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Abstract 

Background:  HIV-1 pol, which encodes enzymes required for virus replication, is initially translated as a Gag-Pol 
fusion protein. Gag-Pol is incorporated into virions via interactions with Gag precursor Pr55gag. Protease (PR) embed‑
ded in Gag-Pol mediates the proteolytic processing of both Pr55gag and Gag-Pol during or soon after virus particle 
release from cells. Since efficient Gag-Pol viral incorporation depends on interaction with Pr55gag via its N-terminal 
Gag domain, the prevention of premature Gag cleavage may alleviate Gag-Pol packaging deficiencies associated with 
cleavage enhancement from PR.

Results:  We engineered PR cleavage-blocking Gag mutations with the potential to significantly reduce Gag process‑
ing efficiency. Such mutations may mitigate the negative effects of enhanced PR activation on virus assembly and 
Gag-Pol packaging due to an RT dimerization enhancer or leucine zipper dimerization motif. When co-expressed with 
Pr55gag, we noted that enhanced PR activation resulted in reduced Gag-Pol cis or trans incorporation into Pr55gag 
particles, regardless of whether or not Gag cleavage sites within Gag-Pol were blocked.

Conclusions:  Our data suggest that the amount of HIV-1 Gag-Pol or Pol viral incorporation is largely dependent on 
virus particle production, and that cleavage blocking in the Gag-Pol N-terminal Gag domain does not exert significant 
impacts on Pol packaging.

Keywords:  HIV-1, Protease, Gag, Gag-Pol, Gag cleavage, Virus assembly

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
The HIV-1 structural protein Gag precursor Pr55gag is 
capable of self-assembly into virus particles [1]. Essential 
viral enzymes for HIV-1 replication—including protease 
(PR), reverse transcriptase (RT), and integrase (IN)—are 
encoded by the pol gene [2]. Pol is initially translated as 
a Pr160gag − pol fusion polyprotein. Both Pr55gag and Gag-
Pol are translated from the same mRNA template. A 
ribosomal shift event occurs at a frequency of approxi-
mately 5% during Gag translation, resulting in a Gag-Pol/
Gag expression ratio of around 1:20 [3]. It is believed that 
activated PR embedded in Gag-Pol mediates Pr55gag and 

Gag-Pol cleavage during virus release from cell surfaces. 
Pr55gag cleavage yields four major products: matrix (MA; 
p17), capsid (CA; p24), nucleocapsid (NC; p7) and the 
C-terminal p6gag domain [4]. Within Gag-Pol, p6gag is 
truncated and replaced with a transframe region labeled 
p6pol or p6*. Gag-Pol cleavage yields PR, RT and IN in 
addition to Gag products. The PR-mediated processing of 
Pr55gag and Gag-Pol (referred to as virus maturation) is 
necessary for acquiring viral infectivity [5–8].

By itself, Gag-Pol is incapable of budding from cells 
as virus-like particles (VLPs), likely due to the absence 
of a p6gag budding domain [9]. Data from several stud-
ies indicate that Gag-Pol is packaged into virus parti-
cles via interaction with Pr55gag [10–13]. PR functions 
as a homodimer, and interactions between Gag-Pol 
molecules are thought to facilitate PR activation via the 
promotion of PR dimerization [1]. PR overexpression 
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from altering the Gag-Pol/Gag expression ratio 
is known to markedly reduce virus yields due to 
enhanced Pr55gag cleavage [14, 15]. Further, increased 
PR or Gag-Pol dimerization can trigger premature 
PR activation, resulting in significantly reduced virus 
yields due to premature Pr55gag cleavage prior to virus 
particle assembly. This idea is supported by evidence 
indicating that treatment with efavirenz (EFV, an RT 
dimerization enhancer) or the insertion of a leucine 
zipper dimerization motif at the PR N- or C-terminus 
enhances Pr55gag cleavage efficiency, leading to sub-
stantial reductions in virus yields [16–19]. Increases in 
retroviral PR or Gag-Pol expression frequently result 
in reduced virus yields due to enhanced Gag cleavage. 
However, one research team has reported that avian 
sarcoma leukosis virus PR is expressed in a Gag-PR 
context at a level equivalent to that of Gag [20]. This 
suggests the possible involvement of unidentified fac-
tors in protease activation regulation.

