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The bacterial insertion sequence (IS) IS26 mobilizes and
disseminates antibiotic resistance genes. It differs from bacte-
rial IS that have been studied to date as it exclusively forms
cointegrates via either a copy-in (replicative) or a recently
discovered targeted conservative mode. To investigate how the
Tnp26 transposase recognizes the 14-bp terminal inverted re-
peats (TIRs) that bound the IS, amino acids in two domains in
the N-terminal (amino acids M1–P56) region were replaced.
These changes substantially reduced cointegration in both
modes. Tnp26 was purified as a maltose-binding fusion protein
and shown to bind specifically to dsDNA fragments that
included an IS26 TIR. However, Tnp26 with an R49A or a
W50A substitution in helix 3 of a predicted trihelical helix–
turn–helix domain (amino acids I13–R53) or an F4A or F9A
substitution replacing the conserved amino acids in a unique
disordered N-terminal domain (amino acids M1–D12) did not
bind. The N-terminal M1–P56 fragment also bound to the TIR
but only at substantially higher concentrations, indicating that
other parts of Tnp26 enhance the binding affinity. The binding
site was confined to the internal part of the TIR, and a G to T
nucleotide substitution in the TGT at positions 6 to 8 of the
TIR that is conserved in most IS26 family members abolished
binding of both Tnp26 (M1–M234) and Tnp26 M1–P56 frag-
ment. These findings indicate that the helix–turn–helix and
disordered domains of Tnp26 play a role in Tnp26–TIR com-
plex formation. Both domains are conserved in all members of
the IS26 family.

Bacterial insertion sequences (ISs) aremobile genetic elements
that play a significant role in generating diversity although the
mechanism of action has been described in detail for relatively
few (1–3). ISs are genetically compact, and by definition only
carry genes and sites required for their mobilization (4). Move-
ment of the IS is catalyzed by the encoded transposase (Tnpase),
which has three distinct functions: DNA binding, multi-
merization, and catalysis (5–7). The majority of IS encode
Tnpases that are related to the retroviral integrases. The catalytic
core has an RNaseH-like fold and is defined by three character-
istic acidic residues: two aspartate (D) and one glutamate (E)
(1, 7). ISs that encode an aspartate–aspartate–glutamate
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(DDE) Tnpase are bounded by terminal inverted repeats (TIRs)
that are recognized and acted on by the Tnpase. A number of
IS-encoded Tnpases are predicted to possess a helix–turn–helix
(HTH) that acts as the DNA-binding domain (DBD) facilitating
sequence-specific binding to the TIR (5, 8–14). The TIR can
be subdivided into one or more DNA-recognition sites and
a cleavage site at the terminus (3, 12). The interaction between
an IS and its Tnpase must occur in a highly coordinated
manner to form a transpososome and enable movement of the
IS (7).

The IS26 family, defined as the subgroup of the bacterial IS
in the IS6 family most closely related to IS26 (15), includes the
three ISs that play the most significant roles in the evolution of
antibiotic resistance, namely IS26 in Gram-negative bacteria
(16–20) and IS257/IS431 and IS1216 in Gram-positive bacteria
(17, 21–25). IS26, the best studied member of the IS26 family,
is 820 bp in length, and the tnp26 gene (705 bp) encodes a 234-
amino acid DDE Tnpase, Tnp26 (26). The DDE catalytic res-
idues of the Tnp26 Tnpase have been demonstrated to be
necessary for IS26 movement (27). IS26 is bounded by 14-bp
perfect TIRs. The TIRs are highly conserved across the IS26
family with GG as the outermost residues, a completely
conserved G residue at position 7 flanked by highly conserved
T residues, and a highly conserved G residue at position 10
(15). However, the IS26 mechanism of movement has long
been recognized to be different from the mechanism used by
IS that are members of most other families.

IS26 is unable to move from one position to a new one as a
discrete unit, that is, move alone, and instead exclusively forms
cointegrates in which the two product ISs each remain
attached at one end to the original location (28–30). Early
studies (26, 29, 30) showed that IS26 forms cointegrates via
copy-in cointegration, previously called “replicative trans-
position.” More recent studies have demonstrated that IS26
also performs an IS26-targeted cointegration reaction when a
second IS26 copy is present in a separate DNA molecule or
replicon (27). The targeted reaction is conservative and occurs
at 100- to 1000-fold higher frequency than the copy-in reac-
tion (27, 31). To date, this unique reaction has only been
demonstrated for further members of the IS26 family (32, 33).
The significant difference between the two reaction modes is
that both IS ends are involved in the copy-in reaction, whereas
the targeted conservative reaction occurs at one end (either left
or right) (31, 32). These dual capabilities have significant
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IS26 end recognition by the Tnp26 transposase
implications for the spread of antibiotic resistance genes and
genome diversification. However, to date, little is known about
the features that distinguish IS26 and related IS from the IS
that have been studied to date, most of which use a cut and
paste or a copy-out-paste-in mechanism. Comparison of the
sequences of Tnpases that are the closest relatives of IS26
revealed a short segment at the N terminus that includes two
highly conserved phenylalanine (or tyrosine) residues (15).
This motif is not seen in the Tnpases encoded by any other
known IS family, and this finding may provide a first clue as to
what makes IS26 so different.

Here, we have characterized the interactions between the TIR
of IS26 and Tnp26. First, computational modeling of Tnp26 was
performed to visualize the putative functional domains. The
effect of introducing alterations to a predicted trihelical HTH
domain, the potential TIR recognition and binding domain
(DBD) of Tnp26, and replacement of conserved residues in the
short N-terminal region that is unique to the Tnp26 Tnpase
family were examined both in vivo and in vitro. The effect of
substitution of bases in the IS26 TIR sequence on Tnp26
binding was also examined, and a completely conserved residue
was found to be critical for TIR-specific binding.
Results

A structural model of Tnp26

In a Phyre2 model of Tnp26, 90% of the amino acids (211 of
234) were modeled with over 90% confidence, and a C-terminal
Figure 1. Tnp26 transposase. A, Tnp26 sequence (234 amino acids) with pred
DDE catalytic core, highlighted in blue, and predicted α-helices and β-strands u
red. The linker between the two domains is indicated. B, Tnp26 modeled by Ph
blue, respectively. The DDE catalytic residues are colored maroon and labeled
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DDE catalytic domain, described previously (34), and an N-
terminal trihelical bundle connected by a flexible linker were
observed (Fig. 1). The two domains were flanked by a short
disordered region at the extreme N terminus that includes two
phenylalanine residues separated by four amino acids, which are
highly conserved in the IS26 family members (Fig. 2A, (15)), and
an extended C-terminal tail with no identifiable functional
motifs. The DDE catalytic domain modeled closely with several
DDE-containing retroviral integrases (35) and HIV-2 integrase
(Protein Data Bank [PDB]: 3F9K) with confidence >99.74%
(10–15% identity).

