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ABSTRACT

The Moloney murine leukemia virus (MLV) is a pro-
totype gammaretrovirus requiring nuclear disassem-
bly before DNA integration. In the nucleus, integra-
tion site selection towards promoter/enhancer ele-
ments is mediated by the host factor bromo- and
extraterminal domain (BET) proteins (bromodomain
(Brd) proteins 2, 3 and 4). MLV-based retroviral vec-
tors are used in gene therapy trials. In some trials
leukemia occurred through integration of the MLV
vector in close proximity to cellular oncogenes. BET-
mediated integration is poorly understood and the
nature of integrase oligomers heavily debated. Here,
we created wild-type infectious MLV vectors natively
incorporating fluorescent labeled IN and performed
single-molecule intensity and Férster resonance en-
ergy transfer experiments. The nuclear localization
of the MLV pre-integration complex neither altered
the IN content, nor its quaternary structure. Instead,
BET-mediated interaction of the MLV intasome with
chromatin in the post-mitotic nucleus reshaped its
quaternary structure.

INTRODUCTION

Retroviral genera evolved different solutions for infecting
resting or dividing cells. Lentiviruses, such as the human im-
munodeficiency virus type 1 (HIV-1), are capable of infect-
ing non-dividing cells by active transport through the nu-
clear pore, while gammaretroviruses such as the MLV, gain

access to the host chromatin upon nuclear breakdown dur-
ing mitosis (1-3). After cell entry, the reversely transcribed
vDNA forms a large nucleoprotein complex together with
the viral integrase enzyme (IN) and other viral and cellular
proteins, referred to as the pre-integration complex (PIC)
(1,4). The N-terminal portion of the Gag cleavage product
pl2, a major constituent of the MLV PIC (95), associates
with the capsid protein, thereby ensuring completion of re-
verse transcription and capsid core stability (6,7). During
the cell cycle, this capsid core is maintained as an antiviral
defense mechanism before mitosis (8). At the time of mi-
tosis, phosphorylation of the S61 residue in the pl2 pro-
tein disrupts the binding of the p12 N-terminus with its C-
terminus, thereby facilitating capsid uncoating and reveal-
ing the p12 chromatin tethering motif (6-8). The MLV PIC
is then tethered via its p12 C-terminal region to the chro-
mosomes after nuclear membrane breakdown (5,9,10). In
the nucleus, the viral complex is exposed to interactions
with cellular cofactors such as the cellular bromodomain
and extraterminal domain (BET) proteins (Brd2-4) (11—
13). BET proteins target the MLV PIC to active enhancers
at transcription start sites of genes, near CpG islands and
DNasel-hypersensitive sites (11-15). These proteins func-
tion as bimodal tethers, with the C-terminal ET domain
directly interacting with the C-terminus of IN and the N-
terminal bromodomains associating with promoter regions
(11-13,16-18). Integration of the viral cDNA into the host
cell chromatin is a hallmark of retroviral replication. Inte-
gration is mediated by the viral enzyme IN, a cleavage prod-
uct of the Gag-Pol polyprotein, and occurs in two consec-
utive enzymatic reactions, called 3’-processing and strand
transfer (ST) (19,20). MLV IN contains four domains: an
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N-terminal domain (NTD) that coordinates a zinc ion and
participates in the multimerization of IN, an internal cat-
alytic core domain (CCD) containing the D,D(35)E motif
that plays a key role in the catalysis of integration, and a
less conserved C-terminal domain (CTD) involved in target
DNA binding (21-23). Additionally, the MLV IN encodes
an N-terminal extension domain required for MLV IN ac-
tivity, with a possible role in interacting with host proteins
(24,25).

While the enzymatic steps are well characterized, less is
known about the role of the IN oligomeric state, and how
this state evolves during nuclear entry and chromatin teth-
ering and targeting steps. Various lines of evidence indi-
cate that the catalytically active form of retroviral IN is
an oligomer. For example, it has been long known that at
least HIV-1 IN dimers are needed for catalyzing in vitro
3-processing, and that at least a IN tetramer is neces-
sary for concerted strand transfer (26-29). In recent years,
structural characterization of the prototype foamy virus
(PFV) revealed a functional IN tetramer (30,31), and struc-
tural studies of IN from the mouse mammary tumor virus
(MMTYV) and Rous sarcoma virus (RSV) revealed an oc-
tameric integrase architecture, composed of two core IN
dimers and two flanking IN dimers (32,33). This quaternary
structure is deemed to be a result of the limited linker length
between their CCD and CTD domains. For HIV-1 and
maedi-visna virus (MVYV), two lentiviruses, having an inter-
mediate linker length in IN, it has recently been shown that
arange of oligomeric configurations are formed. These con-
figurations range from a tetramer to higher order complexes
(e.g a homo-hexadecamer of IN for the MVYV) formed via
CTD rearrangements (34,35). For MLV IN, a tetramer has
been proposed as the active form for concerted integra-
tion (22,23,36-39) and in fact, the length of the CCD-CTD
linker in MLV IN is compatible with a tetrameric gam-
maretroviral intasome (32).

More recently, we used single-molecule fluorescence
based analyses to reveal that the total IN content of HIV-1
PICs, as well as the quaternary structure of IN, functionally
changes throughout the early stages of the replication cycle
(40). More specifically, confocal laser scanning microscopy
(CLSM) analyses showed a decrease in the number of IN
molecules upon nuclear entry, and single-particle Forster
resonance energy transfer (FRET) revealed how the host
factor LEDGF/p75 altered the quaternary structure of the
HIV-1 IN oligomer in the nucleus. A better understanding
of the molecular mechanism of gammaretroviral MLV IN
multimerization may explain how different retroviral fam-
ilies address the challenges of nuclear import and integra-
tion.

In this work, we investigated gammaretroviral Moloney
MLV replication using single-molecule fluorescence ap-
proaches, by generating a fluorescent protein labeled ver-
sion of the virus compatible with single-molecule FRET ex-
periments. We followed the IN content and IN oligomeric
state of the labeled INs in single viruses, and in viral com-
plexes during early MLV replication. Our data show that
the MLV PIC accesses the nucleus as a single, largely in-
variable complex. Clear changes in the IN oligomeric state
are observed that are independent of pl12-mediated tether-

ing to metaphase chromosomes but closely linked to BET-
mediated chromatin interaction.

MATERIALS AND METHODS
Plasmids

The MLV packaging plasmids coding for the MLV-
IN-mTurquoise2, MLV-IN-mVenus and MLV-IN-
mTurquoise2-mVenus proteins were constructed by digest-
ing the corresponding plasmid coding for MLV-IN-eGFP
(41) with Nhel/NotI and replacing eGFP by the individual
fluorescent protein mTurquoise2 or mVenus or the fusion
construct mTurquoise2-mVenus, respectively. Genes of the
fluorescent proteins were amplified by PCR with the follow-
ing primers: 5-GATCGCTAGCATGGTGAGCAA and
5-GATCGCGGCCGCTCTTGTACA. The W390A and
D184N mutations in the MLV-IN-FP constructs were in-
troduced via site directed mutagenesis with the primer 5'-G
GACCATCCTCTAGACTGACAGCGCGCGTTCAAC
and 5-CAGGCCCATTGTTAGTTCCCAATACCT,
respectively. The original template was digested with Dpnl.
To create MLV pl12(PM14) (42), the WT p12 was replaced
by a gene block fragment (Integrated DNA Technology,
Belgium) encoding pl12 with a five amino acids alanine
block substitution (PM14) flanked by a Scal and Xhol
restriction sites. Both the gene fragment and the MLV-
IN-mTurquoise2/V packaging constructs were digested
with Scal and Xhol to introduce the gene fragment in the
packaging constructs.

Cell culture and synchronization

HEK?293T (ATCC CRL-11268, Manassas, VA, USA) cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Life Technologies Europe, Merelbeke, Belgium)
supplemented with 5% (V/V) heat inactivated fetal bovine
serum (FBS; Life Technologies Europe) and gentamicin (50
pg/mL, Thermo Fisher, Erembodegem, Belgium). HeLaP4
cells (a kind gift from Pierre Charneau, Institut Pasteur,
Paris, France) were cultured in DMEM supplemented with
2% (v/v) FBS, gentamicin (50 pg/ml) and geneticin (500
wg/ml, Gibco BRL). Both cell lines were grown in a humid-
ified atmosphere with 5% CO; at 37°C. Cells were synchro-
nized following an approach similar to the one discussed
in Roe et al. (43). In brief, cells were seeded at an initial
density of 2 x 10* cells per eight-well chambered cover-
glass (VWR international) or 2 x 10° cells per 24-well plate
(Sigma-Aldrich, Bornem, Belgium) on day 1. On day 2, cells
were serum starved by replacing the growth medium with
DMEM containing 0.25% (v/v) FCS. On day 4, medium
was replaced with DMEM containing 10% (v/v) FBS and
cells were incubated for another 6 h. Thereafter aphidicolin
(2 pwg/mL) was added and 6 h later, the medium was re-
moved and virus dilutions added for 2 h, after which the
virus was removed and replaced with 10% (v/v) FBS con-
taining medium.

