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During sporulation of Saccharomyces cerevisiae, most strains accumulate an
unmethylated 20S RNA. Contrary to previous reports, this sporulation 20S RNA
is distinct from the short-lived methylated 20S RNA precursor of 18S rRNA. This
RNA species was found in a cytoplasmic 32S ribonucleoprotein particle consisting
of one single-stranded 20S RNA molecule and 18 to 20 identical protein subunits
of molecular weight 23,000. The ribonucleoprotein particle was resistant to
ribonuclease digestion, although purified 20S RNA was ribonuclease sensitive.
Both the RNA and the protein of the 32S ribonucleoprotein particle were only
synthesized under conditions that induce sporulation. The accumulation of 20S
RNA depended on continued protein synthesis but was actinomycin D insensitive,
despite a high guanine-plus-cytosine content. Synthesis of 20S RNA stopped
when cells were removed from sporulation conditions and placed in growth

medium.

When cells of most Saccharomyces strains are
placed in sporulation medium, a novel RNA
species accumulates, often accounting for as
much as 15% of the stable RNA synthesized
during sporulation (11, 12, 25, 31). Previous stud-
ies had suggested that this 20S RNA was an
unmethylated derivative of ribosomal precursor
RNA, analogous to the methylated, transient
20S RNA found in vegetative cells (25, 31). How-
ever, recent genetic studies on the control of 20S
RNA synthesis (4) have shown that the control
of sporulation 20S RNA is cytoplasmically in-
herited, and unrelated to rRNA.

In this paper we describe the cytoplasmic
localization of 20S RNA in a unique 32S ribo-
nucleoprotein (RNP) particle. The 20S RNA is
associated with 18 to 20 identical protein sub-
units that confer nearly complete ribonuclease
resistance to the RNA. The RNA and the pro-
tein of the 32S particle are synthesized only
under conditions that initiate sporulation. Nei-
ther 20S RNA nor its associated protein is re-
lated to rRNA or proteins.

(Some of this work was submitted by P.J.W.
as part of his Ph.D. dissertation.)

MATERIALS AND METHODS

Strains. Several strains of Saccharomyces cerevi-
siae were used in this study. Diploid strain J659 has
a adel ade2ural gall lys2 tyrl his7

the genotype: a + + + + + + +
+ _* % Strain Y55 is a homothallic wild-t
his8 met2 ade8” e
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diploid. Strain J98 is an actinomycin D-sensitive hap-
loid strain constructed by K. Atkinson, C. Gorenstein,
and E. Falke, who were kind enough to provide it.
This strain has the genotype a acd! adel ade5 lys2
can” MALG, and can synthesize 20S RNA under spor-
ulation conditions (4).

Cultivation and sporulation. Cells were grown in
Erlenmeyer flasks either in minimal medium or in
YEPD medium (31). The volume of the flasks was
always at least four times the volume of liquid. The
flasks were shaken in a gyratory shaker at 30°C.
Growth was followed visually or by measuring absorb-
ance at 600 nm by using a Klett-Summerson photo-
metric colorimeter. Cells were harvested by centrifu-
gation.

In experiments involving sporulating cells, cells
were grown vegetatively to stationary phase and then
washed twice in either sterile, distilled water or sterile
1% potassium acetate, pH 7. Cells were then resus-
pended in sterile 1% potassium acetate, pH 7, in Er-
lenmeyer flasks such that the flask volume was 10
times the volume of the liquid. The flasks were shaken
on gyratory shakers at 30°C to assure proper aeration.
Sporulation was monitored by counting the percentage
of asci among cells in the population after 48 h.

Isolation of RNA. RNA was extracted from whole
cells, cell fractions, or regions of sucrose gradients.
When cell fractions or sucrose gradients were exam-
ined, the RNA was either extracted directly from the
solution, or first concentrated by precipitation in 67%
ethanol followed by high-speed centrifugation and
then extracted. When RNA was extracted from whole
cells, cells were harvested by centrifugation, washed
and suspended in a buffer containing 0.1 M
tris(hydroxymethyl)aminomethane (Tris), pH 7.4, 0.1
M NaCl, and 0.003 M ethylenediaminetetraacetic acid
and placed in a chilled Bronwill homogenizing bottle.
Glass beads were added in volume equal to the cell
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solution, and cells were lysed by rapid shaking. The
apparatus was cooled with CO; gas from a pressurized
tank. RNA was then extracted with cold water-satu-
rated phenol as described by Wejksnora and Haber
(31). The RNA concentration was determined spectro-
photometrically at 260 nm or by the orcinol technique
described by Schneider (22).

LiCl precipitation of RNA. RNA was fractionated
according to its solubility in 2 M LiCl essentially as
described by Vodkin et al. (28). Purified RNA was
resuspended in 1x SSC buffer (0.15 M NaCl-0.015 M
sodium citrate), and 1 volume of 4 M LiCl in 1x SSC
was added. This mixture was kept at 4°C for 2 to 20 h.
The precipitate was removed by centrifugation for 15
min at 10,000 rpm in a Sorvall HB4. The RNA re-
maining in solution was recovered by overnight pre-
cipitation in 67% ethanol at —20°C and recovered by
centrifugation for 15 min at 7,000 rpm in a Sorvall
HR rotor.

Polyacrylamide gel electrophoresis of RNA.
Polyacrylamide gels (9-mm diameter) were prepared
by the method of Loening (16). In general, large rRNA
species were resolved by the electrophoresis of RNA
on 3% polyacrylamide gels run for 12 h at 8 mA/gel.
Small species were separated for 4 h at 8 mA/gel by
using bromophenol blue as a marker.

Removal of RNA from polyacrylamide gel and
determination of base ratios. RNA species sepa-
rated by electrophoresis through an acrylamide gel
were recovered by eluting 1-mm slices in 2 volumes of
TES buffer (0.1 M Tris [pH 7.4]-0.01 M NaCl-0.001
M ethylenediaminetetraacetic acid) overnight with
gentle swirling at room temperature or 30°C. Acryl-
amide particles were removed by centrifugation at low
speed, and the solution was further cleared of acryl-
amide by a single phenol extraction. The aqueous
phase was then ether extracted, and the RNA was
precipitated from 67% ethanol at —20°C. The base
ratios were determined as described previously (25).

