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The initiation of reverse transcription of the human immunodeficiency virus type 1 (HIV-1) genome requires cellular
tRNALys,3 as a primer and occurs at a site in the viral RNA genome, designated as the primer binding site (PBS), which is
complementary to the 3*-terminal 18 nucleotides of tRNALys,3. We previously described an HIV-1 virus [designated as
HXB2(His-AC)], which contained a sequence within the U5 region complementary to the anticodon region of tRNAHis in
addition to a PBS complementary to the 3*-terminal 18 nucleotides of the tRNAHis. That virus maintained a PBS complementary
to tRNAHis after extended in vitro culture (Wakefield et al., J. Virol. 70, 966–975, 1996). In the present study, we report that
subcloning a 200-base-pair DNA fragment encompassing the U5 and PBS regions from an integrated provirus of HXB2(His-
AC) back into the wild-type genome (pHXB2) resulted in an infectious virus, designated as HXB2(His-AC-gac), which again
stably maintained a PBS complementary to tRNAHis. DNA sequence analysis of the 200-base-pair region revealed only three
nucleotide changes from HXB2(His-AC): a T-to-G change at nucleotide 174, a G-to-A change at nucleotide 181, and a T-to-
C change at nucleotide 200. The new mutant virus replicated in CD4/ Sup T1 cells similarly to the wild-type virus. Comparison
of the nucleotide sequence of nucleocapsid gene of the wild-type and HXB2 (His-AC-gac) virus revealed no differences.
Although we found numerous mutations in the reverse transcriptase gene in proviral clones derived from HXB2 (His-AC-
gac), no common mutations were found among the 13 clones examined. Comparison of the virion-associated tRNAs of
HXB2(His-AC-gac) with those of the wild type revealed that both viruses incorporated a similar subset of cellular tRNAs,
with tRNALys,3 being the predominant tRNA found within virions. There was no selective enrichment for tRNAHis within virions
of HXB2(His-AC-gac) virus which selectively use tRNAHis to initiate reverse transcription. The results of these studies suggest
that the U5 and PBS regions in the viral RNA genome are important determinants for HXB2(His-AC) viruses in the selective
use of tRNAHis to initiate reverse transcription. q 1996 Academic Press, Inc.

INTRODUCTION reverse transcription is that the PBS is regenerated when
the RT copies the still attached tRNA primer that is used

A hallmark of retrovirus replication is the process by to initiate reverse transcription (Taylor and Hsu, 1980).
which the RNA genome is converted to a DNA intermedi- Thus, the nucleotide sequence of the PBS found in the
ate prior to integration into the host cell chromosome. integrated provirus is complementary to the tRNA primer
This process is referred to as reverse transcription and used to initiate reverse transcription.
is carried out by a virally encoded enzyme, reverse tran- The selection of the tRNA primer utilized to initiate
scriptase (RT) (Baltimore, 1970; Temin and Mizutani, reverse transcription is a critical step in the virus life
1970). The initiation of reverse transcription occurs at a cycle. Within a given group of retroviruses, the tRNA
site, designated as the primer binding site (PBS), which primer used to initiate reverse transcription is highly con-
is located near the 5* end of the viral RNA genome. served (Colicelli and Goff, 1987). For example, the avian
The PBS consists of an 18-nucleotide sequence which

sarcoma and leukosis viruses use tRNATrp to initiate re-
is complementary to the 3* end of a cellular tRNA used

verse transcription, whereas most of the mammalian tu-
as a primer for the initiation of reverse transcription. Fol-

mor-inducing retroviruses such as murine leukemia vi-
lowing initiation, the RT copies the viral RNA genome

ruses and human T-cell leukemia viruses utilize tRNAPro.into double-stranded DNA, referred to as the provirus.
The human immunodeficiency virus (HIV) and simian im-During this process, the PBS plays an important role in
munodeficiency virus (SIV) utilize tRNALys,3 to initiate re-facilitating the completion of the plus-strand DNA synthe-
verse transcription. In recent years, there have been con-sis (Gilboa et al., 1979; Peters and Dahlberg, 1979; Peters
siderable efforts to define the essential features involvedand Glover, 1980; Taylor, 1977). One of the features of
in the selection of the tRNALys,3 as primer for HIV-1 re-
verse transcription. In early studies, it was found that the
deletion of up to 12 of the 18 nucleotides at the 3* end1 To whom reprint requests should be addressed. Fax: (205) 934-

1580. of the PBS of HIV-1 did not affect the subsequent utiliza-
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307DETERMINANTS FOR SELECTION OF tRNA PRIMER

tion of tRNALys,3 as the primer for reverse transcription have further characterized features of this virus. We re-
port that substitution of a 200-base-pair DNA fragment(Rhim et al., 1991; Wakefield et al., 1994). Further studies

in which the wild-type PBS were substituted with se- encompassing the U5 and the PBS of this virus for the
corresponding region in the wild-type genome resultedquences complementary to other tRNAs revealed that

even though HIV-1 could utilize each alternate tRNA to in a virus which again stably maintained a PBS comple-
mentary to tRNAHis. DNA sequence analysis revealed noinitiate reverse transcription, the PBS of the recovered

virus reverted back after limited in vitro culture to be changes in NC protein gene between this virus and the
wild-type virus and no similar changes in the RT genecomplementary to tRNALys,3 (Das et al., 1995; Li et al.,

1994; Wakefield et al., 1995, 1996). The results of these among proviral clones of this virus; correspondingly,
analysis of the tRNA composition within virions of thestudies suggested that factors other than the PBS are

involved in the selection of tRNALys,3 as the primer for virus which utilizes tRNAHis to initiate reverse transcrip-
tion revealed no differences when compared to that fromHIV-1 reverse transcription.

