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Site-specific recombinases of the � Int family carry out two single-strand exchanges by binding as head-to-
head dimers on inverted core-type DNA sites. Each protomer may cleave its own site as a monomer in cis (as
for Cre recombinase), or it may recruit the tyrosine from its partner in trans to form a composite active site
(as for Flp recombinase). The crystal structure of the � Int catalytic domain is compatible with both cleavage
mechanisms, but two previous biochemical studies on � integrase (Int) generated data that were not in
agreement. Support for cis and trans cleavage came from assays with bispecific DNA substrates for � and
HK022 Ints and from functional complementation between recombination-deficient mutants, respectively. The
data presented here do not provide new evidence for cis cleavage, but they strongly suggest that the previously
described complementation results cannot be used in support of a trans-cleavage mechanism. We show here
that IntR212Q retains some residual catalytic function but is impaired in binding to core-type DNA on linear
substrates and in forming higher-order attL intasome structures. The binding-proficient mutant IntY342F can
stabilize IntR212Q binding to core-type DNA through protein-protein interactions. Similarly, the formation of
higher-order Int complexes with arm- and core-type DNA is boosted with both mutants present. This comple-
mentation precedes cleavage and thus precludes any conclusions about the mechanism of catalysis. Cross-core
stimulation of wild-type HK022-Int cleavage on its cognate site (in cis) by mutant � Ints on bispecific core DNA
suicide substrates is shown to be independent of the catalytic tyrosine but appears to be proportional to the
respective core-binding affinities of the � Int mutants.

The large � integrase (Int) family of site-specific recombi-
nases exhibits two distinct mechanisms of DNA cleavage. In
one, the enzymes catalyze DNA cleavage as monomers at the
site where they are bound (in cis). In the other, the proteins act
as dimers and cleave DNA with a composite active site in
which the catalytic tyrosine is provided (in trans) by a protomer
bound to a site other than the one being cleaved (5, 14, 22, 23,
31, 32, 46). The Cre recombinase of bacteriophage P1 and the
yeast-derived Flp are prototypes for cis and trans cleavage,
respectively, as revealed by their cocrystal structures (9, 16).
Biochemical evidence from the XerC/D system shows convinc-
ingly that these recombinases fall into the cis-cleavage category
(2, 4, 18). For � Int, there are biochemical data for both types
of cleavage (19, 41). In the crystal structure of the catalytic
domain of � Int, the loop containing the phenylalanine mutant
of the active site Y342 is flexible, allowing the modeling of
either cis or trans cleavage modes (29). In the present report
we examine the potential allosteric consequences of mutating
a catalytic residue and their impact on the interpretation of
complementation.

The Int protein of Escherichia coli phage � is a type I topo-
isomerase that carries out the conservative strand exchanges of
integrative and excisive recombination between the phage and
bacterial chromosomes (3, 30, 37). The signature triad Arg-

His-Arg (RHR) and two additional basic amino acids (exten-
sively studied in the Flp system) form the catalytic pocket and
activate the scissile phosphate for cleavage and ligation, involv-
ing a transient, covalent bond via Tyr342 (5, 7, 8, 16, 33, 38).
The basic pentad in � Int is comprised of residues R212, K235,
H308, R311 and H332. The catalytic C-terminal domain of the
heterobivalent Int binds with low affinity to the inverted core-
type sequences on either side of the 7-bp overlap (O) region (C
and C� on phage DNA and B and B� on bacterial DNA). The
smaller N-terminal domain of Int binds with high affinity to
so-called arm-type sequences on phage DNA (P and P�). In
combination with DNA-bending proteins, i.e., integration host
factor (IHF), Int forms higher-order complexes, called inta-
somes, on attachment (att) site DNA. Intermolecular Int
bridges lead to synapsis between the phage attP and bacterial
attB during integration and between the prophage sites attL
and attR during excision (24, 44). After synapsis, recombina-
tion proceeds in a prescribed manner with a top-strand (TS)
exchange to form a Holliday junction intermediate and a bot-
tom-strand (BS) exchange to resolve it to recombinant prod-
ucts (3, 26, 30, 37, 39).

Half-att sites are also substrates for Int binding, cleavage,
and synapsis with a full partner att site to yield three-armed
recombination intermediates (40). Using the analogous FRT
half-sites in the Flp system, the Jayaram laboratory pioneered
the mechanism of trans cleavage with a combination of mutants
of catalysis at either the conserved RHR or the Tyr nucleo-
phile. The mixing of two FRT half-sites, each preincubated
with a different mutant, led to exclusive cleavage on the half-
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site to which the Y3F mutant Flp was bound (8). The forma-
tion of a composite active site between the basic catalytic
pocket (RHR) of one monomer and the Tyr-OH nucleophile
from another protomer in trans was corroborated by extensive
biochemical analyses and by the cocrystal structure of wild-type
(wt) Flp bound to FRT half-sites in a pseudo-Holliday junction
conformation (9, 14, 22). In contrast, the cocrystal structures of
Cre with half and full lox sites all show that each monomer
provides the catalytic Tyr to the lox site to which it is bound in
cis (13, 16, 17).

On the mechanism of cleavage by � Int, the crystallographic
data are ambiguous and the biochemical data are contradic-
tory. The argument for cis cleavage was drawn from experi-
ments using two closely related proteins (� and HK022 Ints)
with different core-binding specificities (41). The sites cleaved
on hybrid suicide substrates, both linear core-type DNA and
artificial Holliday junctions, were exclusively those that har-
bored an Int with an active Y342. The argument for trans
cleavage was derived from experiments showing complemen-
tation of Arg mutants by IntY342F (19). The test system con-
sisted of attLs (BOC�) with either a TS or a BS nick that form
higher-order attL intasome structures in the presence of Int
and IHF (25, 42). Previous cleavage and nuclease protection
data had indicated that Int that is bound to the arm-type site
P�1 with its N-terminal domain bridges to the BS core-type site,
C�, with its C-terminal domain, thereby stabilizing core binding
at this site (25). Furthermore, when nicked attLs were prein-
cubated with the inactive IntY342F and IHF and then chal-
lenged with wt Int, DNA cleavage occurred at the TS site, B,
with faster kinetics than at the BS site, C�. This predilection
was understood to reflect a preferential exchange of the Int at
the B site, where it was not bivalently bound, in contrast to the
doubly bound Int bridging P�1 to C�.

