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Abstract

Tn3 family transposons are a widespread group of replicative transposons, notorious for contributing to the dissemination of antibiotic resistance,
particularly the global prevalence of carbapenem resistance. The transposase (TnpA) of these elements catalyzes DNA breakage and rejoining
reactions required for transposition. However, the molecular mechanism for target site selection with these elements remains unclear. Here, we
identify a QLxxLR motif in N-terminal of Tn3 TnpAs and demonstrate that this motif allows interaction between TnpA of Tn3 family transposon
Tn1721 and the host β-sliding clamp (DnaN), the major processivity factor of the DNA replication machinery. The TnpA-DnaN interaction is
essential for Tn1721 transposition. Our work unveils a mechanism whereby Tn3 family transposons can bias transposition into certain replisomes
through an interaction with the host replication machinery. This study further expands the diversity of mobile elements that use interaction with
the host replication machinery to bias integration.
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ntroduction

NA transposition is a common mechanism for horizontal
ene transfer allowing a discrete region of DNA called a trans-
oson to move from one location to another within the cell (1).
he gene encoding the recombinase that moves transposons,

he transposase, has been argued to be one of the most abun-
ant genes in nature, reflecting their important role in accel-
rating biological diversification and evolution of all forms of
ife (2).

Tn3 family transposons are a widespread group of bacterial
ransposons, known for the variety of passenger genes they
obilize, including genes associated with, beneficial catabolic
athways, virulence determinants, toxin-antitoxin systems,
nd especially antimicrobial drug resistance (3,4). Several
embers of the Tn3-family (e.g. Tn4401 and Tn1721) are re-

ponsible for the global prevalence of Klebsiella pneumoniae
arbapenemase (KPC)-producing Enterobacterales, regarded
s a major threat to public health worldwide (5–7). An intrigu-
ng feature of Tn3-family transposons is their target site selec-
ion bias, which is expected to facilitate their broad distribu-
ion. Tn3-family transposons preferentially insert into other
obile elements such as phages and plasmids, but especially

onjugal plasmids, a targeting feature that is expected to facil-
tate dissemination of the element to new hosts (8,9). Several
embers were found to preferentially insert into the region

lose to the replication origin or termination region where
eplication forks are predicted to progress slowly or stall. The
n4430 transposase also preferentially binds to nicked DNA
ubstrates that mimic a replication fork in vitro (10). These
ndings suggested the Tn3 family transposition machinery
ay have adapted to specifically target features of DNA repli-

ation to promote target site selection. Such interactions have
een described for other unrelated mobile genetic elements,

ncluding Tn7, IS608 and group II Introns (11–13). The re-
ombinases in these systems have been shown to interact with
he β-sliding clamp (DnaN), an essential replication factor
hat provides processivity to DNA polymerases and coordi-
ates numerous enzymatic activities in the replisome (14,15).
nterestingly, interaction between recombination proteins and
rocessivity factors has also been suggested in other domains
f life. For example, LINE-1 element mobilization peaks in S
hase and utilizes and interaction with the processivity factor
CNA in human cells (16,17).
In this work, we identified a conserved a QLxxLR motif in

he N-terminal region of Tn3 TnpAs which resembles the mo-
if known to accommodate interaction with DnaN. We show
hat this motif in the TnpA transposase of Tn1721 is involved
n binding β-sliding clamp physically and functionally. Such
n interaction is crucial for transposition and likely helps bias
ransposition into regions associated with DNA replication.

utations in this motif abolish or drastically reduce transpo-
ition. Based on these results, we propose a model to describe
mechanism whereby Tn3 family transposons can bias trans-
osition to replisomes through an interaction with the host
eplication machinery.

aterials and methods

ioinformatics analysis.

rotein sequences were extracted from GenBank-format files
f all 26 573 bacterial genomes downloaded from NCBI
efSeq database (18) on 29 May 2021. The profile for
the Tn3-family transposase (TnpA) (DDE_Tnp_Tn3 domain,
PF01256) (19), was used in a hmmsearch (HMMER 3.3.2)
(20) (E-value < 1e-5) to identify homologs. A total of 15 566
TnpA proteins were identified (Supplementary Dataset S1).
After removing duplicates, 3 097 non-redundant TnpA pro-
teins were obtained (Supplementary Dataset S2). Candidate
proteins were scanned for the putative DnaN-binding mo-
tif, 6 amino acid sequence using FIMO (21) (E-value < 1e-
9). Taxonomy information of proteins were obtained from
NCBI Taxonomy database (22) using R package rentrez (23).
Multiple sequence alignment of proteins was performed using
the L-INS-i method in MAFFT v7.481 (24) and visualized by
Jalview (25). Phylogenetic trees were constructed using Fast-
Tree version 2.1.10 (26) with default parameters and visual-
ized by iTOL (27). Sequence logos of conserved motif was
created using WebLogo (28). Tn3 family transposons were
identified using BLASTn search (H-value ≥ 0.8) against se-
quences in the VRprofile2 database of genes predicted to be in
the mobilome (29). 3 653 transposons were obtained in total
(Supplementary Dataset S3). Then, 300 base pairs sequences
upstream and downstream of these mobilizable transposons
were also extracted, and clustered by CD-HIT to remove re-
dundancy (identities ≥ 90%).

Bacterial strains, media and growth conditions

The strains of Escherichia coli used for this study are listed
in Supplementary Dataset S4, along with a full description
of strain source and modification (if any). E. coli strains
were routinely grown at 30◦C or 37◦C on LB medium. An-
tibiotics were added to the medium as required, at the in-
dicated concentrations: 50 μg/ml kanamycin (Kan), at 100
μg/ml ampicillin (Amp), 30 μg/ml chloramphenicol (Cam),
10 μg/ml tetracycline (Tet), 10 μg/ml trimethoprim (Tmp),
10 μg/ml gentamicin (Gen), 20 μg/ml nalidixic acid (Nal) and
100 μg/ml rifampicin (Rif).

