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Abstract

Integrases from the “large serine” family are simple, highly directional site-specific DNA recombinases that have great promise as synthetic
biology and genome editing tools. Integrative recombination (mimicking phage or mobile element insertion) requires only integrase and two
short (~40-50) DNA sites. The reverse reaction, excisive recombination, does not occur until it is triggered by the presence of a second protein
termed a recombination directionality factor (RDF), which binds specifically to its cognate integrase. Identification of RDFs has been hampered
due to their lack of sequence conservation and lack of synteny with the phage integrase gene. Here we use AlphaFold2-multimer to identify
putative RDFs for more than half of a test set of 98 large serine recombinases, and experimental methods to verify predicted RDFs for 6 of 9
integrases chosen as test cases. We find no universally conserved structural motifs among known and predicted RDFs, yet they are all predicted
to bind a similar location on their cognate integrase, suggesting convergent evolution of function. Our methodology greatly expands the available
genetic toolkit of cognate integrase—RDF pairs.
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Large serine recombinases (LSRs), which are encoded by many
lysogenic bacteriophages (and some other mobile genetic ele-
ments), have great potential as genetic tools [1-11]. In their
natural setting, this family of site-specific DNA recombinases
catalyzes unidirectional site-specific recombination between
an ~50-bp bacteriophage (“phage”) attachment site (attP)

of the phage genome into the host chromosome (Fig. 1A).
The resulting prophage can then be passively replicated as
part of the bacterial chromosome [12]. Upon activation of the
phage’s lytic phase, a second phage-encoded protein, the re-
combination directionality factor (RDF), binds the integrase
protein and alters its preferred reaction direction to greatly
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Figure 1. Recombination mechanism and domain structure. (A) Integrative recombination requires only the LSR and its cognate att sites but reverse
reaction (excisive recombination) requires the presence of a second protein, the cognate RDF. (B) Linear cartoon of the domain structure of LSR domain
structure. CAT: catalytic domain; «E: long helix connecting the CAT to the DNA-binding domains (DBDs); DBD1: DNA-binding domain 1 (also known as
recombinase domain); DBD2: DNA-binding domain 2 (also known as Zn-binding domain); CC: coiled coil. (C) Cartoon of the proposed structure of the
substrate complex for integrative recombination, as proposed by Van Duyne et al. [38]. (D) Structure of the DBDs of LI integrase bound to half an attP
site [40]. The proteins from the four copies in the asymmetric unit are superimposed on one another, the second half of DBD2 as a guide. Domains are
colored as in panel (C) except that varying shades of orange are used for the CCs to highlight their flexibility. (E) AlphaFold2-multimer modeling of LI
integrase. DBD2 and the CC for five models are superimposed and colored as in panel (D). (F) AlphaFold2-multimer modeling of LI integrase in complex
with its RDF [20]. The RDF (turquoise) partially restrains the flexibility of the CC when compared to the experimental or the AlphaFold2-multimer models

in the absence of the RDF.

favor the excision reaction [12-14]. Although LSRs are read-
ily identified in genomic sequences due to their conserved se-
quence motifs, RDFs are not, and the relatively few that are
known were identified primarily through painstaking genetic
work [14-26]. No conserved sequence motifs are apparent
among them, nor do they show consistent synteny with their
cognate integrase genes. In fact, some are moonlighting DNA
replication proteins [27, 28]. Here we describe and experi-
mentally verify a new AlphaFold2-multimer-based method for
rapid identification of RDFs—essentially, a virtual pulldown
approach [29-31].

Many features of LSRs render them useful as genetic tools.
Unlike CRISPR-Cas systems, they have evolved to catalyze the
insertion of large payloads, and their recombination mecha-
nism leaves the DNA product with not a single broken phos-
phodiester bond. In contrast to bacteriophage integrases from
the mechanistically very different tyrosine family [32], serine
integrases do not require host proteins and their a#tP sites are
much smaller [33]. Although LSRs lack the programmable se-
quence specificity of RNA-guided systems, their lack of target
flexibility can be alleviated by a “drag-and-drop” procedure
that uses a CRISPR-Cas-derived system to insert an LSR’s at¢B
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site, or by choosing from the large array of already character-
ized LSRs with differing sequence specificity [9, 10, 32, 34].
This toolkit was greatly expanded by the recent publication
of a list of over 60 LSRs that can catalyze insertions into the
human genome [10]. Furthermore, for some applications, such
as the SIRA method for assembly of large replicons, the avail-
ability of multiple LSRs with orthogonal sequence specificity
is a key feature that facilitates multiplexing [35, 36]. When the
cognate RDFs are known for particular LSRs, their versatil-
ity as tools expands significantly. For example, RDF-mediated
reaction reversal can be used for modular editing of assem-
bled replicons, and LSR-RDF pairs can be used to create living
logic gates [6].

LSRs constitute a branch of the “serine” family of site-
specific DNA recombinases, which share a conserved catalytic
domain and overall mechanism of recombination (Fig. 1A)
[37]. Each crossover site in the DNA is bound by a dimer of
the recombinase, after which the two DNA-bound dimers are
brought together by a regulatory apparatus that varies widely
among systems but is an intrinsic part of the crossover site-
bound protein subunits in the LSR case. The serine nucle-
ophile in the active site of each subunit then attacks a particu-
lar phosphodiester bond, displacing a 3’ OH to create a reac-
tion intermediate in which both DNA duplexes have double-
strand breaks with 2-nt 3’ overhangs, and each 5’ end is co-
valently linked to a recombinase subunit. The recombinase
tetramer then swivels internally to realign the broken ends,
and the DNAs are religated by the reverse of the DNA cleav-
age reaction. Serine recombinases have modular domain orga-
nizations. Members of the “large” branch carry the catalytic
domain at their N-termini, followed by two DBDs. For sim-
plicity, we refer to these as DBD1 and DBD2, although DBD1
is often termed “recombinase domain (RD)” and DBD2 “zinc-
binding domain (ZD).”

