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ABSTRACT: Fluorescence correlation spectroscopy (FCS) was used to characterize the interaction of
fluorescence labeled single-stranded DNA (ssDNA) with hexameric RepA DNA-helicase (hRepA) encoded
by plasmid RSF1010. The apparent dissociation constBats) for the equilibrium binding of 12mer,
30mer, and 45mer ssDNA-fabeled with BFL to hRepA dimer in the presence of 0.5 mM A®Rat pH

5.8 and 25°C were determined to be 0.58 0.12, 0.52+ 0.07, and 1.66t 0.32 uM, respectively.
Binding curves are compatible with one binding site for sSDNA present on hRepA dimer, with no indication
of cooperativity. At pH 7.6 in the presence of A& and at pH 5.8 in the absence of ATF, complex
formation between ssDNA and hRepA was too weak for measuring complete binding curves by FCS.
Under these conditions, the dissociation constEggpp) is in the range between 10 and 26B1. The
kinetics of complex formation at pH 5.8 are faster than the time resolution (approximateB01$) of

FCS experiments under pseudo-first-order conditions, with respect to BFL-ssDNA. Photon correlation
spectroscopy (PCS) experiments yielded, within the experimental error range, the same values for the
apparent hydrodynamic radig, of hRepA dimer and its complex with ssDNA as determined by FCS
(R, = 6.6 = 1 nm). hRepA starts to aggregate under acidic conditietH 6.0) which are optimal for
ssDNA binding. CD spectra taken at pH 5.8 in the presence of/&T$howed a structural change induced

by ssDNA binding to hRepA which is not visible at pH 7.6 and with ADP as nucleotide cofactor.

DNA helicases are motor proteins involved in key biologi- assemble into an enzymatically active form, the hexameric
cal processes such as DNA replication, repair, recombination,structure of hRepA is stable even in the absence of any
transcription, and translation. They are fueled by nucleoside cofactor. The optimum helicase activity is at slightly acidic
5'-triphosphates (NTPs) and catalyze the strictly processive conditions around pH 5:66.0, a property that is shared only
unwinding of double-stranded DNA (dsDNAgither in the by DNA-helicases fromSaccharomyces cersiae (9).
5—3' or in the 3—5' direction (). All DNA helicases for hRepA assembles into tubular aggregates below pHI®)) (
which the assembly state of the enzyme has been examinednd the three-dimensional structure determined by X-ray
appear to function as oligomers, generally dimers or hex- diffraction methods was refined to 2.4 A resolutiohl),
amers, thus providing multiple potential DNA binding sites, hRepA is pot-shaped with outer dimensions of 110 A
which are required for helicase function. TEecoli DnaB diameter and 60 A height, and a central hole with 17 A
protein @), the bacteriophage T7 gp4 proteB),(theE. coli diameter. The six RepA monomers are identical to each
transcription termination protein Rho4)( and plasmid other, and model building studies suggest that ATP is wedged
RSF1010 encoded hexameric RepA helicase (hRepA) as-into clefts between monomers, with the triphosphate moieties
semble as hexamers into a ring-shaped struct)reThese located in Walker A motifs typical of ATP-hydrolyzing
helicases have in common a central channel through whichenzymes. In the crystals, hRepA are orientated back-to-back

single-stranded DNA is assumed to pa8s§). to form dimers of hRepA hexamers (dodecamers) stabilized
hRepA is one of the smallest known DNA helicases with
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by direct protein-protein contacts. The dimers are stacked 5'-phosphate-terminated ssDNA was then dissolved in a
like coins in a roll, giving rise to cylinders reminiscent of volume of 10uL at a concentration of 1Qg/uL.

the tubular structures mentioned above that form at@-D. According to the protocol supplied by Molecular Probes
The position of ATP between RepA monomers explains the Europe, 10uL of the 5-phosphate-terminated oligodeoxy-
cooperativity of binding of ATP and the nonhydrolyzable nucleotide stock solution (10g/uL) was added to 2@L of
analogue ATRS to hRepA, with Hill coefficients around  H,O, 50uL of labeling buffer (0.24 M methylimidazole, pH
2.0 12). The helicase reaction is maximal between pH 5.5 9.0, 0.32 M EDAC), and 2@L (10 ug/uL) of the phosphate-
and 6.0 at low salt concentration ([NaGIRO mM), although reactive cadaverine derivative of BFL dissolved in DMSO.
at these conditions aggregation occut§)( Salt at higher The reaction mixture was placed on a shaker oscillating at
concentrations inhibits the helicase reacti@®). (In the low speed and allowed to reactrfé h atroom temperature,
presence of 60 mM NaCl at pH 5.8, hRepA dimer with no resulting in a reasonably stable phosphoramidate adduct.
indication of aggregates was identified in analytical ultra- Finally the fluorescence labeled BFL-ssDNAs were precipi-
centrifugation experimentd 8). Since the unwinding reac- tated with ethanol. The precipitates were dissolved in 50 mM
tions require 5tailed ssDNA for hRepA helicase to trans- triethylammonium acetate, pH 7.0, and applied to reversed-
locate, and hydrolysis of ATP is stimulated by the presence phase HPLC using a C18 column with a linear &%

of ssDNA, it was of interest to further investigate the binding acetonitrile/water gradient over 120 min to separate unlabeled
of different lengths of ssDNA oligomers to hRepA at ssDNA, labeled ssDNA, and free dy&6].

