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ABSTRACT. The interactions of nucleotides with RepA hexameric helicase from plasmid RSF1010 have
been examined using nucleotide analogues, TNP-ADP, TNP-ATP, and MANT-ADP. The binding of the
analogues is accompanied by strong quenching of the protein fluorescence. A quantitative fluorescence
titration method has been applied to analyze the interactions, independent of any assumptions of
proportionality between the fluorescence quenching and the average degree of binding. The fluorescence
guenching as a function of the average degree of binding is expressed by an empirical function that
enables analysis of the data, without the necessity of determining quenching parameters for different
complexes. At saturation, the RepA hexamer binds six nucleotide molecules, indicating that each subunit
of the hexamer can engage in interactions with the cofactor. The nucleotide macroscopic affinity decreases
with the increasing degree of binding, indicating heterogeneity among the binding sites. A statistical
thermodynamic hexagon model provides an excellent description of the binding process and requires
only two interaction parameters, the intrinsic binding constiniand cooperativity parametar, The
heterogeneity in affinity reflects negative cooperative interactions between the binding sites. Analyses of
the data provide clear evidence that the alternative model of two independent classes of binding sites
does not describe the nucleotide binding. Such a model cannot account for both, the binding isotherms
and the dependence of the fluorescence quenching upon the degree of binding. Thus, cooperative interactions
between the nucleotide-binding sites are an intrinsic property of the RepA helicase. The presence of the
cooperative interactions indicates significant communication among the subunits of the helicase.

Unwinding of the duplex nucleic acid, to form transiently 11). RSF1010 codes its own replicative helicase, the RepA
a metabolically active single-stranded intermediate, is cata- protein. The RepA helicase unwinds the duplex DNA in the
lyzed by a class of enzymes called helicases, in a reaction5’ — 3' direction and is essential for the RFS1010 plasmid
that is fueled by the hydrolysis of nucleoside triphosphates replication in bacterial cells1@—17). As revealed by the
(1—4). Although some helicases can function as monomeric crystallographic studies, the enzyme is a hexameric helicase
single peptide units, most often, the enzymes function aswith a ring-like structure and a central cross channel with a
oligomeric structures containing two or more protomers that diameter of~17 A (14). However, a puzzling aspect of the
provide the enzyme with multiple active sites required in RepA helicase structure is its strong dependence orlf3H (
their motor protein activities2, 5—9). For instance, in the  16). The protein exists as a very stable hexamer at neutral
Escherichia colicell, the primary replicative helicase, the pH, while at pH=< 6, the RepA helicase forms a dodecamer,
DnaB protein, forms a stable ring-like hexamer, specifically i.e., a dimer of two hexamers, as seen in the crystal structure,
stabilized by the binding of multiple magnesium catiobs (  although it is still unclear whether the dodecamer seen in
6). Other well-known replicative helicases, bacteriophage T7 the crystallographic studies corresponds to the dodecamer
and T4 enzymes, as well as tHe. coli transcription formed in solution 14).
termination factor Rho helicase, form hexameric ring-like  As mentioned above, the unwinding of the duplex nucleic
structures that require or are stabilized by nucleotide cofactoracid is a complex free-energy transduction process that
and/or DNA binding 7—9). requires binding and hydrolysis of nucleoside triphosphates

The broad host nonconjugative plasmid RSF1010 confers (NTPs} by a helicaseZ—4). However, how the binding and/
bacterial resistance to sulfonamides and streptomyldn ( or hydrolysis of NTPs regulate the activity of the enzyme
and its affinity toward nucleic acids is still minimally
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level. The unwinding of the duplex DNA by the RepA MATERIALS AND METHODS
protein has been found to be most efficient in the presence
of ATP and GTP 12, 17). Yet, hydrolysis of NTPs is not
necessary for binding of RepA protein to the ssDNA. The
enzyme can bind the ssDNA in the presence of nonhydro-

IyzableblATPhansl%gugs. Inf tfy;?i: colr_ltext, thﬁ IﬁepA hexamer HCI and 10% glycerol. The temperature and concentration
resembles the behavior of tfie coli DnaB helicase {9 of NaCl and MgC}4 in the buffer are indicated in the text.

28). Moreover, both hel!cases form stable hexameric struc- RepA Helicase of Plasmid RSF10T0e gene of the RepA
tures; nevertheless, while the DnaB hexamer requires maggjicase has been isolated directly from plasmid RSF1010
nesium to sustain the hexamer, the RepA protein hexamergng placed in plasmid pET30a under control of the T7
does not require any specific cofactors to maintain its polymerase system. Isolation and purification of the protein
structure {2, 15). Also, in contrast to the DnaB protein, the  \ya5 performed, with slight modifications, as describ&?) (
Re_pA helicase can uyllze dNTP in the unwinding reaction, The protein was>99% pure as judged by sodium dodecy!
while the DnaB helicase does not show any dATPase gyifate-polyacrylamide gel electrophoresis with Coomasie
activities. Brilliant Blue staining. The concentration of the protein was
It is clear that understanding the interactions of nucleotides spectrophotometrically determined using the extinction coef-
with the RepA protein and their regulatory role is a key ficient ezg0 = 1.66 x 10° cm™* M™%, obtained with the
element for understanding the helicase activity of the enzyme;approach based on Edelhoch’s meth2g, G0).
however, the mechanism and the character of this control Nucleotides2(3)-O-(2,4,6-Trinitrophenyl)adenosine (TNP-
remains obscure, particularly at the molecular level. Little ATP) and 2(3)-O-(2,4,6-trinitrophenyl)adenosiné-8iphos-
is known about the nucleotide cofactor binding to the RepA Phate (TNP-ADP) were from Molecular Probes (Eugene,
hexamer, and the available data are only of semiquantitative©OR)- MANT-ADP was synthesized as previously described
nature (7) (see below). Such fundamental parameters of the (31). All nucleotides used in the binding studies wer@5%
interaction of the RepA hexamer with nucleotides, like the Pure as judged by TLC on silica.
maximum stoichiometry of the proteimucleotide complex, _ Flgorescence Measurememdl steady-state fluorescence
i.e., the maximum number of subunits of the hexamer that fitrations were performed using the SLM-AMINCO 8100C.
are able to actively engage in nucleotide binding, the nature T0 avoid possible artifacts, because of the fluorescence
of the binding process, intrinsic affinities of the nucleotide- 2nisotropy of the sample, polarizers were placed in excitation
binding sites, and cooperativity of the binding are still &nd eémission channels and set at 88d 53 (magic angle),
unknown. respectively 82, 33). The cofactor binding was followed by
L ) ) _ monitoring the fluorescence of the RepA helicakg £ 300
Quantltgtlve mfgrmatlon a_bout the mter:_:lcuons of the andlem= 340 nm). Computer fits were performed using
RepA helicase with nucleotide cofactors is a necessary \jathematica (Wolfram, IL) and KaleidaGraph (Synergy

