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A stable secondary structure model is presented for the region 3* of the primer-binding site to 130 bases into
the gag sequence of the prototype type D retrovirus Mason-Pfizer monkey virus. Using biochemical probing of
RNA from this region in association with free energy minimization, we have identified a stem-loop structure
in the region, which from other studies has been shown to be important for genomic RNA encapsidation. The
structure involves a highly stable stem of five G-C pairs terminating in a heptaloop. Comparison of the
Mason-Pfizer monkey virus structure with one predicted for squirrel monkey retrovirus demonstrates an
identical stem and a common ACC motif in the loop. Free energy studies of the secondary structure of the 5*
regions of eight other retroviruses predict stem loops which have similar GAYC motifs. We believe this may
represent a common structural and sequence motif which among other functions may be involved in genomic
RNA packaging in these viruses.

Newly transcribed retroviral mRNA carries not only viral
protein-coding information but also a second series of cis-
acting messages in the form of sequence and structural motifs
which determine its intracellular localization and biochemical
fate. Among these are signals determining transcription rate
(48, 56), splicing (15), nuclear export (16) and, in the case of
the genomic RNA, the ability to be encapsidated into a virion
particle. For a number of retroviruses, encapsidation, or pack-
aging, signals (C) have been identified (36–38a, 51). In most
cases this identification has been achieved by deletion mu-
tagenesis leading to an RNA encapsidation defect. Vectors
containing inserts of various sizes from the known packaging
regions have been used to identify the minimum sequence
sufficient for encapsidation of an RNA into a particular virion
particle (1, 60).
Despite increased knowledge of RNA structures and the

identification of packaging signal regions, the actual RNA-
protein interactions involved in packaging are poorly under-
stood (7, 8, 49). It is assumed that packaging involves the
interaction of an RNA motif(s) with a component of the gag-
or gag/pol-encoded polyproteins. There is no sequence conser-
vation between identified packaging signals; therefore, the
specificity of packaging is likely to involve physical recognition
of unique RNA structures, formed because of intramolecular
base pairing and further tertiary folding. The only sequence
which has previously been shown to be common to C’s of
different retroviruses is the GACG motif identified by Konings
et al. (34), which is on a stem structure. For human immuno-
deficiency virus type 1 (HIV-1), we have published an RNA
secondary structure model based on biochemical analysis, free
energy minimization, and sequence comparison in a region
known to be important for packaging (24). Other investigators
have modelled the same leader region, generally using only
biochemical and free energy minimization predictions, and

have arrived at similar models, with some variations (5, 25, 49).
The packaging region of Moloney murine leukemia virus
(MoMulV) has been modelled by two groups (3, 58). A sec-
ondary structure which is essential for efficient encapsidation
of avian sarcoma virus has been reported previously (33). Yang
and Temin (63) showed that two hairpin structures are re-
quired for encapsidation of the spleen necrosis virus (SNV)
genomic RNA and that a similar region in MoMuLV could
substitute for these two hairpins in an SNV-based retroviral
vector. Both stem loops in SNV contain the GACG sequence
identified by Konings et al. (34).
Mason-Pfizer monkey virus (MPMV) is the prototype type

D retrovirus (11, 30) which causes an immunodeficiency dis-
ease in newborn rhesus monkeys (9, 18). Related type D vi-
ruses which cause diseases similar to human AIDS in non-
human primates (simian AIDS) have been isolated (12, 14, 27).
Two isolates in particular, simian AIDS retrovirus type 1 (40)
(SRV-1) and SRV-2 (39), have been directly linked to simian
AIDS. MPMV has been referred to as SRV-3 (54). These
three viruses have been completely sequenced; MPMV (55),
SRV-1 (45), SRV-2 (57), and two variants of SRV-1 (26) have
been partially sequenced. Squirrel monkey retrovirus (SMRV),
another type D virus, has been partially sequenced (10). A type
D virus isolated from a human lymphoblastoid line is very
closely related to SMRV. It has been completely sequenced
and is referred to as SMRV-H (43). The phylogenetic relation-
ships between these viruses are represented in Fig. 1 on the
basis of analysis of the 59 ends of the genomes.
The C of MPMV has been mapped to an area within 619 bp

