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Predicted secondary-structure elements encompassing the primer binding site in the 5’ untranslated region
of Rous sarcoma virus (RSV) RNA play an integral role in multiple viral replications steps including reverse
transcription, DNA integration, and RNA packaging (A. Aiyar, D. Cobrinik, Z. Ge, H. J. Kung, and J. Leis,
J. Virol. 66:2464-2472, 1992; D. Cobrinik, A. Aiyar, Z. Ge, M. Katzman, H. Huang, and J. Leis, J. Virol.
65:3864-3872, 1991; J. T. Miller, Z. Ge, S. Morris, K. Das, and J. Leis, J. Virol. 71:7648-7656, 1997). These
elements include the US-Leader stem, US-IR stem-loop, and US-TWC interaction region. Limited digestion of
the 5’ untranslated region of wild-type and mutant RSV RNAs with structure- and/or sequence-specific RNases
detects the presence of the U5-Leader stem and the U5-IR stem-loop. When a tRNA™™ primer is annealed to
wild-type RNAs in vitro, limited nuclease mapping indicates that the U5-IR stem becomes partially unwound.
This is not observed when mutant RNAs with altered US-IR stem-loop structures are substituted for wild-type
RNAs. The U5-Leader stem also becomes destabilized when the tRNA primer is annealed to either wild-type
or mutant RNA fragments. Nuclease mapping studies of tRNA™™, as well as the viral RNA, indicate that the
US-TWC helix does form in vitro upon primer annealing. Collectively, these data suggest that the various
structural elements near the RSV primer binding site undergo significant changes during the process of primer

annealing.

Retroviral reverse transcription is the process by which a
diploid viral RNA genome is converted into double-stranded
DNA by the virus-encoded enzyme reverse transcriptase. Ini-
tiation of reverse transcription occurs in the 5’ untranslated
region of the RNA genome at the primer binding site (PBS),
which is annealed to the 3’ sequences of a cellular tRNA
primer. The tRNA used to prime DNA synthesis is specific for
each retrovirus. For Rous sarcoma virus (RSV), tRNA™™ is
used. RSV RNA sequences flanking the PBS are predicted to
form specific secondary structures believed to be important for
efficient initiation of reverse transcription. These predicted
structures are the US-Leader stem, composed of an inverted
repeat sequence in U5 and Leader, and the U5-IR stem-loop,
composed of an inverted repeat sequence in U5 (7, 8) (Fig. 1).
An additional predicted interaction (U5-TWC) between US
sequences in RSV RNA and TWC sequences in the tRNAT™
primer also contributes to initiation of reverse transcription (1)
(Fig. 1).

A role for these predicted RNA structures in retroviral rep-
lication has been established by a genetic approach in which
each individual structure was disrupted by multiple base sub-
stitution mutations, resulting in reverse transcription defects in
vitro and in vivo. Restoration of these structures with alterna-
tive sequences partially rescues the defects (1, 7, 8). Sequences
in the U5-IR stem-loop also contribute to DNA integration,
since the first 15 nucleotides reverse transcribed become the
U5 IN (integrase) recognition sequence (7). Recent studies
also suggest that this region may be involved in RNA packag-
ing (26).

Similar but not identical RNA secondary structures are pre-
dicted to exist in many retroelements, including retrotrans-
posons like Tfl (23), and retroviruses like Moloney murine
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leukemia virus (M-MuLV), feline immunodeficiency virus, and
human immunodeficiency virus type 1 (HIV-1) (1, 8). For
HIV-1, chemical-probing studies by Baudin et al. demon-
strated that structures analogous to the U5-Leader stem and
the US-IR stem-loop exist in vitro in synthetic RNA fragments
representing the 5’-terminal region of HIV-1 (5). With respect
to the RSV US-TWC interaction, HIV-1 appears to have a
different but analogous interaction between sequences in the
U5-IR loop (also known as the A-rich loop) and sequences in
the anticodon loop of tRNAL* (17, 19, 30). By using a variety
of different assays, this loop-loop interaction has been shown
to play a role in the initiation of HIV-1 reverse transcription (3,
18, 20, 22, 32).

Although the mutagenesis studies of RSV strongly suggest
that the secondary structures surrounding the PBS in the
genomic RNA exist and play a significant role in the initiation
of reverse transcription, there is no direct physical evidence
that these structures are present. In the following in vitro
study, we have used sequence- and/or structure-specific
RNases to map both the RSV RNA and tRNA™P secondary
structures before and after formation of the viral RNA-
tRNA™P complex. The mapping studies indicate that in un-
complexed viral RNA, both the US-Leader stem and US-IR
stem-loop are formed; however, when tRNA™™ is annealed to
the viral RNA, both the U5-Leader and US5-IR stems are
destabilized. Independent digestions of **P-labeled viral RNA
and *?P-labeled tRNA™™ also indicate that both the PBS-
tRNA and US-TW¥C interactions exist in vitro upon primer
annealing. Additional mapping studies with mutant viral RNAs
(defective in initiation of reverse transcription) complexed
with tRNAT™ support the above conclusions.

MATERIALS AND METHODS

Reagents. T7 RNA polymerase (20 U/pl) and human placental RNase inhib-
itor (40 U/pl) were purchased from Ambion, and Vent DNA polymerase (2
U/ul) and T4 polynucleotide kinase (10 U/ul) were from New England Biolabs.
NucTrap columns were obtained from Stratagene, and MicroSpin G-25 columns
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FIG. 1. Schematic diagram of the predicted lowest-free-energy secondary
structures formed when WT RSV RNA is complexed with tRNAT™ (see Mate-
rials and Methods for a description of the structure prediction). Sequences are
numbered from the 5" end of the RNA genome. Only nucleotides 56 to 130 are
shown, even though longer sequences were used for the predictions. tRNAT™ is
shown to interact with the viral RNA via two helices; one is formed between the
3’ 18 nucleotides of the tRNA and the PBS of the viral RNA, and the second is
formed between the TWC arm and loop of the tRNA and sequences in the U5
region of the viral RNA. tRNAT™ sequences involved in these two interactions
are shown in bold. All other tRNAT™ sequences are labeled and represented by
the circle-and-line drawing. The U5-IR and U5-Leader stems are also labeled.

were obtained from Amersham Pharmacia Biotech. RNase T; (100 U/pl), EcoRI
(20 U/ul), T4 DNA ligase (1 U/ul), T4 RNA ligase (10 U/ul), glycogen (20
pg/pl), and deoxynucleoside and ribonucleoside triphosphates were purchased
from Boehringer Mannheim. Shrimp alkaline phosphatase (1 U/ul) was pur-
chased from Amersham Life Science, RNase V; (720 U/ml) was purchased from
Pharmacia Biotech, and RNase A was purchased from Sigma (no. R-5500).
[y-**P]ATP, [a-**P]GTP, and 5'-[**P]pCp (3,000 Ci/mmol; 10 uCi/jl) were ob-
tained from New England Nuclear. Oligodeoxynucleotides were synthesized by
either Midland Certified Reagent Co. (Midland, Tex.) or Genosys Biotechnol-
ogies, Inc. (The Woodlands, Tex.). Other chemicals were of the highest grade
available and were purchased from Fisher Chemicals.

Plasmids. pDC101S and the mutant vectors pDC101S-I12Lss and pDC101S-
RDS have been described previously (26). All plasmids were transformed into
Escherichia coli DH5« (obtained from Gibco BRL) and purified with the Qiagen
Plasmid Maxi Kit as specified by the manufacturer.

