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ABSTRACT

Repetitive sequences have been proposed to be
recombinogenic elements in eukaryotic chromosomes.
We tested whether dinucleotide repeats sequences are
preferential sites for recombination because of their
high affinity for recombination enzymes. We compared
the kinetics of the binding of the scRad51, hsRad51
and ecRecA proteins to oligonucleotides with repeats
of dinucleotides GT, CA, CT, GA, GC or AT. Since
secondary structures in single-stranded DNA (ssDNA)
act as a barrier to complete binding we measured
whether these oligonucleotides are able to form stable
secondary structures. We show that the preferential
binding of recombination proteins is conserved
among the three proteins and is influenced mainly by
secondary structures in SSDNA.

INTRODUCTION

recombination and repair as observed for bacterial recA mutations
(15). Further, the inhibition of hsRad51 gene expression by
antisense oligonucleotides reduces homologous recombination in
human cells16).

In addition to its catalytic function in genetic recombination,
ecRecA provides structural framework for homologous pairing
(17). In the presence of ATP, ecRecA hinds DNA [either
single-stranded DNA (ssDNA) or gapped duplex] and, with it
forms a right-handed helical nucleoprotein filamé&&19). The
S.cerevisiagHomo sapiensndXenopus laeviRad51 proteins
have recently been purified and also found to form filamentous
complexes with DNA and to catalyse homologous recombination.
Image reconstruction from electron micrographs of human and
yeast Rad51 proteins polymerised on double-stranded DNA
(dsDNA) indicates that the three-dimensional structures of the
nucleoprotein filaments thus formed are similar to that of the
equivalent RecA protein-DNA compleX(22). These filaments
have a characteristic striated appearance and they stretch DNA to
a similar extent: the nucleoprotein filaments have a helical pitch

Homologous recombination is a shared property of all livin@f (95 A, and DNA is extended by50% with respect to the

cells, and can occur at any location in the genome. TH&

ked B-form duplex. Here, we compare the kinetics of binding

observation that some regions of prokaryotic and eukaryot@f the bacterial, yeast and human recombination proteins with
genomes are hotspots of recombinational activity led us 101t SSDNA with the use of plasmon resonance biosensors to
examine whether recombinogenicity is inherent to the DNAOIOW the reactions in real time.

itself: specific sequences, with a high affinity for recombination

enzymes, might be preferential sites of recombination. Microsatelliig ATERIALS AND METHODS

sequences in which a short sequence is tandemly repéated (

have been proposed to be recombinogenic elements in eukary@ifgonucleotides and protein

chromosomes(3). The results presented in this work show that

some dinucleotide repeat sequences are indeed preferentidlythe oligonucleotides are 39 nt long and are biotynylated (-b-)
bound by eukaryotic and prokaryotic recombination proteins. at the 5end. They were purchased from Genset and purified by

Biochemical studies show that the product offfseherichia

ion exchange chromatography on HPLC. Oligonucleotides CA,

coli recA geneE.coli RecA (ecRecA) protein, has a central roleCT, GT, CA, GA, AT and GC contain 19 repeats of the given
in recombinationin vivo, it catalyses homologous pairing and dinucleotide and an additional biotinylated nucleotide. The MIX
strand exchange reactions between two DNA molecules (reviewsdquence '80-GCTAAGTAACATGGAGCAGGTCGCGGAT-

in 4-7). Proteins homologous to RecA have been found in oth& TCGACACAAT is a 50% GC sequence derived from the phage

prokaryotes as well as in eukaryotes [ye&$t ¢hicken 0);