A clever extension of this system was used to test for comple-
mentation between IntY342F and Ints with mutations of the
conserved arginines involved in activating the scissile phos-
phate: R212Q, R311C, and R311H (19). It was assumed that
Int mutants with changes in the catalytic triad would behave
the same as wt Int and IntY342F in forming an intramolecular
bridge on attL (P�1/C�). If so, the doubly bound mutant Int
would again be less prone to be replaced at C� by a second Int
than the protomer singly bound to the B site. Whereas prein-
cubation of a TS-nicked attL with IntY342F followed by
IntR212Q showed no complementation, preincubation with
IntR212Q followed by IntY342F yielded TS-cleaved products.
Because this nonequivalent complementation pattern was de-
pendent on the order of addition, it was interpreted to consti-
tute evidence for TS cleavage in trans. That is, IntR212Q,
which was expected to be firmly bound to C�, provided the
tyrosine in trans to the IntY342F that preferentially replaced
the Arg mutant at the B site, thereby activating the scissile
phosphate at the TS site with its RHR triad in cis. A puzzling
and troubling result at that time was the fact that the recipro-
cal experiment did not work. When the BS-nicked substrate
was preincubated with IntY342F and then challenged with
IntR212Q, the expected trans complementation by the tyrosine
of IntR212Q was not observed. Indeed, with this substrate,
practically no BS cleavage was obtained, irrespective of the
order in which the two mutants were added (19).

We now show that the activation-deficient R212Q mutant is

not completely devoid of activity and that it is capable of
cleaving a 5� bridging phosphorothioate suicide substrate on its
own. This cryptic catalytic activity had been masked in previous
cleavage assays with nicked suicide substrates that depended
on dissociation of a few nucleotides for trapping a cleavage
product. We also show that the R212Q mutant displays mul-
tifunctional defects: it binds poorly to core-type site DNA,
including linear COC� and C� half-sites; it binds weakly to
Holliday junctions; it fails to form sandwich complexes when
provided with both arm- and core-type site DNA (45); and it is
easily displaced from core-type DNA binding sites by Ints with
unimpaired binding affinities. Thus, the R212Q mutant is com-
promised not only for catalysis but also for higher-order com-
plex formation, a prerequisite for a functional attL intasome.
IntR212Q can be complemented for binding to core-type DNA
and for sandwich formation by the presence of small quantities
of IntY342F. Because the observed complementation for
cleavage of nicked attL suicide substrates can be explained
entirely by DNA binding and complex formation, it is not
possible to draw inferences about the nature of the cleavage
mechanism from these experiments. We propose that the en-
hancement of cleavage seen by combining the two distinct
catalytic mutants might be due to cross-core cooperation, with
IntY342F providing a stable scaffold that rescues the otherwise
cryptic catalytic activity of IntR212Q.

MATERIALS AND METHODS

Int cloning, expression, and purification. All Ints used in this study (full-length
Int and the catalytic domain, spanning residues 65 to 356 [C65-Int]) were ex-
pressed and purified from a plasmid under the control of a T7 promoter in E. coli
BL21(pLys) as previously described in detail (48). All clones of mutant Ints were
made from DNA fragments amplified by PCR with the appropriate primers
(Operon, New England Biolabs) by using the wt Int parent plasmids pRT101 and
pRT301 as templates for the full-length and C65 Ints, respectively. These frag-
ments were purified and ligated into the expression plasmid backbone according
to standard protocols. The entire int gene of each transformed clone (E. coli
strain DH5�) was sequenced to verify the desired mutation and exclude unde-
sired changes. The concentration of purified Ints was measured by the Bradford
assay and by comparative staining analysis on standard discontinuous sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels.

Structure and preparation of DNA substrates. All core-type DNA substrates
used in this study were prepared by annealing appropriate oligonucleotides. One
or more single-stranded DNA molecules were radioactively labeled with
[�-32P]ATP and polynucleotide kinase (New England Biolabs), boiled, slowly
annealed with the complementary partner(s), precipitated, and gel purified (41).
The sequences used for COC� DNA were 5� GTTGAAGCCAGCTTA|ATTC
TATAAAGTTGG 3� (TS) and 5� TTCCAACTTT|ATAGAATTAAGCTGGC
TTCAAC 3� (BS). In this substrate and the one shown below, core-type recog-
nition sequences are underlined; the vertical line indicates the position of Int
nicking, as well as that of the 5� bridging phosphorothioate, when present (see
below). Suicide half-site C� oligomers contained a nick (shown by a hyphen) 1
base adjacent to the Int cleavage site and a GAA hairpin to prevent dimer
formation:

AGCCATAAAAAAGTTGGCAGGG 3�
A
GCGGTATT-T TTTCAACCGTCCC 5�

Bispecific hybrid core DNA substrates carrying modified HK022 and � Int
binding sites at the TS C and BS C� sites, respectively, have been described in
detail (41). The sequence was designed according to the exclusive binding spec-
ificity established for the wt B� site for each recombinase (36, 50, 51).

