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It was shown previously that phage 21 and the defective element el14 integrate at the same site within the icd
gene of Escherichia coli K-12 but that 21 integrase and excisionase excise el4 in vivo very infrequently compared
to excision of 21. We show here that the reverse is also true: el4 excises itself much better than it excises an
adjacent 21 prophage. In vitro integrase assays with various affP substrates delimit the minimal a#tP site as
somewhere between 366 and 418 bp, where the outer limits would include the outermost repeated dodecamers
suggested as arm recognition sites by S. J. Schneider (Ph.D. dissertation, Stanford University, Stanford, Calif.,
1992). We speculate that the reason 21 attP is larger than \ a#tP (240 bp) is because it must include a 209-bp
sequence homologous to the 3’ end of the icd transcript in order to allow icd expression in lysogens. Alteration
of portions of 21 attP to their e14 counterparts shows that 21 requires both the arm site and core site sequences
of 21 but that replacements by el4 sequences function in some positions. Consistent with Schneider’s in vivo
results, and like all other known integrases from lambdoid phages, 21 requires integration host factor for

activity.

The lambdoid phages are a group of natural temperate
phages whose best-known member is coliphage \. They have a
common genetic map and are related to one another by fre-
quent natural recombination but exhibit extensive variation in
function and nucleotide sequence (6). One example of such
variation is seen in their integrase genes, which mediate inser-
tion into the chromosome by site-specific recombination. Each
lambdoid phage has a specific preferred site of insertion on the
chromosome. Whereas some phages, like N and 434, insert at
the same chromosomal site and closely resemble each other in
their integrase and excisionase genes and phage attachment
sites, many distinct insertion specificities are found within the
group. Between phages that insert at different sites, like A and
21, the protein components are not interchangeable. Thus,
each integrase protein has its own specificity of site recogni-
tion. The integrase genes of all lambdoid phages have sufficient
sequence similarity to imply origin from a common ancestor,
from which the whole spectrum of integration specificities
must have evolved.

The biochemical pathway of integrase-mediated site-specific
recombination is well known (Fig. 1). For \, the required
extent of specific sequence is about 21 bp for the bacterial
partner (attB) and 240 bp for the phage partner (attP). The
actual crossover event takes place between a#tB and a similar
sequence (core sequence) within a#tP and entails an exchange
between the top two strands, forming a Holliday junction in-
termediate, followed by a homology-dependent process equiv-
alent to branch migration through a 7-bp overlap (O) segment
(identical in a#tB and the attP core) and resolution by exchange
in the lower two strands at a position displaced 7 bp from the
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initiating exchange. The overlap segment is flanked by oppo-
sitely oriented sequences that are similar to each other, so that
attB and the attP core can be represented as BOB’ and COC’,
respectively. B, B’, C, and C' all approach a consensus se-
quence and to a first approximation can be considered identi-
cal, although the deviations from identity may have functional
significance. These sites are recognized by the C terminus of
the integrase protein, where the catalytic activity resides.

The N terminus of integrase also recognizes specific DNA
sequences present in attP (Fig. 1). There are five such “arm”
sequences in N (P1, P2, P1’, P2, and P3’), all variants of the
same consensus. Binding of integrase to these sites is essential
for full integrase activity, which also requires supercoiled attP
DNA and the DNA-bending integration host factor (IHF)
protein, which binds at specific locations between core and arm
sites. The tight binding of integrase to arm sites presumably
positions several integrase molecules to form an appropriate
complex with one another and with the a#tP core (intasome),
poised to accept an a#tB molecule juxtaposed to the core (13).

Regeneration of a#tP and a#tB from the junction sites attL
and attR requires, in addition to integrase and IHF, a second
phage-coded protein, Xis, which binds to a specific sequence in
the P arm.

Thus, the specificity of a phage’s integration system is de-
termined through interactions between specific protein do-
mains and their cognate binding sites in a#P and/or a#B and
through base pairing of reaction intermediates in the overlap
segment. These are the elements that must undergo coordi-
nated change to evolve a new specificity. For example, an
alteration in site preference from one a#tB to another requires
that the new a#tB have some symmetry suitable for B and B’
sites, that the phage core become similar to the new a#B
(identical in the O segment), and that the C-terminal integrase
domain change to acquire affinity for the new B and B’. Def-
inition of these specificities in terms of base or amino acid
change is prerequisite to understanding how the changes may
have taken place. Looking just at a#tB sites, a correlation be-
tween recognition sequences and integrase phylogeny can be
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FIG. 1. Mechanism of \ integration. (A) Overall process of insertion during
lysogenization. Circular phage and host DNAs (each represented by a single line)
cross over at a specific site on each to give a lysogenic chromosome with an
inserted prophage. (B) Detail of reaction at the crossover point. About 240 bp of
specific sequence are needed on the supercoiled a#tP partner. The attB partner
requires 21 bp of specific sequence and can be linear. Crossover occurs by
exchange of the upper two strands, followed by migration through the 7-bp
overlap region and resolution by exchange of the lower two strands. a#tP, phage
attachment site; atB, bacterial attachment site; attL. and attR, sites at the left and
right boundaries, respectively, of the inserted prophage; P, left arm of a«P; O,
overlap region; P’, right arm of a#tP; C, C’, B, and B’, flanking sequences of attP
core and attB core, respectively (core recognition sites); H1, H2, and H', binding
sites for host protein IHF.

discerned; but in general, integrase specificities are either the
same (e.g., A and 434) or so different that evolutionary path-
ways are difficult to infer (6).