Counting mitotic cells

For flow cytometry (Guava®easyCyte™ SHT, Merck,
Overijse, Belgium) HeLaP4 cells were harvested, washed



once with phosphate buffered saline (PBS) and fixed in 70%
(v/v) ethanol for 2 h. Ethanol was removed by washing cells
with PBS, and DNA staining was done by resuspending
cells in 200 w1 PBS containing 1x propidium iodide (20x,
Sigma-Aldrich) and 1 mg/ml DNase-free RNase A (Sigma-
Aldrich), and incubating for 20 min at 37°C in the dark.
The percentage of cells in metaphase or G2 phase was de-
termined using the FlowJo_V10 analysis software. We also
used confocal microscopy to manually count the percentage
of cells containing condensed, metaphase chromosomes us-
ing DAPI staining.

Retroviral vector production

Unless explicitly stated otherwise, gammaretroviral vectors
were produced by a branched polyethyleneimine (bPEI; 10
wM, Sigma-Aldrich) transfection of 6.5 x 10® HEK293T
cells per 10 cm petri dish with three plasmids: 7 g pVSV-
G envelope, 12.5 g of the MLV n.pp packaging plasmid
(or any of its derived mutants) and 32.5 g of the pLNC-
fLuc3 transfer plasmid. Six hours post-transfection, the
medium was replaced with OptiMEM (Life technologies)
supplemented with 50 wg/ml gentamicin (Invivogen). Su-
pernatant was collected 48 and 72 h post-transfection, fil-
tered through a 0.45-pum filter (Sartorius) and the virus
was concentrated by ultrafiltration (Vivaspin, MWCP 50K,
Merck). Vector titers, represented as reverse transcrip-
tase units (RTU), were determined by the SYBR Green-
I product-enhanced reverse transcriptase assay (44) and
shown as compared to the reverse transcription activity of
a standard MLV stock. Subsequently, functional transduc-
ing titers were determined with viral vectors containing a
pLNC-T2A-eGFP-fLuc instead of the pLNC-fLuc as stan-
dard, using FACS in 20 000 cells reaching >5 x 10° TU/ml.

Vector transduction

HeLaP4 cells (2 x 10° cells/well) were seeded in eight-
well chambered cover glasses (Nunc Lab-Tek chambered
Coverglasses, 155411, Thermo Scientific) and subsequently
synchronized using serum starvation and aphidicolin treat-
ment, followed by transduction using the fluorescent MLV
at a multiplicity of infection (MOI) of 25. After 2 h cells
were washed and cultured for another 12 h (unless otherwise
stated) in DMEM 10% (v/v) FBS after which the cells were
fixed using 4% (v/v) paraformaldehyde. For dose-response
experiments, raltegravir (RAL; 0.6 nM-600 nM), JQ1(+)
(1-400 nM) or DMSO were added during transduction and
during the 12 h following the vector incubation step. For
immunocytochemistry, cells were permeabilized with 0.1%
(v/v) Triton X-100 (Sigma-Aldrich) in PBS and stained for
the nuclear lamina with lamin AC antibody (1/500 dilution,
sc-7292, Santa Cruz biotechnology) and secondary goat
anti-mouse Atto647N (1/500 dilution, Molecular probes,
Thermo Fisher) diluted in blocking buffer: PBS contain-
ing 10% (V/V) FBS and 0.1% Tween-20 (V/V) (A4974, Ap-
plichem). DAPI staining was done using a 1/1000 dilution
of a DAPI stock solution (Invitrogen). MLV Capsid stain-
ing of MLV N_venus Was done using anti-MLV-p30 (rat mon-
oclonal, Hybridoma R187 ATCC®-CRL1912™)
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Compounds

When inhibitors RAL (NIH AIDS Reagent Program, Di-
vision of AIDS, NIH (Cat #11680) from Merck & Com-
pany, Inc) or the BET-protein-active compounds JQ1(+)
and JQ1(—) were used, inhibitors were added during virus
transduction for 2 h and during the 12 h following the
vector incubation step. The BET-protein active compound
JQI(+) and inactive compound JQI(—) were kindly pro-
vided by Prof. J. Bradner (Harvard University) and dis-
solved in DMSO (45).

Co-immunoprecipitation

For co-immunoprecipitation (colP), 6.5 x 105 HEK293T
cells were plated in 10 cm dishes and transfected using
branched PEI (10 wM, Sigma-Aldrich) with 30 wg of the
MLV-IN-V or MLV-IN(W390A)-V packaging construct.
After 24 h, the cells were washed twice with PBS and lysed
in whole cell lysis buffer (20 mM Tris—HCI pH 7.5, 250 mM
NaCl, 1 mM MgCl,, 0.5% (V/V) Triton X-100, 10% glyc-
erol (v/v), 1 mM phenylmethanesulfonylfluoride (PMSF)
and protease inhibitor cocktail (Complete: EDTA-free,
50x, Roche Diagnostics, Mannheim, Germany). Lysates
were cleared by centrifugation at 20 000 g for 10 min and
the supernatant was incubated overnight at 4°C with 3 .l
of anti-GFP antibody (goat monoclonal antibody, ab6673,
Abcam, Cambridge, UK). Subsequently, protein-G agarose
(Roche Diagnostics) was added and samples were incubated
at4°C for 4 h. Samples were washed 5 times with colP whole
cell lysis buffer, before Western blot analysis.

Western blotting

Protein concentration of the supernatant from vector-
producing cells was first determined using a bicinchoninic
acid assay (BCA, Thermo Fisher Scientific, Geel, Bel-
gium) after addition of 1% (w/v) SDS (Sigma-Aldrich).
A total of 20 pg of protein was directly loaded onto
10% (w/v) polyacrylamide gels (Life technologies) for vi-
ral lysate experiments, or on a 4-15% precast gel (Crite-
rion™ TGX™ Precast Midi Protein gel, BioRad, Nazareth,
Belgium) for co-immunoprecipitation experiments. Pro-
teins were electroblotted onto polyvinylidene difluoride
membranes (PVDF, Bio-Rad laboratories, Nazareth Eke,
Belgium). The following primary antibodies were used
for western blot detection: anti-GFP (1/2500, goat mon-
oclonal antibody, ab6673, Abcam, Cambridge, UK), anti-
Gag (1/2500, rabbit polyclonal anti-MLV-Gag antibody,
ab100970, Abcam), anti-CA (undiluted, rat monoclonal
anti-MLV-p30/CA antibody, Hybridoma R187 ATCC®)-
CRLI1912™ Manassas, Virginia, USA), anti-RT (undiluted,
goat polyclonal anti-MLV-RT antibody, 76S-449, a kind
gift from Dr Christine Kozak, NIH/NIAID) and anti-Brd4
(BET protein) (rabbit monoclonal antibody, A301-985A;
Bethyl Laboratories, Antwerp, Belgium). Blots were subse-
quently stained with a horseradish peroxidase-conjugated
goat anti-mouse, -rabbit, -rat or -goat antibody (Dako, Hev-
erlee, Belgium) and detected by chemiluminescence (ECL™,
Amersham Bioscience, GE Healthcare Europe GmbH,
Diegem, Belgium).
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Luciferase assay

To determine the transduction efficiency of the vectors,
1.5 x 10* HeLaP4 cells were seeded per well in a 96-well
plate and transduced the next day in triplicate in three di-
lutions in the absence or presence of RAL (0.6-600 nM)
or JQI1(+) (1-400 nM) for dose response experiments. 24
h post-infection the vector was removed and replaced by
DMEM containing 5% (v/v) FCS. To measure luciferase
activity, cells were lysed 72 h after transduction in luciferase
lysis buffer (50 mM Tris—-HCI pH 7.5, 200 mM NacCl,
0.2% (v/v) NP-40, 10% (v/v) glycerol). Luciferase activity
was measured following the manufacturer’s protocol using
ONE-Glo™ reagents (Promega, Leiden, The Netherlands).
Luciferase activity was normalized for total protein content
determined with a BCA assay. Subsequently, cells were split,
and 50% was reseeded for luciferase assays or flow cytome-
try analysis, whereas the remaining 50% was kept in culture
to determine integrated copies.

gDNA isolation and quantitative PCR

2.5 x 10° cells were pelleted, and genomic DNA was
extracted using a mammalian genomic DNA miniprep
kit (Sigma-Aldrich). Genomic DNA concentrations were
determined using standard spectrophotometric methods.
Samples corresponding to 100 ng genomic DNA were used
for analysis. Each reaction contained 12.5 pl iQ Supermix
(Biorad), 40 nM forward and reverse primer and 40 nM
of probe in a final volume of 25 pl. The following primer/
probes set were used: fLLuc sense: 5-TCACCCACACTGT
GCCCATCTACGA and antisense: 5-CAGCGGAACCG
CTCATTGCCAATGG and probe: 5-[6FAM]TTCATA
GCTTCTGCCAACCGAACGGACA|TAM] and B-actin
sense: 5'-GAAGAGATACGCCCTGGTTCC and anti-
sense: 5-TGTGATTTGTATTCAGCCCATATCG and
probe: 5-[6FAMJATGCCCTCCCCCATGCCATCCTGC
GT[TAM)]. Samples were measured in triplicate for 5 min
at 95°C followed by 50 cycles of 10 s at 95°C and 30 s at
55°C in a LightCycler480 (Roche Applied Science, Vilvo-
orde, Belgium). Analysis was performed using the LightCy-
cler480 software supplied by the manufacturer.

