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SUMMARY

Poly(A) polymerase has been extensively purified from
low-salt extracts of bovine lymphosarcoma. The enzyme is
Mn2+ dependent, requires an oligonucleotide or RNA
primer, incorporates only adenosine triphosphate, and is
inhibited by other ribonucleotides or deoxynucleotides.
Oligoadenylate and ribosomal RNA are good primers for
the enzyme; transfer RNA and poly(A) are poor. RNA
transcribed in vitro by homologous RNA polymerase is an
efficient primer.

The properties of the enzyme are similar to the properties
of the Mn2+-activated poly(A) polymerase of calf thymus.
Approximately the same amount of enzyme appears to be
present in lymphosarcoma and calf thymus.

INTRODUCTION

In mammalian cells, RNA is transcribed as relatively
large heterogeneous nRNA and processed into smaller
mRNA molecules ( 19, 29, 33). At some time after transcrip
tion, a poly(A) sequence is covalently added to the 3'-
hydroxyl end of the HnRNA3 (23-25). Poly(A) sequences
are also present on most mRNA molecules (1). Although
the function of the poly(A) sequence is poorly understood,
its widespread occurrence suggests a possible regulatory
role (6).

In vivo experiments have indicated that the addition of a
poly(A) sequence to HnRNA is a posttranscriptionul event
(7, 27), suggesting the presence of a poly(A) polymerase.
Poly(A) polymerase has been shown to be present in normal
tissue (9) and in neoplastic tissue (17, 18). Two poly(A)-
polymerizing enzymes have recently been purified from calf
thymus (30, 34, 35). One prefers Mg2+ as the metal
cofactor; the other prefers Mn2+. Neither enzyme shows
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primer specificity, although specificity would be a desirable
characteristic for an enzyme that adds poly(A) in vivo to
HnRNA and not to other RNA species.

In view of the probable importance of poly(A) in
regulation, we have isolated poly(A) polymerase from
bovine lymphosarcoma and have studied its ability to use
various polynucleotides as a primer, including RNA tran
scribed in vitro by mammalian RNA polymerase. In
addition, we have compared the properties and primer
preference of the enzyme from lymphosarcoma with those
of poly(A) polymerase from the analogous normal tissue,
calf thymus.

MATERIALS AND METHODS

Materials. Radioactively labeled and unlabeled nucleo-
tides were purchased from Schwarz/Mann, Orangeburg, N.
Y., and P-L Biochemicals, Milwaukee, Wis., respectively.
Oligoadenylate primers and poly(A) (6.2 S) were obtained
from Miles Laboratories, Kankakee, 111.Calf thymus DNA
and pancreatic DNase (EG 3.1.4.5; RNase free) were
obtained from Worthington Biochemical Corp., Freehold,
N. J. Yeast tRNA was purchased from Calbiochem, Los
Angeles, Calif. The calf thymus DNA assayed as primer
(type 1; Sigma Chemical Co., St. Louis, Mo.), sheared to a
molecular weight of 370,000, was a gift of Dr. R. I. Kelley.

Phosphocellulose (Whatman PI) H. Reeve Angel & Co.,
Inc., Clifton, N. J., was prepared as described previously
(15). DEAE-cellulose (Whatman DE-23) was prepared as
recommended by the manufacturer. Hypatite C (hydroxyl-
apatite), from Clarkson Chemical Co., Williamsport, Pa.,
was treated before use with bovine serum albumin (2 mg/ml
of bed volume) in 0.05 Mpotassium phosphate (pH 7.5). The
albumin was recovered with 0.5 Mpotassium phosphate, and
the column was washed with 0.05 M potassium phosphate.

Calf thymus was obtained from a local abattoir. Bovine
lymphosarcoma was obtained through the courtesy of Dr.
R. Marshak of the Veterinary School of the University of
Pennsylvania. All tissue was stored at -90Â° until used.