prerequisite to formulate a model of the activity of the gofware, PA). Al titration points were corrected for dilution
enzyme. Moreover, the functional and structural homology snd inner-filter effects using the following formulas)
between the RepA and DnaB hexamer makes RepA protein

an excellent system for comparative studies. In this context, \V/

elucidation of the RepA hexamer interactions with nucleotide Fieor = (F — Bi)(v')loo‘sa(p“ex““em) (1)
cofactors is of paramount importance for understanding 0

general aspects of hexameric helicase activities. On the other ) ) )
hand, the fact that the RepA helicase is essential for the WheréFicr is the corrected value of the fluorescence intensity
RSF1010 plasmid replication suggests that the protein is &t & given point of titrationk; is the experimentally measured
involved in specific mechanisms during the DNA replication, fluorescence intensit; is the backgroundv; is the volume

not yet known. The essential role of the helicase in replication of the sample at a givgn titration poin, is the initigl
of the RSF1010, a ubiquitous multiple copy plasmid, volume of the samplebh is the total length of the optical

conferring resistance to antibiotics, provides an opportunity path of the sample expressed in centlmeters,ﬂm a_nd
to examine molecular aspects of such resistaae1(1). Ai;em are the absorbances of the sample at excitation and

) _ o _ emission wavelengths, respectiveBb). The RepA protein
In this paper, we present direct quantitative evidence that rg|ative fluorescence quenchingyFops Upon binding a
there are six nucleotide-binding sites on the RSF1010 RepApclectide cofactor is defined asFops = (Fo — Ficor)/Fo,

nucleotides. Moreover, the observed heterogeneity in thetitration point andF, is the initial value of the fluorescence
macroscopic affinity results from the negative cooperative of the sample Z5).

interactions between the binding sites. A statistical thermo-  Quantitatve Determination of Binding Isotherms and
dynamic model, the hexagon model, provides an excellent Stoichiometries of the RepA Hexamétucleotide Cofactor
description of the binding isotherms using only two interac- Complexes In this work, we followed the binding of
tion parameters. The application of the model enables us tonucleotide cofactors to the RepA helicase by monitoring the
extract the contributions of both the intrinsic affinity and fluorescence quenching,Fobs Of the protein emission upon
negative cooperativity to the overall binding process. Analy- the complex formation. A rigorous method to estimate the
ses of the experimental data show that an alternative modelaverage degree of binding;®; (number of nucleotide

of two independent classes of independent binding sites doesnolecules bound per RepA hexamer), and the free nucleotide
not describe the nucleotide binding to the RepA hexamer. concentrationPr, has been previously described in detalil

Reagents and Bufferall chemicals were reagent-grade.
All solutions were made with distilled and deionized.8
MQ (Milli-Q Plus) water. Buffer T5 is 50 mM tris-
(hydroxymethyl)aminomethane (Tris) adjusted to pH 7.6 with
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by us 34—36). Briefly, the experimentally observetiFus
has a contribution from each of the different possible “i”
complexes of the RepA hexamer with the cofactor. Thus,
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AFqpsand ©; and to verify that it is true over the range of
studied solution conditions. The method can be used for any
ligand—macromolecule system, where the determination of

the observed fluorescence quenching is functionally relatedall molecular constants in an analytical equation is practically

to > ®; by

AI:obsz z®iAFimax (2)
whereAF; , is the molecular parameter characterizing the
molar fluorescence quenching of the RepA helicase with the
nucleotide cofactor bound in complex “i”. The same value
of AFq,s Obtained at two different total helicase concentra-
tions, Py, and Pr,, indicates that the same physical state of
the hexamer, i.e., the degree of bindingy;, and the free
nucleotide concentratiofMNg, must be the same. The values
of YO; and Nr are then related to the total nucleotide
concentrationsNy, andNr,, and the total protein concentra-
tions, Pr, and P+, at the same value akFq,s by

sotu o
PT2 — PTl
Ng = NTX - (Z®i)PTX (3b)

wherex = 1 or 2 34—36).
Empirical Function Method The data discussed below

impossible 25, 35).
RESULTS

Quantitatve Determination of Stoichiometries of the
Nucleotide CofactorRSF1010 RepA Hexamer Complex
Binding of the unmodified nucleotide cofactors to the RepA
hexamer is not accompanied by a change of the protein
fluorescence that is adequate to perform quantitative analysis
of the complex binding process. However, we found that
binding of nucleotide analogues, TNP-ATP and TNP-ADP,
to the RepA protein is accompanied by a strong quenching
of the protein fluorescence, providing an excellent signal to
monitor the association. The hydrolysis of TNP-ATP is
undetectable on the time scale of the binding experiments
(accompanying paper 2).

Fluorescence titrations of the RepA hexamer with TNP-
ADP, at three different protein concentrations, in buffer T5
(at pH 7.6 and 10C), containing 10 mM NaCl and 1 mM
MgCl,, are shown in Figure la. The maximum quenching
of the protein fluorescence at saturation is 0489.03. The
selected protein concentrations provide the separation of the
binding isotherms up to the quenching value~d.83. As

show that the RepA hexamer has six nucleotide-binding sitespointed out above, the RepA protein exists, in the examined

and each enzymenucleotide complex can exist in multiple

conformational states characterized by different molar fluo-
rescence intensities. Thus, it is practically impossible to
obtain independently all optical parameters for different
complexes to fit the experimental fluorescence titration
curves @5, 35). However, this problem can be solved by

solution conditions, as a very stable hexamer and does not
require any specific cofactors to maintain its structur, (

15). The stability of the RepA hexamer has been recently

confirmed using the analytical centrifugation meth@é)(

The spectroscopic titration curves in Figure 1a would indicate

an apparent single binding process. However, analysis of the

introducing the representation of the observed quenching ofdata, using the approach outlined in the Materials and

the protein fluorescencehFons upon the binding of the

nucleotides, as a function of the average degree of binding,

> ©;, via an empirical function2b, 35). The approach makes
possible the analysis of a single experimental titration curve
without the necessity of determining all fluorescence pa-
rameters for different complexes. An empirical function is
used, usually a polynomial, that accurately relates the

Methods, reveals a more complex behavidb, (35). To
obtain a thermodynamically rigorous binding isotherm,
independent of any assumption about the relationship
between the observed signal and the degree of binJi@y,

the titration curves, shown in Figure 1a, have been analyzed,
using the method outlined in the Materials and Meth@#s (

37).

experimentally determined dependence of the spectroscopic The dependence of the observed fluorescence quenching,

parameter (in our case, fluorescence quenchixfe,,y to
the average degree of binding@;, defined as

AFgps= ” XCH; (4)
b J;)alz

AFops UpoON the average degree of bindidd;, of the TNP-
ADP on the RepA hexamer is shown in Figure 1b. The
separation of the binding isotherms allows us to obtained
the values ofy ®; up to ~5.1 of the TNP-ADP molecules
per RepA hexamer. The plot in Figure 1b is clearly nonlinear.
For comparison, the dashed line represents the hypothetical

where a values are the fitting constants. This function is case when a strict proportionality between the degree of
then used to generate a theoretical isotherm for a binding cofactor binding and the quenching of the RepA hexamer
model and to extract intrinsic binding parameters for a fluorescence would exist. Thus, binding of the first three

particular binding model, from the experimentally obtained molecules of the nucleotide induces a larger decrease of the

single titration curve (see below).

