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ABSTRACT The structural relationship of the small
(a) and large (3) subunits of reverse transcriptase isolated
from two avian RNA tumor viruses has been examined by
tryptic peptide analysis. Comparison of the tryptic hy-
drolysates of the isolated subunits by two-dimensional
separation on thin-layer cellulose plates indicates that (i)
the a subunit of reverse transcriptase of avian myelo-
blastosis virus is structurally related to they8 subunit; (ii)
the a and /3 subunits of the enzyme of Rous sarcoma virus
also appear to be related; and (iii) there appears to be an
extensive amino-acid sequence homology between reverse
transcriptases of avian myeloblastosis virus and Rous
sarcoma virus. Evidence is also presented that both a and
/3 subunits can be identified in purified avian myeloblastosis
virions.

RNA tumor viruses contain a DNA polymerase that can

utilize both ribopolymers and deoxyribopolymers as tem-
plates to synthesize complementary deoxyribopolymers (1-4).
Because of its ability to transcribe polyribonucleotides into
complementary polydeoxyribonucleotides, this enzyme has
been referred to as reverse transcriptase. During the life cycle
of the RNA tumor viruses, this enzyme is required to syn-

thesize DNA complementary to viral RNA (5, 6).
Reverse traniscriltase isolated from avian myeloblastosis

virus (A.MV) and Rous sarcoma virus (RSV) has been ex-

tensively characterized (7-12). Purified enzyme prepara-

tions from these sources exhibit at least three characteristic
enzymatic activities: RNA-directed DNA synthesis, DNA-
directed DNA synthesis, and ribonuclease H (which selec-
tively degrades the RNA moiety of DNA - RNA hybrids)
(5, 6). The enzymes of both AMV and RSV are composed
of one small subunit (a) and one large subunit (I) with
apparent molecular weights of 60,000 and 100,000, respec-

tively (7, 10-12). A molecular species containing only a

subunit has been isolated and shown to possess all three
of the enzymatic activities exhibited by the native enzyme,

a/3 (11). Furthermore, it has been shown that these activi-
ties of the a subunit isolated from a temperature-sensi-
tive mutant of RSV (tUL-1337 PR-C) are 5- to 7-fold more

thermolabile than those of the a subunit isolated from the
wild-type parentt. Thus, it appears that at least the lower-
molecular-weight subunit is coded for by the viral genome

(12, t). Although there is evidence that the y subunit serves

Abbreviations: A-MV, avian mveloblastosis virus; RSV, Rous
sarcoma virus.
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to increase the affinity of the native enzyme for template
primer (13, 14), neither the source of the genetic information
for the large-molecular-weight subunit nor its function is
known.
We report here tryl)tic peptide comparisons of the a and /3

subunits of reverse transcriptases of AMV and RSV. The
following experimental approach was used: Purified reverse
transcril)tase was radiolabeled in vitro with 125J. The two radio-
labeled subunits were then separated electrophoretically in
polyacrylamide gels and processed for tryptic peptide analy-
ses. Results of these analyses indicate that (i) the a and /3
subunits from AMV are structurally related, (ii) the a and
j3 subunits from RSV also appear to be related to each other,
and (iii) there may be an extensive amino-acid sequence
homology between reverse transcriptases of AMV and RSV.
Evidence is also presented that both the a and B subunits are
present in purified avian myeloblastosis virions.

MATERIALS AND METHODS

Materials. Avian myeloblastosis virus (BAJ, strain A)
(15) and Rous sarcoma virus (Prague strain, subgroup C) were
provided by the Office of Program Resources and Logistics
of the Virus Cancer Program of the National Cancer Institute.
Other materials were carrier-free [1251Isodium iodide (NEZ-
033H, 400-600 mCi/ml) from New England Nuclear Corp.,
Boston, Mass.; Nonidet P-40. a gift from Shell Oil Co., New
York, N.Y.; N,N'-diallyltartardiamide from Aldrich Chem.
Corp., San Leandro, Calif.; L-(1-tosylamido-2-phenyl) ethyl
chloromethyl ketone (TPCK)-treated trypsin (lot 3BA, 219
units/mg) from Worthington Biochemical Corp., Freehold,
N.J.; 20 X 20-cm thin-layer cellulose plates (0.01-mm layer
thickness, no. 5757/0001) from E. M. Laboratories, Elmsford,
N.Y.; and chloramine-T from J. T. Baker Chem. Co., Phillips-
burg, N.J.

