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ABSTRAR
We have used three approaches to studying the interacticm of lambda

Int protein with bacteriophage attachmnt site DNA, POP': locatim of
binding sites by retention of DNA fragnnts in a filter binding assay,
recanstruction of a binding site by DNA synthesis and protection of a
binding site from an exonuclease. Retentimn of restriction fragments on
nitrocellulose filters in the presence of Int protein was used to locate
binding sites. A high affinity binding site lies in P' between base pairs
-6 and +173 from the center of the cono core sequence, and low affinity
sites are found in the 200 base pair region left of positian -6. Reccon-
structian of the high affinity binding site region from the right using
primd ENA synthesis and testing for filter binding in the presence of
Int protein shows that sequences sufficient for tight binding of Int
protein lie to the right of position +66. When attachnent site DiNA is
protected by bound Int protein against digestion by exonuclease III, four
Int dependent protection bands are seen in positions +58, +68, +79 and
+88. This can be intexpreted either as showing that four Int protein
mmfnonrs bind to the high affinity region in series, or as evidence for
wrappina of the DNA around Int protein, leading to structural changes
resemrbling those occurring to DNA in nucleosames.

INTRODUCTIK4
Lamba is a temperate bacteriophage that can lysogenize its host,

E. coli. In the prophage state the phage achieves replicative synchrcny
with its host by physically integrating its DNA into the host chromosore.
Integration occurs by a single reciprocal site-specific recombination event

between unique sites on the phage and bacterial chromosoEs known as attach-
mnt (att) sites (reviewed in refs. 1-3). Integration depends upon the

product of the lambda int gene, and upon several host proteins (4, 5). Int

protein has been purified and shown to bind specifically to DNA molecules

containing the lambda phage attachment site (att POP') or the left prophage
attachnt site (att BOP') (6, 7, 8). It is not know how the host attach-

nent site (att BOB') or the right prophage attachment site (att POB') inter-
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act with the host factors and Int protein in the complete reaction.
The most likely mechanism for integrative recanbination would be for

Int protein to recognize and align the phage and host attachment sites,
perhaps aided in the recognition of the host att BOB' by the required host
factor, followed by breakage and rejoining catalysed by host proteins or
possibly by Int itself (9).

The interaction of Int protein and the attachment sites is thus clear-
ly of central importance in the recombination process. The phage attacl-
ment site has been shown to have the formal structure POP', where P and P'
are flanking regions to the left and right respectively of the sequence 0,
and 0 (designated comon core), represents a stretch of 15 nucleotides
conmon to all four attachment sites (10). Although the position of comnon
core is kmown exactly because it is common to all the attachment sites, the
extent of sequence to the right and left which is critical in the reaction
is not known. In order to determine the regions of DNA required for Int to
interact with the viral attachment site we lhave studied the binding of
purified Int protein to small MNA fragments fran this region.

In particular, the location of an Alu I site one base-pair within the
ccmcn core allowed us to separate the two halves of att POP' into P and
OP' and to show that the rain binding site is located in the OP' fragment.
Wie have further used a new approach, protection against the acticn of exo-
nuclease III, to study how far to the right in the P' sequence Int protein
binding extends. In a final series of experiments presented here we re-
constructed the viral attaclhmnt site from single stranded template and
primer to further define the W4A sequence required for tight binding of
Int. The results obtained in these studies are therefore complementary to
a detailed study of the high affinity binding site in P' at the base pair
level using DNA protection methods (11, 12, 13) whidc will be published
elsewhere (S. G. Minter, R. W. Davies, M. Kotewicz, and H. Echols, manu-

script in preparatian).

MATERIALS ANDI) £M1EODS
Preparation of DN'A fragnents

All liA fragments described here were prepared from [NA of the plasmid
pMG 1409 (14) wlhich contains the X Eco RL.C fragment (15), or from the

plasmid pacl 29 constructed by G. Cesareni and S. Brenner, which contains
thie Hlind III cut 3-Bam Hll cut 3 fragment of X. Both of these fragments
contain the phage attachment site (att POP'). Conditions for plasmnid
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preparatimo, restriction enzyme digestion, gel electrophoresis and fragment

elution have been described previously (14, 16, 17). For convenience we

refer to the Hind III cut 3-Bam Hi cut 3 fragment of X as fragment -, and

to the 317 base pair Ilinf I fragment derived from as B. *X174 RF DNA

was a gift of F. Sanger.