To construct the two nicked attL suicide substrates, one full-length and two
half-site fragments were prepared by PCR on templates pSN83 and pBF32, gel
purified after XbaI restriction, and then denatured and annealed with each other
at an optimal ratio as previously described (25, 39, 42). One strand of a half-site
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was radiolabeled with 32P. In a typical annealing reaction, the recovery of nicked
substrates was approximately 70%, with the remainder appearing as a radiola-
beled half-site. The nicks in these substrates are located at the XbaI restriction
sites within the overlap region, three nucleotides 3� from the Int cleavage sites.
In the presence of IHF, Int-covalent complexes are trapped with similar kinetics
almost exclusively at the TS site with TS-nicked substrate and at the BS site with
BS-nicked substrate (25).

Cleavage and mobility shift assays. Reaction mixtures contained 10 mM
Tris-HCl (pH 7.5 to 7.8), 1 mM EDTA, 50 to 80 mM NaCl, 0.5 to 1 mg of bovine
serum albumin per ml, 2.5 mM dithiothreitol, and, for mobility shift assays only,
5% glycerol. Small 32P-labeled DNA fragments were present at 0.01 to 0.05 �M,
and protein concentrations in general were 2- to 20-fold in excess of DNA (as
stated in text, figures, or figure legends). Samples were incubated at 24°C and
then mixed with a Ficoll (final concentration, 2%) loading solution in Tris-borate
for mobility shift assays without dye, to which bromphenol blue and SDS (final
concentration, 0.2%) were added for cleavage reactions only. Electrophoretic
separations were carried out in 8% polyacrylamide gels, native or with SDS
(SDS-PAGE), at 200 V. Experiments with nicked attL substrates were identical
to those published previously (19, 25). Under these conditions, wt Int cleaved TS-
and BS-nicked attLs with similar kinetics (25). Samples were analyzed on 1.2%
agarose gels. Dried gels were autoradiographed on Kodak X-ray films as well as
scanned and quantified with a Fuji film BAS 2500 phosphorimager.

Int sandwich formation with core- and arm-type DNA. Sandwich formation
experiments were carried out as published elsewhere, with minor changes (45).
The reaction mixes (50 mM Tris-HCl [pH 7.8], 60 mM NaCl, 5 mM dithiothre-
itol, 0.5 mg of bovine serum albumin per ml), containing different concentrations
of DNA and proteins, were incubated at 19°C overnight (�20 h), and complexes
were separated on a 7% native polyacrylamide gel run at 200 V. The sequences
of the annealed arm- and core-type DNA fragments (Operon) are represented
by the TS sequence of the BOC� fragment (5� CGTTTCTCGTTCTGCTTT|T
TTATACTAAGTTGGCATTATAAAAAAGCTTTA 3�) and the TS sequence
of the P�1P�2 fragment (5� TAACGAACAGGTCACTATCAGTCAAAATAC
CGATAC 3�).

Synthesis and purification of oligonucleotides containing 5� bridging phos-
phorothioates. We used internucleotide 5� bridging phosphorothioate (also
called phosphorothiolate) substitutions at the site of DNA cleavage by Int, as
first described by Burgin et al. (6). The single-atom replacement of the 5�
bridging oxygen with sulfur was incorporated into the DNA substrate sequence
by preparing a modified adenosine monomer compatible with phosphoramidite-
based automated oligonucleotide synthesis. The preparation of 5�-(S-triphenyl-
methyl)-mercapto-N6-benzoyl-2�,5�-dideoxyadenosine-3�-O-(2-cyanoethyl N,N-
diisopropyl-phosphoramidite) and its incorporation into oligonucleotides have
been described (27, 28, 34). After addition of the thio monomer, the 5�-triphen-
ylmethyl protecting group for sulfur was removed by treatment with aqueous
silver nitrate. Preceding and subsequent ordinary phosphoramidite monomers
were added in a conventional manner as previously described (27). Oligonucle-
otides, with or without a 5� bridging phosphorothioate at the position of Int
cleavage, were isolated by reversed-phase high-pressure liquid chromatography
(HPLC), desalted on a Sephadex G-10 column, and purified to homogeneity by
reversed-phase HPLC. Each oligomer met the following criteria for purity: (i) a
single peak by analytical reversed-phase HPLC, (ii) the expected nucleoside
composition, as determined by enzymatic digestion and HPLC analysis, and (iii)
a single band on a denaturing PAGE gel, comigrating with a control strand of
equal sequence and length (1). The oligonucleotides were stored in HPLC buffer
(triethylammonium acetate, pH 7, at �20°C). Appropriate oligonucleotides were
annealed at equimolar concentrations by boiling and slow cooling to create
thio-substitution-containing suicide COC� substrates.

RESULTS

Cleavage of suicide substrates by IntR212Q. Stock solutions
of highly purified wt and mutant Ints were prepared at com-
parable molar concentrations. To verify the approximate
“functional” concentrations relative to wt Int, each catalytically
inactive mutant was carefully titrated for binding to short core-
type DNA fragments and analyzed in a gel shift assay (see
below). All these recombination-deficient mutants were also
tested for DNA cleavage activity with core-type DNA sub-
strates containing a suicide feature that traps the Int-DNA
covalent complex (42). In a typical experiment, wt Int bound to

TS- or BS-nicked attL DNA becomes trapped when the small
oligomer is released due to Int cleavage (Fig. 1). On this
substrate, full-length Int is stimulated for cleavage by the pres-
ence of IHF, which promotes the formation of a higher-order
intasome complex (see below) (25). In contrast, on a simpler
substrate, containing only the core DNA with a nick between
the inverted core-type binding sites, full-length Int is less active
than its isolated catalytic domain, spanning residues 65 to 356
(C65-Int). It has been shown that the N-terminal domain of Int
is a context-sensitive modulator of catalysis that inhibits DNA
binding and cleavage of full-length Int (45). Binding and cleav-
age experiments, therefore, are more efficient with C65-Ints.

