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Localization of Polyadenylic Acid Sequences in Messenger

Ribonucleic Acid of Mammalian CellsT

George R. Molloy,] Michael B. Sporn,§ Dawn E. Kelley,§ and Robert P. Perry* ¥

ABSTRACT: The location of the poly(A) sequences in the
mRNA of cultured L and HeLa cells was determined by
submitting the mRNA, or poly(A) fragments excised from
the mRNA, to hydrolysis with a highly purified exoribo-

Rlyadenylic acid is present in the large heterogeneous
nuclear RNA (HnRNA)! and the relatively smaller mRNA
of mammalian cells, as well as in vaccinia virus mRNA and
adenovirus specific nuclear and polyribosomal RNA (Hajivas-
siliov and Brawerman, 1966; Edmonds and Caramela, 1969;
Kates, 1970; Lim and Canellakis, 1970; Darnell ez al., 1971a,b;
Edmonds er al., 1971; Lee et al., 1971 ; Burr and Lingrel, 1971 ;
Philipson et al., 1971). The poly(A) region is approximately
200 nucleotides long and is covalently linked to the RNA.
Recent experiments by Darnell er o/. (1971b) and Philipson
et al. (1971) indicate that the poly(A) is added posttran-
scriptionally to the nuclear RNA, suggesting that the poly(A)
is located near a terminus of the nuclear RNA molecules.

The following question arises. Are the poly(A) sequences in
mRNA located at a terminus, and if so, at which one ? Kates
(1970) has presented evidence derived from chemical end-
group analysis indicating that the poly(A) region is located
at the 3’-OH end of in vitro synthesized vaccinia virus RNA.,
Burr and Lingrel (1971) have shown by base sequence analysis
that oligonucleotides derived from the 3’-OH terminus of
rabbit hemoglobin mRNA consist of five to six adenine
nucleotides. These oligonucleotides were produced by di-
gestion with pancreatic ribonuclease under low ionic strength
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nuclease specific for 3’-OH termini. Analysis of the reaction
products by a variety of means indicated that most and
possibly all of the poly(A) sequences are at the 3’-OH termini
of the mRNAs.

conditions in which poly(A) is partially hydrolyzed (Beers,
1960), and thus might be derivatives of a larger poly(A)
sequence described by Lim and Canellakis (1970). In the
present study we have investigated the location of the large
poly(A) sequences in the mRNA of cultured mammalian
cells using a highly purified nuclear exoribonuclease specific
for 3’-OH termini.

The nuclear exoribonuclease is a processive enzyme (RNA
molecules are hydrolyzed to completion before the enzyme
dissociates from them) which attacks the 3’-OH end of an
RNA molecule and produces only 3’-mononucleotides
(Lazarus and Sporn, 1967; Lazarus ef al., 1968). An RNA
molecule with a phosphate in the 3’-terminal position cannot
be degraded by the enzyme (Sporn et al., 1968). The enzyme
appears to prefer substrates with relatively little helix content,
and has been observed to hydrolyze poly(A) and rapidly
labeled (presumably mRNA-like) RNA at roughly com-
parable rates (Lazarus and Sporn, 1967). If the poly(A) region
of mRNA is located at or near the 3’-OH end of the molecule,
then incubation of mRNA with the exoribonuclease, under
conditions approaching enzyme excess, should result in the
disappearance of poly(A) at a rate much faster than that of
total RNA. Moreover, poly(A) fragments excised from mRNA
with pancreatic ribonuclease should be susceptible to exo-
ribonuclease digestion only if they have come from the
3’-OH end. The results of such experiments with mRNA from
mouse L cells and HeLa cells? provide strong evidence that

