
Published online 30 January 2023 Nucleic Acids Research, 2023, Vol. 51, No. 3 1189–1207
https://doi.org/10.1093/nar/gkad017

The enterohemorrhagic Escherichia coli insertion
sequence-excision enhancer protein is a DNA
polymerase with microhomology-mediated
end-joining activity
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ABSTRACT

Bacterial genomes contain an abundance of trans-
posable insertion sequence (IS) elements that are
essential for genome evolution and fitness. Among
them, IS629 is present in most strains of enterohe-
morrhagic Escherichia coli O157 and accounts for
many polymorphisms associated with gene inacti-
vation and/or genomic deletions. The excision of
IS629 from the genome is promoted by IS-excision
enhancer (IEE) protein. Despite IEE has been identi-
fied in the most pathogenic serotypes of E. coli, its
biochemical features that could explain its role in IS
excision are not yet understood. We show that IEE is
present in >30% of all available E. coli genome as-
semblies, and is highly conserved and very abundant
within enterohemorrhagic, enteropathogenic and en-
terotoxigenic genomes. In vitro analysis of the re-
combinant protein from E. coli O157:H7 revealed the
presence of a Mn2+-dependent error-prone DNA poly-
merase activity in its N-terminal archaeo-eukaryotic
primase (AEP) domain able to promote dislocations
of the primer and template strands. Importantly, IEE
could efficiently perform in vitro an end-joining reac-
tion of 3’-single-strand DNA overhangs with ≥4 bp
of homology requiring both the N-terminal AEP and
C-terminal helicase domains. The proposed role for
IEE in the novel IS excision mechanism is discussed.

INTRODUCTION

Insertion sequences (ISs) are the simplest transposable el-
ements present in most bacterial genomes where they play

relevant roles in genome evolution and fitness. The transpo-
sition and proliferation of ISs can result in diverse genomic
changes, including deletions, inversions, duplications, inser-
tional gene inactivation, pseudogene formation, and mod-
ification of gene expression, leading to a range of different
phenotypes including increased antimicrobial resistance or
upregulation of virulence genes in clinically-significant hu-
man pathogens (1–5).

More than 4000 types of IS elements have been identi-
fied and classified into 29 families in bacteria [(4,6) (https://
tnpedia.fcav.unesp.br/index.php/Main Page)]. Structurally,
ISs are short (0.7–2.5 kb) DNA fragments containing one or
sometimes two open reading frames encoding a transposase
flanked by terminal inverted repeat (TIR) sequences. The
transposition of IS elements requires the specific recogni-
tion of the TIR sequences by the cognate transposase, fol-
lowed by strand cleavage at the IS boundaries and trans-
fer of the IS into the target site via either a copy-and-paste
mechanism that leaves a copy of the IS in the donor DNA,
or a cut-and-paste mechanism that removes the IS from
the donor genome (4). IS-mediated bacterial genome di-
versification has been extensively studied in the enterohe-
morrhagic Escherichia coli (EHEC) strain O157:H7, which
produces potent cytotoxins such as Shiga toxins (hence,
commonly referred to as Shiga toxin-producing E. coli
or STEC). EHEC O157:H7 is a major cause of diarrhea,
hemorrhagic colitis, and hemolytic-uremic syndrome, and
it is frequently associated with severe diseases and out-
breaks (7). Sequence analyses of O157 strains has enabled
the identification of a large number of IS elements in
their genomes (116 belonging to 25 families), which are
largely responsible for the great diversification (8). Among
them, the IS3 family member IS629 is the most abun-
dant (23 copies) and is responsible for many polymor-
phisms associated with gene inactivation and/or genomic
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deletions (9). Detailed analysis of the transposition mech-
anism of IS629 enabled the identification of a new pro-
tein, termed IS-excision enhancer (IEE), which promotes
excision of IS629 and other members of the IS3, IS1 and
IS30 families in a transposase-dependent manner (10,11).
The simultaneous presence of both IEE and IS629 ele-
ments in almost all E. coli STEC strains from seropatho-
types A and B, responsible for high pathogenicity and hu-
man disease, and the absence of at least one of them in
the less pathogenic seropathotypes C and D, has led to
the suggestion that their combined presence drives evo-
lution towards increased virulence (12), which makes the
study of this transposition system clinically important. Ad-
ditionally, it has been recently reported how the com-
bined action of both IEE and IS3 can form new operons,
highlighting how coevolution with mobile elements might
shape the organization of prokaryotic genomes and gene
regulation (13). Remarkably, beyond the aforementioned
EHEC/STEC and enterotoxigenic (ETEC) E. coli strains,
IEE homologs have also been identified in a broad range of
bacterial species, suggesting their spread by horizontal gene
transfer (10).

Whereas the activities and modes of action of the dif-
ferent types of known transposases have been widely stud-
ied [reviewed in (4)], those of IEE remain to be eluci-
dated. Sequence analysis of IEE showed that the protein
is composed of an N-terminal archaeo-eukaryotic primase
(AEP) domain fused to a C-terminal DEAH-helicase do-
main [(10), see also Figure 1]. The AEP superfamily is dis-
tributed across all domains of life and is classified into 13
major families, most of them arranged into the AEP proper
clade, the nucleo-cytoplasmic large DNA virus (NCLDV)-
herpesvirus clade, and the PrimPol clade (14). AEPs are
a varied group of enzymes with diverse catalytic features
that have evolved to play several specialized roles dur-
ing: (i) DNA replication, as the eukaryotic replicative pri-
mase (AEP proper clade) that synthesizes an RNA primer
that is extended by Pol� to provide a substrate for DNA
synthesis by Pol� and Polε; (ii) DNA repair, as bacte-
rial ligase D (LigD), a protein composed of an AEP do-
main belonging to the AEP proper clade fused to phos-
phoesterase and ligase domains that enable the enzyme to
repair double-strand breaks (DSBs) through nonhomolo-
gous end-joining (NHEJ); (iii) damage tolerance, as hu-
man PrimPol that contains an AEP domain belonging
to the NCLDV-herpes virus clade fused to a C-terminal
zinc finger domain that can bypass DNA lesions and par-
ticipate in the restart of stalled replication forks by ei-
ther making use of its translesion synthesis (TLS) abil-
ity or by repriming downstream of damage [reviewed in
(15,16)].

The fact that IEE and IS629 are present in the most
pathogenic serotypes of E. coli, together with both the ab-
sence of a known system for joining the DNA ends in
the genome that result from IS excision, and the pres-
ence of an AEP domain that in other enzymes is involved
in different DNA transactions (see above), prompted us
to study the biochemical properties of IEE from E. coli
O157:H7, with the aim of establishing the potential role of
this enzyme in the novel transposition mechanism of the IS
elements.

MATERIALS AND METHODS

IS-excision enhancer screening in GenBank database assem-
blies

To screen the 155 384 E. coli assemblies in the Gen-
Bank database (accessed on 24 February 2022), we de-
vised a custom Python pipeline. The script downloads
all the assemblies in dehydrated format (links only) us-
ing the NCBI Datasets tool (https://www.ncbi.nlm.nih.gov/
datasets). Then, assembly hydration (actual download) and
IEE search occur concurrently in cycles that process batches
of 100 genomes. The search task entails the prediction of
coding sequences with Prodigal (17) (Close ends ‘-c’ op-
tion on, remaining parameters by default) and proteome
search using BLASTP (18) with the IEE protein sequence
(accession at NR database NP 309332.1) as the query (E-
value < 1E−10, coverage > 70%). For the IEE-positive
hits, the genome assembly, the IEE-containing contig and
the identified IEE sequences were saved for downstream
analyses (see Supplementary Table S1). The significant co-
occurrence of IEE and IS629 transposase (UniProt ID:
O82918) was assessed using BLASTP against the IEE-
harboring assemblies with an E-value cutoff of 1E−15.

