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ABSTRACT HIV-1 virion production is driven by Gag and Gag-Pol (GP) proteins, with
Gag forming the bulk of the capsid and driving budding, while GP binds Gag to deliver
the essential virion enzymes protease, reverse transcriptase, and integrase. Virion GP lev-
els are traditionally thought to reflect the relative abundances of GP and Gag in cells
(~1:20), dictated by the frequency of a —1 programmed ribosomal frameshifting (PRF)
event occurring in gag-pol mRNAs. Here, we exploited a panel of PRF mutant viruses to
show that mechanisms in addition to PRF regulate GP incorporation into virions. First,
we show that GP is enriched ~3-fold in virions relative to cells, with viral infectivity
being better maintained at subphysiological levels of GP than when GP levels are too
high. Second, we report that GP is more efficiently incorporated into virions when Gag
and GP are synthesized in cis (i.e, from the same gag-pol mRNA) than in trans, suggest-
ing that Gag/GP translation and assembly are spatially coupled processes. Third, we
show that, surprisingly, virions exhibit a strong upper limit to trans-delivered GP incorpo-
ration; an adaptation that appears to allow the virus to temper defects to GP/Gag cleav-
age that may negatively impact reverse transcription. Taking these results together, we
propose a “weighted Goldilocks” scenario for HIV-1 GP incorporation, wherein combined
mechanisms of GP enrichment and exclusion buffer virion infectivity over a broad range
of local GP concentrations. These results provide new insights into the HIV-1 virion as-
sembly pathway relevant to the anticipated efficacy of PRF-targeted antiviral strategies.

IMPORTANCE HIV-1 infectivity requires incorporation of the Gag-Pol (GP) precursor poly-
protein into virions during the process of virus particle assembly. Mechanisms dictating
GP incorporation into assembling virions are poorly defined, with GP levels in virions tra-
ditionally thought to solely reflect relative levels of Gag and GP expressed in cells, dic-
tated by the frequency of a —1 programmed ribosomal frameshifting (PRF) event that
occurs in gag-pol mRNAs. Herein, we provide experimental support for a “weighted
Goldilocks” scenario for GP incorporation, wherein the virus exploits both random and
nonrandom mechanisms to buffer infectivity over a wide range of GP expression levels.

These mechanistic data are relevant to ongoing efforts to develop antiviral strategies tar- Editor Viviana Simon, Icahn School of
geting PRF frequency and/or HIV-1 virion maturation. Medicine at Mount Sinai
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studied example is the human immunodeficiency virus type 1 (HIV-1) programmed
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ribosomal frameshift (PRF) regulatory element that controls the synthesis of Gag and
Gag-Pol (GP) virion proteins from a single viral unspliced gag-pol mRNA (4-10). Gag
forms the largest percentage of the HIV-1 virion and is expressed as an ~55-kDa pre-
cursor polyprotein (Pr55) cleaved into the subunits matrix (MA; p17), capsid (CA; p24),
nucleocapsid (NC; p7), and late domain (p6) and two spacer peptides (SP1 and SP2)
(11, 12). GP is larger (Pr160) and consists of identical MA, CA, SP1, and NC subunit
domains fused to a linker protein (p6*) upstream of subunits encoding the viral
enzymes protease (PR), reverse transcriptase (RT), and integrase (IN) (13). Gag expres-
sion is sufficient to generate virus-like particles even in the absence of all other viral
proteins. However, GP incorporation into virions is essential to virion infectivity
because it delivers PR, which mediates cleavage of Gag and GP during capsid matura-
tion, RT, which reverse transcribes the viral RNA genome to form double-stranded DNA
(dsDNA) following capsid delivery into target cells, and IN, which integrates the dsDNA
proviral genome intermediate into host cell chromatin. GP incorporation levels need to
be tightly controlled, based on prior studies showing that GP overexpression nega-
tively impacts capsid maturation steps (14-17) and the stability of packaged RNA ge-
nome dimers (14).

With the exception of spumaviruses, which express Gag and Pol from independent
MRNAs, all other known retroviruses use translational recoding of a single gag-pol tran-
script to generate Gag and GP, employing either frameshifting (FS) or codon read-
through mechanisms (18). For HIV-1, the PRF element regulates FS frequency through
the activities of two proximal cis-acting regulatory sequences: a conserved heptanu-
cleotide “slippery” sequence (UUUUUUA) (SS) located upstream of a strong (AG =
—21.8 kcal/mol) 11-bp RNA stem-loop positioned 164 bases prior to the gag stop
codon (8, 19). A consensus model posits that ribosome stalling at the stem-loop leads
to —1 FS events at the SS ~5 to 10% of the time, so that Gag and GP are synthesized
at an approximate ratio of 20:1 (Gag to GP) (4, 9, 20). Increasing the local thermody-
namic stability of the PRF stem-loop enhances FS frequency both in vitro (19) and in
cells (21), and we showed previously that stem-loop modifications increasing FS fre-
quency as little as 2-fold can yield reductions in viral infectivity of >80% (21).
Accordingly, the PRF element may represent a viable target for antiviral intervention.
Indeed, cell-permeant small molecules designed to bind the stem-loop and increase FS
frequency have been shown to reduce viral infectivity in cell culture (22).

The incorporation of Gag and GP into virus particles is traditionally viewed as a sto-
chastic process, wherein the ratio of GP to Gag found in virions roughly equals that
found in cells, with GP recruited to virions through random associations with Gag and
the viral RNA scaffold (21, 23, 24). To better understand how altering PRF frequency
affects virion infectivity, here we studied the assembly characteristics of mutant HIV-1
viruses engineered to either increase or abolish frameshifting. Using these viruses, we
demonstrated that GP incorporation levels are, in fact, governed by nonstochastic
mechanisms, with GP being moderately enriched in virions relative to cells and, more
strikingly, much more efficiently incorporated into virions when cogenerated with Gag
in cis (i.e., from the same gag-pol mRNA) than in trans (i.e., when Gag and GP originate
from separate gag and GP mRNAs). Unexpectedly, we also discovered that virions
impose an ~2-fold saturation ceiling on GP incorporation when GP is delivered in
trans, a feature that helps the virus to preserve low-level infectivity even when cyto-
plasmic concentrations of GP are exceptionally high.

