in the elevated salt concentration range, and
characterized by the slogelog K/d log [NaCl] = —1.9+
0.3, indicating that the net release o2 ions accompanies
the nucleoside diphosphate binding. The effect of the salt
on the cooperative interactions between bound TNP-ADP
molecules is different from the effect on its intrinsic affinity.
The dependence of the logarithm of the cooperativity
parameterg, upon the logarithm of the NaCl concentration
is shown in Figure 5d. Although is virtually unchanged
up to [NaCl]~ 100 mM, it slightly and steadily increases at
higher salt concentrations, with the positive slope of the-log
log plot, 8 log o/d log [NaCl] = 0.3+ 0.1 (Figure 5d). The
log—log plots for the binding of TNP-ADP to the RepA
protein, in the presence of NaBr, are included in parts ¢ and
d of Figure 5. The data indicate a very similar behavior of
the system in the presence of both salts, i.e., within
experimental accuracy, the slopelbg K/d log [NaBr] ~ a
log K/d log [NaCl] andd log /0 log [NaBr] ~ d log o/d log
[NacCl], respectively. Moreover, not only are the slopes the
same, but also the values of the intrinsic binding constant

least-square fits of the titration curves, according to the hexagon and cooperativity parameters are the same, in corresponding

model for two competing ligands (eqs—2) and the empirical
function defined by eq 5, using binding parameters for ASRnd
AMP-PNP included in Table 2. (b) Fluorescence titration of the
RepA helicase with TNP-ADP in buffer T5 (at pH 7.6 and°1T),
containing 10 mM NaCl and 5 mM Mgglin the absenceal) and
presencel{) of 3 mM AMP-PCP. The solid lines are nonlinear

salt concentrations, independent of the type of anion in
solution (see the Discussion).

Examination of the salt effect on the TNP-ATP binding
to the RepA hexamer has been performed in an analogous
way. A series of fluorescence titration curves of RepA protein

least-square fits of the titration curves, according to the hexagon with TNP-ADP, in buffer T5 (at pH 7.6 and 10C),

model for two competing ligands (eqs—2) and the empirical
function defined by eq 5, using binding parameters for AMP-PCP

included in Table 2. (c) Fluorescence titration of the RepA helicase

with TNP-ADP in buffer T5 (at pH 7.6 and 1TC), containing 10
mM NaCl and 5 mM MgC}, in the absencel() and presence of 3
mM dATP @) or 3 mM dADP @). The solid lines are nonlinear

containing 1 mM MgC] and different NaCl concentrations,

is shown in Figure 6a. Similar to the ADP analogue, the
titration curves are significantly shifted to higher TNP-ATP
concentrations, particularly at higher [NacCl], indicating a
decrease in the macroscopic affinity of the cofactor. The

least-square fits of the titration curves, according to the hexagon dependence of the logarithm of the intrinsic binding constant

model for two competing ligands (eqs-2) and the empirical
function defined by eq 5, using binding parameters for dATP and
dADP included in Table 1. In-ac, the intrinsic 37 binding constant
of the reference nucleotide, TNP-ADP,Ks= 1 x 10° M~1 and
cooperativity parametes = 0.3; the concentration of the RepA
helicase is 1x 1076 M (hexamer).

of TNP-ATP, upon the logarithm of the NaCl concentration
(log—log plot) is shown in Figure 6b. There are clearly two
phases in the loglog plot. At low [NaCl], the plot is
characterized by the slogelog K/d log [NaCl] = —0.4 +
0.1, slightly higher than observed for the TNP-ADP. On the
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Ficure 5: (a) Fluorescence titration of the RepA helicase with TNP-ADP in buffer T5 (at pH 7.6 af@)l@ontaining 1 mM MgCJ,

and different concentrations of NaCl, 10 mm)( 103.2 mM (), 209.6 mM @), 309.6 mM (), 509 mM (@), and 730.8 MM 4). The

solid lines are nonlinear least-square fits of the titration curves, according to the hexagon model and the empirical function defined by eq
5 (accompanying paper 1). (b) Fluorescence titration of the RepA helicase with TNP-ADP in buffer T5 (at pH 7.6°@)dchhtaining

10 mM NaCl and 1 mM MgGl containing different concentrations of NaBr, 10 mi)(109.2 mM (), 308.8 mM @), 408.4 mM (),

and 508 mM 4). The solid lines are nonlinear least-square fits of the titration curves, according to the hexagon model and the empirical
function defined by eq 5 (accompanying paper 1). (c) Dependence of the logarithm of the intrinsic binding constant for the TNP-ADP
binding to the RepA hexamer upon the logarithm of the N&)ldnd NaBr (0) concentrations. The solid lines indicate the slopes of the
linear parts of the plot in low and high salt concentration ranges (see the text for details). (d) Dependence of the logarithm of the cooperativity
parameterg, for the TNP-ADP binding to the RepA hexamer upon the logarithm of the NBCAGd NaBr () concentrations. The solid

lines indicate the slopes of the linear parts of the plot in low and high salt concentration ranges (see the text for detaits)tHa a
concentration of the RepA helicase isx110-6 M (hexamer).

other hand, above [NaC#¥ 100 mM, the linear part of the  independent of the type of anion in solution (see the
plot is characterized by the slogelog K/d log [NaCl] = Discussion).