IEE proteins were subsequently clustered at 95% iden-
tity with CD-Hit (19) (Supplementary Table S2 and Sup-
plementary Text S1) and the resultant 20 representa-
tive sequences were aligned with Mafft (20) (–localpair –
maxiterate 1000). The alignment was then displayed with
the ggmsa package for R (21).

The IEE-harboring genome assemblies were character-
ized in silico for serotype, multilocus sequence type (MLST)
and phylogenetic groups using ECTyper (22), MLST (https:
//github.com/tseemann/mlst), and EzClermont (23) tools,
respectively. Data were aggregated and plotted using the R
packages data.table and ggplot2, both available at CRAN
(https://CRAN.R-project.org).

Reagents and oligonucleotides

Unlabeled ultrapure dNTPs and NTPs were purchased
from GE Healthcare (Chicago,USA, catalogs: dNTPs
#28-4065-52; UTP #27-2086-01, CTP #27–2066-01;
ATP #27-2056-01; GTP #10784737), [� 32P]ATP from
Perkin Elmer Life Sciences (Waltham, MA, USA; catalog
#NEG502A100UC), and oligonucleotides from Integrated
DNA Technologies (Leuven, Belgium) (sequences are
shown in the figures). When indicated, oligonucleotides
were radiolabeled at the 5’ end using [� 32P]ATP (3000
Ci/mmol) and T4 polynucleotide kinase (New England
Biolabs, Ipswich, MA, USA; catalog #M0201S). M13mp18
(+) strand was purchased from GE Healthcare (catalog
# 27-1546-01). To obtain the hybrid double-stranded
(ds)DNA molecules, the indicated oligonucleotides were
annealed in the presence of 60 mM Tris–HCl (pH 7.5)
and 0.2 M NaCl at 80◦C for 5 min before slowly cooling
to room temperature overnight. E. coli DNA Ligase A
and NAD+ were from New England Biolabs (catalogs
#M0205S and #M0309, respectively). Q5 site-directed
mutagenesis kit was purchased from New England Biolabs
(catalog #E0554S). Proteinase K was purchased from
Merck (Darmstadt, Germany, catalog #03115844001).
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Figure 1. Structural model of IEE from Escherichia coli O157 reference EDL933 strain. The N-terminal AEP domain is colored in cyan and shows the
predicted catalytic aspartates responsible for the polymerization reaction (represented as spheres). The C-terminal helicase domain is colored in brown.
The conserved lysine that would bind the ATP molecule and the arginine finger are represented as spheres. The predicted structure of IEE from E. coli
O157:H7 (26) was obtained through the Uniprot web site (https://www.uniprot.org/) from the Alphafold Database ID A0A0H3JF09 (30), and used under
CC BY4.0. The original colors were changed as described above. Figure was generated using The Open-Source Pymol Molecular Graphics System, v. 2.5.0,
Schrödinger, LLC (Open-Source PyMOL is Copyright (C) Schrodinger, LLC.)

Phi29 DNA polymerase and B. subtilis DNA polymerase
X were overexpressed and purified as described (24,25).

Expression and purification of recombinant IS-excision en-
hancer

Recombinant IEE: The open reading frame encoding IEE
from E. coli O157:H7 reference strain EDL633 [GeneBank
Accession number AAG55274.1; (26)] was synthesized by
the Cusabio Technology LLC gene synthesis service, and
was cloned between the NdeI and BamHI restriction sites
in the pET28a(+) vector to express a recombinant protein
fused to an N-terminal (His)6-tag for purification on Ni+2-
affinity resin. E. coli Shuffle T7 cells, engineered by integrat-
ing the bacteriophage T7 RNA polymerase gene into lacZ
to allow expression of genes under the regulation of the
T7 promoter (27), were transformed with the resulting re-
combinant expression plasmid, named pET28-IEE. Trans-
formed cells were grown overnight at 37◦C in LB medium
with kanamycin (50 �g/ml). Subsequently, cells were di-
luted into the same medium in the presence of 0.1 M sor-
bitol (Sigma) and incubated at 37◦C until the OD600 reached
0.4. Then, IPTG (Sigma) was added to a concentration of
0.4 mM and incubation was continued for 4 h at 30◦C. Cells
were then collected by centrifugation for 10 min at 6143 × g
at 4◦C. Cells were freeze–thawed and ground with alumina
at 4◦C; the slurry was resuspended in Buffer A (50 mM
Tris–HCl pH 7.5, 0.7 M NaCl, 7 mM �-mercaptoethanol,

25% glycerol, 1 mM PMSF) and centrifuged for 5 min at
650 × g at 4◦C to remove alumina and intact cells. The su-
pernatant was further centrifuged for 20 min at 23 430 × g
at 4◦C to separate insoluble proteins from the soluble ex-
tract, which was incubated for 30 min at 4◦C in the presence
of 25 U/ml Benzonase (Santa Cruz Biotechnology) and 2
mM MgCl2 to digest the nucleic acids present in the sam-
ple. The soluble extract was then loaded onto a Ni2+-NTA
column (Qiagen) pre-equilibrated with Buffer A containing
5 mM imidazole. The affinity column was step-eluted with
50–300 mM imidazole in Buffer A (containing 0.3 M NaCl).
The polypeptide composition of the column fractions was
monitored by SDS-PAGE. The His-tagged IEE was recov-
ered in the 100–300 mM imidazole eluate fractions, which
were then dialyzed against Buffer A (0.1 M NaCl) for 4 h
at 4◦C and further loaded onto a phosphocellulose column
pre-equilibrated with Buffer A (0.1 M NaCl). The affinity
column was eluted stepwise with Buffer A (0.2–1 M NaCl).
The polypeptide composition of the column fractions was
monitored by SDS-PAGE. The His-tagged IEE was recov-
ered in the 0.5–1 M NaCl eluate fractions, which were then
loaded onto a second Ni2+-NTA column pre-equilibrated
with Buffer A (0.75 M NaCl and 30 mM imidazole). The
IEE protein was eluted with Buffer A (0.75 M NaCl and 400
mM imidazole). The eluate fraction was dialyzed against a
buffer containing 50 mM Tris–HCl, pH 7.5, 1 mM EDTA, 7
mM �-mercaptoethanol, 0.3 M NaCl and 50% glycerol and
stored at −20◦C.
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Site-directed mutagenesis

The IEE catalytic-deficient mutants D142A/D144A and
K451A were generated with the Q5 site-directed mutagen-
esis kit using plasmid pET28-IEE (see above) as a template
for mutagenesis. Confirmation of the DNA sequence and
the absence of additional mutations was performed by se-
quencing the entire gene. IEE mutant proteins were puri-
fied from soluble extracts of IPTG-induced E. coli Shuffle
T7 cells by Ni-NTA and phosphocellulose chromatography
as described for the wild-type enzyme.

Recombinant IEE polymerization domain (AEP-Dom):
For the independent expression of the AEP domain
(residues 1–288), pET28-IEE was used as template to
change codon 289 (CGG) into the stop codon TAA us-
ing the Q5 site-directed mutagenesis kit. Confirmation of
the DNA sequence and the absence of additional mutations
was performed by sequencing the entire gene. E. coli BL21
(DE3) cells were transformed with the resulting plasmid and
induction of protein expression and preparation of soluble
bacterial lysates were performed as described for full-length
IEE. The supernatant containing the AEP-Dom was loaded
onto a Ni-NTA column pre-equilibrated with Buffer A (0.7
M NaCl, 10 mM imidazole, 0.05% Tween). The affinity col-
umn was step-eluted with 75, 100, 150, 200 and 300 imida-
zole; the polypeptide composition of the column fractions
was monitored by SDS-PAGE. The His-tagged AEP-Dom
was recovered in the 150–300 mM imidazole-eluate frac-
tions and further dialyzed against a buffer containing 50
mM Tris–HCl, pH 7.5, 0.3 M NaCl, 1 mM EDTA, 7 mM
�-mercaptoethanol, 0.05% Tween-20 and 50% glycerol and
stored at −20◦C.

