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Attempts to use the mouse as a model system for studying AIDS are stymied by the multiple blocks to human
immunodeficiency virus type 1 (HIV-1) replication that exist in mouse cells at the levels of viral entry,
transcription, and Gag assembly and processing. In this report, we describe an additional block in the selective
packaging of tRNA3

Lys into HIV-1 produced in murine cells. HIV-1 and murine leukemia virus (MuLV) use
tRNA3

Lys and tRNAPro, respectively, as primers for reverse transcription. Selective packaging of tRNA3
Lys into

HIV-1 produced in human cells is much stronger than that for tRNAPro incorporation into MuLV produced in
murine cells, and different packaging mechanisms are used. Thus, both lysyl-tRNA synthetase and GagPol are
required for tRNA3

Lys packaging into HIV-1, but neither prolyl-tRNA synthetase nor GagPol is required for
tRNAPro packaging into MuLV. In this report, we show that when HIV-1 is produced in murine cells, the virus
switches from an HIV-1-like incorporation of tRNA3

Lys to an MuLV-like packaging of tRNAPro. The primer
binding site in viral RNA remains complementary to tRNA3

Lys, resulting in a significant decrease in reverse
transcription and infectivity. Reduction in tRNA3

Lys incorporation occurs even though both murine lysyl-tRNA
synthetase and HIV-1 GagPol are packaged into the HIV-1 produced in murine cells. Nevertheless, the murine
cell is able to support the select incorporation of tRNA3

Lys into another retrovirus that uses tRNA3
Lys as a primer,

the mouse mammary tumor virus.

In retroviruses, tRNA is used as a primer to initiate the
reverse transcriptase (RT)-catalyzed synthesis of minus-strand
strong-stop DNA (�SS DNA). Different retroviruses use dif-
ferent tRNAs as a primer. In lentiviruses, including human
immunodeficiency virus type 1 (HIV-1), tRNA3

Lys serves as the
primer tRNA (36, 40). In avian retroviruses, the primer is
tRNATrp (17, 26, 44, 45, 54, 55), whereas tRNAPro is the
common primer for murine leukemia virus (MuLV) (25, 43,
51). In avian retroviruses and HIV-1, the primer tRNAs are
selectively packaged, i.e., the percentage of the tRNA popula-
tion representing primer tRNA increases in going from the
cytoplasm to the virus. For example, in avian myeloblastosis
virus, the relative concentration of tRNATrp changes from
1.4% to 32% (54). In HIV-1, the relative concentration of
tRNALys (which includes both primer tRNA3

Lys and the other
major tRNALys isoacceptors, tRNA1

Lys and tRNA2
Lys, which dif-

fer by only one base pair in the anticodon stem and are re-
ferred to together as tRNA1,2

Lys ) changes from 5 to 6% in the
cytoplasm to 50 to 60% in virus produced from transfected
COS7 cells (39). In AKR MuLV, selective packaging of primer
tRNAPro is less dramatic, going from a relative cytoplasmic

concentration of 5 to 6% to 12 to 24% of low-molecular-weight
RNA (54).

In HIV-1, an increase in the concentration of primer
tRNA3

Lys in the viral population is correlated with an increase
in both tRNA3

Lys annealing and viral infectivity (19). Within a
complex formed by Gag and GagPol, GagPol is required for
packaging tRNALys into Gag virus-like particles (VLPs) or into
HIV-1 (39), and more specifically, the thumb domain in RT
sequences plays an important role in the interaction between
GagPol and tRNALys (32). Nevertheless, Gag plays an impor-
tant role in selecting tRNALys isoacceptors for incorporation
into Gag VLPs. Lysyl-tRNA synthetase (LysRS), the protein
that aminoacylates tRNALys, is also selectively packaged into
HIV-1 (10). An important role of LysRS in the viral life cycle
appears to be to target tRNALys for incorporation into the
virion through a specific interaction between LysRS and Gag
(10, 24, 30, 34, 35). Gag alone is sufficient for incorporation of
LysRS into Gag VLPs (10), but GagPol is required for
tRNALys incorporation as well (39).

In contrast to HIV-1, the process responsible for the weaker
select packaging of tRNAPro in MuLV appears to be different,
i.e., the incorporation of tRNAPro occurs independently of
both prolyl-tRNA synthetase (ProRS), which is not found in
this virus (8, 24), and GagPol (18, 37). We have investigated
whether these differences in the mechanism of primer tRNA
incorporation into HIV and MuLV are due to differences in
viral and/or cellular factors by examining the incorporation of
tRNAs into HIV-1 produced in murine cells.

There are multiple HIV replication blocks in murine cells
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that occur at the levels of viral entry, transcriptional elonga-
tion, splicing, and Gag assembly and processing (3, 5, 38, 41,
42, 52, 57, 61). While blocks in viral entry and transcription
have been partially overcome through engineering mouse cells
to synthesize HIV-1 receptors CD4 and CCR5 (chemokine
[C-C motif] receptor 5), and the TAT cofactor, cyclin T1 (20,
57), such cells release only trace amounts of HIV-1 capsid and
infectious virus (5, 20, 42). Further problems are encountered
with Gag assembly at membranes, and this has been partially
remedied through altering the nuclear export pathway of
HIV-1 RNA from a Rev-dependent to a Rev-independent one
(49), or by replacing HIV-1 MA with either MuLV or simian
immunodeficiency virus MA (13, 29). It has also been found
that murine cells containing human chromosome 2 were more
efficient at facilitating both HIV-1 Gag assembly at membranes
and the budding of infectious virus, presumably due to one or
more cell factors expressed from chromosome 2 (15).

