
Vol. 31, No. 2JOURNAL OF VIROLOGY, Aug. 1979, p. 398 407
0022-538X/79/08-0398/10$02.00/0

RNA-Directed DNA Synthesis in Moloney Murine Leukemia
Virus: Interaction Between the Primer tRNA and the Genome

RNA
GORDON PETERSt AND JAMES E. DAHLBERG*

Department ofPhysiological Chemistry, University of Wisconsin, Madison, Wisconsin 53706

Received for publication 6 February 1979

Initiation of RNA-directed DNA synthesis in virions of Moloney murine
leukemia virus requires a cellular tRNAPr' as primer. The site(s) on the Moloney
murine leukemia virus genome RNA at which functional primer molecules are
bound and at which purified tRNAPrO hybridizes has been located near (within
20%) the 5' end of the genome. A relatively stable duplex (temperature at which
50% dissociation has occurred, 7600) is formed between the amino acid acceptor
stem of the tRNAI'° and a complementary sequence in the Moloney murine
leukemia virus 35S RNA. The interaction involves 19 base pairs, extending from
the penultimate nucleotide at the 3' end of the tRNAPrO but apparently not
including the 3'-terminal adenosine residue. In most respects, the interaction
between primer and template in Moloney murine leukemia virus parallels the
situation in the avian leukosis-sarcoma viruses.

Synthesis of DNA in vitro by the RNA-di-
rected DNA polymerase of RNA tumor viruses
is initiated by elongation of a primer (18, 34, 35).
When viral 70S RNA is used to direct DNA
synthesis, either in detergent-disrupted virions
or in reconstructed reactions with purified re-
verse transcriptase, one of the small RNAs as-
sociated with the genome in the 70S complex
serves as the major primer (3, 17). In the two
systems most rigorously studied, Rous sarcoma
virus (RSV) and Moloney murine leukemia virus
(M-MuLV), the primers have been identified as
normal cellular tRNA's (10, 16, 17, 27,29). These
are tRNATrp in RSV and tRNAPrO in M-MuLV
(19,36; F. Harada, G. Peters, and J. E. Dahlberg,
J. Biol. Chem., in press).
The interaction between primer tRNA and

template, the 35S genome RNA of the virus, is
crucial in directing the initiation of DNA syn-
thesis. We have examined the interaction be-
tween tRNAPW and M-MuLV genome RNA to
make a comparison with the analogous situation
in RSV. The primer binding site was localized
relative to the 3' end of the genome RNA by
determining the minimum size of polyadenyla-
ted viral RNA which can prime DNA synthesis
(native complex) or which can reanneal to puri-
fied tRNAP°'. Similar results were obtained with
the two approaches. In addition, the native and
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reconstructed complexes had the same Tm for
dissociation, i.e., temperature at which 50% dis-
sociation had occurred. Interaction of primer
and template resulted in the formation of a
duplex which was resistant to hydrolysis by
RNase under appropriate conditions. By isolat-
ing the duplex formed between radioactively
labeled tRNA'r° and unlabeled M-MuLV 35S
RNA, the nucleotide sequence responsible for
the interaction was analyzed.
Our results for the interaction between

tRNAI'° and the genome of M-MuLV are very
similar to those previously reported for the in-
teraction of tRNATrP and the RSV genome (6,
13,30,33).

MATERIALS AND METHODS
Virus growth and isolation. M-MuLV was prop-

agated in a cloned line of 3T3 producer cells, desig-
nated clone 1, according to published procedures (14,
15). Cells were routinely grown in Eagle medium sup-
plemented with 5% fetal calf serum, and virus was
harvested from the culture fluid at 24-h intervals. For
preparing [3H]RNA, [5-3H]uridine (New England Nu-
clear Corp.; 26 to 28 Ci/mmol) was added to the
medium at a final concentration of 0.04 mCi/ml. For
32P labeling, cells were grown in phosphate-free me-
dium supplemented with dialyzed serum and contain-
ing 0.5 to 1.0 mCi of 'PO43- per ml. Only one viral
harvest was taken from 32P-labeled cells 20 h after
addition of label so that the cells could be used to
isolate cytoplasmic RNA as described below. Virus
was isolated from the culture medium by high-speed
centrifugation and, when intended for use in DNA
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synthesis reactions, further purified by centrifugation
to equilibrium in sucrose gradients (28).

