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We investigated the role of the 5�-untranslated region between the primer binding site and the gag initiation
codon in ovine lentivirus maedi-visna virus (MVV) genomic RNA encapsidation. We identified five computer-
predicted stem-loops, three of which were highly conserved in primary sequence and structure. One stable
83-nucleotide (nt) stem-loop (SL4) was not conserved in the primary sequence, but phylogenetic analysis
revealed several base pair covariations. The deletion of individual stem-loops did not markedly affect the
relative encapsidation efficiency (REE). Only one mutant, carrying a disruption of a 31-nt stem-loop (SL5), had
58% REE in fetal ovine synovial (FOS) cells. A 168-nt deletion (�3MSD) downstream of the major splice donor
(MSD) which removed three stem-loops, including SL5, resulted in 24% and 20% REE in FOS and 293T cells,
respectively. A 100-nt deletion (�5MSD) upstream of the MSD resulted in 15-fold lower cellular genomic RNA
levels than the wild-type levels in 293T cells. The �5MSD mutant and a double mutant (DM) (�5MSD and
�3MSD) did not express detectable levels of virion proteins in 293T cells. In contrast, the region deleted in
�5MSD was dispensable in FOS cells, and the DM had the same REE as the �3MSD virus. Thus, the region
upstream of the MSD contains sequences critical for RNA and protein expression in a cell type-specific fashion.
Our results indicate that MVV encapsidation determinants are located downstream of the MSD. These results
provide comparative insight into lentiviral encapsidation and can be utilized in the design of MVV-based gene
transfer vectors.

The 5�-untranslated region (5�-UTR) in retrovirus genomes
contains functional cis-acting stem-loop structures that are in-
volved in various critical steps of the retrovirus life cycle. These
steps are regulation of RNA transcription, mRNA splicing,
initiation of translation, dimerization of genomic RNA, encap-
sidation of the viral genomic RNA into virions, and initiation
of reverse transcription (6, 13, 44). While transcription, splic-
ing, and initiation of reverse transcription are associated with
short and well-defined regions, translation and encapsidation
determinants are less well defined in length and structure.

Retroviral genomic RNA is the predominant RNA in viri-
ons, yet it constitutes only 1% of the total RNA in the cyto-
plasm of the infected cell. Thus, the process of encapsidation
of two copies of retroviral genomic RNA in the assembling
virion is specific. Encapsidation requires interaction of the
nucleocapsid (NC) region of the Gag polyprotein with con-
served RNA motifs in the 5�-UTR, collectively referred to as
encapsidation determinants (�). In mammalian retroviruses,
these RNA determinants are often located between the major
splice donor (MSD) and the gag initiation codon (8). Thus,
splicing to generate various retroviral mRNAs removes cis
encapsidation determinants. This arrangement promotes en-
capsidation of genomic RNA but excludes spliced subgenomic
RNAs.

Maedi-visna virus (MVV) is a retrovirus belonging to the

lentivirus family. MVV infects sheep, resulting in chronic pro-
gressive pulmonary disease (maedi) and degenerative central
nervous system pathology (visna) (51, 56). A recent publication
by Monie et al. describes the structure of the MVV leader
region and identifies the dimer initiation site (DIS) in a stem-
loop located just upstream of the MSD (43). No data have
been reported on MVV encapsidation determinants. Identifi-
cation of the MVV encapsidation determinants is of interest
for better understanding lentivirus replication and also for the
design of MVV vectors suitable for gene transfer.

Genomic RNA encapsidation has been studied thoroughly
in the closely related lentivirus human immunodeficiency virus
type 1 (HIV-1) (35). Models of HIV-1’s encapsidation deter-
minants consist of four stem-loop structures (SL1 through
SL4) in the 5�-UTR. These structures overlap the MSD and
extend into the proximal gag gene (5, 15, 26). The contribution
of these stem-loop structures to encapsidation has been sug-
gested on the basis of deletion mutant analysis, biochemical
analysis, phylogenetic comparisons, and computer modeling of
RNA secondary structures. The HIV-1 encapsidation determi-
nants appear to be multipartite and context dependent, and a
minimal essential encapsidation determinant has not yet been
defined (35). SL1 has a highly conserved six-base palindromic
sequence in the terminal loop which is the DIS (7, 57). The
mechanism by which dimerization initiation is believed to take
place is through a “kissing-loop complex” of the two mono-
meric RNA strands (34, 48). The weak RNA dimer is further
converted to a stable, noncovalently linked dimer as the virus
particle matures. This seems to be a common feature for other
retroviruses besides HIV-1, including MVV (12, 20, 21).
Whether retroviral RNA dimerization and encapsidation are
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independent events or whether RNA dimerization is a prereq-
uisite for HIV-1 encapsidation remains unclear (54). SL2 in
HIV-1 contains the MSD in its loop and is capable of binding
the NC with high affinity (2). Its contribution to encapsidation
is generally thought to be minimal, as deleting it has no effect
on encapsidation (27, 37–39). SL3 has a conserved GGAG
motif in its loop and binds the NC with high affinity (15). It has
been shown in a number of studies to be the major encap-
sidation determinant (reviewed in reference 18). Recently, it
was reported that the SL3 structure is also required for dimer-
ization, indicating that SL1 may constitute only part of the
dimer linkage structure (53). SL4 encompasses the gag initia-
tion codon. It binds weakly to the NC and is believed to
stabilize the structure of the encapsidation site (3).

The encapsidation determinants of HIV-2 appear to be lo-
cated upstream of the MSD, and sequences between the MSD
and the gag initiation codon contribute negligibly to en-
caphpsidation (41). The selectivity of full-length RNA encap-
sidation, as opposed to encapsidation of spliced RNA species,
is believed to be maintained by cotranslational encapsidation
of the genomic RNA encoding the Gag polyprotein, with lim-
ited availability of the Gag polyprotein to capture other RNAs
(23, 31, 32). Encapsidation determinants are also located up-
stream of the MSD in simian immunodeficiency virus (SIV)
(50, 59) and in the nonprimate lentivirus feline immunodefi-
ciency virus (FIV) (14, 33). Sequences elsewhere in some len-
tiviral genomes have also been shown to contribute to encap-
sidation, such as the TAR loop and R/U5 sequences in HIV-1
(25, 28, 40) and sequences extending into the gag open reading
frame in FIV and HIV-1 (14, 33, 37, 49).

