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The HIV-1 RNA genome contains complex structures with many structural elements playing regulatory roles
during viral replication. A recent study has identiﬁed multiple RNA structures with unknown functions that are
conserved among HIV-1 and two simian immunodeﬁciency viruses. To explore the roles of these conserved RNA
structures, we introduced synonymous mutations into the HIV-1 genome to disrupt each structure. These mutants exhibited similar particle production, viral infectivity, and replication kinetics relative to the parent NL4-3
virus. However, when replicating in direct competition with the wild-type NL4-3 virus, mutations of RNA
structures at inter-protein domain junctions can cause ﬁtness defects. These ﬁndings reveal the ability of HIV-1
to tolerate changes in its sequences, even in apparently highly conserved structures, which permits high genetic
diversity in HIV-1 population. Our results also suggest that some conserved RNA structures may function to ﬁnetune viral replication.

1. Introduction
The HIV-1 full-length RNA (referred to hereafter as HIV-1 RNA)
plays at least two major roles during viral replication: it encodes viral
proteins and serves as the virion genome (Sundquist and Krausslich,
2012). HIV-1 RNA is translated to generate Gag/Gag-Pol polyproteins,
the viral structural proteins and enzymes required for replication.
Furthermore, two copies of HIV-1 RNA are packaged into each particle
as virion genomes (Chen et al., 2009); hence, all the genetic information that needs to be passed down to the progeny must reside within the
HIV-1 RNA. In addition to the primary sequence, HIV-1 RNA also
contains complex structures, many of which serve important functional
roles. Together with viral and host proteins, several RNA elements
regulate diﬀerent steps of HIV-1 gene expression. For example,
the trans-activation response (TAR) element has an important regulatory role in transcription elongation; the Rev response element
(RRE) is important for the nuclear export of intron-containing HIV-1
RNA (Cochrane et al., 1990; Heaphy et al., 1990; Malim et al., 1989,
1990; Zapp and Green, 1989); and the Gag-Pol ribosomal frameshift
signal dictates the proportion of Gag-Pol polyprotein translated (Bidou
et al., 1997; Parkin et al., 1992; Wilson et al., 1988). RNA elements
residing in the 5′ untranslated region (UTR) mediate and regulate HIV-1
RNA dimerization and packaging during virus assembly. For example,
the dimerization initiation site located in the loop of stem loop 1 plays
⁎

an important role in partner selection of co-packaged RNA (Chen et al.,
2009; Chin et al., 2005; Moore et al., 2007); in addition, multiple unpaired elements serve as speciﬁc Gag-binding sites to mediate RNA
packaging (Abd El-Wahab et al., 2014; Keane et al., 2015; Rye-McCurdy
et al., 2016; Wilkinson et al., 2008). Therefore, high-order RNA structure serves as an additional layer of information encoded beyond that
encoded in the primary sequence.
The structure of the 9-kb HIV-1 RNA in virion has been extensively
examined using the SHAPE (selective 2′-hydroxyl acylation analyzed by
primer extension) chemical probing strategy (Merino et al., 2005;
Siegfried et al., 2014; Watts et al., 2009; Wilkinson et al., 2008). These
studies revealed complex structures form along the length of HIV-1
RNA. In addition to RNA elements with known functions, there are
other regions that form distinct RNA structures with unknown functions, many of which are as structurally complex as the known functional elements. The virion RNA structures of three primate lentiviruses
have been compared (Lavender et al., 2015): those of HIV-1 and those
from two simian immunodeﬁciency viruses (SIVs) isolated from rhesus
macaque (SIVmac) and chimpanzee (SIVcpz). The nucleotide sequences
of HIV-1 (NL4-3 molecular clone) and SIVmac239 contain ~55% sequence identity. Several regions of these three viral RNAs exhibited
structures conserved at the level of their per-nucleotide SHAPE reactivities. These elements comprised most of the strongly validated
functional elements including motifs in the 5′ UTR, the Gag-Pol
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ribsosomal frameshift signal, and the RRE. In addition, ﬁve RNA
structures without known function showed apparent structural conservation (Lavender et al., 2015). Three of these conserved structures
were located between domains of the Gag or Gag-Pol polyproteins. It
was hypothesized that these RNA structures may slow down the
translation machinery to allow proper protein folding (Lavender et al.,
2015; Watts et al., 2009). Intriguingly, one of the RNA structures is
located downstream from the Gag stop codon and overlaps the junction
of protease (PR) and reverse transcriptase (RT). The location of this
element is reminiscent of a recently identiﬁed RNA stability element in
Rous sarcoma virus (RSV) (Ge et al., 2016; Quek and Beemon, 2014;
Withers and Beemon, 2011), which is located downstream from the
Gag-Pro stop codon and aﬀects the stability of the full-length viral RNA.
Thus, it was possible these three conserved HIV-1 RNA structures might
have more than one function. In addition, the comparisons of HIV-1 and
SIV RNA structures also identiﬁed two regions with unknown function
containing long helical elements with highly conserved base-pairing,
located in capsid (CA) and nef.
In this report, we sought to explore the potential functions of these
ﬁve conserved RNA structures in the HIV-1 genome. We generated ﬁve
mutants in which each RNA structure was disrupted by synonymous
mutations such that the RNA structure, but not protein-coding capacity,
was aﬀected. We examined the properties of these mutants by virion
production, viral infectivity, and replication kinetics. We then further
characterized the replication ﬁtness of these mutants using a competition assay in which a mixture of mutant and wild-type NL4-3 virus were
used to infect cultured T cells or peripheral blood mononuclear cells
(PBMCs), followed by monitoring the ratios of wild-type and mutant
viruses. Our studies demonstrate that these ﬁve conserved RNA structures are not essential for viral replication but can aﬀect replication
ﬁtness in modest but reproducible manners.