PR autocleaving triggered by PR dimerization results 
in the release of free PR for the subsequent cleaving 
of Gag-Pol and Gag precursors [21]. Results from an 
in  vitro kinetics study of HIV-1 Gag-Pol processing 
by PR in trans suggest that initial cleaving at p2/NC 
is followed by cleaving at MA/CA [22]. Other Pr55gag 
cleavage studies also suggest that initial cleaving 
occurs between the p2 space peptide and NC protein 
[5, 23–28]. Cleavage occurs at the MA/CA and p1/p6 
sites following initial cleavage [5, 28]. It is unknown 
whether PR simultaneously cleaves both Gag-Pol (cis 
and trans) and Pr55gag (trans), or if PR embedded in 
Gag-Pol cleaves Gag-Pol before cleaving Pr55gag. Given 
that both PR activation during virus assembly and 
Gag-Pol incorporation into virus particles are largely 
dependent on interactions between the Gag-Pol N-ter-
minal Gag domain and Pr55gag, it is likely that Gag-Pol 
viral incorporation decreases following the prema-
ture cleaving of Gag from Gag-Pol. To test this idea, 
we created several mutations to block MA/CA and p2/
NC cleavage sites within Gag-Pol and/or Pr55gag, and 
found that cleavage site blocking mitigated the nega-
tive impacts of enhanced PR activation on virus pro-
duction. According to results from co-transfection 
experiments, there was no significant difference in the 
efficiency of Gag-Pol trans incorporation into Pr55gag 
particles between wt Gag-Pol and Gag-Pol contain-
ing blocking mutations at MA/CA and p2/NC. Our 
data suggest that blocking Gag cleavage sites within 
Gag-Pol did not ameliorate the reduction in Gag-Pol 
packaging that resulted from enhanced Gag-Pol auto-
cleavage, and that Gag-Pol packaging level is largely 
dependent on Gag virus particle production.

Results
Expression and assembly of HIV‑1 gag cleavage‑deficient 
mutants
To test the effects of Gag cleavage on virus assembly 
and Gag-Pol packaging, a mutant (designated CSM) 
with amino acid substitution mutations was engineered 
to block PR cleaving at p2/NC and MA/CA (Fig.  1a). 
Since Gag-Pol incorporation depends on interaction 
with Pr55gag, and since Gag cleavage efficiency can affect 
virus particle production, we used medium-associated 
Gag—specifically, Gag precursor Pr55gag, incompletely 
processed p41gag, and/or mature p24gag—as a virus pro-
duction marker. Data for transient expression in 293T 
cells indicate significant reductions in the CSM cellular 
products p24gag and p17gag compared to those of a wt 
(Fig.  1b, lower panel, lane 4 vs. lane 2; supplementary 
Fig.  1b), confirming PR cleavage inhibition at the p2/
NC and MA/CA junctions. The observation that CSM 
exhibited virus-associated p24gag at a level comparable 
to that of the wt is likely due, at least in part, to west-
ern blot overexposure (Fig.  1b, middle panel, lane 4 vs. 
lane 2). In a repeat experiment we found that the level 
of CSM virus-associated p24gag was noticeably lower 
than that of the wt (Fig. 1c, upper panel, lane 3 vs. lane 
1; supplementary Fig.  1c). As a result of this blocking, 
substantial amounts of intermediate or incompletely pro-
cessed Gag were detected in CSM supernatant and cel-
lular samples. A band migrating slightly faster than wt 
p41gag (MA-CA-p2) likely corresponded to the MA-CA 
molecular weight (Fig. 1b and c, asterisks). Bands migrat-
ing to positions between Pr55gag and p41gag likely cor-
responded to the MA-CA-p2-NC(-p1) molecular weight 
(Fig. 1b, upper panel, lanes 4–5, and Fig. 1c, lanes 3–4). 
Some of the aberrant p24gag-associated products may 
have resulted from cleavages at cryptic sites when MA/
CA- and p2/NC-accessible sites were blocked. These par-
tial Gag cleavage products might assemble and release 
as VLPs, which would be consistent with prior findings 
that Gag lacking p6 and/or NC domains is still capable of 
assembly and release as VLPs in 293T cells [29, 30].

