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ABSTRACT

Activity of RNA-dependent DNA polymerase (RDDP) from avian myeloblastosis
virus (AMV), either in purified form or in virus lysates, was increased by
phosphorylation. Stability of RDDP in lysates buffered with phosphate was
much greater (no loss of activity in 48 hours at 4°) than that in lysates
buffered with Tris-Cl (76% loss). Activity lost in the Tris-buffered extracts
was completely restored by phosphorylation. The findings suggested that AMV
RDDP activity is influenced by the degree of phosphorylation of the enzyme or
enzyme-associated proteins and that this chemical modification is mediated by
protein phosphokinase and phosphoprotein phosphatase present in crude extracts
of purified AMV. Application of these results provided the basis of pro-
cedures whereby RDDP can be recovered in significantly higher yield and purity
than formerly.
INTRODUCTION

Enzyme modification is important in the regulation of many metabolic pro-
cesses. One of the most widely studied modifications is protein phosphoryla-
tion-dephosphorylation (1). The enzymatic machinery that can carry out this
protein modification in AMV and other oncornaviruses has been identified (2-4)
and recent observations in vitro (5) indicate that RDDP from Rous sarcome
virus (RSV) may be one of these modified proteins. The possibility exists
that phosphorylation and dephosphorylation occurs with RDDP of other and per-
haps all oncornaviruses and thus may constitute a regulatory mechanism of con-
siderable biological significance. Effects of phosphorylation and dephospho-
rylation on RDDP in oncornaviruses was not alluded to in the many published

reports on purification and characterization of this enzyme (6-13). This

reversible chemical modification may be partly responsible for variations ob-

served on the stability, specific activity, and purity of the enzyme (6-13).
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The possibility that RDDP may also be subject to irreversible chemical modifi-
cation will be discussed elsewhere.

The present communication provides evidence that AMV RDDP activity in
both crude and purified form is influenced by phosphorylation and dephospho-
rylation in vitro. On this basis, appropriate changes in the methods used for
isolation of RDDP, have resulted regularly in a 6-10 fold increase in yield
and purity, and in the identification of a small, non-dialyzable acidic phos-
phoprotein. The properties of this protein and its implications on the RDDP-
catalysed DNA synthesis will be reported elsewhere (C.M.T., submitted to
Nature). Results on the purification of a protein kinase, detection of a
phosphoprotein phosphatase and phosphoproteins in purified AMV will appear
elsewhere (C.M.T., G.E.H. and J.W.B. submitted to J. Virol).

MATERTALS AND METHODS

Purification of AMV and RDDP. Plasma from blood drawn into heparin from

the heart of chicks with myeloblastosis was spun twice at 3,000 X g for 10
minutes, and virus was sedimented at 59,000 X g for 40 minutes. Pellets re-
suspended by stirring with a teflon pestle and homogenization by 8-10 strokes
in a loose-fitting tissue grinder were centrifuged at 3,000 X g for 10
minutes. The resulting pellet was resuspended and spun at 3,000 X g for 10
minutes, the suspension was pooled with the first low speed supernate, and
the virus was sedimented again at 59,000 X g for 40 minutes. This cycle of
low and high speed spinning was repeated twice more. The final pellet was
suspended in either 10 mM Tris-Cl (pH 8.3) (TNE) or 10 mM potassium phosphate
(pH 7.2) (PNE) in 0.15 M NaCl, 1 mM EDTA, and virus concentration was adjusted
to 0.02-0.05 gm per ml wet weight determined by ATPase activity (14%) . Virus
was lysed at 4° with Triton X-100, in KCl, and DOC and chromatographed on DEAE
(DE-52, 4.2 X 8 cm) and phosphocellulose (P-11, 2.6 X 10 cm) as described (7).
Active fractions from an additional chromatographic step on phosphocellulose

(1.6 X 15 cm) were concentrated by dialysis vs. 50% glycerol containing 0.2 M
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potassium phosphate (pH T7.2), 0.2% Triton X-100, and 2 mM dithiothreitol (DTT)
and then passed through a 2.6 X 90-cm column of Sephadex G-200 equilibrated
with the same buffer solution but with 10% glycerol. The product was re-
concentrated as described above. One unit of RDDP activity is expressed as
that incorporating 1 nanomole of dTMP into an acid-insoluble product in 10
minutes at 37°. The reaction medium was 50 mM Tris-Cl (pH 8.3), 0.5 mM [3H]-
TTP, 6 mM MgCly, 0.2 mM poly(A)n.dTlg_lg (10:1), 40 mM KC1 and 100 re BSA per
ml.

