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Investigations of the structure of polyadenylic acid [poly(A)] in yeast have
shown that there are two classes of poly(A) distinguished by size and kinetics of
synthesis. Each class is found directly on the 3' end of messenger RNA. One class
contains poly(A) molecules ranging from 60 to less than 20 nucleotides long. The
longest molecules in this poly(A) class are the first to become labeled when cells
are exposed to [3H]adenine. Label then appears in progressively smaller mole-
cules. The second class of poly(A) is about 20 nucleotides long. The length
homogeneity of this class and the presence in nuclear DNA of many copies of a
polythymidylate sequence which is the same length suggests that this poly(A) is
synthesized by transcription from DNA.

Yeast, like other eucaryotes, contains polyad-
enylate sequences in its messenger RNA
(mRNA) (10, 17, 22). In Saccharomyces cerevi-
siae these polyadenylate sequences have an av-
erage length of about 40 nucleotides (10) and
appear to shorten as turnover of mRNA occurs
in the cytoplasm (unpublished data).
The presence of template-independent poly-

adenylic acid [poly(A)] polymerase activity in
mammalian cells (6) and yeast (12; S. Sogin,
personal communication), and RNA labeling ex-
periments in the presence of cordycepin or acti-
nomycin D (3), constitute the major evidence
that these poly(A) sequences are synthesized by
post-transcriptional polymerization of adenylate
residues onto the 3' ends of mRNA. However
Jacobson et al. (15) have presented strong evi-
dence that a portion of the poly(A) in mRNA of
the cellular slime mold Dictyostelium discoi-
deum is transcribed from nuclear DNA.
During our investigations of the turnover of

poly(A) in the mRNA of S. cerevisiae we have
observed after brief labeling times a class of
short poly(A) that is very homogeneous in
length (11; N. E. Hynes, Ph.D. thesis, University
of Pittsburgh, Pittsburgh, Pa., 1975). This is in
contrast to the overall length distribution of
poly(A) which ranges from approximately 60 to
less than 20 nucleotides in length. Kinetics of
labeling suggest a unique synthetic origin for
this short homogeneous poly(A) class. These
results, in addition to the homogeneity of their
length, suggested to us a transcriptional origin
for this poly(A). Here, we describe experiments
which further characterize poly(A) in yeast
mRNA and show that the short homogeneous

poly(A) class is on the 3' end of mRNA just as
the bulk of the poly(A) has been shown to be
(17). We directly show that the DNA of S.
cerevisiae contains a polythymidylate [poly(T)]
sequence which appears to have the correct
length to serve as a template for the synthesis of
the short homogeneous poly(A) class. In addi-
tion, we confirm the earlier observations of Mol
et al. (18) by showing that sufficient poly(T) is
present in the nuclear DNA of a haploid cell to
account for approximately 700 of these poly(T)
sequences.

MATERIALS AND METHODS
Cell growth and spheroplast preparation. S.

cerevisiae S288c was grown at 30°C in minimal me-
dium containing 7 g of yeast nitrogen base without
amino acids (Difco) and 20 g of glucose per liter of
deionized water. Spheroplasts were prepared accord-
ing to the method of Hutchinson and Hartwell (13)
from cells grown to a density of 2 x 107/ml with the
enzyme preparation Glusulase (Endo Laboratories).

Preparation of 3H-labeled poly(A). Cultures of
spheroplasts (40 ml each) derived from a total of 1.6
x 109 cells were incubated for 2 h. [2-3H]adenine (15
ci/mmol, Amersham) was added to a final concentra-
tion of 37.5 .tCi/ml for 2 or 15 min. At this concentra-
tion of isotope, sufficient adenine is in the medium to
sustain isotope uptake for at least 15 min. Labeling
was stopped by quickly pouring the cultures over 1.25
volumes of frozen crushed sorbitol followed by gentle
stirring. The spheroplasts were harvested and washed
free of culture fluid by layering the chilled culture over
cold 2 M sorbitol and centrifuging at 1,600 x g for 10
min in a swinging bucket rotor of a model PR2 Inter-
national Refrigerated Centrifuge. The culture fluid
and 2 M sorbitol layer were removed by aspiration
and discarded.

542



POLY(A) IN THE RNA OF S. CEREVISIAE 543

Spheroplast pellets were lysed in 8 ml of sodium
dodecyl sulfate (SDS) buffer (0.1 M NaCl, 20 mM
EDTA, 50 mM Tris, pH 7.4, and 0.5% SDS) and
deproteinized by the hot SDS-phenol-chloroform
method of Penman (21). Nucleic acids were precipi-
tated from the aqueous phase by adding 2 volumes of
cold 95% ethanol and held overnight at -10°C, and
the precipitate was recovered by centrifugation at
22,000 x g for 1 h in an RCII-B Sorvall centrifuge set
at -150C.