maximum helicase activity condition (pH 5.8 without NaCl) Helicase hRepA was purified frorescherichia colias

and also the influence of nucleotide cofactors on binding, described by Rleke et al. {0). For control experiments,
which is the topic of this study. For the determination of hRepA was directly labeled at the only cysteine in the
dissociation constants, we measured the degree of saturatiosequence (Cys 172) with TMR-maleimide (T-6027) from
for the binding of ssDNA 5labeled with BODIPY FL to Molecular Probes Europe (Leiden, The Netherlands). To a
hRepA, using fluorescence correlation spectroscopy (FCS).100uL solution of hRepA (15 mg/mL) containing 20 mM

During an FCS experiment, a sharply focused laser beamTris-HCI, pH 8.0, 0.1 mM EDTA, and 150 mM NaCl was
passes through a very small volume element @_20—15 added a 1Ql|_ a”quot of a 10 mM stock solution of TMR-
to 1 x 10715 L) of the sample under study. At any given maleimide dissolved in DMSO (TMR-maleimide:hRepA
time, there are only a few (5) fluorescent particles in this ~ molar ratio= 12). The reaction was terminated affeh by
volume. Since the particles undergo Brownian motion in the addition of a 10-fold excess df-acetylcysteine with
solution, the resulting time-dependent fluctuation of the respect to TMR-maleimide. Labeled hRepA was passed
fluorescence signal can be analyzed in terms of an autocor-through a PD20 column (Pharmacia) followed by extensive
relation function, yielding translational diffusion timesf) dialysis against 20 mM Tris-HCI, pH 8.0, to remove
for the fluorescent species present. The relative fraction of unreacted dye. The stoichiometry of the labeled product was
each species can be obtained from the autocorrelationl-2 TMR/hRepA hexamer as determined by tVis
function, provided that their molecular masses differ by at Spectrometry.
least 1:7 and their diffusion times by a factor of 114( For investigating the interaction of ssDNA with hRepA,
15). The apparent hydrodynamic radij and the diffusion two different buffers (A and B) were used. They consist of
coefficient ©) of hRepA and its complexes with ssDNA of ~ (A) 40 mM MES-NaOH, 10 mM MgC}, pH 5.8, and (B)
different lengths and the binding affinities were determined. 40 mM Tris-HCI, 10 mM MgC}, pH 7.6. FCS measurements
To compare the results derived by FCS, additional dynamic Were conducted with hRepA in the presence of ABP
light scattering (photon correlation spectroscopy, PCS) MJClz, and BFL-d(A)2, BFL-(A)so, or BFL-45mer ssSDNA

experiments were carried out. with the nucleotide sequence-ACTCTAGAGGATC-
CCCGGGTACGTTATTGCATGAAAGCCCGGCTG-3
EXPERIMENTAL PROCEDURES The following possible partial duplex structure of 45mer

ssDNA will be considered under Discussion:
All salts and buffer components were from Merck (Darm-

stadt, Germany). They were of p.a. quality and used without S CTery

further purification. BODIPY FL (4,4-difluoro-5,7-dimethyl- GAGGATCCCCGGGT ACGTZq 5,
4-bora-&,4a-diazas-indacene-3-propionic acid; D-2183), GGCCC ch
hereafter called BFL, and the FluoReporter Oligonucleotide 3’—GTC Gaq4G1M

Phosphate Labeling Kit (F-6096) for labeling ¢fihosphate- _ _
terminated oligodeoxynucleotides with a BFL derivative were Fluorescence Correlation Spectroscopy (FCS). (A) Theoreti-
from Molecular Probes Europe (Leiden, The Netherlands). cal Considerationsin this paper, we will only give a very

ssDNA was purchased from TIB MOLBIOL (Berlin, Ger-  basic introduction to FCS, mainly based on user information
many). distributed by EVOTEC GmbH, Hamburd?). A detailed

One hundred micrograms of ssDNA was phosphorylated description _of the underlying theory and possible experi-
at the B-terminus with 100 units of T4 polynucleotide kinase Mental applications may be found elsewhetd, (15, 18-
(New England BioLabs GmbH, Frankfurt, Germany) in a 2_4). For a reversible bimolecular reaction of a labeled small
total volume of 10QuL containing 2.5 mM ATP, 10 mM  ligand (A%) and a macromolecule (B):

MgCl,, 5 mM DTT, 0.1 mM spermidine, 0.1 mM EDTA, A* + B < A*B

and 50 mM Tris-HCI buffer, pH 7.6. The reaction mixture

was incubated fio2 h at 37°C followed by precipitation of  the autocorrelation functioig(r), can be expressed in terms
the resulting 5phosphate-terminated ssSDNA by ethanol. The of a two-component model2f). Since the solution also
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contains free dye which could not be completely removed trometer (Carl Zeiss Jena GmbH, Jena, Germany; EVOTEC
by HPLC, it is necessary to apply a three-component model Biosystems GmbH, Hamburg, Germany). The samples were
according to eq 1 (Dr. Hecks, EVOTEC GmbH, personal excited using an argon laser at a wavelength of 488 nm for

communication). The autocorrelation curves were evaluated BFL adducts. Fluorescence emission was detected between
with a Marquardt nonlinear least-squares fitting routine, as 520 and 570 nm. The fluorescence of TMR-labeled hRepA

implemented in the program FCS Access 2.0 (EVOTEC was excited at 514 nm with the same laser, and emission
GmbH). The following three-component model correspond- was detected between 520 and 610 nm.