Purfication of Reverse Transcriptase froms A MVIT' and RSV.
Purified virions of AMV and RSV were lysed with nonionic
detergent (Nonidet P-40). The viral DNA polymerase was
then purified from the lysate by sequential column chromatog-
raphy on DEAE-Sephadex and phosphocellulose, as de-
scribed (10). A minor peak of activity was eluted from the
phosphocellulose column at a salt concentration of 0.1 M,
followed by a major peak of enzymatic activity eluting at a
salt concentration of 0.25 AI KCl (10). Only material from the
major peak of enzymatic activity was used in the experi-
ments described below.

In Vitro Radiolabeling of Reverse Transcriptase. Purified re-
verse transcriptase, isolated from either A'JV or RSV, was
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FIG. 1. Polyacrylamide gel analysis of reverse transcriptase
of AMV. Photographs are shown here of the Coomassie brilliant
blue-stained reverse transcriptase subunits of AMV before (A)
and after (B) iodination, and an autoradiogram of the gel con-

taining "25I-labeled subunits (C). The ratio of the densitometric
absorbance (measured with an EC 910 scanning densitometer,
E. C. Apparatus Corp., St. Petersburg, Fla.) of the a and,/
subunits is presented at the end of each panel. The direction of
the protein's electrophoretic migration was from the left to the
right in these figures.

precipitated from solution with trichloroacetic acid and ex-

tracted with acetone as described (16). The dried protein was

then resuspended in 30 ,1l of 0.05 M Tris buffer (pH 7.5), con-

taining 2% sodium dodecyl sulfate and 4 M urea, and io-
dinated by the addition of 4 1l (about 2 mCi) of [1251 ]sodium
iodide and 5 Ml of chloramine-T (5 mg/ml in H120). After 15
minl at 230, the reaction was stopped by the addition of 100
Mul of 0.05 Ml Tris buffer (pH 7.0), 2% sodium dodecyl sulfate,
20mM dithiothreitol, or 5% 2-mercaptoethanol, 20% glycerol,
and 0.005% bromophenol blue (solubilization buffer). The
radiolabeled sample was then subjected to electrophoresis in
a preparative polyacrylamide gel.

Polyacrylawiide Gel Electrophoresis Techniques. Samples in
solubilization buffer (described above) were subjected to
electrophoresis in polyacrylamide slab gels using a discon-
tinuous buffer system (x1, 18) containing sodium dodecyl
sulfate (19). Preparative gels were cross-linked with NN'-
diallyltartardiamide (20, 21); analytical gels were cross-

linked with methylene-bisacrylamide. After electrophoresis,
the protein bands were located in the gel by staining with
Coomassie brilliant blue (22) and/or by autoradiography
(23). Details of these procedures have been described (21, 24).

Peptide Analysis. The procedures used for peptide analysis
have been described in detail elsewhere (24). Briefly, radio-
labeled proteins were removed from the preparative gel,
oxidized with performic acid, and digested with TPCK-
treated trypsin. Tryptic hydrolysates were then subjected to
two-dimensionial separations on thin-layer cellulose plates,
and the distribution of the 125I-labeled peptides (primarily
those peptides containing tyrosine residues) determined
by autoradiography.

RESULTS

In Vitro Radiolabeling of Reverse Transcriptase of Ai1IV.
About 100 /g of purified reverse transcriptase of AMV was

radiolabeled with 1251, solubilized, and subjected to electro-

plioresis in a 14% preparative p)olyacrylamide gel, as de-
scribed above. For l)url)oses of comparison, a noniodinated
lortion (10-20 Mg) of the same enzyme prel)aration was sub-
jected to electrophoresis adjacent to the radiolabeled enzyme.
As shown in Fig. 1, the iodinationl procedure had no ap-

parent effect on the electrophoretic mobility of either sub-
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FIG. 2. Autoradiograms prepared from two-dimensional
separations of tryptic hydrolysates of the a and /3 subunits of
reverse transcriptase of AMV. These photographs show the
autoradiograms of the a subunit (A), theyl subunit (B), and a
mixture of the two (C). Electrophoretic and chromatographic
separations were from the left to the right, and from the bottom
to the top, respectively. The origin of sample application appears
as a spot in the lower left-hand corner of these photographs.