Poly(A) was obtained from each sample by the
methods of Groner et al. (10) except that RNase A and
T1 RNase were used at fourfold higher concentrations
of 12 ,g/ml and 20 U/ml, respectively. Poly(A) was
recovered from the nuclease digest by binding to and
elution from oligodeoxythymidylic acid [oligo(dT)]-
cellulose and was sized by electrophoresis through 14%
polyacrylamide as described previously (10).

Analysis of the 2',3'-AMP and adenosine con-
tent of size classes of poly(A). Poly(A) was re-
covered from 1-mm gel slices by shaking for 3 days in
0.5 ml of a buffered salt solution containing 0.1 M
NaCl, 0.005 M EDTA, 0.05 M Tris-hydrochloride, pH
7.5, and 0.2% SDS. Quantitative elution of the RNA
was facilitated by several freeze-thaw cycles. Pooled
fractions of eluate were combined with 100 ,ug of
commercial poly(A), and 2.5 volumes of ice-cold 95%
ethanol were added. The solution was mixed and held
overnight at -10°C. Precipitate was recovered by cen-
trifugation at 22,000 x g for 1 h. The precipitate was
dissolved in 1 ml of 0.3 N KOH and incubated for 360C
for 16 h. The pH was brought to 8.5 to 9.0 by careful
addition of a small quantity of 3 N HCI. A 200-,g
portion of adenosine was then added to provide an
absorbance marker for the nucleoside.

Adenosine and 2',3'-AMP in the hydrolysate were
separated by chromatography over Dowex-l-formate
by modification of published procedures (5). The sam-
ple was slowly passed into a column (0.9 by 10 cm) of
Dowex-l-formate in water. The column was then
washed at a rate of 110 ml/min first with 90 ml of
water to elute the adenosine and then with 90 ml of 1
N formic acid to elute adenylic acid. Figure 1 presents
the column profile for a sample fractionation. Approx-
imately 60% of the tritium in [2-3H]adenine is ex-
changed with the hydrogens in water during the course
of alkaline hydrolysis. A control experiment demon-
strated that this rate of exchange is the same when
the labeled starting material is adenosine, 2',3'-AMP,
or poly(A). Adenosine has a weak affinity for Dowex-
1-formate and thus it elutes slightly after the tritium
water in the column volume. However, there is a slight
overlap of the adenosine peak and the 3H20 peak. To
insure that the isotope content measured in the aden-
osine region contained no 3H20, samples were pooled
and processed by three cycles of freeze-drying and
dissolving in water. Greater than 95% of the adenosine
is recovered from this procedure. Recovery of isotope'
from the polyacrylamide gel slices through the eluate
of the Dowex-l-formate was at least 70%. Additional
evidence that the isotope eluting in the adenosine
region is [3H]adenosine was obtained by chromatog-
raphy with the appropriate nucleoside and nucleotide
standards on thin layers of cellulose in isopropanol-

water-concentrated HCl (65:17.6:17.2, vol/vol) (5).
Isolation of [32P]poly(T) from yeast DNA. Cells

were grown at 300C for 16 h to midlog phase in 500 ml
of phosphate-depleted minimal medium containing 20
mCi of 32Pi (Amersham). Stock solutions of yeast
nitrogen base for the minimal medium were depleted
of phosphate by treatment with magnesium sulfate at
alkaline pH and removal of the magnesium sulfate
precipitate by filtration. The pH was returned to ap-
proximately 6.0 by addition of HCI. To avoid limiting
phosphate during labeling, sodium phosphate was
added to the medium to a final concentration of 0.4
mM. Nucleic acids were extracted from spheroplasts
as described above and dissolved in 0.1x SSC (0.015
M NaCl-0.015 M sodium citrate). A 400-,ug amount of
carrier calf thymus DNA was added and the solution
was brought to 0.3 N KOH and held for 20 h at 370C.
After the pH was increased to approximately 7 by
addition of HCI, the solution was brought to 0.5x SSC,
and 0.54 volumes of cold isopropanol was added. The
precipitate recovered by centrifugation at 22,000 x g
for 1 h was dissolved in 0.5 ml of water. Depurination
of DNA was carried out as described by Burton (4)
and modified by Birnboim et al. (2). After ethanol
precipitation the material from the diphenylamine-
formic acid treatment was dissolved in 0.4 ml of bind-
ing buffer (0.12 M NaCl, 0.01 M sodium phosphate,
pH 7.0, and 0.5% SDS). Poly(A)-Sepharose was pre-
pared by incubating 1 g (dry weight) of Affigel-10
(BioRad Laboratories) with 1 mg of poly(A) (Biogenic
Research Corp.) according to instructions provided by
the manufacturer. Poly(A), which had not reacted
with the Affigel 10, was removed by extensively wash-
ing the gel with 0.1 M phosphate buffer (pH 7.0)-i M
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FIG. 1. Fractionation of an alkaline hydrolysate
of [3H]poly(A) on Dowex-l-formate. The arrow des-
ignates when the elution solution was changed from
water to 1 N formic acid. (0) Absorbance at 260 nm;
(*) counts per minute.
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NaCl followed by binding buffer. The capacity and
specificity of the resin to bind polyuridylic acid
[poly(U)] was checked with [3H]poly(U) and yeast
[3H]rRNA. Chromatography was carried out at room
temperature in a column containing a bed volume of
3.5 ml of poly(A)-Sepharose. The 0.4-ml sample was

