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Monitoring virus assembly dynamic at the nanoscale level in
host cells remains a major challenge. Human Immunodeficiency
Virus type 1 (HIV-1) components are addressed to the plasma
membrane where they assemble to form spherical particles of
100nm in diameter. HIV-1 Gag protein expression alone is suf-
ficient to produce virus-like particles (VLPs) that resemble im-
mature virus. Here, we monitored Gag assembly in host CD4
T lymphocytes using single molecule dynamics microscopy and
energy mapping. A workflow allowing long time recordings of
single Gag molecule localization, diffusion and effective energy
maps was developed for robust quantitative analysis of HIV
assembly and budding. Comparison of numerous cell plasma
membrane assembling platforms in cells expressing wild type
or assembly-defective Gag proteins showed that VLP formation
last 15 minutes, with an assembly time of 5 minutes, and that
the nucleocapsid domain is mandatory. Importantly, it reveals
that the viral genome coordinates spatio-temporally HIV-1 as-
sembly.
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Introduction
Studying enveloped RNA virus assembly at the host cell sur-
face is crucial for understanding the specificities and differ-
ences of the underlying molecular mechanisms. However,
this requires tools to enable the nanoscale analysis of viral
proteins at the single molecule level. For instance, human im-
munodeficiency virus type 1 (HIV-1) produces particles with
a diameter of 100-130nm filled with 2000 Gag proteins. Re-
cent progress in single-molecule localization microscopy al-
lows deciphering protein organization and dynamics in a sin-
gle cell at the nanoscale level (1, 2). HIV-1 Gag polyprotein is
the main determinant for HIV-1 particle assembly that occurs
mainly at the plasma membrane of the host cell (3). When ex-
pressed alone in a cell, HIV-1 Gag proteins can produce non-
infectious virus-like particles (VLPs) that resemble viruses,
but do not require maturation (encoded by the Pol gene) or
envelope proteins (encode by the Env gene). Therefore, it is a
very powerful tool for studying virus assembly in a minimal

productive system (4). Upon virus maturation, HIV-1 Gag
polyprotein is cleaved by the viral protease into the follow-
ing domains: Matrix protein p17 (MA), Capsid protein p24
(CA), Nucleocapsid protein p7 (NC) as well as p6 domain
and two spacer peptides (sp1 and sp2). MA is myristoylated
and contains a highly basic region involved in Gag targeting
and anchoring to the inner leaflet of the plasma membrane
of host cells where viral assembly occurs (reviewed in (5–
7). CA, via CA-CA interacting domains, promote Gag-Gag
oligomerization in vitro (8, 9) and in cells (10). Particularly,
the WM mutation within CA strongly reduces Gag oligomer-
ization and consequently virus assembly (8). NC, sp2 and p6
are required for Gag assembly and particle budding. Specif-
ically, NC recruits the genomic RNA, but can also interact
with cellular RNAs, to favour Gag-Gag oligomerization on
the RNA template, in vitro and in cells (reviewed in (11) and
(12)). NC is therefore involved in virus assembly (12) and
(13), whereas p6 recruits the ESCRT proteins required for
membrane scission and particle release (14). The sp1, at the
end of the CA, acts as a molecular switch for VLP assembly
(15). The kinetics of GFP-labelled Gag assembly and VLP
formation have been previously described in adherent HeLa
cells by measuring the local increase in fluorescent intensity
of single virions (16, 17). In these cells, it was estimated that
5 to 6 minutes were required for Gag VLP assembly in the
absence of genomic RNA (16) and about 20 minutes to com-
plete 90% of Gag VLP assembly and budding (17). Jouvenet
et al. (18) also reported that HIV-1 Gag and a fluorescent
tagged viral RNA assemble at the plasma membrane. More-
over, it was recently shown that HIV-1 Gag assembly at the
plasma membrane takes place at sites where the viral RNA is
located (19). The viral Gag proteins appears to stabilize the
viral RNA at the plasma membrane and between 1/10 and
1/3 of the viral RNA is packaged into nascent particles in 30
minutes (20). These interactions between the viral genome
and Gag enhance virus assembly (21). It suggested that the
viral genomic RNA encoding Gag acts as a catalyser for virus
assembly but it did not assess quantitatively the effect of the
viral genomic RNA on the spatio-temporal coordination of
HIV-1 Gag assembly. In this study, we wanted to measure
HIV-1 Gag proteins dynamic changes during its assembly
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into a VLP, at the inner living cell surface, and to quan-
tify the role of the different Gag domains, and of the viral
RNA, upon VLP formation in the host CD4 T lymphocytes.
To this aim, the photoactivable fluorescent tag mEOS2 was
introduced into the HIV-1 Gag precursor (Gag(i)mEOS2).
This tag allows using live photoactivated localization mi-
croscopy (PALM) (1, 22). Indeed, live PALM provides a
precise spatio-temporal description of VLP formation, at the
surface of individual cells, with a spatial resolution of about
50 nanometres and temporal resolution in the millisecond
range. By coupling live PALM, TIRF-microscopy, and statis-
tical analyses based on millions of Gag protein localizations
and hundreds of buds, we could monitor non-infectious im-
mature HIV-1 VLP formation at the cell plasma membrane
of CD4 T cells molecules after molecules. Moreover, by
comparing wild type (WT) and assembly-defective Gag mu-
tants, we could identify which Gag domains are crucial for
Gag assembly coordination at the host T cell surface. First,
we found that in fixed CD4 T cells, Gag assembly platforms
are rarely formed at the cell surface when Gag C-terminal
end is deleted (the portion that contains the NC-viral RNA
interaction domain). Then, based on the temporal changes
observed in localization density maps, we showed that Gag
VLP assembly in T cells requires between 5 and 7 minutes
and 15min total to complete budding. Finally, by combining
live PALM Bayesian inference analysis of single protein dy-
namic interaction maps with a diffusion and effective energy
trapping model (23, 24), we quantified Gag trapping energy
during assembly. Moreover, we analysed the temporal cor-
relation between changes in the density and the trapping en-
ergy, ie Gag interaction, during VLP assembly and brought
evidence that the cis-packageable viral genome that encodes
Gag(i)mEOS2 spatio-temporally most probably coordinates
VLP assembly at the cell surface of CD4 T lymphocytes.