Preparation of RSV DNA templates. Plasmids pDC101S, pDC101S-112Lss,
and pDC101S-RDS were linearized with EcoRI and used as templates for PCR
amplification with Vent polymerase. The following sets of primers were used:
pDC101S amplified with T7-R and ASLV380-400, and pDC101S-I12Lss and
pDC101S-RDS amplified with T7-R and ASLV270-240. T7-R is a plus-strand
primer in which T7 promoter sequences are linked to sequences encompassing
the first 18 nucleotides of R in the RSV RNA genome. ASLV380-400 is a
minus-strand primer complementary to nucleotides 380 to 400 of the RSV RNA
genome. ASLV270-240 is a minus-strand primer complementary to nucleotides
240 to 270 of the RSV RNA genome. The T7-R sequence is 5'CCCTAATAC
GACTCACTATAGCCATTTTACCATTCACC3’ (38-mer), the ASLV380-400
sequence is 5'CACCTTTATGACGGCTTCCAT3' (21-mer), and the
ASLV270-240 sequence is 5'CCTGCAGTAGAGCTCCCTCCGACGCCACT
C3' (30-mer). After amplification, bands of the expected sizes (420 bp for
pDC101S, 302 bp for pDC101S-I12Lss and pDC101S-RDS) were purified from
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1% agarose gels with the Qiaex II agarose gel extraction kit from Qiagen as
specified by the manufacturer.

Preparation of tRNA™™ DNA template. tRNAT™ DNA templates were pre-
pared by ligating several overlapping synthetic oligodeoxynucleotides. An expla-
nation of each oligomer, and its sequence, is as follows. (+)5"T7-tRNATrp is a
plus-strand oligomer encompassing T7 promoter sequences linked to the first 15
nucleotides of the RSV primer tRNAT™ (33). (+)Mid-tRNATrp is a plus-strand
oligomer including nucleotides 16 to 45 of tRNAT™. (+)3'-tRNATTrp is a plus-
strand oligomer encompassing nucleotides 46 to 75 of tRNA™T™. (—)5'-tRNATrp
is a minus-strand oligomer complementary to nucleotides 22 to 75 of tRNAT™,
while (—)3'-tRNATTp is a minus-strand oligomer complementary to nucleotides
1 to 21 of tRNAT™ and the T7 promoter. The sequences of the oligomers are as
follows: (+)5'T7-tRNATrp, 5’ TAATACGACTCACTATAGACCTCGTGGCG
CAA3’ (32-mer); (+)Mid-tRNATrp, 5’CGGTAGCGCGTCTGACTCCAGAT
CAGAAGG3' (30-mer); (+)3'-tRNATrp, 5'CTGCGTGTTCGAATCACGTC
GGGGTCACCA3' (30-mer); (—)5'-tRNATrp, 5 TGGTGACCCCGACGTGA
TTCGAACACGCAGCCTTCTGATCTGGAGTCAGACGCG3' (54-mer); and
(—)3'-tRNATrp, 5'CTACCGTTGCGCCACGAGGTCTATAGTGAGTCGTA
TTA3' (38-mer).

After synthesis, each oligomer was purified by denaturing polyacrylamide gel
electrophoresis (PAGE) (10% polyacrylamide). Oligodeoxynucleotides needing
5’ phosphate groups for ligation [(+)Mid-tRNATrp, (+)3'-tRNATrp, and
(—)3'-tRNATrp] were treated with T4 polynucleotide kinase as specified by the
manufacturer. Equimolar amounts (100 pmol each) of the oligomers were mixed
in the presence of 1X T4 DNA ligase buffer, heated to 95°C for 5 min, and
allowed to cool slowly to room temperature. The annealed oligomers were then
ligated by using T4 DNA ligase as specified by the manufacturer.

In vitro transcription of synthetic RNAs. Viral RNA fragments were synthe-
sized in a reaction mixture consisting of 20 nM DNA template, 8 mM MgCl,, 40
mM Tris-HCI (pH 7.9), 2 mM spermidine, 10 mM dithiothreitol, 20 mM NaCl,
1 mM each ribonucleoside triphosphate (ATP, CTP, GTP, and UTP), and 150 U
of human placental RNase inhibitor. Each reaction was started by the addition
of 140 U of T7 RNA polymerase, and the mixtures were incubated for 1 h at
37°C. Another 140 U of T7 RNA polymerase was added to each of the reaction
mixtures, which were incubated for another 1 h at 37°C. At this point, the RNAs
were extracted with phenol-chloroform and precipitated with 3 M sodium acetate
(pH 5.2) and 95% ethanol. After centrifugation, the RNA pellets were air dried,
suspended in STE buffer (100 mM NaCl, 20 mM Tris [pH 7.7], 10 mM EDTA
[pH 8.0]), and passed through a NucTrap column as specified by the manufac-
turer. After removal of the unincorporated ribonucleotides by the column, the
RNA fragments were again precipitated with 3 M sodium acetate (pH 5.2) and
95% ethanol. RNAs pelleted by centrifugation were suspended in 1 mM EDTA
(pH 8.0) and quantified by measurement of UV absorbance at 260 nm.

tRNAT™ primers were prepared in an identical fashion, except that the con-
centration of DNA template in the in vitro transcription reaction mixtures was 33
nM.

32P labeling and purification of viral RNA fragments used in viral RNA
mapping experiments. Wild-type (WT) and mutant viral RNA fragments were
dephosphorylated for 1 h at 37°C in a reaction mixture consisting of 20 mM
Tris-HCI (pH 8.0), 10 mM MgCl,, 5 U of shrimp alkaline phosphatase, and 2.5
1M RNA. The phosphatase was inactivated for 15 min at 65°C, and the dephos-
phorylated RNAs were 5’-end labeled for 1 h at 37°C in a mixture of 83 mM
Tris-HCI (pH 7.6), 17 mM MgCl,, 5 mM dithiothreitol, 1.7 uM RNA, 40 U of T4
polynucleotide kinase, and 556 nM [y-3P]ATP. After being labeled, the RNAs
were precipitated with an equal volume of 5 M ammonium acetate, 20 pg of
glycogen, and 2.5 volumes of 95% ethanol. The RNAs were pelleted by centrif-
ugation, suspended in equal volumes of 1 mM EDTA (pH 8.0) and 90% form-
amide loading buffer (FLB) (90% formamide, 0.1% xylene cyanol, 0.1% bromo-
phenol blue, 10 mM EDTA [pH 8.0]), and separated by denaturing PAGE (5%
polyacrylamide). After electrophoresis, the full-length RNA bands were sliced
from the gel and eluted with rotation for 6 to 8 h at 4°C in an elution buffer of
0.5 M sodium acetate (pH 5.2), 1 mM EDTA, 2.5% phenol, and 2.5% chloro-
form-isoamyl alcohol (24:1). Following elution, the RNAs were filtered through
Millipore Ultrafree-MC filter units (0.45-wm-pore-size, low-protein-binding Du-
rapore membrane). They were then extracted once with phenol-chloroform-
isoamyl alcohol (25:24:1) and three times with chloroform-isoamyl alcohol (24:
1), and precipitated with 1/10 volume of 3 M sodium acetate, 20 pg of glycogen,
and 2.5 volumes of 95% ethanol. The purified RNAs were pelleted by centrifu-
gation, suspended in 1 mM EDTA (pH 8.0), and quantified by measurement of
UV absorbance at 260 nm. WT and mutant RNAs were divided into 0.7 pmol
aliquots of 3 l each and frozen at —20°C until used in viral RNA-mapping
experiments.

