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Abstract

HIV-1 Gag and Gag-Pol are responsible for viral assembly and maturation and represent a major para-
digm for enveloped virus assembly. Numerous intracellular Gag-containing complexes (GCCs) have been
identified in cellular lysates using sucrose gradient ultracentrifugation. While these complexes are univer-
sally present in Gag-expressing cells, their roles in virus assembly are not well understood. Here we
demonstrate that most GCC species are predominantly comprised of monomeric or dimeric Gag mole-
cules bound to ribosomal complexes, and as such, are not on-pathway intermediates in HIV assembly.
Rather, these GCCs represent a population of Gag that is not yet functionally committed for incorporation
into a viable virion precursor. We hypothesize that these complexes act as a reservoir of monomeric Gag
that can incorporate into assembling viruses, and serve to mitigate non-specific intracellular Gag
oligomerization. We have identified a subset of large GCC complexes, comprising more than 20 Gag
molecules, that may be equivalent to membrane-associated puncta previously shown to be bona fide
assembling-virus intermediates. This work provides a clear rationale for the existence of diverse GCCs,
and serves as the foundation for characterizing on-pathway intermediates early in virus assembly.

© 2021 Elsevier Ltd. All rights reserved.

Introduction

HIV-1 Gag and Gag-Pol are multifunctional
polyproteins responsible for viral assembly,
release, and maturation. The most abundant
structural isoform Gag is comprised of matrix
(MA), capsid (CA), nucleocapsid (NC), P6, P2,
and P1 subdomains." Virus and virus-like particle
(VLP) assembly is thought to begin by binding of
Gag’'s NC domain to the HIV RNA genome’s Psi
(¥) element.?”” This leads to three pivotal events:

0022-2836/© 2021 Elsevier Ltd. All rights reserved.

dimerization of Gag on the ¥ element nucleated
by the NC domain and stabilized by the CA and
SP1 domains, dimerization of the HIV-1 genome
through extended base pairing of the 5 UTRs,
and localization of Gag to the plasma membrane
via the MA domain,®®'® with the temporal order
of these events unclear. Assembly then proceeds
through incorporation of other Gag, Gag-Pol, and
Env gene products. During this Gag oligomerization
process, multiple CA-SP1 regions lock into a 6-helix
bundle structure to ensure proper Gag lattice forma-
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tion.""'? Eventually, fully assembled virions and
VLPs leave the cell through P6 domain-mediated
budding.'®"?

Assembly of Gag into an immature (pre-
proteolyzed) form has been studied using a
variety of cellular and in vitro techniques.'®%2°
Intriguingly, purified Gag and non-specific RNA or
DNA molecules are all that are required for sponta-
neous formation of spherical virus-like particles
(VLPs) in vitro, while off-membrane VLP formation
is inhibited in the cytoplasm of bacterial and human
cells.*®2® The mechanistic basis for cytoplasmic
inhibition of Gag oligomerization in the absence of
membrane binding has not been established.

Because Gag assembly is a multi-step process, it
is not surprising to find several Gag-containing
complexes (GCCs) that can be isolated from cells
and separated via sucrose gradient
sedimentation.?®#>#°° Most of these GCCs are
formed in all human cell types tested, as well as in
wheat germ extracts.”>?° These GCC populations,
named for their relative sedimentation coefficients
as 10S, 80S, 150S, 500S and 750S, have been pro-
posed to be stepwise intermediates for HIV assem-
bly.*>*® Smaller GCCs have been suggested to
play integral functions in the earliest steps of HIV
assembly, being composed of both cellular and viral
factors, while larger complexes are thought to rep-
resent later, mainly viral, assembly prod-
ucts.?*2%3%3%  However, the exact makeup,
functions and fates of these GCCs are still unclear.

In this work we both expand on the
characterization of the biophysical properties and
biomolecular makeup of GCCs produced during
Gag expression in cells as well as identify several
previously uncharacterized GCC species. Further,
we demonstrate that the largest GCCs are not a
single species, but rather a collection of many-
sized GCCs whose mass largely reflects their Gag
oligomerization state, while smaller GCCs are
almost exclusively comprised of complexes that
contain only 1 or 2 Gag molecules. We
demonstrate that some of these species are not
oligomeric Gag in the process of assembly, but
rather monomeric and dimeric Gag associated
with various ribosomal particles. Finally, using
isotopic pulse labelling of cells combined with
mass spectroscopy, we demonstrate that the
smaller GCCs represent a highly dynamic Gag
population that can be incorporated into
assembling HIV particles, and that the largest
GCCs exhibit labeling kinetics consisting with on-
pathway production of VLPs. This data together
implies at least two major Gag-binding pathways
in the cell; a viral assembly pathway that reflects
previous assembly studies lacking muItigIe
kinetically-paused assembly intermediates,’ 22
and another pathway reflecting ribosome binding.
We propose and discuss a model wherein
ribosome-bound Gag can act as a reservoir of
oligomerization-inhibited monomeric Gag ready to

be incorporated into assembling particles at the
membrane.

Results

GCCs are ubiquitous features of Gag
expression in human cells

have established
reliable method for

Previous studies
ultracentrifugation as a
separating GCCs based on their relative molecular
size.??%?3" To establish a GCC expression and
purification system, HEK293T cells expressing
Gag were lysed in a native lysis buffer (see materi-
als and methods), and GCCs separated usinga 10—
80% step sucrose gradient (Figure 1(A)). Several
distinct species were observed, with GCC bound-
aries mapping closely to the sucrose concentration
borders. The slowest migrating species was previ-
ously named 10S, and 80S species identified as
comigrating with the 80S ribosomal fraction.”® The
largest two peaks correspond to the 150S and
500S GCCs, respectively. Additionally, we
observed a GCC population located between the
10S and 80S GCCs. A review of the literature
revealed that indeed, this species was present in
previous studies, but was not exg)licitIBy named or dif-
ferentiated from the 80S GCC.?**>°%39 To address
the concern that GCC separation was a possible
artifact of the step-gradient where a continuum of
complexes sedimented at the gradient boundaries,
Gag lysates were sedimented using a 10-60%
linear sucrose gradient with ultracentrifugation
(Figure 1(B)). Each GCC observed in the step gra-
dient was also observed in the linear gradient,
including the previously uncharacterized population
between 10S and 80S.

In the following work, we have discontinued the
use of S values to identify each GCC, for two
reasons. First, since the unnamed GCC between
10S and 80S has an unknown S value, and
second, the 500S could be at sedimentation
equilibrium rather than undergoing steady state
sedimentation velocity (see below) (Figure 2(B)).
Therefore, a less specific nomenclature system
was adopted. Here, the first GCC species is
labeled o, followed by B, v, 5, and ¢ (Figure 1(B)).
Lysates containing Gag with a super-folder GFP
(sfGFP) inserted between the MA and CA
domains (Gag-isfGFP), as well as Gag expressed
in a full-length viral context, resulted in the
production of the entire set of GCCs (Figure 1(B),
for a full list of constructs used in this study see
Supplementary Figure 1(A)), indicating GCC
production is independent of the genetic context
and only requires the production of full-length
Gag. Further, GCCs are present when low levels
of Gag are expressed from HEK293 and Jurkat
cells containing a Dox-regulated integrated NL4-3
provirus (Figure 1(C)).">*" Our observations,
together with extensive previously published
data,?®299273942-47 imply that the presence of
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Figure 1. GCC distribution in sucrose gradients. (A) 10-80% step sucrose gradient. Gag distribution in filled circles
and Apeo; in open circles. (B) 10-60% linear sucrose gradient. Distribution of GCCs due to transfection of three
different plasmids, WT Gag (brown), Gag-isfGFP (black), and pNL4-3 (blue). (C) 10-60% linear sucrose gradient.
Distribution of GCCs resulting from proviral HIV in HEK293T (purple) and Jurkat (green) strains. For all panels, GCC
naming scheme annotated on top and diagram of sucrose concentration on bottom.

