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The tRNAs used to prime reverse transcription in human immunodeficiency virus type 1 (HIV-1), Rous
sarcoma virus (RSV), and Moloney murine leukemia virus (Mo-MuLYV) are tRNA}”, tRNA™P, and tRNA""™,
respectively. Using antibodies to the three cognate human aminoacyl-tRNA synthetases, we found that only
lysyl-tRNA synthetase (LysRS) is present in HIV-1, only tryptophanyl-tRNA synthetase (TrpRS) is present in
RSV, and neither these two synthetases nor prolyl-tRNA synthetase (ProRS) is present in Mo-MuLV. LysRS
and TrpRS are present in HIV-1 and RSV at approximately 25 and 12 molecules/virion, respectively. These
results support the hypothesis that, in HIV-1 and RSV, the cognate aminoacyl-tRNA synthetase may be used
as the signal for targeting the selective packaging of primer tRNAs into retroviruses. The absence of ProRS in
Mo-MulLyV is consistent with reports that selective packaging of tRNAF™ in this virus is less important for
achieving optimum annealing of the primer to Mo-MuLV genomic RNA.

Specific cellular tRNA isoacceptors are packaged into ret-
roviruses during viral assembly, and some of these are an-
nealed onto the primer-binding site of viral genomic RNA and
used to initiate the synthesis of minus-strand cDNA by reverse
transcriptase. Different primer tRNAs are used by different
retroviral families. tRNA™™ is the primer for all members of
the avian sarcoma virus-avian leukosis virus group (19, 20, 24).
The major tRNA™* isoacceptors in mammalian cells are
tRNATS and tRNAJ", the latter being the primer tRNA for
reverse transcriptase in lentiviruses, including human immu-
nodeficiency virus type 1 (HIV-1) (18). Primer tRNAs are
selectively packaged into retroviruses during their assembly,
i.e., their relative concentration in the low-molecular-weight
RNA population increases in moving from the cytoplasm to
the virus. For example, the relative concentration of tRNAT'P
has been reported to increase from 1.4% to 32% in avian
myeloblastosis virus (24) while tRNA™® (i.e., tRNAY and
tRNAJ") increases from 5 to 6% in the cytoplasm to 50 to 60%
in HIV-1 (16). On the other hand, selective packaging of
primer tRNAF™ in Moloney murine leukemia virus (Mo-
MuLV) has been reported to be much less, with the relative
concentration of tRNAP™ within low-molecular-weight RNA
changing from 5 to 6% in the cytoplasm to 12 to 24% in the
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virion (24). Furthermore, while mutations in the reverse tran-
scriptase eliminate selective packaging of primer tRNA in all
three of these retroviruses, primer tRNA annealing to the viral
genome is reduced in only HIV-1 and the avian retroviruses
and not in Mo-MuLV (7, 14-16, 19). Increases in the concen-
tration of primer tRNAJ" in HIV-1 result in both greater
tRNAY"® annealing to the genome and greater viral infectivity
(8).

It was recently reported that human lysyl-tRNA synthetase
(LysRS), the enzyme that aminoacylates tRNA™*, is also se-
lectively packaged into HIV-1 (2). In contrast, two other ami-
noacyl-tRNA synthetases (aaRSs), isoleucyl-tRNA synthetase
and prolyl-tRNA synthetase (ProRS), were not detected in
HIV-1 (2). This result suggests that LysRS may represent the
factor which signals HIV-1 proteins to interact with a tRNA™*/
LysRS complex for selective packaging of tRNA™"® into the
virus. This hypothesis is further strengthened by studies with
tRNAZ* anticodon mutants showing that the extent of tRNA}*
aminoacylation is directly correlated with its incorporation into
the virion (11). This suggests that productive tRNA}* interac-
tion with LysRS is a prerequisite for packaging. The aim of the
present study was to determine whether the cognate aaRS for
primer tRNAs in Rous sarcoma virus (RSV) and Mo-MuLV
(ie., tryptophanyl-tRNA synthetase [TrpRS] and ProRS, re-
spectively) are also selectively packaged into the virion.