32P labeling and purification of viral RNA fragments used in tRNA™™ map-
ping experiments. A small quantity of in vitro-transcribed viral RNA was de-
phosphorylated and was 5’-end labeled with [y->*P]ATP in a manner similar to
that described above. The small quantity of 3?P-labeled viral RNA (approximate-
ly 50 pmol) was mixed with a large quantity of unlabeled viral RNA (approxi-
mately 2,000 pmol) of the same sequence and subjected to PAGE purification
and elution as described above. The eluted RNAs were stored at —20°C in
ethanol until they were needed for tRNAT™ mapping experiments, at which
point the purified RNAs were pelleted by centrifugation, suspended in 1 mM
EDTA (pH 8.0), and quantified by measurement of UV absorbance at 260 nm.
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32P labeling and purification of synthetic tRNA™™ used in viral RNA-mapping
experiments. Synthetic tRNAT™ was labeled internally with [«-*P]GTP during
in vitro transcription. A reaction mixture containing 50 nM DNA template, 500
M each ATP, UTP, and CTP, 21 pM [«-32P]GTP, 40 mM Tris-HCI (pH 8.0),
6 mM MgCl,, 2 mM spermidine, 20 mM dithiothreitol, 20 mM NaCl, 10 U of T7
RNA polymerase, and 10 U of RNase inhibitor was incubated for 1 h at 37°C. At
this point, the RNA was precipitated with an equal volume of 5 M ammonium
acetate, 20 pg of glycogen, and 2.5 volumes of 95% ethanol. The RNA was
pelleted by centrifugation, suspended in 1 mM EDTA, and added to the non-
radioactive tRNAT™ synthesized above. The entire sample, consisting of
tRNAT™ synthesized with GTP or [a->*P]GTP, was subjected to electrophoresis
through denaturing 10% polyacrylamide gels. RNA was recovered as described
above. After quantification by measurement of UV absorbance at 260 nm, the
synthetic tRNAT™ was divided into aliquots with a concentration of 5 pmol/pl
and used in the viral RNA-mapping experiments.

32P labeling and purification of synthetic tRNA™™ used in tRNA""™P-mapping
experiments. Synthetic tRNAT™ was 3'-end labeled with 5'-[*?P]pCp in a reac-
tion mixture consisting of 50 mM Tris-HCI (pH 7.5), 10 mM MgCl,, 10 mM
dithiothreitol, 1 mM ATP, 30 pg of bovine serum albumin per ml, 10% dimethyl
sulfoxide, 30 U of RNase inhibitor, 2.2 uM tRNAT™, 2.2 uM 5-[*?P]pCp, and 20
U of T4 RNA ligase. The mixture was incubated overnight on ice and extracted
once with an equal volume of phenol-chloroform-isoamyl alcohol (25:24:1), and
the aqueous solution was centrifuged through a MicroSpin G-25 column to
remove unincorporated nucleotides. The entire tRNAT™ sample was mixed with
an equal volume of 90% FLB and subjected to electrophoresis through dena-
turing 10% polyacrylamide gels as described above. RNA was recovered and
quantified, and the sample was divided into 1-pmol aliquots of 2 ul each and
frozen at —20°C until used in the tRNAT™-mapping experiments.

Nuclease mapping assays of 5'-32P-labeled viral RNA fragments with or with-
out synthetic tRNA™™. For each assay, 0.7 pmol of WT or mutant RNA was
folded in a solution of 28 mM Tris-HCI (pH 8.0), 70 mM NaCl, 2.4 mM
dithioerythritol, and 1 mM EDTA (pH 8.0) by incubating the reaction mixture
for 2 min at 65°C and letting it cool slowly to room temperature. For assays with
tRNAT™, 5 pmol of tRNA was added prior to the folding process. After cooling,
MgCl, was added to each reaction mixture to a final concentration of 7.4 mM,
and the mixture was incubated at 40°C for 5 min. At this point, various concen-
trations of the RNase of choice (T}, V,, or A) were added, and the tubes were
incubated for 5 min at 37°C. The digestion was stopped by placing the reaction
mixtures on ice and adding 4 ug of rRNA and EDTA to a final concentration of
10 mM. The samples were immediately precipitated with 3 M sodium acetate,
glycogen, and ethanol. For T, digests, final enzyme concentrations of 0.003 or
0.0009 U/l were used. For V, digests, final enzyme concentrations of 1 X 1074,
5 X 107>, or 5 X 107° U/pl were used. For RNase A digests, final enzyme
concentrations of 3, 1, and 0.3 pg/ml were used. For every set of digestion
reaction mixtures, a negative control where no exogenous nuclease was added
was also used. The enzyme concentrations mentioned above were selected after
a dilution series of each enzyme was used in several digestion reactions and those
concentrations resulting in less than 5% template digestion were chosen. This
was done to ensure that each enzyme made only primary cleavages of the
template.

Nuclease mapping assays of 3'-3?P-labeled synthetic tRNA™™ with or without
wild-type viral RNA fragments. For each assay, 1 pmol of tRNAT™ was folded as
described above. For assays with WT viral RNA, 3 pmol (400 ng) of viral RNA
was added prior to the folding process. After cooling, 400 ng of unlabeled E. coli
tRNA (Sigma R4251) was added to each reaction mixture where no viral RNA
had been added. This was done to equalize the quantity of RNA in each tube.
MgCl, was then added to each reaction mixture to a final concentration of 7.4
mM, and the mixture was incubated at 40°C for 5 min. At this point, the RNAs
were subjected to digestion with RNase T, or V; as described above. For T,
digests, final enzyme concentrations of 0.007, 0.002, or 0.02 U/ul were used. For
V, digests, final enzyme concentrations of 1 X 1075,3 X 1075, or 1 X 10~ U/ul
were used. For every set of digestion reactions, a negative control where no
exogenous nuclease was added was also used. Enzyme concentrations were
chosen as described above.

Preparation of RNA sequence markers by RNase T, digestion. In a manner
similar to that described by Donis-Keller et al. (11), 0.7 pmol of 5'-*?P-labeled
viral RNA or 1 pmol of 3'-*?P-labeled tRNAT™ was added to a reaction mixture
composed of 6.7 M urea, 20 mM sodium citrate (pH 5.0), 50 ng of rRNA per pl,
and 1 mM EDTA (pH 8.0). To facilitate the denaturing process, the reaction
mixtures were incubated at 50 to 60°C for 5 min. RNase T, at a final concen-
tration of 0.5 U/ul was added directly to the reaction mixture, which was further
incubated at 50 to 60°C for 5 min. The digestion was stopped and the samples
were treated as described above.

Preparation of RNA markers by alkaline hydrolysis. 5'->?P-labeled viral RNA
(0.7 pmol) or 3'-32P-labeled tRNA'™ (1 pmol) was incubated at 95°C for 30 s in
a solution of 133 ng of rRNA per pl, 33 mM NaOH, and 1 mM EDTA. The
hydrolysis reaction was stopped by immediately precipitating the reaction prod-
ucts with 3 M sodium acetate, glycogen, and ethanol.

Visualization of digested RNAs. After ethanol precipitation, the RNA samples
were pelleted by centrifugation and suspended in equal volumes of 1 mM EDTA
(pH 8.0) and 90% FLB. For the viral RNA-mapping experiments, one-third of
each sample was analyzed by denaturing PAGE (5% polyacrylamide) and auto-

ROUS SARCOMA VIRUS RNA STRUCTURE UPON PRIMER ANNEALING 6309

radiography, which visualized the 5'-3?P-labeled viral RNA fragments. Since the
majority of the tRNAT™ was unlabeled, it was not seen on these films.

For the tRNAT™-mapping experiments, half of each sample was analyzed by
denaturing PAGE (15% polyacrylamide) and autoradiography, which visualized
the 3'-32P-labeled tRNAT™ fragments. Since the majority of the viral RNA was
unlabeled, it was not seen on these films.

Structure prediction. The secondary structure of WT RSV RNA annealed to
its tRNAT™ primer (Fig. 1) has been predicted previously (1, 8). Wild-type and
mutant RSV RNA secondary structures (without tRNAT™) were predicted by
using Mfold version 3.0, which uses the RNA-folding energy parameters de-
scribed by the Turner group (29). Prediction of the secondary structure of mutant
RSV RNAs annealed to tRNAT™ is based on the WT structure. All of the
structures depicted throughout this paper are predicted to exist regardless of the
length of the fragment used for the modeling exercise. Fragments ranging in
length from 150 to 400 nucleotides were used to model these structures, and in
every case the length of the fragment did not change the structures predicted to
form from nucleotides 56 to 130 (WT sequence) or nucleotides 56 to 142 (mutant
sequences).

