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ABSTRACT

Bacteriophage A uses site-specific recombination to
move its DNA into and out of the
genome. The recombination event is mediated by the
phage-encoded integrase (Int) at short DNA sequences

known as attachment ( att) sites. Int catalyzes recom-

bination via at least four distinct pathways, distin-
guishable by their requirements for accessory proteins
and by the sequence of their substrates. The simplest
recombination reaction catalyzed by Int does not
require any accessory proteins and takes place between
two affL sites. This reaction proceeds through an
intermediate known as the straight-L bimolecular
complex (SL-BMC), a stable complex which contains
two attL sites synapsed by Int. We have investigated
the orientation of the two substrates in the SL-BMC
with respect to each other using two independent
direct methods, a ligation assay and visualization by
atomic force microscopy (AFM). Both show that the
two DNA substrates in the complex are arranged in a
tetrahedral or nearly square planar alignment skewed
towards parallel. The DNA molecules in the complex
are bent.

INTRODUCTION

Escherichia coli

recombination between pairs of substrates knowattasites
through four different pathwayat{P andattBin integrationattL
andattRin excision; reviewed if,2) and two distinct reactions
between pairs dttL sites 8—6; the sites are shown in FitA).

The simplest of thattL x attL reactions, the straight-L pathway,
requires only Int, is inhibited by IHF and is inefficient as
compared with the other three pathways (only 5-10% of
substrates are converted to produetg)(In contrast, the bent-L
pathway requires both Int and IHF and is as efficient as
integration or excision6j. Both L x L pathways have been
detectedn vivo as well asn vitro (4,6).

The straight-L pathway proceeds through a stable synaptic
intermediate, named the straight-L bimolecular complex
(SL-BMC), which consists of twattL sites held together by Int
(IHF interferes with formation of the complex). In order to
support formation of the SL-BMC, each of thitl sites must
possess both core-type and arm-type binding sites for the Int
protein (Fig.1A) and footprinting experiments showed that both
core sites and all three arm sites of each DNA substrate are
occupied in the complex5). To accomodate this data, we
proposed that at least some of the Int protomers form bridges
between the arm site of oa#dL substrate and the core site of the
second substrate. The geometric arrangement of sites in the
complex must affect both its assembly as well as subsequent steps
in the pathway leading to formation of products.

With one exception, no direct information is available about the
geometry of substrates with respect to each other for any tyrosine

Site-specific recombination is a common event in naturgecombinase (results of topological experiments cannot be
Recombinases control gene expression and plasmid copytrapolated to predict the geometry of recombination inter-
number, resolve replication and transposition intermediatesjediatesy). Kim and Landy &) proposed anti-parallel synapsis
increase genetic diversity and mediate joining and separation fof excision. Sadowski and colleagué} ifave studied glutaralde-
viral and host genomes. All of these reactions must be bottyde-trapped synaptic complexes assembled by Flp, but their
specific and efficient in order to regenerate viable chromosomesxperiments could not determine the alignment of substrates
These attributes depend in large part on how recombinaseghin the complexes. In certain circumstances, Flp treats its
recognize and juxtapose their substrates in synaptic complexsapstrates as symmetrical and synapses them in either orientation
but very little is known about this stage of recombination. (9). Experiments with synthetic Holliday junctions in several
The integrase family of recombinases has no inherent restrictioggstems support a square planar geometry for the Holliday
for the orientation of substrates. Bacteriophegétegrase (Int)  junction (with DNA ends equidistant from each other) and have
protein recombines all pairs of sites regardless of their orientatidr@en interpreted as suggesting anti-parallel alignment of DNA
with respect to each other, as do its relatives, the bacteriophagerRdlecules {0-12). The co-crystal of the bacteriophage P1 Cre
Cre protein and the yeast Flp proteij The Int protein catalyzes protein with a Holliday junction showed that the two sites of DNA
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A P arm P arm and visualization by atomic force microscopy (AFM). While

) : A ! these assays cannot make fine distinctions between closely
‘Mﬂ—@—b;ﬂ‘@“’-’-’— art related alignments, their results have shown that Int aligns the
M4 att substrates in the SL-BMC in a nearly tetrahedral or square planar

|1 B orientation which is skewed towards the parallel orientation. This

IHE H - resembles the arrangement of DNA molecules in thel@rsite

i co-crystal, but in that case the DNA molecules were arranged
—|>>‘<4—<“}_’—’-’— art anti-parallel to each other. These two arangements may either

| . —COfF] . M i reflect complexes at different stages during recombination or may

reflect real differences between the Int and Cre enzymes.