DNA polymerization assays on defined DNA molecules

Polymerase activity was assayed by NTP- or dNTP-
dependent extension of a 15-mer, labeled at its 5’-end with
either T4 PNK and [� 32P]ATP, or Cy5, as indicated, and
hybridized to the specified template (see oligonucleotide se-
quences in figures). The incubation mixture (12.5 �l) con-
tained 50 mM Tris–HCl pH 7.5, the indicated concentration
of either MnCl2 or MgCl2, 1 mM DTT, 4% (v/v) glycerol,
0.1 mg/ml BSA, either 10 nM of the Cy5-labeled hybrid or
1 nM of the 32P labeled substrate, and the indicated concen-
tration of IEE and nucleotides. After incubation for the in-
dicated times at 37◦C the reactions were stopped by adding
EDTA to 10 mM. Samples were analyzed by 7 M urea–20%
PAGE and visualized using a Typhoon 9410 scanner (GE
Healthcare).

DNA helicase assays

Assays were performed essentially as described
(28). The 5’-32P-labeled oligonucleotide (T)15-
GTTTTCCCAGTCACGAC-(T)15 (29) was hybridized to
M13mp18 (+) strand to create a partial duplex (middle 17
nucleotides) with 3’ and 5’ poly(dT)15 tails. The reaction
mixture (12.5 �l) contained 50 mM Tris–HCl pH 7.5,
either 1 mM MnCl2 or 5 mM MgCl2, 1 mM DTT, 4% (v/v)
glycerol, 0.1 mg/ml BSA, 1 nM of the indicated 32P-labeled
substrate, and the indicated concentration of the specified

protein. The reaction was started by adding simultaneously
2 mM ATP and 100 nM of non-labeled oligonucleotide
to prevent reannealing of the displaced oligonucleotide
to the M13 genome molecule. After incubation for 30
min at 37◦C, the reaction was stopped by adding 50 mM
EDTA, 0.6% SDS, 10% glycerol and 2 mg/ml Proteinase
K. After an additional incubation for 15 min at 37◦C, the
reaction products were resolved in a 10% non-denaturing
polyacrylamide gel (0.1% SDS) and visualized using a
Typhoon 9410 scanner.

ATPase assay

The incubation mixture contained, in 10 �l, 50 mM Tris–
HCl pH 7.5, the indicated concentration of either MnCl2 or
MgCl2, 1 mM DTT, 4% (v/v) glycerol, 0.1 mg/ml BSA, 1
mM ATP, 66 nM [� -32P]ATP (0.2 �Ci), 2.5 mM MgCl2, 100
nM of either wild-type IEE or mutant K451A and, when
indicated, 50 ng/�l of either plasmid pUC18 (dsDNA) or
single-stranded (ss)DNA from bacteriophage M13. After
incubation for 20 min at 30◦C, the reactions were stopped by
adding 30 mM EDTA, and 1 �l of the resulting solution was
spotted onto PEI-cellulose (Polygram Cel 300 PEI/UV254)
for thin layer chromatography. Chromatograms were run in
0.15 M lithium formate, conditions where Pi migrates and
ATP remains at the origin. The reaction products were vi-
sualized by autoradiography.

MMEJ assay

The incubation mixture contained, in a total of 12.5 �l,
50 mM Tris-HCl pH 7.5, 1 mM DTT, 4% (v/v) glycerol,
0.1 mg/ml BSA, 10 �M of the indicated dNTP, 1 mM
MnCl2, 25 nM of the indicated 5’-32P-radiolabeled DNA
and 40 nM of either wild-type IEE, AEP-Dom or mu-
tant K451A. When indicated, E. coli LigA (1 U), 500 �M
NAD+ and 5 mM MgCl2 were also added. After incuba-
tion for 15 min at 37◦C reaction products were resolved
by 7 M urea-20% PAGE and visualized using a Typhoon
9410 scanner. Quantitation of the ligated products was per-
formed by calculating the ratio ligated product/(ligated
product + 19mer elongation product) of two independent
experiments.

Determination of the templating nucleotide that directs
the insertion of the incoming nucleotide during the MMEJ
reaction was performed essentially as described above, in-
cubating the protein with 1 nM of the 5’-32P-radiolabeled
DNA and 20 nM of the indicated non-labeled hybrid. Re-
actions were started by adding 1 mM MnCl2 and were incu-
bated for 15 min at 37◦C. Reactions were stopped by adding
10 mM EDTA and analyzed as described above.

Statistical analysis

All data were expressed as mean ± SEM from two or three
independent experiments performed in a parallel manner.
When indicated, comparisons between two groups were an-
alyzed using two-tailed Student’s t-tests. P values <0.05
were considered statistically significant.
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RESULTS AND DISCUSSION

IS-excision enhancer is a highly conserved and distributed
protein in E. coli strains composed of an AEP and a helicase
domain

Sequence analysis (14) and AlphaFold full-length predicted
structure analysis [UniProt ID A0A0H3JF09 (30) (31)] of
the 786 amino-acid IEE from EHEC O157:H7 (Figure 1)
indicated that it is composed of an N-terminal AEP domain
belonging to the Z1568-like family (residues 1–290) fused
to a C-terminal domain homologous to the superfamily II
(SF2) of DNA/RNA helicases (residues 291–786).

Amino acid sequence alignment of the polymerization
domain of several members of the AEP superfamily is pre-
sented in Figure 2A. As observed, within its primary struc-
ture IEE has sequences corresponding to the conserved mo-
tifs A (hDhD/E, where h is a hydrophobic residue) and C
(hD/E) that contain the triad of carboxylate groups that
would coordinate the divalent ions A (potentially coordi-
nated by IEE residues D142, D144 and D216) and B (coor-
dinated by residues D142 and D144) responsible for cataly-
sis of the nucleotide incorporation (see also the structural
modeling of the catalytic active site of the IEE AEP do-
main in Figure 2B). Additionally, IEE residue H178 would
be homologous to the conserved histidine present in motif B
(sxH/Q, ‘s’ stands for a small residue), which interacts with
the non-bridging oxygen atoms of the � and � phosphate
groups of the incoming nucleotide in AEPs (32–36). Other
conserved residues were aligned (see also alignment in Sup-
plementary Figure S1) and modeled (Figure 2B), including
S171, Q175 and G176, which would correspond to residues
S176, R179 and G180 of the AEP domain (PolDom) of
Mycobacterium smegmatis (Msm) PolD1 [PrimPolC, (37)]
and to residues S172, K175 and G176 of the PolDom of
M. tuberculosis (MtuLigD) that interact with the phosphate
tail of the incoming UTP via hydrogen bonds (37,38). The
crystallographic structures of the PolDom of Pseudomonas
aeruginosa LigD (PaeLigD) with a Mn2+-ATP bound at
the active site (39), as well as the ternary complexes of
the PolDom of MtuLigD and PrimPolC with an incom-
ing UTP (37,38), showed that the ribose 2’-OH group of
the incoming ribonucleotide is hydrogen bonded to the N�
moiety of a conserved histidine (PaeLigD H651, MtLigD
H111; PrimPolC H122), with this interaction responsible
for the preferential insertion of ribonucleotides exhibited
by these AEPs (38–40). As shown in Figure 2B and in
Supplementary Figures S1 and S2, the above-mentioned
conserved histidine is substituted by a tyrosine in IEE
(Y128).