ing to free BFL, free BFL-ssDNA, and the complex between  For the determination of binding constants, solutions of

BFL-ssDNA and hRepA was used: 15 nM BFL-ssDNA were incubated in buffer A or B with
- an excess of hRepA (between 0.02 and /8®) at room
G(z) = [1 -P+P exr(—) Nt x temperature for at least 15 min. Then 1d0of the sample
Tp solution was filled into a chambered coverglass (Lab-Tec,

l1-y—z

NUNC GmbH, Wiesbaden, Germany), which was placed
directly above the objective (C-Apochromat>4(1.2 water
immersion) through which the laser beam passed. The same
objective served to collect the fluorescence emission. Spectra
were sampled for 45 s if not otherwise indicated. Each single
(1) measurement was repeated 10 times, and the results were
averaged. The autocorrelation functions of the intensity
fluctuations were automatically recorded on 288 channels
which were quasi-logarithmically spaced in time. These
with channels cover the dynamic range between 200 ns and 3438
s. Note that a strict temperature control is usually not
[A*B] required, because small fluctuations induced by moderate
[A¥] + [A*B] temperature changes can be neglecfié). (
Prior to the experiments, the structure parameter SP (see
In this equationP is the average fraction of dye molecules egs 2 and 3) was determined with a standard Rhodamine
in the triplet state with relaxation timep, N is the total G solution. For the diffusion coefficient of Rhodamine 6G,
average number of fluorescent molecules in the observationg yalue of 2.8« 10-°n? s~ was usedZd). The translational
volume,y and z are the relative concentration fractions of djffusion time constants of free BFL, free BFL-ssDNA, and
free and bound A*, respectively;, 7, ands define the  the BFL-ssDNA/hRepA complex were measured in inde-
aVerage time (diffusion t|me) for detected molecules of free pendent experiments and served as input parameters for
dye, free A*, and bound A*, respectively, anglandz are  fyrther fitting procedures. According to eq 1, the relative
the lateral and axial distances, respectively, between theconcentration fractions of freg, and bound BFL-sSDNA,
positions where the Gaussian emission light distribution z the fraction of fluorescent molecules in the triplet state,
adopts the maximum value and the point where the light p, the diffusion time of triplet statesp, and the total number
intensity decreases to %fef the maximum value (this defines  of fluorescent speciedl, served as variable parameters. The
the observation volume). Lateral and axial lengths of the fraction of triplet states of BFL-labeled ssDNA and its
observation volume are related through the structure param-complex with hRepA was between 10 and 20% for all
eter SP: experiments. This low triplet yield did not influence the
z,=SA @) accuracy of data evaluation according to eq 1.
0 Photon Correlation Spectroscopy (PCS). (A) Theoretical
To obtainr,, the translational diffusion timergs, of a Considerations.The theory of light scattering has been
standard (Rhodamine 6G) is measured. The diffusion time reviewed in several monograph26(-28), so we give only

is related tory through a very basic introduction to the method.
5 In a typical light scattering experiment, a laser beam
lo impinges on a solution, and the scattered light is recorded
Taift = 4D (3) by a photomultiplier. The spatial resolution of the experiment

is defined by the scattering vectgrwhose magnitude is
where D is the translational diffusion coefficient of the given by the Bragg formula:

standard. From the experimentally determined diffusion

coefficient, an apparent hydrodynamic radi&, can be Adan . [0
calculated according to the Stokeinstein equation: al = TS"(E) ()
_ kT .
R,= &D (4) Here A denotes the wavelength of the scattered lighthe
U refractive index of the solution, arithe scattering angle.

werek is the Boltzmann constanik,the absolute temperature, In a PCS experiment, the fluctuations of the scattered light
andy the viscosity of the solution; at low concentration of due to the Brownian motion of the particles are analyzed in
solute and buffer, the solvent viscosity can be used. terms of the autocorrelation function (ACF3M(z), which

