Targeted conservative formation of cointegrates between two DNA molecules containing IS26 occurs via strand exchange at either IS end
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Summary
We recently proposed a model for targeted, conservative cointegrate formation between DNA molecules each containing a copy of IS26, that involves Tnp26-catalyzed strand exchange occurring at either the two left ends or the two right ends of the IS. Here, this model was validated by altering the bases at the outer left terminus, right terminus, or both termini of one IS26. The correct bases at both ends were required in the untargeted replicative mode. However, when only one end was altered in one participating IS the frequency of targeted, conservative cointegrate formation was not reduced. The distribution of the altered bases in the cointegrates confirmed that the reaction occurred at the end where the terminal bases of both IS were correct, and cointegrates were not formed when both ends of the same IS were altered. The terminal bases of the active IS26 were also required to support deletion of the aphA1a translocatable unit (TU) from Tn4352B. The choices made by an incoming TU with a wild-type IS26 when the target plasmid included one wild-type IS26 and one with a frameshift in tnp26 demonstrated that Tnp26 exhibits a strong preference for cis action.

Introduction
The insertion sequence IS26 (Mollet et al., 1985, Mollet et al., 1983) plays a central role in generating genetic diversity in the plasmids and chromosomes of Gram-negative bacteria and particularly in the dissemination of antibiotic resistance genes (Wrighton & Strike, 1987, Colonna et al., 1988, Allard et al., 1993, Post & Hall, 2009, Miriagou et al., 2005, Cain et al., 2010, Nigro & Hall, 2012, Blackwell et al., 2016). IS26 is 820 bp long, with 14-bp perfect inverted repeats and a single gene, tnp26, that encodes the 234 amino acid Tnp26 transposase (Fig. 1A) (Mollet et al., 1985). Over three decades ago, IS26 was shown to mediate cointegrate formation between the molecule it resides in and a target molecule using a replicative mechanism (Fig. 1B) (Mollet et al., 1985). In this process, the IS26 is duplicated, resulting in two copies of IS26 in direct orientation, one at each boundary between the two participating molecules, and the 8 bp target site is also duplicated (Mollet et al., 1985). The cointegrate formed is the final product, and its resolution can only occur in a recombination proficient background. As a consequence, IS26 is not known to move alone. To date, IS26 and other members of the IS6 family are the only IS known to use a replicative mechanism and the site in the target molecule is randomly selected (Siguier et al., 2015). However, this replicative mode was unable to explain all of the features observed in available sequences containing multiple copies of IS26.
 Over the last few years, IS26 has been shown to also utilise an additional, novel mode of cointegrate formation that is targeted and conservative (Fig. 1B) (Harmer et al., 2014, Harmer & Hall, 2016) and occurs at a frequency over 50-fold higher than replicative cointegrate formation, making it the preferred reaction when two molecules carrying a copy of IS26 are present (Harmer et al., 2014). This newly uncovered mechanism involves a Tnp26-dependent reaction between two IS26 in different DNA molecules and is RecA-independent. It is targeted because two copies of the IS are involved and conservative because the IS is not duplicated and a target site duplication is not generated i.e. no bases are lost or gained. The ability of Tnp26 to function in both untargeted replicative and targeted conservative modes can explain the formation of structures containing overlapping IS26-bounded transposons (Harmer et al., 2014, Harmer & Hall, 2016). 
In all experiments performed to date, the targeted conservative reaction results in a cointegrate structure with directly oriented copies of IS26 between the two parental molecules and this structure appears identical to cointegrates that would have formed via RecA-dependent homologous recombination or via the untargeted replicative route (Fig. 1B) (Harmer & Hall, 2016, Harmer et al., 2014). The structure of the observed targeted conservative reaction product can be achieved only if a crossover occurs between the same IS end in each of the two IS26, and this requires the transposase to be able to recognise the relative orientation of the two IS26 involved. This arrangement is in contrast to the untargeted replicative reaction which requires the right and left ends to be brought together.  
The targeted conservative reaction still occurs when only one of the participating IS26 can produce active Tnp26, but the frequency of cointegrate formation is dramatically decreased compared to when both participating molecules can produce Tnp26 (Harmer et al., 2014, Harmer & Hall, 2016), suggesting that Tnp26 may act in cis as is seen for IS1 (Machida et al., 1982), IS10 (Morisato et al., 1983), IS50 (Isberg & Syvanen, 1981), IS903 (Grindley & Joyce, 1981, Derbyshire et al., 1990) and IS911 (Duval-Valentin & Chandler, 2011). Moreover, the cointegrates formed allowed the question of whether only one end of the IS26 (either the left end or the right end) is preferentially or exclusively involved in the targeted conservative reaction to be examined. When one IS26 was marked by a frameshift in tnp26 that inactivated Tnp26, the mutation was observed to be evenly distributed to either the left or right end of the molecule carrying the marked IS in the cointegrates formed via the targeted conservative mode (Harmer et al., 2014). This indicated that the reaction did not involve preferential recognition by Tnp26 of one particular end of IS26, in which case the mutation would be expected to be distributed either exclusively to one side or exclusively to the other side (Fig. 2). We assumed that the reaction would occur at the termini, rather than internal to the IS, because the bases at the outer ends of other well-studied IS and transposons are known to be important for strand exchange and the inverted repeats are the site of transposase binding (Ichikawa et al., 1987, Szabo et al., 2010, Wiater & Grindley, 1991), and proposed a model in which cointegrates are formed by a Tnp26-catalyzed crossover between the two right ends or between the two left ends of the IS26 (Fig. 2).
[bookmark: _GoBack]To further our understanding of how Tnp26-catalyzed targeted conservative cointegrate formation occurs, in this study, IS26 with modified terminal bases were constructed and used to examine the involvement of the two terminal bases at each end of IS26 in cointegrate formation. After showing that the correct left and right termini were both required for untargeted replicative cointegrate formation, the modified IS26 were used to validate our model for targeted conservative cointegrate formation which proposed that a reaction occurs between either the two left ends or between the two right ends of the reacting IS26. The role of the outer ends of Tn4352B in the excision of the aphA1a translocatable unit (TU, an IS26-generated circular molecule containing a single IS26 copy and neighbouring DNA) was also addressed. In addition, the possibility that the Tnp26 transposase acts preferentially in cis, explaining the requirement that both IS participating in the targeted reaction must produce an active full-length Tnp26 for high frequency cointegrate formation, was also examined.

