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ABSTRACT: Digestion of L-cell mRNA with T; ribonucle-
ase in high ionic strength buffer released fragments of
RNA which contained the poly(A) segments and pyrimi-
dine nucleotides adjacent to them in the RNA chain. The
poly(A) containing fragments were isolated by affinity
chromatography on columns of poly(U)-cellulose. Alkali
hydrolysis of the fragments revealed the presence of both
cytidylate and uridylate residues in addition to adenylate
residues derived from the poly(A) segments. The propor-
tions of the pyrimidine nucleotides indicated that there was,
on the average, approximately three residues per poly(A)
segment of chain length 200. Pancreatic ribonuclease diges-
tion of material purified from T, ribonuclease digests re-
sulted in the release of only cytidylate and uridylate resi-

Segments of poly(riboadenylic acid) [poly(A)] are cov-
alently attached to messenger RNA (mRNA), heterogene-
ous nuclear RNA (HnRNA) (Lim and Canellakis, 1970;
Edmonds et al., 1971; Darnell et al., 1971a,b; Lee et al.,
1971; Sheldon et al., 1972a,b; Greenberg and Perry, 1972;
Lindberg and Persson, 1972; Pemberton and Baglioni,
1972), and mitochondrial RNA (mtRNA) (Perlman et al.,
1973; Hirsch and Penman, 1973; Ojala and Attardi, 1974)
of eukaryotic cells. Polyadenylation is probably a post-tran-
scriptional process (Darnell et al., 1971b; Jelinek et al.,
1973; Philipson et al., 1971; Birnboim, 1973) involving nu-
clear poly(A) synthetases (ATP polymerases) (Edmonds
and Abrams, 1960; Niessing and Sekeris, 1973). An exami-
nation of the poly(A) segments from HeLa cell nRNA and
HnRNA (Molioy and Darnell, 1973) and L-cell mRNA
(Eiden and Nichols, 1973) has shown these to consist of
only adenylic acid. In the case of both HeLa cell mRNA
and HnRNA it has further been shown that all poly(A)
segments are adjacent to pyrimidine nucleotides (Molloy
and Darnell, 1973).

The region of RNA which precedes the terminally locat-
ed poly(A) segment may contain specific nucleotide se-
quences which act either as recognition sites for the poly(A)
synthetases and/or represent termination signals for tran-
scription by RNA polymerase. The development of isolation
procedures based on the presence of poly(A) in the RNA
(Lee et al., 1971; Sheldon et al., 1972b; Nakazato and Ed-
monds, 1972; Lindberg et al., 1972) makes it possible to
study nucleotide sequences which precede poly(A) segments
in poly(A) containing fragments derived from intact RNA.
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dues in addition to oligoadenylates, indicating that the py-
rimidine residues were not interspersed with adenylate resi-
dues. Digestion of the pyrimidine-containing poly(A) frag-
ments with U, ribonuclease resulted in the degradation of
the poly(A) segments and the release of components of the
type (Py-)nAp. Differences in the pyrimidine composition
and chain lengths of the (Py-)#Ap products demonstrated
that there were no common nucleotide sequences in the
RNA immediately adjacent to the poly(A) segments in un-
fractionated L-cell mRNA. This would indicate that the
nuclear poly(A) synthetases do not recognize a specific nu-
cleotide sequence, or, alternatively, the recognition site is
further removed from the terminus of the transcriptional
unit.

The present report presents the results of experiments de-
signed to determine if L-cell mMRNAs have homologous nu-
cleotide sequences adjacent to the poly(A) segments. Al-
though all species were found to contain one or more pyrim-
idine nucleotides adjacent to the poly(A) segment, the com-
position, length, and sequence variability indicate that if
specific nucleotide sequences are involved in poly(A) syn-
thetase recognition, they do not immediately precede the
poly(A) segments. The variability in nucleotide sequences
would also tend to rule out the transcription into RNA of
common termination nucleotide sequences to which the
poly(A) is added.