For at least two phage pairs, recognition specificities are
similar but not identical. The best studied of these pairs con-
sists of A and HK022. These phages insert at different a#B sites
whose B and B’ sequences are similar but distinct, while their
arm recognition and excisionase specificities seem to be iden-
tical. From a study of \-HK022 hybrid integrase proteins, fol-
lowed by directed mutagenesis, Weisberg and collaborators (8,
20) switched the recognition specificity by five base substitu-
tions, two of which broaden the range of substrates acceptable
by the integrase and three others that narrow it down to the
new specificity.

Another phage pair of interest is phage 21 and the excisable
14-kb element el4 that is present in Escherichia coli K-12.
Excision of e14 is induced by the SOS system (2), indicating a
repressed integrase-excisionase system within the element
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(which presumably originated through deletion of large seg-
ments from the prophage form of a complete lambdoid phage).
The e14 sequence, now available as part of the complete E. coli
genome (1), includes homologs to 21 int and xis, slightly over-
lapping as in 21, located about 3 kb from the left end and
oriented leftward, as well as a homolog of the repressor gene
(c2) of phage P22 located 1.2 kb to the right of xis. Thus, the
order and orientation of these genes are the same as in 21,
although in 21 and most other lambdoid phages there are no
genes between int and a#tP. No mutations have been made in
el4 int and xis, nor is there any information about the promot-
er(s) they use. Schneider and colleagues (7, 17) found that
phage 21 inserts at the same site as e14 and that phage 21 Int
and Xis can efficiently cure cells of a 21 prophage, but not of
el4, even when 21 and el4 are inserted next to each other in
the chromosome. Taken together with the ability of e14 to cure
itself on SOS induction, this finding suggested that e14 and 21,
although using the same a#tB, have different specificities of site
recognition.

Candidate arm and core site consensus sequences have been
proposed (6, 17). The suggested core consensus was based on
local dyad sequence symmetry around the crossover point
(which was localized to 10 bp of sequence identity between attP
and attB [17]). In analogy to other lambdoid phages, a 7-bp
overlap region was suggested but has not been directly tested.
Choice of candidate arm sequences was based on the facts that
(i) oligonucleotide sequences approximating a common con-
sensus occur in both arms of a#tP and a#tE, at identical loca-
tions in both, and (ii) as in \, there is a cluster of three such
sites in P’. For 21, the sequence YYTTCCCCAAAA occurs in
direct orientation at coordinates —134 to —123, +224 to +235,
+236 to +247, and +249 to +260, assigning coordinate 0 to
the center of the proposed overlap. For e14, the consensus is
KTTATACAAAA (where Y = Cor T and K = G or T). By
analogy to A\, we call the site at —134 to —123 P1 and the
cluster of three sites at the right P1’, P2, and P3’'. We do not
know whether 21 has a site equivalent to the P2 site of \ (Fig.
1).

We show here, by a combination of in vivo and in vitro
results, that 21 and e14 indeed have different recognition spec-
ificities, that 21 has a strong preference both for its own arm
sequences and for its own core sequences, and that the pro-
posed site assignments are probably correct.

We have tried to use a nomenclature that is sufficiently
precise but not too cumbersome. We use aftP to refer to the 21
att site, including both core and arms. It can also be written as
POP’ (Fig. 1). Following Brody and Hill (3), we call the anal-
ogous site of el4 a#tE or EOE’. We use attB to denote the
bacterial insertion site for phage 21. Because el4 is endoge-
nous to the K-12 host, the a#B sequence is BOE'. When E. coli
K-12 is cured of e14, a BOB' site is generated. Because BOE’
and BOB' differ at only one position near the crossover point
and behave equivalently in our experiments, we treat BOB' as
a variant attB. The core regions of attP and attE are denoted
CpOCp’ and CeOCe’, respectively.

MATERIALS AND METHODS

Preparation of digoxin-labeled substrates (a#tB, attL, and attR). The 0.5-kb
attB fragment used for in vitro assay was cut from the multicloning site of
pBS::atB with HindIIl and EcoRI then end labeled by filling the ends with DNA
polymerase (Klenow fragment), using digoxin-labeled dUTP (Boehringer Mann-
heim). The source of the a#B insert was PCR amplification from the BOE’
plasmid p2la#tB7-35 (17) of DNA from —264 to +277. Primers were GGCAA
AGAGATCTTCATTAAAGACG and TGATAACCGGTAGCAGCCTAACA
AAAA. The PCR product was cut with Bg/II and Agel (sites underlined) and
then cloned into pBS cut with BamHI and Xmal.
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FIG. 2. In vitro integrase reaction. All reactions were done with crude ex-
tracts and repeated at least four times on different days. Reaction tubes con-
tained 20 pg of crude extract in 20 pl. Substrates used for constructs 1 and 2 were
also checked with purified Int (0.75 wg in 20 pl). Constructs: 1, complete sub-
strate with arm sequences P1, C, P1’, P2’, and P3'; 2, deletion of P1; 3, replace-
ment of P1 by el4 consensus arm site; 4, replacement of P3’ by e14 consensus;
5, replacement of P2’ by el4 consensus; 6, replacement of both P2’ and P3’ by
el4 consensus; 7, deletion of P3’; 8, deletion of P2’ and P3'; 9, replacement of
core by €14 consensus. A coordinate scale is given at the bottom (where 0 is the
crossover point). Presence (+) or absence (—) of reaction product when these
attP substrates were reacted with end-labeled azB DNA (500-bp fragment con-
taining BOE’) is shown at the right.

