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Fig. 2. Lipid mobility changes in NL4.3 Gag-iGFP HIV-1 infected Jurkat T-cells.
Median lipid diffusion coefficients (D) as determined by sSTED-FCS measurements
of 20 sites each from two independent virus preparations and infections. Box and
whisker plots (horizontal line – median, box – 25-75 % percentiles or interquartile
range (IQR) and whiskers – 10 90 % measurements) showing D values inside as-
sembly sites (red), outside assembly sites (green) and in non-infected control cells
(blue). Data was collected for phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2)
(a), cholesterol (Chol) (b), sphingomyelin (SPM) (c), and phosphatidylethanolamine
(PE) (d). Statistical significance was assessed by Wilcoxon rank-sum test.

and outside of those sites. We determined lipid diffusion at
arbitrary sites in non-transfected (non-Gag expressing) cells
as control. Figure 3b-e depicts the different values of diffu-
sion coefficients determined within (red boxes) and outside
of the assembly sites of HIV Gag VLP (green boxes), and
in the non-transfected control cells (blue box). As observed
in infected cells, the lateral mobility of PI(4,5)P2 was sig-
nificantly reduced inside (D = 0.11 µm2/s) compared to out-
side of assembly sites or to non-transfected cells (D = 0.24
µm2/s and 0.20 µm2/s, respectively) (Fig 3b). However, the
reduction in mobility between inside and outside the assem-
bly sites is only 2.2-fold (0.24/0.11) for HIV Gag VLP only
expressing T cells in comparison with 8.5-fold (0.17/0.02) for
HIV infected T cells. Nevertheless, experiments on model
membranes support the direct role of Gag in this process of
PI(4,5)P2 trapping. Upon addition of Gag to supported lipid
bilayers (SLBs) with 0.2% of fluorescent PI(4,5)P2 we ob-
served the formation of PI(4,5)P2 clusters at the Gag binding
sites with a concomitant 7-fold decrease in PI(4,5)P2 mobil-
ity at these sites compared to elsewhere on the SLBs or on
SLBs in the absence of Gag (Fig. S2). Also in line with
our data on infected T cells, we also observed a 2-fold reduc-
tion in the lateral mobility for Chol within the Gag assembly
sites (D = 0.16 µm2/s) of HIV Gag VLP only expressing T
cells, compared to either outside of assembly site (D = 0.30
µm2/s) or in non-transfected control cells (D = 0.29 µm2/s,
Fig 3c). In contrast, SPM and PE again exhibited no sig-
nificant changes in their lateral mobility between HIV-1 Gag

Fig. 3. Lipid mobility changes in HIV-1 Gag.iGFP transfected Jurkat T cells.
a Representative live confocal image of Jurkat T cells expressing HIV-1 Gag.iGFP.
Image represents Gag.iGFP signal (blue-green-yellow) at the cell-coverslip inter-
face at 24 hours post transfection. Scale bar: 1 µm. Zoomed in confocal image
depicts an individual HIV-1 assembly site indicated by an arrow. Scale bar: 200
nm. b-e Median values of the lipid diffusion coefficients (D) were determined for
phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) (a), cholesterol (Chol) (b), sphin-
gomyelin (SM) (c), and phosphatidylethanolamine (PE) (d) by sSTED-FCS on 20
sites each from two independent Gag.iGFP transfections. Box and whisker plots
(horizontal line – median, box – 25-75 % percentiles or interquartile range (IQR)
and whiskers – 10 90 % measurements) showing D values inside assembly sites
(red), outside assembly sites (green) and in untransfected control cells (blue). Sta-
tistical significance was assessed by Wilcoxon rank-sum test.

self-assembly sites when compared to outside the sites or in
non-transfected cells (Fig 3d and Fig 3e respectively).

