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ABSTRACT

The Sleeping Beauty (SB) transposon system is a
popular tool for genome engineering, but random
integration into the genome carries a certain geno-
toxic risk in therapeutic applications. Here we inves-
tigate the role of amino acids H187, P247 and K248
in target site selection of the SB transposase. Struc-
tural modeling implicates these three amino acids
located in positions analogous to amino acids with
established functions in target site selection in retro-
viral integrases and transposases. Saturation mu-
tagenesis of these residues in the SB transposase
yielded variants with altered target site selection
properties. Transposon integration profiling of sev-
eral mutants reveals increased specificity of integra-
tions into palindromic AT repeat target sequences in
genomic regions characterized by high DNA bend-
ability. The H187V and K248R mutants redirect in-
tegrations away from exons, transcriptional regula-
tory elements and nucleosomal DNA in the human
genome, suggesting enhanced safety and thus util-
ity of these SB variants in gene therapy applications.

INTRODUCTION

Most mobile genetic elements, including retroviruses, long
terminal repeat (LTR) retrotransposons and DNA-based
transposons, share a fundamental step of their life-cycle:
genomic integration. Integration of these elements typi-
cally involves DNA strand transfer reactions, where 3’-
OH groups exposed at the ends of the elements medi-
ate nucleophilic attacks on the two strands of the target
DNA (tDNA), thereby directly joining the element to the
target without prior tDNA cleavage. This process is exe-

cuted by dedicated enzymes encoded by the mobile ele-
ments, which are called transposases for DNA transposons
and integrases (INs) for retroviruses and LTR retrotrans-
posons. There is a wide spectrum of specificity with respect
to the genomic sites where integration of mobile genetic
elements occurs. Mechanistic studies of retroviral integra-
tion have revealed two key factors that determine integra-
tion site selection: the retroviral IN protein and its cellular,
chromatin-associated binding partners [reviewed in (1-3)].
Due to the interplay of these factors, retroviral/lentiviral in-
tegration displays little specificity on the primary DNA se-
quence level, but shows biased patterns of distribution on
the genome level [reviewed in (1-4)].

Transposases (5-7), INs (8) and the RAG1 immunoglob-
ulin gene recombinase (9, 10) all share an evolution-
arily related catalytic domain, harboring a triad of
negatively charged amino acids, the aspartate-aspartate-
glutamate/aspartate (DDE/D) motif. Specific amino acids
responsible for target site selection of the bacterial Tn10
transposon and retroviruses have been mapped to the cat-
alytic domain of the transposase or IN, respectively (11-14),
suggesting that the DDE/D domain plays a critical role in
target site selection.

The crystal structure of the prototype foamy virus (PFV)
intasome—an integration-competent retroviral nucleopro-
tein complex—in its tDNA-bound state (target capture
complex, TCC) revealed that the tDINA assumes a severely
bent conformation mediated by the IN catalytic domain
to accommodate the scissile phosphodiester bonds in the
enzyme active sites (Supplementary Figure S1). The ma-
jor groove of the tDNA is widened such that the pyrimi-
dine (Y)-purine (R) dinucleotide at the center of the inte-
gration site is unstacked (15). Notably, YR dinucleotides
display lower base-stacking properties than any other din-
ucleotide steps (16). It was also shown in subsequent struc-
tural studies that nucleosomal DNA is lifted from the
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histone octamer and deformed to a strikingly similar extent
by interactions with the PFV intasome, providing a struc-
tural basis for retroviral integration into chromatin (17).
Furthermore, the crystal structures of the PFV TCC re-
vealed amino acid residues, including A188, in PFV IN that
distort tDNA by direct interaction with DNA bases. Con-
sistently, mutant PFV IN proteins carrying amino acid re-
placements in position 188 displayed defects in strand trans-
fer and altered nucleotide preferences for PFV integration
in vitro (15). Subsequent studies of the HIV-1 IN identi-
fied a role for its S119 residue analogous to that of A188
in PFV IN (18), and the naturally occurring polymorphism
S119G has been shown to retarget viral integration away
from gene-dense regions (19). In addition to S119, muta-
tions of N120 of HIV IN have been found to either block
integration (20) or to result in changes in integration site
preference, suggesting that N120 is also involved in interac-
tions with target DNA (20,21). Finally, amino acid substitu-
tions of S124 in the analogous position of the Rous sarcoma
virus (RSV) IN resulted in altered target site preferences
(14). Similar to the PFV TCC, the tDNA in the available
structures of the RSV intasome in its post-integration con-
formation (strand transfer complex, STC) revealed a strong
bending of ~90°, which is stabilized by minor groove con-
tacts made by a short helix of IN containing S124 (22) (Sup-
plementary Figure S1). Retroviral INs additionally exhibit
a preference for weakly conserved palindromic sequences
that center around the integration target site (23-26). Such
palindromic DNA sequences represent high DNA bend-
ability with bending likely mediated by interactions between
amino acid residues of the INs and the centrally located,
flexible YR sequence (15). Taken together, these observa-
tions suggest that S119 and N120 in HIV-1IN, A188 in PFV
IN and S124 in RSV IN, all located in analogous positions
of the a2 helix of the retroviral integrases (Figure 1A), play a
conserved role in interacting with tDNA during viral DNA
integration.

Cut-and-paste DNA transposons also display a wide
spectrum of selectivity with respect to chromosomal inte-
gration. Integration of the bacterial Tn10 transposon and
of the Tcl and Tc3 transposons in Caenorhabditis elegans
can occur genome-wide, and their target site selection is
primarily determined by the transposase itself (11,27). The
Mosl mariner transposase (which has a DDD catalytic
triad instead of DDE) preferentially executes transposon
integration into TA target dinucleotides. Structural stud-
ies of the STC of the MoslI transposase indicated that the
tDNA is severely distorted from the B-form conformation
with the DNA backbone bent by 147° and the apex of the
bend positioned at the TA target dinucleotide (28) (Sup-
plementary Figure S1). Interactions with Mos/ transposase
residues, including R186, were shown to stabilize distor-
tions in the tDNA (28). Importantly, R186 was also pro-
posed to be essential for target recognition and its muta-
tions abolish transposon integration (28,29). Notably, R186
does not map to the o2 helix, but to the so-called clamp
loop region of the Mos! transposase (29) situated between
the first two aspartates in the DDD domain (Figure 2A).
As opposed to retroviruses, recent evidence indicates that
Tcl /mariner transposons preferentially integrate at linker
regions between nucleosomes (30).

Sleeping Beauty (SB, a Tcl/mariner superfamily transpo-
son) is a synthetic transposon that was reconstructed based
on sequences of transpositionally inactive elements isolated
from fish genomes (31). It is the most thoroughly studied
vertebrate transposon to date, which supports a wide spec-
trum of genetic engineering applications, including the gen-
eration of transgenic cell lines, induced pluripotent stem cell
(iPSC) reprogramming, phenotype-driven insertional mu-
tagenesis screens in the area of cancer biology, germline
gene transfer in experimental animals and somatic gene
therapy both ex vivo and in vivo [reviewed in (32-41)]. On the
genomic scale, SB transposons exhibit a close-to-random
integration profile with a slight bias towards integration
into genes and their upstream regulatory sequences in cul-
tured mammalian cell lines (42-47). On a local scale, SB
preferentially inserts at TA dinucleotides (like Mos/), and
shows additional target site preferences based on physical
properties of the DNA, including bendability, A-philicity
and a symmetrical pattern of hydrogen bonding sites in the
major groove of the tDNA (48,49). To date, the structural
basis of SB target site selection is unknow, hindering the de-
sign of new transposase variants with altered target speci-
ficity.