To test the sufficiency of the 25-bp a#tB sequence centered on the crossover
point, pBS with the BOB' 25-mer cloned into the HindIII site (see Fig. 6, line 2)
was cut with Pyull, and the 312-bp blunt-ended fragment was gel purified. This
was cleaved with EcoRI to give a 267-bp fragment that was digoxin labeled with
Klenow enzyme.

Digoxin-labeled linear attR and artL substrates for excision assays were pre-
pared as follows. For attR, the 1-kb Smal-Smal insert from Schneider’s plasmid
p2lattR1-44-4 (17) was gel purified and then cut with Accl, giving a 676-bp
fragment that was then digoxin labeled by Klenow enzyme. For attL, Schneider’s
plasmid p2la#tL6-1, containing a 1.7-kb Accl-Sphl fragment, was first cut with
Accl and EcoRV to give a 1,233-bp fragment. This fragment was gel purified and
then cut with Avall to give a 1,078-bp Avall-EcoRV attL fragment, which was
digoxin labeled at the Avall end.

Construction of attP substrate. Plasmids p2laftP6-1 and p2lattP1-2-4 con-
tained a 2.9-kb Bgl/II fragment and a 1.1-kb SphlI fragment, respectively, from
phage 21 cloned into pBS* (15). Other attP constructs were made by PCR with
primers P-1 (TAAAGAATTCATTATCGTAGATATCAAAAC), P-2 (GAG
GAATTCTTTCCCCAAAATAAAAAC), P-6 (CCAAAATGAATTCGAACG
TCAA), P-7 (GAGGAATTCTTTTATCAAAATAAAAACGAACG), P-8 (AT
AGAATTCAGCCAGTTTTGATAAAG), P-9 (TGAATTCCAGTTTTGGGG
AAGGGTTTTGATAAA), P-10 (GGGGAATTCTTTTGGGGAAAGTTTT
GG), P-11 (TTTGAATTCAGTTTTGGGGAAGATTTTACATCA), P-12 (TG
AATCCAGTTTTGATAAAGGGTTTTGATAAAA), P-12 (TGAATTCCAGT
TTTGATAAAGGGTTTTGATAAAA), PEC-1 (TTTTTAACTAATGCTGCC
CACATGGGCTG), and PEC-2 (CAGCCCATGTGGCGCAGCATTAGTTA
AAAA).

For constructs 1 to 8 (Fig. 2), the appropriate primer combination was used for
PCR with a p2lartP6-1 template. PCR products were cut with EcoRI (sites
underlined) and cloned into the EcoRI site of pBS+ (construct 1, P-1 X P-2;
construct 2, P-1 X P-6; construct 3, P-1 X P-7; construct 4, P-8 X P-2; construct
5, P-9 X P-2; construct 6, P-12 X P-2; construct 7, P-10 X P-2; construct 8, P-11 X
P-2). For construct 9, two separate PCRs were run: P-1 X PEC-1 and P-2 X
PEC-2. Gel-purified PCR products were heated to 94°C for 30 s to separate the
strands, mixed for 10 min at 72°C with added Vent polymerase so that priming
from overlapping sites could generate full-length product, and then amplified by
PCR using primers P-1 and P-2. The final product was cut with EcoRI and cloned
into pBS+.

Cloning of p21 int and xis into pET-11 vectors. The int and xis genes were PCR
amplified from the int xis expression vector pUC21intxis4 (17). For cloning into
pET-11d, the upstream primer was TCGCCCATGGCTGCTAGACCCCGA
TCT (Ncol site underlined); for pET-11c, it was TCGCATATGGCTGCTAGA
CCCCGATCT (Ndel site underlined). The downstream primer was CGGGA
TCCAACGCCAAGACC-GTAACC (BamHLI site underlined). When cut with
the appropriate enzymes, these PCR fragments extend from the 5’ end of int to
146 bp downstream of the 3’ end (which is between int and the crossover point).
When the pET-11 vectors are cut with the same enzymes and ligated to the
enzyme-trimmed PCR fragments, the initiating ATG of int is placed under
control of the T7 promoter and ribosome binding site and upstream of the T7
termination site (16). DNA was used to transform E. coli XL1-blue (Stratagene),
selecting for ampicillin resistance, and plasmids were checked by restriction
cutting (15).

To clone xis into pET-11c, the primers were GAGGAGGACATATGTCT
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CGACTAATC and TTGGGATCCCGGGGTCTAGCAGCCATCAG, which
places the BamHI site 9 bp downstream from the 3’ end of xis.

