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ABSTRACT

Integration into host target DNA (tDNA), a hallmark
of retroviral replication, is mediated by the intasome,
a multimer of integrase (IN) assembled on viral DNA
(vDNA) ends. To ascertain aspects of tDNA recogni-
tion during integration, we have solved the 3.5 A res-
olution cryo-EM structure of the mouse mammary
tumor virus (MMTV) strand transfer complex (STC)
intasome. The tDNA adopts an A-like conformation
in the region encompassing the sites of vDNA join-
ing, which exposes the sugar-phosphate backbone
for IN-mediated strand transfer. Examination of exist-
ing retroviral STC structures revealed conservation
of A-form tDNA in the analogous regions of these
complexes. Furthermore, analyses of sequence pref-
erences in genomic integration sites selectively tar-
geted by six different retroviruses highlighted con-
sistent propensity for A-philic sequences at the sites
of vDNA joining. Our structure additionally revealed
several novel MMTV IN-DNA interactions, as well
as contacts seen in prior STC structures, including
conserved Pro125 and Tyr149 residues interacting
with tDNA. In infected cells, Pro125 substitutions im-
pacted the global pattern of MMTV integration with-
out significantly altering local base sequence pref-
erences at VDNA insertion sites. Collectively, these
data advance our understanding of retroviral inta-
some structure and function, as well as factors that

influence patterns of vDNA integration in genomic
DNA.

INTRODUCTION

Retroviral particles harbor two copies of single-stranded
plus-sense genomic RNA, which are converted by reverse
transcription into a linear, double-stranded DNA molecule.
A defining step in the retroviral replication cycle is the inte-
gration of viral DNA (vDNA) into a host cell chromosome.
Integration is mediated by the viral integrase (IN) protein,
which catalyzes sequential 3'-processing and strand transfer
reactions. During 3’-processing, IN site-specifically cleaves
the vDNA ends adjacent to invariant CpA dinucleotides,
yielding recessed CpAon-3’ termini. During strand trans-
fer, IN uses the VDNA CpAopy-3’ termini to cut opposing
target DNA (tDNA) strands in a staggered fashion (sepa-
rated by 4-6 bp, depending on the retroviral species), which
covalently links the vDNA 3’ termini to the host genome.
Cellular machinery is thought to repair the hemi-integrant
(1), resulting in a 4-6 bp target site duplication (TSD) flank-
ing the integrated provirus. Readers are referred to recent
comprehensive reviews of retroviral integration (2,3).
Retroviral INs are composed of three canonical struc-
tural domains: an «-helical N-terminal domain (NTD),
the catalytic core domain (CCD, which adopts an RNase
H-like fold and harbors the enzyme active site), and the
C-terminal domain (CTD, featuring an SH3-like B-barrel
fold) (2,3). The IN active site, which is composed of in-
variant Asp and Glu residues comprising the DDE mo-
tif, is conserved among a wider group of DNA strand-
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transferases including long terminal repeat (LTR) retro-
transposons and some DNA transposases (4). 3’-Processing
and strand transfer are one-step transesterification reac-
tions catalyzed by a single IN active site. The active site
carboxylates coordinate two divalent metal ions (Mg>* un-
der physiologic conditions), which activate attacking nu-
cleophiles (a water molecule during 3’-processing and a 3’
vDNA hydroxyl group during strand transfer) and destabi-
lize scissile phosphodiester bonds (2,3).

The integration of two VDNA ends requires formation
of a multimeric IN complex. In cells, integration is cat-
alyzed by the pre-integration complex (PIC), which is a
large nucleoprotein assembly that includes the vDNA and
a number of viral and cellular proteins (5,6). PICs, how-
ever, are present in very low abundance in cell extracts and
therefore are not readily amenable to structural studies. IN
proteins produced from recombinant sources can assemble
with oligonucleotide mimics of vDNA to form stable and
catalytically competent complexes, and pioneering studies
with prototype foamy virus (PFV) IN defined the nucleo-
protein complexes that support IN 3’-processing and strand
transfer activities in vitro. Initially, IN binds to and bridges
a pair of VDNA ends to form the stable synaptic complex
(SSC). Processing of the vDNA ends by IN subsequently
yields the cleaved synaptic complex (CSC) (7). When sup-
plied with oligonucleotides that serve as the tDNA, CSCs
can form a target capture complex (TCC) (8). Finally, the
integration of vVDNA ends into bound tDNA converts the
TCC into the strand transfer complex (STC) (8). This se-
ries of stable nucleoprotein complexes is collectively referred
to as intasomes. Harboring covalently joined vDNA and
tDNA, the STC intasome can inform the structural bases
of IN strand transfer activity and nucleotide sequence se-
lectivity at sites of VDNA insertion.

Retroviruses employ varying numbers of IN molecules
to construct their intasomes. Simiispumaviruses, typified by
PFV (7-9), as well as d-retroviruses that include human
lymphotropic virus 1 (HTLV-1) (10,11), employ four IN
molecules, while a-retroviruses (12,13) and B-retroviruses,
the latter of which include mouse mammary tumor virus
(MMTYV) (14), use eight. The lentiviruses, such as human
immunodeficiency virus 1 (HIV-1) and maedi-visna virus
(MVYV), use 12 or 16 IN molecules (15-18) to form the
largest intasomes characterized to date. Prior to this work,
intasome STC structures were reported for PFV (8), Rous
sarcoma virus (RSV) (12), HIV-1 (17), HTLV-1 (10) and
MVYV (19). While the PFV and RSV structures were deter-
mined by X-ray diffraction, the HIV-1, HTLV-1 and MVV
structures were determined by single particle cryogenic elec-
tron microscopy (cryo-EM). Despite differences in IN mul-
timerization, all intasomes harbor a conserved intasome
core that is constructed from the two catalytic IN subunits
as well as a pair of synaptic IN CTDs that help to bridge
the catalytic subunits together [reviewed in (20)].

Retroviral integration in host cell genomes is non-
random, with preferences observed at the genomic (e.g.
transcription units, promoter regions, etc.) as well as lo-
cal tDNA sequence levels. Host proteins that interact with
IN and viral capsid can target PICs to preferred genomic
loci, which is best understood for the lentiviruses and the -y-
retrovirus Moloney murine leukemia virus (MLV) [see (21)
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for a recent review]. Interactions between IN and tDNA
can moreover influence nucleotide preferences at the sites
of vDNA joining (22-28).

Widening of the tDNA major groove accommodates scis-
sile phosphodiester bonds at the PFV IN active sites for
strand transfer (8). Substitution of PFV IN CTD residue
Arg329, which makes base-specific contacts within the
widened major groove, altered local base preferences in in
vitro integration products (8). Alteration of residue Alal88
within the PFV IN CCD also impacted the base compo-
sition of integration sites (8). Alal88 is chemically con-
served as a small amino acid residue (Pro, Thr or Ser) across
retroviral INs (26). Substitutions of analogous HIV-1 IN
Ser119 (25,27), RSV IN Ser124 (29) and MLV IN Pro187
(30) residues could likewise alter local base compositions
of integration sites (25,27,30) or yield distinct patterns of
target site preferences (29). In some cases, IN Ser119 sub-
stitutions reduced the preference of HIV-1 to integrate into
gene-dense regions of chromosomes, subtly influencing in-
tegration site targeting at the genomic level (25).

We have used MMTYV as a model system to investigate
retroviral intasome structure and function (14). MMTYV has
historically provided important insights into mechanisms of
virally induced malignant transformation in mouse breast
tissues (31) and has received recent attention due to its high
degree of similarity to a betaretrovirus implicated in hu-
man autoimmune disease and cancer (32,33). Previously,
we determined the structure of the MMTV CSC at ~5-
6 A resolution (14), which revealed that flanking IN pro-
tomers can contribute to intasome assembly, but was in-
sufficient to accurately describe structural interfaces, such
as IN-vDNA contacts. Moreover, because the CSC did not
include the tDNA component, the structure did not ex-
plain how MMTYV intasomes engage their targets. Thus,
our current study had several goals. First, we aimed to im-
prove the resolution of the MMTYV intasome in order to
comprehensively characterize important IN-IN and IN-
vDNA interactions that were missed in the initial lower-
resolution structure. Second, we wanted to investigate how
the intasome engages tDNA to better define the rules un-
derlying tDNA binding and IN strand transfer function-
ality. We have accordingly determined the structure of the
MMTYV STC resolved to 3.5 A resolution, with more acute
3 A resolution in the intasome core region. The structure
revealed a pronounced bend in tDNA, which transitions
from B-form DNA in peripheral regions to the A-form in
and around the sites of VDNA joining. Comparative anal-
ysis with existing STC structures revealed that both tDNA
bending and A-like character appear to be general features
of retroviral IN-engaged tDNA. To extend these findings
to intasome function in cells, we examined sequence pref-
erences at integration sites from six different retroviruses,
which highlighted the consistent propensity to select for se-
quences with enhanced A-form characteristics at the sites
of vDNA joining. Enzymatic assays and viral infectivity ex-
periments using IN mutants showed that alterations of IN
CCD residue Prol25 did not significantly alter local base
preferences at sites of MMTYV DNA joining and that flank-
ing IN dimers play a critical role in the concerted integration
of two vVDNA ends. The collective data enhances our under-
standing of MMTYV IN structure/function and highlights
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the general requirement for A-form tDNA during retroviral
integration.

MATERIALS AND METHODS
Plasmid DNAs

MMTYV IN with an N-terminal hexahistidine (Hisg) tag
was previously expressed in Escherichia coli strain PC2
from plasmid pCPH6P-MMTV-IN, which yielded approxi-
mately 1 mg of purified protein per | of induced cell culture
(14,34). In an attempt to improve protein yield, MMTV IN
was expressed from a pET-SUMO (Invitrogen) or pMAL-
c5x (New England Biolabs) plasmid backbone as a Hisg-
SUMO or maltose-binding protein (MBP) N-terminal tag
fusion protein, respectively. Because the MBP tag improved
MMTYV IN yield by approximately 2-to-3-fold, all proteins
in the present study were expressed as fusions to MBP. The
cleavage site for factor Xa protease encoded in pMAL-c5x
vectors was changed by PCR-directed mutagenesis to the
site recognized by human rhinovirus (HRV) 3C protease,
yielding plasmid pMAL-c5x-HRV3C-MMTYV IN. IN mu-
tant expression plasmids were created by mutating pMAL-
c¢5x-HRV3C-MMTYV IN using PCR-directed mutagenesis.
Cleavage with HRV3C protease predictably yielded IN N-
terminal GPALES sequences, with the heterologous GP
dipeptide derived from the protease recognition site.