In sum, an emerging theme in integration catalyzed by
DDE/D recombinases is a severely bent tDNA structure,
unstacking of bases at YR dinucleotides at the center of
palindromic target sequences, and stabilization of the struc-
ture by direct interaction of bases in the tDNA with amino
acid residues in the recombinase proteins (50). In this work,
we set out to investigate the molecular basis of target site
selection by the SB transposase, using structural modeling
and saturation mutagenesis of specific amino acid residues.
The results reveal marked changes in target specificity with
selected transposase mutants, providing insights into SB’s
transposition mechanism and opening new possibilities for
genetic engineering. Namely, specific variants feature re-
duced integration in genic sequences of the human genome,
suggesting enhanced safety in gene therapy applications.

MATERIALS AND METHODS
Structural modeling

The pre-integration TCC model was assembled based on
the SB paired-end complex (PEC) homology model de-
scribed in (51). The transposase catalytic domain was re-
placed with the available crystal structure (PDB ID: SCR4)
(52); amino acids 148-199 (corresponding to the clamp
loop and two beta strands flanking this region) that are in-
volved in crystal packing interactions in the catalytic do-
main structure were maintained from the PEC homology
model to retain a DNA-bound conformation of this re-
gion. Target DNA was modelled by docking the integra-
tion target substrate from the PFV intasome TCC structure
(PDB ID: 30S1) (15). Finally, the assembled model was
refined in HADDOCK (53). The SB TCC model was su-
perposed onto the crystal structures of the post-integration
Mosl STC (PDB ID: SHOO) (28), the RSV intasome STC
(PDB ID: 5EJK) (22), the HIV intasome STC (PDB ID:
SUI1C) (54) and the PFV intasome TTC (PDB ID: 30S1)
(15). Structural models were superposed and visualized
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Figure 1. Sequence alignment and structural superposition identify P247 and K248 in the Sleeping Beauty transposase as potential equivalents of amino
acids in retroviral integrases responsible for interactions with target DNA. (A) Multiple amino acid sequence alignment of segments of retroviral INs
and the SB transposase. The alignment was generated by CLUSTALW and then used to highlight secondary structures of HIV IN (based on PDB ID:
1BIS) with ESPript 3.0 (100). Accordingly, the numbering of alpha helices and beta strands corresponds to HIV IN. The second D and the E residues of
the catalytic DDE triads are marked with asterisks. P247 and K248 of SB (arrows) are located three and four amino acids downstream of the second D,
respectively, in a region corresponding to the a2 helix of the retroviral INs. (B) Superposition of the SB TCC model with structures of retroviral intasomes.
S124 of RSV STC [light blue, PDB ID: SEJK (22)], S119 of HIV-1 STC [green, PDB ID: 5U1C (54)] and A188 of PFV TCC [dark blue, PDB ID: 30S1
(15)] all overlay with P247 of the SB transposase (orange). SB’s K248 and HIV IN’s equivalent N120, both situated within the conserved o2 helix, are also

displayed. The target DNA is depicted in dark gray.

in PyMOL (PyMOL Molecular Graphics System, Version
1.5.0.4, Schrodinger, LLC).

Site-directed mutagenesis of the SB100X transposase

All mutations were generated using the Q5 poly-
merase (NEB, Ipswich, MA, USA) and the plasmid
pCMV(CAT)T7-SB100X (39). 5’-phosphorylated
primers for the particular positions were created with
‘NEBaseChanger™ (http://nebasechanger.neb.com/) and
were designed with 5’-ends annealing back-to-back.
Primers were synthesized with a 5’-phosphate to enable
a downstream intramolecular ligation reaction and were
ordered from Eurofins (Eurofins/MWG, Luxembourg).
The primer sequences are listed in Supplementary Table
S1. PCR cycling conditions were set according to the
manufacturer’s instructions. The annealing temperatures of
the mutagenic primers were calculated with the “NEB Tm
calculator™” software (https://www.neb.com/tools-and-
resources/interactive-tools/tm-calculator). The PCR prod-
ucts were purified with QIAquick PCR Purification Kit

(QIAGEN, Venlo, Holland), eluted in 30 pl elution buffer
and digested with 2 pl Dpnl (NEB, Ipswich, MA, USA)
for 2 h at 37°C, followed by 20 min heat-inactivation at
80°C. The linear, double-stranded PCR products were cir-
cularized by ligation with T4 DNA Ligase (NEB, Ipswich,
MA, USA) overnight at room temperature. The circu-
larized PCR products were transformed into chemically
competent E. coli (Invitrogen/Life Technologies, Carlsbad,
CA, USA), grown in Luria-Bertani (LB) medium for 1
h, and selected for chloramphenicol resistance by plating
on LB agar plates containing 25 pg/ml chloramphenicol.
To confirm the presence of the desired mutations, and the
absence of undesired mutations, plasmid DNA from several
colonies was purified using the QIAprep spin miniprep
kit (QIAGEN, Venlo, Holland) and Sanger sequenced by
GATC Biotech (Konstanz, Germany).

Western blotting

One day prior to transfection, 2 x 10° HeLa cells
were seeded onto six well plates. 1.5 wl of TransIT-
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Figure 2. Sequence alignment and structural superposition identifies H187 in the Sleeping Beauty transposase as a potential homologue of R186 in the
Mosl transposase responsible for interactions with target DNA. (A) Amino acid sequence alignment of segments of the SB and Mos! transposases. The
alignment was generated by CLUSTALW and then used to highlight secondary structures of the Mos/ transposase (based on PDB ID: 4U7B) with ESPript
3.0 (100). Accordingly, the numbering of alpha helices and beta strands corresponds to Mos/. The second D residue of the catalytic DDE/D triad is marked
by an asterisk. HI187 in SB (arrow) aligns with R186 in MosI. (B) An overlay of the SB TCC model (orange) with the Mos! STC [gray, PDB ID: SHOO
(28)] shows that H187 in SB aligns with R186 in Mos!. The target DNA is depicted in dark gray.

LT1transfection reagent (Mirus Bio LLC, Madison, WI
USA) was used to transfect 500 ng of DNA (each trans-
fection reaction was filled up to 500 ng with the plasmid
pUC19). 50 ng of transposase plasmid [mutant SB100X
transposase or wild-type SB100X (pCMV(CAT)T7-
SB100X)] or green fluorescent protein (GFP) expression
plasmid (pmaxGFP™; Lonza, Basel, Switzerland) were
transfected. 48 h post-transfection, HeLa cells were lysed
in RIPA buffer (150 mM NaCl, 1.0% Triton X-100,
1.0% Na-deoxycholate, 0.1% SDS, 25 mM Tris, pH 8.0)
supplemented with protease inhibitor cocktail (Complete
Mini, Roche, Basel, Switzerland). Protein was extracted
using the Bioruptor®Plus (Diagenode, Denville, NJ,
USA), 10 cycles, high power, 30 s ON/30 s OFF at 4°C.
Total protein was quantified using BCA Protein Assay
Kit (Pierce, Rockford, IL). Proteins (10 g per lane) were
loaded onto 10% polyacrylamide gels and subjected to
sodium dodecyl sulfate—polyacrylamide gel electrophore-
sis. Gels were transferred to nitrocellulose membrane
(Hybond ECL, Amersham Bioscience, Little Chalfont,
UK) and immunoblotting was performed according to
standard procedures. Proteins were detected with goat
monoclonal anti-SB transposase antibody (R&D Systems,
Minneapolis, USA) at dilution 1:5000, or mouse mono-
clonal anti-Vinculin antibody (Abcam, Cambridge, UK) at
dilution 1:3000, and chemiluminescence using ECL Prime
Western Blotting Detection Kit (Amersham Bioscience).
Signals were captured on a film (Hyperfilm ECL High per-
formance chemiluminescence film, Amersham Bioscience,
Little Chalfont, UK).