Elements of the HIV-1 UTR can fold in vitro into two
alternative conformations, namely, the long-distance interac-
tion structure (LDI) and the branched multiple-hairpin struc-
ture (BMH) (30). It has been demonstrated that an LDI-BMH
riboswitch regulates genomic RNA dimerization (30), and pos-
sibly encapsidation, when the encapsidation hairpins are in the
right structural context in the BMH conformation (1, 46).

Several gene transfer vectors have been constructed based
on nonprimate lentiviruses, such as equine infectious anemia
virus (EIAV), bovine immunodeficiency virus (BIV), and FIV
(9, 45, 52). A detailed knowledge of cis encapsidation deter-
minants is necessary to meet the requirements of a safe gene
transfer system, where cis encapsidation determinants are in-
cluded in the vector construct and excluded from the packag-
ing constructs. The main emphasis in these gene transfer sys-
tems has been on including putative viral encapsidation regions
in the vector construct for high-titer vector encapsidation, but
less attention has been focused on determining whether the
packaging construct RNA is excluded from encapsidation into
viral particles. Attempts have been made to construct a gene
transfer system based on MVV (10). The vectors transduced
cells very inefficiently, presumably due to a block in postentry
steps, such as reverse transcription or integration of the vector.

Working towards the goal of better understanding MVV
biology and developing safe MVV-based vectors, we mapped
MVV encapsidation determinants by computer modeling of
RNA secondary structures, phylogenetic comparison, and de-
letion mutant analysis in the region between the primer bind-
ing site (PBS) and the gag initiation codon. We show that
encapsidation determinants are located downstream of the

MSD. The region upstream of the MSD contributes negligibly
to encapsidation in fetal ovine synovial (FOS) cells. In con-
trast, this upstream region appears to contain signals for effi-
cient viral genomic RNA expression in human 293T cells.
None of the deletion mutants completely abolished encap-
sidation, indicating that encapsidation determinants are also
located elsewhere in the MVV genome.

MATERIALS AND METHODS

Sequence analysis. The Mfold program (64; http://bioweb.pasteur.fr/seqanal
/interfaces/mfold-simple.html) was used to predict the most stable RNA second-
ary structure in the MVV 5�-UTR. Mfold is an algorithm that lists intramolecular
base pairings (i.e., secondary structures) corresponding to the lowest equilibrium
for free energy (�G). The maximum base pair distance was set at 100 nucleotides
(nt). The computer program CLUSTALWPROF (http://workbench.sdsc.edu/)
was used to align the sequences. The sequences of the cloned molecular isolates
used in the alignments were as follows (GenBank accession numbers are given in
parentheses): Icelandic ovine strain 1514 (M379772), British ovine strain EV1
(S51392), North American ovine strain NA-MVV (85/34) (AY101611), Portu-
guese ovine strain P10LV (AF479638), South African ovine strain SA-OMVV
(M31646), and a caprine arthritis-encephalitis virus (CAEV) strain (M33677).
To compare the lengths of the leader regions between the PBS and the gag
initiation codon, we used published sequences of BIV (M32690), EIAV
(M16575), FIV (M25381), HIV-1 (AF033819), HIV-2 (M15390), and SIV
(M19499).

Construction of deletion mutants. The infectious molecular clone LV1-1KS2
in pKS2 (58) was used as the parental wild-type virus, and its sequence was used
as a reference (GenBank accession no. M37977). Numbering was relative to the
first nucleotide in the viral RNA. The deletion mutants were generated by
overlap extension PCR. The primers used for primary PCRs to generate two
DNA fragments with overlapping ends were as follows: for deletion �5MSD
(deletion of nt 190 to 290) (Fig. 1), forward primer V23F (5�-CCTACCCTGG
AAAATGACT-3�) with reverse complementary primer V443B-DEL (5�-TCAG
GCGTCATTCTTTGTCGAGCCCCACG-3�) (nucleotides in italics represent
the complementary sequence for overlap) and forward complementary primer
V542F-DEL (5�-ACAAAGAATGACGCCTGAAGTAAGGTAAG-3�) with re-
verse primer V787B (5�-TGCACTGTCTCGGGTTTCAT-3�); for deletion
�3MSD (deletion of nt 312 to 480), forward primer V97F (5�-AGCTTGCCTG
GTTATTATCG-3�) with complementary overlap primer V294B-DEL (5�-GTC
TCTAGCCTCTTACCTTACTTCAGGC-3�) and forward complementary
primer V481F-DEL (5�-TAAGGTAAGAGTGCTTCGCCATGTCTCTAGC-3�)
with reverse primer V787B; for deletion �SL1 (deletion of nt 224 to 245),
forward primer V97F with reverse complementary primer B-DEL-SL1 (5�-TAC
TCTCCTTCCGTGGTCCCATAACTC-3�) and forward complementary primer
F-DEL-SL1 (5�-CTGGTGCCTAGGAGAGTAACGGACACG-3�) with reverse
primer V787B; for deletion �SL2 (deletion of nt 282 to 301), forward primer
V97F with reverse complementary primer B-DEL-SL2 (5�-TCTTACCTTTTTC
TTTCACTTTTTGTC-3�) and forward complementary primer F-DEL-SL2 (5�-
ACTTTCTTTAAGGTAAGAGAGACACCT-3�) with reverse primer V787B;
for deletion �SL3 (deletion of nt 317 to 333), forward primer V97F with reverse
complementary primer B-DEL-SL3 (5�-GGGCTATTCTGTCTCTCTTACCTT
ACT-3�) and forward complementary primer F-DEL-SL3 (5�-TCTCTCTGTGA
ATAGCCCTTCAGTGAA-3�) with reverse primer V787B; for deletion �SL4
(deletion of nt 359 to 441), forward primer V97F with reverse complementary
primer B-DEL-SL4 (5�-GTTGCTCTTTTTCTCCTTCACTGAAGG-3�) and for-
ward complementary primer F-DEL-SL4 (5�-TTCCTCTTAAGAGCAACACTG
GTAAG-3�) with reverse primer V787B; and for deletion �SL5 (deletion of nt
445 to 479), forward primer V97F with reverse complementary primer B-DEL-
SL5 (5�-TCTCTAGCTCTTGTGTCCCCTCGGCCC-3�) and forward comple-
mentary primer F-DEL-SL5 (5�-CCTGTGTTCAGCTAGAGACATGGCGAA-3�)
with reverse primer V787B.