2L cell and HeLa cell mRNA contained poly(A) regions of essentially
the same size as judged by polyacrylamide gel analyses of poly(A)
fragments excised from the mRNA with T1 and pancreatic ribonuclease.
However, in order to produce poly(A) fragments of maximum size, the
ribonuclease digestion had to be carried out at a higher salt concentra-
tion (0.27 N NaCl) for L cell mRNA than that which is suitable for
HeLa mRNA (0.1 M NaCl); digestion of the L cell mRNA at 0.1 M
NaCl resulted in considerable degradation of the poly(A). Whether this
difference in ribcnuclease susceptibility is due to some subtle differences
in the structures of the two kinds of mRNA is presently not clear.
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most if not all of the poly(A) sequences are at the 3’-CH
termini,

Experimental Procedures

HelLa Cell Polyribosomal RNA. Cell culture conditions and
procedures for cell fractionation, polyribosome preparation
and release of polyribosomal RNA with EDTA were as
previously reported (Soeiro and Darnell, 1970).

L Cell Polyribosomal RNA. Conditions of cell culture and
polyribosome purification were as previously described
(Schochetman and Perry, 1972). RNA was extracted from
the polyribosomes using 0.5% sodium dodecyl sulfate and
phenol-chloroform (1:1) as described elsewhere (Perry et al.,
1972).

Exoribonuclease. The exoribonuclease was isolated from
Ehrlich ascites tumor cell nuclei as described previously
(Lazarus and Sporn, 1967), and further purified by phospho-
cellulose and hydroxylapatite column chromatography using
continuous gradient elution at pH 7.4. Peak activity of the
enzyme was eluted between 0.25 and 0.30 M NaCl on phos-
phocellulose and between 0.25 and 0.30 M potassium phos-
phate on hydroxylapatite.

Incubations were carried out at 37° in 0.2- to 0.5-ml volumes
containing 1 unit/ml of exonuclease, 40 mm Tris-chloride
(pH 7.4), 4 mm MgCl,, 0.3 mwm dithiothreitol, 40 mm potassium
phosphate, and 40 ug/ml of bovine serum albumin. Exo-
nuclease units were determined with commercial poly(A) as
described previously (Lazarus and Sporn, 1967). The other
details of the experiments are given in the figure captions.

Results

The exoribonuclease preparation used in these experiments
was essentially free of endonuclease contamination. This was
verified by submitting a sample of 45S preribosomal RNA to
hydrolysis with the enzyme and examining the partially
hydrolyzed products by gel electrophoresis (Perry and Kelley,
1972). Such an analysis indicated that this enzyme preparation
produced less than 1 endonucleolytic break/3000 exonucleo-
lytic cleavages. The absence of endonuclease was also in-
dicated by the following experiment (Figure 1). Messenger
RNA of uniform size, prepared by zonal centrifugation in a
sucrose density gradient, was exposed to 1 unit/ml of the
exoribonuclease (the highest concentration possible with the
available enzyme preparations) for varying periods, and the
size distribution of the residual partially hydrolyzed RNA
examined on 2.8 % acrylamide gels. It is seen that there are
essentially no small fragments produced during the early
stages of the reaction; this would not be the case if there were
a significant amount of endonucleolytic activity.