(B) Experimental Setup=CS measurements were per- is proportional to the distribution of relaxation timess,
formed with a ConfoCor | fluorescence correlation spec- and scattering amplitudes of the examined components:
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) ax 2 stable baseline was observed before an automated titration
SRLL mein NRMIRP(@S() x was initiated. A typical experiment involved 25 injections
exp(_mR_quTrel) drR (6) of 3 uL of ssDNA solution into the sample cell at time
intervals of 3 min. Throughout the titration, the cell was
Herem is a proportionality constan(R) andM(R) denote stirred cc_)nti_nuously at 400 rpm. The molar enthalpy change
the number and mass, respectively, of particles with radius for the binding of d(A), to RepA, AH, was evaluated by
R between the integration limi&yin andRmas andP(q) and integration of the yvhole he_at production curves for 25
S(q) denote the form and static structure factors, respectively, niections of d(A) in a solution of 1.68 mg/mL hRepA.
of the particles. If the particles are noninteracting and small From the resulting enthalpy change, we subtracted the
compared with the employed wavelength, the translational N€@t of dilution for the injection of d(A} in MES—NaOH
diffusion coefficient,D, can be determined through Laplace Puffer, pH 5.8, without hRepA.
inversion of the ACF. FronD, the apparent hydrodynamic Circular Dichroism Spectroscqpy:D spectra between 195
radii, R,, of the particles are calculated according to the a@nd 250 nm were recorded using a Jasco J-600 spectropo-
Stokes-Einstein equation (eq 4). Iarlme_ter coupled to an IBM-comanbIe microcomputer. All
(B) Experimental SetuCS experiments were performed experiments were conducted using a cell Wlth an optical pz_ith
using a light scattering facility (Dierks and Partner, Hamburg, '€ngth of 1 mm. A scan speed of 20 nm/min and a step size

Germany). Measurements were performed at a scattering® 0-2 Nm were used throughout. Temperature was kept
angle of 90. A 50 mW diode laser (687 nm) served as light constant at 28C by a Lauda RC6 thermostat; five runs were

source. Intensity ACFs were automatically accumulated for averaged for the final spectra. The hRepA concentration was
20 s in the relaxation time range betweepd and 10 s, 9-3 mg/mL (1.7«M) in 40 mM Tris-HCI buffer at pH 7.6
Under these conditions, particles in the size range between®" N 40 MM MES-NaOH buffer at pH 5.8.
2 nm and lum can be detected simultaneously. ACF spectra RESULTS
were Laplace-inverted by CONTIN29, 30), which is
implemented in the facility used. For light scattering experi-  Fluorescence Correlation Spectroscopy (FCS) Studies. (A)
ments, the samples were diluted with 40 mM Tris-HCl buffer Characterization of the Complex between BFL-Labeled DNA
of pH 7.6 (6.5) or 40 mM MESNaOH buffer of pH 5.8t0  and hRepAFigure 1 shows typical autocorrelation functions
a final concentration of 0.15 mg/mL. To remove dust, all for BFL, BFL-d(A)so, and BFL-d(Ax/hRepA, respectively.
samples were filtered before each measurement throughThe autocorrelation functions are consistent with the increas-
sterile filters (Minisart; Sartorius, Gtingen, Germany) of  ing molar mass of the solutes. From the autocorrelation
200 or 800 nm pore size. functions, only three components can be reliably determined.
Isothermal Titration Calorimetry (ITC)TC experiments Since in every experiment free BFL is present which
of ssDNA binding to hRepA were performed in MES  diminishes the signal-to-noise ratio, it is essential to reduce
NaOH buffer of pH 5.8 (0.5 mM ATPS and 10 mM MgCG)) the amount of free BFL to a minimum. For the detection of
using an OMEGA high-sensitive microcalorimeter (Micro- different fluorescent species, a mass difference of at least
Cal, Inc., Northampton, MA). A detailed description of the 1:7 or differing diffusion times by at least a factor of 1.6
design and operation of this instrument has been providedare required 14, 15). Therefore, mono-, bi-, and multili-
previously @1). For measurements of the heat production ganded hRepA molecules cannot be distinguished by the
accompanying the binding of ssDNA to hRepA, the enzyme evaluation of the autocorrelation functions according to eq
was loaded into the sample cell of the calorimeter (volume 1 and are observed as one fluorescent species. The diffusion
= 1.3592 mL) at a concentration of 1.68 mg/mL (2.), coefficients D) and the apparent hydrodynamic rad#.)
and the reference cell was filled with distilled water or buffer, for free BFL, BFL-labeled ssDNA of variable lengths, and
accordingly. Solutions of 1 mM d(A) were filled into 100 the complexes between labeled ssDNA and hRepA were
uL syringes. The system was allowed to equilibrate until a calculated according to egs 3 and 4, and are given in Table

Table 1: Translational Diffusion Timesd;), Diffusion Coefficients D), and Apparent Hydrodynamic Radir{) for All Investigated Species
As Determined by FCS

Tgitr (MS) D (m?/s) Rn (nm) MW (x1000)

BFL 0.056+ 0.001 (2.9 0.1) x 1071 0.74+ 0.03 0.292
BFL-d(A)2 0.198+ 0.009 (8.3 0.5) x 101! -~ 3.977
BFL-d(A)z0 0.23+ 0.02 (7.2£0.7) x 1071 - 9.597
BFL-45mer ssDNA 0.26: 0.03 (6.3£0.7) x 10°1¢ - 14.11
BFL-d(A):2hRepA 0.56+ 0.06 (2.9+0.3) x 1071 7.4+0.8 ~360
BFL-d(A)s/hRepA 0.59+ 0.05 (2.84+0.3) x 1071 7.8+0.9 ~360
BFL-45mer ssDNA/hRepA 0.54 0.08 (3.1+:05)x 10% 7.1+1.1 ~360
TMR-hRepA 0.32+ 0.03 (5.1£0.5) x 10°1* 4.3+0.4 179.4

