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Retroviral integration into nucleosomes through
DNA looping and sliding along the histone octamer
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Retroviral integrase can efficiently utilise nucleosomes for insertion of the reverse-transcribed
viral DNA. In face of the structural constraints imposed by the nucleosomal structure,
integrase gains access to the scissile phosphodiester bonds by lifting DNA off the histone
octamer at the site of integration. To clarify the mechanism of DNA looping by integrase, we
determined a 3.9 A resolution structure of the prototype foamy virus intasome engaged with
a nucleosome core particle. The structural data along with complementary single-molecule
Forster resonance energy transfer measurements reveal twisting and sliding of the nucleo-
somal DNA arm proximal to the integration site. Sliding the nucleosomal DNA by approxi-
mately two base pairs along the histone octamer accommodates the necessary DNA lifting
from the histone H2A-H2B subunits to allow engagement with the intasome. Thus, retroviral
integration into nucleosomes involves the looping-and-sliding mechanism for nucleosomal
DNA repositioning, bearing unexpected similarities to chromatin remodelers.
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ntegration of the reverse-transcribed retroviral genome into a

host-cell chromosome is catalysed by integrase (IN), an

essential viral enzyme (reviewed in!). To carry out its function,
a multimer of IN assembles on viral DNA (vDNA) ends forming
a highly stable nucleoprotein complex, known as the intasome?=4.
In its first catalytic step, IN resects 3’ ends of the vDNA down-
stream of the invariant CA dinucleotides (3'-processing reaction).
It then utilises the freshly released 3’-hydroxyl groups as
nucleophiles to attack a pair of phosphodiester bonds on
opposing strands of chromosomal DNA, cleaving host DNA and
simultaneously joining it to 3’ VDNA ends (strand transfer
reaction)>®.

Many important questions pertaining to the nature of the host-
virus transactions on chromatin remain unanswered. In parti-
cular, it is unclear what role chromatin structure plays in the
integration process. Strikingly, although only a fraction of the
nucleosomal DNA surface is exposed within the nucleosome core
particle (NCP)7-%, nucleosomal DNA packing does not impede
and rather stimulates integration!0-1°, Because retroviral INs
have long been known to prefer bent or distorted targets, bending
of DNA as it wraps around the histone octamer was thought to
facilitate integration into NCPs!>13. However, recent structural
data revealed that retroviral intasomes require target DNA to
adopt a considerably sharper deformation than the smooth bend
observed on NCPs!>-19,

Intasome structures from several retroviral genera have been
determined by X-ray crystallography and cryo-EM*17-20, Despite
considerable variability, all intasomes were found to contain the
structurally conserved intasome core assembly minimally com-
prising four IN subunits synapsing a pair of VDNA ends.
Depending on the retroviral species, the core assembly can be
decorated by a number of additional IN subunits. The nucleo-
protein complex from the prototype foamy virus (PFV) contains
only a tetramer of IN, making this well-characterised intasome an
ideal model to study the basic mechanisms involved in retroviral
integration. Recently, we reported a cryo-EM structure of the pre-
catalytic PFV intasome engaged with an NCP at 7.8 A resolu-
tion!>. Despite the modest level of detail, the cryo-EM data
revealed that intasome induces the sharp bending of the
nucleosomal DNA by lifting it off the face of the histone octamer
at the site of integration. In doing so, the intasome makes sup-
porting interactions with the H2A-H2B heterodimer and the
second gyre of the nucleosomal DNA!°. Due to the limited
resolution of the original structure, it was impossible to visualise
the conformational rearrangements in the nucleosomal DNA that
lead to its disengagement from the nucleosomal core at the site of
integration. Thus, it remains to be established whether nucleo-
somal DNA deformation at the integration site is merely
accommodated by local deformation of the duplex DNA struc-
ture, or it rather involves global repositioning of the nucleosomal
DNA along the histone octamer. In addition, a systematic analysis
is needed to understand potential role of histone tails in intasome
engagement.

Herein, we employ a combination of cryo-EM and single-
molecule Forster resonance energy transfer (FRET) assay to
understand what impact retroviral integration has on the struc-
ture of the target NCP. We find that strand transfer causes both
nucleosomal DNA looping, as well as sliding by two base pairs
along the histone octamer. With our findings we uncover unex-
pected similarities between the mechanisms of retroviral inte-
gration and ATP-dependent chromatin remodelling?!-23,

Results
Structure of Intasome-NCP strand-transfer complex. To
understand intasome strand transfer into NCPs, we assembled the
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Fig. 1 Intasome-NCP strand-transfer complex visualised by cryo-EM. a 3.9-
A resolution structure of the post-catalytic intasome-NCP complex. IN
means intasome, CTD means C-terminal domain. b Covalently linked viral
(red) and nucleosomal (black) DNA. Integration occurred at the super-
helical location (SHL) location 3.5

complex of the PFV intasome and the NCP containing a native
human DNA sequence (termed D02), previously selected for its
ability to form a stable PFV-NCP complex!?. Following isolation
by size exclusion chromatography, the intasome-NCP complex
was incubated in the presence of Mg?t to facilitate strand
transfer!®>. We then used cryo-EM imaging and single-particle
approaches to determine the structure of the resulting post-
catalytic assembly to 3.9 A resolution (Supplementary Fig. 1,
Table 1). Docking known crystallographic coordinates into the
cryo-EM map, manual adjustment, and real-space refinement
allowed us to generate an atomic model of the Intasome-NCP
strand transfer complex.

As previously observed, intasome engages the strongly
preferred site on the nucleosomal DNA, at SHL 3.51>24
(Fig. 1). The new structure is overall similar to the original
lower-resolution intasome-NCP complex, which was captured in
the pre-catalytic state (Fig. 1a), confirming that strand transfer is
not accompanied by large conformational rearrangements®.
According to the atomic model, at the integration site, DNA is
lifted by 7 A from the histone octamer and bent to allow access to
the IN catalytic centre, in excellent agreement with the earlier
observations based on the crystal structures of the PFV strand
transfer complex®102> and the lower-resolution intasome-NCP
cryo-EM data!®. Local resolution ranges between ~3.5 A through-
out the histone octamer core, and ~4-4.5A for nucleosomal
DNA, similar to other NCP structures determined by cryo-EM
(Supplementary Fig. 1)26-28, Nevertheless, we could confidently
model the DNA phosphate backbone for the entire assembly. The
integration site on the nucleosomal DNA is sandwiched between
the histones and the intasome, resulting in a higher local
resolution (~3.7 A). Notably, a discontinuity in the cryo-EM
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Parameter

Table 1 Data collection and processing information

Intasome-NCP

Data Collection

Microscope FEI Titan Krios
Detector FEI Falcon Il
Acceleration voltage (kV) 300
Number of micrographs 4916
Frames per micrographs 7
Frame rate (/s) 4.3
Dose per frame (e-/pixel) 9.86
Accumulated dose (e-/A2) 56
defocus range (pm) 1.5-3.5
Frames
Alignment software MotionCorr
Frames used in final reconstruction 1-7
Dose weighting No
CTF
Fitting software CTFFIND3
Correction full
Particles
Picking software Xmipp & Relion 1.3
Picked 989177
Used in final reconstruction 177155
Alignment
Alignment software Relion 1.3
Initial reference map EMD-2992
low pass filter limit (A) 50
number of iterations 25
local frame drift correction yes
Reconstruction
Reconstruction software Relion 1.3
Box Size 240 x 240 x 240
Voxel size (A) 111
Symmetry @]
Resolution limit (A) 2.22
Resolution estimate (A) 3.9
Masking Yes
Sharpening (A2) Bfactor: -146
EMDB ID EMD-4960
Model building
Number of protein residues 1742
Number of DNA residues 358
Bond length outliers 0.00%
Bond angle outliers 0.02%
Bonds (R.M.S.D) 0.010
Angles (RM.S.D) 1183
Ramachandaran favoured/outlier 94.3%,/0.00%
Rotamer favoured/outlier 98.5%,/0%
Clashscore 10.55
Model vs Data CC (mask) 0.71
Molprobity score 1.91
PDB ID PDB: 6RNY