39 of the primer-binding site (PBS) (59). We have also studied
this region and have further defined an important cis-acting C
to a short sequence between the PBS and splice donor (SD)
(22).
In order to gain insight into the complex recognition process

of encapsidation, we analyzed the RNA secondary structure of
the C of MPMV, using biochemical probing and computer
modelling. We then compared the deduced structure with the
predicted structure, and their sequences, in a group of closely
and more distantly related retroviruses.
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MATERIALS AND METHODS

In vitro transcription. The 59 leader region of MPMV was excised from the
proviral clone pSHRM15 (47), by using the SphI site at position 567 and the SacI
site at position 1561. The numbering is that of GenBank accession no. M12349.
This fragment was ligated into the same sites in the expression vector pGem-4Z
(Promega, Southampton, United Kingdom), and RNA was transcribed from the
T7 promoter.
Biochemical and enzymatic probing. Biochemical analysis was carried out

essentially as described by Harrison and Lever (24). Briefly, after in vitro tran-
scription, RNA samples were digested with DNase 1, dissociated, and reannealed
by heating to 658C for 5 min and cooling to 258C during a period of 20 min. The
RNA samples were then divided into 2-mg aliquots and modified with one of the
following agents: cobra venom RNase V1 (Pharmacia), hydroxymethylpsoralen
(psoralen) (Sigma), 2-keto-3-ethoxybutyraldehyde (kethoxal) (United States
Biochemical), RNase T1 (Boehringer Mannheim), and dimethyl sulfate (DMS)
(Fluka).
Photoreactions with psoralen were carried out under germicidal UV light

(wavelength, 366 nm). Samples were irradiated for 30 min at room temperature
in Eppendorf tubes at a distance of 20 to 30 mm from a Sylvania G875 tube light.
cDNA synthesis.Modified RNA was extracted with phenol-chloroform, and 10

ng of a synthetic oligonucleotide primer was added in avian myeloblastoma virus
reverse transcriptase (RT) buffer (Promega). The oligonucleotide primers used
were 59-TTG/CCC/CAT/ATC/CGA/GCG/C-39 from bases 898 to 880, 59-CCC/
CGT/GTC/TTT/AAA/GCC/-39 from bases 957 to 939, and 59-TAT/GGT/TCC/
CTC/TTG/CGG/-39 from bases 1042 to 1025.
The RNA was dissociated by heating the solution to 708C for 5 min, and the

solutions were immediately stored on ice. It was found that the primer annealed
effectively when the solutions were incubated with the extension mix. Extension
analyses were carried out by adding 1 U of avian myeloblastoma virus RT
(Promega); a final concentration of 1 mM (each) dATP, dTTP, and dGTP; and
1 ml of [a-32P]dATP. These extension mixtures were incubated at 428C for 1 h.
cDNAs were precipitated under ethanol and redissolved in Tris-EDTA (TE)
buffer. Formamide dye mix (1/10 volume) was added, and approximately equal
amounts of radioactivity were loaded onto 6% polyacrylamide–7 M urea gels,
along with dideoxy-sequencing ladders (50) generated by using the same oligo-
nucleotide primer.
Free energy minimization studies. Free energy minimization studies were

carried out on a UNIX system by folding lengths of sequences ranging from 100
to 300 bases at intervals of 30 bases from bases 700 to 1050. The program
employed was Mfold, adapted for the Genetics Computer Group (University of
Wisconsin) (29, 65), with a graphical presentation by using Squiggles (44) in the
Genetics Computer Group program Plotfold. The Mfold program presents sub-
optimal foldings within 5 to 10% of the calculated minimum free energy. Bio-

FIG. 2. Structural probing of MPMV 59 leader sequence. An autoradiograph
of a gel comparing RT RNA templates is shown. The sequence of the primer
used in all lanes was 59-TTGCCCCATATCCGAGCGC-39 (nucleotides 898 to
880). The dideoxy-sequencing ladder was generated from the same sequence.
Bands which are unique to lanes of modified RNA represent structure-specific
modifications or cleavages; their positions can be read from the sequencing
ladder. Lanes: 1, RNA digested with 0.5 U of RNase V1 (CV1) at 08C for 30 min;
2, 7, and 14, dideoxy G stops; 3 to 6, RNAs modified with kethoxal (Keth) (20%
by volume in ethanol) at final concentrations of 1, 0.75, and 0.05%, respectively,
for 30 min at 208C; 8 to 10, RNA modified with DMS at final concentrations of
5, 1, and 3%, respectively, for 30 min at 208C; 11 to 13, unmodified RNA
(controls [Con]). The position numbers of the G stops are shown on the right.
The positions of unique bands are shown on the left.

