Materids & Methods

2 Materialsand M ethods

2.1 Materials

2.1.1 Bacterial strain
Strain: E. coli SCS1 (hsdR hsdM™ recAl, Stratagene)

2.1.2 Expressionvector
Vector: pMS119EH (pMB1 replicon, prad/lacl, Ap')

2.1.3 Medium and antibiotic resistance

LB Medium: bacto-tryptone 10 g, bacto-yeast extract 5 g, NaCl 10 g, adjust pH to 7.0, add
H,O to 1 liter, serilize by autocdlaving for 20 min.

YT Medium: bacto-tryptone 8 g, bacto-yeast extract 5 g, NaCl 2.5 g, adjust pH to 7.0, add
H,O to 1 liter, serilize by autoclaving for 20 min.

Antibictic: Ampidillin (200mg/)

2.1.4 Reagents and buffers

All chemicds usad in this sudy were of p. a qudity and solutions were prepared with Milli-
Q water. Buffer A used for ATPase activity assays and nucleotide binding tests a pH 5.8
contained 40 mM MES/NaOH, 10 mM MgCh, 60 mM NaCl. Buffer B used for ATPase
activity assays and nucleotide binding tests at pH 7.6 contained 40 mM TrigHCl, 10 mM
MgCl. Buffer C used for heicase activity measurements contained 40 mM MESNaOH, pH
5.6, 10 mM MgChk, 1 mM DTT, 1 mM ATP, 50 pg/ml bovine serum abumin, 0.02% (wt/wt)
Brij-58.

2.1.5 Chemicals and enzymes

Ammonium molybdeate tetrahydrate was purchased from Huka Biochemika and malachite
green from Sgma ATPgS, ATP, ADP and AMPPNP were purchased from Sigma and [g
%2PldATP from Amersham Corp. Biotin-mdemide (M-1602), BODIPY Labding Kit (F-
6096), TMR-mdeimide (T-6027), Lucifer Yellow lodoacetamide (L-1338), and TNP-ATP
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were purchased from Molecular Probes, Inc. Europe (Leiden, The Netherlands). Myricetin,
leucocyanidin and tetracycline hydrochloride were purchased from Aldrich; Hesperetin from
Sgma; the other chemicals used for inhibitor screening were from Lancaster. Protein broad
marker for SDS-PAGE was purchased from Boehringer Mannhem. High protein marker used
for naive PAGE was from Bio-Rad. T4 Polynuclectide kinase was from New England
Biolabs GmbH (Frankfurt, Germany) .

Concentrations of nucleotides were measured spectrophotometricaly based on the extinction
coefficients of 26400 M* cm! at 408 nm (TNP-ATP) and 15400 M* cm® a 259 nm (other
nucleotides).

Oligo(dT) with 4 - 30 nuclectides were synthesized a the Department of Biochemistry of FU
Belin. The concentrations were determined spectrophotometrically using an  extinction
coefficient of ex60 = 8100 M™* cmi per nucleotide of oligo(dT).

2.2 Methods and Theory

2.2.1 Purification of RepA proten

The RepA protein was prepared using an overproducing strain of E. coli (Scherzinger et d.,
1991) and purified a 4°C as described (Roleke et al., 1997). The find purified fractions after
ge filtration on Phamacia Sephacryl S200 were andysed by ndive polyacrylamide ge
electrophoresis (without SDS) run a 4 °C with 14 V/cm. The concentration of protein was
determined spectrophotometrically using an extinction coefficient of exgo = 25180 M* cm
(monomer) (Niedenzu, 1997).

2.2.2 Site-directed mutagenesis

Site-directed mutageness of the RepA gene was performed by usng a PCR technique as
described (McPherson et d., 1992). Mutant genes were sequenced to confirm the desired
mutation and the absence of spurious mutetions that may have been introduced during PCR.
K43A mutant was prepared in the same way as described for the wild type and was more than
95% pure as estimated from Coomassie-stained SDSPAGE gels.

2.2.3 Steady-state kinetics of AT Pase assays and deter mination of inhibition constants
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ATP hydrolyss was monitored by measuring the production of inorganic phosphate using
acidic ammonium molybdate and maachite green (Lanzetta et d., 1979; Van Vddhoven et
al., 1987). Reections (100u) were performed at 30°C (unless otherwise indicated). The
experiments were started by the addition of RepA a a find concentration indicated (80nM or
160nM hexamer enzyme in the presence or absence of ssDNA) and stopped after 10 min with
800U 31 (viv) addic mdachite green/ammonium molybdate solution, followed after 1 min
by addition of 1004 34% (w/v) sodium citrate. After incubation for 10min, the absorbance at
660nm was measured using control reactions (without enzyme) as reference. All assays were
performed a least in duplicate. The amount of phosphate produced was quantified usng a
standard curve.

The release rate of inorganic phosphate (Pi) versus ATP concentration (varied a least 5fold
above and below the measured Ky) was used to determine kinetic parameters. They were
cdculated according to the Hill equation (1) with the nonlinear andyss Origins.0
Programme.

log—— = nlog( S]- logK, (1)

max

where v is the rate of hydrolyss reaction, Vmax IS the maximd rate, [§ is the concentration of
ATP, nisthe Hill congant.
Inhibition of ATPase activity by ATP andogs was determined using the equation for

competitive inhibition:

2

The experimental data for kinetic inhibition by flavone inhibitors were analysed using eg. 3
for noncompetivity (Stryer, 1975):

V= Vmax ([S]/ Km)
1+[1)/ K, +[9)/K,, + I]IKK,)

3)
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where K, and K; are the subgtrate binding and inhibition congtants, [S] and [I] denote the
concentrations of subgtrate and inhibitor, and v and Vpmax the initid and maximum veocity of

the reaction, respectively.

2.2.4 Invivo determination of the minimal inhibitory concentration (M1C)

Overnight cultures of E. coli SCS1 (Stratagene) or B. subtilis SB19 (Nester et d., 1961) were
diluted 1000-fold with YT medium. To diquots of the dilutions the respective flavones
dissolved in DMSO were added. In dl assays the overal DMSO concentration was adjusted
to 2.5%. Following incubation at 37°C for 18 h, the MIC was determined visualy.

