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ABSTRACT

Mobile group Il introns are site-specific retrotransposable elements abundant in bacterial and
organellar genomes. They are composed of a large and highly structured ribozyme and an intron-
encoded reverse transcriptase that binds tightly to its intron to yield a ribonucleoprotein (RNP) patrticle.
During the first stage of the retrotransposition pathway the intron RNA catalyses its own insertion
directly into the DNA target site. Recognition of the proper target rests primarily on multiple base-
pairing interactions between the intron RNA and the target DNA, while the protein makes contacts
with only a few target positions by yet-unidentified mechanisms. Using a combination of comparative
sequence analyses and in vivo mobility assays we demonstrate the existence of a new base-pairing
interaction named EBS2a-1BS2a between the intron RNA and its DNA target site. This pairing adopts
a Watson-Crick geometry and is essential for intron mobility, most probably by driving unwinding of
the DNA duplex. Importantly, formation of EBS2a-IBS2a also requires the reverse transcriptase
enzyme which stabilizes the pairing in a non-sequence-specific manner. In addition to bringing to light
a new structural device that allows subgroup 1IB1 and IIB2 introns to invade their targets with high
efficiency and specificity our work has important implications for the biotechnological applications of

group Il introns in bacterial gene targeting.

INTRODUCTION

Group Il introns are large self-splicing ribozymes and mobile genetic elements of bacterial
origin that colonize genomes through an original, site-specific, retrotransposition pathway (1). They
are widespread in bacteria and in organellar (mitochondrial and chloroplastic) genomes of plants,
algae and fungi (2). Group Il introns promote their own excision (self-splicing) from a precursor RNA
by two consecutive transesterification reactions that result in the ligation of the flaking exons and the
excision of the intron as a lariat RNA. The chemical reversibility of the transesterification reactions
allows group Il introns to ‘reverse splice’ back into the ligated-exons molecule to reconstitute the initial
precursor RNA.

Although all group Il introns share an evolutionarily conserved catalytic core and their overall
secondary structure is always organized into six domains (I to VI; Figure 1A), important structural
variations of the secondary structure allowed to define three major intron subgroups: IlA, IIB and IIC,
that can be further subdivided into 10 additional subtypes (lIA1, 11A2, IIB1, IIB2, etc.) (3-5).
Interestingly, introns belonging to the three major subgroups also display variations in the recognition
modes of their 5" and 3’ flanking exons. Thus, subgroup IIA and IIB introns use the ‘EBS1’ and ‘EBS2’
(Exon Binding Sites 1 and 2) segments to anchor the 5’-exon for splicing. These EBS1 and EBS2
sites -- which are stretches of 5-6 nucleotides lying far apart from one another in secondary structure
subdomain ID -- make Watson-Crick interactions with complementary ‘IBS1’ and ‘IBS2’ (Intron

Binding Sites 1 and 2) sequences at the 3’ end of the 5’-exon. However, whereas in llA introns the



EBS2 site spans the terminal loop of a hairpin structure, in subgroup 1IB introns the EBS2 segment is
embedded in a multi-branched internal loop (the ‘EBSZ2 loop’) as shown in figure 1A. On the other
hand, IIC introns, which are smaller and typically located downstream of transcriptional terminator
hairpins (6), lack the EBS2 site (and surrounding structural motifs altogether) and only retain the
EBS1-IBS1 pairing (4, 7). In contrast to the 5’-exon, recognition of the 3’-exon relies essentially on a
single base pairing interaction. In subgroup IlA introns, the first position of the 3’-exon (called &)
makes a Watson-Crick pairing with the nucleotide (5) immediately upstream of the EBS1 segment (in
a few cases the 3-8’ interaction can span the first two or three positions of the 3’-exon). In subgroup
[IB and IIC introns, on the other hand, the first position of the 3’-exon is called IBS3 and base pairs
with a nucleotide (EBS3) lying in a conserved internal loop in subdomain ID as shown in figure 1A.

In addition to their ribozyme core, mobile group Il introns carry an open reading frame
encoding for a multifunctional reverse transcriptase (RT) enzyme. Phylogenetic analyses of the
reverse transcriptase ORFs allowed to define nine major lineages: mitochondrial-like (ML),
chloroplast-like 1 and 2 (CL1 and CL2) and bacterial A-F (5, 8). Importantly, each lineage is
associated with a specific RNA structural subgroup indicating an ancient association between the
intron RNA and its protein, followed by coevolution of the structural features of the ribozyme with
those of the encoded RT (4, 9).

