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The Flp protein encoded by the 2 pm plasmid of Saccharomyces cerevwiae belongs 

to  the integrase farnily of site-specific recombinases. Flp mediates site-specific 

recombination between two inverteci repeats on the plasmid and by this manner is 

beliwed to be involveci in maintenance of the high copy number of the plasmid. Members 

of the integrase family promote recombination via a 3'-phosphot-yrosyl covalent linkage 

between the recombinase and the deavage site. Ligation of the two cleaved recombining 

sites takes place when the 5'-OH generated during the deavage step attacks the 

phosphotyrosyl bond and establishes a new phosphodiester bond. 

The Flp recognition target (FRT) contains three IIbase pair (bp) Flp binding 

sequences that surround an 8-bp core region. 

mismatches in the core region, 1 found that 

region immediately adjacent to the deavage 

exchange and ligation. Moreover, the extent of the hornology required was dependent 

upon the nature of the ligation subsuate used. 

Members of the integrase family have in common four absolutely conserved 

Using nicked duplex substrates containing 

the base-pair complementarity in the core 

site of the FRT site was crucial for strand 

. S .  . 



residues (-191, -305, Arg-308, and Tyr-343). 1 studied the mutant protein Flp 

R308K in which the arginine residue at position 308 has been replaced by lysine. 1 showed 

that Flp R308K is only able to ligate those substrates that it can deave. Flp R308K is &O 

defective in in vitro recombination and in strand exchange. 

I used substrates containing a 3'-phosphotyrosyl group to study the role of single- 

strarzded DNA in Flpmediated strand archange. 1 found that a su&-stranded core region 

in the FRT site can overcome the defect in strand exchange of certain mutant Flp proteins 

that are deficient in either DNA bending or srand cleavage. These results suggest that a 

single-stranded DNA core region in the FRT site may be an intermediate in the process 

of strand exchange by Flp. 

Flp is known to bind doublestranded DNA in a sequence-specific rnanner. Using 

an in vitro binding selection method, 1 selected DNA sequences to which Flp binds in a 

single-strand-specific manner. 1 have shown that this single-strand-specific DNA-binding 

activity is attributable to Flp: - - - - - - - - - - - - - - - 

- p p p p - - - - - -  
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GENERAL INTRODUCTION 



1. INTRODUCTION. 

Genetic recombination is widespread in a l l  forms of life from bacteriophage to 

humans and involves the exchange of DNA sequences berneen m o  chromosomes or 

DNA molecules. Such exchanges play a key role in genetic diversity and the repair of 

damaged DNA. There are three major classes of recombination: homologous 

recombination, transpositional recombination and conservative site-speufic 

recombination. 

Homologous recombination was fkst idenfified in Drosophikz rnekznogaster by 

Morgan in 1911 and it can occur anywhere dong the lengch of two homologous 

chromosomes. The exchange of DNA suanch exhibits a certain degree of precision or 

fidelity but, generally speaking, does not take place at specific sites although some sites, 

known as recombination hot spots, are preferentially used. Proteins such as the bacterid 

RecA protein that catalyze homologous recombination are usudy not sequence- or site- 

specsc DNA-binding proteins. 

Transpositional recombination, first discovered in corn by McClintock, is defiued 

as a process by which transposable elements "hop" from one chromosomd location to 

another. Two models have been proposed to describe transposition mechanisms: 1) 

replicative models, and 2) cut-andopaste models. Transposition of bacteriophage Mu has 

been shown to follow the replicative mechanism. As a result of transposition of phage 

Mu, a short target sequence duplication a the site of transposition is generated. This short 

sequenceduplication reflects staggered cutting of the target DNA, joining of the 

protruding ends to the transposon ends, and the repak of the gap left by the recessed 

target strands. By contrast, the TnIO transposon of E. coli and the P-element of Drosophila 

transpose by a cut-and-paste mechanism. No replication of the transposon is involved in 

the cut-and-paste mechanism and the entire transposon is simply excised from the donor 

site through a doublesuand break and joined to the staggered break induced in the 

recipient DNA. 



Conservative site-specific recombination, first desaibed by Campbell (1962) for the 

integration of bacteriophage lambda Ïnto the E. coli genome, is so named because it 

involves no gain or loss of nucleotides and occurs at s p d c  sites. Since the exdiange of 

DNA strands in site-speafic recombination occurs between specific sites on two parmer 

DNAs that need not share overall homology to each other, the proteins that cataLyze the 

reactions are site-specific DNA-bincling proteins. 

This thesis is concerned with the mdy of Flp, a site-specific recombinase encoded 

by the 2 micron plasmid of the yeast Succhu~omyces cerevisicse. Hence, in this chapter, I 

wiU first rwiew general aspects of conservative site-specific recombinaUon systems. Then 

I will describe the Flp-mediated recombination reaction. 

2. CONSERVATIVE SITE-SPECIFIC RECOMBINATION. 

Conservative site-specific recombination between two double-stranded DNA 

substrates can be viewed as the sum of four strand deavage and rejoining events that 

involve covalent DNA-protein intermediates. Like a DNA topoisornerase reaction, the 

covalent intermediates serve to  conserve the energy released from cleavqe of a 
p p p p p p p p p p p p p p p p - - - - - - - - - - - -  

- - - - - - - - 

phosphodiester bond. This energy is then used in the subsequent rejoining of DNA 

strands to restore the phosphodiester bond. Hence, no extemal hi& energy cofactor is 

required for this type of recombination. Proteins responsible for conservative sitespecific 

recombination fd into two distinct families: the resolvase/invertase family and the 

integrase family. 

(a) me ResolvaseAn~ertase F m i l y  

The resolvase/invertase family of conservative site-specific recombinases is 

exemplified by the Td and $5 resolvases and the Gin and Hin invertases. As the names 

suggest, the resolvases are responsible for the resolution of the CO-integrate structtues of 



certain transposons such as Tn3 and y6 whereas the invertase proteins are iavolved in 

promoting the inversion of a DNA fragment that results in alteration of gene expression 

(Craig, 1988; Van de putte and Goosen, 1992). For example, inversion of the G segment 

of bacteriophage Mu by the Gin protein changes the expression of the tail fiber genes, and 

hence the host range of the phage (Van de Putte et al., 1980). 

Members of the resofvase/invertase family share at least 13% o v e d  sequence 

identiy. Howwer, there is a high sequence conservation within each subfarnily: 30% 

sequence identity for the resolvases and 60% for the invertases (Stark et al., 1992). As a 

rdection of rhis high sequence identiv, members within each subfamily are functiondy 

interchangeable (Craig, 1988). 

The proteins of the resolvase/invextase f d y  bind to their s p e d c  recombination 

sites and the recombination sites are organized into a higher order synaptic complex cded 

the synaptasome via protein-DNA and protein-protein interactions Penjamin and 

Cozzarelli, 1988). In the synaptasome aIl four DNA nrands are cleaved, d a n &  and 

religated via a covalent DNA-protein intemediate. It is believed that the reaction 

proceeds through a double-suand breakage process rather than a sequential reaction in 

which a HoMay intermediate is formed. Double-strand n i t s  resdt in a 2-nt protnision 

and 3'-OH and a recessed 5'-phosphate terminus. The latter is covalently attached to a 

conserveci serine residue in the recombinase via a phospho-serine M a g e  (Reed and 

Grindley, 1981; Reed and Moser, 1984; Stark et al., 1992). While the c ~ ~ s t a l  suucture of 

the y6 resolvase-DNA complex is available, it is not clear yet how the strand exchange 

event takes place in the synaptasome (Yang and Steitz, 1995). It is possible that the arand 

exchange event is achieved by the recombinase-mediated rotation of one pair of DNA 

ends through 180° as proposed by Rice and Steitz (1994). 

The resolvase/invertase farnily has very stringent substrate requirements. Members 

of the family require thar their DNA substrats be supercoileci and their target sequences 

be in a prescribed orientation on the same molecule. Resolvases act only on directly 
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oriented target sites as they are meant to resolve CO-integrates. Similady, invertases act 

only on inverted target sites as their job is to  invert DNA (Sadowski, 1993, 19%). 

(bl Tbe Integrne Family 

To date, the integrase family of conservative sitespedc recombinases contains as 

many as 81 members, including the Int protein £rom phage A, the HP1 integrase from 

phage HPI, the Cre protein from bacteriophage PI, the XerC and XerD proteins of 

Eschekchia coli and the Flp protein of the 2 Fm plasmid of the budding yeast S~tcchrof.yces 

cerevisiae (Blakely and Sherratt, 1996; Esposito and Scocca, 1997). The uit protein is 

responsible for both integrarion and excision of phage X DNA into and from the E. coli 

chromosome (Campbell, 1962). Int protein was the fim recombinase for which an in vitro 

reaction was estabfished for the study of recombination (Nash, 1975). 

Proteins of the integrase f d y  bbid to their cognate target sites and bring two 

recombination sites together to  establish a higher order synaptic complex through 

protein-DNA and protein-protein interactions. It is in the synaptic complex that 

productive strand cleavages, exchanges and ligations are accomplished kroductive strand 

cleavage means the type of cleavage that leads to recombination). Unlike the 

resolvase/invertase family, the integrase famiIY of recombinases forms a covalent 3' 

phosphotyrosine Mage  to the cleaved DNA (Sadowski, 1993, 1995). Furthermore, 

integrases catdyze a sequentid reaction in whidi one pair of suanch is deaved, exchanged, 

and ligated, but the other pair remains nonrecombinant. As a result of this event, an 

intermediate equivalent to the HoIliday junction of homologous recombination is formed 

(Holliday, 1964; Sadowski, 1995). This Holliday junction is resolved into recombinant 

molecules when the second pair of strands is cleaved and ligated. 

Unlike the resolvase/invertase family, members of the integrase family have highly 

diverged primary amino acid sequence (Argos et al., 1986; Blakely and Sherratt, 1996). 

However, it was found that each integrase protein contains four absolutely conserved 



amino acids that are involved in the catdysis of stmnd brea?sage and rejoining. This is 

indicative of a shared mechanism of recombination by the integrase family of 

recombinases. Recently, cfystal structures of four members of the integrase family have 

been determined, the C-terminal catalytic domains of the kit protein and the H P I  

intepse, the XerD protein, and the Cre recombinase covdently attached to its target 

DNA @won et al., 1997; Hickman et al., 1997; Subramanya a al., 1997; Guo et al., 1997). 

Cornparison of these four structures reveals that the catdytic domains of the four 

integrases are s u u d y  similar to one another, further supportkg the idea that 

members of the integrase farnily mediate a similar stepwise fashion of the recombination 

reaction. 

In Flp, the four absolutely conserved residues are Argl91, His305, Arg308, and 

Tyr343. Mutations at these positions abolish DNA recombinaUon borh in d u o  and in 

vitro. The conserved tyrosine residue (343) serves as a nudeophile to attack the DNA 

backbone and becomes covalently attached to the DNA upon cleavage (Craig and Nash, 

1983; Hoess and Abremski, 1985; Gronostajski and Sadowski, 1985a; Evans et al., 1986; 

Pargellis et al., 1988). The conserved arginine residue (191) is implicated in strand ligation 

since Flp bearing a &ange from arginine to lysine at position 191 exhibits hypercleavage 

activity priesen and Sadowski, 1992). The conserved residues His305 and Arg308 are 

believed to be involved in activahg the scissile phosphodiener bond for deavage and the 

phosphotyrosine bond for ligation @rasad et al., 1987; Parsons et al., 1988; Parsons et al., 

1990; Zhu and Sadowski, 1995). In fact, the catalytic role of the consewed residues in the 

recombination reaction has been clearly demonstrateci in the CO-crystal nnicture of the 

CrôDNA cornplex. The corresponding conserved residues Arg173, Hi389, and kg292 

of Cre have been shown to make four hydrogen bonds to the non-bridgmg oqgen atoms 

of the scissile phosphate that has been cleaved by the corresponding conserved residue 

Tyr324 of Cre and is covalently attached to Cre (Guo a al., 1997). 

In contrast to the resolvasdinvertase family, topological requirements in integrase- 

mediated reactions are variable. While integrases like I . ,  XerC and XerD require 



supercoiling for an efficient reaction, others like Cre and Flp can catalyze reaaions on 

nipercoiled or relaxed DNA molecules. A further difference from the resolvasdinvertase 

family is that the integrase-&e proteins c m  execute intramolecular recombination 

such as excision and inversion as  well as intermolecular recombination events. 

events 

Although my thesis is concemed with the study of the Flp recombinase, I will 

discuss the structure of the Cre-DNA complex as 1 describe each sep of the Flpmediated 

recombination reahon. Among the four members of the integrase family whose 3-D 

structures have been deterrnined, Cre is the dosest member to Flp in the respect that both 

recombinases do not require accessory proteins or factors and have no ropologicd 

requirements for their DNA substrates in vih.0. 

3. THE 2-prn PLASMID AND THE BIOLOGICAL ROLE OF THE FLP 

RECOMBINASE. 

In many suains of the budding yeast Saccharomyces cer&e, there exists an 

autonomously replicating plasmid, the 2-prn plasmid. The 2-pm plasmid resides in the 

yeast nucleus at approximately 60 copies per G1-phase haploid nucleus and behaves as a 

selfish DNA since it appears to confer no known advantage ro its host (Clark-Waker and 

Miklos, 1974; Futcher and Cox, 1983). 

The 2-pm plasmid consists of 6318 base pairs @p) of double-stranded circular 

DNA, comprising 2 unique regions of 2774 bp (the large region [LI, and 2346 bp (the 

small region [SD. These two unique regions are separated by a pair of exact 599-bp 

inverted repeats. N a d  populations of the 2-pm circle contain an equal mixture of the 

two inversion isomers that anse from Flpmediated site-specific recombination between 

the wo Elp cecognition farget sites (FRT) embedded within the two inverted repeats 

(Fig. 1-1). 

The sequence of the 2-pm circle reveds 5 open-reading frames. Four of them 

encode proteins with known functions: Repl, RepZ, Raf, and Flp. The fifth open-reading 
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frame has no known function. The plasmid origin of replication (ori) is located at the 

junction of one of the inverted repeats and the large region of the plasmid. This origin 

contains a consensus sequence typical of chromosomaI ARSs (autonomoudy replicating 

sequences) and functions as an autonomously replicating sequence (Broach and Hicks, 

1980). The plasmid origin initiates replication once per cell-cyde and is dependent for its 

function on a number of gene products &O required for chromosomd replication 

(gikuchi and Toh-e, 1986; Livingston and Kupfer, 1977; Maine et al., 1984; Petes and 

Wiumson, 1975). 

The 2-pm plasmid has evolved a delicate conuol mechanim to regulate irs copy 

number in the yeast cells. The REPI and REPZ gene products coordinately repress 

transcription of the F U ,  REPZ and R4F gens (Vokert et al., 1989). The F U  gene is 

required for the amplification of the plasmid and its transcription is positively regulated 

by the product of the RAF gene. When the plasrnid copy number drops, the 

concentration of the Repl and Rep2 proteins &O drops, relieving repression of the FLP 

and M F  genes. The derepression of the RQFgene in tum nimulates expression of the F P  

gene. As a result, the copy number deficit would be correaed by the Flpmediated 

amplification scheme dmcnbed below. As the copy number rises, the concentration of 

Rep proteins &O rises, resulting in reestablishment of repression of FLP and M F  genes 

and an end to amplification. 

The 2-pm plasmid is subject to strict cell cyde control of its replication; its origin 

of replication is activateci once per cd cyde. However, the plasmid is able to increase its 

copy number when the copy number falls. This requires that the plasrnid be able to 

duplicate itself at a rate greater than once every cell cycle. Futcher proposed a mode1 to 

explain how the 2- un plasmid can increase its copy number without invokiag multiple 

replication initiation events (Fig. I-2; Futcher, 1986). As diagramed in Fig. 1-2, the plasmid 

initiates bidirectional DNA replication fiom its single origin. After one of the diverging 

replication forks passes the FRT site near the origin, but before the other fork reaches the 

other FRT site, Flp catalyzes an intxamolecular recombination event between the 



unreplicated FRT site and either of the replicated FRT sites. As a resdt, the replication 

intermediate is rearranged such that the replication forks, fomerly converging, now move 

around the cirdar plasmid in the same direction. This dows multiple rounds of 

replication of the 2-pm plasnid from a single replication initiation ment. The product of 

this amplification is a multimer of the 2-~(m plasmid, which can be reduced to monomers 

by either Flpmediated sitespeafic recombination or general recombination bettitreen two 

diiectly oriented FRT sequences. 

4. THE FRT SITE. 

The Elp recognition rarget site (FRT) is confined to 48 bp within the 599-bp 

inverted repeats of the 2-pm plasmid Proach et al., 1982; Meyer-Leon a al., 1984). The 

48-bp FRT site includes an 8-bp core region flanked by three Flp bindiag sites that are 13 

bp in length (known as symmetry elements a, b, c; Fig. 1-3). Elements a and b lie in 

inverse orientation with respect to each other. Element c lies in the same orientation as 

symmetry dement b. While elements a and b differ from each other by 1 bp, elements b 

and c are identical. Although DNase I footprinting studies showed that ail three 

symmetry elements are protected by Flp (Andrews a al., 1985), deletion of symmetry 

element c has no apparent effect on DNA recombination both in vitro and in vivo 

('Jayaram, 1985; Gronostajski and Sadowski, 1985a; Proteau et al., 1986). Hence, many 

DNA substrates used for in Yitro biochemical mdies la& element C. Fip-mediated 

cleavage sites are situated at the m .  of the core region and the symmetry elements a 

and b. There are two pyrimidine tracts present in the FRT site that d a t e  from the core 

region into symmetry elements on the strands of DNA where cleavage occurs. The core 

region and the symmefiy elements are not symmecrical. The asymmevical property in 

the core region is believed to dictate the directionality of the reaction. While 

recombination between inverted FRT sites causes inversion of the DNA between them, 

recombination between directly orientated FRT sites leads to excision of the DNA 



5. THE FLP RECOMBINASE. 

The FLP gene is the larges open-reading frame of the 2-pm plasmid and encodes 

a 423 amino-acid protein (Flp) which has an apparent molecular weight of 45 kDa on SDS 

PAGE. When Flp is expressed in E. coli, its N-terminal Met is removed. Its in a t r o  

recombination activity requires no accessory proteins or CO-factors. 

The Flp protein can be parcially proteolyzed into two discrete peptides, a 13 kDa 

NH2-terminal peptide (P13) and a 32 kDa COOH-terminal peptide p32; Pan et al., 1991; 

Pan and Sadowski, 1993). Further proteolysis of the P32 peptide releases a 21 kDa 

fragment (P21). While Pl3 is thought to have non-specific DNA-binding activity, both 

P21 and P32 peptides retain the doublestranded DNA-binding specificity of the intact Flp 

protein. Footprinring and crosslinklig studies have demonstrated that Pl3 and P32 

protect the core-proximal4 bp and the cor&d 9 bp of each 13-bp symmetry element, 

respectively (Panigrahi and Sadowski, 1994). In Chapter V, 1 show that the intact Flp 

protein as well as P32 but not Pl3 &play a spe&c single-stranded DNA-binding activity. 

6.  STEPS IN FLP-MEDIATED RECOMBINATION. 

In vitro biochemicd studies using p d e d  Flp proteins and DNA substrates have 

made it possible for us to understand each sep of the Flpmediated recombination 

reaction. As summarized in Fig. 14, the reaction includes the seps of Flp binding, Flp- 

induced bending, synapsis, nrand cleavage, suand exchange and ligation, and resolution 

of Holliday intermediates. Although, in Fig. I-4, the step of synapsis is drawn before the 

nep of strand deavage, it has been shown that strand deavage by Flp does not require 

synapsis (Voziyanov et al., 1996). However, whether synapsis is required for productive 

strand cleavages that lead to strand exchange rather than religation remains undear. 



(a) DNA binding 

Flp binds in a sequence-specific manner to the duplex FRT site and its binding to 

each symmeuy element of the FRT site occurs in an ordered fashion. Flp binds as a 

monomer to the b element £irst, then to a, and h d y  to c, resulting in three distinct 

protein-DNA complexes which can be resolved in a nondenaturing polyacrylamide gel 

(Andrews e~ al., 1987; Beatty and Sadowski, 1988). Detailed footprinting analysis rwealed 

that Flp contacts the FRT site mensively in both major and minor grooves of at least 10 

base pairs of each symmetry element (Panqpdu et al., 1992; Bruckner and Cox, 1986). A 

recent report on the cocrystai structure of a Cre-DNA complex rweded that Cre also 

makes extensive contacts with DNA in both the major and the minor grooves (Guo et d, 

1997). The Cre protein folds into two distinct domains that are separated by a short 

linker. The NH2-terminal domain of Cre is composed of 5 a helices and makes rhree 

direa contacts to DNA bases of the lox site in the major groove. The COOH-terminal 

domain of Cre interacts with the entire 13-bp inverted region of the lox half-site as weil 

as the firn two base pairs in the crossover region in both the major and minor grooves. 

Flp also interacts with the DNA phosphodiester backbone in the FRT site. It has been 

shown that Flpphosphate contacts important for recombinarion are clustered near the 

deavage sites but on the opposite stranb of DNA. No base contacts important for DNA 

binding are present in the core region. 

Mutational andysis of the FRT site rwealed that certain bases in the FRT site play 

a significant role in binding of Flp to DNA, e.g., the G residue at position -5, the A 

residue at positions -6 and -7, and the G residue at position -11 (bottom suand of eiement 

b as shown in Fig. 1-3; Senecoff et al., 1988). Certain base changes at these positions result 

in severe reduction in the affinity of the Flp for DNA. 

While the precise residues in the Flp protein that contact the bases of the symmetry 

elemenrs are unknown, the CO-crystal s u u r n e  of the Cre-DNA complex showed that the 

conservecl lysine residue in Cre at position 201 makes direa contacts with bases G-4 and 

T-S of the lox site in the minor groove (Guo et al., 1997). It is possible that the equivalent 
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conse rd  lysine residue in Hp at position 2 3  rnay &O make Similar direct base contacts 

with the FRT site. 

(b) DNA bending 

The induction of a bend in the FRT site is accompanied by the binding of Flp to 

DNA. Binding of a single Flp molecde to a single symmevy dement r d t s  in a "type 

I" bend of approximateiy 60' (Schwartz and Sadwoski, 1990). When the m o  symmetry 

elements a and b are occupied by Flp molecules, a "ype  II" bend of greater than 144" is 

formed. This type II bend is thought to be the result of protein-DNA interactions as wd 

as cross-core interactions between Flp moledes bound at elements a and b. In fact, a 

bend of - 100° equivaent to the type II bend is observed in the crystal stmcture of Cre 

DNA (Guo et al., 1997). A "type III" bend is induced when Flp binds to symmetry 

elements b and c and involves protein-protein interactions benveen Flp molecules bound 

to Symmetry elements b and c. DNA bending is very important for recombination since 

mutations in the Flp protein that affect DNA bending also inhibit recombination both 

in vivo and in vitro (Schwartz and Sadowski, 1989; Kulpa et al., 1993). It is possible that 

DNA bending may facihate suand exchange and formation of a Holliday junction 

intermediate as indicated by the cryad stmcture of the Cre-DNA cornplex (Guo et al., 

1997). The Cre-DNA structure revealed that the cleaved lox sites are bent by -100° at 

their centres, resufting in an arrangement of the lox half-site arms in the synapsis that 

resembles a square planar isomer of a Holliday junction intermediate. The cleavage 

reaction by Cre releases single-stranded segments near the cleavage site in the crossover 

region. In Chapter TV, 1 provide biochemid evidence suggesting that DNA bending rnay 

be involved in s e p d o n  of DNA man& in the core region of the FRT site, thus 

prevenring religation but facilitating suand exchange. 

(c) Synapsis 

Synapsis occurs when two FRT sites are brought together via protein-DNA and 



protein-protein interactions. In the crystd structure of Cre-DNA, extensive interactions 

beniveen Cre subunits in the synapse tetramer are observed (Guo et al., 1997). The NH,- 

terminal domains of Cre are not only responsible for "crosscoren interactions between 

Cre molecules bound to the same lox site but dso contribute to protein-protein 

interactions between the adjacent lox sites in the synaptic complex. Since it is beliwed 

that members of the integrase family share a common mechanism of recombination, it is 

likely that the NH,-terminal domain of Np is &O engaged in simila interactions to that 

of Cre. 