FACS-based excision assay

1.5 x 10° HeLa cells were seeded one day prior to trans-
fection. HeLa cells were transfected with 2 wg of the trans-
poson donor plasmid pCMV(CAT)-GFP//T2Neo (52) and
200 ng of a mutant SB100X transposase, SB100X or
a catalytically inactive transposase mutant (E279D, also
referred to D3). In the pCMV(CAT)-GFP//T2Neo re-
porter plasmid a genetically tagged SB transposon dis-
rupts the GFP coding sequence so that cells transfected
with this construct do not express GFP. In the pres-
ence of SB transposase excision occurs, and in a frac-
tion of the products the GFP coding sequence is restored,
thereby leading to green fluorescence that can be quantified,
as previously described (55). Six microliters of TransIT-
LT1 transfection reagent (Mirus Bio LLC, Madison, WI
USA) were used per transfection reaction. Three days post-
transfection cells were trypsinized, washed with PBS, fixed
in 1% Paraformaldehyde (PFA) in PBS and FACS ana-
lyzed with BD LSR II flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA). Data were analyzed with FCS
Express 4 Flow Cytometry (De Novo Software, Glendale,
CA). The % GFP positive cells in cultures transfected with
SB100X transposase mutants/pCMV(CAT)-GFP//T2Neo
were normalized to that in cells transfected with wild-type
SB100X/pCMV(CAT)-GFP//T2Neo.

Transposition assay

For transposition assay in HeLa cells, 2 x 10° cells were
seeded onto six-well plates one day prior to transfection.
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Three wl of TransIT-LT1 transfection reagent (Mirus Bio
LLC, Madison, WI, USA) were used to transfect 1 pg of
DNA (each transfection reaction was filled up to 1 pg with
the plasmid pUC19). To obtain predominantly single-copy
transposon insertions (43), 10 ng of transposon donor plas-
mid (pT2B/puro) were co-transfected with 5 ng of trans-
posase plasmid (mutant transposase, inactive D3 trans-
posase or SB100X). Forty-eight hours after transfection
cells were trypsinized and 2.5-5% of the cells were replated
to 10-cm plates, and selected for transposon integration us-
ing 3 pg/ml puromycin (InvivoGen, San Diago, CA, USA).
After 3 weeks of selection, cell colonies were fixed with 10%
(vol/vol) formaldehyde in phosphate-buffered saline (PBS),
stained with methylene blue in PBS, and counted. For in
vitro comparisons of relative transposition efficiencies at
least three independent experiments were performed.

Generation of SB insertion libraries

For the analysis of the target site selection properties of
the SB100X transposase mutants, 3.5 x 10° HepG2 cells
were seeded onto 6-well plates 1 day prior to transfection.
Transfections were done with QIAGEN-purified plasmid
DNA using TransIT-LT1 transfection reagent according to
the manufacturer’s protocol. Two .l of TransIT-LT1 trans-
fection reagent were used to transfect 650 ng of DNA, in-
cluding 500 ng pT2Bpuro, 50 ng helper plasmid expressing
the mutant transposases or pCMV(CAT)T7-SB100X and
100 ng of green fluorescent protein (GFP) expression plas-
mid pmaxGFP (transfection control). 48 h after transfec-
tion, cells were trypsinized, diluted to multiple 10 cm dishes
containing DMEM supplemented with 3 pg/ml puromycin
and selected for growth over a period for 2-3 weeks. At
least 10 000 puromycin-resistant HepG?2 cell colonies were
trypsinized and centrifuged at 1000 rpm for 5 min. The pel-
let was washed with PBS and genomic DNA was extracted
from cells using the Qiagen DNeasy Blood & Tissue Kit ac-
cording to manufacturer’s protocol.

For the generation of SB insertion site libraries, 2 pg
DNA was sheared with a Covaris M220 ultra-solicitor de-
vice to an average fragment size of 600 bp in Screw-Cap mi-
croTUBEs in 50 pl, using the following settings: peak in-
cident power 50 W, duty factor 20%, cycles per burst 200,
treatment 28 s. 1.2 pg of the sheared DNA was blunted and
S’-phosphorylated using the NEBNext End Repair Module
(NEB), and 3’-A-tailed with NEBNext dA-Tailing Mod-
ule (NEB) following the recommendations of the manufac-
turer. The DNA was purified with the Clean and Concen-
trator Kit (Zymo Research) and eluted in 8 wl 10 mM Tris
pH 8.0 (EB) for ligation with 50 pmol of T-linker (see below)
with T4 ligase (NEB) in 20 .l volume, at 16 °C, overnight.
T-linkers were created by annealing the 100 pmol each of the
oligonucleotides Linker_TruSeq_T+ and Linker_TruSeq_T-
(Supplementary Table S1) in 10 mM Tris—Cl pH 8, 50
mM NacCl, 0.5 mM EDTA. After heat-inactivation, ligation
products enclosing fragments of non-integrated transposon
donor plasmid DNA were digested with Dprl (NEB) in 50
wl for 3 h, and the DNA was column-purified and eluted in
20 wl EB. Six wl elute was used for PCR 1 with 25 pmol of
the primers specific for the linker and for the transposon in-
verted repeat: Linker and T-Bal-Long, respectively, with the
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conditions: 98 °C 30 s; 10 cycles of 98 °C 10 s, 72 °C 30 s;
15 cycles of 98 °C 10 s, ramp to 62 °C (1 °C/s) 30's, 72 °C
30 s, 72 °C 5 min. All PCR reactions were performed with
NEBNext High-Fidelity 2 x PCR Master Mix (for PCR
primer sequences see Supplementary Table S1). The PCR
was column purified eluted in 20 wl EB and 10 pl was used
for PCR II with primers Nested and LAM-SB-50, with the
following program: 98 °C 30 s; 12 cycles of 98 °C 10 s, ramp
to 65°C (1 °C/sec) 30s, 72 °C 30s, 72 °C 5 min. One third
of the column-purified PCR II was used for PCR III with
primers PE-nest-ind-N and SB-20-bc-ill-N (where N is the
number of the Illumina TrueSeq indexes) for barcoding the
samples using the following PCR program: 98°C 30s; 12 cy-
cles of 98 °C 10 s, ramp to 64 °C (1 °C/s) 30s, 72°C 30, 72
°C 5 min. The final PCR products were separated on a 1%
agarose gel and the smears of 200-500 bp were isolated and
purified.

Sequencing and analyses of the insertion sites

The insertion site libraries were prepared as described ear-
lier (56) and sequenced on Illumina instruments with 150-
bp, single-end settings. After adapter and quality trimming
(Phred score > 20) with fastp (57) the reads were tested for
the transposon sequences downstream of the SB-specific
primer and were filtered for the presence of the remain-
ing part of the transposon inverted terminal repeat (ITR)
and a minimum length of 28 bases of genomic sequence for
mapping with bowtie2 (58) with —sensitive and —end-to-end
settings. A mapped locus was considered valid if the map-
ping quality for the read supporting it was >20. Any inser-
tion site needed to be supported by at least 10 independent
reads at a TA target site of the human genome (hg38). If
multiple insertions were detected within 10 bases the inser-
tion site supported by the largest number of independent
reads were consider as the valid one. The coordinates of
the insertion sites can be found in Supplementary Datasets
1-7. The sequence logos were plotted with the SeqLogo
package of R (https://www.R-project.org/). Gene coordi-
nates of the RefSeq database for the hg38 human genome
assembly were downloaded from the UCSC Table Browser
(TB) (http://genome.ucsc.edu/cgi-bin/hgTables). MLV and
HIV insertion sites have been described previously (59,60).
The list of cancer genes was downloaded from http://www.
bushmanlab.or/lingks/genelists. Representation of the in-
sertion sites in various genic categories were investigated us-
ing the Genomation package (61). A computationally gen-
erated random set of 100 000 loci of the human hg38
genome assembly was used as reference for investigations
of insertion site representation in various genomic bins.
ChIP-Seq peaks of various histone modifications in HepG2
cells were downloaded from the ENCODE project home-
page (https://www.encodeproject.org/) using the wg Encode-
BroadHistoneHepg?2 dataset. Repeat annotations are from
Repeat Masker available in the TB. Annotated repeats of the
class Simple repeats were defined as TA-rich if their short,
repeated sequences contained the AT or TA dinucleotides.
Those without AT/TA were designated as not TA-rich. The
combined segmentation data of the ChromHMM (62) and
Segway (63) softwares for the HepG2 genome were down-
loaded from the TB. The genomic safe harbor coordinates
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for the hg38 assembly were created following the earlier de-
fined criteria (64).