The N-terminal region of Tnp26 modeled closely to the tri-
helical HTHdomain of HIV-2 integrase (99.79% confidence and
15% identity). The sequence of the Tnp26 N-terminal region
was also separately modeled using Phyre2, and amino acids 5 to
56 modeled with>90% confidence with a trihelical HTH in the
OrfA portion of Tnpases encoded by two IS3 family members,
namely IS629 (PDB: 2RN7; 92.89% confidence and 21% identity)
and an IS that is a close relative of IS1206 (“Cgl2762”; PDB: 2JN6;
96% confidence and 20% identity) (36), as well as the HTH
domain of ISCth4 (IS256 family) Tnpase (PDB: 6XGX; 95.15%
confidence and 22% identity (13)).

Cointegration activity of Tnp26 with amino-acid substitutions
disrupting the HTH

Conservation of the N terminus of the Tnpase across the
IS26 family is shown in Figure 2A. Mutations predicted to
introduce changes that disrupt the secondary structure of the
icted secondary structure features of the HTH motif, highlighted in pink, and
nderlined. The catalytic residues (D78, D138, and E173) are bold and boxed in
yre2 is shown with the HTH (α1–3) and DDE catalytic core colored pink and
. DDE, aspartate–aspartate–glutamate; HTH, helix–turn–helix.



Figure 2. Properties of the N-terminal region of Tnp26. A, alignment showing conservation in amino acids M1–K60 of Tnp26. A single representative of
each clade (I–VI) is shown with amino acid conserved in ≥55, highlighted in light gray, or ≥60, highlighted in dark gray, of the 65 curated sequences
identified as members of the IS26 family (15). The consensus sequence is shown above the alignment, with a diamond symbol (A) representing amino acids
I, L, M, and V; and J representing amino acids I and L. Where alternate residues are found, the font size indicates their approximate relative abundance. For
full alignment, see Ref. (15). B, model of Tnp26 M1–K60 showing positions of residues targeted for substitution, E30, G39, R49, W50, and Y54, shown in teal.
α1–3 and residues are labeled. C, frequencies of cointegration between pRMH977 derivatives and the corresponding R388::IS26 derivative, encoding Tnp26
(WT; “�” black filled circles) or Tnp26 with amino acids substitutions E30P, G39I, G39I/W, W50P, E30PW50P (“○” open circles), R49A, W50A, or Y54A (“×” crosses).
Cointegration frequencies are expressed as the mean ± SD (n ≥ 3). Significance (**p < 0.01) was determined using a one-way ANOVA and �Sidák multiple
comparison test. IS, insertion sequence.

IS26 end recognition by the Tnp26 transposase
conserved HTH fold were introduced into IS26 in plasmid
pRMH977 (ApR), which carries one IS26 copy. Five pRMH977
derivatives encoding Tnp26 derivatives with the substitutions
E30P, G39I, G39W, W50P, or E30PW50P (see Fig. 2B and
Table 1 for location in Tnp26) were generated and tested in
mating-out assays to measure cointegrate formation with the
conjugative plasmid R388 (TpR) by the low-frequency untar-
geted copy-in mechanism. WT IS26 in pRMH977 (ApR)
Table 1
Copy-in cointegration between R388 and pRMH977 derivatives encodi

Tnp26 amino-acid substitution Location No.a

None — 12
E30P α2 3
G39I Turn 3
G39W Turn 3
W50P α3 3
E30PW50P α2&α3 3
R49A α3 3
W50A α3 3
Y54A α3 3

a Number of independent determinations.
b Mean calculated when cointegrates were detected. When no cointegrates were detecte
detection.
formed cointegrates (ApRTpR) with R388 (TpR) at a frequency
of 1.8 ± 1.6 × 10−7 cointegrates per transconjugant (mean of
n = 12). However, cointegrate formation between the
pRMH977 derivatives and R388 was not detected with a limit
of detection of <1.3 × 10−10 to <4.9 × 10−10 cointegrates per
transconjugant (Table 1), corresponding to <0.1% to <0.3% of
WT activity, and indicating that the variants may be unable to
support cointegrate formation via the copy-in route.
ng Tnp26 with amino-acid substitutions in the HTH

Cointegration frequency (cointegrate/transconjugant)

Range Mean ± SD/detection limitb

1.13 × 10−8–5.09 × 10−7 1.8 ± 1.6 × 10−7

<2.10 × 10−10–<1.37 × 10−9 <1.3 × 10−10

<4.83 × 10−10–<8.47 × 10−9 <3.9 × 10−10

<4.42 × 10−10–<5.05 × 10−10 <1.6 × 10−10

<3.92 × 10−10–<1.85 × 10−9 <2.3 × 10−10

<7.52 × 10−10–<2.86 × 10−9 <4.9 × 10−10

<6.49 × 10−9–<9.80 × 10−9 <2.6 × 10−9

<2.11 × 10−9–<3.31 × 10−9 <8.2 × 10−10

<2.44 × 10−9–<9.26 × 10−9 <1.4 × 10−9

d, the total number of ApSSmRTpR transconjugants was used to calculate the limit of
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IS26 end recognition by the Tnp26 transposase
Targeted conservative cointegration was also examined by
introducing the IS26 variants into R388::IS26 and measuring
cointegrate formation between each pRMH977 derivative and
the corresponding R388::IS26 derivative (Fig. 2C). WT IS26
(pRMH977 with R388::IS26) formed cointegrates at a fre-
quency of 8.4 ± 5.3 × 10−4 cointegrates per transconjugant
(mean ± SD, n = 28). The cointegration frequency of the
pRMH977 derivatives and the corresponding R388::IS26 de-
rivatives (Fig. 2C, open circles) was over two orders of
magnitude lower (p < 0.1, n ≥ 3). The potential cointegrates
detected were carefully analyzed and shown to be true coin-
tegrates with the relevant mutation in both copies of the IS
indicating that sufficient folding to support low-level activity
had occurred.