Strain construction

A recA1 version of BW25113 (TYS140) was constructed
by P1 transduction using linkage to srlD3131::Tn10. The
srlD3131::Tn10 allele can be positively selected with tetra-
cycline resistance and negatively selected using the inability of
srlD mutants to grow on sorbitol as a sole carbon source. Suc-
cessful movement of the recA1 allele is determined by screen-
ing UV sensitivity expected with loss of RecA activity.

A FLP expressing E. coli host (TYS149) was constructed
by cloning the gene expressing FLP into a miniTn7 element,
which integrates into the attTn7 site in the chromosome. The
Tn7 delivery plasmid which also expresses the Tn7 transpo-
sition machinery was cured at the nonpermissive temperature
for the vector (pMS26_FLP (pTY27)) using a previously de-
scribed procedure (30).

Plasmid construction

Plasmids used in this study are listed in Supplementary
Dataset S5, along with the DNA sequences of constructs. Stan-
dard molecular cloning techniques were used to make the
vectors described below using NEBuilder HiFi DNA assem-
bly master mix (New England BioLabs, USA). Primer pairs
and gBlocks used for this study are listed in Supplementary
Dataset S6 and Supplementary Dataset S7, respectively. pTY1
was constructed by assembling gBlockA, gBlockB and one
PCR product amplified from pVInt (JEP1219 + JEP1220).

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
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pTY2 was constructed by assembling one PCR product am-
plified from pTY1 (JEP1221 + JEP1222) and one PCR prod-
uct from pGPS1.1 (JEP1226 + JEP1361). pTY3 was con-
structed by assembling two PCR products amplified from
pTY2 (JEP1221 + JEP1222 and JEP1361 + JEP1362) and one
product from pBAD24-FLP (JEP1363 + JEP1364). The tnpA
expression plasmid, TYS4 was constructed by assembling one
PCR product amplified from pBAD322 (JEP1227 + JEP1228)
and one PCR product amplified from pHS10842 (JEP1229 +
JEP1230, accession number: KP125892.1). QLxxLR mutants
of tnpA were introduced into pTY4 by assembling two
PCR product amplified from pHS10842 (JEP1209 + JEP1524
and JEP1288 + JEP1525, Q54A; JEP1209 + JEP1526 and
JEP1288 + JEP1527, L55A; JEP1209 + TP67 and JEP1288 +
TP68, C56A; JEP1209 + TP69 and JEP1288 + TP70, L57A;
JEP1209 + TP71 and JEP1288 + TP72, L58A; JEP1209 +
TP73 and JEP1288 + TP74, R59A) and pTY4 digested with
EcoRI and BlpI. His-tagged transposase expression vectors
were constructed by assembling PCR product amplified from
pHS10842 (JEP1239 + JEP1288) and cognate plasmid di-
gested with PmlI and HindIII.

pTY18, pTY19, pTY20 were constructed by assembling
one PCR product amplified from pBAD322 (JEP1227 +
JEP1228) and one PCR product amplified from pMXB10
(TP107 + TP108, pTY18) or MG1655 (TP103 + TP104,
pTY19; TP90 + TP97, pTY20). pTP21, pTP22 and pTP23
were constructed by assembling pET28a digested with NcoI
and BlpI, and one PCR product amplified from pTY4 (TP95 +
TP96), MG1655 (TP80 + TP81) and pMXB10 (TP113 +
TP114), respectively. pTY24 was constructed by assembling
one PCR product amplified from pACYC184 (TP129 +
TP130) and one PCR product amplified from pTY21
(TP131 + TP132). pTY25 was constructed by assembling one
PCR product amplified from pACYC184 (TP129 + TP130)
and one PCR product amplified from pTY22 (TP131 +
TP132). pTY26 was constructed assembling one PCR prod-
uct amplified from MG1655 (TP109 + TP115) and pMXB10
digested with NdeI and XhoI. pTY27 was constructed by
ligating PCR product of FLP amplified from pBAD24-FLP
(JEP1450 + JEP1451) into the XhoI site of pMS26 following
digestion with XhoI.

Pulldown assays

Proteins with the Flag-tag were expressed from pET28a in
E. coli BL21 (DE3), His-tag proteins were expressed from
pBAD322 in BW27783. Cells were grown in LB with appro-
priate antibiotic and 0.2% glucose to OD600 of 0.6 and in-
duced with 0.5 mM isopropylthiogalactoside (IPTG) or 0.2%
arabinose at 18◦C overnight. Aliquots (2 ml) were centrifuged
and the pellets were resuspended in 1 ml of lysis buffer (20
mM Tris pH 7.4, 200 mM NaCl). Re-suspended cells were
sonicated with four pulses of 10 s each, and were then cen-
trifuged at 12 000 × g for 30 min at 4◦C. For His-tagged
protein, 80 ul of Anti-His Affinity Gel was added to the super-
natant, which was then incubate at 4◦C for an hour. The gel
was washed three times with lysis buffer and then mixed with
the with the supernatant of Flag-tagged proteins, and the re-
sulting mixture was incubated at 4◦C for 3 h with gentle shak-
ing. The gel was washed four times and resuspended in 100 μl
of LDS sample buffer. The binding of Flag-tagged protein to
His-tagged protein was assessed by western blot analysis with
anti-Flag rabbit monoclonal antibodies (ABclonal AE063).
Far-western blotting

Far-western blots were performed as described previously
(31). The lysate of E. coli BL21 (DE3) expressing MBP-Flag
(Control) and TnpA-Flag from pTY21 and pTY23 were sub-
jected to SDS-PAGE, and protein bands were bound to the
PVDF (Millipore) membranes. The proteins were denatured
and renatured as described previously (13). The membrane
was blocked for 1 hour at room temperature in Protein Free
Rapid Blocking Buffer (EpiZyme, PS108P), and then incu-
bated with DnaN-His (total 5 μg, 1 μg/ml-1) in the interaction
buffer (100 mM NaCl, 20 mM Tris (pH 7.6), 0.5 mM EDTA,
10% glycerol, 0.1% Tween-20, 2% skimmed milk powder
and 1 mM DTT) overnight at 4◦C. After interaction, the mem-
brane was washed three times with PBST and then incubated
with HRP-conjugated monoclonal anti-His antibodies (AB-
clonal, AE028) in PBST for 2 hours at room temperature. The
membrane was washed three times with PBST, and detected
using an ECL kit (Tanon), according to the manufacturer’s in-
structions.