Analysis of the virion tRNA content of HIV-1 revealed the wild-type virus which utilizes tRNALys,3. The results of
our studies are discussed with respect to the mechanismthat a subset of cellular tRNAs were selectively incorpo-

rated into HIV-1 virions; not surprisingly, tRNALys,3 was used by HIV-1 to select a tRNA to initiate reverse tran-
scription.one of the major tRNA species found in the HIV-1 virions

(Jiang et al., 1993). The viral nucleocapsid protein (NC)
and RT, were found to specifically interact in vitro with MATERIALS AND METHODS
tRNALys,3, leading to the suggestion that either these pro-

Tissue cultureteins facilitate the incorporation of tRNALys,3 into the viri-
ons or they are involved in the selective use of tRNALys,3

COS-1 cells used for transfection were grown in Dul-
as the primer for minus-strand DNA synthesis (Barat et becco’s modified Eagle’s medium supplemented with
al., 1989, 1991, 1993; Li et al., 1996; Prats et al., 1989; 10% fetal calf serum at 377 and 5% CO2 . Sup T1 cells
Robert et al., 1990; Sarih-Cottin et al., 1993). Further sup- used for virus infection were cultured in RPMI medium
port of the idea that viral proteins are involved in the supplemented with 15% fetal calf serum.
incorporation of select cellular tRNAs into virions came
from a study which demonstrated that immature HIV-1 Construction of mutant HIV-1 proviral genome
particles without the Gag-Pol polyprotein incorporated

The construction of the original mutant HIV-1 molecu-tRNAs with no selective enrichment for tRNALys,3, while
lar clone pHXB2(His-AC) has been previously describedimmature particles which contained Gag-Pol contained
(Wakefield et al., 1996). To construct the HIV-1 provirala similar composition of tRNAs as the wild-type virus
clone used in this study, a DNA fragment encompassing(Mak et al., 1994). Although it is clear that HIV-1 proteins
the U5 and PBS regions was amplified by PCR from ap-can interact with cellular tRNAs, there is a controversy
proximately 2.0 mg of total cellular DNA isolated fromas to whether the in vitro interactions between them are
passage 12 HXB2(His-AC) virus-infected Sup T1 cellsbiologically relevant since the other studies demon-
using the following DNA primer pair: 5*-GGCTAACTA-strated that the in vitro interactions between the NC or
GGGAACCCACTGC-3* (nts 42 to 63) (nucleotides in HIV-RT and tRNALys,3 were nonspecific (Mely et al., 1995; De-
1 genome are numbered as in Ratner et al., 1987); 5*-lahunty et al., 1994).
CTCCTTCTAGCCTCCGCTAGTC-3* (nts 331 to 310).From the results of several recent studies, it has be-

The amplified DNA was digested with AflII and BssHIIcome apparent that, in addition to the PBS, sequences
releasing a 200-base-pair fragment. This DNA fragmentof the retroviral RNA genomes outside of the PBS might
was first cloned into a transfer vector, pUC119 PBS,be involved in the selective use of a specific tRNA to
which contains a HpaI to PstI DNA fragment from pHXB2initiate reverse transcription (Aiyar et al., 1994; Isel et al.,
encompassing the 5* LTR and PBS regions. The cloned1995). Previous studies from Isel et al. have delineated
DNA fragment was confirmed by sequencing (Sanger etregions within the U5 region of an HIV-1 RNA genome
al., 1977). To reconstruct this proviral DNA fragment intothat interact with regions other than the 3* end of the
an infectious provirus, the HpaI to BssHII DNA fragmenttRNALys,3 (Isel et al., 1995). One of these regions, desig-
from pUC119 PBS was substituted for the same DNAnated as the A-loop region within the U5 of the HIV-1
fragment in pHXB2 (Fig. 1); the resulting HIV-1 proviralgenome, has been shown to interact with the anticodon
clone is referred to as pHXB2 (His-AC-gac).sequences of the tRNALys,3 molecule. Recent studies from

our laboratory demonstrated that a mutant HIV-1 virus DNA transfection and virus production
[designated as HXB2(His-AC)] in which the A-loop region
and the PBS were replaced with sequences complemen- COS-1 cells were transfected with 10 mg of pHXB2,

pHXB2(His-AC), or pHXB2(His-AC-gac) plasmid DNA usingtary to the anticodon and 3*-terminal 18 nucleotides of
tRNAHis, respectively, maintained the PBS complemen- the DEAE–dextran method as previously described (Wake-

field et al., 1994). To determine if the viruses produced fromtary to tRNAHis after extended in vitro culturing in Sup T1
cells (Wakefield et al., 1996). In the present study, we transfected COS-1 cells were infectious, Sup T1 cells, which
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308 ZHANG ET AL.

FIG. 1. HIV-1 (HXB2) RNA genome structure and partial nucleotide sequences in U5 and PBS regions in three HIV-1 proviral clones. (A) Schematic
drawing of a wild-type HIV-1 (HXB2) RNA genome structure. The nucleotides are numbered as in Ratner (Ratner et al., 1987). The coding regions
on the genome are labeled with their encoded proteins (Myers et al., 1994). For clarity, accessory protein genes are not depicted. AflII and BssHII
restriction sites were used to clone a 200-bp fragment from a pHXB2(His-AC)-derived provirus to pHXB2. This resulted in a proviral clone of
pHXB2(His-AC-gac). R, direct repeat sequences at the 5* and 3* ends of viral RNA genome; U5, 5* end unique sequences; U3, 3* end unique
sequences; PBS, primer binding site. (B) Partial nucleotide sequences (143 to 205) in U5 and PBS regions in three HIV-1 proviral clones: pHXB2
(W.T.), pHXB2(His-AC), and pHXB2(His-AC-gac). The sequences that are located in the A-loop region and that are complementary to the anticodon
loops of tRNALys,3 or tRNAHis are boxed and shown in boldface type. The PBS sequences that are complementary to the 3* end 18 nucleotides of
tRNALys, 3 or tRNAHis are boxed. The 3 nucleotides (G174 , A181 , and C200) present in pHXB2(His-AC-gac) but not in the original construct of pHXB2(His-
AC) and wild-type pHXB2 are underlined.

