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ABSTRACT. Escherichia coliRep helicase is a DNA motor protein that unwinds duplex DNA as a dimeric
enzyme. Using fluorescence probes positioned asymmetrically within a series of single-stranded (ss)
oligodeoxynucleotides, we show that ss-DNA binds with a defined polarity to Rep monomers and to
individual subunits of the Rep dimer. Using fluorescence resonance energy transfer and stopped-flow
techniques, we have examined the mechanism of ss-oligodeoxynucleotide binding to preformed Rep dimers
in which one binding site is occupied by a single-stranded oligodeoxynucleotide, while the other site is
free (RS dimer). We show that ss-DNA binding to theSPRep dimer to form the doubly ligated$3

dimer occurs by a multistep process with the initial binding step occurring relatively rapidly with a
bimolecular rate constant &f = ~2 x 10° M~1 s71[20 mM Tris (pH 7.5), 6 mM NaCl, 5 mM MgG|

5 mM 2-mercaptoethanol, and 10% (v/v) glyceroly@]. A minimal kinetic mechanism is proposed
which suggests that the two strands of ss-DNA bound to the Rep homodimer are kinetically distinct even
within the RS, Rep dimer, indicating that this dimer is functionally asymmetric. The implications of
these results for the mechanisms of DNA unwinding and translocation by the functional Rep dimer are
discussed.

DNA helicases are a class of motor proteins that use homologous to the RecQ helicase B$cherichia coli(3).
energy derived from nucleosidéiphosphate (NTP) bind-  In addition, the defective gene that causes the accelerated
ing, hydrolysis, and release of hydrolyzed products (NDP aging disorder Werner's syndrome encodes an enzyme with
+ POs?") to separate duplex DNA into its two complemen- DNA helicase activity 4, 5).

tary single strands and to translocate along the DNA. As  Ajlthough DNA helicases are of crucial biological impor-
such, these enzymes are required in nearly all aspects Ofance in all organisms, the mechanisms by which these
DNA metabolism including replication, recombination, and enzymes function are only beginning to be understood. One
DNA repair (1). Furthermore, defects in DNA helicases have of the petter characterized helicases isEneoli Rep DNA
recently been im.plicated as the causative agent of severakglicase. Although the Rep protein exists as a monoMer (
severe genetic disorders in humans. Xeroderma pigmento-— 7g 400) in solution, binding of either single-stranded (ss)
sum (XP) is an autosomal recessive disorder that predisposesg,, duplex DNA induces it to form a stable dimé; ), and

its victims to cancer and neurological abnormalities due t0 ne dimer is active in unwinding DNAG( 8—11). Each

a deficiency in DNA excision repair. Two of the protein ¢ punit of the Rep dimer can bind either ss or double-
factors comprising the complementation groups, XPB and gyanded DNA competitively7). However, a large negative
XPD, posses DNA helicase activity and are components of cooperativity accompanies DNA binding to the second
the general transcription initiation factor TFIIR2)( Two subunit of the dimer such that the affinity of DNA for the
other genetic diseases, Cockayne's syndrome and trichothioecong subunit is at least 4 orders of magnitude lower than
dystrophy, which both cause developmental and neurologicalsy, the first subunit 7). Importantly, this negative cooper-

disorders, have complementation groups that also includeggyiry for DNA, and thus the various possible DNA ligation
the. helicase subum?s of TF”,HZX' _Blooms Syndrome,. states of the Rep dimer, are modulated allosterically by
which causes dwarfism, predisposition to cancer, and im- nucleotide binding&). In the absence of nucleotide, a Rep
munological and behavioral defects, was recently found to jimer is favored in which one subunit is bound to ss-DNA

be due to a defect in a single gene which is highly \;hereas the other subunit is free @Riimer). However,
: : ADP binding promotes formation of a Rep dimer in which
T This work was supported in part by a grant to T.M.L. from the pgth subunits are bound to ss-DNAR dimer). Finally,
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a series of conformational states that differ in the relative
affinity of the second subunit of the Rep dimer for ss-
ds-DNA 8, 12, 13). In this model the Rep dimer translocates
along DNA by a rolling or subunit switching mechanism
and duplex DNA is actively unwound when one subunit of

Bjornson et al.

coefficients of 115 400 M cm™* for d[Ts(2-AP) T4(2-AP)-
T, 5-d[T12(2AP)T(2AP)T], and 5d[T(2AP)T(2AP) T4,
131 240 Mt cm for 3'F-dTye 148 790 Mt cm? for 5'HF-
dTis and 129 600 M* cm™? for dT(pT)s.

Equilibrium Fluorescence TitrationsEquilibrium fluo-

the Rep dimer is bound to the duplex region ahead of the rescence titrations of the oligodeoxynucleotides containing

ss/ds-DNA junction.

