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Abstract

Recombination directionality factors (RDFs) for large serine integrases (LSls) are cofactor proteins that control the directionality of recombination
to favour excision over insertion. Although RDFs are predicted to bind their cognate LSls in similar ways, there is no overall common structural
theme across LS| RDFs, leading to the suggestion that some of them may be moonlighting proteins with other primary functions. To test this
hypothesis, we searched for characterized proteins with structures similar to the predicted structures of known RDFs. Our search shows that
the RDFs for two LSls, TG1 integrase and Bxb1 integrase, show high similarities to a single-stranded DNA binding (SSB) protein and an editing
exonuclease, respectively. We present experimental data to show that Bxb1 RDF is probably an exonuclease and TG1 RDF is a functional SSB
protein. We used mutational analysis to validate the integrase-RDF interface predicted by AlphaFold2 multimer for TG1 integrase and its RDF,
and establish that control of recombination directionality is mediated via protein—protein interaction at the junction of recombinase’s second

DNA binding domain and the base of the coiled-coil domain.
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Introduction

Site-specific recombination events are frequently used for inte-
gration, excision, and inversion of mobile genetic elements in
phages and prokaryotes [1-3]. Typically, the process involves
cleavage of all four DNA strands in recombining duplexes,
exchange of DNA ends and re-ligation to give recombinant
DNA products [4]. A characteristic feature of reactions in-
volving site-specific recombination is the formation of cova-
lent protein—DNA intermediates, presumably to ensure that
cleaved DNA ends are not lost during the strand exchange
events. The identity of the nucleophilic amino acid that forms

this covalent intermediate is the basis for classification of site-
specific recombinases as serine or tyrosine recombinases: Ty-
rosine recombinases e.g. Flp, Cre, and phage lambda inte-
grases, utilize a catalytic tyrosine, while serine recombinases,
e.g. large serine integrases (LSIs), many transposon resolvases
and many invertases, use serine [4]. The covalent interme-
diates store the energy of the broken phosphodiester bonds.
Therefore, the net change in chemical bond energy for these
reactions is zero, and therefore it cannot be used to drive the
reaction forward [4]. Site-specific recombinase systems have
evolved an array of different, sometimes complex strategies
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to favour the forward or reverse reaction direction [5-9]. For
LSIs, the balance between reaction directions is tipped by a
second protein, termed a recombination directionality factor
(RDF) [2, 10-12]. When only the LSI is present, the integra-
tion reaction direction is strongly favoured, whereas when the
RDF is present, integration is inhibited and the reverse (exci-
sion) reaction is favoured [2].

LSIs are used by temperate phages (and some mobile ge-
netic elements) to insert their genomes into that of their host
bacteria as stably integrated prophages (Fig. 1). Integration
involves recombination of short attachment sites (40-50 bp)
on the phage (attP) and the bacterial host (at¢B) resulting in
new sites attR and a#tL flanking the inserted prophage [2, 13].
LSIs are typically phage-encoded proteins, and they form a
group of highly conserved proteins that work via a similar
mechanism [2].

Recombination of a#tP and attB is catalysed by the inte-
grase in a synaptic tetramer complex in which dimers of inte-
grase bind and synapse at¢P and attB, followed by DNA cleav-
age reactions, subunit rotation to exchange ends, and ligation
of the recombinant DNA to form the products (a¢¢R and attL).
In the lysogenic stage of the phage life cycle, the RDF is not ex-
pressed and the forward or ‘integrative’ reaction is irreversible
resulting in stable insertion of the phage DNA into the host’s
genome. The reverse ‘excision’ reaction happens during the
lytic phase, when the RDF is expressed. The RDF modifies
the preferred reaction direction of the integrase to promote
attR x attl recombination. In addition to promoting excision,
the RDF also inhibits integration to ensure the unidirectional-
ity of LSI reactions either in the forward or reverse direction
[10-12].

Tyrosine recombinases are also sometimes encoded by
phages to function as integrases. However, they are more com-
plicated: for example, phage lambda requires an ~250 bp a#P
site and additional host proteins [14-17]. Furthermore, the
mechanism for strand exchange by tyrosine integrases is dif-
ferent, as are their RDFs (often called ‘xis’ proteins). RDFs for
tyrosine recombinases have been shown to bind both DNA
and the cognate integrase. However, some perform additional
roles as transcriptional regulators [18].

Although LSIs can easily be identified in the genomes of
phages (or mobile genetic elements), it is not readily obvious
which genes code for RDFs. RDFs often lack synteny with
their cognate LSIs, and there is no sequence homology across
the set of <30 known RDFs [2, 18, 19]. Although there are
no published experimental RDF structures, our recent analysis
of predicted structures [19] using AlphaFold2 and AlphaFold
multimer [20-22] revealed no universally shared structural
motifs that could explain their mechanism of action. How-
ever, they were all predicted to bind to the integrases at the
same general location: the junction between the second DNA
binding domain (DBD2; sometimes called the zinc-binding
domain) and the coiled-coil (CC) motif of the integrase. The
conserved location of this interaction aided in developing a
high throughput ‘virtual pulldown’ approach to finding RDFs
for LSIs within phage genomes and suggests a conserved mode
of action [19].

In contrast to the RDFs used by tyrosine recombinases,
LSI RDFs generally have no known DNA binding role dur-
ing recombination [11, 12, 18], and their functions appear to
be solely to bind the integrase and modify its activity from
integration-catalyzing enzyme to one that promotes excision
of the prophage from the host’s genome. The lack of DNA
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binding requirement may account for the diversity of pro-
teins used by LSIs for RDF functions. This raises the ques-
tion of how phages evolve functional RDF-LSI pairs. One
likely mechanism is to repurpose existing proteins to acquire
a moonlighting role as RDFE. In fact, it has been shown that
the phage Bxb1 RDF is indeed required for phage DNA repli-
cation as well as for excision [23]. The tyrosine integrases en-
coded by phages HP1 and P2 use RDFs that also function as
transcriptional repressors of early genes [24-27]. Moonlight-
ing is an approach used by phages since it allows them to de-
rive broader functions using a limited genome [28-30].