End labelling of DNA fragments
Most of the experiments described here were carried out using mixtures

of DNA fragmnts resulting frm restrictim enzyme digests. Since frag-

ments labelled by nick-translation showed a higher level of non-specific

binding by Int than end-labelled fragments, all fragments were end-

labelled either by using polynucleotide kinase (18) or by filling in the

ends generated by restriction enzyme cuts. The latter was accomplished by

using the Klenow fragment of DNA polymerase I (Boehringer) to add 32p
labelled nucleotides to the recessed 3' (Ii ends of appropriate restriction

cuts.

For example, to label liinf I ends, 541 of a HinfI digest of fragment
c, 2.5 ojl of a mix containing 0.125 nM dGIP, dlTP, dCTP, 15 mNM Tris IICI

p1i 7.4, 15 nM MgCl2, 125 mM NaCl and 2.5 mM DTT, 5 (dried-down) 32p
labelled dATP (5 jCi 400 Ci/m mol, Amersham), and 0.1 unit of the Klenow

fragment were corbined and incubated at 220C for 30 minutes. The reaction
was stopped by heating the mixture at 700C for 10 minutes, and the labelled

DNA fragments were separated frm unincorporated triphosphates on a 1 ml

Sephadex G-100 colunm equilibrated with 2.5 nmIM Tris-HCl, pH7.4, 0.05

EDTA. The samples were then cancentrated by lyophilization.
Purification of Int protein

Int protein was purified as described elsewhere in detail (6, 8), and

was tested for specificity of binding by comaring filter binding of in

vivo labelled phage DNA carrying the x or 080 attachment site. Three

separate preparations of Int protein were tested. The first two were

greater than 85% pure as judged by SDS gel electrophoresis and the third

(which was purified from an Int overproducing strain kindly provided by

S. Ilu and A. Hianigman) although it was not as pure on protein gels was of

an even higher binding specificity. They are referred to as Intl, 2, and

3 in chronological order of preparation.
Filter binding tests

End-labelled DiNA fragments were resuspended in a small volume of

sterile distilled water, and aliquots ccntaining fragments equivalent to

25 nanograms of the - fragment were distributed to each assay tube. 10 X

2257



Nucleic Acids Research

Int binding buffer was added to give final concentraticns of 10 nI Tris-

HCl, pHI 7.4, 10 nt MgC12, 0.2 ntl EDTA, 0.2 nPI T)TT and 70 rrM KC1, in a

reacticn volume of 100 to 250 p1. As the purified Int protein was always
in 400 or 800 ntM KCl, this was carefully noted such that the final binding

conditions did not exceed 70 mM KC1. After 5 minutes at 0GC, various

amounts of Int were added, and incubation continued for 10 minutes at 0CC.
The solution was filtered through a millipore filter (0.45 im, type HIA) at a
flow rate of 1 ml per minute. Filters were presoaked for at least 30
minutes in binding buffer containing 70 nt! KC1. All filtration was done at
220C. To remove weakly bound fragments, the filter was washed 2X with 1 ml
of binding buffer (70 miM KC1), 1X with lml binding buffer (0.5 M KCl), and
1X with 1 ml of binding buffer (70rM KC1). Each wash was collected
directly into centrifuge tubes. Strongly bound ENA was eluted with 1 ml of
0.5% SDS. To each filtrate 25 pg of E. coli tRNA, 0.1 volume of 3.0 M Na-

acetate, and 3.0) volumes of ethanol were added and mixed. Any SaS pnrecipi-
tate that forned was removed by gentle centrifugation. The solutions were

clilled and centrifuged (30' at 35000 rpm, SIV 501 Becknan). The precipi-
tates w3ere washed twice with prechilled 95% ethanol mad dried. Recovery
was always 90% or creater for these precinitations. The dried precipitates
were resuLs.)ennded in 5 p1 of 11,70 and 2.5 p1 of a solution of 15% Ficoll cm-
taining 0.03% brorplhenol blue and 0.03% xylene cyanol was added. The sam-
ples were electrophoresed in 8% polyacrylemide thin gels (18). After auto-

radiography, fragmnts were cut out, and counted in 10 ml of Aquasol (New
England Nuclear).
IProtection against exanuclease III digestion