NCP-D02-strep 601 nucleosome
FEI Titan Krios FEI Titan Krios
FEI Falcon 1l FEI Falcon Il
300 300

24182 1300

30 30

60 60

112 1.24

283 313

1.5-3.5 1.5-3.5
MotionCor2 MotionCor2
1-30 2-30

yes yes

Getf Getf

full full

Relion 2.1 Relion 2.1
1131653 205680
62196 123123
Relion 2.1 Relion 2.1
CryoSPARC ab initio CryoSPARC ab initio
50 50

25 25

no no

Relion 2.1 Relion 2.1
256 x 256 x 256 256 x 256 x 256
1.09 1.09

Ccl C2

218 A 218 A

42 35

Yes Yes

Bfactor: -150 Bfactor: -110
EMD-4692 EMD-4693
747

284

0.00%

0.00%

0.008

0.856

96.85%,/0%

99.51/0%

491

0.85

1.45

PDB: 6ROC

density resulting from the nucleosomal DNA cleavage at the site
of integration (Fig. 1b) confirms that strand transfer has indeed
occurred in our nucleoprotein assembly as observed biochemi-
cally’® (Supplementary Fig. 2).

Intasome engages nucleosomal DNA non-symmetrically at two
distinct sites: at the strand transfer site, as well as at the opposing
gyre, which nestles in the cleft between one catalytic and one
outer IN subunit (Fig. la). Near the integration site, the C-
terminal alpha-helix of histone H2B makes direct contact with the
C-terminal domain of one catalytically competent IN subunit,
providing corroborating evidence for the previously reported role
of PFV IN residues Prol135, Pro239 and Thr240 in engaging the
C-terminus of H2B!>. Furthermore, the higher quality of the new
cryo-EM map allowed us to build a backbone model for a
segment of the N-terminal H2A tail, revealing intimate contacts

of H2A Lys-9 and Arg-11 with the IN C-terminal domain
(Fig. 2a). Concordantly, truncation of the first 12, but not 8 H2A
residues lead to a reduction of intasome-NCP complex formation
(Fig. 2b). Furthermore, Ala substitutions of either H2A at Lys-9
or Arg-11 affect complex stability, while a combination of the two
substitutions fully abrogated stable complex formation under
conditions of the pull-down assay (Fig. 2¢).

Asymmetric reconstruction of the human D02 NCP. Similar to
the pre-catalytic complex, our new structure of an intasome-NCP
strand-transfer complex features a nucleosomal DNA loop bul-
ging away from the protein octamer by ~7 A at the integration
site. Although occurring at a different superhelical location, the
DNA looping is reminiscent of structures of NCPs engaged by
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Fig. 2 Intasome interaction with the N-terminal histone H2A tail. a Histone
H2A residues Lys-9 and Arg-11 play a role in the intasome-NCP interaction.
b, ¢ Pull-down with immobilised intasome binding to NCP bearing deletions
b or amino acid substitutions ¢ in the H2A N-terminal tail. NA4, NAS,
NA12, NCP variants lacking the first 4, 8 or 12 residues fo histone H2A

chromatin remodelers such as SWRI1. Interestingly, DNA looping
by SWRI is accompanied by both sliding of nucleosomal DNA, as
well as histone octamer distortion?”. We wanted to test whether
intasome-induced looping is compensated by nucleosomal DNA
sliding along the histone octamer, as observed for chromatin
remodelers. To this end, we decided to directly compare the cryo-
EM structure of the intasome-NCP strand-transfer complex with
that of an isolated NCP, containing the same native human D02
nucleosomal DNA sequence!”.

Reconstructing a D02 NCP presented a number of significant
challenges. Firstly, the NCP containing D02 DNA is less stable
than NCPs wrapped with strongly positioning sequences such as
Widom 601!>2°. OQur EM analysis of the isolated NCP D02
revealed that, unlike the intasome complex, D02 NCPs had the
tendency to become unravelled, especially in the presence of
higher salt measured by the lack of NCP particles in holey grids.
However, exposure to mild crosslinking conditions (0.05%
glutaraldehyde, 5 min, 4 °C) yielded tractable particles that were
visible on open-hole cryo grids. Importantly, mild NCP-
crosslinking did not prevent intasome activity as measured in
strand-transfer assays (Supplementary Fig. 2). A second challenge
was presented by the asymmetry of the D02 DNA sequence,

which leads to the strongly preferred intasome capture at one side
of the NCP!>. Thus, to describe any intasome-dependent sliding
along the histone octamer, we first had to reconstruct the D02
NCP avoiding two-fold averaging. However, both the histone
octamer and the DNA backbone contain a prominent two-fold
symmetric character, which strongly influence particle alignment
and prevent asymmetric reconstruction. To facilitate asymmetric
particle alignment, we introduced a biotin moiety on the end of
the DNA arm distal from the integration site and decorated NCPs
with streptavidin (Fig. 3a). Critically, streptavidin attachment did
not affect NCP stability, nor the ability of intasome to integrate
into NCPs (Supplementary Fig. 2). Crosslinked D02 NCPs,
imaged by cryo-EM and analysed by two-dimensional (2D)
averaging, revealed multiple views of the coin-shaped NCP
assemblies (Fig. 3b). Particles appeared decorated by diffuse
density projecting from one DNA arm, which we assigned to
streptavidin. Free streptavidin particles ( ~ 75 kDa) could also be
identified amongst the 2D class averages (Supplementary Fig. 3).
Next, we used single-particle reconstruction to determine the 4.2-
A resolution structure of NCP-D02-streptavidin complex (Sup-
plementary Fig. 3 and 4). As the streptavidin is linked to the 5’
end of a distal DNA arm, it is less ordered than the rest of the
assembly, and appears not to be engaged in interactions with the
NCP core (Fig. 3¢, Supplementary Fig. 3). Therefore, streptavidin
helps align particles asymmetrically while seemingly not inter-
fering with the NCP structure.

Originally selected from a genome-wide screen for strong
intasome interactors, the D02 DNA sequence allowed isolation of a
mono-disperse intasome-NCP complex!”. Detailed inspection of
the isolated D02 NCP cryo-EM maps provides insight into
intasome selectivity. Firstly, nucleosomal DNA arms appear to be
flexible (as detected by inspection of the local resolution map
reported in Supplementary Fig. 3, and given the significant number
of unwrapped NCPs averaged during analysis). We asked whether
the same flexibility could be observed for a NCP containing a
strong positioning sequence such as Widom 601, which while
serving a good target for strand transfer did not allow formation of
long-lived pre-catalytic intasome-NCP complex!”. To this end, we
solved a 3.5-A resolution cryo-EM structure of a Widom 601-
wrapped nucleosome containing strongly positioned Widom
601 sequence with 13-bp long linker DNA arms (Supplementary
Fig. 5). Only linker DNA fragments display a degree of flexibility in
the Widom 601 structure. We postulated at this stage that the
flexibility of the D02 NCP DNA arms might facilitate DNA
looping, prompting us to further investigate the mechanism.

Another notable feature of the D02 NCP is the limited
interaction between DNA and the N-terminal tail of H2A,
reflected by poorly defined density contacting nucleosomal DNA
at SHL 4.5. This differs for example from our structure of Widom
601 NCP, which shows discrete ordering of H2A N-terminal tail
in the minor groove of nucleosomal DNA at the equivalent
position, in agreement with previous crystallography and cryo-
EM studies”39-32. We speculate that a loose DNA engagement
renders the histone H2A tail available for intasome binding as
observed in our strand-transfer complex, hence improving
substrate selection (Fig. 3d).

