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Although most reports defining the human immunodeficiency virus type 1 (HIV-1) genomic RNA packaging
signal have focused on the region downstream of the major 5’ splice site, others have suggested that sequences
upstream of the splice site may also play an important role. In this study we have directly examined the role
played by the HIV-1 TAR region in RNA packaging. For these experiments we used a proviral expression
system that is largely independent of Tat for transcriptional activation. This allowed us to create constructs
that efficiently expressed RNAs carrying mutations in TAR and to determine the ability of these RNAs to be
packaged. Our results indicate that loss of sequences in TAR significantly reduce the ability of a viral RNA to
be packaged. The requirement for TAR sequences in RNA packaging was further examined by using a series
of missense mutations positioned throughout the entire TAR structure. TAR mutations previously shown to
influence Tat transactivation, such as G31U in the upper loop region or UCU to AAG in the bulge (nucleotides
[nt] 22 to 24), failed to have any effect on RNA packaging. Mutations which disrupted the portion of the TAR
stem immediately below the bulge also had little effect. In contrast, dramatic effects on RNA packaging were
observed with constructs containing mutations in the lower portion of the TAR stem. Point mutations which
altered nt 5 to 9, 10 to 15, 44 to 49, or 50 to 54 all reduced RNA packaging 11- to 25-fold. However,
compensatory double mutations which restored the stem structure were able to restore packaging. These
results indicate that an intact lower stem structure, rather than a specific sequence, is required for RNA
packaging. Our results also showed that RNA molecules retained within the nucleus cannot be packaged,
unless they are transported to the cytoplasm by either Rev/Rev response element or the Mason-Pfizer monkey

virus constitutive transport element.

While a detailed understanding of the mechanism for RNA
packaging in human immunodeficiency virus (HIV) is lacking,
it is widely believed that the HIV genome contains a packaging
region that interacts with a viral factor to mediate the incor-
poration of full-length genomic RNA into virus particles (for a
review, see reference 6). RNA mapping studies have shown
that important determinants for RNA packaging map through-
out the entire 5'-end region of the HIV type 1 (HIV-1) RNA,
up to the start of gag (8, 37, 38, 43, 46, 48, 56, 63). However,
most attention has focused on the region of viral RNA map-
ping between nucleotides 230 and 352 (4, 12, 32). This region
has been called the HIV-1 W region, in analogy to the pack-
aging region of murine leukemia virus (MLV) RNA (44, 62).

The HIV-1 ¥ region forms four stem-loop structures termed
SL1 through SL4 (4, 12, 32). SL1 contains the primary site of
RNA dimer formation (14, 40, 45, 49, 50, 53, 59), and SL3
contains a specific binding site for HIV-1 nucleocapsid protein
(NC) (5, 17, 42). Most data suggest that there are determinants
in both SL1 and SL3 that are essential for efficient packaging.
Since the major 5’ splice site is contained within SL2 (58)
(which maps between SL1 and SL3), only unspliced RNA
contains both the SL1 and SL3 determinants. This explains, at
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least in part, why only unspliced HIV RNA is efficiently pack-
aged.

Despite the progress that has been made in defining the
HIV-1 packaging signal, there is no unifying model to explain
how this complex, multipartite signal is actually recognized by
the assembling virus particle. The viral factor involved in this
process appears to be NC (1, 7, 9, 25, 55, 64), but the details of
the mechanism by which NC provides specificity remain elu-
sive. For example, even though the three-dimensional struc-
ture of complex of NC and SL3 has recently been described
(17), we do not understand why only two molecules of RNA
are packaged into a particle that contains about 1,800 NC
molecules and thus 1,800 SL3 binding sites. We also have little
understanding of the role played by sequences mapping up-
stream of SL1.

The HIV-1 genome contains at least two other cis-acting
sequence elements whose interactions with viral proteins have
been well defined. The HIV-1 TAR element consists of a
57-nucleotide sequence that forms a stem-loop. It is found at
both ends of HIV-1 genomic RNA, forming the first part of the
“R” repeat present in all retroviral RNAs. The element regu-
lates transcription through its interaction with the HIV-1 Tat
protein and cellular factors (for reviews, see references 34 and
36). Parts of the TAR stem-loop not involved with the Tat
interaction have also been shown to be essential for viral rep-
lication, though the reasons for their importance are much less
well defined (31, 39). For example, elegant genetic studies have
implicated the lower stem region of TAR as an essential ele-
ment for viral infectivity (39).

Another RNA element in the HIV genome that is involved
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in the binding of a viral specific protein is the Rev response
element (RRE). This 248-nucleotide element is located within
the coding region of env and is present in full-length and singly
spliced HIV RNAs. Rev binding is needed to mediate the
export of the RRE-containing RNA from the nucleus to cyto-
plasm (for reviews, see references 26 and 54). An element
functionally equivalent to the RRE, termed the constitutive
transport element (CTE), has been identified in type D retro-
viruses (10, 65). The CTE mediates the nuclear export of
intron containing RNA (20) by interacting exclusively with
factors that are encoded by the cell.