Each reaction mix (50 �l) contained 0.1 ng of pKS2, 0.5 �M (each) primer, a
200 �M concentration of each deoxynucleoside triphosphate, 7 U of KlenTaq1
polymerase (AB Peptides), 0.05 U of PfuI polymerase (Stratagene), and 1�
RDA buffer (36). Samples were denatured at 94°C for 5 min, followed by 35
cycles of 94°C for 1 min, 58°C for 1 min, and 72°C for 1 min, with a final extension
step at 72°C for 7 min. The two amplified products were fractionated by elec-
trophoresis through a 1.7% agarose gel and purified with a gel band purification
kit (Amersham Biosciences Inc., Piscataway, NJ). The primary PCR products
were subsequently joined in an overlap extension reaction, using 5 ng of each
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FIG. 1. (A) Predicted stable RNA secondary structures and locations of deletion mutations in the region between the PBS and the gag initiation
codon of Icelandic MVV isolate 1514 (molecular clone KS2). Folding was carried out on a fragment spanning nt 79 to 579. Nucleotides 162 to 495
are illustrated. The names and positions of the deletion mutations in the viral RNA are indicated in bold. The PBS is indicated with italic letters,
the MSD is indicated by an arrowhead, and the gag initiation codon is indicated with a box. (B) Alignment analysis of the regions between the PBS
and the gag initiation codon of five replication-competent MVV isolates. The 1514 sequences corresponding to the computer-predicted stem-loops
deleted in this study are indicated with horizontal bars. The PBS, the MSD, and the gag start codon are shown. Conserved nucleotides are indicated
by asterisks below the alignment. Numbering refers to positions in the 1514 genomic RNA.
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product, for 5 cycles at 94°C for 1 min, 50°C for 1 min, and 72°C for 1 min. Each
primer (0.5 �M) was then added, and 25 cycles of amplification were performed
at 94°C for 1 min, 60°C for 1 min, and 72°C for 1 min, with a final extension step
at 72°C for 7 min. The full-length overlap products were purified with a GFX
PCR DNA purification kit (Amersham Biosciences Inc., Piscataway, NJ) and
digested with KasI and BspEI, except for deletion �3MSD, which was digested
with NheI and BspEI.

An intermediate plasmid to subclone the deletions was constructed by ligating
a 1,605-bp EagI-SpeI fragment from pKS2, containing the complete 5� long
terminal repeat (LTR), the 5�-UTR, and the 5� part of the gag coding region (nt
490 to 1063), into EagI-SpeI-digested pBlueScript II KS(�) (Stratagene), gen-
erating pBS-5� KS2. The digested PCR products were then inserted into KasI-
BspEI- or NheI-BspEI-digested pBS-5�KS2. Finally, the seven subcloned dele-
tions were digested with EagI-SpeI, and the resulting fragments were used to
replace a 1,605-bp EagI-SpeI fragment in pKS2, generating p�5MSD, p�3MSD,
p�SL1, p�SL2, p�SL3, p�SL4, and p�SL5 (Fig. 1A). To generate the double
deletion mutant (DM [�5MSD and �3MSD]), p�3MSD was used as a template
in primary PCRs, using forward primer V23F with reverse complementary
primer V443B-DEL and forward complementary primer V542F-DEL with re-
verse primer V787B. The resulting PCR product from the overlap extension
reaction was digested with NheI and BspEI and inserted into a corresponding
site in pBS-5� KS2. This subclone was then digested with EagI and SpeI, and the
resulting fragment was used to replace a 1,605-bp EagI-SpeI fragment in pKS2
to generate pDM. All deletion mutations were confirmed by sequencing of
plasmids in both the forward and reverse directions, using an ABI Prism BigDye
Terminator cycle sequencing ready reaction kit (PE Biosystems, Foster City, CA)
and an ABI Prism 377 DNA sequencer.

Cells and transfection. FOS and 293T cells were grown in Dulbecco’s mod-
ified Eagle’s medium (Gibco; Invitrogen) supplemented with 10% fetal calf
serum, 100 IU/ml penicillin-streptomycin, and 2 mM glutamine. FOS cells
were transfected with 2.5 �g of each plasmid, using SuperFect transfection
reagent (QIAGEN), in 6-cm-diameter dishes according to the manufacturer’s
instructions for primary cells. The 293T cells were transfected by the calcium
phosphate precipitation method (22), with 5.0 �g of each plasmid in 6-cm-
diameter dishes. Cells and supernatants were harvested at 48 h posttransfection.
Transfection efficiency was measured in two ways. Firstly, the amount of trans-
fected plasmid present in harvested cytoplasm (60 �l of purified cellular RNA,
which also includes the plasmid) was measured with a real-time quantitative
reverse transcriptase PCR (qRT-PCR) assay for the gag region (24). Secondly,
the percentage of transfected cells in each batch of experiments was estimated by
beta-galactosidase staining of cells transfected with plasmid pCH110 (Amersham
Pharmacia Biotech). Cells were fixed in a 2% paraformaldehyde solution [0.1 M
piperazine-N,N�-bis(2-ethanesulfonic acid) (PIPES), 2 mM MgCl2, 1.25 mM
EDTA, pH 6.9] and then stained with X-Gal solution [1 mg/ml 5-bromo-4-
chloro-3-indolyl-�-D-galactopyranoside (Sigma) in 35 mM K3Fe(CN)6, 35 mM
K4Fe(CN)6 · 3H2O, and 2 mM MgCl2].

RNA isolation. Supernatants from transfected cells were centrifuged at
2,000 � g for 10 min and passed through 0.45-�m filters. Virions were pelleted
from the cleared supernatants by ultracentrifugation through a 20% sucrose
cushion in a Beckman SW27.1 rotor at 72,100 � g for 90 min. Virion RNA was
purified from virion pellets by using a commercial kit (QIAamp viral RNA mini
kit), and RNA was eluted in 60 �l AVE buffer from the kit. Cytoplasmic RNA
was purified using an RNeasy mini kit (QIAGEN), using the manufacturer’s
protocol for isolation of cytoplasmic RNA only, excluding nuclear RNA. Cyto-
plasmic RNA was eluted in 60 �l H2O. Cytoplasmic and virion RNA samples (19
�l) were treated with 1 U (1 �l) of RNase-free DNase I (Fermentas) at 37°C for
30 min and heat inactivated at 65°C for 10 min in 0.25 mM EDTA. Elimination
of plasmid DNA contamination in DNase I-treated RNA preparations was
confirmed by PCR with primers for the gag region (see below).

Reverse transcription. DNase I-treated cytoplasmic and virion RNA prepara-
tions (11 �l) were reverse transcribed with random hexamers in 20-�l reaction
mixtures by using a RevertAid H Minus first-strand cDNA synthesis kit (Fer-
mentas) according to the manufacturer’s instructions (procedure number 1).

