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Long-terminal repeat (LTR) retrotransposons are genetic
elements that, like retroviruses, replicate by reverse transcrip-
tion of an RNA intermediate into a complementary DNA
(cDNA) that is next integrated into the host genome by their
own integrase. The Tyl LTR retrotransposon has proven to be
a reliable working model to investigate retroelement integra-
tion site preference. However, the low yield of recombinant Tyl
integrase production reported so far has been a major obstacle
for structural studies. Here we analyze the biophysical and
biochemical properties of a stable and functional recombinant
Tyl integrase highly expressed in E.coli. The recombinant
protein is monomeric and has an elongated shape harboring
the three-domain structure common to all retroviral integrases
at the N-terminal half, an extra folded region, and a large
intrinsically disordered region at the C-terminal half. Recom-
binant Tyl integrase efficiently catalyzes concerted integration
in vitro, and the N-terminal domain displays similar activity.
These studies that will facilitate structural analyses may allow
elucidating the molecular mechanisms governing Tyl specific
integration into safe places in the genome.

Ty LTR retrotransposons, the only transposable elements
present in the yeast Saccharomyces cerevisiae (1, 2), are
structurally and functionally related to retroviruses. Among
the five distinct families, Tyl, Ty2, Ty3, Ty4, and Ty5, iden-
tified in the reference strain S288 C, Tyl is the most abundant
and is still active (3—6). Following Tyl transcription by RNA
polymerase II (Pol II), the Tyl mRNA is translated into Gag
and the Gag-Pol polyprotein that includes sequentially the
capsid protein (Gag), the protease (PR), the integrase (IN), and
the reverse transcriptase (RT). Gag and Gag-Pol polyprotein
pack the Tyl mRNA into cytoplasmic virus-like particles
(VLPs), where occurs a PR-dependent maturation of the
different proteins. The Tyl mRNA is then reverse transcribed
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by RT into a linear double-stranded DNA copy (cDNA). IN
binds to the cDNA to form the preintegration complex, which
migrates into the nucleus where the cDNA is integrated into
the host genome (6), preferentially upstream of Pol III-
transcribed genes (7-10) through a direct interaction be-
tween IN and Pol III (11, 12). Previous studies suggest that, like
retroviruses, Tyl integration process is carried out by com-
plexes composed of multiple copies of IN assembled on the
LTR DNA ends, commonly called intasomes (13, 14).

Tyl IN has the same three-domain organization as that of
other LTR-retrotransposons and retroviruses (15): (i) the
N-terminal domain (NTD), which is involved in integrase
multimerization and is characterized by an HHCC zinc finger
motif; (ii) the catalytic core domain (CCD), which contains the
active site of the enzyme with the invariant D,D(35)E motif;
and (iii) the less conserved C-terminal domain (CTD). The
CTD, which is particularly extended in Tyl compared with
retroviral INs, plays distinct roles during Tyl replication cycle.
The last 115 C-terminal residues are important for Tyl
reverse transcription in vivo (16, 17), and their presence is
critical to detect recombinant RT activity in vitro (18). In
addition, a nuclear localization signal and the targeting domain
of Tyl responsible for IN recruitment to Pol III-transcribed
genes are located at the extreme C-terminus of the protein
(11, 13, 19).

In recent years, substantial structural and functional infor-
mation on retroviral intasomes has provided unprecedented
detail on the molecular mechanism of retroviral DNA inte-
gration (20-26). By contrast, there are no structural data on
the Tyl integration process and the interaction between IN
and Pol III. A major obstacle to obtain structural information
on the Tyl integration mechanisms is the purification of high
yields of homogeneous and active IN protein. Our current
knowledge on Tyl IN catalytic activity in vitro stems from a
poorly soluble partially purified ectopic integrase, which was
active in vitro in integration, disintegration, and concerted
integration assays and exhibited biochemical properties similar
to those detected with Tyl VLPs (27-30). Unlike retrovirus
(31) and Ty3 (32), Tyl LTR DNA ends with the conserved
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Biophysical and biochemical characterization of Ty1 IN

inverted dinucleotides 5'-TG...CA-3' and thus no further
3’-end processing activity is required before integration.
Further studies have determined the sequence specificity of IN
integration activity to be limited to the presence of A:T ends
on either strand at the blunt end of the cDNA (28).

Here, we present an improved procedure for high yield
production of homogeneous and functional Tyl IN
expressed in Escherichia coli. Through biophysical and enzy-
matic methods, we demonstrate the monomeric nature of
recombinant Tyl IN in the apo form and provide structural
insights into the domain distribution of this unusually large
integrase. We identify the precise boundary between a folded
region at the N-terminal half, which has an extended CTD,
and an intrinsically disordered region at the C-terminal half,
which includes the protein fragment required for RT activity
and the Tyl targeting domain that directs the interaction of IN
with Pol III. State-of-the-art fluorescence-based activity assays
show that this recombinant Tyl IN is fully functional in vitro
and suggest an unexpected role for Mn>* in Tyl integration
in vivo. These results pave the way for further structural and
functional analyses aimed to decipher the molecular mecha-
nisms allowing Tyl specific integration upstream of Pol III-
transcribed genes.

Results
Ty1 integrase expression and purification

A low expression of endogenous Tyl IN ORF in bacteria
was observed in preliminary tests (Fig. 14, left, IN,,). There-
fore, we engineered an optimized coding DNA for expression
in E. coli (Fig. S1), and two constructs were designed that both
expressed IN as N-terminal fusion proteins with six histidine
residues but differed with the second one, which consisted of
the Fh8 tag, a small domain known to be a good solubility
enhancer (33) or the Sso7d tag, a nonspecific DNA binding
domain that was shown to help to produce a highly soluble
and hyperactive HIV integrase (34). Both constructs allowed
the production of high level of IN protein (Fig. 1A, left,
5-10 mg/l of E. coli culture) that could only be solubilized
under high salt conditions (1 M NaCl) as previously described
for recombinant Tyl IN expressed in yeast (27). We observed
that the apparent molecular weight determined on SDS-PAGE
was particularly higher than the calculated molecular weight
(82 kDa). Both proteins were first purified by nickel-affinity
chromatography followed by gel filtration, a procedure that
produced a low level of homogenous IN and larger peaks that
might correspond to Tyl IN multimerization or aggregation
(Fig. 1A, right panel). Additional analysis performed using a
Superose 6 column showed that these large peaks eluted with
an apparent molecular weight higher than 5000 kDa (Fig. S2A)
and thus probably corresponded to aggregates and not to
multimers of Sso7d-IN. Since integrases are known to bind
nonspecifically to DNA, we assessed whether the addition of
benzonase that degrades all form of DNA and RNA might help
to improve the obtention of homogenous nonaggregated Tyl
IN. We also assayed the addition of NP40, a good protein
solubility enhancer found to prevent multimerization of HIV
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IN (35). Extracts were prepared according to the procedure
shown in Figure 1B. Compared with untreated extracts, the
addition of NP40 (0.05%) enhanced the total protein solubility
(Fig. 1C, left). The presence of both benzonase and NP40
increased the yield of homogeneous nonaggregated Tyl IN,
which migrated in size exclusion chromatography (SEC) with
an apparent molecular weight of ~200 kDa relative to protein
standards (Fig. S2B). During the course of our experiments, we
also noted that once extracted at high salt concentration, both
Tyl IN fusion proteins could remain soluble at lower salt
conditions (Fig. 1D, left). However, attempts to perform the
whole purification at 300 mM NaCl mainly led to the pro-
duction of aggregates (Fig. 1D, right). In conclusion, we pro-
vide an optimized protocol for the expression and purification
of high yields of pure and homogeneous Tyl integrase for
biochemical and structural studies.

