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ABSTRACT

Horizontal gene transfer is crucial for the adaptation of microorganisms to environmental cues. The
acidophilic, bioleaching bacterium Acidithiobacillus ferrooxidans encodes an integrative-conjugative
genetic element (ICEAfe]) inserted in the gene encoding a tRNA”'2. This genetic element is actively excised
from the chromosome upon induction of DNA damage. A similar genetic element (ICEAcary.2) is also
found in an equivalent position in the genome of Acidithiobacillus caldus. The local genomic context of
both mobile genetic elements is highly syntenous and the cognate integrases are well conserved. By
means of site directed mutagenesis, target site deletions and in vivo integrations assays in the
heterologous model Escherichia coli, we assessed the target sequence requirements for site-specific
recombination to be catalyzed by these integrases. We determined that each enzyme recognizes a
specific small DNA segment encoding the anticodon stem/loop of the tRNA as target site and that specific
positions in these regions are well conserved in the target attB sites of orthologous integrases. Also, we
demonstrate that the local genetic context of the target sequence is not relevant for the integration to
take place. These findings shed new light on the mechanism of site-specific integration of integrative-
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conjugative elements in members of Acidithiobacillus genus.

Introduction

Gene acquisition by horizontal gene transfer (HGT) is crucial
in the evolution of bacteria, allowing microbial survival and
adaptation to environmental change [1-3]. One of the most
relevant mechanisms of HGT is conjugation, which occurs
through the physical contact between donor and recipient
cells [4,5]. In the last decades many different mobile genetic
elements (MGEs) have been identified and characterized
[6,7]. Integrative-conjugative elements (ICEs) are MGEs capa-
ble of excision from the bacterial genome and conjugative
transfer [8]. These elements carry a variable number of genes
and integrate in the recipient bacterial genome by site specific
recombination, preferentially within tRNA coding genes [9].
These genetic elements have a modular organization. A typical
ICE contains modules for integration, conjugation and its reg-
ulation [10]. ICEs can also carry accessory modules encoding
genes that confer the microorganisms with adaptive advan-
tages to particular environmental conditions (e.g. antibiotic
resistance, heavy metal resistance, etc.) [6,11,12]. Under cellu-
lar stress conditions the mechanism of ICE transfer is acti-
vated. It starts with the excision of the element from the
genome and its circularization, and it is followed by the mobi-
lization of the element to a recipient cell using the ICE’s

conjugation machinery, which entails a Type IV Secretion
System (T4SS) specialized in DNA transfer. This step also
involves the relaxase-mediated recognition and nicking of the
DNA at the oriT, the establishment of a cell-to-cell connecting
bridge (or pilus), and the replicative transfer of the ICE circu-
lar ssDNA complexed with the coupling protein. Once in the
recipient cell, and if the recipient organism has the appropri-
ate target sequence, an ICE-encoded integrase catalyzes the
element integration in the host genome by a site-specific
recombination process [13]. The integration module is gener-
ally composed of the integrase [14] and a recombination
directionality factor (RDF)[15], commonly named excisio-
nase, which participates in the excision of the ICE out of the
bacterial genome.

Site-specific recombination involves the strand exchange
between two DNA segments catalyzed by an integrase, an
enzyme capable of recognition and breaking/joining of the
recombining DNA segments by an energy conservative
mechanism [16]. There are two families of enzymes that allow
site-specific recombination; serine recombinases (that catalyze
the resolution of co-integrates from transposition, integration-
excision and inversion of DNA segments) and tyrosine recom-
binases (that catalyze the integration and excision of phages
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and other MGE:s into and out of the host genome, the resolu-
tion of replicon dimers into monomers, the mobilization of
gene cassettes of integrons, among others) [17]. Both enzyme
families share some features and generate similar final prod-
ucts, but the specific mechanisms for each one is different [14].
The tyrosine recombinase family is named after the nucleophile
tyrosine residue in the catalytic site of these enzymes, which
allows the formation of a transient phospho-tyrosine covalent
bond between the recombinase and the 3-end of the DNA sub-
strate as an intermediate in the recombination process [18].
Serine recombinases present a different mechanism compared
to tyrosine recombinases, and the products in general are
solved by the resolvase/invertase activities of these enzymes
[19]. There is a third family of integrases called DD[E/D]-
transposases for Asp-Asp-Glu/Asp-transposases (named after
their catalytic amino acids) that possess a common structural
RNase H-like motif, shared with members of polynucleotidyl
transferases superfamily [20]. Transposase enzymes bind to the
inverted terminal repeats (ITRs) of a transposon and catalyze
the mobilization of the transposon to new location. Some DD
[E/D] transposases are able to cut one DNA strand at the end
of the transposon generating a replicative transposition, other
transposases cut both DNA strands generating a cut-and-paste
transposition [21].