run into the bed and held for 30 min. The column was

washed with 36 ml of binding buffer followed by 20 ml
of a low-ionic-strength solution containing 0.01 M
Tris-hydrochloride (pH 7.6)-0.2% SDS. Fractions of 4
ml each were collected and their 32p content was

monitored as Cerenkov radiation in glass vials in a

scintillation spectrometer.
Analysis of deoxyribonucleotide composition.

A 500-,ug portion of calf thymus DNA, which had been
boiled for 10 min to destroy phosphomonoesterase
activity, was added to each pooled sample. The sam-
ples were then brought to 0.3 M sodium acetate. Two
volumes of 95% ethanol was added, while mixing, and
the samples were held overnight at -10°C. Precipi-
tates collected by centrifugation were resuspended in
0.3 ml of water containing 0.01 M MgSO4. A 25-,ug
amount of DNase I (Sigma type DN-EP) was added
to each, and the samples were incubated at 37°C for
1 h. The reactions were brought to 50mM Tris-hydro-
chloride (pH 8.6), and 10 jg of snake venom phospho-
diesterase (Boehringer-Mannheim) was added. The
incubation was continued for an additional 80 min.
During the reaction the pH was maintained at 8.3 to
8.5 by periodic addition of small amounts of NaOH.
Digestion was terminated by bringing each sample to
pH 4.0 with acetic acid.

High-voltage paper electrophoresis was carried out
on 3MM paper in pyridine acetate buffer (pH 3.5) as
described by Sebring and Salzman (23) for 130 min
with a 3,500-V drop across the paper. After treating
the wet paper with ammonium hydroxide vapors for
30 min and drying overnight at 50°C, the deoxyribo-
nucleoside monophosphate spots were visualized un-
der UV light, and 2-cm strips were cut out and assayed
for 32p.

Hybridization of [3H]poly(A) to sheared dena-
tured DNA. DNA was prepared from cells grown to
late exponential phase in minimal medium. Washed
cell pellets suspended in a solution of 0.05 M Tris-
hydrochloride (pH 7.6), 0.1 M NaCl, and 0.01 MEDTA
were opened by shaking with glass beads in a Braun
homogenizer cooled with CO2. The homogenate was

brought to 0.5% SDS and deproteinized by extraction
with phenol-chloroform (21). DNA, recovered by pre-
cipitation from the aqueous phase with two volumes
of ethanol, was dissolved in the above solution and
rapidly passed 20 times through a 24-gauge needle to
insure that the DNA was sufficiently sheared to reduce
the consequences of rapid renaturation caused by
cross-links (8). RNA was hydrolyzed by incubating in
0.3 N NaOH at 37°C for 16 h. After neutralization, the
preparation was treated with protease (Subtilisin
BPN', type VII, Sigma) for 30 min at 37°C. SDS was

added and the sample again was deproteinized by
extraction with phenol chloroform. The DNA, re-

covered by ethanol precipitation, was dialyzed against
three changes of 0.1x SSC-2 mM EDTA for 20 h at
4°C and stored frozen in small portions. DNA mass
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was determined both by spectrophotometry at an ab-
sorbancy at 260 nm (Am0) by using an extinction
coefficient of 1 Am0 cm = 50 ,ug/ml and diphenylamine
(24) with calf thymus DNA as a standard. Values were
used only when there was agreement between the two
methods. Nuclear DNA was prepared by sedimenting
nucleic acid extracts of spheroplasts to equilibrium in
CsCl. The band at a density of 1.700 g/cm3 was rese-
dimented to equilibrium in CsCl, dialyzed against 0. lx
SSC-2 mM EDTA, and sheared as described above.