2.2.5 DNA unwinding assay (helicase assay)

A forked helicase substrate was used smilar to that described by (Crute et d., 1998). To vird
M13mp18 DNA, a 5 -*’P-labeled 53-mer oligodeoxynucleotide was annedled, resulting in a
double-stranded segment of 31 bp and 22 unpaired nucleotides a the 3" end. Helicase assays
were peaformed in 20 Y buffer C contaning 45 fmol helicase subdrate, 6 pmol RepA
(monomer) and inhibitors as indicated.

In the absence of ATP and helicase substrate, RepA was preincubated with inhibitor in buffer
C for 10 min on ice. Then ATP and hdicase subsrate were added and the mixture was
transferred to 30°C. After incubation for 10 min, the reactions were terminated by adjusting
the mixture to 25 mM EDTA, 025% SDS and proteinase K a 0.1 mg/ml. Following
incubation for additiond 5 min a 30°C, the displaced 53-mer oligodeoxynuclectides were
separated from helicase substrate by dectrophoress on 10% polyacrylamide gels in 89 mM
Tris-base, 89 mM boric acid and 1 mM EDTA for 90 min a congtant voltage of 120 V.
Products were visudized by dsorage phosphor autoradiography and andyzed with the
ImageQuant software verson 5.1 (Molecular Dynamics).

2.2.6 Protein-DNA photo-crosdinking

Modified iodo-linked-oligomers (dT)10, (dT)20 and (dT)so (see Fig. 2.1) were labeled at the 5'-
end with [¢ 3?PJdATP using T4 polynucleotide kinase according to the protocal described by
Sambrook et d. (1989). The labedled ssDNAs were mixed with RepA hdicase as indicated in
buffer A containing ImM AMP-PNP. After 1/2 hour incubation at 30°C, the mixtures (20ul)
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were placed on Parafilm, put on ice, and irradiated for 20 min at a distance of 10cm using a
UV lamp with a maximum output of 312nm. After irradiation, the samples were loaded on
10% SDS polyacrylamide denaturing gel and eectrophoresis was performed a a constant
voltage of 220V. The gds were daned with Coomasse Brilliant Blue, dried, and
autoradiographed.

d(M10 5' - XTTTXTTTXT - 3
d(TM)20 B - XTTTXTTTXTTTXTTTXTTIT -3
d(T)3o B - XTTTXTTTXTTTXTTTXTTTIXTTTXTTITXT -3

X: 5lodouracil T: Thymine

Figure 2.1: Description of the modified iodo-linked-oligomers d(T) used in this study.

2.2.7 labeling ssDNA with BODIPY fluorescence dye

100 pg of ssDNA was phosphorylated a the 5° terminus with 100 units of T4 polynucleotide
kinase in a tota volume of 100 gl containing 25 mM ATP, 10 mM MgCh, 5 mM DTT, 0.1
mM spermiding, 0.1 mM EDTA and 50 mM Tris-HCl buffer pH 7.6. The reaction mixture
was incubated for 2 h a 37 °C followed by precipitation of the resulting 5 phosphate
terminated sSDNA by ethanol. The 5 -phosphate terminated sSDNA was then dissolved in a
volume of 10 YW a a concentration of 10 pg/l. The 45mer sSDNA used for this study can
form partid duplex structure (see Fig. 2.2).

According to the protocol supplied by Molecular Probes Europe, 10 (Wl of the 5 -phosphate-
terminated oligodeoxynucleotide stock solution (10pg/pl) was added 20, 50 W
labeling buffer (0.24 M methylimidazole pH 9.0, 0.32 M EDAC) and 20 p (10 pg/pl) of the
phosphate-reactive cadaverine derivative of BODIPY dye dissolved in DMSO. The reaction
mixture was placed on a shaker ostillating a low speed and alowed to react for 4 h a room
temperature resulting in reasonably stable phosphoramidate adduct. Finaly the BODIPY
fluorescence labeled ssDNAs were precipitated with ethanol. The precipitates were dissolved
in 50 mM triethylammonium acetate pH 7.0 and applied to reversed phase HPLC using a C18
column with a linear 5%-60% acetonitrile/water gradient over 120 min to separate unlabeled
sSDNA, labeled ssDNA and free dye.
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Figure 2.2: The possible secondary structure of 45mer ssSDNA used for this study.

2.2.8 labeling RepA helicase with Biotin, TMR and L ucifer Yelow fluorescence dye

In this sudy, RepA was directly labeled a the unique cyden in the sequence (Cysl72) with
Biatinrmademide, TMR-mdemide and Lucdfer Yelow lodoacetamide respectively. To 100
p solution of RepA (15 mg/ml) containing 20 mM Tris-HCI pH 7.5, 0.1 mM EDTA and 10
mM NaCl was added a 10 d diquot of a 10 mM stock solution of TMR-maemide dissolved
in DMSO. The reaction was terminated after 1 h at 25°C by the addition of a tenfold excess of
N-acetylcystein with respect to TMR-madeimide. Labeled RepA was passed through a NAP-
10 column (Pharmacia) followed by extensve didyss to remove unrescted dye. The
goichiometry of the labeed product was 1.2 TMR/RepA hexamer as determined by UV-VIS
spectrometry. The same method is used for RepA labeled with Biotin-maemide.

The procedure of labding Lucifer Yelow lodoacetamide with RepA is the same as TMR-
maleimide except 10 mM stock solution dissolved in H,O instead of DM SO.

2.2.9 Biotinylation experiment of RepA

The successful biotinylation of a protein is shown by the biotin/streptavidin interaction.
Biotinylated helicase was adsorbed on a glass surface. The free binding Stes on the glass
arface were coated with BSA. In the next step streptavidin (0.5 pM) was bound to the
bictinylated helicase. To the remaning binding postions on the dreptavidin  tetramer,
biotinylated actin filaments (200 puM) ae bound. The filaments can be detected by

fluorescence microscopy.
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In the control messurement without hedicase, 100 nM Biotinrmademide and 250 nM
acetylcystein were included. This control should make sure that impurities of free biotin in the

helicase preparation do not immobilise actin filaments.