To examine the location of the poly(A) sequences a similar
incubation was performed, and the amount of residual poly(A)
was measured after varying degrees of hydrolysis. Two dif-
ferent methods were used to assay for the amount of residual
poly(A): (i) analysis on polyacrylamide gels of poly(A)
fragments excised from the mRNA by digestion with pan-
creatic and T1 ribonuclease (Darnell et al., 1971a) and (ii)
selective adsorption of the residual mRNA substrate to
Millipore filters (Lee er al., 1971). It may be seen in Figure 2
that the quantity of poly(A), seen as a peak of material
migrating in the 7-10S region of the gel, is continuously
reduced during the course of hydrolysis, eventually being
diminished by 75% after 539 of the total RNA has been
hydrolyzed. A comparison of the reduction in poly(A) de-
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FIGURE 1 Evaluation of the amount of endonuclease contamination
in the nuclear exoribonuclease preparation. 1.5 X 10%® HeLa cells
at 3 X 108 cells/ml were exposed to 0.05 ug/ml of actinomycin D
for 30 min prior to labeling for 3 hr with 10 mCi of [*H]adenosine
(20.9 Ci/mmole). Polyribosomes were isolated, treated with EDTA,
and sedimented through sucrose gradients [15-30% (w/w) in 0.01
M Tris, pH 7.4, 0.01 M NaCl, and 0.01 m EDTA]. The material
sedimenting between 30 and 70 S was extracted with phenol-
chloroform (1:1) at pH 8 according to Lee ef a/. (1971) and sub-
jected to zonal sedimentation [15-30%; sucrose (w/w) in 0.01 M Tris
(pH 7.4), 0.01 M NaCl, 0.01 M EDTA, and 0.2% sodium dodecyl
sulfate; SW 40 rotor, 9 hr, 38,000 rpm, 25°]. RNA sedimenting at
approximately 23 S was precipitated with ethanol, redissolved,
passed throuh Sephadex G-25 equilibrated with 0.05 M NaCl and
0.001 M EDTA, and exposed to the exoribonuclease. At 0, 15, 30,
and 60 min, aliquots of the reaction mixture were removed, adjusted
to 0.001 M EDTA-0.5% sodium dodecyl sulfate, and applied to a
2.8 % polyacrylamide gel. The samples were allowed to run 5 cm at
3 mA/gel. [14C]Uridine-labeled HelLa rRNA was applied to each gel
as a marker. A, B, C, and D represent samples taken at 0, 15, 30
and 60 min. During these intervals 0, 10, 46, and 54 % of the mRNA,
respectively, was rendered acid soluble. It should be noted that
mRNA with a sedimentation coefficient of about 23 S has a mobility
on polyacrylamide gels corresponding to the 28S rRNA species.

termined with the polyacrylamide gel and Millipore filter
techniques is presented in Table I. Both assays are in qualita-
tive agreement, and show a faster rate of hydrolysis of the
poly(A) than that of total RNA, therefore suggesting an
enrichment of poly(A) sequences at the 3’-OH end of the
mRNA molecules. However, one would expect a more rapid
decline in poly(A) content relative to the overall hydrolysis
if all the mRNA molecules contained poly(A) at their 3’-OH
ends (cf. Figure 3), and if these regions were being simul-
taneously removed by the exoribonuclease. This latter assump-
tion is probably not valid for this experiment, since, as seen
in Figure 1, there are some unhydrolyzed substrate molecules
which persist until quite late in the reaction. This suggests
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FIGURE 2: Profile of poly(A) segments on polyacrylamide gels after
exposure of HeLa mRNA to the nuclear exoribonuclease. [*H]-
Adenosine-labeled mRNA, approximately 23 S in size, was pre-
pared and incubated with exoribonuclease as in Figure 1. At in-
tervals during the reaction aliquots were removed and adjusted to
0.01 M EDTA. A portion of each aliquot was used to determine the
amount of trichloroacetic acid precipitable counts per minute and
the counts per minute binding to Millipore filters (see Table I). The
remainder of the aliquot was adjusted to 0.10 M NaCl, and pan-
creatic RNase (2 ug/ml) plus T1 RNase (10 units/ml) were added
for 30 min at 37°. The RNase-resistant RNA [poly(A)] was bound
and subsequently eluted from Millipore filters according to Lee
et al. (1971) and ethanol precipitated. The poly(A) together with a
dye marker was analyzed on 1097 polyacrylamide gels according to
Darnell ez a/. (1971D).

that all molecules are not being synchronously attacked and,
therefore, that the enzyme was probably not truly in excess,
The presence of an undetermined amount of unlabeled rRNA
along with the mRNA may have contributed to this condition.

Another experiment was performed which helped remove
these ambiguities. In this experiment we used an mRNA

TABLE I: Per Cent Hydrolysis of Total HeLa mRNA and
Poly(A) by Nuclear Exoribonuclease.