MMTYV for infection assays was produced from cells
by transfection with a 4-plasmid system essentially as
previously described (35). The enhanced green fluores-
cent protein sequence encoded within MMTYV transfer
vector pPRRpCeGFPWPRE25 (35) was swapped for the
firefly luciferase gene, yielding pPRRpCLucWPRE2S5. The
MMTYV packaging plasmid pCMgpRRE17, which encodes
the virion structural proteins and replication enzymes in-
cluding IN, was as described (35). Viral mutant IN expres-
sion constructs were created by mutating pCMgpRRE17
using PCR-directed mutagenesis. The coding sequences of
all plasmids that were synthesized by PCR were examined
by dideoxy sequencing to verify the presence of site-directed
mutations and the absence of unwanted secondary changes.
Expression plasmids for HIV-1 Rev (pRSV-Rev) and vesic-
ular stomatitis virus glycoprotein G (VSV-G; pCG-VSV-G)
were previously described (36,37).

MMTYV IN expression and purification

A colony of PC2 bacteria transformed with pMAL-c5x-
HRV3C-MMTYV IN DNA was inoculated into 100 ml NB
media (10 g tryptone, 5 g yeast extract, 5 g NaCl, 2 g glucose,
0.1 g ampicillin/1), and the culture was grown overnight at
250 rpm at 37°C. Cells were diluted at 1:60 the following
day into 6 1 of fresh NB media, and 8 flasks containing 750
ml each were grown at 30°C, 250 rpm until reaching an op-
tical density at 600 nm of 0.6, at which time isopropyl 3-D-
1-thiogalactopyranoside and ZnCl, were added to the final
concentrations of 0.4 mM and 50 WM, respectively. Follow-
ing an additional 4 h of growth at 30°C and 250 rpm, the
bacteria were harvested by centrifugation, and the pellets
were stored at -80°C.

Thawed bacterial pellets resuspended in 25 ml MMTV
IN extraction buffer (EB; 20 mM HEPES, pH 7.6, 1 M

NaCl, 5 mM 3-((3-cholamidopropyl) dimethylammonio)-1-
propanesulfonate (CHAPS), complete EDTA-free protease
inhibitor (Millipore Sigma)) were sonicated on ice for 6 min
at 20 mA using repetitive cycles of 5s on and 10 s off. Amy-
lose affinity chromatography was performed by gravity flow
using Econo-Pac chromatography columns (Bio-Rad). The
bacterial lysate, clarified by centrifugation at 15 000 g for
1 h at 4°C, was added to 6 ml of amylose resin (New Eng-
land Biolabs) that had been pre-equilibrated with 30 ml of
EB. After washing the columns with 60 ml EB, beads resus-
pended in 10 ml EB were incubated with 880 wg HRV3C
protease for 2 days at 4°C with mild 20 rpm agitation. EB
(60 ml) was used to elute proteins from post-cleavage beads.
Protein eluates concentrated ~6-fold by ultrafiltration us-
ing 10 kDa molecular weight cutoff units were diluted 1:5
in heparin column buffer (HCB; 20 mM HEPES pH, 7.6,
5 mM CHAPS, 2 mM dithiothreitol (DTT)). The diluted
sample was loaded onto a 5 ml HiTrap Heparin column
(Cytiva) that was pre-equilibrated with HCB containing 0.1
M NaCl. After washing the column with 25 ml of HCB-
0.1 M NaCl, proteins were eluted using a linear gradient of
0.1 M to 1.5 M NaCl in HCB. Column fractions contain-
ing MMTYV IN were pooled and concentrated by ultrafiltra-
tion to ~300 wl, which was then applied to a Superdex 200
10/300 GL gel filtration column (Cytiva) equilibrated with
20 mM HEPES, pH 7.6, 1 M NaCl, 5 mM CHAPS, 2 mM
DTT, 0.5 mM EDTA. Following gel filtration chromatogra-
phy, IN-containing fractions were pooled, concentrated by
ultrafiltration to ~10 mg/ml, dialyzed against buffer con-
taining 20 mM HEPES, pH 7.6, 1 M NaCl, 5 mM CHAPS,
2 mM DTT, 0.5 mM EDTA, 10% glycerol, flash frozen in
liquid N, and stored at —80°C. Purification and final con-
centration profiles of mutant INs did not noticeably differ
from wild type (WT) MMTYV IN, indicating the analyzed
amino acid substitutions did not grossly affect IN tertiary
structure.

MMTY intasome assembly

The branched DNA (bDNA) substrate was formed
by annealing the following three DNA strands: 5'-
AATGCCGCAGTCGGCCGACCTG (AE4909),
5-CAGGTCGGCCGACTGCGGCACTCGAG
CTACTTCCCTGTTTAG (AE7005) and 5-
CTAAACAGGGAAGTAG (AE7006). Intasomes were
assembled by mixing 180 pM MMTV IN with 52.9 pM
bDNA (3.4:1 of IN:bDNA ratio) in 20 mM HEPES, pH
7.6, 600 mM NaCl, 2 mM DTT (240 w1 final volume). After
dialysis for 16 h at 4°C against 25 mM Tris—HCI, pH 7.4, 80
mM NaCl, 2 mM DTT, 25 uM ZnCl,, 10 mM CaCl,, the
solution contained white precipitate that dissolved quickly
upon NaCl addition to 250 mM final concentration. The
sample was then incubated for 1 h on ice. The supernatant
following centrifugation for 10 min at 20 000 g at 4°C was
injected onto a Superdex 200 10/300 column equilibrated
with 25 mM Tris-HCI, pH 7.4, 200 mM NaCl, 2 mM
DTT, 25 uM ZnCl,, 10 mM CaCl,. Intasome-containing
peak fractions (Supplementary Figure S1) were pooled
and concentrated using 10 kDa molecular weight cutoff
concentrators. The sample was then flash-frozen and saved
for cryo-EM grid preparation.



Cryo-EM vitrification and data acquisition

Purified MMTYV STC sample (0.5 mg/ml) was applied to
R1.2/1.3 gold UltrAufoil grids, Au 400 mesh (Quantifoil),
and cryo-EM grids were prepared by freezing using a man-
ual plunger at 4°C. The grids were clipped and subsequently
stored in liquid nitrogen for future data acquisition. Data
were collected at the Scripps Research Institute Cryo-EM
facility, La Jolla using a FEI Titan Krios (300 kV) micro-
scope equipped with a Gatan K2 summit direct detector.
The complex was imaged at 22 500 magn1ﬁcat1on and the
pixel size was 1.31 A. Movies were collected in counting
mode with an electron dose rate of 3.3 electron per pixel
per second. The defocus range was —1.3 to —3.0 um. A to-
tal of 1578 movies of 100 frames/movie were collected. The
data collection parameters are presented in Supplementary
Table S1.

Cryo-EM data processing

CryoSPARC ver2.4 was used for all data processing steps
(Supplementary Figure S2) (38). Movies were imported
and corrected for patch motion and patch contrast trans-
fer function (CTF). Output exposures were curated manu-
ally and two data subsets were selected that consisted of 480
and 812 micrographs representing 2.74-4.0 A and 4.01-10
A estimated CTF fit resolution ranges, respectlvely Initial
particle picking was performed with blob picker using 80—
170 A particle diameter range, and particles were extracted
with 256 pixel box size and 2D classified. Six good classes
were selected and served as templates for subsequent tem-
plate picker jobs. Template picker outputted 631 649 and 1
048 508 particles for the first and second subset, respectively.
Again, extracted particles were used in respective 2D clas-
sification jobs and, upon curation of suboptimal particles,
two stacks consisting of 105 899 and 75 339 particles were
obtained. Combined particles were then subjected to a sin-
gle 2D classification (181 238 particles) to 100 classes, using
40 online-EM iterations, 5 final full iterations, 500 batch-
size per class, and Force Max over poses/shifts as ‘OFF’. At
this point, two separate processing strategies were followed.
The first strategy focused on obtaining a high-resolution
map for a single intasome complex. Only classes that had
clear features were selected, resulting in 50 196 particles
for subsequent steps. Ab-initio reconstruction imposing C2
symmetry followed by homogenous refinement resulted in
a 3.8 A global resolution map [Fourier shell correlation
(FSC) = 0.143)]. Global CTF refinement was subsequently
performed, followed by homogenous refinement and non-
uniform refinement, yielding the final map of 3.5 A global
resolution (FSC = 0.143). In the second round of process-
ing, we focused on obtaining a high-resolution map for the
MMTYV STC multimers that were uncovered during the
course of investigation. Additional classes were picked af-
ter the 2D classification of 181 238 particles, which yielded
86 379 particles for further processing. Subsequent steps of
data processing followed the same refinement and recon-
struction protocols as above, yet using Cl symmetry. Fi-
nally, a refined map was obtained at 3.8 A global resolution
(FSC = 0.143). Both maps were analyzed/validated using
the 3DFSC server (39). DeepEMhancer (40) 0.13 was run
within the COSMIC cryo-EM platform (41).
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Model building and refinement

Initial model building was accomplished by rigid-body fit-
ting of the MMTYV CSC structure (Protein Data Bank
identification code (PDB ID) 3JCA) into the EM map in
Chimera 1.14 by ‘Fit in Map’ tool (42). Unmodeled pro-
tein and DNA residues were interactively built in Coot
0.9.4.1 (43) and the structure underwent a few iterative cy-
cles of manual model re-building and real-space refinement
in Phenix (44,45). Ramachandran and secondary structure
restraints were applied. This model encompassed the nu-
cleic acids and the core region of the MMTV STC inta-
some. To model the full octameric intasome, we first rigid-
body docked the flanking IN dimers (PDB ID: 5CZ2) into
the map. The flanking IN dimers were then refined into
the density independently of the core region. The den-
sity connecting the flanking dimers and the core was evi-
dent, but broken, and therefore a model was not derived
for the linker regions, but a connector was placed between
the flanking subunits and the CTD domains within the
core region. The final model accounts for the complete oc-
tameric MMTYV STC intasome with connections for the
linker regions, deposited as PDB ID 7USF. We also mod-
eled the di-intasome stacked from two STCs, resolved to
3.8 A global resolution. For this model, MMTYV STC inta-
somes from above were rigid body docked into the EM map
in Chimera, and any components that were not represented
by density were removed. It was also necessary to rigid-body
dock the NTD:CCD dimer into the flanking regions of the
map. The whole assembly was then subjected to a refine-
ment in Phenix, similarly as described above. This model
accounts for the double MMTYV STC higher-order assem-
bly, deposited as PDB ID 7UT1. The quality of all modeling
results was validated using Molprobity metrics (46), avail-
able in Phenix or as a standalone web server. All images
were generated using UCSF Chimera (42). The alignment
in Supplementary Figure S10 was made using ESPript 3.0
(47).