2.2.10 Circular dichroism and thermal unfolding measurements

CD gpectra were taken at 25°C (unless otherwise indicated) with a Jasco Modd 600 recording
spectropolarimeter  that was thermostated using a congtant temperature bath (Lauda).
Measurements were performed in the far UV (190-250 nm) range with 0.02cm and 0.1cm
pathlength quartz cuvettes to avoid too high absorbance of the sample, and in the near UV
(250-320 nm) range 1cm pathlength cuvettes were used. The band width was 1nm and spectra
were averaged over at least four scans in order to improve the sgna-to-noise ratio. The molar
dliptiaty [g] was cdculated according to: [q] = 100 q / ¢ | , where q is the measured
dlipticity in degrees, ¢ is the protein concentration in moles per liter, | is the pathlength in
centimeters. The amount of secondary dructure was cdculated with the commercid
programme SEL CON3 (Sreerama, 1993).

Thermd denaturation was monitored by changes in CD spectra a 222nm as a function of
increased temperatures from 25°C o 85°C in a 0.1cm pathlength cuvette. Prior to taking a
reading, the solutions were equilibrated for 3min a each newly edtablished temperature. The
unfolding curve was andysed with the nonlinear Origin Boltzmann Programme to derive
melting temperature Ty, and conformationd sability DG (25° C) (Pace, 1986).

By asuming a two-date reversble equilibrium process between the native (F) and denatured
gates (U), the fraction of denatured protein fy at temperature T was determined according to:
fu = [(Or222 - OF) / (Qu- gr)], where gr 222 is the measured dlipticity at 222 nm a temperature
T, and gr and qu are the dlipticities a 222nm of totdly folded and unfolded states measured
a 25°C and 85°C, respectively. The equilibrium constant for denaturation s obtained by: K =
ful fg =1y / (1- fy) , the ardard expression for the temperature dependence of DGis C1DG = -
RTInK=-RTInf, / (1- f,) =DH - T DS; DS is obtaned from the dope of a plot of DG
versus T (K). Since DG = 0 a T = Ty, the van't Hoff enthalpy of denaturation at T, is DHy, =
Tm x ([DSy). Differences in conformationd ability a different experimentd conditions are

givenby: D(DG) = DT, X DSp,
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where DTy, is the difference between the T, vdues and D5, isthedopeof DG versus T at Ty,
in kcd/mal K. In this text, the average dope 5, cdculaed from dl the experimenta vaues
isused.

2.2.11 Fluor escence spectr osopy

Fluorescence measurements were performed using a Shimadzu RF-5000 spectrofluorometer.
To avoid possble atifacts due to dilution and inner filter effects, the excitation waveength
was st a a spectral bandwidth of 3nm and the emission bandwidth at 15nm (Parker, 1968).
Protein concentrations were adjusted as indicated and measured in cuvettes of 1cm pathlength
a 25°C (unless otherwise indicated). All titration points were corrected according to equation
(4) (Lakowicz, 1983):

I:C = (Fl - I:0)(\/| /VO)lOO-Sd(AeX-'-Aem) (4)

where F is the corrected vaue of the fluorescence intensty at a given point of titration, F is
the experimentaly measured fluorescence intensity, Fo is the background, V; is the actuad and
Vo is the initid volume of the sample, d is the totd pathlength of the opticd cuvette (cm), Aex
is the absorption of the sample a the excitation wavelength, and Aem IS the absorption of the
sample a emisson wavelength.

For TNP-nucleotide fluorescence experiments, excitation was sat & 410 nm and emisson a
534 nm. The solutions were equilibrated for at leest hadf an hour a 25°C before titrations
were initiated and dirred with a magnetic micro bar after addition of ligand for about 1min.
All titrations were carried out in 1.0 cm pathlength quartz cuvettes. All assays were performed
in duplicate.

Huorescence titration studies on inhibitor binding to RepA were peformed a 25°C. The
intringc binding of inhibitors to RepA was followed by monitoring the quenching of the TNS
fluorescence (I ex = 400 nm; | e = 440 nm). 2 M RepA (monomer) solutions and 100 UM
TNS in buffer A were equilibrated for 30 min and titrated under irring in 1 min intervas
with diquots of stock solutions containing inhibitors. The excitation wavdength was st a a
spectrd bandwidth of 3 nm and the emission bandwidth & 15 nm. 1 ml quartz cuvettes with 1
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cm path length were used. All assays were performed in duplicate, titration points were
corrected as described above.

2.2.12 Fluor escence correlation spectr oscopy (FCS)

For areversible bimolecular reaction of alabeled smdl ligand (A*) and amacromolecule (B):

Ax + B U A*B

the autocorrdation function, G(t), can be expressed in terms of a two component model
(Meyer-Almes et d., 1998). Since the solution aso contains free dye which could not be
completely removed by HPLC, it is necessary to apply a three component mode according to
eg. 5 (Dr. Hecks, EVOTEC GmbH, personal communication). The autocorrelaion curves
were evaluated with a Marquardt non-linear least squares fitting routing, as implemented in
the program FCS Access 20 (EVOTEC GmbH). The following three component model
corresponding to free BODIPY dye, free BODIPY-ssDNA and the complex between
BODIPY-ssDNA and RepA was used:

e u
é U
G(t)elP+Pe>(ggJu Slyz 228
P A (Ei‘ 0’1+—— gi 1+—— +—— ’1+i2t—u
8 Zt g ZotSH
®)
with  z=. A*Bl
[A*]+[A* B]

In this equation, P is the average fraction of dye molecules in the triplet state with relaxation
time tp; N is the tota average number of fluorescent molecules in the observation volume; y
and z are the relative concentration fractions of free and bound A*; t1, t> and ts define the
average time (diffuson time) for detected molecules of free dye, free A* and bound A*,
respectively; ro and z are the latera and axid distances between the postions where the
Gaussan emisson light didribution adopts the maximum vaue and the point where the light

intendty decreases to % , Of the maximum vdue (this defines the observaion volume).
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Laerd and axid lengths of the observation volume ae rdaed through the dsructure
parameter SP:

ZO = SP rO (6)

In order to obtain rp, the trandationd diffuson time, tgs, of a standard (Rhodamine 6G) is
measured. The diffuson timeis rdated to ry through:

r2
1:diff = —=
4D (7)
where D is the trandationd diffuson coefficient of the standard. From the experimentaly
determined diffuson coefficient, an gpparent hydrodynamic radius, R,, can be caculated
according to the Stokes- Eingein equiation:
KT (8)
Rh -
6phD
were k is the Boltzmann congtant, T the absolute temperature and h the viscosty of the

solution; at low concentration of solute and buffer, the solvent viscosity can be used.