The doubly ligated Rep dimer,;8,, is a transient high-
energy intermediate in the proposed rolling model for DNA
unwinding @) and also for Rep dimer translocation along
ss-DNA (11). Therefore, a detailed characterization of the
kinetic mechanism of 5, formation is necessary to provide

2-aminopurine (2-AP) with Rep were performed using an
SLM-8100 spectrofluorometer (SLM Instuments Inc., Roch-
ester, NY) in BBM buffer at 4C. The excitation wave-
length was 315 nm (2 mm slits) and emission fluorescence
was monitored at wavelengths350 nm using a cut-on filter

(2 in. diameter; Oriel Inc., catalog no. 59460, Stratford, CT).

further information and tests of these models. Our previous After each addition of Rep protein, the sample was stirred
studies showed that the dissociation rate of a fluorescentlywith a polyethylene rod and equilibrated for at least 7 min

labeled ss-DNA from the high-affinity site of a,® Rep

with the shutters closed. A “blank titration” of BBM buffer

dimer is accelerated by the binding of a second molecule of with Rep was also performed along with each titration of

ss-DNA into the weak binding site in a reaction that
transiently forms the 5, dimer (11, 14). These studies
provided a lower limit estimate ot 250-400 M1 s for
the apparent bimolecular rate constant for ss-DNA [dT{$T)
binding to the second subunit of theSPRep dimer to form
the BS, dimer. This lower limit for the apparent bimolecular
rate constant is~10 000-fold lower than that for dT(pT9
binding to the Rep monomei4), and thus we proposed
that the actual mechanism ot formation occurs by a
multistep processld).

DNA. For each titration point, the corrected fluorescence
intensity,F;, was calculated &5 = fonsj — folanki, Wherefqps;
andfyankj are the fluorescence intensities determined for the
ith point from the actual and blank titrations, respectively.
The fraction of the maximal fluorescence enhancement was
calculated asK; — Fo)/(Fmax — Fo), whereFy is the initial
fluorescence intensity of DNA samples before addition of
Rep andFnyax is the fluorescence after saturation with Rep.
Isotherms obtained from fluorescence titrations were com-
pared graphically with binding isotherms simulated using

In this report we describe experiments designed to measure>cheéme 2, the equilibrium constants determined previously

directly the initial binding of ss-DNA to the unligated subunit

of the RS dimer. These experiments show that binding to
P.S occurs by a multistep process with the initial binding
step occurring relatively rapidly. Furthermore, the two
strands of ss-DNA bound to the Rep homodimer are
kinetically distinct, such that the enzymes retains a “memory”
of which strand was bound first. The implications of these
results for the mechanism of Rep-catalyzed DNA unwinding
are discussed.

MATERIALS AND METHODS

Buffers and Rep ProteinBuffers were made with reagent-
grade chemicals using distilled.@ that was deionized using
a Milli-Q System (Millipore Corp., Bedford, MA). Binding
buffer with Mg?t (BBM buffer) is 20 mM Tris (titrated to
pH 7.5 at 4°C), 6 mM NaCl, 5 mM MgC}, 5 mM
2-mercaptoethanol, and 10% (v/v) glycerol. Glycerol (spec-
trophotometric grade) was from Aldrich (Milwaukee, WI).
E. coli Rep protein was purified te99% homogeneity as
described 15) and its concentration was determined spec-
trophotometrically, using an extinction coefficient for the
monomer ofexgo = 7.68 x 10* M~tcm™ (9).

OligodeoxynucleotidesOligodeoxynucleotides were syn-
thesized using an ABI Model 391 automated DNA synthe-
sizer (Applied Biosystems, Foster City, CA) with standard
f-cyanoethyl phosphoramidite chemistry. The 2-aminopu-
rine- (2-AP-) containing oligodeoxynucleotides, ed-AP)-
T4(2-AP)Ts], 5'-d[T12(2AP)T(2AP)T], and 5d[T(2AP)T-

(14), and the relative 2-AP fluorescence enhancements of
the monomer Rep-DNA species, PS and PS*, and the singly
ligated Rep dimer, 5, reported in Table 1. Simulations
and plots were constructed and analyzed using the program
KaleidaGraph (Synergy Software, Reading, PA) run on a
PowerMac 7200/120.

Fluorescence Stopped-Flow KineticStopped-flow fluo-
rescence experiments were carried out using an Applied
Photophysics SX17MV stopped-flow instrument (Applied
Photophysics Ltd., Leatherhead, U.K.) supplied with a 150
W Xe arc lamp. dT(pTys, labeled with fluorescein on its 3
or 5 end (dTs -F-3 and 5'F-dT;¢), was excited at 492 nm
and its fluorescence emission was monitored at wavelengths
> 520 nm using a cut-on filter (Oriel Inc., catalog no. 51300,
Stratford, CT). The fluorescence energy transfer experiments
were performed by exciting the fluorescein donor {F-

3) as described above and monitoring the sensitized emission
of the hexachlorofluorescein acceptor K8--dT.6) above 610

nm using a cut-on filter (Oriel Inc., catalog no. 51312,
Stratford, CT). All of the reported concentrations are the
final concentrations in the flow cell after mixing of the
reactants.