Retroviral integration shifts nucleosomal DNA register. To
understand the impact of retroviral integration on NCP archi-
tecture, we analysed the structural changes in the NCP that
accompany productive engagement with the intasome. Compar-
ison of the intasome-D02 NCP structures prior to and after
strand transfer shows that histones undergo relatively minor
distortions clustered around the histone H3-H4 dimer on the
nucleosomal face proximal to the integration site (Supplementary
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Fig. 3 Asymmetric reconstruction of the isolated DO2 NCP. a Streptavidin labelling allows asymmetric reconstruction of the DO2 NCP, which avoids
pseudo-two-fold symmetry averaging of the integration-site DNA. b 2D averages of labelled DO2 NCP particles reveal a discernible, diffuse density for
streptavidin at the nucleosomal DNA arm distal from the integration site. ¢ 3D reconstruction of DO2 NCP reveals an asymmetric streptavidin label
decorating one of two nucleosomal DNA arms. d Unlike for Widom 601, the DO2 NCP contains limited density for the N-terminal H2A tail, indicating that
this element is flexible and available for intasome engagement. In fact, in the Intasome-NCP strand-transfer complex the N-terminal H2A tail interacts with

IN, stabilising the interaction (also see Fig. 2b, c)

Fig. 6). Conversely, in our atomic model DNA looping at the
integration site is compensated by a significant change in
nucleosomal DNA register, with the nucleosomal DNA arm
proximal to the integration site shifting by 2bp (Fig. 4a). This
shift in register extends from SHL 7 to SHL 2.5, where an
interaction with H3 element L1 appears to hold DNA in place
and limit downstream sliding of the double helix (Fig. 4b, Sup-
plementary Movie 1).

To validate the DNA-register change observed in our structural
models, we turned to a single-molecule FRET assay. We used a
Cy3 donor to label the 5’-terminal end of the nucleosomal DNA
closest to the integration site, and a Cy5-maleimide-cysteine
acceptor engineered at position 119 of H2A (Fig. 5a). Histone
labelling was optimised to yield approximately one fluorophore
per octamer. Surface-immobilised NCPs were imaged by FRET in
the absence or presence of the intasome and/or Mg?* (Fig. 5b). In
reconstituted NCPs, single H2A labels were found either

proximal to, or distal from, the Cy3-modified DNA end. The
main energy transfer group deriving from the proximal
fluorophore pair centred around 0.95 FRET efficiency, while the
second distal fluorophore pair peak centred around 0.37 transfer
efficiency (Supplementary Fig. 7A). We focused our analysis on
the 0.95 FRET group, as any shift in nucleosomal DNA register
would cause more pronounced changes in FRET efficiency in this
population. In all tested conditions, FRET efficiency was stable,
with a minor population (~10%) of traces exhibiting slight
changes in FRET intensity (Fig. 5c, Supplementary Fig. 7B).
Supplementing the NCP with intasome or Mg?* did not result in
any significant FRET change (Fig. 5d, e). However, when strand
transfer was induced by adding both intasome and Mg, a
separate, ~0.8 FRET population appeared (Fig. 5f). This second
population is consistent with a shift in register of the DNA
moving away from the K119C-Cy5 H2A residue (Fig. 5a). These
results are in good agreement with our comparative cryo-EM
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retroviral integration causes a shift in the DNA register, which extends from
SHL 7 to 2. Histone H3 L1 element prevents downstream DNA sliding.

b Schematic representation of integration-induced NCP remodelling

analyses indicating that intasome-mediated looping required for
integration promotes sliding of nucleosomal DNA (Fig. 4a). In
fact, the observed drop in FRET efficiency indicates a small but
significant shift in the DNA register that corresponds to less than
4 bp, according to a calibration previously obtained with Widom
601 NCPs?2. Crystallographic and cryo-EM structures of pre-
catalytic assemblies of intasome bound to DNA or nucleosomes
established that target capture alone leads to DNA bending and
nucleosomal DNA remodelling!>16, The new post-catalytic
intasome-NCP structure reported shows no change of DNA
looping at the integration site after strand transfer. However, in
our single molecule experiments, a drop in FRET efficiency was
only observed in the presence of Mg?Trequired for catalysis.
Although this observation was initially surprising to us, we note
that the precatalytic intasome-nucleosome complex used in our
earlier work!> was purified under elevated ionic strength
conditions to enrich for higher affinity productive interaction33.
Indeed, of the two symmetry-related D02 SHL +3.5 intasome
binding sites, near equally targeted in a bulk strand transfer assay,
only one was occupied in the purified material!®>. Conditions of
the single molecule FRET used here were more similar to the bulk
strand transfer assay, allowing for detection of transient
interactions and fixation of productive complexes in the absence
and presence of Mg2™T, respectively. We speculate that most
intasome complexes observed in the absence of the metal ion
cofactor result from transient scanning!” interaction, which alone
is unlikely to result in DNA deformation. Alternatively, DNA
perturbation and sliding could be functionally distinct steps. This
could be mediated by histone buffering of DNA displacement, as
observed previously34. In this model, tension in the lifted DNA at
the integration site could be partially accommodated by
protein-DNA contacts within the target capture complex,
without a immediate shift in DNA, which would occur upon
full strand transfer catalysed upon addition of Mg2+.

Discussion

Over the last 35 years macromolecular crystallography has pro-
vided several high-resolution views of the NCP and its binding
partners. These efforts led to describing the NCP architecture at
an atomic level’=, explained how DNA sequence can influence
wrapping of the double helix?®>, and how common docking
sites on the histone octamer are recognised by different inter-
actors36-40, Over the last four years, cryo-EM has started to
provide a dynamic view of the NCP26:41-44 Recent data indicated
that NCPs are more flexible in solution, with the histone octamer
visiting more compacted or extended states, compared with a
nucleosome trapped in a crystal lattice*>. NCP unwrapping has
been visualised with cryo-EM, for example in the context of the
hexasome, which is an NCP with partially unpeeled DNA, due to
the loss of one H2A/H2B dimer?8. Spectacular views of pro-
gressively unwrapped NCPs have been obtained for transcribing
RNA polymerase II captured during NCP passage#®47. Moreover,
cryo-EM provided the first glimpses of ATP-dependent NCP
translocation through a mechanism involving DNA looping and
sliding along the histone octamer2241,48-54,

Our high-resolution view of a post-catalytic intasome-NCP
complex provides an example of a local remodelling of nucleo-
somal DNA. Although previous work established formation of a
DNA loop during productive intasome-NCP interaction, it was
not clear whether the loop is accommodated by partial under-
winding of flanking DNA or through a shift in nucleosomal DNA
register. Because IN must catalyse only one strand transfer event
and does not need to cycle between states on the chromatin, it
does not depend on a power source, unlike ATP-driven translo-
cases and nucleosome remodelers’. Therefore, all conforma-
tional DNA rearrangements are offset by energy released with the
formation of the intasome-NCP interface. Nevertheless, simila-
rities with the mechanism of DNA translocation of chromatin
remodelers can be identified. In fact, in both systems, DNA is
looped out of the histone core, causing a compensatory register
shift of the double helix wrapped around the octamer. Nucleo-
somal DNA looping at SHL 3.5 is required for access to the IN
active site!®, and causes DNA sliding around the histone octamer,
with global repositioning extending from SHL 7 to SHL 2. At this
site, histone H3 element L1 holds the sugar-phosphate backbone
in place, preventing any further downstream shift in DNA reg-
ister (Fig. 4b, Supplementary Movie 1). Using cryo-EM, Kur-
umizaka and colleagues have recently shown that the same H3
L1-DNA interaction stalls RNA polymerase II during nucleosome
passage#®. ATP-powered translocases such as Swrl and Snf2 have
been observed to engage and loop out SHL 2 DNA, disrupting the
H3 L1-DNA interaction?>4%5>_ 1t is tempting to speculate that
the concerted action of intasome and SHL 2 remodelers could act
synergistically during DNA unpeeling and strand-transfer com-
plex disassembly, required to complete retroviral integration.