The present study examines determinants of HIV-1 RNA
packaging by introducing deletion and cluster mutations into
the RNA and analyzing their effects on encapsidation. We
have focused our effort mainly on the region mapping up-
stream of ¥ and, in particular, on the HIV TAR region. Our
data strongly suggest that a distinct packaging determinant
exists within the bottom part of the TAR stem. Our results
suggest that it is the structure, rather than the sequence, of the
TAR stem that is important. We also describe in this report
other experiments that demonstrate that an RNA which is
dependent on Rev for transport must interact with Rev (and
presumably exit the nucleus) before it can be packaged.

MATERIALS AND METHODS

HIV-1 proviral strain and numbering system. The HIV-1 proviral clone
(pHR969) and its derivative plasmids are derived from HIV-1 HxB2 (GenBank
accession no. K03455, M38432, and g327742). Sequences from pNL4-3 (Gen-
Bank accession no. M1992) and BH10 (GenBank accession no. M15654, K02008,
K02009, and K02010) were also used. The HIV-1 numbering system used is
derived from HxB2 and places nucleotide 1 at the start of R in the 5’ long
terminal repeat (LTR).

Plasmids. Plasmid pGAGPOL-RRE-r (pHR146) has been previously de-
scribed (60). It contains the coding regions for the HIV-1 proteins Gag, Pol, Vif,
and truncated Vpr, followed by the RRE and a rabbit B-globin intron and
poly(A) site. Expression is directed by the simian virus 40 (SV40) late promoter.

pHR969 contains the full-length HIV-1 genome from the HIV-1 HxB2 pro-
viral construct with the exception of a 330-bp in-frame deletion in pol making it
noninfectious. The plasmid also contains cellular flanking sequences on each side
of the viral genome as well as the SV40 origin of replication in the vector
backbone.

pHR1256 was derived directly from pHR969. It has a deletion in the midpor-
tion of the genome corresponding to the central portion of the HIV-1 genome
that is deleted in pHR146. Details of its construction are available on request.

pHR1486 was derived from sequences present in the vectors pHR1256 and
RRE-r through a series of intermediate constructions. It contains a 220-bp
SacI-BssHII fragment from the HIV-1 proviral clone pNL4-3 between the Sacl
site at position 28 and the BssHII site at position 248 in place of HxB2 sequences.
Thus, it lacks the Sacl site normally found at position 228 in HxB2.

pHR1573 was made by linearizing vector pHR1486 at the unique Sacl site in
TAR, repairing the 4-bp 3’ overhangs with T4 DNA polymerase and religation.

pHR1512, pHR1679, pHR1487, pHR1582, pHR1583, pHR1584, pHR1585,
pHR1586, pHR1815, pHR 1816, pHR1817, pHR1819, pHR1820, and pHR1821
are derivatives of pHR1486 which were made by PCR-based mutagenesis. De-
tails of their construction are available on request.

pHR1152 (previously described [10]) was derived from pNL4-3. It produces a
nonfunctional Rev protein due to a stop codon at amino acid 23 (TAT—TAA)
in the first coding exon of rev. It also has the Mason-Pfizer monkey virus
(MPMV) CTE (MPMYV bp 8007 to 8240) inserted into a unique X%ol site at the
start of the nef gene. Prior to insertion of the CTE, 150 bp were deleted from nef,
moving the Xhol site just downstream of the nef start codon.

pCMVrev (pHR30), previously described as pRevl (60), contains the HIV-1
Rev coding region under the control of simian cytomegalovirus immediate-early
promoter-enhancer (35). pPCMVtat (pHR136) is analogous to pCMVrev. It con-
tains the Tat coding sequences from pCV1 (3) under the control of the simian
cytomegalovirus immediate-early promoter-enhancer.

Plasmid pHR1290 was constructed by deleting the 2.3-kb BssHII-EcoRYV frag-
ment from the previously described pGem-11Zf(—)HIV (pHR243) (61) and
religating the vector fragment. This plasmid was used for in vitro transcription to
make the RNA standards for reverse transcription (RT)-PCR.

Cell culture and transfections. Maintenance of and transfection CMT3-COS
cells (23) have been previously described. In a standard packaging experiment, 15
wg of test plasmid and 10 pug of pCMVrev per 150-mm-diameter plate were
transfected by using DEAE-dextran as previously described (28). In some ex-
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periments, plasmid pCMVtat was used for cotransfections as well (10 pg/150-
mm-diameter plate).

In some instances, A5.6 cells were substituted for CMT3-COS cells to over-
come the need for pPCMVrev cotransfection. A5.6 cells are derived from CMT3-
COS by stable transfection with pCMVrev and a hygromycin B resistance gene
(pHR392). They constitutively express the HIV-1 Rev protein and are similar to
the previously described cell line A5.9 (19).