TABLE 1. GenBank accession numbers of sequences referred to
this study

Virus
GenBank
accession
no.

Baboon endogenous retrovirus................................................ X05470
Bovine leukemia virus............................................................... K02120
Caprine arthritis-encephalitis virus ......................................... M33677
Feline leukemia virus................................................................ D00732
Gibbon ape leukemia virus ...................................................... M26927
Mouse mammary tumor virus.................................................. M15122
Mason-Pfizer monkey virus...................................................... M12349
Moloney murine leukemia virus..............................................J02255/6/7
Moloney murine sarcoma virus ............................................... J02266
Murine leukemia virus.............................................................. J01998
Murine osteosarcoma virus ...................................................... X03347
Spleen focus forming virus....................................................... K00021
Spleen necrosis virus................................................................. V01200
Squirrel monkey retrovirus ...................................................... M26927
Variant of SMRV...................................................................... M23385
Simian AIDS retrovirus type 1 ...............................................
SRV101................................................................................... M17561
SRV1LT.................................................................................. M17560
SRVRV1................................................................................. M11841

Simian AIDS retrovirus type 2 ................................................ M16605
Visna virus.................................................................................. M60609

FIG. 1. Phylogenetic tree showing relationships between some type D retro-
viruses and mouse mammary tumor virus (MMTV), based on only the first 1 kb
of their genomes.
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logically functional foldings may be found in suboptimal predictions, because the
folding rules and energy parameters are not accurately known.
Nucleotide sequence accession numbers. GenBank accession codes of all se-

quences referred to in the text are shown in Table 1.

RESULTS

Free energy minimization. Extensive and comprehensive
free energy predictions were made from the sequences of
MPMV, SRV-1, SRV-2, SMRV-H, and mouse mammary tu-
mor virus from the PBS to 300 nucleotides into the gag open
reading frame. Also, the structures of this region in more than
eight other distantly related retroviruses were examined. Free
energy calculations with the MPMV sequence repeatedly pre-
dicted stem loops in the following regions: bases 778 to 792,
837 to 862, 878 to 898, and 902 to 946.
Probing for secondary structure. Examples of biochemical

probing are presented in Fig. 2 to 4. In Fig. 2, RNase V1
cleavages are particularly abundant in the population of RNA

molecules which were loaded onto lane 1. These cleavages are
evident as intense bands at positions 842 and 843. In Fig. 3
there are particularly intense psoralen-induced bands in lanes
7 to 9 at positions 902 and 903, both of which are uridines. A
unique band at position G-923 on the same autoradiograph is
evidence that this residue is unpaired in vitro. In Fig. 4 there is
a band which is clearly unique to RNase V1 (lane 1) at position
U-966; U-990 is also clear. There is a unique psoralen band at
U-967. We have chosen not to record the bands at position
A-972 in lanes with RNase V1, psoralen, and DMS, because
psoralen usually only modifies pyrimidines (principally uri-
dines). It is probable that this band is due to a spontaneous
stop in RT. A band is visible in the same position in the control
lanes in the original autoradiograph.
The complete set of biochemical probing data are presented

in Fig. 5 and on the secondary structure model in Fig. 6. These
data are taken from a large number of gels, of which the results
shown in Fig. 2 to 4 are only examples.