Isolation of cellular and viral RNA. RNA was
isolated from pelleted virus and fractionated into 70S
and 4 to 7S components as previously described (27,
28). The 70S RNA was dissociated by heating to 95°C
for 2 min, and the high-molecular-weight genome
RNA was separated from the 70S-associated small
RNAs by sedimentation through sucrose gradients
(27). Genome RNA prepared in this manner from 24-
h harvests of virus was heterogeneous in size, ranging
from about 10S up to full-length 35S subunits.
To prepare cell RNAs, the medium was removed

and the 32P-labeled cells were washed with buffer
containing 0.02 M Tris-hydrochloride (pH 7.8), 0.1 M
NaCl, and 1 mM EDTA; cells were then treated on

the culture plates with the same buffer containing 1%
Triton X-100 (1 ml/10-cm dish) for 15 min at room

temperature. The cell material was collected and cen-

trifuged at 750 x g for 10 min to remove nuclei and
debris. Nucleic acids were extracted from the cyto-
plasmic supernatant by standard procedures (30) and
fractionated by sedimentation through 18-ml gradients
of 5 to 20% sucrose in 0.02 M Tris-hydrochloride (pH
7.8)-0.1 M NaCl-1 mM EDTA-0.5% Sarkosyl. The
gradients were centrifuged at 100,000 x g for 20 h at
4°C in a Beckman SW27 rotor, and the major 28S,
18S, and 4S cytoplasmic RNA fractions were re-

covered by ethanol precipitation.
For the preparation of [32P]tRNAP)0, the cellular 4S

RNA was further fractionated by electrophoresis in
polyacrylamide gels. An initial purification was

achieved by using the two-dimensional gel system
described by Ikemura and Dahlberg (23). After auto-
radiography, the region of the gel containing tRNAPrW
was identified by comparison with the pattern of small
RNAs from M-MuLV virions (27). This segment was

cut out and placed at the origin of a 16% acrylamide
slab gel containing 7 M urea. Electrophoresis was
carried out for 16 h at 350 V and 15°C, using the Tris-
EDTA-borate buffer system described by Peacock and
Dingman (26). The labeled tRNA was eluted from the
gel and characterized as previously described (27, 28).
DNA synthesis reactions. Sucrose gradient-pu-

rified M-MuLV (2 to 3 mg) was concentrated by high-
speed centrifugation and suspended in a 1 ml of reac-

tion mixture containing 0.1 M Tris-hydrochloride (pH
8.4), 0.01 M magnesium acetate, 0.02 M 2-mercapto-
ethanol, 0.01% Nonidet P-40, 100 ,ig of actinomycin D
per ml, and 2.5 liM [a-32P]dATP (Amersham Corp.;
136 Ci/mmol). After incubation at 37°C for 1 h, viral
RNA was extracted by standard procedures (28). Un-
der these conditions, a single small RNA species,
namely, tRNAP', was labeled at its 3' end with
[32P]dAMP (27). Viral 70S RNA recovered after the
DNA synthesis reaction was heated to 650C for 2 min,
conditions which caused dissociation of the 35S RNA
subunits but did not displace the primer from the
genome RNA (27). The complex of primer and genome
RNA prepared in this way was regarded as the "na-
tive" form to distinguish it from the "reconstructed"
complex described below.
Annealing of primer to genome RNA. Mixtures

of purified M-MuLV 35S RNA (either unlabeled or 3H

labeled) and [32P]tRNAP' were precipitated in ethanol
and dissolved in 0.6 M NaCl-0.02 M Tris-hydrochlo-
ride (pH 7.5)-0.02 M EDTA to obtain a final concen-
tration of between 0.5 and 1.0 mg of 35S RNA per ml
and 10 to 20 ,ug of tRNAP°' per ml. If a single binding
site for tRNAPr' existed on the 35S RNA, then the
tRNA was present in a two- to threefold molar excess
in such mixtures. The solution was heated to 95°C for
2 min to disrupt inherent secondary structure in the
RNA, cooled to 70°C, and maintained at this temper-
ature for a further 20 min. The annealed primer-tem-
plate complex (reconstructed complex) was separated
from free tRNA'" by sucrose gradient sedimentation
(27).
Poly(U)-Sepharose chromatography. Samples