In this work, we demonstrate that another block to HIV-1
replication in murine cells is the inability to selectively package
tRNA3

Lys. We have examined the incorporation of tRNA into
HIV-1 produced in transfected murine A9 cells, where viral
production was facilitated either by using A9 cells containing
human chromosome 2 and human cyclin T1, or through trans-
fection with HIV-1 DNA that produces mRNA utilizing a
Rev-independent mRNA nuclear export pathway. The HIV-1
produced in murine cells shows a strong reduction in the in-
corporation of tRNALys, but instead, like MuLV, selectively
packages tRNAPro, using a mechanism that is independent of
either ProRS or GagPol incorporation.

MATERIALS AND METHODS

Plasmids and cell lines. SVC21.BH10 is a simian virus 40-based vector that
contains full-length wild-type HIV-1 proviral DNA, and it was a gift from E.
Cohen, University of Montreal. Human Gag (hGag) and hGag/GagPol were
gifts from Y. Huang and G. Nabel, Vaccine Research Center, National
Institute of Allergy and Infectious Diseases (NIAID), National Institutes of
Health (NIH), Bethesda, MD (27). The Gag and GagPol proteins coded by
these plasmids have amino acid sequences that are identical to the sequences
of their viral counterparts, but the mRNAs coding for them have had their
codons optimized for mammalian cell codon usage, which results in more
efficient translation and protein production and also makes nuclear export of
these mRNAs Rev independent through modification of the multiple inhib-
itory sequences (27). HIV-1 Gag-Rev response element (Gag-RRE) is a gift
from David Rekosh (University of Virginia at Charlotte), while HIV-1 Gag/
GagPol-RRE is a gift from Chen Liang (McGill University, Montreal, Que-
bec, Canada). HIV-1 Gag-4CTE, Gag/GagPol-4CTE plasmids were con-
structed by PCR. PCR products of Gag or Gag/GagPol from HIV-1 BH10
were cloned into pcDNA3.1/V5-His vector (pcDNA3.1/V5-His TOPO TA
expression kit; Invitrogen). Four copies of the Mason-Pfizer monkey virus
constitutive transport element (4CTE), obtained from Hans-Georg Kräuss-
lich, University Hamburg, Germany (59), were cloned into the unique sites of
NotI and BstBI of the above vector. The plasmid coding for MuLV was a gift
from Alan Rein (National Cancer Institute, Bethesda, MD).

HEK-293T cells (CRL-11268), A9 mouse connective tissue cells (CCL-1.4),
and MM5MT, a mouse mammary gland cell line stably producing mouse mam-
mary tumor virus (MMTV) (CRL-1637) were all obtained from the American
Type Culture Collection (ATCC). The somatic cell hybrid GM11686 (A9 plus
human chromosome 2) was obtained from the Coriell Cell Repositories, Cam-
den, NJ. GM11686-cycT1 and A9-cycT1 are the GM11686 and A9 cell lines
transduced with human cycT1 genes and are gifts from Richard Sutton (Baylor
College of Medicine). The indicator cell line TZM-bl (a HeLa cell line contain-
ing CD4, CCR5, and a reporter luciferase gene associated with the HIV-1 long
terminal repeat) was used for measuring HIV-1 infectivity and was obtained
from NIH AIDS Research and Reference Reagent Program, Division of AIDS,
NIAID, NIH (catalog no. 8129) (58). HEK-293T and A9 cells were grown in
complete Dulbecco’s modified Eagle’s medium plus 10% fetal bovine serum, 100

U of penicillin per ml, and 100 �g of streptomycin per ml. GM11686 cells were
cultured in complete Dulbecco’s modified Eagle’s medium-F12 (1:1) (catalog no.
11330; Invitrogen) plus 10% fetal bovine serum, 100 U of penicillin/ml, 100 �g
streptomycin/ml, 500 �g/ml G418, and 1� minimal essential medium nonessen-
tial amino acid solution (catalog no. 11140; Invitrogen). For GM11686-cycT1
cells, 5 �g puromycin/ml was also added to the above medium.

Cell transfection and virus purification. In addition to problems with assem-
bly, which can be partially countered by the presence of human chromosome 2,
production of HIV-1 from murine cells is also inhibited by low viral RNA
transcription, and it was found that this can be improved by constitutively ex-
pressing human cyclin T1 in the GM11686 cells, i.e., GM11686-cycT1 cells (15).
Human or murine cells were plated at 3.0 � 106 to 3.4 � 106 cells in 100-mm-
diameter plates for 24 h and then transfected with 2 �g BH10 or other plasmids
indicated using Lipofectamine 2000 (Invitrogen), according to the manufactur-
er’s instructions. Another problem encountered is the low transfection efficiency
of murine cells, which was improved through the use of spin transfection, i.e.,
immediately after transfection by Lipofectamine 2000, the plates containing
murine cells were centrifuged for 10 min at 1,200 � g (MicroPlus Carrier;
Beckman Coulter). Spin transfection had little or no effect on the number of
human 293T cells transfected, but the number of GM11686-cycT1 cells trans-
fected increased from 2 to 8% without spin to 10 to 30% with spin (data not
shown).

Transfected human and murine cell lines, as well as the stably transfected
murine MM5MT cell line, were incubated for 48 h at 37°C, and VLPs were
collected from the cell culture supernatant by centrifugation in a Beckman type
45Ti rotor at 35,000 rpm for 1 h. The viral pellets were then purified by centrif-
ugation in a Beckman SW41 rotor at 26,500 rpm for 1 h through 15% sucrose
onto a 65% sucrose cushion. The band of purified virus was removed and
repelleted at 35,000 rpm for 1 h in a Beckman SW41 rotor.