GCCs are a universal feature of Gag expression in
various mammalian cell types.

GCCs are more numerous than previously
reported

Previous studies have reported conflicting results
regarding assembly fidelity of Gag constructs
containing a fluorescent protein between the MA
and CA domains (annotated as internal by an “i“ in
the construct name, as in Gag-isfGFP).***° For
example, one study indicated such an insertion
led to a reduction in virus accumulation extracellu-
larly.>® However, we found that these constructs
efficiently produced VLPs (data not shown) with
similar morphologies to WT Gag as verified by neg-
ative stain electron microscopy (Supplementary
Figure 1(B)) as well as show a GCC distribution in
sucrose gradients similar to WT Gag. Like all viral
domain constructs used in this study, pGag-
isfGFP-CTE contains an intact ¥ element in its 5
untranslated region. This construct produces all
GCCs seen in WT Gag and proviral constructs (Fig-
ure 1(B) and (C)). We therefore used the pGag-
isfGFP-CTE plasmid as a model Gag expression
platform for further biophysical characterization.

There is a strong possibility that any GCC can be
composed of multiple indistinguishable species due
to the overlapping nature of broad peaks in a
sucrose gradient exacerbated by hand-
fractionation, as well as the presence of a high-
percentage sucrose cushion at the bottom of the
gradient where many cellular species accumulate.
Monitoring Gag during continuous elution of the
gradient using both fluorescence and UV
absorbance, revealed two distinct Gag species
that were present within the y population (named
v1 and v,) (Supplementary Figure 2(A)). The vy,

and y, components were also observed using
hand fractionation and modification of the sucrose
gradient and centrifugation conditions to better
resolve smaller GCCs (Figure 2(A)). Importantly,
both of these peaks also exhibited a strong
absorbance at 260 nm. It is well known that the
small subunit (40S), large subunit (60S), and
complete ribosome (80S) complexes migrate as
discrete species when subjected to sucrose
gradient ultracentrifugation.”’ Coincident Gag and
Ao signals indicate that GCCs B, y4, and v»
migrate in a pattern that is very similar to the 40S,
60S and 80S ribosomal peaks.

The largest GCC (g) was also comprised of
multiple species (Figure 2(B)). Previous reports
established GCC nomenclature based on their
apparent sedimentation rates in  sucrose
gradients.”®*” The S values can only be determined
when a particle is undergoing constant velocity sed-
imentation (when the sedimentation rate is greater
than the rate of diffusion).’*>®> However, with high
sucrose concentrations, the rates of diffusion of
many molecules equal the rates of sedimentation,
thus coming to an equilibrium. In this case, the posi-
tion in the gradient does not reflect an S value that
correlates with the size and shape of the particle.>*
When a time course of ultracentrifugation was per-
formed, a distinct high-molecular-weight species
was observed that quickly came to sedimentation
equilibrium within high sucrose-containing aliquots
(referred to as a sucrose cushion) (Figure 2(B)).
The signal then increased over time as subsequent
smaller GCCs begin accumulating at the sucrose
cushion. Therefore, population ¢ is likely comprised
of many GCCs of increasing sedimentation rates
that cannot be distinguished individually using these
methods.
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Figure 2. Biophysical Characterization of GCCs in sucrose gradient. (A) Gag distribution in 10-40% sucrose
gradient. Gag-isfGFP distribution in filled circles, and Apeo in open. Population designations above graph, and
sucrose concentration diagram below. Major cellular RNA population resulting in Apo0; signal are noted under curves.
(B) GCC distribution in 10-60% sucrose gradient using a variety of ultracentrifugation times (listed to right of each
run). Names on top denote projected migration location of each GCC species when run for a standard 3 h. Arrow
indicates final migration spot for € species. (C) The effects of lysate clearing centrifugation speed on GCC distribution.
10-60% gradient was used, and GCC population names listed above graph. (D) GCC stability assays. GCC
populations were individually pooled and buffer exchanged (left panel), and resedimented on separate sucrose
gradients in the absence (middle panel) or presence of RNase A. Colored boxes represent GCC pooled fractions, and
colors represent each GCC. Location of expected GCC migration is marked at top of each graph. (E) Gag spike
assay. The distribution of exogenously produced heavy-labelled Gag in Gag-expressing lysate fractions. X axis
denotes pooled GCC fractions. Solid bars are under native conditions, and open bars are under ribosome dissociating
conditions.

The largest GCC, ¢, is sensitive to the nuclear- particularly numerous and highly susceptible to sed-
clearing step of lysate preparation (Figure 2(C)). A imentation pelleting.
typical nuclear clearing procedure involves the use
of a centrifugation step at or above 8000g for 10
min prior to ultracentrifugation. However, this will
also clear large GCCs from solution. As this The many GCC species that make up the ¢
centrifugal force was lowered, the overall ¢ population may be a byproduct of GCC
population signal increased. This finding is  disassembly during centrifugation. To evaluate
consistent with previous reports which indicate this  this possibility, GCC stability was assessed by
population is comprised primarily of large  crosslinking lysates and assaying for changes in
assembling viral and viral-like particles.®*°° There- Gag  distribution ~ post ultracentrifugation
fore, there are many previously unidentified GCC  (Supplementary Figure 2(C)). Several crosslinker
species located throughout the gradient, with the concentrations were successful in efficiently
high-molecular-weight ¢  population  being  binding GCC molecules together but resulted in

GCCs are stable but RNase sensitive
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no discernable changes in GCC distribution,
indicating that intermediately sized GCCs are not
likely dissociated Gag complexes.

While these complexes do not disassemble
during centrifugation, it is possible they dissociate
after they are purified from the sucrose. To assess
their cohesive stability post-centrifugation, GCCs
were purified (Figure 2(D), left panel), allowed to
remain for a day at 4 °C, and re-sedimented on
separate sucrose gradients (Figure 2(D), middle
panel). All GCCs migrated to expected positions
within the sucrose gradient, with only a small
fraction disassembling into smaller GCCs.
Therefore, the integrity of GCCs can be
maintained during and after sedimentation for
biophysical characterization.

Previous work identified the y population as
containing the first functional Gag/genome
interaction.®* This report also suggested RNA as
the molecule responsible for the increase in com-
plex mass.®>**® This was verified when all purified
GCCs were subsequently incubated with RNase A
prior to re-sedimentation (Figure 2(D), right panel).
Every GCC experienced a change in their sucrose
gradient migration during ultracentrifugation, with
most Gag now localized to the top of the gradient,
due to a decrease in molecular mass. However,
some GCCs migrated further into the gradient, indi-
cating an increase in molecular mass. The cause for
this effect is unclear but may be due to an increase
in Gag oligomerization nucleated via incompletely
digested RNA (see discussion). These results indi-
cate that all GCCs require RNA for their stable local-
ization within the sucrose gradient.

Gag exchange between GCCs is dynamic post-
lysis

While GCCs are stable post-centrifugation, Gag’s
exchange between complexes during the lysis step
is not well understood. To better understand the
dynamic interchange between GCCs, we
assessed the incorporation efficiency  of
exogenously produced Gag into cellularly-
produced GCCs. First, the o population from
isotopically labeled Gag produced in SILAC
(Stable Isotope Labeling by/with Amino acids in
Cell culture) HEK293T cells was purified. This was
then added to unlabeled Gag-expressing cells in
native lysis buffer. This mixture was processed by
sucrose gradient ultracentrifugation as above, and
the ratio of labeled vs. unlabeled Gag in each
GCC species quantified using mass spectrometry
(Figure 2(E)). In the final lysate, exogenously
produced Gag comprised 8.8% of the total Gag
found. If Gag does not exchange between GCCs
once cells are lysed, then the exogenous Gag
should be localized to the o population only.
Indeed, the o population contained the highest
percentage of isotopically labeled Gag at 15.2%.
However, Gag located in B, v, 8, and € populations
were also labelled at 12.0%, 11.9%, 9.2%, and

4.6% respectively. These results indicate that all
GCCs can incorporate exogenous Gag, though
this incorporation occurs less frequently as the
GCCs increase in size. Moreover, this suggests
Gag can move between complexes post lysis, and
such movement is inhibited once GCCs are
isolated.