of 3H-labeled genome RNA carrying primer which was
either tagged with [32P]dAMP (native complex) or
uniformly labeled with 32P (reconstructed complex)
were separated into polyadenylic acid [poly(A)]-defi-
cient and poly(A)-containing fractions by chromatog-
raphy on polyuridylic acid [poly(U)]-Sepharose 4B
(Pharmacia Fine Chemicals, Inc.) essentially as de-
scribed by Eiden and Nichols (12). The RNA was first
heated to 65°C for 2 min to disrupt aggregates of the
genomic RNA subunits and diluted into 1 ml of 0.1 M
NaCl-0.01 M EDTA-0.01 M Tris-hydrochloride (pH
7.5)-0.2% sodium dodecyl sulfate for application to the
column. After thorough washing of the column with
the same buffer, the polyadenylated RNA, represent-
ing about 30% of the total RNA applied, was eluted
with distilled water. The poly(A)-deficient and
poly(A)-containing fractions of RNA were recovered
by ethanol precipitation.

Gel electrophoresis of primer-template com-
plexes. Samples of the RNA recovered after poly(U)-
Sepharose chromatography were analyzed by electro-
phoresis in slab gels of 2.25% acrylamide stabilized
with 0.5% agraose by the procedure of Peacock and
Dingman (26). To obtain size estimates for the various
genome RNA preparations, the following [32P]RNAs
were included as standards during electrophoresis: M-
MuLV virion 35S RNA, the 28S, 18S, and 5S rRNA's
from 3T3 mouse cells, and the 30S rRNA precursor
and mature 23S and 16S rRNA's from Escherichia
coli. The E. coli RNAs were generously provided by
E. Lund. The chain lengths of these marker RNAs
were assumed to be 10,000, 6,000, 5,500, 3,300, 2,500,
1,550, and 120 nucleotides, respectively, in order of
decreasing S value. In these gels, the electrophoretic
mobility of the RNA was inversely proportional to the
logarithm of its chain length (26).

After electrophoresis, the gels were fixed and
stained in 50% formamide containing 0.01% Stains All
(8). The 32P-labeled primer was located by autoradiog-
raphy. Partial drying of the gel was found to enhance
the resolution of the autoradiograph, but total dehy-
dration was avoided since it seriously reduced the
efficiency of 3H detection. The 3H-labeled genome
RNA was detected by scintillation counting of seg-
ments of the gel strips.
RNase digestion of primer-template complex.

To determine the extent of the interaction between
tRNAP" and the M-MuLV genome, the reconstructed
complex containing [32P]tRNAP' was digested with

VOL. 31, 1979



400 PETERS AND DAHLBERG

ribonucleases under conditions in which duplex re-
gions of RNA were resistant to hydrolysis. A variety
of enzyme combinations was used, but in all instances
the salt concentration was maintained at 0.3 M and
the temperature was maintained at 25°C. The diges-
tions were carried out in a final volume of 20 to 30 pl
and in the presence of 50,g of carrier RNA, using the
following: (i) 5 ,tg of pancreatic RNase (EC 3.1.4.22;
Worthington Biochemicals Corp.) in 0.01 M Tris-hy-
drochloride (pH 7.5)-0.01 M EDTA; (ii) 5 ,g of RNase
T, (EC 3.1.4.8; Calbiochem) in 0.01 M Tris-hydrochlo-
ride (pH 7.5)-0.01 M EDTA; or (iii) 5 U of RNase T2
(EC 3.1.4.23; Calbiochem) in 0.1 M sodium acetate
(pH 4.0)-0.01 M EDTA. T, and pancreatic RNase
digestions, whether separate or combined, were carried
out for 1 h, whereas hydrolysis by RNase T2 was
allowed to proceed for 20 h and always followed a prior
treatment with either T, or pancreatic RNase. The
resultant double-stranded fragments ofRNA were iso-
lated by electrophoresis in 20% acrylamide gels (23)
and analyzed by conventional RNA fingerprinting and
sequencing techniques (1, 2, 24).