Architectural characterization of Ty1 integrase

Previous intragenic complementation experiments sug-
gested that Tyl IN functions in vivo as a multimer like all
retroviral integrases (13, 14). We thus wondered whether our
recombinant Tyl IN formed multimers in vitro. SEC coupled
to a multi-angle light scattering (36) revealed that the molec-
ular weight of the protein is 82 kDa (Fig. 24), which corre-
sponds to the monomeric form of the integrase plus the tags
(71.5 kDa and 10.5 kDa, respectively). The higher apparent
molecular mass detected in both gel filtration (Fig. 1C and
Fig. S2B) and SDS-PAGE (Fig. 14) is a feature characteristic of
intrinsic disordered proteins (36). We thus used remote
structural homology search with HHpred (37) and protein
disorder predictors, PrDOS (38) and Globprot 2 (39) to better
understand the disordered nature of Tyl IN (Fig. S3). HHpred
revealed that the N-terminal half of Tyl IN, residues 9 to 311,
folds like retroviral integrases detecting PFV, HIV, and Rouse
Sarcoma Virus with probabilities above 99% and E values
below 7 x 107° (Fig. S3A). The alignment defines the
conserved three-domain organization of retroviral integrases,
with the N-terminal (NTD), the central catalytic (CCD), and
the C-terminal (CTD) domains. PrDOS predicted the N-ter-
minal half region to be folded and Globprot-2 identified three
domains in this region (Fig. S3B). Both servers predicted a
disordered C-terminal half region (Fig. S3B). To experimen-
tally assess the disordered nature of the C-terminal half, pu-
rified Sso7d-IN was subjected to limited proteolysis
experiments using papain protease (Fig. 2B). One main pro-
tease resistant fragment was obtained with a molecular weight
of 52.9 kDa as determined by mass spectrometry (Fig. 54, A
and B). Our attempt to determine the N-terminal sequence of
this fragment by Edman method was unsuccessful, suggesting
that this peptide was the very N-terminus of Tyl IN and was
blocked by posttranslational modifications. To bypass this
limitation, additional proteolysis experiments were performed
using a SUMO tagged Tyl IN purified after the N-terminal tag
removal by the TEV protease (Fig. S4C). In this case, a papain
resistant fragment of 43.1 kDa was obtained. N-terminal
sequencing revealed that the fragment started with the two last
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Figure 1. Production of soluble homogeneous Ty1 IN in E. coli. A, expression of Ty1 IN in E. coli. Left panel, soluble extracts (20 pg) obtained from E. coli
expressing the indicated constructs were analyzed by SDS-PAGE and stained with Coomassie blue. IN,,; corresponds to the endogenous Ty1 IN cDNA
expressed as an N-terminal fusion with six histidine residues (6H). Ty1 IN cDNA was codon optimized and expressed as an N-terminal fusion with 6H and Fh8
(Fh8-IN) or 6H and Sso7d (Sso7d-IN). The protein sequences of IN,,., Fh8-IN and Sso7d-IN are shown in Fig. S1. Expected sizes are 75 kDa for IN,,; and 82 kDa
for Fh8-IN or Sso7d-IN. Right panel, extracts prepared with the initial solubilization buffer (see Experimental procedures) were purified by nickel affinity
chromatography, then analyzed by gel filtration. Elution profiles on a Superdex 200 GL 10/30 column of Fh8-IN (blue line) or Sso7d-IN (black line) extracts are
shown. The large peaks obtained for both Fh8-IN and Sso7d-IN extracts were excluded from this column and might be mainly composed of aggregated
proteins. B, schematic representation of the different steps of the purification optimized to prepare large amounts of homogeneous Ty1 IN soluble extracts
(for details, see Experimental procedures). C, optimization of homogeneous Ty1 IN protein extraction. Left panel, the same pellet of E. coli cells was extracted
with solubilization buffer in the presence (+) or not (-) of NP40 (0.05%) and benzonase (25 U per ml of extract) using the procedure shown in panel B. The
four resulting extracts (1-4 as indicated) were analyzed by SDS-PAGE and Coomassie blue staining. The protein concentration of the soluble extracts and
the sizes of the bands present in a protein ladder (M) are indicated. Right panel, the elution profiles of the four (1-4 as indicated) extracts analyzed by gel
filtration on a Superdex 200 increase 10/300 GL column are shown (See Fig. S2B for the elution profiles of molecular weight markers). D, solubility of
recombinant Ty1 IN. Left panel, Fh8-IN or Sso7d-IN extracts number 4 (panel C) prepared with the optimized solubilization buffer in the presence of 1 M NaCl
were diluted to the indicated NaCl concentration and incubated for 30 min at room temperature. After centrifugation, pellets (P) and supernatants (S) were
analyzed by SDS-PAGE and Coomassie blue staining. Right panel, Fh8-IN or Sso7d-IN extracts prepared with the optimized solubilization buffer in the
presence of T M NaCl were purified by nickel affinity chromatography, dialyzed to decrease salt concentration to 300 mM NaCl, and analyzed by gel
filtration on a Superose 6 increase 10/300 G column. The elution profiles of Fh8-IN (blue line) or Sso7d-IN (black line) are shown. The large peaks obtained for
both Fh8-IN and Sso7d-IN extracts were excluded from this column and might be mainly composed of aggregated proteins.

amino acids from the TEV protease cleavage site (GA) fol- region encompassing the last 260 residues of IN is disordered

lowed by the N-terminal residues of Tyl IN (NVHTS-). Ac-
cording to the size of the peptide derived from Sso7d-IN
obtained after papain cleavage (52.9 kDa) and of the Sso7d tag
(9.9 kDa), we can conclude that the papain resistant fragment
from both constructs ends with the same C-terminus (residue
K375 from Tyl IN). These data indicate that (i) the C-terminal

&
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in good agreement with the in silico prediction (Fig. S3B); (ii)
an extended CTD region (eCTD), which is papain-resistant is
present in the C-terminal half predicted disordered region
(residues 1306 to K375) and may represent an enlargement of
the domain or a domain that is independent of the CTD ho-
mologous to retroviral INs (Fig. 2D).
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Figure 2. Biophysical properties of Ty1 IN. A, recombinant Ty1 IN is monomeric. About 50 pg of purified Sso7d-IN was subjected to size-exclusion
chromatography coupled to MALS/RI/UV detectors as described in Experimental procedures. The molecular mass (orange line), derived from refractive
index measurements, and the absorption at 280 nm (blue line) were plotted as a function of the elution time. B, limited proteolysis of Ty1 IN. Analysis by
SDS-PAGE and Coomassie blue staining of papain limited digestion of Sso7d-IN at different concentrations of papain with and without the cysteine protease
cofactor. A protease-resistant fragment appears between the 45 kDa and 66 kDa molecular weight markers (right lane). C, Ty1 IN reconstructed model.
Orthogonal views of the SAXS calculated volume of Sso7d-IN are represented as a gray transparent surface. The Ty1 IN model calculated by SWISS-MODEL is
superposed to the SAXS volume and is represented in cartoons with the CCD colored in green, the NTD in magenta, and the CTD in cyan. D, schematic
representation of the Ty1 IN structure. The NTD, CCD, and CTD boundaries are defined by HHpred and SWISS-MODEL sequence alignments. The extended
CTD region (eCTD) and the disordered region (dCTD) are defined by the size of the papain resistant fragment. The Nuclear Localization Signal + Targeting
Domain (NLS+TD) region are defined in Asif-Laidin et al., 2020 (11). Asterisks correspond to the three additional globular domains.