It is thought that synapsis is achiwed by a "random collision" mechanism since Flp 

can form a synaptic complex in either the paralle1 or antiparallel configuration [pardel 

means that the FRT sites are aiigned in the same orientation (Beatty et al., 1986; Amin et 

al., 1990; Sadowski, 19951. This random collision mechanism contrasts with the 

resolvase/invefiase-mediated synapsis reaction in which only properly oriented 

recombining sites are brought together (Sadowski, 1995). Synapsis is not required for 

strand cleavage by Flp and can take place in the absence of Strand cleavage and arand 

exchange (Voziyanov et al., 1996; Amin et al., 1990). However, it is uncertain whether 

synapsis of the FRT sites is requïred for productive arand cleavage that leads to =and 

exchange rather than religation. 

(d) Strand cleavage 

Flp induces sequentid cleavages in the FRT site at the margins of the 8-bp core 

region and the Symmetry elements (Fig. 1-3). Upon cleavage, Flp forms a covalent linkage 

between a conserved tyrosine residue (Tyr343) in the protein and the 3'-phosphoryl group 

at the site of the break, leaving a free S'-OH end (Gronoaajski and Sadowski, 1985b; 

Evans et al., 1990; Jayaram, 1994; Sadowski, 1995). This covalent bond preserves the 

energy of the phosphodiester bond for subsequent strand rejoining and thus obviates the 

requirement for a high-energy co-factor. 

As a member of the integrase family of site-specific recombinases, Flp contains four 



absolutely conserved residues: Argl91, H305, Arg308, and Tyr343. The recent crystal 

structure of the Cre-DNA complex reveals that the conserveci residues Arg173, H289, and 

Arg 292 of Cre make four hydrogen bonds to the non-bridpg oxygen atoms of the 

scissile phosphate that has been cleaved and is covalently attached to Cre (Guo et al., 

1997). 

It is believed that the active site of Flp is comtituted from two molecules of the Flp 

protein (Chen et al., 1992). The conserved residues Argl91, His305, and Arg308 (dso 

known as the RHR triad) in one Flp molecule form a chernical pocket responsible for the 

activation of the scissile phosphodiester bonds. The other Flp molecule that binds DNA 

somewhere else in the synaptic complex is believed to donate the chernicd nucleophile 

m343)  to attack the phosphodiester bond. This active site sharing mode1 predicts that 

deavage by Flp should occur in a tmns mode (see Fig. 1-5). In contrast, cis deavage occurs 

when the protein molecule that donates the nucleophilic tyrosine binds immediately 

adjacent to the site of the cleavage (see Fig. 1-5). There are three types of tram deavage: 

fians-horizontal, t r ~ ~ v e r t i c d ,  and tram-diagond. Recent nudies suggest that Flp carries 

out suand cleavage in a tram-horizontal fashion where the tyrosine is donated to the Flp 

protein bound across the core of the same FRT site (Lee et al., 1994; Zhu and Sadowski, 

1995), but it is possible that Flp uses more than one mode of tram deavage during the 

recombination reaction (Qian and Cox, 19%). 

There are codicting data about whether the prokaryotic integrases may also carry 

out DNA recornbination by tram cleavages. While initial evidence supported a t+ans 

cleavage mode for the Â Int protein acting on the uttL site (Han et al., 1993), subsequent 

studies showed that A kit resolves Holliday intermediates by cis deavage (Fig. 1-5; Nune- 

Düby et al., 1994). Similady, while recent biochemical studies indicated that the Cre 

protein cleaves its recognition target site in tram (Shaikh and Sadowski, 1997), the crystal 

structure of the Cre-DNA complex showed that the amino acids in a single active site are 

a l l  derived from the same subunit, suggesting a cis deavage for Cre (Guo et d., 1997). This 

dilemma in the mode of deavage by Cre and kit proteins might indicate that the 
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prokaryotic integrases use a different deavage mode for the initial cleavages fiom that 

used for the final deavages. 

(e) Strmd exchange and Zigmion 

Flp carries out sequentid strand deavages and ligations. Unlike strand cleavage, 

ligation by Flp occurs in cis where the Flp molecule bound adjacent to the site of cleavage 

is responsible for ligation at that site pan et al., 1993 b). Flpmediated strand ligation can 

occur either coupled to or independently of strand cleavage. For example, while the 

mutant protein Flp Y343F is able to carry out strand ligation independently of strand 

cleavage and covalent attachment, the mutant protein Flp R308K is able to ligate only 

those substrates that it can deave and to which it can covalently attach (Pan and 

Sadowski, 1992; Zhu and Sadowski, 1995). 

If afier the first pair of strand deavage events, the cleaved ends at each nick are 

simply resealed, no strand exchange products will be formed. Strand exchange occurs only 

when the fixe S'-OH of the nick fiom one of the paner  DNAs acts as a nudeophile to 

attack the phosphotyrosine bond of the other partner and to establish a new 

phosphodiester bond. The product of the first strand exchange and ligation is a Holliday 
p p p p p p p p p p p - - - - - - - - - - - - - - - -  

- - - - - -  

junction intermediate (Holliday, 1964; Meyer-Leon et al., 1988; 1990; Jayaram et al., 1988). 

Although little is known about the mechanism of DNA strand exchange, studies in 

Chapter IV suggest that duplex DNA arands in the core region of the FRT sites might 

be separated by Flpmediated DNA bending and Strand cleavage to prevent cleaved ends 

from being reseded, and thus to facilitate strand exchange. In fact, the crystd structure 

of Cre-DNA complex shows that the deavage reaction releases single-stranded DNA 

segments near the cleaved lox site in the crossover region (Guo et al., 1997'). 

For a given reaction, the direction of the strand exchanges has been shown to be 

nonrandom ( B e a q  et al., 1986; Sadowski, 1995). Unlinked circles rather than a mixture 

of linked and unlinked circles are produced when Flp promotes an excision 

recombination reaction on a relaxed circle containing two FRT sites that are io direct 
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orientation. What dictates the directionality of strand exchange remains h o w n .  

The Cre and Int proteins were shown to initiate strand exchange at one of the 

cleavage sites. It is beliwed that Flp also does the £irst strand exchange at one of the 

cleavage sites, but is undear which deavage site (b vs. a) is used by Flp for the £kt strand 

exchange. In Chapter III, 1 provide experïmentd evidence that supports the mode1 that 

Flp initiates the fîrst svand archange at the b deavage site. Recent studies from Azam and 

Sadowski (1997) showed that introduction of a mutation at the b cleavage site, but not at 

the a deavage site, dnmatically irnpaired a recombination ment bmeen two homologous 

FRT sites. However, this mutation did not impair DNA binding and cleavage. It is 

possible that the mutation at the b deavage site blocks the first strand exchange ment but 

not the second mand exchange event (resolution) by wild-type Flp. As a result, no 

recombination occurs. 

As described above, the first pair of suand exchanges leads to the formation of the 

HoKday junction. This Holliday junction is resolved into recombinant molecules by a 

second pair of strand deavages, exchanges and ligations (Dixon and Sadowski, 1993; 1994). 
- - - - -  

Resdurion of t h ë H o ~ & y Y j j u n ~  may InYorvepa Iirnited inioünt of briich migration 

and does not recpire the homology in the core region of the FRT site since Flp resolves 

a x structure containhg a heterology in the core region of the FRT site (Dixon and 

Sadowski, 1994; Nunes-Duby et al., 19%). It is possible that the homology of the core 

region in the FRT site may be required to nabilize the first suand archange and to 

prwent the Holliday intemediate from being recombined again into parental molecules 

(Dixon et al., 1995; Azam et al., 1997). 

The work described in this thesis was done to enlarge our understanding of the 



mechanisms of Flpmediated DNA bindmg, strand cleavage, strand exchange and ligation. 

In Chapter II, 1 snidied the homology requirement for Flp-mediated strand 

exchange and ligation. 1 showed that the homology in the core region immediately 

adjacent to the cleavage site was most important for strand archange and ligation. 1 &O 

found that the degree of the homology required was dependent upon the nature of the 

ligation assay. 

Chapter III describes experimeats to investigare defem in Flp R308K, a mutant 

protein in which arginine no. 308 has been changed to lysine. 1 developed an assay to 

show that this mutant prorein can cany out suand ligation only when it is attached 

covdently to the DNA. This activity is termed cleavage-dependent ligation activity, 

which is in contrast to the cleavage-independent ligation activity exhibited by Flp Y343F 

(Pan et al., 1993). 1 also demonstrated that this protein executes trum-horizontal cleavage. 

Despite the fact that Flp R308K is able to cleave and ligate a linear FRT site, 1 showed that 

the protein is defective in in viha recombination and in strand exdianage. Flp R308K is 

able to cany out strmd exchange at the a deavage site but fails to do so at the b cleavage 

site. These r d t s ,  taken together with the fact that Flp R308K is able to resolve an 

immobile x structure (J. E. Dixon, unpublished results), suggest thar Flp R308K is 

defective in the initiation of recombination at the b cleavage site. 

The mechanism of strand exchange is investigated in Chapter N. It had been 

proposed that DNA recombination might involve the process of separation of DNA 

strands in the core region of the FRT site. Separation of DNA arands might prevent 

nrand religation and thus facilitate suand exchange. To investigate this hypothesis, I 

examineci the role of single-stranded DNA in Flpmediated svand exchange. I showed that 

various mutant Flp proteins that are defective in DNA bending, strand deavage or both 

are &O impaired in th& abilities to c a n y  out suand exchange. I &O showed that defects 

of these mutant proteins in strand exchange can be circumvented by DNA substrates 

containing a sin&-suanded DNA core region in the FRT site. These results suggest that 

a single-stranded DNA core region in the FRT site might be an intermediate in Flp- 



mediated recombination and that both DNA bending and strand deavage might be 

required to separate the strands of the core region in the FRT site. 

Single-stranded DNA plays an important role in homologous recombination and 

the proteins that catalyze homologous recombimtion are usually able to bind both ungie- 

stranded and double~tratzded DNA although in a non-sequence-specific manner. Unlike 

DNA-binding proteins in homologous recombination, site-spdc recombinases are 

known to be sequencespecifx doublenranded DNA-binding proteins. However, 

whether they &O had singlestrarided DNA-binding activiy had not been studied in the 

pas. In Chapter V, 1 describe experiments that led to the discovery of a specific single- 

svanded DNA-binding activity of Flp and 1 have shown that the minimal sequence of the 

single-suanded DNA-binding site of Flp is likely 29 nucleotides in length. 

Chapter VI nunmarizes the thesis and describes experiments that may shed light 

on our M e r  understanding of Flp and its reactions. 
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Fig. 1-1. The 2-pm plasmid of Sacchuromycces cerevirtae. The plasrnid is composed of m o  

unique regions (solid lines), the large region &) and the small region (S). These m o  unique 

regions are separated by two 599-bp inverteci repeats (hatched lines). Within each repeat 

is embedded the Elp recognition rarget site (FRT). A Flpmediated recombination went 

(cross) between the two FRT sites converts the A isoform (top) to the B form (bottom) 

or vice versa. The four functional open reading hames (EU, R E P I ,  RER, R . 8 ,  dong 

with two &-acting sequences (ori, STB) are shown in th& approximate positions in the 

plasmid. 



FRT Site 

Stb FRT Site 

Stb 



1-2 1 

Fig. 1-2 The Futcher model for the amplification of the 2-~rn p l a s d  (A) The plasmid 

initiates bidirectional DNA replication from its single origLi (on]. @) Replication of the 

FRT site near the ongin. (C) Flp mediates recombination between the unreplicated FRT 

site and one of the replicated FRT sites with the result that the replication forks, formerly 

converging, now move around the plasrnid in the same direction. (D) Chasing of one 

replication fork by another replication fork around the plasmid generates muitïmers. 

These multimers can be resolved to monomers by either Flp-mediated sitespecZc 

recombination or general recombination betcpeen two directly oriented FRT sites. 
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Fig. 1-3. The Elp recognition m e t  site @KT). The sequence of the FRT is composed of 

three 13-bp symmeuy elements (horizontal arrows labeled a, b, c) surrounding an 

asymmetrid &bp core seqwnce (open box). Symmetry elements a and b are in inverted 

orientation and m e s  from each other by a single base pair (solid dots). Element c is in 

direct orientation to element b. The two pyrimidine tracts present in the FRT site are 

shown in solid bars. Flpmediated cleavage sites are indicated by two s m d  vertical arrows. 
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Fig. 14. Steps in Hpmediated recombination. The FRT site is represented by two paralle1 

lines containhg horizontal arrows labeled a, b, c, and an open box. A Flp molecule is 

indicated by an open oval. (A) DNA binding. Monomeric Flp binds to b first, then to 

a, and hally to c, resulting in three distinct protein-DNA complexes (I, II, and III). (B) 

DNA bending. Binding of a single Hp molecule to a single symmeuy element r d t s  in 

a type 1 bend of approximately 60°. A type II bend of greater than leCo results from Flp 

molecules bound across the core. A type III bend is thought to be formed when Flp bindç 

to symmetry elements b and c (not shown here). (C) Synapsis. Synapsis occurs when two 

bound FRT sites are brought together via protein-protein interactions. For sirnpIicity, the 

ben& in DNA are omitted in th and subsequent steps. (D) Cleavage, fvst strand 

exchange and ligation. Flp induces a pair of cuts on two homologous strands at the 

margin of the core region and the symmetry element. A Holliday intermediate is formed 

when the two deaved ends of partner DNAs are swapped and ligated. For darity, the Flp 

molecules are not shown in this and subsequent steps. (E) Resolution. The resolution of 

the Holliday intermediate involves a second pair of strand nickings, exchanges and 

ligations. 



C. Synapsis 

D. Cleavage, 
1st  strand exchange 
and ligation 

E. Resolution 



Fig. 1-5. Four possible DNA 

aligned in pardel with Flp 
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deavage modes by the Flp recombinase. Two FRT sites are 

molecules bound to the symmetry elements. Flp protein 

molecules are shown as 6Ued eIlipses. Horizontal arrows indicate FIp binding sites. Empty 

boxes represent the core regions. Phosphotytosyl covalent linkages are depicted as nirved 

lines terminating in solid dots. Cis-deavage takes place at the cleavage site adjacent to 

where the tyrosyldonating protein is bound. Tramhorizontal cleavage (i) occun on the 

same nibstrate where the tyrosyldonating protein is bouad but not adjacent to it, whereas 

tramdiagond (hi and tram-vertical (iiii) cleavages occur on the partner DNA (in grey) 

presumably in a synaptic complex. 





COMPLEMENTARITY REQUIREMENTS FOR LIGATION 

AND STRAND EXCHANGE BY THE FLP RECOMBINASE. 

Material presented in this chapter has appeared in Zhu, X.-D., Pan, G., Luetke, K., and 

Sadowski, P. D. (1995) /. BioL Cbm. 270, 1161641653. Experiments in Fig. IL3 were 

performed by G. Pan. I performed ail the other experiments that are described in this 

Chapter. 



1. INTRODUCTION. 

Homology of the core region between partner FRT sites is an essential feature of 

the Flpmediated recombination seaction. It is known that a mutation in the core region 

of one substrate dramatically impairs recombination, but that recombination can be 

rescued by introducing identical mutations in the core region of the second subsuare 

(Andrews et al., 1986; Senecoff and Cox, 1986). In this Chapter, 1 have used synthetic FRT 

substrates containing a 3'-phosphoryl tyrosine to examine the role of homology in F lp  

mediated ligation and =and exchange reactions. 1 found that complementarity of 

sequences immediately adjacent to the incoming 5'-OH terminus with sequences of the 

complementary strand of the core in the FRT site is most important for efficient Iigation 

and m d  exchange by Flp and that the ment of complementarity required is dependent 

upon the nature of the ligation substrates used. 

2. M A T E W  AND METHODS. 

n p  preputaltions. 

Wild-type Flp protein (>go% pure) was a Sephacryl S300 fraction, purified as 

described previously (Pan et al., 1991). The mutant Flp proteins R191K and Y 343F were 

partidy purified fractions (IO-50% pure, purified as described by Friesen and Sadowski, 

1992). Protein concentrations were estimated using the method of Bradford (1976). 

Prepuratz'on of synthetic actt*vated sxbstrates. 

The oligonudeotide bearing a 3'-phosphotyrosine residue was labellecl with 32P 

using T4 polynudeotide kinase (oligonudeotide no. 2, Table II-1). Duplex haff-FRT sites 

or nicked full-FRT sites were prepared by annealing the appropriate ~Iigonucleotides in 

5 mM MgCl,, 100 mM NaCl as described previously (Pan et al., 1993a). The 

oligonuc~eotide bearing a 3'-phosphotyrosine residue was synthesized at the 
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Biotechnology Research Institute, Montrd, Quebec, Canada, as described previously 

pan et al., 1993a). Other oligonudeotides were synthesized by the Carbohydrate 

Research Center, F a d t y  of Medicine, University of Toronto. 

The oligonucleotides are listecl in Table El. Table II-2 summarizes the assemblai 

substrates, 

Ligution arsays. 

The arsays were carried out essentially as desmïbed previously pan and Sadowski, 

1992). Approximately 0.02 pmol of each synthetic subsuare containing 3'-phosphoryl 

tyrosine was incubated with -5 pmot Flp protein in a 30 pl reaction at room temperature 

for 60 min. Aliquou were rernoved at various times, treated with 7 pg of proteinase K and 

0.01% SDS and then andyzed on an 8% denaniring polyacrylamide gel. Ligation products 

were quantitated using a Molecdar Dynamics phosphorimager. 

Flpmediated ligacion cmthin a duplex, nnicked FR T site. 

Previous mdies (Amin and Sadowski, 1990; Amin et al., 1991) have suggested that 

homology within the core regions adjacent to the Flp deavage sites is important for strand 

exchange to occur. Howwer, it is unclear whether the ligation or strand exchange sep is 

affeaed by this homology. Since strand exchange involves ligation of the S'-OH end of 

one nicked FRT site to the 3'-phosphoryl group of a similady positioned ni& in another 

FRT site, 1 exarnined the role of complementarity in Flpmediated ligation using a series 

of synthetic ligation substrates in which base mismatches were placed at various positions 

in the core region of the FRT site (Fig. II-IA). The synthetic ligation substrates contain 

m o  symmetry elements and a 3 '-phosphotyrosine at the site of Flp cleavage. This tyrosine 

acts as a leaving group during Flpmediated ligation pan and Sadowski, 1992; Pan et al., 

1993a). The Flp molecule bound next to the ni& catalyses ligation Cligation in cisn; Pan 
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et al., 1993b). 

When a single mismatch was placed immediately adjacent to the site of ligation, the 

yield of ligation product was reduced by about 70 percent (Fig. II-IB, lane 2) whereas 

single base pau mismatches placed at any of the other seven positions of the core had no 

effect (Fig. II-lB, lanes 3-9). Two or three mismatches immediately adjacent to the nick 

site exaggerated the effea of a single mismatch at the f i rs t  position (Fig. II-1B, lanes 9 and 

10). 

It is known that wild-type Flp is capable of removing the 3'-tyrosine fiom this 

substrate and attaching covalently to the 3'-phosphoryl terminus prior to ligation W.-D. 

Zhu, unpublished). It was therefore of interest to leam whether a similar requirernent for 

complementarity of the base at the S'-OH terminus wodd be exhibited in a ligation 

reaction where covalent attachment of the protein to the 3'-phosphate end could not 

occur. Flp Y343F has a phenylalanine residue at position 343 instead of tyrosine @?arsons 

et al., 1988) and is incapable of covalent attachment to the 3 '-phosphate of such a substrate 

@.-Do Zhu, unpublished), but is ligation-proficient (l'an and Sadowski, 1992). 1 found 

that the requirements for complementarity of the base at the 5'-OH end to the opposite 

strand of the core were identical to those shown for dd-type Flp (data not shown). Thus 
p p p p p p p p p p p p p - - - - - - - - - - - - - - -  

- - - - - - - - 

1 conclude that the need for complementarity of the base at the 5'-OH terminus is 

independent of the ability of the Flp protein to attach covdently to the 3'-phosphate 

group during ligation. 

The above substrates measure solely ligation between a 3'-phosphotyrosyl group 

and a juxtaposeci S'-OH terminus in a full FRT-site that contains m o  inverted symmetry 

elemenu. However, it is possible that insenion of a single strand into the core region of 

a nicked duplex subsuate might be more sensitive to the requirement for 

complementarity. I term this reaction "strand-exchange ligation". To determine whether 

the efficiency of strand exchange-ligation was &O sensitive to base-pair complementarity, 

1 repeated this experiment using a nicked full FRT-site and the same series of single 

stranded oligonudeotides that were used to cotl~truct the duplex substrates studied in Fig. 



II-1A (See Fig. II-IC). The r d t s  (not shown) were identicd to those obtained in Fig. II- 

IB. Thus I condude that the requllements for complementarity for ligation are identicd 

to those involved in suand exchangeligation. 

Requiremmt for comphenttzrity in ügmion of single-stranded oligonucleoti&s to an 

aclt*wated substrate. 

Flp is capable of ligating a haIf-FRT site containing a 3'-phosphotyrosyl group to 

a single-stranded oligonudeotide provided this oligonucleotide is complementary to the 

protruding single-stranded core region of the half-FRT site (Pan and Sadowski, 1992). 1 

was interested to leam how many nudeotides of complementarity were required for this 

intermolecular ligation to occur. Accordingly 1 incubateci a synthetic half-FRT site 

containing a 3'-pho~~hotyrosyl group with a series of single-stranded oligonudeotides that 

contained 0-8 nudeotides of complementarity to the core region of the half-site (Fig. II- 

2 4 .  Note that the singlestranded oligonucleotide contained no sequences to which Flp 

can bid .  Ligation was deteaable when four nucleotides of complementarity were present 

(Fig. II-2B, Ianes 5-7) and increased up to eight nudeotides of complementarity $ig. II-23, 

lanes 8-9). 

In order to measure strand-errchange ligation, a similar experiment was done using 

a nicked full FRT site and the same series of single-stranded oligonudeotides. The nicked 

full FRT site contained two Flpbinding sites (Fig. IMA) whereas the half FRT site used 

in Fig. II-2 contained onlp one. The results (Fig. II-3B) were similar to those obtained with 

the h&FRT site (Fig. II-=), although the strand-exchange ligation seems to tolerate lesser 

amounts of complementarity of the incoming oligonucleotide than the ligation to an half- 

site (compare lanes 6-11 of Fig. II-3B and lanes 4-9 of Fig. 11-2B). The results were the 

same whether or not the S-end adjacent to the nick in the full-FRT site bearing the 3'- 

phosphotyrosine was phosphory1ated (data not shown). Phosphory1ation served to block 

the competing ligation reaction of the adjacent 5'-hydroxyl end. 



Requirement for comphmtbrity during intramolecukr (bairpin) Zigution by Ft'p. 

The initial substrates used for development of the ligation assay for Flp were h a -  

FRT sites that containeci a 3'-phosphoqmosine terminus and an 8 nudeotide provusion 

bearing a S'-OH terminus on the opposite srand (Pan and Sadowski, 1992). Ligation that 

occurs with these substrates is termed hairpin Egation. To investigate the requirement for 

cornplementarity during h+in ligation by Flp, half-sites were designeci in which the 

nucleotides at the 5'-OH end bore varyiag degrees of complementarity to the adjacent 

nucleotides in the same strand Pig. II-4A). Note that the top strand of the wild-srpe FRT 

site (5'-TCTAGAAA-3') gave moderately efficient hairpin ligation (Kg. II-4B, lanes 3,10 

and 17). However when the 5'-terminal sequence was changeci to TTC Qanes 4,11,18) 

or TTT (lanes 2,9,16) the efficiency of ligation improved significantly. These changes 

create intrastrand complementarity of the two or three T residues at the 5' terminus to 

the A residues at positions 6-8 from the S'-end (Fig. &+A). The key position is the one 

precisely at the attacking s'-end; when the sequence was 5'-CTT-3', ligation was reduced 

dramatically (Fig. IMB, lanes 5, 12, 19). Little ligation was detectable when the 5'- 

sequence was CCT or CCC (Fig. II-4A and Fig. II-, lanes 6, 7, 13, 14, 20, 21). The 

importance of this complementarity in invasuand ligation appeared to be independent 

of the base composition of the S'-OH single suand. Even when these strands were GC- 

rich (&ta not shown), efficient hairpin ligation occurred. 