Phosphorylation. The addition of phosphate to protein(s) in crude
lysates (66.6 Pg) or in purified RDDP (2.3 Fg) was detected as acid precipi-
table [32P]- formed during incubation at 37° under the following reaction con-
ditions: 25 mM Tris-Cl (pH 8.3); 20 mM MgCl,; 10 mM DTE; 0.02% Triton X-100;
38 M [32P]-ATP (7,675) c/m/pmole); purified AMV as phosphoprotein kinase
(75 pe virus protein). Aliquots of the 100 }11 reaction mixture were trans-
ferred to GF/C discs and processed for scintillation counting as described
(15). When correlating phosphorylation with RDDP activity, duplicate samples
were phosphorylated with non-radiocactive ATP and then assayed for polymeriza-
tion of [3HJ-'IMP (15).

Dephosphorylation. The effect of E. coli alkaline phosphatase (BAP) on
the activity of purified RDDP was tested in the presence of 20 mM orthophos-
phate (pH T7.2) or after its removal. To remove orthophosphate prior to
treatment with BAP, RDDP was dialysed vs. 10 mM Tris-Cl (pH 8.3) containing
2 mM DTT, 0.1 mM EDTA, 0.2% Triton X-100, and 50% glycerol. Aliquots of RDDP
(4.6 P8 protein) then were incubated for 10 minutes at 35° in the presence of

50 mM Tris-Cl (pH 8.3), 6 mM MgCl , and 20 re of BAP (active or heat de-

natured). The samples were chilled in ice and assayed for RDDP activity as
described above except 50 mM potassium phosphate (pH 8.0) and 0.5 mM MnCl,

were used in place of Tris-Cl and MgCl,.
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Materials. Synthetic polyribonucleotides, polydeoxyribonucleotides, and
oligodeoxyribonucleotides were obtained from P-L Biochemicals and/or Collabo-
rative Research, Inc.; [?H]-TTP (47 Ci/mM) and [éﬂj—poly(A) (8.5 mCi/mmole of
polynucleotide phosphorous) from Schwarz/Mann; and poly(A) was purchased from
Miles Laboratories. Bacterial alkaline phosphatase (free of ribonuclease ac-
tivity) was purchased from Worphington Biochemical Co. Whatman DEAE-cellulose
(DE-52), phosphocellulose (P-11), and GF/C paper for filter discs came from
Reeve Angel; and Sephadex G-200 and blue dextran were obtained from Sigma
Chemical Co. Gamma [523] labeled ATP was obtained from New England Nuclear.
RESULTS

Purification and stability. Yields of RDDP from AMV vary from about 240

to about 5,000 units per gm of virus (11-13). Efforts to increase the yield

were undertaken by systematic alterations of the isolation procedures. Factors
first noted strongly to affect the outcome were (a) reduction of the period of
lysis in TNE ordinarily used prior to addition of phosphate and (b) adjustment

of AMV concentration in the lysis mixture to 0.02 to 0.05 gm per ml. Table 1

TABLE I

Isolation and Activity of Reverse Transcriptase
from Avian Myeloblastosis Virus*

Units of
Fraction Protein (mg) Activity Specific Activity
1 Crude Lysate (TNE) 1,112 541,557 187
2 DEAE 58.8 495,232 8,27k
3 First Phosphocellulose 18.1 400,970 22,200
L4 Second " 12.8 376,476 29,529
5 G-200 4.8 295,562 61,193