MATERIALS AND METHODS

DNA substrates for the ligation assay

§< —|>— DNA fragments of four different sizes (130, 179, 224 and 230 bp)

containing theattL sequence were generated by PCR using
plasmid pHN872 as the template’) and appropriate primers.
Parallel Crossed Anti-parallel The two shorteattl sites were designed wiiag sites at either end
of the fragment while the two longattL sites were designed with

Figure 1.(A) Diagram of thatt sites and the integration and excision reactions EccRl sites at either end. The PCR prOdUCtS Were digesteﬂagth
Strand exchange occurs near each of the two Int core binding sites. Th@" EcdRl (New England_B|OIabs) "_’md gel_pu”f'ed US_II’_lg PAGE.
0 coordinate of thett sites lies between the core sites. During straight-L Each fragment was radiolabeled in reactions containing 100 nM
recombination, the IHF site is not occupied (IHF inhibits straight-L recom- DNA, 25 uCi [y-32P]JATP (NEN) and 10 U T4 polynucleotide

bination). B) Models for the alignment of tatL. sites in the SL-BMC. Thattl kinase (NEB) and diluted to a final concentration of 20 nM.
sequence is depicted as an arrowhead. Any number of intermediate arrangements

between the parallel, crossed and anti-parallel configurations are possible. . .
DNA substrates for atomic force microscopy

. . . . . . A 1050 and a 960 bp fragment containing #tek site were
cleavage in the Holliday junction were diametrically opposed tQ\ nthesized by PCR using pHN872 as template. The longer

each other in the structure, implying that the two DNA moleculeg, 4, improves the deposition of the DNA on mica. The ends of
3.?? arranged in aln ?nnjlparallel orlgntat;djﬁ,lﬁ). A melljor_ gle fragments are asymmetrically disposed with respect to the
ifference among Int family enzymes involves the complexity 06$L sequence in order to distinguish the two possible alignments

their recombination target sites and is reflected in the structure the sites in the complex. The longer DNA molecule has 800 bp

the cognate recombinases. Int has an additional DNA bindifg yq |eft of the 0 coordinate in th#L sequence (for reference,

domain not present in Cre, Flp or the Xer proteins, to accomodatg jg e site of top strand cleavage) and 250 bp to the right, while

the differences in target sequences (reviewed5jh6). The ;
stable SL-BMC intermediate presented an ideal opportunity th?ﬁg %rzegor?;f;[lgiﬁ?ﬁf 610 bptothe left and 350 bp to the right
al

directly address the geometry of a synaptic complex at a stage t
precedes the Holliday junction in an Int-mediated recombinati
pathway, in order to gain insight into how Int aligns it
recombination substrates. SL-BMCs were assembled in @lavolume containing 0.65—1.4 nM

In order to define the orientation of the substrates with respdeteled DNA, 18.3 nM Int or buffer, 13 mM Tris, 60 mM KClI,
to each other, the polarity of the substrates must first be definéd26 mM EDTA, 1.5ug tRNA, 15% glycerol and 1.8g BSA.
Several elements within attL molecule could lend polarity to Purified Int was the generous gift of H.Nash and C.Robertson
the sequence; the main candidates are the relative position of (INtH). Reactions were incubated for 1 h on ice to inhibit
core and arm binding sites and the 7 bp directional spacer, knovatombination while allowing formation of the SL-BMC. In
as the overlap, between the two core binding sites {Flg. order to minimize ligation of DNA molecules from different
Formation of the SL-BMC, unlike recombination, does noSL-BMCs, reactions were diluted 6-fold with buffer containing
depend on the identity of the overlap or on homology betwedhe following constituents (final concentratiafter dilution are
overlap sequences on the two partner substrateSherefore, given): 1.51g tRNA, 1.2 mM ATP, 12.8 mM MgGland 1.3 mM
the overlap does not contribute substantially to the polarity of tHaTT. Lastly, 8 U T4 DNA ligase (NEB) were added. Ligation
attL site in the complex. As stated above, efficient SL-BMQeactions were incubated at°ts for 3 h. The products were
formation requires the presence on each partner substrate of k&gparated on a 5% native polyacrylamide gel (29:1 acrylamide:
Int core and arm site§); Thus, their relative position may be an bisacrylamide) in 05 TBE at 165 V. Two to four reactions were
important element in determining site polarity. pooled in each gel lane and 10 reactions were assembled for eact