All reactions were carried out in BBM buffer at’€. The
P,S Rep dimer was preformed by incubating 800 nM Rep
monomer with 500 nM oligodeoxynucleotide (syringe con-
centrations) on ice for at least 5 min. Some of the fluorescent
traces were obtained using a logarithmic base time scale (i.e.,
evenly spaced time points on a logarithmic scale) using the
software provided by Applied Photophysics (version 4.22

(2AP)T1], were prepared as describetd). The dT(pT)s SX18MV). The utility of sampling data points in this

labeled with fluorescein or hexachlorofluorescein was syn- manner is that each phase of a multiphasic time course is
thesized, deprotected, and purified as descrild€)l (The well described by an adequate number of data points, which
concentrations of the oligodeoxynucleotides were determinedfacilitates data analysis. The stopped-flow traces were all
by absorbance at 260 nm in 10 mM Tris-HCI (pH 8), 100 obtained in the “oversample” mode so that the instrument
mM NaCl, and 1 mM EDTA at 25°C using extinction collects data at its fastest rate, and then blocks of data are
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Scheme 1 ss-oligodeoxynucleotide are sensitive to protein conforma-
a tional changes induced by nucleotide binding and hydrolysis
(1.
2P + 2S Single-Stranded DNA Binds to Rep with PolaritpNA

helicases generally display a polarity in their DNA unwinding
1as] u 3.3x107 M-Ts"1 reaction, i.e., they show preference for unwinding duplex
DNA possessing either @ ®r a 3 ss-DNA flanking the
PS+P+S duplex (L6). This implies that helicases bind to ss-DNA with
a defined polarity. As a prelude to the DNA binding
4 - experiments described below (monitored using FRET), we
021s 278 511 first determined whether ss-DNA binds to Rep with a unique
PS*+ P + S ASOM s P2S + S orientation with respect to the polarity o_f the sugar
' 2 7¢103 &1 ‘ phosphate backbone. We performed experiments similar to
T those designed to examine the same question for the phage
l T4 gene 32 proteinl(7, 18). Two analogues of dT(pTy
PS* +PS w1103t || 5387 s \r/]vere synthesized, each of which contained 2-aminopurine;
owever, the positioning of the fluorescent 2-AP was
T asymmetric within the DNA. One molecule;&T(2-AP)T-
¢ 3168 MeeT ¥ (2-AP)Ty,, has two 2-APs near its ®nd and the other,'5
2 PS* —— X R dT12(2-AP)T(2-AP)T, has two 2-APs near its 8nd. The

P25z fluorescence intensities (quantum yields) of both molecules,

in the absence of Rep, were identical. We performed
separate equilibrium titrations of each ss-DNA at three
concentrations (200, 300, and 400 nM), with Rep protein
while monitoring the change in 2-AP fluorescence. If these
oligodeoxynucleotides could bind to Rep in either orientation
with respect to the sugaphosphate backbone, then the

extent of the 2-AP fluorescence change is expected to be
similar for both molecules. In fact, Figure 1A shows that

upon saturation with Rep, the enhancement of the 2-AP

7.9x10°3¢°1

PS P.S fluorescence for each DNA molecule differs significantly,
P PS* st PAadd) with the ss-DNA containing 2-AP near it$ 8nd showing a
( ) 5.7-fold enhancement, whereas the ss-DNA with 2-AP near

its 5 end shows only a 1.7-fold enhancement. These results
averaged to obtain the individual time points (1000 points/ indicate that the Rep dimer binds ss-DNA with a preferred
trace). When data are collected using a log time-base thepolarity.
points are not evenly spaced on a linear time scale; hence Although the midpoints of the three titration curves (shown
the signal to noise ratio increases with time since the normalized in Figure 1B) suggest similar affinities of Rep
averaged data blocks are larger at longer times. for the three ss-oligodeoxynucleotides, the shapes of the

Analysis of Kinetic Data The kinetic time courses were titration curves differ significantly. In fact, these differences
fit to a sum of exponentials as describetf) using the in the shapes of the titration curves reflect position-dependent
software provided with the stopped-flow instrument. The differences in 2-AP fluorescence quantum yield when each
data were plotted using the program KaleidaGraph (Synergy SS-oligodeoxynucleotide is bound to the different species of

Software, Reading, PA) run on a PowerMac 7500/100. ~ Rep (i.e., PS, PS¥, and.8). The different final 2-AP
fluorescence enhancements shown in Figure 1A clearly

RESULTS indicate that this is the case for theSPstate. In order to
determine the relative 2-AP fluorescence change upon
Our previous studies of the kinetics of short ss-oligode- formation of the Rep monomer complexes (PS and PS¥*),
oxynucleotide (dT(pTy)) binding to the Rep monomer, P,  which are only populated transiently during the titration, we
and subsequent dimerization to form the singly ligated dimer, performed stopped-flow kinetics experiments (data not
P.S (14) have defined the minimal kinetic mechanism shown shown) as described previousl4j. Separate stopped-flow
in Scheme 1. The rate constants shown in Scheme 1 wereexperiments were performed by mixing Rep monomer with
measured under the same conditions used in the currentach ss-DNA (BBM buffer, £#C) over a range of protein
studies (BBM buffer, 4°C). These previous studies were (100—400 nM) and ss-DNA (0.2 and/AM) concentrations.
performed with the oligodeoxynucleotides dT(p@nd d[Ts- From these independent experiments we determined the
(2-AP)T4(2-AP)Ts], where 2-AP is the fluorescent nucleotide relative enhancements of 2-AP fluorescence for each ss DNA
analogue 2-aminopurine. With 2-AP in the indicated posi- bound to Rep monomer (P§ PS*). As listed in Table 1,
tions within that ss-DNA, there is a 1.7-fold enhancement the relative enhancements of 2-AP fluorescence are8.75
of the 2-aminopurine fluorescence intensity upon binding to 0.25 and 1.7+ 0.1 for 3-end and the Send oligodeoxy-
the Rep monomer P and a further 1.4-fold enhancement upomucleotides, respectively, compared to a value of17.1
formation of the BS dimer (4). In addition, the fluores-  for the symmetric oligodeoxynucleotide, §{Z-AP)T4(2-AP)-
cence properties of the 2-aminopurines embedded within theTs (14).
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=N