HIV-1 Gag is the primary determinant of lipid trapping
efficiency at HIV-1 assembly sites in CD4+ T cells.. The
decrease in lateral mobility of PI(4,5)P2 and Chol at the Gag
assembly sites suggests trapping of these lipids during virus
particle formation. To quantify this restricted diffusion fur-
ther, we utilized a confinement index based on normalized
relative cumulative frequency histograms of the values of
the diffusion coefficient D (for D = 0.001 to 1 µm2/s, nor-
malized to 100 for D = 1 µm2/s). Representative cumula-
tive frequency histograms for diffusion within and outside of
the assembly sites are shown in Figure 4a for the fluorescent
PI(4,5)P2 lipid analogue (and in Fig. S3, S4 for other lipid
analogues), highlighting a huge difference for PI(4,5)P2 and
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Chol (but not for SPM and PE). To specify this difference fur-
ther, we classified three diffusion regimes, “fast”, “interme-
diate”, and “slow” mobility, for respective values of D < 0.01
µm2/s, 0.01 ≤ D < 0.1 µm2/s, and D.≥ 0.1 µm2/s, we calcu-
lated the sum of cumulative frequencies within each regime,
and plotted the confinement index for each regime as ratio of
the latter values for lipid diffusion within and outside of the
assembly sites, or within the assembly sites and non-infected
(or non-transfected) cells. For an increased confinement of
lipids inside the assembly sites, we would expect a larger
relative fraction of low values of D, i.e. an increased frac-
tion and thus confinement indices > 1 within the “intermedi-
ate” and especially the “slow” mobility regime (and conse-
quently a reduced fraction and thus a confinement index < 1
within the “fast” regime). In contrast, similar cumulative fre-
quency histograms and thus confinement indices ' 1 for all
regimes indicate no change in mobility and thus no confine-
ment within the assembly sites. As expected, the various val-
ues of confinement indices confirm our previous conclusion,
i.e. that SPM and PE did not exhibit any confinement within
assembly sites, while PI(4,5)P2 and Chol revealed a drastic
reduction of lateral mobility and thus confinement at the as-
sembly sites. When we compared the confinement index val-
ues obtained for the different lipids in HIV-1 Gag transfected
cells (Fig 4b, grey bars) against those in HIV-1 infected cells
(Fig 4b, black bars), we observed similarities between these
two conditions. Specifically, both PI(4,5)P2 and Chol have
values of high confinement indices > 1 in the “intermediated”
and “slow” regime for both HIV infected and Gag-only ex-
pressing T cells, while values ' 1 of confinement indices
are conserved for both SPM and PE. This highlights that the
Gag protein on its own seems to be sufficient to facilitate the
confinement or trapping of cholesterol and PI(4,5)P2 in HIV
assembly sites, and no other molecular factor only present in
infected cells (and not in the Gag-only case) is required.

Discussion
How enveloped viruses acquire their lipid membrane shell is
of great importance for their biogenesis and their capacity to
infect cells. In the case of HIV-1, recently it has been shown
that the envelope lipid composition was a determinant of low
molecular mobility of the Env protein (3, 13). Several works
have been conducted to reveal different envelope viruses hav-
ing their own unique lipid composition (2, 4, 6, 36), implying
their distinct biological requirements during infection, and
suggesting their capacity in sorting specific host lipids into
their virus membrane. Two main lipids and a sterol have
been described to play a major role for HIV-1 biogenesis
and infectivity. PI(4,5)P2 is known to be the plasma mem-
brane lipid targeted by the MA domain of the polyprotein
Gag (20, 21, 27, 37). Sphingomyelin and Cholesterol en-
riched lipid environments, often denoted “raft” like domains,
have also been described as essential for envelop retrieving
(38), HIV-1 assembly (23, 39, 40) or infectivity (24, 25).
However, it is unknown whether a pre-existing cellular lipid
complex or a virus induced lipid platform is the source of
virion lipid membrane during HIV-1 formation (35). Lipid