Results
Expression of WT Gag(i)mEOS and assembly-de-
fective mutants in Jurkat T cells. First, WT HIV-1
Gag(i)mEOS2 and known assembly defective mutants that
harbour the mEOS2 tag were generated (Fig. 1a). The
tag was introduced between MA and CA, thus preserv-
ing Gag capacity to assemble and to bud from the cell
membrane after transient expression in mammalian cells
(25). WT Gag(i)mEOS2 was produced using either the
pNL4.3∆Pol∆Env plasmid that includes also a cis-Psi-signal
on the viral RNA that promotes viral RNA packaging into the
VLP (NL4.3∆Pol∆Env Gag, hereafter) (26) or the pGag-
(i)mEOS2 WT plasmid without this signal (WT Gag, here-
after). The WM, MACASP1, MACASP1/WM and ∆dp6
Gag mutants were derived from WT Gag(i)mEOS2 (see
Methods). WM harbours a mutation in CA that reduces
CA-CA interactions and impairs Gag oligomerization. The
MACASP1 mutant carries a stop codon at the end of CA-
SP1 and therefore, lacks Gag C-terminus (NC-sp1-p6) (27).
In ∆p6, a deletion in the p6 domain of Gag impairs ES-
CRT recruitment and consequently particle release (14). In-
deed, tethered ∆p6 particles remained attached to the cell

membrane (Supplementary Fig. S1a), as previously reported
(14). All the Gag proteins were well expressed after tran-
sient transfection in Jurkat CD4 T lymphocytes, as indicated
by western blot analysis (Fig. 1b) and by flow cytometry
(Fig. 1e). Cell viability analysis by flow cytometry indi-
cated that 40-50% of cells were alive after electroporation
(Fig. 1d). Analysis of the geometric mean of fluorescent
intensity (Fig. 1e) showed that 24 hours post-transfection,
the global protein expression level was comparable for WT
Gag and NL4.3∆Pol∆EnvGag, whereas it was 2-fold lower,
on average, for MACASP1, WM and mEOS2 (vector alone).
Finally, VLP production was assessed by semi-quantitative
western blot analysis with an anti-CA antibody (Methods)
(Fig. 1b and 1c). Only purified WT Gag and WM VLPs
could be easily observed, whereas MACASP1 VLPs were
often undetectable (Fig. 1b). In agreement, VLP release cal-
culation showed that VLP production decreased from about
50% to 10% for MACASP1 (Fig. 1c). The capacity of WT
Gag and mutants to bind to cell membranes was checked
with membrane flotation assays in HEK293T cells (as de-
scribed in Thomas et al. (27)) (Supplementary Fig. S2a).
Although Gag was well expressed (Fig. 1b), the fraction of
WT Gag bound to cell membranes was between 60 to 80%
of total Gag (Supplementary Fig. S1b), and this value fur-
ther decreased for WM and MACASP1 (p<0.01), and even
more for the WM/MACASP1 double mutant (p<0.001). This
made impossible analysis of the later by live PALM. These
results indicate that upon alteration of Gag multimerization
capacity, Gag is less bound to cell membranes and confirm
a role for Gag oligomerization in stabilizing Gag-membrane
interactions, in agreement with (28). Moreover, it was re-
cently shown that in vitro Gag oligomerization occurs also
on PIP2-containing lipid membranes and that it is reduced
by the same WM mutation in the CA domain of Gag (9).
Transmission electron microscopy was then used to check
whether WT Gag(i)mEOS2 and mutants could form parti-
cles (Gag VLPs) (Supporting information). Upon expres-
sion of WT Gag, cells produced high amounts of electron-
dense budding vesicles (i.e., Gag VLPs). After transfection
of NL4.3∆Pol∆Env Gag, particles seemed rarer at the cell
surface than in WT Gag-expressing cells, possibly due to
inefficient release. Quantification of the size of 40 to 150
particles (Supplementary Fig. S1b) indicated that the largest
VLPs were produced in WM-expressing cells (205nm in di-
ameter), whereas they were smaller (124nm in diameter on
average) in WT Gag-expressing cells. Upon transfection of
MACASP1, very rare VLPs were detected, often localized
at the plasma membrane, as indicated by the dark staining
at the cell membrane (Supplementary Fig. S1a). HEK293T
cells can naturally produce some vesicles (mock) that are not
electron-dense structures (Supplementary Fig. S1a). How-
ever, neither dark staining at the plasma membrane nor VLP
was detected in mock cells (Supplementary Fig. S1a). These
results are in agreement with the literature and allowed us
to select the HIV-1 Gag protein variants that were well ex-
pressed in Jurkat T cells and that could bind to cell mem-
branes, two prerequisites for analysing Gag(i)mEOS2 assem-
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Fig. 1. Characterization of Gag(i)mEOS2 wild type and mutants expressed
in Jurkat T cells. (a) Schematic representation of HIV-1 WT Gag(i)mEOS2 and
mutants used in this study. (b) Western blot analysis of HIV-1 WT protein and mu-
tant expression in Jurkat T cells (“cellular extract”) and in purified VLPs (“VLP”).
(c) Quantification of WT Gag(i)mEOS2 and mutant VLP release efficiency in trans-
fected Jurkat T cells relative to total Gag protein (mean ± sd of 4 to 6 independent
experiments). (d) Cell viability (relative to the total number of transfected cells) and
protein expression of Gag(i)mEOS2 and mutants in Jurkat T cells using flow cytom-
etry (mean ± sd of 3 independent experiments). (e) Global fluorescence intensity
(F.I.) of Gag(i)mEOS2 transfected Jurkat T cells as measured by flow cytometry for
each condition, as indicated.

bly at the cell surface by live PALM.

HIV-1 Gag mobility and assembly platform density are
impaired at the Jurkat T cell surface upon deletion or
mutation in Gag assembly domains. First, dynamics of
single Gag molecules at the cell surface were analysed by
reconstructing the trajectories from live PALM data acquired
on CD4 Jurkat T cells in TIRF mode (Fig. 2a).
Using a simple diffusive model (Brownian motion), the in-
stantaneous motion amplitudes were calculated by estimating
the diffusion coefficient (D) from the mean square displace-
ment (MSD) curve of each single-molecule trajectory. Al-
though this measure is known to be noisy, the large number
of short trajectories provided a valid estimate of the typical
motion at the population scale. MSDs were computed for all
trajectories longer than 8 frames obtained on the entire cell
surface by single particle tracking PALM in 5-10 cells (see
Methods). Then, all individual D values were pooled and
their distribution was normalized and plotted on a logarithmic
scale (Fig. 2b, open circles). Although these distributions ex-
hibited slightly different maximal D values (from 0.11±0.12
µm2.s−1 for NL4.3∆Pol∆EnvGag to 0.35±0.4 µm2.s−1