In order to have further information on Ty1 IN architecture,
small angle X-ray scattering (SAXS) experiments were carried
out with Sso7d-IN (see Experimental procedures and
Fig. S4D). The log I(s) versus s plot represents the primary
SAXS data. The P(r) versus r profile shows that the smooth
approaches zero at r = 0 and Iy, = 266 A (Fig. S4D). The
shape of P(r) versus r profile and d,., = 248.6 A suggested that
the protein is partially folded. The volume calculated is shown
as a gray envelope in Figure 2C with 0.00654 contour level
(represented by Chimera X). The volume appears elongated
with globular enlargements and measures 24.6 nm long by
6 nm broad in the largest region. Interestingly, the Tyl IN

4 ] Biol. Chem. (2021) 297(4) 101093

atomic model produced by SWISS-MODEL (40) using the
homologous PFV integrase (PDB: 30YM-A, Fig. S5) assembled
in the intasome fits in size and shape with the calculated
volume. The CCD domain of Tyl IN can be unambiguously
located into the largest globular stretch. This fitting strongly
suggests that the NTD and CTD regions could reside in an
annexed elongated tubular area that could also harbor the
extra folded residues determined by limited proteolysis
(Fig. S4C). In addition to the central volume corresponding to
the integrase CCD, three additional globular volumes were
detected. The larger one is located next to the CCD domain,
whereas the two others, smaller, are connected to the NTD

SASBMB
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region. These regions likely correspond to the disordered C-
terminus of Tyl IN and to the N-terminal Sso7d tag, which is a
folded globular domain of 29 A in diameter, equivalent to the
dimensions of the additional globular volume. In conclusion,
the apo form of Tyl IN is monomeric and has an elongated
shape harboring the integrase conserved domains at the N-
terminal half, an extra folded region (eCTD) after the
retroviral-like CTD up to residue K375, and an intrinsically
disordered region of 260 amino acids at the C-terminal half
(dCTD, Fig. 2D).

Ty1 integrase catalytic activity

To detect recombinant Tyl IN activity, we tested its ability
to mediate strand transfer reaction using an oligonucleotide
integrase assay with short blunt-end double-stranded DNA
probes of 30 bp mimicking the end of the U3 or U5 regions of
Tyl LTR (Fig. S6A, (27)). Strand transfer reaction is a
concerted cleavage and ligation reaction. In vitro, integrases
exhibit little DNA specificity. Thus, the cleavage of the donor
DNA generates multiple nonspecific (NS) products smaller
than the substrate, whereas the ligation of the cleaved DNA
yields various strand transfer (ST) products longer than the
substrate (Fig. S6). Both NS and ST products are detected
when Tyl U3 or U5 probes are incubated with an active
integrase. To monitor IN activity, Tyl U3 and U5 probes were
labeled with a fluorescent dye that can be attached to either
end of both complementary oligonucleotides designed to
assemble the double-stranded DNA probe. To determine the
optimal probes for the detection of integration activity in vitro,
we assayed all eight possible combinations for each probe. A
single dye attached to the probe was sufficient to detect IN
activity and no significant improvement was observed in the
presence of two dyes (for details, see Fig. S6). The experiments
also showed that, as expected, none or very weak activity could
be detected when the dye is attached close to the highly
conserved CA dinucleotide present at the end of the U3 or U5
domains. According to these data, subsequent oligonucleotide
integration assays were performed with Tyl U3 or U5 sub-
strates labeled with a single dye attached to the 5’ end of the
oligonucleotide harboring the conserved CA dinucleotide at
the 3’ end (Fig. S6B, substrate a).

In order to identify the best tag for biochemical and struc-
tural studies, we next compared the activity of Sso7d-IN and
Fh8-IN using the Tyl U3 probe as a substrate. Both recom-
binant INs exhibited ST activity as shown by the presence of
labeled products above the unreacted substrate, only when the
reaction mixtures contained a divalent cation, as expected (27)
(Fig. 3A). Sso7d-IN appeared to be more active since similar
fluorescent signals could be detected with five times less
protein than for Fh8-IN. A time course experiment showed
that the catalytic activity of Sso7d-IN was more stable
(Fig. 3B). First, the increase in ST product levels stopped very
rapidly for Fh8-IN (10-15 min) as compared with Sso7d-IN
(~30 min). Second, an incubation of Fh8-IN at 30 °C in re-
action mixtures without the substrate resulted very rapidly in a
complete loss of activity, whereas Sso7d-IN remained active

SASBMB

(Fig. S7A). These data suggest that Fh8-IN is less stable as
compared with Sso7d-IN and in consequence less active
in vitro. The DNA-binding activity of Sso7d may explain the
enhanced activity of this specific construct. However, in the
case of the HIV hyperactive Sso7d-IN, a mutation that greatly
reduced Sso7d DNA binding did not result in a significant
decrease of the integrase activity (34) suggesting that this DNA
binding activity is not involved in the enhanced activity of Tyl
IN. For further optimization of the integration reaction, we
analyzed the salt requirement for Sso7d-IN activity, perform-
ing assays with increasing amounts of KCl (Fig. 3C). An
optimal signal was observed between 50 and 125 mM KClI that
rapidly decreased with higher salt concentrations. No activity
was detected at 300 mM, in agreement with what was observed
for Tyl IN purified from VLPs (30). We also examined the
requirement for Mn** or Mg®* using a constant amount of
Sso7d-IN or Fh8-IN and increasing amounts of each divalent
cation. Using Tyl U3 as a substrate (Fig. 3D, left), a similar
efficiency of integration was observed for both cations as
assessed by the levels of the predominant ST product, indi-
cating no preference for Mn>* over Mg>*. However, the con-
centrations needed to reach optimal signals were different (less
than 0.1 mM for Mn** and 2.5 mM for Mg>*). On the other
hand, the global patterns of both ST and NS reaction products
appeared to be distinct. In the presence of Mg**, one major
band was detected, whereas several bands of weak intensity
were observed with Mn** suggesting less integration specificity
with Mn**. The same experiment performed with Tyl U5 as a
substrate gave different results, with a clear preference for
Mn** over Mg**, evidenced by weaker intensity bands in the
presence of Mg>*, as previously described (27) (Fig. 3D, left
panel). In addition, a higher MgCl, concentration (20 mM)
than for Tyl U3 was necessary to detect maximal IN activity.
In these assays, the ST and NS signals obtained with Tyl U3 as
a substrate were stronger and more homogeneous than with
Tyl U5, in accordance with the results of in vitro integration
assays using Tyl IN prepared from VLPs (29).