FIG. 3. Autoradiograph of gel showing comparison of RT RNA templates. The sequence of the primer used in all lanes was 59-CCCCGTGTCTTTAAAGCC-39
(nucleotides 957 to 939). The dideoxy-sequencing ladders were generated by using the same sequence. Lanes: 1, dideoxy C ladder; 2 and 6, dideoxy T ladder; 3 to 5,
RNA digested with RNase V1 (CV1 or CV) 1 U at 378C, 0.75U at 208C, and 0.5 U at 08C, respectively, for 30 min; 7 to 9, RNA irradiated with UV light (wavelength,
366 nm) for 30 min at 208C with psoralen (Ps) (dissolved in ethanol at 5 mg/ml) at final concentrations of 20, 40, and 80 mg/ml, respectively. 10, dideoxy G stops; 11
and 12, RNA modified with kethoxal (Keth) at final concentrations of 1 and 0.5%, respectively, for 30 min at 208C; 13 and 14, RNA digested with RNase T1 (T1) (10
and 30 U, respectively) at 08C for 30 min; 15, dideoxy A stops; 16 to 18, RNA modified with DMS at final concentrations of 2, 1, and 0.5%, respectively, for 30 min
at 08C; 19, unmodified RNA template (control [Con]). The numbering of the dideoxy sequencing ladder is shown on the left, and the numbering of unique bands is
on the right.
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Figures 6 and 7 show the results of three methods of anal-
ysis: free energy minimization studies, biochemical probing,
and phylogenetic comparisons. In Fig. 7 the positions of nu-
cleotide variations from all four SRV isolates are presented in
lowercase.
Phylogenetic comparisons. Phylogenetic comparisons were

initially made only between MPMV and SRV-1 and SRV-2.
Sequence alignments were computed by using the Genetics
Computer Group program Pileup (17). The alignment of
MPMV with SRV-1 and SRV-2 is shown in Fig. 8. Sequence
variations are presented in the secondary structure model in
Fig. 7. It is assumed that regions which can be aligned will
adopt a similar biologically relevant secondary structure (53).
SMRV-H was found to have only 40% homology to MPMV in
the region of 270 bases 39 to the PBS and was too divergent
from the aforementioned type D viruses for its sequence to be
aligned with those in Fig. 8.
PBS. The PBS is presented as unpaired since in vivo it is

associated with 18 bases of the tRNALys,1-2 (46). If allowed to
fold, the PBS is calculated to form a stem loop with free energy

of 23.2 kcal (213 kJ)/mol from base G-742 to C-754 with
bases 747 to 749 as the loop.
Bases 763 to 799. Two possible structures for the region

from bases 763 to 794 are presented in Fig. 9A and B. Natu-
rally occurring compensatory sequence (covariant) changes
were found between MPMV and SRV-2 at MPMV positions
U-778 and C-779, which face nucleotides A-792 and G-791,
respectively (panel A). A pair of compensatory substitutions
adjacent to one another is very unlikely to be coincidental (19,
42). The conservation of the structure from bases 778 to 794
(Fig. 8A) between MPMV, SRV-1, and SRV-2 strongly sug-
gests that it is functionally important. Although two of three
sequence changes that occur in the structure shown in panel B
are not disruptive, the structure lacks the compensatory mu-
tations of the fold shown in panel A. The presence of the
compensatory substitutions was considered to be more con-
vincing than the free energy predictions, which suggest that the
structure shown in panel B is more stable. The few biochemical
data obtained for this region do not help to determine which of
the structures exists in vitro. No similar structure was identified
by free energy studies on the analogous regions of SMRV or
mouse mammary tumor virus. There are two GACG sequences
at positions 788 to 794 which will form the stem-loop structure
represented in panel C. This bears some resemblance to the
motif identified by Konings et al. (34). The biochemical data
support the existence of this structure, but it is not conserved
in SRV-2 and the free energy prediction is lower than those for
the structures shown in panels A and B.
Bases 797 to 837. There are multiple insertions and deletions

in the region from bases 797 to 837, which implies that this
region does not have a function which is dependent on con-
served structure or sequence in MPMV, SRV-1, and SRV-2.
However, the large number of RNase V1 cleavages and the
presence of psoralen modifications in this region show that in
MPMV the sequence is highly structured.
Bases 829 to 871. The stem loop between bases 838 and 863