Analysis of IN-DNA interactions and DNA bending

Structural analyses for the IN-DNA interactions were per-
formed using the DNAProDB web server (48,49), available
at https://dnaprodb.usc.edu/. Interactions were based on de-
fault parameters suggested in the publication (48,49), and
on the DNAProDB server, which includes cutoff distances
of 3.9 A for Van der Waals as well as for donor—acceptor
H-bonds (wherein donor indicates the heavier atom). Fig-
ures were generated based on the output of the program.
Analyses of DNA bending were performed using the 3DNA
web server (50), available at http://web.x3dna.org/. The
widths of the major groove, the rise and roll of bp steps, the
form of the DNA, among other parameters were outputted
from the program and mapped onto the structure.

In addition to the PFV STC structure with naked tDNA,
we analyzed the PFV STC-nucleosome complex (PDB ID:
6RNY) (51). While pronounced A-ness was observed at one
site of VDNA /tDNA joining, this observation did not hold
for the second site. However, the cryo-EM map used to de-
rive the STC-nucleosome model was insufficiently resolved
at the nucleosomal tDNA to properly position and distin-
guish DNA nucleotide parameters. At low resolution, mod-
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elling and refinement restraints play a significant role to dic-
tate DNA conformation. Thus, resolution limitations hin-
dered our ability to make satisfactory conclusions about
tDNA conformation in the nucleosome-engaged STC struc-
ture.

IN enzyme assays

IN 3'-processing and DNA strand transfer activities
were determined essentially as previously described us-
ing oligonucleotide mimics of the viral U5 end (34).
For 3'-processing assays, the 5 end of the viral plus-
strand (AE7918; 5-GTGACCCTCAGGTCGGCCGACT
GCGGCA/TT; slash denotes position of IN-mediated hy-
drolysis) was labeled using y*P-ATP and T4 polynu-
cleotide kinase for 45 min under conditions recommended
by the manufacturer (New England Biolabs). EDTA was
added to the final concentration of 14.3 mM, after which the
mixture was incubated at 85°C for 15 min to heat-inactivate
the kinase. The complementary minus strand (AE7919; 5'-
AATGCCGCAGTCGGCCGACCTGAGGGTCAC) was
annealed to the plus-strand in the presence of 0.1 M NaCl
by heating at 85°C for 2 min, followed by stepwise cooling to
20°C at the rate of 1°C/min over 65 min. The labeled DNA
was separated from free nucleotide using a P6 spin column
(Bio-Rad) equilibrated in 20 mM NaCl, 10 mM Tris—HCI,
pH 8.0,0.1 mM EDTA.

IN 3’-processing reactions (16 pl) contained 25 mM
MOPS, pH 7.2, 10 mM DTT, 5 .M ZnSO4, 10 mM MgCl,,
15 nM labeled vDNA, and 0.8 wM IN. Following incuba-
tion at 37°C for 1 h, reactions were terminated by adding
an equal volume of sequencing gel sample buffer (95% for-
mamide, 0.03% xylene cyanol FF, 0.03% bromophenol, 10
mM EDTA, pH 8.0) and heating at 100°C for 2 min. Re-
action aliquots were fractionated through 15% polyacry-
lamide DNA sequencing gels. Wet gels exposed to phos-
phor screens were imaged using a Typhoon Variable Mode
Imager (Cytiva). 3’ Processing activity was quantified using
ImageQuant TL v8.2.0.0 software as the percent of 30-mer
substrate DNA converted into 28 nt reaction product.

IN strand transfer activities were assessed using pGEM-
3 plasmid as tDNA essentially as previously described (14).
Reaction aliquots were fractionated through agarose gels,
and gels stained with ethidium bromide were imaged us-
ing a ChemiDoc MP imager (Bio-Rad). IN mutant integra-
tion activities were quantified using Fiji software as percent
product formation versus the WT enzyme.

Virus production and infection

HEK293T cells, which were used to produce MMTYV by
plasmid DNA transfection and also as target cells for
infection assays, were propagated at 37°C in Dulbecco’s
modified Eagle’s media supplemented to contain 10% fetal
bovine serum, 100 IU/ml penicillin, and 100 wg/ml strep-
tomycin (DMEM) in humidified incubators in the pres-
ence of 5% CO,. Viruses were produced by co-transfecting
cells seeded in 15 cm tissue culture dishes with pRRp-
CLucWPRE25, pCMVgpRREI17, pRSV-Rev, and pCG-
VSV-G plasmid DNAs mixed at the ratio of 6:5:3.6:1.1, re-
spectively (30 g total plasmid DNA), using PolyJet DNA

transfection reagent (SignaGen Laboratories). After 48 h,
virus-containing supernatant clarified at 600 x g for 5 min
was filtered by gravity through 0.45 pm syringe filters.
Aliquots, which were stored at —80°C for 6-12 months,
were thawed once for infection assays. MMTV concen-
tration in mU/ml was determined using a TagMan-based
product-enhanced exogenous reverse transcriptase (RT) as-
say as described (16).

Cells (10°) were infected in duplicate with 5 mU of WT
and IN mutant MMTYV RT activity in 24-well-plates for 6-8
h, after which the virus-containing media was replaced with
fresh DMEM. Cells were processed for luciferase assays at
48 h post-infection as described (52). Luciferase activity was
normalized to the amount of protein in the cell extracts as
described (52).

Levels of MMTYV capsid and IN proteins in virus
lysates were determined by immunoblotting essentially as
previously described (52). Primary antibodies were pro-
cured from Rockland Immunochemicals (CA, catalog num-
ber 100-401-P12) or Thermo Fisher (IN, catalog number
HAB2110A, which was affinity-purified sera produced from
rabbits inoculated with purified MMTYV IN). Horseradish
peroxidase (HRP)-conjugated secondary anti-rabbit 1gG
was from Dako. To enhance IN detection, IN was immuno-
precipitated from MMTYV lysates using HAB2110 versus
control IgG (Thermo Fisher catalog number 02-6102) an-
tibodies prior to SDS-PAGE, and these membranes were
probed with biotinylated HAB2110 antibodies that had
been labelled using the One-Step Antibody Biotinylation
Kit (catalog number 130-093-385) as recommended by the
manufacturer (Miltenyi Biotec). Washed membranes were
then incubated with streptavidin-HRP (Thermo Fisher) di-
luted 1:60 000 in a 5% solution of bovine serum albumin.
Immunoblot signals developed using SuperSignal West Pico
PLUS Chemiluminescent Substrate as recommended by
the manufacturer (Thermo Fisher) were recorded on the
ChemiDoc MP imager. Capsid and IN levels in IN mu-
tant virions were normalized to respective signals detected
in WT virions.

MMTY integration site analyses

Genomic DNA from MMT V-infected cells was harvested
5 days after the start of infection. Manipulations of DNA
for LM-PCR library generation for Illumina sequencing,
and downstream bioinformatics analyses of resulting Illu-
mina reads and the mapping of filtered reads to human
genomic DNA annotations, followed methodologies previ-
ously established for other retroviruses (52—-54). In brief, ge-
nomic DNA (10 pg) from duplicate sets of infections was
digested with Msel and PstI-HF restriction endonucleases
(New England Biolabs) overnight. Fragmented DNA was
subsequently ligated to asymmetric DNA linkers contain-
ing compatible 5’-TA overhangs (see Supplementary Ta-
ble S2 for linker and PCR primer sequences used for LM-
PCR library generation). MMTV US5-host DNA junction
sequences were preferentially amplified via two rounds of
PCR. Primers for the first round included a U5 DNA-
specific LTR primer and either of two different linker-
specific megaprimers that harbored sequences compatible
with Illumina cluster formation and sequencing (Supple-



mentary Table S2). Second round PCR primers included
the same linker-specific megaprimer and a nested LTR
megaprimer that in addition to Illumina cluster and se-
quencing sequences contained a unique 6 nucleotide bar-
code (Supplementary Table S2). LM-PCR products were
subjected to 150 bp paired end Illumina HiSeq sequencing
at Genewiz.

Following the processing of raw Illumina sequence reads,
filtered integration sites from duplicate infections were com-
bined and mapped to human genome build hg38 as previ-
ously described (52-54). Fisher’s exact test was used to as-
sess the statistical relevance of WT and IN mutant viral inte-
gration frequencies into genes, speckle-associated domains
(SPADs), nearby transcriptional start sites, and lamina-
associated domains (LADs). Wilcoxon rank sum test was
used to assess statistical relevance of gene dense region tar-
geting (results of statistical analyses are tabulated in Supple-
mentary Table S3). Sequences proximal to sites of WT and
IN mutant vDNA integration were visualized using WebL-
0go (55) and percent YR/RY usage (8,26,27) as described

).