2.2. Mutations of conserved RNA structures do not aﬀect viral particle
production or replication
It was hypothesized that RNA structures between domains of polyproteins induce pauses in translation, thereby allowing proper protein
folding. Therefore, disrupting the A1, A2, or A3 structure could aﬀect
proper folding of the Gag/Gag-Pol proteins and lead to lower viral
production or infectivity compared with that of the wild-type virus.
Additionally, the location of the A2 RNA structure is reminiscent of the
RSV RNA stability element; synonymous mutations in the A2 mutant
could disrupt this element, thereby leading to reduction of full-length
RNA and viral particle production compared with wild-type virus.
To characterize the eﬀects of these mutations, we transfected plasmids encoding wild-type or mutant NL4-3 into 293 T cells. Viruses were
harvested from transfected cells, quantiﬁed by the amount of CA (p24)
proteins, and equal amounts of viruses were used to infect TZM-bl indicator cells (Fig. 2A). The viral particle production was measured by
p24 CA ELISA and the level of viral infection was determined by
measuring the luciferase activity of the TZM-bl cells; mutations in A1,
A2, and A3 do not aﬀect virus production or virus infectivity (Figs. 2B
and C).
We then examined the replication kinetics of the mutant viruses in T
cells by infecting CEM cells with equal amounts of wild-type or mutant
virus and monitoring virions released into the supernatant using the
p24 assay. Representative kinetics are shown in Fig. 3. For each mutant,
the kinetics of the viral replication were compared to the kinetics of the
wild-type virus performed in parallel. The p24 production of the wildtype and mutant viruses peaked at the same time point, although the
absolute values of the p24 amount varied slightly between samples,
indicating that these mutants have replication kinetics similar to NL4-3.
Results from a total of three diﬀerent sets of experiments all showed
that the replication kinetics of the A1, A2, and A3 mutants were similar
to that of the wild-type NL4-3.

2. Results
2.3. Mutations in the conserved RNA structures can cause HIV-1 ﬁtness
defects

2.1. Strategy to study the roles of the conserved RNA structures in HIV-1
replication

To determine whether there are ﬁtness costs associated with mutations in A1, A2, or A3 RNA structures, we performed competition
experiments between each mutant and wild-type NL4-3 (Fig. 4A).
Brieﬂy, based on p24 CA measurements, a stock of the wild-type virus
and a stock of mutant virus were mixed together at either a 1:1 or a 1:9
ratio; these virus mixtures were then used to infect T cells. Aliquots of
the supernatant were removed from the culture as a function of time,
and the proportions of wild-type and mutant viruses were determined
by a DNA sequencing method (Nikolaitchik et al., 2006). Brieﬂy, RNA
was reverse transcribed into cDNA, a region of the viral genome was
ampliﬁed and subjected to DNA sequencing using primers ﬂanking the
mutated sequences. At the mutated positions, there are two signals in
the chromatogram, corresponding to the mutant and the wild-type
viruses, from which the ratio of these viruses are calculated. Standard
curves were generated using known proportion of mutant and wild-type
plasmid mixtures; only signals that were in the linear detection range of
the assay were used. The accuracy of this assay is comparable to allelicspeciﬁc PCR when used to detect viruses above 10% of the total population (Nikolaitchik et al., 2006).
We examined the replication ﬁtness of the A1 mutant in two independent experiments using CEM T cells. Results from these experiments are summarized on the left panels in Fig. 4B. Additionally, three
sets of competition experiments were also performed using PBMCs from
three diﬀerent donors. Results from one representative experiment are
shown in the right panels of Fig. 4B. In all these experiments, the
proportion of the wild-type virus increased while the proportion of the
A1 virus decreased. Therefore, when in competition with the wild-type
NL4-3, A1 mutant displays a ﬁtness defect in both CEM T cells and
PBMCs. We have also examined the replication ﬁtness of the A2 mutant

