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cis-Acting Determinants of 7SL RNA Packaging by HIV-1

Sarra E. Keene and Alice Telesnitsky
Department of Microbiology and Immunology, University of Michigan, Ann Arbor, Michigan, USA

The host noncoding RNA 7SL is highly enriched in the virions of retroviruses. We examined the regions of 7SL that mediate
packaging by HIV-1. Both the Alu domain and the S domain were sufficient to mediate specific packaging when expressed sepa-
rately as truncations of 7SL. However, while the Alu domain competed with endogenous 7SL for packaging in proportion to Gag,
the S domain was packaged additively, implying that the Alu and S domains are packaged via separate mechanisms and that the
Alu domain is packaged by the same mechanism as endogenous 7SL. Further truncations of the Alu domain or mutation of the
Alu domain helix 5c region significantly reduced packaging efficiency, implicating helix 5¢ as critical for packaging, reinforcing
the finding that 7SL packaging is highly selective, and confirming that 7SL is not passively acquired. Surprisingly, when the Alu

domain was mutated so that it no longer contained a binding site for the SRP protein heterodimer SRP9/14, it was no longer
packaged in a competitive manner but instead was packaged additively with endogenous 7SL. These data support a model in
which 7SL RNA is packaged via interactions between Gag and a 7SL RNA structure that exists transiently at a discrete stage of
SRP biogenesis. Our data further indicate that a secondary “additive” pathway exists that can result in the packaging of certain

7SL derivatives in molar excess to endogenously packaged 7SL.

Retroviruses, like all RNA viruses, are ribonucleoprotein (RNP)
complexes. The primary protein component of retroviral par-
ticles is the structural polypeptide Gag, while the primary RNA
component is the viral genomic RNA (gRNA). In vitro, nucleic
acids or similar molecules are necessary to trigger the assembly of
soluble Gag proteins into virus-like particles (9, 10). These RNA-
protein interactions, some of which remain poorly understood,
are critical during retroviral assembly.

The nucleocapsid (NC) domain is the primary region of Gag
involved in interactions with RNA. Although it contributes to
many viral functions, in simple terms NC contains RNA-binding
motifs that either interact specifically with gRNA (the “zinc fin-
ger” motifs) or engage in nonspecific interactions with nucleic
acids (the basic regions). Mutations in the latter dramatically re-
duce intact particle release, while mutations in the former do not
(13, 55). Moreover, Gag can form VLPs in the absence of viral
gRNA (2, 34, 48). Gag molecules from which NC has been deleted
entirely form VLPs less efficiently than wild-type Gag; however,
this phenotype can be rescued if NC is replaced with a sequence
capable of forming protein-protein interactions, such as a leucine
zipper motif (1, 14, 28, 61). Taken together, these data have led to
amodel in which RNA, but not necessarily the viral genome, pro-
motes the multimerization of Gag through interactions with the
NC domain during retroviral assembly.

Although the primary RNA component of retroviral particles
is gRNA, retroviruses also package cellular RNAs, and as much as
30% of the RNA in a retroviral particle is host-derived (6, 7, 25, 35,
48). These RNAs are primarily small, noncoding, highly struc-
tured RNA polymerase III (Pol III) products, and some are pack-
aged in molar excess over the genomic RNA (41, 42). One such Pol
III product is the 301-nucleotide (nt) 7SL RNA, which has been
recognized as a component of retroviral particles since the 1970s
(7). Retroviruses for which RNA content has been studied in detail
display replicable patterns of host RNA packaging, implying non-
random acquisition of these RNAs. For example, in murine leu-
kemia virus (MLV), the RNAs mY1, mY3, 7SL, and the murine
7SL derivative B1 are highly enriched in the virion (21, 41). Sim-
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ilarly, in human immunodeficiency virus type 1 (HIV-1), 7SL is
highly enriched (17, 42). However, the human 7SL derivative
scAlu RNA and the hY1 and hY3 RNAs are not present in appre-
ciable amounts in HIV-1 (42, 54, 56). With the exception of the
tRNAs that retroviruses use to prime reverse transcription (31,
38), any functions of these packaged host RNAs in viral replication
remain unknown.