All Int mutants of catalytic residues tested, including R212Q
and Y342F, are defective in cleavage assays with full core-type
DNA carrying a nick within the overlap region or with half-att
substrates (19, 41). In these substrates, the trapping of covalent
Int-DNA cleavage products depends not only on the nicking
reaction per se but also on the dissociation of the small (3-
base) oligonucleotide between the cleavage site and the 3� end
of the same strand (i.e., removal of the 5�OH nucleophile).
The amount of covalent product recovered, therefore, depends
on the balance between oligomer diffusion and strand religa-
tion. Since the back reaction may mask a residual cleavage
activity, we used a different suicide substrate that cannot be
ligated after cleavage. Burgin et al. introduced core-type DNA
substrates with an internucleotide 5� bridging phosphorothio-
ate substitution at the site of Int cleavage (6). These substrates
are nicked efficiently by Int to form a covalent Int-DNA com-
plex at the 3� end with a sulfhydryl group on the 5� side of the
nick. In contrast to the normal 5�OH, the 5�SH group is a poor
nucleophile for religation in this system. These substrates ac-

FIG. 1. A nick within the overlap region of an att site acts as a
cleavage suicide feature. In the presence of IHF, a DNA-bending
protein, and Int, an attL substrate forms a higher-order intasome
structure. The N-terminal domains of Int (small circles) are bound to
the arm-type binding sites P�1 and P�2, and the C-terminal domains are
bound to the core-type binding sites B and C� (large circles). Whereas
the Int bound at C� has both domains occupied, the Int bound at B has
a free arm-binding domain (N). The position of the nick within the
7-bp overlap region influences the prevalence of Int cleavage at either
the TS or BS sites, favoring the closer site. The nick is placed 3 bp from
the TS and BS cleavage sites in TS- and BS-nicked attL substrates,
respectively. This allows almost exclusive trapping of unique covalent
Int-DNA complexes from cleavages of the nicked strands (rather than
cleavages of the unnicked strands 4 bp removed from and opposite the
nick).
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cumulate covalent Int-DNA cleavage products with faster ki-
netics than nicked substrates because each cleavage event has
a higher probability of being captured (data not shown).

Contrary to the expectation that the R212Q mutant is cleav-
age incompetent, assays with a TS 5� bridging phosphoro-
thioate suicide substrate, carried out at 25°C, revealed some
residual activity of C65-IntR212Q, especially at higher concen-
trations (Fig. 2). The mutant displayed approximately 1/10 the
efficiency of wt C65-Int at 0.4 �M. The addition of C65-
IntY342F into the reaction mixture did not increase, but rather
decreased, the amount of covalent Int-DNA product recovered
from C65-IntR212Q. It appears that the Y342F mutant with its
higher affinity for core-type DNA competes for binding to this
suicide substrate and inhibits the R212Q mutant. A more con-
servative mutation of Arg212, C65-IntR212K, tested for bind-
ing and cleavage on this substrate, exhibits an intermediate
phenotype (56% cleavage at 0.4 �M). The defect of both
Arg212 mutants is more apparent at lower temperature, also
reflecting slower cleavage kinetics (data not shown). But the
crucial point for the arguments developed here is the fact that
catalysis is not totally abolished in these recombination-defi-
cient Arg212 mutants, as was previously concluded from ex-
periments with substrates that had the potential to be religated
after cleavage, such as the nicked attL suicide substrates (19).

Core-type DNA binding by mutant Ints. The relative affinity
of the different catalytic mutants for binding to core-type DNA
was tested with mobility shift assays using C65-Ints that typi-
cally bind core-type DNA better than full-length Int (see
above). In general, the proportion of faster- and slower-moving
bands on COC� DNA (singly or doubly bound by Int) depends
on the concentration of Int used, the molar ratio between Int
and core-type DNA, and the presence or absence of heterol-
ogous carrier DNA. A comparison of C65-Int mobility shifts
between the R212Q and Y342F mutants reveals that approx-
imately fourfold more C65-IntR212Q is required for specific
binding of one or two molecules to a small COC� substrate.
That is, 0.2 �M C65-R212Q and 0.05 �M C65-Y342F give a
comparable binding pattern with 70% singly bound and 7%
doubly bound protein-DNA complexes (Fig. 3A, lanes 3 and
6). The mixing experiments in lanes 8 to 10 demonstrate that

the binding of the two mutants is additive, leading to 100%
substrate binding. At the lowest combined concentration
tested (lane 10), the 50:50 distribution between the one- and
two-Int complexes is similar to the pattern seen with each
individual mutant at double the concentration (lanes 2 and 5).

Specificity of binding was further tested with mobility shift
experiments in the presence of two radiolabeled substrates in
the same reaction, a 36-bp specific att site DNA with two
specific binding sites (C and C�) and a 276-bp non-att plasmid
DNA fragment. Although these two fragments were present at
equimolar concentrations (approximately 5 nM each), the
eightfold-larger size of the nonspecific DNA offers binding
access for at least 16 molecules of Int. Indeed, 8 to 10 individ-
ual shifted protein-DNA bands can be detected on the non-att
DNA fragment when it is not fully saturated by Int (Fig. 3B).
The smear in the lanes is likely due to instability of the non-
specific binding complexes during electrophoresis. Whereas
non-att DNA does not adversely affect specific core-type DNA
binding by C65-IntY342F (95 to 98% bound in lanes 4 and 5 of
Fig. 3A and lanes 1 and 2 of Fig. 3B), it acts as a strong
competitor for core-specific binding by C65-IntR212Q (com-
pare lanes 2 [97%] and 3 [77%] of Fig. 3A with lanes 5 [48%]
and 6 [4%] of Fig. 3B). On the other hand, C65-IntR212Q
binds relatively well to the non-att DNA, similar to the other
mutants tested, as is demonstrated by the different degrees of
disappearance of the two types of substrates. This observation
not only reflects a lower affinity for core binding by C65-
IntR212Q compared to C65-IntY342F but also may point to
some aberrant binding to nonspecific DNA.