Methods

Intasome purification. The intasome was assembled using recombinant PFV IN
and double stranded synthetic oligonucleotides mimicking the pre-processed U5
end of the vDNA as previously described®!°. Briefly, hexahistidine-tagged IN was
overexpressed in BL-21 CodonPlus RIL cells (Agilent). Cells were lysed in 25 mM
Tris-HCI pH 7.4, 0.5 M NaCl, 1 mM PMSF by sonication; clarified lysate sup-
plemented with 20 mM imidazole was applied to packed, equilibrated Ni-NTA
resin (Qiagen). The resin and washed extensively in lysis buffer supplemented with
20 mM imidazole. Bound proteins were eluted with lysis buffer supplemented with
200 mM imidazole and protein-containing fractions were supplemented with
5mM DTT. The hexahistidine-tag was cleaved by incubation with human rhino-
virus 14 3 C protease. The protein, diluted to reduce the NaCl concentration to
200 mM, was loaded onto a HiTrap Heparin column (GE Healthcare). IN was
eluted using a linear gradient of 0.25-1 M NaCl. IN-containing fractions were
concentrated and further purified by size exclusion chromatography through a
Superdex-200 column (GE Healthcare), equilibrated in 25 mM Tris pH 7.4, 0.5 M
NaCl. Protein, supplemented with 10% glycerol and 10 mM DTT, was
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(left) and histograms (right) of proximal-only labelled NCPs ¢ without intasome or magnesium (N =105), d in the presence of intasome (N =93), e in the
presence of magnesium (N = 42), and f in presence of both intasome and magnesium (N =115). A significant population shift to ~ 0.8 FRET in the presence
of both intasome and magnesium. Data were collected at 100 ms/frame (10 Hz) and smoothed with a 3-point moving average. Black lines in FRET

histogram are fits to two Gaussian distributions

concentrated to 10 mg/ml, as estimated by spectrophotometry at 280 nm and
stored at —80 °C.

To assemble the intasome a mixture containing 120 uM PFV IN and 20 uM pre-
annealed DNA oligonucleotides 5-TGCGAAATTCCATGACA and 5'-
ATTGTCATGGAATTTCGCA (IDT) in 500 mM NaCl was dialysed against
50 mM BisTris propane-HCI pH 7.45, 200 mM NaCl, 40 uM ZnCl,, 2 mM DTT for
16 h at 18°C. A list of all oligos is provided in Supplementary Table 1. Following
dialysis, the assembly reaction, supplemented with NaCl to a final concentration of
320 mM, was incubated on ice for 1h prior to purification on Superdex-200
column in 25 mM Bis-Tris propane-HCI pH 7.45, 320 mM NaCl. Purified
intasome, concentrated by ultrafiltration, was kept on ice for immediate use.
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NCP formation. NCPs were assembled essentially as described!>>°. Briefly Human
H2A, H2A K119C, H2B, H3.3, H3.1 C96SC110A and H4 were over-expressed in E.
coli and purified from inclusion bodies. Histones were refolded from denaturing
buffer through dialysis against 10 mM Tris-HCl pH 7.5, 2 M NaCl, 5 mM beta-
mercaptoethanol, I mM EDTA buffer, and octamers were purified by size exclusion
chromatography over a Superdex-200 column (GE Healthcare). DNA fragments
for wrapping NCPs (171-bp Widom 601 DNA, 145-bp D02 DNA or D02 DNA
appended with biotin and fluorophores) were generated by PCR using Pfu poly-
merase and HPLC-grade oligonucleotides (IDT). PCR products generated in 96-
well plates (384 x 100 ul) were pooled, filtered and purified on a ResorceQ column
as described!®. NCPs were assembled by salt dialysis as described!>30-% and heat
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repositioned at 37 °C for 30 min. D02 containing NCPs were further purified using
a PrepCell apparatus with a 5% polyacrylamide gel (BioRad).

NCP-streptavidin complex formation. Purified Streptomyces avindii streptavidin
powder (Sigma-Aldrich) was resuspended in 20 mM HEPES-NaOH pH 7.5,

150 mM NaCl at a final concentration of 35 uM. A derivative of D02 DNA was
used for NCP reconstitution, containing a 5" biotin moiety on the exit arm distal
from the intasome-engagement site. To form the NCP-streptavidin complex,
biotinylated D02 NCP (0.5 uM) was incubated with 0.3 uM streptavidin for

10 minutes at room temperature in 20 mM HEPES pH7.5, 150 mM NaCl, 1 mM
DTT, 1 mM EDTA.

EM sample preparation. The intasome-DO2 NCP complex was formed and
purified by size exclusion chromatography as previously described!”. Briefly, 200 ug
of D02 NCP and 200ug of PFV intasome were mixed in 25 mM Bis-Tris Propane,
320 mM NaCl, prior to application on Superdex 200 10/300 column. To allow
strand transfer, the complex was incubated in the presence of 5 mM MgCl, for
30 min at room temperature. Cryo-EM sample preparation was performed as
follows: 4 pl of the integration reaction were applied to plasma cleaned C-Flat 1/1
400 mesh grids; after 1 min incubation, grids were double side blotted for 3.5 s
using a CP3 cryo-plunger (Gatan), operated at 80% humidity, and quickly plunge-
frozen into liquid ethane. Ice quality was checked using a JEOL-2100 Lab6 operated
at 120 kV, using a 914 side-entry cryo-holder (Gatan), and images were recorded
on an UltraScan 4kx4k camera (Gatan). The best cryo-grids were retrieved, stored
in liquid nitrogen and later shipped in a dry-shipper to NeCEN (University of
Leiden, The Netherlands). At NeCEN, grids were loaded into a Cs corrected Titan
Krios microscope and the data was collected over two different sessions using the
EPU software (ThermoFisher Scientific). Images were recorded at a nominal
magnification of 59,000 X on Falcon II direct electron detector yielding a pixel size
of 1.12 A /pixel with a defocus range of —1.5 to —3.5 um. Data were collected as
movies of 7 frames over 1.6 s giving a total applied dose of 56 electrons/A2. A total
of 4,916 movies were collected.

The D02 NCP biotin-streptavidin complex was gently cross-linked with 0.05%
glutaldehyde at room temperature for 5 min, prior to quenching with 50 mM
TrisHCI pH 7.5. The complex was concentrated and buffer exchanged using a
50-kDa MWCO spin concentrator (Amicon) into 10 mM Tris-HCI pH 7, 20 mM
NaCl, 1 mM EDTA, 1 mM DTT; 3.5 pl sample at 80 ng/ul (DNA concentration
based on spectrophotometry) was applied to Quantifoil 2/2 grids, with fresh carbon
pre-evaporated onto the grids to better control ice thickness. Grids were glow
discharged at 40 mA for 1 min. Sample was blotted in a Vitrobot Mark IV using -1
offset, 15 s wait time and 2.5 s blot at 4 °C and 100% humidity, before plunge-
freezing in liquid ethane. Grids were stored in liquid nitrogen prior to loading on a
Titan Krios operated at 300 kV. Data was acquired using a Falcon IIT detector
operating in counting mode using a pixel size of 1.09 A, a total dose of 30 electrons/
A2 and a defocus range from -1.5 to -3.5 um. A total of 4,182 movies were collected
automatically using the EPU software (ThermoFisher Scientific). The Widom 601
NCP sample was applied to freshly glow discharged Quantifoil 2/2 grids and
sample was blotted in a Vitrobot Mark IV using -1 offset, 10 s wait time, 3.5 s blot
at 4°C and 100% humidity, before plunge-freezing in liquid ethane. Data were
acquired using a Falcon III detector operating in counting mode using a pixel size
of 1.09 A and total dose of 30 electrons/A2. A total of 1,300 Micrographs were
collecting using automated EPU software.