The value of the degree of binding©;, is calculated for
a given free nucleotide concentration and initial estimates
of intrinsic binding parameters. The obtaing®; is then
introduced into eq 4, and the value &F.,s corresponding
to a given value ofy ©;, is calculated. These calculations
are then performed for the entire titration cunas,(35). It

protein fluorescence emission than the binding of the
subsequent cofactor molecules. Short extrapolation to the
maximum quenching\Fnax = 0.87 = 0.03 shows that, at
saturation, the RSF1010 RepA hexamer binds 6.0.3
molecules of TNP-ADP.

The determination of the maximum stoichiometry of the
nucleoside triphosphate analogue, TNP-ATP, binding to the

should be noted that it is necessary to apply the procedureRepA hexamer has been performed in an analogous way.
to a binding system to establish the relationship between Fluorescence titrations of the RepA hexamer with TNP-ATP
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Ficure 1: (a) Fluorescence titration of the RepA helicase with TNP-ADP in buffer T5 (at pH 7.6 af@d)18ontaining 10 mM NaCl and

1 mM MgCl,, at different RepA protein concentratiorl)(5 x 1077, (O) 1 x 1075 and @) 3 x 10°® M (hexamer). The solid lines are
nonlinear least-square fits of the titration curves, according to the hexagon modeH@pading a single set of binding parameters with

the intrinsic binding constari¢ = 8.0 x 10° M~1 and cooperativity parameter= 0.36. The relative fluorescence chang&ys is defined

as a function of the average degree of binding by eq 8. (b) Dependence of the relative fluorescence queRghingon the average

degree of binding of TNP-ADP on the RepA hexanig®; (H). The values ofy ©; have been determined using the quantitative method
described in Materials and Methods. The solid line is the nonlinear least-square fit using the second-degree polynomial function defined by
eq 8. The dashed line is the hypothetical dependenakFgfs upon Y ®; that assumes a strict linear relationship between the observed
fluorescence quenching and the average degree of binding. The maximum valkgf= 0.87+ 0.03. (c) Fluorescence titration of the

RepA helicase with TNP-ATP in buffer T5 (at pH 7.6 and °I@), containing 10 mM NaCl and 1 mM Mgglat different RepA protein
concentrationsl) 5 x 1077, (O) 1 x 1075, and @) 6 x 106 M (hexamer). The solid lines are nonlinear least-square fits of the titration
curves, according to the hexagon model (eg8busing a single set of binding parameters with the intrinsic binding conktant2.38

x 10° M~1 and cooperativity parameter= 0.37. The relative fluorescence changé,s is defined as a function of the average degree

of binding by eq 9. (d) Dependence of the relative fluorescence quenckifyg, upon the average degree of binding of TNP-ADP on the

RepA hexamery ©; (W). The values o ®; have been determined using the quantitative method described in Materials and Methods. The
solid line is the nonlinear least-square fit using the second-degree polynomial function defined by eq 9. The dashed line is the theoretical
dependence oAF,,s upon 3 ©; that assumes a strict linear relationship between the observed fluorescence quenching and the average
degree of binding. The maximum value AfF . = 0.83+ 0.03.

at three different protein concentrations are shown in Figure The maximum stoichiometry of the RepA hexamer
1c. At saturation, the maximum quenching of the RepA nucleotide complex has also been examined using an
helicase emission is 0.88 0.03, which is similar, although  independent sedimentation velocity approa88 @9). We

not identical, to the value obtained for the RepA hexamer  tilized the fact that TNP-modified analogues of ADP and
TNP-ADP complex. The dependence of the protein fluores- ATP, with a molecular weight of700, have a much lower
cence quenching)Foss UpoOn the average degree of binding  gegimentation coefficient than the RepA hexamer (MW

of TNP-ATP on the RepA hexamer is shown in Figure 1d. 180 000). Moreover, the nucleotide analogues have a char-

The separgtlpn of the isotherms allows us to obJe up acteristic absorption band betweerd00 and 500 nm
to ~4.6. Similar to the TNP-ADP case (Figure 1b), the plot . . : .
allowing us to monitor the sedimentation of the cofactor

is nonlinear, indicating that the binding of the first three ) . . i )
cofactor molecules is accompanied by a larger quenchingw'thO.“t interference of the protein gbsorptlon. Sedlmehtatlon
of the protein fluorescence than the quenching accompanying€locity scans of TNP-ADP (monitored at 445 nm) in the
the saturation of the remaining nucleotide-binding sites. Presence of the RepA hexamer, in buffer T5 (at pH 7.6 and
Extrapolation to the maximum value @F . = 0.83 + 10 °C), containing 10 mM NaCl and 1 mM Mgglare
0.03 shows that, at saturation, 6:00.5 TNP-ATP molecules  shown in Figure 2. The concentrations of the RepA hexamer
bind to the RepA hexamer. and TNP-ADP are X 106 and 6x 1075 M, respectively.
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Ficure 2: Sedimentation velocity absorption profiles at 445 nm
of TNP-ADP in the presence of the RepA hexamer, in buffer T5
(at pH 7.6 and 10C), containing 10 mM NaCl and 1 mM Mggl b
Concentrations of TNP-ADP and the RepA protein are»6.00~° 5
and 3x 106 M (hexamer), respectively. The scans were collected
at 35 000 rpm. The short initial parts of the scans correspond to
the buffer-air region above the meniscus. The arrows indicate the
absorption of the total concentration of TNP-ADH),( the
concentration of the cofactor bound in the complex with the RepA
hexamer C), and the concentration of the free TNP-ADP.(The
horizontal lines indicate the locations of the plateaus corresponding
to the zero line € - —), free TNP-ADP concentration (- - -), and
total TNP-ADP concentration—).

