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ABSTRACT: The structure of the complex of the hexameric replicative helicase RepA protein of plasmid
RSF1010 with ssDNA has been examined using the fluorescence energy transfer and analytical
ultracentrifugation methods. We utilized the fact that the RepA monomer contains a single, natural cysteine
residue. The cysteine residue has been modified with a fluorescent marker, which serves as the donor to
the acceptor placed in different locations on the DNA. Using the two independent fluorescence donor
acceptor pairs and different DNA oligomers, we provide direct evidence that, in the complex with the
enzyme, the ssDNA passes through the inner channel of the RepA hexamer. In the stationary complex,
the RepA hexamer assumes a strictly single orientation with respect to the polarity of the gugsphate
backbone of the nucleic acid, with the large domain of protomers facing' taed3of the bound DNA.
Interactions with the helicase induce profound changes in the structure of the bound DNA, and these
changes are predominantly localized in the proper DNA-binding site. The heterogeneity of the structure
of the bound DNA reflects the heterogeneous structure of the total RepA helicase DNA-binding site. This
is in excellent agreement with the thermodynamic data. The structure of the RepA hexamer, in solution,
differs considerably from the crystal structure of the enzyme. Both fluorescence energy transfer and
analytical ultracentrifugation data indicate a significant conformational flexibility of the RepA hexamer.
Implications of these results for the mechanism of interactions of the hexameric helicase with the DNA
are discussed.

Fundamental processes of DNA and RNA metabolism, like the DnaB protein, which requires only magnesium cations
replication, recombination, repair, and translation, require that to preserve the integrity of the hexamd2¢19). Similar
the duplex structure of the nucleic acid be unwound to form ringlike structures have been found for other well-studied
a transiently metabolically active single-strand DNA inter- replicative hexameric helicases, like bacteriophage T4 and
mediate {—5). This reaction is fueled by the hydrolysis of T7 and theE. coli transcription termination factor Rho
nucleoside triphosphates and catalyzed by a class of enzymekelicase, although these enzymes require a nucleotide co-
called helicases3(-5). The RepA protein is one of several factor and/or DNA to stabilize the hexameric structl2e-
proteins encoded by broad host nonconjugative plasmid 22).
RSF1010, which can replicate in most Gram-negative Functional homology, high stability, and nucleic acid
bacteria and confers bacterial resistance to sulfonamides, andinding properties of the RepA hexamer resemble the
streptomycin §—11). The RepA enzyme is the DNA behavior of the hexamer of the. coli DnaB helicase 12,
replicative helicase, which is essential for RFS1010 plasmid 14, 15, 17). The total site size of the RepA hexamesDNA!
replication in bacterial cells unwinding the dsDNA in a5 complex is 19+ 1 nucleotide residues, as compared to 20
— 3 direction 8—11). The molecular mass of the RepA =+ 3 for the DnaB hexamerssDNA complex 23). The total
monomer is 29 896 Da; i.e., it is one of the smallest known DNA-binding sites of both hexamers have heterogeneous
helicases. In the crystal, the RepA helicase forms a dimer structures 12, 14, 15, 17, 23). In the case of the RepA
of two ringlike hexameric structures, i.e., a dodecamer, helicase, part of the total binding site constitutes the proper
although, under neutral and slightly alkaline conditions, in ssDNA-binding site of the enzyme, an area that possesses a
solution, the protein exclusively exists as a very stable strong ssDNA binding capability and encompasses uplb
hexamer 11). The RepA hexamer has a ringlike structure nucleotides of the sSDNA2@). The proper ssDNA-binding
with a central cross channell7 A in diameter, as depicted  subsite is structurally separated from the remaining part of
in Figure 1. Both the hexamer and the dodecamer have
helicase activity ). In terms of stability, the RepA hexamer ! Abbreviations: AMP-PNP j,y-imidoadenosine ‘Striphosphate;

. L ot : Tris, tris(hydroxymethyl)aminomethane; EM, electron microscopy; CP,
resembles th&scherichia coliprimary replicative helicase, 7-(diethylamino)-3-(4maleimidylphenyl)-4-methylcoumarin; FLM, fito-
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helicase is~40 A in diameter and can easily accommodate
even the dsDNA helix 33—35). The integrity of the
hexameric structure requires magnesium, and such a con-
trolled stability can facilitate the binding of the ssDNA in
the cross channel, which occurs through the local opening
of the dynamic hexameric structurgé? 36). On the other
hand, in the crystal structure, the diameter of the cross
channel of the RepA hexamer is dramatically smaller and
the hexameric structure of the enzyme exhibits exceptional
stability, not affected by solution conditions and/or nucleotide
and DNA binding. This behavior is very different from that
of other analogous and much larger hexameric helicases,
which require M@", nucleotides, or a nucleic acid to stabilize
the hexameric structur@—22). The mechanism from the
ssDNA to the RepA helicase is still unknown.

Functional and structural homology between the RepA
hexamer and thé&. coli primary replicative helicase, the
DnaB protein, makes the RepA protein an excellent model
for comparative studies. Moreover, the fact that the protein
is essential for RSF1010 plasmid replication suggests some
specific mechanism of RepA hexamer activity, which is not
yet known. Furthermore, the essential role of the protein in
replication of RSF1010, a ubiquitous multiple-copy plasmid,
conferring resistance to antibiotics, provides an opportunity
to examine molecular aspects of such resistamceuan-
Ficure 1: Structure of the RepA helicase hexamer determined in tltgtlve |nforma'5|0n about the complex qf .the RepA hexamer
crystallographic studied(). The structure has been generated using With the DNA is an absolute prerequisite for formulating
data from RCSB Protein Data Bank entry 1G8Y using ViewerPro any model of the enzyme activity and a hexameric helicase,

(San Diego, CA). (a) The six subunits form a ringlike structure in general.
with a hexamer diameter e¥115 A and with a central cross channel In this paper, we present direct evidence that, in the

with a diameter of~17 A. (b) Side view of the RepA hexamer :
with the short perpendicula(r ;xis, of48 A. Each prot%mer in the complex with the RepA hexamer, the SSDNA passes through
hexamer is built of two domains, large and small. The single the cross channel of the enzyme. The heterogeneity of the
cysteine residue in each protomer is located in the large domaintotal DNA-binding site of the enzyme is reflected in the
and is colored red. All six cysteine residues lie in the plane profound heterogeneous changes in the structure of the bound
perpendicular to the short axis of the RepA hexamer (see the textpNA, particularly localized in the proper DNA-binding site.
for details). The RepA hexamer binds the ssDNA in a strictly single
the total ssDNA-binding site. Surprisingly, while the engage- orientation with respect to the polarity of the sugar
ment of the proper ssDNA-binding site in interactions with phosphate backbone of the nucleic acid. In the complex, the
the ssDNA is accompanied by net ion release, the engage-hexamer is strictly oriented with its large domain toward the
ment of the total ssDNA-binding site of the RepA hexamer 3’ end of the bound DNA. The RepA hexamer has a dynamic
in interactions with the ssDNA results in an uptake of ions structure, and its global structure, in solution, profoundly
by the protein. Moreover, the proper ssDNA-binding site of differs from the structure determined in crystallographic
the RepA enzyme shows a significant preference for pyri- studies.
midine oligomers, which is different from that of tiie coli
DnaB hexamer which shows a significant preference for MATERIALS AND METHODS
purine oligomers. Reagents and Bufferall chemicals were reagent grade.
Formulating a mechanism of such a complex enzyme asAll solutions were made with distilled and deionized.8
the hexameric helicase requires knowledge of the structureMQ (Milli-Q Plus) water. Spectroscopic and binding experi-
of the helicasessDNA complex. For some hexameric ments were performed in buffer T5 which is 50 mM Tris
helicases, includinde. coli RuvB protein, archaeal MCM  adjusted to pH 7.6 with HCI at 16C, 1 mM MgClh, 10
complex, or bacteriophage T7 helicase, the data indicatedmM NacCl, 0.5 mM AMP-PNP, and 10% glycerd3).
that, in the complex with the enzyme, the sSDNA passes RepA Helicase of Plasmid RSF10Tbe gene of the RepA
through the cross channel of the protein hexarddr-@6). helicase has been isolated directly from plasmid RSF1010
A similar mode of ss nucleic acid binding has been proposedand placed in plasmid pET30a under control of the T7
for the hexamer of the SV40 T large antigen helicaseand  polymerase system. Isolation and purification of the protein
coli termination factor Rho helicase, although the mode of were performed, with slight modifications, as described
the nucleic acid binding has not been directly addressed andpreviously 8, 23). The protein was>99% pure as judged
the modes of the ssDNA binding outside the cross channelby SDS-acrylamide gel electrophoresis with Coomassie
have also been considere2B(-32). In the case of the DnaB  Brilliant Blue staining. The concentration of the protein was
helicase, fluorescence energy transfer analyses directlyspectrophotometrically determined using an extinction coef-
indicated the ssDNA passes through the cross channel officient e;g0 of 1.656 x 10° cm™t M™%, obtained with the
the hexamerX8). However, the cross channel of the DnaB approach based on Edelhoch’s methad, 38).
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Nucleic Acids.All nucleic acids were purchased from were performed using Mathematica (Wolfram) and Kaleida-
Midland Certified Reagents (Midland, TX). The ssDNA 10- Graph (Synergy Software, Reading, PA).
mer, dT(pTy, and 20-mer, dT(pT), labeled with fluorescein Determination of the Aerage Efficiency of Fluorescence
at the 5 end, or at a different location of the nucleic acid, Energy Transfer from the Donor on the RepA Hexamer to
were synthesized using fluorescein phosphoramidate. Labelthe Acceptor Located on the DNAhe efficiency of the
ing of 10- and 20-mers at the 8nd with fluorescein, or  fluorescence radiationless energy trandgefrom the donor,
labeling with rhodamine (Rho), was performed by synthesiz- located on the RepA protein, to an acceptor, located on the
ing dT(pT)e with a nucleotide residue in a given location DNA bound in the DNA-binding site of the helicase, has
of the nucleic acid with the amino group on a six-carbon been determined using two independent methods. The
linker and, subsequently, modifying the amino group with fluorescence of the donor in the presence of the acceptor,
FITC or TRITC (Midland Certified Reagents). The degree Fpa, is related to the fluorescence of the same donor, in the
of labeling was determined by the absorbance at 494 nm forabsence of the acceptdfyp, by (13, 15, 17, 18, 54)
fluorescein (pH 9) using an extinction coefficient, of 7.6
x 10* M~1 cm! and at 555 nm for rhodamine using an Foa = — vp)Fp + Fprp(1 — Ep) 1)
extinction coefficientesss of 8.0 x 10* M~ cm™ (17, 18). , ] ] )
Concentrations of all sSDNA oligomers have been spectro- Wherevo is the fraction of donors in the complex with the

photometrically determined, as previously described by us 8CCeptor andss is the average efficiency of fluorescence
(12-19). energy transfer from a donor to an acceptor, determined from

the quenching of the donor fluorescence emission. Thus, the
average transfer efficienclp, obtained from the quenching

of the donor fluorescence emission is obtained by rearranging
eqlas

Labeling the RepA Hexamer with Coumarin (CBjbel-
ing of the cysteine residues of the RepA hexamer with CP
was performed in H buffer [50 mM Hepes-HCI (pH 8.1),
100 mM NaCl, 5 mM MgCJ, and 10% glycerol] at 4C
(17, 18). The fluorescent label was added from the stock (1)(FD — FDA)
solution to a dye/RepA molar ratio ef25. The mixture was Ep = T FE.
incubated for 4 h, with gentle mixing. After incubation, the b
protein was precipitated with ammonium sulfate and dialyzed The value ofvp

overnight against buffer T5. Any remaining free dye Was ., ant for a given DNA oligomer for the RepA helicase,

remaved from the madified RepA-CP by_apply?ng the sample measured under the same solution conditions (see below)
to a DEAE-cellulose column and eluting with buffer T5 (23

containing 500 mM NacCl. The degree of labeling,was
determined by the absorbance of a marker using an extinction
coefficientezgq 0f 27 x 10° M~1cm™! (17, 18). The obtained
values ofy were 0.31+ 0.05 per hexamer, indicating that
only a fraction of the cysteine residues in RepA hexamer