The C-terminal domain of IEE (residues 291–786) be-
longs to the superfamily II (SF2) of DNA/RNA helicases
(10), containing the seven conserved motifs present in mem-
bers of this superfamily (see Figure 2A). Accordingly, as in
most SF2 helicases, the C-terminal domain of IEE would
be constituted by two core RecA-like folds (Figures 1 and
2C) characterized by a central �-sheet flanked by �-helices
(41), including residues from motif I such as the highly con-
served lysine (IEE K451) essential for ATP binding (42–44),
motif II (DExH/D) involved in binding and hydrolysis of
the ATP (equivalent to the Walker A and B motifs of many
ATPases), and motif VI, such as the arginine finger (IEE

Arg735 in Figure 2A and C) involved in energy coupling
(45).

As mentioned above, IEE has been reported to be
very common in O157 EHEC/STEC and ETEC strains
(Kusumoto et al. 2011, 2014). As the number of E. coli
genome sequences continues to grow, we wanted to compre-
hensively update and analyze the frequency of IEE among
diverse E. coli groups by screening for its presence in all E.
coli genome assemblies available in GenBank (see Materials
and Methods for details). We found that IEE is strikingly
abundant, being detected in >33% of the E. coli genomes
(51 821 IEEs in 51 265 positive strains out of 155 384
screened assemblies). The large majority of the identified
proteins (98.5%) have a similar length and domain com-
position to the O157:H7 IEE. A small proportion of the
sequences are <750 amino acids, with small deletions in
the N-terminal AEP (1%) or C-terminal helicase (0.5%) do-
mains, which, however, do not affect the catalytic motifs de-
scribed above in the representative sequences (Supplemen-
tary Figure S3). Remarkably, notwithstanding the minority
of truncated proteins, the overall conservation of the IEE
amino acid sequence is very high, with 98.8% of the pro-
teins having over 95% identity with O157:H7 IEE.

As anticipated, IEE was present mostly in E. coli
O157:H7 (37%), but was also detected in other previ-
ously reported serotypes (12) including O26:H11 (13.8%),
O103:H2 (11.6%), O111:H8 (8.1%) and O121:H19 (2.7%)
(Figure 3A). We also found several new IEE-harboring
serovars within enteropathogenic E. coli (EPEC) and
STEC/EHEC pathotypes, including O123/O186 (1.6%),
O71 (1.2%), and O146 (1%) serogroups, among others <1%.
Regarding the multilocus sequence typing (MLST) of the
genomes, IEE could be detected in genomes from up to
608 different sequence types (Supplementary Table S1), al-
though the main groups correlated with the more common
serotypes (Figure 3A), in agreement with the clonality of
most serotypes. The vast majority of the IEE-containing
genomes belonged to the B1 and E phylogroups (Figure
3B), whereas the most common human commensal strains
from the phylogenetic group A (46) accounted for only 5.4%
of the IEE-harboring strains. As expected, the high preva-
lence of the E group roughly corresponds to strains from the
O157:H7 serovar (47). On the other hand, the abundance
of B1 strains (51.5%) would correspond to STEC/EHEC
strains from diverse serotypes or MLST clades (48). What
was remarkable was the reduced number of IEE detected
in other major groups of concern, such as extraintestinal
pathogenic strains from the B2 and D phylogenetic groups
(49).

As expected, analysis of the IEE-containing assemblies
also yielded a significant co-occurrence (94.75%) with IS629
or similar transposases, which underlines the functional as-
sociation between IS629 and possibly other related ISs with
the IEE protein.

In conclusion, although initially described as common
in E. coli O157:H7, our results show that IEE protein is
highly conserved and shows a patchy distribution among
EHEC, EPEC and ETEC/STEC genomes, suggesting not
only promiscuous horizontal transfer across diverse E. coli
serovars and phylogroups, but also a significant biological
role in enhancing adaptability, as was recently proposed
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Figure 2. Catalytic active sites of IEE. (A) Modular organization of several AEP domain-containing enzymes. The conserved AEP domain (green bar)
contains the three conserved regions A, B and C, which form the polymerization active site (in the alignment metal ligands are indicated in red letters
and the conserved His that interacts with the incoming nucleotide is in blue). Members such as bacterial NHEJ Ligases D from M. tuberculosis and P.
aeruginosa (Mtu- and PaeLigD) contain additional phosphoesterase (in grey) and ligase (in orange) domains that process 3’-ends and seal the resulting
nicks after synapsis during the end-joining reaction. Some members such as the PrimPol of plasmid pRN1 from Sulfolobus islandicus and human PrimPol
contain a Zn-finger domain (in magenta), which is essential to stabilize the initiating nucleotide during the DNA priming reaction (84). The N-terminal
AEP domain of IEE is fused to a C-terminal helicase-like domain containing the seven conserved motifs present in superfamily II of these proteins. The
figure also shows an alignment of the C-terminal helicase domain of IEE with the superfamily II helicase member RadD from E. coli (85). MtuPolDom,
Polymerization domain (AEP domain) of MtuLigD; PaePolDom, Polymerization domain of PaeLigD; MsmPolD, M. smegmatis PolD1 [PrimPolC (37)];
pRN1, plasmid pRN1 from S. islandicus; hPrimPol, human PrimPol. (B) Model of the active site geometry of the AEP domain of IEE. The model was
obtained by superposition of the putative catalytic residues of the AEP domain of IEE with the crystallographic structure of the ternary complex of
PrimPolC [PDB 6SA0 (37)]. (C) Detailed view of the predicted structure of the C-terminal helicase domain of IEE. The predicted ATP ligand residue Lys451
and the arginine finger (Arg735) are shown as spheres. The location in the three-dimensional structure of the conserved motifs is indicated following the
same color code as in the alignment shown in (A). Figures (B) and (C) were generated using The Open-Source Pymol Molecular Graphics System, v. 2.5.0,
Schrödinger, LLC (Open-Source PyMOL is Copyright (C) Schrodinger, LLC.)

(11,13). Thus, IEE could be part of a generalized mecha-
nism that supports adaptability to changing environmental
conditions.

IS-excision enhancer has DNA polymerization activity

To study its biochemical features, we cloned the entire open
reading frame of IEE from the E. coli O157:H7 EDL633 ref-
erence strain into the pET28(a)+ expression vector, which

carries an N-terminal (His)6-tag. The recombinant protein
was expressed in E. coli Shuffle (DE3) cells and purified
(Materials and Methods). Based on amino acid sequence
similarity analysis (see above), the N-terminal domain of
IEE was proposed to have nucleotidyl transferase activ-
ity (14). Thus, to examine the presence of polymerization
activity, we tested whether the enzyme could behave as a
DNA-dependent DNA polymerase using a short DNA hy-
brid with a primer-template structure (see scheme in Fig-
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Figure 3. High abundance of IEE across diverse strains of E. coli. (A) Cor-
relation between the most common predicted serotypes (left axis) and mul-
tilocus sequence typing (MLST) groups (right axis) among the IEE posi-
tive assemblies in GenBank. The serotypes are represented as colored bars
and MLST groups as points. (B) Phylogenetic groups of the IEE-harboring
assemblies. The percentage of each Clermont’s classification phylogroup is
indicated in the pie sections and the scale in the outer ring represents the
actual number of assemblies. ‘Other’ stands for assemblies from minority
groups, cryptic phylogroup, and labeled as non-E. coli genomes. See Ma-
terials and Methods for details.