Viral RNA isolation and quantification. Total viral RNA was extracted from these
pellets using the guanidinium isothiocyanate procedure as previously described (14). The
RNA pellets were dissolved in 5 mM Tris-HCl (pH 7.5) and stored at �80°C. Hybrid-
ization to dot blots of total viral RNA was carried out as previously described (9), with
5�-32P-end-labeled DNA probes complementary to either the 3� terminal 18 nucleotides
of tRNA3

Lys (5�-TGGCGCCCGAACAGGGAC-3�), tRNAPro (5�-TGGGGGCTCGTC
CGGGAT-3�), or tRNAHis (5�-TGGTGCCGTGACTCGGAT-3�) or to the 5� end of
the HIV-1 genomic RNA, upstream of the primer binding site (PBS) (5�-CTGACGC
TCTCGCACCC-3�).

2D PAGE. Total viral RNA was 3� end labeled with 32pCp by T4 RNA ligase
and resolved by two-dimensional polyacrylamide gel electrophoresis (2D PAGE)
as previously described (31). To identify tRNAPro, spots resolved by 2D PAGE
were excised, ground, dissolved in buffer (20 mM Tris-HCl [pH 7.5], 5 mM
EDTA, 400 mM sodium acetate) for 2 h, and precipitated with ethanol (1). The
pellet was dissolved in RNase-free water and used as a template for reverse
transcription-PCR (RT-PCR) (ThermoScript reverse transcriptase [Invitrogen];
Hot-star Taq polymerase [Qiagen]). The primers for tRNAPro are as follows:
mouse-tRNAPro-F1 (forward primer) (5�-GGCTCGTTGGTCTAGGGGTA-3�) and
mouse-tRNAPro-R1 (reverse primer) (5�-CTCGTCCGGGATTTGAAC-3�). Nested
primers were also used: mouse-tRNAPro-F2 (5�-GCTCGTTGGTCTAGGGGTAT-3�)
and mouse-tRNAPro-R2 (5�-GATTTGAACCCGGGACCT-3�). The primers for both
tRNA1,2

Lys and tRNA3
Lys are mouse-tRNALys-F1 (5�-CCGGMTAGCTCAGTCGGTA-

3�), mouse-tRNALys-R1 (5�-CCGAACAGGGRCTYGAAC-3�), mouse-tRNALys-F2
(5�-CGGMTAGCTCAGTCGGTAG-3�), and mouse-tRNALys-R2 (5�-CGAA
CAGGGRCTYGAACC-3�), where M is C�A, Y is C�T, and R is A�G. The PCR
products were cloned into the TOPO vector (TOPO TA cloning kit; Invitrogen) and
sequenced to identify the tRNA.

Real-time PCR quantitation of synthesis of minus-strand strong-stop HIV-1
DNA. Equal amounts of DNase-treated HIV-1 produced in either 293T cells or
GM11686-cycT1 cells (1 ng CAp24) were used to spin infect 1 � 106 SupT1 cells
of each well on the 24-well plates at 1,200 � g for 1 hour. At different times
postinfection, aliquots of cells were collected and washed with phosphate-buff-
ered saline, and cellular DNA was extracted using the DNeasy tissue kit
(Qiagen). Using equal amounts of cellular genomic DNA (determined spectro-
photometrically at an optical density of 260 nm), �SS DNA synthesis (R-U5)
was quantitated by the Light Cycler instrument (Roche Diagnostics GmbH)
using the following primers: RT forward (5�-TTAGACCAGATCTGAGCCTG
GGAG-3�) and RT reverse (5�-GGGTCTGAGGGATCTCTAGTTACC-3�)
(23).

The �SS DNA containing the tRNA primer was also used to identify the tRNA
primer as previously described (56). Equal amounts of cellular genomic DNA were
amplified with PCR. The forward primer is complementary to the �SS DNA
synthesized (5�-GCTCTAGACCAGATCTGAGCCTGGGAGCTC-3�). The re-
verse primer is complementary to either the 5� end of tRNAPro (5�-GGCTCGTT

12050 WEI ET AL. J. VIROL.



GGTCTAGGGGTA-3�) or the 5� end of tRNA3
Lys (5�-CCGGMTAGCTCAGTCG

GTA-3�, where M is C�A).
Protein analysis. Cellular and viral proteins were extracted with CytoBuster

protein extraction reagent (catalog no. 71009; Novagen) with protease inhibitor
cocktail tablets (Roche). The cell and viral lysates were analyzed by sodium
dodecyl sulfate-PAGE (10% acrylamide), followed by blotting onto nitrocellu-
lose membranes (Amersham Pharmacia). Western blots were probed with mono-
clonal antibodies that are specifically reactive with HIV-1 capsid (Zeptometrix
Inc.), HIV-1 RT (catalog no. 7372; NIH AIDS Research and Reference Reagent
Program), V5 (Invitrogen), and �-actin (Sigma), and a rabbit polyclonal antibody
for ProRS, a gift from S. Kim (Seoul National University, Seoul, South Korea)
(33). Detection of proteins was performed by enhanced chemiluminescence
(PerkinElmer Life Sciences, Inc.), using anti-mouse (for capsid, V5, and �-actin)
and anti-rabbit antibodies (for RT and ProRS) as secondary antibodies, both
obtained from Amersham Life Sciences. Bands in Western blots were quantified
using ImageJ software (NIH).