(2)

Vb

has been determined using the binding

In the second independent method, the average fluores-
cence transfer efficienc¥a, has been determined using the
sensitized acceptor fluorescence emission, by measuring the
fluorescence intensity of the acceptor (fluorescein or
i . o rhodamine), excited at a wavelength where a donor (CP)
are readily available for modification (see below). The ,reqominantly absorbs, in the absence and presence of the
labeled RepA protein is termed RepA-CP. donor 62). The fluorescence intensities of the acceptor in

Analytical Ultracentrifugation Measurement&nalytical the absence;, and presence of the donéiyp, are defined
ultracentrifugation experiments were performed with an as (13, 15, 17, 18, 54)

Optima XL-A analytical ultracentrifuge (Beckman Inc., Palo

Alto, CA) using double-sector charcoal-filled 12 mm cen- Fp=l,€aCarr (3)
terpieces as we previously describd@,(15, 23, 39—42).

Sedimentation velocity scans were collected at the absorptionand

band of the RepA helicase at 280 nm. The RepA heliecase

nucleotide complexes were scanned at 295 nm where theF,p = (1 — v,)F, + IOeAvACAT¢’§ +

cofactor absorbance is minimal and the absorbance of the | € Coop ¢AE (4)
sample is dominated by the proteii2]. Moreover, the o"D=DTTDYB=A
reference compartment con;ained the same concent(ation O(Nherelo is the intensity of incident lightCar and Cor are

the cofactor as the proteimucleotide complex. Time  yq total concentrations of the acceptor and donor, respec-
derivative analyses of sedimentation scans were performedtive|y, va is the fraction of acceptors in the complex with
with the software supplied by the manufacturer using an gonors e, andep are the molar absorption coefficients of
average of eight to fifteen scans for each concentration asihe acceptor and donor at the excitation wavelength, respec-
prew_om_Jst describedd@, 44). The values of sgdmgntaﬂon tively, ¢>’é and qb’g are the quantum yields of the free and
coefficients were corrected tiaO:"V. for solvent viscosity and bound acceptor, respectively, aBd is the average transfer
temperature to standard conditior5(46). efficiency determined by the acceptor-sensitized emission.

Fluorescence Measuremendsl steady-state fluorescence  All quantities in eqs 3 and 4 can be experimentally
measurements were performed using the Fluorolog-3 specdetermined 13, 15, 17, 18, 54). Dividing eq 3 by eq 4 and

trofluorometer (Jobin Yvon, Edison, NJ) as previously rearranging provide the average transfer efficierigy, as
described12—19, 47—51). To avoid possible artifacts, due

to the fluorescence anisotropy of the sample, polarizers were 1 \[€aCar ¢é Fap ¢é
placed in excitation and emission channels and set at 90 Ex = e NE tvat a1 )
and 53 (magic angle), respectivel\p?, 53). Computer fits pf\*D~o1/| \Pe/\ A b
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It should be pointed out that the energy transfer efficiencies, consuming and much more expensive, is to use more than
Ep andEa, are apparent quantitiegp is a fraction of the one different donoracceptor pair and/or donor and acceptor
photons absent in the donor emission as a result of theplaced in different locationslg, 54). The different molecular
presence of an acceptor, including transfer to the acceptorstructures of different donors and acceptors and/or different
and possible nondipolar quenching processes, induced by théocations introduce an intrinsic randomization of the orienta-
presence of the acceptor, aBgl is a fraction of all photons  tion of the absorption and emission dipoles. The measurement
absorbed by the donor, which were transferred to the of a similar distance, using different doregicceptor pairs,
acceptor. The trueFster energy transfer efficiencl, is a indicates that the orientation of the donor and absorption
fraction of the photons absorbed by the donor and transferreddipoles is far from the extreme values of 0 or 4 and that the
to the acceptor, in the absence of any additional nondipolartrue distance between a donor and an acceptor is represented
quenching resulting from the presence of the accepgt®r ( by the distance obtained usingaof 0.67 (see below)1,

52, 55). The value ofE is related to the apparent quantities 54).

of Ep andEa by (42, 55)

RESULTS
E= Ea (6) Labeling of the Cysteine Residues of the RepA Hexamer
1-E,+E, As mentioned above, the RepA monomer contains a single

cysteine residue (C172)Q). The crystal structure of the
Thus, measurements of the transfer efficiency, using both RepA hexamer, with locations of the native cysteine residues
methods, are not alternatives but parts of the completein the three-dimensional structure of the protein, is depicted
analysis that yields the true efficiency of the fluorescence in panels a and b of Figure 1. The largest diameter and side
energy transfer processtq, 52, 54). The efficiency of length of the RepA hexamer observed in its crystal structure
fluorescence energy transfer between the donor and acceptoare ~115 and~48 A, respectively. The structure of each
dipoles is related to the distand®, separating the dipoles protomer has an elongated shaped and is built of two

by the relationships5Q) domains, small and large. The cysteine residues are located
close to one end of the hexamer within the large domain
Rc,6 (Figure 1b). The asymmetric location of the cysteine residues
ZW,- () facilitates the interpretations of the fluorescence energy
transfer data (see below). Nevertheless, although the crystal
structure suggests that all cysteine residues are equally
and . )
exposed to the solvent, the maximum achievable degree of
1 — E\l6 labeling, y, with coumarin maleimide (CP), which is very
R= Ro(?) 8 specific for the thiol groups, is 0.3 0.05 CP molecule
per hexamer. This value could not be increased by the
whereR, = 9790¢?n%¢p4J)¥ and is the so-called Fster increased concentration of the marker or by the prolonged
critical distance (in angstroms), the distance at which the time of incubation, limited by the protein precipitation or
transfer efficiency is 50%? is the orientation factowy is the loss of enzyme activity. Thus, only one cysteine residue,

the donor quantum yield in the absence of the acceptor, andin the solution structure of the RepA hexamer, is partially
nis the refractive index of the medium € 1.4). The overlap  accessible for labeling, or all six cysteine residues are labeled,
integral, J, characterizes the resonance between the donorbut to a lesser degree. This is very different from the
and acceptor dipoles and has been evaluated by integratioranalogous labeling of native cysteine residues offheoli
of the mutual area of overlap between the donor emission transcription termination factor Rho hexamer, where all six
spectrum/F(1), and the acceptor absorption spectrui) cysteine residues are accessible to the mark@). (The
(52). The values oRR, have been determined, as previously limited degree of labeling does not affect the fluorescence
described by us, and are 52 and 47 A for the coumrarin energy transfer experiments or their analyses, which we
fluorescein and coumaritrhodamine systems, respectively describe in the context of labeling a single cysteine residue.
(15, 17, 18). Nevertheless, it indicates that the structure of the RepA
The fluorescence transfer efficiency determined for a single hexamer, in solution, is different from its crystal structure
donor-acceptor pair depends on the distance between the(see the Discussion). Direct evidence that this is the case
donor and the acceptdr, and the factok?, describing the ~ comes from the fluorescence energy transfer and analytical
mutual orientation of the donor and acceptor dipo&3).( ultracentrifugation studies described below.
The factorx? cannot be experimentally determined but can ~ Theoretical Analysis of the Efficiency of Fluorescence
assume a value from 0 to 4. For a complete random Energy Transfer between the Donor, Located on the Ring
orientation of the acceptor and donef,= 0.67. However, of Six Identical Sites of the Protein Hexamer, and the
because the distance between a donor and an acceptoAcceptor, Placed at Any Location on the Bound DNAe
depends upon the one-sixth power ©f only the two RepA hexamer binds a single ssDNA 20-mer molecule,
extreme values (0 or 4) would significantly affect the which occupies the total DNA-binding site of the enzyme
determined distance. The available analysis of the possible(23). There are two fundamentally different structural models,
range of distances between the donor and the acceptowhich can describe the complex between the RepA hexamer
describes the situation in which only a single donacceptor and the bound ssDNA 20-med& 24—32). These two
pair is used %6). However, as we discussed before, another models are schematically depicted in panels a and b of Figure
equally rigorous procedure for empirically evaluating the 2. In the first model, in Figure 2a, the nucleic acid passes
error in the distance determination, although more time- through the cross channel of the protein hexamer. In this
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oligomer as two additional bases, this distance is very close
to the length of one strand of dsDNA, 22 bp long, in the B
form (~78 A) (18, 58, 59). Thus, in our fluorescence energy
transfer analyses, the size of the RepA hexamRgrof the

used donotracceptor pairs and the length of the nucleic acid
impose a set of constraints on the possible distances between
the donors and acceptors and the values of the average energy
transfer efficiencies (see below).