The best-studied model for site-specific recombination
mediated by tyrosine recombinases is the insertion of the
lambda (1) bacteriophage in the Escherichia coli chromosome.
Briefly, the process starts with the binding of a tetrameric form
of the integrase to DNA specific regions named attachment or
att regions and the establishment of a synaptic complex with
the two recombining DNA molecules [22]. Next, the nucleo-
philic attack of the catalytic tyrosine residue over a phospho-
diester bond generates a transient 3’-end phospho-tyrosine
linkage. Subsequent DNA rearrangements take place in two
rounds of pairwise cleavage, strand exchange and ligation in a
concerted way, forming the characteristic Holliday junction
intermediate. After the second strand exchange, the nucleopro-
tein synaptic complex and ligation is resolved and the recombi-
nation products are released [23-25].

Acidithiobacillus ferrooxidans is part of a consortium of
microorganisms that participate in the bioleaching of minerals
[26]. It is a Gram negative, chemolithotrophic, mesophilic acid-
ophile that belongs to the Acidithiobacillia class [27]. It obtains
its energy from the oxidation of iron and sulfur compounds
[28]. Complete genomic sequences of a number of strains are
nowadays available [29] and their comparative analyses have
contributed to the identification of genes related to mineral dis-
solution and adaptation to the extreme environments, provid-
ing insights into bioleaching processes [30]. Bioinformatic
analysis of the genome sequence from A. ferrooxidans strain
ATCC 23270 (NCO011761) revealed the presence of a large
MGE (~300 Kbp) that encodes around 300 ORFs, including all
the gene modules characteristic of ICE-type elements. This
genetic element, coined ICEAfel, is found in the type strain of
the species (ATCC 23270), but not in strain ATCC 53993
(NCO011206) [12,31]. ICEAfel is actively excised from the
genome under DNA damaging conditions that trigger the SOS
response [32]. A tRNA*® (GGC) gene is predicted to be the
integration target site of ICEAfel. When integrated in the

genome the ICE is flanked by 48 nucleotides long direct repeats,
attR and attL, corresponding in sequence to the 3end half of the
tRNA? gene. Other four tRNA*? genes are present in the A.
ferrooxidans type strains’ genome, with nucleotide sequence
identities ranging between 72% and 75% with respect to
tRNA™? (GGC). Other predicted ICE using different tRNA
genes as target sites have been mapped in the genome of A. fer-
rooxidans ATCC 23270, as well as in other members of the
Acidithiobacillus genus [33,34].

The tRNA*® (GGC) gene is in a single copy in the genome
from A. ferrooxidans, and its immediate genetic context is highly
conserved among strains of the species and partially conserved in
other species of the Acidithiobacillus genus. For instance, in Acidi-
thiobacillus caldus strains ATCC 51756 this region of the genome
contains a predicted ICE element [34] encoding a similar tyrosine
recombinase and integrated within an adjacent tRNA*™ gene.
These relatively conserved genetic segments seem to be hot spots
for the integration of ICEs in the acidithiobacilli. The aim of this
work was to determine whether the tRNA gene is enough to guide
the macromolecular machinery for integration to occur, or
whether the local genetic context of the target site is required for
integrative recombination. To this end we analyzed the target
specificity of the predicted recombination systems of ICEAfel and
ICEAcary.2 from A. ferrooxidans ATCC 23270 and A. caldus
ATCC 51756, respectively. Our results led to the identification of
the minimal DNA sequence that guides the site-specific integra-
tion of the cognate ICE elements in this taxon.

Results

Integrases from integrative-conjugative elements
from acidithiobacillus species

In the acidithiobacilli three ICE elements have been reported,
named ICEAfel, [12] ICEAfe2 [33] and ICEAcary.2 [34]. The
local context of the integration site for the ICEAfel from A. fer-
rooxidans ATCC 23270 is partially conserved among members
of the Acidithiobacillus genus (Fig. 1). The predicted integration
site of ICEAfel is a tRNA™?* gene, which is the most frequent
tRNA in the region downstream of the phnP gene in the
sequenced representatives of the Acidithiobacillus genus. In A.
caldus ATCC 51756 and other related strains a tRNA*" gene is
found in this genomic location instead, and is followed by a
major genomic rearrangement that disrupts synteny downstream
( Fig. 1). Genes upstream the integration target-site are con-
served at varying degrees among Acidithiobacillus species at both
the DNA and protein levels (Fig. 1, and Fig. S1).