For predicting nucleosome occupancy of various DNA
sequences, we implemented an algorithm published previ-
ously (65). For the nucleosome occupancy prediction on ex-
ons, coding exons and TSS the corresponding coordinates
were obtained from the RefSeq database available in the TB;
the coordinates of Regulatory open and Enhancer are those
of the HepG2 combined segmentation data (see above).

Physical properties of the DNA sequences flanking the
insertion sites were predicted as follows. The sets of in-
sertion loci sequences of the transposase versions were fil-
tered for matching the corresponding majority-rule con-
sensus motifs revealed by the sequence logos. These were
for SB100X: ANNTANNT, for K248R: ATATATAT, for
H187V: ATATATAT, for P247R: WNNTANNW. The ta-
bles containing various physical parameters of all the pos-
sible di-, or tri-nucleotides have been published (66,67). The
physical properties were extracted using sliding windows on
the insertion site sequences with a step of 1 to obtain the val-
ues for all nucleotide steps and the mean values of these for
each sequence were calculated.

RESULTS

Structural modeling identifies candidate residues involved in
target DNA interactions of the Sleeping Beauty transposase

To shortlist amino acids in the SB transposase potentially
involved in shaping its integration site selection, we per-
formed a comparative structural analysis of a structural
model of the SB TCC complex and the available crystal
structures of retroviral intasomes, including the PFV TCC
(PDB ID: 30S1) (15), the HIV-1 STC (54) and the RSV
STC (22) (Figure 1), and the structure of the Mos! STC
(28) (Figure 2). The SB TCC complex model was built based
on the catalytic domain crystal structure of the hyperactive
SB100X variant using the Mos! PEC and the PFV TCC
as templates (51,52). Despite the low sequence identity be-
tween the SB transposase and the retroviral INs or the Mos!
transposase (amino acid identity of 15% with the HIV-1 and
PFV INs, 11% with the RSV IN and 20% with the Mos!
transposase over the catalytic domains), their core RNaseH
folds superpose very well at the structural level [root mean
square deviation (r.m.s.d.) between the SB RNaseH core
and the equivalent regions of the HIV-1 IN, RSV IN, PFV
IN and MosI transposase equals 3.15, 3.20, 2.90 and 1.58
A, respectively]. Strikingly, A188 of PFV IN, S119 of HIV-1
IN and S124 of RSV IN, all of which are implicated in tar-
get DNA recognition, overlay with a single residue, P247
of the SB transposase (Figure 1B). P247 is located three
amino acids downstream of the second aspartate of the
DDE triad in a transposase segment corresponding to he-
lix a2 of the retroviral INs (Figure 1A), which was shown
to be required for retroviral integration (13,14). Of note, a
proline residue is also present at this position in numerous
retroviral INs (68). Right next to P247 still in the a2 helix,
there is K248 that overlays with N120 of HIV IN (Figure
1B), whose mutations have been found to alter the integra-
tion site preferences of HIV (20,21). Mutations of K248 of
the SB transposase have recently been shown to generate
an excision-proficient but integration-deficient phenotype

(55,69). This feature phenocopies R186 mutations in Mos!
(28,29), although K248 in SB and R186 in Mosl are not
structurally related (see below). The structural position and
documented phenotypes suggest a role for K248 in interac-
tion with tDNA or in strand transfer.

Structural superposition of the SB TCC model with the
Mosl STC structure shows that the SB residue H187 aligns
with R186 of Mosl, which is situated between the first and
second aspartates of the DDD triad in the clamp loop re-
gion (29) (Figure 2). H187 was previously found to localize
at the end of the clamp loop delving into the major groove
of the tDNA substrate in the SB TCC model (52), which
suggested that it might contribute to broadening the groove
and/or kinking the tDNA substrate via unstacking bases at
the integration site. Notably, H187, P247 and K248 are all
predicted to be in close proximity to tDNA in the SB TCC
model, supporting the hypothesis that these amino acids
play a role in target binding and/or integration.

Saturation mutagenesis of H187, P247 and K248 in the
Sleeping Beauty transposase identifies variants with altered
transposition efficiencies

In order to assess the relative effects of single amino acid
replacements of residues H187, P247 and K248 on transpo-
sition, the SB100X transposase was subjected to saturation
mutagenesis at these positions by incorporating all possi-
ble amino acids by site-directed PCR mutagenesis. All con-
structs encoding the mutant SB100X transposases showed
protein expression levels comparable to that of SB100X by
Western blot analysis (Supplementary Figures S2-S4).

Next we evaluated transposition activities of the mutants
relative to SB100X by applying a cell-based transposition
assay in human cells (31) that was fine-tuned to predomi-
nantly obtain a single transposon integration per cell (43).
Briefly, a donor plasmid carrying a puromycin (puro) re-
sistance gene-marked transposon was co-transfected with a
helper plasmid encoding either SB100X, the inactive E279D
transposase (D3) variant or a mutant of the SB100X trans-
posase.

Figure 3A summarizes relative transposition efficiencies
of the H187 series of mutated transposases. Overall, most
of the mutants retained considerable levels of transposition
activity relative to SB100X, indicating a fair degree of flexi-
bility in this particular amino acid position. A group of mu-
tants represented by HI187R, H187P, H187V and HI187T
(P = 0.039) displayed a moderate reduction of transposi-
tion efficiency to a level ranging between 60% and 86% rela-
tive to SB100X (Figure 3A). In contrast, HI87E exhibited a
drastically reduced transposition activity of 12% relative to
SB100X (P = 0.001), whereas the introduction of an aspar-
tate (H187D) completely abolished transposition. Finally,
incorporation of some amino acid residues at position 187,
including S, F and Y exhibited mild hyperactive phenotypes
relative to SB100X, although these differences were not sup-
ported by statistical significance in these datasets. Measur-
ing relative efficiencies of transposon excision catalyzed by
the mutant transposases by applying a FACS-based trans-
poson excision assay (55) revealed that all of the SB trans-
posases mutated at H187 were proficient in transposon ex-
cision. Most variants showed excision efficiencies close to
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Figure 3. Transposition activities of Sleeping Beauty transposase mutants. Relative transposition efficiencies for H187 (A), P247 (B) and K248 [reproduced
from (55)] (C). Plasmids expressing transposase mutants were transiently cotransfected with a transposon-donor plasmid (pT2B/puro) into HeLa cells.
Cells were selected for puromycin resistance and stained with methylene blue to identify viable cell colonies. Colony numbers were normalized to the SB100X
positive control, whose transposition efficiency was set to 100%. An inactive SB transposase (D3) was included as negative control. Data are represented

as mean + SD, n = 3 biological replicates. Differences in transposition activities
Transpositional differences for all of the other mutants were not supported by s

wild-type levels, only the H187D and H187E mutants dis-
played a clear reduction in excision activity (42% and 68%
excision activity relative to SB100X, respectively), consis-
tent with their strongly diminished transposition activities
(Supplementary Figure S5).

