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ABSTRACT. Quantitative analyses of the interactions of Egcherichia coliprimary replicative helicase

DnaB protein with single-stranded ssDNA have been performed using the thermodynamically rigorous
fluorescence titration technique. This approach allowed us to obtain absolute stoichiometries of the formed
complexes and interaction parameters, without any assumptions about the relationship between the observed
signal change and the degree of binding. The analysis of the DnaB helicase interactions with nonfluorescent,
unmodified nucleic acids has been performed, using a novel spectroscopic Macromolecular Competition
Titration (MCT) method developed in the accompanying paper [Jezewska, M. J., & Bujalowski, W. (1996)
Biochemistry 352117-2128]. In the presence of the ATP nonhydrolyzable analog AMP-PNP, the DnaB
helicase binds polymer ssDNA with a site-size of2@ nucleotides per protein hexamer. This site-size

is independent of the type of nucleic acid base as well as the salt concentration and type of salt. Direct
thermodynamic studies of the polynucleotide and oligomer binding to the DnaB hexamer, as well as the
competition studies, show that independently of the type of nucleic acid base, as well as salt concentration
and type of salt in solution, the helicase has only a single, strong binding site for DNA. Only this site

is used when the protein interacts with polymer ssDNA. Moreover, UV photo-cross-linking experiments
with oligonucleotides of different lengths, dT(p3,)dT(pT)ks and dT(pTge, suggest that primarily a
singlesubunit of the DnaB helicase hexamer is in contact with the ssDNA. In interactions with polymer
nucleic acids, the DnaB protein shows preferential intrinsic affinity for poly(dA), characterized in our
standard conditions (pH 8.1, €, 100 mM NaCl, 5 mM MgCJ) by the intrinsic binding constamt =

6 + 2 x 10° M~1. These affinities are comparable to the affinities of the single-strand binding proteins

in the corresponding solution conditions and strongly suggest that the helicase is capable of binding ssDNA
without additional facilitating factors. Both the intrinsic affinity and the cooperativity are salt dependent.
The formation of the DnaBssDNA complex is accompanied by the net releasedfons, while another

net release of-2 ions accompanies the cooperative interactions. The data indicate an anion effect on the
studied interactions and suggests that the released ions most probably originate from both the protein and
the nucleic acid. The presence of a single, strong binding site on the hexamer, built of six chemically
identical subunits, the very low site-size of the large helieas®NA complex, and the involvement of

a single subunit in contact with the nucleic acid indicate the presence of long-range allosteric interactions
in the DnaB helicase which encompass the entire DnaB hexamer. Our sedimentation velocity measurements
of the DnaB proteirn (AMP-PNP)-5'-fluorescein-(dT), ternary complex show that the sedimentation
coefficient of the complex ispow = 12.3+ 0.3, compared witlsow = 10.5+ 0.3 of the free enzyme,
indicating large changes in the hydrodynamic properties of the enzyme in the complex. These results
provide direct evidence that the DnaB hexamer undergoes dramatic conformational changes which include
all six subunits of the enzyme in the ternary complex. Moreover, sedimentation velocity studies of the
ternary complex provide direct evidence that the hexamer is the species which binds ss nucleic acid. The
significance of these results for a mechanistic model of the functioning of the DnaB helicase in DNA

replication is discussed.

The DnaB protein is an essential replication protein in
Escherichia col{Kornberg & Baker, 1992) which is involved
in both the initiation and elongation stages of DNA replica-
tion (Wickner et al., 1973; McMacken et al., 1977; Matson
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& Kaiser-Rogers, 1990). The protein is tEe coli primary
replicative helicase, i.e., the factor responsible for unwinding
the duplex DNA in front of the replication fork (LeBowitz

& McMacken, 1986; Baker et al., 1987; Marians, 1992). The
DnaB protein is the only helicase required to reconstitute
DNA replicationin vitro from the chromosomal origin of
replication (oriC). In its role as a “mobile replication
promoter,” DnaB protein binds to ssSDNA. The nucleoprotein
complex is then specifically recognized by the primase (Arai
& Kornberg, 1981b). Multiple activities of the DnaB protein
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in vitro reflect complex interactions of the helicase with
different ingredients in the primosome and in the protein
nucleic acid complexes which are formed at the origins of
bacterial and phage DNA replication.

Jezewska et al.

corresponding solution conditions, is comparable with the

intrinsic affinity of single-strand binding proteins (SSB).
Sedimentation velocity measurements reveal that the DnaB

hexamer undergoes dramatic conformational changes upon

In solution, the native DnaB protein exists as a stable forming a terary complex, DnaBAMP-PNP)-ssDNA and
hexamer, composed of six identical subunits (Reha-Krantz provide direct evidence of the presence of long-range

& Hurwitz, 1978; Bujalowski et al., 1994). Sedimentation
equilibrium, sedimentation velocity, and nucleotide cofactor

allosteric interactions in the hexamer encompassing all six
subunits of the enzyme.

binding studies show that the DnaB helicase exists as a stable
hexamer in a large protein concentration range and mc'zlgne-'\/"A‘TER'ALS AND METHODS

sium ions play a crucial, structural role in stabilizing the

hexameric structure of the enzyme (Bujalowski et al., 1994).

Hydrodynamic and EM data indicate that six protomers
aggregate with cyclic symmetry in which the protomer
protomer contacts are limited to only two neighboring
subunits (Bujalowski et al., 1994; San Martin et al., 1995).
The binding or the binding and hydrolysis of ATP is the
key element regulating DnaB protein activities (Kornberg
& Baker, 1992; Arai & Kornberg, 1981a,b; LeBowitz &
McMacken, 1986). Quantitative studies of the nucleotide

Reagents and BuffersAll solutions were made with
distilled and deionized-18 MQ (Milli-Q Plus) water. All
chemicals were reagent grade. Buffer T2 is 50 mM Tris
adjusted to pH 8.1 with HCI, 5 mM Mggl 10% glycerol.

DnaB Protein TheE. coli DnaB protein was purified as
previously described by us (Bujalowski & Klonowska, 1993,
1994a; Bujalowski et al., 1994). The concentration of the
protein was spectrophotometrically determined using extinc-
tion coefficientezgo = 1.85 x 10° cm™* M~! (Hexamer)
(Bujalowski et al., 1994).

binding to the DnaB helicase have established that the Nycleic Acids. Oligomers dA(pA)s, dA(PA)ss, dT(PThs,
hexamer has six nucleotide binding sites, presumably ONeYT(pT)ss, dT(PT)s, dC(PCho and homopolymers poly(dA),

on each protomer (Arai & Kornberg, 1981b; Bujalowski &
Klonowska, 1993). On the basis of thermodynamically

poly(dC), and poly(dT) were purchased from Midland
Certified Reagents (Midland, TX) and Sigma. Poly(A), poly-

rigorous fluorescence titrations, we have determined that the(U)' and poly(C) were from Fluka. The etheno derivatives
binding process is biphasic which results from the negative o hycleic acids were obtained by modification with chlo-

cooperative interactions among binding sites (Bujalowski &
Klonowska, 1993, 1994a,b).

In vivo functions of the DnaB helicase are related to the
ability of the protein to interact with ss and dsDNA under
ATP/ADP switch control (Arai & Kornberg, 1981b). Re-
cently, we obtained the very first estimation of the stoichi-
ometry of the DnaB helicasessDNA complex and the
mechanism of the binding (Bujalowski & Jezewska, 1995).
Using the quantitative fluorescence titration method, we

roacetaldehyde (Secrist et al., 1972). Oligomer dT{§T)
labeled at the send with fluorescein, has been synthesized
using fluorescein phosphoramidate (Glen Research). The
concentrations of the labeled oligomer was determined at
492 nm (pH 9) and at 260 nm using extinction coefficients
71x 10 Mtcmtat492 nmand 1.7 1P M~tcm?

at 260 nm (pH 8.1). The concentrations of polynucleotides
were determined spectrophotometrically using the following
extinction coefficients (Nucleotide): 18 10° M~! cm?,

determined that the DnaB helicase binds an etheno derivativepoly(dA) at 257 nm; 10.3< 10 M~ cm?, poly(A) at 260

of poly(dA), poly(ckA), with a stoichiometry of 20+ 3

nm; 8.1 x 10® M~ cm™, poly(dT) at 260 nm; 7.2 10°

nucleotides per DnaB hexamer. Although the importance M~ cm2, poly(dC) at 270 nm; 6.5 10° M~t cm™, poly-

of understanding the DnaB protein interactions with nucleic

acid has been recognized, little is known about the stoichi-

ometry (site-size) of the DnaB complexes with different ss

(C) at 267 nm; 9.2x 10° M~ cm™1, poly(U) at 260 nm;
and 9.4x 10 M~ cm?, poly(dl) at 260 nm (Kowalc-
zykowski et al., 1981). The concentration of the etheno

and dsDNA, the base effect, the sequence specificity, thederivative of nucleic acids was determined using extinction

solution conditions on the intrinsic affinity, the cooperativity

coefficient 3700 M* cm™ (Nucleotide) at 257 nm (Ledneva,

of the binding process, and the structure of the complexes.et al., 1977).

Knowledge of the stoichiometry and structure of the heli-
case-nucleic acid complex and the mechanism of binding

Photo-Cross-Linking Experimentligomers dT(pTj,
dT(pT)s, and dT(pTye have been labeled at thé@&nd with

is a prerequisite for formulating any model of the mechanism [32P] using polynucleotide kinase according to the protocol

of enzyme functioning in DNA replication.

In this communication, we report extensive, quantitative
analyses of the interactions of the DnaB helicase with

described by Sambrook et al. (1989). The labeled ssDNAs
were mixed with the DnaB helicase in buffer T2 (pH 8.1,
20 °C) containing 1 mM AMP-PNP and different NaCl

ssDNA, using the thermodynamically rigorous fluorescence concentrations (see below). After 1 h incubation at®@0
titration techniques. We present direct evidence that in the the samples (total volume 1fl.) were placed on Parafilm,

presence of the ATP nonhydrolyzable analog, AMP-PNP,

the DnaB helicase binds the polymer ssDNA with a site-

immersed in a 10C water bath, and irradiated for 30 min,
at a distance of 11 cm, using a mineral lamp (model UVG-

size of 20+ 3 nucleotides per DnaB hexamer, independent 11) with a maximum output of 254 nm. After irradiation,

of the type of nucleic acid base and solution conditions.
Photo-cross-linking experiments with ssSDNA oligomers of
different lengths, dT(pTy, dT(pT)ks, and dT(pTye, indicate
that only a single subunit of the DnaB hexamer is primarily
in contact with ssDNA in the proteinDNA complex, even
in the presence of excess ssDNA. The intrinsic affinity of

the samples were loaded on 8% SDS polyacrylamide gel and
electrophoresis was performed at a constant voltage of 230
V. The gels were stained with Coomassie Brilliant Blue,
dried, and autoradiographed.