—1.94 0.3. Thus, the net release o2 ions accompanies Magnesium Effect on the Binding of Nucleotide Cofactors
the intrinsic binding of the nucleoside triphosphate, the sameto the RepA HexamerFluorescence titrations of RepA
value as observed for the intrinsic binding of TNP-ADP to Protein with TNP-ADP, at two different protein concentra-
the RepA helicase (See the DiSCUSSion). tionS, in buffer T5 (at pH 7.6 and l@), Containing 10 mM

) ... NaCl and in the absence of Mgghre shown in Figure 7a.
The dependence of the logarithm of the cooperativity The selected RepA hexamer concentrations ate 106

parameterg, for TNP-ATP binding to the RepA protein,  and 1x 1075 M, respectively. The maximum fluorescence
upon the logarithm of [NaCl] is shown in Figure 6c. As  quenching observed at saturatidtF . = 0.8+ 0.03; i.e.,

observed in the case of the TNP-ADP, the values alo it is lower than observed in the presence of¢0.87 +

not significantly change in the low [NaCl] concentration 0.03) (see below). The solid lines in Figure 7a are nonlinear
range. However, above50 mM NacCl, the log-log plot is least-square fits of the spectroscopic titration curves accord-
characterized by a slight positive slopdog o/d log [NaCl] ing to the hexagon model and using the empirical function,

= 0.17+ 0.1 (Figure 6c¢). The loglog plots for the binding which, in this case, is defined by a third-degree polynomial
of TNP-ATP to the RepA protein, in the presence of NaBr, (data not shown)

are also included in parts b and c¢ of Figure 6. The data,

within the experimental accuracy, superimpose on the-log AFgps= 3.5941x 101(Z@i) — 6.5685x 102(2902 -

log plots obtained in the presence of NaCl, indicating that, 4.7197x 103(z@i)3 (6)
analogously to TNP-ADP, the intrinsic binding constants and

cooperativity parameters, as well as the net number of The obtained intrinsic binding constakt= (5.0 = 1) x
released ions, accompanying the TNP-ATP binding, are 10* M1, and the cooperative interaction parameter; 1.24
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Ficure 6: (a) Fluorescence titration of the RepA helicase with
TNP-ATP in buffer T5 (at pH 7.6 and 1fC), containing 1 mM
MgCl,, and different concentrations of NaCl, 10 mm)( 103.2

mM (O), 209.6 mM @), 309.3 mM ), and 509 mM 4A). The
solid lines are nonlinear least-square fits of the titration curves,
according to the hexagon model and the empirical function defined

by eq 5 (accompanying paper 1). (b) Dependence of the logarithm

of the intrinsic binding constant for the TNP-ATP binding to the
RepA hexamer upon the logarithm of the Na#l) @nd NaBr (0)

Jezewska et al.

in buffer T5 (at pH 7.6 and 18C), containing 10 mM NacCl
and selected concentration of MgCare shown in Figure

7b. As the magnesium concentration increases, the titration
curves are shifted toward lower TNP-ADP concentrations,
indicating a strong increase of the macroscopic affinity of
the cofactor. Such behavior indicates that, instead of release,
there is an uptake of ions accompanying the binding of the
nucleotide cofactor to the RepA hexamer. Also, even at a
very low [MgCl;] (5 x 1075 M), the value of the maximum
fluorescence quenching at saturatidifmay, has already the
same value as observed at the high magnesium concentra-
tions.

The dependence of the logarithm of the intrinsic binding
constantK, of TNP-ADP upon the logarithm of the Mggl
concentration is shown in Figure 7c. The character of the
plot is very different from the analogous le¢pg plots
obtained for the NaCl and NaBr (Figure 5c¢). There are clearly
two binding processes, marked by two plateaus. Because of
the high affinity, the first binding process could not be
guantitatively accessed (see below). In the high-affinity-
binding phase, the intrinsic binding constant of TNP-ADP
increases from (5.8 1) x 10* M *to (8.5+ 1.3) x 1C°
M™%, at the intermediate plateau, i.e., by more than an order
of magnitude. The second binding phase occurs at a much
higher [MgCt] and induces a further increase of the intrinsic
binding constant by an order of magnitude, with= (1 +
0.2) x 10’ M7t in the final plateau. Further increase of the
[MgCl;] above 5 mM results in only a slight decrease of the
affinity of the cofactor, suggesting an additional unresolved,
weak affinity Mg?™-binding process.