4. DISCUSSION. 

Experiments in this Chapter address the requirement for complementarity of the 

DNA sequences in the core region adjacent to the cleavage/ligation site. The results reveal 

that this complementarity is important and that the extent of its importance depends 

upon the assay used. 

Using a nicked full-FRT site done, partial complementarity of the DNA sequences 

in the core region is required to give efficient ligation Pig. IM). This complementarity 



needs to be immediately adjacent to the site of ligation; a single non-complementary base 

pair at positi011s 2 to 8 nucleotides away from the ligation site had no effect on the lïgation 

efficiency. One may expect that strandechange ligation would require more than one 

base pair of complementarity if the invading srrand displaced one strmd of the duplex 

from the deavage site in a base-by-base manner. However, the same requirement for 

complementarity in strand-exchange ligation was observed (Fig. II-IC). This implies that 

branch migration within the core region is not required for strand-exchange ligation. This 

is consistent with the fact that branch migration through the core is not required for the 

resolution s e p  (Dixon and Sadowski, 1994; Nunes-Düby et al., 1995). 

Hairpin ligation measured the ability of the single-stranded, 8-nucleotide core 

region to loop back upon itself and engage in ligation. In this assay, complementarity 

immediately adjacent to the ligation site was critical but complementarity at the second 

and third positions also contributed to ligation efficiency. Our experiments show that the 

wild-type core sequence is a less effective substrate for hairpin ligation than a core 

sequence that is self-complementary (Fig. 11-4). 

The asymmeuic and non-complementary sequence of the core region determines 

the direction of the reaction and prevents recombination between "misalignedn sites. 

(Senecoff and Cox, 1986). The non-complementary nature of the core sequence may also 

have evolved to prevent doublesrand breakage and hairpin ligation which would 

interfere with the Flp reaction. Meyer-Leon et al. (1988) observed that double-strand 

breakage to produce haf-FRT sites with hairpin ends was much more frequent when the 

FRT site had a symmetrical core region than when the wild-type FRT site was used. This 

may be because the symmetrïcal core favored "hairpin ligation" with resultant l o s  of one 

arm from a HoKday intermediate. 

Although double-strand breakage and h e i n  Lgation seem to be aberrant produm 

of the Flp reaction pathway, the formation of hairpins may be involved in the mammlian 

V(D)J recombination system (Roth a al., 1992; McBlane et al., 1995; van Gent et al., 

19%). 



The greatest requirement for complementarity among al l  assays eLLafnined was 

shown in the ligation of a single-stranded oligonucleotide to a haEFRT site (Fig. II-2). 

Here ligation was detectable with at least four nudeotides of complementanty adjacent 

to the ligation site but it increased as complementarity increased to seven nucleotides. It 

is likely that the requirement for increased complementarity when using the single- 

mandecl oligonucleotide reflecu the fact that this ligation is an intermolenilar reacüon. 

Since the incoming oligonucleotide contains no Flp binding site, protein-protein 

interactions cannot be used to position the S'-OH terminus dose to the 3'-phosphoryl 

tyrosine. The greater degree of complementarity required is likely a reflection of the need 

to stabilize the S'-OH end in the Iigation pocket by base-pairing. 

Compared to the ligation of a single-stranded oligonucleotide to a half-FRT site 

(Fig. II4, the decreased requirement for base-pairing complementarity shown in the 

nrand exchange-ligation assay (Fig. I?-3) between a nicked full-FRT site and single 

stranded oligonucleotides may be due to the fact that the Flp molecule bound opposite 

the ligation site helps position the S'-OH end dose to the 3'-phosphotyrosine. An 

alternative explanation is that protein-protein interactions across the core distort the 

duplex and help to position the 5'-OH terminus in the Flp ligation pocket. 

The decreased requirement for complementarity shown by hairpin substrates (Fig. 

11-4) compared to the ligation of a single-s~anded oligonudeotide to a h&FRT site (Fig. 

11-2) may be due to the fact that Flp is able to form homodimers between two haf-FRT 

sites and therefore protein-protein interactions across the core help to position the S'-OH 

end dose to the 3'-phosphotyrosine in the Flp ligation pocket. Such "cross-coren dimers 

are detectable during these reactions &D. Zhu, unpublished). 

It is known that heterologies between the cores of recombining FRT sites block 

recombination in Y i r o  (Andrews et al., 1986; Senecoff et al., 1986). What is the nature of 

this requirement for homologous cores? 

It is known that a single basepair mismatch two nucleotides from the deavage site 

is SuffiCient to block strand exchange between two FRT sites engaged in synapsis (Amin 
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and Sadowski, 1990) or berneen a haIf-FRT site and a full FRT site (Amin n al., 1991). 

Yet from the present studies, it appears that a single base-pair mismatch in this second 

position does not block efficient ligation. 1 suggest that the requiremenr for 

complementarity of the cores of recombining FRT sites reflects the need to stabilize the 

fim strand exchange sep. In the absence of such complementarity, the initial strand 

exchange event may be quickly rwersed by recleavage and religation to give parental 

moledes. 

It had been suggested previously that the requirement for homology of the core 

regions reflected the need for the Holliday intermediate to brandi migrate through the 

core region to facilitate resolution of the Holliday stmcture to recombinant molecules 

(Kîtts and Nash, 1987; Nunes-Düby et al., 1987). However, recent studies have shown 

that immobile HoIlichy jmctions are readily resolved by Flp (Dixon and Sadowski, 1994; 

Nunes-Düby et al., 1995). These studies support a role for homology in stabiliUng the 

initial formation of the Holliday intermediate. 

The requirement for complementarity of the base at the nucleophilic S'-OH 

terminus to the opposite svand for efficient ligation is not s h e d  by the deavage reaction 

of Flp. Nicked FRT substrates that contain a provuding mismatched nucleotide at the 3'- 

end of the nick are readily cleaved by Flp (Pan et al., 1993a). Mismatched protnisions of 

up to three nudeotides are tolerated (see Chapter III). It seems that Flp is able to position 

the scissile phosphodiester bond in the deavage pocket whereas base-pair 

complementarity is required for positioning the S'-OH end for ligation. 



Table 11-1. Synthetic Oligonudeotides Used in This Study. 

- - - -  - - 

Number Sequences 
5'-TGAAGITCCTA nCCCTAGAAAGTATAGGAAmGACCT-3' (#)Gr) 
5'-AGGTCGAAGTTCCZA TACkyr-3' (18 mer) 
5'-rCTICTAGAGAATAGGAArïrrA-3' (22 mer) 

Oligonudeotides d to make misrnatched cores 
5'-ATTCTAGAGAA TA GGAA CTTCAA-3' 
5'-TATCTAGA 3' 
5'-TTACTAGA 3 ' 
5'-TTTATAGA 3' 
5 '-TTTCAAGA 3 ' 
5'-TITCnGA 3' 
S-TITCTAÇA 3 
5'-TITCTAGI 3' 
5'-UTCTAGA 3' 
5'-AAACTAGA 3 ' 

Oligonucleotides containing 0-8 nucleotide 
5'-TCGAGGTCATCG-3' 
5'-TI'GAGGTC-3' 
5'-ITTAGGTC-3 ' 
5'-TITCGGTC-3' 
5 '-TITCTGTC-3 ' 
5 '-TTTCTATG-3 ' 
5 ' -T'ITCTAGC-3 ' 
5 '-TCIPCTAGA-3' 
5'-GCGAGGTC-3 ' 

Oligonucleotides used for hairpin iigation 

(23 mer) 
(23 mer) 
(23 mer) 
(23 mer) 
(23 mer) 
(23 mer) 
(23 mer) 
(23 mer) 
(23 mer) 
(23 mer) 

core sequences 
(12 mer) 
(12 mer) 
(12 mer) 
(12 mer) 
(12 mer) 
(12 mer) 
(12 mer) 
(12 mer) 
(12 mer) 

(30 mer) 
(30 mer) 
(30 mer) 
(30 mer) 
(30 mer) 
(30 merl 

The sequence of the symmeuy elements is shown in italics and the core sequence 
in bold. The underlined nucleotides represent mismatches that occur in the core when 
oligonucleotides 4-13 are hybridized to oligonudeotide 1. The dashes in each section are 
meant to indicate that the sequences are identical to the oligonucleotides at the top of each 
section (no. 4, 14,23, respe&vely). 

- - 



Table II-2. Substsates Used in This Study. 

Name Oligonucleotide + Figure 

+ The indicated oligonucleotides were annealeci together as described in the Materials 
and Methods. In every substrate, oligonucleotide no. 2 was S'-end labded with '9. 

Indicares that %end of the oligonucleotide was phosphor ylat ed. 



Fig. II-1. 

sequence. 

(A) A diagram of ligation substrates containing 0-3 mismatches in the core 

Each subsvate contains two Flp binding Symmetry elements (represented by 

arrows) and a nick at the a deavage site. The nick bears a S-OH and 3'-phosphotgrosine. 

Ali substrates are %end labelled with (asterisks). Mismatches are shown in bold and 

underlined. (B) Ligation actïvity of the Flp protein on synthetic substrates containhg 

mismatched core sequences. The reactions were carried out as describeci in Materials and 

Methods. Aliquots were removed at IO min, 30 min and 60 min. and the products were 

andyzed on an 8% denaturing poIyaq1CUIJde gel. The reaction shown here was stopped 

at 10 min. Lane 1 contains only the labelled substrate (no Flp protein). Substrates are 

named above the lanes as Fig. PIA. LP and S refer to ligation products and substrates, 

respectively. (C) A schematic diagram of Flpmediated strand exchange-ligation between 

a full-FRT site and single-stranded oligonucleotides. The Ml-FRT site (FS) contains two 

Flp binding symmetry elements (shown by arrows) and a ni& at the a deavage site on the 

bottom suand. The nick bears a S'-phosphate to block ligation on the same strand and a 

3'phosphotyrosine available for svand-exchange ligation. The FS substrate is V 2 P  end- 

labelled on the bottom suand (indicated by an asterisk). SS refers to single-stranded 

oligonucleotides (no. 3-13 in Table 1) that contain û-3 mismatches to the core sequence. 

The redts  (not shown) were identical to those in Fig. II-IB. 









Fig. II-2. Andysis of ligation activity of Flp on substrates containing 0-8 nucleotide core 

sequences. (A) A schematic diagram of Flp-mediated ligation. HS refers to a ha-FRT site 

subsvate which contains only one Hp binding symmetry element. The substrate is S'-end 

labeled with 'P and contains a 3'-phosphotprosine. SS represents single-suanded 

oligonudeotides (no. 14-2î in Table 1) that bear only 0-8 nucleotide core sequences (no 

Flp binding spmmetry element). @) Ligation activity of the Flp protein on substrates 

containing only 0-8 nucleotide core sequences. The reaction was done as described in 

Materïak and Methods. Aliquots were removed at 10 min., 30 min., and 60 min. and the 

products were andyzed on an 8% denaniring polyacrylamide gel. Here is shown the 

reaction that was stopped at 60 min. Lane 1 is HS substrate done. Lanes 2-9 contain HS, 

Flp, and SS that contains 1-8 nudeotide core sequences (oligonucleotide no. 1421 in Table 

I), respectively. Laue IO contains HS, Flp, and oligonudeotide no. Z (see Table 1) which 

bears no nucleotides complementary to the core sequence. LP and S refer to ligation 

products and substrat es, respectively . 
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Fig. 11-3. Aoalysis of strand-ahange Ggation activity of Flp benveen a fd-FRT site and 

single-stranded oligonucleotides bearing 0-8 nudeotide core sequences. (A) A schematic 

diagram of Flpmediated strand-exchange ligation between a Ml-FRT site and single- 

stranded oligonudeotides bearing only (3-8 nudeotide core sequences. The £ull-FRT site 

is the same as desuibed in Figure 2C. The nick bears a 5'-phosphate to prevent the 

ligation on the same svand and 3'-phosphotyrosine available for strandsxchange ligation. 

S'-end of the bottom is UP labded (asterisk). Single-stranded oligonudeotides (SS) are the 

same as those desuibed in Figure 3A. @) Flp-mediated strmd-exchange ligation activity. 

The reaction was done as desuibed in Materids and Methods. The reaction was stopped 

at 60 min. and the products were analyzed on an 8% denaturing polyacrylamide gel. Laue 

1 contains the labelled substrate (FS) alone. Lane 2 contains Flp and FS. Lanes 3-11 Flp, 

FS, and SS that bear only 0-8 nucleotide core sequences (no. 22, 14-21 in Table 1) 

respectively. AP represents aberrant products, resulting from cleavage by Flp on the top 

nrand of FS followed by hairpin ligation. LP and S refer to ligation products and 

substrates, respectively. 







Fig. 11-4. Intramo~ecu~ar ligation by Flp 

phospho tyrosl group. (A) Illustration of 

II-22 

on synthetic half-FRT sites containhg a 3'- 

intramolecular ligation (haïrpin ligation) of 

synthetic activated half-FXT sites. Ali substrates contain only symmetry element a 

represented by horizontal arrows and 8 nudeotide protrusions in the core region of the 

top nrand. Each substrate is 5'D3P end-labelled and contains a 3'-phosphotyrosine at the 

a deavage site. Each substrate differs in the potential for base-paulng in the loop of the 

core. Vertid lines represent basepairings in the h e i n  loop region. (B) Intramolecular 

ligation on synthetic activated haE-FRT sites. Reactions were done as described in 

Matends and Methods. Aliquots were removed at 5 min., 15 min., and 30 min. and 

ligation products were analyzed on an 8% denaturing polyaaylamide gel. The substrates 

used are indicated above the lanes. Lanes 1,8, and 15 contain substrates alone as a control. 

LP and S represent hairpin ligation products and substrates, respectively. 







CLEAVAGE-DEPENDENT LIGATION BY THE FLP 

RECOMBINASE 

Characterization of a mutant Flp protein with an alteration in a catalytic 

amino acid 

Materid presented in this chapter has appeared in Zhu, X.-D, and Sadowski,. P. D. (1995) 

]. B i d  C h .  270,23044-23054. 



1. INTRODUCTION. 

As described in Chapter I, the Flp protein is a member of the integrase family of 

site-specific recombinases whose mernbers have in common four absolutely consenred 

residues (R191, H305, R308, and Y343; Argos et al., 1986; Abremski and Hoess, 1992). 

S ~ d i e s  on Flp proteins bearing mutations at these four positions have reveded that the 

residue Y343 acts as a nucleophile to attack the DNA backbone whereas residues R191, 

H305, and R308 may be involved in activation of scissile phosphodiester bond for 

cleavage and ligation (Parsons et al., 1988, 1990; Prasad et al., 1987). To further 

understand the role of the conserved residue R308 in Flpmediated recombination, I 

examined the effect of a mutation at position 308 from arginine to lysine on steps of Flp- 

mediated recombination. 1 found that the mutant protein Flp R308K done carries out 

tram-horizontal cleavage and it is able to ligate only those substrates that it can cleave 

(cleavage-dependent ligation). I aLo showed that Flp R308K is defective in in vitro 

recombination and in Strand exchange. It is able to carry out strand exchange at the a 

cleavage site but not at the b cleavage site. These resdts, dong with the finding that Flp 

R308K is able to resolve an immobile x stnicnue (J. E. Dixon, unpublished), suggest that 

this protein may be defective in the initiation of recombination. 

2. MATERIALS AND METHODS. 

Flp preparmions. 

Wild-type Flp protein (> 90% pure) was a Se~hacryl S300 fiaction, ~urified from 

E. coli as described previously (Pan et al., 1991). Mutant Hp proteins were either partiall~ 

p d e d  (1550% pure, BioRex 70 fractions) or highly purified (> 90% pure). The highly 

purifiecl preparations were obtained &er chromatography on BioRex 70, Sephacryl S300 

and FPLC MonoS columns (Pan et al., 1991). Experiments using partially purified and 

highly punfied proteins gave idenucal results. The concentration of protein was estimateci 



111-3 

using the method of Bradford (1976). Plasmids that encoded the Flp proteins R308K, 

H305L, and Y343F were obtained fiom M. Jayaram. The F U  gene bearing the R191K 

mutation was isolated in o w  laboratory (Friesen and Sadowski, 1992). 

Synthetic substrates. 

Duplex haKFRT sites or nidced full-FRT sites were prepared by annearuig the 

appropriate oligonudeotides in 5 mM MgCl*, 100 mM NaCl as described previously (Pan 

et al., 1993a). Where appropriate, the 5' termini of oligonudeotides were either labelled 

with [y-'ZPIATP or phosphorylated with cold ATP by T4 polynucleotide kinase (New 

England Biolabs) and then annded to complementary oligonudeotides as descnbed. The 

oligonudeotide bearing a 3'-phosphotyrosine residue was synthesized at the 

Biotechnology Research Institute, Montred, Quebec, Canada, as desuibed previously 

(Pan et al., 1993a). Other oligonudeotides were synthesized by the Carbohydrate 

Research Center, Facdty of Medicine, University of Toronto. 

The oligonudeotides are listecl in Table III-1. Table III-2 summarizes the assembled 

substrates. 

Ligmion assays. 

The assays were carried out essentially as described previously (Pan and Sadowski, 

1992). Approximately 0.02 pmol of each substrate was incubated with -5 pmols Flp 

protein in a 30 pl reaction at room temperature. After 60 min. incubation, the reaction 

was stopped by addition of 7 pg of proteinase K and SDS to 0.011, and then analyted on 

an 8% denanuing polyacrylamide gel. Ligation products were quantitated using a 

Molecular Dynamics phosphorimager. 

Assay of covalent attachment of protein to DNA. 

The Flp proteins were incubated with the various substrates for 60 min as described 

above. The reactions were stopped by adding sample buffer to achieve final concentrations 
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of 10% glycerol, 3% SDS, 60 mM Tris-Cl (pH 6.8), and 5% @mercaptoethanol. The 

samples were then boiled for 5 min. and andyzed on a 15% SDSpolyacrylamide gel 

(Laemmli, 1970; Amin et al., 1991; Pan et al., lW3a). 

In vitro recombimztion arsay. 

The assay was done essentially as described by Amin et al. (1991) and Pan et al. 

( imb) .  Flp catalyzes recombination between a plasmid pLB 112-generated FRT site 

(Beatty and Sadowski, 1988) and a synthetic FRT site (FS 15, Table III-Z), producing two 

recombinant molecules with different sizes which c m  be mdyzed on a .  8% denaturing 

gel. A 100-bp EcoRI-Hindm hgment of pLB112 plasmid containing the FRT site was 3'- 

labelled using [a-'ZPIdATP and reverse transcriptase. Approximately 0.02 pmol of the 

labded fragment, and -0.10 pmol unlabelled synthetic FRT site were incubated with 5 

pmols Flp for 60 min. at room t e m p e m e  in a 3 0 4  reaction mixture containing 50 mM 

Tris-Cl (pH 7.4), 33 mM NaCl, 1 mM EDTA, and 3 pg of sonicated and denatured calf 

thymus DNA. The reactions were terminated by the adcison of 7 pg of proteinase K and 

0.01% ( d v o l )  SDS. Afier 30 min at V0C,  the samples were extracteci once with phenol- 

chlorofom and DNA was preci~itated with ethanol. Recombinant products were then 

analyzed on an 8% denaturing gel. 

Cornplmentmion assays to demonstrate defects of Flp R308K. 

Each half-site (-0.02 pmol of molecules) was preincubated with the appropriate 

mutant Flp protein (-0.03 pmol) for 15 min at room temperature in a 30-pl reaction 

mixture as previously described pan et al., 1993b) and a fivefold excess of unlabelleci haf- 

site was then added pnor to mixing of the reactions. The complementing reaction 

rnixttrres were mixed, and incubated for a further 45 min. Reactions were terminated by 

addition of 7 pg of proteinase K and 0.01% (&vol) SDS and incubated at 37°C for 30 

min. The reacrion mixtures were analyzed on an 8% denaturing polyacrylamide gel. 



Ligmion acts*vity of R3O8K depends on its ckavage ability. 

An observation was made previously that a nicked FRT site that bears a 3'- 

phosphotyrosine and a 5'-OH at the nick is an effective substnte for Flpmediated ligation 

that occun independently of strand deavage (Pan and Sadowski, 1992; Pan et al., 1993a; 

see Fig. III-1, lanes 2 and 3). This ligation assay was used to examine the ligation ability 

of various mutant Flp protek.  Flp R308K was unable to ligate this substrate (Pan et al., 

1993b). However, mdies of Serre and Jayaram (1992) revealed that Flp R308K was able 

to perform haf-site stra~d vaasfer h o s t  as well as the wild-type Flp protein, wggesting 

that R308K is proficient in ligation (see Fig. III-1, Ianes 5 and 6). In the haf-site transfer 

assay, Flp R308K musc deave the haIf site substrate before carrying out ligation, whereas, 

in our assay, no DNA cleavage step was thought to be required. 

To resolve the apparent discrepancy in the activities of Flp R308K, I employed an 

activated half-site substrate containhg a 3'-PO,-tyrosine to examine the reactivity of 

R308K using an assay that measures t r ade r  and ligation of a 5' hydroxyl suand to a 

labelled h&te (Fig. IU-1). As shown in Fig. III-1,1 found that Flp R308K exhibited less 

than 10% of the activity of wild-type Flp where the recipient substrate contained a 3'90,- 

tyrosine bearing strand (HS1). Consistent with the data of Serre and Jayaram (1992), when 

the half-site substrate contained three T residues adjacent to the Flp cleavage site (HS2), 

R308K carried out strand transfer and ligation as well as wild-type Flp. 

Since strand vansfer of submate (HS2) requires cleavage and loss of the three T 

residues (Serre and Jayaram, 1992; X.-D. Zhu, unpublished), the results suggest that the 

difference in behaviour of FIp R308K toward the two subsvares (HSI and HS2 of Fig. III- 

1) was due to the ability of the protein to deave substrate HS2 more efficiently than 

substrate HS 1. 

The Flp protein cleaves the FRT site and covalently attaches to the 3'phosphoryl 

group via tyrosine no. 343 (Gronostajski and Sadowski, 1985b; Evans et al., 1990). The 



cleavage activity of Flp proteins can be sensitively measured &g a substrate that contains 

extra Send nudeotides at the site of deavage in the FRT site. Flp efficiently deaves the 

extra nudeotides and covdently attaches to the substrate. The covalent Flp-FRT complex 

c m  be detected on a SDSpolyacry1amide gel pan et al., l993a). 

To examine the ability of FIp R308K to deave and covalently attach to nicked full- 

FRT substrates, 1 analyseci the reactions by using SDSpolyacry1;UZLide gel electrophoresis. 

Wild-type Flp protein could cleave and covalently attach to the 3'-PO, of a substrate that 

contained three extra nudeotides PSI) as effectively as it attached to a nicked full-FRT 

site bearing a 3'-phosphotyrosine at the site of the nick FS2, lanes 2 vs. 7 of Fig. III-2A). 

In contrast, Flp R308K was barely able to deave and covalently attach to the nicked fufl- 

FRT site bearing a 3'-phosphotyrosine at the site of the nick (FS2) whereas it effectively 

attached to the 3'20, of the substrate that contained extra 3'-nucleotides PSI, lanes 8 vs. 

3 of Fig. III-2A). As shown by a denaturing polyacrylamide gel (Fig. m-2B), Flp R308K 

camied out efficient ligation on the substrate PSI) that it was able to cleave. This result 

implies that the ligation activity of Flp R308K may be linked to its cleavage activity. 

Therefore, Flp R308K m e r s  from other mutant proteins nich as Flp Y343F whose 

ligation activity is to tdy  independent of its ability to cleave the FRT site (L'an and 

Sadowski, 19%). 

I also studied two other mutant Flp proteins that bear alterations in the catalytic 

teuad of conserved activesite residues in order to compare their activities with Flp 

R308K Flp H305L behaved similarly ro Flp R308K in that it could efficiently attach to 

the nicked FRT substrate bearing an extra 3-nt @SI, lane 4 of Fig. III-2A). However Flp 

R191K, a protein that deaves a full non-nicked FRT site substrate efficiendy (Friesen and 

Sadowski, 1992), deaves the extra 3-nt of the nicked Ml-FRT substrate (FSI) less 

efficiently than Flp R308K does (lane 5 of Fig. III-2A). Flp H305L and Flp R191K also fail 

to deave the 3'-phosphotyrosine of the nicked full-FRT nibsuate (FSZ, lanes 9 and 10 of 

Fig. III-2A). Unlike Flp R308K, both Flp H305L and R191K have defects in ligation 

activity ( h e s  4 and 5 of Fig. IIMB), in spite of their ability to cleave the nicked FRT site 



bearing an extra 3-nt $SI, lanû 4 and 5 of Fig. III-2A). 

