4012-4018 Nucleic Acids Research, 1998, Vol. 26, No. 17

00 1998 Oxford University Press

The role of supercoiling in mycobacteriophage L5

integrative recombination

Carol E. A. Pefia , J. Michelle Kahlenberg 1 and Graham F. Hatfull*

Department of Biological Sciences, University of Pittsburgh, Pittsburgh, PA 15260, USA and 1Slayter Box 1033,

Denison University, Granville, OH 43023, USA

Received April 27, 1998; Revised and Accepted July 7, 1998

ABSTRACT

The genome of temperate mycobacteriophage L5
integrates into the chromosomes of its hosts, includ-
ing Mycobacterium smegmatis , Mycobacterium tu-
berculosis and bacille Calmette-Guérin. This inte-
grase-mediated site-specific recombination reaction
occurs between the phage attP site and the mycobac-
terial attB site and requires the mycobacterial integra-
tion host factor. Here we examine the role of supercoil-
ing in this reaction and show that integration is
stimulated by DNA supercoiling but that supercoiling

of either the attP or the attB substrate enhances
recombination. Supercoiling thus facilitates a post-
synaptic recombination event. We also show that,
while supercoiling is not required for the production of

a recombinagenic intasome, a mutant  attP DNA defi-
cient in binding of the host factor acquires a depend-
ence on supercoiling for intasome formation and
recombination.

INTRODUCTION

with these components, involving formation of intramolecular
Int-L5 bridges between the core and P4/P&i® (C.E.A.P.,
J.M.K. and G.F.H., submitted). The mIHF protein, which by itself
exhibits no binding preference fattP DNA (6), appears to
promote or stabilize a DNA bend between the core and P4/P5,
enabling intasome assembly. This intasome complex then recruits
theM.smegmatiattB site to form the synaptosome, within which
strand exchange occurs (C.E.A.P., J.M.K. and G.F.H., submitted).
Even though a recombinationally active intasome can be formed
with linearattP DNA (C.E.A.P., J.M.K. and G.F.H., submitted),
integration is significantly stimulated by supercoilingtP (5).

The topological state of DNA substrates is known to profound-
ly influence many site-specific recombination reacti@) (For
example, co-integrate resolution by ydp@nd Tr8 resolvases and
DNA inversion by Gin and Hin and their relatives absolutely
require supercoiled substrates, principally to promote formation
of a specific synaptic topology within which strand exchange
occurs 9,10). Supercoiling also contributes a torsional effect to
a post-synaptic step of recombination in th& Tesolvase and
Gin DNA invertase reactions, possibly by unwinding of the DNA
double helices or providing energy by the release of supercoiling-
induced tension upon cleavadé)( In addition, supercoiling has

Mycobacteriophage L5 is a temperate phage whose hosts inclutgen shown to play more passive roles in resolution and inversion
the pathogerMycobacterium tuberculosighe vaccine strain reactions, including aiding in binding of the recombination
bacille Calmette-Guérin (BCG) and the non-pathogenic fagiroteins to the DNA, alignment of the sites and increasing the
growingMycobacterium smegmaiis—4). The establishment of local concentration of siteS)(
lysogeny involves integration of the L5 genome into the The topological requirements for phage integration have been
chromosome of its host,3,4). This site-specific recombination studied extensively for phage(12,13) and are quite different
reaction occurs between an attachment site on the L5 phage DNom those for the resolvase and DNA invertase systems. In the
attP and an attachment site on the bacterial chromosattiBe, A system efficient integrative recombination requires supercoil-
(1,3,4). The integration reaction has been reconstititadiro  ing of theattP substrate botim vitro (13) andin vivo(14), but the
and has been shown to require the L5-encoded integrase proteindom distribution of supercoils among the products demon-
(Int-L5; 5) as well as a novel mycobacterially-encoded integrastrates that the recombination sites synapse by random collision,
tion host factor (mIHF5,6). rather than by the topological filtering typical of the resolvase
The L5attP region contains multiple sites to which Int-L5 cansystems 15). The principal role of supercoiling in thesystem
bind (7). These sites fall into two categories: core-type bindingppears to be to promote formation of a nucleosome-like
sites at the points of strand exchange and arm-type binding sitesasome complex in which ttatP DNA is wound around the
which flank the core (P1-P7; Fit). In DNase | footprinting of integration proteins, such that protomers of integrase are correctly
attP, mIHF protects regions just to the left and right of thepositioned for the capture aftB DNA (16,17). The requirement
core-type binding sites, but only when both Int-L5 and mIHF arfor supercoiling cannot be supplied by supercoiling ofattie
present §; C.E.A.P., J.M.K. and G.F.H., submitted). During L5 DNA and the topological state aftB does not influence the
integration a recombinationally active intasome is assemblexfficiency of recombinationi@).
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The 6202 bp plasmid pMH92)and the 7763 bp plasmid pGL1
(7) both contain the wild-typattP site. The 4820 bp plasmid