The favored reaction direction for LSRs is determined by
energetic differences between the substrate and product con-
formations of the protein-DNA complexes rather than by a
net change in chemical bond energy [37]. Protein—protein in-
teractions are mediated not only by the catalytic domains but
also by a coiled coil (CC) with a hydrophobic tip that is in-
serted within DBD2 [38, 39]. Whether CC-CC interactions
among subunits preferentially stabilize synaptic tetramers or
product dimers is determined by the positioning of DBD2,
which differs between attP and attB sites, and by the presence
or absence of the RDF (Fig. 1B; see [13 40] for details of the
mechanism). For integration, CC-CC interactions between
dimers bound to a#tP and attB stabilize a synaptic tetramer,
but after recombination they rearrange to conformationally
lock the attL- and attR-bound product dimers [13, 41]. For
excision, the RDF changes the trajectories of the CCs [24, 42],
and CC-CC interactions can stabilize synapsis between aztL-
and attR-bound dimers, and then rearrange to preferentially
stabilize at least the aztP-bound product dimers and possibly
the attB-bound ones [13].

Biochemical studies found that RDFs bind to the CC and/or
DBD?2 of their cognate integrases [20, 23, 24], and our recent
structural studies of the phage SPbeta integrase system show
that RDF binding anchors the DBD2-proximal portion of the
CC to DBD2, locking out flexibility in a hinge at the CC-
DBD2 junction [13]. This interaction redirects the trajectory
of the CC but still allows flexibility in a second hinge closer
to the CC tip.

No other experimental structures are currently available
for integrase-RDF complexes. However, recent Al-based ad-
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vances in protein structure prediction can now help to fill
these knowledge gaps [29, 30]. We found that AlphaFold2-
multimer predicts a similar binding site at the DBD2-CC junc-
tion for known LSR-RDF pairs, despite the lack of any con-
served structural motif among those RDFs.

We then automated AlphaFold2-multimer to efficiently pre-
dict RDFs for LSRs whose RDFs were previously unknown,
using the large collections of active LSRs identified by Durrant
et al. [10] and Yang et al. [34] as test cases. Finally, we showed
that RDFs for six of the nine integrases picked for in vivo ver-
ification do indeed function as predicted, including two func-
tional RDFs for one of these integrases. We further verified
the function of two of these pairs iz vitro using purified pro-
teins. The virtual pulldown workflow described here will lead
to identification of the RDFs for many known integrases and
for those yet to be discovered. This will give access to a larger
pool of integrase—-RDF pairs available for fundamental stud-
ies on the reaction mechanism of the integrase-RDF system,
and for building orthogonal integrase-based genetic circuits
for synthetic biology applications.

Materials and methods

Virtual pulldowns

Preparation of paired input files for AlphaFold2-multimer pre-
dictions

We used the collections of LSRs organized by Durrant et al.
and Yang et al. as test cases for our procedure [10, 34]. Those
two studies were chosen because they provided a large but de-
fined number of test cases with putative a#t sites and with in-
formation on i vivo activity. For each LSR listed in their sup-
plementary tables, we obtained the corresponding genomic
data (DNA and protein coding sequences) from the National
Center for Biotechnology Information database. To find the
attl and attR sites that mark the ends of the inserted form
of the prophage or mobile element, we utilized the first 15—
20 and last 15-20 nucleotides of the at¢B and a#tP sequences
given in [10, 34] to search within the genome sequence and
identify the prophage region, and in some cases corroborated
that range using Phaster [43].

The protein coding sequences within the identified
prophage region were extracted as prey sequences. For the
bait sequence, we predicted the LSR’s structure with ESM-
Fold (https://esmatlas.com/resources?action=fold; [44]) and
then truncated the sequence to include only the second DNA-
binding domain (DBD2). The truncated “bait” LSR sequence
was paired with each prey sequence in a FASTA format for
AlphaFold2-multimer predictions. In some cases where the
initial pulldown failed to produce a clear “hit,” it was repeated
using both DBDs or the intact LSR. Python scripts used for
this and later steps can be found in Supplementary data.

Multimer predictions

LocalColabFold v.1.5.2 was installed on Beagle-3, a shared
GPU cluster at the University of Chicago’s Research Com-
puting Center, following the steps described at https://github.
com/YoshitakaMo/localcolabfold [29, 30, 45]. All predictions
were performed using default parameters except that we in-
creased number of prediction recycles from 3 to 5 “~use-gpu-
relax —-num-recycle 5 -num-models 5.” We note that the gen-
eral power of the virtual pulldown approach was indepen-
dently proposed by Yu et al. [31] while we were develop-
ing our method and experimentally testing our results. How-
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ever, theirs is a more generalized approach that requires a pre-
prepared list of protein sequences as input, and they did not
focus on our question (RDF identification) nor experimentally
test any newly proposed protein—protein interactions.

Assessment of output files

LocalColabFold generates predicted aligned error (PAE) plots
with predicted scores and models (in JSON and PDB format,
respectively). For efficient assessment, all PAE plots were con-
catenated; pTM and ipTM scores were extracted from the out-
put JSON files, and these values were plotted using gnuplot.
pTM is the predicted template modeling score for the individ-
ual protein structure models and the ipTM the interface pTM
for complexes; the higher (closer to 1) scores indicate more
confident predictions [29, 30, 46]. Predicted models exhibiting
low PAE and high pTM and ipTM scores were visually evalu-
ated in PyMOL. Initial hits were chosen as those prey proteins
that gave the highest ipTM value, which usually exceeded the
pTM value. Potential hits were rejected if they (i) were not
predicted to interact with DBD2, (ii) were predicted to inter-
act with the tip of the CC, as that hydrophobic patch is known
to be required for self interactions, or (iii) were predicted to in-
teract with the DNA-binding surface of DBD2 [39]. The latter
proteins were most likely DNA mimics involved in the host—
virus arms race, and our results suggest that virtual pulldowns
may provide a new way to discover such proteins [47].