R308K bas an altered deavage actzmvtty but shows a normal Zigmion am-vity. 

The results presented above show that the defect of R308K in ligation is likely due 

to its inability to cleave a substrate containing a 3'-phosphotyrosine residue and suggest 

that the cleavage pocket of R308K is different from that of wild-type Flp. To further 

understand the defea of Flp R308K, 1 examined its cleavage and ligation activities on a 

series of nidced fullsite substrates that contain extra 3'-nucleotides linked to the 

symmetry element a. Analyses using SDS polyacry1amide gels (Fig. m-3) showed that 

wild-type Flp codd form covalent intemediates with all the substrates tested. However 

Flp R308K was scarcely able to deave substrates containing one, two, three extra A 

residues or one extra T residue, but it was able to form codent-intermediates with 

substrates that have extra 3' sequences of TT, TTT, TTTC, TTTCT, and TTTCTAGA 

at the cleavage site of the bottom arand. This means that Flp R308K codd only cleave 

those substrates in which the extra nudeotides were complementary to the opposite 

arand of the core region. In addition, the obsenration that R308K does not cleave the 

substrate containing one extra T suggests that the mutant protein requires at lem two 

complementary residues to cleave the submate. 

To test the importance of base-pair complementarity for cleavage by Flp R308K, 

1 changed the wild-type core sequence to 5 '-TCTAGTTT-3 ', 3 '-AGATCAAA-5 ' , and 

examined the deavage ability of R308K on the same series of substrates. I observed that 

Flp R308K was now able to deave substrates bearing 3' termiai ofA& AAA, but not TT, 

TTT (data not shown). Because the AA or AAA termini were complementary to the top 

suand of the altered core, complementarity rather than nudeotide composition of the 3'- 

terminus was important for deavage. Again, R308K did not deave the substrate with one 

exva nucleotide A although the nudeotide A is complementary to the top strand of the 

core (data not shown). Therefore, at lest two base-pain of complementarity adjacent to 

the cleavage site in the core region are required for deavage by Flp R308K. 



I also studied the ligation of these substrates (Fig. I I I 4  Wild-type Flp codd seal 

the nick in ail substrates, and mutant R308K could seal only those substrates that it could 

cleave. Thus the ligation ability of R308K is actually as efficient as that of wild-type Flp 

and this Lsplies that the arginine residue at position 308 may not be directly involved in 

the chemisuy of the Iigation reaction. Alternatively, the lysine at position 308 may 

substitute for the arginine in the ligation reaaion. 

These assays have also been done with Flp proteins R191K and H305L to compare 

their activities with Flp R308K The defects of the R191K and H305L proteins in deavage 

are similar to that of R308K (Fig. DI-3). However, the R191K and H305L proteins failed 

to ligate efficientl~ the substrates that they were able to deave (Fig. suggeniag that 

these amino acid substitutions directly affect the Flp ligauon pocket. 

Strand exchange acrieiiry of R3U8K is n o d  m tbe a cleavdge site, but defeclt've ut the 

b cleavage s i te .  

The experiment described above showed that Flp R308K has an dtered cleavage 

activity, but that iu ligation activity was normal. Since Flp R308K was able to cleave a 

linear FRT site (Fig. III-5, lane 3), I therefore assayed the ability of Flp R308K to promote 

recombination between linear FRT sites. Flp R308K exhibiteci no recombination whereas 

recombination catalyzed by wild-type Flp was readily deteaable (lanes 5 vs. 6 of Fig. III- 

5). Thus, it was of interest to examine the strand ezrchauge activity of R308K using mode1 

substrates. I define strand exchange as the step which takes place between the cleavage of 

a FRT site and the ligation of a 5'-OH of one FRT site to the 3'-PO, group of another 

nicked FRT site. Since the ligation activity of R308K is dependent on its deavage advity, 

nrand exchange substrates were designed to require cleavage of one of the parmer 

substrates. 

As ihsuated in Fig. XII-6A, suand exdiange activity was measured at the a deavage 

site between two full-site substrates. One partner was a labelled "suicide substraten 

(Nunes-Düby et al., 1987) bearing a nick three nucleotides PTT) away from the a 



deavage site (FSII) and the other was a subsuate with a nick preusely at the a cleavage 

site (FS12). The latter ni& bore 3'QH and 5'-OH ends to prevent religation on the same 

strand. In order to examine the importance of single-strandedness of the core region, 

strand exchange ways were &O carrieci out between the suicide fullsite substrate (FS11) 

and two b half-site substrates (HS3 and HS4). The m o  half-site substrates differed in that 

one had a single-stranded core (HS3) and the other had a double-stranded core (3%). If 

Flp R308K was able to cleave the FSll subsuate, the uinucleotide, TTT, would diffuse 

away, leaving a three nucleotide gap which would prwent Iigation of the S'-OH end of 

the suicide substrate. Hence =and exchange with a S'-OH end fiom another molecule 

(FS12) would be detected as the appearance of a 48 nt product on a denaturing gel. 

In all reactions (Fig. m-6A), Flp R308K yielded a similar level of strand exchange 

producrs to wild-type Flp. This implies that the strand exchange activity of R308R is 

nearly normal at the a cleavage site. The same reactions were also carried out with the 

mutant Flp proteins R191K and H305L to compare their activities with Flp R308K. These 

two proteins failed to make strand exchange products, probably due to their deficiencies 

in ligation. 

Strand exchange ww then examined at the b cleavage site using similar substrates 

(Fig. III-6B). If the top strand of FS13 substrate was cleaved by Flp R308K, the 

tririucleotide, TCT, would diffuse away. Strand exchange would be detected as a 55 nt 

product on a denaniring gel. 

Unlike the results obtained when strand exchange at the a cleavage site was 

measured $ig. IU-6A), R308K showed defective strand exchange activity at the b cleavage 

site. When suand exchange was meanired between the two Ml-site substrats (FS13 and 

FS14, lanes 2 and 3 of Fig. IIi-6B), the level of strand exchange products was at lean: three- 

fold less than obtained with wild-type Flp (quantitated by phosphorimager analysis). 

When the a half-site subsuate (HS5) containing a double-manded core was used (lanes 4 

and 5), Flp R308K exhibited a greater than Iû-fold decrease in the level of nrand exdiange 

products compared to wild-type Flp. When the a half-site substrate (HS6) containing a 



single-stranded core was used, the strand exchange reaction was improved. Flp R308K 

exhibiteci 50% of wild-type strand exchange activity Qanes 6 and 7). This could be due to 

the presence of an exposed S'-OH end that is avdable for suand exchange. 

The observation that the single-suandedness of the core region improved strand 

exchange by Flp R308K at the b deavage site implies that the melting of the core region 

on both substrates is important for strand exchange to occur at the b cleavage site (Fig. 

III-6B, h e s  5 vs. 7) but not for strmd exchange at the a deavage site (Kg. m-6A, lanes 6 

vs. 7). This difference may be exaggerated by the difference in the base composition 

adjacent to the cleavage site (TTT at a vs. TCT at b). Furthemore, the defea of stnnd 

exchange by Flp R308K at the b deavage site may explain why Hp R308K is defective in 

recombinarion wen though it is apparently cornpetent for deavage and ligation. The fact 

that R308K shows normal suand exchange at the a cleavage site but defective svand 

exchange at the b cleavage site suggests that the Flp protein rnay use a d i f rent  

mechanism of suand exchange at a and b deavage sites. 

The data in Fig. III-1 showed that the labded a h&site with a uinucleotide (TTT) 
p p p p p p p p p p p p p - - - - - - - - - - - - - - - -  - - - - - - - 

in the core (HS2) can participate in Flp EUOSK-mediated ligation when mixed with a b 

hasite (HS3). However, I detected no intramolecular hairpin products when the same 

labelled a half-site substrate was reacted with Flp R308K done (data not shown); such 

products are produced by wild-type Flp. To further understand this discrepancy, I assayed 

strand exchange between a labelled a half-site (HSZ) and a nidced full-site substrate FS12). 

As shown in Fig. III-7, the nick of the full-site substrate @SI4 bore a 3'-OH and S'-OH 

to prevent ligation on the same strand. Cleavage and Strand exchange reactions were 

analyzed on a SDSpolyacryIamide gel and a denaniring polyacryhmide gel, respectively. 

Flp R308K promoted little strand exdiange between the cleavable a haf-site (HS2) 

and the nicked full-FRT site (FS12) (Fig. lII-7A, lanes 2 and 3). Results from the SDS- 

polyacrylamide gel revealed that the defective strand exchange acUMty of R308K was 
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likely due to its fdure to cleave the labelleci haE-FRT site. As seen in Fig. III-7B (lanes 2 

vs. 9, R308K formed few DNA-protein covalent intermediates, whereas wild-rype Flp 

formed DNA-protein covalent complexes readily. 

The inability of Flp R308K to catalyse srand exchange berareen the a hahite and 

the nicked full-site (Fig. III-TA, laaes 2 and 3) conuasted with its abiliy to promote strand 

exchange between the same a hafkite wS2) and a b haf-site (HS3) (Fig. m-1, lane 5). 

These results suggested that it might be possible to rescw cleavage and strand exchange 

activity of Flp R308K by providhg it with a parmer b half-site. Therefore, the experiment 

was repeated except an unlabded b haf-site containhg a Enucleotide prouusion on the 

bottom strand that was compIementary to the top strand of the core region of the a haf- 

site was induded in the seaction (Fig. III-8). The addition of the b half-site (HS7) bearing 

a 5-nt protnision promoted a marked stimulation of cleavage and =and exdiange (Kg. 

IIi-8A, lane 3; Fig. III-8B, lane 3). I condude that the Flp R308K protein bound to the b 

haf-site cleaved the labelled a has i te  in a tram-horizontal manner which in tum allowed 

strand exchange with the nicked full-FRT site to occur. 

To gain further evidence of tram-horizontal cleavage by Flp R308K, I analyzed 

complementation between Flp R308K and Flp Y343F. When Y343F was bound to the 

nicked Ml-site FS12 and to the half-site HS2, no deavage and strand exchange were 

detected (Fig. III-8A and 8B, lane 7). However, when the reaction was supplemented with 

the b half-site (HS7) to whidi Flp R308K had been bound, strand cleavage and strand 

exchange were stimulated markedly (lane 8 in Fig. III-8A and 8B). Since Flp Y343F la& 

the active site tyrosine needed for cleavage, Flp R308K must be providing the tyrosine 

that leads to the formation of covalent DNA-protein complexes that were seen in lane 8 

of Fig. III-8B. Thus, 1 conclude that Flp R308K executes tram-horizontal cleavage. 

R308K may be ~ e c t i v e  in am'vmion of haFsites for cleuvage. 

The above r e d t s  showed that Flp R308K seems to carry out tram-horizontd 

cleavage when presented with two haf-sites that have complementary nudeotides in the 



core region. In order to learn whether the R308K protein could &O engage in tram- 

vertical or r radagonal  deavage, 1 carried out complementation experiments using the 

Flp Y343F protein. In addition to iu cleavage-deficiency, this protein is competent for 

ligation @?an and Sadowski, 1992; Pan et al., 1993b), but is incapable of forming haf-site 

dimers (Qian et al., 1990). These dimers are formed as a result of strong protein-protein 

interactions between Flp molecules that are each bound to one halfsite and their 

formation requires cleavage of and covalent attachment of Flp to one of the half-site. 

When Hp R308K was bound to the full-site and Y343F was bound to the haIf-site, I was 

able to detect a wild-type lwel of suand exchange product (lane 4 of Fig. III-8A) and 

c o d e n t  DNA-protein complexes (lane 4 of Fig. II108B), respectively. Since Y343F is 

incompetent for cleavage, Flp R308K must be supplying the tyrosine that leads to the 

formation of covalent DNA-protein compleaes. When the position of the proteins on the 

two substrates was reversed (lane S), little cleavage and srand exchange produa was 

formed. This implies that when R308K is bound to the full-site, it is able to make tram- 

vertical or tramdiagonal interactions wifh the protein (Flp Y343F) that occupies the ha 

site which it will cleave. 

These results suggest that R308K is defective in activation of the a half-site for 

tram-vertical or tramdiagonal cleavage (Fig. I W B ,  lane 2 and Fig. I M B ,  lane 2). 

However, it can nevertheless provide the nucleophilic tyrosine in pans to the a haf-site 

that contains bound Flp Y343F Fig. III-8B, lane 4). 

40 DISCUSSION. 

(a). CZeavage-dependent Zigatzmon acticvity . 
Ushg nidced FRT substrates bearing extra 3' nudeotides, 1 have developed an assay 

to demonstrate deavagedependent ligation activity of Flp R308K. This protein was 

defective in ligation when 1 used an activated half-site substrate bearing a 3'- 

phosphotyrosine (Pan and Sadowski, 1992; Pan et al., 1993b), because the R308K protein 
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was unable to covalendy attach to this substrate. This differs £rom the case of Flp Y343F 

where ligation occurs in the absence of deavage. Therefore, it seerns that Fip proteins may 

acnially catalyse two different ligation activiries: deavage-dependent ligation and cleavage 

independent ligation. The latter activity is disrupted by a substitution of m e  at 

position 308 to lysine. 

The defect of Flp R308K in deavage-independent ligation (Pan ad., 1993b) may 

account for i u  apparent abiIity to deave the FRT site more effiaently than dd-type Flp 

(Jayaram a al., 1988; Parsons et d., 1990). Flp R191K and Flp H305L have &O been 

shown to exhibit such hyperdeavage ability (Friesen and Sadowski, 1992; Jayaram et al., 

1988; Parsons et al., 1988). Howwer, the hypercleavage activity of Flp R308K is not as 

marked as that of Flp R191K and Flp WOSL (data not shown). This may be due to the 

fact that Flp R308K can promote cleavage-dependent ligation, but Flp R191K and Flp 

H305L fail to execute both cleavage-dependent ligation and deavageindependent ligation 

pig. III-2 and 5; Pan et al., 1993b). 

(b). Strand cleizvage by R308K requires base-pair compImentan'ty in the core region. 

Our results showed that Flp R308K only cleaved those substrates whose extra 3' 

nucleotides could pair to the top strand of the core. This effect was shown to be due to 

the requirement by Flp R308K for complementarity of the top srand of the core and the 

bottom strand of extra nucleotides by an experiment in which the sequence of the core 

region was reversed (cited in Resuits; data not shown). Therefore, at least two basepairs 

of complementarity adjacent to the deavage site are required for cleavage by Flp R308K. 

This may indicate that the arginine at position 308 activates or positions the scissile 

phosphodiester bond for deavage. In fact, recent c rystal structure of Cre-DNA complex 

showed that the equivaient conserved arginine in Cre at position 292 makes a hydrogen 

bond to the oqygen atom of the scissile phosphate and is involved in forming a positively 

charged 'proton cradle" rhat facilitates the nudeophilic attack (Guo et al., 1997). E t  is 

possible that the argkilie 308 in Flp may also hydrogen bond to the oxygen atom of the 



scissile phosphate, activating the scissile bond for cleavage. 

WU-type Flp is able to cleave substrates containing complementaty or non- 

complementary nudeotide protrusions. This suggests that during molution, Flp has 

retained its ability to cleave mismatched substrates. This would enable it to carry out 

recombination of FRT sites with mutation(s) adjacent to the cleavage site. This may have 

been important in the coevolution of FRT sites and Flplike proteins (Murray et&, 1988). 

(c). Hp R308K may initiate the* strand excbunge a tbe b cleuvuge site. 

Flp R308K was unable to recombine linear FRT sites and no evidence of exchange 

of either top or bottom strands was detected on a denaturing gel (Fig. EL*). However, 

model substrates showed that the protein was able to carry out suand exchange at the a 

cleavage site as well as wild-type FIp, but failed to do so at the b cleavage site. Flp R308K 

has been shown to be able to resolve a synthetic immobile x structure as effiüently as 

wild-type Flp (J. E. Dixon, unpublished). These observations suggest that R308K may fail 

to form a HoEday intemediate, because it attempu to initiate the first strand exchange 

at the b cleavage site (see Fig. VI-1). 

On the orher hand, if the &st strand exchange had occurred at the a cleavage site, 
NpO* Kpshodd - - - - - - - - - - - - - - - - - - - - -  - - - - - - - -  

ave been able to complete mand exchange and form a Holliday 

intermediate (or x structure). Since R308K was shown to be able to resolve immobile x 
structures (J. E. Dixon, unpublished), one would have egpected R308K to resolve the 

Holliday intermediate resulting £rom the Erst =and exchange at the a cleavage site, 

producing recombinant molecules. But no recombinant products were detected with Flp 

R308K (Fig. III-5, lane 6). These observations are compatible with a model in which wild 

type Flp initiates recombination at the b cleavage site. Flp R308K is defective in 

recombination because it attempts to initiate recombination at the b cleavage site but 

nrand exchange is abortive. 



o. Trtzns-clemage. 

R d t s  from this d y  r d  that F1p R308K alone fails to exhibit tram-vertical 

or tram-diagonal cleavage between the labelled a haEsite and the nidred full-site. This 

could be due to the fact that Flp R308K fa& to activate the half-site for deavage. Such 

tradeavage could occur when the half-site contains bound Flp Y343F. Howwer, such 

hahite activation did not seem to be required for tram-horizontal deavage by Np 

R308K, because deavage of the a haIf-site could be restored by addition of the b half-site 

to the reaction Pig. III-SA and 8B). This implies that Flp R308K i d  can only carry out 

tram-horizontal cleavage but that ~anrvertiddiagonal deavage are possible in concert 

wirh Flp Y343F. 

Early results from Chen et al. (1992) seemed to favor a tramdiagonal mechanism. 

However, Lee et al. (1994) have recently provided evidence favouring ~uns-horizontal 

cleavage. Results from the present study suggest that Flp R308K can use more than one 

mode of tram cleavage. Complernentation experiments between R308K and Y343F Pig. 

III-8A and IOB, lanes 7 and 8) showed that Flp R308R executed suand cleavage in t~ans- 

horizontal marner. But cooperation wirh Flp Y343F wilf d o w  R308K to carry out trans- 

vertical or txam-diagonal cleavage. Ir is possible that wild-type Flp uses a different mode 

of deavage for the initial cleavages from that used for the final (resolution) cleavages (Qian 

and Cox, 1995). Although resolution of HoKday structures by Flp follows the crans- 

cleavage paradigm (Dixon et al., 1995), the distinction among the three modes of trrrns- 

cleavage awaits a definitive experiment. 



Table III-1. Synthetic Oligonudeotides Used in This Study 

~ u m b e r  
- 

Sequences 

5'-T~GTTCCTATTGTCTAGAAAGTATAGGAAC~CGACCT-3' (40 mer) 
5'-TTCCTAGA-TAGGAACTTCA-3 ' (22 mer) 
5 ' - A G G T C ~ t y r - 3  ' (18 mer) 
5'-CAGAGAGATCAGGTCGAAGTTCcTATA(=T-3' (29 mer) 
5'-GAGAGATCAGGTCGAAG?TCCTAWTI'-3' (28 mer) 
5 ' - G A G A G A T C A G G T C ~ G T T C C T ~ T T T - 3 '  (29 mer) 
5 ' - A G G T C G m C C T a A C A - 3 '  (19 mer) 
5'-GAGAGATCAGGTCÇAA-ACAA-3' (28 mer) 
5'-GAGAGATCAGGTCGAAGTTCC'INACAGA-3' (29 mer) 
5'-GTCQlAGTTCCTA~TCTG3' (20 mer) 
5'-AGGTCGA AGTTCCTflACTITCT-3' (23 mer) 
5'-CGAAG1TCCTATAcmCTAGA-3' (22 mer) 
5'-TCTAGAAAGTATAG~CTTCGACCTGATC-3' (30 mer) 
5'-TGAAGTTCCTATTG-3' (14 mer) 
5'-CTAGAGAATAGGUCTTCA-3 ' (19 mer) 
5 '-AGGTC-TAC-3 ' (18 mer) 
5'-TGAAGTTCCTmCTCTAGAAA-3' (22 mer) 
5'-GAGGAGTCT~AG'ITCCTATTCTCT-3' (25 mer) 
5'-AGAAGTATAGGAACTTCGA-3' (20 mer) 
5 ' - G G T C G A A G T T C C T ~ T I T C T A G A Ç B A ~ ~ A C - 3 '  (40 mer) 

The sequences of the symmeuy elements are underlined and the core sequence is 
in bold. 



Table III-2. Substrates Used in This Snidy 

Name Oligonudeotide Figure 
numbers (Table 1)' 

Half-FRT substrates 

Full-FRT substrates 

FS1 1+2+6& III-2 
FS2 1+2+3* III-2 
FS3 1+2+7* DI-3; m-4 
FS4 1+2+8* III-3; m-4 
FS5 1+2+4* III-3; n1-4 
FS6 1+2+5* III-3; m-4 
FS7 1+2+9* IlI-3; m-4 
FS8 1 +2+ IO* m-3; I I I ~  
FS9 1+2+ 11" ln-3; m-4 
FSlO 1+2+12" III-3; m-4 
FSll  1+15+6* ICI-6A 
FS12 1+2+16 III-6A; III-7; IU-8 
FS13 18*+ 19+20 III-6B 
FS14 14+ 13+20 III-6B 
FS15 1 +20 III-5 

1 The indicated oligonudeotides were annealed together as described in the 
Materials and Methods. 

P-indicates that S'-end of the oligonucleotide was phosphorylated. 

*-indicates that the oligonucleotide was S'-end labded with '9. 
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Fig. III-1, Half-site svand d e r  mediated by Flp proteins. Each half-site contains one 

FIp binding symmetry element (represented by an arrow) and a sqlesvanded core. Ha& 

sites (HSI and HS2) are 5'-end labellecl with 'ZP (asterisks) and their top stranàs are 5'- 

phosphorylated to block intramolecular hairpin ligation. The reactions were carrieci out 

with wild-type Flp and Flp R308K as describeci in Materials and Methods. The proteins 

and substrates of each reaction are shown above the lanes. After 60 min. incubation at 

room temperature with the protein as indicated, the reactions were terminated as 

descnbed in Materials and Methods, and the sarnples were analyzed on an 8% denaturing 

polyacrylamide gel. P and S represent produas and substrates respectively. 





Fig. III-2. (A) Covalent attachment of Flp proteins to nicked substrates containing either 

extra 3'-nudeotides TTT (FS1) or 3'-phosphovosine (FS2). Substrates FSI and FS2 

contain two Symmetry elements (shown by arrows) and a nick at the a deavage site. 

Substrates were %end labelleci with '9 (asterisks). Reactions were carried out as describeci 

in Materials and Methods. Products were andyzed on a 15% SDSpolyacrylamide gel. The 

substrates and proteins of each reaction are given above the lanes. Cov and S refen to 

covalent DNA-protein complexes and substrates respectively. @) Ligation activity of Flp 

proteins on the nicked nibstrate FSI. Reactions were done as descnbed in Materids and 

Methods and ligation products were analyzed on an 8% d e n a t ~ ~ g  polyacrylamide gd. 

Lane 1 contained only the subsuate (no Flp protein). Lanes 2-5 contained the substrate 

and the Flp proteins a s  shown above the lanes. LP and S refer to ligation products and 

substrates, respectively. HP is likely a hairpin product resulting from deavage of the top 

strand and ligaUon to the labded bottom suand. CL refers to the cleaved substrate which 

was incompletely digested with proteinase K. 
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Fig. III-3. (A)-@). Covalent attachment of FIp proteins to nicked substrates bearing 

various extra 3'-nucleotides. All substrates contained two symmetxy elements (arrows) and 

a nidc at the a deavage site and were 5'-end labelled with '9 (asterisks). Reactions were 

carried out as descrïbed in Materials and Methods. Flpmediated cleavage activiry was 

measured as formation of DNA-protein complexes on 15% SDSPAGE gels. The proteins 

and substrates of each reaction are Uusuated above the Ianes. Cov and S refer to covalent 

DNA-protein complexes and substrates respectively. 
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Fig. III-4. (A)-(C). Ligation aaivity of Flp proteins on nicked substrates containing 

various extra 3' nucleotides. Substrates used were the same as in Fig. III-3. Reactions were 

carried out as described in Materials and Merhob. Ligation products were analyzed on 

8% denaturing polyacrylamide gels. 
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Fig. III-S. Clavage and recombination mediated by Flp proteins. A £kgment containing 

a FRT site was generated from plasmid pLB112 (Beatty and Sadowski, 1988) by double 

restriction digestion with EcoRI and H i d .  The £ragment (100 bp) was 3'end IabeIled 

with using reverse transcriptase (indicated by asterisks). As illustrated at the top of 

the figure? the fragment contains three symmetry elements (horizontal arrows). The wavy 

lines indicate sequences derived from the veaor. Two s m d  vertical arrows indicate the 

cleavage sites on the top and bottom m d s .  Two vertical Iines refer to the cleavage sites 

of the restriction enzyme XbaI. Substrate FS15 is a synthetic FRT site, containing two 

symmetry elements as Uustrated. Flpmediated recombination was carried out between 

the pLB112-generated M e n t  and the substrate FS15 as described in Materiah and 

Methods. The reaction conditions for Flpmediated cleavage were essentially the sarne as 

that for recombination except that the substrate FS15 was omitted. Cleavage products and 

recombination products were analyzed on an 8% denaturing polyacrylarnide gel. 

