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ABSTRACT site, rather than acting as a bridgeveen3 recombinase dimers
through protein—protein interactior§.(
The B recombinase from the broad host range Gram- Sequence homology comparisons allow the inclusion ¢ the
positive plasmid pSM19035 catalyzes intramolecular protein into the T8 family of DNA recombinase®5), which
site-specific recombination between two directly or includes three subfamilies: DNA resolvases, DNA invertases and
inversely oriented recombination sites in the presence resolvase-invertases. TRerecombinase and the highly related
of a chromatin-associated protein (Hbsu). The recom- Reg protein of plasmid pANA1 are the only members of the last
bination site had been localized to a 447 bp DNA group that have been analyzedsitro (2,3,6). DNA resolvases
segment from pSM19035. This segment includes a 90 bp are highly specialized in catalyzing deletions between two directly
region that contains two adjacent binding sites (I and oriented recombination sites, nanred sites (reviewed i7,8).
I) for B protein dimers. Using in vitro recombination DNA invertases mediate inversions between two inversely
assays, we show that this 90 bp region is necessary oriented target sites, but deletions between two directly oriented
and sufficient for 3 protein-mediated recombination; sites occur at a very low frequency (reviewed®,it0). The3
this defines the six site as the region required for [  recombinase does not have such bias and can catalyze both
protein binding. The point of crossing over has been deletions (resolution) and inversions between two specific
localized to the center of site I. Hbsu has a strong recombination sites with comparable efficiency, depending on
binding affinity for an unknown site located within the their orientationZ,3).
447 bp segment containing the  six site. We discuss the DNA resolvases bind to a 120 bp DNA segment terrasd
possibility that Hbsu recognizes an altered DNA containing three adjacent binding sites with dyad axis symmetry
structure, rather than a specific sequence, generated (1, I'and 11I; 11). DNA resolution occurs between two directly
in the synaptic complex. orientedressites, at the center of site |. All three sites are required

for efficient recombination, but no additional factors are needed

(12 reviewed ir7,8). DNA invertases bind to a 26 bp site, within
INTRODUCTION which recombination occurs, and require a 60 bp recombination

enhancer sequenicecis, to which the Fis protein binds (reviewed
The B recombinase, encoded by the Gram-positive broad hadst9,10). The recombination sitsik site) forfd recombinase has
range plasmid pSM19035, mediates the conversion of plasntiden localized to a 447 bp DNA sequence immediately downstream
multimers into monomers (DNA resolution) to maximize stablef the plasmid replication origir2(see Figl). The protein,
plasmid inheritance and is also involved in an inversion procegich is a dimer in solution, binds cooperatively to two adjacent
probably required for correct plasmid replicatiar3). In the  sites, named | and Il, located within diesite @; see Figl). This
presence of th@acillus subtilischromatin-associated protein binding does not require Hbsu or any other fa@prRy using
Hbsu, the purifiedB recombinase is able to catalyze bothdifferent footprinting techniques, the sequences requirefl for
deletions (resolution) and inversions between two specifigrotein binding have been shown to include a 10 bp inverted
recombination sites, depending on their relative orient&tjgy (  repeat at site |, with a 14 bp spacer and a non-symmetrical 32 bp
The role of Hbsu protein is to facilitate the formation of thdong sequence at site Il (Fig;. 13). We have now investigated
synaptic complex, since in the absence of Hbsu, synapitithether the recombination determinants are just the sequences
complexes are not formed) ( The chromatin-associated proteinsrequired foi protein binding or if additional DNA sequences are
HU from Escherichia color HMG-1 from mammals can substitute required. This information could be particularly relevant in
for Hbsu in the recombination reactiaf). (HMG-1 shares neither unravelling the way in which Hbsu helps to form the synaptic
sequence nor structural homology with Hbsu. Therefore, it is likelgomplex. Hbsu protein, which is needed in stoichiometric
that these chromatin-associated proteins work by recognizing asathounts, can be competed out from fhmediated synaptic
stabilizing a bent or altered DNA structure at the recombinatiazomplex by an excess of a supercoiled DNA containingithe
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Figure 1.Thep recombinase binding site of plasmid pSM1908%Location of thgd recombinase binding site. The positions ofép& gene, the origin of replication