GCCs exhibit a mixed oligomerization profile

Previous models have proposed that GCC o
contains Gag in a low oligomerization state and
further imply Gag oligomerization increases as
GCC size increases.®”*° If the GCC v particle
was entirely composed of Gag, one might expect
on the order of ~60 monomers in the complex to
achieve the 3 MDa size of the 80S ribosome. How-
ever, GCCs are likely also comprised of RNA mole-
cules (Figure 2(D)), making determination of Gag
oligomerization solely based on molecular weight
difficult. Single-molecule total internal reflection flu-
orescence (smTIRF) microscopy was used to quan-
tify the oligomerization state of Gag in each GCC
directly. Individual GCCs containing a Gag-isfGFP
fusion construct (Supplementary Figure 1(A)) from
diluted sucrose gradient fractions were captured
on the surface of a quartz microscope slide via
immobilized o-GFP antibodies (Figure 3(A)) and
imaged as discrete fluorescent spots within the field
of view. Under these conditions, the fluorescence
intensity of each spot was proportional to the num-
ber of sfGFP (Gag) molecules contained in the
complex (Figure 3(B)).

Due to the large range of expected fluorescence
intensity of highly oligomeric complexes across
different gradient fractions, monomer counting by
photobleaching is not feasible. Instead, as a
control, we also carried out an experiment using
bacterially expressed and purified sfGFP (see
Supplementary  Figure  1(A) for  construct
description) to determine  the average
fluorescence intensity of a single monomer. A
histogram of the average initial intensity of many
individual spots exhibits an approximately
gaussian distribution with a small shoulder at the
high intensity edge (Supplementary Figure 3(A)).
The histogram is adequately described by a linear
combination of two gaussian distributions with
mean o and 2u, and a shared variance. This
result indicates that sfGFP exists primarily as a
monomer with a mean fluorescence intensity of
190 = 90 a.u., along with a small dimer population.
One caveat for these measurements is that
complexes containing more than ~40 Gag
monomers will have an intensity that exceeds the
dynamic range of the instrument, and therefore in
these cases the calculated count represents a
lower limit on the number of Gags present.

GCC populations «, B, and y were comprised
almost exclusively of low oligomerization state
Gag-isfGFP (monomer and dimer) (Figure 3(D)
and Supplementary Figure 3(B)), with the
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Figure 3. Gag oligomerization in each GCC. (A) Schematic representation of TIRF experiment. Gag-isfGFP is
immobilized on a quartz surface via an o-GFP antibody. An evanescent fluorescent field is created using total internal
reflection of a 488 nm laser at the quartz surface. (B) A representative TIRF image for GCC « in left panel, the
resulting histogram for all data on log scale in middle panel, and re-graphed low-intensity data on a linear scale with
monomer and dimer species modelled in black and labelled on top within right panel. Red line in right panel represents
resulting fit from monomer and dimer gaussian fits, and best describes all low intensity data. (C) Representative TIRF
images for each GCC species, under both native (top row) and dissociating (bottom row) lysis conditions. (D) Intensity
histograms for each GCC using accumulated intensity data. Lower intensities indicate lower oligomerization states of
Gag. See Supplementary Figure 3(B) for higher magnification and re-graphing using a linear scale of low intensity

distributions.

population intensity distributions closely resembling
that of purified sfGFP (Supplementary Figure 3(A)).
The & population exhibited some complexes that
contain up to ~20 Gag-sfGFP monomers (up to
~4000 a.u., Figure 3(D)) while population ¢
contains complexes in a range of oligomerization
states up to the limit of detection for the assay.

However, both later fractions also contained a
significant number of low oligomerization state
Gag species (Figure 3(D) and Supplementary
Figure 3(B)). The proportion of low to high
oligomerization state species in these fractions
was surprising given the relative sizes of each of
the GCCs (Supplementary Figure 3(C)). It is
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possible highly oligomerized GCCs are immobilized
less efficiently than Gag monomers and dimers.
The presence of large Gag oligomers in the & and
¢ fractions indicate that immobilization is possible,
though the relative immobilization efficiency
cannot be determined. Under conditions where
the antibody binding is saturated, these
differences in binding efficiency would result in a
skewed oligomerization profile. To control for
concentration-dependent  effects of binding,
multiple dilutions of all samples were tested for the
presence of oligomerized Gag Species (data not
shown). No highly oligomerized species were
discovered in the o or B GCC populations under
any dilution condition, and only a few low-level
oligomerization events in the y population. Further,
the ratios of high vs. low oligomerization did not
change substantially for any dilution tested (data
not shown). While some of the low oligomerization
state GCCs in & and ¢ fractions might be
explained by Gag molecules dissociating from
highly oligomerized Gag, our previous data
indicates that these complexes are very stable
and do not significantly dissociate during or after
centrifugation  (Figure 2(D), Supplementary
Figure 2(C)). Therefore, these data suggest that
the majority of GCCs in these later fractions are
composed primarily, by mass, of some other
(unlabeled) cellular components bound to one or
two Gag molecules.

To test this hypothesis, functional Gag mutants
were assayed for their GCC production and
distribution. Mutations that affect the subcellular
distribution (and hence the oligomerization state)
of Gag would still present as large molecular
weight Gag, if Gag is indeed associated with large
cellular complexes. Three classes of Gag
mutations were tested: G2A is a mutation that
prevents myristoylation, and hence Gag
association with the membrane and subsequent
oligomerization and assembly,”® EE207/208AA
affects Gag assembly and its ability to create curva-
ture at the cell membrane, but does not affect sub-
cellular localization,”®*°® ANC and HH400/421CC
both affect Gag’'s ability to bind RNA, affecting its
subsequent oligomerization, but should not affect
membrane binding (Figure 4(A)).>°

While each mutation exhibits similar defects in
producing extracellular VLPs, their intracellular
localization and GCC distribution differs (Figure 4
(B)—(D)). Gag-isfGFP G2A is diffusely cytoplasmic
and contains no puncta distinctive to highly
oligomerized Gag. However, G2A clearly
produces some & and ¢ GCCs, though at a lower
frequency than WT. A similar GCC distribution
was again observed for EE207/208AA, though the
cells show a different subcellular localization when
imaged using confocal microscopy. The only
mutations totally lacking the ability to create any
larger molecular weight GCCs were ANC and
HH400/421CC, which is not surprising given GCC

instability in the presence of RNase A (Figure 2
(D)). Our results suggest there was no clear
correlation between the subcellular localization of
the Gag mutants and the production of larger
GCCs. For example, a mutant (G2A) unable to
associate with the membrane does not
oligomerize in the cytoplasm, yet still forms large
GCCs (albeit at a lower efficiency than WT).
However, other mutants (ANC and
HH401/402CC) which are defective in RNA
binding still effectively associate with the cell’'s
membrane but display no evidence of large GCC
formation. All this data taken together strongly
suggests that some Gag in a low oligomerization
state is binding to large molecular weight
complexes, and these complexes are coincident
with assembling Gag in sucrose gradients.

Some GCCs are comprised of Gag bound to
ribosomes

Monomeric Gag in the 6 and & populations could
be binding to cellular complexes that have a wide
variety of masses. These complexes must have
an RNA component, which affords structural
stability, and are abundant enough to
accommodate many Gag molecules. Since GCCs
B, y1, and y2 co-migrate with rRNAs (Figure 2(A),
Supplementary Figure 2(A)), it is possible that
Gag is directly interacting with ribosomal subunits.
Indeed, all GCC positions within the sucrose
gradient match tRNA and rRNA distributions
closely (Figure 5(A) and (B)).