Taken together, these in vivo findings indicate that the
disruptions to the secondary structure of the HTH fold had
substantial impacts on Tnp26 activity in vivo.
Figure 3. Binding of Tnp26 WT to IS26 TIR sequence. A, schematic of IS26 an
extent and orientation of tnp26 is shown by the black arrow, and the TIRs are re
from the IS are in lower case. IS26 sequence is in upper case, with the 14-bp TIR
labeled DNA probes containing TIRL, TIRR, or a scrambled version of TIRR (50-C
titrated with increasing concentrations of Tnp26 WT. Representative gels fro
protein–DNA complexes, respectively. C, MST binding curve of TIRL or TIRR tit
insertion sequence; MST, microscale thermophoresis; TIR, terminal inverted re
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Cointegration activity of Tnp26 with amino-acid changes to
α3

Residues that have potential DNA-binding properties and
are conserved in the IS26 family (Fig. 2A) and may have a
direct role in specific binding of Tnp26 to the TIRs were also
examined. Residues R49 and W50 in α3, and Y54 at the end of
α3, were replaced with alanine. Copy-in cointegration for
pRMH977 derivatives encoding Tnp26 R49A, Tnp26 W50A,
or Tnp26 Y54A was assessed, and cointegrate formation be-
tween these pRMH977 derivatives and R388 was not detected
(Table 1). The cointegration frequency of these pRMH977
derivatives and the corresponding R388::IS26 derivative
(Fig. 2C, crosses) was reduced by over two orders of magnitude
(p < 0.1, n = 3), relative to the WT cointegration frequency.
Together, these results demonstrate that the modifications to
helix 3 of the trihelical HTH of Tnp26 reduced activity to <1%
of WT activity. In these cases, the residual activity may be
d sequence of one strand of the Cy5-labeled 50-bp TIRL and TIRR probes. The
presented by yellow arrows and boxed in red. In the probe, bases not derived
s highlighted in yellow and the internal sequence in green. B, EMSAs of Cy5-
y5-TTCGTGACTACATCGATCTAGGCTAGCTAGTCAGCTGATCGACTAGCGAT-30),
m n = 3 are shown. The arrows labeled “f” and “b” indicate free DNA and
rated with Tnp26 WT (n = 3) at protein concentrations up to 4000 nM. IS,
peat; TIRL, left terminal inverted repeat; TIRR, right terminal inverted repeat.



IS26 end recognition by the Tnp26 transposase
explained by the fact that more than one interaction is ex-
pected to contribute to specific binding to the TIR.

Tnp26 binds to the IS26 TIRs in a sequence-specific manner

In order to directly examine binding of Tnp26 to the IS26
TIR sequence, the monomeric form of N-terminally His6-
maltose-binding protein (MBP)–tagged full-length Tnp26
(His6-MBP-Tnp26 WT, hereafter “Tnp26 WT”) was purified
as described in the Experimental procedures section (Fig. S1).
Purified Tnp26 WT was used in EMSA to test for sequence-
specific binding to Cy5-labeled 50-bp dsDNA probes
composed of 40 bp from either the left or the right IS26 end
with an additional 10 bp adjacent to the outer end (designated
“TIRL” or “TIRR” DNA probe, respectively; Fig. 3A). A
scrambled DNA sequence with the same base composition as
the TIRR probe was used to control for nonspecific binding. A
fixed concentration of the DNA probe (25 nM) was titrated
with Tnp26 WT (0–4000 nM) in the presence of DNA-
competitor poly-d(I-C) to eliminate nonspecific binding.

Binding of Tnp26 WT to TIRL and TIRR was observed at
protein concentrations of 15.6 nM or 62.5 nM and above, as
demonstrated by the appearance of a single shifted band
migrating above the free DNA probe and a sequence-specific
aggregate that did not enter the gel (Fig. 3B and Fig. S2).
Binding to scrambled DNA was not detected at any Tnp26
WT protein concentration tested (Fig. 3B) although some
nonspecific interactions of binding components was typically
observed at 4000 nM protein. Therefore, protein concen-
trations above 4000 nM were not examined. Shorter Cy5-
labeled DNA probes 25, 30, 35, and 40 bp in length
(including the additional 10 bp at the 50 end) were also
examined (Fig. S2). As the binding interaction decreased in
stability as the probe length was shortened and no binding to
the 25-bp probe was detected, 50-bp dsDNA probes were
used hereafter.

Using microscale thermophoresis (MST), 50 bp TIRL and
TIRR DNA probes were titrated with Tnp26 WT (Fig. 3C), and
the dissociation constant (KD) was determined to be 436 (n =
3) and 394 nM (n = 3), respectively. No binding to the
scrambled DNA probe was detected. Together, these results
indicate that Tnp26 WT recognizes and binds to the IS26 14-
bp TIR sequence, which is the only IS-derived segment shared
by the TIRL and TIRR probes (Fig. 3A).

Modifications to α3 impact Tnp26 binding

Three His6-MBP-Tnp26 variants with amino-acid changes
in or near α3, R49A, W50A, and Y54A (hereafter, Tnp26
R49A, Tnp26 W50A, and Tnp26 Y54A, respectively) were
purified and tested for binding to the IS26 TIR probes. In
EMSAs conducted as described above, binding of Tnp26 Y54A
to TIRL and TIRR was detected when protein concentrations
reached 62.5 nM, although the band intensity of the Tnp26
Y54A–TIR complex was lower than with Tnp26 WT (Fig. 4A).
Tnp26 Y54A binding to TIRL and TIRR was quantified by
MST, and the KD was determined to be 802 and 821 nM,
respectively (Fig. 4A), approximately twofold higher than WT.
Hence, Tnp26 Y54A is able to bind to the IS26 TIRs in a
sequence-specific manner but at a slightly lower affinity
compared with WT. This contrasts with the in vivo data where
Tnp26 Y54A cointegration activity was reduced to <1% WT
(Fig. 2C), suggesting that although Y54 may not have a sub-
stantial role in TIR recognition, it is important for Tnp26
activity.

No binding of Tnp26 R49A and Tnp26 W50A to TIRL,
TIRR, or the scrambled probe was detected with protein
concentrations up to 4000 nM (Fig. 4, B and C), indicating that
replacement of R49 or W50 with an A residue interfered with
the DNA-binding ability of Tnp26. These results indicate that
the HTH is the Tnp26 DBD.

Tnp26 M1-P56 is sufficient for TIR sequence recognition

Two truncation derivatives of Tnp26 fused to His6-MBP
were generated to assess the DNA-binding properties of the N-
terminal region. The first derivative spans Tnp26 M1–P56,
hereafter Tnp261–56, and contains the entire predicted HTH
motif (I13–R53). Tnp26 M1–D71, hereafter Tnp261–71,
included the “linker” between the HTH and catalytic domains.