Substrates and proteins are shown below and above the lanes respectively. Ra and Rb 

represent recombinant produm. CLa and CLb represent Flp-mediated products of 

deawge at symmetry elements a and b, respectively. Xa and Xb refer to cleavage products 

resulting from an XbaI restriction digest of the substrate. The numbers in parentheses 

indicate the length of produm. 
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Fig. III-6. (A) Flpmediated svand exchange at the a cleavage site. Strand exchange was 

cauried out between two full-FRT sites or between a fJ1-FRT site and a haSFRT site. 

Substrates are diagrarnrned on the top. Fuil-FRT sites $SI 1 and FS12) contained m o  

syrnmetry demenu and half-FRT sites (HS3 and HS4) contained one Flp binding 

symmetry element. Substrate FSII bore a nick on the bottom Strand three nucleotides 

away from the a deavage site. Subsvate FS12 bore a nick at the a deavage site. Substrates 

HS3 and HS4 differed in that HS3 contained a singlestranded core whereas HS4 

contained a duplex core. Subsvate FSII was S'-end labelled wifh ?P (asterisk). Reaaions 

were carried out as daribed in Materials and Methods, and strand exchange products 

were d y z e d  on an 8% denaturing polyacrylamide gel. The proteins and substrates of 

each reaction are shown above the lanes. SEP and S represent strand exchange products 

and substrates, respectively. @) Flpmediated strand exdiange at the b cleavage site. Strand 

exchange assays were carried out as described in Fig. EI-6A. Substrates are illustrated on 

the left of the Figwe. These are modeled &er those shown in Fig. XII-6A. 







Fig. III-7. Flpmediated strand exchange and cleavage between a labelled half-FRT site and 

a full-FRT site, The hdf-FRT subsvare wS2) used is the same as in Fig. III-1. The full- 

FRT substrate (HS12) used is the same in Fig. ID-6A. (A) Strand exchange activity of Flp 

proteins. Reactions were carried out as described in Materials and Methods. Aliquots were 

removed at f O min Qanes 2 and 4) and 60 min (lanes 3 and 5) and the Strand exchange 

products were andyzed on an 8% denamring polyacrylamide gel. Lane 1 contains only 

the labelleci substrate HS2. Flp proteins were added as indicated above the lanes. SEP and 

S represent strand exchange produas and substrates, respectively. @) Cleavage activity of 

Flp proteins. Substrates were the same as in Fig. Lü-7A. Cleavage activity of Flp proteins 

was monitored on a 15% SDSPAGE gel. The reactions shown here were stopped at 60 

min. Cov refers to covalent DNA-protein complexes. SEP represents strand exchange 

products. S refers to substrates. 
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Fig. III-8. In vitro complementation analysis of Flp R308K and Flp Y343F. The reacrion 

conditions were desaibed in Materi& and Methods. S m d  vemcal lines represent 

unpaireci nudeotides in the core region. Substrates HS2 and HS12 are the same as in Fig. 

III-7. Substrate HS7 is a half-FRT site containing a 5-nudeotide single-stranded core 

(indicated by 5 small vertical lines). The Flp proteins are indicated as R @p R308K), Y 

(FIp Y343F). (A) Analysis of strand exchange by complementation assays. Each substrate 

was separately incubated for 15 min at room temperature wïth the protein as uidicated. 

The substrate-protein mixtures were then combined and allowed to incubate for 45 min. 

at room temperature. The reactions were subsequently terminated with proteinase K and 

SDS as described in Materiais and Methods. The samples were then analyzed on an 8% 

denanuing polyacrylamide gel. SEP and S represent suand exchange products and 

substrates, respectively. (B) Analysis of Flp protein-DNA covalent complexes. The 

reaction were done essentially as in Fig. ID-$A. M e r  45 nin. incubation at room 

temperature, the reactions were stopped by adcihg sample buffer as describeci in Materials 

and Methods. The protein-DNA covalent complexes were then analyzed on a 15% SDS 

polyacrylamide gel. Reaaions in lanes 1 to 8 are the same as those in Fig. m8A. COV and 

S refer to covalent DNA-protein complexes and substrates, respectiveely. 
p p p p p p p p p p p p p - - - - - - - - - - - - - - - -  

- - - - - - -  



SEP 



Cov 



THE ROLE OF SINGLE-STRANDED DNA IN FLP- 

MEDIATED STRAND EXCHANGE 

Material presented in this chapter has been submitted (authorship Zhu, X.-D, and 

Sadowski,. P. D.) for publication. 



1. INTRODUCTION. 

While we have learned a considerable amount about the mechanisrns of Flp 

mediated DNA binding, bending, strand deavage, ligation, and resolution (Sadowski, 

1993, 1995; Jayaram, 1999, little is known about the mechanism of DNA strand 

exchange, the process by which two suancls are exchanged and ligated to the partner 

DNAs in the synaptic cornplex. One possible mechanism that may contribute to this 

process could be the separation of DNA strands of the 8-bp core regions of the FRT sites 

and re-establishment of base pairings in the newly made hybrid core regions. It has been 

suggested that Flp-mediated DNA bending and deavage may facilitate the process of 

separation of DNA suands in the core region (G. Pan, 1993). 

In this Chapter, I report the development of an assay to measure Flpmediated 

strand exchange that occurs independently of DNA cleavage. 1 have shown that a single 

svanded core region in the FRT site can overcome the defect in strand exchange of certain 

mutant Flp proteins that are defiâent in either bending or strand cleavage. These results 

suggest that both DNA bending and strand deavage may be required to separate the 

arands in the core region and that single-stranded DNA in the core region may play a 

role in the process of nrand exdiange by Flp. 

2. MATERIALS AND METHODS. 

Flp preparationi. 

Flp proteins were purified as described previously by Pan et al., 1991. The purity 

of wild-type Flp was > 90% whereas mutant Flp proteins were greater than 60% pure. 

Mutant proteins with purity of greater than 60% exhibit the same activity as those 

p d d  to > 90% when assayed for various steps of recornbination such as DNA binding, 

strand cleavage and covalent attachment, suand exchange and ligation. The concentration 

of Flp was estimatecl by densitometric cornparison with highly p d e d  Flp standards on 



a Coomassie Bluestaùied s o d i u m  dodecyf sulfate (SDS)-polyarcylamide gel. The Bradford 

(1976) assay was used to determine the concentration of the homogeneous Flp standards. 

Flp plasmids encoding the Flp proteins Y343F and Y343S were obtained from M. 

Jayaram. The Flp gene bearing a four amino acid insertion at position 115 (Ins115) was 

isolateci in our laboratory (Amin and Sadowski, 1989). 

Synthetic substrates. 

The full-FRT and h&FRT sites were assembled by annealing complementary 

synthetic oligonucleotides in 5 mM MgCl,, 100 mM NaCl as described under Materials 

and Methods in Chapter III. The ofigonudeotide containing a 3'-phosphoryl tyrosine was 

synthesized by R. Brousseau and C. Juby at the Biotechnology R e s e d  Znstitute, 

Montreal, Quebec, Canada, as described previously (Pan et al., 1993a). AU other 

oligonucleotides were synthesized by the Carbohydrate Research Center, Faculty of 

Medicine, University of Toronto. The sequences of the oligonucleotides forming haf- 

FRT sites and full-FRT sites are shown in Table T V 4  and the substrates are illustrated in 

Table TV-2. 

In vitro mand exchange assays. 

Strand exchange assays by Flp were done essentially as descnbed under Materids 

and Methods in Chapter III. DNA substrates (0.02 pmol) were incubated with Flp 

proteins (- 5 pmols) in 30 of binding buffer containing 50 mM Tris-HCl (pH 7.5),33 

mM NaCl, 1 mM EDTA, and 2 pg of sonicated and denatured calf thymus DNA at room 

temperature for 60 min by which time the ligation products had reached their maximal 

levels. A further hour incubation did not change the level of the reaction products. The 

reaction was stopped by the addition of 3 pl of 10% SDS and IO pg of proteinase K, 

followed by incubation at 37OC for 30 min. DNA was then extracted twice with 

phenoI/chloroform, preupitated with ethanol, and redissolved in 10 m M  Tris-HC1 buffer 

(pH 7.5) containing 1 mM EDTA. The strand exchange products were analyzed on an 8% 
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denanuing polyacrylamide gel and quantitated using a Molecular Dynamics 

PhosphorIrnager. Each experiment was repeated 2-4 times with similar results. 

M w n t  Hp proteins are defectz*ve in strand exchange. 

To examine whether the ability of Flp proteins to induce DNA type II bending and 

to execute DNA cleavage was correlated with its ability to catalyze strand exchange, 1 

carried out suand exdiange ways with wild-type Flp and mutant Flp proteins that are 

defeaive in DNA type II bending and Strand deavage. As diagrammed in Fig. IV-la, 

assays were carried out between wo full-FRT sites, one being the DNA acceptor 

containing a 3'-phosphotyrosine and the other being the DNA donor. The two substrates 

were designed such that they both contained a nick at the Flp deavage site adjacent to 

symmetry element a. The nick of the DNA acceptor contained the 3'phosphotyrosine 

that was competent for ligation and a %PO, group that would inhibit intramolecular 

ligation on the same strand, thus allowing only intermolecular strand exchange and 

ligation to occur. The ni& of the DNA donor bore a 3'-OH and a S'-OH. The S'-OH at 

the nick semed as a nudeophile for intemolecular strand exchange Iigation, but 

intramoledar ligation of the donor DNA could not occur due to the absence of a leaving 

group on the 3'-OH. Therefore, these DNA substrates dowed us to meanire =and 

exchange by Flp proteins speci£ically. If Flp proteins were capable of canying out strand 

exchange between the DNA acceptor and the DNA donor, the 9-labeled suand 

exchange products that were 40 nt in length would be detected on a denaturing 

polyacxylamide gel. 

As shown in Fig. TV-lb, assays were carrieci out with dd-type Flp, as well as three 

mutant Flp proteins, Flp Insl 15, Y343S, and Y343S (Table TV-3). Flp InsllS is competent 

for strand deavage but is deficient in DNA type Il bendlig (Amin and Sadowski, 1989), 
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whereas Flp Y343F is deficient in svand cleavage but competent for DNA type II benduig 

(Pm et al., 1993b). Flp Y343S is defiaent in both stnnd deavage and DNA type II 

ben- (Schwartz and Sadowski, 1989, 1990). All proteins were competent for 

intramolecular suand ligaüon as arsayed by hairpin substrates and linear nicked substrates 

containhg a S'-OH and a 3'-phosphotyrosyl group at the nick (Pau et al., 1993b; X.-D. 

Zhu, unpublished results). As shown in Fig. IV-lb, wild-type Flp was able to promote 

strand exchange, converting about 19.0% of substnte to strand exchange products Qane 

4; Table IV4), whereas both Flp Insll5 and Flp Y343F exhibited reduced stmnd -change 

activity, converthg les than 3% of substrate to products Qanes 6 and 8; Table IV-4). No 

=and exchange product was detected with FIp Y343S Oane IO; Table IV-4). These r d t s  

suggest that the abiIities of Flp proteins ro induce DNA type II bending and to carry out 

nrand cleavage are 

mutant proteins are 

and deavage. 

crucial for strasld exchange. Altematively, it is possible that these 

defective in strand exchange independent of their defects in bending 

A single-strandèd core region in the DNA acceptor substrates mitfgates the defects of 

mutant Flp proteins in strand exchange. 

If DNA type II bending and strand cleavage play a role in separation of DNA 

strands of the core region and facilitate strand exchange, then the defects in srrand 

exchange resulting from the inabilities of mutant Flp proteins either to induce DNA 

bending (Ins115) or to execute strand cleavage and covalent attachment (Y343F)or both 

(Y343S) might be nippressed by providing substrates contauiing single-stranded core 

regions. To test this hypothesis, I carried out =and exchange assays between the DNA 

acceptor (AI) containing a singlestmnded core region and the DNA donor (D) containing 

a duplex core region as illustrateci in Fig. IV-2a. The DNA donor D was the same as that 

diagramrned in Fig. IV-1. However, the DNA acceptor Al differed from the DNA 

acceptor A shown in Fig. IV-1 in that Al had an 8-nt single-stranded core region whereas 

the acceptor A had an 8-bp duplex core region. 



IV-6 

As shown in Fig. N-2by when the DNA acceptor in the reaction contained an 8-nt 

single-stranded core region, the level of strand exdiange products made by wild-type Flp 

was increased by about 2-fold compared to that when the DNA acceptor containing a 

duplex core region was used Fig. W2b, lane 3 vs Fig. IV-lb, lane 4); approximately 37.1% 

of the subsvate was converceci to prodwts Fable IV-4). More importandy, the single 

stranded core region of the acceptor AI stimulated strand exchange reactïons by Flp 

hl15 and Flp Y343F by over 10-foId (Fig. IV-2b, lanes 4 and 5 vs. Fig. N-lb, lanes 6 and 

8). As summarized in Table IV-4, approximately Z.5% of the substrate was converted to 

products by Flp h l 1 5  whereas about 15.0% of the substrate was converted to products 

by Flp Y343F. Furrhermore, when the core region of the acceptor was single-suanded, 

Flp Y343S was also able to convert about 4.9% of the substrate into =and exchange 

products (Fig. IV-2b, lane 6; Table TV-4). These resulu show that defects of mutant Flp 

proteins in strand exchange accompauied by th& inabilities either to form DNA type II 

bend, or to execute =and deavage, or both, cm be overcome by the presence of the 

single-suanded core region of the DNA acceptor. This suggests that a single-stranded core 

region of the DNA acceptor might be involved in Flp-rnediated DNA recombination. 

A single-mcfnded cme region in the DNA donor also overcomes the d$ects of mutant Hp 

proteins in sri.and exchange. 

Since a single-stranded core region of the acceptor facilitated strand exdiange by 

Flp proteins, it was of interest to Livestigate whether a single-stranded core region of the 

DNA donor had a similar effect on strand exchange. To answer this question, 1 camed 

out strand e d a n g e  assays berneen an acceptor DNA containing a M-FRT site and a 

donor DNA containing a haf-FRT site $ig. IV-3a). The latter substrate enabled us to 

make single-stranded DNA in the S'-OH terminus of the core region independent of 

cleavage of the donor DNA. As cartooned in Fig. W3ay the DNA donon DI and D5 

differed in that DI contained an 8-nudeot.de provusion of the core region with a 5'-OH, 

whereas the donor D5 contained an 8-bp duplex core region with a S'-OH. The DNA 



acceptor was the same as that describeci in Fig. Wl, bearing a nidr at the cleavage site 

adjacent to the element a. The ni& contained a 3'-phosphotyrosine and a s'-PO,. As 

shown in Fig. W3b, when the ha-FRT site donor DNA with an 8-nudeotide p r o d o n  

was used in the reaction, dd- type  Flp and mutant Flp proteins produced similar leveis 

of strand exchange producu, converthg about 26.0% (wild-type Flp), 22.1% (h115), 

18.2% (Y343F), and 18.1% (Y343S) of the substrates to products Pig. IV-3 b, lanes 3,6,9,  

12; Table IV-4). However, when the core region of donor DNA was rendered double- 

stranded, the levd of strand exchange products decreased, by approximately 3.6fold for 

wild-type Flp, 5.2-fold for InsIlS, 8 .lfold for Y343F, and 36-fold for Y343S (Fig. IV-3b, 

lanes 4,7, IO, 13; Table IV-4). These results demonstrate that a single-suanded core region 

of donor DNA had a similar effea on strand -change to a single-stranded core of 

acceptor DNA did, overcoming the defects of mutant Flp proteins in strand exchange. 

D4ects of mutant Hp proteins in smnd exchange cun be overcome by the core region 

contuirting a 3-nucleotide protmion. 

To investigate the minimum degree of singlestranded DNA in the core region 

required for strand exchange, assays were £irst carrieci out benveen a full-FRT site acceptor 

DNA and a half-FRT site donor DNA containing various degrees of single-suanded core 

region as diagrammecl in Fig. IV-4a. Alrhough a complete 8-nt single-stranded donor core 

penaitted strand exchange by mutant Flp p r o t h ,  it was not essentid. As shown in Fig. 

IWb,  a donor core containhg only a 3-nucleotide protrusion was dso able to stimulate 

suand exchange by mutant Flp proteins to a similar level to that achieved with the 8-nt 

donor core Qanes 6,11,17 vs. lanes 3,8,  14). Similar results were &O obtained by wild- 

type Flp (data not shown). 

Unlike murant proteins h l 1 5  and Y343F, the mutant protein Flp Y343S seemed 

to use the donor DNA (û4) containing a 3-nt single-stranded protrusion more efficiendy 

than the donor DNA (D3) containing a 4-nt single-suanded protrusion Pig. Sb, lane 17 

vs. lane 16). It is not clear why Flp Y343S behaves differently fiom mutant proteins 
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Insi15 and Y343F. 

S d a r  experiments were afso carrieci out to mamine rhe requirement of single- 

stmnded DNA in the core region of the acceptor to allow strand archange by mutant Np 

protek. As shown in Fig. IV-5, the acceptor core containing 3-nt single-stranded DNA 

also overcame defects of mutant Flp proteins in m d  exchange. These r d t s  suggest 

that DNA n r d  of the core region might be at lest  parrially separated during strand 

exchange. 

Saand exchange is greatly seimulmed wben both donor and acceptor contuin a single- 

mandèd core region. 

Since a single-stranded core region in either the donor or the acceptor DNA was 

able to stimulate svand exchange by Flp proteins, it was of interest to know whether the 

presence of single-stranded core regions in both the donor and the acceptor DNA would 

maxbize strand exchange. 1 found that strand exchange reactions by Flp proteins were 

greatly sthulated when both donor and acceptor DNA contained a single-stranded core 

$ig. IV-6). Wild-type Flp as well as mutant Flp proteins were able to convert 

approximately 70% of substrates to products Fable TV-4). This exceeded the sum of levels 

of products when either the donor or the acceptor core was singlôstranded. These results 

strongly niggest that the single-stranded core region plays an important role in nrand 

exchange. Furthemore, the fact that mutant Flp proteins that are defective in either 

cleavage or type II bending or both can cany out efficient strand exchange in the presence 

of the single-svanded core region in both the donor and the acceptor DNA indicates that 

Flpmediated type II bending and cleavage activities may play an important role in 

separating the core sequence of DNA prior to strand exchange. 

These results are not simply attributable to intermolecular strand ligation 

facilitated by basepairing between the single~traflded core regions of donor and acceptor 

DNA since the levels of stra~~d exchange exceed those obtained between the acceptor A l  

and a single-stranded donor DNA that la& a Flp binding symmetry element b (data not 
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shown, Zhu et al., 1995). These r d t s  imply that Flp bound to the duplex substrate DI 

brings it into a synaptic complex and therefore enhances the reaction. 

A single-stran&d core region d o  plays a mcicz2 role in c2euvage-dependent s m d  

enchange &y the mutant potein Hp Iizs115. 

The experiments described so far have used activateci substrates containing a 3'- 

phosphotyrosine leaving group. These substrates do not require the covalent attachment 

of Flp to the 3'-phosphoryl group in order to carry out strand exchange and ligation. It 

was of interest to know whether single-stranded DNA might &O play a role in a suand- 

exchange reaction where DNA substrates need to be cleaved (cleavage-dependent suand 

exdiange). To answer this question, 1 carried out suand exchange assays by Flp Ins11S 

between the nicked DNA donor D and a "suicide subsuaten @mes-Duby et al., 1987). 

Flp InsllS, Iike wild-type Flp, is able to cleave and attach covalently to the linear 

FRT site but fails to carry out strand exchange between nvo linear FRT sites as well as 

berneen a linear FRT site and the nicked DNA donor D shown in Fig. IV-1 (Amin and 

Sadowski, 1989; A. C. Shaikh and X.-D. Zhu, unpublished results). I wished to know 

whether single-stranded DNA might overcome the defect of this mutant protein in a 
p p p p p p p p p p p p p - - - - - - - - - - - - - - -  

- - - - - - - - 

cleavage-dependent strand exchange reaction. As shown in Fig. IV-7a, suicide substrates 

enabled us to couple single-stranded DNA with Flp-mediateci strand deavage and covalent 

attachment. Suicide substrates Su-1, Su-2, and Su-3 contain a nick on the bottom strand 

of the core region, three, four and five nucleotides away from the a deavage site, 

respectively. Upon Flpmediated cleavage and covalent attachment, a single-stranded 

region containing 3,4, and 5 nudeotides will be generated in the core region of Su-1, Su-2, 

and Su-3, respectively (Fig. W7a). As shown in Fig. I W b ,  Flp hl15 was able to execute 

srand exchange between suicide substrates and the donor D @mes 3, 6, and 9). These 

results suggest that singlestranded DNA &O plays an important role in the arand 

exchange reaction where strand deavage is required. Flp h l 1 5  was able to use the suicide 

substrates Su-3 and Su-2 for strand exchange more efficiently than the subsuate Su-î (Fig. 



W7b, lanes 6 and 9 vs. lane 3), indicatkig that the amount of single-stranded DNA in the 

core region of the FRT site may also be crucial for strand exchange. Consistent with the 

data obtained in Fig. IV-4 and 6, a 3-nt sing1estranded DNA in the core was also able to 

suppress the defect of Flp hl15 in strand exchange where strand deavage is required. 

Wild tppe Flp was able to cany out strand exchange and ligation readily regardles of 

whether the suicide substrates contained a ni& 3,4, or Sont away fiom the a d e q e  site 

(Fig. I W b ,  lanes 2, 5, and 8). These r d t s  are also consistent with the data obtained 

when 3'-phosphotyrosine containing substrates that bore 3, 4, or 5-nt single-svanded 

DNA in the core region were used in strand exchange reactions by wild-type Flp (data not 

shown) . 

4. DISCUSSION. 

Although single-stranded DNA is known to play an important role in homologous 

recombination, litde is known about the role of singlesuanded DNA in site-speafic 

recombination (Camerini-Otero and Hsieh, 1995; Kowalaykowski and Eggleston, 1994). 

The studies presented in this paper have addressed the importance of single-stranded DNA 

in strand exchange by Flp, a conservative sitespecific recombinase. 1 show that single- 

svanded DNA in the core region of the FRT site plays an important role in strand 

exchange either dependent or independent of Flpmediated strand cleavage and covalent 

attachment. Defecu in strand exchange exhibited by certain mutant Flp proteins can be 

overcome by providing DNA substrates containing single-stranded core regions. 

It has been previously shown that Flp is able to carry out strand ligation 

independendy of its ability to execute suand cleavage pan  and Sadowski, 1992). Using 

activated FRT substrates bearing a 3'-phosphotyrosine group, 1 have developed an assay 

to monitor specifically the strand exchange activiry of Flp proteins. While wild-type Flp 

could catalyze strand exchange, the mutant Flp proteins, Insll5, Y343F, and Y343S were 

impaired in their abilities to cany out suand exchange when FRT substrates contained 



duplex core sequences (Fig. IV-1). 

Cleavage is required for strand exchange in order to generate a free 5'-OH end that 

can attack a phosphotyrosyl bond in a partner DNA that is similady deaved. 1 propose 

that Flp-mediated deavage and covalent attachment may induce a conformational change 

in the protein-DNA complex that leads to the separation of the strands in the core region 

to promote strand exchange. Alrhough Flp Y343F is inactive in strand cleavage because 

it lacks the catalytic tyrosine residue, it is able to carry out svand ligation if both a free 

5'-OH end and a 3'-tyrosyl end are provided (Pan and Sadowski, 1992). Howwer, as 

shown in this paper Flp Y343F is unable to carry out efficient mand exchange even if 

both a free S'-OH and a 3'-tyrosyl end are provided. It is possible that the inability of this 

mutant protein to attach covdently to DNA and to alter the DNA conformation may 

impair its ability to carry out strand exchange. 