Sedimentation Velocity MeasurementSedimentation
velocity experiments were performed using a Spinco model

the DnaB helicase shows a preference for poly(dA) and, in E analytical centrifuge. The analysis of the sedimentation
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runs was performed, as previously described by us (Bu-
jalowski et al., 1994). The reported values of sedimentation
coefficients were corrected to standard conditiGas,, for
solvent density and viscosity (Tanford, 1961).
Fluorescence Measurementsll steady-state fluorescence
titrations were performed using the SLM-AMINCO 48000S
spectrofluorimeter. The binding was followed by monitoring
the fluorescence of the etheno derivative of poly(dA), poly-
(deA), (Aex = 325 nm,Aem = 410 nm). All titration points
were corrected for dilution and, if necessary, for inner filter
effects using the following formula (Lakowicz, 1983)

I:icor = (Fi - B')(é) X 100'5°(A‘;.ex) (1)

whereFi is the corrected value of the fluorescence intensity
at a given point of titrationi, F; is the experimentally
measured fluorescence intensiy,is the backgroundy; is
the volume of the sample at a given titration polit s the
initial volume of the sampleb is the total length of the
optical path in the cuvette expressed in cfy,, is the
absorbance of the sample at the excitation wavelength.
Computer fits were performed using KaleidaGraph software
(Synergy Software, PA) and Mathematica (Wolfram Re-
search, IL).

The relative fluorescence increase of the nucleic aki,
upon binding the DnaB protein is defined by

)

AF =

)

o]

whereF; is the fluorescence of the nucleic acid solution at
a given titration point I” and F, is the initial value of the
fluorescence of the same solution.

Determination of Rigorous Thermodynamic Binding Iso-
therms and Absolute Stoichiometries of the DnaB Helicase
ssDNA Complexesln this work, we followed the binding
of the DnaB protein to polymer and oligomer ssDNAs, by
monitoring the fluorescence increagd; s Of their etheno
derivatives upon the complex formation. To obtain absolute
estimates of the average degree of binding of the protein
per nucleotide ) v; (binding density), and the free protein
concentrationPg, we applied a procedure described in detail
in the accompanying paper. The experimentally observed
AFqs has a contribution from each different possiblé “
complexes of the DnaB hexamer with ssDNA. Thus, the
observed fluorescence increase is functionally relatéd/to
by eq 3 (Bujalowski & Klonowska, 1993; Bujalowski &
Jezewska, 1995)

AFps= Z"iAFimax 3)
whereAF; __ is the molecular parameter characterizing the
maximum fluorescence increase of the nucleic acid with the
DnaB protein bound in complexi”> The same value of
AFqps Obtained at two different total nucleic acid concentra-
tions, N, and Nr,, indicates the same physical state of the
nucleic acid, i.e., the degree of bindingy;, and the free
DnaB protein concentratioRg, must be the same. The value
of Yv; andPk is then related to the total protein concentra-
tions, Py, andPr,, and the total nucleic acid concentrations,
Nr, andNr,, at the same value aiFg,s by
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. (PT2 - PTl) 4
e (NT2 - NTl) *
Pe= PTX - (ZVi)NTx )

wherex = 1 or 2 (Bujalowski & Klonowska, 1993).
Determination of the Absolute Stoichiometry of the DnaB
Protein—Unmaodified Nucleic Acid Complex Using the MCT
Method. Determination of the site-size and the interaction
parameters for the DnaB helicasenmodified nucleic acid
complex has been performed using the MCT method
described in the accompanying paper. Briefly, if the
fluorescent reference macromolecule (nucleic acid) at total
concentrationNr,, is titrated with the protein in the presence
of a competing nonfluorescent nucleic acid of total concen-
tration Ny, then the total concentration of the protef,,
at which a given fluorescence changs;, is observed is
described by

PTl = (zVi)leS + (zVi)RNTR + P

where §vi),, (3vi),, andPg are the binding density of the
protein on the reference fluorescent nucleic acid, the binding
density of the protein on the nonfluorescent, competing
nucleic acid, and the free protein concentration, respectively.
The total concentration of the protelp,, at which the same
AF; is observed at the sani¢y,, but with a different total
concentration of competing nucleic acidy,, is described

by

(6a)

Pr,= (zVi)sst + (Z’/i)RNTR + P

Subtracting eq 6a from eq 6b and rearranging provides eq
7, which allows us to determine the absolute binding density
of the protein on the competing nonfluorescent nucleic acid
lattice (M. J. Jezewska and W. Bujalowski, accompanying

paper).

(6b)

(PT;_. - PTl)

(zVi)s = (NZS _ le)

Analysis of the DnaB HexamePolymer ssDNA Binding
Isotherm. McGhee and von Hippel (1974) derived two
explicit equations for noncooperative and cooperative binding
of a large ligand to a one-dimensional homogeneous, infinite
lattice which takes into account the potential overlap between
binding sites. Previously, we derived a single, generalized
equation for the McGheevon Hippel model which can be
applied to both cooperative and noncooperative binding
(Bujalowski et al., 1989). The binding density,v;, is
described using the generalized equation by the following
expression:

Dy =KEL=n)w) x
[20(1—nY »)] =
(2w — 1)1 — nZvi) + ZVi +R]
— 2
[1-(+1)yy+ R]] b (®)
2(n— Zvi)

whereK is the intrinsic binding constam,is the number of

()
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nucleotides covered by the protein in the complex (site-size),
w is the parameter characterizing cooperativity, B {[1
- (n + 1)zVi]2 + 46()21/,(1 - nZvi)}°-5.

If the fluorescence increase of the nucleic acid is strictly
proportional to the binding density of the protejwi, then
the fractional saturation of the lattice is equal the fractional
signal change as defined by

% _ AI:obs

NT - AFI’T\&X

9)

where Ny, is the concentration of a bound nucleic acid
(Nucleotide) Ny is the total concentration of the nucleic acid,
AFqpsis the observed signal at a given titration painand
AFnmaxis the maximum fluorescence increase of the nucleic
acid at saturation with the proteinN, can be defined in
terms of the site-sizey, and the concentration of the bound
protein, Py, as

N, =nPk, = n(zVi)NT

Introducing eq 10 into eq 9 and rearranging provides the

(10)
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Ficure 1: Corrected fluorescence emission spectsg=€ 325 nm)
of deA(peA)so [4.9 x 1077 M (Oligomer)] in buffer T2 (pH 8.1,
10 °C) containing 100 mM NaCl and 1 mM AMP-PNP in the

absence (- - -) and presence)(of the DnaB helicase. The DnaB
protein concentration is 3.4 10°5 M (Hexamer).

relative fluorescence increastl-,, observed upon binding

of the second hexamer (Bujalowski & Jezewska, 1995). The
experimentally monitored relative increase of the nucleic acid
fluorescenceAF.ps is then defined in terms ohF;, AF,,
intrinsic binding constank,o, and cooperativity parameter

expression for the observed fluorescence increase of thew as

nucleic acid titrated with the DnaB protein as

AI:obs = AFmaxr](XVi)

where} v is defined by the generalized McGhee-von Hippel
equation, eq 8. Binding of the DnaB helicase to poh
has been analyzed using eqs 8 and 11.

Analysis of the Lattice Competition Titration Ges. The
analysis of the titration curves of the fluorescent nucleic acid

(11)

AFobsz
[(AF)(N — n+ 1)K5,P- + (AF, + AF,)wK;P2
(14)
(Z]
RESULTS

Determination of the Absolute Stoichiometry of DnaB
Hexamer-ssDNA Complexes Using ssDNA Etheno beeri

(etheno derivatives) in the presence of a competing non-tjses. In the presence of an ATP nonhydrolyzable analog,
fluorescent, unmodified nucleic acid was performed using AMP-PNP, binding of the DnaB helicase to polyJ causes

the combined application of the McGhee-von Hippel model g strong increase of the fluorescence of the nucleic acid
and the combinatorial theory of Epstein (1978) and is (Bujalowski & Jezewska, 1995). Corrected fluorescence

described in detail in the accompanying paper.

Statistical Thermodynamic Model of the DnaB Helicase
Hexamer Binding to 40-mer.Binding studies presented
below show that, at saturation, a single molecule ©4-d

emission spectralfx = 325 nm) of @A(peA)sy in the
absence and presence of the saturating concentration of the
DnaB helicase in buffer T2 (pH 8.1, X&) containing 100

mM NaCl and 1 mM AMP-PNP, are shown in Figure 1.

(PeA) 39 can accommodate two DnaB hexamers independently This oligomer has been selected because it accommodates

of solution conditions. The partition functio, for the

two DnaB hexamers, hence, introducing both intrinsic and

DnaB hexamer40-mer system, which accounts for the cooperative interactions, and can be practically completely
potential overlap of the binding sites’ cooperative interactions saturated with the DnaB protein in the experimentally
between bound protein molecules, is described by accessible protein concentration range. The emission maxi-
mum of the free nucleic acid is located at 400 nm. Binding
of the DnaB helicase enhances the fluorescence intendity
fold without changing the location of the maximum or the
WhereN iS the tOtal number Of reSidueS in the SS nucleiC Shape Of the ﬂuorescence Spectrum_ Because at 325 nm
acid oligomer,n is the site-size of the hexamessDNA (excitation wavelength) only the etheno adenine is excited,
complex,Kq is the intrinsic binding constant, andis the  the observed fluorescence increase must result from the
parameter CharaCteriZing the COOperative intel’aCtionS betWeerincrease Of the nucleic acid quantum y|e|d It Shou'd be
the two bound hexamers. The average number of DnaBnoted, that incorporation afA into the polymer induces an
hexamers bound per 40-meu, is then defined by the  g—10-fold quenching of theA fluorescence, as compared
standard statistical thermodynamic expressjon 9 In Z/d to the free mononucleotide (Tolman et al., 1974). Thus, the
In Pe (Hill, 1985). strong increase of the nucleic acid fluorescence, when bound
to the DnaB helicase, indicates that some of the quenching
processes have been removed in the complex with the
helicase (see Discussion).