Another method for looking at relative core-binding affini-
ties is based on the exchangeability of one mutant Int with the
other on a single C� half-att substrate (Fig. 3C). Preincubation
with a full-length Int followed by the C65 protein, or vice versa,
allows us to distinguish two different Int-DNA complexes by
size in a gel retardation assay. Typically, C65-IntY342F can
displace IntY342F at equimolar concentrations, and similarly,
C65-IntR212Q can displace the same full-length mutant Int
(data not shown). This is consistent with previous observations
that the amino-terminal domain of full-length Int inhibits its
carboxy-terminal domain binding to isolated core-type DNA
(45). In the reverse experiment, as expected, neither IntR212Q
(Fig. 3C, lane 8) nor IntY342F (data not shown) is capable of
replacing C65-IntY342F bound to the half-site C� DNA, but
IntY342F partly displaces C65-IntR212Q at comparable con-
centrations (lanes 4 to 6), evidence of just how poorly C65-
IntR212Q binds.

In summary, it appears that specific core-type DNA binding
is compromised by the R212Q mutation on linear COC� and
C� substrates. Furthermore, the presence of two inverted core-
type binding sites, which invite wt or Y342F Ints to interact as
dimers, does not appear to enhance the binding affinity of the
R212Q mutant through possible cross-core cooperativity (com-
pare Fig. 3A and C). Similarly, incubation of an artificial Hol-
liday junction with IntR212Q allowed a mobility shift equal
only to a dimer species, in contrast to the formation of a
tetramer with wt Int or IntY342F. Increasing the protein con-
centration did not allow stable tetramer formation but rather
just produced protein-DNA aggregates (data not shown).
However, on an SDS-PAGE gel, traces of Holliday junction
cleavage and resolution products can be seen with IntR212Q

FIG. 2. Cleavage of thio-substitution-containing core-type DNA.
Wt and R212Q mutant C65-Ints become covalently trapped at the TS
site (arrow) of a 32P-labeled (�) COC� substrate next to a TS 5�
bridging phosphorothioate (S), left of the overlap region (shaded).
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(data not shown). This is consistent with the above results
showing that IntR212Q retains some DNA cleavage activity
but is severely compromised in its ability to form specific com-
plexes with att site DNA.

Int cleavage of TS- or BS-nicked attL substrates after pre-
incubation with mutant Ints. At low concentrations of wt Int,
cleavage of a nicked suicide attL is dependent on the IHF-
induced formation of a looped intasome structure (Fig. 1).
Under these conditions, the formation of covalent Int-attL
complexes occurs exclusively on the nicked strand, due in part
to the position of the nick within the overlap region (see the
legend to Fig. 1). In this attL intasome, the binding properties
of Int at the two core-type sites, B and C�, are not equivalent.
The heterobivalent Int bridging the P�1 arm-type and the C�
core-type sites has both DNA-binding domains satisfied. It is
therefore expected to exchange with an Int in solution at a
lower rate than the B-bound Int, which has an unsatisfied
arm-binding domain. On the basis of this prediction, two sets
of preincubation experiments with TS- and BS-nicked attL
substrates led to different interpretations. The faster kinetics of
TS versus BS cleavages by wt Int displacing the inactive
IntY342F in an attL complex paralleled the predicted faster
exchange rates at the B versus C� sites, which suggested cis
cleavage (25). On the other hand, complementation between
the R212Q and Y342F mutants for TS cleavage of a TS-nicked
attL depended on the order of addition, i.e., IntR212Q pre-
ceding IntY342F, which suggested trans cleavage, as described
above (19).

The two different conclusions drawn from the above prein-
cubation experiments are based on the same assumption that
all Ints tested have equal binding properties and are equally
stable in an attL intasome complex. In order to validate such a
presumption, we tested the exchangeability of different mutant

Int molecules within a higher-order complex on the same sui-
cide attL substrates, carrying either a TS or a BS nick within
the overlap region. After preincubation of these substrates
with IHF and an inactive Int mutant, wt Int was added as the
second enzyme. The rates of TS and BS cleavages by wt Int
reflect the exchangeability of the mutant proteins bound at the
B and C� sites. If the mutant protein forms normal attL inta-
somes, wt Int is expected to displace a TS-bound mutant Int
(with only one DNA-binding domain satisfied) more rapidly
than a BS-bound one (which has both DNA-binding domains
occupied).

Since IntR212Q binds poorly to core DNA, it may also be
deficient for the formation of the attL intasome. In that case, it
might be expected to lose or diminish the differential between
TS and BS exchangeability. A typical time course of cleavage
by wt Int after preincubation of a TS- or BS-nicked attL suicide
substrate with either IntY342F or IntR212Q is shown in Fig.
4A. We confirm the previous observation that, after preincu-
bation with IntY342F, the initial rate of wt Int covalent com-
plex formation from TS cleavage at the B site is substantially
faster than that from BS cleavage at the C� site (25). For
IntR212Q, in contrast, that difference was much smaller.
IntR212Q is exchanged by wt Int faster than IntY342F, at both
TS- and BS-binding sites. In particular, the “slower” BS cleav-
age by wt Int after IntR212Q preincubation is faster than the
“fast” TS cleavage after IntY342F preincubation (Fig. 4A).
The percent TS and BS cleavage as a function of time was
analyzed and summarized from multiple experiments. The cal-
culated ratios of TS over BS cleavages by wt Int are signifi-
cantly smaller for samples preincubated with IntR212Q than
for those preincubated with IntY342F (Fig. 4B). This suggests
that IntR212Q does not readily form stable attL intasome
structures with an intramolecular bridge between P�1 and C�.