First, we address the situation in which a single acceptor
is located in any position along a nucleic acid lattice bound
in the cross channel of the hexamer (Figure 2a). In other
words, the acceptor can be placed above and below the plane,
in which the donor is located on the hexamer. Such a
situation corresponds to the fluorescence energy transfer
process in the complexes of RepA-CP with dT(Tabeled
FiGURe 2: (&) Schematic diagram showing the arrangement of a jith fluorescein or rhodamine at different locations along

plane with a ring of six cysteine residues, each being a possible : ; : ;
location site of a single fluorescence energy transfer donor and athe nucleic acid, described below. The distance between the

single acceptor located along a nucleic acid lattice, bound in the 2cCeptor placed in an arbitrary location on the ss nucleic
inner channel of the hexamei). The acceptor can be located above  acid, with respect to the plane of the donor, is designated as
and below the plane with the donor. The distance from the acceptorx. For the DNA bound in the cross channel of the hexamer
to the plane of the ring of donors is designatec.abhe distance, (Figure 2a), the single donor can be located at any specific

R, from the acceptor to each donor is the same for all six donors _. . . .
(see the text for details). (b) Schematic diagram showing the site on each protomer. In each possible site, the donor is the

arrangement of a plane with a ring of six cysteine residues, eachSame distance from the center of the hexamgiand the
being a possible location site of a single fluorescence energy transfersame distancey, from the acceptor on the nucleic acid. The
donor and a single acceptor located along the ss nucleic acid boundacceptor can be located any distancefrom the plane of

to the outside of one the protomers of the hexamer. The acceptor, ;
can be placed above or below the plane with the donor. The distancedonor' The values ofR and x are described by the

from the acceptor to the plane of the ring of donors is designated Pythagorean theorem

asx. The possible different distances from the particular location

of the donor to the acceptor aRe, R,, Rs, andRs (see the text for R= (X2 + q2)°-5 (9)
details). (c) Geometrical relationships among the distance from the

particular donor location to the center of the hexamethe radius . : :
of the hexamerb, and the particular distances between the donor The average value d as a function oR s then described

and the acceptor located along the nucleic acid lattice bound on by eq 7.
the outside to one of the protomers of the hexarped, Ry, Ry, The theoretical dependence of the average fluorescence
Rs, andRs (see the text for details). energy transfer efficiencyk, as a function of the average
distance from the acceptor to the plane with the dorpr,
model, every possible location of the donor on the RepA and for different distances from the donor to the center of
hexamer is an approximately similar distance from each basethe hexamerg, is shown in Figure 3a. The selected value
of the bound ssDNA oligomer. In the second model, in of R,is 52 A and corresponds to the CP (doneftiiorescein
Figure 2b, the nucleic acid binds to the single DNA-binding (acceptor) systeril{, 18). In these calculations, we allowed
site on one of the protomers, on the outside surface of thethe nucleic acid to protrude from both sides of the plane
hexamer. Unlike the first model, there are large differences with the donor, within the full length of the ssDNA 20-mer,
among the distances between a given base in the nucleig.e, ~70 A. This is a useful although not absolutely necessary
acid and the possible locations of the donor on the hexamergeneralization, because the thermodynamic studies clearly
(see below). showed that the ssDNA 20-mer assumes a well-defined
There are several constraints we can use in our analysislocation within the total DNA-binding site of the helicase
First, the ringlike structure of the crystal structure of the (23). For different values of}, as the acceptor moves along
RepA hexamer has a diameter .15 A, with the inner the nucleic acid, the plots span different regions of the
channel of the hexamer having a diameterdf7 A (Figure average distanc® (Figure 2a), and correspondingly different
la,b) (0). The distance between the opposing cysteine values of the average fluorescence energy transfer efficiency,
residues in the hexamer is70 A. Moreover, the cysteine  E. Wheng= 60 A, the donor would be as far as the diameter
residues are in the plane perpendicular to the axis of theof the crystal structure of the RepA hexamer (Figure l1a),
hexamer (Figure 1b). These dimensions indicate that theand the maximum value of the energy transfer efficiency
distance from the center of the hexamer to the outside surfacecan be only~0.29 and corresponds to the acceptor located
of the protomers in the hexamer is in the range-60—80 in the plane with the donor. For different valuesgpfas the
A. Second, the Fster critical distancesR,, for the used donor approaches the center of the hexamer, the possible
donor-acceptor pairs are around 50 A (Materials and maximum value of increases. Foq values in the range of
Methods) (5, 17, 18). Third, independent measurements of 35—-50 A, which corresponds to the distance from the
the structure of the ssDNA 20-mer, labeled at it@bd 3 cysteine residues to the center of the hexamer in the crystal
ends with a fluorescence donor and an acceptor, in thestructure of the RepA protein (Figure 1a,b), the maximum
complex with the RepA hexamer, indicate that the length of values of the average fluorescence energy transfer efficiency
the bound oligomer is~75 A (data not shown). Because reach values in the range ©0.5-0.9. Another characteristic
the fluorescence markers contribute to the length of the feature of the plots in Figure 3a, obtained fgrvalues
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complex than the geometry of the one previously considered
and is shown in Figure 2c. Inspection of panels b and ¢ of
Figure 2 shows that the distance between the acceptor on
the nucleic acid and the donor varies significantly for each
particular location of the donor. For the setmfpossible
locations of a single fluorescence energy transfer donor,
which is transferring energy to a single acceptor, the average
value ofE is weighted by the contributions from all possible
locations of the donor and is defined, in general, &3 (

E= &)25 (10)

wherekE; is the transfer efficiency from a particular location,

i, of the donor to the acceptor and is defined by eq 7, for a
particular distanceR. The average distance between the
1L b acceptor and the donor is analogously defined as

Rav = (%JZR (11)

In our casem = 6. However Ry, Ry, Rz, R4, Rs, andRs, the

Fluorescence Energy Transfer Efficiency

Fluorescence Energy Transfer Efficiency

05| . - . ! ;
particular distances between a given location of the donor
and the acceptor placed on the ssDNA, are now defined as
(Figure 2c¢)
. R, = (¢ +p)** (12a)
- . — (2 2,0.5
Distance From the Acceptor to the Plane With the Donor Rz - (X +d ) (le)
Ficure 3: (a) Theoretical dependence of the average efficiency,
E, of Forster fluorescence energy transfer from a single donor, R, = [+ (q+ b)7%° (12c)
placed at any of the six possible cysteine residues of the RepA
hexamer, to a single acceptor located along the ss nucleic acid bound R,=R (12d)
in the cross channel of the hexamer on the average distance from 2
the acceptor to the plane with the donei(Figure 2a). The plots
were generated using eqs 7 and 9 for different distances between Re=R, (12e)
the donor and the center of the hexanteiThe maximum distance
from the outside surface of the hexamer to its center, i.e., the R6 — [X2 + (b + q)2]0.5 (120

selected radius of the hexamé),(equals 60 A, and the maximum

selected length of the nucleic acis) equals 70 A. The critical . . .
Forster distance for the doneacceptor pair is 52 A:q = 60 A whereb is the radius of the hexamep,= (¢/2)(3sin y),

(——),q=50A(—--),q=35A(---),q=20A (— — ), y = 60 + arctaf[(g — b)/(g + b)] x 3°%, d = (¢/2)(3¥
andg = 1 A (—). (b) Theoretical dependence of the average sin 0), andd = 30 + arctadq[(q — b)/(q + b)] x 3*05},

efficiency,E, of Forster fluorescence energy transfer from a single 1he geometrical relationships between the deraarceptor
donor, placed at any of the six possible cysteine residues of thedistancesR are shown in Figure 2c

RepA hexamer, to a single acceptor located along the ss nucleic .
acid bound on the outside of the hexamer on the average distance The theoretical dependence of the average fluorescence

from the acceptor to the plane with the donoi(Figure 2a). The energy transfer efficienc¥, upon the average distance from
plots were generated using egs 7, 10, and 12 for different the acceptor to the plane with the donar,for different
distances between the donor and the center of the hexgmire distances from the donor to the center of the hexampes,

maximum distance from the outside surface of the hexamer to its I -
center, i.e., the selected radius of the hexartier dquals 60 A,  Shown in Figure 3b, with & of 60 A and anR, of 52 A.

and the maximum selected length of the nucleic axjequals 70  Because of the complex relationship between Ragand
A. The critical Foster distance for the donor-accepted pair is 52 the particular doneracceptor distanceR, the plots either
A q=60A(—++-),q=50A(---),q=35A(---),q=20 are very close or superimpose on each other, contrary to the
A(=--)andg=1A(). model in which the ssDNA passes through the inner channel
between 35 and 50 A, is the sharp decrease in theof the hexamer (Figure 3a). In other words, in the considered
fluorescence energy transfer efficiency once the distance frommodel, different donoracceptor configurations may result
the acceptor to the plane with the donor excee@® A. in the same average energy transfer efficiencies. However,
The behavior of the model where the nucleic acid binds the most important feature of the plots in Figure 3b is that,
on the outside of the hexamer, to one of the protomers, asindependent of the distance between the donor and the center
depicted in Figure 2b, is very different. The donor can be of the hexamer and independent of where the acceptor is
located at any specific location on each protomer of the RepA located on the nucleic acid, the average energy transfer
hexamer and the same distanggfrom the center of the  efficiency never exceeds0.34. This dramatically lower
hexamer. The ssDNA is now tangent to the outside surfacevalue of E, as compared to the energy transfer efficiency
of one of the protomers. The geometry of this model is more obtained for the model in which ssDNA passes through the
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inner channel of the hexamer, results from the fact that the 5 3
average distance between the donor and acceptor is always a ATTTTTTTTTTTTTTTTTTTT
significantly larger tharR, (52 A) of the donoracceptor
pair. This is true for any value o, any location of the
acceptor on the DNA, or any placement of the nucleic acid
in the DNA-binding site of the RepA hexamer (Figure 2b).
Moreover, the plots in Figure 3b, obtained fqrvalues TTTTTTTTTATTTTTTTTTT
between 35 and 50 A, show only a gradual decreadg, of
once the distance from the acceptor to the plane with the
donor exceeds-20 A, a behavior very different from that
of the model with the ssDNA passing through the cross
channel of the hexamer (Figure 3a). Thus, it is evident that TTTTTTTTTTTTTTTTTTTT
the two fundamentally different models of the RepA hex-
amer-ssDNA complex differ dramatically in the value of
the average fluorescence energy transfer efficiency for an b s R 3
arbitrary distance from the donor to the center of the protein _ kit
hexamer,q. Moreover, the size of these differences well
exceeds the errors due to approximations applied in the
analysis (see below and the Discussion). FIGURE 4: (@) Schematic primary structure of the ssDNA oligomers,
Distances between Different Fluorescence Energy TransferdT(PThs, labeled with the fluorescence energy transfer acceptor.
Acceptors Placed in Different Locations on the ssDNA (a) fluorescein or rhodamine, at a different specific location on the
Olidomers. Which Span the Total SSDNA-Bindina Site of the ssDNA 20-mer used in fluorescence energy transfer experiments.
9 21 p 9 In the case of fluorescein, the oligomers are designated in the text
RepA Helicase and the Donor Located on the RepA Hexamer as 3-Flu-dT(pT)e and dT(pT)-Flu-dT(pT), and rhodamine oli-
The fluorescence emission spectrum of CP strongly overlapsgomers are identified as-Rho-dT(pT)e, dT(pT)-Rho-dT(pT),,
with the absorption spectra of fluorescein and rhodamine, dT(PT)-Rho-dT(pT), dT(pThsRho-dT(pT), and dT(pT)e-Rho-