9% Hydrolysis of Poly(A)

% Total
Min Hydrolysis Gel Millipore
0 0 0 0
10 15 24 35
30 22 38 55
60 36 56 67
120 53 75 81
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FIGURE 3: Relative decrease in total acid-insoluble mRNA and in
mRNA capable of binding to Millipore filters as a function of time
of incubation with exoribonuclease (A) and of per cent total hydrol-
ysis (B). L cells were labeled 22 hr with 32P (2 xCi/ml). 22P-Labeled
RNA (specific activity 14,000 cpm/ug) was extracted from poly-
ribosomes and passed through a Millipore filter (Lee et a/. 1971), and
the poly(A)-containing mRNA, which is selectively adsorbed, was
eluted from the filter with six 0.5-ml portions of 0.01 M Tris buffer
(pH 7.4), containing 0.1 % sodium dodecyl sulfate. NaCl was added
to a final concentration of 0.1 Mm; the mRNA was precipitated with
ethanol, redissolved, passed through Sephadex G-25 equilibrated
with 0,05 M NaCl and 0.001 M EDTA, and exposed to the exoribo-
nuclease. The concentration of total RNA in the reaction mixture
was estimated to be about 7 ug (20 nmoles) per ml. At the indicated
times, aliquots were withdrawn from the reaction, diluted into a
buffer containing 0.01 m Tris (pH 7.4), 0.1 M NaCl, 0.001 M EDTA,
and 0.1%7 Sarkosyl and extracted with phenol-chloroform (1:1).
One-half of the material was assayed for trichloracetic acid pre-
cipitable counts per minute and the other assayed for counts per
minute binding to Millipore filters. The theoretical curves in (B) are
based on a poly(A) segment of approximately 7 X 10¢in an mRNA
molecule of 108,

preparation which was (i) steady-state labeled with *P so
that an approximate specific activity could be estimated,
and (ii) purified by adsorption and elution from Millipore
filters (Lee et al., 1971). Analysis of this mRNA preparation
by acrylamide gel electrophoresis indicated that it consisted
of large molecules (0.5 X 10% to 2.0 X 10% molecular weight),
and that it was not significantly contaminated with rRNA.
This mRNA was incubated with the nuclear exoribonuclease
at an enzyme:substrate ratio of about 50 units/umole of
nucleotide, which according to previous experiments (Perry
and Kelley, 1972) represents enzyme excess for a population
of mRNA molecules of the size used. The residual fraction
of acid-insoluble mRNA and of mRNA capable of binding
to Millipore filters [poly(A)-containing mRNA] was measured
and plotted as a function of incubation time (Figure 3A). It is
seen that the decrease in poly(A)-containing mRNA is much
more rapid, especially during the initial stages of hydrolysis,
than the reduction of total acid-precipitable mRNA. Figure
3B depicts the per cent reduction of poly(A)-containing
mRNA as a function of total per cent hydrolysis. The rates of
reduction that would be observed if the poly(A) sequences
were all at the 5’ terminus, were randomly distributed, or
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TaBLE I1: Base Composition of L Cell 3?P-Labeled mRNA
and of 5’-Mononucleotides Released from the mRNA
upon Digestion with the Nuclear Exoribonuclease.®

Acid-Soluble
Exoribonuclease

Overall Base
Composition of

Nucleotide mRNA ()¢ Product (%)°
GMP 28 13
UMP 29 13
AMP 25 54
CMP 18 19

¢ Determined from a KOH hydrolysate of [*?PImRNA
substrate. ? Twenty-two per cent of total radioactivity in
mRNA was rendered acid soluble. ¢ Base compositions were
determined by thin-layer chromatography on polyethylene-
imine cellulose as described elsewhere (Kelley and Perry,
1971).