FCS measurements were performed with a ConfoCor | fluorescence correlation spectrometer
(Carl Zeiss Jena GmbH, Jena, Germany; EVOTEC Biosysems GmbH, Hamburg, Germany).
The samples were excited usng an Argon Laser & a wavelength of 488 nm for BODIPY
adducts. Fluorescence emission was detected between 520 nm and 570 nm. The fluorescence
of TMR labeled RepA was excited a 514 nm with the same laser, and emisson was detected
between 520 and 610 nm.

For the determination of binding condants, solutions of 15 nM BODIPY-ssDNA were
incubated in buffer (A) or (B) with an excess of RepA (between 0.02 uM and 50 UM) a room
temperature for a least 15 min. 100 Y of the sample solution were filled into a chambered
coverglass (Lab-Tec, NUNC GmbH, Wiesbaden, Germany), which was placed directly above
the objective (C-Apochromat 40x/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 sngle measurement was repested ten times and the results were
averaged. The autocorrdation functions of the intengty fluctuations were autometicaly ecorded

-22-



Materids & Methods

on 288 channds which were quas-logarithmicdly spaced in time. These channds cover the
dynamic range between 200 ns and 3438 s. Note that a grict temperature control is usualy not
required, because smdl fluctuations induced by moderate temperature changes can be neglected
(Magde et d, 1974).

Prior to the experiments the structure parameter, SP, (see eg. 6 and 7) was determined with a
gandard Rhodamine 6G solution. For the diffuson coefficient of Rhodamine 6G, a vadue of 2.8
10 m 2 s was used (Rigler, 1993). The trandationd diffusion time constants of free BODIPY,
free BODIPY-ssDNA and the BODIPY-ssDNA/RepA complex were measured in independent
experiments and served as input parameters for further fitting procedures. According to eg. 5, the
relaive concentration fractions of free, y, and bound BODIPY-ssDNA, z the fraction of
fluorescent molecules in the triplet sate, P, the diffuson time of triplet Sates, tp, and the totdl
number of fluorescent species, N, served as variable parameters. The fraction of triplet states of
BODIPY labded ssDNA and its complex with RepA was between 10 - 20 % for al experiments.
Thislow triplet yield did not influence the accuracy of data evauation according to eqg. 5.

2.2.13 Time-resolved fluor escence spectroscopy and data analysis
If the molecule under study is fluorescent, it is possble to measure the fluorescence
polarization which results from excitation with polarized light. This involves messuring the
polarization of the fluorescence which is emitted verticd (Ivw) and horizontd (lvy) to the
incident beam. In this case the fluorescence anisotropy is then defined as.

Ivv (t) B IVH (t)

0= I, +20, (1)

9)

The fluorescence decay (without anisotropy) is obtained by measuring a 54.7 degrees angle
from the exctation polaiser (This angle is dso cdled the magic angle). The totd
fluorescence intensity, F(t), isdefined as. F(t) = lw(t) + Ivn(t) = Fo /'

If the chromophore can undergo motion, then the absorption anisotropy or fluorescence
polarization can be used to detect this motion. In the case of linear dichroiam the excitaion
beam of light is used in a manner that results in the chemica dedruction of the chromophore.
Consequently, the absorbance in the direction of the excitation beam will be reduced. Due to
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molecular mation, a redistribution of bleached molecules will occur as a function of time. The
population of molecules which are capable of absorbing polarized light is increased as non
bleached molecules diffuse and obtain the orientation of the bleached molecules. There is no
time limitation on this motion thus a very wide range of time scdes can be probed. In the case
of fluorescence an initid polarization is induced into the sample by the exctaion. This
polarization is destroyed due to molecular motion. If the rate of this motion is such that
rotation of the chromophore can occur during the lifetime of the excited date (i.e. before the
fluorescent photon is emitted) then the direction of the emitted light will be different than
what it would be for an chromophore which is not mobile. This rotation results in
depolarization of the emitted fluorescence. Since the lifetime of the fluorescent date is on the
order of nsec, fluorescence depolarization can be used to measure rotations which occur in the
nsec time frame. Motions which are much faster than a nsec lead to complete depolarization
while motions which are much dower than a nsec rexult in pefectly polarized fluorescence
emission.