Effects of enhanced gag cleavage on virus assembly 
and Pol packaging
We posited that Gag-Pol dimerization facilitated by EFV 
might enhance Gag-Pol autocleaving, with the possi-
bility of reduced virus-associated RT or Gag-Pol levels 
resulting (at least in part) from premature Gag cleav-
age due to the enhanced autocleaving effect. Treatment 
with 1 µM or 5 µM EFV was found to significantly reduce 
virus yields as a result of enhanced Pr55gag cleavage 
[16, 31]. Accordingly, CSM virus particles might con-
tain higher levels of RT or Gag-Pol when PR activation 



Page 3 of 12Lin et al. BMC Microbiology           (2022) 22:94 	

Fig. 1  Effects of Gag cleavage site mutations on virus assembly and processing. a Schematic representations of HIV-1 Gag and Gag-Pol expression 
constructs. Indicated are the HIV-1 Gag protein domains MA (matrix), CA (capsid), p2, NC (nucleocapsid), p1 and p6, and pol-encoded p6*, PR, 
RT and IN. Arrowheads indicate where alanines (A/A) were substituted for amino acid residues at the MA/CA (Y/P) and p2/NC (M/M) junctions. 
b-d Enhanced PR activation by efavirenz (EFV) reduced virus yields and Gag-Pol packaging. 293T cells were transfected with designated constructs. 
At 18 h post-transfection, transfectants were equally split, placed on two plates, and either treated or mock-treated with 1 µM EFV. At 4 h 
post-treatment, culture supernatants were removed and replaced with medium containing EFV with or without an HIV-1 protease inhibitor (panel 
d). Shown is a representative immunoblot from two independent experiments. Cells and supernatants were harvested for Western immunoblot 
analysis 48 h after medium replacement. HIV-1 Gag proteins were probed with anti-p24CA and anti-p17MA monoclonal antibodies. Anti-RT serum 
was used to detect RT. Indicated are positions of the RT p66 and p51 subunits, Pr55gag, p41gag, p24gag and p17gag
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is enhanced. We treated wt and CSM transfectants with 
1 μm EFV to test this possibility. Consistent with previ-
ously reported results [32], EFV treatment triggered a 
significant decrease in wt virus yield due to enhanced 
Pr55gag cleavage efficiency (Fig. 1b. lane 3, 1c, lane 2 and 
1d, lane 3, supplementary Fig. 1b-d). The Pr55gag cleavage 
enhancement effect from EFV is PR activity-dependent, 
as evidenced by the detection of substantial amounts of 
Pr55gag particles following treatment with an HIV-1 PR 
inhibitor (Fig. 1d, lane 4). In contrast, CSM virus yields 
were only moderately reduced following EFV treatment 
(Fig.  1b, lane 4 vs. lane 5), suggesting that blocking PR 
to induce cleavages at MA/CA and p2/NC can counter-
act the negative EFV effect on virus production. Similar 
to the decrease in virus production, virus-associated RT 
levels also declined following EFV treatment.

Blocking Pr55gagcleavage mitigates negative impacts 
of Gag‑Pol overexpression on virus yields and RT 
packaging
Since PR can access cleavage sites on Pr55gag and Gag-
Pol, and since reduced virus yields due to enhanced 
Pr55gag cleavage are frequently associated with reduced 
Gag-Pol packaging, it is difficult to assess the impacts 
of Gag cleavage inhibition on Gag-Pol packaging when 
both Pr55gag and Gag-Pol are expressed from the same 
plasmid, as observed in the CSM case. To address this 
challenge, we inserted the p2/NC and MA/CA cleav-
age site mutations into a Gag-Pol expression vector 
GPfs, and co-transfected the resulting construct (desig-
nated CSMfs) with either a wt- or CSM-containing Gag 
expression vector (Fig.  2a). The GPfs vector contains 
pol and gag in the same reading frame, resulting in the 
expression of Pr160gag − pol only [15]. Our data indicate 
that virus-associated RT, p24gag, and p17gag were readily 
detected when CSMfs or GPfs were co-transfected with 
a Pr55gag-expression vector (Gag) at a DNA ratio of 1:10 
(Fig. 2b, lanes 2 and 5; supplementary Fig. 2b). This sug-
gests that Gag cleavage blocking within Gag-Pol did not 
exert significant impacts on the ability of Gag-Pol to be 
incorporated into Pr55gag particles in trans when the 
Gag-Pol/Pr55gag expression ratio was close to match-
ing physiological conditions. Unsurprisingly, noticeable 
reductions in virus-associated Gag and RT resulted when 
a Pr55gag-expressing vector was co-transfected with equal 
amounts of GPfs or CSMfs plasmid DNA (Fig. 2b lanes 3 
and 6 and Fig. 2c lanes 5–6).