Nucleic acid hybridization was carried out essen-
tially as described by Jacobson et al. (15). Reaction
mixtures of 1 ml containing 0.36 N Na+, 10mM sodium
phosphate (pH 7.0), and 1 ,ug of DNA that was boiled
for 3 min in 0.8 ml of water were incubated at 45°C for
16 h in the presence of various amounts of [2,8-3H]-
poly(A) (New England Nuclear; specific activity, 8.75
iCi/iLg). Radioactive poly(A) as hybrid was assayed as
a T2 RNase-resistant form using digestion conditions
established to maxiniize the stability of a hybrid con-
taining [3H]poly(A) and oligo(dT)12 18 (Collaborative
Research). The hybridization reaction was allowed to
come to room temperature and was brought to a 2-ml
volume containing 0.3 M Na' and 25 mM sodium
phosphate (pH 6.0). The temperature was lowered to
12°C, 10 units of T2 RNase (Sigma, grade V) was
added, and incubation was continued at 12°C for 3 h.
Digestion was terminated by adding cold trichloroace-
tic acid and pyrophosphate to final concentrations of
5% and 0.12 M, respectively. A 100-,ug portion of bovine
serum albumin was added as carrier. Precipitates were
collected on glass fiber filters and processed, and the
radioactivity retained on each filter was determined
by scintillation spectrometry (14).

RESULTS
The structure of poly(A) in yeast mRNA.

In our initial studies of poly(A) in the mRNA of
yeast (10) we demonstrated that longer se-
quences of poly(A) were preferentially labeled
when cells were pulse-labeled with [3H]adenine
(10). During subsequent investigations the exist-
ence of a short homogeneous subpopulation of
poly(A) became evident at intermediate labeling
times (11; Hynes, Ph.D. thesis, 1975). Figure 2
presents the results of an electrophoretic analy-
sis in 14% polyacrylamide gels of poly(A) ob-
tained from spheroplasts labeled with [3H]ade-
nine for 2 min (A) or 15 min (B). These results
confirm our earlier observation that the longer
species of poly(A) are preferentially labeled dur-
ing a short pulse with [3H]adenine. In addition,
cells labeled for 15 min show a predominant
sharp peak of rapidly migrating radioactivity.
We have previously shown by electrophoretic
analysis under denaturing conditions that the
large poly(A), preferentially labeled during a
pulse, has a length of approximately 60 nucleo-
tides and that the average poly(A) length is
approximately 40 nucleotides (10). Comparison
of the electrophoretic mobility of the rapidly
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FIG. 2. Electrophoresis in 14% polyacrylamide
gels ofpoly(A) obtained from cells labeled for 2 min
(A) or 15 min (B) with [3HJadenine. Poly(A) was

prepared and electrophoresis was carried out as de-
scribed in the text. Samples of25 ,ld each from the 0.5-
ml eluate of each gel slice were assayed for radioac-
tivity content. The arrow designates the position of
the bromophenol blue marker. Fractionspooled from
each gel for further analysis are indicated by bars
letteredA through C. At least 70% ofthe labeledRNA
was recovered from the gel slices.

migrating homogeneous poly(A) population in
Fig. 2 with the mobility of the bulk poly(A)
suggests it has a length of approximately 20
nucleotides. To confirm that this rapidly mi-
grating material is indeed poly(A), composition
analysis of alkaline hydrolysates were carried
out by chromatography over Dowex-formate (5).
Greater than 95% of the isotope in this rapidly
migrating species prepared from spheroplasts
labeled with 32Pi cochromatographed with au-

thentic AMP (data not shown). The kinetics of
labeling poly(A)2o are quite different from those
labeling the bulk poly(A). [To avoid repetitive
bulky nomenclature we have designated the
short homogeneous class of poly(A) as

poly(A)2o.] After 2 min of labeling, poly(A)2o is
just discernible (Fig. 2A). As the labeling time is
extended the proportion of the isotope found in

the poly(A)2o peak increases. In addition, the
major class of poly(A) becomes broader and
eventually overlaps the poly(A)20 peak (Fig. 3).

Previous investigations have demonstrated
that short poly(A) sequences exist internally
within an RNA transcript (15, 20). This is in
contrast to the bulk of the poly(A) which is
found directly on the 3' end of mRNA (3). To
determine whether poly(A)20 is internal or on
the 3' end of yeast mRNA, we measured the
ratio of AMP to adenosine in alkaline hydroly-
sates of pooled fractions of poly(A) eluted from
the gels shown in Fig. 2. Table 1 presents the
results of this analysis. The ratio of AMP to
adenosine of approximately 20 obtained from
hydrolysates of the short homogeneous poly(A)
agrees with the length predicted from its electro-
phoretic mobility. Because this ratio is inde-
pendent of the time spheroplasts are exposed to
label, at least up to a time nearly equivalent to
the half-life of polyadenylated mRNA, we con-
clude that poly(A)2o in polyribosomes is present
on the 3' end of mRNA. Ratios of AMP to
adenosine of 60 for the major peak of pulse-
labeled poly(A) and 45 for the broad peak of
poly(A) labeled for 15 min confirm our previous
estimate of their size.
Lodish et al. (15) have proposed a model for