Purified HIV-1, RSV, and Mo-MuLV were obtained from
HIV-1-transfected human 293T cells, RSV-infected turkey em-
bryo fibroblasts (TEFs), and Mo-MuLV-infected murine NIH
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FIG. 1. Western blots of cell and viral lysates probed with antibod-
ies to viral proteins or aaRSs. HIV-1 was produced and isolated from
HIV-1-transfected human 293T cells as previously described for HIV-
1-transfected COS7 cells (2). RSV was produced and isolated from
infected TEFs as previously described (5). Mo-MuLV was produced
and isolated from infected murine NIH 3T3 cells and purified by
banding twice in sucrose (and concentrated 5,000 times) and was
provided by the AIDS Vaccine Program, SAIC Frederick, National
Cancer Institute, Frederick, Frederick, Md. Purified viruses and cells
were lysed by suspension in 1X radioimmunoprecipitation assay buffer
(10 mM Tris [pH 7.4], 100 mM NaCl, 1% deoxycholate, 0.1% sodium
dodecyl sulfate [SDS], 1% Nonidet P-40, protease inhibitor cocktail
tablets [Boehringer Mannheim]), and the protein concentration in the
samples was determined by the Bradford assay (1). One hundred
micrograms of cellular protein or 30 pg of viral protein was resolved by
SDS-10% polyacrylamide gel electrophoresis followed by blotting
onto nitrocellulose membranes (Amersham Life Sciences) and detec-
tion with antibody. (A) Western blots of viral lysates of HIV-1, RSV,
and Mo-MuLV were probed, respectively, with mouse antiserum to
HIV capsid (Intracel Corporation), rabbit antiserum to RSV (25), and
rabbit antiserum to Mo-MuLV capsid (AIDS Vaccine Program). (B
through D) Western blots of viral and cellular lysates were probed with
rabbit antiserum to human LysRS (B), human TrpRS (C), and human
ProRS (D). Rabbit antisera to these aaRSs were isolated following
three subcutaneous injections of purified protein with 3- to 4-week
intervals between injections (150 to 300 pg of total protein). The
isolations of human LysRS (21) and TrpRS (23) were as previously
described. Human ProRS is derived from the C-terminal domain (ami-
no acid residues 926 to 1440) of GluProRS and was purified as de-
scribed previously (9). Western blots were analyzed by enhanced
chemiluminescence (ECL kit; Amersham Life Sciences) with goat anti-
mouse or donkey anti-rabbit antibody (Amersham Life Sciences) as a
secondary antibody. The sizes of the detected protein bands were
estimated by using prestained high-molecular-mass protein markers
(GIBCO/BRL), represented by the numbers to the left of each panel.
V, viral lysate; C, cell lysate.

3T3 cells as described in the legend to Fig. 1. Figure 1A shows
Western blots of lysates from HIV-1, RSV, and Mo-MuLV,
probed, respectively, with mouse antiserum to CAp24, rabbit
antiserum to CAp27, and rabbit antiserum to CAp30. Panels B
through D show Western blots of cell and viral lysates (human
293T cells and HIV-1, TEFs and RSV, and murine NIH 3T3
cells and Mo-MuLV, respectively) probed with anti-human
LysRS (panel B), anti-human TrpRS (panel C), and anti-hu-
man ProRS (panel D). The major cytoplasmic LysRS species
in all cell types migrated with an apparent molecular weight
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FIG. 2. Quantitation of LysRS in HIV-1. (A) Western blots probed
with anti-LysRS. Purified viruses and cells were lysed by suspension in
1X radioimmunoprecipitation assay buffer, and 100 pg of cell lysate
protein or 30 pg of viral lysate protein was resolved by sodium dodecyl
sulfate-10% polyacrylamide gel electrophoresis, followed by blotting
onto nitrocellulose membranes and probing with anti-human LysRS.
(B) Total viral RNA from 30 g of viral protein of HIV-1 was ex-
tracted by the guanidinium isothiocyanate procedure (4). HIV-1
genomic RNA was measured by dot blot hybridization with a radio-
active DNA probe specific for the HIV-1 genomic RNA sequence from
nucleotides 338 to 354. (C) The first seven lanes in the Western blot
shown in panel A contained decreasing amounts of His,-human Ly-
sRS, purified on Ni+ columns as previously described (21), and were
used to generate the LysRS concentration curve shown in panel C.
This standard curve was used to determine the amount of LysRS
present in lysates of HIV-1 (lane 8), 293T cells (lane 9), RSV (lane 10),
and TEFs (lane 11), shown in panel A. (D) Known amounts of in vitro
synthetic HIV-1 genomic RNA (lanes 1 to 7) were used to establish a
standard RNA concentration curve as previously described (17). This
curve was used to establish the concentration of viral RNA in the
HIV-1 RNA sample in lane 8 of panel B. The mock lane (lane 9)
contained a total RNA preparation from the culture medium of non-
transfected 293T cells.