These data are in agreement with previously reported 
findings that Gag-Pol overexpression markedly reduces 
VLP yields. We noted that either GPfs or CSMfs overex-
pression with wt Gag (Pr55gag) resulted in barely detect-
able virus-associated RT accompanied by a reduction 
in virus-associated Gag. In contrast, virus-associated 

RT became readily detected with increasing virus-asso-
ciated Gag when GPfs or CSMfs was co-expressed with 
CSMGag under the same condition (Fig.  2c, lanes 8–9 
vs. lanes 5–6; supplementary Fig.  2c). No Gag products 
were detected when GPfs was expressed alone. However, 
p24gag-associated Gag products (likely corresponding to 
MA-CA-p2-NC and MA-CA) were detected in CSMfs 
transfectant supernatants (Fig. 2c middle panel, lane 2 vs. 
lane 3). This suggests that blocking Gag-Pol N-terminal 
Gag cleavage may yield incompletely processed Gag that 
is capable of forming VLPs, as observed in the CSM case 
(Fig.  1). Similar to the Gag-Pol overexpression scenario 
(Fig. 2c), virus yields decreased when PR activation was 
enhanced via EFV treatment (Fig.  2d; supplementary 
Fig. 2d). However, we did not observe significant differ-
ences between GPfs and CSMfs in terms of more efficient 
incorporation into wt Gag or CSMGag particles.

Effects of PR activity inhibition on Pol packaging
If Gag-Pol autocleaving occurs during or prior to viral 
incorporation, there is a possibility that PR-defective 
Gag-Pol may be packaged more efficiently than its PR-
active counterpart. To test this possibility, PR-defective 
Gag-Pol with or without the CSM mutation was co-
expressed with a wt. To distinguish PR-defective Gag-Pol 
from wt Gag-Pol, a Myc epitope was tagged at the C-ter-
minus of PR-defective Gag-Pol and designated fsDmyc 
or CSMfsDmyc (Fig. 3a). Transient co-expression results 
indicate that increases in co-transfected amounts of these 
PR-defective Gag-Pol expression vectors led to increases 
in Gag and Gag-Pol precursors associated with moderate 
decreases of RT66/51 and integrase (IN) in supernatant 
samples (Fig.  3b-c, lanes 3–6, and Fig.  3d-e, lanes 3–8; 
supplementary Fig. 3b-e). These findings suggest that due 
to overexpression, PR-defective Gag-Pol is packaged at a 
higher frequency than wt Gag-Pol, and that the defective 
PR domain interferes with wt PR activity, resulting in the 
inefficient processing of Pr55gag and Gag-Pol. Virus-asso-
ciated IN and IN-myc levels were roughly equal when co-
transfected PR-defective Gag-Pol plasmids were reduced 
to near-wt Gag-Pol expression levels (Fig.  3c, lanes 3 
and 5). Combined, these data suggest that wt Gag-Pol is 
capable of mediating the processing of incorporated PR-
defective Gag-Pol in trans, and that PR-defective Gag-Pol 
(with or without CSM) does not exhibit greater packag-
ing efficiency compared to wt Gag-Pol when the two are 
co-expressed at approximately equal levels.