S . - i 3. These oligomers in the text are called 20-mers. (b) Schematic
W.h'Ch IS reﬂe(_:teq |n_ large values for the'iseer critical primary structures of the ssDNA oligomer, dT(p;Tlabeled at the
distanceR,, which indicate that the selected dor@cceptor 5 ang’ 3 ends with the fluorescence energy transfer acceptor,

pairs, CP-fluorescein and CPrhodamine, provide the fluorescein or rhodamine. The labeled oligomers are designated in
required resolution for the fluorescence energy transfer the text as 5Flu-dT(pT)y, dT(pTh-Flu-3, 5-Rho-dT(pT}y, and dT-
measurements of the RepA hexamssDNA system (Ma-  (PT)e-Rho-3 and called 11-mers.
terials and Methods). Thus, if the selected donor and of the donor. Both features, the donor emission quenching
acceptors are in the proximity of each other, efficient and the sensitized acceptor emission, indicate that an efficient
fluorescence energy transfer will occur (see below). To fluorescence energy transfer process occurs in the examined
address the topology of the RepA hexamssDNA complex, RepA—ssDNA oligomer systeml{—19, 54, 60). Although
we first performed fluorescence energy transfer measure-the obtained data also indicate that formation of the complex
ments of the distances between the donor, CP, located orbetween the protein and the nucleic acid affects the fluo-
one of the RepA protomers and the acceptor placed atrescence intensity, it does not affect the shapes of the donor
different positions along the ssDNA oligomer. The ssDNA and the acceptor emission spectra.
oligomers used in these studies are depicted in Figure 4a. The emission spectrum of the donor, in the complex with
The fluorescence energy transfer acceptor, A, fluorescein orthe acceptor, has been obtained by normalizing the peak of
rhodamine, has been placed at theafd 3 ends of the the spectrum of the donor, recorded in the absence of
nucleic acid and at different locations separated by five acceptor, to the intensity of the same donor recorded in the
nucleotides. Binding of all sSsSDNA oligomers to the RepA presence of the acceptor (Figure 5a). Subsequently, the
hexamer is characterized by a binding const&nt[(3.1+ emission spectrum of the acceptor in the complex with the
0.4) x 10° MY virtually the same as that for the binding donor has been obtained by subtracting the normalized
of the unmodified form, dT(ph) or dT(pT)o (data not emission spectrum of the donor from the emission spectrum
shown) @3). of the complex containing both the donor and the acceptor.
Fluorescence emission spectra of the complexes of RepA-The normalized emission spectrum of the CP donor in the
CP with the ssDNA oligomer, dT(pFFlu-dT(pTha4, the complex with the acceptor and the emission spectrum of the
emission spectrum of the RepA-CP complex with dT@eT) fluorescein acceptor in the complex with the donor, corre-
in the absence of the acceptor, and the emission spectrunsponding to the spectra in Figure 5a, are shown in Figure
of dT(pT)-Flu-dT(pT)s, in the complex with the RepA  5b, together with the emission of the donor and the acceptor,
helicase in the absence of the donor, are shown in Figurerecorded in the absence of the corresponding fluorescence
5a. The total concentrations of the RepA helicase and RepA-energy transfer partner. The emission intensities of the donor
CP are 3x 1077 M. The total concentrations of the labeled and acceptor alone and in the complex with the acceptor
and unlabeled ssDNA oligomers arex110-6 M. The spectra  and the donor, respectively, have been obtained by integrating
have been recorded with the excitationlat = 425 nm, the emission spectra in Figure 5b. At the selected total
i.e., in the major absorption band of the donor, QP19, concentrations of the enzyme and the nucleic acid, the degree
54, 60). The spectra in Figure 5a show that the presence of of binding of the ssDNA oligomers to the RepA and RepA-
the acceptor (fluorescein) induces a significant quenching CP (vp) and the degree of saturation of the nucleic acid with
of the donor fluorescence. Correspondingly, there is an the helicaseya) are~0.74 and~0.24, respectively, obtained
increase in the acceptor fluorescence emission in the presencasing the binding constankK[= (3.1 + 0.4) x 10° M71]

TTTTATTTTTTTTTTTTTTT

TTTTTTTTTTTTTT ATTTT

TTTTTTTTTT A
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Ficure 5: (a) Fluorescence emission spectruigy & 425 nm) of the RepA hexamer, RepA-CP, labeled with the coumarin derivative, CP,
in the presence of unlabeled dT(pd)—--—), fluorescence emission spectrum of the ssDNA oligomer, dE(BI-dT(pTha4, in the
presence of the unlabeled RepA hexamer- (), and fluorescence emission spectrum of the labeled RepA hexamer, RepA-CP, in the
presence of the labeled ssDNA oligomer, dT@Fu-dT(pT)4 (—), in buffer T5 (pH 7.6, 10C) containing 1 mM MgGCJ, 10 mM NacCl,

0.5 mM AMP-PNP, and 10% glycerol. Concentrations of RepA-CP and the ssDNA oligomenrak3’ M (hexamer) and x 1076 M
(oligomer), respectively (details in the text). (b) Fluorescence emission spedtgum 425 nm) of the labeled RepA hexamer, RepA-CP,

in the presence of unlabeled dT(pd§—-:-—), fluorescence emission spectrum of RepA-CP normalized to the emission of RepA-CP in a
complex with dT(pT)-Flu-dT(pTh4 (- - -), fluorescence emission spectrum of dT(EF)u-dT(pT)4 in the presence of the unlabeled RepA
hexamer { - —), and fluorescence emission spectrum of dT¢HW-dT(pT)4 in a complex with RepA-CP, after subtraction of the normalized
spectrum of RepA-CP in the same complex)(Solution conditions and the concentrations of RepA-CP and the ssDNA oligomer are the
same as those described for Figure 7a (details in the text). (c) Fluorescence emission spegtrei#26 nm) of the RepA hexamer,
RepA-CP, labeled with coumarin, CP, in the presence of unlabeled dF(pT)-—), fluorescence emission spectrum of the ssDNA oligomer,
dT(pT)s-Rho-dT(pT)4, in the presence of the unlabeled RepA hexamer ), and fluorescence emission spectrum of the labeled RepA
hexamer, RepA-CP, in the presence of the labeled ssDNA oligomer, &GIRWBFAT(pT)4 (—), in buffer T5 (pH 7.6, 10°C) containing

1 mM MgCl,, 10 mM NacCl, 0.5 mM AMP-PNP, and 10% glycerol. Concentrations of RepA-CP and the ssDNA oligomeixat€3

M (hexamer) and 1x 10-¢ M (oligomer), respectively (details in the text). (d) Fluorescence emission spectgdns @25 nm) of the
labeled RepA hexamer, RepA-CP, in the presence of unlabeled d§(pT)-—), fluorescence emission spectrum of RepA-CP normalized
to the emission of RepA-CP in a complex with dT(p'Rho-dT(pT)4 (- - -), fluorescence emission spectrum of dT(pRho-dT(pT)4in

the presence of the unlabeled RepA hexamer ), and fluorescence emission spectrum of dT¢gRMo-dT(pT)4 in the complex with
RepA-CP, after subtraction of the normalized spectrum of RepA-CP in the same compleSo{ution conditions and the concentrations

of RepA-CP and the ssDNA oligomer are the same as those described for Figure 7c (details in the text).

characterizing the binding of the ssSDNA 20-mers to the RepA age distance from the center of mass of the donor to the
helicase 23) (see above). The apparent fluorescence energyacceptorR(2/3), is~63.4 A for 3-Flu-dT(pT)e and~47.6
transfer efficienciesEp and Ea, the Foster fluorescence A for dT(pT)e-Flu-dT(pT) (Table 1). However, a shift of
energy transfer efficiencyE, and the average distance the acceptor by an additional five nucleotides along the bound
between the donor and accept®(2/3), have then been ssDNA in dT(pT)sFlu-dT(pT) causes, not an increase, but
calculated using egs 2, 5, 6, and 8. a decrease in the value Bfto ~0.54 and an increase of the
The same fluorescence energy transfer experiments haveverage distanceR[2/3)] to ~51 A. A further shift of the
been performed for the entire series of sSDNA oligomers, acceptor to the'3nd of the bound DNA in dT(pTy-Flu-3
depicted in Figure 4a, with fluorescein as the acceptor. Theresults in a dramatic decrease in the fluorescence energy
obtained fluorescence energy transfer efficiencies and cor-transfer efficiencyk to ~0.32 and a large increase in the
responding average distancB$2/3), are included in Table  average distanceR[2/3)] to ~59 A.
1. The value of sharply increases fromy0.23 for B-Flu- Recall that the measurement of the similar distance
dT(pT)hoto ~0.42 and~0.63 for dT(pT)-Flu-dT(pT)4 and between the donor and the acceptor for different denor
dT(pT)-Flu-dT(pT), respectively. The corresponding aver- acceptor pairs provides empirical evidence that the value of
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Table 1: Fluorescence Energy Transfer Parameters of the Complexes of the Hexameric Helicase RepA of Plasmid RSF1010, Labeled with the
Fluorescence Energy Transfer Donor, Coumarin, with Different ssDNA Oligomers, Containing a Fluorescence Energy Transfer Acceptor,
Fluorescein, in Buffer T5 (pH 7.6, 1TC)?

ssDNA oligomer Ep Ea E Ro (A) R(2/3) (A) R(2/3)y (A)P Xav?
5'-Flu-dT(pTho 0.61+ 0.04 0.124+ 0.02 0.23+ 0.03 52 63.4+ 3.1 65.4+ 3.1 44,3+ 3.1
dT(pT)-Flu-dT(pThs  0.49+ 0.04 0.40+ 0.03 0.42+ 0.03 52 54.8+ 2.5 57.1+ 2.5 32.9+ 2.9
dT(pT)-Flu-dT(pT) 0.404+ 0.03 1.00+ 0.03 0.63+ 0.03 52 47.6£ 2.5 48.1+ 2.3 0+2.3
dT(pThaFlu-dT(pTy  0.33+0.03 0.80+ 0.03 0.54+ 0.03 52 51.0 2.5 50.5+ 2.3 15.4+ 2.5
dT(pTheFlu-3 0.374+0.03 0.374+ 0.03 0.324+ 0.03 52 59.0t 2.8 62.2+ 3.0 31.9+ 2.9
5'-Flu-dT(pTy 0.244+0.03 0.244 0.03 0.174+ 0.03 52 67.5t 3.1 67.6+ 3.1 47.8+£ 2.9
dT(pT)-Flu-3 0.614+ 0.03 0.614 0.03 0.53+ 0.03 52 50. 4 2.8 47.6+ 2.9 0+2.3

a See the text for detail$.Average over two measurements using fluorescein or rhodamine as the fluorescence energy transfer acceptor (see the
text for details).