(ori), the 447 bpAsd—BbrPl segment containing tisix site (theAsd site is taken as position 1 of this segment, whilBth®| site would be at position 447), the

B protein binding site (filled) amatfa are indicated. Reading frames are indicated by open arrows and the filled arrow shows the direction of replication of the plasmi
Relevant restriction sites are shown. Coordinates on both ends of the DNA segment refer to the published sequence of pSNE)M3Eat)le( sequence of

thef protein binding region. Sites | and |l forecombinase binding, as defined by chemical footprinting (13), are boxed and in bold. The inverted repeated sequenc
recognized by protein at site | (13) are denoted by convergent arrows. The lengths of selected segments are indicated. Numbering of pasitsitesrafdie

to the cutting site for endonucledssd. A, Asd; Ac, Acd; B, BbrPI; H, Hindlll; T, Taq.

site, but not by a DNA lacking thsix site @). This suggests that obtained; numbering of positions considers the cutting site for
Hbsu has a marked binding preference for a site located within tAed as position 1 (see Figsand2B).
447 bp DNA region from pSM19035 that contains gixesite. To obtain a DNA fragment containing just the minirgal
Determination of the minimum sequences required for recomprotein binding sequences two partially complementary oligo-
bination could unravel whether Hbsu binds to a specific sequenogcleotides containing sites | and Il fdprotein binding were
The results presented show tiffatediated DNA resolution synthesized. One of them (55mer) included positions 142—-195 of
requires two 90 bp recombination sites in direct orientation théte top strand and the second one (60mer) positions 174—233 of
contain sites | and Il foB protein binding. This would be the the bottom strand (see FitB). The oligonucleotides included
smallest recombination site described so far for a DNA resolvasgo modifications. (i) By changing positions T189 to C and A190
of the Ti8 family. Furthermore, this suggests that no specifito T, a newScd restriction site was introduced into the —10 box
sequences are needed for Hbsu binding and that Hbsu woulthe promoter for therfa gene operon, located between sites
perform its task by recognizing or stabilizing an altered DNAand Il (see Fig3; 14). This mutation ameliorated the deleterious
structure at the recombination site. We have also investigateffect of the promoter on the plasmid vector. (ii) The first two
where the recombination reaction occurs; we found that it takbases of the inverted repeat of site | were modified by changing
place at the center of site I. positions T140 to A and A141 to C. The two oligonucleotides

were allowed to hybridize and the recessiverigis were filled-in

with dNTPs and the Klenow enzyme. The resulting 91 bp dsDNA

MATERIALS AND METHODS
Bacterial strains and plasmids
The Escherichia colstrain XL-1 Blue was used.%). Plasmids

pCB8 and pUC1@ have been described previously. Plasmid
pBT316A contains two directly orientesix sites, one from

fragment (coordinates 142—233) was cloned int@GHiesite of
plasmid pUC1R after filling in the ends as above. Two plasmids
were obtained: in pCB103, the direction of Bhgrotein binding

site in the multicloning region wasindlll—site I-site [I-EcaRl,
while in pCB31 the direction was the opposite. Plasmid pCB105
was obtained by substituting the 44 &bysite of plasmid pCB8
located between siteifllll (blunted) andKpnl by a 136 bp

plasmid pSM19035 and the other from the highly related plasmigpni—Hindlll (blunted) fragment from pCB103, containing the
pAMp1, separated by a marker gene coding for resistance 9& bpsix site. The two missing bases forming site | in plasmid
phleomycin. Plasmids pCB61, pCB62, pCB63, pCB64, pCB6pCB103 (bases 140 and 141) were re-introduced by substituting
and pCB67 were obtained from pCB8 by making nested deletiotiee 100 bpecaRI-Acd fragment including the upstream part of
with the exolll enzyme in one of the two 447 bp DNA segmentsite | by an equivalent fragment from plasmid pREST that
that include thaix site (deletions were performed from &l contains a complete site IL3), thereby obtaining plasmid
site; see Fig2). The deletion end points were determined bypCB104. Plasmid pCB51 was obtained by cloning a 120 bp
nucleotide sequencing. Deletions of 4 (pCB61), 27 (pCB62), 11%cd—Kpnl fragment from pCB104 int&cdRl (filled in)/Kpnl-
(pCB63), 121 (pCB64), 178 (pCB66) or 195 bp (pCB67) wereleaved-pCB8. Plasmid pCB106 derives from pCB105, by
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Figure 2. Determination of the minimal sequences requirefl footein-mediated DNA recombinatioA)(Map of the parental plasmid used, pCB8, which contains