FIG. 3. Mobility shift of core-type DNA by mutant C65-Ints. COC� (36 bp) and C� (21 bp plus 3-base hairpin) fragments (0.01 �M) were
incubated with different concentrations of C65-Int R212Q (Q) and Y342F (F) mutants. Titrations on COC� DNA were in the absence (A) and in
the presence (B) of equimolar non-att DNA (276 bp), which functions as a nonspecific (non-spec.) binding competitor. Another recombination-
deficient mutant, C65-K235A, is competent for DNA binding and is included for comparison (B, lanes 3 and 4). It displays 68% specific binding
at concentrations that saturate non-att DNA. (C) Full-length Int mutants R212Q (IntQ) and Y342F (IntF) retard a half-att site (half-core C�) more
than their respective C65-Ints (C65Q and C65F).
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Formation of ternary Int complexes with core- and arm-type
DNA. We recently showed that the presence of DNA frag-
ments carrying arm-type Int-binding sites helps full-length Int
to bind to a separate DNA fragment containing only core-type
binding sites (45). The formation of such ternary sandwich
complexes also stimulates full-length wt Int cleavage of a
nicked suicide core-type DNA substrate. Since the Int binding
in the ternary complexes resembles an arm-core bridge, anal-
ogous to that predicted to exist between P�1 and C� in an attL
intasome, we tested both IntR212Q and IntY342F for their
ability to form sandwich complexes. Different concentrations
of mutant Ints were incubated with 32P-labeled BOC� (analo-
gous to attB) and unlabeled P�1P�2 oligomers, and complex
formation was monitored on a native polyacrylamide gel (Fig.
5B, left). Whereas IntY342F, like wt Int (Fig. 5A), almost
exclusively formed sandwich complexes, even at low concen-
trations (0.15 �M), IntR212Q produced only simple adducts
between Int and core DNA. Even at high concentrations of
IntR212Q (0.7 �M), only one shifted band was present, dis-
playing the same mobility as wt Int binding to core DNA in the
absence of P�1P�2-arm oligomers (Fig. 5A).

In a different experiment using low Int concentrations insuf-
ficient for stable DNA binding, the ternary complex was de-
tected when both mutants were combined in equimolar
amounts (Fig. 5B, right). We infer from the approximately

twofold stimulation of ternary complex formation between the
reaction containing only IntY342F and the reaction containing
both proteins that IntR212Q is part of the sandwich complex.
In summary, IntR212Q is deficient in all binding functions
involving core-type DNA alone and in the formation of
bridged complexes when arm- and core-type-binding se-
quences are present, either on an attL substrate or on two
separate molecules. Significantly, a partial rescue of these
functions is seen when IntY342F is added to the reaction
mixtures. In other words, there is complementation between
IntY342F and IntR212Q at the level of binding and complex
formation.

Noncatalytic stimulation of Int cleavage through coopera-
tive binding. In contrast to the nicked attL intasomes described
above, which are preferentially cut by Int on the nicked strand,
the simpler COC� DNA with a nick in the overlap region serves
as a suicide substrate for TS and BS cleavage by Int. Therefore,
two different covalent Int-DNA complexes can be recovered
from a TS-nicked COC� substrate, depending on the location
of Int cleavage at the TS or BS. Whereas TS cleavage leads to
a gapped product with Int covalently attached to the TS after
dissociation of the oligomer, BS cleavage creates a half-site C�
with Int attached to the BS as a consequence of the double-
strand break (41). The two products can be separated by size
on a SDS-PAGE gel (Fig. 6). In earlier experiments with a
bispecific, TS-nicked suicide substrate, we observed that a wt
HK022 Int, bound to an HK022-specific TS site, stimulated BS
cleavage by wt � Int, bound to its cognate BS site, but could not
activate or complement the inactive � Int Y342F and H308I
mutants (41). The reverse cross-core stimulation of HK022
Int-mediated TS cleavage by a � Int was also reported, which
was independent of the presence of a Tyr342 or His308 in �
Int.

The cross-core stimulation experiment on bispecific COC�
substrates was extended here by using additional � C65-Int
mutants and the �-HK022 hybrid C65-Int previously described
(10, 36, 41, 50, 51). This hybrid differs from � Int only in the six
residues responsible for core-binding specificity and therefore
is expected to interact with � Int as well as with itself. Alone,
the hybrid HK022 C65-Int produces a small amount of single
TS-covalent complex (Fig. 6). The addition of catalytically in-
active mutants of � C65-Int leads to an increase of cleavage at
this HK022-specific TS site. This stimulation is independent of
the presence or absence of a catalytic Tyr342 in the comple-
menting � protein. Instead, what stands out in this experiment
is the relative amount of stimulation seen with different inac-
tive mutants, which appears to be approximately proportional
to their respective core-binding affinities. Stimulation of TS
cleavage by the weakest binder, C65-IntR212Q, is 1.8-fold, and
that by the strongest binder, C65-IntY342F, is 4.6-fold. The
R212K and K235A mutants are somewhat intermediate, both
in their binding affinities and in their cleavage stimulation
properties (2.5- and 3.5-fold, respectively). As had been de-
scribed previously with wt HK022 Int, the hybrid HK022 C65-
Int again did not donate its tyrosine to any of the inactive �
mutants for BS cleavage in trans (41).

The wt � C65-Int, added to the reaction mixture with hybrid
HK022 C65-Int, also increases the amount of TS cleavage
product (approximately twofold). However, the main covalent
complex seen with � C65-Int is a double-strand cleavage prod-

FIG. 4. Cleavage of nicked suicide attL substrates by wt Int after
preincubation by mutant Ints. (A) In a typical experiment, TS-nicked
and BS-nicked attL substrates (S) were preincubated for 15 min with
IHF and either IntR212Q or IntY342F. Then, at time zero, wt Int was
added to the reaction mixtures to measure the appearance of covalent
wt Int-DNA products (P). The 32P label at the 5� side of the nick (�)
was derived from the half-site (1/2 att) that cannot be cleaved by wt Int
(when not annealed to a full-length strand; see Material and Methods).
(B) The results from several preincubation experiments were compiled
and expressed for IntR212Q (Q) and IntY342F (F) as ratios of TS
cleavage of the TS-nicked attL to BS cleavage of the BS-nicked attL
(t/b).
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uct due to BS cleavage. This half-site product is seen with or
without HK022 C65-Int (41). Because both the original TS-
nicked substrate and the gapped TS-covalent product serve as
substrates for catalysis at the BS site, the actual TS cleavage
enhancement by a cross-core wt � C65-Int is underestimated.
The unlabeled, TS-cleaved half-att site is invisible and removed
from the potential pool of HK022 C65-Int derived products.