Results
The terminal bases of IS26 are required for untargeted replicative cointegrate formation 
The specific terminal bases of the inverted repeats are usually essential for movement of an IS (Derbyshire et al., 1987, Huisman et al., 1989, Johnson & Reznikoff, 1983). To determine if this is also the case for IS26, the first two bases, GG, were replaced by TT and the last two bases of IS26, CC, were replaced with AA. Untargeted replicative cointegrate formation was measured using a mating out assay which detects cointegration between a small, non-conjugative non-mobilizable plasmid containing the IS26 (pRMH977, ApR) or mutant derivatives, and the large conjugative plasmid R388 (TpR). All experiments were conducted in a RecA-deficient background to ensure that formation of any cointegrate observed was catalysed by Tnp26 and not the result of homologous recombination. ApRTpR cointegrates formed between the wild-type pRMH977 and R388 via replicative cointegrate formation at an average frequency of 2.80 x 10-7 cointegrates per transconjugant from three independent experiments (Table 1), consistent with our previous estimates using these plasmids (Harmer et al., 2014).
When the terminal GG at the left end of the IS26 (upstream of tnp26) in pRMH977 was altered to TT, cointegrate formation with R388 was below the limit of detection (<1.49 x 10-9, in each of three independent determinations, Table 1). When the CC at the right end of the IS26 in pRMH977 was replaced by AA, formation of ApRTpR cointegrates was again below the limit of detection (Table 1). Likewise, cointegrates were not formed when both the left and right ends were altered (Table 1). Together, these results indicate that replicative cointegrate formation of IS26 requires the correct terminal bases at both the left (GG) and right (CC) ends.