To explore the potential functions of the RNA structures conserved
between HIV-1, SIVcpz, and SIVmac, we introduced synonymous mutations in the ﬁve regions in the context of HIV-1 and examined their
eﬀects on viral replication (Fig. 1). The locations of these RNA structures in the HIV-1 genome are shown in Fig. 1A. Three of the structures
– termed A1, A2, and A3 – overlap regions between domains of the
Gag/Gag-Pol polyproteins (Fig. 1A). RNA structures A1, A2, and A3
encompass sequences encoding the matrix (MA) and capsid (CA)
junction, the protease (PR) and reverse transcriptase (RT) junction, and
the RT and integrase (IN) junction, respectively.
The RNA structures as modeled in the SHAPE studies (Lavender
et al., 2015) were altered by introducing synonymous mutations
(Fig. 1B in red; nucleotide sequences and alignments are shown in
Supplemental Figure 1). As virion RNA derived from NL4-3 was used in
the SHAPE studies, we introduced mutations into the NL4-3 molecular
clone. When possible, synonymous mutations were introduced to disrupt the base-paired nucleotides described in the predicted structures
from the SHAPE studies. Consequently, 18 of the 36 described nucleotide pairs are disrupted in the A1 mutant, and 11 of the 28, and 26
of the 54 described pairs are disrupted in A2 and A3 mutants, respectively. RNA structure modeling of the mutant sequences suggests that
these mutations substantially disrupted the A1, A2, and A3 structures
(Supplemental Fig. 2). We have examined the abundance of tRNAs that
correspond to the synonymous mutations in these regions and found
that on average, these mutations slightly improved the codon usage of
the three regions.
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Fig. 1. Five conserved RNA structures in HIV-1 genome. (A)
Locations of the structures in HIV-1 genome. Three elements
correspond to conserved structures encoding the junctions of
polyprotein domains: MA and CA (A1), PR and RT (A2), RT and
IN (A3). Two structures contain extended base-pairings are located in the regions encoding CA (B1) and nef (B2). (B) Nucleotide
sequence and the predicted structures of the ﬁve RNA structures
in the NL4-3 molecular clone. Nucleotides shown in red are replaced by synonymous mutations in mutant constructs.

et al., 2000). The average and standard deviation of the absolute ﬁtness
diﬀerence values for A1, A2, and A3 mutants in CEM cells were
−0.27 ± 0.06, −0.06 ± 0.03, −0.24 ± 0.06, respectively. Using the
absolute ﬁtness diﬀerence and replication rate of wild-type virus calculated from the amounts of viruses measured at various time points,
we estimated the relative ﬁtness of the A1, A2, and A3 mutant viruses to

(Fig. 4C) and found that A2 had little ﬁtness defect compared with wildtype NL4-3 virus in CEM T cells and in PBMCs. On the other hand, A3
mutant demonstrated a detectable replication ﬁtness defect in CEM T
cells and in PBMCs.
We calculated the absolute ﬁtness (replication) diﬀerence between
wild-type NL4-3 and mutant viruses (Bonhoeﬀer et al., 2002; Maree
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A

be ~0.82, 0.96, and 0.86, respectively, when the wild-type virus ﬁtness
is deﬁned as 1. Therefore, A1 and A3 mutants have mild ﬁtness defects
whereas A2 mutant does not have observable ﬁtness defects.