Although each of the related wt C65-Ints (� and HK022)
gives only covalent cleavage products at their respective cog-
nate sites, trans cleavage via a tyrosine recruited from a third,
free Int out of solution cannot be excluded when wt proteins
are used. However, the comparison of the relative cross-core
stimulation by the mutant � C65-Ints speaks against a solution
Int as the source of a trans tyrosine. At the same limiting
concentrations of wt HK022 C65-Int in all assays, none of the
tyrosine-positive � proteins stimulated TS cleavage as much as
the Y342F mutant of � C65-Int. Therefore, we conclude that
the cross-core stimulation of hybrid HK022 C65-Int by differ-
ent � C65-Ints is noncatalytic, as it is independent of a catalytic
Tyr342 in the complementing � protein. It is reasonable to
apply this observation of noncatalytic cross-core cooperation
between � and HK022 Ints to the complementation data be-
tween the Y342F and R212Q mutants. The binding and con-
formational defects of the latter may be overcome through
noncatalytic Int-Int interactions with a neighboring high-affin-
ity protomer of IntY342F, thereby unmasking the otherwise
cryptic cleavage activity of R212Q.

DISCUSSION

The originally surprising finding that the � Int-family recom-
binases are capable of both cis and trans mechanisms of DNA
cleavage has been fully explained by the subtle folding differ-
ences seen in the cocrystal structures of Cre (a cis-cleaving
enzyme) and Flp (a trans-cleaving enzyme) (9, 16). What re-

mained unclear, due to seemingly conflicting results, is the
question of whether � Int has the option of using either of the
two mechanisms depending on the condition of the experiment
and whether one mechanism or the other is prevalent in the
normal reaction (19, 41). Both models are compatible with the
crystal structure of the � Int catalytic domain because the 342F
residue, substituted for the wt tyrosine nucleophile, is on a
flexible loop close to the carboxy terminus (29). The experi-

FIG. 5. Mobility shift assays showing sandwich formation by Int, binding simultaneously to core-type and arm-type DNA sequences.
(A) Whereas full-length wt Int (0.2 �M) produces a single adduct band in a mobility shift assay with 0.02 �M 32P-labeled core-type DNA (COC�*),
the addition of a second unlabeled DNA fragment (0.1 �M) containing arm-type sequences (P�1,2), leads to a supershift of all the Int-bound DNA.
(B) Mixtures of 32P-labeled core-type DNA (0.05 �M) and arm-type DNA (BOC�* � P�1,2) were incubated with IntR212Q (Q) and IntY342F
(F) individually (left) or combined (right) and yielded either an adduct (Int/BOC�*) or a sandwich band (P�1,2/Int/BOC�*). The P�1,2 fragment
was present at half-molar amounts of Int and at 0.15 �M in the left and right panels, respectively.

FIG. 6. Stimulation of TS cleavage at the HK022-specific core-type
site by � C65-Ints. A hybrid suicide substrate with a TS nick 4 bp from
the HK022-specific TS site (HK-C) yields more TS-covalent Int-DNA
product by HK022 C65-Int (HK) in the presence of mutant � C65-Ints,
without appreciable cleavage at the �-specific BS site (�-C�) that is
readily cleaved by the wt � equivalent (342Y).
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ments reported here addressed this question by using several
biochemical assays and different suicide substrates to test the
binding, exchangeability, cooperativity, and catalytic activity of
wt and mutant Ints.

We have duplicated the original complementation between
IntY342F and one of the Arg mutants involved in the activa-
tion of the scissile phosphate that was observed in cleavage
assays with nicked attL intasomes (19). However, the trans-
cleavage interpretation of these results relies on the assump-
tion that the complementing mutant proteins are cleavage im-
paired but have similar binding properties and can be mutually
exchanged by each other with the same preference for the
TS-binding site. We argue that this assumption is not sup-
ported by the data presented here. IntY342F is a good example
of a catalytic mutant that is not compromised in any of the
steps preceding catalysis; it behaves the same as wt Int in all
noncatalytic functions tested. This includes binding to core-
and arm-type DNA, individually and in a sandwich complex
bridging both types (Fig. 3 and 5), formation of Holliday junc-
tion tetramers, and formation of IHF-dependent, higher-order
attL intasomes (12, 25, 35).

On the other hand, IntR212Q was found not only to be a
poor binder to core type DNA but also to be defective in
higher-order complex formation and in appropriate protein-
protein interactions. This is reflected in the high concentra-
tions of this mutant required to form dimer complexes on
COC� (Fig. 3), in the lack of tetramer formation on artificial
Holliday junctions (data not shown) and in the inability to form
sandwich complexes between core- and arm-type DNA (Fig.
5). Given these aberrant properties, it is questionable whether
IntR212Q can form the typical IHF-dependent attL-intasome
structure by itself. In keeping with our in vitro results,
IntR212Q also does not form attL complexes in the in vivo
challenge phage assay (20). The high propensity for arm-core
bridging interactions by IntY342F in an attL intasome is re-
sponsible for the observed preferential exchange of the unsat-
isfied protomer, singly bound at the TS site B, by wt Int (25).
The same is not true for IntR212Q, which was displaced from
nicked attL suicide substrates by wt Int with similar kinetics at
the TS and BS cleavage sites (Fig. 4). The lack of behavioral
equality between these two catalytic mutants (a basic assump-
tion for the original trans-cleavage model) invites other inter-
pretations of the attL complementation experiments.