Fuorescence decays were measured employing a tunable lasar/microchannd plate based
home-built gpparatus for time-corrdlated single-photon  counting  with  picosecond  time
resolution. The sample was excited a 430nm with the second harmonic output (LBO crystd,
Frequency Doubler model #3980, Spectra Physics) of a frequency-doubled diode-pumped
Nd:YVO, laser-pumped mode-locked Ti:sgpphire laser (Millenia Vs  and Tsunami, Spectra
Physics) with a pulse width of 1.5 ps (FWHM) at a repetition rate of 4.05 MHz. A fraction of
the linearly verticdly polarized light was directed onto a nanosecond-photodiode (DET?210,
Thorlabs). The negative amplified photodiode pulse was passed into a condant fraction
discriminator (modd #TC 453, Tenndec) whose output in turn after passing through a delay
line (model #425A, EG&G Ortec) was used as the stop input Sgnd for the biased time-to-
amplitude converter (TAC, modd #457, EG&G Ortec). The excitation light pulse hits the
sample in a light tight box. The fluorescence was collected a right angles. The cuvette holder
for the sample (thermostated) and the reference were mounted on a motorized
micropositioner, which was digned in 45° angle with its axis to the excitation and emisson
path. This geometry enables the podtioner to set ether the cuvette containing the sample or
the scattering solution (for measuring the ingrument response profile L(t)) into the optica
path a the same defined and reproducible postion. The fluorescence emisson was detected
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after passing through a cut-off color glass filter modd # GG 475 nm for the sample containing
Lucifer Ydlow or a suitable neutrd dengdty filter for the reference, a lens, an iris digphragm
and a sheet polarizer (Pol. UV2, LINOS) onto a microchannd plate photomultiplier tube
(MCP) (modd #R3809U, Hamamatsu). The padld (lw(t) and perpendicular (lvn(t))
components for the fluorescence anisotropy decay measurements were detected separately by
orienting the shet polarizer veticdly and horizontdly agangt the verticd orientation. The
MCP operated at —2900V. The dark counts were reduced to less than 10 Hz usng a
thermoelectric cooled housing (modd # TE-177RF, Products for Research, Inc.). The MCP
output was amplified with a 1 GHz preamplifier (model # 9360, EG&G Ortec ) and passed
into a pico-timing discriminator (modd #9307, EG& G Ortec) whose output served as the start
puse for the TAC. The ratio of the sop/gat pulse rate was normdly less than 200:1,
aopropriate for single photon counting. The TAC output was transferred into an anaog-to-
digitd converter (ADC, mode #8715, Canberrd). The ADC data output provides the signals
for a computer based multichannd anadyzer (MCA) (Accuspec/B, Canberra). The channd
width of the MCA was 17 ps and data were collected in 1024 channels. The instrumenta
response function (IRF) was determined a the corresponding waveengths with LUDOX
(Grace), a colloidd dlica solution, as scattering materid. The IRF of the sysem was typicdly
about 40 ps (FWHM). The fluorescence decay profiles (Iw(t) and hy(t) or k() +2lvn(t)
and the time resolved anisotropy as given by eg. 9 were andyzed with a PC usng the
software package Globa Unlimited V2.2 (Laboratory for Fluorescence Dynamics, University

of lllinais). The time course of the fluorescence was fitted with a sum of exponentids

| (t) = §1aie'”‘i (10)
The anisotropy decay was fitted with the mode function

n - t/f.
rt)=S b.e ' (12)
i=1"'
For the hexameric DNA-helicase RepA the rotationa correlation time ) due to the tumbling
of the whole complex is on the ps time scae (~300 ps) and therefore out of the fluorescence

lifetime scale (nanaoseconds) of the label used. Therefore, the anisotropy decays virtudly to a
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constant end value k. The vaue of & represents a measure of the degree of sterica hindrance

by the protein surface.

2.2.14 Photon correlation spectroscopy (PCYS)

In a typicd light scattering experiment, a laser beam impinges on a solution and the scattered
light is recorded by a photomultiplier. The spatid resolution of the experiment is defined by
the scattering vector g whose magnitude is given by the Bragg formula

4pn o8¢ (12)

here | denotes the wavelength of the scattered light, n the refractive index of the solution
and g the scattering angle.

In a PCS experiment the fluctuaions of the scattered light due to the Brownian motion of the
paticles are andyzed in tems of the autocorrdation function (ACF), G®(t), which is
proportiona to the didribution of relaxation times t.q, and scattering amplitudes of the

examined components.

R
GYt)pn GNRM2(R)P(G)S(g)exp(- MR g%t )dR (13)

Rmin

here m is a proportiondity congtant, N(R) and M(R) denote number and mass of particles with
radius R between the integration limits Ryin and Rnax, P(Q), and S(g) denote orm and Setic
gructure factors of the particles. If the particles are non-interacting and smdl compared with the
employed wavelength, the trandationd diffuson coefficient, D, can be determined through
Laplace inverdgon of the ACF. From D the apparent hydrodynamic radius, R,, of the particles are
calculated according to the Stokes-Eingtein equation (eg. 8).

PCS expaiments were peformed usng a light scatering facility (Dierks and Partner,
Hamburg, Germany). Measurements were performed a a scattering angle of 90°. A 50 mwW
diode laser (687 nm) served as light source. Intensity ACFs were automatically accumulated
for 20 s in the relaxation time range between 1 ps and 10 s. Under these conditions, particles
in the Sze range between 2 nm to 1um can be detected smultaneoudy. ACF spectra were
Laplace inverted by CONTIN (Provencher, 1982) which is implemented in the facility used.
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For light scettering experiments, the samples were diluted with 40 mM TrigHCl buffer of pH
7.6 (6.5 or 40 mM MES/NaOH buffer of pH 5.8 to a find protein concentration of 0.15
mg/ml. In order to remove dud, dl samples were filtered before each measurement through

derilefilters (Minisart; Sartorius, Gottingen, Germany) with 200 nm or 800 nm pore size.

2.2.15 Analytical ultracentrifugation

Molecular mass determination: In order to study RepA under different pH and salt conditions,
ultracentrifugetion experiments were peformed usng an XL-A andyticd ultracentrifuge
(Beckman, Palo Alto, CA) equipped with absorbance optics. For determination of the
molecular mass, M, of RepA, the sedimentation equilibrium technique was agpplied which
alows to determine M directly according to egs. 14 and 15.

Cuy =CoE"" (14)

(15)

r is the solvent density, n the patia specific volume of RepA, w the angular velocity, Rthe
gas consant and T the absolute temperature, ¢y the radid concentration and ¢, the
corresponding vaue a the meniscus position.

In addition to the molecular mass obtained, the determined parameters dlow the caculation
of the volume)V, of the solute:

with Na Avogadro™ s number.

Assuming that a protein molecule has sphericad shape, the radius, r, of the unhydrated protein
isgiven by:
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r =3|— (17)

In aqueous solution, the radiusis larger by about 0.3 nm (water shell).