Figure 1. The attP region of mycobacteriophage L5. The seven arm-type pMH12.1 is a pUC119 derivative containing a 1.73d} attB
integrase binding sites are shown as black boxes (the P4/P5 pair of sites Spaﬂ%gment fromM smegmati$3)

+90 to +110) and the area of Int-L5 protection at the core is indicated by a . - A . . .
horizontal striped rectangle (spanning approximately —18 to +18). The 43 bp Plasmids containing substitution mutations indkte region

common core sequence found in battP and theM.smegmatittB site is were constructed from plasmid pGL1 as described previogsly (
shown as a white box and spans positions —4 to +38. Coordinate 0 refers to trusing the Muta-Gene Phagemid In Vitro Mutagenesis system
central base pair between the cut sites, indicated by small arrowheads in Figure 4fBio-Rad). The mutagenic oligonucleotides were designed to
substitute the 5 bp atttP coordinates +61 to +65 (to make
plasmid pMK1), the 10 bp from +41 to +50 (pMK2) or the 10 bp
from +71 to +80 (pMK3), all between the core and P4 (see Table
i , L i and Fig4A for sequences). The substituted sequences introduced
Unlike the reso_lvase—hke reactlom_ntegratlon do_es not have Hindlll, EcaRV andApa restriction sites into plasmids pMK1,
an absolute requirement for supercoiling; the requiremeattr k2 and pMKS3 respectively: plasmid DNA preparations were
superhelicity can be circumvented by performing the reactiongyeened for the desired mutation by digestion with the appropriate
with different ionic strength. Lower salt concentratiatZ5(mM) enzyme. The identities of the mutants were confirmed by

relax th_e requirement thatttP be supercoiledl@). Excisive__ sequencing theattP regions using an ABI 310 automated
recombination ol also does not absolutely require supercomngsequencer (Perkin-Elmer).

in vitro, but is stimulated by supercoiling attL andattR when
the salt concentration is >100 mM (using NaCl, KCl oaBH - |, yitrg integrative recombination reactions
18). Below 100 mM there is no superhelicity requirement for
excisive recombination and lineattL and attR substrates Recombination assays were similar to those described previously
recombine efficiently18,19). (5). Reactions were performed in a total volume ofu2@nd
Superficially, the processes of integrationAirand L5 are contained 10 mM Tris—HCI, pH 7.5, 25 mM NaCl (unless
similar; both systems use a compéetP site, a shorattB site, a  otherwise indicated), 1 mM dithiothreitol, 1 mg/ml BSA, 10 mM
phage-encoded integrase and a host-encoded accessory fagggrmidine, 1 mM EDTA;D.024 pmolattP DNA, 0.024-0.06
(for reviews of A recombination se€0,21). However, the pmolattB DNA, 0.14-0.71 pmol purified Int-L5 and 3.6 pmol
attachment sites df and L5 share no sequence similarity, thepurified mIHF (unless otherwise indicated). Reactions were
binding sites inattP are organized quite differently and the incubated for 2 h at 3T, stopped by addition of SDS to a final
integrases have little amino acid sequence similarity apart froa@ncentration of 0.1% and electrophoresed through a 0.7 or 0.8%
the few critical active site residues. The host factors involved alggarose gel.
have little sequence similarity and exhibit somewhat different For experiments using linear DNAs, pMH94 was linearized
mechanisms of actiors). These differences are perhaps notsing a uniquaglll site; pGL1 and pMK2 using a unigéea\|
surprising, since phages L5 andre themselves unrelated at thesite; pMH12.1 using a uniqudindlll site. A short, lineaattB
sequence level and tBscherichia colnd mycobacterial hosts DNA was generated by annealing pairs of oligonucleotides (to
are phylogenetically quite distinct. Moreovircoli andM.tub-  give a 45 bp fragment) as described previouzsy. (
erculosislie at the extremes of the spectrum of bacterial growth
rate, with doubling times of 20 min and 24 h respectivef.( Integrative transformation assays
Phages infecting these bacteria are thus likely to encounter very