Free energy profiles associated with B-to-A transition in ge-
nomic DNA around retroviral integration sites

Sequence-dependent free energies for the B-to-A transition
tabulated for all trinucleotide combinations in Tolstorukov
et al. (56) were used to generate plots for the free energy
associated with the B-to-A transition in genomic DNA.
In brief, in cellulo or in vitro integration sites for MMTV
(18 492 unique cellular sites, this work), PFV (4 407 926
unique in vitro sites (57); 226 146 unique cellular sites (58)),
MVV (411 720 unique cellular sites (19); 327 851 unique in
vitro sites (15)), HIV-1 (43 232 unique cellular sites (52,59)),
HTLV-1 (235 139 unique cellular sites (60)) and MLV (264
353 unique cellular sites, (52)) were extracted from hu-
man genome assemblies using fastafrombed program from
BEDtools suite (61). A AGg_, o value was then assigned for
each trinucleotide in the aligned genomic DNA sequences.
A running tab was kept for the sum and average AGg_. A
value at each corresponding position, and average values
were plotted across aligned bp steps.

The above-referenced integration site datasets were de-
rived from experiments that sequenced only one of the
two integrated provirus-host junctions. The site of ge-
nomic DNA insertion of the other vDNA end was in-
ferred from the known TSD of the corresponding retrovi-
ral species. Although several hundred virus-host junctions
derived from one end of RSV /avian sarcoma-leukosis virus
(ASLV) proviruses were also available (62-64), we excluded
these from our analyses because RSV/ASLV integration
yields a mixture of 5 and 6 bp TSDs (65,66). Mixed TSDs
preclude clear A-philicity analysis of integration sites de-
rived from only one end of proviral DNA.

RESULTS
MMTYV STC assembly and cryo-EM analysis

PFV STCs assembled with branched DNA (bDNA) mim-
icking the concerted integration product are indistinguish-
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able from those resulting from IN-mediated strand trans-
fer (8,67). To recapitulate the TSD observed in MMTV
infected cells (68), we assembled MMTV STCs using a
bDNA that harbored two VDNA ends covalently joined
to opposing tDNA 5’-phosphates separated by 6 bp (Fig-
ure 1A, Supplementary Figure S1A). The tDNA por-
tion of the bDNA was palindromic, with invariant CA-
3’ vDNA ends linked to 5-CTCGAG sequences (Supple-
mentary Figure S1A, B). We interchangeably refer to this
region as sites of VDNA joining or tDNA cleavage. The
5’ tDNA cytosines at the positions of VDNA joining are
by convention assigned base zero. As previously done for
the MMTV CSC, Ca®*, which can enhance specific IN-
vDNA interactions without supporting IN catalytic func-
tion (69), was included to enhance STC assembly. Assem-
bly reactions were subjected to size exclusion chromatog-
raphy, which revealed peaks corresponding to free IN and
bDNA, as well as a higher-order species with A,/ A2g0 ra-
tio indicative of a nucleoprotein complex (Supplementary
Figure S1C).

We vitrified pooled column fractions containing STC in-
tasomes on UltraAuFoil gold grids (70) and collected 1578
cryo-EM movies using the Titan Krios microscope and the
K2 direct electron detector (Supplementary Table S1). We
then subjected the resulting dataset to an iterative 2D and
3D classification analysis, which yielded a final stack of 50
196 particles and a map resolved globally to 3.5 A (Supple-
mentary Figures S2 and S3). The central portion contain-
ing the two catalytically-competent MMTV IN subunits
was resolved to ~3 A. Overall, the cryo-EM map demon-
strated clear density for most IN side chains in the intasome
core region, including those that interact with vDNA and
tDNA, which facilitated derivation of an atomic model. The
comparatively flexible flanking regions of the STC were re-
solved to lower resolution, but the respective IN NTD-CCD
dimers could nonetheless be refined based on a 2.7 A X-ray
structure [PDB ID: 5CZ2 (14)]. The final model was consis-
tent with the cryo-EM map and was characterized by good
geometry statistics (Supplementary Table S1 and Supple-
mental Figure S3).

Architecture of the octameric MMTYV STC intasome

As observed for the MMTYV CSC intasome (14), the STC
complex comprises eight IN molecules (Figure 1B-C). The
overall architecture can be subdivided into a central core
region and two flanking regions, one on each side of the
core. Each flanking region comprises an IN NTD-CCD
dimer that donates a pair of CTDs to the central core. Con-
sequently, the flanking regions are loosely tethered to the
core via ~8-residue flexible CCD-CTD linkers. As also seen
for the CSC (14), the flanking regions of the STC are con-
formationally flexible with only minor, if any, stabilization
imparted by the tDNA. The central region includes four
CTDs emanating from the flanking dimers (two from each
side) and four IN protomers in which all domains are con-
strained to the core region. The latter can be subdivided
into two inner INs that perform the catalytic cleavage re-
actions, which in the STC contact both vDNA and tDNA,
and two outer INs that are not involved in catalysis. Col-



8904 Nucleic Acids Research, 2022, Vol. 50, No. 15

A

VvDNA

vDNA
\ 5

20 bp 2-nt overhang
1 43 58 MMTV.IN 209 218 265 :i19 + tDNA 20 bg 2-nt overhang ONA
1' NTD H ccp H cTD ]'; 16 bp 16 bp # 5 o

“ : 16bp  6bp 6bp 2
tDNA
2-nt overhang 20 bp 2-ntloverhang 20 bp
VDNA 5

B C 170 A

flanking

flanki
g region

region

flanking
region

flanking
region

—

NTD-CCD

CTD

NTD-CCD CTD NTD-CCD

Inner IN (catalytic)

Inner IN (catalytic)

Outer IN (non-catalytic)

e

flanking

flanking )
region

region

tDNA

Outer IN (non-catalytic)

=

CTD

|
NTD-CCD CTD

NTD-CCD

CTD

NTD-CCD

CTD NTD-CCD
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lectively, the architecture captures densities for all IN do-
mains for each protomer within the STC. Experimental
density was not observed for amino acids beyond Glu269
for any of the IN protomers, indicating that C-terminal
residues spanning from Glu270 to Pro319 are disordered. A
comparison of the previously determined CSC and current
STC structures corroborated the nearly identical overall ar-
rangement of respective IN domains and vDNA molecules,
with a root mean square deviation of 0.75 A for Ca atoms
of the 1104 aligned protein residues (Supplementary Fig-
ure S4). The presence of tDNA within the STC com-
plex accounts for the major difference between the two
structures.

During image analysis, we noted additional particles that
could not be attributed to octameric STCs. Further inves-
tigation through iterative sub-classification revealed multi-
ple interacting STCs, the structure of which was indepen-
dently refined to ~4 A resolution (Supplementary Figure
S5). Rigid body docking supported positioning of up to
three STCs, one on either side of a central nucleating com-
plex, primarily held together through interactions medi-
ated by flanking NTD-CCD dimers (Supplementary Figure
S6A-D), tDNAs and CCDs (Supplementary Figure S6E),
and adjacent CCDs (Supplementary Figure S6F, G). Be-
cause this higher-order STC assembly lacks obvious biolog-
ical relevance, we will not comment on it further.



MMTYV IN induces a pronounced tDNA bend and A-form
DNA around the cleavage sites

The high-resolution information evident in the map allowed
us to elucidate the details of tDNA conformation and recog-
nition by MMTV IN. A striking feature of the MMTV
STC is the pronounced bend and characteristic deformation
in the portion of the tDNA that surrounds vDNA joining
sites (Figure 2A). To quantify the deformation, we analyzed
DNA parameters using the program 3DNA (50). In com-
parison to the VDNA or to the peripheral regions of tDNA,
which maintain ~16 A phosphate-phosphate distances in
the major grooves, the tDNA major groove begins to no-
ticeably widen at bp positions —1/+6, reaching a maximum
distance of ~22 A within the central two dinucleotides of
the cleavage site. The entire 6-bp cleavage site is character-
ized by a major groove width of >20 A (Figure 2A).

The tDNA configuration in and around the 6-bp cleav-
age site exhibits multiple characteristics of A-form DNA.
Several structural features distinguish A- and B-forms of
DNA. The Z, parameter reflects the mean z-coordinates of
the backbone phosphorus atoms with respect to the refer-
ence frame of an individual dinucleotide dimer; Z, is 2 1.5
A for A-DNA and <0.5 A for B-DNA. The Slide parame-
ter reflects the relative motion of two stacked bp along their
long axes; Slide is <—1.5 A for A-DNA and =0.0 A for B-
DNA. The Twist parameter reflects the rotation, from the
local perspective, of two stacked bp about an axis perpen-
dicular to the mean plane; Twist is ~31° for A-DNA and
~36° for B-DNA. Lastly, the x parameter reflects the back-
bone torsion angle between the sugar and base; x is ~—150°
for A-DNA and ~—100° for B-DNA. While bp steps are
used to calculate Z,, slide and twist, individual bp mea-
sures underlie the x parameter. Across these metrics, there
is a clear trend toward the A-like conformation surround-
ing the tDNA cleavage sites (Figure 2B). A plot of Z;, versus
x best distinguishes A- and B-form DNA, as Z,, values re-
late strongly to the mean glycosyl torsion parameter x (71).
Although such analyses distinguish the DNA forms, clear-
cut cases of A-DNA are rare, and most DNA conforma-
tions tend to fall in a range. Indeed, in such a plot, the base
steps in and around the tDNA cleavage sites adopt A-like
characteristics that are readily distinguishable from the base
steps for vVDNA, which approach ideal B-form (Figure 2C).
Within the 6-bp cleavage site, the central dinucleotides at
position 2-3 are particularly deformed, characterized by a
~50° negative roll and ~6 A rise (Figure 2D, E). The de-
formation in the center of the target site likely accommo-
dates the gradual transition from B- to A-DNA along each
tDNA strand and ensures optimal positioning of the two
scissile phosphodiester bonds at the enzyme active sites for
IN-mediated strand transfer activity.

