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Interaction of cis-acting RNA sequences with nucleocapsid proteins is one of the critical events leading to
retroviral genomic RNA packaging. We have derived a potentially stable secondary structure for the packaging
signal region of human immunodeficiency virus strain IIIB, using a combination of biochemical analysis and
computer modelling. This region encompasses the major splice donor (SD), which is found in a highly
structured conserved stem-loop. Comparison with other published human immunodeficiency virus type 1
sequences shows almost absolute nucleotide conservation in base-paired regions required to maintain this
structure. Presently and previously described packaging-defective mutants would disrupt the structure. The
structure depends on base pairing between nucleotide sequences 5' of the major SD which are common to both
genomic and subgenomic RNAs and sequences 3' of SD which are unique to the unspliced RNA. This may
explain how in retroviruses such as Rous sarcoma virus, mutations in regions common to genomic and
subgenomic RNA might prevent packaging of the unspliced mRNA by disrupting a signal structure which can
exist only in the genomic RNA species.

Packaging of genomic retroviral RNA into virion particles
involves specific selection of two full-length capped polyad-
enylated viral mRNAs from a large number of cellular
mRNAs of identical structure, many of which will be of
similar size. Since the full-length viral mRNA is packaged
almost exclusively, attention has centered on the region 3' to
the major splice donor (SD), which is unique to this tran-
script. Study of spontaneously arising and engineered retro-
viral mutants has revealed the presence of cis-acting pack-
aging signals predominantly at the 5' end of the genomic
RNA. In spleen necrosis virus (56), Moloney murine leuke-
mia virus (Mo-MuLV) (34), Rous sarcoma virus (RSV) (26),
and human immunodeficiency virus type 1 (HIV-1) (1, 10,
29), deletions between the SD and the gag initiation codon
were shown to cause a packaging deficiency. In RSV,
however (40), packaging signals were identified 5' of the SD
and in regions flanking the v-src gene (47). In Mo-MuLV (4),
cis-acting sequences extending into the gag gene were
shown to further enhance packaging. A model system for the
selection process is that the packaging region ("v) adopts a
stable secondary structure which is recognized by gag
proteins and allows for selective transport and encapsidation
of this RNA into the assembling virion capsid. Such a
structure has been recently proposed for Mo-MuLV (2).
Dimerization of the RNA would not appear necessary for
this selectivity, since freshly budded virions initially contain
monomeric RNA (7, 9).
We have used the following three experimental methods to

model the RNA secondary structure of the 5' leader se-
quence of HIV-1, involving the SD and Ji regions: (i)
biochemical analysis, (ii) free-energy minimization, and (iii)
nucleotide sequence comparison of cloned, sequenced iso-
lates, which is analogous to phylogenetic comparison.

Biochemical probes. Biochemical and enzymatic structure-
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specific probes have been used to investigate tRNA precur-
sors (50), tRNAs (15, 37), apolipoprotein II mRNA (44),
rRNAs (23, 32, 38, 52, 54, 55, 58, 59), poliovirus (46), and
pre-mRNAs (51). These generally involve in vitro transcrip-
tion of RNA and annealing to form intrachain base pairing.
This is followed by modification of the resultant structure
with sequence- and structure-specific probes which disrupt
cDNA synthesis from a downstream primer. The size of the
cDNA corresponds to the point of structural modification.

Free-energy minimization. Free-energy minimization can
provide only an outline working model that must be com-
pared with both phylogenetic and biochemical data. Free-
energy parameters are known to an accuracy of only 10% at
best, and in most cases a structure that is about 80% correct
is predicted in this way (61). Small changes in energy
parameters used for these algorithms can result in large
changes in predictions.

Phylogenetic analysis. Phylogenetic analysis (comparing
potential secondary structures in naturally occurring vari-
ants and related species and corresponding second-site re-
versions) has been instrumental in the elucidation of the
structures of rRNAs (21, 57), tRNAs (48), class I and II
introns (8, 11, 36), small nuclear RNAs (45), and catalytic
RNAs (25). Packaging of genomic RNA probably entails
common mechanisms, and it is likely that similar RNA
secondary and tertiary structural motifs are involved in
different lentiviruses.