Preparation of nuclei. Sporulating cells were har-
vested by centrifugation and washed two times in
distilled water. Cells were resuspended in 0.2 M Tris,
pH 9, for 20 min at 30°C, centrifuged, and washed.
Cells were resuspended in spheroplast buffer (1.5 M
sorbitol-0.15% mercaptoethanol-0.1 M potassium
phosphate, [pH 6.8]) containing 0.5 mg of Zymolase-
5000 per ml (6). After a 1-h incubation at 30°C, the
cells were centrifuged at 3,000 rpm in a Sorvall SS34
rotor for 15 min. The pellet was resuspended in lysing
buffer {0.01 M NaCl-0.001 M MgCl.-0.01 M dithio-
threitol-0.01 M spermidine-0.001 M piperazine-N,N’-
bis(2-ethanesulfonic acid) [pH 6.5]} to which was
added Nonidet P-40 to a final concentration of 1%.
This was layered over a 35-ml cushion of 2 M sucrose
in lysing buffer in a SW25.2 Beckman Spinco rotor
and centrifuged for 45 min at 20,000 rpm at 4°C.

The supernatant was considered the cytoplasmic
fraction. The pellet, containing the nuclei, was washed
by centrifugation through 0.5 M sorbitol to purify
intact nuclei.

Determination of radioactivity. Tube gels con-
taining RNA samples were sliced into 1-mm sections
using a Joyce-Lobel gel slicer. Samples containing “C
or P were dried on filter paper and counted in Econ-
ofluor (New England Nuclear Corp.). Samples con-
taining *H were solubilized in protosol solution (59.5%
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protosol [New England Nuclear Corp.]-38%
toluene-2.5% water). Gel slices and protosol solution
were placed in disposable 10-ml glass vials in a wooden
tray with room for 100 vials. All of the vials in one
tray were covered with a sheet of Nalgene foam 0.5
inch (ca. 1.47 cm) thick, held in place by a wooden lid
attached to the base with screws. The foam cover
eliminated the necessity of capping and uncapping
vials. The trays were shaken slowly at room temper-
ature or 30°C for 6 h. The solubilized gel slices were
then counted by using an additional 8.5 ml of Econo-
fluor.

Protein samples in acrylamide slab gels were cut
out with either a razor blade or a cork bore. Cylindrical
gels were sliced with a Joyce-Lobel gel slicer. The gel
piece was mixed with 0.5 to 1 ml of 30% peroxide and
shaken slowly at 60°C overnight. An 8-ml portion of
Aquasol (New England Nuclear Corp.) was added, and
the sample was counted in a liquid scintillation
counter.

Samples from sucrose gradients containing 2P were
placed in disposable glass vials and counted directly
by Cerenkov radiation. Aqueous samples containing
33, C, or °H were counted in Aquasol by using 0.1 ml
of sample to 10 ml of Aquasol.

Separation of RNP particles. Cells were har-
vested by centrifugation, washed, and resuspended in
a minimal volume of buffer. Standard extraction buffer
contained 0.01 M Tris, pH 7.4, 0.03 M MgCl,, and 0.1
M NaCl. High-KClI buffer consisted of 0.056 M sodium
cacodylate, pH 6.8, 5 mM MgCl, and 0.5 M KCL
Heparin (200 ug/ml) was added to all buffers to retard
ribonuclease.

The resuspended cells were transferred to a chilled
Bronwill homogenization bottle (75 ml), and an equal
volume of 0.5-mm glass beads was added. Both bottle
and homogenization apparatus were kept cold with
gas from a CO; tank before and during homogeniza-
tion. The sample was shaken for 25 s and removed.
Several volumes of cold buffer were added, and the
cell lysate was poured into a chilled, siliconized 30-ml
tube. The lysate was centrifuged for 10 min at 11,000
X g in Sorvall HB4. The supernatant was layered atop
preformed 5 to 20% sucrose gradients made with the
indicated buffer. Centrifugation was carried out in a
Beckman Spinco SW27 rotor at 4°C at 26,000 rpm for
the times indicated.

After centrifugation, gradients were collected by
lowering a thin (1-mm) glass tube to the bottom of the
centrifuge tube and pumping out the liquid. A flow cell
allowed monitoring at 260 nm of the gradient by using
a Beckman model 25 spectrophotometer and chart
recorder.

Determination of particle buoyant density. De-
termination of the buoyant density of RNP particles
was essentially according to Baltimore and Huang (1).
Solutions containing up to 0.1 mg of particle per ml
were either fixed in 6% gluteraldehyde or directly
layered on a preformed CsCl gradient (35 to 62%)
made in 0.01 M-Tris-0.0015 M MgCl; (pH 7.4)-0.01 M
NaCl buffer containing 0.8% Brij-58 to prevent sticking
of material to the side of the tube. Centrifugation was
at 170,000 X g (35,000 rpm) in a Spinco SW65 T1I rotor
for at least 5 h at 25°C. The gradient was fractionated,
and the refractive index was measured by using a
Bausch and Lomb refractometer at 25°C.
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Isolation of proteins. In other experiments, pro-
teins were extracted from gradient fractions containing
the 32S particle or 40S and 60S ribosomal subunits in
0.1 M MgCl, with 67% acetic acid as described by
Sherton and Wool (24). Proteins from the 32S particle
were sometimes extracted directly from precipitated
preparations of the particle by boiling in sodium do-
decyl sulfate (SDS). Protein concentration was deter-
mined by the method described by Lowry et al. (17).

Electrophoretic separation of proteins. SDS-
acrylamide gels were used to separate proteins by size.
Samples were boiled 90 s in buffer containing 0.06 M
Tris, pH 8, 10% glycerol, 5% 2-mercaptoethanol, and
3% SDS. Separation was achieved basically by the
method of Laemli (13) through a 12% acrylamide slab
gel. Low pH urea-acrylamide gels were also used to
fractionate proteins. Electrophoresis of proteins was
performed essentially as described by Gorenstein and
Warner (5).