Protein purification

His-tagged proteins were purified as described (32). The
DnaN protein without a tag was purified using the IMPACT
system (NEB) according to the manufacture’s recommenda-
tions. Proteins were dialyzed in storage buffer before freezing
for storage (25 mM Tris [pH 7.5], 200 mM KCl, 10% glyc-
erol).

Biolayer interferometry (BLI)

The affinity of TnpA for DnaN was measured by biolayer in-
terferometry using a ForteBio Octet RED 96 instrument (For-
tebio, Fremont, CA, USA). The His-tagged TnpA and MPB
(control) proteins (at a concentration of 0.5μM) were immo-
bilized on Ni-NTA biosensors (Fortebio) previously hydrated
with running buffer (25 mM Tris [pH 7.5], 150 mM NaCl).
Various amounts of DnaN protein (typically 0.5, 1, 2, 3 and
4μM) were used in the association steps. The response was
monitored as follows: initial baseline for 60 s, loading for 60 s,
association for 180 s and disassociation for 180 s. The Ni-
NTA biosensors were regenerated in buffer containing 10 mM
glycine pH 1.7, and recharging in 10 mM NiSO4. Each sen-
sor gram was compared with the reference signal obtained for
buffer alone at the start of each experiment. Data were an-
alyzed using 1:1 binding stoichiometry, and the equilibrium
dissociation constant, KD, was calculated using Octet RED
96 Data Analysis Software version 7.0 (Fortebio).

Bacterial two-hybrid assay

The bacterial two hybrid assay was performed to assess in-
teraction between TnpA and DanN in vivo as previously re-
ported with modification (33,34). DnaN was fused to the
T25 domain of the Bordetella adenylate cyclase and TnpA,
QLxxLR mutants, positive control (HolA) and negative con-
trol (MPB) were fused to the T18 domain of the Bordetella
adenylate cyclase. Plasmids encoding fusion proteins were co-
expressed in the reporter strain BTH101. Single colonies for
each transformation were inoculated into 4 ml of LB medium,
respectively, and grown at 37◦C, 220 rpm overnight. The cul-
ture was adjusted to OD600∼1, and 20 μl culture of each bac-
terial sample was spotted onto LB agar plates supplemented
with kanamycin, ampicillin and X-Gal (40 μg/ml). Plates were
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ncubated for 8 h at 37◦C. In parallel, one milliliter of cells was
arvested and subsequently resuspended in 1 ml of Z buffer.
-Galactosidase assays were performed as previously reported

35). β-Galactosidase activity is quantified in units defined as:

Miller Units = OD420

OD600 × Time (min)
× 1 000.

The experiments were performed with three biological
eplicates, each with three parallel independently cultured
amples.

ransposition assay

ransposition was monitored with a mini-Tn1721 element en-
oded in plasmid pTY3, which also expressed the arabinose-
nduced FLP recombinase. The mini-Tn1721 is comprised of
he left and right ends of Tn1721 flanking the kanamycin-
esistant gene (Kan) and FLP recognition target (FRT) site.
he FRT site recognized by the FLP recombinase was used to
llow resolution of cointegrates formed during Tn3 replicative
ransposition, an efficient site-specific recombinase.

Mating-out transposition assays were performed in
W25142 with pTY3, conjugative plasmid pOX38-Gen, and
derivative of arabinose-induced TnpA expression vector

ndicated in Supplementary Dataset S5 to monitor transposi-
ion frequency and targeting in the conjugative plasmid (See
esults). Overnight cultures of the donor were subcultured
nto LB supplemented with appropriate antibiotics at a ratio
f 1:100 and transposases expression induced with arabinose
r IPTG for approximately three hours. The induced culture
ere washed twice and mixed with prepared mid-log CW51

ecipient strain at a ratio of 1:10 (donor:recipient) and then
ncubated for 16 hours at 37◦C to allow mating. The cultures
ere collected and then serially diluted in LB 0.2% w/v

lucose and plated on LB supplemented with nalidixic acid,
ifampicin, gentamycin, with or without kanamycin. Plates
ere incubated at 37◦C for 24 h. The transposition frequency
as calculated as the number of KanR GenR Nal R RifR

ransconjugants (transposition events) per GenR Nal R Rif R

ransconjugant (pOX38-Gen conjugation events).
Mating-in assays were performed to monitor transposition

requency and a preferential targeting across the genome (See
esults), in which TYS149 with arabinose-induced TnpA ex-
ression vector was used as recipient and BW20767 with
ini-Tn1721 plasmid pTY2 was used as donor. The induced

ecipient strain were mixed with prepared mid-log donor at
ratio of 2:1 (recipient:donor) and incubated on LB supple-
ented with 0.2% w/v arabinose and rhamnose for 3 h to al-

ow mating. After incubation, cultures were collected and then
erially diluted in LB 0.2% w/v glucose and plated on LB sup-
lemented with kanamycin and tetracycline or trimethoprim.
lates were incubated at 37◦C for 24 h. The transposition fre-
uency was calculated as the number of KanR TetR colonies
transposition events) per KanR TmpR colonies (donor).

apping transposition events

ndividually isolated CW51 transconjugants from the mate-
ut assay and BW25113 colonies from mating-in assay with
ini-element transposition events were purified on LB supple-
ented with appropriate antibiotics. Arbitrary PCR and se-
uencing were performed to capture the position and orienta-
ion of transposition events using the exact protocol used pre-
iously but with primers specific to this element (36). Primer
set R1 (TP13 + TP3, for IRR) and L1 (TP13 + TP6, for IRL)
were used for the first PCR. Primer set R2 (TP2 + TP4, for
IRR) and L2 (TP2 + TP7, for IRL) were used for the second
PCR. TP5 and TP8 were used for sequencing.