Materials and Methods

Labeling of Cells. Mouse L-cells were grown in phos-
phate-free medium (Joklik’s modification, Grand Island Bi-
ological Co.) containing carrier-free 32PQO4 (New England
Nuclear; 175 uCi/ml) as previously described (Eiden and
Nichols, 1973). In some experiments labeling of cells was
carried out after an initial 30-min incubation in the pres-
ence of actinomycin D (0.05 ug/ml, Calbiochem) and ethi-
dium bromide (1 pg/ml, Calbiochem).

Cell Fractionation and Preparation of RNA. The break-
age of cells and preparation of post-mitochondrial superna-
tants were accomplished by procedures previously described
(Penman et al., 1963; Vesco and Penman, 1969). Poly-
somes were isolated by centrifuging the post-mitochondrial
supernatants for 2.5 hr through 40% sucrose in RSB! at
40,000 rpm in a SW 50 rotor. Polyribosomal RNA was ex-

! Abbreviations used are: (Py-)nAp, oligonucleotides containing a
variable number of pyrimidine residues with a 3’-terminal adenylic
acid residue; (A-)nPyp, oligonucleotides containing a variable number
of adenylic acid residues with a 3’-terminal cytidylic or uridylic acid
residue; RSB, 0.01 M NaCl-0.01 M Tris-HCl (pH 7.2)-0.0015 M
MgClz.
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FIGURE 1: Poly(U)-cellulose affinity chromatography of a T, ribonu-
clease digest of polyribosomal RNA isolated from L-cells grown in the
absence of actinomycin D (see Materials and Methods). The arrow in-
dicates the point at which elution was begun with 0.01 M Tris-HCI
(pH 7.5) at 37°.

tracted by phenol deproteinization as previously described
(Leeeral., 1971).

Preparation of Poly(A) Containing RNA Fragments.
Polyribosomal RNA was digested with T, ribonuclease (0.2
unit; Sankyo Co.) in 100 ul of a high ionic strength buffer
(0.2 M NaCl-0.01 M Tris-HCI (pH 7.4)-0.01 M EDTA)
for 1 hr at 37°. Digestion of polyribosomal RNA with pan-
creatic ribonuclease (0.2 pg; Worthington Biochemicals)
was carried out for 45 min at 37° in 100 p1 of high ionic
strength buffer. The poly(A) fragments were isolated by
chromatography on columns of poly(U)-cellulose (Sheldon
et al., 1972b). For this procedure the nuclease digest was
added to 0.5 ml of running buffer (0.01 M Tris-HCI (pH
7.5)-0.1 M NaCl) and applied to a 1-in. column of poly(U)-
cellulose contained in a pasteur pipet. The column, which
had previously been equilibrated with the running buffer,
was operated at 4°. Fractions of 2 ml were collected until
the unbound RNA was completely washed through the col-
umn (5-8 fractions). The column was then warmed to 37°
and the poly(A) containing fragments were eluted with
buffer [0.01 M Tris-HCI (pH 7.5)] at the same tempera-
ture. The radioactivity in each fraction was determined by
liquid scintillation counting of 25-ul aliquots. Fractions con-
taining the poly(A) fragments were combined, the solution
was made 0.1 M in NaCl, and the RNA was recovered by
ethanol precipitation at —20°. Further purification of the
fragments was achieved either by rechromatography on
poly(U)-cellulose columns or by electrophoresis on polyac-
rylamide gels (Eiden and Nichols, 1973).

Digestion and Fractionation of Poly(A) Containing
Fragments. Purified RNA fragments were digested with ei-
ther pancreatic or T, ribonuclease in low ionic strength
buffer (0.01 M Tris-HCI (pH 7.4)-0.001 M EDTA) accord-
ing to published procedures (Sanger et al., 1965). Digestion
with U; ribonuclease (Adams et al,, 1969; Nichols, 1970)
employed 10 ul of enzyme (2 units/ml) in buffer (0.05 M
sodium acetate (pH 4.5)-0.002 M EDTA containing 0.1
mg/ml of bovine serum albumin) for 60 min at 37°. U, ri-
bonuclease was kindly provided by Sankyo Co., Japan.