There are two fundamental aspects of the data shown in
Figure 7c. First, the observed ion-binding process must
exclusively include magnesium cations, because the salt
effect on the cofactor binding, discussed above, does not
indicate any anion participation in the cofactor binding,
particularly in the low salt concentration range. Second, the
two resolved binding phases are separated by at least 3 orders
of magnitude in affinity, indicating that very different
magnesium-binding sites are involved. The high-affinity
binding phase occurs in the micromolar concentration range
of magnesium. Notice, in the examined solution conditions,
the nucleotide cofactor binds a magnesium cation with the
affinity of ~10° M~1 (42). The low-affinity phase is in the
millimolar concentration range of magnesium, and it must
involve binding of Mg" to the protein. Thus, the simplest
interpretation of the experimental behavior is that one
observes the effect of the magnesium binding to the

concentrations. The solid lines indicate the slopes of the linear partsnycleotide cofactor and to the RepA protein on the intrinsic

of the plot in low and high salt concentration ranges (see the text

for details). (c) Dependence of the logarithm of the cooperativity
parameterg, for the TNP-ATP binding to the RepA hexamer upon
the logarithm of the NaCIl) and NaBr [0) concentrations. The
solid lines indicate the slopes of the linear parts of the plot in low
and high salt concentration ranges (see the text for details)-tn a
the concentration of the RepA helicase ix1107% M (hexamer).

affinity of the nucleotide binding to the helicase.

In this simplest interpretation of the observed effect of
magnesium on the overall intrinsic binding process of the
ADP analogue binding to the RepA hexamer, the following
partial binding equilibria must be considered. Binding of a
magnesium cation to the free nucleotide cofactagr fdtrming

+ 0.25. Thus, in the absence of magnesium, the intrinsic the cofactor-Mg?* complex, N, characterized by the binding

affinity of the ADP analogue decreases dramatically, by

constanKy; binding ofj magnesium cations to the free RepA

approximately 2 orders of magnitude. Moreover, the negative protein, B, forming RepA proteir-Mg?"; complex, R,
cooperative interactions between bound cofactor moleculescharacterized by the binding constay:; binding of the

strongly diminish, and the binding process becomes nonco-

operative or characterized by a slightly positive cooperativity.
Fluorescence titrations of the RepA protein with TNP-ADP

free cofactor and its magnesium complex to the free RepA
protein, forming By and B, complexes, characterized by the
binding constant&qo andKo;,, respectively; and binding of



Nucleotide Binding to a Hexameric Helicase Biochemistry, Vol. 44, No. 10, 2003885

o
©

e
)
T

e
w

7 6 .I5 _; -8 -6 -4 -2
Log [TNP-ADP]. | Log [MgCl,]

o

Relative Fluorescence Quenching

-

o

Relative Fluorescence Queching
o
(3.}

6 -5 -4 g 6 -4 2
Log [TNP-ADP] ., Log [MgCl,]

Ficure 7: (a) Fluorescence titration of the RepA helicase with TNP-ADP in buffer T5 (at pH 7.6 af@d)10ontaining 10 mM NacCl and

no magnesium, at different RepA protein concentratiom$,1( x 1075 M and () 1 x 10> M (hexamer). The solid lines are nonlinear
least-square fits of the titration curves, according to the hexagon model (accompanying paper 1), using a single set of binding parameters
with the intrinsic binding constarK = 5.03 x 10* M~1, cooperativity parameter = 1.244, and the empirical function defined by eq 6.
(b) Fluorescence titration of the RepA helicase with TNP-ADP in buffer T5 (at pH 7.6 ari@)l@ontaining 10 mM NaCl and different
MgCl, concentrations i) 0, (3) 5 x 10°°>M, and (O) 5 mM. The solid lines are nonlinear least-square fits of the titration curves, according
to the hexagon model (accompanying paper 1), using the intrinsic binding coKstamt03 x 10* M1, 0 = 1.244 @); K=8.5 x 107°

M~L 0 =0.75 @); andK = 1 x 10’ M1, o0 = 0.3 (O), and the empirical function defined by eq 6. (c) Dependence of the logarithm of
the intrinsic binding constant for the TNP-ADP binding to the RepA hexamer upon the logarithm of the ddgCéntration®). The solid

line is the nonlinear least-square fit of the experimental curve to eq 8b,Knith= (1.8 + 0.3) x 10 M1 (see the text for details). (d)
Dependence of the logarithm of the cooperativity parameteigr the TNP-ADP binding to the RepA hexamer upon the logarithm of the
MgCl, concentration®). The solid line is the nonlinear least-square fit of the experimental curve to eq HKwith (3.1+ 1) x 168M1