the 3' end of cellular slime mold mRNA in which
a short poly(A)25 sequence is internal and sepa-
rated from a longer 3' terminal poly(A) by a
short sequence which is cleaved by pancreatic
RNase A but not by T, RNase. To determine
whether this structure exists in yeast poly(A)-
containing RNA we conducted an electropho-
retic study of poly(A)-rich sequences in RNase
A or T, digests. RNA was extracted from three
identical cultures of spheroplasts labeled for 60
min with [3H]adenine. Figure 3 presents an elec-
trophoretic analysis of poly(A) released from
this RNA by RNase A and/or T1 RNase.
Poly(A)-rich sequences obtained from the
RNase A digest are similar in quantity and in
electrophoretic mobility to the poly(A) obtained
by digestion with both RNase A and T, (com-
pare A and B, Fig. 3). Furthermore, the majority
of the molecules which migrate as poly(A)20 in
fraction 29 of Fig. 3A also appear to be present
in the T, RNase digest shown in Fig. 3C. This
population of molecules, in fractions 29 and 30
of Fig. 3C, is very likely to be poly(A)2o since no
smaller homogeneous population of poly(A) is
apparent in Fig. 3A which would be able to shift
to a lower mobility on omission ofRNase A from
the digestion. Thus, it appears from these data
that the majority of the poly(A)2o in yeast is not
linked to a larger poly(A) by an RNase Ti-insen-
sitive sequence. The shift to lower mobility ap-
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FRACTION
FIG. 3. Electrophoresis in polyacrylamide gels ofpolyadenylate-rich oligonucleotides released from RNA

by digestion with RNase A and/or RNase T1. Poly(A)-rich oligonucleotides were prepared from spheroplasts
labeled for 60 min with [3H]adenine by the methods described in the text for thepreparation ofpoly(A), except
that only RNase A (B) or T, RNase (C) were used for two of the three samples. Electrophoresis was carried
out as described in the text.

TABLE 1. Analysis of the AMP and adenosine
content of alkaline hydrolysates ofyeast poly(A)a

Pooled Analysis of: 2',3'-
poly(A) frac- AMP-

tion AMP Adenosine sadeno
sine ratio

Experiment 1
A 22,197 373 59
C 5,284 251 21

Experiment 2
B 297,897 6,674 45
C 24,178 1,336 18
a The fractions indicated in Fig. 1 were pooled and

hydrolyzed, and the counts per minute in 2',3'-AMP
and adenosine in each pool was determined as de-
scribed in the text.

parent for some of the larger poly(A)-rich se-
quences in Fig. 3C may be the cause of the
decrease in the amount of the poly(A)2o peak.
Since we have shown that all poly(A)2o se-
quences appear to be located directly on the 3'
end of mRNA (Table 1), this suggests that some
poly(A)2o is adjacent to sequences on their 5' end
which are devoid of accessible G residues.

Fractionation of poly(A)-containing RNA by
controlled elution from immobilized poly(U) or
oligo(dT) has been used to probe mRNA struc-
ture (7) and function (9, 19). The rationale of
this approach is that RNA containing a short

poly(A) sequence will be more readily released
from the immobilized nucleic acid than RNA
containing a long poly(A) sequence. To provide
further information about the relationship be-
tween the two classes of yeast poly(A) or their
involvement in the secondary structure of yeast
mRNA, poly(A)-containing RNA or the poly(A)
released from mRNA by nuclease digestion was
bound to oligo(dT)-cellulose in the presence of
0.1 M NaCl and was slowly eluted with a shallow
gradient of decreasing ionic strength. Figure 4
presents an electrophoretic analysis of the
poly(A) present in four fractions pooled from
the poly(A)-containing RNA released by an im-
mediate drop from 0.1 to 0.04 M salt and at
progressively lower salt concentrations (a-d),
and of an equivalent elution of the free poly(A)
(e-h). Compositional analysis of alkaline hy-
drolysates of each of these fractions confirms
that they contain only AMP residues (data not
shown). Two conclusions are apparent from
these data. First, and most importantly, it is
evident from a comparison of panels e through
h that the elution of free poly(A) from oligo(dT)-
cellulose does not fractionate it according to
length. Fractionation occurs only, if at all, for a
very minor class of the shortest molecules. Sec-
ond, since there is no sizing of the poly(A)-con-
taining RNA by this elution procedure, the data
show that when poly(A) sequences are contained