Comparative analysis of the integrases from ICEAfel and
ICEAcary.2 reveal their intrinsic sequence conservation (76%
similarity), which extends to other orthologs of the recombi-
nase encoded in sequenced Acidithiobacillus (Fig. S2A). The 4
phage integrase, available on the RCSB PDB database, was cho-
sen as structural template to model the A. ferrooxidans and A.
caldus integrases by threading using Phyre2 and I-TASSER.
Further refinement of the models was performed using Model-
ler. Structure prediction revealed the presence of the three
domains described for the 4 integrase [35]: an N-terminal, a
core-binding and a catalytic C-terminal domains (Fig. S2B, C).
According to the structural model, amino acids at the active
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Figure 1. Comparison of the ICEAfe] integration site context from Acidithiobacillus ferrooxidans with other members of the Acidithiobacillus genus. ICEs are also integrated
in the same genetic context in Acidithiobacillus caldus ATCC 51756 and SM-1. White arrows show the predicted target tRNA genes. Light and dark green bars symbolizes
100% and 97,4% identity of the tRNA*? genes respectively and light blue bar represents 65.8% percent identity between the tRNA genes from Acidithiobacillus ferrooxi-
dans 23270 and Acidithiobacillus caldus ATCC 51756. Gray and light gray arrows indicate the predicted integrase-excisionase genes respectively. Black arrows represent
conserved predicted genes. Dark grey dashed arrows are non-related ORFs with the other species in the same context. Amino acid similarity was represented by purple
bars (98%), red bars (90%), and pink bar (77%). Occurrence of attachment sites attL and attR in the genomic sequences are indicated in ICEAfe1.

site are arranged to fit the structural orientation of A integrase,
in particular the tyrosine at the catalytic site that forms the
phospho-tyrosine intermediate in the recombination reaction
(Fig. 2).

Interaction of the integrases with attL and attR regions

To determine whether ICEAfel integrase binds to the predicted
cognate attR and attL regions, EMSA analyses were carried out
using the corresponding DNA segments and the purified ICE-
Afel integrase. Band shifts were observed in the presence of the
purified protein, when both the atfR (Fig. S3A) and the attL
sequences (Fig. S3B) were used as probes. Unlabeled probes com-
peted for the binding. To explore the contribution of the local
genomic context, binding assays with the purified integrase from
A. ferrooxidans ICEAfel and the predicted atfR region from the
A. caldus ICEAcary.2 were also carried out. Band shifts were
observed at all the integrase concentrations tested (Fig. S3C), sug-
gesting that the formation of the integrase-DNA complex occurs
regardless of the local genomic sequence context, provided that a
suitable integration target site is present. Two different non-

Figure 2. Overlapping of amino acids at the catalytic sites. The predicted orienta-
tion of the amino acid at the catalytic site of integrases from A phage (blue), A.
ferrooxidans |CEAfel (red) and A. caldus ICEAcary.2 (yellow) are shown. Below the
amino acid name, the position in each integrase is indicated.

related sequences, NRS 1 (120 bp region inside the mazF toxin
coding sequence from A. ferrooxidans ATCC 23270) and NRS 2
(180 bp inside the hypothetical protein excisionase coding region
from A. ferrooxidans ATCC 23270) showed no band shift upon
incubation with the ICEAfel integrase (Fig. S3D).

A phage integrase core-binding domain (CBD) and the N-ter-
minal domain (ND) are well described [14]. Both domains were
identified in the ICEAfel integrase. The individual domains were
obtained by PCR amplification and cloned and expressed in E.
coli. These domains were also tested for their capacity to bind to
the predicted ICEAfel att regions. Band shifts were observed in
the presence of both individual domains of the enzyme, the N
terminal domain (ND) and the core binding domain (CDB),
when tested with the cognate atfR or the attL sites derived from
the tRNA*" (GGC) (Fig. S3E).