Confocal microscopy and intensity analysis

Intensity measurements and imaging of cells was performed
as described previously (40) using a laser scanning micro-
scope (Fluoview FV1000, Olympus, Tokyo, Japan). The
objective and the excitation polychroic mirror used were
UPLSAPO 60x W NA1.2 and DM405-458/515/559/635,
respectively (Olympus). 3D confocal stacks of fixed cells
were acquired using a z-step size of 0.3 pm and sampling
speed of 4 ps/pixel. A 440-nm diode laser was used for
exciting mTurquoise2, a 514-nm diode laser for mVenus,
a 405 nm laser for DAPI, and a 635-nm diode laser for
Atto647N. Emission light was collected at 455-500 nm for
mTurquoise2, 505-540 nm for mVenus, 430-470 nm for
DAPI and 655-755 nm for Atto647N. The image reso-
lution was 512 x 512 pixels and pixel size 103 nm. For
dual or three-color images, different channels were com-
bined for each z-plane and three consecutive z-planes were
then assembled using Image]J software (NIH). Detection,

localization and intensity calculation for each IN-FP com-
plex was performed as described previously using a home-
made MATLAB routine (The MathWorks, Eindhoven, The
Netherlands) (40). In brief, after image processing, parti-
cles were automatically detected using an intensity thresh-
old. Each fluorescent spot that consisted of less than 7 pixels
above the threshold was excluded. The remaining spots were
assigned to be part of a single IN-FP complex if they were
observed in at least 3 consecutive z-slices, with the com-
plex at a maximum distance of 3 pixels (309 nm). Subse-
quently, the nuclear lamin was determined using intensity
thresholding and used for automatic assignment of com-
plexes to cytoplasm or nucleus while complexes in mitotic
cells were manually selected. Next, the fluorescence signal of
each complex in each z-slice was fitted with a 2D Gaussian
using the least-mean-square method to calculate the inte-
grated intensity of each IN-FP complex. Since the z-slice
in which the complex is in focus is expected to have the
highest intensity, this intensity value was selected for fur-
ther use. Typically, data were collected from ~50 different
cells, which correspond to at least 300-1000 detected com-
plexes per experiment. Each experiment was performed at
least three times and data from a representative experiment
are shown. The P-values for the intensity data are obtained
from a two-sample 7-test with unequal variance of the log-
normal distributed data with P-value < 0.001 (***); P <
0.01 (**), P < 0.05 (*) and n.s. = not significant as the cri-
terion of significance.

Quasi-TIRF microscopy and FRET analysis

Fluorescence imaging of the vectors for brightness analy-
sis and FRET was performed as described previously (40).
In brief, an inverted microscope (Olympus IX-83, Olympus
NV) equipped with a TIRF oil objective (PlanApo 60 x,
NA1.45 oil TIRFM, Olympus). mTurquoise2 was excited
at 445 nm (Cube 445-40c, Coherent, Utrecht, The Nether-
lands), eGFP was excited at 488 nm (Sapphire 488-100 CW,
100 mW, Coherent) and mVenus at 514 nm (Sapphire 514-
100 CW CDRH, 100 mW, Coherent). Atto647N was im-
aged at 644 nm (Excelsior, Newport Spectra Physics BV,
Utrecht, The Netherlands). After combining laser lines, the
laser light was circularly polarized (WPQO05M-532, Thor-
labs GmbH, Munich, Germany) and expanded 5 times
to achieve a homogenous beam profile in the part of the
sample that is imaged on the electron multiplying charge
coupled device (EMCCD) chip and passed through a ~1-
cm iris to limit the illuminated area in the sample, be-
fore finally being focussed on the back focal plane of
the objective through a 500-mm planoconvex achromatic
lens (KPX211-C BK7 Precision Plano-Convex lens, New-
port). Emission was collected by the same objective and
split by a polychroic mirror (z445/514/633rpc, Chroma)
into a blue emission channel for mTurquoise2 detection
(HQ485/40m, Chroma), a yellow emission channel for
mVenus detection (Razor Edge Long Pass 514 filter, Sem-
rock, NY, USA) and a red emission channel for Atto647N
detection (LP510 and LP655, Chroma). For eGFP, a poly-
chroic mirror (z405/488/561/644rdc, Chroma) was used
and emission light was detected using a HQ590/40-2P
emission filter. The fluorescence image was expanded 2.5-



fold (PE eyepiece 125, 2.5 x, Olympus) and focussed onto
an EM-CCD (ImagEM, Hamamatsu, Louvain-La-Neuve,
Belgium). The image size was 40 x 40 pm? and the im-
age resolution 512 x 512 pixels. Images were acquired
as the average of 20 consecutive 0.1 s integration time
frames and the EM-gain was set to 191. FRET analyses
were performed as described previously (40). In brief, sin-
gle viral complexes (MLViN.mTq2+IN-mVenus) Were localized
by dual-color 2D Gaussian localization of the subdiffrac-
tion viral complexes (100-150 nm). Subsequently, the sin-
gle particle integrated fluorescence intensity per virus of the
FRET donor before (Fppre) versus after (Fppost) photo-
bleaching and of the FRET acceptor was extracted. Single-
molecule localization/fitting was performed with Localizer
(46). FRET was finally quantified by calculating the FRET
ratio:

F
FRET ratio = —2P (1)
D,pre

If FRET occurs between donor and acceptor, an increase
of the donor fluorescence is observed after photobleaching
of the acceptor. Typically, data were collected from ~50-
100 different cells, what correspond to an average of ~200—
2000 viral complexes per measurement. Each experiment
was performed at least three times. From all the obtained
FRET ratios, the average was taken and the standard er-
ror of the mean (SEM) was determined. Statistical analy-
ses were performed with a Two-sample t-tests with unequal
variance with the following P-value cutoffs: P < 0.001 (***);
P < 0.01 (**), P < 0.05 (*) and n.s. = not significant.

TIRF microscopy in vitro

For fluorescence imaging of the vectors, virus-containing
cell supernatants were diluted and immobilized onto 0.1%
(w/v) poly-D-lysine (Sigma-Aldrich) coated wells in a
8-well chambered coverglass for 4 h at 37°C, washed
with PBS buffer (Life technologies), fixed with 4% (v/v)
paraformaldehyde (Sigma-Aldrich) in PBS, washed twice
with PBS. Imaging was performed on the inverted TIRF
microscope as described above and single viruses were lo-
calized by dual-color 2D Gaussian localization and the
single particle integrated fluorescence intensity was deter-
mined. Single-molecule localization/fitting was performed
with Localizer (46).

RESULTS
Functional MLV vectors for probing IN in single viruses

To investigate the IN content and oligomeric state dur-
ing infection, we generated MLV genomic packaging con-
structs with the fluorescent protein (FP) genes mTurquoise2
(mTqg2), mVenus (V) or eGFP, or a tandem fusion construct
of mTq2 and Venus (mTq2-V), inserted in-frame down-
stream of the IN sequence and a short linker in the con-
text of the complete Gag-Pol polyprotein (Figure 1A) (41).
Fluorescently labeled vectors were produced in 293T cells
by transient transfection of one (MLVin.mTq2, MLVin.y,
MLViN.egrp Of MLViNumTq2-v) OF two (MLViNmTq2 and
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MLV n.y) packaging constructs, together with a commonly
used transfer plasmid expressing firefly luciferase and a
VSV-G envelope plasmid (Figure 1A).