Structure figures
All structure figures were made using PyMOL [48].

Testing of predictions

To experimentally test our predictions, we chose a total of
nine integrases: Nm60, Bt24, Cb16, Dn29, Enc3, Pc01, and
Pa03 from the Durrant et al. list as well as Int10 and Int30
from the Yang et al. list [10, 34]. These examples were chosen
based on the reported activity of the integrase, or intriguing
features of the predicted RDFs such as unusually large size
(Pa03 and Pc01), the possibility of two RDFs for the same
integrase (Ints 10 and 30), or an unusual predicted interac-
tion with the DBD2-proximal portion of the CC (Enc3; see
the “Results” section for more details).

To experimentally test the activities of the predicted RDFs,
we fused the RDF to the C-terminus of the integrase using
flexible peptide linkers. We have previously shown that such
integrase—-RDF fusions ensure the 1:1 stoichiometry required
for synapsis and recombination [3, 27, 49]. This approach
avoids the risk of uneven expression of the two proteins if they
were expressed from different vectors as separate proteins. In
addition, integrase-RDF fusions ensure optimal binding of the
RDF to the integrase, which could result in a false negative if
the RDF has low binding affinity to the integrase. Candidate
RDFs were tested using a slight variation of the iz vivo inver-
sion assay that we and others have previously used to study in-
tegrase recombination reactions iz vivo [49-51] (see diagram
in Fig. 6). Each assay requires two co-transformed plasmids:
(i) a test plasmid carrying the att sites for the integrase in ques-
tion (in inverted orientation) flanking a promoter that drives
expression of either green fluorescent protein (GFP) or red flu-
orescent protein (RFP), depending on its orientation, and (ii)
an expression vector for the integrase or integrase—RDF fusion
of interest.

The activity of two integrase—RDF pairs (Nm60 and Int30)
and was additionally verified in in vitro assays.

Vectors encoding integrase and integrase—-RDF fusion proteins

Coding sequences for all integrases and integrase-RDF fu-
sions were cloned between Ndel and Xhol sites in pBAD33,
which carries an arabinose-inducible promoter, a p15a ori-
gin, and chloramphenicol resistance. The use of an inducible
expression system prevented potential issues with toxicity of
constitutively expressed integrases, and the use of integrase—
RDF fusions (previously described for known integrase~RDF
pairs [52]) alleviated potential issues with the stoichiometry of
the two proteins that could occur if they were expressed sep-
arately. In the fusion constructs, each integrase and its puta-
tive RDF were covalently joined together using an 18-residue
linker (TSGSGGSGGSGGSGRSGT) between the C-terminal
residue of the integrase and the second amino acid residue in
the candidate RDF. The amino acid sequences of the proteins
of interest were reverse-translated and the DNA sequences
codon-optimized for expression in Escherichia coli and or-
dered as gene fragments from Twist Biosciences. Each inte-
grase gene has a Spel site before the stop codon, which adds
the first two amino acids (TS) of the linker sequence to the C-
terminus of the protein. RDF genes with the linker added to
their N-termini were then cloned in-frame between the Spel
and Xhol sites in the integrase vectors.
All new plasmids were verified by sequencing.

Prediction of core attP and attB recombination sites

To determine the a#tP and attB sequences for integrases of in-
terest, we used the information provided by Durrant et al. and
Yang et al. [10, 34] in combination with genomic sequences.
Figure 5 shows the four half-sites for each integrase, using
the half-site sequence alignment approach of Van Duyne and
Rutherford to identify potential binding motifs for the two
DBDs and to determine the most likely location of the central
dinucleotide [38]. The outer ends of the a#t sites used in our
test vectors each contained at least 5 additional bp of genomic
sequence beyond what is shown in Fig. 5.

In vivo recombination reactions

In vivo recombination assays (inversion) of each integrase—
putative RDF pair were carried out using the invertible pro-
moter reporter system depicted in Fig. 6A. The plasmid sub-
strates were based on the previously reported p$pC31-invPB
and p¢pC31-invRL ([50]; see Figs 4 and 6). The backbone of
these vectors carries a pSC101 origin and a kanamycin resis-
tance marker that are compatible with those on our protein
expression vectors. The recombination sites (a#tP and a#tB)
for each integrase were cloned into p¢pC31-invPB to replace
the att sites for $C31 integrase using gene fragments (Twist
Biosciences) covering the entire ~560-bp invertible segment.
Substrate plasmids containing a#tL and a#tR for each integrase
were made by integrase-mediated recombination.
Escherichia coli DS941 strains [53] containing the substrate
plasmid (kanamycin selection) and the arabinose-inducible
expressing vector (chloramphenicol) for each integrase or
integrase—-RDF fusion were prepared in advance such that re-
combination activities can be initiated when integrase expres-
sion is induced by addition of arabinose to a growing culture.
To prepare the recombination strain, competent E. coli DS941
cells were transformed with the inversion substrate plasmid
and the integrase expression vector and grown for 16 h in LB
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media in the presence of kanamycin (50 pug/ml) and chloram-
phenicol (25 pg/ml) selection.

To assay a#tP x attB recombination activity of each inte-
grase, fresh overnight culture of each recombination strain
was grown at 37°C in LB media to mid-log phase in the
presence of kanamycin (50 pug/ml) and chloramphenicol (25
ng/ml). Integrase or integrase—-RDF expression was induced
for 2 h by addition of 0.2% arabinose, after which cultures
were diluted 1:1000 in fresh LB media containing 0.2% glu-
cose to repress further integrase expression and grown for 16
h with shaking at 37°C. Cultures were diluted 1/100 000
in fresh LB media and spread on LB agar plates contain-
ing kanamycin (50 pg/ml). Slight variations were later in-
troduced in assaying Int10, Dn29, Enc3, PcO1, and Pa03:
cells were grown in 0.2% glucose to repress expression be-
fore switching to arabinose for induction, induction was con-
tinued overnight, and DNA from the overnight culture was
miniprepped and retransformed before plating.