for MACASP1), the high distribution variability did not allow
us to easily identify the specific D features of Gag molecules
in formed VLPs, in assembling platforms or diffusing as
monomers. To overcome this issue, the D distribution of
each Gag variant (Fig. 2b) were decomposed into different
components using the D distributions of: i) CAAX(i)mEOS2
molecules anchored into the lipids of the T cell plasma mem-
brane, to mimic the diffusion of Gag monomers at the begin-
ning of the assembly, and ii) WT Gag(i)mEOS2 molecules
irreversibly trapped in an already formed and released VLP,
to mimic the diffusion at the assembly end (Fig. 2c). The
maximal D was 0.6±0.5 µm2.s−1 for CAAX(i)mEOS2, and
(2±0.8).10−3µm2.s−1 for trapped WT Gag(i)mEOS2 into a
VLP (Fig. 2c). From this linear decomposition, an interme-
diate population could be extracted that was considered to
represent the D distribution of Gag molecules in assembling
platforms (green in Fig. 2b and d). These data showed that
the immobile fraction (blue in Fig. 2b and d) was comparable
for WT and mutant Gag molecules, whereas the intermediate
and mobile fractions (green and red, respectively, in Fig. 2b
and 2d) varied. The proportion of highly mobile WT pro-
teins at the cell surface was very low (11 to 19% of all Gag
molecules), while mutations in Gag oligomerization domains
(WM for CA-CA interactions and MACASP1 for NC-RNA
interactions) strongly increased this fraction to 39% and 52%,
respectively. Consequently, the intermediate Gag population
decreased from 82-69% for WT proteins to 54% and 34%
for the WM and MACASP1 mutants, respectively. Again,
this indicates that deleting Gag C-terminal domains, includ-
ing the NC and p6, leads to an increase of highly mobile Gag
fractions at the cell surface. This result is in good agreement
with data on the measurement of Gag∆NC mobility in HeLa
cells (26, 29).
Then viral Gag clusters were observed in fixed Jurkat T cells.
Examples of super-resolution reconstructed PALM images
are presented in Fig. 3a for two different WT Gag (WT and
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Fig. 2. Gag(i)mEOS2 diffusion at the surface of Jurkat T cells and in VLPs. (a) Representative examples of the trajectories obtained in single cells for WT Gag and
mutants. (b) Logarithmic distribution (open circles) of the diffusion coefficient D obtained in five cells for each con-dition. D values were obtained from the MSD linear fit of N
trajectories (0.5.105 <N<105). (c) Logarithmic distribution of the diffusion coefficient D obtained for membrane-anchored CAAX(i)mEOS2 (control for molecules that do not
assemble at the cell membrane) (red line) and VLPs (control for fully assembled and released particles) (blue line). These distributions were used for linear decomposition of
the distribution plots in (b), and the remaining residual was plotted as the green curve in (b). Note that the apparent negative values in the distribution of D for the residual
(green line) are a consequence of the linear decomposition of the obtained experimental curves (open circle). (d) Percentage of each com-ponent (assembled, assembling,
monomers) observed for WT Gag and mutants. Each percentage corre-sponds to the weighted values of the linear decomposition obtained for each component.
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Fig. 3. Global quantitative analysis of Gag(i)mEOS2 self-assembly at the surface of Jurkat T cells and in VLPs. (a) Jurkat T cells that express WT Gag, WM,
MACASP1, ∆p6 or NL4.3∆Pol∆Env Gag were fixed and PALM imaging of the cell surface was performed using TIRF mode. Purified VLPs (left lower panel) from WT Gag
productive cells were also analysed with this method and served as VLP size reference. Each image contains successive zooms of a selected area of the depicted cell (2x,
upper left, 10x, lower left inset). Scale bars: 2, 1 and 0.2 µm, respectively, from the largest field of view to the final zoom. (b) Size distribution (red) and their log-normal fit
(green, when possible) of the different assembly clusters observed in T-cells. Value obtained from the fit are summarized in table 1.
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Table 1. Mean Diameter and surface density of the identified clusters in Jurkat T cells: Quantification of Gag assembly platform size and density at the cell surface of
fixed Jurkat T lymphocytes for WT Gag and each mutant (WM, MACA, ∆p6), NL4.3∆Pol∆Env Gag (in the presence of the packageable Psi-RRE genomic RNA), and the
mean apparent VLP diameter. *: As illustrated in Figure S1, the ∆p6 mutant is generating clusters of VLPs or arrested budding particles, which are not possible to resolve
individually in PALM microscopy. Consequently, the mean density measured here is underestimated, and the mean apparent diameter is overestimated.

]clusters Apparent Diameter (nm) (mean±sd) n Density (µm−2) (mean±sd)
WT Gag 5089 112±54 5 4.5±1.7

WM 2627 121±56 5 1.7±1.5
MACA 63 n.d. 7 0.05±0.01
Δp6 812 180±68* 3 1.3±0.5*

NL43 ΔPolΔEnv Gag 5239 117±65 4 3±1.2
Purified VLPs 164 139±42 - -

NL43∆Pol∆Env) and two different Gag oligomerisation-
defective mutants (WM and MACASP1). Fig. 3b shows
their associated distributions of the Gag clusters mean di-
ameters and their log-normal fit obtained from several cells.
Only MACASP1 is not following this fit. As shown in table1,
the mean apparent diameters of WT Gag (112±54 nm) and
NL4.3∆Pol∆Env Gag (117±65nm) were not significantly
different (see table S1 for statistics tests), but were signif-
icantly smaller than the WM one (121±56 nm). This was
confirmed by electron microscopy (figure S1). Due to the
low number of observed MACASP1 clusters, their mean di-
ameter could not be determined. Finally, these mean diam-
eter values were all found to be significantly smaller than
the VLP one (139±42 nm) obtained from images of puri-
fied VLPs produced by WT Gag-expressing Jurkat T cells
(Fig. 3a, WT purified VLPs), suggesting that theses clus-
ters are Gag assembly platforms. The values obtained here
are in agreement with previous PALM data on WT Gag
assembly platform sizes described in adherent COS cells
(1, 30) and suggests that the assembly platform size is in-
dependent of the host cell type. The PALM images were
then used to quantify the platform density (i.e., the number
of assembly platforms per cell surface units). It decreased
from 4.5±1.7 for WT Gag and 3±1.2 clusters per µm2 for
NL4.3∆Pol∆Env Gag to 1.7±1.5 clusters per µm2 for WM
and to 0.05±0.01 for MACASP1 Gag mutants, suggesting
that WM and MACASP1 increased mobility observed in Fig-
ure 2d partly reflects, at equilibrium, the decrease in assem-
bling platform density observed at the CD4 T cell surface.
Importantly, this result suggests a strong role of the Gag C-
terminus domain (NC-sp2-p6) in assembly platform forma-
tion in CD4 T cells. Thus, PALM images of a Gag-∆p6 mu-
tant (Fig. 3a and b, ∆p6), which displays only the deletion of
the p6 domain at the C terminus of Gag, were acquired. ∆p6
mutant is a VLP release deficient mutant, forming grapes of
VLPs (Inset of Fig. 3a and Supplementary Fig.S1a). This
lead to an overestimation of the clusters mean diameter and
underestimation of their density (Table1). Nevertheless, cells
expressing ∆p6 exhibited assembly platforms densities, and
at least 20 times higher than the one observed for MACASP1
(Table 1), revealing that the NC domain of Gag was the ma-
jor determinant for high density Gag clusters at the surface of
Jurkat T cells.