RESULTS

Location of functional primer on the M-
MuLV genome RNA. Molecules which func-
tion as primers for DNA synthesis in M-MuLV
can be labeled at their 3' termini by supplying
detergent-disrupted virions with [a-32P]dATP
(27). The binding site of the functional primer(s)
was located relative to the 3' end of the genome
by determining the minimum size of polyade-
nylated viral RNA which carried [32P]dAMP-
tagged primer molecules (30, 33). Results of such
an experiment are shown in Fig. 1.

Figure la represents an autoradiograph ob-
tained after gel electrophoresis of poly(A)-defi-
cient and poly(A)-containing M-MuLV RNA on
which functional primers had been labeled with
[32P]dAMP. With poly(A)-deficient RNA, the
32P-tagged primer was distributed on all size
classes of the genome RNA from about 10S up
to full-length 35S molecules. In contrast, only a
very restricted size class of polyadenylated RNA
molecules carried the tagged primer. On the gel
system used, this class of RNA was indistin-
guishable from full-length 35S RNA. These re-
sults are consistent with the location of func-
tional primer very near the 5' end of the genome
RNA. Thermal denaturation of the complex of
tagged primer and genome RNA revealed that
a single 4S RNA species had been labeled in the
DNA synthesis reaction (Fig. la). Further anal-
ysis (data not shown) confirmed that this primer
was indistinguishable from tRNAPrO (27; Harada
et al., J. Biol. Chem., in press).

Since the results shown in Fig. la could also
be obtained if the polyadenylated fraction of the
genome RNA contained only full-length 35S
molecules, it was necessary to establish that
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FIG. 1. Location of functional primers on the M-
MuLV genome. Detergent-disrupted M-MuL V, uni-
formly labeled with [3H]uridine, was used to direct
DNA synthesis with [a-32P]dATP as the only deoxy-
nucleotide precursor. The viral RNA was isolated
under conditions which did not displace the primer
from the genome and was separated into poly(A)-
containing and poly(A)-deficient fractions. The two
fractions were analyzed by electrophoresis in 2.25%
acrylamide-0.5% agarose gels at 250 V for 3 h at 4°C
(26). Electrophoresis was from left to right, and the
arrows indicate the positions of the 35S, 28S, 18S,
and 5S RNA included as markers in the gel. (a)
Autoradiograph of the gel analysis of 3H-labeled
genome RNA carrying [32P]dAMP-taggedprimer. (b)
Segments (0.5-cm) from the gel track ofpolyadenyla-
ted RNA were excised, and the 3H and 32P radioac-
tivity in each was determined by scintillation count-
ing. (c) Distribution of 3H and 32P radioactivity in
poly(A)-deficient RNA.

both fractions of genome RNA were heteroge-
neous in size. This was accomplished by prela-
beling the viral RNA with [ 3H]uridine. Figures
lb and c show the distribution of ;H and 32P in
the corresponding gel tracks from (a). It is evi-
dent that the size distribution of the genome
RNA was essentially the same for the poly(A)-
deficient and poly(A)-containing fractions. Anal-
yses of this type also permitted a more accurate
estimation to be made for the minimum size of
polyadenylated RNA which carried functional
primer. Relative to the gel mobilities of 35S
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RNA (10,000 nucleotides), 28S RNA (5,500 nu-
cleotides), 18S RNA (3,500 nucleotides), and 5S
RNA (120 nucleotides), the minimum size was
computed to be about 7,500 nucleotides. This
locates functional primer molecules at least 7,500
nucleotides from the 3' end of the M-MuLV
genome.
Location of the binding site for tRNA'°

on M-MuLV genome RNA. The experiments
shown in Fig. 1 indicated that functional primer
molecules were situated near the 5' end of the
M-MuLV genome RNA. The possibility re-
mained open for several sites on the genome
RNA to which primer could bind but that only
the one (or those) near the 5' end could function
in the initiation of DNA synthesis. This possi-
bility was tested by reconstructing the complex
of [32P]tRNAPro and 3H-labeled M-MuLV 35S
RNA. The reconstructed complex was freed
from unbound tRNAP' by sucrose gradient sed-
imentation and separated into poly(A)-deficient
and poly(A)-containing fractions by chromatog-
raphy on poly(U)-Sepharose. Both fractions
were analyzed by electrophoresis in a low-per-
centage acrylamide gel followed by scintillation
counting of segments of the gel tracks (Fig. 2). It
is apparent that all size classes of poly(A)-defi-
cient RNA could bind to tRNAPro, whereas only
approximately full-length polyadenylated RNA
subunits were able to form a complex with the
tRNA. Relative to the E. coli 30S, 23S, and 16S
rRNA markers, the minimum size of polyade-
nylated RNA required to bind tRNAPrO was
again found to be about 7,500 nucleotides.
Thermal stability of the primer-genome