Effects of enhanced Gag‑Pol autocleavage on Pol 
packaging
In a previous report we described a Dp6*PR construct 
containing a duplicate p6*-PR with an inactivated proxi-
mal PR copy exhibiting a wt virus processing profile [33]. 
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However, in that study virus-associated Gag was barely 
detectable when a leucine zipper (LZ) dimerization 
motif was substituted for the p6* and placed adjacent to 
the active PR. The severe assembly defect of this mutant 
(designated DWzPR) resulted from enhanced PR activa-
tion due to an LZ substitution for the deleted p6*, but a 
DWz/PR construct containing four C-terminal p6* resi-
dues in the deleted p6* region was found to counteract 

the LZ enhancement of PR activation [19]. We hypoth-
esized that enhanced Gag-Pol autocleavage triggered by 
LZ may lead to reduced Pol viral incorporation, and that 
preventing Gag cleavage from Gag-Pol might retain that 
incorporation at the same level.

To test this possibility, a CSM mutation was cloned 
into DWzPR and DWz/PR, respectively yielding 
CSM/DWzPR and CSM/DWz/PR (Fig.  4a). Transient 

Fig. 2  Effects of Gag cleavage mutation on Gag-Pol trans incorporation into virus particles. a Schematic representations of HIV-1 Gag and Gag-Pol 
expression constructs. Gag domains, pol-encoded products, and Gag cleavage site mutations are identical to those described in the Fig. 1 caption. 
GPfs and CSMfs both contained the same gag/pol frameshifting mutation to force Gag-Pol expression without Gag. b 293T cells were transfected 
with indicated amounts of GPfs or CSMfs plasmid DNA, either alone or with 10 µg Gag plasmid DNA at a ratio of 1:10 (lanes 2 and 5) or 1:1 (lanes 
3 and 6). c 293T cells were transfected with 10 µg GPfs or CSMfs plasmid DNA, either alone or with 10 µg Gag (lanes 5–6) or CSMGag (lanes 8–9) 
plasmid DNA. Ten µg of pBluescript (SK) plasmid DNA was added to give a total of 20 µg DNA for each transfection. d 293T cells were co-transfected 
with either Gag (10 µg) or CSMGag (10 µg) plus either GPfs (1 µg) or CSMfs (1 µg) expression vectors. At 18 h post-transfection, transfectants were 
equally split, placed on two plates, and either treated or mock-treated with 1 µM efavirenz (EFV). After an additional 4 h (22 h post-transfection), 
culture supernatants were removed and replaced with medium containing EFV. Cells and supernatants were harvested for Western immunoblot 
analysis 48 h post-medium replacement. b-d Show is a representative immunoblot from three similar independent experiments
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Fig. 3  Incorporation of PR-defective Gag-Pol into wt virus particles. a Schematic representations of HIV-1 Gag and Gag-Pol expression vectors. 
Indicated are the HIV-1 Gag protein domains MA (matrix), CA (capsid), p2, NC (nucleocapsid), p1 and p6, and pol-encoded p6*, PR, RT and IN, 
all as described in the Fig. 1 caption. “X” denotes a substitution mutation at the PR catalytic Asp residue. The C-termini of constructs fsDmyc and 
CSMfsDmyc are attached with myc epitopes. b-e 293T cells were transfected with 10 µg of wt plasmid DNA plus the indicated amounts of fsDmyc 
or CSMfsDmyc plasmid DNA. At 48 h post-transfection, cells and supernatants were collected, prepared, and subjected to Western immunoblotting. 
Gag proteins were probed with anti-p24CA and anti-p17MA monoclonal antibodies. Panel c was derived from panel b following sequential probing 
with anti-RT, anti-Myc or anti-IN antibodies. Shown is a representative from three independent experiments
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expression results indicate that DWzPR produced barely 
detectable virus-associated Gag, while DWz/PR virus-
associated Gag products were readily detectable (Fig. 4b; 
supplementary Fig.  4b); this is consistent with previous 

reports [19, 34]. We found that compared to the wt trans-
fectant, cellular Pr55gag was barely detectable in DWzPR 
and DWz/PR transfectants (Fig.  4b lower panel, lanes 
2–4), indicating enhanced PR-mediated Gag cleavage 