7SL RNA is well packaged by many retroviruses (7, 20). It is
found at 3- to 4-fold molar excess over a monomer of MLV
genomic RNA and at 6- to 7-fold molar excess over the genomic
RNA of HIV (41, 42). 7SL has been implicated in the packaging of
the cytidine deaminase APOBEC3G by HIV-1 (56-58, 60), al-
though this finding remains controversial (3, 30, 51). Evidence for
interactions between 7SL derivatives and retrotransposition ma-
chinery extends beyond exogenous retroviruses, since the highly
repetitive Alu sequences found in primate and rodent genomes are
derived from the Alu domain of 7SL (5, 47). Alu elements are
retrotransposons, mobilized by retrovirus-like elements present
in the genome. The origin of genomic Alu elements can be traced
back at least to the origin of the Euarchontoglires lineage (32),
which includes both primates and rodents and which diverged
~85 million years ago. The association between 7SL and retrovi-
ruses can therefore be considered an ancient one.

The normal function of 7SL in the cell is as the RNA scaffold of
the signal recognition particle (SRP), an RNP complex that is re-
sponsible for targeting nascent secretory and transmembrane
polypeptides to the endoplasmic reticulum (ER) (for reviews, see
references 15and 37). 7SL RNA is composed of three domains (see
Fig. 1): (i) the Alu domain, which binds the SRP proteins SRP9
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FIG 1 Secondary structure of human 7SL RNA, allele B. Alu and S domains are boxed. Boldface numbers indicate previously established nomenclature for 7SL
helices and loops (58). These designations are preserved throughout the present study to indicate the origins of specific 7SL segments. The dashed lines represent
the probes used for Northern blotting, and the solid line represents the probe used in the RNase protection assays.

and SRP14 and is responsible for arresting translation of the nas-
cent polypeptide upon binding to the ribosome complex (24, 26,
52); (ii) the S domain, which binds the SRP proteins SRP19,
SRP54, SRP68, and SRP72 and is responsible for targeting the
arrested ribosome to the ER (22, 39, 49, 50); and (iii) the linker
region, which separates the Alu and S domains. 7SL is also capable
of acting as an enzyme, in the sense that a highly conserved region
of the S domain, helix 8, is responsible for catalyzing the docking
between SRP and the SRP receptor (44, 45). The fact that RNA
(but not genomic RNA) is necessary for retroviral assembly,
paired with the structural role of 7SL in the cell and its high abun-
dance and selective packaging in at least most kinds of retroviral
particles, appears consistent with the possibility that 7SL may play
a structural role in retroviral assembly.

Previously, we identified the trans-acting determinants of 7SL
packaging (29). We demonstrated that even minimal assembly-
competent forms of HIV Gag that retain only the C-terminal do-
main (CTD) of capsid (CA) and spacer protein 1 (spl) package
7SL RNA as efficiently as intact Gag, but only a fragment of 7SL
was observed in particles that lacked NC. This finding indicates
that an interaction with CA/spl is sufficient for 7SL acquisition
but that the Alu domain of 7SL is protected from endonucleolytic
processing when NC is present (29). We generated 7SL mutants
and tested their packaging to define the cis-acting sequences that
mediate specific 7SL packaging by HIV-1.

MATERIALS AND METHODS

Plasmids. Most 7SL-derivative expression plasmids were made by overlap
extension PCR templated by the plasmid p7SL30.1 (62), which contains
human 7SL allele B with its endogenous promoter, and inserting the PCR
products into the backbone of p7SL30.1 in place of the wild-type (WT)
7SL coding region. 7SL derivatives expressed by the U6 promoter were
made synthetically by filling out overlapping 60-nt primers using Taq
DNA polymerase. These products were inserted into the multiple cloning
site of the plasmid pBluescript KS(+). HIV-1 virions were produced by
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transfecting 293T or ET cells (46) with the plasmid pHIVpuro, a AEnv,
AVif, AVpr version of HIV-1 with the env coding region replaced by a
gene coding for puromycin resistance (33). Templates for riboprobes that
recognize HIV-1 genomic RNA and 7SL (pSRK1520-1 and pBRU-7SL,
respectively) were previously described (36, 42).

Cells and transfections. Virus was produced in 293T or ET cells (a
293T derivative that constitutively expresses ecotropic envelope [46]),
which were cultured and maintained in Dulbecco modified Eagle medium
(DMEM,; Invitrogen) supplemented with 10% fetal bovine serum (Gem-
ini) at 37°C under 5% CO,. Target cells were D17/pJET cells (canine cells
that constitutively express the ecotropic receptor [40]), which were cul-
tured and maintained in DMEM supplemented with 10% bovine serum
(CS; Gemini). Transfection was carried out on 100-mm plates using poly-
ethyleneimine (PEL; Polysciences, Inc.), as described previously (29). For
each cotransfection of a plasmid that expressed a 7SL derivative with
pHIVpuro (the plasmid that expressed the HIV virus-like particles), 8 pg
of each plasmid was used. Plasmid DNA was replaced by purified herring
sperm DNA (Roche) in the mock samples and the samples that expressed
HIV without exogenous 7SL so that the total amount of DNA and PEI
used remained constant. The medium-transfection mixture was removed
and replaced with 10 ml of fresh medium 24 h after transfection.