Tnp261–56 was used in EMSAs to test for binding to the
IS26 TIRL, TIRR, or scrambled DNA probes as described
above. In contrast to the full-length Tnp26, no Tnp261–56
binding was detected up to protein concentrations of 4000 nM
(not shown). However, as no aggregation of binding compo-
nents was detected in this concentration range, the titration
was extended up to 40 μM of Tnp261–56. A shift in the TIRL

and TIRR probes was observed when the protein concentration
reached 5 to 10 μM (Fig. 4D), notably higher than the con-
centration required for aggregation or binding to be detected
for full-length Tnp26 (�62.5 nM). The fluorescence of the
shifted band was also less pronounced in comparison to the
full-length Tnp26, and the majority of the DNA probe
remained unbound in the protein concentration range tested.
As no binding to the scrambled DNA probe was detected, the
binding was specific for the TIR sequence. The KD for these
interactions was unable to be quantified with confidence by
MST because the binding interaction did not reach saturation
at the highest protein concentration.

The Tnp261–71 derivative was incubated with TIRR probe,
and aggregation of reaction components was detected when
Tnp261–71 reached 250 to 500 nM and continued to accu-
mulate as the protein concentration increased (not shown).
However, no distinct shifted band was observed, and we were
unable to obtain evidence that the Tnp261–71–DNA aggregate
was sequence specific. The behavior of the Tnp261–71 deriva-
tive suggests that the presence of the linker may be interfering
with DNA binding or correct protein folding.

These results indicate that Tnp26 M1–P56 containing the
predicted HTH domain of Tnp26 is sufficient for sequence
recognition and binding to the IS26 TIR sequence. However,
the remainder of the protein, containing the DDE catalytic
domain, likely plays a role in increasing the affinity of binding
between Tnp26 and the IS26 TIRs.
J. Biol. Chem. (2021) 297(4) 101165 5



Figure 4. Binding of Tnp26 modified in α3 and Tnp261–56 to IS26 TIR probes. A, EMSAs of Cy5-labeled dsDNA probes containing TIRL, TIRR, or scrambled
titrated with Tnp26 Y54A (n = 2; top) and the MST-binding curves of TIRL or TIRR titrated with up to 4000 nM Tnp26 Y54A (n = 3; bottom). EMSAs of Tnp26
R49A (B; n = 2), Tnp26 W50A (C; n = 2), and Tnp261–56 (D; n = 3) titrated against TIRL, TIRR, and scrambled. Representative gels are shown. The arrows labeled
“f” and “b” indicate free DNA and protein–DNA complexes, respectively. IS, insertion sequence; TIR, terminal inverted repeat; TIRL, left terminal inverted
repeat; TIRR, right terminal inverted repeat.

IS26 end recognition by the Tnp26 transposase
Replacement of conserved bases in TIRR affects cointegrate
formation

An alignment of the TIR sequences of a curated set of 65
IS26 family members showed high conservation of 14 bases
(15). Bases 1 to 2 (GG) and 7G are completely or almost
completely conserved, and 6 to 8 (TGT) and 10G are highly
conserved (15). At the left IS26 end, 10G forms part of the −35
box of the tnp26 promoter sequence, but it is also conserved at
the right end. The effect of replacing highly or completely
conserved G bases in the right-hand IS26 TIR with T was
examined. The transversion of the terminal two G bases was
previously found to abolish IS26 copy-in cointegration (31).
Additional derivatives of pRMH977 with transversions at bases
7 (G > T), 10 (G > T), or 6 to 8 (TGT > GTG) in the IS26
TIRR were generated, and their effect on copy-in cointegration
with R388, which requires both IS ends, was investigated. No
cointegrates of any of these pRMH977 derivatives with R388
were detected (detection limit, <9.2 × 10−11–<1.4 × 10−10

cointegrates/transconjugant; Table S1), a reduction of at least
6 J. Biol. Chem. (2021) 297(4) 101165
three orders of magnitude indicating that these highly
conserved bases are important. Further pRMH977 derivatives
with transversions introduced at the remaining bases of the
IS26 TIRR three bases at a time (bases 3–5, 9–11, and 12–14)
were generated, and no cointegrates were detected when these
derivatives were assayed for copy-in cointegration with R388
(detection limit, <1.5 × 10−10–<2.2 × 10−10 cointegrates/
transconjugant; Table S1).

Tnp26 binding to TIRR with modified bases

To assess the involvement of the conserved bases in the IS26
TIRs in Tnp26 binding, three derivatives of the IS26 TIRR 50-
bp DNA probe were generated, containing transversions of the
terminal GG of the TIR (TIRR 1G > T 2G > T), base 7G (TIRR

7G > T), and base 10G (TIRR 10G > T) (Fig. 5A). Protein–
DNA binding assays were conducted with Tnp26 WT as
described previously. When Tnp26 WT (up to 4000 nM) was
incubated with TIRR 1G > T 2G > T probe, a shift of the DNA
probe was detected (Fig. 5B) when the protein concentration



Figure 5. Binding of Tnp26 WT to IS26 TIRR with altered bases. A, the top strand of Cy5-labeled DNA probes containing TIRR or TIRR sequence with base
changes, indicated by italicized and underlined text. Protein binding to DNA probes titrated with Tnp26 WT examined via B, EMSA (n = 2; representative gels
shown) and C, MST (n = 3). Error bars represent SD. IS, insertion sequence; MST, microscale thermophoresis; TIR, terminal inverted repeat; TIRL, left terminal
inverted repeat; TIRR, right terminal inverted repeat.

IS26 end recognition by the Tnp26 transposase
reached 15.6 nM and the KD determined by MST was 240 nM
(Fig. 5C), indicating that the binding of Tnp26 WT to TIRR 1G
> T 2G > T was tighter than with TIRR. Hence, the terminal
bases do not play a significant role in Tnp26 sequence
recognition, consistent with the expectation that the Tnp26
DNA-recognition site would not include the cleavage site at
the IS26 boundaries.

Binding of Tnp26 WT to TIRR 10G > T probe was detected
when the protein concentration reached 62.5 nM (Fig. 5B),
although the intensity of the Tnp26 WT-TIRR 10G > T
complex was lower than with Tnp26 WT-TIRR (Fig. 3C). The
KD of Tnp26 WT binding to TIRR 10G > T quantified by MST
was 872 nM, approximately twofold higher than Tnp26 WT-
TIRR. Hence, 10G may contribute to but is not essential for
TIR recognition.