Recombination of a#tP and at¢B sites inverts the orientation
of the promoter, thereby switching gene expression from RFP
to GFP (Fig. 6B), and generating a#tR and attL sites. Colonies
expressing GFP or RFP were imaged in a Gel Doc™ imag-
ing system (Bio-Rad, Hercules, CA, USA). The differences in
fluorescence intensity seen are most likely primarily due to the
different att sites placed between the promoter and the coding
region, some of which can efficiently hairpin and may termi-
nate transcription or translation.

Following recombination, individual colonies expressing
GFP were grown in liquid culture for 16 h with kanamycin se-
lection. Plasmid DNAs were extracted from the liquid culture
and separated on 1.0% agarose gel. Bands corresponding to
supercoiled substrate (inversion products bearing atfR x attL
sites) were cut out of the gel, purified, and used to retrans-
form E. coli cells. Plasmid DNA samples were subsequently
extracted from the cultures and sequenced to verify that they
contain the expected a#tR and a#tL sites for each integrase.
The verified recombination products of attP x attB reactions
(attR x attL plasmid substrates) were then used for the exper-
iments where the activities of the candidate RDFs were tested.
In those assays, recombination of attR x attL sites leads to in-
version of the promoter resulting in expression of RFP, while
stopping GFP production (Fig. 6).

Protein expression and purification

The expression and purification of Nmé60 integrase and Nm60
integrase—-RDF fusion was as described previously [52]. The
DNA sequences encoding the integrase and the integrase—
RDF fusion were cloned between Ndel and Xhol sites in
pET28a(+) and the plasmids were used to transform E. coli
BL21(DE3)pLysS strain. The strain for each protein was
grown at 37°C in LB to an optical density of 0.8, before cool-
ing the cultures to 20°C and protein expression induced with
0.5 mM IPTG (Isopropyl 3-d-1-thiogalactopyranoside). Pro-
tein expression was allowed to continue for 16 h at 20°C.
Each protein was purified by nickel affinity chromatography
and bound proteins were eluted with an imidazole gradient
buffer system. Samples of fractions corresponding to peaks
were analyzed on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and chosen fractions containing the desired
proteins were dialyzed against protein dilution buffer (25 mM
Tris—=HCI, pH 7.5, 1 mM DTT (dithiothreitol), 1 M NaCl and
50% glycerol), and stored at —20°C. Dilutions of the integrase
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and the integrase—-RDF fusion were made into the same buffer
for in vitro recombination reactions.

In vitro recombination reactions

Recombination assays of excisive (aftR x attL) and integra-
tive (attP x attB) activities were carried out on the same plas-
mid substrates used for the in vivo reactions (Fig. 7A). Plas-
mid DNA substrates for Nm60 integrase were grown in E. coli
DS941 and purified using Qiagen miniprep kit. Iz vitro recom-
bination of supercoiled plasmid substrates and analysis of re-
combination products were carried out using conditions sim-
ilar to those described previously [36, 49]. Typically, recom-
bination reactions were carried out by adding integrase (0.5—
1.0 uM, 5 ul) to a 30 ul solution containing the plasmid sub-
strate (25 pg/ml), 50 mM Tris—=HCI (pH 7.5), 100 ug/ml BSA,
5 mM spermidine, and 0.1 mM ethylenediaminetetraacetic
acid. Reactions were allowed to proceed at 30°C for 2 h, after
which the integrases were denatured by heating the reaction
at 80°C for 10 min to stop all recombination activities. The
samples were cooled and treated with the restriction endonu-
clease Xhol (New England Biolabs) to facilitate analysis of
recombination products. Following the restriction endonucle-
ase treatment, the reaction products were treated with 0.1%
sodium dodecyl sulfate and protease K before reaction prod-
ucts were separated by 1.2% agarose gel electrophoresis [36,
49].

Results

Previously identified RDFs: variable structures bind
a conserved LSR feature

We first examined several previously identified LSR-RDF
pairs, using AlphaFold2-multimer to predict the structures of
their complexes. The close match between the predicted and
experimental structure for SPbeta lends confidence to this ap-
proach (Fig. 2) [13]. Because protein structure can be more
conserved than sequence, we had expected to find a small con-
served structural motif within the RDFs that would mediate
interaction with their cognate LSRs. Figure 2 shows that we
did not: some RDFs are predicted to utilize only alpha helices
as interaction motifs (e.g. phiRv1), some to use both helices
and beta strands (e.g. Bxb1 and SPbeta), and some to use loops
(e.g. phiC31). However, despite sharing no structural homol-
ogy at all, these disparate RDFs were all predicted to bind
DBD2 at or near its junction with the CC. Confidence in these
predictions can be seen in the PAE in Supplementary Fig. S1.
Supplementary Fig. S2 shows that these models also agree
with existing biochemical data [14, 23, 24].