Poly(A) Polymerase Assay. The standard reaction mix
ture (0.25 ml) contained 100 mM Tris-Cl (pH 8.3), 2 m.M
MnCl2, 40 m\i (NH4)2SO4, 4 m.M2-mercaptoethanol, 320
MM [3H]ATP (1000 cpm/nmole), 12 MM (Ap)3A, and
enzyme. After 30 min at 37Â°,incorporation of labeled

triphosphate into poly(A) was determined as described
previously for RNA polymerase (2). In reaction mixtures
with low concentrations of primer, [3H]ATP with a specific
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activity of 10,000 cpm/nmole was used and the mixture was
incubated for 60 min. In some experiments poly(A) synthe
sis was assayed by the filter paper method of Bollum (3). An
aliquot of the standard reaction mixture was placed on a
Whatman No. 3MM paper disc, immersed in a beaker
containing 5% trichloroacetic acid:0.01 M sodium pyrophos-
phate (10 ml/filter), and stirred intermittently for 5 min.
This wash was repeated 2 times, followed by 1 wash with
95% ethanol. The filters were then dried under an infrared
heat lamp and counted in a scintillation cocktail described
previously (2), but not containing Triton X-100.

One unit of poly(A) polymerase is defined as the amount
of enzyme that converts 1 nmole of [3H]ATP into acid-

insoluble material in 60 min under standard reaction
conditions.

Protein was determined as described previously [except
that bovine serum albumin was weighed and used directly
(13)], or by the Warburg-Christian nomogram (31).

Purification of Polvi A) Polymerase. All procedures were
carried out at 0-4Â°. Frozen bovine lymphosarcoma or calf

thymus was suspended in 2 volumes of 50 mM Tris-Cl (pH
7.7) containing 5 mvi MgCl2 and 5 m.vi 2-mercaptoethanol,
minced with scissors, ground in a Waring Blendor (Model
CB-5) for 30 sec at medium speed and 30 sec at high speed,
and centrifuged at 10,000 x Â£for 10 min. The supernatant
was filtered through cheesecloth, centrifuged at 78,000 x g
for 90 min, and filtered through flannelette (crude extract).
One-third volume of 0.5% protamine sulfate was added to
the crude extract and, after 15 min, the precipitate that
formed was collected by centrifugation at 10,000 x g. RNA
polymerase and DNA polymerase can be obtained from the
precipitate as previously described (15, 16).

The supernatant after protamine precipitation was ad
justed to 30% (NH4)2SO4 with solid (NH4)2SO4 (16.4 g/100
ml) and centrifuged. The precipitate was discarded, and
solid (NH4)2SO4 was added to 50% saturation (11.7 g/100
ml). The precipitate, which contained the poly(A) polymer
ase, was collected by centrifugation and suspended in a
small volume of 50 mvi Tris-Cl (pH 7.9) containing 25%
glycerol, 5 mM MgCl2, 0.01 m\i EDTA, and 5 mvi
2-mercaptoethanol (AS 30-50 fraction).

A portion of the AS 30 50 fraction was diluted 20-fold in
50 mM potassium phosphate (pH 6.5) containing 2 mM
2-mercaptoethanol and applied to phosphocellulose at 3 mg

protein per ml of bed volume. Protein was eluted as
described previously for RNA polymerase (15). Poly(A)
polymerase activity was eluted in the 0.2 M phosphate step
and concentrated with 50% (NH4)2SO4 (PCAS fraction).

The PCAS fraction was dialyzed extensively against 50
mM Tris-Cl (pH 8.3) containing 5 mM MnCl2, 0.1 mM
EDTA, and 5 mM 2-mercaptoethanol and applied to a
DEAE-cellulose column (at 1 mg protein per ml of bed
volume) equilibrated with 2 bed volumes of dialysis buffer.
The column was washed successively with 1 bed volume of
dialysis buffer and then with 5 mM MnCl2:0.1 mM EDTA:5
mM 2-mercaptoethanol containing increasing concentra
tions of Tris-Cl (pH 7.9): 0.05, 0.075, 0.1, and 0.5 M (1 bed
volume of each). Activity was eluted at 0.1 M, while most of
the protein was eluted in the next step.