Quantifying the trapping energy experienced by sin-
gle Gag molecules during VLP formation in living CD4

Jurkat T Cells. Since global analysis of Gag dynamics only
partly reflected the properties of assembly, Live PALM was
then used to monitor the changes in motion and densities of
single Gag molecules in the vicinity of the assembling plat-
forms. For that purpose, we created a movie with all the
frames acquired in 26min. Each image of this movie included
all the molecules localized in a 4min window with a sliding
time of 10s. Figure 4a upper part shows two successive im-
ages of a such made movie of one forming VLP (WT Gag)
exhibiting changes in molecular localization densities (LD)
(see also figure S3). Figure 4a lower part show the asso-
ciated trajectories of single WT Gag molecules around this
forming VLP (see also video S1). In addition to diffusive
motions, Gag trajectories directed towards the VLP centre
were also observed, suggesting that VLPs in formation act
as an energy trap for neighbouring Gag proteins. Therefore,
Gag dynamics were analysed with the overdamped Langevin
equation (suitable for heterogeneous diffusion processes) as
an approximate model (Methods, eq. ). A newly devel-
oped approach using Bayesian inference was used to anal-
yse our data (23). Space was partitioned using a simple un-
supervised approach and space domains were defined with
the Voronoi tesselation. The estimators were the Maximum a
Posteriori of the diffusion (D) and the effective trapping en-
ergy (E). Diffusion (Fig. 4b) and effective trapping energy
(Fig. 4c) maps were built from the motions of all tracked
single Gag molecules. To monitor precisely VLP formation,
the start time and the position of forming VLPs (assembling
platforms, hereafter) were identified as the time and position
where the LD was three times higher than in the surrounding
area. Moreover, the apparent VLP radius was also measured
and was defined as the distance were the LD was four times
lower than at the VLP centre (see Methods). By multiplex-
ing this approach, more than 600 assembling platforms could
be analysed in four different cells for WT and mutant Gag
proteins. Then, LD, D and E changes during the overall ac-
quisition time were investigated (see video S2 for examples
of temporal changes of D and E maps) and were plotted (Fig.
4 d,e,f) for each forming VLP. From these plots, the maxi-
mal LD increase (LDI, red arrow) and the duration of this in-
crease (dotted red arrow) could be measured. This last value
was considered to represent the VLP formation time. It was
previously shown (17) that HIV-1 Gag assembly in adherent
HeLa cells can be divided in three phases characterized, re-
spectively, by an increase in LD, followed by a plateau value
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Fig. 4. Monitoring time evolution of localisation densities, diffusivities and effective energies to characterize HIV-1 Gag(i)mEOS2 assembling VLP properties. (a)
Typical examples of localisation changes over time during assembly of WT Gag and as an illustration typical trajectories observed around an assembling VLP. All trajectories
seem to be directed towards the centre of the assembling VLP. Every image represents all the localizations and trajectories observed in 4 minutes. (b, c) Diffusion (b) and
effective trapping energy (c) maps obtained from multiple WT Gag dynamics analysis in a region of interest of the T cell membrane at t=900s of the experiment. Using Voronoi
tessellation, the map was divided in sub-areas containing the same number of localizations (n=40). An assembling VLP is visible (inside the red circle) and can be identified
by the increasing LD. (d) Typical plot of localization density (LD, µm−2) variations over time during assembly of one VLP. From this plot, the localization density increase
(LDI, red arrow) and the assembly time length (red dotted arrow) were quantified for each assembling VLP for WT Gag and mutants. (e,f) The time-evolution of diffu-sion
(e) and trapping energy (f) can also be plotted from the maps over the time length of the entire ex-periment to determine the mean diffusion constant (bold dotted line), the
maximum trapping energy (red arrow) and the time length of trapping energy increase (dotted red arrow). x and y correspond to the position in µm inside the PALM image.
(e) Normalized distribution diagrams of the mean diffusion and the trapping energy (left), the mean diffusion and the localisation density increase (right) for each experimental
condition, from CAAX(i)mEOS2 (no assembly) to WT Gag and NL4.3∆Pol∆Env Gag (highest assembly efficiency).
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and then a decrease in LD (due to particle release). These
three phases could also be observed here in the host CD4 T
cells (Fig. 4d, Table S2). The mean diffusion (bold dotted
line in Fig. 4e, Methods, eq. 9) and the maximum trapping
energy (∆E, full red arrow in Fig. 4f, Methods, eq. 10) could
also be extracted, as well as the duration of the trapping en-
ergy increase (dotted red arrow in Fig. 4f). As Gag self-
assembly seemed to locally modify the mobility behaviour
of the surrounding Gag molecules, first, diagrams of the nor-
malized distributions of the ∆E and D values for WT Gag
and mutants as well as for CAAX(i)mEos2 (negative control
for assembly) were generated for all 600 assembly platforms
identified in section 3 (Fig. 4g). These diagrams showed
that the normalized distribution peaks were progressively
drifting from the right for CAAX(i)mEos2 (non-assembling
molecules) to the left for NL4.3∆Pol∆Env Gag (assembling
Gag molecules), i.e., from high to low diffusivity. Moreover,
WM molecules formed two populations characterized by a
distribution similar to that of MACASP1 and WT molecules,
respectively. Importantly, while the Gag mutants had spread
distributions, NL4.3∆Pol∆Env Gag always exhibited a quite
narrow and fairly centred peak. In parallel, the D/LDI di-
agram show that increasing LDI lead to decreasing D, sup-
porting the usefulness of these 3 parameters to quantitatively
describe the assembly process. Surprisingly, the mean ∆E
values (1-2 kbT independently of the condition) (Fig. 4g)
were not in favour of an attractive process during assembly.
However, they were the mean of all “on-going” assembling
VLPs, including those that will assemble imperfectly, i.e. not
reaching the fully assembled VLP state. Indeed, the total
density (i.e., LD sum over the acquisition time) should reach
the maximum when VLPs are fully assembled, whereas the
maximal LDI could be explained by different situations (see
figure 5a for a schematic representation). For example, an
assembly platform not leading to VLP formation can have a
high LDI value, but a low total density (e.g., MACASP1 in
Fig. 5b). Conversely, a VLP almost fully assembled sud-
denly appearing in the field of view will have a low LDI, but
a high total density. To discriminate amongst these different
possibilities, the LDI values were distributed as a function
of the total density of every identified assembling platform
(n >600) for each mutant (Fig. 5b). Finally, to monitor cor-
rectly the formation of single VLPs in T cells, only isolated
assembling platforms (i.e., separated by 400 nm, which is
about seven times the radius of a released VLP) were con-
sidered. We therefore explored threshold values for each pa-
rameter (LDI and total density value) in order to be in line
with the relative assembling platforms densities observed in
fixed cells (Fig. 2, table 1) and the VLP production (Fig. 1c).
Particles with high LDI (>2,500 µm−2) and total density val-
ues >20,000 µm−2 were selected (red lines on fig 5b) since
only two of the 600 MACASP1 clusters identified were above
these threshold values. Conversely, these thresholds allowed
selecting 91 assembly platforms for NL4.3∆Pol∆Env Gag,
76 for WT Gag and 36 for WM. The reduction by half of the
number of assembly platforms for WM compared with WT
Gag is in agreement with their VLP release data (Fig. 1c) and