Prediction and analysis of transposase structure

The structure of the Tn4430 (PDB ID: 7QD8) transposase
dimer and the dimer complex with DNA (PDB ID: 7QD4)
were obtained from RCSB database (37). The prediction
of protein structure was achieved via AlphaFold version
2.3.1 (38) with the template of Tn4430 (PDB ID: 7QD8),
running on the Siyuan-1 cluster supported by the Cen-
ter for High Performance Computing at Shanghai Jiao
Tong University with the parameters on Mendeley Data
(DOI:10.17632/hnmhh6w2st.4). The conservation of amino
acids in Tn4430 was aligned by clustal omega 1.2.2 (39) and
calculated by BLOSUM62 (40). EvoRator (41) was used to
predict and visualize site-specific evolutionary rates from pro-
tein structures of Tn4430, to understand functional regions
of the protein. Protein structures and amino acid conservation
was visualized using PyMoL (The PyMOL Molecular Graph-
ics System, Version 2.5.5 Schrödinger, LLC).

Results

Bioinformatic analysis of TnpA in Tn3-family
elements reveals a putative DnaN-binding motif

To support a comprehensive understanding of Tn3-family
transposons, we conducted a bioinformatics analysis using
amino acid sequences of Tn3 TnpA. Using a HMMER search
with Tn3 TnpA profiles (DDE_Tnp_Tn3, PF01256) (19), we
identified 15 566 TnpA protein sequences (Supplementary
Dataset S1). After removing duplicates, 3 097 non-redundant
TnpA proteins belonging to the Tn3 family were obtained
(Supplementary Dataset S2). In our Supplementary Table S1,
the largest percentage of the TnpA proteins was from the
Enterobacterales (8 681/15 566, 56%), followed with Pseu-
domonadales (1 390/15 566, 9%). To a lesser extent, exam-
ples were also found in the Burkholderiales, Bacillales, and
Lysobacterales, accounting for about 5% of the total. Simi-
larity trees of Tn3 TnpA sequences supported that this family
of elements is widespread in diverse species (Figure 1A and
Supplementary Figure S1). An alignment of TnpA proteins re-
vealed a sequence motif in the N-terminal region of TnpA that
resembles the QL (S/D)LF motif used for interaction with the
sliding clamp protein in bacteria (Figure 1B) (42). We could
identify 39 unique peptides with the six-residue motif within
this region (Figure 1B). The WebLogo from these 39 exam-
ples supported the presence of the QLxxLR motif (Figure 1C).
Around 46% (7 161/15 566) of TnpA sequences had exam-
ples of this motif (Figure 1D and Supplementary Table S1).
The percentages of the motif positive TnpA proteins were
highest in Enterobacterales, Pseudomonadales and Aeromon-
adales, and lower in Burkholderiales, Bacillales, Lactobacil-
lales, Sphingomonadales and Hyphomicrobiales in the avail-
able sequenced genomes. The motif was rare in Lysobacterales
and Kitasatosporales. Interestingly, the presence of the motif
tracks with specific sub-branches supporting the idea that it
represents an evolved adaptation within certain lineages of the
elements (see discussion).

Additionally, we conducted a BLASTn search (H-value ≥
0.8) using a collection of predicted mobile elements, the

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
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Figure 1. Bioinformatic analysis of Tn3-family TnpA proteins reveals a putative DnaN-binding motif. (A) Phylogenetic tree of 3 097 non-redundant TnpA
proteins belonging to Tn3 family. The various colors in the outer ring indicate the Order of host strains from which TnpA is identified. Only the top ten
Orders are indicated, and the remaining Orders are indicated in light grey. The inner red ring indicates TnpA proteins containing putative β-sliding clamp
binding motif, and their lines are also depicted in red. (B) An alignment of 39 unique TnpA homologues encompassing the putative β-sliding clamp
binding motif is presented with the dashed box. The consensus sequence of the region between residues 54 and 59 containing the putative
DnaN-binding motif are shown in bold. Conserved residues within this motif are highlighted in yellow (hydrophobic), green (polar) and blue (positively
charged). The consensus DnaN-binding motifs found in bacterial host proteins (QL[S/D]LF) is given for reference. (C) Weblogo depicting conserved
residues following alignment of DnaN-binding motif. (D) Distribution of TnpA proteins with and without the putative β-sliding clamp binding motif in
different Orders. (E) The structure of Tn4430 TnpA. The putative DnaN-binding motif and DBD1 were colored as red and cyan, respectively. The arm
between DBD1 and DBD2 were indicated in yellow. (F) The conservation of amino acids in Tn3-family TnpAs. The conservation degree was visualized by
gradient colors. The colors ranged from turquoise to red, with red indicating a higher conservation (90–100% identity) and turquoise indicating a lower
conservation (less than 10% identity). Additionally, a middle level of conservation (50–60% identity) is indicated by light purple. Close up view of the
putative DnaN-binding motif was shown in the lower graphs. (G) The site-specific evolutionary rates of Tn3-family TnpA. The evolutionary rate of each
amino acid of Tn4430 was gradient colored from turquoise to dark magenta. Higher evolutionary rates were indicated by colors closer to dark turquoise,
while lower rates were represented by darker shades of magenta.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/52/17/10416/7730536 by guest on 10 O

ctober 2024



Nucleic Acids Research, 2024, Vol. 52, No. 17 10421

V
t
i
t
D
r
t
a
t
b
u
s
r
o
i
q
t
a
a
t
e
t

T
m
D
l
i
d
t
i
1
r
W
o
m
t
t
o
S
a
a
E
l
d
T
p
a
T
a
D

A
b

T
i
c
t
c
i
H

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/52/17/10416/7730536 by guest on 10 O

