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Control of Recombination Directionality
by the Listeria Phage A118 Protein Gp44
and the Coiled-Coil Motif of Its Serine
Integrase

Sridhar Mandali,a Kushol Gupta,b Anthony R. Dawson,a*
Gregory D. Van Duyne,b Reid C. Johnsona,c

Department of Biological Chemistry, David Geffen School of Medicine, University of California, Los Angeles,
Los Angeles, California, USAa; Department of Biochemistry and Biophysics, Perelman School of Medicine,
University of Pennsylvania, Philadelphia, Pennsylvania, USAb; Molecular Biology Institute, University of
California, Los Angeles, Los Angeles, California, USAc

ABSTRACT The serine integrase of phage A118 catalyzes integrative recombination
between attP on the phage and a specific attB locus on the chromosome of Listeria
monocytogenes, but it is unable to promote excisive recombination between the hy-
brid attL and attR sites found on the integrated prophage without assistance by a
recombination directionality factor (RDF). We have identified and characterized the
phage-encoded RDF Gp44, which activates the A118 integrase for excision and in-
hibits integration. Gp44 binds to the C-terminal DNA binding domain of integrase,
and we have localized the primary binding site to be within the mobile coiled-coil
(CC) motif but distinct from the distal tip of the CC that is required for recombina-
tion. This interaction is sufficient to inhibit integration, but a second interaction in-
volving the N-terminal end of Gp44 is also required to activate excision. We provide
evidence that these two contacts modulate the trajectory of the CC motifs as they
extend out from the integrase core in a manner dependent upon the identities of
the four att sites. Our results support a model whereby Gp44 shapes the Int-bound
complexes to control which att sites can synapse and recombine.

IMPORTANCE Serine integrases mediate directional recombination between bacte-
riophage and bacterial chromosomes. These highly regulated site-specific recombi-
nation reactions are integral to the life cycle of temperate phage and, in the case of
Listeria monocytogenes lysogenized by A118 family phage, are an essential virulence
determinant. Serine integrases are also utilized as tools for genetic engineering and
synthetic biology because of their exquisite unidirectional control of the DNA ex-
change reaction. Here, we identify and characterize the recombination directionality
factor (RDF) that activates excision and inhibits integration reactions by the phage
A118 integrase. We provide evidence that the A118 RDF binds to and modulates the
trajectory of the long coiled-coil motif that extends from the large carboxyl-terminal
DNA binding domain and is postulated to control the early steps of recombination
site synapsis.

KEYWORDS site-specific DNA recombination, serine integrase, recombination
directionality factor, Listeria monocytogenes

Temperate phage genomes integrate into and excise out of bacterial chromosomes
using phage-specific site-specific recombination systems. Many phage integrases

are members of a subfamily of serine recombinases (SRs) that are known as large SRs
due to their very long C-terminal DNA binding regions relative to other SRs (1–4). In the
few serine integrase systems that have been studied, phage-encoded recombination
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directionality factors (RDFs) that function together with their cognate integrases control
the direction of the recombination reaction, integration or excision, and thus perform
an essential function in the developmental pathways of lysogenic phage (5–9). The
RDFs of serine integrases that have been studied thus far function mechanistically
differently than the RDFs (or Xis) proteins of tyrosine integrases, such as those from
phages �, HP1, P2, P22, and L5, which are largely DNA architectural proteins (10–14).

Serine integrases are being used in a variety of genetic engineering and synthetic
biology applications (15–22). A major attribute of serine integrases is that they perform
unidirectional recombination, as regulated by their dedicated RDF. However, the
mechanism underlying how the RDF controls directional recombination is poorly
understood. It is anticipated that they will enjoy even greater utility in different
applications as the regulation of these reactions becomes more fully understood at the
molecular level.

We have been studying the phage A118 serine integrase from Listeria monocyto-
genes (23, 24). A118 integrates into the comK gene within the L. monocytogenes
chromosome by recombination between the phage attP and chromosome attB loci to
generate the hybrid sites attL and attR (25). This inactivates the comK gene, which in
Bacillus subtilis is a transcriptional regulator of genes involved in DNA uptake (26).
Recent work has shown that comK is an important regulator of essential virulence genes
in L. monocytogenes (27). Prophage excision is induced during growth of L. monocyto-
genes within phagosomes of macrophages, and precise excision restoring functional
comK is required for escape from the phagosome into the cytoplasm of the mammalian
host.

Serine integrases bind as chemically inactive dimers to each partner att site, either
attB and attP for integration or attL and attR for excision, and are remodeled into a
tetramer during formation of the active synaptic complex (1, 28, 29). As demonstrated
for other SRs, DNA exchange is believed to be mediated by double-strand DNA
cleavages at the centers of each att site, translocation of one synaptic pair of subunits
relative to the other within the tetramer, and religation of the four DNA strands (30–33).
The chemical and protein isomerization events largely involve the N-terminal catalytic
domain and long oligomerization helix in each subunit, which bear clear similarities to
well-studied members of the small SR family. In contrast, the C-terminal DNA binding
regions of serine integrases are much larger than in small SRs that mediate DNA
inversion, deletion, or transposition and are believed to play a unique and critical role
in dictating the directionality of the reaction (1, 2).

A crystal structure of the 320-amino-acid residue of C-terminal DNA binding region
from the A118-related phage L1 in complex with an attP half site showed two separate
subdomains bound over the 25-bp DNA segment (24). The more N-terminal recombi-
nase domain (RD) binds over the att sequence that is proximal to the central crossover
region, and the zinc ribbon domain (ZD) binds the distal end of the att site (illustrated
in Fig. 6A). Comparisons of the 50-bp attP and 40-bp attB sequences led Rutherford et
al. (24, 28) to propose that the position of the ZD on attB is shifted 5 bp closer to the
RD, which can be accommodated by the flexible peptide chain connecting the two
folds. The most striking feature of the structure was the long coiled-coil (CC) motifs that
protruded from the ZD. The flexible CC motifs exhibited different trajectories as they
extended out from the protein body in each of the four DNA complexes in the crystal
asymmetric unit. Structural modeling suggested different architectures for the different
att site complexes and the potential for the CC domains to both enhance and inhibit
synapsis through cis and trans interactions. These models are consistent with earlier
experimental data on directional synapsis by �C31 and Bxb1 serine integrases and the
importance of amino acid residues within the CC motif region (24, 34–36). It was further
proposed that binding of RDFs to serine integrases may alter the trajectory of the CC
motifs, thereby regulating directional recombination (24, 28).

In this report, we identify and characterize the RDF for the phage A118 serine
integrase. Like other RDFs for serine integrases that have been studied, the A118 RDF
not only promotes the attL � attR excision reaction but inhibits the attB � attP
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integration reaction. We show that the A118 RDF binds to the integrase to generate
electrophoretically distinct att-specific architectures. Inhibition of integration requires
binding of the RDF to the CC motif on integrase. Activation of excision requires an
additional interaction involving the N-terminal residues of the RDF. Our data support a
model where the RDF modulates the trajectories of the CC motifs by binding to the CC
and to a second region on integrase in an att-site specific manner.