aFor comparison, the corresponding molecular weights (MW) are displayed. The diffusion coeffi@gmtsd apparent hydrodynamic radii
(R were calculated from the measured diffusion timgg, according to eqs 3 and 4. Experimental conditions: 40 mM MESOH, pH 5.8 (10
mM MgCl,, 0.5 mM ATPyS), 298 K. The confocal volume was 3.451071¢ L. For the diffusion time of Rhodamine 6G, a value of 0.059 ms was
determined; therefore, the structure parameter is 6.48. Due to limitations of the FCS technique, the concentration of the fluorescent BFL-ssDNAs
could not be increased over 15 nM. Therefore, a 2000-fold excess of hRepAV(Over BFL-ssDNA (15 nM) was used to saturate hRepA for
determining the translational diffusion times of the complexes. The translational diffusion time of TMR-hRepA was measured with 20 mM Tris-
HCI, pH 8.0, as buffer.£) The hydrodynamic radiug, of elongated ssDNA cannot be calculated according to eq 4 because this equation is only
valid for globular macromolecules.
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1. The diffusion timesgy of the fluorescence labeled single-
stranded oligodeoxynucleotides increase with their molecular
weight (Table 1). For each BFL-ssDNAyj is identical
within the experimental error range at pH 5.8 and pH 7.6
(data not shown). The values of the diffusion times of the
complexes between hRepA and BFL-d{ABFL-d(A)so, and
BFL-45mer ssDNA are nearly the same (0:560.06 ms), [hRepA dimer] / 1M

but they are significantly longer than the valuewgf for FIGURE 2: Equilibrium binding of BFL-d(A)2 (a), BFL-d(A)o (b),
TMR-labeled hRepA (0.3 0.03 ms) which was measured and BFL-45mer ssDNA (c) to hRepA dimer at pH 5.8. BFL-ssSDNA

: concentration was 15 nM in each case ([A/8B = 0.5 mM). The
in the absence of sSDNA at pH 8.0 (Table 1). For the relative fraction of complex formed)(is plotted against the hRepA

measured diffusion timesy of the SsDNA/hRepA com- dimer concentration. Nonlinear fits yield the apparent dissociation
plexes,D and R, were calculated according to eqs 3 and 4 constants of the different sSSDNA/hRepA dimer complexes with
(Table 1). The radiusR, of a globular protein with a  values of 0.58+ 0.12uM (a), 0.52+ 0.07uM (b), and 1.66+
molecular weight, MW, is given by 0.32uM (c).

1 1 1
o 5 10 15

fraction of bound ssDNA / %

3 the first autocorrelation function could be recorded within
R— [ 3MW ) 10—-20 s. Therefore, it is necessary to apply fast reaction
4pN, methodology like stopped flow or temperature jump to
investigate the kinetics of ssSDNA binding to hRepA.
wherep is the specific weight of the protein amdh is the (B) Determination of the Dissociation Constanfgure
Avogadro number. For TMR-labeled hRepA, the diffusion 2a—c shows the binding curves for the titration of three
time zgir can be calculated according to egsSassuming different BFL-labeled single-stranded oligodeoxynucleotides
a molecular weight of 200 000 and a lateral axial distance with increasing concentrations of hRepA dimer in the
ro for the observation volumes of 0.24m (17). The presence of 0.5 mM ATFS at pH 5.8 and 28C. For the
calculated value for the diffusion timegs of such a determination of apparent dissociation constants, the fraction
~200 000 mass protein is 0.289 m&7). The measured of bound ligandz, was measured at a constant concentration
diffusion time for TMR-labeled hRepA in buffer at pH 8.0, of BFL-ssDNA as a function of the concentration of hRepA
0.32+ 0.03 ms, agrees within the error range with this value, dimer. The fraction of bound ligand (BFL-ssDNA/hRepA
while the diffusion times for the complexes with ssDNA in  dimer) was plotted against the hRepA dimer concentration,
buffer at pH 5.8 are significantly longer (see Table 1). The and the data were described by a nonlinear regression model
shorter diffusion times of the hexameric TMR-hRepA according to eq 8 for the binding of BFL-ssDNA to one
compared with the longer diffusion times of the ssDNA/ binding site present on hRepA dimer as shown by additional
hRepA complexes indicate that dimeric hRepA molecules ultracentrifugation experimentd.§):
are bound to one or several BFL-ssDNAs in these complexes. _
Attempts to follow the kinetics of complex formation by S—F [NRepA dimer] ®)
FCS between BFL-ssDNA and hRepA under pseudo-first- [hRepA dimer]+ Kg,pp)
order conditions with respect to BFL-ssDNA were not
successful. Complex formation was so fast that after mixing F denotes the fraction of bound ssDNA at infinite hRepA
of ssDNA and hRepA, the reaction was completed before dimer concentration an&qapp) the apparent dissociation
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Table 2: Apparent Hydrodynamic RadiR{) and Diffusion Coefficientsd) for hRepA and Aggregates As Determined by PCS