Expression and purification of human and murine LysRS. Human LysRS
cDNA was a gift from K. Shiba (Japanese Foundation for Cancer Research,
Tokyo, Japan) (47). Murine LysRS cDNA was constructed by first extracting
mRNA from A9 cells with TRIzol (Invitrogen), followed by reverse transcription
(SuperScript II; Invitrogen) and amplification by PCR (Expand high-fidelity
PCR system, Roche). The following PCR primers were used: forward, 5�-GAC
TGAATTCGTGTTCCGCCATGTTGATGC-3�; reverse, 5�-GAACTCGAGG
ACAGAGGGGCCGGCTGTTGT-3�. The PCR products were digested with
EcoRI and XhoI and cloned into the pcDNA3.1/V5-His vector (Invitrogen). The
human LysRS and murine LysRS expressed were C terminally tagged with V5.

Human and murine LysRS were purified by a previously published procedure
involving expression of His-tagged LysRS in Escherichia coli and purification on
Ni� affinity columns (47).

Infectivity assay. Viral infectivity was determined by challenging 1 � 105

TZM-bl indicator cells with equal amounts of viruses (1 ng of CAp24), and
measuring the induction of luciferase activity as previously described (6, 60).

Fluorescence anisotropy measurements. Equilibrium dissociation constants
for the CAp24/LysRS interaction were determined using fluorescein isothiocya-
nate-labeled HIV-1 CAp24 (FITC-CAp24) prepared as previously described
(34). The fluorescence anisotropy of FITC-CAp24 (50 nM) was measured as a
function of increasing concentrations of unlabeled LysRS, and the data were
analyzed as previously described (34).

RESULTS

HIV-1 produced in murine cells does not selectively package
tRNALys isoacceptors and shows both reduced synthesis of
minus-strand strong-stop DNA and reduced infectivity. HIV-1
particles were produced by spin transfecting HIV-1 DNA into
either 293T cells or into A9 mouse cells containing human
chromosome 2 and cyclin T1 (GM11686-cycT1). As shown in
the left panel in Fig. 1A, production of extracellular HIV-1
(CAp24) from GM11686-cycT1 cells is �25% of that produced
from a similar number of cultured 293T cells. The viruses
produced were tested for their ability to incorporate tRNA3

Lys.
The difference in the viral concentration of tRNA3

Lys found in
HIV-1 in 293T cells or GM11686-cycT1 cells was examined by
measuring the tRNA3

Lys /genomic RNA in each viral type, using
dot blots of viral RNA hybridized with DNA probes specific for
either HIV-1 genomic RNA or tRNA3

Lys. The viral genomic
RNA/CAp24 ratios for HIV-1 produced from each cell type
were similar (data not listed), and equal amounts of viral
genomic RNA for each cell type were used in the dot blots.
Normalizing to HIV-1 (GM11686-cycT1), the graph in Fig. 1A
shows that the ratio of tRNA3

Lys to genomic RNA in HIV-1 in
293T cells is approximately 4.5 times higher than that found in
HIV-1 in GM11686-cycT1 cells.

Figure 1B shows the ability of these viruses to synthesize
�SS DNA upon infection of SupT1 cells. The T-lymphocyte
cell line SupT1 was infected with equal amounts of HIV-1
(CAp24) produced from either human or mouse cells. �SS

DNA (R-U5) synthesis was monitored over a 24-h postinfec-
tion time period using real-time fluorescence-monitored PCR
with equal amounts of cellular DNA, and the results are
graphed in Fig. 1B. �SS PCR products reached a maximum
concentration at 8 h postinfection (Fig. 1B, left panel), and the
relative values at the 8-h time point are graphed on the right
side of Fig. 1B. The production of �SS DNA synthesis in cells
infected with HIV-1 produced in 293T cells is 3.5 to 4 times
greater than that obtained for HIV-1 infection in murine cells.
After 8 h, the abundance of �SS DNA declined, a phenome-
non that has been previously reported (7), and probably the
result of degradation of viral DNA not converted into inte-
grated proviral DNA (7, 22).

To measure infectivity of the viruses, TZM-b1 cells, contain-
ing a luciferase reporter gene, were infected with equal
amounts of HIV-1 (CAp24) produced from either human or
mouse cells, and at various times postinfection, cells were
lysed, and luciferase activity was measured. The results are
graphed in Fig. 1C. Luciferase activity at various times postin-
fection are plotted in the left graph of Fig. 1C, and the relative
infectivity at 28 h is graphed in the right panel. These results
indicate that HIV-1 produced in murine cells have a 3.5- to
4-fold decrease in infectivity compared to HIV-1 produced in
293T cells.

In spite of the numerous defects in HIV-1 replication en-
countered during replication in murine cells, the data in Fig. 1
show a correlation between reduced tRNA3

Lys packaging, re-
duced �SS DNA synthesis, and reduced infectivity. This is
because entry or assembly defects that exist for HIV-1 produc-
tion in murine cells should not play a role in our measurements
of either �SS DNA production or viral infectivity. We are
using equal amounts of viral p24 produced in human or murine
cells to infect human cells with the proper HIV-1 receptors for
cell entry, i.e., SupT1 cells for measuring �SS DNA and
TZM-b1 cells for measuring infectivity, and the parameters
being measured occur prior to viral assembly in these cells.
Furthermore, when wild-type HIV-1 is replaced with envelope-
negative HIV-1 pseudotyped with vesicular stomatitis virus G,
as we have previously described (23), the reduction in infec-
tivity of virions produced in the GM11686-cycT1 cells is similar
to that of wild-type HIV-1 produced in the same cells (data not
shown).