The crude extracts of Int used in this study were prepared from pET-11d. A
pET-11c clone was used for recloning into the His tag vector. Several isolates of
each type were checked, with no obvious difference in activity. The inserts were
not resequenced after PCR.

Cloning of int into the His tag vector pET-15b. From a pET-11c clone of int
which had been verified to produce active integrase, the insert was cut out with
Ndel and BamHI, gel purified, and cloned into pET-15b.

Preparation of enzyme extracts. Plasmid preparations made from XL1-blue
transformants were used to transform the T7 expression strain BL21(DES)pLysS
(Novagen). To obtain active integrase or excisionase preparations without mas-
sive sequestration into inclusion bodies, the following protocol was developed.
Transformants were grown overnight in LB broth, diluted 1:100 into fresh broth,
and grown to an A4, of 0.6. Isopropylthiogalactopyranoside (IPTG) was added
to 1 mM, and growth was continued for 3.5 h at 37°C (A4, of ~1.25). Cells were
spun for 15 min at 8,000 rpm at 4°C, washed twice with ice-cold 10 mM MgSO,,
resuspended in ice-cold buffer A (21) (3 mM EDTA, 0.3 M KH,PO, [pH 7.6], 0.5
M KCl), and sonicated. Typical extracts contained 20 to 30 g of protein per liter.

These crude extracts from pET-11d were used for enzyme assay. Extracts of
His-tagged integrase were purified on a Ni** resin as described in the protocol
for the Novagen His Bind buffer kit except that DNase was not added. The
bound protein was eluted from the column in 15 ml of elute buffer, which was
collected in 1-ml samples and run on a protein gel. Positive samples were probed
and concentrated with a Centricon 10 model 4241 concentrator (Amicon, Inc.,
Beverly, Mass.) to a volume of 1 ml. Two successive dilutions to 2 ml with buffer
A and reconcentrations to 1 ml replaced most of the elution buffer with buffer A.
All operations were performed at 4°C. Typical extracts contained 0.75 g of
integrase protein per liter.

The His tag could be removed by thrombin cleavage as described in the
protocol for the Novagen His Bind buffer kit (Fig. 3, lane 3). However, the
uncleaved His-tagged enzyme was used in the experiments reported here.

Extracts were stored at —70°C.

Integrase and excisionase assay. Integrase reactions were run for 90 min at
room temperature in 20-ul volumes, using conditions based on those described
in reference 21. The assay tube contained 1 g of bovine serum albumin (New
England Biolabs) per liter, 5 mM spermidine, 50 mM Tris hydrochloride (pH
7.8), 5 mM NaCl, 180 mM KCI, 5 mM EDTA, and 1% (vol/vol) glycerol, plus
DNA substrates and proteins as indicated. The reaction was terminated by
dilution to 100 pl in Tris-EDTA (pH 8.0) and addition of 100 wl of phenol with
0.1% 8-hydroxyquinoline equilibrated with 1 M Tris (pH 8.0). Following phenol
extraction, ethanol precipitation, and electrophoresis on 0.8% agarose in TAE
buffer (15), the digoxin label was developed by using a Genius 1 Dig DNA
labeling and detection kit (Boehringer Mannheim).

Cointegration assays. The a#tB plasmids for cointegration assays were pre-
pared by annealing synthetic oligonucleotides with overhanging 5’ AGCT ends
and cloning into the HindlIII site of pBS+. Control plasmids p2lat#tB7-35 and
p21attB7-70 (17) contained a 2.0-kb AccI BOE' fragment cloned into the Accl
site of pBS. Strain W3350 (4) was transformed with these plasmids. An overnight
culture in tryptone broth plus 100 mg of ampicillin per liter was grown at 37°C,
diluted 1:1,000, and grown to a Klett reading of 30 (green filter), which is about
108 cells/ml. The culture was centrifuged and concentrated sevenfold in 10 mM
MgSO,. Then 0.1 ml of the cell suspension was mixed with 10® PFU of phage 21,
reincubated for 15 min at 37°C, and then plated with soft agar onto tryptone
plates. After 5 to 7 h at 37°C (when plaques were barely visible), plates were
eluted with 5 ml of 10 mM MgSO, for 2 h at 4°C. The eluate was heated at 47°C
for 30 min over CHCI; to sterilize and assayed for plaque titer on W3350.

For transduction, an overnight culture of W3350 was diluted 1:100 in tryptone
broth, grown to a Klett reading of 50, and resuspended at 25X in 10 mM MgSO,.
Then 0.1 ml of cells was added to 0.1 ml of phage lysate at various dilutions and
incubated at 37°C for 40 min; 1 ml of L broth containing 1.25 mM sodium
pyrophosphate (to prevent reinfection) was added for 2 h to allow expression of
ampicillin resistance. Transductants were enumerated on L agar with 100 mg of
ampicillin per liter, 75 mg of methicillin per liter, and 1.25 mM sodium pyro-
phosphate. Transduction efficiencies were calculated as ampicillin-resistant col-
onies per PFU.

Some transductions (not shown) were performed with W3350(21) as the re-
cipient, to avoid loss of potential transductants through lysis; however, the
efficiency was not significantly different from that on W3350 (data not shown).