MATERIALS AND METHODS

Biochemical analysis. Biochemical analysis was carried out
by the general procedure of Stern et al. (49; see also
references 38, 44, 46, 50, and 55). The HindIII fragment of
HIV-1 strain IIIB (16) from bases 541 to 1086 was cloned into
the HindlIl site of the expression vector Bluescript KS II
(Stratagene), and RNA was transcribed in vitro from the T3
promoter. In vitro-transcribed RNA was extracted twice
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with phenol-chloroform and precipitated by addition of 0.1
volume of 3 M sodium acetate (pH 6.0) and 2.5 volumes of
ethanol and treated with 1 p.g of RNase-free DNase I per 100
,ug of nucleic acid at 0°C in DNase I buffer, for 30 mmi. RNA
was then extracted twice with phenol-chloroform, precip-
itated by addition of 0.1 volume of 3 M sodium acetate (pH
6.0) and 2.5 volumes of ethanol, and then reannealed by
heating to 75°C for 3 min and cooling over a period of
between 15 and 45 min to room temperature in reannealing
buffer (30 mM Tris-HCl [pH 7.8], 20 mM MgCl2, 300 mM
KCl). The following RNA modifications were made, with
approximately 2 pg of RNA per reaction mixture: RNase VI
(Pharmacia) (0 to 1 U) at 0°C for 30 min; RNase T1
(Boehringer, Lewes, England) (0 to 50 U) at 0°C for 30 min;
dimethyl sulfate (DMS) (BDH, Poole, England) (0.05 to
0.3%) at 20°C for 10 min; and kethoxal (United States
Biochemical; 10 to 35 mg/ml in 20% ethanol) at 0.1 volume at
20°C for 10 min.

Photoreaction with hydroxymethylpsoralen (psoralen)
(Sigma) was with 0.1 to 2.5 jig/jig of RNA irradiated at
between 10'4 and 1016 photons per s at a wavelength of 370
nm for 10 min at room temperature.
RNase V1. RNase V1 cuts internucleotide bonds in helical

regions, leaving a 5' phosphate. RNase V1 is not base
specific but requires a minimum of 4 to 6 nucleotides that are
in helical conformation (1 or 2 bases on either side of the
target), whether base paired or single stranded and stacked.
Sequences can be sensitive to both V1 nuclease and a single
strand-specific nuclease or chemical reagent (20, 27). This
can be the case because a secondary structure is unstable or
because the RNA has alternate conformations in equilib-
rium. RNase V1 can recognize some single-stranded sites
because single-stranded polynucleotides can transiently
adopt helical conformation.

Psoralen. Psoralen is a planar, aromatic compound that
intercalates double-stranded regions of nucleic acids. Irradi-
ation of psoralen-nucleic acid complexes with long-wave UV
light results in the formation of covalent psoralen adducts
normally with pyrimidines and principally with uridines.
Where there are neighboring pyrimidines facing on a paired
strand, a diadduct can form so that the two strands are
covalently cross-linked through a psoralen molecule (32, 51).

Kethoxal. Kethoxal (2-keto-3-ethoxybutyraldehyde) re-
acts with unpaired guanines at N-1 and N-2, causing reverse
transcriptase to terminate or pause. If a guanine residue is
not modified by this chemical, it may be involved in second-
ary or tertiary interaction.
RNase TV. RNase T1 cleaves internucleotide bonds 3' of

unpaired guanine residues (leaving a 3' phosphate). The
enzyme may be limited in cleaving some unpaired G residues
by steric hindrance.
DMS. DMS methylates unpaired adenine at N-1 and

unpaired cytosine at N-3, causing reverse transcriptase to
terminate or pause (it also methylates unpaired Gs at N-7,
but this modification does not stop reverse transcriptase).
Residues protected from DMS modification are probably
involved in secondary or tertiary interactions.

Modified RNA was extracted twice with phenol-chloro-
form and precipitated by addition of 0.1 volume of 3 M
sodium acetate (pH 6.0) and 2.5 volumes of ethanol. Syn-
thetic oligonucleotide primers (1 pl of 100 mM) were an-
nealed to 1 p.g of modified RNA in 10 pul of renaturation
buffer (40 mM Tris-HCI [pH 8.3], 240 mM KCl, 4 mM
dithiothreitol) by heating to 75°C for 3 min and then allowing
to cool over 15 min to room temperature.