D IA substrate was prepared bv primed incorporation on a purified x

r-strand as described rreviouisly (16). Apnroximately 40 ng' of the 55 base-
-Daid 14boII-ilinf I fragment was mixed with 2. p1 of purified x r-strand (1.0
mg,Jml) and 0.5 pl of 1OX l'n buffer (66 mn Tris-IICl, pII 7.4, 66 rqN1 !gCl2,
500 ri! JNaCl, and 10 raM DTT). After amealing the Primer to the template,
10 p1 of ii 20 4 pl of a mix containing 0.125 mM d=Ct, dTTP, dCTP and 2.SX
fiin i)uffer were added. This mixture was added to 2 pCi of dried 321
labelled dATP (400 Ci/mmnol Anersham), 0.2 mits of Klenow fragment of ENA

p'olymerase I was added (Boehringer) and the solution was incubated for 10
minutes at 220C. The reaction was stopped by adding 2.5 p1l of 0.25 M EDTA

and heating 10 minutes at 70°C. The DNA was purified by passing it over a

GlO column. Each experiment contained a molar equivalent of 2.5 ng. of

fragment -. The 1DNA was thein incubated with various amounts of Int protein
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in Int binding buffer at 0°C as before, except that the D1T concentration
was raised to 1.0 mrM. Exonuclease III (New England Biolabs) was then added

(4 to 24 mits), and the mixture incubated at 220C or 370C for 5 to 15
minutes. Under the conditians used for the experiments shown in figure 5,
the labelled strand was cacpletely digested in the absence of Int protein.
The Exmouclease III digestin wras stopped by the addition of 5 4l of 0.25

M1 EUTA, the DNA precipitated in the presence of 50 ig/ml E. coli tRNA,
washed with prechilled 95% ethanol and resuspended in sterile distilled
H20. An equal volume of deimnised fornamide (98%) containing 0.03% brain-
phlenol blue and 0.03% xylene cyanol wmas added, the sample boiled for 3

minutes, and electrophoresed in a thin 7 M urea, 8% polyacrylamide gel.
Sanples fron sequencing experints using the chain tenninatian procedure
(20) were rm as length standards.
Reconstruction of the Int binding site

DNA substrates having a camo right end and a variable left end were

produced by priming pure A 1-strand temlate with the 28 base pair Nbo II-
Hinf I fragment (Fig 6). If this primr is extended to the left through
the Int binding sequences the fragment will be retained on nitrocellulose
filters in the presence of Int protein. In order to avoid artifactual
binding of the substrate, single-stranded regions were removed with S1
nuclease.

Priming reactims were carried out as described above, except that

aliquots were taken at 30 second intervals in order to generate a series of

substrates extending various distances to the left. This priming produced
higily labelled substrates. Reactions were stopped wvith 25 4l of phenol,
extracted 6 times with ether, purified over a Sephadex G-100 colun as

before, and lyophilised. The ILNA was resuspended in 20 4l of S1 buffer
(3(WM Na acetate, pi 4.6, 50 nM NaCl, 1 nIl ZnSO4), and digested with S1 for
30 minutes at 220C. The conditions of S1 digestion were detenrmined
empirically for each DNA preparation by adding various amounts of S1 to

small portions of the DNA to be tested. Concentrations of S1 were chosen

where the DNA just lost its capacity to bind to the filters, i.e. where it

had lost its single stranded regions.
Using the predetenmined S1 conditions, DNA was treated as above.

Aliquots containing the molar equivalent of 25 ng of fragnent - were

inicub)ated with Int and assayed for filter binding as described above. The

filtrates were ethanol precipitated, boiled in formamide, and electrophor-
esed under denaturing conditions as described for the exonuclease III
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experiments.

RESIJLTS
The DNA sequence of the phage attachment site (att POP') and some of

the surrounding regian has been determined (10, 16), so that the locatimns
of recognition sites for restrictimn enzymes are known very precisely.
Figure 1 shows the positiais of the sites within the - fragment of A. The
Alu I recognitimn sequence is found in tlle phage att site (att POP'), and
the enzyme cuts ale base pair into the left end of the comn core sequene.