Virtual pulldowns identify known RDFs

Given the difficulties in sequence-based RDF prediction and
the apparent success of Al-based structure predictions, we
asked whether AlphaFold2-multimer could be used to iden-
tify RDFs. The examples shown in Fig. 2 were chosen as pos-
itive controls. Structures for each and every individual ORF
(open reading frame) within a given phage were predicted in
complex with DBD2 of the relevant LSR (see the “Materials
and methods” section). For four out of these five examples,
the complex predicted with the highest confidence was indeed
that with the previously identified RDF (based on the ipTM
score) [29, 30, 46]. Predictions for the fifth, phage Bxb1, were
ambiguous until the procedure was repeated using both DBDs
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AlphaFold Predicted
(pTM 0.64; ipTM 0.88)

E

phiRV1
(0.72; 0.82)

Bxb1
(0.47; 0.57)

SPbeta

Experimental
Structure

phiC31

(0.68; 0.64) (0.66; 0.66)

Figure 2. Predicted structures for known LSR-RDF pairs. (A) Cartoon similar to those in Fig. 1, but in the same relative orientation as the structural
cartoons in panels (B—F). (B) AlphaFold-predicted versus experimental structure of SPbeta Int-RDF complex. (C-F) Predicted complexes of previously
identified RDFs in complex with their cognate integrases. Only DBD2 and the CC inserted within it are shown for the LSR partner but the entire

predicted structure for each RDF is shown.

as “bait” even though the RDF is only predicted to interact
with DBD2. For consistency, the virtual pulldowns shown for
all five examples in Fig. 3 and Supplementary Fig. S3 were
carried out using the last 400 amino acids of the LSR, which
ensured including both DBDs in the bait.

Prediction of new RDFs by virtual pulldown

Next we used our virtual pulldown procedure to try to pre-
dict RDFs for all of the LSRs listed in supplementary table
2 of Durrant et al. [10] as well as the 34 new LSRs identi-
fied by Yang et al. [34]. Of the 68 active integrases listed by
Durrant et al., we could not find the appropriate mobile ele-
ment or prophage range for three (Ec06, Kp03, Sa10). In our
first round, in which we used only DBD2 of each of the re-
maining 65 LSRs as prey, we were able to make confident
predictions in 33 cases (Supplementary Table S1). In exam-

ining the failures, we noted that one integrase (Efs2) was in
fact a DDE recombinase [54] not an LSR, and that many have
additional structured protein at their C-termini that would be
expected to block the RDF binding region noted above. Not-
ing our findings for the Bxb1 test case, we repeated the failed
pulldowns using a larger fragment of the integrase protein as
prey, resulting in 10 more RDFs predicted with moderate to
high confidence.

In total, we were able to predict putative RDFs for 43 of the
64 integrases listed by Durrant et al. [10], and to speculatively
predict that at least some of the 24 of the remaining integrases
may not in fact have a cognate RDE, in some cases perhaps
due to substantial C-terminal extensions of the integrase pro-
tein that block the potential RDF binding site. The predicted
complexes chosen for experimental testing are shown in Fig.
4, with corresponding PAE plots in Supplementary Fig. S4.
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ipTM ——
: pTM ——

Figure 3. A scatter plot of the virtual pulldown for the phage-like element A118. Five models were predicted for the complex of each element-encoded
protein with the A118 integrase (dotted vertical lines separate sets of models). The plot shows two measures of confidence for each—pTM (red) and
ipTM (blue) scores—which were calculated using AlphaFold2-multimer v3 model in ColabFold v.1.5.2 [30, 45, 46]. The highest-ranking model for the
known RDF is highlighted with a yellow star. See Supplementary Fig. S3 scatter plots for the other LSR-RDF pairs shown in Fig. 2 and for the PAE plots

for the each of these known LSR-RDF pairs.

Many of the LSRs (57% or 38 out of 67) were from genomic
elements that Phaster deemed unlikely to be bacteriophages—
although Phaster may have mis-categorized them, they may
instead be other genomic islands with different control mech-
anisms. However, some of those LSRs for which we were able
to confidently predict an RDF also appeared to be from non-
bacteriophage mobile genetic elements. We were also able to
predict putative RDFs for many of the 34 integrases by Yang
et al. (Supplementary Table S1). In some cases, our procedure
predicted more than one putative RDF, in which case all are
listed.

The predicted RDFs adopt a variety of folds (Fig. 4). They
are clearly not predicted to fully restrain the mobility of the
CC. However, we noted a strong tendency of the RDF to in-
teract not only with DBD2 itself but also with the DBD2-
proximal segment of the CC (which is sometimes replaced
with beta strands; e.g. see Bxb1 in Fig. 2), suggesting that it
may partially restrain it, as seen experimentally for the SPbeta
RDF [13].

Experimental verification of newly predicted RDFs

To verify our method, we focused on predicted RDFs for nine
integrases: seven from the Durrant et al. list (Nm60, Bt24,
Cb16, Dn29, Enc3, Pc01, and Pa03) and two from the Yang
et al. list (Int10 and Int30). Nmé60, Bt24, and Cb16 were
the most active integrases shown in fig. 2I of [10] for which
we could predict a cognate RDE Int10 and Int30 were cho-
sen because two potential RDFs were predicted for both, and
we were curious as to whether or not both were active with
their corresponding integrase. Pa03 and Pc01 were chosen
because of the unusually large size of their putative RDFs.
Enc3 was chosen because of an unusual mode of RDF inter-
action: the DBD2-proximal portion of the CC, like that of
Bxb1 (Fig. 1), is predicted to be a pair of beta strands, and

the Enc3 RDF is predicted to add a third strand to that pair
(Supplementary Fig. S5). Pairwise sequence identity among
these test integrases was mostly under 20%, and the two most
closely related pairs were Nmé60 and Int30 (56% identical)
and Bt24 and Dn29 (55% identical) (Supplementary Fig. S5).
However, even these pairs showed differences in the conserved
nucleotides found in their predicted a#t sites (Fig. 5). While
the RDFs for these pairs of integrases also shared sequence
homology (Supplementary Fig. S5), attempts to align larger
collections of RDF sequences failed.

Confirmation of integrase and att site functionality

First, we verified the functionality of our integrase and sub-
strate constructs. Figure 6B (panel 1) shows the activities of
Nm60 integrase and its fusion recombinase on a#tP x attB
substrate. The results show Nm60 integrase mediated the
complete switching of gene expression from RFP to GFP fol-
lowing inverting the orientation of the promoter as a result of
attP x attB recombination reaction (Fig. 6A). Similar results
were obtained for the other integrases tested (Supplementary
Fig. S6). This confirms that the core sequences that we identi-
fied are correct and functional for attP x attB recombination.