RESULTS
Identification of Gp44 as the RDF for the A118 integrase. We asked whether an

RDF function for phage A118 could be provided by a gene within the regulatory region
between the integrase gene (gp31) and the replication, recombination, and modifica-
tion genes on the phage genome (Fig. 1B). Segments of this 18-gene region (25) were
cloned onto a multicopy plasmid and introduced into an Escherichia coli strain con-
taining a lacZ reporter for attL � attR deletions (Fig. 1A) and expressing integrase (Int).
RDF-dependent excision reactions were identified by white (Lac�) colonies among the
transformants on 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside (X-Gal) plates.
Segments containing gp42 to gp44 but not gp42 to gp43 enabled excision, pointing to
gp44 as the A118 gene encoding the RDF function (Fig. 1B). The presence of the gp44
gene alone, as represented by pRJ3187 (Table 1), also stimulated excision.

FIG 1 Identification of Gp44 as the A118 RDF. (A) Schematic of the attL � attR deletion reaction on the in vivo
reporter pRJ3225. (B) Top, diagram of the phage A118 genome highlighting genes involved in the control of
lysogeny. Integrase is encoded by gp31, and the RDF is encoded by gene gp44. Bottom, results of in vivo deletion
assays testing various A118 regulatory genes. Formation of white colonies indicates that the lacZ gene has been
lost due to attL � attR recombination forming a DNA circle lacking an origin of replication. On the right are
representative images of colonies; the presence of mostly white colonies when cells were grown with A118 genes
gp42 to gp44 indicates the presence of the RDF, whereas the absence of white colonies when cells were grown with
genes gp42 and gp43 indicates no recombination. (C) Coomassie blue-stained SDS-PAGE gel of purified HisGp44
after chromatography on Ni-NTA, SP, and heparin. M, low-molecular-mass markers with sizes in kilodaltons noted.
(D) Schematic of the in vitro attL � attR deletion reaction on pRJ2986. Products were digested with NdeI prior to
electrophoresis; parental (par) and recombinant (rec) DNA fragments obtained after digestion are indicated in
panels E and F. (E) In vitro excision reaction with purified Gp44 and Int. Reactions were performed without Gp44
(�), with HisGp44 (1), or with Gp44 purified from an Mxb intein fusion (2). (F) Gp44 is active after heat denaturation.
In vitro attL � attR reactions were performed without Gp44 (�Gp44), with Gp44 (Gp44), and with Gp44 incubated
at 80°C for 10 min [Gp44 (80°)].
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The Gp44 protein with an N-terminal 6His tag was overexpressed in E. coli and
purified by chromatography on nitrilotriacetic acid (NTA)-agarose, followed by passage
through SP Sepharose in intermediate salt buffer and binding to heparin-Sepharose
(see Materials and Methods). The nearly homogeneous Gp44 preparation (Fig. 1C, lane
2) stimulated excision in vitro (Fig. 1D and E), demonstrating that Gp44 activates Int to
catalyze attL � attR recombination. For some experiments, Gp44 was purified from an
intein fusion, leaving the native polypeptide following thiol-induced cleavage. Where
tested, intein-purified native Gp44 gave activities indistinguishable from those of the
His-tagged version (Fig. 1E; also data not shown). As shown in Fig. 1F, Gp44 is active
after heat denaturation at 80°C for 10 min.

Physical properties of Gp44. We confirmed the full-length nature of purified native
Gp44 using matrix-assisted laser desorption ionization–time of flight mass spectrome-
try (MALDI-TOF MS), which gave MH� values close to that expected for the 71-residue
polypeptide following removal of the N-terminal methionine in E. coli (Fig. 2A). Gp44 is
at least partially structured in solution based on its circular dichroism spectrum, which
shows dips near 205 and 225 nm that are indicative of �-helical content (Fig. 2B). We
were particularly interested in the oligomeric state of Gp44, since the integrase protein
binds to att sites as dimers and forms tetrameric complexes during recombination.

TABLE 1 Plasmids and strains used in this study

Plasmid or strain Descriptiona Reference or source

Plasmids
pRJ2184 pET15b, A118 integrase (gp31) between NdeI and BamHI 23
pRJ2990 pET11a, A118 gp44 with N-terminal 6His tag between NdeI and BamHI This work
pRJ2823 pET15b, A118 integrase (residues 158–452) between NdeI and BamHI 23
pRJ2214 pBR322, attP (400 bp) into EcoRI 23
pRJ2215 pBR322, attB (200 bp) into SalI 23
pRJ2191 pBR322, attL (200 bp) between EcoRI and SalI This work
pRJ2193 pBR322, attR (200 bp) between EcoRI and SalI This work
pRJ2986 pBR322, amp DR(attL-lacZ-attR) This work
pRJ3225 pMS421, str or spc, DR(attL-lacZ-attR) This work
pRJ3244 pBR322, amp DR(attB-lacZ-attP) This work
pRJ3245 pACYC184, cat, lacPuv5-int between SalI and XbaI This work
pRJ3239 pET11a, gp44Δ(1–5) with N-terminal 6His tag between NdeI and BamHI This work
pRJ3259 pRJ2184, intΔ(342–416) This work
pRJ3002 pRJ2184, intΔ(381–383) This work
pRJ3003 pRJ2184, intΔ(369–371) This work
pRJ3187 pUC18, A118 gp44 between PstI and SalI This work
pRJ3188 pUC18, A118 gp32–gp36 between PstI and SalI This work
pRJ3189 pUC18, A118 gp36.1–gp41.1 between PstI and SalI This work
pRJ3190 pUC18, A118 gp42–gp43 between PstI and SalI This work
pRJ3191 pUC18, A118 gp42–gp44 between PstI and SalI This work
pRJ3192 pUC18, A118 gp42–gp45 between PstI and SalI This work
pGBKT7 Yeast two-hybrid DNA binding domain vector Clontech
pGAD GH Yeast two-hybrid activation domain vector Clontech
pRJ3017 pGBKT7, A118 integrase between NdeI and BamHI This work
pRJ3014 pGBKT7, A118 integrase (residues 158–452) between NdeI and BamHI This work
pRJ3018 pGAD GH, A118 gp44 between BamHI and XhoI This work
pGBD-NPFSDx3 pGBD C1 (48), STE2-NPFSDx3 49
pGBD-NPASDx3 pGBD C1 (48), STE2-NPASDx3 49
pGAD-SLA1 pGAD (48), SLA1 49
pMS421 pSC101 origin, str or spc, lacIq M. Susskind
pGV2710 pETDuet (Novagen) with gp44 � inteinMxe-6His tag This work