express CD4 receptor and support high-level HIV-1 replica- HXB2(His-AC-gac) virus-infected Sup T1 cells using the
Wizard genomic DNA purification kit according to thetion, were cocultivated with transfected COS-1 cells 20 hr

after transfection (Wakefield et al., 1996). Following 2 days manufacturer’s instructions (Promega). About 2.0 mg of
cellular DNA was used to amplify the proviral DNA se-of cocultivation, the Sup T1 cells were removed, centrifuged

at 1000 g for 3 min, and further cultured in RPMI medium quences encompassing the U5 and PBS regions of the
virus by PCR using the following primer pair: 5*- TTGACA-with additional uninfected Sup T1 cells. Virus productions

were monitored by measuring the levels of p24 antigen in GCCGCCTAGC-3* (nts 8895 to 8910); 5*-GCGCGCTTC-
AGCAAGCCG-3* (nts 262 to 245).the culture medium using a commercial ELISA kit (Coulter

Laboratories). PCR-amplified DNA fragments were gel purified and
ligated into pCR II vector (Invitrogen). The ligation mix-At Day 61 post-cocultivation, cell culture supernatant

from HXB2(His-AC-gac) or wild-type virus infected Sup tures were transformed into Escherichia coli (strain
DH5a); putative recombinants were identified as pre-T1 cells containing 200 ng of p24 antigen (as measured

by ELISA) was used to infect 2 ml of Sup T1 cells (2 1 viously described (Sambrook et al., 1989). Plasmid DNA
from individual E. coli colonies were prepared and se-106 cells). After an overnight absorption at 377, the in-

fected Sup T1 cells were pelleted, washed once with quenced using the primer: 5*-GGCTAACTAGGGAAC-
CCACTGC-3* (nts 42 to 63).RPMI medium, and resuspended in 6 ml of RPMI medium

for further culturing. At 2-day intervals, 2 ml of cell culture
DNA sequence analysis of the gag and pol genes ofwas removed and 2 ml of fresh medium and Sup T1 cells
proviruseswere added to the cultures. The amounts of p24 antigen

at each time point were determined by ELISA.
At Day 61 post-cocultivation, genomic DNAs were iso-

DNA sequence analysis of the U5 and PBS region of lated from HXB2 and HXB2(His-AC-gac) virus-infected
proviruses Sup T1 cells. PCR was used to amplify a DNA fragment

from the integrated proviral genomes spanning nucleo-At the designated days post-cocultivation, genomic
DNAs were isolated from wild-type HXB2 and mutant tides from 0191 (in the U3 region of the 5* LTR) to 3774
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(the 3* end of the reverse transcriptase gene) using the urea gel with 11 TBE running buffer [0.089 M Tris base,
0.089 M boric acid, and 0.002 M EDTA] at 47 for 6 hr.following primers: 5*-TTGACAGCCGCCTAGC-3* (nts

8895 to 8910); 5*-TAGTACTTTCCTGAT-3* (nts 3774 to After autoradiography, the gel was stained with ethidium
bromide and the nucleic acids visualized under UV light.3760).

The PCR-amplified DNAs were ligated into pCR II vec- The regions of the gel corresponding to the tRNAs (as
determined by migration of the yeast tRNA controls) weretor followed by transformation into E. coli (strain DH5a).

Recombinants were identified by restriction enzyme excised from the gel and embedded on the top of a
second gel at an orientation of 907 to the first dimension.screening of plasmid minipreparations. Six individual

clones of HXB2(His-AC-gac) provirus were used to deter- The second dimension gel contained 17.6% polyacryl-
amide/8 M urea. The samples were electrophorezed atmine the DNA sequences encoding for the viral NC pro-

tein and 13 HXB2(His-AC-gac) proviral clones and 5 wild- 300 V in 11 TBE running buffer at room temperature for
40 hr. The gel was then subjected to autoradiographytype HXB2 proviral clones were sequenced to determine

the DNA sequences encoding for the RT. The following without drying (Jiang et al., 1992).
primers were used for DNA sequencing: 5*-GGGACC-
AGCGGCTACACTAG-3* (nts 1345 to 1364); 5*-GATTGT- Direct sequencing of isolated virion-tRNAs
ACTGAGAGACAGGC-3* (nts 1607 to 1626); 5*-TAGTAG-

Sequencing of tRNAs were carried out using the proce-GACCTACACCTGTC-3* (nts 2024 to 2043); 5*-GGAATA-
dures described by LeBlanc and Hajduk (1996). Briefly,CCACATCCCGCAGG-3* (nts 2071 to 2390); 5*-ATC-
following autoradiography, regions of the gel that con-AATACATGGATGATTTGTATGTA-3* (nts 2636 to 2661);
tained tRNAs were excised and the tRNAs eluted into5*-GACAGTACAGCCTATAGTGC-3* (nts 2811 to 2830);
300 ml of 0.011 TAE [11 TAE contains 0.089 M Tris base,5*-AGAATGAGGGGTGCCCACAC-3* (nts 3159 to 3179);
0.04 M acetic acid, and 0.001 M EDTA] using an Isco’s5*-GGATATGTTACTAATAGAGG-3* (nts 3459 to 3479).
electroelutor (3 W, 1 hr at room temperature). The tRNAs
were precipitated in ethanol overnight at 0707 and then