T T simulated using Scheme 2 with identical values of the

] equilibrium constantsK;, Kz, K3), which had been deter-
mined previously for binding of the symmetric oligodeoxy-
nucleotide to Rep 1(4), but accounting for the different
relative 2-AP fluorescence enhancements of each ss-DNA
when bound to the different Rep species (see Table 1). These
simulations suggest that all three oligodeoxynucleotides have

the same equilibrium binding affinities, independent of the
. o E— position of 2-AP within the sequence. The shapes of the

[Rep] (total monomer) (M) isotherms differ only due to the different relative fluorescence
changes observed for the different species. These results
emphasize the fact that it is essential to know how a
spectroscopic signal change correlates with the extent of
binding in order to quantitatively interpret a binding titration
curve. This is especially true for any system, such as Rep,
that undergoes assembly and thus can have multiple oligo-
meric states, each of which can elicit a difference spectro-
scopic response upon ligation.
. L , Interestingly, the simulated isotherms shown in Figure 1B
10° 107 10 indicate that the relative position of the 2-AP within the ss-
[Rep](total monomer) (M) oligodeoxynucleotide senses the various RBNA states

Ficure 1: Equilibrium binding of 2-aminopurine-modified dT(p) differently. When the 2-AP is near theé &nd of the ss-
to Rep protein, monitored by the enhancement of 2-aminopurine DNA, the 2-AP fluorescence enhancement is most sensitive
(ZZRAPP) Iluorescence._ts»olutior_ltsh of S]T(Fﬁlﬂ%o nM), c?nt?iging to the first two steps in Scheme 2 (i.e., formation of PS/
e e Poae Y uCollte (528 PS1). However, when 2-AP is positoned near tie6d
HCI, pH 7.5 at 4°C, 6 mM NaCl, 5 mM MgC}, and 10% glycerol  Of the ss-DNA, then the 2-AP fluorescence is most sensitive
(BBM buffer), while the 2-AP fluorescence was monitored (excita- t0 the second step in Scheme 2 (i.e., dimerization to form
tion at 315 nm, fluorescence emission monitored at wavelengths P,S). As previously described ), the ss-DNA containing
> 350 nm). The ss DNA molecules used we®) (symmetric”, 2-AP near both ends is sensitive to both processes.

5'-dTs(2AP)T4(2AP)Ts; (a) 2-AP near the Send, 5dT(2AP)T- .
(2APYT15; OF (O) 2-AP near the 3end, BdTi/2AP)T(2AP)T. Use of FRET To Measure the Bimolecular Rate Constant

Fluorescence titrations of 200 and 300 nM ss-DNA with Rep were for ss-DNA Binding to BS. We first attempted to examine
also performed under the same conditions and identical results werethe bimolecular binding of a ss-oligodeoxynucleotide to the
obtained (data not shown). (A) Titrations are plotted as the second subunit of a;B dimer by mixing d[F(2-AP)T4(2-
fluorescence enhancement (relative to free DNA) as a function of AP)Ts with a preformed BS dimer, where S is the

total Rep concentration (monomer units). The solid lines are fl t oligod leotide dT hil .
simulated curves based on Scheme 2, using the equilibrium NONfluorescent oligodeoxynucleotide dT (g while moni-
constantsK; = 23 uM~1, K, = 13, andKs = 170 uM~1, which toring changes in 2-aminopurine (2-AP) fluorescence. Al-
were determined previousii4), but accounting for the fact that  though changes in 2-AP fluorescence are observed, these are
the relative fluorescence enhancement of the three ss-DNA ot sensitive to the bimolecular binding step, but rather

. H *
molecules differs when bound to each Rep species (PS/PS* and. ¢ rmational changes occurring after binding (data not

P,S) as indicated in Table 1. (B) The three titrations shown in panel h h . d id id
A have been replotted after each curve was normalized to its own SNOWN). However, these experiments do provide evidence

maximum fluorescence enhancement. The solid lines are simulationsthat binding of ss-DNA to the second site (subunit) on the
based on Scheme 2. P,S dimer is at least a two-step process and provide a lower
limit of ~300 M~ s~1 for the true bimolecular rate constant
Table 1: Relative 2-Aminopurine Fluorescence Enhancements for  for binding of ss-DNA to the unligated subunit oL$

A

s

Fluorescence enhancement

enhancement

Normalized fluorescence

the Different Rep-DNA Species Therefore, we used a different approach that relies on
DNA 2-AP position ~ PS/PS* PS° fluorescence resonance energy transfer (FRET) in order to
5-dTs(2AP)T«(2AP)Ts  symmetric  1.7£0.1° 2.4+ 0.1 directly measure the bimolecular step for formation of the
5'-dT1(2AP)T(2AP)T 3-end 0.75:0.25 5.9+0.2 doubly ligated BS, dimer from BS. These experiments used
S-dT(2AP)T(2AP)T.  S-end 17201 17401 two ss-oligodeoxythymidylates, each containing 16 nucle-