Viral proteolytic processing was analyzed by Western
blotting with specific antibodies against reverse transcrip-
tase (RT; ~71 kDa (47)) (Figure 1B), Gag (Supplemen-
tary Figure S1A), Capsid (CA) (Figure 1B, Supplementary
Figure S1B), and eGFP (IN-eGFP ~70kDa) (Figure 1B,
Supplementary Figure S1A). In all conditions tested, CA
was detected, confirming that proper Gag processing is pre-
served. Using the anti-RT serum three bands were visible,
of which the topmost corresponds to full-length RT (~71
kDa), as has been shown before (47). Finally, using the anti-
GFP antibody, bands corresponding to the full-length IN
fusion proteins were observed (~70 kDa for IN-FP and
~120 kDa for IN-mTq2-V), but a certain proportion was
also present as cleaved products.

Next, we evaluated the transduction efficiency of the vec-
tors using a firefly luciferase assay (Figure 1C). HeLaP4
cells transduced with equal amounts of vector as measured
by reverse transcriptase activity, containing IN-mTq2, IN-
V or both IN-mTq2 and IN-V produced a similar signal
as the WT vector (no FP) (Figure 1C, Supplementary Fig-
ure S1C). These data imply that introduction of an FP C-
terminally of Gag-Pol does not interfere with viral trans-
duction efficiency. To control for the expression of the fLuc
gene from non-integrated particles, we replaced IN with a
catalytically dead version (D184N). As expected, three days
after transduction of the host cells, only a limited luciferase
activity was observed (Figure 1C). To assess the stability of
vector integration, 293T cells were cultured until 10 days
post-transduction, and the number of total vDNA copies
was determined by quantitative PCR. This demonstrated
stable integration of the transfer gene by fluorescently la-
beled MLV vectors (Figure 1D).

Next, we visually confirmed the presence of the FP in
the vectors (Figure 1E). To this end, we coated microscopy
coverslips with the supernatant of 293T cells that pro-
duced MLV n.y at concentrations that allowed individual
virus discrimination and immunostained the sample with
the anti-CA antibody. Total internal reflection fluorescence
(TIRF) microscopy was performed revealing that about 70
4 10% of IN-Venus positive spots also positively stained for
CA and 62 + 12% of the CA-positive spots were also posi-
tive for IN-Venus (Figure 1E).

Finally, we also carried out an extensive comparative
analysis of the different fluorescent protein tags (eGFP vs.
mTurquoise2 vs. mVenus) in the context of single-labeled
vectors, using a strategy similar as in Figure 1E, and for
which the Reader is referred to Supplementary Figure S2. In
brief, although virus production efficiency did scale with the
MLV genomic plasmid concentration used (Supplementary
Figure S2A, B), the IN content did not change (Supplemen-
tary Figure S2C, D). Overall, mVenus seemed the optimal
tag for single-virus imaging, since most fluorescent moieties
per virus were observed for MLV .y particles.

Taken together, we constructed MLV vectors with wild-
type function carrying labeled IN protein.
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Figure 1. Functional MLV vectors for single virus imaging. (A) Schematic representation of the constructs used for MLV particle production: the packaging
plasmids with the pol gene fused to a single mTurquoise2 (mTq2), mVenus (V) or eGFP fluorescent protein gene, or to a tandem heterodimer mTurquoise2-
Venus (mTq2-V) fluorescent protein fusion gene, the transfer plasmid with a Firefly luciferase gene (fLuc3) and the VSV-G envelope plasmid. CMV =
cytomegalovirus promoter, thick black line = in-frame suppression, PR = protease, RT = reverse transcriptase, IN = integrase, pA = poly-adenylation
signal. (B) Western blot showing the presence of IN-FP, RT and CA in purified MLV particles. Vectors were analyzed with an antibody against (top)
reverse transcriptase (anti-RT), (middle) mTurquoise2, mVenus, eGFP or the fusion construct mTq2-V (anti-GFP) and (bottom) CA (anti-p30). Extra
data in Supplementary Figure S1A. (C) Firefly luciferase assay for testing the reporter gene expression of the fluorescently labeled vectors in HeLaP4 cells
3 days post-transduction. Vector amounts were normalized on particle-associated RT activity before transduction. Relative luminescence units (RLU)
were normalized to the protein content of infected cell lysates. The bar chart (displayed in a logl0 y scale) shows the average of a representative experiment
performed in triplicate. Error bars indicate the standard deviation on triplicate data points. Extra data in Supplementary Figure S1B. (D) Bar chart
(displayed in a logl0 y scale) of the normalized total viral DNA (to B-actin) as determined via quantitative PCR in transduced 293T cells 10 days post
transduction. Error bars indicate the standard error on the mean on triplicate data points. (E) TIRF microscopy image of MLVyn.y vectors (green)
immunostained with anti-CA (red, Alexa633). The merged image shows CA/IN-FP colocalizing particles (yellow). The scale bar is 5 pm.

MLV IN oligomerizes inside MLV vectors (D,post; Figure 2A) was imaged again. From the localized
and 2D-Gaussian fitted spots in the fluorescence images
(D,pre; A,pre and D,post), the single particle intensity was
determined (Figure 2A), from which the FRET ratio per
MLV-derived particle was calculated (Equation 1) and plot-
ted (Figure 2B and Supplementary Table S1). We observed
a percentage of particles containing a fluorescent FRET
donor, that also contained a fluorescent FRET acceptor,
equal to 78 + 2% (Figure 2A; yellow). A FRET ratio of
1.25 £ 0.01 was obtained, which was significantly higher
than the negative control, i.e. viruses containing only IN-
mTq2 (1.03 £ 0.02). This suggests the presence of interact-
ing IN subunits (Figure 2B). For a direct fusion between the
donor and acceptor (MLVinN.mTq2-v), the mean FRET ra-
tio was 1.83 £ 0.02. Here, very efficient FRET is occurring
between the donor and acceptor probes because of their
close proximity. To rule out aspecific FRET signals, we re-
peated the experiment with MLVn.m1q2 Vectors produced

Different retroviral INs have previously been shown to func-
tionally oligomerize in vitro (23,27-29,36,48-52). Recently,
we corroborated this inside individual virions and viral
complexes in HIV infected cells by single-molecule fluo-
rescence experiments (40,53). We now employed our dual-
color fluorescent MLV virions (MLVN.mTq2+IN-v), cOntain-
ing IN-mTq2 and IN-V in a 1:1 (plasmid) ratio to verify
IN oligomerization via single-molecule Forster resonance
energy transfer (FRET) experiments. More specifically, we
used the increase in FRET donor (mTurquoise2 FP) fluo-
rescence after FRET acceptor (mVenus FP) photobleaching
as a measure for the presence and quaternary structure of
IN oligomers (Figure 2A). Practically, we separately imaged
the donor (D,pre; Figure 2A) and acceptor (A,pre; Fig-
ure 2A) labels at low laser power. Subsequently, the accep-
tor was photobleached at high laser power and the donor



A pprrer

™

) * ‘ é ‘7:
lbleach
.|D,post & A pre

B 19y /=—=—" '
18
17
16-
15/
14
13
121
11
10/

MLV

H

Mean FRET ratio

BN e {0 o
{=) (]

Figure 2. FRET picks up the IN quaternary structure. (A)
MLVIN.mTq2+IN-v vectors are imaged in the FRET donor (D,pre)
and acceptor (A,pre) detection channels at low laser power, after which
the acceptor is photobleached at high laser power. Finally, the donor is
imaged again in the blue channel at low laser power (D,post). Dual-color
labeled particles are shown in yellow (IN-mTq2, red; IN-V, green).
Scale bar is 1 pm. (B) Mean FRET ratios of MLV-derived particles
containing only a donor FP (MLVN.mTq2), @ FRET-pair fusion construct
(MLV]N.mqu_v), two ﬂuorescently labeled INs (MLVIN-mTq2+IN-V) or
only a donor fluorescently labeled IN and a free acceptor fluorescent
protein (MLVN.mTq2+free v)- *** P < 0.001; n.s. = not significant, from
an unpaired Student’s 7-test with unequal variance.

in cells overexpressing free mVenus. In double-labeled par-
ticles, MLV IN-mTq2+free mVenus, containing IN-mTq2 and free
mVenus, no increased FRET ratio (1.01 + 0.03) was ob-
served (Figure 2B), excluding an aspecific FRET artifact
under the experimental conditions.

Together, these experiments show that the FRET signal
in MLV N.mTg2+IN-v Vectors originates from oligomerization
of the fluorescently labeled IN. This is the first time IN
oligomers are observed directly at the level of a functional
MLV vector without the need for lysis of the MLV-derived
particles. In a next step, we employed the described single-
virus FRET assay to investigate the IN quaternary state in-
side individual viral pre-integration complexes (PICs) dur-
ing transduction.