Extension analyses from these primers were carried out

with 1 U of avian mycloblastosis virus reverse transcriptase
(Northumbrian Biologicals Ltd., Cramlington, England) per
5 .1l of hybridization mix at 55°C for 30 min in a solution
containing 50 mM Tris-HCl (pH 8.3), 6 mM MgCI2, 40 mM
KCI with 1 mM each dCTP, dTTP, and dGTP, and 1 p.l of
[cx-32P]dATP (ICN-Flow; 3,000 Ci/mM). cDNAs were pre-
cipitated under ethanol, washed with 70c%c ethanol, dried.
and dissolved in Ix Tris-EDTA, and 1/10 volume of form-
amide dye mix was added. The samples were heated to 90°C
for loading onto 6% polyacrylamide-7 M urea gels. Pauses or
stops give rise to bands corresponding to the length of DNA
from the 5' end of the primer to the nucleotide immediately
preceding the modified position. Identification of the modi-
fied base was facilitated by electrophoresing samples against
dideoxy sequencing ladders (42) made from the same se-
quence with the same primer. For this purpose, the Hi,idIII
fragment of HIV-1 strain IIIB from bases 541 to 1086 was
cloned into the HindIlI site of M13mpl8. On other occa-
sions, another known sequence ladder was employed to
determine the sizes of bands. Enzymatic cleavage causes
unique tcrmination bands because of the fragmentation of
the template for primer extension. Unmodified RNA pro-
vided a completely reproducible pattern of stops (44) (re-
ferred to as invariable bands in Fig. 1 to 5), from which the
positions of new stops could be ascertained.

Chemical modifications by DMS, kethoxal, and psoralen
cause reverse transcriptase to terminate or pause as it moves
along the template. Bands in the lanes of the untrcated RNA
arisc from nicks in the RNA template, from strong second-
ary-structure features, or from sequence-dependent termina-
tion of cDNAs. Pauses or stops in reverse transcriptase
caused by base modification give rise to bands corrcspond-
ing to the length of DNA from the 5' end of the primer to the
nuclcotide immediately preceding the modified position.
The relative quantity of truncated cDNA in a given band is

proportional to the reactivity or digestibility of the nuclco-
tide responsible for the band.
The apparent site of an enzymatic cleavage is displaced 5'

but never 3' to the actual cleavage-modification sitc (44).
This is because the nucleotide responsible for a stop itself
cannot base pair and the corresponding cDNA fragment
extends up to but does not include the complement to the
modified position.

Free-energy minimization. Free-energy minimization stud-
ies were carried out by folding windows of 100 to 150 bases
at 10-bp intervals from bases 630 to 840 (Los Alamos AIDS
data base numbering) (39). The programs employed were
FOLD and SQUIGGLES (University of Wisconsin Genetics
Computer Group) running on a VAX (13) and RNA Second-
ary Structure Predictor (version 1.22; 1987) (62). all of which
work on the basis of free-energy minimization.

Phylogenetic comparisons. Phylogenetic comparisons werc
made between the potcntial secondary structures of this
region in the 18 different HIV-1 isolates and simian immu-
nodeficiency virus strain CPZ (SIV -7) (39).

RESULTS

Biochemical analysis. The results of only a sample of
individual biochemical analyses are shown in Fig. 1 to 5. All
modifications were mapped in at least two independent
experiments, and the majority were mapped three or more
times.

(i) Primer binding site to base 677. In our study, DMS
(which methylates unpaired Cs and As) modified all of the As
bctween 644 and 669 (Fig. 4), which are unpaired in the

VOL. 66, 1992



4146 HARRISON AND LEVER

1 2 3 4 5

AG C T 1 2 3 4 5 6 7T

_

700-G

700 G ~S_

710 G -'

-rn

- 689C Vi G 742

_706 Li Pso

7(5 A fsc-- liZ_, A asb

716 C Vl

720 A VI
_-721 A V1
- 722 A Vl
-723 G Vl

A 764 -

of *V.720 C0 /

__OWN- 744 U

... P...

.m

* - 760 U

ON - 766 U
-- 729 A Vl

.01:,~ ~~~s_

730G -

740 C 'A

-736 G Vl

- 739 A Vl

l---741 iJ V 1

-743 G Vl

-4.....5-745 G Vl

G 773 -,

C775 - 0
4- U776

747 G-

750 C

749 A Vi

750 C Vl
- 751 G Vl
-752C Vl

- 760 UJ VI

FIG. 1. Autoradiograph of a gel showing comparison of reverse

transcribed RNA templates. The sequence of the primer used in all
lanes was 5'-ATCTCTCTCCTTCTAGCC-3' (nucleotides 790 to
773). The dideoxy sequencing ladder was generated from the same
sequence. The T track was duplicated next to lane 7. Shown are

unmodified RNA (lane 1), RNA digested with 0).25 U of RNase V1
(lanes 2 to 4), and RNA irradiated at 350 nm with 10 kg of psoralen
per ml (lane 5), with 20 kLg of psoralen per ml (lane 6), and with 40
kug of psoralen per ml (lane 7). The sequence is numbered on the left
side. Stops specific to modified RNA are labelled on the right. VI,
RNase V1 modification; Pso, psoralen modification.