RESULTS

Increasing PRF stem-loop stability enhances GP synthesis and incorporation
into virions. Because our previous work showed that increasing FS frequency results
in significant decreases to virion infectivity (21), the initial goal of this study was to
more precisely define the levels of PRF and virion GP incorporation that would be
needed to abrogate HIV-1 replication in the context of an antiviral strategy (Fig. 1 and
2). To this end, we focused on a subset of FS mutants at either end of the frameshifting
spectrum: M1, which we had previously shown to exhibit increased FS frequency due
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FIG 1 Increasing PRF element stem-loop stability results in an increase in GP production and enriched levels of
GP associated with virions. (A) Representation of the wild-type (WT) HIV-1 gag-pol mRNA frameshift (FS) site
secondary structure and that of PRF mutants -SS and M1. M1 was engineered to exhibit elevated stem-loop
stability, with AG, ., being the predicted free energy of the first 3 bp of the WT and M1 stem-loops. (B) WT,
M1, and —SS Gag and GP expression and incorporation into virus particles. HEK293T cells generating WT or the
indicated PRF element mutant viruses were cultured in the presence of the protease inhibitor saquinavir
(10 uM) to prevent Gag and GP processing. Cell lysates and virions were harvested at 48 h. Gag and GP were
detected by Western blotting using anti-p24%29 primary antiserum and infrared-labeled secondary antibodies.
HSP90 was detected as a loading control. (C) FS frequency was defined as the ratio of cell-associated GP to
Gag (orange bars). GP incorporation frequency into virions was defined as the ratio of virion-associated GP to
Gag (blue bars). Fold changes in GP/Gag ratios for the indicated conditions are indicated by black lines, with
comparisons derived from three independently performed biological replicates. Error bars represent the
standard deviations of the means. *, P < 0.05, **, P < 0.001, and ***, P < 0.0001. P values were derived using
Student’s two-tailed t test for comparisons as indicated in the figure, except for —SS P values, which were
derived from comparisons of FS frequency and GP incorporation levels to the WT values.

to stronger local base-pairing interactions at the base of the PRF stem-loop, and —SS, a
mutant that encodes two U-to-C mutations within the slippery sequence 5’ to the PRF
stem-loop, thereby abolishing frameshifting entirely (Fig. 1A) (21).

To establish baseline levels of FS frequency and GP incorporation into virions, green
fluorescent protein (GFP) reporter viruses bearing wild-type (WT), M1, and —SS frame-
shift sites were transfected into HEK293T cells treated with the protease inhibitor
saquinavir, and pelleted virions and lysates were harvested at 48 h posttransfection.
Saquinavir prevents Gag and GP proteolytic cleavage, allowing direct measurements of
precursor levels using quantitative immunoblotting (Fig. 1B). FS frequency and GP
incorporation frequency were measured as GP/Gag ratios relative to WT virus for cells
(Fig. 1C, orange bars) or virions (Fig. 1C, blue bars), respectively. The WT FS frequency
was 6.8% (£1.7; n = 3) (Fig. 1C, orange bars), similar to prior studies (4, 9, 20), while vi-
rion GP incorporation frequency was 22.5% (*2.4; n = 3) (Fig. 1C, blue bars), indicating
that GP/Gag ratios were enriched 3.6-fold in WT virions relative to cells (Fig. 1C, WT;
compare orange and blue bars). In comparison, M1 exhibited a markedly higher FS

January 2022 Volume 96 Issue 1 e01349-21

Journal of Virology

jviasm.org 3

Downloaded from https://journals.asm.org/journal/jvi on 13 November 2023 by 150.214.182.235.


https://jvi.asm.org

Benner et al.

I
o

N
o

o
'
[7]
(%]

100 80 60 40 20 0 20 40 60 80 100
Relative Infectivity of Individual Reporter Viruses (%)

0 5

A B 2-Color Complementation Assay:
WT or FS Mutant (GFP) + /- WT Rev-minus (RFP)
FSE REV PSEN  meviis
100% RFP__AAAAA
—~ 100
S
%’ 80 Cc WT+WT  M1+WT -SS+WT -SS Alone
=
Q2 60 GFP
£
2 40
< RFP
x 20
PREDICTED ACTUAL
0 Relative Relative  Relative Cumulative
GP:Gag Ratio GFP Inf. RFPInf. Infectivity
(Cells) (%) (%) (%)
1 WT Alone 1.0 100 - 100
2 M1 Alone 3.22 18 - 18
3 -SS Alone 0.0 0 - 0
4 WT +WT 1.0 100 100 100
5 M1+WT 212 35.2 68.1 51.7
6 -SS+WT 0.50 83.4 96.9 90.2
D : - — E
Cumulative Relative Infectivity (%) 3
X120
1 100% 1 ;
=100 <
WT 5 .
9] S+
I 51.7% € 80|
o I
WT * *k M1 = 60 :
K i
o) M1+WT'
(14
(0]
=
©
=
IS
>3
(&}

1.2 3 4
Predicted Cellular GP:Gag
(Fold difference relative to WT)

FIG 2 Virus complementation reveals a nonlinear relationship between GP expression and viral infectivity at suboptimal levels of
GP. (A) Infectivity of virions produced by WT, M1, and —SS reporter viruses. Viral GFP expression was quantified and normalized
to that of WT virus (set to 100%). (B) Schematic of viral 2-color complementation assay wherein WT or PRF mutant GFP reporter
viruses were coexpressed in cells generating a Rev~ HIV-1 RFP reporter virus encoding a WT PRF element. “FSE” refers to the RNA
frameshift regulatory element. (C) Summary of infectious yields of PRF mutant viruses produced alone or coproduced with WT
RFP reporter virus in HEK239T cells expressed at a 1:1 ratio. Pseudotyped virus particles were assayed by infecting HEK293T cells
(an example is shown) prior to measuring per-well fluorescence intensity relative to the WT control. (D) Data from panel C shown
in graphical format. Error bars represent standard deviations of the means derived from three independent biological replicates.
(E) Predicted cellular GP/Gag ratios plotted against cumulative relative infectivity, with measurements derived from panels A and
D. The dashed green line indicates that a GP/Gag ratio of 0.5 yields 90% overall (GFP plus RFP) infectivity for the —SS+WT
condition, close to that of WT virus alone. In contrast, the dashed red line indicates a that a GP/Gag ratio of more than 2-fold
yields less infectivity (52%) for the M1+WT condition than WT. Comparisons were derived from three independently performed
biological replicates. *, P < 0.05; **, P < 0.001; ***, P < 0.0001; n.s., nonsignificant (for comparisons of M1 and —SS to the
corresponding WT using Student’s two-tailed t test [A and D]).

frequency of 22% relative to WT (+£4.35, n = 3) (Fig. 1C, orange bars), which corre-
sponded to virion GP incorporation levels of 34.5% (*£3.71; n = 3) (Fig. 1C, blue bars).
Accordingly, M1 virus exhibited a 3.2-fold-greater frameshift frequency than WT (Fig.
1C, compare M1 and WT orange bars), although M1 virions exhibited only a 1.6-fold
enrichment of GP incorporation frequency (Fig. 1C, M1, compare orange and blue
bars). As anticipated, the FS mutant —SS produced GP-deficient virus particles (Fig. 1B
and Q).
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A “weighted Goldilocks” scenario: HIV-1 infectivity is more tolerant of
subphysiological levels of GP than when GP is in excess. To better define the rela-
tionship between cellular GP expression levels and viral infectivity, we generated WT,
M1, and —SS GFP reporter viruses pseudotyped using vesicular stomatitis virus G pro-
tein (VSV-G) and used the supernatants to infect HEK293T target cells (Fig. 2A). Relative
to WT, we observed significantly lower infectivity (~5-fold compared to WT) based on
reporter gene (GFP) expression for M1 (18% = 0.88%; n = 3) (Fig. 2A), consistent with
our prior study (21). We note that the M1 PRF mutations caused a small number of
amino acid changes in Gag and GP (see details in reference 21 and Materials and
Methods). However, these changes were in regions of the proteins (Gag p1 and GP
p6*) previously shown to accommodate changes without affecting Gag or GP assembly
function (21, 25-27). As expected, —SS virions, which lacked GP due to the frameshift-
blocking —SS mutation, were not infectious (Fig. 2A).