Nucleic Acids Research, 2019, Vol. 47, No. 3 1201

Nuclear presence of FP-labeled MLV PICs depends on the
cell cycle and viral integration

Gammaretroviruses such as MLV require cell cycle-
dependent nuclear membrane breakdown to gain access to
the host cell DNA prior to integration (1,2,43). To increase
the likelihood of observing interphase cells carrying nuclear
fluorescent MLV PICs, we synchronized the cells by releas-
ing them from an aphidicolin based cell cycle arrest at the
G, /S border (the Reader is referred to Supplementary Fig-
ure S3A for a scheme of the cell cycle) at the moment of in-
vestigation. We used two complementary methods to mon-
itor the cell cycle: visual inspection of metaphase (M) cells
(Figure 3A) and flow cytometry (Figure 3B and Supplemen-
tary Figure S3B). After removing aphidicolin at time zero,
an increased percentage of G2/M phase cells was observed
starting at 8 h and peaking at 14 h (Figure 3B). At 14-16 h,
approximately 7% of cells were in metaphase (Figure 3A).

In a next set of experiments, we employed single-color la-
beled MLV particles containing IN-mVenus to study MLV
PICs during the early replication steps. Upon transduc-
tion of the synchronized cells, clearly punctuate fluorescent
spots were readily detected in the cytoplasm of the tar-
get cells (Figure 3C, interphase). Upon nuclear envelope
breakdown and chromosome condensation (Figure 3C,
prometaphase until telophase) fluorescent viral complexes
overlapped with the chromosomes, as has been shown be-
fore (9,41). For cells that had gone through mitosis post-
transduction, the large majority of viral complexes (90 +
4%) were located inside the nucleus (Figure 3C, post-mitotic
interphase) and overall, the percentage of cells contain-
ing nuclear viral complexes increased with the progression
through the cell cycle (Figure 3D, E), peaking at 15 h post—
transduction. The transduced mitotic or post-mitotic cells
contained about 20 viral complexes in the 8-20 h time span
(Figure 3F), which corresponds to the employed multiplic-
ity of infection (MOI = 25). When aphidicolin was not re-
moved at time zero, a much lower percentage (<5%) of cells
with nuclear MLV complexes was observed at 14 h (Figure
3E). The presence of fluorescent complexes tethered to mi-
totic chromatin and the cytosolic retention of PICs upon
aphidicolin treatment corroborate previous findings on nu-
clear migration of MLV PICs (43).

At later time points (>15 hours), the percentage of cells
with nuclear viral complexes decreased (Figure 3D), a trend
that was also reflected by the number of nuclear PICs at
30 h after infection (Figure 3F). The decrease can be due
to proviral integration and subsequent PIC dissociation,
integration-independent PIC dissociation, dilution through
subsequent mitosis events or active breakdown by the cel-
lular housekeeping machinery. To investigate this further,
we added the integrase strand transfer inhibitor raltegravir
(RAL) during transduction. Relative to the DMSO control,
an increased number of cells containing nuclear PICs was
observed (Figure 3G). This strongly suggest that the ob-
served reductions in cells containing nuclear PICs and nu-
clear PICs per cell following the first cell division is, at least
in part, due to integration of functional intasomes and con-
comitant PIC dissociation post-integration.

In summary, the percentage of cells containing nuclear
PICs, and the number of PICs in the nucleus of post-mitotic
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Figure 3. Nuclear presence of fluorescent MLV PICs depends on the cell cycle and integration. (A) Percentage of metaphase cell counted via confocal
microscopy. Twenty fields of view were counted and expressed as percentage of metaphase cells. (B) Percentage of HeLaP4 cells in G1 (black) or G2/M
phase (red) as determined with flow cytometry. Indicated hours are relative to the time of transduction, when cells were first exposed to the MLV vectors
after lifting the prior arrest at G/S with serum starvation and aphidicolin treatment. For clarity, data in panel B was smoothed by phase-conserving
averaging over three time points. Raw flow cytometry data are in Supplementary Figure S3B. (C) Confocal images of HeLaP4 cells during the cell cycle
following transduction at time zero with MLV .y vectors (green). Cells were immunostained using antibodies recognizing the nuclear lamin (red) and
the chromatin was stained with DAPI (blue). Scale bar is 5 wm. (D) Time course to determine when synchronized and transduced cells contain the most
nuclear MLV PICs. A minimum of 50100 cells was scored under each condition. (E) Percentage of cells with nuclear PICs at 14 h when aphidicolin was
removed or retained during transduction with MLVyn.y at 0 h. As panels D and E illustrate independent experiments, the absolute numbers differ. (F)
The average number of nuclear MLV PICs in HeLaP4 transduced with MLV n.y over a period of 48 h post transduction. (G) Time progression of the
percentage of HeLaP4 cells with nuclear viral complexes after transduction of MLV n.y in the presence of DMSO or RAL (0.6 wM). For the 22, 30 and
40 hour time points, the Student’s 7-test with unpaired variance P values were P < 0.01 when comparing the DMSO and RAL data.

cells closely followed the cell cycle, and appeared to be, at cence to compare the colocalization of IN-V with CA in
least in part, dependent on viral integration. MLV n.y transduced cells in different phases of the cell cy-
cle (Figure 4C, Supplementary Figure S3A). Both proteins
colocalized in viral complexes early during infection (Fig-
ure 4C, interphase). For the majority of particles, a clear
overlap (63 + 21% of IN-V spots also stained for CA, 72

Cytoplasmic and nuclear PICs differ in IN quaternary struc-
ture, but not in IN content

We next probed the IN content of intracellular viral com- + 19% of CA spots also stained for IN-V) was observed
plexes relative to that of the vectors. We observed a in the cytoplasm of interphase cells, as calculated from 81
slight decrease in Venus intensity upon entry of the virus cells containing 10-30 viral complexes (Figure 4D). This is
into cells, yet comparable intensities between cytoplas- similar to the colocalization observed in vitro, for virus par-
mic, chromosome-bound (metaphase) and (post-mitotic) ticles that were simply absorbed to glass coverslips (Figure
nuclear IN-mVenus complexes (Figure 4A, B and Supple- 1E). Complexes bound to mitotic chromosomes displayed

mentary Table S2). As this decrease did not depend on the a much-decreased overlap (only 1.7 &£ 0.5% of IN-V spots
subcellular location (data not shown), nor time post trans- stained for CA, 7 + 0.4% of CA spots stained for IN-V)
duction (data not shown), this may suggest the presence of (Figure 4C, Metaphase/Telophase and Figure 4D, middle

non-specific/-functional IN-FP (or even free FP) moieties bar). Furthermore, in post-mitotic interphase cells (Figure
in the virions, that are lost immediately upon cell entry. 4C, Post-mitotic interphase and Figure 4D, right bar; 0 £+

As comparable fluorescence intensities were observed for 0%), no significant overlap between CA and IN-FP was ob-
cytoplasmic, chromosome-bound and nuclear complexes, served. These results imply that capsid uncoating from in-
we next assessed a possible correlation between viral CA tasomes occurs before binding to the condensed chromo-

and IN content. More specifically, we used immunofluores-
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(green), immunostained CA (red) and DAPI (blue). Magnifications are shown next to the image. Scale bars are 5 wm (magnifications 2 pm). White arrows
point towards localized spots that were localized in both IN-FP and CA imaging channels. (D) Percentage of colocalization of IN-V and CA for viral
complexes in the cytoplasm, bound to chromosomes or in the nucleus of post-mitotic interphase cells, calculated from 130 cells, each containing 10-30
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nucleus of post-mitotic interphase cells (light gray) compared to MLV N.mTq2+IN-v Vvectors (black). Error bars represent the standard error of the mean

(SEM); ***P < 0.001; n.s. = not significant, from an unpaired Student’s 7-test with unequal variance.

somes during mitosis, as suggested before (9) and has no
influence on the IN content.

Finally, we monitored the interaction between labeled
IN subunits in viral complexes in the cell. A FRET ra-
tio of 1.20 £ 0.01 was measured for cytoplasmic MLV
complexes before mitosis, much like the value obtained
for IN oligomers inside MLV-derived particles (Figure 4E
and Supplementary Table S3). Remarkably, whereas MLV
complexes bound to chromosomes in metaphase cells dis-
played a similar FRET ratio of 1.20 £ 0.04, the FRET ratio
of post-mitotic nuclear MLV complexes was significantly
higher (1.35 + 0.02), directly implying a quaternary struc-
ture change of IN. Furthermore, viruses incorporating the
IN(D184N) mutation (MLVIN(D184N)—Tq2+lN(D184N)—V)a that
catalytically inactivates IN (54), still exhibited wild-type
FRET levels. Together, these data show that the interaction
with chromosomes as such, nor the catalytic activity of IN,
affects the IN oligomer although completion of mitosis is
required for the process to occur (Figure 4E).

In conclusion, the CA colocalized with IN-FP in cyto-
plasmic PICs in interphase cells, but colocalization was sig-
nificantly lower for PICs docked to mitotic chromosomes,
as well as for PICs in the nucleus after nuclear envelope
reassembly. CA uncoating was not associated with a drop
in fluorescence intensity (IN content). Rather, the quater-
nary structure (stoichiometry and/or conformation) of the
MLV IN oligomer did undergo significant alterations in the

nucleus of post-mitotic interphase cells independent of the
catalytic activity of the integrase.