A body of evidence suggests that Mg>* is a more physio-
logically relevant cofactor of IN than Mn**and that IN activity
is less specific in the presence of Mn?* (31). In the case of Tyl
IN, additional ST products were observed in the presence of
Mn** compared with Mg** (Fig. 3D, left panel). However, the
cellular level of Mn®* is much lower than the conditions
typically used in vitro. A study showed that in yeast, the
cellular concentration of manganese (1.5 pM) is 1000-fold
lower than that of magnesium (1.5 mM) (41). We thus per-
formed additional experiments to determine the minimum
concentration of Mn>* required for Tyl IN activity (Fig. 3D,
right panel and Fig. S7B). Interestingly, a very limited amount
of Mn** was sufficient to observe activity (<0.1 uM for Tyl
U3; 2.5 uM for Tyl U5) and an optimal signal was obtained for
Tyl U3 in the presence of physiological concentration
(1.5 pM). Upon these experimental conditions, the global
patterns were similar for both cofactors with mainly one major
ST product suggesting that lower amounts of Mn?* resulted in
higher integration specificity (Fig. 3D, right panel). Experi-
ments performed with increasing amounts of Mn>* in the

J. Biol. Chem. (2021) 297(4) 101093 5
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Figure 3. Biochemical characterization of recombinant Ty1 IN activity. Analysis of strand transfer (ST) and nonspecific endonuclease (NS) activities of
recombinant Fh8-IN or Sso7d-IN were performed in an oligonucleotide integrase assay as described in Experimental procedures using 30 bp fluorescent
double-stranded DNA probes mimicking Ty1 LTR-U3 or Ty1 LTR-U5 ends as substrates (Ty1 U3 or Ty1 U5, for details see Fig. S6). Samples were loaded on a
20% denaturing polyacrylamide gel that was then analyzed using an Odyssey CLx imaging system. Dark lines indicate the positions of ST products, dashed
lines the NS products (and the shortmers), and asterisks the substrates (S). A, Sso7d-IN is an hyperactive IN. Increasing amounts of Fh8-IN from 1 to 5 uM as
indicated or 1 pM Sso7d-IN were assayed at 30 °C for 60 min using a Ty1 U3 probe in reaction mixtures containing 100 mM KCl and 5 mM MgCl,. Samples
without MgCl, (-) were used as negative controls. B, strand transfer time course experiment. Reaction mixtures containing Fh8-IN (5 uM) or Sso7d-IN (1 uM)
were incubated at 30 °C for the indicated times with a Ty1 U3 probe in the presence of 100 mM KCl and 5 mM MgCl,. C, optimal salt conditions. Assays were
performed at 30 °C for 30 min using 2 pM Sso7d-IN and a Ty1 U3 probe in the presence of 5 mM MgCl, and increasing amounts of KCl as indicated. D, metal
cofactor requirement. Left panel, assays were performed at 30 °C for 15 min using a Ty1 U3 or Ty1 U5 probe in reaction mixtures containing Sso7d-IN (1 uM)
in the presence of 100 mM KCl and increasing amounts of MgCl, or MnCl, as indicated. Right panel, a uM amount of Mn** is sufficient for Ty1 IN activity.
Assays were performed as in the left panel but with a larger scale of MnCl, concentrations in the presence or not of 1.5 mM MgCl, as indicated.

presence of 1.5 mM of Mg>* showed that the integration
pattern was similar to that of Mn>* alone, suggesting a clear

carried out strand transfer but less efficiently than full-length
IN (Fig. S7C). Our data also confirmed that the activity of

preference for this metallic cofactor.

In conclusion, a recombinant Tyl IN produced in E. coli
with an Sso7d tag is stable and exhibits cation-dependent
strand transfer activity with behavior identical to that re-
ported for yeast-derived IN. In addition, the physiological
concentration of Mn*" is sufficient for an optimal integration
activity of Tyl IN.

Ty1 integrase substrate specificity

We extended our study to investigate the sequence speci-
ficity of Tyl IN in vitro. No activity was detected for the Sso7d-
IN Djs4A mutant confirming that a single mutation in the
D,D(35)E triad motif of the catalytic domain was sufficient to
completely abolish the enzymatic activity (Fig. 44, INd). On
the other hand, an N-terminal fragment of Sso7d-IN generated
upon papain treatment and harboring the catalytic domain
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Tyl IN was specific for Tyl LTR substrates since neither NS or
ST activity was detected when Sso7d-IN was incubated with a
30 pb random probe (Fig. 4A). To determine the minimal
length of DNA that could be used in such assays, distinct Tyl
U5 probes with decreasing lengths from 30 to 10 bp have been
designed (Fig. 4B). Upon incubation with Sso7d-IN, clear
signals of integration were observed with the 25 pb and 15 pb
substrates, whereas weaker signals could be detected with the
10 pb probe suggesting that this is the minimal size of the
probe that can be used to assay Tyl IN activity in vitro.
Previous studies reported low DNA sequence specificity for
Tyl IN and that alterations of the 3’ end of the probe inter-
fered with IN activity (28). Our data indicated some preference
for Tyl U3 versus Tyl U5 and for Mn** versus Mg>*. In the
case of HIV IN, the presence of large amounts of Mn** was
shown to reduce specificity for cDNA termini (42). We thus
tackled Tyl IN substrate specificity in the presence of each
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Figure 4. Ty1 IN substrate specificity. A, Ty1 IN activity is specific to DNA substrates mimicking Ty1 LTR. Strand transfer activity of Sso7d-IN (2 uM) was
assayed using Ty1 U3, Ty1 U5 or a 30 bp random DNA sequence as substrates. A catalytically inactive mutant of Sso7d-IN (D;s4A, INd, 2 pM) was used as a
control. Strand transfer products (ST), substrate (S), and nonspecific endonuclease products (NS) are indicated. B, effect of DNA length on Ty1 IN activity.
Upper panel, the sequences of the positive strand (represented from 5’ to 3) of the three probes of 25, 15, or 10 pb derived from the 30 pb Ty1 U5 probe are
shown. Lower panel, assays were performed using Sso7d-IN (2 uM) and Ty1 U5 probes with decreasing lengths as substrates. The positions of the different
substrates are indicated by asterisks. Strand transfer products are located above the substrates. C, the sequences of the positive strand of different random
sequences harboring at their 3’ end from 0 to 15 bases specific to the 3’ end of the Ty1 U5 probe are represented from 5’ to 3". Only the sequences different
from the 30 pb random sequence are shown. The ratio of random to specific bases is indicated for each probe. D, analysis of Ty1 IN substrate specificity at
the 3’ end of Ty1 U5. Assays with the probes shown in panel C were performed using Sso7d-IN (2 uM) in the presence of 20 mM MgCl, or 0.5 mM MnCl, (left
panel) or with Sso7d-IN (2 pM) or Fh8-IN (8 pM) in the presence of 10 uM MnCl, (right panel) as indicated.