ctober 2024
Rprofile2 database. This search identified 3 653 Tn3 family
ransposons and a screen of non-redundant sequences flank-
ng these transposons indicated at least 1 019 unique in-
egration events (Supplementary Table S2, Supplementary
ataset S8 and Supplementary Dataset S9). Among these non-

edundant sequences, more than 60% belong to TnpAs with
he QLxxLR motif (636/1 019, 62% for upstream sequences
nd 930/1 367, 68% for downstream sequences), indicating
hat these motif-containing TnpAs are actively mobilized. To
etter understand which instances in the database were from
nique insertion events and which where examples where the
ame integration event was sequenced multiple times, we car-
ied out an additional calculation. We calculated the ratio
f the instances of each named transposon to its number of
ndependent insertions to give a sense for the activity in se-
uenced representatives. In the top five transposons, the ra-
ios of Tn6016, Tn4656, Tn6082 and Tn1 are higher than the
verage value, suggesting that these transposons may be less
ctive. In comparison, the ratios of several members are less
han 2, including Tn5563, Tn3, Tn4430, Tn1721, Tn5422,
tc., implying that these elements are actively moving in na-
ure in the sequenced representatives.

According to recently described cryo-EM structures of
n4430 TnpA, the transposase is a dimer (43). We could
ap the putative DnaN-binding motif to the central helix of
NA-binding domain1 (DBD1) situated between several he-

ices (Figure 1E). To determine whether this motif is conserved
n 3D structures of Tn3 family TnpA proteins, we further pre-
icted the structures of 12 representative transposases from
he subgroups of Tn3 family elements (3) via AlphaFold2 us-
ng Tn4430 as the template. The AlphaFold structures of all
2 TnpA proteins predict a highly similar configuration in the
egion of the DnaN-binding motif (Supplementary Figure S2).
e mapped the conserved amino acids on a 3D structure

f Tn4430 TnpA and found that the putative DnaN-binding
otif and the surrounding amino acids were conserved, and

hat the hydrophilic side chain of R60 extends outward from
he DBD1 core, aligning on the surface in a manner anal-
gous to the predicted structure of Tn1721 (Figure 1F and
upplementary Figure S2). Moreover, an evolutionary rates
nalysis of amino acids in Tn4430 TnpA via EvoRator (41)
lso confirmed the conservation of this motif (Figure 1G). The
voRato program calculates an evolutionary rate, where a

ow value indicates that conservation at the position may be
ue to structural properties, but not a functional interaction.
he highly conserved structure and position of this motif im-
ly it might be involved in interacting with DnaN and play
n important role in transposition with Tn3 family elements.
herefore, we hypothesized that Tn3 TnpA targets structures
ssociated with DNA replication through an interaction with
naN.

QLxxLR motif in TnpA facilitates interaction
etween Tn1721 TnpA and the host DnaN

n1721 TnpA was tested for a TnpA-DnaN interaction us-
ng a pulldown assay with His- and Flag-tagged proteins from
leared lysates from E. coli cells. The previously established in-
eraction between the clamp loader subunit HolA and DnaN
ould be detected (Figure 2A, lane 2), an interaction not seen
n the MBP-His control lane (Figure 2A, lane 1). Like the
olA-DnaN control (Figure 2A, lane 2) we identified an in-
teraction between TnpA and DnaN (Figure 2A, lane 3), sup-
porting a model that the TnpA transposase interacts with this
important component of the bacterial replisome. We could
also detect the previously established DnaN-DnaN and TnpA-
TnpA interactions, proteins known to form homodimers (Fig-
ure 2A, lanes 4 and 5) (43,44). Consistent with the pulldown
assay, we detected a specific signal for His-tagged DnaN at the
same molecular weight as the TnpA-Flag, using a far-Western
blot (Figure 2B). A signal was not detected in the MBP-Flag
negative control lane (Figure 2B). For a quantitative analysis
of the TnpA–DnaN interaction, we utilized the biolayer inter-
ferometry to test the affinity between TnpA and DnaN. The
KD of TnpA-DnaN interaction was determined to be ∼0.29
μM. For comparison, the negative control MBP protein dis-
played no substantive binding to DnaN (Figure 2C). Together,
these results indicate that the TnpA physically interacts with
DnaN in multiple in vitro assays.

To further test the role of putative QLxxLR motif of TnpA
in binding DnaN, we constructed a set of TnpA mutants re-
placing specific amino acids within this region with alanine
and conducted bacterial two-hybrid assay for quantitative
analysis. Three TnpA mutants (Q54A, L55A and R59A) were
reduced in their ability to interact with DnaN (Figure 2D
and E). This was of interest because R59 was predicted to
protrude from the surface of TnpA within the DBD1 region
(Supplementary Figure S3). Changes at three other amino acid
positions (C56A, L57A and L58A) did not appear to influence
DnaN binding in our assay. These results support the notion
that the conserved QLxxLR motif plays an important role in
interacting with DnaN. Albeit, that amino acid changes within
this motif show different effects in the static conditions used
in this assay. Western blots indicate that changes in stability
or expression of TnpA do not account for our finding (see
Figure 4A). Together, these results support the view that the
conserved QLxxLR motif of Tn3 TnpA is involved in binding
DnaN. Previous studies examining the interactions between
DnaN and various bacterial DNA polymerases indicate that
the QLxxLR motif interacts with a hydrophobic pocket in
DnaN, but that each DNA polymerase will additionally have
other interactions with other regions of DnaN. It is expected
that TnpA from Tn3 family elements are likely to have multi-
ple interactions with DnaN in addition to the QLxxLR motif
(see discussion).