In preliminary experiments (data not shown) we found that Int protein
purified and tested as described by Kotewicz et al (6) bound the A Eco RI
fragment C (15) and the A Hind 1113-Bam I113 fragment (i.e. fragment -, 14)

both of which are very likely to cantain the entire phage att site (7).
The - fragment was digested with Hinf I and the resulting fragments were

end-labelled. Nick translation was not satisfactory for labelling as it
gave higher backgrounds of nan-specific binding. Using the mixture of frg-
ments within each filter binding experiment allowed direct conparison of
the ability of Int protein to bind each fragment. The labelled restricticn

fragmnts were incubated with increasing anounts of Int protein, passed

HindsT 56.6

°BamHI .5- . + 100
N

'.

--- T ~5 2t-<419 434i
MboII WinfI AluI AvoI Hir4fI

145bp / 317bp . HbOII 40bpt

109bp \206bp

- Al I

,GTTC GCTT TTTTA TACTAAG \I-strand
CAAG CGAAAAAA TAT GATT C r-strand

common core

Figure 1. The locaticns of the restriction cuts mnntimned in this work. The
top liine represents the A chrmossom, Hind III cuts being show above the
line, Bam Hi cuts below the line. The seczid line shows the regicm from
Hind III cut 3 to Bam Hl cut 3 (fragmnt w) in expanded form. Below this
the [NA sequence of the ccmn core and a few bases to the left (15, 20) is
given showing the precise positimn of the AluI cut. The 317 bp Hinf I
fragnent is referred to as fragwnt o in the text.
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through a millipore filter, and then washed as described in Materials and
Methods. Figure 2A shows the eluticn pattem of the Ilinf I subfragnents
of a during the washing procedure. In the absence of Int, all fragments
were quantitatively recovered in the flow through and the first wash. In

the presence of Int protein, all three Hinf I subfragments are retained
through the low salt (70(M KC1) wash. All preparaticns of Int tested
retained non-att DNA fragnents (including fragmients from fX174 and from
other parts of the lambda gencme, figure 2B) through this low salt wash.

tWhen the KC1 concentration in the wash buffer was raised to 0.5 M,

all of the 40 base pair fragnent, most of the 145 base pair fragment, but

only a small amount of the 317 base pair fragnent of - washed througlh.
INA fragmnnts from fX174 or other regicns of X were invariably released
from the filters under these ccnditimns (figure 2B). Increasing the KC1
concentration to 1.5 M did not release more DNA. This shows that the

complex between Int and the 317 base pair fragmnnt is very tightly bound.
Throughout this paper, retention on a filter in the presence of a high salt
wash (0.5 tM KC1) will be referred to as tight binding.

The tight binding caoplex was eluted from the filter when SDS (0.5%)

was included in the wash.
As noted above, most of the 145 base pair fragment was eluted from the

filter witl the high salt wash.
Three fragnents, the 145 base pair fragnent, a 280 base pair fHind III-

hiinf I fragraent that included the 145 fragnent (data not shown), and a 109

base pair IHinf I-Alu I fragnent that is adjacent and to the right of the 145

base pair fragnent (Figures 1, 3) were partially boud at high salt if a

large amount of Int was added (figure 2C). No *X174 fragments, nor otller X

pieces tested bound under these conditions (figure 2B). This is apparently
a specific but weak interactimn. WYith a preparatim of Int frm a plasmid-
caltaining overproducer (wvhich gave a much higher specific activity of Int

binding) this weak binding was still visible, but was further reduced. This

may suggest thiat there is a lmg region of woeak- specific binding to the left

of the comn core, starting within the HIinf I-Alu I fragnent and extending

at least 50 base pairs into the 145 base pair fragnent (Figure 1).
In the next series of experinents the enzyme Alu I was used to dissect

the phage attachDent site. AlMu I cuts the 317 base pair fragnent into a

109 base I)air fragnent with ane base pair of the comnon core and a 211 base

pair fragment with the other 14 base pairs of the conomn core (Figure 1;

the langest strand is given in each case). The larger fragnent is thus

2261



Nucleic Acids Research
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Fiure 2. a. Autoradiograph of an 8% polyacrylamide gel of ethanol
precipitated wash fractimns from a filter binding experinent in which 25 il