Cellular and virion RNA isolation [total poly(A) selection]. Total poly(A)™
RNA was isolated from cells as previously described (27). To prepare virion
RNA, virus particles were collected from the medium of transfected cells. To do
this, medium was first cleared of cells and debris by centrifugation two times at
2,500 rpm for 15 min at 4°C in a tabletop centrifuge. The cleared medium was
then subjected to ultracentrifugation through a 6-ml cushion of 20% sucrose for
1 h at 4°C and 27,000 rpm (100,000 X g), using a SW28 rotor. The pelleted virus
particles were resuspended in 100 pl of stock buffer (200 mM NaCl, 200 mM
Tris-HCI [pH 7.5], 1.5 mM MgCl,). To prepare RNA, 3 ml of lysis buffer (200
mM NaCl, 200 mM Tris-HCI [pH 7.5], 1.5 mM MgCl,, 2% sodium dodecyl
sulfate, 200 wg of proteinase K [Sigma] per ml) together with 200 pg of yeast
tRNA (GibcoBRL) as a carrier was added to the virions. RNA was then pre-
pared by the procedure used to prepare cellular RNA.

DNase I treatment of RNA. After ethanol precipitation, the RNA samples
were resuspended in 20 mM Tris-HCI (pH 8.4)-2 mM MgCl,-125 mM KCI-40
U of rRNasin (Pharmacia)-20 U of DNase I (Boehringer Mannheim) and
incubated at 37°C for 1 h. The RNA was then extracted with phenol-CHIASM
(chloroform-isoamyl alcohol; 24:1) and reprecipitated.

In vitro transcription. pHR1290 digested with EcoRI (20 U/pl; New England
Biolabs) was used as a template to produce RNA in vitro for a standard curve.
This plasmid produces RNA of the same sense as the HIV genome when
transcription is driven by T7 RNA polymerase. The in vitro transcription reac-
tions were performed according to instructions from Promega.

Oligonucleotides. The sense-strand oligonucleotide used to detect HIV-1 gag-
pol RNA was oligonucleotide 304, which hybridized to pol at positions 3167 to
3188 and had the sequence 5'-AGGGGTGCCCACACTAATGATG-3'. The
antisense oligonucleotide used for this RNA was oligonucleotide 305, which
hybridized to pol at positions 3664 to 3685 and had the sequence 5'-GGCTAC
ATGAACTGCTACCAGG-3'.

To detect HIV-1 rev RNA, the sense-strand oligonucleotide used was oligo-
nucleotide 298, which hybridized to the start of the first exon of rev at positions
5186 to 5206 and had the sequence 5'-ATGGCAGGAAGAAGCGGAGAC-3'.
The antisense oligonucleotide used, 190, hybridized to the nef gene at positions
8137 to 8161) and had the sequence 5'-GCTGCTGTGTTGCTACTTGTGATT
G-3'.

32P 5'-end labeling of oligonucleotides. Oligonucleotides were labeled by using
polynucleotide kinase and [y-**P]JATP (6,000 Ci/mmol) as previously described
(27). The specific activity of the labeled oligonucleotides was usually in the range
2 X 108 to 4 X 10® cpm/pg of oligonucleotide.

RT and cDNA synthesis. The RT-PCR procedure of Arrigo et al. was fol-
lowed, with some modifications (2). Both cellular and virion poly(A)-selected
RNA was used as template to make cDNA for quantitative PCR. Each cellular
RNA sample was a yield from a 150-mm-diameter cell culture plate; one such
plate usually gave the yield of 4 to 8 pg of total poly(A)-selected cellular RNA.
The cellular RNA samples were resuspended in 200 .l of diethylpyrocarbonate-
treated H,O, and usually 1/200 (20 to 40 ng of RNA) was used per RT reaction.
The virion RNA samples (from the medium of a 150-mm-diameter cell culture
plate) were resuspended in 100 pl of H,O, and the yield from 1/10 of a plate was
used per RT reaction. Each RT reaction was performed in a final volume of 50
wl containing 1 pl (40 U) of rRNasin, 10 ul of 5X RT buffer (250 mM Tris-HCI
[pH 8.3], 375 mM KCl, 15 mM MgCl,, 50 mM dithiothreitol), 1 pl (100 ng/ul) of
antisense oligonucleotide primer, 5 pl (1 pg/ul) of bovine serum albumin (New
England Biolabs), 2.5 wl 10 mM each deoxynucleoside triphosphate, 5 wl (500
pg/ml) actinomycin D (Sigma), and 1 pl of M-Moloney murine leukemia virus
reverse transcriptase (200 U/ul; GibcoBRL). To detect potential DNA contam-
ination in the RNA samples, the same amounts of cellular and virion RNA
samples were treated exactly the same way as the RT samples except that no
reverse transcriptase was added to the tubes. Known amounts of serially diluted
RNA standards which were made by in vitro transcription were also used as
controls to measure the amounts of HIV-1-specific RNA in the test samples and
to ensure the linearity of the RT-PCRs; they were treated the same way as other
RT reactions. The reactions were carried out at 37°C for 2 h, after which 950 pl
of Tris-EDTA buffer was added to each tube to give the volume of 1 ml. The
c¢DNA was stored at —75°C until used for quantitative PCR.