Degree of Binding

At selected total concentrations of the nucleotide and the -8 -7 6 -5 -4
helicase, [TNP-ADR] and [RepA}, we should observe Log [TNP-ATP]
complete saturation of the RepA hexamer with the nucleotide Free

as indicated by the data shown in parts a and b of Figure 1.FIGURE3: () Average number of TNP-ADP molecules bound per
"RepA hexamer as a function of the free concentration of the cofactor

The fast moving boundary in Figure 2 corresponds.to the i, buffer T5 (at pH 7.6 and 16C), containing 10 mM NaCl and
TNP-ADP—RepA hexamer complex3g). The slow moving 1 mM MgChL. The isotherm has been constructed using the
boundary corresponds to the free TNP-ADP. In fact, at an quantitative method described in the Material and Methods (egs 2
applied rotational velocity of 35 000 rpm, the boundary of and 3) (see the text for details). The solid line is the nonlinear least-
’ ; fit according to the hexagon model (eg8p with the

the free TNP-ADP barely moves from the meniscus. From square it ac - o

. o intrinsic binding constanK = 7.7 x 10 M~! and cooperativi
the total absorption of the initial span“s') (that corresponds parameters = 3 38. (b) Average n>l<meer of TNP-ATPpmolemtﬁes
to the total TNP-ADP concentration and the absorption of bound per RepA hexamer as a function of the free concentration
the slow moving boundaryF), one can directly calculate  of the cofactor in buffer TS (at pH 7.6 and 1C), containing 10
the absorption of the bound TNP-ADP, @= T — F. In mM NaCl and 1 mM MgCJ. The isotherm has been constructed

using the general method described in the Material and Methods
turn, the amount of the bound cofactor to the RepA h(:"X":‘mer(eqs 2 and 3). The solid line is the nonlinear least-square fit

?5 C[TNP-ADP}r. The determined average degree of binding according to the hexagon model (egs@ with the intrinsic binding
is then YO; = (C[TNP-ADP})/[RepAlr = 6.1 £ 0.5, constantk = 2.38 x 10° M~! and cooperativity parameter =

indicating that six molecules of TNP-ADP are bound per 0.4.
RepA hexamer, in excellent agreement with the quantitative o o
fluorescence titration data (parts a and b of Figure 1). of binding @0, 41). In other words, a binding system of

Heterogeneity in Macroscopic Affinities of the Nucleotide- multiple discrete binding sites, without heterogeneity in their
Binding Sites of the RepA HexameBecause we have intrinsic affinities, cannot generate such behavior. Therefore,

quantitatively determined the average degree of bindii, t_hese data unamb.iguously show that the macroscopic affini-
over ~80% of the spectroscopic titration curves, we can ties of the nucleo_tlde cofactors for the RepA hexamer are a
obtain the free nucleotide concentrations, using eq 3b, anddgcreasyng function of the degree of bindiri; (see the
construct a true thermodynamic binding isotherm, i.e., the DISCUSSION).

average degree of binding,®;, as a function of the free Statistical Thermodynamic Model for the Nucleotide
nucleotide concentratior84). The dependence §f®; upon Binding to the RSF1010 RepA Protein HexanTére crystal

the free concentration of the [TNP-ADH$ shown in Figure  structure of the RepA hexamer shows that in the hexamer
3a. An analogous plot of ©; as a function of [TNP-ATR] the protomers form a ring-like structure with the protomer

is shown in Figure 3b. A striking feature of these plots, not protomer contacts limited to two adjacent suburii§ (The
affected by changes of the observed spectroscopic signathermodynamic data discussed above show that the RSF1010
(fluorescence guenching), is that the binding isotherms extendRepA hexamer binds six nucleotide molecules and the
over more than 2 orders of magnitude of the free nucleotide binding is characterized by the decreasing macroscopic
concentration, i.e., betweerl0 and~90% of the maximum affinity with the increase of the degree of binding. The
degree of binding. If the six binding sites had the same simplest statistical thermodynamic model, i.e., the model
affinity for the ligand (nucleotide cofactor), then the free containing the smallest number of parameters that can
ligand concentration cannot span more than 2 orders ofaccount for such behavior is that the RepA hexamer exhibits
magnitude between 10 and90% of the maximum degree  nearest-neighbor negative cooperativity among otherwise
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identical six nucleotide-binding sites. This model, referred
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parameters, that provide the intrinsic binding constart

to as the hexagon model, has been previously used to analyz€8.0 + 1.5) x 10° M~! ando = 0.36 £ 0.05. Thus, the

binding of six nucleotides and six DnaC protein molecules
to the E. coli DnaB hexamer 35, 26, 35, 39). The other

possible simple model of the nucleotide binding to the six
sites of the RepA hexamer, also containing only two binding

obtained results indicate that binding of the six TNP-ADP
molecules to the RepA hexamer is characterized by signifi-
cant negative cooperativity (see the Discussion).

In the case of TNP-ATP, the plot of the observed

parameters, is that the hexamer possesses two independefiiuorescence quenchindFq,s as a function the average
classes of independent binding sites, with each class encomdegree of binding,y ®;, in Figure 1d is described by a
passing three independent binding sites. However, as wesecond-degree polynomial function (eq 4) as

discuss below, this model does not apply to the RepA
hexamer.

In the hexagon model, there are only two parameters that

characterized the binding, the intrinsic binding const&nt,
and the parametew, describing cooperative interactiorzs).

The first ligand can bind to any of six, initially equivalent
binding sites. The cooperative interactions are limited to only
two neighboring sites. The partition functions for the model,
Zy, is then

Z, =14 6x+ 33+ 20)xX + 2(1+ 60 + 367 + 3
(30% + 26°)x* + 60*%° + 0% (5)
wherex = KNr andNk is the free nucleotide concentration.

The average degree of bindin{,®;, is defined by the
standard statistical thermodynamic formu®)(

o dInZ,
20i= alnL ©)
and
6X + 6(3+ 20)x% + 6(1+ 60 + 309)x° +
> 6= 12(30% + 26°x* + 300 + 60°%° (7)

Zy

To directly analyze the spectroscopic titration curves using
analytical eqs 57, one would have to know all molar
fluorescence intensities of all possible Repducleotide

complexes. As pointed out above, in practice, such an

approach would be a hopeless tagk, (35). However, one
can utilize the fact that we have determined the empirical

dependence of the observed fluorescence quenching of th

RepA—TNP—nucleotide system as a function of the average
degree of binding of nucleotide cofactors, shown in parts b
and d in Figure 1, and applied the empirical function
approach, described in the Materials and Meth@#s §5).

In the case of TNP-ADP, the plot of the observed fluores-
cence quenching\Fqys as a function of the average degree
of binding, > ©;, in Figure 1b is represented by a second-
degree polynomial function (eq 4) with the coefficieats

= 2.6054x 10" anda, = —1.9220x 1@, respectively, as

AF .= 2.6054x 101(299 —1.9224x 102(2@9(28)

This function is then used to fit and generate theoretical
titration curves of the TNP-ADP binding to the RepA

(]

AF gps= 2.7618x 10'(y ©;) — 2.2957x 102(290(29)

The solid lines in Figure 1c are the nonlinear least-square
fits of the experimental isotherms for TNP-ATP binding to
the RepA hexamer, using eqs-8, with a single set of
binding parameters, that provide the intrinsic binding constant
K=(244+03)x 1 Mtando = 0404 0.05. It is
evident that, similar to the TNP-ADP, the binding of six
TNP-ATP molecules to the RepA hexamer is characterized
by significant negative cooperativity (see the Discussion).