Cloning of human �-actin. Human �-actin (h�-actin) mRNA (x00351) was
cloned into a plasmid from a 293T cell cDNA pool as previously described for
ovine �-actin mRNA (11), using forward primer 5�-CCAGCACAATGAAGAT
CAA-3� and reverse primer 5�-CACGAAAGCAATGCTATCA-3�, located in
exons 5 and 6, respectively, to generate a 542-bp amplicon.

Quantitative real-time PCR. Real-time quantitative PCR assays detecting
MVV genomic RNA and ovine �-actin mRNA have been described previously
(11, 24). These assays are based on real-time fluorescence resonance energy
transfer and are performed in a LightCycler 32 instrument (Idaho Technology,
Idaho Falls, ID) (62, 63).

PCR detection of vif and human �-actin mRNAs. To detect splicing of vif
mRNA, we used the forward primer 5�-AGCTTGCCTGGTTATTATCG-3� (nt
97 to 116), located in the U5 region 5� of the MSD, and the reverse primer
5�-TCTTTTGGTGGCGGTATGAACTTA-3� (nt 4992 to 4969), located in the
second exon of the vif transcript. These primers should amplify products of
different sizes depending on which deletion mutant construct is transfected (for
details, see the legend to Fig. 4C). To detect human �-actin mRNA, we used the
primers described above. The PCR sample (10 �l) contained a 200 �M concen-
tration of each deoxynucleoside triphosphate, 0.5 �M (each) primer, 0.08 U/�l
KlenTaq1 polymerase (diluted in an enzyme diluent buffer comprised of 10 mM
Tris, pH 8.3, and 250 �g/ml bovine serum albumin [Idaho Technology]), and
reaction buffer (50 mM Tris, pH 8.3, 250 �g/ml bovine serum albumin, and 3 mM
MgCl2 [vif] or 4 mM MgCl2 [h�-actin] [Idaho Technology]). The LightCycler
qualitative PCR consisted of an initial denaturation step for 2 min at 94°C,
followed by 45 cycles of nonstop (0 s) denaturation at 94°C, nonstop (0 s)
annealing at 40°C (vif) or 45°C (h�-actin), and 20 s of elongation at 72°C.
Products were analyzed by electrophoresis in 1.7% agarose gels.

Western blotting. Supernatants were collected at 48 h posttransfection and
centrifuged at 13,200 � g for 15 min at 4°C. Viral particles were pelleted from the
cleared supernatants at 100,000 � g for 90 min at 4°C. The pellets were resus-
pended in TNE buffer, and viral particles were purified using the high-salt
purification method (60). Transfected cells were collected using a rubber police-
man and washed twice with phosphate-buffered saline, with brief centrifugation
and removal of the supernatant. The cells and salt-purified virion pellets were
suspended in 50 �l and 30 �l 4% sodium dodecyl sulfate (SDS), respectively,
lysed at 100°C for 10 min, and centrifuged at 13,200 � g in a microcentrifuge for
5 min to remove insoluble proteins. The virus and cellular protein lysates were
subjected to SDS-polyacrylamide gel electrophoresis, transferred to a nitrocel-
lulose membrane, and probed with a 4,000-fold dilution of murine polyclonal
ascites fluid raised against the whole visna virus strain 1514 as the primary
antibody. To detect bound antibody, the membranes were treated with goat
anti-mouseimmunoglobulinGconjugated to alkaline phosphatase (DAKOCyto-
mation, Denmark) and visualized with a colorimetric assay using 5-bromo-4-
chloro-3-indolylphosphate/nitroblue tetrazolium (BCIP/NTP) as the substrate
(Roche Diagnostics GmbH).

Quantitative RT activity assay. Supernatants from transfected cells were col-
lected after 48 h and clarified by spinning at 2,000 � g for 30 min. The virions
were pelleted by ultracentrifugation in a Beckman SW27.1 rotor at 72,100 � g for
10 min and then suspended in lysis buffer from a commercial kit (colorimetric
reverse transcriptase assay; Roche Applied Science); quantification of RT activ-
ity was performed according to the kit manufacturer’s protocol. Five twofold
dilutions and three replicates of each virion were assayed.

Statistical analysis. InStat (version 3.0 for Windows) was used for all statistical
calculations, including determinations of means and standard deviations. P val-
ues were computed using the Dunnett multiple comparison test, which compares
medians of three or more groups to a control with a 95% confidence interval.

RESULTS

Stem-loop structures between the PBS and the gag initiation
codon. We determined whether the region between the PBS
and the gag initiation codon (nt 179 to 489) in the MVV
5�-UTR contained putative stable RNA secondary structures.
Mfold analysis was performed on the sequence extending from
nt 79 to 589 in MVV isolate 1514. This sequence extended 100
nt on each side of the PBS and the gag initiation codon. The
corresponding sequences of four divergent MVV isolates and
CAEV were also analyzed. Several structures of different
lengths and stabilities were predicted (Fig. 1A). We identified
five stem-loop structures (designated SL1 through SL5) based
on conservation of the primary sequence, phylogenetic com-
parison of the predicted structures, base-pairing conservation
in the stems of the structures, location in the leader region, and
the purine content of the terminal loop. The locations of the
stem-loops in the leader sequence were in the regions of nt
224 to 245 (referred to as SL1; �G � 	11.1 kcal/mol), nt
282 to 301 (SL2 or DIS; �G � 	9.5 kcal/mol), nt 317 to 333
(SL3; �G � 	6.8 kcal/mol), nt 359 to 441 (SL4; �G � 	53.3
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FIG. 2. Phylogenetic comparison of predicted SL4 structures in different MVV isolates and CAEV. (A) Illustration of the Mfold-predicted SL4 located
between the MSD and the gag initiation codon. Names of the isolates and nucleotide positions in the viral genome are indicated. (B) Phylogenetic comparison
of SL4 structures. The structure of 1514 SL4 was used as a prototype and compared to those for P10LV and SA-OMVV (left panel). The structure of CAEV
SL4 was also used as a prototype and compared to those for NA-MVV and EV1 (right panel). Deletions are shown with “�,” and insertions are shown with
“�.” Nucleotide changes occurring in compared isolates are indicated, along with the isolate name in superscript. Boxes indicate base pair covariations.
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kcal/mol), and nt 465 to 495 (SL5; �G � 	10.4 kcal/mol). The
structure predictions for SL2, SL3, SL4, and SL5 did not
change when the flanking sequences 5� or 3� of the nt 79-to-589
fragment were included (nt 1 to 600), implying that these
segments of the genome were relatively autonomous structural
elements. This was true for all of the MVV isolates and CAEV.
In contrast, SL1 was not predicted with the additional 5� or 3�
sequences.