2 Determined from independent stopped-flow experiments as de- otides: one with a fluorescent donor (fluorescein, F)
scribed (4). b Obtained from the final plateau value of the fluorescence covalently attached to its 8nd (dTs-F-3) and another with
titrations.® From Bjornson et al. 14). a fluorescence acceptor (hexachlorofluorescein, HF) co-
valently attached to its '5end (3-HF-dTis). We have

Scheme 2 previously shown that the spectral properties of this donor
K K K and acceptor pair are conducive to FRET and have used these
P+ S—= PS4+ P—= PS*+ P—> P,S to design a sensitive fluorescent assay for DNA unwinding

(20).

The very different enhancements of 2-AP fluorescence for The design of the experiments to directly detect the
the different Rep species bound to the three oligodeoxy- bimolecular step of ss-DNA binding to the second site within
nucleotides explains the different shapes of the equilibrium the BS dimer is outlined in Scheme 3. We have shown
fluorescence titrations shown in Figure 1A. The smooth above that ss-DNA binds with polarity to Rep monomers
curves overlaying the three titrations shown in Figure 1 were and thus also to each subunit of the dimer. Therefore, if
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FiGure 2: Kinetic time course of ss-DNA binding to the$Rep Ficure 3: Fluorescence resonance energy transfer upon binding
dimer to form a doubly ligatedJS, dimer as monitored by FRET  of 5'-HF-dT;s to a BS Rep dimer. (A) The FRET time cours&
between fluorescein (F) donor and hexachlorofluorescein (HF) = 494 nm, ey = 610 nm) for the first 20 s as monitored in a
acceptor. (A) The £5 Rep dimer (200 nM) was pre-formed with  stopped-flow experiment upon mixing 200 nMF, preformed with
dTy6 -F-3 and mixed in a stopped-flow experiment with either 4  dT,s-F-3 (F is fluorescein donor) with 0.6 (bottom trace), 0.8, 1.0,
uM 5'-HF-dT;6 or dTi6 [no acceptor fluorophore (HF)] as indicated.  and 2.0uM (top trace) BHF-dTys (HF is hexachlorofluorescein
(B) The RS Rep dimer (200 nM) was pre-formed with @F-3 acceptor) as described in Materials and Methods. (B) The same
or dTis (no donor fluorophore) and mixed in a stopped-flow reactions are shown over 1000 s at 0.6 (top trace), 0.8, 1.0, and 2.0
experiment with 2uM 5'-HF-dT;6 All reactions were in BBM uM (bottom trace) 5HF-dT;s. Each time course in both panels
buffer at 4.0°C (dex = 494 NM,Aem > 610 Nm). was fit to the sum of two exponentials and the fits are overlaid on
the data. The apparent rate constdgisiandkops 2z Obtained from

the double-exponential fit to panel A, akghs ;3 obtained from the

fit to the slow phase in panel B, are plotted in Figure 4.

Scheme 3

acceptor (HF), followed by a slow decrease in fluorescence
intensity. Also shown in Figure 2 are two control experi-
ments performed under identical conditions except that
unmodified dTs was substituted for the fluorescently labeled
dTis molecules. These controls show that the observed
increase in donor (HF) fluorescence requires the presence
of both the donor and acceptor fluorophores and thus
originates from a true transfer of energy from the dorigg (

k k
C+RPS L CRPS _LCQPS =494 .nm) to the acceptor fluorophorg{ > 610 nm) upon
k, k., formation of the BS, dimer.

Figure 3 shows fluorescence stopped-flow traces obtained
the dimer has an approximate 2-fold symmetry, or if the 3 upon mixing 200 nM BS (formed with dTeF-3) with
end of one bound ss-DNA is near theghd of the second  varying concentrations (0.62 uM) of 5'-HF-dTis. The
bound ss-DNA in a F5, complex, and if the ss-DNAs traces were fit to a sum of three exponential phases and the
possessing the fluorescence donor/acceptor probes describegonlinear least-square-best fits are overlaid on the data. The
above are used, then upon formation of th&,FRep dimer observed rate constants for each phase are plotted as a
energy transfer (FRET) from the donor to the acceptor should function of excess [SHF-dT,¢] in Figure 4. The fast phase,
occur, resulting in an increase in the fluorescence of the kobs increases linearly with increasind{8F-dT;¢], whereas
acceptor fluorophore. Although the placement of the donor the middle rate constankeps s increases with a hyperbolic
fluorophore at the ‘3end of the ss-DNA and the acceptor at dependence on [81F-dTi¢]. The first two phases could be
the B-end of a separate ss-DNA was based on an assumedvell resolved from the third phask.fs 9 and were analyzed
C, symmetry for the Rep dimer (see Scheme 3), this is not in terms of the two-step binding mechanism shown in
a requirement to observe FRET (see below). Scheme 3.