The dramatic enhancement of the sSDNA etheno derivative
provides an excellent signal to monitor the Dra&sDNA
interactions and to perform high-resolution measurements
of the stoichiometry and mechanism of the helicasgeDNA

Z=1+(N—n+ 1K, Pc+ oKiPZ  (13)

(N — n+ 1)K oPr + 20K; P2
q =
1+ (N — n+ 1)K, P + oK5,P2

(13)

The relative increase of the fluorescence of th&(geA) 3o,
AF;, upon binding the first DnaB hexamer differs from the
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Ficure 2: a. Fluorescence titrations of poly@) with the DnaB
protein in buffer T2 (pH 8.1, 10C) containing 100 mM NaCl and

1 mM AMP-PNP, at three different nucleic acid concentrations:
(W) 2.0 x 105 M; (@) 8.4 x 105 M; (O) 3.2 x 104 M
(Nucleotide). Solid lines are computer fits of the binding isotherms,
using the generalized McGhegon Hippel equation (egs 8 and
11), with intrinsic binding constar = 1.3 x 10° M™%, cooper-
ativity parameterw = 3.5, andAF.«= 3.5. b. Dependence of the
relative increase of the polyéd) fluorescence upon the average
binding density,y v;, of the DnaB helicase hexamer in buffer T2
(pH 8.1, 10°C) containing 1 mM AMP-PNP andl) 100 mM
NaCl; @) 196 mM NaCl. The absolute value @fv; has been
determined using the thermodynamically rigorous approach de-
scribed in Materials and Methods.

complex formation. Fluorescence titrations of pobAYl
with the DnaB helicase, at three different nucleic acid
concentrations, in buffer T2 (pH 8.1, £C) containing 100
mM NaCl and 1 mM AMP-PNP, are shown in Figure 2a.
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negative entropy factor which results from difficulties in the
formation of a gap of free nucleotide residues large enough
to accommodate the ligand (McGhee & von Hippel, 1974).
In order to obtain complete saturation of the nucleic acid
lattice, extremely high concentrations of the ligand would
be required. To overcome this problem, we estimated the
maximum relative fluorescence increase of pody( using
a number of dA(peA)n.1 oligomers, with the length of the
oligomers ranging from 20 to 60 residues in a range of
studied solution conditions [Bujalowski and Jezewska (1995)
and see below]. Using these short lattices, the gap problem
has been greatly reduced or eliminated. Moreover, full
saturation can be reached in an experimentally accessible
protein concentration range. Within experimental accuracy,
the relative increase of the fluorescence of the studied
ethenoadenosine oligomers in buffer T2 (pH 8.1, °0)
containing 100 mM NaCl was constant, independent of the
length of the oligonucleotide, and equal to &%.2. Thus,
the estimated value of the maximum fluorescence increase
of poly(deA) upon binding to DnaB is 3.5 0.2. Extrapola-
tion to AFmax= 3.5+ 0.2 gives the maximum value &fy;
= 0.054+ 0.008. Analogous experiments at lower and higher
salt concentrations provide the same linear dependence of
the observed signal as a function of the binding density.
Using the MCT method described in the accompanying
paper, the site-size of the DnaB hexamer complex with
unmodified polynucleotides poly(dA), poly(dT), poly(dC),
and poly(dl) has also been determined. Fluorescence titra-
tions of the poly(dA) sample in the presence of two different
concentrations of poly(dC), but at the same pohf(d
concentration in buffer T2 (pH 8.1, 1TC) containing 100
mM NaCl and 1 mM AMP-PNP are shown in Figure 3a. In
this competition experiment, the binding of the protein to
the “marker” fluorescent polynucleotide has been monitored.
In the presence of the competing nonfluorescent nucleic acid,
the binding isotherm is shifted toward higher protein
concentrations due to the simultaneous binding of the protein
to the competing, unmodified polynucleotide. On the other
hand, at the same value of the fluorescence increase of poly-
(deA), independently of the concentration of the competing

As the nucleic acid concentration increases, a given relative polynucleotide, the physical state of the fluorescent nucleic
fluorescence increase is reached at higher DnaB proteinacid must be the same, i.e., the valuesifiJz and the free
concentrations. The selected nucleic acid concentrationsprotein concentration [DnaB]must be the same (M. J.

provide separation of binding isotherms up to the relative
fluorescence increase of2.7. To obtain thermodynamically

Jezewska and W. Bujalowski, accompanying paper). The
binding density of the protein, on the competing, unmodified

rigorous binding parameters, independent of any assumptionssDNA, ( vi)s, is also a sole, unique function of the [DnaB]
about the relationship between the observed signal and theTherefore, at a given value of fluorescence increase, the value

degree of bindingyvi, the fluorescence titrations curves

of (3> vi)s must be the same, independent of the concentration

shown in Figure 2a have been analyzed, using the approactof unmodified nucleic acid. The binding density,()s, can

outlined in Materials and Methods and in the accompanying

paper. Figure 2b shows the dependence of the observedaiccompanying paper).

then be obtained using eq 7 (Materials and Methods,
The dependence of the observed

relative fluorescence increase as a function of the averagefluorescence increase of poly@) upon the binding density,

binding density v;, of the DnaB helicase (closed squares).
The value ofy v; could be determined up t90.033 (i.e., up
to ~30 nucleotides per DnaB helicase hexamer). The plot
is linear indicating that in the studied binding density range
there is a very similar enhancement of the nucleic acid
fluorescence upon the binding of the DnaB protein. How-
ever, the linearity in the whole range of the binding density
is not preserved in the DnaB protein interaction with shorter
lattices (see below).

At higher binding density ranges, binding of a large ligand
to a one-dimensional lattice is characterized by a large

(>vi)s, of the DnaB proteirpoly(dC) complex is shown in
Figure 3b. The highest measured value »#;js is ~0.035

at the relative fluorescence increase ~ 2.5, corresponding
with 28 nucleotide residues per DnaB hexamer. Extrapola-
tion to the maximum value of the relative fluorescence
increase (3.5) provide$ §i)s = 0.05+ 0.01 (M. J. Jezewska
and W. Bujalowski, accompanying paper). Using the MCT
method, the same site-size has been determined in competi-
tion experiments with poly(dT), poly(dA), and poly(dl),
indicating that the stoichiometry of the DnaB hexamer
complex with ssDNA is base independent (Table 1).
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, , | characterized by the higher fluorescence increas22).
a The dependence of the observed fluorescence increase
upon the average number of DnaB hexamers bound per 40
mer at different NaCl concentrations is shown in Figure 4b.
In contrast to poly(eA), the plot is nonlinear and the binding
of the first hexamer is accompanied by a larger fluorescence
increase AF, = 2.2, eq 14). In the presence of 100 mM
NaCl, the separation of the binding isotherms allowed us to
determine the degree of binding, up to ~1.6 hexamers
per 40-mer (closed squares). Extrapolatiod\e,.x = 3.5
shows that two DnaB hexamers bind to a singl&@eA) 39
molecule which is in excellent agreement with the stoichi-
ometry of the DnaB-ssDNA complex determined using both
modified and unmodified ssDNA. The solid line is the

FS

Relative Fluoresence Increase

4 T T T T computer simulation of the relative fluorescence increase,
b as a function of the average number of DnaB hexamers
3l s bound to 40-mer, usingn = 20, and the independently
determined binding parametefg, = 9 x 10° M~* andw
= 0.03 (see below). Due to the lower affinity, the average

number of DnaB hexamers bound perAfpeA)sy in the
presence of 196 mM NacCl could only be determined up to
g ~ 1.2 (opened squares). Nevertheless, both plots super-

L | | | impose very well in the accessible rangegpindicating that
0 0.01 0.02 0.03 0.04 0.05 the stoichiometry of the DnaBdeA(peA)ss complex is

=v) independent of salt concentration.
i’s Binding of ssDNA 20-mer to the DnaB HelicasEluo-

Ficure 3: a. Fluorescence titrations of poly@) with the DnaB rescence titrations ofed\(peA) 19 with the DnaB helicase in
protein in buffer T2 (pH 8.1, 16C) containing 100 mM NaCland  pyffer T2 (pH 8.1, 10°C) containing 100 mM NaCl and 1
éfrgg/lly?dlvlclj:-ligl)Pé.T ;hfoEge,\jf?g‘; ;)fztévg cilcf)fsr&ntl\?gglt(:e%r:itézt)lons mM AMP-PNP, at four different nucleic acid concentrations
(lattice competition titrations). The titration of poly(d) alone in are shown in Figure 5a. At each 20 mer concentration
the same buffer conditions is also includdm).(Solid lines are studied, the binding process is monophasic and the maximum
computer fits of the binding isotherms using the generalized increase of the nucleic acid fluorescence is 340.2.
McGhee-von Hippel equation (egs 8 and 11) to describe the binding separation of the binding isotherms allowed us to determine
fe’thf ?g'ﬁfﬁ tcoogggg?i\)/’it\;/wéggmgtselzg b:mg'gg gﬁgztgr:i - the stoichiometry of the DnaB20-mer complex up to 90%
3.5. Binding of the DnaB protein to poly(dC) has been described Of the maximum saturation. The dependence of the observed
by the Epstein combinatorial theory, using intrinsic binding constant relative fluorescence increase upon the average degree of
K= 1 x 10° M~* and cooperativity parametes = 5 (M. J. binding of the DnaB protein one(peA)1o is shown in
Jezewska and W. Bujalowski, accompanying paper). b. Dependencq:igure 5b. The plots are strictly linear and show that at

of the relative increase of the poly@#) fluorescence upon the . : -
average binding density3¢;)s, of the DnaB helicase hexamer on  Saturation only one 20-mer molecule binds to a single DnaB

the competing nucleic acid lattice, poly(d@)((see text for details). hexamer.
The absolute value ofy(vj)s for the binding of the DnaB helicase The stoichiometry of the DnaB hexame20-mer complex,

on poly(dC) has been determined, using the MCT method (M. J. with different nonfluorescent oligomers, has been determined
Jezewska and W. Bujalowski, accompanying paper). The solid line using the MCT method (M. J. Jezewska and W. Bujalowski,

is the computer simulation of the dependence of the observed . N
fluorescence increase upon the average binding den3ity)s(of accompanying paper). Because the affinities of 20-mers to

the DnaB helicase hexamer on the poly(dC) using the independentlythe DnaB protein are very high (Table 2), the determination
determined binding constants for both the Drgily(deA) and of stoichiometries has been performed at elevated salt
DnaB—poly(dC) complexes in the same solution conditions (Table concentrations in order to obtain also more accurate estimates

2). The dependence of the relative fluorescence increase of poly- oL . :
(deA) upon the binding density. 5=, of the DnaB helicase on of the binding constants. Figure 6a shows the representative

poly(deA), in the same buffer conditions, is also included (dashed, fluorescence titrations ofet(peA) 1o with the DnaB protein
straight line). in buffer T2 (pH 8.1, 10°C) containing 293 mM NacCl and

1 mM AMP-PNP in the presence of two different dC(pg)