(see the text for details).

the free cofactor and its magnesium complex to the mag- magnesium concentration, is then defined as
nesium-saturated RepA protein, forming, And R; com-
plexes, characterized by the binding constafsandKj,, K=

respectively. These equilibria are defined as Koo + KosKn[Mg] + KlO(KMl[Mg])j + KllKN(KMl[Mg])j
(1+ KyMgDIL + (KysMg])']

2+
N, + Mg?" < N, (7a) (8a)

Py + ] |\/|g2+ P, (7b) Although there are seven parametéts, Koi, Kn, Kio, Kua,
Ki, and j in eq 8a, most of them can be obtained
independently. The value &€ = (5.0+ 1) x 10* M 1is
Py + Ng < Py (7c) known from independent titration in the absence of magne-
sium (Figure 7a). The value dfo; = (8.5 £ 1.3) x 1¢°
M~ is known from the intermediate plateau in Figure 7c,
Py+ N, < Py, (7d) andKj; = (1.0£ 0.2) x 10’ M1 is known from independent
fluorescence titrations in saturating concentrations of MgCl
at the final plateau in Figure 7c. The letpg plot of the
P, + Ny < Py, (7e) low-affinity phase provides the minimum value jof 2 +
0.3, independent of any binding model (data not shown).
Moreover, because of the large difference in the affinities
between the two binding phases, the nucleotide cofactor is
always saturated with Mg prior to the cation binding to
The overall intrinsic binding constant{, at a given the protein and the equilibrium, defined by eq 7e, does not

P+ N, <P (71)



3886 Biochemistry, Vol. 44, No. 10, 2005 Jezewska et al.

affect the overall intrinsic affinity of the nucleotide cofactor
to any detectable extent. Therefore, eq 8a simplifies to

e
©

K — Koo TKoiKnIMg] + KllKN(KMl[Mg])j (8b)
(14 KyMaD[1 + (Ky,[Ma])]

e
o

Thus, there are only two unknown parameté&isandKyz,
in eq 8b that have to be determined, although only a
minimum value ofKy can be obtained, because of the high
affinity of the first binding phase (see above). The solid line
in Figure 7c is the computer fit of the experimental curve,
usingKy; as a fitting parameter, which providis;, = (1.8 Log [TNP-ATP]
+ 0.3) x 10 M~L, with the minimum value oKy ~ 10° Total
M~ (42). Thus, intrinsic binding of the ADP analogue to . - v v
the RepA nucleotide-binding site is accompanied by the
binding of ~2 magnesium cations, whose affinity is char- T U mg
acterized by an association constant in the range b#® v
M-, a

The dependence of the logarithm of the cooperative g’ 6 /,4{- D0
interaction parameters, for the TNP-ADP binding to the - -
RepA hexamer, upon the Mg{toncentration is shown in
Figure 7d. Unlike the intrinsic binding constant, the values 5
of o decrease with the increasing concentration of magne- F%,-//"’
sium, from 1.24+ 0.25, in the absence of Mg, to 0.30+ a
0.06, at a high concentration range of MgCrhe further
increase of the [MgG], above 2 mM, does not affect the Log [MgCl,]
cooperative interactions. However, similar to the behavior 0.3
of the intrinsic binding constant, there are two binding phases e
of the cation, with two plateaus in the plot. As discussed
above for the intrinsic affinity, such behavior efindicates ol ™~ |
that cooperative interactions between the bound ADP @) ]
analogue molecules are accompanied by specific magnesium-
binding processes. Analogously to the intrinsic binding 8’ 03 {
constant (eq 8b), the observed values of the cooperativity 1 [0 L + 1.0
parametergops at a given magnesium concentration, can be [T E}V T [

\..

then defined as o6l 7

e
w

Relative Fluorescence Quenchng

o
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00t 00:KnIMg] + 044K (Ky[Mg]) ©) "8 6 4 2
(1+ KNIMgDIL + (Ky[Mg]) ] Log [MgCl,]
o Ficure 8: (a) Fluorescence titration of the RepA helicase with
whereoy andoy; are the cooperativity parameters character- TNP-ATP in buffer T5 (at pH 7.6 and 1TC), containing 10 mM
izing binding of the free TNP-ADP and the TNP-ABP NacCl and no magnesium, at different RepA protein concentrations,
Mg2* complex to magnesium-free RepA protein; is the () 1 x 10%M and @) 1 x 105 M (hexamer). The solid lines

L s Pl are nonlinear least-square fits of the titration curves, according to
cooperativity parameter characterizing the binding of the o hexagon model (accompanying paper 1), using a single set of