M13. Oligonucleotides GT7 and GT7C sequences are shown in

mouse {0)]. Structural RecA analogues such as scRad%)l ( Figure3. RecA protein (M 37 800) was purified as described
and Dmc1 {2) in Saccharomyces cerevisjapRad51 (rhp51) in  (23). Escherichia colssDNA binding (Ssb) protein (M.8 900)
Schizosaccharomyces pomfe3) and Mei-3 inNeurospora was purchased from USBaccharomyces cerevisiseRad51
crassa(l4) are particularly interesting, since mutations in theprotein (M 43 000) was a gift of S. Kowalczykowski4).
genes encoding these proteins confer significant defects in DNAuman hsRad51 (MB7 000) was a gift of S. West5).
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vl hsRads1 melting temperatured {,) were evaluated as the maximum of the
first derivative of the melting profiles. Based on multiple experi-

° 700 - ecRecA k '
5 sool ments, the uncertainty ifj, was estimated atl°C.
g RESULTS
a 400
g %7 Real time measurement of the DNA binding activities of
2 200 ecRecA, scRad51 and hsRad51 proteins
] i scRad51
L4 102 : ‘ In order to measure the kinetics of binding of proteins to
0 100 200 300 400 oligonucleotides, we developed a new technique based on the use
Time (seconds) of the surface plasmon resonance biosensor (BIAcore). Using this

technique, we compared the binding of three recombination
proteins: ecRecAH:col), scRad51 $%.cereviside and hsRad51
Figure _1.Kinetics_of bin_ding of hsRad51, ecRecA and scRad5_1 proteir_ls to the(H.sapien); to ssDNA. Binding reactions were performed under
mgt(hg'('j%?nUC'eOt'de' Kinetics were measured as described in Materials and e ntia| experimental conditions for the three proteins and in the
presence of ATR-S and MgQJ. The kinetics of binding were
first measured with the MIX oligonucleotide, a sequence derived
from the genome of the bacteriophage M13 which is devoid of

Protein binding determination obvious secondary structure (Fig. The hsRad51 and ecRecA

The binding analysis was accomplished with a BlAcore 20o0Broteins bind with similar kinetics to ssDNA, and do not reach
(BlAcore AB, Uppsala, Sweden). The fluidic system consists otteady-state by 300 s after injection. The binding kinetics slowed
four detection surfaces located in separate flow cells that af@wn as filament filled-up and steady-state was not reached even
accessible either individually or serially in a multichannel modeVhen injection time was extended to 1000 s or when the
Oligonucleotides are immobilised on the detection surfaces ag@ncentration of protein was increased 5-fold (data not shown).
proteins are injected into a continuous buffer flow [Buffer A:The slow down of the kinetics when DNA is partially covered
10 mM Tris=HCI (pH 7.2), 50 mM NaCl and 5 mM MgDthat reflects the limited access of the protein to short naked region of
passes over the surfaces. For the binding measurement the % SSDNA. The study was done by comparing the initial
rate was 1Qu/min and the temperature was°&7, Proteins in association rate (TablB. At that concentration and during this
Buffer A were injected at time zero and 0.5 mM AFB-was short period, the rate of binding to the MIX oligonucleotide is
added, when recombination proteins were used. Surfaces wéfgar, probably because co-operative binding is negligible. The
regenerated between each binding experiment by injectiqu of ginitial rates of association of ecRecA and hsRad51 proteins to the
0.05% SDS. The SPR response, expressed in resonance UMt oligonucleotide are 11 10 and 6.1x 10° [fmol of
(RU), depends on the refractive index in close proximity to thE0nomers)/s, respectively. The binding of scRadS1 is slow, with
surface and therefore is directly correlated to the concentration @fnitial association rate 10-fold lower than that of ecRecA and
molecules in the surface layer (1 RU = 1 pg#nrRroteins and SRadS1. Moreover, the rate of scRadS1 binding reaches a
oligonucleotides do not differ considerably with respect to theipteady-state after 300 s of injection, which corresponds to fewer
SPR response2(). Equivalent amounts of each biotin-labelled than one protein monomer per 10 oligonucleotides. These results
oligonucleotide (420 R4 10 corresponding to a oligonucleotide &€ in agreement with the observation that scRad51 does not bind
density of 1.2 pM/m/) were captured on sensor surfaceEfficiently to long ssDNA of random sequence content
preimmobilised with streptavidin either supplied by the compangzo’21’24)-