The multifunctional reverse transcriptase (RT) enzyme also possesses a ‘maturase’ and, optionally,
an endonuclease activity (8, 10). The maturase activity of the RT facilitates splicing by stabilizing the
catalytically active ribozyme core (11, 12) and assisting domain VI conformational changes
undergone by the intron RNA (13). After splicing completion, the excised intron lariat remains bound
to its RT forming the ribonucleoprotein (RNP) particle that operates intron mobility through
retrotransposition, (also referred to as retrohoming; reviewed by (14)). Retrotransposition is a highly
efficient and site-specific process triggered by reverse splicing of the intron lariat directly into the top
(sense) strand of the DNA target duplex. Then, the endonuclease (En) domain of the RT cleaves the
bottom strand of the target generating a DNA primer that is used by the enzyme to reverse transcribe
the inserted intron sequence, a mechanism known as target DNA-primed reverse transcription (TPRT;
(15)). The very high specificity with which group Il RNPs recognize their DNA targets stems
essentially from the multiple base-pairing interactions (~ 12-14 bp) that the intron RNA establishes
with the top strand of the target DNA (16, 17). Because these RNA-DNA pairings involve the same
intron motifs (EBS and, in subgroup IIA introns, the § position) that are put into use for binding the
flanking 5" and 3’ exons during splicing, group Il introns invade DNA targets having the same
sequence as the ligated exons with high fidelity. Importantly, this target recognition strategy allowed to
turn group Il introns into ‘Targetrons’ which are gene targeting vectors currently used for genome
engineering of a wide variety of bacteria (18-20).

In addition to the RNA-DNA pairings, the protein component of the RNP also contributes to DNA
target binding by recognizing a small number of specific bases flanking the EBS-IBS/5-8’ pairings.
Previous genetic and biochemical studies have suggested that protein interactions with positions lying

on the 5’-distal section of the target site (upstream of IBS2) are required for unwinding the target DNA
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duplex, which then enables formation of the EBS-IBS/3-8’ pairings and intron reverse splicing (16, 17,
21, 22). On the other hand, protein interactions with nucleotides downstream of the IBS3 site, on the
3’-half of the target site, are necessary for bottom-strand cleavage by the En domain but not for the
initial recognition of the DNA target site or reverse splicing (16, 17, 21, 22). Detailed investigations of
the DNA binding site of the Lactococcus lactis LI.LtrB group llA intron, have identified positions T-23,
G-21 and A-20 (top strand) of the target site as being directly recognized by the intron RT (17, 22).
Importantly, in addition to these protein-DNA target contacts, the EBS2-IBS2 pairing between the
intron RNA and the DNA target is also needed for invasion of double-stranded DNA targets.
Accordingly, ectopic retrotransposition of the LI.LtrB intron, which occurs into single-stranded DNA,
was found to have relaxed target specificity as it does not require the nucleotides recognized by the
protein nor the EBS2-IBS2 pairing (23, 24).

Interestingly, comparison of those DNA binding sites for subgroup IIA and IIB introns that have been
defined biochemically so far (16, 21, 22, 25-27) reveal that the identity and the specific location of the
nucleotides recognized by the RT vary markedly from one intron system to the other. For example, in
contrast to the LI.LtrB intron, in vivo mobility experiments carried out with the Escherichia coli EcI5
intron, a highly mobile subgroup IIB1 intron, identified positions C-18, C-17, A-15 and A-14 (top strand)
on the distal 5’ region of the DNA target site, as the critical bases recognized by the intron RT ((26);
Figure 1B).

Although the protein-DNA target interactions are thought to initiate unwinding of the target site, their
small number makes it unlikely that they are sufficient to operate DNA unwinding before at least
partial establishment of the EBS-IBS/3-6’ pairings. An alternative scenario would be that binding of the
protein and pairing of the intron RNA to the DNA target occur concomitantly, with the two processes
acting cooperatively to drive opening of the DNA double-helix. Interestingly, for several of the DNA
target sites investigated, some of the critical bases recognized by the RT were found to lie
immediately 5’ to the IBS2 sequence. This is the case for the Ecl5 intron for example, as all critical
positions in the 5’-distal section of the intron’s DNA target site are located immediately upstream of
the IBS2 segment ((26); Figure 1B). This situation raises the possibility that the IBS2 site, conjointly
with some of the critical distal positions on its side, could form a more extended and/or complex DNA
binding site than previously thought, with the protein and the intron RNA involved in recognizing
common positions.

This situation prompted us to further analyse the regions encompassing the EBS2 and IBS2 sites in a
large dataset of bacterial and organellar group Il introns. Here we report that these phylogenetic
analyses in combination with in vivo mobility experiments allowed us to demonstrate, in subgroup 11B1
and IIB2 introns carrying an RT ORF, a new Watson-Crick pairing, that we designate EBS2a-IBS2a,
between the intron RNA and its DNA target site. This new RNA-DNA interaction involves the
nucleotide immediately upstream of the IBS2 segment in the DNA target site and an intron nucleotide
lying only two positions upstream of the EBS2 sequence. Interestingly, the EBS2a-IBS2a pairing is
shown to be essential for intron mobility in vivo but not for intron splicing. Recent structural work fully

supports our findings and reveals how the RT contributes to directly stabilize the geometry of the



EBS2a-IBS2a pairing without imposing the identity of the bases. The implications of this work for
future biotechnological applications of group Il introns as gene targeting vectors (‘Targetrons’) are

discussed.