TNP-ADP—Mg*" complex to RepA protein saturated with  pinding parameters with the intrinsic binding constint 4.5 x
magnesiump is the number of Mg" cations that bind to 10* M1, cooperativity parametes = 0.45, and the empirical

the helicase and accompany the formation of cooperative function defined by eq 10. (b) Dependence of the logarithm of the

; ; i indi i intrinsic binding constant for the TNP-ATP binding to the RepA
Itr;]tergct:jqns, apdll\(/l""ﬂls tht(? blndtlngthconstant charNacttlerlzmg hexamer upon the logarithm of the MgCtoncentration [{)
€ binding o g" cations to the enzyme. Notice, in superimposed on the analogous plot obtained for the TNP-ADP

general, that the values pfandKy. do not have to be the  (Figure 8c). (c) Dependence of the logarithm of the cooperativity
same ag and Ky; characterizing the Mg effect on the parameterg, for the TNP-ADP binding to the RepA hexamer upon
intrinsic affinity of the analogue (eq 8b). the logarithm of the MgGlconcentrationtl) superimposed on the
Because, as in the case of the intrinsic binding constant2"@logous plot obtained for TNP-ADP (Figure 7d).
(see above)goo = 1.24 + 0.25,00; = 0.75+ 0.15,00; = o _
0.30 + 0.06, andp = 2.0 + 0.4 can be determined of the TNP-ADP, to the binding process characterized by
independently, as described above for the intrinsic binding Negative cooperative interactions, is accompanied by as-
process, only two parametersy, andKy., are unknown. sociation of~2 magnesium cations to the RepA helicase.
The solid line in Figure 8d is the computer fit of the Moreover, the affinity of these magnesium-binding sites is,
experimental plot that providéy, = (3.1+ 1) x 1M1 within experimental accuracy, the same as the affinity of
and the minimum value dky = 1 x 1P M1 (42). Thus, the Mg?" sites that affect the intrinsic binding process of
the transition from a slightly positive cooperative binding the ADP analogue (see the Discussion).

Oobs
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Analogous analyses of the magnesium effect have beenapplied in our studies, the RepA helicase does not hydrolyze
performed for the ATP analogue, TNP-ATP, binding to the ATP to any detectable extent, on the time scale of the binding
RepA hexamer. Fluorescence titrations of RepA protein with experiments, allowed us to characterize, for the first time,
TNP-ATP, at two different protein concentrations}110-6 the intrinsic affinities of ATP, ADP, and inorganic phosphate
and 1x 1075 M (hexamer)], in buffer T5 (at pH 7.6 and 10 to a hexameric helicase. The intrinsic binding constant of
°C), containing 10 mM NacCl and in the absence of MgCl  ATP is by a factor of~10 and~1000 higher than the value
are shown in Figure 8a. Similar to TNP-ADP, the maximum observed for ADP and PQ. Such order of affinities of ATP
fluorescence quenching observed at saturafiiyx = 0.78 and its hydrolysis products is expected for an enzyme that
+ 0.02; i.e., it is lower than observed in the presence of performs free-energy transduction because the strong ATP
magnesium ( 0.83t 0.02) (accompanying paper 1). The binding, as compared to ADP and PQmay allow the
dependence of the fluorescence quenchixfg,,s upon the enzyme to hydrolyze ATP in the active site with a very low
average degree of bindin§®;, of TNP-ATP on the RepA  change of the free energy, as proposed for mycsin44).
hexamer is shown in Figure 8b. The plot is nonlinear and However, the observed difference in affinity is not high
described by the empirical function, defined by the second- enough to enable the RepA helicase to efficiently store the

degree polynomial, as free energy of ATP hydrolysisAB, 44). In the case of the
E. coli DnaB hexamer, an estimate of the ATP binding
AF = 2.5108x 101(2@i) — 2.0255% 102(Z@i)2 energy is very difficult to obtain because of the very potent

ATPase activity of the enzyme, even in the absence of the
nucleic acid 45). The obtained data indicate that the ATP
affinity for the DnaB helicase is even lower than the affinity
of ADP and both ATP and ADP bind with approximately 3
orders of magnitude higher affinity than the P@roup @1,
30, 45). However, similar to myosin, the ATP hydrolysis in
the active site of the DnaB helicase is characterized by a
very low equilibrium constant{2); i.e., the ATP hydrolysis
in the active site releases much less free energy than the
same reaction in solution. In other words, the mechanism of
storing the energy of ATP hydrolysis by both the DnaB and
RepA hexamers, which can be used to perform the dsDNA
]unwinding and mechanical work of translocation along the
DNA lattice, may be, in some aspects, different from the
mechanism proposed for myosin. Recall that the ATPase
by neaative cooperativity. virtually the same as determined activities of both enzymes are additionally activated in the
y neg P Y, y complex with the ssDNA, albeit the energetics of ATP, ADP,