is predicted repeatedly for MPMV across differently sized se-
quence windows by using the Genetics Computer Group pro-
gram Mfold. Biochemical data point to the potential stem
structure extending down from the terminal stem and loop to
include the region from bases 829 to 871, although the Mfold
predictions were not as consistent in the latter part. Thirteen of
14 bp in this stem are Watson-Crick interactions, 11 of which
are G-C interactions and two are A-U. The other predicted
pairing is a favorable G-U. These all indicate a highly stable
structure. The five terminal G-C pairs (bases 842 to 858) are
conserved in SRV-1 and SRV-2. Free energy calculations for
SMRV-H predict a very similar structure with a very similar
sequence, which is discussed below. The strong biochemical
evidence of base pairing in MPMV at the base of this stem,
with the notable feature of 100% of the pyrimidines interacting
with psoralen, implies more-extensive double strandedness
than can be predicted by using free energy minimization, which
relies only on Watson-Crick interactions.
Bases 869 to 902. The gag initiation codon is predicted to be

at the top of a short stem and loop, on the 39 side of the loop
(Fig. 10). Alternative structures for the region from bases 869
to 902 are presented in Fig. 10, which has the AUG in very
similar positions in both structures. Structure A is predicted to
have a free energy of 25.7 kcal (224 kJ)/mol and is therefore
included in the structure shown in Fig. 6 and 7. The structure
shown in panel B is predicted to have a free energy of 23.8
kcal (216 kJ)/mol. Naturally occurring sequence variations
show no changes to suggest which is the more likely in vivo
structure. The RNase V1 digests support the presence of a
helical region in the stem predicted by Mfold. The psoralen

FIG. 4. Autoradiograph of gel showing comparison of RT RNA templates.
The sequence of the primer used in all lanes was 59-TATGGTTCCCTCTT
GCGG-39 (from nucleotides 1042 to 1025). Bands which are unique to lanes of
modified RNA represent structure-specific modifications or cleavages. Their
positions can be read from the sequencing ladder. Lanes: 1, RNA digested with
0.7 U of RNase V1 (CV1 or CV) at 08C for 30 min; 2 and 3, RNA irradiated with
UV light (wavelength, 366 nm) for 30 min at 208C with psoralen (Ps) at final
concentrations of 80 and 40 mg/ml, respectively; 4, dideoxy T stops; 5 and 6, RNA
modified with DMS at final concentrations of 1 and 2%, respectively, for 30 min
at 378C; 7, dideoxy A stops; 8 and 9, unmodified RNA (control). The sample in
lane 9 was irradiated with 366 nm of UV light for 30 min at 208C without any
psoralen. Lane 10, dideoxy G stops.
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FIG. 5. Results of biochemical and enzymatic probing of RNA secondary structure. Data from many gels, in addition to those presented in Fig. 2 to 4, are included.
CV1, cobra venom RNase V1; Ps, psoralen; T1, RNase T1; Keth, kethoxal; 1 to 1111, approximate degree of intensity (from least to most) of the bands resulting
from treatment. Intensities were determined visually.
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modification at U-876 indicates that it could be paired to
A-900, with two Gs facing one another next to them. U-872 of
the SD signal could be paired to A-828. Similar structures are
found in this region in other retroviruses, as discussed below.
Bases 904 to 943. The structure from bases 904 to 943 was

repeatedly predicted in different sequence windows despite the
fact that it has low free energy (28.6 kcal [236 kJ]/mol) and all
the sequence changes in the paired regions are disruptive.
Pairing of bases A-915 to U-933 and A-916 to U-932 does

not lower the free energy predicted. This structure was not
found in free energy minimization studies of SMRV-H.
Bases 948 to 999. Three potential structures for the region

from bases 948 to 999 were predicted, but only one is shown
(Fig. 6). The free energy minimization predictions favor the
structure presented in Fig. 6 and 7, with bases 969 to 975
forming the terminal loop. The strong psoralen modification at
U-971 indicates that this stem loop is paired to another region.
All three predictions for this region have double-stranded
modifications in the terminal loop. It is possible that the ter-
minal loop could form Watson-Crick-paired homodimers or
that there could be long range intramolecular interactions.
Comparison of MPMV region from bases 840 to 860 with a

similar stem loop in SMRV-H. The sequence of SMRV-H was
studied by free energy minimization predictions. In SMRV-H
the sequence from bases 564 to 583 is predicted to fold into a