FIG. 2. Autoradiograph of a gel showing comparison of reverse
transcribed RNA templates. The sequence of the primer used in all
lanes was 5'-CTAATTCTCCCCCGC-3' (nucleotides 828 to 814). No
dideoxy sequencing ladder was generated with these cDNAs. Nu-
cleotide positions were identified from the invariant pattern of stops.
Shown are RNA digested with 0.017 U of RNase V1 (lane 1), with
0.10 U of RNase VI (lane 2), and with 0.25 U of RNase VI (lane 3)
and unmodified RNA (lanes 4 and 5). Stops specific to modified
RNA are labelled on the left. The sequence is numbered on the right.

computed model (Fig. 6). RNase T1 (which cleaves unpaired
Gs) digested all of the Gs in the region 654 to 667G (Fig. 4).

(ii) Stem I. At the base of stem I, RNase V1 (which cleaves
within or near helical structures) digested at bases 681U and
787A (data not shown), which face one another in both of the
computer predictions. Also, there was a V1 site at nucleotide
676A (data not shown), despite the lack of predicted base
pairing. It has previously been reported (33, 50) that V1 can
reach out beyond stem regions and make cuts in adjacent
unpaired regions. DMS and kethoxal (the latter methylates
unpaired Gs) reacted with bases in stem I and RNase T1
digested at 786 (data not shown). We therefore conclude that
stem I is labile. The stem may exist transiently or in
equilibrium with the unpaired state. Despite attempts to
produce alternative computer models in which this region is
single stranded, stem I and stem II were invariably predicted
to be base paired.

(iii) Stem II. In stem II, an RNase V1 at 729A (Fig. 1) faces
a site of psoralen photoreaction at 696U (psoralen forms
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FIG. 3. Autoradiograph of a gel showing comparison of reverse
transcribed RNA templates. The sequence of the primer used in all
lanes was 5'-CTAATTCTCCCCCGC-3' (nucleotides 828 to 814).
The dideoxy sequencing ladder was generated from M13mpl8.
Nucleotide positions were determined from this and from the
invariant pattern of stops. Shown are unmodified RNA (lanes 1 and
5) and RNA digested with 0.017 U of RNase VI (lanes 2 and 6), with
0.10 U of RNase V1 (lanes 3 and 7), with 0.25 U of RNase V1 (lanes
4 and 8), with 3 U of RNase T, (lane 9), with 20 U of RNase T1 (lane
10), and with 50 U of RNase T1 (lane 11). Stops specific to modified
RNA are labelled on the left (VI or TI), as are invariant stops (*) in
unmodified samples. The sequence is numbered on the right.
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adducts in double-stranded regions), and there are very
strong V1 sites at 720C to 723G (Fig. 1). There was a
psoralen modification on the opposite strand at 701C (data
not shown).
RNase T1 and DMS modified this region (data not shown);

therefore, it may be unstable under some conditions. There
was a psoralen modification at 709A (Fig. 1). It is unusual for
psoralen to form adducts with purines, although this has
been reported elsewhere (3). This adduct may represent a
long-range interaction or pseudoknot. There could be base
pairing across the loop Ild, but there were no psoralen
adducts detected elsewhere in the loop. There was, how-
ever, no biochemical evidence that the loop is single
stranded.

(iv) Stem III. The helical nature of this region was very
clear. RNase VI has also cut across the junction with stem II
and along stem II (Fig. 1). RNase V1 cuts at sharp bends in
the backbone between two regions of helical conformation
(27). At loop III, RNase V1 has cut nucleotides predicted to
be unpaired, which are adjacent to the ends of the loop,
probably for the reasons given above. Some instability at the
end of stem III is indicated by the RNase T, cleavage at
747G (Fig. 5) and the DMS modification at 750C (data not
shown).