The stoichiometry of the DnaB hexamessDNA complex, concentrations. A significant shift of the binding isotherm,
at different salt concentrations, has been further examinedwith increasing dC(pG) concentrations, indicates strong
using short ssDNA oligomersgA(peA)sq, and GEA(PeA) . competition betweened\(peA) 19 and dC(pCy for the DnaB
Fluorescence titrations okA(peA)ss with the DnaB helicase  hexamer. The dependence of the observed fluorescence
in buffer T2 (pH 8.1, 10°C) containing 100 MM NaCl and increase upon the average number of DnaB hexamers bound
1 mM AMP-PNP, at two different nucleic acid concentra- per single dC(pG) molecule is shown in Figure 6b. Due
tions, are shown in Figure 4a. The two oligomer concentra- to the high affinity of DnaB toward dC(p&) even at the
tions differ by a factor of~7, providing a distinct separation low value of the fluorescence increase eP¢peA)qo there
of the binding isotherms up to 80% of the maximum is substantial binding of DnaB to the cytidine oligomer (Table
saturation. The observed maximum fluorescence increase?). At AF ~ 1.1, the plot reaches the stoichiometry ot1
of deA(peA)ss fluorescence is 3.5+ 0.2. The binding 0.15 DnaB hexamer bound per dC(pCjnolecule. An
process is clearly biphasic with the high-affinity step additional increase of the DnaB concentration does not

Relative Fluoresence Increase
N
I
1
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Table 1: Thermodynamic Parameters, the Number of Covered Nucleotides by Protein Molecule (Site4Bizehtrinsic Binding ConstarK,
and the Cooperativity Parameterfor Interactions of DnaB Helicase with Single-Stranded Polynucleotides and 40ah@yed\)so in Buffer
T2 (pH 8.1, 10°C) Containing 100 mM NaCl and 1 mM AMP-PNP

poly(deA) poly(dA) poly(dT) poly(dl) poly(dC) poly(A) poly(U)  poly(C) eA(peA)ss
n 20+ 3 20+ 3 20+ 3 20+ 3 20+ 3 ND ND ND 20+3
KM™) (1.3+03)x 1P (6+£2)x 10° (1£05)x 10* (5£3)x 10* (1£0.3)x 10°P (6.5+2) x 10° (4+ 1) x 10* ~1® (9+£2)x 1(°
1) 35+1 6+3 <10 <10 5+ 3 <5 <5 ND 0.03+0.01
aND, not determined.
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FiGURE 4: a. Fluorescence titrations ofAl(peA)sowiththe DnaB  Figure 5: a. Fluorescence titrations ofAl(peA) 1 with the DnaB
helicase monitored by the relative increase of the nucleic acid protein monitored by the increase of the nucleic acid fluorescence
fluorescence in buffer T2 (pH 8.1, B€) containing 100 mM NaCl in buffer T2 (pH 8.1, 10°C) containing 100 mM NaCl and 1 mM
and 1 mM AMP-PNP at two different nucleic acid concentrations AMP-PNP, at four different nucleic acid concentrations (Oligo-
(Oligomer): @) 4.9 x 1077 M; (O) 3.4 x 10°% M. Solid lines are mer): @) 4.9 x 1077 M: (O) 1.5 x 1076 M: (CJ) 4.6 x 1076 M;
computer fits of the binding isotherms using the equation for the (m) 8.4 x 106 M. Solid lines are computer fits of the single binding
Iarge ligand binding to the short lattice (see eq 14) with intrinsic  sjte isotherm AF = AFmax [KaoPe/(1 + KaoPg)], with intrinsic
binding constantK, = 9 x 10 M~%, n = 20, cooperativity binding constank = 3 x 10/ M~ and AFma = 3.4. b. The
parameter = 0.03,AF, = 2.2, andAF, = 1.3. b. Dependence of  gependence of the relative increase of tha(@eA),o fluorescence

the increase of the et\(peA)s fluorescence upon the average ypon the average number of DnaB helicase hexamers bound per
number of DnaB helicase hexamers bound per oligomer (q) in oligomer. The absolute value of the average number of DnaB
different salt concentrationsMj 100 mM NaCl; (0) 196 MM NaCl.  helicase hexamers bound per oligomer has been determined using

The absolute value af has been determined using the thermody- the thermodynamically rigorous approach described in Materials
namically rigorous approach described in Materials and Methods. gnd Methods.

The solid line is the computer simulation of the dependenaegfs
upongq using independently determined binding and spectroscopic
parameters (eq 14K40 = 9 x 10° M~1, cooperativity parameter

o = 0.03,AF; = 2.2, andAF, = 1.3 for the binding of the DnaB
helicase to dA(peA)sg in buffer T2 (pH 8.1, 10°C) containing

Table 2: Intrinsic Binding Constad and Stoichiometry of the
DnaB Helicase Complexes with Different 20-mers in Buffer T2 (pH
8.1 10°C) Containing 293 mM NaCl and 1 mM AMP-PNP

100 mM NaCl and 1 mM AMP-PNP. deA(eA)19  dA(PA)e  dT(pThe dC(pCle
KM 45x10°  3x100 3x100 9x 10
change the determined stoichiometry of the DraE (pC)o stoichiometry ~ 1+0.1 1+0.15 1+0.15 1£0.15

complex. The observed increase of theA(peA)qq fluo-

rescence results from continuing the binding of the DnaB  The 1:1 stoichiometry of éA\(peA) 1o binding to the DnaB
protein to the etheno oligomer, after the saturation of dC- hexamer is not affected by anl17-fold increase of the
(PChso has been reached. The solid line in Figure 6b is the nucleic acid oligomer concentration (Figure 5a). Therefore,
computer simulation of the dependence of the observedif there are other weaker, functional binding sites, their
fluorescence increase upon the average number of DnaBaffinities must be at least100-fold lower than the affinity
hexamers bound per dC(p@)using the independently of the strong binding site. The17-fold increase of the 20-
determined binding constants for both the DraBA(peA) 19 mer concentration would detect such weak sites by showing
and DnaB-dC(pC)s complexes in the same solution condi- an increase in the stoichiometry of the complex. The
tions (Table 2). independence of the DnaB hexam@0-mer stoichiometry
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FIGURE 6: a. Fluorescence titrations ofA(peA) o with the DnaB
protein in buffer T2 (pH 8.1, 10C) containing 293 mM NaCl and

1 mM AMP-PNP in the presence of two different concentrations
of dC(pC)e: (O) 2.2 x 107 M; (O) 7.3 x 1077 M (Oligomer)
(lattice competition titrations). The titration okA(peA)1o alone

in the same buffer conditions is also includd®).(Solid lines are
computer fits of the binding isotherms, using equatddh= AF
[K20PH/(1 + K20PF)] to describe the binding of the helicase to the
reference oligomer,é\(peA)1q, With intrinsic binding constarzo
=4.5x 106 M~1, AF«= 3.2, and the equatiop= [KxP:/(1 +
K20Pe)] [where p is the average number of DnaB hexamer bound
per dC(pCje molecule] to describe the binding to the competing,
unmodified 20-mer, using;o = 9 x 10" M~1 (see Materials and

Jezewska et al.

4.0 T T

Relative Fluorescence Increase

Log[DnaB (Hexamer)]

Tolal

Ficure 7: Fluorescence titrations of poly@) with the DnaB
protein in buffer T2 (pH 8.1, 16C) containing 100 mM NaCl and

1 mM AMP-PNP in the presence of two different concentrations
of dA(pA)ie: (0) 5.5 x 107 M; (@) 1.7 x 10°® M (Oligomer)
(lattice competition titrations). The titration of poly@) alone in

the same buffer conditions is also includds).( Solid lines are
computer fits of the binding isotherms using the generalized
McGhee-von Hippel equation (eqgs 8 and 11) to describe the binding
of the helicase to polygh), with intrinsic binding constanK =

1.3 x 1P M~1, cooperativity parametap = 3.5, andAFyax =

3.5. The binding of the DnaB protein to dA(pA)has been
described using the equatipn= [K;oPe/(1 + KxoPg)] [wherep is

the average number of DnaB hexamers bound per dA@A)
molecule] with intrinsic binding constaii, =5 x 10 M~ (see
Materials and Methods and accompanying paper).

mined binding parameters for the DnaB hexarmeaoly(dcA)
interactions (Table 1; M. J. Jezewska and W. Bujalowski,
accompanying paper). The theoretical lines closely fit the
experimental isotherms. It is evident that both the polymer
and oligomer ssDNAs compete for the same binding site on
the DnaB hexamer.

Intrinsic Affinity and Cooperatiity of the Interactions of
the DnaB Hexamer With ssDNAIn order to obtain
estimations of the intrinsic affinity and cooperativity of the
DnaB hexamer binding to single-stranded DNA, the titration

Methods and accompanying paper). b. The dependence of theqrves of poly(dA) have been analyzed, using the site-

observed relative fluorescence increase @A(@eA)io upon the
average number of DnaB hexamers bound per dGgrGdlecule
(m). The average number of DnaB hexamers bound per dg{pC)

overlap model of McGhee and von Hippel, as defined by
generalized eq 8 (Bujalowski et al., 1989). The analysis has

has been determined, using the MCT method (M. J. Jezewska andoeen greatly facilitated by an independent determination of
W. Bujalowski, accompanying paper). The solid line is the computer the site-size of the DnaB helicasesDNA complexes,

simulation of the dependence of the observed fluorescence increas

upon the average number of DnaB hexamers bound per dg(pC)

using the independently determined binding constants for both the

DnaB—deA(peA)19 and DnaB-dC(pC)e complexes in the same
solution conditions (Table 2).

feaving only two interaction parameters, the intrinsic binding

constant,K, and the cooperativity parametes, to be
determined.

The solid lines in Figure 2a are computer best fits of the

upon nucleic acid concentrations indicates that the hexamerexperimental isotherms using egs 8 and 11. The obtained
has a single, strong binding site for ssSDNA that encompassegntrinsic binding constant of the DnaB hexamer binding to
20 nucleotides and that this site is used when the proteinpoly(deA) in buffer T2 (pH 8.1, 10°C) containing 100 mM

binds polymer ss nucleic acid. To further examine this point,

NaCl and 1 mM AMP-PNP is k= (1.3+ 0.3) x 1° M1

we performed studies of the competition between polymer and the cooperativity parameteris= 3.5+ 1. The intrinsic

ssDNA and 20-mer for the binding to the DnaB hexamer.