The enzyme digests were fractionated according to the
procedures of Sanger and coworkers (Sanger et al., 1965;
Brownlee et al., 1968).
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FIGURE 2: Autoradiograph of the two-dimensional fractionation of a
pancreatic ribonuclease digest of fragments isolated from a T, ribonu-
clease digest of polyribosomal RNA. The fragments were isolated by
poly(U)-cellulose chromatography and further purified by electropho-
resis on polyacrylamide gels. Direction of electrophoresis in the first di-
mension was from right to left, and electrophoresis in the second di-
mension was from top to bottom, in relation to the photograph. (1) cy-
tidine 3"-monophosphate; (2 and 3) uridine 3’-monophosphate and uri-
dine 2’, 3’-cylic monophosphate, respectively. Cytidine 2’-monophos-
phate could not be detected in this experiment.

Alkali hydrolysis was accomplished by incubation of the
sample in 0.2 N NaOH for 18 hr at 37°. The resulting nu-
cleoside monophosphates were resolved by paper electro-
phoresis at pH 3.5 (Sanger et al., 1965).

Results

Poly(A) segments have been shown to be covalently
linked only to mRNA in polyribosomal RNA preparations
(Sheldon et al., 1972b; Eiden and Nichols, 1973; Perry and
Kelley, 1974). Thus, in order to obtain poly(A) containing
fragments from the mRNA, polyribosomal RNA was di-
gested directly with either T, or pancreatic ribonuclease
and the poly(A) fragments were then separated from other
digestion products by affinity chromatography. Figure 1
shows the fractionation of a T, ribonuclease digest of L-cell
polyribosomal RNA on a poly(U)-cellulose column. In
polyribosomal RNA preparations derived from cultures
grown in the absence of actinomycin D and digested with
either T or pancreatic ribonuclease, the resulting poly(A)
fragments accounted for approximately 2% of the total ra-
dioactivity.

Poly(A) containing fragments isolated from T; or pan-
creatic ribonuclease digests were further purified by polyac-
rylamide gel electrophoresis. Material eluted from the gels
(approximately 100,000 cpm) was then hydrolyzed in alka-
li. The analysis of fragments purified from pancreatic ribo-
nuclease digests showed only the presence of adenylic acid,
indicating that within the limits of detection all messenger
species had a pyrimidine residue immediately preceding the
poly(A) segment. Fragments prepared from T, ribonucle-
ase digests had a base composition which indicated the
presence of approximately three pyrimidine residues per
poly(A) segment of chain length 200 (Table I). To deter-
mine if the pyrimidine residues were interspersed with ade-
nylic acid residues in the region preceding the poly(A) seg-
ment, fragments isolated from T, ribonuclease digests in
high ionic strength buffer were digested with pancreatic ri-
bonuclease in low ionic strength buffer and fractionated by
two-dimensional electrophoresis (Figure 2). In addition to



NUCLEOTIDES ADJACENT TO POLY(A) SEGMENTS

TABLE 1: Composition of Poly(A) Fragments Prepared from
T, Ribonuclease Digests of Polyribosomal RNA.®

TaBLE II: The Composition of Oligonucleotides Produced
by U, Ribonuclease Digestion of Poly(A) Fragments.®

ore Com- 9% Total RNA Chains®

Nucleotide Expt 1 Expt 2 Av ponent®  Composition Expt 1 Expt 2 Av
Up 1.1 1.3 1.2 1 C-Ap? 32.4 21.5 26.9