(v) Stem [V. RNase V1 repeatedly cut in stem IV at
positions 764A (data not shown), 765C (Fig. 2), 766U, 773G
(Fig. 2), and 775C (Fig. 2). RNase T, digested the predicted
nonpaired Gs at 771 and 773 (Fig. 3 and 5) in loop IV, and
kethoxal reacted with all of the Gs (data not shown). Part a
of stem IV appears to be labile, with vulnerability to chem-
ical modification in the region in which non-Watson-Crick

FIG. 4. Autoradiograph of gel showing comparison of reverse
transcribed modified RNA templates. The primer used for cDNA
synthesis was 5'-ACCAGTCGCCGCCCC-3' (nucleotides 744 to
730). The dideoxy sequencing ladder was generated from M13mpl8.
The lengths of the cDNAs were determined from the sequencing
ladder and by comparison with invariant stops. Shown are untreated
RNA (lane 0), RNA digested with 5 U of RNase T1 (lane 1) and with
30 U of RNase T, (lane 2), blank (lane 3), and RNA modified with
0.1% DMS (lane 4), with 0.2% DMS (lane 5), with 0.3% DMS (lane
6), and with 3.0% DMS (lane 7). Stops specific to modified RNA are
labelled on the left. *, RNase TI; 0, DMS; A, bases 677 to 679
absent.

pairing was predicted (data not shown). All of the biochem-
ical data are presented in Fig. 7.

Free-energy minimization. The free-energy minimization
program predicted a similar complex stem-loop structure
between the primer binding site and the gag initiation codon
starting at base 677 and ending at base 789 (Fig. 6). Model-
ling of the region 5' to base 677 produced inconsistent folding
patterns with low stability, most probably reflecting the large
natural sequence variation in this region. Surprisingly, no
folding pattern could be obtained for the region downstream
of base 789 (3' to the gag initiation codon). The only
predicted structure had a single small stem-loop with a free
energy of -0.8 kcal (ca. -3.4 kJ)/mol, which can be consid-
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cred nonsignificant. RNA secondary structurc is known to
inhibit initiation of translation and would probably bc disad-
vantageous in this coding region (18, 22).

Figure 6 shows the consensus model based predominantly
on the SQUIGGLES output of the FOLD program. The two
programs used both predicted stem I, stem 11 (parts c and d),
loops Ilc and Ild, and stem and loop IV. They differcd at
stem III and at the multibranched loop. The SQUIGGLES
program predicted the folding pattern for stem III.

Phylogenetic analysis. The published HIV-1 sequences (39)
are reproduced in Fig. 8. Sequence variation in the second-
ary structure is shown in Fig. 6. There is striking conserva-
tion of regions which are prcdicted to be base paired.
Comparison with the same region in other lentiviruses (visna
virus, caprine arthritis-encephalitis virus, and equine infec-
tious anemia virus) showed no nucleotide sequence conser-
vation.

(i) Primer binding site to base 677. There is little conser-
vation of sequence 3' to the primer binding site from bases
650 to 677, the start of the secondary structure of 4. In
HIVMAL, there is a 13-bp insert at base 670, just 5' to the
predicted secondary structure. The lack of sequence conser-
vation in natural variants, the presencc of a 20-bp inscrt at
base 670 in HIVMAI, and the failurc of the programs to
predict consistent folding patterns all suggest that this region
is not involved in the ti secondary structure.

(ii) Stem I. In 8 of 19 isolates, 680C is an A, and in 2 of
these isolates, it is a U. These variations shorten stem I, but
the base of the stem remains adjacent to the gag initiation
codon at 789.

(iii) Stem II. Natural variations occur only at the end of
loop II, next to and within loop Ild. Variations in loop Ild are
diagrammed in Fig. 9. In all of the variations, there is
potential for base pairing across the loop. Interestingly, in 7
of 19 isolates, nucleotide 718 is an A which can pair with the
U at 706, leading to a more stable stem. In all other isolates,
718 is a G.

(iv) Stem and loop III. Stem and loop III are completely
conserved.

(v) Stem IV. Stem IV, part b, is completely conserved, but
part a, near the multibranched loop, is completely disrupted
in SlVcflz (Fig. 10). The only variation in loop IV is an
A-to-U substitution in SIVcpz at base 772.

(vi) Multibranched loop. The greatcst natural variability in
the model is in the multibranched loop (Fig. 10), which will
result in variations in the angles between stems II, III, and
IV. The angle between the stems and the unpaired nuclco-
tides in the loops may be crucial in RNA and protein
interactions (5) such as those essential to virus assembly.