We next tested the effects of modulating cellular GP/Gag ratios by coexpressing
WT, M1, or —SS GFP virus genomes at a 1:1 ratio with WT PRF reporter virus expressing
red fluorescent protein (RFP) instead of GFP (Fig. 2; schematic depiction of virus con-
structs is in Fig. 2B). We hypothesized that WT RFP virus would improve the infectivity
of both M1 and —SS GFP viruses by either reducing (with M1) or increasing (with —SS)
the relative cell-associated GP/Gag ratio. In this experiment, the WT RFP virus was also
mutated to inactivate the viral rev gene, needed to activate unspliced and partially
spliced viral RNA nuclear export, so that it would be expressed only if coexpressed in
the same cell with a complementing GFP virus genome supplying Rev in trans (28).
The VSV-G-pseudotyped virions resulting from these cotransfections were used to
infect HEK293T cells, which were fixed at 48 h postinfection (hpi), and GFP, RFP, or
both combined were measured to assess relative levels of infectivity (Fig. 2C and D).

As anticipated, coexpressing M1 GFP and WT RFP virus genomes (M1+WT) yielded
higher cumulative infectivity (51.7% = 2.8%, n = 3) than M1 alone (Fig. 2B to D), which
was consistent with a cellular GP/Gag ratio of ~2-fold higher being needed to achieve
an ~50% drop to infectivity (Fig. 2E, red dashed line). Interestingly, when infectivity
yields from independent expression of the mutant M1 GFP and WT RFP viral genomes
were compared to the coexpression results, M1 (GFP) infectivity was only moderately
improved by coexpressing the WT viral genome (~18% [Fig. 2A, M1] to 35.2% =
9.86%; n = 3 [Fig. 2D, M1, green barl), and WT (RFP) infectivity was only moderately
decreased (to 68.1% = 14.32%; n = 3 [Fig. 2D, WT, middle red bar]). We interpreted this
result as indicating that while excess GP generated by M1 is deleterious to both
viruses, it had a bigger net negative effect on M1 genomes potentially due to its oper-
ating in cis (addressed further in Fig. 3 and 4).

Also as expected, 1:1 coexpression of —SS GFP virus genomes with WT RFP virus
genomes improved —SS virus infectivity. Remarkably, however, this rescue was nearly
complete (90.2% = 1.33%; n = 3), despite the predicted GP/Gag ratio of only 50% rela-
tive to the WT-alone control (Fig. 2C and D). When coexpressed, both the —SS (GFP)
and WT (RFP) genomes exhibited relatively high levels of infectivity (83.4% =+ 20.4% for
—SS and 96.9% = 18.1% for WT, respectively; n = 3) (Fig. 2C and D). This result demon-
strated that GP is efficiently recruited to virions packaging —SS genomes in trans even
when intracellular levels of GP are relatively low.

Using these data, we plotted predicted cellular GP/Gag ratios relative to cumulative
infectivity from Fig. 2A and D in Fig. 2E, illustrating a nonlinear “weighted Goldilocks”
scenario for cellular GP levels wherein “too little” GP (e.g., a predicted 50% level of GP/
Gag in cells compared to WT GP/Gag levels set to 100%) (Fig. 2E, green dashed lines) is
well tolerated by the virus, while “too much” GP (e.g., an ~2-fold GP/Gag increase; Fig.
2E, red dashed lines) is more detrimental (—SS+WT compared to M1+WT conditions
[Fig. 2E]).

Suboptimal effects of trans-delivered GP on infectivity suggest a cis preference
for GP incorporation into virions. We next sought to test our “weighted Goldilocks”
model by more carefully controlling levels of GP expressed in cells using a Gag-Pol-
only (GPo,,,) RFP reporter virus, wherein we abolished frameshifting by placing the pol
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FIG 3 Suboptimal activity of GP supplied in trans suggests a cis preference for GP incorporation into virions. (A) Schematic of GP,, HIV-1 RFP reporter
virus and altered slippery sequence that places pol in the 0 reading frame. “FSRE” refers to the RNA frameshift regulatory element. (B) Western blot analysis
of Gag and GP expression confirmed that the GP,,,, RFP virus generated GP and not Gag, and at higher levels than GP derived from WT transcripts. Total
Gag plus GP protein expression levels were similar for WT and GP,,,, transcripts. Note that GP expression alone did not produce virus particles. Hairlines
indicate sites where bands from a single immunoblot were spliced together to improve data presentation, but with no further modifications. (C) Effects of
GP on viral infectivity and Gag processing when coexpressed with WT, —SS, or M1 viruses. HEK293T cells were transfected with plasmids encoding WT,
=SS, or M1 GFP reporter viruses (1,500 ng input plasmid) in the presence or absence of increasing amounts of GP,,, RFP reporter virus plasmid (25, 50,
100, 150, 200, and 300 ng). Viral infectivity was determined as for Fig. 2, with values shown normalized to WT virus production, for three independently
performed biological replicates. Both GFP (green) and RFP (red) output is shown for each condition, with error bars representing the standard deviations of
the means for both GFP and RFP infectivity, normalized to WT. Cell lysates and virions were also probed for p24%?9 by Western blotting as described for
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FIG 4 Protease inhibitor treatment confirms cis preference and reveals a strong upper limit to trans-mediated
delivery of Gag-Pol into virions. (A) HEK293T cells cultured in the presence of 10 uM saquinavir were
transfected to express WT, M1, or —SS viruses (1,500 ng plasmid) in the absence or presence of increasing
levels of GPg,y Virus (25, 100, or 500 ng plasmid). Cell lysates and virions were harvested at 48 h and probed
for Gag and GP levels by quantitative Western blotting as for Fig. 1B. All values were normalized to the WT-
only condition (black dashed line). The apparent limit of trans GP incorporation is indicated by the red dashed
line. Hairlines indicate sites where bands from a single immunoblot were spliced together to improve data
presentation, but with no further modifications. (B) Bar graph showing the fold change in GP incorporation
efficiencies calculated from GP band intensities for virions divided by GP associated with cells, from three
independent biological replicates, showing greater incorporation of GP when made in cis by WT and M1
viruses. Error bars represent the standard deviations of the means. *, P < 0.05; **, P < 0.001; ***, P < 0.0001
(for comparisons to WT using Student’s two-tailed t test).

coding region directly into the 0 reading frame (Fig. 3A). As expected, the GPg,, virus
yielded exclusive production of GP (Fig. 3B) and, interestingly, did not produce virus
particles when expressed alone, potentially reflecting GP’s large size relative to Gag
and its lacking the p6%29 late domain necessary to recruit components of the cellular
endosomal sorting complex required for transport (ESCRT) machinery, which mediates
virus particle release (Fig. 3B) (29-32).