The alignment of the MVV leader sequences of various
isolates is shown in Fig. 1B. In the region upstream of the
MSD, the only sequences conserved were those corresponding
to the PBS and SL2. SL2 of MVV 1514 had 90% conserved
identity (18 of 20 nt) with those of the other isolates and had
a completely conserved structure, i.e., an 8-bp stem with a
GACG loop. We also identified this structure in the CAEV
leader at the same location upstream of the MSD, with a 7-bp
stem and the terminal tetraloop GACG (data not shown).
Very recently, and concurrent with our work, this loop was
identified as the DIS in MVV (43).

The proposed SL3 of strain 1514 had 14 of 17 conserved
nucleotides (82%) with the other MVV isolates. The structure
was always the same in each isolate, with a 6-bp stem (com-
pletely conserved base pairing) required to maintain the struc-
ture. A slight difference between isolates was present in the
nucleotides of the loop. In isolate 1514, the pentaloop se-
quence was GGGGA, in isolate EV1 the pentaloop sequence
was GGGAA, in isolate P10LV the hexaloop sequence was
GGAGAG, in isolate SA-OMVV the hexaloop sequence was
GGGAAA, and in isolate NA-MVV the hexaloop sequence
was GGGGAG. The differences were all due to purine tran-
sitions, so the purine richness of the loop was conserved. An
SL3-like structure was not predicted for the CAEV leader
region, and little conserved identity was observed in the cor-
responding primary sequence between MVV and CAEV (data
not shown).

Although the primary sequence of SL4 was not highly con-
served (Fig. 1B), the structure, size, and stability of this stem-
loop were similar among the five MVV isolates and CAEV
(Fig. 2A and Table 1). The predicted SL4 regions of isolates
1514, P10LV, and SA-OMVV were of similar sizes (83 or 84
nt) and had a high level of structural resemblance. In isolates
NA, EVI, and CAEV, the predicted SL4 regions were slightly
longer (96 to 100 nt) and shared a similar architecture. We
performed phylogenetic comparative analysis on SL4 to sup-
port the computer-predicted RNA secondary structures. We
compared the structure of SL4 predicted for isolate 1514 to the
structures for P10LV and SA (Fig. 2B, left panel) and that for
CAEV to the structures for NA and EV1 (Fig. 2B, right panel).

The selection of isolates for comparison was due to size simi-
larities of the predicted structures. We detected base changes
on one side of the stem that were compensated for by base
substitutions in the opposite strand (base pair covariation).
There were two base pair covariations in the lowest part of the
stem (from UA to the more stable CG) between 1514 and
P10LV/SA (Fig. 2B, left panel). Sixteen base pairs were con-
served, and 6 bp had neutral nucleotide changes (e.g., UG to
UA). Eight base pairs had disruptive changes, and these were
mainly located next to bulges or the terminal loop. Very poor
conservation was detected in the primary sequence of SL4 for
comparison of CAEV to EV1 and NA structures (Fig. 2B, right
panel). In contrast, there was a striking conservation of regions
predicted to be base paired, as evidenced by nine base pair
covariations. These results imply that the structure of the pre-
dicted SL4 might serve an important biological function in MVV.
The terminal loop, however, showed different sizes, with high
nucleotide diversity, between the isolates. This suggests that this
stem-loop might not be relevant in RNA encapsidation, since
retroviral encapsidation signals are known to be hairpin structures
with a highly conserved purine-rich terminal loop (8). Interest-
ingly, the long SL4 was located between MSD and the gag initi-
ation codon, and this region is much longer in MVV and CAEV
than in the other lentiviruses (Table 2).

The primary sequence between SL4 and the gag initiation
codon was highly conserved (Fig. 1B). Similar conservation has
been described by Monie et al. (43). The computer-predicted
structures in this region are illustrated in Fig. 3 for all of the
isolates. The terminal loop sequence was AGAU in four of the
six isolates. A 31-nt structure with a 7-bp stem encompassing
the gag initiation codon appeared to be common to most of the
isolates, except for isolate 1514 (Fig. 3A). Folding of only the
corresponding 31-nt sequence of 1514 resulted in a similar
structure to that of the other isolates (Fig. 3B). We carried out
phylogenetic comparison on this structure, using the 1514
structure as a prototype (Fig. 3C). Base pairing was conserved.
Three nucleotide changes were neutral with respect to base
pairing, and one covariation was detected in the base pair next
to the terminal loop. We assumed that this structure was sig-
nificant and called it SL5.

Genomic RNA expression of deletion mutants in FOS cells.
To test the role of the predicted stem-loop structures in MVV
encapsidation, we deleted each of stem-loops SL1 to SL4 and
disrupted SL5. In addition, we constructed three larger dele-
tion mutants, including one with a deletion between nt 190 and
290 upstream of the MSD, including SL1 and SL2 (�5MSD);

TABLE 1. Characteristics of the SL4 structure

Isolate �G (kcal/
mol)

No. of nt shared
with 1514 SL4/
total no. of nt

Length
(nt)

No. of
bp

Loop
size
(nt)

Distance
from

SL3 (nt)

1514 	53.3 83 32 9 26
P10LV 	45.9 74/83 84 30 12 27
SA 	49.8 55/83 83 28 12 26
NA 	50.8 65/83 96 36 4 25
EV1 	51.2 53/83 97 30 10 25
CAEV 	36.4 42/83 89 29 15

TABLE 2. Comparison of lengths of the regions between the PBS
and the gag initiation codon (AUG) in lentiviruses

Lentivirus
Length (nt) of region

PBS-AUG PBS-MSD MSD-AUG

MVV 312 126 186
CAEV 331 157 174
BIV 91 66 25
EIAV 123 119 4
HIV-1 134 87 47
SIV 216 148 68
HIV-2 227 153 74
FIV 250 230 20
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one with a deletion between nt 312 and 480 downstream of the
MSD, including SL3 to SL5 (�3MSD); and a double mutant
with both of these regions deleted (DM) (Fig. 1A). We trans-
fected FOS cells with the wild-type control and the eight de-
letion mutant constructs and quantified their cellular genomic
(gag) RNA expression with a real-time qRT-PCR assay (24).
The transfection efficiencies were similar between the different
constructs, as measured with a real-time qRT-PCR assay for
plasmid content in the cytoplasm (data not shown). On aver-
age, there were 7.2 � 107 copies of plasmid per microliter of
harvested cytoplasm, with a range of 4.9 � 107 to 9.8 � 107

copies. The percentage of transfected FOS cells was 15%, with
a range of 10 to 20%. To correct for sample-to-sample varia-
tion of the RNA, we normalized the cellular gag RNA levels
with ovine �-actin mRNA levels in each sample (11). The gag
RNA levels of the deletion mutants were slightly higher than
or comparable to wild-type levels, with the exception of the
deletion mutant DM (Fig. 4A). This mutant showed the high-
est expression level, which was 7.5 times that of the wild-type
virus (P 
 0.05).