(sensor chip SA, BlAcore) or prepared in our laborat@m) (

(sensor chip CM5, BlAcore). One flow cell without bound

oligonucleotide was used as a reference to correct for bulk

refractive index contributions which are related to differences in o
the composition of injected samples. Table 1.Initial binding rates of hsRad51, scRad51 and ecRecA

recombination proteins

DNA thermal denaturation by UV spectrophotometer Initial binding rate { 10 -5 fmoles / 560

.. . . DNA hsRad51 scRad51 ecRecA
The thermal stability of double helices was measured with a cr 45.9 62.7 463.8"
UVIKON 940 Spectrophotometer using quartz cuvettes of 1 cm GT 56.7 80.0 502.8°
optical pathlength. The spectrophotometer was linked to an o e 2z 803.8

IBM-AT computer for data collection and analysis. The temperature
of the cell holder was controlled with a circulating liquid (80% o o _ ,
water/20% ethylene glycol) in a Haake P2 water bath. The tThhek!”'tl?" ra;es °f_b"’;_d'”9 here estt}:mated ”‘t’m the first iols_gf
temperature of the water bath was lowered from 80@ehd then € KINEUCS Shown In Figure 2 using the compulter program Raleida-

ised to 80C at a rate of 0.1/min with a Haake PG 20 Graph to calculate functions. The values were accepted when they
raise . corresponded to a linear function with >0.99 accuracy. Where
thermOprOQrammer' The absorbance at 260 nm vyas recorded every binding kinetics were not linear, the estimation was done for the
7 min. The sample temperature was measured with a Teflon-coated first 10s of the reaction (*). Values, in fmol of monomers/s, were
temperature probe immersed directly in a control cuvette. All  calculated using the molecular weight of proteins and the correlation
oligonucleotide samples were prepared in buffer of 20 mM sodium  of SPR response (1 RU = 1 pg/@rindicated in Materials and
cacodylate, pH 7.2, with 50 mM NaCl and 5 mM MgCrhe Methods.
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Figure 2.Kinetics of binding of recombination proteins to the oligonucleotides. Binding kinetics of ecRes8Rad51K) and hsRad510) proteins were measured
as described in Materials and Methods. The CT, GT, CA, GA, AT and GC oligonucleotides consist of repeats of these dinucleotides
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Figure 3. Kinetics of binding of Ssb protein to the different oligonucleotides.

Binding of hsRad51, scRad51 and RecA to dinucleotide

repeat sequences

(21,22,28). These proteins destabilise unstable secondary
structures, but do not bind to dsDNA. We measured the binding
of Ssb protein to the different oligonucleotides to determine
whether it prefers the same sequences than RecA protein. Indeed,
the polyGT, polyCT, polyCA and MIX sequences are efficiently
bound by Ssb. At steady-state every oligonucleotide is bound by
four Ssb monomers (Fi@). These results are consistent with a
model proposing that Ssb tetramers bind a region of 30—36 ntlong
and form nucleosome-like structur@®,30).

The AT and GC oligonucleotides can potentially fold on
themselves and form perfect hairpins and are therefore poorly
bound by Ssb. However, 25% of the AT oligomers were bound by
Ssb protein indicating that secondary structures formed on this
sequence can probably be removed by the protein. Interestingly,
sequences containing GA dinucleotides which cannot form
perfect hairpins are not entirely bound by Ssb. This result is in
agreement with our finding that this sequence is bound as poorly