cellular densities (Table 1). First, we analysed the distribu-
tion of the VLP formation time values (Fig. 5c) The results
indicated that the mean time was not significantly different
for WT Gag, NL4.3∆Pol∆Env Gag and WM (1160±350s,
1020±370s and 1003±350s, respectively). However, the indi-
vidual values were very variable (from 350s to 1800s). Cal-
culation of the duration of the first two phases (i.e., LD in-
crease and plateau) showed that the first phase (assembly)
lasted about 5min for NL43∆Env∆Pol Gag, 7 min for WT
Gag and 6min for WM. The plateau phase duration was about
6 min for all three Gag variants (the exact values are in Sup-
plementary Table 1). Altogether these results suggest that:
i) MACASP1 forms low-density assembling platforms that
mainly do not reach the VLP formation stage, ii) only WM
and WT Gag can form high-density assembly platforms that
lead to VLP formation, iii) on average, the time needed to
make a VLP seems not affected by the presence of a pack-
ageable viral RNA or by CA-CA interactions.
Then, we quantified the effective trapping energy for the VLP
releasing assembly platform (Fig. 5d). The only two selected
MACASP1 particles exhibited no difference in effective trap-
ping energy values compared with the total pool shown in
Fig. 5d (∆E=1.5 ± 0.1 kbT ), whereas, the maximal effec-
tive trapping energy value slightly increased for the subset
of VLP generated by WM (∆E=2.1 ± 1.2 kbT ) compared
with the total pool. Conversely, the effective trapping energy
value was strongly increased for WT Gag (∆E = 3.7 ± 1.6
kbT ) and NL4.3∆Pol∆Env (∆E = 3.7 ± 2.1 kbT ) compared
with WM (p<5.10−5, Student’s t test). These data indicate
that a lack of correct CA-CA interactions during assembly
induced a decrease of 40% in effective Gag trapping energy,
ie Gag interaction, whereas the loss of NC abolished the ex-
istence of a trapping energy. Interestingly, the presence of the
packageable viral RNA, or a Gag optimized codon sequence,
did not influence the mean effective trapping energy value
questioning the viral RNA assembly catalyser role. Indeed,
molecular self-assemblies are more efficient when triggered
by heterogeneous seeds (31–33), ie. Gag(NC)-RNA interac-
tion could here act as the necessary seeds for controlling Gag
self-assembly. To test this hypothesis, the time to reach the
maximum LDI was compared to the time to reach the max-
imal effective Gag trapping energy intensity during the VLP
assembly, for WM, WT Gag and NL4.3∆Pol∆Env Gag. In-
terestingly, differences in time were dispersed both for WM
and WT Gag, whereas NL4.3∆Pol∆Env Gag showed one
major peak centred on 0 (Fig. 5e). This important result
shows that most probably the presence of the packageable
Psi-containing viral RNA genome, containing a wild-type
Gag Rev-dependent coding sequence, acts as a seed that
favour the temporal and spatial coordination of viral Gag par-
ticle assembly at the host CD4 T cell plasma membrane.

Discussion
In the last ten years, many efforts have been made to study the
assembly of HIV-1 Gag particles in living cells (16–19, 34).
Here, we monitored immature HIV-1 assembly dynamics in
the host CD4 T lymphocytes using quantitative live PALM
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Fig. 5. Maximal effective trapping energy and diffusion of Gag(i)mEOS2 (WT and mutants) in VLPs during their assembly at the plasma membrane of Jurkat T
cells. (a) Schematic representation of VLP assembly showing the different steps and their relation with LD changes. The final step (before VLP release) is expected to be
the densest step (LDI) and the less frequent one. (b) Diagram of LDI as a function of total LD (LD accumulation during the entire experiment) for WT Gag, the WM and
MACASP1 mutants, and NL4.3∆Pol∆Env Gag. n: number of VLPs before selection of assembling VLPs; red lines delimit the threshold value used for both LDI and total LD
to sort the fully assembling VLPs from the others. (c) Gag(i)mEOS2 assembly duration distribution for WM, WT Gag and NL4.3∆Pol∆Env Gag after thresholding . The mean
value of particle formation duration was 16±6min for WM (n=36), 20±6min for WT Gag (n=76) and 17±6min for NL4.3∆Pol∆Env Gag (n=91). (d) Cumulative frequency of
the maximum effective trapping energy obtained with fully assembling VLPs. The cumulative frequency was obtained from the distribution shown in the inserted box-plot. (e)
Normalized distributions of the difference between the time to reach the maximum LD and the time to reach the maximal energy trapping for WM (blue), WT Gag (black) and
NL4.3∆Pol∆Env Gag (red).
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imaging and advanced big data quantitative analyses, , and
we thus highlighted the role of CA protein-CA protein and
NC protein-RNA interactions using different known Gag as-
sembly defective mutants. Analysis of the effects of differ-
ent Gag mutations on viral assembly platform formation at
the cell surface of Jurkat T cells showed that the assembly
platform size was on average bigger for CA(WM) mutant
compared to WT Gag. Assembly platform densities were
also quite different among the Gag proteins tested, reflecting
their efficacy in binding to or assembling at the cell mem-
brane (Fig.S2 and 2). MACASP1 molecules showed the most
drastic assembly platform density reduction (by 50-fold com-
pared with WT Gag) while WM exhibited only a 3-fold re-
duction. This suggests that the assembly efficiency at the T
cell membrane strongly depends on Gag C-terminal domains
(NC-sp2-p6), but not on the CA-SP1 interface alone. This
is in good agreement with the work of Robinson et al. (35),
showing that a MACA mutant is unable to produce high or-
der multimers of Gag using velocity sedimentation and gradi-
ent assays. Furthermore, the 20-fold higher density for ∆p6
compared with MACASP1 suggests that a direct effect of ES-
CRT protein (such as Tsg101-p6 interaction) on assembly
platform formation is unlikely. In addition, VLP formation
analysis (videos S3 and S2 for ∆p6 and WT Gag, respec-
tively) showed that ∆p6 Gag molecules can assemble, but
accumulate in the same location. ∆p6 Gag signal persistence
might indicate a defect in particle release, compared with WT
Gag (as it can be visualized by electron microscopy in (14)
and confirmed here for ∆p6 Gag(i)mEOS2 (see Fig S1)). We
thus propose that the remaining NC domain is the main de-
terminant for Gag assembly platform formation at the surface
of Jurkat T cells, most probably by a trapping of the Gag
molecules via NC-RNA interactions that induce Gag-Gag
multimerization. To go further, we performed live PALM
and quantify single-molecule dynamics by analysing the tra-
jectories of individual Gag molecules. We first characterized
the motion of individual molecules using a simple Brownian
diffusion approach. By analysing tens of thousands trajecto-
ries, extracting and decomposing their diffusion coefficients
distribution, we detected that the proportion of assembling
molecules was the highest for WT Gag and NL4.3∆Pol∆Env
Gag in Jurkat T cells. Conversely, for oligomerization-
deficient mutants (WM and particularly MACASP1), the pro-
portion of highly mobile, non-assembling molecules was the
highest. This confirms that, these two mutants are less en-
gaged in platform formation at the surface of Jurkat T cell
plasma membrane. Hendrix et al. also observed an increase
of the mobile fraction of oligomerization-deficient mutants
in the cytosol (29). Although we performed live PALM with
TIRF illumination, we cannot exclude that a cytosolic frac-
tion of Gag molecules linked to RNA might contribute to
the measured diffusion coefficients. Nevertheless, in this
case, we would also expect to observe the fast diffusing cy-
tosolic component of RNA-attached WT Gag (D=2.8±0.5
µm2.s−1) described by Hendrix et al. (29). Our D distribu-
tions show that this component is poorly present, suggesting
that the observed Gag oligomerizing fraction was mainly lo-