RNA complex. The stabilities of the primer-
genome complexes isolated from virions or made
in vitro were compared by measurement of the
Tm for dissociation of the primer. Samples of the
[32P]dAMP-tagged native complex and the re-
constructed complex were held at various tem-
peratures for 2 min, quickly cooled, and analyzed
by electrophoresis on 10% acrylamide gels (9).
As shown in Fig. 3a, undissociated complex re-
mained at the origin, while the primer released
by thermal denaturation of the complex mi-
grated to a characteristic position in the gel.
Quantitation of the complexed and free primer
by counting the Cerenkov radiation from appro-
priate segments of the gel yielded the data
shown in Fig. 3b. The Tm values for the native
and reconstructed complexes differed by less
than 0.5°C and were judged to be indistinguish-
able by this technique. At pH 7.5 in the buffer
used (10 mM NaCl-10 mM Tris-hydrochloride-
1 mM EDTA), the Tm was approxmately 76°C.

Analysis of the nucleotide sequence that
binds tRNAP'° to the M-MuLV genome. The
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FIG. 2. Location ofthe binding site for tRNAPro on

the M-MuLV genome. Purified tRNAPro, uniformly
labeled with 32p, was annealed to 3H-labeled genome
RNA, and the complexes were fractionated into
poly(A)-containing andpoly(A)-deficient components
beforepolyacrylamide gel electrophoresis. The distri-
bution of 3H and 32P radioactivity in the gel was

determined by counting 0.5-cm segments from each
gel tract. E. coli 30S, 23S, and 16S rRNA's were

included as size markers as indicated by the arrows.

(a) Poly(A)-containing genome RNA; (b) poly(A)-de-
ficient genome RNA.

tRNAPrO primer appeared to interact with the
M-MuLV genome RNA via a region of nucleo-
tide sequence complementarity sufficient to give
a relatively high Tm. To determine the extent of
this sequence, the duplex RNA formed between
primer and template was isolated by virtue of its
resistance to hydrolysis by RNases. The com-

plex reconstructed from purified [:32P]tRNAPro
and unlabeled M-MuLV genome RNA, either
with or without an intermediate purification step
to remove excess primer, was digested with a

combination of RNases at 25°C in 0.3 M NaCl.
The RNase-resistant products were analyzed by
electrophoresis in polyacrylamide gels. Figure 4
shows the results of such an experiment in which
pancreatic RNase was used to digest the com-

plex. In other experiments, combinations of T,
and pancreatic RNase, sometimes followed by

6: + poly A

40 2

100-,. 0..

30S 23S 16S
I 1 I

6 1. -pl

0,.

0~~~~~~~~~~~~~o

VOL. 31, 1979

1-1



402 PETERS AND DAHLBERG

a
COMPLEX

PRIMER

65 71 74 77 33 66

QC

b loor .
------

O.

80L "A'''

= 60'
--.,

I 40>

20k

60 65 70

°c

FIG. 3. Thermal stability of the primer-genome complex in M-MuL V. Native and reconstructed complexes
of 32P-labeled primer and unlabeled genome RNA from M-MuLV were prepared andpurified as described in
the text. Samples were held at various temperatures for 2 min, quickly cooled, and analyzed by electrophoresis
in 10% acrylamide gels at 400 V and 15°C for 3 h (9). The samples were loaded onto the gels in 1% agarose at
50 to 60°C so that the high-molecular-weight complex remained trapped at the origin while primer molecules
released by thermal denaturation migrated to a characteristic position in the gel. The 32P-labeled free or

complexed primers were detected by autoradiography (a). To quantitate the extent of dissociation of the
primer-genome complex, the appropriate segments of the gel were cut out and counted for Cerenkov radiation,
yielding the data shown in (b). The arrows depict the Tm value, i.e., the temperature at which 50% dissociation
has occurred for either the native complex tagged with [32P]dAMP (0) or the reconstructed complex of
[32P]tRNAP'' and M-MuLV viral RNA (0).