; : - ; vivo integrative transformation assays were performed as
different cellular environments, particularly with respect to DNAdescribed previously7). Approximately 0.1ug (0.025 pmol)
metabolism, and processes such as integration and excision & i ; '

be expected to reflect such differences. ﬁ'ﬂ’—contammg plasmid (which also containsibband lacks an

in thi how that L5 int " bination i c%rigin of replication for mycobacteria) was electroporated into
onlr;/ s'lﬁnpuallgteer dwbeyssgp\;\(/arcgiling Igﬁ?grgll\\ﬁ rgﬁ?rgar']ngl's%n t;znq\/l.smegmatistrain mé155 @,24), recovered at 3T, dilutions
stimulated by supercoiling @itt DNA when theattP DNA is plated on 7H10/ADC plates containing Qdiml tetracycline and

linear, suggesting that superhelicity enhances events in tﬁrgnsformants counted after a 5 day incubation aC37

recc_)mbmatlon pathway after initial synapsis has occurred. S'n?\??tive gel analysis of intasome complex formation
L5 integrase does not appear to be able to relax superhelical

plasmid DNA, cleavage of DNA at the crossover site may also ndhe conditions for intasome formation were similar to those used
occur until after synapsis. Finally, we demonstrate that in the Lfér in vitro recombination, with the exceptions ttetP was
system, mIHF effectively fills the role which supercoiling hasprovided as a short, linear DNA fragmentyd. salmon sperm
been observed to play in intasome formation in other phadeNA was added to each reaction and the total reaction volume
integration systems, such that a mutant site with base substitutiamas 10pl. Approximately 3000 c.p.m. radiolabelattP DNA
within a region of DNA proposed to interact with mIHF acquiresvas incubated with 0.0035 pmol Int-L5 and 0.37 pmol mIHF for
a novel requirement for superhelicity aitP. 30 min on ice, reactions were electrophoresed through a native
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attP

5% polyacrylamide gel indTBE (100 mM Tris, 84 mM borate, A
attB

1 mM EDTA) and products visualized by autoradiography. DNA
segments containingttP were generated by cutting plasmids

pGL1, pMK1, pMK2 and pMK3 wittBanHI to give 624 bp i
fragments. DNA fragments were radiolabeled by end-fill with =0
Klenow as described previousl¥) ( rel attP— _rel attB
lin atiB :ﬁmdtl;;ts
i ivi | = ina
Assay for topoisomerase activity o aHPT o el
Buffer conditions were similar to those used far vitro
recombination assays, with the exceptions that no spermidine was
added and the pH was either 7.5 or 8.0. Approximately 0.05 pmol
plasmid pMH94 was incubated with 0.7-14.0 pmol Int-L5 at g 25 mM 50 mM
either room temperature or 32 for 2 h. The reactions were sc lin lin attP
stopped by addition of SDS to a final concentration of 0.1%, lin lin lin attB
electrophoresed through a 0.8% agarose gel in the absence o Mibeaite oo ah=nnnint
ethidium bromide and stained with ethidium bromide for
visualization after electrophoresis. rel attP R .
sc x lin= - 0 sy ab el
RESULTS sc attP” [ eI
Supercoiling requirements for integrative
recombination c 25 mM 50 mM
We noted previously that L5 integrative recombination betwee sc lin sc sc lin sc aftP
an attP DNA and a small, lineaattB fragment is strongly LU PR e LR L
stimulatedin vitro by supercoiling of thattP substrate). To I NN SIN S PV -
further test the supercoiling requirements of L5 integration, i
series of similan vitro recombination reactions was performed );‘,‘;ﬁ,ﬂits

using different combinations of supercoiled and liret® and ;ggu'{;;-
attB substrates incubated with purified Int-L5 and mIHF. Use of

a large, lineaattB DNA with a supercoile@ttP plasmid results

in efficient recombination similar to that observed previously
(Fig. 2A; 5). However, only a small amount of product was
observed when botfattP and attB were present on linear

substrates (Fig2B), indicating that supercoiling @fttP stimu- . . . . . . .
lates the reaction. Surprisingly, integration was also stimulated ffilgure 2. Supercoiling requirements for integrative recombinatépivito

