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ABSTRACT. TheEscherichia colRecA protein promotes DNA strand exchange in homologous recombina-
tion and recombinational DNA repair. Stopped-flow kinetics and fluorescence resonance energy transfer
(FRET) were used to study RecA-mediated strand exchange between a 30-bp duplex DNA and a
homologous single-stranded 50mer. In our standard assay, one end of the dsDNA helix was labeled at
apposing 5and 3 ends with hexachlorofluorescein and fluorescein, respectively. Strand exchange was
monitored by the increase in fluorescence emission resulting upon displacement of the fluorescein-labeled
strand from the initial duplex. The potential advantages of FRET in study of strand exchange are that it
noninvasively measures real-time kinetics in the previously inaccessible millisecond time regime and
offers great sensitivity. The oligonucleotide substrates model short-range mechanistic effects that might
occur within a localized region of the ternary complex formed between RecA and long DNA molecules
during strand exchange. Reactions in the presence of ATP wiiia\d duplex and 0.11.0uM ss50mer

showed triphasic kinetics in 600 s time courses, implying the existence of three mechanissalssepsient

to presynaptic filament formation. The observed rate constants for the intermediate phase were independent
of the concentration of ss50mer and most likely characterize a unimolecular isomerization of the ternary
complex. The observed rate constants for the first and third phases decreased with increasing ss50mer
concentration. Kinetic experiments performed with the nonhydrolyzable analogugSASti®dwed overall
changes in fluorescence emission identical to those observed in the presence of ATP. In addition, the
observed rate constants for the two fastest reaction phases were identical in ATPy®.ATRe observed

rate constant for the slowest phase showed a 4-fold reduction in the presence o8 AResults in

ATPyS using an alternate fluorophore labeling pattern suggest a third ternary intermediate may form
prior to sSDNA product release. The existence of two or three ternary intermediates in strand exchange
with a 30 bp duplex suggests the possibility that the step size for base pair switching may e df)
Products of reactions in the presence of ATP and A3 Rwith and without proteinase K treatment, were
analyzed on native polyacrylamide gels. In reactions in which only short-range-R2NA interactions

were important, ATP hydrolysis was not required for recycling of RecA from both oligonucleotide products.
Hydrolysis or deproteinization was required for RecA to release the heteroduplex product, but not the
outgoing single strand.

The Escherichia coliRecA protein is a 38 kDa DNA-  been used to characterize the morphology, reaction products,
dependent ATPase which can catalyze the reciprocal ex-intermediates, and kinetics of the strand-exchange reaction
change of single strands of DNA between two homologous (reviewed in3). In these techniques, individual reaction
DNA molecules. Itis the most well-understood enzyme that samples must be processed. For kinetic studies, this
catalyzes recombination and has served as the prototype fof, aninyation constrains the time at which the earliest data

studying similar enzymes in prokaryotes and eukaryotes. . : : ;
Understanding the mechanism of RecA-mediated strand point may be determined=(L0 s, depending on techmque)
and the number and frequency of subsequent data points.

exchange is important for providing insights into the Kinetic data h herefore b limited i - d
ubiquitous cellular processes of DNA recombination and Inetic data have therefore been limited in precision and to

recombinational repairl-4). Moreover, this mechanism ~Processes occurring on a longer time scede-§). In

is important because RecA and other recombinases haveaddition, until relatively recently, kinetic studies were

potential applications in the area of uitro directed  performed with long (312 kb) natural DNA substrates

molecular evolution. derived from the single-stranded (ss) or replicative duplex
A variety of biochemical techniques (filter binding, forms of ss bacteriophage$<7). Use of long DNA

nuclease assays, electrophoresis, electron microscopy) haveubstrates has meant that short-range mechanistic effects
T Suonorted by NIH Grant GVA7867 0 S.LS involved in strand .ex.change could not be se.parated from
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We developed a stopped-flow kinetics method using RecArss + ds, = |, (RecAss-ds) =
fluorescence resonance energy transfer (FRETStudy the |, (RecAss,ds) = RecA+ ss, + ds,
kinetics ofE. coli RecA-mediated strand exchange between 2
a 30 bp dsDNA and a homologous ss50mer that is an

adaptation of similar §pectropho_tometric experiments per- respectively, dsand ds are the initial duplex and the
formed with several different hehcqse]sl&l?.). Fluores—_ heteroduplex product, and; land b represent different
cence resonance energy transfer is the transfer of excitedisomeric forms of a ternary complex between RecA and the
state energy from a donor fluorophore to an acceptor yyo homologous DNA substrates. Only the slowest reaction
fluorophore. The rate of transfer depends on the extent of phase observed, with a half-life of about 3 min in the
overlap between the emission spectrum of the donor and thepresence of ATP, is affected by the presence or absence of
absorption spectrum of the acceptor, the relative orientation ATP hydrolysis. Results in ATFS using an alternate

of the donor and acceptor transition dipoles, and the distancefluorophore labeling pattern suggest a third ternary interme-
between the two fluorophore&4). In our adaptation of this  diate may form prior to ssDNA product release. The
method to the study of the RecA protein, the duplex is existence of two or three ternary intermediates in strand
typically labeled at the '3end of its upper strand with  exchange with a 30 bp duplex suggests the possibility that
fluorescein and on the'5end of its lower strand with  the step size for base pair switching may be-18 bp.
hexachlorofluorescein. Overlap between the fluorescence The FRET time courses show that the outgoing fluorescein-
emission spectrum of fluorescein with the excitation spectrum labeled strand in the initial duplex is displaced from the near
of hexachlorofluorescein results in energy transfer from Vicinity of its complement in both ATP and AHfS reactions
fluorescein to hexachlorofluorescein and quenching of the Since energy transfer decreases significantly. The DNA
fluorescein emission in the duplex. If the upper strand in Products of ATP and ATPS reactions not bound to RecA
the duplex is replaced by the incoming homologous strand, Were separated by native polyacrylamide gel electrophoresis,
the fluorescein emission increases as the fluorescein label igransfeérred to a nylon membrane, and then identified using

. L . structural probes detected by chemiluminescence. The
displaced from the proximity of the hexachlorofluorescein. outgoing fluorescein-labeled ss30mer is released by RecA

Reaction progress can therefore be followed by monitoring L .
. ; . .2 from the ternary nucleoprotein intermediate formed between
the increase in fluorescein fluorescence as the fluorescein-

L the homologous ss50mer and the ds30mer with or without
labeled strand is displaced from the duplex. The advantagesA-l-P hydrolysis. The heteroduplex product is more tightly

of this assay are that it noninvasively measures real-time ;. ng by RecA protein and is released only if ATP is
kinetics in a previously inaccessible time range (milliseconds) hydrolyzed or the RecA protein is removed by deprotein-
and offers greater sensitivity than many other assays currentlyjzation in the presence of ARS. Previous studies have
used. shown that hydrolysis is needed for recycling RecA from
In addition, we used short oligonucleotides to focus on the nucleic acid productsl(17); however, this is the first
short-range mechanistic aspects of RecA-mediated strandgi®monstration that when only short-range Re@WNA
exchange. The oligonucleotide substrates permit examinationintéractions are considered ATP hydrolysis is required for
of interactions between RecA and the DNA substrates that RECA to rélease only the nevx_/ly for_med heteroduplex product,
might occur within a localized region of the extended ternary not for release of the outgoing single strand.
reaction intermediate formed between RecA and long DNA £y pERIMENTAL PROCEDURES
molecules in strand exchange. This should eliminate mecha-

where sg and sg are the initial and product ssDNAs,

nistic complications arising from long-range protelNA Buffers and Proteins.Buffers were made with reagent-
interactions and topological complexities associated with long 9rade chemicals using distilled water deionized from a
DNA molecules. Labconco WaterPro PS system. Strand-exchange reactions

) o ) were performed in buffer T which contained 33 mM Tris-
Previous work on the kinetics of RecA-mediated strand g (pH 7.5 at 21°C) and 23 mM MgCl. Lactate

exchange between oligonucleotides 83 bases long has use@lehydrogenase, pyruvate kinase, creatine phosphokinase,
a one-intermediate reaction mechanism to analyze the datghosphoenol pyruvate, NADH, phosphocreatine, ATP, and
(15, 16). We present here kinetic data for strand exchange ATPyS were from Sigma.

using a 30 bp oligonucleotide substrate paired with a ss50mer E. coli RecA protein was purified as described previously
or a ss30mer in reactions with ATP or the nonhydrolyzable (18) and stored in 50 mM Tris (pH 8.0 at 2C), 0.3 mM
analogue, ATPS. In 10 min time courses in the presence EDTA, 5 mM dithiothreitol (DTT), 50% glycerol at-20

of ATP or ATPyS, a minimum of three distinct mechanistic °C. Purity was estimated to ke95% using Coomassie Blue
steps are requireslibsequentb presynaptic filament forma-  stained polyacrylamide gels. RecA concentration was de-
tion to fit the data adequately. A minimum reaction termined spectrophotometrically using an extinction coef-

mechanism consistent with our data appears to require twoficient (€) at 277 nm of 2.3% 10*M~*cm™* (19). Purified
intermediates: RecA protein had an ATPase activity of 29 ATP min
RecA ! at 37°C using a spectrophotometric ATP hydrolysis
assay 20). A 500 uL reaction in buffer T containing 0.1

A 1Abbye\g%tk>n§: ATRS, adelrtn)osir}e'%Ds-gl-jth(ithrighOSpgh?Atle); t:ﬁ, U/uL lactate dehydrogenase, 0.08dU/pyruvate kinase, 2
ase pair; , bovine serum albumin; , disodium s-(4-methoxy-

spird{ 1,2-dioxetane-3,5'-chloro)tricyclo[3.3.1.%2"]decar} -4-yl)phe- mM phosphoenol pyruvgte, 378/ NADH’ 1.25uM RecA,

nyl phosphate; dsDNA, double-stranded DNA; FRET, fluorescence @nd 1.2 mM ATP was incubated in a 0.5 cm path length
resonance energy transfer; ssDNA, single-stranded DNA; U, unit(s). cuvette for 5 min at 37C. ATP hydrolysis was initiated
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spectra were corrected by subtraction of the solvent spectra

Table 1: Oligonucleotide Sequences o
measured at the same condition.