Altogether, these results showed that the predicted att
regions contain the information to serve as binding sites for the
ICEAfel integrase. The formation of a number of additional
band shifts upon incubation with the different enzymatic forms
tested (entire enzyme or fragments) suggests that different
complexes might be forming which accommodate an increas-
ing number of subunits. Similar multiple binding patterns have
been reported in gel shift assays in other microbial models, e.g.
Bacteroides thetaiotaomicron [36,37].

Acidithiobacillus integrases are active in vivo in E. coli.

To test the function of the acidithiobacilli integrases, the speci-
ficity of predicted attB sites as well as the contribution of the
genetic context in the recombination process, an in vivo inte-
gration assay in E. coli JM109 was developed. Two types of
plasmids were constructed: 1) the plasmid pattB (Ap®), con-
taining the target attB region (Fig. S4A) and 2) the plasmid
pInt-attP (Cm®), containing the gene encoding the integrase
and the cognate attP (Fig. $4B). Plasmid pInt-attP emulates the
circular intermediate in the recombination process. In order to
modulate the expression of the integrase gene in E. coli, its tran-
scription was placed under the control of BAD promoter,
which is inducible by arabinose and repressed with glucose
[38]. The expected product of this recombination assay is a cir-
cular cointegrate (plasmid pREC) of ~10 Kbp, carrying the
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double antibiotic resistance selection markers (Cm®, Ap"®), two
compatible origins of replication and the attL and attR prod-
ucts of the recombination (Fig. S4C).

Clones resistant to both selection antibiotics were obtained
and the 10,064 bp cointegrate recovered, upon induction of the
expression of the integrase with arabinose and in the presence
of cognate attachment sites. The sizes of the digestion products
are summarized in Fig 3A. and the expected single and double
digestion products were also obtained (Fig. 3B, C). Alternative,
the presence of attL and attR in pREC was evidence by PCR
with primers designed to identify the integration products
(Fig. 3D).

Based on the structure of A phage integrase, the predicted
catalytic tyrosine from the ICEAfel integrase corresponds to
amino acid Tyr307 (Fig. 2) [35]. To test whether this amino
acid residue is indeed responsible of the catalysis, two
mutant integrase genes were constructed. In one mutant the
tyrosine 307 was replaced by phenylalanine (Y307F) and in
the other by alanine (Y307A). The in vivo experiments
using these mutant genes did not render the recombination
product pREC compared with the wild type control assay.
These results confirm that the ICEAfel integrase is an active
tyrosine recombinase and that the active catalytic residue is
Tyr307 (Table 1).

DNA encoding the anticodon loop spans the minimal
recombination site

To identify the minimal DNA sequence recognized by the ICE-
Afel integrase that allows the integration reaction to occur,
deletion mutant versions of the tRNA*® gene (attB) were con-
structed (Fig. 4). Inverted and complementary sequences that
form the stems and loops in the mature tRNA (Fig. 4A, C)
were considered in the design of the deletions, since tyrosine
integrases are speculated to use these structural sequence ele-
ments during site-specific recombination [9]. The deletions
constructed are schematized in the Fig. 4B. New pattB plasmids
were constructed using these deleted attB sequence variants
and tested in E. coli JM109 as indicated before. The in vivo
assays using the constructions pattB-0 to pattB-8 demonstrated
that all fragments that contain the intact anticodon loop (A
loop) sequence (pattB 0, 1, 5, 7 and 8) could recombine to pro-
duce the cointegrate plasmid pREC (Fig. 4B) and generated the
expected attL and atfR products (data not shown). The mini-
mal segment tested that allowed the integration reaction
between plnt-attP and pattB to form pREC contained 19
nucleotides from the anticodon stem/ loop of the tRNAA™R
(pattB 8). Whether an even shorter segment is functional as
minimal target site merits further analysis.

A) W Products of Restriction Digestion
Aatll Hindlif Double
digestion
pattB 3128 bp - 3128 bp
plnt-attP 6936 bp 6936 bp
pREC 10064 bp 10064 bp 279 bp
B) C)
M 1 2 3 4 M 1 2 3 4
10000 by =3 €= 1000000 1000 hp -'U A= 1008000
- : €~ 5000 bp - € 900 bp
P - | G000 by =3
3000 bp = © S100bp 3000 by . " St — g 3100 hp
—
250 by _) = 300 bp
m attl artk
SP6/Int Fwd SP&/pBAD-F T7/pBAD-R
R P B PB R P B PB R P B PB
1700 by = ¥ 3 ; -
1500 hp = e
450 bp — -
—
-
-