Virus processing and RNA isolation. Tissue culture media was har-
vested 48 h after transfection and filtered through 0.22-pwm-pore-size fil-
ters. Virus was quantified by a reverse transcription (RT) assay as de-
scribed previously (53). Virus was concentrated from 10 ml of medium by
centrifugation through a 2-ml 20% sucrose cushion in phosphate-buff-
ered saline for 2 h at 4°C and 25,000 rpm using a Sorvall Surespin 630 rotor
in a Sorvall Discovery 90 ultracentrifuge. The pellets were resuspended in
500 pl of TRIzol (Invitrogen), and RNA was isolated according to the
manufacturer’s instructions. Cells were harvested 48 h after transfection
by scraping cells into 2 ml of TRIzol per 100-mm plate, and RNA was
isolated according to the manufacturer’s instructions.

Northern blotting. Northern blotting was carried out as described
previously (29). Loading was normalized so that RNA from equivalent
amounts of virus was loaded in each lane. For cellular RNA, 0.6% of the
total RNA isolated from a confluent 100-mm plate was loaded into each
lane. The locations recognized by the oligonucleotide probes used are
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FIG 2 The Alu domain is sufficient for packaging. (a) Schematics of the Alu
domain derivatives used. Alul14 corresponded to the entire Alu domain, and
Alu92 and Alu87 were successively shorter truncations. (b) Northern blot of
RNA from cotransfected cells and HIVp virus, showing the expression and
packaging of the Alu domain derivatives. The probe used was against the Alu
domain of 7SL. The multiple bands observed for the Alu derivatives likely
reflect alternate 3" end modifications (11); virion encapsidation of subsets of
Pol III processing products has been described previously (20). (c) Quantifi-
cation of mutant (light gray) and endogenous (dark gray) 7SL RNA from
Northern blots. Column numbers correspond to the lane numbers in panel B.
The mean amount of total 7SL is shown; endogenous 7SL was set to 100% for
cells and virus. (d) RPA of RNA from HIVp virus. Riboprobes used were
against the S domain of 7SL and HIV genomic RNA (gRNA). (e) Quantifica-
tion of RPAs of HIVp virus RNA. Column numbers correspond to the lane
numbers in panel D. gRNA, genomic RNA. The mean amount of endogenous
7SL RNA per gRNA is shown; the 7SL/gRNA value of the HIVp-only sample
was set at 100%. Error barsindicate * the standard deviation. **, P < 0.01 (n =
3 independent experiments).

indicated by dashed lines in Fig. 1 and were as follows: to detect the Alu
domain (see Fig. 2b, 3b, and 5a) we used 5'-ATCCTCCAGCCTCAGCC
TCCCGAGTAGCTG-3', and to detect the S domain (Fig. 4b) we used
5-TTTTGACCTGCTCCGTTTCCGACCT-3'. Images were acquired by
scanning with a Typhoon Trio variable mode imager, and quantification
was performed using the one-dimensional gel imaging feature of Im-
ageQuant TL (v7.0).

RPAs. RNase protection assays (RPAs) were performed as previously
described (41). The riboprobes used recognized either a portion of the
HIV-1 gag gene (CA/sp/NC) or the S domain of 7SL from C116 to C217
(indicated as a solid line in Fig. 1).

Titer. HIVpuro virus for infection was produced by transfection of ET
cells as described above. Medium was harvested after 48 h and filtered
through 0.22-pm-pore-size filters. Then, 100-mm plates of D17/pJET
cells were infected with 2 ml of DMEM plus 10% CS, 5 ug of Polybrene
(Sigma)/ml, and serial dilutions of HIV-containing medium. Two hours
later, the medium was discarded, and 10 ml of fresh medium was added to
each plate. After 2 days incubation, the medium was replaced with DMEM
plus 10% CS plus 2 ug of puromycin (Sigma)/ml, which was changed
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every 2 days until colonies were visible at 12 to 14 days after infection. The
colonies were stained with trypan blue and counted.