MATERIALS AND METHODS

Comparative sequence analyses

Sequences of protein-encoding subgroup IIB1 and 11B2 introns were collected and arranged into the
following four sets: subgroup IIB1 bacterial, mitochondrial and chloroplast introns and subgroup 11B2
cyanobacterial introns (for definition of structural subgroups 11B1 and [IB2, see (3, 28). For bacterial
subgroup IIB1 introns we used the same sequences and names as the 2017 version of the Database
for Bacterial Group Il introns (28), except that Fa.pr.I1 was discarded, since it is identical to Eu.si.12,
and three archeal sequences were included. Sequences of mitochondrial- and chloroplast-encoded
introns were collected by first using tBLASTn (29) to search the NCBI nucleotide database for
sequences potentially encoding proteins similar to those associated with previously known organellar
subgroup IIB1 introns. For each candidate hit, it was then manually checked that surrounding
sequence stretches could be arranged into typical subgroup IIB1 secondary structure models that
would include potential intron-exon junctions and EBS and IBS sites. For cyanobacterial subgroup
IIB2 introns we did not use the Candales et al. (2012) database, which includes a number of introns
with poor EBS2-IBS2 pairings, but generated instead our own dataset in the same way as for

organellar introns.

Predicted protein sequences were separately aligned for each intron set and intron sequences with
the same insertion site as a previously documented intron and a highly similar (greater than 0.9)
translated ORF sequence were discarded. A phylogenetic tree was generated from alignable sections
(377 codons) of 66 bacterial and 3 archaeal subgroup 11B1 ORF sequences with the help of program
PhyML 3.1 (30) using the NNI tree-search strategy, the LG model of amino acid substitutions, four

substitution rate categories and the approximate likelihood ratio test to estimate branch support.

Starting with appropriate alignments of ORF-containing introns, the EBS2a-1BS2a covariation is
readily spotted by using the ‘Mutual Information’ function of the BioEdit package (31) and examining
the resulting matrix. In subgroup 11B1 and IIB2 introns a stretch of three nucleotides normally
separates EBS2 from the 5’ branch of the ID(iv) helix. The EBS2a site is located in the middle of this
segment and is flanked by an A on its 3’ side, except in some mitochondrial introns (Supplementary
Table S1). When fully base-paired, the EBS2-IBS2 duplex comprises five base pairs and the IBS2a
site lies immediately 5’ to the IBS2 sequence, usually at position -14 of the 5’-exon. In some
sequences, however, both IBS2 and IBS2a are shifted towards or away from the intron-exon junction

by one nucleotide. This is the case in a majority of chloroplast IIB1 introns (Supplementary Table S2),
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in some cyanobacterial IIB2 introns (Supplementary Table S3) and in a few bacterial 1IB1 introns: the
IBS2a site is at 5’-exon position -13 in the case of introns Pol.sp.I1, 12 and 13 and at position -15 for
intron Ch.lu.l1. All our alignments were generated with software BioEdit 7.2.5 (31) and are available

upon request.

Plasmid constructs

The wild-type Ecl5 donor and recipient plasmids were constructed according to Zhuang et al. (2009)
in order to reconstitute an identical two-plasmid system for the in vivo mobility assays.

The final wild-type Ecl5 donor plasmid was constructed sequentially (see below) using the pACD4K-
C-loxP vector (TargeTron vector purchased from Sigma) as the plasmid backbone. Because the
pPACD4K-C-loxP vector is provided linearized at the Hindlll and BsrGl sites, it was first circularized as
follows: primers Fw_pACD4K_Cir and Rev_pACD4K_Cir (oligonucleotide sequences in
Supplementary Table S4) were annealed and the resulting double-stranded product digested with
Hindlll and BsrGl before ligation with the linearized vector to generate the circular vector, ‘pACD4K-C-
loxP_Circ’.

In order to clone the Ecl5 intron deleted of most of its ORF in domain IV and flanked by its exons, a
PCR fragment (A) was first generated as follows: a DNA prep containing the E. coli virulence plasmid
pO157 which harbours the Ecl5 intron was used as a template for two distinct amplification reactions;
one PCR used primers Ecl5-5" exon_New and Ecl5 P1_New and another PCR was performed with
primers Ecl5-3' exon_New and Ecl5 P3_New. Then, the two synthesized PCR products were gel-
purified, mixed and re-amplified with the external primers Ecl5-5' exon_New and Ecl5-3' exon_New.
The resulting PCR fragment (A) was digested by Hindlll and Xhol and ligated with vector pACD4K-C-
loxP_Circ, previously linearized with the same restriction enzymes. In the resulting plasmid construct,
‘PACD4K_Ecl5-IntronAORF’, all the sequences encoding for the Lactococcus lactis LI.LtrB intron and
its LtrA ORF have been replaced by those corresponding to intron Ecl5 flanked by 30 and 95
nucleotides of its natural 5’ and 3’ exons, respectively. In addition, in this construct a 1551-nt long
internal section of the reverse transcriptase ORF was deleted and replaced by a BamHI site, leaving
only 131 and 43 nucleotides of the initial and the terminal sections of the ORF, respectively.