unit (compare panels A and B). It did, however, render even
the native enzyme functionally inactive. This inactivation
was not a consequence of iodination itself, but of the proce-
dure used, since we have recently found that reverse tran-
scriptase iodinated by use of lactoperoxidase (25) retains its
enzymatic activity (data not shown). Estimates based on
densitometric measurements indicate that (i) the relative
amounts of a and /3 were also unchanged by the iodination
lrocedure (compare ratios at bottom of panels A and 1B), and
(ii) greater than 95% of the total radioactivity in the gel was
contained in the two subunit bands in a ratio of 1.4, /3 to a
(panel C). The apparent molecular weights of the a and/
subunits in this polyacrylamide gel system were 62,000 and
95,000, respectively. Small amounts of a third protein (molec-
ular weight 84,000), detected both by staining and auto-
radiography, were present between ca and /3. This minor band
is a contaminant of the enzyme preparation, since it is pres-
ent in variable amounts from preparation to preparation,
and can be removed almost completely by sedimenting the
enzyme through a glycerol gradient or by chromatography on
an oligo(dT)-cellulose column (data not shown).

Comparison of the a and /3 Subunits of Reverse Transcriptase,
Isolated from A4MV and RSV, by Peptide Analysis. After
iodination and separation by electrophoresis, the a and /3
subunit bands of the reverse transcriptases of AMV and RSV
were sectioned from the gel and processed for tryptic peptide
analysis. The respective hydrolysates were compared by two-
dimensional separation on thin-layer cellulose plates, as de-
scribed in Materials and Methods. Photographs of the re-
sulting autoradiograms are presented in Figs. 2 and 3.

These data can be summarized as follows. (i) The general
distribution of radioactive spots was strikingly similar in all
preparations (compare Figs. 2 and 3). (ii) With the possible
exception of several 1251-labeled peptides in the region of
spots n and o, all of the '251-labeled peptides of the small sub-
unit of AMV are also present in the large subunit (Figs. 2 and
3). It is not yet clear whether the apparent differences in the
region of spots n and o, observed between the large and small
subunits and between AMV and RSV preparations (see Figs.
2 and 3), are reproducible, since some variability has been
noted in this region from preparation to preparation. (iii) Al-
though some quantitative variation was observed between the
two AMV preparations shown here, there were no detectable
qualitative differences (compare panels A and B, Figs. 2 and
3). (iv) There were few differences observed between the re-
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FIG. 3. Autoradiograms prepared from two-dimensional
separations of tryptic hydrolysates of reverse transcriptase sub-
units of ANIV and RSV. The photographs shown here are of the
251I-labeled peptide distributions of AMV a (A), AMVY (B), a

mixture of AMV a and ANIV , (C), 1tSV a (I)), RSV , (E), a

mixture of RSV a and RSVY (F), a mixture of AMV a and
RSV a (G), a mixture of AMV ,8 and RSV # (H), and a diagram
indicating the positions of the spots identified in Fig. 2. Three
undesignated spots are also shown in the diagram. One of these,
below and to the left of spot h, is present in the AMV and RSV
preparations shown in this figure, but was not detected in the
AMV preparation shown in Fig. 2. The second, below and to the
left of spot o, was detected only in the RSV preparations. The
third, above and to the left of spot a, was detected in AMV but
not in RSV preparations. Some spot "doubling" occurred in the
mixture shown in panel F. The reason for this is not known, but
the similarities between the a and subunits of RSV (panels D
and E, respectively) are supported by the mixtures shown in
panels G and H. Electrophoretic and chromatographic separ-

ations were from left to right, and from bottom to top, respectively.
The origin of sample application appears as a spot in the lower
left-hand corner of the photographs.

verse transcriptase preparations of AMV and RSV. As men-

tioned above, there are apparent differences in the region of
spots n and o and all AMV preparations examined contain a

series of spots to the left and above the spots a and b, which
are not observed in RSV preparations (Figs. 2 and 3).

