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- In vitro binding of ReeA prolein to double-siranded DNA (dsDNA) was studicd using ion-exchange liquid chromalogriphy. The method allowed

" quantification of both frée DNA und free protein, The results unuinbiguously shawed a binding stoichiometry of 3 base pairs per RecA monomer.:

The binding exhibilcd coopermwuy. and the stoichiometry suggcslcd thit RecA does not form complexes with twa molecules of dsDNA More
than 90% of RecA moleculesin the sumple were mlive I‘ur DNA binding.
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1. INTRODUCTION

RecA protein is required for general genetic recom-
bination in Escherichia coli. In vitro, the purified pro-

tein mimics this reaction by promoting strand exchange’

between homalogous DNA sequences in the presence of
'ATP co-factor [1-5], Electron microscopy studies show
that RecA forms a fiber structure by cooperative bin-
ding around DNA in a helical manner [6-8]. On the
basis of this observation it was postulated that sich a
RecA fiber sould accomodate two molecules of DNA

- and bring them close enough to each other to promote -

exchange of DNA sirands [i]. The binding
stoichiometry, determined by DNase protection stiudies
[8], linear dichroism spectroscopy [10-12] and gel elec-
-trophoresis [13] supports this hypothesis. RecA fibears
~ may in fact bind up to 3 molecules of single-stranded
.DNA a5 indicated from a study of the capability of
RecA-DNA complexes tostimulate the auto-cleavage of
LexA repressor {14]. However, binding of two
molecules of double-stranded (ds) DNA has never been
observed [12,13,15].

In this work we report direct determination of bin-

. ding stoichiometry of a dsDINA-RecA complex by ion-

exchange high-performance liquid chromatography.
lon-exchange chromatography separaies molecules
with respect to their electric charges. The dissociation

of the DNA-RecA complex in the presence of non- |
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hydrolyzable co-factor analog ATP+S is very slow
[15,18). Since the electric charges of protein, DNA and
their complex differ, we may utilize this kinetic stability
1o separate the compounds by chromatography,

2. EXPERIMENTAL'

RecA was purmud os deseribed elsewhere {12] using DEAE 5SPW
(Tosoh) high-performance liquid chromatography for the final step,

RecA concentrations were determined spcctrophoromctncally using

the motar absorptivitly Earo = 2.17 x' 10* M™" . em =" [17], Freshly
dissolved DNA from salmon testes (Sigma, type 111, ot 95F 7125) was |
used without further purification. The size of the DNA was abiout 20
kilo base pairs as determined by agarose gel elecirophoresis, DNA
concentrations were determmcd spec:roscoplcnlly using the molar ab-

_ sorptivitly Bao = 8.6 x IO M~'.em-! (inbases) ATPYS was pur-.

chased from Boehringer Mannheim {lot' 11747720-81) and used -
without further purification. DNA -RecA complex was formed by ine
cubating yarying amounts of DNA with 10 uM RecA and 50 uM

- ATP~S for 30 min at 25°C In a buffer containing 20 mM polassinm

phosphate, pH 6.6, 50 mM NaCI. 1 mM MgCla and 1 mM
2-mercaptoethanol,

.High- performance liquid chromatography wis performed at 4°C
using a2 Waiers 650 Advanced Protein Purification Syslem equipped
with a DEAE § PW packed glass column (Tosoh, anione exchanger,
8 mm diameter, 75 mm height). The column was eguilibrated with

" buffer containing 40 mM Tris:HCI, pH 7.6, 100 mM NaCl, | mM

MgCl; and 1 mM 2-mercapioethanol. 500 ul of sampie solution was
diluted to 2.5 ml with the cold equilibration buffer prior ta injection
into the colunin. The column was washed with equilibration buffer
for 7 min after injection. The elution was subsequently done by in-
creasing the NaCl concentration from 100 mM 1o 600 mM at a rate of

"~ 10mM/min. The flow rate was 0,8 ml/min-at a backpressure of about

280 psi. The elution profile was monitored by absorbance at 280 nm,
The base line of the elution profile was recorded by charging only the
tedetion buffer, and checked after each 2-3 experiments The ex-
periments showed high reproducnb:lny. differences in peak area be-

tween two duplicated experiments were less than 15%.
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3. RESULTS AND DISUSSION

RecA, DNA and ATP3S were charged separately on
the DEAE SPW column following incubation under

conditions identical to those used for complex forma=
tion. ATPyS was weakly rerained and eluted at about

120 inM NaCt (Fig. 1a). Side peaks, in addition to the
main peak, were abserved indicating the possible
presence of hydrolyzed ATP (ADP and AMP) and/or
contaminants, RecA was well retained by this anionic
exchange column and eluted at 260 mM NaCl as a single
peak (Fig. ta), The elution profile was similar to that
observed during RecA purification indicating the
 absence of degradation during the ingubation. Double-

stranded DINA was strongly retained and eluted at 440 .

mM NaCl (Fig. la). Thus the 3 elements of
DNA=-RecA-ATP4S complex can readily be separated
by this chromatography. In all cases the recovery of
materinl was better than 90%, and the eluted peak size

was proportional to the amount of charged material for'

both DNA (cf. Fig. 2) and RecA {not shown) in the

range of concentrations used for this work. .
DNA-RecA-ATP+S complex was.farmed by incuba-

tion of 10 uM RecA, 30 uM DNA and 50 xM ATPyS for

30 min at 25°C. When the mixture was charged the peak -

areas of RecA and DNA were reduced to 7% and 2%,
- respectively, of their value when charged individually