Figure 2A shows the two-dimensional polyacrylamide gel
electrophoresis pattern of low-molecular-weight RNA ex-
tracted from HIV-1 produced in either 293T or GM11686-
cycT1 cells. The pattern from HIV-1 produced in COS7 cells
has been characterized (31), and it is known that spot 3 is
tRNA3

Lys, while spots 2 and 1 correspond to tRNA1,2
Lys. The

lower-mobility spot seen in this gel represents tRNAAsn (un-
published), and its appearance in the HIV-1 tRNA population
varies between different viral samples. The electrophoretic pat-
tern for tRNA extracted from HIV-1 produced in murine cells
is quite different and does not indicate selective packaging of
tRNALys isoacceptors. The spot marked with an arrow has
been identified as tRNA3

Lys by RT-PCR, using primers specific
for tRNA3

Lys (see Materials and Methods). As described later in
the article (Fig. 3B), the major high-mobility spot is identified
by RT-PCR as tRNAPro.

Figure 2B shows that the different tRNA pattern in HIV-1
produced in murine cells is not due to a difference in electro-
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phoretic mobility between human and murine tRNALys iso-
acceptors. It is known that mouse mammary tumor virus also
uses tRNA3

Lys as the primer for reverse transcriptase, and in
Fig. 2B, we have compared the 2D PAGE patterns of tRNA
extracted from either HIV-1 produced in 293T cells or MMTV
produced in the chronically infected MM5MT cell line. It can
be seen that the tRNALys isoacceptors found in human or
murine cells have identical electrophoretic mobility. Genes for
human or murine tRNA3

Lys and tRNA1,2
Lys are distributed over

many chromosomes, and their sequences were downloaded
from the Genomic tRNA Database website (http://lowelab
.ucsc.edu/GtRNAdb/) and aligned using Clustal multiple-se-

quence alignment software (http://www.clustal.org). The re-
sults are shown in Fig. S1 in the supplemental material and
indicate that at some chromosomal loci, murine and human
tRNALy3 or tRNA1,2

Lys genes are identical, while at others, poly-
morphisms occur. The contribution of each loci to viral
tRNALys is not known. The sensitivity of our tRNA3

Lys probe
for detecting murine and human tRNA3

Lys, however, seems to
be similar. Thus, we have measured the changes in the
tRNA3

Lys /tRNAHis ratio that occur between cytoplasm and vi-
rus for both HIV-1 (a five- to sixfold increase [see Fig. 4B]) and
for MMTV (an approximately sevenfold increase [data not
listed]).

FIG. 1. HIV-1 produced in murine cells show reduced tRNA3
Lys (tRNALys3) packaging, �SS DNA synthesis, and infectivity. 293T and

GM11686-cycT1 cells were spin transfected with HIV-1, and the resulting virions were analyzed. (A) Viral production and tRNA3
Lys packaging.

(Left) Extracellular amount of CAp24 per milliliter of culture medium. (Right) Total viral RNA was isolated and analyzed by dot blot hybridization
using DNA probes specific for tRNA3

Lys and viral genomic RNA. (B) �SS DNA synthesis. SupT1 cells were infected with equal amounts of HIV-1
produced from either 293T cells or GM11686-cyc-T1 cells. DNA was extracted at different times postinfection. Early (R-U5) minus-strand cDNA
production was monitored by real-time PCR as described in Materials and Methods. (Left) Time course of DNA production. Symbols: �, HIV-1
produced in 293T cells; �, HIV-1 produced in GM11686-cycT1 cells. (Right) Relative (rel.) production of �SS DNA at 8 h. (C) Viral infectivity.
Equal amounts of viral CAp24 were used to challenge TZM-bl indicator cells, and productive infection was measured as the induction of luciferase
activity. (Left) Time course of infection. Symbols: �, HIV-1 produced in 293T cells; �, HIV-1 produced in GM11686-cycT1 cells. (Right) Relative
(rel.) infectivity at 28 h postinfection, normalized to HIV-1 produced in GM11686-cycT1 cells.
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tRNA incorporation into HIV-1 produced in GM11686-
cycT1 cells is qualitatively similar to tRNA incorporation into
MuLV. We next transfected GM11686-cycT1 cells with either
HIV-1 or MuLV DNA, and Fig. 3A shows that the 2D PAGE
patterns of the major tRNA species in HIV-1 and MuLV are
identical. Since MuLV is known to selectively package
tRNAPro, the spot in both patterns labeled by an arrow was
extracted from the gels, amplified by RT-PCR using primers
specific for tRNAPro, cloned, and sequenced (Fig. 3B). Clones
1 and 2 represent the high-mobility spot in MuLV (arrow) and
were identified as tRNAPro with the AGG anticodon. Clones 3
and 4 represent the high-mobility spot in HIV-1 (arrow) and
were identified as tRNAPro with either the AGG or CGG
anticodon. The major low-mobility spot in either virus was not
identified as tRNAPro by this procedure and has not yet been
identified.

These results indicate that HIV-1 produced in murine cells
selectively packages tRNAPro and another unidentified spe-
cies. In Fig. 3C, the tRNAPro/tRNAHis ratios were determined
for GM11686-cycT1 cells and for HIV-1 or MuLV produced in
these cells by hybridizing dot blots of cytoplasmic or viral RNA
with probes specific for tRNAPro or tRNAHis. It can be seen
that for both HIV-1 and MuLV, the tRNAPro/tRNAHis ratios
increase on average 1.8-fold over the cytoplasmic ratio. As
mentioned earlier, selection of tRNAPro in MuLV is not as
strong as selection of tRNALys in HIV-1. In Fig. 3D, the
tRNAPro/viral genomic RNA ratio is compared using HIV-1
produced in either human (293T) or murine (GM11686-cycT1)
cells, and it can be seen that the viral content of tRNAPro in

HIV-1 produced in murine cells is on average three times
higher than that found for HIV-1 produced in human cells.