Cp 0.6 0.8 0.7 4 U-Ap 30.5 18.1 24.3
Gp° 5 (U,O)Ap 5.7 7.2 6.5

Ap 98.3 97.9 98.1 6 (U,CHAp 0.7 1.9 1.3

. - ) 7 U-U-Ap 4.7 83 6.5
Two different procedures were employed to obtain the 8 (U,C)Ap 55 10.0 78
data shown here. In experiment 1, the RNA was hydrolyzed 9 (Us,C)Ap 32 42 37
in alkali and the nucleoside 2'(3’)-monophosphates were 10 U-I’J-U- Ap 71 15 1 1.1
resolved by paper electrophoresis (see Materials and Methods). 1 (Us,C)Ap 32 42 37
In experiment 2, the RNA was digested for 45 min with 12 (Us,C)Ap 0.9 1.7 1.3
pancreatic ribonuclease and the digestion products were 13 U-U-U-U-Ap 40 45 43
resolved by two-dimensional electrophoresis as illustrated in 14 (U,,O)Ap 10 25 18
Figure 2. The total radioactivity in the oligoadenylates was 15 (U,C)APp 1.0 08 09

determined and this is represented by the value for Ap.
Similarly, the radioactivity in both uridine 3’-phosphate and
uridine 2’,3’-cyclic phosphate is represented by the value
for Up; the radioactivity in both cytidine 3’-phosphate and
cytidine 2’,3’-cyclic phosphate is represented by the value for
Cp. In both experiments the position of the nucleotides was
determined by autoradiography and each nucleotide area was
excised and counted in a toluene-based scintillation fluid.
®The total radioactivity was 35,484 and 48,736 cpm in
experiments 1 and 2, respectively. ¢ The radioactivity in the
guanylic acid area of the electrophoretograms in both ex-
periments was less than 0.1 % of the total.

the oligoadenylates, only cytidylic and uridylic acid were
present; no components of the type (A-)nPy could be de-
tected.

The fact that the pyrimidine residues were not inter-
spersed with adenylate residues made it possible to use the
purine-specific enzyme ribonuclease U; (Arima et al.,
1968), to digest the poly(A) segments, and leave the adja-
cent pyrimidines unhydrolyzed. It can be seen in Figure 3
that many different components resulted from U, ribonu-
clease digestion of poly(A) fragments originally isolated
from a T, ribonuclease digest. The composition of each of
the components resulting from U, ribonuclease digestion
was determined following alkali hydrolysis by separation
and quantitation of the nucleoside monophosphates. Diges-
tion of each of the components with pancreatic ribonuclease
released adenosine monophosphate, demonstrating that this
nucleotide was present at the 3’ end of each oligonucleotide;
it represents, therefore, the first adenylate residue of the
poly(A) segment (Table II). Cytidylate and uridylate mo-
nophosphates could not be detected on the fingerprints,
even when the digestion time with U, ribonuclease was ex-
tended to 90 min, and for this reason it is doubtful that the
U, ribonuclease-released components were derived from
longer pyrimidine stretches adjacent to the poly(A) seg-
ments. Occassionally U-Up and U-U-U-Up could be de-
tected. These components are likely to have been derived by
Us ribonuclease digestion of components such as U-U-Ap
and U-U-U-U-Ap. Small amounts of U-U-A-Ap and U-U-
U-A-Ap, resulting from incomplete hydrolysis with U,,
could also be identified in some preparations.

RNA prepared from cultures grown in the presence of
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¢ The poly(A) fragments were isolated on poly(U)-cellulose
columns following digestion of polyribosomal RNA with T;
ribonuclease in high ionic strength buffer (see Materials and
Methods). The fragments were further purified by chromatog-
raphy on a second poly(U)-cellulose column. ® The radio-
activity in each component was determined by liquid scin-
tillation spectrophotometry. The percentage of total counts
in each of the components was determined after correction
for chain length differences. The total radioactivity in all of
these components was 8728 and 9684 cpm in experiments 1
and 2, respectively. ¢ The numbers refer to the location of the
components on the autoradiograph of Figure 3. ¢ To clearly
separate C-Ap from Ap, it was necessary to excise the area of
the electrophoretogram containing these components and
reelectrophoresce it on DEAE-paper at pH 3.5.

actinomycin D and ethidium bromide during the 32P-label-
ing period was found to contain the same components in the
same relative proportions as those listed in Table II. This
makes it unlikely that the results could be attributed to con-
tamination of the RNA with mt- or rRNA (Zylber et al,,
1969; Perry, 1963).