Following successful attP x attB recombination by the in-
tegrases, we isolated the recombinant DNA plasmid product
and used this as a#tR x attL substrate for the excisive recom-
bination reaction. The plasmids were sequenced to ascertain
attR and attL sites were formed and to confirm the central din-
ucleotide crossover point we deduced based on half-site align-
ment (Fig. 5). The sequenced attR x aitL sites for the tested
integrases agreed with the predicted crossover points. Finally,
we found that, as expected of LSRs, the integrases were essen-
tially inactive on their cognate attR x attL substrates (Fig. 6
and Supplementary Fig. S6).
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Nm60
(pTM 0.65;
ipTM 0.795)

Int10
RS27775 RS27795 RS13965  RS10955

(0.615; 0.57) (0.586; 0.503) (0.667; 0.654) & (0.581; 0.58)

Pco1 X

(0.686; 0.857) (0.469; 0.634) (0.73; 0.695)

Figure 4. Predicted DBD2-RDF complex structures for the 11 LSR—-RDF pairs tested experimentally. DBD2 of the LSR is shown in yellow, the CC in
orange, and the RDF in cyan. If more than one potential RDF was predicted, a partial locus tag is added to disambiguate. Functional RDFs are marked
with stars and false positives with X's. PAE plots for each pair are shown in Supplementary Fig. S5. The confidence scores are given beneath each
model; closer to 1 denotes higher confidence.
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Nm60

TGTGTATAGGGTTAACATTTAAATCA P
AGTGTAGAGCGTCTACGATTGTACTG P’
ATGTTCGGCTACGGTGAGGTAAATCA B
ATTAGGGTCGAGTGACGATTGTACTG B’

Int30

AGTGTATATGGTAGAGAATTAAACCA P
CGTGTACATGGTGGAGTATTAAACTG P’
ATGTTTGGATATGGGGAAGTGAATCA B
ATGAGGGTACTGTGGCGGTTGTACTG B’

Bt24

TGTCGTCACCTTGTTGGTGTAATTAG P
TGTTATCACCCTGTTGGCGTCAACCT P’
TTTTTTGTGGCCATTAGGCGCATGAG B
GCTTTAGGGCTTAATGGCGTCAACCT B’

Dn29

CACAGATAAACAGTTAATGGTAATGA P
CACAGATAAACAGTTAATGTTATTTC P’
ATTGGTGTAGACAAGGAAGGTAATGA B
CCCAAAATATCTATCAAACTTATTTC B’

Cb16

TAGTGTAGTTTTACCTGTGCTGCACA P
TAATGGAGTTTTAACTGGTCTGGATG P’
TTTTTAGCTGTTATGGCTGCTGCACA B
ATAATTGGAGGTGGCTGGTCTGGATG B’

Discovery of RDFs by virtual pulldown 9

Enc3

TAATGTAACAACCTGTACTGAATGTG P
CGGTGTAACAACCTGTACTGGAAGCA P’
CCCACTGGGGCCGGAAAATCCCTTTG B
ATCATAAGGGCAGGGATTTGATAACA B’

Pc01
ATTGCGCTACACTCGGCACCCGACAC P
CGAGCGACACACAGCACTCCACATGT P’
GATAGITGACACTGCTTATTCAACAC B
CCAACAACACCACACACTCCACATGT B’

Pa03

GTGTGAGATTCACCCCTACCATTCGA P
GTGTGAGAATACCACCTGCCAGTCTC P’
CTGGAGGTCCTGCGCGAGCCGCTGGA B
CGGGCAATGACGATCTCGCCGCTITTC B’

Int10

GTGAGAGTTTTACTATCCTTGATTGA P
TAAATAATTTTAGTAACCTACATCTC P’
AAGGTTAAAGCTTTTACATTGGTGGA B
ATAATCAGCAAGACCACCAACATTTC B’

Figure 5. Alignment of LSR half-site sequences. The central dinucleotides are shown in bold and red font. DBD1 (also called RD) is expected to bind the
innermost 12 bases, and DBD?2 (also called ZD) is expected to bind the outer underlined segment. Bases that are conserved in three or four positions
are highlighted in yellow in the DBD1 motif and in bold in the DBD2 motif. This convention follows [38].

In vivo assay of RDF function

A functional RDF should inhibit the attP x attB recombina-
tion by its cognate LSR and activate attl. x a#tR recombi-
nation [12]. Figure 6B and Supplementary Fig. S6 show that
this is indeed the case for the single predicted RDFs for Nm60,
Bt24,Dn29, and Enc3, for both predicted RDFs for Int30, and
for one of the two predicted for Int10. For experiments using
these LSR-RDF fusion constructs, the final colonies were pre-
dominately red regardless of whether the starting substrate
was the attP x aitB one (red) or the attL x attR one (green).
However, the predicted RDFs for Cb16, Pc01, and Pa03, and
one of the two predicted Int10 RDFs failed to trigger attl x
attR recombination. For the Cb16 and the second Int10-RDF
fusions, the final colonies were predominately green regard-

less of which starting substrate was used (i.e. they behaved as
if no RDF was present). For the PcO1 and Pa03 integrase-RDF
fusions, the final colony color was primarily that of the start-
ing plasmid, indicating that fusion of these larger proteins to
the integrase’s C-terminus inhibited integrase activity. Overall,
these results confirm the efficacy of our virtual pulldown ap-
proach, with the caveat that 4 of 11 tested hits appear to be
false positives.