In a previous study we showed that ecRecA binds preferentially Ry recombination proteins as polyCG and polyAT sequences. The
GT and CA dinucleotide repeatd7. Here, we compared the order (_)f l_)mdmg affinity of Ssb protein to _th_e different sequences
kinetics of sSDNA binding of recombination proteins with all sixwas Similar to the order of binding affinity of recombination
possible dinucleotide repeat sequences (CA, GT, CT, AT, GC, gAyrotein: high affinity for GT, CT, CA and MIX sequences and
Different combinations of three oligonucleotides were bound to tHewer affinities for GA, AT and GC repeats. These data indicate
sensorship surface. Although the initial rate of binding is strongf?at the poor binding of recombination proteins to AT, CG and GA
affected by the sequence of the oligonucleotide (Tjftlee general oligonucleotides may be due to the presence of structures in the
shape of the binding curves is specific for each recombinatiGifPNA.
protein and is not influenced by the sequence Zrigtor example,
the rate of binding of scRad51 to CT and GT oligonucleotide®etermination of secondary structures formed at 37C
which is 15-20-fold greater than binding to the MIX sequence, ] ]
reaches steady-state within 200 s, at a level which corresponds @ determine how the absence of secondary structure in
only two monomers per oligonucleotide. Increasing the corfligonucleotides contributes to the preferential binding of
centration of protein injected does not significantly improve théecombination proteins, we estimated the extent of its formation
extent of binding (data not shown).The binding of ecRecA antf these different sequences. DNA thermal denaturation experiments
hsRad51 do not reach saturation on any of the tested sequentée carried out under conditions similar to these of the binding
even after 350 s of injection. assays, |n.orderto assess whether specific repetitive sequences ar
All the three proteins share a common set of affinities for thvolved in self-associated structures. Almost all oligomers,
different repeated sequences. The experiments were repes&gept those with the CT and CA repeats, show distinct curves
several times on the same sequences with similar results. TH#h Tm ranging from 30 to >9TC, which is indicative of the
sequences can be separated into three different classes accorglig§ence of significant amounts of self-associated structures at
to the binding affinities: high affinity for the GT, CT and CA temperatures near and below the melting point (Table

repeats, intermediate affinity for the MIX sequence and low herefore, the fraction of free (non-self-structured) single-
affinity for the GA, GC and AT repeats. stranded oligomers was estimated af@7according to an

all-or-none (two states) model. Except for the CT and CA
oligonucleotides, others oligomers exhibited at G#arious
proportions of self-associated structures (Tapl€he proportion of
Single-strand binding proteins sucheasoli Ssb and.cerevisiae  free ssDNA was then compared with the binding efficiency of the
Rpa facilitate the binding of recombination proteins to ssDNAvarious proteins and found to correlate with their affinity for sSSDNA.

Binding of Ssb protein to dinucleotide repeat sequences
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The GA, AT and GC oligonucleotides, whose sequences are >75% -
structured, are not bound by recombination proteins. In contrast, the €7 5-cTeTAGABIHOCGTGTGTGTGTGTGTAERRCTGCAGGCA
CT and CA oligonucleotides are almost devoid of secondary

structure and are efficiently covered by recombination proteins. The =~ 6T7¢  -CICTAG

TGTGTGTGTGTG CTGCAGGC
GT oligonucleotide is[B0% self-associated, and indeed, the ‘

binding of hsRad51 to this sequence is reduced compared with the ™ A
binding to CA and CT repeats. However, ecRecA and scRad51 =] | o
proteins bind to polyGT sequence as efficiently as they bind toz = R ml em
polyCT and polyCA sequences as if they were insensitive to its% 150 w3 Wi -
secondary structure. The low binding affinity of these two g ™ ae & ame
proteins for the MIX sequence, however, indicates that their = § w
binding is influenced by ssDNA structures. ° T e me e of T
Time (seconds) Time (seconds)
Table 2. Determination of the melting temperature of
the various oligonucleotides Figure 4. Kinetics of binding of ecRecA and scRad51 proteins to MIX, GT7
and GT7C oligonucleotides. Sequences of the oligonucleotides are indicated
Oligonucleotide Tm (°C) % of free single strand (A), with inverted repeated sequence (grey box) and the nucleotide change (*)
F1°C) at 37 °C (#5%) between GT7 and GT7C. Binding kinetics of ecRe®) &nd scRad51
CT20 N.T. 100 (C) were measured as described in Materials and Methods. Initial binding rates
CA20 <20 05 (10-° fmol/s) were calculated as described in Table 1: MIX (6.1), GT7 (18.1)
and GT7C (4.8) for ecRecA protein and MIX (0.9), GT7 (1.7) and GT7C (0.5)
GT20 30 70 for scRad51 protein.
MIX 35 55
GA20 48 25 Inculation o 2 5
ume {mun. )
AT20 55 15 GT7 GTIC CT? OTTC OTTGTX
GC20 >90 0 " " "
The Ty, were evaluated as described in Materials and - » t
Methods. The amount of free ssDNA at°87was
calculated from the melting profiles assuming a two-state
model. No change in the absorbance was detected for the
CT oligonucleotide (N.T.).
Introduction of an inverted repeated sequence close to the
dinucleotide repeat tract suppresses preferential binding to — -