cated at the plasma membrane of Jurkat T cells. Then, we
used quantitative live PALM on Gag(i)mEOS2 proteins in
Jurkat T-cells to monitor their spatial density increase over
time and to decipher the kinetics of viral particle formation.
We observed three different phases in the formation and re-
lease of newly formed particles, as previously described in
adherent HeLa cancer cell lines by TIRF microscopy. By
live PALM in TIRF configuration, we found for WT Gag
and NL4.3∆Pol∆Env Gag, that the first phase (considered
as the assembly phase) lasted approximately 5min, in agree-
ment with the value found by Jouvenet et al. (16) but lower
than what reported by Ivanchenko et al. (17) (both in ad-
herent HeLa cells). The second phase (a plateau phase, sup-
posedly when the ESCRT machinery is recruited (36)) lasted
approximately 10min, as observed in Hela cells (17). We
did not quantify the third phase because it was quite vari-
able, possibly due to many different processes (pinching off,
bleaching. . . ), but instead measured the total time of parti-
cle formation as the time length between the appearance and
disappearance (i.e., return to the initial LD) of an assembly
platform (see video S1). The mean duration was observed
between 17min (for NL4.3∆Pol∆Env) and 20min (for WT
Gag), but with high variability (7 to 30min), as already ob-
served in HeLa cells (36). This shows that the presence of
the viral RNA does not significantly decrease the total as-
sembly and release time of the virus like particle. Moreover,
our and previous results (17, 36), show that assembly dura-
tion and the time needed to achieve a fully released particle
seem to be independent of the cell type. While visualizing
individual Gag molecule tracks, we could observe that WT
Gag(i)mEOS2 proteins tended to move towards the centre of
assembling particles, suggesting the existence of an attrac-
tive potential. However, this could be an artefact due to the
high molecule density in the platforms, leading to system-
atic reconnections with the molecules moving in their prox-
imity (37). As full trajectories were not required for VLP
mapping, image to image graph matching was used to gen-
erate the most probable protein displacements (38). The live
PALM data were then analysed using Bayesian inference and
the modified Langevin equation to quantify the motion of in-
dividual Gag molecules (23, 24, 39). Using the Langevin
description of the motion, the key dynamical properties were
approximate as diffusion and effective energy maps, provid-
ing us with a more general understanding of the modifica-
tions of protein dynamics at the vicinity of assembling plat-
forms. Therefore, by computing temporal maps of the diffu-
sion and energy properties in and around the assembling plat-
forms, we could measure the intensity and the spatial range of
this attracting energy. We obtained the highest intensity for
NL4.3∆Pol∆Env Gag and WT Gag (<∆E >∼ 4kbT ). This
value was almost half for the CA-CA(WM) mutant molecules
that still generate platforms and was down to 1.5 kbT for
MACASP1 molecules that do not generate VLPs. This last
value is close to the thermal fluctuation energy (1kbT ) and
therefore, typical of an energy that induced no Gag trapping.
Recently, using coarse grained molecular simulation Pak et
al. (40) has estimated that the oligomerization via CA-CA
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hexamer formation due to SP1 interactions in the presence of
(simulated) membrane and RNA could occur for weak SP1-
SP1 interaction energy (∼4 kbT ). Interestingly, this value
is exactly in line to what we find in Jurkat T-cells in the
case of WT Gag. Nevertheless, the SP1-SP1 interaction de-
fective mutant (WM) still generates virus like particules in
CD4 T-cells although exhibiting a <∆E > value lower than
4kbT . Moreover, the long spatial range ( 200nm, i.e., 1.5
bud diameter) observed here of the attractive forces appar-
ently generated by assembly, suggest that this mean effec-
tive Gag trapping energy field cannot only be due to direct
protein/protein or protein/RNA molecular interactions. On
the opposite, membrane curvature-mediated interactions and
forces exerted by each protein on the cell membrane could ac-
count for the energy fields observed here. Sens et al. (41, 42)
theoretically predicted for caveolae that, when the force ex-
erted on the plasma membrane by oligomers decreases, the
resulting bud radius is proportionally increased. In our study,
the almost two-fold reduced attractive energy for WM (re-
duced SP1-SP1 interactions) was correlated with the almost
two-fold increase in the VLP diameter observed by electronic
microscopy (Fig. S1). Results obtained here suggested that
in Jurkat T-cells, the plasma membrane can then rescue the
lack in efficient CA-CA dimerization in order to produce im-
mature particles, as already observed on model membranes
(9). This is also in good agreement with the labile membrane
bound form of WM Gag mutant observed in 293T HEK cells
in the Robinson et al. (35) biochemical and EM study. Fi-
nally, nor the presence of the assembly-triggering Psi RNA
sequence, neither the Rev/RRE driven RNA trafficking or
codon optimized Gag sequence, did change the attraction en-
ergy intensity. Therefore, to gain more insights into the role
of CMV-driven codon optimized Gag (WT Gag and WM)
versus the cis packageable Rev/RRE driven viral Psi contain-
ing RNA genome (NL4.3∆Pol∆Env Gag), we analysed the
temporal correlation between Gag density and the Gag at-
traction energy increase. Unlike WT Gag and WM, a perfect
temporal correlation between Gag density and Gag trapping
energy was observed for NL4.3∆Pol∆Env Gag. This result
reveals an important role for the Psi/RRE containing viral
RNA genome in the spatio-temporal coordination of HIV-1
Gag assembly at the plasma membrane of CD4 T cells. It
could be due either by contributing to the specific interac-
tion of the genomic RNA with the NC domain of Gag during
Gag multimerization at the cell membrane, or by the fact that
a Rev/RRE genomic RNA intracellular trafficking and loca-
tion will contribute to coordinate virion assembly. This latter
hypothesis goes with the recent work of Becker and Sherer
showing that the viral mRNA subcellular trafficking and lo-
cation regulates viral assembly at the cell membrane (19).
The first hypothesis is in good agreement with the previous
finding (43, 44) that the viral RNA genome (containing the
Psi signal for encapsidation) acts as a structural element for
retroviral particles, and with the model recently proposed by
Chen et al. (26) showing that miRNA binding to Gag NC in-
hibits HIV-1 assembly. This goes with reports showing that
high-order Gag multimerization only occurs at the cell mem-

Fig. 6. A schematic view of change in effective Gag trapping energy during
HIV Gag assembly and budding. The top scheme represents Gag molecules
oligomerization at the cell plasma membrane (in grey) with the viral RNA genome
(in red). Below is represented the color coded (increasing from blue to red) effective
attractive energy well. Deepest depth represent the most attractive situation.

brane (45) and is dependent on Gag membrane-binding ca-
pacity. Conversely, low-order Gag multimers bind to viral
genomic RNA in the cytosol prior to assembly and would be
dependent on the NC domain of Gag (29, 35, 45). Here, our
results suggest that the formation of high-order Gag multi-
mers occurring at the plasma membrane of CD4 T cells de-
pends strongly on NC.
In conclusion, using quantitative single molecule mi-
croscopy, we could measure the evolution of the trapping en-
ergy occuring during Gag self-assembly at the CD4 T cell
plasma membrane (see figure 6 for a schematic illustration).
We were able to show, for the first time, that the presence of
a packageable cis-acting viral RNA genome, coding for Gag,
revealed a spatio-temporal coordination of HIV-1 assembly
at the CD4 T cell plasma membrane. This strongly suggests
that the faith of the viral RNA genome (trafficking or encapsi-
dation) is synchronizing Gag assembly at the cell membrane.