The complete Ecl5 RT ORF with a 5’-adjacent Shine-Dalgarno (corresponding to phage T7 S10
Shine-Dalgarno sequence) was then cloned into plasmid pACD4K_EcI5-IntronAORF downstream of
the 3’-exon sequence. This cloning step was performed as follows: a PCR product was generated
with primers Ecl5-5' ORF_New and Ecl5-3' ORF_New using as a template a DNA prep of the E. coli
virulence plasmid pO157 encoding for the Ecl5 intron. The resulting PCR product was digested with
Xmal and Xhol and ligated with Xmal and Xhol-linearized plasmid pACD4K_Ecl5-IntronAORF in order
to generate construct ‘pACD4K_Ecl5-IntronAORF+3’ORF’. Finally, using this latter construct, a T7
promoter sequence immediately flanked by two BamHI sites was introduced into intron domain IV as

follows: a PCR product was generated with primers Ecl5_T7Fw and Ecl5_T7Rev using as a template



the pACD4K_Ecl5-IntronAORF+3’ORF plasmid. The resulting PCR fragment was digested by Bsal
and Xmal restriction enzymes (cleavage by Bsal generates a BamHI-digested extremity on the PCR
product) and then ligated with BamHI and Xmal-digested pACD4K_EcI5-IntronAORF+3’ORF plasmid
to obtain construct ‘pACD4K_Ecl5-IntronAORF+3’ORF+T7’. This plasmid construct corresponds to
the final Ecl5 wild-type intron ‘donor plasmid’ used for mobility assays.

The recipient plasmid containing the wild-type target site for the Ecl5 intron was constructed
sequentially (see below) using the pBR322 vector as the plasmid backbone. First, a transcriptional
terminator (T®) for phage T7 RNA polymerase was inserted into pBR322, downstream of the
tetracycline resistance gene (tetR). This cloning step, which gave rise to construct ‘pBR322_Tphi’ was
done as follows: a PCR fragment was generated with primers Tphi_Fw and Tphi_Rev using as DNA
template the pET24b vector, after which this PCR product was digested with Bsal to generate 5’ end
overhangs suitable for ligation of the fragment with the pBR322 vector linearized at its unique Styl site.
Then, a 629-bp DNA fragment was synthesized (Eurogentec; complete sequence in Supplementary
Figure S1) encoding both the Ecl5 target site (the 5’ and 3’ halves of the target site are 36- and 20-nt
long, respectively) flanked by E. coli transcriptional terminators T1 and T2, and the beginning of the
tetR gene with an adjacent Shine-Dalgarno but without any upstream promoter. This 629-bp DNA
fragment was cut with BstXI and Nhel restriction enzymes and then ligated with plasmid
pBR322_Tphi digested with Aatll and Nhel. This cloning generated construct ‘pBR322_Ecl5-

TS _1XT2'. Finally, two additional copies of the transcriptional terminator T2 were inserted into this
latter construct immediately downstream of the first T2 copy. Cloning was performed as follows: using
plasmid pBR322_EcI5-TS_1XT2’ as the PCR template, two PCR products were generated; PCR (A)
was obtained with primers 2xT2_Fw and 2xT2_Rev and PCR (B) with primers 3xT2_Fw and
3xT2_Rev; PCR (A) was digested with Xbal and Acc651 and PCR (B) was cut by Acc65! and Hindlll
enzymes; these two PCR digests were then ligated together with plasmid pBR322_EcI5-TS_1XT2
linearized at the Xbal and Hindlll sites. The resulting ‘pBR322_EcI5-TS_3XT2’ construct corresponds
to the wild-type ‘recipient plasmid’ used for mobility assays.

All the mutant versions of the wild-type donor and recipient plasmids tested in this work were
constructed by cloning PCR products obtained with oligonucleotides carrying the appropriated
mutations.

All the constructs were verified by sequencing the entire plasmid section derived from PCR products.

Intron mobility experiments in vivo

E. coli HMS174(DE3) strain (Novagen) was used for all intron-mobility experiments. This strain
possesses the recAl mutation in a K-12 background and is suitable for the over-expression of desired
target genes based on the phage T7 expression system. When appropriate, antibiotics were added to
LB liquid medium or LB-agar at the following final concentrations: ampicillin (Amp), 100 pg/mL;

chloramphenicol (Cam), 25 ug/mL; tetracycline (Tet), 25 pg/mL.