Fig. 4. Lipid trapping induced by Gag during HIV-1 assembly in infected or
transfected Jurkat T cells. Enrichment indices based on the relative normalized
cumulative frequency distribution of the diffusion coefficients D (for D = 0.001 to
1 µm2/s, normalized to 100 for D = 1 µm2/s), which were arbitrarily divided into
three distinct diffusion regimes, “slow” (D < 0.01 µm2/s), “intermediate” (0.01 ≤
D < 0.1 µm2/s) and “fast” (D ≥ 0.1 µm2/s). The sum of cumulative frequencies
within each regime resulted in values of the confinement index for each regime
as ratio of the latter values for lipid diffusion within and outside of the assembly
sites, or within the assembly sites and non-infected (or non-transfected) cell. a
Cumulative distribution of diffusion coefficients obtained for PI(4,5)P2 in HIV-1 Gag
transfected cells inside the assembly site (red line) and outside the assembly site
(green line, see supplementary data 3 and 4 for cumulative distributions of the other
lipids). b Values of the confinement indices found for PI(4,5)P2, Chol, SM and
PE for HIV-1 Gag transfected (grey bars) and HIV-1 infected (black bars) Jurkat T
cells. Chol and PI(4,5)P2 show strong confinement (indices > 1 for "intermediate"
and especially "slow" regimes) inside assembly sites for both transfected only or
fully infected Jurkat T cells, while neither SPM nor PE exhibited confinement inside
assembly sites (confinement index 1 for all regimes). *: No diffusion coefficients
below 0.01 µm2/s were observed for PE.
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sorting and lipid domain generation in viral assembly can be
identified by nanoscale spatial changes in lipid mobility at
the plasma membrane (10, 11), and our super-resolution mi-
croscopy based approaches for the analysis of the lipid dy-
namics in living cells represent the most relevant model of
observation. In this study, we have determined the diffu-
sion coefficients of lipids by applying scanning STED-FCS
(sSTED-FCS) on HIV infected, Gag expressing, and HIV
negative CD4+ Jurkat T cells. sSTED-FCS approach allows
for direct simultaneously quantitative comparison of lipids
mobility both within or outside assembly sites at the plasma
membrane. In comparison with the plasma membrane of
HIV-1 negative cells or plasma membrane regions outside
of HIV-1 assembly site, the mobility of PI(4,5)P2 and Chol
within viral assembly sites is drastically reduced (up to 10
times decrease of median D). Interestingly, the same trend
was observed on the assembly site of Gag VLPs in cells ex-
pressing only Gag. Indeed, although to a less extent than in
HIV-1 producing cells, the median values of the diffusion co-
efficients of PI(4,5)P2 and Chol were significantly reduced in
the VLP assembling area. In contrast, the mobility of neither
SPM nor neutral lipid PE exhibited any variation in median
values, for both HIV-1 producing or Gag VLPs producing
cells. It has been recently shown that diffusion coefficient
distributions could unravel the nature of lipid motions (41).
Therefore, to allow direct comparison of the virus component
effect on lipid mobility, independently of the cell or the num-
ber of expressed component (Gag alone or infectious virus), a
confinement index was defined. As in more detail described
within the result section, it is based on the relative changes
in three different parts of the normalized cumulative distri-
bution of the logarithm of the diffusion coefficients observed
inside and outside the virus or VLP assembling site. The
value of this confinement index into these three parts reflects
the relative increase in lipids that are trapped (“slow”, D <
0.01 µm2/s), confined (“intermediate”, 0.01 < D < 0.1 µm2/s)
or freely diffusing (“fast”, D > 0.1 µm2/s) at the assembly
sites. By definition, the confinement index will be equal to
1 if no effect occurs on lipid mobility inside the assembly
when compared to outside the assembly site. This unit value
was always observed with the PE lipid which is generally
used as a control of free diffusing lipid in cell plasma mem-
branes (10) and is not described as being enriched in HIV-1
envelop (1, 4). Amongst the different lipids tested here, the
PI(4,5)P2 exhibited the strongest confinement index for the
slow part of the distribution, (c.i. 10) both for HIV-1 virus
and VLP assembly sites in CD4+ T cells. This reveals that
transient binding of PI(4,5)P2 to aggregating Gag conjugated
PI(4,5)P2 into the nascent virion or the VLP. This assembly
site specific trapping of PI(4,5)P2 seems to be indeed exclu-
sive to Gag since the observed confinement indices showed
the same trend independent of assembling HIV-1 or VLPs.
Moreover, similar confinement indices were observed on the
SLB in the in vitro system tested here, i.e. SLBs made of PC,
PS and fluorescent PI(4,5)P2 with or without addition of self-
assembling HIV-1 Gag protein (see Supplementary Data 2).
Similar to PI(4,5)P2, the confinement index of slow diffusing