Fractions containing activity were combined and applied
directly to a hydroxylapatite column (at 0.5 mg or less
protein per ml of bed volume), prepared as described in
"Materials and Methods," and washed with I bed volume

of 50 mM potassium phosphate (pH 7.5) containing 5 mM
2-mercaptoethanol. After application of the enzyme, the
column was washed with 2 bed volumes each of buffer
containing 5 mM 2-mercaptoethanol and the following
concentrations of phosphate (pH 7.5): 0.1, 0.2, and 0.5 M.
Enzyme activity was eluted at 0.2 M. These fractions were
either stored separately at -90Â° or combined, concentrated
against solid sucrose, and stored at -20Â°. A summary of the

purification is shown in Table I.
Preparation of rRNA. Mammalian rRNA preparations

were gifts of E. E. Atikkan. Nuclei and cytoplasm were
separated essentially as described by Marzluff et al. (22).
Ribosomes were prepared by a modification of the proce
dure of Wettstein et al. (32). The final ribosomal pellet was
suspended in 10 mM sodium acetate buffer (pH 6.0),
containing 0.5% SDS and 1 mM EDTA, and extracted twice
with acetate-saturated phenol at room temperature. The
phenol fractions were back-extracted with acetate buffer,
and the combined aqueous fractions were extracted with
CHCl3:isoamyl alcohol (100:1). RNA was precipitated at
-20Â° with 2.5 volumes of 95% ethanol containing 2% KC1.
After 16 hr at -20Â°, the RNA was collected by centrifuga

tion, dried with N2, dissolved in 0.1 mM sodium EDTA (pH
7.0), and stored at -20Â°.

Escherichia coli ribosomes were isolated as described by

Table 1

Purification of poly(A ) polymerase
Representative preparations from 800 g of tissue. See text for definition of units

Bovine lymphosarcoma Calf thymus

FractionCrudeProtamine

sulfatesupernatantAS
3050PCAS0DtAE-cellulose"

chromatographyHydroxylapatite"
chromatographyTotal

Units/mg
unitsprotein1.3

x10"1.01
xIO6950,000260,00064,00025.000553542,0608,400Totalunits2.7

xIO62.9
xIO61.35
xIO6372.000222,00078.000Units/mg

protein1482366402,3007,90010,000

" Only a portion of the AS 30 50 fraction was used. Results are calculated as if the entire fraction

had been used.
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Brodie (4), and rRNA was extracted as described below for
in vitro RNA, except that dialysis was omitted.

RNA Transcribed In Vitro. The reaction mixture (5 ml)
contained 0.05 M Tris-maleate (pH 7.7); 2 mM MnCl2; 0.05
M (NH4)2SO4; 2 m.M 2-mercaptoethanol; 320 ^M each of
ATP, CTP, and GTP; 40 MM[14C]UTP (320 cpm/nmole):

native or denatured DN A. 130 Â¿Â¿Mas deoxynucleotide; and 8
units of calf thymus or bovine lymphosarcoma RNA
polymerase (obtained as described previously in Ref. 15).
After incubation for 30 min at 37Â°,DNase (50 Mg/ml) was

added and incubation was continued for 30 min. RNA was
extracted twice with an equal volume of 80% phenol at 60Â°,

and the phenol fractions were back-extracted with 20 mM
Tris-maleate (pH 7.7) at 25Â°.The aqueous fractions were

combined and RNA was precipitated with 2.5 volumes of
ethanol containing 2% potassium acetate. After 16 hr at
-20Â°, the RNA was collected by centrifugation, dissolved

in 0.15 M sodium chloride containing 0.015 M sodium
citrate, and dialyzed for 48 hr against several changes of
0.15 M sodium chloride:0.015 M sodium citrate and then
water. After dialysis the RNA was lyophilized, dissolved in
a small volume of water, and stored at -20Â°. Recovery of

RNA was 20 to 30%.
Concentration of Primer. Concentrations of primers are

expressed as the concentration of 3'-hydroxyl ends. For

cellular RNA the concentration was determined by absorb-
ance (assuming that 1 mg of RNA has A26o of 30) and
dividing by the molecular weight. In the case of rRNA, an
average of the molecular weights of the larger and smaller
chains was used. For oligoadenylate primers, the absorb-
ance was divided by the extinction coefficient of ATP (15.4
for a 1 mM solution) and by the number of monomeric units
in the primer. For poly(A) the length was estimated at 250
nucleotides based on the S value. For in v//ro-synthesized
RNA, the amount of RNA in the poly(A) reaction mixture
was determined from the amount of [14C]UMP. The pro

portion of UMP was taken to be 28%, so that total RNA
(expressed as nucleotides) was 3.5 times the amount of
radioactivity. Based on the proportion of initial nucleotide
to total nucleotide, the average chain lengths of RNA
transcribed from native DNA and denatured DNA were
182 and 40 nucleotides, respectively (20). RNA transcribed
from native DNA was also analyzed by sucrose gradient
centrifugation. The RNA sedimented slightly faster than
4 S RNA, at a rate consistent with the size determined by
nucleotide analysis (Ref. 11; A. A. Keshgegian and J. J.
Furth, unpublished data).