For selection experiments aiming to test the EBS2a-IBS2a interaction, HMS174(DE3) competent cells
were co-transformed by heat-shock (in 21-uL reactions, according to the manufacturer's instructions)
with 40 ng of each specific donor plasmid and 40 ng of an equimolar mix containing all four recipient
plasmids (aliquots of the same recipient plasmid-mixture were used for co-transformations with each
one of the donor plasmids tested). After heat-shock, 80 uL of SOC media was added to the
transformation reactions and the cells were incubated at 37°C for 1 hour to recover by growth. A small
portion of this culture (10 pL) was serially diluted and plated onto LB-agar with Amp and Cam
antibiotics in order to determine the efficiency of co-transformation for each experiment. The
remainder of the culture (90 uL) was added to 25 mL of LB medium containing ampicillin,
chloramphenicol and 20 mM glucose (final concentration) followed by incubation at 37°C overnight.
Supplementing the media with glucose significantly reduces basal transcription in this genetic system
and therefore, expression of the intron in the absence of IPTG induction. After overnight growth, the
glucose was eliminated by washing the cells with 10 mL of fresh LB medium. Washed cells were
resuspended in 10 mL of LB medium and a 1.8 mL portion was used for DNA plasmid purification and
sequencing (described below) while a 50 pL portion of the washed cultures was inoculated into 10 mL
of LB medium containing ampicillin and chloramphenicol and incubated at 37°C until early log phase
was reached (OD at 590 nm = 0.2 - 0.4). At this point, a 250 uL portion of the early log phase-cultures
were inoculated into 5 mL of fresh LB medium containing 100 uM IPTG (final concentration) and
induced at 37°C for one hour (longer induction phases resulted in very high levels of cell death,
probably because it leads to excessive expression of the tetR gene which is known to be toxic (32)).
After induction, the cultures were chilled on ice and then washed with 5 mL of ice-cold LB medium to
eliminate IPTG (all centrifugations were performed at 4°C). Washed cells were resuspended in 5 mL
of fresh LB medium, serially diluted and plated onto LB-agar+Amp+Tet. In order to approximatively
estimate the level of intron retrotransposition in these experiments, cell plating was also performed
onto LB-agar+Amp+Cam or LB-agar+Amp, for comparison with LB-agar+Amp+Tet. Each selection
experiment was performed independently at least three times. TetR colonies were submitted to PCR in
order to specifically analyse recipient plasmids containing an integrated intron. Colony PCR was
performed with primers Ecl5-13 and Ecl5-14 (Supplementary Table S4) which hybridize, respectively,
to the recipient plasmid backbone (upstream of the intron target site) and to intron-domain IV
sequence. The resulting PCR products were purified and sequenced with primer Ecl5-13 which allows
to analyse the 5-integration junction (comprising the IBS2a position) and the integrated intron-
sequence up to domain IV.

To confirm that all four recipient plasmids (having distinct bases at the IBS2a position) were equally
represented in the population of co-transformed cells in each selection experiment, the 1.8 mL portion
of the overnight cultures mentioned above was used for plasmid purification and specific sequencing
of the entire recipient plasmid-population with primers Ecl5-13 and Ecl5-15 (Supplementary Table S4;
Ecl5-15 is a reverse primer that hybridizes at the beginning of the tet? gene). These primers allow to
read the intron target site region of the recipient plasmid population from both strands (data not

shown).



Mobility assays involving matched EBS2a / IBS2a combinations used 40 ng of donor and 40 ng of the
corresponding recipient plasmid for co-transformation and, for the rest, were performed under
identical conditions to the selection experiments. After the IPTG-induction step, cells were washed as
previously described and then resuspended in 5 mL of fresh LB medium, serially diluted and plated
onto different media: LB-agar+Amp+Tet, LB-agar+Amp+Cam and, optionally, LB-agar+Amp. Mobility
efficiencies were determined as the ratio of (AmpR+TetR)/(AmpR+CamR) colonies. Identical results

were obtained using the ratio of (AmpR+TetR)/AmpR colonies.

Quantification of in vivo intron splicing by primer extension

In order to determine if the EBS2a-IBS2a interaction has an impact on splicing efficiency, primer
extension reactions were used to quantify levels of intron splicing in vivo. First, E. coli HMS174(DE3)
competent cells were transformed with 40 ng of each one of the donor plasmids (in the absence of
recipient plasmid) encoding for intron precursors carrying either matched or mismatched EBS2a /
IBS2a combinations. Transformed cells were grown and induced under the same conditions as those
used for mobility assays (described above) except that the IPTG induction step was carried out for 3.5
hours in order to allow the accumulation of intron-derived RNAs in the cell (over-expression of the
intron in the absence of its recipient plasmid does not affect cell viability). Then, a 50 uL portion of
each induced culture was used for extraction of total cellular RNA with the Direct-zol RNA Miniprep kit
(Zymo Research). Approximately 100 ng of each total RNA extraction (or 30 ng for intron lariat and
intron precursor RNA controls) were analysed by primer extension with SuperScript IV reverse
transcriptase according to the manufacturer's instructions (Invitrogen) using a 2P 5'-radiolabelled
DNA primer. This primer (5’- TCCGGTTTCATTGTCCTGACAGC) hybridizes to a segment lying in
subdomain IC of the Ecl5 intron. After reverse transcription, the RNA template was degraded by
adding to the 20 uL-reactions 2 pL of 3M NaOH and incubating the tubes at 85°C for 10 min followed
by 40 min at 50°C. Then, the pH was brought to neutrality by adding 2 uL of 3M HCI, and the samples
were ethanol-precipitated at -20°C overnight. After centrifugation, pellets were washed with 80%
ethanol, dried and resuspended in 15 pL of formamide loading buffer. From these, aliquot portions
were denatured at 85°C for 15 min and immediately loaded onto denaturing 5% polyacrylamide - 8 M
urea gels. The gels were fixed, dried and exposed to Phosphorlmager screens. After exposition, the
screens were scanned using a Typhoon Phosphorimager and quantified using ImageQuant-TL
software (GE Healthcare). For each experiment, intron splicing efficiency was calculated from the

intensities of lariat (L) and precursor (P) bands as follows: (L / L+P) X 100.