Shown in Figure 2 are fluorescence stopped-flow kinetic ~ On the basis of our previous studidd(19), the BS Rep
traces obtained upon mixing 200 nM3?(formed with dTe dimer in Scheme 3 is depicted as asymmetric, i.e., with
F-3) with an excess of 'BHF-dTis (4 uM). The donor nonequivalent subunits due to the presence of bound ss-DNA.
fluorophore (F) was excited at 494 nm (its maximum One subunit contains a weak DNA binding site (rectangle),
excitation wavelength) and the sensitized emission fluores- while the other subunit contains the originally bound DNA
cence from the acceptor fluorophore (HF) was monitored at in the tight DNA binding site (shaded oval). In the kinetic
wavelengths> 610 nm. A biphasic kinetic time course was scheme shown below the cartoon, the initial weak ss-DNA
observed with an increase in fluorescence emission of thebinding site is designated as R and the tight site is designated
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(2.24+0.1) x 1® M1 s, is obtained from the slope of the
line in Figure 4A. This rate constant is considerably larger
than our previous lower estimate of 250 Ms™! obtained
from the ss-DNA exchange kinetics with the ss-DNA
containing 2-AP 14); however, it is still an order of
magnitude slower than the apparent bimolecular rate constant
measured for binding nearly the same oligodeoxynucleotide
. , , , to the Rep monomed). From the intercept of the plot in
sl Figure 4A, we estimatekf + k> + k-1) ~ 1.2+ 0.3 s
According to eq 2, the plateau valuelgfs 3 obtained from
extrapolation to infinite competitor ss-DNA concentration
(Figure 4B), provides an estimate &6 (- k) ~ 0.9+ 0.1
s 1. The difference between the intercept in Figure 4A and
0.1} 1 the plateau value in Figure 4B provides an estimate of the
0 : : . . dissociation rate constark,; ~ 0.3+ 0.1 s'. We note
thatk_, reflects the dissociation rate constant of ss-DNA from
rC ] the weak site of the Rep dimer. For comparison, the
o~ 0002 | N ] dissociation rate of ss-DNA from the high-affinity site, i.e.,
L e® 1 from PSS, is ~104-10"° s¥. This large difference in
2 0001 | ] dissociation rate constants is a reflection of the large negative
cooperativity for ss-DNA binding to the two sites of the Rep
0 . ) , , dimer.
o 1 2 3 4 5 As shown in Figure 3B, the fluorescence enhancement of
[5-HF-dT ] uM the acceptor fluorophore slowly decays at longer times and
FiGure 4: Apparent rate constants fotH--dT;¢ binding to the the Obser\_/ed rate constakdss,s for th's.th'r.d phase IS plotte_d
P,S Rep dimer. (A) Apparent rate constakgs , for the first phase @S @ function of SHF-dTys concentration in Figure 4C. This
of the time courses shown in Figure 3, reflecting the fast slow decrease in fluorescence energy transfer is expected
fluorescence enhancement, is plotted as a function'ldF&IT;¢ because in the presence of a large excess of ss-DNA, the
(acceptor) concentration. The data were fit to a straight line with doubly ligated BS, Rep dimer is not thermodynamically

slope= (2.24+ 0.1) x 10° M~t s71 and an intercept of 1.2 0.3 : .
s (B) Apparent rate constariess 5 for the middle phase of the stable (in the absence of ATP) due to the large negative

time courses shown in Figure 3, plotted as a function Bf5d T cooperativity for DNA binding 14, 22) and thus will
concentration. The data were fit to a square hyperbola (with eventually dissociate to form PS monometrg 1), resulting
intercept constrained to equal zero) with a plateau value 0£0.9  in a loss of FRET due to separation of the donor and acceptor
0.1s™and an appareii of 4 & 1 M. (C) Apparent rate constant,  fjyorophores. However, as shown previousiyl), ATP
Igg)sés f?antcht?Oﬁ'%‘;Vg_lsfzf’dhﬁiiggégﬁt?gg%ﬁ?urses in Figure 3, plotted hydrolysis by the B5, dim(_er enhances the rgte of release of
ss-DNA from one subunit of the,B, Rep dimer, so that
as P, the acceptor labeled ss-DNA is designated as C, forss-DNA dissociation becomes considerably faster than dimer
competitor, whereas the donor-labeled ss-DNA is designateddissociation. Thus, in the presence of ATP, the Rep dimer
as S. In Scheme 3, the initial binding event to form the remains intact during multiple rounds of DNA exchange,
CRPS complex is followed by an isomerization in which which is necessary for processive unwinding and transloca-
the weak site (R) undergoes a conformational change to formtion.
the species CQPS, where the Q protomer (squared oval) is Comparison of Kinetics upon Placing the Dondra 5'
a conformational isomer of the weak ss-DNA binding site. on dT;sin the FRET Binding AssayOur original design of
On the basis of this model, our data indicate that there is anthe FRET experiment placed the donor and acceptor fluo-
increase in the fluorescence emission intensity of the acceptorophores at the'3and 5 ends of their respective oligode-
fluorophore upon isomerization of the R subunit to form the oxynucleotides (see cartoon in Scheme 3). However, we
Q conformation. The basis for this effect is not known were also interested to test whether the relative placement
although it could potentially result from some combination of the fluorophores (i.e., at the same or opposite ends of
of a decrease in the distance between the fluorophore donottheir respective ss-DNA) would influence the kinetics and/
and acceptor, a change in their relative orientations or a director magnitude of the observed fluorescence energy transfer.
perturbation of the fluorophores upon isomerization. Shown in Figure 5 is a direct comparison of the binding of
For the two-step binding mechanism shown in Scheme 3 5'-HF-dTss (1 #M) to the BS dimer, preformed with either
and under conditions of excess competitor ss-DNA, C, the dT,sF-3 or 5F-dTie Interestingly, the main difference
concentration dependencies of the apparent rate constantbetween the two kinetic time courses is the absence of the