Bacterial and yeast strains
DH5� E. coli ΔlacU169 �80dΔlacZM15 recA1 endA1 hsdR17 deoR glnV44 thi-1 gyrA96

relA1
Laboratory collection

RJ3387 E. coli BL21(DE3) endA8::tet fis::kan-767 Laboratory collection
DP-L3689 L. monocytogenes (10403::A118) R. Calendar
DP-L 4056 L. monocytogenes (10403S phage cured) R. Calendar
PJ69-4A S. cerevisiae MATa trp1-901 leu2-3,112 ura3-52 his3-200 Δgal4 Δgal80

LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ
48

aDR, att sites in direct repeat orientation.
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Sedimentation equilibrium analysis at 70 to 120 �M indicates that Gp44 exists as mono-
mers and dimers at this concentration, with an estimated dimer dissociation constant (Kd)
of 13 �M (Fig. 2C; see also Materials and Methods). Sedimentation velocity (Fig. 2D) and size
exclusion chromatography (SEC) (Fig. 2E) are consistent with this finding, with each method
showing two species present. The apparent molecular weights of the monomer and dimer
peaks from the sizing column relative to calibration standards are substantially higher than
expected, indicating that Gp44 has a nonglobular structure in solution that increases its
Stokes radius. Thus, Gp44 adopts an extended conformation and has the ability to self-
interact, much like the coiled-coil domains of the integrase protein.

Gp44-activated excision reaction. Figure 3A and C show attL � attR (LR) excision
reactions employing increasing amounts of Gp44 with a constant amount (50 nM) of
Int. Yields of excision products increase sharply between 100 and 200 nM Gp44. LR
recombination rates with saturating amounts of Gp44 are rapid and slightly higher than
attB � attP (BP) recombination rates in the absence of Gp44 (Fig. 3D), but in both cases,
yields of recombinant products plateau at about 75% of the substrate DNA. LR reactions
with saturating amounts of Int, but subsaturating amounts of Gp44, generate lower
rates and lower yields of excision products (Fig. 3D), implying there is little turnover of
Gp44 to stimulate new reactions. An alternative explanation is that the plateau behav-
ior reflects an equilibrium state generated by reactions back to the attL and attR
parental forms under limiting Gp44 concentrations. Stoichiometric requirements of the
RDF for the excision reaction by Bxb1 and �C31 integrases have also been reported (7,
8, 37).

FIG 2 Properties of Gp44. (A) MALDI-TOF MS analysis of purified native Gp44. The calculated mass of the 71-residue polypeptide lacking an N-terminal
methionine is 8,442 Da. (B) Circular dichroism of Gp44. Data were measured at 25°C in 50 mM PO4 (pH 7.0) at a protein concentration of 22 �M and increasing
concentrations of n-propanol to promote secondary structure. (C) Sedimentation equilibrium (SE) analysis was performed at three speeds and two
concentrations at 4°C. Linearized data for a single speed and concentration are shown here, where scale � 2RT/[M(1 � v��)�2], where R is 1.98 kcal/mol, T is
temperature, and M is molar mass. Other symbols are defined in Materials and Methods. M and D indicate the calculated data lines expected for single species
monomer and dimer, respectively. The upwards curvature in the experimental data is indicative of an associating system. Global fit of the radial distributions
gives an estimate of 13 �M for the dimer Kd (see Materials and Methods). (D) Sedimentation velocity (SV) analysis of Gp44. A 44 �M monomer was sedimented
at 42,000 rpm at 4°C. Shown is the distribution of species derived from the fitting of the data with the Lamm equation. (E) Size exclusion chromatography on
a Superdex 75 10/300 column at 25°C, where Gp44 was injected at 246 �M. Dashed gray lines represent standards. The analyses presented in panels C to E
were performed in 20 mM Tris (pH 7.5), 300 mM NaCl.
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FIG 3 Properties and specificities of reactions with Gp44 in vitro. (A) LR recombination reactions on
pRJ2986 with 50 nM Int and 25, 50, 100, 150, 200, and 300 nM Gp44. (B) BP recombination reactions on
pRJ3244. The BP substrate (pRJ3244) is essentially identical to pRJ2986 (Fig. 1D), except the attB and attP
sites are present in direct repeat configuration. (C) Plot of product yields after 60-min LR (dashed lines)
and BP (solid lines) reactions performed with increasing amounts of Gp44. Error bars here and elsewhere
indicate standard deviations. (D) Rates of LR and BP recombination reactions with different amounts of
Gp44 as indicated. (E) Preincubation of Gp44 with Int accelerates the LR recombination reaction. Gp44
was incubated with Int for 10 min at 23°C and then added to the reaction buffer at 30°C containing
pRJ3244 (solid lines), or Int and Gp44 were added sequentially to the reaction buffer at 30°C containing
pRJ3244 (dashed lines). (F) Inhibition of attP � attP reactions by Gp44. On the left is a schematic of the
intermolecular reaction in which pRJ2214 containing a single attP plus a 100-bp fragment containing attP
was incubated with Int in the presence or absence of Gp44. The recombinant product is a linear DNA 100
bp longer than the plasmid. In the gel on the right, Int and Gp44 (100 and 200 nM) were added to the
reaction as indicated. (G) pRJ2191 containing attL was incubated for 1 h with a 3-fold molar excess of

(Continued on next page)
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There is a demonstrable effect by the order of addition of components to LR
reactions. As shown in Fig. 3E, the reactions are most efficient when Int plus Gp44 are
preincubated together in solution prior to the addition of substrate DNA. This feature
has been observed for Gp3-activated LR reactions by the �C31 integrase (8) and is
consistent with the RDF remodeling its cognate integrase into a more active confor-
mation. When added, Gp44 was preincubated with Int for most of the experiments
described in this paper, including the DNA binding reactions described below, which
are also enhanced by preincubation.

Inhibition of BP and PP recombination by Gp44. Figure 3B and C illustrate the
effects of increasing amounts of Gp44 on intramolecular BP integration reactions. Gp44
potently inhibits BP recombination, with significant reduction in the yield of products
occurring with smaller amounts of Gp44 than that required for activation of LR excision.
At a Gp44 concentration where LR recombinants are barely detectable (50 nM), BP
recombination is reduced by �50%. At amounts of Gp44 that give maximal activation
of LR excision, BP recombination is reduced to barely detectable levels. Gp44 also
inhibits the weak attP � attP (PP) reaction catalyzed by the A118 Int (Fig. 3F) (23, 24).

