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ABSTRACT Immature human immunodeficiency virus (HIV) virions have a lattice of Gag and Gag-Pol proteins anchored to the
lumen of their envelope. Using electron microscopy, we demonstrate that HIV virus-like particles (VLPs) assembled by the viral
protein Gag and tagged at its C-terminus with the fluorescent protein Dendra2 have the same morphology and size as the VLPs
assembled using only HIV Gag. We characterize the photophysical properties of Dendra2 and demonstrate that 60% of Dendra2
molecules can be photoswitched and reliably counted in our interferometric photoactivated localization microscopy (iPALM)
setup. We further perform iPALM imaging on immobilized HIV Gag-Dendra2 VLPs and demonstrate that we can localize and
count 900-1600 Dendra2 molecules within each immobilized VLP with a single-molecule localization precision better than
(10 nm)2. Our molecular counts correspond to 1400-2400 Gag-Dendra2 proteins incorporated within each VLP. We further
calculate temporal correlation functions of localization data, which we present as localization correlation analysis, and show dy-
namics within the lattice of immobilized VLPs in the timescale of 10-100 s. We further use our localization data to reconstruct
time-lapse iPALM images of the Gag-Dendra2 lattice within the lumen of immobilized VLPs. The iPALM time-lapse images show
significant lattice dynamics within the lumen of VLPs. Addition of disuccinimidyl suberate to the VLPs completely abrogated
these dynamics as observed in both localization correlation analysis and time-lapse iPALM. In a complementary approach,
we utilized HaXS8 cross-linking reactions between Halo and SNAP proteins and verified lattice dynamics in purified VLPs incor-
porating 10% Gag-SNAP, 10% Gag-Halo, and 80% Gag proteins. The HIV Gag lattice, along with the structural lattice of other
enveloped viruses, has been mostly considered static. Our study provides an important tool to investigate the dynamics within
these enveloped viruses.

SIGNIFICANCE HIV Gag lattice, along with the structural lattices of many other viruses, has been mostly considered
static. Our study provides an important tool to investigate the dynamics within these lattices.

INTRODUCTION ecules within individual VLPs (3). The holes and imperfec-
tions that correspond to the lower-than-5000 copies of Gag
proteins incorporated within each VLP were then directly
observed by electron cryotomography of released HIV vi-
rions and budding sites (4—6). Why such defects exist within
the lattice of HIV and whether they have a functional role is
largely unknown (4,7). Expression of HIV Gag protein by
itself is sufficient to drive the formation of VLPs with
similar morphology to HIV virions (8).

After release from the infected cells, HIV virions undergo
maturation that transforms them into infectious particles.
HIV maturation is catalyzed by the 22 kDa HIV protease ho-

The immature lattice of Gag within human immunodefi-
ciency virus (HIV) virions is easily visualized in negative-
stain thin-section electron microscopy. Based on close-
packing symmetrical calculations and mass of viral compo-
nents, it was estimated that immature HIV virions should
incorporate as many as ~5000 Gag molecules (1,2). Quan-
tification of total fluorescence from individual virus-like
particles (VLPs) using a photon-counting histogram
(PCH), however, showed a much lower number of Gag mol-
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homodimer forms and releases all domains within Gag and
Gag-Pol polyproteins (9). Delay in the release of the imma-
ture virus results in premature protease activation and
release of noninfectious particles (10). The proteolysis is
essential for the formation of the conical capsid structure,
which encapsulates the viral genome and genome enzymes
(11). The mechanism by which the protease domain
embedded within the Gag-Pol polyprotein gets activated is
not well understood. It is also unclear whether the architec-
ture of the immature lattice plays any role in the release of
the 11 kDa protease from its confinement within the Gag-
Pol polyprotein.

It is now estimated, based on cryotomography data, that
immature HIV virions incorporate ~2000 copies of Gag
and ~100 copies of Gag-Pol within the immature HIV lat-
tice anchored to the lumen of the ~140 nm diameter viral
envelope (4,7). Although PCH methods can be used to
quantify the fluorescence intensity in moving objects
(12,13), quantifying protein copy numbers within station-
ary biological structures using optical microscopy is
nontrivial. Information about the stoichiometry of proteins
within structures can be extracted from the intensity mea-
surement of the fluorescent proteins that are used to tag
the proteins of interest (14,15). TIRF microscopy has
proved to be an efficient method of quantifying mem-
brane-bound proteins by exploring the discrete photo-
bleaching behavior of the green fluorescent proteins
(16). Yellow fluorescent proteins have also been used
for quantification of a wide range of protein copy numbers
within cells (17). However, the introduction of photoacti-
vated localization microscopy not only increased the
localization precision but also took advantage of the sto-
chastic behavior of the photoactivatable fluorescent pro-
teins to quantify their copy numbers by temporal
separation (18). Developments in counting single mole-
cules accounting for their blinking behavior ranged from
semiempirical approaches (19) to the more systematic
ones (20,21). These methods have been applied to count
proteins both within large as well as small structures, as
reviewed in (22).