1. F-ss30mer(U)S GCACCAGATTCAGCAATTAAGCTCTAAGCC(FF FRET Kinetics. Some kinetic experiments were carried

2. H-ss30mer(L)5(H)/GGCTTAGAGCTTAATTGCTGAATCTGGTGE out in the Spex Fluoromax in a 07 0.7 cm fluorescence

i- ZSFS%m;(; Zggﬁggﬁgﬁggﬁggﬁﬁgﬁﬁgggﬁﬁggg%ﬁ cuvette placed in a thermostated cuvette holder. Two

. -assumer B H

SCGTGOTCTAAGTCOTTAATTCOAGATTCGG(H) dlffere_n_t protocols were used. In one protoz_:ol, a mixture

5. H-ds30mer SGCACCAGATTCAGCAATTAAGCTCTAAGCC containing RecA, dsDNA, an ATP regeneration system (8
:CGTGGTCTAAGTCGTTAATTCGAGATTCGG(Hg' mM phosphocreatine, 10 U/mL creatine phosphokinase), 1.4

6. F-ds30mer  SGCACCAGATTCAGCAATTAAGCTCTAAGCC(FY i
3CGTGGTCTAAGTCGTTAATTCGAGATTCGE mM ATP, 2mM D;I' T, and 10Qig/mL BSA was incubated

7. H-ds50/30mef GCACCAGATTCAGCAATTAAGCTCTAAGCC Toi® in buffer T at 37°C for 5 min. The reaction was then
3CGTGGTCTAAGTCGTTAATTCGAGATTCGG(H) initiated by adding ssDNA. Data collection was manually

triggered. In the second protocol, RecA and ssDNA were

by addition of excess ssM13, and the decay in absorbancencubated for 5 min at 37C in buffer T containing the ATP
at 340 nm was monitored as a function of time. &g, for .re_g.eneranon sys_tgm and 0.7 mM ATP. Strand exchange was
NADH of 6.2 x 18 M—! cm-! was used to determine the Initiated by addition of dsDNA. In these reactions, BSA
rate of hydrolysis from the slope of the time course. and DTT were generally excluded from the buffer. Elimina-
. . . tion of BSA and DTT had no effect on our observed results.
Oligonucleotide Reaction Substrateshe sequences and  oncentrations of RecA and ds- and sSDNA are noted in
_nomenclature_: of all ollgonucl_eotldes us_ed are summ_arlzedthe text or figure legend for each experiment. Time courses
in Table 1. Single-stranded oligonucleotides, wlth or without were followed using an excitation wavelength of 492 nm
fluorescent labels, were purchased commercially from Ran- 5,4 5 emission wavelength of 520 nm. Band-passes were
som Hil Bioscience, Biosource, or l\/_ll_dlar)d Certified  cosen to optimize the signal, and were typically set to 1.7
Reagent COO' Ollgonucleondes were purified in our Iabora— and 3.4 nm for the excitation and emission band-passes,
tory by 15% denaturing polyacrylamide gel electrophoresis, respectively. Data were collected by photon counting at time

eluted from the acrylamide with 0.3 M sodium acetate (pH ; . : ; P ,
5.2), and run through a Sep-pak C18 (Waters, Millipore) :gtgeerng (?fnt%gocri;?atlep?rgéfr?tg O? riods specified in the figure

_reverse—phage chromatography - cartrid@s).( In some FRET Stopped-Flow KineticsThe stopped-flow apparatus
Instances, .°"g°$ were separated from the.polyacrylar.mde byemployed was a Hi-Tech Scientific SF-51. The flow cell
electroelution with a Centriluter and Centricon 3 (Amicon). ¢ stopped-flow instrument was linked by fiber optics to
The €200 useﬂ for ss30mer(U) (row 1, Table 1) was 342 e qetection system, a Spex Fluoromax. Excitation occurred
10° M~ cm* (molecule), and that for ss30mer(L) (row 2, at 492 nm, and emission was monitored at 520 nm.

-1 1
'(I;ablelbl). was f3.|«:]l-5>f<| 10° hM (mOIﬁCUI%) crgi (22). 260 Excitation and emission band-passes were set at 11 nm. The
ontributions of the fluorophores to the absorbance at temperature of the flow cell was maintained at°&7 by a

nm Werehnegllgcljble gor thi. Izbgletqu 30mers|._|.|?'g<'a ss50mer circulating water bath. Drive syringes were compressed by
was synthesized and purified by Ransom Hill Bioscience. , pneumatic ram pressurized with nitrogen gas at 70 psi. In

This ss50mer has & 30-nucleotide sequence identical 10 e yeaction protocol with the standard oligonucleotide

the ss30mer(U) and &,d3' end (row 3, Table 1). Thexo substrates, RecA and 1.4 mM ATP were incubated for 5 min
O.f the 50mer is 4'5.5( 10°M l_(strand) cm* (22).' Purified . with ss50mer in buffer T and a2ATP regeneration system
single-stranded oligonucleotides Wiare stored in 10 mM Tris- in syringe A. In syringe B, the HF-ds30mer was incubated
HCI (pH 8.0), 1 mM EDTA at—20°C. in buffer T. A 500 nm Spex cut-on filter (KV500) was
A 20 uM working stock of duplex DNA was prepared by inserted in the emission path in order to minimize light
mixing equal concentrations of complementary ss oligo- scattering. Data sampling by photon counting occurred every
nucleotides in 10 mM Tris-HCI (pH 7.5 at 24C), 0.2 M 50 ms, using a 25 ms integration time, for 120 s. A sampling
NaCl followed by heating to 76C, equilibrating there for5  time interval of 25 ms with 12.5 ms integration was used
min, and then slowly cooling back down to room tempera- for a few reactions. Rate constants obtained from fitting
ture. Duplexes were stored a20 °C. Each duplex was  these data sets were identical to those obtained with the
analyzed on a native 20% polyacrylamide gel to verify that |onger sampling interval.
no excess single strands were present. Description of Kinetic Data Analysis.Following data
Steady-State Fluorescence Dai@teady-state fluorescence acquisition, time courses were imported into PSI-Plot (Poly
measurements were made using a Spex Fluoromax. Con-<Software International, UT) for analysis by least squares
centrations of oligonucleotides and solvent components usedegression. Data were fit to the following double exponential
in each experiment are specified in the text or figure legends. equation:
The excitation wavelength used with the fluorescein-labeled
oligonucleotides was 492 nm with a typical band-pass of F(t) =
1.7 nm, while emission was scanned from 500 to 600 nm F*[1 — expk*t)] + F[1 — expk*t)] + F
with a typical band-pass of 3.4 nm. Band-passes were
chosen to optimize the signal intensity from the HF-ds30mer In this equationk; andk, are the observed rate constants
measured by photon counting. Data points were collectedfor the fast and slow phases of the reaction, &pdndF,
at 0.5 or 1.0 nm intervals. Integration times used in photon are the respective amplitudes of these phases. The parameter
counting are indicated in the figure legends for the data Fo is the initial fluorescence intensity at the onset of the
presented. In some experiments, a 500 nm cut-on filter (Spexreaction { = 0), andF(t) is the observed fluorescence at
KV500) was inserted into the emission path. Fluorescencetime t. All five parameters were fit to the data. In the
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experiments with the standard substrates, the fit valugof added to all samples before loading. Native 10% polyacryl-
agreed reasonably well with the experimentally measured amide gels (14x 20 cm, 1.5 mm thick) were run at room
value of Fo. A single exponential equation provided a temperature at 150 V for approximated h in 1x TBE (0.09
statistically poorer fit to the data. When analyzing the kinetic M Tris—borate, 1 mM EDTA;21). The gel was then
data from experiments performed in a cuvette with manual submerged in 0.5 N NaOH, 1.5 M NaCl for 30 min and
mixing, the pre-trigger time before initiation of strand neutralized in 0.5 M Tris-HCI, pH 7,53 M NaCl. DNA
exchange was subtracted from the instrument clock time for was transferred to a positively charged nylon membrane by
each point to obtain the true reaction tinte, capillary transfer using 20 SSC [1x SSC is 0.15 M NacCl,

Product Characterization by Southern Hybridization and 15 mM Na(citrate), pH 7.0] overnight. Subsequently, the
Chemiluminescent DetectiofReaction products for the ATP  membrane was irradiated for 60 s on a transilluminator,
and ATP/S reactions were separated by native polyacryla- rinsed in distilled water, and allowed to air-dry.

mide electrophoresis and analyzed by Southern trar&fgr ( Detection of specific gel bands based on sequence
Reactant and product oligonucleotides separated on the getomplementarity to either of the two DIG-labeled oligo-
were identified by using chemiluminescent detection reagentsnycleotide probes required an initial hybridization step. The
from Boehringer Mannheim. Identity was established on the membrane was incubatedrfd h at 68°C in standard
basis of reactivity to an anti-fluorescein antibody containing hybridization solution (% SSC, 0.1%N-lauroylsarcosine,
alkaline phosphatase and by sequence complementarity t@.02% SDS, 1% blocking reagent). After prehybridization,
two different oligonucleotides labeled at thelrehds with  the solution was replaced with hybridization solution con-
digoxygenin (DIG). These two oligonucleotides, ss30mer- taining the DIG-labeled probe (1.34 fmull). Hybridization