Analysis of tRNAs from HIV-1 virions recovered by centrifugation in a microfuge. The tRNA
pellets were dried in a speed vac and resuspended inWild-type and mutant viruses were isolated from 25-
10 ml of DEPC–H2O. Some tRNAs were not completelyml infected Sup T1 cell cultures at Day 61 post-cocultiva-
resolved into single species by two-dimensional gel elec-tion. The media were first subjected to low-speed centrif-
trophoresis. These tRNAs were further purified on a se-ugation to pellet the cellular debris (1000 g for 10 min).
quencing gel containing 8% acrylamide and 8 M urea (30The supernatants were layered onto a 20% sucrose solu-
W for 2 hr). After autoradiography, tRNAs were excisedtion and centrifuged at 25,000 rpm (82,700 g) for 16 hr
from the gel and eluted into 200 ml of elution solutionat 47 in a SW28 rotor. Total viral RNA was isolated from
(0.5 M NH4OAc, 1.0 mM EDTA, and 0.1% of SDS) bythe viruses using the guanidinium isothiocyanate method
shaking overnight at 377. The tRNAs were precipitateddescribed by Chomczynski and Sacchi (1987). About 2.5
in ethanol overnight at0707 and recovered by centrifuga-mg total viral RNA was obtained and 0.6 mg of this RNA
tion. The sequences of the isolated tRNAs were deter-was labeled at the 3* end with [32P]pCp under the follow-
mined by enzyme digestion using Pharmacia’s RNA se-ing reaction conditions (50 ml in total): 36 ml of RNA sam-
quencing kit. The 3*-terminal nucleotide sequences wereple in DEPC–H2O, 5 ml of 101 T4 RNA ligase buffer
resolved by electrophoresis on a gel containing 17.6%[50 mM Tris–HCl (pH 7.8), 10 mM MgCl2 , 10 mM 2-
acrylamide and 8 M urea.mercaptoethanol, and 1 mM ATP], 5 ml of DMSO, 2 ml of

[32P]pCp (10 mCi/ml, Amersham), and 2 ml (40 units) of
RESULTST4 RNA ligase (Bruce and Uhlenbeck, 1978). The reaction

was incubated at 47 overnight. Approximately 1 mg of Construction of HIV-1 proviruses containing
yeast tRNAs (GIBCO, BRL) was labeled under the same mutant PBS
conditions. After labeling, 2 mg of l DNA was added to
the labeled RNA samples followed by precipitation with In a previous study, our laboratory constructed an HIV-

1 virus, HXB2(His-AC), which contained a PBS sequence0.1 vol of 3 M NaOAc (pH 5.4) and 2.5 vol of 100% ethanol.
After an incubation at 0707 for 1 hr, the nucleic acids complementary to the 3*-terminal 18 nucleotide se-

quences of tRNAHis and 6 nucleotide sequences (CCA-were recovered by centrifugation at 47 for 20 min in a
microfuge. The RNA pellets were washed once with 70% CAA) upstream of the PBS in U5 of the viral RNA genome

complementary to the anticodon loop of tRNAHis (Wake-ethanol, dried in a speed vac, and resuspended in 10 ml
of DEPC-H2O. field et al., 1996). This virus maintained a PBS comple-

mentary to tRNAHis after extended in vitro culture in SupThe RNA samples were heated at 907 for 2 min prior
to mixing with 10 ml of 21 glycerol loading buffer [10% T1 cells. DNA sequence analysis of the PBS regions

recovered from the integrated proviruses of HXB2(His-glycerol, 0.2 mM EDTA (pH 8.0), 0.05% bromophenol blue,
and 0.05% xylene cyanol FF] (Sambrook et al., 1989) and AC) revealed that a number of nucleotide substitutions

were present around the 18-nucleotide PBS. Three nucle-electrophoresed at 200 V in a 7% polyacrylamide/4 M
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ture supernatants by Day 6 post-cocultivation (Fig. 2).
In contrast to the pHXB2(His-AC-gac)-derived virus, as
previously reported (Wakefield et al., 1996), virus pro-
duced from the parent pHXB2(His-AC)-transfected cells
had a 4-day delay in appearance in Sup T1 cells com-
pared with that of the wild-type virus; approximately 12
days of culture was required for HXB2(His-AC)-derived
viruses to reach a similar level of p24 antigen as that for
the wild-type virus (Fig. 2).

DNA sequence analysis of the U5 and PBS regions

Since the kinetics of appearance for viruses derived
FIG. 2. Kinetics of appearance of viruses produced from cells trans- from transfection of pHXB2(His-AC), which contained

fected with pHXB2, pHXB2(His-AC), or pHXB2(His-AC-gac). COS-1 cells
the A-loop and a PBS complementary to tRNAHis, waswere transfected with the designated plasmids and then cocultured
considerably slower (4- to 6-day delay) than that for thewith Sup T1 cells. After 2 days of coculture, the Sup T1 cells were

collected by centrifugation, washed once with RPMI medium, and fur- wild-type virus derived from transfection of pHXB2 (Fig.
ther cultured in fresh medium with additional fresh Sup T1 cells. At 2- 2 and Wakefield et al., 1996), the fact that the viruses
day intervals, the culture supernatants were collected and assayed for derived from pHXB2(His-AC-gac) had similar kinetics of
p24 antigen by ELISA.