If Gag binds to ribosome complexes directly, then
the distribution of GCCs should change when the
ribosomal complex distribution is altered. Lysis
buffer lacking magnesium will result in the
dissociation of 80S ribosomes and polysomes into
their cognate 40S and 60S subunits. Further,
increasing the sodium concentration will cause the
ribosomal subunits to migrate slower within the
sucrose gradient (Figure 5(A) and (B)). These
ribosomal dissociating conditions also resulted in
notable similar changes in GCC distribution. It
should be noted that all sodium and magnesium
concentrations used in these studies are within
accepted parameters for efficient association
between Gag and the ‘P packaglng RNA element
in vitro and in cells.®*’

To test the ability of Gag to directly interact with
ribosomes, purified bacterially expressed Gag with
eGFP inserted between the MA and CA domains
(named Gag-ieGFP) (Figure 5(C)) was incubated
with  purified 80S ribosomes, and again
sedimented on a sucrose gradient (Figure 5(D)).
Gag distribution mirrored expected ribosomal 40S,
60S and 80S distribution, in contrast to Gag alone
which did not efficiently enter the gradient.

Polysome-bound Gag molecules migrate to the
bottom half of the sucrose gradient. This effect
may explain why some monomer and dimer Gag
species are found there, as well as why
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Figure 4. Gag mutants and GCC formation. (A) Diagram of Gag constructs used in these experiments. Functional
effect of Gag domains listed at top, and mutations affecting that role listed on bottom. Numbering reflects mutation
position at WT Gag gene with sfGFP absent. (B) Confocal images of HEK293T cells expressing (from left to right)
WT, G2A, EE207/208AA, and HH400/421CC Gag-isfGFP. Gag signal in green, and nuclei stained in blue. Arrows
denote “puncta” formation on membrane of cells. (C) Gag export efficiency into media. (D) Gag distribution in 10—-60%
sucrose gradient for each mutant. GCC position annotated above the graph.

exogenous Gag seems to incorporate into large
GCCs (Figure 2(E)). To test this hypothesis, Gag
oligomerization was again assessed for each
GCC under ribosome dissociating conditions
(Figure 3(C) and (D)). A marked decrease in
monomeric and dimeric species was found in the ¢
population, leading to a significant change in its
oligomerization ratio (Supplementary Figure 3(C)).
We also retested the ability of exogenous Gag to
incorporate into cellular GCCs during lysis under
ribosome dissociating conditions. Here,
exogenous Gag no longer efficiently incorporated
into & and ¢ GCCs (Figure 2(E)). These results,
when taken together, strongly support the
hypothesis that monomeric Gag is robustly yet
transiently associating with ribosomal complexes
to form GCCs of large molecular weight. Further,
this data indicates almost all the B, vy1, v2,
complexes are ribosome associated, while
comprising a smaller proportion of the & population.

Ribosome-bound gag represents assembly
start points, not intermediates

To better understand the role of ribosome binding
during HIV assembly, isotopic pulse labeling
experiments were performed. Here, isotope-
labeled amino acids are introduced to the cell, and
subsequently  incorporated into  nascently
translated proteins, resulting in a labeling kinetic
profile (Figure 6). The labeling kinetics for proteins
in cells is determined by their beginning pool size,
synthesis rate, and dissipation rate. In general,
proteins with small initial pool sizes and fast
synthesis and dissipation rates will label more
quickly than those with large pool sizes and slow
synthesis and dissipation rates. Gag-isfGFP-
expressing HEK293T cells were grown in media
containing '3C labeled arginine and lysine and the
rate of isotope incorporation in proteins assayed
via mass spectrometry (Figure 6(A)). As expected,
Gag incorporated the isotopic labels faster than
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Figure 5. Gag distribution follows ribosome distribution. (A and B) Gag distribution under native (left and in black)
and ribosome dissociating (right and in blue) conditions, using 10-60% sucrose gradient (A) or 10-40% sucrose
gradient (B). In each case, Gag signal is represented by solid circles, and A2 signal represented by open circles.
Agarose gels of RNA from each aliquot are displayed below each graph, with major RNA species labelled in italics.
GCC populations are designated atop graphs. (C) SDS PAGE gel of purified Gag-ieGFP. (D) Purified Gag-ieGFP
(black circle) migration within a 10—60% sucrose gradient in the absence or presence of purified ribosomes (orange
squares) whose eS25 subunit has been fluorescently labelled for quantification.

native cellular proteins (Figure 6(A)). This is likely Previous work has implicated GCCs a, v, 6, and ¢
due to a high synthesis rate of Gag, as well as a  as on-pathway and stegwise intermediates in an
high dissipation rate (due to VLP production). HIV assembly process.?”>*¢ The observation that
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Figure 6. Role of GCCs during assembly revealed by
Gag pulse labeling. (A) Quantification and fitting of
isotopic labeling efficiency of Gag and representative
cellular proteins from cleared cell lysate. Gag average
quantification calculated from 7 different peptides. Cell
proteins average quantification calculated from 8 differ-
ent proteins. (B and C) Quantification and fitting of
isotopic labeling efficiency of Gag from GCCs a, B, v, d, €
and VLP under ribosome dissociating condition (B) and
native condition (C). Gag average quantification calcu-
lated from 7 different peptides.

these GCCs contain a significant amount of
ribosome-bound Gag makes it unclear if they are
true assembly intermediates. This same isotopic-
labeling method can be used to assess the role of
each GCCs in an assembly pathway. For example,
in a linear assembly pathway, early intermediates
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would be expected to label at a faster rate than later
intermediates, and all should label faster than the
ending product. Under ribosome-dissociating condi-
tions, GCCs a, B, and vy label at identical rates, in
contrast to the 9, &, and VLP populations, which
demonstrate successive lags in their labeling
curves (Figure 6(B)). Here, the pulse result is con-
sistent with a model where GCCs a, B, and y are
either parallel or interchangeable first steps in the
Gag assembly pathway, while GCCs & and ¢ are
later, on-pathway steps. As expected, VLPs
showed the most significant lag in labeling kinetics,
a hallmark of a pathway endpoint.

It is possible that a small number of on-pathway
intermediates exist within the abundant ribosome-
bound Gag populations B and y. These
intermediates should exhibit a labeling rate that is
faster than ribosome-bound Gag, but slower than
Gag in GCC y. However, the presence of
abundant ribosome-bound Gag can dominate the
labeling result, as shown for GCCs f, v, 6, and ¢
under native conditions (Figure 6(C)). Under
ribosome-dissociating conditions, the
differentiation of Gag assembly intermediates and
ribosome-bound Gag can only be observed for
GCCs & and &, because the labeling rate for
GCCs B and vy is still dominated by ribosome-
bound Gag (Figure 6(B)). The possibility exists
that if Gag bound to ribosomes were to be
depleted from GCCs B and y, more pronounced
labeling lags would result from on-pathway Gag
species found in these fractions

Discussion

GCCs during assembly: Two overlapping
processes

Cellular production of HIV-1 involves the assembly
of multiple viral and cellular factors into a cohesive
and infectious virion structure. This process is wholly
dependent on virally encoded Gag, which binds to
an RNA element ¥ located within the 5" UTR of the
viral genome and initiates assembly. Along with this
initial binding, Gag and ¥ both undergo structural
transitions to facilitate assembly into an immature
viral particle.°"** While many steps during HIV-1
assembly have been well characterized, there remain
unanswered questions, such as the location, order,
and composition of the earliest Gag assembly steps.
Previous work resulted in the hypothesis that GCCs
could represent intermediates on a Gag assembly
pathway, acting as processing bodies for some, or
all, of these structural transitions or binding
events.* %2 However, live cell imaging does not
show temporal lags in the later stages of Gag
oligomerization that would be necessary for inter-
mediates to form.?> Furthermore, previous pulse
labeling of cells producing Gag has failed to unam-
biguously demonstrate labeling lags between early
GCCs, which would be indicative of stepwise
assembly intermediates®®**. Lastly, the & (150S)
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population was missing in several reports®*3>%¢

although the reasons for this are not clear.