An infinite number of possible alignments of the two sitedreatment. The wet gel was then imaged by autoradiography.
exists in three-dimensional space, ranging from a strictly parallel The bands corresponding to SL-BMCs and, in the case of
arrangement to a symmetrically crossed (tetrahedral or squasactions without Int, to a dimer aftL sites were excised from
planar) arrangement, in which the four ends of the two DNAhe gel and the slices were layered on a 5% polyacrylamide—SDS
substrates are equidistant from each other, to a strictly anti-paraligl. Electrophoresis was carried out in Tris/Tricine/SDS buffer at
arrangement (FidB). We have examined the alignment of the100 mA (L8) and the wet gel was visualized by autoradiography.
attL substrates within the SL-BMC using both a ligation assayhe ligation products were excised from the gel and the DNA was

gﬂgation assay
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eluted overnight in TE/0.1% SDS at°®7. The eluted DNA was

concentrated and digested witnfl (NEB). Digestion products i

were separated on a 5% polyacrylamide—SDS gel in Tris/Tricine/ ar 5 Bagl
SDS buffer at 100 mA. The gel was dried and visualized using a
Molecular Dynamics Phosphorimager.

Terminal deoxynucleotidyl-transferase (TdT) reactions were B
performed according to the manufacturer’s instructions (Boehringer
Mannheim) using 1QCi [a-32P]dGTP (NEN). Exonuclease V
(ExoV) digestions were carried out in 25 mM Tris—HCI, pH 8, .

1 mM DTT, 5 mM MgCs, 1 mM ATP and 45 nM ExoV for 2 h e CB; Ei) Cg;_)
at 37C, then stopped with SDS loading buffer. ExoV was the 470132 1321941132 471264147 941264

Parallel

generous gift of S. Kowalczykowski. Proteinase K digestions S0/134 1347107134 S0/268/90 1801268
were carried out in parallel ligation reactions to which SDS
(0.25% final concentration) and proteinase K (0.25 mg/ml final Astinarald

concentration) were added; reactions were incubated for 1 h at

37°C and separated as above.
S5

Atomic force microscopy 47/132  132/179/47 179
90/134  134/224/90 224

SL-BMCs were assembled in aj@reaction containing 10 mM

HEPES, pH 8, 2 mM MgG) 60 mM KClI, 50ug/ml tRNA, 8 nM

attL site (1050 bp or a mixture of the 1050 and 960 bp molecules)  Crosed

and 70 nM Int. These conditions were optimized for AFM as well

as for SL-BMC formation. Less than 1-2% recombination is

obtained in this buffer system due to the presence of HEPES g( CK m %

instead of Tris buffer and low [Mgg}linstead of spermidine.

However, SL-BMCs form t@b0% of the level formed in Tris a2 Zg;zj Ei 113342//:’;)//113324 22?121’,‘32 424 m
buffer (data not shown). Reactions were incubated for 35—-60 min

at room temperature. Five microliters of the mixture were diluted

with 5 pl of Millipore-purified water and immediately deposited Figure 2. (A) Schematic representation of the ligation assay.afthesite is
onto freshly cleaved mica disks (New York Mica Co.). After depicted as an arrowhead, with ttiefl site off-center near the corgad or
2 min, the mica was washed with 10-15 drops of MiIIipore—purifiedECd?' sites are present at both ends of the DNA fragmBtigation at the

o restriction sites of the fragments generates various dimeric product conformations
water and dried in a stream of compressed 1,1,1,2-tetrafluoroeth ending on the initial alignment of tht: sites in the SL-BMC. Subsequent

to remove excess liquid and unbound particles. digestion withHinfl results in different fragments. The numbers below each
The samples were viewed using a Nanoscope Il atomic forcdéiagram indicate the possible fragments obtained after digestion of that

microscope (Digital Instruments) in contact mode, using narrowparticular ligation product (the patterns for the 179 bp substrate are on top, the