(vii) Downstream to base 789. Downstream to base 789,
therc is little sequence divergencc, almost ccrtainly becausc
of constraints imposed by the gag coding functions.
None of the substitutions or insertions found in the

phylogenetic comparison significantly disrupt the structure.

DISCUSSION

The three methods of secondary-structure analysis pro-
vide a remarkable level of consensus for the model pre-
sented. Deletion mutants of HIV-1 with a packaging-defec-
tive phenotype, reported by ourselvcs and others (1, 10, 29),
have involved the 3' half of the structure, between SD and
the gag AUG. All of those described so far would effectively
remove stem-loop IV and disrupt base pairing of stems I and
III. The first described packaging mutant (HXBAP1) had a
19-bp deletion from 753 to 773 which showed a level of
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FIG. 5. Autoradiograph of a gel showing comparison of r-everse
transcribed RNA templates. The sequence of the primer used in all
lanes was 5'-CTAATTCTCCCCCGC-3' (nucleotides 828 to 814).
The dideoxy sequencing ladder was generated from the same
sequence. Lanes: 1, unmodified RNA; 2, RNA digested with 50 U of
RNase TI; 3, RNA digested with 10 U of RNase TI. Stops specific
to miodified RNA are labelled on the right. The sequence is num-
bered on the left.

gcnomic packaging of about 2 to 5% of that of the wild-type
virus. A more extensive deletion (HXBzXP2) from 750 to 785
packages itself at a level of about 50% of that of HXBAP1
(data not shown), indicating that there is a direct relationship
between the extent of disruption of this region and the
decline in packaging efficiency. A further deletion totalling
103 bp in length and extending 5' of SD gives a more
profound packaging defect than one confined to 3'(30), and,
in RSV, deletions purely 5' of SD give a packaging-defective
phenotype (31. 47). With a secondary structure dependent
on regions 5' and 3' of SD, it is clear why mutations in
regions apparently common to genomic and subgenomic
RNAs can produce a packaging-defective phenotype. Inter-
action of such RNA containing this secondary structure (or
one with tertiary interactions based on it) with the gag
precursor protein or the nucleocapsid protein is probably a
critical early event in genomic RNA recognition.
The sequence variants noted are found in regions which

appear unimportant for base pairing. This may mean that
variation in these regions is tolerable and unimportant.
Alternatively, the variants may be defining a further level of
specificity of packaging between isolates. Detailed study
involving attempts to cross package RNA into heterologous

J. VIR()I.
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FIG. 6. RNA secondary-structure prediction, according to SQUIGGLES output from FOLD (University of Wisconsin Genetics Computer
Group) running on a VAX, predicted a free-energy value of approximately -31.9 kcal (ca. -134 kJ). Residues in uppercase letters are
absolutely conserved and those in lowercase letters are substituted in 1 of 19 homologous sequences. Larger insertions and more frequent
substitutions are also in lowercase letters, with frequency among the 19 isolates in parentheses. PBS, primer binding site. Ins, insert.

virions would be necessary to answer this and could also
address the question of whether different isolates showed
variable degrees of efficiency of encapsidation due to nucle-
otide sequence variation.

In the vast majority of the structure, single- and double-
stranded regions were clearly demarcated biochemically;
however, some small regions in our model were modified
with both single- and double-stranded probes. While we
have termed these latter regions labile, it is impossible to be
certain of how stable they may be in vivo in the presence of
viral and cellular proteins. In vitro, it was noticeable that in
labile areas, a prolonged annealing time (greater than 45 min)
correlated with the appearance of double-stranded struc-
tures which sometimes were single stranded with annealing
times of approximately 15 min. However, our studies make
it clear that it is not tenable to infer that an RNA strand is or
is not base paired by failure to modify with a specific probe.
All structural motifs should be positively identified.

A similar study with Mo-MuLV, in which two somewhat
different models were predicted from the biochemical data
when different computer programs were used, has recently
been reported (2). In that study, only single-strand-RNA-
modifying agents were used, and failure to modify was
interpreted as revealing the presence of RNA-RNA interac-
tions, which we have found can be unreliable. In our study,
despite the use of different computer programs, identical
models were predicted for the complete structure, with the
exception of stem III. The structure predicted by SQUIG-
GLES is consistent with the other two methods of model-
ling, and the large number of individual bases whose inter-
actions we positively identified by chemical probing and the
consistency of the sequence comparison lead us to suggest
that the alternative computer-predicted structure is less
likely.