Localization microscopy can also significantly increase
the resolution of optical imaging and explore the structural
organization of macromolecular structures (23-25).
Although in first applications, localization microscopy was
limited to improving the resolution only within the plane
of focus to below 10 nm, the introduction of multiphase
interferometry within localization microscopy (iPALM)
has improved the resolution along the optical axis, resulting
in homogeneous voxel sizes below (10 nm)3 (26). When the
samples are not fixed, localization microscopy inherently
harbors data about the dynamics of the system as the struc-
tures undergo dynamics during data acquisition. Analysis of
these dynamics with localization microscopy has previously
been used to measure high-resolution dynamics in cellular
environments (27-30). Single-molecule localization micro-
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scopy has also been used to monitor VLP assembly (31) and
to visualize the relationship between cellular components,
specifically ESCRTs and HIV Gag VLPs (32-34).

We have previously imaged purified HIV Gag-Dendra2
VLPs using correlative iPALM and scanning electron mi-
croscopy (SEM) and visualized the virion cavity as well
as defects within the immature Gag lattice (35). Although
these observations are at a much lower resolution compared
to electron cryotomography, iPALM resolves the HIV Gag
lattice at ambient temperature within an aqueous environ-
ment. In this study, we demonstrate how all Gag-Dendra2
molecules incorporated within the VLPs can be accounted
for and how the temporal acquisition of iPALM data can
be used to visualize dynamics within the HIV Gag-Dendra2
lattice within the immobilized VLPs. We also present evi-
dence of dynamics within the HIV Gag lattice using VLPs
incorporating 10% Gag-SNAP, 10% Gag-Halo, and 80%
Gag. We used HaXS8 to dimerize SNAP and Halo
in vitro. Our biochemical data supports the existence of
multi-timescale dynamics within the Gag lattice of purified
VLPs.

MATERIALS AND METHODS

Design of Dendra2 tandems for photophysical
characterization

Dendra2 was obtained from Addgene (Watertown, MA). We designed Den-
dra2 tandem chains of one, two, and three Dendra2 molecules. To help
immobilize these molecules on glass coverslips for imaging and counting
purposes, we inserted an engineered monomeric streptavidin protein (mA-
vidin), previously described (36), at the N-terminus of each tandem chain.
The Dendra2 and mAvidin proteins were further separated by insertion of a
glycine-rich linker sequence (flex: GGGGSGGGGSGGGGSGGGGD).
This resulted in three separate tandems:

Tandem (1): mAvidin-Flex-Dendra2,
Tandem (2): mAvidin-Flex-Dendra2-Flex-Dendra2, and
Tandem (3): mAvidin-Flex-Dendra2-Flex-Dendra2-Flex-Dendra2.

The Dendra2 tandem chains were encoded into the mammalian expres-
sion plasmid pCDNA3.1 (sequence files available in Supporting Materials
and Methods). The plasmids were then transfected into the 293T cells. 36 h
post-transfection, cells were collected and lysed using NP40-based lysis
buffer (containing 1% NP40 detergent, 150 mM NaCl, and 50 mM tris-
HCL (pH 8.0)). The cell lysates were further sonicated using a probe son-
icator (fisherband, Pittsburgh, PA). The supernatant, which contained the
tandem Dendra2 molecules, was separated from the cell debris through
centrifugation at 15,000 rpm for 15 min.

Sample preparation and imaging of the Dendra2
tandem chains

30 uL (diluted from the stock in PBS in the ratio 1:3) of the Dendra2 Tan-
dems, as described above, were sandwiched between a 25 mm #1.5 Hestzig
coverslip (from Hestzig, Leesburg, VA) and an 18 mm #1.5 coverslip (fish-
erbrand). The coverslips were first immersed in 1 M NaOH solution for an
hour, followed by MilliQ water for another hour. They were then blow-dried
with nitrogen and ozone cleaned (Novascan UV Ozone Cleaner; Novascan,
Ames, IA) for 1 h with an oxygen flow of 1 L per min. 40 uL of PPL-g-
PEG (from SuSoS Surface Technology, Dubendorf, Switzerland) at a



concentration of 1 mg/mL was added to the 25-mm coverslip immediately
and incubated at room temperature in a humid environment. After the incu-
bation period, the coverslip was thoroughly washed with MilliQ water and
blow-dried with nitrogen.

To make the sandwich samples 30 uL of the supernatant containing Den-
dra2 tandem single molecules were added to glass coverslips prepared as
described above and incubated for 15 min. Then, the coverslip was gently
washed with PBS so as to remove the molecules that did not adhere to the
coverslip. The excess quantity of PBS was maintained on the 25-mm Hest-
zig coverslip, sandwiched with the 18 mm coverslip, and sealed with glue
(ClearWeld; J-B Weld, Sulphur Springs, TX).

The sandwiched samples of single molecules were imaged immediately
after preparation. The sample is positioned onto the micro-positioning stage
and illuminated by a 315 mW of 561 nm laser. A Nikon 60x Apo TIRF
objective was used to focus on the 100 nm gold fiducials that are embedded
in the 25 mm Hestzig coverslips. Pseudo-TIRF conditions were maintained
by directing the laser into the sample so as to increase the signal/noise ratio
from the single molecules. The experiment was performed on the prototype
setup by Thermo Fisher Scientific (Waltham, MA), which is equipped to
perform iPALM experiments as previously described (35,37). Fluorescence
signal from the sample was detected by a Hamamatsu (Hamamatsu City,
Japan) ORCA-Flash 4.0 sCMOS camera. Data were collected for 15,000
frames with 100 ms exposure of a 561 nm laser, and the single molecules
were activated by a 405 nm laser every 10 frames, with a constant activation
scheme of 100 ms. The same imaging conditions were maintained for im-
aging Tandem (1), Tandem (2), and Tandem (3) molecules. We observed
that the mAvidin molecules would dissociate from the PPL-g-PEG-coated
coverslip after 2 h of the initial binding (half-life ~2 h); therefore, the ex-
periments were performed within 1 h of the initial binding.