metallic cofactor. First, we compared the sequences of the ends
of the LTRs of all Tyl elements present in S. cerevisiae genome
(Fig. S8A). Among the 32 copies (43) found in Saccharomyces
genome database (https://www.yeastgenome.org), 27 have two
distinct LTRs, two share a common LTR, two harbor an
uncomplete LTR, and 1 has only one defined LTR, resulting in
60 complete LTRs. Sequence alignment of the last 30 bp of
each Tyl U3 and U5 3’ ends for these 60 LTRs showed that all
Tyl LTRs end with the CA dinucleotide that is highly
conserved in retrovirus and retrotransposon LTRs (Fig. S8, B
and C). The 3’ end of U3 is much more conserved than that of
U5 (14 out of 15 bases and nine out of 15 bases strictly
conserved, respectively). To investigate the potential role of
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the sequence composition of the 3’ end of Tyl U5 in substrate
specificity, we performed oligonucleotide integration assays
with various probes that harbored an increasing number of
specific bases at the 3’ end (Fig. 4C) according to the
consensus sequence present in all Tyl U5 LTRs (Fig. S8C).
The reactions were set up using standard concentration of
metallic cofactors (Fig. 4D, left panel). Upon these conditions,
the importance of the CA dinucleotide was confirmed since its
presence at the end of the substrate was sufficient to detect a
strand transfer activity independently of the metal cofactor
used (Fig. 4D, left panel, probe d). With additional Tyl U5
specific bases, the integration profile was modified and
appeared to be similar to the complete Tyl U5 probe in the
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presence of 15 specific bases (Fig. 4D, left panel, compare
probes e—g with probe a). These results show that the CA
dinucleotide is sufficient for productive integration and that
the substrate specificity is dependent of the nucleotide
sequence of the acceptor DNA. Note that the fluorescent
signals were different in the presence of Mn** or Mg**. In
particular, some ST activity could be detected when the CA
dinucleotide was substituted for an AA dinucleotide in the
presence of Mn>* (Fig. 4D, left panel probe c) as previously
described (28). On the other hand, when the assay was per-
formed in the presence of micromolar concentration of Mn**,
no integration signal was observed with the AA dinucleotide,
and the CA dinucleotide at the end of the probe was the
minimal requirement for integration activity (Fig. 4D, right
panel). Similar results were obtained with both Sso7d-IN and
Fh8-IN suggesting that the N-terminal tag of the recombinant
integrases did not interfere with substrate specificity (Fig. 4D,
right panel).

All together, our data indicate that in vitro, Tyl IN inte-
gration activity is essentially identical whether Mn** or Mg>* is
present in physiological concentration.

(15-mer)

Ty1 U3 LTR end sequence

Ty1 integrase disintegration activity

In vitro, integrases are able to catalyze a disintegration activity
that corresponds to a reverse reaction of the strand transfer (31).
To test this activity, we used a single oligonucleotide previously
designed to assay yeast Tyl IN disintegration activity (28) that,
upon correct annealing, could form a three-armed dumbbell, one
of which corresponds to the terminal 6 bp of Tyl U3 (Fig. 5A) or
U5 (Fig. S9) LTR, and where two Msp I restriction sites are
present in the target DNA. First, the reconstituted substrate was
submitted to Msp I digestion to control the correct formation of
the DNA structure (Fig. 5B). Although the Msp I digestion of the
DNA fragment was not complete, two fragments of respectively
28 and 17 bases were detected indicating that most of the sub-
strate was correctly folded. Unsurprisingly, the less accessible
Msp I site generated much less 17-base fragments that the other
one. In this assay, the strand cleavage should occur precisely at
the junction between the LTR arm and the target DNA sequence,
releasing the LTR end DNA, whereas the nick present in the
target DNA fragment should be covalently joined. In the presence
of Sso7d-IN, disintegration of the substrate was observed with the
appearance of short fluorescent DNA fragments of the expected

Ty1 U3 LTR end sequence 22 Pieh02

T CCAACA

T 7 > -DY-T682 b (15-mer)
CCCya
T( [[TT1 T Disintegration
T GGGGCt CGGCC T — +
L I 1 I
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Figure 5. Ty1 IN disintegration activity. A, scheme of the disintegration assay using a Ty1 U3-based dumbbell-shaped substrate. The correct folding of the
41-mer labeled substrate results in the presence of two Msp | restriction sites. Upon Msp | digestion, the most accessible restriction site (black arrows)
generates a 28-mer labeled DNA fragment, whereas a 17-mer labeled DNA fragment is produced from the other one (gray arrows). Disintegration activity of
Ty1 IN results in the production of two DNA fragments, a and b as indicated. Only the substrate and the b fragment, labeled with the fluorescent dye, could
be detected by fluorescent imaging. As shown in Fig. S9, disintegration assay and Msp | digestion using a 41-mer Ty1 U5-based dumbbell-shaped substrate
generate labeled DNA fragments of the same sizes. B, increasing amounts (0.6 uM, 1.3 uM, and 1.9 uM) of Sso7d-IN were incubated at 30 °C for 30 min with
a Ty1 U3- or U5-based dumbbell-shaped substrate as indicated. To control the correct folding of both substrates, Msp | digestion was performed in the
absence of IN. Fluorescent DNA fragments were detected after separation on a 20% denaturing polyacrylamide gel. Predicted structures and sizes of the
substrates and of the products of Msp | digestion and disintegration assay are indicated.
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size (Fig. 5B, 15-base). More 15-base products were detected with
increasing amounts of integrase and the activity was similar using
the U3- or U5-based substrates.

Ty1 integrase concerted integration assay

Since Sso7d-IN was able to catalyze both strand transfer and
disintegration activities, we next assayed its ability to mediate
concerted integration. In this assay, as depicted in Figure 64, a
short 22 bp labeled double-stranded DNA mimicking Tyl U5
LTR end is used as donor DNA (dDNA) to be integrated into a
target DNA plasmid (pUC19). The insertion of a single dDNA
fragment into one strand of the plasmid generates a circular
product referred to as half-site concerted integration (hs.i) that
comigrates with the open circular plasmid. On the other hand,
the integration of one dDNA to each strand of the plasmid
forms a linear product referred to as concerted integration (c.i)
that migrates as the linearized form of the plasmid. In the
presence of Sso7d-IN, both hs.i and c.i were easily detected,

A Ty1 U5 LTR end

fluorescent dye @—— =+
donor dDNA

IN

N
‘(\a\’vsi\‘e o

O

open circular plasmid (o.c)

B
dDNA - —» - —>
Protein - ININdINt ~ ININd INt X
hs.i — - w | 0C—
C.i— - l. —
s.c— S.C —

DNA ladder

whereas no activity was observed in the presence of the cata-
Iytically defective INy mutant (Fig. 6B). The activity was very
efficient since the supercoiled form of the plasmid completely
disappeared. Interestingly, the full-length IN and INt, obtained
after papain treatment, had similar activity (Fig. 6B), indicating
that the C-terminal disordered domain of Tyl IN was not
directly involved in concerted integration. Further analysis
indicated that the activity was maximal with a protein/dDNA
ratio of about 8:1 (Fig. 6C). However, upon these experimental
conditions, the half-site integration was clearly favored. Thus,
we conducted additional assays to optimize the conditions
resulting in more efficient concerted (full-site) integration
(Fig. S10, for details, see Experimental procedures). The use of a
longer dDNA (30 pb) in the presence of 5% glycerol but without
PEG clearly favored the full-site integration. We also addressed
the influence of the metallic cofactor in the concerted integra-
tion assay using increasing amounts of each divalent cation with
either the Tyl U3 or U5 substrate and confirmed the results
obtained in the oligonucleotide integration assays (Fig. 3D).
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Figure 6. Concerted integration assay. A, schematic of the concerted integration assay. In the presence of a circular supercoiled (s.c) plasmid target DNA
(pUC19), a double-stranded labeled donor DNA (dDNA) mimicking the end of Ty1 U5 LTR and an active Ty1 IN, two integration products are generated. The
integration of a single dDNA in the target DNA corresponds to half-site integration (hs.i). A nick is introduced in the target DNA that migrates as an open
circular plasmid (o.c). Concerted integration (c.i) corresponds to the insertion of two dDNA in the target DNA that migrates as a linearized plasmid (l.). B, Ty1
IN efficiently catalyzes concerted integration. Sso7d-IN and the N-terminal protein purified after papain treatment (INt, Fig. S4A) were assayed using a 6-FAM
labeled dDNA. The samples were loaded on an agarose gel (1.5%) that was visualized by either SYBR Safe staining (right panel) or a Typhoon fluorescence
scanner (left panel). Open circular (o.c), linear (l.) and supercoiled (s.c) forms of the plasmid and integration products (hs.i and c.i) are indicated. Samples
without IN or in the presence of IN-D;s54A (INd), a catalytically inactive mutant, were used as negative controls. Positions of a DNA ladder bands are
indicated. C, characterization of the optimal ratio of Sso7d-IN/dDNA for concerted integration. Assays were performed as in panel B with 0.5 pM dDNA and
increasing amounts of integrase as indicated. The gel was visualized by SYBR Safe staining.
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First, a clear preference for Tyl U3 over Tyl U5 substrate was
detected independently of the metallic cofactor used (Fig. 7A4).
Second, 1.5 uM Mn** was sufficient to detect concerted inte-
gration products and increasing its concentration strongly
stimulated the reaction (Fig. 7A, left panel). Millimolar con-
centrations of Mg>* were required to detect similar activity
(Fig. 7A, right panel). In the presence of physiological concen-
tration of metallic cofactor (1.5 uM of Mn** or 1.5 mM of
Mg**), concerted integration was very efficient, whereas single
site integration was hardly detected.