The empirical function method, as described above,
provides the most accurate approach to determine the binding
parameters by allowing the fit of the entire spectroscopic
titration curve 25, 35). On the other hand, the availability
of the thermodynamic isotherms, i.e., the dependence of the
degree of binding upon the free nucleotide cofactor concen-
tration over~80% of the total saturation, shown in parts a
and b of Figure 3, gives an opportunity to obtain the values
of the intrinsic binding constants(, and cooperativity
parameter,o, independently of any consideration of the
applied spectroscopic signal. The solid lines in parts a and
b of Figure 3 are the nonlinear least-square fits of the
thermodynamic isotherms for TNP-ADP and TNP-ATP
binding the RepA hexamer, according to the hexagon model,
with only two binding parameters, using eqs-& The
obtained values of the intrinsic binding constants and
cooperativity parameters ate = (7.7 & 1.5) x 10° M1
ando = 0.384+ 0.05 andK = (2.4+ 0.2) x 10* M~ and
0 =0.374 0.05, for TNP-ADP and TNP-ATP, respectively.
Thus, as expected, both the empirical function approach and
the thermodynamic isotherm analyses provide, within ex-
perimental accuracy, the same values of the intrinsic binding
parameters for the ADP and ATP analogues to the RepA
hexamer (see the Discussion).

Binding of MANT-ADP to the RepA Hexamé&b test the
effect of the chemical modification on the general aspects
of the nucleotide cofactor binding to the RepA hexamer, such
as maximum stoichiometry and the cooperative nature of the
binding process, we performed analogous fluorescence
titrations and analyses for the binding of a different
fluorescent ADP analogue, MANT-ADP, to RepA helicase.
As in the case of TNP derivatives, this nucleotide analogue
is also modified on the ribose3{). Moreover, similar to
TNP-modified nucleotides, the absorption spectrum of the
MANT moiety overlaps with the emission spectrum of the
RepA protein, indicating that binding of the cofactor, if in

helicase, using the hexagon model, and to extract intrinsic close proximity of the protein tryptophans, should induce a

binding constant{, and cooperativity parameter, The solid

significant quenching of the protein emissid@b). Fluores-

lines in Figure 1a are the nonlinear least-square fits of the cence titrations of RepA helicase with MANT-ADP in buffer

experimental isotherms for TNP-ADP binding to the RepA
hexamer, using eqs-8, with a single set of binding

T5 (at pH 8.1 and 10C), containing 10 mM NaCl and 1
mM MgCl,, at two different protein concentrations are shown
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Ficure 4: (a) Fluorescence titration of the RepA helicase with
MANT-ADP in buffer T5 (at pH 7.6 and 10C), containing 10
mM NaCl and 1 mM MgC}, at different RepA protein concentra-
tions 1x 1075 (M) and 1x 105> M (hexamer) Q). The solid lines
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binds 6+ 0.5 molecules of MANT-ADP. As observed in
the case of TNP-modified cofactors, the plot in Figure 4b is
clearly nonlinear and can be accurately described by an
empirical function, in this case a third-degree polynomial
(eq 2), with the coefficientsy = 2.3210x 1071, a, =
—2.7528x 1072, andaz = 1.7991 x 1073. The solid lines

in Figure 4a are the nonlinear least-square fits of the
experimental isotherms of the MANT-ADP binding to the
RepA hexamer, using the determined empirical function and
egs 5-8, with a single set of binding parameters, that provide
the intrinsic binding constar{ = (5.0 + 0.7) x 1° M1
ando = 0.65+ 0.12. Thus, as observed in the case of TNP-
ADP and TNP-ATP, the binding of the six MANT-ADP
molecules to the RepA hexamer is characterized by a
negative cooperativity (see the Discussion).

DISCUSSION

At Saturation the RepA Hexamer Binds Six Nucleotide
Cofactors. The maximum stoichiometry of the RepA
nucleotide complex has been determined in direct binding
experiments with fluorescent nucleotide analogues, TNP-
ADP, TNP-ATP, and MANT-ADP. Competition studies with
unmodified nucleotides, described in the accompanying paper
2, show that the analogues strictly bind to the nucleotide-
binding site of the helicas7). The thermodynamic studies
have been greatly facilitated by the finding that the associa-
tion of the nucleotide analogues with the RepA helicase is
accompanied by a strong quenching of the fluorescence of
the enzyme17). A similar strong quenching of the protein
emission has been previously found in the case ofEhe
coli DnaB hexameric helicase and was extensively used by

are nonlinear least-square fits of the titration curves, according to Us to quantitatively examine the structure, thermodynamics,

the hexagon model (eqs—8) using a single set of binding
parameters with the intrinsic binding constéht= 5 x 10° M1,
cooperativity parameter = 0.65, and the third-degree polynomial,

empirical function (eq 2) (see b). (b) Dependence of the relative

fluorescence quenchingFq,s upon the average degree of binding
of MANT-ADP on the RepA hexamer} ©; (W). The values of

> ®; have been determined using the quantitative method described
in Materials and Methods. The solid line is the nonlinear least-

and kinetics of the DnaB helicase interactions with the
nucleotide cofactors26, 26, 35, 39) (see below).

In our studies, we could determine the average degree of
binding, >©;, of the TNP-ADP up to~5.1 cofactor
molecules per RepA hexamer. Short extrapolation to the
maximum value of the observed fluorescence quenching,

square fit using the third-degree polynomial function (eq 2) with AFmax provides the maximum value ¢©; = 6.0 + 0.3

the coefficientsa; = 2.3210x 1071, a, = —2.7528x 1072, and

(Figure 1b). The same value of the maximum stoichiometry

ag=1.7991x 1072 The dashed line is the theoretical dependence has been obtained in experiments with the triphosphate

of AFpsupon ©; that assumes a strict linear relationship between
the observed fluorescence quenching and the average degree q

binding. The maximum value chFq.x = 0.79+ 0.03.

in Figure 4a. Binding of the MANT-modified cofactor to

nalogue, TNP-ATP (Figure 1d). Independent analysis, using
he sedimentation velocity technique, shows that six TNP-
ADP molecules are associated with the RepA hexamer that
contains a saturating concentration of the nucleotide (Figure

the RepA hexamer is accompanied by a strong quenchingZ). ThUS, V.Ve haye established tha.t, a.tlsa.turation, the RepA
of the RepA protein fluorescence with the maximum hexamer binds six molecules of nucleotide cofactors. In other

guenching, at saturatiodFnax = 0.79+ 0.03, very similar

words, the RepA hexamer has six nucleotide-binding sites,

to the values obtained for TNP-modified cofactors. However, and each site can engage in interactions with the nucleotide
the titration curves are shifted toward a higher nucleotide cofactor molecule. In this aspect, the RepA hexamer behaves
concentration range, indicating that the macroscopic affinity €xactly like theE. coli DnaB helicase, transcription termina-

of the MANT-ADP is significantly lower than the affinity

tion factor Rho, and SV40 T large antigen helicas2s (

of the TNT-modified analogues (parts a and c of Figure 1). 26, 35, 39, 43—45). However, this behavior is very different
The dependence of the observed fluorescence quenchingfrom the bacteriophage T7 hexameric helicase, where only