Since the R212Q mutant is capable of cleaving an inter-
nucleotide 5� bridging phosphorothioate-substitution-contain-
ing, core-type DNA substrate on its own (Fig. 2), the defect of
activation of the scissile phosphate is only partial. Therefore,
IntR212Q may cleave an attL suicide substrate in cis, when
aided by another Int with normal DNA binding and interaction
properties. We propose that the TS-nicked-attL–IntR212Q
preincubation mixture does not lead to the formation of a
proper or stable attL intasome structure. Rather, IntR212Q
may bind loosely to the core region of the attL fragment,
shaped like a hairpin due to the IHF-induced bend at H� (Fig.
7). When IntY342F is added to this mixture, its high propensity
for arm-core bridging is responsible for displacement of
IntR212Q from the C� BS site, thereby forming an attL inta-
some. Although the IntR212Q is equally exchangeable at the
TS B site and at the BS C� site, intasome stabilization evidently
occurs only in one configuration, namely, when IntY342F

forms a bridge between arm- and core-type DNA. In so doing,
IntY342F also complements IntR212Q for correct binding at
the TS B site, where it now can cleave the TS-nicked suicide
substrate in cis. This scenario, based on the notion that
IntY342F preferentially forms an intasome structure whereas
IntR212Q does not, explains not only the unique order of
addition required for positive complementation and TS cleav-
age of a TS-nicked attL by “activated” TS-bound IntR212Q in
cis but also the previously puzzling negative results with a
BS-nicked attL that is not a substrate for TS cleavage (see the
introduction and Fig. 7). Whereas IntY342F easily displaces
IntR212Q out of an attL hairpin, IntR212Q cannot displace
IntY342F out of a preformed attL intasome when added as the
second enzyme, regardless of the position of the nick.

The aberrant phenotype of IntR212Q can be understood on
the basis of the specific location of this mutation. Arg212 is
located in the conserved box I region immediately preceding
one of the helices forming the helix-turn-helix motif that has
been likened to that of Cap protein (21, 47). In the Cre-DNA
cocrystal, this motif involves �-helices H and J, which con-
tribute to the site-specific recognition of the lox sites (16).
Whereas the conserved Arg173 (equivalent to the � Arg212)
hydrogen-bonds to a nonbridging oxygen of the scissile phos-
phate, the adjacent Ile174 and Ala175 on �-helix H directly
contact the opposite strand in the major groove, approximately
5 bp from the cleavage site (16). It is possible that an Arg-to-
Gln mutation on this DNA-binding surface will negatively in-
fluence the binding properties of the adjacent residues. As a
consequence, secondary long-range effects on the conforma-
tion of this mutant would not be unexpected. Interestingly,
mutations at the equivalent box I Arg in XerC/D leads to
altered interactions between the mutated proteins and their wt
partners that influences an isomeric switch in catalysis within
Holliday junction complexes (2). Another example of an Arg-
to-Gln DNA contact mutation that significantly perturbs
nearby structural elements has recently been described for the
p53 core domain (49).

The behavior of the other two mutants, R311C and R311H
that were complemented by Y342F (19), could be explained by
a similar mechanism, namely by complementation at the level
of DNA binding and complex formation. Indeed, in another
Int family member, the integron IntI1, point mutations at ei-
ther of the two conserved arginines abolish substrate recogni-
tion by these mutants (15). The equivalent of Arg311 in Cre
(R292) also contacts a nonbridging oxygen of the scissile phos-
phate and is part of a DNA-binding surface, involving �-helix
K and three residues in close proximity: S287, G288, and H289
(16). Most significantly, the equivalent Arg308 mutants of Flp
form weaker protein-DNA complexes but can be stabilized on
the DNA substrate through cooperativity with a tightly binding
partner Flp (43).

We propose that the loss of function of IntR212Q is due at
least in part to decreased or altered protein-DNA interactions
and secondary allosteric consequences. Some of these may be
overcome when the structural integrity of the catalytic pocket
is restored through cross-core interactions with IntY342F. This
idea is borne out by the observation that, at low concentra-
tions, IntY342F and IntR212Q interact with each other to
form two-Int complexes on COC� DNA, and sandwich com-
plexes with core and arm DNA (Fig. 3A and 5B). The
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IntY342F molecule, with its normal DNA-binding properties,
seems to coax IntR212Q to undergo a conformational change
that restores appropriate protein-DNA and/or protein-protein
interactions and concomitantly some catalytic function. The
parallel between the extent of cleavage of a thio-substitution-
containing att site DNA by IntR212Q/K and the degree of
cross-core stimulation of HK022 Int by IntR212Q/K suggests
that the integrity of the active catalytic pocket is important for
the overall conformation of the protein.

Whereas allosteric effects on an active site by distant resi-
dues are a common phenomenon (11, 49), the R212Q muta-
tion is an example of a change at the active site with allosteric
consequences for functions that precede catalysis. These pre-
catalytic defects preclude any inferences about the catalytic
mechanism based on the complementation between IntR212Q
and IntY342F. We have shown here that the R212Q mutant
retains some catalytic activity and is deficient in its interactions
with itself and with DNA. Int-Int interactions with a neighbor-
ing IntY342F, which strongly binds to core, may be sufficient
for IntR212Q to overcome this defect, bind DNA, and cleave
it in cis. Although our data do not provide additional evidence
for cis cleavage, they suggest that the observed complementa-
tion is at the level of binding and complex formation and that

IntY342F-dependent structural rearrangements enable the de-
fective R212Q mutant to become catalytically active on its
own. This resembles the stimulation between � and HK022
Ints on bispecific substrates, which is at the level of cross-core
interactions and is independent of an active tyrosine in the
complementing protein.
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