Finally, three distinct random probes ending with AC, AA, or
CA dinucleotide were assayed to determine the substrate speci-
ficity (Fig. 7B). In the presence of physiological concentrations of
Mn** or Mg**, concerted integration was detected only with the

A EcoR |

o
o
o
— + -

random probe harboring the conserved CA dinucleotide (Fig. 7B,
compare lane 3 with lanes 1 and 2). The reaction was strongly
enhanced and much less specific with millimolar amounts of
Mn?* since the integration products were also detected with the
random probe ending with a dinucleotide AA (Fig. 7B, compare
lanes 6,7 and 8). These data correlate with a previous in vivo study
showing that upon overexpression of Tyl IN, DNA fragments
harboring the terminal dinucleotides 5'-TG...CA-3' could be
used as substrates for integration in the yeast genome (44).

Altogether, our data indicate that ix vitro (i) recombinant Tyl
IN catalyzes concerted integration, (ii) the C-terminal disordered
region is not required for Tyl IN activity, (iii) Tyl IN integration
activity is detected with a similar profile, efficiency, and specificity
in the presence of physiological amounts of Mn?* or Mg*".
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Figure 7. Limited amounts of MnCl, are sufficient for concerted integration. A, concerted integration assays were carried out as in Figure 6 with
increasing amounts of MnCl, (left panel) or MgCl; (right panel) except that Ty1 U3 or U5 dDNA was labeled with the DY-682 fluorescent dye. The gel was
visualized by ethidium bromide staining (upper panel) or with an Odyssey CLx imaging system (lower panel). The target pUC19 DNA was digested with EcoR
| as indicated to visualize the supercoiled circular (s.c) and linear (l.) forms of the plasmid. An additional denatured form (d.) of the plasmid (65) was
observed. B, specificity of the concerted integration. Assays were carried out as in panel A in the presence of Ty1 U5 dDNA or random probes harboring AA,
AC, or CA dinucleotide (as in Fig. 4C) at their 3’ end as indicated. The gel was visualized by ethidium bromide staining.
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Discussion

In this study, we have produced an active highly purified
homogenous Tyl IN. Biophysical analyses reveal an N-termi-
nal half folded region including the three domains common to
all retroviral integrases together with an extra folded region
after the CTD followed by a large intrinsically disordered
domain. Biochemical analyses demonstrate that bacterial re-
combinant Tyl IN is functionally similar to yeast ectopic Tyl
IN and suggest that the metallic cofactor Mn** may play a role
in Tyl integration in vivo.

The in-depth understanding of retrotransposon integration
mechanisms through structural and biochemical studies has been
burdened by the absence of comprehensive protocols for the
production of high yields of active protein samples of high purity
and homogeneity. We show that this is achievable for Tyl IN with
the potent and versatile E.coli expression system by including an
Sso7d solubility tag and optimizing the purification protocol to
prevent protein aggregation and nucleic-acids contaminations.
The highly purified Tyl Sso7d-IN is a monomer as observed for
HIV Sso7d-IN (34). However, in yeast cells, Tyl intasome is
assembled in the VLPs and thus should not exist as a monomer.
The structural analysis of HIV intasomes assembled with Sso7d-
IN corresponds to the conserved intasome core present in all
intasome structures determined to date (45), suggesting that this
tag does not affect the multimerization that occurs during the
assembly of intasomes. We can speculate that it should be the
same for the multimerization of Tyl IN. Further structural
studies of Tyl intasome will certainly allow to clarify this point.

Sso7d-IN shows a behavior in terms of integration and
disintegration activities similar to that reported for IN pro-
duced in yeast and for the first time, a concerted integration
reaction could be directly detected without a PCR amplifica-
tion step (46, 47) or southern blotting (14) from a yeast ret-
roelement integrase. These results pave the way for further
biochemical and structural studies aiming to better understand
Tyl retrotransposon integration mechanisms.

Although Mg**, more abundant in the cells, is considered to be
the physiological metallic cofactor of integrases, we showed that
the low concentration of Mn>* present in yeast cells (41) was
sufficient for Tyl IN activity in vitro suggesting that Mn>* might
play a role in Tyl integration in vivo. The three residues that
compose the highly conserved D,D(35)E motif form the basis of
the active site of the nucleotidyltransferase superfamily (48) that
could be bound by Mg®* or Mn** as previously described (49, 50).
Our data suggest that Tyl IN active site has a higher apparent
affinity for Mn** compared with Mg>" since 1000-fold less
manganese is sufficient for Tyl IN activity. On the other hand, the
strong differences in Tyl IN activity detected in the presence of
low or high Mn** concentration indicate that this metallic
cofactor could bind to the two metal-binding sites but with
different affinity. At low concentration of Mn®", one site could be
favored, whereas in the presence of a large amount of Mn>", the
occupation of both sites might interfere with Tyl IN activity. Due
to the 1000-fold excess of free Mg>* over Mn®* in the cell, we can
speculate that in vivo most metal-binding sites may be occupied
by Mg** in normal growth conditions.
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Mn** is present at much lower concentration than other
metals (for a review, (51)) but a previous analysis revealed that
significant changes in the level of this metallic cofactor could
take place in vivo (41). A set of genes is involved in the regu-
lation of Mn** abundance in yeast (52) and the inactivation of
several of them impacts the cellular level of Mn®* indicating
that conditions that could modulate the use of Mn** by Tyl IN
exist in vivo. Among these genes, PMRI, a transporter that
balances Ca>* and Mn** between the Golgi and the cytosol, was
found to play a central role in Mn** homeostasis (52). An
accumulation of Mn** was observed in pmriA cells (53).
Interestingly, pmrlA cells also presented a severe defect in Tyl
retrotransposition due to a strong inhibition of Tyl reverse
transcriptase (54). Our data suggest that although Mg** could
be considered as the physiological cofactor upon normal growth
conditions, a possible role for Mn** in the control of Tyl ret-
rotransposition in vivo should be investigated. In particular, it
would be interesting to assay Tyl retrotransposition in condi-
tions that balance Mn>* or Mg”* concentrations in the cell.