in the presence of Mg. . ... . andinorganic phosphate binding to a helicase, bound to the
The dependence of the logarithm of the intrinsic binding KA is not currently known for any helicase. As we

constantK, of TNP-ATP upon the logarithm of the MgEl 006664 before, it is possible that a hexameric helicase

concentration is shown in Figure 8b. For comparison, the acquires free-energy-transducing capabilities, similar to

data are superimposed on the same plot obtained for the ADPmyosin, when associated with the sSDNA, thus forming a

analogue (Figure 7c¢). Unlike the TNP-ADP, the intermediate “holoenzyme” @1). The results on ATP, ADP, and inorganic

plateau is absent and, as a result, the plot does not exhibity, ,synate hinding, now available for two replicative hex-
plear and different binding phas_es. Nevertheless, a furtherameric helicases, strongly suggest such a possibility.
increase of the MgGlconcentration, above 2 mM, results ATP Binding to the RepA Hexamer Is Characterized by a

in a slight and gradual decrease of the intrinsic affinity of Significantly Stronger Negaté Cooperatiity Than ADP
the cofactor, suggesting the presence of another weak bindin ignificant preference for ATP by the nucleotide-binding site

process of magnesium. The dependence of_the_ cooperativeof the RepA helicase indicates that the enzyme will be, most
Interaction parametes, upon MgCh concentration is shown of the time, in a state of high affinity toward the ssDNA,
[Ir_‘h':'%‘!frfe 8c toggtl:er W|thtrt]he£$|ga Ob(;arsg for TINP'ADP' ensuring very efficient binding. However, cooperative in-
€ diierence between the an analogues aréyq actions between the bound ATP molecules are character-
even more striking. Within the experimental accuracy, the ized by the cooperativity parametet; ~ 0.003, which is a

cooperativity parameter, 'determined for TNP'ATP' is not factor of~57 lower tharoc ~ 0.17 obtained for ADP (Table
affected by the changes in the magnesium cation concentra—l)_ Thus, binding of ATP to the RepA hexamer is character-

tions. In other wo_rds, the bmdm_g of the ATP_ :_inalogue IS ized by much stronger negative cooperative interactions than
al_vvays .characterlzed by negative cooperativity (see theADP. Moreover, cooperative interactions between ATP and
Discussion). ADP analogues are characterizeddgy ~ 0.11, much more
DISCUSSION favorable than between triphos_phate molecules alone._
There are two profound implications of these data. First,
ATP Binds to the RepA Hexamer with Higher Intrinsic the obtained binding parameters for ATP (Table 1) indicate
Affinity than ADP and Inorganic Phosphaté\ direct, that, predominantly, only three ATP molecules associate with
guantitative estimate of the ATP intrinsic affinity for the the RepA hexamer up to [ATP¥ 5—10 mM, i.e., in the
nucleotide-binding site is not currently available for any physiological concentration range of the cofacté#)( In
hexameric helicase. The fact that, in the solution conditions other words, in the physiological concentration range of ATP,

(10)