In contrast to the H187 mutations, the vast majority of
the P247 mutations was either completely inactive or dis-
played a severe reduction in both overall transposition (Fig-
ure 3B) and excision (Supplementary Figure S5) activities.
P247A was the most active mutant with 109% transposition
activity relative to SB100X. Of note, the relative transposi-
tion activity of P247A exceeded the calculated relative ex-
cision activity. This discrepancy between excision- and in-
tegration capacities is likely due to the fact that excision
and integration rates were determined by two independent
assays. The second most active mutant was P247S which
retained 73% of transposon integration activity relative to
SB100X, followed by P247R (27%, P = 0.017), P247C (7%,
P =0.002) and P247K (3%, P = 0.003) (Figure 3B).

Similar to P247, the amino acid exchanges at position
248 completely abolished transposition in almost all of the

are significant as determined by Student’s #-test for the indicated mutants.
tatistical significance.

19 mutants (Figure 3C). K248R was the most active mu-
tant with 77% activity relative to SB100X. Only three ad-
ditional K248 mutants, including K248C (4%, P = 0.003),
K2481 (4%, P = 0.003) and K248V (9%, P = 0.003), dis-
played transposition activities at very low levels relative to
SB100X. As described recently, some of the K248 mutants
displayed a segregation of transposon excision and integra-
tion activities (55) (Supplementary Figure S9).

Altered target site preferences of H187, P247 and K248
transposase mutants

Based on the structural modeling and mutagenesis data,
the H187, P247 and K248 amino acids are strong candi-
dates for playing a role in interactions with tDNA. Thus,
it is reasonable to assume that some mutations in these po-
sitions of the SB transposase might lead to a change in
the target site selection properties of the affected proteins.
To investigate this, we used some of the SB mutants for
the generation of transposon insertion site libraries in hu-
man HepG?2 cells, and compared both the local attributes

©£20z Aenuga4 /| uo Jasn pabazg jo Ausianiun ; wayeAbaluewopn) 1pabazs Aq 219€€£G9//082/S/0G/a101WE/JEeuU/w oo dnoolwapede//:sdiy wouy papeojumoq



2814 Nucleic Acids Research, 2022, Vol. 50, No. 5

as well as genome-wide distributions of these insertion sites
to those generated by SB100X. For position 187 we se-
lected 6 mutants (H187R, H187E, H187S, H187T, HI87V,
H187P) with a marked impact on transposition efficiency
(Figure 3A), and for positions 247 and 248 we selected
all mutants that displayed measurable transposition activ-
ity (P247A, P247R, P247C, P247S, P247K and K248C,
K2481, K248V, K248R, respectively) (Figure 3B and
Figure 3C).

Transposon integration sites were visualized by SeqLogo
analysis that not only reports a consensus sequence, but also
delivers information on overall sequence conservation and
relative frequencies of nucleotides in each position (mea-
sured as height of symbols, which are ordered by their rel-
ative frequency within the logo). The analysis revealed that
the core TA target site dinucleotides are embedded in A/T-
rich DNA for all mutants, as noted previously for several
SB variants (47,48) (Figure 4). SB100X transposase prefers
the 8-bp palindromic AT repeat sequence ATATATAT cen-
tered on the actual TA target dinucleotide (48). Because SB
almost exclusively integrates into TA, the central TA ap-
proaches the maximal value of 2 bits (log, 4) in the logo.
The SB100X reference logo also displays a relatively strong
overall conservation of the A base in the -3 position and
the matching T in the +3 position of the consensus with an
overall score of 0.6 bits (Figure 4). These integration pref-
erences appear similar for all of the transposase mutants
tested (Figure 4 and Supplementary Figure S6); however,
there are notable differences. First, the P247S and P247R
mutants display slight deviations in their consensus tar-
get sites [AGATATCT for P247S and ATTATATAAT for
P247R (Figure 4)]; note that the palindromic nature of the
consensus is maintained]. Second, the preference for the
alternating AT bases upstream and downstream of the 8-
bp consensus becomes more pronounced with the HI87P,
H187V and K248R mutants, manifesting itself as “shoul-
ders” flanking the 8-bp consensus (Figure 4). Finally, con-
servation of the A in the -3 position and the T in the +3
position of the consensus is largely increased to ~1.5 bits
with the H187P, H187V and K248R mutants (Figure 4).
These findings show that amino acid replacements in posi-
tions 187, 247 and 248 of the SB transposase indeed have an
impact on the target site selection properties of the respec-
tive mutant transposases. The most significant alteration is
a more pronounced overall preference for A/T-richness of
the tDNA and stronger conservation of palindromic bases
within the consensus sequences. These observed changes
imply that some of the mutants became more constrained
in their target site choice. This is remarkably revealed by
analyzing the overall frequencies of transposon insertions
into the preferred 8-bp ATATATAT sequence. Although
SB100X and the P247S and P247R mutants target this par-
ticular sequence only 2-3% of the time, some other mutants
display significantly higher frequencies of integration into
this motif (18% for H187P, 21% for H187V and 39% for
K248R, Figure 4). In sum, specific amino acid substitutions
in positions 187, 247 and 248 of the SB transposase result
in a phenotype of highly preferential integration into AT-
repeats.

The H187V, P247R and K248R transposase mutants gener-
ate altered genome-wide distribution of SB insertions

The above data show that some of the tested transposase
mutants gained an enhanced preference for integration into
AT-rich DNA. Because AT-rich DNA is not distributed
uniformly across the human genome, it is reasonable to as-
sume that the preference for integration into such DNA se-
quences would be manifested at the level of the genome-
wide distribution of transposon insertions by these en-
Zymes.

To test this, we determined the relative frequencies of in-
tegration into various genomic features, including genic and
non-genic regions, cancer genes, exons, introns, 5’- and 3’-
UTRs and sequences flanking genes upstream and down-
stream within 10-kb windows, compared to a computer-
generated random data set. We not only compared inser-
tions within these genomic features generated by SB100X
and its mutants, but also included MLV gammaretroviral
and HIV lentiviral integration sites in the analysis. As estab-
lished previously (30,60,70), SB transposon insertions show
only a minor bias toward transcription units (hereafter re-
ferred to as genes) and their flanking regions, in contrast to
MLV (59,71,72) and HIV (72) insertions that are markedly
enriched in loci flanking transcriptional start sites (TSSs)
and within actively transcribed genes, respectively (Figure
5). Out of these three gene vector systems the overall inser-
tion frequencies of SB are the closest to an expected random
distribution (Figure 5).

Next, we selected a small subset of our mutants; namely
the P247R, H187V and K248R mutants, and addressed if
these mutants generate a recognizably different genome-
wide distribution profile than that of SB100X. The over-
all percentages of insertions into these genomic regions are
presented in Supplementary Figure S7. The data presented
in Figure 5A reveal a significant depletion in insertion into
genes, especially with the H187V and K248R mutants. The
most significant differences are within 5’- and 3’-UTRs as
well as in exons. The most dramatic change in integration
frequency is a 4-fold drop seen with K248R in comparison
to SB100X (P < 0.001) in coding exons (Figure 5A). No-
tably, transposon integration by H187V and K248R within
these genomic regions is not only depleted in comparison to
SB100X, but also relative to the random dataset.