RESULTS

Cleavage site assignment. To identify specific sites of cleav-
age in the mapping experiments described below, either viral
RNA (WT and mutant) or tRNA™™ was subjected to limited
alkaline hydrolysis such that an RNA ladder representing
cleavage at every nucleotide was produced (Fig. 2A, lane 7;
also see Fig. 7B, OH— lane). This ladder was then compared
to the banding pattern produced from incomplete digestion of
an aliquot of the same RNA with RNase T, (specific for un-
paired guanine residues) under denaturing conditions of 7 M
urea and 50 to 60°C. Figures 2 and 4 show T,-digested marker
lanes for the viral RNA molecules studied, while Fig. 7 depicts
T,-digested marker lanes for tRNAT"P. Note that the denatur-
ing conditions used were not severe enough to cause every G
residue in each type of viral RNA to be equally susceptible to
T, cleavage. This lack of cleavage implies that such G residues
are in a stable secondary structure that is resistant to T, cleav-
age.
Nuclease digestion of 5’ [**P]-labeled wild-type viral RNA
fragments. RNA fragments representing nucleotides 1 to 400
of WT RSV were subjected to limited digestion with three
nucleases (RNase T,;, RNase A, or RNase V,) as outlined in
Materials and Methods. As mentioned above, T is specific for
unpaired guanine residues, RNase A is specific for unpaired
pyrimidine residues, and V, has no sequence specificity but
cleaves after bases involved in secondary or tertiary interac-
tions. All digests described in this section, as well as through-
out the rest of the paper, were performed such that only 1 to
5% of the full-length RNA product was cleaved by exogenous
nuclease. Figure 2A shows the cleavage products visualized
when WT RNAs were digested with increasing amounts of
RNase T, in the absence of tRNA™™. The data from this
figure, as well as data from RNase A and V, digests of WT
fragments (Fig. 2B and C, respectively), are summarized in Fig.
3A. The predominant T, cleavage site was at residue G90,
which is predicted to lie within the US5-IR loop. As expected,
G84, G87, and GY4 were not cleaved since they lie within the
predicted US-IR stem, while G121 and G125 to G127 were
also undigested because they form part of the US-Leader stem.
Cleavage of G80 and the lack of T, cleavage at G103, G104,
and G106 suggest that a short (4-bp) stem composed of nucle-
otides 75 to 78 and 103 to 106 (US5-PBS stem) also exists and
is separated from the US-IR stem by a bulge, as depicted in
Fig. 3A. Moderate digestion of G112, G115, and G117 indi-
cates that RNA sequences forming the 3" portion of the PBS
are fairly unstructured. It is unclear why G66, G74, and G93,
all of which are predicted to lie within a bulge or loop, were
relatively resistant to T, cleavage.

In general, RNase A and V; digestion of WT RNAs (data
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shown in Fig. 2B and C and summarized in Fig. 3A) agreed
with the T, data described above. The most prominent RNase
A cleavage was at C81, predicted to lie within the bulge be-
tween the U5-IR stem and the U5-PBS stem. Additional
RNase A cleavages were seen scattered throughout those
RNA sequences forming the unstructured region between the
US5-PBS stem and the U5-Leader stem. RNase A did not digest
any C’s or U’s in either the US5-IR or U5-PBS stem and dis-
played very limited cleavage of U62 and U122 in the US5-
Leader stem. In contrast, all three stems (U5-Leader, U5-PBS,
and US-IR) showed moderate cleavage with V,, an enzyme
with structural specificity opposite to that of RNase T, and A.
V, also displayed very limited cleavage of U69 and U116,
which are located in an unstructured region, as suggested by
the RNase T, and A data. This could indicate that the stem
formed by nucleotides 69 to 72 and 114 to 117 exists tran-
siently. This conclusion is supported by the fact that G72 was
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FIG. 2. PAGE analysis of 5'-*?P-labeled WT RNAs subjected to limited
nuclease digestion in the presence and absence of tRNAT™ primer. Bands
(arrows) in the marker lanes are WT RNA fragments digested with 5 U of T,
under denaturing conditions of 7 M urea and 60°C. Numbers to the left of each
arrow describe the length of each digestion product from the 5'-?P label. To the
left of each figure are brackets designating in which RNA secondary structure
cleavage occurs. At the top of the figure are brackets designating in which lanes
various components were added to the reaction mixture. (A) Synthetic WT RNA
(0.7 pmol) with or without 5 pmol of synthetic tRNAT™ was digested with
increasing amounts of RNase T). Lanes: 1 and 6, T, concentration of 0.003 U/ul;
2 and 5, T, concentration of 0.0009 U/ul; 3 and 4, negative controls where the
RNAs were incubated in the absence of T ; 7, alkaline hydrolysis ladder of WT
RSV RNA. (B) Synthetic WT RNA (0.7 pmol) with or without 5 pmol of
synthetic tRNAT™ was digested with increasing amounts of RNase A. Lanes: 1
and 8, RNase A concentration of 3 pg/ul; 2 and 7, RNase A concentration of 1
pg/rl; 3 and 6, RNase A concentration of 0.3 pg/ul; 4 and 5, negative controls
where the RNAs were incubated in the absence of RNase A. (C) Synthetic WT
RNA (0.7 pmol) with or without 5 pmol of synthetic tRNA™™ was digested with
increasing amounts of RNase V. Lanes: 1 and 8, V, concentration of 5 X 107°
U/pl; 2 and 7, V, concentration of 5 X 107> U/ul; 3 and 6, V, concentration of
1 X 107* U/ul; 4 and 5, negative controls where no exogenous V, was added.
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not susceptible to T, cleavage and U69 was not susceptible to
RNase A digestion.

Nuclease digestion of 5'-**P-labeled mutant viral RNA frag-
ments. I12Lss and RDS mutant viruses have been described
previously (26). The I12Lss mutation is predicted to increase
the size of the US-IR loop by 12 bases, and the RDS mutation
is predicted to increase the size of the U5-IR stem by 6 bp.
Although both mutant viruses exhibited growth defects, the
I12Lss mutation caused a mild reverse transcription initiation
defect and resulted in normal levels of RNA packaging and
DNA integration, while the RDS mutation caused a severe
reverse transcription initiation defect and a severe RNA pack-
aging defect but no defect in integration (26). Figure 4 shows
the T, cleavage products of I12Lss (Fig. 4A) and RDS (Fig.
4B) RNAs in the absence of tRNA™™. Figure SA summarizes
the T, data from Fig. 4A as well as the RNase V, and A
cleavages (data not shown) for [12Lss. In an analogous fashion,
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FIG. 3. Summary of nuclease digestion data for WT RSV RNA fragments. Lowest-free-energy secondary-structure diagrams for WT sequences are depicted (see
Materials and Methods for a description of structure prediction). G residues (target of T, nuclease) in the viral RNA are underlined. Nucleotide sequences are
numbered every 10 bases from the 5’ end of the RSV RNA genome. Brackets are used to designate several RNA-RNA duplexes. (A) Digestion of uncomplexed WT
RNA fragments. A bold lowercase t indicates T, cleavages, where t t t t was the strongest cleavage site seen with 0.0009 U of T, per ul and t t t designates additional
cleavage sites seen with 0.0009 U of T, per pl; t t describes moderate-cleavage sites seen with 0.003 U of T, per pl, and t describes slight cleavages with 0.003 U of
T, per ul. A bold lowercase v indicates V, cleavages, where v v v was the strongest cleavage seen with 0.0001 U of V, per ul, v v was a strong cleavage seen with 0.0001
U of V, per pl, and v was a weak cleavage seen with 0.0001 U of V, per ul. A bold lowercase a indicates RNase A cleavages, where a a a a was the strongest cleavage
seen with 0.3 pg of A per pl, a a a describes additional cleavages seen with 0.3 pg of A per pl, a a described additional cleavages seen with 1 pg of A per pl, and a
designates cleavages seen only with 3 pg of A per pl. (B) Digestion of WT RNA fragments complexed with tRNAT™, where the tRNAT™ sequences are shown in bold
capital letters. Description of cleavages is as for panel A. (C) Changes in the digestion pattern when WT RNA fragments were complexed with tRNAT™. Arrows
indicate how the nuclease digestion pattern changed as the WT fragments were complexed with the tRNAT™ primer. Upward arrows indicate increased cleavage, while
downward arrows indicate decreased cleavage. The number of arrows indicates the magnitude of the change. 1 and | indicate changes in the T, pattern, § and
gindicate changes in the V, pattern, and 1 and ¥ indicate changes in the A pattern. Absence of arrows means there was no change in the digestion pattern.