RESULTS

Purification. Representative purification results for both
bovine lymphosarcoma and calf thymus enzymes are shown
in Table 1. In the initial stages of purification, the extent of
poly(A) synthesis is not always proportional to enzyme
concentration, so the amounts of enzyme are approxima
tions. In the AS 30-50 and PCAS fractions, poly(A)
synthesis is proportional to enzyme concentration. The
amount of enzyme in these fractions suggests that poly(A)
polymerase is found in approximately equal amounts in

bovine lymphosarcoma and calf thymus. The enzymes from
both sources also purify similarly, eluting at the same ionic
strength on 3 types of ion-exchange chromatography,
although the yields may be different.

The fractions after ammonium sulfate fractionation and
phosphocellulose chromatography are stable for several
months at 0Â°.The fractions after hydroxylapatite chroma
tography, stored as described in "Materials and Methods,"

are stable for several weeks.
The final fraction is free of RNA polymerase, DNA

polymerase, and terminal deoxynucleotidyl transferase ac
tivities. rRNA is not degraded under standard reaction
conditions as measured by SDS polyacrylamide electropho-

resis.
Characteristics of the Reaction. Reaction requirements

for both bovine lymphosarcoma and calf thymus enzymes
are shown in Table 2. The reaction conditions described in
"Materials and Methods" are optimal for enzymes from

both sources. The reaction is completely dependent on
added primer and on Mn2+; Mg2* is ineffective. The

enzymes use ATP as substrate with a Km of approximately
120 nM. The enzymes do not incorporate other ribonucleo-
side triphosphates, ADP or dATP. Equal concentrations of
ribonucleotides or deoxynucleotides inhibit up to 50%, with
purine nucleotides inhibiting more than pyrimidine nucleo
tides, as has been reported by Tsiapalis et al. (30) for the calf
thymus enzyme. The inhibition by nucleotides contrasts
with the lack of inhibition of other nucleotide-polymerizing
enzymes; RNA polymerase is not inhibited by deoxynucleo
tides and DNA polymerase is not inhibited by ribonucleo
tides (Ref. 12; E. C. Wang, A. A. Keshgegian, and J. J.
Furth. unpublished data).

Comparatively long chains of polyadenylate are synthe
sized. For example, in the experiment reported in Table 3,
assuming that every oligoadenylate serves as a primer.
poly(A) with a length of 100 was synthesized.

Comparison of Various Primers. Since the reaction is
almost completely primer dependent, the ability of adenyl-
ate oligomers and polymers, cellular nucleic acids, and in
v/7ro-synthesized RNA to serve as primers was investigated.

Table 2
Requirements of the reaction

Standard reaction conditions (except as noted) with 30 and 68 units of
calf thymus and bovine lymphosarcoma enzymes, respectively. The
concentration of the nucleoside triphosphates was 320 Â¡M.The specific
activity of [3H]ATP was 1000cpm/nmole. The specific activity of the other
radioactively labeled nucleotides was 10,000 cpm/nmole.

Enzyme source

Conditions
Bovine lymphosarcoma Calf thymus

Complete
Omit Mn2*

Omit (Ap)jA
Omit Mn2-. add Mg2- (4 mM)
Omit [3H]ATP. add [3H]UTP.

[3H]CTP, or[3H]GTP
Omit [3H]ATP, add [3H]ADP
Omit [3H]ATP, add [3H]dATP

100

1.3

100
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Table 3
Nel synthesis of polyadenylate

Standard reaction conditions, except that (Ap)2A was used as primer
and ATP at the concentrations indicated. Forty units of lymphosarcoma
enzyme were used. At the time indicated, the reaction was terminated by
ihe addition of perchloric acid and processed as described previously for
RNA polymcrusc (2). The pellet was suspended in 1.2 ml of 0.5 M
perchloric acid, heated at 100Â°for IO min, and centrifugea to remove

protein. Absorption at 260 was measured and the amount of polv(A)
synthesized was calculated using the extinction coefficient (15.4 for a I imi
solution) and by radioactivity content. Controls were incubated samples.
Both the radioactivity and the ultraviolet-absorbant material in the hot
perchloric acid extract could be adsorbed to Norit.