We have attempted to better define the molecular
composition and biophysical properties of Gag-
containing complexes, as well as further elucidate
their functional roles during HIV assembly. While
we observed the formation of all previously
described GCCs, we found that the distribution of
GCCs were affected dramatically by different lysis
buffer conditions. The findings presented here
suggest a model wherein Gag transiently binds
ribosomes via an NC-RNA interaction. This model
is consistent with previously published GCC
findings that resulted in different interpretations of
GCC pathways.*® We propose that these sucrose
gradients contain two overlapping but primarily
independent processes: HIV assembly and Gag/ri-
bosome binding (Figure 7).

Gag interactions with ribosomes in cells, in vitro,
and in virio have been described extensively.®>"°
Because of the large body of literature describing
this interaction, this study did not repeat these
efforts beyond validating the ability of Gag to inter-
act with ribosomal forms in vitro (Figure 4(D)). How-
ever, the results reported here yield a few intriguing

Translation

novel observations about this interaction. First, in
our experiments, Gag preferentially associates with
dissociated ribosomal subunits over fully assem-
bled ribosomes (Figures 2(A) and 5). This prefer-
ence may be due to a large RNA surface located
at the 40S-60S interface that becomes exposed
upon ribosomal dissociation.”’ Second, this NC/
RNA ribosomal interaction differs from previouslg
reported protein—protein interaction with RPL7.°
Third, while Gag may be interacting with messenger
RNAs as a way of associating with some ribo-
somes, the interaction with both the dissociated
40S and 60S subunits indicates an mRNA-free
interaction as well (Figure 5). Fourth, stable riboso-
mal binding is wholly dependent on the NC domain
of Gag and cannot be recapitulated by the RNA-
binding activity of MA (Figure 4(D)). Fifth, Gag is
exclusively associated with ribosomes in a low
oligomerization state.

The ability of Gag to interact with ribosomes may
explain previous results measuring the diffusion
rate of Gag in cells.”” Here, it was found that a sig-
nificant amount of low-oligomerization state Gag
would transition between slow-diffusion and fast-
diffusion modalities, and this transition was wholly

y2 dle

Figure 7. Model of GCC distribution and function in HIV assembly. Most Gag distribution on sucrose gradients
represents two processes; HIV assembly, and Gag association with various tRNA and ribosomal complexes.
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dependent on the NC domain. The large number of
Gag molecules involved in this transition would
argue against this being the first Gag/¥ binding
event. However, this is consistent with Gag binding
transiently with ribosome species in the cytoplasm.

We believe the work here indicates that
previously described early assembly
intermediates® would represent a small fraction of
the Gag found in the cell, and likely migrate within
a sucrose gradient to locations dominated by
ribosome-bound Gag.

A model for ribosome-mediated inhibition of
Gag oligomerization and HIV assembly

While this study provides some evidence for Gag
binding to ribosomes, we still do not understand the
functional role, if any, of the Gag-ribosome
interaction in the cell. It is possible this is a non-
specific interaction that is of no relevance to viral
assembly. However, previous work has
established a functional role for Gag association
with ribosomes, or with bodies that regulate
ribosomal processes.®>’*’* Beside these pub-
lished roles, it is intriguing to note the effect on
Gag migration within sucrose gradients upon the
addition of RNAses (Figure 2(D)). When RNAs like
tRNA or ribosomes are degraded by RNAse A, Gag
begins to form larger complexes post-lysis. One
possible interpretation would be that Gag is begin-
ning to oligomerize around more-scarce large or
incompletely digested RNAs. Gag readily oligomer-
izes around any available nucleic acid in vitro if the
stoichiometric ratio of Gag is in far excess.”'?’
However, Gag oligomerization is actively inhibited
in the cell’s cytoplasm without binding to the mem-
brane. Even when cytoplasmic Gag concentrations
are increased via production of mutant protein (Gag
G2A) which does not inhibit in vitro assembly, no
oligomerized Gag is found (Figure 4(B) and Supple-
mentary Figure 4). Further, unmyristoylated wild-
type Gag produced in E. coli does not oligomerize
intracellularly, even though it is expressed at vastly
higher levels than is achieved in transfected mam-
malian cells.?*” This would indicate an inherent
mechanism to inhibit Gag oligomerization in the
cytoplasm. Models for assembly inhibition have
been suggested previously. For example, Gag
assembly is tightly regulated by the MA domain,
requiring localization to the plasma membrane for
efficient oligomerization around an RNA ele-
ment.”>”’” These studies indicate tRNA binds to
the MA domain, acting as an important quality con-
trol measure to inhibit premature Gag oligomeriza-
tion in the cell. However, this model does not
explain how NC-mediated oligomerization is inhib-
ited pre-assembly. We hypothesize this mechanism
involves the use of abundant RNAs in the cell acting
as binding partners for Gag, actively inhibiting cyto-
plasmic oligomerization in concert with the RNA.
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Effectively, the ribosomes provide a convenient
reservoir for monomeric Gag, allowing the specific
initiation complexes to form involving ¥ and the
membrane, without the potential interference of
inappropriately oligomerized Gag complexes.

Under normal infection conditions, Gag
represents a small amount of the total proteome
of the cell. Even when Gag is expressed using
transient transfection, its presence is difficult to
detect using regular shotgun proteomics (data not
shown). In contrast, ribosomes and tRNA
represent the most abundant RNAs in the cell’'s
cytoplasm. They are expressed in far excess of all
HIV viral proteins by mass. It is possible
ribosomes act as “sponges”, transiently binding
Gag in low-oligomerization states. Gag's NC
domain prefers to bind single-stranded RNA
regions, and ribosomes have few of these
moieties on their surface, making oligomerization
more difficult. These complexes would then act as
Gag repositories. Here Gag would transiently
dissociate and rebind abundant ribosomes in the
cytoplasm. However, when not bound to
ribosomes, Gag would be free to be incorporated
into assembling virions at the cell membrane.

The study of Gag containing complexes
presented in this study begins to define the roles
of specific GCC species in HIV assembly during
the viral lifecycle. Our results indicate that there
are two major GCC binding pathways (Figure 7).
One pathway includes GCCs with highly
oligomerized Gag that have already entered the
on-membrane assembly, consistent with previous
studies showing a continuous assembly pathway
lacking multiple kinetic pauses.’?*?* The second
class represents monomeric or dimeric Gag associ-
ated with large abundant cellular RNAs, located in
the cytosol prior to on-membrane assembly. We
believe the formation of these latter Gag-cellular
RNA complexes may represent an unappreciated
aspect of virion assembly, serving as a reservoir
of Gag to support the membrane assembly process
as well as restricting off-membrane assembly. The
ribosome-associated pool of Gag is abundant and
dynamic, both preventing the formation of dysfunc-
tional cytoplasmic viral aggregates and providing a
supply of monomeric Gag for membrane-binding
and oligomeric assembly. Taken together, these
findings further clarify the roles of GCCs in the
Gag assembly process and highlight the potential
importance of Gag/cellular-RNA interactions as a
pre-assembly step. While the late stages of Gag
assembly, budding, and maturation have been well
characterized, the details of the early steps for
nucleation of Gag at the membrane with genomic
RNA remain to be elucidated. This work provides
key information about which GCCs should be
focused on as functional on-pathway complexes
that likely bridge the early and late stages of virion
assembly.
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Materials and Methods

Cells lines

HEK293-CD4-tetHIV-WT and Jurkat-tetHIV-WT
cell lines were a kind gift from Dr. Mary Lewinski
(University of California, San Diego) and have
been described previously.***' RPS25-SNAP-
HAP1 cell lines were a kind gift from Dr. Joseph
D. Puglisi (Stanford University School of Medicine,
Stanford), HEK293T cells were purchased from
ATCC.

HEK293-CD4-tetHIV-WT cells were cultured in
DMEM supplemented with 10% tet-free FBS
(Omega Scientific), 1x penicillin/streptomycin,
2 mM L-glutamine, 200 pg/mL G418 (Gibco),
200 pg/mL Zeocin and 200 pg/mL Puromycin.