The solid lines in Figure 8a are the nonlinear least-square
fits of the titration curves of the TNP-ATP binding to the
RepA hexamer, according to the hexagon model and using
the determined empirical function (eq 10), with a single set
of binding parameters that provide the intrinsic binding
constantk = (4.54 0.5) x 10° M~*ando = 0.454+ 0.09.
Thus, the absence of Mghas a different effect on the ATP
than on the ADP analogue. Instead of2 orders of
magnitude decrease in the intrinsic affinity, the intrinsic
binding constant of TNP-ATP is lower only by a factor of
~5, as compared to the value observed in the presence o
Mg?* (accompanying paper 1). Moreover, binding of TNP-
ATP to the protein in the absence of kigs characterized
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only three nucleotide-binding sites of the RepA hexamer are The structure of the phosphate group has also a pronounced
saturated with ATP. In this context, we could determine that effect on the intrinsic affinities of ATP analogues, with the
all six nucleotide-binding sites of the RepA hexamer can affinity of AMP-PCP being approximately a factor of 200
engage in interactions with the nucleotide cofactor only lower than the intrinsic affinity of ATP. These data provide
because of the much higher affinity of the TNP and MANT an indication that the major part of the free energy of binding
analogues for the binding sites of the enzyme than the of nucleotide cofactors is generated through the phosphate
affinities of unmodified nucleotides and significantly lower binding. It is interesting that binding of the inorganic
negative cooperativity characterizing the binding of the phosphate is characterized by the cooperativity parameters
analogues (accompanying paper 1). similar to ADP (Table 1). These data and the efficient
Second, as a result of strong negative cooperative interac-competition of PQ@ with the ADP analogue for the
tions between bound ATP molecules, only every other site nucleotide-binding site strongly suggest that the inorganic
of the hexamer will be bound with ATP. However, because phosphate binds to the same site as the second phosphate of
all nucleotide-binding sites can engage in interactions with nucleoside diphosphate.
the cofactor, the data indicate that the selection of the RepA Helicase Exhibits Preference for Purine Nucleotides
subunits occurs randomly, during the ATP-binding process The intrinsic binding constants for the ADP and GDP are a
(accompanying paper 1). Moreover, because the negativefactor of ~5 higher than the analogous intrinsic affinity of
cooperative interactions between the ATP and ADR: & TDP and CDP (Table 2). Thus, similar to the DnaB hexamer,
0.11) are significantly weaker than between ATP molecules, the RepA helicase shows a preference for the purine
in the mixture of the both cofactors, at millimolar concentra- nucleotide cofactors, as compared to the pyrimidine cofactors.
tions, the nucleotide-binding sites of the RepA hexamer will However, with the exception of UDP, the type of the base
be alternatively saturated with ATP and ADP and such a affects the intrinsic affinity to a much weaker extent than
complex. Recall, only ATP and ATP analogues induce the the phosphate group (see above). The lack of an effect of
high ssDNA-affinity state of both the DnaB and the RepA the type of base on cooperative interactions is rather striking.
hexamer §, 26, 27). The mechanism of ssDNA binding to As mentioned above, it reinforces the conclusion that the
the RepA hexamer is still unknown. However, the obtained cooperative interactions are mainly induced by the interac-
data strongly suggest that only three subunits of the RepAtions of the phosphate group and ribose with the protein.
hexamer, saturated with a nucleoside triphosphate may serveCurrent data indicate that the RepA helicase can hydrolyze
as the initial binding sites for the nucleic acid. This behavior NTPs independently of the type of the base, although with
of the RepA hexamer is very different from tRecoli DnaB different specific activities §. On the other hand, the
hexamer, where initially all six subunits of the hexamer, equilibrium studies, reported here, point to an important
saturated with the nucleoside triphosphate, can serve as theaveat in such estimates. To quantitatively compare different
binding site for the ssDNAZ1—-23, 30). NTPase activities, the saturation of the nucleotide-binding
Both Negatie Cooperatie Interactions and Intrinsic  sites of the enzyme has to be the same for all examined
Affinity Are Predominantly Affected by the Structure of the cofactors, rather than the use of the same concentration of
Phosphate Grouprhe effect of the structure of the phosphate the nucleotides. Otherwise, instead of different specific
group on the intrinsic affinity of ATP analogues and the activities, the activities of different numbers of active sites,
negative cooperative interactions is dramatic (Table 2). The engaged in NTP hydrolysis, are observed.
value ofoc is by a factor of~4 and~23 higher for AMP- Salt Effect on the Nucleotide Cofactor Binding to the RepA
PNP and ATRS than observed for ATP. Also, the structure Hexamer Indicates a Different Nature of Intrinsic and
of the triphosphate group affects the cooperative interactionsCooperatve Interactions The salt effect provides additional
between ATP and ADP analogues, simultaneously bound toinformation about the nature of interactions in the nucleotide-
the RepA hexamer, as expressed by the different values ofbinding site of the RepA helicase. The same net numbers of
orc (Table 2). However, the binding of TNP-ATP, where released ions+2) accompany the intrinsic binding of ATP
the modification is located on the ribose, as well as dATP, and ADP analogue, i.e., the net number of ions released, is
to the RepA hexamer is characterized by much weaker not affected by the presence of the additiopgthosphate
negative cooperative interactions than observed for ATP group in the case of the ATP analogue (Figures 5c and 6b).
(accompanying paper 1 and Tables 1 and 2). Notice also,Moreover, there is not anion release in the intrinsic binding
that contrary to the nucleoside triphosphates, the values ofof both cofactors, in the examined salt concentration range,
oc and ogc, for nucleoside diphosphates, are very similar, strongly suggesting that only cations participate in the ion-
independent of the type of base and the presence or absencexchange proces#(@, 41). Such an observation indicates
of a chemical modification on the ribose (accompanying that instead of simple competition between the phosphate
paper 1 and Table 2). groups and anions, the intrinsic binding of the cofactors
Such behavior indicates that, in the case of the nucleosideinduces a specific cation release from the protein. The
triphosphates, the negative cooperative interactions arenonlinear character of the ledog plots for both ATP and
predominantly induced through the specific interactions of ADP analogues would result from the fact that one observes
the phosphate groups, particulany phosphate, with the  binding of cations to their binding sites on the protein with
protein matrix and a complex interplay between the the binding constant;20 M. The salt effect on cooperative
phosphate and the ribose-binding regions of the nucleotide-interactions of both, the ATP and ADP analogue is very
binding site. This conclusion is supported by the fact that different from the analogous effect on the intrinsic binding
the salt effect on the cooperative interactions does notprocess. It is much less pronounced, and at a high salt
indicate the presence of a simple ion exchange between theconcentration, the loglog plots become positive, instead
phosphate group and ions bound to the protein (see below).of negative, indicating some uptake of ions. These data
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provide clear thermodynamic evidence that interactions of the ADP analogue binds noncooperatively to the RepA
a very different nature are involved in the intrinsic binding, hexamer or with even slight positive cooperativity with