Quantitative PCR. For each quantitative PCR, 10 pl of cDNA (from the total
volume of 1 ml) was used. To that was added 15 pl containing 15 ng of 3?P-
labeled 3’ oligonucleotide (specific activity, 2 X 108 to 4 X 10® cpm/pg), 15 ng of
unlabeled 3’ oligonucleotide, 100 ng 5" oligonucleotide, 2.5 pl of 10X modified
PCR buffer (250 mM Tris pH 8.0, 50 mM MgCl,, 500 mM NaCl, 2.5 mM dATP,
2.5 mM dTTP, 2.5 mM dCTP, 2.5 mM dGTP, 1 pg of bovine serum albumin per
wl), and 0.5 pl of Amplitaq DNA polymerase (5 U/ul; Perkin-Elmer), so that the
final volume was 25 pl per reaction. The reactions were performed in 0.5-ml
Eppendorf tubes; the reaction products were overlaid with 1 drop of mineral oil
and placed in a DNA thermal cycler. The reactions were performed at 94°C for
1 min and 60°C for 2 min for 22 cycles.
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FIG. 1. Schematic representation of HIV-1 sequences present in six plasmids used in this study. The upper portion shows a map of the entire HIV-1 genome, with
a few key restriction enzyme sites marked. The two Kpnl sites in pol were used to create a 330-bp in-frame deletion in the proviral clone pHR969 in order to make
it noninfectious. Plasmids pHR1256 and pHR1486 were derived from pHR969 and hence contain the same deletion. These plasmids, as well as pPGAGPOL-RRE-r,
also contain a deletion in the midportion of the viral genome (between Sall and Bgl/II) shown as a dashed line. Expression of pPGAGPOL-RRE-r is directed by the SV40
late promoter rather than the 5" LTR. pPGAGPOL-RRE-r also lacks 228 bp at the 5’ end of the viral RNA. pGAGPOL-RRE and pHR1486 contains an intron and

poly(A) signal derived from the rabbit B-globin gene.

Following the quantitative RT-PCRs, 5 ul of each sample was mixed with 4 .l
of H,O and 1 ul of 10X restriction stop buffer; the mixture was loaded on a 2%
agarose gel, which was subjected to electrophoresis in 0.5X Tris-acetate-EDTA
buffer at 150 V (at 0.25-A setting) for about an hour. The agarose gel was
overlaid with Saran Wrap, dried, and quantitated with a phosphorimager.

p24 enzyme-linked immunosorbent assay (ELISA) on HIV-1 virions. The
concentrated virus particles were diluted and assayed at the dilutions 1/62,500
and 1/312,500 to keep the test samples within the linear range of the assay. The
assay was performed according to instructions from the manufacturer (Cellular
Products Inc.). A molecular weight of 25,390 was used to convert the amount of
p24 to moles.

Calculation of the virion RNA/virion p24 ratio. The amount of virion RNA
present in a sample was determined from the relative intensity of the RT-PCR
product by using an RNA standard curve which was generated from in vitro-
transcribed RNA. This amount was then multiplied by the appropriate dilution
factor to calculate the total amount of virion RNA produced per plate. For virion
p24, the value obtained in the ELISA by using the p24 standard curve was also
multiplied by an appropriate dilution factor. A ratio of millimoles of virion RNA
per mole of virion p24 was then calculated. For most experimental samples, a
normalized value for this ratio was obtained by multiplying the value by 100 and
dividing by the ratio obtained from the control transfection.

Calculation of the percentage of total RNA packaged. Total virion RNA RI
(relative intensity) units per plate were determined from the relative intensity of
the RT-PCR product by multiplying the value obtained from the phosphorim-
ager by the appropriate dilution factor for each test sample. To calculate the
cellular plasmid-derived RNA RI units per plate, total cellular RNA was pre-
pared and quantitated by optical density. Usually 20 ng of this RNA was tested
by RT-PCR for plasmid-derived RNA content. The RI units obtained from this
sample were then multiplied by the appropriate dilution factor to obtain the total
RI units per plate. Since the yield of total RNA from each plate varied some-
what, it was assumed that the plate that gave the highest yield of total cellular
RNA in each experiment had a yield closest to 100%, and the dilution factor was
determined from this value. Yields usually did not vary more than twofold.
Finally, the total RI units from both cellular and virion samples were added
together and the percentage of the RNA which was found in the virions was
calculated.

RESULTS

Packaging of RNA expressed from transient expression vec-
tors. We have previously described an SV40 late replacement
vector, PGAGPOL-RRE-r, and its derivatives, that were used
to study assembly interactions between the Pr55%¢ and
Pr1605*¢7°" precursors (60, 61). In those studies we demon-
strated that virus-like particles efficiently formed and budded
when this plasmid and a plasmid that expressed Rev were
transfected into appropriate cells. However, it was never de-
termined whether the virus-like particles produced packaged
viral RNA.

The HIV RNA produced by pGAGPOL-RRE-r lacks the
first 228 nucleotides found in a normal HIV genome but re-

tains sequences further downstream known to be involved in
RNA packaging; in addition, sequences 3’ of the Sa/l site in the
middle of the HIV-1 genome are replaced with a removable
rabbit B-globin intron and poly(A) signal (Fig. 1). Thus, it was
of interest to determine whether RNA produced by this plas-
mid could be packaged into particles, since this would shed
light on the sequence requirements for RNA packaging by
HIV.