ReactionconditionsPrimer(nmolel01111|3H]ATP(nmoles)120120120480480Time<hr)414422PolyadenylatesynthesisByabsorbance(nmoles)<0.510.730.529.698.5Bvincorporationof[3H]ATP(nmoles)<0.514.737.331.4115.5

The results using adenylate primers are shown in Table 4. A
chain length of at least 3 is necessary for efficient priming.
A long polymer is relatively inefficient.

Because (Ap)3A is an efficient primer and is readily
available, it was used as the "standard" in defining enzyme

activity and in comparing the efficiency of other primers.
A comparison of RNA's to serve as primers is shown in

Table 5. Yeast tRNA is relatively inefficient as primer. Rat
liver rRNA and the homologous rRNA are significantly
better primers than is (Ap)3A for both lymphosarcoma and
calf thymus enzymes. This is not a species effect, because E.
coli rRNA is about as effective as mammalian RNA for calf
thymus poly(A) polymerase (results not shown). Calf thy
mus DNA is a poor primer for calf thymus enzyme, as
reported by Tsiapalis et al. (30). Native and denatured
DNA support poly(A) synthesis 6.3 and 14%, respectively,
as well as an equivalent concentration of (Ap)3A.

The effectiveness of RNA synthesized in vitro as a primer
was also examined. RNA was transcribed from calf thymus
DNA by either calf thymus or bovine lymphosarcoma RNA
polymerase. At the concentration of primer shown, RNA
synthesized from a native DNA template by both bovine
lymphosarcoma and calf thymus enzymes is a 10-fold better
primer for poly(A) polymerase than is (Ap)3A. In experi
ments with calf thymus enzyme, RNA transcribed from
denatured DNA was about as effective as was RNA
transcribed from native DNA (results not shown).

DISCUSSION

Poly(A) polymerase was first discovered in mammalian
cells in 1960 (9). However, few studies of the enzyme
followed until the discovery of poly(A) tracts in HnRNA
and mRNA (8, 10). The discovery of the widespread
occurrence of poly(A), with obvious implications for regula
tion, prompted renewed interest in enzymes that synthesized

poly(A). Recently, Winters and Edmonds (34, 35) reported
purification of a Mg2*-dependent poly(A) polymerase from

calf thvmus nuclei, and Tsiapalis et al. (30) reported
purification of a Mn2"-stimulated enzyme.

We have isolated poly(A) polymerase from bovine lym
phosarcoma and calf thymus by a procedure that also yields
RNA polymerase and the high-molecular-weight DNA
polymerase. The availability of a procedure that produces
good yields of these 3 important enzymes of nucleic acid
metabolism should be useful for in vitro studies of nucleic
acid synthesis in both normal and neoplastic tissues.

The poly(A) polymerase that we have purified from
bovine lymphosarcoma is similar in many respects to the
enzyme purified from calf thvmus by Tsiapalis et al. (30).
The enzyme is Mn2~ dependent, has similar reaction

Table 4
Adenv/ate polymers as primers for polv(A ) polvmerase

Standard reaction mixtures were used, except that different primers
were used at a concentration of 20 MM.Twenty and 68 units of calf thymus
and bovine Ivmphosarcoma poly(A) polymerase, respectively, were used.

Enzyme

Primer
Bovine Ivmphosarcoma Calf thvmus

(Ap).250A(Ap)3A(Ap)2AApA271001001331100572

Table 5
Comparison of various RNA preparations as primers for polv(A)

polymerase
Standard reaction conditions were used, except that primers were

present at the concentrations indicated. For low levels of primers, a longer
incubation time and ATP of higher specific activity were used as described
in "Materials and Methods." Values are expressed as the amount of

polv(A) synthesis obtained relative to the same concentration of (Ap)3A.
which is \00cÃ.In the case of in vitro RNA's. the amount of poly(A)

synthesis that would be observed with (Ap)3A at that concentration was
interpolated from results at lower and higher concentrations. Approxi
mately 30 to 60 units of bovine Ivmphosarcoma or calf thvmus poly(A)
polymerase were used.