Ry (nm) R (nm)
pH of hRepA D (m?/s) of hRepA aggregates D (m?/s)
80  TMR-hRepA 5.9 0.4 (3.7+£ 0.25)x 1071 - -
7.6 6.3 0.5 (3.5+£0.3) x 101 - -
6.5 6.5+ 0.6 (3.4+0.3) x 101 - -
5.8 7405 (3.1+£0.2) x 101 77+ 15, 1524 30 (2.840.6) x 10712 (1.4 0.3) x 10712
5.8 +ATPyS, +ssDNA 8.4+ 0.8 (2.6+£0.3)x 101t 58+ 11, 114+ 23 (3.8£0.8) x 10712 (1.9 0.4) x 10°*2

@ The apparent hydrodynamic radRd) were calculated from the measured diffusion coefficieB{sgccording to eq 4. Experimental conditions:
PCS measurements at neutral pH were performed with 40 mM Tris-HCI buffer at pH 7.6 or 40 mM INHESH buffer at pH 6.5. TMR-hRepA
was measured in 20 mM Tris-HCI buffer at pH 8.0. Under acidic pH conditions, 40 mM-ME®H buffer at pH 5.8 (10 mM MgG) was used.
For PCS experiments in the presence of sSDNAyDd(A)30 and 100uM ATPyS were included in a 40 mM MESNaOH buffer of pH 5.8 (10
mM MgCl,). hRepA concentration: 0.15 mg/mL (0.88/). (—) Aggregates of hRepA could not be detected.

T - F -1 ' 1 °
........ free d(A)g,

i hRepA + ATPyS
(R hRepA+ATPyS+d(A);

constant of the 1:1 complex. For each protein concentration, a 20
the fraction of dimer and aggregated protein was determined
by ultracentrifugation (data not shown). Finally, the dimer
concentration was used for the calculation of the dissociation
constants according to eq 8. i

The data obtained with the ultracentrifuge are consistent -15 JpH 5.8
with the binding of BFL-ssDNA to one site on the hRepA 200 210 220 230 240 250 260
dimer with no |nd|§:at|or:1 of cooperativity since thg bmdmg Wavelength / nm
curves are not sigmoidal. For the apparent dissociation
constantsKqappy Of complexes between hRepA dimer and b 15 T T
BFL-labeled d(A),, d(A)go, and 45mer ssDNA (for the 104 . hRepA+ATPYS -
sequence, see Experimental Procedures), values of49.58 —  hRepA+ATPyS+d(A).7]
0.12, 0.52+ 0.07, and 1.66+ 0.32 uM were obtained in = =
FCS experiments at pH 5.8 and 25 in the absence of NaCl
with 0.5 mM ATPyS and 10 mM MgGl. Without ATPyS
(pH 5.8), only 7% of complex was formed between 15 nM —
BFL-d(A)3o and 40uM hRepA. At pH 7.6 (with ATR'S), 200 220
only 18.4% complex formation was observed even in the Wavelength /nm
presence of more than 2000-fold excess of hRepA with
respect to BFL-ssDNA while at pH 5.8 (with 0.5 mM T flee dlA )"
ATPyS) the formation of complex was determined to be s R hRepA+ADP
100% for all three ssDNA molecules at such a [hRepA]: \ hRepA+ADP+d(A)s]
[ssDNA] ratio (Figure 2&ac). If ATPyS was replaced by oH 5.8
0.5 mM ADP at pH 5.8, only 9.3% of complex was formed 1o
even in the presence of more than 2000-fold excess of hRepA s
with respect to BFL-ssDNA. The affinity of hRepA for BFL- 200 220 240 260
labeled single-stranded oligodeoxynucleotides in the absence Wavelength / nm
of a stable ATP analogue, like A8, or in the presence ;.0 3. (3) CD spectra of 1.%M hRepA with 20uM ATPyS
of ADP as nucleotide cofactor and at neutral pH was t00 45 cofactor in the presence and absence ofuM7d(A)x in 40
low to enable measurements of equilibrium binding curves mmM MES—NaOH (10 mM MgC}) at pH 5.8. (b) CD spectra of
by FCS. Under these conditiort§yppWas estimated to lie 1-7d/t|\g hRepAfVi/i/tzf'WVIZdO(%\/' ATAI:’OVS JSTQOfaCé?f(lig thlsl Iﬁ/lreéipce
i ana apbsence O 301N m rs- m g
" ;T]%trg rgoerrz‘la;\tl\ilgr? nSpl)gc?rnodsfgg/. (PCS) Studiglse ap- at pH 7.6. (c) CD spectra of 1/M hRepA with 20uM ADP as