(U) and ss30mer(L), were each &nd labeled with DIG-  was carried out for 4 h, then the membrane was washed

11-ddUTP by using the Boehringer Mannheim Genils 3 extensively with % wash solution (% SSC, 0.2% SDS),
End Labeling Kit. A labeling efficiency:95% was obtained  followed by 0.5« wash solution.

for each DNAr'] Alter hg/bridization of_one of th%s% oligpﬁ Fluorescein-labeled oligos or hybridized DIG-labeled oligo
to DNA on t_e membrane, an antl-DIG antibody wit probes were detected as described by Boehringer Mannheim.
attached alkaline phosphatase was applied and allowed tq;o 1 ranes were blocked for 45 min i blocking solution

refat;:t V\gtthlG-lllat;]eled bands OT thebmembranbe. Ddetectur)]n (Boehringer Mannheim) and then incubated for 30 min at
of bands forlkallt re(ra] strl;]ctura pr_oh esdyvas ase t())n tNey60m temperature inx blocking solution containing 0.075
reaction of alkaline phosphatase with a dioxetane substrateyiym|_ either anti-fluorescein antibody or anti-DIG anti-

disodium 3-(4-methoxyspifd.,2-dioxetane-3,25'-chloro)- bod :

. y. Subsequently, the membrane was washed and incu-
tricyclo[3.3.1.2decar}-4-yl) phenyl phosphate (CSPD), pateq in detection buffer (100 mM Tris-HCI, pH 9.5, 100
that results in a chemiluminescent product. All protocols |\, NaCl) for 5 min. The membrane was then placed
used are essentially as described by the manufacturer. oy yeen two transparencies after topical application of CSPD

The experiment was repeated 5 times. For three of the o¢ 5 concentration of 0.25 mM. The membrane was exposed

five experiments, a single gel was run, and the three probesg; 1qom temperature to Kodak Biomax film for various time
were applied consecutively. For the experiment shown here, ;o als (3-60 min). After probing with a single antibody

the reactions were split and process_ed on two identical gels.§etection agent, the membrane was stripped with 0.2 N
One ge] was prob_ed consecunve!y with DIG-ss30mer(U) and NaOH, 0.1% SDS at 37C for 10 min. The membrane was
the any—fluorescem antibody, while thg other gel was probed 1an rinsed in 2 SSC and probed again with the anti-
only W|th_DIG-5530mer(_L). RecA—me_dlate_d strand exchange fluorescein antibody.

was carried out at 37C in 80uL reactions in buffer T with

0.7 mM ATP or ATP'S, 1.25uM RecA, 0.1uM (molecule) RESULTS

F-ds30mer, 0.kM molecule (5.uM nucleotide) ss50mer,

and the ATP regeneration system. For the ATP reaction, Fluorescence Resonance Energy Transfer Occurs between
all components except the ss50mer were mixed and incubatedonor and Acceptor Fluorophores on Opposite Ends of
at 37°C for 5 min. The exchange reaction was initiated by Complementary DNA Strands in a DupleWe used FRET
addition of the ss50mer. After 35 min, the sample was to monitor RecA-mediated strand exchange between ho-
loaded onto a 10% native polyacrylamide gel. For ABP mologous oligonucleotide substrates. The DNA substrates
two identical reactions were run to compare products with in most reactions were a ss50mer and a homologous 30 bp
or without deproteinization of the reaction. For AJ®, all duplex, HF-ds30mer (see Table 1 for sequences and label
components except the F-ds30mer were mixed and incubategositions). The upper strand of the starting HF-ds30mer had
at 37°C for 5 min. Strand exchange was initiated by the fluorescein (the energy donor in the FRET pair) covalently
addition of F-ds30mer and allowed to proceed for 35 min. attached to its'3nd, whereas the complementary strand had
One ATP/S reaction was deproteinized with proteinase K hexachlorofluorescein (the energy acceptor) covalently at-
(final concentration of 25Q:g/mL) for 15 min prior to tached to its 5end. The wavelengths for maximal excitation
loading onto the gel. In other repetitions of this experiment, and emission for fluorescein are 492 and 520 nm, respec-
the time for strand exchange was limited to 15 min. The tively. For hexachlorofluoresceifnaxex = 535 nm and
qualitative results obtained from analysis of the shorter Amaxem= 550 nm. The normalized emission spectrum of
reactions were identical to those obtained in this 35 min F-ss30mer(U) and the excitation spectrum of H-ss30mer(L)
reaction. Equivalent amounts of free ss50mer, F-ss30mer-are shown in Figure 1A. The large spectral overlap between
(U), heteroduplex product, or F-ds30mer in reaction buffer the fluorescein emission and the hexachlorofluorescein
were also loaded onto each gel. A gel loading solution with excitation makes these two fluorophores useful in FRET
1.25 x 1072 % Bromophenol Blue and 4% glycerol was studies 13). If the two fluorophores are in close proximity
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2 PN protein at 2.5uM was incubated with 0.uM (molecule) HF-
2 4 0 ~ ’ e ds30mer for 5 min at 37C in buffer T containing 1.4 mM ATP,
g 41007 -~ 2 mM DTT, 100ug/mL BSA, and the ATP regeneration system.
= e Strand exchange was initiated by addition of ss50mer to a final
210* [ concentration of 0.2tM strand. The reaction time course was
| followed by fluorescence emission at 520 nm for 10 min; then a
] . LT full emission spectrum was taken. The dashed line spectrum is the
0 — — — emission scan of the initial reaction mixture minus the ss50mer,
500 520 540 560 580 600 and the solid line spectrum is the emission scan taken 10 min after
wavelength (nm) addition of the ss50mer. The excitation wavelength was 492 nm.
c Data were collected at 1.0 nm intervals with 0.1 s integration times.
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emission. The emission spectrum for H-ss30mer(L) resulting
from excitation at 492 nm shows that the hexachlorofluo-

FlGl;JRE 1 F|U0f%SC(en)Ce properties of tf]]e ﬂuorescently labeled DNAf rescein absorbance at that wavelength, although much lower
substrates used. (A) Comparison of the emission spectrum o ; ; ;
F-ss30mer(U) (dashed line) upon excitation at 492 nm with the than its absorbancg at. 535 .nm (see Figure 1A), still allows
excitation spectrum of H-ss30mer (solid line) monitored at an &N @ppreciable emission signal at 550 nm. Importantly,
emission wavelength of 551 nm. Each spectrum has been normal-however, the hexachlorofluorescein excitation at 492 nm
ized to its maximal fluorescence signal. (B) Emission spectra of results in negligible fluorescence emission (2550 cps) at 520
the F- ss30mer (dotted line), the H-ss30mer (solid line), and the nm the peak of the fluorescein emission.

HF-ds30mer (dashed line). Samples were incubated a€24 20 : : . )
mM MgCl,, 33 mM Tris-HCI (pH 7.5). Spectra were taken with The basic experimental design for study of the strand

Jex= 492 nm with emission and excitation band-passes of 3.4 and €xchange reaction by FRET is shown in Figure 1C. The
1.7 nm, respectively. Data were collected every 0.5 nm with 0.25 HF-ds30mer is allowed to react with presynaptic filaments
s integration of the signal. (C) Proposed reaction scheme for strandformed between RecA protein and the ss50mer. The kinetics
exchange showing the locations of the fluorescent labels on the of the reaction are monitored by detection of the enhanced
reactant and product oligonucleotides. emission at 520 nm as the fluorescein-labeled upper strand
to each other, energy transfer from fluorescein to hexachlo- in the starting duplex is displaced by the incoming ss50mer.
rofluorescein occurs upon excitation of the fluorescein, Oligonucleotides of this size were chosen based on literature
resulting in increased emission from the hexachlorofluores- reports of the size of the ssSDNA needed for efficient use by
cein at 550 nm and decreased emission from the fluoresceinRecA protein as a cofactor for ATP hydrolys&3( 24).
at 520 nm. RecA-Mediated Strand Exchange Produces a Change in
Figure 1B presents the emission spectra of equimolar the Fluorescence Spectrum of the Starting DNA Reactants.
(molecule) concentrations of separate solutions of the Prior to looking at the kinetics of strand exchange, steady-
F-ss30mer(U), the H-ss30mer(L), and HF-ds30mer upon state emission spectra were taken at several reaction condi-
excitation at 492 nm. Comparison of the spectra for tions before and after RecA-mediated strand exchange. In
F-ss30mer(U) and the HF-ds30mer shows that fluorescencefFigure 2, the initial spectrum was measured after incubating
emission from the fluorescein decreased from 9x710* a solution of 0.1uM (molecule) HF-ds30mer and 2,8V
cps to 4.14x 10* cps due to energy transfer in the duplex. RecA protein for 5 min at 37C. Subsequently, 0.20M
In repeats of this experiment, fluorescence emission from (molecule) ss50mer was added to the solution with thorough
the F-ss30mer(U) was (24 0.1)-fold higher than that from  mixing. After 10 min of reaction, the second spectrum was
an identical concentration of the HF-ds30mer. These spectrameasured. The fluorescence emission at 520 nm increased
indicate that a significant increase in fluorescein emission from 7.28 x 10* cps to 1.02x 10° cps. The observed
intensity should accompany strand separation resulting fromenhancement (1.40-fold) of the fluorescein emission at 520
the RecA protein-mediated strand-exchange reaction. Innm is consistent with loss of FRET upon displacement of
addition, there is an increase in emission from the duplex the F-ss30mer(U) in the duplex by the incoming ss50mer.
observed at 550 nm, the peak of hexachlorofluorescein The enhancement was considerably smaller than the maximal
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Table 2: Kinetic Rate Constants for Manual Experiments Performed 610° e SSREDRARE
with 0.1 «M HF-ds30Mer in 0.7 mM ATP at 37C E o s
- . 5.510° - w8
[ss50mer] M) ko (s ks (sY) AF (%) ) r -
0.10 0.025+ 0.006  0.004t 0.001 31.6£5.6 ES/ 510° [ e 2]
0.15 0.027+ 0.007  0.0045t 0.0007 37.1:+4.1 > s
0.20 0.049+ 0.003 0.007Qt 0.0002 38.9-2.9 c'% 4510° | ; AT Sttt B
0.25 0.030+ 0.007  0.004+ 0.002 46.0+ 1.0 pd b ]
0.30 0.023£ 0.002  0.0007 0.0005 52.G+9.0 E o 410° | .
0.50 0.019+ 0.004 0.001H 0.0001 61.G-6.0 Z b