Statistical analysis. Statistical significance was analyzed by perform-
ing two-tailed, unpaired Student # test on pairs of data, using the statistical
functions of Microsoft Excel. Differences were considered significant if
the P value was <0.05.

RESULTS

An isolated Alu domain competes with endogenous 7SL for
packaging. To determine the minimal region of 7SL capable of
mediating specific packaging, truncations of 7SL were created that
corresponded to successively shorter regions of the Alu domain.
As diagrammed in Fig. 2a, Alul14 contained an internal deletion
in 7SL from G82 to C268, thus yielding a 114-nt RNA that corre-
sponded to the entire Alu domain, while Alu92 and Alu87 con-
tained larger deletions and thus encoded smaller RNAs. Alul14
corresponds to the same region of 7SL that is the ancestor of the
murine 7SL derivative B1, which is packaged by MLV (41), and of
the human 7SL derivative scAlu. The Alu domain derivatives were
cotransfected with HIVpuro (33)—a plasmid that expresses HIV
virus-like particles that contain all viral proteins except Env, Vif,
and Vpr and will henceforth be referred to as HIVp—and the RNA
content of cotransfected cells and HIVp virions produced from
these cells was examined by Northern blotting (Fig. 2b). Although
expression of all three Alu domain truncations was readily detect-
able in cotransfected cells (Fig. 2b, lanes 1 to 3), only Alul14 was
packaged in high quantities in virions (lane 8), with Alu92 and
Alu87 packaged less well (lanes 6 and 7). Quantification of these
blots revealed that Alul14 comprised ca. 50% of the total 7SL
(endogenous 7SLand Alul14) in HIVp virions from cotransfected
cells (Fig. 2¢), whereas Alu92 comprised ca. 35% and Alu87 com-
prised ca. 10% of the total 7SL. The amount of Alul14 and Alu92
that was packaged by HIVp virions was significantly different (P <
0.01). Another way of addressing packaging selectivity is to deter-
mine how enriched specific RNAs are, by comparing their levels in
virions to their levels in cells (41). If the enrichment factor of
endogenous 7SL was set to 1, Alul14 was found to be enriched
1.5-fold in the virus over its concentration in the cell.

The amount of endogenous 7SL per virion was subsequently
quantified by performing a RNase protection assay (RPA) using
two riboprobes: one to the 7SL S domain that recognized endog-
enous 7SL, but not Alul14, and one that recognized viral genomic
RNA (Fig. 2d). RT assays were performed on the viral samples to
quantify viral proteins, and the amount of genomic RNA per sam-
ple was found to be proportional to the RT for each sample. Thus,
detection of genomic RNA allowed for normalization to the num-
ber of virions. Comparing the endogenous 7SL signal for the
HIVp-only virus (lane 4) to that for the Alul14-containing virus
(lane 3) showed that the ratio of endogenous 7SL to gRNA in
virions was ~2-fold lower in HIVp virions produced by cotrans-
fected cells in which ~40% of the total 7SL-type RNA was Alul14
than it was in virions produced in the absence of Alu114 (Fig. 2e).
This difference in endogenous 7SL packaging was statistically sig-
nificant (P < 0.01). Similarly, the amount of endogenous 7SL was
reduced ca. 35% in HIVp virions containing Alu92, and ca. 14% in
HIVp virions containing Alu87. Paired with Fig. 2c data, these
findings indicated that the total amount of 7SL-type RNAs (7SL
and Alull4, Alu92, or Alu87) in virions remained constant, im-
plying that the Alu domain derivatives competed for packaging
with endogenous 7SL. Based on previously determined endoge-
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FIG 3 Disruption of helix 5¢, but not interference with SRP9/14 binding, abrogates packaging of the Al domain. (a) Schematics of mutants of the Alu domain
derivative Alul14. The mutated regions are boxed. (b) Northern blot of RNA from transfected cells and HIVp virus, showing the expression and packaging of
Alul14 and the Alu domain mutants. The probe used recognized the Alu domain. (c¢) Quantification of mutant (light gray) and endogenous (dark gray) 7SL RNA
from Northern blots. Column numbers correspond to the lane numbers in panel B. The mean amount of total 7SL is shown; endogenous 7SL was set to 100%
for cells and virus. (d and e) RNase protection assay (d) and quantification of RNA from HIVp virus based on RPAs like than in panel d (e). Column numbers
correspond to the lane numbers in panel d. The mean amount of endogenous 7SL RNA per genomic RNA is shown; the value of endogenous 7SL/gRNA of the
HIVp-only sample was set at 100%. Error bars indicate = the standard deviation. **, P < 0.01 (n = 3 independent experiments).

nous 7SL packaging levels (12 to 14 copies) (42), these data indi-
cate that under the conditions here, six to seven molecules of
Alul14 replaced the corresponding number of endogenous 7SL
molecules per viral particle, or approximately four molecules of
Alu92 or one molecule of Alu87 was packaged per virion when
these later derivatives were coexpressed.