were all at the 3’ terminus of the mRNA molecules are shown
for comparison. The fact that most of the poly(A) is removed
during the early stages of the exoribonuclease reaction indi-
cates that most poly(A) sequences are indeed located near the
3/-OH end of the mRNA molecules,

The gel electrophoretic profile of the mRNA used in this
experiment is shown in Figure 4 along with a profile of the
partially hydrolyzed product remaining after 207 of the total
nucleotides was rendered acid soluble. The absence of a sig-
nificant quantity of small RNA fragments in this product
attests to the purity of the exonuclease preparation, and clearly
demonstrates that the removal of poly(A) described above is
achieved without significant endonuclease activity.

Additional evidence that the poly(A) sequences are near
the 3’-OH terminus comes from an analysis of the 5’-mono-
nucleotides produced when the *?P-labeled mRNA was in-
cubated with exoribonuclease. After an incubation in which
229 of the total RNA was hydrolyzed it was found that 54 %
of the acid-soluble radioactivity was recovered as AMP with
the remainder being distributed more or less uniformly in
the other three ribonucleotides (Table IT). By comparison the
overall AMP content of this mRNA is only 2577,

The failure of the experimental data of Figure 3 to follow
the theoretical curves expected if all poly(A) were at the 3’-OH
end and the presence of ribonucleotides other than AMP in
the acid-soluble hydrolysate could mean that there was still
some asynchrony in the exoribonuclease reaction in spite of
the relatively high enzyme :substrate ratio used. On the other
hand, it could mean that there are some poly(A) sequences
internal to the 3’-OH terminus. The latter possibility was
examined by determining the proportion of poly(A) segments
which have free 3’-OH termini. Advantage was taken of the
fact that the nuclear exoribonuclease, while effective against
substrates with 3’-OH termini, does not hydrolyze molecules
that contain a 3’-phosphate terminal group. With enzyme
from the same batch used in these experiments, it was ob-
served that commercial poly(A) treated with low levels of
micrococcal nuclease (0.1 ug/ml) to produce poly(A) frag-
ments with 3’-phosphate end groups was totally insensitive
to exoribonuclease (Sporn et al., 1968). Therefore, poly(A)
fragments, derived from mRNA by treatment with pancreatic
ribonuclease, should be hydrolyzed by the nuclear exoribonu-
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FIGURE 4: Polyacrylamide gel profiles of 32P-labeled mRNA before
and after hydrolysis. The mRNA used in Figure 3 was hydrolyzed
with the exoribonuclease in an experiment similar to that described
in Figure 3 (150 units/umole) until 209 of the radioactivity was
rendered acid soluble. The reaction mixture was made 1% in sodium
dodecyl sulfate and 1527 in sucrose and layered directly onto 2.7%
polyacrylamide gels. Electrophoresis was carried out as described
previously (Perry and Kelley, 1968). (—@—) Initial mRNA sub-
strate before hydrolysis; (-~O--) partially hydrolyzed mRNA after
20% hydrolysis. All of the radioactivity in the initial substrate was
accounted for by the sum of that in partially hydrolyzed RNA plus
the 20% in 5'-mononucleotides.

clease if they have come from the 3’-OH terminus, whereas
they should be resistant if they have come from internal re-
gions, in which case they would have a 3’-phosphate terminus.
In the experiments shown in Figure 5 about 909 of the L cell
poly(A) and 739 of the Hela poly(A) was susceptible to
hydrolysis by the exoribonuclease.

Inclusion of alkaline phosphatase in one set of reactions
rendered the remaining poly(A) sensitive to enzymatic hy-
drolysis, but also resulted in an increased rate of hydrolysis.
This rate increase, also found when commercial poly(A) was
used as a substrate, was probably due to contamination of
the alkaline phosphatase (a commercial preparation derived
from E. coli) with a trace amount of endonuclease. Indeed,
in a separate experiment the alkaline phosphatase was ob-
served to cause partial breakdown of 45S preribosomal RNA.