Interactions between MMTYV IN and nucleic acids

A comprehensive analysis of nucleoprotein interfaces iden-
tified IN amino acid residues that interact with the bDNA
substrate. We present these results in two different figures to
distinguish base-specific interactions (Supplementary Fig-
ure S7, which also includes sidechains that interact with
DNA major or minor grooves) from contacts with the
sugar-phosphate backbone (Supplementary Figure S8). Six
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different IN chains within the octamer, and all three IN do-
mains, contact distinct vVDNA regions (Figure 3A, B). IN
protomers contact most of the ~10 bases of VDNA ad-
jacent to the tDNA cleavage sites, including the unpaired
5’-AA overhangs of the non-transferred vDNA strand. IN
CTD residue Trp255 mediates a mw—m— stacking network
between its aromatic side chain with the 5-AA overhang.
NTD-CCD linker residues Pro53, Val51, and GIn48 abut
T3 and G4 bases of the non-transferred vDNA strand (Fig-
ure 3A). However, the most extensive contacts with vDNA
are mediated by the CCDs of the inner IN protomers. At
the IN active site, a 3j¢ helix containing residues Prol51,
GInl152 and Alal55 cradles the vDNA bases immediately
preceding the cut site. Argl59, which abuts Glul58 of the
catalytic DDE triad, inserts into the minor groove of vDNA
upstream of the invariant CA dinucleotide (Figure 3A).
Other nearby residues that insert into the minor groove in-
clude GIn162, His45 and Trp43 (Figure 3A, B). On the op-
posite side of the vDNA duplex, multiple residues protrude
into the vDNA major groove, including Arg240 from an
adjacent CTD, Arg31 and Arg27 from the proximal NTD,
and Arg259 from a CTD of a distinct chain (Figure 3A, B
and Supplementary Figure S7). Collectively, the structure
reveals an array of IN-base interactions that likely confer
specificity for the extremities of the MMTYV LTRs.

In contrast to the comparatively extensive base-specific
vDNA interfaces, IN interacts with only three nucleobases
of tDNA, immediately adjacent to either side of the cleav-
age sites. CCD residue Prol25 makes base-specific con-
tacts with tDNA bases at positions —3/+8, and Tyr149 in-
serts into the tDNA major groove, contacting bp positions
—1/+6 and —2/+7 (Figure 3C). The relative dearth of base-
specific tDNA contacts is consistent with only very mod-
est tDNA sequence preferences observed at sites of retrovi-
ral integration (22-28). Most IN residues that interact with
tDNA accordingly contact the sugar-phosphate backbone.
A 5-bp stretch downstream from the cleavage site along the
joined strand is contacted by an array of IN residues, in-
cluding Tyr77, Gly96, Thr99, Pro125, Alal26, Ser129, and
Argl30 (Figure 3D and Supplementary Figure S8). This
configuration—in which there are pronounced IN-tDNA
contacts along the cleaved strand distal from the points of
cleavage—suggests that IN—tDNA backbone interactions
exert force on the system that is translated along the tDNA
lever arm to bend and distort the target site to facilitate in-
tegration.

Prior to this work, intasome STC structures were derived
for PFV (8), RSV (12), HIV-1 (17), HTLV-1 (10) and MVV
(19). Although backbone-specific contacts between IN and
tDNA were previously reported (8), their extent and ori-
entation of the contacts with respect to the cleavage site
were not fully appreciated. To gain further insight, we an-
alyzed all known STC intasome structures for IN-tDNA
contacts, which resulted in the following observations (Sup-
plementary Figure S9): (i) base-specific tDNA contacts are
generally infrequent relative to backbone-specific contacts;
(i1) in comparison to backbone interactions upstream of
the sites of tDNA cleavage, there are always more interac-
tions downstream, and they extend further out, up to 9—12
bases along the joined strand; (iii) central regions interior
to the cleavage sites (gray shades in Supplementary Fig-



8906 Nucleic Acids Research, 2022, Vol. 50, No. 15

A C
14.0 A 25 ideal
A DNA
185A 2.0 SRS
TSD +/- 4nts
23.0A an
1.5 = =
[ ] [ ]
VDNA SR B B
B form <
g 05 =
>, VDNA
ideal | g
0.0 )
B DNA '§
»b >
-0.5 o>
>
-1.0
-160 -140 -120 -100 -80
A-like form
B
<
o
N
<
Q
S
)
k7]
2 8
-100 < 6
-110 Q4
—-120 £
= -130 2
-140
-150 0
-160 * *
CAGGGAAGTAGCTCGAGCTACTTCCCTG GTAGCTCGAGCTAC
1110 -9 8 -7 6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 “4-3-2-101 23 4567 89
1615 1413 1211 10 9 8 7 6 5 4 3 2 1 0 -1 -2 -3 -4 -5 -6 -7 -8 -9 -10-11 9 8 7 6 5 4 3 2 10 -1-2-3-4
GTCCCTTCATCGAGCTCGATGAAGGGAC CATCGAGCTCGATG
B-form A-like form * B-form k‘

Figure 2. Local deformation and A-form tDNA. (A) Model of the MMTYV STC vDNA and tDNA nucleic acids. Coloring corresponds to the width of the
major groove, in A. DNA forms within local regions are indicated. (B) Plots corresponding to Z;, slide, twist, and x for the indicated regions of tDNA.
Each bp corresponds to a box, whereas a bp step, used for Z,,, slide and twist calculations, corresponds to an edge. The tDNA sequence is shown below,
colored as in (A), with 6 bp tDNA cleavage site highlighted by gray shade. Values typical of A- versus B-DNA in the different panels are indicated by
orange and yellow dotted lines, respectively. (C) Plot of Z,, versus x for the vDNA and for the central fourteen bp of tDNA (6 bp cleavage site & 4 abutting
bp on each side). For comparison, ideal A- and B-form DNA are plotted. (D) Close-up of the target site, shown from below. (E) Plots of the roll and rise
for the bp steps within and around the vicinity of the tDNA cleavage sites. In all panels, green arrows demarcate the cleavage sites.



Nucleic Acids Research, 2022, Vol. 50, No. 15 8907

Figure 3. Structural overview of select interactions between IN and nucleic acids within the MMTYV STC. (A, B) IN-vDNA interactions either (A) proximal
to or (B) distal from the MMTYV IN active site. (C, D) IN-tDNA contacts, including (C) base-specific interactions (Pro125) and/or sidechain insertions into
tDNA major/minor grooves (Tyr149) and (D) backbone interactions. In all panels, nucleotides are labeled in bold, amino acid side chains are colored by
their respective protein chains, the non-transferred vDNA strand is in orange, the transferred vDNA strand is in magenta, tDNA is in black, and catalytic
triad DDE residues Asp65, Asp122 and Glul58 are labeled in red. Insets show the regions of the STC enlarged (red boxes) within separate panels.

ure S9) are generally devoid of both backbone- and base-
specific interactions, suggesting the requirement for flexibil-
ity. Thus, IN—tDNA backbone contacts are architecturally
conserved across retroviral STCs and likely help to induce
tDNA distortions necessary for IN strand transfer activity.

There are comparatively few conserved residues that con-
tact specific tDNA bases or reach into a tDNA groove. Con-
tacts between residues analogous to MMTYV IN Pro125 and
tDNA are observed across retroviral STCs, and Prol25 is
concordantly conserved across Retroviridae as a compara-
tively small residue (e.g. Alal88 in PFV, Ser119 in HIV-1,
Pro123 in HTLV-1, Prol21 in MVV and Ser124 in RSV).
A second notable tDNA-interacting MMTYV IN residue is

Tyr149, which lies in a short loop immediately preceding
the CCD 39 helix and inserts its sidechain into the tDNA
major groove at the cleavage site, making contacts with the
backbone (Figure 3C). Pro125 and Tyr149 reside on oppo-
site sides of the phosphate backbone, immediately adjoining
each of the two tDNA cleavage sites, clasping the cleaved
tDNA strand (Supplementary Figure S10A, B). The con-
figuration of MMTYV IN Prol25 is a shared feature of all
retroviral STCs, where analogous residues pack against the
tDNA minor groove in close vicinity of the scissile phospho-
diesters irrespective of the 4-6 bp spacing between the sites
of vDNA joining (Supplementary Figure S10A). The pres-
ence and/or orientation of residues equivalent to MMTV
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IN Tyrl149, by contrast, vary across retroviral STC struc-
tures. Most INs harbor Tyr at the position analogous to 149
in MMTYV IN, whereas the INs of the ungulate lentiviruses,
MVYV and caprine anemia encephalitis virus, harbor Trp
at the equivalent positions. By contrast, RSV IN features
a Gly at this position and accordingly stands out as the
only IN among the solved structures that does not use a
bulky hydrophobic sidechain to contact tDNA (Supple-
mentary Figure S10C). A third comparatively conserved
tDNA contact across retroviral intasomes originates from
a charged residue within the CTD B1-B2 loop (Arg329 in
PFV, Arg231 in HIV-1, Arg231 in MVV and Glu229 in
RSV) (Supplementary Figure SI0A-D). Neither MMTV
nor HTLV-1 IN harbor a similarly charged residue at this
position, which likely accounts for the lack of a CTD B1-
B2 loop sidechain contact to tDNA in these structures. In
these cases, hydrophobic CTD B1-2 loop residues may
help to stabilize Tyr147/Tyr149 interactions with tDNA
major grooves (Supplementary Figure S10B).

Biochemical activities of IN mutant proteins

We next examined how perturbation of select MMTV IN
residues that were observed to mediate key interactions in
our structure affect IN activity and tDNA selectivity. To as-
sess IN-vDNA interactions, we targeted Trp255, which in-
teracts with vDNA near the sites of VDNA joining, as well
as Argl59, Arg27 and Arg31, which interact with vDNA
distal from the tDNA (Figure 3A, B). We generated bac-
terial expression vectors for IN missense mutants R159E,
W255A and R27A/R31A (RRAA), and purified the pro-
teins following their expression in Escherichia coli. To assess
IN-tDNA interactions, we expressed and purified P125T,
P125D and Y 149G IN mutant proteins.