Jurkat-tetHIV-WT cells were cultured in RPMI-
1640 supplemented with 10% tet-free FBS
(Omega Scientific), 1x penicillin/streptomycin,
2 mM L-glutamine, 200 pg/mL G418 and 1 pg/mL
Puromycin.

RPS25-SNAP-HAP1 cells were cultured in IMDM
supplemented with 10% FBS, 1x penicillin/
streptomycin, 2 mM L-glutamine.

HEK293T cells were cultured
supplemented with 10% FBS,
streptomycin, 2 mM L-glutamine.

SILAC adapted HEK293T cells were generated
by culture regular HEK293T cells in SILAC DMEM
(Thermo Scientific) supplemented with 10%
dialyzed FBS (Gibco), 1x penicillin/Streptomycin,
2 mM L-glutamine, 0.798 mM regular L-Lysine and
0.398 mM regular L-Arginine for 2 generations.”®

SILAC labeled HEK293T cells were generated by
culture SILAC adapted HEK293T cells in SILAC
DMEM (Thermo Scientific) supplemented with
10% dialyzed FBS (Gibco), 1x penicillin/
Streptomycin, 2 mM L-glutamine, 0.798 mM 13C6
L-Lysine (Cambridge isotope laboratories inc.) and
0.398 mM 13C6 L-Arginine (Cambridge isotope
laboratories inc.) for 5 generations.

in DMEM
1x penicillin/

Plasmids

pJL1-sfGFP was a generous gift of the Jewett lab.
pGag-CTE-BH10 and pNL4-3 are described
previously’?° (Genebank codes AH002345.2 and
AF324493.2 respectively for HIV sequence infor-
mation). pGag-CTE was created using the HiFi Gib-
son Cloning kit (NEB),®" where the 5 UTR and Gag
coding region of BH10 strain were replaced by anal-
ogous NL4-3 elements ending at the P6 element.
Subsequently, sfGFP®? was inserted between the
MA and CA domains, flanked by identical protease
cleavage sites, as previously described*’ to create
pGag-isfGFP-CTE. Finally, all point and deletion
mutations were created using Q5 site-directed
mutagenesis kit (NEB). pHis-Gag-EGFP-Ap6 was
created using the HiFi Gibson Cloning kit (NEB),®"
where the gene encoding EGFP was inserted into
the middle of the protease cleavage site between
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the MA and CA domains. Its parental plasmid
pHis-GagApG was a generous gift from Prof. James
Munro.®

HEK293T cell transient transfection

Transient transfections were performed as
previously described.?® Briefly, 2 million HEK293T
cells were seeded onto a 10 cm? tissue culture dish
and allowed to grow for 24 h. For transfection, 10 pug
of plasmid were combined with 30 pg polyethylenei-
mine (PEI) (Fischer Scientific) in 1 mL Opti-MEM
media (Gibco) and allowed to incubate for 10 min
at room temperature. Plasmid/PEIl solution was
added dropwise to cell culture and incubated for
24 h at 37 °C. For most experiments, DMEM Media
was replaced, and cells allowed to grow for an addi-
tional 24 h.

Transfection on SILAC adapted and labeled
HEK293T cells were done similarly as normal PEI
transfection, except that 1x SILAC DMEM is used
instead of Opti-MEM, and no medium change is
applied after the transfection.

If virus-like particle (VLP) quantification was
required, 1 mL of extracellular media was
collected after 48 h. Both transfected and
untransfected cells were harvested by trypsin
digestion (Gibco) and sedimented at 500g for 5
min. Pellets were resuspended in 900 uL 1x PBS
and aliquoted into three equal aliquots
(corresponding to about 3 million cells per tube),
after which all liquid media was aspirated off.

Cell lysis for GCC preparation

Cell lysis for GCC preparation were performed as
previously described with a few modifications.*®
Cell pellets were lysed in 66.67 uL lysis buffer per
~1 million cells. In most experiments, 3 million cells
were used, and lysed in either 200 pL 1x native buf-
fer (20 mM HEPES, pH 7.8, 20 mM NaCl, 1 mM Mg
Acetate) supplemented with 0.85% Octyl B-D-
glucopyranoside (OGP) (Chem-Impex) or 200 L
1x dissociation buffer (20 mM HEPES, pH 7.8,
100 mM NaCl) supplemented with 0.85% OGP.
For crosslinking experiments, diothiobis(succin-
imidyl propoionate) (ThermoFisher Scientific) was
added in increasing concentrations directly to
lysate. Cells were incubated for 10 min on ice, and
nuclei cleared by spinning at 1000g for 10 min at
4 °C (except where indicated otherwise in text).
The cleared lysate was immediately used for down-
stream ultracentrifugation assays.

HEK293-CD4-tetHIV-WT and Jurkat-tetHIV-WT
cell induction, collection and lysis

For HEK293-CD4-tetHIV-WT cells, 5 million cells
were seeded onto 10 cm? plates and allowed to
adhere overnight. At time of induction, cells were
~60% confluent. Cells were induced with 0.5 pg/ml
doxycycline (MP Biomedicals) in complete DMEM
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media and incubated at 37 °C for 24 h. Adherent
cells were harvested using 5 mM EDTA, washed
in 1x PBS, pelleted by centrifugation at 300g for 5
min. Cell pellets were then lysed in 1x native lysis
supplemented with 0.85% OGP, before snap
freezing in liquid nitrogen. For Jurkat-tetHIV-WT
cell induction experiments, 5 million cells were
grown in 10 cm? plates and induced as above in
complete RPMI 1640 media. Cells were harvested
by centrifugation at 300g for 5 min, after washing
with 1x PBS. The collected cell pellets were lysed
and snap frozen as above.

Electron microscopy

Gag in various genetic backgrounds was
transfected into HEK293T cells using PEIl as
above, and VLPs expressed for 34—72 h. Media
was collected from the cells and clarified by
centrifugation at 1,000 xg for 10 min prior to
purification on a sucrose gradient cushion. VLPs
were exchanged into imaging buffer A (50 mM
Tris, pH 7.5, 100 mM NaCl, 0.1 mM EDTA, 1 mM
MgCI2) and concentrated using 100 kDa MW
cutoff  Amicon  Ultra  Centrifugal  Filters
(Millipore).

Negative stain grids were prepared by applying
7.5 pl of concentrated VLP sample onto 400 mesh
copper carbon-coated grid (Electron Microscopy
Sciences, CF400-Cu-25) which was treated by
negatively glow-discharge (Electron Microscopy
Sciences, EMS100) for 2 min. The grids were
then blotted, and 75 pl of freshly prepared 2%
uranyl formate (Electron Microscopy Sciences)
was added 2 min followed by filter paper blotting
(Whatman). Grids were imaged using a Philips
CM 100 Transmission Electron Microscope (FEI)
operated at 80 kV with a tungsten filament and
equipped with a Megaview G2 CCD camera
(Olympus Soft Imaging Solutions). Images were
recorded at a magnification of 46,000x.

Sucrose gradient ultracentrifugation assays

All reported sucrose percentages are based
on w/v measurements. Sucrose gradient
ultracentrifugation procedures were adapted from
Reed et al.*®. Step gradients were manually poured,
containing equal-volumes 10, 15, 20, 40, 50, 66 and
80% sucrose (w/v) steps in 1x native buffer. Contin-
uous gradients were created using a BIOCOMP
Gradient master 108 and pre-recorded mixing pro-
tocols for 10-60% and 10—40% sucrose gradients.
All continuous gradients contained 1x native or dis-
sociation buffer as noted in the text. Gradients with
samples were placed in a Beckman SW41Ti rotor
and sedimented for 100 min at 35,000 rpm (step
gradients), 180 min at 35000 rpm (10-60% continu-
ous gradients), or 960 min at 23,000 rpm (10—-40%
continuous gradients) in an Optima L-90 K ultracen-
trifuge (Beckman Coulter).
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Membrane floatation assay

Membrane floatation assays were performed as
previously described,® with a few modifications.
10 million HEK293T cells transfected with Gag-
isfGFP were resuspended in 200 pL 1x hypotonic
buffer (10 mM Tris Acetate, pH 7.4, 50 mM KCI,
100 mM NaCl, 1 mM Mg Acetate). Cells were then
lysed thoroughly in a 1 mL Dounce homogenizer.
Raw lysate was combined with 1.8 mL 80% sucrose
and placed in the bottom of an ultracentrifuge tube.
8 mL of 60% sucrose were layered on top and finally
1 mL of 10% sucrose layered on top of this.
Samples were then centrifuged at 100,000g for
4 h, aliquoted by hand-fractionation, and probed
for Gag signal via fluorescent readout (see
below).