J. BACTERIOL.
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within mRNA, a portion of these sequences may
not be available for as strong an interaction with
oligo(dT)-cellulose as when they are free (cf.
panels b and c with f and g, Fig. 4). Whether this
is of any in vivo functional significance for
mRNA is unknown although this view is en-
couraged because there are poly(U)-rich se-
quences in yeast RNA (B. Groner, Ph.D. thesis,
University of Pittsburgh, Pittsburgh, Pa., 1975)
and because the effect observed in Fig. 4 is even
more dramatic when slowly turning-over
poly(A)-containing RNA species are preferen-
tially labeled.
A search for poly(T) in yeast DNA. The

homogeneity of size of the poly(A)20 suggests
that its synthesis might be under the direction
of a template. To directly determine whether
yeast DNA contains polydeoxythymidylate
tracts of sufficient length to code for poly(A)20
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we prepared a diphenylamine formic acid digest
of yeast DNA from cells labeled for 15 h with
32Pi and chromatographed it on poly(A)-Seph-
arose in 0.1 M salt. Figure 5 presents the elution
profile of the poly(A)-Sepharose column. The
great majority of labeled material passes directly
through the column. However, a small amount
of material appears to bind and is eluted from
the column by low-ionic-strength buffer. Frac-
tions eluted off of the poly(A)-Sepharose column
with high salt buffer (pool A) and low salt buffer
(pool C) were recovered for further analysis.
Because label continued to leach off the column
after extensive washing with high salt buffer, the
tailing end of the high salt eluate was also re-
covered for analysis (pool B).

Figure 6 presents an electrophoretic analysis
of the labeled material recovered from the
poly(A)-Sepharose column. The material which

15 25 35

FIG. 4. Electrophoresis in polyacrylamide gels ofpoly(A) in fractions eluted from a column of oligo(dT)-
cellulose with a gradient of decreasing salt concentration. (a-d) RNA obtained from 2 x 108 to 5 x 108

spheroplasts labeled with [3H]adenine was applied at room temperature to a 2-ml column of oligo(dT)-
cellulose in 0.1 M NaCl. The nonbound RNA was eluted with 14 ml of application buffer. The poly(A)-
containing RNA was eluted at room temperature with 80 ml of linear gradient starting with 0.04M NaCl, 5

mM EDTA, 50 mM Tris-hydrochloride (pH 7.6), and 0.2o SDS and ending with 0.2%o SDS in water. The
elution rate was 0.5 ml/min. Fractions of poly(A)-containing RNA eluting at progressively lower salt
concentrations were pooled, and the poly(A) was isolated and subjected to compositional and electrophoretic
analysis as described in the text. (e-h) The procedure was identical to that described above except that the
RNA was subjected to digestion with RNasesA and T, before oligo(dT)-cellulose chromatography. The arrow

in each panel designates the position of migration of the bromophenol blue dye marker. Note the changes in
the scale of the ordinate for each pair ofpanels.
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through 17 in Fig. 6B, is not sensitive to DNase
B c hydrolysis and does not move from the origin

I§{ during high-voltage electrophoresis in pyridine
acetate (Fig. 7, I and III). Because phospho-
mannen is a major constituent of the yeast cell
wall (1) and because soluble forms of phospho-
mannen are very likely to copurify with DNA,
we tested the pooled fractions I through IV from
the gels shown in Fig. 6 for binding to concana-
valin A. The results in Table 2 show that the
label in pools I and III from the electrophoretic
analysis binds to concanavalin A-Sepharose and
is eluted by a-methyl mannose. The label in
pools II and IV, which is in polydeoxypyrimi-
dines, does not bind to concanavalin A. Since we
find little of the phosphomannen-like material
in aqueous extracts of cells opened by physical
methods, we conclude that production of spher-
oplasts with the crude enzyme preparation glu-
sulase liberates this polysaccharide.
Two variations in the results were observed

from repetitions of the preceding analysis. The
r proportion of 32P label in polysaccharide which

2 4 6 8 lo 12 14 contaminates the formic acid diphenylamine di-
gest is quite variable and can render the elution

FRACTION profile of the poly(A)-Sepharose column nonin-
5. Poly(A)-Sepharose chromatography of the formative. More significantly, the poly(T) which
tylamine-formic acid hydrolysate of a 32P-la- is recovered from the diphenylamine-formic acid
DNA preparation from yeast. DNA was pre- digest by poly(A)-Sepharose frequently contains
hydrolyzed in diphenylamine formic acid, and a heterogeneous population of smaller mole-
atographed onpoly(A)-Sepharose as described cules. This suggests that the poly(A)-Sepharose
text. Fractions (4 ml) were collected and their has a limited and variable capacity to bind short
ntent was monitored as Cerenkov radiation. poly(T) tracts.
rrow designates when the low-ionic-strcngth Titration of poly(T) content in yeast DNA
wash was started. The bars designate the by hybridization to saturation with [3H]-
ns which were pooled for further analysis. poly(A). Accurate calculation of the amount of

