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ABSTRACT

Flp is a member of the integrase family of site-specific
recombinases. Flp is known to be a double-stranded
(ds)DNA binding protein that binds sequence
specifically to the 13 bp binding elements in the FRT
site (Flp recognition target). We subjected a random
pool of oligonucleotides to the
selection method and have unexpectedly recovered a
series of single-stranded oligonucleotides to which

Flp binds with high affinity. These single-stranded

oligonucleotides differ in sequence from the duplex

FRT site. The minimal length of the oligonucleotides
which is active is 29 nt. This single strand-specific DNA

binding activity is located in the same C-terminal 32 kDa
domain of Flp in which the site-specific dsDNA binding

activity resides. Competition studies suggest that the

apparent affinity of Flp for single-stranded oligo-

nucleotide is somewhat less than for a complete
duplex FRT site but greater than for a single duplex
13 bp binding element. We have also shown that Cre,
another member of the integrase family of site-specific

recombinases, also exhibits single-stranded DNA
binding similar to that of Flp.

INTRODUCTION

in vitro binding site

DDBJ/EMBL/GenBank accession no. M23380

and the Flp proteinlg,19). Strand exchange and ligation occur
when the free '5OH of the nick from the partner DNA acts as a
nucleophile to attack the phosphotyrosine bond and regenerate a
new phosphodiester bond. The Holliday junction resulting from
the first strand exchang@@-23) is resolved through a second
round of strand cleavage and ligatiad,p5).

DNase | and chemical footprinting studies showed that all three
symmetry elements and the core region of the duplex FRT site are
protected by FIp1(0,13,26). Flp binds first to symmetry element
b, then to element and finally to element, resulting in
formation of complexes |, Il and Ill respectivelyl(27). Partial
proteolysis of Flp yields an N-terminal domain of 13 kDa (P13)
and a C-terminal domain of 32 kDa (P328,9. The
C-terminal peptide P32 retains the site-specific double-stranded
(ds)DNA binding property of Flp, whereas the N-terminal peptide
P13 has non-specific DNA binding activity and stimulates binding
of P32.

In this paper we report the discovery of a novel sequence-specific
single-stranded (ss)DNA binding activity of Flp. Usingravitro
binding site selection method we unexpectedly recovered several
ssDNA sequences to which Flp binds in a sequence-specific
manner with high affinity. These sequences differ from those
contained in either strand of the FRT site. The region of Flp
responsible for the sequence-specific sSSDNA binding activity is
located in the C-terminal domain (P32) of Flp, where the
site-specific dsDNA binding activity also resides. Cre, another

The selfish Am plasmid DNA ofSaccharomyces cerevisiae Member of the integrase family, also exhibits this sequence-specific
encodes the Flp protein, which is a member of the integraS8§PNA binding activity.

family of conservative site-specific recombinasés3). Flp
mediates a site-specific recombination event between two 599
inverted repeats on theud plasmid 4) and functions to amplify

the plasmid in the celb7).

Although we have no experimental evidence to indicate that
is single strand-specific DNA binding activity plays a role in
Flp-mediated recombination, our discovery that Flp recombinase,
a sequence-specific duplex DNA binding protein, also binds

The Hp recognitionarget site (FRT) is confined to 48 bp within SSPNA in a specific manner may have novel applications in

the 599 bp inverted repeats of ther2plasmid 8,9). The FRT  biotechnology and medicine.
site includes an 8 bp core region flanked by three Flp binding sites

that are 13 bp in length (symmetry elements andc; Fig.1). = MATERIALS AND METHODS
Biochemical studies with purified Flp and DNA substrates sho
that recombination initiates by Flp binding specifically to the FR
site (L0-13) and inducing a bend in the DNA4,15). Protein—  All proteins expressed frofscherichia colcells were purified
protein interactions between Flp molecules bring two FRT sitde >90% purity. Wild-type Flp protein was either a Sephacryl
together to form a synaptic complebt). Site-specific cleavage S300 fraction or a Mono S fraction, purified as described
results from a nucleophilic attack of Tyr343 on two phosphodiestg@reviously £8). Histidine-tagged fusion peptides of P13 and P32
bonds at the margins of the core regibr).(A phosphotyrosine were purified on Ni-NTA columns as described by A.Shaik (
bond is formed between theghosphoryl end of the nicked DNA and were generous gifts of A.Shaikh. Expression and purification

rotein preparations
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In vitro transcription and translation assays

5! mmccrmﬁcmmccmracr{cmcmfmmmﬂm 3 In vitro expression of Flp was achieved using the Promega TNT