3.510% fevestan

2.4-fold increase seen when comparing the F-labeled ss30mer 310° bt
to this HF-ds30mer (Figure 1B). Experiments at identical 0 100 200 300 400 500 600 700
concentrations of RecA protein and oligonucleotides were
performed in which RecA and the ss50mer were incubated Ficure 3: Time course of strand exchange in the presence of ATP
together first, then followed by duplex addition (Table 2). Reactions containing RecA and ssSOmgr were ir?cubated AL 37

Here an average enhancement of 8B8% was seen after  for 5 min in buffer T with 0.7 mM ATP and the ATP regeneration

10 min of reaction (row 3, Table 2). system. Strand exchange was initiated by addition of HF-ds30mer

: P _to 0.10uM (molecule). The time courses shown represent a series
In Figure 2, the apparent emission at 550 nm correspond of reactions in which the concentrations of ss50mer were raised

ing to the peak of hexachlorofluorescein emission also \yhjle maintaining a 4:1 ratio of ss nucleotide to RecA. Concentra-
increased from 6.96 10* cps to 8.41x 10* cps, a factor of  tions of ss50mer for the reactions shown are Q:iD(labeled 1),
21%. This unexpected increase in the apparent emission af.25 uM (2), 0.30 uM (3), and 0.50uM (4). The two curves
550 nm was observed with or without the 500 nm cut-on Showing negligible time dependence are control reactions in which

. . . . : - nonhomologous poly(dT) [12.6M (nucleotides); set 5] was used
filter in the emission path, although the intensity was higher as a heterologous control or in which ss50mer was omitted (set 6)

in the absence of the filter. from the reaction. The fluorescence was detected using the
For reactions in Mg(OAg)in which ss50mer was added follq;mtng pgra"(;eters"lefzs“gz ”mb’legﬁz =20 N eosion f%d
S . excitation band-passs 4.25 nm. Data were collected at 1.0 s
last, the flgorescgnc_e emission at 520 nm |ncreased_:447.2 intervals with 0.5 s integration times.
0.3% relative to its initial starting value. Thus, a slightly

larger enhancement occurred in the 520 nm emission for ging one RecA monomer per four nucleotides of the initial
reactions in Mg(OAg) compared to ones in Mggl This is SSDNA.

consistent with prior observation of higher reaction yields Kinetics Measured by FRET in Reactions with ATP

in Mg(OAc), (29). Hydrolysis. To examine the kinetics of the strand-exchange
RecA Protein Binding Quenches the Fluorescence Emis-reaction, we initially measured 600 s time courses for
sion of Free F-ss30mer(U)During RecA protein-mediated  reactions including ATP hydrolysis mixed in cuvettes.
strand exchange with the oligonucleotide substrates repre-Figure 3 shows a series of these reactions in which we
sented in Figure 1C, the resultant products are hexachloro-maintained the concentration of the HF-ds30mer at ANIO
fluorescein-labeled heteroduplex DNA (row 7, Table 1) and (molecule) and raised the concentration of presynaptic
the fluorescein-labeled single-stranded 30mer. The F-ss30merfilaments by raising the concentration of the ss50mer from
(V) is a potential target for RecA binding. Quenching of 0.104M to 0.50uM (molecule). The concentration of RecA
the fluorescein emission might occur upon binding, thus protein was also raised in order to maintain a constant
lowering the apparent emission increase associated withnucleotide to RecA monomer ratio of 4:1 in each reaction.
displacement of the strand. We compared the emissionThe RecA and ss50mer were incubated af@7or 5 min
intensity of 0.1uM (molecule) F-ss30mer(U) in buffer T in buffer T with 0.7 mM ATP and the ATP regeneration
containing 0.7 mM ATP at 37C in the presence and absence system. Measurements of ATPase activity as a function of
of 0.75uM RecA protein. The F-ss30mer(U) was incubated MgCl, concentration using the ss50mer as substrate showed
at this condition for 5 min prior to taking its emission that hydrolysis was optimized at 23 mM, in contrast to the
spectrum. The RecA protein was added to the solution, andinhibition of hydrolysis at this concentration obtained with
the fluorescence emission was followed for 600 s, the long, natural sequence DNAs prone to formation of second-
maximum time observed in our reaction time courses. The ary structure (Gumbs and Shaner, in preparation). At these
fluorescence quench observed, after correcting for volume conditions, ATP hydrolysis measurements with 1,24
changes, in the emission spectrum taken after 10 min wasRecA protein and 0..uM ss50mer (5.0uM nucleotides)
small: 3.0+ 2.5% (five repeats). The equilibrium value showed that about 70% of the protein is bound and
was reached irc4 min. When the concentrations of RecA hydrolyzing (data not shown). Strand exchange was initiated
protein and F-ss30mer(U) were increased to 3:(Xband by addition of HF-ds30mer followed by thorough mixing.
0.50uM, respectively, we saw a corrected quench of 18% Emission data at 520 nm were measured as a function of
(data not shown). Doubling the RecA protein concentration time and then analyzed by fitting to a double-exponential
to 7.20uM at 0.50uM F-ss30mer(U) increased the fractional equation as described under Experimental Procedures. Fig-
quench to 19.7%. Thus, if substantial binding of the ure 3 shows that the magnitude of the fluorescence increase
displaced F-ss30mer(U) by RecA protein occurs in any of accompanying the reaction over the 600 s reaction time
our kinetics experiments, then loss of fluorescence emissioncourse increased from the initial basal level of (3#48.03)
intensity would accompany this binding. In our experiments, x 10P cps as the concentration of the ss50mer increases. At
we tried to minimize the amount of free RecA protein by 0.10uM ss50mer, the final fluorescence emission was 4.59

TIME (SEC)



11698 Biochemistry, Vol. 37, No. 33, 1998 Gumbs and Shaner

x 1P cps, and at 0.5@M ss50mer, the final emission was
5.87 x 1 cps. This result suggests that the total fluores-
cence increase is proportional to the final yield and could
be used to assess the fractional reaction yield by comparison
to the theoretical maximum increase. The average percent
increase from the basal level in fluorescence intengity)(
observed after 600 s of reaction at each set of reaction
concentrations is shown in Table 2. Itrises from 32 to 61%
over this 5-fold increase in ss50mer concentration. Experi-
ments were also performed using a 3:1 ss nucleotide to RecA
ratio. The increase in fluorescence intensity after 600 s was
identical to that observed at the 4:1 ratio.

The basal level fluorescence for this series of reactions
was established in control reactions performed in the absence

Normalized Fiuorescence

1.05

095 PRI NN S S SR RN S S R S SR I BRI SRR Rt L

0 20 40 60 80 100 120 140

of added ss50mer or with nonhomologous ssDNA [poly-
(dT)]. These control reactions are also shown in Figure 3.
Poly(dT) was used at a concentration of 12N (nucleo-
tide), identical to the single-stranded nucleotide concentration
present in the reaction with 0.28M (molecule) ss50mer.
For these two control reactions, no significant change in

time (sec)

FicurRe 4: Time course of strand exchange in the presence of ATP
determined by stopped-flow fluorescence. After mixing, all buffer
concentrations are identical to the experiments of Figure 3. Strand
exchange was performed at 3€ with increasing concentration

of ss50mer (0.£1.0«M) while holding the HF-ds30mer concen-
tration constant. The concentration of the ss50mer used for each

emission at 520 nm was observed from the average basabata point is shown. The solid lines shown are the best fits to a

level, (3.45+ 0.03) x 1CP cps, over 600 s. The reaction

with poly(dT) in fact showed no change in emission over
1500 s. Fluorescence emission from control reactions
including all reagents except the RecA protein also was

double-exponential equation. Reaction was monitored at 520 nm
with data collection every 50 ms for 2 min.

four to six reaction time courses performed at a given set of

unchanged in 400 s of observation. These control reactionsDNVA concentrations. As expected based on the manual
demonstrate that the fluorescence emission increase charac@XPeriments, the stopped-flow reactions in Figure 4 show
terizing the full reaction has the correct properties expected that increasing the concentration of presynaptic filaments at
for true strand displacement by RecA protein. That is, it ;\flxed cqncentrathn of the HF-ds30mer leads to an overall
requires homologous ssDNA in order to perturb the structure increase in normalized fluorescence at the end of the 120 s
of the starting duplex and displace the original F-ss30mer. time course. This effect corresponds to an increased yield
The values obtained for the observed rate constants forof product with increasing ss50mer concentration.

each time course when fit to a double-exponential equation Averaged time courses were best analyzed by a double-
are shown in Table 2 for each set of reaction concentrations.exponential fit, yielding one reaction phase whose half-life
Although the increasing amplitude of the observed fluores- was shorter than our mixing time in the manual mixing
cence emission indicates that the total reaction yield increasedexperiments. The amplitudes and observed rate constants
with increasing concentration of presynaptic filament, the obtained from the fit at each concentration of ss50mer are
values ofk, showed no dependence on presynaptic filament shown in Table 3. The observed rate constant of the fastest

concentration with an average value of 0.029.004 s*.
In contrastks, which has an average value of 0.084.001
s tat 0.1uM ss50mer, appeared to decrease above 25
ss50mer. Values ok, and ks obtained in experiments at
0.1 uM ss50mer were identical within experimental error
using a nucleotide to RecA ratio of either 3:1 or 4:1.