Helix 5¢, but not binding to SRP9/14, is required for packag-
ing of the Alu domain. Next, the difference between the well-
packaged Alull4 and the poorly packaged truncations was dis-
sected to define the packaging signals in the Alu domain. The
primary difference between these RNAs was the presence of helix
5¢ (H5c¢) in Alull4 (Fig. 1 and a). To investigate whether the
length, secondary structure, flexibility, or sequence of H5c ac-
counted for the increased packaging of Alul14, H5c of Alu114 was
mutated to produce Alul14 helix(+) and Alul14 helix(—) (Fig.
3a).In Alul14 helix(+), the sequence of H5c was mutated in a way
predicted to maintain the H5c helix-loop conformation; in
Alul14 helix(—), both the sequence and the predicted secondary
structure of H5c were altered.

August 2012 Volume 86 Number 15

To assess the effects of H5¢ modification on RNA packaging,
Northern blotting was performed on RNA from cells cotrans-
fected with HIVp and the Alu domain derivatives, and on RNA
from virions produced from these cells (Fig. 3b). Although expres-
sion of both constructs was detectable in cells (lanes 3 and 4),
neither Alu derivative was present in the virus above the thresh-
old of detection. By quantifying the background signal and the
signal of packaged Alull4, we determined that both helix(+)
and helix(—) RNAs were packaged at least 6-fold less efficiently
than Alul14 (compare lane 7 to lanes 9 and 10). Quantification
of these Northern data is presented in Fig. 3c. These results
suggest that the specific sequence of H5¢, rather than its length
or the basic features of its secondary structure, was crucial for
packaging.

To further address Alu packaging determinants, the roles of
this RNA’s protein binding partners were assessed. During SRP
biogenesis, the first proteins that bind nascent 7SL are the protein
heterodimer SRP9/14, which forms a complex with the Alu do-
main (12). In initial work not shown, the SRP9/14 protein content
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of virions was examined by Western blotting to determine
whether SRP9/14 was packaged by HIVp. Although the results
indicated that the SRP9/14 in virions was at least 8-fold de-en-
riched compared to cells when normalized to 7SL content, this
sensitivity was not high enough to conclusively exclude SRP9/14
packaging in virions because SRP9/14 exists in 20-fold excess over
7SL in the cell (8).

Therefore, the possible role of SRP9/14 binding was examined
indirectly, by creating a derivative of Alu114 in which the binding
site for SRP9/14 was abolished by changing the nucleotides G24
and U25 to A and C, respectively (Fig. 3a, henceforth referred to as
Alu AC). In RNA/protein cocrystals, G24 and U25 are the only
nucleotides of 7SL that are specifically recognized by SRP9/14
(59), and mutations to G24 and U25 reduce SRP9/14 binding up
to 50-fold in vitro (11, 18). To assess the influence of an intact
SRP9/14 binding site on the packaging of Alull4, cells were
cotransfected with HIVp and the Alu AC expression construct,
and Northern blotting was performed on the RNA content of
these cells and the virions produced by them (Fig. 3b). Similar to
observations with the unmutated Alul14 derivative (lanes 1 and
7), the Alu AC mutant was detectable in both cells (lane 2) and
virus (lane 8). These results are quantified in Fig. 3c. The relatively
efficient packaging of Alu AC suggested that the binding of
SRP9/14 was not required for the packaging of the Alu domain.

We subsequently quantified the amount of endogenous 7SL
packaged in the presence of the Alu AC mutant by RPA (Fig. 3d).
Unlike the significant decrease in endogenous 7SL observed in
virions containing Alul14 (lane 1), the endogenous 7SL signal in
virions containing the Alu AC mutant remained unchanged com-
pared to gRNA (compare lane 2 to lane 5). Quantification of the
RPA confirmed that the endogenous 7SL to gRNA ratio decreased
in Alul14-containing virions, but not in Alu AC-containing viri-
ons (Fig. 3e). The difference in the packaging of endogenous 7SL
between the Alul14-containing virions and the Alu AC-contain-
ing virions was statistically significant (P < 0.01). These data in-
dicate that while binding to SRP9/14 was not required for pack-
aging of the Alu domain, the mechanism by which the Alu domain
was packaged was no longer competitive with endogenous 7SL
when its interaction with SRP9/14 was ablated.