RESULTS

Phylogenetic analyses predict a new base-pairing interaction between the intron and its

flanking 5’-exon in subgroup IIB1 and IIB2 introns

We started by performing comparative sequence analysis on natural group Il introns in order to
search for covariation events that could be indicative of novel, previously unidentified, RNA-RNA
interactions between the intron and its 5’-exon. The dataset we used for these phylogenetic analyses
contained the organellar intron sequences listed in Supplementary Tables S1 and S2 and the full-
length intron sequences found in the public database for bacterial group Il introns (28). Note that for
cyanobacterial subgroup 11B2 introns we generated a specific dataset, different from that of Candales
et al. (2012) (Materials and Methods and Supplementary Table S3). Due to the high degree of
structural variation of the peripheral domains of group Il introns, comparative sequence analysis of
these RNAs is most informative when performed at the level of each structural subgroup. In addition,
it can also be potentially informative to further sub-divide subgroup-specific alignments taking into
account the presence or the absence of an intron-contained RT ORF in order to try and identify RNA
statistical constraints that would specifically result from the interaction of the intron ribozyme with its
RT protein. Therefore, using these two criteria we manually generated and optimized specific
alignments with software BioEdit 7.2.5 ((31); Materials and Methods). Careful inspection of the
resulting alignments allowed us to identify two positions whose base identities vary in a highly
concerted way (i.e., co-vary), specifically in RT-encoding introns belonging to subgroups IIB1 and 11B2
(Figure 2). With the exception of IIC introns, 1IB1 and IIB2 are the most abundant subgroups in
bacterial genomes (33). The 1IB2 representatives are specifically found in cyanobacteria and in
chloroplastic genomes and differ from IIB1 introns by a number of base substitutions at positions lying
in the central wheel and in domains V and VI and also by the presence of extra sequences, most
often two stem-loops, on the 5’-side of the internal loop at the base of domain | (3, 28). Regarding the
co-varying sites, and as shown in the secondary structure model of the E. coli Ecl5 intron (Figure 1A),
one of the sites is located in the 5’-exon, immediately upstream of the IBS2 sequence, at position -14,
whereas the other site lies only two nucleotides upstream of the EBS2 sequence, in the multi-
branched internal ‘EBS2 loop’ of subdomain ID. In keeping with their proximity to the established
EBS2-IBS2 pairing we named these sites EBS2a (in the intron) and IBS2a (in the 5’-exon/DNA target
site). Mutual information, a parameter that measures the extent to which the base identities at two
positions are correlated with each other (34, 35), is high in all four cases (legend of Figure 2) lending
strong support to this novel EBS2a-IBS2a interaction. Furthermore, the observed patterns of base
distribution are consistent with the two sites interacting through Watson-Crick pairing (Figure 2). The
pattern is particularly clear for bacterial IIB1 and 11B2 introns, since all four Watson-Crick
combinations are represented. Interestingly, the covariation pattern observed in organellar [IB1
introns deviates somewhat from that in bacteria since there is a prevalence of the EBS2a(A)-1BS2a(U)

combination over the other ones. In the case of mitochondrial 11B1 introns, however, this pattern may
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result from a statistical bias, as the 27 introns analysed occupy only 10 distinct genomic locations. It
should also be noted that in most chloroplast 1IB1 introns, the covariant IBS2a nucleotide lies at
position -13 of the 5’-exon instead of -14. Altogether, these differences suggest that the structural
constraints acting on the EBS2a-IBS2a interaction might vary from bacterial to organellar 11B1 introns.
Finally, it is important to mention that similar phylogenetic analyses conducted specifically on the
many ORF-less IIB1 and 1IB2 introns present in organellar genomes failed to provide statistical

evidence for the EBS2a-1BS2a pairing (data not shown).

The EBS2a-IBS2a interaction does not seem to be required for recognition of an RNA 5’-exon

by the intron ribozyme

We first sought to demonstrate experimentally the EBS2a-IBS2a interaction by testing its impact on
the ability of the intron ribozyme to bind its 5’-exon RNA in vitro. For this purpose we used the
mitochondrial PI.LSU/2 from the brown alga Pylaiella littoralis since it is an RT-encoding 11B1 intron
that potentially forms a EBS2a(G)-IBS2a(C) pairing with its flanking 5’-exon. Moreover, the Pl.LSU/2
intron is an ideal system for biochemical approaches due to its ability to fold and splice readily and
properly (36, 37). The in vitro experimental system that was put into use involves purified intron lariat
and an RNA oligo mimicking the 5’-exon (carrying the IBS2a, IBS2 and IBS1 sequences). When the
two RNAs are combined, the 5’-exon RNA binds to the lariat intron through the EBS-IBS pairings and
catalyses intron debranching, which is the reverse of the 2’-5’ branch-forming reaction that occurs
during the first step of splicing. In previous works we had shown that measuring the fraction of
debranched molecules at different concentrations of 5’-exon makes it possible to determine the
dissociation constant (Kd) of the two molecules and therefrom, the affinity of the intron for its 5’-exon
((37, 38); see also (39)). Accordingly, we perform debranching experiments using gel-purified
PI.LSU/2 intron lariat and 5’-exon RNA variants carrying different bases at the EBS2a and IBS2a sites,
respectively. We expected that differences in Kd values for matched and mismatched combinations of
lariat and 5’-exon RNAs would allow us to demonstrate compensatory base changes indicative of a
direct interaction between the EBS2a and IBS2a sites. However, and despite multiple attempts using
different experimental conditions and intron constructs (data not shown), we were unable to detect the
EBS2a-IBS2a pairing by this approach. Different reasons could account for these negative results.
The putative interaction may not form at all in our assay, or, it could be formed without being required
for recognition of the 5’-exon RNA by the ribozyme, which would make it undetectable kinetically.
Another possibility however, is that the EBS2a-IBS2a cannot come into existence because its
formation requires the contribution of the PI.LSU/2 reverse transcriptase enzyme, which was not
present in our in vitro system. This latter possibility is consistent with the phylogenetic analyses
described above since statistical support for an interaction between the EBS2a and IBS2a positions