Table 2: Fluorescence Energy Transfer Parameters for the Complexes of the Hexameric Helicase RepA Protein of Plasmid RSF1010, Labeled
with the Fluorescence Energy Transfer Donor, Coumarin, with Different ssDNA Oligomers, Containing the Fluorescence Energy Transfer
Acceptor, Rhodamine, in Buffer T5 (pH 7.6, 2C)2

ssDNA oligomer Ep Ea E Ro (A) R(2/3) (A) R(2/3)y (A)P Xan?
5'-Rho-dT(pT)e 0.324+0.03 0.08+ 0.02 0.104+ 0.02 47 67.4+ 3.1 65.4+ 3.1 44,3+ 3.1
dT(pT)-Rho-dT(pT)s  0.28+0.04  0.14+ 0.03 0.18+ 0.03 47 60.5: 2.5 57.7+ 2.5 32.9+ 2.9
dT(pT)-Rho-dT(pT) 0.50+0.03 0.414+ 0.03 0.45+ 0.03 47 48.6+ 2.3 48.1+ 2.3 0+ 2.3
dT(pThsRho-dT(pT)  0.54+0.03  0.32+ 0.03 0.41+ 0.03 47 50.0k 2.3 50.5+ 2.3 15.4+ 2.5
dT(pThe-Rho-3 0.344+0.03 0.09+ 0.03 0.124+0.03 47 65.3+ 3.1 62.2+ 3.0 31.9+ 29
5'-Rho-dT(pT) 0.254+0.03 0.094+ 0.03 0.104+ 0.02 47 67. A 3.1 67.6+ 3.1 47.8+ 2.9
dT(pT)-Rho-3 0.86+ 0.03 0.204+ 0.03 0.58+ 0.03 47 44,4+ 2.1 47.6+ 2.3 0+ 2.3

a See the text for detail$.Averaged over two measurements using fluorescein or rhodamine as the fluorescence energy transfer acceptor (see the
text for details).

the orientation factorx?, is close to the value of/s, rescence energy transfer efficiencieg,andEa, the Faster
corresponding to the complete random orientation of the fluorescence energy transfer efficien&y,and the average
donor absorption and acceptor emission dipoles, respectivelydistance between the donor and the accefR(®/3), have
(17—19, 52, 54, 56, 60) (Materials and Methods). In other then been obtained using egs 2, 5, 6, and 8.
words, in such a case? does not affect the obtained values  The obtained fluorescence energy transfer efficiencies and
of the special separation of the donor and the acceptor. Tocorresponding average distand@€/3), for the entire series
address this issue, analogous studies, as described above f@jf ssDNA oligomers, schematically depicted in Figure 4a,
fluorescein, have been performed using rhodamine as thecontaining rhodamine as the acceptor, are included in Table
acceptor. Fluorescence emission spectra of the complexe®. The behavior oE is very similar to the behavior observed
of RepA-CP with ssDNA oligomers, dT(pFRho-dT(pT)a, for the ssDNA oligomers containing fluorescein (Table 1).
the emission spectrumid = 425 nm) of the RepA-CP  Nevertheless, the values Bfare lower than those observed
complex with dT(pTjy, in the absence of the acceptor, and  for the fluoresceir CP system, due to the fact that ther$ter
the emission spectrum of dT(pHRho-dT(pT)4, in the critical distance R, = 47 A) of the CP-rhodamine donor
complex with the RepA helicase in the absence of the donor, acceptor pair is shorter than tha,(= 52 A) of the CP-
are shown in Figure 5c¢. The total concentrations of the RepA fluorescein pair (Materials and Method4)]. The value of
helicase, RepA-CP, and the labeled and unlabeled ssDNAE sharply increases from0.1 for 3-Rho-dT(pT)eto ~0.45
oligomers are the same as in Figure 5a. As observed for thefor dT(pT)s-Rho-dT(pT). The corresponding average dis-
ssDNA oligomer labeled with fluorescein, the presence of tance from the center of mass of the donor to the acceptor,
the acceptor (rhodamine) induces a significant quenching of R(2/3), is ~67.4 A for 3-Rho-dT(pT)e and ~48.6 A for
the CP fluorescence, and there is a corresponding increasg|T(pT)s-Rho-dT(pT) (Table 2). As in the complexes con-
in the rhodamine fluorescence emission in the presence oftaining fluorescein as the acceptor, a shift of the rhodamine
the CP. by an additional five nucleotides along the bound ssDNA,
The normalized emission spectrum of the CP donor, in i.e., in the complex of the RepA hexamer with dT ()
the complex with rhodamine, and the emission spectrum of Rho-dT(pT), causes, not an increase, but a decrease in the
rhodamine, in the complex with the donor, are shown in value ofE to ~0.41 and an increase in the average distance
Figure 5d, together with the emission of CP and rhodamine, [R(2/3)] to ~50 A. Nevertheless, a further shift of the
recorded in the absence of the corresponding fluorescencehodamine to the '3end of the bound DNA in dT(pT)
energy transfer acceptor or donor. The emission intensitiesRho-3 is accompanied by a dramatic decrease in the
of the donor and the acceptor alone and in a complex with fluorescence energy transfer efficienEyto ~0.12 and a
the acceptor and the donor, respectively, have been obtainedarge increase in the average distanRg[3)] to ~65.3 A.
by integrating the corresponding emission spectra (Figure It is evident that both acceptors provide very similar values
5d). The degree of binding of the ssDNA oligomers to RepA for the average distances between the donor and acceptor in
and RepA-CP and the degree of saturation of the nucleicthe RepA hexamer complexes with the ssDNA oligomers,
acid with the helicase are the same as discussed above fomdicating that«? does not affect these measurements.
the fluorescein-labeled oligomer&3). The apparent fluo-  Moreover, the general behavior of the fluorescence energy
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transfer efficiency, as a function of the acceptor location on
the nucleic acid, for both doneiacceptor systems is also
identical (Tables 1 and 2).

Topology of the RepA Total DNA-Binding Siteor a
ringlike hexameric structure of the RepA helicase, with the
radius of the hexamer being60—80 A andR, being 52 A,
the average energy transfer efficiency cannot reach the values,
of ~0.54-0.63 if the acceptor is located on the outside of 2
one of the protomers (Figure 3b). However, such high values &
of E are experimentally observed for the RepdT(pT)s-
Flu-dT(pT) and RepA-dT(pThs-Flu-dT(pT) complexes
(Table 1). By the same token, wh&y = 47 A, the value of
E cannot reach~0.41-0.45 which is observed experimen-
tally for the RepA-dT(pT)-Rho-dT(pT) and RepA-dT-
(pT)zRho-dT(pT) complexes (Table 2). Thus, the high Distance From the Acceptor to the Plane With the Donor
values of the fluorescence energy transfer efficiencies in these
complexes provide the first strong evidence that, in the
complex of the RepA hexamer, the ssDNA passes through
the cross channel of the hexamer (see the Discussion).

Among all examined locations of the acceptor, the highest
values of the fluorescence energy transfer efficiefgygre
observed for the ssDNA oligomers with the fluorescein or
rhodamine placed in the middle of the nucleic acid molecule,
dT(pT)-Flu-dT(pTy and dT(pTy-Rho-dT(pT), respectively
(Tables 1 and 2). Slightly lower values &fare observed
for dT(pThs-Flu-dT(pT) and dT(pT)s-Rho-dT(pT). Thus,
the acceptor, placed at the 10th nucleotide of the nucleic
acid molecule (Figure 4a), is closest to the plane with the
donor among all examined acceptor locations along the 3 s . . . . . .
nucleic lattice (Tables 1 and 2). Recall that the donor, CP, -60 -40 -20 0 20 40 60
is at one of the six possible specific locations on the RepA

hexamer, in a plane, which is perpendicular to the side axis FicUre 6 (a) Dependence of the average efficiency fser

of the hexamer (F'Qure 1a,b). The Shortest distance from theﬂuorescence energy transfer from the donor, CP, on the labeled
donor to fluorescein or rhodamine in dT(gIHlu-dT(pTh RepA hexamer, RepA-CP, to the acceptor, fluorescein, placed at
and dT(pTy-Rho-dT(pT) and the second shortest distance, different locations on the ssDNA 20-mer, dT(pd)as a function
observed for dT(pTx-Flu-dT(pTy and dT(pT)>Rho-dT- of the distance from the acceptor to the plane with the doxor,
(pT)s, would only result if the plane with the donor passes averaged over two independent measurements of the distances

. . - . . between the donor and the acceptor (Figure 6) (details in the text).
the nucleic acid axis around the 10th nucleotide residue of 1.6 sqjid line is the nonlinear least-squares fit using eqgs 7 and 9

the ssDNA oligomer. In such a structure, fluorescein or with the distance from the donor to the center of the hexamer,

rhodamine, attached at theénd of the nucleic acid, would  as a single fitting parameter and thérgter distance for the CP

be on one side of the plane with the donor, while fluorescein fluorescein donoracceptor pairRy) being 52 A. The plane with

or rhodamine at the'2nd would be at opposite sides of the tﬂe donlor_, CPzdpassIes tlhe 3’('5 _?f t_her?uclelc agdgt the gmddle ?f
I ith the donor, resulting in the lowest fluorescence the nucleic acid molecule (details in the text). (b) Dependence o

plane wi nor, re 9 we the average efficiency of Fster fluorescence energy transfer from

energy transfer efficiencies that are also similar to each other,the donor, CP, on the labeled RepA hexamer, RepA-CP, to the

as well as the largest distances for these two locations. Thisacceptor, rhodamine, placed at different locations on the ssDNA

is exactly what is experimentally observed (Tables 1 and 20-mer, dT(pT)s, as a function of the distance from the acceptor
2) to the plane with the donor, averaged over two independent

. measurements of the distances between the donor and the acceptor

Because the acceptor in complexes of the RepA hexamer(rigure 6) (details in the text). The solid line is the nonlinear least-
with dT(pT)e-Flu-dT(pTy and dT(pT3-Rho-dT(pTyis in the squares fit using eqs 7 and 9 with the distance from the donor to
plane with the donor and the nucleic acid is bound in the the center of the hexamay, as a single fitting parameter and the
cross channel, the distance from the acceptor to the donorggﬁgeag'ita_rl‘_ﬁ‘é f&;ﬁ]heewcﬁqﬂgaég'r?;dggefsggggstot;ga;;'?g)of the
in these complexes is equal to the d|stange from the dorlornucleic acid at the middle of the nucleic acid molecule (details in
to the center of the hexamepg. Averaging over two the text).
independent measurements, using fluorescein or rhodamine,
provides the relationshiR(2/3) = q = 48.1+ 2.3 A. This distances and the average distance from the donor to the
distance is significantly larger than the distance from the center of the hexamer@8.1 A) allows us to obtain the
cysteine residues to the center of the hexame&5(A), as average distances between the accepigplaced in given
suggested by the crystal structure (Figure la; see thelocations on the DNA, and the plane with the donor, using
Discussion). Analogous average distances between the donothe Pythagorean formula, defined by eq 9.
and the acceptor, placed at different locations on the ssSDNA, The dependence of the experimentally determined fluo-
averaged over two independent determinati®{2/3).,, are rescence energy transfer efficiency upon the corresponding
included in Tables 1 and 2. Knowing these averaged distance,x, from the plane with CP, averaged over two

ransfer Efficiency
o
»