of Int 1 were incubated with 50 ng of Hinf I digested kinase end-labelled
fragnt a, filtered and washed as in Materials and Methods. The right hand
four tracks are from the incubatio with Int, the left hand four without Int.
Tracks labelled 1 - 2 ml binding buffer, 70 mM KC1 wash, tracks labelled 2

binding buffer, 0.5 M KC1 wash, tracks labelled 3 binding buffer, 1.5 M

KC1 wash, tracks labelled 4 are the 0.5% SDS wash.
b. Autoradiograph of an 8% polyacrylamide gel of ethanol

precipitated 0.5% SDS wash fractims frm a filter binding experiment in

which various amounts of Int 2 were incubated with 200 ng of fill-in end-
labelled Hinf I cut tX174 RF. Tracks 1, 2 and 3 had 0, 5 and 10 l of Int 2
respectively. Track 4 shows the DNA input.

c. Autoradiograph of an 8% polyacrylamide gel of ethanol
precipitated 0.5% SDS wash fractios frm an experiment in which 25 ng
aliquots of Hinf I cut, fill-in end-labelled fragment a were incubated with
various amounts of Int 1. Tracks 1 to 7 are: DNA input, 0, 0.2, 1, 5, 10 and
25 )Al Int 1.
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essentially OP' with a ane base nair trmcated core, the small fragment is

P plus ane base pair of the core.
Figure 4 shows an autoradiogram of a gel of the 0.5% SDS wash fractions

from a filter binding experimnt in which increasing amomts of Int protein
were incubated with a partial Alu I, complete Hfinf I digestian of fragment

. The - fragment was cut with Hinf I and Alu I in order to allow a direct
comparison of thle binding of the Hinf I-Alu I fragrnents with the binding of
the 145 and 40 base pair Hinf I fragments whose behaviour had been previous-

ly studied. In order to have some fragment a present as an internal con-
trol for tight binding, - was only partially digested with AluI. Figures
3 and 4 show that the 211 base pair Alu I-flinf I fragment is bomd to

HindN i 109bpL I Bam l

145bp c.c. 211 bp
317 bp

percent
binding

60.

50.

40.

30.

20.

10

0
5

H IHinf I

I Alul

, 211 bp
- 317

145 bp
a 109

10 [int]

Fig 3. Graphical representatimn of the percentage of each of four
tivag-fts specifically bound to nitrocellulose filters in the presence of
increasing amounts of Int 2. The abscissa gives yl of Int 2 added to 100
jil incubatimns cmutaining 25 ng of digested frag ant. The experimntal
procedure is described in Materials and Methods. The identity of the
fragnEnts can be seen from Figure 1 and the text.
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10 9 8 7 6 5 4 3 2 1

'_ l_

317 A cvft
211 VW

145r 'Vw

109 V

400

Figure 4. Autoradiograph of an 8% polyacrylamide gel of ethanol precipitated
0.5U SW wash fractians from an experiment in which 0, (tracks 1 and 6), 1 jl
(2 and 7), 5 il (3 and 8) or 10 ul (4 and 9) Int 2 were inciuated as described
in Materials and Methods with 25 ng of fragumnt a digested either completely
with Hinf I alone (tracks 1-5) or completely with Hinf I and partially with
Alu I before end-labelling by filling-in. Tracks 5 and 10 show the [NA
input.

2264



Nucleic Acids Research

nitrocellulose filters by Int protein to the -sane extent as is fragnent S.

Removing 109 base pairs of a, the P sequences and one base pair of the

core, has not affected the binding of Int protein at all. Cutting off 28
base-pairs from the right end of 8 with MtoII also did not change the
binding properties of the remaining fragment (data not shown). Thus WA
sequences sufficient to account for all the observed tight binding by Int
protein must lie between the second base pair of the common core and the
lboII cut just before the right end of fragment 8.