Methods
Cell culture. Jurkat T cells (a human T-cell leukaemia cell line) were grown
in RPMI 1640 plus Glutamax (Gibco) supplemented with 10% foetal calf
serum (FCS) and antibiotics (penicillin-streptomycin. Human embryonic
kidney (HEK) 293T cells were grown in DMEM (Gibco) supplemented with
10% FCS and antibiotics (penicillin-streptomycin).

DNA plasmids. The plasmid expressing HIV-1 Gag with the internal
(located between MA and CA) mEOS2 tag fused with the Gag pro-
tein was called pGag(i)mEOS2 WT (CMV promoter-driven codon opti-
mized Gag sequence), and used to generate the WM and MACASP1 mu-
tants by site-directed mutagenesis. Another plasmid that expresses HIV-1
WT Gag(i)mEOS2 and the viral cis-packageable Psi RNA genome with a
Rev/RRE dependent Gag coding sequence (pNL4.3∆Pol∆Env) was kindly
provided by Dr Eric Freed (NIH, Frederick, MD, USA), and was described
previously (26).

Site-directed mutagenesis. Mutations were introduced in pGag(i)mEOS2
WT by site-directed mutagenesis using the QuickChange mutagenesis kit
(Agilent) according to the manufacturer’s protocol. Tryptophan 184 and
methionine 185 were replaced by two alanine residues (WM mutant, as in
(29)) using the primer 5’-GAC GTG AAG AAC GCA GCT ACC GAG ACC
CTG-3’. NC-sp2-p6 were deleted by inserting a stop codon after the sp1 se-
quence (MACASP1 mutant) using the primer 5’-GCG ACC ATC ATG TAG
CAG CGC GGC AAC-3’. The p6 sequence was deleted by inserting a stop
codon after the sp2 sequence (∆p6 mutant) using the primer 5’- CCC GGC
AAC TTC TAG CAG AGC CGC CCC-3’. All plasmids were amplified in E.
coli and mutations were confirmed by DNA sequencing (MWG Eurofins).
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DNA transfection. Jurkat T cells (2x106) were microporated with 4µg of
each plasmid using the Amaxa system (Lonza) and then plated in RMPI
complete medium and harvested 24h post-transfection, as described in (27).
HEK293T cells were transfected by using the calcium phosphate buffer, as
described in (46).

Cell viability, transfection efficiency and protein expression by
FACS. Cell viability, cell transfection and protein expression were assessed
with a BD FACS Calibur flow cytometer. FACS results were analysed with
the FlowJo software v10. The cell viability rate was calculated as the ratio
of cell size and granulometry over the total cell number. Protein expression
rates were monitored using the geometric mean of the mEOS2(+) cell fluo-
rescence intensity distribution. Antibodies. Western blots were performed
using the anti-CAp24 (NIH AIDS Reagent Program HIV-1 p24Gag mon-
oclonal (24-4) mouse antisera) and mouse anti-LAMP2 (human lysosome-
associated membrane protein 2) (H4B4) (Santa Cruz Biotechnologies) an-
tibodies, followed by anti-mouse and anti-rabbit antibodies coupled to
horseradish peroxidase (HRP) (Dako), and an anti-GAPDH HRP-coupled
antibody (Abcam).

VLP purification and immunoblotting. To monitor viral particle pro-
duction, cell culture media containing VLPs were harvested at 24h post-
transfection. Jurkat T cell supernatant was clarified by centrifugation at
60xg for 10min, while HEK293T cell supernatants were filtered (0.45 µm
pore size). Viral supernatants were purified by ultracentrifugation through a
sucrose cushion [25% glucose (wt/vol) in TNE buffer (10mM Tris-HCl pH
7.4, 100mM NaCl, 1mM EDTA)], at 100000xg in a Beckman MLA150 or
SW60Ti rotor for 90min. ellets were resuspended at 4°C in TNE buffer
overnight and stored at -80°C. To analyse the intracellular viral protein
content, cells were lysed in RIPA buffer (150mM NaCl, 20mM Tris-HCl
[pH 8], 1% NP-40, 0.1% SDS, 0.2mM EDTA) and sonicated. Cell lysates
were then clarified at 16000xg for 10min, and the protein concentration
in the cell lysates was determined with the Bradford assay. For western
blot analysis, 50 µg of total proteins were loaded and separated on 10%
SDS-PAGE gels and transferred onto polyvinylidene difluoride membranes
(Thermo Fischer). Immunoblotting was performed using the relevant anti-
bodies and HRP signals were revealed with the SuperSignal West Pico sub-
strate (Thermo Scientific). Transfection efficiency and VLP release calcula-
tion. Plasmid transfection efficiency in T cells was evaluated by measuring
the percentage of fluorescent cells by immunofluorescence or flow cytome-
try analysis. For VLP release, the HRP signals from immunoblot membranes
were imaged using the G:Box system (Syngene), and the viral Gag or CA
protein signals were quantified using the ImageJ software. The percentage
of VLP release relative to the GAPDH loading sample was then estimated
as:

%V LP = 100.
(IV S − Iblank)

[( ICE
IGAP DH

− Iblank) +(IV S − Iblank)]
(1)

where IV S is the viral supernatant (quantification of the immunoblot signals
for Gagp55 and CAp24); ICE is the quantification of the Gagp55 signal
in cell extracts; and Iblank is the background signal. GAPDH served as
loading control.

Photo Activation Localization Microscopy.

Sample Preparation. To increase cell adhesion, Jurkat T cells were
seeded on poly-lysine-coated coverslips and left in culture medium at 37°C,
5% CO2 for 30 min. After rinsing with PBS, cells were incubated at 37°C in
microscopy buffer (MB) (150mM NaCl, 20mM HEPES pH7.4, 1mM CaCl2,
5mM KCl, 1mM MgCl2 pH 7.4 and 100 nm TetraSpeck™ microspheres) for
live PALM experiments, or fixed with 3% PFA in PBS at room temperature
for 15min for PALM experiments. In this case, after fixation, cells were
rinsed with 50mM NH4Cl for 5min and then several times with PBS before
transfer in MB for microscopy analysis.

Live PALM and PALM image acquisition. Cells were imaged at
37°C in Ludin chambers (Life Imaging Services) with an inverted motor-
ized microscope (Nikon Ti) equipped with a 100x 1.45 NA PL-APO objec-
tive and a perfect focus system for long acquisition under TIRF illumina-
tion. For live PALM, cells that express mEOS2-tagged Gag molecules were
photoactivated using a 405nm laser (Omicron) and the resulting photocon-
verted single-molecule fluorescence was excited with a 561nm laser (Cobolt
Jive™). Both lasers illuminated the sample simultaneously. The photoac-
tivation laser power was adjusted to keep the number of the stochastically

activated molecules constant and sparsely distributed during the acquisition
to allow single-molecule localization (46). Fluorescence signals were col-
lected by using a dichroic and an emission filter (F38-561 and F39-617,
respectively, Semrock) and a sensitive EMCCD camera (Evolve, Photomet-
ric). Acquisition was guided by the MetaMorph software (Molecular De-
vices) at 50Hz in streaming mode and analysed online with laser feedback to
ensure the optimal and constant number of localizations during acquisition
(46). Multicolour fluorescent 100nm TetraSpeck™ microspheres (Invitro-
gen) were used as fiduciary markers to acquire and correct for lateral drifts
occurring during long-term acquisitions.