The QLxxLR motif is required for Tn1721
transposition in vivo

To assess the importance of the TnpA QLxxLR motif for
Tn1721 transposition, we monitored Tn1721 transposition
using a mating-out assay (Figure 3A) comparing TnpA wild
type to TnpA mutants. Two mutants (L55A and R59A)
displayed transposition frequencies considerably lower than
those of the wild-type (WT) control, and transposition could
not be detected with the Q54A mutant (Figure 4A). These re-
sults indicated that disruption of the DnaN-binding motif in
Tn1721 TnpA either reduced or abolished transposition activ-
ity in vivo, which matches the decreased DnaN-binding abil-
ity found in the assays above measuring the physical interac-
tion between the two proteins. Western blots show that differ-
ences in stability or expression of these mutants does not ac-
count for the sharp reduction or complete loss of transposition
(Figure 4A). The 3D structure prediction also supports the

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
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Figure 2. TnpA and DnaN physically interact in both in vitro and in vivo assays. (A) Pulldown assay with TnpA. The His-tagged MBP was used as the
negative control, and HolA, the δ subunit of the clamp loader, which has been shown to interact with DnaN in multiple assays, was the positive control.
The protein samples of TnpA, MBP and HolA were assayed against supernatants containing Flag-tagged DnaN. Two controls for DnaN-DnaN and
TnpA-TnpA interaction were also included to determine whether they were monomers. (B) Far western blots. TnpA-Flag retains the signal of His-tag
when probed with His-tagged DnaN. The MBP was used as negative control. (C) The Biolayer interferometry results for the TnpA (left) and MBP (right).
(D) Bacterial two-hybrid assay. MBP was used as the negative control and HolA was the positive control. TnpA and TnpA mutants replacing specific
amino acids within putative DnaN-binding motif with alanine were also tested. (E) Quantitative analysis of DnaN-TnpA interaction using bacterial
two-hybrid assay measuring protein activity using the Miller assay. Data indicate mean ± standard deviation (n = 3)
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Figure 3. Schematic of in vivo transposition assays. (A) Mating-out transposition assay. (B) Mating-in assay. The process of cointegrate resolution is
omitted for simplicity.
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dea that the overall structure of the proteins should not be
isrupted by these amino acid changes (Supplementary Figure
3). These results indicated that disruption of the putative
naN-binding motif in TnpA either reduced or abolished

ransposition activity in vivo, which is consistent with the de-
reased DnaN-binding ability in bacterial two-hybrid assays
nd the conservation of these sites identified in bioinformatic
nalysis.

As expected, transposition with the TnpA (Q54A) mutant
ould be complemented by the co-expression of the TnpA (wt)
protein (Figure 4B). Unexpectedly, we found that very low lev-
els of the wild type TnpA protein still would allow a strong
dose-dependent increase in transposition with the arabinose
induced TnpA (Q54A) mutant (Figure 4B). This result sug-
gests that the TnpA (Q54A) protein which has no transposi-
tion activity alone can participate in transposition when ex-
pressed with even a low level of leaky expression from the
TnpA (wt) vector. To better understand this result, in a fol-
low up assay we kept the expression of the arabinose in-
ducible vector expressing TnpA (Q54A) constant and moni-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
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Figure 4. (A) Mating-out transposition assay reveals a defect in the ability of TnpA mutants to mediate transposition. Transposition frequency was
compromised in the TnpA Q54A, L55A and R59A mutants. All data indicate mean ± standard deviation (n = 3). A western blot using an anti-His antibody
is displayed below the graph. (B) Low level of leaky expression of TnpA (wt) allows TnpA (Q54A) to activate transposition. Transposition was monitored
in cells expressing TnpA (Q54A) with lac/IPTG control with various arabinose induction levels with TnpA (wt) or an empty vector control. Transposition
frequency of Q54A mutant exhibited a dose-dependent rise when complemented with uninduced amounts of TnpA (Q54A). All data indicate
mean ± standard deviation (n = 3).
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tored transposition over a range of TnpA (wt) IPTG induction
levels. We conducted the mating-out transposition assay using
0.02% arabinose-induced TnpA (Q54A) and TnpA (wt) was
examined at a range of IPTG-induction including the leaky
expression found with no induction (Supplementary Figure
S4A). In this assay we could again find conditions, where the
TnpA (Q54A) protein, that was inactive when tested alone,
could participate in transposition with TnpA (wt). This result
suggests that the heterodimer of TnpA (Q54A)+TnpA (wt) is
functional. One explanation would hold that only one clamp
interacting motif is needed in a dimer of TnpA to allow func-
tionality for transposition (see discussion).

We mapped transposition events that occurred into the
pOX38-Gen plasmid using arbitrary PCR and Sanger DNA
sequencing to determine the junctions around the element
(36). By sequencing the junctions where the insertions oc-
curred, we could identify the characteristic 5-bp target site
duplication expected with the process of transposition (3,6).
As found previously, transposition with TnpA (wt) appeared
to occur randomly throughout the pOX38-Gen with inser-
tions occurring in both orientations (Figure 5A) (6). We
also mapped integration events that occurred with the TnpA
(L55A) and TnpA (R59A) (Figure 5C and D). Sequencing mul-
tiple Kanamycin resistant (KanR) colonies revealed that al-
most all of these KanR colonies resulted from just a few in-
dependent transposition events. The finding that these were
siblings, descendants from just a few independent transpo-
sition events, indicated that the frequency of transposition
was even lower than predicted by counting KanR colonies
(i.e. the calculations assumes that KanR cells are independent
events, but in many instances, they are not). Given the low
number of independent transposition events, no claim can be
made about the effect of these mutants on target site selec-
tion. The TnpA (Q54A) protein does not allow transposition
when expressed alone. We mapped transposition events from
experiments when TnpA (wt) and TnpA (Q54A) were co-
expressed (Figure 5B). Most of the insertions in this experi-
ment were also siblings, but the pattern seemed to resemble
the random distribution found with the wild type protein (See
discussion).
Tn1721 exhibits a targeting preference for a
plasmid and the terminus region in the
chromosome