It has been shown that pnor to synapsis, binding of m o  Flp molecules to the 

symmetry elements flanking the core sequence induces a severe bend (> 144") in the 

DNA (Schwartz and Sadowski, 1989, 1990). As a result of this DNA bend, it is possible 

that the strands of the core region might be separated and this might facilitate suand 

exchange (G. Pan, 1993). hs115, which has been shown to be defective in inducing the 

type II bend in DNA (Amin and Sadowski, 1989; Schwartz and Sadowski, 1990) would 

not be able to separate the nrands in the core region. I suggest that the inability to induce 

a bend may be the reason that Flp Insll5 is incapable of carrying out Strand exchange. 

Since Flp Insi15 is able to promote strand cleavage and covalent attachent but 

not DNA bending and Flp Y343F is able to promote DNA bending but not DNA 

cleavage and covalent attachment, it is likely that either DNA bending or deavage and 

covalent attachment alone may not be d u e n t  to separate the suands of the duplex core 

region in the FRT site that is required for srand exchange by Flp. For the Y343S protein, 

the defects in strand exchange may be a composite of its inability to induce a bend in the 

DNA and its inability to deave and covdently attach to the DNA. 

Using substrates containing a single-stranded core, 1 first demonstrated that defects 



in svand exchange exhibited by mutant Np proteins can be partially overcome by the 

presence of a single-straaded core region of one partner DNA. The presence of single- 

stranded core regions in both parnier DNAs allowed the mutant Flp proteins to achieve 

the lwels of strand exchange observed for dd-type Flp. This suggests that denaturation 

of the duplex core region might ocau during Flpmediated recombination. Previous 

attempts to detect single-stranded DNA in the core region by chernid probing were 

uasuccessful, possibly due to limitations in the techniques used @ni+ a al., 1992). In 

Chapter V, I have shown that FIp exhibits an invinsic single-strand-spdc DNA-binding 

activity, dbeit that the single-strand DNA differ fiom the FRT site in sequence. It is still 

possible that this specific singiestranded DNA-binding activity of Flp may play a role in 

facilitating srand exdiange. 

A 3-nt singlestraaded region in the core immediately adjacent to the cleavage site 

was d c i e n t  to permit the mutant Flp proteins to engage in maad exchange. This 

suggests that the core region of the FRT site may be only paftially separated during strand 

exchange. A partially single-stranded core is &O consistent with the hdings that only a 

limited amount of b d  migration is required for the resolution of a Holliday junction 

as well as the 3-nt swappiag mode1 (Dixon and Sadowski, 1994; Dkon et ai., 1995; Lee and 

Jayaram, 1995; Nunes-Düby et al., 1995). F d e r  evidence supporting this idea that the 

core region may be partially separated during srand exchange was presented by Guo et 

al. (1997) who solved the crystal structure of a synaptic complex of the Cre recombinase 

covalently attached to its target DNA sequence. They showed that upon cleavage of the 

DNA target by Cre, 3-nt single-mded segments toward the core side of the deavage site 

were released. Since like Flp, Cre is also a member of the integrase family of site-specific 

recombinases, it is likely that the single-stranded DNA in the core region plays an 

important role in strand exchange catalyzed by these enzymes. 



Table TV-1. Synthetic Oligonudeotides Used in This Study. 

- - - 

Name Sequences (5' to 3') 
- - 

T ~ G T T C C T A T T C T C ~ ~ ~ A C C T ,  (40 mer) 

(22 mer) 
A G G T C G A q G T T C C T W  tyr, (18 mer) 
AGGTCGABGTTCCTTBC, (18 mer) 

CjqATAGGAACTTBL (14 mer) 
T i ,  (14 mer) 
GAGGAGTCTGAAGTTCCTATCTCT, (25 mer) 

G T 5  (19 mer) 
T l ,  (19 mer) 
T ~ G T T C C ~ T C T C ~  (22 mer) 

w (19 mer) 
GAGAGATCAGGTC@LGTTCCTATBLTTT, (29 mer) 

rn (18 mer) 
G T C C ,  (20 mer) 

IVIIAGAATAGGAACTTC11.IVIIAGAATAGGAACTTC11.IVIIAGAATAGGAACTTC11.------------ 
- - - - - - - 

@7-mer) - - 

AGGTCW-ACrTTCT, (23 mer) 

The underlined sequence represents the FRT site. The sequence of the symmetry 
elements is shown in italics and the core sequence is in bold. Where appropriate, 
oligonucleotides 2,5, 11 were phosphorylated at their S-ends using T4 polynudeotide 
kinase (New England Biolabs) and cold ATP to give oligonucleotides 2', S', and 11'. 



Table IV2 Synthetic Substrates Used in This Study. 

Oligonuleotide 
number (Table IV-1)' 

Fig. 

Acceptors 
A 
A l  
A2 

Suicide substrates 
Su-1 
Su02 
Su-3 

' The indicated oligonucleotides were annealed together as described under "Materias and 
Merhods". 
The asterisk indiates that the 5' end of the oligonucleotide was labeled with y-32P using 
T4 polynudeotide kinase. 



Table TV-3. Properties of Flp proteins. 

F ~ P  DNA DNA rppe II Cleavage Ligation Recombination 

a " + " means the activity is equivalent to that displayed by wt-Flp. "an: defective. 
h115: a four amino acid insertion at position 115 (Amin and Sadowski, 1989) 
Y343F: tyrosine at position 343 is replaced with phen~lalanine @asad et al., 1987; Pan 

et al., 1993b). 
Y343S: tyrosine at position 343 is replaced with serine @?rasad et al., 1987; Schwartz and 

Sadowski, 1989). 



Table IV-4. Summary of strand exchange by Flp proteins. 

Percentage of substrates converted to productsa 
Su bstrates 

wt-Flp k i s l l ~ ~  Y343F y343sd 

': the percentage of substrate converted to strand exchange product was determined by 
Phuspharknager andysis as described =der "Materials and Me&&". Th numbers 
represent the means of two determinations; raw numben are in brackets. 

b* *: the properties of mutant Flp proteins are given in Table IV-3. 



Fig. IV-1. Suand exchange assays between two nicked full-FRT sites, the acceptor DNA 

(A) and the donor DNA (D). (a). Diagram of substrates and products of strand exchange 

assays. Both the DNA acceptor and the donor contain two Flp binding Symmetry 

elements a and b flanking a duplex core region as well as a nick at the cleavage site 

adjacent to element a. The ni& of the DNA acceptor bears a 3'-phosphotyrosine group 

and a s'-PO, group. The S'-Po, group at the nick prevents ligation on the same DNA 

Strand whereas the 3'-phosphotyrosine group is avdable for ligation of an incoming 

strand. The DNA donor contains both 5'- and 3'-OH groups at its ni&. The 5'-OH at the 

ni& semes as a nudeophile for intermolecular ligation. The phosphotyrosine-containing 

strand of the DNA acceptor was S'-end labeled by 'ZP (asterisk). If Flpmediated strand 

exchange takes place, a labeled DNA product 40-nt in length wiU be formed and detected 

on an 8% denaturing polyacrylamide gel. In this and subsequent figures, horizontal arrows 

represent Flp binding elements and the open boxes refer to 8-bp duplex core regions. (b). 

Analysis of strand exchange by wild-type Flp and mutant Flp proteins Insll5, Y343F, and 

Y343S. The reactïons shown here and in subsequent figures were done as described under 

"Materiah and Methods". Flp proteins were incubated with acceptor and donor DNA 

substrates at room temperature for 60 min. Strand exchange products were analyzed on 
- p p p p p p p p p p p p - - - - - - - - - - - - - - - - - -  

- - - - - -  

an 8% denaturing polyacflylamide gel. The contents of each reaction were shown above 

the lanes. The smd amount of product in fanes 3,5,7, and 9 provides a measure of the 

amount of the oligonudeotide that escaped phosphorylation by T4 polynudeotide kinase. 

In this and subsequent figures, SEP represents suand exchange products and S refers to 

the 32P-labelled oligonucleotides. 
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Fig. IV-2. (a). A schematic diagram of strand exchange between the nicked DNA donor 

and the DNA acceptor containing a single-svanded core region. Both donor and acceptor 

DNA contained two Flp binding elements (a and b). The nicked DNA donor D was 

desnibed in Fig. IV-1. U&e the DNA acceptor A in Fig. Wl which had an 8-bp duplex 

core, the acceptor Al  contaiaed an 8-nudeotide singlestraaded core region. @). Analysis 

of strand exchange by Flp proteins. AB represents aberrant produas resulting fiom 

ligation of the top suand of the DNA acceptor to the phosphotyrosine-containing 

oligonudeotide by Flp proteins. HP represents hairpin products resulting from ligation 

of the top cleaved strand of the DNA acceptor to the phosphotyrosinecontaining 

oligonucleotide by Flp Insî 15. 
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Fig. IV-3. (a). A schematic diagram of strand exchange between the nicked DNA acceptor 

and ha-FRT site donon. The two half-FRT site donon containeci only element b and 

differed from each other in that one had an &nt protnrsioc (DI) and the other had an 8-bp 

duplex core (Ils). The 5'-OH groups of the bottom strands of the DNA donon served  as 

nudeophiles for ligation following suand exchange. The DNA acceptor A was described 

in Fig. TV-1. (b). Analysis of scrand exchange by Flp proteins. The s m d  amount of 

produa in lanes 2,5,8,  and 11 provides a measure of the arnomt of the oligonudeotide 

that escaped phosphorylation by T4 polynucleotide b a s e .  
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Fig. IV-4. A schematic representation of suand exdiange between the nicked full-FRT 

acceptor and a series of haK-FRT donor DNAs containing various amounts of single- 

stranded DNA in the core region. The DNA acceptor A and DNA donors Dl  and D5 

were describeci in Fig. IV-1. The DNA donoa (Il2 to D4) are sites containing 

only the element b and the core sequence. D2, D3, and D4 had 5, 4, and 3 unpaired 

nucleotides in the bottom suand of the core region, respectively. Short vertical luies in 

the core region represent the unpated nudeotides, whereas long vertical lines in the core 

represent the base-paired nudeotides. (b). Analysis of strand exchange products made by 

mutant Flp proteins. The smd amount of product in lmes 57, and 13 is an indication 

of incomplete phosphorylation by T4 polynucleotide kinase. 
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Fig. IV-S. (a). A representation of strand exchange bemeen the nidced DNA donor and 

the DNA acceptor containhg a 3-nt single-stranded region in the core adjacent to the 

deavage site in the core. Both acceptor and donor DNA contained two Flp binding 

elements flanking the core sequence. The DNA donor D and acceptor A were describeci 

in Fig. IV-1. Short vertical lines in the core region represent the unpaireci oligonucleotides, 

whereas long vertical lines in the core represent base-paired nudeotides. The DNA 

acceptors A2 and A were s'-end labeled with 3P on the bottom strand as indicated by an 

asterisk. (b). Analysis of suand exchange produas made by mutant Flp proteins. The 

s m d  amount of produa in lanes 1, 4, and 7 is an indication of incomplete 

phosphorylation by T4 polynucleotide kinase. 
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Fig. IV-6. (a). A rqresentation of strand exchange between a full-FRT DNA acceptor and 

the haKFRT DNA donor. Acceptor DNA (Al) and donor DNA (Dl) were describeci in 

Fig. lV-2 and Fig. IV-3 respectively, both containing an &nt single-mded core sequence. 

(b). Analysis of strand exchange by Flp proteins. The substrates and protein are indicated 

above each lane. 
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Fig. IV-7. (a). A schematic representation of suand exchange berneen the suicide 

substrates and the nicked full-FRT DNA donor. Suicide substrats Su-1, Su-2, and Su-3 

contairieci a ni& on the bottom m d  three, four, and five nudeoudes away from the a 

cleavage site, respectively. After Flp-mediated strand cleavage and covalent attachent, 

the short oligonucleotides will diffuse away and generate various amounts of single- 

stranded DNA in the core region of the FRT site. Therefore, the assay specificdy 

measures deavage-dependent strand exdiange and ligation. The suicide substrates were 

S a d  labeled with 3!I? on the bottom suand as indicated by the asterisk. (b). Analysis of 

cleavagedependent strand exchange and ligation by Flp proteins. The substrates and 

protein are indicated above each lane. 
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SELECTION OF SPECIFIC SINGLE-STRANDED DNA 

SEQUENCES BY Flp, A DUPLEX-SPECIFIC 

DNA-BINDING PROTEIN. 

Materid presented in this chapter has been submitted (authorship Zhu, X.-D, and 

Sadowski,. P. D.) for publication. 



1. INTRODUCTION. 

Flp is known to bind double-stranded DNA in a sequence-spe&c manner, but 

whether it is able to bind singlestranded DNA was not investigated in the pas. Ushg the 

in vitro binding Ute-seldon method descnibed in this Chapter, I discovered that Flp &O 

possesses a sequeace-specific single-stranded DNA binding activity. Flp recognizes single 

stranded oligonucleotides that m e r  in sequences fiom the duplex FRT site. 1 have 

demonsuateci that this single-strand-spe&c DNA-binding activity is attributable to Flp 

and is located in the COOH-terminal domain (32kDa) of Flp where the double-stranded 

DNA-binding activity of Flp also resides. Using synthetic oligonucleotides containing 

nudeotide deletiom, 1 have been able to define a 29-nt sequence of single-stranded DNA 

required for the binding of Flp. 1 have also carried out chernical interference studies and 

shown that Flp interacts with essentially every nucleotide in its target sequence. 

2. METHODS AND MATERIALS. 

Wild-type Flp and mutant FIp proteins were purifieci to > 90% purity as described 

previously by Pan et al., 1991. Histidine-tagged fusion peptides of P l 3  and P32 were 

purified on Ni-NTA columns as described by A. Shaikh (1997) and were the generous gift 

of A. Shaikh. The concentration of protein was estimated using the method of Bradford 

(1976). The plasmids that encoded the Flp proteins R308& H305L, and Y M S  were 

obtained from M. Jayararn. The Flp gene bearing the R191K mutation was isolated in our 

laboratory (Friesen and Sadowski, 1992). 

Syntheric substrates. 

Oligonucleotides were synthesized by the Biotedinology Service Centre, 

University of Toronto. DNA substrates containhg duplex regions were prepared by 



annealing the appropriate oligonucleotides in 5 mM MgCl,, 100 mM NaCl as described 

un&r Materials and Methods in Chapter III. A ten-fold errcess of unlabeled over labeled 

oligonudeotides was used in the annealing reactions. Where appropriate, the 5' termini 

of oligonucleotides were labeled with [y-3ZP)ATP using T4 polynudeotide kinase (New 

England Biolabs). The sequences of the oligonudeotides used in this study are listed in 

Table VI-1. 

In vitro transcription und tramhtz'on assays. 

The in vitro expression of Flp was achieved by using Promega TNTR T7 coupled 

reticulocyte lysate system. Approximately 2 pg of a supercoiled plasmid DNA pLD3 (Pan 

et al., 1991), which contains the Flp gene under the control of the T7 promoter, was used 

as a template with 40 pCi of 3SSmethionine (1000 Ci/mmol) in 50 pl of a reticulocyte 

lysate. As a control, the in vicro transcription and translation assays were also carried out 

using the plasmid pAR3038 that has the same transcriptional promoter and terminator 

as pLD3 but la& the Flp gene (Studier et al., 1990). The translation mixtures were used 

immediately for DNA binding and DNA recombination assays (see below). 

DNA binding ussuys. 

A radiolabelled DNA probe (0.02 pmol) was incubated with protein in 30 pL of 

binding buffer (50 mM TN-HC1 (pH 7.5), 33 mM NaCl, 1 mM EDTA) containing 2 pg 

of sonicated and denatured caKthym~ DNA (CT DNA). When competition experiments 

were performed, an additional excess of the specific DNA cornpetitor was also added to 

the reactions. After 25 min at room temperature, the reaction mixture was loaded onto 

an 8% nondenaturing polyacrylamide gel. The amount of the Flp protein used in each 

reaction was approximately 5.8 pmols, whereas the amount of Flp peptides (Pl3 and P32) 

and the Cre protein used was varied as aated in the figure legends. For the competition 

experiments, the results were quantitateci using a Molecular Dynamics PhosphorIrnager. 



When DNA-binding assays were performed using the in vitro transcription- 

translation mixtures, 20 pl or 30 pl of the translation mixture were combined with 0.02 

pmol of the radiolabelleci DNA probe in 40 pl of binding buffer (50 mM Tris-HC1 (pH 

7.5), 33 mM NaCl, 1 mM EDTA) containing 2 pg of CT DNA and 240 pmol of non- 

speczc single-s~anded oligonudeotide DNA [SAD3499 (43-mer), 

TAGGGCCCATGGGGCAATTTGATATATTATGTWCACCACC]. 

In vitro binding-site-seleciion. 

The in vitro binding site-selection was carried out essentially as described by 

Blackwd and Weintraub (1990). An oligonudeotide mixture, which contained an 18-nt 

random region flanked on either side by 19 nt of nonrandom sequence [S- 

TCGACTCGAGTCGACATCG(N18)GGATCCTGCAGAATTCGCGY], was 

rendered double-suanded by incubation with the glenow fra%ment of DNA polymerase 

1. The reaction contained a primer (Pl) that was complementary to the 3' nonrandom 

sequence [S-CGCGAATTCTGCAGGATCG3'I four deoxy~~ucleoside triphosphates 

(0.67 mM dCTP, 0.67 mM dGTP, 0.67 mM dTTP, 1.33 pM ÇLATP), and 100 pCi [a- 

32P]dATP. The double-manded DNA was purifed by electrophoresis on a 12% 

nondenaturing polyacrylamide gel, and eluted from the gel using the "crush and soak" 

method (Sambrook et al., 1989). Approximately 0.02 pmol of eluted DNA was then 

incubated with 5.8 pmols of Flp in 30 pl of binding buffer (50 mM Tris-HC1 (pH 7.5),33 

mM NaCl, 1 mM EDTA) containing 4 pg of poly (dIdC). Aber 25 min at room 

temperature, the reaction mixnue was nxn on an 8% nondenaturing polyacrylarnide gel 

at 4OC for 4.5 hrs at 220 volts. The gel was dried and exposed to X-ray film ovemight at 

room temperame with an intensifying screen. In each round of the seledon, DNA was 

eluted fiom the proteh-DNA complexes by excising the band from the dried gel and 

s o h g  it ovemight at 37 OC in elution buffer (0.5 M ammonium acetate, IO mM M g Q ,  

1 mM EDTA, and O. 1% SDS). After soaking, the buffer containing the eluted DNA was 

removed £rom the gel slice, extracted twice with phenol/chloroforrn, and then 
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precipitated with ethanol k g  20 pg of glycogen Poerhinger) as a carrier. PCR 

amplification of the eluted DNA was performed using the Perkin-Elmer Cetus 

amplification kit in the presence of primers PI (see above) and PZ. The primer P2 [S- 

CGATGTCGACTCGAGTCGA-3'1 is complementq to 5' nonrandom sequence of the 

template. The amplification used a 30 s denaturation sep at %OC, 1 min annealing at 

5S°C, and 1 min extension at 7Z°C, for 25 cycles. The ampEed oligonudeotides were 

exuacted twice with phenol-chloroform, precipitated with ethanol, and pwified on a 

nondenahiring polyacrylamide gel. The double-suanded DNA M e n t  was then 

radiolabelled by T4 polynucleotide kinase in the presence of [y-32P3ATP and used as a 

substrate for binding by Flp in the next round of selection. As a negative control, a blank 

slice of the gel was excked after each round and ueated in the same manner as the band 

containing bound protein and DNA. No PCR product was amplified from the control, 

indicating that there was no template contamination. The selection procedure was 

repeated for a total of four rounds. After the ftid round of selection, the enriched DNA 

pool was digested with S d  and EcoRI, and doned into Sd-EcoRI digested pUCI9. DNA 

from individuai dones was isolated using a Wizard Minipreps DNA purification system 

from Promega, and then sequenced using a sequencing kit obtained from United States 

Biochemicals ('USB). 

DNA recombinaion assays. 

A 9.2 kbp EcoRI-EcoRI fragment of pBA104 @abineau et al., 1985) was labelled at 

the ends by using [a-3?]dATP and AMV reverse transcriptase (Pharmacia Biotech). This 

plasmid contains m o  directly orïented FRT sites about 2.2 kbp apart. Recombination 

between the two sites yields a radiolabelled fragment of 7.0 kbp. Approximately 0.02 

pmols of 'P-end-labelled pBA1W was incubated with 20 or 30 pl of the translation 

mixture in 40 pl of binding buffer as described above at room temperature for 60 min. 

The reaction was stopped by the addition of 3 d of 10% SDS and I O  pg protehase K, 

followed by incubation at 37°C for 30 min. DNA was then extracteci twice with 



V-6 

phenol/chloroform, preupitated with ethanol, and redissolved in TE bufler. The 

recombination produas were mdyzed by elecvophoresis on a 0.8% agarose geL 

A ~ Z y s i s  of in vitro Hp expression. 

Five pl of the radio-labeled translation mixture were andyzed on a 15% SDS- 

polyacrylamide gel h g  with molecular size markers and purified Flp(Laernmli, 1970; 

Amin et al., 1991; Pan et al., 1993). The SDSpolyacrylarnide gel was first stained with 

Coomassie blue to rweal the molecular size markers and purified Flp. Staining of the gel 

was then followed by autoradiography to rwed the 35S-labeIed Flp protein. 

Interference assays. 

The Flplû-T sequence (0.2 pmol) was first Y-end labeled with [a -3Z]dd~T~ using 

terminal deoxynucleotidyl d e r a s e  (Pharmaùa Biotech), and then m&ed separately 

by dimethyl sdphate, piperidine formate, and hydrazine, according to the standard 

Maxam and Gilbert protocok (Sambrook et al., 1989). Modification of the labeleà DNA 

Flp-IO-T (0.2 pmol) by potassium permanganate was done essentially as described by 

Panigrahi and Sadowski (1992). The modified DNA (0.2 pmol) was incubated with 14.5 

pmol of the Flp protein for 25 min at room temperature in 30 pl of binding buffer 

containing 50 mM Tris-HC1 (pH 7.5), 33 mM NaCl, 1 mM EDTA, 2 pg of sonicated and 

denatured ~ ~ t h y m u s  DNA. After 25 min, the unbound DNA was resolved from the 

DNA that had been bound by Flp by electrophoresis on an 8% nondenaturing 

polyacrylamide gel. The DNA was recovered by elution from the polyacrylamide gel 

using the 'crush and soak" method as described by Sambrook et al. (1989). The purifed 

DNA was deaved with 1 M piperidine at 90°C for 30 min, IyophilWd four Urnes and 

then analyzed on a 10 % denatuhg polyacrylamide gel. 



Recovery of Flpbinding sites by in v i t~o  binding site-dection. 

1 originally designeci experiments to select DNA sequences to which certain mutant 

Flp proteins might bind and 1 used wild-type Flp as a conuol. My seleaion strategy used 

an electrophoretic mobility shifc assay to enrich for DNA seQuences that were bound by 

Flp (Blackwell and Weintraub, 1990). 

A pool of DNA sequences which contained a randomized 18-bp intemal region 

flanked by two constant regions was incubated with the Flp protein and the protein-DNA 

complexes were resolved from the fiee DNA on a nondenaniring polyacrylamide gel. 

The bound DNA was eluted, ampIified by PCR and used in subsequent rounds of 

selection. M e r  four rounds of selection, a large amount of complex was formed fiom the 

selected pool of DNA that was subjected to the gel mobility shift assays in the presence 

of Flp (Fig. V-1, lanes 2 and 3). 

The enriched DNA sequences were doned into pUC19, and inserts from 31 

independent clones were sequenced. As shown in Fig. V-2, sequences selected by wild-type 

Flp feu into 3 f a d e s .  To our surprise, none of the sequences resembled the Flp binding 
p p p p p p p p p p p p p p - - - - - - - - - - - - - -  

- - - - - - -  

symmeuy elements of the FRT site (Fig. 1-3). Although each family had its own consensus 

sequence, alI three f d e s  showed a striking common feanue, i. e., the £ira 7 nudeotides 

of the randomized interna region within each family were absolutely conserved. This 

seemed to imply that the left hand flanking sequence may have played a role in the 

binding site-selection. 