Fig. 6A summarizes the T, data from Fig. 4B as well as the
RNase V, and A cleavages (data not shown) for RDS. Overall,
the nuclease digestion patterns of both I12Lss and RDS with
all three RNases mimic those seen with WT RNAs.

The major T, cleavages of 112Lss (Fig. 4A and 5SA) were all
within the extended US5-IR loop at G93, G97, and G102. There
were no T, cleavages in the US-IR, US-PBS, and U5-Leader
stems. The only T, cleavages outside the U5-IR loop were at
G124 and G129 (analogous to WT residues G112 and G117),
indicating that the 3’ portion of the PBS in the mutant RNA is
unstructured, analogous to the WT situation. Also like the WT,
G66 and G105 (same as WT G93 with respect to the position
of the residue relative to the U5S-IR stem) were resistant to T,
digestion even though they are predicted to lie within a bulge
and loop respectively. The major RNase A cleavage site of
I12Lss was U131, which is predicted to lie in the bulge at the
end of the US-Leader stem. Additional RNase A cleavages
were seen at U79 and C120 to C124, all of which are predicted
to lie in single-stranded regions of the RNA structure. Surpris-

ingly, there were several strong to moderate RNase A cleav-
ages in all three stem structures (U62 and U135 in US-Leader,
C75 and C77 in U5-PBS, and U112 to U114 in U5-IR). The
majority of the V, cleavages occurred within the US-Leader
stem (C59, C61, U62, and A63), the U5-IR stem (G84, G85,
U109, and U114), and the U5-PBS stem (C77 and G115). The
bulged residue U79 was a moderate V, target, and C123 was a
weak V, target. The observation that the single-strand-specific
RNases T, and A as well as the double-strand/tertiary-inter-
action-specific RNase V, cleaved the predicted stem composed
of nucleotides 69 to 72 and 126 to 129 support the conclusion
drawn from the WT data that this stem is transiently formed.

As seen with both WT and I12Lss, the major T1 cleavages of
RDS (Fig. 4B and 6A) were at G96 and G99, both of which are
predicted to lie within the US-IR loop. There were no T,
cleavages in the U5-Leader stem or the extended US-IR stem,
as expected. The only other T, cleavages were seen at G124
and G129, again indicating that the 3’ portion of the PBS is
unstructured. Similar to I12Lss, the major RNase A cleavage
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FIG. 4. PAGE analysis of 5'-*?P-labeled mutant RNAs subjected to limited RNase T, digestion in the presence and absence of tRNAT™ primer. Bands (arrows)
in the marker lane resulted from digestion of either I12Lss or RDS mutant RNAs with 5 U of T, under denaturing conditions of 7 M urea and 60°C. Notations are
as in the legend to Fig. 2. In each panel, lanes 1 and 6 designate reactions where the T, concentration was 0.003 U/ul, lanes 2 and 5 designate reactions where the T,
concentration was 0.0009 U/ul, and lanes 3 and 4 represent negative controls where the RNAs were incubated in the absence of T;. (A) Synthetic 112Lss mutant RNA
(0.7 pmol) with or without 5 pmol of synthetic tRNAT™ was digested with increasing amounts of T;. (B) Synthetic RDS mutant RNA (0.7 pmol) with or without 5 pmol

of synthetic tRNAT™ was digested with increasing amounts of T.

of RDS was at U131 within the bulge between the US-Leader
stem and the PBS. In fact, the majority of the RNase A cleav-
ages were between the extended US-IR stem and the US-
Leader stem, suggesting that this region is fairly unstructured.
There was also RNase A digestion at either end of the U5-IR
stem. There were strong V, cleavages within both the US-
Leader stem and the US5-IR stem and mild cleavages in the
RNA sequences connecting the two stems.

Digestion of 5’-*’P-labeled WT viral RNA annealed to
tRNA™™, WT RNA fragments were annealed to synthetic
tRNA™P and subjected to digestion with RNase T,, A, and V,
as described in Materials and Methods. Figure 2A shows the
T, cleavage data, while Fig. 3B summarizes this data, as well as
that from the RNase A and V, cleavages (Fig. 2B and C,
respectively). Figure 3C summarizes the changes in digestion
pattern when cleavages of the WT RNAs alone are compared
to cleavages seen when the WT-tRNA™P complex is formed.

As with the uncomplexed WT RNA, the major T, cleavage
site in the WT-tRNA™™ complex was at G90, within the U5-IR
loop. Increased T, susceptibility, indicating an increase in sin-
gle-stranded character, was seen at several residues, i.e., G80,
G84, and G103, when the WT RNA was annealed to its primer.
Note that all three residues surround the junction of the U5-IR
stem, the US-TWC interaction, and the 5" portion of the PBS,
a region where the 3'OH of the tRNA™™ primer is presumably
positioned. G121 and G125 to G127 within the U5-Leader
stem also displayed slightly increased T, sensitivity. Decreased
T, sensitivity, indicating a decrease in single-stranded charac-
ter, was seen at residues G112, G115, and G117, where the 3’
portion of the PBS is predicted to base pair with tRNAT'™.

Surprisingly, there was an increase in T, susceptibility for G72
and G74, which are predicted to form the US-TWC interaction.

With respect to RNase A, the strongest cleavage of the
WT-tRNA"™P complex was at C81, just as it was with the
uncomplexed viral RNA. Immediately 5’ to C81 there was a
significant increase in RNase A sensitivity (C77 and C79),
which is indicative of increased single strandedness when the
primer was annealed to the viral RNA. Residues within the
US-Leader stem (U62 and U122) also demonstrated a slight
increase in RNase A sensitivity upon complex formation, com-
parable to the results seen with T,. There was a decrease in
RNase A susceptibility for PBS nucleotides predicted to base
pair with tRNA™™ and an increase in RNase sensitivity for
nucleotides predicted to form the U5-TWC interaction (C75
and C77), data similar to that observed with T;.

In general, as expected, changes in V, sensitivity seen with
complex formation were opposite to those seen with RNase T,
and A. For example, when there was an increase in T; or A
sensitivity for nucleotides in the U5-Leader or U5-PBS stem,
there was a concomitant decrease in V, sensitivity (U62, A63,
and C65 for US-Leader, and C77, C78, and U79 for US5-PBS).
The only site of significant disagreement between the T, and A
cleavage data and the V, cleavage data was for residues in-
volved in the US-TWC interaction region. For these RNA
sequences (C71, G72, A73, G74, C75, and C77), there were
increases in both T, and A sensitivity and V; sensitivity.