Figure 3E shows that the �SS DNA produced upon infec-
tion of GM11686-cycT1 cells by HIV-1 is primed only by
tRNA3

Lys, and not by tRNAPro. Equal amounts of the total
DNA extracted from SupT1 cells infected with HIV-1 pro-
duced from either 293T cells or GM11686-cycT1 cells (Fig. 1B)
were amplified by PCR, using primer pairs complementary to
�SS DNA and to the primer binding site for either tRNA3

Lys or
tRNAPro (shown at the bottom of Fig. 1E). The top panel of
Fig. 1E shows the electrophoretic resolution of the PCR prod-
ucts on agarose gels and shows that while the �SS DNA
contains the tRNA3

Lys PBS, it does not contain the tRNAPro

PBS, indicating that tRNAPro is not used as a primer. Thus,
although tRNAPro is packaged into HIV-1, its inability to serve
as a primer for reverse transcription is not surprising if one
assumes that the HIV-1 genome does not contain a functional
PBS complementary to tRNAPro. There is no reason to assume
that the incorporation of tRNAPro into the virus is dependent
upon a PBS complementary to tRNAPro, since the selective
packaging of tRNA3

Lys in HIV-1 has been shown to occur inde-
pendently of the presence of the tRNA3

Lys PBS (28).
The selective incorporation of tRNALys into HIV-1 is unaf-

fected by the mRNA nuclear export pathway used by Gag and
GagPol. Our studies have thus far used a murine cell line
containing human chromosome 2 (GM11686-cycT1), which is
required for the production of extracellular HIV-1 particles
from murine cells. It is possible that the alteration in tRNALys

packaging into HIV-1 is due to a product of human chromo-
some 2 interacting with murine factors. However, HIV-1 or
HIV-1 VLPs may also be produced in murine cells not con-
taining chromosome 2 if the nuclear export pathway is changed
from Crm-1 dependence (utilizing Rev and RRE) to a TAP-
dependent one. This can be achieved either by replacing the
Rev response element with four copies of the constitutive
transport element of Mason-Pfizer monkey virus (i.e., the viral
Gag-4CTE [vGag-4CTE] or vGag/Gagpol-4CTE vector) or by
optimizing codon usage of the viral mRNAs so as to use mam-
malian rather than viral codon usage (i.e., the hGag or hGag/
GagPol vector) (49, 59). In Fig. 4, we show, using 293T cells,
that the production of Gag/GagPol VLPs using different nu-
clear export pathways does not alter the ability of these VLPs
to selectively incorporate tRNALys. Fig. 4A shows the 2D
PAGE patterns of viral tRNAs produced by these different
constructs, and it can be seen that the selective incorporation
of tRNALys occurs regardless of which nuclear export pathway
is used. Fig. 4B shows the results of hybridizing labeled DNA
probes specific for tRNA3

Lys and tRNAHis to dot blots of RNA
extracted from each type of VLP. These results show similar
quantitative selection of tRNA3

Lys into HIV-1 (BH10) and the
Gag/GagPol VLPs.

tRNAPro incorporation into HIV-1 VLPs produced in mu-
rine cells occurs independently of both GagPol and human
chromosome 2. We next used the Rev-independent constructs
to show that tRNAPro incorporation into HIV-1 VLPs occurs
independently of GagPol and independently of human chro-
mosome 2. While GagPol is required for the incorporation of
tRNALys into HIV-1 (32, 39), tRNAPro packaging in MuLV
occurs independently of GagPol (18, 37). We therefore exam-
ined whether tRNAPro incorporation into HIV-1 in murine

FIG. 2. 2D PAGE patterns of viral tRNA. (A) Viral tRNA patterns
in HIV-1 produced from transfected 293T cells or GM11686-cycT1
cells. (B) Viral tRNA patterns from HIV-1 produced in 293T cells (left
panel) and from mouse mammary tumor virus produced in the stably
transfected murine cell line, MM5MT (middle panel). The right panel
shows the 2D PAGE pattern when RNA from both viruses are mixed.
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cells also occurred independently of GagPol. To examine this,
GM11686 cells were transfected with Rev-independent plas-
mid constructs coding for Gag alone or for Gag and GagPol.
2D PAGE patterns of RNAs extracted from the different Gag
or Gag/GagPol VLPs are shown in Fig. 5A, and it is clear that
tRNAPro is packaged into these particles independently of the
presence of GagPol, as has been found for MuLV.

The data in Fig. 5B show that the incorporation of tRNAs

into extracellular particles is dependent upon the expression of
extracellular HIV-1 Gag VLPs. GM11686 cells were trans-
fected with plasmids coding for either hGag or hGag �378-500,
which produces C-terminally-deleted Gag missing nucleocap-
sid, SP2, and p6 sequences. As shown in the leftmost panel in
Fig. 5B, this mutant Gag is expressed in the cell but does not
produce extracellular Gag VLPs. The two right panels in Fig.
5B shows that when RNA is extracted from Gag VLPs and
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resolved by 2D PAGE, no RNA-containing particles are pro-
duced from cells expressing Gag �378-500.