Deletions did not qualitatively affect mRNA splicing in FOS
cells. RNA secondary structures can influence the efficiency

and specificity of mRNA splicing (4). To test whether the
removal of the predicted RNA secondary structures caused
aberrant mRNA splicing, we measured the vif mRNA in trans-
fected FOS cells by RT-PCR. Correct vif mRNA splicing oc-
curred in all of the deletion mutants, as detected by PCR
products of the expected sizes upon gel electrophoresis (Fig.
4B). We detected bands of higher intensity than those of the
wild-type virus for the deletion mutants �5MSD and DM. The
reason for this difference was presumably somewhat increased
splicing in these mutants, although their shorter PCR products
could have been amplified with increased efficiency. For the
DM mutant, this could also have reflected high cellular gag
RNA levels. Furthermore, we observed that expression of wild-
type and deletion mutants in FOS cells resulted in marked
syncytium formation (data not shown). This fusion is known to
be mediated by epitopes of the MVV envelope glycoprotein
(17). Syncytium formation confirmed that splicing and trans-
lation of env took place. We conclude from these results that
removal of the predicted RNA structures did not qualitatively
affect splicing.

Genomic RNA contents of deletion mutant virions. We
quantified gag RNAs in wild-type and deletion mutant virions

FIG. 3. Computer prediction of secondary structures (SL5) in the region preceding the gag initiation codon in different MVV isolates and
CAEV. (A) Mfold analysis carried out with fragments corresponding to nt 79 to 589 of isolate 1514. Only sequences around the gag initiation codon
are shown. Boxes indicate the gag initiation codon. The deletion of 1514 is shown with gray shading. (B) Structure prediction for isolate 1514, using
only sequences corresponding to the structure common to the other isolates. (C) Phylogenetic comparison of predicted SL5 structures. The 1514
SL5 was used as a prototype. Nucleotide changes occurring in other isolates are indicated, along with the isolate name in superscript.
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pelleted from the supernatants of transfected cells. The gag
RNA levels in deletion mutant virions were higher than wild-
type levels, except for the gag RNA levels of �SL5 and �3MSD
(Fig. 5A). Deletion mutant �SL3 had the highest gag RNA
level, which was 4.2 times higher than the wild-type control
level (P 
 0.05). In contrast, the gag RNA levels of �SL5 and
�3MSD were 1.6 and 2.1 times lower, respectively, than the
wild-type levels (not statistically significant). To exclude the
possibility that the gag RNAs we detected were the result of
cell death due to syncytium formation, we tested the pelleted
virions for �-actin mRNA. Only minimal �-actin mRNA was
detected in virion pellets by a very sensitive RT-PCR assay
capable of detecting down to 600 mRNA copies per reaction
(Fig. 5A, right panel) (11). This result confirmed that the
analysis of purified pelleted virions was not confounded by
contamination with cellular debris. We therefore concluded
that the gag RNAs measured in supernatant pellets were virion
associated. In addition, we measured vif mRNAs in pelleted
wild-type and mutant virions. There was no detectable vif
mRNA in the virion pellets (data not shown), thus further
indicating the absence of contamination by cellular debris. This

result also demonstrated that the encapsidation specificity of
the deletion mutants was retained.

Deletion mutants produced mature virions. We detected the
mature cleavage product of the MVV Gag protein (capsid
protein or p25) from high-salt-purified viral particles shed
from the FOS cells transfected with each deletion mutant (Fig.
5B). This indicates that the qualitative pattern of Gag protein
synthesis and processing was not affected by the deletion mu-
tants. These results were consistently observed with different
stocks of plasmid preparations (data not shown).

Virion production by deletion mutants. We also quantified
virions by measuring the RT enzyme activity. RT levels were
consistent with p25 levels detected by Western blotting (Fig.
5C). The RT levels of deletion mutants �SL5, �3MSD, and
DM were slightly lower than the wild-type control level. We
normalized the gag RNA amounts to the RT amounts in the
virions (Fig. 5D). Compared to unnormalized data (Fig. 5A),
the normalized data did not change significantly, although vari-
ation between samples for the same deletion mutant was de-
creased. These results and the Western blotting results indicate
that the deletions had only limited effects on viral protein
expression.

The region downstream of the MSD contributed to genomic
RNA encapsidation. We calculated the ratio of virion gag RNA
(normalized for RT content) levels to cellular gag RNA levels.
This ratio was then used to find the relative encapsidation
efficiency (REE) by comparison with the wild-type control,
whose efficiency was set at 100%. Stem-loop structures up-
stream of the MSD appeared to be unnecessary for MVV
encapsidation in FOS cells, as measured by the REEs of �SL1,
�SL2, and �5MSD gag RNAs (Table 3). This was expected for
the nonconserved SL1 but was surprising for the highly con-
served SL2 containing the MVV DIS. In fact, the �SL2 REE
was almost twice as high as that for the wild-type control.
Deletion mutations targeting SL3 or SL4, located downstream
of the MSD, did not reduce the REE of the genomic RNA. In
contrast, removal of the more downstream SL5 resulted in a
58% REE, suggesting that SL5 contributes to RNA encap-
sidation in MVV. The comparable REEs of mutants �3MSD
and DM (24 and 26%, respectively) were lower than that for
the �SL5 deletion mutant. These results suggest that other
sequences in the region between the MSD and the gag initia-
tion codon are also important for encapsidation.

Viral genomic RNA encapsidation in a human 293T cell line.
Retroviral genomic RNA encapsidation efficiencies can differ
depending on the cell type used to produce the virus (8). To
find out which sequences between the PBS and the gag initia-
tion codon were important for encapsidation in human 293T
cells, we produced deletion mutants �5MSD, �3MSD, and
DM in 293T cells and measured their gag RNA REEs.