By performing these kinetics in a cuvette with manual
mixing, we were unable to monitor the first-80 s of the

strand-exchange reaction. We wished to determine if a fasterW

reaction phase occurred within that time scale that was
unmeasurable in the spectrometer. We therefore performe

comparable experiments using a stopped-flow apparatus. The

experiments, shown in Figure 4, are at reaction conditions
after mixingidentical to those of Figure 3. In this protocol,
RecA and the ss50mer at a 1:4 protein to nucleotide ratio
were incubated in one syringe in buffer T containing ATP
and the ATP regeneration system at’87 Strand exchange
was then initiated by mixing this preformed Reec8sDNA
filament with the HF-ds30mer in the other syringe in buffer
T. The final concentration of ss50mer was varied from 0.1
to 1.0uM (molecule), and that of the HF-ds30mer was kept
fixed at 0.1uM. Data points were collected every 50 ms
during the first 2 min of the reaction, with 25 ms integration

phase k;) decreased with increasing ss50mer concentration,
decreasing from 0.29% 0.033 s at 0.10uM to 0.156+
0.015 st at 1.0uM. In contrast, the observed rate constant
of the slower phasek,, appeared independent of ss50mer
concentration as it did in the experiments with manual
mixing. The average value of 0.023 0.002 s* obtained

by stopped flow is in excellent agreement with the value of
k. obtained in the cuvette-based manual mixing experiments.
hen plotted (not shown), the amplitude of the slower phase,
2, Increased linearly with increasing filament concentration,
hile that of the fast phas&;,, increased linearly until an
pparent plateau was reached aboveu®d/bss50mer.

Kinetics Measured by FRET in Reactions with ABP
Similar experiments were then performed using ABRas
the nucleotide cofactor. Since ATP hydrolysis or depro-
teinization of reaction products was known to be required
for recycling of RecA protein from the reaction produdt3)(
we expected that reaction progress beyond formation of the
ternary nucleoprotein intermediate would be blocked in the
absence of ATP hydrolysis. This block might decrease the
number of observed reaction phases or slow a particular
reaction phase, potentially allowing us to identify reaction

a|

periods. Each data set shown in Figure 4 is an average ofphases associated with ATP hydrolysis.
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Table 3: Rate Constants and Amplitudes Determined by Stopped-Flow Kinetics for Reactions with 0.7 mM A, IBF:ds30Mer at 37
°C

[ss50mer] M) ki (s ka(s) F1 (cps) F2 (cps) Fo (cps) Fi/Fo Fa/Fo
0.10 0.296+ 0.033 0.0219+ 0.0010 6909+ 381 13116+ 184 187830 0.037 0.070
0.25 0.236+ 0.021 0.0253t 0.0011 10888t 490 18101+ 341 162490 0.067 0.11
0.30 0.191+ 0.015 0.0219+ 0.0012 14099t 594 21424+ 405 176440 0.080 0.12
0.50 0.212+ 0.008 0.0228t 0.0006 20969t 399 26670t 267 188940 0.11 0.14
1.0 0.156+ 0.015 0.021Gt 0.0011 18744+ 1107 40605+ 800 185640 0.10 0.22

However, if release of the F-ss30mer(U) were blocked in A time course using the alternate-labeled oligonucleotide
the presence of ATFS, then a significantly lower signal  substrates in the strand-exchange reaction with ¥
might be observed with our standard oligonucleotide sub- shown in Figure 5A. RecA protein was incubated at’@7
strates. We therefore performed two types of reactions with for 5 min at a concentration of 1.26M with 0.1 uM
ATPyS which varied primarily by the positions in which  (molecule) F-ss30mer(U) (3M nucleotide) in buffer T,
the DNA substrates were labeled with the two fluorophores. 0.7 mM ATPyS, and the ATP regeneration system. Strand
In one set of experiments, the standard DNA substrates usecexchange was initiated by adding 04M (molecule)
in the ATP-containing reactions were used. In the second H-ds30mer. Figure 5B shows steady-state emission spectra
set of experiments, the F-ss30mer(U) was paired with a of the reaction before initiating strand exchange and after
singly labeled H-ds30mer (row 5, Table 1), resulting in the 600 s of reaction. The peak emission at 520 nm is lower,
HF-ds30mer (row 4, Table 1) as the product heteroduplex. but an increase in emission is observed at 550 nm due to
We refer to this set of substrates as the alternate-labeled~RET. Over the 600 s time course, the fluorescence
substrates. emission at 520 nm dropped from 4:81C° to 4.1 x 10,

Reactions identical to those in the presence of ATP using a decrease of 14.6%. Average kinetic parameters determined
the standard DNA substrates, ss50mer and the HF-ds30mefrom quantitative analysis of duplicate time courses are
(Figure 1C), were performed in the presence of ABP shown in Table 4. The average value keis 0.030+ 0.009
RecA protein was incubated at 3T for 5 min at a S ', and the average value & = 0.0033+ 0.0006 s*.
concentration of 1.2&M with 0.1 uM ss50mer (5.uM Both observed rate constants agree, within experimental
nucleotide) in buffer T, 0.7 mM ATPS, and the ATP errors, with the values determined in reactions using the
regeneration system. The ATP regeneration system wassStandard substrates in the presence of ATP hydrolysis (Table
included to maintain identical solvent conditions in the 2).
reactions studied with or without ATP hydrolysis. Strand A control reaction containing the alternate-labeled oligo-
exchange was then initiated by adding the HF-ds30mer to anucleotide substrates in the presence of AS# the absence
final concentration of 0.LM (molecule). The time course  of added RecA protein is also shown in Figure 5A. The
for this reaction performed in a cuvette with manual mixing initial fluorescence emission in the absence of RecA protein
is shown in Figure 5C. This reaction is comparable to the relative to the initial emission from the reaction including
0.10uM reaction shown in Figure 3 in the presence of ATP RecA protein was larger in magnitude. This result illustrates
hydrolysis. Within 600 s, the fluorescence emission at 520 that binding of RecA to the incoming F-ss30mer(U) occurs
nm increased by 31.4% over its initial value for this particular ynder these conditions and results in a 7.7% fluorescence
reaction. In repeated experiments at this condition, an quench in ATR'S. A small decrease of 2.0% was observed
average increase of 28:5 2.5% was observed. Contrary over the 600 s time course and can be fit to a single-
to the expectation that blocked release of the outgoing strandexponential decay to yield a time constant of 0.0624
in the presence of ATS would produce a smaller change 0.0002 s®. The gel experiment described below shows that
in fluorescence, the average increase in fluorescence washe F-ds30mer undergoes a minor amount of denaturation
identical, within experimental error, to the average increase at this reaction condition. We therefore believe this protein-
seen at this set of reactant concentrations in the presence ofndependent decrease in fluorescence emission may represent
ATP hydrolysis (see row 1, Table 2). the kinetics of annealing of the F-ss30mer(U) with free

A control reaction in the presence of A¥8 using H-ss30mer(L) resulting from H-ds30mer denaturation.

nonhomologous poly(dT) as the single-stranded DNA sub-  Stopped-flow experiments analogous to the experiments
strate is also shown in Figure 5C. There was negligible shown in Figure 5 using both sets of DNA substrates in the
change in the fluorescence emission signal over the 600 Spresence of ATPS were performed in order to characterize
time course in the absence of homology. the fast reaction phase inaccessible in the cuvette-based
The reactions using the standard oligonucleotide substratesinetic experiments. The averaged data are shown in Figure
in the presence of ATPS were best fit to a double 6A for experiments using the alternate-labeled DNA sub-
exponential. The best fit parameters are summarized in Tablestrates and in Figure 6B for experiments using the standard
4. Average observed rate constantkof= 0.019+ 0.002 substrates. Averaged time courses were fit to a double-
s 1 andks of 0.0011+ 0.0001 s were determined. The exponential equation. The best fit parameter values are
observed value dt; in this reaction with ATRS is identical, summarized in Table 5. For the reaction in A/ using
within experimental error, to that observed in experiments the alternate labeling schenlg,= 0.31+ 0.06 s* andk;
in the presence of ATP. However, the valuekgfin this = 0.0264 0.001 s®. Strand exchange with the standard
reaction appears to be 4 times smaller than the valuksfor ss50mer and HF-ds30mer was characterizedlby 0.30
obtained for reactions in the presence of ATP. + 0.03 st andk, = 0.025+ 0.001 s*. Within experimental
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Ficure 5: (A) Time course of strand exchange in a ‘reverse’

reaction. RecA was incubated at 3Z for 5 min at a concentration
of 1.25 uM RecA in buffer T, 0.7 mM ATRS, the ATP
regeneration system, and @1 F-ss30mer(U) (3.@M nucleotide).