Beyond driving integration away from exons, a prefer-
ence of integrating into AT-repeats by our mutants also
implies that these insertions might be enriched in repeti-
tive DNA. Indeed, a dramatic enrichment in simple repeats
is detected for integrations catalyzed by the H187V and
K248R variants; the enrichment in this compartment of the
genome is ~12-fold over the random dataset (P < 0.001)
and ~4-fold over SB100X (P < 0.001) by H187V, and
~21-fold over the random dataset (P < 0.001) and ~7-
fold over SB100X (P < 0.001) by K248R (Supplementary
Figure S8a). Consistent with a preference for integration
into ATATATAT, the H187V variant displays a 24-fold and
~5-fold enrichment in TA-rich simple repeats over random
and SB100X-mediated insertions (P < 0.001), respectively,
whereas K248R-mediated insertions are ~43-fold and ~8§-
fold enriched in these regions over the random and SB100X
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Figure 4. Integration sites of the transposase mutants. The sequence logos show the majority-rule consensus sequences at the genomic insertion loci in
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depict the percentages of insertions occurring at the SB-specific ATATATAT consensus motif. The N values represent the numbers of uniquely mappable

SB transposon insertions.

datasets (P < 0.001), respectively (Supplementary Figure
S8b).

Next, we profiled insertions generated by SB100X and
the P247R, H187V and K248R mutants in diverse func-
tional genomic segments. These segments are defined by co-
occurring epigenetic signal patterns, which are clustered to-
gether computationally to define various functional parti-
tions of the human genome (73). We used 25-state chro-
matin models of human HepG?2 cells. As above, we included
MLV and HIV insertions in the analysis. First, in line with
previous observations (30,60,70), SB transposon insertions
show only a minor bias towards promoters, TSSs, enhancers
and transcriptional regulatory regions with an open chro-
matin structure. This is in contrast to MLV and HIV inser-
tions that display the highest enrichment in promoter re-
gions including TSSs and transcribed regions, respectively
(Figure 5B). Second, a strong depletion in enhancers, pro-
moters including TSSs and open regulatory regions is ob-
served for integrations catalyzed by H187V and K248R.
The most significant changes are a ~50-fold, ~3-fold and
~5-fold depletion over MLV, SB100X (P < 0.001) and the
random dataset, respectively, by HI87V in promoters in-
cluding TSSs, and a ~14-fold, 4-fold and ~3-fold depletion
over MLV, SB100X (P < 0.001) and the random dataset, re-

spectively, by K248R in enhancers (Figure 5B). Collectively,
the data show that the P247R, H187V and K248R trans-
posase mutants direct a significant fraction of transposon
integrations away from exons as well as transcriptional reg-
ulatory regions including promoters and enhancers.

Enrichment of insertions into genomic safe harbors by the
H187V, P247R and K248R transposase mutants

Integration of therapeutic gene constructs into safe sites
in the human genome would prevent insertional mutage-
nesis and associated risks of oncogenesis in gene therapy.
Genomic “safe harbors” (GSHs) are regions of the human
genome that are able to accommodate the predictable ex-
pression of newly integrated DNA without adverse effects
on the host cell or organism. Chromosomal sites or regions
can be bioinformatically assigned as GSHs if they satisfy the
following criteria: (i) no overlap with transcription units, (ii)
distance of at least 50 kb from the 5'-end of any gene, (iii)
at least 300 kb distance to cancer related genes and (iv) mi-
croRNA genes, and (v) regions outside of ultra-conserved
elements (UCEs) (64,74). We have previously established
that the SB transposon system has a significantly more fa-
vorable insertion profile than MLV- and HIV-based viral in-
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Figure 5. Representation of insertion sites in genic features and chromatin-defined functional segments. (A) Integration loci of MLV, HIV, SB100X and its
mutant derivatives were counted in gene-related segments of the human genome. The numbers represent fold change increase (red) or decrease (blue) in
insertion frequencies compared to a theoretical random control (set to 1). The dendogram on the left is based on the mean frequency values of the rows.
Statistical significance (Fisher’s exact test) measured for the values of the K248R, P247R and H187V mutants versus SB100X is indicated by stars; * P <
0.05, ** P < 0.001, ns: not significant. (B) Representation of insertion sites in functional genomic segments as defined by epigenetic signal patterns. Color

code, dendogram and statistical significance as indicated for panel (A).

tegration systems with respect to frequencies of insertions
into GSHs (30,60,70).

The data presented above establish that some of the iden-
tified SB transposase mutants significantly redirect inser-
tions away from exons and transcriptional regulatory re-
gions of genes, thereby inherently implying that a larger
fraction of insertions catalyzed by these enzymes lands in
GSHs. We analyzed our insertion site datasets with respect
to the relative frequencies of integration into GSHs. Figure
6A displays three clusters in the dendogram: the first rep-
resented by MLV and HIV, the second by SB100X, P247R
and H187V and the third by K248R and random. There
is a gradual shift towards a random-like distribution of in-
sertions by the SB100X transposase and its mutants. For
example, only 17% of HIV insertions fall outside of genes,
whereas this value is 41% for SB100X, 42% for P247R, 44%
for HI187V, 46% for K248R and 49% for the random dataset
(Figure 6A). In line with these observations, our analyses
revealed increasing frequencies of insertions into GSHs by
simultaneously applying all five GSH criteria. Out of the
mutants tested, the K248R transposase variant approached
random the closest: overall, 29% of all K248R insertions
and 34% of all random insertions fall in a GSH (Figure

6B). Collectively, our analysis reveals a safer, thus favorable
transgene insertion profile for the SB system over MLV-,
and HIV-based vectors and thus predicts enhanced safety
of the P247R, H187V and K248R transposase variants in
therapeutic gene transfer in human cells.

The H187V and K248R transposase variants avoid nucleoso-
mal DNA for integration

High-density integration profiling of the Hermes transpo-
son in yeast revealed a strong association of integration sites
with nucleosome-free chromatin (75,76). In addition, recent
evidence indicates that Tcl/mariner transposons preferen-
tially integrate at linker regions between nucleosomes (30).
We mapped our insertion datasets with respect to nucleo-
some occupancy as determined by MNase-Seq data (77). As
seen previously, transposon insertions mediated by SB100X
are underrepresented in nucleosomal DNA (Figure 7). Re-
markably, out of the three transposase mutants tested, the
HI187V and K248R variants displayed a drastic drop in
nucleosome occupancy at transposon integration sites, not
only as compared to the random control, but also to the
SB100X dataset (Figure 7). Intriguingly, we detected an in-
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crease in the probability of nucleosome presence in the im-
mediate downstream vicinity of the insertion sites of the
P247R and K248R mutants (Figure 7). This finding may
imply a preference of these mutants for integrating into
DNA entering a downstream nucleosome, thus a preference
for distorted, yet not histone-bound DNA for insertion. In
sum, the H187V and K248R mutations markedly intensify
the phenotype of the SB transposase; namely, avoidance of
nucleosomal DNA for transposon integration.

Molecular features associated with preferential genomic tar-
get sites of H187V and K248R transposase mutants

The above data establish that the H187V and K248R trans-
posase mutants detarget exons and transcriptional regula-

tory regions of genes and avoid nucleosomal DNA for in-
tegration. However, these data do not necessarily shed light
on causative relationships between these independent ob-
servations. For example, exons tend to be associated with
nucleosomes (Supplementary Figure S9a); thus, depletion
of integrations in exonic sequences by HI87V and K248R
may be a mere reflection of these transposase variants avoid-
ing nucleosomal DNA. However, transcriptional regulatory
regions including enhancers and TSSs are clearly depleted
in nucleosomes (Supplementary Figure S9b); yet we ob-
served low integration frequency also in these regions, sug-
gesting that nucleosome occupancy alone cannot explain
the integration pattern of H187V and K248R.