We measured the cellular gag RNA expression levels of the
mutant viruses (Fig. 6A). The cellular levels of �5MSD gag
RNA were reduced 15 times compared to the wild-type levels
(P 
 0.05). In contrast, expression of �3MSD gag RNA was
slightly higher than the wild-type levels (not statistically signif-
icant), and the double mutant (DM) expressed RNA at a level
comparable to that of the wild-type control. Expression of the
DM gag RNA was thus intermediate between that of the
�5MSD and �3MSD mutants, suggesting that the deleterious
effect of the �5MSD mutation was compensated in part by the

FIG. 4. Cellular gag RNA levels and vif mRNA splicing of the
wild-type control and deletion mutants in transfected FOS cells.
(A) Levels of gag RNA, as measured by real-time qRT-PCR using gag
RNA-specific primers. Measurements were normalized for ovine �-ac-
tin mRNA expression. Values are expressed as copy numbers of gag
RNA per 100 copies of �-actin mRNA. Means with standard errors for
at least three independent experiments are shown. (B) RT-PCR prod-
ucts of vif mRNA visualized after electrophoresis in 1.7% agarose.
Splicing of the MSD to the splice acceptor for vif mRNA generated a
356-bp product for the wild type and for mutants with deletions located
downstream of the MSD, but for the upstream mutants �SL1, �SL2,
�5MSD, and DM, the products were expected to be 334, 336, 256, and
256 bp, respectively.
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tendency of increased expression associated with the �3MSD
deletion. Virion-associated gag RNA was significantly de-
creased for all deletion mutants compared to the wild-type
level (P 
 0.05) (Fig. 6B). The decreases were 48, 5, and 246
times for �5MSD, �3MSD, and DM, respectively. The effects

of �5MSD and �3MSD on virion gag RNA therefore appeared
to be multiplicative in the DM mutant.

We also measured human �-actin mRNA with RT-PCR to
confirm that the gag RNAs we were measuring in pellets were
associated with virions but not with cellular debris. No human

FIG. 5. gag RNA and viral protein contents of wild-type and deletion mutant virions shed from transfected FOS cells. The names of the
transfected constructs are indicated. (A) Quantification of gag RNA content in virions, calculated as gag RNA copies per volume of supernatant
(left panel). The virions were purified by ultracentrifugation through a 20% sucrose cushion and measured by real-time qRT-PCR using gag
RNA-specific primers. Means and standard errors for at least three independent experiments are shown on the graph. gag RNA and minimal
�-actin RT-PCR products were visualized after electrophoresis in 1.7% agarose (right panel). (B) Gag protein-specific Western blot assay of
virions. The virions were purified using the high-salt purification method (60). Polyclonal ascites fluid from mice immunized with whole MVV
antigen was used. The position of the mature capsid (CA) protein (p25) is shown. Mock, protein from mock-transfected cells; CT, whole MVV
virus preparation. (C) RT enzyme levels of virions, as measured by an enzyme activity assay and converted to pg equivalents. Means and standard
errors for at least three independent experiments are shown on the graph. (D) gag RNA levels normalized for reverse transcriptase levels in virions.
Means and standard errors for at least three independent experiments are shown on the graph.
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�-actin mRNA was detected in the pelleted virions (data not
shown), indicating that the pellet was not contaminated with
cellular RNA and that the gag RNA detected was virion asso-
ciated.

We analyzed the virion-associated proteins by Western blot-
ting (Fig. 6C). We detected a very faint band corresponding to
the mature capsid protein for the mutant virus �5MSD. This
was consistent with low levels of cellular �5MSD gag RNA. In
contrast, �3MSD expressed wild-type levels of capsid protein
in supernatants that paralleled the �3MSD gag RNA levels
found intracellularly. We detected no capsid protein of mutant
virion DM, indicating a discrepancy between the abundance of
cellular gag RNA levels and virion-associated Gag proteins for
the DM mutant. The RT amounts in virions were consistent
with the p25 levels (Fig. 6D).

As with Western blotting, the RT assay did not detect pro-
duction of the �5MSD and DM virions. In contrast, we mea-
sured gag RNA copies in these virions with a real-time qRT-
PCR assay (Fig. 6B), which presumably reflects the higher
sensitivity of this assay for detecting virion production.

The calculated REEs of �5MSD, �3MSD, and DM gag
RNAs were 32%, 20%, and 0.5%, respectively (Table 3). The
REEs were not corrected for RT amounts in the �5MSD and
DM virions since we were unable to detect RT activity in some
of the pellets. Therefore, the �5MSD and DM REE defect
could have resulted either from the absence of cis encap-
sidation determinants or from limited production of the NC
to capture gag RNA. In contrast, normal virion protein
levels and a low REE of the �3MSD gag RNA indicate that
only cis encapsidation determinants were removed in the
�3MSD virus.

DISCUSSION

This study shows that MVV cis encapsidation determinants
are located between the MSD and the gag initiation codon, as
evidenced by a 168-nt deletion in this region. Conserved com-
puter-predicted stem-loop structures in this region (SL3 and
SL4) did not contribute to encapsidation in our experimental

system. Disruption of one stem-loop structure (SL5) caused a
modest defect in encapsidation. The region between the MSD
and the gag initiation codon is not the sole determinant of
MVV encapsidation.

We speculated in the beginning of our studies that the pre-
dicted SL3 and SL4 could be putative encapsidation determi-
nants due to their conservation, purine-rich terminal loop, and
location between the MSD and the gag initiation codon. The
covariation of the base-paired residues of SL4, as well as the
overall length of the structure, indicates functional importance.
We also observed that SL4 is located in a region that is much
longer in ovine and caprine lentiviruses than in other lentivi-
ruses (Table 2). This might indicate that the predicted SL4 is
unique to MVV and CAEV. Our analysis did not reveal the
function of SL3 and SL4 in MVV, but we have ruled out their
essential function in encapsidation, at least in our experimental
system.