SDS-PAGE and dot blot analysis of GCCs

The presence of Gag was detected using either a
combined SDS-PAGE/western blotting or a dot blot/
western blotting technique. In all cases,
fluorescently labeled o-p24 antibodies (Millipore)
and low fluorescence PVDF (BioRad) were used.
For dot blotting, PVDF was first activated with
100% methanol, then layered on filter paper,
rinsed generously with 1x PBS and place in a 96
well dot blot apparatus (Schleicher and Schuell).
50 pL of fractionated samples were diluted in
100 pL dDH20 and loaded onto PVDF through
the dot blot apparatus via vacuum. Loaded PVDF
membranes were placed in a 1% milk solution for
30 min, washed three times with 1x PBST, and
fluorescent signal visualized using a VersaDoc
Imager (BioRad). Samples were quantified using
Image Studio Lite (Li-Cor Biosciences), and
manually corrected for differences in fluorescence
excitation field. For absolute quantification,
purified Gag (generous gift of the John Elder Lab)
was loaded into the dot blot apparatus at defined
concentrations as a concentration standard.

Imaging fluorescently labelled Gag and A2,

Relative sfGFP, mRuby, and Apeo; Signals were
quantified using an EnVision 2104 Multilabel
Reader (Perkin Elmer).

Extracellular Gag quantification

1 mL of extracellular media from each sample
was collected directly before harvesting Gag-
producing cells. Samples were spun at 500g for 5
min to pellet necrotic or non-adherent cells. To
quantify VLP formation, 20 uL of 8.5% OGP were
added to 180 pL of media and incubated at room
temperature for 10 min. Samples were then
blotted onto PVDF membrane and fluorescent
Gag signal visualized using a Versa-Doc as
described above.
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Export efficiency quantification

To quantify the amount of Gag produced per cell,
cell lysates were measured for GFP and Apgg
signals as described above. Export efficiency was
calculated as follows:

(oo ()

where Gaglext] is the fluorescent signal of extracellular
Gag and Gaglint] is the fluorescent signal of
intracellular Gag.

Continual monitoring of Gag-GFP and A[x0;
during gradient collection

GCCs separated on 10-60% native and
dissociating sucrose gradients were monitored
using a BR-188 Density System (Brandel)
attached to an L-4000 UV Detector (Hitachi) to
detect Apgg, in tandem with a L-3000 Multi
Channel Photon Detector (Hitachi) for fluorescent
signal detection, and outputs recorded on a D-
2500 Chromato-Integrator (Hitachi). UV detector
recorder range was set at 2.5 AUFS and Photon
Detector sensitivity at 2.0.

GCC purification from sucrose fractions for
biochemical analysis

GCC species were prepared after separation on
sucrose gradients by pooling similar factions and
exchanging sucrose for 1x corresponding buffer
using Amicon Ultra 0.5 mL centrifugal filters
(Millipore). For RNase treatment of GCC species,
50 units of RNase A (Sigma) were added to each
fraction and allowed to incubate at room
temperature for 30 min.

Protein production in E. coli

Protein production — plasmids were transformed
into BL21(DE3) pLysS competent cells. Single-
colonies were inoculated into 1 mL LB containing
100 pg/mL ampicillin (LB-Amp) and grown for ~6 h
at 37 °C with shaking. 50 mL LB-Amp cultures
were inoculated with 1 mL cultures and grown
overnight at 37 °C. 1 L LB-Amp cultures were
inoculated with 20 mL of overnight culture and
grown at 37 °C to an optical density at 600 nm of
~0.6. At this point, isopropyl-p-D-1-thiogalactopyra
noside (IPTG) was added to a final concentration
of 0.4 mM and the temperature lowered to 30 °C.
Cultures were grown for an additional 3 h before
being harvested by centrifugation and stored at —
80 °C.

Protein purification from E. coli

Frozen cell pellets (~5 g) were thawed in 30 mL
Buffer A (560 mM Tris-HCI pH 8.0, 10 mM B-
mercaptoethanol, 1 M NaCl, 1% Tween-20, 10%
glycerol, 25 mM imidazole) and lysed by
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sonication. Cell debris was removed by
centrifugation and the resulting supernatant was
applied to a 5-mL HisTrap column (GE) and
washed with 5 column volumes of Buffer A.
Protein was eluted with a 10 column volume
gradient to 100% Buffer B (50 mM Tris-HCI pH
8.0, 10 mM B-mercaptoethanol, 1 M NaCl, 1%
Tween-20, 10% glycerol, 500 mM imidazole).
Fractions containing the protein of interest were
frozen and stored at —80 °C until further use.

Purification and fluorescent labeling of
ribosomes

HAP1 cell seeded onto a 10 cm? plate and grown
to ~80% confluency was washed off by pipetting in
cold PBS, and pelleted. Pelleted Cells (about 10
million) were lysed in 200 pL of HAP1 buffer
(20 mM HEPES, pH 7.9, 10 mM NaCl, 1 mM Mg
Acetate, 1.5 mM DTT) supplemented with 0.85%
Octyl B-D-glucopyranoside (OGP), protease
inhibitor cocktail (Roche) and RNase inhibitor for
10 min on ice and nuclei pelleted by centrifugation
at 18,000g for 10 min at 4 °C. SNAP-Surface
Alexa Fluor 647 (NEB) were added to the cleared
lysate at a final concentration of 10 puM. The
lysates were incubated at 37 °C for 30 min. The
sample was then layered onto a 4 mL sucrose
cushion (20 mM HEPES, pH 7.9, 10 mM NaCl,
1 mM Mg Acetate, 1.5 mM DTT, 30% sucrose w/
v) and spun at 32,500 rpm for 14 h at 4 °C in an
SW 41 Ti rotor (Beckman Coulter). The resulting
pellet was resuspended in 500 pL of HAP1 buffer
and insoluble material removed by pelleting using
centrifugation at 18,0009 for 10 min.

Methanol-Chloroform precipitation of protein
for mass spectrometry

For a given sample volume, 4 volumes of
Methanol and 1 volume of Chloroform were added
and vortexed thoroughly. 3 volumes of dDH20
was added followed by vortexing and
centrifugation at 18,000g for 1 min at room
temperature. The upper phase was discarded
without disturbing the protein-containing
interphase. 3 volumes of Methanol were then
added and the sample vortexed and centrifuged
again. All liquid was carefully removed, and the
sample air dried on bench top. The dried samples
were then resuspended in MS digestion buffer
(50 mM Ammonium bicarbonate, pH 7.8, 8 M Urea).

Nucleic acid purification from sucrose
gradients and agarose gel analysis

100 pL of individual sucrose gradient fraction
were transferred into a separate 1.7 ml Eppendorf
tubes and mixed with 100 upL of Phenol/
Chloroform/lsoamyl  Alcohol pH 6.7 (Fisher
Biotech). The samples were vortexed thoroughly
and incubated at 4 °C overnight. Samples were
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spun at 18,000g for 30 min at 4 °C and RNA-
containing aqueous phases mixed with loading
dye (NEB) and analyzed using a 2% agarose TAE
gel containing ethidium bromide.