Complex formation between RepA and (dA)zo:

Complex formation between different macromolecues can be essly detected from mass
determinations when the assodiates are formed with high afinity (K. > 108 M™). Because
complex formation is often wesk, it iS necessry to estimate the association congants of an
interecting system by fitting the sum of exponentid functions, given in eg. 18, to the
experimentaly obtained radid scanning curves (Behlke et ., 1995).

BMgF

+ec e +c. g (e +je )c K MMt (18)

j=1

A =ece

Where er, €., &k and c_ ae the extinction coefficients and concentrations of the free protein
molecue (R = RepA) or the free ligand concentration (L = (dA)sp) at the radid postion b,
repectively. B means the difference in buoyancy between R and L, j the number of possble
binding steps, and K; the binding constant corresponding to one binding step. To obtain more
precice data for the edtimated parameters, we have to reduce the number of variables
describing the binding reaction (i) by separate determination of molecular masses, (i) by
usng a datidicd binding modd for equa binding stes (Wyman et d., 1999), and (iii) by
taking the mass conservation into account. In each experiment, three absorbance profiles were
measured a three different wavelengths. This dlowed to determine the total concentration in
an arbitrary sector by numerical integration. According to a statistical modd, K; is given by:

K, =@/n")(HK/ (19

where K; is the binding constant for the first step. If one substitutes (1/rf) () with G and VK,
by Kqor ¢ Kj = ¢, equation 18 can be written asfollows (Behlke et d., 1997):
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A =ece™" +e K,ce' +c, 3 (6 +]e )G cle™ I (20)

=1
For the total concentrations G and g, the integration of the modd function results in egs. 21
and 22:

én n . o ' u
Ca(fy = 1) = Co (™ dr +3 c'G(j) e~ M drg (21)
g. j=1 n s
é rb‘ M F g . i H ro‘ (BMg+jM)F l;'
c,(r, - rm):ngcga dr +czq ic G(j)oe drg (22
e m =t m 8|

With , and ry, the radius postion a the bottom of the cell and the meniscus, respectively. The
subdtitution of cg and Kq by functions of eg. 21 and 22 dlows to reduce the number of
estimated parameters to only ¢. Three of the absorbance profiles (eg. 21 or eg. 22 represents
such a profile only for one wavdength) were smultaneoudy fitted (globa) by nonlinear
regresson usng the program “Polymole’ which was successfully applied earlier in the
analysis of other complexes (Behlke et d., 1994; Behlke et d., 1995; Kraft et d., 2000). The
optimal fit to the radia disribution curves alowed to esimate the dissociation condant of the
complex.

For determination of the molecular mass, M, the sedimentation equilibrium data were
andyzed by means of externdly loaded sx-channel centerpieces of 12 mm opticad peth length
filled with 70 W of solution in the corresponding compatment. This cdl type dlows the
andysis of three solvent/solution pairs. The protein concentration was adjusted to 0.16 — 0.48
mg/ml throughout. The sedimentation equilibrium was reached after 2 h overspeed a 14,000
rpm, followed by an equilibrium speed a 10,000 rpm a 10 °C for about 30 h. The radia
absorbancies of each compartment were recorded at three different wavelengths, 280, 285 and
290 nm at pH 7.6 and, 275, 280 and 285 nm a pH 58. The molecular mass, M,
determinations were done by smultaneoudy fitting the three radid absorbance didribution

curves according to egs. 14 and 15 gpplying a partid specific volume, n = 0.74 g cm® which
was ca culated from the known amino acid sequence of RepA and the dengity increment.
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To sudy complex formation between RepA and (dA)s, radid digtribution curves were
measured by means of extendly loaded sx-channd centerpieces of 12 mm opticd path
length filled with 70 pl of solution in the corresponding compartment. The radia absorbancies
of each compatment were measured a three different wavelengths, 280, 285 and 290 nm at
pH 5.8 and 275, 280 and 285 nm at pH 7.6 after 2 h overspeed a 14,000 rpm, followed by an
equilibrium speed a 10,000 rpm a 10 °C for about 30 h. The protein and oligonuclectide
concentrations were adjusted to 0.46 pM RepA dimer and O 30 @ pH 5.8,
repectively. At pH 7.6 protein and oligodeoxynucleotide concentrations of 1.87 UM RepA
and 0 — 6.5 pM (dA)3p were used, respectively. The dissociation congtants of the complex
between RepA and (dA)sp and the concentrations of free RepA, free (dA)p and their
complexes were determined at pH 5.8 and 7.6 Ly fitting the three radid didribution curves to
egs. 20, 21 and 22. To caculate the stoichiometries for the binding reaction, the concentration
of the complex was determined for different molar ratios (dA)so/RepA dimeric hexamer and
(dA)z0o/RepA at pH 5.8 and pH 7.6, respectively. The concentration of the complex per RepA
dimeric hexamer was plotted as a function of the molar ratio (dA)so/RepA dimeric hexamer a
pH 5.8. At pH 7.6 the concentration of the complex per RepA was plotted as a function of the
molar ratio (dA)so/RepA.

2.2.16 Electron microscopy and 3D-reconstruction

Electron microscopy. For eectron microscopy investigations (cryo-TEM) and the subsequent
3D-recongruction 10 uM RepA protein (monomer) were prepared in 40 mM MES buffer
solution (H 5.8) in the presence of 10 MM MgCl, 60 mM NaCl and 1 mM ATPgS. Droplets
of the sample (5u) were gpplied to hydrophilised (glow discharge in a BALTEC MED 020
(BAL-TEC AG, Liechtenstein) for 60s a 8W) carbon covered microscopica coppergrids
(400 mesh) and supernatant fluid was removed with a filterpaper until an ultrathin layer of the
sample was obtained. Again, a droplet of contrasting materia (2% Phosphotungstic acid) has
been added and blotted. A heavy metd Saned layer of the protein assemblies was thus
prepared and was subsequently plunged into liquid ethane for vitrification in order to preserve
the protein dructure in its fully hydrated sate. The Gatan626 specimen holder/cryo-transfer
system was used in a Philips Tecna F20 FEG TEM (FEI Company, Oregon) keeping the
sample congtantly a a temperature of -179°C. Imaging was performed under low-dose
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conditions usng a primary magnification of 61702 x at an accderaing voltage of 160kV. The
defocus vaue was chosen to correspond to a first zero of the CTF a ~ 12 A This specimen
preparation procedure was essentidly the same described earlier for the 3D-structure
determination of influenza HA (Bdttcher et d., 1999). An embedding matrix with a somewhat
higher contrast compared to the conventiond vitreous-ice prepartion is obtained dlowing the
locdistion of sngle molecules despite the rdativedy high accderation voltage of the
microscope and the chosen "close-to-focus' imaging conditions.