Discussion

The observation that phosphodiester linkages involving
adenylic acid residues becomes susceptable to attack by
pancreatic ribonuclease (Lane and Butler, 1959) in low
ionic strength solution, but not in high ionic strength solu-
tion (Beers, 1960), has made it possible to employ condi-
tions for nuclease digestion of RNA which ensure the isola-
tion of intact poly(A) regions. It was previously shown that
digestion of L-cell mRNA with both T, and pancreatic ri-
bonuclease in high ionic strength buffer released intact
poly(A) segments which contained only adenylic acid
(Eiden and Nichols, 1973). Since it is known that the
poly(A) segments are at the 3’ end of this and other cellular
RNA molecules (Mendecki et al.,, 1972; Molloy et al.,
1972; Sheldon er al., 1972a; Nakazato et al., 1973; Brown-
lee et al., 1973), any nucleotides besides adenylic acid
which are covalently linked to poly(A) fragments must be
present at the 5 ends of these fragments.

In the present study, fragments produced by digestion
with T, ribonuclease, but not pancreatic ribonuclease, were
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FIGURE 3: Autoradiograph of the two-dimensional fractionation of a
U3 ribonuclease digest of fragments (200,000 cpm) isolated from a T,
ribonuclease digest of polyribosomal RNA. The fragments were isolat-
ed by poly(U)-cellulose chromatography and further purified by re-
chromatography on a second poly(U)-cellulose column. Direction of
electrophoresis in the first dimension was from right to left, and elec-
trophoresis in the second dimension was from top to bottom, in relation
to the photograph. 1, Ap; 2, C-Ap; 3, A-Ap; 4, U-Ap; 5, (U,C)Ap; 6,
(U,C2)Ap; 7, U-U-Ap; 8, (Uz,C)Ap; 9, (Uy,C2)Ap; 10, U-U-U-Ap; 11,
(Us,C2)Ap; 12, (U;3,Co)Ap; 13, U-U-U-U-Ap; 14, (Us,C)Ap;
15, (Us,C2)Ap; 16, unhydrolyzed fragments.

found to contain a variety of sequences adjacent to the
poly(A). Over half of the total mRNA molecules contained
a single pyrimidine residue adjacent to the poly(A). These
molecules terminate in the following way: 5-G-C-poly(A)-
3’ and 5-G-U-poly(A)-3’; other mRNA molecules con-
tained several consecutive pyrimidine residues adjacent to
the poly(A) segment; the longest of these was 5-G-
(U4,C2)-poly(A)-3".

All of the L-cell nRNA species have one or more pyrimi-
dine residues immediately adjacent to the poly(A) segment.
A similar situation exists in HeLa cell mRNA and HnRNA
where it was found that the composition of both RNAs indi-
cated the presence of two uridylate, and one to two cytidy-
late residues adjacent to the poly(A) segments (Molloy and
Darnell, 1973). Proudfoot and Brownlee (1974) have deter-
mined that globin mRNA has a sequence 5’-A-U-U-G-C-
poly(A)-3’ and Haff and Keller (1973) have shown that
yeast RNA has a unique sequence 5-G-C-A-A-U-poly(A)-
3’. Thus, all cellular RNA species examined to date have at
least one pyrimidine residue adjacent to the poly(A) seg-
ment.