stem (Fig. 11), which is identical to MPMV bases 840 to 860
through five pairs of G-C bonds. The terminal loop of the
MPMV structure has 7 unpaired bases, whereas the equivalent
stem loop of SMRV-H has 9; however, a noncanonical A-A
pair may occur at the base, making the loops identical in size.
The loop contains an ACC motif (GCC in SRV-1 and SRV-2)
consistent with a consensus sequence (discussed below). The
lower half of the MPMV stem from bases 830 to 838, which has
disruptive changes in SRV-1 and SRV-2, and an insertion at
base 836 is not conserved in SMRV-H, although it can form a
stem with bulges.
Conservation of structure at gag initiation codon. The gag

initiation codon is predicted to be near the end of the stem on
the 39 side, in both models of the MPMV sequence presented
in Fig. 10. The gag initiation codon is predicted to be at the
same position in a similar stem in SMRV-H (Fig. 11). Base
pairings which are conserved between the predicted structures
for MPMV and SMRV-H are shaded in Fig. 11. The analogous
regions of the following retroviruses are predicted by free
energy minimization studies to form similar structures, having
the gag AUG on the 39 side of a stem loop: Moloney murine
leukemia virus, bases 611 to 626, visna virus, bases 481 to 494,
feline leukemia virus, bases 911 to 924; Gibbon ape leukemia
virus, bases 615 to 637; baboon endogenous retrovirus, bases

FIG. 6. Results of biochemical probing for structure, presented on a secondary structure model for MPMV, predicted by free energy minimization. The size of the
symbol represents the approximate degree of intensity of the modification or cleavage. Bases presented in lowercase vary from MPMV in the SRV isolates.➛, cobra
venom RNase V1 site (double stranded); 3, psoralen modification (double stranded); F, DMS modification (single stranded); E, kethoxal modification (single
stranded); ❉, RNase T1 site (single stranded).
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547 to 569; and caprine arthritis-encephalitis virus, bases 493 to
517.

DISCUSSION

Biochemical probing and free energy calculations together
are not sufficient to provide conclusive evidence of the nature
of RNA secondary structures, but phylogenetic studies can be
conclusive, as long as there are sufficient data to which to refer
(53, 62). The use of phylogenetic analysis as well as the bio-
chemical probing and free energy minimization data in this
study provide convincing evidence of the nature of RNA sec-
ondary structures.
In a phylogenetic alignment, invariance of a residue indi-

cates that it is important for the structure and/or function of
the molecule. Residues which are complementary and whose
compositions consistently covary must be functionally related,
which almost always means that they are in physical contact. If
two positions covary according to Watson-Crick rules, one can
be fairly certain that they form a base pair. Such compensatory
base substitution has proven very effective in determining the
secondary structure of rRNAs (19, 23). Where multiple se-
quences exist, such as viral quasispecies of HIV-1, comparison
and identification of conserved nucleotides can indicate bases
which are likely to be important for a particular cis-acting
function. This approach together with biochemical and com-

puter modelling was used by us to identify the secondary struc-
ture in the 59 leader sequence of HIV-1, which is stable and
conserved and which involves regions known by deletion mu-
tagenesis to be important for packaging (24).
To probe for the RNA secondary structure, in vitro-tran-

scribed RNAs were either digested with structure specific en-
zymes or modified with structure-specific biochemicals. Cleav-
ages and modifications induced by these agents cause RT to
terminate or pause during DNA synthesis, which results in the
generation of unique (or more-intense) bands on autoradio-
graphs. The modified RNAs are primed with a short single-
stranded DNA primer and are reverse transcribed with avian
myeloblastoma virus RT. The position of these modifications
can be determined by reading a dideoxy-sequencing ladder on
the gel, which has been generated by using the same oligonu-
cleotide primer (at 1 base 39 to the RT termination or pause).
Pauses or stops in the cDNA synthesis give rise to bands 1

nucleotide shorter than the corresponding band in the dideoxy-
sequencing ladder since cDNA synthesis stops at the nucle-
otide immediately preceding the modified position or cleavage
site. This is because the cDNA cannot complement the mod-
ified or cleaved nucleotide. Bands in the lanes of the untreated
RNA form a reproducible pattern of stops (52), where RT
pauses or dissociates from the template for reasons which are
not yet understood (6, 20). Unless a band is unique to the lane
of modified RNA, it does not report structure. The exception