polyGT

The kinetics of binding of ecRecA and scRad51 proteins to GFigure 5. DNasel sensitivity of GT7 and GT7C oligonucleotides. Thengl
dinucleotide repeats suggest that these proteins bind preferentialIy!féaleEl'eldbﬁfgr %”gn?,\;?rﬁso'igog%C'198?2&3'\;%%8Cu?nﬁ;}%is\'x\i)t?;SJ gfa'ig'ase'
this sequence. To test If this preferential binding is mdependerg mirll1 and analysed on :Elz%’acrylamide dengtguring gel. Arrows indicate
from the secondary structure on the ssDNA, we compared th@eferential sites of DNasel cleavage introduced by the base addition in GT7C
binding of those recombination proteins to a 40 base oligonucleotid@cated 10 and 28 nt from theéhd of the oligonucleatide).

of random sequence with or without an insert of seven GT repeats.

Although the MIX and GT7 oligonucleotides have the same

(40 + 1°C), scRad51 and ecRecA bind preferentially to thdéeatures of thén vivo reaction remain unknow2(,22,31). We
sequence containing the GT repeats @ig\Ve created a perfect have examined here the very first step of the reaction, the
five bases inverted repeat sequence in the flanking regions by fleemation with ssDNA of a nucleoprotein filament. This step
addition of a single base. This change in sequence has onlgeems to be a prerequisite for the joining of two homologous
moderate effect o, (44 + 1°C) but induces the formation of DNA molecules. It has recently been shown that the ecRecA and
a secondary structure that confers a specific Dnasel sensitivitygeRad51 proteins had a preference for GT-rich sequedi;a3)(

the oligonucleotide (Fids). The single base addition completely but it is not clear whether this bias is an intrinsic feature of these
suppressed the preferential binding of the two proteins to the @roteins, or is shared by other ssDNA binding proteins. Using the
repeats (Fig4). The binding of Ssb protein was similar for the Biacore to measure the kinetics of binding in real time, we found
three oligonucleotides tested (data not shown). These resulfi@t the human hsRad51 also exhibits a preference for these
confirm that both GT content and secondary structures influenéequences. We have compared the kinetics of binding to different

the affinity of recombination proteins for ssDNA. simple sequences and we have studied the properties of sSSDNA
that control this preferential binding.
DISCUSSION In this study we monitor the binding of recombination proteins

to oligonucleotides that are immobilised on the surface of a
Although the protein-mediated process of DNA strand exchandgosensor chip. It is unlikely that immobilisation modifies the
was studiedn vitro using various recombination proteins, manysequence preference of binding. Actually, preference for GT-rich
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sequences is observed on immobilised DNA (this work) and astructures and thus could shieldsites from the effects of
oligonucleotides in solutior8@,33). Moreover, recombinatian  structured DNA.
vivois initiated at single-stranded gaps or single-stranded ends of
duplex DNA, the ssDNA produced must be under topological
constraints as it is for DNA immobilised on a dextran surface. ACKNOWLEDGEMENTS
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