was only obtained when RT-encoding introns were analysed as a separate sub-group of sequences.
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The EBS2a-IBS2a interaction between the intron ribozyme and its DNA target site is required

for intron mobility.

Despite the negative results described above, evolutionary conservation of the EBS2a-IBS2a pairing
spoke for an important role in some other intron function(s). One obvious possibility was its
participation in the network of EBS(RNA)-IBS(DNA) interactions that the intron lariat, in complex with
its RT protein, establishes with its target site during reverse-splicing into DNA.

Accordingly, we next sought to investigate the possible implication of the EBS2a-IBS2a interaction in
DNA target site recognition during intron retrotransposition. As mobility of the PI.LSU/2 intron has not
been demonstrated experimentally, we decided to use as a model system for examining
retrotransposition intron Ecl5, a subgroup 1IB1 intron encoding for a CL1-lineage RT (40) that is
naturally present in the virulence plasmid pO157 of pathogenic E. coli strain O157:H7 (41, 42). As
already mentioned, the Ecl5 intron potentially forms a EBS2a(U)-IBS2a(A) pairing with its flanking 5'-
exon (Figure 1A). Moreover, in a previous work this intron was shown to be highly mobile by using a
guantitative ‘two-plasmid’ genetic assay in E. coli (26). In that same work, the authors identified bases
C-18, C-17, A-15 and A-14 lying on the distal 5’ region of the target site, immediately upstream of the
canonical IBS1 and IBS2 segments, as being important for intron integration and proposed that these
bases could be directly recognized by the intron RT ((26); Figure 1B). Remarkably, one of these four
critical positions, A-14, which coincides precisely with our phylogenetically identified ‘IBS2a’ site, was
found to be essential for intron integration since 100% of the target sites invaded by the wild-type Ecl5
intron contained an adenine base at this position (26). We thus decided to reconstitute in our
laboratory the genetic assay of Zhuang and co-workers (Materials and Methods) in order to test the
possible involvement of the EBS2a-IBS2a pairing in DNA target site recognition by the Ecl5 intron.
The ‘two-plasmid’ genetic assay and the mobility experiments we carried out in E. coli are outlined in
figure 3A. The ‘donor’ plasmid contains an IPTG-inducible T7lac promoter and expresses in tandem
both the Ecl5 intron flanked by its exons and deleted from most of its ORF (Ecl5 ‘ribozyme’) and the
Ecl5 RT enzyme. The Ecl5 ribozyme carries a phage T7 promoter inserted in its domain IV (Figure
1A). The precise location of this T7 promoter differs from that of Zhuang and co-workers and was
chosen to allow the correct folding of intron subdomain IVb. The ‘recipient’ plasmid contains the Ecl5
target site sequence (deduced from the natural insertion site of the intron in plasmid pO157) cloned
upstream of a promoter-less tetracycline resistance gene (tetR). For mobility assays, E. coli
HMS174(DE3), a strain expressing an IPTG-inducible T7 RNA polymerase, is co-transformed with the
donor and the recipient plasmids (Materials and Methods). In this genetic context, addition of IPTG to
the culture allows over-expression of the Ecl5 intron AORF ribozyme and the RT, which results in turn
in triggering intron retrotransposition. Integration events of the Ecl5 ribozyme into the recipient
plasmid target site are detected through emergence of tetracycline-resistant colonies due to the
expression of the tet? gene which is specifically activated by the Ecl5 ribozyme-embedded T7

promoter (Figure 3A and Materials and Methods).
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In order to test the EBS2a-IBS2a pairing we generated mutant versions of the Ecl5 intron AORF and
of its DNA target site that carried different bases at the EBS2a and IBS2a sites (Figure 3A). As a
control for intron mobility through the canonical TPRT mechanism, a donor plasmid expressing a
catalytically inactive Ecl5 RT enzyme (by mutation of the catalytic motif YADD to YAHH) was also
constructed. Mutant donor and recipient plasmids were then used in five independent selection
experiments, conducted in parallel. In these experiments, each one of the different donor plasmids
was co-transformed into E. coli HMS174(DE3) with an equimolar mix composed of the four different
recipient plasmids (Figure 3A). Intron retrotransposition was triggered by addition of IPTG to liquid
cultures grown to early log phase and integration events were detected by plating the cells on LB agar
containing ampicillin and tetracycline (Materials and Methods). The 5-integration junctions of targeted
recipient plasmids in TetR+AmpR colonies were then analysed by colony PCR followed by sequencing
in order to determine the identity of the bases at both the EBS2a and IBS2a sites.