: p aly, g . combination reactions using supercoiled and linear substrates. A supercoiled
attB, rather tharattP, was the supercoiled substrate (F24). (sc)attP plasmid was incubated with a linearized (it plasmid and a linear
This was unexpected, since supercoiling ofatiB DNA does  attP plasmid with a supercoileaitB plasmid (as indicated) for 2 h at&in
not substitute for supercoiling @fttP in A integration. Since the presence of Int-L5 (as indicated) and mIHF. The reactions were stopped by

; : : T : ddition of SDS and electrophoresed through an agarose gel. The predicted size
integration of L5 is enhanced by supercoiling of either SUbStrat(%f the product of integrative recombination between the 6202 bp pMtt4

the stimulation must occur at a step involving kaitR andattB  pjasmid and the 4820 bp pMH12B plasmid is 11 022 bp. The positions of
and, since a putative synaptosome can form efficiently usinghe supercoiled and linearizatP andattB plasmids, the products and relaxed
linear attP with linearattB (in the presence of both Int-L5 and circular (rel)attP andattB plasmids are indicated. The sizes of the 1 kb DNA
mIHF; C.E.A.P., JMK. and G.F.H., submitted), the Stimu|atedmarkers (M) are (first eight bands, from the bottom up) 1.6, 2.0, 3.1, 4.1, 5.1,

tb t ti t eith ; £t 1, 7.1 and 8.1 kb. O, origin of electrophoreds. | vitro recombination
process must be a post-synaptic event, either conversion o ctions using linear substrates at different salt concentrations. A 6202 bp

initial synaptic ComF?'?X into an activated form or a Step_in Stran_(ﬂnearized pMH94ttP plasmid and a 45 kgitB DNA fragment were incubated
exchange. Supercoiling therefore acts at a later step of integratieiith Int-L5 (as indicated) and mIHF at 25 or 50 mM NaCl (as indicated),

for L5 than forA, in which supercoiling is involved in formation similarly to the reactions in (A). The predicted sizes of the recombinant
of the intasomé products are 5496 and 746 bp. A control reaction using a superatiffed

. - . plasmid and the 45 kxitB DNA at 25 mM NacCl is also shown. The positions
Smce_ thPT SL!pQI’COIlIng dEpendenCE)\Oﬁ"tegrase'med'ated of the linearizedhttP plasmid (linattP), the 5496 bp product of the linextP
recombination is influenced by salt concentratitf),(we tested  xlinearattB(lin x lin) reaction, the supercoiledtP (scattP), the 6247 bp linear
the salt dependence of L5 recombination X;ait relatively high ~ product of the supercoilegltP x linearattB (sc x lin) reaction and relaxed
salt concentration&(lo mM) supercoiling OlttP is absolutely circularattP (relattP) are shown. The sizes of the 1 kb DNA ladder (M) are (first

. . . . four bands, from the bottom up) 3.1, 4.1, 5.1 and 6.1 ®b.If vitro
required, while at lower salt concentrations2§ mM) this recombination reactions using supercoiled and linearized substrates at different

requirement is relaxed. In contrast, L5 integrase-mediate@atconcentrations. The substrates used are the same as in (A), with the addition
recombination does not appear to be as sensitive to changes in sit supercoiledttP x supercoiledttB reaction. Reactions were performed as
concentration as\ integration; little or no difference in L5 in (A) at 25 and 50 mM NacCl, as indicated. The predicted products from the
st percoiledhttP x linearattB and lineamttP x supercoilecattB reactions are
recomblnatlon was observed between the 25 and 50 mM Na. 022 bp linear DNAs (sclin product); the products from the supercod&é
reactions when at least one of the substrates was supercoiled,percoilecattB reaction should be the same length, but circularized and in
(Fig. 2C) and, while some inhibition of recombination between twodifferent topological states (8sc products). Sizes of the 1 kb DNA marker (M)

linear substrates occurred in the presence of 50 mM NaC2Bjig.  are (from the bottom up) 3.1,4.1,5.1,6.1,7.1,8.1,9.2,10.2, 11.2 and 12.2 kb.
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2 37°c n DNA supercoiling and the sequence requirements for
2| _1s 8.0 75 8.0 oH mIHF action
- a8 0 == 0 =1 0 =1 int The experiments described above indicate that supercoiling acts