Detection of Reverse Transcriptase in Purified Virions. To
determine whether the a and , subunits are both present in
the virions, a preparation of purified AMV was solubilized
and subjected to electrophoresis in an analytical polyacryl-
amide slab gel. As shown in Fig. 4, panel A, five major and
several minor protein bands were detected in the virion prep-
aration. Two of the minor bands had electrophoretic mo-

bilities indistinguishable from those of the a and # subunits of
purified reverse transcriptase of AMV (compare panels A and
13). Densitometric quantitation of the relative amounts of
these two virion proteins showed them to be present in a ratio
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FIG. 4. Comparison of the electrophoretic mobilities of avian
myeloblastosis virion proteins with those of the a and ft subunits
of purified reverse transcriptase of AMV. About 50 1Ag of virion
protein and 10 Asg of reverse transcriptase were solubilized and
subjected to electrophoresis side-by-side in sodium dodecyl
sulfate-containing polyacrylamide slab gel. The photograph
shows avian myeloblastosis virion proteins (A) and reverse
transcriptase subunits of AMV (B) stained with Coomassie
brilliant blue.

of approximately 2:1 (i to a), and together, account for ap-
proximately 2% of the total protein mass of the AMV prep-
aration. Although similar observations have been reported
by Stromberg et al. (26), it remains to be established by other
criteria that these virion proteins are in fact the two subunits
of reverse transcriptase.

DISCUSSION

The purpose of the experiments reported here was to inves-
tigate the structural relatedness of the two subunits of avian
RNA tumor virus reverse transcriptase. This was done by
comparing tryptic hydrolysates of each subunit, radiolabeled
in vitro with 125J, by two-dimensional separation on thin
layer cellulose plates. Two observations emerged from these
experiments. First, the large subunit of reverse transcriptase
isolated from either A.MV or RSV contains most of the 1251_
radiolabeled Peptide present in the small subunit (Figs. 2 and
3). Second, the two-dimensional tryptic peptide distribu-
tions of the reverse transcriptase subunits of AMV and RSV
resemble each other closely (Fig. 3).
The observed similarities between the large subunit and

small subunit 1251-labeled peptide distributions suggest a close
structural relationship between these two proteins. One
interpretation of these peptide similarities is that the small
subunit of reverse transcripta.e is derived from the large sub-
unit by proteolytic cleavage. The observation that the small
subunit may contain two '251-labeled peptides (e.g., spots n
and o) that are absent from the large subunit (Fig. 2) is not
incompatible with this* interpretation, since cleavage at the
NH-2-terminal or COGH-terminal or both ends could generate
one or two new peptides. If the small subunit is derived from
the large subunit and the native enzyme is the a# complex
(13, 14), then reverse transcriptase from avian RNA tumor
viruses may be an example of an enzyme that requires close
association between the product and precursor for maximal
enzymatic activity.
A number of questions concerning the synthesis and puta-

tive processing of avian reverse transcriptase arise from the
suggestion that the small subunit may be derived from the
large subunit. For example, (i) At what point during the life
cycle of the virus is the small subunit produced? (ii) What is
the function of each of the subunits? (iii) Is there a mech-
anism that regulates the amount of large subunit converted to
small subunit? We propose the following possible chain of
events leading to the synthesis of enzymatically active re-
verse transcriptase. (i) The large subunit is the molecular
species of reverse transcril)tase synthesized in infected cells
and packaged into the virions. (ii) After or during maturation
of the virions some of the large subunit molecules are cleaved
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to produce small subunits. (iii) Conformational changes that
render the small subunit-large subunit complex more re-
sistant to proteolysis may be involved in limiting the amount
of large subunit converted to small subunit, to an equimolar
ratio.
The close structural relatedness of a and fi subunits can

also be explained on the basis that the two proteins are in-
dependently coded for by the same gene (e.g., more than one
initiation and/or termination site within the same gene), or
that each subunit is coded for by separate but related genes.
Although neither of these possibilities can be ruled out by the
data presented here, the last one at least seems unlikely, since
together, these proteins would require nearly 50% of the po-
tential coding capacity of the avian RNA tumor virus ge-
nome (27, 28).

Finally, the observed similarities of reverse transcriptases
of 1251-labeled peptide distributions of AMV and RSV (Fig. 3)
suggest that these enzymes may share extensive amino-acid
sequence homology. This is consistent with the observation
that antisera to reverse transcriptase of AMV inhibit the en-
zymatic activity of reverse transcriptase of RSV (29). Al-
though the technique used in the experiments reported here
allows detection of only those peptides containing tyrosine
residues (30), it can be used to make a limited comparative
study of reverse transcriptase from other sources to deter-
mine whether some portions of its amino-acid sequence may
have been conserved during the evolution of the RNA tumor
viruses.
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