(Fig. 1b). A significant amount of material passed’

~
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Fig. . '(a) E.luuon profiles of 30 uM (in base pairs) dsDNA (---), 10
uM RecA (—) and 50 uM ATP+S (------), separately charged on a
DEAE 5PW column and eluted with a linear NaCl gradient (—) as

described in section 2. The elution profiles were monitored by theab-

sorption at 280 nm. (b) Elution profiles of a mixture of 30 M DNA,

10 uM RecA and 50 pM ATP4S charged Immediately afer mixing

(===, or after 30 min incubation at 25°C (—). The samples were

eluted and monitored as in (a). NaCl gradient (—) and a typical ab-
sorption baseling (---) are also shown,
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throuﬂh the co!umn prior to npphcntmn ol 'he NaCl

. gradient. The UV absorption spectrum of this material

was characterized by: (i) large absorption at 230 nm in- .
dicating the presence of RecA; and (ii) an Azw/Axe

ratio consistent with the presence of DNA and/or
ATP%S, This result suggests that the DNA-ReeA com-

plex is not retained in the eolumn, probably due to size

exclusion. The limiting exclusion size of the column is '
about tQ 000 kDa,. and the expecied molecular mass of

- the complex is larger than 250000 kDa if the
. stoichiometry is 1 RecA per 3 base pairs of DNA (yee
 below),

Due 1o the slow ‘nssociatlnn kinetics of
DNA-RécA-ATP+S [15,16], a 30 min incubation time °
was used for complex formation. The elution profile
was not significantly altered by increasing the incuba.
tion of the mixture for upto 2 h. Fig. 1b shows the elu-
tion profile of a RecA, DNA and ATPS mixture
charged without incubation; the resulting ‘elution pro-
File is a superimposition of the 3 separated elements -
(Fig. 1b). When the complex was dissociated by inacx
tivating RecA with the oxidized form of dithiothreitol,
the DNA was quantitatively recovered (results not
shown), showing that the disappearance of the DNA
peak was not due to degradation of DNA. A mixture of -
RecA and DNA which had been incubated without

 ATP+S eluted as the individual two elements. This con-

firms the lack of complex formation in the absence of -
co-factor- [18]. A mixiure of ATPyS and RecA also
eluted as separate elements, although the peak of RecA

‘became slightly larger. These observations are all con-

sistent with the riotion that the disappearance of the free
DNA and RecA peaks are rclated to complex forma-
tion. , ‘
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Fig. 2. Amounts of free DNA and free RecA as'a function of
DNA/RecA ratio. The complexcs waere formed by incubating 10 g™
RecA and 50 M ATP4S with various amounts o DNA. The mixtures

- were chromatographed on a DEAE 5PW column as described in see-

tion 2. The amounts of free DNA (m) and of free RecA (8) were
estimated from the areas of corresponding peaks, The DNA peak area
when only a correspondmg amount of DNA ‘was charged is also

presented (). :

m
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In orderto detcrmine the bmdlng siolchiometry, we

varied the DNA/RecA ratio in the incubation mixiure -

by systematically altering the DNA concentration, The
amounts of free DNA and RecA were determined from
the elution profile by measuring the area under the cor-
responding peaks (Fig. 2). When the DNA/RecA ratio
was below 3 base pairs per‘ReeA monomer subunit only
very small amounts of free DNA were eluted {1-2% of

charged amounts). At higher DNA/RecA ratios, the

amount of free DNA cluted was proportional ta the
amount of DNA in excess of a 3:1 ratio (Fig. 2). The
“peak corresponding to free RecA decreased with in-
creasing coneentration of DNA, reaching a minimum at
a DNA/RetcA ratio of 3 base pairs of DNA per RecA
monomer. At higher DNA/RecA ratios, the RecA peak
remained small, The minimum value was about 10% of
the total amount. of RecA charged, indicating that at
feast 90% of RecA molecules are active for double-
- stranded DNA hinding. ‘

Our results clearly show that the DNA/RecA binding
stoichiometry is 3 base pairs per RecA monomer as
previously - indicated - by ' transmission  electron
microscopy (8] and linear dichroism {12,15] studies.
There is only one binding stoichiometry suggesting the

‘absence of a stable complex of RecA with wwo

molecules of dsDINA. When the DNA/RecA ratio was
higher than 3, the amount of free DNA cluted was only
slighly less than the amount of excess DNA charged

(Fig. 2). Thus, instead of a simple statistical distribu-

tion, almost all RecA molecules were bound to a limited
~ number of DNA molecules. This result suggests a high
binding cooperativity, in agreement with electron
microscopy observations [7,8]. :

The liquid chromatography technigue descnbcd in
this paper allows the simultaneous determination of
free DNA and free protein, and therefore permits an
unambiguous determination of binding stoichiometry.
‘Most common biochemical techniques, such as gel shift
and filter binding assays, measure unly the concentra-
tion of free DNA. Binding stoichiometries are
estimated by assuming that all protein molecules are
homogeneous and active. Our method has the advan-
tage of providing an experimental examination of these
assumptlons. Knowing the t‘ree protein conceniration
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alsu allcws determination of other binding paramelers
such a8 associntion constants, The measuremenis are

“very reproducible. The method described here could

ensily be used for the study of mher kinetienlly stable
protein-DINA cnmplexes ‘
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