We coexpressed the GP,,,, virus at increasing levels with WT, M1, and —SS GFP viruses,
with relative infectivity measured as described for Fig. 2 (Fig. 3C and D; Table 1). As
expected, increasing levels of GP expressed in trans resulted in a dose-dependent decrease
in WT GFP infectivity, and coexpression with the GP,,,, virus markedly improved the infec-
tivity of —SS GFP virus, which confirmed GP functionality (Fig. 3C).

Unexpectedly, expressing increasing amounts of GPg,,, virus with M1 virus did not
lead to any further decrease in M1 infectivity; that remained in the range of 20 to 30%
of WT even at what we estimated would be extraordinarily high (>4-fold relative to
WT [Table 1]) predicted cellular GP/Gag ratios (Fig. 3C and G). Anti-p24%29 immunoblot
confirmed that these effects were not attributable to the GPg,,, virus affecting the effi-
ciency of virus particle assembly, considering that virion-associated p24%29 levels were
similar for M1 and WT virions across the full range of GP expression levels (Fig. 3C).
Further, virion p24%29 levels correlated well only with infectivity for —SS virus coex-
pressed with low levels of GP, as would be expected due to GP,,, virus being able to
complement the —SS virus's lack of protease activity (Fig. 3C; correlation analysis is in
Fig. 3D). Accordingly, we could explain this result only by hypothesizing that HIV-1

FIG 3 Legend (Continued)

Journal of Virology

Fig. 1B. Hairlines indicate sites where bands from a single immunoblot were spliced together to improve data presentation, but with no further
modifications. (D) Virion p24%% levels were quantified from the experiment reported in panel C and plotted against the corresponding total relative
infectivity measurements (GFP and RFP) for each coexpression scenario. Pearson correlation coefficients were determined for each condition. (E to G) Plots
depicting expected infectivity (dashed blue lines) based on expected per-transcript GP/Gag ratios (derived as shown in Table 1) and the predictive model
in Fig. 2E, relative to actual observed infectivity (orange lines; measured in panel C) for WT, —SS, and M1 coexpression with GP,,, respectively. Error bars

represent the standard deviations of the means for the three biological replicates.
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TABLE 1 Summary of predicted and observed infectivity measurements for the GP titration
experiment reported in Fig. 3

. . Infectivity (% GFP)
Relative expected in-cell
Plasmid(s) Amt (ng) GP/Gag ratio? Predicted® Observed-
WT 1,500 1.00 100 100.0
WT:GPoyy 1,500:25 1.22 925 94.6
1,500:50 1.44 83 85.5
1,500:100 1.86 63 754
1,500:150 2.25 47.7 67.9
1,500:200 2.62 355 63.4
1,500:300 3.29 16 432
—SS 1,500 0.00 0 3.1
—SS:GPony 1,500:25 0.24 46 10.2
1,500:50 0.47 87 28.9
1,500:100 0.92 101 56.4
1,500:150 1.34 87.5 77.2
1,500:200 1.74 69 80.8
1,500:300 2.48 39.5 88.3
M1 1,500 3.24 18 20.5
M1:GP,,, 1,500:25 3.42 12 295
1,500:50 3.60 7 28.1
1,500:100 3.95 0 33.2
1,500:150 4.28 0 31.5
1,500:200 4.59 0 243
1,500:300 5.15 0 20.7

aCalculated based on the ratios of viral constructs expressed and per transcript frameshift frequency ratios
measured from Fig. 1.

bPredicted from complementation-based modeling in Fig. 2E, utilizing calculated expected GP/Gag ratios. GFP
viruses (WT, —SS, or M1) were expressed from plasmids cotransfected with increasing amounts of GPy,y Virus
and/or empty vector control plasmid to a total DNA concentration of 1,800 ng.

“Measured from Fig. 3C. All values were normalized to the WT-alone condition.

virion infectivity is partially buffered against the effects of trans-delivered GP, perhaps
by limiting GP incorporation levels in virions. Consistent with this hypothesis, GP,,,
coexpressed with WT or —SS virus in trans also exhibited less-than-expected effects on
either loss (WT) or gain (—SS) of virion infectivity based on predicted GP/Gag ratios
(Fig. 3C, E, and F; predicted ratios are given in Table 1).

Protease inhibitor treatment confirms a cis preference for GP incorporation
into virions and reveals an upper limit to trans-delivered GP. To more directly test
for a cis preference, we measured the levels of cis- versus trans-mediated GP incorpo-
rated into virions in the absence of proteolytic cleavage, directly quantifying Gag and
GP precursor levels in cells and virions under saquinavir treatment after coexpressing
WT, M1, or —SS with increasing amounts of GP,,,, virus (Fig. 4A).

Remarkably, GP/Gag ratios in virions for any coexpression condition never exceeded
an ~2-fold virion incorporation upper limit, suggesting a ceiling for GP incorporation
where only a limited amount of trans-delivered GP can be incorporated into assem-
bling virions before saturation (Fig. 4A, compare lane 4 to lane 1), always lower than
the cis-mediated level of GP incorporation achieved by M1 even in the absence of any
coexpressed GP (Fig. 4A, compare lane 5 to lane 4). Moreover, increasing GPo,,, expres-
sion had little or no effect on GP levels in M1 virions (Fig. 4A, lanes 5 to 8), thus likely
explaining why M1 viruses did not lose infectivity when GP was overexpressed (Fig. 3C
and G). Interestingly, we noted that particularly high levels of GP,,,, expression caused
some trans-mediated repression of Gag synthesis in cells (e.g., in Fig. 4A, compare
Pr55%29 lane 4 to lane 1 for cell lysates). However, these effects would not be antici-
pated to account for any differences in GP/Gag ratios in virions.

That HIV-1 exhibits a trans GP incorporation ceiling was most clearly illustrated when
increasing levels of GP,,,, virus were expressed with —SS virus, wherein GP levels could
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never achieve those observed for M1 virions, even when GP was expressed in marked
excess (Fig. 4A; compare lanes 10, 11, and 12 to lane 5; the red dotted line indicates the
apparent trans upper limit). Comparing virion GP levels to in-cell GP levels under cis versus
trans conditions further supported the notion that GP is much more efficiently incorpo-
rated into virions when expressed in cis than in trans (Fig. 4B; in particular, compare WT
and M1 without GP,,,, conditions to —SS with GP,,, coexpression).

Taken together, this analysis reinforced (i) that efficient GP enrichment into virions
is highly favored under cis conditions relative to trans and (ii) that HIV-1 is capable of
preventing the incorporation of trans-delivered GP to virions should GP be expressed
at extraordinarily high levels.