poly(T) in yeast DNA from the recoveries of
overed from the column in the low-salt [32P]poly(T) in the foregoing analysis is not pos-
contains one electrophoretic species sible because of the presence of isotope in poly-

penetrates the gel (Figure 6C). This ma- saccharide and because of the unknown effi-
is sensitive to digestion by DNase and ciency with which poly(A)-Sepharose binds
ns thymidylic acid (TMP) residues (Fig. 7, short poly(T) tracts. Thus we sought to confirm
IV). This poly(T) tract has an electropho- the earlier estimate of poly(T) content of Mol et
nobility which is similar to the electropho- al. (18) by hybridizing 1-,ug samples of sheared,
nobility of poly(A)20. denatured DNA to excess [3H]poly(A). Table 3
ire 6A presents the electrophoretic analy- summarizes the results obtained when satura-
material which does not bind to poly(A)- tion of the DNA with poly(A) was reached. The
Lrose. The broad peak migrating from frac- analysis indicates that in the nuclear DNA of a
28 to 37 is composed of polydeoxypyrimi- single cell approximately 14,000 deoxyribonucle-
racts containing dCMP and TMP (Fig. 7, otides are present in poly(T) sequences that are
II). dAMP and dGMP are not present, long enough to hybridize to [3H]poly(A) and
attests to the effectiveness of the diphen- render it resistant to RNase T2. This is equiva-
ne-formic acid hydrolysis. lent to a maximum of 700 sequences of poly(T)20
h of the pooled fractions from the poly(A)- per haploid equivalent to DNA.

Sepharose column contains material which does
not effectively penetrate into 14% polyacryl-
amide gels. This material, in addition to the
peak of material migrating from fractions 12

DISCUSSION
The experiments reported in this paper dem-

onstrate that there are two classes of poly(A) in
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FIG. 6. Electrophoresis in polyacrylamide gels ofpooled samples from the poly(A)-Sepharose column. 14%
polyacrylamide gels were prepared as previously described (10). The three pooled fractions of eluant from the
poly(A)-Sepharose column were brought to 0.3M sodium acetate. An 80-pg portion of tRNA and 2 volumes of
95% ethanol were added while mixing, and the solution was held overnight at -10°C. The precipitate was
collected by centrifugation and dissolved in Tris-acetate buffer (0.02M sodium acetate, 0.03 M Trizma base
[Sigma], 0.001 M EDTA, 0.2% SDS, pH 7.8). Electrophoresis was carried for 3.25 h at 5 mA/gel, and the gels
were sliced as previously described (10). Consecutive pairs of gel slices were placed in vials with 0.5 ml of
water, capped, and shaken for 3 days to elute the labeled material. 32P was monitored as Cerenkov radiation.
The brackets indicate those fractions which were pooled for subsequent analysis. Recoveries of label from the
gel slices were 90% for samples II and IV, 50%o for sample III, and 22%o for sample I. A-C correspond to the
three pooled fractions designated A-C in Fig. 2. The dashed line in panel C is the electrophoretic profile of
yeastpoly(A) seen in a separate gel. The arrow in each ofthepanels designates theposition ofthe bromophenol
blue marker.

the RNA of the bakers yeast S. cerevisiae. The
major class of poly(A) is heterogeneous in size
ranging from approximately 60 nucleotides to
less than 20 nucleotides in length. Since our
methods for the separation ofpoly(A) from other
nuclease-resistant products in a digest are un-
able to recover very small poly(A) we cannot
place a lower limit on the poly(A) size of this
class. The second class of poly(A) is very ho-
mogeneous in size and is approximately 20 nu-
cleotides in length. A qualitatively similar situ-
ation exists in the cellular slime mold D. discoi-
deum (15). However, there appear to be funda-
mental differences in the way poly(A) is inte-
grated into mRNA in these two lower eucary-
otes. It has been proposed that each polyade-
nylated mRNA in D. discoideum contains two
poly(A) sequences-one directly on the 3' end of
mRNA and the other on the 5' side of the first
and separated from it by a short RNase A-sen-
sitive sequence (15). We have no evidence for
such a structure in yeast. Measurements of
AMP-to-adenine ratios in alkaline hydrolysates
of both classes of poly(A) obtained from spher-
oplasts pulse-labeled with [3H]adenine or la-
beled for a time equal to the half-life of mRNA
indicate that they both are present on the 3' end
of mRNA. Furthermore, studies of poly(A)-rich
oligonucleotides released by either RNase A or

T, digestion and of the controlled elution of
poly(A)-containing RNA from oligo(dT)-cellu-
lose do not contradict this conclusion.