*#A11 values were derived from 9.3 gm of purified AMV in suspension adjusted to
0.0L4 gm per ml prior to lysis.

summarizes the results with a specimen of 9.3 gm of virus lysed in TNE for 1
hour and then diluted with 10 mM potassium phosphate (pH 7.2), 2 mM DTT, 0.2%
Triton X-100 and 10% (v/v) glycerol. Enzyme recovery, 295,562 units, from the
crude lysate, 541,557 units, was about 55% or about 31,781 units per gm of

virus. The specific activity, 61, 193 nmoles per 10 minutes per mg, reveals
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an enzyme purification of about 125 fold from the detergent lysate with a 232-
fold decrease in protein. Such preparations have already being successfully
used in gene synthesis by others (16-18).

In contrast to rapid inactivation of RDDP in TNE, the enzyme was highly
stable in lysates prepared in phosphate buffer (Fig. 1A). After l-hour at ho,
the activity of RDDP in PNE and TNE were 55,312 and 46,640 units per gm, re-
spectively, of AMV. After 4 days at 4, RDDP activity in PNE remained at
46,419 units per gm of AMV (84% of the initial value) but had declined to
4,751 units per gm (10% of the original activity) in TNE.

Phosphorylation and dephosphorylation. Although phosphate consistently

exerted a stabilizing influence on RDDP, the mechanism was obscure. A possi-
ble explanation was suggested by the observation of Lee et al (5) showing

that RDDP from RSV was inactivated by alkaline phosphatase from E. coli and,
moreover, that the enzyme could be reactivated by a protein phosphokinase from
RSV-transformed chick embryo fibroblasts. To test this possibility, the PNE
and TNE lysates (Fig. 1A) were phosphorylated with gamma [32P]—ATP (Fig. 1B).
Significant incorporation of trichloroacetic acid-insoluble [32{", radioactivity
was observed only with the TNE lysate (Fig. 1B). The results of this experi-
ment indirectly suggested dephosphorylation of AMV phosphoproteins in the TNE
lysate and inhibition of this reaction in the PNE lysate.

On the basis of the above observations and the knowledge that AMV virions
contain enzymes that catalyze the turnover of phosphoproteins (2-4), the
following experiments were done to determine if AMV RDDP activity is affected
by phosphorylation-dephosphorylation. Fig. 1C compares the rates of protein
phosphorylation of two aliquots of TNE lysate (4,751 units RDDP activity per g
AMV see Fig. 1A) in the presence and absence of endogenous AMV protein kinase.
At the completion of phosphorylation with nonradioactive ATP, the rates of
[3HJ—M incorporation were examined (Fig. 1D). On the basis of these poly-

merization rates, essentially complete restoration of RDDP activity (about
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Fig. 1. A. Stability of RDDP activity at 4° in detergent lysates of AMV (0. 044 g/ml)
prepared in PNE and TNE. After 1:5 dilution in the respective buffer of lysis,
5-ul aliquots (6. 66 ug of protein) were assayed for RDDP activity as described in
Methods. B. Comparison of protein phosphorylation between PNE and TNE
lysates after 4 days incubation at 4° (See Fig.1A). C. Kinetics of protein
phosphorylation in aliquots from the TNE lysate (Fig. 1A) in the presence

and absence of endogenous AMV protein kinase. D. Effect of protein phospho-
rylation on the activity of crude RDDP prepared in TNE (Fig. 1A). At the
completion of the phosphorylation reaction in the presence of nonradioactive ATP,
RDDP was assayed by measuring the rate of [3H]-TMP polymerization as described
in Methods.