In the first experiment, we compared the packaging effi-
ciency of pPGAGPOL-RRE-r to those of the proviral clone
pHR969 and its derivative pHR1256. pHR969 is a full-length
viral clone, derived from HxB2, that contains a small in-frame
deletion in the RNase H domain of pol. This renders it non-
infectious. The plasmid also contains an SV40 origin of repli-
cation which allows Tat-independent expression in cells con-
taining SV40 T antigen (data not shown). pHR1256 is derived
from pHR969 and was used for comparison since it shares a
common deletion in the central portion of the genome with
PGAGPOL-RRE-r but contains an intact 5’ LTR. Both
pHR1256 and pGAGPOL-RRE-r lack a functional rev gene
and require cotransfection with a Rev-expressing plasmid to
obtain cytoplasmic RNA expression. All three plasmids are
diagrammed in Fig. 1.

CMT3-COS cells were transfected with the various plasmids
by using DEAE-dextran, and the cells and medium were quan-
titatively harvested at 65 h posttransfection. Both cellular and
particle-derived RNA were prepared. Quantitative RT-PCR
was then performed to determine the amount of RNA in each
fraction (see Materials and Methods). The results of this RNA
packaging analysis are presented in Fig. 2 and Table 1.

Figure 2 shows the PCR products obtained from the RNA
derived from both cells and pelleted virus particles. Both Gag-
Pol and Rev RNAs were analyzed by using specific primer
pairs. The figure shows that in all cases, there was no signal
when reverse transcriptase was omitted from the reaction mix-
ture, indicating that the RNA preparations were free from
contaminating DNA. Experiments treating the virus particles
with micrococcal nuclease before RNA extraction yielded es-
sentially the same results, indicating that the signal from the
particles was derived exclusively from packaged RNA (data
not shown). The intensity of each band in Fig. 2 was measured
with a phosphorimager and corrected for the dilution factor (see
Materials and Methods); the results are tabulated in Table 1.
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TABLE 1. RNA packaging measured as a percentage of total RNA produced (quantitative analysis of the data shown in Fig. 2)

Total intensity/plate

Fig. 2 panel, plasmid RNA j Virion % RNA in virions
Cellular RNA RNAP

A, pHR969(provirus) Gag-Pol 7.10 X 10® 1.33 X 10® 15.7

A, pHR969(provirus) Rev 8.70 X 107 712 X 10° 0.80

B, pHR1256 Gag-Pol 1.68 X 10% 1.20 X 10% 41.7

B’, pCMVrev Rev 3.62 X 107 <10 <0.00027

C, pPGAGPOL-RRE-r Gag-Pol 9.25 % 107 1.37 X 10° 1.46

C’, pCMVrev Rev 3.55 x 107 5.93 x 10* 0.16

“ The measured intensities of the bands in the lanes marked C in Fig. 2 were multiplied by a correction factor of 357 as described in Materials and Methods.
® The measured intensities of the bands in the lanes marked V in Fig. 2 were multiplied by a correction factor of 10 as described in Materials and Methods.

The data in Table 1 demonstrate that in the case of the
full-length proviral clone pHR969, nearly 16% of the Gag-Pol
RNA produced was packaged into particles. For pHR1256
cotransfected with pCMVrey, this value reached nearly 42%.
On the other hand, for pPGAGPOL-RRE-r cotransfected with
pCMVrev, only about 1.5% of the vector RNA was incorpo-
rated into particles. For the Rev mRNA, incorporation into
virus particles was in all cases less than 1% of the total,
whether it was derived from the proviral clone (Fig. 2A") or
pCMVrev (Fig. 2B’ and C'). It is interesting that in this ex-
periment, as well as in several others (data not shown), Rev
RNA produced from pCMVrev was packaged significantly less
well than the Rev RNA produced from the proviral clone. One
reason for this could be that a portion of the HIV packaging
signal mapping upstream of the 5’ splice site (see below) is
retained in the Rev mRNA that is derived from the provirus
but is missing in Rev mRNA from pCMVRev and that this
sequence promotes a low level of packaging.

In a second experiment using the same combinations of
plasmids, we analyzed RNA packaging by measuring the
amount of RNA found in virus particles in comparison to the
amount of capsid protein (CA) p24. This analysis is shown in
Table 2. In this experiment, both pHR969 and pHR1256 pro-

Gag-Pol Rev
cC Vv
A +C— ,+v- A 4+ +-
pHR969 j
(Provirus) . . -
cC Vv , C vV
B +- + - B' + - +-
pHR1256 | ' J
+pCMVRev J s i
cC Vv
C+- + - cC' +C_ + -
PGAGPOL-RRE-r g
+pCMVRev o