200pm Iong silicon nitride cantilevers with oxide-sharpened tipspattern for the 224 bp substrate below}. Note th_at some patterns of fragm_ents are

. shared between the crossed configuration and either the parallel or the anti-parallel

and a force constant of 0.06 N/m. Imaging force, calculated fromonfiguration. However, the more symmetrical the crossed configuration is, the

the force curve using these cantilevers, was typidallynN. more possible fragments should be obtained after digestion.

Imaging was performed at a scan speed of 5-8 Hz, in a fluid cell

filled with reagent alcohol (90% ethanol, 4.5% methanol and

4.9% isopropanol) to minimize the tip force on the sample, _.. . _
Imaging under isopropanol has been shown to give bett gat!on products atadlﬁe(ent sitsliqfl) than the one used fqr
igation (Ead or EcdRl) will generate fragments whose size

resolution than imaging in aifl9). (It is estimated that imaging o . .
forces in liquids are typically 10 times smaller than imagin epends on the initial alignment of the substrates. Four possible
utcomes exist for the parallel alignment and three for the

forces in air, causing less distortion and preventing possible
cutting of the DNA by the tip.) Images were then processed
flattening to remove background slope. Nanoscope images wi
imported into NIH Image software for length measurements.

ti-parallel alignment. The crossed substrate configuration will
Hgld a more complex mixture of products if all the ends are
equally available to each other for ligation and depending on how
skewed the alignment is towards the parallel or anti-parallel
arrangements (Fig, compare the ‘crossed’ arrangement with the
RESULTS ‘parallel’ and ‘anti-parallel'’ arrangements). Each arrangement
P has certain diagnostic products, depending on the extent of
Ligation assay ligation and the length of the substrate used in the reaction. The
The two DNA molecules in the SL-BMC should be ligateddiagnostic fragments are shown in bold in Figuffer simplicity,
together in a specific orientation if the complex is stable and if thenly fragment sizes for the 179 and 224 bp substrates are shown).
ends of the two DNAs are favorably aligned. In the absence of Int,Figure 3A—D shows the results of a complete ligation
on the other hand, DNA molecules should be ligated via randoaxperiment with the 179 bp substrate at different stages of the
collision. Different ligation products will result for each orientationanalysis. Briefly, ligase is added to reactions in which Int has
of theattL sites within the SL-BMC if both ends of both DNA assembled SL-BMCs or tattL molecules alone (Fig3A).
substrates are ligated, if only one end of each substrate is ligatédation products in the absence of Int should reflect random
to the other or if ligation does not occur (FR). Cutting the collision betweerattL sites. As expected, SL-BMC formation



1148 Nucleic Acids Research, 1999, Vol. 27, No. 4

depends on Int. FiguBA also shows a control reaction in which

ligase was absent. Some non-specific binding of ligase to tl ;”l B c D
SL-BMCs appears to have caused retention of the complex in t “ hall' | s - -2
well. Gel slices corresponding to the SL-BMCs arattioligated e . g
products obtained in the absence of Int were excised from the ( Q* ' .
and electrophoresed through an SDS-containing gel 8Big. S 2 4 - )
Ligation products were indeed obtained in all cases except whe s " !‘ -

ligase was absent. At the concentration of ligase and DNA use Y il

products with slower mobility were also obtained (Bi). In the

case of the two shorter substrates, these products disappe: M m_".
after proteinase K digestion (data not shown), showing that th 'i“‘t - ' L -
were not simple ligation products, and were not analyzed hel l-i@::; = ii 3 It 5 I

Some of these are covalent complexes between Int aadtithe
site, since they are obtained in the absence of added ligagB{Fig.