S domain-only RNAs are packaged in addition to endoge-
nous 7SL. Truncations of 7SL corresponding to isolated S do-
mains were also created to determine the influence of the S do-
main on 7SL packaging. The S domain is the most highly
conserved portion of SRP RNAs, and orthologs of the S domain
RNA are found in all kingdoms of life (15). Because the 7SL pro-
moter contains intragenic promoter elements within the Alu do-
main (19), an isolated S domain could not be expressed under the
WT 7SL promoter. Therefore, the S domain derivatives S154 and
S114 were expressed using the U6 promoter, a Pol III type III
promoter that contains only extragenic promoter elements (43)
(Fig. 4a). S154 corresponded to the entirety of the S domain, while
S114 corresponded to the 111-nt fragment of the S domain that is
retained in minimal VLPs (29). To exclude the possibility that any
phenotypes of the S domain RNAs resulted from use of the heter-
ologous U6 promoter, a third S domain derivative, termed
Alinker, was constructed in which the S domain was expressed by
the native 7SL promoter. The Alinker mutant contained two de-
letions in 7SL, from C61 to A119 and from A231 to G286, which
removed the 7SL linker region RNA stem and parts of the Alu and
S domains (Fig. 4a). The left-hand 75 nt of Alinker, corresponding
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to part of the Alu domain (helices 2, 3, 4, and 5a), contained the
intragenic promoter elements. However, as determined in Fig. 3
and data not shown, this portion of 7SL was incapable of mediat-
ing packaging (Fig. 2). The right-hand 111 nt of Alinker corre-
sponded to the S114 derivative described above (helices 5f, 6, 7,
and 8).

The RNA content of virions produced by cells cotransfected
with expression constructs for these S domain derivatives and
HIVp was examined by Northern blotting (Fig. 4b). S154 and
S114 were detected in both cells (lanes 2 and 3) and HIVp virus
(lanes 7 and 8). The mutant Alinker was also packaged by HIVp
(Fig. 4b, lane 6), confirming that the S domain was capable of
mediating packaging regardless of its promoter. These results are
quantified in Fig. 4c. If the enrichment factor of endogenous 7SL
was set to 1, S114 was found to be enriched 1.8-fold in the virus
over its concentration in the cell, S154 was found to be enriched
1.5-fold in the virus over its concentration in the cell, and Alinker
was found to be enriched 1.6-fold in the virus over its concentra-
tion in the cell. We also quantified the total 7SL RNA content (S
domain derivatives and endogenous 7SL) compared to the
genomic RNA content of the HIVp virions by an RPA (Fig. 4d).
Viral protein quantification by RT activity confirmed that
genomic RNA was proportional to the number of virions present
in each sample (data not shown). When normalized to encapsi-
dated gRNA, the total 7SL signal in the S domain derivative-con-
taining virions was 2- to 4-fold higher than that for the HIVp-only
virus (compare lanes 1 to 3 to lane 4). The amount of total 7SL
packaged in the S domain derivative-containing virions was sig-
nificantly different than the amount of total 7SL packaged in the
HIVp-only virions (P < 0.05). Quantified in Fig. 4e, these results
confirm that the S domain derivatives were packaged in addition
to endogenous 7SL. Based on 12 to 14 copies of endogenous 7SL
per viral particle, these data indicate that there were ~40 copies of
Alinker per viral particle, ~30 copies of S114 per viral particle, or
~10 copies of S154 per viral particle in addition to the endoge-
nous 7SL.

Packaging of exogenous 7SL, or Alu or S domain derivatives,
does not affect viral infectivity detectably. Because HIVp genomic
RNAs are competent for reverse transcription and integration and
contain a puromycin-resistant selectable marker, HIVp puromy-
cin-resistant colony-forming titer was used to determine whether
incorporating 7SL derivatives was detrimental to viral infectivity
in a single-cycle replication assay. HIVp virions that packaged Alu
domain or S domain derivatives were used to infect target cells,
and the puromycin-resistant titers from a single round of replica-
tion were determined. In these experiments, virions were pseu-
dotyped with ecotropic Env and titered on cells that constitutively
expressed the ecotropic receptor. Producer cells were cotrans-
fected with HIVp and the Alu domain derivatives Alu87 or Alul 14
or the S domain derivative Alinker. Northern blotting of the RNA
content of producer cells and virus was performed to verify exo-
genous 7SL derivative expression and packaging levels (Fig. 5a).
Under the transfection conditions used here, these virions con-
tained either 50% of the endogenous 7SL replaced with Alul14, or
(in the Alinker S domain-containing virions) additional 7SL de-
rivatives in 1- to 1.5-fold molar excess of the encapsidated endog-
enous 7SL.