Single-molecule acquisition and tracking. LivePALM experi-
ments allowed the acquisition of sets of 80,000 images per cell that were
analysed with WaveTracer (Molecular Devices) and the custom-made PALM
Tracer analysis software to extract molecule localization and dynamics data.
Fluorescent single molecules were localized and tracked over time using a
combination of wavelet segmentation and simulated annealing algorithms
(47), (48) operating as a plug-in for the MetaMorph software (Molecular
Devices). Using the same experimental conditions described above, the sys-
tem resolution was quantified to 46 nm at full width and half maximum using
fixed mEOS2-expressing cells. 200 two-dimensional distributions of single-
molecule positions belonging to long trajectories (>30 frames) were anal-
ysed by bi-dimensional Gaussian fitting. The resolution was defined as 2.3
σxy , where σxy was the standard deviation of the Gaussian fit. Trajecto-
ries equal or longer than 10 points were analysed using the mean squared
displacement MSD computed as

MSD(t= n∆t) =

∑N−n

i=1 (x(i+n)−xi)2 + (y(i+n)−yi)2

(N −n)
(2)

where xi and yi were the coordinates of the label position at the time i∆t.
The diffusion coefficient D was defined as the slope of the affine regression
line fitted from the MSD(n∆ t) with 0 < n < 5 . The log distribution of D
experimental values was linearly decomposed by the log distribution of VLP
and CAAX(i)mEOS2 using the following equation:

RD =min

[
ED−

(
a

D2∑
D1

nV LP
D + b

D4∑
D3

nCAAX
D

)]
(3)

where RD was the residual, ED the experimental distribution, and a and b
the proportions of VLP and CAAX distributions in each experimental distri-
bution. D1,D2D3 andD4 were respectively set to: 10−5, mean VLP value
(2.10−3), mean CAAX value (0.6), 20 µm2.s−1. Assembling platform ap-
parent diameter were determined as the 1/e2 diameter of a bi-dimensional
Gaussian fitting.

Robust statistical Gag dynamics analysis using Bayesian inference.
The large amount of data and the time-evolving nature of the process re-
quired an automated and stereotypical way to treat data. Thus, all data
were treated exactly in the same manner, including the inference hyper-
parameters. A pipeline was designed for all data analysis. The pipeline
included five steps:

• Single Molecule Localization

• Non-tracking with Graph Assignment

• Selection of the Regions of Interest

• Time-Evolving Bayesian Inference Analysis

• Time-Evolving Feature Extraction from Inferred Maps

Single Molecule Localization was implemented in MATLAB using the
slightly modified MTT algorithm (49). To limit errors due to tracking al-
gorithms, we did not track single molecules, but used optimal assignments
between consecutive images to extract Gag movements. This procedure is
detailed in Supplementary Note ??. Region of interest (ROI) selection was
then based on LDs (localisation densities). ROIs were selected as squared
areas of 2 µm in length centred on the maximum of density. The num-
ber of ROIs per cell was limited to 30. In each ROI, the effective centre of a
VLP, reff , was defined as the point with the highest LD (ρtot

max) (cumulated
on the 80 000 frames). The effective radius, Reff , of a VLP was defined
as the average distance between reff and the points of a density equal to
(ρtot

max/4). In the analysis, points within Reff were considered to be in
the VLP. Depending on the density of maturing VLPs, more than one VLP
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could be present in a single ROI. All VLPs inside such region were analysed.
They were discarded afterwards by LD/LDI selection (figure 5). Then, the
molecule motion was analysed using Bayesian inferences (see Supplemen-
tary Methods for details). Briefly, the dynamics of individual Gag proteins
were approximated with the Overdamped Langevin Equation (OLE) written
using an Itô interpretation:

dr

dt
=−Dt(r)

(∇V eff
t (r)
kbT

−
∇Dt(r)
Dt(r)

)
+
√

2Dt(r)ξ(t) (4)

where Dt(r) was the space-varying diffusivity, V eff
t (r) the effective po-

tential, and ξ(t) the zero-averaged Gaussian noise. (Dt(r),V eff
t (r)) were

considered to be the statistical features that encode the dynamical charac-
teristics of the environment concerning the individual dynamics of Gag pro-
teins. Bayesian Inference was used to extract (Dt(r),V eff

t (r)) from the
assignment between images (23, 50–53) (see Supplementary Methods for
details of the Bayesian procedure). In equation , the index t shows that diffu-
sion and potential fields can change with time, but at a time scale larger than
that of the particle dynamics. Nevertheless, the time-evolving dynamics dur-
ing VLP assembly led to high variability in particle density. Thus, the tessel-
lation procedure described in (23) was modified to ensure more homogeneity
in the structure of the Voronoi spatial tessellation (details in Supplementary
Methods). Finally, temporal changes in VLP dynamics were monitored by
time windowing. The duration of the window was set to 240s with a slid-
ing time of 10s. The inference was performed independently for each time
window, allowing the map to be inferred independently of previous or future
detections. Hence, the typical time-evolution of VLP maturation led to 136
maps of (Dt(r),V eff

t (r)). VLP density inside a map (corresponding to a
time window) was evaluated as

ρ=
N(t)
πR2

eff

(5)

, where N(t) was the number of localizations in the VLP during the time
window t. The time-evolution of density for a VLP was directly computed
as the density measured on the set of maps associated with that VLP. Con-
sidering that the set of mesh subdomains in the VLP at the time window t is
I(t) and neighbours to a VLP are defined as the set of mesh subdomains in
contact with the VLP and referred asM(t), then, at each time window t, the
diffusivity in the VLP was defined as

Din(t) =<D >I(t) (6)

, and the VLP trapping energy was defined as

δV eff (t) =< V eff >M2Reff (j) −minI(j)(V eff ) (7)

, where <.> was the spatial average. Finally, for each VLP present in the
analysed ROIs (i.e., 600 VLPs per mutant), the time-evolving density, dif-
fusivity and potential were smoothed with a 10th order Savitsky-Golay filter
to extract the following parameters:

• Localization Density Increase (LDI):

LDI = ρmax−ρmin (8)

• Mean diffusivity in the assembly platform :

D =<Din >t (9)

where <.> was the time average.

• Maximum Trapping Energy :

∆E = δV eff
max− δV eff

min (10)

The assembly time length was defined as the 1/e2 width of the Gaus-
sian fit of the LDI peak. As the analysis led to w 100,000 maps of
(Dt(r),V eff

t (r)), the (Dt(r),V eff
t (r)) values observed in each VLP

were distribute in classes. Each class was renormalized to the total VLP
number. This allowed generating (V eff = f(D),D = f(LDI)) diagrams
for each mutant.
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