Fluorescence titrations of polyd) with the DnaB helicase
in buffer T2 (pH 8.1, 10°C) containing 100 mM NacCl and
1 mM AMP-PNP at two different dA(pA) concentrations
are shown in Figure 7.

binding constants and cooperativity parameters for different
single-stranded homopolymers are included in Table 1.
Among the studied polynucleotides, the data indicate a
significant DnaB helicase preference for poly(dA). In the

In the presence of 20-mer, the standard solution conditions used in this work (50 mM Tris

binding isotherms are shifted toward higher DnaB protein pH 8.1, 10°C, 100 mM NaCl, 5 mM MgG, 1 mM AMP-
concentrations. The data show that the oligomer competesPNP) binding to poly(dA) is characterized by the intrinsic

very effectively with polymer ssDNA. The solid lines in

binding constantK = (6 &£ 2) x 10° M™%, which is

Figure 7 are computer fits of the DnaB helicase binding to comparable to the intrinsic affinities of single-strand binding

poly(dkA) (egs 8 and 11), in the presence of dA(pf)

proteins in corresponding solution conditions (Overman et

competing for the same single binding site on the protein al., 1988; Kowalczykowski et al., 1981). The lowest intrinsic

hexamer, usindK,o = (5 & 1) x 10 M~ for the 20-mer

affinity is observed with poly(dT)K = (1 + 0.5) x 10

binding to the DnaB protein and the independently deter- M~1, Table 1].
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Ficure 8: Fluorescence titrations of poly@) with the DnaB 0.9
protein in buffer T2 (pH 8.1, 10C) containing 1 mM AMP-PNP, b ' ‘ '
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146 mM; ©) 195 mM; @) 255 mM. Solid lines are computer fits 06) 4
of the binding isotherms using the generalized McGhem Hippel i % {

equation (egs 8 and 11; see text for details).

031

Logw

Binding constants for different DnaB protet20-mer :
complexes in buffer T2 (pH 8.1, 1) containing 293 mM ol o .
NaCl and 1 mM AMP-PNP are included in Table 2.
Although both polymer and oligomer nucleic acids bind to -0.3 . . s ;
the same binding site, the oligomer affinity is much higher 1.4 -1.2 -1 -0.8 -0.6 -0.4
when compared to the corresponding polymeric ssDNA. Log[NaX]
MO.St prob_ably this ref!eCtS. preferentigl interaptions of the Ficure 9: a. The dependence of the intrinsic binding conskant
helicase with the nucleic acid ends (Bujalowski & Jezewska, for the binding of the DnaB helicase to polyf) upon NaCl @)
1995). The significant contribution of the nonspecific end and NaBr [0) concentrations in solution (legog plots) in buffer
effect could also be a reason that, contrary to the polymer T2 (pH 8.1, 10°C) containing 1 mM AMP-PNP. b. Loglog plot

ssDNA, there is a much less pronounced difference in the O]E me gep%nﬁelrlce oftthe ﬁogﬁp)erativi%pérlamgtﬁnréhe bindintg
L . : of the DnaB helicase to polyéd) upon NaCl and NaBr concentra-

aff”?'t'els among different .Ol'gomers (Table 2). tion in solution in buffer T2 (pH 8.1, 10C) containing 1 mM

Binding of the DnaB helicase to poly{4), poly(dA), and AMP-PNP. The values of the slopes (solid lines) of the linear parts

poly(dC) is characterized by very low cooperativity with of the plots, in the high salt concentration range, are indicated in
=3.5+ 1,6+ 3, and 5+ 3, respectively (Table 1, and M.  the figure.

J. Jezewska and W. Bujalowski, accompanying paper). Theaffinity of the protein-nucleic acid complex at higher salt
similar low value ofw for different nucleic acids suggest concentrations. The macroscopic affinity is a complex
that the cooperativity is base independent. Determination function of the two processes, the intrinsic binding and
of the cooperativity in the DnaB helicase binding to polymer cooperative interactions characterized by the intrinsic binding
ssDNA requires significant saturation of the nucleic acid constant, K, and the parameterp, respectively. The
lattice which is very difficult if the affinity is low. Insuch  dependence of the logarithm of the intrinsic binding constant
cases only an approximate estimation can be made. Theupon the logarithm of [NaCl] (loglog plot) is shown in
estimated upper limit ab for poly(dT) and poly(dl) is<10 Figure 9 (closed squares). The plot is clearly nonlinear.
(Table 1). The independence @fupon the type of nucleic  Below ~100 mM NaCl the slop@ log K/ log [NaCl] is 0
acid base suggests that it primarily characterizes very weak+ 0.5, although we systematically obtained a slightly higher
protein—protein interactions between two bound hexamers. value of the intrinsic binding constant at 100 mM NaCl when
At higher salt concentrationg becomes even lower (see compared to 50 mM NaCl. This suggests an ion uptake
next section). Additional information about cooperative accompanying the formation of the complex (Figures 8 and
interactions between two DnaB hexamers bound to ssDNA 9). Above 100 mM NaCl the intrinsic affinity dramatically
can be obtained by studying the protein binding to nucleic decreases, indicating that the intrinsic binding process is
acid oligomers. The solid lines in Figure 4a are computer accompanied by a net release of ions. At high salt
fits of the experimental isotherms of the DnaB protein concentrations, the linear part of the plot is characterized by
binding to dtA(peA)sg, Using eq 14, with intrinsic binding  the 3 log K/d log [NaCl] = —1.9 + 0.7, suggesting that a
constants = 9 x 10° M™%, cooperativity parameten = minimum of 2 ions are released upon the complex formation.
0.03, AF; = 2.2, andAF, = 1.3. Thus, the binding is  Essentially, the same salt dependence is observed in the
characterized by negative cooperativity which is also indi- presence of NaBr, although, there is clearly an anion effect,
cated by the biphasic character of the isotherm (Figure 4a)since the intrinsic binding constant is lower by a factor of
(Bujalowski & Jezewska, 1995). ~2 in the presence of NaCl (Figure 9a).

Salt Effect on Intrinsic Affinity and Cooperatiy of the Figure 9b shows the dependence of the cooperativity
DnaB Helicase Binding to ssDNAFluorescence titrations  parameterg, on [NaCl] and [NaBr]. As in the case of the
of poly(deA) with the DnaB helicase in buffer T2 (pH 8.1, intrinsic affinity, the value ofw is slightly affected by
10 °C) containing 1 mM AMP-PNP and different NaCl increasing the salt concentration up to 100 mM NacCl or
concentrations are shown in Figure 8. As the salt concentra-NaBr. However, above 100 mM [NaCllp decreases
tion increases, the isotherms shift toward higher total DnaB significantly and the linear part of the plot at high salt
protein concentrations, indicating a decreasing macroscopicconcentrations is characterized byog w/d log [NaCl] =
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Ficure 10: Fluorescence titrations otA(peA)so with the DnaB
protein in buffer T2 (pH 8.1, 10C) containing 1 mM AMP-PNP ' T ' T
at the following different NaCl concentrationsl) 50 mM; @) a2l % _

100 mM; @) 147 mM; ©) 195 mM; (#) 255 mM. Solid lines are
computer fits of the binding isotherms, using the statistical

thermodynamic model of a large ligand binding to a short -1.6] * .
homogeneous lattice which can accommodate only two ligand
molecules (eqgs 13 and 14; see text for details).

Logm
N
w

—2.2+ 0.8, indicating the net release sR ions due to the

cooperative interactions. Because of the low affinity, the
estimation ofw in the presence of NaBr is very difficult at s : . .
higher salt concentrations. Nevertheless, the-log plot a2 ! 08 06 04

suggests that a net release~d ions accompanies coopera- Log[NaCl}
tive interactions. Ficure 11: a. The dependence of the intrinsic binding constant

Mot ; K40 for the binding of the DnaB helicase teApeA) 39 upon NaCl
h Ilz_luoregcke)n?re Ell_tzrat'?_'ng 1Offé(p€A)39. W'thlthﬁ:vl iR/?PB concentration M) (log—log plots) in buffer T2 (pH 8.1,10C)
elicase in buffer T2 (pH 8.1, 1TC) containing 1 m ~  containing 1 mM AMP-PNP. b. Loglog plot of the dependence

PNP and different NaCl concentrations are shown in Figure of the cooperativity parameten for the binding of the DnaB

10. Inspection of the isotherms shows that the macroscopichelicase to éA(peA)ss upon NaCl concentratioril) in buffer T2
affinity of the second hexamer is affected to a greater extent (PH 8.1, 10°C) containing 1 mM AMP-PNP. The values of the
than the binding of the first DnaB molecule, indicating that 2'(§’npce;n$§tlig n"p;% ec”f;?: i'ggjei?;tggr}ﬁ ?hf ék}iegglrcét.s, in the high salt
the negative cooperativity between the bound hexamers

increases with increasing salt concentrations. At high saltlog [NaCl] = —3.7 £ 0.5 andad log K»¢/d log [NaBr] =
concentrations the isotherm separates into two well-defined —3.4 £ 0.5. The values of both slopes indicate that there is
binding steps. The dependence of the intrinsic binding a net release 0f~3—4 ions upon the complex formation
constant,K4o, and cooperativity parametety, on NacCl which is higher than the number of ions released in the case
concentration is shown in Figure 11. Although, the binding of poly(deA) and dcA(peA)so. It should also be noted that,
constantK,g is approximately 2 orders of magnitude larger although the slopes are quite similar, there is an anion effect
than the one characterizing the DnaBoly(deA) complex on the interactions reflected in the intrinsic binding constant,
(see above), the dependence of the intrinsic binding processwhich is lower by a factor of-2 in the presence of NaBr,

on the salt concentrations is quite similar, with the linear when compared with the binding constant in the analogous
part of the plot at high salt concentrations characterized by NaCl concentrations (see Discussion).

the sloped log K/d log [NaCl] = —1.9 + 0.6. Similarly, Interactions of the DnaB Helicase with Polyribonucle-
although the value ab is much lower than the one obtained otides. To assess the role of the sugahosphate backbone
for the polymer, the salt effect on the negative cooperativity in the DnaB helicasess nucleic acid interactions, we
between the two hexamers is characterized by the slope performed studies of the DnaB protein binding to ho-

-2.41

log w/d log [NaCl] = —2.3 + 0.7, which is, within mopolyribonucleotides, using the MCT method (Materials
experimental accuracy, the same as obtained for peh)(d and Methods, accompanying paper).
Salt Effect on DnaB HelicasedeA(peA)o Interactions. Fluorescence titrations of polyd) with the DnaB