However, binding of Tnp26 WT to the TIRR 7G > T probe
was not detected in EMSAs (Fig. 5B) or by MST (not shown).
Furthermore, no binding between Tnp261–56 and TIRR 7G> T
probe was detected (not shown) under the conditions where
Tnp261–56–TIR binding (Fig. 4D) was observed. Hence, 7G of
the IS26 TIRs forms an essential part of the Tnp26 binding site.
Role of the two conserved phenylalanine residues at the
Tnp26 N terminus

Aside from the HTH DBD and DDE catalytic domain, no
distinct motif or folded structure was identified in Tnp26 by in
silico modeling or secondary structure prediction tools.
However, the high conservation of two aromatic residues,
usually phenylalanine or alternatively tyrosine, with four
amino-acid spacing at the extreme N terminus of the IS26
family Tnpases (Fig. 2A, (15)) is a feature unique to this group.
Therefore, the roles of these residues at F4 and F9 in Tnp26 in
IS26-mediated cointegrate formation were investigated.

Copy-in cointegration for pRMH977 derivatives encoding
Tnp26 F4A, Tnp26 F9A, and Tnp26 F4AF9A was measured,
and no cointegrates between the pRMH977 derivatives and
R388 were detected (detection limit, <1.1 × 10−10–<1.8 ×
10−10 cointegrates/transconjugant; Table S2) representing a
reduction of at least three orders of magnitude. Targeted
conservative cointegration between pRMH977 derivatives and
R388::IS26 derivatives with the corresponding mutant (i.e.,
both plasmids encode either Tnp26 F4A, Tnp26 F9A, or
Tnp26 F4AF9A) was also reduced (Fig. 6A). When plasmids
encoded Tnp26 F4A or Tnp26 F9A, the cointegration activity
was significantly reduced to <1% of WT activity (p < 0.1, n =
3; Table S3). However, no cointegrates were detected when the
plasmids encoded Tnp26 F4AF9A corresponding to a reduc-
tion of over three orders of magnitude, indicating these resi-
dues are required for Tnp26 activity. These results indicate F4
and F9 play an important role in cointegrate formation.

We considered the possibility that the phenylalanine residues
fromdifferentTnp26moleculesmay interact byπ–π interactions
(37) and be involved in dimer formation. Therefore, targeted
conservative cointegration between plasmids encoding different
variants (i.e., Tnp26F4Aencoded by one plasmid andTnp26F9A
encoded by the other) was assessed, and the activity was further
reduced to <0.1% of WT (p < 0.1, n = 3; Table S3 and Fig. 6A).
The larger reduction in IS26 cointegration when Tnp26 F4A and
Tnp26 F9A are in the same reaction suggests that the
J. Biol. Chem. (2021) 297(4) 101165 7



Figure 6. Activity of Tnp26 with F4A and/or F9A changes. A, frequencies of cointegration between pRMH977 derivatives and R388::IS26 derivatives,
encoding Tnp26 with F4A or F9A substitutions (“⋄” open diamond symbol) compared with the frequency for pRMH977 with R388::IS26 (WT; “�” black filled circles;
included here for comparison and is as for Fig. 2C). The cross “×” indicates that no cointegrates were detected. Cointegration frequencies are expressed as the
mean ± SD. Significance (**p < 0.01, n ≥ 3) was determined using a one-way ANOVA and �Sidák multiple comparison test. Binding to TIRL, TIRR, or scrambled
DNA probes. B, Tnp26 WT and C, Tnp26 F4A (left) or Tnp26 F9A (right) examined via EMSA (n = 2; representative gels shown). Panel B is from Figure 3B. and is
reproduced here to facilitate comparison with C. IS, insertion sequence; TIRL, left terminal inverted repeat; TIRR, right terminal inverted repeat.
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phenylalanine residues may form two interacting pairs (F4 with
F4 and F9 with F9) across different Tnp26 molecules and the
absence of one of the paired F residues removes this interaction.
Though there is evidence that Tnp26 preferentially acts in cis
(31), the residual cointegration activity detected here could be
due to the Tnp26 variants acting in trans, such that two of the
same Tnp26 variants are able to form one F-pair and enables
some cointegrate formation

Alterations to the Tnp26 N terminus affect binding to the TIR

To investigate the impact of the altered F residues on end
recognition, two additional His6–MBP–Tnp26 fusions, Tnp26
F4A and Tnp26 F9A, were generated. No binding of Tnp26
F4A or Tnp26 F9A to TIRL, TIRR, or the scrambled probe was
detected in EMSAs at protein concentrations between 0 and
4000 nM (Fig. 6C), indicating that replacement of either
phenylalanine residue interfered with end recognition and
binding by Tnp26. Hence, the two conserved phenylalanine
residues are important for both Tnp26 activity and binding to
the TIR, though their exact role remains to be established.

Discussion

Theanalyses presentedhere demonstrated that theN-terminal
domain of Tnp26 (M1–P56), which contains an HTH domain
8 J. Biol. Chem. (2021) 297(4) 101165
and a short N-terminal extension that includes 2F residues, is
important for recognition of the IS26 TIR sequence by Tnp26.
The WT Tnp26 bound to probes containing TIRL or TIRR but
not to a scrambled probe or to the TIRR probewith the conserved
G residue at position 7 in the TIR replaced by T. Replacement of
this G residue with a T also abolished copy-in cointegrate for-
mation. Hence, the observed Tnp26 WT DNA binding was TIR
specific. Introduction of various amino-acid substitutions into
the Tnp26 HTH reduced in vivo cointegration activity to<1% of
WTactivity, and Tnp26 proteins with anA residue replacing R49
or W50 in α3 of the HTH did not bind to the TIRR probe,
consistent with a significant role for the HTH domain in TIR
recognition and binding. However, TIR binding is clearly more
complex as the Tnp26 M1–P56 bound the same probes only
weakly suggesting that other parts of Tnp26 such as the catalytic
core contribute to binding affinity.

In addition, replacement of the F4 or the F9 residue with A
also substantially reduced cointegrate formation in vivo and
TIR binding in vitro. The presence and spacing of two planar
aromatic residues (F or Y) in the short N-terminal region that
precedes the HTH is highly conserved in the IS26 family
(Fig. 2A and (15)), but we were unable to find further examples
of this motif in disordered regions of other IS families. Hence,
this motif may be a determinant of the unique mechanistic
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features of IS26 that lead to the inability to move as a discrete
unit and instead only form cointegrates and to the ability to
target a second copy of the IS in a conservative reaction (27,
38). The finding that the targeted conservative reaction was
reduced by over four orders of magnitude to below the limit of
detection when both F4 and F9 were substituted, the largest
reduction seen here, speaks to the importance of these residues
or this reaction. The in vivo data indicate that F4 interacts with
F4, and F9 with F9, an observation that could potentially
indicate a role in multimerization. Multimerization is a
necessary step in transpositional movement that brings the
reacting entities, the IS ends, and the target in the copy-in
mode and two like ends in the targeted conservative mode
(31, 32), together to form the synaptic complex or trans-
pososome. However, further work will be needed to determine
if these interactions are important for multimer formation, or
if these residues are also directly involved in TIR recognition
and binding.