The puromycin-resistant CFU titers of these viruses are pre-
sented in Fig. 5b. When normalized to input virus as quantified by
RT activity, no significant difference between the titer of virus
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FIG 4 The S domain mediates additive packaging. (a) Schematics of the S domain derivatives used. (b) Northern blot of RNA from transfected cells and HIVp
virus, showing the expression and packaging of the S domain derivatives. The probe used recognizes the S domain. (c) Quantification of mutant (light gray) and
endogenous (dark gray) 7SL RNA from Northern blots. Column numbers correspond to the lane numbers in panel b. The mean amount of total 7SL is shown;
endogenous 7SL was set to 100% for cells and virus. (d) RPA of RNA from HIVp virus. (e) Quantification of RPAs of RNA from HIVp virus. Column numbers
correspond to the lane numbers in panel d. The mean amount of endogenous 7SL RNA per genomic RNA is shown; the value of 7SL/gRNA of the HIVp-only
sample was set at 100%. Error bars indicate = the standard deviation. *, P < 0.05; **, P < 0.01 (n = 3 independent experiments).

containing Alul14 or Alinker (Fig. 5b, columns 2 and 3) and those
of HIVpuro-only virus (column 4) was detected (P > 0.05). Sim-
ilarly, the expression of the nonpackaged 7SL derivative Alu87 by
producer cells had no effect on the titer of HIVpuro (column 1).
These data indicate that the packaging of exogenous 7SL deriva-
tives did not detectably affect viral infectivity under the conditions
tested here.

DISCUSSION

We examined the determinants of 7SL packaging by HIV-1 by
establishing packaging properties of overexpressed 7SL trunca-
tions. 7SL RNA consists of three domains: the left-hand Alu do-
main, the right-hand S domain, and the linker region that sepa-
rates the two (Fig. 1). The results here demonstrated that both the
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Aluand S domains were capable of mediating packaging indepen-
dently. They also showed that the Alu domain competed with
endogenous 7SL for packaging, while the amount of endogenous
7SL remained unchanged when excess S domain was packaged.
Some 7SL derivatives that were highly expressed were not pack-
aged at detectable levels, providing information on the determi-
nants of 7SL packaging and confirming that the packaging of 7SL
does not result from a random encapsidation of cellular RNAs.
These data indicate that there are two mechanisms by which 7SL
can become encapsidated: a “competitive” pathway and an “addi-
tive” pathway.

A truncation of 7SL corresponding to the entire Alu domain,
called Alul14, was found to replace some of the endogenous 7SL
in HIVp particles. This competition for packaging between
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Alul14 and endogenous 7SL implies that endogenous 7SL is pack-
aged via the same packaging pathway as Alul14. This competitive
pathway is therefore likely to be the endogenous pathway by
which HIV-1 recruits 7SL. This suggests that the Gag-proportion-
ate packaging of endogenous 7SL that is characteristic of several
retroviruses (41, 42, 54) involves an interaction of 7SL’s Alu do-
main with Gag. Furthermore, the decreased packaging of the
shorter Alu domain truncations, Alu87 and Alu92, and of the
Alul14 derivatives in which helix 5¢ was mutated, suggests that
H5 of the Alu domain is crucial in the endogenous pathway. The
competitive packaging of Alu RNAs that lacked the S domain sug-
gests that the endogenous pathway does not require recognition of
the S domain by Gag.

The endogenous pathway appears to limit the number of 7SL
molecules acquired. Multiples studies have shown that a fixed
number (12 to 16) of 7SL molecules are acquired by HIV-1, and
that the packaging of endogenous 7SL occurs in proportion to Gag
and independent of the packaging of gRNA (42, 48, 54). The evi-
dence here that Alu domain derivatives replaced endogenous 7SL
in the virion implies that exogenously expressed Alu domains
serve as substrates in the endogenous pathway, which involves a
counting mechanism by which an assembling viral particle ac-
quires a certain number of 7SL molecules. In contrast to this, the
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additive pathway does not appear to involve a counting mecha-
nism because the total number of RNAs in the virus appeared to
increase when additive 7SL derivatives were packaged.