Figure 3. Analysis of plasmidial co-integrates in E. coli JM109. A. Predicted size of the plasmids restriction digestion products using Aatll or Hindlll individually, or in a dou-
ble digestion. B. Restriction digestion products of the plasmids extracted from a selected control colony grown in the absence of arabinose (not induced). M, 1 Kb ladder;
lane 1, undigested total plasmidial DNA; lane 2 digestion with Hindlll (pInt-attP linearized); lane 3 restriction pattern with Aatll (pattB linearized); lane 4 double digestion
with Aatll and Hindlll. C. Restriction digestion products of the plasmids extracted from a selected experimental colony grown with arabinose (induced). M, 1 Kb ladder;
lane 1, undigested total plasmidial DNA; lane 2 restriction pattern with Aatll (pattB and pREC linearized); lane 3 digestion with Hindlll (pInt-attP and pREC linearized); lane
4 double digestion with Aatll and Hindlll. In all digestion experiments an approximately 10 kbp band that corresponds to the linearized pREC is observed (C). D. PCR prod-
ucts from att regions of pREC. The DNA templates were: R, total plasmidial DNA from a liquid culture induced with arabinose; P, purified pInt-attP; B, purified pattB; PB,
both purified plasmids plInt-attP and pattB mixed together (see Fig S4 for details on PCR primers).
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Table 1. Effect of mutations in tyrosine 307 on integrase activity.

Plasmids Product detection
Integrase-attP attB PCRattL / attR RP
plnt-attP pattB +/+ +
pIntY307F-attP pattB -/ — -
pIntY307A-attP pattB -/ - —

The (+)/(—) signs represent the presence or absence of the recombinant co-inte-
grated plasmid pREC respectively. Plasmid pint-attP contains the wild type
sequence for ICEAfe] integrase gene; meanwhile pIntY307F and pintY307A con-
tain the mutant genes where the catalytic tyrosine was replaced by phenylala-
nine or alanine, Integration products were analyzed by PCR or by digestion with
restriction enzymes (RP).

Target sites recognition specificity by the ICE-encoded
tyrosine integrases

Diverse lines of evidence suggested that the ICEAfel and the
ICEAcary.2 attB sequences could be cross-recognized as target
sites by the integrases from A. caldus and A. ferrooxidans,
respectively. Namely: 1) the amino acidic sequence similarity
between the two ICE integrases (76% similarity; Fig. S2A, C),
2) the conserved genomic context of the integration sites
between the two bacterial species (Fig. 1, Fig. S1A), 3) binding
of the ICEAfel integrase to the extended attB (110 bp) region
from A. caldus (Fig. S3C), and 4) the sequence identity between
the tRNA genes at the attB site (79% identity) (Fig. S1). To test
this hypothesis, we constructed genetic chimeras that contained
the integrase gene from A. ferrooxidans ICEAfel immediately
adjacent to the attP sequence from A. caldus ICEAcary.2. This
chimera was co-transformed with the pattB plasmid that con-
tains A. caldus attB sequence. Conversely, a second chimera
that contained the integrase gene from A. caldus ICEAcary.2
adjacent to A. ferrooxidans ICEAfelattP was constructed and
co-transformed with the plasmid containing the attB region
from A. ferrooxidans. Both the full-size predicted attB (110 bp)
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and the minimal attB encompassing the anticodon stem/loop
(19 bp) from each bacterium were used in the assay. The com-
ponents of A. ferrooxidans ICEAfe2, where a tRNAY* is pre-
dicted as the target site, were also tested [33]. Table 2 shows
that integration takes place when cognate integration systems
are assayed, i.e. when the integrase, attB and attP are derived
from the same ICE, but not otherwise. These results demon-
strate that the ICE integrases are highly specific. These assays
also reinforced the notion that 19 nucleotides from the target
site are sufficient for site-specific integration to take place and
that the local genetic context is not required for the specific
recombination.