We explored the possibility that RDF proteins for LSIs
could have other ‘primary’ functions in the phage by searching
for proteins with similar structures as the predicted structures
for the known RDFs. We focused on the two largest known
RDFs: that for phage Bxb1 (which is also known as gp47),
and that for phage TG1 (which is also known as gp25), and
which is similar to the RDFs for phages $C31 and $BT1 [31].
Our findings suggest that these RDFs are different phage repli-
cation proteins moonlighting as RDFs for their cognate LSIs.
We show that the TG1 RDF is a functional single-stranded
DNA binding (SSB) protein, and present evidence that Bxb1
RDF shows limited exonuclease activity.

Materials and methods

Structure predictions and bio-informatics

Three-dimensional protein structures were initially predicted
using the colabfold implementation AlphaFold2-multimer;
version 1.5.2 with default parameters [20, 21, 32] (Fig. 6). In
the structures shown in Fig. 6 the integrase sequence was trun-
cated to include only the C-terminal segment, which includes
DBD2 and the CC. The inter- and intra-molecular measures
of confidence for the AlphaFold2-multimer model of the TG1
RDF-integrase complex were ipTM = 0.71 and pTM = 0.5,
respectively, and for the Bxb1 model were ipTM = 0.80 and
pTM = 0.65. RDF structures were later predicted with Al-
phaFold3 [22] in order to test addition of ions and single-
stranded DNA (ssDNA) to the models (Fig. 2). The inter- and
intra-molecular confidence scores for the Bxb1 model [RDF
plus 1 Zn?* ion, 1 Fe3* ion and poly d(T)s] were ipTM = 0.86,
pTM = 0.91, respectively, and for the TG1 model [RDF plus
1 Zn?* ion and poly d(T)¢] were ipTM = 0.82, pTM = 0.84.
The structures were viewed and manipulated and figures made
using PyMol (https:/pymol.org/pymol.html). Surface electro-
static potential was calculated and visualized using the APBS
PyMOL plugin [33]. The Dali server was used to find charac-
terized proteins with structures similar to our predicted RDF
structures using ‘Exhaustive PDB25 search’ mode to avoid re-
dundant hits [34]. The top hits are listed in Supplementary Fig.
S1. To identify putative interaction partners of these RDFs, we
performed virtual pulldowns as in [19] using the RDF as bait
and the other phage-encoded proteins as prey.

Integrase and RDF expression vectors for protein
purification

Codon-optimized protein-coding DNA fragments expressing
TG1 integrase and TG1 RDF were inserted into pET-28a(+)
(Novagen), between the Ndel and Xhol sites as described pre-
viously [31, 35]. Mutants of the integrase and RDF were made
by cloning sysnthetic g-block DNA (Integrated DNA Tech-
nologies) containing the desired changes into the appropriate
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Figure 1. Phage integration and excision by LSls. (A) Phage-encoded integrase (green ovals) catalyse the integration of phage DNA at attP site (blue
arrow) into the bacterial host genome at an attB site (amber). The recombination reaction results in the formation of recombinant attR and attL sites
flanking the integrated prophage genome. In the reverse excision reaction, the RDF (grey ovals) is expressed from the prophage genome and binds to
the integrase to promote attR x attL recombination. (B) Domain architecture of LSls. The catalytic domain, cat (green) and the o-E helix, «E (green)
mediate catalysis and provide the subunit rotation interface. The two DNA-binding domains (DBD1 and DBD2) mediate DNA binding and sequence
specificity. DBD1 also known as ‘recombinase domain’ or RD is shown in pink. DBD2, also known as the zinc-binding domain or ZD is shown in yellow.
The CC domain (orange) is embedded within DBD2 and mediate directionality control. The DBD2-proximal region in the CC domain is shown in pale
green. (C) Schematic illustration of serine integrase domain interactions with the recombination site (attP) and the RDF based on structure of LI
integrase-attP complex [53] and AlphaFold multimerpredicted interaction of the RDF with DBD2-proximal region of the CC domain [19, 31]). Colors are

matched among Figs 1, 6, and Supplementary Fig. S4.

pET-28a(+)-based expression vectors. All proteins expressed
from these plasmids carry N-terminal hexahistidine tags to
allow purification via nickel affinity chromatography.

Expression and purification of RDF for binding
reactions

The TG1 RDF protein used for iz vitro binding reactions was
purified as follows. Escherichia coli [Rosetta(DE3)plysS] con-
taining a pET vector encoding the TG1 RDF (described be-
low) were grown at 37 °C in LB supplemented with (50 pg/ml

kanamycin and 100 uM ZnSQy), induced by the addition of
0.5 mM IPTG once ODgpy reach ~1, then grown at 20 °C
overnight (~16 h). Cell pellets were collected and resuspended
in Ni-Buffer A (50 mM Phosphate, 1 M NaCl, 5% Glycerol,
1 mM TCEP, pH7.5) supplemented with complete Mini pro-
tease inhibitor cocktail (MilliporeSigma; one tablet per liter of
culture). Lysozyme (200 pg/ml) was added before sonication.
The sonicated sample was centrifuged at 20 000 rpm in an SS-
34 rotor for 1 h at 4 °C, and the supernatant was collected and
filtered. Affinity chromatography was carried out using a 5 ml
HisTrap HP column (Cytiva). The column was washed with
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3’-5’ exonuclease

Figure 2. Structural similarities between Bxb1 and TG1 RDFs and replication proteins. (A) Comparison of the predicted Bxb1 RDF structure (left) to the
crystal structure of the proofreading exonuclease subunit of PolD {right; PDB: 5IHE; [37]}. The related portions of each structure are shaded from N (blue)
to C (red). Zinc ions are violet and iron ions brown. One nucleotide from the predicted structure of Bxb1 RDF with dTg is shown in gray, as is the single
nucleotide seen in the active site of the exonuclease. (B) Top: comparison of the predicted TG1 RDF structure (left) to that of phage T4 SSB protein core
{right; PDB: 1GPC; [46]}. Bottom: surface representations of each colored by electrostatic potential (blue = +5 kT/e, shading to red = —5 kT/e). N and C

termini, or 1st and last residues within the structure shown, are labeled.