Some interesting parallels can be drawn from the recently
published analysis of the structure of the ISCth4 Tnpase
bound to the TIR of the IS (13). This Tnpase includes two
DBDs that each recognize part of a longer TIR and the HTH of
Tnp26 modeled on the HTH domain of the ISCth4 Tnpase.
The TIR of ISCth4 (TIRR: 50-GGCAGTGTAAATA-30, TIRL:
50-GAGAGTGTAAAAT-30) includes a subregion with some
similarities to the TIR of IS26 (TIRL and TIRR: 50-
GGCACTGTTGCAAA-30), and Tnpase binding to this region,
which is the region bound by the HTH, induces a bend
centered on the TGT. Most of the amino acids in the HTH of
the ISCth4 Tnpase that interact with the TIR interact with the
backbone phosphates. Several of these amino acids correlate
with conserved residues in the Tnp26 HTH found in helices 1,
2, and 3, including R49 (K148 in ISCth4 Tnpase). The R127
near the beginning of α2 of the ISCth4 Tnpase HTH that in-
teracts directly with the GT bases of the TGT at positions 6 to
8 in the TIR is present in Tnp26 (R29 in Fig. 2A) and
conserved in the Tnpase of IS26 family members (Fig. 2A;
(15)). In addition, several amino acids near the first D or the E
of the DDE motif in the catalytic domain of ISCth4 Tnpase
interact with phosphates in the backbone of this portion of the
TIR, and if this also occurs in Tnp26 binding, it would explain
the weak binding of the amino acid M1–P56 fragment of
Tnp26. The Tnp26 trihelical HTH bundle also modeled to
HIV-2 integrase. However, we note that the histidine and
cysteine residues involved in Zn2+ binding that stabilizes the
structure (39) are not present in Tnp26 or the Tnp of other
IS26 family members.

All the changes introduced into the TIRR of IS26 had a
substantial effect on cointegrate formation in the copy-in
mode (the targeted conservative mode was not tested as one
pair of active ends is sufficient in that mode (31)). However,
the TGT motif may be a key element in the TIR of IS in other
IS families as we have noticed that it is at least partly conserved
(TGT, NGT, or TGN) in multiple members of other families,
as noted previously (40) for the IS256 family, which includes
ISCth4. The IS903 group in the IS5 family (e.g., 50-
GGCTTTGTTGAATA-30 in IS903) and the IS1 group in the
IS1 family include this motif. The IS26 family members are
among the shortest IS and have relatively short TIR with only
14 bp highly conserved (15). Their Tnpases do not include
multiple potential DBDs suggesting that the HTH examined
here is likely to provide at least some of the specificity de-
terminants for end recognition. Further work could investigate
the effect in vivo and on DNA binding of replacements in
amino acids of helices 1 and 2, corresponding to those in
helices 3 and 4 of ISCth4 Tnpase that interact directly with the
TIR. Some of these residues in the HTH of the IS256 Tnpase
have been shown to abolish DNA binding (11). The contri-
bution of the catalytic domain to binding affinity is also of
interest. One of these regions that interact with the ISCth4 TIR
is a loop beyond the helix that includes the E of the DDE in
ISCth4 Tnpase. This raises the possibility that the enhanced
cointegration activity observed when the G residue at 184,
which is in this region in Tnp26, is replaced by an N, as found
in the Tnp26 variant encoded by IS26-v1 (34), is due to
enhanced TIR binding. However, further work is needed to
determine if the binding of Tnp26 with this substitution to the
TIR is enhanced.

IS26 is one of the most important forces shaping the
resistance regions of Gram-negative bacteria, but until
recently, little had been done to examine what properties make
it so much more effective than the many other ISs found in
clinically relevant species. A better understanding of its
properties should help to explain this role.

Experimental procedures

Bacterial strains and growth media

Escherichia coli strains DH5α (supE44 ΔlacU169
Φ80lacZΔM15 hsdR17 recA1 endA1 gyrA96 thi-1 relA1, nali-
dixic resistant NxR), UB5201 (F− pro met recA56 gyrA, NxR),
and UB1637 (F− lys his trp lac recA56, streptomycin [Sm]-
resistant, SmR) were used for the propagation of plasmids
and in cointegration assays, as previously described (27). E. coli
BL21-CodonPlus(DE3)-RIPL (F− ompT hsdS(rB

− mB
−) dcm+

TcR (tetracycline-resistant) gal λ(DE3) endA Hte [argU proL,
chloramphenicol (Cm)-resistant CmR] [argU ileY leuW SmR/
spectinomycin resistant SpR]) and Rosetta 2 (F− ompT
hsdSB(rB

− mB
−) gal dcm+ [pRARE2, CmR]) were used as pro-

tein expression cell lines.
Bacterial strains were routinely cultured in LB broth (0.5% [w/

v] yeast extract, 1% [w/v] NaCl, 1% [w/v] tryptone) or solidmedia
(0.5% [w/v] yeast extract, 1% [w/v] NaCl, 1% [w/v] tryptone, and
1.5% [w/v] agarose) at 37 �C. Mueller–Hinton broth 2 (Becton
Dickinson) or Mueller–Hinton agar (Oxoid) was used when
selecting for trimethoprim resistance (TpR). Growth media were
supplemented with antibiotics (Sigma–Aldrich) at the following
concentrations: ampicillin (Ap): 100 μg/ml, Cm: 34 μg/ml,
kanamycin: 25 μg/ml, nalidixic acid: 25 μg/ml, Sm: 25 μg/ml, Tc:
10 μg/ml, and trimethoprim (Tp): 20 μg/ml.