FIG. 2. RT-PCR analysis of total poly(A)-selected cellular (C) and virion
RNA (V) isolated from CMT3-COS cells transiently transfected with the indi-
cated plasmids. (A to C) PCR products derived from the Gag-Pol RNA; (A’ to
C") PCR products derived from Rev-specific RNA. The reactions for all RNA
samples were performed in the presence (+) and absence (—) of reverse tran-
scriptase. Both primers used to detect the Gag-Pol RNA anneal in pol (primers
304 and 305), while the primers used to detect Rev RNA anneal in the first exon
of rev and in nef (primers 190 and 298). The same 3’ primers were used for the
RT reaction and the PCR. The upper band in panel A’ is likely derived from the
Tev mRNA, which is not produced by the other plasmids. The RT-PCR products
derived from the proviral clone pHR969 (A and A’) and pHR1256 + pCMVrev
(B and B’) were exposed for 5 h on the phosphorimager; the products from
PGAGPOL-RRE-r plus pCMVrev (C and C') were exposed for 36 h. Quanti-
tation of the data is given in Table 1.

duced RNAs that were packaged at a level of between 1.6 and
1.9 mmol of RNA/mol of p24, or more than 100 times more
efficiently than the RNA produced from pGAGPOL-RRE-r.
Interestingly, this value was within twofold of the theoretical
value of 1.06 mmol of RNA/mol of p24, which can be calcu-
lated by assuming that every viral particle contained the theo-
retical 2 molecules of RNA per 1,890 molecules of CA p24
(52). Our data thus clearly show that in comparison to
pHR1256 and pHR969, pGAGPOL-RRE-r lacks a critical de-
terminant for RNA packaging.

The 5’ TAR element is a determinant for RNA packaging.
pGAGPOL-RRE-r differs from pHR1256 in several ways. It
lacks sequences from both the extreme 5’ and 3’ ends of the
HIV genome, and RNA derived from it is spliced to remove an
intron near its 3’ end (Fig. 1). To determine which of these
differences led to the differential in RNA packaging between
pGAGPOL-RRE-r and pHR1256, we made a series of
pHR1256 derived constructs and tested them for the ability to
produce packageable RNA. Our results showed that sequences
from the 3’ end of the genome were not needed for packaging
from these constructs and that splicing of the RNA did not
prevent it from being packaged (data not shown). These results
confirmed previous studies by others working with slightly dif-
ferent systems (13, 37, 46, 48). Thus, it seemed likely that
sequences present in pHR1256 at the extreme 5’ end of the
genome, but lacking in pGAGPOL-RRE-r, contained packag-
ing determinants.

To determine whether sequences at the 5’ end of the ge-
nome played a role in RNA packaging, we constructed plas-
mids which had a series of deletions within the TAR element,
as shown in Fig. 3A. For these experiments, A5.6 cells were
used in place of CMT3-COS cells. A5.6 cells are a clone of
CMT-COS created by stable transfection with pCMVrev and a
plasmid that confers hygromycin resistance. These cells consti-
tutively express the Rev protein at levels similar to those ex-
pressed by the previously described (19) A5.9 cell line. Using
these cells allowed us to omit plasmid pCMVrev from the
transfection.

Packaging efficiency for each construct was measured as a
ratio of Gag-Pol RNA to CA p24 in pelleted particles. For
comparison, these values were normalized to the ratio found in
the pHR1486 control. pHR1486 produces an RNA which is
identical to the RNA produced from pGAG-POL-RRE-r ex-
cept for sequences at the 5’ end of the genome (Fig. 1). The
results are shown in Fig. 3B. To assess possible differences in
expression levels, which could complicate the interpretation of
the results, the total p24 found in the medium and total plas-
mid-specific RNA were also measured in each case and nor-
malized to the value for the pHR1486 control.

Figure 3B shows that the deletions in pHR1679 and
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TABLE 2. RNA packaging measured as a ratio of RNA to p24

Plasmid(s) pmol of particle fmol of particle mmol of particle RNA/ Normalized
; : p24/plate RNA/plate mol of particle p24 RNA/p24
pHR969 (provirus) 9.1 14.3 1.6 100
pHR1256 + pCMVrev 39 7.6 1.9 119
pGAGPOL-RRE-r + pCMVrev 12.2 0.2 0.02 1.3

pHR1487 seemed to have a slight (two- to threefold) effect on
RNA stability, as judged by the amount of total RNA found in
the cells compared to pHR1486. However, the effect of the
deletions on RNA packaging was much greater. The deletion
in pHR1573, on the other hand, had no effect on stability and
led to an RNA that was efficiently packaged. The failure of
pHR1679 and pHR1487 to produce packageable RNA sug-
gested that the TAR stem was required for packaging.

The structure, but not the sequence, of the TAR stem is
essential for RNA packaging. To further evaluate the role of
TAR in RNA packaging, we created a series of site-directed
mutations throughout the TAR region (Fig. 3A). These muta-
tions were made in the background of pHR1486, and the
resulting plasmids were subjected to an RNA packaging anal-
ysis similar to the ones described above. The results are shown
in Fig. 3B.

All of the constructs produced levels of particle p24 and
total RNA that were within twofold of the control level, indi-
cating that there was no gross effect of any of the mutations on
RNA stability or translation. pHR1584 and pHR1583 pro-
duced RNA that was packaged at wild-type levels, indicating
that the TAR bulge and loop are not determinants for RNA
packaging even though they are binding sites for Tat and other
factors required for transactivation. The mutations in pHR1582
and pHR1585 destroyed the upper part of the TAR stem but
had only a modest (twofold) effect on packaging that was fully
restored by the stem-restoring compensatory mutations in
pHR1586.