BET protein-dependent change in IN oligomeric state in post-
mitotic nuclear viral complexes

Alteration of the IN-FP oligomeric state may be due to the
interaction of p12 in the PIC with post-mitotic chromatin,
to the interaction of MLV IN with the host factors Brd2-4,
known to tether MLV IN to the chromatin, or to the inte-
gration event itself (Figure 5A). To address this question,
we first investigated the role of p12, a cleavage product of
the MLV Gag precursor and a component of MLV PICs
(5). MLV pl2 is known to bind to the condensed chromo-
some via its C-terminal region, thereby tethering the MLV
PIC to the host chromosomes (9,10). In addition, the p12 N-
terminal region is known to interact with the MLV capsid,
thereby stabilizing the capsid core of the MLV PIC complex
and preventing premature capsid uncoating (6-8). About 89
=+ 5% of PICs containing WT p12 accumulated on mitotic
chromosomes (Figure 5B; top). Chromosome accumulation
of PICs with a mutant p12 protein PM 14, i.e. a five-amino
acid alanine block substitution (42), on the other hand, was
severely impaired (only 11 £ 2% of PICs overlapped with
chromatin) (Figure 5B; bottom) (5). In cells transduced with
MLV N-mTq2+IN-V,pl2(PM14), much less post-mitotic nuclear
MLV complexes were also found (7 & 4% in comparison to
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Figure 5. Interaction with BET proteins is essential for IN quaternary
structure change. (A) Currently accepted MLV PIC tethering model.
Upon nuclear reassembly after mitosis, the viral protein pl2 chromo-
some (purple circles) tether dissociates, and BET proteins (yellow cir-
cles) take over, readying the chromatin associated PIC (with IN-FP pro-
teins indicated by green and cyan circles) for integration (9,11-13). (B)
Confocal images of cells in metaphase transduced with MLVn.y or
MLVn.vpi2PM14) Vectors (green), immunostained using antibodies rec-
ognizing the nuclear lamin (red) and stained with DAPI for DNA (blue).
Scale bars are 5 wm. (C) Bar chart (displayed in a logjo y scale) illus-
trating the results of a firefly luciferase assay testing the transduction ef-
ﬁciency of MLVIN_V, MLV]N_valz(pMm) or MLV[N(W39()A)_V vectors. Vec-
tors were normalized on RT activity before transduction. Relative light
units (RLU) were normalized for protein content of the transduced cell
lysates. Results show a single experiment performed in triplicate. (D) Co-
immunoprecipitation of endogenous Brd4 with transiently expressed pack-
aging constructs containing the FP-tagged MLV WT IN protein (IN-V)
or the W390A mutant IN(W390A)-V protein analyzed by western blot.
(E) Mean FRET ratio of MLVIN-mTq2+IN-v, MLVIN.mTq2+IN-V,p12(PM14)
or MLVIN(W390A)-mTq2+IN(W390A)-V viral complexes at t = 14 h post-
transduction in synchronized HeLaP4 cells. (F) Mean fluorescence inten-
sity of MLVnw390a)-v Viral complexes at ¢ = 14 h post-transduction in
synchronized HeLaP4 cells. (E, F) Complexes are in the cytoplasm (white),
bound to chromosomes (gray) or in the nucleus of post-mitotic interphase
cells (light gray). Error bars represent the standard error of the mean
(SEM); ***P < 0.001; n.s. = not significant, from an unpaired Student’s
t-test with unequal variance.

90 + 4% with WT p12), consequently resulting in a highly
reduced transduction efficiency (Figure 5C). These results
thus confirm that binding to chromosomes during mitosis
is a prerequisite for nuclear retention after mitosis.

Next, we investigated the effect of the p12 mutation on
the IN quaternary structure. The FRET ratio obtained for

the cytoplasmic and metaphase chromosome-bound com-
plexes containing the p12 mutation was similar as the value
for WT MLV vectors (Figure 5E), suggesting that the in-
crease in FRET can only occur after retention in newly
formed nuclei. Since the mutation of pl2 prevented nu-
clear retention post-mitosis almost completely, its direct im-
pact on the FRET ratio could not be quantified (Supple-
mentary Table S3). Nonetheless, this result, together with
the fact that the (IN-)FP and CA colocalized in cytoso-
lic and mitotic (chromatin-bound) PICs, and almost not in
(post-mitotic) nuclear PICs (Figure 4C, D), implies that the
FRET increase takes place after dissociation of both CA
and p12 from the PIC. This timely dissociation may expose
the complex to interactions with cellular proteins, as already
suggested by Elis et al. (9).

Previously, we showed that LEDGF/p75, the tethering
and targeting factor of HIV integration (55) is responsible
for changing the oligomeric state of HIV-1 IN in the nu-
cleus (40). To exclude a role of LEDGF /p75 in the observed
FRET increase for fluorescent MLV particles, we trans-
duced LEDGF/p75-depleted HeLaP4 (LEDGF/p75XP)
with MLV in.mTg2+1n-v and quantified the FRET ratio. This
resulted in a similar FRET increase in nuclear MLV IN
complexes as observed in the wild-type HeLa P4 cells (Sup-
plementary Figure S4).

We next investigated the effect of the BET proteins (Brd2-
4), recently shown to function as MLV integration targeting
factors (11-13,17), analogously to the role of LEDGF /p75
in HIV-1 replication. As a knock down of all three Brd pro-
teins (Brd2-4) is toxic to the cell (13), we opted to introduce
a single point mutation (W390A) in MLV IN. Using ala-
nine scanning this residue had previously been shown to be
critical for the interaction of IN with the ET domain of the
BET proteins (11,17), and W390A has been shown to redis-
tribute integration away from transcription start sites (TSS)
and CpG islands (56,57). Indeed, and as observed before,
a single W390A substitution did not result in a significant
transduction loss (Figure 5C).

All BET proteins (Brd2-4) predominantly interact with
the 28 C-terminal amino acids of MLV IN (11,13,17).
Therefore, and as a control to confirm that introduc-
tion of an FP at the C-terminus of MLV IN does not
impair its interaction with Brd4, we performed a co-
immunoprecipitation experiment in 293T cells transiently
expressing IN-V or IN(W390A)-V. Brd4 was readily de-
tected in the extracts of cells transfected with IN-V, but not
with IN(W390A)-V coding constructs (Figure 5D), con-
firming a similar interaction of Brd4 with WT IN and IN-V.
Conversely, in contrast to MLVN.tq2+IN-v, the FRET ratio
of MLVIN(W390A)-Tq2+IN(W39OA)-V did not increase in the post-
mitotic nucleus (Figure SE), indicating that BET proteins
(Brd2-4) are required for the observed FRET phenotype.
We corroborated that the W390A mutation did not result in
an overall altered IN oligomerization behavior via DTSSP
crosslinking and Western blotting of nuclear extracts of
MLV IN transfected cells (Supplementary Figure S5), as
well as via an AlphaScreen oligomerization assay (Supple-
mentary Figure S6). Also, comparable fluorescence intensi-
ties, and thus IN moieties per viral complex, were observed
between cytoplasmic, chromosome-bound (metaphase) and
(post-mitotic) nuclear MLVnw3904).v complexes (Figure



5F), similar as for the WT vector (Figure 4B). Together,
these experiments imply that the absence of an increased
nuclear FRET signal for the W390A mutant relates to a
structural change within the viral complex, rather than to
a concentration related artifact or oligomerization defect.

Together, these results show that the p12 protein is re-
quired for efficiently transducing MLV vectors by allowing
the virus to localize in the post-mitotic nucleus, and that
only a specific BET-IN interaction can elicit the observed
IN quaternary structure change.

Bromodomain inhibitors and RAL interfere with MLV IN
oligomerization

The bromodomain inhibitor compound JQ1(+) selectively
inhibits interactions of all three BET proteins with cognate-
modified histone sites (45), effectively displacing BET pro-
teins from chromatin (58) and thereby inhibiting MLV in-
tegration into transcription start sites (Figure 6A) (11-13).
We investigated the effect of JQ1(+) on the change in IN
quaternary structure. Based on the 50% cytotoxicity (CCs
= 0.652 nM) and inhibitory concentrations (ICsy = 0.122
M) as determined in De Rijck et al., we used a JQI1(+)
concentration of 200 nM, at which at least a two-fold inhi-
bition is expected (11). As a negative control we included
200 nM of JQI(-), the inactive R-enantiomer of JQI1(+).
HeLaP4 cells were transduced with the MLViN.mTq2+IN-V
vector in the presence of either JQI(-) or JQ1(+). Interest-
ingly, JQ1(+), but not JQ1(-), prevented the nuclear FRET
increase of MLV IN complexes (Figure 6B), indicating that
interaction between the BET proteins and chromatin is ad-
ditionally required for the increased FRET in the post-
mitotic nucleus. We also evaluated whether JQ1(+)-induced
inhibition of FRET increase correlated with a reduction in
infectivity by adding 1-400 nM of JQ1(+) in both FRET
and infectivity assays (Figure 6C, D). Inhibition of the nu-
clear FRET increase was observed at 50 nM (Figure 6C,
gray bars), and this inhibition closely correlated with the
luciferase infectivity assay (Figure 6D).