Targeted conservative cointegrate formation of IS26 occurs via a crossover between either the two left or the two right ends.
If our model is correct, the targeted conservative reaction should be able to occur between either the two left ends or the two right ends of the IS26s. To examine this model, targeted conservative cointegrate formation was measured using the same pRMH977 derivatives with altered terminal bases at one or both ends and R388::IS26 (TpR), a conjugative plasmid containing a wild-type IS26. When the left end of the IS26 in pRMH977 was mutated, ApRSmRTpR cointegrates formed at frequency of 3.15 x 10-4 cointegrates per transconjugant (Table 1, averaged from three independent experiments), and when the right end was mutated, cointegrates formed at a frequency of 4.17 x 10-4 cointegrates per transconjugant (Table 1, averaged from three independent experiments). These frequencies are very similar to the frequency of the reaction when four intact IRs are available (2.96 x 10-4). PCR screening of ten ApRSmRTpR colonies from each of three independent experiments confirmed that in all instances the pRMH977 derivatives had incorporated adjacent to the existing IS26 in R388::IS26. Hence, the high frequency targeted conservative reaction can still occur when only one of the two ends in one IS is altered. 
However, when the terminal bases at both the left and right end of IS26 in pRMH977 were replaced with TT and AA, respectively, cointegrates between the pRMH977 derivative and R388::IS26 were not detected i.e. the frequency was below the limit of detection (average of <1.33 x 10-9 cointegrates per transconjugant averaged from three independent experiments, Table 1). Hence, this drop in frequency of over 5 orders of magnitude indicates that the terminal bases at at least one end of both participating IS must be correct for the targeted conservative reaction to occur, and this is consistent with the strand exchange occurring at (or very close to) one or the other outer end of the IS. 
	The origin of each IS26 in ApRTpR cointegrates formed from a donor IS26 that contained altered bases at either the left or right end was traced. Primers listed in Table 4 were used to PCR amplify both IS26 from plasmid DNA extracted from 15 ApRTpR cointegrates (five from each of three independent experiments) formed between R388::IS26 and a pRMH977 derivative containing an IS26 with altered left terminal bases, and both PCR amplicons were sequenced. In all 15 instances, mutant terminal bases at the left end in pRMH977 had been distributed to the right-hand IS26 of the cointegrate (Fig. 3A), demonstrating that the reaction must have occurred between the wild-type right ends. Fifteen ApRTpR transconjugants (five from each of three independent experiments) formed from the reaction between R388::IS26 and pRMH977 with mutant terminal bases at the right IS26 end were screened in the same way. In all 15 cointegrates tested, the mutated bases had been distributed to the left-hand IS26 of the cointegrate (Fig. 3B). Hence, the reaction occurred between the two left wild-type ends. Taken together these results indicate that the targeted conservative reaction can occur in accordance with the proposed model via a single crossover occurring between either the two left ends or the two right ends. 

The terminal bases affect TU excision from Tn4352B
IS26-bounded structures are typically very stable. However, we previously observed that, in the absence of antibiotic selection, kanamycin resistance was rapidly lost from a plasmid containing the kanamycin-resistance transposons Tn4352B (IS26-aphA1a-IS26) (Harmer & Hall, 2015). This reaction requires a specific sequence (two additional G residues) to be present adjacent to the left internal end of one of the IS and could not be detected when these bases were not present (Harmer & Hall, 2015).  The observed products were the result of a Tnp26-mediated reaction that precisely excised one IS26 and the adjacent piece of DNA containing aphA1a i.e. the translocatable unit (TU) Theoretically, TU excision would require strand exchange between one inner and one outer IS end of the transposon i.e. between two left or two right IS termini, but only the left IS26 (as shown in Table 2) was required to produce active Tnp26 for excision to occur. This is consistent with cis action of Tnp26, and it was predicted that the left ends of the two IS26 in Tn4352B were involved in the reaction (Harmer & Hall, 2015). To examine this prediction, mutations were introduced at either the left, right, or both outer ends of Tn4352B as shown in Table 2. When only the two terminal bases on the outer right end were substituted (pRMH1006, ApRKmR), kanamycin resistance was lost at a similar rate to that seen for wild-type Tn4352B (pRMH971, ApRKmR). After approximately 22 generations (one cycle of overnight growth), only 60% of cells in the culture were resistant to kanamycin, and after five cycles of repeated sub-culture, less than 5% of cells were resistant. This result was reproducible, the average of three independent determinations is shown in Table 2, and demonstrates that the altered end is not needed. The sequence of the IS26 remaining in the derivatives of pRMH1005 recovered from five independent kanamycin-sensitive (KmS) colonies was determined by PCR amplification of plasmid DNA (using primers RH1451 and RH1452) followed by sequencing. In all cases, the two substituted right terminal bases were present. Hence, the TU had been formed from the wild-type left-hand IS26 and the aphA1a-containing central fragment, and the sequence of the amplicon derived from the excised TU using primers aphA1-A and aphA1-B as described previously (Harmer & Hall, 2015) confirmed this. Hence, the outer right end is not required for the IS26-mediated excision of a TU from Tn4352B.
In contrast, when the two terminal bases at the outer left end of Tn4352B were substituted (pRMH1005, ApRKmR), no KmS colonies were detected even after five days of serial sub-culture (Table 2). Hence, the left terminal bases were essential for TU loss to occur, consistent with a requirement for Tnp26 action at this point. This is consistent with our previous conclusion that the outer left end interacts with the inner end of the right-hand IS26 of Tn4352B, and with earlier results showing that the left-hand IS26 of Tn4352B is essential for TU excision (Harmer & Hall, 2015). As expected, when the terminal bases on both the left and the right were replaced (pRMH1007, ApRKmR), no kanamycin-susceptible colonies were detected among 1500 colonies screened over five cycles of serial sub-culture (one hundred colonies screened at each cycle in each of three independent determinantions) (Table 2).