Molecular docking of the DNA-protein complex

To visualize the position the DNA adopts in the catalytic
domain of the integrase, a molecular docking approach was
used. For simplicity, during simulation the 19 nucleotides rep-
resenting the minimal attB regions required for site-specific
recombination were used together with the tridimensional
model of each integrase. The following DNA-protein combina-
tions were tested: 1) the ICEAfel integrase with its cognate attB
sequence; 2) the ICEAcary.2 integrase with its cognate attBC
sequence; 3) a combination between the ICEAfel integrase and
the heterologous attB from A. caldus (attBC); or 4) the inte-
grase from ICEAcary.2 and the heterologous attB from ICE-
Afel. The catalytic tyrosine (Tyr307) of each integrase was
selected as reference point and the interaction between the
enzyme and its target attB was determined. Using the web-
server HADDOCK 2.2 [39,40] several possible complexes can
be retrieved (e.g. on the basis of variations in the free energy, or
by an iterative search between the surfaces and molecules dispo-
sition). The models that presented the lower HADDOCK score
(which correlates with the intermolecular Van der Waals energy)

A] B} D Loop A Loop T Loop

: paitB 0 | | | | | | )
i i pauB 1 | | | | {+)
1 L pae 2 | —-— - -)
C‘-« Q patB 3 | — (-)
L~ NE pat 4 1] )
e ’ patiB 5 ! ] [ ] G
attB 6 =)

(») p — 1
pus i )
pattB 8 : (+)

C) s
A Loop I' Loop
GGGGCCATA CTTGAATGGCATTCAAGAGGTCGGCGGTTCGATCCCGCCTGGCTCCACCA

Figure 4. Sequence of tRNA*? gen and schematic representation of deletions tested in the integration assays. A. Two-dimensional representation of a tRNA, where the
colored boxes represent the segments in the deletion constructs corresponding to the D (green), anticodon (red) and T (blue) stem/loops. B. Deletion mutant constructs
pattB 0 to pattB 8. Green, red and blue boxes represent the length and location of the tRNA*® gene D, A and T loops fragments included in the different constructions.
Signs at the right of each construct indicate whether they are functional (+) or not (=) in integration. C. Nucleotide sequence of the tRNA"? gene adjacent to the ICEAfe]
integrase orthologs. Yellow highlighted nucleotides corresponding to the anticodon region. Underlined nucleotides represent direct repeats present in the attL, attR, attB

and attP regions. Red nucleotides correspond to the anticodon stem/loop.
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Table 2. Summary of the in vivo cross-integration assay.

Plasmid Product detection
Integrase-attP attB PCRattl / attR RP
(F1-F1) pint-attP (F1) pattB +/+ +
(F1-F1) pint-attP (F1) pattB-19 +/+ +
(C-Q) pIntC-attPC (C) pattBC +/+ +
(C-Q) pIntC-attPC (C) pattBC-19 +/+ +
(F1-C) pInt-attPC (C) pattBC -/ - —
(F1-Q) pInt-attPC (C) pattBC-19 -/ = —
(C-F1) pIntC-attP (F1) pattB —/ - —
(C-F1) pIntC-attP (F1) pattB-19 —/— —
(F2-F2) pInt2-attP2 (F2) pattB2 +/+ +

The (+)/(—) signs represent the presence or absence of the recombinant resulting
co-integrated pREC respectively. Parenthesis letters indicates the genetic ele-
ment species (F1) for A. ferrooxidans ICEAfe1, (F2) for A. ferrooxidans |CEAfe2 and
(Q) for A. caldus ICEAcary.2. Integration products were analyzed by PCR or by
restriction enzyme digestion (RP).

were selected for further analysis. The lower this value is, the
more energetically favored is the model [41]. Cognate recombi-
nation systems (e.g. ICEAfel integrase and ICEAfe attB) score
lower HADDOCK values than non-cognate or reciprocate sys-
tems (e.g. ICEAfel integrase and ICEAcary.2 attBC), suggesting
that these combinations are less energetically favored (Table 3).
The interaction between the integrases and the att regions coin-
cide in the four cases analyzed; the binding pattern is conserved
and varies slightly between the nucleotide pair T-G, adjacent to
the anticodon sequence (Table 3, underlined nucleotides).

Discussion

Integrases of the tyrosine recombinase family are highly specific
in the selection of their integration target sites [4,42]. These
enzymes preferentially use tRNA genes as target for integration.
A survey of 43 integrases recognized as tyrosine recombinases
encoded in ICEs from a variety of bacterial and archaeal species
revealed that 53% use tRNA genes as target sites [4]. Based on
the location of the recognized segment within the tRNA gene,
these enzymes have been classified in type Ia and Ib, type II and
type III. Type I and II recognize a symmetric sequence element
(anticodon or T stem/loop in tRNA) as the target for integration
[9]. Despite this fact, the molecular basis of the enzymes capacity
to recognize a specific target site is still unclear. Several hypothe-
ses have been proposed to address this knowledge gap. Accessory
cellular factors, specific DNA context or specific recognition
domains in proteins have been proposed to underlie the minimal
recognition requirements [43]. Although all these factors might
contribute to target site selection, there is still no consensus on
the global mechanism for the recognition of the recombination
site by these enzymes. In this work, we hypothesized that the
local genetic context might be an important factor that

Table 3. Summary of molecular docking energy values for the homologous and
heterologous systems.