. . . . . cofactor in the presence and absence ofidM7d(A)so in 40 mM

parent hydrodynamic radiR;) and the d|ffu§|on coefficients  MES—NaOH (10 mM MgC}) at pH 5.8.
(D) of the complexes of hRepA dimer with ssDNAs were
also measured in PCS experiments and are comparable to Isothermal Titration Calorimetry (ITC) StudiedTC
those derived by FCS (Tables 1 and 2). In contrast to our experiments at pH 5.8 yielded an exothermic enthalpy change
FCS experiments, the apparent hydrodynamic radius of AH, of —3.2 + 1.2 kJ/mol associated with the binding of
hRepA at pH 7.6 is practically the same as Baef hRepA d(A)12 to hRepA, which was too small for measuring
and its complex with ssDNA detected in PCS experiments complete binding curves (data not shown). For this reason,
both in the absence and in the presence of ssDNA at pH 5.8it was not possible to determine the stoichiometryand
(Table 2). Due to aggregation, higher molecular weight the apparent dissociation constaKapp Of the hRepA/
components were observed besides hRepA dimer at pH 5.8ssDNA complexes independently by ITC.
Despite this aggregation, no significant change of the Circular Dichroism Spectroscopy (CD) Studi€D spec-
apparent hydrodynamic radius of hRepA was observed in tra of hRepA show an increase of the absolute elliptidify (
the presence of ssDNA at pH 5.8 (Table 2). These findings values between 235 and 210 nm only at pH 5.8 in the
support the assumption that the complexes between BFL-presence of ATPS, probably due to a structural transition
ssDNA and hRepA detected by FCS at pH 5.8 consist of upon binding of ssSDNA (Figure 3 a). This change does not
dimeric hRepA and one or several ssDNAs. occur at pH 7.6 and at pH 5.8 with ADP instead of A3

o)

(5]
I|lll IIIIIII

Ellipticity 6 / mdeg
3]

pH 7.6
-10
-15

Ellipticity 0 / mdeg

T
240 260
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w
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(Figure 3b,c), in agreement with the relative affinities of not able to detect the difference in the hydrodynamic radii
hRepA for ssDNA under such conditions as observed in FCS between hRepA at pH 7.6 and its dimer at pH 5.8 due to the

experiments. small increase of the radiur, of 26% upon dimer formation
(Table 2). The X-ray structure of hRepA crystallized at pH
DISCUSSION 6.0 also shows that a dimer of two hexameric hRepA

An understanding of helicase mechanisms requires studiesmOIeCUIeS eccup|es thel asymmetric udity ]
of the interactions of helicase with its DNA substrate, ~ |he coexistence of higher aggregates and hRepA dimer
especially the binding oligomeric states, binding stoichiom- Was demonstrated by PCS both in the absence and in the
etries, and binding affinities and the influence of nucleotide Presence of ssSDNA and AW at pH 5.8. If aggregates of
cofactors which will switch the energetics of protein or NRePA bind BFL-labeled ssDNA, then the diffusion times
protein-DNA assembly and thus the distribution of assembly ©f the corresponding complexes should have been shifted to
states. significantly higher values, which was not observed in our
|FCS experiments. From the present FCS and PCS measure-

Fluorescence correlation spectroscopy (FCS) is a powerfu .
P Py ( ) P ments, we conclude that higher aggregates of hRepA do not

tool to examine molecular interactions as well as their time . ) : .
dependence. It has the advantage that the interaction can bg'nd SSD.NA. and therefore the hRepA dimer is the active
analyzed rapidly in small volumes without the need for SSPNA binding form at pH 5.8.
separating unbound from bound ligand. In this study, the One ssDNA Binding Site on hRep&nalytical ultracen-
mass difference between hRepA and the ssDNA fragmentstrifugation experimentsl@) showed that at pH 5.8 and 10
used is large enough to enable FCS measurements thatC in the presence of 0.5 mM A and 60 mM NaCl the
distinguish between free BFL, labeled BFL-ssDNA, and the stoichiometryn, for the d(Ak/hRepA dimer complexes at
complex between ssDNA and hRepA in solution. The PH 5.8is 1:1[one d(Ap molecule per hRepA dimer]. Using
autocorrelation functions thus provide the fraction of labeled FCS, it was not possible, however, to discriminate between
BFL-ssDNA bound to hRepA. mono-, bi-, and multiliganded RepA. By contrast, the recently
ssDNA Binding to hRepA Is Optimal at Acidic pH in the developed _photon counting histogram analysis would allow
Presence of Nucleoside Triphosphate Which Is Also Optimal détermination of the number of labeled ssDNA molecules
for Unwinding ReactionsSince hRepA unwinds dsDNA bound to hRepA:{Z): This method measures_the brightness
independent of sequence, its binding affinity to sSDNA of separate fl_uctua'uons, rether than evaluating the autocor-
should be low in comparison to proteins binding to specific rélation function as done in normal FCS.
DNA sequences, which is in agreement with the present Figure 2a-c shows that the fraction of labeled BFL-
studies. In the absence of a stable ATP analogue or at neutrasSDNA bound to hRepA dimer depends on the hRepA dimer
pH, the affinity of hRepA for ssDNA is so low that it is concentration and is typical for binding of ssSDNA to only
impossible to measure binding curves by FCS. Under theseone binding site present on hRepA dimer in the presence of
conditions, the dissociation constaKty.pp) is in the range  ATPyS. A cooperative behavior of hRepA as reported for
between 10 and 250M. This is consistent with analytical ~ other helicases3@, 34 was not observed in the FCS
ultracentrifugation at pH 7.6 in the presence of 60 mM NaCl, experiments reported here since the binding curves displayed
which showed a dissociation constant of 2%.4.4 uM for in Figure 2a-c are not sigmoidal.
d(A)s0 binding to hRepA 13). hRepA has a narrow pH Length of ssDNA Required for Optimal Binding to hRepA.
optimum for the dsDNA unwinding reaction in a remarkably Experiments of ssDNA-dependent ATP hydrolysis catalyzed
low pH range between pH 5.5 and pH 64).(As reported by hRepA indicate that the minimum length of DNA for
here, binding of ssDNA to hRepA is also optimal under these tight interaction with hRepA is = 10 deoxynucleotided Q).
pH conditions. For ssDNA withn < 10, the rates of ssDNA-dependent ATP
CD spectra indicate a structural transition of hRepA upon hydrolysis decrease sharply whereas binding of longer
ssDNA binding which was only observed in the presence of ssDNA withn = 10 is not significantly enhanced compared
a stable ATP analogue at pH 5.8. At neutral pH and with with d(A)io.