Ni-Buffer A, after which the sample was loaded, washed with
Ni-Buffer A, and eluted with Ni-Buffer B (Ni-Buffer A + 0.5
M imidazole, pH 7.5) following a 0%-100% linear gradient
over 30 min at a rate of 2 ml/min. Selected fractions were
pooled and rechromatographed on the same column. Selected
fractions were pooled again, then polished on HiPrep QFF ion
exchange column (Cytiva) equilibrated with Q FF-Buffer A
(20 mM Tris—-HClI, 5% Glycerol, 1 mM TCEP, pHS). The col-
umn was then washed with 10% Q FF-Buffer B (Q FF-Buffer
A + 2 M NaCl) after which the protein was eluted with Q
FF -Buffer B (10%-70% gradient; flow rate 2 ml/min). Frac-
tions were chosen after SDS-PAGE and nuclease activity assay.
To assay for nuclease activity, fractions were incubated with
supercoiled plasmid (pUC19) and additional Mg?* followed
by agarose gel electrophoresis. Purified protein was concen-
trated to 340 uM in 20 mM Tris, pH 8, 0.5 mM EDTA, 200
mM NaCl, 20% Glycerol, 2 mM TCEDP, flash-frozen in small
aliquots in liquid nitrogen and stored at —80 °C.

In vitro binding reactions

DNA substrates for binding assays were purchased from IDT.
The single-stranded substrate was poly(dT)so with a 5’ fluo-
rescein label (5'-/56-FAM). The 50 bp double-stranded TG1
attL substrate had a 5’ fluorescein label on the top strand, and
the sequence: 5% CAGCTCCGCGGGCAAGACCTAGCTCT-
TACCCAGTTGGGCGGGATAATTAA 3. The binding assays
were conducted in a total volume of 20 ul in a buffer con-
taining 20 mM Tris, pH 8, 100 mM NaCl, 10% Glycerol, 50
ng/ul BSA (bovine serum albumin), and 1 mM TCEP. DNA
substrates were present at 0.2 uM and protein at 0, 0.2, 0.4,
and 0.8 uM. After 1 h incubation at room temperature, 15 ul
of each sample was loaded onto a 10% 0.5 x TBE gel and
run at 140 V for 2 h at 4 °C. Bands were visualized on a
Chemidoc imager. Due to the predicted zinc binding site in
this protein, we also tested addition of 0.5 mM ZnSOj4 but
found that it did not change the DNA-binding ability of the
protein.
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In vitro plasmid substrates for intramolecular
recombination

The intramolecular recombination assay used is as decribed
in Abioye et al. [35] and Olorunniji ez al. [36]. The plasmids
for attP x attB and a#tR x attl. recombination reactions are
named pTG1-PBX and pTG1-RLX, respectively. In both sub-
strates, the art sites are arranged in direct repeat or ‘head
to tail’ orientation such that recombination results in reso-
lution (excision) of the substrate plasmid into two separate
smaller plasmid circles (Fig. 5A). The sequences of the atzP,
attB, attR, and attL sites are shown in Fig. 5B, and all the
recombination substrate plasmids are available upon request.
Supercoiled plasmid DNA used for iz vitro reactions was pre-
pared from transformed E. coli DS941 cells using a Qiagen
miniprep kit [36]. The concentrations of DNA preps were de-
termined by measuring absorbance at 260 nm, and the quality
of each prep was verified by electrophoresis on 1.2% agarose
gels.

Expression and purification of TG1 integrase and
TG1 RDF for activity assays

Expression and purification of TG1 integrase and TGl
RDE and their mutants were carried out as described in
Olorunniji et al. [36] and Abioye et al. [35]. E. coli strain
BL21(DE3)pLysS was made chemically competent and trans-
formed with the appropriate protein expression vector. The
expression strain for each protein was grown in 2x Y-broth
at 37°C to mid-log phase (ODg(, 0.6-0.8) and cooled down
rapidly to 20°C before inducing protein expression with the
addition of 0.5 mM IPTG, after which the cultures were
grown for a further 16 h at 20 °C. The cultures were grown
with kanamycin (50 ug/ml) and chloramphenicol (50 pg/ml)
added to the media. Cells were harvested by centrifugation
at 4 °C, and the pellet was washed in 25 mM Tris—=HCI (pH
7.5), 10 mM MgCl,, and the pellet was collected by centrifu-
gation at 4 °C. The washed pellet was resuspended in 25 ml
of Buffer A [20 mM sodium phosphate (pH 7.4), 1 M NaCl,
1 mM dithiothreitol (DTT), 50 mM imidazole, and 1% (v/v)
ethanol]. The suspension was cooled in ice, and the cells were
lysed by sonication (Branson, SFX 150). The suspension was
centrifuged for 30 min at 4 °C, 12 000 rpm, after which the
supernatant was collected and filtered. Proteins were purified
by nickel affinity chromatography using a 1 ml HisTrap FF
pre-packed column (GE Healthcare). The column was equili-
brated with the starting Buffer A, at a constant flow rate of 1
ml/min, prior to loading the protein sample, also in Buffer A.
The column was washed with Buffer A (25 ml) to remove un-
bound proteins and the bound protein of interest was eluted
with Buffer B (Buffer A, but with 500 mM imidazole), in-
creasing in a 0%-100% linear gradient over 25 min. Purity
of selected fractions was assessed by SDS-polyacrylamide gel
electrophoresis and chosen fractions containing the protein of
interest were dialysed against Protein Dilution Buffer [PDB;
25 mM Tris-HCI (pH 7.5), 1 mM DTT, 1 M NaCl and 50%
v/v glycerol), and stored at —20 °C.

Expression and purification of Bxb1 RDF

Bxb1 RDF was expressed and purified as described earlier in
Olorunniji et al. [36] following a procedure similar to that
used for TG1 integrase and TG1 RDF as outlined above.
BL21(DE3) pLysS cells were transformed with a pET-based
vector expressing Bxb1l RDFE Three 500 ml cultures were
grown at 37°C with shaking until mid-log phase (ODggo, 0.6).