The change in phenotype from competitive to additive pack-
aging when the binding site of SRP9/14 was ablated in Alul14 AC
suggests that SRP9/14 binding is involved in the endogenous 7SL
packaging pathway. Binding of SRP9/14 to 7SL occurs early in SRP
biogenesis and is responsible for maintaining 7SL in the nucleolus
for subsequent steps in SRP complex formation (12, 27). Thus, the
evidence here that 7SL derivatives that cannot bind SRP9/14 were
packaged via the additive pathway suggests that location and tim-
ing are crucial to the mechanisms of 7SL packaging.

The data that the SRP9/14 binding capability is crucial for
packaging via the endogenous pathway suggests a possible model
for 7SL packaging. In this model, the endogenous, competitive
pathway may involve acquisition of a form of 7SL that ordinarily
exists transiently, early in its biogenesis, whereas the additive
pathway may involve acquisition of 7SL later during SRP biogen-
esis and in a different location in the cell. This model suggests that
the regulated trafficking of endogenous 7SL through the cell may
prevent the packaging of endogenous 7SL through the additive
pathway. Observations with the SRP9/14 binding site mutant sug-
gested that the binding of SRP9/14 may transiently produce a
three-dimensional structure in helix 5¢ of the Alu domain that is
recognized by Gag but that is altered upon binding of the remain-
ing SRP proteins. In this model, Alul14 was packaged exclusively
by the endogenous pathway because it could not bind further SRP
proteins and therefore was locked in a packaging-competent
form, while Alu AC and the S domain truncations were never in
the correct conformation.

This model raises the possibility that HIV-1 acquires 7SL in the
nucleus. Although fluorescence microscopy visualization of Gag
during HIV assembly and evidence that HIV-1 replication does
not require Crm1-dependent nuclear trafficking appears incon-
sistent with this notion, existing work does not rule out Crm1-
independent nuclear trafficking or the possibility that a small sub-
set of HIV-1 Gags may traffic through the nucleus (4, 23). It is also
possible that HIV-1 Gag acquires 7SL in the cytoplasm but before
SRP54 has bound 7SL, that expression of HIV-1 changes the sub-
cellular localization of 7SL, or that a fraction of nuclear SRP as-
sembly intermediates intersect with retroviral assembly in some
other way.

The effect of 7SL derivative packaging on virus titer was exam-
ined to determine whether alterations to the 7SL content of virions
affected infectivity. Under the conditions tested here—that is, be-
tween approximately 6 and 24 replaced or additional 7SL-type
molecules per virion—the packaging of 7SL derivatives had no
discernible effect on titer. This was true whether the packaged 7SL
derivative was acquired via the endogenous pathway (Alul14) or
the additive pathway (Alinker). These findings suggest that the
normal complement of 7SLis not required for HIV-1 infectivity. If
7SL does contribute to viral replication, the lack of a detectable
effect on infectivity when Alul14 replaced some of the endoge-
nous 7SL implies either that the Alu domain alone is capable of
fulfilling any 7SL-specific roles, or that the remaining endogenous
7SL is capable of fulfilling that role. Similarly, the lack of a detect-
able effect on infectivity when Alinker was packaged implies that
the packaging of extra 7SL did not destabilize the virion or inter-
fere with viral replication cycle. This lack of evidence for a role of
7SL in the viral life cycle may instead indicate that 7SL packaging
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results because 7SL is a parasite of retroviruses, much like how Alu
elements parasitize the L1 retrotransposition machinery (16).
However, it is noteworthy that all of the experiments here were
performed under overexpression conditions in 293T cells: condi-
tions known to mask some forms of restriction and other forms of
virus-host interactions. In addition, we did not produce virions
that completely lacked 7SL or 7SL derivatives and cannot rule out
a role for 7SL in viral replication.

In summary, these studies establish two pathways by which 7SL
can be acquired by HIV-1: the endogenous pathway, which in-
volves the Alu domain and SRP9/14 binding, and an additive
pathway, which occurs in the absence of SRP9/14 binding and
which may be dependent on alternative trafficking of 7SL. The
additive pathway can result in the packaging of additional 7SL
RNA, and the studies here provide evidence that the nature of
these additionally packaged RNAs can be artificially manipulated.
Our demonstrated ability to manipulate the RNA content of ret-
roviral virions has potentially far-reaching applications as a deliv-
ery mechanism for modified RNAs.
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