Chol was also above 1 in infected cells as well as in trans-
fected cells, confirming that Chol is trapped during HIV-1 as-
sembly and that Gag alone is sufficient to restrict cholesterol
mobility at the assembly site. Consequently, restriction of
PI(4,5)P2 and Chol seems to be independent of non-Gag viral
proteins, such as HIV-1 Env or accessory/regulatory proteins.
Using in vitro lipid membrane models of different lipid com-
positions, we recently reported (7) that Gag was able to gen-
erate PI(4,5)P2-cholesterol but not SPM enriched lipid nan-
odomains. This is consistent with data observed here in HIV-
1 producing or Gag expressing CD4+ T cells. Notably, such
local enrichment of PI(4,5)P2 and Chol lipids at virus assem-
bly sites has been predicted using coarse grain molecular dy-
namics in the case of the matrix self-assembly of Ebola virus
(42), implying a potential general mechanism for a number
of enveloped viruses that bud from the host cell plasma mem-
brane. Enrichment of specific lipid in HIV-1 viruses has al-
ready been observed (2, 4, 23) but the mechanism remains
unknown. Different values of virion lipid enrichment have
been found, depending on the cell lines and the biochemi-
cal methods to purify viruses or isolate plasma membranes
from the other cell membranes (1, 2, 4). In H9 T lympho-
cytes, Chan et al. have shown that HIV-1 lipid envelop is two
times higher in PI(4,5)P2 and three times higher in choles-
terol when compared to the plasma membrane of the HIV-1
producing H9 cells. Our results show that this enrichment
occurs during virus assembly. Given that PI(4,5)P2 is im-
portant for the binding of Gag to the cell plasma membrane
(28), the clustering of PI(4,5)P2 at the cell membrane may
provide an additional mechanism to further concentrate Gag
thereby enhancing virus assembly. Furthermore, molecular
simulations of PI(4,5)P2 clustering has revealed the induction
of negative membrane curvature (43) by PI(4,5)P2, which
could facilitate the formation of spherical particle structure
during virus assembly. Cholesterol has been shown to play
a role in HIV-1 Gag matrix binding to membrane(5, 44) as
well as in the stabilization of PI(4,5)P2 lipid nanodomains
in the absence of proteins (43). Therefore, it would be diffi-
cult to discriminate whether cholesterol trapping is a conse-
quence of PI(4,5)P2 membrane enrichment at HIV-1 assem-
bly sites or is due to a direct interaction with Gag. Never-
theless, the cholesterol confinement index found in this work
is much lower than the one observed for PI(4,5)P2, allow-
ing the conclusion that the incorporation of cholesterol at the
HIV-1 assembly site is more of a consequence of PI(4,5)P2
enriched membrane environment than a strong direct inter-
action with Gag. It has been suggested for a long time that
pre-existing sphingomyelin-cholesterol enriched cell plasma
membrane nanodomains could play a role in HIV-1 assembly
(reviewed in (38)). Therefore, changes in SPM dynamics at
the virus assembly site were also assessed using our sSTED-
FCS approach. The observed confinement indices of SPM
were never above 1, highlighting that HIV-1 assembly has no
effect on the SPM mobility at the CD4+ T cell plasma mem-
brane. Overall our results provide direct evidence that HIV-
1 Gag assembly drives the lipid sorting in host CD4 T cell
plasma membrane and creates its own PI(4,5)P2/cholesterol
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lipid enriched membrane environment likely to provide a pos-
itive feedback loop to recruit additional Gag proteins at the
budding site through PI(4,5)P2-Gag interactions for the bio-
genesis of HIV-1 particles.