(M) of 68,000 to 70,000. In 293T cells, this was also accompa-
nied by a minor cytoplasmic species with an M, of 62,000 (lane
2), while in RSV, a minor species with an M, of approximately
45,000 was observed (lane 4). As reported previously (2), panel
B, lane 1, shows two species of LysRS in HIV-1, one with an M,
of approximately 68,000 to 70,000 and one with that of approx-
imately 63,000. LysRS was not detected in RSV or Mo-MuLV
(lanes 3 and 5).

As shown in Fig. 1C, a similar blot was probed with rabbit
anti-human TrpRS (23). The major species seen in 293T cells
(lane 2) migrated with an M, of approximately 55,000, some-
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FIG. 3. Quantitation of TrpRS in RSV. (A) A Western blot was
prepared similar to that shown in Fig. 2A, except purified LysRS was
replaced with purified TrpRS, and the blot was probed with anti-
human TrpRS. The expression of TrpRS in E. coli and its purification
were done as previously described (23). (B) Total viral RNA from 30
wg of viral protein of RSV was extracted by the guanidinium isothio-
cyanate procedure (4). RSV genomic RNA was measured by dot blot
hybridization with a radioactive oligomer probe (5" ACA GCC AAT
AGC TGT TCC GCA 3') that hybridized specifically to the RSV
genomic RNA sequence from nucleotides 848 to 868. (C) The first
seven lanes in the Western blot shown in panel A contained decreasing
amounts of purified human TrpRS and were used to generate the
TrpRS concentration curve shown in panel C. This standard curve was
used to determine the amount of TrpRS present in lysates of HIV-1
(lane 8), human 293T cells (lane 9), RSV (lane 10), and TEFs (lane
11), as shown in panel A. (D) To generate the RSV RNA concentra-
tion curve, a 193-bp fragment coding the RSV genome from nucleo-
tides 763 to 956 was amplified by PCR from RSV proviral cDNA. For
the PCR, a sense primer (5" GGA TCC TAA TAC GAC TCA TAG
GGA GAA ACA ACT GTG CAG CGA GAT 3') was used to intro-
duce a T7 promoter 5’ terminal to the amplified fragment and an
antisense primer sequence (5" CCT TGG CCC TGC TCT CCC A 3')
was used. Then the purified PCR product was used as a template to in
vitro transcribe RSV genomic RNA, and a standard curve was estab-
lished by using known amounts of this synthetic RNA (panel B, lanes
1 to 7). This curve was used to establish the concentration of viral RNA
in the RSV RNA sample in lane 8 of panel B. The mock lane (lane 9)
contained a total RNA preparation from the culture medium of non-
transfected TEF cells.

what larger than the M, of the major TrpRS species seen in
NIH 3TC cells (approximately 45,000 [lane 6]). The major
cytoplasmic TrpRS species in TEFs appeared to migrate with
an M, equal to 62,000 (lane 4) and appeared larger than TrpRS
in mouse or human cells. TrpRS was not detected in HIV-1
(lane 1) or Mo-MuLV (lane 5) but was detected in RSV as two
bands with M s of approximately 62,000 and 55,000.

In Fig. 1D, a Western blot was probed with rabbit anti-
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TABLE 1. Quantitation of aaRSs in HIV-1 and RSV*

No. of molecules/

Concn (ng/pg cell or viral protein) virion

Sample
LysRS TrpRS LysRS TrpRS
HIV-1 0.069 = 0.027 <0.005 25*9 <1.7
293T cells 0.082 = 0.017 0.087 £ 0.022 —* —
RSV <0.005 0.051 £ 0.014 <l1.1 12+5
TEFs 0.095 = 0.028 0.078 = 0.019 — —

“ Determinations of the number of aaRSs per cell or viral protein and the
number of aaRSs per virion were done in triplicate. The average values are listed,
including the range of values obtained from the different experiments.