Protein molecular weight (MW) was determined in
the manner described by Weber and Osborn (30).

DNA isolation. Approximately 5 x 10" cells of
strain J659 were harvested and resuspended at a den-
sity of 5 X 10° cells per ml in 0.1 M phosphate buffer,
pH 6.8, containing 1.5 M sorbitol and 0.1% mercapto-
ethanol. The cells were treated with the enzyme prep-
aration Zymolase-5000 for 60 min to make sphero-
plasts. The spheroplasts were then harvested by cen-
trifugation and lysed by resuspending in 1 M NaCl
containing 0.1 M ethylenediaminetetraacetic acid, pH
8.0. SDS was then added to a final concentration of
0.5% (6). The DNA was then isolated essentially as
described by Marmur (18). The DNA was purified by
equilibrium centrifugation in CsCl, and fractions con-
taining both nuclear and mitochondrial DNA were
collected, dialyzed, and precipitated.

RNA-DNA hybridization. RNA-DNA hybridiza-
tion in DNA excess was carried out as described by
Bishop (2). Purified DNA and #P-labeled RNA were
suspended in 0.012 M potassium phosphate buffer, pH
6.8, containing 0.5 mM ethylenediaminetetraacetic
acid. The samples were heated to 100°C for 4 min
before adding concentrated buffer to bring the solution
to a final concentration of 0.12 M phosphaste (pH 6.8)
and 0.5 mM ethylenediaminetetraacetic acid. The re-
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actions were carried out at 70°C. At intervals, 25- to
50-pl samples were removed and diluted into 0.5 ml of
1x SSC buffer. The collected samples were then
treated for 30 min at 25°C with a mixture of ribonu-
cleases A and T1 at a final concentration of 25 ug/ml
and 25 U/ml, respectively. The samples were then
precipitated by adding 1 ml of 1-ug/ml yeast RNA and
05 ml of 3% cetyltrimethyl ammonium bromide
(Sigma Chemical Co.). The precipitates were collected
at room temperature by filtration, dried, and counted
in a liquid scintillation counter.

Radioisotopes. [8-'C]Adenine (40 to 60 mCi/

mmol), [G-*H)adenine (10 to 25 Ci/mmol), L-'C-la-
beled amino acid mixture, L-*H-labeled amino acid
mixture, [**S]methionine, and carrier-free [**P]phos-
phoric acid were obtained from New England Nuclear
Corp.
Materials. Materials were obtained from the fol-
lowing sources: ribonuclease T1, heparin, cyclohexi-
mide, and size-marker proteins from Sigma Chemical
Co.; cesium chloride, density gradient-grade sucrose,
and ultrapure urea from Schwarz/Mann; mercapto-
ethanol, acrylamide, bis-acrylamide, and N,N,N',N'-
tetramethylethylenediamine from Eastman Kodak
Co.; diethylpyrocarbonate from Bayer as “Baycovin”;
potassium acetate, dextrose, and ammonium persul-
fate from Fisher Scientific Co.; Folin phenol reagent
from Harleco; and Zymolase-5000 from Kirin Brew-
eries, Ltd., Japan.

RESULTS

Relation of sporulation 20S RNA to
rRNA. The base composition of sporulation 20S
RNA was compared to the composition of 18S
rRNA and to the short-lived 20S ribosomal pre-
cursor RNA (Table 1). The transient vegetative
20S precursor rRNA is quite similar to 18S
rRNA that is derived from it, whereas both
rRNA species are very different in composition
from the stable 20S RNA that accumulates dur-
ing sporulation. The guanine-plus-cytosine con-
tent of sporulation 20S RNA is 56% but is only
45% for rRNA. These data make it unlikely that

TABLE 1. Base compositions of yeast RNAs*

RNA species Cytosine Uracil Adenine Guanine Reference
20S sporulation 27.0 25.5 18.3 29.2 This work
20S precursor ribosomal 19.0 28.9 26.5 25.6 This work
18S ribosomal 19.1 29.2 25.8 259 This work
26S ribosomal 19.8 25.3 26.6 284 (22)
tRNA 24.2 26.5 18.8 30.5 (21)
24S mitochondrial 16.1 34.0 32.6 17.2 (19)
16S mitochondrial 129 36.4 33.3 174 (19)
Large killer 24.7 21.9 25.3 28.0 (26)
Medium killer 219 23.8 31.1 23.2 (26)

2 RNA was labeled during sporulation with 0.5 mCi of #P per ml for 16 h and then extracted and purified as
described in the text. Both sporulation 20S RNA and 18S rRNA were separated by polyacrylamide gel
electrophoresis, and the portions of the gel containing these species were eluted and purified again by gel
electrophoresis. The 20S ribosomal precursor RNA was purified in the same manner after labeling vegetative
cells with 0.5 mCi of 2P per ml for 5 min before harvesting and extracting the RNA. Base ratios were determined
after exhaustive digestion with 0.1 N NaOH by paper electrophoresis as described previously (25).
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sporulation 20S RNA is an unmethylated, stable
form of 20S ribosomal precursor RNA.
RNA-DNA hybridization experiments con-
firmed that 20S RNA is not complementary to
the reiterated rRNA cistrons. In these experi-
ments ¥2P-labeled 20S RNA or 18S rRNA was
purified by polyacrylamide gel electrophoresis,
as described above. The RNAs were hybridized
with an excess of whole yeast DNA in 0.12 M
phosphate buffer at 70°C, as described in the
legend to Fig. 1. The hybridizations were carried
out in DNA excess so that the presence of a
small amount of rRNA in the 20S RNA prepa-
ration would not obscure the hybridization of
the sporulation 20S species. In an earlier study
(25), hybridizations were carried out in vast
RNA excess, and the hybridization of RNA ho-
mologous to rRNA probably reflected the con-
tamination of the 20S RNA with 18S rRNA.
From the results shown in Fig. 1, it is clear that
although 18S RNA hybridizes to DNA quite
efficiently, 20S RNA shows little hybridization
even after very long hybridization times. The
small amount of hybridization may reflect the
presence of some rRNA contamination in the
20S preparation. The ratio of DNA to RNA in
these experiments was approximately 1,500 to 1,
so that we could not have detected the hybridi-
zation of most of the 20S RNA to a single cistron
per genome. Nevertheless, it is clear from these
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F1G. 1. Hybridization of 18S and 20S RNA to yeast
DNA. #P-labeled 18S RNA (@) (specific activity, 1.4
X 10° cpm/pg) or 20S RNA (O) (specific activity, 2.6
X 10° cpm/pg) were hybridized with whole yeast DNA,
as described in the text. The final concentrations of
RNA and DNA in the hybridization were 0.25 upg/ml
and 375 pg/ml, respectively. At each time indicated,
duplicate 25 \ samples were removed and, the frac-
tion of ribonuclease-resistant counts was determined
as described in the text. A maximum of 350 com were
rendered ribonuclease resistant in the case of 18S
RNA.
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results that 20S RNA does not hybridize to
reiterated sequences in yeast DNA, including
the 140 cistrons for rRNA per haploid genome
(23) or the approximately 100 copies of 2-um
DNA (3).