two identical 447 bpsd-BbrPI sixsites (marked L and R) located in direct orientation (open boxes with an arrow; see als®ffiDetikdtives of plasmid pCB8

with deletions upstream of site | or affecting site I, within the lefifite. Only the 447 bp region in which the deletions were performed is shown; the other region
remained unchanged. The dotted line indicates vector sequences and the discontinuous line denotes the sequences eroded by the exolll enzyme. The shad
correspond to sites | and Il f@rprotein binding. Relevant positions are shown; numbering is as indicated in Figure 1. The ability of these plasmids to serve ¢
recombination substrates fdiprotein is shown on the right hand side, expressed as percent relative to that observed for plasn@yl pe@R&ties of plasmid

pCB8 in which one of the 447 bp boxes was substituted either by a 91 bp DNA fragment containing exclusively sitesf} pnatéiridsinding (plasmid pCB105)

or by a DNA segment containing only site | (plasmid pCB51). The first 2 bp of site | as defined by hydroxyl radical footprinting (13) are missing in plasmid pCB1(
(D) Plasmid pCB106 contains two directly oriented 91 bp DNA segments containing sites | afidoiotein binding. AAcd; Afl, Afllll; B, BarHl; E, EcaRl;

EV, EcARV; H, Hindlll; Hp, Hpal; K, Kpnl; S, Sal; Sc,Scd; T, Tad.

substitution of the 447 bp region containingghxesite (excised analyze the recombination products, the DNA was digested with
with Hindlll andBanHl) by the 91 bp region containing thi@  two restriction enzymes, one cutting at the multicloning site of the
site (positions 142-233), obtained from pCB31 as a 127 hyector Pst or Hindlll) and the other one cutting at the region
Hindlll-BanHI fragment. lying between the twsix sites §al, EcarV orHpal). The DNA
fragments generated were analyzed by agarose gel electrophoresis
The relative amounts of DNA present in any particular band were

. . . . ) determined by laser scanning densitometry of photographic
Protein B was purified and its concentration determined agegatives; negatives corresponding to different exposure times

previously describe@(16). Purified Hbsu protein was a gift from \yere used to ensure linearity of the response with respect to DNA
Prof. U. Heinemann (Max-Delbriick-Centrum fiir Molekularecqncentration.

Medizin, Berlin, Germany). Since both proteins are dimers in
solution, their concentration is expressed as mol of protein dimeﬁESULTS

Proteins and enzymes

In vitro assays for site-specific recombination Minimal sequences for3 protein-mediated DNA

. . . . L ._recombination
Reaction mixtures to assay site-specific recombination contalnedc

10.6 nM substrate plasmid, 20-335 nM purifigatotein, 100 nM  We have previously shown that two copies of the 447 bp
purified Hbsu protein, 50 mM Tris—HCI, pH 7.5, 50 mM NacCl,Asd—BbrPI DNA segment from plasmid pSM19035, containing
10 mM MgCl, in a total volume of 2fl. Reactions were initiated a binding region for thgd recombinase, are necessary and
by the addition o protein and incubated at30 for 30 min. To  sufficient for3 protein-mediated DNA recombination; the 447 bp
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Figure 3.Comparison of the recombinase binding sites antti&8 plasmids pSM19035, pIP501 and pAIMThese three plasmids encode similar resolution systems.
The 3 recombinase from pSM19035 is 89% identical toRemm plasmid pAMBL, which is in turn 93% identical to ResIP from plasmid pIP501. Non-identical
sequences are shown in lower case. The cognate sitesfqrtiein (boxed) are conserved amongrb&8 plasmids. The —35 and —10 boxes for the promoter for
theorfa geneP in pSM19035 are indicated. The inverted repeat recognized Byebembinase at pSM19035 site | is shown with arrows at the bottom of the figure;
relevant distances are also indicated.