Transfect 293T cells

2.4. Disrupting the long conserved B1 and B2 RNA helices does not aﬀect
viral replication

Harvest virus

In addition to the A1, A2, and A3 structures, two other conserved
RNA structures were identiﬁed in SHAPE studies (Lavender et al.,
2015). These structures, referred to as B1 and B2, appear to contain
long irregular helices conserved between HIV-1 and the two SIVs. B1 is
located in the CA-coding region whereas B2 is located in the Nef-encoding region of the HIV-1 genome (Fig. 1). We generated B1 and B2
mutants containing synonymous mutations in these structures. The B1
mutant disrupted 22 of the 43 base pairs whereas the B2 mutant disrupted 14 of the 36 base pairs in the predicted structures.
We examined the virus production and infectivity of the B1 and B2
mutants and, when compared to wild-type NL4-3 virus, these mutants
do not have observable defects in these assays (Figs. 5A and B). Similarly, B1 and B2 mutants have replication kinetics comparable to that of
wild-type NL4-3 (Figs. 5C and D). Furthermore, B1 and B2 mutants
replicated with ﬁtness comparable to that of the wild-type virus even in
the highly sensitive competition assays in CEM T cells and in PBMCs
(Figs. 5E and F). Therefore, disrupting the B1 or B2 structure thus does
not result in detectable defects in viral production, infectivity, replication kinetics, or ﬁtness of the NL4-3 virus.

Quantify virus output
by p24 measurement

Infect CEM cells

Infect TZM-bl cells

Measure viral
infectivity

Relative virus production (%)

B

Examine
replication kinetics

120

3. Discussion

100
Multiple RNA structures play regulatory roles in various steps of
HIV-1 replication. In this report, we investigated the putative role(s) of
ﬁve RNA structures conserved in several lentiviruses. These mutants
contain synonymous mutations in the RNA structures such that in each
mutant, 40–50% of the predicted base pairs in the structure were disrupted. We examined two classes of RNA motifs. In B1 and B2, we
disrupted two RNA elements with apparent strong structural conservation among HIV-1, SIVcpz and SIVmac but without known functional roles (Lavender et al., 2015). As the structures do not have
known functions, we could not predict the anticipated phenotypes of
such mutants. However, neither of these mutants showed any signiﬁcant eﬀect in viral replication or competition assay, despite their
apparent conservation among diﬀerent lentiviruses. We have also disrupted three RNA structures located between domains of polyproteins
(A1, A2, and A3), which were hypothesized to promote folding of
protein domains during the translation of polyproteins (Siegfried et al.,
2014; Watts et al., 2009). This model has recently garnered additional
support based on genome-wide analysis of the correlation between RNA
and protein structure (Tang et al., 2016). Our studies indicate that these
RNA structures are not absolutely required to generate functional
polyproteins as they display little eﬀects on viral production, one-round
infectivity, or overall replication kinetics (Figs. 2 and 3). However, in
A1 and A3, replacing these structures with mutant sequences lead to
clear and reproducible, albeit mild, replication ﬁtness defects in a
competition assay (Fig. 4); such defects could come from losing the
original structure, introducing the new sequence, or both. It is unclear
whether the mutations in these elements cause defects in one particular
step or multiple steps of the viral replication. The mild ﬁtness defects
make it diﬃcult to further dissect the step(s) in which the mutants have
decreased functions given the limited sensitivities of current biochemical assays. Nonetheless, the magnitude of these eﬀects is such that
individual genomes containing mutations in these regions would likely
be readily out-competed in the viral swarms generated after a few
rounds of infection.
Retroviral full-length RNAs have long 3′ UTRs, which correlate with
susceptibility to nonsense-mediated mRNA decay (Hogg and Goﬀ,
2010). The full-length RSV RNA contains an RNA stability element,
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Fig. 2. Characterization of HIV-1 mutants of conserved RNA structures. (A) Outline of the
experimental protocol. (B) Relative virus production. Viruses were harvested 36 h posttransfection and were quantiﬁed by p24 CA ELISA. (C) Relative infectivity of mutant
viruses. Equal amounts of viruses (quantiﬁed by p24 CA) were used to infect TZM-bl cell
and luciferase activities were measured. Measurements from wild-type NL4-3 (WT) were
deﬁned as 100%. Results from three independent experiments are summarized; error bars
indicate standard deviations.
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A
p24 (pg/µL)

Fig. 3. Replication kinetics of the wild-type and the mutant
viruses. Representative replication kinetics of mutant viruses (A1,
A2, A3) are shown on the left whereas those from NL4-3 virus
performed in parallel are shown on the right. Equal amounts of
viruses were used to infect CEM cells, supernatants were harvested at 2, 4, 6, 8, 10 or 12 days post-infection, and virus production was measured by p24 ELISA. Three independent experiments were performed for each mutant; one representative
replication curve for each mutant virus is shown.
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B
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C