appearance as the wild-type virus (Fig. 2) suggested
that either the 200-nucleotide fragment transferred from
HXB2(His-AC) proviral DNA was sufficient to supportotide substitutions, however, were found in most of the
the replication of the HXB2(His-AC-gac) viruses or theclones of the PBS region that were recovered: a T-to-G
original PBS in HXB2(His-AC-gac) complementary tochange at nucleotide 174, a G-to-A change at nucleotide
tRNAHis had quickly reverted back to wild-type PBS com-181, and a T-to-C change at nucleotide 200 (Wakefield
plementary to tRNALys,3. To investigate this possibility,et al., 1996). All of these changes were found within the
we analyzed the proviral DNA from the viruses derivedAflII to BssHII DNA restriction fragment (200 base pairs)
from pHXB2(His-AC-gac) at Days 10, 29, 45, and 61 postencompassing the U5 and PBS regions of the viral ge-
coculture. PCR was used to amplify a DNA fragmentnome (Fig. 1). To determine if the sequence changes in
which contained the U5 and PBS regions of integratedthe U5 and PBS regions alone were sufficient for the
proviruses; the amplified DNA was subcloned into theHXB2(His-AC) virus to maintain a PBS complementary to
pCRII vector and individual clones analyzed by DNAtRNAHis, we cloned this 200-base-pair DNA fragment into
sequencing. We found that, after an extended cell cul-an infectious HIV-1 clone, pHXB2. The resulting clone,
ture (2 months), the viruses derived from pHXB2(His-referred to as pHXB2(His-AC-gac), contains a complete
AC-gac) still maintained a PBS complementary to theHIV-1 provirus which has a PBS complementary to the
3*-terminal 18 nucleotides of tRNAHis, and a CCACAA3*-terminal 18 nucleotides of tRNAHis, a 6-nucleotide se-
sequence that is complementary to the anticodon loopquence (CCACAA) complementary to the anticodon loop
sequence of tRNAHis along with the original 3 nucleotideof tRNAHis, and the 3 additional nucleotide substitutions
substitutions (G174 , A181 , C200) (Table 1). We did find a(G174 , A181 , and C200) around the PBS and the A-loop
number of additional nucleotide substitutions and inser-region (Fig. 1).
tions within the U5 region. Of particular note were two
substitutions upstream of the A-loop region found inInfectivities of mutant HIV-1 viruses derived from
most proviral DNA clones analyzed starting at Day 29pHXB2(His-AC) and pHXB2(His-AC-gac)
post-cocultivation: a C-to-A change at position 152 and

In preliminary experiments, we determined that trans-
a C-to-T change at position 160 (Table 1).

fection of pHXB2(His-AC-gac) or pHXB2(His-AC) into
COS-1 cells resulted in production of similar levels of Comparison of replication of HXB2(His-AC-gac) virus
p24 antigen in the culture supernatant as that from COS- obtained from extended culture with that
1 cells transfected with pHXB2 (data not shown). To com- of the wild-type virus
pare the infectivities of the mutant and wild-type viruses
produced in the transfected cells, we cocultured trans- Since the pHXB2(His-AC-gac)-derived viruses exhib-

ited slightly delayed kinetics of appearance as comparedfected COS-1 cells with Sup T1 cells; the production of
viruses was detected by the release of p24 in the Sup T1 to the wild-type virus following the initial cocultivation

(Fig. 2), it was possible that, after 2 months of in vitroculture supernatant (Fig. 2). The appearance of infectious
virus derived from pHXB2(His-AC-gac)-transfected cells culture, the viruses containing the additional C-to-A

change at position 152 and C-to-T change at positionwas approximately 1–2 days slower than that for virus
derived from pHXB2. Even with the slight delay, both 160 in U5 region would now have different growth char-

acteristics (Table 1). To determine if this was the case,viruses reached similar levels of p24 antigen in the cul-
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TABLE 1

Partial DNA Sequences in U5 and PBS Regions of Proviruses Derived from pHXB2(His-AC-gac) at Days 29 and 61 Post-cocultivation

Sequence a Frequency b

5*-CCT CAG ACC CTT TTA GTC AGT GTG CCA CAA CGC TAG CAA TGG TGC CGT GAC TCG GAT CTG AAA-3* Inputc

Day 29 post-coculture
5*-*** *** *** A** *** **T *** *** *** *** *** *** *** *** *** *** *** *** *** *** ***-3* 4/11
5*-*** *** *** A** *** **T *** **A *** *** *** *** *** *** *** *** *** *** *** *** ***-3* 1/11
5*-*** *** *** A** *** **T *** *** *** T** *** *** *** *** *** *** *** *** *** *** ***-3* 1/11
5*-*** *** *** A** *** **T *** *** *** A** *** *** *** *** *** *** *** *** *** *** ***-3* 1/11
5*-*** *** *** A** *** **T *** *** *** *T* *** *** *** *** *** *** *** *** *** *** ***-3* 1/11
5*-*** *** *** A** *** **T *** *** *** *** *** *** T** *** *** *** *** *** *** *** ***-3* 1/11
5*-*** *** *** *** *** *** *** *** *** *T* *** *** *** *** *** *** *** *** *** *** ***-3* 1/11
5*-*** *** *** *** *** *** *** *** *** *** **T *** *** *** *** *** *** *** *** *** ***-3* 1/11

Day 61 post-coculture
5*-*** *** *** A** *** **T *** *** *** *** *** *** *** *** *** *** *** *** *** *** ***-3* 8/15
5*-*** *** *** A** *** **T *** *** A** *** *** *** *** *** *** *** *** *** *** *** ***-3* 2/15
5*-*** *** *** A** *** **T *** *** *** A** *** *** *** *** *** *** *** *** *** *** ***-3* 1/15
5*-*** *** *** A** *** **T *** *** *** *** *** *** A** *** *** *** *** *** *** *** ***-3* 1/15
5*-*** *** C** A** *** **T *** *** *** *** *** **A *** *** *** *** *** *** *** *** ***-3* 1/15
5*-*** *** *** A** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** ***-3* 1/15
5*-*** *** *** A*C *** **T *** *** *** *** *** *** *** *** *** *** *** *** *** *** ***-3* 1/15

a The nucleotides (CCACAA) that are located in the A-loop region and that are complementary to the anticodon loop of tRNAHis are shown in
boldface type. The PBS sequence complementary to the 3*-terminal 18 nucleotides of tRNAHis is boxed. The nucleotides (G174 , A181 , and C200) present
in input pHXB2(His-AC-gac) that are different from those in pHXB2(His-AC) are underlined. Asterisks indicate identity with the input sequences.