Two additional mutants, D223A and D223R, were gen-
erated to test the importance of the flanking IN dimers in
MMTYV integration. Our previous work hinted at the im-
portance of the flanking IN dimers for IN activity through
mutagenesis of residue Arg240 (14). Arg240 from a flanking
IN protomer makes a prominent salt-bridge with Asp223
from a core protomer, and we previously assessed the in
vitro activity of IN mutant R240E. This mutant IN was
however defective for strand transfer activity, likely due
to the involvement of Arg240 in multiple IN-IN and IN-
vDNA interactions [Figure 3A and (14)]. Herein, we tar-
geted Asp223, the other partner of the intermolecular salt
bridge, with the hope to sidestep the pleiotropic effects ob-
served previously with R240E mutant IN.

The mutant proteins were analyzed alongside WT IN for
3'-processing and strand transfer activities using double-
stranded oligonucleotide mimics of the U5 vDNA end
(Figure 4). For 3'-processing, the 5'-end of the transferred
vDNA strand was labelled with 32P; 3’-processing by IN lib-
erates the terminal TT dinucleotide, yielding a labeled 28-
mer strand that is readily resolved from the substrate 30-
nt strand by denaturing polyacrylamide gel electrophoresis
(Figure 4A, B). Across replicate experiments, WT IN con-
verted approximately 12% of the vDNA substrate to the 3'-
processed reaction product (Figure 4B). The activities of the
IN mutants were normalized to the level of activity of WT
IN. IN mutant proteins P125D, P125T, Y149G and D223R

displayed partial 3’-processing activity, which ranged from
about 10-60% of WT IN activity across replicate exper-
iments. While W255A was minimally active, IN mutants
RRAA and R159E failed to support detectable levels of IN
3’-processing activity (Figure 4B, C). These data highlight
the importance of VDNA contacts mediated via IN residues
Argl59 and Arg27/Arg31 for IN function.

IN strand transfer reactions utilized pre-processed
vDNA and supercoiled pGEM-3 plasmid as tDNA. Under
these conditions, concerted integration (c.i.) of two vDNA
strands linearizes pGEM-3, which, after deproteination,
yields an integration product that migrates in an agarose
gel near the position of linear pGEM-3 (Figure 4D, E). In
case IN supports the integration of only one instead of two
vDNA ends, the resulting half-site (h.s.) integration product
after deproteination would co-migrate with open-circular
plasmid DNA. To ensure evaluation of vDNA-specific nu-
clease activity, paired reactions were conducted in the pres-
ence or absence of vDNA. WT IN supported robust c.i. ac-
tivity without any evidence for h.s. integration activity (Fig-
ure 4E). As above, IN mutant c.i. activity was normalized
to the level of WT IN activity. Consistent with their inabili-
ties to effectively process vDNA ends, IN mutants W255A,
R159E and RRAA were defective for IN strand transfer ac-
tivity. IN mutants D223R, D223A, Y 149G and P125T dis-
played marginal c.i. activities that ranged from just a few
percent to ~10% of WT IN activity across replicate experi-
ments (Figure 4E, F). At the same time, IN mutant D223A
and D223R h.s. integration activities were increased ~30-
to 40-fold over the background open-circular plasmid signal
present in the WT IN reaction lane. None of the other tested
IN mutants displayed detectable levels of vDNA-dependent
h.s. integration activity (Figure 4E).

Infectivity and integration site distributions of MMTYV IN
mutant viruses

IN mutant proteins that displayed partial 3’-processing and
strand transfer activities in vitro were next evaluated un-
der conditions of MMTYV infection. For this, we leveraged
a previously described single-round infection system where
MMTYV structural proteins and enzymes, expressed from a
Gag-Pol plasmid, encapsulate an MMTYV genome that is
engineered to express a reporter gene following virus infec-
tion of a target cell (35). To streamline quantification and
enhance detection of viral infection levels, we substituted
the original reporter gene encoding green fluorescent pro-
tein (35) for firefly luciferase (72). We included two con-
trol viruses in addition to test IN mutant P125D/T, Y149G
and D223A/R constructs. The D122N control harbored
the conservative substitution of Asn for the second Asp
residue of the DDE catalytic triad. Stop codons were in-
troduced into the pol gene after the RT coding portion
to yield the IN-deletion control virus, delIN. Viruses were
pseudotyped by co-transfection with an additional plas-
mid that expressed the vesicular stomatitis virus G gly-
coprotein (VSV-G). Levels of WT and IN mutant viruses
in transfected cell supernatants were assessed for virus-
associated RT activity, and normalized levels of WT and
IN mutant RT activity were utilized in downstream virus
assays.
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Figure 4. 3'-Processing and strand transfer activities of IN mutant proteins. (A) 3'-Processing assay schematic. U5 substrate (30 bp) was labeled with 32P
(marked ) at the 5’ end of the transferred strand (cleavage site marked by vertical arrow). (B) Representative 3'-processing gel image. Positions of 30
base substrate and 28 base 3'-processing product are noted; the assayed IN proteins are denoted above the phosphor image (RRAA = R27A/R31A). (C)
3’-Processing results of IN mutant proteins whose activities were greater than background (average + standard error for n = 3 experiments). Results were
normalized to WT IN activity, which across experiments converted 12.2% =+ 3.4% of substrate to product. D223 A activity was not assessed due to apparent
contaminating exonuclease activity in the IN prep. (D) Schematic of strand transfer assay. Integration of precleaved vDNA into supercoiled (s.c.) pGEM-3
can yield a half site (h.s.) integration product that comigrates with open circular (o.c.) pPGEM-3 on agarose gels or a concerted integration (c.i.) product
that migrates marginally slower than linearized plasmid DNA. (E) Representative agarose gel image. Positions of DNA standards, shown to the left, are
in kb; positions of substrate and product DNAs are at right. The noted IN (or buffer control; -IN) was reacted with pPGEM-3 in the absence (first lane of
two-lane pair) or in the presence of VDNA; the minus-vDNA samples control for non-specific endonuclease activity that may be present in the IN prep.
While starting pGEM-3 was predominantly supercoiled, note a modicum of o.c. in -vDNA lanes. (F) Quantification of IN mutant protein c.i. activities
(for mutants whose activities were greater than background; average 4 standard error for n = 3, normalized to WT activity).

similar levels of MMTYV infection as IN mutant D122N,
P125T and D223A were about twice as infectious, display-
ing ~20% of WT MMTYV infectivity.

We next determined sites of WT and IN mutant MMTV

Immunoblotting virus lysates revealed similar levels of
viral capsid protein contained within the different WT
and IN mutant virus preparations (Supplementary Figure
S11A). To enhance detection of packaged IN proteins, vi-

ral lysates were concentrated by immunoprecipitation prior
to immunoblotting. All tested IN mutant proteins were in-
corporated into MMTYV particles at levels similar to the
WT IN (Supplementary Figure S11B). IN mutant control
viruses D122N and delIN supported ~10% and 1% of the
level of WT MMTYV infectivity, respectively (Figure SA, B).
Whereas IN mutants P125D, Y149G and D223R supported

integration in human genomic DNA. For this, DNAs pu-
rified from infected cells were fragmented using restriction
endonuclease digestion and amplified by ligation-mediated
(LM)-PCR to enhance detection of virus U5 end-host se-
quences by Illumina sequencing. Raw reads filtered for bona
fide MMTV-host junction sequences yielded between ap-
proximately 2300 and 18 500 unique integration sites for the
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Figure 5. WT and IN mutant MMTYV infection and integration targeting
profiles. (A) Viral infectivities in relative light units (RLUs) normalized to
levels of total protein in cell extracts. (B) Same as in panel A, regraphed
to normalize mutant IN infectivity to WT MMTYV, which was set at 100%.
Results are average + standard deviation (s.t.d.) for n = 3 independent
infection experiments, with each experiment conducted in duplicate. Sta-
tistical difference versus WT MMTYV (¥***P < 0.001) was determined by
one-way ANOVA. (delIN = IN deletion control virus). (C) Integration tar-
geting frequencies. Statistically different values (*, P < 0.01) for WT versus
computer-generated RIC values and for mutants versus WT were deter-
mined by Fisher’s exact test or, in the case of gene density, Wilcoxon rank
sum test. See Supplementary Table S3 for P values of expanded pairwise
comparisons. LADs and SPADs refer to lamina-associated domains and
speckle-associated domains, respectively. The noted integration sites were
compiled from two independent infection experiments. (D) Base prefer-
ences at sites of WT MMTYV integration. The upper portion shows the
probability of base usage for a 50 bp stretch centered on the TSD. The
middle and lower portions display these results via base logo (middle row)
and percent YR versus RY dinucleotide (lower) usage.

different viruses, with the largest integration site dataset ex-
pectedly coming from cells infected with WT MMTYV (Fig-
ure 5C). Integration frequencies relative to human genomic
annotations such as RefSeq genes and gene-dense regions
were compared to computer-generated random integration
control (RIC) values that were based on the known fre-
quencies of restriction enzyme sites in the human genome.
As expected (26,73,74), WT MMTYV disfavored integra-
tion into transcriptionally-active chromatin, as evidenced
by lower frequencies of integration into RefSeq genes
(P =4.1 x 10®) and gene-dense regions (P = 1.4 x 107'%)
compared to matching RIC values (Figure 5C and Supple-
mentary Table S3). Moreover, the frequency of WT MMTV

integration in the vicinity of SPADs, a separate marker of
active chromatin (75), was indistinguishable from random
(P = 0.22). The integration site patterns of the different IN
mutant viruses generally mimicked those of WT MMTV.
While each mutant was comparatively enriched for integra-
tion in gene-dense regions versus the WT, the P125T virus
was also enriched for integration into genes versus the WT
(P =0.003) and for integration in gene dense regions versus
random (P = 0.002) (Figure 5C and Supplementary Table
S3).