3' CTTCAAGGATAAGGCTTCAAGGATAAGAGATCTTTCATATCCTTGAAG 5°' T7 coupled reticulocyte lysate system. Approximatelyid
supercoiled plasmid pLD3 DNA28), which contains thé&lp

gene under control of the T7 promoter, was used as template with
Figure 1. The sequence of the Flp recognition target site (FRT). The FRT site40 uCi [3581meth|0m.ne .(1000 CI/r_nr_nOI) in 5ﬂ retlc.umcyte

is 48 bp in length and includes three 13 bp symmetry elenwrtisafdc, lysate. As a control the vitro transcription and translation assays
indicated by horizontal arrows) and an 8 bp core region (rectangle). Eactwere also carried out using plasmid pAR3038, which has the
symmetry element is a Flp binding element. Elemargmdb are inverted ~ same transcriptional promoter and terminator as pLD3 but lacks
repeats which differ in 1 bp. Elemeris a direct duplication of elememin both theFlp gene 85). The translation mixtures were used immediately

sequence and orientation. Flp cleaves DNA at the junctions of the symmet S P
elements and the core sequence as indicated by the two vertical arrows. r¥0r DNA blndlng and DNA recombination assays.

c b a

DNA binding assays

of the Cre protein was essentially as described by Shaikh and . . .
Sadowski §1) with some modifications. The Cre protein was” radiolabeled DNA probe (0.02 pmol) was incubated with

purified by heparin—agarose and Mono S chromatography aftotein in 3Qul binding buffer (S0 mM Tris—HCI, pH 7.5, 33 mM

was a generous gift of J.Walker. The concentration of protein wi2Cl, 1 mM EDTA) containing fig sonicated and denatured calf
estimated using the method of Bradfogd)( thymus DNA (CT DNA). When competition experiments were

performed an additional excess of specific DNA competitor was
. also added to the reactions. After 25 min incubation at room
Synthetic substrates temperature the reaction mixture was loaded onto an 8%

Oligonucleotides were synthesized by the Biotechnology Serviddn-denaturing polyacrylamide gel. The amount of Fip protein
Centre, University of Toronto. Duplex FRT sites were prepared bys€d in ach reaction wias.8 pmol, whereas the amount of Fip
annealing the appropriate oligonucleotides in 5 mM MgCl pept|de_s (P13 z_ind P32) and the Cre protein used was van_e_d as
100 mM NaCl as described previoushg@a4). A 10-fold excess of stateq in the figure Iege_nds. The. results of the competition
unlabeled over labeled oligonucleotides was used in the annealiPeriments were quantitated using a Molecular Dynamics

reactions. Where appropriate, thetemini of oligonucleotides Fhosphorimager. N
were labeled with \F32PJATP by T4 polynucleotide kinase VWhen DNA binding assays were performed usingrthsiro

(New England Biolabs). The sequences of the oligonucleotidd@nscription—translation mixtures 20 orj#@ranslation mixture
used in this study are listed in Tahle were combined with 0.02 pmol radiolabeled DNA probe ipl40

binding buffer (50 mM Tris—HCI, pH 7.5, 33 mM NacCl, 1 mM
EDTA) containing 2ug CT DNA and 240 pmol non-specific
oligonucleotide ssDNA [SAD3499 (43mer), TAGGGCCCATGG-

Table 1.Synthetic oligonucleotides used in this study GGCAATTTGATATATTATGT, CACCACC]

Name Sequence (5' to 3')
Flp-10-T (56 mer) gggfggggﬁggggﬁtmTCG@AL_CTAGTTGAGGC In vitro binding site selection
cgcg

Flp-10-B t £CCGCCTCAAC GACTG . i . . . . .

p10B (36 mer) Conerebaceaga  CCCCCILAACTAGRGRCTEC In vitro binding site selection was carried out essentially as described
$S-1 (18 mer) GCAGTCICTAGTTGAGGC by Blackwell and Weintraub36). An oligonucleotide mixture
553 (37 mer) GCAGTCICTAGTTGAGGCqgatectgcagaattegeg which contained an 18 nt random region flanked on either side by
$S-2 (37 mer) TCGACTCGAGTCGACATCGGCAGTCTCTAGTTGAGGC '
S$S-5 (30 mer) GAGTCGACATCGGCAGTCTCTAGTTGAGGC 19 nt of non-random sequence '-[EGACTCGAGTCGA'
23-?0(3(;;1@)) TCGAGTCGACATCGGCAGTCTCTAGTTGAGGC CATCG(MQGGATCCTGCAGAAWCGCG-S was rendered