ure 4A). Results showed that IEE could extend the DNA
primer and produce elongation intermediates characteristic
of distributive DNA synthesis, being 78- and 33-fold more
efficient in inserting dNTPs over NTPs in the presence of
0.1 and 1 mM Mn2+, respectively (Figure 4A). Analysis
of mutations introduced at the predicted catalytic residues
D142 and D144 (see Figure 2A and C) allowed us to in-
fer that the DNA polymerase activity was intrinsic to IEE,

and not due to a contaminant polymerase from the ex-
pression system. As mentioned above, the catalytic active
site of extensively characterized AEP-containing proteins
such as PaeLigD, MtuLigD and PrimPolC, includes a his-
tidine residue (PaeLigD H651, MtuLigD H111 and Prim-
PolC H122) that contacts the ribose 2’-OH group of the in-
coming ribonucleotide [(37–39), see also the sequence align-
ment in Supplementary Figure S1]. Site-directed mutage-
nesis at the corresponding PaeLigD H651 allowed the au-
thors to conclude that this residue is the main structural ele-
ment responsible for the discrimination against dNTP inser-
tion exhibited by these enzymes (40). Other AEP members
that proficiently discriminate against ribonucleotides, such
as Pyrococcus furiosus p41 (50) and human PrimPol (51),
have a tyrosine residue in its place (Y72 and Y100, respec-
tively) (52). A recent biochemical study conducted with the
PrimPol mutant Y100H showed that this change stimulated
the insertion of NMPs, which allowed authors to propose
that the residue located at the equivalent position would
dictate the nucleotide sugar use, histidine and tyrosine fa-
voring the incorporation of NTP and dNTPs, respectively
(52). Notably, both, multiple sequence alignments (Supple-
mentary Figure S1) and structural modeling (Figure 2B and
Supplementary Figure S2) revealed that IEE has a highly
conserved tyrosine residue (Y128) in the corresponding po-
sition, likely accounting for its preferential usage of dNTPs
and supporting the above-mentioned hypothesis.

As it can be observed in Figure 4A, the efficiency of the
polymerization activity of IEE in the presence of 1 mM
Mn2+ ions was 17- and 8-fold higher than with 1 and 10 mM
Mg2+, respectively. Similarly, and as shown in Figure 4B,
the length of the polymerization products was also longer
even at a relatively low concentration of Mn2+ (100 �M)
than with physiological concentrations of Mg2+ [5–10 mM;
(53)]. The presence of a saturating Mg2+ concentration (3
mM) seemed to have a synergistic effect on polymerization
with suboptimal Mn2+ concentrations (10 and 20 �M) al-
though far from the maximum activity, and with no signifi-
cant differences regarding the absence or presence of Mg2+

at the tested Mn2+ concentrations higher than 20 �M (Fig-
ure 4C). Although the intracellular Mn2+ concentration in
E. coli has been measured to be 10 �M, this can vary over
at least two orders of magnitude [1–3 mM; (54)]. Thus, it is
tempting to speculate that, in vivo, the AEP domain of IEE
would utilize preferentially Mn2+ even when Mg2+ is present
in molar excess. This phenotype of preferential usage of
Mn2+ as a metal activator of polymerization activity has
also been observed mainly in DNA polymerases involved
in either DNA repair or bypass of DNA lesions, includ-
ing: (i) the eukaryotic NHEJ DNA polymerases � (55,56)
and � (57); (ii) members of the AEP superfamily such as
the PolDom of bacterial LigD responsible for NHEJ reac-
tions (36,58–61); (iii) human PrimPol involved in TLS (62);
as well as in (iv) human TLS DNA polymerase � (63). The
ability of most of the aforementioned DNA polymerases
to insert nucleotides opposite damaged bases, in the case
of the TLS polymerases, or to promote misalignments to
search for microhomologies during the end-joining reaction
in NHEJ PolDoms, relies on the great flexibility of the active
site that could be conferred by the more relaxed coordina-
tion of the Mn2+ ions when compared with Mg2+ (64). In
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Figure 4. Polymerization activity of IEE on a template/primer substrate. (A) IEE preferentially inserts dNTPs. The assay was performed as described in
Materials and Methods, with 10 nM of either wild-type or D142A/D144A mutant IEE, 1 nM of the 32P-5-labeled primer/template substrate (schematized
on top of the figure), 10 �M of either dNTPs or NTPs and the indicated concentration of either Mn2+ or Mg2+. After incubation for 5 min at 37◦C,
the reactions were stopped by adding EDTA up to 10 mM. The position of the primer and elongation products is indicated. Bar chart shows the fmols
of incorporated nucleotide under the indicated condition (n = 3 each; means ± SEM). Significance of results was determined with a two-tailed paired
t-test. (B) IEE uses preferentially Mn2+ ions as metal activator of the polymerization reaction. The assay was carried out essentially as described in (A)
in the presence of increasing concentrations of either Mn2+ or Mg2+. Figure is a composite image made from different parts of the same experiment. (C)
Polymerization in the simultaneous presence of Mg2+ and Mn2+ ions. The assay was carried out as described in (A) with increasing concentrations of
Mn2+ (10, 20, 40, 80, 160, 320, 640 and 1250 �M), and either in the absence or presence of 3 mM Mg2+. Bar chart shows the fmols of inserted nucleotide
under the indicated condition (n = 3 each; means ± SEM). Significance of results was determined with a two-tailed paired t-test. **P < 0.01; ***P <

0.001. Total nucleotide insertion was obtained by calculating the number of catalytic events giving rise to each polymerization product.

this sense, it is noteworthy that comparison of crystal struc-
tures of Pol � ternary complexes with Mg2+ or Mn2+ at the
active site revealed that Mn2+ achieves more optimal octa-
hedral coordination geometry than Mg2+ (65). Therefore,
the preferential use of Mn2+ by the AEP domain of IEE
could be anticipating the ability of the enzyme to promote
rearrangements of the DNA strands during the polymeriza-
tion reaction (see below).

IS-excision enhancer can promote distortions of both tem-
plate and primer strands

Unlike replicative DNA polymerases, the polymerization
active site of AEPs is designed to promote and accom-
modate dislocations of the template and primer strands,
as well as to extend 3’-terminal mismatched base pairs. In
bacterial AEPs such as the PolDom of LigDs, the flexibil-
ity of the polymerization site allows the protein to search

for microhomologies and bridge two protruding 3’-ends
of a DSB during the nonhomologous end-joining reaction
(36,60,66–69). The dislocation capacity of the primer and
template strands is also instrumental for skipping DNA
lesions by human PrimPol during TLS (62), facilitating
the search for microhomologies beyond the unreadable
damage.

Having shown that IEE is a superfamily AEP DNA poly-
merase using preferentially Mn2+ as metal activator, we
next analyzed its ability to select among the four deoxynu-
cleotides (base discrimination) to catalyze faithful DNA
synthesis. Thus, we assayed the incorporation of each of the
four dNTPs individually on the four primer/template DNA
structures depicted in Figure 5A, covering the 16 possible
template-substrate nucleotide pairs (4 matched + 12 mis-
matched). We found that IEE is a DNA-instructed DNA
polymerase that although preferentially inserts the comple-
mentary nucleotide dictated by the first available templat-
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Figure 5. Primer and template dislocations mediated by IEE. (A) IEE preferentially inserts the complementary nucleotide dictated by the first available
templating base. The assay was performed as described in Materials and Methods, with 1 nM of the 5’-labeled substrate schematized on the top of figure,
20 nM of IEE, 1 mM Mn2+ and 1 �M of the indicated nucleotide. After incubation for 10 min at 37◦C, the reactions were stopped by adding EDTA
up to 10 mM. Bar chart shows the percentage of elongated primer obtained in the presence of the indicated incoming and template nucleotide (n = 3
each; means ± SEM). (B) Primer expansion mediated by slippage. The assay was performed as described in (A) in the presence of 1 nM of the 5’-labeled
substrates depicted on top of the figure. (C) Slippage-mediated template dislocation. The assay was carried out as described in (A), in the presence of 1 nM
of the 5’-labeled substrate shown on top of the figure and the indicated concentration of the specified dNTP. Bar chart shows the percentage of elongated
primer obtained in the presence of the indicated incoming nucleotide (n = 3 each; means ± SEM). (D) Schematic representation of the primer and template
dislocations mediated by IEE.

ing base, shows a relatively high misinsertion capacity, elon-
gating up to 16.8% of the primer molecules in the presence
of an erroneous incoming nucleotide (see also bar chart in
Figure 5A). Notably, under those experimental conditions,
polymerization was not limited to the addition of a single
nucleotide; IEE inserted mainly two nucleotides on those
substrates where the first and second available templating
bases were dissimilar. In the cases where the first and sec-
ond templating bases were the same, the correct nucleotide
produced an expansion mediated by reiterative slippage of
the primer strand (primer dislocation), allowing IEE to add
5–7 nucleotides (see insertion of dA opposite T in Figure
5A and B, and insertion of dG opposite CC in Figure 5B).
In addition to copying preferentially the first available nu-
cleotide, IEE could also skip it, adding nucleotides opposite
the next base (see insertion of dA indicated by rectangles in
Figure 5A, and dT in the middle panel of Figure 5B). Thus,
the IEE polymerization active site also tolerates a disloca-
tion of the template base.