Fluorescence titration curves ofAl(peA)1o with the DnaB helicase in buffer T2 (pH 8.1, 18C) containing 100 mM
protein in buffer T2 (pH 8.1, 18C) containing 1 mM AMP- NaCl and 1 mM AMP-PNP, in the presence of competing
PNP and different NaCl concentrations are shown in Figure poly(A) and poly(U), are shown in Figure 13. The reference
12a. Due to the much higher affinity, we were able to titration curve of only poly(éA) in the same buffer condi-
monitor the binding up te~400 mM NaCl. Thereis aslight tions is also included. For easy comparison, the titrations
decrease of the maximum of the fluorescence increase atwere performed at the same concentrations of the studied
saturation, from 3.4 at 50 mM to 3.2 at 390 mM NacCl. The polyribonucleotides [1 mM, (Nucleotide)]. The interactions
solid lines in Figure 12a are computer fits to a single-site of the DnaB with polyribonucleotides depends on the type
binding model, with the two fitting parameters, the intrinsic of nucleic acid base; however, this dependence is different
binding constant{,o, and the maximum relative fluorescence than in the case of polydeoxynucleotides. Poly(U) shows
increase AFnax Figure 12b shows the dependence of the the highest affinity followed by poly(A) and poly(C). The
deA(peA) 10 binding constant on NaCl and NaBr concentra- intrinsic binding constants are @ 2) x 10 M1, (6.54 2)
tions (log-log plot). The linear parts of the plots at high x 10® M1, and~10? M~ for poly(U), poly(A), and poly-
salt concentrations are characterized by the slopes K,o/d (C), respectively (see Table 1). These affinities are32
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Ficure 12: a. Fluorescence titrations ofA(peA) 1o with the DnaB
protein in buffer T2 (pH 8.1, 10C) containing 1 mM AMP-PNP

at the following different NaCl concentrationsl 100 mM; )

193 mM; ©) 293 mM; @) 390 mM. Solid lines are computer fits
of the binding isotherms, using equatifr = AFmax [K2oPH/(1 +
K20PF)] to describe the binding of the helicase to the oligomer, using
AFmax = 3.4 for the titrations at 50 mM and 100 mM NacCl and
AFmax = 3.2 for the titrations at 293 and 390 mM NacCl. b. The
dependence of the intrinsic binding constdt, of the DnaB
helicase-deA(peA)19 complex upon NaCl M) and NaBr [)
concentrations (loglog plots) in buffer T2 (pH 8.1, 10°C)
containing 1 mM AMP-PNP. The values of the slopes (solid lines)
of the linear parts of the plots in the high salt concentration range
are indicated in the figure.

orders of magnitude lower than the affinities for the
corresponding polydeoxyribonucleotides (Table 1, see Dis-
cussion). Due to the low affinity, only approximate estima-
tions of the cooperativity in the DnaB helicase binding to
polyribonucleotides can be obtained, providing < 5.
Figure 13 shows computer fits of the binding of the DnaB
helicase to poly(éA) in the presence of competing poly(U)
and poly(A). The binding of the helicase to polyf) is
described by the generalized McGheamn Hippel model
(egs 8 and 11), and the binding to poly(U) and poly(A) is
described by the Epstein combinatorial theory (M. J. Jezew-
ska and W. Bujalowski, accompanying paper).
Photo-Cross-Linking dT(pTg dT(pT}s and dT(pTdo to
the DnaB Helicase HexamerUV irradiation is a widely
used method for studying the structure of protemucleic
acid complexes (Williams & Konigsberg, 1991). Irradiation
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Ficure 13: Fluorescence titrations of poly@) [2 x 105 M
(Nucleotide)] with the DnaB protein in buffer T2 (pH 8.1, 1G)
containing 100 mM NaCl and 1 mM AMP-PNP, in the presence
of poly(U) (O) and poly(A) @) (lattice competition titrations). The
titration of poly(ckA) alone in the same buffer conditions is also
included ®). The concentrations of each polyribonucleotide is 1
mM (Nucleotide). Solid lines are computer fits of the binding
isotherms using the generalized McGh&en Hippel equation (eqs

8 and 11) to describe the binding of the helicase to pekx{dwith
intrinsic binding constanK = 1.3 x 10° M~1, cooperativity
parametew = 3.5, andAFy.x = 3.5. The binding of the DnaB
protein to polyribonucleotides has been described by the Epstein
combinatorial theory (M. J. Jezewska and W. Bujalowski, ac-
companying paper) using intrinsic binding constakts= 6.5 x
10°and 4x 10* M~ n = 20, and cooperativity parameter= 3

for poly(A) and poly(U), respectively.

helicase-ssDNA complex, efficiently cross-links with only

a single subunit of the hexamer (Bujalowski & Jezewska,
1995). We performed photo-cross-linking experiments of
the DnaB-dT(pT)e complex parallel to our thermodynamic
binding studies at different solution conditions. Figure 14a
shows the autoradiogram of the SDS polyacrylamide gel of
the DnaB-(dT),o complex after irradiation in buffer T2 (pH
8.1, 10°C) containing 100 mM NaCl and 1 mM AMP-PNP
at different nucleic acid concentrations. Only a single
radioactive band appears on the gel, at the molecular weight
of ~58 000, corresponding to the DnaB monom@iT ),
complex. The same result is obtained at different salt
concentrations (data not shown) indicating that, indepen-
dently of the solution conditions, a single subunit efficiently
photo-cross-links with 20-mer. Due to the increased irradia-
tion time (30 min) a slight, additional protein band appears
at the molecular weight £150 000 on Coomassie Brilliant
Blue stained gels, indicating limited photo-cross-linking
between DnaB subunits (Figure 14b,d). Because no corre-
sponding radioactive bands are visible on autoradiograms
of the same gels (Figure 14a,c) the intersubunit photo-cross-
linking must occur between several protomers of the hexamer
not involved in the ss nucleic acid binding.

The photo-cross-linking results of the DnaB hexamer
(dT)20 complex indicate that only a limited set of subunits
of the hexamer, and most probably only one, is engaged in
interactions with ssDNA (Figure 14a). To further address
this point, we have performed photo-cross-linking experi-

produces covalent linkage between nucleic acid bases andnents with oligomers dT(p%) and dT(pT}e, which are

amino acid residues. The reaction is believed to occur

significantly longer than the determined site-size of the

through free-radical mechanisms between photo-excitedhelicase-ssDNA complex. Figure 14c shows the autorad-
nucleic acid bases and the amino acid residues which are iniogram of the SDS polyacrylamide gel of the Dnaf5'-

very close proximity and to produce “zero-length” cross-
linking with minimal perturbation to the studied protein

nucleic acid complex. Among the nucleic acid bases,
thymine is by far the most reactive in the photo-cross-linking
reactions. Previously, we have shown that the oligomer dT-
(PThe, which exactly spans the site-size of the DnaB

32P]-(dT )0, DnaB—-[5'-32P]-(dT)s, and DnaB-[5'-32P]-(dT )0
complexes. The concentration of each nucleic acid is kept
constant, and the concentration of the helicase varies. First,
in all cases, only a single principal radioactive band is visible.
Second, each radioactive band is shifted toward a higher
molecular weight, with the increased molecular weight of
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FicURE 14: a. Autoradiogram of the SDS polyacrylamide gel electrophoresis of the DnaB prffiefiP]-(dT),o complexes, after UV-
mediated cross-linking of the nucleic acid to the helicase, in buffer T2 containing 100 mM NaCl and 1 mM AMP-PNP. Lane 1 shows
[5'-32P]-(dT) alone, and lane 2 shows the control sample which is a nonirradiated mixtur&8&P[dT)o = 1 x 1076 M (Oligomer)

with [DnaB] = 1 x 1078 M (Hexamer). In Lanes 310, the concentration of the protein was kept constant ([DraB] x 106 M) and

the concentration of the [82P]-(dT), was varied: lane 3, X 10~7 M (Oligomer); lane 4, 2x 1077 M; lane 5, 5x 10~7 M; lane 6, 1x

106 M; lane 7, 2x 1078 M; lane 8, 5x 1076 M; lane 9, 8x 1076 M; lane 10, 1.3x 105 M. b. The same polyacrylamide gel as shown

in 1a, aligned exactly with an autoradiogram and stained with Coomassie Brilliant Blue. Lane 0 contains molecular weight markers. c.
Autoradiogram of the SDS polyacrylamide gel electrophoresis of DnaB prdteii2P]-(dT), DnaB protein-[5'-32P]-(dT)s, DnaB protein-
[5'-32P]-(dT);0 complexes, after UV-mediated cross-linking of the nucleic acid to the helicase in buffer T2 containing 100 mM NacCl and
1 mM AMP-PNP. Lanes 1, 6, and 11 show-f3P]-(dT)o, [5'-32P]-(dT)ss, and [3-32P]-(dT), alone; lanes 2, 7, and 12 show the control
samples which are the nonirradiated mixtures 6f3fB]-(dTho = 3 x 10°® M (Oligomer) with [DnaB]= 3 x 10°® M (Hexamer), [5
32P]-(dT)s = 1 x 107% M (Oligomer) with [DnaB]= 1 x 1076 M (Hexamer), and [5%2P]-(dT);o = 1 x 106 M (Oligomer) with [DnaB]

=1 x 1075 M (Hexamer). In lanes-35, the concentration of the '82P]-(dT),o was kept constant (X 10-¢ M) and the concentration of

the protein was varied: lane 3, 3:81077 M; lane 4, 6x 1077 M; lane 5, 3x 1076 M. In lanes 710, the concentration of the '[5?P]-

(dT)se was kept constant (¥ 10-% M) and the concentration of the protein was varied: lane 8, ¥x2%~7 M; lane 9, 2x 10~ M; lane

10, 1 x 1078 M. In lanes 13-15 the concentration of the '[8?P]-(dT);o was kept constant (kX 10~ M) and the concentration of the
protein was varied: lane 13, 1.25610°7 M; lane 14, 2x 1077 M; lane 15, 1x 10°8 M. d. The same polyacrylamide gel as shown in c,
aligned exactly with the autoradiogram and stained with Coomassie Brilliant Blue. Lane 0 contains molecular weight markers.

the nucleic acid in the complex. The bands are located atlarger than the site-size of the helicaseicleic acid complex,

apparent molecular weights58 000,~70 000, and-75 000, only a single subunit of the hexamer predominantly cross-
corresponding very closely with the expected molecular links with the ssDNA.
weight of the DnaB monomet(dT),,, DnaB monomer Sedimentation Velocity Studies of the DnaB Heliease

(dT)ss, and DnaB monomer(dT)7o complexes, respectively.  ssDNA ComplexesAnalytical ultracentrifuge experiments
It is evident that even with the ssDNA oligomers, much can provide independent information about the stoichiometry
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: sedimentation studies show that the DnaB hexamer fully
preserves its hexameric structure in the complex with the
ssDNA 20-mer (data not shown). After the fast moving
boundary reached the cell bottom, the sedimentation run was
continued at 60 000 rpm (dashed lines). Notice, during the
sedimentation process the boundary of the complex migrates
in the region of constant free 20-mer concentratieivK,g
(Table 2), thus assuring that the enzyme is always saturated
with the nucleic acid. At 495 nm one monitors exclusively
the concentration of the 20-mer. Comparison of the con-
tributions of the slow and fast moving boundaries to the total
absorption of the sample shows that 55% of the total nucleic
acid concentration migrated in the fast moving boundary
(Figure 15a). From the known total concentration of the
DnaB helicase in the sample, the stoichiometry of the
complex is calculated to be 0.95 0.05 which is identical

to the stoichiometry of the DnaB20-mer complex inde-
pendently determined by the rigorous fluorescence titration
technique (see above). These results also directly establish
that the DnaB hexamer is the species which binds ssDNA.