(20; G.Cassell and A.Segall, manuscript in preparation). E

The linearity of the ligation products was tested by sensitivit anfsubstrate  ligated BMC
to digestion with ExoV, which requires a double-stranded en [ | |
(21), and by the ability of the product to be labeled at tends Hfl: + - - - - --+
with [a-32P]dGTP by TdT. Ligation products that were resistan F""":'f T )

to ExoV digestion and to TdT labeling were identified as circula
and were found in the case of the two longer sites (data r
shown). The circular products were analyzed and the resu
obtained agreed with the analysis of the linear dimer product (d¢
not shown).

Ligation products that were sensitive to ExoV digestion an -
were labeled by TdT were deemed linear and their size w
determined by comparison with molecular weight standard
Ligation products were eluted from the gel (each class was trea
separately), concentrated and restricted Witfifl, which cuts
asymmetrically within thattL fragment. The restriction digests
were electrophoresed on another SDS gel @dgand D). As
mentioned above, specific restriction fragments are diagnostic of
different initial alignments. In the presence of Int and 179 bp_

substrate, fragments of 47, 132 and 264 bp were generated. -Bg bp substrate (EA] Electrophoretic mobility shift in the presence of ligase

pattern is consistent Wi_th a parallel or nearly parallel "‘j‘“gnment nd/or Int. The SL-BMC bands and the ligattiproducts obtained in the

the twoattL molecules in the SL-BMC (refer to Fig). Ligation absence of Int were excised from the gel and separated by SDS-PAGE.

evidently occurred at the end closest to thefas of thattL sites  (B) SDS;aF;{j\LGE Seplaftath‘Ofn of ttﬁe llglatlon protdutctg- DdN/g_ cortres_risirt}?mg to

; ; ; ; ; imers ofattL were eluted from the gel, concentrated and digeste

(Flgi 1A), Sl.nce. the 94 b_p fragment is absent. Itis possible that | andD) SDS—PAGE separation of the ligation products after restriction with

facilitated I|gat|o_n by bringing the two DNA molecules closest tOHinfi. The dimeric ligation products were excised from the gel, eluted and

each other at this end. The 132 and some of the 47 bp fragmemigested witHHinfl. The presence of both 94 and 264 bp fragments indicates

presumably result from some unligated DNA that was carriedpoth parallel and anti-parallel ligation in the absence of Int. The 264 bp

along, despite gel isolation of the dimeric ligation product. Thef:E"")ngeTt '.”d";aaes Zgjr%”e' ai!g”me”t "‘C'th sites " thg presence of Int. .
. . - nalysis of the p substrate products in the absence and presence o

two ends of the fragment are dlﬁerentla”y labeled, with the en gase. Lanes 2 and 7 represent the substrate control and the ligated product,

closest to the arm sites labeled more than the end closest to H#apectively. Lanes 3 and 6 represent ExoV-treated substrate and ligated

core sites (data not shown). This, as well as loss during ethangbduct, respectively. Lanes 4 and 5 represent TdT-treated substrate and ligation

precipitation, may account for some under-representation of thfoduct, respectively. Lanes 1 and 8 represéintl-treated substrate and
47 bp fragment ligated product, respectively. Experimental details are described in Materials

OEL . . d Methods.
For ligation products obtained in the absence of Int, DNA MEnes

fragments of 47, 94, 132, 179 and 264 bp are seer3FigThe
179 bp fragment is diagnostic of anti-parallel alignment, while the
94 and 264 bp fragments are diagnostic of parallel alignment. Thaysical ends of the molecules to the Int binding sites stimulates
presence of fragments indicating both orientations is expected figation (if Int forces the ends closer to each other). The results
ligation of sites in either orientation, as expected for DNAobtained for the 130 bp substrate were the same as for the 179 bp
molecules brought together by random collision. In contrast, treibstrate (Tabl&): the arm ends were ligated, showing that Int
presence of Int clearly biases the ligation products towards th@und at the arm sites does not occlude T4 DNA ligase, while the
parallel orientation. core ends remained unligated. Two related possibilities were
The ligation assay was used with substrates of three othested: (i) that the core ends of it molecules were not long
lengths in order to investigate further the arrangement @nough to be ligated; (i) that the sticky ends could not be properly
molecules within the complex. The 179 &L substrate was aligned for ligation due to their orientation along the helical axis of
shortened at the core end by 24 bp and at the arm end by 25 thye, DNA molecules. Therefore, substrates 224 and 230 bp in length
yielding a 130 bp substrate, to test whether proximity of thevere assayed in which the core ends were made 43 and 46 bp longel