Discussion

The foregoing results indicate that the large majority (at
least 9097 of the L cell and at least 739 of the HeLa) poly-
(A) sequences is located at the 3’-OH termini of their mRNA
molecules. This conclusion depends on the contention that
the exonuclease is virtually free of contamination with endo-
nuclease and phosphatase. The absence of endonuclease
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FIGURE 5: The susceptibility of poly(A) fragments derived from
mRNA to hydrolysis by nuclear exoribonuclease. L cell mRNA
was obtained as described in Figure 3 from cells treated 30 min with
0.08 pg/ml of actinomycin D and labeled for 1 hr with [*H]adenosine
(10 uCi/ml, 15.5 Ci/mmole) in the presence of the drug. Poly(A)
fragments were prepared by treating mRNA with pancreatic RNase
(2 pg/ml) for 60 min at 37° in 0.27 M NaCl. After phenol-chloro-
form (1:1) extraction, the RNA was bound and eluted from Milli-
pore filters (Lee ef a/., 1971). HeLa mRNA poly(A) was prepared
according to Darnell er a/. (1971a) and the five peak fractions
migrating in the 7-108S region of a 159 acrylamide gel were selected
for the exoribonuclease experiment. The L cell poly(A) fragments
were incubated for 30 min at 24° in a solution containing 40 mm
Tris (pH 7.4), 4 mm MgCls, 0.3 mu dithiothreitol, and 40 ug/ml of
bovine serum albumin with (O, A) or without (@, A) 50 ug/ml of E.
coli alkaline phosphatase (EC 3.1.3.1, BAFP: Worthington Bio-
chemical Corp.) and then for various times with 1 unit/m! of ascites
nuclear exoribonuclease. Circles and triangles represent separate
experiments. The HeLa fragments (C) were incubated with 0.5
unit/ml of exoribonuclease under otherwise similar conditions.
Poly(A) was assayed either by adsorption to Millipore filters or acid
insolubility. Both assay methods gave similar results.

activity was demonstrated in several ways, including an
experiment (Figure 4) performed with a high ratio of enzyme:
substrate comparable to those used in the other experiments.
The absence of phosphatase activity was demonstrated by
the complete inability of the enzyme to act on poly(A) mole-
cules containing 3’-PO; end groups (Sporn et al., 1968). More-
over, the exonuclease digestions were performed at 40 mm
PO., a concentration found to be inhibitory to alkaline phos-
phatase (unpublished experiments).

The relatively small portion of poly(A) which was not
rendered acid soluble by the exoribonuclease could represent
partially hydrolyzed fragments or a fraction of the poly(A)
molecules which possess 3’-phosphate terminal groups. The
results with alkaline phosphatase appear to favor the latter
possibility, The minor fraction of exoribonuclease-resistant
poly(A) could be: (a) an artifact of the poly(A) preparation,
(b) poly(A) not located at the 3’-OH terminus, or (c) the
result of an in vivo enzymatic modification of the poly(A)
terminus.

The present finding that a large variety of mRNA mole-
cules have poly(A) sequences at their 3’-OH ends is relevant
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to the concept of MRNA processing. The previous demonstra-
tion (Darnell er al., 1971b) that poly(A) is added posttran-
scriptionally to HnRNA suggests that the poly(A) sequences
are probably located at the ends of the HnRNA molecules,
and more recent results (Sheldon er al.)? indicate that they
are, in fact, at the 3’-OH ends. If we assume that these poly-
(A) segments are the same ones that eventually appear in
mRNA, then our results imply that HnRRNA — mRNA con-
version involves conservation of an RNA segment near the
3'-OH terminus, and the elimination of nucleotides at the
5’-P(PP) end of the HnRNA molecules. This is in contrast
to the processing of mammalian rRNA in which there is a
loss of nucleotides at the 3’-OH end of the 45S ribosomal
precursor (Perry and Kelley, 1972).
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