In all in vivo experiments, plasmids were extracted and se-
quenced to confirm that the a#t sites in the product plasmids
are as expected and in agreement with orientation of the pro-
moter directing the expression of GFP or RFP as shown in
Fig. 6. Results were fully consistent with the predictions in
Fig. 5.
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Figure 6. /n vivo recombination reactions of Nm60 integrase and its fusion with the RDF. (A) Schematic illustration of the in vivo recombination
(inversion) assay. In the plasmid pNm60-invPB, the promoter, flanked by attP and attB sites, constitutively drives the expression of an rfp gene (pink
arrow). To prevent transcriptional read-through to the gfp gene (green arrow), a terminator sequence is inserted upstream of the promoter.
LSR-catalyzed recombination (inversion) of attP x attB to give attR x attL products (plasmid pNm60-invRL) flips the orientation of the promoter to allow
the expression of GFP, and block RFP production. (B) Recombination activities of Nm60 integrase and its fusion to the RDF on attP x attB
(PNmM60-invPB) and attR x attL (PNm60-invRL) substrates. The integrase is depicted as a long oval (blue) and the RDF as a short oval (cyan).

A secondary screen for false positives

Our virtual pulldown used only the second DBD, in the ab-
sence of DNA, as bait. We wondered whether some of the
false-positive binding partners might interfere with formation
of a full integrase monomer-DNA complex even though they
were not predicted to bind to the core of the DBD2 DNA bind-
ing surface. AlphaFold3 can now predict protein-DNA com-
plexes, although the code is not available for automation, and
it docks proteins randomly with regard to DNA sequence [55].
We therefore asked whether AlphaFold3 would predict similar
RDF-DBD2 interactions if given full sequences for the inte-
grase, the putative RDF, and a 56-nt random-sequence DNA
duplex. Of the 11 test cases shown in Fig. 4, the predicted
RDF-DBD2 interactions were similar to those shown in Fig. 4
for all of the true positives and for the false positive Cb16, but
not for the other three false positives (Int10 RS10955, Pa03,
and Pc01). AlphaFold3 also failed to properly dock the known
RDFs for Bxb1l and PhiC31 onto their respective DBD2s,
but it should be noted that these are special cases where the
RDF is a moonlighting DNA-binding protein [27]. With that

caveat in mind, manually rescreening hits from a virtual pull-
down using AlphaFold3 could therefore help eliminate false
positives.

In vitro recombination activities of Nm60 integrase and
Nm60 integrase—-RDF fusion
Next, we tested the iz vitro recombination activities of Nm60
integrase and its integrase—~RDF fusion in both a#tP x attB and
attR x attL reactions. The proteins were expressed and puri-
fied as previously described for ¢ C31 and Bxb1 integrases and
their RDF fusions [52]. As shown in Fig. 7A, recombination of
pdNm60-invPB (attP x attB) to give pd Nm60-invRL (atzR
x attL) is accompanied by inversion of the DNA segment
flanked by the a#t sites. Treatment of the recombination reac-
tion product with the restriction endonuclease, Xhol, gave dis-
tinct restriction patterns for recombined and non-recombined
DNAs.

The activities of the two proteins on attP x attB substrate
are shown in Fig. 7B (first panel). Nm60 integrase catalyzed
the conversion of the substrate to the product, with more ac-

G20z 1snbny gz uo Jesn ujeq yeles Aq 06G0128/1694eX0/y L /£G/a[01e/1eu/woo dno olwepeoe//:sdiy wolj papeojumoqg



A Xhol

4226 1348

pNm&0-invPB
5574 bp

‘V Xhol
aftB
B attP x attB
Nm60. Int Nm60.Int-RDF

P

-nr

=nr

1 2 3 4 5

Integrase

+——
Integrase-RDF

—rec

=rec

Discovery of RDFs by virtual pulldown 11

Xhol

pNm60-invRL
5574 bp

attl

attR x attL

Nm60.Int Nme60.Int-RDF

el il

—-rec
-nr

=nr

—rec

6 7 8 9 10

Figure 7. /n vitro recombination reactions of Nm60 integrase and its fusion with the RDF. (A) Schematic illustration of the in vitro recombination
(inversion) assay. LSR-catalyzed recombination (inversion) of attP and attB sites in pNm60-invPB gives rise to attR and attL sites in the product plasmid
(pNm60-invRL), and vice versa. (B) Reactions were carried out for 2 h as described in the “Materials and methods” section. Integrase and
integrase—-RDF fusions were used at two final concentrations of 50 and 100 nM. Reaction products were digested with the restriction endonuclease,
Xhol, prior to 1.2% agarose gel electrophoresis. As illustrated in panel (A), digestion of the plasmids with Xhol gives different restriction patterns for
recombined and non-recombined DNAs. The bands on the gel are labeled nr (non-recombinant, i.e. substrate) and rec (recombination product).

tivity seen in the 50 nM integrase reaction than the one with
100 nM integrase. As expected, fusion of the RDF to the inte-
grase inhibited a#tP x attB recombination with no DNA cor-
responding to the recombinant product visible on the gel. The
second panel shows the results of the atfR x attL reaction. As
expected, purified Nm60 integrase failed to catalyze the reac-
tion, while the integrase-RDF fusion recombined atfR x attL
to give attP x attB. These in vitro recombination activities
agree with the in vivo results described above (Fig. 6). Similar
results were found for purified Int30 and Int30-RDF fusion
proteins (Supplementary Fig. S7).

Discussion

Using AlphaFold2-multimer to perform virtual pulldowns, we
identified putative RDFs for ~60% of our test set of integrases
(Supplementary Table S1) [10]. For six of the nine integrases
chosen for experimental testing, at least one predicted RDF
stimulated a#tl. x attR recombination and inhibited a#P x
attB recombination, as expected of an RDFE For Int30, two
functional RDFs were found. Because they have highly similar
sequences and predicted structures, it is unsurprising that both
were active as RDFs. However, it is surprising that a single
phage encodes two functional RDFs.