5'-32P.labeled mutant viral RNAs complexed with tRNAT™P,
In experiments similar to those described above for WT RNA,
the mutant RNAs, 112Lss and RDS, were annealed to syn-
thetic tRNAT™ and subjected to limited nuclease digestion. T,



VoL. 73, 1999 ROUS SARCOMA VIRUS RNA STRUCTURE UPON PRIMER ANNEALING 6313
tttt tttt
A. a8 A B. A G A C. A S a
A A A A A A
A A 100 A A100 A A 100
ttte A ttte A G A
A Gttt A Gttt A G
A A A A A A
90 A A A A A A
t6 o G 04 s G 904 g G
asc ace (ofe]
AU GC G.C
vAUv * AU AU
v G.C110 VAUV AU
UA vV G.C110 G.Cc110
Auaaa UA UA
AUa AUaaa AU
goGUav™ AUTya AU U g
aavvy ttt80G A .G M180G A 2 g
* 2 c &
CGV aaavu 1%¢c,Ug 23U 1 c Y
avce c Cyh c OH Cy A
AU a aace G C120 M CG G C120%
aaacgacl® AU G C AU GCcy
A Ca aaaCG cG
ca G Gcy
AU tRNA AU tRNA
A gtav AU GC AU Gclvy
Q.CA—ttt tc.c CG 2G.C C Guv
aacgG aaac.G U A AC U A
70§.U\t/tt ttt7oc cG C 270G cG c
VUG aau G A4 DU G
C  A130 cA u A cA ul
A Uaaaa c \ Co c \ € Guie
e A he R uil%a R A LATO
aacg aa c.G—A TCcG—A
AU AU AU
VVAUa vAUaaa JAUNA
aaavvUA aaavUA JUA
VVVCG VVCG Jcg
60C.G 60C.G 60C.G
vCg o¥c] 4cg
U.A 140 U.A 140 U.A 140
c A c A A
564 U142 s6”A Y142 564 U142
112LSS [12LSS [12LSS

FIG. 5. Summary of nuclease digestion data for I12Lss mutant RSV RNA fragments. Secondary-structure diagrams for I12Lss sequences are depicted as described
in Materials and Methods. Mutant nucleotides are denoted by italicized lettering. Other notations are as described in the legend to Fig. 3. (A) Digestion of uncomplexed
I12Lss RNA fragments. Description of cleavages is as in the legend to Fig. 3A. %, the exact cleavage site was unclear, although the data did indicate that cleavage was
somewhere within the U5-IR stem. (B) Digestion of 112Lss RNA fragments complexed with tRNAT™, where the tRNA™T™ sequences are shown in bold capital letters.
Description of cleavages is as in the legend to Fig. 3B, except for V, cleavages, where there was no dominant cleavage with 0.0001 U of V, per pl; therefore, there
is no v v v designation. (C) Changes in the digestion pattern when 112Lss RNA fragments were complexed with tRNAT™. Description of changes is as in the legend

to Fig. 3C.

cleavages of the two complexes, 112Lss-tRNA™P and RDS-
tRNA'™, are shown in Fig. 4A and B, respectively. The diges-
tion data for T,, A, and V, (data not shown for RNase A and
V,) is summarized in Fig. 5B for I12Lss and Fig. 6B for RDS.
Changes observed in the digestion pattern upon complex for-
mation are diagrammed in Fig. 5C (I12Lss) and Fig. 6C
(RDS).

For the most part, formation of the mutant viral RNA-
tRNA™P complex caused the same types of cleavage pattern
changes as seen when WT RNAs were complexed with primer.
When I12Lss was annealed to tRNA™™, the predominant T,
cleavages were in the extended US5-IR loop, similar to cleav-
ages observed with I12Lss alone. However, there was an in-
crease in T, sensitivity for G80, which is predicted to lie near
the 3'OH of the tRNA primer. A significant increase in T,
sensitivity was also observed for G70, at the base of the US-
TWC interaction region, and a slight increase in T, sensitivity
was observed for G66, at the end of the US5-Leader stem.
Similar to the WT complex, there was a slight increase in T,

susceptibility for G72 within the predicted US-TWC interac-
tion region and a significant decrease in T, sensitivity for nu-
cleotides in the PBS. In general, differences in RNase A cleav-
ages after complex formation paralleled those seen with T;; for
example, there were decreases in sensitivity for nucleotides in
the PBS and increases in sensitivity for C71 in the U5-TWC
interaction region and U69 5’ to the US-TWC interaction re-
gion. An increase in RNase A susceptibility was also observed
for U135 in the U5-Leader stem. There were fewer V, cleav-
ages of the I12Lss-tRNA™P complex compared to I12Lss
alone. Decreases in V, cleavage were observed primarily in the
US-Leader stem. At the junction of the U5-IR stem, PBS, and
US-TWC interaction region, not only were there increases in
T, and A sensitivity (noted above), but also there were de-
creases in V; sensitivity (C77, U79, U114, and G115).
Formation of the RDS-tRNAT™® complex caused several
changes in the RNase cleavage patterns, the majority of which
were similar to those seen with both WT and I12Lss com-
plexes. Briefly, there were decreases in RNase T, and A sen-
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FIG. 6. Summary of nuclease digestion data for RDS mutant RSV RNA fragments. Secondary-structure diagrams for RDS sequences are depicted as described in
Materials and Methods. Mutant nucleotides are denoted by italicized, shadowed lettering. Other notations are as described in the legend to Fig. 3. (A) Digestion of
uncomplexed RDS RNA fragments. Description of cleavages is as in the legend to Fig. 3A. (B) Digestion of RDS RNA fragments complexed with tRNA™™_ where
tRNA™™ sequences are shown in bold capital letters. Description of cleavages is as outlined in the legend to Fig. 3B. %, the exact cleavage site was unclear, but the
data did indicate that the cleavage was somewhere within the U5-IR stem. (C) Changes in digestion pattern when RDS RNA fragments were complexed with tRNAT™,

Changes are described in the legend to Fig. 3C.

sitivity for PBS sequences and decreases in V, sensitivity for
nucleotides in the US5-Leader stem. At the junction of the
US-IR stem, PBS, and U5-TWC interaction region, G80 dem-
onstrated significantly increased T, sensitivity. As seen with
both WT and I12Lss complexes, the data concerning the US-
TWC interaction region was contradictory; i.e., increases in
sensitivity to all three nucleases were seen. One of the most
interesting changes in digestion pattern occurred in the US-IR
stem, where there was an increase in V, sensitivity in the 3’
portion of the stem when RDS was complexed to tRNAT™,
This change appears to be specific for the RDS mutant.
Nuclease digestion of synthetic 3’->’P-labeled tRNA™™P,
tRNA™P was subjected to limited nuclease digestion with both
T, and V; as described in Materials and Methods. Figure 7
shows the cleavage products visualized after T, (Fig. 7A) and
V, (Fig. 7B) digestion. Note that only cleavages in the 3’
portion of tRNATP are shown in these figures, since they are
the most relevant to our discussion. All of the T, and V,
cleavage data is summarized in Fig. 8A. The predominant T,
cleavage of tRNAT™ was seen at G36, located in the anticodon

loop. A moderate T, cleavage was also seen at G56 in the TYC
loop. Weak T, cleavages were scattered throughout the re-
mainder of the tRNA™™ sequence.

The predominant V, cleavage was at C27 in the anticodon
stem (Fig. 8A); however, additional strong cleavages were seen
in the 3’ portion of the acceptor stem at nucleotides 66 to 72.
No significant V, cleavages were seen in either the D stem or
the TWC stem, and no significant V, cleavages were seen in
any of the loop structures.

Digestion of 3’-*?P-labeled tRNA™™ annealed to WT RNA.
As described in Materials and Methods, tRNAT™® was an-
nealed to WT viral RNAs and subjected to limited nuclease
digestion with RNase T, and V,. Figure 7A shows the T,
cleavage data, Fig. 7B shows the V, cleavage data, and Fig. 8B
summarizes the data from these two experiments. In addition,
Fig. 8C summarizes the changes in digestion pattern seen when
cleavages of tRNA™P alone are compared to cleavages of
tRNA'™ annealed to WT viral RNA.