Sample preparation and imaging of the Gag-
Dendra2 VLPs

The Gag-Dendra2 VLPs were harvested from 293T cells. The VLPs were
segregated from the cell supernatant by centrifugation through 10% sucrose
gradient at 10,000 x g for 2 h in Beckman L8-70M Ultracentrifuge and
SW41 rotor (Beckman Coulter, Brea, CA). The VLP pellet was then resus-
pended in PBS. For iPALM imaging, the sample was sandwiched between a
25 mm #1 Hestzig and 18 mm #1.5 coverslips. The coverslips were first
immersed in 1 M NaOH solution for an hour and then in MilliQ water
for another hour. They were then blow-dried with nitrogen. They were
then cleaned in ozone for an hour with an oxygen flow of 1 L per min.
The 25 mm Hestzig coverslip was then coated with poly-D-lysine from
Sigma-Aldrich (St. Louis, MO) at a concentration of 50 ug/ml and incu-
bated in a humid atmosphere for 45 min. After the incubation period, the
coverslip was thoroughly washed with mQ water and blow-dried with nitro-
gen. The VLPs were immediately added to the dried coverslip and incu-
bated for 30 min. The coverslip was washed gently with PBS to remove
the VLPs that have not immobilized. Care was taken so as not to dry the
coverslip after being washed with PBS. This 25 mm Hestzig was then sand-
wiched with the 18-mm coverslip and sealed with glue (ClearWeld quick
setting epoxy by J-B Weld) before imaging. For fixation of the VLPs, a
stock solution of 25 mM disuccinimidyl suberate (DSS) (abcam, Cam-
bridge, United Kingdom) was freshly prepared and added to the VLPs to
a final concentration of 5 mM and incubated at room temperature for
30 min. Then, a quench solution (1 M Tris (pH 7.5)) was added to a final
concentration of 25 mM to quench the reaction and incubated at room tem-
perature for 1 h before the fixed VLPs were immobilized on the 25 mm
Hestzig coverslip with the same protocol outlined above.

The time-lapse iPALM measurements of the VLPs were performed on a
prototype setup by Thermo Fisher Scientific. The sandwiched sample was
secured onto a micro-positioning stage and illuminated by a 315 mW 561
nm laser. Two Nikon 60x Apo TIRF objectives focused on the sample
from top and bottom. The custom three-way beam splitter was adjusted
so as to get the interference and maintain a 120° phase shift between
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the cameras (ORCA-Flash 4.0 sCMOS; Hamamatsu). The system was
calibrated using the gold fiducials embedded in the 25 mm Hestzig cover-
slip so as to obtain a localization precision of ¢ < 10 nm in both the axial
as well as the optical direction. The 561 nm laser used to illuminate the
sample was directed well into the sample, so instead of maintaining a
TIRF condition, a pseudo-TIRF condition was maintained. This helped
to get a better signal from the entire VLP. For the first set of images,
5000 frames were acquired with 100 ms of exposure of the 561 nm laser,
and the Dendra2 molecules were photoactivated using 405 nm laser with
an exposure of 10 ms every 10 frames. After a time-lapse of 10 min, the
second set of 5000 frames was acquired with 100 ms exposure of the 561
nm laser, and the 405 nm laser was shot with an exposure of 100 ms every
10 frames. To bleed out the maximal number of molecules, a third set of
5000 frames was acquired after a time-lapse of 10 min with a 100 ms
exposure of 561 nm and a 300 ms exposure of 405 nm laser every 10
frames. Identical imaging conditions were maintained for both fixed and
nonfixed VLPs.

TEM sample preparation and imaging

U20S cells were grown on ACLAR disks and transfected with either Gag or
Gag-Dendra2 plasmids (Dendra? is inserted at the C-termini of the Gag-p6,
sequences provided in the Supporting Materials and Methods). Cells were
fixed in 2.5% glutaraldehyde plus 1% paraformaldehyde in 0.1 M cacodylic
buffer for 30 min and then embedded in resin using an EMbed 812 Kit
(Electron Microscopy Sciences, Hatfield, PA) and sectioned at 80 nm
with a diamond knife (Diatome, Nidau, Switzerland) using a Leica EM
UC6 (Leica Microsystems, Wetzlar, Germany). Sections were visualized
using a JEM1400-Plus Transmission Electron Microscope (JEOL, Tokyo,
Japan) at 120 kV.