1 dso did mobility shift assays on several of the selected sequences from the &m 

two families. These assays showed that Flp failed to bind strongly to any of the selected 

sequences when the selected sequences were doublemded DNA whether erccised from 

a plasmid or formed from annealed synthetic oligonucleotides (see Fig. V-3 below, and 

data not shown). 



Flp binds to singlestrdnlied DNA sequence-specifcully. 

While wild type Flp bound efficiently to the duplex DNA subsuate confaining Flp 

bindmg elernent b (Fig. V-3, laaes 1-3), it was not able to fonn a large amount of protein- 

DNA complexes when assayed with duplex selected DNA sequences (Fig. V-3, lanes 4-15). 

However, the small amount of binding complexes seen in Fig. V-3 seemed to have arisen 

from Flp bindiug to a DNA species which rnigrated faster than the double-stranded DNA 

substrates since the intensity of these bands diminished upon incubation with Flp 

(asterisks, lanes 46,709, 10-12, 13-15). These DNA bands likely corresponded to single- 

stranded DNA resulting from some denaturation of double-stranded DNA substrates. 

Therefore, I decided to investigate whether Flp would bind to the single-stranded DNA 

of any of the selected sequeoces. Four selected sequences from two fandies (FIp-IO, 14, 

16, and 29 in Fig. V-2) were chosen and DNA oligonucleoudes corresponding to th& top 

and bottom strancls were made. Each of the oligonudeotides was S a d  labelled with 'ZP, 

and incubated with FIp. As shown in Fig. V-4, Flp bound only to the top Strand of each 

of the four sequences, but not the complementary bottom strands (lanes 7, 11, 15, 19, vs. 

lams 9, 13, 17,21). As a control, the firn 13-bp in the random core region of the selected 

sequence Flp-IO were replaced by the 13-bp Flp binding symmetIy element b, and this 

new sequence w u  named Flp-FRTb. As expeaed, Flp bound to double-stranded DNA 

Flp-FRTb readily (Fig. V-4, lane 1). However, when the oligonucleotide corresponding 

to either the top or the bottom strand of the FlpFRTb sequence was incubated with the 

Flp protein, Flp failed to bind to either of these single-stranded substrates (Fig. V-4, lanes 

3 and 5). These results suggesc that Flp has a sequence-specific single-stranded DNA 

binding aci ivty.  

To CO& that Flp was recognizing single-stranded DNA, 1 added an excess of an 

oligonucleotide FlplO-B that was complementary to the Flplû-T sequence. The addition 

of this complementary strand (FlplO-B) abolished the bindtig of Flp to F1piO.T pig. V- 

5, lanes 2 to 7). This was likely due to annealing of the complementary strand to the 

labeled shglestranded probe to form double-stranded DNA. Since this duplex sequence 



is different from the duplex Flp binding symmetry element, Flp codd not bind to it. 

Howwer, the addition of a large excess of a non-complementary sinde-stranded DNA had 

no effect on binding of Flp to the single-stranded Flplû-T sequence $ig. V-S, lanes 9-14]. 

These r d t s  further support the idea that Flp binds to the single-stranded DNA in a 

sequencespecific manner. 

n e  single-mund~pec@c DNA binding activity is amibtztable to HP. 

Although the binding site-selection was done using highly purified Flp protein 

(> 90% pure), it was formdy possible that the activity was due to a contaminant in the 

Flp preparation. I therefore camed out a series of experiments to prove that the aaivity 

was an invinuc propeny of Flp. Fim, I examined several preparations of punfied wild- 

type Flp protein and mutant Flp proteins, all of which have normd binding activity to 

the d u p h  FRT site. As shown in Fig. V-6, aU these preparcitions of Flp protek contained 

an activity that bound to the Flp-IO-T sequence but not to Flplû-B (lanes 1-11 vs. lanes 

12-20), suggescing that this single-strand-specifïc DNA binding activity is not peculiar to 

one protein preparation. 

1 next tested the ability of Flp peptides to bind to single-aranded DNA. The Flp 

protein can be partially proteolyzed into an NH,-tennind domain of 13 kDa (P13) and 

a COOH-terminal domain of 32 kDa p32) (Pan et al., 1991; Pan and Sadowski, 1993). 

The NH2-terminal Pl3 peptide does not display a site-specific DNA binding activity but 

has been demonsuated to stimulate the binding of P32 to the Flp binding symmetry 

element. On the other hand, the COOH-terminal P32 peptide retains the site-specific 

DNA binding property of Flp. Highly purified, recombinant His-tagged peptides Pl3 and 

P32 were each incubated separately with FlpiO-T and Flp-IO-B. Only the P32 peptide 

showed sequencespecific single-stranded DNA binding activity (Fig. V-7, lanes 8 and 9). 

Weak binding was also detected when P32 was incubated with Flp-IO-B Pig. V-7, lanes 

13 and 14). This was likely due to the non-specific single-stranded DNA binding activity 

of P32, since binding of P32 to FlplO-B was abolished when an excess of non-spe&c 
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singie-stranded DNA competitor (SAD3499) was added to the binding reactions (data not 

shown), whereas this non-spdc  single-stranded DNA competitor had no effect on P32 

binding to FlplO-T (data not shown). These results strongly support our c l a b  that Flp 

has an intrinsic sequence-specific singiestranded DNA binding-activity. Furthemore, the 

single-strand-specific DNA binding activity sesides in the 32 kDa COOH-termind 

portion of the Flp protein p32). 

To funher substautïate the midence that the single-stranded DNA-bindiog activity 

is speaficdy associated with Hp, the wild-type Flp protein was synthesized in vicro uing 

an in v i ~ o  transcription and translation system in the presence of "Srnethionine. As seen 

in Fig. V-8a (lane 2), SDSPAGE reveded that the production of Flp was dependent on 

the addition of a plasmid containing a Flp gene. No Flp was made in the absence of 

plasmid DNA or with a plasmid bAR.3038) that lacked the Flp gene. Like Flp generated 

in vivo, the Flp protein made in vitro exhibited the site-specific double-stranded DNA- 

binding activity to the FRT sequence (Kg. W b ,  lanes 6 and 7) as weU as DNA 

recombination activity (Fig. V-8c, lanes 6 and 7). The latter confirms that the reticulocyte 

lysate was generating enzymatically active Flp in vitro. Furthemore, results shown in Fig. 

V-8d reveded that the Flp protein generated in Yim was able to bind to the Flp-Iû-T 

sequence readily but showed no binding activity to the Flp-10-B sequence at all (lanes 6 

and 7 vs. lanes 15 and 16). Since the Flp protein produced in vitro is free of contaminating 

proteins derived from E. coli cells, I conclude that this sequence-specific single-stranded 

DNA binding activity is intrinsic to the Flp protein. 

The length of sequence required for binding of Hp to single-stranded DNA. 

1 have shown that Flp binds singlestranded oligonucleotide FlpIO-T in a sequence- 

specific manner. To define the minimal length of sequence necessary for the binding of 

Flp, I carried out gel mobility shifr assays using synthetic oligonucleotides that were 

derived £rom FIplO-T and the results are summarized in Fig. V-9. The sequence of single- 

stranded DNA Flp-lû-T can be divided into three parts (Fig. V-9): i) the internd region 



of 18 nt which was the sequence that was randomized during the site-seleaion, ii) the left 

flanking sequence (Lf, 19 nt), and iiii the right flanking sequence @U, 19 nt). Both the left 

and right flanking sequences were invariant. Flp failed to bind to single-stranded 

oligonudeotides containing either the intemal region aione (SM)  or the interna region 

and the Rf region (SS-3, Fig. V-9). However, FIp bound to an oligonucleotide containing 

the intemal region and the Lf region (SS2) as efficiently as to Flpîû-T. This suggested 

that a portion of the Flp recognition site lay within the sequence of S S 2  Pig. V-9). To 

define the left-hand boundary of the Flp binding site, 1 made a series of oligonudeotides 

with deletions of the 5' region in the left fIadmg sequence of SS2. As shown in Fig. V-9, 

SS-5, SS-9, SS-10, SS-11, and SS8 contained deletions of 7, 6, 5, 4, and 3 nucleotides, 

respectively from the S'end of SS-2. Mobility shift assays showed chat only SS8 ( h t  

deletion) was able to bind Flp as efficiendy as SS-2 (data not shown, Fig. V-9). Alrhough 

SS5 was bound weakly by Flp, S M ,  SS10, and SS-II, which contained smder deletions 

in the Lf region than SS-5 did, were not bound by Flp at dl. Therefore, I conclude that 

SS-8 contained the lefi-hand boundary of the single-stranded DNA binding site of Flp. 

I also examined the right-hand boundary of the binding site of Flp. As shown in 

Fig. V-9, oligonucleotides SS-12, SS13, and SS14 contained deletions of 7, 5, and 3 

nucleotides, respectively from the 3'-end of SS-8. Mobility shifi assays showed that Flp 

failed to bind to SS12 but it bound to both SS13 and SS-14 as efficiently as it bound to 

SS8 (data not shown; Fig. V-9), suggesting that the right boundary of the binding site of 

Flp was contained within SS-13. Since SS13 shares the same left boundary as SS8, this 

oligonudeotide dehes the sequence of 29 nucleotides requked for the bindlig of Flp to 

the single-stranded DNA. 

B e  Flp protein contacts essentiaZZy evety nudeotide of its single-strm&d DNA turget 

sequence. 

To arahate the importance of each nudeotide of the single-suanded DNA target 

sequence in their interactions with Flp, 1 performed interference experiments. Prior to 



DNA binding assays, the single-stmnded oligonudeotide Flplû-T was modified 

chemically by DMS, piperidine formate, hydrazine, and KMnO,. Under the conditions 

1 use& dimethyl sulfate OMS) modifies speci£icaUy guanine residues in the DNA 

sequence, whereas piperidine formate modifies purine residues of the target sequence 

(Sambrook et al., 1989). Hydrazine either modifies all pyrimidines or under certain 

conditions modifies spedically cytosine residues (Sambrook et al., 1989). Potassium 

permanganate primarily m d e s  thymine in single-stranded DNA by oxidizing the 5,6- 

double bonds to form thymine glycols (Hayatsu and Ukita, 1967; Ide et al., 1985). 

The 3'-end-labeled FlplO-T DNA was chemically modified and then incubated 

with the Flp protein. DNA that was bound by Flp was separated from the unbound 

DNA on an 80h nondenaturing polyacrylamide gel. The DNA was isolated from the gel, 

and then treated with piperidine to break the phosphodiester backbone at the position of 

a modified nucleoside and the resulting fragments were analyzed on a 10% denaniring 

polyacrylamide gel. As shown in Fig. V-IO, methylation of guanine residues at positions 

-12, -10, -1, + 1, and +4 swerely interfered with complex formation, whereas methylation 

of the guanine at position -17 seemed to enhance the interaction of DNA with Flp (lane 

7). The methylation of the guanine at position +M interfered slightly with complex 
p p p p p p p p p p p p p p p p p - - - - - - - - - - - - -  
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formation (Fig. V-IO, lane 7). When rnethylated, the guanines at positions -7, and + 11 
didn't seem to interfere with the binding of Flp. However, their removd by piperidine 

formate severely interfered with the formation of the complex (Fig. V-IO, lane 7 vs. lane 

10). Removal of adenines at positions -11, -6, -4, +3, and + 10 &O strongly interfered with 

the interaction of DNA with Flp (Fig. V-IO, lane IO). In summary, essentidy each purine 

present in the region of FlplO-T equivalent to the sequence of SS-13 is crucial for the 

binding of Flp (Kg. V-IO, lanes 7 and IO). 

The importance of the pyrimidine residues in FlpîO-T for binding of Flp was also 

examined. Except for the pyrimidines at positions -15, -13, and + 13, modification of 

cytosines and thymines by either hydrazine or potassium pemagnate drastically reduced 

the binding of Flp Pig. V-IO, lanes 13, 16, and 19). Modification of thymine at position 



+ 13 and cytosines at positions -15, and -13 interfered moderately with complex formation 

(Fig. V-10, lanes 13, 16, and 19). Thus 1 conclude that every pyrimidine residue present 

in the region of Flpîû-T equivdent to the sequence of SS13 is essentid for the binding 

of Flp. 

4. DISCUSSION. 

In this Chapter, I report the use of an in vipo binding site-selection method to 

discover singlemandeci DNA sequences to which Flp binds in a sequence-specific 

manner. I have demonstratecl in sweral ways that this singfe-straud-specific DNA binding 

activity is intrinsic to Flp. Fim, various preparations of Flp proteins were able to bind to 

the FlplU-T seqwnce but not the Flp-10-B sequence. Second, the Flp protein generated 

in vitro by expressing the Flp gene from a ptasmid in a reticulocyte lysate was also able 

to bind the singlestranded DNA sequence-spdcally. Thid, the His-tagged recombinant 

peptide (P32) of the COOH-termina fragment of Flp also exhibited the single-strand- 

specific DNA binding activity. 1 conclude that the single-suand-specific DNA binding 

activity is located in the COOH-terminal fragment of Flp where its site-specific double- 

stranded DNA binding advity also raides. 

1 have &O defineci the length of the sequence (SS-13) of single-stranded DNA that 

is required for binding of Flp (Fig. V-9). This sequence includes 16 nudeotides £rom the 

invariant left flaaking sequence and 13 nucleotides from the internal sequence that was 

randornized prior to the site-selection. The fact that the left flanking sequence serves as 

part of the single-stranded DNA binding site for Flp may be the reason that all the 

sequences selected by Flp share an exact junchon with the left flanking sequence. The first 

indication that the specific sequence of the left flank was important for the bindlig of Flp 

came from an experiment in which 1 exchanged the left and right flaaking regions but 

maintaineci the internal region of F1plO-T. This oligonudeotide failed to bind Flp (data 

not shown). Results from missing contact midies revealed that except for the adenine 



residue at the S'-end of the sequence, the Flp protein makes extensive interactions with 

all the nucleotides in the sequence of SS-13. 

Methylation of the guanines at positions -7 and +11 interfered with complex 

formation moderately, whereas th& removal by piperidine formate abolished binding of 

Flp to the single-stranded DNA. This suggests that a missing nudeoside at position -7 and 

+ 11 has a more detrimental effect on the binding of Flp than an extra methyl group, 

probably either by elLninating the necessarg base contacts or by dismpting a stmcnire 

required for binding of Flp. 

The presence of the nucleotide at position -16 was absolutely required for binding 

of Flp since its deletion abolished binding of Flp to single-stranded DNA completely. 

However, removal of the adenine base or changing it to thymine did not interfere with 

the formation of complexes (Fig. V-IO; data not shown). Thus 1 conclude that Flp does 

not make an essential base-specific contact at nudeotide -16 but this nucleotide may be 

important for the integrity of the structure required for binding of Flp to the single- 

stranded DNA. Alternately, Flp may make essential contacts with the Sphosphoryl 

group or the sugar at t h i s  position. 

It is known that Flp binds to the duplex FRT site in a sequence-specific mariner. 

However, neither the invariant Ieft flanking sequence of Flp-1û-T nor the selected intemal 

region resembles the sequence of the FRT site. Indeed, Flp does not bind to the single- 

straads of the FRT site. What does the single-stranded DNA binding activity of Flp mean? 

There are at les t  three possibilities to consider. First, the single-stranded DNA binding 

activity of Flp may play a role in the recombination reaction itself. Second, the activity 

may regulate some other biological process in the cell, a process that is unrelated to 

recombination. Third, the activity may have been an artifact of the in vitro binding site- 

selection. 

With regard to a possible role in the recombinatïon reaction itself, rny attempts to 

perturb the recombination of duplex FRT sites in y i ~ o  by incubation wirh the single- 

aranded oligonudeotide (Flp-1û-T) resulted simply in inhibition of the reaaion. 1 



prenune that this was due to interference with binding of Flp to  the FRT site since no 

s p d c  intederence with a ~bsequent sep (eg. cleavage, kation, strand exchange) codd 

be detected (data not shown) . 
In Chapter IV, 1 have shown that single-stranded DNA adjacent to the cleavage sire 

in the core region of the FRT site was important for suand exchange by Flp. Therefore, 

if a pmially single-stranded core region of the FR?' site were an intemediate during 

strand exchange, the single-stranded DNA-binding activity of Flp might be expected to 

play a role in strand exchange. Cornparison of the sequences of Flp-10-T and the FRT site 

rweah that a squence TCTCTAG present at positions + 5 to + 11 in Flplû-T is identical 

to the sequence of the top strand of the duplex FRT site extending from 2 nucleotides in 

the symmetry element b to 5 nucleotides in the core region of the FRT site (5'- 

GAAG?TCCTAPCïC~AAA-3 '1'. Although the sequences from + 1 to + 18 of Flp- 

10-r were randomized pnor to the site-selection, after the site-selection, the nucleotides 

TCT at positions + 5 to + 7 were absolutely conserved among aIl the sequences in the Flp- 

10.r farnily and they match the nucleotides spanning the junction between the symrnetry 

element b and the core sequence of the FRT site. This might indicate that during suand 

exchange in the recombination reaction, the sequence at the junction of the b symrnetry 
p p p p p p p p p p p p p - - - - - - - - - - - - - -  
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element and the core region of the duplex FRT site might become singlestranded and that 

the intrinsic single-stfanded DNA binding activity of Flp might play a role in facilitating 

nrand exchange after a Flpinduced conformational change in DNA. 

The single-strand-spe&c DNA-binding activity of Flp may regulate some other 

processes such as transcription or DNA replication. For example, Flp might bind to 

single-stranded DNA created during Strand separation resulting from either of these 

processes. Since Flp is involved in amplification of the 2 pm plasmid in vivo (Futcher, 

1986; Volkert and Broach, 1986; Reynolds et al., 1987), this binding activity could 

' The sequence in italics is the symrnetry element b of the FRT site. The core sequence of the 
FRT site is shown in bold. The underlined sequence is identical to the sequence present from 
+5 to +11 in Flp-10-T (Fig. V-9). 



somehow couple amplification to DNA replication. The BLAST search reveais that the 

2-pm plasmid contains wo sequemes. One with the coordinates 1974-2002 raides in the 

region of one of the transcriptional a m  sites for Rep 1 &A. The other with the 

coordinates 3310-3356 is located at the end of the STB (stablity) region. These two 

sequences contain a 10 and Il-nucleotide match, respectively, to the 13-nt interna region 

but differ from the 16-nt left flanking sequence of SS-13. Synthetic oligonudeotides 

containing these sequences failed to bind Flp (data not shown). The yeast genome &O 

contaîns several sequences wirh over 85% identity to the intemal region of the selected 

sequences. Out of two sequences testeci, the one which is located on the yeast 

chromosome XV (0610, 9326) and contains a %nt match to the &nt lefi flanking 

sequence of SSI3 binds Flp as well as Flplû-T (data not shown). Howwer, I do not know 

the significance of these observations. 

It is also possible that Flp could bind to RNA and somehow regulate expression 

of either 2 pm or cellular genes. A preliminary test of the binding of Flp to an in vitro 

vanscript containing the entire Hp-IO-T sequence gave equivocd results (data not shown). 

Findyy 1 musc consider the possibility that the single-stranded DNA-binding 

activity is simply an artifact of the powerful in vin0 selection imposed during the random 

site-selection but has no biological relevance. While unappealing because of the high 

specificity and affinity of the binding, this possibility is nevertheless worthy of serious 

consideration. F d e r  experiments will be necessary to dissect the relative soles of base- 

specificity vs. structure specificity in contributing to the binding affinity. Howevei, it is 

possible that some motifs in Flp that recognize the duplex FRT site, also recognize some 

structures in the single-stranded oligonucleotide that mimics the duplex-FRT site. Such 

a m c w e  may be dictated by both sequencespecific and structure-specific components. 

There are a few examples in the literature of proteins that recognize single-stranded DNA 

sequence-specifically, including singlestranded telomereend binding proteins and 

mammalian Pura protek (Via-Pearhan et al., 1996; Bergemann and Johnson, 1992; 



Bergemaun et al., 1992). Ir will be interesting to see if the repertoire of such proteins can 

be expanded by deliberately searchq for such activities among proteins that bind duplex 

DNA site-spedically. It is &O possible that single-stranded oligonudeotides to which 

proteins bind sequence-spec&cally codd have novel therapeutic applications. 



Table V-1. Synthetic Oligonucleotides Used in This Study. 

FlplO-T (56 mer) 

SS-1 (18 mer) 
SS3 (37 mer) 
SS2 (37 mer) 
SSS (30 mer) 
SS-9 (31 mer) 
SS-10 (32 mer) 
SS11 (33 mer) 
SS-8 (34 mer) 
SS12 (27 mer) 
SS13 (29 mer) 
SS-14 (31 mer) 
FRTbT (56 mer) 

FRTb-B (56 mer) 

FRTab-T (55 mer) 

FRTabB (55 mer) 

TCGACTCGAGTCGACATCGGCAGTCTCTAGTTGAGGÇ 
ggatcctgcagaattcgcg 

G C A G T C T C T A G T T ~ g g a t c c t g c a g a a t t c g c g  
TCGACTCGAGTCGACATCGCAGTCTCTAGTTGAGGÇ 

GAGTCGACATCGGCAGTCTCTAGTTGAGGC 
TCGAGTCGACATCGG CAGTCTCTAGTTGAGGC 

CTCGAGTCGACATCGGCAGTCTCTAGTTGAGGC 
CTCGAGTCGACATCGGCAGTCTCTAGTTGAGGC 

ACTCGAGTCGACATCGKAGTCTCTAGTTGAGGC 
ACTCGAGTCGACATCGGCAGTCTCTAG 
ACTCGAGTCGACATCGGCAGTCTCTAGTT 
ACTCGAGTCGACATCGGCAGTCTCTAGTTGA 

ggat cctgcagaattcgcg 
cgcgaattctgcaggatccGCCTC 
CGATGTCGACTCGAGTCGA 

CGT 
GAC 

GCTCAGGTC 

The lefi-hand flanking sequence is indicated in it&cs and the right-hand flanking sequence 
is shown in lower case. The underlined nucleoudes represent sequences that were 
randomized during the sitesdection. The shaded nudeotides indicate the sequence of the 
symmetry elements; the core sequence of the FRT site is double-lined.Oligonucleotides 
FRTbT and FRTb-B were hybridized to give duplex FRTb. Oligonucleotides FRTabT 
and FRTabB were annealed to form duplex FRTab. The concentrations of the 
oligonudeotides were measured spectrophotometricalIy using the relationship of 1 OD, 
= 30 pg of oligonudeotide as specified in Sambrook et al., 1989. 
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Fig. V-1. Binding of Flp to the mixture of oligonudeotides before and afier four rounds 

of binding site-selection. The binding reactions were done as described under "Materials 

and Merhods". Lane 1 was a control, where the DNA subsaate was doublestranded FRT 

site (FlpFRTab) containing two symmetry dements fl anking the core sequence. Binding 

of FIp to FlpFRTab generates two complexes (CI and CII), representing Flp molecules 

binding to one element and two symmetry elements, respectively. Lanes 2 and 3 

contained F ~ D  and ofieonucleotides with random semences in them. Lane 2 shows the 

first binding reaction in which random oligonudeotides 

selection, whereas Iane 3 was the binding reaction 

had 

in 

undergone no rounds of 

which the mixture of 

oligonucleotides had gone through four rounds of selection and PCR enrichment. The 

DNA oligonudeotides kom the complex in the lane 3 were eluted, amplifiecl by PCR 

and cloned into the pUC19 vector. S refers to free labeled oligonudeotides. 
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Fig. V-2. Summary of DNA sequences selected by FIp. Thirty-one site-selected 

oligonudeotides were sequenced after doning into pUC19, rwealing the existence of 

t h  f a d e s  of binding seqwnces. Bases that were randomized during the binding site- 

selection are highlighted by bold letters. Sequences that are not in bold represent the left 

flanking seqwnces that were invariant during the siteselecrion. The invariant right 

flanking sequences are not shown. The £irst 7-9 conserved nudeotides of each family are 

underlined. Most of the studies in this Cha~ter were done using the oligonudeotide Flp 

IO-T. Oligonucleotides F-10, F-14, F-16, and F-29 (bold, left column) were used in 

experkents shown in Fig. V-3 and Fig. V-4. 