‘We next wondered whether direct interactions of IN with
chromatin are needed to trigger the observed IN structural
rearrangements. The IN strand transfer inhibitor RAL
binds to functional intasomes close to the 3’-end of the vi-
ral DNA, thereby competing with IN target DNA binding
(59). Similar to JQ1(+), RAL prevented the FRET ratio in-
crease in a dose-dependent manner (0.6-600 nM) (Figure
6E). This inhibition correlated again with the inhibition of
transduction of MLV n.mTq2+iN-v Vectors (Figure 6F). Fi-
nally, no further decrease in the FRET signal was observed
when the MLVinw3904)-Tq2+IN(W390A)-v Vectors were used in
combination with RAL (600 nM) or JQ1(+) (200 nM) (Sup-
plementary Figure S7).

On the one hand, these experiments strengthen our hy-
pothesis that the nuclear FRET increase of the virus, and
concomitant quaternary structure change of the virus, is im-
portant for viral fitness and infectivity, and can thus be used
as such to investigate the viral infection mechanism. Mech-
anistically, these results imply that only the ternary com-
plex of BET proteins, chromatin and IN allows for a spe-
cific structural rearrangement within the IN complex. These
rearrangements might eventually determine the integration
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Figure 6. Host genome docking precedes MLV PIC quaternary structure
changes. (A) Currently it is accepted that RAL binds functional intasomes
and inhibits target DNA binding, while JQ1(+) abolishes the interaction
between BET proteins and the chromatin (45,58,59). (B) HeLaP4 cells were
synchronized using serum starvation and aphidicolin treatment, followed
by transduction in the presence of (B) JQ1(-) or JQ1(+). Mean FRET ra-
tios from MLVIN.mTq2+IN-v Viral complexes were determined at 7 = 14 h
post-transduction in synchronized HeLaP4 cells in the cytoplasm (white),
bound to chromosomes (gray) or in the nucleus of post-mitotic interphase
cells (light gray). (C-F) Synchronized HeLaP4 cells were transduced with

LVIN-mTg2+IN-v complexes in the presence of varying concentrations of
(C, D) JQI1(+) (1-400 nM), (E, F) RAL (0.6-600 nM) or DMSO. (C, E)
FRET readouts in the cytoplasm (white) or in the nucleus (light gray) of
post-mitotic interphase cells at t = 14 h post-transduction in the presence
of the indicated compound concentrations. Error bars are the standard
error of the mean (SEM); ***P < 0.001; **P < 0.01; n.s. = not signifi-
cant from an unpaired Student’s t-test with unequal variance. In panel C,
the FRET response was completely lost within the 1 to 50 nM change,
therefore, an actual dose response could not be observed. (D, F) Firefly lu-
ciferase assay readouts from dose response series using the indicated com-
pounds. Vectors were normalized on RT activity before transduction. Rel-
ative light units (RLU) were normalized for protein content of the trans-
duced cell lysates and are displayed relative to the DMSO control. Shown
is the average of a representative experiment performed in triplicate. Error
bars indicate the standard deviation on triplicate data points.

sites preferred by the MLV such as CpG islands and tran-
scription start sites.

DISCUSSION

Itis generally accepted that the enzymatic function and qua-
ternary structure of retroviral INs are closely intertwined.
However, the molecular details about the spatiotemporal
regulation of IN stoichiometry during the early steps of
replication, prior to integration, remain largely unknown.
An in-depth understanding of the stoichiometry and in-
teraction with host factors driving alterations in the qua-
ternary structure provides new structural and mechanis-
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tic insights in the integration process which in the case of
MLV could lead towards safer viral vectors for gene ther-
apy. In this work, we employed single-virus fluorescence mi-
croscopy to provide insights in the MLV IN oligomeric state
during early MLV replication. We present evidence that IN,
the main component of the MLV PIC together with the vi-
ral genome derived VDNA, forms stable oligomeric com-
plexes until completion of mitosis and that the BET pro-
teins (Brd2-4), that has previously been shown to be a gam-
maretroviral integration cofactor (11-13), alters the qua-
ternary IN structure when the PIC is tethered to the post-
mitotic chromatin.

A fully functional fluorescent version of MLV for studying
pre-integration steps

We generated fluorescently labeled MLV vectors carrying
a fluorescent protein (mTurquoise2, mVenus or eGFP) di-
rectly fused to IN (41,60) (Figure 1A). We first corroborated
that the MLV IN-FP modified MLV particles display wild-
type processing (Figure 1B, Supplementary Figure S2A and
transduction efficiency (Figure 1C,D). and the fluorescent
MLV PICs closely follow the host cell cycle, as mitosis is re-
quired for granting PIC access to the nucleus (1,43) (Figure
4E). We corroborated this here; when blocked at the G1/S
border by aphidicolin treatment, a much lower percentage
of cells contained nuclear viral complexes (Figure 4E). The
few cells that did contain nuclear complexes, possibly were
already in mitosis when treated with aphidicolin or, alter-
natively, the viral complexes in these cells entered the nu-
cleus by dead-end pathways. Supporting the notion of non-
functional nuclear complexes, Roe ez al. detected >100-fold
less MLV integration events in aphidicolin-arrested cells
(43).

By imaging the viruses early post-infection, we showed
that IN-FP colocalized with CA early after transduction
(Figure 4C, D). During mitosis the viral complexes were
tethered to the metaphase DNA (Figure 4C) (5,9) through
the action of p12 (Figure 5B). Finally, a time-dependent re-
duction in the number of cells with nuclear PIC complexes
was observed (Figure 4D), an effect that we could ascribe,
at least in part, to integration-dependent PIC dissociation
since transduction in the presence of RAL partly prevented
this drop (Figure 3G).

Taken together, we clearly showed that fluorescent label-
ing of MLV particles, by direct fusion of IN with a fluores-
cent protein, is a valid and powerful strategy for visualizing
the early steps in the MLV replication cycle, with a defined
focus on the IN enzyme.

Chromosome-mediated PIC retention by MLV versus active
nucleopore filtering by HIV

Retroviruses developed various strategies to access the host
chromatin. HIV PICs, with a size of ~100 nm (61-63), re-
quire a significant reduction in size prior to nuclear entry
to pass through the nuclear pore complex, which normally
only allows passive passage of macromolecules up to ~39
nm (64). In contrast to HIV, gammaretroviruses such as
MLV only gain access to the chromosomes during mitosis,
upon nuclear envelope breakdown. Association of p12 with

mitotic chromosomes is crucial for retaining PICs in the
nucleus after mitosis, as we’ve clearly corroborated (Figure
5B) (1,2,43). Interestingly, and in contrast to our previous
observations for HIV, no reduction in the IN-FP content of
nuclear MLV PICs was observed (Figure 4A and B). This
result therefore indirectly supports our molecular filter hy-
pothesis, that states that only HIV-1 PICs with a reduced
IN content can enter the nucleus via the nucleopore (40).

Differential interaction with IN of MLV and HIV co-factors

Using a similar FRET approach we recently showed that
LEDGEF/p75, the HIV-1 tethering counterpart of BET pro-
teins, induces a specific alteration in the HIV-1 IN oligomer
in the nucleus (40). As expected, LEDGF/p75 had no in-
fluence on the MLV IN oligomer (Supplementary Figure
S4). On the contrary, in the post-mitotic nucleus the MLV-
IN oligomer underwent specific changes in the quaternary
structure evidenced by an increased FRET signal (Figure
4E), because of interactions of the PIC with BET proteins
(Figure 5E). It is known that HIV and MLV markedly differ
in their interaction with their cognate cellular binding part-
ners (17,65-68). While the LEDGF /p75 binding pocket is
conserved among different lentiviral integrases, the corre-
sponding fragments in other retroviral INs exhibit signif-
icant differences (65). In the LEDGF/p75 binding pocket
of IN, a short interhelical loop of the IN binding domain
(IBD) docks into a narrow V shaped cavity formed at the
interface of a dimer of IN CCD molecules (65,69). These
essential interacting features of LEDGF/p75 and HIV-1
IN are absent in the interface between BET proteins and
MLV IN. For BET proteins, recent reports clarified the
role of the additional unique 28 amino acid C-terminal
(Ct) tail of MLV IN that directly binds the ET domain
of BET proteins (11,17,18). This Ct is largely disordered,
but undergoes a disorder-to-order transition upon complex
formation with the ET domain, generating complemen-
tary pairing of charged and hydrophobic residues on both
molecules (17,70). Interestingly, ectopic expression of the
LEDGF /p75 IBD can inhibit HIV-1 integration (71-73),
and the mere IBD binding changes the quaternary struc-
ture of HIV IN PICs (40). Overexpression of the ET of BET
proteins, on the other hand stimulates MLV integration (12)
and is unlikely to deregulate the IN catalytic function. Al-
though it is tempting to conclude that BET proteins directly
increase IN oligomerization, structural evidence suggests
that other interactions, such as binding to DNA, are likely
assisting in this process.