- mer, CTCGAGTCGACATCGGCAGTCTCTAGTTGAGGC _ H 1 I
$5.11 (33 mer) ey double-stranded by |ncqbat|on w!th the Klgnow fragment of DNA
$5-8 (34 mer) ACTCGAGTCGACATCGGCAGTCTCTAGTTGAGGC polymerase |. The reaction contained a primer (P1) complementary
§8-12 (27 mer) ACTCGAGTCGACATCGGCAGICTCTAG to the 3 non-random sequence '(BGCGAATTCTGCAG-
$5-13 (29 mer) ACTCGAGTCGACATCGGCAGTCTCTAGTT GATCC-3). f d | ide trioh hat 0.67 mM dCTP.
SS-14 (31 mer) ACTCGAGTCGACATCGGCAGTCTCTAGTTGA : )’ our deoxynucleosiae tripnosp aes( ' m ! !
FRTb-T (56 mer) TCGACTCGAGTCGACATCGERE 0.67 mM dGTP, 0.67 mM dTTP, 1.38V dATP) and 10QuCi

ggatectgcagaattegeg [a-32P]dATP. The dsDNA was purified by electrophoresis on a 12%

FRTb-B (56 mer) cgcgaattctgcaggatccGCCTC

CGATGTCGACTCGAGTCG non-denaturing polyacrylamide gel and eluted from the gel using

the ‘crush and soak’ metho@7). Approximately 0.02 pmol
eluted DNA were then incubated with 5.8 pmol Flp in 80
binding buffer (50 mM Tris—HCI, pH 7.5, 33 mM NacCl, 1 mM

) S o ) ~ EDTA) containing 4.g poly(dl-dC). After 25 min incubation at
The left-hand flanking sequence is indicated in italics and the right-hand flanking room temperature the reaction mixture was run on an 8%
sequence is shown in lower case. The underlined nucleotides represent sequencf : :

that were randomized during site selection. The shaded nucleotides indicate thgﬁj n-denatu.r Ing pOIyacryIamlde gel a(Zlfo_r 4.5hat 220 V.The
sequence of the symmetry elements; the core sequence of the FRT site is doub el was dned. and .expos_eq to Xray film overight at room
underlined. Oligonucleotides FRTb-T and FRTb-B were hybridized to give temperature with an '”te”S'fY'”Q screen. In each round Of_ s_electlon
duplex FRTb. Oligonucleotides FRTab-T and FRTab-B were annealed to form DNA was eluted from the protein-DNA complexes by excising the
duplex FRTab. The concentrations of the oligonucleotides were measuredband from the dried gel and soaking it overnight &C3in elution
spectrophotometrically using the relationship 1§ 30pg oligonucleotide buffer (0.5 M ammonium acetate, 10 mM MgCl mM EDTA,

as specified by Sambroek al (37). 0.1% SDS). After soaking, the buffer containing the eluted DNA

FRTab-T (55 mer)

FRTab-B (55 mer)
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was removed from the gel slice, extracted twice with phenoMinipreps DNA purification system from Promega and then
chloroform and then precipitated with ethanol using@@lycogen  sequenced using a sequencing kit obtained from US Biochemicals.
(Boerhinger) as carrier. PCR amplification of the eluted DNA was

performed using the Perkin-Elmer Cetus amplification kit in the

presence of primers Pl (see above) and P2. Primer RESULTS

(5-CGATGTCGACTCGAGTCGA-3 is complementary to thé 5

non-random sequence of the template. The amplification usedracovery of Flp binding sites byin vitro binding site selection

30 s denaturation step at"®l 1 min annealing at 3& and 1 min

extension at 72C for 25 cycles. The amplified oligonucleotides We originally designed experiments to select DNA sequences to
were extracted twice with phenol/chloroform, precipitated withwhich certain mutant Flp proteins might bind and we used
ethanol and purified on a non-denaturing polyacrylamide gel. Theild-type Flp as a control. Our selection strategy used an
dsDNA fragment was then radiolabeled by T4 polynucleotidelectrophoretic mobility shift assay to enrich for DNA sequences
kinase in the presence gf32P]ATP and used as a substrate forthat were bound by FIB6).

binding by Flp in the next round of selection. As a negative A pool of DNA sequences which contained a randomized 18 bp
control a blank slice of the gel was excised after each round ammdernal region flanked by two constant regions was incubated
treated in the same manner as the band containing bound protsith Flp protein and the protein—-DNA complexes were resolved
and DNA. No PCR product was amplified from the controlfrom the free DNA on a non-denaturing polyacrylamide gel. The
indicating that there was no template contamination. Thbeound DNA was eluted, amplified by PCR and used in
selection procedure was repeated for a total of four rounds. Aftsabsequent rounds of selection. After four rounds of selection a
the final round of selection the enriched DNA pool was digesteldrge amount of complex was formed from the selected pool of
with Sal andEcadRI and cloned int&al/EcaRI-digested pUC19. DNA that was subjected to the gel mobility shift assays in the
DNA from individual clones was isolated using a Wizardpresence of Flp (Fi@A, lanes 2 and 3).