Cytoplasmic location of 20S RNA. Exam-
ination of RNA extracted from nuclear and cy-
toplasmic fractions of sporulating cells (Fig. 2)
shows that the 20S RNA is found in the cyto-
plasm along with the mature ribosomal species
(18S and 26S) and that the nuclear fraction (Fig.
2B) contains only the large precursor species
(35S and 27S) and minor amounts of the large
mature 26S ribosomal species. This distribution
of mature and precursor rRNA’s is consistent
with previously reported cytoplasmic and nu-
clear compartmentalization (6, 27).

20S RNA is found in an RNP particle. By
sedimentation through sucrose gradients, we
have found that 20S RNA is part of a 32S RNP
particle. Sporulating cells were labeled with 2P
and lysed mechanically, and the subcellular
components were separated on a sucrose gra-
dient (Fig. 3). RNA extracted from the polysome
and monosome regions of the gradient (Fig. 4A
and B) contained primarily the ribosomal spe-
cies, whereas 20S RNA was found to sediment
less rapidly (Fig. 4C). To achieve better separa-
tion of the subcellular components, cells were
grown to stationary phase in the presence of
[**Cladenine and sporulated in the presence of
[*H)adenine before lysis and fractionation by
sucrose gradient centrifugation for 7 h (Fig. 5).
The two ribosomal subunits, 40S and 60S, are
clearly resolved, and a third peak (P) of 32S is
seen. This 32S peak contains predominantly *H
sporulation label, although both sporulation and
vegetative labels are present in the ribosomal
subunits. (Although some [*“CJadenine derived
from turnover of vegetative RNA may be used
during sporulation, the amount of C label in
RNA synthesized only during sporulation is very
low [9, 31]. Strain J659 is prototrophic for ade-
nine, so that when the [*C] adenine is depleted
from the medium during growth, the cells can
apparently synthesize unlabeled adenine in the
pool when cells are transferred to sporulation
medium. The [*H]adenine added during sporu-
lation is incorporated preferentially to [*C]ad-
enine, much of which is excreted as [“CJAMP
and not reused [11].)

Recentrifugation of the 32S material (Fig. 5)
through a 15 to 40% gradient containing 0.5 M
KCIl (high-salt buffer) resolved in a single peak
(Fig. 6) containing virtually only sporulation-
specific label. RNA extracted from the 32S par-
ticle consisted of 20S RNA (Fig. 7).

The 32S peak is absent in gradient centrifu-
gations of vegetative cells. Furthermore, sporu-
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FiG. 2. RNA of nuclear and cytoplasmic fractions
of sporulation cells. Cells of strain J659 were sporu-
lated for 4 h in the presence of 0.5 pCi of 2P per ml,
and spheroplasts were prepared. The spheroplasts
were lysed, and nuclei were separated from the cyto-
plasmic fraction as described in the text. The nuclei
were washed and examined microscopically, as was
the cytoplasmic fraction. RNA was SDS-phenol ex-
tracted from unfractionated cells (A), and nuclear (B)
and cytoplasmic (C) fractions. This RNA was dis-
played electrophoretically through a 3% polyacryl-
amide gel. Electrophoresis was carried out at 7mA/9-
mm gel for 14 h. The gels were cut into 1-mm slices,
and the radioactivity in each slice was determined.
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F1G. 3. Separation of sporulating polysomes, mon-
osomes, and subunits. Cells of strain J659 were grown
to stationary phase in 20 ml of YEPD liquid and
sporulated in 200 ml of 1% potassium acetate in the
presence of 0.5 uCi of 2P per ml for 14 h. A 200-ug
portion of cycloheximide per ml was added 15 min
before harvesting. The cells were harvested on ice,
washed and broken in a buffer, and centrifuged
through a 5 to 20% sucrose buffer gradient for 2 h at
26,000 rpm in a Spinco SW27 rotor as described in
the text. The gradient was divided into polysome (A),
monosome (B), and subunit (lighter than the mono-
some) (C) fractions. The absorbance at 260 nm was
monitored with a flow cell and recorded with a chart
recorder (solid line).

lating cells of strain Y55, which fails to synthe-
size any 20S RNA (4), do not make a 32S parti-
cle. The particle is, however, present in cells of
strain J659 sporulated for as short a period as 2
h.
The 32S particle contains protein as well as
20S RNA. As shown in Fig. 8, cells labeled
during vegetative growth with *C-amino acids
and during sporulation with 3H-amino acids
were lysed and centrifuged 7 h through a 5 to
20% sucrose gradient. The two ribosomal sub-
units, 40S and 60S, are labeled with both spor-
ulation and vegetative labels, while the P peak
contains predominantly the sporulation-specific
°H label.