Sedimentation velocity profiles of the mixture of the DnaB
Sedimentation ——> helicase and'Sluorescein-(dT)o, in buffer T2 (pH 8.1, 20
Ficure 15: a. Absorption profiles at 495 nm of the sedimentation °C) containing 100 mM NaCl and 1 mM AMP-PNP, in the
‘t;e'f?gritgu(”sHoé ff'lzlgjg?‘:gg;(q;ﬁo_?ggBml?\;OF\le;”CICgm dplfxn:rl\l/l 3:1 molar excess of the enzyme over the nucleic acid are
u . ainin n H H
AMP-PNP,pat 1.9:1 molar excessgof the nucleic acid over the SHOWN in Figure 15b. Because the [DnaB] 1/Kz, all
enzyme (8 min time interval). The concentration of the Dnap Nhucleic acid should be complexed with the helicase. As a
hexamer is 3.1x 106 M, and the concentration of the'-5 result, only a single boundary of the complex is observed
fluorescein-(dT) is 5.84 x 10°° M (Oligomer). Solid lines are  throughout the entire sedimentation process, with a sedi-
initial scans of the samples performed at 30 000 rpm. Dashed lineswentation coefficient 0fw = 12.3+ 0.2. This value,

are scans of the sample performed at 60 000 rpm, after the fast_ .., . . . .
moving boundary reached the bottom of the cell. The initial part tW'thm experimental accuracy, is the same as the one obtained

of the last scan indicates the location of the base line. b. Absorption in €xperiments where the molar excess of the nucleic acid

profiles at 495 nm of the sedimentation velocity run df 5 was applied (Figure 15a).

fluorescein-(dT)—DnaB protein complex, in buffer T2 (pH 8.1, i i i

20°C) containing 100 li NaCland 1 mM .AMP.-PNP, at3:1 molar Dr;r;l??— S:&Igin’ffglog,_goemmen.t _Og_lt_he . te”?a“.’f. Corrt1|plex,

excess of the DnaB protein over the nucleic acid. The concentration ~. ( )y uorescein ( % is Signiicantly

of the DnaB hexamer is 8.88 10~ M and the concentration of  higher (~17%) than the sedimentation coefficient of the free

the B-fluorescein-(dT) is 2.92x 106 M (Oligomer); 8 min time enzyme §o.= 10.5+ 0.3) in the same solution conditions

interval; 30 000 rpm. (Bujalowski et al., 1994). This is in spite of the fact that
the bound nucleic acid and the bound AMP-PNP constitute

and structure of the DnaBssDNA complex (Tanford, 1961).  gnly ~3% of the molecular weight of the protein hexamer.

However, the analysis of the sedimentation absorption Thjs |arge change of hydrodynamic properties of the helicase

profiles of the proteir-nucleic acid mixture is difficult  a550ciated with the ternary complex formation indicates that,

because both macromolecules absorb in the same UV regionj, the complex, the enzyme undergoes dramatic conforma-

In order to be able to monitor only one component, We tional changes which encompass all six subunits of the
performed the sedimentation experiments with the dT{pT) nexamer.

oligomer labeled specifically at its%&nd with fluorescein
[5'-fluorescein-(dT))]. Binding affinity (Kx) of this oligo- DISCUSSION
mer to the DnaB helicase is essentially the same as the
affinity of the parental dT(pT) (Table 2, M. J. Jezewska Stoichiometry of the DnaB HelicasesDNA Complex Is
and W. Bujalowski, manuscript in preparation). Independent of the Type of Nucleic Acid Base and Salt
The sedimentation velocity profiles (monitored at 495 nm) Concentration. The physiological role of the DnaB helicase
of the DnaB helicase5'-fluorescein-(dT) complex at 1.9:1 is strictly related to the ability of the enzyme to interact with
molar ratio of the nucleic acid over the helicase hexamer in s and dsDNA under ATP control. Yet, little is known about
buffer T2 (pH 8.1, 20°C) containing 100 mM NaCl and 1 the quantitative molecular mechanism of the hexameric
mM AMP-PNP are shown in Figure 15a. The concentrations replicative helicasenucleic acid interactions. In this com-
of the enzyme and the nucleic acid were selected to providemunication, we provide extensive quantitative studies of the
stoichiometric binding (Table 2). The sedimentation run has stoichiometry, free energy of binding, cooperativity, structure,
been initially performed at 30 000 rpm (solid lines). There and the effect of solution conditions (salt) on the DnaB
are clearly two independently moving boundaries. The slow hexamer interactions with ss nucleic acids.

Absorption (495 nm)

Sedimentation — >

Absorption (495 nm)

moving boundary has a sedimentation coefficiens,gf, = Quantitative studies of the interactions of the DnaB protein
1.4+ 0.2 which is the value of the freé-Buorescein-(dT). with ssDNA are greatly facilitated by the finding that binding
The fast moving boundary containsfiuorescein-(dT) in of the protein to the fluorescent etheno analog of poly(dA),

the complex with the DnaB helicase and has a sedimentationpoly(deA), is accompanied by a strong increase of nucleic
coefficient ofs,ow = 12.2+ 0.3. Independent equilibrium  acid fluorescence (Figure 1; Bujalowski & Jezewska, 1995).
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At the excitation wavelength appliedcf = 325 nm), only ~17-fold increase of the oligomer concentration does not
ethenoadenosine is excited. Thus the observed increasehange the 1:1 stoichiometry of the complex (Figure 5a),
results from an increase of the quantum yield of the nucleic indicating that the hexamer has a single, strong binding site
acid in the complex with the helicase. The fluorescence of for ssSDNA. Although linear dependence of the pobAdl
€A is dramatically quenched {8L0-fold) in etheno oligomers  fluorescence upo} v; strongly indicates that a single type
and poly€A) as compared to freeAMP (Tolman et al., of complex is formed between DnaB and polid, it is
1974; Baker et al., 1978; Kubota et al., 1983). Stacking still possible that some weak sites could participate in the
interactions between neighboringh bases is similar to  binding of the DnaB hexamer to polymer ssDNA. This
stacking interactions in unmodified adenosine polymers possibility can be tested by competition binding experiments
(Baker et al., 1978). A dynamic model in which the motion between the polymer ssDNA and the 20-residues long
of €A leads to quenching via intramolecular collision has oligomer and photo-cross-linking studies with ssDNA oli-
been proposed as a predominant mechanism of the observedgomers of different lengths (see below). Fluorescence
strong quenching (Baker et al., 1978). Increased viscosity titrations of poly(¢A) with the DnaB helicase in the presence
of the solvent leads to a decreased base mobility and partiallyof dA(pA)ie show that the oligomer competes very efficiently
eliminates the fluorescence quenching. with poly(deA). Also computer simulations of the competi-
The observed strong increase of the etheno derivativetion between poly(éA) and 20-mer for the same binding
oligomers and poly(€?) upon binding to the DnaB helicase site using independently determined binding parameters for
may result from significantly restricted mobility of the the polymer and oligomer fit the experimental isotherms
nucleic acid bases in the complex with the enzyme. Indeed,remarkably well. Thus, the results obtained indicate that both
our preliminary data show a strong increase of the fluores- nucleic acids compete for the same binding site or, in other
cence anisotropy of ed\(peA)19 in the complex with the  words, that the same binding site that encompasses 20
DnaB protein (M. J. Jezewska and W. Bujalowski, ac- nucleotides is used when the DnaB hexamer binds to polymer
companying paper). It is possible that a similar, strong or oligomer ssDNA.
increase of the fluorescence of the etheno derivatives of In their pioneering studies of DnaB proteissDNA
DNA, in the complex with the DnaB helicase, will also occur interactions, Arai and Kornberg (1981b) suggested, on the
upon the binding of other helicases, hence allowing the basis of the Scatchard plot of the binding of (diT{p the
determination of equilibrium interaction parameters in solu- DnaB protein which was obtained using filter binding assay
tion with both polymer and oligomer nucleic acids. experiments, that there must be at least four equivalent
Quantitative analysis of the binding of the DnaB hexamer binding sites for sSDNA on the DnaB hexamer. They also
to a fluorescent etheno derivative ssDNA has been per-suggested, on the basis of nuclease digestotection
formed, using the approach which allowed us to determine experiments, that the site-size of the complex probably
the thermodynamically rigorous binding parameters without encompasses a stretch 680 nucleotides. However, it
assuming the relationship between the observed signalshould be pointed out that the resolution in their nuclease
(fluorescence in this case) and the degree of lattice saturationdigestior—protection experiments was low, with ssSDNA
(Bujalowski & Jezewska, 1995). The analogous, rigorous fragments ranging from 15 to 80 nucleotides in length.
MCT method described in the accompanying paper, has beerMoreover, the filter binding assay is a nonequilibrium
applied to determine the binding parameters for nonfluores- technique which may lead to significant perturbation of the
cent, unmodified ssDNA. Both direct binding studies of the studied equilibrium making a quantitative evaluation difficult.
DnaB helicase interactions with etheno derivatives of sSSDNA It should also be remembered that these early studies were
and competition experiments with unmodified, nonfluores- performed when the exact concentration of the DnaB protein
cent polymeric and oligomeric ss nucleic acids, in different could not be determined. Using thermodynamically rigorous
solution conditions, show that the DnaB helicase binds equilibrium fluorescence titration methods we have estab-
ssDNA with the stoichiometry of 2& 3 nucleotides per  lished that the site-size of the DnaB helicassDNA
hexamer. Thus, the stoichiometry of the complex is inde- complex is only 2Gt 3 nucleotides and that there is a single,
pendent of the type of nucleic acid base, as well as salt strong binding site for SSDNA on the hexamer.
concentrations and type of salt. These results are particularly Only a Limited Set of Subunits of the DnaB Hexamer Is
important in light of the suggestion that the DnaB hexamer Predominantly Engaged in Interactions with ssDN8®ur
forms a specific complex structure with some ss polynucle- hydrodynamic studies indicate that in the DnaB hexamer the
otides, especially poly(dT) (Arai & Kornberg, 1981b). Our protomers form a cyclic structure with each protomer having
thermodynamic and sedimentation velocity studies of the contact with only two other subunits (Bujalowski et al.,
DnaB—dT(pT)s interactions show that the oligomer com- 1994). Recent electron microscopy studies also show the
petes for the same binding site witkA{pecA)1s and that cyclic structure of the DnaB hexamer, with each subunit in
the oligomer binds the helicase with a 1:1 stoichiometry, contact with only two of its neighbors (San Martin et al.,
which is the same as the stoichiometry of the complex of 1995). Estimation of the distance of 380 A between the
the helicase with any other 20-mer (Table 2, Figure 15a). centers of mass of neighboring subunits suggests that the ss
Using the MCT method, we performed additional binding nucleic acid of 20 nucleotides in length is just long enough
studies of the DnaB helicase to dT(gdand dT(pTye (data to contact only one or two subunits (Bujalowski & Jezewska,
not shown). Two and three DnaB hexamers bind to the 40- 1995). The additional insight in the number of subunits
mer and the 70-mer at saturation, in excellent agreement withinvolved in the ssDNA binding can be obtained by studying
the stoichiometries determined with other ss polynucleotides the photo-cross-linking of the ssDNA oligomers of different
in this work. lengths to the DnaB hexamer. We have previously shown
DnaB Hexamer Has a Single, Strong ssDNA Binding Site. that at lower salt concentrations the oligomer dT¢gT)
Binding experiments with €A(peA)1s show that even an  efficiently cross-links with the DnaB protein (Bujalowski &