Strand exchange was initiated by adding singly labeled H-ds30mer

to a final concentration of 0.4M (molecule). A control reaction
is shown in which RecA protein was omitted from the reaction.
Aex = 492 nm,Aem = 520 nm. Emission and excitation band-pass

= 4.25 nm. Data were collected at 0.5 s intervals with 0.25 s

Gumbs and Shaner

Table 4: Manual Kinetic Results Using QuM (Molecule) ssDNA
and ds30mer with 0.7 mM ATFS

ka(s1) ks (s7Y) AF
standard 0.01% 0.002 0.0011 0.0001 28.5t 2.5
alternate 0.03@- 0.009 0.0033t 0.0006 16.5- 3.5
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Ficure 6: Stopped-flow data in the presence of AR (A)
Averaged time course for strand exchange performed &€3iing

the reverse reaction substrates: F-ss30mer(U) and H-ds30mer. After
mixing, the final reaction buffer and reactant concentrations were
identical to those in Figure 5A for the reaction with QuM
F-ss30mer(U). Reaction conditions are described in the text. (B)
Average time course for the standard strand exchange reaction with
0.1 uM ss50mer and HF-ds30mer in the presence of A PFor
each panel, data points were collected every 50 ms with 25 ms
integration periods. Data sets shown are the average of four to five
stopped-flow experiments. The solid lines shown are the best fits
to a double-exponential equation.

Table 5: Stopped-Flow Results for Reactions with ABPUsing
0.1 uM (Molecule) ssDNA and 0.xM (Molecule) ds30Mer

ke (s1) ko (s79) Fi(cps)  Fa(cps) Fo(cps)

standard 0.29% 0.031 0.025H 0.0011 7453t 385 12134+ 215 173180
alternate 0.30& 0.060 0.0260t 0.0014 2692+ 247 8795+ 186 204800

presence of ATPS agree with those values obtained at these
reactant concentrations using the standard DNA substrates

integration periods. (B) Before (dotted line) and after (solid line) 1N the presence of ATP hydrolysis (compare Table 5 with
emission spectra of the reaction shown in the time course in panelrow 1 of Table 3).

A for full strand-exchange reaction with APB using the ‘reverse’

substrates. (C) Time course of strand exchange using the ‘normal’

The fluorescein single-strand product is released from

fluorescently labeled DNA substrates. RecA was incubated at 37 RECA in the presence of AF8 while release of the

°C for 5 min at a concentration of 1.28M in buffer T, 0.7 mM
ATPyS, the ATP regeneration system, and QA0 ss50mer (5.0

uM nucleotide). Strand exchange was initiated by adding HF-

ds30mer to a final concentration of «M (molecule). An identical

strand-exchange reaction in which honhomologous poly(dT) (5.0

heteroduplex product requires ATP hydrolysis or deprotein-
ization. A number of results in the literature suggest that
the nonhydrolyzable ATP analogue, AJ®, traps joint

molecules formed on the reaction pathway for RecA-

uM nucleotide) was used as a heterologous ssDNA is also shown.mediated strand exchange in a triplex intermediate state, with

Instrumental parameters were identical to those in panel A.

the final reaction products only being released upon depro-

error, the two sets of reaction substrates determine identicalteinization @, 17). However, in our FRET experiments using

observed rate constants for each of the two phases.
addition, these values fdk; and k, for reactions in the

Inthe standard oligonucleotide substrates, we see an identical

increase in fluorescence emission by the F-ss30mer in the
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FiIGUrRe 7: Characterization of reaction products by chemiluminescent detection after separation by PAGE and transfer to a nylon membrane.
Strand-exchange reactions containing 1u®6 RecA, 0.1uM ss50mer, and 0.4M F-dsDNA were performed at 37C in buffer T in the

presence of the ATP regeneration system and 0.7 mM ATP onySTBs indicated. See Experimental Procedures for detailed descriptions

of all reaction protocols. Lanes—® contain full strand-exchange reactions varied as follows: ATP without RecA protein, ATPyATP
without proteinase K treatment, and Ajf® with proteinase K treatment, respectively. Lanes 1 and 14 contain ssDIG-labeled markers 30
nucleotides long which are not complementary to the oligo probes, but act as controls for reactivity of the anti-DIG antibody--banes 2
and 16-13 are control lanes to show the mobilities of each free DNA species. The identity of the DNA in each lane is as follows: lanes
2 and 10, 0.1«M ss50mer; lanes 3 and 11, uM F-ss30mer(U); lanes 4 and 12, uM heteroduplex product; lanes 5 and 13, pM
F-ds30mer. After analyzing samples on a 10% polyacrylamide gel, DNA species were transferred to a nylon membrane. Reaction products
were identified on the membrane using an anti-fluorescein antibody (panel A) or by hybridization to either DIG-labeled ss30mer(L) (panel
B) or DIG-labeled ss30mer(U) (panel C) followed by chemiluminescent detection.

presence of ATP or AT§S (see Figures 5C and 6B). This and their reactivity with three different structural probes. One
implies that either all significant structural changes leading structural probe was an anti-fluorescein antibody, with
to changes in FRET occur within the ternary intermediate attached alkaline phosphatase, which could bind to any oligo
complex or displacement of the F-ss30mer(U) can occur in on the membrane containing a fluorescein label. The other
reactions with ATRS. two structural probes were DIG-labeled oligonucleotides
To differentiate between these two possibilities, we Complementary to the upper and lower strands of the starting
compared the products formed in strand-exchange reactiongis30mer. Each of these DIG-labeled oligonucleotides could
in the presence of ATP hydrolysis with those formed in be hybridized toits complement.on the membrane. Subse-
reactions with the nonhydrolyzable A¥B, before and after ~ duently, an anti-DIG antibody with attached alkaline phos-
deproteinization of these products by proteinase K. The Phatase was allowed to react with the annealed hybrids
oligonucleotide substrates used were the ss50mer and théabeled with DIG. Enzymatic reactions of the alkaline
singly labeled F-ds30mer (row 6, Table 1). A detailed phqsphatase _aIIowed chemllumlnescent detection of the
description of the reaction and protocols for analysis of the antibody localized to a particular gel band on the basis of
gel bands is found in Experimental Procedures. Reactionthe sequence complementarity to the probe or the presence
mixtures were separated on native polyacrylamide gels andof fluorescein.
transferred to a nylon membrane. The RecA protein and its  Figure 7 shows the results of the experiment. The reaction
complexes with the oligos do not migrate significantly schematic in Figure 1C is helpful in understanding what
beyond the origin in the gel system used (data not shown); DNA species are expected in a given reaction lane; the one
therefore, only species that are not bound by RecA protein difference is that the duplex used in the gel experiments,
are detected. Individual product and starting reagent gel F-ds30mer, does not have hexachlorofluorescein on the lower
bands were identified on the basis of their relative mobilities strand as shown in the Figure 1C reaction. Panel 7A depicts
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the results obtained with the anti-fluorescein antibody. Gel a band corresponding to released F-ss30mer(U), corroborat-
bands containing the initial F-ds30mer, released F-ss30mer-ng the results in panel 7A. In contrast, no free heteroduplex
(U), or any stable fluorescein-containing triplex intermediate product is present on the gel for the Af®reactions unless
will bind to the anti-fluorescein antibody and be detected the reaction is deproteinized before gel loading (compare
by the chemiluminescent reaction. The bands that light up lanes 8 and 9). This result agrees with the observations using
in lanes 3 and 11 are the free F-ss30mer(U). Lanes 5 andthe other oligonucleotide probe in panel 7C. The three
13 show the migration position of free F-ds30mer in the gel. structural probes confirm that strand exchange in the presence
A small fraction of the F-ds30mer apparently dissociates at of ATPyS releases the outgoing strand of this 30 bp initial
this DNA concentration in the strand-exchange reaction duplex; however, release of the heteroduplex product by the
buffer, based on the appearance of a small amount of RecA complex requires either modulation of the binding
F-ss30mer(U) running ahead of the duplex in these lanesaffinity by ATP hydrolysis or deproteinization by other
even though excess single strands were removed from thismeans.

duplex by gel purification. Lanes 6 and 7 contain ATP

strand-exchange reaction mixtures in the absence or presencPISCUSSION

of RecA protein, respectively, and lanes 8 and 9 contain  \ye ysed FRET to monitor the kinetics of RecA-mediated
ATPyS reaction mixtures in the absence or presence of gyrang exchange between oligonucleotides at conditions
proteinase K, respectively. The released F-ss30mer(U) wasgjmijar to those used in traditional biochemical assays in the
prominent in the reactions with ATP (lane 7) and AT yresence of ATP or the nonhydrolyzable ATP analogue,
(lanes 8 and 9). Deproteinization of the AJ® reaction ATPyS. In most experiments, DNA substrates in the
was not needed for release of the outgoing strand from the o 4ctions were a 30 bp duplex, HF-ds30mer, labeled at one
ternary intermediate formed during the reaction with these o4 of the helix with both fluorescein and hexachlorofluo-
short oligonucleotides. This observation suggests that the ascein and a homologous ss50mer. Sequences and label
reason the FRET time courses in ATP or A% had  psositions are shown in Table 1. In addition, we present
comparable fluorescence increases in 600 s was because thg,gjits in the presence of AJB obtained with an alternate
F-ss30mer was released from the ternary intermediate in bo”\abeling pattern for the oligos in which H-ds30mer was