This model of RNA secondary structure inevitably has
limitations; it does not predict tertiary or quaternary RNA
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FIG. 7. Sites of enzymatic cleavage and positions of chemical modification. _~, RNase V1; -*, psoralen; *, RNase T1; *, DMS;
0, kethoxal; PBS, primer binding site.
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PBS
630 AGCAGTGGCGCCCGAACAGGgACttgAaAgcGAAAGtaa ................. ...aaCCaGAGgagcTCTCTCGACGCA. GGACTCGGCTTGCTgaAGCGC?713
631 --------------------G--TTG-A-GC-----GGA....................AA--A---GAGC ------------------GA-----. 714
631 --------------------G--CTG-A-GC-----GGA.................... AA--A---... C ------------------GA-----C712
630 --------------------G--TTG-A-GC-----AAA....................AA-A-...C--------------------------GA------ 710
145 --------------------G--CGG-A-GC-----AGA ................. ...AA--A---GAGA--------------------------GA-----.228
631 --------------------G--CGG-A-GC-----AGA... AA--A---GAGA ------ ---------------------GA-----.714
496 --------------------GA ---5--523
533 --------------------G--CTT-A-GT-----TGG.AA--A---GAGC------------.6---------------5T------ 61

631 --------------------G--GCG-A-GC-----TAG.AA--A---GAGC--------------------------GA-----.714
631 --------------------G--TTG-G-GC-----TAA.AG--A---GAGA ------------.--------------GA-----.714
631 --------------------G--TTG-A-GC-----TAA.AG--A---GAGA------------.--------------GA-----.714
630------------------------TTG-A-GC-----TGA. GA--A---AAGC ------------.--------------GA-----.712
624 --------------------G--TTG-A-GC-----TAG.AA--A---GAGA ------------.--------------GA-----.707
631 --------------------G--CAG-A-GC-----TAG.AA--A---GAGA------------.--------------GA-----.714
617 AGCAGTGGCGCCCGAACAGGGACctgAAAGcGAAAGTag????????????7???????aacCAGAGaAG?TCTCTCGACGCA. GGACTCGGCTTGCTGAagcGcg699
631 -----------------------CTG----C------AG.AAC----G--C-----------------AGC-CG714
631 -----------------------CTG-----C---AG.AAC-----A--C----- -------.----------------AGC-CG714
629 ----------------- CTG----------C- AG.A- A--A .---------------- AGC-CG 712
630 -----------------------TTT----T------ AACAGGGACTCGAAAGCGGAAGTTC-----A--T-?------------------------- GGT-CA 732
639 -----------------------TCG----C------TC ............................A--T-------------T------------G. .-TG718
650 -----------------------CTG-. --T------AA ..... -............... CCGG--GCTGAA----C-- C.-C-.----------_______..-TG 730