There has been considerable conflicting evidence in deter-
mining at which state dimerization occurs during the retroviral
encapsidation pathway. We found that deletion of the MVV
DIS stem-loop (SL2) did not affect the amount of gag RNA
captured in virions compared to that for wild-type virus, at
least when virus was produced in transfected FOS cells. Re-
ports on MVV and other retroviruses have shown that stabi-
lization of the dimer occurs during or after budding of the virus
particle (12, 19, 21). Thus, the MVV DIS stem-loop might be
active only during virus maturation or at a later stage of the
virus replication cycle. Testing of an HIV-1 �DIS stem-loop
mutant in different production cells results in either normal or
decreased amounts of gag RNA captured in virions (16, 47).
This suggests a cellular dependence for the production of
HIV-1 virions. HIV-1 �DIS virions show a marked defect in
infectivity (16, 47). Investigation of the infectivity and replica-
tion of the MVV deletion mutant �SL2 in cells for which the
virus is tropic would be of interest. Although it was not tested,
the �SL2 gag RNAs were presumably encapsidated as mono-
mers into virions. Clever and Parslow showed that a significant
amount of monomeric gag RNA can be encapsidated in HIV-1
�DIS virions (16). They concluded that the encapsidation of
monomers was nonspecific because they also measured in-
creased encapsidation of spliced RNA. In contrast, we de-
tected minimal spliced viral RNA in the mutant MVV virions,
thus indicating that removal of the DIS stem-loop did not
result in nonspecific RNA incorporation. Other DIS loci might
be located elsewhere in the MVV genome, substituting for the
deleted SL2. It is notable in this regard that investigators have
detected substantial amounts of stable dimeric HIV-1 genomic
RNA with a mutant DIS (7, 16, 29, 55). Whether the �SL2
virion gag RNA is monomeric or dimeric needs to be studied in
a follow-up study.

In the beginning of our studies, we aligned a 120-nt region
containing the HIV-1 encapsidation determinants (NC001802)
with the whole genome sequence of MVV. The HIV-1 region
aligned with 43% conserved identity to the MVV sequence
upstream of the MSD (data not shown). This MVV region was
lacking in the �5MSD virus (nt 190 to 290). Interestingly, the
REE of the �5MSD virus was defective in human 293T cells
but not in ovine FOS cells. However, this mutant also showed
a marked decrease in cellular gag RNA expression and virion
protein levels, which could confound testing for encapsidation

TABLE 3. Encapsidation efficiencies of deletion mutants
in ovine and human cells

Construct
Encapsidation efficiency (%)

FOS cellsa 293T cellsb

KS2 100 100
�SL1 84 ND
�SL2 186 ND
�SL3 176 ND
�SL4 117 ND
�SL5 58 ND
�5MSD 94 32
�3MSD 24 20a

DM 26 0.5
Mock —c —c

a REE was calculated as the number of virion gag RNA copies normalized for
the RT amount divided by the number of intracellular gag RNA copies, ex-
pressed as a percentage of the results for wild-type KS2.

b REE was calculated as the number of virion gag RNA copies divided by the
number of intracellular gag RNA copies, expressed as a percentage of the results
for wild-type KS2, except where indicated. ND, not determined.

c —, no RNA detected.
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determinants in the region upstream of the MSD in 293T cells. In
summary, we did not find unequivocal evidence that the region
deleted in the �5MSD mutant contained cis encapsidation deter-
minants in 293T cells.

Removal of the regions from nt 190 to 290 and nt 312 to 480
(DM) resulted in a sevenfold increase in the cellular gag RNA
levels over wild-type levels in FOS cells. The molecular mech-
anism for this increase was not examined since it was not the
goal of this paper. It could possibly have been due to altered
RNA secondary structures or to the removal of regions that
influence some posttranscriptional event, such as the stability
of the viral genomic RNA. Elevated amounts of cellular DM
gag RNA were not accompanied by a concomitant increase in
virion production in either FOS or 293T cells. Since cellular
Gag proteins were not measured in our study, we cannot con-
clude if this discrepancy was due to an assembly or translation
defect. It is conceivable that we deleted or destroyed a putative
internal ribosomal entry site (IRES) structure in the DM virus,
resulting in impaired Gag protein production. Note that Bra-
sey et al. recently described an IRES within the 5� HIV-1
leader overlapping the PBS, the MSD, and the major encap-
sidation determinants (13). An IRES has also been described
for SIV, located between the MSD and the gag initiation codon
(44). Alternatively, the deletion in the DM virus might have
affected viral RNA subcellular localization or resulted in an
RNA transport defect. Yet another possibility is that a binding
site for a chaperone protein was disrupted by the deletion.

Our results indicate that a vector construct in an MVV gene
transfer system should contain the region between the MSD
and the gag initiation codon for efficient encapsidation of vec-
tor RNA. In contrast, our results make the design of an MVV
packaging construct more complicated. An ideal packaging
construct should produce viral proteins efficiently but not en-
capsidate its own RNA. Therefore, packaging constructs need
to be devoid of encapsidation determinants. We now know that
excluding nt 312 to 480 of the MVV leader region is not
enough to prevent encapsidation of the packaging construct,
although gag RNA encapsidation is decreased to 20% without
affecting Gag protein synthesis. Furthermore, our data suggest
that packaging constructs must contain a region upstream of
the MSD (nt 190 to 290) for efficient Gag protein production,
at least when virus is produced in 293T cells. In contrast, we
showed that this region is dispensable in FOS cells, but they
might not be convenient packaging cells due to their low trans-
fection efficiency.

The possible encapsidation of packaging construct RNA has
perhaps received too little attention in the design of lentivirus-

FIG. 6. Analysis of intracellular and extracellular gag RNAs and
viral proteins of the wild-type and deletion mutant constructs trans-
fected into 293T cells. Names of transfected constructs are indicated.
(A) Wild-type and deletion mutant gag RNAs in the cytoplasm of
transfected cells, as measured by real-time qRT-PCR and expressed as
gag RNA copies per cell. All values represent means with standard
errors for at least three independent experiments. (B) Levels of wild-
type and deletion mutant gag RNAs in pelleted virions shed from

transfected 293T cells, as measured with real-time qRT-PCR. Levels
were calculated as numbers of RNA copies per ml of supernatant.
Means with standard errors for at least three independent experiments
are shown. (C) Pelleted virions shed from 293T cells transfected with
the indicated constructs were collected and evaluated for Gag proteins
by a Western blot assay, using polyclonal ascites fluid from mice im-
munized with whole MVV antigen. The position of the mature capsid
(CA) protein (p25) is indicated. (D) RT enzyme levels of virions, as
measured by an enzyme activity assay and converted to pg equivalents.
Means and standard errors for at least three independent experiments
are shown on the graph.
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based gene transfer systems. Encapsidation determinants have
not been characterized fully for the majority of lentiviruses.
The main emphasis has been on including functional viral
encapsidation regions in the vector construct for high-titer
encapsidation. We used a novel, specific, and very sensitive
assay to quantify viral gag RNA. This assay can detect as few as
60 gag RNA copies per reaction. Northern blot and RNase
protection assays conventionally used for viral gag RNA quan-
tification have less sensitivity (42, 61) and may not have de-
tected small amounts of viral or packaging construct RNA in
supernatants of producer cells.
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