Specificity of Gp44-regulated reactions. Previous studies showed that Int alone
promoted only BP and weak PP recombination reactions (23, 24). We evaluated the
effect of Gp44 on noncognate partner recombination using the more stringent inter-
molecular reactions between supercoiled plasmids containing attL or attR and linear
DNA fragments containing each of the four att sites. The LR reactions with Gp44
generate linear recombinant products, as expected (Fig. 3G and H, lanes 7 and 6,
respectively). Gp44-activated attL � attL and attR � attR reactions generate equivalent
amounts of relaxed circular products (Fig. 3G and H, lanes 6 and 7, respectively) that
migrate as supercoiled molecules in gels containing ethidium bromide (see Fig. S1 in
the supplemental material), confirming they are covalently closed. Ethidium bromide
gels also reveal that a small amount of covalently closed relaxed circular products are
generated in LR reactions.

Formation of the covalently closed relaxed products can be explained by the
formation of a synaptic complex whereby the att sites are aligned in the reverse
(antiparallel) orientation. Cleavage and exchange of DNA strands occur, but ligation is
prevented in the recombinant configuration due to the mismatch of core nucleotides
(see references 34 and 38). Multiple subunit rotations that regenerate the parental att
site sequences are required for ligation, which results in a loss of DNA supercoils.
Relaxation of supercoiled plasmid substrates undergoing LL and RR reactions have also
been reported for RDF-activated Bxb1, and recombinant products reflecting antiparallel
synapses from LL and RR reactions with symmetric core sequences have been observed
in RDF-activated Bxb1 and hyperactive �C31 integrase reactions (34, 38). Fully ligated
relaxed circular products from processive DNA exchanges are also efficiently generated
during A118 Int-catalyzed BP reactions on substrates in which the central 2 bp at the
crossover sites are not equivalent (not shown). In addition, ethidium bromide gels
reveal relaxed ligated circular products in wild-type BP reactions at early reaction times
(not shown) that are consistent with the products from antiparallel synapses observed
previously (23).

Gp44-activated integrase reactions between plasmids containing attL or attR and
linear fragments containing attB or attP also generated a mixture of complex plasmid
topoisomers migrating between the supercoiled and relaxed species (Fig. 3G and H).
The use of radiolabeled linear substrates confirmed that these are not recombinant

FIG 3 Legend (Continued)
100-bp fragments containing attB, attP, attL, and attR plus Int and Gp44 as indicated. (H) Same as for
panel G except pRJ2193 containing attR was the plasmid substrate. The samples in panels G and H were
incubated with SDS and proteinase K before electrophoresis. The linear recombinant (rec) products,
regions exhibiting relaxed plasmid topoisomers (rel topos), complex (cmplx) topologically linked plasmid
products, and open circular (oc) and supercoiled (sc) plasmid forms are denoted. See Fig. S1 for reactions
similar to those in panels G and H, except that electrophoresis was performed in the presence of
ethidium bromide.
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products (not shown), even though their formation depends on both substrates in the
reaction. Their relative migration is unaltered upon enzymatic nicking (not shown), and
they run in a similar relative position in gels with ethidium bromide (Fig. S1), consistent
with most being complex topologically interlinked (probably open circular knotted)
forms. We conclude that Gp44 enables Int to engage attL or attR in a reactive synaptic
complex with attB or attP that does not yield recombinant product, presumably
because the att sites are synapsed in an antiparallel orientation.

Gp44 and integrase form complexes in vivo. Yeast two-hybrid assays (39) were
initially employed to test whether there was a specific interaction between Gp44 and
Int. In the experiment shown in Fig. 4B, integrase was fused to the GAL4 DNA binding
domain, and Gp44 was fused to the GAL4 activation domain. The Saccharomyces
cerevisiae reporter strain harboring these two plasmids gave strong growth in the
absence of histidine and in the presence of the HIS3 enzyme competitive inhibitor
3-aminotriazole, providing evidence that Gp44 and Int form a complex. The monomeric
C-terminal domain (CTD; residues 148 to 452) (Fig. 4A) (23, 24) was substituted for the
full-length integrase and was found to also be sufficient for interaction with Gp44 (Fig.
4B). These results provide evidence that Gp44 binds to the CTD of the A118 integrase.

Complexes formed between Gp44 and integrase on DNA in vitro. We have been
unable to detect binding of Gp44 to DNA fragments containing the different att sites
in electrophoretic mobility shift assay (EMSA) experiments lacking integrase (Fig. 5A;
also data not shown). However, the presence of Gp44 alters the electrophoretic
migration of all four of the Int-att complexes in an att-specific manner (Fig. 5B to E).
Gp44 plus Int form strongly supershifted complexes on attL and attR, but the com-
plexes appear unstable, as evidenced by the smear down to the Int-only band even at
high Gp44 concentrations. Gp44-bound Int-attB complexes migrate faster than those
containing only Int. On gels with lower bisacrylamide concentration, a slightly slower
migrating intermediate complex is evident at low Gp44 concentration (Fig. 5D, bot-
tom); we interpret this profile to imply that Gp44 bound to one Int subunit slightly
decreases electrophoretic mobility, whereas Gp44 bound to both Int subunits increases
the mobility of the attB-Int dimer complex. Gp44 bound Int-attP complexes are slightly
supershifted relative to Int-attP complexes. Slow electrophoresis on low-bisacrylamide
gels resolves an intermediate complex, suggesting two units of Gp44 are sequentially
bound to the attP-Int dimer complex (Fig. 5E, bottom). The differences in the electro-

FIG 4 Yeast two-hybrid analyses showing that Gp44 interacts with the Int CTD. (A) Domain structure of
the A118 integrase showing the catalytic domain with the active site serine (S), oligomerization (oligo.)
helix E, and C-terminal domain (CTD) that binds att DNA. (B) Yeast two-hybrid assays for interactions
between Gp44 and full-length (FL) or CTD Int. Serial 10-fold dilutions of yeast strains containing fusions
to the GAL4 DNA binding domain (bait) and GAL4 activation domain (prey) plasmids were spotted onto
synthetic medium with or without histidine and 3-amino-1,2,4-triazole (3-AT), as indicated. Yeast proteins
Sla1 � NPF and Sla1 � NPA are included as positive and negative controls, respectively (49).
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phoretic migrations of the Gp44-Int complexes on the various att sites are consistent
with Gp44 altering the trajectory of the CC motifs to form structural architectures that
are att site specific (see Discussion).