To determine the exact composition of the
328 particle and provide further evidence that it
is an intact entity, particles containing *H-la-
beled amino acids and [*?P]RNA were subjected
to isopycnic equilibrium centrifugation in cesium
chloride. Both protein and RNA banded in the
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F1G. 4. RNA of whole cells and polysome, monosome, and subunit fractions. RNA was SDS-phenol
extracted from unfractionated lysate and from the polysome, monosome, and subunit fractions of the sucrose
gradient (Fig. 6A, B, and C). This RNA was displayed electrophoretically across a 3% polyacrylamide gel as
described in the text. (A) shows RNA extracted from the polysome region, (B) represents RNA from the
monosome region, and material that sedimented in the subunit regions, or lighter than a monosome, is shown
in (C). RNA extracted from the unfractionated lysate is shown in (D).

region with a refractive index of 1.390, corre-
sponding to a density of 1.6 g/cm®. Based on the
analytical formulas of Perry and Kelly (19), the
ratio of RNA to protein in the 32S particle is 1.8.

The amounts of protein and RNA present in
the P particle were also determined directly by
the Lowry et al. (17) and orcinol (23) techniques,
respectively, and by comparative specific activ-
ity measurements (Table 2). The ratio of RNA
to protein is approximately 1.8. Thus, based on
the assumption that each 32S particle contains
one 20S RNA molecule of size 0.8 X 10° daltons,
the particle also contains about 0.45 X 10¢ dal-
tons of protein.

Properties of 20S RNA within the 32S
particle. When RNA was extracted from the
32S particle isolated without the addition of the
ribonuclease inhibitor diethylpyrocarbonate to

the buffer, no intact 20S RNA was found.
Rather, all of the RNA was found in two size
classes of MW 5 X 10* and 1.6 x 10° (Fig. 9).
However, the ratio of RNA to protein remained
essentially unchanged, and the particle contain-
ing the cleaved RNA cosedimented in sucrose
gradients with the 32S particle isolated with
diethylpyrocarbonate. Furthermore, there was
no change in the density of the unprotected 32S
particle when measured in CsCl equilibrium sed-
imentation gradients. Although the 20S RNA is
cleaved by ribonucleases liberated during cell
breakage, the RNA apparently remains associ-
ated with the proteins of the 32S particle and
little, if any, RNA is degraded to small oligonu-
cleotides and lost.

To examine the relationship between 20S
RNA and the smaller species recovered from the
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F1G. 5. Separation of subunits. Cells of strain J659 were grown to stationary phase in 20 ml of YEPD in the
presence of 0.2 uCi of [**C]adenine per ml and sporulated in 200 ml of 1% potassium acetate in the presence
of 0.4 uCi of [°H]adenine for 14 h. Cells were broken and centrifuged through a 5 to 20% sucrose gradient for
7 h at 26,000 rpm in a Spinco SW27 rotor as described in the text. The gradient was fractionated into 0.6-ml
fractions. The radioactivity of each fraction was determined by counting in Aquasol to detect *C (O) and *H
(®). The counts were corrected for crossover and plotted against the optical density at 260 nm (OD2) tracing

(solid line).
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F1G. 6. Recentrifugation of 32S region material in high-potassium chloride buffer. Material from the 32S
region of Fig. 5 was layered on a 15 to 40% sucrose gradient made with buffer containing 0.5 M KC! and
centrifuged 14 h at 25,000 rpm in a Spinco SW27 rotor. The gradient was fractionated, and radioactivity was
determined as before. The counts were corrected for crossover and C vegetative (O) and *H sporulating (@)
were plotted against the optical density at 260 nm (ODqs) tracing.

32S particle isolated without diethylpyrocarbon-
ate, 32S particles containing intact 20S RNA
were subjected to in vitro digestion with ribo-
nuclease T1 (Fig. 10). The undigested particle
contained only 20S RNA. Digestion for 10 min
at 25°C in 4% SSC shows limited cleavage. How-

ever, a 10-min digestion in 1X SSC generated
species of lower MWs, and a 20-min digestion in
the same buffer resulted in predominately the 5
X 10%- and 1.6 X 10°-MW species, similar to
those seen previously in isolated particles (cf.
Fig. 9). The amount of RNA recovered in each
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F1c. 7. RNA of 328 particle. Sporulating cells of
strain J659 were labeled 14 h with 1 pCi of **P per ml
lysed as before with diethylpyrocarbonate, and 32S
particles were isolated as in the legend to Fig. 6.
RNA was extracted and displayed electrophoreti-
cally.
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digestion was nearly identical to the undigested
sample, indicating that the cleavage products
remain associated in the particle.

When 20S RNA purified from its protein was
digested with ribonuclease T1 at 25°C for 15 min
in 1xX SSC or 4x SSC, it was degraded into
pieces smaller than 4S in both high and low
buffer concentrations. Thus, pure 20S RNA is
quite sensitive to ribonuclease T1 unlike double-
stranded killer RNA species (28).

Although 20S RNA is apparently not double
stranded, it is more soluble in 2 M LiCl than
rRNA. In 2 M LiCl, double-stranded RNA spe-
cies remain soluble in solution, whereas single-
stranded ribosomal species are precipitated (28).
After 2 h (Fig. 11B) when 70% of the total RNA
had precipitated, the majority of the 20S RNA
remained in solution. By 8 h (Fig. 11C), 76% of
the total had precipitated, and about half of the
20S RNA was seen in the precipitate. After 20
h, 80% of the total RNA had precipitated (Fig.
11D), and here the amount of 208 relative to the
ribosomal species appears identical to the origi-
nal input RNA (Fig. 11A).

Further evidence that this molecule is single
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F1G. 8. Incorporation of radioactive amino acids into RNP particles. Cells of strain J659 were grown to
stationary phase in 20 ml of YEPD in the presence of 1 uCi of *C-labeled amino acid mix per ml and
sporulated in 200 ml of 1% potassium acetate in the presence of 1 uCi of *H-labeled amino acid mix per ml for
14 h. Cells were broken in buffer A and centrifuged through a 5 to 20% sucrose buffer A gradient for 7 h at
26,000 rpm in a Spinco SW27 rotor as described in the text. The gradient was fractionated into 0.6-ml
fractions. Absorbance at 260 nm was monitored by using a flow cell and recorded by using a chart recorder
(solid line). The radioactivity of each fraction was determined by counting in Aquasol to detect '*C (O) and
3H (®). The counts were corrected for crossover and plotted against the optical density (OD).
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TABLE 2. Protein and RNA content of 32S (P) particle

Method RNA Protein RNA/protein
Aa)° 1.82 + 0.14
Orcinol 3.1 £ 0.08 ug
Lowry et al. 1.7+ 0.1 g
(B)®
Specific activity 521 0.1pug 1.79 £ 0.1
Lowry et al. 29+ 0.1pg
(C)*
Density (1.6003 + 64% 36% 1.78
0.003 g/cm?®

2 Identical volumes of solution containing P particles isolated as described previously were analyzed by the
Lowry and orcinol methods described in the text. In each case, duplicate determinations were made.
5 Independently obtained specific activity determinations were made for the RNA determination using 3P-

labeled particle.