Protein expression was induced by adding IPTG to a final
concentration of 0.5 mM. Following induction, the temper-
ature was reduced to 18°C, and the cultures were incubated
for an additional 16 h. Cells were harvested by centrifuga-
tion at 6000 x g for 30 min at 4°C. Pellets were resuspended
in 25 ml resuspension buffer (50 mM sodium phosphate, pH
7.4, 500 mM NaCl, 50 mM imidazole, 1 mM DTT, and 1
mM PMSF). The resuspended cells were lysed by sonication
on ice using a pulse setting (10 s on, 20 s off, for a total of 10
min). The lysate was clarified by centrifugation at 12 000 rpm
(~20 000 x g) for 1 hat 4 °C, followed by filtration through a
0. 5 um syringe filter. The clarified lysate was loaded onto a 5
mL HisTrap HP column (Cytiva) pre-equilibrated with buffer
(50 mM sodium phosphate, pH 7.4, 500 mM NaCl, 50 mM
imidazole, and 1 mM DTT). The column was washed with
10% elution buffer (50 mM sodium phosphate, pH 7.4, 500
mM NaCl, 500 mM imidazole, and 1 mM DTT) and eluted
using a step gradient with 50% elution buffer. Eluted fractions
were collected and analysed for purity and yield, and selected
fractions were dialysed against Protein Dilution Buffer (PDB;
25 mM Tris-HCI (pH 7.5), 1 mM DTT, 1 M NacCl, and 50%
v/v glycerol), and stored at —20 °C.

In vitro recombination of supercoiled plasmid
substrates and product analysis

Purified integrases and RDFs were stored at —20 °C and di-
luted to the appropriate concentrations at 0 °C just before use.
Integrases and RDFs are diluted in Protein Dilution Buffer as
described above. In vitro recombination reactions were car-
ried out as described in Abioye et al. [35]. In summary, reac-
tions were initiated by adding integrase (8 uM, 5 ul) to a 30
ul solution containing the appropriate substrate plasmid DNA
(25 pg/ml), 50 mM Tris-HCI (pH 7.5), 100 pg/ml BSA, S mM
spermidine, and 0.1 mM EDTA. For reactions involving inte-
grase and RDF, equal volumes of integrase (16 uM) and RDF
(16 uM) were mixed thoroughly and kept on ice for 15 min
[35,36], after which 5 pl of this mixture was added to the reac-
tions. Reaction samples were incubated at 30 °C for 2 or 16 h,
after which the reactions were stopped by heating at 80 °C for
10 min to denature the proteins. The samples were cooled and
treated with Nrul (New England Biolabs) to facilitate separa-
tion and analysis of recombination products. This was done
by mixing a 30 ul aliquot of the reaction mixture with 28 ul of
a buffer containing 90 mM Tris-HCI, pH 7.5, 20 mM MgCl,
prior to addition of 20 units (2 ul) Nrul (New England Bio-
labs). The restriction digests were carried out at 37°C for 2
h. Following the digest, samples were treated with SDS and
protease K by adding 7.5 pl loading buffer [25 mM Tris—-HCI,
pH 8.2, 20%(w/v) Ficoll, 0.5% sodium dodecyl sulphate, 1
mg/ml proteinase K, and 0.25 mg/ml bromophenol blue] to
the reaction sample and incubated at 50°C for 30 min. The re-
action products were separated by by electrophoresis on 1.2%
agarose gels in 1x TAE, then stained with SYBR safe and visu-
alized as previously described, using a BioRad GelDoc appa-
ratus [335, 37]. Digital images of the gels are shown in reverse
contrast.

In vitro exonuclease reactions

Assay of in vitro exonuclease activity of Bxbl RDF was
based on a method used to characterize the 3'-5" exonuclease
activity of Pyrococcus abyssi DP1 [37]. The DNA substrate
is a 27mer top strand labelled with a 5" fluorescein label
(5'-/56-FAM), and with four non-complementary bases at the
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Figure 3. Assay of exonuclease activities of Bxb1 RDF. (A) Design of
DNA substrate for 3'-5" exonuclease activity. The DNA substrate is a
27mer top strand labelled with a 5’ fluorescein label (5'-/56-FAM), and
with four non-complementary bases at the 3’ end annealed to a 60mer
unlabelled bottom strand. The region of the top and bottom strands with
complementary base sequences are depicted in blue, the
non-complementary bases are in red, and the single-stranded region of
the 60mer are shown in grey. (B) Reactions were carried out for 30 or 60
min in the reaction buffer described in the ‘Materials and

methods’ section (Bxb1 RDF, 2 and 0.5 uM DNA). Reaction products
were analysed on 1.2% denaturing polyacrylamide gel electrophoresis.

3 end (SACGCCAGGCTTCGCCAGTCACGATACT3’),
annealed to a 60mer unlabelled bottom strand
(5’GCGGACTGCGATCGTACCTACGGACCTGC
AGCTGACGTCGTGACTGGCGAAGCCTGGCGT3’)  to
(Fig. 3A). Reactions were started by adding 2 uM Bxbl
RDF protein to a reaction that contains 50 mM Tris—=HCI,
pH 7.5, 2 mM MnCl, or MgCly, 100 mM NaCl, 15%
polyethyleneglycol 4000, and 0.5 uM DNA. Assays were
carried out at 37 °C for 30 or 60 min, and reactions were
stopped by adding 1 volume of formamide loading buffer
(80% deionised formamide, 10 mM EDTA pH 8.0, 1 mg/ml
xylene cyanol, and 1 mg/ml bromophenol blue). The samples
were heated at 80°C for 5 min, and reaction products were
separated through a 12% 1 x TBE denaturing (7.5 M urea)
polyacrylamide gel (120 V for 2.5 h; 65 °C) and imaged
using a fluorescence imager (iBright FL1500, ThermoFish-
erScientific). Digital images of the gels are shown in reverse
contrast.