Transposable elements (TEs) are a source of genetic variability
in yeasts and potentially instrumental in the evolution of their
genome and the adaptation to the environment (55). Some TEs
have maximized their chance of propagation because of an accu-
rate control of integration events specifically targeting non-dele-
terious regions of the genome. This is the case for Tyl, which
targets its integration upstream of Pol Ill-transcribed genes
through direct interactions between IN and Pol III (11, 12). The
architecture that we reveal with our SAXS model and limited
proteolysis suggests that, to achieve this specificity, Tyl IN has
evolved maintaining the three conserved integrase domains in the
N-terminus and adding a large intrinsically disordered region at the
C-terminus that includes the Ty1 targeting domain. Although Tyl
IN is supposed to be in a multimeric form in vivo (13, 14), highly
purified recombinant Tyl IN is monomeric. The SAXS calculated
volume of this construct reveals that the integrase central globular
shape matches the size and shape of the PFV integrase structure
(20), which underscores the highest homology with Ty1 IN. This
observation suggests that the monomeric and oligomeric forms of
IN maintain a similar spatial arrangement of the three conserved
domains, despite the flexibility of the inter-domain linkers. In
addition, we observed additional globular volumes at both sides of
the central region, which could reflect possible preferential con-
formations of the disordered C-terminus and of the Sso7d tag.

Interestingly, the folded N-terminal half and the intrinsically
disordered C-terminal regions of Tyl IN appear to act indepen-
dently. We showed that the structure of the first half of the protein
is similar to that of retroviral integrases and is sufficient to carry
out integration. On the other hand, a single mutation in the tar-
geting domain located in the C-terminus of IN that disrupts the
interaction with Pol IIl redirects Tyl insertion in the subtelomeric
regions (10). Moreover, the presence of the Tyl IN C-terminus
region in a related retroelement is sufficient to redirect its inte-
gration to Pol IlI-transcribed genes (11). All these data support
that the engineering of the Tyl IN C-terminus region is a good
strategy for the design of retroviral vectors with tuneable inte-
gration site specificity.
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Experimental procedures
Plasmids and primers

All plasmids and primers used in this study are reported in
Supporting information (Tables S1 and S2).

Plasmids construction

A codon-optimized DNA fragment (Fig. S1) was synthesized
and subcloned in pET17b by GenScript to generate the
pET17b-6H-Fh8-Sso7d-IN-Ctag plasmid. The two primers
FW6HTEVKas and RW6HTEVKas were phosphorylated and
then annealed before to be subcloned in the pET17b-6H-Fh8-
Ss07d-IN-Ctag plasmid digested by Nde I and Kas I restriction
enzymes to generate the pET17b-6H-IN-Ctag plasmid. The
plasmids pET17b-6H-Fh8-IN-Ctag and pET17b-6H-Sso7d-
IN-Ctag were generated using the same strategy with the
FWNheTEV and RWNheTEV or the FWNde6H and
RWNde6H primers, respectively. Tyl IN was cloned in a pET9
6H-SUMO-vector (56) using the In-fusion cloning technique
and recloned with the tag in a pFastBac expression vector
using In-fusion cloning technique again.

Protein expression and purification of recombinant Ty1 IN

The plasmids encoding Tyl IN were transformed into T7
express E.coli competent cells (New England Biolabs) and
streaked on LB (Luria—Bertani) broth agar plates supplemented
with ampicillin, chloramphenicol, and 1% glucose. Trans-
formants were inoculated in the same medium overnight at 30
°C, diluted to 0.05 Aggo in fresh 1000 ml of TB terrific broth
medium with ampicillin and chloramphenicol without glucose,
and grown at 37 °C to an A = 0.6. Cultures were transferred at
4 °Cfor 1 h, then at 16 °C. After 30 min, protein expression was
induced by adding 50 pM isopropyl 1-thio-p-p-galactopyrano-
side (IPTG), and the cells were grown overnight at 16 °C. Cells
were harvested at 1100g for 15 min at room temperature,
washed with PBS 1x, and weighed. The pellets were resus-
pended in two volumes (2 ml/g of pellet) of cold solubilization
buffer A (10% glycerol, 20 mM Tris-HCl pH7.8, 1 M NaCl,
0.05% Nonidet P40 (NP40), 20 mM imidazole) complemented
with 5 mM mercapto-2-ethanol, 0.1 mM PhenylMethylSulfonyl
Fluoride (PMSF), 1 pg/ml of lysozyme, benzonase (1 pl at
250,000 U/ml per 10 ml of extract), and complete protease in-
hibitor cocktail, before being incubated for 10 min at 4 °C on a
wheel. The extracts were then lysed by sonication (Q700 soni-
cator, Qsonica) on ice for five cycles (output amplitude 10%, 5 s
ON, 40 s OFF). Additional benzonase was then added to the
extracts (1 pl at 250,000 U/ml per 10 ml of extract), which were
incubated on a wheel for 30 min at 4 °C before to be ultra-
centrifuged at 118,000g at 4 °C for 30 min. The supernatants
were collected on separated tubes and the lysate concentration
was determined using a Bradford assay (Biorad). The solubilized
extracts were loaded onto a Ni**-charged HisTrap column
(Cytiva) previously equilibrated with buffer A. Proteins were
eluted with buffer B (buffer A complemented to 250 mM
imidazole) using the AKTA purifier system (Cytiva). The frac-
tions containing IN identified by Coomassie blue staining after
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SDS-PAGE were pooled and dialyzed against buffer C (buffer A
without imidazole). Aggregated proteins were removed by gel
filtration on a Superdex 200 increase 10/300 GL equilibrated
with buffer C. If necessary, the samples were loaded on an
Amicon centrifugal concentrator (EMD Millipore) to obtain a
final protein concentration of 2 to 5 pg/pl, flash-frozen in liquid
nitrogen, and stored at —80 °C. The purified recombinant Tyl
IN was stored in high-salt buffer (1 M NaCl). Note that in the
preliminary test of expression (Fig. 1A), neither NP40 nor
benzonase was added to the buffers and the ultracentrifugation
was performed right after the sonication.

Tyl IN was also expressed in High Five cells (Thermo
Fisher) using baculoviruses. The construct includes an N-ter-
minal Histidine tag followed by a SUMO tag and a TEV
protease-cleaving site. Recombinant bacmids and viruses were
produced in YFP-DH10 Bac cells (57) and Sf21 cells (Thermo
Fisher) respectively, according to the manufacturer’s protocols.
For protein expression, High Five cells in suspension at a
density of 0.5 to 1.0 x 10° ml™* were infected with baculovi-
ruses at 2% volume of the culture. Cells were harvested at 2 to
3 days post cell arrest, when Tyl IN expression was ascer-
tained to be the highest by Western blotting.