Curing by el4. To demonstrate specific curing by e14, we needed a lysogen
where (i) e14 and prophage 21 are present and easily scorable, (ii) the el4
excision system can be induced without inducing 21, and (iii) the results are not
biased by selection against the sfiC gene present in e14. To achieve these goals,
we constructed HWS5, with genotype recA442 (Tif) sfiA11 sfiB103 sfiB* thr pro his
arg ilv(Ts) gal str (21xis-12::kanAcl-B)(e14-1272::Tn10). The chromosomal back-
ground of HW5 was derived from GC3217 (9), the sfiB103 sfiB* mutation came
from GC4780 (14), the xis-12::kan mutation came from 21xis12 (17), and the
e14-1272::Tn10 was from CH1494 (2). Details of strain construction and of the
construction of plasmids and mutants used as source materials in this work are
available on request.
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FIG. 3. Purification of His-tagged Int protein. Lane 1, crude extract from
pET-15b clone of 21 int; lane 2, after Ni* resin (predicted molecular mass, 45.7
kDa); lane 3, after thrombin cleavage (predicted molecular mass, 44.1 kDa); lane
4, molecular mass standards (high range); Gibco BRL). Shown is a 10% acryl-
amide gel (Tris-glycine-sodium dodecyl sulfate buffer [13]) stained with Coomas-
sie blue. Sizes are indicated in kilodaltons.

Nucleotide sequence accession number. The sequence of a 2.9-kb Bg/II frag-
ment including attP, int, and xis (17) was entered in GenBank under accession no.
M61865. The attB sequence is available as part of the E. coli genome (1).

RESULTS

In vitro integrase assays. Following many failed attempts to
demonstrate in vitro recombination with extracts made either
from infected cells or from cells expressing int from a lac
promoter on a multicopy plasmid, we cloned the 21 int gene
behind a T7 promoter and ribosome binding site, using the
pET-11d vector. Purified protein was made by using the His tag
vector pET-15b and eluting the protein from a nickel column
(Fig. 3). As expected from the in vivo effects of himA mutations
(17), the purified protein required IHF for activity (Fig. 4). For
most other experiments, we used a crude extract with protein
concentration of about 20 g/liter. We do not have a precise
comparison of the specific activities of the His-tagged enzyme
and the native enzyme (available only in crude extracts). Judg-
ing from the intensity of the protein band in the crude extract,
they appear to be similar.

To determine the sequence requirements of a#tP, the pro-
posed arm site sequences were YYTTCCCCAAAA (phage
21) and KTTATACAAAA (el4) (where Y = Cor Tand K =

a v

12 3 45 6 7 8 910

FIG. 4. Requirement for purified His-tagged integrase and IHF on integra-
tion reaction and inhibition by crude excisionase. Assays were done as described
in Materials and Methods. Lane 1, digoxin-labeled standards (end labeled with
Klenow enzyme, using a X HindIII digest from New England Biolabs). Lanes 2
to 10 all contain 0.16 pmol of digoxin-labeled 0.5-kb a#tB fragment (B) and 0.30
pmol of 3.7-kb attP plasmid DNA (P-1 X P-2, cloned into pBS [Fig. 2, construct
1]). Lane 2, 6.7 pmol of Int; lane 3, 6.7 pmol of Int and 0.47 pmol of IHF; lane
4, 6.7 pmol of Int and 0.94 pmol of IHF; lane 5, 6.7 pmol of Int and 1.9 pmol of
IHF; lane 6, 3.3 pmol of Int and 1.9 pmol of THF; lane 7, 1.7 pmol of Int and 1.9
pmol of IHF; lane 8, 1.9 pmol of IHF; lane 9, 6.7 pmol of Int, 1.9 pmol IHF, and
20 pg of crude Xis extract; lane 10, 6.7 pmol of Int and 3.8 pmol of IHF. The
linear 4.2-kb reaction product (P) is generated by recombination between the
0.5-kb linear a#tB fragment and the 3.7-kb supercoiled a#tP plasmid.
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POP TTT ATATACTGCTGCGCCATAT GGG
BOB’ CTG AGATGATCCTGCGCCATAT GGG
-12 0 12
Symmetrical consensus (1) {YNIN) AKATRNYGCWGCRNYATMT (NRR )
(2) ATATGNNGCNGCNNCATAT
=12 0 12
EOE' TCT AACTAATGCTGCGCCACAT GGG

FIG. 5. Sequences of attP core, attB (2), and attE core (17). Consensus
sequence 1 is given for 25 bases, but the outermost three on each site are in
parentheses, because a 19-bp core works fairly well (Fig. 6). Y = CorT; K =G
orT; M =AorC;R=AorG; W= A or T. Specified bases are those seen at
all four positions (+# and the complementary strand at —n, for both POP’ and
BOB'), so that the consensus is a palindrome. Consensus sequence 2 agrees with
consensus sequence 1 but specifies only those bases found at three of four of the
relevant positions, with no ambiguity. Those bases in EOE’ that differ from
BOB' are underlined. The proposed 7-bp overlap region is in boldface.