We showed previously that the monomeric Int-CTD binds with very different
affinities to the four individual att half sites and noncooperatively to att full sites, unlike
full-length Int (23). We asked how Gp44 influences Int-CTD binding to the different att
full sites. The presence of Gp44 results in slower migrating complexes containing
one and two Int-CTD bound to attL and attR (Fig. 5F and G). On attR, two discrete
Gp44-dependent species can be resolved on the two Int-CTD complex (see also Fig. S2),
implying one Gp44 unit bound per Int-CTD. The presence of Gp44 enhances binding of
the two Int-CTD complexes on attB and attP, which in the absence of Gp44 are hardly

FIG 5 Gp44-Int-att complexes in vitro. (A) EMSA of Gp44 binding to attL. Gp44 was added to DNA in 2-fold increasing concentrations from 6.25 to 100 nM. Int
was only added to the reaction in the left lane. No direct binding to DNA containing attL (or attR, attB, or attP [data not shown]) is detectable. (B to E) Gp44
was preincubated with Int prior to incubation with attL, attR, attB, and attP probes, respectively. Final Gp44 concentrations varied by 2-fold increasing amounts
from 6.25 to 100 nM with 5 nM Int. The locations of complexes containing Int or Gp44 plus Int bound to att DNA are marked. Bottom images in panels D and
E show complexes after slow electrophoresis through 59:1 acrylamide:bisacrylamide gels. (F to I) Gp44 complexes formed with Int-CTD on attL, attR, attB, and
attP DNA, respectively. Final protein concentrations were 20 to 320 nM Gp44 in 2-fold increasing amounts with 50 nM Int-CTD on attR and attP and 80 to 1,200
nM Gp44 in 2-fold increasing amounts with 200 nM Int-CTD on attL and attB. The locations of complexes bound by l and 2 Int-CTDs alone and with Gp44 are
noted.
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evident at this Int-CTD concentration (Fig. 5H and I; see also Fig. S3, left panel).
Interestingly, the migration of the two Int-CTD complex on attB is retarded when bound
by Gp44 (Fig. 5H), whereas the full-length Int dimer complex on attB exhibits a slightly
faster migration when bound by Gp44 (Fig. 5D).

Gp44 binding requires the integrase CC motif. Rutherford et al. proposed that
binding of the RDF to serine integrases may reorient the trajectories of the mobile CC
motifs on the Zn-ribbon subdomain of the CTD (Fig. 6A) (24, 28). This model suggests
that Gp44 may interact with the CC motifs. To explore this possibility, Gp44 binding to
an Int mutant with the entire CC motif deleted was evaluated. Gp44 was unable to

FIG 6 Gp44 binding to Int mutants. (A) Structure of the L1 Int-CTD bound to the attP half site (Protein Data Bank
[PDB] accession no. 4KIS) highlighting the mobile CC motifs (magenta). The CTD including the CC motif is from
molecule C with the tip from molecule A appended. The CC motif in transparent yellow is aligned from molecule
A to illustrate another trajectory of the CC motif emanating from the zinc domain (ZD; blue). The linker peptide
between the recombinase domain (RD; green) and ZD is colored orange, and the helix E region that connects the
CTD to the N-terminal catalytic domain is in salmon. The locations of two deletions near the tip of the CC motif
analyzed in this work are in cyan. The ZD recognition sequence is proposed to be 5 bp closer to the RD in the attB
half site, which will position the ZD with its protruding CC motif on the opposite side of the DNA helix. The amino
acid sequences of Int proteins from related phages A118 and L1 are 98% identical, and A118 Gp44 binds to and
activates excision by L1 Int. (B) Gp44 does not form a stable complex with Int missing the CC motif. EMSAs showing
binding reactions on attL DNA with 2-fold increasing concentrations of Gp44 beginning with 25 nM and 5 nM
Int-wt or IntΔCC. (C) Gp44 forms stable complexes with Int mutants containing deletions near the tip of the CC
motif. Gp44 and Int concentrations were the same as for panel B, and the DNA probe was attR. (D) Int deletion
mutants are defective for Gp44-activated LR (top, 200 nM Gp44) and BP (bottom, no Gp44) recombination. Int
proteins were present at 50 nM, and reactions were for 60 min.
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detectably form a complex with attL (Fig. 6B) or with the three other att complexes
bound by Int with a deleted CC motif (IntΔCC) (data not shown). On the other hand,
Gp44 bound normally to two Int mutants containing three-residue deletions near the
tip of the CC motif (Fig. 6A and C). Each of these Int mutants is defective in promoting
BP or Gp44-activated LR recombination (Fig. 6D). We conclude that at least part of the
Gp44 binding site on Int involves the CC motif but not residues at its tip that are
important for recombination.

Gp44 separation-of-function mutant. During the course of this work, we found
that a Gp44 mutant containing a short truncation at its N terminus abolished activation
of LR recombination (Fig. 7A) but retained high-affinity binding to Int-att complexes
(Fig. 7C and D). Remarkably, Gp44 with a deletion at residues 1 to 5 [Gp44Δ(1–5)]
binding to Int-attB complexes generates slower mobility complexes than wild-type
Gp44, which forms faster migrating complexes (Fig. 7D). In addition, Gp44Δ(1–5)
binding to Int-attL complexes appear more stable than wild-type Gp44 (Gp44-wt) (Fig.
7C). Moreover, Gp44Δ(1–5) supershifts one and two Int-CTD complexes on attP, but the
2-Int-CTD complex exhibits a markedly greater supershift when bound by Gp44Δ(1–5)
than by Gp44-wt (Fig. S3). These data are consistent with the N-terminal region of Gp44
modulating the trajectory of the Int CC motif, which affects the electrophoretic migration
of the complex. The properties of Gp44Δ(1–5) demonstrate that binding to Int alone is
insufficient for activation of LR recombination and provide evidence that two separate
regions on Gp44, and by inference Int, may be required. On the other hand, Gp44Δ(1–5)
remains functional for inhibiting BP recombination (Fig. 7B). Thus, the requirements for
activation of LR and inhibition of BP recombination by Gp44 are distinct.

DISCUSSION

We show here that the L. monocytogenes phage A118-encoded protein Gp44
functions as a recombination directionality factor (RDF) for the phage integrase.

FIG 7 Gp44 separation-of-function mutant. (A) Gp44Δ(1–5) is defective for promoting LR recombination.
LR recombination was performed with 50 nM Int and either 200 nM Gp44-wt or 200 and 400 nM
Gp44Δ(1–5). (B) Gp44Δ(1–5) is active for inhibiting BP recombination. BP recombination was performed
without Gp44 or in the presence of 200 nM Gp44-wt or Gp44Δ(1–5). (C and D) EMSA complexes formed
by Gp44Δ(1–5) and Int on attL and attB DNA, respectively. Gp44-wt (100 nM) or Gp44Δ(1–5) (2-fold
increasing concentrations beginning with 25 nM) were incubated with 5 nM Int and att DNA. Lane 0 is
Int without Gp44.
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Whereas no detectable attL � attR excision reaction is catalyzed by Int alone, the
presence of Gp44 promotes excision with rates slightly higher than that of the attB �

attP integration reaction in its absence. The presence of Gp44 also strongly inhibits the
BP integration reaction. Thus, Gp44 expression levels must be extremely low upon
infection in order for the phage to generate a stable prophage within the comX gene
in the Listeria chromosome but must be expressed when the lytic cycle is triggered.
Since migration of Listeria from the mammalian cell phagosome into the cytoplasm
requires precise excision of the phage to restore the comX coding region (27), Gp44
expression must also be induced during host infection. gp44 is located within the
cluster of phage A118 genes involved in the control of lysogeny but is separated from
the Int gene by 16 open reading frames (ORFs) (Fig. 1B). It is likely that Gp44 has
additional roles in A118 biology, as has been described for other RDFs (9, 40–42).