> . not applicable.

human ProRS. The two major species seen in 293T cells mi-
grated with M s of approximately 160,000 and 55,000. In higher
eukaryotes, such as the rat (22) and Drosophila melanogaster
(3), sheep (13), and humans (6, 12), ProRS is the C-terminal
part of a fusion with glutamyl-tRNA synthetase, and the large
species on this gel corresponds to the human glutamyl-prolyl-
tRNA synthetase (GluProRS) fusion protein. The smaller spe-
cies migrates according to purified human ProRS, which has an
M, of approximately 55,000 to 60,000. The lower-molecular-
weight band was also seen in the cytoplasm of TEFs (lane 4)
and murine NIH 3T3 cells (lane 6). In TEFs, the larger species
was detected as a protein with an M, of 80,000, while the larger
species in murine NIH 3T3 cells (lane 6) migrated somewhat
faster than the large species found in the human 293T cells.
ProRS was not detected in HIV-1, RSV, or Mo-MuLV (lanes
1, 3, and 5).

We next determined the number of molecules of LysRS and
TrpRS present in HIV-1 and RSV and in the cells producing
these viruses. Human Hisgs-LysRS was expressed in bacteria
and purified as previously described (21). Human TrpRS was
purified from Escherichia coli as previously described (23).
Western blots of known amounts of purified LysRS (Fig. 2A,
lanes 1 to 7) or TrpRS (Fig. 3A, lanes 1 to 7) were quantitated
by phosphorimaging and used to generate the LysRS and
TrpRS standard curves shown in Fig. 2C and 3C, respectively.
These curves were used to quantitate the amount of LysRS and
TrpRS present in viral and cell lysates. Total protein in the
viral and cell lysates was determined by the Bradford assay (1),
and the nanograms of aaRS/microgram of protein for both the
cell and viral lysates are listed in Table 1. The standard curves
in Fig. 2 and 3 indicate the lower limit of detection of either
LysRS or TrpRS at approximately 0.15 ng, and this was used to
calculate the limits of detection listed in Table 1 when no aaRS
signal was detected. In both human 293T cells and TEFs, the
relative concentrations of LysRS and TrpRS were very similar.
However, whereas the relative amount of LysRS in HIV-1 was
comparable to that found in the cell lysate, TrpRS was not
detected in HIV-1. Similarly, the relative amount of TrpRS in
RSV was similar to the amount found in TEFs whereas LysRS
was not detected in RSV (Table 1). Viruses with large differ-
ences in the relative concentrations of LysRS and TrpRS were
produced in cells in which there was little difference in the
cytoplasmic concentrations of these two aaRSs. This indicates
the existence of a selective packaging mechanism for the aaRS
cognate to the primer tRNA found in either HIV-1 or RSV.

To determine the number of aaRS molecules/virion, we first
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FIG. 4. Quantitation of ProRS in Mo-MuLV. (A) A Western blot
was prepared similar to that shown in Fig. 2A, except purified LysRS
was replaced with purified ProRS, only Mo-MuLV and murine NIH
3T3 cells were examined, and the blot was probed with anti-human
ProRS. The expression of ProRS in E. coli and its purification were
done as previously described (9). (B) Total viral RNA from 30 g of
viral protein of Mo-MuLV was extracted by the guanidinium isothio-
cyanate procedure (4). Mo-MuLV genomic RNA was measured by dot
blot hybridization with a radioactive oligomer probe (5’ ATC CCG
GAC GAG CCC CCA 3') complementary to the Mo-MuLV primer-
binding site from nucleotides 595 to 612. (C) The first seven lanes in
the Western blot shown in panel A contained decreasing amounts of
purified human ProRS and were used to generate the ProRS concen-
tration curve shown in panel C. This standard curve was used to
determine the amount of ProRS present in lysates of Mo-MuLV (lane
8) and murine NIH 3T3 cells (lane 9), as shown in panel A. To
generate the Mo-MuLV RNA concentration curve shown in panel D,
a DNA fragment coding the Mo-MuLV genome from nucleotides 456
to 797 was amplified by PCR from Mo-MuLV proviral cDNA with the
primer sequences 5 AGTCCTCCGATTGACTGA 3’ and 5’
CCGAACTCGTCAGTTCCA 3'. The PCR fragment was ligated into
the pCR-Blunt vector (Invitrogen), and this vector was linearized at
the BamHI site. In vitro transcription was performed using the Mega-
script kit (Ambion). The size of the RNA is 341 bases. In vitro-
transcribed Mo-MuLV genomic RNA was used to establish a standard
curve (panel B, lanes 1 to 7). This curve was used to establish the
concentration of viral RNA in the Mo-MuLV RNA sample (lane 8).
The mock lane (lane 9) contained a total RNA preparation from the
culture medium of nontransfected murine NIH 3T3 cells.