Excessive cis-mediated GP incorporation into virions causes premature Gag/GP
cleavage and loss of Pol subunits RT and IN from virions. The observation that M1
virus maintained ~20% infectivity even in the presence of a marked excess of GP
prompted us to attempt to better define the mechanistic basis for the M1 infectivity
defect in the first place. We had previously shown that M1 and other PRF mutant
viruses exhibiting elevated FS frequency cause changes to Gag cleavage efficiency
reflected in a decrease in virion-associated Pr55/p24 ratios, consistent with excessive
protease activity (21). To evaluate the impact of excess GP on M1 virion genesis over
time, we compared WT and M1 virus Gag/GP virion production over 48 h using anti-
p24%a9 immunoblotting. We observed an ~2-fold decrease in M1 Gag Pr55/p24 ratios
relative to WT in harvested virions even at the earliest time of virion detection (24 h
posttransfection), consistent with the idea that M1’s relatively high levels of GP cause
premature Gag proteolytic processing (Fig. 5A, compare the quantification of Pr55/p24
at 24 h [lanes 4 and 5] and 48 h [lanes 7 and 8] in the virion blot).

To subsequently evaluate the impact of premature cleavage on the status of crucial
Pol products, we also probed cells and virions to detect RT and IN at the 48-h time
point using antisera specific for either protein, with virions prepared in the presence or
absence of saquinavir (Fig. 5B and D). Remarkably, this experiment revealed that de-
spite elevated (~1.4-fold) levels of GP polyprotein incorporation (Fig. 5C and E, gray
bars), M1 virions contained smaller amounts of RT and IN (~10% less) than WT virions
when generated in the presence of an active protease (Fig. 5B and D, compare lanes 3
and 1; quantified in Fig. 5C and E, blue and orange bars). This net loss of GP products
(IN and RT) in M1 virions (Fig. 5B to E) might most easily be explained by a dropout of
a subset of IN and RT products occurring due to premature or aberrant GP cleavage
events, occurring either during or after the process of virion assembly. Taken together,
these data suggested that Gag and GP cleavage events resulting from excess GP in M1
virus may account for at least some of the loss of infectivity observed for the M1 mu-
tant (Fig. 2A).

A GP incorporation ceiling may limit defects to reverse transcription. Considering
that IN and RT were lost from M1 virions and because high levels of GP were previously
shown to affect RNA dimer stability (14), we subsequently measured levels of viral RNA
associated with M1 virions as well as the capacity of these virions to complete reverse
transcription using quantitative real-time PCR (qRT-PCR) (Fig. 6). We observed no differ-
ences in the abundance of unspliced viral RNA in association with M1 virions compared
to WT, in the presence or absence of saquinavir, indicating that M1’s infectivity defects
are unlikely to reflect a defect in net viral RNA genome packaging (Fig. 6A). In contrast,
assessment of RT products in infected target cells revealed significant decreases to the
levels of early, late, and two-long-terminal-repeat (2LTR) circle DNA RT products, indi-
cating that M1 virions are highly defective in the process of reverse transcription (Fig.
6B). As expected, no RT products were observed for FS mutant —SS, which did not
express GP. We were surprised, however, to detect a moderate but reproducible ~50%
decrease in the efficiency of viral RNA packaging by the —SS virus (Fig. 6A, —SS alone
[black and gray bars]).

We also sought to better understand the loss of infectivity we had observed for WT
virus in the presence of elevated levels of trans-delivered GP (Fig. 3), measuring RNA
packaging and RT efficiency for WT, M1, or —SS viruses coexpressed with GPg,, virus
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FIG 5 Excessive cis-mediated GP incorporation into virions causes premature Gag/GP cleavage and loss of Pol
subunits RT and IN from virions. (A) Time course analysis of HIV-1 virions produced from HEK293T cells generating
WT or M1 GFP reporter virus at 12, 24, and 48 h posttransfection. Gag cleavage patterns over the experimental
time course were analyzed by Western blotting, and blots were probed using anti-p24Gag antisera. Comparison of
lanes 4 to 5 and 7 to 8 illustrates the effects of the M1 PRF in increasing GP levels in cells and Gag cleavage
kinetics in M1 virions relative to WT virions. (B and D) HEK293T cells generating WT, —SS, or M1 reporter virus
were cultured in the absence (vehicle control) or presence of saquinavir, with virions harvested at 48 h
posttransfection. GP incorporation was measured by Western blot using either anti-reverse transcriptase (RT)
primary antisera (B) or anti-integrase (IN) primary antisera (D). (C and E) Relative levels of GP, RT subunits p51 and
p66 (C), or IN (E) in virions for —SS and M1 relative to WT vehicle control or saquinavir treatment (n = 3). Error
bars represent the standard deviations of the means. *, P < 0.05; **, P < 0.001; ***, P < 0.0001 (for comparisons
of M1 and —SS to the appropriate WT control set using Student’s two-tailed t test).

at plasmid ratios of WT or FS mutants to GP,,,, of 5:1 (Fig. 3C and 4A and B). Similar to
M1, excess GP incorporated into virions did not affect genome packaging (Fig. 6A) but
impacted the process of reverse transcription (Fig. 6B; compare WT+GP and M1+GP
to WT and M1 alone). As expected, coexpressing GP,,, with —SS virus led to a nearly
complete rescue to the accumulation of RT products (Fig. 6B, —SS+GP), correlating
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FIG 6 Infectivity defects observed in virions with increased GP/Gag ratios are attributed to impaired
reverse transcription but not RNA packaging. (A) WT or FS mutants were expressed in the absence
(untreated [black barsl; ANOVA, P < 2 x 107 ') or presence (treated [gray bars]; ANOVA,
P <8 x 107" of saquinavir in HEK293T cells either alone or coexpressed with GP,,, at a ratio of 5:1
(WT or FS mutantGP,,). Full-length unspliced RNA harvested from virions and cell lysates was
extracted and quantified by qRT-PCR. RNA packaging efficiency was determined by comparison of in-
virion to in-cell (supernatant/cell) RNA relative to WT. *, P < 0.01 for comparison of each condition to
the appropriate WT control set using one-way ANOVA. (B) Pseudotyped virus particles harvested from
cells expressing WT or FS reporter viruses either alone or coexpressed with GP,, were assayed for
production of reverse transcription products by infecting HEK293T cells. Infected cells were harvested
and probed for early RT (black bars; ANOVA, P < 3 x 1072°), late RT (dark gray bars; ANOVA, P <
3 x 107%), and 2LTR (light gray bars; ANOVA, P < 8 x 10 '®) reverse transcription products by qRT-
PCR. Virions were probed for p24%%9 by immunoblotting to ensure infection of equivalent virions
between conditions. Error bars represent the standard deviations of the means. *, P <P 0.001 for
comparison of each condition to the appropriate WT control set using one-way ANOVA.
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well with the rescue of infectivity that we had previously observed for —SS virus com-
plemented with GP,,,, in trans (Fig. 3C). Moreover, GP,,,, coexpression eliminated the
decrease in RNA packaging we had observed for —SS virus expressed alone, potentially
indicating a role for GP in the genome packaging process.