-1
kobs,l S

-1
kobs.2 (S )
=3
w

kobs,1 @and kops 2 @are given by eqs 1 and 2, respectiveRp) second phaséds j, corresponding to the isomerization step,
when both donor and acceptor are on the saien8 of the
Kobs, 1~ K[C] + K, + K, + Ky 1) two ss-DNA molecules. However, the rateg,{) and
amplitudes of the first phases are comparable (see Figure

N k[C](k, + k_p) + k 1k,
P2 GICT + ko + K+ Ky

@) 5A) and the value ok 3for the slow fluorescence decay
phase is the same within error for both (see Figure 5B).
Nevertheless, the fact that the observed FRET changes differ

By use of eq 1, the apparent bimolecular rate conskant, when the fluorescein donor is placed either at thers3
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A T T RN ' for each probe. On the basis of our previous studids (

015 | d 19), the RS Rep dimer is functionally asymmetric with a
' M strong and a weak ss-DNA binding site. Our current results
i PP indicate that the initial binding of ss-DNA into the weak

ol f‘" i 5-F-dT, _ site of the BS dimer is followed by a conformational change.
The apparent rate constant for this isomerization is on the

order of~0.5 s'1. As always, this minimal kinetic scheme
0.05 : . s ' does not preclude the possibility of a more complicated
time (s) mechanism.
' ' ' Recent X-ray crystallographic determinations of structures
of Rep monomers bound to ss-DNA have suggested a
structural basis for the functional asymmetry associated with
the Rep dimer Z3). Within the asymmetric unit of the
crystal, two forms of the Rep monomer bound to ss-DNA
are observed that differ in the relative orientation of one
subdomain (2B) with respect to the remaining three subdo-
O 0 0 600 800 1000 mains. These conformations differ by a 23viveling of

time (s) the 2B domain about a hinge region connected to the other
Ficure 5: Comparison of the time course of FRET observed upon three subdomains. These two form_s of _the Rep monomer
binding 5-HF-dTis to the RS Rep dimer, pre-formed with either ~ are referred to as open vs closed since in one form a cleft
dTieF-3 or 5-F-dTis (A) The first 5 s of two stopped-flow into which ss-DNA binds is open, whereas in the other form
Sﬁgrén;eqtlslﬁ )= 43‘4Png]1£em 3,610 ?zna%pel\;lf)orme(; by moilxin?h it is closed. Furthermore, protease studies indicate that the

'HF-dTy6 Wi ,S Rep dimer nM), pre-formed wi i ; i ;

either d'lie-F-/é’or 5-F-dTie as indicated. (B) The same reactions Elizgienrgegi‘lg_nDt’)\leAco&eszit):ceﬁSIrb;;: ncsleii(;/ag: %gﬁiﬁeﬂpon
as in panel A but monitored for 1000 s. The traces were fit to a ’ :
sum of three exponentials for the giF-3 data withkps,= 6.5 whether some subset of the open and closed forms of the
+ 0.2 51, Kops2=0.524 0.02 s'L, andkys 3= 0.0015+ 0.0001 Rep monomer observed in the crystal structures corresponds

s The fluorescence traces obtained using thE-8T;e were fit to the weak ss-DNA binding conformation and the tight DNA
to a double exponential witkyps 1 = 10.7 + 0.3 st andkops 2= binding conformation, respectively.

1 i -F-
%?eo %izsia?éog\?éﬁaiécgw?ﬁéed\gt'g("mfor the dTe -F-3 trace). The use of Forster resonance energy transfer between the

two fluorescent probes, one on each ss-oligodeoxynucleotide,
end of the ss-DNA bound in,B also supports our conclusion Provided a means to measure directly the apparent bimo-

Fluorescence (volts)

024 B

0.15

0.1

0.05

Fluorescence (volts)

5-F-dT,

that ss-DNA binds to Rep with a preferred “polarity”. lecular rate constant for ss-DNA binding to theSPRep
dimer. Presumably, this is because the FRET assay is
DISCUSSION sensitive to the relative distances between the donor and

acceptor fluorophores and thus is uniquely suited to detect

The experiments reported here demonstrate that ss-DNAthe formation of the doubly ligated,8 species. Neverthe-
binds to theE. coli Rep monomer and individual subunits |ess, the apparent bimolecular rate constémt=f (2.2 &
of the functional dimer with a preference for a particular 0.1) x 106 M~! s72) for the association of ss-DNA to the
polarity with respect to the sugaphosphate backbone of p,S Rep dimer is a factor o6£10 smaller than the second-
the ss-DNA. This is not surprising, in light of the numerous  order rate constant for binding of a similar oligonucleotide
demonstrations of polarity of DNA unwinding observed for to the Rep monomer under the same conditid®. ( This
most helicases. In fact, such polarity of DNA unwinding suggests the possibility that the apparent second-order rate
must have its basis in the ability of helicases such as Rep toconstant for formation of 5, may still represent only a
distinguish the orientation of the ss-DNA backbone. This |ower estimate for the true bimolecular rate constant.
conclusion has recently been supported by X-ray crystal On the basis of our demonstration that ss-DNA binds with
structures of the Rep helicase in complex with a ss- a preferred polarity to Rep monomers and subunits of the
oligodeoxynucleotide, which shows a unique orientation of Rep dimer, the FRET studies reported here were first
the ss-oligodeoxynucleotid@3). performed by placing the donor and acceptor fluorophores