Material and Methods
Experimental Design. The main goal of this study was to
unravel whether the viral Gag protein is targeted towards pre-
existing lipid domains at the host cell plasma membrane that
will help in HIV-1 assembly, or whether, in the opposite, Gag
creates its own lipid domain during virus formation. In or-
der to do so, we measured the change in mobility of different
lipids at HIV-1 assembly sites. We used lipids known to play
a role either in Gag membrane targeting (PI(4,5)P2) and as-
sembly (Cholesterol) or known to be part of pre-existing lipid
domains at the plasma membrane (SM) and finally a control
lipid (PE) not described to play a role in any of the two pos-
sible mechanisms. To achieve our goal, our experimental set-
up was based on a direct measurement of apparent diffusion
coefficient of the lipids inside and outside HIV-1 Gag as-
sembly sites using spatial scanning fluorescence correlation
spectroscopy on a super-resolution STED microscope (deliv-
ering an observation spot size of around 100 nm in diameter,
i.e. below that of a conventional microscope). Our measure-
ments were performed in HIV-1 infected CD4 T-cells and as
a control in CD4 T-cells expressing Gag only. Finally, using
a top-bottom approach of purified HIV-1 Gag on PI(4,5)P2-
supported lipid bilayers we could highlight that Gag was suf-
ficient to generate a PI(4,5)P2-nanodomain platform for as-
sembly.

Lipids and fluorescent lipid analogues. Lipids 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), brain L-α-
phosphatidylserine (PS) and brain Phosphatidylinositol 4,5-
biphosphate (PI(4,5)P2) were purchased from Avanti Polar
lipids (Alabaster, AL, USA). ATTO 647N – 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine (ATTO647N-DPPE)
and ATTO 647N – Sphingomyelin (ATTO647N-SM)
were purchased from Atto-Tec GmbH (Siegen-Weidenau,
Siegen, Germany). Abberior STAR RED (KK114) -
1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine
(KK114-DPPE), Cholesterol – PEG(1k) - Abberior STAR
RED (KK114) (Chol-PEG(1k)-KK114), and ATTO 647N
- phosphatidylinositol 4,5-biphosphate (ATTO647N-
PI(4,5)P2) were all purchased from Abberior GmbH
(Göttingen, Germany).

Gag protein and Supported Lipid Bilayers. Full length
Gag protein has been produced and purified as described pre-
viously(45). Supported Lipid Bilayers (SLBs) for Gag lipid
clustering measurements were prepared from 30nm small
unilamellar vesicles (SUVs) with DOPC - 68%, PS - 30%,
PI(4,5)P2 - 1.9% and ATTO647N-PI(4,5)P2 0.1% mol at 0.1
mg/mL in a citrate buffer (Na Citrate 10mM, 100 mM NaCl,
and 0.5 mM EGTA, pH 4.6). The SUV were then spread for
45 min at 37°C on coverslips pre-treated by sonication in 5%
SDS solution and incubation for 30 min in freshly made pi-

ranha solution (H2SO4:H202 2:1 vol). After disposition of
the SLBs scanning FCS measurements were performed and
again 15 minutes after Gag was added at 1µM final concen-
tration.

Plasmids. Plasmid expressing fully infectious T cell tropic
NL4.3 HIV-1 Gag-iGFP was previously described (30) and
was a kind gift from Dr Benjamin Chen. Plasmid express-
ing NL4.3 HIV 1 Gag eGFP fusion protein was previously
described (45) and was a kind gift from Dr Hugues de Roc-
quigny.

Cell culture. Jurkat T cells (Human T cell leukemia cell line
– ATCC TIB-152) were grown in RPMI-1640 with Gluta-
max (GIBCO), supplemented with 10 % foetal calf serum
and, 100 U/mL penicillin-streptomycin and 20mM HEPES
pH 7.4. Cells were maintained at 37 °C, 5 % CO2.