segment was termed thig site @; see Figl). Within this DNA  region of the related plasmid pA3 (Fig. 3), which can also
fragment, the sequences specifically recognized by pthe serve as substrate fdimediated recombination (see below), we
recombinase were localized to a 90 bp redigr8( Fig.1). ltwas  can reduce the minimsix site to the 89—90 bp segment required
unknown, however, whether the 90 bp target segment is sufficidot the binding of3 protein to DNA.
to support the recombination reaction or if the rest of the sequence
of thg 447 bp DNA frag.me'nt is_ also rquired.'PIasmid PCB&trand exchange takes place at site |
contains two of the 447 lgjix sites in direct orientation, separated
by a DNA regioni2.2 kb in length (Fig2A), and is an efficient The precise position within the 447 bp recombination region at
substrate fof protein-mediated recombinatidt).(To determine  which the crossing over reaction takes place was unknown. To
which are the minimal sequences required for recombination, oloealize it more precisely, we constructed plasmid pBT316A,
of the above-mentioned 447 bp DNA segments from plasmighich contains two similar, but not identicsil sites in direct
pCB8 was sequentially reduced upstream of site | and downstreanentation, one of them derived from plasmid pSM19035 and the
of site Il. other from the related plasmid pA¥. Plasmids of thencl8
Sequences upstream of site | were progressively eroded wititompatibility group (pSM19035, pARL and pIP501) code for
exolll on the 447 bpsix site located on the left in FiguBA  arecombinase?(17) and recombination regions317,18) that
(marked L), leaving the other 447 b site unaltered (marked are very homologous2%; see Fid3). The 3 protein from
R in Fig.2A). The ability of the resulting plasmids to serve apSM19035 can bind to the recombination site of plasmidpAM
substrates fdB protein-mediated recombination was analymed (2), which suggests that it can recognize it as a recombination
vitro (see Fig2). In short, the deletions obtained upstream of sitsubstrate. As in pSM19035, the recombination site of plasmid
I, which eliminated up to 121 bp (plasmid pCB64), had n@AM[1 is composed of two binding sites for the recombinase,
apparent effect on reaction efficiency. Deletion of site I, howevenamed R1-R2 and R®)( Site R1-R2 is equivalent to site | of
totally abolished recombination (see plasmids pCB66 armSM19035, while R3 corresponds to site |l for fhgrotein of
pCB67). The effect of sequences downstream of site 1l waggSM190352,6,13). Although sites | and R1-R2 are very similar,
analyzed by generating a synthetic 91 bp segment lacking aime differences are present in the sequences located immediately
sequences downstream of site Il (positions 234-447) amgbstream and the homology decreases considerably downstream
upstream of site | (positions 1-141) but containing sites | and d¢ff these sites (Fig; 16). On the basis of these differences, we
for B protein binding (positions 142-233). In addition, thisexpected that the sequence of a recombination product between
synthetic site contained two point mutations in the spacer regitime two recombination sites of pBT316A would allow a more
between sites | and Il that generaftecal restriction site (see precise delimitation of the region of crossing over.
Fig. 2C). This 91 bp DNA fragment was used to replace the left An in vitro recombination reaction was carried out with
447 bpsix site of plasmid pCB8, generating plasmid pCB105plasmid pBT316A,3 recombinase and Hbsu under standard
This plasmid was as good a substrat@{iorediated recombination conditions and the reaction products were transformed into