To examine the mismatch extension capacity of IEE, we
performed primer extension assays starting from a dG:dG

base-pair mismatch (see schematic representation in Figure
5C). The lack of 3’-5’ exonucleolysis in IEE (see the lane
in the absence of nucleotides in Figure 5C) prevents the re-
moval of the 3’-mispaired nucleotide, with only two out-
comes being possible: (i) direct mismatch extension insert-
ing dG; and (ii) template dislocation (primer-realignment
mediated) inserting dA. As shown in Figure 5C, whereas
IEE was very inefficient in performing the direct mismatch
extension (only 14.1% of elongated primer molecules with
dG, see also bar chart in Figure 5C), in the presence of dA
IEE realigned up to 34% of the 3’-terminal dG to form a
correct base-pair with the templating dC, promoting a sin-
gle base distortion in the template that allows further inser-
tion of dA.

Altogether, these results show that IEE is an error-prone
DNA polymerase, sharing with the TLS and NHEJ AEP
enzymes the ability to induce/accept dislocations of the
primer and template strands such as slippage-mediated
primer dislocation (Figure 5D,i), dNTP selection-mediated
template dislocation (ii), and template dislocation mediated
by primer realignment (iii).
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IS-excision enhancer promotes MMEJ in vitro

It is generally assumed that the excision of IS elements
from bacterial genomes is a rare event since most bacte-
ria lack the end-joining system needed to repair the donor
DNA after IS excision. As we mentioned earlier, it has been
reported that IEE promotes the excision of IS elements
in enteropathogenic E. coli strains such as O157:H7 in a
transposase-dependent manner (10). The presence of an N-
terminal AEP domain in IEE with polymerization activi-
ties similar to those of bacterial end-joining PolDom with
respect to the flexibility of their polymerization active sites
to accommodate primer/template dislocations and to the
reduced nucleotide insertion fidelity, prompted us to evalu-
ate the capacity of IEE to promote the annealing and fur-
ther elongation of DNA ends with limited complementar-
ity. To do this, we made use of the dsDNA substrates de-
picted in Figure 6 (70), mimicking partially resected DSBs
containing either no microhomology (dsDNA-0) or a 2,
4 and 6 nucleotide complementary region at the protrud-
ing 3’ ends (dsDNA-2, -4 and -6, respectively). Accord-
ingly, upon annealing, 4-nt gap hybrids are formed where
the 3’-OH group of the protruding strand could be used as
primer to copy the opposing overhang in trans (see scheme
in Figure 6). The calculated melting temperatures of the
complementary regions are 4◦C, 16◦C and 24◦C, substan-
tially lower than the reaction temperature (37◦C), preclud-
ing the spontaneous annealing in the absence of the pro-
tein. As shown in Figure 6A, in the presence of the four
dNTPs IEE elongated 28% and 46% of the primers when
the annealing region was 4 and 6 bp long, respectively (see
also bar chart in Figure 6A). The almost total absence of
synthesis products with substrates dsDNA-0 and dsDNA-
2 would rule out the possibility that the elongation prod-
ucts using dsDNA-4 and dsDNA-6 were due to a poten-
tial terminal transferase activity of IEE. That the base exci-
sion repair DNA polymerase X from B. subtilis, the replica-
tive family B DNA polymerase from bacteriophage phi29,
and the Klenow fragment from family A E. coli DNA poly-
merase I, were incapable of elongating the protruding 3’ end
of dsDNA-4 suggests that the observed elongation reaction
with such a substrate is specific to IEE (see Supplementary
Figure S4). As shown in Figure 6B (left panel), the addi-
tion of dTTP as the only nucleotide, or dTTP + dATP, re-
sulted mainly in the synthesis of +1 and +(1–3) products,
respectively, strongly suggesting that nucleotide incorpora-
tion by IEE is dictated by the sequence adjacent to the po-
tential pairing region. To demonstrate unequivocally that
nucleotide addition was dependent on the connection of the
3’ ends and not on self-annealing (snap-back), the elonga-
tion reaction was analyzed by simultaneously adding two
different protruding DNA 3’-ends (only one labeled) that
differed in the nucleotide adjacent to the potential pairing
region (labeled as X in the scheme in Figure 6B, right panel).
As shown, IEE preferentially added to the 3’-end of the la-
beled strand the dNMP complementary to the X nucleotide
of the non-labeled strand, indicating on the one hand that X
was acting as template, and on the other hand that synapsis
between the labeled and unlabeled dsDNA molecules oc-
curred. In addition to the elongation products +1–4, the si-
multaneous presence of IEE and E. coli LigA gave rise to a

small amount of a product with lower electrophoretic mo-
bility that would correspond to the ligation of 18.9 ± 1.4%
of the +4 product to the 5’-P end of the downstream strand
in substrate dsDNA-6 (see Figure 6C).

We also analyzed the ability of IEE to promote end-
joining of ssDNA with terminal microhomology. To do this,
IEE was incubated with ssDNA-4 in the presence of nu-
cleotides. As shown in Figure 7A, IEE preferentially in-
serted dTMP onto the 3’-end of the strand (+1 product in
the figure), giving rise to a +3 product in the presence of
dTTP and dATP. As with dsDNA substrates, the simultane-
ous addition of labeled ssDNA-4 with non-labeled ssDNA
substrates differing in the nucleotide adjacent to the pairing
region (X in Figure 7B) provoked the preferential insertion
of the dNMP complementary to the X nucleotide by IEE.
Overall, the results show that IEE can mediate the bridging
of two DNA ends.

The IS-excision enhancer C-terminal helicase-like domain al-
lows the synapsis of 3’-ends