We mdertook two further series of experinents to obtain a more pre-
cise position for the highest affinity binding site for Int. Exonuclease
III digests one strand of a duplex DNA molecule from an exposed 3' OH end;
such a stnrcture is produced following incorporation of nucleotides using
a small priner fragnent hybridised to a single-stranded template (Figure
6). WVe used the 145 base pair Hinf I fragment or the 55 base pair Nbo II-
Hinf I fragment as priners on a purified X r strand template. Trhe Klenow

fragment of DNA polynrase I was used to synthesise radioactively labelled
DNA through the attachment site. The products of the reaction were puri-

fied and exposed to the action of exonuclease III in the presence and
absence of Int protein. If the DNA is now denatured and run in a 7M urea-
polyacrylamide gel alongside a standard DNA-sequence it is possible to
determine at which nucleotide(s) Int protein begins to protect against the
action of exanuclease III. The 1-strand extensions that have gone beyond
the Int binding site will be digested back to thle point where bound Int
protein interferes with furthier digestion by exonuclease III. This will
lead to an accumulatian of fragnents which are seen on an autoradiogram as
bands of a length corresponding to the distance from the beginning of the
primer to the right end of the protected region (figure 5). The length of
the IWNA fragnnts in the bands can be determined by comparison with length
standards from a sequencing experinent so that the position of the accunm-
lation can be pinpointed in the sequence within several nucleotides. In

order to relate the lengths seen on the gels to the numbering reference
system of nucleotides that has its zero point at the eighth base pair of

the connon core (10), we report fragnnt lengths in base-pairs from the 1-

strand Hinlf I cut at the left end of 8, and in brackets refer to the core

numbering system. Thus base-pair 116 is base-pair 0, and base-pair 175
for example is base-pair +59.

In a series of experinents with exonuclease III, bands corresponding
to accumulation of 1-strand ends due to Int protection occurred in a

2265



Nucleic Acids Research

region 58 to 88 base pairs to the right of the conn core zero. In
figures SA and SB a pattern of bands can be seen corresponding to positims
205 (+89), 196 (+80), 185 (+69) (the strongest band), and 17S (+59). Such

a b c

8 7 6 5 4 3 2 1 2 1 3 2 1

2.2
4-_4

*_i, 1| '

w~~~ I *i~~
l |~~~~~~~~~~~~~g
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bands do not occur if the DNA used does not contain att POP' sequences; in

this case complete digestion occurs even in the presence of Int protein.
The ratio of Int protein to DNA in these experiments corresponded to the
specific binding range as determined by the filter binding of restriction
fragpents.

It is striking that not just one band is found. The presence of four
bands suggests a more couplex interaction between knt and the P' sequences
(see discussion).

Another approach to studying the interactio of Int with its binding
site(s) is to reconstruct the site(s) by extending primed DNA synthesis
through the attachment site regian, stopping synthesis at a series of time
points in order to produce a staggered distribution of endpoints in this
region. In this way an array of fragments is produced that must contain
both fully and partially reconstructed binding sites. lhich memtbers of
the array of fragnents contain sequence information necessary and suffi-
cient for Int binding can now be studied by Int-directed filter binding
after first removing the single-strands by the action of the single-strand
specific nuclease Sl.

The DNA was incubated with Int protein, bound to filters, washed,
extracted, and rnm on a denaturing gel alongside a DNA length standard. It
is expected that only those fragments containing sufficient sequence
informatioil to reconstitute a functional Int protein binding site will be

Figure S. a. and b. Autoradiographs of 7M urea 8% polyacrylamide gels of
exauilase III treated Int-INA cutlexes. Experim3nts were carried out as
in Materials and Mbthols, Int and DNA being mixed at 0&C, brought to digestion
teaperature and exolIl added. In 5a 1 ul exonuclease III was used (8 units),
and in Sb 3 ul (24 Ulits) were used. In tracks a 1, 2, 3 and 4, O, 1 5 or
10 ul Int 2 were used respectively, exonuclease III digestion being for 15
minutes at 220C. Track a 5 is a human mitochondrial DNA sequence standard.
Track a 6; 1 ul Int 2 added at the begiming, and at 5 and 10 minutes during
a 15 minute digestion with exonuclease III at 220C. Track 7 is the same as
track 6, but 5 "1 of Int 2 was added at each tim. Track 8; S ul of Int 2
added at the start, and after 1 and 21 minutes of a 5 minute exonuclease III
digestion at 370C. In Figure Sb track 2 is a standard DNA sequice, and in
the sample in track 1 conditims as in Sa track 2 were.used, except that the
DNA was subsequently purified over a Sephadex G-100 colum to prevent the
salt effects seen at the tqp of Sa. Arrows indicate the Int-specific bands.