Replicative HelicasessDNA Interactions Biochemistry, Vol. 35, No. 7, 1996143

Jezewska, 1995). The results shown in Figure 14a indicatesuggests that some of the released ions originate from the
that, independently of the increasing concentration of dT- protein (Record et al., 1976). This conclusion is further
(pT)e, Only a single radioactive band appears on the SDS supported by the clear difference between @hd Br in
polyacrylamide gel around the molecular weight-&#8 000, affecting the intrinsic affinity and cooperative interactions.
corresponding with the expected molecular weight of the dT- However, it should be mentioned that because of the presence
(PT)he—DnaB monomer complex. These results do not of multiple components in solution, the studied system is
change upon increasing the [NaCl] up to 390 mM, the highest extremely complex. A strong decrease of the intrinsic
salt concentration studied (data not shown). Itis still possible binding constant of the DnaB proteimucleic acid complex,
that, in the case of a longer ssDNA, another subunit may independently of the length of nucleic acid, occurs around
become involved in the nucleic acid binding. We performed 100 mM NaCl and NaBr and suggests that the ions are
photo-cross-linking studies of the DnaB protein complexes released from the binding sites which are characterized by
with oligomers dT(pTgs and dT(pT)e. In both cases, only  the affinity constant of at least 20™ The higher number
a single, major radioactive band, located around the molec-of released ions~3—4) in the binding of 20-mer to the
ular weight and corresponding very closely with the expected DnaB protein is rather surprising (Figure 12). Due to its
molecular weight of the DnaB monomess oligomer oligomeric nature, the thermodynamic degree of cation
complex, is observed (Figure 14c). Clearly, even in the binding to this nucleic acid should be lower, when compared
presence of ssDNA significantly longer than the site-size of to the polymer ssDNA and the 40-mer (Olmsted et al., 1989).
the complex, only a single subunit of the hexamer is primarily On the other hand, if the released ions mainly originate from
engaged in interactions with the ss nucleic acid. the protein, the larger number of released ions may result
Intrinsic Affinity of the DnaB Proteinrss Nucleic Acid from the detected differences between the DraBlymer
Interactions Depends upon the Type of Nucleic Acid Base ssDNA and the DnaB20-mer complexes, as expressed by
and Salt ConcentrationThere is a significant difference in  a much higher affinity 2 orders of magnitude) of the 20-
the intrinsic affinity of the DnaB helicase for ssDNA, mer for the ssDNA binding on the enzyme, when compared
differing by the type of base. In interactions with the to the longer nucleic acids.
polymer ssDNA, the enzyme shows the highest affinity for ~ Binding of the DnaB helicase to ssDNA is characterized
poly(dA) and the lowest affinity for poly(dT) which would by a very low value of the cooperativity parameterwhich
suggest an important contribution of the base in sSDNA becomes even lower at high salt concentrations (Table 1,
binding (Table 1). On the other hand, the affinities of the Figures 9 and 11). The low value efand its independence
DnaB helicase toward the polyribonucleotides, including upon the type of nucleic acid base suggests that it character-
poly(A), are dramatically lower when compared with the izes weak interactions between bound DnaB hexamers.
polydeoxyribonucleotides, suggesting that the sugar Comparison with other replicative helicases is difficult
phosphate backbone provides a significant contribution to because, to our knowledge, no quantitative data on the
the intrinsic free energy of binding. However, both contri- interactions of a replicative helicaspolymer ssDNA are
butions do not seem to be simply additive, as indicated by yet available for other enzymes. However, the fact that the
a much lower affinity of poly(A), when compared to poly- DnaB hexamer is not able to form long protein clusters, when
(V) (Table 1). The obtained data suggest that the affinity bound to ssDNA, may reflect a general aspect of the
of polydeoxyribonucleotides results from the complex in- functioning of a replicative helicase (Bujalowski & Jezewska,
terplay between two elements, the deoxyribose of the sugar 1995). The initiation of the replication from a specific site
phosphate backbone and the base. (oriC) and the processive unwinding of the dsDNA at the
It has been suggested that, partly due to its very low junction between ss and dsDNA in the replication fork does
affinity toward ssDNA, the DnaB helicase has to be not require clusters of helicase molecules. Very weak
“delivered” at the oriC site in the complex with the DnaC protein—protein interactions, independent of the type of the
protein (Whale et al., 1989). The role of the DnaC protein nucleic acid base, may be a simple evolutionary adaptation
would simply be to facilitate the loading of the DnaB helicase of the replicative helicase which allows the enzyme to
on ssDNA. However, the results obtained in this work perform functions requiring a single protein molecule.
indicate that the helicase possesses a relatively high affinity Long-Range Allosteric Interactions in the DnaB Helicase
toward ssDNA, particularly for poly(dA), and suggest that Hexamer. The DnaB hexamer is built of six chemically
the highly specific role of the DnaBDnaC complex, in the  identical protomers. It is most probable that all six protomers
initiation of the DNA replication, results more from specific are initially capable of binding ATP and ssDNA (Bujalowski
protein—protein interactions required at the replication origin & Klonowska, 1993). The presence of a single, strong
(oriC) than from the simple process of facilitating the binding ssDNA binding site, predominately located on a single
of the enzyme to the ssDNA lattice (Allen & Kornberg, subunit of the hexamer saturated with AMP-PNP indicates
1991). the existence of very complex, long-range allosteric interac-
The effect of salt on the interactions of the DnaB helicase tions among ATP and ssDNA binding sites which encompass
with polymer ssDNA indicates that both the intrinsic affinity all six subunitsof the hexamer. These long-range interac-
and cooperative interactions are accompanied by a net releastions, on the level of quaternary structure of the hexameric
of ~2 ions (Figure 9a,b). Quantitatively, the same salt effect enzyme leading to the selection of a limited set of subunits
is observed in the interaction of the DnaB helicase with-d as a binding site for ssDNA, would require significant
(peA) g, although the intrinsic affinity is higher and there is conformational changes of the hexamer, far beyond the
negative cooperativity in the binding (Figure 11). Because nearest neighboring protomers.
the thermodynamic degree of cation binding on nucleic acids The sedimentation velocity studies reported in this work
should not significantly change in the studied salt concentra- provide the direct evidence of such long-range conforma-
tion ranges, the nonlinear behavior of the 4dgg plot tional changes within the protein hexamer, as a result of the
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formation of the ternary complex, DnaBAMP-PNP)- In the mobile replication promoter function, the DnaB
ssDNA. The sedimentation coefficient of the ternary com- protein, complexed with ssSDNA, provides a recognition
plex, sow = 12.3+ 0.2, is~17% larger than the sedimen- complex for the primase (Arai & Kornberg, 1981b). A
tation coefficient of the free enzyme,{,, = 10.5+ 0.3; unique secondary structure of the ssDNA, formed in the
Bujalowski et al., 1994). Because the bound nucleic acid complex with the DnaB protein as a result of wrapping the
and the nucleotide [Hluorescein-(dT) and AMP-PNP] nucleic acid around the protein hexamer, was postulated to
constitute only~3% of the DnaB hexamer molecular weight, be the specific recognition element for primase. Although
this large change in the sedimentation coefficient of the some limited “wrapping” of ssDNA in the complex with the
hexamer in the complex does not simply result from the DnaB hexamer cannot be completely ruled out, results
increased molecular weight of the complex, or a trivial effect obtained in this work on the stoichiometry of the DrraB

of the lower partial specific volumes of the bound nucleic SSDNA complex indicate that this is not the case. Itis rather
acid and nucleotide molecules. In fact, the sedimentation unlikely that a short stretch of 20 nucleotides, engaged in
velocity studies, in which a single 10-mer molecule is bound interactions predominantly with one subunit of the hexamer,
per DnaB hexamer, provide the same increase of the would form a highly specific secondary structure when bound
sedimentation coefficient of the complex as 20-mer, although in the ssDNA binding site of the DnaB helicase. The
they differ by as much as 10 nucleotide residues (M. J. sedimentation data indicate that the DnaB helicase undergoes
Jezewska and W. Bujalowski, manuscript in preparation). specific global conformational changes in the ternary com-
Thus, the dramatic change in the hydrodynamic propertiesPlex with AMP-PNP and ssDNA. Most probably these
of the enzyme in the ternary complex results from long-range conformational changes are specifically recognized by the
allosteric interactions, including the entire DnaB hexamer. Primase through direct proteirprotein interactions. Direct

In this context, it should be pointed out that our thermody- Physical interactions between the primase and the DnaB
namic studies of nucleotide binding to the DnaB hexamer helicase have recently been reported (Tougu et al., 1994).
have provided the first indication of cooperative interactions 'N€ results described in this work provide direct evidence
on the level of the quaternary structure of the hexameric Of dramatic conformational changes of the entire DnaB
enzyme (Bujalowski & Klonowska 1993, 1994a,b). How- heéxamer, as aresult of the long-range allosteric interactions
ever, these interactions were proposed to be limited to only Within the ternary complex.
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