Currently identified RDFs for serine integrases fall into two size classes (1). The three
small RDFs (A118 Gp44, �Rv1 Rv1584c, and TP901-1 orf7) range from 64 to 73 amino
acid residues and are relatively basic (pI 9.3 to 10.7). However, there is little resemblance
between these proteins at the primary sequence level. The large RDFs, exemplified by
Gp47 from phage Bxb1 and the related Gp3 proteins from Streptomyces phages �C31
and �BT1, are 244 to 255 amino acid residues in length, but these and the small RDFs
are unrelated in sequence. The small RDFs, as shown in this work with Gp44, exhibit
functional properties similar to those of the large RDFs, and members of both groups
appear to function exclusively through binding to their respective integrases. The
mechanism of action for serine recombinase RDFs is unrelated to the RDFs (or Xis
proteins) that control tyrosine recombinases and function primarily through binding
and changing DNA architecture.

Surprisingly, Gp44 enables A118 Int to assemble a diversity of chemically active
synaptic complexes, but only LxR reactions generate recombinant products. Gp44-
stimulated synaptic complexes that do not yield recombinant products include LxL and
RxR, both robustly formed but in the antiparallel orientation; and LxB, LxP, RxB, RxP, and
LxR, which are formed less efficiently but also presumably in the antiparallel orienta-
tion. These are all chemically active, as evidenced by resulting topological changes in
the substrate DNA (Fig. 3G and H; see Fig. S1 in the supplemental material), but they
do not generate recombinant products presumably because the core (crossover)
nucleotides are not complementary after odd numbers of subunit rotations, which
prevents ligation. The ability of the RDF to enhance a more promiscuous reaction seems
to be a general property of serine integrases, as it has been also documented in the
Bxb1, �Rv1, �C31, and �Bt1 systems (8, 9, 38). As elaborated below, the RDFs may
remodel Int to both disrupt an inhibitory conformation and to directly promote specific
synaptic complex architectures by orienting the trajectory of the CC motif. After
formation of these synaptic complexes, the check with respect to whether they can
generate recombinant product is solely at the ligation step after DNA exchange by
subunit rotation (1, 38).

Although we see evidence for dimerization at high concentrations, Gp44 is likely to
be primarily monomeric at solution concentrations active for Int-DNA binding (�10
nM) (Fig. 5) or excision (half maximal stimulation occurs at �150 nM under standard
conditions with 50 nM Int monomer) (Fig. 3C). Our estimated dimerization Kd (13 �M)
and the large monomeric fraction observed by gel filtration (Fig. 2E) are consistent with
this assumption. The weak self-association of Gp44 could still play a role in the context
of Int-Gp44-attL or Int-Gp44-attR complexes, since multiple copies of the RDF would be
juxtaposed within an LR synaptic complex. Gp44 is fully active after heat denaturation
(Fig. 1F), and CD analysis indicates that a native solution conformation with partial
helical structure can adopt a highly helical structure (Fig. 2B). Given its nonglobular
shape, it seems likely that Gp44 is partially unstructured in solution but may adopt a
specific conformation upon binding to Int. A Gp44 dimeric structure could also be
relevant in additional functions it may perform during lytic growth.

Gp44 functions stoichiometrically with Int to activate LR recombination, as evi-
denced by the lack of apparent turnover to activate additional Int complexes when

Mandali et al. Journal of Bacteriology

June 2017 Volume 199 Issue 11 e00019-17 jb.asm.org 12

http://jb.asm.org


Gp44 levels are limiting (Fig. 3D). Int binding experiments imply that all four Int
subunits are bound by Gp44 under conditions favoring excision (Fig. 5). Moreover, two
distinct species whose electrophoretic mobility is shifted by increasing Gp44 have been
resolved on Int dimer complexes formed on attB (Fig. 5D) and attP (Fig. 5E). On attR, the
DNA-bound complex containing two Int-CTDs forms two distinct Gp44-shifted species
(Fig. 5G and S2). Interestingly, BP recombination is efficiently inhibited at considerably
lower concentrations of Gp44 than are required for stimulation of the LR reaction (Fig.
3C). One explanation is that fewer Gp44 molecules than Int molecules are required for
BP inhibition, suggesting that Gp44 can function substoichiometrically in this case.
Alternatively, higher levels of Gp44 may be required to unlock competitive intramo-
lecular coiled-coil interactions in the LR reaction that are not present in the Int-bound
attP and attB sites. Where evaluated, the large RDFs for serine integrases appear to
behave similarly with respect to relative stoichiometries for LR excision versus BP
inhibition (7–9). However, the various RDFs behave differently with respect to their
apparent affinities for and resulting electrophoretic migration changes to the four
att-Int complexes. Indeed, the increased mobility induced by Gp44 binding to attB-Int
complexes we observed (Fig. 5D) has not previously been reported for the large RDFs.

The Int dimer can probably adopt multiple conformations in solution, as the
catalytic and two DNA binding domains are separated by polypeptide linkers that may
be flexible when Int is not bound to att sites (2). Preincubation of Gp44 with Int prior
to the addition of DNA enhances LR recombination rates (Fig. 3E), indicating that Gp44
interacts with Int in solution, probably to both promote conformations that are more
competent for binding DNA as well as for LR synapsis. Specifically, binding of Int by
Gp44 may discourage interactions between CC motifs on each subunit of the Int dimer,
which otherwise may conform the Int dimer into a structure that binds DNA poorly (24).

Gp44 association with Int causes an apparent change to the structure of the DNA
complex in an att-specific manner that is revealed by native gel electrophoresis. The
migration changes are consistent with reorientation of the CC motifs upon Gp44
binding, as proposed by Rutherford et al. (24, 28). Int complexes with attP, attB, and attL
or attR are modeled to have different structures due to the unique positions of the ZD
relative to the catalytic and RD domains when bound to the different att sites.
Changing the trajectories of the CC motifs by Gp44 would be expected to have
different relative effects on the migration of the DNA complex through polyacrylamide,
reminiscent of the effects of coiled-coil regions on basic leucine zipper domain (bZIP)
protein-DNA complexes (43). In the case of attB, the intermediate complex formed with
smaller amounts of Gp44 is slightly retarded in its migration, but the final complex
formed with greater amounts of Gp44 migrates faster than the Int-only attB complex.
These Gp44-induced changes in CC trajectories could be the result of Gp44 stabilizing
a single CC conformation versus the ensemble of CC orientations that are likely to be
present in the absence of Gp44.