Target DNA sequences surrounding the virus—host junc-
tions were aligned to examine frequencies of nucleotide us-
age during WT and IN mutant viral integration. DNA se-
quence logo analysis revealed periodic selection of A/T nu-
cleotides emanating out from either side of the TSD, consis-
tent with integration into nucleosomal DNA (27,76) (Fig-
ure 5SD). In agreement with our previous analyses (26),
and as evidenced by tDNA bending in the STC structure,
flexible YR dinucleotides were enriched in the center of
WT MMTYV integration sites (Figure SD). We also noted
a marginal consensus ATN/GTTAACNAT sequence (the
forward slash marks the point of vDNA U5 plus-strand
joining to host DNA, and the underline denotes the 6-bp
cleavage site) at sites of WT MMTYV integration, includ-
ing preference for G/C at positions 0/+5. Alignment of in-
tegration sites of MMTYV IN mutant viruses revealed tar-
get site sequence preferences that were largely similar to
those of WT MMTYV (Supplementary Figure S11C). Al-
though the absence of a change in phenotype among IN mu-
tants Y149G and D223A /R was perhaps not surprising be-
cause these residues do not make base-specific contacts with
tDNA, we anticipated that there would be some changes in
local base selectivity for the P125T /D IN mutants based on
prior results with similar substitutions in other retroviral IN
proteins (8,25,27,30).

To further inform mutant viral integration phenotypes,
we examined tDNA interactions with Prol25 analogous
residues among retroviral STC structures. Because differ-
ent tDNA sequences were used to assemble the complexes,
we mutagenized in silico the +8 position of tDNA to an
adenine, when appropriate, to afford consistency in these
analyses. We then measured distances between the a-carbon
of the sidechain at the position analogous to MMTV IN
Pro125 and the N3 of the adenine base. These distances in
the PFV STC (Supplementary Figure S12A), HIV-1 STC
(Supplementary Figure S12B) and RSV STC (Supplemen-
tary Figure S12C) spanned from 4.1 to 4.8 A, which would
lead to steric clashes upon residue substitution and alter
base stacking interactions that could affect tDNA base pref-
erences at positions —3/+8, as directly observed for PFV
(8) and HIV-1 (25,27). Similar effects can be indirectly in-
ferred by changes in the in vitro integration patterns of
analogous RSV IN mutant proteins (29). The structure of
the MMTYV STC provides a plausible explanation for why
such changes were not observed for this virus. In contrast
to the other INs, where Prol25-analogous residues situ-
ate comparatively close to tDNA bases, Prol125 positions
marginally further from the tDNA (Supplementary Figure
S12D). We speculate that this increased separation down-
played the alteration of tDNA base selection incurred via
Pro125 mutations.



B-to-A transition in tDNA is a general trait of retroviral in-
tegration

To determine whether A-form tDNA is a general feature
of retroviral integration, we examined the available STC
structures, specifically focusing on Z;, plots and Z, versus
X plots, which can be used to distinguish DNA forms (71).
Plots for the MMTYV STC are displayed in Figure 6A for
comparison. In the PFV STC, which is resolved to the high-
est resolution among the available structures, a clear tran-
sition to A-form DNA around the sites of vDNA joining
was observed (Figure 6B). As evidenced from both the lin-
ear Z, plots and Z, versus x plots, the analogous regions
of tDNA within the MVV and RSV STCs also harbored A-
like configurations (Figure 6C, D). This region of the HIV-
1 STC tDNA trended toward the A-form in the Z, plot,
although the distinction was less clear in the Z, versus x
plot (Figure 6E). The converse was true with HTLV-1 (Fig-
ure 6F). We note that both the HIV-1 and HTLV-I struc-
tures were resolved to lower resolution than the other STCs,
and the tDNA in the HIV-1 structure was designed with
a T/T mismatch in the center of the cleavage site. Resolu-
tion limits may affect the resulting models and interpreta-
tion of tDNA conformation, as was also observed for the
PFV STC-nucleosome complex (see Materials and Meth-
ods), and the T/T mismatch affects bp stacking amid the
HIV-1 tDNA cleavage sequence. However, in all cases, ele-
vated Z, values were observed around the sites of vDNA
joining, and tDNA trended more toward A-form DNA
than did the vDNAs.

Due to the constraints imposed by the above structure-
based analysis, which limited tDNA assessment to the sin-
gle sequence present within the respective STCs, we next
analyzed sites of genomic DNA integration, where tens of
thousands to millions of integration sites amass. A previ-
ous study of 100s of lentiviral, a- and +y-retroviral integra-
tion sites, which were determined by Sanger sequencing,
indicated that retroviruses prefer to integrate into A-philic
tDNA sites, but the comparatively low number of mapped
sites limited the bp resolutions of these analyses (77). We
have accordingly leveraged massively increased numbers of
genomic integration sites afforded by next-generation se-
quencing technologies, which yielded from ~20 000 to >4
million sites per dataset, to assess A-philicty profiles of
retroviral integration sites.

In the absence of other variables, the propensity for
A-philicity is sequence-dependent, facilitated by interac-
tions between neighboring nucleotides (56). To quantify A-
philicity at vDNA insertion sites, we adapted a free-energy
based model for quantifying A-form DNA solely from se-
quence, based on experimental AGg_, o values for trinu-
cleotides (56). We then tabulated mean AGg_ A values at
each position in alignments of integration sites generated by
infection of human cells with MMTYV (this work), PFV (58),
MVV (19), HIV-1 (52,59), HTLV-1 (60) and MLV (52). Inte-
gration sites of in vitro assembled PFV (57) and MVYV (15)
intasomes into deproteinized genomic DNA and in silico-
generated RIC sequences were analyzed in parallel. The
plots displaying mean AGg_, o values along alignments of
integration sites for each dataset are shown in Figure 7A—F.
Low AGg_, 5 values correspond to an increased propensity
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to form A-like DNA at a given position in tDNA, with con-
sistent 0.7 to 0.72 values assessed for the RIC dataset. Two
general trends were noted from the virus-specific patterns:
(1) trinucleotides consistently displayed the greatest intrin-
sic propensity to form A-DNA around the sites of vDNA
joining; (ii) A-philic peaks were separated by the spacing
of vDNA joining, namely 6-bp for MMTV, MVV (where
additional peaks were observed 2 bp outside the TSD),
and HTLV-1, 5-bp for HIV-1 and 4-bp for PFV and MLYV,
strongly supporting the idea that A-form tDNA facilitates
TCC intasome formation and IN strand transfer activity.
In comparing cellular and in vitro PFV and MVV integra-
tion sites (Figure 7B, C), we noted highly similar profiles
in and immediately adjacent to the TSDs, with notable di-
vergence outside from these central regions. The periodic
preferences for B-form DNA specific to integration in cells
may reflect nucleosome occupancy, which is consistent with
the known disfavoritism for A-form DNA (78). Collectively,
these data support what was implied by the structural data,
strongly arguing for the generality of B-to-A transition in
tDNA during retroviral integration.

DISCUSSION
Target DNA bending and its role in retroviral integration

Intasome binding induces a severe bend in tDNA through
extensive interactions between IN and the tDNA backbone,
predominantly downstream of the cleavage site. Such inter-
actions are observed within the MMTYV STC, and, more
generally, in other retroviral STCs (Supplementary Figure
S9). To accommodate the bend, the target site must be flex-
ible, which is visualized structurally (Figure 2A) (19) and in-
ferred through dinucleotide step analysis (Figure 5C) (26).
Retroviral STCs consistently display bent target sites, and
sequences preferentially selected by retroviral INs are ex-
pected to be bendable (8,25-27,77). A simple analogy for
the requirement of tDNA bending can be made to the ac-
tion of a spring-loaded ratchet arm. In such a device, force
is applied onto each of two extended lever arms connected
by a central pivoting spring. Force loading builds up tension
in and around the pivot point, storing potential energy that
can, in turn, be converted into work. In this analogy, the de-
formable target site is the central spring-loaded pivot, and
the interactions of IN with the tDNA backbone generate
the force required to bend the tDNA. Collectively, the force
applied onto the tDNA, the bendability of the tDNA at and
around the cleavage sites, and the potential energy released
through IN-catalyzed tDNA strand cleavage collectively fa-
cilitate the forward SN2 transesterification reaction (strand
transfer). The observed deformations in rise and roll at the
central tDNA dinucleotide further support this perspective
(Figure 2D, E). Transcription factors are known to lever-
age amino acid side chains to intercalate DNA bases and
elicit analogous deformations (79). However, in retroviral
STCs, these deformations arise in response to distant con-
tacts, consistent with the notion that force transferred from
a distance plays a key role in tDNA bending and integra-
tion.

The evolutionary significance of tDNA bending and
its recognition by retroviral intasomes can be rationalized
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through two important requirements for the catalysis of
strand transfer. First, bent tDNA ensures proper spacing
of metal cation-coordinated IN active sites to position op-
timally for concerted integration of two VDNA ends. Sec-
ond, the constraints of the bent tDNA are released upon
strand transfer, thereby suppressing the backward disinte-
gration reaction via reconfiguration of the active site, as was
experimentally observed for the PFV intasome (8,9) and for
the more distantly related Mu phage transpososome (80).

B-form to A-form transition in tDNA

A notable feature of the MMTYV STC structure is the pro-
nounced tDNA deformation in and around the sites of
vDNA joining. Although minor groove compression and
major groove widening were previously observed for retro-
viral STCs (8), the characteristics and implications of tDNA
deformation were not fully appreciated. We now show
that the tDNA specifically around the cleavage sites in the
MMTYV STC structure closely resembles the A-form, as ev-
idenced by gradual increases in the Z,, and decreases in
Slide, Twist, and x (Figure 2B-C). We note that, consistent
with the preference for G/C bp occupying A-DNA forms
(56), target sites selected by retroviral INs consistently fa-
vor either a G or a C immediately following the cleavage
site (Figure 5D and references (8,22-28,30)). Although pure
A-form DNA is also characterized by a compressed major
groove, which is not observed here, it is well-known that

widened major grooves can be encountered immediately
next to A-form DNAs (71); moreover, the features of DNA
in high-resolution structures can vary when compared to
the classical definitions based on canonical fiber-diffraction
models (71).