0.3

Fluorescence

-60 -40 -20 0 20 40 60

iency

Fluorescence Energy Transfer Effic
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donor—acceptor systems, for fluorescein, placed in different obtained in a manner analogous to that described for the
locations along the ssDNA 20-mer, is shown in Figure 6a. RepA—ssDNA 20-mer complexes (Figure 5b,d). Subse-
The corresponding plot for the nucleic acid labeled with quently, the emission intensities of the donor and the acceptor
rhodamine is shown in Figure 6b. The plots have a alone and in the complex with the corresponding fluorescence
characteristic bell shape with sharp slopes on both sides ofenergy transfer partner have been obtained by integrating
the plots, as the acceptor approaches the plane with the donotthe emission spectra in Figure 7b. At the selected equal total
with the maximum of the plots centered at the location of concentrations of the enzyme and the 11-mer, the degree of
the acceptor in the plane with CP (i.e.xat 0). Only the binding of the ssDNA 11-mer to RepA and RepA-CR)(
model in which the nucleic acid passes through the crossand the degree of saturation of the DNA with the helicase
channel of the hexamer can describe these data. For plottingva) are both~0.57. The apparent fluorescence energy
purposes, we selected the distances from tlem8 as being  transfer efficienciesEp and Ea, the Faster fluorescence
negative. However, this selection does not affect the characterenergy transfer efficiencyE, and the average distance
of the plots. Although the average distance from the donor between the donor and accept(2/3), have been obtained
to the center of the hexameq ¢~ 48.1 A) was used to  using egs 2, 5, 6, and 8. Analogous sets of fluorescence
generate these plots, it does not mean that such an averageemission spectralfx = 425 nm) of the complex of RepA-
value is the optimal average distance for the specific donor CP with the ssDNA 11-mer, dT(pFRho-3, containing
acceptor pair. The solid lines in panels a and b of Figure 6 rhodamine as the acceptor, are shown in panels ¢ and d of
are nonlinear least-squares fits of the data, using the distancd-igure 7.
from CP to the center of the hexamey, as a fitting The same fluorescence energy transfer experiments have
parameter, which providg values of 46.3+ 2.4 and 49.3 been performed for the ssSDNA 11-mers, containing fluores-
+ 2.5 A for fluorescein and rhodamine, respectively. The cein and rhodamine at the Bnd, 3-Flu-dT(pT) and 5-
dashed lines in panels a and b of Figure 6 correspond to theRho-dT(pT), respectively (data not shown). The obtained
values ofg, 3 A shorter 0 3 A longer than the optimal values  fluorescence energy transfer efficiencies and the correspond-
of q for a given accepterdonor pair. ing average distances for all examined ssDNA 11-mers are
Distances between Different Fluorescence Energy Transferincluded in Tables 1 and 2. The difference between the values
Acceptors Placed at the'Sor 3 Ends of the ssDNA  of the fluorescence energy transfét,between the ssSDNA
Oligomers, Which Bind Exclusely to the Proper ssDNA-  11-mers, containing the acceptor at thebd, as compared
Binding Site of the RepA Helicase and the Donor Located to the ssDNA 11-mers, containing the acceptor at thend,
on the RepA Hexamewhen the ssDNA oligomer contains is dramatic. For 5Flu-dT(pT) and 3-Rho-dT(pT), the
11 or fewer nucleotides, the nucleic acid exclusively binds values oft are only~0.17 and~0.1, respectively. For dT-
to the proper DNA-binding site of the RepA helicase, a (pT)s-Flu-3 and dT(pT)-Rho-3, these values are0.53 and
specific area within the total DNA-binding site, characterized ~0.58, respectively. The corresponding average distances
by the high affinity for the nucleic acid2@). To further from the center of mass of the acceptor to the doR(2/
address the topology of the RepA hexamssDNA complex, 3), are~67.5 and~50.7 A for 3-Flu-dT(pT) and dT(pT)-
we performed fluorescence energy transfer measurements of-lu-3, respectively. The same distances foRho-dT(pT)
the distances between the donor, CP, located on the RepAand dT(pT)-Rho-3 are ~67.7 and~44.4 A, respectively.
protomer and the acceptor placed at th@53 end of the Thus, both different donefacceptor pairs provide very
ssDNA, containing 10 nucleotides (Figure 4b). Binding of similar distances between thé &d 3 ends of the bound
the labeled ssDNA 11-mers to the RepA hexamer is ssDNA 11-mer and the donor on the RepA hexamer, which
characterized by the same binding constétt = (3.1 + is empirical evidence that the value of the orientation factor,
0.4) x 10° M~Y] as the binding of the unmodified dT(p:b) «?, is close to a value o¥s, corresponding to the complete
indicating the labeling does not affect the energetics of the random orientation of the donor absorption and acceptor

enzyme-ssDNA interactions (data not showr®3j. emission dipoles, respectively (Materials and Methotig)-(
Fluorescence emission spectrax(= 425 nm) of the 19, 54, 60). The distances from the’' &nd 3 ends of the
complex of RepA-CP with the ssDNA 11-mer, dT(g-Blu- bound ssDNA 11-mer, averaged over the two examined

3, the emission spectrum of the RepA-CP complex with dT- donoracceptor pairs, are67.6 and~47.6 A, respectively.
(pT)o, in the absence of the acceptor, and the emission Notice, these distances are, within experimental accuracy,
spectrum of dT(pTgFlu-3 in the complex with the RepA  identical to the corresponding averaged distances obtained
helicase, in the absence of the donor, are shown in Figurefor the ssDNA 20-mers, with the acceptors located at the 5
7a. The total concentrations of the RepA helicase and RepA-end or in the middle of the nucleic acid (Tables 1 and 2).
CP are 1x 1078 M. The total concentrations of the labeled This distance similarity shows that the ssDNA 11-mer, bound
and unlabeled ssDNA oligomer are<110¢ M. The spectra in the proper DNA-binding site of the RepA helicase, is in
in Figure 7a show that the presence of the acceptorthe same location as thé &nd side of the bound ssDNA
(fluorescein) induces a significant quenching of the donor 20-mer, which encompasses the total DNA-binding site of
fluorescence. Correspondingly, there is a significant increasethe enzyme (see the Discussion).

in the acceptor fluorescence emission in the presence of the Global Conformation of the RepA Hexamer in Solution
donor. The normalized emission spectrum of the CP donor Both chemical labeling and fluorescence energy transfer
in the complex with the acceptor and the emission spectrummeasurements indicate that the structure of the RepA
of the fluorescein acceptor in the complex with the donor hexamer is different from the structure determined in
are shown in Figure 7b, together with the emission of the crystallographic studies (see above). Analytical sedimentation
donor and acceptor, recorded in the absence of the correprovides direct and unique information about the global
sponding fluorescence energy partner. These spectra wereonformation of a macromoleculd3, 44). The sedimenta-
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FiGure 7: (a) Fluorescence emission spectrurgy & 425 nm) of the RepA hexamer, RepACP, labeled with the coumarin derivative, CP,

in the presence of unlabeled dT(pT)16-(-—), fluorescence emission spectrum of the ssDNA oligomer, dB{pI}-3, in the presence

of the unlabeled RepA hexamer ¢ —), and fluorescence emission spectrum of the labeled RepA hexamer, RepA-CP, in the presence of
the labeled ssDNA oligomer, dT(pgFlu-3 (—), in buffer T5 (pH 7.6, 10C) containing 1 mM MgGCJ, 10 mM NacCl, 0.5 mM AMP-PNP,

and 10% glycerol. Concentrations of RepA-CP and the ssDNA oligomer ar&® M (hexamer) and Xk 106 M (oligomer), respectively
(details in the text). (b) Fluorescence emission spectiun= 425 nm) of the labeled RepA hexamer, RepA-CP, in the presence of the
unlabeled dT(pT) (—---—), fluorescence emission spectrum of RepA-CP normalized to the emission of RepA-CP in a complex with
dT(pT)-Flu-3 (- - -), fluorescence emission spectrum of dT(@F)Ju-3 in the presence of the unlabeled RepA hexamer ), and
fluorescence emission spectrum of dT(gFJu-3 in a complex with RepA-CP, after subtraction of the normalized spectrum of RepA-CP

in the same complex=). Solution conditions and concentrations of RepA-CP and the ssDNA oligomer are the same as those described for
panel a (details in the text). (c) Fluorescence emission specftym (425 nm) of the RepA hexamer, labeled with coumarin, CP, RepA-
CP, in the presence of unlabeled dT(@l)----—), fluorescence emission spectrum of the ssDNA oligomer, dE{php-3, in the presence

of the unlabeled RepA hexamer ¢ —), and fluorescence emission spectrum of the labeled RepA hexamer, RepA-CP, in the presence of
the labeled ssDNA oligomer, dT(pFRho-3 (—), in buffer T5 (pH 7.6, 10°C) containing 1 mM MgGJ, 10 mM NaCl1, 0.5 mM AMP-

PNP, and 10% glycerol. Concentrations of RepA-CP and the ssDNA oligomer arédt® M (hexamer) and Ix 10-% M (oligomer),
respectively (details in the text). (d) Fluorescence emission specttym=(425 nm) of the labeled RepA hexamer, RepA-CP, in the
presence of unlabeled dT(pF)—--—), fluorescence emission spectrum of RepA-CP normalized to the emission of RepA-CP in a complex
with dT(pT)-Rho-3 (- - -), fluorescence emission spectrum of dT(@Rho-3 in the presence of the unlabeled RepA hexamer (),

and fluorescence emission spectrum of dT¢gRho-3 in a complex with RepA-CP, after subtraction of the normalized spectrum of RepA-
CP in the same complex+). Solution conditions and concentrations of RepA-CP and the ssDNA oligomer are the same as those described
for panel ¢ (details in the text).