Results

TG1 and Bxb1 RDFs are structurally homologous to
DNA replication proteins

We recently showed that AlphaFold2-predicted structures of
serine integrase RDFs reveal a wide diversity of structures with
no obvious pattern to explain their role as RDFs for the other-
wise highly conserved LSIs [19]. Despite this structural varia-
tion, most of the RDFs are relatively small proteins. The RDFs
for SPbeta, A118, bRV1, Nm60, Bt24, Int10, and Int30 range
between ~7 and 9.3 kDa [19, 38—40]. In contrast, RDFs of the
®C31 family ($pC31, $BT1, and TG1, ~27 kDa) and Bxb1

Serine integrases utilise scavenged phage proteins as RDFs

(28 kDa) are larger proteins [11, 12]; Fig. 2 in [19]. How-
ever, for all of these RDFs, models of their complexes with
their respective integrases predict interactions at the same in-
tegrase CC/DBD2 junction [19, 31]. Our search for character-
ized proteins with structures similar to those predicted for the
two known types of RDF—those for phages Bxb1 and TG1—
strongly supported the moonlighting hypothesis.

Bxb1’s RDF was previously noted to be required for
phage DNA replication and to have sequence homology, in-
cluding conservation of catalytic residues, with purple acid
phosphatase-family enzymes (also refered to as calcineurin-
like phosphoesterases) [11, 23]. Its predicted structure is in
agreement with that observation (Fig. 2A). In our Dali search
for structurally related proteins, the top hits (after a hypothet-
ical protein) are Mrell [41], which is an endo/exonuclease
involved in double-strand break repair, and the small sub-
unit (‘DP1’) of the D-family polymerase of Pyrococcus abyssi,
which is an editing exonuclease (Supplementary Fig. S1). Edit-
ing exonucleases work in concert with DNA polymerases dur-
ing replication to remove mismatched nucleotides from the
3" end of the growing chain, and they can belong to more
than one structural family [42]. Both DP1 and Mrel1 have a
calcineurin-like fold [37]. Slightly lower on the list is a UDP-
2,3-diacylglucosamine hydrolase [43], but we feel that is an
unlikely function for the Bxb1 RDF because, like Mrel1 and
DP1, the Bxb1 RDF lacks the lipid-binding ‘cap’ found within
the calcineurin-like domain of the lipid hydrolyze enzyme
[43]. Both Mrell and DP1 have additional domains (with
different folds) that mediate interactions with other DNA-
binding proteins: for Mrel1, with Rad50 and Nbs1, and for
DP1, with the polymerase DP2 as well as with sliding clamp
PCNA [44]. DP1 includes a domain with an OB fold and that
was proposed to bind ssDNA [37]. Our AlphaFold-base vir-
tual pulldown failed to convincely identify interaction part-
ners for the Bxb1l RDFE. Although useful for generating hy-
potheses, such a virtual pulldown could fail for many reasons,
such as that the interaction requires cooperative binding to
DNA substrate. Based on all of the considerations above, and
the fact that the Bxb1 RDF is essential for phage DNA replica-
tion [23], we consider that the Bxb1 RDF could be an editing
exonuclease that has evolved an as-yet-unknown mechanism
for interacting with other components of the phage’s replica-
tion apparatus.

The predicted fold of the RDF used by phage TG1 strongly
suggests that it is a SSB protein (Fig. 2B). The Dali search
for structural homologs retrieved numerous OB fold domains,
which are often used to bind ssDNA [45]. The top hit was
an ssDNA binding domain of BRAC2. However, this protein
lacks the zinc-binding site predicted in the TG1 RDE The first
hit on the list that featured an OB fold with a zinc-binding site
was gp32 from phage T4, a known SSB [46]. Although Al-
phafold3 predicted that ssDNA would bind in the positively
charged cleft of both the TG1 RDF and phage T4 gp32, that
is not shown in Fig. 2 because there are no experimental struc-
tures showing ssDNA bound to T4 gp32. In addition to the
ssDNA-binding core shown in Fig. 2, gp32 has an N-terminal
extension involved in multimerization (and thus cooperative
ssDNA binding), and a C-terminal helicase-recruiting domain
[47]. The TG1 RDF has a 27 residue N-terminal extension
that is predicted to be poorly ordered. However, a virtual pull-
down from the TG1 phage genome using this peptide as bait
predicted that it interacts with other copies of the RDF and
with a family A polymerase (Supplementary Fig. S2). The same
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Figure 4. TG1 RDF is a SSB protein in vitro. Electrophoretic mobility shift assays of TG1 RDF binding to ssDNA (left) and dsDNA (right). The protein was
present at 0, 200, 400, and 800 nM and the 50 nt/bp fluorescein-labeled DNA substrate was kept constant at 200 nM.

three hydrophobic residues (F4, L6, and W7) are predicted to
be central to both interactions. This is conceptually similar to
E. coli SSB, which uses a C-terminal tail to interact with nu-
merous other proteins [48].

Furthermore, within each of these phages, the gene encod-
ing the RDF is closer to other replication-related genes than to
the integrase gene—this was previously noted for Bxb1 [18]
and is also true for TG1 (Supplementary Fig. S3).

Bxb1 RDF shows limited exonuclease activity

We tested Bxb1 RDF for 3'-5" exonuclease activity in an in
vitro assay previously used to characterize Pyrococcus abyssi
DP1 [37]. To test for exonuclease activity we used a substrate
similar to the design used in Sauguet ef al., [37]. In this de-
sign, a S’FAM-labelled 27mer DNA substrate with four non-
complementary bases at the 3’ end was annealed to a 60mer
unlabelled strand (Fig. 3A).

The results show that our sample of the RDF shows a lim-
ited 3’ exonuclease activity in the presence of Mn** or Mg?*
(Fig. 3B). In addition, we also observed liberation of the la-
belled 5" end, which could indicate 5" exonuclease activity en-
donuclease activity, or processive 3’ exonuclease activity. Al-
though we cannot rule out contamination of our sample with
trace amounts of other nucleases, our results agree well with
our structural predictions and with the Hatfull lab’s finding
that this protein is required for phage DNA replication.