En/vme

Primer

Bovine
lymphosarcoma

Calf
thvmus

(Ap)3A 100 100
Yeast tRNA 7.3" 10"
rRNA from

Bovine lymphosarcoma 320*
Calf thvmus 260*
Rat liver 140" 154*

RNA transcribed in vitro from native
calf thvmus DNA by

Calf thymus RNA polymerase 100Â» 100O
Bovine lymphosarcoma RNA polym- 1200"

erase

Â°20/iM.
"0.04 MM.
' 0.027 MM.

1144 CANCER RESEARCH VOL. 35

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2394463/cr0350051141.pdf by guest on 19 M

ay 2023



Poly(A) Polymerase of Bovine Lymphosarcoma

requirements, is inhibited by nucleotides other than ATP,
and uses oligoadenylate primers with similar efficiencies.
We have been unable to detect in bovine lymphosarcoma
any Mg2* -dependent activity, either in the crude extract or
after subsequent extraction of the residue from the low-salt
extract with 0.3 M(NH4)2SO4.

Poly(A) polymerase of neoplastic cells has been studied
previously (17, 18), but no comparison of the enzyme from
normal tissue and the analogous malignant tissue has been
made. We find that the enzymes of calf thymus and bovine
lymphosarcoma can be purified by a similar procedure and
are generally similar in reaction and primer requirements.
They are also present in approximately similar amounts.
This contrasts with the higher levels of RNA polymerase
and DNA polymerase that are present in bovine lymphosar
coma compared to calf thymus (14, 16) and suggests that
the level of poly(A) polymerase may not be a rate-limiting
factor in RNA synthesis and maturation.

Poly(A) polymerase has an almost absolute requirement
for a primer (Table 3) that must have a free 3'-hydroxyl end

(30). Oligoadenylate chains serve effectively as primers if
the length is greater than 2; a longer adenylate chain is less
effective as a primer. Since the length in vivo of poly(A)
sequences is about 200 nucleotides (6, 10), it is possible that
the enzyme can recognize poly(A) chains as being the
correct length and not add further AMP residues. The
estimated chain length of 100 for poly(A) synthesized in
vitro (Table 3) is consistent with this interpretation. In this
connection it would be of interest to investigate the length of
poly(A) sequences added in vitro by the enzyme with various
primers.

The relative inability of tRNA to serve as a primer is
consistent with the in vivo situation, whereas the ability of
rRNA to prime the poly(A) reaction is not (21). Possibly,
the rRNA contains nicks that, due to secondary interactions
(28), were not detected on SDS-polyacrylamide electropho-
resis. The nicked ends could thus serve as additional primers
for poly(A) polymerase. Alternatively, the absence of
polyadenylation of rRNA in vivo might be a result of
compartmentalization in the intact cell (26).

RNA transcribed in vitro by homologous RNA polymer
ase is a very efficient primer for poly(A) polymerase. This
could be due to the general conformation of the RNA.
tRNA, which has a highly folded, compact structure (5), is a
poor primer. Although the enzyme needs only a trinucleo-
tide sequence for priming, and although tRNA has such a
sequence accessible at the 3'-hydroxyl end, the rest of the

RNA chain may cause steric hindrance in the binding site to
the poly(A) polymerase. RNA transcribed in vitro may have
a secondary structure that makes the 3'-hydroxyl end more

available for poly(A) polymerase. In addition, there may be
a specific nucleotide sequence and hence a specific binding
site for poly(A) polymerase at the 3'-hydroxyl end of in
v/fro-synthesized RNA. Such a binding site would increase
the affinity of the enzyme for the RNA and allow small
amounts of RNA to serve as efficient primers. While our in
vitro RNA is considerably smaller than RNA observed in
vivo, the RNA could have been nicked during the reaction
and/or its isolation.

The demonstration that RNA synthesized in vitro by
mammalian RNA polymerase is an efficient primer for
poly(A) polymerase provides additional evidence for the
role of poly(A) polymerase in the metabolism of DNA-like
RNA in vivo. It suggests that the synthesis and processing
of RNA can be reproduced in vitro by the coupling of the 2
enzymes. Such an approach may help to elucidate the
control of mRNA metabolism in both normal and neoplas
tic tissues.
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