determined the number of genomic RNA molecules present in
the viral lysates. Total viral RNA from HIV-1, RSV, or Mo-
MuLV was extracted by the guanidinium isothiocyanate pro-
cedure (4). Viral genomic RNA was quantitated by hybridizing
dot blots of viral RNA with the following DNA oligonucleo-
tides: HIV-1 (5" CTG ACG CTC TCG CAC CC3 "), comple-
mentary to HIV-1 genomic RNA nucleotides 338 to 354 (Fig.
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2B); RSV (5" ACA GCC AAT AGC TGT TCC GCA3 '),
complementary to RSV genomic RNA nucleotides 848 to 868
(Fig. 3B); and Mo-MuLV (5" ATC CCG GAC GAG CCC
CCA 3'), complementary to Mo-MuLV primer-binding site
nucleotides 595 to 612 (Fig. 4B). Standard curves were estab-
lished by using known amounts of synthetic viral RNA, which
were transcribed in vitro from PCR-amplified fragments en-
coding HIV-1 nucleotides 473 to 1420 (Fig. 2B and D), RSV
nucleotides 763 to 956 (Fig. 3B and D), or Mo-MuLV nucle-
otides 456 to 797 (Fig. 4B and D). Based on the data shown in
Fig. 2 and 3, and assuming there were two RNA molecules/
virion, we estimated the amounts of LysRS in HIV and TrpRS
in RSV to be approximately 25 and 12 molecules, respectively
(Table 1). These estimates were determined by assuming that
the genomic RNA probes hybridize with equal efficiency to
both the full-length viral RNA in our samples and the much
shorter synthetic RNA fragments used to generate the
genomic RNA standard curves.

As shown in Fig. 1 and 4, we were unable to detect ProRS in
Mo-MuLV. The standard ProRS curve in Fig. 4 indicates a
lower limit of detection of ProRS at approximately 0.15 ng, and
this was used to calculate the numbers listed in Table 1 when
no aaRs signal was detected. Based upon this, we were unable
to detect the presence of ProRS in fewer than 1.6 molecules/
virion. These data also indicate that the concentration of
ProRS was 0.061 = 0.018 ng/pg of NIH 3T3 cell protein, i.e.,
very similar to the cellular concentrations of LysRS and TrpRS
shown in Table 1.

The similarity between the number of molecules of LysRS/
virion and the previously determined number of tRNA™* mol-
ecules/virion (20 to 25 [10]) supports the hypothesis that LysRS
is a limiting factor in tRNA™* incorporation into HIV-1. (In-
deed, overexpression of LysRS in HIV-1-transfected cells dou-
bles the number of tRNA™* molecules/virion [8].) The
tRNAT™P content in RSV has not been reported, but the de-
termined number of avian TrpRS molecules in RSV may be an
underestimate since the standard on which it was based (Fig.
3C) used antibodies specific for human TrpRS and differences
which may exist between human and avian TrpRS may reduce
the antibody’s affinity for avian TrpRS.

Our data indicate that the aaRS cognate to the primer tRNA
in both HIV-1 and RSV is selectively packaged into the virion
and supports the hypothesis that aaRS may act as a signal for
targeting the primer tRNA for incorporation into these vi-
ruses. On the other hand, our inability to detect ProRS in
Mo-MulLV is further evidence (7, 14, 15) that the mechanism
for ensuring optimal primer tRNA annealing to the viral ge-
nome in HIV-1 and avian retroviruses, i.e., selective packaging,
is of less importance in Mo-MuLV.
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