b Frequencies of DNA sequences in U5 and PBS regions among proviral PCR clones analyzed.
c Partial DNA sequence (143 – 205) in U5 and PBS regions in the input pHXB2(His-AC-gac).

equal amounts of cell-free mutant and wild-type virus changes in U5 region from the starting virus (A at nucleo-
tide 152 and T at nucleotide 160) had a nearly identical(as measured by p24 antigen) were collected from the

infected Sup T1 cultures at Day 61 post-cocultivation and replication profile as that of the wild-type virus, in con-
trast to the slight delay observed for the kinetics of ap-used to infect Sup T1 cells. The virus replication was

monitored by measuring their p24 antigen levels in the pearance of the early HXB2(His-AC-gac) virus (Figs. 2
and 3).culture medium (Fig. 3). After 2 months of culture, the

HXB2(His-AC-gac) virus with the 2 additional nucleotide
DNA sequence analysis of proviral NC and RT genes

Previous studies have suggested that the NC protein
of the gag gene and the RT protein of the pol gene might
be involved in the interaction with, and possible selection
of, the tRNA primer used for reverse transcription (Barat
et al., 1989, 1991, 1993; Robert et al., 1990; Sarih-Cottin
et al., 1993). Thus, there was a possibility that the NC
and/or RT was mutated in the viruses derived from
pHXB2(His-AC-gac) which were responsible for the se-
lective use of tRNAHis. One way to address this possibility
is to compare the sequence of the NC and RT genes of
the mutant and wild-type virus. PCR was used to amplify
proviral DNA encompassing nucleotides from 0191 (in

FIG. 3. Replication kinetics of the viruses after 61 days of in vitro U3 region) to 3774 (the end of the RT gene) at the 61-
culture. Supernatants from infected Sup T1 cells containing mutant

day post-coculture time point. The PCR-amplified DNAHXB2(His-AC-gac) or wild-type HXB2 viruses were collected at Day 61
was ligated into the pCRII vector; six individual PCRpost-cocultivation and the p24 levels were determined by ELISA. Equal

amounts of mutant and wild-type viruses (200 ng of p24) were used to clones from pHXB2(His-AC-gac)-derived proviruses were
infect fresh Sup T1 cells (2 1 106 cells in 2 ml of RPMI medium). After sequenced to determine the nucleotide sequence encod-
an overnight incubation, the medium was removed and the infected ing for the NC protein. Thirteen clones from pHXB2(His-
Sup T1 cells were washed once with medium and further cultured in

AC-gac)-derived proviruses and 5 clones from wild-type6 ml of fresh medium with additional uninfected Sup T1 cells. At 2-day
pHXB2-derived provirus were analyzed for RT gene se-intervals, the culture supernatants were collected and assayed for p24

antigen concentration by ELISA. quences. The U5 and PBS regions in these proviral
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FIG. 4. Amino acid changes in RTs caused by nucleotide mutations in proviruses derived from wild-type pHXB2 and mutant pHXB2(His-AC-gac)
at Day 61 post-coculture. Amino acids are represented by single letters. The letters before the numbers refer to the amino acids of the original
wild-type RT of HIV-1 (HXB2) and the letters after the numbers denote the mutated amino acids derived from the mutated nucleotide sequences of
PCR clones (Myers et al., 1994; Ratner et al., 1987).

clones were sequenced at the same time to ensure that the consistent nucleotide changes in the U5 region of
these same proviral clones (Table 1). Analysis of the RTall of the clones contained a PBS complementary to

tRNAHis for the mutant viruses or tRNALys,3 for the wild- gene from the PCR clones derived from the wild-type
proviral clone pHXB2 also revealed numerous nucleotidetype virus.

Our initial sequencing efforts were focused on a 420- changes resulting in amino acid changes (Fig. 4); we also
found a single clone (of five analyzed) which contained abase-pair region of DNA (nucleotides 1424 to 1837) en-

coding for the NC and the spacer peptide located be- stop codon in the early part of the RT gene. Again, there
was no identical amino acid change among these clones.tween the capsid protein (CA) and the NC (Krausslich et

al., 1995; Myers et al., 1994) (Fig. 1). Sequence analysis The mutations that were identified in proviruses derived
from pHXB2(His-AC-gac) and pHXB2 were not located atof six individual PCR subclones from proviruses derived

from pHXB2(His-AC-gac) revealed no nucleotide any of the sites in the RT which correspond to the re-
ported catalytic site (nucleotides 2641 to 2652) (Argos,changes which would have resulted in the use of differ-

ent amino acids in any of these clones (data not shown). 1988), nucleotide binding site (nucleotides 2881 to 2892)
(Johnson et al., 1986), or the site postulated to bind theWe next focused our sequence analysis on the RT genes

from proviruses derived from pHXB2(His-AC-gac) (Fig. 4). primer tRNA (nucleotides 2959 to 2982) (Delahunty et al.,
1994).Three of 13 clones analyzed contained mutations that

would disrupt the translational reading frame and thus
would encode a nonfunctional RT (clones 3, 6, and 13). Comparison of tRNAs in virions derived from
The remaining 10 clones all contained nucleotide HXB2(His-AC-gac) and the wild-type viruses
changes which would result in the substitutions of differ-
ent amino acids from the starting clone. However, we We next wanted to address the question of whether

viruses derived from pHXB2(His-AC-gac) incorporated adid not find a single mutation which was common in any
of the 13 clones analyzed. This is a striking contrast to different set of cellular tRNAs than that present within
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the wild-type virions. At Day 61 post-cocultivation, viruses
were isolated from supernatants of Sup T1 cells infected
with either HXB2(His-AC-gac) or HXB2. The virion-associ-
ated RNAs were 3*-end labeled with [32P]pCp and sepa-
rated sequentially by one-dimensional and then by two-
dimensional gel electrophoresis (Figs. 5A and 5B). No
significant differences with respect to the composition
of tRNAs were evident between the HXB2 (His-AC-gac)
viruses and the wild-type virus. Although there were
many spots on the autoradiogram, we could readily iden-
tify four major tRNA species (spots) from each prepara-
tion which had similar labeling intensities; we designated
these four tRNA species with numbers for sequence
analysis (Fig. 5B; Spots 1, 2, 3, and 4).