In Fig. 5C, we show that tRNAPro incorporation into HIV-1
VLPs occurs even when the murine cells producing the VLPs
do not contain human chromosome 2 or human cyclin T1.
Figure 5C shows the tRNA incorporation pattern in VLPs
produced in A9 cells, the parent cell of GM11868, and which
does not contain human chromosome 2 or human cyclin T1.
Virions are produced by transfecting cells with codon-opti-
mized genes for Gag (hGag) or Gag and GagPol (hGag/
hGagPol). A comparison with the 2D PAGE pattern of low-
molecular-weight RNA from virus with that of MuLV pro-
duced in these cells indicates similar patterns, i.e., VLPs pro-
duced in A9 cells selectively package tRNAPro, not tRNALys.
In A9 cells, as in GM11686 cells, when Gag �378-500 was
expressed, no RNA-containing extracellular VLPs were de-
tected (Fig. 5, panel 9).

Altered tRNA packaging in HIV-1 produced in murine cells
is not associated with alterations in the viral incorporation of
LysRS, ProRS, or GagPol. As described above, tRNALys pack-
aging in HIV-1 produced in 293T cells requires both a specific
interaction of Gag with LysRS, which targets the tRNALys

isoacceptors for incorporation, and the presence of GagPol,
which binds to tRNALys and stabilizes the tRNA in the pack-
aging complex (10, 39). Therefore, we have examined whether
the inability of LysRS or GagPol to be packaged into HIV-1
produced in murine cells could be the cause of the lack of
selective packaging of tRNALys.

Because our antibody to human LysRS was relatively insen-
sitive for detection of endogenous mouse LysRS, GM11686-
cycT1 cells were cotransfected with BH10 and C-terminally
tagged V5-human or mouse LysRS, and antibody to V5 was
used to detect either human or murine LysRS in Western blots
of cell or viral lysates. The results shown in Fig. 6A show that
both human LysRS and murine LysRS are readily incorpo-
rated into HIV-1 made in GM11686-cycT1 cells.

We previously reported that human LysRS interacts with the
C-terminal domain of HIV-1 CAp24 (30). Using fluorescence
anisotropy, an apparent equilibrium dissociation constant of
420 nM was measured for this interaction in vitro (34, 35).
Using this technique, we now demonstrate that murine LysRS
binds to HIV-1 CAp24 with a similar affinity (equilibrium
dissociation constant of 350 nM; Fig. 6B). Figure S2 in the
supplemental material compares the amino acid sequences of
murine (A9) LysRS and human LysRS. Helix 7, which contains
the putative CAp24 binding site (30, 34, 35) differs by only one
amino acid between the two species (I247V), consistent with
the similar measured binding affinities.

We have also previously shown that the packaging of
tRNAPro into MuLV occurs without a corresponding incorpo-
ration of ProRS into this virus (8), and in Fig. 6C, we demon-
strate the absence of ProRS in HIV-1 produced in murine cells
as well.

The incorporation of GagPol into Gag VLPs is required for
the viral packaging of tRNALys isoacceptors. The ability of
GagPol to be incorporated into HIV-1 produced in either
GM11686-cycT1 or 293T cells is demonstrated in Fig. 6D.
Western blots of lysates of virus produced from either type of
cell transfected with HIV-1 (BH10) DNA are probed with
either anti-CAp24 or anti-RT. It can be seen that there is no
significant change in the RTp66/CAp24 ratio.

DISCUSSION

This study shows that HIV-1 produced in murine cells is
unable to selectively incorporate tRNALys isoacceptors. As
shown in Fig. 1, this contributes to a reduction in both the
synthesis of �SS DNA and viral infectivity. We have previously
shown using 293T cells that HIV-1 Gag particles alone can
incorporate LysRS but that GagPol is also required for the
packaging of tRNALys (10, 39). A scenario for the formation of
a tRNA3

Lys packaging/annealing complex may involve a Gag/
GagPol/viral RNA complex interacting with a LysRS/
tRNA3

Lys complex, with Gag specifically interacting with LysRS
and GagPol interacting with both Gag and tRNA3

Lys. In fact, in
vitro evidence indicates that tRNA3

Lys interacts with the thumb
domain in RT (2, 16), and we have shown that tRNA3

Lys is

FIG. 4. Viral tRNA in HIV-1 and Gag VLPs. 293T cells were
transfected with plasmids coding for HIV-1 or HIV-1 Gag/GagPol
VLPs. The RNA from the resulting virus or Gag VLPs was extracted
and analyzed by 2D PAGE. (A) 2D PAGE patterns of viral tRNA
extracted from VLPs produced from viral Gag/GagPol-RRE (panel 2),
viral Gag/GagPol-4CTE (panel 3), or hGag/hGagPol (panel 4). The
viral tRNA patterns in HIV-1 (panel 5) and in the cytoplasm of 293T
cells (panel 1) are also shown. (B) tRNA3

Lys (tRNALys3)/tRNAHis ratios
in HIV-1 and VLPs, normalized to that of the cell cytoplasm.
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packaged into mutant HIV-1 containing C-terminal deletions
of GagPol, as long as the thumb domain is not included in the
deletions (32). The inability to package tRNA3

Lysinto HIV-1
produced in murine cells could therefore be due to an inability
to incorporate either LysRS or GagPol, but in fact, Fig. 6
shows that HIV-1 produced in murine cells can incorporate
LysRS and GagPol (RT). Therefore, there may be additional
factors required for packaging that are missing.

It has been shown that HIV-1 Pol alone (missing cis-Gag
sequences) will be incorporated into HIV-1 Gag particles and
that HIV-1 Pol can replace GagPol in facilitating the selective
incorporation of tRNALys (12). A similar situation exists in
human foamy viruses, which use tRNA1,2

Lys as a primer, and
where Gag and Pol are made from separate mRNAs (48).