tion velocity profiles (monitored at 280 nm) of the free RepA larger than the value of2.3 for the RepA hexamer in the
helicase, in buffer T5 (pH 7.6, 1TC), are shown in Figure  crystal (Figure la,b). The sedimentation velocity profiles
8a. Inspection of the profiles clearly shows that there is a (monitored at 295 nm) of the RepA helicase in the presence
single moving boundary, indicating the presence of a single of AMP-PNP, in buffer T5 (pH 7.6, 10C), are shown in
molecular species. The sedimentation coefficient of the Figure 8b. The concentration of AMP-PNP isx110°° M.
protein, S0 has been obtained using the time derivative The profiles also show a single moving boundary, indicating
approach, which provides a value fes,, of 8.4 + 0.09. the presence of a single molecular species. However, the
The partial specific volumew] of the RepA hexamer, profiles are characterized by the sedimentation coefficient
calculated on the basis of the amino acid composition, is (Sow = 7.6 £ 0.1), which is much lower than the value
0.736 mL g%, and the average degree of hydratibhié observed for the free hexamer. Parallel equilibrium sedi-
0.3 g of HO/g of protein) 61, 62). Modeling the RepA mentation studies showed that the molecular weight of the
hexamer as an oblate ellipsoid of revolution and using the hexamer is not affected by the cofactor (data not shown).
Perrin formula for friction coefficient of the ellipsoid provide, Analysis using the Perrin formula, with the same values of
for this value ofsy ., the axial ratio of the RepA hexamer, the partial specific volume and the degree of hydration as
p=4.54+ 0.6 @1, 45, 46). This is an axial ratio significantly ~ for the free protein, provide the axial rafio= 1 + 0.2 41,
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accommodate the ssDNA strand or the dsDNA he883, (
34). The RepA protein is the smallest known helicase, and
the diameter of the cross channel is onlg7 A in the crystal
structure of the enzymd (). The hexameric structure of the
RepA protein is unusually stable, and the stability is not
affected by nucleotide cofactors or nucleic acid. The DnaB
protein forms a stable hexamer. However, the integrity of
the DnaB hexamer is controlled by specific magnesium
binding (12). Kinetic studies indicate the DnaB helicase must
possess outside nucleic acid-binding site(s), but in the
stationary complex, the equilibrium is very strongly shifted
toward the complex with the nucleic acid inside the cross
channel 86, 63, 64). Whether this equilibrium is shifted in
all hexameric helicases to the same extent as in the DnaB
helicase, in particular, in the case of hexameric helicases,
which are as stable as the RepA hexamer, is unknown.
Fluorescence energy transfer from a donor to an acceptor
is one of the most intensively used methods in studying
macromolecular distances, in solution, and is one of the major
methods used to examine the structure and function of large
protein—nucleic acid complexeb—69). A striking result
of the fluorescence energy transfer measurements described
in this work is the high value of the efficiency of fluorescence
energy transferff = 0.63+ 3) from the donor, CP, located
, ) ) at one of the cysteine residues of the hexamer, to fluorescein
6.5 6.6 6.7 6.8 6.9 as the fluorescence energy transfer acceptor placed in the
Radial Distance (cm) middle of the bound ssDNA 20-mer, which encompasses the

Ficure 8: (a) Sedimentation velocity profiles (monitored at 280 total DNA-binding site of the enzyme (Figurg 4a and T{ibles
nm) of the RepA helicase alone, in buffer T5 (pH 7.6,°0). The 1 and 2)- The values dt for the fluorescein p'laceq five
concentration of the protein is% 10-¢ M (hexamer), with a time nucleotides from the'sand 3 ends of the nucleic acid are
interval of 14 min at 35 000 rpm. (b) Sedimentation velocity profiles (.42 4+ 0.03 and 0.54+ 0.03, respectively. The value &
(monitored at 295 nm) of the RepA helicasBMP-PNP complex, for the ssDNA-11-mer, dT(pBFIu-3, bound in the proper

in buffer T5 (pH 7.6, 10°C). The concentrations of the protein - o . .
and the nuclg())tide Cofacto)r are>6 105 M (hexamer) andp& DNA-binding site is 0.53+ 0.03. The theoretical analysis

1076 M, respectively, with a time interval of 14 min at 35 000 rpm  Of the energy transfer process for two possible modes of
(Materials and Methods). binding of ssDNA to the RepA hexamer shows that with
) the radius of the hexameb & 60 A) and the Fuster critical
45, 46). Independent of the approximate nature of these gjstance R, = 52 A) the efficiency of fluorescence energy
calculations, both values of the sedimentation coefficients {yansfer from the CP to the fluorescein cannot exceed the
indicate that the global structure of the RepA hexamer, in \,51ue of~0.34 for the binding mode, in which the ssDNA
solution, is different from the crystal structure and is strongly is pound on the outside of the hexamer (Figure 3b). Only
affected by the presence of the nucleotide cofactor (see theynhen the DNA is placed in the center of the hexamer can
Discussion). the energy transfer efficiency reach the experimentally
DISCUSSION observed values for. the Rep%s.sDNA complex.
The same theoretical analysis for the fluorescence energy
In the Equilibrium Complex with the RepA Hexamer, the transfer donoracceptor pair characterized bybaof 60 A
ssDNA Passes through the Cross Channel of the Ringlikeand anR, of 47 A, corresponding to the examined €P
Structure of the Enzymeelucidation of the fundamental rhodamine donecracceptor pair, shows that the average
aspects of the structure of a hexameric helicase complex withfluorescence energy transfer efficiengy,cannot exceed the
the ssDNA in solution is of paramount importance for value of ~0.3, even under the most favorable conditions
understanding the mechanism of enzyme activitiesy( 17, when the acceptor is in the same plane with the donor and
18, 24—28). In the case of a handful of currently well-studied when the nucleic acid is bound on the outside of the RepA
hexameric helicases, the nucleic acid crosses the innethexamer (data not shown). Yet, the experimentally deter-
channel of the ringlike hexameric structu4{28). How- mined values of for dT(pT)-Rho-dT(dT) and dT(pT)s
ever, the issue of the mode of binding of a nucleic acid to a Rho-dT(dT), are 0.45+ 0.03 and 0.44 0.03, respectively.
hexameric helicase is more complex than what may be Correspondingly, arE value of 0.58+ 0.03 has been
assumed from these known cases. For instance, differentobtained for the ssDNA 11-mer, dT(pfRho-3, bound to
behavior seems to occur in the case of Eheoli transcrip- the proper DNA-binding site of the enzyme. These values
tion termination factor, Rho helicase, where binding of the of E are much higher than the physically possible value for
nucleic acid, in both inside and outside modes, has beenthe outside mode of DNA binding (Table 2). Therefore, the
proposed and the presence of different sets of nucleic acid-observed high-energy transfer efficiency for four independent
binding sites inferred29—32). The cross channel of the fluorescence energy transfer don@cceptor systems can
DnaB hexamer has a diameter of40 A, which can occur only if the acceptor is a similar distance from each of

Absorbance (280 nm)