¢ Percent RNA was determined as described in the text from the density of the particle. Particles made in the
presence and absence of diethylpyrocarbonate have virtually identical densities.
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F1c. 9. RNA isolated from 32S particle isolated without ribonuclease inhibitors. Cells of strain J659 were
sporulated 14 h in the presence of 0.5 uCi of **P per ml. The cells were lysed in buffer A without ribonuclease
inhibitors and isolated as shown in Fig. 5 and 6. The region of the gradient containing the 32S particle was
collected into a chilled tube, and the RNA was SDS-phenol extracted. This RNA was displayed electropho-
retically through a 3% acrylamide gel. Electrophoresis was conducted at 8 mA/9-mm gel for 4 h. Bromophenol
blue was used as a tracking dye, and *H-labeled RNA extracted from sporulating cells was run as a size
marker. The gels were sliced into 1-mm slices, and the radioactivity present in each slice was counted.
Virtually all of the input radioactivity was accounted for by the radioactivity present in the sliced gel.

stranded is its migration as a 20S RNA species
through a denaturing gel containing 7 M urea,
which separates double-stranded RNA species
(data not shown).

No significant amount of 3’-polyadenylic acid
was detected either by ribonuclease digestion
with ribonuclease T1 and A or by binding la-
beled 20S RNA to an oligodeoxythymidylic acid
column (Kraig and Haber, unpublished data).

Protein associated with 20S RNA. The
32S particle contains many copies of a single
protein. The proteins of the particle were ex-
tracted by boiling the ethanol-precipitated par-
ticle in SDS buffer and displayed on a 12.5%
acrylamide gel as described above. A single ma-

jor band was resolved, along with two very minor
bands of higher MW (Fig. 12). The amount of
material present in the two minor bands varied
from preparation to preparation and could be
eliminated almost entirely by boiling the sample
for longer than the standard 90 s. Furthermore,
these larger species, if excised from the gel and
reboiled in SDS, migrated with the small species,
indicating that only one size species is found
with the 20S RNA. This protein, when compared
to the migration of proteins of known size in-
cluding myoglobin, trypsin, pepsin, and catalase
was found to have an MW of 23,000. The minor
bands were found to be 46,000 and 69,000, fur-
ther suggesting that they are aggregates of the
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FiG. 10. Ribonuclease resistance of isolated 32S particle. 32S particle containing intact *:P-labeled 20S
RNA was subjected to digestion by 100 U of T1 ribonuclease per ml. Digestions were performed at 25°C after
which RNA was phenol extracted and displayed electrophoretically across a 3% acrylamide gel for 4 h at 8
mA/gel. RNAs of known sizes were also electrophoresed to provide markers. (A) shows intact RNA isolated
from the particle; (B) displays RNA resulting from a 10-min digestion in 4x SSC. Digestions performed in 1X

SSC for 10 min (C) and 20 min (D) are also shown.

23,000-dalton protein. The amount of protein in
the 32S particle was previously determined to
be 4.5 X 10° daltons. Thus, each particle appears
to contain approximately 20 copies of this
23,000-MW protein.

The 32S particle proteins, labeled as described
in the legend to Fig. 8, were boiled in SDS,
separated electrophoretically, and stained. The
region of the gel containing the stained 23,000-
MW protein was cut out, dissolved in 30% per-
oxide at 60°C, and counted. Essentially, only the
sporulation-specific °H was found in the 23,000-
MW protein (14,040 cpm of H and 273 cpm of
14C), whereas a ribosomal protein from the
25,000-MW region of the gel contained 6,164
cpm of °H and 4,206 cpm of *C. Similarly, when
4C-labeled vegetative cells were mixed with *H-
labeled sporulating cells before breaking the
cells, only sporulation label was found in the 32S
region (data not shown).

The 23,000-MW protein was not found in ma-
terial sedimenting above or below the 32S region
in a sucrose gradient. Furthermore, there is no
detectable 23,000-MW protein when 32S regions
of gradients were examined from lysed vegeta-
tive cells or from sporulating Y55 cells (that do
not accumulate 20S RNA).

The 23,000-MW protein does not seem to be
a ribosomal protein. Cells labeled during vege-
tative growth with *H-amino acids were lysed,
ribosomal subunits were prepared, and proteins
were extracted with acetic acid. Sporulating cells
were labeled with a *C-amino acid mixture, 32S
particles were isolated and precipitated with 67%
ethanol, and the protein was extracted with
acetic acid. Two protein samples were mixed
and separated by electrophoresis through a low
pH urea-acrylamide gel (Fig. 13). The “C label
can be seen near the top of the gel, separate
from any of the basic ribosomal proteins.
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FiG. 11. Lithium chloride precipitation of ribosomal and 20S RNA. RNA extracted from cells of strain
J659 sporulated 14 h in the presence of 0.2 pCi of 2P per ml was resuspended in 1x SSC. An equal volume of
4 M LiCl in 1X SSC was added, and the solution was kept at 4°C for 2, 8, and 20 h. Precipitated RNA was
pelleted by centrifugation, resuspended in TES, and displayed electrophoretically through 3% acrylamide
gels as described. (A) Unfractionated input RNA; (B) RNA precipitated after 2 h; (C) RNA precipitated after

8 h; and (D) RNA precipitated after 20 h.

A sample of the 23,000-MW protein was sub-
jected to amino acid analysis, the results of
which are shown in Table 3. It should be noted
that this protein contains no methionine, a find-
ing reinforced by several unsuccessful attempts
to label this protein with [**S]methionine. This
further distinguishes the 32S particle protein
from ribosomal proteins of similar size, all of
which contain methionine.