relatively late in L5 recombination, as opposed to the earlier role
that supercoiling plays in formation of thantasome complex.
For L5, integration is strongly dependent on the presence of
mIHF, which stimulates intasome formatia. (This host factor
differs from E.coli IHF in that it has little or no sequence
-8 similarity to IHF and does not appear to bind specificaltte
DNA (6). However, when Int-L5 is present, mIHF stimulates
formation of the intasome, of which it is an integral component,
Figure 3. Assay for topoisomerase activity in Int-L5. A supercoiled 6202 bp a”?' occupies the _DNA Segmem between the core and the P4/P5
attP plasmid, pMH94, was incubated for 2 h with increasing concentrations ofPair of arm-type sites5( see Figl). The only sequence feature
Int-L5 at varying temperature and pH. The amounts of Int-L5 used were 0.70f note in this region is'"SATTTTTCTTT, which, although part
;ggga%:dpvrc%- QI ;g:qﬁ;olpr&ﬁ:égqsins\évgx: t?ﬁgiss%f;‘:rfs;flfe'd(ig;g EdRrLgIZ\VX’fcgf a putative transcriptional terminator, may also facilitate
. iy ending of the DNA in this region to promote intasome
clrcular (rel) states of pMF94 are indicated. formation. Thus, while mIHF does not bind alone with any
preference foattP DNA, we cannot rule out that certain positions
within the DNA may facilitate the binding of or orient mIHF
within the intasome.
o o To probe the sequence requirements for mIHF binding, we
inhibition was not complete and thus supercoiling was not agynstructed three mutaattP DNAs each with a substituted block
absolute requirement for integration under high salt conditions. ¢ h3ses between the core and P4 and evaluated the effect of thes:
mutations on recombination. All of the mutants substitute regions
which are protected from DNase | cleavage when both Int-L5 and
. ; ; ; - mIHF are present]. Plasmid pMK1 contains a substitution of
Int-LS fails to display topoisomerase activity the 5 bp from +61 to +65, while plasmid pMK2 contains a
, ) _Substitution of the 10 bp from +41 to +50 (Tablend Fig 4A).
The experiments described above suggest that supercoilit§e third mutant, pMK3, substitutes 10 bp within the T-rich
primarily stimulates formation of a productlve. synaptosome of, gion, from +71 to +80 (see Tatland Fig4A). The effects of
perhaps some subsequent step in the reaction. This raises {{i&se substitutions dn vivo integration were determined using
question as to whether formation of a productive synaptosomegsansformation assay in which integration of a non-replicating
a prerequisite for any chemical attack on the DNA by Int-L5. Weasmid DNA was required to produce antibiotic-resistant
therefore tested the ability of Int-L5 to relax negatively Supergansformants. In this assay all three mutants behaved similarly to

coiled DNA, a property that has been demonstrated far(B%). e wild-type substrate and all efficiently transformésmeg-
We did not observe any topoisomerase activity of Int-L5 “”d%atis(Tablel).

any of the conditions tested (Fig). These conditions were

similar to those used fdn vitro recombination, but utilized  tapje 1. Effect of inter-core/P4 region mutations on integratiomivo
different pH values (pH 7.5 and 8.0), temperatures (room

temperature and 3T) and integrase concentrations and lacked Coordinates Transformation

=rel

- . . . . . . i i * * %,
spermidine (which stimulates recombination but inhibits =~ fosmid ofmutafion ~ Wisequence’  Mutantsequence ffeq‘;‘;’(‘)“g”
H H H R Ol none X
mtegrase-medlateql topoisomerase actizby; Similar obserya- MKL 46110465 - S-AAGCT 1071
tions were made in reactions using DNA substrates with and jvx> 110450  5-CTGGTCAGAG  5-GACCGATATC 893
without attP or attB, in the presence and absence of mIHF, for pvMxs 710480  5-ATTTTTICTIT 5-GCGCGGGCCC 2143

longer incubation times (up to 16 h), in the presence of spermidine

and utilizing a buffer (50 mM Tris—HCI, pH 8.0, 5 mM EDTA, Transformation frequencies were determined by electroporation of plasmid
100 mM KCl and 3 mg/ml BSA25) identical to that used in the DNAinto M.smegmatisThe pGL1 transformation frequency was defined as
Int-A topoisomerase activity experiments (data not shown).100%.