Sample preparation for in vitro biochemical
analysis

293T cells were grown in full DMEM medium supplemented with 10%
FBS. Cells were co-transfected with 80% of Gag, 10% of Gag-SNAP,
and 10% of Gag-Halo plasmids (sequences provided in the Supporting Ma-
terials and Methods). Both SNAP and Halo were tagged at the C-terminus
of Gag, similar to Gag-Dendra2. 36 h post-transfection, the VLPs were har-
vested with the same protocol used for purifying Gag-Dendra2 VLPs. For
the biochemical analysis, these VLPs were treated with HaXS8 dimerizer
(from Tocris Biosciences, Bristol, United Kingdom) at the indicated con-
centration and incubated at 37°C for ~10 min. They were then denatured
by Laemmli sample buffer (Bio-Rad Laboratories, Hercules, CA) with
5% BME and boiled at 95°C for 10 min. The proteins were separated by
SDS-PAGE and then transferred to a PVDF membrane (Millipore, Burling-
ton, MA). Membranes were stained with anti-HIV-1 p24 monoclonal (183-
H12-5C; National Institutes of Health, AIDS Reagent Program, National
Institutes of Health, Bethesda, MD) primary antibody and then immuno-
probed with appropriate infrared anti-mouse secondary antibody. The mem-
brane was scanned with the Odyssey Infrared Imaging System (LI-COR
Biosciences, Lincoln, NE) according to the manufacturer’s manual instruc-
tion at 700 nm. For the biochemical analysis, the VLPs were treated with
HaXS8 at 1 uM and incubated at 37°C for the indicated amount of time
and then denatured the same way as indicated above. The amount of pro-
teins in each band was quantified by cumulative intensity analysis using Im-
age] software.

Transfection protocol

Al1293T cells were grown in DMEM supplemented with 10% FBS at 37°C.
All plasmids were transfected using Lipofectamine 2000 (Thermo Fisher
Scientific).
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RESULTS
Quantification of Dendra2 photophysics

Dendra2 is a fluorescent protein genetically modified to
photoswitch upon exposure to 405 nm excitation from emit-
ting green fluorescence to red (38). The low-blinking-rate
characteristics of Dendra2 is advantageous for molecular
counting applications (20,21). Before using Dendra2 fused
to Gag, we characterized Dendra2 to find out how many
Dendra2 molecules we can practically photoswitch and
count in our iPALM setup.

To quantify the photophysical behavior of Dendra2 mol-
ecules, we designed three Dendra2 tandem chains that
would elucidate not only the blinking and photobleaching
but also the proximity-quenching effects of the Dendra2
molecules. Dendra2 tandem protein chains have either one
Dendra2 (Tandem (1)), two Dendra2 (Tandem (2)), or three
Dendra2 (Tandem (3)) molecules, as described in Materials
and Methods. To help immobilize the Dendra2 tandem
chains, we added an engineered monomeric mAvidin pro-
tein at the N-terminus of each tandem chain and anchored

the chains onto glass coverslips covered with PEG/PEG-
biotin as outlined in Materials and Methods. Tandem (3),
in particular, was designed to probe the effects of close
proximity on Dendra2 photophysics.

Imaging of Dendra2 molecules and their molecular
counting is well established (20,21,35). For brevity, we
used a pseudo-TIRF excitation module as described in Ma-
terials and Methods and exposure time of 100 ms. Under
these conditions, most Dendra2 molecules were photo-
bleached within one to two frames. Similar to the counting
schemes suggested before (20), we attributed the signal
from molecules appearing within a time window of 7, as
emanating from the same molecule undergoing blinking.

Fig. 1 summarizes both raw data as well as counting sta-
tistics from Tandem (1)-, Tandem (2)-, and Tandem (3)-im-
mobilized molecules on glass coverslips. Tandem (1) data
shows that under the scheme of our activation, 67% of single
Dendra2 molecules photobleached after activation within a
single frame. The single molecules that did not photobleach
within one frame were registered in one or two more addi-
tional frames. As shown in Fig. I, when a 7. = 1 s (10
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FIGURE 1 Photophysical characterization of Dendra2 tandem chains immobilized on glass coverslips. (A)—(C) show the time trace of Dendra2 photoac-

tivation and bleaching for (A) Tandem (1), which has a single Dendra2 molecule; (B) Tandem (2), which has two Dendra2 molecules; and (C) Tandem (3),
which has three Dendra2 molecules. (D)—(F) show the PSF of the activated Dendra2 molecules in (D) Tandem (1), (E) Tandem (2), and (F) Tandem (3). (G)—
(1) show histograms of the number of frames in which Dendra2 molecules were detected from (G) Tandem (1) molecules, (H) Tandem (2) molecules, and (/)
Tandem (3) molecules. (J)—(L) show the number of molecules counted in the same data set as (G)—(I) with optimized 7.. The number of molecules counted is
lower than the number of frames in which molecules were detected because all Dendra2 molecules appearing within the 7. = 10 frame window were consid-

ered to be from a single molecule. To see this figure in color, go online.
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FIGURE 2 TEM images of VLPs in the process of
releasing from U20S cells. Images show 80 nm sec-
tions of negative-stain TEM of U20S cells trans-
fected with 100% HIV Gag wild-type (WT) (A)
and U20S cells transfected with 100% Gag-Den-
dra2 (B). Five representative VLPs of each kind
are shown at the bottom of each panel.

frames) was used, we were able to count 95% of events in
Tandem (1) as individual molecules of Dendra2.

It is not possible to find the percentage of Dendra2 mol-
ecules that can be photoswitched from the analysis of Tan-
dem (1) data. In contrast, Tandem (2) and Tandem (3) data
inherently show the probability of photoswitching a single
Dendra2 molecule. Based on data presented in Fig. 1 from
Tandem (2) and Tandem (3), we estimate that each Dendra2
molecule has an independent probability of detection that is
approximately 60%. Furthermore, activation of the Dendra2
was seen to be completely stochastic, and there was no sign
of quenching when the molecules were in close proximity as
would be the case when they are attached by flex linkers in
Tandem (2) and Tandem (3).

We further utilized the single-molecule data collected from
Tandem Dendra2 experiments to establish the localization pre-
cision of our iPALM setup. As shown in Fig. S1, the molecules
were all localized with a precision in excess of (10 nm)3.