This demonstrates the feasibility of our approach, which
can obviate the need for painstaking genetic experiments to
find the cognate RDF for a given LSR. It also adds to the
growing body of reports demonstrating the power of the Al-
based virtual pulldown approach [31]. In fact, a similar ap-
proach was reported in finding an RDF for the Yin element of
Clostridium botulinum [56].

Although 4 of the 11 putative new RDFs were inactive
when tested, we found that secondary screening using Al-
phaFold3 could have removed three of these from the test-
ing pipeline. The PAE plots for these three predictions were
not the most convincing of the tested set—they were cho-
sen instead for potentially interesting features: PcO1 and Pa03
because the unusually large size of the predicted RDFs sug-
gested that they could be moonlighting proteins with addi-
tional non-RDF functions, and Int10 RS10955 was tested be-
cause it was a second hit for the same integrase. In comparing
the two potential RDFs tested for Int10, we noted that the
non-functional one, while predicted to interact with DBD2,
was not predicted to interact with the DBD2-CC junction re-
gion as seen for the functional RDFs. It remains unclear how
we could have eliminated the fourth false positive, the non-
functional predicted RDF for Cb16: it passed the secondary
screen, is predicted to bind DBD2-CC junction, and the ipTM
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of 0.503 for that prediction, while lower than that for many,
was the same as that for one of the functional Int30 RDFs.

The two predicted RDFs for Int30 are highly similar in their
sequences and predicted structures. Hence, it is unsurprising
that both proteins were active as RDFs, although it is surpris-
ing that a single phage encodes two functional RDFs.

There are many possible explanations for why we could
not confidently predict RDFs for some of the LSRs in our test
set. First, AlphaFold2-multimer may have returned false neg-
atives, especially for unusual sequences due to a shallow mul-
tiple sequence alignment or for unusual cases of moonlighting
RDFs—i.e. cases where both proteins have multiple homologs
in the database, but most of the integrase homologs use a dif-
ferent RDF, and thus the sequence databases lack a sufficient
co-evolutionary signature. Second, our bait lists only included
ORFs found between the ends of the integrase-encoding phage
or mobile element, but the relevant RDF may be encoded else-
where, as seen for the PLE2 element [26]. Finally, there may
not be an RDF: e.g. the LSRs encoded by the staphylococ-
cal SCCrmec element can catalyze recombination with roughly
equal efficiency on a variety of att site pairings [57]. How that
element’s excision and integration are regulated is poorly un-
derstood [57]. We also note that although the attP x a#tB re-
combination activity of most of the LSRs in our test set was
previously verified [10, 34], their activity on a full range of att
site pairs remains untested.

AlphaFold2 models of the SCCrmec LSRs showed that they
do have additional beta strands at the C-terminus of DBD2
that could block the RDF binding site here. However, further
studies are needed to determine whether the existence of such
C-terminal extensions is an accurate predictor of a lack of a
cognate RDF and a lack of directionality, or whether some
LSRs with such extensions have found an alternate solution
to directionality.

Access to a larger pool of characterized LSR-RDF
pairs
The virtual pulldown workflow and predictions described
here will greatly facilitate identification of the RDFs for
known integrases and for those yet to be discovered. This
will give access to a larger pool of integrase-RDF pairs avail-
able for fundamental studies on the reaction mechanism of
the integrase—-RDF system. Insights gained from studying sev-
eral structurally diverse RDFs and how they interact with their
cognate integrases could provide a better understanding of the
quintessential properties of an RDF. This knowledge could be
used to iteratively create a set of structure and property pro-
files to find common themes among the highly variable RDFs
and their LSR interactions, and thus a better understanding of
what is important for optimal function.
AlphaFold2-multimer predicts that despite their structural
diversity, all the verified RDFs that we looked at are predicted
to bind their cognate integrase at the DBD2-CC junction (Figs
2 and 4) while one of the false positives was predicted to bind
elsewhere on DBD2, further supporting the hypothesis that re-
straining or altering the trajectory of the CC is critical to RDF
function [13, 24]. In comparing the predicted RDF-DBD?2 in-
teractions, we find no universal interaction motif. Most but
not all add at least one additional beta strand to DBD2’s beta
sheet—a common protein—protein interaction motif that may
serve as an “anchor” to hold the RDF to the core of DBD2.
Additionally, most but not all are predicted to include a seg-

ment that could interact with the DBD2-proximal portion of
the CC. Given the difficulties that AlphaFold has in predict-
ing which conformation of a flexible protein occurs in which
context, and that it can under-predict the presence of hinges
within helices or fraying at the ends of helices, experimen-
tal structural information is required to confidently predict
exactly how these RDFs alter the DNA-bound complexes of
their cognate integrases. We envisage that the availability of
a wide range of known RDFs will provide a foundation for
the development of a universal method for designing synthetic
RDFs or RDF-independent integrases engineered to catalyze
the excisive attR x attL. recombination. Additional structural
information will be required to achieve these goals.

Genetic circuits and logic gates

The potential applications of large serine integrases in build-
ing genetic circuits and logic gates have been explored in
prokaryotic and eukaryotic systems [6, 7, 51, 58-60]. These
examples have been built using the same set of few charac-
terized LSRs and their RDFs. The new RDFs characterized
here and the virtual pulldown protocol for identifying new
ones will enable the design and testing of multiplex genetic
circuits built from orthogonal LSR-RDF modules. It is antic-
ipated that these constructs will be used in designing more
complex cellular operations with applications in engineering
biology.
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The data underlying this article have been deposited
in  Mendeley (output of AlphaFold2-multimer); Vir-
tualPulldown_predicted_structures_full_length_LSI
(https://data.mendeley.com/datasets/ky6ptcbrég/1), Vir-
tualPulldown_predicted_structures_ DBD2 (https://data.
mendeley.com/datasets/x8b3zwn2pf/1), and Int1_34
(https://data.mendeley.com/datasets/8ktg473htr/1). Plas-
mids used for the in vivo assays are being deposited with
Addgene.
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