Reconstruction of the 3D structure. Laseroptica diffraction measurements of eectron
micrographs were performed in order to sdect "good' micrographs in terms of opticaly
correct phase contrast transfer (absence of aberration, drift, astigmatism etc.). The sdected
microgrgphs were digitised usng the Hededberg "Primescan” drum scanner (Heddberger
Druckmaschinen AG, Heiddberg, Germany) a a pixd resolution of 0.68 A in the digitised
images. All image processing was performed usng the Imagic-5 software package (van Hed
et d., 1996) running on a persona computer cluster under the "Linux" operating system. 6134
molecules were interactively sdected and extracted from the digitissed micrographs as
400x400 pixel fields. For computationa efficiency these single images were interpolated to
1.36 A/ pixd sze for dl subsequent steps. Using the "angular recondtitution” technique (van
Hed, 1987) Euler angles were a poderiori assgned under D6 symmetry restraint and a first
rough three-dimensond recondruction was cdculated. Refinements were peformed in a
iterative process by wusing forward proections of the prdiminay recondruction as
“anchorset” for consecutive steps. Fourier shell corrdation (FSC) (van Hed et d., 1986) of
two different 3D recondructions, each of which included hdf of the find class averages, was
done to assess the resolution. The 36 threshold criterion curve was then corrected by a factor
12 to account for the assumed D6 point-group symmetry (Orlova et d., 1997). For both 3D
Sructures the resolution obtained in the find 3D reconstruction was determined to be ~16.5
A The three-dimensond dignment of X-ray data of RepA (1G8Y.pdb) and TEM data has
been performed in the context of AMIRA 2.3 software.

2.2.17 Crydstallization, data collection, structure deter mination and model refinement

Crystallization. Crysds of RepA and cofectors were grown by vapour diffuson employing
the hanging-drop technique a 18 °C. Normaly 3 p of protein solution (17~25 mg/ml) was
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mixed with 3 Y resorvoir solution (unless otherwise indicated). For cryo data collection,
single crystds were flash cooled (100K) with liquid N2 in arayon loop using cryoprotectant.

Data collection. X-ray diffraction data were collected a synchrotron BESSYIl (Berlin,
Germany), RSF (Grenoble, France) and DESY (Hamburg, Germany) usng MAR 345 image-
plates. The data were integrated and processed with DENZO and SCALEPACK (Otwinowski
& Minor, 1997).

Sructure determination using Molecular Replacement (MR) techniques. All the Structures
were determined by molecular replacement on the bass of the 24 A resolution modd of
RepA (Niedenzu et al.,, 2001) usng the AMORE programm (Navaza, 1994). Molecular
replacement encompasses techniques which are used in macromolecular crystalography to
determine the orientation and podtion of a molecule in the unit cdl usng a previoudy solved
crysta sructure as the 'search modd'. The search and target molecules must have reasonable
sequence identity (i.e. > 25 %) for there to be a good chance of success. Generaly there are
two deps in molecular replacement and these are known as the rotation and trandation
functions.

Solving the target dructure (X) involves determining a rotation matrix, [C], and a trandation
vector, d, to gpply to the co-ordinates of the search modd, x (Fig. 2.3). Hence, x'=[C]x+d

Target sfruchee

Search Modes

Figure 2.3: Molecular replacement method visualy explained. A pictoria representation of the main
principle of the molecular replacement method.

-32-



Materids & Methods

This is amplified by separating the search into two stages, namedy the rotation and trandation
searches (divide and conquey).

The rotation function should alow the orientation of the search molecule which produces
maxima overlgp with the target structure to be determined in the absence of any phases for
the unknown dructure. To do this, it compares the Petterson sef-vectors of the known and
unknown structures at different orientations of the seerch modd. Note: The Patterson function
can be cdculaed from the measured dructure amplitudes (without phase angles). Usng
Peatterson space means that the trandation vector, d, is irrdevant snce dl intramolecular
vectors are shifted to the origin (Fig. 2.4).

Target structure Target Patterson
® ®
]
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&
Search model Search modeal Patterson
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Figure 2.4: Schematic diagram showing the comparations of the Patterson self-vectors of the known
and unknown structures at different orientations of the search model.
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To quantify the agreement between search and target Pattersons the following function was
proposed by Rossmann and Blow (1962).

R= P (u)Ps([Cludu (23)

where Pr(u) is the Patterson function of the target structure and Pq[C]u) is the Patterson of
the search molecule which has been rotated by matrix [C]. The integrd is usudly caculated
for a shdl in Peaterson space with inner and outer radii limits which dlow excluson of the
Patterson origin pesk and cross-vectors aisng from neighbouring molecules snce it is
desirable that the rotation function be dominated by sdlf-vectors.