In general, the cleavage pattern of tRNA™P alone was sim-
ilar to that of tRNA™'P annealed to WT viral RNA. The two
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FIG. 7. PAGE analysis of 3'->?P-labeled tRNAT™ subjected to limited nuclease digestion in the presence and absence of WT viral RNA. Bands (designated by
arrows) in the marker lanes are fragments resulting from digestion of tRNAT™ with 5 U of T, under denaturing conditions of 7 M urea and 60°C. Numbers to the left
of each arrow refer to which G residue in tRNA™T™ was cleaved by T, (G residues numbered from the 5 end, *?P label at the 3’ end). To the left of each figure are
brackets designating in which tRNAT™ secondary structure the cleavage occurs, and to the right of each figure are brackets designating in which viral RNA-tRNAT™
structure the cleavage occurs. At the top of each figure are brackets designating in which lanes various components were added to the reaction mixture. (A) Synthetic
tRNAT™ (1 pmol) with or without 3 pmol of synthetic WT RNA was digested with increasing amounts of RNase T;. Lanes: 1 and 8, T, concentration of 0.02 U/pl;
2 and 7, T, concentration of 0.007 U/ul; 3 and 6, T, concentration of 0.002 U/ul; 4 and 5, negative controls where the RNAs were incubated in the absence of T,. (B)
Synthetic tRNAT™ (1 pmol) with or without 3 pmol of synthetic WT RNA was digested with increasing amounts of RNase V. Lanes: 1 and 8, V, concentration of
1 X 107* U/ul; 2 and 7, V, concentration of 3 X 107> U/ul; 3 and 6, V, concentration of 1 X 107> U/ul; 4 and 5, negative controls where the RNAs were incubated
in the absence of V. The lane labeled OH— is an alkaline hydrolysis ladder of tRNAT™,

cleavage patterns differed primarily in the 3’ half of tRNA™™P,
where the tRNA is predicted to interact with the WT viral
RNA. There were decreases in T, sensitivity for G66 to G68
and G63 of tRNA™P, all of which are predicted to anneal to
the PBS. G56 also showed a decrease in T, sensitivity when
tRNAT was annealed to WT viral RNA, thereby supporting
our prediction that this TWC loop residue participates in the
US-TW¥C interaction. Additional evidence supporting the US5-
TWC interaction comes from the observation that G48 dem-
onstrated an increase in T, sensitivity, presumably because the
TYC stem was disrupted during primer annealing. An increase
in T, sensitivity was also seen for G41 in the anticodon stem.

For the most part, the V, cleavage data supports the
tRNATP—_viral-RNA interactions modeled in Fig. 8B. There
were increases in V, sensitivity for nucleotides 70 to 72, which
are predicted to form an internal portion of the tRNA-PBS
duplex, and there was an increase in V, sensitivity for U54, a
TWYC loop residue predicted to base pair with viral US se-
quences. In addition, there was an increase in V, sensitivity for
U47, which is predicted to lie at the terminus of the U5-TWVC
interaction. The only V, data that appears to contradict our
model was the decrease in V, sensitivity seen for G66 to G68
and G56, all of which are predicted to form base pairs in our
model. This apparent contradiction is explored in Discussion.

DISCUSSION

The present nuclease mapping studies not only provide the
first direct physical evidence for the existence of a series of
biologically relevant secondary structures in RSV RNA but
also provide insight into how these structures change as
tRNAT™? is annealed. In uncomplexed WT and mutant viral

RNAs, the predicted US-IR stem-loop is formed as a discrete
structure. This observation is supported by data showing the
presence of strong T, cleavages and the absence of V, cleav-
ages in U5-IR loop nucleotides and the absence of T, cleav-
ages and the presence of V, cleavages in the U5-IR stem.

It is important to note that V; does not cleave at every base
pair in the U5-IR stem. This is particularly noteworthy for the
extended RDS U5-IR stem and is consistent with other studies
showing that RNase V, cleaves selected base pairs (16, 24, 31)
in the center of a helix consisting of a minimum of four to six
contiguous stacked base pairs (4, 25). In addition, the structure
of the helix may change once the initial V, cut is made in the
helical backbone, significantly reducing the affinity of the en-
zyme for substrate (13). V, has also been shown to asymmetri-
cally cleave certain helices so that one side is preferentially
cleaved over the other (4, 16, 24). An alternative explanation
for the RDS stem cleavage pattern is that the extended RDS
US-IR stem may participate in a tertiary interaction which
sterically blocks the access of RNase V, to the stem. This
theoretical tertiary interaction may be relieved when RDS is
annealed to the tRNA™'P primer, since there is an increase in
V, cleavage of the U5-IR stem when the binary complex is
formed.

Both the RDS and I12Lss US5-IR stems can adopt alternative
conformations where the bulge (U79 in Fig. SA and 6A) be-
tween the US-IR stem and U5-PBS stem can occur at different
positions. These alternative conformations explain why RNase
A cleaves several residues predicted to lie within the RDS and
I12Lss U5-IR and US-PBS stems. For sequences outside the
US-IR stem-loop region, both the mutant RNA fragments and
the WT RNA fragments exhibit similar nuclease digestion pat-
terns. Since both RDS and I12Lss contain fairly large pertur-
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FIG. 8. Summary of nuclease digestion data for tRNAT™. Secondary-structure diagrams for tRNA™™ in the presence and absence of WT viral RNA fragments are
depicted. The structure in panel A was adapted from reference 28. The structures in panels B and C are derived from the structure in panel A and the limited nuclease
digestion data in Fig. 7. G residues (target of T, nuclease) of the tRNA are underlined. Nucleotide sequences are numbered every 10 bases from the 5’ end of tRNA™™.
Viral RNA sequences base paired to the tRNAT™ are shown in bold capital letters, while viral sequences not involved in base pairing interactions are represented as
lines. (A) Digestion of tRNAT™. A bold lowercase t indicates T cleavages, where t t t was the strongest cleavage site seen with 0.007 U of T, per pl, t t was a moderate
cleavage seen with 0.007 U/pl, and t was a moderate cleavage seen with 0.002 U/ul. A bold lowercase v indicates V, cleavages, where v v v indicates moderate cleavages

seen with 1 X 1073 U of V, per pl, v v indicates moderate cleavages seen with 3 X
of tRNAT™ annealed to WT RSV RNAs. Description of T, cleavages is in panel

10~* U/ul, and v indicates moderate cleavages with 1 X 10~* U/ul. (B) Digestion
A. Description of V, cleavages is in panel A, except that v v v v indicates strong

cleavages with 1 X 107> U/ul. (C) Changes in digestion pattern when tRNAT™ was annealed to WT RSV RNAs. Description of changes is as in the legend to Fig.

3C.

bations of the US5-IR stem-loop structure, it appears that mu-
tagenesis of the stem does not affect the global structure of the
viral RNA.

Nuclease-independent evidence for the existence of the
US-IR stem comes from the observation that there is band
compression in the PAGE analysis for RNA fragments from
this region when RDS RNA is partially alkaline hydrolyzed
(data not shown). Band compression indicates that several
RNA fragments are running abnormally in a denaturing poly-
acrylamide gel due to a highly stable incompletely denatured
structure. The absence of significant T, cleavages in the U5-IR
stem of RDS under denaturing conditions (Fig. 4B, Marker
lane) also confirms the existence of the highly stable, 14-bp
RDS stem.

The absence of T, cleavages and the presence of V, cleav-
ages in the U5-Leader stem of all three RNAs strongly suggest
that the stem exists in vitro. It is unclear why RNase A, a
single-strand-specific nuclease, also digests certain U residues
found within this stem. Additional evidence for the US-Leader
structure comes from partial T, digests of both WT and mutant
RNAs under denaturing conditions (Fig. 2 and 4, Marker
lanes). In these experiments, G residues involved in the stem
are not T, sensitive.