Plasmids

Plasmids used and generated in this study are listed in
Table 2. Plasmid DNA was extracted by alkaline lysis (41) for
J. Biol. Chem. (2021) 297(4) 101165 9



Table 2
Plasmids used and generated in this study

Plasmid Description Resistance phenotypea Reference

pRMH977 Single IS26 cloned into pUC19b Ap (27)
pRMH1016 pRMH977 with 7G>T transversion in TIRR Ap This study
pRMH1017 pRMH977 with 10G>T transversion in TIRR Ap This study
pRMH1003 pRMH977 with transversions of bp 1–2 of the IS26 TIRR Ap (31)
pRMH1018 pRMH977 with transversions of bp 3–5 of the IS26 TIRR Ap This study
pRMH1019 pRMH977 with transversions of bp 6–8 of the IS26 TIRR Ap This study
pRMH1020 pRMH977 with transversions of bp 9–11 of the IS26 TIRR Ap This study
pRMH1021 pRMH977 with transversions of bp 12–14 of the IS26 TIRR Ap This study
pRMH977-F4A pRMH977 encoding Tnp26 F4A Ap This study
pRMH977-F9A pRMH977 encoding Tnp26 F9A Ap This study
pRMH977-F4AF9A pRMH977 encoding Tnp26 F4AF9A Ap This study
pRMH977-E30P pRMH977 encoding Tnp26 E30P Ap This study
pRMH977-E30PW50P pRMH977 encoding Tnp26 E30PW50P Ap This study
pRMH977-G39I pRMH977 encoding Tnp26 G39I Ap This study
pRMH977-G39W pRMH977 encoding Tnp26 G39W Ap This study
pRMH977-R49A pRMH977 encoding Tnp26 R49A Ap This study
pRMH977-W50A pRMH977 encoding Tnp26 W50A Ap This study
pRMH977-W50P pRMH977 encoding Tnp26 W50P Ap This study
pRMH977-Y54A pRMH977 encoding Tnp26 Y54A Ap This study
R388 Conjugative IncW plasmid SuTp (43)
R388::IS26 R388 with IS26c SuTp (27)
R388::IS26-E30P R388::IS26 encoding Tnp26 E30P SuTp This study
R388::IS26-E30PW50P R388::IS26 encoding Tnp26 E30PW50P SuTp This study
R388::IS26-G39I R388::IS26 encoding Tnp26 G39I SuTp This study
R388::IS26-G39W R388::IS26 encoding Tnp26 G39W SuTp This study
R388::IS26-R49A R388::IS26 encoding Tnp26 R49A SuTp This study
R388::IS26-W50A R388::IS26 encoding Tnp26 W50A SuTp This study
R388::IS26-W50P R388::IS26 encoding Tnp26 W50P SuTp This study
R388::IS26-Y54A R388::IS26 encoding Tnp26 Y54A SuTp This study
1C E. coli expression vector carrying an ORF

encoding N-terminal His6-MBP-Asn10-TEV
d

Km Scott Gradiae

1C::Tnp261–56 1C encoding Tnp26 M1–P56 Km This study
1C::Tnp261–71 1C encoding Tnp26 M1–P71 Km This study
1C::Tnp261–234 1C encoding Tnp26 M1–M234 Km This study
1C::Tnp261–234 F4A 1C encoding Tnp26 M1–M234 F4A Km This study
1C::Tnp261–234 F9A 1C encoding Tnp26 M1–M234 F9A Km This study
1C::Tnp261–234 R49A 1C encoding Tnp26 M1–M234 R49A Km This study
1C::Tnp261–234 W50A 1C encoding Tnp26 M1–M234 W50A Km This study
1C::Tnp261–234 Y54A 1C encoding Tnp26 M1–M234 Y54A Km This study

a Ap, ampicillin; Km, kanamycin; Su: sulfamethoxazole; and Tp, trimethoprim.
b IS26 together with bases 119,362 to 119,454 and 122,137 to 122,225 from GenBank accession number KF976462. Cloned the insert with tnp26 facing toward Plac in pUC19.
c IS26 8-bp duplication of bases 26,745 to 26,752 in R388 (GenBank accession no.: BR000038).
d MBP, maltose-binding protein; TEV, tobacco etch virus cleavage site.
e pET His6 MBP Asn10 TEV LIC cloning vector (1C) was a gift from Scott Gradia (Addgene plasmid #29654).
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analysis by PCR and gel electrophoresis. Standard PCR was
conducted as previously described (16). High-fidelity PCR was
conducted using Q5 DNA polymerase (New England Biolabs),
according to the manufacturer’s instructions. PCR amplicons
purified using a QIAquick PCR purification kit (Qiagen) ac-
cording to the manufacturer’s instructions and sequenced by
the Sydney node of the Australian Genome Research Facility
Ltd on an Applied Biosystems 3720xl DNA Analyzer using the
Big Dye Terminator system. Primers generated in this study
were synthesized by Integrated DNA Technologies, Inc and
are listed in Table S4.

Construction of pRMH977 and R388::IS26 derivatives

Derivatives of the nonconjugative pRMH977 (IS26 cloned
into pUC19; ApR) plasmid (27) were generated using site-
directed mutagenesis as previously described (27) using
primers listed in Table S4. The mutations were introduced
into the conjugative R388::IS26 (SuRTpR) plasmid as follows.
Cointegrates generated from the fusion of pRMH77 derivatives
and R388::IS26 were verified by PCR screening across each of
the two IS26 copies using primer pairs RH1451 (50-ACCCA-
GATACGGCTGATGTC-30) with RH1472 (50-ATCGGAAA
10 J. Biol. Chem. (2021) 297(4) 101165
TGGTTGTGAAGC-30) and RH1452 (50-TTCGTTCCTGGTC
GATTTTC-30) with RH1471 (50-CCGCTCCAAAAACTATC
CAC-30) (see Fig. 5 in (27)) and sequencing the amplicons.
Cointegrates that carried IS26 mutations in the left IS26 copy
were digested with SwaI, to excise the pRMH977-containing
fragment, and religated to reform R388::IS26 derivatives con-
taining the desired IS26 mutation. The successful generation
of pRMH977 derivatives and R388::IS26 derivatives was veri-
fied by PCR amplifying across IS26 using primer pairs
RH1451/RH1452 and RH1471/RH1472 and sequencing the
product, respectively.
Cointegration assays and statistical analyses

A mating-out assay was used to detect cointegrates formed
between nonconjugative pRMH977 (ApR) and conjugative
R388 (TpR) or R388::IS26 (TpR), and their derivatives, in a
recombination-deficient background as previously described
(27). The cointegration frequency was calculated as the ratio of
SmR cointegrates (ApRTpR) per SmR transconjugant (TpR).
One-way ANOVA and �Sidák multiple comparison tests were
performed using GraphPad Prism, version 8.3.0 (GraphPad
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Software). p values of <0.01 were considered statistically sig-
nificant. Exact p and t statistic values are provided in Table S5.

Protein homology modeling

Structural homology modeling of full-length and domain
truncations of Tnp26 was performed using Phyre2 (42). Pro-
tein structures and models were visualized using the PyMOL
Molecular Graphics System version 1.7.2.1 (Schrödinger,
LLC).