The C-terminal domain of IEE shows homology with SF2
helicases, containing the Walker A and Walker B motifs in-
volved in NTP binding and hydrolysis. We next analyzed
the ability of IEE to hydrolyze ATP by incubating the pro-
tein with 1 mM ATP (0.2 �Ci [� 32P]ATP) in the presence
of either dsDNA or ssDNA, as other helicases require these
substrates for ATP binding and further hydrolysis (71,72).
As shown in Figure 8A, IEE released Pi, which was sepa-
rated from non-hydrolyzed ATP by thin-layer chromatog-
raphy, specifically in the presence of DNA (both ss- and
dsDNA). The absence of ATPase activity in the catalyti-
cally dead mutant K451A mutant (Figure 8B) allowed us to
conclude the presence of a DNA-dependent ATPase activ-
ity in the C-terminal domain of the protein. However, de-
spite both the presence in the C-terminal domain of AT-
Pase activity and homology with helicases, IEE failed to
exhibit the ability to couple the ATPase to the unwind-
ing of dsDNA substrates, either having 3’ or 5’ unpaired
tails [see Figure 8C, RecD2 and PriA were used as control
of 5’- and 3’-helicase activity, respectively (73–75)]. Analy-
sis of the polymerization activity of the wild-type enzyme
on a 5-nucleotide-gapped molecule revealed that IEE pos-
sesses a limited capacity to couple polymerization to the
displacement of the downstream strand, since up to 44%
of the 20mer products were further elongated (see Figure
9A). A similar result was obtained with mutant K451A, in-
dicating that strand displacement is not concomitant with
ATP hydrolysis. Similarly, the mutant enzyme could pro-
mote the synapsis of two 3’-ends (Figure 9B). To further
analyze the role of the C-terminal helicase-like domain of
IEE in the synthetic activity of the protein, we obtained
a deletion mutant lacking residues 289–786 by inserting a
stop at codon 289 (AEP-Dom, see Materials and Meth-
ods). As shown in Figure 10A, the AEP-Dom exhibited
a polymerization efficiency similar to the wild-type pro-
tein on a primer/template molecule, but it stopped af-
ter adding 9–12 nucleotides. Indeed, the AEP-Dom could
insert mainly three nucleotides when the length of the
template was shortened (Figure 10B). To determine the
relative orientation of the N-terminal AEP and C-terminal
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Figure 6. IEE promotes MMEJ in vitro. (A) MMEJ reactions with dsDNA substrates. The assay was performed as described in Materials and Methods,
in the presence of 25 nM of the indicated 5’-labeled dsDNA schematized on top of the figure, 40 nM of IEE, and 10 �M of either dNTPs or NTPs, as
indicated. After incubation for 15 min at 37◦C, the reactions were stopped by adding EDTA up to 10 mM. Position of the substrates is indicated. Bar chart
shows the percentage of elongated primers obtained in the presence of either dNTPs or NTPs (n = 2 each; means ± SEM). (B) IEE elongates the protruding
3’-end using the opposing overhang as a template in trans. Assays were performed as described in (A) in the presence of either 25 nM of 5’-labeled dsDNA-4
substrate (left panel) or 1 nM of 5’-labeled dsDNA-4 and 20 nM of the indicated non-labeled dsDNA molecule (right panel). Position of the substrate and
the elongation products is indicated. (C) Complete MMEJ reaction mediated by IEE and LigA. The assay was performed as described in Materials and
Methods, in the presence of 25 nM of dsDNA-6, 40 nM IEE, 10 �M dNTPs, 1 mM MnCl2, 5 mM MgCl2 and, when indicated, 500 �M NAD+ and 1
unit of E. coli LigA (NEB). After incubation for 15 min at 37◦C, samples were processed and analyzed as described in (A). Position of the substrate and
reaction products is indicated.

helicase domains respect to the DNA, the structures of IEE
(this work) and the ternary complex from PrimPolC (37)
were overlapped by structural alignment of their catalytic
active sites (see Figure 10C and Supplementary Figure S5).
As shown, primer/template dsDNA portion would fit in the
groove defined by the two core RecA-like folds of the heli-
case domain. Such an IEE-DNA complex, together with the
shorter elongation products obtained with the AEP-Dom
strongly suggest a role for the C-terminal domain in estab-
lishing contacts with the dsDNA portion to allow the com-
plete replication of the templating strand by the wild-type
protein when using primer/template substrates. Of note, the
polymerization pattern observed with the AEP-Dom on the
5-nucleotide-gapped molecule showed a major pause once

the gap was filled (20mer product) much stronger than with
the wild-type IEE, the deletion mutant being 3-fold less ef-
ficient than the wild-type enzyme in displacing the down-
stream strand (Figure 10A, right panel, see also bar charts
in Figure 10A). This result suggests that the partial displace-
ment of the downstream strand coupled to DNA synthesis
exhibited by IEE would depend on the proper stabilization
of the IEE/DNA complex contributed by the helicase do-
main. Interestingly, AEP-Dom appears to have a higher ef-
ficiency than the wild-type enzyme in filling the gap, that
could be reflecting a higher turnover of the enzyme due
to the absence of the C-terminal helicase domain. Accord-
ingly, IEE joins the increasing number of proteins possess-
ing a helicase domain that, despite having the characteris-
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Figure 7. IEE can accomplish ssDNA synapsis. (A) MMEJ reactions with a ssDNA substrate. The assay was carried out as described in Materials and
Methods, in the presence of 20 nM of the 5’-labeled molecule depicted on top of the figure, 40 nM IEE, and 10 �M of the indicated dNTP. After incubation
for 15 min at 37◦C the reactions were stopped by adding EDTA up to 10 mM. Position of the substrate and reaction products is indicated. (B) IEE elongates
the ssDNA 3’-end using the opposing ssDNA molecule as a template in trans. Assays were performed as described in Materials and Methods, incubating 40
nM of IEE with 1 nM of the 5’-labeled ssDNA and 20 nM of the specified non-labeled ssDNA molecule (see scheme on top of the figure), and 10 �M
of the indicated dNTP. After incubation for 15 min at 37◦C the reactions were stopped by adding EDTA up to 10 mM. Position of the substrate and the
elongation products is indicated.

Figure 8. IEE has a DNA-dependent ATPase activity not coupled to unwinding of dsDNA substrates. (A) IEE has a DNA-dependent ATPase activity. The
assay was performed as described in Materials and Methods by incubating 100 nM IEE with 1 mM ATP in the presence (+) or absence (−) of 50 ng/�l
of either the double-stranded pUC18 plasmid or single-stranded DNA from phage M13. After incubation for 20 min at 30◦C, reactions were stopped by
adding 30 mM EDTA, and reaction products were analyzed by thin-layer chromatography and autoradiography. Bar chart shows the nmols of Pi released
under the indicated condition (n = 2 each; means ± SEM). (B) ATPase activity resides in the C-terminal helicase domain of IEE. The assay was performed
essentially as in (A), in the presence of 50 ng/�l of single-stranded DNA from phage M13 and 100 nM of either the wild-type or mutant K451A IEE
(see main text for details). (C) IEE has no helicase activity. The assay was carried out as described in Materials and Methods by incubating the indicated
concentration of either IEE, RecD2 or PriA with 1 nM of the indicated 32P-labeled substrate and either 1 mM Mn2+ or 5 mM Mg2+. After incubation for
30 min at 37◦C, the reaction was stopped and the products were resolved in 10% non-denaturing polyacrylamide gel (0.1% SDS).
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Figure 9. The limited strand displacement coupled to polymerization and the MMEJ reaction accomplished by IEE do not depend on ATP hydrolysis.
(A) The assay was performed as described in Materials and Methods in the presence of 20 nM of either a primer/template (left panel) or a 5-nucleotide
gapped (right panel) DNA, 50 �M dNTPs and 25 nM of either wild-type or mutant K451A mutant IEE. After incubation at 37◦C for the indicated times,
the reactions were stopped by adding EDTA up to 10 mM. The position of the primer and elongation products is indicated. Bar chart (left) shows the
fmols of nucleotides incorporated at each reaction time with the primer/terminus substrate. The strand displacement capacity of both the wild-type and
mutant K451A is estimated as the ratio between the products longer than 20 nucleotides and the products ≥ 20 nucleotides obtained with the gapped
DNA substrate at the indicated times (bar chart on the right; n = 2 each; means ± SEM). (B) The reaction was performed as described in Figure 6B in
the presence of 40 nM of either wild-type or mutant K451A IEE. Bar chart shows the percentage of elongated primers in the presence of the four dNTPs
(n = 3 each; means ± SEM).
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Figure 10. The helicase domain of IEE is required to couple polymerization to strand displacement and for the synapsis of two DNA ends. (A) Deletion
of the C-terminal helicase domain impairs the strand-displacement capacity of IEE. The assay was carried out as described in Materials and Methods in
the presence of 20 nM of the DNA substrate depicted on top of the figure and the indicated concentration of either the wild-type or the helicase deletion
mutant (AEP-Dom) IEE. After incubation for 10 min at 37◦C, the reactions were stopped by adding EDTA up to 10 mM. The position of the primer and
elongation products is indicated. Bar chart on the right shows the quantitation of the strand displacement capacity of both the wild-type IEE and AEP-
Dom estimated as the ratio between the products longer than 20 nucleotides and the products ≥20 nucleotides obtained in the presence of 25 nM of enzyme
(n = 3 each; means ± SEM). Significance of results was determined with a two-tailed paired t-test. (B) The helicase domain stabilizes the interaction of IEE
with the DNA. The assay was performed as above, in the presence of 20 nM of either the wild-type IEE or the AEP-Dom. The samples were incubated at
37◦C for the indicated times and further processed as described in (A). (C) Modeling of the interaction of IEE with a primer/template DNA substrate. The
figure was done by superposition of the catalytic active sites of IEE and the ternary M. smegmatis PrimPolC–DNA–NTP complex [(37); PDB 6SA0]. The
incoming nucleotide, metal ions A and B and DNA from PrimPolC are shown as sticks, purple spheres and ribbons, respectively. IEE is shown as surface
representation. Figure was generated using The Open-Source Pymol Molecular Graphics System, v. 2.5.0, Schrödinger, LLC (Open-Source PyMOL is
Copyright (C) Schrodinger, LLC.)