G or T). In our replacements, we used TTTTATACAAAA as
an el4 arm sequence.

The results (Fig. 2) allow two conclusions. (i) The functional
limits of a#tP are between —138 and —117 on the left and +248
and +279 on the right, i.e., enough sequence to include the
proposed arm sequences (—135 to +261) and not much be-
yond. (ii) el4 sequences are accepted by the 21 enzyme in
some contexts but not in others. For example, the attP se-
quence on the left is not replaceable by the e14 consensus, but
P2’ or P3’ on the right can be replaced; however, replacement
of both P2’ and P3’ can lead to inactivity. Also, replacement of
the core sequence with the el4 core destroys activity.

In the experiments represented in Fig. 2, we used a 0.5-kb
BOE' fragment derived from the E. coli chromosome (see
Materials and Methods). A 267-bp fragment that includes 25
bp of BOB’ cloned into pBS also worked (data not shown).

attB specificity. €14 and 21 use the same attB site. However,
Schneider (17) observed that in vivo, 21 always inserts to the
left, rather than to the right, of e14, as though a#L and a#tR of
el4 did not serve as equivalent a#tB sites for phage 21. In hosts
without el4, 21 inserts well at the bacterial site. Denoting the
attE core by CeOCe’, this implies that BOCe’ and BOB' are
good attB sites for 21, but CeOB'’ is not. Sequence comparison
of CeOCe’, BOB’, and CpOCp’ shows that Ce’, B’, and Cp’
are almost identical but that Ce differs from the others (and
from the dyad-symmetrical proposed consensus sequence) at
two adjacent bases, —8 and —7 (Fig. 5).

To study the influence of these substitutions on a#tB func-
tion, we used a cointegration assay. Synthetic oligonucleotides
with the CeOB'’ core sequence or with various replacements of
BOB' bases with those from CeOB’ were cloned into pBS,
cells harboring these plasmids were infected by phage 21, and
we looked for the ability of the output phage to render tester
cells resistant to ampicillin. (This assay may require two site-
specific recombinations, one to generate the cointegrate in the
donor strain and one to release the plasmid from it in the
recipient.) The results (Fig. 6, lines 3 and 5) verify that the
changes in Ce (especially the simultaneous substitution of
bases at —7 and —8) explain the inability of CeOB' to act as an
effective attB.

We assume that what matters here is deviation at two adja-
cent positions from the consensus, not just from BOB'. Thus,
attP and attB also differ at two adjacent positions (—5 and —4),
but both follow symmetrical consensus 1, and aftP deviates at
only —5 from consensus 2 (Fig. 5). Although attP and attB were
used to construct the consensus, we would nonetheless con-
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attL
> 1@ ba___p bla

attR

attB substrate Sequence Transductions n
per phage
(106)

1. BOE' 2kbAccl fragment 123 6
2. BOB'(25mer) CTGAGATGATGCTGCGCCATATGEG 110 5
3. BOB'(19mer) AGATGATGCTGCGCCATAT 141 14
4. EOB'(25mer) TCTAACTAATGCTGCGCCATATGGG <1 2
5. BOB'(substituted) CTGRACTGATGCTGCGCCATATGGG .03 7
6. BOB!'(substituted) AAATGATGCTGCGCCATAT 53 3
7. BOB'(substituted) AGCTGATGCTGCGCCATAT 19 3
8. BOB'(substituted) AGATGGTGCTGCGCCATAT 6 3
9. BOB'(substituted) AGATGACGCTGCGCCATAT 1 3
Consensus ATATGNNGCTGCNNCATAT

FIG. 6. Cointegration assay for a#tB function. The attB sequences shown
were cloned into pBS. Cells carrying these plasmids were infected with phage 21,
and the phage produced were used to infect an ampicillin-sensitive recipient.
Ampicillin-resistant transductants per output phage were scored. In the consen-
sus sequences, the 7-bp overlap segment is in boldface. n, number of determi-
nations (each with a different lysate).

sider the result to corroborate the importance of the specified
bases.

Several other conclusions may be drawn from Fig. 6: (i) 19
bp around the center of symmetry (line 3) work about as well
as the whole 2 kb of BOE' DNA from the bacteria; (ii) the
individual substitutions at —7 and —8 (lines 6 and 7) have fairly
small effects; and (iii) changing an unspecified base just outside
the proposed 7-bp overlap region (line 8) has less effect than
changing a base within the overlap region (line 9). This is
expected because the latter change creates a heterology within
the proposed overlap region, which is known to depress \
integration (19). The substitution in line 8 was not expected to
depress recombination at all (especially because it is symmet-
rical with the normal base at the right), but it appears to have
some effect.

Specificity of el4. The above-described findings indicate that
21 integrase does not accept €14 sequences as equivalent to 21
sequences. They do not formally prove that e14 has a different
specificity from 21, rather than just comprising a much poorer
substrate (perhaps for its own integrase as well). Having thus
far failed to demonstrate el4 integrase activity in vitro, we
cannot do the directly reciprocal experiments. However, in
vivo results strongly indicate that e14 is specific for its own attP
counterpart, attE.

The basic protocol is to construct a strain that harbors e14
and 21 inserted next to each other on the chromosome and to
then induce e14 excision by the SOS system and see whether
one or both plasmids are excised.