reactions. enzymatically paired with a homologous F-ss30mer(U).
To identify the fate of the heteroduplex product, the Experiments were performed in cuvettes or a stopped-flow
membrane was probed with DIG-labeled ss30mer(U). In- apparatus.
spection of Figure 1C and Table 1 shows that this oligo can inetic Results in the Presence of ATP or AP In the
anneal to any gel bands that contain the complementarypresence of ATP hydrolysis, time courses of RecA-mediated
sequence of this strand [i.e., ss30mer(L)]. A copy of the girand-exchange reactions between HF-ds30mer and ho-
sequence of ss30mer(L) is found only in the starting mpjogous ss50mer were best characterized by three expo-
F-ds30mer and the product heteroduplex. Results using thisyential phasesubsequertb presynaptic filament formation
structural probe are shown in panel 7C. Lanes 2, 3, 10, and\yhen monitored for 600 s. At 04M (molecule) ss50mer
11 show no bands because they had no species that hybridizgng HF-ds30mer in ATP, the observed rate constants
to this probe. Lanes 5 and 13 contain F-ds30mer, while lanescharacterizing each of the three exponential phases were 0.30
4 and 12 contain heteroduplex product. The heteroduplex g 03 s, 0.022+ 0.001 s?, and 0.004+ 0.001 s. Since
product band migrates significantly slower in the gel than ggcph phase represents a minimum of one mechanistic step
does the F-ds30mer (compare lanes 4 and 5). A band(pg) the reaction mechanism must be represented by a
representing heteroduplex prpduct is seen in tht_a full reaction minimum of three steps. The gel experiments in the presence
with ATP (lane 7), but not in the reaction with A7B of ATP indicate the outgoing F-ss30mer and the heteroduplex
without deproteinization (lane 8). Upon addition of pro- product are both displaced from the RecA; therefore, a

teinase K to the ATPS reaction (lane 9), the band does jnimal reaction scheme consistent with our observations
appear. These results show either ATP hydrolysis or jg

deproteinization is required for RecA protein to release the
bound heteroduplex. RecAsss + ds, == |, (RecAss+ds) =

The results from annealing the DIG-labeled ss30mer(L) I, (RecAss, ds,) == RecA+ ss, +ds, (1)
to DNA on the membrane corroborate the findings with the
other two probes and are depicted in panel 7B. This probewhere sg and sg are the initial and product ssDNAs,
anneals to the complementary ss30mer(U) sequence whickrespectively, ds and ds are the initial duplex and the
will appear in the gel bands of the F-ss30mer(U), the heteroduplex product, and, land L represent different
ss50mer, F-ds30mer, and the heteroduplex product. Lanessomeric forms of a ternary complex between RecA and the
6—9 contain the reaction mixtures. Inthe ATP reaction mix two homologous DNA substrates. The observed rate con-
in the absence of RecA protein (lane 6), the partial dissocia- stants determined in the exponential fits to the data will be
tion of the F-ds30mer at this concentration and solution composites of the individual rate constants characterizing
condition (see lane 5) allows some nonenzymatic formation these steps and reactant and intermediate concentre2i@ns (
of heteroduplex, resulting in the presence of the heteroduplexAlthough the data presented here do not allow us to
band in the protein-free mix and the disappearance of thedetermine elementary rate constants for particular reaction
free F-ss30mer(U). For the full reaction with ATP (lane 7), steps, we can draw a few inferences about the three observed
both the displaced fluorescein strand and the heteroduplexkinetic phases.
product are visible. In addition, the intensity of the ss50mer  The observed rate constant for the second exponential
band decreases. The Af®reactions (lanes 8, 9) both show reaction phase was determined by both stopped-flow and
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cuvette-based experiments. The measured valuesndre pairing by the incoming ss50mer. Release of F-ss30mer-
in good agreement using either technique, demonstrating tha{U) from the ternary intermediate to solution would result

real-time detection of kinetics by FRET can be used in further fluorescence enhancement. In contrast, for the
effectively without stopped-flow instrumentation to monitor alternate-labeled substrates in the reaction shown in eq 1,
slower processes. In addition, the measured valuksveére decreases in fluorescein emission due to FRET would occur
independent of the concentration of ss50mer, with an overall as the ternary intermediate complex forms, initially bringing

average value of 0.02& 0.002 s* (1, = 30s). Basedon the F-ss30mer(U) and the H-ds30mer spatially close. Sub-
this observatiork, most likely characterizes the unimolecular sequent decreases in emission might be associated with

isomerization step between intermediatesamhd b which formation of the base-paired heteroduplex HF-ds30mer. With
would be expected to be independent of the initial concentra- this set of substrates, release of the unlabeled outgoing strand
tion of presynaptic filament. might not be directly observed. Thus, the two different

The slowest and fastest exponential phases characterizindabeling schemes may monitor different steps in the reaction
our time courses in ATP both showed a dependence on themechanism.
initial concentration of the ss50mer. The initial bimolecular  In the reactions with the standard DNA substratess
collision step between the presynaptic filament and the reduced in ATRPS compared to in ATP. However, when
duplex should show a first-order dependence on the ss50merthe alternate-labeled DNA substrates are used withy/ &P
The observed rate constant characterizing the fastest phask; is nearly identical to the value determined in the ATP
decreased exponentially with increasing concentration of thereaction with the standard substrates. We can rationalize
ss50mer. The kinetic inhibition of this reaction phase by these results if the mechanism in eq 1 were modified to
increases in [ss50mer] did not inhibit mass action driving include a third ternary intermediate in which the new
the reaction equilibrium closer to completion since the overall heteroduplex product is bound to the RecA in its final helical
fluorescence emission increased with increasing ss50merstructure while the outgoing single strand is bound but far
The ss nucleotide:RecA ratio was maintained at a 4:1 from the duplex:
concentration ratio; therefore, the kinetic inhibition cannot
be due to a reduction in the concentration of competent I, == 1;(RecAds, ss) = RecAds, + ss, (2)
presynaptic filaments. The inhibition may result from
increased interactions between Reeg8DNA filaments that ~ To account for the observed results, in the ATP reackion
compete with productive binding of duplex. must be dominated by the conversion ptd I3, with very

The observed rate constant for the slowest kinetic phasefast release of ssfrom I;. Although the gel experiment
corresponded to a process with a half-life of roughly 170 s showed that the outgoing strand is released by RecA protein
below 0.25uM ss50mer. At higher concentrations of in both reactions, it is likely that the affinity of this outgoing
ss50mer, this observed rate constant decreased about 4-foldtrand to the secondary binding site of RecA is tighter in
(Table 2). If the final mechanistic step in which the outgoing the presence of AT#S since the affinity of RecA for DNA
F-ss30mer is released were reversible under our conditionsjn the primary site is higher in ATS than in ATP. This
the kinetic data characterizing that step would be affected would result in slower dissociation of sfom I3 such that
by the concentration of ssDNA in solution. ks would now reflect this later slower step in A¥B. The

To see if elimination of ATP hydrolysis affected the rate gel experiment showed that the newly formed heteroduplex
constants and amplitudes of any of the observed kinetic product was released from the RecA in the presence of ATP
phases, we studied strand-exchange reactions in the presendeydrolysis, but bound by RecA in the presence of ABP
of ATPyS using two different sets of reaction substrates at When the alternate-labeled DNA substrates are usgtiass
0.1 uM (molecule) ss and ds oligonucleotide. Using the no fluorescein label, and therefore its ultimate displacement
alternate-labeled substrates in reactions with ASPthe should be invisible to detection at 520 nm. Only théoll3
observed rate constants for the three phases were in agreeconversion would be visible. While the suggestion of a third
ment within error with those determined for the ATP ternary intermediate in the strand exchange mechanism of
reactions using the standard reaction substrates. In contrasthe 30 bp oligo is speculative, its existence would explain
when using the standard oligonucleotide reaction substratespur results.
the observed rate constants for only the fastest two phases One interpretation of the existence of two and possibly
in ATPyS reactions were identical within experimental error three ternary intermediates in strand exchange with this 30
to those determined in reactions with ATP. The slowest bp duplex is that the step size for cooperative base pair
phase observed in reactions with the standard DNA substrateswitching is 16-15 bp. The 30 bp duplex would therefore
had a 4-fold smaller observed rate constant in the presenceequire two or three steps for exchange to be completed. This
of ATPyS. possible step size gets some support from the observation

Since FRET is dependent upon the distance between thethat RecA can form unstable synaptic complexes with as few
two fluorophores and their relative orientation, one would as eight bases of homolog¢3). Based on an estimated
not expect these two sets of reaction substrates to monitorbinding site size of 3.5t 0.5 nucleotides or bp per RecA
the kinetics of the exact same mechanistic steps. For themonomer {, 3), 2—5 RecA monomers would participate in
standard substrates in the reaction shown in eq 1, increasegach step of cooperative base pair switching. The Hill
in fluorescein emission due to loss of FRET should ac- coefficient for hydrolysis of ATP by RecA bound to ss- or
company changes in the orientation and proximity of the two dsDNA is near 3 (1) and may reflect the minimal size of the
fluorophores at the distal end of the molecule as the two RecA protomeric unit involved in each switching step.
strands are unwound in the ternary intermediate and the upper Comparison to Prgious Kinetic Studies on RecAAl-
fluorescein-labeled 30mer is replaced in Wats@mick base though the known biochemistry of RecA-mediated strand
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exchange suggests that the details of the kinetic reactionmechanistic processes with very short half-lives.

mechanism will be complex, rigorous study of the kinetics

Gumbs and Shaner

FRET
stopped-flow kinetics have the potential to be a valuable

to determine individual rate constants has been technicallycomplement to the traditional assays by providing access to

difficult. The earliest work was limited by use of long DNA

substrates and by use of the D-loop assay to determine initial

reaction rates§—7). Use of long DNA substrates does not

the millisecond time regime.
A further advantage of using FRET to monitor strand-
exchange kinetics is seen in our results. The traditional

permit easy resolution of short-range and long-range mecha-biochemical assays cited previously follow the rate of

nistic effects such as topological complexig; (0) on the
kinetics of the reaction. The D-loop assay detects partially

formation of a single product. We see that multiple reaction
steps have an associated change in the energy transfer

exchanged homologous ternary complexes (joint molecules)between the two labeled strands, potentially providing greater

retained on a nitrocellulose filte2{, 28). Processing of
data points permits collection of data only every-1® s,
limiting the precision of the observed initial rates. Subse-

mechanistic detail. Further mechanistic information may be
accessible by use of different fluorophore labeling strategies.
Radding and colleagued, 17, 34) also recognized the

quently, an assay to detect homologous ternary complexpossibilities associated with adapting FRET assays to study
formation based on the protection of a restriction site on the of strand exchange. They used a different FRET pair,

initial duplex to restriction digestion was used to characterize
the kinetics in ATR'S using DNA substrates varying in
length from 27 to 18 nucleotides §). Time for enzyme
digestion limits the frequency at which data points may be
collected in this assay (every4Q5 min), resulting in limited
precision of the initial rates.