Tnp26 acts in cis
To test the hypothesis that Tnp26 acts in cis, R388 derivatives that contain a modified Tn4352B kanamycin resistance transposon (Fig. 4, top line in A and B) recovered in a previous study (Harmer & Hall, 2016) were used as the targets for incorporation of an additional TU. In one (Fig. 4A), Tn4352B is bounded on the left side by an IS26 encoding an active Tnp26 and on the right side by an IS26 in which the transposase gene has been inactivated by introduction of a frame shift (Fig. 4A, R388::Tn4352B derivative 1). In the second plasmid (Fig. 4B), the wild-type tnp26 is on the right and the mutant on the left (Fig. 4B, R388::Tn4352B derivative 2). 
A 4.3-kb circular TU containing only an IS26 and a 3526-bp fragment that includes the tetracycline resistance determinant tet(D) (TcR), generated in vitro from Tntet(D) as described in Materials and Methods, was introduced by electroporation of 1 μg of TUtet(D) into the RecA-deficient E. coli strain UB1637 (SmR) containing either R388::Tn4352B derivative 1 (D1) or R388::Tn4352B derivative 2 (D2). A total of twelve KmRTcRTpR transformants were recovered from three independent experiments involving R388::Tn4352B D1 and fourteen KmRTcRTpR transformants from three independent experiments involving R388::Tn4352B D2. If Tnp26 preferentially acts in cis, we would expect the targeted conservative reaction to occur preferentially between the incoming IS26 and the IS26 producing wild-type transposase in the R388 dervative. To determine which IS26 in the R388 derivatives took part in TU incorporation, plasmid DNA from the 26 transformants was mapped using PCR with various combinations of primers RH1472, RH1471, aphA1-A, aphA1-B, RH541 and tetD-R (see Fig. 2 in (Harmer & Hall, 2016) for PCR mapping strategy). The screening revealed that the IS26 elements were always in direct orientation, and in all but one of these transformants, TUtet(D) had been incorporated adjacent to the active IS26 (Fig. 4A and Fig. 4B). Hence, there is a very strong preference for the IS producing an active Tnp26 to be targeted and it is likely that Tnp26 acts in cis. Sequencing of the PCR amplicons confirmed that the reaction was precise and conservative i.e. the 8-bp direct repeats flanking the Tn4352B in R388::Tn4352B now flanked the entire Tn4352B-Tntet(D) structure. 