While we note that the Iit-induced relaxation of supercoiled *The sequence corresponds to the top strand shown in Figure 4A.
plasmids was readily detectable in a simple agarose gel in the

experiments of Kikuchi and Nask), the addition of 0.7fg/ml The three mutardttP DNAs were also tested as recombination
chloroquine to the agarose gel also did not reveal any changesimbstrates vitro using a supercoiledtP plasmid and a short, linear
the topological state of supercoiled plasmids incubated withttB fragment (Fig4B). Consistent with tha vivo experiments,
Int-L5 (data not shown). While we obviously cannot rule out th@one of the three mutants were substantially different from the
possibility that we have simply failed to find the appropriatewild-type attP DNA and all three showed a similar dependence on
conditions for Int-L5-mediated topoisomerase activity and itsnlHF (Fig.4B). These observations argue against a role of specific
detection, all the variables which affect the topoisomerase activigNA sequences for mIHF binding. However, when the mutant
of Int-A were manipulated in an attempt to find favorablesubstrates were tested as ling#® DNAs in conjunction with a
conditions. We note, however, that under similar conditions thinear attB substrate, no product was observed with pMK2
integrase of thélaemophilus influenzgghage HP1 also fails to (linearized pMK1 and pMK3 behaved like linearized wild-tiE
display topoisomerase activit@f). DNA, undergoing inefficient recdpination with a linearattB
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5 - CCATATGTGGTCGSCAGACACCCATT CTTCCARACTAGCTACGCGEGTTCGATTCCCGTCGCOCGT

GGTATACACCAGMM&MMMAGCTAAGGGCAGCGGGCGA
[}
40 +50 +60 +70 +80 +90 +100 +110
1 1 ()

GCTGETCAGAGGGTGTTTTCGCCCTCTGGCCATTTTTCT TTCCAGGGETAIGCAACTCT IR GCGACTCT
CGACCAGTCTCCCACAAAAGCGGGAGACCGGTAAAAAGAAAGGTCCCCAGACGTTGAGAMCRCGCTGAGAA
2 cTGGCTATAG -5 tpreea-st 3 ceceecceas -5 P4 P5

D pGL1 pMK1 pMK2 pMK3
Int - = &% + =« =« 4 + = = 4+ 4 = = 4 4
mHF - + - + - + = + == % = + = % = %
o— p——— - U N e om0 - -
intasome — . - -

=ral attP
B1- = product
6.1—

- sc attP

41=
free attP —

Figure 4. Characterization of amitP mutant which imposes a requirement for supercoiliraftéf (A) Sequence of the core—P4/P5 regioatt® and mutants. The
mutant sequences are shown below the wild-type sequence and correspond to the bottom strand (1, 2 and 3 indicateotieisubstimis pMK1, pMK2 and
pMK3 respectively). The sequences of P4, P5 and the common core are boxed. The horizontal black bar shows the coretesymniptdtd and the larger arrow
indicates a site of DNase | cleavage enhancement in footprinting of the intasome and synaptegorf@E.A.P., J.M.K. and G.F.H., submitted). The small
arrowheads indicate the sites of strand exchange B)3j yitro recombination reactions usiatP substitution mutants. Reactions containing a 7763 bp supercoiled
attP plasmid [either wild-type pGL1 or with mutations as indicated in Table 1 and (A)], a shore#B BYNA, Int-L5 (as indicated) and varying amounts of mIHF
(as indicated) were performed as in Figure 2A. The predicted size of the product is 7808 bp. The amounts of mIHF uséPw@i@737.12 and 0.037 pmol (upper)
and 3.7, 0.37 and 0.037 pmol (lower). The positions of the product, the supercoiled (sc) and relaxed circular (reflesttifeplafimid, the origin of electrophoresis
(o) and sizes of the DNA marker (M) in kb are indicat€2). $upercoiling of thettB substrate does not activate recombination with a linear pMK2 substrate.
Recombination reactions were performed as in Figure 2A using the supercoiled 48Bplasmid pMH12.1 and a linearized 7763t DNA (either the wild-type
pGL1 or the mutant pMK2, as indicated). The size of the predicted product is 12 583 bp. The positions of the saftBrsni#tB), relaxed circulaattB (rel attB),
linearattP (lin attP), the product and several DNA markers in kb are indicaBd\étive polyacrylamide gel analysis of intasome complexes assembleattRith
substitution mutants. A radiolabeled 624 bp fragment of wild-type (pGL1) or mutant (pMK1, pMK2 or pNFKBNA was incubated with purified Int-L5 and mIHF

(as indicated) for 30 min on ice, followed by electrophoresis though a native polyacrylamide gel. The positiattRfiirmtasome and the origin of electrophoresis
(o) are shown.