Because the genomic segments are defined by chromatin
marks, the question arises whether it is the local chro-
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matin structure or the underlying primary DNA sequence
that modulates integration frequencies in these segments.
Consistent with previous findings (30), the SB100X trans-
posase promotes insertions with an almost random inser-
tion profile in human cells with a slight bias for euchro-
matin marks (including H3K4mel, H3K27ac, H3K36me3
and H3K29me2) (Figure 8A). We detected a significant
(P < 0.001) depletion in chromatin marks at insertions by
the HI187V and K248R variants as compared to SB100X-
mediated insertions (Figure 8 A). However, the depletion is
not restricted to euchromatin marks. Instead, the HI87V
and K248R insertion sites are generally depleted in his-
tone modifications, regardless whether they mark transcrip-
tionally active or repressed chromatin (Figure 8A); thus,
we consider it unlikely that the H187V and K248R trans-
posase variants would interact with chromatin differently
than SB100X.

The above findings led us to hypothesize that the primary
determinant of preferred genomic targets by the H187, P247
and K248 transposase mutants is DNA sequence composi-
tion. Exons, in particular coding exons, are relatively poor
in TA dinucleotides (Figure 8B), which are the preferred tar-
get sites for SB transposition. Having seen a pronounced
preference by some of our mutants, especially by H187V
and K248R, for the ATATATAT sequence motif implies
that detargeting of exon sequences by this mutant is driven
by the rare occurrence of this sequence motif in exonic se-
quences. Indeed, ATATATAT is severely underrepresented
in exons, especially so in coding exons (Figure 8B), thereby
suggesting that primary DNA sequence composition is the
major determinant of driving H187V and K248R inser-
tions away from exonic sequences. Similarly, open regula-
tory regions, TSSs and enhancers are relatively TA-poor in
comparison to the average base composition of the human
genome (Figure 8C). As seen for coding exons, the preferred

ATATATAT sequence motif of the H187V and K248R mu-
tants is severely underrepresented in these three genomic
segments (Figure 8C). The data argue that the major deter-
minant of detargeting exons as well as transcriptional reg-
ulatory regions by the H187V and K248R mutants is the
reduced availability of the highly preferred ATATATAT se-
quence in these genomic regions.

Sequence-dependent DNA deformability drives target site se-
lection by the H187V, P247R and K248R transposase mu-
tants

Primary DNA sequence is a major determinant of helix
structure, which can shape DNA-protein interactions. Thus,
we set out to investigate the differences in the physical
properties of the consensus insertion site sequences of the
SB100X transposase and its mutants. It has been postulated
that DNA-binding proteins can recognize the intrinsic flex-
ibility of the DNA. A crucial determinant of the latter is the
energy needed for disrupting the interactions of bases stack-
ing on each other in the helix. The RY or YR base-steps, in
particular the AT or TA steps, have the lowest stacking en-
ergy (the amount of energy required for disrupting the inter-
action of the bases stacked on each other in the helix) (78),
and are therefore particularly flexible. Similarly, DNA de-
naturation energy (the energy needed for melting the DNA
strands) is lower for A/T-rich DNA. In contrast, stiffness
is a measure of resistance against a bending force on the
DNA helix, whereas base pair rigidity based on DNase I
cleavage frequency is also associated with DNA sequence,
in that A/T-rich sequences require less energy for duplex
disruption (79,80). We found that the insertion sites pre-
ferred by the H187V, P247R and K248R transposase mu-
tants are associated with higher flexibility (lower stacking
energy) (Figure 9A), and require less energy for duplex dis-
ruption, and are therefore more bendable than the SB100X
insertion sites (Figure 9B-D). These results imply a defi-
ciency of these mutant transposases to insert into TA dinu-
cleotides surrounded by rigid (A/T-poor) DNA.

Non-canonical transposon integrations by the H187V trans-
posase variant

A striking feature of the Mosl STC structure is flipping of
the adenines of the TA target sites on both strands into
extra-helical positions (28). Adenine-specific interactions
with the transposase trap the flipped conformation, which
is required for transposon integration at TA dinucleotides.
Because SB also integrates almost exclusively to TA dinu-
cleotides, a similar mechanism of base flipping may occur
during SB transposition. Nonetheless, dinucleotides other
than TA can also serve as target sites for SB transposition
at very low frequencies (47,81,82).

We examined non-canonical transposon integration
sites used by the H187V transposase variant. Consistent
with previous observations for the canonical SB trans-
posase (47,81,82), transposon integrations at non-TA din-
ucleotides occurred at a frequency of ~0.5% (712 events
out of a total of 130 504 mappable insertions), and the
most frequent non-canonical insertion sites were CA and
TG (Figure 10A). As discussed above, for base flipping to
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occur de-stacking of the adjacent bases and DNA back-
bone deformation need to take place. Consistently, we de-
tected a strong correlation between dinucleotide frequencies
at integration sites and the base stacking energy as well as
protein-inducible twist [deduced from protein-DNA crystal
structures, as measures for sequence-dependent DNA de-
formability (83)] associated with different base steps (Figure
10A). The highly preferred TA dinucleotide and the CA and
TG dinucleotides, whose usage is severely disfavored in SB
transposition but nonetheless represent the most frequent
non-canonical integration sites, are the most prone to un-
dergo helix deformations when bound by proteins (Figure
10A). This observation offers a physical explanation to tar-
get site selection in SB transposition.

The H187V mutant is indistinguishable from SB100X
both its insertion frequency into non-canonical dinu-
cleotides (~0.5%) and in using the CA and TG dinu-

cleotides as the most preferred non-canonical sites for
integration. Nevertheless, SeqlLogo analysis of the non-
canonical insertion sites upstream and downstream of the
target dinucleotides revealed a profound difference as com-
pared to the logo generated for the canonical insertions.
Namely, a stronger conservation and more pronounced
preference for alternating AT base pairs in the flanks is
evident (reaching 0.2-0.3 bits of the “shoulders™) for the
non-canonical insertion sites (Figure 10B). In agreement,
the non-canonical insertion sites display an even further in-
creased flexibility as compared to canonical insertion sites
(Figure 10C), suggesting that H187V can only target non-
canonical dinucleotides for integration if they are situated
in an A/T-rich, bendable DNA sequence context.

Finally, we assessed the combinatorial phenotype of a
H187V/K248R double mutant of the SB transposase. Ap-
parently, the extents to which these particular single mu-
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tants target certain DNA sequences and genomic regions
are not additive (Supplementary Figure S10). The double
mutant displayed a phenotype largely similar to H187V
with respect to frequency of targeting the ATATATAT
consensus motif (Supplementary Figure S10a), detargeting
genic sequences including exons and transcriptional regu-
latory regions (Supplementary Figure S10b), enrichment in
TA-rich repeats (Supplementary Figure S10c), and DNA
sequences at non-canonical insertion sites (Supplementary
Figure S10d and e)

DISCUSSION

In this work, we establish that amino acid replacements
in three positions of the SB transposase lead to profound
changes in target site selection in human cells. These find-
ings indicate that H187 of SB is a functional equivalent of
R 186 of the Mos!I transposase, P247 of SB is a functional
equivalent of S119 in HIV-1 IN, A188 in PFV IN and S124

in RSV IN, and K248 of SB is a functional equivalent of
N120 in HIV-1 IN. The data imply a shared role of these
amino acid residues in interacting with tDNA during mo-
bile element (virus and transposon) integration.

In particular, the H187V and K248R SB transposase
variants detarget exons and transcriptional regulatory re-
gions of genes (Figure 5). These transposase mutants dis-
play a strong preference for A/T-rich DNA primarily com-
posed of alternating AT (or TA) dinucleotides (Figure 4
and Supplementary Figure S8), in particular for an 8-bp
ATATATAT sequence motif (Figure 4). As high as 39% of
all integrations catalyzed by the K248R variant occur at
such motif (as opposed to 2% by SB100X, Figure 4), indi-
cating a dramatic gain of target site specificity by this muta-
tion. Exons and transcriptional regulatory elements includ-
ing promoters, TSSs and enhancers are severely depleted in
the ATATATAT sequence motif (Figure 8), resulting in dis-
favored integration into these genomic segments by our mu-
tants.