ADP as nucleotide cofactor, no change in the CD spectra |n the presence of AT¥S and MgC} at pH 5.8 and 25
occurred in the presence of ssDNA. °C without NaCl, the FCS-measured affinity of hRepA dimer

High Salt Concentration Inhibits ssDNA Binding to hRepA for a 12mer ssDNA is the same as for a 30mer ssDNA (0.58
Helicase Analytical ultracentrifugation experiments showed + 0.12 and 0.52+ 0.07 uM); for 45mer ssDNA, a slightly
the dissociation constarkgpp) for the d(A/hRepA dimer  higher apparent dissociation constant of 1,68 was
complexes at pH 5.8 in the presence of 60 mM NaCl to be determined, corresponding to a lower affinity of hRepA
0.94+ 0.13uM (13). In contrast, in the absence of NaCl, dimer for 45mer ssDNA compared with d(AXand d(Ako.
Kdeapp) for the binding of d(A)o to hRepA dimer was  This is probably due to the formation of a partial duplex
determined to be 0.52 0.07 M by FCS. These findings  structure of the 45mer ssDNA, which is likely to be stable
show that NaCl at a concentration of 60 mM increases the even at room temperature (see Experimental Procedures) and
apparent dissociation constant of the ssDNA/hRepA dimer may reduce the affinity of hRepA for the single-stranded
complex, in agreement with the inhibitory effect of NaCl part of 45mer ssDNA. d(A)single-stranded oligodeoxy-
on the helicase reactio®) nucleotides can also form duplex structures at pH 4.0 and

Dimers of Hexameric RepA Bind to BFL-Labeled DNA at below @5). Since FCS at pH 5.8 and 7.6 showed no
Optimal Helicase Actiity Conditions In solution at pH 7.6, difference between the diffusion times of BFL-d¢ARnd
hRepA exists as a homohexamer of 180 kD@) put forms BFL-d(A)s at both pH values, we conclude that both
a dimer of 360 kDa at pH 5.818). PCS experiments are oligodeoxynucleotides are single-stranded at pH 5.8.
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Characterization of ssDNA and hRepA Complex Forma-
tion. Based on the evaluation of the autocorrelation functions,
a common mechanism for complex formation in solution
could be derived.

The mean value of the apparent hydrodynamic radiys (
of 6.6 £ 1 nm for hRepA determined by FCS and PCS at
pH 5.8 agrees well with the geometry of the overall structure
of a hRepA dimer. A single hRepA molecule is best
described by a cylinder with a radius of 5.5 nm and a height
of 6 nm with a central channel of 1.7 nm diametéd)(
ssDNA is assumed to bind to this central channel of
hexameric helicase6{8). If two hRepA molecules are
arranged bottom-to-bottom as shown by the crystal structure,
the overall structure is 11 nm 12 nm, which is consistent
with an apparent hydrodynamic radius of &6L nm. Dimer
formation of hRepA does not prevent ssDNA binding as

shown by the FCS experiments presented here and additional 13

analytical ultracentrifugation experiment$3], suggesting
that ssDNA binds to the central channel of hexameric
helicases. It is assumed that during the unwinding reaction
only one ssDNA molecule passes through the central channel
and the other ssDNA moves along the outside of the helicase.
Jezewska et al. have proposed strong and weak ssDNA
binding sites present on helicase DnaB which may be
involved in the unwinding reactior8). According to this
model, the 5end of ssDNA hinds strongly to a subsite within
the channel, while the same ssDNA strand near the entry
site of duplex DNA is only weakly bound. Thé 8sDNA
leaves helicase DnaB at the outside during the unwinding
reaction. From our experiments, we do not know where the
ssDNA binds, but we observe only a single ssDNA binding
site for each hRepA dimer with back-to-back orientation of
the two hRepA molecules. Therefore, we can exclude
additional weak binding sites present on the hRepA dimer
in the concentration range studied. The tight binding of the
short oligonucleotide (12mer) to hRepA dimer indicates that
the ssDNA occupies the central cavity of hRepA and interacts
with only one subunit at any time rather than being wrapped
around the perimeter of the hexameric ring as proposed for
Rho protein 86). Detailed understanding of how DNA
interacts with RepA must await additional structural informa-
tion, especially on hexameric helicase complexed with DNA.
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