'i‘k ‘b‘k
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Figure 2. (A) Binding of Flp to the mixture of oligonucleotides before and after four rounds of binding site selection. The bindimg reatidone as described
in Materials and Methods. Lane 1 was a control, where the DNA substrate was double-stranded FRT site (Flp-FRTab) corggmingtty@lements flanking
the core sequence. Binding of Flp to FIp-FRTab generates two complexes (Cl and Cll), representing Flp molecules birelérgeataral two symmetry elements
respectively. Lanes 2 and 3 contained Flp and oligonucleotides with random sequences. Lane 2 shows the first bindimgvteelctiandom oligonucleotides had
undergone no rounds of selection (none), whereas lane 3 was the binding reaction in which the mixture of oligonucleotiéefiteag)ly four rounds of selection
and PCR enrichment (four). The DNA oligonucleotides from the complex in lane 3 were eluted, amplified by PCR and cloag@ti@fd®tiector. S refers to free
labeled oligonucleotidesBf Analysis of binding of Flp to selected sequences. Synthetic oligonucleotides corresponding to Flp-10-T, Flp-10-B, FIRRI3-Bnd
(Table 1) were used to assemble selected double-stranded sequences. DNA sequerieasdalabeRd witf2P (asterisks). The binding assays were done in the
presence of Flp and DNA substrates as described in Materials and Methods. DNA substrates and the presence or absendiafddmbme each lane. In this
and subsequent figures CP represents protein—DNA complexes, DS refers to labeled dsDNA substrates, SS represents ladigjedigdedtides.



1332 Nucleic Acids Research, 1998, Vol. 26, No. 5

F-10
F-20
F-21
F-28
F-29
EF-31
F-37
F-38
F-42
F-47
F-33
F-9

F-24
F-23
F-16
F-43

E-39

F-12
F-14
F-17
F-2

F-11

F-32
F-35
F-34

F-13
F-1

E-25
F-46

TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG

TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG

TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG
TCGACTCGAGTCGACATCG

GCAGTCTCTAGTTGAGGC
GCAGTCTCGAGTAGGCGT
GCAGTCTCAAGTCAGCGT
GCAGTCTCAAATCGACGG
GCAGTCTCTAGTCAGCGT
GCAGTCTCTAGGAGACGT
GCAGTCTCGATTCGAAAC
GCAGTCTCTATTCGACGT
GCAGTCTCTAGTCGGTGG
GCAGTCTGGAGTTGGTGT
GCAGTCTTAAGTCGGTGT
GCAGTCTTAAGTCGGTGT
GCAGTCTTAAGTCGGTGT
GCAGTCTTTAGTCGATGC
GCAGTCTTTAGTCGATGC
GCAGTCTTTAGTCGACGC
GCAGTCTTTAGTCGACGC
GCAGTCTTTAGTCGGTGT

GCATGTTTGAGTCGGCGC
GCATGTTTGAGTCGGCGC
GCATGTTTGAGTCGGGCT
GCATGTTTGGGTCGGTGT
GCATGTTTGGGTCGGTGT
GCATGTTTGGGTCGTCGT
GCATGTTTGAGTCGCTGC
GCATGTTTGAGTCGGGCG
GCATGTTTGAGTCGCTGC

AACTACCACCCGGTTCAT
AACTACCACGCGGGTCGG
AACTACCACGCGGGTCGG
AACTACCACGCGGGTCGG

Flp-FRTab*
(D5) Flp-10-T*(55)
LAl 1T 1
n Ay P13 P32 13 P32
3 4 5

d

Flp-10-B % (S5)

'm.‘c}p

7 8B 9 10 11 12 13 14

i3
s » e ¥

55

Figure 4. Binding of Flp peptides to ssDNA. ssDNA (SS, Flp-10-T and
Flp-10B), as well as duplex DNA Flp-FRTab (DS), waetid-labeled witd2P.