Days post infections
4. Materials and methods

which interacts with host proteins, including polypyrimidine track
binding protein, to prevent activation of nonsense-mediated decay
pathway (Ge et al., 2016; Quek and Beemon, 2014; Withers and
Beemon, 2011). We hypothesized that the A2 structure may be the HIV1 stability element based on its location and structure. However, mutations destroying this structure did not aﬀect viral production, infectivity, or replication kinetics; these results do not support the hypothesis that A2 is an HIV-1 RNA stability element. Future studies are
needed to determine how HIV-1 RNA avoids the detection of the host
surveillance system and nonsense mediated RNA decay despite the
presence of a long 3′ UTR.
The magnitude of eﬀects obtained in this work is comparable to
prior work in which the eﬀects of disrupting pseudoknot structures in
HIV-1 were examined (Siegfried et al., 2014). In all cases, HIV RNA
genome structures, identiﬁed de novo by either the ability to form stable
RNA structures (Siegfried et al., 2014) or by apparent conservation
across diverse strains (Lavender et al., 2015) yielded clear, but modest,
eﬀects in direct competition experiments. First, these results illustrate
the ﬂexibility of the HIV-1 genome and the ability of HIV-1 to tolerate
changes in its sequences. The ability to tolerate diﬀerent primary sequences provides the foundation for high genetic diversity in HIV populations. This work also supports a second conclusion that stable
conserved RNA motifs may play functional, but modest roles in viral
replication. We hypothesize that such stable RNA elements might
function in a manner analogous to many semi-speciﬁc RNA-protein
interactions or micro RNA interactions and serve to ﬁne tune expression
and regulation of viral genes.

4.1. Constructs, cell culture, DNA transfection, luciferase assay and RNA
structure modeling
All of the HIV-1 constructs described in this report were derived
from NL4-3 molecular clone. Synonymous mutations were introduced
into NL4-3 by replacing HIV-1 sequences with synthesized DNA fragments containing synonymous mutations using standard molecular
cloning techniques. Constructs were veriﬁed using restriction enzyme
mapping and DNA sequencing.
Human 293T and TZM-bl cells were grown in Dulbecco's modiﬁed
Eagle's medium supplemented with 10% fetal bovine serum (HyClone),
penicillin (50 U/ml; Gibco) and streptomycin (50 µg/ml; Gibco). CEM
cell line and PBMCs were grown in Roswell Park Memorial Institute
(RPMI) 1640 medium supplemented with 10% fetal bovine serum,
penicillin (50 U/ml) and streptomycin (50 µg/ml). Mononuclear cells
were collected after apheresis from healthy donors and separated
through a Ficoll-Hypaque gradient (Sigma). T cell activation was performed by culturing cells with medium containing phytohemagglutininP (2 µg/ml) for three days. Interleukin-2 (20 U/ml) was added to the
PBMC culture prior to infection. Cells were maintained in humidiﬁed
37 °C incubators with 5% CO2. DNA transfection was performed using
FuGENE® HD transfection reagent (Promega) according to manufacturer's recommendations. Cell culture supernatants were harvested 36-h
post-transfection, clariﬁed through a 0.45-μm-pore-size ﬁlter, and either stored at −80 °C or used immediately. Fireﬂy luciferase activities
were determined at 36-h post-transfection using Britelite Plus Reporter
5
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Fig. 4. Replication ﬁtness of mutant viruses measured by competition assay. (A) Experimental design of the competition assay. (B-D) Results from competition assay between NL4-3 (WT)
virus and mutant virus A1 (B), A2 (C), and A3 (D). In each set of competition assays, wild-type and mutant viruses were mixed at ratios of 1:9 (top panels) and 1:1 (bottom panels).
Competition assays were performed using CEM cells (left panels) and PBMCs (right panels). Results from two independent experiments using CEM cells are summarized in the left panels,
with error bars indicating standard deviation. Results from one representative experiment using PBMCs are shown in the right panels. PBMCs from three donors were used in three
independent experiments. Day zero samples are the results from the input virus of each infection. X-axis: Days post infection. Y-axis: Proportions of wild-type and mutant virion RNA
released in the supernatant.
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Fig. 5. Replication properties of the B1 and B2 mutant viruses. Relative virus production (A) and infectivity (B) of the mutant viruses. Viruses were harvested 36 h post-transfection and
quantiﬁed by p24 CA ELISA; equal amounts of viruses were used to infect TZM-bl cell and luciferase activities were measured. Measurements from wild-type NL4-3 (WT) were deﬁned as
100%. Results from three independent experiments are summarized; error bars indicate standard deviations. Replication of the wild-type and the B1 (C) and B2 (D) mutant viruses.
Representative replication kinetics of the mutant virus are shown on the left whereas those from NL4-3 virus performed in parallel are shown on the right. Equal amounts of viruses were
used to infect CEM cells, supernatants were harvested at 2, 4, 6, 8, 10 or 12 days post-infection, and virus production was measured by p24 ELISA. Three independent experiments were
performed for each mutant; one representative replication curve for each mutant virus is shown. Replication ﬁtness of the B1 (E) and B2 (F) mutant virus measured by competition assay.
Wild-type and mutant viruses were mixed at the ratios of 1:9 (top panels) and 1:1 (bottom panels). Results from two independent experiments using CEM cells are summarized in the left
panels with error bars indicating standard deviation, whereas results from one representative experiment using PBMCs are shown in the right panels. PBMCs from three donors were used
in three independent experiments. Day zero samples are the results from the input virus of each infection. X-axis: Days post infections. Y-axis: Proportions of wild-type and mutant virion
RNA released in the supernatant.