AFops Upon the average degree of bindid;, of MANT-

binding of three nucleotide molecules to this homohexamer

ADP on the RepA hexamer is shown in Figure 4b. At the Was observed in filter-binding experiments].
selected protein concentrations, the separation of the binding Binding of the Nucleotide Cofactors to the RepA Hexamer

isotherms allows us to obtain the valuesyd®; up to~4.5
of the MANT-ADP molecules per the RepA hexamer.
Extrapolation to the maximum quenchidd-m.x = 0.79 +

Is Characterized by Negag Cooperatie Interactions
Between the Adjacent Subunifs characteristic feature of
the nucleotide binding to the RepA hexamer is the decreasing

0.03 shows that, at saturation, the RSF1010 RepA hexamemmacroscopic affinity of the cofactor with the increasing
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degree of binding (parts a and b of Figure 3). As we that characterize the examined interactions. The average
discussed above, the simplest statistical thermodynamicdegree of bindingy ®;, is then defined as
model that can account for such behavior is the hexagon
model (egs 58). Each binding site is initially independent o = 3K Ng 3K Ng
and characterized by the intrinsic binding constait, 2 P 1+ KND) (14 K,Np)
However, when the cofactor molecules are bound to two
adjacent sites, they engage in cooperative interactionsRecall, the major premise of this model is that the two
characterized by the cooperativity factor(25). different classes of binding sites are independent and the
A very important feature of the hexagon model is the fact binding sites within each class are independent. Therefore,
that it does not make any specific prediction about the nucleotide binding to these two classes of sites is character-
spectroscopic properties of various RepAucleotide entities, ~ ized by only two different fluorescence quenching param-
with different numbers of bound nucleotide cofactors, as a eters,AF; and AF;, corresponding to the quenching of the
function of the partial spectroscopic parameters characterizingProtein emission in the nucleotide binding to the first and
each binding site. This feature results from the fact that the second class of the binding sites, respectively. The observed
presence of the cooperative interactions removes additivity fluorescence quenching\Fons at any titration point is then
in the energetics and, particularly, structural properties of a defined by
macromoleculeligand complex. In other words, this prop-
erty fundamentally differentiates the hexagon model, with F. = AFKiNE | AFKoNE
cooperative interactions, from the model of two independent s 1 KNg 1+ KoNe
classes of independent binding sites, as we discussed below.
It may seem that such a property of the hexagon model Therefore, unlike the hexagon model with cooperative
makes the analyses of the binding process more difficult. interactions, the model with two independent classes of
However, when both thermodynamic isotherms and spec-binding sites imposes a strict relationship between the
troscopic titration curves are available, as obtained in this observed spectroscopic property of different hexamer
work (Figures 1 and 3), the entire complex behavior of the nucleotide complexeshFo,s and the partial spectroscopic
observed spectroscopic parameter (fluorescence quenchingproperties of the single binding site within each clasb;
can simply be defined by an empirical function (eq 2). and AF..

In the examined solution conditions. the value of the |fonly spectroscopic titration curves were available, then

parameter characterizing cooperative interactions betweendiférentiation between the hexagon model and the model

bound nucleotide cofactors, is 0.36+ 0.05 and 0.38+ of the two independent classes of binding sites would be
0.07 for the TNP-ADP and TNP-ATP analogue, respectively, practically impossible. However, we can utilize the fact that
indicating that saturation of two neighboring sites leads to W& can obtain the intrinsic binding constant§, and Ko,

the same decrease of the affinity of the nucleotide, indepen-directly and independently from the spectroscopic param-
dently of the number of phosphate groups. However, as &t€rs, using the thermodynamic isotherms, i.e., the depen-
discussed in the accompanying paper 2, this is not generallydeénce of the average degree of bindii§;, as a function

the case, and the cooperative interactions between theof the free nucleotide concentration. Fitting the isotherm in

nucleotide-binding sites of the RepA hexamer are strongly F19ure 3a, according to the model of two independent classes
affected by the magnesium concentration in solution, par- ©f mdepend_ent binding S'IGS; as_ldefm_ed by eqs 1B,
ticularly, in the case of the ADP analogue. It should be noted Providesks = (1.3 0.2) x 10°'M™, Kp = (6.6 £ 0.6) x

ly, lo © . ; :
that similar values of the cooperativity parameigrhave 10 M~ (see the Su_pportlng Information). Havitg and
been found for the interactions of the same nucleotide K2 We can now obtain the fluorescence parametefs,and

analogues with the DnaB hexame?S[. Such similar ~ AF2 characterizing the TNP-ADP binding to two indepen-
energetics strongly suggests a similar mechanism of thedent classes of binding sites, as defined by eq 12. Because

intersite interactions for these two analogous hexameric AFmax= AF1 + AF, andAFma= 0.88, only one quenching
helicases. parameter, e.gAF,, is an independent variable. However,

these values ofAF; and AF, provide a much worse
The Model of Two Independent Classes of Independent - - :
Binding Sites Does Not Describe the Nucleotide Cofactor representation of the experimentally obtained dependence of

I . the AFqs upon >O; (Figure 1b) (see the Supporting
Bmdmg_to the RepA HexameAs menthned _ab(_)ve, the Information). These data are the first indication that the
alternative simple model of the nucleotide binding to the

RenA hexamer that could account for the stoichiometry of model of two independent classes of binding sites provides
€p X3 that cod u r stoichi Y Ol 3 worse representation of the experimental data, as compared
six nucleotide-binding sites and the decreasing macroscopic,

affinity of the nucleotide binding is a model of two o the hexagon model (see below).

. . L ) As pointed out above, the model of the two independent
independent classes of independent binding sit&s40). ; o . .
The partition function for this modeExc, is then @0) classes of independent binding sites imposes a strict require

ment of the additivity of the observed signal in the enzyme
3 3 complexes with different numbers of the bound nucleotide
Zre = (1 + KiN)*(1 + KoNp) (10)  cofactors, as defined by eq 12. To further examine this aspect
of the behavior of the model, we performed computer
whereK; andK; are the intrinsic binding constants charac- simulations of the observed sign@lF.,s as a function of
terizing affinities of the nucleotide cofactors in the first and the average degree of binding@®;, for different values of
second binding class, respectively. Thus, similar to the the partial quenching parametefs;; andAF,, and for the
hexagon model, there are also only two binding parameterscases where the values of the two binding constants,

(11)

(12)
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2 4 plot is concave down, a straight line, or concave up (Figure
S a ' ' ' /',/,7' 5a). Analogous plots for the same values of the partial
§ T guenching constants\F; and AF,, but with the binding

(<} 7 constantK; =2 x 1P MTandK, =1 x 1P M1 i.e,,

§ 7 differing only by a factor of 2, are shown in Figure 5b. The
§ 05| I g | functional dependence dfF.,s upon ©; is similar to that

£ Pt observed in Figure 5a, although, the nonlinear behavior of
E e the plots is now much less pronounced.