Lanes 1, 5 and 10 contained only the labeled DNA substrates. Flp and Flp
Figure 3. Summary of DNA sequences selected by Flp. Thirty one site-selected peptides were added as indicated above the lanes. Triangles indicate increasing
oligonucleotides were sequenced after cloning into pUC19, revealing the amounts of Fp peptides. The amounts of Flp peptides were as follows: lanes 6 and
existence of three families of binding sequences. Bases that were randomizedl, 77 pmol P13; lanes 3, 7 and 12, 231 pmol P13; lanes 8 and 13, 31.25 pmol P32;
during the binding site selection are highlighted in bold. Sequences that are notanes 4, 9 and 14, 62.5 pmol P32.

in bold represent the left flanking sequences that were invariant during site

selection. The invariant right flanking sequences are not shown. The first 7-9

conserved nucleotides of each family are underlined. Studies in this paper were

done using the oligonucleoti_de FIp-lO-T, which corresppnds to the sequence q_i)f binding complex seen in lane 4 of Figmseemed to have
F-10 (bold, left column). Oligonucleotides corresponding to F-14, F-16 and _ . . . . -
F-19 (bold, left column) also showed top strand-specific, single strand-specificIS€N from Flp binding to_ a DNA species which migrated faste_r t_han
DNA binding by Flp. the dsDNA substrates, since the intensity of these bands diminished
upon incubation with Flp (triangles, lane 3 and 4). These DNA bands
likely correspond to ssDNA resulting from some denaturation of
The enriched DNA sequences were cloned into pUC19 arfisDNA substrates. Therefore, we decided to investigate whether Flp
inserts from 31 independent clones were sequenced. As shownauld bind to sSDNA of the selected sequence. We selected Flp-10
Figure 3, sequences selected by wild-type Flp fell into thregequence and made DNA oligonucleotides cpoeding to its top
families. To our surprise none of the sequences resembled the Bl bottom strands. Each of the oligonucleotides ¥Wes
binding symmetry elements of the FRT site (Hig.Although  5-end-labeled and incubated with Flp. As shown in Figie
each family had its own consensus sequence, all three familiep bound only to the top strand of the Flp-10 sequence but not
showed a striking common feature, i.e. the first 7 nt of th&o the complementary bottom strand (lane 10 versus lane 12). As
randomized internal region within each family were absolutely control the first 13 bp in the random core region of the selected
conserved. This seemed to imply that the left-hand flankinglp-10 sequence were replaced by the 13 bp Fip binding
sequence may have played a role in binding site selection. Symmetry elemento and this new sequence was named
We also did mobility shift assays on several of the selectddp-FRTb. As expected, Flp bound to dsDNA Flp-FRTb readily
sequences from the first two families. These assays showed tffaf- 2B, lane 2). However, when the oligonucleotide corresponding
Flp failed to bind strongly to any of the selected sequences whisheither the top or the bottom strand of the FIp-FRTb sequence
the selected sequences were dsDNA, whether excised fronyvas incubated with Flp protein Flp failed to bind to either of these

plasmid or formed from annealed synthetic oligonucleotides (séégle-stranded substrates (F48, lanes 6 and 8). These results
Fig. 2B and data not shown). suggest that FIp has a sequence-specific SSDNA binding activity.

We obtained identical results with three other selected sequences,
Flp-14, 16 and 29 (data not shown).

Competition experiments were also performed to confirm that
While wild-type Flp bound efficiently to the duplex FRTb site Flp was recognizing ssDNA. While addition of an excess of
(Fig. 2B, lane 2), it was not able to form a large amount obligonucleotide Flp-10-B, which was complementary to the
protein-DNA complex when assayed with one of the dupleklp-10-T sequence, abolished binding of Flp to Flp-10-T,
selected sequences (FAR, lane 4). However, the small amount addition of a large excess of a non-complementary ssDNA

Flp binds to ssDNA sequence specifically
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(SAD3499) had no effect on binding of Flp to the single-strandetthe C-terminal P32 peptide retains the site-specific DNA binding
Flp-10-T sequence (data not shown). The fact that addition pfoperty of Flp. Highly purified, recombinant His-tagged peptides
FIp-10-B abolished binding of Flp to FIp-10-T was likely due toP13 and P32 were each incubated separately with Flp-10-T and
annealing of the complementary strand to the labeled singlElp-10-B. Only the P32 peptide showed sequence-specific
stranded probe to form dsDNA. Since this duplex sequence $sDNA binding activity (Figd, lanes 8 and 9). Weak binding was
different from the duplex Flp binding symmetry elements, Fl@lso detected when P32 was incubated with Flp-10-B &ig.
could not bind to it. These results further support the idea that Hines 13 and 14). This was likely due to the non-specific SSDNA
binds to ssDNA in a sequence-specific manner. binding activity of P32, since binding of P32 to Flp-10-B was
abolished when excess non-specific ssDNA competitor
The single strand-specific DNA binding activity is attributable ~ (SAD3499) was added to the binding reactions (data not shown),
to Flp w_he_reas this non-specific ssDNA competitor had no effect on P32
binding to Flp-10-T (data not shown). These results strongly
Although binding site selection was done using highly purifiecupport our claim that Flp has an intrinsic sequence-specific
Flp protein (>90% pure), it was formally possible that the activitgsDNA binding activity. Furthermore, the single strand-specific
was due to a contaminant in the Flp preparation. However, seveENA binding activity resides in the 32 kDa C-terminal portion of
preparations of purified wild-type Flp protein and mutant Flghe Flp protein (P32).
proteins, all of which have normal binding activity to the duplex To further substantiate the evidence that the ssDNA binding
FRT site, bound to the Flp-10-T sequence but not to Flp-10-Bctivity is specifically associated with Flp, the wild-type Flp
(data not shown), suggesting that this single strand-specific DNirotein was synthesiz@uvitro using ann vitro transcription and
binding activity is not peculiar to one protein preparation. translation system in the presence ¥S]methionine. SDS—