As with \ and el4, 21 integrase and excisionase are them-
selves induced by SOS (as judged by the production of high-
titer lysates following UV induction of a lysogen). Therefore,
SOS induction of a strain with 21 inserted next to e14 should
excise both elements. So a strain with a Tn/0 insertion in e14
was lysogenized by a 21 derivative marked by an xis::kan in-
sertion, and an internal deletion that removed genes cI-B was
isolated (Fig. 7). To study the effect of SOS induction on
prophage excision, the construct was transduced into a rec4442
sfiB103 sfiB* strain, selecting for resistance to kanamycin and
tetracycline. The sfiB103 sfiB* double mutation renders the
cell insensitive to growth inhibition by the el4-encoded SfiC
(14).

Cells of this strain were grown 5 h at 39 to 42°C, returned to
37°C for 3 h of additional growth and segregation of excised
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| 21xis::kan | eldtet |
BOP' POE’ EOB’
Loss of €14 (POE'XEOB'): 445
Loss of both (BOP'XxEOB'): 41
Loss of 21 (BOP'xPOE'): 4

FIG. 7. Losses of el4 and 21 from a tandem double lysogen in which e14
gene expression was induced by heating a tif sfiB* host.

elements, and then plated at 30°C. Individual colonies were
plated and scored for 21 (kanamycin resistant) and e14 (tetra-
cycline resistant). Among those colonies that were not resistant
to both antibiotics, a total (in all experiments) of 445 had lost
only el14, 41 had lost both e14 and 21, and 4 had lost only 21.
Because reconstruction experiments (data not shown) showed
that the double excisants and the parental culture survived the
treatment equally well (thanks to the sfiB* background), we
conclude that el4 strongly prefers its own sites to those of 21.
Some of the rare excisants from 21 sites might result from a low
level of expression of the 21 int gene (which is present but not
known to be induced).

As a control, strain HWS5 was transformed with a plasmid,
p2lintxis4 (17), which expresses 21 int and xis from plac. After
IPTG induction, about 80% of the cells had lost kanamycin
resistance but retained tetracycline resistance. This finding ver-
ifies that the 21 sites in HWS5 were intact and that the system
responded to the 21 enzymes like a normal lysogen with 21
adjacent to e14 (17).

21 excisionase. Schneider (17) showed that 21 has an exci-
sionase gene, located (like A xis) upstream of and overlapping
int and needed for excision but not for insertion. Crude ex-
tracts of 21 Xis are required in vitro for excision (Fig. 8) and,
as in \, Xis inhibits the insertion reaction. The excision reac-
tion was clearly demonstrable with labeled linear affL and
supercoiled a#tR (Fig. 8). The reaction between labeled a#tR
and supercoiled attB was much weaker (invisible in Fig. 8 but
detectable in other runs). The inhibition of the integrase re-
action by crude extracts of Xis (Fig. 4, lane 9) was not seen with
a control crude extract of E. coli[pET-11d] (data not shown).

DISCUSSION

Size and structure of a#tP. Table 1 shows that as in A, 21 attP
function requires the presence of the putative arm sites and
little if any DNA beyond them. Furthermore, the inactivity of

-

123456 7

FIG. 8. Excisionase assay, performed as described in Materials and Methods.
Lanes 1, 3, and 5, 73 fmol of digoxin-labeled attL (1.1 kb; L) plus 960 fmol of
supercoiled attR (4.2 kb); lanes 2, 4, and 6, 115 fmol of digoxin-labeled attR (0.7
kb; R) plus 806 fmol of supercoiled attL (4.9 kb). Crude enzyme extracts (20 pg
of each) were added as follows: lanes 1 and 2, Xis only; lanes 3 and 4, Xis plus
Int; lanes 5 and 6, Int only. Linear product (P) in lane 3 has an expected length
of 5.3 kb.



5710 WANG ET AL.

constructs where these sequences are replaced by e14 counter-
parts supports Schneider’s (17) proposal that they are in fact
arm sites. One noteworthy difference between 21 a#tP and \
attP is that the P1’-P2'-P3’ cluster in X\ is at +54 to +84,
whereas in 21 it is +225 to +261.

The significance of this fact can be appreciated by consider-
ing the group of phages \, 434, and HK022, all of which have
the same arm specificities. Despite many single-base substitu-
tions between the crossover point and the arm sites, the spac-
ings are strictly conserved. Likewise, 21 and e14 show identical
spacing between core and arm sites, although all four arm sites
have diverged coordinately.

Conservation of spacing is expected from current models for
intasome formation (13). If integrase molecules bind to DNA
to form intramolecular bridges, then a change in spacing of
even one nucleotide should cause some strain, given the rigid-
ity of the supercoiled DNA substrate. But if spacing is gener-
ally conserved, it must have diverged radically at some point to
generate completely new types like 21 and A, starting from
their common ancestor.