The sequences of the four predominant tRNA species
present in HXB2(His-AC-gac) and the wild-type viruses
were determined. Before sequencing, spots 2 and 4 were
further resolved using a polyacrylamide gel to separate
cross-contaminating tRNA species (Fig. 5C). Each tRNA
was eluted from individual gel spot and sequenced using
standard enzymatical RNA sequencing methods (Fig. 6).
Comparing the tRNA sequences from each spot with the
published tRNA sequences allowed the determination
that the tRNA in spot 1 is tRNALys,2; tRNA in spot 2 (the
most predominant tRNA species in both mutant and wild-
type viruses) is tRNALys,3; tRNA in 3 is tRNAAsn and tRNA
in 4 is tRNALys,1 (Table 2) (Sprintzl et al., 1989). These
results confirm a previous study which found that
tRNALys,3 and tRNALys1,2 were the major tRNA species
present in HIV-1 virions isolated from transfected COS-
7 cells (Jiang et al., 1993). Interestingly, using Sup T1
cells as virus producing cells, we found that tRNAAsn is
also a major tRNA species present in HIV-1 virions. Most
importantly, the major tRNA species found in HXB2(His-
AC-gac) viruses were the same tRNA species present in
the wild-type virus. Furthermore, tRNAHis is not among

FIG. 5. Gel electrophoresis of tRNAs isolated from HIV-1 virions.
the major tRNA species found in HXB2(His-AC-gac) virus Virion-associated RNAs were isolated from pHXB2 or pHXB2(His-AC-
which uses it as replication primer. gac)-derived viruses isolated from culture media of infected Sup T1

cells at Day 61 post-coculture. (A) First-dimensional gel electrophore-
sis. Total viral RNAs were 3*-end labeled with [32P]pCp, followed byDISCUSSION
separation on a polyacrylamide gel. Lane 1, [32P]pCp-labeled total yeast
tRNAs. Lanes 2 and 3, RNAs from virions of wild-type HXB2 and mutantIn this report, we have characterized a unique HIV-1
HXB2(His-AC-gac) viruses, respectively. Autoradiography was used to

virus [HXB2(His-AC)] which maintained a PBS comple- identify the virion-associated tRNAs. (B) Second-dimensional gel elec-
mentary to tRNAHis. We found that substitution of a 200- trophoresis. The gel slices in the first-dimensional gel that contained
base-pair DNA fragment which contained the region of virion-associated tRNAs were excised and embedded on the top of

the second-dimensional gel. Following electrophoresis, the gel wasthe U5-PBS of this virus into a plasmid containing a wild-
processed for autoradiography. The numbers refer to regions of thetype provirus (pHXB2) conferred the capability of the re-
gel excised after autoradiography for further purification [spot 2 ofsulting virus [HXB2(His-AC-gac)] to utilize tRNAHis to initi-
HXB2; spots 2 and 4 of HXB2(His-AC-gac)] or direct sequence determi-

ate reverse transcription. The HXB2(His-AC-gac) virus nation [spots 1 and 3 of both HXB2 and HXB2(His-AC-gac)] of the
replicates similar to the wild-type HXB2 virus. Sequence tRNAs. (C) Further purification of virion-associated tRNAs obtained from
analysis of selective regions of the gag and pol genes the second dimensional gel electrophoresis. Lane 1, Electrophoresis

of tRNA species isolated from spot 2 of HXB2. After autoradiography,of HXB2(His-AC-gac) proviruses revealed no changes in
only the top strong band was excised and the tRNA was eluted fromNC protein gene and no conserved changes in RT gene
the gel and sequenced. Lanes 2 and 3, Electrophoresis of tRNA speciesamong the proviral clones analyzed. Analysis of the vi-
isolated from spots 2 and 4 of HXB2(His-AC-gac), respectively. The

rion–tRNA contents of the virus which maintained a PBS tRNA bands were excised from the gel separately, and the two top
complementary to tRNAHis revealed that this mutant virus bands (tRNA 2) and two bottom bands (tRNA 4) in lanes 2 and 3 were
contained similar tRNA species as that of the wild-type combined and the tRNAs were eluted and sequenced.
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TABLE 2

Major tRNAs in Virions Derived from HXB2(His-AC-gac) and Wild-Type HIV-1 (HXB2) Viruses