Integrase  Target sequence Y307 binded nucleotides HADDOCK score
ICEAfel attB CTTGAATGGCATTCAAGAG  —165.1 +/— 149
ICEAcar.2  attBC GGTGACTGTTAATCACTAG  —1415+/— 47
ICEAfel attBC GGTGACTGTTAATCACTAG  —116.8 +/— 3.1
ICEAcary.2  attB CTTGAATGGCATTCAAGAG  —106.3 +/— 104

The bold underlined pair TG is the consensus location for the integrases Y307
potential binding site. Bold italic letters indicate the anticodon nucleotides, as a
reference for locating the possible strand break point location. HADDOCK score
is presented in arbitrary units and is taken as a reference value between model
structures.

contributes to the recognition of the target site by the integrases
from Acidithiobacillus genus members. This idea was based on
the existence of ICE-type elements in A. ferrooxidans and in A.
caldus sharing orthologous integrases, both inserted in tRNA
genes with different amino acid identity but localized in the
genomes in a conserved genetic context (Fig. 1). The work per-
formed demonstrated that 19 nucleotides encoding the anticodon
stem/loop of the corresponding tRNA were sufficient to deter-
mine the specific integration catalyzed by each integrase. Yet, the
genetic context where these segments are integrated has no influ-
ence on the specific recognition of the integration site by the inte-
grases. These small DNA segments concentrate several
differences in the nucleotide sequences between the target tRNA
genes since 8 out of 19 nucleotides (42%) are not conserved
among them, including the anticodon itself being determinant
for the specificity of integration.

Since only 19 nucleotides (whether fewer than 19 nucleoti-
des are still active is not yet known) are required for specific
recognition by the integrases, we further assessed the enzymes
determinants for specific recognition of the target site. Known
tyrosine recombinases have highly conserved carboxyl-terminal
catalytic domains, and fully conserved arginine, lysine, histidine
and tyrosine residues that form part of the catalytic site.
Although this is also the case for the ICEAfel and ICEAcayy.2
integrases from A. ferrooxidans and A. caldus (Fig. 2 and Fig.
S2C), docking of the 19 nucleotides segments to the catalytic
domain of each integrase predicts that cognate interactions are
favored over the reciprocate combinations. This evidence, and
the higher divergence found in the amino-terminal and central
domains of the integrases, which are described as the DNA
binding motifs, might contribute to the specificity of the inter-
action between the enzymes and the target sites [35]. A high
similarity in the primary structure between the two integrases
analyzed in this work, together with the similarity between the
target sites in the tRNA genes, led us to think, as proposed by
Williams [9], that mutational events at the attP site of an ances-
tral common ICE element might have contributed to evolve the
specificity of integration of ICEAfel and ICEAcary.2 from each
organism. Altogether, these findings shed new light on the
mechanism of site-specific integration of integrative-conjuga-
tive elements in members of Acidithiobacillus genus.

Materials and methods
Bacteria, media and antibiotics

Escherichia coli strains Rosetta BL21 (DE3) (donated by Jeff
Gardner’s Lab, University of Illinois) and DH5« (Promega)
were grown in Luria-Bertani (LB) medium (Bacto) and the
antibiotics (Sigma) were used at the following concentrations:
ampicillin (Ap) 100 pg/ml, chloramphenicol (Cm) 25 pg/ml,
and kanamycin (Kn) 50 pg/ml.