as compared to the cooperative interactions. The effect of 1.2. The binding of the ADPMg?" complex is characterized
Mg?" on intrinsic binding and cooperative interactions of by o ~ 0.7, while at saturating concentrations of magnesium,
the ATP and ADP analogues further reinforces that conclu- o ~ 0.3; i.e., when the Mg -binding sites on the protein

sion (see below). are saturated with the cations, the binding of the ADP
Binding of Magnesium Cations to the RepA Helicase analogue is characterized by significant, negative cooperative
Predominantly Controls the Intrinsic Affinity and Negati interactions. Contrary to the ADP analogue, the cooperative

Cooperatie Interactions of the ADP Binding to the Enzyme interactions of the TNP-ATP analogue are not, within
The results described above clearly show that the RepA experimental accuracy, affected by magnesium.

hexamer can bind ATP and ADP analogues in the absence These results are very surprising. Rather an opposite effect,
of magnesium (Figures 7a and 8a). Although the'Mgffect  particularly in the case of intrinsic affinity, would be
on the cofactor binding to the analogous DnaB hexamer expected, because the magnesium cations are necessary for
could not be examined, because the hexameric structure othe NTPase activity of the enzyme. First, as we discussed
this protein disintegrates in the absence oPMginding of  above, these data indicate that the intrinsic affinity of NTP
nucleotides, in the absence of Mgwas observed in the  for the nucleotide-binding site of the RepA hexamer is
case of another hexameric helicase, the bacteriophage T7hredominantly determined by the interactions between the
enzyme {3). phosphate groups and ribose with the protein, and it is not
The magnesium effect on cofactor binding to the RepA mediated by the magnesium cations, although the structure
hexamer is complex and very different from the salt effect, of the complex is different, as indicated by the lower
discussed in the previous section. A net uptake ofMg fluorescence quenching observed in the absence &f Mg
cations, not a release, accompanies the formation of theBecause the catalytic activity of the enzyme requires a
intrinsic and cooperative interactions. Moreover, there is a millimolar magnesium concentration, the data also indicate
dramatic difference between the effects of magnesium onthat magnesium effect on the binding of NTP cofactors is
the binding of ADP versus ATP analogue. In the case of the largely separated from the catalysis. Such separation strongly
ADP analogue, there are clearly two phases of the magne-suggests that the magnesium cations have a dual function in
sium uptake in the intrinsic binding process, while there are NTP cofactor binding to the enzyme. At low [Mg, the
not such clear phases of cation uptake in the case of thebinding of nucleoside triphosphate is favored over NDP,
ATP analogue (Figures 7c and 8b). In the absence 6fMg  leading to the increased ssDNA affinity, because the nucleic
the intrinsic affinity of the ADP analogue is decreased by a acid has lower affinity for the enzymeNDP than the
factor of ~200, from~1 x 10’ to ~5 x 10* M1, as enzyme-NTP complex. At higher magnesium concentra-
compared to the decrease of only by a factor-&f in the tions, NTP binds weaker than NDP and the helicase subunits
case of the ATP analogue (Figure 8b). The AENg** can now exist in alternating low- and high-affinity states for
complex exhibits an intrinsic affinity that is higher by the ssDNA that facilitate the efficient catalysis of the dsDNA
approximately 1 order of magnitude than the free nucleotide unwinding (L5—17). In other words, binding of M cations
(~8.5 x 10° M), while the affinity of the ATP-Mg?* to the helicase would affect the distribution of the high- and
complex is only slightly different from the free ATP  |ow-affinity binding sites of the ssDNA (parts a and b of
analogue. Moreover, further increase of the magnesium Figure 9). Moreover, magnesium binding affects predomi-
concentration results in the appearance of the second phas@antly the intrinsic affinity and cooperative interactions of
of the cation binding and a further increase of the TNP- the product of the NTP hydrolysis, i.e., NDP, and the
ADP intrinsic affinity, but it has even a diminishing effect structure of the formed complex. When the intrinsic affinity
on the intrinsic affinity of the TNP-ATP binding, possibly, of NDP is affected, magnesium binding to the protein would

indicating another cation-binding process. Because, in our control the efficiency of the free-energy transduction of the

solution conditions, the nucleotides are already saturated withenzyme.

magnesium in the millimolar Mg concentration range, the
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