as the parental pCB8; no difference in recombination efficiendy.coli. Since recombination should eliminate a DNA region lying
could be detected under the conditions used (not showietween the two recombination sites that includes a marker gene
Complete deletion of site Il, leaving an intact site | (plasmiatonferring resistance to phleomycin, recombinant plasmids were
pCB51), totally abolishefi-mediated recombination (FigC).  easily discriminated from parental plasmids on the basis of
Substitution of the two 447 Isjixsites of pCB8 by the 91 bp DNA sensitivity to phleomycin (the plasmid vector confers resistance
segment that contains just tifle recombinase binding site to ampicillin). Two such plasmids were purified and the
(positions 142-233, plasmid pCB106) also gave an activeucleotide sequence of their uniciresite was determined and
recombination substrate (FERD). Therefore, binding sites | and compared with that of theix sites of plasmids pARL and
Il are strictly required for efficient recombination, but thepSM19035 (Fig4A). Sequences immediately upstream of the
sequences upstream of site | or downstream of site Il are not deft arm of the inverted repeat of site | belonged to pSM19035,
can be substituted by unrelated sequences with no apparent eféeltile the last base of the right arm and those lying downstream
onin vitro reaction efficiency. These results allow the reductionf it corresponded to pABL (Fig. 4A). This indicates that
of thesixsite to the 91 bp segment comprising positions 142—-23Bcombination had taken place somewhere in site |. Since
Since positions 231-233 are not conserved in the equivalggBM19035 site | is almost identical to pAW site R1-R2, the
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Figure 5. Fine mapping of the nucleotides critical for strand exchange. The
Figure 4. Determination of the site of strand exchandé.l(ocation of the nucleotides located in the 14 bp spacer between the arms of the inverted repeat
crossing over site on plasmid pBT316A, which contains two directly oriented recognized by3 protein at site | are indicated on top of the figure. The
six sites, one from pSM19035 and the other from the related plasmiipAM  nucleotides of this spacer region that were sequentially substituted by a different
Sites | for recombinase binding of pSM19035 and fAMare shown. residue are presented in the central part of the figure; dashes indicate
Nucleotides that are different in the two plasmids are indicated in lower case.unmodified positions. Individual 447 Isix segments containing each of the
After B-mediated recombination using pBT316A as substrate, the wilque  mutated sites | were used to replace one of the wild-type 447 bp recombination
site of the recombinant plasmid obtained was sequenced. The resultingsegments of plasmid pCB8, generating the plasmids indicated on the left side
sequence is underline@)(Comparison of site | f@ protein with site | for the of the figure. The ability of each of these plasmids to serve as substfate for
yd resolvase, which is known to include the site of strand exchange. Theprotein-mediated recombination was measimeadtro; the results are shown
arrowheads indicate the positions at which yheecombinase introduces  on the right of the figure, expressed as percent relative to that observed for the
staggered cuts to mediate the strand exchange (20). The inverted repeatedild-type parental substrate (plasmid pCB8). The two nucleotides whose
sequences are indicated and the conserved TATA sequence is boxed. maodification rendered substrates inactive are boxed.