©£20z Aenuga4 /| uo Jasn pabazg jo Ausianiun ; wayeAbaluewopn) 1pabazs Aq 219€€£G9//082/S/0G/a101WE/JEeuU/w oo dnoolwapede//:sdiy wouy papeojumoq



>
w

Di-nucleotide frequency
o
o o
(9] (5}

o

(syun "que) septadoid [eoishyd

== Base stacking energy

== Protein-inducible twist

TA CA TG TC AA GA TT AT CT GT AG GG ACCGGC CC

Nucleic Acids Research, 2022, Vol. 50, No. 5 2821

C
0.04
@
=
b= |
g == H187V non-TA
©
= = H187V
£0.02
2 Random
x
k)
(0]
b}
°
o
[&]
g 0
\ { N=712 &
-0.02
ATACGHOACU M Thrarh, ot -
——A 1

-30 +30

Figure 10. Frequencies and physical properties of non-canonical transposon insertion sites generated by the H187V mutant of the Sleeping Beauty trans-
posase. (A) Relative frequencies of dinucleotides occurring at non-TA sites by the H187V mutant (bars) and the relative base stacking energies (red) and
protein-inducible twist (blue) associated with each dinucleotide. (B) SeqLogo analysis of non-canonical insertion sites. (C) DNA flexibility as measured by
stacking energy for canonical versus non-canonical insertion sites. Averages flexibilities were calculated from di-nucleotide values applied to all the non-TA
insertion sites of the H187V mutant in 60-nucleotide-long windows centered around the insertion (black triangle).

Primary sequence determines the physical properties of
DNA, which in turn has a profound impact on its inter-
actions with proteins. Bendability of tDNA seems to be
an important factor in defining integration sites for mo-
bile genetic elements, because it enables proper position-
ing of the phosphodiester bonds in the transposase ac-
tive sites. A bendable/flexible structure is likely required
for the IN/transposase protein and/or auxiliary host fac-
tors to deform the bound DNA into an optimal confor-
mation for strand transfer. Indeed, tDNA bending is a re-
curring theme in retroviral integration and DNA transpo-
sition executed by DDE/D recombinases (50) (Supplemen-
tary Figure S1). Structural studies of the TCC comprising
four PFV IN molecules, viral DNA ends and tDNA high-
lighted a severely bent (90°) tDNA conformation, and re-
vealed amino acid residues, including A188, involved in dis-
torting the tDNA by direct interaction with DNA bases.
Similarly, the tDNA in the post-integration structure of
the RSV intasome STC revealed a strong bending of ~90°,
which is stabilized by DNA contacts made by the a2 helix of
IN containing S124 (22). Structures of STCs by DNA trans-
posons, including Mos! (28) and Mu (84) both revealed a
severe tDNA bend (~140°); in addition, Tn10 transposase
(85), P element transposase (86), piggy Bac transposase (87)
and Transib transposase (88) all favor bent target DNA
structures. Importantly, interactions with Mos/ transposase
residues, including R186, were shown to stabilize distor-
tions in the tDNA (28). In the absence of high-resolution
data for a tDNA-bound SB complex, we used structural
modeling to infer that H187, P247 and K248 in the SB
transposase execute similar functions; namely, stabilizing a
DNA bend by direct interactions with bases of the tDNA.
This is supported by both the conserved positions of H187
(with respect to R186 in Mos! transposase), P247 (with re-
spect to S119 in HIV-1 IN, A188 in PFV IN and S124 in
RSV IN) and K248 (with respect to N120 in HIV-1 IN) in

the SB TCC model (Figure 1 and Figure 2) as well as a more
pronounced requirement for a highly flexible tDNA struc-
ture at the integration sites of our mutants as compared
to SB100X (Figure 9). Our results are thus most parsimo-
nious with the conclusion that the SB variants that we an-
alyzed here are loss-of-function mutants either defective or
strongly attenuated in their abilities to induce or stabilize a
bent tDNA structure. This defect must be compensated by
enhanced intrinsic bendability of the tDNA for transposon
integration to take place, which manifests itself in highly se-
lective integration into AT-repeats that are associated with
a bendable structure. This phenotype is further exaggerated
when examining non-canonical integration sites generated
by H187V. Non-canonical insertions apparently can only
take place in DNA with an even higher AT-content asso-
ciated with higher flexibility than the canonical insertion
sites targeted by the same enzyme (Figure 10). These ob-
servations are consistent with the proposed role of H187 in
broadening the major groove of the tDNA and/or kinking
the tDNA substrate via un-stacking bases at the integration
site (52). A defect of the enzyme to execute this function
properly due to mutations can be, at least to some extent,
compensated by selecting and engaging sites associated with
a higher level of bendability.

The H187V and K248R mutants also display the salient
property of avoiding integration into nucleosomal DNA to
a more dramatic extent than seen for the SB100X trans-
posase (Figure 7). The Mosl STC structure (28) suggests
that the severe bending of tDNA by the transpososome
that is required for the integration step during transposi-
tion can be more easily achieved on flexible linker DNA
than on nucleosomal DNA, in the context of which the
tight wrapping of the DNA around the nucleosome core
represents a constraint to further physical distortion. Thus,
we consider it likely that the H187V and K248R mutants
markedly disfavor nucleosomes due to their extended de-

©£20z Aenuga4 /| uo Jasn pabazg jo Ausianiun ; wayeAbaluewopn) 1pabazs Aq 219€€£G9//082/S/0G/a101WE/JEeuU/w oo dnoolwapede//:sdiy wouy papeojumoq



2822 Nucleic Acids Research, 2022, Vol. 50, No. 5

pendence on highly flexible DNA sequences for integra-
tion. Other transposons, such as the Drosophila P element,
show a preference for insertion into the 5 transcriptional
regulatory elements of genes, possibly as a consequence of
their preferential integration into nucleosome-free regions
(89-91). Moreover, Hermes transposon integrations in yeast
were also found to favor nucleosome-free regions, and it has
been suggested that these regions are physically more ac-
cessible for the transposase (76). However, a preference for
nucleosome-free DNA for integration is not a general at-
tribute among mobile genetic elements. Retroviruses have
been found to direct integration into outward-facing ma-
jor grooves on nucleosome-wrapped DNA (17,92-94), and
the Tyl retrotransposon in yeast preferentially integrates
into nucleosome-bound DNA near the H2A/H2B inter-
face (95), suggesting that these elements can exploit the
nucleosome-induced bending of tDNA for integration. Why
not all integrating genetic elements can capitalize on the
pre-bent DNA structure as offered by a nucleosome is un-
clear. Perhaps the almost extreme extent to which the tDNA
needs to be bent for integration of certain transposons, in-
cluding SB, simply cannot be generated and stabilized in
a nucleosomal structure due to physical constraints. These
transposons will then necessarily select their target sites in
regions of the genome, where the required DNA distortions
can be accommodated.

Beyond providing important biochemical and biophys-
ical clues for SB transposition, the work presented here
also bears practical relevance in the context of genetic en-
gineering, in particular gene therapy. Preferential integra-
tions of gammaretroviral vectors near transcriptional reg-
ulatory elements of active genes and the bias of lentiviral
vectors towards transcription units bear a finite risk of in-
sertional oncogenesis, which manifested in patients treated
with MLV-derived vectors in early gene therapy clinical tri-
als based on gene insertion into hematopoietic stem cells
(96-99). The integration profile of the SB variants described
here may enable therapeutic cell engineering with a signifi-
cantly increased safety profile. Directing integration away
from the transcriptional regulatory regions and exons of
genes to an extent that the frequencies of integration into
these genomic regions becomes significantly lower than that
produced by fully random distribution (Figure 5) provides
a significant improvement in the projected safety of these
transposase variants for gene therapy.
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