1 2 3 4 5678

ure 3. Ligation assay results using the 179 bp substrate (A-D) and the
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than in the 179 bp molecule and the arm ends were lengthened because the two sites in the SL-BMC are equal in size, it is not
2 and 5 bp, respectively (since ligation at the arm ends had alregubssible to tell whether the two molecules cross each other or
been seen, lengthening these ends significantly did not appednether each bends at the location of the protein mass. To address
necessary). When each of these longer molecules was usedhis issue, we scanned complexes formed between the 1050 bp
assemble SL-BMCs and subjected to ligation, we found that tiiolecule and a shorter 960 bp molecule. d@tie sequence is
two arm ends still ligated to each other, but also that an arm edidposed on the two DNAs such that all four ends of the two
ligated to a core end (Fi§E, Tablel and data not shown). No molecules are identifiable. The resulting images indicate that the
linear ligation products were obtained in which the two core endrolecules do not cross within the complex, or if they cross, they
were ligated to each other. However, we obtained circulawrap around each other once (F&). The observed images
products for both of the two longer substrates, which containéddicate that the molecules in the complex must be bent.
att sites aligned either in the parallel or in the anti-parallel Images of single DNA molecules bound with Int also show the
orientation (data summarized in Tab)eThus ligation at the core protein close to one end of the molecule, indicating that Int is
ends does occur but is more difficult than ligation at the arm endsinding specifically to thattL site (Fig.4G and H). The lengths
since all molecules ligated at the core ends are also ligated at ti@®NA long and short segments in these complexes were BD0
arm ends. The data obtained with the 224 and 230 bp fragmeatsd 54+ 8 nm, respectively (average of 20 complexes). About
led us to modify our earlier conclusion: the ends ofdiesite  30% of the single DNA—Int complexes showed significant bends
are arranged both in a parallel and an anti-parallel alignment, i.eofithe DNA coinciding with the location of Int. As expected, no
tetrahedral alignment, a square planar alignment or a mixture 8£-BMCs were observed in the absence of Int (data not shown).
parallel and anti-parallel alignments. The DNA width in the samples varied from 6 to 15 nm, which
is comparable with previous results for contact mode imaging in
Table 1.Ligation products of SL-BMCs made with the four DNA substrates iSOpropanol 19). The width of the DNA is dependent on the
radius of curvature of the tip. The silicon nitride tips used have a
Substrate Coreendto  Armendto  Core end to nominal radius of curvature of 5-40 nm, but tip shape often
core end arm end arm end changes while imaging a sample. The images clearly show the
dependence on tip shape: the image in Fig&revas scanned
with a sharper tip than the image in Figde& The background

Linear ligation products

130 bp (-45t0 +85)  No Yes No spots visible in the image are probably salt crystals and/or tRNA
179 bp (-69 to +110)  No Yes No molecules that were not removed during sample preparation.
224 bp (-112 to +112) No Yes Yes
230 bp (115 to +115) No Yes Yes DISCUSSION

Circular ligation products We have shown, using two independent direct assays, tatithe
130 bt (45 to +85)  NA NA NA sites in a synaptic intermediate of recombination, the SL-BMC,
179 b3 (=69 to +110)  NA NA NA are aligned in a tetrahedral or nearly square planar arrangement

skewed towards parallel in most complexes. We believe that the

224 bp (11210 +112)  Yes Yes Yes complex cannot be completely planar since, given the arrangement
230 bp (115 to +115) Yes Yes Yes of DNAs in the complex (Fidh), this would place the arm end and
the core end of different molecules at the furthest distance from
aCircular ligation products were not found for the 130 and 179 bp SUbStrateFeach other. This is very un|ike|y, since core—arm linear |igati0n

products are obtained as readily as are arm—arm ligation products.
Atomic force microscopy In Fhe absence of Int, DNA is ligated in both parallel a_n_d