Studies of poly(A) polymerase activities puri-
fied from yeast suggest the presence of two
enzymes (12). One of these is reported to syn-
thesize poly(A) only by extension ofa preexisting
short poly(A) sequence (12). Whether the
poly(A)2o class we describe serves as a primer for
the subsequent addition ofAMP residues in vivo
is not addressed by the present work. However,
the kinetics of labeling poly(A) in nuclei and
polyribosomes are not consistent with a simple
precursor-product relationship between the two
classes of poly(A) (unpublished data). Thus,
since we find no free poly(A) in yeast and since
this poly(A) class is present in a petite mutant
which is devoid of mitochondrial DNA (unpub-
lished data), there appears to be a subpopulation
of cytoplasmic mRNA which carries only the
short homogeneous class of poly(A). The distri-
bution of counts between the two poly(A) classes
obtained from cells labeled for 1 h with [3H]-
adenine (Fig. 3A) suggests that the RNA mole-
cules carrying this short homogeneous poly(A)
class constitute approximately 30% of the total
number of poly(A)-containing RNA molecules
in the cell.
The homogeneous length distribution of the
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FIG. 7. High-voltage electrophoretic analysis of
nuclease digests of 32P-labeled material eluted from
the gels in Fig. 6. The toppanel shows a typical set of
spots which arise from the deoxyribonucleotide diges-
tion products of the carrier calf thymus DNA. The
four lower panels (I-IV) are the electropherograms
for each of the pooled fractions designated in Fig. 6.

small poly(A) class suggests that it may have a
transcriptional origin. Our isolation of poly(T)
of the appropriate size from polydeoxyribopy-
rimidine runs derived from yeastDNA indirectly
supports this possibility. Hybridization of dena-
tured DNA to saturation with poly(A) suggests
that there is sufficient poly(T) to accommodate
a maximum of approximately 700 sequences long
enough to code for poly(A)20. This confirms the
earlier work of Mol et al. (18). However, the
recent elegant studies of Valenzuela et al. (25)
demonstrate that there are extensive runs of
thymidylic acid adjacent to the 5S RNA and
rRNA genes of S. cerevisiae. Thus, many of the
poly(T) sequences we detect by saturation hy-
bridization are present in these genes. Further

J. BACTERIOL.

TABLE 2. Percent of 32P-labeled materials eluted
from the gels shown in Fig. 3 which specifically bind

to concanavalin A'

Sample %

I 92
II 5

III 98
IV 7

aA portion of the samples eluted from the gel slices
indicated in Fig. 3 and prepared in 0.01 M sodium
phosphate buffer (pH 6.7)-0.2 M NaCl was loaded on

columns (8 by 25 mm) of concanavalin A-Sepharose
equilibrated with the same solution. The columns were
then washed with 10 ml of the application solution
followed by 10 ml of the application solution contain-
ing 0.1 M a-methyl mannose. Samples of 1 ml were

collected and monitored for radioactivity. The
amounts of radioactivity in samples I, II, III, and IV
were 2,000, 3,800, 480, and 250 cpm, respectively. Re-
covery of the radioactivity applied to the columns was
95% or greater.

TABLE 3. Hybridization of denatured yeast DNA to
saturation with [3H]poly(A)"

Deoxynucle-

Source of [H]poly(A) poly(A) in otides in hy-
hybrid brid/haploidDNA (ng) (cpm)b equivalent of

DNA

Total DNA 42 2,670
56 2,600
70 2,770
84 2,496
112 2,780
140 2,490

Average 2,634 13,400'

Nuclear DNA 14 2,920
23 2,860

Average 2,890 14,500'
a Conditions for hybridization and T2 RNase treat-

ment are described in Materials and Methods.
b These values are corrected for trichloroacetic acid-

precipitable isotope present after digestion at 12°C
when denatured DNA was added just prior to the
addition of the RNase T2. For reactions containing the
largest amounts of poly(A) this value represents 20%
of the gross cpm hybridized.

'These values are derived by using a molecular
weight of 9 x 109 for a haploid equivalent ofDNA and
an isotope counting efficiency measured to be 26.5%,
i.e.,

2634 cpm
13,400 =0.265 cpm/dpm)

9 x 109,tg
haploid equivalent of DNA)/

(2.2 x 106 dpm' (8.76 ,uCi( 347.2 ,ug
,uCi J g J \tmol

Standards

dCMP dAMP dGMP TMP

~~~~~~~~w....L .
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studies of DNA fragments in a restriction en-

zyme digest of yeast DNA will be needed to
determine the extent and distribution of poly(T)
sequences in regions other than the 5S and
rRNA genes.
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