Major splice donor gag

CONSENSUS1 714 ?GCaCgGCAAGAGGCGAGGGGcGGCGactGGTGAGTACGCCaaaaaTTtt? GACTAGCGGAGGCTAGAAGGAGAGAGAGATGGGTGCGAGAGCGTC&GTATTAAG 814
HIVLAI 715. --A-G---------------A----ACT------------AAAAA--TT. .-------------------------- -----------------A-------- 815
HIVHXB2R 713 C--A-G---------------C----ACT------------AAAAA--TT. ----------------------A--------------------A-------- 814
HIVMN 711 . --A-G---------------C----ACT------------AAAAA--CTT.-------------------------- -----------------G812
HIVJH3 229 . --A-A---------------C----GCT------------AAAAA--TT..----A.---------- ----------------A--------329
HIVJRCSF 715 . --A-A---------------C----ACT------------GAAAT--T. .--- ...A.----------------------------------A-------- 814
HIVJRFL 524 . --A-G---------------C----ACT------------AAAAA--TT.--------------------------- 598
HIVOYI 616 . --A-G---------------C----ACT------------AAAAA--TTT.--------------------------- -----------------A--------718
HIVSF2 715 . --A-A---------------C----ACT .- . AA--TTT.----------------------------------------------G . 815
HIVNY5CG 715 . --A-G---------------C----ACT------------AAAAA--TT ..-------------------------- -----------------G-------- 815
HIVNL43 715 . --A-G---------------C----ACT------------AAAAA--TT. . -------------------------- -----------------G-------- 815
HIVCDC4 713 . --A-G---------------C----ACT------------AAAAA--TT .-------------------------------.-------------A-------- 813
HIVHAN 708.--A-G---------------C----ACT------------.AAAA--TT----------- -----------------------------------8A0--------8
HIVRF 715.--G-G---------------C----AAC------------GAAAA--TT--------- --------A-------- 815
CONSENSUS2 700 CACa ??GCAAGAGGCGAGgggCaGCGACtGGTGAGTACGCt ?aaAaTTTTt ?GACTAGCGGAGGCTAGAAGGAGAGAgA ATGGGTGCGAGAGCGTCAGTATTAAG 801
HIVVELI 715---G---- --------GGG-A-----T-----------TAAA-T-----------------------------G ..81--------------------------515
HIVZ2Z6 715---G .------------GGG-A-----C-----------TAAA-A----------------------------- G .. 815
HIVNDK 713---A------------GGG-A-----T-----------TG.A-A----T.-------------------------G.--------------------------- 812
HIVMAL 733---A .------------A.G-G-----T-----------C...-A----T.-------------------------G -------------------------- 831
HIVU455 719 ---ACA------------AG.-G-----T-----------CTAA-A----TT-------------------------A.----------- -- 822
SIVCPZ 731 ---ACA------------G. .-G-----T----------------A----T-.G-------T-------CCT----GA---------------------TC---C 852

FIG. 8. Linear sequence analysis of 18 HIV-1 strains taken from the AIDS data base alongside the SIVcpz sequence. Regions of nucleotide
identity (-) and difference are indicated. Regions of identity can be seen between those of the primer binding site (PBS) and the gag coding
region, one of which holds the SD motif.

interactions and does not take account of the effects of
RNA-protein interactions which must be involved in RNA
encapsidation. Nevertheless, it provides a useful working
model which raises interesting questions about the control of
packaging, splicing, and translation in HIV-1.

Retroviral RNA packaging also involves dimerization of
the genomic strand at a stage in HIV-1 that is still unknown
(6, 41), although in RSV it apparently occurs after initial
budding (7, 9). The dimer linkage site is postulated to be
close to the gag initiation codon (35). It is conceivable
that dimer formation might involve a strand swap be-
tween the labile palindromic stem I regions of two RNA
molecules. RNA from this region shows dimer formation in
sense and antisense (data not shown); however, these dimers
are more stable than would be expected for Watson-Crick
pairing.
The region described is also intimately involved in other

RNA functions, including splicing, and the absolute conser-
vation of the helical region containing the SD is very
striking. The SD RNA is known to form a base pair with the
Ul small nuclear ribonucleoprotein (60), and splice sites are
known to be preferentially nuclease accessible (14). The
easy accessibility to V1 RNase in our studies is consistent
with this.
The cloverleaf appearance of the model is also reminiscent

of the secondary structure of tRNA, and it is notable that
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FIG. 9. RNA secondary-structure prediction for stem and loop
IId in sequenced isolates. Base substitutions differing from those in
HXB2 are shown in boldface type.
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FIG. 10. RNA secondary structure predictions for the multibranched loop in sequenced isolates. Base substitutions which differ from
bases in HXB2 are shown in boldface type.

splicing of the pre-tRNA intron occurs at a somewhat
analogous position in stem-loop III. It is conceivable that
retroviruses represent an intermediate stage in the splicing
pattern between pre-tRNA and pre-mRNA or at least have
features common to both.

Deletion mutants in the region between SD and the gag
initiation codon have been noted to cause aberrant splicing
(9a), and we have noted some reduction in spliced gene
products with some mutations in this region (data not
shown). However, this latter reduction could be an effect on
translation, since RNA secondary or tertiary structures
influence translation initiation and efficiency (12, 17-19, 22,
43, 53).

In prokaryotes, initiation codons tend to occur in regions
devoid of RNA secondary structure, whereas internal AUGs
are found to be preceded by regions of potential secondary
structure (17), and it has been postulated that a loop-exposed
AUG correlates with efficiency of expression (22, 24). Treat-
ments that disrupt secondary structure tend to increase the
ability of ribosomes to recognize correct sites (28). The

presence of a secondary (or tertiary) structure just prior to
the gag AUG may be central to the control and expression of
both gag and pol proteins in HIV-1.
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