anti-parallel arrangements, as expected for the random collision
The AFM images of SL-BMCs shown in Figu#—E clearly  of ends. Because the SL-BMC is a stable complex, no fixing
support a tetrahedral or square planar alignment that is skewagkents such as protein—protein or protein—~DNA crosslinkers were
towards parallel of the two sites in the complex. Sincettie necessary and thus the architecture of the complex is as close to
sequence is placed asymmetrically with respect to the ends of theive as possible.
DNA molecule, the orientation of the two molecules is easily The two assays have many complementary features that
observed. The DNA arms on either side of the Int globule wergtrengthen our confidence in the results. (i) The ligation assay is
measured from the middle of the globule to the ends of the DNAverformed in solution, while AFM requires deposition of the
the long arm of each molecule had an average length aof 293tomplexes onto a flat surface (surface deposition could possibly
18 nm, the short arm averaged®%1 nm (24 complexes were skew the conformation of the DNA). (i) The ligation assay data
measured). DNA imaged in propanol has a length of+3.4 is affected by the concentration of DNA in the reaction and some
0.3 A/bp, consistent with B-form DNA&P); we obtairiB.3A/bp  of the molecules ligated may be from different SL-BMCs,
for the DNA in the SL-BMCs. The observed lengths eliminate thelthough we have no evidence of this. In contrast, AFM allows
possibility of loops or large kinks in the complexes. Of roughlyiewing of individual complexes. It is also possible that ligation
60 SL-BMC images collected, three (5%) were anti-parallel (onie biased somewhat by the arrangement of Int molecules on the
is shown in Fig4F; Discussion). This is probably an over-estimateDNA molecule, i.e. ligation of molecules in one possible
of the true proportion of anti-parallel complexes, since the totaonformation would be inhibited because of improper juxtaposition
number of parallel SL-BMCs observed was higher than the actuafl the DNA ends or interference by Int while ligation in the other
number of images saved. Since anti-parallel complexes wetenformation would be allowed. Neither of these are issues with
relatively rare, all anti-parallel images were saved. AFM. (iii) AFM sample preparation may introduce a bias not
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Figure 4. AFM images of SL-BMC:s. In all cases, the DNA substrate is 1050 bp with the edgexttf thequencé&lL60 bp from one end. Tick marks on the lower
and right edges of each panel represent 100 nm inte#al3) SL-BMCs showing parallel alignment of DNA strands (4@M0 nm field). E) Example of complex

with a larger protein globule in the SL-BMCs (40@00 nm field). The size difference is likely due to non-specific binding of Int on DNA due to protein—protein
interactions.f) Anti-parallel SL-BMC (500« 500 nm images)3-H) Single DNA fragments with Int bound (48@00 nm image). Details of preparation in Materials
and Methods.

investigating protein—DNA assemblies in their native conformation
(reviewed ir23). To our knowledge, this is the first time AFM has
been applied to intermediates of a recombination reaction.
During AFM imaging, a small proportion of anti-parallel
complexes were observed. These could either be due to rare
artefacts of sample preparation, occasional assembly of complexes
with the DNAs in the opposite orientation or may represent a
configuration at a later stage of the recombination reaction
(although very little recombination takes place under the AFM
conditions used; Materials and Methods). Since the sites appear

to be arranged in a near tetrahedral alignment, relatively little
movement of each pair of DNA ends would be required to give
\ rise to an anti-parallel arrangement from the parallel arrangement.

This agrees with the conclusions drawn from the Cre co-crystal
data (3,14).
T | crossed Preliminary results in an assay using tethered recombination
targets indicate that the parallel orientation of it site
molecules at synapsis in the efficient bent-L pathv@yavors
recombination 2:1 over the anti-parallel orientation (W.Soward
Figure 5. AFM image of SL-BMCs assembled with substrates of two different and A.Segall, unpublished results). This would suggest that Int
T e e o o X e e s aseos ligns DNA molecules in a similar orfentaton for al the
ic:nage ig representati\?e of nine complexes containing two differenF; siies of ecomblnatlon_ Pathways it catalyzes; we are currently testing this
DNA molecules. model for excision.
Int is not the only case that shows site alignment skewed

towards parallel: unpublished electron microscopy data from
present during ligation; specifically, the steps of rinsing ané.Levene and colleagues shows that Flp protein also alidrts its
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