DNA; data not shown). Interestingly, recombination with lineaiis relatively inefficient with these short, linear DNA substrates,
pMK2 DNA is not stimulated by supercoiling aftB DNA the rate limiting step does not appear to be in intasome formation.
(Fig. 4C), suggesting that pMK2 integration has acquired &he three mutarattP substrates, pMK1, pMK2 and pMK3, were
specific requirement for supercoiling attP. (We also note that therefore tested as short, linear DNA fragments for their ability
the amount o&ttP plasmid present in the relaxed, circular stateto form an intasome in the presence of Int-L5 and mIHF {Biy.
presumably equivalent to a linestP substrate, decreased in the While pMK1 and pMK3 behaved similarly to wild-tyjpétP, no
wild-type pGL1 and mutant pMK3 reactions in H@, but did  band corresponding to the intasome was observed with pMK2
not decrease in the pMK2 reaction; this further supports oyFig. 4D). A simple interpretation of these data is that the sequence
conclusion that integrative recombination of pMK2 can onlychange in pMK2 has disturbed the ability of mIHF to bind to this
proceed using a supercoilatP substrate.) region, preventing mIHF from fulfilling its role of stimulating the
We have observed that Int-L5 and mIHF assemble with a shoftymation of a tertiary complex. Since supercoiled pMK2 DNA is
linearattP DNA fragment to form an intasome which is capableully competent to undergo integrative recombination, supercoiling
of synapsing withattB DNA and undergoing recombination of attP can presumably compensate for this defect.
(C.E.AP, J.M.K. and G.F.H., submitted). While recombination
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DISCUSSION mutant attP substrates that were generated appears to have
acquired a dependence specifically on supercoilingitf for
\g&ombination. In this regard, mutant pMK2 has essentially
ecome phenotypically equivalentkattP. One explanation is
nywat this change in sequence affects the inherent flexibility of the

steps in the reaction pathway. Anintegration, supercoiling !nter—core/P4 region, preventing stable assembly of the bent