Construction of 1C derivatives

Expression vector 1C (pET His6 MBP Asn10 tobacco etch vi-
rus ligase-independent cloning vector; Addgene plasmid #29654;
kanamycinR), a gift from Scott Gradia, was used to generate
recombinants containing the entire or a segment of tnp26. The
full-length or shorter segments of the tnp26 sequence was PCR
amplified from pRMH977, and the amplicons were cloned into
1C at the SspI site using the Gibson Assembly Kit (New England
Biolabs). For 1C derivatives encoding full-length Tnp26 with
amino-acid substitutions, pRMH977 derivatives (listed in
Table 2) were used as the DNA template for cloning into the 1C
vector. For the 1C derivatives encoding Tnp26 M1–P56 and
Tnp26M1–D71, the P56 end point was selected as proline is less
likely to be found in secondary structures, and the D71 end point
was selected to avoid the inclusion of cysteine C73. Successful
construction of 1C derivatives was verified by PCR amplification
across the ORF using primer pairs T7 forward (50-TAA-
TACGACTCACTATAGGG-30) and T7 reverse (50-GCTAGT-
TATTGCTCAGCGG-30). The 1C derivatives generated are
listed in Table 2.

Protein expression and purification

E. coli BL21-CodonPlus(DE3)-RIPL or Rosetta 2 cell lines
carrying 1C recombinants were grown at 37 �C in LB media
supplemented with appropriate antibiotics to an absorbance of
�0.6 at 600 nm and induced with 0.5 mM or 1.0 mM IPTG at 30
�C for 3.5 to 4 h. Cells were harvested, and pellets were stored
at −20 �C. Cells were lysed by French press in the presence of
0.5 mM EDTA, 10% (v/v) glycerol, 50 mM Hepes, 5 mM imid-
azole, 1 M NaCl, 1 mM PMSF, 1 mM Tris(2-carboxyethyl)
phosphine hydrochloride (TCEP–HCl; pH 7.5) and 2Murea (pH
7.5), with the addition of one cOmplete Protease Inhibitor
Cocktail tablet (RocheDiagnostics) per 40-ml volume.Whole cell
lysate was clarified by centrifugation at 40,000g for 45 min, and
the supernatant was applied to 5 ml nickel–nitrilotriacetic acid
resin (Invitrogen) to capture His6-tagged proteins. His6-tagged
proteins were eluted using 400 mM imidazole, and eluted frac-
tions were incubated with protamine sulfate (0.24% [w/v]) to
precipitate nucleic acids, and the precipitate was removed by
centrifugation at 10,000g for 10 min. The soluble portion was
shown to be free ofDNAusing agarose or acrylamide gels stained
with SYBRGold and was applied to amylose resin (New England
Biolabs) to immobilize MBP-tagged proteins and eluted with
50 mM maltose. Eluted fractions were further purified by size-
exclusion chromatography using the HiLoad 16/600 Superdex
75 in the presence of 0.5 mM EDTA, 10% (v/v) glycerol, 50 mM
Hepes, 500 mMNaCl, 1 mM TCEP–HCl (pH 7.5), and the peak
fractions containing the monomeric form of the protein and a
lower molecular-weight protein containing MBP, which was not
separated in this step were pooled (indicated by a bar in Fig. S1).
Higher molecular-weight forms eluted with or close to the void
volume (at 38–40 ml) precluding estimation of their molecular
weights. Tagged proteins were incubated with tobacco etch virus
protease at overnight, but this resulted in loss of purified protein
to precipitation, and the tag was therefore not removed. All steps
were conducted at 4 �C or on ice.

Final protein concentration was estimated with a
NanoDropND-1000 Spectrophotometer (Thermo Fisher Sci-
entific) using molar extinction coefficients, and molecular
weight values were calculated using ExPASy ProtParam tool
(https://web.expasy.org/protparam), namely 72.6 kDa for
Tnp26 WT, and 51.6 kDa and 53.7 kDa, respectively, for
Tnp261–56 and Tnp261–71. Calculations accounted for lower
molecular-weight forms in the purified samples (Fig. S1C).

Fluorescently labeled DNA probes

Unlabeled and Cy5-labeled oligonucleotides were synthe-
sized and purchased from Integrated DNA Technologies, Inc
and are listed in Table S6. To generate fluorescently labeled
dsDNA probes for protein–DNA binding assays, Cy5-labeled
oligonucleotides were annealed to their complementary
strands at a 1:1 ratio by heating equimolar amounts of each
oligonucleotide at 95 �C for 10 min and allowing the mixture
to cool over a period of >4 h. Cy5-labeled dsDNA probes were
stored at −20 �C.

EMSA and analyses

To detect protein–DNA binding, purified Tnp26 protein
was titrated against 25 nM dsDNA probe in the presence of
50 mMHepes, 150 mM KCl, 1.5 mMMgCl2, 1 mM TCEP, and
20% (v/v) glycerol (pH 7.5). DNA competitor poly-d(I-C)
(0.005% [w/v]; Roche) was also included to eliminate
nonspecific binding, which was observed in its absence.
Binding reactions were incubated for 20 min on ice before
glycerol was added to a final concentration of 25% (v/v) and
run on 0.8% (w/v) agarose gel (UltraPure Agarose; Invitrogen)
in 19.2 mM glycine and 25 mM Tris–HCl (pH 8.0) buffer at
50 V at 4 �C for 50 to 70 min. At least two replicates were
performed for each assay. Gels were visualized using the
Typhoon FLA 9000 imager and program, with excitation
wavelength set at 635 nm.

MST and analyses

Purified Tnp26 proteins were titrated against 25 nM fluo-
rescently labeled dsDNA probes in the presence of 0.01% (w/v)
bovine serum albumin, 50 mM Hepes, 150 mM KCl, 1.5 mM
MgCl2, 20% (v/v) glycerol, and 0.005% (w/v) poly-d(I-C) DNA
competitor (pH 7.5). Binding reactions were incubated for
20 min before loading into Monolith NT. 115 Series Standard
Treated Capillaries (NanoTemper Technologies GmbH). MST
was conducted using Monolith NT. 115 Control, version
2.0.2.29 (NanoTemper Technologies GmbH), using a light-
J. Biol. Chem. (2021) 297(4) 101165 11
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emitting diode power of 90% and IR-laser power of 60%. MST
measurements were analyzed using MO.Affinity Analysis,
version 2.3 (NanoTemper Technologies GmbH) and are
tabulated in Table S7, and MST traces are shown in Fig. S3.
Three independent replicates were used to determine the KD

and accompanying quality values at an MST-on time of 2.5 s.
Data availability

All data presented and discussed in the article are contained
within the main body of the article and in the accompanying
supporting figures and tables.
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