Electron microscopy on Gag-Dendra2 VLPs

Fluorescently tagged Gag VLPs have been previously
shown to have similar morphology to wild-type (WT) Gag
VLPs (3). We have also previously immobilized Gag-Den-
dra2 VLPs on glass coverslips and imaged them using
correlative iPALM and SEM (35); however, the SEM is a
surface electron microscopy imaging technique and would
not be sensitive to subtle differences in morphology of the
lattice between Gag WT and Gag-Dendra2 VLPs. To further
analyze the morphology of the released Gag-Dendra2 VLPs
and compare them to Gag VLPs, we imaged U20S cells in
the process of releasing VLPs by fixing the cells, embedding
them in resin, cutting 80 nm sections, and imaging them
with negative-stain EM. Thin-section electron micrographs
for the above conditions are shown in Fig. 2. Samples
were prepared by transfecting U20S cells with (Fig. 2 A)
100% Gag WT and (Fig. 2 B) 100% Gag-Dendra2.
Analysis of the electron micrographs did not reveal any
difference between VLPs assembled from Gag versus
Gag-Dendra2. The measured size distribution was 150 =+

15 nm in WT and 155 *= 20 nm in Gag-Dendra2 VLPs.
Additional electron micrographs of virions with 20% Gag-
Dendra2 plus 80% Gag WT and 80% Gag-Dendra2 plus
20% Gag WT are shown in Fig. S2.

Imaging and counting Gag-Dendra2 molecules
within immobilized VLPs using iPALM

Not detecting any morphological difference between Gag
and Gag-Dendra2 VLPs, we proceeded to exclusively image
the Gag-Dendra2 VLPs (with 100% of molecules tagged
with Dendra-2) with iPALM. Gag-Dendra2 VLPs harvested
from 293T cells were immobilized on glass coverslips using
nonspecific interactions and imaged with iPALM micro-
scopy as described in Materials and Methods. We specif-
ically designed these experiments to photoswitch the
maximal number of Dendra2 molecules within each VLP.
The exposure time for the 561 nm laser was set at 100 ms,
which, according to our characterization from Dendra2 as
presented in Fig. 1, is sufficient to photobleach most of
the photoswitched molecules in one frame. This exposure
also results in the acquisition of enough photons to localize
the Dendra2 molecules within 6 nm in the axial plane and
3 nm along the optical axis (Fig. S1). The exposure of 405
nm laser was subsequently increased during the three sets
of images as described in Materials and Methods.

The experiment was performed in three imaging sets,
each with 5000 frames with a 10 min delay between the
sets. VLPs that were located within proximity of at least
three fiducial gold particles were chosen for analysis. The
vicinity of gold fiducials embedded in the 25 mm Hestzig
slides guaranteed continuity of local drift correction through
the full three sets of 5000 frames.

In total, 100 VLPs were analyzed. We report counting, on
average, 1200 individual Dendra2 with a range from 900 to
1400 within individual immobilized Gag-Dendra2 VLPs
(Fig. S3). Not all Dendra2 molecules can be counted in our
setup, as shown in Fig. 1. Characterization of Dendra2, as
presented in the above section, gives a 60% probability of
counting Dendra2 molecules in our setup. These corrections
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would yield an average of 2000 Gag-Dendra2 molecules with
arange from 1400 to 2400 incorporated within individual im-
mobilized Gag-Dendra2 VLPs. The localization precision for
the Dendra2 molecules within the VLPs was 6 and 5 nm in
the axial plane and 3 nm in the optical axis (Fig. S1).

Fig. 3 demonstrates the localizations within a 16 nm slice
at the center of the VLP. The Dendra2 localizations show a
void space at the center of the VLP and inhomogeneity
within the lattice. The slice incorporates data from all
15,000 frames. The distance histogram in Fig. 3 D indicates
the radial range of the localizations of the Dendra2 mole-
cules. These localizations peak at 20-40 nm from the center
of the VLP and are consistent with the position of Dendra2
at the C-terminus of Gag.

Localization correlation analysis

The localization data from each individual VLP, as pre-
sented in the previous section, are the three-dimensional
(3D) coordinates of Dendra2 molecules activated randomly
during a period of ~1.5 h. Each 3D localization is measured
in a specific time, clocked by the frame number in which the
molecule was measured. It is to be noted that the dead
frames due to the exposure of the 405 nm laser have been
taken into consideration when reconstructing the real-time
localization pulse of a VLP from all the three sets of images.
Therefore, the 3D localization of molecules can be coded by
the following vector:

Li(t : )C,y,Z),

in which i is the molecule number, ¢ is the measured time as
frame number, and x, y, and z are the localization values for
the molecule. L is a direct function of t; L = 1 at the time
point ¢, at which the molecule was localized, and L = 0 at
any other point.

To quantify the number of localizations within any given
volume (v) of the VLP at any given moment (¢), we define

N

VLP,(1) = S Li{e: ((63,2) V).

i=1

The sum is carried on L;, where x,y,z belongs to the volume
v. VLP(f) is basically the number of molecules localized
within a subvolume (v) at any given time point (7).