Cryo-EM image processing. For the intasome-DO2 NCP complex dataset (Sup-
plementary Fig. 1), movie frames were corrected for to beam-induced drift>” and a
sum of each aligned movie was used in the first steps of image processing. All
movies showing any remaining drift or containing ice were discarded at this stage,
and only the best 3,125 movies were selected for further image processing. First,
989,177 particles were automatically picked using Xmipp>® and Relion version
1.3%°. Contrast transfer function parameters were estimated using CTFFIND360,
and all 2D and 3D classifications and 3D refinements were performed using
RELION>. After 2 rounds of 25 iterations of 2D classification, 335,989 particles
remained and were subjected to 3D classification using the pre-catalytic intasome-
NCP map!5, filtered to 50 A resolution, as a starting model. To speed up calcu-
lations, 8 classes were generated with a 15° angular sampling. The best 3 classes
were merged into one 232,000 particles dataset. 3D refinement of this subset
yielded a 4.7 A map. A second round of 3D classification step was performed with 4
classes and a finer 7.5° angular sampling. The best 3 classes were merged together
for a total of 177,155 particles. Refinement of this dataset yielded a 4.2 A map.
Statistical movie processing was then performed, as described previously®! and the
resulting map reached 3.9 A resolution after correction for the modulation transfer
function and sharpening®2. Resolutions are reported according to the “gold-stan-
dard” Fourier Shell Correlation, using the 0.143 criterion®3.

For the D02-NCP-Streptavidin and Widom 601 NCP datasets (Supplementary
Figs. 3-5) all micrographs were motion-corrected using MotionCorr2 using all
frames (D02-NCP-Streptavidin) or removing the first frame (Widom 601 NCP).
CTF parameters were estimated using Getf®* and poor micrographs were
discarded. Particles were picked in RELION-2.1 using reference classes obtained
from a manually-picked, 50-micrograph dataset. Two rounds of 2D classification

were performed to discard poorly averaging particles. 3D classification was
performed using a 50 A, low pass filtered initial model, based on results from an ab
initio reconstruction derived from cryoSPARCGS. For the Widom 601 NCP,
particles contributing to 3D classes with discernible secondary-structure features
were pooled and refined using a spherical mask, and postprocessed in RELION-
2.166 resulting in a 3.8 A (C1 symmetry applied) or 3.5 A resolution (C2 symmetry
applied). For the D02-NCP-Streptavidin, a relatively smaller percentage of particles
contributed to subnanometre-resolution 3D averages. This is likely because of
evident flexibility of the both the exit nucleosomal DNA and the streptavidin
group. To help drive streptavidin alignment and avoid artificial NCP
symmetrisation, a loose mask was used in a subsequent round of 3D classification,
encompassing both NCP and streptavidin. The resulting asymmetric
reconstruction yielded a reconstruction with 4.6 A (no mask) or 4.2 A resolution
(loose mask applied during refinement).

Atomic model docking and refinement. For the NCP-intasome STC complex
NCP (3UTB® from PDBredo) and PFV strand transfer complex (30S0'°) crystal
structures were docked in the EM map using Chimera® and clashing DNA seg-
ments were removed from the model. In order to refine the voxel/pixel size of the
map a series of maps were calculated with voxel/pixel size from 0.9 to 1.15 in steps
of 0.01 and the initial model was refined against each map using phenix.real_-
space_refine® with no additional geometry restraints. The geometry of resulting
models was compared, and voxel/pixel size fine-tuned between 1.11 and 1.12 in
steps of 0.001. The model refined against the map with voxel/pixel size of 1.111
maintained the best geometry and was used for further model building and
refinement. The model was adjusted, and sequence of protein and DNA compo-
nents matched to the biological sample manually in Coot’? and refined using
phenix.real_space_refine (Nightly build version 1.10pre-2091)”! and
Namdinator’>73. Additional restraints describing protein secondary structure,
DNA base pairing and stacking were used in Phenix. Protein geometry was
assessed with Molprobity®® and DNA geometry was assessed with 3DNA74. For the
D02 structure, NCP structure 5SMLU was used as the starting model to be inde-
pendent from the NCP-intasome STC structure. The sequence was adjusted and
model manually tweaked in Coot and refined using phenix.real_space_refine
(Nightly build version phenix-dev-3374). Fine tuning of the voxel/pixel size was
deemed unnecessary as the model refined without issue. Both models have rea-
sonable stereochemistry and are in good agreement with the EM maps.

Single-Molecule FRET experiments. Doubly-labelled nucleosomes were gener-
ated with a biotin on distal exit DNA and a single fluorophore donor (Cy3)
attached on the proximal exit DNA end, and the acceptor fluorophore (Cy5) at
H2A position 119. To generate protein-Cy5-labelled octamers H2A K119C was
incorporated into octamers with H3.1 C96SC110A, H2B and H4 as described
above, with an additional desalting step in a Zeba Spin column (ThermoFisher, 7 K
MWCO) to remove beta-mercaptoethanol. Octamers at 70 pM (140 uM of
cysteine) were incubated with 5mM TCEP for 10 min at room temperature. To
achieve partial labelling, sulpho-Cy5 maleimide was added at 105 uM for 1 hour at
room temperature. The reaction was quenched by adding 5 mM beta-
mercaptoethanol and desalted to remove unreacted dye (ThermoFisher, 7 K
MWCO). The extent of labelling was quantified by measuring the 595 nm/280 nm
absorbance ratio, as well as by 2D intact mass ESI mass spectrometry, with an
estimated labelling efficiency of 68%. D02 DNA was generated by PCR, using oligos
containing Biotin-TEG-C18 and Cy3 modifications attached to the 5’ termini. The
PCR product was purified as described above. Nucleosomes were reconstituted as
described above.