° e On the other hand, a very different situation is observed
N R when the two binding constants have the same values. For
N ‘ , , ‘ such case, the plot afFqps as a function ofy ©; is shown

25 0 1 2 3 4 5 6 in Figure 5c. The selected valueskf andK; are 1x 1P

and 1x 10° M1, respectively, and the partial spectroscopic
parameters are the same as in parts a and b of Figure 5. It is
evident that when the binding constants, characterizing the
b ' ' L affinity for the binding sites within each class of binding
7 sites, have the same values, the model of the two independent
o classes of independent binding sites can only generate the
A dependence of thAF.,s upon Y ©; that is a straight line,
T independent of the values of the partial spectroscopic
o parametersAF; and AF,. In other words, when binding
S constantsK; and K, have the same values, any nonlinear
e dependence dkFy,sas a function o ©; excludes the model
e of the two independent classes of the independent binding
o sites.
0 1 2 3 4 5 6 Such a dramatic inadequacy of the model of the two
Degree of Binding 26, independent classes of the independent binding sites occurs
in the nucleotide cofactor binding to the RepA hexamer in
1 . . . - . the absence of magnesium (accompanying paper 2). The
dependence of the average degree of bindp@,, as a
function of [TNP-ADP}.e for the titrations performed in
buffer T5 (at pH 7.6 and 10C), containing 10 mM NaCl
and in the absence of magnesium, is shown in Figure 6a.
0.5 - 1 The solid line is the nonlinear least-square fit of the isotherm
according to the model of two independent classes of
independent binding sites (eqs-102) that provideK; =
6.0+ 0.7) x 10* M~ andK; = (6.0 £ 0.7) x 10* M4,
respectively. Thus, in the case of TNP-ADP, in the absence

-

o

Normalized Fluorescence Quenching
o
3]
T
\
.

Normalized Fluorescence Quenching

0 : : : : : of magnesium, both binding constants, characterizing two
0 1 2 3 4 5 6 P . .
classes of binding sites, have the same value (accompanying
Degree of Binding X©, paper 2). The dependence of the observed fluorescence

FIGURE 5: Computer simulations of the normalized fluorescence quenching,AFqs as a function of the degree of binding,
quenching AF s as a function of the average degree of binding > ®;, is shown in Figure 6b. The solid line is the theoretical
of ligand molecules on the hexamer®;, for the model of the  dependence of th&F,supony G, using the hexagon model
two independent classes of independent binding sites with different 514 empirical function representation of the fluorescence

values of the intrinsic binding constants and partial quenching . -
parameters, characterizing the ligand binding to each class (egs 10 quenching (accompanying paper 2). The hexagon model

12). (a) Intrinsic binding constant&; = 1 x 10f andK, = 1 x provides an excellent description of the experimental data.
10° M~1 and the quenching parametefs;; = 0.8 andAF, = 0.2 The dashed line is the dependence Aff,,s upon > ©;,
(---), AFL = 0.5 andAF, = 0.5 (-), andAF; = 0.2 andAF, = obtained using the obtained values of the binding constants

2'8186."2/.' ’(?)aLnéntﬂzlcq Bg]:éﬂ?ngo;;rt:rr:]t:%é&; 12 x ggznn%'zg :1 and any values Sf the quenching parametafs, and AF,,

0.2 (---),AF; = 0.5 andAF, = 0.5 (), andAF; = 0.2 andAF, as long asAFmax= IAFl + AF,. In fact, as discussed above
= 0.8 (+). (c) Intrinsic binding constant&; = 1 x 10f andK, = (Figure 5c¢), there is not a set of valuesAff; andAF, that

1 x 10° M~1 and the quenching parameteAs;; = 0.8 andAF, = can describe the nonlinear dependencéBfys upon Y ©;

0.2 (7). The plot fC:rAdF(lj_: 0.5 andAFzzr(]).S ?ndAFé?O-Zd&;nd when K; = K. In other words, these results exclude the
6;3;506?’ tﬁ;e g];rtlijaleqJgr?émr?év%\ggr;eigﬁ%s’a% dtir%f, a?(raany model of two independent classes of independent binding
superimposable with the straight line shown in the c. sites for the nucleotide binding to the RepA hexamer.

The discussed results and analyses clearly show that the
characterizing the two independent classes, are different ormodel of two independent classes of independent binding
the same. The plot chF,ps defined by eq 12, as a function  sites cannot describe both the binding isotherms and the
of 5@, is shown in Figure 5a. The selected valueKef dependence of the observed quenching as a function of the
andK; are 1x 10° and 1x 10° M1, respectively. For the  degree of binding, for the nucleotide cofactor association with
cases wherdF; < AF,, AF; = AF,, andAF; > AF,, the the RepA hexamer. The reason for this inadequacy is clearly
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6F ‘ ; ; — parameters. The partial fluorescence intensities are specific
for a particular RepA-nucleotide complex; i.e., interactions

of a cofactor molecule with a particular site are affected by
what happens at the neighboring sites. The behavior is very
complex and requires the analysis using the empirical
function method (see aboveé)3, 35). Such behavior provides
direct evidence of cooperative interactions between the
nucleotide-binding sites of the RepA hexamer (see ac-
companying paper 2). Moreover, in general, finding even a
single set of conditions where the observed spectroscopic
parameter, affected by multiple ligand binding to a macro-

Degree of Binding

-7 -6 -5 -4 -3

molecule, is not a simple additive function of spectroscopic
Log [TNP-ADP]_ parameters, characterizing particular binding sites, constitutes
a proof that the binding sites are not independent.
1 P ' , - - The binding of the nucleotide cofactors to the RepA

helicase has been examined before, although those studies
have been limited to a semiquantitative examination of the
observed quenching of the protein fluorescence induced by
the analogue of ADPsADP (17). The analysis was based

on the “fluorescence quenching factor”, an approach that
assumes strict proportionality between the observed signal
and the average degree of binding which, in general, as
discussed above, does not apply to such complex binding
systems 25, 34, 37). The maximum stoichiometry of the
RepA hexamereADP complex was not determined but
assumed on the basis of the homohexameric crystal structure
Degree of Binding X, of the protein. However, bacteriophage T7 hexameric heli-

FiGURe 6: (a) Average number of TNP-ADP molecules bound per case also possesses six presumed nucleotide-binding sites,