RNase T2, were found to give analogous results.
Occasionally, multiple (up to four) bands of
RNase-resistant material were detected, but fur-
ther analyses showed that these probably con-

tained a unique fragment of [32P]RNA from the
primer annealed to heterogeneous pieces of un-

labeled genome RNA. The RNase-resistant frag-
ment(s) was not detected in controls in which
genome RNA was omitted (track labeled as

"minus" in Fig. 4) or in which primer and tem-
plate were mixed but not annealed.
The fragments of duplex RNA recovered from

the gels were subjected to conventional nucleo-
tide sequence analysis by RNase fingerprinting
under conditions in which secondary structure
was destabilized (no salt, 37°C) (1, 2). Both the
T1 (Fig. 5a) and pancreatic (Fig. 5b) RNase
fingerprints of the protected fragment were less
complicated than those obtained from complete
tRNAPro (Fig. 5c and d). With T1 RNase (Fig.
5a), a number of oligonucleotides were observed
which did not have counterparts in the finger-
print of complete tRNAI'P (Fig. 5c). All of the
numbered oligonucleotides were eluted and fur-
ther analyzed by established procedures as sum-
marized in Table 1 (1, 2, 24).

Oligonucleotides 2, 3, and 5, including the
cyclic phosphate forms 3! and 5!, were obtained
in equimolar yields and were most likely derived
from the amino acid acceptor stem of the
tRNAP'O (Fig. 6). Further analysis of oligonucle-
otide 7 by digestion with pancreatic RNase,

RNase T2, or snake venom phosphodiesterase
showed that it was (Cp)n, consistent with its
being derived from the 3' terminus of tRNAPrO
(Fig. 6). This was confirmed by coelectropho-
resis of oligonucleotide 7 with the 3'-terminal T1
oligonucleotide from tRNAPrO from which the
terminal adenosine had been chemically re-

moved by periodate oxidation and fl-elimination
(22). In addition, partial alkaline hydrolysis and
paper electrophoresis revealed five products cor-

responding to (Cp)5 and its partial degradation
products.

Further analysis of oligonucleotides 8 and 9,
which did not have counterparts in the finger-
print of tRNAPFO, showed that they were closely
related and represented cyclic and noncycic
forms of the sequence A-m'A-A-U-C-C-C-Gp.
However, in experiments in which the digestion
of the primer-template complex included treat-
ment with RNase T2, oligonucleotide 8 was con-

taminated with m'A-A-U-C-C-C-Gp, i.e., oligo-
nucleotide 9 from which the 5' A- had been
removed. The level of this shortened product
never exceeded 25% of the total material in
oligonucleotides 8 and 9.

Oligonucleotide 10 was obtained in variable
yields. This product was the same as oligonucle-
otide 9 except for the presence of m6A instead of
m'A. Exposure ofthe RNA to the mildly alkaline
conditions of the gel electrophoresis buffer was
probably sufficient to cause a variable conver-
sion of m1A to m6A, accounting for the appear-

75 80 8
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ance of oligonucleotide 10.
Taken together, the results from the RNase

T1 fingerprints and oligonucleotide analysis im-
plied that a contiguous sequence of 19 bases,
extending from the penultimate nucleotide at
the 3' end of the tRNAP"°, was involved in the
interaction with the M-MuLV genome RNA
(Fig. 6). Parallel analysis by fingerprinting with
pancreatic RNase confirmed this conclusion but
provided no additional information (Table 1).
The reason for the incomplete digestion of oli-
gonucleotides 15 and 16 is unclear but may result
from incomplete destabilization of the duplex
RNA structure during digestion before finger-
printing.
The results obtained by Cordell et al. (6) for

the analogous interaction between tRNATIP and
RSV genome RNA are included for comparison
in Fig. 6.