There are many examples of B-to-A deformations among
nucleoprotein complexes that cut and/or seal DNA at the
O3'-P phosphodiester linkage (71). In support of our struc-
tural findings, prior computational studies suggested that
regions in the vicinity of retroviral integration sites had ele-
vated A-philicity scores (77). However, the previous anal-
ysis was limited by the comparatively low number of in-
tegration sites available at the time. Using massively ex-
panded retroviral integration site data available today, we
determined largely symmetrical peaks of A-philicity at sites
of vDNA joining in genomic DNA (Figure 7). The low
AGg_, a values associated with trinucleotide sequences se-
lected by all examined retroviruses at the genomic level, to-
gether with our STC analyses (Figures 2 and 6), strongly
argue for a general preference of A-form tDNA at sites of
vDNA joining. Based on our data, we propose that retro-
viral integration is accompanied by a local transition of B-
form tDNA to the A-form. Prior to IN binding and forma-
tion of the TCC intasome, we envision genomic tDNA is
predominantly B-form. The propensity for certain genomic
sequences to adopt A-form, as evident by A-philicity scores
(Figure 7), favors TCC intasome formation and the juxta-
position of tDNA scissile phosphodiester bonds at the two
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IN active sites. Finally, strand transfer stabilizes A-form
configurations at and around the sites of vDNA joining, as
evidenced through structural analyses of diverse STC inta-
somes (Figures 2 and 6).

The B-to-A transition provides a mechanism for
smoothly bending the double helix (81), which has broad
implications for a variety of biological processes. Among
nucleases, the main purpose of the transition is to se-
lectively expose sugar-phosphate atoms for enzymatic
cleavage, which are otherwise buried within the backbone
chain in B-form DNA (82,83). It is further worth noting
that, despite its prevalence within nucleoprotein complexes,
A-form DNA is less favored under physiological conditions.
In support of this idea, molecular dynamics simulations
indicate that the A-form quickly transitions to the B-form
once bond restraints are released (84). In the context of
integration, A-form tDNA may thus be mechanistically
important not only for strand transfer, but also for ensuing
events. Once strand transfer is complete, the energy gained
from transitioning from the A-form back to the B-form
could facilitate target site melting and STC disassembly.
However, unlike free DNA dynamics, this transition of A-
to B-DNA in the context of STC disassembly is expected
to be slow (85).

The role of base-specific interactions in tDNA cleavage

Retroviral STC structures have revealed several instances
of base-specific IN-tDNA contacts (8,10,12,17). Given the
very low sequence preference at integration sites, the likely
role for such interactions is to compensate for energetically
unfavorable tDNA deformations. The most conserved in-
teracting region is the a2 helix of the CCD, which includes
Prol25 of MMTYV IN and analogous small chain residues
from other retroviral INs that stabilize sequences flanking
the sites of vDNA joining (Supplementary Figure S10). A
second interaction typically occurs through the B1-82 loop
of the CTD, including Arg231 (HIV-1 and MVV), Arg329
(PFV) or Glu229 (RSV), which stabilizes the deformed
target site. However, a similar contact is missing in the
MMTYV STC. As highlighted in the results section (Supple-
mentary Figure S10), two regions of IN-tDNA contacts,
which encompass the IN CTD B1-2 loop and MMTV IN
Tyr149 analogues, vary across retroviral STCs. Stabilizing
IN-tDNA interactions need to conform to the peculiarities
of each intasome, which in turn account for the exact
nature of the central tDNA bend, the distance between the
two active sites, and more broadly the overall architecture
of the complex and how it influences the tDNA path
as a whole. The relative sparsity of base-specific tDNA
interactions among retroviral intasomes distinguishes
these complexes from certain transpososomes, including
those from the 1S630/Tcl/mariner family, which leverage
tDNA sequence-specificity for selective transposition
(4,86-89).

In PFV, HIV-1, RSV and MLYV, substituting the tDNA
binding residue in the a2 helix of the CCD with short
side-chain amino acids alters integration sequence prefer-
ences (8,27,29,30). Long side-chain amino acid substitu-
tions like glutamate are detrimental to viral fitness, presum-
ably due to steric hindrance and/or charge repulsion affect-

ing the tDNA interaction, and possibly the ability to op-
timally bend tDNA flanking the cleavage sites. Somewhat
surprisingly, in MMTYV, substitutions P125T and P125D
did not yield gross changes in sequence logos at sites of
vDNA integration (Supplementary Figure S11C). The pref-
erence for flexible A/T persisted 2-3 bp away from either
side of the tDNA cleavage sites, irrespective of the residue
tested. However, these substitutions did cause diminished
infectivity and reduced IN concerted integration activity
in vitro. Modeling threonine or aspartate side chains at
position 125 suggests these substitutions would still make
Van der Waals interactions with tDNA without introducing
substantial steric clashes, and the effective distance of the
side-chain to base would not change significantly in com-
parison to the distance measured for Pro125 (Supplemen-
tary Figure S12D). In fact, numerous in silico substitutions
of MMTYV IN Prol25 maintained side-chain—tDNA base
distances that were greater than similar mutations among
other retroviral INs, such as HIV-1, PFV and RSV. Thus,
the architecture of the tDNA, especially around the cleavage
sites, can permit different amino acid substitutions without
compromising intasome binding, and by extension, tDNA
bending.

Although P125T/D substitutions did not noticeably im-
pact nucleobase selectivity at sites of MMTYV integration,
they did marginally impact the frequencies at which global
genomic annotations, such as RefSeq genes and gene dense
regions, were targeted (Figure 5C). Due to the sizes of the
respective integration site datasets, the increase in P125D
IN mutant gene targeting was less statistically robust com-
pared to the difference between P125T and WT (respec-
tive P-values of 0.02 and 0.003; see Supplementary Table
S3 for details). Nevertheless, these findings are consistent
with the previous report that alterations of Ser119 in HIV-1
IN, which is analogous to Pro125in MMTYV IN, can impact
global targeting frequencies of HIV-1 integration (25).

An expanded target site marked by flexible dinucleotides

DNA distortions depend on the intrinsic structure and de-
formability of the base-pair sequence to which the protein is
bound. INs that cleave DNA with 5- or 6-bp spacing, which
include HIV-1, MMTYV, RSV, HTLV-1 and MVYV, prefer
tDNA containing a more obtuse angle in the region im-
mediately surrounding the cut sites, while PFV IN, which
cleaves tDNA with 4-bp spacing, prefers tDNA that is bent
substantially more sharply. Despite these differences, the
tDNA at sites of vDNA joining is severely distorted in all
STC and TCC structures. In addition, the flanking regions
abutting the cleavage sites appear to be ubiquitously charac-
terized by flexible dinucleotides (Figure SC and (26)). Thus,
tDNA flexibility is not just constrained to the region in-
ternal to the joined vDNA ends, but includes up to three
flanking bp. This observation supports prior reports high-
lighting an expanded target site preferentially engaged by
retroviral intasomes, which includes £3-4 nt on either end
of the cleavage site (26,27). The requirement to bend the ex-
panded target site locally to promote forward integration
puts further pressure on selectively stabilizing certain bp.
Target DNA unwinding may further influence base stacking
and selectivity in the regions flanking the target site and/or



confer flexibility to the tDNA. Variations in the expanded
target site may ultimately translate into differences in nucle-
osome engagement (90,91).

Hyperactive half-site IN activity

We previously reported that R240E MMTYV IN was defec-
tive for strand transfer activity in vitro and moreover inhib-
ited the function of WT IN. The results supported the re-
quirement for the flanking MMTYV IN dimers in integra-
tion. However, Arg240 makes multiple interactions within
the intasome assembly, thus warranting further analysis.
Here, we mutated Asp223, which interacts with Arg240 via
a salt bridge, to either alanine or arginine, and measured
the activities of purified mutant proteins and viral infectiv-
ity. While we were unable to interpret D223 A mutant IN 3'-
processing activity due to apparent competing exonuclease
activity derived from E. coli, D223R displayed about 30%
of WT IN 3'-processing activity. Surprisingly, both D223A
and D223R displayed robust h.s. integration activity along-
side marginal c.i. activity. It is unclear from our data
whether h.s. integration activity contributed to the infection
phenotypes of D223A /R IN mutant viruses. Mutagenic or
pharmacological enhancement of single end RSV (65,66)
or HIV-1 (92) integration revealed that the second vDNA
end is commonly integrated via host mechanisms, which
can insert the rogue end distal from the IN-mediated event.
In such cases, the tDNA consensus sequence would pre-
dictably differ from the WT ATN/GTTAACNAT, which
was not observed (Supplementary Figure S11C). Appar-
ently, residual levels of IN concerted integration activity pri-
marily mediated the integration of D223A/R IN mutant
viruses in cells.

To understand the structural basis of retroviral IN
h.s. integration activity, we attempted to construct sta-
ble nucleoprotein complexes with D223A/R INs. These
attempts, however, were unsuccessful. Thus, quasi-stable
MMTYV CSC intasomes may account for the observed
hyper-stimulated h.s. integration activities of these mutant
INS in vitro. In this scenario, the IN octamer would form,
but then rapidly dissociate, on average leaving just a sin-
gle vDNA engaged for IN catalysis. Perhaps more likely,
due to disruption of the Asp223—-Arg240 salt-bridge, these
IN mutants may support the formation of substoichiomet-
ric IN-vDNA assemblies, resulting in the engagement of
just a single VDNA, or two vDNA ends where one of the
ends is mispositioned for integration into tDNA. In sup-
port of the latter hypothesis, different types of nucleopro-
tein complexes have been shown to mediate concerted ver-
sus half-site integration of HIV-1 DNA in vitro. Whereas
SSCs/CSCs are obligate intermediates along the concerted
integration pathway, quasi stable complexes promote h.s.
integration (93,94). The pathway of retroviral intasome as-
sembly is not well understood. Future studies aimed at as-
sembling complexes that promote half-site versus concerted
integration of different U3/U5 vDNAs should help to clar-
ify this important area of research.
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