Apart from the presence of a pyrimidine residue adjacent
to the poly(A) segment, the diversity in nucleotide se-
quences found in L-cell mRNA illustrates that there are no
other common features in this region of the RNA. In fact,
the total number of different nucleotide sequences preced-
ing poly(A) segments is actually larger than the 13 which
4632
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could be distinguished on the basis of composition alone
(Table II), since preliminary data have indicated that sever-
al of the components contain more than the one isomer.

The nucleotide sequences which precede poly(A) seg-
ments probably represent transcriptional chain termini or
termini resulting from cleavage of HnRNA prior to poly-
adenylation (Darnell er al.,, 1973). It is clear from the het-
erogeneity found in the nucleotides adjacent to the poly(A)
that there is no apparent common recognition site for the
poly(A) synthetases. It is still possible, however, that such a
site may be constituted from pyrimidine-rich sequences, or
the site could be further removed from the termini.

The knowledge of nucleotide sequences in mRNA now
makes it possible to compare these with the corresponding
regions in HnRNA with a view to studying the precursor-
product relationship between these RNAs. Preliminary
findings in this laboratory indicate that the same sequences
adjacent to the poly(A) in L-cell mRNA are also present in
the same relative proportions in L-cell HnRNA.
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Characterization of the Steady-State Population of
Messenger RNA and Its Poly(adenylic acid) Segment in

Mammalian Cells®

William R. Jeffery? and George Brawerman*

ABSTRACT: The poly(A) containing RNA of mouse sarco-
ma and rabbit reticulocyte polysomes was characterized
using a method based on complex formation with radioac-
tive poly(U). EDTA treatment of reticulocyte polysomes
releases the poly(A) containing material as a homogeneous
particle, while the same treatment applied to sarcoma poly-
somes releases a highly heterogeneous population of parti-
cles. The poly(A) segments obtained from steady-state sar-
coma polysomal RNA exhibit a more heterogeneous sedi-
mentation profile than the poly(A) from newly synthesized
RNA. Their average sedimentation coefficient is also lower.
The estimate of the average size of the steady-state poly(A)
segment of sarcoma polysomal RNA, based on the observed
sedimentation coefficient, is 130 residues, compared to the

Eukaryotic mRNA! is frequently detected by virtue of its
selective labeling with radioactive precursors. Short periods
of isotope incorporation primarily label mRNA present in
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! Abbreviations used are: mRNP, messenger ribonucleoprotein;
poly(A), poly(adenylic acid); poly(U), poly(uridylic acid); SDS, sodi-
um dodecyl sulfate; EDTA, disodium ethylenediaminetetraacetate,
mRNA, messenger ribonucleic acid.
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value of 170 residues for 2-hr labeled poly(A). The poly(A)
of reticulocyte polysomal RNA sediments more slowly than
the sarcoma poly(A), and appears to consist of two size
classes of about 60 and 100 residues. The steady-state
poly(A)-protein complex released from RNase-digested
sarcoma polysomes is also more heterogeneous than the
complex bearing newly synthesized poly(A); it also has an
overall lower sedimentation coefficient. The reticulocyte
poly(A)-protein complex is more homogeneous and sedi-
ments more slowly than the sarcoma steady-state complex.
The characteristics of steady-state poly(A) appear to be a
reflection of the aging process to which mRNA is subjected
after its appearance in the cytoplasm.

the polysomes and other cytoplasmic particles (Penman et
al., 1963; Perry and Kelley, 1968; Knéchel and Tiedemann,
1972). Selective labeling of mRNA can also be achieved
during longer incorporation periods in the presence of low
levels of actinomycin D which prevents the synthesis of
rRNA (Roberts and Newman, 1966; Penman et al., 1968).
Isotope incorporation studies have provided much informa-
tion on the metabolism of newly synthesized mRNA, but
this method is not well suited for the detection of changes
which may occur during the life cycle of these molecules.
For instance, it has been shown that the poly(A) segment of
mammalian mRNA undergoes a gradual reduction in size
after its appearance in the cytoplasm (Mendecki et al.,
1972; Brawerman, 1973; Sheiness and Darnell, 1973). The
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