Taken together, these results demonstrated that excess incorporation of GP into vi-
rions for these conditions impaired reverse transcription, either at the early RT step or
potentially before early RT takes place. Accordingly, the GP incorporation ceiling illus-
trated in Fig. 4 may have evolved to help the virus maintain infectivity through reduc-
ing the likelihood of losing essential Pol products (e.g., RT and IN) from virions, as well
as to buffer potential deleterious effects of excess GP on capsid integrity affecting
reverse transcription.

DISCUSSION

Incorporation of viral enzymes is essential to the production of mature, infectious
HIV-1 virions. Here, we exploited HIV-1 PRF mutants to determine how much frame-
shifting and GP incorporation can be tolerated by HIV-1 virions prior to losing infectiv-
ity. We demonstrate that unlike what is generally assumed, GP incorporation into viri-
ons is not an entirely stochastic (random) process; with GP being enriched in virions
relative to cells (Fig. 1) and much more efficiently incorporated into virions when
expressed in cis than when provided in trans (Fig. 4). Interestingly, GP expression levels
and viral infectivity exhibited a nonlinear or “weighted Goldilocks” relationship, with vi-
rions retaining a high degree of infectivity at subphysiological levels of GP incorpora-
tion and losing infectivity to a greater extent when GP incorporation levels were ampli-
fied (Fig. 2). However, GP incorporation into virions never exceeded an ~2-fold upper
limit (Fig. 4), with virions retaining low level infectivity (~20% of WT) even at remark-
ably elevated levels of cellular GP/Gag (Fig. 3 and 4).

Regarding mechanisms, foundational studies by Shehu-Xhilaga et al., among others,
previously demonstrated that GP expressed either in cis or in trans is readily incorpo-
rated into virions (14, 17, 33, 34) and that this process is mediated through interactions
between Gag and GP CA domains (35-38) and may be further facilitated by the NC-
bound RNA scaffold (17, 23, 24). We built on these studies by expressing GP,,,, in trans
and at variable levels in the context of WT and FS mutant extremes; allowing us to
more finely tease apart the efficiency of GP incorporation at increasing levels in cis
(from M1) or in trans (from GPg,,,). Our results suggest that nonstochastic mechanisms
both (i) promote GP enrichment into virions at subphysiological GP levels and (ii) limit
GP incorporation into virions when GP levels are in marked excess. A potential implica-
tion of these GP “buffering” mechanisms is that drugs designed to either downregulate
or upregulate FS frequency (10, 22) may have difficulty completely abrogating viral
replication in the context of a monotherapy, as demonstrated by the M1 virus, which
retains low-level (~20%) infectivity despite the virions carrying what may be saturated
levels of GP (Fig. 4A).

We also provide direct evidence for a cis preference of GP incorporation into virions
by showing that while trans-delivered GP is incorporated into virions and can rescue
the infectivity of —SS viruses (Fig. 3C and F), its efficiency of incorporation is weak rela-
tive to that of GP made in cis (as demonstrated for the hyperframeshifting mutant M1
[Fig. 3 and 4]). We propose that this strong cis preference reflects GP and Gag under-
going more favorable local interactions in the cytoplasm soon or immediately after
being synthesized from a common pool of gag-pol mRNAs (Fig. 1 and 7A). It is estab-
lished that Gag (and presumably GP) form low-order multimers (dimers and trimers) in
the cytosol prior to membrane binding (39, 40). Previously, a “stepwise” model was
proposed wherein Gag-RNA preassembly complexes form in the cytosol and grow pro-
gressively in molecular mass over time (41-44). Alternatively, a more recent study by
Deng et al. indicated that most of the Gag in the cytosol is associated with ribosomal
complexes and not committed to formation of assembly intermediates until after
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FIG 7 Summary of findings. (A) Compartmentalized cis Gag-GP interactions promote efficient cis delivery of GP to virions. PRF element mutant M1 exhibits
~3-fold-greater frameshifting than WT virus, resulting in levels of GP incorporation efficiency that can never be achieved by GP expressed in trans (i.e.,
from a separate gag-pol mRNA). (B) Our data also reinforce that GP is enriched in virions relative to cell lysates and show that HIV-1 will accommodate only
an ~2-fold increase in GP incorporation. Accordingly, the virus has evolved a mechanism to restrict excessive incorporation of GP into virions, likely
providing it with a means to buffer per-virion infectivity. (C) M1 particles are less infectious, at least in part because overframeshifting results in premature
Gag and GP proteolytic processing in budding virions and impairs the process of reverse transcription.

membrane binding (45). Regardless, our results provide strength to the argument that
translation and virus particle assembly are coupled, semicompartmentalized processes.

As to where in the cell these interactions are first initiated, two recent studies utiliz-
ing the SunTag labeling technique on the Gag polyprotein (46, 47) showed that trans-
lating HIV-1 gag-pol mRNAs exhibit dynamic movements and can be found throughout
the cell cytoplasm, with Lyon et al. directly resolving bursts of nonlocalized transla-
tional frameshifting (46). Our group and others have similarly shown in multiple stud-
ies that translationally competent gag-pol mRNAs fill the cytoplasm long prior to the
onset of virion assembly (47-51). We also recently demonstrated that artificially tether-
ing gag-pol mMRNAs to nonnatural sites in the cell (e.g., vesicles or the actin cytoskele-
ton) relocalizes Gag and biases virus particle assembly to occur at these nonnatural
sites (52). Thus, we propose that Gag-GP interactions are initiated throughout the cyto-
sol in association with translating gag-pol mRNAs, but with a bias toward sites of as-
sembly triggered by Gag-membrane interactions initiated at the latest stages of repli-
cation. Further high-resolution imaging studies performed over the course of infection
will be required to generate a more complete understanding of Gag and GP coordinate
trafficking.

Conversely, we observed HIV-1 virions to exhibit a strong upper limit to excess GP
incorporation when GP was delivered in trans, with WT particles unable to incorporate
more than ~2-fold the wild-type level of GP and no additional GP tolerated by M1 viri-
ons that we speculate are GP saturated (Fig. 4). We thus hypothesize that HIV-1, and
possibly other retroviruses, evolved to buffer GP incorporation levels through an evolu-
tionarily conserved —1 PRF translational control coupled to compartmentalized GP-
Gag interactions (see model depiction in Fig. 7A and B). While the mechanistic bases
for the GP incorporation ceiling and GP saturation are still unclear, a prior study by
Haraguchi et al. demonstrated that full-length GP is inefficiently trafficked to
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membranes, a defect remedied, at least in part, by truncation of the C-terminal domain
of Pol to include only PR (53). Elevated GP expression was also shown in earlier studies
to promote GP-GP homodimerization, causing premature protease activation in the
cytoplasm (16, 54). GP’s lack of a p6 late domain needed for virion membrane abscis-
sion was suggested to affect the efficiency of virus particle release (29, 35, 55) and pro-
tease activation (17, 56) when GP is overexpressed. While neither defect (GP autopro-
cessing or GP-linked restriction of particle release) was overtly detected in our
coexpression system (Fig. 3 and 5), M1 virion cleavage profiles (Fig. 5) did suggest that
at least part of the loss of M1 infectivity was due to premature processing of Gag and
GP during budding, consistent with a need for tight control of GP incorporation levels
(57, 58). These results further support prior data from Bendjennat and Saffarian,
wherein impaired or slowed budding of viral particles led to premature GP activation
and loss of GP cleavage products from bud sites (58).