F-IO 
F-20 

F-21 
F-28 
Fe29 
F-31 
F-37 
F-38 
F-42 
F-47 
F-33 
F-9 
F-24 
F-23 
F-16 
F-43 
F-44 
F-39 

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 

Ga- 
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Fig. V-3. Andysis of Flp binding to sdected double-stranded sequences. Synthetic 

oligonudeotides were assemblecl to form double-mandeci sequences FRTb, FlplO, Flp14, 

Flp16, and F$-29, which correspond to syrnmetry element b of the wild type FRT site 

(FRTb) and to the sequences F-10, F-14, F-16, and F-29 listed in Fig. V-2 (bold, left 

column). The duplex oligonudeotides contaïneci both left and right invariant flanking 

squences. As a control, a duplex DNA substrate named HpFRTb was made by replacing 

the fim 13-bp in the randomized region of FlpîO with the 13-bp Flp binding element b. 

Flp binding to FlpFRTb results in a complex I (8) shown in lanes 2 and 3. The binding 

assays were done in the presence of Flp and DNA substrates as desaibed under "Materi& 

and Methods", and the reactions were analyzed on an 8% nondenturing po lyac ry l~de  

gel. Lanes 1, 4, 7, 10, and 13 contained only the labeled DNA. Two levels of the Flp 

protein (2.9 pmol and 5.8 pmol) were used as indicated above the lanes. Duplex DNA 

substrates were %end labelled with 3P on both the top and the bonom arands. In this 

and nibsequent figures, CP represents protein-DNA complexes, DS refers to free double- 

stranded DNA substrates, SS represents singlestranded DNA oligonudeotides, probably 

resulting from some denatuauon of double-stranded DNA. 





Fig. V-4. Binding of Flp to singlestranded oligonucleotides. Oligonudeoudes 

representhg either the top or the bottom strands of duplex DNA describeci in Fig. V-3 

(np-FRTb, FlplO, Flp-14, Flp-16, and Flp-29) were S'end labeled with '9 (asterisks). Flp 

IGT and Flplû-B represent the top and the bottom strands of duplex DNA Flp-IO, 

respectively, and the same notation is applied to other DNA substrates. The reaction 

conditions were as described under "Materials and Methods". Lane 1, as a control, 

contained Hp and duplex FlpFRTb. Flp was added as indicated by ' + " above the lanes. 

Lanes containing only the labeled DNA substrates were marked by "-". 
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Fig. V-5. Effects of addition of single-stranded DNA Flplû-B and SAD3499 on binding 

of Flp to Flplû-T. DNA binding remions were d e d  out as described under "Materiah 

and Methods". Bound and unbound DNA were separated on an 8% nondenaniring 

polyacrylamide gel. The FlplO-T oligonucleotide was S'end labeled with 3P. The labeled 

DNA substrate (0.02 pmol), and the FIp protein (5.8 pmols) were added to the reactions 

as indicated by "+" above the lanes. Lanes 2-7 contained increasing amount of single- 

stranded competitor FlplO-B complementary to Flp-IGT, whereas lanes 9-14 included 

increasing amounts of non-speac competitor SAD3499. The amounts of competitor 

were as follows: kznes 2 and 9, O pmol; lanes 3 and Iû,  1 pmol; lanes 4 and I I ,  IO pmols; 

hnes 5 and 12, 50 pmols; lanes 6 and 13, 100 pmols; lanes 7 and 14, 200 pmols. CP 

represents protein-DNA complexes. SS refers to free labeled single-stranded DNA 

oligonudeoudes. DS represents double-stranded DNA, resulting from annealing of the 

labeled Flp-1O-T sequence to its complementary competitor FlplO-B. The double-stranded 

DNA (Dç) results fiom annealing of the labeled F1plO.r sequence to its complementary 

competitor Flp-10-B. 



Cornpetitor a- 
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Fig. V-6. Analysis of sing1estraflded DNA binding activity from various Flp protein 

preparations. Singiestranded DNA FlplO-T and FIp-IO-B were S'-end labelleci with '9. 

Lanes 1,10, and 12 contained only the labeled DNA substrates- Flp was added as indicated 

above the lanes. Flp, Rpl, FlpS and Hp3 refer to different preparations of the wild-type 

Flp protein. Flp was the same preparation as used in the site-seleaion. FlpI  resufted from 

purification on an additional mono S column and contained no glycerol and no BSA. Flp- 

2 and Flp-3, were p&ed at different times by different individu&, and contained 

glycerol but no BSA. 



OE-A 
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Fig. V-7. Binding of Flp peptides to single-~tratlded DNA. Single-stranded DNA (SS, Flp 

1GT and FlplOB), as welI as duplex DNA FlpFRTab (DS), were Send labeled with 3P. 
Lanes 1, 5, and IO contained only the labeled DNA substrates. Flp and Flp peptides were 

added as indiateci above the lanes. Triangles indicate increasing amomts of Flp peptides. 

The amounts of Flp peptides were as follows: k m  3,7, and I2,23 1 pmols P13; hnes 6 and 

I I ;  77 pmols P13; lanes 4,9, and 14,62.5 pmok P32; hner 8 and 13,31.25 pmols P32. CP 

represents protein-DNA or peptide-DNA complexes. DS and SS refer to free labeled 

double-stranded and single-stranded DNA substrates, respectively. 



, ' @s) , Flp-10-T*(SS) HP-IO-B * (SS) 
ss 



Fig. V-8. Binding of Mgle-stranded DNA by the wildqpe Flp protein generated in &O 

in a reticulocyte lysate. (a). Analysis of expression of Flp in the reticulocyte lysate. Flp 

was intemally labelled by 35S and then subjected to electrophoresis on a 15% SDS 

polyacrylamide gel. The contents in lanes 1-5 were as follows: lane 1, highly p d e d  

homogeous Flp with its molecular weight shown on the left; lane 2, translation product 

with Flp gene-containing plasmid pLD3; lane 3, translation product with the conuol 

plasmid pAR.3038; lane 4, lysate containing no plasmid DNA; lane 5, molecdar size 

markers indicated on the right; . Lanes 1 and 5 are Coomassie blue stained lanes (scained) 

whereas lanes 2, 3, 4 are the autoradiogram (ARG) of the same gel. kDa refers to 

kilodahom. (b). Gel mobility shift assays using duplex DNA as substrates. Double- 

stranded DNA FlpFRTab containing two symmeuy elements flanking the core sequence 

was 5'-end labeled with 321? Lane 1 contained only the labeled DNA substrate. The 

contents in each reaction were indicated above the lanes. Triangles indicate increasing 

amounts of translation produas or purifieci Flp. The amounts of translation products and 

the purified Flp protein were as follows: hnes 5 4 ,  and 6,10 pl translation products; lanes 

3,5, and 7,20 pl translation products; lanes 8 and 9,2.9 pmol and 5.8 pmol purified Flp. 

CI and CII were as defineci in Fig. V-1. DS represents free labeled duplex DNA substrates. 

(c). Recombination assays of translation products and purified Flp. A 9.2 kbp EcoRI-EcoRI 

fragment of pBAlO4 was 3'-end labeled with 'P. DNA recombination assays were &ed 

out as described under "Materiah and Methods" and then analyzed on a 0.8% agarose gel. 

The contents of the reactions were shown above the lanes. Triangles indicate increasing 

amounts of translation products and purified Flp. The amounts of translation products 

and the purified protein in lanes 2-9 were the same as those described in Fig. V-8 (b). S 

refers to the 9.2 kbp radio-labeled EcoRI-EcoRI fragment of pBA104. SEP represents 7.0 

kbp nrand exchange products. (4. h d y s i s  of binding of single-stranded DNA by 

translation produas and p d e d  Flp. Single-suanded DNA Flp-10-T and Flp-10-B were 

S'-end labeled with 3T'. The contents of each reaction were shown above the lanes. Lanes 

1-9 and lanes Iû-18 contained the labeled FlplO=T and FlplO-B, respectively. Lanes 19 and 
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20 were controls containing S'-end 3P labeled duplex DNA Flp-FRTab as substrates. 

Translation produm and purifid Flp were added as indicated above the lanes. The 

amounu of d a t i o n  products and purifrd Flp were as follows: lanes 2,4,6, II,  13, and 

rs, IO pl d a t i o n  products; kztzes 3, Si, <IZ, 14, and 26,20 pl translation products; lam 

8 and 17,2.9 pmols purified Flp; kznes 9,18, and 24 5.8 pmols p d e d  Flp. 



Lvsate 



1 I 
retidocvte lvsate 



I retidocyte lysate I 

I 
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Fig. V-9. Analysis of the minimal sequence of the singlesuanded DNA (Flplû-T) for 

binding of Flp. The seguence of Flplû-T is diagramed above. The core sequence that was 

r a n d o d  prior to the sitesdenion is underhed, separating the invariant left and right 

flanking sequences &f in intalia and Rf in lower case, respectively). Stippled bars 

represent the regions of the FlpîO-T sequence that are present in the oligonudeotides. 

The relative ability of Flp to bind to these singlestranded oligonudeotides is summarized 

on the right: " + ", binding approximately equal to that shown by Flplû-T; "-", no binding; 
+/-, reduced binding. Vertical arrows above the sequence of FlpIO-T denote the minimal 

sequence required for binding of Flp to the single-stranded DNA. 
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Fig. V-10. Interference with binding of Flp to the single-svanded DNA FlplO-T caused 

by various chernid treatments. The oligonudeotide FlplO-T was 3'cnd Iabeled with 'P, 
and then modifieci by dimethyl sulfate (lanes 1, 6-8), piperidine formate Qanes 2,9-II), 

hydrazine (lanes 3,4, and 12-17), or gMnO, (Ianes 5, 18-20) as desaibed in *Materials 

and Methods". The modifieci DNA was incubateci with FIp, and the unbound DNA was 

separated £rom the FlpDNA complexes on an 80h nondenatuhg polyacrylamide gel. 

The isolated DNA was deaved with piperidine, and then analyzed on a 10% denaniring 

polyacrylamide gel. Lanes 6,9 ,  12, 15, and 18 contained modified DNA that was not 

treated with Flp and then isolated £rom the gel ("Freen). For each modificaton, B and U 

represent the bound and the unbound fractions of modified DNA after treatment with 

Flp, respectivdy. Lanes 1-5 were M d G i l b e x t  seqwnce standards that were generated 

by each chemical modification of Flp-IO-T without gel isolation. G, chemicd deavage 

only at guanines; A+G, chemical cleavage at purines; C+T, chemicd cleavage at 

pyrimidines; C, chemical cleavage only at cytosines; T, chemical cleavage only at 

thymiues. The 35-nt sequence of FlpIO-T is diagramed with numbered nudeotides on the 

left of the autoradiogram. 





CHAPTER VI. 

THESIS SUMMARY AND FUTURE EXPERIMENTS 
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This thesis covers several aspects of the Flpmediated reaction as well as the 

discovery of a specific single-stranded DNA-binding activity of the Flp recombinase. In 

this Chapter, 1 will firsr summarize what 1 leamed about Flp and its reaction from studies 

presented in Chapter II-V. Then 1 will propose experiments that may M e r  our 

understanding of the Flp protein and its reactions. 

Strand Iigdtion is a m*tical step wbere homology-settst0ng occurs. 

Homology in the core region of the FRT sites of recombining molecules has been 

shown to play an important role in Flpmediated recombination (Andrews et al., 1986; 

Sencoff and Cox, 1986). It had been thought that the beterologies might block 

recombination by interferhg with the branch migration of the Holliday junction that was 

required for the second round of strand exchange (resolution) &tts and Nash, 1987; 

Nunes-Düby et al., 1987; Meyer-Leon et al., 1988). However, studies with immobile 

Holliday intermediates have dearly shown that homology-mediated branch migration is 

not required for Flpmediated resolution (Dixon and Sadowski, 1994; Nune-Düby et al., 

1995). How does homology play a role in Flpmediated recombination? Studies presented 

in Chapter II and III addressed the role of homology in Flp-mediated strand ligation and 

cleavage. 

In Chapter II, 1 used nicked duplex FRT substrates containing mismatches in the 

core sequence to show that both intramolecular srand Zigation (religation) and 

interrnolecular strand-exchange ligation by Flp were greatly reduced when a single 

mismatch was placed in the position adjacent to the cleavage site. Two or three 

mismatches immediately adjacent to the cleavage site exaggerated the effect of a single 

mismatch at the fim position. These results clearly show that a critical homology-sensing 

step is the arand ligation reaction itself. The base complementarity adjacent to the 

cleavage site in the core of the FRT site is most important for Flp-mediated strand 



ligation. 

Does homology of the core region of the FRT site &O play a role in Flpmediated 

strand deavage? In Chapter III, I used nicked full-site substrats that contained exua 3'- 

nucleotides linked to the syrnmetry elernent a to show that wild-type Flp was able to 

cleave substrates efficiently regardless of whether the extra 3'-nucleotides were 

complementary or non-complementary to the opposite strand of the core region. Similar 

results were obtained when suicide substrates containhg mismatches in the core region 

of the FRT sites were used in strand cleavage reactions by wild-type Flp (data not shown). 

These results suggest that complementarity may not be required for strand cleavage by 

wild-type Flp. Howwer, using the same substrates, 1 found that, in conuast to wild-type 

Flp, Flp R308K requires at least 2 base pain of complementarity adjacent to the cleavage 

site for strand cleavage. The crystd structure of the Cre recombinase bound to DNA 

showed that the equivaent conserved @e 292 in Cre uses its guanidino group to 

make a hydrogen bond to the non-bridgmg oxygen atom of the scissile phosphate and is 

engaged in fotming a positively charged "proton cradle" that appears to accommodate the 

negativdy charged oxygen atoms of the scissile phosphate (Guo et al., 1997). It is possible 

that the conserved arginine in Flp at position 308 may also use its guanidino group to 

form hydrogen bond(s) to the oxygen atom(s) of the scissile phosphate, and play a role in 

positioning and activating the scissile phosphodiester bond for cleavage. Change of the 

arginine in Flp at position 308 to the lysine results in the loss of the guanidino group. 

Consequently, the protein Flp R308K may no longer be able to form hydrogen bonding 

to the oxygen atom of the scksile phosphate and may have to rely upon the hornology 

adjacent to the cleavage site in the core region to position and activate the phosphodiester 

bond for suand cleavage. 

Two modes of transcletzvuge model 

Flp is known to execute strand cleavage in a tram mode (Fig. 1-5). While early 

results from Chen et al. (1992) seemed to favor a tramdiagonal mechanism, Lee et al. 



(1994) later provided evidence supporthg tram-horizontal cleavage. Recent studies by 

Qian and Cox (1995) suggested a model in which strand deavages by Flp are composed 

of both tram-horizontal and tram-vertid. Evidence for the two modes of cleavage by the 

Cre recombinase was &O recently presented by Shaikh and Sadowski (1997). In Chapter 

III, using hasite and full-site subsuates, 1 found that Flp R308K alone was only able to 

engage in tram-horizontal deavage, but in cooperation with Flp Y343F, it was able to 

cany out trancvertical or tramdiagonal deavage. These r d t s  suggest that wild-type Hp 

may use more than one mode of trançcleavage, which is compatible with the model of 

Qian and Cox (1995). 

Flp R308K was previously shown to be able to resolve an immobile x structure (J. 

E. Dixon, unpublished rd t s ) .  This result, taken together with the fact that Flp R308K 

is only able to cany out tram-horizontal deavage, suggesu that resolution of a Holliday 

intermediate by Flp R308K may not require trans-vertidtram-diagonal cleavages. In 

Chapter III, 1 report that Flp R308K is able to carry out suand exchange at the a deavage 

site but not at the b cleavage site. It is possible that the inability of Flp R308K itself to 

execute pans-verticdtrans-diagonal cleavage is correlated with its deficiency in strand 

exchange. As discussed below, Flp R308K seems to be defective in the formation of a 

Holliay intermediate, possibly due to its defect in strand exchange at the b cleavage site. 

Thus, it is possible that the fkst set of Strand cleavages by Flp R308K that lead to the 

formation of a Holliday intermediate may follow a two modes of cleavage model that 

involves not only pans-horizontal but h o  tram-vertical/transdiagonal deavage whereas 

the resolution of the Holliday intermediate by Flp R308K may not recpke a mixed mode 

of cleavages. The model of Qian and Cox (1995) might provide a means of reconciling 

some seemingly conflicllng results obtained with the k integrase and the Cre protein. 

While studies by Han et al. (1993) and Shaikh and Sadowski (1997) supported a tram 

cleavage mode for Int and Cre, nudies by Nunes-Düby et al. (1994) and Guo et al. (1997) 

demonstrated a cis deavage for the Int and Cre proteins. 



V I 4  

Mechanism of strand exchange. 

Strand exchange is a critical sep during DNA recombination but little is known 

about how suand exchange occun and what is the drivitig force for strand exdiange. One 

of my research goals was to gain information on the mechanism of strand exchange. 

. . .  
rntttates the fint strand 

Part of my work presented in Chapter III addressed whether Flp initiates strand 

exchange at one of the deavage sites. Using suicide substrates and nicked full-site 

substrates, 1 examineci the ability of Flp R308K to carry out maad exchange at two 

cleavages sites and I found that Flp R308K was only able to  c a r y  out strand exchange at 

the a deavage site but not at the b deavage site. These r d t s ,  together with the fact that 

Flp R308K failed to carry out in w h o  DNA recombination but was shown to be able to 

resolve an immobile x structure as efficiently as wild-type Flp (J. E. Dixon, unpublished 

results), led me propose a model that Flp initiates the first Strand exchange at the b 

cleavage site (Fig. VI-1). 

The model that Rp initiates the first strand exchange at the b deavage site explains 

the defect of Flp R308K in DNA recombination. Since Flp R308K is defective in carrying 
p p p p p p p p p p - - - - - - - -  

- - - - - - - - - - - - - - - -  

out strand exchange at the b deavage site, it fails to initiate the fkst strand exchange and 

form a Holliday junction at the b cleavage site, which may account for its defect in DNA 

recombination. However, if a Holliday intermediate is fomed, Flp R308K is able to 

resolve it by strand cleavages and exchanges at the a cleavage site. 

tranded core n strand excha- 

When Flp induces a pair of strand deavages, the deaved ends of one partner DNA 

could either be resealed or be exchanged and ligated to the deaved ends of the other 

parmer DNA. It was proposed that separation of DNA strands in the core regim of the 

FRT site might prevent strand religation, thus facilitating strand exdiange and ligation. 

In Chapter IV, 1 used substrates containkg an 8-nt single-stranded DNA in the core 



region to nippress the defecrs of various mutant Hp proteins in s ~ a n d  exchange reactions. 

These results suggest that a single-stranded DNA core region in the FRT site might be 

involved in Flpmediated recombination. Since mutant Flp proteins used in the study have 

been shown to be deficient either in DNA bending or strand deavage or both, it is 

possible that both DNA bending and strand cleavage might be required to separate the 

svands of the core region. 

Strand exchange has been proposed to involve the exchange of as little as 3 nt of 

single-stranded DNA (Dixon and Sadowski, 1994; Nunes-Düby et al., 1995; Lee and 

Jayaram, 1995). Using substrates containing various amount of single-suanded DNA in 

the core region, 1 showed that as little as 3-nt of single-stranded DNA in the core 

imrnediately adjacent to the deavage site was suffiuent to permit the mutant Flp proteins 

to engage in =and exdiange, which is consistent with the 3-nt swapping mode1 (Dixon 

and Sadowski, 1994; Nunes-Düby et al., 1995; Lee and Jayaram, 1995). In fact, the recent 

crystal structure of Cre-DNA revealed that a 3-nt single-suanded segment near the 

deavage site in the crossover region was generated upon deavage and covalent attachment 

(Guo et al., 1997). Therefore, it is possible that the core region of the FRT site may only 

be partially separated pior  to strand exdiange. 

Flp exhibits a specific single-strunded DNA-binding aetivity. 

Flp is known to be a sequence-specific double-stranded DNA-bindiog protein, but 

whether Flp might be able to bind sing1estranded DNA had not been investigated in the 

past. In Chapter V, I used an in vitro binding site-selection method to discover that Flp 

dso binds single-stranded DNA in a specific manner. Although 1 have no experimentd 

evidence to indicate that this single-strand-specific DNA-binding accivity of Flp is 

involved in Flpmediated recombination, this activity correlates well with the hding that 

single-stranded DNA plays an important role in Flpmediated Strand exchange (Chapter 

W. 
The discovery that Flp exhibits a spe&c single-stranded DNA-binding activity has 



opened an unexpected avenue in our rhinking about site-spedic recombinases. h the 

foUowing section, L propose experiments aimed at elucidating the importance of this 

novel single-suand-specific DNA-binding activity of Flp. 

2. FUTURE EXPERMENTS. 

(a) 1 s  single-strunded DNA-binding actt0uity a gerrerulproperty for members of the 

i n t e m e  family? Searching for single-stranded binding sepences for Cre and 

other integrases. 

The Cre protein of phage PI, another member of the integrase family, has beem 

shown to bind to the duplex FRT site with 100-fold lower affinity than Flp (Shaikh, 

1997). I have examineci the ability of Cre to bind to single-suanded oligonucleotides that 

1 selected by Flp and found that Cre &O bound to one of my selected DNA sequences in 

a single-strand-specific maMer dbeit with reduced affinity (data not shown). However, 

1 suspect that the single-stranded oligonucleotide DNA 1 sdected by Flp is a substrate for 

Cre. Thus I propose that it is necessary to cany out a random site-selection as described 

in Chapter V with the Cre recombinase to obtain the singlmtranded DNA sequences for 

the Cre protein. 

To gain f d e r  information on whether single-mded DNA-binding activity may 

be a general property for members of the intergrase fady ,  a random site-selection codd 

&O be carried out with other integrases such as Int and XerCBCerD to search for their 

single-stranded DNA-binding targets. These studies should cl* whether other 

integrases have the ability to bind single-stranded DNA in a specific manner. 

(b) Determination of important base contacts betwem Flp and its single-stranded 

DNA binding site. 

In Chapter V, 1 defined that the single-stranded DNA-binding sequence of Flp is 



29 nudeotides in length. To elucidate the sequence deteffninants in the single-stranded 

binding site of Flp, it is necessary to rnake systematic changes at each position and to 

examine th& effects on binding of Flp to single-stranded DNA. 

A set of single-suandeci DNA oligonucleotides can be synthesized and each WU 

contain a single mutation in the binding sequence. Gel mobility shift assays could be 

carried out to examine the effect of each mutation on binding of Flp. The outcome may 

be that Flp makes speafic base contacts at some positions but not at others. 

(c) CrystaZZization of Flp with singlestranded DNA. 

Proteins that bind single-stranded DNA in a sequence-specific manner have not 

been extensively mdied. Most known single-stranded DNA-binding proteins such as 

R e d  and RPA are not sequence-specific. Flp, a site-specific recombinase, is shown to bind 

single-stranded DNA in a sequence-spdc fashion. Thus, studies on crystal structure of 

Flp and single-stranded DNA may add knowledge to our understanding 

interactions between proteins and single-stranded DNA. 

(d) hvestigation of the Mect of phosphorykztion of Flp on recombination. 

While we know that the FLP gene is negatively regulated by Rep proteins and the 

Flp protein is required for the amplification of the 2 pm plasmid, we do not know 

whether regdation of Flp activity involves posttranslationd modification. Sequence 

analysis of the Flp protein reveak a potential phosphorylation site at serine 129 for casein 

b a s e  II (CRIL). Casein kinase II is known to be a seriaethreonine-specific protein kinase 

that is expressed ubiquitously in eukaryotic organisms ranging fiom yeast to m d s  

(Tuazon and Traugh, 1991). Using bacteridy-expressed Flp, I have recently shown that 

Flp can be phosphorylated in vitro by casein kinase II (data not shown). Further 

experiments need to be carried out to examine whether Flp is phosphorylated in vivo and 

to assess the effea of phosphorylation of Flp by CKII on FIp-mediated DNA binding, 

synapsis, arand cleavage, suand exchauge and ligation, and resolution. 



Fig. VI-1. Flp initiates the first srand exdiange at the b deavage site. The model proposes 

that wild-type FIp initiates the fim strand exchange at the b cleavage site. The mutant 

protein Flp R308K is defaive in intiating the first srand exchange at the b deavage site, 

therefore it fails to generate a Holliday intermediate. However, if the Holliday 

intermediate is formed, Flp R308K is able to resolve it by strand deavages and exchanges 

at the a cleavage site. 
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