RepA hexamer as a function of the free concentration of the cofactor Yet only binding of three nucleotide molecules to the hexamer
in buffer T5 (at pH 7.6 and 10C), containing 10 mM NaCl and  was detected4). The observed fluorescence quenching was

no magnesium (accompanying paper 2). The solid line is the then analyzed by assuming a model of two independent

nonlinear least-square fit according to the model of two independent ¢|a5ses of binding sites. As we discussed above, such a model
classes of independent binding sites (egs 1B) with the intrinsic

binding constant&; = 6.02 x 10* andK, = 6.02 x 10 M. (b) does not apply to thg nucl_eot_ide binding to the RepA
Dependence of the relative fluorescence quenchitig,,s upon hexamer and the obtained binding parameters are affected
the average degree of binding of TNP-ADP on the RepA hexamer, by the differences in the quenching parameters induced upon
2> ©; (W) in buffer TS (at pH 7.6 and 10C), containing 10 mM — the nycleotide binding to different sites. Nevertheless, the

NaCl and no magnesium. The valuesy#; have been determined . - AL
using the quantitative method described in the Materials and obtained data suggested heterogeneity of the nucleotide

Methods. The solid line is the nonlinear least-square fit of the Pinding sites of the enzyme, in agreement with the quantita-
experimental curve, according to the hexagon model (e€g)5 tive analyses described here.

gs:;r;% islﬁeg.;)mrfalg%%cstlgggggt)grcj:d%g(;gi Qg'g’f;gg‘ffﬂ?g Still, little is known about the role of the negative
Cbmpanyinglpaper '2)_ The dasHed line is the dependémg&g cooperativity in nucleotide binding to a hexameric helicase.
upony @; that is obtained for the model of two independent classes This role may be related to the fact that the enzyme is a

of independent binding sites, independent of any values of the partial multisubunit protein involvedn »ivo in multiple processes
quenching parameters, characterizing the TNP-ADP binding to the \ynere nycleotide binding and/or hydrolysis plays a regulatory
RepA hexamer in the examined solution conditions. The maximum . . .
value of AFmax = 0.80+ 0.03 (accompanying paper 2). role (). For instance, a common feature of the interactions

of the replicative hexameric helicase with the ssDNA is that
indicated by eq 12. For the model of two independent classesthe affinity of the protein for the nucleic acid is strongly
of binding sites to describe both the isotherm and the increased in the presence of ATP analogues, but in the
observed spectroscopic signal (in our case, fluorescencepresence of ADP, the affinity is diminishe@ (7—24). Also,
quenching), the partial molar spectroscopic parameters musin the case of the DnaB hexamer, formation of the specific
be additive in all complexes of the ligand with the macro- DnaB—ssDNA complex, recognized by primase, requires
molecule. This is the main requirement of this model, if the ATP as a positive effector but is inhibited by ADRBT.
classes of binding sites and the sites are supposed to bd\egative cooperative interactions introduce structural and
independent. The binding of the nucleotide cofactors to the functional differentiation among otherwise identical subunits
RepA hexamer, evidently, does not fulfill this requirement. of the multisubunit enzyme (accompanying paper 2). Thus,
In other wordsthe partial quenching parameters character- large global conformational changes of the DnaB hexamer,
izing different RepA hexamenucleotide complexes are not  induced by nucleotide binding to the enzyme, have already
simple additie functions of the quenching parameters been documented, both by hydrodynamic and electron
characterizing single binding siteln this context, as pointed  microscopy methods3g, 48, 49). Whether or not RepA
out above, the hexagon model is not limited by any strict hexamer undergoes similar global conformational changes
requirement for the additivity of the partial spectroscopic is not yet known.

Relative Fluorescence Quenching

0 1 2 3 4 5 6
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Notice that, unlike the model of the two classes of binding ACKNOWLEDGMENT
sites, where the functional difference between subunits is
preprogrammed before the nucleotide binding, the model
with the cooperative interactions dqes not'impose such sUPPORTING INFORMATION AVAILABLE
preprogramming. Rather, the population of different forms
of the hexamer is controlled by the nucleotide concentration, ~Figure showing (a) plot o ©; as a function of [TNP-
with each subunit capable of being a strong or weak binding ADPJiee, (b) fluorescence titration curves of the RepA
site. Such functional asymmetry may enable the helicase tohexamer with TNP-ADP fitted with the obtained binding
hydrolyze ATP to ADP by one set of subunits while still constants and with the optimal values&f; = 0.750 and
preserving strong affinity for the ssDNA at another subunit AF2 = 0.129, and (c) observed fluorescence quenching,
(accompanying paper 2). This mechanism must be opera-AFobs as a function of the degree of bindingi©;. This
tional in the unwinding reaction of the duplex DNA where Mmaterial is available free of charge via the Internet at http:/

We thank Betty Sordahl for reading the manuscript.

the helicase cycles between high and low affinity for the Pubs.acs.org.

ssDNA with concomitant hydrolysis of ATR2{-4). Thus,
the functional heterogeneity among different sets of nucleo-

among them, would be crucial for the catalytic cycle of the
unwinding reaction.

Strong Quenching of the Protein Tryptophan Fluorescence

Indicates That the Tryptophans Are in Close Proximity to 3

the Nucleotide-Binding SiteStrong,~80%, quenching of

the tryptophan emission of the RepA helicase is not without
precedence. Binding of the same fluorescent derivatives of
nucleotide cofactors to the six nucleotide-binding sites of
the E. coli DnaB hexameric helicase is accompanied by a

similar, ~70%, quenching of the protein fluorescen2s)( 5.

Although the crystal structure of the DnaB helicase is still
unknown, spectroscopic studies indicated that the tryptophan ¢
residues are clustered in a localized region of the protein.
Moreover, the data indicate that the tryptophans form a
hydrophobic pocket around the nucleotide-binding site of the
enzyme 50). The observed strong quenching of the DnaB
protein emission by the TNP and MANT derivative of
nucleotide cofactors predominantly result from a very
efficient fluorescence energy transfer from the protein
tryptophans to the TNP and MANT moieties of the ana-
logues.

In the crystal structure of the RepA hexamer, three of four

tryptophan residues of the protein are located in a close 10.

vicinity to the Walker sequence, a conserved motif of a
presumed nucleotide-binding sitl}. Such similarity of the

tryptophans’ location in the surrounding of the nucleotide-
binding site of both hexameric helicases is striking and

suggests a role of these aromatic residues in the functioning 12-

of the site. However, whether the tryptophan residues of the

RepA helicase are a part of the nucleotide hydrophobic 13,

pocket is still not known. Nevertheless, it is rather certain
that the main origin of the strong quenching of the RepA
protein fluorescence is the same as observed in the case of

the DnaB helicase, i.e., an efficient fluorescence energy 14.

transfer from the tryptophans to the TNP and MANT groups,
because of the close proximity of both chromophores with
strongly overlapping emission and absorption badds50).

On the other hand, the fact that the quenching is not identical
for TNP-ADP and TNP-ATP indicates the conformational
changes induced by the nucleotide binding also contribute
to the observed fluorescence quenching and that these
conformational changes are not identical for the di- and
triphosphate nucleotides. Our laboratory is currently examin-
ing these aspects of the RepA hexameucleotide cofactor
interactions.

4.

15.

16.
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