promotes a relatively early stage of the reaction, assembly of ffjiasome complex with lineattP DNA; supercoiling ofattP
recombinagenic intasome complex; in the absence of sugercdﬂ‘-ay facilitate bending of pMK2 DNA, as it does in isystem.
ing, theX arm-type sites are incompletely protected in footprintioWever, no recognizable features of either the wild-type or
ing assays1(7). In contrast, supercoiling appears to enhance Blutant sequence in this region suggest the ability to impart or
relatively late step in L5 integration, during or subsequent to tH¥€vent DNA flexibility. In addition, if proper bending of tagP
assembly of a productive synaptosome in which both DN /QNA_cpuId be |anue_nC(_ed by such a sequence substitution, it is
partners are present. surprising that substitution of the nearby poly(dA-dT) stretch did
The specific step in the L5 recombination pathway that jgot also influence re.comblnatlon; pMK3, however, is clearly
stimulated by supercoiling is not clear. However, we havélly capable of both intasome formation (F#) and recom-
observed thattB DNA readily associates with the L5 intasomePination (data not shown) as a lineitP DNA.
(assembledn vitro with linearattP DNA) to form a synaptic A more likely explanation is that the dependence of pMK2 on
complex (C.E.A.P,, JMK. and G.F.H., submitted), such thaittP supercoiling results from an interruption qf normal binding
supercoiling does not appear to be required for synppsise of mIHF. The mIHF ho_st factor _do_es not blnq with any p(efgrence
However, this quaternary complex is relatively long lived and thér attP DNA (6), but in footprinting of the intasonie situ it
subsequent step in the reaction appears to be rate limiting whi9tects most of the sequence between the core and P4ike of
linear DNA substrates are involved; this is therefore a likely stagdowever, a DNase | enhancement is seen approximately midway
at which superhelicity exerts its effect. Supercoiling could€tween the core-type Int-L5 binding site and the P4 site (see Fig.
specifically activate Int-mediated nucleophilic attack on theé*A; C.E.A.P., J.M.K. and G.F.H., submitted), consistent with one
DNA, facilitate a step of strand exchange or stimulate conversigHnit of mIHF (probably a homodimer) binding on each side of the
of a primary synaptic complex from an inactive into an activé€nhancement. While this interaction between miHF aitid
form. In situfootprinting experiments have shown that the P1 an®NA is strongly dependent upon the presence of Int-L5, specific
P2 arm-type sites are only partially protected in the synaptosor@se pairs withiattP could form direct contacts with mIHF. Thus
observed in gel retardation experiments, even though both P1 dh8 PMK2 mutant may be defective in binding mIHF at this
P2 are needed for recombination (C.E.A.P., J.M.K. and G.F.HRarticular location and require supercoiling to stabilize intasome
submitted). This phenomenon of partial arm-type site protectidiermation.
in the absence of supercoiling is subtly different from the The bases changed in mutant pMK2 overlap the sequence
observation in th& system that, in the absence of supercoiling ofoding for the stem components of a likely transcriptional
A attP, Int-A binds to the P1 and ®arm-type sites weakly but terminator (the putative stem is from +42 to +54, with its
does not produce a recombinogenic intasdrie [ contrast, the  complement at +59 to +73). These inverted repeats, as well as
intasome formed using a linear B&P site (in which P1 and P2 other identified loosely repeated sequences, are potential candi-
are not protected at all) is a kinetic precursor to recombinatigites for low affinity or Int-L5-induced recognition aftP by
(C.E.AP.,, JMK. and G.F.H., submitted) and thus intasomelHF. Of the three sequences substituted, that changed in mutant
formation is independent of supercoiling. However, supercoilingMK2 has the highest degree of conservation with its correspon-
may facilitate occupancy of these sites and promote formation éing sequence in thattP region of the related mycobacterio-
Int-L5-mediated protein bridges between the P1 and P2 arm-typbage D293). Even though D29 is a lytic phage and does not
sites and the core-type binding sitesitB during formation of ~ form lysogens upon infection of mycobacteria, D29 is capable of
the synaptosome. integrating into thé/l.smegmatigenome Z7) and D29 integra-
Int-L5 does not exhibit topoisomerase activity under any of théion is also dependent on mIHF (M.Pedulla and G.F.Hatfull,
conditions tested (Fi@); a similar lack of topoisomerase activity unpublished observations). This further supports the idea that
was noted by Hakimi and Scocczs) for the integrase of the these specific base positions may be important for recognition of
H.influenzaephage HP1. However, Iit-does relax negatively attP by mIHF, but that the strength of this interaction alone is
supercoiled DNA, even one lackirajtP, and does so in the insufficient to confer independent binding of mIHFtt> DNA.
absence ofittB DNA (25); chemical attack on DNA by Int- However, we note that pMK2 integration still needs mIHF for
clearly does not require synapsis. The absence of such an activitggombination (see Figd), such that even if supercoiling
in Int-L5 suggests that the catalytic functions of Int-L5 are moreompletely substitutes for the requirement of mIHF binding at
selective and that catalytic activity is dependent upon specifibis site, it must play additional roles in integration.
conditions or interactions encountered during recombination, The observations presented here suggest that Int-L5-mediated
possibly formation of a productive synaptic complex. This lackntegration utilizes some torsional effect provided by supercoiling
of activity in Int-L5, along with the fact that no Holliday junction during a post-synaptic step of the reaction. Benjanal have
intermediates were observed in recombination reactions usisgown that supercoiling provides both a pre-synaptic conforma-
attB substrates constructed with inhibitieethio-substituted tional effect and a post-synaptic torsional effect to recombination
dNTPs @3), leads us to believe that the activity of Int-L5 is veryby Tri3 resolvasel(l). Such torsional effects have been suggested
specific, perhaps conformationally activated and highly reversiblego contribute to helix unwindingdL(), resulting in the necessary
Unlike in A integration, formation of the L5 intasome appearslisruption of base pairin@) or in correct positioning of the DNA
to be independent aftP superhelicity. However, one of the three cut sites relative to the recombinase active sites (e.g. the crystal

The observations presented here suggest that while integrat
recombination of both L5 arxdis enhanced by DNA supercoil-
ing, the stimulatory effect of superhelicity is exerted at differe
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structure for thgd resolvase places the active site serines too flREFERENCES

apart to make the correct attacks on DRA&8-30). We note that 1
in the crystal structure for Iit-the active site tyrosine can be
positioned for eithetrans or cis-cleavage with no distortion of 3
the DNA helix 31). Furthermore, the crystal structure of Cre
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them, at least for viral integration. With relatively little known 5,
about the cell cycle of the slow growing mycobacteria, such clues
from the study of mycobacteriophages may reflect upon thes

biology of their hosts. "
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