Figure 7 presents a model, based on biochemical evidence,
showing the possible relationships between the components of
a tRNA3

Lys packaging/annealing complex. Because of the dem-
onstrated interaction (direct or indirect) of Pol with Gag (12),
we predict that GagPol may have a conformation that results in
its folding back due to a Pol/Gag interaction. In this model,
tRNA3

Lys is shown bound to the RT thumb domain, which is
based both on in vitro (2, 16) and in vivo (11, 32) studies. The
5� region of viral RNA is also shown, and the nucleocapsid
(NC) sequences within Gag are shown bound to the RNA
region containing the RNA packaging sequence of viral RNA
that includes stem-loop 3 (4, 21). This stem-loop is only 112
nucleotides downstream of the viral RNA PBS to which
tRNA3

Lys anneals. Several advantages to the virus can arise

FIG. 5. tRNAPro incorporation into HIV-1 VLPs produced in murine cells. (A) 2D PAGE resolution of tRNAs in VLPs produced from
GM11686 cells. VLPs are produced from vGag-4CTE (panel 1), vGag/GagPol-4CTE (panel 2), hGag (panel 3), and hGag/hGagPol (panel 4). (B,
left) Western blots of the expression in GM11686 cells and the extracellular production of hGag and C-terminally deleted hGag (�378-500).
(Right) 2D PAGE of tRNA extracted from hGag and hGag (�378-500) VLPs produced from GM11686 cells. (C) 2D PAGE resolution of tRNAs
in HIV-1 hGag/hGagPol VLPs and in MuLV produced in transiently transfected murine A9 cells, the parent cell of GM11686, and lacking human
chromosome 2. VLPs are produced from hGag (panel 7), hGag/hGagPol (panel 8), and hGag (�378-500) (panel 9), which is expressed in the cell
but does not form extracellular VLPs (panel 7). The 2D PAGE pattern of tRNAs in MuLV (panel 10) is also shown.
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from a folding back of GagPol that would bring Pol sequences
closer to both LysRS and the PBS. This conformation could
facilitate transfer of tRNA3

Lys from the LysRS to the RT thumb
domain and/or facilitate transfer of tRNA3

Lys from RT to the
PBS. Thus, even though both LysRS and GagPol are incorpo-
rated into HIV-1 produced in murine cells, an inhibition of a
Pol/Gag interaction might inhibit tRNA3

Lys incorporation.
Murine cells are, however, capable of facilitating the selec-

tive packaging of tRNALys into another retrovirus, MMTV.
This is seen clearly in Fig. 2, which shows that MMTV, which
also uses tRNA3

Lys as a primer (53), selectively packages
tRNALys when produced from the MM5MT murine cell line.
One difference between MMTV and HIV-1 is the cell location
for capsid assembly. While lentiviruses and the C-type MuLV
assemble into immature virions at the membrane, MMTV, a

B-type virus, assembles its capsid in the cytoplasm prior to
moving to the membrane for budding (50). Thus, the cell
location of assembly in murine cells might play a role in de-
termining which tRNAs are incorporated into the virion as a
result of the specific cellular locations of required factors,
some of which might be required for the Gag/Pol interaction.

It also appears that in the absence of select packaging of
tRNALys into HIV-1, the virus selectively incorporates
tRNAPro. The 2D PAGE pattern of viral tRNAs looks identi-
cal for either MuLV or HIV-1 produced in murine cells. Also,
like MuLV, incorporation of tRNAPro occurs independently of
the incorporation of both GagPol and ProRS. As shown in Fig.
5, extracellular particles containing tRNA were obtained only
when HIV-1 Gag VLPs were produced, i.e., the cytoplasmic
expression of a truncated HIV-1 Gag unable to assemble and

FIG. 6. Incorporation of LysRS, ProRS, and GagPol into HIV-1 made in murine cells. (A) Viral incorporation of human or mouse LysRS.
GM11686-cycT1 cells were cotransfected with BH10 DNA and DNA coding for either human LysRS (hLysRS) or murine LysRS (mLysRS), both
of which were tagged with V5. Forty-eight hours posttransfection, viruses were collected from the supernatant, and cells and viruses were lysed.
Western blots of cell and viral lysates were probed with anti-V5 and anti-�-actin or with anti-V5 and anti-CAp24, respectively. (B) Fluorescence
anisotropy experiment, showing binding of mouse LysRS (mLysRS) to FITC-CAp24. Only a representative data set is shown, but measurements
were carried out at least three times. The equilibrium dissociation constant (Kd) is shown. (C) Incorporation of ProRS. GM11686-cycT1 cells were
transfected with BH10, and 48 h posttransfection, viruses were collected from the supernatant, and cells and viruses were lysed. Western blots of
cell lysate were probed with anti-ProRS, and Western blots of viral lysates were probed with anti-ProRS and anti-CAp24. (D) Incorporation of
GagPol. GM11686-cycT1 cells and 293T cells were transfected with BH10. Forty-eight hours posttransfection, viruses were collected from the
supernatant and lysed. Western blots of viral lysates were probed with anti-CAp24 and anti-RT.
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form extracellular VLPs produced no such tRNA-containing
particles. The selective packaging of primer tRNA is much
weaker in MuLV than in avian retroviruses (54) or HIV-1 (39),
and while the incorporation of GagPol is required for primer
tRNA incorporation in avian sarcoma virus (44), Rous sar-
coma virus (46), and HIV-1 (32, 39), it is not required for
MuLV (18). Also, while tRNALys incorporation into HIV-1
requires LysRS, tRNAPro incorporation into MuLV does not
require ProRS (8). Therefore, the possibility that tRNAPro

packaging into retrovirus uses a more primitive mechanism
that will occur by default when more efficient mechanisms for
incorporation of other tRNA primers do not function exists.
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