To quantify the persistence of localizations registered at
any volume v within the VLP, one can calculate the locali-
zation temporal correlation function as defined below:

(VLP,(t +7,) X VLP,(1))
(VLP,(1)*) '

G(Tn) =

The incorporation of G(7,,) in terms of multi-7 correlation
algorithm and its normalization has been outlined in detail
in the Supporting Materials and Methods. It is of note that
G(t,) is only meaningful at 7-values larger than the exposure
time and measures the persistence of the structure at volume v
over time. In the ideal case, if there are an infinite number of
single molecules that can be photoswitched randomly within
a fixed structure, G(7,)) would faithfully represent the struc-
tural persistence within the system. However, in the laboratory
case, the number of single molecules within the structure is
limited, and therefore, even in a fixed structure, one would
expect that G(7,,) would decay at the timescale at which all sin-
gle molecules have been bleached within the structure.

We aligned the VLPs and sectioned them uniformly into
eight segments, as indicated in the inset of Fig. 4, A and B.
The time pulses from each segment were analyzed using a
multi-7 correlation algorithm implemented on G(7,) (as
detailed in the Supporting Materials and Methods). Two
representative time pulse signals from a section of each
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FIGURE 3 Visualization of Gag-Dendra2 molecules within a 160 nm slice of the Gag-Dendra2VLP. (A) Model of a VLP depicted as a black sphere with a
diameter of 150 nm. The blue line represents the location of the 16 nm slice within which all localized Dendra2 molecules were plotted; the slice was exactly
around the center of mass of the VLP. (B) Polar plot of the Dendra2 molecules within the slice identified in (A). (C) Time trace of Dendra2 molecules local-
ized within the 16 nm slice shown in (A) and plotted in (B). The time-trace registers a value of 1 in the frame when a molecule was localized and a value of
0 otherwise. (D) The distribution of the radial distance of Dendra2 molecules with respect to the center of the VLP within the indicated slice. To see this figure

in color, go online.
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FIGURE 4 Localization correlation function analysis
for the Gag-Dendra2 VLPs. (A) shows three representa-
tive localization correlation functions, each calculated
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in the inset of (A). The shaded area in the correlation
function shows the variation of the decay of the correla-
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VLP (one for the WT and the other treated with DSS) have
been shown in Fig. S6.

50 VLPs, which had eight sections each, were analyzed.
As shown in Fig. 4, the localization correlation analysis
(LCA) shows a range of decays in which all the segments
from the 50 VLPs were considered. To avoid any possible
source of bias, only volumes with a similar total number of
molecules localized were used for LCA. As explained above,
the LCA correlation functions decay because of structural dy-
namics as well as eventual photobleaching effects. To sepa-
rate the two effects, we treated the VLPs with a membrane-
permeable fixative, DSS, and analyzed 50 fixed VLPs in
the same manner. Fig. 4 also summarizes the effect of the
fixative on the VLPs. The correlation functions analyzed
over a range of 50 fixed VLPs showed only decay times in
excess of 1000 frames. Representative galleries of correlation
functions from Gag-Dendra2 VLPs with and without applica-
tion of DSS are shown, respectively, in Figs. S4 and S5. The
decay timescales in the correlation functions were further
analyzed and are presented in Fig. 4.

We conclude that the decay in the correlation functions,
as observed in the fixed VLPs, are due to the photobleaching
effects of the molecules in the segments. For the nonfixed
VLPs, there is decay due to dynamics in addition to photo-
bleaching effects. As shown in Figs. 4 and S4 and S5, not all
sections of the VLPs have similar dynamics.

Time-lapse iPALM on the Gag-Dendra2 VLPs

Although the correlation functions that quantify the dy-
namics within the Gag-Dendra2 lattice show large inhomo-

tion functions from 50 VLPs. (C) represents the range of
the 7p as calculated by fitting the correlation functions
from all the sections of the 50 VLPs. (B) and (D) are
identical to (A) and (C), except the Gag-Dendra2
VLPs in this case were treated with DSS as outlined
in the text. To see this figure in color, go online.

400 500 600 700
'[D(fra mes)

geneity within individual VLPs, one would predict that such
dynamics should also be detectable using the raw data from
the time-lapse iPALM. To further visualize the dynamics,
we therefore took slices of the same VLP captured in
different time points. To clearly understand the morphology
of the lattice, we show localization of all Dendra2 molecules
within a 16 nm section at the center of the VLP at two
different time points separated by A4¢ (~22 * 4 min).
Fig. 5 shows a 16 nm section of a representative VLP at
two different time points (Fig. 5, A—D) and another repre-
sentative VLP with added DSS (Fig. 5, E-H). It is important
to note that during iPALM imaging each Dendra2 molecule
is activated and bleached during its localization; therefore, a
molecule that is registered in one time point will not be visu-
alized in the second time point. This makes a direct compar-
ison between sections presented in Fig. 5, C—F complicated.
To better understand the dynamics, we provide the
following statistical analysis of the plots presented in
Fig. 5. Let us say that we detect n molecules in a certain sec-
tion of the VLP at time ¢ and n’ molecules in the same sec-
tion at time ¢ + Az. If the localized molecules at time point t
correspond to a static structure of Gag, the probability of de-
tecting n’ localizations from the same section at time ¢ + At
will be given by the following: P = ¢~ '~7/?"" In an ideal
case, if n = r/, then P = 1, indicating no change to the un-
derlying lattice (detailed calculation presented in Support-
ing Materials and Methods). Because of the stochastic
activation of the molecules, we expect a high value of P
in case of the underlying structure remaining static.