In our hands, M1’s increased levels of GP did not negatively impact CA levels but
significantly reduced levels of virion-associated IN and RT (Fig. 5). It seems unlikely that
these relatively mild changes to RT and IN (~10% decrease relative to WT) account for
the entirety of infectivity loss observed for mutant M1 (~80% decrease relative to WT),
with the rest potentially being due to other mechanisms such as genome dimer desta-
bilization as previously put forth by Shehu-Xhilaga et al. (14). Indeed, we observed that
excess GP in M1 virus did not affect RNA packaging but significantly impaired reverse
transcription (Fig. 6). We thus propose that in the context of native infection, HIV-1 is
adapted to prevent excess incorporation of trans-delivered GP into single assembling
virions using its ceiling mechanism, thereby reducing the odds of losing core virion
components (see model depiction in Fig. 7C) and endangering reverse transcription fi-
delity. Additional efforts to resolve and localize Gag, GP, and other components of M1
virions may further shed light on exactly how excess GP is incorporated into virions
and causes virion defects.

MATERIALS AND METHODS

Plasmids and cell culture. Human embryonic kidney 293T (HEK293T) cells and human Hela cervical
cancer cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells
were cultured in Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine serum, 1%
penicillin-streptomycin, and 1% L-glutamine. All cells were maintained at 37°C, 50% humidity, and 5%
CO,. Full-length HIV-1 proviral plasmids were derived from a pNL4-3 molecular clone wherein both the
env and vpr reading frames contained inactivating point mutations and further modified to express a
GFP reporter in place of nef (59). WT or PRF element mutant (—SS and M1) versions of the reporter virus
were generated as previously described (21). Mutations in —SS did not affect the Gag coding region. M1
encoded three nonsynonymous mutations within the p1 spacer region of Gag (1438M, W439G, and
G447R) and two nonsynonymous mutations within the transframe p6* peptide of Gag-Pol (L6G and
R14P). These mutations did not affect Gag's or GP’s ability to assemble virus particles (Fig. 1B and D)
(21), consistent with previous reports showing Gag and GP to accommodate changes to the coding
sequence in these regions (25-27). pBluescript was used as an empty vector control, and pVSV-G was
used for pseudotyping virions for infectivity assays. A plasmid encoding full-length Gag-Pol (with pol
moved into the 0 reading frame), designated the GP-only (GP,,,) RFP reporter virus, was generated
using primers designed for site-directed mutagenesis and overlapping PCR to incorporate mutations
into pNL4-3 backbone using Spel and Agel restriction sites (Fig. 3A). The Rev~ HIV-1 RFP reporter virus
(Fig. 2B) was created as previously described (60). For viruses used for coexpression assays described for
Fig. 2 and 3, the GFP reporter in the nef gene was replaced with a red fluorescent protein (mCherry, but
referred to as RFP here) using Notl and Xhol restriction enzyme cut sites. All plasmids were verified using
restriction digestion (New England Biosciences, Ipswich, MA, USA) and DNA sequencing (Functional
Biosciences, Inc., Madison, WI, USA).

Retroviral assembly and infectivity assays. HEK293T cells were plated as a monolayer in 6-well tis-
sue culture dishes (Genesee Scientific, San Diego, CA, USA) prior to transfection. For each well, 2 ug of
plasmids encoding either WT or PRF element mutant versions of HIV-1 reporter virus were transfected
into cells using polyethylenimine (PEIl; Polysciences Inc., Warrington, PA, USA) and Gibco Opti-MEM
(Thermo Fisher Scientific, Waltham, MA, USA). Twenty-four hours posttransfection, each well was supple-
mented with fresh medium. For experiments in which total uncleaved Gag and Gag-Pol levels were to
be measured, at 24 h posttransfection, medium was replaced with fresh medium supplemented with ei-
ther a 10 uM concentration of saquinavir, an HIV protease inhibitor (61), or dimethyl sulfoxide (DMSO)
(vehicle control). For GP incorporation assembly assays, 1.5 ug of WT or frameshift mutant versions of
NL4-3 were cotransfected with increasing levels of GP,,, or pBluescript, totaling 0.5 ug of DNA. For
experiments in which harvested virions were used for single-cycle infectivity assays, WT or frameshift
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site mutant assembly assays were cotransfected with 1:10 mass per transfection pVSV-G plasmid DNA.
Hela or HEK293T cells were plated into a subconfluent monolayer in 24-well glass-bottom dishes
(Eppendorf, Hamburg, Germany). Prior to infection, medium in each well was replaced with fresh me-
dium supplemented with 2 mg/ml of Polybrene to enhance viral titer. Three hundred fifty microliters of
viral supernatants produced from the above assembly assays was added to each well. Twenty-four hours
postinfection (hpi), medium within each well was replaced with fresh medium. Infectivity assays were
carried out until 48 hpi. Due to each PRF mutant or combination exhibiting variability in Gag cleavage
efficiency and GP incorporation levels, equal volumes of viral supernatants were used in each infectivity
assay, with virion levels being monitored by anti-p2429 immunoblotting (for example, see Fig. 3C and D
and 6B).

Immunofluorescence and immunoblotting. For all infectivity assays, at 48 hpi, cells were washed
with phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde in PBS for 15 min, and nuclei
were stained with DAPI (4',6-diamidino-2-phenylindole) for 5 min. After fixation and staining, all samples
were maintained in PBS prior to imaging. For all immunoblotting experiments, cells and supernatants
were harvested 48 h posttransfection, except for time course analyses, where cells and viral supernatants
were harvested at 6, 12, 24, and 48 h posttransfection. Harvested cells were lysed in radioimmunopreci-
pitation assay (RIPA) buffer (10 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton X-
100, 1% sodium deoxycholate) and passed through a 26.5-gauge needle. Total protein concentrations
from cell lysates were measured using a DC protein assay (Bio-Rad, Hercules, CA, USA), and equal
amounts of proteins, per condition, were added to a 1:1 ratio of 2x dissociation buffer (DB) (62.5 mM
Tris-HCI [pH 6.8], 10% glycerol, 2% sodium dodecyl sulfate [SDS], 10% B-mercaptoethanol) and boiled
prior to SDS-PAGE. Supernatants were passed through a 0.45-um filter, and virions were centrifuged for
2 h at 21,130 x g and pelleted through a 20% (wt/vol) sucrose cushion. Pelleted virions were subse-
quently lysed in RIPA buffer and mixed with DB, and equal volumes of pelleted virion lysates were ana-
lyzed for each condition.