The integrd can be cdculated numericaly in red space but this is dow dthough it can be
speeded up by representing the model Peatterson as a 'pesk lig' (Huber, 1965). Rossmann and
Blow (1962) proposed a reciproca space method for calculating R which is fadter. Letting
and Fp, be the structure factors for the target and search structures, respectively, then:

R= (A [F[ e 8 |F. [ e #lau (4
K E
This can be amplified to:

2 C\F-Zpi(UE[C])u du (25)

R=8 & JFF.
k

E

Theintegrd over volume can be smplified for sphericd moleculesto:

R [Fe| Gee (26)

where Gy is known as an interference function. Gy is only large if hand -p[C] are smilar,
i.e. only those points that are close together in the two reciproca lattices being compared are
sgnificant in the double summation. The interference function is irmdevent if |Fpf* for an
isolaled molecule is sampled on a fine grid dlowing |Fp[(;]|2 to be obtained by linear
interpolation a each orientation (Lattman and Love, 1969). This has been developed by
Crowther (1972) who suggested that the Pattersons can be approximated by spherica
harmonics and the rotaion function can be cdculated from these by FFT. This method has
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been developed further by Navaza (1994) in the program AMORE. Another popular program
is MOLREP (Vagin and Teplyakov, 1997). These two programs, which are in CCP4, dlow
Sructures to be solved automdicdly even when more than one molecule is present in the
asymmetric unit. The likeihood of having more than one molecule per asymmetric unit
should dways be ascertained beforehand by cdculating the solvent content of the crystd (eg.
by the method of Matthews, 1968).

Having determined the angles a , b and g from the rotation search, the rotation matrix [C] can
be caculated and applied to the co-ordinates of the search molecule. The shift vector (d)
which is required to pogtion the search molecule correctly reldive to the symmetry eements
of the target crysta can be determined by one of a number of trandation searches. For triclinic
cydds the trandation search is irrdevant and smilaly for other polar space groups the
problem reduces to a lower dimensond search, eg. in monoclinic cells only a 2D search on
x and z is needed because the podtion dong the y-axis is arbitrary. The trandation function
can be used to resolve space group ambiguities (e.g. P412:2 and P432,2) - the correct one will
gives the highest peak.

The trandaion search measures the overlgp of the target Patterson cross-vectors with those
caculated for the oriented search molecule as it ranges through the target cell. The trandation
function is defined as

(1) = R U PR, (u)du (27)

where P(ut) is the search molecule cross-Patterson and Po(u) is the observed Peatterson
function of the target structure. Crowther and Blow (1967) expanded this in reciprocad space

gving:
T,)=a I,(Ma a F,(hA)F,(hA)exp(- 2aiht, )] (28)
K i
where the summation over i and j (i j) is the caculation of the cross-vectors between each

pair of search molecules (m) related by the n symmetry operators A; and A; (tj is the
intermolecular vector). To ensure that the T, function is dominated by cross-vectors, the sdif-
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vectors caculated for the search molecules can be subtracted from the target Patterson
function by cdculation of |¢ross:

Lo =1 () - K3 [F, (1A (29

where Kk is a scae factor S lopndS lcac). In the T, function modified by lan Tickle (TFFC in
CCP4), the sdf-vectors can also be subgtracted from the search model Patterson to improve
the sgnd-to-noise ratio. Tickle showed that T, can be expressed as a Fourier summation and
can then be cdculaed by use of an FFT dgorithm (Driessen et al., 1991). Normalised
gructure factors (E values) or use of a negative temperature factor can improve the sgna-to-
noise ratio of the trandation function. Many molecular replacement programs alow a packing
function to be cdculated. In MOLREP this automaticaly down weights trandation function

peaks which correspond to positions where the molecules would overlap.

The R-factor search used to be a very popular way of solving the trandation problem partly
because of its conceptua smplicity. It involves the cdculation of an R-factor as the search
molecule and its symmetry mates are moved through the unit cel of the target crystd. The
correct postion should give the lowest R-factor. Other parameters, such as the correation
coefficient, can be used to measure the agreement between the Fy's and F¢'s as the search
mode is moved around.

IF, (obs)|- KF, (calc)”

a |F(obs)|
k

[]
a
R=-*%

(30)

An gpproximate scae factor (k or S Fo/S F¢) can be determined prior to the Rfactor search
from the vector sum of the sarting k's. Note that the corrdation coefficient is independent of
K.

The contribution that each symmetry relaied search molecule makes to the F 's can be
obtained by caculating a hemisphere of sructure factors for a single correctly oriented search
modd in the target cel assuming P1 symmetry. The so-cdled patid Fc's for the symmetry
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related search molecules are obtained from the different asymmetric units of the diffraction
pattern. Moving the molecules around can be represented by phase shifting the partid F¢'s:

F. =F, exp(2piht,) + F, exp(2aht,) +... (3D)

where t; and t, are the shift vectors gpplied to each symmetry mate of the search modd. An
R-factor and/or correlation coefficient is caculated for each postion on a grid scanning dl
possble postions in the asymmetric unit. It is sengble to exclude week reflections from the
search due to erors and the smdl contribution that they make to the R-factor. The man
disadvantage of the R-factor searchisthat it is dower than the T, search.

Findly, it is necessty to check that a pesk in the trandation function does not cause
neighbouring molecules to clash. If the solution is Hill ambiguous it is necessary to rigid-body
refine each possble solution and the correct one should produce an interpretable eectron
density map.

Model refinement. Prior to refinement 5% of the reflections were sdected in thin shells evenly
over the entire resolution range and set asde. These reflections were used for cross vdidation
of the refinement process by usng the R-factor Riee (Bringer, 1992). Reflections that
contribute to Ryree Were not used throughout the entire refinement process, however they were
included for map cadcuations The mode was subjected to rigid body refinement then
improved by smulated anneding followed by energy minimization and B vdue refinement
usng CNS (Brunger et d., 1998). For manua rebuilding the computer graphics package O
(Jones et al., 1991) was used. Water molecules were added in the Fo-Fc difference eectron
densty map at pesks which are 3 rm.s. deviation above mean density and within hydrogen

bond distances to protein atoms or other water molecules.

2.3 Software

Protein secondary structure estimation program:
SEL CONB3 (Sreerama, 1993)
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Data processing and reduction:
HKL program package (Otwinowski & Minor, 1997)

Various data modification programs.
CCP4 program suite (Collaborative Computationa Project, Number 4. 1994)

Refinement:
CNS (Brunger et al., 1998)

Modd building:
O (Joneset al., 1991)

Graphics.

Molscript 2.1.2 (Kraulis, 1991)
Bobscript 1.4 (Esnouf, 1997)
Raster3D (Merritt & Murphy, 1994)
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