The VLPs in Fig. 5 were divided into eight sections
according to r- and #-values (r from O to 40 or
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t+At

FIGURE 5 Visualization of Gag lattice dynamics
from the reconstructed time lapse. Localizations
within a 16 nm slice around the center of VLPs
are shown from two different time points. (A)—(D)
show the condition for the VLP not treated with
DSS. (A) and (B) show the radial distribution of
the localizations within each section for the VLP.
(C) and (D) show the localization of Dendra2 mole-
cules from (A) and (B) projected into a two-dimen-

sional surface at each time point. (E)—(H) show the
same properties in a VLP treated with the mem-
brane-permeable fixative DSS. At represents the
time between the acquisition of the images and has
a value of ~22 *+ 4 min. Sections within the WT
VLP with significant morphological changes are
highlighted by light gray lines. To see this figure
in color, go online.
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40-80 nm and @ from 0 to 90, 90-180, 180-270, and
270-360. Section numbers and geometry are shown in
the Fig. S7). In the case of the WT VLP as shown in
Fig. 5, A-D, the P-value in all eight sections range
from 1.96¢ '* to 0.670 (data for all sections is pre-
sented in Supporting Materials and Methods). Specif-
ically, three of the sections in Fig. 5 C registered p-
values below ¢, and one section registered with a p-
value of e . These sections are marked with light
gray markings in Fig. 5, C and D. For the VLP fixed
with DSS and shown in Fig. 5, E-H, the p-value ranged
between 0.194 and 1, and no sections were identified
with p-values below or equal to e . This analysis sug-
gests that lattice dynamics within the lattice of the WT
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VLP is heterogeneous, only affecting certain sections in
the observed time, as was also observed with LCA
analysis.

Estimate of NC and p6 flexibility on observed
dynamics

The CA interactions within the immature lattice of HIV are
well characterized by cryotomography (6); however, config-
urations of NC and p6 within the immature lattice are less
well characterized. Our measurements are reporting dy-
namics observed in Dendra2 molecules positioned after
the p6 domain of Gag. We set out to understand how a pre-
sumed structural flexibility in NC and p6 can affect our
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FIGURE 6 Biochemical verification of Gag lattice dynamics. Shown are Western blot analyses of VLPs incorporating 80% Gag, 10% Gag-SNAP, and 10%
Gag-Halo. In (A), the VLPs were treated with HaXS8 with the indicated concentration and incubated for ~10 min. The graph below the gel indicates the
density of SNAP-Halo complex obtained in each case. For a very high or very low amount of HaXS8, the SNAP-Halo complex is low, and it peaks at 1 uM
HaXS8. In (B), the VLPs were treated with 1 uM HaXS8 and incubated for the indicated amount of time. The graph below the gel in (B) indicated the per-
centage of SNAP-Halo complex obtained for each time. The SNAP-Halo complex increases with increase in time, which supports dynamics within the lattice

of HIV Gag VLP.

observed dynamics. A theoretical model was built based on
a fully static CA lattice and completely flexible NC and p6
domains, which would allow full rotational dynamics to
Dendra2 molecules (details in the Supporting Materials
and Methods). In these simulations, the end terminus of
the p6 was considered to be located at any point with a 12
nm radius of the C-terminus of the CA domain. Two dy-
namic frames were then simulated, and positions of Den-
dra2 molecules were analyzed statistically in a similar
method to time-lapse iPALM sections. The images of the
Dendra2 positions from these simulations do not show any
major lattice dynamics, as presented in Fig. S8. The corre-
sponding p-values for sections of the lattice in these simula-
tions ranged between 0.66 and 0.97. The p-values from 0.66
to 0.97 are similar to the p-values observed for the fixed lat-
tice. Although we cannot rule out the possibility of large
flexible motions of NC and p6, our calculations demonstrate
that this flexibility would not have a major impact on the
observed Dendra2 dynamics within the immobilized Gag-
Dendra2 VLPs.

Biochemical verification of Gag lattice dynamics

If Gag lattice dynamics exist, they should have biochemical
manifestations, which we should be able to probe indepen-
dently of fluorescence methods. HaXS8 is a membrane-
permeable linker that creates a covalent bond between
SNAP and Halo molecules (39,40). If lattice dynamics exist
within the Gag VLPs, then SNAP and Halo molecules incor-
porated within the lattice of HIV Gag can be cross-linked
with HaXS8 with a predictable concentration dependence
and time dependence governed by dynamics of Gag-SNAP
and Gag-Halo molecules within the lattice of individual VLPs.

To test this, we harvested VLPs assembled by 80% Gag
plus 10% Gag-SNAP plus 10% Gag-Halo. When these
VLPs are subjected to HaXS8 at different concentrations,
the percentage of dimerization of the SNAP- and Halo-
tagged Gag changed and peaked at a 1-uM concentration
of HaXS8, as shown in Fig. 6 A. For a very high concentra-
tion of HaXS8, the percentage of dimerization is very low,
which is not expected for a completely static lattice. Howev-
er, because a SNAP-HaXS8 would not be able to bind Halo-
HaXSS8, the low dimerization at high HaXS8 concentrations
suggests that at any given moment SNAP and Halo mole-
cules are significantly distant within the Gag lattice. We
went further to analyze the effect of incubation time on
the dimerization. The VLPs were treated with 1 uM
HaXS8 and incubated for time periods up to 90 min, as
shown in Fig. 6 B. The data presented in Fig. 6 B show
that the SNAP-HaXS8-Halo reaction is not instantaneous,
and the amount of dimerization increases with an increase
in time until it reaches saturation. The dynamics of
SNAP-HaXS8-Halo in our study is by an order of magnitude
slower than the one reported by Erhart et al., in which they
used similar conditions to probe for diffusion of proteins in
the cytosol (39). The timescales of dimerization with
HaXS8 are consistent with the timescales of morphological
changes we observed with iPALM and would be consistent
with diffusion of SNAP- and Halo-tagged Gag within the
Gag VLP limited by lattice dynamics.