Discussion
Here, we have validated our model for the targeted conservative reaction of Tnp26 showing that the crossover between two IS26 copies in different DNA molecules occurs between one pair of like outer IS ends or the other. The terminal bases of both participating IS ends are essential, but no preference for either the left end (upstream of tnp26) or the right end was observed. Hence, the strand exchange occurs at a specific point, i.e. is site-specific, but two equally suitable sites are available. The excision of a TU from Tn4352B, which also involves a reaction between two like IS26 ends, also required the terminal bases. However, in this case the reaction depends on the presence of two additional G residues adjacent to the GG at the left terminus of IS26 (Harmer & Hall, 2015), and these residues appear to alter the DNA structure to overcome the constraints that normally prevent this reaction when two IS26 are present in the same DNA molecules  
We have identified a potential H-HTH domain at the N-terminus of Tnp26 that is a candidate for IR binding (unpublished observations). However, as the 14 bp inverted repeats (IR) are perfect copies of one another, it seems likely that the features enabling discrimination between the ends in order to make the correct pairings reside in the sub-terminal region. At this stage, it is not known whether one or both strands are exchanged. However, we propose a single strand exchange is involved, as must be the case for the better-known untargeted replicative mode. This would form a Holliday junction, and then replication will also be needed to resolve the product formed by Tnp26 in the targeted conservative mode, as well as in the untargeted mode. 
Tnp26 exhibited a very strong preference to act in cis, explaining why both IS26 must produce an active Tnp26 for the targeted conservative reaction to be efficient. This is consistent with the in cis action of other transposases, including those encoded by IS1, IS10, IS50, IS903 and IS911 (Machida et al., 1982, Morisato et al., 1983, Isberg & Syvanen, 1981, Grindley & Joyce, 1981, Derbyshire et al., 1990, Duval-Valentin & Chandler, 2011).
An intriguing aspect of the existence of two quite distinct reactions catalysed by Tnp26 is that the same relatively small transposase must be able to form at least two very different transposasome architectures, one bringing the left and right ends of a single IS together in the untargeted replicative mode and the second pairing two like ends in different molecules (a TU and a plasmid or chromosome, two plasmids, or a plasmid and the chromosome) for the targeted conservative mode. Granted that both modes are likely to involve replication to resolve the initial product formed by Tnp26, consideration will need to be given to renaming the “replicative” mode.
It is important to note that the targeted reaction studied here does not resemble any reaction described previously and that the product is a cointegrate, as for the replicative mode. Hence, there is no evidence that a single IS26 can transpose. This is supported by the fact that we have never been able to detect a circular form of IS26, though we have tested for this form generated from IS26 in multiple different genetic contexts using primers facing outwards from the IS26 (RH614 [5’-CGCCACCATCAAAGGTATTG-3’] and RH617 [5’-TTGAATGGGTTCATGTGCAG-3’]). This is in contrast to the fact that an excised circular IS can be readily detected by a diagnostic PCR using primers facing outwards from the IS in the case of IS3 and IS30 family members (Kiss & Olasz, 1999), and other IS that use a copy out – paste in mechanism (Siguier et al., 2015).
While IS911 (IS3 family) (Turlan et al., 2004, Loot et al., 2002, Loot et al., 2004) and IS30 (IS30 family) (Szabo et al., 2010) have been shown to target an IS end, the reaction involves incorporation of the incoming entity, the excised circular IS intermediate formed by the copy out step, into a target, and the product is quite different, with the incoming IS head to head with the IS end targeted. Finally, the term “conservative” has occasionally been used incorrectly to describe cut out – paste in transposition and this can lead to confusion with the reaction described here. Cut out – paste in transposition “conserves” the IS which is relocated, but creates a target site duplication. Hence this reaction is not conservative, which strictly means no bases are added or lost. Consequently, the extensive work undertaken with IS using this mechanism does not inform the IS26 story. 

Experimental procedures
Bacterial strains and media
Escherichia coli DH5α was used to propagate plasmids. E. coli UB5201-Nx (NxR) was used as a donor in mating out transposition experiments, and E. coli UB1637-Sm (SmR) was used as a recipient. Antibiotics (Sigma) were added at the indicated concentrations to either Mueller-Hinton broth or Mueller-Hinton agar, as appropriate: ampicillin (Ap), 100 μg/ml; kanamycin (Km), 50 μg/ml; nalidixic acid (Nx), 25 μg/ml; rifampicin (Rif), 100 μg/ml; streptomycin (Sm), 25 μg/ml; tetracycline (Tc), 10 μg/ml; trimethoprim (Tp), 25 μg/ml.

Plasmids and plasmid construction
The plasmids used in this study are listed in Table 3. pRMH977, R388, R388::IS26, R388::Tn4352B and pUC19::Tntet(D) have been described previously (Harmer et al., 2014, Harmer & Hall, 2015, Partridge & Hall, 2003, Harmer & Hall, 2016). pRMH977 derivatives containing an IS26 with mutated terminal bases (pRMH1002, pRMH1003, pRMH1004) were generated by site-directed mutagenesis as described previously (Harmer et al., 2014) using the primers listed in Table 4. The nucleotide substitutions were confirmed by PCR amplification and sequencing. Derivatives of pRMH1002, pRMH1003 or pRMH1004 containing Tn4352B were generated by digesting the plasmid with BsiWI and ligating with the 1.8 kb BsiWI fragment from pRMH971 as described previously (Harmer & Hall, 2015) to generate pRMH1005, pRMH1006 and pRMH1007, respectively (Table 3). Plasmid DNA was isolated by alkaline lysis, digested and gel purified as previously described (Harmer et al., 2014). PCR and routine sequencing of PCR products was performed as previously described using published primers (Harmer et al., 2014) RH1471, RH1472, RH1452 and RH1452 (Table 4). 

Transposition assays
Strains for transposistion assays were generated via conjugation of either R388 (SuRTpR) or R388::IS26 into E. coli UB5201-Nx (recA-, NxR) cells containing the nonconjugative plasmid pRMH977 (ApR), or derivatives of pRMH977. Cointegrate formation was assessed by mating these strains with UB1637-Sm (recA-, SmR) and selecting for ApRSmRTpR colonies. The transposition frequency was calculated as the number of ApRSmRTpR transconjugants (cointegrates) per TpRSmR transconjugant (R388 or R388::IS26). Targeted conservative cointegrate formation in R388::IS26 was detected by PCR mapping across each IS26 into the R388 backbone using primer pairs RH1471/RH1452 and RH1472/RH1451 as described previously (Harmer et al., 2014).