DISCUSSION
Many similarities exist between the avian leu-

kosis-sarcoma virus and murine leukemia virus
groups at the level of initiation of RNA-directed
DNA synthesis. In both systems, one of the host
cell tRNA's associated with the genome RNA in
the 70S complex serves as the major primer for
reverse transcription in vitro (10, 27). The two
tRNA primers identified so far, although specific
for different amino acids, tryptophan and pro-
line, share an unusual nucleotide sequence fea-
ture in the pseudouridine loop (19; Harada et al.,
J. Biol. Chem., in press). The initial complemen-
tary DNA products are short, begin with the
same unique sequence of six deoxynucleotides,
and appear to be encoded by the 5'-terminal
region of the genome RNA (11, 20, 21, 32). We
have extended the comparison between the
avian and murine viruses by examining several
aspects of the interaction between tRNA"'P and
the genome RNA of M-MuLV.

Functional primer molecules are bound near
the 5' end of the M-MuLV genome RNA both
in the virion and after in vitro binding of purified
tRNAPrO to the M-MuLV genome RNA. It seems
likely that both the native and reconstructed
complexes use the same primer binding site. The
two types of complex are indistinguishable in
terms of the location of the primer on the ge-
nomic RNA as measured from the 3' end, al-
though such measurements are inherently inac-
curate since they involve resolution of very large
RNA chains which may differ by only a few
hundred nucleotides out of a total of 10,000. The
Tm for the dissociation of both complexes is the
same, namely, 76°C in low-ionic-strength buffer.
In these respects, the interaction between
tRNAPrO and M-MuLV viral RNA is entirely

_MINN. _'4
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FIG. 4. Isolation of RNase-resistant duplex
formed (arrow) between tRNAPm and M-MuLV ge-
nome RNA. The complex of [32P]tRNAPrO annealed
to M-MuLVgenome RNA wasprepared as described
in the text. This complex, corresponding to a total of
about 50 pg of RNA plus an additional 50 pg of
carrier RNA, was digested with 5 ,g of pancreatic
RNase, in a total volume of 30 Ml of 0.3M NaCI-0.01
M Tris-hydrochloride (pH 7.5)-0.01 M EDTA for 1 h
at 25°C. The products were analyzed directly by
electrophoresis in a 20% acrylamide gel at 400 V and
15°C for 5 h (23) and detected by autoradiography.
The "+" channel refers to the annealed tRNAPrO-35S
RNA complex, and the "-" channel depicts a control
in which the genome RNA was omitted.

analogous to the equivalent situation with
tRNATrP and RSV RNA (30, 31, 33).

Since the reconstructed complex of [32P]-
tRNAPrO and M-MuLV 35S RNA has properties
similar to the native complex, we used the re-
constructed form to identify the nucleotide se-
quence by which the primer bound to the ge-
nome RNA. A contiguous sequence of 19 nucleo-
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FIG. 5. Fingerprint analysis of the nucleotide sequence which binds tRNA"'" to M-MuLVgenome RNA.
The RNase-resistant duplex formed between tRNAPr" and M-MuLVgenome RNA was isolated as shown in
Fig. 4, except that an additional digestion with RNase T2 was included (see text). The protected fragment was
eluted from the gel and analyzed by T, and pancreatic RNase fingerprinting (1, 2). Only oligonucleotides
derived from the [32P]tRNAPr" were detected by autoradiography. (a) RNase T1 fingerprint of protected
sequence. (b) Pancreatic RNase fingerprint of protected sequence. (c) RNase T, fingerprint of complete
tRNAP'". (d) Pancreatic RNase fingerprint of tRNA"'". 3! and 5! refer to 2,3-cyclic phosphate forms of
oligonucleotides 3 and 5.

tides extending from the penultimate base at the
3' end of the tRNApr° was protected against
nuclease digestion as a result of interaction with
the M-MuLV genome RNA. This is compared
in Fig. 6 with the sequence of 16 nucleotides by
which tRNATP binds to RSV viral RNA (6, 13).
Although there are no obvious common features
in the two sequences, they both have a high

guanine-plus-cytosine content of 70%.
The sequence in tRNAPrO which interacts with

the M-MuLV genome is depicted in Fig. 6 with
ambiguity at the 5' end since the A-m'A bond
was shown to be partially sensitive to cleavage
by RNase T2 (Table 1). However, cleavage be-
tween these two nucleotides never exceeded 25%
although this bond is normally totally sensitive

a

J. VIROL.
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TABLE 1. Nucleotide analysis of sequences in
tRNA P° which bind to M-MuLVgenome RNA a