Single-Molecule FRET experiments were performed with freshly purified
intasome complex. Quartz slides and coverslips were cleaned and passivated with
methoxy-PEG-SVA (M, = 5,000, Laysan Bio, Inc.) containing 10% biotin-PEG-
SVA (M, = 5,000, Laysan Bio, Inc.) in 100 mM sodium bicarbonate, and used to
construct a microfluidic channel as described previously’>. Neutravidin (0.2 mg/ml
in 50 mM Tris-HCI, pH 7.5, and 50 mM NaCl) was injected in and incubated for
5 min. Excess neutravidin was washed out with intasome buffer (25 mM bis-Tris
propane, pH 7.45, 240 mM NaCl, 4 uM ZnCl, and 1 mM DTT). Biotinylated
fluorescently labelled nucleosomes in intasome buffer containing 0.2 mg/ml BSA
were surface immobilised by incubation in the microfluidic channel for 5 min.
Excess nucleosomes were washed out and immobilised nucleosomes imaged in
imaging buffer composed of intasome buffer in addition to 2mM Trolox, oxygen
scavenging system (2.5 mM 3,4-dihydroxybenzoic acid, 250 nM protocatechuate
dioxygenase) and 0.2 mg/ml BSA. Experiments were performed in the absence and
presence of 500 nM intasome and 5 mM magnesium. Fluorescent molecules were
imaged using a custom-built prism-based total-internal reflection fluorescence
(TIRF) microscope’®. All measurements were recorded at room temperature
(21°C) using continuous green laser (532 nm, 2.5 mW) excitation at 100 ms time
resolution. Apparent FRET efficiencies were calculated as the ratio of acceptor
intensity divided by the sum of acceptor and donor intensities. FRET histograms of
labelled nucleosomes were obtained by calculating the mean FRET efficiency of
40-100 trajectories from multiple fields of view, as stated in the figure captions. All
experiments have been performed at least twice, on different days and with
different combinations of protein preps.
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Intasome strand-transfer and pull-down assays. Intasome integration assays
were performed as described!”, briefly 5 ug of NCPs were incubated with 1.5 pg of
intasome in intasome reaction buffer with and without 5 mM MgCl, at 37 °C for
15 min. The reaction was quenched by the addition of 25 mM EDTA and 0.2%
SDS, and DNA precipitated after proteinase K digestion. DNA was then separated
on 4-12% TBE polyacrylamide gels. Pull-down assays were performed, as pre-
viously described!®. Briefly 10 g of biotinylated intasome was incubated with 10 pg
of NCP variants in pull-down buffer with increasing concentrations of sodium
chloride. PFV and associated NCPs was immobilised on streptavidin beads (Life
technologies), washed extensively and eluted by heating at 37 °C in 1.3x SDS
Laemmeli buffer. All experiments have been performed at least twice, on different
days and with different combinations of protein preps.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Model coordinates for the NCP-D02-streptavidin and Intasome-NCP structures are
deposited in the Protein Data Bank under accession code 6RNY and 6ROC respectively.
Cryo-EM maps for NCP-D02-streptavidin, NCP-601 and Intasome-NCP are available at
the EMDB under codes EMD-4692, EMD-4693 and EMDB-4960 respectively. The
source data underlying Fig. 2b and ¢, 5c-f and 7c and Supplementary Figs 2, 3a, 5a, 6a
and 7 are provided as a Source Data file. Other data are available from the corresponding
authors upon reasonable request.
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Supplementary Figure 1 Cryo-EM analysis of Intasome-D02 NCP. (a)
Representative micrograph. (b) Representative 2D averages, white scale bar is 25
Angstrom long. (c) Gold standard FSC curve for the refined cryo-EM map. (d) Euler
angle distribution plot for all particles included in the final map. Bar length and colour
(blue low, red high) correspond to number of particles contributing to each view. (e)
Cryo-EM map coloured according to local resolution estimated with ResMap.
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Supplementary Figure 2 Retroviral integration into various nucleosome

derivatives. (a) Integration assay shows magnesium dependence of viral strand
transfer. Strand transfer product S and L labeled. Assay performed with D02-
NCP used for structure determination and fluorophore labelled nucleosomes

used in single-molecule FRET experiments. (b) PFV Integration assay shows that

ROS scavengers used in si

ngle-molecule FRET experiments do not affect the

strand transfer reaction. (¢) Glutaraldehyde cross-linking of D02 NCP does not

prevent integration. (d) SDS-

PAGE gels stained with Diamond nucleic acid stain

(left) or InstantBlue protein stain (right). Glutaraldhyde cross-inked sample
migrates as lower electrophoretic-mobility smear. (e) Efficient integration occurs

with NCP-D02-biotin complexes pre-assembled with streptavidin, and cross-

linked with glutaraldehyde.
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Supplementary Figure 3 D02 NCP-streptavidin preparation and cryo-EM
characterisation. (a) Native gel electrophoresis of biotin-D02 wrapped NCP during
purification and interaction with streptavidin. (b) Representative cryo-EM micrograph
of NCP-D02-streptavidin. (c) Selected 2D averages of D02 NCP-streptavidin (left)
and isolated or DNA-bound streptavidin (right). , white scale bar is 25 Angstrom long.
(d) Gold standard FSC curve for the final structure. (e) Euler angle distribution plot
for all particles included in the final map. Bar length and colour (blue low, red high)
correspond to number of particles contributing to each view. (f) NCP-D02-
streptavidin coloured according to local resolution estimated in RELION. Streptavidin
density is fragmented at the displayed threshold, due to the flexible tether with DNA.
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Supplementary Figure 4 Overview of cryo-EM single-particle reconstruction for D02
NCP-streptavidin.
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Supplementary Figure 5 Electron microscopy of Widom 601 NCP. (A) Native gel
electrophoresis of Widom 601 DNA isolated, and wrapped in a nucleosomes with
either 145 base pair or 171 base pair-long DNA. (B) Representative cryo micrograph
of nucleosome reconstituted with 171bp of Widom 601 DNA. (C) Selected
representative 2D class averages, ,white scale bar is 25 Angstrom long. (D) Surface
rendering of the NCP 171bp complex, shown in three views rotated about their axis.
(E) Gold standard FSC curve for the refined cryo-EM map. (F) Euler angle
distribution plot of all particles used for the final map (C2 symmetry imposed. Bar
length and colour (blue low, red high) corresponds to number of particle images
contributed to each view. (G) 171-base pair Widom 601 nucleosome, coloured
according to local resolution estimated in RELION. Density for the DNA projecting
away from the NCP core is visibly weaker.
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Supplementary Figure 6 Intasome-induced octamer distortion. (a) After
superposing Intasome-free and intasome-engaged D02 NCP via the histone
octamers, the alpha carbon R.M.S.D. was measured for each histone chain. The
most prominent intasome-induced movement is observed for histones H3 and H4
mapping on the nucleosome face proximal to the integration site. (b) Inspection of
the integration-proximal face of the nucleosome shows that the most prominent
movement clusters around DNA-interacting histone H3 and H4 elements, at a site
downstream of histone H3 L1. Dotted line, blue and green triangles and atom
spheres represent the region of most prominent alpha carbon movement. Red
triangles indicate the integration site. Register-shifted DNA is black. Unperturbed
DNA is white.
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Supplementary Figure 7. Single-molecule FRET of D02 nucleosome core
particles (A) Single-molecule FRET histogram of labelled nucleosomes (N = 245).
Distal- and proximal-labelled nucleosomes yield 0.37 and 0.95 FRET-efficiency
peaks, respectively. (B) Representative dynamic single-molecule FRET time
trajectories of proximal-only fluorescent nucleosomes. Data were collected at 100
ms/frame and smoothed with a 3-point moving average.
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mdw171
mdw166-2
mdw155
mdw153
mdw1
mdw2
mdw3
mdw4
mdw25
mdw26
101
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tggaacacaTGCACAGGATGTATATATCTGAC

tggaacacaCCCTGGAGAATCCCGGTGC

GGCTGTGTTTGTATCAAGTTACCTG
/5Cy3/TGTCCAGGTTCTCCCTGTGGTGAAAACC
TGTCCAGGTTCTCCCTGTGGTGAAAACC
/5Biosg/GGCTGTGTTTGTATCAAGTTACCTG
GTGATGGCGCTGCAGGAGGCTagcGAGGCCTACCTGGTGGGGC tatt
GCCCCACCAGGTAGGCCTCgctAGCCTCCTGCAGCGCCATCACCcge
GGTGGGGCTATTTGAGGATACCAACCTGgccGCCATTCACGCCAAACGCGTCAC
GTGACGCGTTTGGCGTGAATGGCggcCAGGTTGGTATCCTCAAATAGCCCCACC
GAATATCCAGGCTGTTCTGCTGCCGAAAtgcACCGAATCTCACCACAAAGCGAAAGG
CCTTTCGCTTTGTGGTGAGATTCGGTgcaTTTCGGCAGCAGAACAGCCTGGATATTC
TGCGAAATTCCATGACA

ATTGTCATGGAATTTCGCA

Supplemantary Table 1 List of oligos.