To characterize any global biases in Tn1721 transposition we
mapped insertions collected from a mating-in assay (Figure
3B). In this assay a conditional delivery vector is used to in-
troduce a mini element into cells. Only cells where transposi-
tion occurs out of the delivery vector and into another DNA
molecule already in the target cell are selected in the assay.
This type of assay provides information about which repli-
cons (plasmid verses chromosome) are preferred and about
any targeting biases within the plasmid and chromosomal
DNAs. Tn1721 was found to insert almost exclusively into
the transposase expression plasmid (Figure 6). With the inte-
gration events we sequenced, 91% (30/33) of the insertions
were found in the TnpA expression plasmid. Similar with the
findings in mating-out assay, most insertions appeared to be
distributed across the entire plasmid (as expected, insertions
were not found in the essential origin of DNA replication in
the plasmid, pBR322 Ori) (Figure 6A). There seemed to be a
slight bias for the divergent PBAD promoter region; nine inser-
tions were found distributed across this region (Figure 6A). By
contrast, only three insertions were identified in the chromo-
some. These insertions occurred within a ∼25 kb region where
clockwise-progressing DNA replication forks are predicted to
terminate (Figure 6B). Caution is warranted when drawing
conclusions from only a few transposition events, but this re-
sult is consistent with the idea that Tn1721 transposition is
also biased to where DNA replication terminates in the bac-
terial chromosome. Such an integration preference was also
found with Tn917, another bacterial transposon belonging to
Tn3-family (36,45). TnpA from Tn917 also contains a candi-
date DnaN-binding motif (WP_033704040.1 in Figure 1B).

Architecture of the DnaN binding motif of
Tn3-family TnpA

To better understand the function of the DnaN-binding mo-
tif in transposition, we compared this motif in the TnpA
structures of Tn1721, Tn4430 (PDB ID: 7QD8) and Tn4430

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
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Figure 5. Target site analysis shows that the TnpA-DnaN interaction is needed for efficient transposition into pOX38-Gen. Panels (A–D) indicate the
target site of transposition events (arrows) collected in the conjugative plasmid pOX38-Gen mediated by (A) TnpA (wt), (B) TnpA (Q54A), (C) TnpA (L55A)
and (D) TnpA (R59A). Blue arrows outside the circle indicate insertions of left-to-right orientation; Red arrows inside the circle indicate insertions of
opposite left-to-right orientation. Transposition insertions of Q54A group were obtained via co-expression of IPTG-induced TnpA (wt) and
arabinose-induced TnpA (Q54A) in Figure 4B.
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npA-DNA complex structure (PDB ID: 7QD4) (43). The re-
ults from the pulldown assay reported above showed that
n1721 TnpA is capable of binding DnaN, and such an in-

eraction involves several key amino acids in the conserved
LxxLR motif, including Q54, L55 and R59. Among the

mino acids within this motif, only the side chain of arginine
R59 in Tn1721 (R59Tn1721) and R60 in Tn4430 (R60Tn4430)]
ould extend out from inside of DBD1 to the surface (Fig-
re 7A and B, Supplementary Figure S5A and Supplementary
igure S5B). A similar situation exists in the Tn4430 TnpA-
NA complex (Figure 7C and Supplementary Figure S5C).
ithin the conserved QLxxLR motif of Tn1721 TnpA, the
54 and L55 in the motif both are sheltered by R59 and

wo sides of helix structure (Figure 7A and Supplementary
igure S5A).
In order to help identify amino acid residues that are

ikely conserved due to functional rather than structural con-
traints, we analyzed the evolutionary rates of amino acids
n Tn4430 TnpA via EvoRator (41). The evolutionary rate
f amino acid positions within the protein in DBD1 includ-

ng the DnaN-binding motif and its neighborhood is very low,
hile that of the DBD1 surface is substantially higher (Fig-
ure 1G and Supplementary Figure S6A-S6F). Most of DNA-
binding amino acids including H104Tn4430 are located within
the region of higher evolutionary rates but not conserved
across the Tn3-family (Figure 7, Supplementary Figure S6F
and Supplementary Figure S7). The DnaN-binding motif with
lower evolutionary rates but higher conservation is consis-
tent with our experimental findings that these positions in the
DBD1 functions in DnaN binding. We cannot rule out that
complete loss of transposition with the Q54A change could
result from a combination of loss of DnaN binding and sec-
ondary effects on positioning of amino acid H103 for DNA
binding (see Discussion). Nevertheless, the QLxxLR DnaN in-
teraction motif that is conserved in specific branches of Tn3
family element provides a molecular linkage between trans-
position and DNA replication processes targeted by these
elements.

Discussion

Tn3 family transposons play a critical role in the global spread
of important last-resort antibiotics, but basic molecular fea-
tures that underly how they select target DNAs for integration

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
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Figure 6. Transposition integration positions and target site duplications (TSD) with transposition events from the mating-in assay. (A) Insertions into the
pBAD322-tnpA plasmid. PBAD, promoter of the L-arabinose operon; rrnB T1,2, transcription terminator T1 and T2. (B) Insertions into the chromosome.
Blue arrows outside the circle indicate insertions of left-to-right orientation; red arrows inside the circle indicate insertions of opposite left-to-right
orientation.
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have remained enigmatic. Here we report a critical role for
a conserved QLxxLR motif in Tn3-family TnpA transposase
for binding the host DnaN processivity factor. We confirm
and extend previous work indicating that Tn3 family trans-
posons bias transposition into plasmids and into the region
of the host chromosome where DNA replication terminates.
Multiple mutations with the QLxxLR motif that perturb the
interaction with DnaN also perturb transposition in vivo, pro-
viding a functional link with target sites associated with DNA
replication.

In the structural analysis of 12 representative TnpA pro-
teins, the motif configurations present notable similarity to
those found within Tn4430 TnpA and a Tn4430 TnpA-DNA
complex. Common to these structures, the motifs are deeply
embedded within DBD1, with only the hydrophilic side chain
of the arginine residue in the QLxxLR motif distinctly extend-
ing from the DBD1 core to the protein surface. We speculate
that DnaN might initially interact with the R59 position, but
subsequently induce a conformational shift in Tn1721 TnpA
that in turn accommodates interactions with Q54 and L55.
We favor a model where the interactions with DnaN helps
deliver the TnpA transposase, but that DnaN is not a mem-
ber of the final active transposition complex given the close
proximity with amino acids used for DNA binding. For ex-
ample, in the Tn4430 TnpA structure H104 is predicted to
interact with DNA but also has substantial non-covalent bond
contacts with Q55Tn4430 in both TnpA and TnpA-DNA com-
plex structures (Figure 7B,C and Supplementary Figure S7).