FIG. 7. Positions of sequence variations between MPMV and four SRV isolates. Bases which are not conserved between the three viruses are shown in lowercase.
Sequence variations are indicated as follows: g1, base G in SRV-1; and u2, base U in SRV-2; etc.; ins, insert, del, deletion. The SD signal and the gag initiation codon
are shaded. For full details of sequence variations, refer to Fig. 8.
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to this is when a band is much more intense than the equivalent
bands in other lanes. When a modifying agent is sequence
specific, bands can be significant only if they are present at
nucleotides for which that agent is specific.
In any biochemical and enzymatic study of RNA secondary

structure it should be noted that RNA in solution is in a
dynamic state and that alternative structures of the same re-
gions may exist simultaneously in a population of homologous
molecules. Any individual RNA molecule may alternate be-

tween different conformations. This leads to some ambiguity in
interpretation of biochemical data as single-stranded modifiers
will be able to attack regions of RNA even if they are only
transiently unpaired. A very stable double helix will, however,
be much less vulnerable to single-stranded modification than a
region which has no nearby complementary sequence.
Interpretation of RNase V1 digests is complicated by the fact

that although this enzyme digests RNA in regions of helical
conformation, it does not cleave with any base specificity. It

FIG. 8. Alignment of nucleotide sequences of MPMV, SRV-1, and SRV-2. Bases in lowercase are not conserved. PBS, SD, and gag AUG are underlined for each
virus. The published sequences of SRV101 and SRV1LT do not extend into the gag open reading frame.

FIG. 9. Alternative folding patterns for region from bases 763 to 799. The predicted free energy values for the structures were23.1,24.7, and22.2 kcal (213,220,
and 29.2 kJ)/mol for panels A to C, respectively. See the legends to Fig. 6 and 7 for description of symbols.
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can also cleave 1 or 2 bases outside of a region which is helical
(21, 31). Psoralen intercalates in base-paired regions and forms
covalent adducts with pyrimidines, notably uridines, when ir-
radiated with UV light at 366 nm (4, 64). Psoralen is found to
intercalate particularly at the end of helices or in mismatches
within helices (35). Kethoxal modifies unpaired G residues,
and DMS modifies A’s and C’s at positions which interfere
with RT. RNase T1 cleaves single-stranded RNA at G residues.
The size of structure-specific enzymes limits their effectiveness,
because of steric hindrance. Interpretation is also complicated
by the fact that, in RNA, base pairing is not limited to Watson-
Crick bonds. Comparative analysis of rRNA has shown that
noncanonical pairs occur frequently (62). Nuclear magnetic
resonance analysis of the 5S RNA of a Xenopus sp. showed the
existence of G-A, A-A, and U-U pairs (61). These noncanoni-
cal pairs are generally weaker than Watson-Crick pairs, but
they are important in RNA structures. Another noncanonical
RNA base pair which has been observed is G-G. Free energy
minimization programs are not yet sufficiently complex to pre-
dict noncanonical pairings.
The conservation of the stem loop from base 838 to 863

between MPMV, SRV-1, and SRV-2, together with the exis-
tence of an identical stem in SMRV and SMRV-H, is strong
evidence for its existence as a defined structure in vivo and for
having an important function. Despite being upstream from
the SD, and thus not unique to the genomic RNA, the site
correlates with our deletion mutagenesis evidence (22) show-
ing that this is an important part of a C in MPMV. Sequences
upstream of the SD have been found to affect packaging in
Rous sarcoma virus (38) and HIV-1 (32).
Sequence specificity of double-stranded regions is thought,

in general, to be unimportant in RNA structures such as rRNA
(62). However, in the SNV primary sequence, alterations of
stem structures causing no change in free energy have been
shown to affect packaging efficiency (63). The absolute conser-
vation of the stem sequence in MPMV and SMRV-H may
indicate similar constraints on primary sequences in these type
D viruses.
In the loop from bases 847 to 853 of the MPMV structure,