An alternative explanation for the changes in electrophoretic migrations is that
Gp44 binding has an effect on DNA curvature of the Int-bound complex. We consider
this unlikely because no evidence of DNA bending has been observed in circular
permutation gel electrophoresis assays (44) of attP-containing fragments bound by Int
or Int plus Gp44 (S. Mandali and R. C. Johnson, unpublished data). Moreover, the DNA
within the X-ray structure of L1 Int-CTD bound to a half site exhibits little overall
curvature (24).

Int mutations removing the entire CC motif abolish Gp44 binding, but mutations
near the distal tip that also eliminate in vitro recombination do not affect Gp44 binding,
indicating that a segment closer to the base of the CC motif (Fig. 6A) is required. An
additional region on Int may also be involved because Gp44 mutants that are missing
N-terminal residues are still able to efficiently bind Int but cannot activate LR recom-
bination. Significantly, Int dimers containing Gp44Δ(1–5) complexes on some att sites
migrate differently than those with Gp44-wt (Fig. 7D; see also Fig. S3). We propose that
Gp44 associates primarily with the base-stem region of the CC motif and also interacts
with an additional region on Int. The additional region could be on the body of the ZD,
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in which case the CC trajectories relative to the ZD would be expected to be similar for
P, P=, B, and B= half sites. Alternatively, if the additional region involves the RD, the
trajectories relative to the ZD would likely be quite different for P and P= versus B and
B=, since the recombinase and zinc ribbon domains are on the same face of the DNA
for P and P= but are on opposite faces of the DNA for B and B=. It is also possible
that the N terminus of Gp44 plays a different role, such as mediating RDF-RDF
interactions.

Whatever the specific contacts made by the Gp44 N terminus, a two-contact model
for Gp44 would provide a mechanism whereby it could control the trajectories of the
CC motifs to favor LR synapsis and recombination. The ability of Gp44Δ(1–5) to
efficiently inhibit BP recombination implies that an interaction with only a single region
on Int, presumably on the CC motif, is sufficient to discourage BP synapsis and
recombination, whereas LR excision requires additional RDF-mediated contacts.

MATERIALS AND METHODS
Strains, phages, and recombinant plasmids. A list of strains and plasmids used in this work is given

in Table 1. The A118 attL and attR sites were PCR amplified from DP-L3689 (L. monocytogenes strain
10403 lysogenized with A118, provided by R. Calendar, University of California-Berkeley) and initially
cloned between the EcoRI and SalI sites of pBR322 to give pRJ2191 and pRJ2193, respectively. Integrase
was expressed from the pET15b derivative pRJ2184 (23). Int deletions (Table 1) were generated in
pRJ2184 by QuikChange methods. pRJ2986, the plasmid substrate for the LR deletion reaction in vitro,
was derived from pBR322 and contains attL between the EcoRI and HindIII sites, attR in directly repeated
orientation with respect to attL between the BamHI and SalI sites, and lacPOZ inserted into the EcoRV
site. pRJ3244 is identical to pRJ2986 except that it contains attB and attP instead of attL and attR,
respectively, in direct repeat orientation.

The reporter for in vivo recombination, pRJ3225, was constructed by amplifying the attL-lacZ-attR
region from pRJ2986 and inserting the fragment into the SmaI site of pMS421 (pSC101ori; M. Susskind,
University of Southern California). Recombination by the A118 integrase will delete the lacZ gene to
generate white colonies on X-Gal medium. pRJ3245 that supplies Int is derived from pACYC184 and
contains the lacPuv5 promoter cloned between SalI and BamHI and int between BamHI and XbaI. For
identification of the RDF, segments of the coding sequences from the regulatory genes gp32 to gp45
were PCR amplified from phage A118 DNA (gift from R. Calendar) and cloned between the PstI and SalI
sites of pUC18 (Table 1). The coding region for Gp44 with a 6His tag at its N terminus was PCR amplified
and inserted into pET11a between NdeI and BamHI to give pRJ2990.

Protein purification. Full-length and Int mutants were purified as described previously (23). HisGp44
was expressed in RJ3387 containing pRJ2990 (Table 1). One-liter LB cultures were grown at 37°C and
induced for 1 h with 0.5 mM isopropyl-�-D-thiogalactopyranoside (IPTG) when the optical density at 600
nm (OD600) reached 0.6. Harvested cells were resuspended in 20 ml of lysis buffer (50 mM HEPES [pH 7.5],
200 mM NaCl, 20 mM imidazole, 10% glycerol, 1 mM �-mercaptoethanol, and 0.1 mM phenylmethyl-
sulfonyl fluoride [PMSF]) and lysed by a French press. The lysate was centrifuged at 26,000 � g for 30 min,
and the supernatant loaded onto a 1-ml Ni-NTA–agarose (MCLAB) column that was then washed with 20
mM HEPES (pH 7.5), 0.5 M NaCl, 40 mM imidazole, 10% glycerol, and bound protein eluted with the same
buffer but with 300 mM imidazole and 0.2 M NaCl. Fractions containing HisGp44 were pooled, dialyzed
into buffer A (20 mM HEPES [pH 7.5], 10% glycerol, 1 mM dithiothreitol [DTT], 0.1 mM EDTA) plus 0.3 M
NaCl, and passed through SP Sepharose Fast Flow (GE Healthcare) in the same buffer. HisGp44 was then
bound to heparin-Sepharose 6 Fast Flow (GE Healthcare) in the same buffer, and near-homogeneous
fractions were eluted with buffer A containing 1 M NaCl. Gp44 preparations were typically stored in 20
mM HEPES (pH 7.5), 1 M NaCl, 1 mM DTT, 0.1 mM EDTA, and 40% glycerol at �20°C.

Native Gp44 was expressed from a pETDuet (Novagen)-derived vector in BL21(DE3) cells at 37°C.
Gp44 was subcloned into the vector in-frame with a C-terminal Mxe intein (New England BioLabs)
containing chitin binding domain and 6His affinity tags (pGV2710). Proteins were purified using nickel-
nitrilotriacetic acid (Qiagen) and chitin (New England BioLabs) resins. Fusion protein was released by
intein cleavage in 100 mM 2-mercaptoethanol overnight at 4°C. Preparations of Gp44 were further
purified using SP Sepharose chromatography (GE Healthcare). Protein in 20 mM Tris (pH 7.5), 300 mM
NaCl, and 1 mM DTT was concentrated at 4°C in a YM-3 Centricon (Millipore), and aliquots were
flash-frozen in 10% glycerol with liquid nitrogen for storage at �80°C.