In vitro construction and transformation of a TU 
The presence of a unique SwaI restriction site in IS26 was exploited to generate circular TU in vitro as described previously (Harmer & Hall, 2016). A Tntet(D)-derived TUtet(D) was generated in vitro by SwaI digestion of pUC19::Tntet(D) plasmid DNA extracted from cells grown overnight with tetracycline selection. The 4.3 kb fragment containing tet(D) and two partial copies of IS26 was isolated via gel extraction. 1 μg of the 4.3 kb fragment was re-ligated using 40 units of T4 DNA ligase (New England Biolabs) to form a circular TU, containing tet(D) and a complete copy of IS26. 
1 μg of ligation mixture containing the TU was electroporated into E. coli UB1637-Sm (recA-) recipient cells that had been rendered electrocompetent as described previously (Gonzales et al., 2013). Electroporation was performed using a BioRad MicroPulser electroporator according to manufacturers instructions. After recovery in 1ml Luria broth for 90 minutes at 37oC, transformed cells were plated onto Mueller-Hinton agar supplemented with trimethoprim (10 μg ml-1), kanamycin (50 μg ml-1) and tetracycline (10 ug ml-1) to select for transformants containing TUaphA1a and TUtet(D). 

Quantification of TU loss. 
Starter cultures of recA- UB1637-Sm cells containing the appropriate plasmid were grown overnight at 37oC in LB with kanamycin selection. One hundred μl of a 10-5 dilution of starter culture (approximately 1000 cells) was used to inoculate cultures with or without kanamycin (50 μg/ml) to select for retention of aphA1a and grown overnight (16 hours, approximately 22 generations). Cultures were diluted and a fresh culture was inoculated with ~1000 cells; this was performed daily for five cycles. To detect kanamycin-resistant and kanamycin-sensitive cells, the culture was serially diluted and plated in duplicate onto LB agar supplemented with both ampicillin and kanamycin (to select for cells containing pUC19 with the aphA1a-containing Tn4352B), and ampicillin alone to determine the total plasmid-containing cells. The percentage of kanamycin resistant colonies was determined by dividing the total number of kanamycin resistant colonies by the total number of colonies on the ampicillin plate. To confirm the colony counts, one hundred colonies from each overnight culture were patched onto LB agar supplemented with ampicillin or ampicillin and kanamycin. In all instances, these counts were consistent with the colony counts. A minimum of three independent determinations were performed for each plasmid tested.
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Figure legends
Fig. 1 IS26 structure and movement. A. IS26 structure. The horizontal arrow shows the position and orientation of tnp26. Grey boxes indicate the left (IRL) and right (IRR) terminal inverted repeats. The specific bases at the left and right ends of IS26 are shown below, with the bases of the inverted repeats boxed. The palindromic bidirectional -35 promoter in the IR is shown in bold. B. Two routes to cointegrate formation; random with duplications and targeted conservative. The IS26’s are boxes with an arrow indicating the orientation of the tnp26 gene. The flanking 8 bp duplication is indicated by a raised arrowhead. The origin of each replicon in the cointegrate is indicated by a solid line or a dashed line. 

Fig. 2 Proposed model for targeted conservative cointegrate formation between two IS26-containing molecules. The IS26 are shown as green or blue boxes, with an arrow indicating the position and orientation of the tnp26 gene. The two DNA molecules are identified by either solid lines (R388::IS26) or dashed lines (pRMH977 or pRMH977 derivatives). For simplicity, the specific sequences next to each IS26 are marked with abc, def, UVW or XYZ. The proposed site-specific strand exchange is denoted by a red double-ended arrow. 

Fig. 3 Targeted conservative cointegrate formation between a wild-type IS26 and an IS26 with altered terminal bases at either the left end (A) or right end (B). The IS26 are shown as green or blue boxes, with an arrow indicating the position and orientation of the tnp26 gene. The two DNA molecules are identified by either solid lines (R388::IS26) or dashed lines (pRMH977 derivatives). For simplicity, the specific sequences next to each IS26 are marked with abc, def, UVW or XYZ. The site-specific strand exchange is denoted by a red double-ended arrow. The altered bases are marked by red TT or AA.