. . . .. ... 5-AT-3' nucleotides gave substrates that were totally inactive for
assay cannot indicate the precise crossing over point within sitg¢dcombination (see Fif).

The sequences upstream of the left arm of the site | inverted repeat
are not required for recombination (see above). In addition, t SCUSSION
central 4 nt of the pSM19035 site | are identical to the equivale

regions of site | for thgd and Tr8 resolvases. These two enzymesprevious studies had indicated th@t protein-mediated
are known to produce staggered cuts at this position (S@8Fig. recombination mguires a 447 bp DNA segment from plasmid
It is likely, therefore, that th@ protein produces the strand pSM19035, a segment that contains two adjacent binding sites for
exchange somewhere in the spacer regions between the two afifésrecombinase?). Chemical footprinting assays delimited the
of the site | inverted repeat. We further analyzed this pOSSIbI|It}Q_rget sequences for @rotein to a 90 bp segment (coordinates
140-229) located within the 447 bp DNA fragmei®)( The
Positions at site | critical for strand exchange results presented in this work indicate that the sequences that are
necessary and sufficient for the recombination reaction lie in a 89 bp
The above results suggest that the point of crossing over shoDINA segment (coordinates 142—230) that coincides witi$ the
lie within the short spacer sequence that separates the tremombinase binding site. Sequences upstream of binding site | or
half-sites recognized by tifieprotein. In the case of thy@ and  downstream of binding site Il could be modified without
Tn3 resolvases, the two central nucleotides of the correspondisignificantly affecting reaction efficiency. The first two bases of
site I, at which the staggered cuts are introduced, are critical faite | (coordinates 140 and 141) were dispensable for recombination.
the recombination reaction and their mutation drastically reduc@bough these positions are contacted bf fhretein, they are not
the formation of recombination product$9). Therefore, necessary for protein binding (S&2. Both binding sites | and Il
determination of the nucleotides essentiapfprotein-mediated were essential for the recombination reaction: elimination of
recombination should help to locate the point of crossing over. Either of them from just one of the two recombination sequences
this end, every single nucleotide in the center of the spacefthe substrate plasmid abolished DNA recombination. Therefore,
separating the two arms of fagrotein recognition target in site | we can define the minimusix site as that containing the target
was modified by site-directed mutagenesis to cytosine, exceptsaguences for tfirecombinase, i.e. the DNA segment including
the position where a cytosine was already present, which wsiges | and Il. This is consistent with gigsite suggested for the
modified to guanine (see Fig). In each case, a plasmid wasRe$ recombinase of the pABL plasmid §).
constructed containing twsix sites in direct orientation, one of  These results are particularly interesting in understanding how
them with wild-type sequences and the other with a mutatede accessory protein Hbsu participates in assembly of the
position (plasmids pCB81-pCB90). The absence of unexpectestombination complex. About 1-2 Hbsu dimers/DNA molecule
mutations at theix sites of the resulting plasmids was confirmedare enough to activate the recombination reactipnwhich
in all cases by nucleotide sequencing. The efficiency of each sdfiggests that it is binding with high affinity to a particular region
these plasmids as a substrate3fonediated recombination was of the DNA. Since in the presence of therotein, binding of
analyzedn vitro under standard conditions. As shown in Figire Hbsu can be competed out by a supercoiled DNA containing the
all except the two central positions could be modified withou447 bp DNA segment that includes #liresite, but not by a DNA
impairing the recombination reaction; reaction efficiency was ndééicking these DNA regions, it was hypothesized that Hbsu should
altered either (data not shown). Modification of the centrabind with high affinity to a site located in this DNA segméint (
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A similar assay with a supercoiled DNA containing just théntroduced at the central positions®br Tr3 site | in one of the
minimal 91 bp recombination region including sites | and Il gavewo directly oriented target sites of a DNA substrate for the
the same result (not shown). Nevertheless, no binding wegsolvases drastically reduced the generation of recombination
observed by footprinting techniques when using a linear DNAroducts {9). It was interpreted that a mismatch at the positions
fragment spanning positions 87—259, irrespective of the abserfifethe two recombination sequences that should hybridize after
or presence of th@ protein (L3). Our results showing that the the strand exchange seriously affected the outcome of the
DNA sequences upstream of site | and downstream of site Il ci#fction. Therefore, it is very likely that DNA resolutionfby

be substituted by unrelated DNA make it very unlikely that Hbs{fCOmbinase occurs by a mechanism similar to tyatasfd T8

is recognizing a specific sequence outsidsithgite. Enzymatic resolvases and, by inference, that the strand exchange reaction
(2) and chemicall(3) footprinting analyses suggest that betwee@CCUrs at the center of site |. The way of achieving the proper

rotein binding sites | and Il there is a sequence, 24 bp in lengffiientation of the two sites | at the synaptic complex would
B protein binding si ! au b gnevertheless differ for the two recombinases, given the differences

that is not contacted by the t@yprotein dimers. Itis also unlikely . SO X .
that Hbsu recognizes a specific sequence in this region, for ethelr binding sites (three fgb and two fof3 recombinase) and

following reasons: (i) 16 of the 24 bp are not conserved in plasm||gie need for Hbsu in the caseigdrotein.

pAMpL1 (Fig.3), whose recombinatiasite is very homologous

to that of pSM19035 and supports recombination with thACKNOWLEDGEMENTS
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