The region between the US-Leader stem and U5-PBS stem
is likely to be predominantly single stranded, since the majority

of the cleavages in this region are by single-strand-specific
nucleases. This is not completely unexpected, since the PBS
nucleotides are found in this region. If the PBS nucleotides
were locked into a rigid inflexible structure like a helix, it
would be difficult for them to break those contacts and rees-
tablish new contacts with the tRNA™'P primer. However, since
there are weak V, cleavages at several of the nucleotides pre-
dicted to form a 4-bp stem between the US-Leader stem and
the U5-PBS stem, this stem may be formed transiently in the
WT and mutant RNA fragments.

Confirmation of the accuracy of the nuclease digestion tech-
niques used in the viral RNA-mapping experiments comes
from application of these techniques to the uncomplexed
tRNA"™ molecule itself. Previous mapping studies of native
tRNA™ indicate that V, preferentially cleaves both the 5’ and
3’ portions of the anticodon stem and the 3’ terminus of the
tRNA, results similar to our data summarized in Fig. 8A (15).
However, neither our studies nor those of Garret et al. show
significant V, cleavages in any other region of the uncom-
plexed tRNA™ molecule (15). Overall, T, digestion of
tRNA™P confirms the cloverleaf structure portrayed in Fig.
8A, since significant T, cleavages are seen primarily in the
anticodon loop and the TWC loop. Because the synthetic
tRNAT™ used in these studies lacks the base modifications
seen in a native tRNA molecule, its structure may be less stable



VoL. 73, 1999

than the native structure, which could account for the minor T,
cleavages scattered throughout the stems. Similar structural
mapping experiments with native tRNAVY*' and in vitro-tran-
scribed tRNAV* demonstrated that the D stem of the unmod-
ified tRNA is more susceptible to cleavage with single-strand-
specific nucleases (10).

Binary-complex formation between WT or mutant RNAs
and tRNAT'P changes the nuclease digestion pattern of both
the viral RNA and the tRNA. In general, both the viral RNA-
mapping data and the tRNAT"P-mapping data are consistent
with the structural model depicted in Fig. 1. The most obvious
changes in the viral RNA digestion patterns are seen in the
PBS sequences, where there is a consistent decrease in RNase
T, and A sensitivity, as one would expect, when the unstruc-
tured PBS nucleotides are annealed to the 3’ 18 nucleotides of
tRNA™™P. Surprisingly, there is not a concomitant increase in
V, sensitivity for these nucleotides. In contrast, the tRNAT™-
mapping data indicates that several of the tRNA nucleotides,
predicted to anneal to the PBS, show either increased V,
sensitivity or decreased T, sensitivity after complex formation.
Although some tRNA™P nucleotides in this same region show
decreases in V, sensitivity, it is important to note that V, still
cleaves at these residues. This result suggests that the annealed
tRNA nucleotides are still involved in a helical structure but
that the structure is different from that seen in the uncom-
plexed tRNA.

As described in Materials and Methods, the viral RNA-
tRNA™™ complex mapped by the nuclease digestion assays is
formed when the primer is annealed by heat to the PBS.
Quantitative annealing of viral RNA to its tRNA primer has
been confirmed by nondenaturing PAGE analysis, where the
electrophoretic mobility of the viral RNA has been shown to
decrease after tRNAT™ annealing (data not shown). Other
researchers have suggested that both HIV-1 and RSV NC
(nucleocapsid) facilitate primer annealing of their respective
primers to the corresponding viral RNA both in vitro and in
vivo (6, 9, 21, 27). However, previous experiments in our lab-
oratory with avian NC and an in vitro reverse transcription
initiation assay suggest that NC only mildly stimulates reverse
transcription under the described conditions (2). Since the
limited nuclease digestion assays were performed under the
same buffer conditions used in the in vitro reverse transcription
assay, we did not use NC for primer annealing in these studies.

Other nuclease digestion pattern changes (outside the PBS)
are seen in both the U5-Leader and U5-IR stems of the viral
RNA after binary-complex formation. For all three RNA
types, increased RNase T, and A sensitivity and decreased V,
sensitivity indicate that the US-Leader stem is destabilized
after primer annealing. Destabilization of this duplex may be
necessary to facilitate primer access and binding to PBS se-
quences. Formation of the WT-tRNA™P complex causes an
increase in T, sensitivity for G84, suggesting that the U5-IR
stem is unwound when tRNAT'P is bound. A similar increase in
T, sensitivity for G84 in I12Lss and RDS was not seen. This
may be because the U5-IR stem is longer in both mutants and
therefore more stable and resistant to unwinding. One striking
observation seen in all three RNA-tRNA™P complexes is that
the RNA sequences predicted to lie at the US5-IR stem and
PBS-primer helix junction all show an increasingly single-
stranded structure compared to the uncomplexed viral RNAs.
Since this junction is the site of initiation of DNA synthesis at
the 3'OH of tRNAT™, this region may be unstructured to
facilitate RT access to the primer.

The remaining viral RNA and tRNA™"P nuclease digestion
pattern changes seen upon complex formation are found at the
site of the predicted US-TWC interaction. Increases in V,
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sensitivity for both viral RNA and tRNA™ nucleotides in-
volved in the interaction suggest that it does exist in vitro.
Decreases in T, sensitivity for selected tRNA™P nucleotides
support this observation. It is unclear why there are increases
in RNase T, and A sensitivity for several U5 nucleotides base
paired to TWC residues. One possible explanation is that the
interaction is unstable and that, in vivo, the interaction is
stabilized by modified bases in tRNAT™®. This theory is sup-
ported by previous in vivo mutagenesis data, which indicates
that the U5-TWC interaction is required for initiation of re-
verse transcription (1). The modified tRNA™P nucleotides in-
clude 1-methyladenosine (m'A) in place of the A residue link-
ing the tRNA sequences paired to the PBS and the tRNA
sequences involved in U5-TWC and pseudouridine residues in
place of the U residues base paired to A73 and G74 (27). The
importance of modified nucleotides in either allowing or pre-
venting additional interactions (outside the PBS) between the
tRNA primer and the retroviral RNA has recently been dem-
onstrated for HIV-1 (17-19) and M-MuLV (14), respectively.
The role of native tRNA™™P in the formation of the RSV
reverse transcription initiation complex is currently being in-
vestigated in vivo.

Mapping studies similar to those described above have pro-
vided structural data for two other retroviral RNA-tRNA com-
plexes, HIV-1-tRNA%** and M-MuLV-tRNAF™. For HIV-1,
Isel et al. demonstrated that binary-complex formation re-
sulted in significant rearrangements in both the viral RNA and
tRNA structures (17). In their model, tRNA%>* formed multi-
ple contacts (in addition to the standard PBS-tRNA duplex)
with the viral RNA, including a 4-bp interaction between the
anticodon loop of tRNAZL¥* and the A-rich (U5-IR) loop of
HIV-1. Although a U5-TWC interaction does not appear to
exist for HIV-1, subsequent analysis of this HIV-1 loop-loop
contact by many different groups suggests that it is analogous
to the US-TWC interaction of RSV, since both play a role in
initiation of reverse transcription (3, 18, 20, 22, 322.

The additional (non-loop-loop) HIV-1-tRNA3*® interac-
tions proposed by Isel et al. have not been tested in an in vivo
biological system, and so their relevance is unknown. In fact,
select modeling studies of the three-dimensional structure pro-
posed by Isel et al. suggest that these interactions result in a
structure so “topologically knotted” that it may not be able to
support the initiation of reverse transcription (12). However,
recent enzymatic footprinting studies of HIV-1 RT complexed
with HIV-1-tRNA;™* suggest that the RNA model may be
functional (19a). In contrast to the HIV-1 system, the structure
of the M-MuLV-tRNAF™ complex appears to be relatively
simple, since no additional interactions outside the PBS-tRNA
interaction appear to exist. Therefore, it seems that the RSV-
tRNA™ structure depicted above is more complex than that
proposed for M-MuLV and its tRNA primer but more simple
than that described for HIV-1 and tRNA.
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