c. Autoradiograph of a 7M urea 8% polyacrylamide gel showing in
track 1 the 0.5% SDS wash fraction of a filter binding experinmt in which
the DNA substrate was ma by priming DNA synthesis acTass the att t
site with the 28 base pair ?4o II-Hinf I fragunt and siusequently ving
the single stranded regim with nuclease Sl as described in Materials and
Methods. Tracks 2 and 3 are human mitochodrial DNA sequence standards.
The arrow shows the first visible band.
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retained on the filter. Thus the first bands to appear in the gel corres-

pond to Dt[A sequences just beyond those necessary and sufficient for
retention on the filter. The results are shown in figure SC. Wle used a 28

base pair lbo I-Ilinf I fragment of (figure 6) as a primer on a X 1-strand

template, extending its 3' end towards the conmm core. No fragment shor-

ter than 150 base pairs is bound to the filter (see discussion).

These experiments corroborate and extend the results of the restric-

tion binding experimnts.

DISClJlSIA4
Wke have used three approaches to study the interaction betwen the Int

protein and DiA sequences in the bacteriophage lanbda attachment site, POP'.

Filter bindiing experiments show that a high affinity binding site for

Int protein lies between base pair 110 and 2S9 from the IIinf I cut at the

left end of fragmrlent a or betwseen -6 and +173 fron the center of the conmno
core. All restrictinl fragmnts containing this region are bound tightly

to nitrocellulose filters in the presence of Int protein, remaining stably
bound in up to l.5M KC1. Although Int protein may interact with other

regions of [NA during the recoabinaticn reaction, the fact that this regim
is necessary and sufficient for maximal binding of Int protein implicates
it strongly in the initiation of the recombination complex.

In experimTnts in which the attachment site region was reconstructed

by 9rined [nA syntlesis on a single-stranded [nA tem)late from right to
left (Fig. 6B), all double-strarnded fragments ccontailing at least seqluences
to the right of base pair 133 (+67) were bound to nitrocellulose filters in

the presence of Int protein. Fragments cataining aoly DNA to the right of

this point were not bound detectably. Clearly the region immdiately to

the right of base pair +66 cantains a higlh affinity bindilng site for Iilt

protein. It is wforth noting that this corresponds in part to a sequence
noted by Davies et al. (16) to resemble the recognition site sequence for

TVA polymierase, and cointains a 10 base pair sequence that occurs as part

of an inverted repeat structure at the ends of Th 10 (30).
Results of exp)eriments in wlhichi binding of Int protein protected

attachment site [4A against digestion by exonuclease III also place a high

affinity binding site for Int protein between base pairs +50 and +89. This

is consistent with the results of the reconstruction experiments and sets a

rightward limit to the binding site. If we assunm that protection repres-
ents actual obstruction of the passage of exonuclease III by the bound Int
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Figure 6. Diagram_tic representatimn of the experiments involving protec-

tion against exonuclease III digestion (6A) or reconstruction of the high
affinity binding site by primed synthesis (6B). Int is shown as binding in
a four mnonar series for the sake of illustration; we do not imply prefer-
ence for this model.

protein, we can place the outenrost limit of the region that is in contact

with Int protein at base pair 205 (+89). This agrees well with the res-

ults of footprinting (11) experiments (Minter, S., Davies, R. 110., Kotewicz,
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M. L. and Echols, H., mauscript in preparation), which place the boun-
daries of the protected region correspcnding to the high affinlity binding
site at base pairs 165 (+49) and 204 (+88). Similar experiments were

reported by Ross et al (31), who place the boundaries of thle protected
region at base pairs 169 (+53) and 204 (+88).

The simplest model of Int-DNA-exonuclease III interaction predicts a

single position at wrhich exouclease III should be obstructed, with at most

a variability of a base-pair or two. Instead of this, we find repeatably a

pattern of 4 bands at positions corresponding to base-pairs 205 (+89), 196
(+80), 185 (+69) - the strongest band, and 175 (+59), as shown in Figures 5

and 6A. We propose two possible models to explain this pattern of 4 bands
spaced approximately 10 base-pairs apart.