Fig. 4  Virus yields and Gag-Pol packaging reduced by enhanced Gag-Pol autocleavage. a Schematic representations of HIV-1 Gag and Gag-Pol 
expression constructs. “X” denotes a PR-inactivated mutation. p6* adjacent to the active PR domain was replaced with a leucine zipper (LZ) as 
denoted by the striped (Wz) box. Remaining C-terminal p6* residues are in boldface. Arrows denote PR cleavage sites. Altered or additional 
residues are in italics. b 293T cells were transfected with designated constructs. Two days post-transfection, cells and supernatants were collected, 
prepared, and subjected to Western immunoblotting. c Relative levels of virus-associated RT. Levels of HIV-1 p24gag-associated Gag proteins Pr55, 
p41, and p24 and RT-associated Pol proteins Gag-Pol, Pol and p66/51RT were quantified by scanning immunoblot band densities. Ratios of total 
virus-associated RT versus Gag protein levels were calculated for each sample and normalized to the wt in parallel experiments. All data were 
obtained from three independent experiments. Error bars indicate standard deviation *p < 0.05
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efficiency. Both DWzPR and DWz/PR exhibited barely 
detectable or noticeably reduced virus-associated RT 
compared to their CSM-containing counterparts (Fig. 4b 
upper panel, lanes 3–4 vs. lanes 6–7, and Fig. 4c).

The results shown in Fig. 4 suggest that blocking Gag 
cleavage can partly counteract the reduced Pol packag-
ing incurred by the LZ replacement of p6*. However, Pol 
or Gag-Pol packaging is primarily determined by their 
respective ability to associate with Pr55gag. In addition 
to reducing VLPs, enhanced PR activation may reduce 
Gag-Pol viral packaging as a result of enhanced Gag-Pol 
autocleavage. Since it is difficult to assess the impact of 
enhanced Gag-Pol autocleavage incurred by LZ on Gag-
Pol packaging when Gag cleavage sites within Pr55gag and 
Gag-Pol are blocked, we assessed the degree of DWZPR 
and DWz/PR Gag-Pol incorporation into wt Pr55gag parti-
cles. After cloning DWzPR and DWz/PR with or without 
the CSM mutation into the GPfs backbone (Fig. 5a), each 
resultant construct was co-transfected with the Pr55gag 
expression vector. Our results indicate that the leucine 
zipper replacement of p6* significantly reduced RT-asso-
ciated products in virus particles (Fig.  5b upper panel, 
lanes 3–4 and 6–7 and Fig.  5d; supplementary Fig.  5b). 
However, virus-associated RT levels in DWzPRfs and 
DWz/PRfs did not increase significantly when Gag cleav-
age sites were blocked (Fig. 5b lane 3 vs. lane 6 and lane 
4 vs. lane 7; Fig.  5d). As an additional test, Pr55gag was 
co-expressed with a W420A-containing GPfs construct 
with or without the CSM mutation. W402A (with an ala-
nine substitution of the RT codon W402) was found to 
be severely assembly-defective due to enhanced PR acti-
vation triggered by the W402A mutation [35]. Consistent 
with Chiang et  al.’s results, W402A exhibited markedly 
reduced VLP yields compared to the wt (Fig.  5c, lanes 
2–3; supplementary Fig. 5c) and reduced Pol incorpora-
tion into Pr55gag particles, regardless of whether or not 
the Gag-Pol contained CSM (Fig.  5c upper panel, lanes 
5–8).

Discussion
We found that amino acid substitutions at the MA/CA 
and p2/NC junctions significantly reduced Gag cleavage 
efficiency. We also noted readily detected virus-associ-
ated p66/51RT expressed by CSM, suggesting that Gag 
cleavage site blocking did not exert major impacts on PR 
cleaving at Pol substrate sites (Fig. 1). Gag-Pol viral incor-
poration depends on interaction with Pr55gag. Although 
partial Pr55gag cleavage products are VLP assembly-com-
petent, they are likely defective in their interactions with 
Gag-Pol, resulting in RT-deficient VLP assembly. This 
may have contributed, at least in part, to the significant 
reduction observed in CSM virus-associated RT com-
pared to the wt (Figs. 1 and 4).