We next tested the ability of Flp peptides to bind to ssDNA. ThEAGE revealed that production of Flp was dependent on addition
Flp protein can be partially proteolyzed into an N-terminal domaiof a plasmid containingElp gene (data not shown). No Flp was
of 13 kDa (P13) and a C-terminal domain of 32 kDa (P32260). ¥ made in the absence of plasmid DNA or with a plasmid
The N-terminal P13 peptide does not display site-specific DNAPAR3038) that lacked thelp gene (data not shown). Like Flp
binding activity but has been demonstrated to stimulate bindirgeneratedin vivo, the Flp protein madén vitro exhibited
of P32 to the Flp binding symmetry element. On the other hansife-specific dSDNA binding activity to the FRT sequence gAg.

A, B.

o FRTab i Flp-10-T # (38)
[ FptRlabx (D5) ] I reticulocyte lysate

reticuls wcyte I)r.-iah:- e ng
LDt il ap38 Pl Eip
pLD3 plast ph \ah
]1Inl]1?r.lri PARIISS  (FIp) Fl —] L] _& e |
I P R, | ..;——E 1 2 3 4 5 6§ 7 8B 9

1 2 3 4 5 & 7 8 9

Figure 5. Analysis of DNA binding activity of the wild-type Flp protein generateditro in a reticulocyte lysateA) Gel mobility shift assays using duplex DNA

as substrates. dsDNA Flp-FRTab containing two symmetry elements flanking the core sequereaciabéled witf2P. Lane 1 contained only the labeled DNA
substrate. The contents in each reaction were indicated above the lanes. Triangles indicate increasing amounts of tdunsisitorpprified Flp. Lanes 2, 4 and

6, 10pl translation products; lanes 3, 5 and 7B@anslation products; lanes 8 and 9, 2.9 and 5.8 pmol purified Flp. Cl and Cll were as defined in ByAmaly/gis

of binding of ssDNA by translation products and purified Flp. ssDNA Flp-10-T estBlabeled witl§2P. The contents of each reaction are shown above the lanes.
The amounts of translation products and purified Flp in lanes 1-9 were identical to those in (A).
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) Flp-10-B*%
Flp-10-T *%(55) S5
= Cre

The length of sequence required for binding of Flp to sSDNA

We have shown that Flp binds single-stranded oligonucleotide

Ap 2 25
1 2 3 4 5 6 7 8

FIp-10-T in a sequence-specific manner. To define the minimal
.- . length of sequence necessary for binding of Flp we carried out gel
mobility shift assays using synthetic oligonucleotides derived from
FIp-10-T and the results are summarized in Figuiighe sequence
of Flp-10-T ssDNA can be divided into three parts (Fg(i) the
internal region of 18 nt which was randomized during site
selection; (i) the left flanking sequence (Lf, 19 nt); (iii) the right
flanking sequence (Rf, 19 nt). Both the left and right flanking
sequences were invariant. Flp failed to bind to single-stranded
oligonucleotides containing either the internal region alone
(SS-1) or the internal region and the Rf region (SS-3,#ig.
However, Flp bound to an oligonucleotide containing the internal
region and the Lf region (SS-2) as efficiently as to Flp-10-T. This
suggested that a portion of the Flp recognition site lay within the
sequence of SS-2 (Fig). To define the left-hand boundary of the
Flp binding site we made a series of oligonucleotides with
deletions of the'sregion in the left flanking sequence of SS-2. As
shown in Figurd, SS-5, SS-9, SS-10, SS-11 and SS-8 contained
deletions of 7, 6, 5, 4 and 3 nt respectively from then8 of SS-2.
Mobility shift assays showed that only SS-8 (3 nt deletion) was
able to bind Flp as efficiently as SS-2 (data not shown and)Fig.
Although SS-5 was bound weakly by Flp, SS-9, SS-10 and SS-11,
which contained smaller deletions in the Lf region than did SS-5,
were not bound by Flp at all. Therefore, we conclude that SS-8
Figure 6. Analysis of binding of ssDNA by the Cre protein. Single-stranded Contained the left-hand boundary of the ssDNA binding site of Fip.
oligonucleotides Flp-10-T and Flp-10-B werteshid-labeled witi#2P. Substrates We also examined the right-hand boundary of the binding site
and proteins are shown above the lanes. The amounts of the Cre protein were g Flp. As shown in Figur&, oligonucleotides SS-12, SS-13 and
follows: lanes 4 and 7, 78 pmol; lanes 5 and 8, 156 pmol. SS-14 contained deletions of 7, 5 and 3 nt respectively from the
3'-end of SS-8. Mobility shift assays showed that Flp failed to
o » bind to SS-12 but it bound to both SS-13 and SS-14 as efficiently
lanes 6 and 7) as well as DNA recombmatl_on activity (data nQfs it pound to SS-8 (data not shown and Bigsuggesting that
shown). These results show that the reticulocyte lysate Wgse right boundary of the binding site of Flp was contained within
generating enzymatically active Ripvitro. As shown in Figure  55.13 Since SS-13 shares the same left boundary as SS-8, this