tic sequence motifs as well as a DNA-dependent ATPase
activity, lack an ATP-dependent unwinding activity, as de-
scribed for proteins of the Swi/Snf family and the ATP-
dependent restriction enzymes (76,77). It has been shown
that SF2 proteins can have mechanical functions other than
the unwinding of nucleic acids that would contribute to cel-
lular metabolism (78,79), such as ATP-dependent remod-
eling of chromatin (80), or protein displacement (81). As
IEE has been shown to promote the excision of the in-
sertion elements in a transposase-dependent manner, it is
tempting to speculate a role for its helicase domain also
in the displacement of the transposase once it has incised
the DNA.

The AEP-Dom displayed a higher nucleotide insertion fi-
delity than the full-length IEE, copying preferentially the
first templating nucleotide (see Figure 11A), and it did not
produce the primer expansion observed with the wild-type
protein when either the first and second or the three tem-
plating bases were the same. Although it cannot be ruled out
that the C-terminal helicase domain is allowing AEP-Dom
to efficiently accommodate the strand slippage intermedi-
ates, the relative orientation of both domains respect to the
DNA substrate, as well as the role of the helicase domain in
stabilizing the IEE/DNA complex (Figure 10) strongly sug-
gest that the interaction between the helicase domain and
the upstream dsDNA region of the substrate is required to
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Figure 11. The helicase domain/DNA interaction allows dislocations of the primer and template strands and the synapsis of two DNA ends. (A) The assay
was carried out in the presence of 20 nM of enzyme, 10 �M dNTPs and 1 nM of the indicated 32P-labeled substrate. After incubation for 15 min at 37◦C,
the reactions were stopped by adding EDTA up to 10 mM. (B) The reaction was performed as described in Figure 6B in the presence of 40 nM of enzyme
and 1 �M of the indicated dNTP. The figure is a composite image made from different parts of the same experiment. Bar chart on the right shows the
percentage of elongated primers in the presence of the indicated combination of dNTPs (n = 3 each; means ± SEM). Significance of results was determined
with a two-tailed paired t-test. *P < 0.05; ***P < 0.001.

allow IEE to hold down primer dislocations. Notably, the
AEP-Dom was unable to promote the synapsis between two
3’-ends, since almost no elongation products were detected
when the protein was incubated with the substrate DNA-
4 (Figure 11B). Altogether, the results suggest a role for the
C-terminal helicase domain in stabilizing the interaction be-
tween IEE and the DNA substrates.

Concluding remarks

Proliferation of IS elements generates beneficial mutations
that promote both genome evolution and bacterial adapta-
tion; however, the uncontrolled increase in the abundance
of IS elements could be detrimental (82). Excision of IS ele-
ments, together with other genetic strategies such as inhibi-
tion of the transposase, epigenetic modifications, and nega-
tive regulation by specific repressors and RNA interference,

are some of the mechanisms used by bacteria to control IS
proliferation [reviewed in (83)].

Previous work revealed the existence of a novel
transposase- and IEE-dependent IS excision system in
bacteria (10). It is notable that most bacterial species lack
an end-joining activity that could restore and safeguard
the bacterial genome after the generation of DSBs by
the transposase during the excision of the IS. Here, we
determined the biochemical characteristics of the IEE
protein, showing how the simultaneous presence of an
AEP domain, typically present in proteins involved in
DNA repair transactions or bypass of DNA lesions, and
of a helicase domain, allows the enzyme to search for
microhomologies and bridge two protruding 3’-ends of a
DSB during an in vitro end joining reaction. These results
lead us to postulate a functional coordination between IEE
and the cognate transposase whereby, once the dsDNA
breaks are generated by the transposase, IEE would be
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Figure 12. Proposed mechanism for the generation of the large deletions during IEE-dependent IS excision. The TIR sequences flanking the IS element
are recognized and cleaved by the cognate transposase (1). The resulting DSB in the bacterial genome could be potentially resected by cellular nucleases
to produce 3’ single-stranded tails (2). IEE may be able to perform the microhomology annealing (3) and catalyze further extension of the paired 3’-end
(4). Finally, the resulting nick could be sealed by a DNA ligase (5). The other 3’-end could be elongated either by a second IEE molecule or by another
cellular DNA polymerase.

essential to search for microhomologies between both ends
and allow their subsequent repair. IS elements and their
transpositions are generally regarded as one of the major
driving forces generating various genomic deletions. It has
been shown that during IEE-dependent IS excision, dele-
tions from a few nucleotides to >40 000 occur adjacent to
the IS (10). In addition, a similar deletion has been recently
reported during the in vitro formation of operons catalyzed
by the IEE/transposase system (13). This observation
led the authors to speculate that such deletions could
be due to aberrant breaks generated by the transposase
at sites remote from the IS. However, it cannot be ruled
out that once the dsDNA breaks are generated, other
unidentified cellular factors, such as exonucleases, could
process the ends of these breaks until IEE finds a microho-
mology from which to carry out the end-joining reaction
(Figure 12).

Finally, it is tempting to speculate that beyond its poten-
tial role in the end-joining reaction mentioned above, the
biochemical features of IEE, such as its ability to promote
dislocations of both the primer and template strand, could

enable the enzyme to contribute to the increased variabil-
ity and adaptability to different environmental conditions
of IEE-encoding bacteria.
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González,M.A., Kirchhoff,T., Martı́nez,A.C., Bernad,A. and
Blanco,L. (2000) DNA polymerase mu (Pol�), homologous to TdT,
could act as a DNA mutator in eukaryotic cells. EMBO J., 19,
1731–1742.

58. Brissett,N.C., Martı́n,M.J., Bartlett,E.J., Bianchi,J., Blanco,L. and
Doherty,A.J. (2013) Molecular basis for DNA double-strand break
annealing and primer extension by an NHEJ DNA polymerase. Cell
Rep., 5, 1108–1120.

59. Gong,C., Martins,A., Bongiorno,P., Glickman,M. and Shuman,S.
(2004) Biochemical and genetic analysis of the four DNA ligases of
mycobacteria. J. Biol. Chem., 279, 20594–20606.

60. de Vega,M. (2013) The minimal Bacillus subtilis nonhomologous end
joining repair machinery. PLoS One, 8, e64232.

61. Zhu,H. and Shuman,S. (2007) Characterization of Agrobacterium
tumefaciens DNA ligases c and D. Nucleic Acids Res., 35, 3631–3645.
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