Aie possibility is that there are four contiguous binding sites for
Int protein in P'. Each obstruction point marks the edge of a region pro-

tected by Int. If this is so, each Int molecule must cover at most a

region of 10 base-pairs. For T4 gene 32 protein, which has a monomer

molecular w&eight of 32,0X), it has been calculated (21) that the mnaomer

covers approximately 10 base pairs. Thus it is conceivable that Int
protein, whichl has a molecular weighit of 40,000 (8), could bind as few as

10 base pairs. There are precedents for arrays of multiple binding sites,
in the cases of lambda repressor (22, 23) and SJ40 T antigen (24). Inspec-
tioIn of the li'A sequenice does not reveal anly precisely repeating, unit but

tile scqvuence frori +74 to +33. that as nentioned above also occurs at tne

elnds of Tal() (30) could be regarded as reseibl:ng two base pair sequence

blocks to the left. The TnlO sequence is 5' AAAATCATTA 3'; to the left of
it, separated by one base oair, is the sequence TCACTCAAAN, whichi lhas 5
out of- 10 bases idiletical, followe(d imaediately by the se(luence GAGGICACIA
witi 6 out of 1() bases identical. ald all of these are within the hirAi
affinity binlding site. Moreover this no(de of binding coul(l well involve
cooperative ilteracticols betwreen Int monomers suchi that oIlce thle highest
afl'inity site is occupied by a Int mon%omr tle binding of othier inonomrs

to relatively w*eak sites is facilitated, as in the case of lambda repressor

(Ptashlne, N., personal comunmicationi). From t'fhe relative strengtlh of the

bandis it would seem that thle DNiA sequence from 175 (+59) to 185 (+69) is
bound most stronigly. Th-is nolel is used for nurposes of illustration in

Figre 6B.
AMother possible explanation of these findings is that Int protein

interacts witlh part or all of the +58 to +88 region in a way reminiscent of
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the interaction of histones witlh DNA. It has been suggested (25) that only
cne side of the double helix is in contact with these proteins, resulting
in the DNA being wrapped around the histone conplex. This places the DNA
under structural constraints which can be detected by the occurrence of
typical ordered cleavage pattems on endanuclease digestion (26, 27, 28).
Particularly relevant are the experiments of Riley and Weintraub (29), who
showed that digestion of nucleosanes with exanuclease III results in DNA
fragments displaying discrete single-stranded lengths that are multiples
of 10 bases. On this model the strong bands seen as a result of protecticn
of the DNA by Int are the result of exanuclease III being forced to pause
at some repeating structural feature of the DNA, as in nucleoscnes. Riley
and Weintraub also found that exanuclease III can follow a strand of DINA
into the nucleosane with no apparent disruption of the nucleosaoe's struc-
ture, so that 10 base pair repeat structures are generated stepwise, and
presumably delineate only the extent of the regicn of structural pertur-
bation caused by the DNA being wrapped around the protein(s). If the DNA
really is altered in structure by Int binding, this has far-reaching con-
sequences for the mechanism of recombination. This model receives support
fram the results of partial DNase I digestion (Minter, S., Davies, R. W.,
Kotewicz, M. and Echols, IH., manuscript in preparation), but on the evi-
dence presented here there is no reason to prefer it.

iigh amounts of Int bound weakly to the 109 bp fragment containing one
base pair of the common core, the 145 bp P fragment adjacent to this, and a
280 bp fragment containing the 145 bp fragment and extending to the next
Hind II site left of the common core. This binding was weak but wras clear-
ly greater than background nonspecific binding to otlher lambda restriction
fragments or OX174 fragments. Thus weak binding sites for integrase
probably exist left of comm core, one at least being to the left of -116.

Our experiments indicate a special inportance for the P' region of the
attachment site in the integration reaction. A strong preference of Int
protein for attaclhmnt sites containing the P' sequence has been noted
previously (7). The role of the cmm core in Int binding is not clari-
fied by these experiments. There cannot be a high affinity binding site
spanning cormn core because cutting off the first base of the core with
Alu I does not affect the level of filter binding. It is still possible
that part or all of camo core is involved in an additional lower affinity
binding site.
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