* *
Virion tRNA 1 3*-NCCGCGGGUUGCACCCCGA GCUN GGGUGN NN GGACUNNAA UNCUCAGAGUACGAGAUGG-5*

tRNALys,2 3*-ACCGCGGGUUGCACCCCGA1GCFT3GGGUGC5DG7GGACUCFAA7UUCUCAGAGFACGAGADGGCDGA-5*

Virion tRNA 2 3*-NCCGCGGGCUUGUCCCUGA ACNU GGGAC N NN GGAGUCNAA UUN NCAGACUACGAGAUGG-5*

tRNALys,3 3*-ACCGCGGGCUUGUCCCUGA1ACFT3GGGAC5C5DG7GGAGUCFAA9UUU9UCAGACFACGAGADGGCD-5*

Virion tRNA 3 3*-NNCGCAGGGACCCANCNGAGCUNGGUGGUNGNAAAGCCAAUUGUCGG-5*

tRNAAsn 3*-ACCGCAGGGACCCACCCGA1GCFNGGUGGUDG7GAAAGCCAA7UUQUCGGCFFCGCGAV7DGGCDAAC-5*

* *
Virion tRNA 4 3*-NCCGCGGGUUGCACCCCGAGNUN GGGUGN NN GGACCNNAN UUCUNAGGGNACGAGAUGG-5*

tRNALys,1 3*-ACCGCGGGUUGCACCCCGA1GCFT3GGGUGC5DG7GGACCCFAA7UUCUCAGGGFACGAGADGGCDGA-5*

tRNAHis 3*-ACCACGUAACCGGCCCUUA1GCFTGGGC5C5C5GGAGACGCCGGUGUFGCGUCUCAUGADDGGDGAFA-5*

Note. The 3* end partial nucleotide sequences of the four major tRNA species isolated from HXB2(His-AC-gac) and wild-type HXB2 viruses were
determined by RNA sequencing (top lines). The identities of these tRNAs were determined by comparing their sequences with the published tRNA
sequences (bottom lines) (Sprintzl et al., 1989). tRNALys,1 and tRNALys,2 have identical nucleotide sequences, except for the two nucleotides with asterisks.
The distinguishing nucleotides between tRNALys,3 and tRNALys,2 are underlined. For comparison, the partial nucleotide sequence of tRNAHis from human
Hela cells is also listed (Sprintzl et al., 1989). Abbreviations for modified nucleotides: A1, 1-Methyladenosine; A7, N-((9-b-D-ribofuranosylpurine-6-YL)-
carbamoyl)-threonine; A9, N-((9-b-D-ribofuranosyl-2-methylthiopurine-6-YL)-carbamoyl)-threonine; C5, 5-methylcytidine; D, dihydrouridine; F, pseudouri-
dine; G7, 7-methylguanosine; Q, queuosine; T, 5-methyluridine; T3, 2*-O-methyl-5-methyluridine; U9, 5-methoxycarbonyl-methyl-2-thio-uridine; V7, 3-(3-
amino-3-carboxypropyl)-uridine. N, unresolved nucleotides.

virus and that there was no selective enrichment of in the packaging of a group of cellular tRNAs into the
HIV-1 virions, they are probably not solely responsibletRNAHis within these virions.

The mechanism for the selective use of a particular for the selection of the tRNA used to initiate the reverse
transcription. We found that both NC and RT genes fromcellular tRNA to initiate reverse transcription is still unre-

solved. Previous studies demonstrated that in vitro the mutant HXB2(His-AC-gac) viruses which use tRNAHis as
primer contained no single conserved amino acidHIV-1 RT specifically binds to tRNALys,3 in the presence

of an excess amount of nonspecific tRNAs (Barat et al., change from the wild-type genes and that the tRNA com-
position for the mutant virus was similar, if not identical,1989). However, other in vitro studies found that the inter-

actions between RT or NC and tRNALys,3 were essentially to that for the wild-type (HXB2) virus. We did find that,
among 13 mutant and 5 wild-type RT genes [fromnonspecific (Mely et al., 1995; Delahunty et al., 1994).

This controversy about NC and RT’s functions are proba- HXB2(His-AC-gac) and HXB2 proviruses, respectively]
examined, each RT clone contained different nucleotidebly due to the different in vitro conditions used by the

different investigators. Analysis of tRNA content of HIV- changes which would result in using different amino
acids; there was no single dominant RT gene in either1 virions revealed that although several tRNA species

were present in the virus, there was an enrichment for the mutant or the wild-type viruses. The RT gene quasi-
species was also noted in an analysis of RT genes fromtRNALys,3 (Jiang et al.,1993). Follow-up studies revealed

that virions containing the unprocessed Gag-Pol polypro- viruses obtained from primary lymphocytes obtained
from HIV-1 infected patients (Najera et al., 1995). At pres-tein were enriched for tRNALys,3, while those particles

without the Gag-Pol polyprotein (or particles with a partial ent, we do not know the significance (if any) of these
changes. While it is possible that some of the subtledeletion in the RT region in the Gag-Pol polyprotein) con-

tained tRNAs but were not necessarily enriched for changes in both mutant and wild-type RT might allow
the viruses to replicate more efficiently, the nucleotidetRNALys,3 (Mak et al., 1994). Most probably then, the en-

richment of tRNALys,3 in the HIV-1 virions occurs through changes found in RT genes might also be a reflection of
the inherent error prone frequency of the reverse tran-an interaction with the RT domain of the Gag-Pol. Further

support for this idea also comes from earlier studies scription process.
Since the mutant viruses derived from pHXB2(His-AC-using other retroviruses with mutations to inactivate the

protease (Crawford and Goff, 1988; Stewart et al., 1990). gac) did not mutate to selectively incorporate tRNAHis

over tRNALys,3 into the virions, the composition of theAlthough NC or RT or both proteins may be involved

FIG. 6. Sequence determination of virion-associated tRNAs from pHXB2 and pHXB2(His-AC-gac)-derived viruses. tRNA species purified from
polyacrylamide gels were enzymatically sequenced using Pharmacia’s RNA sequencing kit. The 3*-terminal nucleotide sequences were resolved
by electrophoresis on polyacrylamide gels. The nucleotide sequences are presented on the sides of the photographs; the letter N refers to a
nucleotide which could not be resolved. Nucleotide sequences of tRNA species 1 and 3 from wild-type HXB2 virus are identical to those of tRNAs
1 and 3 (tRNALys,2 and tRNAAsn, respectively) of HXB2(His-AC-gac) virus and, hence, are not provided here. Lane 1, undigested tRNA; Lane 2, RNase
T1 digestion (G specific cleavage); Lane 3, RNase U2 digestion (A specific cleavage); Lane 4, RNase Phy M digestion (A / U cleavages); Lane 5,
B. cereus RNase digestion (U / C cleavages); Lane 6, RNase CL3 digestion (C specific cleavage); Lane 7, alkaline hydrolysis of the tRNA.
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