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
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Figure 7. Structures of the DnaN-binding motif in TnpA and TnpA-DNA complex. (A) The structure map of the DnaN-binding motif in Tn1721 TnpA. The
chain A is colored in dark pink. In chain A, the DnaN-binding motif is colored in red, and the amino acids in close proximity to this motif, within a 5 Å
radius is presented by pink. The DNA interacting amino acids are indicated by blue. The arm between DBD1 and DBD2 is colored in yellow. The
remainder of the amino acids of DBD1 are indicated by cyan. (B) The structure map of the motif in Tn4430 TnpA. The colors of protein are same with
Tn1721 TnpA, except for the chain A is colored in lime green. (C) The structure map of the motif in Tn4430 TnpA-DNA complex. The DNA is presented in
beige. The mesh indicates the solvent-accessible surface of the key residues (Q54, L55, R59 in Tn1721 and Q55, L56, R60 in Tn4430) in this motif, and
the solvent-accessible surface of these residues defines the points of potential contacts between the motif and DnaN. The hydrogen bonds between
glutamine (Q) of the QLxxLR motif and histidine (H) that was involved in TnpA DNA binding were indicated with dashed lines.
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n analogous interaction was also identified in the dimeric
n1721 TnpA structure, where the Q54 is located within a
redicted distance that could interact with H103 (Figure 7A
nd Supplementary Figure S7). Our genetics also suggests that
nly one clamp interacting motif is needed in a dimer of the
npA transposase. While the TnpA (Q54A) protein is inactive

or transposition on its own, it will allow robust transposition
ith a low level of expression of the TnpA (wt) proteins (Fig-
re 4B and Supplementary Figure S4).
Interaction between TnpA and DnaN may be favored dur-

ng the process of conjugation where leading and lagging
trand synthesis occurs in the separate donor and recipient
cells. A similar model has been suggested for the ability of
transposon Tn7 to target conjugal plasmids (46). When DNA
replication terminates in the chromosome, DnaN may be
uniquely available explaining how Tn3 family transposons
like Tn917 and Tn1721 bias transposition proximal to the
most central chromosomal DNA replication termination site,
terC (Figure 6B) (36,45). In a different transposon, Tn7, a ded-
icated target site identification protein, TnsE is used to inter-
act with DnaN to help bias transposition to conjugal plasmids
(11). Additional research will be needed to understand if TnsE
and TnpA interact with DnaN in similar ways. Some group
II mobile introns and IS200/IS605 transposons also have an

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae674#supplementary-data
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interaction between their recombinase and DnaN (12,13).
Some group II mobile introns benefit from using an interac-
tion with DnaN to recognize the DNA template undergoing
discontinuous DNA replication because it provides a 3′-OH
to prime replication of the element. IS200/IS605 transposons
elements would benefit from targeting discontinuous DNA
replication because they require single strand DNA as an in-
tegration target and for mobilization (12).

The TnpA expression plasmid was a highly preferred target
in our mating-in assay (Figure 3B). The specific mechanism al-
lowing transposition to be biased to the plasmid in this assay is
unknown, but high levels of transcription in this vector could
result in pervasive conflicts between transcription complexes
and DNA replication forks. Conflicts that arise between highly
transcribed genes and DNA replication are known to stall or
perturb DNA replication, something that could make the pro-
cessivity factor more available for an interaction with TnpA.
A promoter and transcription terminator were hotspots for
transposon targeting in the TnpA expression plasmid.

The QLxxLR motif is only found in specific subbranches
within the Tn3 family elements indicating it was lost and
acquired over time in certain lineages (Figure 1A-D and
Supplementary Figure S1). The bacterial QLxxLR motif was
originally identified in the five DNA polymerases and clamp
loading components found in E. coli (42,47). While the
QLxxLR motif interacts with a hydrophobic pocket in the
DnaN protein, many other regions on DnaN have been iden-
tified as important for interaction with other proteins (48,49).
The various surfaces that coordinate DnaN interactions at
and outside the DNA replication fork help guide its many
roles in DNA maintenance (50,51). Other mechanisms that
allow a TnpA interaction with DnaN that do not involve a
QLxxLR motif are likely to exist. This has been suggested
for the IS200/IS605 elements which have been shown to
interact with DnaN but lack the QLxxLR motif (12). We
suspect that TnpA examples that lack the QLxxLR motif
are also likely to interact with the sliding clamp but de-
pendent on other interaction regions of DnaN. Presence of
the QLxxLR motif was often a function of the host where
the element was found. The QLxxLR motif was common
in Tn3 TnpA representatives from Enterobacterales, Pseu-
domonadales and Aeromonadales (the motif was found in
∼60% of the TnpA examples) but rare in Lysobacterales and
Kitasatosporales (<5%) (Figure 1D). The calculated KD of
DnaN-TnpA interaction (∼0.29 μM) was higher than the KD
reported for the interaction between DnaN and the δ subunit
of the clamp loader (∼0.06 μM), suggesting a weaker interac-
tion with TnpA. This feature is similar with most transpos-
able elements (11,13), reflecting that transposable elements
evolve to not interfere with interactions essential for normal
activities of bacteria while maintaining the capacity of in-
teracting with the host replication machinery for targeting
transposition.

Here, we identify a conserved β-sliding clamp binding mo-
tif found across specific branches of Tn3-family TnpA trans-
posase. This motif allows interaction between TnpA of Tn3
family transposon Tn1721 and DnaN. Such an interaction
is essential for transposition. Our work unveils the mecha-
nism whereby Tn3 family transposons can bias transposition
to replisomes through an interaction with the host replication
machinery and reveals the general uniformity in targeting el-
ements to DNA replication features across different types of
transposons.
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