SDS-PAGE was performed on both lysate and virion samples, where up to 15 ul of samples was
loaded into 10% polyacrylamide gels. Each gel was run at 120 V for 70 min and incubated for 30 min in
transfer buffer prior to transfer of proteins onto a nitrocellulose membrane (0.2-um pore size). Each
membrane was blocked for 1 h in 1.5% milk in PBS and 0.1% Tween (PBS-T) and incubated in the follow-
ing primary antibodies: 1:500 dilution of the monoclonal anti-p24%29 antibody (produced from hybrid-
oma 183-H12-5C) obtained from the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH (Bethesda,
MD, USA; from Bruce Chesebro) (62), a 1:2,000 dilution of polyclonal anti-reverse transcriptase (RT) anti-
body (Ab63911; Abcam, Cambridge, UK), a 1:500 dilution of monoclonal anti-integrase (IN) antibody
(2C11) (no. 7374) obtained from the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH (Bethesda,
MD, USA; from Dag E. Helland) (63), and a 1:3,000 dilution of anti-heat shock protein 90 (HSP90) anti-
body (H-114 [catalog no. sc-7947]; Santa Cruz Biotechnology, Dallas, TX, USA). Following incubation in
primary antibodies, membranes were washed with PBS-T, incubated for 2 h with a 1:10,000 dilution of
anti-mouse or anti-rabbit immunoglobulin secondary antibodies conjugated to the infrared fluorophore
IRDye680 or IRDye800 (LiCor Biosciences, Lincoln, NE, USA), washed with PBS-T, and imaged using a
LiCor Fx Odyssey. All immunofluorescence and immunoblotting experiments were performed using
samples from three independent biological replicates, defined as separate sets of samples generated on
different days.

Microscopy and image analysis. Imaging experiments were performed using a Nikon Ti-Eclipse
inverted wide-field microscope (Nikon Corp., Minato, Tokyo, Japan) and a 20x Plan Apo lens objective
(NA, 0.75) as previously described (60). Image acquisition for each condition was performed using an
Orca-Flash4.0 C11440 digital complementary metal oxide semiconductor (CMOS) camera (Hamamatsu
Photonics, Skokie, IL, USA) and Nikon NIS Elements software (v4.13.04). Each image was collected using
differential interference contrast (DIC), and the following fluorescence excitation/emission (nanometer
ranges) filter sets: 325 to 375/435 to 485 (blue fluorescent protein [BFPI), 490 to 510/520 to 550 (yellow
fluorescent protein [YFP]), and 565 to 590/590 to 650 (mCherry). For each condition, four fields of view
(FOV) were acquired with a 20x Plan Apo lens objective and 50% light intensity. All images were proc-
essed and analyzed using Fiji/lImageJ2 software (64). Each FOV was processed in Fiji as follows: back-
ground was subtracted using a rolling-ball radius of 50 pixels prior to measurement of integrated den-
sity (area x mean gray value) or raw integrated density (the sum of the values of all pixels within an
image) for each channel (mCherry, GFP, and BFP) imaged. Per condition, cells within each FOV were
used to calculate the relative fluorescence units (RFU) through measurement of the average integrated
density or average raw integrated density of mCherry-positive cells or GFP-positive cells (infected cells)
normalized to total number of cells (DAPI — nucleus stain).

Analysis of viral RNA packaging. Cells (1 x 10°) were transfected with PEl as described above for
retrovirus assembly assays. At 24 h posttransfection, 150 ul of medium was removed and treated with
1 ml of Benzonase (Sigma, St. Louis, MO) for 30 min at 37°C to remove DNA. RNA was harvested using
the Direct-zol Plus RNA miniprep kit (Zymo Research), following the manufacturer’s instructions.
Similarly, RNA was isolated from the transfected cells using the Direct-zol Plus RNA miniprep kit (Zymo
Research). Viral RNA was analyzed from the supernatant and cells by quantitative real-time reverse tran-
scription-PCR using the iTAQ universal probe one-step kit (Bio-Rad) with a primer set designed to pick
up viral transcripts and not proviral DNA (65): universal transcript using the forward primer P9501
(CAGATGCTGCATATAAGCAGCTG), the universal reverse primer 10T20 (TTTTTTTTTTTTTTITTITITITGAAG
CACTC), and a universal transcript probe (CCTGTACTGGGTCTCTCTGG). A standard curve was derived
using a gene block containing the amplicon to determine the absolute number of molecules present.
The ratio of RNA in virions versus cellular transcripts was calculated and reported as percentage of
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transcripts produced from transfections with a WT HIV-1 genome. For comparisons with three or more
groups, a one-way analysis of variance (ANOVA) was performed using Microsoft Excel. If this determined
that a statistically significant difference existed within the group (P < 0.05), a further post hoc test was
done using Tukey's honestly significant difference test (HSD) in Excel (66, 67). If only two groups were
compared, Student’s t test in Excel was used. ANOVA results and relevant Tukey’s HSD and t test com-
parisons are shown in the figures, unless P was >0.05 for the ANOVA, in which case only the ANOVA
results are shown.

Analysis of reverse transcription products. Cells (1 x 10°) were infected with VSV-G pseudotyped
VLPs. At 24 h postinfection, total DNA was harvested using the DNeasy kit from Qiagen. Quantitative
real-time PCR was performed using the SsoFast probe kit (Bio-Rad). For early RT products, we used pri-
mers as previously described (68): ert2f (GTGCCCGTCTGTTGTGTGAC), ert2r (GGCGCCACTGCTAGAG
ATTT), and ert2 probe (CTAGAGATCCCTCAGACCCTTTTAGTCAGTGTGG). For late RT and 2LTR, we used
primers that were described previously (69) but modified as necessary for analyzing the NL4-3 strain as
follows: HIV-1 late forward MH531 (TGTGTGCCCGTCTGTTGTGT), rev MH532v (GAGTCCTGCGTCGAG
AGATC), late RT probe (CAGTGGCGCCCGAACAGGGA), HIV-1 2LTR Fwd primer (AACTAGGGAACCCA
CTGCTTAAG), HIV-1 2LTR Rev primer (TCCACAGATCAAGGATATCTTGTC), and HIV-1 2LTR probe (ACAC
TACTTTGAGCACTCAAGGCAAGCTTT). A standard curve was derived using a gene block (Integrated DNA
Technologies) containing the amplicon to determine the absolute number of molecules present, and
total reverse transcription products in each sample were calculated and compared to infection with WT
HIV-1 genomes. p24%29 Western blots were used to ensure infection with equivalent numbers of virions.
Statistical analyses were performed as described above for analysis of viral RNA packaging.
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