NL4.3 HIV-1 Gag.iGFP particle preparation. Fully infec-
tious NL4.3 HIV-1 Gag-iGFP particles were prepared from
the tissue culture supernatant of 293T cells transfected us-
ing polyethyleneimine (PEI) with 15 µg pNL4.3 HIV-1 Gag-
iGFP plasmid. Tissue culture supernatants were harvested
48 h after transfection, and particles were concentrated us-
ing Lenti-X Concentrator reagent (Clontech) according to
the manufacturer’s instructions. Concentrated particles were
snap frozen and stored in aliquots at -80 ° C

Jurkat T cell infection. Jurkat CD4+ T cells were infected
by incubation of 1 million cells with HIV-1 NL4.3 Gag-iGFP
particles in 50 uL RPMI medium for 1 h at 37 °C. Cells were
washed three times in RPMI medium and then cultured for
72 h at 2 million cells/mL to achieve 5-10 % infection rate
with progeny virus production.

Jurkat T cell transfection. Jurkat T cells (2x106) were mi-
croporated with 4 µg of plasmid expressing NL4.3 HIV-1
Gag eGFP, using the AMAXA system (Lonza), as previously
described (46). After microporation, Jurkat T cells were in-
cubated in RPMI complete medium, and harvested 24 h post-
transfection for microscopy acquisitions as described in the
following sections.

Microscope setup. Scanning STED-FCS measurements
were performed on the Abberior Instrument Expert Line
STED super-resolution microscope (Abberior Instruments
GmbH, Göttingen, Germany) using 485 nm and 640 nm
pulsed excitation laser sources and a pulsed STED laser oper-
ating at 775 nm and 80 MHz repetition rate. The fluorescence
excitation and collection was performed using a 100×/1.40
NA UPlanSApo oil immersion objective (Olympus Indus-
trial, Southend-on-Sea, UK). All acquisition operations were
controlled by Imspector software (Abberior Instruments) and
point FCS data for the calibration of the observation spot
sizes was recorded using a hardware correlator (Flex02-08D,
correlator.com, operated by the company’s software). Con-
focal microscope FCS measurements were performed on a
Zeiss LSM 780 (Zeiss, Iena, Germany) using a HeNe 633
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nm laser as the excitation source. Fluorescence excitation
and collection was performed using a 63x/1.40NA PlanApo
oil immersion objective (Zeiss). Acquisition operations were
controlled by the Zeiss Zen software. Point FCS was used
to calibrate the observation spot with the LSM 780 internal
hardware correlator.

Microscope sample preparation. For calibration of the
observation spot sizes using STED-FCS, supported lipid bi-
layers (SLBs) were prepared, as previously described (47),
by spin coating a coverslip with a solution of 1 mg/mL DOPC
and 0.5 µg/mL KK114-DPPE in CHCl3/MeOH. Coverslips
were cleaned by piranha solution (3:1 sulfuric acid and hy-
drogen peroxide). The lipid bilayer was formed by rehydrat-
ing with SLB buffer containing 10 mM HEPES and 150 mM
NaCl pH 7.4. Calibration of the confocal observation spot
size was made with a 50 nM solution of Rhodamine in pure
water using D=280µm².s-1 as the diffusion coefficient. For
lipid mobility measurements inside and outside of Gag as-
sembly sites in mammalian cells 3x105 Jurkat T cells 72 h
post-infection with NL4.3 HIV-1 Gag-iGFP virus particles
or 24 h post-transfection with NL4.3 HIV-1 Gag-eGFP ex-
pressing plasmid were resuspended in 200 µL of Leibovitz’s
L 15 medium (Sigma) and incubated with 25 nM of the indi-
cated fluorescent lipid analogue probe for 5 min at 37 °C.
Cells were then washed three times in L-15 medium, re-
suspended in 250 µL L-15 medium and adhered to poly-L-
lysine (Sigma) coated glass surface of 8-well Ibidi µ-Slides
(Ibidi, Martinsried, Germany) at 37 °C prior to microscopy
measurements. For lipid mobility measurements on Myr(-
) Gag containing SLBs, prior to experiments citrate buffer
was changed to protein buffer (Hepes 10 mM, pH=7.4, KCl
150 mM, EDTA 2mM), followed by injection of 1 µM Myr(-
)Gag.