there is a triplet ACC (bases 849 to 851) which is conserved
between MPMV and SMRV-H. In SRV-1 and SRV-2, the
purine is conserved. Free energy predictions for type B viruses
and a series of distantly related retroviruses, including bovine
leukemia virus, caprine arthritis encaphalitis virus, AKR mu-
rine leukemia virus, FBJ murine osteosarcoma virus Friend
spleen focus-forming virus, and FBR murine osteosarcoma
virus, show similar motifs in stem-loop structures in analogous
positions relative to the gag initiation codon which conform to
the general pattern GAYC (Fig. 12). The structures for the
murine retroviruses have been reported previously (58). The
MPMV motif RCC is also seen in feline leukemia virus (data
not shown) and SNV. G-C pairing of the top of the stem is
conserved between feline leukemia virus, bovine leukemia vi-
rus, and baboon endogenous retrovirus and may have similar
importance to the equivalent regions in MPMV, SRV-1,
SRV-2, and SMRV-H.
The GACG-hairpin motifs identified by Konings et al. (34)

occur in type C murine leukemia viruses and SNV (63). In the
latter, linker-scanning mutagenesis showed that mutation of
the GACG motif impairs packaging. Konings et al. (34) also

FIG. 10. Alternative folding models for region from bases 869 to 900. The free energy predictions were 25.7 and 23.8 kcal (224 and 216 kJ)/mol for panels A
and B, respectively. Symbols are defined in the legends to Fig. 6 and 7.

FIG. 11. SMRV-H 59 leader sequence, a secondary structure model based on
free energy minimization studies. Base pairings which are conserved between
MPMV and SMRV-H are shaded (A-U to G-U changes are indicated as being
conservative).
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defined a region (bases 385 to 409) downstream of this double
hairpin as being important for encapsidation, suggesting that
there may be other RNA motifs involved in packaging. The
sequence GACG is found in MPMV, twice between positions
788 and 794 in a region which is predicted to form a weak
stem-loop structure (Fig. 9C), but this structure is not con-
served in SRV-2. Covariant nucleotide changes in the same
region strongly suggest that the structure shown in Fig. 9A has
been conserved between MPMV and SRV-2. In SMRV-H the
GACG motif can be found only within the PBS, where it is
unlikely to be involved in packaging. In HIV-1 the same se-
quence is not predicted to be in a loop in any of the published
models. While this motif has been demonstrated to affect pack-
aging in SNV (63), it seems unlikely to be a major recognition
signal in packaging of MPMV and closely related retroviruses,
on the basis of the evidence presented here.
The stem loop from bases 878 to 898 containing the gag

initiation codon is conserved between MPMV, SRV-1, SRV-2,
and SMRV. Our free energy minimization studies predicted
similar structures in this region for several other distantly re-
lated retroviruses. The structure may inhibit translation. We
have demonstrated significant translational suppression by the
HIV-1 C structure (41). The structures at the gag AUG bear a

striking resemblance to the group II GA coliphage (28, 53) and
the fr coliphage (2) initiation codon regions. Mutagenesis in
this region in coliphages (13) has shown that increasing the
stability of this stem suppresses translation but disrupting it
does not enhance translation.
We are able to present a stable secondary structure model

for the 59 leader region of MPMV, downstream of the PBS.
We have identified a stem-loop structure in the region, which
from other studies has been shown to be important for RNA
encapsidation. This structure is predicted to involve a highly
stable stem with a heptaloop. Comparison with a predicted
structure for SMRV shows an identical stem and a common
loop with an ACC motif. Computer predictions of the second-
ary structure of this region in eight other retroviruses point to
the existence of stem loops with common GAYC motif. We
believe that this may represent a common structural and se-
quence packaging motif in these viruses.
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FIG. 12. Comparison of predicted stem loops in 59 leader regions of 10 different retroviruses. Bases which are conserved between MPMV and SMRV-H are shaded,
as are bases in analogous positions in the predicted structures of other viruses. The murine structures which are boxed were proposed by Tounekti et al. (58). The
Moloney murine leukemia virus (MoMuLV) structure was first proposed by Alford et al. (3). Sequence variations for SRV-1 and SRV-2 are indicated on the MPMV
structure as shown in Fig. 6. The positions of the gag AUG relative to the last C of the ACC motif are indicated for each virus. MMTV, mouse mammary tumor virus;
CAEV, caprine arthritis-encephalitis virus; baboon EV, baboon endogenous virus; BLV, bovine leukemia virus; AKV, murine leukemia virus; FBJ-MSV, FBJ murine
sarcoma virus; SFFV, spleen focus-forming virus; FBR-MuSaV, FBR murine sarcoma virus; MoMSV, Moloney murine sarcoma virus.
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