Fig. 4 In cis action of Tnp26. TU incorporation using TUtet(D) and an R388::Tn4352B derivative containing a frameshift in either the right (A) or left (B) IS26. Genes and open reading frames are shown as arrows indicating the direction of transcription. Genes conferring antibiotic resistance are black. IS26 are shown as open boxes with an arrow indicating the position and orientation of tnp26. 8 bp direct repeats are shown as a solid black flag. The position of the frameshift in tnp26 is denoted by a cross. Numbers indicate the number of cointegrates recovered in that configuration.
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Tables
	Plasmid
	IS26 
	Target
	Transposition frequency 

	
	IRL sequence (5’-3’)
	IRR sequence (5’-3’)
	
	Mean
	No.
	Range

	pRMH977
	GGCACTGTTGCAAA
	TTTGCAACAGTGCC
	R388
	2.80 x 10-7
	3
	1.10 x 10-7 – 4.10 x 10-7

	pRMH1002
	TTCACTGTTGCAAA
	TTTGCAACAGTGCC
	R388
	<1.72 x 10-9
	3
	<1.49 x 10-9 - <1.86 x 10-9

	pRMH1003
	GGCACTGTTGCAAA
	TTTGCAACAGTGAA
	R388
	<1.55 x 10-9
	3
	<1.36 x 10-9 - <1.85 x 10-9

	pRMH1004
	TTCACTGTTGCAAA
	TTTGCAACAGTGAA
	R388
	<2.12 x 10-9
	3
	<1.41 x 10-9 - <3.56 x 10-9

	pRMH977
	GGCACTGTTGCAAA
	TTTGCAACAGTGCC
	R388::IS26
	2.96 x 10-4
	3
	1.01 x 10-4 – 4.02 x 10-4

	pRMH1002
	TTCACTGTTGCAAA
	TTTGCAACAGTGCC
	R388::IS26
	3.15 x 10-4
	3
	1.54 x 10-4 – 5.77 x 10-4

	pRMH1003
	GGCACTGTTGCAAA
	TTTGCAACAGTGAA
	R388::IS26
	4.17 x 10-4
	3
	3.85 x 10-4 – 4.71 x 10-4

	pRMH1004
	TTCACTGTTGCAAA
	TTTGCAACAGTGAA
	R388::IS26
	<2.66 x 10-9
	3
	<1.33 x 10-9 - <4.72 x 10-9


Table 1. Transposition frequencies of IS26 with altered terminal bases















	Plasmid
	Structurea
	Percentage of KmR cellsb

	
	
	Day 1
	Day 2
	Day 3
	Day 4
	Day 5

	
pRMH971

	[image: Macintosh HD:Users:chrisharmer:Dropbox:Work documents:Manuscripts:In preparation:IS26 IR:Figures:Tn4352B derivatives_2.pdf]
	
58.1
	
46.6
	
16.3
	
6.0
	
3.5

	
pRMH1005
	[image: Macintosh HD:Users:chrisharmer:Dropbox:Work documents:Manuscripts:In preparation:IS26 IR:Figures:Tn4352B derivatives_2.pdf]
	
100.0
	
100.0
	
100.0
	
100.0
	
100.0

	
pRMH1006
	[image: Macintosh HD:Users:chrisharmer:Dropbox:Work documents:Manuscripts:In preparation:IS26 IR:Figures:Tn4352B derivatives_2.pdf]
	
61.3 
	
49.6 
	
17.1 
	
8.3 
	
3.9 

	
pRMH1007
	[image: Macintosh HD:Users:chrisharmer:Dropbox:Work documents:Manuscripts:In preparation:IS26 IR:Figures:Tn4352B derivatives_2.pdf]
	
100.0 
	
100.0 
	
100.0 
	
100.0 
	
100.0 

	
	
	
	
	
	
	


Table 2. Testing TU excision from Tn4352B-derivatives with substituted ends

a The vertical arrow indicates the position of two additional G residues needed for excision to occur.
b Determined by screening 100 colonies. Numbers are the average of three independent experimental determinations. 