The kinetic mechanism of ss-DNA (dT(p) binding to on the opposite ends’'(and 5, respectively) of individual
a preformed BS Rep dimer was investigated by fluorescence ss-oligodeoxynucleotides. It was reasoned that since each
stopped-flow techniques. The results yield a minimum ss-DNA binds with polarity to a Rep subunit (as shown in
estimate of (2.2 0.1) x 10° M~ s! for the apparent the cartoon in Scheme 3), this configuration would orient
bimolecular rate constank;, for initial formation of the the donor and acceptor pair within a2 Rep dimer that
doubly ligated BS, complex. This rate constant is much possesse€, symmetry so that maximum energy transfer
faster than the lower limit ol 250 M st that we could occur. In fact, it was interesting that energy transfer
estimated previously from a study of the kinetics of ss-DNA was also observed in a similar set of experiments in which
exchange using a 2-aminopurine-labeled oligodeoxynucle-the donor and acceptor fluorophores were both placed on
otide (11). In fact, as we suspected, the overall kinetics of the B end of their respective oligodeoxynucleotidetHpE-
association of ss-DNA to the,8 dimer is multiphasic, dTis and 8F-dT:s). However, in this case, a lower extent
indicating a multistep process. A kinetic mechanism that of energy transfer was observed when compared to the
models the binding of ss-DNA to,B as a two-step process experiment performed with the donor and acceptor pair on
is consistent with the fluorescence time courses observedopposite ends of each oligodeoxynucleotide (see Figure 5B).
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The fact that the FRET binding assay differentiates betweenremains bound to at least one segment of ss-DNA at all times,
the relative orientations of the donor and acceptor pair also which prevents dissociation of the functional dimer.
indicates that the Rep dimer binds ss-DNA with directional  The kinetic nonequivalence of the two ss-DNA binding
bias. Although we do not yet know how the two subunits sites of the Rep homodimer may also be relevant to the
are oriented within the functional Rep dimer, the recent X-ray mechanism of the unwinding reaction. TheSP dimer
structural studies suggest that the relative distances andcharacterized in this report is a proposed intermediate
orientations of the two DNA binding sites within the following the active unwinding event in the rolling model
functional Rep dimer may be able to vary over a wide range (8). If the dissociation kinetics of both strands of ss-DNA
due to the potentially large relative movements of protein were identical, either ss-DNA segment could be released
domains that may occur within a dime23). This may  following the melting of the duplex DNA. Release of the
explain why FRET is observed in a$ complex, although  newly generated ss-DNA from the unwinding event would
to different extents, regardless of whether the acceptor is onbe a backwards step (i.e., the dimer has moved away from
the 3 or the 3-end of the ss-DNA. the duplex). However, our data show that the ss-DNA strand
The demonstration that ss-DNA binds to the Rep helicase that is released from the transiently formedSPdimer
with a preferred polarity with respect to its sugar-phosphate depends upon the path by which the doubly ligated dimer
backbone provides important information for any proposed was formed. In this manner, thee$2 Rep dimer could
mechanism of helicase unwinding. Helicases are generallypreferentially release the ss-DNA that had been bound to
classified with respect to their polarity of DNA unwinding, the previous tight site and thus impart a directional bias to
being either 3to 5 helicases (e.g., Rep, UvrD, SV40 large the rolling process. Of course, an asymmetry in the
T antigen) or 5to 3 (e.g, E. coliDnaB, T7 gene 4, T4  nucleotide ligation state of the;® dimer may also play a
gene 41), depending on whether unwinding is facilitated by role in identifying the ss-DNA that is to be released from
the presence of a covalently attachedod 5 ss-DNA the RS, dimer. The conformational change within thesp
flanking the duplex 16). Any explanation of this polarity ~ dimer that changes the relative affinities of each subunit for
of unwinding must be based in the ability of helicases to ss-DNA, resulting in the release of ss-DNA to regenerate
bind ss-DNA with a preferred polarity. the BS dimer, is accelerated by ATP hydrolysisl). The
The kinetic data presented here show that, upon bindingre-formation of the 5 Rep intermediate is needed to
of ss-DNA into the weak site of the,8 dimer to form a continue the DNA unwinding cycle and the acceleration of
P.S, complex, the dimer is still functionally asymmetric since this step may be one (of several) central roles for ATP
the two molecules of ss-DNA display vastly different hydrolysis in the unwinding mechanisr9).
dissociation kinetics. Multiple rounds of binding and release
in the weak ss-DNA binding site precede the eventual ACKNOWLEDGMENT
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