Much more dramatic effects on RNA packaging were ob-
served with mutations that destroyed the lower portions of the
TAR stem. The mutations in pHR1815, pHR1816, pHR1819,
and pHR1817 all reduced RNA packaging significantly (10- to
25-fold). Interestingly, the compensatory mutations in pHR1820
and pHR1821 which restored the TAR stem structure fully
restored RNA packaging. These results allow us to conclude
that the lower portion of the TAR stem must remain base
paired for efficient RNA packaging. However, the actual se-
quence of the stem does not seem to matter.

Cytoplasmic localization of the Gag-Pol RNA, mediated by
either Rev-RRE or the MPMV CTE, is necessary for RNA
packaging. It has been suggested that retroviral RNA packag-
ing may utilize a special pool of unspliced Gag-Pol RNA that
is not translated (reviewed in reference 6; 41). One way of
separating the putative packaging pool from the pool of RNA
that is to be translated could be selection of the RNA for
packaging in the nucleus, before it has a chance to be trans-
ported by Rev and interact with the translational machinery.
Consistent with this notion are several reports that demon-
strate the presence of Gag precursors from various retroviruses
in the nucleus (18, 24, 51, 57) and others that show that the
HIV-1 Pr55%¢ and Pr1605“¢”7°* precursors contain putative nu-
clear localization signals (11, 21, 22).

Transfection of cells with pHR1256 alone yields an nuclear
form of Gag-Pol RNA that can be detected in total cellular
RNA preparations despite the fact that no p24 is produced
(Fig. 4B). To determine if this RNA could be packaged in the

absence of Rev, we cotransfected pHR1256 together with
pHR1152, which has been previously described as pRev(—)
MPMV (10). pHR1152 lacks a functional rev gene but ex-
presses Gag and Gag-Pol due to the presence of the MPMV
CTE. Since pHR1256 has a 330-bp deletion in pol but
pHR1152 does not, RNA produced from the two plasmids can
be readily distinguished by using PCR primers which span the
deleted region (Fig. 4A).

Analysis of cellular and viral particle-derived RNA from the
cotransfection of pHR1256 and pHR1152 is shown in Fig. 4E.
As controls, cells were also transfected with pHR1256 alone
(Fig. 4B), with pHR1256, pCMVrev and pCMVtat (Fig. 4C),
or with pHR1152 alone (Fig. 4D). Quantitation of the results
of this experiment is given in Table 3.

The control experiments demonstrated that RNA derived
from pHR1256 could be packaged as efficiently as RNA de-
rived from a proviral construct when Rev was supplied in trans
from a second plasmid. About 17% of the pHR1256-specific
RNA was packaged, compared to 11% of the RNA produced
in the pHR1152 transfection. However, when pHR1256 and
pHR1152 were cotransfected, RNA produced from pHR1152
was efficiently packaged, while RNA derived from pHR1256
was not. In this case, only 0.2% of the pHR1256 RNA was
packaged, compared to 9.4% for the pHR1152-derived RNA.
Since RNA from pHR1256 remains in the nucleus under these
conditions (27), we can conclude that an RNA residing in the
nucleus because of a block to its transport cannot be packaged.

DISCUSSION

Our results demonstrate that the HIV TAR element is re-
quired for efficient encapsidation of HIV RNA into virus par-
ticles. The region of TAR necessary for packaging maps to the
lower portion of the TAR stem. It appears that the integrity of
this stem is the important factor, as a series of compensatory

TABLE 3. RNA packaging for an RNA remaining in the nucleus
(measured as a percentage of total RNA produced)

Total intensity/per plate

% Gag-Pol

Plasmid(s)” Cellular Gag-  Virion-associated RNA mn

Pol RNA? Gag-Pol RNA® virions
pHR1256 + pCMVrev  1.68 X 107 333 x 10° 16.6

+ pCMVtat

pHR1152 8.72 X 10° 1.05 X 10° 10.7
pHR1152 1.46 X 10° 1.52 X 10° 9.4
+ pHR1256 1.74 x 107 3.46 x 10* 0.2

“ Values for pHR1256 alone were not determined since no virion particles
were produced.

> The measured intensities of the bands in the lanes marked C in Fig. 4B were
multiplied by a correction factor of 360 as described in Materials and Methods.

¢ The measured intensities of the bands in the lanes marked V in Fig. 4B were
multiplied by a correction factor of 5 as described in Materials and Methods.
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FIG. 4. Lack of RNA packaging from a plasmid that expresses RNA which remains in the nucleus. (A) Schematic representation of the plasmids used in this study.
pHR1256 contains a small in-frame deletion in pol as well as a larger deletion in the midportion of the genome. Because of the latter deletion, Rev coexpression is
required for the nucleocytoplasmic transport of the Gag-Pol mRNA. pHR1152 is a full-length proviral clone with a mutated nonfunctional rev gene. The plasmid also
contains the MPMV CTE inserted into the Xhol site of the nef gene. Gag-Pol expression from this plasmid is rev independent. Gag-Pol RNA from the two plasmids

can be readily distinguished by using PCR primers 304 and 305 (arrows), which flank
and virion RNA (V) isolated from CMT3-COS cells transiently transfected with the

the KpnlI sites in pol. (B) RT-PCR analysis of total poly(A)-selected cellular (C)
indicated plasmids. The reactions for all RNA samples were performed in the

presence (+) and the absence (—) of reverse transcriptase. Both primers used to detect the Gag-Pol RNA anneal in pol as shown in panel A. Quantitation of the data

is given in Table 3.