Inhibition of accumulation of 20S RNA.
The dependence of 20S RNA on the continued
availability of protein was examined directly by
using the protein synthesis inhibitor cyclohexi-
mide. When cells of strain J659 were treated
with 200 ug of cycloheximide per ml after 4 h of
sporulation, both rRNA and 20S RNA accumu-
lation were inhibited. This indicates that accu-
mulation of the stable 20S molecule, like the

ribosomal species, is dependent upon the contin-
ued synthesis of protein.

When a high concentration of actinomycin D
was added to the sensitive strain J98, there was
a nearly complete inhibition of rRNA synthesis.
However, there was virtually no inhibition of
20S RNA synthesis (Fig. 14).

Fate of 20S RNA during germination.
When spores were germinated, the 20S RNA
synthesized during sporulation was not selec-
tively degraded; however, de novo synthesis of
20S RNA stopped. Cells of strain J659 sporu-
lated 32 h in the presence of **P were germinated
in YEPD liquid in the presence of [*C]adenine.
RNA in spores just before introduction into
YEPD (Fig. 15A) showed the characteristic
sporulation pattern, the two ribosomal species,
26S and 18S, in addition to the stable 20S RNA.
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F1G. 12. Electrophoretic separation of 32S particle
proteins in SDS. The 32S particle was purified from
sporulating cells of strain J659, as shown in Fig. 5
and 6. The 32S region was recovered and precipitated
overnight in 67% ethanol at —20°C and then centri-
fuged from solution at 10,000 rpm in a Sorvall HB4
rotor for 15 min. The pellet was air dried and resus-
pended in sample buffer containing 3% SDS and 2-
mercaptoethanol as described in the text. This solu-
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After a 2-h germination (Fig. 15B), the pattern
of sporulation-labeled RNA had not altered sig-

nificantly. Even after 6 h (Fig. 15C), by which
time the cells had doubled, sporulation-labeled
26S, 20S, and 18S RNA were still present. Only
the two ribosomal species were synthesized de
novo during outgrowth. After 2 h of growth (Fig.
15B), the *C label was seen only in the 26S and
18S regions, and no !4C-labeled 20S RNA was
seen. After 6 h of vegetative growth (Fig. 15C),

tion was immersed in a boiling-water bath for 90 s
and layered into preformed wells of an acrylamide
slab for electrophoresis. (A) Proteins were separated
by electrophoresis in a 12.5% acrylamide gel. The 328
particle contained a single protein component (ar-
row). The three center channels show proteins ex-
tracted from 80S ribosomes by acetic acid extraction
as described in the text. The left channel shows the
migration of proteins of known MW: rabbit muscle
phosphorylase A (MW 92,500), bovine serum albumin
(MW 67,000), beef liver glutamate dehydrogenase
(MW 53,000), rabbit muscle glyceraldehyde 3-phos-
phate dehydrogenase (MW 36,000), and bovine he-
moglobin (MW 16,000). (B) When higher concentra-
tions of the 328 particle protein were separated elec-
trophoretically, a major band of MW 23,000 was
observed, along with a minor band at MW 69,000.
The gel contained (from left to right) 16, 8, and 4 mg
of protein per ml.
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Fic. 13. Separation of 32S particle proteins from ribosomal proteins. Proteins were extracted from ribo-
somal subunits labeled with *H-amino acids and from 32S particles labeled with *C-amino acids by acetic
acid and dried. Samples were mixed in sample buffer containing 0.1% acetic acid, 8 M urea, 1.4 M 2-
mercaptoethanol, and 10% glycerol and layered atop a tube gel (120 by 5 mm) made with 4% acrylamide-0.1%
bis-acrylamide-0.057 M bis-Tris (pH 5). The upper buffer contained 0.01 bis-Tris, pH 4, and the lower buffer
contained 0.178 M potassium acetate, pH 5. Basic fuchsin was used as a tracking dye, and electrophoresis
was carried out toward the cathode at 150 V until the tracking dye reached the bottom of the gel. The gel was
removed from the tube, frozen with Dry Ice, and sliced into 1-mm slices with a Joyce-Lobel gel slicer. The
slices were dissolved overnight in 0.5 ml of 35% peroxide at 60°C. A 10-ml portion of Aquasol was added to
each sample, and the radioactivity in each was determined by liquid scintillation counting. The counts
Dpresent in each sample were plotted. Symbols: “C (@) and *H (O).
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TABLE 3. Amino acid composition of the 23,000-

dalton protein®
Amino acid Frequency
Asparticacid . .......... ... ... ... .. 33
Threonine ........................ .. 8
Serine ........... ... ... ............. 20
Glutamicacid .................. .. ... 24
Proline .......................... ... 12
Glycine .. ...................... ..., 25
Alanine .............. ... . ... . ... ... 16
Valine . ............................. 15
Isoleucine .................. ... .. ... 10
Leucine ................... ... . ... .. 17
Methionine . ........ ... ... ... .. ... 0
Tyrosine ........... ... ... . ... .. 3
Phenylalanine . .. ....... ... ... ... ... 10
Histidine ........................... 4
Lysine ............... ... ... ... ... 14
Arginine .. ......... ... .. 7

% The composition of the 23,000-dalton protein in
the 32S RNP was determined by using protein purified
as described in the legend to Fig. 7 and then extracted
with acetic acid, as described in the text. Samples were
run on a Durham amino acid analyzer by E. Cannon.
The results are given as the number of amino acids of
each sort that would be found in a protein of MW
23,000. The amount of tryptophan in the sample was
not determined.

the only de novo species were the two ribosomal
ones, and the only 20S RNA present was that
RNA which was synthesized during sporulation
and is *?P labeled. Thus, no specific degradation
of the sporulation made 20S RNA was seen
during germination, and this species was not
synthesized de novo. After 6 h of germination
the 32S particle was also found (data not shown).