The results shown in Fig.  2  C suggest that blocking 
Gag cleavage could alleviate the negative impact of Gag-
Pol overexpression on virus particle production and Pol 
packaging, whether or not the Gag-Pol contained the 
CSM mutation. Likewise, we observed that enhanced 
Gag-Pol autocleaving by EFV resulted in lower VLP yields 
associated with reduced Pol (RT) incorporation (Fig. 2d), 
regardless of the presence or absence of the CSM muta-
tion. Similarly, enhanced Gag-Pol autocleavage triggered 
by the LZ replacement of p6* led to significantly reduced 
Pol packaging efficiency, regardless of whether or not 
the Gag-Pol domain contained cleavage site mutations 
at MA/CA and p2/NC (Fig.  5). These findings suggest 
that the degree of Gag-Pol incorporation into VLPs is 
largely determined by the level of Gag particle produc-
tion, regardless of the presence or absence of CSM. Our 
results indicate enhanced Gag-Pol autocleaving following 
Gag-Pol over-expression, EFV treatment, the replace-
ment of p6* with LZ, or an alanine substitution for W402, 
resulting in reduced virus-associated Gag and RT lev-
els. The observation that enhanced PR activation led to 
significant and simultaneous reductions in VLP yields 
and Pol packaging suggests that PR, once activated, can 
immediately mediate Gag-Pol and Gag processing during 
virus assembly. Enhanced or premature Gag-Pol auto-
cleavage may impede Gag-Pol viral incorporation, which 
in turn might partly account for the observed significant 
reduction in DWz/PR virus-associated RT (Fig. 4).

Conclusions
Our results suggest that Gag cleavage blocking can miti-
gate the negative effect of enhanced PR-mediated Gag 
cleavage efficiency, thereby moderating Pol packaging 
linked with reduced virus yields. Enhanced Gag-Pol auto-
cleavage or degradation due to premature or enhanced 
PR activation may explain, at least in part, the observed 
reduction in Pol packaging efficiency. However, cleavage 
blocking at MA/CA or p2/NC within Gag-Pol did not 
significantly mitigate the Pol packaging defect incurred 
by enhanced Gag-Pol autocleavage.

Methods
Plasmid construction
The parental HIV-1 proviral sequence in this study is 
HXB2 [36]. CSM was constructed via the recombina-
tion of two mutants, MA/CA and p2/NC, both of which 
contain alanine substitutions for PR substrate residues at 
the MA/CA (Tyr/Pro) and p2/NC (Met/Met) junctions. 
Alanine substitutions for Tyr/Pro at the MA/CA cleav-
age site were executed by megaprimer PCR [37] using a 
mutation-containing forward primer 5’-CAG​GTC​AGC​
CAA​AAT​GCC​GCT​ATT​GTA​CAG​AACAT-3’, a down-
stream reverse primer 5’-TTG​GAC​CAA​CAA​GGT​TTC​
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Fig. 5  Enhanced Gag-Pol autocleavage reduced Gag-Pol trans incorporation into Gag particles. a Schematic representations of HIV-1 Gag and 
Gag-Pol expression constructs. Designated constructs are identical to those shown in Fig. 4a, but expressed in a gag/pol frameshift mutation 
backbone (GPfs). b-c 293T cells were transfect with WT or W402A or co-transfected with the designated construct plus a Pr55gag (Gag) 
expression vector at a plasmid DNA ratio of 1:10. SK denotes the plasmid pBluescript. At 48–72 h post-transfection, cells and supernatants were 
collected, prepared, and subjected to Western immunoblotting. Relative levels of virus-associated RT are indicated at bottom. d Relative levels 
of virus-associated RT were determined as described in the Fig. 4 caption. All data are from three independent experiments. Error bars indicate 
standard deviation *p < 0.05
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TGTC-3’ (nt. 1761-39), and an upstream forward primer 
5’-GAC​TAG​CGG​AGG​CTA​GAA​G-3’ (nt. 763 − 81). 
HIVgpt [38] served as a template. PCR-amplified frag-
ments were digested with ClaI and SpeI and cloned into 
HIVgpt. Similarly, a p2/NC cleavage site mutation was 
created using a mutation-containing forward primer 
5’-AAC​AAA​TTC​AGC​TAC​GAT​CGC​TGC​TCA​GAG​
AGGCA-3’, a downstream reverse primer 5’-GGT​ACA​
GTC​TCA​ATA​GGG​CTA​ATG​-3’ (nt. 2577-51), and an 
upstream forward primer 5’-GGA​ACT​ACT​AGT​ACC​
CTT​CAG​GAA​CAA-3’ (nt. 1500-27). Amplified frag-
ments were digested with SpeI and BclI prior to ligation 
into HIVgpt. As previously described, GPfs contains Gag 
and Pol in the same reading frame due to a frameshift sig-
nal deletion [15]. Construct fsD is a PR-inactivated ver-
sion of GPfs [15]. fsDmyc was created by the in-frame 
fusing of the myc-his tag coding sequence (XhoI-PmeI 
fragment from pcDNA3.1/myc-His A) to fsDSal contain-
ing a SalI site at the IN C-terminus. The recombination 
of fsDmyc and CSM generated CSMfsDmyc. DWzPR and 
DWz/PR were as previously described [19]. CSM recom-
bined with DWzPR and DWz/PR yielded CSM/DWzPR 
and CSM/DWz/PR, respectively. All constructs located 
in the HIVgpt backbone [38] were confirmed by enzyme 
digestion or sequencing.