The results obtained show that nearly without exceptions, each Ecl5 ribozyme variant only invaded
recipient plasmids carrying an IBS2a nucleotide complementary to the one found at the intron EBS2a
position (Figure 3B). These results clearly demonstrate that position -14 (IBS2a) of the target site is
engaged in a direct Watson-Crick interaction with the EBS2a site of the Ecl5 intron. The specificity of
the interaction is extremely high since only three mismatched combinations were observed among a
total of 178 sequenced integration events. Moreover, there was only a single G-U wobble pair
selected which suggests that the EBS2a-IBS2a pairing obeys a strict Watson-Crick geometry. These
results do not rule out the possibility of additional contacts between the EBS2a and/or IBS2a sites and
the intron-encoded reverse transcriptase. However, if such contacts take place, they must be
compatible with free exchange of all four Watson-Crick combinations at those sites, since our
selection experiments demonstrate that the specificity of recognition of target site IBS2a depends only
on ribozyme site EBS2a. Altogether, our results establish that EBS2a-1BS2a constitutes an additional,
previously unnoticed, Watson-Crick pairing necessary for DNA target site recognition during
retrotransposition of the Ecl5 intron. Moreover, as indicated by our comparative sequence analyses,
this interaction is most certainly at play during mobility of most, if not all, subgroup 1IB1 and 11B2
introns that encode for a RT enzyme. From a structural point of view, it is interesting to note that
positioning of the EBS2a site just upstream of the EBS2 segment must impose some peculiar fold-
back conformation on the RNA chain that comes out of the EBS2-IBS2 helix in order to concomitantly
form the Watson-Crick EBS2a-I1BS2a pairing.

Impact of the EBS2a-1BS2a pairing identity on intron mobility

The above selection experiments allowed to establish the rules obeyed by the EBS2a-1BS2a pairing.
However, they do not make it possible to determine accurately the ability of each one of the Watson-
Crick combinations to support intron mobility. In order to gather such data, mobility assays were

carried out for pairs of donor and recipient plasmids with matched EBS2a-IBS2a combinations. In
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these assays intron retrotransposition was triggered by IPTG under the same experimental conditions
that the ones used for selection experiments. After induction the cells were serially diluted and plated
onto LB agar supplemented with different appropriate antibiotics. Mobility efficiencies were then
calculated from the ratio of AmpR+TetR colonies over AmpR+CamR colonies as described in Materials
and Methods.

The mobility efficiency obtained for the wt EBS2a(U)-IBS2a(a) combination is ~88%, which is in
agreement with the efficiencies previously reported (26) and confirms that the Ecl5 intron is a highly
mobile retrotransposon (Figure 4). Our results show that, except for the EBS2a(A)-IBS2a(t)
combination, the other Watson-Crick pairings support intron mobility with the same high efficiency
(Figure 4). The relatively modest performance of the EBS2a(A)-1BS2a(t) combination (~24%) is
somewhat surprising with regard to our selection experiments on the one hand, and phylogenetic data
on the other, as the latter do not reveal an under-representation of this Watson-Crick combination in
natural intron sequences. Accordingly, we suspect that the effect of the EBS2a(A)-1BS2a(t)
combination on mobility may be due to the particular sequence context of the EBS2a and EBS2 sites
in the Ecl5 intron (Figure 1A) which could favour the formation of alternative and non-functional
interactions engaging nucleotides EBS2a(A) or IBS2a(t). We note that the nucleotide immediately
downstream of the EBS2 segment, at position 258, is an adenosine. One possibility is the formation of
an alternative pairing between A258 and the thymidine at the IBS2a site which would illicitly ‘extend’
the EBS2-IBS2 helix by one base pair. Such an extended pairing would compete with formation of the
legitimate EBS2a-I1BS2a interaction and could lead to local misfolding of the multibranched ‘EBS2’

loop with subsequent impairment of reverse splicing of the intron into the DNA target site.

Disruption of the EBS2a-IBS2a pairing does not affect intron splicing in vivo

Having established the crucial role of the new EBS2a-1BS2a interaction in DNA target site recognition
during retrotransposition, it was of importance to determine whether the interaction had a similar
major impact on 5’-exon recognition by the intron during in vivo splicing. Recall that our initial lariat
debranching experiments using the PI.LSU/2 intron were unsuccessful in detecting an interaction
between the EBS2a and the IBS2a sites. However, those experiments were performed in vitro, in the
absence of the intron-encoded RT, raising the possibility that the lack of the protein may have
prevented in some way the formation of the pairing. Accordingly, we decided to investigate the impact
of the EBS2a-I1BS2a interacti