Scanning (STED)-FCS signal acquisition. sSTED-FCS
data of the lipid mobility inside and outside Gag assembly
sites in Jurkat T cells was acquired at 37 °C using fluores-
cent Gag signal as a guide. Fluorescent lipid signal intensity
fluctuation carpets (scanning an orbit multiple times) were
recorded using the Imspector software with following param-
eters: orbital scan frequency 3.23 kHz, scan orbit length 1.5
µm, pixel dwell time 10 µs, total measurement time 10 s,
pixel size 50 nm/pixel, 10 µW excitation power (back aper-
ture) at 640 nm, observation spot diameter 100 nm FWHM
(as determined by SLB calibration measurements – Supple-
mentary Data 1). The scan frequency selected for these ex-
periments was set sufficiently high in order to enable the ex-
traction of the diffusion dynamics of fluorescent lipid ana-
logues in the cell plasma membrane (11).

FCS curve autocorrelation and fitting. The FoCuS-scan
software(34) was used to autocorrelate the scanning STED-
FCS data, and to fit it with a classical 2D diffusion model:

GN (τ) =G(∞)+GN (0)[1+ τ

txy
]−1 (1)

where GN (τ) is the correlation function at time lag τ , G(∞)
the offset, GN (0) the amplitude, txy the average lateral
transit time through the observation spot. As done in all
previous scanning STED-FCS measurements, we left out
anomaly factors in the fitting equation (as often done in non-
scanning single point STED-FCS data), since the decay of
the scanning STED-FCS curves starts at 0.5-1 ms correla-
tion times only and because anomaly is much better revealed
by comparing (cumulative) frequency histograms of resulting
parameters(11). Values of the molecular diffusion coefficient
(D) were calculated from txy:

D = FWHM2

8ln(2)txy
(2)

where FWHM represents the usual full-width half maximum
of the observation spot (100 nm, see Supplementary Data 1).

Calculation of the confinement index. Diffusion coeffi-
cients obtained for the different lipid in the different condi-
tions tested were binned in groups every 10−3µm2/s from
0 to 1.2 µm2/s. The distribution was cumulated and nor-
malized. It was then split into three parts: Slow (D <
10−2µm2/s), intermediate (10−2≤D < 10-1 µm2/s) and fast
(D ≥ 10−1µm2/s). The relative proportion (Pi) of the total
distribution (0≤ Pi≤ 1) of each of these parts were then cal-
culated for each molecule inside assembling site, outside as-
sembling site and in non-infected nor transfected cells. The
confinement index is defined for each of the three parts as
the quotient of the Pi value found inside the assembly site
over the Pi value found outside the assembly site or in non-
infected nor transfected cells. (Fig 4).

Statistical analysis. Due to the non-Gaussian nature of
the diffusion coefficient data distribution, Wilcoxon test was
used with the result p < 0.05 considered statistically signifi-
cant. Statistical tests were performed using Graphpad Prism
software. Power calculations confirmed that for chosen sam-
ple sizes the power of a two-sided hypothesis test at the 0.05
significance was over 90%. In all compared groups interquar-
tile range (IQR) serves as an estimate of variation. IQRs were
similar in all compared groups.
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Supplementary data

Supplementary Note 1: STED microscope calibrationg
The diameters of the observation spots employed in the scanning STED-FCS was estimated at 37 °C following a standard
calibration procedure on supported lipid bilayers (SLBs)(48), comparing transit times of freely diffusing fluorescent lipids
(KK114-DPPE) in confocal and STED microscopy modes (Supplementary Fig. 1).