double mutants, with changed stem sequence but unaltered
two-dimensional structure, were still packaged. In contrast,
mutants with changes in regions of TAR which are critically
important for transactivation (the TAR bulge or loop) had
little effect on packaging. These results are consistent with a
previously published genetic study that demonstrated the ne-
cessity of base pairing in the lower portion of the TAR stem for
optimal HIV replication (39). That study did not define the
actual role played by the lower portion of the stem, although it
did suggest that the lower stem structure might be necessary
for transcription, RNA packaging, or reverse transcription.
Other genetic studies have also suggested functions of TAR
that go beyond its role in transactivation (15, 29-31). Further-
more, a recent report demonstrated decreased (about 3.5-fold)
packaging in an HIV vector mutant containing a total deletion
of TAR (48).

Previously published reports from other laboratories suggest
that additional packaging determinants other than TAR are
present in R-U5 (16, 47, 48, 63). The data suggest that at least
two distinct stem loop structures exist in the R-US5 region and
that both of these structures are needed for efficient encapsi-
dation of HIV RNA. These results, together with our present
data, and data showing the importance of regions mapping
downstream of the primer binding site (SL1 to SL4) in RNA

packaging, explain our previous observation that at least 1 kb
of HIV RNA must be included in an HIV-1 vector for efficient
packaging (8).

Mutational studies, such as the ones presented here, that
measure incorporation of RNA into particles as an endpoint
are subject to several general interpretations. Each identified
packaging element could be a unique domain for the binding
of a host or viral factor that somehow mediates the encapsi-
dation of the RNA. Alternatively, all of the elements would not
be involved in the binding to specific factors. Many would
provide only the correct structural context for RNA folding,
thus exposing the true packaging element(s) (i.e., the one[s]
that binds the important host or viral factor[s]). It could also be
that the TAR mutants somehow prevent the RNA from being
delivered to the correct packaging compartment, though this
seems less likely since none of the TAR mutants affect p24
production or RNA stability to any significant extent. We
therefore cannot conclude that the TAR stem is necessary for
the binding of a specific host or viral packaging factor. The
stem structure might simply facilitate the formation of a cor-
rect structure elsewhere in the RNA. However, binding of NC
to SL3 does not require other viral RNA sequences (5, 17, 42).

A recently published paper describes a novel model for the
structure of the 5" end of HIV RNA (33). The model is based

FIG. 3. Packaging from plasmids expressing RNA with nucleotide changes in TAR. (A) Schematic representations of the TAR regions from 12 plasmids. Each
mutant plasmid was derived from pHR1486. The changed nucleotides are boxed, and each arrow points to the new sequence. (B) Quantitation of RNA packaging. The
rev-containing cell line A5.6 was transfected with either pHR1486 as a control or with one of the indicated plasmids. Total RNA, total p24, or particleRNA/particle
24 (packaging) was determined for each transfection as described in Materials and Methods. The measured values were normalized to the values obtained for the
control, pHR 1486, which were set to 100. The combined results from multiple experiments are shown.
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primarily on electron microscopic data examining dimer RNA
extracted from HIV-1 particles. In contrast to RNA extracted
from other retroviruses, the results in this report show the
dimer linkage region of HIV-1 RNA as a loop of about 325
nucleotides. The 5’ ends of the RNA are not free. It is thus
proposed that the dimer linkage region consists of two parts:
(i) an intramolecular base pairing of SL1 and (ii) an intramo-
lecular base pairing of the R-US5 region and/or TAR which
creates the circular loop between the 5" end and SL1. If this
model is correct, then the role of the bottom part of the TAR
stem in packaging could be to help create this novel bipartite
dimer linkage which may be necessary for efficient packaging.

We have also shown that HIV RNAs that are normally
retained within the nucleus in the absence of Rev cannot be
packaged into particles unless Rev is provided in trans or the
CTE from MPMYV is provided in cis. Since the CTE can fully
substitute for the RRE to enable RNA packaging, it is unlikely
that the RRE contains a direct packaging determinant as has
been proposed in some earlier studies (56). Rather, Rev/RRE
or the CTE is probably necessary to allow the RNA to exit
from the nucleus so that it can be recognized by the packaging
factors which presumably reside in the cytoplasm.

RNA export mediated by Rev/RRE or CTE may utilize
export pathways different from the pathways that normally
mediate the export of spliced cellular mRNA (see reference 26
for a review). It will therefore be of interest to determine if
transport utilizing these elements is a critical factor in packag-
ing or if RNA exported by the normal mRNA export pathway
can also be packaged. Since all of the RNAs examined in the
present study required Rev/RRE or CTE for export, it will be
necessary to create other substrates before this question can be
answered.
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