DISCUSSION

We have identified a cytoplasmic RNP parti-
cle containing stable, unmethylated 20S RNA.
Several lines of evidence support the conclusion
that 20S RNA is intimately and specifically as-
sociated with 18 to 20 copies of a 23,000-dalton
protein synthesized only under sporulation con-
ditions. The absence of vegetatively synthesized
proteins in the 32S particle demonstrates that it
is not a random association between 20S RNA
and cellular proteins. The stability of the particle
in 0.5 M KCl suggests the specificity and tenac-
ity of the RNA-protein interactions, which are
further borne out by the isopycnic banding of
the particle in cesium chloride. Lastly, the sta-
bility of the particle containing cleaved 20S
RNA indicates a tightly associated structure.

The synthesis of the 20S RNA-containing par-
ticle accounts for 10 to 15% of the de novo RNA
synthesis during sporulation. Based on the
amount of ribosomes in sporulating yeast (29),
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we estimate that more than 20,000 copies of 20S
RNA are synthesized during sporulation. We do
not know the number of particles, if any, present
during vegetative growth, as the large amount
of ribosomal subunits or rRNA (of similar size)
would completely obscure the presence of as
many as several hundred particles per cell.

The accumulation of 20S RNA depends on
the presence of a cytoplasmically inherited fac-
tor (4) that may be the template for this RNA
species. The fact that 20S RNA synthesis is not
inhibited by actinomycin D raises the possibility
that its synthesis does not depend on the DNA
template. If 20S RNA were synthesized from a
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F1G. 14. Effect of actinomycin D on synthesis of
rRNA and 20S RNA. Strain J98, sensitive to actino-
mycin D, was grown to stationary phase in YEPD
and transferred to sporulation medium at a density
of 2 % 107 cells per ml. After 1 h, 200 pg of actinomycin
D per ml was added to half of the culture, and 15 min
later **P-labeled inorganic phosphate was added to
a final activity of 1 uCi/ml. The labeling was permit-
ted to continue for 3 h, after which cells were har-
vested and RNA was extracted as described in the
text. (A) Accumulation of 26S, 20S, and 18S RNA in
the absence of actinomycin D. (B) Synthesis of 20S
RNA in the presence of actinomycin D.
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FiG. 15. Fate of 20S during germination. Cells of
strain J659 were sporulated 32 h in the presence of
0.3 pCi of P per ml. Sporulation at this time was
greater than 60%. The cells were washed twice and
resuspended in YEPD medium containing 0.5 uCi of
["*C]adenine per ml and swirled in flasks at 30°C.
Samples of cells were lysed just before introduction
into YEPD and 2 and 6 h thereafter. RNA was SDS-
Dphenol extracted from these cells and displayed elec-
trophoretically. Electrophoresis was carried out at 7
mA/9-mm gel for 12 h. The gels were cut into 1-mm
slices, and the radioactivity present in each slice was
determined. Symbols: P (@) and C (O). (A) shows
RNA isolated from cells just before germination, (B)
shows RNA after 2 h of outgrowth, and RNA pro-
duced after 6 h of outgrowth is shown in (C).

DNA template, it should have been even more
sensitive to actinomycin D inhibition than
rRNA, in view of the very high guanine-plus-
cytosine content of that RNA and the preferen-
tial inhibition of guanine-rich sequences by the
antibiotic (20). Under conditions where rRNA
synthesis was nearly abolished, 20S RNA syn-
thesis was unaffected. It is possible, therefore,
that 20S RNA is transcribed from a cytoplasmic
RNA template. Our RNA-DNA hybridization
experiments indicate that 20S RNA is not tran-
scribed from a reiterated DNA template, includ-
ing ribosomal DNA (23) or 2-um DNA (14).
The protein associated with 20S RNA appar-
ently depends on cytoplasmic ribosomes for its
synthesis, as cycloheximide inhibits the appear-
ance of the 32S particle. The 20S molecule may
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be unable to accumulate in cells unless synthesis
of the 23,000-dalton protein continues, much as
ribosome biosynthesis depends on the continued
synthesis of ribosomal proteins (27). We also do
not know the origin of the genetic information
for the particle protein. It is possible that the
20S RNA molecule carries the sequence corre-
sponding to this protein, but two attempts to
use 20S RNA as a messenger in cell-free protein
synthesis have not yielded any recognizable
translation products (J. Hopper, personal com-
munication; E. Lai, personal communication).
The 23,000-dalton protein found in the particle
is not a ribosomal protein, as we were able to
separate it from ribosomal proteins by electro-
phoresis. Also it is smaller than the proteins
associated with the double-stranded RNA killer
particle (9).

Our preliminary examinations of the 32S par-
ticle in the electron microscope revealed a
roughly spherical particle about 90 angstroms
(ca. 9.0 nm) in diameter. We do not yet know
the arrangement of the 20S RNA and the 18 to
20 identical proteins in the particle except that
the association of the protein with the RNA
affords its nearly complete ribonuclease resist-
ance. The particle containing RNA cleaved into
large fragments remains intact, with a density
identical to a particle with intact 20S RNA. The
stability of this RNP particle is similar to a
number of RNP particles containing cleaved
RNA that have been described in other eucary-
otes (14, 15).

Finally, we do not yet know why 20S RNA
and 32S particle synthesis are induced under
sporulating conditions. It is now clear, however,
that there are significant differences in the con-
trol of RNA synthesis between vegetative
growth and sporulation. For example, the rna
mutants that inhibit ribosomal protein synthesis
during vegetative growth fail to inhibit synthesis
under sporulation conditions (7, 18a). Most re-
cently H. J. Rhaese, R. Groscurth, and R.
Scheckel (Abstr. Annu. Meet. Am. Soc. Micro-
biol. 1977, 164, p. 165) have discovered that
highly phosphorylated adenine compounds ap-
pear only under sporulation conditions and may
regulate the number of sporulation events.

In summary, we have identified a 32S RNP
particle containing single-stranded 20S RNA
and about 20 copies of a single 23,000-MW pro-
tein. The particle is almost completely resistant
to ribonuclease digestion. It is apparently unre-
lated to any of the other cytoplasmic elements
in yeast cells. Its specific induction under spor-
ulation conditions and the large amount of both
RNA and protein synthesized may make it very
useful in understanding changes in transcription
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and translation accompanying the shift from
vegetative growth to sporulation.
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