Assays for Ty1 IN activity

All the oligonucleotides labeled with a DY-682 fluorescent
dye were purchased from Eurofins Genomics. The 6-FAM
labeled primer was purchased from Thermo Fisher Scientific.
To prepare double-stranded DNA substrates, two comple-
mentary oligonucleotides were annealed by boiling on a ther-
momixer at 95 °C for 5 min in the presence of 1 M NaCl and
20 mM Tris-HCl pH8 before to stop the heat and let the tem-
perature decrease to reach room temperature. For oligonucle-
otide integration assays, the indicated amounts of Fh8-IN or
Sso7d-IN were incubated with 20 pmol of fluorescent DNA
substrates on ice in integration buffer (10 mM Tris-HCl pH7.5,
0.8% glycerol, 5% PEG 8000, 5 mM MgCl,, 0.1 mM DTT) in the
presence of the indicated concentrations of KCl, MnCl,, or
MgCl, in a 20 pl reaction volume. Standard assays contained
125 mM KCI (taking into account the 1 M NaCl concentration
of Tyl IN protein fractions), 0.5 mM MnCl, or 5 mM MgCl,.
After 15 to 30 min at 30 °C, the reaction was stopped by the
addition of 20 pl of loading buffer (20 mM Tris-HCl pH7.5,8 M
urea, 0.5% SDS, 2x Tris-Borate-EDTA). The sample was boiled
5minat 95 °Cand loaded on a 20% polyacrylamide/8 M urea gel.
After electrophoresis, the DNA was visualized using an Odyssey
CLx fluorescence near-infrared imaging system at 700 nm.

Disintegration assays were performed under the same condi-
tions but with a specific Tyl U3 or U5 -based dumbbell-shape
substrate. Optimized concerted integration assays were per-
formed by incubating the indicated amounts of Fh8-IN or Sso7d-
IN with 20 pmol of fluorescent DNA substrates in the concerted
integration buffer (10 mM Tris-HCI pH7.5, 5% glycerol, 4 uM
ZnCly, 0.1 mM DTT) in the presence of the indicated KClI,
MnCl,, or MgCl, concentrations in a 20 pl reaction volume. After
30 min on ice, 1 pl of the target plasmid DNA (pUC19) at 0.3 ug/
ul was added and the reaction was transferred to 30 °C for 1 h.

SASBMB



Biophysical and biochemical characterization of Ty1 IN

The reaction was stopped by the addition of 5 pl of the stop re-
action buffer (0.25 M EDTA, 1% SDS) and 1 pl of pronase (10 mg/
ml, Sigma) and transferred at 37 °C for 1 h. The samples were
subjected to electrophoresis in an agarose gel (1.5%) supple-
mented with ethidium bromide in a 1x TBE buffer to allow a
direct visualization of the DNA using a transilluminator. The DY-
682 fluorescent dye was next detected using an Odyssey CLx
fluorescence near-infrared imaging system at 700 nm.

Size-exclusion chromatography (SEC) coupled with small-
angle X-ray scattering (SEC-SAXS)

SEC-SAXS data for Tyl IN sample were collected at the
SWING beamline, Synchrotron SOLEIL. In line SEC-SAXS
was performed using an HPLC equipped with the BioSec3-
300 column and 30 pl of Sso7d-IN (16 mg/ml) was loaded at
a flow rate of 300 ul/min before data collection. Scattering
images with an exposure of 1 s were collected every 0.01 s
using an Eiger 4M (Dectris) detector at a photon energy of
12 keV (A = 1.033 nm) and sample to detector distance of 2 m.
The experiment was performed at 10 °C. Beamline SWING-
specific software was used for subtracting background buffer
signal from protein signal, with a previous averaged data. Data
were analyzed using the ATSAS 3.0.2 (58) and RAW 2.0.2 (59).
Ab initio reconstructions were generated with the program
DAMMIF (60). Twenty independent DAMMIF runs were
averaged using the program DAMAVER (61) and clustered by
the program DAMCLUST (62). The resulting model was
refined using DAMMIN (63).

Size-exclusion chromatography coupled with multiangle light
scattering (SEC-MALS)

SEC was performed on a HPLC system (1200 pump, Agilent
Technologies) using a precalibrated Superdex 200 increase 10/
300 GL column (Cytiva) run in 20 mM Tris-HCI pHS8, 1 M
NaCl, 10% glycerol, and 5 mM DTT at 0.5 ml/min. MALS, UV
spectrophotometry, QELS, and RI were achieved with a
DAWN EOS detector (Wyatt Technology), a SpectraSYSTEM
UV2000 UV/VIS detector (Thermo Finnigan), a WYATT
QELS module (Wyatt Technology), and an Optilab rEX
Refractive Index detector (Wyatt Technology), respectively.
Mass and hydrodynamic radius calculation was done with
ASTRA 5.3 software (Wyatt Technology) using a dn/dc value
of 0.175 ml/g, calculated as described (64).

Papain digestion

Purified recombinant Sso7d-IN (5 uM) was incubated with 5,
10, 20, or 50 nM of papain (from Carica papaya latex, Sigma-
Aldrich) respectively, for 2 h at 4 °C in buffer containing
20 mM Tris-HCI pH8, 1 M NaCl, 2 mM tris(2-carboxyethyl)
phosphine (TCEP), 10% glycerol, and 5 mM L-cysteine (Sigma-
Aldrich). The reaction was stopped by adding E-64 (Sigma-
Aldrich) to reach a final concentration of 10 uM. After 5 min
incubation on ice, the mixture was subjected to SDS-PAGE. To
purify INt, sample that has a 1:250 ratio of papain to Sso7d-IN
was loaded to a Superdex 200 increase 10/300 GL gel filtration
column equilibrated with 20 mM Tris-HCl pH8, 1 M NaCl,
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2 mM TCEP, and 10% glycerol. The flow rate was 0.3 ml/min
and the fraction size was 0.5 ml. Fractions were then subjected to
SDS-PAGE. Fraction C7 was sent to mass spectrometry analysis
and used for INt integration assays.

MALDI-TOF-TOF mass spectrometry

Protein masses were determined on solution samples. Ten
microliter of protein at 0.5 mg/ml was desalted on ZipTip C8
and eluted with 2 pl of a saturated solution of sinapinic acid in
0.1% TFA/CH3CN (50:50 v/v). One microliter was then spotted
on the target and analyzed by MALDI-TOF-TOF on a Ultraflex
III spectrometer (Bruker Daltonics) controlled by the Flexcon-
trol 3.0 package (Build 51) and operated in the linear mode,
using a maximum accelerating potential of 25 kV and a 20,000 to
80,000 m/z range (LP_66 kDa Method). The laser frequency was
fixed to 100 Hz and ca. 1000 shots per sample were cumulated.
Four external standards (Protein Calibration Standard II, Bruker
Daltonics) were used to calibrate each spectrum to a mass ac-
curacy within 100 ppm. Peak picking was performed using the
FlexAnalysis 3.0 software with an adapted analysis method.
Parameters used were: centroid peak detection algorithm, S/N
threshold fixed to 5, and a quality factor threshold of 30.

Protein identification by fingerprinting

All SDS-PAGE bands were cut and digested by trypsin.
Mass spectrometry analyses were carried out by LC-MSMS
using a LTQ-Velos-Orbitrap online with a nanoLC Ultimate
3000 chromatography system. The peaks obtained have been
compared with the theoretical digestion peak list of the ex-
pected protein added to a database containing 20,150 human
sequences, 4306 E.coli sequences.

N-terminal Edman sequencing

Twenty-five microliter (122 pmol) of a 0.259 mg/ml solution
(fraction C7, Fig. S4A) was titrated with TFA to reach pH=1.
The protein was transferred on a polyvinylidene fluoride
membrane using the ProSorb Applied system. To remove the
salt, the membrane was washed with 100 pl of 0.1% TFA five
times. After that, dried membrane was placed in the cartridge
of the Shimadzu PPSQ 31B sequencer. Seven Edman degra-
dation cycles were performed.

Data availability

All data are contained within the manuscript and accom-
panying supporting information.

Supporting  information—This article contains

information (66).
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