BET proteins ready the intasome for integration

The viral protein p12 is composed of two major domains.
The N-terminal domain has been shown to stabilize the ma-
ture MLV core through a direct interaction with CA, thus
preventing a premature loss of CA (6,7). Stabilization of the
capsid core occurs through binding of the p12 N-terminus
to the C-terminus. Disruption of this interaction by phos-
phorylation of the S61 position in pl2 by a cell cycle ki-
nase is critical to destabilize the capsid core and for regulat-
ing capsid uncoating, revealing the p12 chromatin tethering
motif (C-terminus) to bind the PIC to the host chromatin



for nuclear retention after mitosis (8). The C-terminus of
pl12 is known to escort and tether the MLV PIC to mi-
totic chromosomes. Through this mechanism, p12 retains
the PIC within the nucleus after the reformation of the nu-
clear envelope at the end of mitosis, which is required for
subsequent integration (5,9,10). Introduction of the PM 14
mutation in the p12 region of the MLV genome indeed inter-
fered with chromatin tethering of the MLV PIC (Figure 5B)
(5,9) and transduction (Figure 5C). Contrary to this, chro-
matin tethering mediated by p12 has been shown to have no
direct influence on integration target site selection (10).

Preceding pl2 chromosome tethering, CA dissociates
from the PIC in mitotic cells, as we and other clearly showed
((9) and Figure 4C). No overlap between IN-FP and CA
was observed in the post-mitotic nucleus (Figure 4C). These
results corroborate findings that lower ratios of overlap were
observed between CA and IN in PICs extracted from nu-
clear fractions compared to the cytoplasmic fractions, and
that thus already suggested that CA is lost from the PIC af-
ter nuclear entry (74). Importantly, this capsid dissociation
has been suggested before to expose the complex to interac-
tions with cellular cofactors necessary for targeted integra-
tion (9).

The BET proteins (Brd2, Brd3 and Brd4) were recently
identified to tether the MLV PIC to the host chromatin
by directly interacting with IN (11-13,17,18). Furthermore,
BET proteins are known to act as chromatin readers, tar-
geting the PIC to transcription start sites and stimulat-
ing integration (11-13,17). Here we showed that Brd4 co-
immunoprecipitated with IN-FP, but not with the BET in-
teraction deficient mutant, IN(W390A)-FP, corroborating
that Brd4 can indeed interact with the labeled IN (Figure
SD). Next, we showed that only upon exit from mitosis a
BET protein-mediated alteration in the quaternary struc-
ture of the MLV IN oligomer occurs, which is abolished by
the W390A substitution (Figure SE) (57). Meanwhile, how-
ever, the PIC IN content remained constant (Figure 5F) and
the oligomerization properties of the mutant IN are not af-
fected (Supplementary Figures S5 and S6). Importantly, the
FRET signal depended on the interactions of BET proteins
with the PIC (Figure SE) and the chromatin (Figure 6B-D)
in the nucleus of post-mitotic cells. Contrary to this, IN cat-
alytic activity was not required for the FRET signal (Figure
4F). The dose dependent inhibition by RAL and JQ1(+) of
nuclear FRET increase correlated significantly with the in-
hibition of MLV transduction, as evidenced by a Spearman
rank coefficient of 0.87 for the RAL data and 0.71 for the
JQI1(+) data. Apparently, interference with BET-induced al-
terations in the quaternary structure of MLV IN, aborts in-
fection underlining its importance. Interestingly, MLV car-
rying W390A 1IN, replicates without BET-induced IN al-
teration, suggesting an alternative integration mechanism.
Here, we provide evidence using FRET that BET proteins
induce an alteration in the quaternary structure change of
IN as part of an integration-readying process of the host
chromatin bound MLV pre-integration complex.

Based on our results, we propose a model (Figure 7) in
which the MLV PIC, with a capsid core stabilized by p12
(6,7), is transported from the cytoplasm to the mitotic chro-
mosomes without changes in IN content (constant fluores-
cence intensity) or quaternary structure (constant FRET
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Figure 7. MLV pre-integration model. After entry in the cell, gradual un-
coating events occur. The MLV PIC (with IN-FP proteins labeled by green
and cyan circles), having a capsid core (light pink cone) stabilized by p12
(purple circles) (6,7), is transported to the mitotic chromosomes during mi-
tosis. Upon phosphorylation of p12, the C-terminal domain is released, fa-
cilitating capsid uncoating and revealing the p12 chromatin tethering motif
(7,8). After nuclear envelope breakdown, the MLV PIC (with IN-FP pro-
teins labeled by green and cyan circles) is tethered via the C-terminus of
the p12 viral protein (purple circles) to mitotic chromatin (blue) (5,9,10).
Tethering of the p12 protein (purple circles) to mitotic chromosomes does
not alter the IN content or quaternary structure. After nucleus reforma-
tion and release of pl2, the IN complex is exposed to interactions with
cellular cofactors, such as BET proteins (yellow circles) (11-13,17,18). In
the nucleus of post-mitotic interphase cells, these BET proteins take over,
tethering and targeting the nucleoprotein complex to the host DNA (blue),
thereby readying it for host genome integration by inducing essential qua-
ternary structural changes, such as alterations in stoichiometry and/or
conformational rearrangements. Interference of this interaction using a
W390A IN mutant or the BET-protein (JQI1(+)) or IN (RAL) inhibitors
prevents this structural alteration.

signal). Before binding to the mitotic chromosomes, phos-
phorylation of p12 (S61) occurs, initiating CA uncoating
and revealing the p12 chromosome tethering domain that
attaches to the chromosomes during mitosis (7-9). MLV
PIC tethering throughout mitosis does not affect the IN
content of the viral complexes and is unrelated to CA-
uncoating. In the nucleus of post-mitotic interphase cells
the IN complex is exposed to nuclear proteins such as BET
proteins (11-13,17,18). BET proteins target the nucleopro-
tein complex to the host chromatin thereby readying it for
host genome integration. Binding of BET proteins requires
a disorder-to-order transition of the C-terminal tail of the
IN (21,70) which may affect the quaternary structure of
the IN oligomer. This conformation presumably positions
IN more favorably for effective integration at transcription
start sites (TSS) and CpG islands. Future structural biol-
ogy experiments using X-ray, protein NMR or smFRET
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on purified intasome components may provide conclusive
evidence. Interference with chromatin reading or integrase
strand transfer precludes the conformational change, indi-
cating the formation of a ternary complex between BET,
MLV IN and chromatin.

We have previously shown that BET-independent MLV
viruses replicate with similar titers as WT virus in cell cul-
ture (56). Still, BET-independent MLV integration is clearly
retargeted to a more random distribution away from tran-
scriptional start sites (56). This difference in integration
preference is apparently not phenocopied in viral replica-
tion in cell culture. Although strictly spoken the observed
BET-mediated alteration in IN quaternary structure is thus
not required for MLV replication in cell culture, authen-
tic MLV virus and vector integration is mediated by BET
and thus associated with the observed alteration in qua-
ternary structure. The observed FRET increase may there-
fore reflect formation of an optimally targeted MLV IN
complex. Recent evidence shows that Brd4 is a histone
acetyl transferase that evicts nucleosomes from chromatin,
thereby increasing chromatin accessibility (75). This activ-
ity may link Brd4 with optimal integration targeting and
integration itself. This mechanism could explain the tim-
ing of the FRET increase to a post-mitotic event. Mouse
experiments are ongoing to reveal a potential requirement
of BET-mediated integration in vivo. Interestingly, the ob-
served FRET increase does phenocopy the previously re-
ported LEDGF/p75-mediated FRET increase of the HIV
intasome in the nucleus (40), implying a general underlying
mechanism.

In conclusion, we believe this work has increased the un-
derstanding of MLV integration, highlighting for the first
time a BET-dependent change in the quaternary structure
of the intasome in the nucleus of post-mitotic cells. This
change may correspond to a conformational switch or to
an increase in the affinity of the multimer. This study pro-
vides a platform to address further mechanistic questions
related to MLV intasome dynamics.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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