Conversion of the initial ternary complex into a complex
that could be retained on the filter was found to be rate-
limiting in the kinetic studies using the D-loop asséy 7).
Using the enzyme protection assay, initial rates of formation
of the homologous ternary complex were found to be first
order in the ssDNA and in the dsDNA); A two-step

fluorescein-tetramethylrhodamine, and oligonucleotides that
were 83 nucleotides in length. The distance over which
energy may effectively transfer is dependent on the choice
of the donor-acceptor pair 14, 35). Ry, the distance at
which 50% of the energy is transferred, is 45 A for
fluorescein-tetramethylrhodamine3g). We were unable to
find a literature value foR, for the fluorescein-hexachlo-
rofluorescein pair, but it should be larger than 45 A based
on the smaller spectral separation between fluorescein and
hexachlorofluorescein. The radius of the RecA nucleoprotein
filament is about 50 Ag, 30, 36, 37), with the nucleic acids
bound within the protein helix near the longitudinal axis of

mechanism was proposed with a steady-state equilibriumthe filament 88, 39). Although our use of hexachlorofluo-

forming the initial nonhomologous ternary complex followed

rescein as acceptor with fluorescein may enable detection

by conversion to the homologous ternary complex. Such a of processes that occur over a somewhat longer distance,

mechanism would show second-order kinetics if the conver-

sion to the homologous ternary complex were rate-limiting.
In contrast to this earlier work, we used short oligonucle-

transfer of the outgoing strand of the initial duplex from the
interior of the filament to the exterior should be readily
detected by either FRET couple.

otides substrates to focus on short-range mechanistic effects Bazemoreet al. (15, 16) used only a one intermediate

in RecA-mediated strand exchange. With a DNA binding
site size of 3.5+ 0.5 ss nucleotides or duplex bp per RecA
monomer {, 3), only 9+ 2 monomers of RecA will bind to
the 30 bp duplex in the ternary intermediate. This corre-
sponds to only 1.5 turns of the RecA protein helix. Use of
oligonucleotide reaction substrates should model RecA
DNA interactions which occur within a localized region of
the extended ternary complex formed by RecA and long
DNA molecules during strand exchange. Mechanistic com-
plications arising from long-range protetprotein and
protein—DNA interactions as well as topological problems
arising with long duplex DNA will be minimized or
completely eliminated.

reaction mechanism to analyze their FRET kinetic data in
reactions with ATP hydrolysis. Since they did not look at
reaction times longer than 2 min, they failed to observe the
slow reaction phase that we have detected. We can
nevertheless compare our values for the observed rate
constants of the two faster reaction phases to their values.
Using the equivalent of our alternate-labeling pattern for
substrates at 0.12M (molecule) ss83mer and ds83mer, they
determined observed rate constants of9.3.1 s*and 0.07

+ 0.06 s (15). These values, within their large error, are
in agreement with the values we have obtained in stopped-
flow reactions using 0.1QuM (molecule) ss50mer and
ds30mer with our standard labeling pattern (Table 3). They

The most important advantages of a fluorescence-basedalso performed experiments using oligonucleotides labeled
detection system to monitor strand-exchange kinetics are thewith the equivalent of our standard labeling pattern. They

high sensitivity and the ability to collect many data points
in real time in the earliest period of the reaction. The data

obtained a better fit to a single exponential for those
experiments, and determined that the average observed rate

presented here were obtained using relatively high concentra-constant was 0.06:- 0.02 s* over a 10-fold concentration

tions of duplex, 0.JuM (molecule), because the nucleotide

range in dsDNA. In our experiments with this labeling

concentration is comparable to nucleotide concentrations usedoattern, we observed a better fit to a double-exponential

with the older biochemical assays. However, we have
performed other reactions with 10 nM (molecule) HF-

model based on numerical tests for goodness of fit (lower
%> values) as well as by visual comparison of the computed

ds30mer and obtained adequate signal on our instrument (Ofits with the data.

H. Gumbs, unpublished results). Previous biochemical

Comparison of Products with ATP and with the Nonhy-

assays used to study the kinetics of strand exchange havelrolyzable Analogue, ATFS. A large literature exists on

been limited to slower processesl0 s) due to constraints
of manual mixing or the method of reaction analysis (e.g.,
3, 8, 20, 27—33). These assays are unable to identify any

the role of ATP hydrolysis in strand-exchange reactions of
RecA protein and the consequent differences seen in reac-
tions with ATP or ATR'S. A stable triplex intermediate
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has been trapped using specialized DNA substrates in RecA-strand by RecA protein, the topological entanglement of the
mediated strand exchangé)-43). Chemical modification outgoing strand with the nucleoprotein complex between the
and protection experiments have indicated that the incomingRecA and the heteroduplex product would slow physical
strand is placed in the minor groove of the starting duplex separation of that strand from the ReeBeteroduplex
(40, 44—47). Several experiments have suggested strongly product. This problem is identical to that resulting in the
that when strand-exchange reactions are performed in theslow kinetics of separation observed between the two strands
presence of ATPS, the three strands assume the hydrogen of T7 DNA when all base pairing is eliminated by high pH
bonding pattern of theoroductseven without release of  (55).
binding by RecA protein44—46, 48). However, Jairet al. Additional origins of the slow release of exchanged
(49) observed by electron microscopy that when ABRvas products from polymeric reactions may be due to cooper-
used in RecA reactions only the product heteroduplex was ativity of RecA binding to DNA and cooperativity of RecA
psoralen-cross-linked. ATP hydrolysis. Binding of ss or ds DNA to the primary
The third strand was displaced or interwound in a DNA binding site of RecA is highly cooperativd,(3, 4).
conformation that did not permit cross-linking. In contrast, Binding of ssDNA to the secondary DNA binding site of
in identical reactions allowing ATP hydrolysis, all three DNA  RecA is also cooperative since it was observed to be length
strands in the reaction were cross-linked in a way suggestingdependent56, 57). The higher binding affinity arising from
dynamic formation of triple-stranded structures. These cooperativity would be expected to slow release of both
observations are most compatible with a post-strand switchproducts. Our results show that a 30 bp heteroduplex is
model for the triplex intermediaté&Q) in which the strands  released by RecA protein only if ATP can be hydrolyzed.
do not need hydrolysis to switch to the product state. In In strand-exchange reactions between polymeric DNAs,
agreement with this, a number of labs have observed thatclusters of RecA bound to the heteroduplex that are longer
ATP hydrolysis is not necessary for limited strand exchange than the number of RecA monomers involved in cooperative
(17, 51-53) and have postulated that the hydrolysis cycle ATP hydrolysis would not be synchronized in their release
serves merely to modulate the binding affinity of RecA of parts of the heteroduplex. This would result in patches
protein for the DNA strands. However, ATP hydrolysis does of heteroduplex that are tightly bound to RecA alternating
appear necessary for unidirectional exchange, bypass ofwith patches of heteroduplex that have been released locally
structural barriers, four-stranded exchange, and recycling of (33, 58). Released segments in the interior would be more
RecA from the products2( 4, 17, 51, 54). likely to be rebound based on the presence of cooperatively
We compared RecA strand-exchange reactions performedoound proteins on both sides of the patch. This scenario is
in ATP or ATPyS using FRET kinetics and gel-product plausible since exchange between free and bound pools of
analysis. ldentical amplitude changes in the fluorescein RecA has been documented for binding to polymeric dsDNA
emission in the ATP and ATFS reactions indicated that in the presence and absence of strand exchabs@e6().
substantial conformational alterations occur in the ternary Stability of binding of RecA to the product heteroduplex
complex formed by the initial HF-ds30mer with or without appears to depend on the ATP:ADP ratio since binding is
hydrolysis. The affinity of RecA for the product heterodu- maintained for a longer period in the presence of a higher
plex was higher in the presence of AJ® than in the level of ATP regeneration4@, 61). Modulation of the
presence of ATP, since it is only released for migration into binding stability to the heteroduplex by the lo@alvivo or
the gel after deproteinization in the presence of ASPIn in vitro ATP:ADP ratio may be a mechanism to allow
contrast, the outgoing single strand of the initial 30 bp duplex adequate time for separation of the displaced single strand
was free to migrate into the gel in the presence of ATP or from the heteroduplex so that the round of recombination is
ATPyS, with or without proteinase K treatment. These not reversed.
results mean that the increase in fluorescence seen in the
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