SE and SV analytical ultracentrifugation. Sedimentation equilibrium (SE) experiments were per-
formed at 4°C with an XL-A analytical ultracentrifuge (Beckman Coulter) and a TiAn60 rotor with
six-channel charcoal-filled Epon centerpieces and quartz windows. Radial absorption scan data at 280 nm
for 70 and 118 �M Gp44 were measured at 18 and 20 h for each of three different rotor speeds (�; 28,000,
30,000, and 32,000 rpm). Comparison of radial absorption scans verified that equilibrium had been
reached. Data were analyzed using the programs SEDFIT (45) and SEDPHAT (46). Global fits to the SE
radial distributions gave a dimer Kd value of 13 �M, with an estimated error of 0.01 �M based on a
1,000-iteration Monte Carlo simulation, as implemented in SEDPHAT. Sedimentation velocity (SV) exper-
iments were performed at 4°C with two-channel charcoal-filled Epon centerpieces and quartz windows.
Complete sedimentation velocity profiles were collected every 30 s at 42,000 rpm, followed by fitting to
the Lamm equation using the program SEDFIT. For all centrifugation analyses, the partial specific volume
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(v�), solvent density (�), and viscosity (	) were derived from chemical composition by SEDNTERP (47). All
centrifugation analyses were performed in 20 mM Tris (pH 7.5) and 300 mM NaCl.

SEC. Gel filtration experiments were performed at room temperature using a Superdex 75 10/300
column equilibrated in 10 mM Na·KPO4 and 150 mM NaCl at 0.5 ml/min. A 20-�l sample of 246 �M Gp44
was injected and eluted isocratically and the eluent monitored using UV absorbance at 280 nm. The
column was calibrated using the following proteins (Bio-Rad): thyroglobulin (670 kDa; Stokes radius
[RS] � 85 Å), 
-globulin (158 kDa; RS � 52.2 Å), ovalbumin (44 kDa; RS � 30.5 Å), myoglobin (17 kDa;
RS � 20.8 Å), and vitamin B12 (1,350 Da). Blue dextran (Sigma) was used to define the void volume of the
column.

CD. Circular dichroism (CD) spectra were recorded using an Aviv CD spectropolarimeter with a 1-mm
path length at 25°C. Data were recorded using a 1-nm bandwidth with 30-s averaging time and 2-nm
steps. Spectra were normalized to the mean residue ellipticity using a protein concentration determined
by absorbance at 280 nm. Gp44 was at 22 �M concentration in 50 mM Na·KPO4 (pH 7.0), with 0 to 40%
n-propanol in all measurements.

MALDI-TOF MS. MALDI-TOF mass spectrometry to determine the mass of the peptide was per-
formed with a Bruker Microflex LHF spectrometer. Samples were desalted using a C18 ZipTip (Millipore),
as per the manufacturer’s instructions, and eluted in 100% acetonitrile (ACN). The matrix used was a
solution of 1:1 2-(4-hydroxyphenylazo)benzoic acid (HABA) and �-cyano-4-hydroxy-cinnamic acid (CHCA)
in 100% acetonitrile– 0.1% trifluoroacetic acid (TFA). Data analyses were performed using the Bruker
Daltonics flexAnalysis software version 3.3, and measurements were calibrated to a bovine RNase A
standard (New England BioLabs) with a monoisotopic mass of 13,681.32 Da.

In vitro recombination reactions. Standard recombination reactions were performed in 20 �l of
buffer containing 20 mM HEPES (pH 7.5), 100 mM NaCl or KCl, 5 mM spermidine, 2.5 mM DTT, 5 mM
MgCl2, 30 �g/ml bovine serum albumin (BSA), and 5% glycerol. In most experiments, Gp44 and Int were
preincubated together for 10 min at 23°C at 10 times the final concentration in reaction buffer without
DNA. A 1/10 volume was then added to the reaction buffer containing substrate DNA at 30°C to initiate
the reaction.

Typical reactions were performed with 1 pmol integrase and 4 pmol Gp44. Intramolecular deletion
reactions were performed with 0.02 pmol plasmid DNA, and intermolecular integration reactions utilized
0.03 pmol supercoiled plasmid DNA and 0.09 pmol linear DNA (100-bp fragment derived from PCR). The
reactions proceeded at 30°C and were terminated by inactivation at 65°C or addition of SDS. Intramo-
lecular recombination reactions were digested with NdeI to generate linear deletion products prior to
agarose gel electrophoresis.

In vitro DNA binding assays. 32P-labeled 100-bp DNA probes with centrally located att sites were
generated by PCR after labeling one of the primers with 
-32P-ATP using polynucleotide kinase and
purifying by PAGE gels. In most experiments, various concentrations of Gp44 were incubated with a fixed
concentration of integrase (50 nM) in binding buffer (20 mM HEPES [pH 7.5], 100 mM NaCl, 0.1 mg/ml
BSA, 5 mM DTT, 5% glycerol, and 50 �g/ml sonicated salmon sperm DNA) for 10 min at 23°C. A 1/10
volume (2 �l) was then added to 18 �l of binding buffer containing approximately 0.1 pmol 32P-labeled
att probe. The reaction mixtures were incubated at 30°C for 30 min, and the protein-DNA complexes
were separated on nondenaturing 6% polyacrylamide gels (37.5:1 acrylamide-bisacrylamide) containing
2% glycerol in 0.5� Tris-borate-EDTA (TBE) buffer at 4°C. Where noted, 59:1 acrylamide-bisacrylamide
gels were used. Gels were dried and analyzed by phosphorimaging.

In vivo recombination assay. RDF-activated in vivo excision was evaluated by transformation of
pUC18 plasmids containing A118 genes into E. coli DH5� containing pRJ3225 (LR recombination
reporter plasmid; pSC101ori str lacIQ) and pRJ3245 (Int� p15Aori cat) (Table 1). White colonies on LB
plates containing ampicillin, streptomycin, chloramphenicol, 0.1 mM IPTG, and 20 �g/ml X-Gal
indicated loss of lacZ by LR recombination. Restriction analysis of products from white colonies
generated in the presence of gp44 confirmed that the pRJ3225 plasmids had undergone the
expected site-specific deletion.

Yeast two-hybrid analysis. S. cerevisiae strain PJ69-4A (48) was cotransformed with derivatives of
yeast two-hybrid vectors pGAD GH (LEU2, GAL4 activation domain; Clontech) and pGBKT7 (TRP1, GAL4
DNA binding domain; Clontech) and examined for growth on plates lacking histidine. The entire coding
region for Gp44 was cloned between NdeI and XhoI in pGAD GH to give pRJ3018, and full-length (FL)
integrase or the CTD (residues 158 to 452) was cloned between NdeI and BamHI in pGBKT7 to give
pRJ3017 or pRJ3014, respectively. Control plasmids expressing domains from yeast Sla1p and interacting
(NPF) and noninteracting (NPA) versions of Kex2p were from Greg Payne (UCLA) (49). To assess relative
growth on agar plates, freshly transformed PJ69-4A cells were grown overnight to stationary phase in
synthetic complete (SC) medium without tryptophan and leucine, diluted to 1 � 107 cells/ml, and then
10-fold serially diluted. Dilutions were spotted onto SC-Trp/Leu plates with or without histidine and
3-amino-1,2,4-triazole and incubated at 30°C for 5 days.
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