Table 3. Plasmids used in this study

	Plasmid
	Description
	Resistance phenotypea
	Reference

	pRMH977
	Single IS26 in a pUC19 backboneb, c
	Ap
	(Harmer et al., 2014)

	pRMH971
	pRMH977 derivative containing Tn4352Bd
	Ap Km Nm
	This study

	R388
	IncW plasmid
	Su Tp
	(Revilla et al., 2008)

	R388::IS26
	R388 with IS26e
	Su Tp
	(Harmer et al., 2014)

	R388::Tn4352B
	R388 containing Tn4352Bf
	Km Nm Su Tp
	(Harmer & Hall, 2015)

	R388::Tn4352B –derivative 1
	R388 containing Tn4352B with frameshift in right tnp26
	Km Nm Su Tp
	(Harmer & Hall, 2016)

	R388::Tn4352B –derivative 2
	R388 containing Tn4352B with frameshift in left tnp26
	Km Nm Su Tp
	(Harmer & Hall, 2016)

	pUC19::Tntet(D)
	6.0 kb SacI fragment of p39R861-4 containing Tntet(D) cloned into pUC19g
	Ap Tc
	(Harmer & Hall, 2016)

	pRMH1002
	pRMH977 derivative with left extreme terminal GG bases modified to TT
	Ap
	This study

	pRMH1003
	pRMH977 derivative with right extreme terminal CC bases modified to AA
	Ap
	This study

	pRMH1004
	pRMH977 derivative with left extreme terminal GG bases modified to TT and right extreme terminal CC bases modified to AA
	Ap
	This study


	pRMH1005
	pRMH1002 derivative containing Tn4352Bh 
	Ap Km Nm
	This study

	pRMH1006
	pRMH1003 derivative containing Tn4352Bi
	Ap Km Nm
	This study

	pRMH1007
	pRMH1004 derivative containing Tn4352Bj
	Ap Km Nm
	This study



a Ap, ampicillin Km, kanamycin; Nm, neomycin; Su, sulfamethoxazole; Tc, tetracycline; Tp, trimethoprim.
b IS26 together with bases 119362 to 119454 and 122137 to 122225 from GenBank accession number KF976462. 
c Cloned insert with tnp26 facgin towards Plac in pUC19.
d  1.8 kb SwaI1 fragment from pRMH760 (GenBank accession no. KF976462) cloned into SwaI site of pRMH977.
e IS26 8 bp duplication of bases 26745 to 26752 in R388 (GenBank accession no. BR000038).
f Tn4352B together with 8-bp duplication of bases 26745 to 26752 in R388 (GenBank accession number BR000038).
g Bases 134454 – 140495 from p39R861-4 cloned into pUC19.
h 1.8 kb SwaI1 fragment from pRMH760 (GenBank accession no. KF976462) cloned into SwaI site of pRMH1002.
i 1.8 kb SwaI1 fragment from pRMH760 (GenBank accession no. KF976462) cloned into SwaI site of pRMH1003.
j 1.8 kb SwaI1 fragment from pRMH760 (GenBank accession no. KF976462) cloned into SwaI site of pRMH1004.




Table 4. Primers used in this study.












	Primer
	Target
	Sequence (5’ – 3’)
	Reference

	Screening/Mapping primersa
	

	RH1451
	IS26 in pRMH977
	ACCCAGATACGGCTGATGTC
	(Harmer et al., 2014)

	RH1452
	IS26 in pRMH977
	TTCGTTCCTGGTCGATTTTC
	(Harmer et al., 2014)

	aphA1-A
	aphA1a
	CAAAAATATGGTATTGATAATCCTG
	(Harmer & Hall, 2015)

	aphA1-B
	aphA1a
	TATACCCATATAAATCAGCATCC
	(Harmer & Hall, 2015)

	RH1471
	R388 backbone
	CCGCTCCAAAAACTATCCAC
	(Harmer et al., 2014)

	RH1472
	R388 backbone
	ATCGGAAATGTTGTGAAGC
	(Harmer et al., 2014)

	RH541
	Internal to Tntet(D)
	CGCACACCATGGAACTGGATA
	(Harmer & Hall, 2016)

	tetD-R
	Internal to Tntet(D)
	GACCGGATACACCATCCATC
	(Harmer & Hall, 2016)

	
	
	
	

	Mutagenesis primers
	

	RH2308b
	IS26 right terminal bases
	CTAACTTTGCAACAGTGAACGCCGATGCGCTC
	This study

	RH2309b
	IS26 right terminal bases
	GAGCGCATCGGCGTTCACTGTTGCAAAGTTAG
	This study

	RH2310c
	IS26 left terminal bases
	ACTACGCCGATGTTCACTGTTGCAAATAGTC
	This study

	RH2311c
	IS26 left terminal bases
	GACTATTTGCAACAGTGAACATCGGCGTAGT

	This study








a See Fig 2 in (Harmer & Hall, 2016) for primer locations.
b Bold sequence denotes modification to the template sequence to introduce CC to AA mutations in right end.
c Bold sequence denotes modification to the template sequence to introduce GG to TT mutations in left end.
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