Fig. S1. STED microscope calibration results. (a) Mean ± s.d. of observation spot diameters at different STED laser powers was
determined by STED-FCS calibration measurements of KK114-DPPE diffusion in supported lipid bilayers (SLBs). Results represent
10 measurements each from 2 separate preparations. For the virus assembly sites measurements, a minimum STED laser power (90
mW) was set to generate an observation spot diameter (100 nm) below the diameter of HIV-1 particles ('140 nm diameter) and virus
assembly sites, while maintaining as high as possible signal-to-noise ratio and minimising the laser light exposure of live Jurkat T cells.
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Supplementary Note 2: PI(4,5)P2 clustering and trapping by full length HIV-1 Gag on
biomimetic membranes
Yandrapalli et al.(7) previously reported the ability of purified full length Gag to segregate PI(4,5)P2 and cholesterol while self-
assembling on supported lipid bilayers (SLB). Here, we checked the ability of Gag to induce PI(4,5)P2 clustering and trapping
on SLBs with the basic lipid composition (see supplementary methods) described in Yandrapalli et al.(7) by imaging the change
in Atto-647N PI(4,5)P2 fluorescence before and after addition of Gag on SLBs (Supplementary Fig. 2a and Supplementary
Movie 1). As previously reported, we observed the generation of Atto-647N PI(4,5)P2 enriched domains few minutes after
injection of recombinant full length Gag (Supplementary Fig. 2a). Concomitantly, confocal line scanning FCS (sFCS) was
performed on SLBs in order to monitor the changes in lateral PI(4,5)P2 mobility induced by Gag self-assembly. We first
measured the lateral diffusion of Atto-647N PI(4,5)P2 before Gag injection (Supplementary Fig. 2b, blue box) and compared
it to the lateral diffusion observed after Gag injection inside (Supplementary Fig. 2b, red box) and outside (Supplementary
Fig. 2b, green box) the generated Gag aggregation sites. We observed a significant decrease in Atto-647N PI(4,5)P2 lateral
mobility at (D = 0.15 µm2/s) compared to outside (D = 1.1 µm2/s) the sites or before the addition of Gag (D = 0.95 µm2/s),
highlighting strong trapping of PI(4,5)P2 in lipid domains generated by Gag. We then applied the confinement index calculation
to determine the enrichment of PI(4,5)P2 in Gag induced clusters. We obtained values directly in line with either HIV-1 Gag
transfected cells or HIV-1 infected cells. (Supplementary Fig. 2b)

Fig. S2. Changes in the lateral mobility of PI(4,5)P2 upon addition of Gag on supported lipid bilayers (SLB). (a) Confocal images
of PC/PS/PI(4,5)P2 supported lipid bilayers labelled with Atto-647N PI(4,5)P2 before (upper part) and 3 minutes after addition of the
full length HIV-1 Gag protein. (b) Box plot of the diffusion coefficients of Atto-647N PI(4,5)P2 observed before addition of Gag (blue)
and 3 minutes after addition of Gag inside (red) or outside PI(4,5)P2 clusters (green), (boxes are median, first and third quartile and
10-90% whiskers). Values of the confinement indices of PI(4,5)P2 in SLB for the three different diffusion regimes (slow D < 0.1 µm2/s,
intermediates 0.1 < D < 1µm2/s) and fast (D>1 µm2/s). As in the case of infected and transfected cells, PI(4,5)P2 is strongly enriched
in the clusters observed 3 min after addition of Gag.
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Supplementary Note 3: Cumulative frequency distributions observed in infected cells for the
different lipids.

Fig. S3. Cumulative frequency distributions of diffusion coefficient observed in HIV-1 infected T-cells. Cumulative frequency
distributions of values of diffusion coefficients D measured inside (red) and outside (blue) assembly sites of infected cells, and in non-
infected cells (green) for the different fluorescent lipid analogues, PI(4,5)P2 (a), Cholesterol (Chol) (b), sphingomyelin (SPM) (c) and
PE (d).
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Supplementary Note 4: Cumulative frequency distributions observed in transfected cells for
the different lipids

Fig. S4. Cumulative frequency distributions of diffusion coefficient observed in HIV-1 Gag transfected T-cells. Cumulative
frequency distributions of the D values measured inside (red) and outside (blue) assembly sites of transfected cells, and in non-
transfected cells (green) for the different lipids, PI(4,5)P2 (a), Cholesterol (Chol) (b), sphingomyelin (SPM) (c) and PE (d).
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