DISCUSSION

Based on our characterization of Dendra2 photophysics, we
have measured Gag-Dendra2 VLPs with 1400-2400 Gag-
Dendra2 molecules within each VLP. These numbers are
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molecular counts in individual VLPs and demonstrate a
wide range of Gag-Dendra2 incorporation with various
VLPs. The spread of our measurements, which is signifi-
cantly large, cannot be justified by the propagation of errors
in the photoswitching of Dendra2. Based on a 60% probabil-
ity of photoswitching, we estimate that the error in counting
2000 molecules would be /2000  (0.6)(0.4) = 22, which
is significantly smaller than the spread of our calculated dis-
tribution. We therefore conclude that there is a large varia-
tion in the amount of filling observed in individual VLPs.
Our measurements, both in terms of the average number
of Gag molecules as well as the variety of defect sizes,
are consistent with the electron cryotomography data (5).
Our measurements are also in agreement with previously re-
ported PCH analysis of VLPs, in which expression of fluo-
rescently labeled Gag yielded between 800 and 2500 copies
of Gag incorporated within VLPs (3).

Our high-resolution iPALM imaging of the Gag-Dendra2
VLPs, however, provides useful complementary informa-
tion to the cryotomography data, mainly by exploring the
dynamics within structures. Super-resolution techniques
have been previously applied to study the assembly of
HIV Gag virions (31,41); here, we have extended these tech-
niques to investigate the morphology of the HIV Gag lattice
and its fate over time after budding. The LCA, as presented
in this manuscript, is heavily influenced by fluorescence cor-
relation spectroscopy, which is a powerful tool to study
diffusion, flow dynamics, and chemical reactions (42-47).
Specifically, we utilized a multi-t correlation analysis,
which has advantages in exploring a wide range of delay
times (48) with optimized computational power. The LCA
developed here has the potential to uncover structural dy-
namics based on the localization information within a
particular volume. We also estimated the effect of presumed
structural flexibility of NC and p6 on our observed dy-
namics. A theoretical model was developed in which we
considered the CA positions as static and estimated the ef-
fects of NC and p6 structural flexibility on dynamics of Den-
dra2 molecules. The statistical analysis (detailed in the
Supporting Materials and Methods) reveals that the dy-
namics recorded by time-lapse iPALM cannot be explained
by presumed structural flexibility of NC and p6 domains.

There are significant limitations to the LCA, as presented
in our manuscript. Specifically, the decay in the correlation
function is a convolution of photobleaching and structural
dynamics within the analyzed volumes. For the purposes
of the LCA, if each section of the structure were to contain
an infinite supply of single molecules, then the LCA would
have reported only on the structural dynamics. This is a
shortcoming that can be overcome for structures with
open interfaces to the buffer, where new molecules can
bind into the structure from the buffer.

We also demonstrate the effects of lattice dynamics using
cross-linking reaction between SNAP and Halo proteins
embedded within the lattice of Gag VLPs. The heterodimer-
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izer HaXS8 is membrane permeable and covalently cross-
links to SNAP and Halo proteins (39,40). HaXS8 has been
used to cross-link freely diffusing SNAP and Halo proteins
within the cytoplasm (39). In the case of free diffusion of
SNAP and Halo within the cytosol, cross-linking reached
a saturated limit of ~60% efficiency within 10 min of appli-
cation of HaXS8. Our experiments, as shown in Fig. 6, also
reach 60% efficiency; however, the reactions are consider-
ably slower, consistent with slow diffusion within the Gag
lattice. This is well expected because the SNAP and Halo-
tagged Gag in this case are diffusing within a spherical lat-
tice within the VLP. The combination of cross-linking and
fluorescence measurements demonstrate a wide range of
diffusion rates within the lattice of HIV Gag VLPs. The
mechanism of this diffusive process remains to be further
studied in detail.

It is plausible that lattice dynamics within the immature
lattice of the fully infectious virions can play a role in the
initial protease dimerization and consequently its activation.
In our studies, however, we have only observed dynamics
within Gag-Dendra2 VLPs, which do not undergo matura-
tion and, most importantly, do not incorporate the full
HIV genome and Gag-Pol. The binding of the HIV genome
to the NC domains of Gag may further restrain the dynamics
of the Gag lattice. Further studies within the immature lat-
tice of the fully infectious virions should be able to further
shed light on these mechanisms. The dynamics within the
Gag lattice are also likely influenced by the interactions
within CA domains within the immature lattice. The CA
domain interactions are important for stabilization of the
conical capsid core (49-52), as well as the assembly and
morphology of the virions (53-55). The effects of these in-
teractions on the observed dynamics of the lattice will
remain an open question that can be answered by future
experiments.

CONCLUSION

Our study outlines the development of an assay to study
morphological changes within structures as small as 120—
160 nm. This method can potentially be applied to study
the fate of HIV after budding. It can shed light on the mech-
anism of maturation, which has been difficult to investigate
because of a lack of appropriate tools.

SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
2020.06.023.
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