TG1 RDF is a phage SSB protein
Based on the similarity between the predicted structure of
TG1 RDF and the experimental structure of phage T4 SSB,
we tested the ability of TG1 RDF to bind ssDNA using an
in vitro EMSA binding assay. The results show that the RDF
binds ssDNA in a concentration dependent manner (Fig. 4).
In contrast, the RDF does not bind double-stranded DNA.
Next, we asked if binding ssDNA could interfere with the
RDF function of TG1 RDF (Fig. 5). As shown in Fig. 5C, the
presence of ssDNA reduces the extent of activation of a#R
x attL reaction by the RDF (the ratio of non-recombinant
to recombinant product increases in the presence of ssDNA).
Correspondingly, ssDNA relieves the inhibition of attP x attB

reaction by the RDF (Fig. 5D) (the ratio of non-recombinant
to recombinant product decreases in the presence of ssDNA).
In contrast, ssDNA has no effect on attP x attB recombination
by the integrase when the RDF is not included in the reaction
(Fig. SE), showing that the effect of ssDNA on the reactions
seen in Fig. 5C and D are due to interference with RDF func-
tion. This shows that TG1 RDF binds ssDNA using the same
surface as it uses to bind the integrase.

Experimental data support the modeled
RDF-integrase interfaces

The Hatfull lab has extensively characterized the Bxb1 inte-
grase and its RDF [11, 23, 49]. Supplementary Fig. S4 shows
their mutations onto the AlphaFold2 model. The majority of
those mutations that disrupted RDF function (pink) map at
or near the predicted protein—protein interface, and the few
outliers may affect overall protein structure (e.g. two of them
added a side chain to a glycine). In contrast, mutations in
conserved functional motifs that mark the putative active site
(green) did not disrupt RDF function and do not map to the
predicted protein—protein interface.

Next, we tested the functional relevance of the integrase-
RDF interface predicted by AlphaFold2-Multimer. We made
specific amino acid changes on both the integrase and RDF
(Fig. 6) and tested the effects of the mutations on recombina-
tion activities in vitro (Figs 7 and 8). These mutations were
spread across the predicted interface, and were designed to
alter the charge in hydrophilic patches or to remove large hy-
drophobic side chains that could be important in the protein—
protein interactions. As described below, the results of our mu-
tational analysis are consistent with the model shown in Fig.
6, and suggest that the portion of the interface highlighted in
Fig. 6E [involving the base of the integrase’s CC (pale green)]
is more important than the portion highlighted in Fig. 6D.

First, we tested the activities of the mutant TG1 integrases
in attP x attB reactions (which should be inhibited by the
RDF) and in attR x attL reactions (which should be stimu-
lated by the RDF) (Fig. 7). Mutant 1 was less active than WT
integrase: it showed limited activity on attP x atiB after 2 h
(Fig. 7A, lanes 2 versus 4), but more noticeable activity after
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attR GTTCCAGCCCAACAGTGTTAGTCTTTCTCCTTCACGGGGTGGAAGGTCGG
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Figure 5. Single-strand DNA interferes with recombination functions of TG1 RDF in vitro. (A) Scheme depicting the in vitro intramolecular recombination
reaction. Recombination of the attP x attB plasmid substrate (pTG1-PBX) gives two circular products in which the attR and attL sites are separated.
Presence of the cognate RDF inhibits attP x attB recombination reaction. For the attR x attL recombination reaction, in the presence of the cognate
RDF, the starting substrate plasmid (pTG1-RLX) is recombined to give attP and attB sites on separate circular plasmid products. (B) Sequences of
recombination att sites for TG1 integrase. The effects of ssDNA on RDF function in in vitro recombination reactions are shown in panels (C-E). (C) attR x
attL in the presence of RDF and ssDNA, (D) attP x attB in the presence of RDF and ssDNA, and (E) attR x attL in the presence of ssDNA, without RDF
In all cases, reactions were carried out for 2 h in the reaction buffer described in the ‘Materials and methods' section (integrase, 800 nM; RDF, 800 nM),
with the addition of 0, 0.5, and 1.0 uM ssDNA (polydT) as indicated. Reaction products were digested with the restriction endonuclease Nrul prior to
1.2% agarose gel electrophoresis. The bands on the gel are labeled nr (non-recombinant, i.e. substrate), rec (recombination product).
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Figure 6. Integrase-RDF interface that mediates regulation of recombination. (A) Surface complementary of the predicted TG1 integrase—RDF interface.
Left: the C-terminal domain of the integrase is shown as ribbons (DBD2, yellow; DBD2-proximal portion of the CC, pale green; CC pale blue), with DNA
docked based on 4kis.pdb to guide the eye [53]. A surface representation of the RDF is shown, colored by electrostatic potential (blue = +5 kT/e,
shading to red = —5 kT/e). Right: the RDF is shown as a gray ribbon, with the integrase surface colored by electrostatic potential (same scale). Side
chains that were mutated are shown as colored sticks (see panel B). The C-terminus of the integrase (600-619) and the N-terminus [1-22] of the RDF
are not shown as they were predicted to be disordered. (B) Table of mutations made. (C) The model shown in panel (A), with side chains mutated shown
as sticks, color coded as in panel (B). (D, E): close-up views of integrase—RDF interactions and the side chains that were mutated.

16 h (Fig. 7B, lane 4). Given the overall defect of this mutant,
it is unclear if there was an additional defect in RDF-mediated
inhibition of its attP x attB reaction. However, despite show-
ing some catalytic activity in the attP x at¢B reaction, mutant
1 completely failed to be stimulated by the RDF in an a#R x
attL reaction, even after 16 h, indicating a defect in commu-
nication with the RDF (Fig. 7C and D, lanes 5 and 6). Mutant
2, on the opposite side of DBD2 from mutant 1, showed near-
WT activity in the a#tP x attB reaction (Fig. 7A, lanes 2 versus
7 and Fig. 7B lanes 2 versus 7), but was defective in inhibition
by the RDF (Fig. 7B, lane 3 versus 8 and 9). Furthermore, Mu-

tant 2 was inefficiently stimulated by the RDF in the a#tR x
attL reaction (Fig. 7C and D, lane 3 versus 8 and 9). Finally,
the interactions of mutant 3 with the RDF could not be as-
sessed because it was almost completely lacking in integrase
activity (Fig. 7B, lanes 10-12). This mutation was designed to
test a more central region of the predicted interface, but the
rather drastic change of two tryptophans to alanines probably
destabilized the fold of DBD2.