5B, when incubated with Flp-10-T ssDNA the Flp proteingjigonycleotide defines the sequence of 29 nt required for binding
generatedh vitro was also able to bind to it readily (lanes 6 andys Flp to the sSDNA.

7). However, Flp generatauvitro showed no binding activity to
the Flp-10-B sequence (data not shown). Since the Flp protein
producedn vitro is free of contaminating proteins derived from Relative binding of Flp to ssSDNA versus to dsDNA
E.coli cells, we conclude that this sequence-specific SSDNA
binding activity is intrinsic to Flp protein. It is known that Flp binds specifically to the duplex 13 bp symmetry
elements of the FRT site. Therefore, it was of interest to compare the
Cre protein also exhibits single strand-specific DNA binding ~ Pinding of Fip to ssDNA with that to dsDNA. To perform this
activity comparison a series of competition experiments was carried out.
First, duplex DNA containing either one Flp binding symmetry
Because Flp is a member of the integrase family of site-specifidement (Flp-FRTb) or two Flp binding symmetry elements in
recombinases, we wished to know whether another memberioferted orientation (FIp-FRTab) were used as competitors added
the family also bound to ssDNA. Since we knew that the Crdirectly to a binding reaction containing labeled ssDNA
recombinase, another member of the integrase family, was alflédp-10-T). For comparison, the unlabeled ssDNA (Flp-10-T)
to bind to the duplex FRT site, albeit with reduced affird)( was also used as competitor. The specific complex formed by
we tested whether Cre might also bind to the Flp-10-binding of Flp to ssDNA (Flp-10-T) was competed efficiently
oligonucleotide. Highly purified Cre protein of phage P1 wasvith Flp-FRTab (Table, line 2). Less than 1 pmol Flp-FRTab
incubated separately with FIp-10-T and Flp-10-B. As shown iwas needed to give 50% inhibition of complex formation.
Figure 6, Cre, like Flp, also bound only to Flp-10-T and notHowever, 50 pmol FIp-FRTb were required to inhibit formation
Flp-10-B (lanes 4 and 5 versus lanes 7 and 8). Furthermouaf, the complex by 50% (Tabg line 2). When Flp-10-T itself
binding of Cre to the Flp-10-T sequence was not affected kgerved as competitor DNAG pmol were required to inhibit
addition of a large excess of non-specific DNA SAD3499 (dataomplex formation by 50% (Tablg, line 2). These results
not shown). This suggests that Cre also exhibits a sequence-spedifdicate that Flp bind§10-fold more efficiently to the ssSDNA
ssDNA binding activity. To confirm this it will be necessary to(Flp-10-T) than to dsDNA containing one Flp binding symmetry
carry out random site selection with Cre recombinase. element. The dsDNA (Flp-FRTab) was the most effective
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Name Binding

= 10 s

i R + ¥

TCGACTCGAGTCGACATCGGCAGTCTCTAGTTGAGGCggatcctgcagaattegeg Flp-10-T +
Rf

Lf Internal region

55-1 -

55-3 -

55-2 +

555 +/-

559 -

S5-10 -

S5-11 -

55-8

S5-14

+ + +

55-13

55-12 -

Figure 7. Analysis of the minimal sequence of the ssDNA (Flp-10-T) for binding of Flp. The sequence of Flp-10-T is diagramed atmressddi@ence randomized
prior to site selection is underlined, separating the invariant left and right flanking sequences (Lf in italics and RE€aséomspectively). Stippled bars represent
the regions of the FIp-10-T sequence that are present in the oligonucleotides. The relative ability of Flp to bind tietstszmsiad oligonucleotides is summarized
on the right: +, binding approximately equal to that shown by Flp-10-T; —, no binding; +/—, reduced binding. Vertical axrewea®equence of FIp-10-T denote
the minimal sequence required for binding of Flp to the ssDNA.