Reviewers' comments:
Reviewer #1 (Remarks to the Author):

In this work by the Costa, Cherepanov, and Rueda groups, the authors present a 3.9 A resolution
cryo-EM structure of the prototype foamy virus intasome engaged with a nucleosome core particle.
The structure, complemented with elegant single-molecule FRET experiments, immediately
suggests a detailed mechanism for the structural changes on the nucleosome that are required for
retroviral integration: nucleosomal DNA is shifted by approximately two base pairs past the histone
core, with a concomitant small DNA loop lifted off the H2A/H2B surface.

This paper follows up on previous structural characterizations of the PVF intasome-nucleosome
complex by Costa and Cherepanov. This earlier work had revealed an overall very similar
architecture of the nucleosome-bound integration machinery. While it might therefore be argued
that the structure presented in this current study is not fundamentally new per se, it is extremely
important to stress that the previous structure was determined at substantially lower resolution,
which prevented any detailed mechanistic understanding of retroviral integration into the
nucleosome. In stark contrast, this current structure allows the authors to put forward a
completely new loop-and-sliding mechanism for retroviral integration that is further corroborated
by single-molecule FRET analysis from the Rueda lab.

The paper is well written and extremely clear and the experimental design is elegant. Particularly
noteworthy is the clever use of a biotin moiety on the distal DNA arm to facilitate asymmetric
particle alignment, resulting in an isolated D02 NCP structure of sufficient quality (highly
challenging) to be compared to the intasome-NCP complex.

In sum, this well-executed and elegant study represents an important and timely advance that will
be of substantial interest to a broad readership in various areas of chromatin and structural
biology. I therefore enthusiastically recommend publication of this manuscript, essentially as is, at
Nature Communications and only have very minor comments:

1) The authors utilize a FRET-based approach to detect conformational changes upon addition of
intasome/Mg. The presence of two H2A copies per histone octamer gives rise to a heterogenous
labeling of the nucleosome with respect to Cy5. It would be good if the authors could include a
FRET distribution for the labeled nucleosomes that shows both proximal and distal labeling
configurations in the same histogram.

What was the labeling efficiency?

2) Addition of intasome/Mg gives rise to a second, lower-FRET peak, which is appropriately fit with
a second Gaussian in Fig. 5F. The fit is not particularly convincing and could potentially be
improved by increasing the sample size. I appreciate however that this may not be possible given
the close proximity of the centroid positions.

3) Along the same lines, it is not clear why the distributions in C-E were fit with a sum of two
Gaussians as in F.

4) The manuscript draws parallels between its loop-and-sliding mechanism and ATP-dependent
chromatin remodeling. In light of this, the authors should consider extending their discussion to
include recent single-molecule work (Sabantsev et al., Nature Communications 2019) that
describes buffering of a small number of base pairs within the nucleosome as a salient feature of
ATP-dependent chromatin remodeling, which may also be harnessed by other chromatin-
interacting machinery.

Reviewer #2 (Remarks to the Author):

The authors have previously reported the cryo-EM structure of the precatalytic prototype foamy
virus intasome in complex with a nucleosome core particle. The most notable feature of this
structure was the looping out of DNA on the nucleosome surface at the site of intasome binding.
This looping out is required to accommodate the sharp kink that target DNA adopts when engaged
with intasome. However, the resolution of the previous structure was insufficient to reveal much
detail beyond the lifting of DNA from the surface of the nucleosome at the site of intasome



binding. The new 3.9 A structure of the postcatalytic complex reveals a much more detailed
picture of the structure. As expected, the overall features are similar. The previous structure did
not reveal how lifting of DNA from the nucleosome surface was accommodated, but the new
structure, together with FRET data, shows that it is achieved by shifting the register of the flanking
DNA on the nucleosome surface. It also reveals interactions of the nucleosome with the N-terminal
histone H2A tail. This is high quality work that is well presented. However sliding of DNA on the
nucleosome surface to accommodate the loop out is not surprising; the alternative of partial
unwinding of flanking DNA would be energetically unfavorable. A more specialized journal may be
more approximate for publication of this work.

Minor comment:

Line 260: The suggested explanation for the requirement for magnesium to see a drop in FRET
efficiency is unclear; the loop out (and by inference change in DNA register) is present prior to
catalysis so why is the change in FRET only observed after catalysis?

Reviewer #3 (Remarks to the Author):

Retroviral integrase efficiently integrates the viral DNA into nucleosomes. A previous low resolution
structural study by this collaborative team revealed that integrase directly contacts with the
nucleosomal DNA by lifting DNA off the histone octamer surface at its integration site. To study
conformational change of the nucleosomal DNA during vDNA integration process, in this study, the
authors determined a cryo-EM structure of the prototype foamy virus intasome with a nucleosome
at 3.9 A resolution. The authors then found that the integrase induces two base-pair register
shifting of the nucleosomal DNA, accompanying with the DNA lifting from the H2A-H2B surface.
The DNA register shifting was also confirmed by the single-molecule Forster resonance energy
transfer measurements. This is a high quality cryo-EM study, and interpretation of data is
appropriate. Especially, it is an important progress that the authors clearly observed the cleavage
site in the nucleosomal DNA. Therefore, I have only minor comments for improvement.

Comments:

The authors performed the structural analysis with Relion1.3 or 2.1. Relion3 may improve
resolution better, although the conclusion of this work may not be affected. This is not essential
issue.

In Figure S1d, cryo-EM map is missing in Euler angle distribution plot. please add it.

Please indicate scale of 2D class average in Figure 3B, Figure S1b, Figure S3c, and Figure S5c.

Scale bars in Figure S3f and Figure S5d represented as 25 nm. I suppose it should be angstrom.
Please correct it.

What is the meaning of a caption “?” in Supplementary Fig2e, lane 5.

In the text, Line 246, I don't understand why the author cites Supplementary Figure 7. Please
explain it or change the citation, if it is typo.

In Supplementary Fig6, it is helpful, if the authors show rmsd plots for Ca atoms for comparison
between histone octamers, and discuss the relation between the octamer deformation and register
shifting of the nucleosomal DNA.

Hitoshi Kurumizaka



We would like to thank the reviewers for comments that helped us improve our
manuscript. Below we address the issues raised.

Reviewer 1:

We are thankful to this reviewer for very positive comments on our work. We are
happy that this reviewer believes that our study “represents an important and timely
advance”. Here is a point-by-point reply to the their comments:

1) The authors utilize a FRET-based approach to detect conformational changes
upon addition of intasome/Mg. The presence of two H2A copies per histone octamer
gives rise to a heterogenous labeling of the nucleosome with respect to Cy5. It would
be good if the authors could include a FRET distribution for the labeled nucleosomes
that shows both proximal and distal labeling configurations in the same histogram.

As noted by the reviewer, we observe a mixed population of nucleosomes with tails
labelled on either copy of H2A in the octamer. As a consequence, we detect
markedly distinct FRET efficiency signals, depending on whether H2A tails proximal
or distal from the labelled DNA are measured. As requested by the reviewer, in
Supplementary Figure 7 we have added a FRET distribution for the labelled
nucleosomes, showing both proximal and distal labelling configurations in the same
histogram.

What was the labeling efficiency?

K119C labelling efficiency was 68%, as established by spectrophotometric (A280 vs
A650) measurements, and correct labelling was confirmed by intact mass
spectrometry. We have now modified the main methods section to include this
information. Assuming a normal distribution, we expect the majority of nucleosomes
to contain a single label on H2A K119C. Because of the experimental design, non-
labelled nucleosomes do not produce a FRET signal. To ensure that nucleosomes
labelled on both K119C residues were excluded from our measurements, we only
quantified FRET traces where Cy3 was seen to bleach to background levels, during
the course of the experiment.