Next we tested specific mutations in the TG1 RDF in sim-
ilar assays. Mutations 4 and 6 showed the strongest effect—
these RDFs completely failed to inhibit attP x attP recom-
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Figure 7. In vitro recombination activities of TG1 integrase mutants. Reactions were carried out for 2 or 16 h in the reaction buffer described in the
'Materials and methods' section. (A) Two hours reaction, attP x attB. Integrase was not added to reaction in lane 1. (B) Sixteen hours reaction, attP x
attB. Integrase was not added to reaction in lane 1. (C) Two hours reaction, attR x attL. Integrase was not added to reaction in lane 1. (D) Sixteen hours
reaction, attR x attL. Integrase was not added to reaction in lanes 1. Reaction products were digested with the restriction endonuclease Nrul prior to
1.2% agarose gel electrophoresis. The bands on the gel are labeled nr (non-recombinant, i.e. substrate), rec (recombination product). The final integrase
concentrations in all reactions were 800 nM. The final RDF concentrations were 800 nM (+) or 1600 nM (++). The bands on the gel are labelled nr
(non-recombinant, i.e. substrate) or rec (recombination product). The sizes of the products of the recombination reactions are shown alongside each
band on the gel image. MUT1: TG1 Int-3K (E537K, D541K, D545K). MUT2: TG1 Int-2K (E442K, D444K). MUT3: TG1 Int-2A (W538A, W552A).

bination or to stimulate the attR x attL reaction (Fig. 8A
and B, lanes 3 and 4 versus lanes 5, 6, 9, and 10). Figure 6E
shows that they cluster with integrase mutation 2, at a point
where the RDF is predicted to bind the DBD2-proximal seg-
ment of the CC (pale green). Mutations 7 and 8 had a mod-
est effect on RDF function (Fig. 8A and B, lanes 3 and 4 ver-
sus lanes 11-14). Figure 6D shows that these lie on the other
side of the predicted interface. This result complements the
findings that integrase mutation 1 at the same interface re-
sulted in loss of RDF activity (Figs 6D and 7). Finally, RDF
mutation 5 (Fig. 6B, green), deletion of the N-terminal end
(23 aa residues) had no effect on function (Fig. 8A and B,
lanes 3 and 4 versus 7 and 8), an unsurprising result since
that region of the RDF was predicted to be disordered and

not in contact with the integrase (Fig. 6C; only residue 23 is
shown).

Discussion

In this study, we provide evidence that two different phage
DNA replication proteins have been recruited to ‘moonlight’
as RDFs for the serine integrase of the phage that encodes
them. We experimentally verified that the TG1 RDF is a func-
tional SSB protein, and further virtual pulldown suggests it
interacts with a phage polymerase enzyme. We showed that
our sample of purified Bxb1l RDF has exonuclease activity,
albeit weak. Based on the data shown here, we were unable
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Figure 8. /n vitro recombination activities of TG1 RDF mutants. Reactions were carried out for 2 h in the reaction buffer described in the ‘Materials and
methods’ section. (A) attP x attB recombination reactions. (B) attR x attL recombination reactions. Reaction products were digested with the restriction
endonuclease Nrul prior to 1.2% agarose gel electrophoresis. TG1 integrase (800 nM) was used in all reactions. Integrase was not added to reactions in
lane 1 of panels (A) and (B). The final RDF concentrations were 0 nM (-), 800 nM (+), or 1600 nM (++). The bands on the gel are labelled nr
(non-recombinant, i.e. substrate) or rec (recombination product). The sizes of the products of the recombination reactions are shown alongside each
band on the gel image. MUT4: TG1 RDF (R212D, R216D, K218D). MUT5: TG1 RDF (A23). MUT6: TG1 RDF (F208T, Y222D). MUT7: TG1 RDF (R28E
H30D). MUT8: TG1 RDF (W107A).
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to pinpoint the specific nature of Bxb1 RDF exonuclease activ-
ity, nor rule out endonuclease activities. As shown through our
bioinformatic and structural comparison analysis above, it is
likely that additional phage proteins are required for the opti-
mization and regulation of any functionally-relevant endo- or
exonuclease activity it might have. Interestingly, Mrel11, one
of the top hits for Bxb1 RDF in the virtual pulldown results
(Supplementary Fig. S1), has both endo- and exonuclease ac-
tivities [41]. It has already been shown that the Bxb1 RDF is
essential for phage DNA replication [23].

Our work strongly supports and expands previous pro-
posals suggesting that recruitment of phage proteins for
RDF function is a mechanism through which both LSIs
and tyrosine-family integrases mediate excision reactions
2,11, 12,18].

Repurposing phage proteins to perform secondary func-
tions allows frugal use of limited genome space, and is not lim-
ited to RDFs [50]. For example, phage-inducible pathogenicity
islands (PICIs) use phage proteins to moonlight as derepres-
sors to lift repression of Sapl induction. Examples of proteins
used as PICI derepressors are dUTPase (Saplbov1 and SaPI-
bovS5) [28]; Sri, a phage protein involved in blocking bacterial
DNA replication (SaPI1) [28]; and DNA-single strand anneal-
ing proteins (Sapl2) [51]. Although moonlighting depressors
and RDFs are similar in concept, the evolutionary paths to
their repurposing may be different.