Plasmidial constructions

For protein overexpression, the integrase gene from Acidithioba-
cillus ferrooxidans ICEAfel was amplified by PCR using genomic
DNA as template and specific primers baring Ncol and Xhol
restriction sites. The amplicon was cloned into the pET-33b
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expression vector to generate the plasmid p33int. The same pro-
cedure was performed to clone the separate domains of the ICE-
Afel integrase; the N-terminal domain (ND) and the core-
binding domain (CBD) to generate the p33N and p33CBD plas-
mids, respectively. The different integration vectors pInt-attP
were generated in pBAD33, which carries the pACYC184/p15A
origin of replication and a chloramphenicol resistance gene, by
separately cloning into the plasmid two PCR products in tandem;
the integrase gene and the predicted a#tP region. This construct
emulates the ICEAfel circular intermediary generated through
excision. The integration vector pattB was created cloning a pre-
dicted integration region attB for the ICEAfel into the pGEM-T
Easy vector (Promega), carrying the phage f1 origin of replication
and the gene encoding the resistance to ampicillin. To ensure the
successful recombination of the plasmids pInt-attP and pattB to
form the cointegrate pREC and avoid the plasmids integration in
the heterologous model chromosome, the Escherichia coli JM109
genome sequence was inspected for conserved attB-like sequen-
ces. The deletion mutants were constructed by cloning different
attB constructions (attBl - attB8) in the pGEM-T Easy vector.
The same procedure was performed to generate the cognate plas-
mids with the Acidithiobacillus caldus recombination modules.
The complete list of the plasmids used in this work is summa-
rized in the Table S1.

In vivo integration assay

An E. coli JM109 double transformation was performed using the
plasmids pInt-attP and pattB. The positive colonies were selected
from LB agar plates with chloramphenicol and ampicillin (35
and 100 pg/mL respectively) and then grown in LB liquid culture
media with the same two antibiotics. To induce the integrase
gene transcription 0.2% w/v arabinose was added to the medium,
or glucose 0.2% w/v to repress the transcription [38]. The cultures
were incubated for 16 hours at 37°C with shaking (180 r.p.m.).
Finally, a total plasmidial DNA extraction was performed to evalu-
ate the formation of cointegrates. Plasmids were digested with the
restriction enzymes Aatll or Hindlll that linearize the plasmid
pattB (~3,100 bp) and pInt-attP (~6,900 bp), respectively.
The two enzymes together digest the co-integrate plasmid pREC
producing a 10,000 bp and 300 bp lineal products. Integration
generated regions attL and attR were detected by PCR analysis
using the primers pairs T7/pBAD R to detect atfR and SP6/Int
Fwd or SP6/pBAD F for attL.

Protein overexpression and purification

Rosetta BL21 (DE3) cells were transformed with p33int and
grown in LB medium with kanamycin at 37°C to an OD** of
0.3 - 0.4. Overexpression of the integrase and its individual
domains was achieved by induction with 0.025 mM IPTG for
5 hours at 22°C. Cells were collected by centrifugation and the
pellet was suspended in a solubilization buffer containing
50mM Tris-HCI pH 7.5, 300 mM NaCl, 10mM imidazole,
ImM DTT and protease inhibitors cocktail tablet Complete
(Roche). The cells were lysed by sonication. The extract passed
through a Ni**-sepharose column (GE) and eluted with
300 mM imidazole. The eluted fractions were analyzed by SDS-
PAGE 10% and the fractions where the protein was visualized
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were dialyzed into a storage buffer (50 mM Tris-HCI, 300 mM
NaCl, 1 mM DTT, 1 mM EDTA pH 8.0 and 20% glycerol) and
stored at —20 °C until further use.

Electrophoretic mobility shift assays

Electrophoretic mobility shift assays (EMSA) were performed
as described previously [36], in a 50 mM Tris-HCl pH 8.0,
1 mM EDTA, 50 mM NaCl, 10% glycerol and 75 pg/mL DNA
from salmon testis buffer. Substrates attB, attR and attL
(110 bp, 237 bp and 417 bp) were generated by PCR and the
double-stranded products were then labeled with the modified
nucleotide dideoxyuridine phosphate digoxigenin conjugate
(ddUTP-DIG) using the reagents provided in the DIG Oligo-
nucleotide 3“End Labeling Kit (Roche). Probes were incubated
with different concentrations of protein for 30 min at 23 °C
and then loaded in a prerun 8% acrylamide gel. DNA was
transferred to a Hybond N+ nylon membrane (GE) by electro-
transference and the products were detected using Anti-Digoxi-
genin AP conjugate antibody (Roche) and revealed with the
NBT/BCIP substrate (Thermo).

Protein modeling and molecular docking

Homology modeling based in the threading approach was per-
formed using the web servers Phyre2 [44,45] and I-TASSER
[46]. Structure depuration was done with Modeller [47]. The A
phage integrase model (PDB number 1Z1B)[35] was selected as
template for the threading analysis. Protein - DNA docking
was performed with the web server HADDOCK version 2.2
[39,40].
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