We suggest that the selective forces acting to conserve spac-
ing are sufficiently strong to prevent random genetic drift dur-
ing evolution. Radically new types survive only because they
experience new selective pressures. The most obvious pressure
results from the fact that 21 and e14 insert into the icd gene of
E. coli and carry within the phage a duplication of the distal
165 bp of the gene and an additional less conserved 44 bp
through the transcriptional terminator (17). This duplication
allows lysogens to exhibit icd function equivalent to that of
nonlysogens (10). Because bacterial and phage sequences are
so similar within these 209 bp, it is impractical for the phage to
recognize a cluster of arm sequences (P1’, P2’, and P3’) within
the duplicated segment. Even if a potential arm site cluster
were to exist in the duplicated segment, presence of the cluster
in both attP and a#B would disallow discrimination between
excision and insertion, because a#tB and attP would be equiv-
alent to at#tL and atfR, respectively. As phage 21, like A, has an
xis gene, we presume that such discrimination is advantageous.
The obvious solution is to place the P1'-P2’-P3’ cluster beyond
the icd duplication, which is where we find it.

Other phages fit the same pattern. Haemophilus phage HP1
has a 182-bp duplication of the 3’ end of the tRNA operon into
which it inserts, and the minimal 418-bp atP site extends be-
yond that duplication (10, 11). Phage P22 has a shorter dupli-
cation (46 bp, plus an additional 17 bp of partial homology,
which includes an IHF binding site). As the IHF binding site is
further to the right than the N H' site, the conformation of the
intasome cannot be the same as \’s in any case; in fact, a cluster
of two arm sites (P1’ and P2’) is found at +90 to +108 (18).

Thus the spacing between core and arm sites can change
drastically under rationalizable selective pressure. Because the
three-dimensional structure of the intasome is as yet unknown,
it is not clear that any profound alteration in intasome struc-
ture is needed; perhaps the macromolecular contacts are about
the same, but larger loops of uninvolved DNA project from
21’s intasome than from N’s.

Core sequences. Integration of N proceeds by an initiating
exchange at a specific nucleotide position, followed by a re-
solving exchange 7 bp to the right (Fig. 1). Direct evidence for
such a mechanism in phage 21 is unavailable. Because the icd
duplication, though similar, is not identical between phage and
host, the crossover point(s) can be localized within 10 bp by
sequencing junction fragments from lysogens (17). Assuming a
mechanism similar to N’s, Campbell (5) proposed core recog-
nition sequences with the consensus (—10) ATATGNNGC
NCGNNCATAT (+10). Figure 6 shows that simultaneous al-
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teration of bases at —7 and —8 greatly depressed the
recombination frequency, implying that these bases are impor-
tant recognition elements. As the altered sequence is present
in the a#tE core, the e14 enzyme apparently accepts the alter-
ation.

Does el4 actually prefer this sequence to that of the 21
core? Whereas we have not confronted the system with all
possible combinations of core sites, that possibility seems un-
likely (and certainly not required by the data). There is no
symmetrical consensus sequence that fits e14 better than the 21
consensus. We suggest instead that el4 (which, remember,
uses the same a#B site as 21 does) is simply less stringent than
21 in its core sequence requirements. From their work on X\
and HKO022, Dorgai et al. (8) suggested that evolutionary tran-
sitions from one integrase specificity to another may proceed
through mutations that loosen specificity followed by muta-
tions that tighten it in a different direction. In our view, e14
integrase would correspond to their postulated less specific
evolutionary intermediate.

Arm sequences. Our in vitro assays on attP substrates with
altered arm sites clearly indicate that phage 21 prefers its own
arm sequences to those of el4. Does el4 likewise prefer its
own arm sequences to those of 21? Our in vivo excision exper-
iments suggest that it does. The scoring of excisants from the
strain diagrammed in Fig. 7 shows the substrate preferences
(EOB’ X POE') >> (EOB’ X BOP’) >> (POB’ X POE’). In
principle, this could result from differences in core sites, arm
sites, or excisionase binding sites. The cores seem unlikely to
be responsible. To the right of the crossover point, B’ and Cp’
are identical, and Ce’ differs by only one nucleotide. To the
left, a preference of e14 integrase for Ce over B could explain
the second inequality but not the first. To explain the first
inequality on the basis of core sites, one would have to postu-
late a 10-fold preference for Cp over B. As to the Xis binding
site(s), if, as in A, they are to the left of the crossover point and
required only in one of the two partners, then again the first
inequality is unexplained. If they happened instead to lie to the
right of the crossover point, the first inequality, but not the
second, could be explained. Certainly, the specificity could
depend on some more complex interactions, involving perhaps
other unidentified sites outside of the core, but the most
straightforward interpretation is that 21 and el4 integrases
each evolved to prefer their cognate recognition sites. Mini-
mally, we can say that in the experiment represented in Fig. 7,
the e14 system shows a site preference very different from that
seen when the 21 system acts on the same substrate. Our
experimental design does not allow us to exclude a preferential
cis action of integrase (which is encoded near the POE’ site).
Qualitatively, the e14 system is active in frans (3).

Has this alteration in specificity come about through random
drift, or is selection behind it? As suggested elsewhere (6), the
best candidate for a selective force is frequency-dependent
selection for new types that are resistant to heteroimmune
curing by previously existing phages. The explanatory value of
this hypothesis is equally strong whether or not the new system
causes integration at the same site as the ancestral phage.
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