0.2

0.1

Absorbance (295 nm)
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the donors in the donor ring, i.e., when the ssDNA is bound helicase, which is different from the B form of the dsDNA.
in the cross channel of the hexamer. The obtained average distance from the acceptor in dT£pT)
The Bound DNA Assumes Heterogeneous Structure ReFlu-dT(pT) and dT(pT)sRho-dT(pT), to the plane with
flecting the Heterogeneous Structure of the Total DNA- the donor, is~15.4 A. For the acceptor placed an additional
Binding Site of the RepA Hexamd¥fluorescence energy six nucleotides further, at the 8nd in dT(pT)s-Flu-3 and
transfer experiments, with the acceptor located along the dT(pThe-Rho-3, the obtained distance to the plane with the
bound ssDNA oligomer, fully support the model of the donor is~39 A. Recall that the acceptor residue at the 3
hexamer-ssDNA complex in which DNA passes through end contributes the same length as an additional base. Thus,
the inner channel of the hexamer and provide additional the increments of the distance per each additional base, from
information about the structure of the complex. The highest the plane with the donor to theé 8nd of the bound nucleic
fluorescence energy transfer efficiency is observed in the acid, are~3.1 and~3.9 A for the two considered segments
case of dT(pTg-Flu-dT(dT) and dT(pT}-Rho-dT(d T} with of the nucleic acid and are similar to the increment@54
E values of~0.63 and~0.45, respectively, i.e., for the A of the single strand of the dsDNA in the B forr§, 59).
acceptor located in the middle of the ssDNA oligomer  The situation is very different for the part of the bound
(Figure 4a). On the other hand, shifting the location of the DNA from its 5 end side. The obtained average distance
acceptor by the same distance of five nucleotides from both from the acceptor in dT(pTFlu-dT(pT)s and dT(pT)-Rho-
sides of the ssDNA molecule results in a large decrease indT(pT)w, to the plane with the donor, is32 A, much larger
the energy transfer efficiency, while a further dramatic than the distance of15.4 A. For the acceptor placed an
decrease ikt is observed for the acceptors located at the 5 additional six nucleotides further, at thé énd, in 3-Flu-
and 3 ends of the bound nucleic acid (Tables 1 and 2 and dT(pT)eand 3-Rho-dT(pT)s, the obtained average distance
Figure 4). Theoretical analysis of the energy transfer processto the plane with the donor is44 A. Thus, the increments
indicates that such a large decreas& iis predicted by the  of the distance per each additional base from the plane with
model in which the ssDNA binds in the cross channel of the donor, for these two segments of the bound DNA, are
the hexamer, but not by the outside binding mode (Figure ~6.4 and~2 A, respectively. First, both these values are
3a,b). very different from the increment o£3.54 A for the single
The largest values d& obtained for dT(pTe-Flu-dT(dT) strand of dsDNA in the B form. Second, they are very
and dT(pTy)-Rho-dT(dT) oligomers indicate that the plane different from each other. The first five nucleotides from
with the donor passes the nucleic acid axis around the 10ththe plane with the donor, on thé énd of the bound DNA,
nucleotide from the 5or 3 end. In other words, in the are in a very extended conformation, with the average
complex, the bound ssDNA oligomer protrudes approxi- distance between bases reachirgy4 A. The six remaining
mately 10 nucleotides above and below the plane containingnucleotides, toward the &nd of the nucleic acid, either are
six cysteine residues of the RepA hexamer, where the donor,n a much more compressed conformation than the single
CP, is located (Figure la,b). Because the plane with thestrand of the dsDNA in the B form or are tightly coiled, as
cysteine residues is located oniyl2 A from one end of  the nucleic acid exits the total DNA-binding site. These data
the RepA hexamer in the large domain of the enzyme, suchclearly indicate the presence of regions in the total DNA-
a symmetric location of the bound ssDNA oligomer, with binding site of the RepA hexamer which, locally, very
respect to the plane with the cysteine residues, suggests thadlifferently affect the structure of the bound nucleic acid, i.e.,
only a part,~16—17 nucleotides, of the bound nucleic acid the heterogeneous structure of the total binding 2. (
is directly engaged in interactions with the enzyme. This Heterogeneous structures of the total DNA-binding site have
value is slightly lower than the site size of 391 nucleotides = been found for thé&. coli DnaB hexamer as well as for the
of the RepA hexamerssDNA complex obtained in the monomericE. coli PriA helicase {7, 70, 71). The hetero-
thermodynamic studies of binding of the protein to the geneous structure of the sSDNA bound to the RepA helicase,
nucleic acid 23). This should not be surprising, as the obtained in this work, strongly and directly supports the
thermodynamic data provide the value of the site size, findings that the total DNA-binding sites of the helicases
directly reflecting the length of the ssDNA fragment required have a complex structure and locally exert dramatically
for the second hexamer to associate with the DNA next to different effects on the conformational states of the bound
another bound hexamer, while the fluorescence energynucleic acid.
transfer data reflect the binding to an isolated ssDNA  The Proper DNA-Binding Site of the RepA Hexamer Exerts
oligomer @3). a Major Effect on the Conformation of the Bound ssDNA
The data for the average distance from the acceptor to theQuantitative thermodynamic studies of the binding of sSDNA
plane with the donor, shown in panels a and b of Figure 6, to the RepA helicase provided the first indication that the
provide crucial information about the structure of the bound total DNA-binding site of the RepA helicase has a hetero-
nucleic acid, which encompasses the total DNA-binding site geneous structure and contains an area, the proper DNA-
of the enzyme. Recall that the average distance between théinding site, which has strong ssDNA affinity and encom-
5" and 3 ends of the labeled ssDNA oligomers, in solution, passes up te-11 nucleotides of the total 18 1 nucleotides
is ~75 A (see above)1@). Thus, the length of the free of the total DNA-binding site. Moreover, the data also
nucleic acid is very similar to the length of the corresponding indicate that the proper DNA-binding site is located in the
single strand of the dsDNA in the B form-{8 A) (58, 59). central part of the RepA hexame23d). The 3 end of the
The end-to-end distance of the bound ssDNA to the RepA bound 11-mer in the proper DNA-binding site is virtually
hexamer is~83 A (Figure 6a,b). Thus, the nucleic acid the same distance;48 A, from the donor, CP, as the middle
bound to the total DNA-binding site of the RepA helicase nucleotide of the 20-mer, which encompasses the total site
assumes an extended conformation in the complex with (Tables 1 and 2). The'%nd of the bound 11-mer is the
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same distance from the donor as tHeeBd of the 20-mer Results on the structure and location of the 11-mer,
and much farther from the plane with the donor, at an averageexclusively bound to the proper DNA-binding site, provide
distance of~67.6 A. Having these two distances from the additional strong evidence of a single orientation of the
plane with the donor, we can estimate, using eq 9, the lengthenzyme in the complex with the ssDNA. The average
of the bound 11-mer to be-48 A, which provides the  fluorescence energy transfer efficiencies and corresponding
average separation between the adjacent basegt & A, distances between thé &d 3 ends of the sSDNA 11-mer,
in the bound 11-mer. This value is equal to the average of bound in the proper DNA-binding site, are virtually identical
the base separations of two segments of the bound 20-meto the corresponding parameters obtained for thenl and
from its 5 end side (see above). the middle nucleotide of the bound 21-mer (Tables 1 and
First, these results independently indicate that the confor-2). The symmetry of the RepA20-mer complex is not
mation of the bound ssDNA, in the proper DNA-binding present in the complex with the 11-mer, and the=d of
site of the RepA helicase, is strongly stretched as comparedthe 11-mer is clearly much farther, approximately 48 A, from
to the conformation of the corresponding ssDNA strand of the plane with the donor, CP, than itsshd. Moreover, both
the dsDNA in the B form. Second, they also provide the 3 side of the bound 20-mer and the entire 11-mer have
independent support for the finding of the heterogeneous extended conformations, reflecting the interactions with the
structure of the RepA helicase. Notice that if the entire proper DNA-binding site. Because the 11-mer is exclusively
labeled 20-mer bound to the total DNA-binding were bound to the proper DNA-binding site, located in the central
stretched to the same extent as the ssDNA in the proper sitepart of the total DNA-binding site, these data indicate that
then the distance between thieaid 3 ends would be~96 the B side of the 20-mer, which encompasses the total DNA-
A, not ~83 A, as experimentally observed (see above). binding site, is also exclusively engaged in interactions with
Furthermore, the profound differences in the local DNA the proper site, i.e., with the central part of the total DNA-
structure of the nucleic acid bound to the RepA helicase binding site of the enzyme.
provide a clue about the experimentally observed dramatic The dramatic difference in the conformational changes in
difference in the thermodynamic response of the proper the bound DNA, at the 'Send side as compared to thé 3
DNA-binding site to the changes in the solution conditions, end side of the nucleic acid, induced by the RepA hexamer,
as compared to the analogous response of the total site. Whilghe dramatic differences between the distances from ‘the 5
the binding of the DNA to the proper DNA-binding site is and 3 end to the donor, and the effect of the enzyme on the
accompanied by net ion uptake, binding to the total DNA- structure of the ssDNA 11-mer, bound exclusively to the
binding site is accompanied by net ion relea&®.(In other centrally located proper DNA-binding site, provide clear
words, ion binding is necessary to stabilize the stretched evidence that the RepA hexamer assumes a strictly single
conformation of the ssDNA in the proper site, while it orientation, with respect to the suggshosphate backbone
strongly destabilizes interactions of the ssDNA, in the more of the bound ssDNA. Notice that it has been determined that
relaxed conformation with the enzyme outside the proper the E. coli hexameric DnaB helicase also assumes a strictly
site. single orientation on the bound DNA, facing thee®d of
The RepA Hexamer Binds the ssDNA in a Strictly Single the nucleic acid with its large 33 kDa domaitv¢19). Thus,
Orientation with Respect to the SugdPhosphate Backbone both RepA and the DnaB helicase have the same strictly
of the Nucleic AcidThe apparent symmetric location of the single orientation on the ssDNA, indicating that this may be
bound ssDNA oligomer in the total DNA-binding site of the the general behavior of hexameric helicases.
enzyme, with respect to the plane containing the cysteine The orientation of the RepA hexamer in the complex with
residues, may seem to prevent the determination of thethe ssDNA and the schematic structure of the nucleic acid
orientation of the RepA hexamer on the ssDNA lattice. in the complex are depicted in Figure 9. The enzyme binds
However, the asymmetric changes in the structure of thethe ssDNA with the total site size of 18 1 nucleotides.
bound ssDNA provide a clear clue. The structure of the 10- The large domain of the enzyme, containing the cysteine
nucleotide segment of the bound DNA, from the plane of residues, is directed toward thé énd of the nucleic acid.
the donor to the '3end of the nucleic acid, is similar to the The total DNA-binding site, located in the cross channel,
structure of the single strand of the dsDNA,; i.e., it is similar has a heterogeneous structure. The DNA is strongly stretched
to the structure of the free dT(p®)in solution. In other in the central part of the cross channel, corresponding to the
words, the structure of this fragment is only slightly affected location of the proper DNA-binding site. The small ovals
by the binding to the enzyme (see above). On the other hand,ndicate the presumed location of the ATP-binding sites.
the structure of the remaining 10-nucleotide segment from Notice that the obtained data indicate that the sSDNA is not
the plane with the donor to the &nd of the bound DNA is  an impartial partner in the helicasssDNA complex, which
dramatically changed in the complex with the helicase. Theseserves as a “neutral track” on which the enzyme performs
data strongly indicate that the entire segment of the boundthe mechanical translocation, which is the current line of
ssDNA, from the 5end of the nucleic acid, is directly thinking. The ssSDNA undergoes large and localized confor-
engaged in interactions with the helicase; i.e., it is placed mational changes in the heterogeneous binding site of the
directly in the cross channel. Because the plane with the sixenzyme. In fact, the obtained results suggest that the energy
cysteine residues and the donor, CP, is in the large domainstored in the sSDNA may be part of the energy used to propel
and only~12 A from the end of the RepA molecule, such the enzyme along the nucleic acid lattice.
a dramatically different effect of the enzyme on the bound The Structure of the RepA Hexamer in Solution Differs
DNA structure can only happen if the hexamer is predomi- Significantly from the Crystal Structure of the Enzyme,
nantly oriented with the large domain toward tHeeBd of Indicating Significant Conformational Flexibility of the
the bound nucleic acid. EnzymeAs we pointed out above, the fact that onhp.31
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axis of the RepA hexamer, parallel to the axis of the cross
channel (Figure 1b).

There are two important consequences of this result. First,
as we previously pointed out, different dor@cceptor pairs
give very similar distances, and this fact eliminates any
substantial effect of the orientation factor?, on these
measurementsl B, 54) (see above). Thus, these data show
that the dimensions of the RepA hexamer, in the tertiary
complex with the nucleotide cofactor (AMP-PNP) and the
ssDNA, are significantly larger than the dimensions of the
RepA hexamer indicated by the crystal structur@®.(Notice
that the crystal structure of the hexamer has been determined
for the protein dodecamer, where interactions between the
hexamers may require a specific conformation of both RepA
hexamers. Second, these data also strongly suggest that the
diameter of the cross channel of the RepA hexamer is
significantly larger than the value of17 A in the crystal
structure. The analytical ultracentrifugation results fully
corroborate the conclusion that the RepA hexamer assumes
a structure in solution different from that observed in the
crystal form. Moreover, these results also indicate the global
structure of the hexamer is under control of the nucleotide
cofactor binding (Figure 8a,b).

Altogether, for the first time, these results strongly indicate
that the exceptionally stable RepA hexamer is a surprisingly
dynamic entity, which can assume different conformations,
in solution, with the crystal structure being only one of them.
FiIGURE 9: Schematic structure of the RepA hexamer bound in a Although the exact mechanism of binding of the RepA
stationafy complex to the ssDNA, based (E)n the results obtained in hexa”."'er to thg SSDN_A is still unknown, the fact th?‘t the
this work. The ssDNA passes the cross channel of the RepA DNA is bound in the inner channel of the hexamer in the
hexamer. In the complex, the helicase assumes a strictly singlepresence of an ATP nonhydrolyzable analogue, AMP-PNP,
orientation with respect to the suggshosphate backbone of the and the hexamer is the entity which binds the ssDNA
{‘hugg'gr?g'gr‘:‘gt?htgf ;g:'gg?n”;?r']”o?ifeenﬁgg F:g\),\tl‘;%e{h‘g'r%“gfdt;‘%ward indicates that such a mechanism must include a conforma-
bound DNA. The cross channel constitutes the total DNA binding tional cha_nge, which leads to a tranSIenF opening of the
of the enzymeZ3). The bound ssDNA in the proper DNA-binding hexamer, in the absence of ATP hydrolysis. Such a mech-
site, which is located in the central part of the total DNA-binding anism has indeed been found in the case of another stable
site, is profoundly affected by the interactions with the helicase hexameric helicase, thE. coli DnaB protein 86). The
with regions of stretch and compressed structure. The structure ofnecessary conformational changes must involve large reori-
the segment of the nucleic acid from itseéhd, which is leaving - . .
the cross channel of the hexamer, is not affected by the helicase,ent_atlons of the hexamer subunits, which are alreqdy
and has a conformation similar to the conformation of the free indicated by the fluorescence energy transfer data described
ssDNA in solution. The arrow indicates thé -5 3' direction of above. The conformational flexibility of the RepA hexamer
the mechanical translocation of the enzyme along the DNA lattice and the response of the structure of the protein to the binding
and the unwinding reaction. of nucleotide cofactors and the DNA are currently being
CP per RepA hexamer can be introduced in specific chemicaladdressed in our laboratory.
labeling of the six cysteine residues of the hexamer has
provided the first indication that the structure of the RepA ACKNOWLEDGMENT
hexamer in solution is different from the crystal structure of
the protein 0). It indicates that the cysteines are only
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