competitor, probably due to cooperative interactions between two the duplex FRT site. We have shown that the ability of Flp to
Flp molecules bound to the two 13 bp symmetry eleméfy}s (  bind the ssDNA sequence of Flp-10-T was superior to its ability
Similar relative affinities were obtained by examining theto bind duplex DNA containing only Flp binding elembnThis

ability of single-stranded Flp-10-T and duplex Flp-FRTb tomay be one of the reasons for selection of the sSSDNA sequences
inhibit formation of complexes formed by Flp and FIp-FRTb andvhen the experiment was designed originally to select dsDNA
the ability of excess FIp-10-T, Flp-FRTb and Flp-FRTab to inhibisequences containing one Flp binding element. Another may
formation of complex Il by Flp and FIp-FRTab (TaBldines 1  have been that the 18 bp random region was insufficiently long
and 3). These results confirm that Flp binds to Flp-10-T more® accommodate two 13 bp binding sites that might mediate
efficiently than to Flp-FRTb. cooperative binding between two Flp molecules. Competition

studies also indicated that Flp possesses a single DNA binding
Table 2. Approximate amounts of competitor required to give 50% inhibition site for both duplex and ssDNA (data not shown).

of complex formation by Fip and the DNA probe The minimum length of the sequence (SS-13) of sSDNA that is
: required for binding of Flp is 29 nt. This sequence includes 16 nt
DNA probé? DNA competitor (pmol) from the invariant left flanking sequence and 13 nt from the
Flp-FRTab Flp-10-T Flp-FRTb internal sequence that was randomized prior to site selection. The
Flp-FRTab 1(Clb 5-10 (CIIp 50 (CIIp fact that the left flanking sequence serves as part of the SSDNA

binding site for Flp may be the reason that all the sequences

Flp-10-T <F¥ 5 50¢ selected by Flp share an exact junction with the left flanking

Flp-FRTb ND 1c 100 sequence. Missing nucleoside interference experiments revealed
that the Flp protein makes extensive interactions with all the

20.02 pmoB2P-labeled DNA was used in competition experiments. nucleotides in the sequence of SS-13 (X.—D.Zhu, unpublished

bThe amount of competitor needed to reduce the amount of complex Il (Cll) by 50(’8ata) Although these interactions are essential for DNA binding
€The amount of competitor needed to reduce the amount of complex | by 50% ) e . . ’
ND, not determined. {ﬁey may not be base specific. It is possible that the_ sequence of
bases specifies a novel secondary structure of the oligonucleotide
that is in turn recognized by Flp.
DISCUSSION It is known f[hat Flp binds to the du_plex FRT site in a
sequence-specific manner. However, neither the invariant left
In this paper we report the use of ih&itro binding site selection flanking sequence of Flp-10-T nor the selected internal region
method to discover novel ssDNA sequences to which Flp bindesembles the sequence of the FRT site. Indeed, Flp does not bind
in a sequence-specific manner. Flp is known to bind specificallp the single strands of the FRT site.
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What does the ssDNA binding activity of Flp mean? There are3
at least three possibilities. First, the ssDNA binding activity of Flp#
may play a role in the recombination reaction itself. However, ou
attempts to perturb recombination of duplex FRT it&#ro by
incubation with the single-stranded oligonucleotide (Flp-10-T)
resulted simply in inhibition of the reaction. We presume that this
was due to interference with binding of Flp to the FRT site, sincé
no specific interference with a subsequent step (e.g. cleavage,
ligation or strand exchange) could be detected (data not shown?.
Second, the activity may regulate some other biological process
in the cell, a process that is unrelated to recombination. For
example, it is possible that Flp could bind to RNA and someho#?
regulate expression of eithgr® or cellular genes. A preliminary 13
test of the binding of Flp to an vitro transcript containing the 7,
entire Flp-10-T sequence gave equivocal results (data not showry).
Third, the activity may have been an artifact of the powénful 16
vitro selection imposed during the random site selection but halé
no biological relevance. 1

Further experiments will be necessary to dissect the relative
roles of base specificity versus structure specificity in contributingg
to binding affinity. However, it is possible that some motifs in Flp1
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