Fluorescence imaging

HEK293T cells were grown on poly-L-lysine
coated glass coverslips (Corning) and transfected
with Gag-isfGFP and mutants as described above.
After 24 h, cells were washed well with 1x PBS,
and nuclei stained with Hoescht 33342 (Fischer
Scientific), and washed twice more with 1x PBS.
Cells were then fixed by incubating slides in 4%
paraformaldehyde and 1x PBS for 2 min at room
temperature. Liquid was aspirated off and
replaced with a 1.5% paraformaldehyde in 1x PBS
and incubated for an additional 20 min. Cells were
then washed thoroughly with 1xPBS and cured
onto glass slides using Prolong Gold (Fisher
Scientific), sealed with nail polish, and stored at 4
°C until imaged. All images were recorded on an
LSM 780 confocal microscope (Zeiss) at the
Scripps Research Institute Microscopy core. Gag-
isfGFP and Hoescht signals were detected using
488 and 405 nm excitation lasers respectively.

Single-molecule pulldown assays

Quartz slides were cleaned, passivated with
polyethylene glycol (PEG; 95% mPEG-SVA, 5%
biotin-PEG-SVA; Laysan Bio), and assembled into
sample chambers as previously described.®* The
sample chamber was incubated with 100 pg/mL
neutravidin for 2 min, washed twice (90 puL injec-
tions) with Antibody Binding Buffer (50 mM HEPES
pH 7.5, 150 mM NaCl), then incubated with ~20 nM
biotinylated o-GFP antibody for 5 min (Rockland
antibodies & assays). The concentration of o-GFP
antibody required for GCC immobilization was
determined using Gag-isfGFP VLPs that had been
treated with detergent (data not shown). The sam-
ple chamber was washed again with Antibody Bind-
ing Buffer followed by Pulldown Buffer (50 mM
HEPES pH 7.5, 10 mM NaCl, 1 mM MgCI2).
90 uL of diluted sucrose gradient fraction sample
was applied to the chamber and allowed to incubate
for 10 min before a final wash with three injections of
Pulldown Buffer. The dilution of sucrose gradient
fraction samples was done in Pulldown Buffer
(100 x dilution for 10S fractions, 10 x dilution for
all others). Control experiments using purified
sfGFP were performed as described above using
~0.1 nM antiGFP antibody and 1 nM sfGFP. More
information about this assay can be found in Aggar-
wal and Ha.®® Single-molecule fluorescence movies
were acquired with 488 nm excitation on a custom-
built prism-type TIRF microscope, described previ-
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ously,®® using custom data acquisition software
(available at https://cplc.illinois.edu/software/).

Single-molecule fluorescence data analysis

All smTIRF data processing steps were
performed with custom Python 3 software written
in house. It was found that artificially increasing
the image resolution helped to get more accurate
spot detection. Briefly, the first 50 frames of each
movie were averaged to reduce noise. The
256x512 pixel image was resampled to a
512x1056 pixel area using a 2-dimensional cubic
spline interpolation algorithm (SciPy). Spot center
coordinates and radii were determined using a
Laplacian of Gaussian blob detection algorithm
(Scikit-image). The xy-coordinates and radii were
then converted back to the original resolution, and
aperture photometry was used to extract
fluorescence intensities for each frame and each
spot. Briefly, pixel intensities within a circular
mask centered on each spot with the
predetermined radius were summed to determine
the total spot intensity. The median intensity of
pixels in a circular annulus with radius r + 2 pixels
larger than the spot mask was used as a per pixel
background  estimator for each  frame.
Background-adjusted  intensities were then
normalized to a fixed spot area (in pixels). Initial
spot intensities were calculated as the median
intensity of the first 10 frames for each spot. When
required, the optimal number of bins was
calculated asv/N + 1 (where N is the number of
data points) and bins spaced equally across the
entire data range. For Figure 3(B) and
Supplementary Figure 3(A), the optimal bin width
was calculated for the ¢ native fraction (which has
the largest data range) and this bin width was
applied to all other GCC fractions. For
Supplementary Figure 3(B), the bin width was
calculated for the o native fraction and applied to
all other GCC fractions. For Figure 3(C), spots
having an intensity less than (3u+ 30) were
considered to be in the low oligomerization state.

GCC o spike experiment

GCC o complexes containing stable isotope-
labeled arginine and lysine were purified as
previously described from SILAC labeled
GagisfGFP-expressing HEK293T cells. Purified
GCC o was concentrated and added to native
lysis buffer and dissociation lysis buffer to make
1x native lysis buffer with o and 1x dissociation
lysis buffer with o. Unlabeled Gag-expressing
HEK293T cells were lysed with both labeled-GCC-
containing buffers as previously mentioned and
analyzed using sucrose gradient as previously
mentioned. The incorporation of labeled Gag in
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cleared cell lysate and individual GCCs were
assessed using targeted mass spectrometry.

Pulse labeling experiment

HEK293T cells cultured in the SILAC adaptation
medium was transfected with GagisfGFP as
previously described. 24 h after the transfection,
the medium was changed to the SILAC labeling
medium, and the old medium was stored on ice.
Then, 2, 4, 6, 8, 10 h after the medium switch.
Cells and medium were harvested. All harvested
cells were collected by trypsinization, followed by
one 1x PBS wash, pelleted by centrifugation, and
flash-frozen in liquid nitrogen in aliquots. Medium
from each time point was combined with the
corresponding old medium from its plate and
centrifuged at 1000g for 5 min to remove any
dead cells. Then VLP was collected from all
mediums by sucrose cushion. The pelleted VLP
was resuspended in 320 pL of 1x native lysis
buffer supplemented with 0.85% OGP.

Sucrose cushion for VLP collection

25 mL Harvested medium was load on top of 5mL
20% sucrose w/v in 1x native lysis buffer. The
cushion was placed in a Beckman SW28 rotor
and sedimented for 140 min at 19400 rpm in an
Optima L-90K ultracentrifuge (Beckman Coulter).

Mass spectrometry

All samples, sucrose gradient fraction, cell lysate
or VLP lysate, were first methanol/chloroform
precipitated. The precipitant was solubilized in
50 pL of MS digestion buffer (8 M Urea, 50 mM
Ammonium Bicarbonate, pH 7.8), treated with
5 mM DTT at 37 °C for 1 h then 15 mM
iodoacetamide at 30 °C for 30 min in darkness.
The sample was first digested with 3 ng of
Trypsin/LysC mix (Promega) for 3 h at 37 °C, and
then 50 mM Ammonium Bicarbonate, pH 7.8 was
added to sample to dilute Urea concentration
down to 1 M before the sample was further
incubated overnight at 37 °C. After adding ACN to
5% and TFA to 0.5%, the sample was desalted
using Pierce C-18 column (Thermo Scientific).
The eluted peptide was evaporated (speedvac) to
dryness.

Peptides were analyzed on a Sciex 5600 + Triple
TOF mass spectrometer coupled to an Eksigent
nano-LC 400 system. Samples were loaded onto
a 350 pm x 0.5 mm ChromXP C18-CL 3 um
120 A Trap column. Peptides were resolved using
a 60 min 5%—-35% acetonitrile gradient run over a
75 pm x 15 cm ChromXP 3C18-CL 3 um 120 A
analytical column. Each sample was analyzed in
an unscheduled targeted acquisition mode using a
cycle consisting of 100 ms MS1 followed by
multiple successive 150 ms MS2 scans. The
collision energy was calculated using Skyline.®’
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The targeted method was also constructed through
Skyline.

Heavy-isotope label incorporation:
Quantification and fitting

The quantification of unlabeled and labeled
peptides was done in Skyline and adapted from
Chen et al.®®. The abundance of all peptides was
calculated as the sum of product ion transitions.
The percentage labeling of protein was calculated
by ratio the abundance of labeled protein over the
sum of the abundance of labeled and unlabeled pro-
tein. Lysate pulse-labeling data was fit using the sin-
gle exponential function:

100(1 — e™™)

where t represents time, and k represents the labeling
rate constant.
Pulse labeling of Gag was fit using the following:

100(1+ ae ("' — (1 + a)e )

As above, t is time, k is the labeling rate constant
for the corresponding population, and a is the
relative abundance of the precursor population
and the product population.
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