isolated using QIAamp® Viral RNA Mini Kit (QIAGEN) and used for
cDNA synthesis using sequence-speciﬁc primer that annealed to a sequence 350 bp downstream of the mutated RNA sequences and
Transcriptor First Strand cDNA Synthesis Kit (Roche). The resulting
cDNAs were ampliﬁed using primers ﬂanking the mutated region, sequenced using Sanger sequencing (Macrogen), and the resulting chromatograms were analyzed. To ensure the measurement of wild-type and
mutant ratio is accurate, in each experiment a standard curve was
generated by mixing the wild-type NL4-3 plasmid and a mutant plasmid
at various ratios, the DNA mixtures were subjected to sequencing reactions and the wild-type and mutated nucleotide signals in the chromatogram were determined. Measurements within the linear dynamic
range of the assays were used.
Viral ﬁtness was quantiﬁed as r – r′ = r – [(1 + s)r] = rs; the
absolute ﬁtness diﬀerence between wild-type and mutant is r – r′, where
r and r′ are the wild type and mutant virus replication rates, respectively, s is coeﬃcient of selection, the relative ﬁtness of the mutant
virus is 1+ s (Bonhoeﬀer et al., 2002; Maree et al., 2000). The rs is
deﬁned by the slope of the logarithmic time plot of mutant to wild-type

Gene Assay System (PerkinElmer). Structure modeling of the mutant
RNA structures was performed using Superfold (Reuter and Mathews,
2010; Siegfried et al., 2014)
4.2. Viral infection and replication ﬁtness assay
The production of HIV-1 viral particles was quantiﬁed using HIV-1
p24 ELISA kit (XpressBio). For viral infectivity and replication kinetics
experiments, viruses were ﬁrst quantiﬁed by the p24 CA measurement
and the same amount of the wild-type or mutant virus was used to
infect TZM-bl cells and CEM cells, respectively. Multi-round competition assays were performed between the mutant virus and the wild-type
NL4-3 virus in CEM cells or PBMCs. The wild-type and mutant viruses
were ﬁrst quantiﬁed by p24 amounts and then mixed together at a ratio
of 1:1 or 1:9. In the competition assay, one million CEM cells and ten
million PBMCs were infected with 5 pg and 1 µg of p24 measurement of
HIV-1, respectively. All the infected cells were maintained in 3 ml of
media in 25-cm ﬂasks; at various time points, 1 ml of supernatant was
collected and replaced by 1 ml of fresh medium. Viral RNAs were
7
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ratio; virus ratios used for the calculations were summarized in Fig. 4
and described in Supplemental Table 1; graphs that deﬁned rs values
are shown in Supplemental Fig. 3. The net replication rate is deﬁned by
the slope of the logarithmic time plot of the virus production measured
by p24 released into the supernatant and is the sum of replication rate
minus death rate, which is assumed to be 0.5 (Bonhoeﬀer et al., 2002).
Therefore, the coeﬃcient of selection is calculated as s = [rs/(net replication rate + 0.5)].
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