Cell culture and transfection
293T cell line was purchased from Elabscience (catalogue 
no. EP-CL-0005). Cells were maintained in DMEM sup-
plemented with 10% fetal calf serum. Confluent 293T 
cells were trypsinized, split 1:10, and seeded onto 10 cm 
plates 18–24 h prior to transfection. For each construct, 
293T cells were transfected with 20 µg of plasmid DNA 
by calcium phosphate precipitation, with the addition of 
50 µM chloroquine to enhance transfection efficiency. 
Culture medium and cells were harvested for protein 
analysis at 48–72 h post-transfection. When co-transfect-
ing Pr55gag-expressing plasmids with Gag-Pol expres-
sion constructs at DNA ratios of 1:1 or 10:1, pBlueScript 
(SK) plasmid DNA was added to 10 or 15 µg of pGag to a 
final quantity of 20 µg.

Western immunoblot analysis
Culture medium from transfected 293T cells were fil-
tered (0.45 μm pore size) and centrifuged through 2 ml 
20% sucrose in TSE (10 mM Tris-HCl, pH 7.5, 100 mM 
NaCl, 1 mM EDTA) containing 0.1 mM phenylmethyl-
sulfonyl fluoride (PMSF) at 4 °C for 40 min at 274,000 × 
g. Next, viral pellets and cell lysates mixed with sample 
buffer were subjected to SDS 10% PAGE with 4–12% Bis-
Tris gradient gels (NuPage Bis-Tris Mini Gels; Thermo 
Fisher Scientific), followed by immunoblotting as previ-
ously described [32]. HIV-1 Gag proteins were probed 

with anti-p24gag (mouse hybridoma clone 183-H12-5 C) 
and/or anti-p17gag (No. HB-8975; American Type Cul-
ture Collection, Rockville, MD) monoclonal antibodies 
from ascites. Rabbit antiserum or mouse anti-RT mono-
clonal antibodies served as primary antibodies for HIV-1 
RT detection [39, 40]. Cellular β-actin was detected using 
a mouse anti-β-actin monoclonal antibody (Sigma) with 
either a sheep anti-mouse or a donkey anti-rabbit horse-
radish peroxidase (HRP)-conjugated secondary antibody 
(Jackson ImmunoResearch). Membrane-bound protein 
detection was performed using an enhanced chemilumi-
nescent substrate (SuperSignal West Pico; Thermo Fisher 
Scientific).

Statistical analysis
Differences between control (wt) and experimental 
(mutant) groups were assessed using Students t-tests. 
Data are expressed as mean ± standard deviation. Signifi-
cance was defined as *p < 0.05, **p < 0.01, ***p < 0.001.
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