2) Addition of intasome/Mg gives rise to a second, lower-FRET peak, which is
appropriately fit with a second Gaussian in Fig. 5F. The fit is not particularly
convincing and could potentially be improved by increasing the sample size. |
appreciate however that this may not be possible given the close proximity of the
centroid positions.

3) Along the same lines, it is not clear why the distributions in C-E were fit with a sum
of two Gaussians as in F.

We have done one of the fits with a double and a single Gaussian distribution:
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The figure clearly shows that the single distribution fit cannot represent the small
shoulder at lower FRET values (smaller, randomly distributed residuals - blue curve).
Based on this evidence, we think the double distribution is warranted. The observed
shoulder derives from a small fraction of dynamic molecules that transiently visit
lower FRET states (see Sup. Fig. 7), thereby lowering the average FRET value. This
shoulder is different, however, from the large population observed at lower FRET
that arises in the presence of IN/Mg2+ (Figure 5F). With the latter conditions in fact,
we reproducibly detect a significant population of molecules featuring a ~0.15
decrease in FRET efficiency. We agree with the reviewer that additional data will not
improve the distribution, given the close proximity of the centroid positions. Based on
our experience with a very similar experimental design (Wilhoft and Ghoneim
Science, 2019), we are confident that the change in FRET observed with the addition
of IN/Mg2+ reports on an alteration in nucleosomal register. For clarity, we would
prefer not to change the fit in the figures.

4) The manuscript draws parallels between its loop-and-sliding mechanism and ATP-



dependent chromatin remodeling. In light of this, the authors should consider
extending their discussion to include recent single-molecule work (Sabantsev et al.,
Nature Communications 2019) that describes buffering of a small number of base
pairs within the nucleosome as a salient feature of ATP-dependent chromatin
remodeling, which may also be harnessed by other chromatin-interacting
machinery.

We thank the reviewer for this important remark. We now reference the Sabantsev
paper in the main text.

Reviewer 2:

We thank this reviewer for noting that our new 3.9 A resolution reconstruction of the
postcatalytic nucleosome-intasome “reveals a much more detailed picture” of the
complex. The reviewer acknowledges that the “new structure, together with FRET
data” reveals that nucleosomal DNA looping essential for integration “is achieved by
shifting the register of the flanking DNA on the nucleosome surface”. Finally, the
reviewer acknowledges our biochemical and structural analysis revealing
“interactions of the nucleosome with the N-terminal histone H2A tail”. We would like
to thank this reviewer for stating that “this is high quality work that is well presented”.

However sliding of DNA on the nucleosome surface to accommodate the loop out is
not surprising; the alternative of partial unwinding of flanking DNA would be
energetically unfavorable.

We now state in the introduction that underwinding of flanking DNA could be one
alternative to nucleosomal DNA repositioning. DNA binding proteins such as SSB
can melt DNA in the absence of any ATPase activity. It is therefore unclear to us why
this reviewer states that nucleosomal DNA repositioning should be energetically
more favourable than DNA underwinding. Notably, only one case has been reported
so far (which was published after our first original submission), where nucleosomal
DNA repositioning occurs upon binding of an interactor that lacks ATPase activity.
We understand this observation was deemed noteworthy, given that it featured in the
title of a recent article on UV-DDB bound to nucleosomes bearing damaged DNA
(Matsumoto et al Nature 2019). This study is now cited in our main text. We are
likewise excited about our discovery that IN induces nucleosomal DNA repositioning
to allow DNA access to the catalytic site for integration.

A more specialized journal may be more approximate for publication of this work.

It should be noted that Reviewer 1 states that our manuscript describes “completely
new loop-and-sliding mechanism for retroviral integration”. In Reviewer 3’s opinion,

observing a cleavage site in the nucleosomal DNA represents “important progress”.
Thus, we respectfully disagree with Reviewer 2 and strongly agree with Reviewers 1
and 3 about the importance of our work.

Minor comment:

Line 260: The suggested explanation for the requirement for magnesium to see a



drop in FRET efficiency is unclear; the loop out (and by inference change in DNA
register) is present prior to catalysis so why is the change in FRET only observed
after catalysis?

We have expanded on our discussion regarding magnesium requirement to observe
a drop in FRET efficiency. As pointed out by the reviewer, according to
crystallographic work, the degree of bending required for capturing target DNA
matches that required for strand transfer. Likewise, in the pre-assembled intasome-
NCP complex, the nucleosomal DNA path pre- and post-integration appears virtually
identical. In our single-molecule experiment, however, a change in FRET was only
observed in the presence of magnesium that promotes integration. This is expected
given that our FRET assay was performed by flowing intasome on a glass slide with
tethered nucleosomes, and not using a pre-assembled intasome-NCP complex.
Single-molecule work by Fishel and Yoder, performed under comparable
experimental conditions (though using non-chromatinised DNA), showed that
Intasome spends most of the time scanning DNA by one-dimensional diffusion,
before suitable DNA segments are recognised for strand transfer (Jones et al. Nat
comm, 2016). When magnesium is omitted in our experiment, we therefore expect
that intasome will spend most of the time scanning nucleosomal DNA. This search is
unlikely to result in any DNA deformation. As the looped & register-shifted state is
expected to accumulate upon integration, it is therefore not surprising that the
nucleosomal DNA sliding can be clearly detected in the presence of magnesium,
which is essential for catalysis.

As suggested by reviewer 1, an alternative explanation is that DNA perturbation and sliding
could be functionally distinct steps. This could be mediated by histone buffering of DNA
displacement, as observed previously33. In this model tension in the lifted DNA at the
integration site could be accommodated by protein-DNA contacts within the target capture
complex, without a concomitant shift in DNA, which only occurs upon full strand transfer

catalysed upon addition of magnesium.

Reviewer 3

We thank this reviewer for stating that our study is “high quality” and “appropriate”
data interpretation, and that observing the cleavage site in the nucleosomal DNA is
deemed “important progress”.

Comments:

The authors performed the structural analysis with Relion1.3 or 2.1. Relion3 may
improve resolution better, although the conclusion of this work may not be affected.
This is not essential issue.

We agree and attempted reprocessing one of our datasets (Widom 601 NCP) with
Relion3 and obtained no improvement, including using new implementations of CTF
refinement and Bayesian polishing. Given that all conclusions of our study are solidly
supported by the structures presented at the current resolution, and validated by



single-molecule FRET and mutagenesis studies, we believe that reprocessing our
data with more recent releases of the same software package is not necessary in
this instance.

In Figure S1d, cryo-EM map is missing in Euler angle distribution plot. please add it.

We have now added the Euler plot in Figure S1d.

Please indicate scale of 2D class average in Figure 3B, Figure S1b, Figure S3c, and
Figure S5c.

We have now added scale bar for 2D averages in the captions of Figures 3B, S1B,
S3C and S5C.

Scale bars in Figure S3f and Figure S5d represented as 25 nm. | suppose it should
be angstrom. Please correct it.

We would like to thank the referee for spotting this mistake. This has now been
corrected.

What is the meaning of a caption “?” in Supplementary Fig2e, lane 5.

This was a mistake, thanks for spotting it. Lane 5 in Supplementary Figure 2e should
be labelled M92+. Now corrected.

In the text, Line 246, | don’t understand why the author cites Supplementary Figure
7. Please explain it or change the citation, if it is typo.

Thanks for spotting this. Supplementary Figure 7 should not be cited here and has
been removed.

In Supplementary Fig6, it is helpful, if the authors show rmsd plots for Ca atoms for
comparison between histone octamers, and discuss the relation between the
octamer deformation and register shifting of the nucleosomal DNA.

This is a great suggestion. In Supplementary Figure 6, we have now added the
RMSD plots for Ca atoms comparing histone octamers in the strand transfer
complex and isolated D02 nucleosome. In the Discussion, we now examine the
relation between octamer deformation and nucleosomal DNA shifting.