47,000 units per g AMV) was obtained after phosphorylation. The same experi-
ment was repeated with purified RDDP enzyme (Fraction 5, Table 1). Fig. 2D
compares the rates of protein phosphorylation of two identical aliquots of
enzyme in the presence and absence of endogenous AMV protein kinase. At the
completion of an identical experiment with nonradioactive ATP, the rates of
[3HJ-M incorporation were examined (Fig. 2C). A significant increase in the
rate of polymerization (about 2-fold) is shown with the enzyme subjected to
phosphorylation. Furthermore, when purified RDDP enzyme stored in Tris buffer
was subjected to treatment with bacterial alkaline phosphatase (BAP) under
conditions allowing hydrolysis of esterified phosphate groups from protein, a
decrease in RDDP activity was observed (Fig. 2B). In a similar experiment
(Fig. 2A), no detectable change in RDDP activity was observed when exposed to

BAP in the presence of 20 mM phosphate buffer.
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Fig. 2. A,B. The effect of bacterial alkaline phosphatase (BAP) on the activity
of purified RDDP (Fraction 5, Table 1) in the presence of orthophosphate or
Tris-Cl. C. Effect of protein phosphorylation on the activity of purified
RDDP (Fraction 5, Table 1). D. Kinetics of protein phosphorylation of an
enzyme fraction identical to that used in Fig. 2C.

DISCUSSION

The studies reported here clearly demonstrated the stabilizing influence
of phosphate on RDDP of AMV and showed that enzyme activity lost in the absence
of phosphate could be restored by phosphorylation. The influence of phosphate
in the maintenance of RDDP activity is well illustrated by the high levels of
activity, about 32,000 units per gm of AMV, recovered from preparations of
virus lysed in Tris-Cl and quickly exposed to phosphate (Table 1). Effects of
phosphate in the protection of RDDP activity was especially evident by compari-
son of the yields of activity from lysates prepared in phosphate buffer with
those obtained in Tris-Cl (Fig. 1A). Although the initial activities were ap-
proximately the same, i.e., 50,000 to 56,000 units per gm of virus, activity
of the lysate in Tris-Cl declined rapidly, while at least 80% of that in the
lysate in phosphate buffer persisted for the period of at least 4 days at L°.
The basis for the influence of AMV concentration in the lysate mixture on yield
of RDDP is not clear, but may be accounted by the deleterious effect of pro-
teinase activity as will be discussed elsewhere. In addition, results in this
communication indicate that AMV RDDP activity is influenced by the degree of

phosphorylation of the enzyme or enzyme associated proteins, as is the case for
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RSV RDDP activity (5). These results show that the influence of phosphate ob-
served in the maintenance of RDDP activity (Fig. 1A) may very well be due to
its function as a potent inhibitor of endogenous phosphoprotein phosphatase
(2-4 and our results to be published elsewhere). On the other hand, the rapid
decline in RDDP activity observed with AMV lysates prepared in Tris-Cl (Fig.
1A), is well correlated with protein dephosphorylation (2-4), since essentially
complete reactivation resulted after phosphorylation of the lysate (Fig. 1C).
The same results were obtained with purified RDDP enzyme (Fig. 2C, D).
Furthermore, we obtained evidence that alkaline phosphatase decreased the ac-
tivity of purified RDDP (Fig. 2B). Thus, the phosphorylated RDDP form of the
enzyme appears to be more active (Fig. 2C) than the dephosphorylated form RDDP
(Fig. 2B). Chemical proof for the existence of these two enzyme forms and the
mechanig nof RDDP activation by phosphorylation will be presented elsewhere
(C.M.T. submitted to Nature). Reversible chemical modification of several en-
zyme systems via phosphorylation-dephosphorylation represents a regulatory
mechanism of biological significance (1).

Exploitation of the above findings has afforded refinement of procedures
of practical value in the mass production of RDDP from AMV. Needs for the en-
zyme, scarcely possible to meet with yields of 2,000 to 5,000 units from 1 gm
of virus, are readily satisfied by recoveries of 30,000 or more units from the
same amount of the agent. This becomes the more striking in view of the diffi-
culty and expense attending collection of AMV from small chicks with myeloblas-
tic leukemia. Recognition of the influence of phosphate has encouraged further
efforts already undertaken to identify and characterize the nature of the re-
versible chemical modifications involved and their effects on the structure and
function of RDDP both in vitro and in vivo.
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