Integrase proteins share an RDF-binding hotspot

The findings from this study, our previous modeling work
[19], and the work of others [39, 39, 52-56] all suggest that
LSIs share a common RDF-binding hotspot, even though the
RDFs do not share a common structure. Although there are
no published experimental structures of integrase-RDF com-
plexes, we can now use Alphafold to make testable predic-
tions [19]. In addition to the mutational testing of the TG1-
RDF interface model described here, we previously showed
that alphafold2-multimer models are largely in agreement
with prior mutational data for ¢C31, SPbeta, and Bxbl
(Supplementary Fig. S2 of Shin et al., [19]; [11, 54, 57]. Pre-
vious work has also shown that the RDF redirects the CC,
and that simply binding DBD2 is insufficient for function
[39, 52, 54]. We deduce that the RDF-binding hotspot lies
at the DBD2- CC junction, and includes the DBD2-proximal
portion of the CC. That portion was poorly ordered in the ex-
perimental structure of an LSI’s DNA binding domains with
DNA [53] and is not predicted to be helical in all integrases,
although we refer to it as part of the CC for historical sim-
plicity. We suggest that contacts to DBD?2 itself may provide
affinity for the RDF-integrase interaction, and that contacts
to the DBD2-proximal CC segment may be responsible for
redirecting the trajectory of the CC.

Here we tested a detailed Alphafold2-multimer model for
the TG1 RDF-integrase interface. Although mutations across
the predicted interface interfered with RDF function, the
strongest effects were seen for mutations in the portion of
the interface where the RDF is predicted to grip the DBD2-
proximal portion of the integrase’s CC (Fig. 6E). Our finding
that ssDNA interferes with TG1-RDF function in vitro (Fig. 5)
provides additional support for the model, because the posi-
tively charged surface on the RDF that is expected to bind
ssDNA (Fig. 2) is also used to bind the integrase (Fig. 6A).
These findings support the predicted integrase-RDF interface,

Serine integrases utilise scavenged phage proteins as RDFs

and suggest additional insights into how the RDF switches
the directionality of the recombination reaction. We propose
that the RDF partially restrains the mobility of the CC by
binding to the DBD2-proximal segment of it (green in Fig.
6 and Supplementary Fig. S4). Experimental structural data
are required to gain better understanding of how the interac-
tion of the RDF with the CC domain control recombination
directionality.

An intriguing feature not yet tested is the negatively
charged, unstructured C-terminal tail of TG1 integrase—a
feature not found in most LSIs, but shared by $C31 and $BT1
integrases, and others which use RDFs closely related to TG1’s
[31]. This tail may mimic ssDNA and compete with it for ini-
tial, transient binding to the RDF, which could lead to a high
local concetration of RDE

How and why do phages moonlight existing
proteins to take up RDF functions?

We hypothesize that a phage LSI could adopt a new RDF
when it becomes genetically separated from its previous RDF
(Fig. 9). This could occur due to simultaneous activation of
multiple prophages within a single host cell [58, 59]. Recom-
bination between replicating phage genomes could result in
chimeric progeny encoding one parent phage’s LSI but not its
cognate RDF. Such recombinant phage would be capable of
infecting and lysogenizing a new host, but their further spread
would be limited until they evolved to use another phage-
encoded protein as an RDE It is conceivable that most LSI
RDFs could be scavenged proteins whose functions are yet to
be characterized. Phages encode many small proteins of un-
known functions that may also have been co-opted as RDFs.
It is also likely that the original functions of some scavenged
RDFs have been taken over by other phage proteins while
some retain their original function.

The two previously identified RDFs studied in this work,
those for Bxb1 and TG1, are both DNA replication proteins.
Not only do they have the predicted structures of replication-
related proteins, but the Bxb1 RDF is known to be required for
phage replication as well as for excision [23] and in this work
we showed that the TG1 RDF has ssDNA-binding activity.
That some prophages can initiate replication before excision
has been shown experimentally [60]. However, a prophage
that replicates within the host chromosome but never ex-
cises is likely to be an evolutionary dead end for both par-
ties. Therefore, the integrase may be under strong selection
for variants that can use one of the phage proteins already
present as an RDE This suggests that replication proteins may
have been advatageous because they were present in multi-
ple copies at this make-or-break stage in the prophage life
cycle. The existence of a binding hotspot on the integrase
that is remote from its catalytic domain may facilitate such
evolution.

The RDF binding hotspot may provide both advantages
and disadvantages to the prophage. For example, an insuffi-
ciently selective integrase might bind constitutively expressed
host proteins, triggering unregulated excision of the prophage.
On the other hand, host proteins that are only expressed un-
der conditions that induce prophage activation could be good
candidates for moonlighting RDFs. In fact, such scavenging of
host proteins could explain why we could not identify puta-
tive RDFs for all of the LSIs targets in our virtual pulldown
study, which only considered phage-encoded proteins as pos-
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sible RDFs [19]. There is also precedent for crosstalk among
mobile genetic elements: The RDF for some serine integrases
found in PICI-like elements (PLEs) are not encoded by the PLE
but come from the phages parasitised by the PLE [61].

The existence of a hotspot on LSIs where a second protein
can bind, redirect the CC, and change the preferred reaction
direction has implications for the evolution of RDFs and of di-
rectionality in LSIs in general. The original LSI may have been
a simpler, bidirectional enzyme that simply used its CC sub-
domains to stabilize the synaptic complex that holds the two
recombining DNAs together. For example, the LSIs encoded
by the SCCrmec family of mobile elements do not appear to fol-
low the directionality ‘paradigm’ of most characterized LSIs
[62]. Fortuitous interactions of the LSI hotspot with a second
protein that could redirect the CC’s trajectory may have initi-
ated the evolutionary path toward control of directionality.

Conclusion

In this report, we have shown that phage TG1 likely adapted
its integrase to recognize a DNA single-stranded binding pro-
tein as a cofactor for excisive recombination. Structural mod-
els of how TG1 integrase interacts with its RDF built using
AlphaFold2 and AlphaFold multimer were validated through
biochemical characterization of integrase and RDF mutants.
We also discuss bioinformatic analysis and some experimental
evidence that the Bxb1 RDF could be an exonuclease that may
have a role DNA replication protein. Future identification of
the primary roles of other RDFs will rely on a highthroughput
version of AlphaFold Multimer that that can process virtual
pulldowns on a metagenome-wide level. It will be interesting
to know the mechanism through which phages select proteins
to repurpose as RDFs.
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