Oligo- Analyses per-
nucleo- Deduced sequence fored
tide

2 Gp a,c
3 A-Gp a, c
5 A-C-Gp a, c
7 C-C-C-C-Cp a, c, d, e
8 A-m'A-A-U-C-C-C-Gp a, b, c

+ m'A-A-U-C-C-C-
Gp

9 A-m'A-A-U-C-C-C-Gp a, b, c
10 A-m6A-A-U-C-C-C-Gp a, b, c
11 Cp c
12 A-m'A-A-Up c
13 A-m6A-A-Up c
14 G-G-A-Cp + G-A-G-Cp c
15 G-A-G-C-Cp c
16 Undigested c

a The oligonucleotides derived from fingerprinting
the duplex formed between tRNAPrO and M-MuLV
RNA, numbered as in Fig. 5, were eluted and charac-
terized by established RNA sequencing techniques (1,
2, 24). In some cases, the complete sequence was not
unambiguously deduced but was inferred from com-
parison of the partial analyses with the known se-
quence of tRNAP' (Fig. 6; Harada et al., J. Biol.
Chem., in press). Analyses performed were as follows:
(a) redigestion with pancreatic RNase and electropho-
resis on DEAE-cellulose paper at pH 3.5; (b) rediges-
tion with RNase U2 and electrophoresis on DEAE-
cellulose paper at pH 3.5; (c) redigestion with RNase

Aoz
C
C

,GC~G.CPG.C
C-G
U.wA
C.G

.2G.C

GGA~~ uU." UA,.%GA
GGC

, AS
G C U G ICCGG

G GAUG U AiDDA C.G G-'G
U.A
C*G
G-C
jC-GWJU_ w

U lG
N"I G

tRNAP,-

to hydrolysis by RNase T2. Thus, it is likely that
the the 5'-A residue is indeed base paired to the
35S RNA.
The 3'-terminal A residue of tRNAPrO was not

protected against nuclease digestion even
though the template RNA contained a comple-
mentary -U-G- sequence (4). A similar situation
has been reported for the interaction between
tRNATTrp and RSV RNA (5, 6, 13). The reason
for this lack of protection is unclear: it may
result from unusual structures at the DNA syn-
thesis initiation sites.
tRNAPFO and tRNATrP are the only tRNA's,

for which nucleotide sequence information is
available, that contain the unusual sequence
-G-+-p-C- in the pseudouridine loop (19; Harada
et al., J. Biol. Chem., in press). The significance
of this feature remains uncertain since it does
not appear to be involved in the interaction
between the tRNA primer and the genome RNA
as assayed in these experiments. It may, how-
ever, be responsible for recognition of the primer
by the viral DNA polymerase (22, 25) or for
binding of the polymerase to the primer-tem-
plate complex (7). It remains to be seen whether

T2 and two-dimensional thin-layer chromatography;
(d) complete digestion with snake venom phosphodi-
esterase and two-dimensional thin-layer chromatog-
raphy; (e) partial hydrolysis with alkali and electro-
phoresis on DEAE-cellulose paper at pH 3.5.

Acm
C1
C
A

,GC
A-U
C-G
C-G
U.G
C-G

G-C

U UG
CAA .IG A
G. 9Y9 u
G AGCGC.6IG A C
D Y.AVGG

C-G
U-A
G-c

C A
U .iG

tRNAW,'P

FIG. 6. Nucleotide sequences from tRNAPrO and tRNATrP responsible for binding to M-MuLV and RSV
genome RNA, respectively. The complete sequences of tRNAP'r and tRNATrP are presented in the cloverleaf
form (19; Harada et al., J. Biol. Chem., in press). The solid line on each structure depicts the nucleotides
involved in the interaction with the respective genome RNAs. The information for the binding of tRNATrP to
RSVgenome RNA is from Cordell et al. (6) and our unpublished data.
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this and the many other parallels that can be
drawn between M-MuLV and RSV can be ex-

tended to include other members of the retro-
virus group.
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